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Abstract

The work contained herein constitutes a report of the “Belttve Stan-
dard Model” working group for the Workshop “Physics at TeVIih
ers”, Les Houches, France, 2—-20 May, 2005. We present reviéw
current topics as well as original research carried outtfentorkshop.
Supersymmetric and non-supersymmetric models are stuasedell
as computational tools designed in order to facilitaterthlkenomenol-
ogy.
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Part 1
BSM SUSY

B.C. Allanach

On the eve before Large Hadron Collider (LHC) data takingrehare many exciting
prospects for the discovery and measurement of beyond aémel&td Model physics in general,
and weak-scale supersymmetry in particular. It is alsoyhwaportant to keep in mind the po-
tential benefits (or pitfalls) of a future ILC in the eventtiSJSY particles are discovered at the
LHC. The precision from the ILC will be invaluable in termsmifining down supersymmetry
(SUSY) breaking, spins, coupling measurements as wellegifging dark matter candidates.
These arguments apply to several of the analyses contagmethhbut often also apply to other
non-SUSY measurements (and indeed are required for magtlrdination).

At the workshop, several interesting analysis strategereweveloped for particular rea-
sons in different parts of SUSY parameter space. The fooud-gegion has heavy scalars and a
lightest neutralino that has a significant higgsino compoéteading to a relic dark matter candi-
date that undergoes efficient annihilation into weak gawg®b pairs, leading to predictions of
relic density in agreement with the WMAP/large scale stiteefits. It is clear that LHC discov-
ery and measurement of the focus point region could be pradtie due to the heavy scalars.
However, in Part 2, it is shown how a multi-jet+missing elyesggnature at the LHC selects
gluino pairs in this scenario, discriminating against lgaokind as well as contamination from
weak gaugino production. Gauginos can have light massetharefore sizable cross-sections
in the focus-point region. The di-lepton invariant masgribstion also helps in measuring the
SUSY masses. An International Linear Collider (ILC) couldasure the low mass gauginos
extremely precisely in the focus point region, and data fovass-sections, forward backward
asymmetries can be added to those from the LHC in order tdremmshe masses of the heavy
scalars. This idea is studied in Part 3.

Of course, assuming the discovery of SUSY-like signalsattiC, and before the advent
of an ILC, we can ask the question: how may we know the thed®SY? Extra-dimensional
models (Universal Extra Dimensions), as well as little Higgodels with T-parity, can give
the same final states and cascade decays. One importaningngoki of SUSY is the sparticle
spin. Measuring the spin at the LHC is a very challenging pect but nevertheless there
has been progress made by Barr, who constructed a chargenasgioninvariant mass for spin
discrimination in the cascade decays. In Part 4, it is shdwah$uch an analysis has a rather
limited applicability to SUSY breaking parameter spaceaydlag the fact that further efforts to
measure spins would be welcome.

There is a tantalising signal from the EGRET telescope orexdiffuse gamma produc-
tion in our galaxy and at energies of around 100 GeV. This leas linterpreted as the result of
SUSY dark matter annihilation into photons. Backgroundheflux are somewhat uncertain,
but the signal correlates with dark matter distributiorferired from rotation curves, adding
additional interest. If the EGRET signal is indeed due to 8W&rk matter, it is interesting to
examine the implications for colliders. The tri-leptonrsads at the Tevatron and at the LHC is
investigated in Part 5 for an EGRET-friendly point. A comdxinfit to mMSUGRA is aided by
measurements of neutral Higgs masses, and yields acoeptalgision, although some work is
required to reduce theoretical uncertainties. In Part 6gope production is studied at the LHC,



and gives large signals due to the light gauginos (assun@ngigo universality). The EGRET
region is compatible with other constraints, such as theriafl cosmological dark matter relic
density and LEP2 bounds upem,. etc. 30 fb'! should be enough integrated luminosity to
probe the EGRET-friendly region of parameter space.

The calculations of the relic density of thermal neutralitaok matter are being extended
to cover CP violation in the MSSM. This obviously generaiiee usual CP-conserving cases
studied and could be important particularly if SUSY is rasgible for baryogenesis, which re-
quires CP-violation as one of the Sakharov conditions. Tifexts of phases is examined in
Part 7 in regions of parameter space where higgs-polesittaimuch of the dark matter. The
relationship between relevant particle masses and retisijechanges - this could be an impor-
tant feature to take into account if trying to check cosmglbyg using collider measurements
to predict the current density, and comparing with cosmick¢astrophysical observation.

As well as providing dark matter, supersymmetry could poedthe observed baryon
asymmetry in the unvierse, provided stop squarks are rditjigr and there is a significant
amount of CP violation in the SUSY breaking sector. The expental verification of this idea
is explored in Part 8 where stop decays into charm and newdrat the LHC are discussed.
Four baryogenesis benchmark points are defined for futwesiigation. Light heavily mixed
stops can be produced at the LHC, sometimes in associatibrmwiggs boson and the resulting
signature is examined. Finally, it is shown that quasi-degate top/stops (often expected in
MSSM baryogenesis) can be disentangled at the ILC despjteadk tagging challenges.

In Part 9, it is investigated how non-minimal charginos aedtralinos (when a gauge
singlet is added to the MSSM in order to address the supergygrion problem) may be iden-
tified by combining ILC and LHC information on their masses @noss-sections. Split SUSY
has the virtue of being readily ruled out at the LHC. In splitS, one forgets the technical hi-
erarchy problem (reasoning that perhaps there is an ant¢megson for it), allowing the scalars
to be ultra-heavy, ameliorating the SUSY flavour probleme §auginos are kept light in order
to provide dark matter and gauge unification. We would likargue that the Standard Model
plus axion dark matter (and no single-step gauge unificat®preferred by the principle of
Occam’s razor if one can forget the technical hierarchy lgrob Given the intense interest in
the literature on split SUSY, this appears to be a minoriggpwihowever. In Part 10, constraints
from the precision electroweak variablés; andsin®6,;; are used to constrain split SUSY.
It is found that the GigaZ option of the ILC is required to maasthe loop effects from split
SUSY. As shown in Part 11, split SUSY is predicted in a defafiméersecting brane model.

In Part 12, gluino decays through sbottom squarks are iigatetl at the LHC. Infor-
mation on bottom squarks could be important for constrginim 3 and the trilinear scalar
coupling, for instance. The signal is somewhat compleX:s2one quark jet, opposite sign
same flavour leptons and the ubiquitous missing transversegye 20-tags as well as jet en-
ergy cuts seem to be sufficient in a basic initial study in otdeneasure the masses of sparticles
involved for the signal. Backgrounds still remain to be gddn the future.

Part 13 roughly examines the sensitivity of the LHC to CHation in the Higgs sector by
decays toZ Z and the resulting azimuthal angular distributions andriavet mass distributions
of the resulting fermions. For sufficiently heavy Higgs nessée.g. 150 GeV), the LHC can
be sensitive to CP-violation in a significant fraction of naeter space. Generalisation to other
models is planned as an extension of this work.

Finally, a salutary warning is provided by Part 14, whichcdsses combined fits to LHC
data. Although a mSUGRA may fit LHC data very well, there isiadly typically little statisti-
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cally significant evidence that the slepton masses are dnifih the squark masses, since the
squark masses are only loosely constrained by jet obsesabl
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Part 2

Focus-Point studies with the ATLAS
detector

T. Lari, C. Troncon, U. De Sanctis and S. Montesano

Abstract

The ATLAS potential to study Supersymmetry for the “FocusA®P’

region of mMSUGRA is discussed. The potential to discovergesu
symmetry through the multijet+missing energy signaturd tre re-
construction of the edge in the dilepton invariant massragifom the
leptonic decays of neutralinos are discussed.

1. INTRODUCTION

One of the best motivated extensions of the Standard Modgakidinimal SuperSymmetric
Model [1]. Because of the large number of free parameteasa@lto Supersymmetry breaking,
the studies in preparation for the analysis of LHC data anegdly performed in a more con-
strained framework. The minimal SUGRA framework has fivee fparameters: the common
massm, of scalar particles at the grand-unification energy scale,common fermion mass
my 2, the common trilinear couplingl,, the sign of the Higgsino mass parameteand the
ratio tan § between the vacuum expectation values of the two Higgs étaibl

Since a strong point of Supersymmetry, in case of exact Rypaonservation, is that the
lightest SUSY particle can provide a suitable candidatdfark Matter, it is desirable that the
LSP is weakly interacting (in mSUGRA the suitable candidatee lightest neutraling?) and
that the relic density2, in the present universe is compatible with the density of-baryonic
Dark Matter, which i2p,,h% = 0.112670015] [2,3]. If there are other contributions to the Dark
Matter one may hav, < Qpu.

In most of the mSUGRA parameter space, however, the naudreglic density is larger
thanQp), [4]. An acceptable value of relic density is obtained onlyparticular regions of
the parameter space. In th@cus-point region(m,,, << my) the lightest neutralino has a
significant Higgsino component, enhancing theannihilation cross section.

In this paper a study of the ATLAS potential to discover angdgtSupersymmetry for
the focus-point region of MSUGRA parameter space is predenh Section 2. a scan of the
minimal SUGRA parameter space is performed to select a patihtan acceptable relic density
for more detailed studies based on the fast simulation oATHeAS detector. In Section 3. the
performance of the inclusive jet+missing energy searciteggies to discriminate the SUSY
signal from the Standard Model background is studied. Ini@ect. the reconstruction of
the kinematic edge of the invariant mass distribution oftthe leptons from the decay’ —
I~ is discussed.

2. SCANS OF THE mSUGRA PARAMETER SPACE

In order to find the regions of the mSUGRA parameter spacehwliiwe a relic density com-
patible with cosmological measurements, the neutralitio density was computed with mi-
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crOMEGASs 1.31 [5, 6], interfaced with ISAJET 7.71 [7] for teelution of the Renormalization
Group Equations (RGE) to compute the Supersymmetry masgrgpeat the weak scale.

\ ISAJET 7.71 m, = 175 GeV, tan = 10 A=0 GeV 1 > 0 |

= Q> Quyae

= LEP excluded
= Q<Quyppe

oo Lo
5000 6000
m, (GeV)

I
3000 4000

Figure 1: The picture shows the regions of the, m, ,) MSUGRA plane which have a neutralino relic density
compatible with cosmological measurements in red/darl.gfde black region is excluded by LEP. The light

gray region has a neutralino relic density which exceedsiotizgical constraints. White regions are theoretically
excluded. The values ofn 5 = 10, Ay = 0, a positiveu, and a top mass of 175 GeV were used.

In Fig. 1 a scan of thém, m,/2) plane is presented, for fixed valuesteir 5 = 10,
Ay = 0, and positive:. A top mass of 175 GeV was used. The red/dark gray region olethe
is the stau coannihilation strip, while that on the rightie focus-point region witk, < Qpy,.

The latter is found at large value of, > 3 TeV, hence the scalar particles are very heavy,
near or beyond the sensitivity limit of LHC searches. Simgg, << my, the gaugino (chargino
and neutralino) and gluino states are much lighter. The Sp®4duction cross section at the
LHC is thus dominated by gaugino and gluino pair production.

The dependence of the position of the focus-point region &UJ®GRA and Standard
Model parameters (in particular, the top mass) and the taioées related to the aproximations
used by different RGE codes are discussed elsewhere [8-10].

Particle| Mass (GeV)| Particle| Mass (GeV)| Particle| Mass (GeV)
%) 103.35 by 2924.8 Uy 3532.3
Y2 160.37 b 3500.6 h 119.01
X3 179.76 4 2131.1 H 3529.7
xS 294.90 t) 2935.4 AV 3506.6
X 149.42 er 3547.5 H* 3530.6
Xa 286.81 Er 3547.5
g 856.59 Ve 3546.3
U, 3563.2 71 3519.6
UR 3574.2 To 3533.7

Table 1: Mass of the supersymmetric particles for the berchipoint described in the text.

The following point in the parameter space was chosen fodétailed study reported in
the next sections:

mp = 3550GeV, my, = 300GeV, Ay = 0GeV, ip > 0,tan 3 = 10
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with the top mass set to 175 GeV and the mass spectrum compittedSAJET. In table 1
the mass of SUSY particles for this point are reported. Tldaspartners of Standard Model
fermions have a mass larger than 2 TeV. The neutralinos aagjictos have masses between
100 GeV and 300 GeV. The gluino is the lightest colored stait#, a mass of 856.6 GeV. The
lightest Higgs boson has a mass of 119 GeV, while the othegdiggates have a mass well
beyond the LHC reach at more than 3 TeV.

The total SUSY production cross section at the LHC, as coatpby HERWIG [11-13],
is 5.00 pb. It is dominated by the production of gaugino paifs® (0.22 pb),x’x* (3.06 pb),
andy®y* (1.14 pb).

The production of gluino pairs (0.58 pb) is also significartie gluino decays intqqq
(29.3%), x¢ (6.4%), orx*qq (54.3%). The quarks in the final state belongs to the third
generation in 75.6% of the decays.

The direct production of gaugino pairs is difficult to separiom the Standard Model
background; one possibility is to select events with sdue@ons, arising from the leptonic
decays of neutralinos and charginos.

The production of gluino pairs can be separated from thedar@Model by requiring
the presence of several high-jets and missing transverse energy. The presenéget$ and
leptons from the top and gaugino decays can also be used.

In the analysis presented here, the event selection is loasbe multijet+missing energy
signature. This strategy selects the events from gluinogsaduction, while rejecting both the
Standard Model background and most of the gaugino direciymtoon.

3. INCLUSIVE SEARCHES

The production of Supersymmetry events at the LHC was siradilasing HERWIG 6.55 [11-
13]. The top background was produced using MC@NLO 2.31 [B}, The fully inclusivett
production was simulated. This is expected to be the domB@mdard Model background for
the analysis presented in this note. The W+jets, and Z+pgtkdround were produced using
PYTHIA 6.222[16,17]. The vector bosons were forced to ddeptonically, and the transverse
momentum of the W and the Z at generator level was requiree farger than 120 GeV and
100 GeV, respectively.

The events were then processed by ATLFAST [18] to simulateal#tector response.

The most abundant gluino decay modes @are> Yt andg — x*tb. Events with
gluino pair production have thus at least four hard jets,raagl have many more additional jets
because of the top hadronic decay modes and the charginceatrélino decays. When both
gluinos decay to third generation quarks at least 4 jeté-gts. A missing energy signature is
provided by the two! in the final state, and possibly by neutrinos coming from tpeguark
and the gaugino leptonic decay modes.

The following selections were made to separate these efremisthe Standard Model
background:

At least one jet withpy > 120 GeV

At least four jets withpy > 50 GeV, and at least two of them taggedbgsts.
ET, ¢ > 100 GeV

0.1 < B ;65/Mprpr < 0.35

No isolated lepton (electron or muon) with > 20 GeV and|n| < 2.5.
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Sample| Events | Basic cuts| 2 b-jets
SUSY | 50000 2515 1065
tt 7600000 67089 | 11987
W+jets | 3000000| 16106 175
Z+jets | 1900000 6991 147

Table 2: Efficiency of the cuts used for the inclusive seaesfajuated with ATLFAST events for low luminosity
operation. The number of events corresponds to an intebhateinosity of 10 fb'!. The third column reports
the number of events which passes the cuts described inxhekeept the requirement of two b-jets, which is
reported in the last column.

Here, the effective mass/xrr is defined as the scalar sum of the transverse missing
energy and the transverse momentum of all the reconstrheigtnic jets.

The efficiency of these cuts is reported in Tab. 2. The thifdroo reports the number of
events which passes the selections reported above, ekesdquirement of twé-jets, which
is added to obtain the numbers in the last column. The stdrAlldrAS b-tagging efficiency of
60% for a rejection factor of 100 on light jets is assumed.

The SUSY events which pass the selection are almost exelygive to gluino pair pro-
duction; the gaugino direct production (about 90% of thalt&USY cross section) does not
pass the cuts on jets and missing energy. After all selextioemndominant background is by far
due tott production. The requirement of twejets supresses the remainifig+jets and”Z +jets
backgrounds by two orders of magnitude and is also expeotegtitice the background from
QCD multi-jet production (which has not been simulated)egligible levels.

> 10*
3 o, Su2
. . e tt, MCatNLO
g > o Ztjets, PYTHIA
10 ® = WHijets, PYTHIA

Events/10 fb™/100 G

o
o Ao
C
[
0 o e —jee
o o

ul = =m0 |-L .

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Effective Mass (GeV)

o

=}

Figure 2: Distribution of the effective mass defined in the,téor SUSY events and the Standard Model back-
grounds. The number of events correspond to an integrateiddisity of 10 fb*.

The distribution of the effective mass after these selactiots is reported in Fig. 2.
The statistic corresponds to an integrated luminosity ofldf®. The signal/background ra-
tio for an effective mass larger than 1500 GeV is close to 1thrdbstatistical significance is
SUSY/VSM = 23.
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Sample| Events | after cuts| M, < 80 GeV
SUSY | 50000 185 107

tt 7600000 31 13
W+jets | 3000000 0 0
Z+jets | 1200000 1 0

Table 3: Efficiency of the cuts used for the reconstructiothefneutralino leptonic decay. The number of events

corresponds to an integrated luminosity of 10 fbThe third column contains the number of events which passes
the selection cuts described in the text. The last columartsphe number of the events passing the cuts which

have an invariant mass of the two leptons lower than 80 GeV.

4. THE DI-LEPTON EDGE
For the selected benchmark, the decays

Xo — XU (1)
X5 — T (2)

occur with a branching ratio of 3.3% and 3.8% per lepton flavespectively. The two leptons
in the final state provide a natural trigger and a clear sigeat Their invariant mass has a
kinematic maximum equal to the mass difference of the twdra&oos involved in the decay,

which is

myg — myo = 57.02 GeV m,g —m,o = 76.41 GeV (3)

X

The analysis of the simulated data was performed with tHevihg selections:

e Two isolated leptons with opposite charge and same flavotir wi > 10 GeV and
In| < 2.5

o Bl qq>80GeV, Mgpp > 1200 GeV,0.06 < EL,,os/Mppp < 0.35

e At least one jet withp; > 80 GeV, at least four jets withh > 60 GeV and at least six
jets withpy > 40 GeV

The efficiency of the various cuts is reported in table 3 forirdegrated statistics of
10 fb~!. After all cuts, 107 SUSY and 13 Standard Model events atewih a 2-lepton
invariant mass smaller than 80 GeV. The dominant StandamieMmzackground comes from
production, and it is small compared to the SUSY combinatdrackground: only half of the
selected SUSY events do indeed have the decay (1) or (2) Maméecarlo Truth record.

It should be noted that with these selections, the ratioSY /v SM is 30, which is
slightly larger than the significance provided by the sébexstof the inclusive search with lepton
veto. The two lepton signature, with missing energy and ferselections is thus an excellent
SUSY discovery channel.

The combinatorial background can be estimated from theudatey thee ™~ and e~
pairs. In the leftmost plot of Fig. 3 the distribution of thepton invariant mass is reported for
SUSY events with the same (different) flavour as yellow (fe@djograms. Outside the signal
region and the Z peak the two histograms are compatible. Tded&rd Model distribution is
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@ leptons same flavour (tf) X2/ ndf 38.5/35

" = Prob 0.3143

@ o leptons different flavour (it) a ) 53.89 + 7.56

§ o0 [ leptons same flavour (¥, x0.28) § pl 43.63 + 6.61
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Figure 3: Left: Distribution of the invariant mass of leptoairs with opposite charge and the same flavour (SUSY
events: yellow histogram; Standard Model: open markerg)pposite flavour (SUSY events: red histogram;
Standard Model: full markers). The number of events comadfo an integrated luminosity of 10 fh. Right:
Flavour-subtracted distribution of the invariant masseptbn pairs, for an integrated luminosity of 300°th The

fit function is superimposed as a black line; the contribuftoreceives from the and x decays are shown
separately as a red and green line respectively. The fit messnare the two normalizations (p0 and p1),the
mass (p2), thad — x? mass difference (p3) and thd — x! mass difference (p4).

also reported for the same (different) flavour as open (dpeearkerst. Since the Standard
Model background is small compared to the SUSY combindtbaekground, it is neglected
in the results reported below.

The flavour subtracted distribution is reported in the mgbst plot of Fig. 3 for an inte-
grated luminosity of 300 fo'. The presence of two edges is apparent.

In order to fit the distribution, the matrix element and phgsace factors given in Ref. [19]
were used to compute an analytical expression for the mwamass of the two leptons, under
the aproximation that the Feynman diagram with slepton &xgh is negligible compared to
the Z exchange (this aproximation is justified for the Foonis#since sleptons are very heavy).
The result is [10]

drt Vmt —m?(p? + M?) + (uM)?
— = —2m* + m*(2M? + 1/ M)? 4
o= om (m? = m2)? [=2m" +m*(2M* + p7) + (uM)] (4

In the formulaC' is a normalization constant,= my—m; andM = my+m4, Wwherem,
andms, are the signed mass eigenvalues of the daughter and paterdlim® respectively. For
the focuspoint, the mass eigenvalues of the two lightedraknos have the same sign, while
the x§ has the different sign.

The fit was performed with the sum of thé and x decay distributions provided by
Eq. 4, convoluted with a gaussian smearing of 1.98 GeV. Theasimg value was obtained
from the width of the observed peak. The fit parameters are the mass ofithéwhich is the
same for the two decays), the two mass differendes x? andx? — x9, and the normalizations
of the two decays.

1Because of the presence of events with negative weight in MC@ some bins have a negative number of
entries
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The values found for the two mass differencesafg’) — m(x}) = (57.0 + 0.5) GeV
andm(x3) — m(x?) = (77.3 £ 1.2) GeV. They are compatible with the true values (eq. 3).

The fit provides also the value of the mass of tf{esince the shape of the distribution
depends on it. This dependence is however very mild, exiheta m(y?) > m(x?) —m(x?),
and the limited statistics only allows to place a lower ligfiabout 20 GeV on the mass of the
lightest neutralino.

5. CONCLUSIONS

A preliminary study of the ATLAS potential to study Supersyetry in the Focus-Point sce-
nario has been presented. This scenario is relatively dliffior the LHC, because of the large
mass of the SUSY scalars (2-3 TeV).

For the selected point in the parameter space the obsenaiten excess of events with
hard jets and missing energy over the Standard Model expmtsashould still be observed
rather early. A statistical significance of more than 20 déad deviations is obtained for an
integrated luminosity of0 fo~! both in the channel with no leptons and téwagged jets and
the one with an opposite-sign electron or muon pair.

With a larger integrated luminosity 800 fo™!, corresponding to about three years at the
design LHC luminosity, the two kinematical edges from thetdmic decay of the) and the
xJ would be measured with a precision of the order of 1 GeV, gliog two contraints on the
masses of the three lightest neutralinos.
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Part 3

SUSY parameter determination in the
challenging focus point-inspired case

K. Desch, J. Kalinowski, G. Moortgat-Pick and K. Rolbiecki

Abstract

Inspired by focus point scenarios we discuss the potertimbined
LHC and ILC experiments for SUSY searches in a difficult regod
the parameter space in which all sfermions are above thePre¥ision
analyses of cross sections of light chargino production fangard-
backward asymmetries of decay leptons at the ILC togethidr nvass
information onmyy from the LHC allow to fit rather precisely the un-
derlying fundamental gaugino/higgsino MSSM parametedstarcon-
strain the masses of the heavy, kinematically not accessibttual
sparticles. For such analyses the complete spin corretatetween
production and decay process have to be taken into accoumtal$@
took into account expected experimental uncertainties.

1. INTRODUCTION

Due to the unknown mechanism of SUSY breaking, supersynurettensions of the Stan-
dard Model contain a large number of new parameters: 105erMimimal Supersymmetric
Standard Model (MSSM) appear and have to be specified. Erpats at future accelerators,
the LHC and the ILC, will have not only to discover SUSY butcals determine precisely the
underlying scenario without theoretical prejudices onSkhkSY breaking mechanism. Particu-
larly challenging are scenarios, where the scalar SUSYgagector is heavy, as required e.g.
in focus point scenarios (FP) as well as in split SUSY (sS).&ecent study of a mSUGRA
FP scenario at the LHC, see [20].

Many methods have been worked out how to derive the SUSY peasat collider
experiments [21, 22]. In [23-27] the chargino and neutmaBectors have been exploited to
determine the MSSM parameters. However, in most cases loalgroduction processes have
been studied and, furthermore, it has been assumed thatideesof scalar particles are already
known. In [28] a fit has been applied to the chargino produdticorder to derivells, u, tan 3
andm;_. However, in the case of heavy scalars such fits lead to arratak constraint for
mg,-

Since it is not easy to determine experimentally cross aestior production processes,
studies have been made to exploit the whole productione@aedy process. Angular and energy
distributions of the decay products in production with sdgent three-body decays have been
studied for chargino as well as neutralino processes ind2P-Since such observables depend
strongly on the polarization of the decaying particle thenptete spin correlations between
production and decay can have large influence and have tiée itato account: Fig. 1 shows
the effect of spin correlation on the forward-backward asyatry as a function of sneutrino
mass in the scenario considered below. Exploiting suchefpécts, it has been shown in [32,
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33] that, once the chargino parameters are known, usefukrtdounds for the mass of the
heavy virtual particles could be derived from forward-b&akd asymmetries of the final lepton

App(0).

2. CHOSEN SCENARIO: FOCUS POINT-INSPIRED CASE

In this section we take a FP-inspired mMSUGRA scenario defatdide GUT scale [34]. How-
ever, in order to assess the possibility of unravelling saichallenging new physics scenario
our analysis is performed entirely at the EW scale withouwt egference to the underlying
SUSY breaking mechanism. The parameters at the EW scalebtamed with the help of
SPheno code [35]; with the micrOMEGA code [6] it has been kbddhat the lightest neu-
tralino provides the relic density consistent with the fo@myonic dark matter. The low-scale
gaugino/higgsino/gluino masses as well as the derivedesadfsSUSY patrticles are listed in
Tables 1, 2. As can be seen, the chargino/neutralino sexteethas the gluino are rather light,
whereas the scalar particles are about 2 TeV (with the ordg@ion ofh which is a SM-like
light Higgs boson).

My | My | M | p | tanf Mgt | Mg || Myg | Mgy | Mgo | Mo || My

60 | 121| 322 | 540| 20 117 | 552 || 59 | 117 | 545 | 550 || 416

Table 1: Low-scale gaugino/higgsinah 5 MSSM parameters and the resulting chargino and neutralasses.
All masses are given in [GeV].

mp mmpg A | M+ my ng me, mz msz, Mgy mg, m;l m;Q

119| 1934 | 1935 1994 | 1996| 1998 | 1930 | 1963 | 2002 | 2008| 1093 | 1584

Table 2: Masses of the SUSY Higgs particles and scalar pestiall masses are given in [GeV].

2.1 EXPECTATIONS AT THE LHC

As can be seen from Tables 1, 2, all squark particles are latieally accessible at the LHC.
The largest squark production cross section istfgr However, with stops decaying mainly
to gt [with BR(t,, — §t) ~ 66%], where background from top production will be large, no
new interesting channels are open in their decays. The sth&rrks decay mainly vigg, but
since the squark masses are very heavy, , > 2 TeV, mass reconstruction will be difficult.
Nevertheless, the indication that the scalar fermions arg keavy will be very important in
narrowing theoretical uncertainty on the chargino andnadinb decay branching ratios.

In this scenario the inclusive discovery of SUSY at the LH@assible mainly to the
large gluino production cross section. The gluino produrcts expected with very high rates.
Therefore several gluino decay channels can be exploited.largest branching ratio for the
gluino decay in our scenario is into neutralinBs(g — Y90b) ~ 14% with a subsequent
leptonic neutralino decaBR(xS — x%(*(~), { = e, of about 6%, see Table 3. In this
channel the dilepton edge will clearly be visible since thiscess is practically background-
free. The mass difference between the two light neutralineses could be measured from the



20

+ - cto— o ~0,— - + - cto— o ~0,— -
App(e™) €O XX T e e App(e™) S AT S
60 T T T T 52 T T T T T T T T T
% Vs=300eV | (%] V3 = 350 Gev
50 f el |
48 &
4t
46
0, with spin correlations ;
Y 44
0l Arp in our scenario
42+
10 40+
spincor. v
o [SPINCOL. ™™ N ‘ agl o
500 1000 1500 2000 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200 2250
ml;e/GeV ml;e/GeV

Figure 1: Forward-backward asymmetryeof in the process*e™ — ¥ X1, X; — Xe~ 7 as a function ofn;,

in a) the rangen;, = [200, 2300] GeV (left) and in bym;, = [1750,2250] GeV (right), both at/s = 350 GeV
and for unpolarized beams. The mass of the other scalamlptarticle,m;, , which contributes in the decay
process, has been assumed to fulfil the SU(2) mass relafion= m?_+ m3, cos(26)(—1 + sin? fy). In a) the
light (green) line denotes the deriveld- 5 (e~ ) without taking into account the chargino spin correlatibasveen
production and decay process.

dilepton edge with an uncertainty of about [34]
d(myg —mgo) ~ 0.5 GeV. (1)

Other frequent gluino decays are into the light charginojatsj with aboutB R(§ — Yiqq') ~
20% for qq’ in the first two families, and abodt’ in the third.

BR(§ — X9b) | 14.4% || BR(§ — X1 quda) | 10.8% || BR(X{ — X0Gaq.) | 33.5%
BR(XS — X%t e7) | 3.0% BR(t, 5 — gt) 66% || BR(Xy — XY~ vp) | 11.0%

Table 3: Branching ratios for some important decay modesumsoenariof = e, u, 7, g, = u,¢, g = d, s.
Numbers are given for each family separately.

2.2 EXPECTATIONS AT THE ILC

At the ILC with /s = 500 GeV only light charginos and neutralinos are kinematicattges-
sible. However, in this scenario the neutralino sector eratterized by very low production
cross sections, below 1 fb, so that it might not be fully ekplile. Only the chargino pair
production process has high rates at the ILC and all infaonatbtainable from this sector has
to be used. In the following we study the process

eem =t (2)
with subsequent chargino decays

Xi — Xle 7., and Yy — YisC 3)
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for which the analytical formulae including the completénsgorrelations are given in a com-
pact form e. g. in [29]. The production process occurswvandZ exchange in the-channel
andz, exchange in the-channel, and the decay processes get contributionsifrarexchange
andr,, ¢;, (leptonic decays) of;, ¢;, (hadronic decays).

Table 4 lists the chargino production cross sections ansdia-backward asymmetries
for different beam polarization configurations and thestatistical uncertainty based dh=
200 fb~* for each polarization configuratiot?’,-, P.+) = (—90%, +60%) and(+90%, —60%).
Below we constrain our analyses to the first step of the IL@ it < 500 GeV and study only
the y{ ¥, production and decay.

Studies of chargino production with semi-leptonic decaythe ILC runs at,/s = 350
and 500 GeV will allow to measure the light chargino mass in the cwntim with an error
~ 0.5 GeV. This can serve to optimize the ILC scan at the thresHdl \hich, due to the
steeps-wave excitation curve iry] y; production, can be used to determine the light chargino
mass very precisely to about [37-39]

mee = 11714 0.1 GeV. (4)

The light chargino has a leptonic branching ratio of abB@(y; — Y2~ ) ~ 11% for
each family and a hadronic branching ratio of abBuit(y; — ¥!s¢) ~ 33%. The mass of the
lightest neutralinongo can be derived either from the energy distribution of thedeg™ or in
hadronic decays from the invariant mass distribution oftteejets. We therefore assume [34]

mgo = 59.2 £ 0.2 GeV. (5)

Together with the information from the LHC, Eq. (1), a maseertainty for the second lightest
neutralino of about
mgg =117.140.5 GeV. (6)

can be assumed.

3. PARAMETER DETERMINATION
3.1 Parameter fit without using the forward-backward asymmaery

In the fit we use polarized chargino cross section multipbigdhe branching ratios of semi-
leptonic chargino decayst(ete™ — Y7 xX;) X BR, with BR = 2 x BR(Xx{ — XVGaq.) X
BR(x7 — XY~ v)+ [BR(x] — X\ 0))> ~ 034, = e, pu, q = u,c, qq = d, s, as given
in Table 4. We take into account statistical error, a relative uncertainty in polarizatiohn
AP.+/P.+ = 0.5% [40] and an experimental efficiency of 50¢8, Table 4.

We applied a four-parameter fit for the parametefis M-, 1 andm;, for fixed tan g =
5,10,15,20,25,30 values. Fixingn 5 was necessary for a proper convergence of the minimal-
ization procedure. For the input valten 5 = 20 we obtain

M; = 60.0£0.2 GeV, M,y =121.0£0.7GeV, pu = 540+£50GeV, m; = 2000+£100 GeV.
(7)
Due to the strong gaugino componentigf andy? 2» the parameters/; and M, are well
determined with a relative uncertainty €f0.5%. The hlggsino parameteras well asn;, are
determined to a lesser degree, with relative errors af0% and 5%. Note however, that the
errors, as well as the fitted central values depenthar. Figure 2 shows the migration ot1
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Figure 2: Migration of & contours withtan § = 5, 10, 20, 30 (top-to-bottom in the left panel, right-to-left in the
middle panel, top-to-bottom in the right panel).

contours inmg;,—M, (left), My—u (middle) andM,—M; (right) panels. Varyingan 3 between
5 and 30 leads to a shift 1 GeV of the fittedM; value and~ 3.5 GeV of M,, increasing
effectively their experimental errors, while the migratieffect for,, andm,;, is much weaker.

3.2 Parameter fit including the forward-backward asymmetry

Following the method proposed in [32, 33] we now extend théyiusing as additional ob-
servable the forward-backward asymmetry of the final ebectrAs explained in the sections
before, this observable is very sensitive to the mass of xicbasged scalar particles, even
for rather heavy masses, see Fig. 1 (right). Since in theydpoacess also the left selec-
tron exchange contributes ti$d/(2) relation between the left selectron and sneutrino masses:
m2, = mZ +m%cos(26)(—1 + sin ) has been assumed [21]. In principle this assumption
could be tested by combing the leptonic forward-backwaydnasetry with that in the hadronic
decay channels if the squark masses could be measured ai@E84].

We take into account & statistical uncertainty for the asymmetry which is given by
A(App) = 2+/€(1 —¢€)/N, 8)

wheree = op/(0F + o) and the number of events is denoted/By Due to high production
rates, the uncertainty is rather small, see Table 4.

Applying now the 4-parameter fit-procedure and combiningtih the forward-backward
asymmetry leads to:

M, =60.0+£0.4GeV, M,=121.0+15GeV, u=>540+50GeV
ms, = 1995 £ 60 GeV, tan 8 > 10. (9)

Including the leptonic forward-backward asymmetry in thaltimparameter fit strongly im-
proves the constraints for the heavy virtual partielg,. Furthermore no assumptions om
has to be made. Since for smalh 3 the wrong value ofd -5 is predictedtan (3 is constrained
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VslGeV (P, Pu) || o(xFxD)Ib | o(xTv7) x BRIfb | Apg(e )%
350 (—90%, +60%) || 6195.5:7.9 |  2127.9:4.0 4.49£0.32
(0,0) 2039.1:4.5 700.3£2.7 4.5+0.5
(+90%, —60%) | 85.0+0.9 29.240.7 4.742.7
500 (—90%, +60%) | 3041.5:5.5 1044.6£2.3 4.69+£0.45
(0,0) 1000.6+3.2 343.7:1.7 4.740.8
(+90%, —60%) | 40.3+0.4 13.8+0.4 5.04+3.9

Table 4: Cross sections for the process:~ — ¥i¥; and forward-backward asymmetries for this process
followed by x; — xVe~ v, for different beam polarizatio®,-, P.+ configurations at the cm energies =

350 GeV and500 GeV at the ILC. Errors includéo statistical uncertainty assuming = 200 fo~! for each
polarization configuration, and beam polarization undéetyaof 0.5%. BR ~ 0.34, cf. Sec. 3.1 and Table 3.

from below. The constraints for the mass, are improved by about a factor 2 and for gaugino
mass parameter®/; and M, by a factor 3, as compared to the results of the previousmsecti
with unconstrainedan 3. The error for the higgsino mass parameteremains roughly the
same. It is clear that in order to improve considerably thestraints for the parameterthe
measurement of the heavy higgsino-like chargino and/atrakuo masses will be necessary at
the second phase of the ILC witfls ~ 1000 GeV.

4. CONCLUSIONS

In [34] we show the method for constraining heavy virtualtiptes and for determining the
SUSY parameters in focus-point inspired scenarios. Suehasmos appear very challenging
since there is only a little experimental information abthd SUSY sector accessible. How-
ever, we show that a careful exploitation of data leads teiiggint constraints for unknown pa-
rameters. The most powerful tool in this kind of analysisituout to be the forward-backward
asymmetry. The proper treatment of spin correlations betvtiee production and the decay is a
must in that context. This asymmetry is strongly dependetihe mass of the exchanged heavy
particle. TheSU(2) assumption on the left selectron and sneutrino masses bettiested by
combing the leptonic forward-backward asymmetry with thieviard-backward asymmetry in
the hadronic decay channels if the squark masses could bgureeaat the LHC [34]. We
want to stress the important role of the LHC/ILC interplagca none of these colliders alone
can provide us with data needed to perform the SUSY parardetermination in focus-like
scenarios.
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Part4

MSUGRA validity of the Barr neutralino
spin analysis at the LHC

B.C. Allanach and F. Mahmoudi

Abstract

The Barr spin analysis allows the discrimination of supems)etric spin
assignments from other possibilities by measuring a chasgemmetry
at the LHC. The possibility of such a charge asymmetry rediesa
squark-anti squark production asymmetry. We study the aqpmate
region of validity of such analyses in mMSUGRA parameter sgac
estimating where the production asymmetry may be staigtisignif-

icant.

If signals consistent with supersymmetry (SUSY) are disced at the LHC, it will be
desirable to check the spins of SUSY particles in order tbttess SUSY hypothesis directly.
There is the possibility, for instance, of producing a sandpectrum of particles as the minimal
supersymmetric standard model (MSSM) in the universabeditnensions (UED) model [41].
In UED, the first Kaluza-Klein modes of Standard Model pdgschave similar couplings to
their MSSM analogues, but their spins differ by2.

In a recent publication [42], Barr proposed a method to deitez the spin of supersym-
metric particles at the LHC from studying thje— x5¢ — lrl,q — xJ.l; ¢ decay chain.
Depending upon the charges of the various sparticles iedlthe near and far leptoni (I,
respectively) may have different charges. Forming theriama mass of,, with the quark nor-
malised to its maximum valueh = my, ,/m;"s" = sin(6*/2), whered* is the angle between
the quark and near lepton in thé rest frame. Barr’s central observation is that the prolitgbil
distribution functionP; for [;7q or [, g is different toP, (the probability distribution function of

I, g or I q) due to different helicity factors:

dPy

dm

dP.
= 4m?, dﬁj = (1 — m?). (1)

One cannot in practice distinguigh(originating from a squark) frong (originating from an
anti-squark), but insteaaverageshe ¢, ¢ distributions by simply measuring a jet. This sum
may therefore be distinguished against the pure phase siistcibution

dPps

dm

2 (2)

only if the expected number of produced squarks is diffeterthe number of anti-squarks
Indeed, the distinguishing power of the spin measuremeptdportional to the squark-anti
squark production asymmetry. The relevant productiongsses arep — g, §g or gq. The
latter two processes may have different cross-sectioraisewf the presence of valence quarks

20One also cannot distinguish between near and far leptods,@mone must forrii™g andl ~ ¢ distributions [42].
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Particle [ XY | lg| Zep | Xa | & | G | |7 | dr
Lower bound| 37| 88 | 43.1| 67.7| 86.4| 195| 91| 76 | 250

Table 1: Lower bounds on sparticle masses in GeV, obtaimed Ref. [48].

in the proton parton distribution functions, which will fawr squarks over anti-squarks. Such
arguments can be extended to examine whether supersymaoagtrige distinguished against
UED at the LHC [43, 44].

Due to CPU time constraints, the spin studies in refs. [4PpBe performed for a single
point in MSUGRA parameter space (and a point in UED spacefén [#3, 44]). The points
studied had rather light spectra, leading one to wonder heveic the possibility of spin mea-
surements might be. Here, we perform a rough and simple atiof the statistical significance
of the squark/anti-squark asymmetry, in order to see wingpaiameter space the spin discrim-
ination technique might work.

Provided that the number of (anti-)squarks produced istgrélaan about 10, we may use
Gaussian statistics to estimate the significance of anyrkgumi-squark asymmetry. Denoting
@ as the number of squarks produced ghds the number of anti-squarks, the significance of
the production asymmetry is -

Q-Q
Ve +Q
Eg. 3 does not take into account the acceptanoé the detector or the branching raticof
the decay chain. Assuming squarks to lead to the same aoceptand branching ratios as
anti-squarks, we see from Eq. 3 that the significance of thressored asymmetry is

S = Vabs. (4)

S = 3)

The SUSY mass spectrum and decay branching ratios werdataldwithISAJET-7.72
[7]. We consider a region which contains the SPS 1a slope (43]= 0.4 x m,/;) and we
choose the following mSUGRA parameters in order to perform a- m, , scan.

(Ag = —mg,tan § =10, > 0) . (5)

A sample of inclusive SUSY events was generated uB¥igHIA-6.325 Monte Carlo event
generator [46] assuming an integrated luminosity of 300 fand the leading-order parton
distribution functions of CTEQ 5L [47]. The LEP2 bound updme tlightest CP-even Higgs
mass impliesn,e > 114 GeV forsin?(3 — a) ~ 1. For any given point in parameter space,
we imposen;o > 111 GeV on thelSAJET prediction ofm;,e, which allows for a 3 GeV error.
We also impose simple-minded constraints from negativeisfgasearches presented in Table
1.

Fig. 1 displays the production and measured asymmetrigseimg — m;,, plane. In
Fig. 1a, neither the acceptance of the detector nor the biragcatios of decays are taken into
account. Thus, if the reader wishes to use some particuén @h order to measure a charge
asymmetry, the significance plotted should be multiplied/y.. As m, andm, /, grow, the
relevant sparticles (squarks and gluinos) become heandethe overall number of produced
squarks decreases, leading to less significance. We semtitat of the allowed part of the
plane corresponds to a production asymmetry significanagester than 10. However, the
acceptance and branching ratio effects are likely to dralyfireduce this number.
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Figure 1: Significance in ther{o-m, ,;) plane for 300 fo! of integrated luminosity at the LHC for (a) the produc-
tion asymmetryS and (b) the measured asymmesty’ for the chainj — X3¢ — Irlnq— V1,1 g, assuming
that the acceptance is equal to 1. The SPS 1a line is laballgldé¢k with the SPS1a point marked as an asterisk.
The red line delimits a charged lightest-supersymmetnitigda (LSP) from an uncharged LSP. Contours of equal
squark or gluino mass are shown in grey for reference. Theentadine delimits the region that does not pass
sparticle or higgs search constraints (“excluded”) from tegion that does. The significance is measured with
respect to the bar on the right hand side of each plot, whicim ia logarithmic scale. White regions correspond
either to excluded points, or negligible significance.
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Fig. 1b includes the effect of the branching ratio for theictthat Barr studied in the
significance. The significance is drastically reduced fragm Ea due to the small branching
ratios involved. The region marked “charged LSP” is cosmmially disfavoured if the LSP
is stable, but might be viable if R-parity is violated. Inghatter case though, a different spin
analysis would have to be performed due to the presence bBRealecay products. The region
marked “forbidden” occurs whem;, > m,q, implying that the decay chain studied by Barr
does not occur.

The highest squark/anti-squark asymmetry can be founchdray = 100, m,/, = 200
and its significance is around 500 or so, including branchaigps. Barr investigated the
MSUGRA pointm, = 100 GeV ,my, = 300 GeV, Ay = my, tanf = 2.1, u > 0, as-
suming a luminosity of 500 fb'. In his paper, which includes acceptance effects, Barestat
that a significant spin measurement at this point shouldstibossible even with only 150 b
of integrated luminosity. Our calculation of the significars+/b for this point is 53. Assum-
ing that the acceptance is not dependent upon the mSUGRAptees, we may deduce that
a value ofSv/b > 53 in Fig. 1b is also viable with 150 fi. This roughly corresponds to the
orange and red regions in Fig. 1b. Although the parameteresisehighly constrained, there is
nevertheless a non-negligible region where the Barr sphyais may work.

Acknowledgements

FM would like to thank Steve Muanza for his help regardinghi®tand acknowledges the
support of the McCain Fellowship at Mount Allison UniveysitBCA thanks the Cambrige
SUSY working group for suggestions. This work has been glgrsupported by PPARC.



28

Part 5

The trilepton signal in the focus point
region

Ph. Gris, R. Lafaye, T. Plehn, L. Serin, L. Tompkins and Dwasr

Abstract

We examine the potential for a measurement of supersymraethe
Tevatron and at the LHC in the focus point region. In paracuive
study on the tri-lepton signal. We show to what precisionessym-
metric parameters can be determined using measuremehts lHidgs
sector as well as the mass differences between the two igheetrali-
nos and between the gluino and the second-lightest nendgrali

1. INTRODUCTION

Recent high energy gamma ray observations from EGRET shax@ess of galactic gamma
rays in the 1 GeV range [49]. A possible explanation of theesgare photons generated by
neutralino annihilation in galactic dark matter [50]. Urnitmately, this kind cosmological data
is only sensitive to a few supersymmetric parameters, hkenhass and the annihilation or de-
tection cross sections of the weakly interacting dark maiséadidate. A prime dark matter
candidate is the lightest supersymmetric particle, whiclmost supersymmetry breaking sce-
narios turns out to be the lightest neutralino [51]. To beedblderive stronger statements from
the data, one can assume gravity mediated supersymmetikitigg mSUGRA) and fit the free
parameters of this constrained model to the observed gayrspectrum [50]. Only an addi-
tional connection of this kind (assuming we know the supmrsgtry breaking scenario) allows
one to make statements about the scalar sector. In thisléttief, we study the mSUGRA pa-
rameter point given byn, = 1400 GeV, m,,, = 180 GeV, A, = 700 GeV, tan 3 = 51 and

1 > 0, which could explain the claimed excess. We analyse thegrhenological implications
for searches and measurements of supersymmetric pagidtes Tevatron and at the LHC [52].
To determine the underlying mSUGRA parameters sophisticttols such as Fittino [53, 54]
and SFITTER [55, 56] are required. In our study we use SFITT&Retermine the expected
errors on the supersymmetric parameters.

The TeV-scale particle masses for our mSUGRA parametett poendisplayed in Ta-
ble 1. The highny value [57-59] places most squarks and sleptons well abow/1which
means that the expected production rate at the LHC will lmagty reduced as compared to the
standard scenarios such as SPS1a [45]. The large valderfor enhances the heavy Higgs
Yukawa coupling td quarks and- leptons. Therefore the MSSM Higgs sector is likely to be
observed at the LHC, for example through a charged Higgsrbdscaying ta- leptons [60,61]
or through a precision mass measurement for the heavy helifgs bosons decaying to muon
pairs [52]. Certainly, the comparably low-mass chargimesitralinos and gluinos, will be pro-
duced at accelerator experiments.
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Table 1: TeV-scale supersymmetric particle masses in tHeEparameter point computed with SUSPECT [62].
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Figure 1. Tevatron reach in the trilepton channel in thg — m, /, plane, for fixed values ofl, © > 0 and
tan 3 = 5,35. We show results for 2, 10 and 3@ ! total integrated luminosity. The figure is taken out of
Ref. [67]

2. DISCOVERY PROSPECTS

At the Run Il of the Tevatron, the 500 GeV gluinos are unlikielyoe observed, in particular in
the limit of heavy squarks, because the powerful squarkrglassociated production channel
does not contribute to the gluino rate. Only the light gaogifi , ¥V , X5 might be observable.
One of the most promising channels for SUSY discovery at #haffon is the production of
a neutralino and a chargino with a subsequent decay toptiofes [63—67]:pp — Yix3 —

3¢ + Er + X. Unfortunately, for our SUSY parameter point, its rate 8¢y auppressed by
the heavy sleptons: the leading order cross section is@MyBR ~ 10 fb, with mild next-
to-leading order corrections [68]. Depending on the lursityodelivered by the Tevatron [69],
between 40 and 80 events are expected per experiment rumnith@009. Since the 67 GeV
mass difference between t& and they) andy; is sizeable, the transverse momentum of the
decay leptonsis large. At the generator level sthdistribution of the leading (next-to-leading)
lepton peaks around 35 GeV (25 GeV). Hence, given a largegtn@atem triggering on this
signal will not be a problem. However, the cross-sectioroaslow to allow a discovery: in
Figure 1 [67] we see that an integrated luminosity of at Ieastb—! is required to claim a®&
discovery.

At the LHC, the total inclusive SUSY particles productiongs section for our parameter
point is 19.8 pb. The largest contributions come from thecesses;g — §g (50%), 7 —
XTI (20%), andgg — Xi X7 (10%). The dominant source of SUSY particle production with
a decay to hard jets are of course gluino decays. We can exteatri-lepton signal [70—-73]
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Figure 2: Invariant mass of dilepton pairs after cuts. Wduide 100 fo! integrated luminosity at the LHC.
Chargino-neutralino signal events are shown in black}ihe background in green. Opposite-sign opposite-flavor
events are subtracted.

Process Cut

Lepton Productio] 3lep | Z mass
X5+ X1 129 fb 28fh | 13fb
WZ 875fb 144fb | 4.91b
YA 161 fb 21.9fb| .0146 fb

Table 2: Cross sections for signal and background at the M&Cshows - BR ¢4 including taus (first column), the
rate after requiring 3 identified leptons (second colummil, @ents after the,; mass window cut (third column).

qqd — XOXF — XY, tv XY by requiring exactly three leptons with a transverse moomant
greater than 20 (10) GeV for electrons (muons).

The main backgrounds al€ Z andZ Z production where one lepton is not reconstructed
inthe ZZ case. To reject Z events, we require the invariant mass of all opposite-sgme-
flavor lepton pairs to be outsideba window aroundn . The background events withl& or
with a Z decaying to a leptonic are not affected by these cuts. The combinatorial backgroun
we remove through background subtraction (opposite-flaepposite-sign leptons). The in-
variant mass distribution for dilepton pairs is shown inUfegy2. We list the corresponding
cross sections for signal and background before and aftsricirable 2. Kinematically, the
invariant mass of the same-flavor opposite-sign leptongdibe smaller than the mass differ-
ence between the two lightest neutralinos, corresponditiget case where thg) is produced
at rest. Inspite of the 3-body decay kinematics, the edgéefrivariant mass distribution is
reasonably sharp, so with a mass difference of 65 GeV thalkayents should be visible above
the background (Table 2). This channel obviously benefitsfihe good precision in the lepton
energy scale, as compared to the more difficult jet final state

In addition, the light and heavy neutral Higgs bosons h,Hwal as the A,should be
easily accessible to the LHC through the, 77,anduu decay channels. The lightest neutral
Higgs boson is expected to be measured with a precision gteimille level, whereas the
two heavy neutral Higgs bosons, essentially degenerateassshould be measurable with
a precision of the order of 1-7% [52]. The charged Higgs besame observable in thev-
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Figure 3: Parton level invariant mass distributionf@uark pairs coming from gluino decays

channel [60,61]. While their observation will help dischirate between SUSY and non-SUSY
models, the decay channel will not provide a precise massumeent in this particular decay
channel. Additionally, 50% of the total cross section, il€. pb, will be gluino pair production
with a large branching ratio of about 25% for the gluino detayby) . Thus one expects
large rate of b-jets for this process which should be distisigable from the standard model
background. At the parton level, as shown in Figure 3, a aelge can be observed for the
invariant mass ofjet pairs providing information on th¢ — y5 mass difference. The channel
merits further investigation which is beyond the scope & fiaper.

3. DETERMINATION OF THE mSUGRA PARAMETERS

To determine the errors on the underlying parameters framibasurements we use SFIT-
TER [55,56]. In a constrained model such as mSUGRA, five nreasents are necessary to fit
the fundamental parameters and determine their errors fbuwve for example using the mea-
surement of g — 2),, or the branching ratio foB — X,v. In this case, the five measurements
we use are: the masses of the three neutral Higgs bosongtjé4hass difference between the
second-lightest and lightest neutralino and finally the sydiference between the gluino and
second-lightest neutralino.

We explore two different strategies: First, we include othlg systematic experimental
errors (in the limit of high statistics), which are domirctey the limited knowledge of the
energy scale of leptons (0.1%) and jets (1%) [75]. The resaé shown in Table 3. The
large unified scalar mass, can be determined despite the absence of a direct measureimen
slepton and squarks masses. While in the general MSSM they liggs boson mass A is a
free parameter, in MSUGRA, the A mass as well as the H masgaséise totan 5 as shown
in Table 3. The supersymmetric particle measurementsfjx.

The main source of uncertainty in the Higgs sector are paraerors [75]. A shiftin
the bottom (top) quark mass of 0.05 GeV (1GeV) translatesanthange of the heavy Higgs
masses of 40 GeV (50 GeV). Once we include errors on top quassifitl GeV) and bottom
quark mass+ 0.25 GeV) and add theory errors (3 GeV on the Higgs boson massesnl%
the neutralino mass difference, 3% on the gluino neutratvass difference) we obtain the
much larger errors shown in Table 3: All measurements agegdescise by about an order of
magnitude. In particular, the measurementgfis seriously degraded, which makes it difficult
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nominal | exp errors| total error
mo 1400 50 610
My /2 180 2.2 14
tan 3 51 0.3 4.6
Ay 700 200 687

Table 3: The nominal values and the errors on the fundampataimeters are shown for fits with experimental
errors only, and total Error.

or impossible to establish high-mass scalars. Most of tisis bf precision is due to the lightest
Higgs boson mass.

4. CONCLUSIONS

If supersymmetry should be realized with focus-point likepgerties, tri-leptons will be mea-
sured at the LHC with good precision. Adding mass measurenadrihe three neutral Higgs
scalars, we dan determine the SUSY breaking parametersggati precision (assuming we
know how SUSY is broken). Once we adds the parametric as welheoretical errors, the
precision decreases by an order of magnitude, and it williffiewt to establish heavy scalars
with our limited set of measurements.
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Part 6

Constraints on mMSUGRA from indirect
dark matter searches and the LHC
discovery reach

V. Zhukov

Abstract

The signal from annihilation of the relic neutralino in thalactic halo
can be used as a constraint on the universal gaugino masdJiGRA.
The excess of the diffusive gamma rays measured by the EGRIEIF s
lite limits the neutralino mass to the 40-100 GeV range. Tiogiewith
other constraints, this will select a small region with , <250 GeV
andmg, >1200 GeV at large ta#=50-60. At the LHC this region
can be studied via gluino and direct neutralino-chargiraapction for
Ly > 30fb_1

1. INTRODUCTION

In the indirect Dark Matter (DM) search, the signal from DMhérilation can be observed as an
excess of gamma, positron or anti-protons fluxes on top o€ttemic Rays (CR) background,
which is relatively small for these components. Existingpemmental data on the diffusive
gamma rays from the EGRET satellite and on positrons anepaotbons from the BESS, HEAT
and CAPRICE balloon experiments show a significant excegamima with E >2 GeV and,
to a lesser extent, of positrons and anti-protons in corapanwith the conventional Galactic
model (CM) [76]. These excesses can be reduced, if one asdinaiethe locally measured
spectra are different from the average galactic ones [48k dan be achieved by more than ten
supernovae explosions in the vicinity of the solar syster({Opc®) during last 10 Myr, which

is at the statistical limit. An alternative explanation réilation of relic DM in the Galactic
DM halo. The flux of i-componenty e*, p) from annihilation can be written as:

Fi(E) ~ mii [ PA(r)B(r)Gi(E,e,1) Y, < orv > AF(e)drde,

where< o,v > is the thermally averaged annihilation cross section irgdgmsk, A¥(e)-
hadronization of partoh into the final state of componenty(r) is the DM density distribution
in the Galactic haloB(r) is the local clumpiness of the DM, or 'boost’ factau, is the mass
of the DM particle and th&;(E, e, r) is the propagation term{,=1). The annihilation cross
section and the yield for each component can be calculatidx iftame of the mSUGRA model
where the DM particle is identified as a neutralino. The raduto mass can be constrained by
the shape of the gamma energy spectrum. The DM profile timestdactorp?(r)B(r) can
be reconstructed from the angular distributions of the ganemcess [77]. The independent
measurement of the galactic rotation curve can be used mugkcthe bulk profile(r) and
the clumpiness. The DM profile and the clumpiness are alsoexiad to the cosmological
scenario, in particular to the primary spectrum of densitgtfiations [78]. The propagation of
the annihilation products and the CR backgrounds can belesd with a galactic model. In
this study the DM annihilation was introduced into publielyailable code of the GALPROP
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Figure 1: Left: The annihilation yields from neutraline(=55 GeV) and the ratio of the fluxes from DM an-
nihilation to the CR backgrounds after propagation. Rigfie EGRET gamma spectrum and CR background
calculated with and without DM contribution.

model [79] and the simulated spectra have been comparediveiteixperimental observations.
Fig.1(left) shows the calculated annihilation yields ahne tatio of the DM annihilation signal
from the neutralinon, = 55 GeV to the CR fluxes for each component. The right hand side
of the Fig.1 shows the EGRET diffusive gamma spectrum anflukes with and without DM
annihilation.

In this analysis we discuss how the information from indife search can be used to
constrain the mSUGRA parameters and estimate the LHC paltténthe defined region.

2. mMSUGRA CONSTRAINTS

The current study is limited to the minimal supergravity (d&RA) model with universal scalar
my and gauginan,,, masses at the GUT scale. The model is described by five wellkno
parametersing, my 2, tan3, A, and sgng). The gluino and the neutralino-chargino mass spec-
trum at the EW scale are defined by /,: myo ~ 0.4my 2, myg ~ My ~ 0.8my/9,m g ~

2.7my o and oy, o< tff‘:}#. The parameter space can be constrained by existing exgream

data. The mass Iimité/?on the light Higgs bosam,(> 114.3 GeV) from LEP and the limit
onb — sv ([3.43+0.36] 10%) branching ratio from BaBar, CLOE and BELL constrain the
low m,,, andm, region. The chargino masmgﬁ > 103 GeV) limits m, » > 150 GeV for

all mg. For highm,, the smallmn,, region is excluded by the electroweak symmetry break-
ing (EWSB) requirements. The small value of farr 5 can be excluded, if one assumes the
unification of Yukawa couplings and top mass ~175 GeV [80]. The triliniar couplingd,

is a free parameter. It can change significantly the intgrpfalifferent constraints, for exam-
ple, at low or negativel,, theb — sy constraint overtakes the Higgs mass limits at oy
Further limitation on the parameter space can be obtaired fhe DM Relic Density(RD) of
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WMAP [81] Qh? = 0.113 4 0.009. The RD was calculated with theicrOMEGAs1.4 [82]
and theSuspect2.3.4 [62] and compared with th&h2. The evolution of the GUT pa-
rameters to the EW scale requires a solution to the RGE grquat®ns, which is sensitive
to the model parameters (M) (0.122), m;(4.214), m(175), etc.), especially for high tah
or the largem, region close to the EWSB limit [83]. Using the RD constraim mSUGRA
mo — mq 5 plane can be divided between a few particular regions, dowptto the annihila-
tion channel at the time of DM decoupling ~ 5+ ~10 GeV. First of all, the lowesty, are
excluded because LSP is the charged stau, not neutralinee @ the forbidden region at low
mg IS the co-annihilation channel where the neutralino is alhmass-degenerate with staus.
At low m, andm, s, annihilation goes via sfermions (mostly staus) in the tacte with 7 final
state. In the A-channel the annihilation occurs via psecalas Higgs A with abb final state.
The A-channel includes a resonance funnel region, wherallbvwed values ofng, m4/, span
the whole plane for different tah and the narrow region at smail, , andm, > 1000, which
appears only at large tan At large mg, close to the EWSB limit, the annihilation also can
happen viaZ, h and H resonances. The RD constraint, including all these chansletinks the
mo — my/, Parameter space to a narrow band but only at fixgdd tar. The requirement to
have a measurable signal from DM annihilation will also titai3. Indeed, nowadays dt, ~
1.8K, only a few channels can produce enough signal. Thendatidon cross section i, H
andh channels depends on the momentum and is much smaller ahptesgerature. These
channels, as well as the co-annihilation, will not contiéto the indirect DM signal. The
channel and the staus exchange do not depend on the neukaletic energy and have the
same cross section as at decouphngv >~ % These two channels can produce
enough signal although the energy spectrum of annlhllammiucts is quite different, the
decay producing much harder particles. The EGRET spectamst@insm,, in the 40-100
GeV range, ormn,;/»,=100-250 GeV [77]. Since the gamma rays from thdecay are almost
10 times harder, only the A-channel at low; , can reproduce the shape of the EGRET ex-
cess. Fig. 2 shows on the left the, — m,/, region compatible with the EGRET data and
different constraints. The scatter plot of Fig. 2(rightpgis models compatible with the RD at
different tars. The RD is compatible with lown, /, for the A -channel only at relatively large
tand = 50 — 60. This limits the mSUGRA parameters to thg ,=150-250 GeVjn,=1200-
2500 GeV and ta#=50-60. The obtained limits depend on the ’boost’ factoriclwhvas found
to be in the range df — 50 for all components (depending on the DM profile), this is catiige
with the cosmological simulations [78]. The larger 'bodsittor above 19dwill allow contri-
bution from the resonance and co-annihilation channelgtanthr? constraint will be relaxed.

3. SIGNATURES AT THE LHC

The relatively largen, and lowm, /, region favored by the indirect DM search can be observed
at the LHC energy/s = 14 TeV. The dominant channel is the gluino production with a-sub
sequent cascade decay into neutralinds {3) and chargino¢. The direct production of the
neutralino-chargingy + xi pairs also has a significant cross section atteww. In both cases
the main discovery signature is the invariant mass didiobwf two opposite sign same fla-
vor(OSSF) leptonse(or 1) produced from three body decay of neutraligh— x%1™(~. This
distribution has a particular triangular shape with theekmatic end poinfl/;*=m, o — m,po.

Fig. 3 shows event topologies for the gluino and gaugino eéksn The main final state for the
gluino production is the 20SSF leptons plus jets and a nggsansverse energy (MET). For
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Figure 2: Left: different constraints of mMSUGRA parametfgasi3=50, Ay=0) and the region (blue) allowed by
the gamma data. Right: random scan oftdéor the models compatible with the RD constraints.

the neutralino-chargino production it is the pure trilepstate without central jets.

We have studied the discovery reach of the CMS detector fsetlthannels using the
fast simulation (FAMOS), verified with the smaller samplesduced in full GEANT model
(ORCA). The signal and backgrounds have been generate@®WithI1A6.225 andISASUGRA7.69
at leading order (LO), the NLO corrections have been takemaacount by multiplying with
the Ko factor. The low luminosity pileup has been included. Thestbn of events have
been done in two steps; 1) the sequential cuts were applidebteeconstructed events, 2) the
selected samples were passed through the Neural Network (Ni¢ NN was trained sepa-
rately for each signal-background pair and the cuts on theolMiiduts have been optimized for
the maximum significance. The LM9 CMS benchmark point£1450,m, »,=175, tap=50,
Ay=0) was used as a reference in this study.

For the gluino decay the main backgrounds are coming fromtthét+jets(herep > 20
GeV) and inclusive SUSY(LM9) channels. The selection cetplire at least 2 OSSF isolated
leptons withP;: >10 GeV/cy >15 GeV/c) for muons(electrons), more than 4 centrgl £
2.4) jets with £ >30 GeV and the missing transverse eneidgy'T >50 GeV. The NN was

trained with the following variablesy;.;s, E%eth, Njeth» Mu, MET, " Er, P%,%. The NN
orders the variables according to the significance for emgtakbackground combination. The
dilepton invariant mass for all OSSF combinations aftesaliéctions is shown on the left side of
Fig. 4 for the LM9 point. The events, which has invariant neasdose to the Z peal{; > 75
GeV), have been excluded. The significaritg=23 is expected for an integrated luminosity
30 fb~!. The discovery region compatible with the EGRET, is showrhanright hand side of
the Fig. 4. The scan was limited to,, > 150 GeV due to constraints on the chargino mass.
The gluino channel has more other signal signatures whiclpravide even better background
separation and this estimation should be considered as knhatw

For the direct neutralino-chargino productighy the trilepton final state was selected
using the following criteria: no central jet&{ > 30GeV andn < 2.4), two OSSF isolated
leptons 4 >10 GeV/c,Ps >15 GeV/c ) plus any lepton witk.. > 10 GeV/c, see Fig. 3. The
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Figure 3: Events topology at the LHC for the mSUGRA region patible with the indirect DM search
(m1/2 <250 andmg > 1000 GeV)
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Figure 5: Left: Invariant mass of all OSSF lepton pairs foe tnSUGRA trilepton at the CMS LM9
point(mo=1450,m, ,=175, tarB=50, A;=0). Right: Discovery reach img, m, s, plane at tag=50 for L;,;=30
fb~1, the significance $ is shown as a color grades.

MET cut, very effective for the background suppression imeotSUSY channels, fails here as
the gauginos are light at, , < 250 GeV. The main background comes from Z+jets, Drell Yan,

tt and ZW/ZZ production. The NN was trained with the variablgsPr, Pz*?, 0y, Pj’:,%,

My, MET. The expected significance of the trilepton final state ferltM9 point isSZp:(ST.l

for L;,,=30 fb! at low luminosity, see Fig. 5. At high luminosity the jets @estelection can
reduce the signal selection efficiency by 30% and another selection cuts are needed. The

right hand side of Fig. 5 shows the discovery reach of thegtdn final state.

Both channels, in spite of different event topology, haverapping discovery regions
and are compatible with the region defined from indirect Didirsb.

4. CONCLUSIONS

The existing experimental data from the indirect DM seatapether with the electroweak and
relic density constraints, limit the mMSUGRA parameters toaarow regionm;,» ~150-250
GeV, my ~1200-2500 GeV and tah~50-60. The LHC will probe this region at integrated
luminosity L;,,; >30 fb~!. The main discovery channels are the gluino decay m;g) with
20SSF dilepton plus jets final state and the neutralinogthardirect production with the pure
trilepton final state.
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Part 7

Relic density of dark matter in the MSSM
with CP violation

G. Belanger, F. Boudjema, S. Kraml, A. Pukhov and A. Semenov

Abstract

We calculate the relic density of dark matter in the MSSM W@ vio-

lation. Large phase effects are found which are due bothitts $tthe

mass spectrum and to modifications of the couplings. We dstrain
this in scenarios where neutralino annihilation is donedaby heavy
Higgs exchange.

1. INTRODUCTION

One of the interest of supersymmetric models with R-parityservation is that they provide
a natural cold dark matter candidate, the lightest suparsgtmc particle (LSP). The precise
measurement of the relic density of dark matter by WMAB945 < Qh? < 0.1287 [2, 3]
now strongly constrains the parameter space of supersymematdels. Such is the case for
example in MSUGRA models, where the relic density of darkienas often too large [4, 8,
84-88]. It has been pointed out that if one allows the parareetf the MSSM to be complex,
the relic density could be modified, even opening up new atbwegions of parameter space
[89, 90]. Furthermore, the issue of CP violation in the MSSMalso interesting from the
cosmological point of view as it provides a possible solutio the baryon number asymmetry
via the electroweak baryogenesis mechanism [91]. As a fiegt towards a comprehensive
study of the relic density of dark matter in the MSSM with CBlation, we present here some
results for the case where the neutralino is the LSP and geeih dominantly through heavy
Higgs exchange.

2. THE MODEL

We consider the general MSSM with parameters defined at th& s@ale. In general, one can
have complex parameters in the neutralino/chargino sedgtbrMV; = |M;|e™, p = |pu|er

as well as for the trilinear couplingsi; = |A;|es. The phase of\/; can be rotated away.
Among the trilinear couplings4; has the largest effect on the Higgs sector. Morever as the
phase ofi; is the most severely constrained by electric dipole momEDi) measurements,
we set it to zero and consider only the two remaining phasesnd ;.

In the MSSM, the Higgs sector consists of two CP-even stite&? and one CP odd
stateA. Adding CP violating phases in the model induces mixing leetwthese three states.
The mass eigenstatés, ho, hs (my, < mp, < my,) are no longer eigenstates of CP. The
mixing matrix is defined by

(¢1>¢27Q)aT = Hai(h17h2,h3)iT- (1)

In what follows we will mainly be concerned with the coupliofthe lightest neutralino to Hig-
gses that govern the neutralino annihilation cross sestranHiggs exchange. The Lagrangian
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for such interactions writes

3
g =0/ .S . N
Liox0n, = 2 E X?(ghig?g? + 1759;1;29)29)96%1' 2)
i=1

with the scalar part of the coupling

gi>~<9~o = Re [(Ny; — twNy) (HuilN{s — HaiNYy — iHzi(s3N13 — caN1y))] 3)

X1

where N is the neutralino mixing matrix in the SLHA notation [92]. &lpseudoscalar com-
ponentg,’;)zm corresponds to the imaginary part of the same expressioa.LBP couplings
to Higgses will clearly be affected both by phases in the nadinb sector, for examplé,,
which modifies the neutralino mixing, as well as from phases enter the Higgs mixing.
The latter can for example result from introducing a phasthétrilinear coupling4;. In-
deed in the MSSM the mixing is induced by loops involving tgparks and is proportional to
Im(Ayp)/(mZ —m? ) [93]. Thus a large mixing is expected whém(A, ) is comparable to
the squared of the stop masses. Note that the masses of thieglhyiggses also depend on
the phase of4,. In particular larger mass splitting between heavy Higgsesfound for large
values ofuA;.

3. RELIC DENSITY OF DARK MATTER

The computation of the relic density of dark matter in supenmsetric models is now standard,
and public codes are available which perform this calocoiegiither in the context of the MSSM
or of a unified model. Here we are using an extensiommrOMEGAS [5, 6] that allows for
complex parameters in the MSSM [94]. UsihgnHEP [95], a new MSSM model file with
complex parameters was rebuilt in t@alcHEP [96] notation, thus specifying all relevant
Feynman rules. For the Higgs sector, an effective poteistiafritten in order to include in a
consistent way higher-order effects. Masses, mixing mwedrand parameters of the effective
potential are read directly frol@PsuperH [97] as well as masses and mixings of neutralinos,
charginos and third generation sfermions. On the other Inaaskes of the first two genera-
tions of sfermions are computed at tree-level from the ingarameters of the MSSM at the
weak scale. All cross sections for annihilation and coaitatibn processes are computed au-
tomatically withCalcHEP , and the standanchicrOMEGASs routines are used to calculate the
effective annihilation cross section and the relic densftgtark matter.

The cross sections for some of the annihilation and coalatiitnm processes will depend
on phases, and so will the thermally-averaged cross sectidrthe same time, the phases
change the physical masses and so can strongly impact tne ofhe relic density, especially
when coannihilation processes are important or when datidm occurs near a resonance. It
is the latter case that we will consider in more details here.

At vanishing relative velocityy, neutralino annnihilation through s-channel exchange is
p-wave suppressed; the annihilation proceeds strictiyutliin pseudoscalar exchange. Never-
theless when performing the thermal averaging, the scatdramge cannot be neglected alto-
gether. In the MSSM with real parameters it can amour@®(®0%) of the total contribution.

In the presence of phases both heavy Higgses can acquiraidgssalar component (that is
gf; . # 0) and so bothh, andhg can significantly contribute to neutralino annihilatioreav
at smallv. There is a kind of sum rule that relates the couplings saguafd¢he Higgses to
neutralinos. Therefore, for the two heavy eigenstateshwaie in general close in mass, we do
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not expect a large effect on the resulting relic density figiggs mixing alone. A noteworthy
exception occurs when, for kinematical reason, only onéeftio resonances is accessible in
neutralino annihilation, that is.,, < Mg < Mp,.

4. RESULTS

In order not to vary too many parameters, we chodge= 150 GeV, M, = 300 GeV, tan 3 =

5, Mg,,v,,p, = 500 GeV andA; = 1200 GeV. EDM constraints are avoided by setting = 0

and pushing the masses of the 1st and 2nd generation sfermoidot TeV. We consider two
scenariosy = 500 GeV andy = 1 TeV leading to small and large mixing in the Higgs sector
respectively forg, # 0. In both cases the LSP is dominantly bino. As mentioned gbove
allowing for non-zero phases not only affects the neuteadind Higgs couplings but also their
physical masses. Since the relic density is very sensitibé mass differenc&myo,, =

mp, — 2mg  [83, 98], it is important to disentangle the phase effect&imematics and in
couplings. As we will see, a large part of the huge phase tsfiegported in Ref. [99] can
actually be attributed to a changedm o, = my, — 2myo.

4.1 Scenario 1: small Higgs mixing

In the first scenario we fix = 500 GeV so that there is small Higgs mixing. Details of the mass
spectrum are shown in Table 1. The mass of the charged Higgs,= 340 GeV, is chosen
such that for real parameters the relic density falls withe"WWMAP range2h? = 0.11. In this
case, when the parameters are réalis the pseudoscalar. The main channel for annihilation
of neutralinos are then characterictic/gfbranching fractions, which goes predominantly into
fermion pairspb (78%),77 (10%) with a small contribution from the light Higgs chars\&l,
(7%). When we vary either the phases 4f or of M, we observe large shifts in the relic
density.

First consider varying the phasg, which affects the stop sector as well as the Higgs
masses and mixings through loop effects. In this scenatiowsmall, the scalar-pseudoscalar
mixing never exceeds 8%. We show that the phase dependedredty linked to the mass
dependence of the, which is predominantly pseudoscalar. In Fig. 1 we plot thedothat is
allowed by WMAP in them}; — ¢, plane. One can see that lower and upper WMAP bounds
correspond to the contours fdmyo,, = 36.2 and38.6 GeV respectively with onlyl% devia-
tion. So the main effect af, can be explained by shifts in the physical masses and pogifio
the resonance.

We next vary the phasg , keepingp; = 0. This phase changes the neutralino masses and
mixings, which in turn determine the couplings of neutradiio Higgses, Eq. 3. Fony+ =
340 GeV, when increasing, the relic density drops, see Fig. 1b. This is because the ofas
the neutralino increases slowly, resulting in a smallety.,, . If one readjusts either the mass
of the neutralino or the mass of the Higgs to have a constass glifference, we find rather that
the relic density increases with. The reason is that fef, = 0 (¢°, g”)p,z950 = (107, —.056)
and (g%, 9" )pazox0 = (—.045,107°), while for ¢, = 90°, (9°, ¢”)p,5050 = (0.047, —.008) and
(gS,gP)hSX?X? = (—.002,0.043). Therefore forp; = 0, hy exchange dominates with a large
cross section while fop; = 90° one gets about equal contribution from and h3 although
with a smaller overall cross section. When increasimdurther (up to180°), h, exchange
again dominates, however with a coupling to neutralinosliemby 30% than foryp, = 0.
Thus one needs a smaller mass splittig o, for Qh? to fall within the WMAP range, see
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Figure 1: The WMAP allowed bands (green/dark grey) in thexg)- — ¢ and b)m g+ — ¢, plane for Scenario 1.
Contours of constant mass differences2 = Amyo,, are also displayed. In the yellow (light grey) regiah?
is below the WMAP range.
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Figure 2:Qh? as a function ofp; in Scenario 1. The value dif/; is adjusted so thaﬁ;mﬂ)h2 stays constant. The
green (grey) band corresponds to #faeWMAP range.

Fig. 1b. Moreover, for large phases there is also a sizeabigibution fromy?y? — h,h; with

a constructive interference between s-chamgednd t-channel neutralino exchange. In Fig. 2
we show the variation af2h? with ¢; while keepingAm,, fixed. The maximum deviation,
which is purely an effect due to shifts in couplings, can res@%.

4.2 Scenario 2: large Higgs mixing

As second case, we consider a scenario with a large mixinigeindiggs sector. For this we
fix p© = 1 TeV. All other parameters have the same values as in the ¢iestasio safe for the
charged Higgs mass which is settg;+ = 334 GeV such that for real parameters the value of
the relic density agrees with WMAR/? = 0.125. This mass is lower than in the previous sce-
nario because the Higgsino fraction of the LSP is smalleoygoneeds to be closer to the Higgs
resonance. Fap, # 0 we have a large pseudoscalar/scalar mixing and hence gstrdepen-
dence of2h? on ¢,. For¢, = 0, hs is the pseudoscalar and gives the dominant contribution to
neutralino annihilation while fop, = 90° h, is the pseudoscalar, hence giving the dominant
contribution. Consequently in Fig. 3, agreement with WMAlPgached fom o, ~ 25 GeV

with h; = h3 at¢; = 0 and180°, andh; = hy at ¢, = 90°.

When the neutralino mass is very near the two heavy Higgsesses, one finds an-
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Scenario 1¢p; = 0 Scenario 2¢; =0

mpg+ = 340 mp+ =334 | mpy+ = 305
o1 0 90 180 o3 0 90 0 90
)2(1) 147.0| 148.7| 150.3 )2(1) 149.0| 149.0| 149.0| 149.0
my, | 331.5| 331.5| 331.5| | my, | 324.4| 318.4| 294.7| 288.2
mp, | 332.3| 332.3| 332.3| | my, | 326.2| 328.9| 296.5| 299.5
Qh%? | 0.11 | 0.087| 0.072| | QAr? | 0.125| 0.044| 0.107| 0.064

Table 1: Examples of LSP and Higgs masses (in GeV) and théiresh? for the two scenarios considered.
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Figure 3: The WMAP allowed bands (green/dark grey) inhg+ — ¢, plane for scenario 2 with aj g+ ~
335 GeV and b)m g+ ~ 305 GeV . Contours of constant mass differendesi = Amyo,,, are also displayed. In
the yellow (light grey) regio2h? is below the WMAP range.

other region where the relic density falls within the WMARge. In the real case one needs
mp+ = 305 GeV, giving a mass differencAmyo,, = —1.5 GeV. Note that annihilation is
efficient enough even though one catches only the tail of #eeigoscalar resonance. For the
same charged Higgs mass, the masasohcreases when one increaggsso that neutralino
annihilation becomes more efficient despite the fact thabecomes scalar-like ar@yi.zwh3
decreases. Whepy, ~ 75° — 90°, the couplinggi‘icmh3 becomes very small and one needs
Amyo,, = 0 — 1.5 GeV to achieve agreement with WMAP, see Fig. 3b. Here we are in the
special case whenme;,, < 2mgo < my,, so that onlyh; contributes significantly to the relic
density. This feature is very specific to this choice of pagtars. Even for constant values of
Amygo,, = —1.5 GeV we get an increase inh? relative to thep, = 0 case by almost an order
of magnitude. This is however far less than the shifts of tvaecs of magnitude found for fixed
values ofmy-+. Note that there is also a small contribution frémexchange but no significant
interference with t-channel diagrams.

5. CONCLUSIONS

The predictions for the relic density of dark matter in the SAMwith CP violation can differ
significantly from the ones in the CP conserving case. Sonthede effects are simply due
to shifts in neutralino and/or Higgs masses. However, ose lahs phase dependences due to
shifts in the couplings of neutralinos and Higgs as wellmspeecific cases, due to interferences
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between several contributions. Removing kinematicalceffenve find a maximal deviation of
Qh? of one order of magnitude. We have here only showed resultthéo case where the
neutralinos annihilate via Higgs exchange. A systematiestigation of the different scenarios
of neutralino annihilation (the cases of wino, Higgsino oxead gaugino-Higgsino LSP, as well
as the case of coannihilation with stops or staus) inclu@Rgiolation is underway.
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1. INTRODUCTION

Most of the matter in the Universe consists of baryons andlaoinous (dark) matter. The

amount of these components are typically predicted ind#geatty from each other. In this sec-
tion, we discuss the collider implications of a supersyminstenario that provides a common
origin for both major components of matter. A cornerstonéhig scenario is the assumption
that the baryon asymmetry of the Universe is generated eetrelveak baryogenesis. This
assumption, in its minimal form, leads to a light scalar toard, 100 GeV < m;, < my.

If this light scalar top is found at colliders it can be a snmgkgun signature of electroweak
baryogenesis.

After highlighting the basics and the consequences of garelweak baryogenesis mech-
anism in the Minimal Supersymmetric extension of the Stash@i#odel (MSSM), in section 2.
the viability that the MSSM simultaneously provides the smwead baryon asymmetry and dark
matter abundance is summarized.

Then, in section 3. a new method is presented to discoveryadamnesis motivated light
scalar top, decaying dominantly intg?, at the LHC. The principal idea is to exploit the Ma-
jorana nature of the gluino, which implies that gluinos d¢ distinguish betweent: andtt,
combinations. This leads to like-sign top quarks in evefgwino pair production followed
by gluino decays into top and stop.

This is followed by section 4. where a detailed analysis tasea parametrized simula-
tion of the ATLAS detector is presented. A benchmark modstuslied in the framework of
the MSSM, with a scalar top quark lighter than the top quarddyng a final state similar to
the one forit production. It is demonstrated that a signal for the stophmextracted in this
case, and the kinematic features of the stop decay can biedtusl technique to subtract the
Standard Model background based on the data is developetiitva this result.

If scalar tops are light enough and are subject to large migffects, in the context of the
MSSM, they may be produced at the LHC in pairs and in assodiatith the lightest Higgs
boson (decaying into bottom quark pairs). For the case ichvup squarks are lighter than top
quarks, they typically decay into charmed quarks and uctktée neutralinos. Thus the overall
emerging signature is naturally composed of four isolagés] jwo of which may be tagged @s
jets and two as-jets, accompanied by sizable missing transverse enengyMSSM scenarios
are considered in section 5., for which we investigate thabieur of kinematic variables that
could possibly be employed in the experimental selecticguch events.

Finally, scalar top quark studies at a Linear collider arespnted in section 6.. The
cosmologically interesting scenario with small mass d#ffee between the scalar top and the
neutralino has been addressed in particular. The ILC wilhble to explore this region effi-
ciently. The simulation is based on a fast and realisticaetesimulation. The scenario of
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small mass differences is a challenge for c-quark taggirily avivertex detector. A vertex de-
tector concept of the Linear Collider Flavor IdentificatiCFI) collaboration, which studies
CCD detectors for quark flavor identification, is implemehie the simulations. The study
extends simulations for large mass differences (largéMginergy).

2. BARYOGENSIS AND DARK MATTER
2.1 Overview of electroweak baryogenesis

The cosmological energy density of both main componentsatfen baryons and dark matter,
is known with a remarkable precision. Recent improvemehth@astrophysical and cosmo-
logical data, most notably due to the Wilkinson Microwaveigatropy Probe (WMAP) [3],
have determined the baryon density of the Universe (in uwfitthe critical densityp. =
3HZ/(87Gy)) to be

Qph? = 0.0224 4 0.0009, (1)

with b = 0.71%993. (Here Hy, = h x 100 km/s/Mpc is the present value of the Hubble
constant, and~ is Newton’s constant.) According to the observations, tg/dn density is
dominated by baryons while anti-baryons are only secongiayucts in high energy processes.
The source of this baryon—anti-baryon asymmetry is oneeoifrthjor puzzles of particle physics
and cosmology.

Assuming that inflation washes out any initial baryon asytnyregter the Big Bang, there
should be a dynamic mechanism to generate the asymmetnyirsfegion. Any microscopic
mechanism for baryogenesis must fulfill the three Sakhagquirements [100]:

e baryon number (B) violation,

e CP violation, and

e departure from equilibrium (unless CPT is violated [101]).
All three requirements are satisfied in both the SM and the M$i8ring the electroweak
phase transition. This is the basis for electroweak banyegis (EWBG) [102-106]. While
electroweak baryogenesis is viable in the MSSM, SM procesaenot generate a large enough
baryon asymmetry during the electroweak phase transition.

Baryon number violation occurs in the SM and the MSSM due tan¢um transitions
between inequivalent SU(2) vacua that violgha-1.) [107]. These transitions are exponentially
suppressed at low temperatures in the electroweak brokasedhh08, 109], but become active
at high temperatures when the electroweak symmetry isrezs{@10—114]. In the absence of
other charge asymmetries, likB—L), they produce baryons and anti-baryons such that the net
baryon number relaxes to zero, and so do not by themselvesagera baryon asymmetry [115].

If the electroweak phase transition is first order, bubbfdsoken phase nucleate within
the symmetric phase as the Universe cools below the crittvaperature. These provide the
necessary departure from equilibrium. EWBG then proceedslbbws [116]. CP violating
interactions in the bubble walls generate chiral chargenasgtries which diffuse into the sym-
metric phase in front of the walls. There, sphaleron traomsst, which are active in the symmet-
ric phase, convert these asymmetries into a net baryon nurhes baryon number then dif-
fuses into the bubbles where the electroweak symmetry lsebrorl he chiral charges produced
in the bubble wall are able to diffuse into the symmetric ghaghere they are approximately
conserved, but not into the broken phase, where they are not.

Sphaleron transitions within the broken phase tend to ofg$itre baryon number gener-
ated outside the bubble. To avoid this, the sphaleron transiwithin the broken phase must
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be strongly suppressed. This is the case provided the @ik phase transition grongly
first order [117],
o(Te)/Te 2 1, (2)

wherev(T..) denotes the Higgs vacuum expectation value at the crigcaperaturd’.,.

The strength of the electroweak phase transition may berdeted by examining the
finite temperature effective Higgs boson potential. Thegdigacuum expectation value at the
critical temperature is inversely proportional to the Higmiartic coupling, related to the Higgs
mass. For sufficiently light Higgs bosons, a first-order phiaansition can be induced by the
loop effects of light bosonic particles, with masses of théeo of the weak scale and large
couplings to the Higgs fields. The only such particles in thea®e the gauge bosons, and their
couplings are not strong enough to induce a first-order ptnassition for a Higgs mass above
the LEP-2 bound [118-120].

Within the MSSM, there are additional bosonic degrees @doen which can make the
phase transition more strongly first-order. The most imgartontribution comes from a light
stop, which interacts with the Higgs field with a coupling abjto the top-quark Yukawa. In
addition, a light stop has six degrees of freedom, threelofc@nd two of charge, which further
enhances the effect on the Higgs potential. Detailed catliculs show that for the mechanism
of electroweak baryogenesis to work, the lightest stop nrasst be less than the top mass but
greater than about 120 GeV to avoid colour-breaking mini&uaultaneously, the Higgs boson
involved in breaking the electroweak symmetry must be &gkthan 120 GeV [121-132], and
only slightly above the present experimental bound [133],

my, > 114 GeV, 3)

which is valid for a SM Higgs boson.

The combined requirements of a first-order electroweak @hassition, strong enough
for EWBG, and a Higgs boson mass above the experimentaldenirely restrict the allowed
values of the stop parameters. To avoid generating too &ogatribution taAp, the light stop
must be mostly right-handed. Since the stops generate teeimportant radiative contribution
to the Higgs boson mass in the MSSM [134-136], the other stagt e considerably heavier
in order to raise the Higgs boson mass above the experintsouad, Eq. (3). For the stop soft
supersymmetry breaking masses, this implies [127]

m, <0, (4)
my, 2 (1 TeV)?.

whereUs; ((Q3) is the soft mass of the third generation electroweak singpetype (doublet)
scalar quarks at the electroweak scale. A similar balan@gisired for the combination of soft
SUSY breaking parameters defining the stop mixikig= |A; — p*/ tan 3|/mg,, andtan 3.
Large values of these quantities tend to increase the Higss rat the expense of weakening
the phase transition or the amount of baryon number produleel allowed ranges have been
found to be [127]

5 < tanf < 10, (5)
0.3 < |A; — p*/tan B|/mg, < 0.5.

~J

A strong electroweak phase transition is only a necessangitton for successful EWBG.
In addition, a CP violating source is needed to generateralatiarge asymmetry in the bubble
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walls. Within the MSSM, the dominant source is produced leydimarginos, and is proportional
to S(u M,) [137-140]. For this source to be significant, the charginastrhe abundant, which
requires that they are not much heavier than the temperafutee plasma;l’ ~ T.. This
translates into the following bounds:

|arg(u Ms)| 2 0.1, (6)
My < 500 GeV.

These conditions are relevant to the abundance of neuwdrdéirk matter, since the masses and
mixing in the neutralino (and chargino) sector are strorgffgcted by the value of the soft
gaugino masses\{;) and the higgsino mass paramete) &t the weak scale.

The need for a large CP violating phase, Eq. (6), impliesghédicular attention has to be
given to the violation of the experimental bounds on thetaledipole moments (EDM) of the
electron, neutron, andHg atom since phases enhance the EDM’s. The leading cotitriisu
arise at the one loop level, and they all are mediated by ammdiate first or second generation
sfermion. They become negligible if these sfermions arg ieavy,m; 2 10 TeV. Such large
masses have also only a very small effect on EWBG. At the twp level, ifarg(u M) # 0,
there is a contribution involving an intermediate chargamal Higgs boson [141, 142]. Since
EWBG requires that this phase be non-zero and that the cloargie fairly light, the two loop
contribution is required for sufficient EWBG is to be sucdéessThus, EDM limits strongly
constrain the EWBG mechanism in the MSSM. Similarly, thenbhang ratio forb — s~
decays is also sensitive to this phase, and therefore im@ofigther constraint on the EWBG
mechanism.

2.2 Neutralino dark matter and electroweak baryogenesis

From the observations of the Wilkinson Microwave Anisoydrobe (WMAP) [3], in agree-
ment with the Sloan Digital Sky Survey (SDSS) [143], the daiktter density of the Universe
can be deduced as

Qeparh? = 0.1126700161 (7)

at95% CL. Since the SM cannot account for this, new physics has tovoéed to explain dark
matter. This new physics has to accommodate non- standamnebharyonic, massive, weakly
interacting particles that make up the observable darkemdtobw energy supersymmetry pro-
vides a consistent solution to the origin of dark matter drths been extensively studied in
the literature in different scenarios of supersymmetryakireg [144—-150]. In this summary,
only the case when the lightest neutralinos make up all drqgfahe observed dark matter is
considered in the MSSM.

In order to assess the viability of simultaneous generatiaihe observed baryon—anti-
baryon asymmetry and dark matter, we focus on the narrowmea region of the MSSM
defined by equations (3)-(6) of the previous section. Ashbdistaed earlier, in this parameter
region electroweak baryogenesis is expected to yield teergbd amount of baryon density of
the Universe. Itis also assumed that the lightest neutradifighter than the light stop so that it
is stable. To further simplify the analysis, we assume ti@agaugino mass parametéts and
M, are related by the standard unification relatidéf, = (g35/g7) M, ~ 2 M,. The first and
second generation sfermion soft masses are taken to beargg:; = 10 TeV, to comply
with the electron electric dipole moment (EDM) constraintshe presence of sizable phases.
Only a phase that is directly related to electroweak bamgegis (EWBG) is introduced, namely
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arg(u) and for convenience we set the phased pequal and opposite to it. For simplicity, we
neglect the mixing between CP-even and CP-odd Higgs bossn®dhese phases.

1 nput parameters:

tanP =7, m, = 1000 GeV, Arg(n) = 1.571
M,=M,g%/g3, Arg(M,)=Arg(M,)=0, M =1 TeV
my, = 0 GeV, Mys = 1.5TeV, X = 0.7 TeV

140 |

120 My 5 Mgy, My, = 1 TeV
My g Mgy = 10 TeV
S; M) 00 My 30 My = 10 TeV
9;]00 Legend:
= o omy>my, L my, <1035 GeV
B Q’>0129 | QK <0095

80|
99 B 0.095 < QK < 0.129
o, = 3E-08 3E-09 3E-10pb
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Figure 1: Neutralino relic density as a function/af, vs. || for m4 = 1000 GeV andarg(p) = 7/2.

The relic abundance of neutralinos is computed as desciib@d ], as shown in Fig. 1.
This plot shows the typical dependence of the neutralirio density on|x| and M, for value
of the ratio of the Higgs vacuum expectation valt@s s = 7, pseudoscalar mass, = 1000
GeV, andarg(p) = 7/2. The green (medium gray) bands show the region of parametees
where the neutralino relic density is consistent with ®h&; CL limits set by WMAP data.
The regions in which the relic density is above the experialdround and excluded by more
than two standard deviations are indicated by the red (dag greas. The yellow (light gray)
areas show the regions of parameter space in which the hieatrelic density is less than the
WMAP value. An additional source of dark matter, unrelatedhie neutralino relic density,
would be needed in these regions. Finally, in the (medightjigray region at the upper right
the lightest stop becomes the LSP, while in the hatched &atea &ower left corner the mass of
the lightest chargino is lower than is allowed by LEP data

The region where the relic density is too high consists ofdevaand in which the lightest
neutralino has mass between about 60 and 105 GeV and is piregitiy bino. Above this
band, the mass difference between the neutralino LSP adigithstop is less than about 20-25
GeV, and stop- neutralino coannihilation as well as stggp-sinnihilation are very efficient in
reducing the neutralino abundance. There is an area belwisallowed band in which the
neutralino mass lies in the range 40-60 GeV, and the nemtrannihilation cross-section is
enhanced by resonances from s-chanrehdZ exchanges.

Shttp : | /lepsusy.web.cern.ch/lepsusy /www /inos_moriond01/charginos_pub.html
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The relic density is also quite low for smaller values,df In these regions, the neutralino
LSP acquires a significant Higgsino component allowing @dople more strongly to the Higgs
bosons and th&. This is particularly important in the region ne@|, M) = (175,110) GeV
where the neutralino mass becomes large enough that atimhiinto pairs of gauge bosons
through s-channel Higgs and exchange and t-channel neutralino and chargino exchange is
allowed, and is the reason for the dip in the relic density ti@a point. Since the corresponding
couplings to the gauge bosons depend on the Higgsino cootéiné neutralino, these decay
channels turn off afu| increases. For highe¥/; values, the lightest neutralino and chargino
masses are also close enough that chargino-neutralinmibdation and chargino-chargino
annihilation substantially increase the effective cresgien.

As suggested by universalif\, = (g2/¢g?)M; is used in Fig. 1. Thus, smaller values of
M, andy are excluded by the lower bound on the chargino mass from L& das indicated
by the hatched regions in the figures. This constraint besomeh less severe for larger values
of the ratioM,/M,. We also find that increasing this ratio of gaugino masseth (v, held
fixed) has only a very small effect on the neutralino relicsign

P Arg(w) =0 p Arg(w) =2
10 | i ] ] i ] 1] i ]0 ] | i ]
777/ 6pms 2005 CDMS 2005
-7 5 01, TP _7| e
107} ; 0’}
2 s
<107}
©
o
-9
107 M e 1w L s
50 60 70 80 90 100 110 120 130 50 60 70 80 90 100 110 120 130

m,, (GeV) m,, (GeV)

Figure 2: Spin independent neutralino-proton elastictsgay cross sections as a function of the neutralino mass
for arg(p) = 0 (left) andarg(u) = 7/2 (right). The lower solid (cyan) lines indicate the projettensitivity of
CDMS, ZEPLIN and XENON, respectively.

The search for weakly interacting massive particles isadlyen progress via detection of
their scattering off nuclei by measuring the nuclear reciihce neutralinos are non-relativistic
they can be directly detected via the recoiling off a nucleusastic scattering. There are sev-
eral existing and future experiments engaged in this seditth dependence of the neutralino-
proton scattering cross section on the phase ofs been examined as shown in Fig. 2. A

4See the LEPSUSY web-page for combined LEP Chargino Resiplts, 208 GeV.
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random scan over the following range of MSSM parametersrisiected:®

—(80 GeV)? <mf, <0, 100 < |p| <500 GeV, 50 < M; <150 GeV,

200 < my < 1000 GeV, 5 < tan( < 10. (8)

The result of the scan, projected to the neutralino-protattering cross section versus neu-
tralino mass plane, is shown by Fig. 2. The functfon; is plotted, wheref accounts for the
diminishing flux of neutralinos with their decreasing déyn§l51].

For models marked by yellow (light gray) dots the neutralelec density is below theo
WMAP bound, while models represented by green (medium gtat9 comply with WMAP
within 20. Models that are above the WMAP value by more tharare indicated by red (dark
gray) dots. The hatched area is excluded by the LEP chargass mit of 103.5 GeV. The
top solid (blue) line represents the 2005 exclusion limit@YMS [152]. The lower solid
(cyan) lines indicate the projected sensitivity of the CODMEPLIN [153] and XENON [154]
experiments.

Presently, the region above the (blue) top solid line iswketl by CDMS. In the near
future, forarg(n) = 0, CDMS will probe part of the region of the parameter spacerefiee
WMAP dark matter bound is satisfied. The ZEPLIN experimernit start probing the stop-
neutralino coannihilation region together with the anlaifion region enhanced by s-channgl
resonances. Finally, XENON will cover most of the relevaatgmeter space for small phases.
Prospects for direct detection of dark matter tend to be erefak large values of the phase of
p, arg(p) ~ /2.

Large phases, however, induce sizable corrections to ¢ogreh electric dipole moment.
The EDM experiments are sensitive probes of this model [Pddsently the experimental upper
limit is

|d,| < 1.6 x 107* ecm, 9)
at90% CL. One- and two loop contributions with(1) phases, containing an intermediate first
generation slepton or charginos and Higgs bosons, respbgiire likely larger than this limit.
The one loop diagrams are suppressed by choosing high folssessond generation sfermion
masses in this work. The two loop corrections are supprdsgéatgem 4 or smalltan 5. The
range ofd, values obtained in our scan are consistent with the themetectron EDM bound
and EWBG. On the other hand, for, < 1000 GeV, about an order of magnitude improvement
of the electron EDM boundd, | < 0.2 x 10727 e ¢m, will be sufficient to test this baryogenesis
mechanism within the MSSM.

In summary, the requirement of a consistent generation fobéc and dark matter in
the MSSM leads to a well-defined scenario, where, apart frdigha stop and a light Higgs
boson, neutralinos and charginos are light, sizeable Clating phases, and moderate values
of 5 < tan 3 < 10 are expected. These properties will be tested in a complemyeway by
the Tevatron, the LHC and a prospective ILC, as well as thnaligect dark-matter detection
experiments in the near future. The first tests of this scemal probably come from electron
EDM measurements, stop searches at the Tevatron and Higgdhes at the LHC within the
next few years.

Sparameters which are not scanned over are fixed as in thesiitghof Fig. 1.
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2.3 Baryogenesis inspired benchmark scenarios

The previous sections outlined a scenario in which the nredstgiark matter abundance and
baryon asymmetry of the Universe can simultaneously besgetiin the context of the MSSM.
For the detailed exploration of the collider phenomenoliogyis scenario, we follow the com-
mon strategy of selecting and analysing individual paramsiace points, or benchmark points.
Some of the representative parameters of the selectedspainich we call Les Houches scalar
top (LHS) benchmark points, are presented in Table 1. Thehyeark points are defined taken
into account the discussion of the the parameter valuesipies in the previous section.

All benchmark points are selected such that the baryon agtrgrof the Universe and
the relic density of neutralinos is predicted to be closé&odne measured by WMAP and pass
all known low energy, collider and astronomy constraintise Thost important of these are the
SUSY particle masses, the electron EDN(b — sv), and direct WIMP detection. A crucial
constraint is the LEP 2 Higgs boson mass limitnof > 114.4 GeV. In the calculations of the
supersymmetric spectrum and the baryon asymmetry, tred delations are used except for
the Higgs mass, which is calculated at the one loop levelhénptarameter region of interest,
the one loop calculation results in about 6-8 GeV lower kghHiggs mass than the two loop
one [155, 156]. Thus, if the soft supersymmetric parametefising the benchmark points are
used in a two loop calculation, the resulting lightest Higgsss is found to be inconsistent with
LEP 2. A two loop level consistency with the LEP 2 limit can lmhi@ved only when a baryon
asymmetry calculation becomes available using two loomgbllgpson masses.

The main difference between the benchmark points lies inmteehanism that ensures
that the neutralino relic density also complies with WMARdging the unification motivated
ratio of the gaugino mass parametéis /M, close to 2 (together with the baryogenesis re-
quired100 < |u| < 500 GeV) induces a lightest neutralino with mostly bino admigtuA bino
typically overcloses the Universe, unless there is a spsitiation that circumvents this. For
example, as in the supergravity motivated minimal scena$JGRA, neutralinos can coan-
nihilate with sfermions, resonant annihilate via Higgsdus or acquire a sizable Higgsino
admixture in special regions of the parameter space. Thisrthe neutralino density to a
level that is consistent with the observations.

Benchmark point LHS-1 features strong stop-neutralinaodalation which lowers the
relic density of neutralinos close to the WMAP central valBzable coannihilation only occurs
when the mass difference between the neutralino and stopalt @ess than about 30-40%). It
is shown in the following sections that a small neutralib@pamass gap poses a challenge for
the Tevatron and the LHC while the ILC can cover this regiditieintly.

At benchmark LHS-2 resonant annihilation of neutralin@ssAchannel Higgs resonances
lowers the neutralino abundance to the measured levelidodise, the neutralino mass must be
very close to half of the lightest Higss boson mass. Thistdeatures a stop that, given enough
luminosity, can be discovered at the Tevatron due to thesldifference between the stop and
the neutralino masses. Even the heavier stop can possiplpbdaced at the LHC together with
the third generation sleptons. On the other hand, sinceegmance feature, the lightest Higgs
boson can decay into neutralinos, which reduces its visildéh, and can make its discovery
more challenging.

Point LHS-3 satisfies the WMAP relic density constraint lydsecause the lightest neu-
tralino acquires some wino admixture and because it is ¢baating with the lightest stop and
chargino. The multiple effects lowering the relic densitpw for a little larger neutralino-stop
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LHS-1 LHS-2 LHS-3 LHS-4

MG.0.b,, 10000 10000 10000 4000
ma, 1500 1500 1500 4200
ngg 0 0 0 —99?
mp, 1000 1000 1000 4000
mi, 10000 10000 10000 2000
mié 1000 1000 1000 2000
mg , 10000 10000 10000 200
mE;, 1000 1000 1000 200
Ay 0 0 0 0

A, —650 x e7"/2 | —643 x e7'"/2 | —676 x ¢/ —1050
Acpir 0 0 0 | 5000xe"™/2
M, 110 60 110 112.6
M, 220 121 220 225.2
i 350 400 165 320
arg(p) /2 /2 /2 0.2
tan (/) 7 7 7 5
ma 1000 1000 1000 800
mg, 137 137 137 123
mg, 1510 1510 1510 4203
me, 9960 9960 9960 204
me, 10013 10013 10013 2000
Mo 106 58.1 89.2 107
myg 199 112 145 196
Mgt 197 111 129 194
Myt 381 419 268 358
mp, 116 116 116 117
Br(t; — xic) 1 0 0 1
Br(t; — X&b) 0 1 1 0
Qgoh? 0.10 0.11 0.11 0.11

Table 1: Les Houches scalar top (LHS) benchmark points mietil’/by baryogenesis and neutralino dark matter.
Parameters with mass dimensions are given in GeV units. Elaled definition of the LHS benchmarks, in
SLHA format [92], can be downloaded from http://www.hep.gov/balazs/Physics/LHS/.
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mass gap than in LHS-1. This point has a neutralino-stop ga@sshat makes it detectable at
the Tevatron and the LHC.

LHS-4, a variation of LHS-1, is defined in detail in Ref. [L5Here the small neutralino-
stop mass difference makes the light stop inaccessibleeatdkatron and the LHC. On the
other hand, the ILC could measure the parameters with poecig he discovery potential of
this point is discussed in detail in Section 6.

In summary, the four benchmark points offer various chajénfor the three colliders.

The Tevatron could resolve the stop quark in points LHS-21a#8-3, where theé; decays into
Xib, but notin LHS-1 and LHS-4, where it decays intr: with a small phase space. The LHC
on the other hand may explore LHS-1 via the method describ&d iand LHS-2 as described
in 4.. In principle these methods are also applicable for 14H&d LHS-3; the small mass
differences at these points, however, make the analysisimace difficult. In LHS-1, LHS-2
and LHS-3 the LHC can pair produce the heavier stop, whicleedad to pin down the stop
sector so crucial for baryogenesis. At the ILC, one can perforecision measurements of the
light stop as shown in section 6. Moreover, the -ino sectduiing the important phase(s) can
be measured precisely (see [40] and references therein).

3. SAME-SIGN TOPS AS SIGNATURE OF LIGHT STOPS AT THE LHC

If the lighter of the two stopsi;, has a massy;, < m; as motivated by baryogenesis [127,
158-160], gluino decays into stops and tops will have a largaching ratio. Since gluinos are
Majorana particles, they do not distinguish betwegnand#t, combinations. Pair-produced
gluinos therefore give
Gg — Lt ettt (10)

and hence same-sign top quarks in half of the gluino-to-démays. Fofn;, —mg < my, the
t, further decays intey!. If, in addition, thel’’ stemming fromt — bW decays leptonically,
a signature of twa jets plus two same-sign leptons plus jets plus missing vese energy is
expected:

pp — Gg — bbITIt (orbbI™17) + jets + Er . (11)

This is a quite distinct peculiar signature, which will sete remove most backgrounds, both
from SM and Supersymmetry. Even thougtpair production has the dominant cross section,
it leads to a signature of twejets and missing transverse energy, which is of very lichiise.
Thus the same-sign top signature is of particular interesur scenario. In this contribution,
we lay out the basics of the analysis; for a detailed desongee [161].

To investigate the use of our signature, Eq. (11), for disdog a lightt, at the LHC
we define a MSSM benchmark point ‘LST-1" with; = 660 GeV, m;, = 150 GeV and
mg = 105 GeV. The other squarks (in particular the shottoms) arentaéene heavier than
the gluinos. This considerably suppresses the SUSY backdrand gluinos decay to about
100% intott,. For the neutralino to have a relic density within the WMARibd, we choose
ma = 250 GeV. The MSSM parameters of LST-1 and the corresponding esasslculated
with SuSpect 2.3 [62], are given in Tables 2 and 3 (as for th& lpdints, the SUSY-breaking
parameters are taken to be onshell.). The relic density atedpwith micrOMEGAS [5, 6] is
Qh% = 0.105.



55

M, M, M3 M tan(3)

110 220 660 300 7

ma At Ab AT

250 —670 —500 100

mﬂl,z mg, m@1,2 Mg,

250 250 1000 1000

mEl,2 mg, m01,2 mD1,2 mg, mp,

250 . 250 1000_ 1000 100_ 1000

Oéo_nlb(mz)MS GF Oés(mz)MS my mb(mb)MS my m.,

127.91 1.1664 x 107° | 0.11720 | 91.187| 4.2300 | 175.0| 1.7770

Table 2: Input parameters for the LST-1 scenario [massesM]GJnless stated otherwise, the SM masses are
pole masses. The SUSY-breaking parameters are taken teshelbn

dr, g, b t ér 7 7, .
1001.69| 998.60| 997.43 | 149.63 | 254.35| 247.00| 241.90| 241.90
dr g by to éR 7
1000.30| 999.40| 1004.56| 1019.26| 253.55| 260.73
g X1 X5 X3 X1 Xi X2
660.00 | 104.81| 190.45| 306.06 | 340.80| 188.64| 340.09
h H A HT
118.05 | 251.52| 250.00 | 262.45

Table 3: SUSY mass spectrum [in GeV] for the LST-1 scenarior the squarks and sleptons, the first two
generations have identical masses.

3.1 Event generation

We have generated SUSY events anolackground equivalent &0 fb~' of integrated luminos-
ity with PYTHIA 6.321 [17] and CTEQ 5L parton distributionrigtions [47]. This corresponds
to about three years of data-taking at the LHC at low lumityosThe cross sections for the
Supersymmetry processes at NLO are given in Table 4. We hsv@anerated additional SM
background in five logarithmig; bins fromp; = 50 GeV t04000 GeV, consisting ob x 10*
of W+jet, Z+jet, andWW /W Z/Z Z production events antl5 x 10> QCD 2 — 2 events per
bin.

Detector simulation are performed with the generic LHC ditesimulation AcerDET
1.0 [163]. This expresses identification and isolation ptdas and jets in terms of detector
coordinates by azimuthal angle pseudo-rapidity) and cone siz&\R = /(A¢)? + (An)2.

| o(tit) 0(39) 0(30) o(X5XE) o(Xix) o(@d) o(dq) o(xig) | o(th)
LST—l\ 280 5.39 4.98 1.48 0.774 0.666 0.281 0.0894\ 737

Table 4: Cross sections (in pb) at NLO for the most importamessymmetric processes for LST-1 parameters,
computed with ROSPINC [162] at\/s = 14 TeV. For comparison, we also give theNLO cross section taken
from [15].
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Cut 2lep 4jet  piP Kt 2b By 2t SS
Signal

Gg — ittt gt 10839 6317 4158 960 806 628 330
Background

SUSY 1406 778 236 40 33 16 5

SM 25.3M 1.3M 35977 4809 1787 1653 12

Table 5: Number of events after cumulative cutsforfb ' of integrated luminosity.

We identify a lepton i > 5 (6) GeV andn| < 2.5 for electrons (muons). A lepton is isolated
if itis a distanceAR > 0.4 from other leptons and jets, and the transverse energy idegpas

a coneAR = 0.2 around the lepton is less thaf GeV. Jets are reconstructed from clusters by
a cone-based algorithm and are accepted if the jephas 15 GeV in a coneAR = 0.4. The
jets are recalibrated using a flavour-independent paraagtm, optimized to give a scale for
the dijet decay of a light Higgs. Thietagging efficiency and light jet rejection are set accagdin
to thep, parametrization for a low luminosity environment, giverji64].

3.2 Signal isolation
The following cuts are applied:
e two same-sign leptons or 1) with plTOp > 20 GeV.
at least four jets witl@r];ﬁt > 50 GeV, of which two aré-tagged.
Er > 100 GeV.

The top quark content in the events is explored by demandiogombinations of the two
hardest leptons andjets that give invariant masses, < 160 GeV, which is consistent
with a top quark.

The effects of these cuts are shown in Table 5 where “2lep ijafter detector simulation and
cuts on two reconstructed and isolated leptons and founstagcted jets; “2b” is the number
of events left after thé-jet cut, assuming &-tagging efficiency of 43%; ;" is the cut on
missing transverse energy and “SS” the requirement of tvmeessign leptons. These cuts
constitute the signature of Eq. (11). The same-sign cut iseafral importance in removing
the SM background, which at this point consists onlytbkvents. The cuts on transverse
momentum and top content?2are used to further reduce the background. We find that the
gluino pair production, with leptonic top decay, is easiéyparated from both SM and SUSY
backgrounds.

We have assumed vanishing flavour-changing neutral cgr(E@NCSs), so that the anoma-
lous couplings intgc andtgu vertices are effectively zero, i.e. there is no significamhe-sign
top production by FCNCs. To investigate other possible gemknds we have used MadGraph
Il with the MadEvent event generator [165, 166]. The seaahlieen limited to parton level,
as we find no processes that can contribute after placingppppte cuts. We have investigated
the SM processes that can mimic a same-sign top pair by mdgrig of jets or the production
of one or more additional leptons, as well as inclusive potidn of same-sign top pairs. In
particular we have investigated the diffractive scattgrip — W*¢'W*¢' and the production
of a top pair from gluon radiation in singlé&” productiongg’ — tt1/*. We have also checked
the production ofti*i~, titt, titb, ttbt, tW—tW—, tWHtW+ and W*W*bbj;.Cuts on lep-
tons and quarks have been placed as given above, and twa-gpéok pairs are required to be
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consistent with top decays. We also require neutrinos fioeiit decays to give the needed
missing energy. After these cuts and detector geometryofuls? > 0.4 and|n| < 2.5 for all
leptons and quarks, we find the cross sections of these @ex&s be too small, by at least an
order of magnitude, to make a contribution at the integratednosity considered.

3.3 Mass determination

Having isolated the signal, it will be important to measure properties of the sparticles to
confirm that the decay indeed involves a light scalar topcé&the neutralino and the neutrino
in the top decay represent missing energy and momentumnseaation of a mass peak is
impossible. The well studied alternative to this, see d§7f171], is to use the invariant-mass
distributions of the SM decay products. Their endpoints lbargiven in terms of the SUSY
masses, and these equations can then in principle be solgagetthe masses.

In this scenario there are two main difficulties. First, thare four possible endpoints:
my ™, mpe, mp andmg*, of which the first simply gives a relationship between thesses
of the W and the top, and the second and third are linearly depensietiiat we are left with
three unknown masses and only two equations. Second, lgeotise information lost with
the escaping neutrino, the distributions of interest dliiary gradually to zero. Determining
exact endpoints in the presence of background, while takitigyaccount smearing from the
detector, effects of particle widths, etc., will be veryfidifilt. The shape of the invariant-mass
distributions are shown, for some arbitrary normalizatiarFig. 3.

e
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Figure 3: Invariant-mass distributions for LST-1 at getaréevel. These distributions only take into account the
kinematics of the decay.

We have attacked the second problem by extending the erntdpethod and deriving the
complete shapes of the invariant-mass distributionsfgrandm,.. The resulting expressions,
and their derivation, are too extensive to be included Hanecan be found in [161]. Fitting
to the whole distribution of invariant mass greatly redutesuncertainty involved in endpoint
determination, and has the possibility of giving additianBormation on the masses. One could
also imagine extending this method to include spin effetthe distribution, to get a handle on
the spins of the SUSY particles involvéd

S5For details on deriving invariant-mass distributions isaade decays, and the inclusion of spin effects, see
[172].
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In fitting the m,,. andm,,. distributions, we start from the isolated gluino pair protion
events of Section 3.2. However, in some of these events ohetbrof thell” decay to a tau
lepton, which in turn decays leptonically; these are an taaithl, irreducible background to
the signal distributions. Thé-jets and leptons are paired through the cut on two top-quark
candidates. A comparison with Monte Carlo information frtihva event generation shows that
this works well in picking the right pairs. The issue remainsdentify thec-quark-initiated
jets and to assign these them to the corbget and lepton pair. The precision of this endpoint
determination is limited by systematical uncertainties.

Different strategies can be used for picking thets. Because of the strong correlation
between the tagging @f andc-jets, one could use an inclusivéc-jet tagging where the two
types of jets would be separated by theitagging likelihoods, and the requirement of top
candidates in the event. A thorough investigation of thigtegy will require a full simulation
study, using realistié-tagging routines. The strategy that we follow here is,aadt to accept
a low b-tagging efficiency to pick twaé-jets and reject most-jets. The likelihoods in thé-
tagging routine could then help to pick the corregets from the remaining jets. In this fast
simulation study we are restricted to a simple statisticatleh of the efficiency of making
this identification and we assume28% probability of identifying ac-jet directly from the
b-tagging likelihood. For events where we have missed oneoth bf thec-jets, they are
selected as the two hardest remaining jets Wﬁ‘h< 100 GeV. This upper bound on transverse
momentum is applied because the stop is expected to bevedydtght if our signal exists, and
it avoids picking jets from the decay of heavy squarks. #jet candidates are paired to the
top candidates by their angular separation in the lab frameé,by requiring consistency with
the endpoints of the two invariant-mass distributions wee rast looking at. For example, to
construct then,,. distribution, we demand consistency with the endpoinfs> andmpax 7.
Events with no consistent combinationscgkts and top-quark candidates are rejected.

The fit functions form,,. andm,. can in principle be used to determine both of the two
linearly independent parameters

2

(mi —miy)(mi —m2,)(mi +m3) m2
(mp)? = - 23 = and o= —37 12)
2m; ms mi
1
where
mi = mf} —m? — mtg1 and my =m] — 4m?m§1. (13)

We typically havemn,m; < m§ for light stops, so that ~ 1. In our model the nominal value
isa = 0.991. The distributions are sensitive to such values:anly at very low invariant
masses. Because of the low number of events, no sensibke vatube determined from a fit;
we therefore set = 1. The fit quality and value af2;** is found to be insensitive to the choice
of a for a = 0.980.

The results of the fits to,;2** are shown in Fig. 4. The combined result of the two distri-
butions ismp*™* = 389.8 + 5.3 GeV, to be compared with the nominal value3ot.1 GeV. The
somewhat large? values of the fits indicate that there are some significariesyatical errors.
However, if this is compared to the same fit with ##tagging, we find large improvements in
both fit quality and distance from the nominal value. The gsialcan be optimized using more
detailed information from thé-quark tagging.

"We require that the values are below the rough estimatgd* = 430 GeV, m"®* = 480 GeV and

mpa* = 505 GeV, approximately 40 GeV above the nominal values, so noisgggre-determination of end-
points is assumed.
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Figure 4: Invariant-mass distributions wiftd% c-tagging efficiency afteb-tagging. The left plot showsu,.
(black), the right plot showsy,. together with a fit of the calculated distribution. Also shroare the contributions
from the SM background (green) and the SUSY background Ybllke SUSY background consists mostly of
events with one or more taus.

In summary, we have investigated a baryogenesis-motisatamhrio of a light stopg;, < my),
with £, — cx! as the dominant decay mode. In this scenario, pair productio, leads to a
signature of two jets and missing transverse energy, whiitbe difficult to be used for the
discovery oft, at the LHC. We have hence proposed a method using stops steniraim
gluino decays: in gluino pair production, the Majorana natf the gluino leads to a peculiar
signature of same-sign top quarks in half of the gluinotapsiecays. For the case in which
all other squarks are heavier than the gluino, we have shbamnthe resulting signature of
2b's + 2 same-sign leptons + jets £ can easily be extracted from the background and
serve as a discovery channel for a light We have also demonstrated the measurement of a
relationship between the gluino, stop and LSP masses. Tagether with a determination of
other invariant-mass endpoints, and a measurement of t&& $hhss scale from the effective
mass scale of events, this may be sufficient to approximdtgirmine the masses of the SUSY
particles involved, in particular the light stop. Last bot teast we have checked that the same-
sign top signal remains robust for higher gluino masseshtcasen; < m;, as well as in the
stop co-annihilation region with a small mass differenceveen the'; and the LSP. See [161]
for more detalils.

4. DETECTION OF A LIGHT STOP SQUARK WITH THE ATLAS DETECTOR AT
THE LHC

It has been recently pointed out that SUSY models with a vight ktop squark, lighter than
the top quark, not excluded by existing accelerator searaa have an important impact for
cosmology [91, 127, 160].

Little work had been devoted to date to explore the potenfitthe LHC experiments for
the discovery of light stop squarks. In the framework of t82Les Houches Workshop it was
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therefore decided to address this issue by studying thetdéibty of the stop at the LHC in
two benchmark models. For both of these models the stop duesla mass of 137 GeV, and
for the first, easier, model the two-body decay of the stogdqunto a chargino andiaquark is
open. For the second model the chargino is heavier thandpewhich has therefore to decay
either in the 4-body mod&/*bx? or through a loop tey?!.

An exploratory study is presented of the first of the two megdehere we address in detail
the ability of separating the stop signal from the dominavittiickgrounds. The parameters of
the examined model correspond to that of the LHS-2 benchpuairk.

4.1 Simulation parameters

For the model under study all the masses of the first two géorrsquarks and sleptons are set
at 10 TeV, and the gaugino masses are related by the usuahgaugss relation/; : M, =
a1 : as. The remaining parameters are thus defined:

My =60.5GeV p=400GeV tanf =7 M;= 950 GeV

m(Qs) = 1500 GeV  m(fg) = 0 GeV m(bg) = 1000 GeV A, = —642.8 GeV

The resulting relevant masses ai€l,) = 137 GeV,m(y7) = 111 GeV,m(x}) =58 GeV. The

t, decays with 100% branching ratio infg'b, andy; decays with 100% branching ratio into
an off-shelll’ andy?. The final state signature is therefore similar to the onetfproduction:

2 b-jets, E*s and either 2 leptonse() (4.8% branching ratio) or 1 lepton and 2 light jets
(29% BR).

The signal cross-section, calculated with the CTEQS5L stimecfunctions is 280 pb at
leading order. The NLO result, calculated with the PROSP[WTB] program is 412 pb. This
corresponds to approximately half of the cross-sectiondpiquark production.

For the signal a softer kinematics of the visible decay potslis expected, compared to the top,
since the mass difference between the stop and the invigjtaé the end of the decay chain is
about 80 GeV. We analyze here the semi-leptonic channeliendwdy one of the twd; legs
has a lepton in the final state. We apply the standard cutbéssearch of the semileptonic top
channel as applied in [174], but with softer requirementtherkinematics:

e one and only one isolated lepton i), p. > 20 GeV.
o B > 20 GeV.
at least four jets withPr(.J;, Jo) > 35 GeV andPr(J3, J4) > 25 GeV.

exactly two jets in the events must be tagget-pts. They both must hayg- > 20 GeV.
The standard ATLAS b-tagging efficiency of 60% for a rejectfactor of 100 on light
jets is assumed.

A total of 600k SUSY events were generated using HERWIG 61512], and 1.2Mt events
using PYTHIA 6.2 [175]. This corresponds to a statistics lodat 2.5 flo! for the LO cross-
sections and abouts fb~! for the NLO cross-sections. The only additional backgrooon-
sidered for this exploratory study was the associated mtomtuof a W boson with twa jets
and two nonb jets. This is the dominant background for top searches dtii& We generated
this process with ALPGEN [176]. The cross-section for thaeknatic cuts applied at genera-
tion is 34 pb forlV decaying to botle andyu. A total of aboutt0000 events were generated for
this background. For this exploratory study we just gemerétie procesd’ bb; 7, which should
allow us to have an idea whether this background will strpragfect the analysis. A more
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accurate estimate of this background should be performagtbgrating all of thél bb+(1,..n)
jets with the appropriate matching to the parton shower. gdreerated events are then passed
through ATLFAST, a parametrized simulation of the ATLAS etdbr [18].

4.2 Analysis

After the described selection cuts the efficiency forttheackground is 3.3%, fdi/bbjj 3.1%,
and for the signal 0.47%, yielding a background which is aiduimes larger than the signal.
An improvement of the signal/background ratio can be oletioy requiring on the minimum
invariant mass of all the non-b jetg > 25 GeV in the event. The distribution for signal and
background is shown in Fig. 5. A clear peak for the W mass ibldor the top background,
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Figure 5: Minimum invariant mass distributions (in GeV) wftnon-b jets for signal (left) and background (right).

whereas the invariant mass for the signal should be smaléer about 54 GeV, which is the
mass difference between tge and they?. In this analysis we are searching for the possible
evidence of a light stop, for which the decay through a resbidais kinematically not allowed.

It is therefore possible to significantly improve the sigbatkground ratio by selecting the
events wheren,; < 60 GeV. The signal/background ratio improves to 1/10, with sslof

a bit more than half the signal. This cut could bias the kingrdistribution for the signal,
which has a priori an unknown kinematics. We have therefepeated the analysis for a cut
at 70 GeV as a systematic check, obtaining equivalent sesklgure 6 shows the:(bj ;) min
distribution after this cut, i.e. the invariant mass for ttembination of a b-tagged jet and
the two non-b jets yielding the minimum invariant mass. & gelected jets result from the
decay of the stop, the invariant mass should have an end @batiout 79 GeV, whereas the
corresponding end-point should be at 175 GeV for the topdpacid. The presence of the stop
signal is therefore visible as a shoulder in the distribuiompared to the pure top contribution.
A significant contribution fromi?/bb is present, without a particular structure. Likewise, the
variablem(bl),,;, has an end point at about 66 GeV for the signal and at 175 Gethéotop
background, as shown in Fig. 7. The same shoulder strucurieservable. We need therefore
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Figure 6: Left: minimund; j invariant mass distributions (in GeV) for top backgroundi(black line), W bb back-

ground (dot-dashed blue line), signal (dashed red lineghRisame distribution, showing the signal contribution
(gray) summed to the background.

to predict precisely the shape of the distributions for theliackground in order to subtract it
from the experimental distributions and extract the siglstributions.
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ground (dot-dashed blue line), signal (dashed red lineghRisame distribution, showing the signal contribution
(gray) summed to the background.



63

The top background distributions can be estimated from &ite tthemselves by exploiting
the fact that we select events where one oflfhérom the top decays decays into two jets and
the other decays into lepton neutrino. One can thereforecsého pure top samples, with
minimal contribution from non-top events by applying segpaly hard cuts on each of the two
legs.

e Top sample 1: the best reconstructéd invariant mass is within 15 GeV of 175 GeV,
andm(bl),..;, > 60 GeV in order to minimize the contribution from the stop sigrighe
neutrino longitudinal momentum is calculated by applyingl” mass constraint.

e Top sample 2: the best reconstructgg mass is within 10 GeV of 175 GeV.
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Figure 8: Left: minimumbj; invariant mass distribution (in GeV) for top backgroundli(hlack line), Wb
background (dot-dashed blue line), signal (dashed rejl flaxeéop sample 1. Right: minimuri invariant mass
distribution (in GeV) for top background (full black lin€)y bb background (dot-dashed blue line), signal (dashed
red line) for top sample 2.

The distributions o#n(bjj)min (m(bl)in) for signal and background are shown in Fig. 8 left
(right plot) for top sample 1 (top sample 2), respectivelylyOa small amount of signal and
Wbb background is present in the top samples, and in partidudesignal is reduced essentially
to zero for masses above 80 GeV.

We assume that we will be able to predict téb background through a combination of
Monte Carlo and the study &fbb production in the data, and we subtract this background both
from the observed distributions and from the top samplesteMwork is required to assess the
uncertainty on this subtraction. Given the fact that thiskgaound is smaller than the signal,
and it has a significantly different kinematic distributjave expect that a 10-20% uncertainty
will not affect the conclusions of the present analysis.

For top sample 1, the top selection is performed by applyevgi®e cuts on the lepton
leg, it can therefore be expected that the minimiyim invariant mass distribution, which is
built from jets from the decay of the hadronic side be esaéiytinaffected by the top selection
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Figure 9: Left: minimumb;; invariant mass distribution (in GeV) for background (fufid) and rescaled top
sample 1 (points with errors). Right: minimushinvariant mass distribution (in GeV) for background (fuild)
and rescaled top sample 2 (points with errors).

cuts. This is shown in the left plot of Fig. 9 where the minimbiyn invariant mass distribution,
after subtraction of the residulllbb background is compared to the distribution for a pure top
sample. The top sample 1 is rescaled in such a way that thgrahtaf the two distributions is
the same in the higher mass part of the spectrum, where gdlsenod signal is expected. The
agreement is quite good, clearly good enough to allow theetion of the stop signal.

A similar result is observed for the minimukhinvariant mass and top sample 2, as shown
on the right plot of Fig. 9.

The rescaledn(bjj)min (m(bl)min) for top sample 1 (2) respectively, can then be sub-
tracted from the observed distributions, and the resuéisshown in Fig. 9 superimposing the
corresponding expected distributions for the signal. Asulésed above, we have subtracted the
Wbb background from the observed distributions.

In both distributions the expected kinematic structurelisesvable, even with the very
small statistics generated for this analysis, correspantti little more than one month of data
taking at the initial luminosity 003 cm~!s™1.

Further work, outside the scope of this initial exploratimneeded on the evaluation of
the masses of the involved spatrticles through kinemataieswf the selected samples.

In summary, a preliminary detailed analysis of a SUSY mod#i & stop squark lighter
than the top quark decaying into a chargino andjet was performed. It was shown that for
this specific model after simple kinematic cuts a signakijemund ratio of about 1/10 can be
achieved. A new method, based on the selection of pure toplearto subtract the top back-
ground has been presented. The method makes it possibls¢ovelthe kinematic structure
of the stop decays, and hence to extract some of the modehptees. This analysis can yield
a clear signal for physics beyond the SM already for 1-2 ftand is therefore an excellent
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candidate for an early discovery at the LHC.

5. HIGGS BOSON PRODUCTION IN ASSOCIATION WITH LIGHT STOPS AT THE
LHC

5.1 Top squark and Higgs boson associated production

As already stressed in previous Les Houches proceedin@$ [i&cause of their large Yukawa
couplings (proportional ten;), top quarks and their Supersymmetric (SUSY) counterpis
squarks (or stops, for short), play an important role inrttezhanism of Electro-Weak Symme-
try Breaking (EWSB) and hence in defining the properties efHliggs bosons. For example,
the contribution of the top quarks and top squarks in theatadi corrections to the mass of the
lightest Higgs boson,, can push the maximumn, value up tol35 GeV, hence well beyond
the tree-level result, < mz) and outside the ultimate reach of LEP-2 and the current one
of Run2 at Tevatron. Because of a lange, the mixing in the stop sector is also important,
as large values of the mixing parametér = A4, + w1/ tan B can increase thé boson mass
for a given value ofan . Finally, naturalness arguments suggest that the SUSYleasrthat
couple substantially to Higgs bosons (indeed, via largeavit&kcouplings) could be relatively
light. For the case of stop quarks, the lightest stop massetgtet,, could be lighter than the
top quark itself.

At the LHC, a light stop with large couplings to Higgs bosoas contribute to both
production in the main channel, the gluon—gluon fusion madmgg—h (and similarly, in
the h — ~v decay) [178-183] (destructively in fact, at one-loop I¢vahd in the subleading
associated production of stops and Higgg,gg — t.t,h [184-188]. (The latter, thanks to the
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combination of an increased phase space and large stofs-Elbgglings, can become a discov-
ery mode of a light Higgs boson at the LHC). We expand here envtirks of Refs. [184—-188]
which were limited to inclusive analyses, by investigatihg decay phenomenology of such
light squark and Higgs states for two specific MSSM scenafib&se scenarios correspond to
benchmark points LHS-1 and LHS-2.

5.2 Top squark and Higgs boson decays

The adopted MSSM scenarios correspond to the two configmsabf parameters already dis-
cussed in this part of the report. They can be identified dgvist

1. (p, My) = (400,60) GeV,Qoh? = 0.105,

2. (p, My) = (350,110) GeV, Qg oh* = 0.095.
For the purpose of analysing the kinematics of the decayymtsdof the Higgs boson and
the scalar top quarks, the quantities of relevance are tipeasid Higgs boson masses as well
as the mass difference between top, squarks, and the ligBitEsY partlcle,x1 (the Ilghtest
neutrallno) As for both MSSM points the only decay channelilable tof, states ist; —
cxi. The largemm; — m,o the more energetic the charmed jet emerging from the defcay, t
favouring its tagging efficiency. Thie boson invariably decays inté pairs, with a branching

ratio of about 84%. Hence, the final signature consists af foumore) jets, two of which are
b-jets and two others-jets, plus missing transverse energy.

The relevant masses for the two MSSM points considered are:
1. ms, = 112 GeV,m o = 58 GeV, m, = 116 GeV,
2. m; =118 GeV,mX? = 106 GeV,m;, = 116 GeV.

The inclusive cross sections for the two points are 248 ar®df@0respectively, as computed
by HERWIG [11] in default configuration. The HERWIG event geation uses the MSSM
implementation described in [12] with input files generatedthe ISAWIG interface [189]. In
order to realistically define the kinematics of the final stahd study some possible selection
variables, we interface the Monte Carlo (MC) event genenaith a suitable detector simu-
lation (based on a typical LHC experiment). After squark &hggs decays, parton shower,
hadronisation and heavy hadron decays, we require to ésekactly four jets. Then, for the
mere purpose of identifying the four jets and studying thelaviour in relation to the decaying
heavy objects, we sample over all possible combinations-mft dnvariant masses and isolate
the one closest to the input, value. Apart from occasional mis-assignments, this efiitye
isolates the two jets coming from thliedecay. The remaining two jets are bound to emerge
from the two top squark decays. Evidently, in the context ekperimental selections, flavour-
tagging techniques will be exploited, as the actual valuspiwill be unknown. Finally, the
missing transverse momentum is reconstructed by balaitchgginst the overall jet transverse
momentum (after detector effects). We present the follgwdistributions in Fig. 5.2:

¢ the average transverse momentum distribution of top sguagKave);

e the minimum trans. momentum distribution of top squagkgmax);

e the maximum trans. momentum distribution of top squapk$max);

e the average trans. momentum distribution of charm[bot{ets] ¢, (ave)[Er(ave)];

e the minimum trans. momentum distribution of charm[bott¢et3: g (min)[Er(min)];
e the maximum trans. momentum distribution of charm[bottgets: ¢, (maz)[Er(max)];
e the missing trans. momentum distributiga(miss);
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¢ the trans. momentum distribution of the Higgs boson (fromtto jets best reconstruct-
ing my,): gr(Higgs);

¢ the invariant mass of the two jets best reconstructing 1.
The first three spectra have been obtained at parton levig thle others at detector level. The
detector effects have been emulated by Gaussian smearittgedapton/photon and hadron
tracks, accordingte(F)/FE = res/\/(E), with resolutionres = resgy = 0.1 andresy,q = 0.5
for the Electro-Magnetic (EM) and hadronic calorimeteespectively. A cone jet algorithm is
applied to select the four jets by imposidg?’ > 0.7 andp{'p > 5 GeV. While the cut on az-
imuth/pseudorapidity differences does emulate real tieteerformances the one on transverse
momentum is clearly far too low. However, the main purpostefsimulation at this stage is to
evaluate potential efficiencies of real LHC detectors byoliihe above cross sections should
be multiplied in order to have a realistic number of deteletabents. Thus, as much as possible
of the phase space ought to be sampled, compatibly with tleeefenition requirements. (For
the same reason, individual jets are collected within theewiseudorapidity range’| < 5.)
In this respect, it is obvious from the figure that the mainrsewf lost signal events would be
the distributions in transverse momentum of thjets, particularly for point 2, for which the
aforementioned mass difference is very small. Moreover,niissing transverse momentum
distributions peak at 50-60 GeV (somewhat softer for pojra2expected), a value comfort-
ably larger than typical background distributions yiefglfour (or more) jets in the detector but
no leptons. Finally, apart from a low transverse energydiad to misidentified-jets (that may
well appear if flavour tagging techniques rejection efficies were poor), one should expect
the vast majority ob-jets emerging front. decays to pass standard detector thresholds. The
distributions at parton level have been given for comparis@h the results presented in the
literature referred to earlier.

In summary, on the basis of the above MC simulation, assunhiat)- and c-jets can
be collected starting fromp. = 30 GeV, and if one also requireB}¥ss > 40 GeV, four-
jet selection efficiencies should be around 50%(10%) fon{pd{2). Above thep; cut LHC
detectors have large jet reconstruction efficiencies. ¢Bidy tagging efficiencies are around
50%, but charm tagging efficiencies will be lower than thisved the inclusive cross sections
and the above reconstruction efficiencies (not includiggitag efficiencies), this leaves of order
13,000(2,500) signal events with 100 fbluminosity. This is a comfortable starting point in
order to refine a suitable selection for both MSSM configoreti We are planning to pursue a
full detector analysis, also investigating higher jet nplitities, in presence of additional cuts
on the jet system. Of course, at that stage, backgroundfiait to be considered. However,
a multi-jet plus missing transverse energy signal (witteiiiino energetic leptons) emerging
from rather heavy particle decays (so jets are naturallarseed) may offer several handles
to eventually extract a significant signal-to-backgrouaie r In addition, trigger considerations
will be of primary importance to the signal selection. Thewi@ned analysis is now in progress.

6. SCALAR TOP QUARK AT A LINEAR COLLIDER

At a future International Linear Collider (ILC) the prodiart and decay of scalar top quarks
(stops) is particularly interesting for the developmerthefvertex detector as only two c-quarks
and missing energy (from undetected neutralinos) are petitor light stops:

e+e_ — tl tl — C)z(l)é)z(l)

The scalar top Linear Collider studied have been recentiywed [190].
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Figure 11: Differential distributions in the variables debed in the text. Normalisation is arbitrary. Point 1(2) i
denoted by a solid(dashed) line.

6.1 SPS-5 (Large visible energy): Vertex detector design xations

The development of a vertex detector for a Linear Collidéatige a challenge. A key aspect is
the distance of the innermost layer to the interaction paihtch is related to radiation hardness
and beam background. Another key aspect is the materiat@imolength which determines
the multiple scattering. The optimization of the vertexadtdr tagging performance is a further
aspect. While at previous and current accelerators (e.€:, 8EP, Tevatron) b-quark tagging
has revolutionized many searches and measurements, kctqgging will be very important at
a future Linear Collider. Therefore, c-quark tagging colokda benchmark for vertex detector
developments.

An analysis for large visible energy has been performedélamass difference) for the
SPS-5 parameter point (ISAJET) witly, = 220.7 GeV,m; w =120 GeV andcos 0; = 0.5377.
For 25% (12%) efficiency 3800 (1800) signal events and 5400)(kackground events without
c-quark tagging remain, while the background is reduced3@02(68) events with c-quark
tagging.

The vertex detector absorption length is varied betweemabthickness (TESLA TDR)
and double thickness. In addition, the number of vertexaetdayers is varied between 5
layers (innermost layer at 1.5 cm as in the TESLA TDR) and 4igyinnermost layer at 2.6
cm). For SPS-5 parameters the following number of backgt@wents remain:
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Thickness\ Iayers\ 12% signal efficiency 25% signal efficiency
Normal 5(4) 68 (82) 2300 (2681)
Double 5(4) 69 (92) 2332 (2765)

As a result, a significant larger number of background evisngxpected if the first layer of
the vertex detector is removed. The distance of the first lythe interaction point is also an
important aspect from the accelerator physics (beam dg)iyeerspective. The interplay be-
tween the beam delivery and vertex detector design in regamdtical tolerances like hardware
damage of the first layer and occupancy (unable to use theotittia first layer) due to beam
background goes beyond the scope of this study and will beeaded in the future.

No significant increase in the expected background is obddor doubling the thickness
of the vertex detector layers. A first study with small visildnergy shows a very similar
result [191] as described for larger visible energy.

6.2 SPS-5 (Large visible energy): Comparison of mass deteinations

The precision in the scalar top mass determination at a Li@edlider is crucial and four
methods are compared for the SPS-5 parameter point [192)]oTthhe methods rely on accurate
cross section measurements, the other two use kinematieriafion from the observed jets.

A high signal sensitivity is achieved with an Iterative Disginant Analysis (IDA) me-
thod [193]. The signal to background ratio is 10 or bettere €xkpected size of the signal is
between one thousand and two thousand events infb0D luminosity at a Linear Collider
with /s = 500 GeV [194]. These methods are used: a) beam polarizatior,[bpEhreshold
scan, ¢) end point method, and d) minimum mass method [196.r&sults of these methods
and basics characteristics are compared in Table 6.

Table 6: Comparison of precision for scalar top mass detetioin

Method Am (GeV) | Luminosity Comment
Polarization 0.57 2 x 500fb~" | no theory errors included
Threshold scan 1.2 300 fb~* right-handed:~ polarization
End point 1.7 500 fb~*

Minimum mass 15 500 fb~* assumesngo known

6.3 Small visible energy studies

In this section, the production of light stops at a 500 GeVelainCollider is analyzed, using
high luminosityZ = 500 fb~' and polarization of both beams. The signature for stop pair
production at ar*e™ collider is two charm jets and large missing energy. For tihal, the

jets are relatively soft and separation from backgroundsiig challenging. Backgrounds aris-
ing from various Standard Model processes can have crasigise that are several orders of
magnitude larger than the signal, so that even small jeggrenearing effects can be impor-
tant. Thus, it is necessary to study this process with asteatietector simulation. Signal and
background events are generated witTRIA 6.129 [17], including a scalar top signal genera-
tion [197] previously used in Ref. [194]. The detector siatidn is based on the fast simulation
SIMDET [198], describing a typical ILC detector.

In the first step a pre-selection is applied [157]. The sig;meharacterized by large miss-
ing energy and transverse momentum from the two neutralimiosreas for most backgrounds
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Table 7: Background event numbers and, signal efficiencies (in %) for variousi;, and Am (in GeV) after
pre-selection and after several selection cuts [157]. énldkt column the expected event numbers are scaled to a
luminosity of 500 b .

After Scaled to
Process Total | presel.| cutl cut2 cut3 cut4 cut5 cutb500fb!
WHtW~— 210,000 2814| 827 28 25 14 14 g 145
77 30,000f 2681| 1987 170 154 108 108 35 257
Wev 210,000 53314| 38616 4548 3787 1763 1743 345 5044
eeZ 210,000 51 24 20 11 6 3 2 36
qd, q £t 350,000 341 51 32 19 13 10 8 160
tt 180,000 2163 72 40 32 26 26 25 38
2-photon 3.2x 10| 1499| 1155 1140 144 101 0 D < 164

my, = 140 :
Am =20 | 50,000 685| 488 42.1 334 279 273 20/9 9720
Am =40 | 50,000 71.8| 47.0 40.2 30.3 245 244 101 4700
Am =80 | 50,000 51.8] 340 23.6 20.1 16.4 16.4 104 4840
m;, =180 :
Am =20 | 25000/ 680| 514 49.4 424 365 349 284 6960
Am =40 | 25000/ 72.7| 50.7 42.4 355 285 284 20|1 4925
Am =80 | 25000/ 63.3| 430 334 296 239 239 150 3675
my, = 220 :
Am =20 | 10,000 66.2| 535 535 485 42.8 39.9 34/6 2600
Am =40 | 10,000 725| 553 47.0 429 343 342 242 1815
Am =80 | 10,000 73.1| 516 42.7 379 30.3 303 18/8 1410

the missing momentum occurs from particles lost in the beigm @ herefore, cuts on the thrust
anglef s, the longitudinal momentum,, o1, the visible energy,;; and the total invariant
massm;,,, are effective on all backgrounds.

Based on the above results from the experimental simulgtitve discovery reach of a
500 GeVe'e™ collider can be estimated (Fig. 12). The signal efficienéogsthe parameter
points in Fig. 12 are interpolated to cover the whole paranregion. Then, the signal rat8s
are computed by multiplying the efficieneybtained from the simulations with the production
cross-section for each pOi(ﬂVLgl,mx(l)). Together with the number of background evefts
this yields the significancg/+/S + B. The gray (green) area in the figure corresponds to the
50 discovery regionS/v/S + B > 5.

As evident from the figure, the ILC can find light stop quarksrfass differences down

to Am ~ O(5 GeV), beyond the stop-neutralino coannihilation region. Therghows also
the reach which can be achieved with small total lumincsitie

6.4 Stop parameter determination

The discovery of light stops would hint toward the possibitif electroweak baryogenesis and
may allow the coannihilation mechanism to be effective. ideo to confirm this idea, the
relevant supersymmetry parameters need to be measuraaiatguln this section, the exper-
imental determination of the stop parameters will be diseds The mass and its uncertainty
has been determined with the polarization methegd= 122.5 + 1.0 GeV.
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Figure 12: Left: discovery reach of Linear Collider with 580! luminosity at\/s = 500 GeV for production

of light stop quarksete™ — t; t — cxjcx). The results are given in the stop vs. neutralino mass plane (
GeV). In the gray shaded region, a 8iscovery is possible. The region Whe’r% > mg, Is inconsistent with a
neutralino as Lightest Supersymmetric Particle (LSP)|evkur m;, > mw + my, + myo the three-body decay

t1 — WTby! becomes accessible and dominant. In the light shaded cartie lower left, the decay of the top
quark into a light stop and neutralino is open. The dark gi@g thdicate the region consistent with baryogenesis
and dark matter [160]. Also shown are the parameter regioludgd by LEP searches [199] (white area in the
lower left) and the Tevatron light stop reach [200] (dotteek$) for various integrated luminosities. Also, the
discovery reach for different luminosities is shown. Rigtamputation of dark matter relic abundarieepyh?
taking into account estimated experimental uncertairfbestop, chargino, neutralino sector measurements at
future colliders. The black dots corresponds to a scan dveddt (Ax? < 1) region allowed by the expected
experimental errors, as a function of the measured stop, métbsthe red star indicating the best-fit point. The
horizontal shaded bands show thednd 2r constraints on the relic density measured by WMAP.

The mass of the heavier stop is too large to be measured directly, but it is assumed
that a limit of m;, > 1000 GeV can be set from collider searches. Combining the stop pa-
rameter measurements with corresponding data from theatieotand chargino sector [157]
allows to compute the neutralino dark matter abundance frpected experimental Linear
Collider results in the MSSM. All experimental errors ar@gagated and correlations are
taken into account by means ofyd analysis. The result of a scan over 100000 random points
within the expected experimental uncertainties for thialsym scenario is shown in Fig. 12.
The horizontal bands depict the relic density as measurad/;AP [3], which is at b level
0.104 < Qcpvh? < 0.121.

The collider measurements of the stop and chargino/ne@utrphrameters constrain the
relic density ta).100 < Qcpumh? < 0.124 at the b level, with an overall precision comparable
to the direct WMAP determination.

In summary, scalar top quark production and decay at a Li@eHider have been studied
with a realistic detector simulation with focus on the cegmg performance of a CCD vertex
detector. The SIMDET simulation includes a CCD vertex dete(t. CFI Collaboration). The
tagging of c-quarks reduces the background by about a f&dtothecy'cy? channel. Thus,
scalar top processes can serve well as a benchmark reamtitie fvertex detector performance.

Dedicated simulations with SPS-5 parameters are perfarfied expected background
depends significantly on the detector design, mostly onddeus of the inner layer. Similar
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results have been obtained from simulations of small mdtreinces between scalar top and
neutralino.

For the scalar top mass determination four methods are aceah@and the polarization
method gives the highest precision. The other methods sodraportant as they contribute to
determine the properties of the scalar top quark. For exantipé scalar character of the stops
can be established from the threshold cross section scan.

A new study for small mass difference, thus small visiblergmeshows that a Linear
Collider has a large potential to study the scalar top prodao@nd decay, in particular in this
experimentally very challenging scenario.

From detailed simulations together with estimated errorsrieasurements in the neu-
tralino and chargino sector [157], the expected cosmotdgiark matter relic density can be
computed. The precision at a Linear Collider will be simitathe current precision of WMAP.
The uncertainty in the dark matter prediction from a Linealli@er is dominated by the mea-
surement of scalar top quark mass.

7. CONCLUSIONS

New developments in scalar top studies have been discussetbar sets of Les Houches
Scalar top (LHS) benchmarks sets have been defined. Theystosmological motivation for
light scalar top quarks has been review and relevant asfoedtse collider searches have been
emphasised. The search for scalar top quarks and measheingtoperties will be an impor-
tant task at future colliders. The experimental simulatishow that like-sign top signatures
could be detected as signals for scalar top production dtki@ In a second LHC study it has
been shown that light scalar tops could be observed alre@tyaw luminosity, possibly after
a few months of data- taking. For the future Linear Collidgpects of the detector design have
been addressed with c-quark tagging as a benchmark for thexdetector optimization. Dif-
ferent methods of scalar top masses reconstruction havedosepared and for cosmological
interesting parameter region, the ILC could achieve a sinitecision on the relic dark matter
density as the current WMAP measurements. Both at the LHGlentLC, scalar top studies
continue to be an active and progressing field of research.
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Part 9

ldentifying nonminimal neutralinos in
combined LHC and ILC analyses

S. Hesselbach, F. Franke, H. Fraas and G. Moortgat-Pick

Abstract

The measurement of the masses and production cross seofitimes
light charginos and neutralinos at thge~ International Linear Col-
lider (ILC) with /s = 500 GeV may not be sufficient to identify the
mixing character of the particles and to distinguish betwtbe minimal
and nonminimal supersymmetric standard model. We discssper-
symmetric scenario where the interplay with experimenshdrom
the LHC might be essential to identify the underlying supemnetric
model.

1. INTROCUCTION

The Next-to-minimal Supersymmetric Standard Model NMSSMhie simplest extension of
the MSSM by an additional Higgs singlet field. It contains finutralinosy?, the mass eigen-
states of the photino, zino and neutral higgsinos, and twogihosy;, being mixtures of wino
and charged higgsino. The neutralino/chargino sectorripat tree level on six parameters:
the U(1) and SU(2) gaugino masskf and M, the ratiotan 5 of the vacuum expectation
values of the doublet Higgs fields, the vacuum expectatidumeva of the singlet field and the
trilinear couplings\ andx in the superpotential, where the produet = .¢ replaces the:-
parameter of the MSSM [201-204]. The additional fifth ndutcamay significantly change
the phenomenology of the neutralino sector. In scenariosravthe lightest supersymmetric
particle is a nearly pure singlino, the existence of dispiaegertices may lead to a particularly
interesting experimental signature [205-208] which afidiae distinction between the models.
If however, only a part of the particle spectrum is kinemalticaccessible this distinction may
become challenging. In this contribution we analyze an NMS8enario where the Higgs sec-
tor and mass and cross section measurements in the neuaditor do not allow to distinguish
the models, but only a combined analysis of LHC and ILC data.

2. STARTING POINT: NMSSM SCENARIO
We start with an NMSSM scenario with the parameters

M, =360GeV, M,=147GeV, tan3=10, A=0.5 z=915GeV, k=02. (1)
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and the following gaugino/higgsino masses and eigenstates

mg = 138GeV, X} = (—0.02,40.97, —0.20,40.09, —0.07), (2)
mg =337GeV, X5 = (+0.62,40.14,+0.25, —0.31, +0.65), 3)
mgy =367 GeV,  Xj = (—0.75,+0.04, +0.01, —0.12,+0.65), (4)
mgy =468 GeV,  x§ = (—0.03,+0.08,+0.70,+0.70, +0.08), (5)
mgy =499 GeV, X3 = (+0.21, -0.16, —0.64, +0.62, +-0.37), (6)

where the neutralino eigenstates are given in the k@isiv°, H?, 9, S). As can be seen
from Egs. (3) and (4), the particleg and x} have a rather strong singlino admixture. This
scenario translates at thge ™ International Linear Collider (ILC) witR/s = 500 GeV into the
experimental observables of Table 1 for the measuremereofitasses and production cross
sections for several polarization configurations of théatligeutralinos and charginos. We as-
sume mass uncertainties@f1—2%), a polarization uncertainty & P.+ / P.+ = 0.5% and one
standard deviation statistical errors. The masses and sextions in different beam polariza-
tion configurations provide the experimental input for dieig the supersymmetric parameters
within the MSSM using standard methods [26, 27]. Note thanbeolarization may be crucial
for distinguishing the two models [209-211].

Table 1: Masses with 1.5%293, ér.r, Ve) and 2% Y, fﬁ) uncertainty and cross sections with an error com-
posed of the error due to the mass uncertainties, polasizaticertainty oAP.+ /P« = 0.5% and one stan-
dard deviation statistical error based i = 100 fb—*, for both unpolarized beams and polarized beams with
(P,-,P.+) = (F90%, £60%), in analogy to the study in [75].

mp=138+28 GeV olete” — XEx{)ifo olete™ — x{x9) /b
mg=3375.1 GeV (P,-,P.+) Vs =400 GeV | /s = 500 GeV Vs = 500 GeV
m),(lj::13912.8 GeV Unpolarized 323.9 £ 33.5 287.5 +£16.5 4.0£1.2

me, =240+3.6 GeV || (=90%,+60%) | 984.0 = 101.6 873.9 £ 50.1 12.1 £ 3.8
me,=220+3.3 GeV || (+90%, —60%) 13.6 £1.6 11.7+£1.2 0.2+0.1

ms, =226+3.4 GeV

3. SUPERSYMMETRIC PARAMETER DETERMINATION AT THE ILC

For the determination of the supersymmetric parametersartSSM straightforward strate-
gies have been worked out even if only the light neutralinus eharginosy?, ) and i are
kinematically accessible at the first stage of the ILC [26, 27

Using the methods described inin [212,213] we derive cairds for the parameterd;,
M, p andtan (3 in two steps. First, the measured masses and cross sedtiwsenergies in
the chargino sector constrain the chargino mixing matmemeintsU?;, and V3. Adding then
mass and cross section measurements in the neutralino akotes to constrain the parameters

M, = 377+42GeV, (7)
M, = 15020 GeV, (8)
g = 450 %100 GeV, (9)

tanf = [1,30]. (20)
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Since the heavier neutralino and chargino states are ndtupeal, the parametersandtan 3
can only be determined with a considerable uncertainty.

With help of the determined parameter ranges, Egs. (7)-th@ masses of heavier
charginos and neutralinos can be calculated:

mgg = [352,555] GeV,  my = [386,573] GeV,  my =[350,600] GeV.  (11)

In Fig. 1 (left panel) the masses §¢ and ! are shown as a function of its gaugino admixture
for parameter points within the constraints of Egs. (7)}(@bviously, the heavy neutraling,
should be almost a pure higgsino within the MSSM predictibhese predicted properties of
the heavier particles can now be compared with mass measaotemf SUSY patrticles at the
LHC within cascade decays [75].

Inconsistency within MSSM

mgolGeV 575 £ g ILC: prediction of GeV F
550 £ b o 771]—[/ € =
E mixing character of sgo [
el W and i
500 & 400 [
475 Ff -
450 E 300
425 £ E
F 200
LHC: 400 F E
measurement B u
of mgo —°>7° E\ [ 100 [- S \
350 -_l L1 \ ) S T \ 111 | Y 5 B | Ji_1 I :
o 02 04 06 08 1 TR P PR P SRR |
gaugino character —500 —400 —300 —200 —100 O

A,./GeV
Figure 1: Left: Predicted masses and gaugino admixtur&éhéavier neutralingg) andy? within the consistent

parameter ranges derived at the Hg analysis in the MSSM and measured masg = 367 + 7 GeV of a
neutralino with sufficiently high gaugino admixture in cade decays at the LHC. We took a lower bound of
sufficient gaugino admixture of about 10% for the heavy redmtos, cf. [214,215]. Right: The possible masses of
the two light scalar Higgs bosons,s, , ms,, and of the lightest pseudoscalar Higgs bosos as function of the
trilinear Higgs parameted,; in the NMSSM. In our chosen scenari®), is MSSM-like andS,; and P, are heavy
singlet-dominated Higgs particles.

The Higgs sector of the NMSSM [216, 217] depends on two aalthli parameters, the
trilinear soft scalar mass parametersandA,.. The Higgs bosons with dominant singlet char-
acter may escape detection in large regions of these paen#étus the Higgs sector does
not allow the identification of the NMSSM. A scan with NMHDE®AZ218] in our scenario,
Eq. (1), overA, and A, results in parameter points which survive the theoretiodl experi-
mental constraints in the regi@740 GeV < A, < 5465 GeV and—553 GeV < A, < 0.
For—443 GeV < A, < —91 GeV the second lightest scaldf,] and the lightest pseudoscalar
(P,) Higgs particle have very pure singlet character and argibethan the mass difference
My — Mo, hence the decays of the neutralingsand 3, which will be discussed in the fol-
lowing, are not affected by, and P;. The dependence of the masses$gfS, and P, on A, is
illustrated in Fig. 1 (right panel). The mass of the lightsstlar HiggsS;, which has MSSM-
like character in this parameter range, depends only weakly,, and is about 124 GeV. The
masses ob;, P, and H* are of the order ofd,. For A,, < —443 GeV the smaller mass of the
S, and a stronger mixing between the singlet and MSSM-likeestatS; and.S; might allow
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a discrimination in the Higgs sector while fer, > —91 GeV the existence of a light pseu-
doscalarP; may give first hints of the NMSSM [219]. For our specific casgdgtwe choose
A, = 4000 GeV andA,, = —200 GeV, which leads tong, = 311 GeV,mp, = 335 GeV.

We emphasize that although we started with an NMSSM scendrésey) and ) have
large singlino admixtures, the MSSM parameter strategys aue fail and the experimental
results from the ILGy, with /s = 400 GeV and500 GeV lead to a consistent parameter
determination in the MSSM. Hence in the considered scenthe@nalyses at the ILg or
LHC alone do not allow a clear discrimination between MSSM AMSSM. All predictions
for the heavier gaugino/higgsino masses are consistenhtoeth models. However, the IL;6
analysis predicts an almost pure higgsino-like stateyfpand a mixed gaugino-higgsino-like
XY, see Fig. 1 (left panel). This allows the identification of thnderlying supersymmetric

model in combined analyses at the LHC and theélaf,bf?’.

4. COMBINED LHC AND ILC ANALYSIS

In our original NMSSM scenario, Eq. (1), the neutralingsandy? have a large bino-admixture
and therefore appear in the squark decay cascades. The atdndiecay mode of) has a
branching ratiadB R(¢3 — i W¥) ~ 50%, while for thex} decaysBR(Y3 — (F z(T) ~ 45%

is largest. Since the heavier neutraling$, ¢, are mainly higgsino-like, no visible edges from
these partlcles occur in the cascades. Itis expected theeelges fog) — £iﬁ X5 — Fﬁ

g — 6 (¥ and foryd — Fﬁ With a precise mass measuremenjs(@fxz, £LR andv from
the ILC:500 analysis, a clear identification and separation of the edfjgee two gauginos at the
LHC is possible without imposing specific model assumptidle therefore assume a precision
of about 2% for the measurementiafy, in analogy to [214, 215]:

mgy = 367 + 7 GeV. (12)

The precise mass measuremengbfs compatible with the mass predictions of the Kfor
the 3 in the MSSM but not with the prediction of the small gauginonidure, see Fig. 1 (left
panel). They} as predicted in the MSSM would not be visible in the decay adss at the
LHC. The other possible interpretation of the measuredratoo as they) in the MSSM is
incompatible with the cross section measurements at the\Wepoint out that a measurement
of the neutralino masses o, myg, myy Which could take place at the LHC alone is not suffi-
cient to distinguish the SUSY models since rather similassrapectra could exist [212,213].
Therefore the cross sections in different beam polarinatanfigurations at the ILC have to be
included in the analysis.

The obvious inconsistency of the combined results from tHE€ land the ILGy, analyses
and the predictions for the missing chargino/neutralin@sea could motivate the immediate
use of the low-luminosity but higher-energy option Ii,,ﬁ/?’ in order to resolve model ambigu-
ities even at an early stage of the experiment and outlinedigearch strategies at the upgraded
ILC at 1 TeV. This would finally lead to the correct identifirat of the underlying model. The
expected polarized and unpolarized cross sections, imgubde statistical error on the basis of
one third of the luminosity of the IL&,, are given in Table 2. The neutraling as well as
the higgsino-like heavy neutraling] and the charging; are now accessible at the I@_;l/?’
The cross sections together with the precisely measuresesaso andmxi would constitute
the observables necessary for a fit of the NMSSM parametererdler to archive this the fit
program Fittino [220] will be extended to include also the 8&M [221].
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Table 2: Expected cross sections for the associated piioduzt the heavier neutralinos and charginos in the
NMSSM scenario for the IL@:O”3 option with one sigma statistical error based pf = 33 fb~! for both
unpolarized and polarized beams.

o(ete”—x9%2)/fb at /s=650 GeV olete—xix3)/fb
j=3 j=4 j=5 at /s=650 GeV
Unpolarized beams 12.240.6 5.540.4 <0.02 2.440.3
(P,— P4 )=(—90%,+60%) 36.941.1 14.840.7 <0.07 5.8-40.4
(P,— P, 4 )=(+90%,—60%) 0.6£0.1 2.2+40.3 <0.01 1.6+0.2

5. CONCLUSIONS

We have presented an NMSSM scenario where the measuremmiaseés and cross sections
in the neutralino and chargino sector as well as measurasniretihe Higgs sector do not al-
low a distinction from the MSSM at the LHC or at the Ikfg with /s = 500 GeV alone.
Precision measurements of the neutralino branching ratmthe lightest Higgs particle and
of the mass difference between the lightest and next-taudgf SUSY particle may give first
evidence for the SUSY model but are difficult to realize in oase. Therefore the identifi-
cation of the underlying model requires precision measergmof the heavier neutralinos by
combined analyses of LHC and ILC and the higher energy bu¢iduminosity option of the
ILC at+/s = 650 GeV. This gives access to the necessary observables forf&fé onderlying
NMSSM parameters.
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Part 10

Electroweak observables and split SUSY
at future colliders

J. Guasch and S. Baranda

Abstract

We analyze the precision electroweak observablgsandsin? 6.4 and
their correlations in the recently proposed Split SUSY niodée com-
pare the results with the Standard Model and Minimal Supensgtric
Standard Model predictions, and with present and futureexgntal
accuracies.

1. INTRODUCTION

Recently, the scenario of Split SUSY has been proposed P28-In this scenario, the SUSY-
breaking scale is much heavier than the electroweak saadeghare is a hierarchy between the
scalar superpartners and the fermionic partners of thedStdrModel (SM) particles. Except
for one Higgs-boson, all scalar particles (squarks, slepémd extra Higgs particles) are heavy,
O(10° GeV), while the fermions (gauginos and higgsinos) are kept atetaetroweak scale.
Only the SM spectrum, including one Higgs scalar, and gaaggmd higgsinos remain. The rest
of the Minimal Supersymmetric Standard Model (MSSM) speuotdecouples [225,226]. This
scenario implies the existence of an “unnatural” fine-tgnsuch that the Higgs-boson vacuum
expectation value can be kept at the observed electrowadd sessuming this fine-tuning ef-
fect, some of the remaining problems in SUSY models are doleere is no flavour-changing
neutral current problem, and the mediating proton decallpno has been eliminated. On the
other hand, keeping gauginos and higgsinos at the elecfosaale, gauge unification is pre-
served and the neutralino is a good candidate for dark matesnomenological implications
of Split SUSY have been extensively discussed during the/&es (see e.g. [227]).

In this work we focus on the precision electroweak (EW) obaleles, specifically on
My, sin? 6., and their correlations. We compare the predictions int §iliSY with the SM
and the MSSM, and study the feasibility of measuring therdoutions of Split SUSY at future
colliders: the Large Hadron Collider (LHC) and the Inteifoaal ¢* ¢~ Linear Collider (ILC) —
for further details see Ref. [228].

Previous works on precision EW observables in Split SUS$texReference [229] an-
alyzes theS, T', U parameter expansions, as well as corrections from non+ne@mentum
summarized irt’, V, W parameters [230-232]. They found that the precision eleeak data
are compatible with the Split SUSY spectrum for the valuegaigino and higgsino masses
above the direct collider limits. Reference [233] studipsitSSUSY corrections to precision
observables including LEP2 data. The authors of Refs. [228),focus on the analysis of cur-
rent experimental data, performingya fit, and finding whether Split SUSY fits better current
experimental data than the SM. Our work focusses on thelmbigsof detecting the deviations
induced by Split SUSY in the future measurementadf andsin® f.g.
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2. My AND sin? .4 ELECTROWEAK PRECISION OBSERVABLES

The analysis of virtual effects of the non-standard pati@n new physics models to precision
observables requires a high precision of the experimesdalts as well as of the theoretical pre-
dictions. The leading order radiative corrections to theesables under study can be written
as

My cos? Oy cos? Oy sin? Oy

O My ~ Ap, 0sin?fOg ~ —

A 1
2 cos? Oy — sin? Oy cos? Oy — sin? Oy P (1)
Oy being the weak mixing angle, aklp = ¥(0)/ M2 — Sy (0)/ M, with £y (0) the un-
renormalizedZ andWW boson self-energies at zero momentum. Beyondth@approximation,
the shifts in these two observables are given in terms of the') quantity. The computation

of Ar in Split SUSY reduces to the computation of gauge bosonseselfgies.

For our computation, we have us@#ITTER [234, 235] for the SM prediction. The
MSSM contributions taAr have been taken from Ref. [236-239], and we have Es3oh-
Arts /FormCalc /LoopTools [240-245] for the vertex contributions ¢m? .. The Higgs-
boson mass is computed according to Ref. [223] for Split SU8SM using the leading:;,
my tan 5 approximation for the MSSM [246—-249]. The Split SUSY/MSSkhtributions to
Ar are added to th&FITTER computation, and we proceed in an iterative way to compute
My, sin® 0y As for the input parameters, we have usdg = 91.1876 GeV, o 1(0) =
137.0359895 [48], A}, 4(Mz) = 0.02761 + 0.00036 [250] (corresponding tav (M) =
128.936), as(Mz) = 0.11940.003 [250]. For the top-quark mass, we use the latest combination
of Runl/ll Tevatron datam, = 172.7 + 2.9 GeV [251].

The parameter space of Split SUSY is formed by the higgsinssnparameter:, the
electroweak gaugino soft-SUSY-breaking mass parameéterand M, (we use the GUT mass
relation M; = M, 5/3 tan?fy), the gluino soft-SUSY-breaking magg,, the ratio between
the vacuum expectation values of the two Higgs doubletiss = v, /v, and the scale of the
scalar particles mass@s. The scalar mass scalé) lays between the EW scale-(1 TeV)
and the unification scale~( 10'® GeV), current limits from gluino cosmology set an upper
boundm < 10° GeV [252]. In our computation the gluino mass/{) and the scalar scalé)
enter the Higgs-boson mass computation, the latter defthegnhatching scale with the SUSY
theory, and the former through the running of the top quarkavka coupling. For definiteness,
we will usern = 10° GeV, while M, is let free.

3. RESULTS

Now we focus on the comparison fafy, andsin? 6.4 predictions from different models with
the present data and the prospective experimental pracisiee results for the SM, the MSSM
and Split SUSY predictions are given in Fig. 1, in thgy—sin? 6. plane. The top-quark mass
is varied in the3o range of the experimental determination. Predictions hosva together
with the experimental results fav/y,; andsin? O, (My = 80.410 & 0.032 GeV, sin? g =
0.231525 4+ 0.00016) and the prospective accuracies at present (LEP2, SLDtréeyaand at
the next generations of colliders (LHC, ILC, GigaZ) [2534250ur results agree with previous
ones for the SM and the MSSM predictions given in [255-257].

We have performed a Monte Carlo scan of the parameter spabe different models,
taking into account experimental limits on new particledjid the allowed region in th&/y,—
sin? 0,4 plane for each model. The results are shown in Fig. 1a. Thevad regions are those
enclosed by the different curves. The arrows show the direcif change in these regions
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Figure 1: a) SM, MSSM and Split SUSY predictions fav/y;; andsin? 6.¢. The ellipses are the experimen-
tal results forMy, andsin? 6.5 and the prospective accuracies at LEP2/SLD/Tevatronglatipse), LHC/ILC
(medium ellipse) and GigaZ (small ellipsd) Prediction ofMyy andsin? 6.5 from a parameter scan in the Split
SUSY parameter space with, = 172.7 GeV andtan 8 = 1 (green/light-grey area) artdn 5 = 10 (black area).

as the given parameters grow. The shaded region corresporidie SM prediction, and it
arises from varying the mass of the SM Higgs-boson, fidm GeV [133] to 400 GeV. The
region enclosed by the dash-dotted curve corresponds tM8®&M. The SUSY masses are
varied betweer?2 TeV (upper edge of the area) and close to their experimentalr|dvng
my 2 100 GeV, my 2 150 GeV (lower edge of the band). The overlap region between SM
and MSSM corresponds to the region where the Higgs-bosaghis i.e. in the MSSM allowed
regionmyo < 140 GeV [257], all superpartners being heavy [255,256]. The SpIES region

is enclosed by the black line in this figure. The computed Bliggson mass varies in the range
m;’;ht ~ 110-153 GeV. As expected, we found overlap regions between Split SUS¥barh
the SM and the MSSM. Moreover, we see that most of the regiedigted by Split SUSY for
My, andsin? 6.4 overlaps with predictions already given by the SM and the MSS

From now on, we focus on the differences between SM and Sg&YSpredictions. To
assess the importance of the Split SUSY contributions, w&t campare these with the present
and future experimental uncertainties and SM theoreticat® The current experimental un-
certainties are [258, 259]

AMFP™ ~ 34 MeV,  Asin® 057" ~ 17 x 107°; 2
the expected experimental precision for the LHC is [260]
AMGC ~ 1520 MeV ; (3)
and at GigaZ one expects [253,261-264]
AMIPMU 7 MeV,  Asin? 659" ~ 1.3 x 107 (4)
On the other hand, the theoretical intrinsic uncertairitidhe SM computation are [257]:
AM W SM x4 MeV, Asin? "M x5 x 1077,
AMGp oSt & 2 MeV, Asin? 05N &~ 2 x 1070 (5)
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Figure 2: The shiftg\ sin® 6. andA My, in the [M,—u) plane form; = 172.7 GeV and fortan 3 = 1 (a, ¢) and
tan 8 = 10 (b, d). The shaded region correspondsp < 100 GeV. Also shown is the line corresponding to a
lightest chargino mass.,, = 250 GeV. The gluino mass is taken to e, = 500 GeV.

Figure 1b shows the result of the parameter scan in Split Std&%vo values oftan 3.
The effective leptonic weak mixing angkén? 6.4, always decreases whem 3 = 10 but, on
the contrary, its value increases whem 3 = 1 for some specific set of values of the other
parameters, in particular when > 0 (see below). The correction tan? 6. is positive for
small values oftan 5 andy > 0. The corrections td/y, are positive over a large range of the
parameter space. Whean 3 = 1 andu > 0 we can also get negative corrections. For values
of tan 3 > 10 the above conclusions remain unchanged.

In Fig. 2 we show the shifta sin? 6.4 and AMyy, in the [My—u] plane. The shifts in
the variables are defined a&xX = XSPlitSUSY _ xSM where the SM computation is per-
formed using the Higgs-boson mass predicted by Split SUS¥. Split-SUSY-induced shifts
are|Asin? 05| < 10 x 107° and|AMy,| < 20 MeV; as for today’s data (2) they are smaller
than the experimental error, and the data cannot discrimimetween the SM and Split SUSY.
The same conclusion applies to the accuracy reached at tle(8H However, the shifts are
larger than the experimental accuracy of GigaZ (4) in centagions of the parameter space.
Fortan 3 = 1, the shift in| A sin? 6.¢| is larger than.3 x 10~ for most of the explored region
for ;4 > 0 and for the region withy < 0: p = —250 GeV or M, < 150 GeV (Fig. 2a). At

~
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tan 8 = 10 (Fig. 2b),| A sin? 6| is larger than the future experimental accuracy (4) in akkmal
region M, < 175200 GeV for p > 0, and a large regio/, < 200-500 GeV for u < 0.

As far asMyy is concerned, the LHC measurement (3) could only be usefalsmall corner

of the parameter space for< 0, tan 3 2 10. The GigaZ measurement (4) does not help for
tan =1, u > 0. Fortan3 = 1, u < 0 there exists a small region far/; < 110 GeV or

i > —110 GeV. For largertan 3, the region of sensitivity is much larger. Summarizing the
results of Fig. 2:

e Positive shifts ofin® f.¢ are only possible at smathn 3 ~ 1 andy > 0. They are large,
and correlated with small and negative shifts\éyf,. These large shifts are possible even
for large values of the chargino masses, (> 250 GeV).

e Fortan 3 ~ 1, u < 0 large negative shifts isin? . are possible, correlated with positive
shifts in My, butsin? 6.4 is the most sensitive of those observables.

e For largetan 5 = 10 andu > 0, the sensitivity region is confined to small, < 275—
375 GeV, with the largest shift provided byin® 6.4 for © > 300 GeV, and by My,
otherwise.

e Finally, for largetan 3 > 10 andy < 0, the largest sensitivity is provided Bin? 0g; it
can reach GigaZ sensitivities even for moderate chargirgsesa:, ~ 250 GeV).

We would like to stress that the results for negagivare quite different from those of positive
. As Fig. 2 shows, changing the sign pfcan change the sign and the absolute value of the
shifts significantly.

The results of the difference between Split SUSY and SM ptixtis in theMy,—sin? 0.4
plane are displayed in Fig. 3, together with the expecteat eflipses of the future colliders (3)
and (4) centered at the SM value. We can see that the ARiff;, can be up t@23 MeV at
its maximum and it is impossible to discriminate between etedt present. However, future
experiments could be probed with the future precision\gpn. On the other hand, the shifts
Asin? .4 can easily reach values2 x 10~°, which is larger than both the expected experi-
mental errors and the anticipated theoretical accurabjes (

We observe from Fig. 1a that the current SM prediction\ff—sin? 6. would need a
positive shift on both observables (together with a lardaevafm;) to be closer to the central
experimental value. Figs. 2, 3 show that the general trentthefSplit SUSY contributions
is a negative correlation of the shifts on both observabld® region providing4 My, > 0,
Asin? 0.5 > 0) is actually small and the largest region correspondat/(;; > 0, A sin? feg <
0) —c.f. Fig. 3. Of course, small deviations from the genesaid are important, and Refs. [229,
233] show that there are points of the parameter Split SUSXesphat fit better than the SM
the experimental value of the electroweak precision olzd@es.

4. CONCLUSIONS

We find that the shifts induced in Split SUSY models are smalian present experimental
accuracies (2), and no conclusion can be drawn with respelsetvalidity of this model. With

the anticipated LHC accuracy avfy;,, a small corner of the parameter space can be explored.
However, only with the GigaZ option of the ILC would the exipeent be sensitive to the
Split SUSY corrections to these observables. In this optima effective leptonic mixing angle
(sin? f.¢) is the most sensitive of the two observables. For moderatéamgetan 3, the lightest
chargino must be relatively lightp, < 250 GeV, and will already have been detected either at
the LHC or the ILC before the GigaZ era. The observables gdehowever, a high-precision
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Figure 3: Shifts of the differences between Split SUSY and@btlictions forMy andsin? 6.¢, scanning over

the parameter space. Also shown are the ellipses for th@@ctge accuracies at LHC/ILC (large ellipse) and
GigaZ (small ellipse).

test of the model. An interesting case is a scenario withtlaws ~ 1 and positiveu, where
large shifts insin® 0.4 are expected, even for large values of the chargino masses.
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Part 11
Split supersymmetry with Dirac gaugino
masses

K. Benakli

Abstract

We consider a scenario where supersymmetry is broken bylat sle-

formation of brane intersections angles in models whergé#uge sec-
tor arises in multiplets of extended supersymmetry, whidgtaer states
are in N=1 representations. It leads to split extended sypanetry
models which can prvide the minimal particle content at Te¥rgies
to have both perfect one-loop unification and a good darkena#ndi-

date.

1. INTRODUCTION

Our knowledge of physics at energies above the electronea& keaves the door open to differ-
entideas (extra-dimensions, compositeness...). Thecomigtraints come on the LEP precision
measurements and mathematicla consistency. Fortuntitetg are a few observations which
can serve as guidelines for building extensions to the Stadodel (SM), as the necessity of
a Dark Matter (DM) candidate and the fact that LEP data faveunification of the three gauge

couplings. Both find natural realization in specific supergyetric models as the Minimal Su-

persymetric Standard Model (MSSM). Supersymmetry is alslgcome as it naturally arises in

string theory, which provides a framework for incorporgtthe gravitational interaction in our

guantum picture of the universe.

The failure to find a dynamical explanation of the very tinyldanergy in the universe,
as indicated by recent observations, raises questions onraerstanding of the notion of
“naturalness”. It raises the possibility that even the gealigrarchy problem is not solved by a
symmetry. Supersymmetry could be present at very high esseeand its breaking could lead
to a hierarchy between the masses of the different supegrarsuch as in the so-called split
supersymmetry scenario [222,223]. One of its imprtanufiestis that even making squarks and
sleptons heavy, it is possible to keep successful unificatial the existence of a DM candidate.
Moreover, constraints related to its complicated scaletos@lisappear.

Implementing this idea in string theory has been discussgb5]. In this work we show
that there is an economical string-inspired brane modeisahows for unification of gauge
couplings at scales safe from proton decay problems andda®us with a natural dark matter
candidate.

This work is based on [266].

2. MAIN FEATURES OF THE MODEL

The starting point of the construction is a supersymmextieresion of the standard model. This
differs from the minimal extension (MSSM) and is as follows:
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e Gauge bosons arise i = 2 or N = 4 supermultiplets which are decomposed, for each
gauge group facto€,, into one N = 1 vector superfield?, and one or three chiral
adjoint superfields!,, respectively.

e Quarks and leptons belong 1 = 1 chiral multiplets.

e Pairs of Higgs doublets originate 5= 1 chiral multiplets for light Binos Dirac masses
and inN = 2 supersymmetry hypermultiplets otherwise, as we will expieelow.

These features have a natural realization in brane comistngc Gauge bosons emerge
as massless modes living on the bulk of a stack of coincidemtds. Quarks and leptons are
identified with massless modes localized at point-like briamtersections. The Higgs doublets
are localized in two tori where branes intersect, while theypagate freely in the third torus
where the two brane stacks are parallel.

We will asume that supersymmetry is broken bipderm. This is achieved in the brane
construction through deforming brane intersections wiimall angleo leading to theD-term
(D) = ©M?2 associated to a corresponding magnetizZed) factor with superfield strength
W(see for example [267]). Her@/s is the string scale. This results in soft masses:

e A tree-level massn, o v/©Mjg for squarks and sleptons localized at the deformed in-
tersections. All other scalars acquire in general high emss$ orderm, by one loop
radiative corrections. However an appropriate fine-tumsngeeded in the Higgs sector to
keepny doublets light.

e A Dirac mass [268] is induced through the dimension-five afuey

a 29 aA D m(2)
E d WW a :>m1/2’\‘aﬁs, (1)
wherea accounts for a possible loop factor.
Actually, this operator (1) might not be present at treeelend needs to be generated
through a loop diagram. In this case, we assume the existéactnessenger “ sector with the

following properties:

e The messenger states forkh= 2 hypermultiplets with a supersymmetric mads;.

e the scalars have mass&g; + m32 where the splitting is induced by the supersymmetry
breaking.

At one-loop a Dirac gaugino mass is induced:

MX % mg
O{_
M, M,

(@)

D
My ™~

wherea is the corresponding gauge coupling. An explicit compatatn string models gives
2
at first order ing;% [269]:

2 00
D my / dt ( MX) —27rt(nR5M5+M—X)2
My ~ Q— — nRsM, + e Ms (3)
R VI zn: M,
where then = 0 sector reproduces the field theory results.

An important feature is that this mass does not breadymmetry and provides a way out
to difficulties with generating gaugino masses for spliteasggmmetry models.
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3. CONSTRAINTS FROM UNIFICATION

For the purpose of studying the unification of gauge couglsmme simplifications are in order.
First we assume equality of gluinos with winos ma and we assume universality of
all scalar massn, except forny Higgs doublets that remain light at the electroweak scale.
Moreover, we usé/s ~ Mqyr and taken betweenl /100 < a < 1. Our results are given in

Table 1.

ng a MGUT mo m1D2

N=2|1 1 2.8 x 108 [ 4.5 x 10" | 7.2 x 10°
1 [1/100 | 3.8 x 10 | 3.2 x 1013 | 2.7 x 106
2 1 4.5 % 10" | 1.1 x 10" | 2.7 x 10?
2 | 1/100 | 4.5 x 10 | 8.6 x 10" | 1.6 x 10°

N=4]1 1 9.7 x 108 [ 8.5 x 10" | 7.4 x 102
1 |1/100 101 6.8 x 10'6 | 3.4 x 10'2
2 I I N

Table 1: Values for the unification scalr, scalar masses, and Dirac gaugino masses”,, in GeV for

1/2
N = 2,4 supersymmetric gauge sectag; = 1, 2 light Higgses, and varying the loop facter

The results are always stable under the variation of theflactpra. While the number of
parameters seems enough to always insure unification, qoéed values are not always real-
istic and (perfect) one-loop unification is for instance possible forN = 4 andn,;, = 2. This
might be achieved in refined analysis which would take intwoaat different threshold cor-
rections, as well as the contribution from the messengdosdescribed above, when present.
In fact, these effects can be important for models with ey or with large compactification
volume.

Nice features of the results are: (i) the unification scads ht values which make the
model safe of problems with proton decay, (ii) foy = 1 it is compatible with simultane-
ous unification with gravitationnal interactions withoessorting to unknown large threshold
corrections.

4. CONSTRAINTS ON BINO MASSES FROM DARK MATTER

The masses of Binos are not constrained by unification reouénts, but by the assumption that
the neutralino provides an important fraction of the obsdmark matter in the universe. Quasi-
Dirac Higgsinos interact inelastically with matter via t@elike couplings and direct detection

experiments put a lower bound on their mass of order 50 Teké Riggsinos can not make a

good dark matter.

A sizeable mixing with Binos must be introduced through tig¢ Eymmetry breaking.
This s of orderm%[,/m{’/2 and implies an upper bound on the Dirac Bino mass of abouGeV.
Only the case witlV = 2, ny = 1 case is close to this value. For the other cases one needs a big
supression factor is needed. One can play with the fadtpy M/, in (3), however in that case it
is necessary to ensure that the messenger sector does nifyt thednification results. This can
be achieved for instance if these states form completeseptations obU (5). Moreover, the
Higgs should be inV = 1 multiplets only in order to destroy the Dirac nature of thgdsino
mass.

We can instead ask that nm)?/? is generated for Binos, but only for the other gauginos.
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For instance, this is obtained when the messenger sectgrreahypercharge. In this case we
use instead Majorana masses generated at two-loop andponaing to the dimension-seven
effective operator [270]:

4
o My

3
Mz

b? ,

B / dPOW*TrW? = myj, ~ b (4)
S

whereb is a loop factor. This givemflvf2 ~ 5 x 10° GeV for theN = 4 ny = 1 model and

my}, ~ 100 GeV for theN = 2 ny = 2 model. For theV = 2 ny = 1 caseyny), ~ 10keV is

too small and a Bino Dirac mass is necessary.

5. HIGGSINOS AND NEUTRALINOS MASSES

In the cases witmy = 1 and N = 4 or N = 2, i is an independent parameter. It can be
associated with the separation of the branes in the torusenthey are parallel. The dark
matter candidate is mainly a Higgsino mixing with a much heaBino . The relic density
reproduces the actual WMAP results for 1.1 TeV.

Instead, for theV = 2 ny = 2 the Higgsinos are it = 2 multiplets and the dimension-

seven operator,
4

c —2 - - m
— | *OWV?D H\Hy = pp~ c—2 5
Mg/ W 14142 H CMgv ( )
wherec is again a loop factor, induces the desired mass (of the saiee a)Sm{V/fz of Eq. (4)).

In fact, masses of this order can be shown to be induced aloopeby the messenger sector
through explicit string computation in D-brane constrant [269]. Electroweak symmetry
breaking leads then to the neutralino mass matrix:

M 0 MySwCa  MySyS3

0 M —M;SySE  M;5,C3
MSyCa  —M3SyS3 0 —u
MSwS3  MzS4,Ca — 0

in the basig By, B,, Hy, H,) and wherel/ = m{7, stands for the Bino Majorana masses. The
mass matrix can be diagonalized to obtain:

my = 1/2 (M + e1p) = e2/(M = expa)? + 4253 | (6)

where the four neutralinos with different mass eigenvaaredabeled by, , = £1.
As for [223], we distinguishe three cases:

e M < u: is exculded as the Bino does not interact strongly enougintohilate and
would overclose the universe.

e M > u: WMAP data requirg: ~ 1.1 TeV.

e M ~ u: the lightest neutralinoy(), a mixture of Higgsinos and Binos, is candidate for
dark matter. It allows low values fqr.

Note that the models with; = 1 have the minimal content at the electroweak scale to
address both unification and dark matter problems. Thegrdifom [271] as we can achieve
perfect unification even at one-loop, and at scales highgimtukeep the model safe from fast
proton decay.
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It is possible to check that the life time of the extra statessthot further constrain these
models. This is easy for the case 8f = 2. There, scalars can decay into gauginos, Dirac
gluinos decay through squark loops sufficiently fast anca®iinos and Binos decay into
Higgses and Higgsinos. Generically only one of thr two Majar Binos couples to matter, the
other remains stable. To avoid this, it was essensial thggddis arise itV = 2 hypermultiplets
giving rise to the mass matrix (5.). The only stable partisitne usual lightest sparticle (LSP).
In the N = 4 model, scalars still decay into gauginos, but we have twavDirac gluinos,
Winos and Binos. Whiloe half of them decay as before, eithesugh scalar loops or into
Higgs-Higgsinos, the other half can only decay throughngtmassive states. Their lifetime
is then estimated by ~ (Mg/10" GeV)* (102 GeV /m;)’ 77, wherem; is the gaugino mass
andry is the lifetime of the universe. For gluinos and Winos therea problem, but Binos are
very long lived although still safe, with a life-time of ondg; /10.

6. SOME REMARKS ON THE COLLIDER PHENOMENOLOGY

The signatures at future colliders can be discussed eith@fanction of the model parameters
(M, 1), or as a function of the low energy observalles :, Am,,).

First, theny = 1 scenario:u ~ 1.1 TeV so the new states will be hardly observable
at LHC. Ane*e™ Collider with center of mass energy of around 2.5 TeV wilballto detect
a possible signature. Next, thg; = 2 scenario, the main collider signature is through the
production of charginos. Their mass is giventy+ = u + du, wWheredy ~ <y is due to
electromagnetic contributions and is of ord®0 to 400 MeV. The produced charginos will
decay into the neutralino, mainly through emission of auati?’’* which gives rise to lepton
pairs or pions depending on its energy. This decay is goddogehe mass differenc&m, =
m,+ —m,o. Because charginos are produced through EW processes, liiHGainly be able
to explore the case of very light charginos, which exist anlghe limited area of the parameter
space withM ~ pu. Unlike in low energy supersymmetry, the absence of casdadays in
this case will make it difficult to separate the signal frommigar events produced by Standard
Model W= production processes.

Let us discus the case ef e~ colliders. For most of thé)/, ;1) parameter range\m,,
is small, at most of order a few GeV. Because the valug:af not small enough to make the
chargino long-lived as to produce visible tracks in the exedetectors, we have to rely on its
decay products. The produced leptons or pions are verymsaft aould typically be difficult to
disentangle them from the background due to emission ofgpisdtom the beam. The strategy
is then to look forete™ — ~ + Hp. A proper cut on the transverse momentum of the photon
allows to eliminate the background of missing energy duem@sion ofe™ e~ pairs along the
beam, as the conservation of transverse momentum impligsangimultaneous detection of
electrons or positrons [272]. The best possible scenavidhven A/ andy are of the same order
since, as soon aa/ starts to be greater than the Binos quickly decouple and this model
converges to they = 1 scenario with ~ 1.1 TeV.

With LEP precision measurements, a new era has opened up phifsics beyond the
Standard Model. While still waiting for more experimentata, critics have been put forward
the beauty of the * MSSM with electroweak scale superpastnérhas shaded and its abso-
lute reign ended. New routes are being explored. If no symn@tdynamical mechanism
is invoked to solve the gauge hierarchy problem, then thereireason today to expect the
presence of new signals at the TeV scale outside the HiggsbogOur motivation here for
supersymmetry is a top-down approach: we assume that itysastry of the fundamental
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theory in the ultraviolet. We are then tempted to analyzedifferent routes for its breaking

and if they have any phenomenological consequences. Titokgply impossible) task is very

much simplified if one requires from the theory to contain &kdaatter candidate, to predict
unification of couplings, and to show (approximative) unsatity of masses as was illustrated
here.

We studied a scenario where supersymmetry is broken threogil deformations of
intersecting brane angles. Sizable gaugino masses areullitio generate in these models
due to the samliness of R-symmetry breaking. We circumvestdifficulty by considering a
split supersymmetry framework with Dirac masses for gaogirOur results show that we can
easily obtain interesting models with the minimal contentha electroweak scale to address
both unification and dark matter problems.
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Part 12

A search for gluino decays into a b quark
pair and a dilepton at the LHC

T. Millet and S. Muanza

Abstract

We present a search at the LHC for gluinos undergoing theviirig
cascade decay} — bib — bbxd — bb + (T~ + X9, In this first step
of this study, we focus on the signal properties and massistaation.
Results are given for 10 fd of integrated luminosity at the LHC.

1. INTRODUCTION

This letter is devoted to the study of the following gluinecade decay at the LHG:— bib —
bbxS — bb + (70~ + xY. Our signal is defined as follows: the production processseged is:
pp — ¢g and the squark decay channel considered is: ¢ + 9.

We expect a double advantage from the later choice. On oreethaprocess has a sufficiently
large leading order (LO) cross section since it is propogido o%. On the other hand the
¢ — q + X! decay can have a large branching ratio and give a clean signiattheg decay
hemisphere.

This leads to a complex topology with a hard and isolatedrighfthe squark decay on top
of the rich gluino decay yielding 2 b-jets, a clean dileptod éarge missing transverse energy
(£r).

We aimed at reconstructing the gluino cascade decay in temsstfirst for the signal alone,
secondly including the background of both the Standard Mpd&esses and the SUSY pro-
cesses. To goal is to evaluate on this more realistic apbrdegrades the measure of sparticle
mass differences that we can derive from this signal. We3katially concentrate on the signal
reconstruction in this first step of the study.

We produced Monte Carlo samples of the signal and backgrpumcesses using the Pythia
6.325 [17] event generator. The later is interfaced to th&BPBF 4.2 [273] and the TAUOLA
2.6 [274] programs. These provide respectively the protarop density functions and an
accurate description of tau decays and polarization. Weepeed a fast simulation the ATLAS
detector response using ATLFAST [18].

Section 2 describes the signal properties. Section 3 detalonline and offline event selection.
The sparticle mass reconstruction is presented at section 4
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2. SIGNAL PROPERTIES

2.1 Choice of a mSUGRA Point

We chose the following point in the mSUGRA parameter spackuttrate our signal proper-
ties:

(

mo = 200 GeV
myjp = 175 GeV
Ap = 1000 GeV
tan =3

w>0

This corresponds to the mass spectrum and the decay mogésydisin Figl.

| Mass Spectrum and BRs |

S 500
0] B 0 o mSUGRA PARAMETERS]
O . g 229% _ H A" M —
@ 2 b A mg = 200 GeV
2 4001 — m,, = 175GeV
g i v @ SIGNp= 1
B == = tanB = 3.0
B = A, = 1000 GeV
300
200 17
- /
100 o &
0

Figure 1: Mass spectrum and decay modes for the chosen mSWGRA

The signal production cross section times branching ragios(Gg — q + 2b + 20 + 2x90) =
1.58pb. It should be noted that for this point the total SUSY isale cross section is O(200§b)
and that it may produce a significant "SUSY background” tres to be accounted for on top
of the usual Standard Model background.

3. EVENT SELECTION
3.1 Online Selection

The level 3 trigger, also known as High Level Trigger [2758s/xcrudely simulated by updat-
ing the ATLFAST trigger cuts. Fig.2 shows the distributidintioe online selected events as a
function of the trigger menus.

We can see that about the third of the selected events passia ah¢he 3 following
categories: the leptons menus, the jets menus ané'theehus. The overall efficiency of the
signal obtained with an "or” of these trigger menus is 99.7

8This includes the Higgs bosons pair production, but not the Wrocesses
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Figure 2: The different trigger menus used for the onlinec#n

3.2 Preselection

The preselection aims at rejecting most of the QCD backgtomnilst keeping the highest
signal efficiency. The cuts applied at this level define thidistd topology. They are obviously
defined as additional requirements with respect to the esiglection and defined as follows:

( exactly 2 isolated leptons (with opposite signs and same flavor)
pr(e*) > 5 GeV,pr(uT) > 6 GeV

In(¥)] < 2.5

at least 3 jets

pr(jets) > 10 GeV

In(jets)| < 5.0

Er > 100 GeV

Fig.3 shows the total number of reconstructed jets (leftyal$ as the number of b-tagged jets.
For the later an efficiency of 60was used for jet actually coming from a b quark fragmentation
whereas a rejection factor of about 7 and 100 was used forget € quarks and light flavor
qguarks respectively. These values, as well as correctictoria depending on the jet- are

taken from the ATLFAST-B program. The signal efficiency afg@plying these preselection
cuts is:e(signal) = 49.3%.

3.3 Double-Tag Analysis

Though it's in principle possible to perform this signalsderequiring only 1 b-tagged jet in the
events, we directly required 2 b-tagged jets in order tdifate the jets combinatorics between
the squark and the gluino hemispheres. Therefore we usesirtie strategy of assigning
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Figure 3: Untagged (left) and b-tagged (right) jet mutipiés after the preselection

to the gluino hemisphere both the dilepton and the 2 leaditaghed jets. The leading non
b-tagged jet was systematically assigned to the squarkdpérie. This leads us to adopt the
following additional cuts with respect to the preselectiequirements:

at least 2 b — tagged jets
pr(jet, jets, jets) > 50, 30,20 GeV

The signal efficiency after applying these final cutsisignal) = 14.7%. So for an integrated
luminosity of [ £dt = 10 fb~! one still expects more than 2400 signal events.

4. MASS RECONSTRUCTION
4.1 X9 Reconstruction

We reconstructed the dilepton invariant mass and couldméte this way the kinematical edge
which is an estimator of thex(y9) —m(x!) mass difference. This is displayed at different levels
of the event selection on Fig.4.
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Figure 4:¢9 mass reconstruction

We can see that the bad combinations that appear beyongraiical edge are rare after the
preselection and even more so after the final selectiongtinoo special treatment was applied
to remove the leptons that come from a B or C hadron semi+héptiecay.
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One notes that the kinematical edge points near the expeated of 54 GeV for our signal
point. No fits and no uncertainty estimates on the actualevd&rived from this histogram are
made so far.

4.2 b, Reconstruction

We reconstructed the.(b;) — m(x?) mass difference by calculating the 3-body invariant mass
of the dilepton and one of the 2 leading b-tagged jets. Therelaviously wrong combinations
that enter the distribution in Fig.5. But we are exclusivielgrested the largest value of the 2
combinations where we indeed see a kinematical edge.
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Figure 5:h; mass reconstruction

Again, one notes that the edge points near the expected @8BB9 GeV for our signal point.

4.3 § Reconstruction

Finally we reconstruct thex(g) — m(x!}) mass difference by calculating the 4-body invariant
mass obtained with the dilepton and the 2 leading b-tagged je

There one sees that the edge points slightly higher thanxghected value of 360 GeV for our
signal point.

5. CONCLUSIONS AND PROSPECTS
5.1 Conclusions

We have shown thatthe — G+ § — ¢+ bib — g+ X0+ bbx3 — ¢+ bb + (T~ +2¢% is a
quite interesting process to search for and to study at th@.lBy looking at the signal alone,
it seems feasible to reconstruct the following mass diffees using the classical kinematical

edgesm(¥3) — m(x?), m(b) — m(x?) andm(g) — m(x?).
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Figure 6:g mass reconstruction

5.2 Prospects

This study will be continued with the addition of both ther@tard Model and the SUSY back-
grounds. First of all the signal significance will be caltcathwith the current final cuts and the
cuts will be adjusted if necessary. The effect of the baakigdagprocesses on the sparticle mass
reconstruction will be estimated.
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Part 13

Sensitivity of the LHC to CP violating
Higgs bosons

R.M. Godbole, D.J. Miller, S. Moretti and M.M. Muhlleitner

Abstract

We examine the sensitivity of the LHC to CP violation in thegs sec-
tor. We show that for a Higgs boson heavy enough to decay ip&ar af
real or virtualZ bosons, a study of the fermion pairs resulting from the
Z/Z* decay, can provide a probe of possible CP non-conservatien.
investigate the expected invariant mass distribution &edaizimuthal
angular distribution of the process for a general Higgs-coupling.

1. INTRODUCTION

Whereas in the Standard Model (SM) CP violating effectsiaygéxtensions of the SM, such as
2-Higgs doublet models, exhibit new sources of CP violatibich can lead to sizeable effects
in the Higgs sector [97, 276, 277]. In minimal supersymnaetiieories, which are specific
realizations of 2-Higgs doublet models, two complex Higgslilets have to be introduced to
remove anomalies. After three of the Higgs doublet comptaieave been absorbed to provide
masses to the electroweak gauge bosons, the remaining fiveooc@nts give rise to a quintet
of physical Higgs boson states. In a CP-conserving theesidies two charged Higgs bosons,
there are two CP-even neutral Higgs fields and one CP-oddatstdte. In case of CP violation
in the Higgs sector the neutral Higgs bosons mix to give thiiggs states with indefinite CP
guantum numbers. While the prospects of establishing the@®tum number of a spin 0
state at the upcoming colliders are quite good, deternanati the CP mixing, should the state
have an indefinite CP quantum number, is not very easy (Se&3 f@i7 example for a recent
summary).

In this note we present observables which are sensitive tei@&ion in order to inves-
tigate the sensitivity of the LHC to CP violation in the Higggctor. We then show preliminary
results and give an outlook of the ongoing project.

2. THE DISTRIBUTIONS SENSITIVE TO CP VIOLATION

We exploit the Higgs decays 16 boson pairs to determine spin and parity of the Higgs boson.
The Higgs boson is produced in gluon fusion at the LHC, andithesons subsequently decay
into fermion pairs

99— H — 27 — (flfl)(f2f2) (1)

This process includes clean,~ andete™ decay channels for isolating the signal from the
background and allowing a complete reconstruction of therkiatical configuration with good
precision [279-281].

In Ref. [282] it has been shown that a model-independentyaisatan be performed
if supplemented by additional angular correlation effantgluon gluon fusion. To this end
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helicity methods have been applied to generalize the Higgpling to Z bosons to arbitrary

spin and parity. The most general vertex for a spin-0 Higg®han a CP non conserving theory

can then be written as
’LgMZ
cos Oy

b c
[ag,uu + @pupu + i@@waﬁpakﬁ] (2)
withp = pz, + pz,, kK = pz, — pz,, Pz, andpz, being the four-momenta of the twio bosons,
respectively, andy, denoting the electroweak mixing angle. The coefficients c depend on
the theory, where # 0 is indicative of CP violation. The tree level Standard Modase is
recovered fom = 1 andb = ¢ = 0. Note that this choice of vertex is gauge invariant for this
process. Any gauge dependence in th@ropagators is trivially cancelled when contracted
with the conserved lepton currents.

In the following we present the invariant mass distributeord the azimuthal angular
distribution of the Higgs decay width into tw6é bosons. The azimuthal angteis defined as
the angle between the planes of the fermion pairs stemmangtineZ boson decays, cf. Fig. 1.

Figure 1. The definition of the polar anglés (: = 1,2) and the azimuthal angle for the sequential decay
H — ZMZ — (f1f1)(f2f2) in the rest frame of the Higgs particle.

Fig. 2. left shows the invariant mass distribution for a Hidipson of 150 GeV, decaying
into a pair of virtual and reall bosons. We compare the distribution for a certain choica®f t
parameters, b, ¢ in the coupling given in Eq. (2) to the SM result. Fig. 2. righesents the
azimuthal angular distribution for a Higgs particle of 28&\Gdecaying in pair of reat bosons,
again compared to the Standard Model. As can be inferred fhenfigures, the distributions
show a distinct behaviour for different models, encourgdunther investigation of the angular
observables with respect to the sensitivity of the LHC to @fation in the Higgs sector.

3. SENSITIVITY OF THE LHC TO CP VIOLATION

In order to get a first estimate of the sensitivity of the LHG#® violation in the Higgs sector
the cross section of the process given in Eq. (1) has beenlatdd for a Higgs boson mass
of 150 GeV as a function of the parametérandc. The parametet has been chosen equal
to the SM valuej.e. « = 1. For simplicity we choose the Higgs coupling to the gluonbé¢o

the same as in the SM. The Higgs production cross sectionuomglision has been calculated
with the program HIGLU [283] which includes the QCD correcis at next-to-leading order.
Again for simplicity, in the calculation of the branchingimaof the Higgs boson, we adopt the
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Figure 2: The differential invariant mass distributiorf{lJeand the azimuthal angular distribution [right] far gy =
150 GeV andMpy = 280 GeV, respectively. The parameterization correspondsdgotirameterization of the
HZZ vertex given in Eq. (2).
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Figure 3: The sensitivity of the LHC to CP violation repretsehin the p, ¢] plane fora = 1, Mg = 150 GeV for
two different sensitivity criteria.

SM HWW coupling and only modify théZ ZZ coupling. Furthermore, it has been assumed
that the cuts applied to reduce the background alter thes ssion in the same way as in the
SM casej.e. by about a factor 10 for an integrated luminosity of 100'f279]. Since the
ATLAS study, where this number has been taken from, is done foO gluon fusion cross
section, the following results are presented for the LO potidn for reasons of consistency.
NLO corrections would alter the production section by aletractor 2 before cuts. In Fig. 3.
we present the scatter plots in Jbec] plane representing the points which fulfill the sensitivity
criteria we adopt. In order to have large enough significaif@eleast:5) the total cross section

is required to be larger than 1.5 fb. Furthermore, the diffiee between the cross section
including the general CP violating ZZ coupling should differ from the SM cross section by
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more than 1(5) fb. Our sensitivity criteria, foy — H — Z*Z* — (IT17)(IT17) , are

o7 > 15 fb (l=-e,p) (3)
o#0 — oSM| S 1(5) fb

Fig. 3. shows the sensitivity areas in tftec| plane according to the criteria Eq. (3) in
case the difference to the SM result exceeds 1 fb (left) ard(&dht). In the former case the
sensitivity area is almost covered by the LHC.

4. OUTLOOK

In the next step we will confront our results obtained for HC sensitivity with proposed
CP violating models in the literature and we will refine theoesimental side of the analy-
sis. We will furthermore investigate to which extent the LM@I be sensitive to CP violation
in the various distributions presented in section 2. Thdyamsawill as well be extended to
the most general case, i.e. to spin 1 and spin 2 particle caygpto Z~Z in order to be as
model-independent as possible. The resulting progP&ttzZ will be made available to the
experimental community for more detailed studies.
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Part 14

Testing the scalar mass universality of
MSUGRA at the LHC

S. Kraml, R. Lafaye, T. Plehn and D. Zerwas

Abstract

We investigate to which extent the universal boundary domt of
MSUGRA can be tested in top-down fits at the LHC. Focusing m pa
ticular on the scalar sector, we show that the GUT-scalelsetiking
masses of the squarks are an order of magnitude less welrames!
than those of the sleptons. Moreover, if the valuesnof and i are
not known, the fit is insensitive to the mass-squared terntiseoHiggs
fields.

If supersymmetry is realised in nature, sparticle masséd&imeasured from measure-
ments of kinematic endpoints [167,284] in cascade deckgg i — ¢x3 — ¢l*} — ¢I=ITX}
at the LHC. The optimal next step would then be to extract tH&% breaking parameters at
the electroweak scale in a global fit and extrapolate theme&tUT scale [53,285] to test their
high-scale boundary conditions. A complete MSSM fit may, &esv, have too many parame-
ters compared to the number of observables available atHii@ This has been shown recently
using new fitting tools such as Fittino [53, 54] and SFitteg][5The alternative procedures will
then be to determine the underlying parameters either bygfiaisufficient number of parame-
ters (those the least sensitive to the avaialable measuatsjite a defined value or in top-down
fits of particular models of SUSY breaking. Such top-down fe e.g. [284], are in fact quite
popular in benchmark studies within the minimal superdyadmSUGRA) model, in which the
SUSY-breaking gaugino, scalar and trilinear parameters, m, and A, respectively, each
obey universal boundary conditions at the GUT scale,

However, as we discuss in this contribution, care has to kentaot to draw too strong
conclusions from just a mMSUGRA fit. As a matter of fact, theed®ination of the common
scalar massy, is dominated by the precise measurement of the endpoiiiedftT invari-
ant massn]*® —in other words by the?, {3 andir mass differences. Kinematic endpoints
involving jets, which give the squark and gluino massesnagasured about an order of mag-
nitude less precisely tham;**. Moreover, in the renormalization group running, the siuar
mass parameters are drivenday,, with a large coefficient and are hence much less sensitive
to m than the slepton masses:

mi ~mg+0.5m3 2 ~mi+0.15mi,, (1)

L mg
2 mzﬁ ~mg+5.8 mf/z : (2)

D
Additionally the error onng is proportional to the product of the error on sfermion mass a
the sfermion mass itself. Thus for a squark mass typicatBetimes as large as a slepton mass,
the relative experimental error on the squark mass measmtanust be an order of magnitude

more precise than the measurement of the slepton mass io ti#asame sensitivity, which is
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difficult to achieve. For these reasons, measurements aflsg|have little influence on the fit
of a universain,.

While the assumption of a universal, simplifies the model a lot, there is no strong the-
oretical basis for this. When embedded in a higher gaugepgsparticles which come in the
same multiplet have equal masses. This is for example thefoasquarks and sleptons in
SU(5) or SO(10) GUTs. Non-universal scalar masses are a@aili constrained by flavour-
changing neutral currents (FCNC), at least for the first @wbsd generation. However, there
may be non-universal D-terms and/or GUT-scale threshotcectons, and the FCNC con-
straints are much less severe for the third generation.lidstot least, there is no sound theo-
retical argument whatsoever for the universality of the srsguared termsy7; ,, of the Higgs
fields. (If it is given up,u andm 4 become free parameters of the model.) For these reasons,
and because of it's important phenomenological implicetjahe assumption of scalar-mass
universality should be treated with caution.

In this contribution, we study the implications of relaxitige scalar-mass universality of
MSUGRA in the top-down parameter determination. To this, au® assume the perspective
LHC edge measurements at SPS1a according to [75]. In gesevaral of the LHC measure-
ments of SPS1a with an integrated luminsoity of 300'fare dominated by the systematic error
on the knowledge of the energy scale, which is 1% for jets ah®&dor leptons (electrons and
muons). For the light Higgs mass,,o, we assume an experimental error of 250 MeV and a the-
oretical error of 3 GeV [156]. We then uSFITTER [55, 56] to determine the parameters for
non-universal SUGRA scenarios. The results are summainZgable 1.° First, as a reminder,
case A shows the results of a strict nNSUGRA fit [55], which tetdaO (1%) accuracy onny,
my 2 andtan 3, and~ 20 GeV accuracy onl,. Note that as poited out in [S5] the fit to the edge
variables gives a much better result than the fit to the eddda8USY masses. Next, for case B,
we have relaxed the universality between slepton, squatkggs mass parameters, treating
myo(l), mo(q) andm?; = m3; = mj;, as independent parameters. As expected, the scalar-mass
parameter of the squarks,(g), turns out to be an order of magnitude less well dertermined
than that of the sleptons; (/). The Higgs mass parameters have a very largg)0% errror
in this case. The precision aan § and A, also degrades, faran S by a factor of 1.6 and for
Ap by a factor of 2.6 (from 21 GeV to 54 GeV). Finally, in case C vawdassumed universal
scalar masses for sleptons and squarks of the first two gemerq, §), but treated those of the
third generation and of the Higgs fields as free parametédrs.rdsulting errors omy(t, b) and
mo(l, ) are more or less similar to case B, but thatof) becomes almost 200% amal(7),
relying almost only on ther invariant mass edge measurement, remains undetermined. Al
the error on4, increases to 75 GeV.

We have also studied the influence of particular measuresmmenthe fit. The measure-
ment of the sbottom masses, for instance, is of course ¢focitne determination ofn (%, b).
In addition, it also has an important impact on the detertioneof tan 5 and Ay: without the
sbottom measurement, the error t@m 3 increases by about a factor of 2 and that4nby
about a factor of 4 in cases B and C. The influence:gfis small in these cases because of its
3 GeV theoretical uncertainty. The pseudoscalar magson the other hand, would have an
important influence. A measurementof; at the level of 10% would mainly improve the error
ontan 3. This is shown as case D in Table 1. In order to determie one would need to
obtain a better uncertainty on the Higgs masses and to knew plarameter in addition.

9As the central values of the measurements were used, the eathey? ,, of the fit is zero by construction
and therefore not quoted.



102

Parameter value (A) (B) © (D)
tan (3 10 |15 24 24 21
my 250 | 1.1 1.6 1.3 1.3
mo 100 | 1.4 - -~ —~
mo(l) 100 | — 14 — —
mo(§) 100 | — 16 —~ —~
mo(l, §) 100 | — —~ 1.5 1.5
mo(t, b) 100 | - —~ 20 17
mo(7) 100 | — -~ 200 200
m2 10000, — 11000 20000 15000
Ay —~100 | 21 54 75 63

Table 1: (A) Parameter errors obtained with a fit of MSUGRA edge and threshold measurements at SPS1a.
(B) Same as A but relaxing the universality betwéefi and Higgs mass terms. (C) Same as A but relaxing the
universality between the 1st/2nd and the 3rd generatioquérks and sleptons, and the Higgs mass terms. (D)
Same as D adding, 4 measurement (400 GeV) with a 40 GeV uncertainty.

In summary, at SPS1a, with the anticipated measurementedtHC with 300 fbo'!,
the universality of the scalar mass parameters of squarksiaptons at the GUT scale can
be tested to the level of 10%—-20%. Moreover, with the stahdaeasurements, there is no
sensitivity to the GUT-scale values of the scalar mass patens of the Higgs fields. The

scalar-mass parameters of the squark and Higgs sectoisaals@n important influence on the
fit results oftan 3 and A,.
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Part 15

A repository for
beyond-the-Standard-Model tools

P. Skands, P. Richardson, B. C. Allanach, H. Baer, &aBger, M. El Kacimi, U. Ellwanger,

A. Freitas, N. Ghodbane, D. Goujdami, T. Hahn, S. Heineme&ydr. Kneur, G. Landsberg,

J. S. Lee, M. Nhlleitner, T. Ohl, E. Perez, M. Peskin, A. Pilaftsis, T.tiRleW. Porod, H. Przysiez-
niak, A. Pukhov, D. Rainwater, J. Reuter, S. Schumann, &t8be M. Spira and S. Tsuno

Abstract

To aid phenomenological studies of Beyond-the-StandaodéVi(BSM)
physics scenarios, a web repository for BSM calculationalst has
been created. We here present brief overviews of the rdleates,
ordered by topic as well as by alphabet. The online versithefepos-
itory may be found at:
http://www.ippp.dur.ac.uk/montecarlo/BSM/

1. INTRODUCTION

The physics programme at present and future colliders igdiat a truly comprehensive ex-
ploration of the TeV scale. On the theoretical side, receary have seen the emergence of an
impressive variety of proposals for what physics may be ve by these machines in just
a few years. The ideas range from hypotheses of new fundahreatter (e.g. right-handed
neutrinos) or forces/A’ models), to new space-time symmetries (supersymmetrgyenm new
spatial dimensions — at times with singularly spectacutarsequences, such as the possible
production of microscopic black holes.

In the wake of many of these proposals, developments of ctariped calculations of
mass spectra, couplings, and experimental observablestdieen place. For others, such tools
are yet to be created. Let it be stressed that this is not & poamly theoretical or phenomeno-
logical interest. Experiments and analyses are not cartetiypurely with mechanical tools.
Theoretical predictions, for expected signal strengthselsas background levels, constitute a
crucial part of the optimisation of both detectors, triggend analysis strategies. It is therefore
essential to have access to tools for calculating obsersdbt as wide a range of phenomeno-
logical signatures as possible.

The present brief overview and associated web repositaorg t assess the present situa-
tion and facilitate the information gathering process feople wishing to perform phenomeno-
logical calculations in scenarios of physics beyond the&iad Model. We hope this may serve
also to stimulate further work in the field. In Section 2., wstfpresent a brief index of codes
organised by physics topic. Next, in Section 3., a full, alpétical overview is given, describ-
ing the contents of the repository at the time of writing. €@trecent overviews of BSM-related
physics tools can be found in [286—289].
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2. TOOLS BY PHYSICS TOPIC

This section is merely intended as an index, useful for figdiat which tools exist for a given
physics scenario. The main repository is then describepiahetical order in the next section.

Supersymmetry

CALCHEP: MSSM tree-level matrix element generator. Phase spdegration and
event generation. Extensions possible.

ComMPHEP: MSSM tree-level matrix element generator. Phase spaegration and
event generation. Extensions possible.

CPsupPERH: Higgs phenomenology in the MSSM with explict CP Violation

FEYNHIGGS. MSSM Higgs sector including explicit CP-violation (masseouplings,
branching ratios, and cross sections).

HERwIG: Event generator for the MSSM (with and without RPV). Inéed to BAJET.
ILCsLEPTON NLO cross-sections for slepton productioreine™ ande~ e~ collisions.
HDEcAY: MSSM Higgs decay widths including loop effects.

ISAJET. MSSM event generator. MSSM mass and coupling spectrungydeadths.
Checks against experimental constraints.

MICROMEGAS: MSSM (work on CPV in progress) and NMSSM dark matter relio-de
sity.

NMHDEcCAY: NMSSM mass spectrum plus couplings and decay widths of g
bosons. Checks against experimental constraints.

O’MEGA: MSSM tree-level matrix element generator. Extensionsindes.

PrRospINa SUSY-NLO cross sections at hadron colliders.

PYTHIA: MSSM event generator. RPV decays. Extensions to R-hadmdsNMSSM
available.

SDEecAY: MSSM decay widths including loop effects.

SHERPA: MSSM event generator.

SOFTSUSY: MSSM mass and coupling spectrum.

SPHENO: MSSM mass and coupling spectrum, decay widths,&mnrd cross sections.
SUSPECT. MSSM mass and coupling spectrum.

SUSY-MADGRAPH: MSSM Matrix Elements.

SUSYGEN3: MSSM event generator (with and without RPV).

Extra Dimensions

CHARYBDIS: Black hole production in hadron-hadron collisions.
HERWIG: Resonant graviton production in hadron-hadron collision

MICROMEGASs: Dark matter relic density. UED and warped extra dimensiogisg
implemented.

PANDORA/PANDORA-PYTHIA: ADD extra dimensions. Work in progress: UED.
PYTHIA: RS graviton excitations.

PYTHIA _UED: Universal Extra Dimensions.

SHERPA: ADD extra dimensions.
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e TRUENOIR: Black hole production.

Extra Gauge Bosons7Z’/W’ models.

e PANDORA/PANDORA-PYTHIA: Z' models.
e PYTHIA: Z' andW' models.

Other Exotics
e O’'MEGA: Anomalous triple and quartic gauge couplings. Extenspmssible.
e GR@PPA.LEPTOQUARK Leptoquark event generator fpp andpp collisions.

e PYTHIA: Technicolor, doubly charged Higgs bosons, excited fensji@nomalous cou-
plings, leptoquarks, fourth generation fermions.

3. TOOLS BY ALPHABET

We here give a detailed alphabetical list of the tools presetine repository at the time these
proceedings went to press. Note that the preceding seatiotaios a useful list of tools by
topic, i.e. which tools are relevant for extra dimensionisicl ones for Z’ etc.

CalcHEP
Contact PersorA. Pukhov,pukhov@lapp.in2p3.fr
Web Pagehttp://theory.sinp.msu.ru/ ~pukhov/calchep.html

CALCHEP is a program for symbolic calculation of matrix elemeartd generation of C-codes
for subsequent numerical calculations. The model has toefiaatd in tems of lists of vari-
ables, constraints, particles and list of vertices. VagiB$&M can be implemented and inves-
tigated. In partiqular @L.CHEP links to YSPECT, ISAJET, SOFTSUSY, and SRENO for
MSSM. It also contains a Monte Carlo generator for unweidleeents and a simple program
which passes these events toTRIA. CALCHEP is a menu driven system with context help
facility and is accompanied by a manual. At the same timeHEP can be used in the
non-interactive regime as a generator of matrix elementstiter programs. In this mode it
is implemented imICROME GAs for automatic generation of matrix elements of annihilatio
and co-annihilation of super-particles. Restrictionsetievel matrix elements, not more than 6
particles in initial/final states. The last restriction aused by modern computer facilities and
by the implemented method of calculation (squared ammgidBut for calculation of separate
diagrams it was successfuly used fer38 and 2-6 processes.

Charybdis
Contact PersorP. RichardsorReter.Richardson@durham.ac.uk
Web Pagewww.ippp.dur.ac.uk/montecarlo/leshouches/generators /charybdis/

Charybdis simulates black hole production in hadron-hadallisions using a geometric ap-
proximation for the cross section together with Hawkingpmration of the black hole using the
correct grey-body factors. It is described in more detaj2®0].
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CompHEP
Contact Persorsasha Sherstnesherstnv@theory.sinp.msu.ru
Web Pagehttp://theory.sinp.msu.ru/comphep

The CoMPHEP package was created for calculation of multiparticlalfstates in collision
and decay processes. The main idea @MBHEP was to enable one to go directly from the
lagrangian to the cross sections and distributions effelgtiwith the high level of automation.
The officially supported models are SM (in two gauges), ust@med MSSM (in two gauges),
MSSM with SUGRA and Gauge-Mediated SUSY breacking machasig he special program
LANHEP allows new BSM models to be implemented toMPHEP.

CPsuperH

Contact Persong. S. Leejslee@hep.man.ac.uk
A. Pilaftsis,pilaftsi@mail.cern.ch
Web Pagehttp://www.hep.man.ac.uk/u/jslee/CPsuperH.html

CPsuPeERH [97] is a newly-developed computational package thatutates the mass spec-
trum, couplings and branching ratios of the neutral andgdtwhHiggs bosons in the Minimal
Supersymmetric Standard Model with explicit CP violati®3,[291-294]. The program is
based on recent renormalization-group-improved diagranecngalculations that include dom-
inant higher-order logarithmic and threshold correctidnguark Yukawa-coupling resumma-
tion effects and Higgs-boson pole-mass shifts [295-299].

The code CBUPERH is self-contained (with all subroutines included), isyeasd fast to
run, and is organized to allow further theoretical develepts to be easily implemented. The
fact that the masses and couplings of the charged and néligygd bosons are computed at a
similar high-precision level makes it an attractive toal Tevatron, LHC and LC studies, also
in the CP-conserving case.

FeynHiggs
Contact Persont. Hahn,hahn@mppmu.mpg.de

S. Heinemeyel$Sven.Heinemeyer@cern.ch
Web Pagehttp://www.feynhiggs.de

FeynHiggs is a program for computing MSSM Higgs-boson naasel related observables,
such as mixing angles, branching ratios, couplings andymtozh cross sections, including

state-of-the-art higher-order contributions (also far tase of explicit CP-violation). The cen-
terpiece is a Fortran library for use with Fortran and C/CAternatively, FeynHiggs has a

command-line, Mathematica, and Web interface. The comriardnterface can process, be-
sides its native format, files in SUSY Les Houches Accord ftrrireynHiggs is an open-source
program and easy to install. A web-based interface is avaiwww.feynhiggs.de/fhucc

For further information, see also [74, 155, 156,277, 300].

GR@PPA.Leptoquark
Contact Persorfs. TsunoSoushi.Tsuno@cern.ch
Web Pagehttp://atlas.kek.jp/physics/nlo-wg/index.html

GR@PPA event generator for Leptoquark model. The code gmseunweighted events for
scalar or vector type Leptoquark models. The Leptoquar&sganerated, and decayed into
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guark and lepton(neutrino) so that the decay propertieseofihal particles are correctly han-
dled. In the vector Leptoquark production, two anomalousptiogs are included in the in-
teraction vertices. The decay mode depends on the modeataddua the unified theory. The
program thus keeps flexibility for the Leptoquark decay. @b&ails description can be found
on the web page, where also the model file which contains tpéoheark interaction for the
GRACE system is available.

HDecay
Contact Persorv. Spira,Michael.Spira@psi.ch
Web Pagehttp://people.web.psi.ch/spira/hdecay/

HDEcAY [301] calculates the branching ratios and total widths of &w MSSM Higgs
bosons.

Herwig
Contact PersorP. RichardsorReter.Richardson@durham.ac.uk
Web Pagehttp://hepwww.rl.ac.uk/theory/seymour/herwig/

HERWIG [11] is a general purpose event generator for the simulatidtadron Emission Re-

actions With Interfering Gluons. The main concentrationnsthe simulation of the Standard
Model although SUSY (with and without RPV [302]) is implentet together with resonant
gravition production in hadron-hadron collisions.

ILCslepton
Contact PersorA. Freitas,afreitas@physik.unizh.ch
Web Pagehttp://theory.fnal.gov/people/freitas/

The programs calculate the complete electroweak one-logpations to slepton production in
ete” ande e~ collisions (i.e. at ILC). Besides the virtual loop corrects, real photon radia-

tion is included in order to provide a finite and well-definegult. For the sake of consistent
renormalization, the programs take the MSSM soft breakim@meters at an arbritary scale
as input; it is not possible to use masses and mixing anglegeasparameters. The available
codes allow the computation of the total and angular difféa¢ cross-sections for selectron,
smuon and sneutrino production. For more information, 368,[304].

Isajet
Contact Persorti. Baer,baer@hep.fsu.edu
Web Pagehttp://www.phy.bnl.gov/ ~isajet/

Simulatesp, pp, andete™ interactions at high energies. Calculates SUSY and Higgstaym
along with SUSY and Higgs 2 and 3 body decay branching frasti@valuates neutralino relic
density, neutralino-nucleon scattering cross sectiBnd; — sv), (¢ —2),,, Br(Bs— > ptp7).

micrOMEGAS
Contact Person§. Bélanger, F. Boudjema, A. Pukhov, A. Sememai¢yo.omegas@lapp.in2p3.fr
Web Pagehttp://lappweb.in2p3.fr/lapth/micromegas/index.html
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MICROMEGAS is a code that calculates the relic density of the dark matteupersymmetry.
All annihilation and coannihilation processes are inctiid€he cross-sections, extracted from
CALCHEP, are calculated exactly using loop-corrected massesraxings as specified in
the SUSY Les Houches Accord. Relativistic formulae for therinal average are used and
care is taken to handle poles and thresholds by adoptingfisp@tegration routines. In the
MSSM, the input parameters can be either the soft SUSY paeamer the parameters of a
SUGRA model specified at the GUT scale. In the latter casakanith SUSPECT, SOFTSUSY,
SPHENOand IsSAJETallows to calculate the supersymmetric spectrum, Higgsemas well as
mixing matrices. Higher-order corrections to Higgs congé to quark pairs including QCD as
well as some SUSY corrections are implemented. Crossesector any 2-2 process as well
as partial decay widths for two-body final states are pravid€ross-sections for neutralino
annihilation at w0, relevant for indirect detection of neutralinos, are adtically computed.
In the MSSM, routines calculating — 2),, Br(b — sv), Br(B; — p*p~) are also included.
MICROMEGAS can be extended to other models by specifying the correspgnabdel file in
the CALCHEP notation.

NMHDecay
Contact PersortJ. Ellwanger ellwanger@th.u-psud.fr
Web Pagehttp://www.th.u-psud.ffNMHDECAY/nmhdecay.html

The Fortran code NMHBCAY computes the sparticle masses and masses, couplings ayd dec
widths of all Higgs bosons of the NMSSM in terms of its paraangtt the electroweak (SUSY
breaking) scale: the Yukawa couplingsnd«, the soft trilinear termsi, and A,,, andtan(3)
andu.s = A < S >. The computation of the Higgs spectrum includes the leatimyloop
terms, electroweak corrections and propagator corresti@ach point in parameter space is
checked against negative Higgs bosons searches at LE&dimglunconventional channels
relevant for the NMSSM. A link to a NMSSM version of IROMEGASs allows to compute
the dark matter relic density, and a rough (lowest ordergutation of the BRf — s7v) is
perfromed. One version of the program uses generalized StétAentions for input and
output. For further information, see also [218, 305].

O’Mega
Contact Persont. Ohl, ohl@physik.uni-wuerzburg.de

J. Reuterjuergen.reuter@desy.de
Web Pagehttp://theorie.physik.uni-wuerzburg.de/ ~ohl/lomega/

O’Mega constructs [306] optimally factorized tree-leveltiering amplitudes (starting from
2—4 processes, the expressions are much more compact andicaliyestable than naive

sums of Feynman diagrams). Officially supported modelsheé&tandard Model and the com-
plete MSSM (since version 0.10, of November 2005). Usersadithnew interactions (e.g.
anomalous triple and quartic gauge couplings are part aigtebuted version).

Complete automatized event generation for the LHC and tkei$Lpossible in concert
with WHiZard.

Pandora
Contact Persorivl. Peskin,mpeskin@slac.stanford.edu
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Web Pagehttp://www-sldnt.slac.stanford.edu/nld/new/
Docs/Generators/PANDORA.htm

Pandora is a parton-level physics simulation éoe~ linear colliders, including polarization

and beam effects. Pandora comes with an interface, Pafyting, that hadronizes events with
Pythia and decays polarized taus with tauola. The currettlolition (Pandora 2.3) includes an
implementation of the ADD extra dimension modet¢~ — ~G and virtual graviton exchange
inete” — ff, WtW~, ZZ, 77), and a two-parameté&¥ model. We are currently working on

inclusion of more general’ models and inclusion of UED production and decay.

Prospino
Contact Persont. Plehn tilman.plehn@cern.ch
Web Pagehttp://pheno.physics.wisc.edu/ ~plehn

For most applications the uncertainty in the normalizatibiMonte Carlos for the production of
two supersymmetric particles is large. The reason are BgfeY and SUSY-QCD corrections
to the cross section. Prospino2 is the tool you can to usernmalze your total rates. Some
distributions are available on request. For detailed mfation on the production processes
included, on papers available for more information, and @nrdoading and running the code,
please see the web pages.

Pythia
Contact PersorP. Skandsskands@fnal.gov
Web Pagehttp://www.thep.lu.se/ ~torbjorn/Pythia.html

In the context of tools for extra dimensions;4IA contains cross sections for the production
of Randall-Sundrum graviton excitations, with the partbowers corrected to RS+jet matrix
elements for hard jet radiation [307].YPHIA can also be used for a number of other BSM
physics scenarios, such as Technicolor [3@8\W’ [309] (including interference witld /v and

W bosons), Left—-Right symmetry (Higgs triplets), leptodgsarcompositeness and anomalous
couplings (including excited quarks and leptons), and afse a large variety of SUSY signals
and scenarios (foR-hadrons see [310]; for RPV see [311, 312]; for the NMSSM §48]).
Interfaces to SLHA, $AJET, and FEYNHIGGS are available. For further information, see the
PYTHIA manual [46], Chapter 8, and theePHIA update notes, both available on theTiRiA
web page.

Pythia_UED
Contact Persori. Przysiezniakhelenka@Ilapp.in2p3.fr
M. El Kacimi
D. Goujdami
Web Pagehttp://wwwlapp.in2p3.fr/ ~przys/PythiaUED.html

A generator tool which usesyPHIA to produce events in the UED (Universal Extra Dimen-
sions) model of Appelquist, Cheng and Dobrescu [314], witk extra dimension and addi-
tional gravity mediated decays [315].

SDecay
Contact Persorivl. Muhlleitner,muehl@lapp.in2p3.fr
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Web Pagehttp://lappweb.in2p3.fr/pg-nomin/muehlleitner/SDECA Y/

Calculates the 2- and 3-body decays and loop-induced deddlie supersymmetric particles
including the QCD corrections to the decays involving codaliparticles and the dominant
electroweak effects to all decay modes.

Sherpa
Contact Persors. Schumann, F. Kraussherpa@theory.phy.tu-dresden.de
Web Pagehttp://www.sherpa-mc.de/

SHERPA [316] is a multi-purpose Monte Carlo event generator thathile to simulate high-
energetic collisions at lepton and hadron colliders. Thesps programme of ISERPA covers:
1) The description of hard processes in the framework of ta@dard Model, the Minimal
Supersymmetric Standard Model and the ADD model of largeektmensions using tree level
matrix elements provided by its internal matrix elementegator AVEGIC++ [317,318]. 2)
Multiple QCD bremsstrahlung from initial and final statefpais. 3) The consistent merging of
matrix elements and parton showers according to the CKK\&/gpigtion. 4) Jet fragmentation
and hadronisation provided by an interface torRIA. 5) The inclusion of hard underlying
events.

Softsusy
Contact PersorB. C. Allanach B.C.Allanach@damtp.cam.ac.uk
Web Pagehttp://allanach.home.cern.ch/allanach/softsusy.html

This code provides a SUSY spectrum in the MSSM consistehtimiut low energy data, and a
user supplied high energy constraint (eg minmal SUGRAS3.Written in C++ with an emphasis
on easy generalisability. Full three-family couplings aadormalisation group equations are
employed, as well as one-loop finite corrections a la Baddatchev, Pierce and Zhang. It can
produce SUSY Les Houches Accord compliant output, and tbwerdink to Monte-Carlos (eg
PYTHIA) or programs that calculate decays, (e.g.ESRBY). If you use SOFTSUSY to write
a paper, please cite [319], which is the SOFTSUSY manual. vEngion on the electronic
hep-ph/ archive will be updated with more recent versiorsruh SOFTSUSY, you should
only need standard C++ libraries. CERNLIB and NAGLIB are regjuired. The code has
been successfully compiled so far usiget+ on SUN, DEC ALPHA and PC systems (linux,
sun UNIX and OSF). It is supposed to be standard ANSI comigafib+ (and does not contain
any templates).

SPheno

Contact PersonV. Porod,porod@ific.uv.es

Web Pagehttp://www-theorie.physik.unizh.ch/ ~porod/SPheno.html

Solves the SUSY RGEs at the 2-loop level for various highesoaddels. The obtained param-
eters are used to calculate the SUSY and Higgs spectrum thengpmplete 1-loop formulas
and in case of the Higgs bosons in addition the 2-loop camestdue to Yukawa interactions.

This spectrum is used to calculate SUSY and Higgs decay biagcatios and the production
of these particles in e+ e- annihilation.
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SuSpect
Contact Personl.-L. Kneur,jean-loic.kneur@Ipta.univ-montp2.fr
Web Pagehttp://www.Ipta.univ- montp2.fr/users/kneur/Suspect/

Calculates the SUSY and Higgs particle spectrum in the géM&8SM or more constrained
high energy SUSY models. It includes the renormalizatiayugrevolution between low and
high energy scales at the full two-loop level, and the caltoh of the physical particle masses
with one-loop radiative corrections (plus leading twopamrrections for the Higgs bosons). It
also provides several optional input/output parameteicelspand some calculations or checks
of experimentally or theoretically constrained quangifie.g.g, — 2, BR(b — sv), consistent
electroweak symmetry breaking, “fine-tuning” informatjec.)

SUSY-MadGraph

Contact Persont. Plehn tilman.plehn@cern.ch
D. Rainwateryain@pas.rochester.edu
Web Pagehttp://www.pas.rochester.edu/ ~rain/smadgraph/smadgraph.html
http://pheno.physics.wisc.edu/ ~plehn/smadgraph/smadgraph.html
Generates Fortran code for MSSM matrix elements, which lisdHELAS library. MSSM
here means R-parity conserving, no additional CP violatom two Higgs doublets. A corre-
sponding event generator based oatMEVENT is under construction.

Susygen3

Contact Persom\l. Ghodbaneghodbane@cern.ch
E. Perezeperez@hep.saclay.cea.fr
Web Pagehttp://lyoinfo.in2p3.fr/susygen/susygen3.htmi

SUSYGEN 3.0 is a Monte Carlo program designed for computing distitims and generating
events for MSSM sparticle productiondrie~ , e*p andpp (pp) collisions. The Supersymmet-
ric (SUSY) mass spectrum may either be supplied by the usearoalternatively be calculated
in different models of SUSY breaking: gravity mediated sggmmetry breaking (SUGRA),
and gauge mediated supersymmetry breaking (GMSB). Theraarogncorporates the most
important production processes and decay modes, inclublmdull set of R-parity violating
decays, and the decays to the gravitino in GMSB models. Sisarticle production via a R-
parity violating coupling is also implemented. The hadsaion of the final state is performed
via an interface to PTHIA.

TrueNoir
Contact PersorG. Landsberglandsberg@hep.brown.edu
Web Pagehttp://hep.brown.edu/users/Greg/TrueNoir/index.htm

A Monte Carlo package, RUENOIR, has been developed for simulating production and de-
cay of the black holes at high-energy colliders. This paekega plug-in module for the
PYTHIA [17] Monte Carlo generator. It uses a euristic algorithm aadservation of barion
and lepton numbers, as well as the QCD color, to simulateebaydof a black hole in a rapid-
decay approximation. While the limitations of this appioace clear, further improvements
to this generator are being worked on. In the meantime, itiges a useful qualitative tool to
study the detector effects and other aspects of the BH egeahstruction. At the present mo-
ment, the generator works fere~ andpp collisions. The proton-proton collisions are being




113

added; their characteristic is not expected to differ mwoimfthose inpp interactions, so the
user is advised to use tipe mode to generate events at the LHC or VLHC until further reatic

4. OUTLOOK

We present an overview of the tools available in a newly ectateb repository for Beyond-
the-Standard Model physics tools, at the address:
http://www.ippp.dur.ac.uk/montecarlo/BSM/

Most of these tools focus on supersymmetry, but there is wiggonumber of tools for
more ‘exotic’ physics becoming available as well. With aeepof at least 3 workshops directly
focussing on tools in 2006, and with the Les Houches aa@wigiicking up again in 2007, we
anticipate that this list will be expanded considerablyobefthe turn-on of the LHC in 2007.
For the year 2006, the main tools-oriented workshops are:

1. MC4BSM, Fermilab, Mar 20-21, 2006.
http://theory.fnal.gov/imc4bsm/

2. Tools 2006, Annecy, Jun 26-28, 2006.
http://lappweb.in2p3.fr/ TOOLS2006/

3. MC4LHC, CERN, Jul 17 - 26, 2006.
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Abstract

Supersymmetric (SUSY) spectrum generators, decay pasktyste-
Carlo programs, dark matter evaluators, and SUSY fittinganms of-
ten need to communicate in the process of an analysis. Th& 36§
Houches Accord provides a common interface that conveydrsppand
decay information between the various packages. Here, patren
extensions of the conventions of the first SUSY Les Houchesokt
to include various generalisations: violation of CP, Riqyaand flavour
as well as the simplest next-to-minimal supersymmetricddied model
(NMSSM).

1. INTRODUCTION

Supersymmetric extensions of the Standard Model rank arttemgiost promising and well-
explored scenarios for New Physics at the TeV scale. Giveloting history of supersymmetry
and the number of both theorists and experimentalists wgrka the field, several different
conventions for defining supersymmetric theories have Ipeeposed over the years, many of
which have come into widespread use. At present, therefoeee is not one unique defini-
tion of supersymmetric theories which prevails. Rathefednt conventions are adopted by
different groups for different applications. In principtais is not a problem. As long as every-
thing is clearly and completely defined, a translation cavags be made between two sets of
conventions, call them A and B.

However, the proliferation of conventions does have somadliantages. Results ob-
tained by different authors or computer codes are not alwagstly comparable. Hence, if
author/code A wishes to use the results of author/code B alailation, a consistency check
of all the relevant conventions and any necessary transkthust first be made — a tedious and
error-prone task.

To deal with this problem, and to create a more transparardtgn for non-experts, the
original SUSY Les Houches Accord (SLHA1) was proposed [92js accord uniquely defines
a set of conventions for supersymmetric models togethdr aitommon interface between
codes. The most essential fact is not what the conventiematetail (they largely resemble
those of [320]), but that they are complete and unambiguleisce reducing the problem of
translating between conventions to a linear, rather thameamgtic, dependence on the number
of codes involved. At present, these codes can be catedaodaghly as follows (see [321,322]
for a quick review and online repository):
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e Spectrum calculators [35,62,319,323], which calculagestipersymmetric mass and cou-
pling spectrum, assuming some (given or derived) SUSY limgakrms and a matching
to known data on the Standard Model parameters.

e Observables calculators [6,162,218,300,324—-326]; skarhich calculate one or more
of the following: collider production cross sections (@asection calculators), decay
partial widths (decay packages), relic dark matter der(sityk matter packages), and
indirect/precision observables, such as rare decay biragcatios or Higgs/electroweak
observables (constraint packages).

e Monte-Carlo event generators [11, 17, 46, 289, 327-330ighwbalculate cross sections
through explicit statistical simulation of high-energyriiee collisions. By including
resonance decays, parton showering, hadronisation, aseflyimg-event effects, fully
exclusive final states can be studied, and, for instancecttgtsimulations interfaced.

e SUSY fitting programs [54, 56] which fit MSSM models to colliggpe data.

At the time of writing, the SLHA1 has already, to a large extabliterated the need
for separately coded (and maintained and debugged) inesrfaetween many of these codes.
Moreover, it has provided users with input and output in a wam format, which is more
readily comparable and transferable. Finally, the SLHAvemrtion choices are also being
adapted for other tasks, such as the SPA project [331]. Weveelherefore, that the SLHA
project has been useful, solving a problem that, for expertsivial but oft-encountered and
tedious to deal with, and which, for non-experts, is an uassary head-ache.

However, SLHA1 was designed exclusively with the MSSM wehlrparameters ang-
parity conservation in mind. Some recent public codes [83, 305,311, 312, 319] are either
implementing extensions to this base model or are antioigauch extensions. It therefore
seems prudent at this time to consider how to extend SLHAR#& with more general super-
symmetric theories. In particular, we will consider thelatmn of R-parity, flavour violation
and CP-violating phases in the MSSM. We will also considerribxt-to-minimal supersym-
metric standard model (NMSSM).

For the MSSM, we will here restrict our attentiongibher CPV or RPV, but not both. For
the NMSSM, we extend the SLHA1 mixing only to include the neates, with CPR-parity
and flavour still assumed conserved.

Since there is a clear motivation to make the interface aspeddent of programming
languages, compilers, platforms etc, as possible, the SLidAased on the transfer of three
different ASCII files (or potentially a character string taining identical ASCII information,
if CPU-time constraints are crucial): one for model inputedor spectrum calculator output,
and one for decay calculator output. We believe that the radga of platform, and indeed
language independence, outweighs the disadvantage of esiley SLHAL having to parse
input. Indeed, there are tools to assist with this task [332]

Much care was taken in SLHAL to provide a framework for the WMiS8at could easily
be extended to the cases listed above. The conventions aictieswdescribed here are designed
to be asupersebf the original SLHA1 and so, unless explicitly mentionedhe text, we will
assume the conventions of the original SLHA1 [92] implicitFor instance, all dimensionful
parameters quoted in the present paper are assumed to leeaipptopriate power of GeV.
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2. MODEL SELECTION

To define the general properties of the model, we proposetitodnce global switches in the
SLHA1 model definition bloctMODSELas follows. Note that the switches defined here are in
addition to the ones in [92].

BLOCK MODSEL

Switches and options for model selection. The entries mhlock should consist of an index,
identifying the particular switch in the listing below, folved by another integer or real number,
specifying the option or value chosen:

3 : (Default=0) Choice of particle content. Switches definezl a
0 : MSSM.

1 : NMSSM. As defined here.

4  : (Default=0)R-parity violation. Switches defined are:
0 : R-parity conserved. This corresponds to the SLHAL.

1 : R-parity violated. The blocks defined in Section 3.1 should be
present.

5 : (Default=0) CP violation. Switches defined are:

0 : CPisconserved. No information even on the CKM phase is.used
This corresponds to the SLHAL.

1 : CP is violated, but only by the standard CKM phase. All extra
SUSY phases assumed zero.

2 : CPisviolated. Completely general CP phases allowed.Vbtla
is not simultaneously violated (see below), imaginarygeaotre-
sponding to the entries in the SLHAL bloEKTPARcan be given
in IMEXTPAR (together with the CKM phase). In the general
case, imaginary parts of the blocks defined in Section 3.2ldho
be given, which supersede the corresponding entrieXinPAR

6 : (Default=0) Flavour violation. Switches defined are:
0 : No (SUSY) flavour violation. This corresponds to the SLHAL.

1 : Flavour is violated. The blocks defined in Section 3.2 stdod
present.

3. GENERAL MSSM
3.1 R-Parity Violation
We write the superpotential di-parity violating interactions in the notation of [92] as

1 _ _
Wrpy = €a §>\ijkL?L?Ek + N L¢QY Dy — ki L HY

1 TYZTT T B
_'_5)\;/]]66 Y Uiijka27 (1)

wherez,y, z = 1, ..., 3 are fundamental SU(3)indices and*¥~ is the totally antisymmetric

tensor in 3 dimensions with** = +1. In eq. (1),\i;x, \i;;, andx; break lepton number, whereas
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A Violate baryon number. To ensure proton stability, eitlegtén number conservation or
baryon number conservation is usually still assumed, tiegui either),;;, = )\;jk =r; =0
or\j;, =0foralli,j, k=1,2,3.

The trilinearR-parity violating terms in the soft SUSY-breaking potehéiee

Varpv = €a [(T)ijkI’?LI’?LéZR + (T/)ijk;I/?L ~;’-L MZR
+€xyz(T”)z‘jkﬂf§CZ§;d£} + h.c. )

T,T" andT” may often be written as

1!
ijk

Aijik

Tijk
Nijk

/
Tiji

Aijk

= Axijk, = Ay ijk, = Ay ik 1no sum over i, j, (3)

The additional bilinear soft SUSY-breaking potential terane

Vipva = —€ay D; L HY + LY, m? . HY +h.c. (4)

and are all lepton number violating.

When lepton number is broken, the sneutrinos may acquirewaexpectation values
(VEVS) (Do pr) = U&W/\/?. The SLHAL defined the VEV, which at tree level is equal to

2my/\/ g2 + g'* ~ 246 GeV, this is now generalised to

v:\/vf+vg+v§+vﬁ+v2. (5)

The addition of sneutrino VEVs allow various different défons of tan 3, but we here choose
to keep the SLHAL definitionan 5 = wvy/v;. If one rotates the fields to a basis with zero
sneutrino VEVs, one must take into account the effect uparg.

3.1.1 Input/Output Blocks

For R-parity violating parameters and couplings, the input agitur inBLOCK RV#IN where
the '#' character should be replaced by the name of the relevapubiiock given below
(thus, for exampleBLOCK RVLAMBDAIMould be the input block for\;;;). Default in-
puts for all R-parity violating couplings are zero. The inputs are giveérs@ale M., as
described in SLHA1, and follow the output format given belawith the omission ofQ=
... . The dimensionless couplings;, A ;, \7j, are included in the SLHA2 conventions
asBLOCK RVLAMBDA, RVLAMBDAP, RVLAMBDAPP Q= respectively. The output
standard should correspond to the FORTRAN format

(1x,12,1x,12,1x,12,3x,1P,E16.8,0P,3x,'#",1X,A).

where the first three integers in the format correspond §¢ and% and the double precision
number to the coupling itselfd;;x, Aj;;, A7}, are included aBLOCK RVA, RVAP, RVAPP
Q= ... inthe same conventions as;, \;;, A}, (except for the fact that they are measured
in GeV). The bilinear superpotential and soft SUSY-bregkarmsk;, D;, andm%iH1 are con-
tained inBLOCK RVKAPPA, RVD, RVMLH1SQ Q= ..respectively as

(1x,12,3x,1P,E16.8,0P,3x,'#,1x,A).



Input block Output block | data
RVLAMBDAIN RVLAMBDA | i j k \iji
RVLAMBDAPIN | RVLAMBDAP | ¢ j k )\;jk

RVLAMBDAPPIN
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Table 1: Summary oRR-parity violating SLHA2 data blocks. Input/output data denoted byi for an integer.f
for a floating point number. See text for precise definitiothef format.

RVLAMBDAPR i j k A}

RVKAPPAIN | RVKAPPA | ix;
RVAIN RVA ijk A
RVAPIN RVAP i gk AL,
RVAPPIN RVAPP ik AL
RVDIN RVD i D;
RVSNVEVIN | RVSNVEV | iv;
RVMLHISQIN | RVMLH1SQ | im?2

L;Hy

in FORTRAN format. Sneutrino VEV parametersare given aBLOCK SNVEV Q= ...

in an identical format, where the integer labékse, 2=, 3=7 respectively and the double
precision number gives the numerical value of the VEV in GEWe input and output blocks
for R-parity violating couplings are summarised in Table 1.

As for the R-conserving MSSM, the bilinear terms (both SUSY breakind &uUSY
respecting ones, and includipgy and the VEVs are not independent parameters. They become
related by the condition of electroweak symmetry breakifgus, in the SLHAL, one had the
possibility either to specifym3, andm?, or x andm?. This carries over to the RPV case,
where not all the input parameters in Tab. 1 can be given samebusly. At the present time
we are not able to present an agreement on a specific cormgmboedure here, and hence
restrict ourselves to merely noting the existence of thélerm. An elaboration will follow in
the near future.

3.1.2 Particle Mixing

The mixing of particles can change whénis violated. Phenomenological constraints can
often mean that any such mixing has to be small. It is theegbmssible that some programs
may ignore the mixing in their output. In this case, the mixmatrices from SLHA1 should
suffice. However, in the case that mixing is considered tongortant and included in the
output, we here present extensions to the mixing blocks &ALl appropriate to the more
general case.

In general, the neutrinos mix with neutralinos. This regsiia change in the definition
of the 4 by 4 neutralino mixing matriv to a 7 by 7 matrix. The Lagrangian contains the
(symmetric) neutralino mass matrix as

1~ ~
E;Znoass — _§¢OTM1LOw0 4 h.c. 7 (6)

in the basis of 2—-component spin@i$= (v., v, v,, —ib, —ii®, hy, hy)". We define the unitary
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7 by 7 neutralino mixing matrixV (block RVNMIX, such that:

1- : 1 - . -
_inTMJ,OwO — _5 @DOTNT N MIZONT N’(/JO 7 (7)

T diag(mgy) X

where the 7 (2-component) generalised neutralipjoare defined strictly mass-ordered, i.e.
with the ¥¢,2"4 374 lightest corresponding to the mass entries for the PDG cb@ed4, and
16, and the four heaviest to the PDG cod€$0022 , 1000023 , 1000025 , and1000035 .

Note! although these codes are normally associated with namesnply a specific
flavour content, such as cod@ beingv, and so forth, it would be exceedingly complicated to
maintain such a correspondence in the context of complgtgral mixing, hence we do not
make any such association here. The flavour content of eatdy se. of each PDG number,
is in general onlydefined by its corresponding entries in the mixing maRMNMIX Note,
however, that the flavour basis is ordered so as to reprotiecesual associations in the trivial
case (modulo the unknown flavour composition of the neutmiass eigenstates).

In the limit of CP conservation, the default convention &ttN be a real symmetric matrix
and the neutralinos may have an apparent negative mass. ihhe sign may be removed by
phase transformations gi} as explained in SLHA1 [92].

Charginos and charged leptons may also mix in the cagevodlation. In a similar spirit
to the neutralino mixing, we define

1- §
= 5T Mgyt fhe, (8)
in the basis of 2—component spinats = (¢/*, /", 7/, —iwt, h)T, = = (&7, W/~ 7',

—iw~, hy)T wherew® = (@' T @w?)/v/2, and the primed fields are in the weak interaction
basis.

We define the unitary 5 by 5 charged fermion mixing matrice¥’, blocksRVUMIX,
RVVMIX such that:

1-_ . 1 - . .
—5¥ "Myt = 5 TUT UM VI VT (9)
XU diagmgy)  XT

wherey;~ are defined as strictly mass ordered, i.e. with the 3 ligistasés corresponding to the
PDG codedl1, 13, and15, and the two heaviest to the codE300024 , 1000037 . As for
neutralino mixing, the flavour content of each state is in my wnplied by its PDG number,
but is onlydefined by its entries IRVUMIXandRVVMIX Note, however, that the flavour basis
is ordered so as to reproduce the usual associations invta tase.

In the limit of CP conservatiori/, V are be chosen to be real by default.

CP-even Higgs bosons mix with sneutrinos in the limit of Cksyetry. We write the
neutral scalars a8 = 2Re {(HY, HY, b, ., ;)" }
1
£= 50" Moo (10)

Where/\/liO is a5 by 5 symmetric mass matrix.
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One solution is to define the unitary 5 by 5 mixing mattixblock RVHMIX by
" M%0° = — ¢"TRT RF MR RO | (11)
" ——

HoT ol

diag(m?}o)
where®® = (H° h°, 1y, 1, 3) are the mass eigenstates (note that we have here labeled the
states by what they should tend to in theparity conserving limit, and that this ordering is still
under debate, hence should be considered preliminaryddirtte being).

CP-odd Higgs bosons mix with the imaginary components ofstieutrinos: We write
these neutral pseudo-scalarsis= 2Im {(H{, HY, e, 0, 7-) " }

L= M (12)

Where/\/%0 is a 5 by 5 symmetric mass matrix. We define the unitary 5 by Sngimatrix &
(block RVAMIX by
—(EOTM%()QEO — _ QEOT&T &*M%O&T &QEO ; (13)
N ——— Y
o7 diag(m(%o) PO

whered®® = (G°, A°, i, iy, 113) are the mass eigenstatés) denotes the Goldstone boson. As
for the CP-even sector this specific choice of basis ordaesisgll preliminary.

If the blocksRVHMIX, RVAMIXare present, thegyupersedehe SLHA1ALPHAVvari-
able/block.

The charged sleptons and charged Higgs bosons also mix i@ Hye8 mass squared
matrix Mii by an 8 by 8 unitary matrix’ (block RVLMIX):

hi"
. hi
L=—(hy, hi* ér,, éRj)CTJC*M;iCT c* é*j (14)
~~ A - ~~ - k
(G=,H™ éa) diag(M?{)i) é*Rl

where in eq. (14), 5, k,1 € {1,2,3},a, 8 € {1,...,6}, G* are the Goldstone bosons and the
non-braced product on the right hand side is equédito, H, é5).

There may be contributions to down-squark mixing frét¥parity violation. However,
this only mixes the six down-type squarks amongst themselud so is identical to the effects
of flavour mixing. This is covered in Section 3.2 (along wither forms of flavour mixing).

3.2 Flavour Violation
3.2.1 The Super CKM basis

Within the minimal supersymmetric standard model (MSSMgré are two new sources of
flavour changing neutral currents (FCNC), namely 1) couatrdms arising from quark mixing
as in the SM and 2) generic supersymmetric contributiorsrayithrough the squark mixing.
These generic new sources of flavour violation are a dirats@guence of a possible misalign-
ment of quarks and squarks. The severe experimental coristom flavour violation have no
direct explanation in the structure of the unconstrainedsMSvhich leads to the well-known
supersymmetric flavour problem.
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The Super CKM basis of the squarks [333] is very useful in toistext because in that
basis only physically measurable parameters are preserihelSuper CKM basis the quark
mass matrix is diagonal and the squarks are rotated in paraltheir superpartners. Actually,
once the electroweak symmetry is broken, a rotation in flagpace (see also Sect.lll in [334])

D° =V;D, ve =V,U, D°=U;D, U= U:U, (15)
of all matter superfields in the superpotential
W = e | (V) HIQID} + (Yu),, HAQL Uy — pHiHy, | (16)
brings fermions from the current eigenstate basis «9 , d%, u%} to their mass eigenstate basis
{dp,ur,dr,ug}:
& =Vydy, ul =V, dp=Udg, u%=Uug, (17)

and the scalar superpartners to the baﬁéis i, cZ*R, i }. Through this rotation, the Yukawa
matricesY andYy, are reduced to their diagonal foryi andYy;:
M

(Vo) = (UYpVa)a = VEZE . (T)a = (UYuV)u = V222 (18)
1 2

Tree-level mixing terms among quarks of different generetiare due to the misalignment of
Vy andV,, which can be expressed via the CKM matiixqy = V.1V, [335,336]; all the vertices
ur—dp ;=W andur;—dr;—H ", ur;—dr;—H™" (i,j = 1,2, 3) are weighted by the elements of
the CKM matrix. This is also true for the supersymmetric degparts of these vertices, in the
limit of unbroken supersymmetry.

In this basis the squark mass matrices are given as:

VCKMm2~ VT + mi + Du LL UQTU — *mu cot ﬁ
M — QCKM ! , (19)
U2T[E — pmy, cot 3 m2 +m2 + Dy rr
m2~ -+ m2 -+ DdLL ’U1TD — ,u*md tanﬁ
M2 = ° ¢ ) . (20)
’UlTD — ,umdtanﬂ m3+m§ +DdRR
where we have defined the matrix
g =V, m& Vi (21)

Wherem% is given in the electroweak basis of [92]. The matriges; are the diagonal up-type
and down-type quark masses abg; ;, rr are the D-terms given by:
D¢ rr = cos2 mzz (T})’ - Qy sin? HW) 15, (22)

which are also flavour diagonal.

3.2.2 Lepton Mixing

The authors regret that there is not yet a final agreement oveations for the charged and
neutral lepton sectors in the presence of flavour violativa.do not, however, perceive this as
a large problem, and expect to remedy this omission in thefoaae.
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3.2.3 Explicit proposal for SLHA

We take eq. (18) as the starting point. In view of the fact thigher order corrections are
included, one has to be more precise in the definition. In tH¢/592], we have agreed to use
DR parameters. We thus propose to define the super-CKM bagis ioutput spectrum file as
the one, where the u- and d-quark Yukawa couplings, giveheéDR scheme, are diagonal.
The masses and the VEVs in eq. (18) must thus be the runnirsjiotieeDR scheme.

For the explicit implementation one has to give, thus, thiefang information:
e (Y4)PR, (v})PR: the diagonaDR Yukawas in the super-CKM basis, with defined by

eg. (18), at the scal@, see [92]. Note that although the SLHA1 blocks provide fdf of
diagonal elements, only the diagonal ones will be relevarg jdue to the CKM rotation.
e Vexu: theDR CKM matrix at the scal€), in the PDG parametrisation [48] (exact to alll

orders). Will be given in the new blodkCKM Q=... , with entries:
1 : 6, (the Cabibbo angle)

2 . 923
3 . 613
4 . 513

Note that the thre@ angles can all be made to lie in the first quadrant by apprgprea
tations of the quark phases.

o (m%)gR, (m2)i", (m2)p": the squark soft SUSY-breaking masses in the super-CKM
basis, withi defined by eq. (21). Will be given in the new bloddSQ Q=... , MSU
Q=... ,MSD Q-=...

o (TU)BR and (TD)?J.R: The squark soft SUSY-breaking trilinear couplings in thpes-
CKM basis, see [92].

e The squark masses and mixing matrices should be defined as éxisting SLHAL, e.g.
extending the andb mixing matrices to the 6 case. Will be given in the new blocks
USQMIXandDSQMIX respectively.

A further question is how the SM in the model input file shall defined. Here we
propose to take the PDG definition: the light quark massgs, are given at 2 GeVi,.(m,.)MS,
my(my)MS andm™ ™!l The latter two quantities are already in the SLHAL. The atlwan
easily be added to the bloGMINPUTS

Finally, we need of course the input CKM matrix. Present CKiMdges do not define
precisely the CKM matrix because the electroweak effeas inormalise it are highly sup-
pressed and generally neglected. We therefore assumbéi@kiM elements given by PDG (or
by UTHT and CKMHATTER, the main collaborations that extract the CKM parametex®@rr
to SMMS quantities defined a) = m_, to avoid any possible ambiguity. Analogously to the
RPV parameters, we specify the input CKM matrix in a separgiat block VCKMINPUTS
with the same format as the output blo¢€KMabove.

3.3 CP Violation

When adding CP violation to mixing matrices and MSSM paramsetthe SLHAL blocks are

understood to contain the real parts of the relevant paemnefThe imaginary parts should
be provided with exactly the same format, in a separate bddécke same name but prefaced
by IM. The defaults for all imaginary parameters will be zero. Fhior example BLOCK
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IMAU, IMAD, IMAE, Q= ... would describe the imaginary parts of the trilinear soft
SUSY-breaking scalar couplings. For inpBLLOCK IMEXTPARnay be used to provide the
relevant imaginary parts of soft SUSY-breaking inputs. &ses where the definitions of the
current paper supersedes the SLHAL input and output blookspletely equivalent statements
apply.

The Higgs sector mixing changes when CP symmetry is brokeoe she CP-even and
CP-odd Higgs states mix. Writing the neutral scalarglas v/2(Re { H} , Re {H9} , Im {HV}
Im { HY}) we define the unitary 4 by 4 mixing matri (blocksCVHMIXandIMCVHMIX) by

" M3o¢” = — ¢°7ST S MZST S¢° (23)
M ——

0T diag(m(2 ) PO

where®® = (G°, HY, HY, HY) are the mass eigenstate&s’ denotes the Goldstone boson. We
associate the following PDG codes with these states, intstrass orderegardlessof CP-
even/odd compositionfy: 25, HY: 35, HY: 36. That is, even though the PDG reserves code
36 for the CP-odd state, we do not maintain such a labeling, In@r one that reduces to it. This
means one does have to exercise some caution when takingtberServing limit.

Whether and how to include the mixing in the charged Higgsosé€specifying the make-
up of (G, H") in terms of theif H,", H,") components) has not yet been agreed upon.

4. THE NEXT-TO-MINIMAL SUPERSYMMETRIC STANDARD MODEL

4.1 Conventions

In the notation of SLHAL the conventions for the Lagrangidanhe CP conserving NMSSM
are as follows: The NMSSM specific terms in the superpotkHitiare given by

1
W = —epASHIHY + gms?’ : (24)

Hence a VEV(S) of the singlet generates an effectivéerm u.c = A (S). (Note that the sign
of the A term in eq. (24) coincides with the one in [218,305] whereHiggs doublet superfields
appear in opposite order.) The new soft SUSY-breaking temas

1
Viott = m3|S|> + (—eayNANSHOHY + g/-@zxms*i” +h.c.). (25)
The input parameters relevant for the Higgs sector of the SM%at tree level) are
A, K, Ay, Ag, tanf = (Hy) / (Hy), peg = A(S) . (26)

One can choose sign conventions such thahdtan § are positive, whiles, Ay, A, and g
must be allowed to have either sign.

4.2 Input/Output Blocks

TheBLOCK MODSEhould contain the switch 3 (corresponding to the choicéefmodel)
with value 1, as attributed to the NMSSM already in SLHAL. Bi€OCK EXTPARontains
the NMSSM specific SUSY and soft SUSY-breaking parametdrs.riew entries are:
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61 for A

62 fork

63 for A,

64 for A,

65 for pues = A (S)

Note that the meaning of the switch 23 (the MS&Nbarameter) is maintained which allows,
in principle, for non zero values for boghand ... The reason for choosing.s rather than
(S) as input parameter 65 is that it allows more easily to rectveMSSM limit\, x — 0,
(S) — oo with A (S) fixed.

Proposed PDG codes for the new states in the NMSSM (to be ngbdBLOCK MASS
and the decay files, see also Section 5.) are

45 for the third CP-even Higgs boson,
46 for the second CP-odd Higgs boson,
1000045 for the fifth neutralino.

4.3 Particle Mixing

In the CP-conserving NMSSM, the diagonalisation of 3he 3 mass matrix in the CP-even
Higgs sector can be performed by an orthogonal matrixThe (neutral) CP-even Higgs weak
eigenstates are numbered by = 2Re {(H}, HY,S)"}. If ®; are the mass eigenstates
(ordered in mass), the conventionds = Sljgbo The elements ob;; should be given in a
BLOCK NMHMIXn the same format as the mixing matrices in SLHAL.

In the MSSM limit (\, x — 0, and parameters such thfaf ~ Sg) the elements of the
first 2 x 2 sub-matrix ofS;; are related to the MSSM angteas

Si1~ cosa, So1 ~sina,

Sia ~ —sina, Sog ~ COS v .

In the CP-odd sector the weak eigenstatesgdre= v/2Im {(HY, HJ, 5)"}. We define
the orthogonal 3 by 3 mixing matrik (block NMAMIX by

—¢"" M2¢" = — " PT PM3,P" P’ (27)
M~ ——

HOT .
e dlag(m(%o)

o

whered®’ = (G°, A9, A9) are the mass eigenstates ordered in mé$sdenotes the Goldstone
boson. Hence®; = ingg. (Note that some of thé’; are redundant sinc€;; = cosf3,
P, = —sin 3, P13 = 0, and the present convention does not quite coincide withrleen [218]
where redundant information has been omitted. An updatesioreof [305] will include the
SLHAZ2 conventions.)

If NMHMIX, NMAMIblocks are present, thesupersedehe SLHALALPHAvariable/
block.

The neutralino sector of the NMSSM requires a change in tlia@iten of the 4 by 4
neutralino mixing matrix’V.to a 5 by 5 matrix. The Lagrangian contains the (symmetric)
neutralino mass matrix as

1 -~ -
L5 = —§¢°TM¢~,O¢° +he., (28)
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Table 2: SM fundamental particle codes, with extended Heggtor. Names in parentheses correspond to the
MSSM labeling of states.

Code| Name | Code Name Code| Name
1 d 11 e 21 g
2 u 12 Ve 22 vy
3 S 13 o 23 A
4 c 14 v, 24 | W+
5 b 15 T~
6 t 16 v,

25 | HY (W% | 35 HY (H°) 45 HY
36 | AV (A% | 46 A
37 H* 39 | G (graviton)

in the basis of 2-component spinar® = (—ib, —iw?*, hy, hy, 5)7. We define the unitary 5 by
5 neutralino mixing matrixV (block NMNMIX, such that:

1- . 1- -
_§¢OTM1ZJOwO _ _5 IDOTNT N*MlzoNT N¢O 7 (29)

T diag(mg) X

where the 5 (2—component) neutralinpsare defined such that their absolute masses (which
are not necessarily positive) increase withf. SLHAL.

5. PDG CODES AND EXTENSIONS

Listed in Table 2 are the PDG codes for extended Higgs seatatsStandard Model particles,
extended to include the NMSSM Higgs sector. Table 3 contdiascodes for the spectrum
of superpartners, extended to include the extra NMSSM akuiras well as a possible mass
splitting between the scalar and pseudoscalar sneutriNoge that these extensions are not
officially endorsed by the PDG at this time — however, neittie they currently in use for
anything else. Codes for other particles may be found in,[8Bf@. 33].

6. CONCLUSION AND OUTLOOK

This is a preliminary proof-of-concept, containing a sumynaf proposals and agreements
reached so far, for extensions to the SUSY Les Houches Accelelvant for CP violation,
R-parity violation, flavour violation, and the NMSSM. Thesmposals are not yet final, but
should serve as useful starting points. A complete writeaptaining the finalised agreements,
will follow at a later date. Several other aspects, whichevaust entered into here, are foreseen
to also be included in the long writeup, most importantlyeggnents on a way of parametrising
theoretical uncertainties, on passing inclusive crosi@semformation, and on a few other
minor extensions of SLHAL.
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Table 3: Sparticle codes in the extended MSSM. Note that t@ssneigenstate numbers are assigned for each
of the sneutrinog;;,, corresponding to the possibility of a mass splitting beméhe pseudoscalar and scalar
components.

Code | Name| Code | Name| Code Name
1000001| d; | 1000011 ¢y 1000021 g
1000002| @; | 1000012 7., | 1000022 %)
1000003| 3s;, 1000013| /iy | 1000023 X5
1000004| ¢;, 1000014| 7, | 1000024 X5
1000005, b, 1000015 7 1000025 X3
1000006| ¢, 1000016| 7., | 1000035 X§
1000017| 1. | 1000045 X2
1000018| i, | 1000037 i
1000019| 7,7, | 1000039 G(gravitino)
2000001| dp | 2000011 eép

2000002 ugp
2000003, sp | 2000013 [
2000004, cg
2000005 b, | 2000015 7,
2000006| 1,
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Part 17

Pythia_UED : a Pythia-based generator
tool for universal extra dimensions at the
LHC

M. ElKacimi, D. Goujdami and H. Przysiezniak

Abstract

Theories with extra dimensions offer a description of thevdational
interaction at low energy, and thus receive consideraémt@dn. One
very interesting incarnation was formulated by Appelgu@teng and
Dobrescu [314], the Universal Extra Dimensions (UED) modéiere
Universalcomes from the fact that all Standard Model (SM) fields prop-
agate into the extra dimensions.

We provide a Pythia-based [17] generator tool which willldaaus to
study the UED model with one extra dimension and additionaVity
mediated decays [315], using in particular the ATLAS deieet the
LHC.

1. INTRODUCTION

Extra dimensions accessible to Standard Model fields anetefest for various reasons. They
could allow gauge coupling unification [338], and providemaechanisms for supersymmetry
breaking [339] and the generation of fermion mass hierascf840]. It has also been shown
that extra dimensions accessible to the observed fields ezal/tb the existence of a Higgs
doublet [341].

In the UED model, the SM lives i + ¢ space-time dimensions. This effective theory is
valid below some scal& (cutoff scale). The compactification scaleljs? < A for thed extra
spatial dimensions. To avoid fine-tuning the parametersarHiggs sectorl / R should not be
much higher than the electroweak scale.

Lower bounds can be set ai R from precision electroweak observables [342—-345]. In
the case of a single extra dimension<£ 1), using the upper bound on isospin breaking effects,
Appelquist etal. [314] find1/R > 300 GeV. As well, the loop expansion parametebecomes
of order unity, indicating breakdown of the effective thgaat roughly 10 TeV. The present
limit from direct non-detection i$/R > 300 GeV, for one extra dimension [314]. Appelquist
etal. also show that for more than one extra dimensior (2), the T (isospin breaking) and
S (electroweak gauge bosons mixing) parameters and otbetr@veak observables become
cutoff dependent. Fa¥ = 2, the lower bound on /R is approximately 400 to 800 GeV, for
AR = 2to 5. Ford > 3, the cutoff dependence is more severe and no reliable dstiima
possible in this case.

The UED phenomenology shows interesting parallels to sypemetry. Every SM field

has Kaluza Klein (KK) partners. The lowest level KK excitats carry a conserved quantum
number, KK parity, which guarantees that the lightest Kktigl (LKP) is stable. Heavier KK
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modes cascade decay to the LKP by emitting soft SM particlé® LKP escapes detection,
resulting in missing energy signals, unless some other amesim enables it to decay.

2. THE UED MODEL DESCRIPTION
2.1 Momentum and KK number conservation

One can consider the case of a massless field propagatingimgla, compactified, circular
extra dimension of radius RTeV ! sized). This theory is equivalently described by a four
dimensional theory with a tower of states (KK excitationsfmree level masses.,, = n/R.
The integem corresponds to the quantized momentpymn the compact dimension and be-
comes a quantum number (KK number) undéf(a) symmetry in the 4D description. The tree
level dispersion relation of a 5D massless particle is fixgtdrentz invariance of the tree level
LagrangianE? = p* + p2 = p® + m?2, wherep is the momentum in the usual three spatial
directions. Ignoring branes and orbifold fixed points, KKnrher is a good quantum number
and is preserved in all interactions and decays. It is atsagsitforward to include electroweak
symmetry breaking masses, such that the KK mass relatiaues gy :

iR = (2 ) = (02 B2 o i) ®

n

wheremg,,; stands for the SM particle mass.

The key element of this model is the conservation of momernitutime extra dimensions,
which becomes, after compactification, conservation ofkkKenumber (also called KK mo-
mentum) in the equivalent 4D theory. There may be some boyridems that break the KK
number conservation (see Section 3.1), but the KK parityrésgrved. There are hence no
vertices involving only one non-zero KK mode, and non-zek idodes may be produced at
colliders only in groups of two or more.

2.2 The Lagrangian

The notationt®, « = 0, 1, ...,3 + ¢ is used for the coordinates of thet § dimensional space-
time, whilexz*, . = 0,1,2,3 andy®, a = 1,..., correspond respectively to the usual non-
compact space-time coordinates and to the extra dimensmorslinates. From Appelquist
etal. [314], thel + § dimensional Lagrangian is given by:

3
1 « a a a
L(zt) = /d5y{—z 52 L E (@, y") Fy a2, y*)] + Litiges(2, y*)

+hel} 2)

where F*? are the4 + ¢ dimensional gauge field strenghts associated withhig3)c x
SU(2)w x U(1)y group, whileD,, = 9/0z* — A, and D5, = 0/0y* — A3, are the co-
variant derivatives with4, = —i Zi’:l ;AL T being the4 + § dimensional gauge fields.
L1445 CcONtains the kinetic term for the+ § dimensional Higgs doublet H, and the Higgs po-
tential. The fieldLQ (doublet) ./ andD (singlets) correspond to thie+ § dimensional quarks,
for which the zero modes are given by the SM quarks.
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In order to derive the 4D Lagrangian, the compactificatiohef extra dimensions has
to be specified. Fof = 1, the UED choice [314] is a$'/Z, orbifold. A description of
the compactification is given by a one-dimensional spack webrdinate) < y < 7R, and
boundary conditions such that each field or its derivativita waspect tg; vanish at the orbifold
fixed pointsy = 0, =7 R.

The Lagrangian together with the boundary conditions cetep} specifies the theory.
The momentum conservation in the extra dimensions, intjyli@ssociated with the Lagrangian
above, is preserved by the orbifold projection. Howevetawting chiral fermions in 4 dimen-
sions from a 5D { = 1) theory is only possible with additional breaking of 5D Lotz invari-
ance. This is done by imposing orbifold boundary conditiom$ermions in the bulk. This will
be described in Section 3.1.

2.3 KK particle spectrum for one extra dimension

For one extra dimensior (= 1), at each KK level{ = 1,2,...) one will find a set of fields
including theSU (3)¢ x SU(2)w x U(1)y gauge fields, three generations of vector-like quarks
and leptons, a Higgs doublet, afid= 1 scalar in the adjoint representations of the gauge. In
the SM, the quark multiplets for thigh generation are :

05 (1) - ( Py ) U (@) = ule), DV (o) = ).
L

In 4 + 1 dimensions, théth generation fermion doubletg; (quarks) andZ; (leptons), and

singletd/;, D; (quarks) and; (lepton) are four-component and contain both chiralitiel énd

right) when reduced t8 + 1 dimensions. Under th&'/Z, orbifold symmetry,Q;, Ur, Dk,

L1, Er are even such that they have zero modes associated with tiier®ins. The fermions

with opposite chiralityQr, U, Dy, Lr, £, are odd, and their zero modes are projected out.

The mass eigenstat&d andQ'” have the same mags? + m?)'/2,

The weak eigenstate neutral gauge bosons mix level by letleéisame way as the neutral
SU(2)w and hypercharge gauge bosons in the SM. The correspondmefmnstatezi and
Al have massegn? +m3)"/? andm,, respectively. The heavy gauge bosons have interactions
with one zero-mode quark and one n-mode quark, identicéleg&M interactions of the zero-
modes.

Each non-zero KK mode of the Higgs doublét includes a charged Higgs and a neutral
CP-odd scalar of mass,,, and also a neutral CP even scalar of masg + m?)'/2. The
interactions of the KK Higgs and gauge bosons may also berdatdrom the corresponding
SM interactions of the zero-modes by replacing two of thel§elt each vertex with theirth
KK mode.

The mass spectrum at each KK level is highly degenerate ekmeparticles with large
zero mode masses (W, Z, h).

3. KK DECAYS AND THE MINIMAL UED MODEL

If the KK number conservation is exact, some of the KK exmta of the SM patrticles will
be stable. Such heavy stable charged particles will causaa@ogical problems if a significant
number of them survive at the time of nucleosynthesis [34%].3They would combine with
other nuclei to form heavy hydrogen atoms. Searches for lseahy isotopes put strong limits
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on their abundance. Various cosmological arguments egd¢hmse particles with masses in the
range of 100 GeV to 10 TeV, unless a low scale inflation diltibes abundance.

The cosmological problems can be avoided if there exist Kiktber violating interac-
tions such that non-zero KK states can decay. For examplp,dorrections can give important
contributions to the masses of the KK particles [41, 348uiting mass splittings which pro-
voke cascade decays.

3.1 Radiative corrections and KK number violation

The full Lagrangian of the theory comprises both bulk andratawry interactions [41, 348]. In
the case of one extra dimensiah £ 1), the bulk interactions preserve the 5th dimensional
momentum (KK number) and the associated radiative coarstare well defined and finite.
For the fermionic fields, they are zero, while for the gaugeégiethey are actually negative and
of ordera/ R. On the other hand, the boundary interactions are locabretie fixed points of
the S'/Z, orbifold and do not respect 5D Lorentz invariance. The coieffits of these terms
depend on the fundamental theory at the Planck scale, apédtbainknown in the low energy
regime. The contributions to these terms coming from ong loarrections in the bulk are
logarithmically divergent, and it is thus necessary toadtrce a cutoff scald.

If the localized boundary terms are ignored, the mass ofntie KK mode is simply
(n?/R?+m?%,,)"/* as we have seen, and all particle masses are higly degeriéthese terms
are included, in particular the localized kinetic termg, tiear-degeneracy of KK modes at each
level is lifted, the KK number conservation is broken dowrat&K parity, and possible new
flavor violation is introduced. The boundary loop corregti@re typically of order 10% for the
strongly interacting particles, and of order of a few % foe thptons and electroweak gauge
bosons. The corrections to the masses are suchthat> mg, > m,, > mwy, > myz, >
mr, > mg, > m,, >, Where upper (lower) case fermions represent the doulsetgléts).
Figure 1 shows the spectrum and the possible decay chaimg dir$t set of KK states after
taking into account the radiative corrections [41, 348],1foRk = 500 GeV.

650 650
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£ u by
3 d B,
=
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e T
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Figure 1: The mass spectrum (left) and the possible decag<(raght) of the first level KK states after taking into
account the radiative corrections to the masses [41, 3d8Bl,/fR = 500 GeV. The upper (lower) case fermions
represent the doublets (singlets).
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3.2 Minimal UED scenario

The minimal UED scenario has only one extra dimensiba=(1). The assumption is made
that all boundary terms are negligible at some s¢ale R~'. This is completely analogous
to the case of the Minimal SUSY SM (MSSM) where one has to ch@oset of soft SUSY

breaking couplings at some high scale before studying tlemgmenology. The choice of
boundary couplings may be viewed as analogous to the sitnpiesmal SUGRA boundary

condition: universal scalar and gaugino masses. The mituEB (MUED) model is extremely

predictive, and has only three free parameters:

{R, A, mH}

wheremy is the mass of the SM Higgs boson.

The lightest KK particle (LKP)y; (n=1 KK state of the SM photon) is a mixture of the
first KK mode B; of theU(1)y gauge boso and the first KK modéV; of the SU(2)y, W?
gauge boson. The correspondiWginbergangled; is much smaller tha#, of the SM, so that
the~, is mostly B; and Z; is mostlyWW?. The spectrum is still quite degenerate, such that the
SM particles emitted from these mass splitting decays witft. Each level 1 KK particle has
an exact analogue in SUSY; < bino, g; < gluino, Q(¢:) « left-handed (right-handed)
squark, etc. The cascade decays of the level 1 KK modes willitate in the LKP. Just like
the neutralino LSP is stable iR-parity conserving SUSY, the LKP in MUEDS is stable due to
KK parity conservation.

The branching ratios for the different level 1 KK particles given below, where upper
(lower) case fermions represent the doublets (singlets):

B(g1 — QiQo) ~ B(g1 — q1q0) ~ 0.5

B(qy — Z1qo) ~sin?0, ~ 1072 —-1073
B(qy — mdo) ~ cos?0; ~ 1
B(Qi — WiQp) =~ 0.65
B(Q1 — Z,Qo) =~ 0.33
B(Qi — mQo) =~ 0.02

B(W{ — L) = B(WY — Liw)
B(Z, — i) = B(Z, — LFL)
B(Li — mLy)

)

12

1/6 (for each generation)

12

1/6 (for each generation)
1
1

If they are heavy enough and the phase space is open, the Kg§ Hmsons can decay into the
KK W and Z bosons or into the KK top and bottom quarks. If they lighter, their tree-level
2-body decays will be suppressed and they will decallas~ v, Hy, or H; — ~1y through a
loop.

4. GRAVITY MEDIATED DECAYS

We have seen that radiative corrections lift the KK mass degeey, and thus induce cascade
decays. In addition, some mechanisms can provide for KKydettaough gravity mediated
interactions [315]. In the latter, the level 1 KK particlecdgs into its SM equivalent plus a
KK graviton. Itis interesting to study the phenomenologyohodel where both mechanisms
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occur. If the mass splitting widths of the first level KK exatibns are much larger than the
gravity mediated widths, the quark and gluon KK excitaticascade down to the LKP),
which then produces a photon plus a KK graviton. The expentaiesignal is a striking two
photon plus missing energy event.

In the MUED context, the 4+1 dimensional space in which thefielMs propagate may
be a thick brane embedded in a space ef\N'' sized dimensions where only gravitons prop-
agate [315]. The KK excitations can then decay into SM plagiplus gravitons going out of
the thick brane, and the unbalanced momentum in the extrardiibns can be absorbed by
this brane. The lifetime depends on the stength of the cogpdi the graviton going out of the
brane and the density of its KK modes. Using the decay widths iMacesanu, McMullen
and Nandi [349, 350], as well as the KK mass spectrum of theitgrafrom Beauchemin and
Azuelos [351, 352], these type of decays are also consideitbeé following analysis.

5. Pythia-BASED GENERATOR TOOL

The aim of the work started during thees Houches 2005 Worksheyas to implement the
Minimal UED scenario with gravity mediated decays in a gat@rfor future use in the context
of the LHC. Some results are shown here for proton-protdisgmhs at a centre-of-mass energy
of 14 TeV. The MUED model, where all SM fields propagate inte ¢h= 1) TeV~! sized
extra dimension, embedded in a space of N e¥ized dimensions (where only the graviton
propagates), is implemented in the generator tool desthbmw. Hence, mass splitting decays
as well as gravity mediated decays are possible.

5.1 Production processes, cross sections and decays

To begin with, the CompHep code [353] with UED implementatié4, 354] was used, where
the pair production of KK particles at the LHC is properly déised. The generated events
(four-vectors of the hard process) were fed into a modifigtiiBywhere already existing Pythia
processes and particles were replaced by those of the KiKlpaspectrum.

The model was then implemented inside Pythia, as separatepasdicles as well as
new production and decay processes. Table 1 lists the piiodugrocesses found inside
PythiaUED, whereg; and Q; (q;) are respectively the first level KK gluon and quark dou-
blet (singlet). The matrix elements of these processesgremented, as are the masses and
widths of the particles, including the one-loop radiatieerections [349, 350].

The cross-sections versug,, = 1/R are shown in Figure 2 and are in very good
agreement with those of Beauchemin and Azuelos [351].

The mass splitting and gravity mediated decay widths froin 348, 355] which are im-
plemented in PythidJED are shown in Figure 3.

5.2 User advice

From thehttp://wwwlapp.in2p3.fr/ ~przys/PythiaUED.html web page, thpythia_ued med.tar.gz
file can be found, and must be unzipped (genzip *.tar.gz) and then untarred (i.gar -cvf
*.tar). In the main directory, one finds the main routiplkprod.f, the makefile, and a script
comp_execwhich compiles or executgskkprod.f. All other original or modified Pythia rou-
tines are in the directorgythia62uedrep. In thejob_batchdirectory, a script enables to start
KK production jobs.
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| ISUB | Process | Production source

302 gg — 2181 g9
305 | gg — QiQi,quds
‘ 303 ‘ gq — 21Q1, g1 gq ‘
304 | qq' — QQ}, qud) qq
306 | qq — Qi Q1, q1qy
307 aq’ — Quq;

308 | qq — Q:1Q, a1
309 | q@ — QQ}, aid)
310 | qf’ — Q:Q}, aud)

Table 1: Level 1 KK pair production processes, grouped initial state gg, gq and qg.

Various flags can be set in theed.ini file. This is where the production process can be
chosen, as well as the number of €\kized extra dimensions (N), the valuesigfkz and A,
the flag for turning ON (or OFF) the mass splitting decays, Biate that the KK lifetimes are
implemented and the vertex information is available.

5.3 Future work

Using the code and model described above, events have beeraggl and passed through a
fast simulation of the ATLAS detector. Preliminary studiese been performed. We are now
in the process of producing fully simulated events, in otdestudy non-pointing photons in the
gravity mediated MUED model. These results will be compavgd GMSB (Gauge Mediated
SUSY Breaking) two photon signals.

6. CONCLUSION AND OUTLOOK

In the context of the LHC, all signals from level 1 KK states caock SUSY, but identifying the
actual nature of the new physics, if itis seen, will be ratiielenging. Precision measurements
will have to be performed elsewhere than at the LHC. This m¢hat if new physics is seen,
the LHC may not be able to disentangle all possible theaietimenarios which match the data.

Nonetheless, three features could distinguish the MUEBBa0 from ordinary SUSY:
the spins will be different, MUEDs do not have analogues eftlieavy Higgs bosons of the
MSSM, and the signature for MUEDs would be the presence dfdritevel KK modes.
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Figure 2: Cross sections for proton-proton collisions &g =14 TeV (at the LHC). On the left are shown the
cross sections versud i i = 1/R for the production of KK quark pairs. The KK excitations hdween forced

to decay via gravity mediated decay®:[q:) — Q(q) + Graviton] 100% of the time. The number efi —*
sized extra dimensions is N=2. Two final state jets are ifledtivith £, > 250 GeV andE; >250 GeV. The
contributions from the different sources are shown sepbrayg, gq and qq. On the right are shown the cross
sections for N=2 and 6, where both decay mechanisms aredtomémass splitting and gravity mediated). Two
final state photons are identified witfy-, > 200 GeV.
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Figure 3: On the left, the mass splitting decay widths vefdusc = 1/R are shown for the level 1 KK excitations
of vector bosons : (&), (b) Wf and (c)Z,. The gravity mediated decay widths are shown for (1) N=2 &)d (
N=6. On the right, the mass splitting decay widths are shawithfe level 1 KK excitations of fermions : (€},
(d) q1 and (e)L.;. Again, the gravity mediated decay widths are shown for (&2 ldnd (2) N=6.
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Part 18

Les Houches squared event generator for
the NMSSM

A. Pukhov and P. Skands

Abstract

We present a generic framework for event generation in the-ie
Minimal Supersymmetric Standard Model (NMSSM), includihg full
chain of production process, resonance decays, partoresimgyhadro-
nization, and hadron decays. The framework at present usd3ME-
CAY to compute the NMSSM spectrum and resonance widtAscEIEP
for the generation of hard scattering processes, aritHRA for reso-
nance decays and fragmentation. The interface betweenothes ds
organized by means of two Les Houches Accords, one for sypers
metric mass and coupling spectra (SLHA,2003) and the ottrethe
event generator interface (2000).

1. INTRODUCTION

With the Tevatron in operation and with the advent of a newegation of colliders on the hori-
son, the LHC and ILC, the exploration of the TeV scale is claiskand. Among the attractive
opportunities for a discovery of physics beyond the Stashd#mdel (SM), would be the obser-
vation of heavy particles predicted by supersymmetricresitms of the SM (for reviews, see
e.g. [356, 357]). The Minimal Supersymmetric Standard M@MESSM) has been extensively
studied, both theoretically and experimentally. Non-miali SUSY extensions, however, have
received less attention. The simplest of them, the NeXthtwimal Supersymmetric Standard
Model (NMSSM, see e.g. [358]), contains one additional sunpktiplet, which is a singlet
under all the Standard Model gauge groups. From the thealgtoint of view the NMSSM
solves the naturalness problemgoroblem, which plagues the MSSM [359]. From the exper-
imental point of view the NMSSM gives us one additional heagytralino and two additional
Higgs particles. Moreover, in particular for Higgs physitee NMSSM can imply quite differ-
ent ranges of allowed mass values [216] as well as diffengmergmental signatures [219], as
compared to the MSSM.

2. NMSSM N CalcHEP

CALCHEP version 2.4 can be download from
http://theory.sinp.msu.ru/"pukhov/calchep.html
It contains an implementation of the NMSSM [360] and alsoNiMHD ECAY code [218,305].
Apart from the normal range of MSSM parameters (given at teaknscale) the model contains
five additional parameters, x, Ay, A, andu.s = A (S) which describe the Higgs sector,
see [218]. For particle codes etc we adopt the conventiofSMHDECAY [218]. These
conventions are also being adopted for the extension of ttf#Y3_es Houches Accord [9,92],
reported on elsewhere in these proceedings [361].
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CALCHEP [96] is an interactive menu driven program. It allows tiser to specify
processes, generate and compile the corresponding migimerts, and to launch the obtained
executable. In the given caseACHEP launches themhdecay slha code which reads
the SLHA input parameter filslhainp.dat , preliminarily prepared by & cHEP, then
calculates the spectrum and writes the SLHA output to a $isctr.dat . The original
SLHA input and output conventions [92] have in this case Isegtably extended to include the
NMSSM, see [218, 305, 361].

Finally, the program allows to check the spectrum againsirgel variety of experi-
mental constraints, using NMHEZAY. Any constraints that are not satisfied are listed in
BLOCK SPINFQn the outputspectr.dat  file mentioned above. TheALCHEP variable
NMHokalso displays the number of broken constraints.

3. THE EVENT GENERATION FRAMEWORK
3.1 Hard Scattering

Partonic2 — N events can be generated by CalcHEP using its menu systentaande
stored in a file, by default calleevents_N.txt . This file contains information about total
cross section, Monte Carlo numbers of particles involvedial energies of beams, partonic
distribution functions, and color flows for each event. Thstfstep is thus to generate such
a file, containing a number of partonic events for subseqfigtiier processing by a parton
shower and hadronisation generator, in our caseHin [17,46]. For the interface, we make
use of the Les Houches generator accord [362] — see belovefailslon the implementation.

3.2 Resonance Decays

If the partonic final state passed toFHIA contains heavy unstable particles, a (series of)
resonance decay(s) should then follow. However, sinceHin does not internally contain any
of the matrix elements relevant to decays involving the né8$M states, these partial widths
must also first be calculated by some other program, and tbgrassed to YrHIA together
with the event file. For this purpose, we use the SUSY Les Hesiéttcord [9, 92, 361], which
includes a possibility to specify decay tables, wherebgrimiation on the total width and decay
channels of any given particle can be transferred betwegesco

Both CALcHEP and NMHDECAY can be used to generate such decay tables. For
NMHDECAY, this file decay.dat is generated automatically, but at present it is limited to
the widths and branchings for the Higgs sector only. In tree e CALCHEP the user should
start a new session to generate the SLHA file. Here the typparttles are not restricted, but
since QLCHEP works exclusively at tree level, Higgs decaygdand~~ are absent.

Using the externally calculated partial widths (see belomwdetails on the implementa-
tion), we then use the phase space generator insitiaIR, for a particle with appropriate spin,
but using an otherwise flat phase space.

3.3 Interface to PyTHIA

After generating the LHA partonic event file and the SLHA gpsam and decay file, the fi-
nal step is thus reading this intorPHIA and start generating events. Thgle\ direc-
tory of CALCHEP contains an examplaain programcallPYTH.f  which shows how to
use ALCHEP’s event2pyth.c routine for reading the event files intorPHIA. The most
important statements to include are:
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C...Specify LHA event file and SLHA spectrum+decay file
eventFile="events_1.txt'
slhafile="decay.dat’
C...Set up PYTHIA to use SLHA input.
IMSS(1)=11
C...Open SLHA file
OPEN(77,FILE=slhafile, STATUS="OLD’,ERR=100)
C...Tell PYTHIA which unit it is on, both for spectrum and dec ays
IMSS(21)=77
IMSS(22)=77
C...Switch on NMSSM
IMSS(13)=1
C...Initialize
NEVMAX=initEvents(eventFile)
CALL PYINITCUSER’; ', ',0DO0)

To compile everything together, use a linking like the faling:

cc -c event2pyth.c
f77 -o calcpyth callPYTH.f event2pyth.o pythia6326.f

3.4 Parton Showering, Hadronisation, and Underlying Event

After resonance decays, the event generation proceed iRsTHIA completely as for any
other process, i.e. controlled by the normal range of swiand parameters relevant for ex-
ternal processes, see e.g. the recent brief overview in.[S&cifically, two different shower
models are available for comparison, one a virtuality-cedeparton shower and the other a
more recently developed transverse-momentum-orderetedspower, with each accompanied
by its own distinct underlying-event model, see [364, 3634 366, 367], respectively, and
references therein.

At the end of the perturbative stage, at a typical resolusoale of about 1 GeV, the
parton shower activity is cut off, and a transition is mada twon—perturbative description of
hadronisation, the PrTHIA one being based on the Lund string model (see [368]). Firatly
unstable hadrons produced in the fragmentation are decalyearying levels of sophistication,
but again with the possibility of interfacing external pagks for specific purposes, suchras
andB decays.

4. PRACTICAL DEMONSTRATION

For illustration, we consider Higgs strahlung at the IL@, ithe process™e~ — ZH{. We
concentrate on the difficult scenario discussed in [369¢mlthe lightest Higgs decays mainly
to pseudoscalars, and where the pseudoscalars are schaglihé¢y cannot decay toquarks.
As a concrete example of such a scenario, we take “point 1218], with slight modifications
S0 as to give the same phenomenology with NMeIAY version 2.0, with the parameters and
masses given in Tab. 1. We usel@HEP to compute the basic'e~ — ZH? scattering,
NMHDECAY to calculate thél{ andA? decay widths, and ¥PrHIA for generating th&’, H?,
andA? decays as well as for subsequentecays, bremsstrahlung, and hadronisation.

We generate 30000 events at tHe~ — Z°H? level, at,/s = 500 GeV corresponding to
about500 fb~! of integrated luminosity. Out of these, we select eventh witauons in the final
state (withp, > 5 GeV) and where th& does not decay to neutrinos. The plot in Fig. 1 shows
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pars: My fheff A k  tanfB my My My, Ms A, Ay A
[GeV]* 175 -520 0.22 -0.1 5 1000 100 200 700 1500 -700 -2.8

spectrum: Mp9 My Mgo Mgz My Mg Mg 54 myo Mg rest

[GeV] 9.87 89.0 101 200 459 477 530 540 788 1000

BR's: HY — A%A? bb rt7- 2% AY— 777 gg ¢ S
0.92 0.07 0.006 8 x 107° 0.76 0.21 0.02 0.01

Table 1: Parameters, mass spectrum,iahdA! branching ratios larger than 1%, for an NMSSM benchmarktpoin
representative of the phenomenology discussed in [36@jgéMHDECAY 2.0.* : in appropriate power of GeV.
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Figure 1: Invariant masses for2¢{solid, green)pb (dashed, blue), and 4{dot-dashed, red) combinations in

ete™ — HYZC events at/s = 500 GeV, requiring 4 tauons with; > 5 GeV in the final state and’ — visible.

simultaneously the invariant mass distributionsof~ (solid, green)*7~7+7~ (dot-dashed,
red), andbb (dashed, blue) for these events. Of course, experiment®tiobserve tauons
andb quarks directly; this plot is merely meant to illustratetttiee expected resonance peaks
appear where they should: firstly, a larger— peak at the\° mass, and a smaller one at tte
mass. Secondly,lab peak also at th&° mass and finally the 4-peak at thél! mass.

5. CONCLUSION

We present a framework intended for detailed studies ofdhigler phenomenology of NMSSM
models. We combine three codes developed independentlytdmnaa full-fledged event gen-
erator for the NMSSM, including hard scattering, resonateeays, parton showering, and
hadronisation. The interface itself is fairly straightf@rd, relying on standards developed at
previous Les Houches workshops.

Moreover, it seems clear that this application should omypkrceived as a first step.
With slight further developments, a more generic framewsgkms realisable, which could
greatly facilitate the creation of tools for a much broaderge of beyond the Standard Model
physics scenarios. In particular we would propose to extea@&LHA spectrum and decay file
structures to include all the information that defines aiglart— specifically its spin, colour
and electric quantum numbers, in addition to its mass andydemdes. This would make it
possible for a showering generator to handle not just thecpes it already knows about, but
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also more generic new states.
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Part 19
The MSSM implementation in SHERPA

S. Schumann

Abstract
The implementation of the Minimal Supersymmetric Standdtiel
in the event generator SHERPA will be briefly reviewed.

1. INTRODUCTION

SHERPA [316] is a multi-purpose Monte Carlo event generttat is able to simulate high-
energetic collisions at lepton and hadron colliders. Thaeds publicly available and can be
downloaded fronhttp://www.sherpa-mc.de

The physics programme of SHERPA covers:

e The description of hard processes in the framework of thedatia Model, the Minimal
Supersymmetric Standard Model and the ADD model of largeaeimensions using
tree level matrix elements provided by the matrix elememiegator AMEGIC++ [318,
370,371].

e Multiple QCD bremsstrahlung from initial and final state toais taken care of by the
parton shower program APACIC++ [372].

e The merging of matrix elements and parton showers accotdirige CKKW prescrip-
tion [373].

e Jet fragmentation and hadronisation provided by an interfa corresponding PYTHIA
routines.

e The inclusion of hard underlying events similar to the diggicm in [364].

In the following the spot will solely be on aspects relatedh® implementation of the MSSM
in SHERPA.

2. THE MSSM IMPLEMENTATION

The central part of the MSSM implementation in SHERPA is tkteresion of the internal matrix
element generator AMEGIC++ to cover the Feynman rules opttysics model. For this task
the very general set of Ref. [374] for thHeparity conserving MSSM has been implemented.
These Feynman rules allow for a general form of flavour miximdpe SUSY sector and permit
the inclusion of CP violating parameters. Beyond this thude finite masses and Yukawa
couplings for all the three fermion generations. From tHésgnman rules AMEGIC++ auto-
matically constructs all the Feynman diagrams contrilgut;na given process in the tree-level
approximation. The generated Feynman diagrams then gefldatad into helicity amplitudes
that are written into library files. In conjunction appraig phase space mappings are gener-
ated, and stored as library files as well, which are used gumtegration and the procedure of
event generation. Note that no narrow-width approximatiothe like is assumed, the ampli-
tudes contain all the resonant as well as non-resonantilsotidns that may contribute. Due
to the usage of exact Feynman diagrams the algorithm ingslsgim-correlations in the most
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natural way®. To unambiguously fix the relative signs amongst Feynmagrdias involving
Majorana spinors the algorithm described in [375] has begpidmented. For the negative
mass eigenvalues appearing in the diagonalisation of theatl®o mixing matrix the helicity
formalism allows to directly take them into account in thegagators and spinor products used.
This way a redefinition of the neutralino fields and couplings be avoided.

To calculate the couplings of the Feynman rules the progreets to be supplemented with
a full set of weak-scale parameters. Since version SHERBPA-1his can be done using a
SUSY Les Houches Accord [92] conform file whose parameterdranslated to the conven-
tions of [374] by the program.

3. CONCLUSIONS

The SHERPA generator with the MSSM implemented as descabede provides a powerful
tool for the description of supersymmetric processes abfepnd hadron colliders, see for
instance [289,317,376]. It allows for the realistic dgstion of multi-particle final states related
to sparticle production processes by fully taking into astoff-shell effects as well as non-
resonant contributions and thereby preserving all spiretations present.

At present the incorporation of interactions originatingn bilinearly brokenR-parity is on-
going. The helicity formalism used within AMEGIC++ is cuntéy extended to cover spiB/2
particles as well. Upon completion this will then allow févet simulation of supersymmetric
processes involving gravitinos.

However, the set of diagrams taken into account can be @nstt. This way it is possible to study specific
decay chains without loosing the information on spin catiehs present.
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Part 20

High precision calculations in the MSSM
Higgs sector with FeynHiggs2.3

T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak and G. Weiglein

Abstract

FeynHiggs2.3s a program for computing MSSM Higgs-boson masses
and related observables, such as mixing angles, branchiitg,rand
couplings, including state-of-the-art higher-order cimitions. The
centerpiece is a Fortran library for use with Fortran and+4G/CAI-
ternatively, FeynHiggs has a command-line, Mathematical, \&/eb
interface. The command-line interface can process, besisaative
format, files in SUSY Les Houches Accord format. FeynHiggans
open-source program and easy to install.

1. INTRODUCTION

The search for the lightest Higgs boson is a crucial test pe&ymmetry (SUSY) which can be
performed with the present and the next generation of a@tels. Especially for the Minimal
Supersymmetric Standard Model (MSSM) a precise predidiorthe masses of the Higgs
bosons and their decay widths in terms of the relevant SUSanpeters is necessary in order
to determine the discovery and exclusion potential of theaffen, and for physics at the LHC
and the ILC. In the case of the MSSM with complex parameteS@EM) the task is even
more involved. Several parameters can have non-vanishiaggs. These are the Higgs mixing
parametey., the trilinear couplingsi;, f =t,b, 7,..., and the gaugino massés,, M,, M; =
my (the gluino mass parameter). Furthermore the neutral Higg®ns are no long&lP-
eigenstates, but mix with each other once loop correctiomsa&en into account [291].

(h,H, A) — (hi, ha, hg) with mp, < mp, < my,. (1)

The input parameters within the Higgs sector are then (bsglie Standard Model (SM) ones)
tan 3, the ratio of the two vacuum expectation values, and the wfabe charged Higgs boson,
MHi.

2. THE CODE FeynHiggs

FeynHigg9[155, 156, 300] is a Fortran code for the computation of m&ssel mixing angles

in the MSSM with real or complex parameters. The calculatbmhe higher-order correc-

tions is based on the Feynman-diagrammatic approach [2T The one-loop level, it consists

a complete evaluation of the self-energies (with a hybiisl /on-shell scheme renormaliza-
tion). At the two-loop level all existing corrections frorhet real MSSM have been included
(see Ref. [156] for a review), supplemented by the resunanati the leading effects from the
(scalar)b sector including the full phase dependence. As a new federéliggs masses are
determined from theomplexpropagator matrix.
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Besides the evaluation of the Higgs-boson masses and maxigkps, the program also
includes the estimation of the theory uncertainties of thggkl masses and mixings due to
missing higher-order corrections. The total uncertaistyne sum of deviations from the central
value,AX =37 | X, — X| with X = { M), p, n,.0+, Us; }, Where theX; are obtained by:

e X,: varying the renormalization scale (entering via I ren.) within1/2m, < p <

thl

e X,: usingm?°"® instead of the running, in the two-loop corrections,

e X3: using an unresummed bottom Yukawa coupling,i.e. any, including the leading
O(ay) corrections, but not resummed to all orders.
FurthermoreFeynHiggs2.3ontains the computation of all relevant Higgs-boson decay

widths and hadron collider production cross sections. &laes in particular:

¢ the total width for the three neutral and the charged Higg®hs,

¢ the couplings and branching ratios of the neutral Higgs bss$o
— SM fermionsh; — ff,

— SM gauge bosons (possibly off-sheh), — v, ZZ* WW*, gg,
— gauge and Higgs bosons, — Zh;, h; — h;hy,

— scalar fermionsh; — fTf,

— gauginosh; — X, X7, i — X/ X0

¢ the couplings and branching ratios of the charged Higgsrbtso
— SM fermions,H~ — fjg,

— a gauge and Higgs bosoHA,” — h, W,
— scalar fermionsf{~ — f1f,
— gauginosH~ — X X,

¢ the neutral Higgs-boson production cross-sections at évation and the LHC for all
relevant channels.

For comparisons with the SM, the following quantities asoavaluated for SM Higgs bosons
with the same mass as the three neutral MSSM Higgs bosons:

¢ the total decay widths,

¢ the couplings and BRs of a SM Higgs boson to SM fermions,

e the couplings and BRs of a SM Higgs boson to SM gauge bosossifpy off-shell),

e the production cross-sections at the Tevatron and the Li@&lfoelevant channels.

For constraining the SUSY parameter space, the followiegtedweak precision observables
are computed (see Ref. [257] and references therein),

e the p-parameter up to the two-loop level that indicates disfedascalar top and bottom
masses

¢ the anomalous magnetic moment of the muon.

Finally, FeynHiggs2.3ossesses some further features:

¢ Transformation of the input parameters from Ihe to the on-shell scheme (for the scalar
top and bottom parameters), including the f0lla,;) andO(ay ;) corrections.

e Processing of SUSY Les Houches Accord (SLHA) data [92, 3B2ynHiggs2.3eads
the output of a spectrum generator file and evaluates thesHiggon masses, brachning
ratios etc. The results are written in the SLHA format to a oexput file.

e Predefined input files for the SPS benchmark scenarios [4bjhenLes Houches bench-
marks for Higgs-boson searches at hadron colliders [3&/jratuded.

e Detailed information about the featureskdynHiggs2.3are provided irman pages and
a manual.
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3. INSTALLATION AND USE

The installation process is straightforward and should takmore than a few minutes:
e Download the latest version fromww.feynhiggs.de  and unpack the tar archive.

e The package is built witbiconfigure andmake. This creates the librafjpbFH.a
and the command-line fronterebynHiggs .

e To build also the Mathematica fronteiFeynHiggs , invokemake all
e make install installs the files into a platform-dependent directory tfeeexample
i586-linux/ {bin,lib,include }.
¢ Finally, remove the intermediate files withake clean .
FeynHiggs2.as four modes of operation,

e Library Mode: Invoke thé~eynHiggsroutines from a Fortran or C/C++ program linked
against theéibFH.a library.

e Command-line Mode: Process parameter files in ndtsynHiggsor SLHA format at
the shell prompt or in scripts with the standalone execet@bynHiggs .

o WWW Mode: Interactively choose the parameters atfiynHiggdUser Control Center
(FHUCC) and obtain the results on-line.

e Mathematica Mode: Access tifeynHiggsroutines in Mathematica via MathLink
(MFeynHiggs ).

3.1 Library Mode
The core functionality oFeynHiggs2.3s implemented in a static Fortran 77 librdiyFH.a
All other interfaces are ‘just’ frontends to this library.

In view of Fortran’s lack of symbol scoping, all internal sigails have been prefixed to
make symbol collisions very unlikely. Also, the library ¢aims only subroutines, no functions,
which simplifies the invocation. In Fortran, no include file® needed except for access to
the coupling structureFHCouplings.h ). In C/C++, a single file&CFeynHiggs.h must be
included once for the prototypes. Detailed debugging dutpn be turned on at run time.

The library provides the following functions:

e FHSetFlags sets the flags for the calculation.

e FHSetPara sets the input parameters directly, or
FHSetSLHA sets the input parameters from SLHA data.

e FHSetDebug sets the debugging level.

e FHGetPara retrieves (some of) the MSSM parameters calculated frormihe param-
eters, e.g. the sfermion masses.

e FHHiggsCorr computes the corrected Higgs masses and mixings.
e FHUncertainties estimates the uncertainties of the Higgs masses and mixings
e FHCouplings computes the Higgs couplings and BRs.
e FHConstraints  evaluates further electroweak precision observables.
These functions are described in detail on their respentiae pages in thEeynHigggpackage.

3.2 Command-line Mode

TheFeynHiggs executable is a command-line frontend tolib&H.a library. Itis invoked
at the shell prompt as
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FeynHiggs inputfile [flags] [scalefactor]
where

e inputfile is the name of a parameter file (see below).

e flags is an (optional) string of integers giving the flag valueg, 40030211 .

e scalefactor is an optional factor multiplying the renormalization scal
FeynHiggs understands two kinds of parameter files:

e Files in SUSY Les Houches Accord (SLHA) format. In this c&synHiggsadds the

Higgs masses and mixings to the SLHA data structure andstthielatter to a filenput-

file.fh .
In fact, FeynHiggsdries to read each file in SLHA format first, and if that failall$ back

to its native format.
e Files in its native format, for example

MT 174.3
MB 4.7
MSusy 500
MAO 200

Abs(M_2) 200

Abs(MUE) 1000

B 5

Abs(Xt) 1000

Abs(M_3) 800
Complex quantities can be given either in terms of absolateeAbs(X) and phase
Arg(X) ,orasreal pafRe(X) and imaginary patm(X) . Abbreviations, summarizing
several parameters (suchMS$usy) can be used, or detailed information about the var-
ious soft SUSY-breaking parameters can be given. Furtherniiois possible to define
loops over parameters, to scan parts of parameter space.
The output is written in a human-readable form to the scrié@an also be piped through
thetable filter to yield a machine-readable version appropriate fotting etc. For
example,

FeynHiggs inputfile flags | table TB MhO > outputfile
createsoutputfile with two columnsgan 3 andm;e. The syntax of the output file is
given as screen output.

3.3 WWW Mode

The FeynHiggsUser Control Center (FHUCC) is a WWW interface to the commiame exe-
cutableFeynHiggs . To use the FHUCC, point your favorite Web browser at
www.feynhiggs.de/fhucc

3.4 Mathematica Mode

The MFeynHiggs executable provides access to teynHiggsfunctions from Mathematica
via the MathLink protocol. After starting Mathematica, taléthe package with

In[1]:= Install["MFeynHiggs"]
which makes alFeynHiggssubroutines available as Mathematica functions.
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Part 21

micrOMEGASs2.0 and the relic density of
dark matter in a generic model

G. Belanger, F. Boudjema, A. Pukhov and A. Semenov

Abstract

micrOMEGAS2.0 is a code to calculate the relic density of a stable
massive patrticle. It is assumed that a discrete symmeteyRHparity
ensures the stability of the lightest odd particle. All dnlaition and
coannihilation channels are included. Specific examplethisfgen-
eral approach include the MSSM and the NMSSM. Extension#itero
models can be implemented by the user.

1. INTRODUCTION

Precision cosmological measurements have recently prdwidry powerful tests on the physics
beyond the standard model. In particular the WMAP measunewfehe relic density of dark
matter [2, 3] now provides some of the most stringent comgan supersymmetric models
with R-parity conservation. The large number of existingdgts on the impact of a measure-
ment of the relic density on models of new physics have canatd on the minimal super-
symmetric standard model [85] and especially on mSUGRA, ratetlying model defined at
the high scale [4, 8, 84, 86, 87]. Furthermore, all the plpkwailable codes, including the 3
state-of-the art codesicrOMEGAs[5, 6], DarkSUSY [326] andisaTools [378] that com-
pute the relic density of dark matter, also only work withire tcontext of the general MSSM
or high scale models such as mMSUGRA. On the other hand, onshtan based on general
arguments [379], that reasonable values for the relic ieoan be obtained in any model with
a stable particle which is weakly interacting. Candidatesiirk matter then go far beyond the
much studied neutralino-LSP in supersymmetric models. li&kgxamples include a model
with universal extra dimensions [380, 381], models with peat extra dimensions [382], or
little Higgs models [383]. Furthermore, studies of reliadigy of dark matter in some gener-
alizations of the MSSM such as the MSSM with CP violation [BH, or the NMSSM which
contains an extra singlet [360, 384] or even the MSSM withxradJ(1) [385], all emphasize
the presence of new channels that can lead to a reasonabtofalhe relic density of dark
matter where it was not possible within the MSSM. In all theszdels, a discrete symmetry
like R-parity conservation ensures the stability of thétest odd particle(LOPY..

Considering the wealth of models with suitable dark matterdidates, it becomes in-
teresting to provide a tool to calculate the relic densityafk matter in an arbitrary model.
Since micrOMEGASs is based dbalcHEP [96] a program that automatically calculates cross
sections in a given model, it becomes in principle stramfard to make the corresponding
adaptation of thenicrOMEGAs code. Here we briefly review the relic density calculation be
fore discussing the implementation of new modelmierOMEGAS2.0, including the MSSM
and NMSSM as examples.

n the following we will use R-parity to designate generigahe discrete symmetry that guarantees the sta-
bility of the LOP.
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2. CALCULATION OF RELIC DENSITY

A relic density calculation entails solving the evolutiaquation for the abundance of the dark
matter,Y (7"), defined as the number density divided by the entropy der(sieye we follow
closely the approach in [386, 387])

ay _ [mg(T)

dr 45
whereg, is an effective number of degree of freedom [388], is the Planck mass and,, (7")
the thermal equilibrium abundance. ov > is the relativistic thermally averaged annihilation
cross-section. The dependence on the specific model faclpaphysics enters only in this
cross-section which includes all channels for annihilaiad coannihilation,

Zgigj J dS\/EKl(\/g/T)P?jUij(S)

(mit+m;)?

My, < ov> (Y(T) = Yy(T)?) 1)

< oV >=

, (2)

2T (3 gim? Ky(mi/T))”

whereg; is the number of degree of freedom, the total cross section for annihilation of a pair
of R-parity odd particles with masses;, m; into some R-parity even particles, apd(v/s) is
the momentum (total energy) of the incoming particles inrtbenter-of-mass frame.

Integrating Eq. 1 froml” = oo to T' = T leads to the present day abundantdy)
needed in the estimation of the relic density,

om 5(To) _ sMrsp
3 M2(100(km/s /Mpc>)2MLspY(To) = 27423 10°=22Y () (3)

wheres(Tp) is the entropy density at present time dnthe normalized Hubble constant.

In the framework of the MSSM, the computation of all annitida and coannihilation
cross-sections are done exactly at tree-level. For thiselyean CalcHEP [96], a generic
program which once given a model file containing the list atipkes, their masses and the as-
sociated Feynman rules describing their interactions pudas any cross-section in the model.
To generalize this program to other particle physics modeésonly needs to replace the cal-
culation of the thermally averaged annihilation crosgieacfor the stable particle that plays
the role of dark matter. This can be done easily after spegfyhe new model file into
CalcHEP . Then to solve numerically the evolution equation and dateu2h? one uses the
standardnicrOMEGAS routines.

In order that the program finds the list of processes that medw computed for the
effective annihilation cross-section, one needs to speb#d analogous of R-parity and assign
a parity odd or even to all particles. The lightest odd platwill then be identified to the
dark matter candidate. All possible processes will be ifledtand computed automatically,
imposing R-parity conservation. The program will then l@akomatically for poles, such as
Higgses or Z’, and thresholds and adapt the integrationmesifor higher accuracies in these
specific regions.

Another advantage of our approach based on a generic préogga@alcHEP is that one
can compute in addition any cross-sections or decay widthise new model considered. In
particular, tree-level cross-sections for- 2 processes and 2-body decay widths of particles are
available. Furthermore the cross-sections times relagl@city, cv, for neutralino annihilation
atv — 0 and the yields fory, e™, p, relevant for indirect detection of neutralinos, are also
automatically computed.

glLSPh2 =
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3. micrOMEGASs2.0
3.1 MSSM

A public version for relic density calculations in the MSSMshbeen available for a few years
and has been upgraded tacrOMEGASL.3 [6], which most importantly incorporates some
higher-order effects. For one we use loop corrected superieamasses and mixing matrices.
These masses and mixing matrices, as specified i8ltf&Y Les Houches Accq@LHA) [92],
are then used to compute exactly all annihilation/coatation cross-sections. This can be
done whether the input parameters are specified at the wask @cat the GUT scale in the
context of SUGRA models or the like. In the last case, loopemions are obtained from
one of the public codes which calculate the supersymmepectsum using renormalization
group equations (RGE) [7, 35, 62, 319]. Higher order coioastto the Higgs masses are also
calculated by one of the spectrum calculators. QCD cowestio Higgs partial widths are
included as well as the important SUSY corrections, e, correction, that are relevant at
largetan 3. These higher-order corrections also affect directly thggkkyg vertices and are
taken into account in all the relevant annihilation crosstions. External routines that provide
constraints on supersymmetric models suckyas 2),,, 0p, b — sy andB;, — p*p~ are also
included.

3.2 NMSSM

The NMSSM is the simplest extension of the MSSM with one eginglet. A new model file
was implemented int€alcHEP and as in the MSSM, an improved effective potential for the
Higgs sector was defined. The parameters of this potengaenived from the physical masses
and mixing matrices that are provided by an external progheare NMHDECAY [218]. Some
experimental and theoretical constraints on the modellacechecked by NMHDECAY. The
input parameters of the model and more details on the modealescribed in Ref. [360]. The
new functions specific to the NMSSM are given in the Appendix.

3.3 Other models

In general, to implement a new model the user only needs todedheCalcHEP model files

in the sub directorywork/models . More precisely the model must include four files that
specify the list of particles(prtclsl.mdl), the indepemideariables(varsl.mdl), the Lagrangian
with all vertices(lgrngl.mdl) and all internal functiofigicl.mdl). Note that to automatize
as much as possible the procedure for creating a new modslpdssible to use a program
like LanHEP [95], which starts from a Lagrangian in a human readable &rmd derives all
the necessary Feynman rufés Alternatively the user can write by hand the model files of
the new model. A complet€alcHEP model might also require additional internal functions,
these should be included in the directdity . Examples of such specific functions already
provided in the MSSM include, routines to calculate the ssygametric spectrum starting from
areduced set of parameters defined at the GUT scale or rettigalculate constraints, such as
b — sv. Slight modifications to the standa@hlcHEP model files are necessary. *Abefore
the masses and widths of R-parity odd particles must betatar the relevant file as well as
a! before the widths of particles that can appear in s-chammahy of the (co)-annihilation
processes. The latter is to enabled automatic width cdionla

12| anHEP was developed foCompHEP[353] but there exist a simple tool to make a conversion to the
CalcHEP notation.
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All other files and subdirectories are generated autorrbtiaad do not need to be mod-
ified by the user. They contain, in addition to temporary fitee libraries of matrix elements
generated byCalcHEP . By default the list of R-parity odd particles will be constted and
will include all particles whose name starts by This list is stored irodd_particles.c
and can be modified by the user. While executing the Makefdallao CalcHEP will generate
all processes of the type

~xi~x; — XY

where~ y; designates all R-parity odd particle and X,Y all R-paritge\particles. In practice
only processes involving the LOP as well as those partidesvhichm,, < 1.5mpop. As

in previous versions omicrOMEGASs , new processes are compiled and added only when
necessary, in run-time.

3.4 Installation

micrOMEGAS can be obtained at
http://wwwlapp.in2p3.fr/lapth/micromegas

together with some instructions on how to install and ex@dhe program. The name of

the file downloaded should bmicromegas _2.0.tgz . After unpacking the code one only

needs to launch thmicro_make command. For using the MSSM or NMSSM version the
user must first go to the appropriate directory. The exedaitabgenerated by the command
make main=main.c for any of the main programs provided.

To create a new model, one has to launch the commaashmake NewModel which
will create the directorfNewModel containing two directoriedwork and/lib  as well as
two sample main programs to calculate the relic densityy.c,omg.F . A Makefile is also
generated by this call.

4. CONCLUSION

micrOMEGAS2.0 is a new and versatile tool to calculate the relic densitgark matter in
a generic model of particle physics that contains some gnafldr-parity to ensure the sta-
bility of the lightest particle. The existing versionsmicrOMEGAs for the MSSM and the
NMSSM have been implemented in this framework. We have lragscribed here how this
could be extended to other models. Examples of other molatsate being implemented in
micrOMEGAs are the MSSM model with CP violation, the model with UnivéfSatra di-
mensions as well as the warped extra dimension model witteskaluza-Klein particle.
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Part 22
NON SUSY BSM

C. Grojean

The legacy of LEP/SLC is ampressive triumph of human endeatfowith the validation
of the quantum nature of the Standard Model (SM) to its highesuracy. Still, and despite
all expectations, it leaves us with the most pressing questHow do elementary particles
acquire a mass? How is electroweak symmetry broken? Thd 88liddliggs mechanism
jeopardizes our current understanding of the SM at the quatevel and electroweak precision
measurements seriously contrive any extension beyonceiteBthan a long introduction, the
following tautology reveals that an understanding of theaiyics of electroweak symmetry
breaking (EWSB) is still missing

Why is EW symmetry broken?
because the Higgs potential is unstable at the origin
Why is the Higgs potential unstable at the origin?
because otherwise EW symmetry wouldn’t be broken

One should understand that the SM Higgs mechanism is onlgaigéon of EWSB and not an

explanation of it since in particular there is no dynamicexplain the instability at the origin.

The hierarchy problem tells us that it is less and less natbed no new particles emerge
as we explore higher and higher energy. At the same time, vewelectroweak precision

measurements severely constrain the existence of such agielgs. These constraints are
nowadays so severe that the minimal supersymmetric stentizalel considered for a long time
as the paradigm of BSM physics does not appear more natarafltin 100, in the absence of
any anthropic selection. At the eve of LHC, this pang of carsme could have been quite
discouraging. On the contrary it has stimulated the criggtof the BSM physicists and in

the last few years numerous new ideas have emerged both @hé&m@menological and the
theoretical sides.

Non-susy BSM benchmark models popped up: by now ADD and R&fabdve become
unavoidable for any student starting his/her PhD. The refalesement of these models was to
bring new tools to address old problems. Any paradigm cabed solution and benchmark
scenarios daily evolve to incorporate new features thaenttaém more and more realistic: the
original ADD and RS models have been considerably amendigtinup to-date incarnations.

These proceedings are an introductory collection to newatsatiat emerged in the past
few years as well as a tentative identification of experirakesiggnatures.

Part 23 presents models with TeV size extra dimensions sitéego all SM particles.
Part 24 elaborates on models with TeV size extra dimensionghich the SM fermions are
localized close to the boundaries of the extra dimensioast 25 addresses the issue of Dark
Matter in models with extra dimensions and relates the excs of a DM candidate to a sym-
metry that ensures the proton stability.

Part 26 introduces models where the Higgs appears as a cemipointhe gauge field

13R. Rattazzi, talk at the International Europhysics Confeeson High Energy Physics, July 21st-27th 2005,
Lisboa, Portugal.
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along an extra dimension. Higher dimensional gauge inmaeeidhen forbids any local mass
counter term in the Higgs potential which is thus finite anidaable.

Part 27 presents Little Higgs models that make the Higgs adus&oldstone boson. The
radiative corrections in the Higgs potential are now sdya@nstrained by a Peccei—Quinn shift
symmetry. Part 28 carries on a Monte Carlo study of the Istittiggs model and evaluates the
discovery potential at LHC. Any Little Higgs model predicte existence of a top partner to
cancel the divergent contribution to the Higgs mass frontdpdoop. Part 29 proposes to look
at the polarization of the third generation family to pin dothie properties of the top partner.

Part 30 is a general analysis of a Higgs sector that wouldagoicharged scalars, as it
is the case in Little Higgs models and other models. A cargdfigction of variables has to be
used to separate the signal from the background.

Part 31 looks for the diphoton production in the RS model assalt of the KK graviton
interactions.

Part 32 presents Higgsless models where EWSB is triggerbdinydary condition rather
than by a usual Higgs mechanism. It is shown that the toweradsme KK gauge bosons
unitarizes the scattering amplitude of longitudinal piaked gauge bosons. Finally Part 33
examines, with a full detector simulation, the reconstaucof 1/ Z resonances in a Higgsless
model as well as in a chiral lagrangian model.

The workshop was an ideal opportunity to gather model brsléad experimentalists.
Back home, these proceedings should help us to work clogettter.
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Part 23

Universal extra dimensions at hadron
colliders

B.A. Dobrescu

Abstract

Universal extra dimensions are compact dimensions adeetiball
Standard Model particles. The Kaluza-Klein modes of thegtuand
guarks may be copiously produced at hadron colliders. Herbniefly
review the phenomenological implications of this scenario

The Standard Model is a quantum field theory that haS@(B) x SU(2) x U(1) gauge
symmetry and ai$O(1, 3) Lorentz symmetry. The possibility that the Lagrangian désug
nature has a larger gauge symmetry has very often been dtudidevever, it is also very inter-
esting to study the possibility that the Lagrangian has aeneled Lorentz symmetry. The most
obvious extended Lorentz symmetryd®) (1, 3+n) with n > 1 an integer. This implies that all
Standard Model particles propagaterirextra spatial dimensions endowed with a flat metric.
These are called universal extra dimensions [314], and teadphenomenology completely
different than extra dimensions accessible only to gramitgnly to bosons (see the chapter on
“Models with localized fermions”).

Given that no extra dimensions have been observed yet, thsyme compactified with
a size smaller than the resolution of current experimentsm@actification implies that the
extended Lorentz symmetry is broken by the boundary canditdown to the&'O(1, 3) Lorentz
symmetry, although an additional subgroup may also be predge

Any quantum field propagating in a space with boundaries igarposition of a discrete
set of states of definite momentum. Therefore,(the n)-dimensional fields may be expanded
in terms of 4-dimensional fields, called Kaluza-Klein (KK)odes, with definite momentum
along the extra dimensions. The search in collider experinef KK modes having a spec-
trum and interactions consistent with a certain compaatiba is the best way of checking the
existence of extra dimensions.

An important feature of the Standard Model is that its fenmsiare chiral, which means
that the left- and right-handed components of any Dirac fenninave different gauge quan-
tum numbers. This imposes a constraint on the compactditati universal extra dimensions,
because the simplest compactifications, on a circle or & tatways lead to non-chiral (“vec-
torlike”) fermions. The chirality of the four-dimensionf@rmions has to be introduced by the
boundary conditions.

Gauge theories in more than four spacetime dimensions amemarmalizable. This is
not a problem as long as there is a range of scales where therldgnensional field theory is
valid. For gauge couplings of order unity, as in the Standaodlel, the range of scales is of
the order of(47)?/, so that only low values af are interesting. Furthermore, the low energy
observables get corrections from loops with KK modes. Thdilgg corrections are finite in the
n = 1 case and logarithmically divergent far= 2, while forn > 3 they depend quadratically
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or stronger on the cut-off. Therefore, the effects of thenavkn physics above the cut-off scale
can be kept under control only far= 1 andn = 2.

The majority of phenomenological studies related to usiakextra dimensions have con-

centrated on the = 1 case. The extra dimension is an interval (see Figure 1) teddundary
conditions at its end points determine the spectrum of KK @sod

® ® >
0 TR Y

Figure 1: The extra dimension of coordingtextends fromy = 0 toy = 7 R.

The Kaluza-Klein modes of a Standard Model particle of mag$orm a tower of four-

dimensional particles of masses
72
M; = \/m3+ % , @)

wherej > 0 is an integer called the KK number. Thie= 0 states are called zero-modes; their
wave functions are flat along the extra dimension. The zevdes are identified with the usual
Standard Model particles.

A five-dimensional gauge boson has five componedisiz”, y), p,v = 0,1,2,3, and
A, (z",y) which corresponds to the polarization along the extra dsimen The coordinates”
refer to the usual four spacetime dimensions, argithe coordinate along the extra dimension,
which is transverse to the non-compact ones. From the pbwiew of the four-dimensional
theory,A,(z",y) is a tower of spinless KK modes. The boundary conditions aendy

9 v 0 v
@Au(x 70) = a_yAu(x 77TR) =0,

Ay(x,0) =Ay(x,7R)=0. (2)
Solving the field equations with these boundary conditioaklg the following KK expansions:

AO(@) + VIS A9 @ (fg)]

7>1

v, y) \/72/1 sm( ) 3)

The zero- modefl ( v)is one of theSU (3) x SU(2) x U(1) gauge bosons. Note thaf, (2", y)
does not have a zero-mode. In the unitary gaugeAﬂ%x KK modes are the Iongltudlnal
components of the heavy spin-1 KK modéS ().

In the case of a fermion whose zero-mode is left-handed, ahadary conditions are as
follows

0 0
e l" = _— M pr—
ayXL(x ,0) ayXL(x ,TR) =10,

xr(z",0) = xg(a",7R)=0. (4)
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The ensuing KK decomposition is given by

- {Xf)(x”) #VEY [P cos () @y sin ()] } -

j>1

The spectrum consists of equally spaced KK levels (of nmiasy, and on each level the
KK modes for all Standard Model particles are approximatilgenerate. The degeneracy is
lifted by loop corrections [348] and electroweak symmetngaking. The lightest KK particle
is the first KK mode of the photon, and the heaviest partideseh level are the KK modes of
the gluon and quarks.

Momentum conservation along the extra dimension is broghdboundary conditions,
but a remnant of it is left intact. This is reflected in a setectule for the KK-numbers of the
particles participating in any interaction. A vertex withrpcles of KK numbersj, ..., j,
exists at tree level only if; & ... & j, = 0 for a certain choice of the- signs. This selection
rule has important phenomenological implications. Fiitsts not possible to produce only
one KK 1-mode at colliders. Second, tree-level exchangekofiiodes does not contribute to
currently measurable quantities. Therefore, the cowastto electroweak observables are loop
suppressed, and the limit dil R from electroweak measurements is rather weak, of the order
of the electroweak scale [314].

The 1-modes may be produced in pairs at colliders. At theti@vand the LHC, pair
production of the colored KK modes has large cross secti#48,[388] as long as/ R is not
too large. The colored KK modes suffer cascade decays [Kdllie one shown in Figure 2.
Note that at each vertex the KK-number is conserved, and thescapes the detector. The
signal is¢™¢~¢* + 2j + /Er. However, the approximate degeneracy of the KK modes iraplie
that the jets are rather soft, and it is challenging to digtish them from the background. The
leptons are also soft, but usually pass some reasonablgrlooss. Using the Run | data from
the Tevatron, the CDF Collaboration [389] searched for3the Fr signal and has set a limit
of 1/R > 280 GeV at the 95% CL. The much larger Run Il data set, will lead salastantially
improved limit, or alternatively, has a fair chance of leaglio a discovery.

Figure 2: CDF analysis df¢ + E (soft leptons).

If a signal is seen at the Tevatron or LHC, then it is importandifferentiate the UED
models from alternative explanations, such as superpactsrade decays [41]. Measuring
the spins at the LHC would provide an important discrimindntt such measurements are
challenging [43, 390]. A more promising way is to look for ead level KK modes. These can
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be pair produced as the first level modes. However, unlikérstdevel modes, the second level
modes may decay into Standard Model particles. Such decays at one loop, via diagrams
such as the one shown in Figure 3.

Figure 3: One-loop induced coupling of a 2-mode to two zeaues.

Note that in the presence of loop corrections, the selectinfor KK numbers of the
particles interacting at a vertex becomyest ... & j, = 0 mod 2. This implies the existence
of an exactZ, symmetry: the KK parity(—1)? is conserved. Its geometrical interpretation is
invariance under reflections with respect to the middle ef{th= R] interval. Given that the
lightest particle witty odd is stable, the(") is a promising dark matter candidate. E@iR in the
0.5t0 1.5 TeV range the' relic density fits nicely the dark matter density [380, 3811, 392].
This whole range of compactification scales will be probeithat HC [41].

Another consequence of the loop-induced coupling of a 2emodwo zero-modes is that
the 2-mode can be singly produced in thehannel [41]. The typical signal will be the cascade
decay shown in Figure 4, followed by?® decay into hard leptons. The reach of the LHC in
this channel has been analyzed in Ref. [44].

Figure 4: s-channel production of the level-2 gluon followed by cascaeécay, and/?) decays toete~ and
+ —
W

Even though the KK-parity is well motivated by dark mattereanay consider additional
interactions that violate it. A review of the collider phenenology in that case is given in
Ref. [393].

The phenomenology of two universal extra dimensions-(2) has been less thoroughly
studied, although this is the best motivated case. The blob&2),, gauge anomaly cancels
only in the case where the number of quark and lepton geonesais a multiple of three [394].
Moreover, the simplest chiral compactification of two dirsiems, called the “chiral square”
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[395], preserves a discrete symmetry which is a subgroupeo6D Lorentz group, such that
proton decay is adequately suppressed even when baryorenismbaximally violated at the
TeV scale [396].

The Feynman rules for gauge theories in two universal dimesscompactified on the
chiral square are given in Ref. [397]. The KK modes are |&oketly two KK numbers(j, k),
with j > 1, k£ > 0. The KK parity of this compactification is-1)7**. The gauge bosons in six
dimensions include two scalar fields which are the polaomnatalong the two extra dimensions.
At each KK level, a linear combination of the two scalars i®ady the spin-1 KK mode, while
the other linear combination remains as a physical reahstiald. Given that the gauge bosons
belong to the adjoint representation of the gauge groupsgtbhysical scalars are referred to
as “spinless adjoints”. The cross sections for KK pair padun are different than in the = 1
case due to the presence of the spinless adjoints. The demdgsnof the KK states are also
different than in the: = 1 case because of the different mass splittings among KK mdaies
particular interest are th@, 1) states, which can be produced in thehannel and have a mass
of only v/2/R. The collider phenomenology of two universal extra dimensiis currently
explored [398].
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Part 24

Kaluza—Klein states at the LHC in models
with localized fermions

E. Accomando and K. Benakli

Abstract

We give a brief review of some aspects of physics with TeV sidea-
dimensions. We focus on a minimal model with matter localiaethe
boundaries for the study of the production of Kaluza-Klewitations
of gauge bosons. We briefly discuss different ways to depamt this
simple analysis.

1. INTRODUCTION

Despite the remarkable success of the Standard Model (SMgsoribing the physical phe-

nomena at the energies probed at present accelerators,asotmeheoretical aspects are still
unsatisfactory. One of the lacking parts concerns undweistg the gravitational interactions

as they destroy the renormalizability of the theory. Furtinere, these quantum gravity effects
seem to imply the existence of extended objects living inettloan four dimensions. This raises
many questions, as:

Is it possible that our world has more dimensions than thasane aware of? If so, why
don’t we see the other dimensions? Is there a way to detettzhe

Of course, the answer to the last question can only come fmifspclass of models as
it depends on the details of the realization of the extraetisons and the way known particles
emerge inside them. The examples discussed in this reviewharpioneer models described
in Refs. [339, 399-402], when embedded in the complete andistent framework given in
[403,404]. We focus on such a scenario as our aim is to uradetshe most important concepts
underlying extra-dimension physics, and not to displaylkection of hypothetical models.

Within our framework, two fundamental energy scales playagomrole. The first one,
M, = 7!, is related to the inner structure of the basic objects offikery, that we assume to
be elementary strings. Their point-like behavior is viewasd low-energy phenomena; above
Mj, the string oscillation modes get excited making their gxgended nature manifest. The
second important scalé} !, is associated with the existence of a higher dimensioredesp
Above R~! new dimensions open up and particles, called Kaluza-KIEK) Excitations, can
propagate in them.

2. MINIMAL MODELS WITH LOCALIZED FERMIONS

In a pictorial way, gravitons and SM particles can be represkas in Fig. 1. In particular, in
the scenario we consider:

e the gravitons, depicted as closed strings, are seen to gatgan the whole higher-
dimensional space, dt+d,. Here, 3+ defines the longitudinal dimension of the big
brane drawn in Fig. 1, which contains the small 3-dimendibreme where the observed
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A 3-brane inside (intersecting) a 3fd -dimensional brane

Figure 1: Geometrical representation of models with |aealifermions.

SM patrticles live. The symbal, indicates instead the extra-dimensions, transverse to
the big brane, which are felt only by gravity.

e The SM gauge-bosons, drawn as open strings, can propadgatenife (3 )-brane.

e The SM fermions are localized on the 3-dimensional branécwimtersects the (34))-
dimensional one. They do not propagate on extra-dimengraitherd; nord, ), hence
they do not have KK-excitations.

The number of extra-dimension&} = d,d, or d+d,, which are compactified on &-
dimensional torus of volum¥& = (27)P R, R, - - - Rp, can be as big as six [404] or seven [405]
dimensions. Assuming periodic conditions on the wave fonstalong each compact direction,
the states propagating in thée+ D)-dimensional space are seen from the four-dimensionat poin
of view as a tower of states having a squared mass:

2 2 2
M2 . = M2 = m?2 Mmoo " " 1

oo = Mg =5+ oy gt (1)
with m, the four-dimensional mass angnon-negative integers. The states withn; # 0 are
called KK-states. Assuming that leptons and quarks ardifechis quite a distinctive feature of
this class of models, giving rise to well defined predictioAs immediate consequence of the
localization is that fermion interactions do not preseitve tnomenta in the extra-dimensions.
One can thus produce single KK-excitations, for example fyfa — Vl(g})( where f, f' are

fermions and/}({})( represents massive KK-excitationslét 7, v, ¢ gauge-bosons. Conversely,
gauge-boson interactions conserve the internal momerdaking the self-interactions of the
kindVV — V}{}% forbidden. The experimental bounds on KK-particles thaswamarize in
the following, as well as the discovery potential of the LH{&pend very sensitively on the
assumptions made.

Electroweak measurements can place significant limits@nite of the extra-dimensions.
KK-excitations might affect low-energy observables tigbhiloops. Their mass can thus be con-
strained by fits to the electroweak precision data [342,83@+-410]. In particular, the fit to the
measured values dffy,, I';; andl'},,; has led taR~! > 3.6 TeV.
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Figure 2: (a) Resonances of the first KK-excitation mode& @fnd~ gauge-bosons. (b) Resonances of the first
KK-excitation mode of thé¥ -boson. (c) Resonances of the first KK-excitation mode ofgflven. (d) Under-
hreshold effects due to the presence;%ﬁ) , given in terms of the number of standard deviations fromShe
predictions. The results have been obtained for the LHC yi#&k14 TeV and L=100 .

3. WHAT CAN BE EXPECTED FROM THE LHC?

The possibility to produce gauge-boson KK-excitationsusitiie colliders was first suggested
in Ref. [401]. Unfortunately, from the above-mentioneditsnthe discovery at the upgraded
Tevatron is already excluded (see for instance [411]). Abgoectations of a spectacular ex-
plosion of new resonances at the LHC are sorely disappoiirigtie most optimistic case, the
LHC will discover just the first excitation modes.

The only distinctive key from other possible non-standaadlals with new gauge-bosons
would be the almost identical mass of the KK-resonances|ajalge bosons. Additional
informations would be however needed to bring clear evidéncthe higher-dimensional origin
of the observed particle. Despite the interpretation diffies, detecting a resonance would be
of great impact.

We could also be in the less favorable case in which the mabkge ¢fK-particles is bigger
than the energy-scale probed at the LHC. In this unfortubatdikely scenario, the indirect
effect of such particles would only consists in a slight @ase of the events at high energies
compared to the SM predictions. In this case, the lumingdéys a crucial role. In the last few
years, several analysis have been performed in order toastithe possible reach of the LHC
(see for example [345,349,401,411-416)).

The three classes of processes where the new KK-resonasuedde observed are:

e pp— 1717,
e pp — Ly, Wherely, is for Ty, + )l —,
e pp — qq, whereq = u, d, s, c, b.
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The first class can be mediated by the KK-excitations of thetebweak neutral gauge-bosons,
Z}?}{ andvl%}{, while the second one can contain the char@éﬁ)( gauge-boson modes. Finally,
the third class can receive contributions from all elecalvgauge-bosons plus the KK-modes
gf,?}( of the gluons.

Typically, one can expect a kind of signal as given in Fig. 8.tHe case where both
outgoing particles are visible, a natural observable isitkiariant mass of the fermion pair.
Distributions in such a variable are shown in the upper ameetdeft-side plots, which dis-
play the interplay betweeﬁg}){ and 7}?}{ resonances, and the peaking structure dLgé(”t}g
respectively. In presence of a neutrino in the final state, @an resort to the transverse mass
distribution in order to detect new resonances. This is shiowthe upper right-side plot of
Fig. 2 for the charged-current process MW}( exchange. Owing to the PDFs, the effective
center-of-mass (CM) energy of the partonic processesablaiat the LHC is not really high.
The discovery limits of the KK-resonances are thus rathedesg 2! < 5-6 TeV. This esti-
mate finds confirmation in more detailed ATLAS and CMS analy4é7]. Taking into account
the present experimental bounds, there is no much spacélefeover, the resonances due to
the gluon excitations have quite large widths owing to tihergj coupling value. They are thus
spread and difficult to detect already for compactificaticales of the order of 5 TeV.

But, what represents a weakness in this context can becopuetamt for indirect searches.
The large width, ranging between the order of a few hundreelg far the KK-excitations of
the electroweak gauge-bosons and the TeV-order for the KKe® of the gluons, can give rise
to sizeable effects even if the mass of the new particlesigetahan the typical CM-energy
available at the LHC. This is illustrated in the lower rightte plot of Fig. 2, where the number
of standard deviations quantifies the discrepancy with tepgdictions, coming frorrgf,?}(
contributions. The under-threshold effects are drivenhwy tail of the broad Breit-Wigner,
which can extend over a region of several TeV, and are doetnay the interference between
SM and KK amplitudes. They thus require to have non-suppteS&/ contributions. Their
size, of a few-per-cent order for large compactificationiradn become statistically signifi-
cant according to the available luminosity. In the extremsecof Fig. 2, we have a KK-gluon
with massM; = R~'=20 TeV and widti'; ~2 TeV. Assuming a luminosity L=10®"!, the
interference terms give rise to an excess of about 2000 fv&imilar conclusions hold for
the indirect search of the KK-excitations of the electrokvgauge-bosons. At 95% confidence
level, the LHC could exclude values of compactification ssalp to 12 and 14 TeV from the
Zﬁ?l)( + 7%( and Wg})( channels, respectively. The indirect search is exploitettié ATLAS
and CMS joint analysis of Ref. [417].

4. GOING BEYOND MINIMAL

We have carried the discussion above for the case of one-@ixtiension with all fermions
localized on the boundaries. One can depart from this sisiplation in many ways:

e More extra-dimensions
New difficulties arise forD > 2: the sum over KK propagators diverges [399]. A simple
regularization is to cut off the sum of the KK states)t. This would be natural if the
extra-dimension were discrete, however in our model wermasduranslation invariance
of the background geometry (before localizing any object&)i String theory seems
to choose a different regularization [399, 418]. In fact theeraction of A*(z,y) =
> Ai(x) exp i with the current density), (x), associated to the massless localized
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fermions, is described by the effective Lagrangian:

2,2
zlS

—Inéy, =
[dte S ) A, )
which can be written after Fourier transformation as
1 __
4 4 2 5 R
/d Y /d r (m) e 2w g, (x) Az, 7). 3)

This means that the localized fermions are felt as a Gaushg&nbution of charge
2

e‘%fju(x) with a widtho = VIndl, ~ 1.661,. Here we used = 16 correspond-
ing to aZ, orbifolding. The couplings of the massive KK-excitatiomsthe localized
fermions are then given by:

212

—Ingy, 2is
gr =2 e 7 go (4)

where the factok/2 stands for the relative normalization of the massive KK wiane-

tion (cos(”;z—i“)) with respect to the zero mode, angrepresents the coupling of the cor-
responding SM gauge-boson.

The amplitudes depend on bathand M, and thus, as phenomenological consequence,
all bounds depend on both parameters (see [411]).

Localized kinetic and/or mass terms for bulk fields
Let us denote bys(p, R, M) the sum of all tree-level boson propagators weighted by a
~2

factors” %2 from the interaction vertices. For simplicity we takey = 0, and define

SO(p7 R7 Ms) = P + 550 . (5)

In order to confront the theory with experiment, it is neeggso include a certain number
of corrections. The obvious one is a resummation of one-kedpenergy correction to
reproduce the gauge coupling of the massless vector-boblane we parametrize these

effects as two kinds of bubbles to be resummed: _ _
— the first, denoted aB,,,;; represents the bulk corrections. This bubble preserves the

KK-momentum,

— the second, denoted &s,,,, represents the boundary corrections. This bubble does
not preserve the KK momentum. In fact, this can representiadary mass term or
tree-level coupling, but also localized one-loop cor@tsi due to boundary states

[399] or induced by bulk states themselves [419]. _
Here, two simplifications have been made: (a) the correstaye the same for all KK-

states, and (b) the boundary corrections arise all fromdheesoundary. This results in
the corrected propagator [399]:
So

corr\t» 7M3 = . 6
S (p R ) 1 — Bbulk - Bbdary - pQ(SSOBbdary ( )

If we define the “renormalized coupling” @8(p?) = — 9 theresultis

1=Byuik—Brdary

g*(1 — p*0.50) Boaary

QScorr: ’(p° So — 0.5 .
g g (p ) ‘ ’ (1 — Byuik — Bbdary)(l — Byuie — Bbdarypzaso)

(7)
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The first term in Eq.(7) is the contribution that was takew imtcount in all phenomeno-
logical analysis, the second is the correction which depenatially on the size a8y,
e Spreading interactions in the extra dimensions

In the simplest scenario, all SM gauge-bosons propagateeirséme compact space.
However, one may think that the three factors of the SM gagrgep can arise from dif-
ferent branes, extended in different compact directionghis case¢; TeV-dimensions
might be longitudinal to some brane and transverse to atfess result, only some of
the gauge-bosons can exhibit KK-excitations. Such a fraonlevg discussed in [411].

These are simplest extensions of the work we presented abbeesxperimental limits depend

now on many parameters, By, -.. in addition to the different size of the compactification
space felt by the gauge-bosons.
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Part 25
Kaluza—Klein dark matter: a review

G. Servant

1. INTRODUCTION

The dominant matter component of our Universe is non-bacyoffhe recently published
WMAP results [3], combined with ACBAR, CBI and 2dFGRS, leadprecise estimates of
the baryonic, matter and total densitie§;2> = 0.0224 4 0.0009, Q,,h? = 0.135 & 0.009
and();,; = 1.02 + 0.02. One of the most interesting aspects of the dark matter pugzhat

it is likely to be related to new physics at the TeV scale. bdgarticles with weak scale size
interactions and a mass at the electroweak breaking scdMi¥) are typically predicted to
have the good relic density today to account for dark matterided that they are stable. The
favorite WIMP candidate to date is the Lightest SupersymimParticle (LSP) and neutralinos
are certainly the most extensively studied example.

2. DARK MATTER CANDIDATES FROM EXTRA DIMENSIONS

Alternative models for physics beyond the Standard Model)(®at make use of extra dimen-
sions rather than supersymmetry to solve the gauge higrarcblem, have been studied in
the last few years. It is now legitimate to ask whether extnaethsions have anything to do
with the dark matter puzzle. Among the new ingredients ofeegtmensional theories are the
Kaluza-Klein (KK) excitations of SM patrticles as well as ttalion, the scalar degree of free-
dom related to the size of extra dimensions. If the extraetisional model contains branes,
there are also possibly branons, which are associated ne biectuations. All of them look
like natural candidates for dark matter. Let us start with pa¢ticles. The idea that they could
form the dark matter is very tempting. However, it turns duttthis is not so easy to achieve.
Indeed, in most extra-dimensional models, there are ndeskd states, all being able to decay
into SM particles. So the next question is: What are the nawnsgtries available in extra
dimensional contexts which could make a KK mode stable? A dienension means a new
conserved momentum along the extra dimension. This leatfetso-called KK parity, a dis-
crete symmetry which remains unbroken in some specific dagsgtra dimensional models
named Universal Extra Dimensions (UED) [314]. As a reshk, ltightest KK patrticle (LKP)
is stable. We can also ask whether there is anything comigai@lwhat happens with super-
symmetric dark matter. In this case, the symmetry which gntaes the stability of the LSP
has been primarily postulated to get rid of the proton decaplpm in the MSSM. The proton
decay problem arises also in extra dimensional theoriesfggly if the cut-off scale is near
the TeV scale. Itis interesting to investigate whether fheraetry one assumes to get rid of the
proton decay can lead to a stable particle, like in susy. Wlamwdeed present such solution in
the context of warped GUT models where the DM particle isechthe LZP. The LKP and the
LZP are presently the two main proposals for WIMP KK dark mattWe will present them in
more detail in the next sections. Before doing that, let ugeve other (non-wimp) possibilities
which have been mentioned in the literature.

For a particle to be stable, either it has large couplingdMgo&rticles and there must be
a symmetry to guarantee its stability— this is the case ofpgitike the LSP, the LKP and the
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LZP which will be presented below— or it interacts so weakigttits lifetime is longer than the
age of the universe, this is the case of light particles witly gravitational couplings like the
radion in ADD [403] or TeV flat extra dimensions. We go throubk various possibilities in
the next subsections. The situation is summarized in Table 1

e radion dark mattem ~ meV

ADD models | only gravity in bulk e KK graviton dark mattefm ~ meV
R ~ meV! (flat) (both finely-tuned)

e branon dark matter

(not original ADD, hierarchy pbs rem3in

— gauge bosons in bulk e radion dark mattem ~ meV

TeV~—! dim. (finely-tuned); KK graviton is unstable
R ~ TeV~! (flat)

e radion dark mattem ~ meV
— all SM fields in bulk (finely-tuned)
“Universal Extra Dimensions” | e KK dark matterm ~ TeV

— | WIMP or SuperWIMP
AdS a la Randall-Sundrum e radion is unstable

Warped

geometries if GUT in the bulk — | KK dark matter

R~ Mp} m ~ few GeV—few TeV
but My i ~ TeV — |WIMP

Table 1: Dark matter candidates in three main classes dd dktrensional models

2.1 KK graviton
2.1.1 InADD

The KK graviton of ADD, with a meV mass, is stable on cosmatagiscales (each KK graviton
couples only withl /Mp,;) and could be a DM candidate. It would not be a wimp and theecorr
relic density cannot be obtained via the standard thermaliledion. To get the correct relic
density requires fine-tuning either in initial conditiors fnflation or in the reheat temperature
of the universe, otherwise, KK gravitons would overclose timiverse. In addition, there are
strong astrophysical constraints on the ADD scenatrio.

2.1.2 In UED: SuperWIMP KK graviton

The situation is different in UED models where the righteelbundance can be obtained nat-
urally. The idea is that the standard cold relic abundanadiained for the next lightest KK
particle (NLKP), which is a WIMP (a KK hypercharge gauge bogsoUED with ~TeV mass)
and the NLKP later decays into the LKP which is the KK gravitdhat way, the KK graviton,
which has a TeV mass and only a gravitational coupling cédlrastjuire the right abundance as
given by the standard thermal relic calculation. This sdertaas been intensively studied by
Feng et al [420-422].

Finally, let us mention that in Randall-Sundrum models, Kigwitons have a TeV mass
and interact strongly so they cannot play the role of darkenat
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2.2 Radion

The radion in ADD has typically the same mass and same caypbnthe KK graviton and
also suffers from an overclosure problem. As for models Wek extra dimensions, there is
also typically an overclosure problem. Solving it requinesdifying the assumptions on the
compactification scheme. Details of radion cosmology haentstudied in [423]. The radion
overclosure problem does not apply in Randall-Sundrum a/tres radion has large interactions
and large mass so that it decays fast.

2.3 Branons

Branons correspond to brane fluctuations. They control ttoedinate position of our brane
in the extra dimensions.Those fields can be understood agolldstone boson arising from
spontaneous breaking of translational invariance by teseprce of the brane. They get massive
by the explicit breaking of the symmetry. The possibilitathranons could be dark matter has
been investigated in [424,425]. In this context, the SMdiga a 3D brane embedded in a higher
dimensional (D=4+N) space-time where the fundamentakswiagravity M/, is lower than the
Planck scale. In the original ADD proposal,; was the TeV scale. The authors of branon dark
matter work in a general brane world scenario with arbitfandamental scale (larger than the
TeV scale). The branon degree of freedom cannot be negledted the brane tension scale

is much smaller thai/,, which means that we live on a non rigid brane. Branon intervas
with patrticles living on the brane can be computed as a fanaif f, N and the branon mass
M. Couplings of KK modes to the fields confined on the brane appmentially suppressed
by the fluctuation of the brane [426]. ASis very small, the KK mode contributions become
invisible from our world and the only remaining degrees @efilom are the branons. The
gravitational interaction on the brane conserves parithtarms in the effective Lagrangian with
an odd number of branons are forbidden. As a consequena®rizare stable. Constraints
in the region of parameters made By Mp, M and f have been derived. We refer the reader
to [424,425] for details and references.

2.4 KK “photon”

As it will be presented in the next section, in the class of eteavith Universal Extra Dimen-
sions [314], the Lightest KK Particle (LKP) is stable. FofeV~! sized extra dimensions, the
LKP can act as a WIMP. It was identified as the first KK excitatid the photon. To be precise,
it is not really a KK photon because the Weinberg angle for Ksdes is very small [348]. It
is essentially the KK hypercharge gauge bosBf?. Relic density [380, 381, 392,427, 428],
direct [391, 429] and indirect detection [391, 430—-435H&t8 of this candidate have all been
carried out in the last few years. Constraints on these msddwh radion cosmology have also
been studied [423].

2.5 KK neutrino

The possibility that the LKP is a KK, rather than a KK photon in UED was also studied
in [381,429]. This case is excluded experimentally by ditstection experiments because of
the large coupling of/g) to the Z gauge boson, leading to much too large elastic scajtef
the KK neutrino with nucleons.

It could also be that the LKP is the KK excitation of a RH neuxi To behave as a WIMP,
such particle should interact with TeV KK gauge bosons likeeft Right gauge theories such
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as Pati-Salam ofO(10). This possibility was investigated in details in the conteiwarped
geometries and more specifically in the context of warped&rdnified Theories (GUTS)
[382,436]. It will be presented in section 4..

To summarize, so far, KK particles arise as stable viable R&Nh two frameworks : In
Universal Extra Dimensions and in some warped geometriasRandall-Sundrum. We will
discuss these two possibilities in more details now.

3. THE LKP IN UNIVERSAL EXTRA DIMENSIONS

In models with Universal Extra Dimensions (UED) [314] whiate explained earlier in these
proceedings, all SM fields propagate in flat toroidal extraetisions, unlike models with Large
Extra Dimensions a la ADD. Translation invariance alongeatra dimension is only broken
by the orbifold imposed to recover a chiral SM spectrum. | Stiere is a remnant discrete
symmetry called KK parity(—1)", wheren is the KK number. This symmetry insures that
interaction vertices cannot involve an odd number of odd-4¢&tes and, therefore, a vertex
with two SM particles (withn = 0) and one KK state (witm = 1) is forbidden. As a result,
the Lightest KK Particle (LKP) witlh = 1 cannot decay into SM particles and is stable. Note
that for KK parity to be an exact symmetry, one has to assuatghie boundary lagrangians at
the two orbifold fixed points are symmetric.

In contrast with supersymmetry where the mass spectrunrgeliaspread so that at
most a few additional particles participate in coanniidlajprocesses with the LSP, in Minimal
UED (MUED), the mass spectrum of KK patrticles is rather degate and there are many
coannihilation processes. The KK mass splittings are éiséigrdue to radiative corrections.
Those were computed in [348]. The spectrum of KK masses dispaiso on the values of
boundary terms at the cut-off scale, which are not fixed bywkm8M physics. In this sense,
the values of the KK masses can be taken arbitrary and the dEBasio has a multitude of
parameters. The authors of [348] assumed that the bounetang tvanish (this is the so-called
MUED hypothesis). In this case, the LKP is the KK hyperchaygege boso3").

The viability and relic density of the LKP were first analyz@ed381] with some sim-
plifying assumption about the KK spectrum. Only one co-hitaiion channel was considered
(involving the KK right-handed electron). Ref. [380, 398tiude all coannihilation channels
with KK fermions and KK gauge bosons and look at the effectamfrechannel separately. The
net result is that even if the new coannihilations are Boltmmsuppressed their effect is still
significant because the cross sections are mediated by westkoog interactions while the
cross sections studied so far were purely hyperchargeategtiprocesses. Their conclusion
is that in MUED, the LKP mass should be within 500-600 GeV whii non-minimal UED
models, freedom in the KK mass spectrum allows an LKP as has\&/TeV. For an analysis
taking into account the effects of second level KK modes 42&,[428]. The effect of coan-
nihilation with the KK Higgs was studied in [437]. Shortlytef the appearance of [380, 392],
Ref. [438] came out where they derive a strong constrainherkiK scale of MUED models
from precision EW observables (700 GeV}“. This seems to exclude MUED KK dark matter
but KK dark matter survives in non-minimal UED models, whire KK mass can be as large
as 2 TeV.

To conclude this section, note that the cases where the LEKIS Z or KK H remain

14previous bounds on 1/R from EW precision tests were derivd@1i4, 439], from direct non-detection and
fromb — svin [440] and from FCNC in [441,442].
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to be analysed. The interesting D=6 case has not been igatedi either. We refer to the
proceedings by B. Dobrescu for references on the collidenpmenology of UED. We now
move to direct detection constraints.

3.1 Direct and indirect detection

Direct detection of theB") LKP has been studied in germanium, sodium iodine and xenon
detectors [391, 429]. It does not appear as the most prognigity to probeB(M) dark matter as
is summarized in fig.2.
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Figure 1: Leading Feynman graphs for effecti®€)-quark scattering through the exchange of a KK quark (both
q(Ll) andqg)) and through the exchange of a zero-mode Higgs boson.
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Figure 2: Left figure is from [391]: Predicted spin-dependglark-shaded, blue) and spin-independent (light-
shaded, red) proton cross sections. The predictions argjfer 120 Gev and).01 < A = (mg —mp1)/mp: <

0.5, with contours for specific intermediatk labeled. Right figure is from [429]: Predictions f&{!)-nucleon
cross sections in the spin-dependent — spin-independerg pthere three parameters are varieg:, in the 600-
1200 GeV range) in the 5-15% range andn,, in the 100-200 GeV range. We cannot expect a spin-indepénden
cross section larger tha = pb if we remain in this most likely region of parameter space.

Indirect detection through gamma-rays [391, 431, 433-48&{itrinos and synchrotron
flux [431], positrons [391, 432], antiprotons [443] or thgbuantideuterons [444] has also been
considered. The neutrino spectrum from LKP annihilatiothienSun was investigated in [432].
An interesting feature of KK dark matter is, in constrasthatite neutralino, that annihilation
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into fermions is not helicity suppressed and there can besgtdannihilation inte e~ leading
to a very valuable positron signal from LKP annihilationanihe galactic halo [391].

4. THE LZP IN WARPED GUTS

The interest in the phenomenology of extra dimensions dweltdst few years has been mo-
tivated by the goal of understanding the weak scale. The extya-dimensional geome-
try which really addresses the hierarchy problem is the RE&&Undrum geometry. Particle
physics model building in this framework has been flourighamd a favorite class of mod-
els has emerged: that where all SM fields propagate in the @ulkdS;, except for the
Higgs (or alternative physics responsible for electrowsghmetry breaking) which is lo-
calized on the IR brane. In addition, the electroweak gauge should be extended to
SU(2), x SU(2)g x U(1). Those models were embedded into a GUT in Refs. [382, 436]
and it is in this context that a viable dark matter appearstable KK fermion can arise as

a consequence of imposing proton stability in a way very nésoent to R-parity stabilizing
the LSP in supersymmetric models. The symmetry is callgdnd is a linear combination of
baryon number andU(3) color. As soon as baryon number is promoted to be a conserved
guantum number, the following transformation becomes ansgtry:

(I) N 627”;(3_7”6;”76)@ (1)

whereB is baryon-number of a given fieldl (proton has baryon-numberl) andn,. (7.) is its
number of colors (anti-colors). This symmetry actuallys¢xin the SM but SM particles are not
charged under it since only colored particles carry baryonlmer in the SM. In Refs. [382,436],
and more generally in higher dimensional GUTSs, baryon nuroése be assigned in such a way
that there exists exotic KK states with the gauge quantumbeusof a lepton and which carry
baryon number as well as KK quarks which carry non-standargdm number. These particles
carry a non-zerds; charge. The lightest of these, called the LightésParticle (LZP), is stable
since it cannot decay into SM particles.

So, who is the LZP? We recall that in extra-dimensional GUMsye is a need for a
replication of GUT multiplets to avoid fast proton decay. r@enodes (SM particles) come
from different GUT multiplets. Consequently, in a given tiplet, there are KK modes without
the corresponding zero-modes. The mass spectrum of KK éaisns determined by their bulk
mass, called in Planck mass units, and the boundary conditions (BC) aféand Planck
brane. All KK modes of a given multiplet have the sameThe ¢ parameter also fixes the
localization of the wave function of the zero modes. BC armmmnly modelled by either
Neumann {) or Dirichlet (—) BC® in orbifold compactifications. 5D fermions lead to two
chiral fermions in 4D, one of which only gets a zero mode taoadpce the chiral SM fermion.
SM fermions are associated with{) BC (first sign is for Planck brane, second for TeV brane).
The other chirality is—) and does not have zero mode. In the particular case of tlaibge
of the grand unified gauge group to the SM, Dirichlet boundaogditions are assigned on
the Planck brane for fermionic GUT partners which do not leef® modes, they have-(¢)
boundary condition$. When computing the KK spectrum 6f+) fermions one finds that for
¢ < 1/2 the lightest KK fermion is lighter than the lightest KK gaugeson. For the particular
casec < —1/2, the mass of this KK fermion is exponentially smaller thaattbf the gauge

15for a comprehensive description of boundary conditiongafiions on an interval, see [445].
8Consistent extra dimensional GUT models require a redioatf GUT multiplets as zero modes SM particles
are obtained from different multiplets.
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KK mode! Fig. 3 shows the mass of the lightestf) KK fermion as a function of: and
for different values of the KK gauge boson mads . There is an intuitive argument for the
lightness of the KK fermion: for < 1/2, the zero-mode of the fermion with+) boundary
condition is localized near the TeV brane. Changing the Hanncondition to(—+) makes
this “would-be” zero-mode massive, but since it is localizear the TeV brane, the effect of
changing the boundary condition on the Planck brane is gsgpd, resulting in a small mass
for the would-be zero-mode.
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Figure 3: Mass of the lightest KK fermion as a function ofdtparameter for different values of the KK gauge
boson mass. From bottom to tax x =3, 5, 7, 10 TeV. For large and negatiyghe KK fermion can be infinitely
light. For KK fermions belonging to the GUT multiplet comaig the RH top¢e ~ —1/2.

We have just seen that in warped GUT models, there is not desitlg scale since the
scale for KK fermions can be different from the scale of KK gauwosons. Now, among the
light KK fermions, the one which is the lightest is the onehntihe smallest parameter. This
means that the lightest KK fermion will come from the GUT nplkt which contains the top
quark. Indeed, the top quark, being the heaviest SM fermsotie closest to the TeV brane.
This is achieved by requiring a negatisé. Thus, all(—+) KK fermions in the GUT multiplet
containing the SM top quark are potentially light. Masstsiplys between KK GUT partners
of the top quark can have various origins, in particular du&tUT breaking in the bulk as
discussed in [382,436]. There is large freedom here anddénification of the LZP comes
from phenomenological arguments: Indeed, the only mas$draentary Dirac fermion (with a
mass inthe 1 GeV - 1 TeV range) which could be a viable darkena#indidate is the neutrino.
If such a neutrino had the same coupling to thas in the SM, however, it would be excluded
by direct detection experiments. Its coupling to thetherefore, must be suppressedrhus,
we are left with the possibility of a KK Right-Handed (RH) neno. In models where the
electroweak gauge group is extendedto(2), x SU(2)r x U(1), the RH neutrino has gauge
interactions in particular with the additional. Nevertheless, its interactions with ordinary

"More details can be found in [382, 436].
BNote that in SUSY, such constraints are weaker because Maj@rana nature of the neutralino.
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matter are feeble because they involve the additional gaogens which have a large mass
(Mkk 2 3 TeV). This opens the possibility of a weakly interacting &rRH neutrino. In
principle, the LZP is not necessarily the lightest KK pddicThere might be lighter KK modes
but which are unstable because they are not charged ufiddn practise though, and in the
models of [382,436], the RH neutrino LZP turns out to be tgbtest KK particle due to various
phenomenological constraints.

In summary, the LZP is a Kaluza—Klein fermion, which is a fgomponent spinor and
vector-like object. As explained in great detail in Ref.2R8t can be naturally very light, much
lighter than the KK scale of Randall-Sundrum models, namély;, > 3 TeV. This is because
the RH chirality is localized near the TeV brane while the Likkds near the Planck brane.
The overlap of wave functions is small, resulting in a smatab KK mass. Its lightness is
related to the top quark’s heaviness but not entirely fixed, 0o that LZPs in the mass range
of approximately 20 GeV to a few TeV can be considered. We teféhe LZP as if it were a
chiral fermion because only the RH chirality has significat¢ractions and the other chirality
decouples. In addition, the LZP has the same gauge quantorbers as the RH neutrino of
SO(10) or Pati-Salam. As a result, we refer to it as a “Dirac RH neotti

Via the AdS/CFT correspondence, the Randall-Sundrum siceisalual to a 4D compos-
ite Higgs scenario, in which the unification of gauge cougdihas recently been studied [446].
In this case, the LZP maps to some low-lying hadron at the csitgscale. We also point out
that in Refs. [382, 436], the strong coupling scale is clasthé curvature scale so th@{(1)
variations in calculations are expected. Results of [388] 4hould therefore be considered as
representative rather than a complete description.

4.1 Relic Density

An interesting feature of warped GUT models is that GUT statech asX, Y gauge bosons
appear at the TeV scale (via the KK excitations).Si(10), there are also th&”, Y’, X,, 7/,
etc. that the LZP can couple to. The LZP couples to the TeV Kggebosons ofO(10). In
addition, when electroweak symmetry is brok&n,- Z’ mixing induces a coupling of the RH
neutrino to the SMZ gauge boson. This coupling is suppressed/My, /M2 If My ~ few
TeV (the mass of KK gauge bosons is setMy ), the size of this coupling will typically be
ideal for a WIMP. There is actually a second source forAheZP coupling, which we will not
discuss here but refer the reader to Ref. [382] for a detakgthnation. The point is that there
is enough freedom in the model under consideration to theat ZP-Z coupling as an almost
arbitrary parameter.

For LZPs lighter than approximately 100 GeV, LZP annihdas proceed dominantly
via s-channel/-exchange and annihilations to light quarks, neutrinoscradged leptons are
important. For larger masses, annihilation via the t-clebechange ofX, into top quarks
or via s-channell’ exchange intat, bb, W*W~ and Zh dominates. LZPs can generate the
observed quantity of dark matter thermally in two mass rangear theZ-resonancerf zp ~
35-50 GeV) and for considerably heavier masses;¢ > several hundred GeV) [382, 436].
Several approximations were made in the relic density ¢atiom of [382, 436], like using the
non-relativistic expansion, neglecting the annihilatioa s-channel Higgs exchange as well
as co-annihilation with KKrj, . A more precise calculation is being carried out using the
COMPHEP model for warped GUTs and associated with MICROMB@M7].

Annihilations can vary from one Dirac RH neutrino dark mati®del to another, depend-
ing on whether, at large LZP mass, annihilations take pla&s-channel’ exchange only or
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also via a t-channeX ,—type gauge boson. On the other hand, the elastic scattgnag section
is mainly model-independent (determined by the LZRceupling).

4.2 Direct and indirect Detection

Concerning elastic scattering, as is well-known for a Diraatrino, the spin independent elastic
scattering cross section via a t-channel Z exchange hastime f

osr o [Z(1 — 4sin® Oy) — (A — 2)]°. )

Since4sin® fw =~ 1, the coupling to protons is suppressed. Neverthelesdesoat off target
nuclei puts the strongest constraints on ilig ;- scale. As reported in [382,436], the prospects
for LZP direct detection are extremely good and we expedtdlahe interesting region of
parameter space in this model will be probed by near futuextidetection experiments.

Indirect detection prospects for the LZP have been studienligh three channels in
[448]: First, the prospects for detecting high-energy neas produced through annihilations
of LZPs in the Sun are very encouraging. Annihilations ohti@ZPs in the Galactic Halo
also generate positrons very efficiently. Finally, LZP #ilations near the Galactic center may
provide an observable flux of gamma-rays not considerabifgrdnt than for the case of an-
nihilating neutralinos. [443] also studied the productidrantiprotons from LZP annihilations
and [444] looked at antideuteron fluxes.

4.3 Collider searches

The literature on warped phenomenology so far has dealt avéingle KK scale> 3 TeV,
making it difficult to observe KK states in RS at high-energjliders. This is because most
of the work on the phenomenology of Randall-Sundrum geae®elrave focused on a certain
type of boundary conditions for fermionic fields. In sectidhof [382, 436], we emphasize the
interesting consequences for collider phenomenology ohtary conditions which do not lead
to zero modes but on the other hand may lead to very light sabkr Kaluza-Klein states. It is
clear that in the models of [382,436], all the KK states in@iéT multiplet containing the top
guark can be very light thus can be produced at Tevatron or.L.$t@hething very interesting
in this model is the multiV final state which can be produced with a large cross sect®n (a
illustrated in Fig. 4.3). Some processes can leadlio’'§in the final state. A COMPHEP code
for this model has been written to generate these processewil soon become available.
LHC prospects for some of these signatures are being st{44&q4
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5. COMPARISONS BETWEEN THE LSP, LKP ad LZP

Table 2 gives a brief comparison of the LSP, LKP and LZP. Forosentletailed comparison,
see the last section of [448].

LKP LZP LSP

Setup Universal Extra Dimension$ Warped GUTs | SUSY

Nature of Gauge boson Dirac fermion Majorana fermion
dark matter particle

KK parity: consequence of| Z3: imposed R-parity: imposed
Symmetry geometry if ones assumes| to protect to protect

equal boundary lagrangians proton stagility proton stability

(_1)n B— Ne ; Ne (_1)3(B—L)+23
Mass range | ~ 600-1000 GeV | 20 GeV-few TeV | ~ 50 GeV-1 TeV
Annihilation cross | s-wave s-wave p-wave
section into fermions helicity-suppressed
Favourite detection | eLHC eDirect detection | eLHC

eIndirect detection o HC

eIndirect detection

Table 2: Comparison between the wimp dark matter candidiisesssed in this review.

6. CONCLUSION

Alternatives to SUSY dark matter exist and viable examptisgdrom extra dimensional mod-
els. Because of their simplicity, models with Universal@@®imensions have attracted much
attention. The Minimal UED (MUED) model is an ideal benchkarodel and a good starting
point as far as the testability of extra dimensional modet®ncerned. Discriminating between
MUED and SUSY at colliders is an active field of study. Mostloé interest in UED is due
to the possibility of a stable KK particle and in particularthe LKP as dark matter. Direct
and indirect detection of the LKP have been investigatedth@rother hand, UED do not par-
ticularly solve the hierarchy problem. Extra dimensionaldals with warped geometry do so.
Among the Randall-Sundrum realizations, those with the SMigiliving in the bulk are the
most appealing. In this framework, the EW sector is extenideétd/ (2), x SU(2)r x U(1). In
this report, we have reviewed a GUT embedding of this gaugetsire, which we believe leads
to a very rich and peculiar phenomenology. For instancs, poissible that the symmetry im-
posed to prevent proton decay leads to a stable KK particiehidan act as dark matter. Note
that independently from the existence of a stable KK modepadGUTs possess interesting
features and there is still a lot to be done as far as phendoginal exploration of RS models
with SM in the bulk is concerned.
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Part 26
The Higgs boson as a gauge field

G. Cacciapaglia

Abstract

The Higgs boson in the SM is responsible for the breaking efetlec-
troweak symmetry. However, its potential is unstable unddrative

corrections. A very elegant mechanism to protect it is to gaege
symmetry itself: it is possible in extra dimensional thesriwhere the
components of gauge bosons along the extra direction p&ayolle of

special scalars. We discuss two different attempts to kaitdalistic
model featuring this mechanism. The first example is based feat

extra dimension: in this case the Higgs potential is conepfefinite

and calculable. However, both the Higgs mass and the scatewof
physics result generically too light. Nevertheless, wecdbs two pos-
sible approaches to solve this problem and build a reahstidel. The
second possibility is to use a warped space, and realize itfgsHs
a composite scalar. In this case, the Higgs and resonanedsary
enough, however the model is constrained by electroweakgioe ob-

servables.

1. INTRODUCTION

In the Standard Model of particle physics, the breaking efdlectroweak symmetry is gener-
ated by a scalar field, the Higgs. The minimal Higgs sectosists of a doublet of the weak
SU(2),: a suitable potential for such scalar will induce a vacuupeetation value for it that
will break the gauge symmetry and give a mass both to the waagegbosons, thé” and 7,
and to the matter fermions. This description is very sudaéf®m the experimental point of
view: even though we do not have direct measurements inehbisis precision tests of the SM
seem to be consistent with the presence of a relatively Higngs, with mass betweeni 5 GeV
and~ 300 GeV. The lower bound comes from direct searches at LEP, windeipper bound
comes from the loop effects of the Higgs to precision obs#es[450].

Notwithstanding this success, the Higgs mechanism isust#htisfactory from a theoret-
ical point of view. First of all, the potential is somehow fayt hand and is not calculable for
the Higgs boson is not protected by any symmetry. Moreovam fan effective theory point of
view, the potential is unstable: loop corrections will iitédua dependence on some new physics
that appears at high energies. For instance, the mass teumadsatically sensitive to such new
physics scale: the bounds on the Higgs mass would requsathie to be aroundTeV. This
scale is much lower that the expected UV scales, like thecRlarass where quantum gravity
becomes relevant, ab'® TeV, or Grand Unification scales, aroumd!' + 103 TeV. Unless
a huge fine tuning is advocated, the SM contains a hierarctwelea such scales. Moreover,
building a model with new physics at a TeV is very difficultchese of bounds coming from
precision observables: higher order operators, that witlegically be generated by such new
physics, pose a bound on the new physics scale arbund0) TeV *° [451].

1°This bound comes from universal operators. Bounds from fiawiolating terms require a higher scale,
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A very appealing idea, utilizing extra dimensions, is tontiiy the Higgs boson as the
component along some extra spatial dimension of a gaugenbasd it was first proposed in
Refs. [452—-454]. In this way, the symmetry breaking doesoate from a fundamental scalar
of the theory, thus improving the stability of the mechanidforeover, gauge invariance in the
extra dimensional theory will highly constrain the potahtiorbidding for instance a mass term.
Now, the loop contributions to the mass term will be insewsito the cutoff of the theory, thus
to the UV physics, and they may be responsible for EWSB. Theiak point here is that such
contributions are finite and calculable! Due to gauge irarase itself, the EW scale will also be
protected with respect to the UV cutoff. The simplest passibs to work in 5 dimensions: in
this case there is only one extra component

Ay = (A, As) . (1)

The minimal requirements on the bulk gauge grdus that it has to contain the SM gauge
groupg € SU(2), xU(1)y, and a doublet of SU(2) to be identified with the Higgs, is embed-
ded in the adjoint representation. The gauge g@upbroken by an orbifold projection to the
SM oneH assigning different parities (or boundary conditionsh® gjauge bosons of different
generators. This corresponds’fo

As(—y) = Ai(y) faeH,
Al (—y) = —Ag(y) ifbe G/H. @)

For the A; component, 5D Lorentz invariance imposes opposite parifi@us, there is a zero
mode only along the broken generators: these are the onlyigatyscalars in the spectrum,
as all the massive modes df can be gauged away, and will play the role of the longitudinal
modes of the massive vector bosons. In other words, the Higgslet has to be contained in
AL, The gauge transformations, at linear level, reads:

Ay — A+ au)‘(xv xs5) + i[A(7, 75), Au] ) (3)
As — As + 05\ (2, 25) + i[A(x, x5), As] . 4)

This symmetry is enough to ensure that it is not possible teewown a tree level potential for
As in the bulk. Indeed, the only invariant is the energy streasar

Fyun = 0uAn — ONAp +ig[Awm, AN ; (5)

being antisymmetricfs; = 0. The situation is more subtle on the fixed points of the oitifo
the gauge transformation paramekemhas the same parities of the gauge fielgs Thus, for
the broken generator,is odd: this means that on the fixed paint

Aj(@,) — Aj(@) + 05X (x,). (6)

This incomplete gauge transformation, however, is enoadbrbid a potential localized on the
fixed points.

This argument can be generalized to more extra dimensiomes fifst difference is that
a potential is allowed by gauge invariance: indeél, where: and j are along the extra
dimensions, is gauge invariant. In particular a quartiontenay be generated at tree level.

around100 =+ 1000 TeV.
20This is the simplest possibilities. A more general set offott projections has been studied in Ref. [455].
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However, it is generically possible to write a linear termtl@ energy stress tensor on the
fixed points: this will generate tadpoles for the scalarghsd one has to choose the orbifold
projection in order to forbid them [456, 457].

While this mechanism offers great simplicity and elegatecgéiding a realistic model is
very difficult. The main problems are the lightness of theddignd of the top quark. Regarding
the top, the Yukawas are generated via the gauge couplaifj &e it is generically hard to engi-
neer a Yukawa of order 1 from a small gauge coupling. Reggtttie Higgs mass, it turns out to
be too small, below the value currently excluded by LEP, beedhe quartic scalar interaction
term is generated at one loop. Since the entire potentiag@ad quartic) is loop generated, the
potential will also generically prefer large values of thiggis vacuum expectation value (VEV)
relative to the compactification scale so that the scale of pieysics stays dangerously low.
It is interesting to note that a deconstructed version & théchanism [458] led to the idea of
Little Higgs models. The symmetry protecting the Higgs mas®w a discrete shift symmetry,
and the construction is much less constrained by the abséb@eLorentz invariance. In Little
Higgs models, this idea has been pushed further: in this ttessymmetry is protecting the
Higgs mass at one loop, but allows a quartic coupling at treel [459].

Several models, both in 5 (see Refs. [460-466]) and 6 (ses. RE7—469]) dimen-
sions have been proposed in the literature, in the conteRabextra dimensions. Another
interesting development is to embed the same idea in a waatea dimension [470] as in
Refs. [446,471-473]. The nice thing is that the warping ecka both the Higgs and top mass.
However, the non trivial background will also induce coti@as to electroweak precision ob-
servables that constitute the strongest constraint omtbdels. Interestingly, a correspondence
fist developed in the string context allows to relate thes®iiles to 4 dimensional ones, in
particular to strongly coupled conformal theories (CFTg)ere conformality is broken at the
resonance scale. From this point of view, the Higgs is a campparticle of the CFT, like in
the Georgi-Kaplan theories in Refs. [474-477].

In the next sections we will briefly discuss the main featwed differences of models
in flat and warped space. For simplicity we will focus on twmgle examples, nice for their
simplicity and minimality: the SU(3) model in 5D of Ref. [463] in flat space, and the minimal
composite Higgs model of Ref. [472]. However, the propsrtighlighted here are common to
all the models proposed in the literature.

2. FLAT SPACE

As already mentioned above, we need to embed the SM eleckayeeige group, SU(RxU(1)y,
into a larger bulk gauge group, that contains a doublet o25W(the adjoint representation.
This group is broken to the SM one by an orbifold projectiamthis way, at energies below
the compactification scale, only the SM gauge symmetry isakd#n. A more general breaking
of the symmetry can be achieved using boundary conditiomsetier in the following we will
insist on the orbifold projection. The reason is the absaideee level corrections to elec-
troweak precision observables: in this case, a zero modehi&ll” and Z is orthogonal to all
the massive KK modes of other fields. If the Higgs vev is camsatong the extra dimension,
as it is the case in flat space, it will not induce mixings betwéhe zero modes and the KK
modes: this is the source of universal corrections. If tharegtry breaking is not given by
an orbifold parity, but by boundary conditions, the orthoglity argument does not work any
more. We will comment more on this issue later.

The simplest choice is to enlarge the weak group to SU@&)d break itto SU(2)xU(1)y
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on the orbifoldS' /Z,: an analysis of all the rank 2 groups can be found in Ref. [4BBE ad-
joint of SU(3) decomposes int8,0) + (2, 1/2) + @, -1/2) + (1, 0). After the orbifold projection,
the only (massless) scalar left in the theory is a complesowvith hypercharge /2, that we
identify with the SM HiggsH ;. As already mentioned, this scalar will not have any pogeatt
tree level: however, loops will induce a potential that isensitive to the UV cutoff, and thus
calculable. For the moment we will assume that such potemiianduce a VEV for the Higgs,
thus breaking the electroweak symmetry. We can use SU(@3foemations to align the VEV,
analogously to the SM case, and parametrize it

() =2 (0 ) ™

It is now straightforward to compute the spectrum of the gdogsons: we find

n+o n + 2« n
R ) MZn - R ) M’yn - R )
wheren € Z, and we want to identify the lightest state in each tower WithSM gauge bosons,
the photon, thé)” and theZ. Let us first point out that the spectrum is invariant if weftshiby

an integer, and if we change its sign. In other words, theiphysange forx is [0, 1/2] and all
other vacua outside this range are equivalent, as the radjaeihduced potential will respect the
same symmetries. Another important feature is tfatturns out to be twice th&” mass: this

is a consequence of the gauge group SU(3) that preticts 7/3. One possible way to fix it is
to add localized gauge kinetic terms: SU(3) being brokerherbbundaries, such terms can be
different for the SU(2) and U(1) and, if large enough, can ohate and fix the correct value of
sin fy,. However, this scenario is equivalent to a warped extra dgios: integrating out a slice
of the warped space near the Planck brane, where the wagsnggill, will mimic the localized
kinetic terms, while the remaining space will be almost N&le will discuss the warped case in
the next section: the main drawback is that it suffers frome tevel corrections to the precision
observables [473]. Another possibility is to extend theggagroup with an extra U(%). In
this case, if the bulk fermions are charged, only the contlmnaf the two U(1)’s proportional
to the hypercharge is anomaly free, and the orthogonal gaogen will develop a mass [467].
Alternatively, one can use boundary conditions to break) U (1)x — U(1)y, for instance
by twisting the BC on one of the two branes, such that no zemenmleft in the scalar secté.

The next problem is how to generate a mass for the SM mattdsfiéd we added bulk
fermions, with chiral zero modes thanks to the orbifold pation, the Higgs VEV would gen-
erate a spectrum similar to that in (8): all the light modesilddave masses larger than flie
mass, where the exact relation depends on group theorydaatsing from the fermion repre-
sentations. Indeed, gauge invariance forces the Higgsupledo bulk fields and with strength
determined by the 5D gauge coupling There are two possible solutions: one is to include
odd masses for these fermions, that will localize the zerdeadoward the two fixed points.
As modes with different chirality will be localized towardffédrent points, this mechanism will
reduce the overlaps between the wave functions, and ger@eaarchies between the various
Yukawa couplings. Another possibility, adopted in [45631& to localize the SM fermions
on the fixed points, and then mix them with massive bulk fiekdg will induce an effective
Yukawa couplinga la Froggatt-Nielsen. In this case, the mass for the light fensican be

MWn -

(8)

2INote however that these breaking mechanisms will reinttedree level oblique corrections, see Refs. [465,
466]
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given either by small mixings, or by a large bulk mass that @iponentially suppress the ef-
fective Yukawa. In the latter case, with order 1 masses,pgbssible to explain the hierarchies
in the Yukawa sector [456,466]. The flavour structure of theoty for the first two generations
has been studied in Ref. [478].

The main problem in the fermion sector is then how to explaeteaviness of the top:
indeed a bulk field will generically couple to the Higgs wittetgauge coupling, predicting a
fermion mass of orden,;,. A possible way to fit the top is to embed it in a large represtaont,
such that the effective Yukawa is enhanced by a group theatpf. This possibility has been
exploited in Ref. [465]: the authors find that the minimalresgentation of SU(3)is a symmet-
ric 15. This choice would prediet:, = 2myy at tree level: QCD corrections might enhance the
pole mass to a realistic value. The main drawback of thisipibi$gis that the largish represen-
tation will lower the scale where the extra dimensional tiidmecomes strongly coupled. For
the 15, using Naive Dimensional Analysis, we can estimate sucle$o2 = 3 x 1/R. More-
over, the presence of a triplet of SU(2) in the decompositiatie 15 will introduce tree level
correction to the coupling of thig with the Z. Such corrections come from the mixing with the
zero mode of the triplet and not from the effect of the KK mad@smoving the zero mode with
a localized mass will induce mixing with the KK modes: thisreations can be translated into a
bound on the compactification scdler > 4--5 TeV. Another possibility pursued in Ref. [466]
is to explicitly break Lorentz invariance along the extrendnsion. In this case, each fermion
will effectively feel a different length, thus removing thelation between the top and thig
masses. The strong coupling scale is also lowered, but ssadi@amatic way. However, in this
case, the Lorentz breaking will induce a UV cutoff sendiyivin the Higgs potential at higher
loop level. In Ref. [466] the authors focus their attentiontbe flavour problem: again cor-
rections toZb;b, and 4 fermion operators induced from the gauge boson resesg#07, 479]
pose a bound on the scalgR of few TeV.

Once the field content in the bulk is specified, it is possibleampute the Higgs potential
as it is finite. Their spectrum, as a function of the Higgs V&\generically takes the form:

(n + £a)?

Rz
where¢ is determined by the representation of the field. We can useHijgs-dependent
spectrum to compute the full one-loop potential, using tlde@an-Weinberg formula: after
summing over the KK modes [467], we find

Vigsle) = i Fil). (10)

m2 = M? + neJz, (9)

where the signs stand for bosons/fermions and

2

3= e cos(2néan) (K2 k1
n=1

wherex = 27 M R. The contribution of fields with large bulk mass is exponahtisuppressed.
Moreover, the leading contribution is given by

+ cos2méar. (12)

While bosons will not break the gauge symmetry, the fermmmtrigbution will induce a VEV

1
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From the formula for th&” mass it follows that the compactification scale is given by

1
— =2 : 14
R Emyy (14)
Thus, generically the mass of the resonances is too lowssirdevery large representation
is included in the theory, thus lowering the strong coupkiggle to unacceptable values. A
possible way out is to consider cancellations betweenréifficbulk fields: it would be crucial
to have fields that give a positive contribution to the Higgsss) like a boson. A scalar would be
radiatively unstable, however a bulk fermion with twistexibdary conditions, or anti periodic
along the extra dimension, will have the same effect [462].4Bdeed, the spectrum is given
by
(n+1/2+¢a)?
R? ’
The contribution to the effective potential is given by threypous formulas, witlfa — £a +
1/2. As

m2 = M? + nez. (15)

cos(2mn(§a +1/2)) = (—1)" cos(2mnéa) ,

the twisted parity approximately flips the overall sign o tontribution. In this way, we can
get positive contributions to the Higgs mass arising fronmiens. In Ref. [465], the authors
propose a minimal model where such cancellation does otioey:only consider bulk fermions
that give mass to the third generations. The presence defivisrmions ensures that the scale
1/R can be naturally raised up to 20my;,, without a parametric fine tuning.

Another generic problem is the value of the Higgs mass: bisiegotential loop induced,
itis loop suppressed with respect to ffremass. However, the presence of several bulk fermions
is enough to raise it above the direct LEP bound. In the moti®ed. [465], the fermions
associated with the third generation are enough to push igpgshinass up te- 150 GeV, the
precise value depending on the choice of representationghel Lorentz violating model of
Ref. [466], the same mechanism enhancing the top mass warlkisef Higgs: in other words,
the Higgs mass is set by the scale of the top resonances, atitergauge boson ones. In this
way, Higgses as heavy as few hundred GeV are possible.

A final comment regards the bounds on the sdalR in this kind of models. As already
mentioned, the flatness of the Higgs VEV generically enstimeabsence of tree level universal
corrections, because it does not mix the bulk zero modestiwghKK resonances. However,
such corrections will be introduced back by large termslined on the fixed points, that have
the phenomenologically important role of getting rid of lanted zero modes left over after the
orbifold projection. In the specific model we discuss hdre,ttiplet in the topl5 correctsZbb,
and the extra U(1) inducesggarameter and further correctionsZéb [465]. Such corrections
bound1/R > 4 + 5 TeV, thus requiring a moderate fine tuning in the potentiahother
similar bound comes from four fermion operators, inducedhsy coupling of the localized
light fermions with the KK resonances [407, 479]: howevhis tbound depends on the light
generations, that do not play a crucial role in the electedsymmetry breaking mechanism.

3. WARPED SPACE: A COMPOSITE HIGGS

A different approach to the one described in the above se&ito work with a warped extra
dimension, like the one described by Randall and Sundrunein [R70]. The metric is not a
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trivial extension of Minkowski, but can be written in a confual way as

1

ds? = W (dxudx” — dzz) , (16)
where the extra coordinateranges in the intervdlL,, L;]. The meaning of the warping is
clear: the unit length defined his?, or alternatively the energy scale, depends on the position
along the extra dimension. K, ~ 1/k, then the energy scale on the endpdintis reduced
(warped) by a factor of L,. Generically, the scale ~ 1/L, is taken to be equal to the cutoff
of the theory, usually the Planck mass, while the sdale, is of order the electroweak scale.
This setup allows to explain geometrically the large highgrbetween the two scales [470].

A very interesting aspect of this background is the presefi@eduality, conjectured in
string theory [480-483], that draws a correspondence w#hdamensional theory: we will
very briefly sketch the main properties of this 4D theoryt thdl be useful to illustrate the
5D model building. This theory is a strongly coupled confariield theory (CFT), where the
conformality is broken at a scaje;iz: this means that the spectrum will contain a tower of
weakly coupled “mesons” with masses proportional to sueltesd\Ve can also add elementary
fields, external to the conformal sector, and couple therh thi¢ strongly coupled sector. The
idea is that the SM gauge bosons and fermi@rase the elementary fields, and the breaking of
the electroweak symmetry is generated by the quasi-comfiector: in other words, the Higgs
is a composite state of the strong sector, like in the modelsgmted by Georgi and Kaplan in
Refs [474-477]. The holographic dual of this theory is a thetefined on a RS background:
the elementary fields are the values of the 5D fields onZthbrane, that we will call Planck
brane. In particular, the gauge symmetries of the elemgsttor will be the only unbroken
gauge groups on the Planck brane. On the other hand, thel glohanetries of the conformal
sector are translated into gauge symmetries in the bulk anlded’; brane, the TeV brane. The
scaleu;r where conformality is broken, corresponds to the warpedggnecale on the TeV
brane. The two theories are equivalent, meaning that thasegthe same physical properties:
the only advantage of the 5D interpretation is that it is Wealoupled, up to a scale a few
times higher thaj;z, and some properties, like the composite Higgs potentid\4aV, are
calculable.

Another advantage of using a warped space is that both thgsHigd top masses are
enhanced with respect to the flat case. The Higgs VEV profdagthe extra dimension is
determined by the geometry, and in this case it will be linedhe coordinate.. This means
that a field localized toward the TeV brane has a larger opesidgh the Higgs, thus its mass
is enhanced. As a consequence, the top has to live near thbrae¥, thus being a composite
state in the 4D interpretation. However, the non trivialfieedor the Higgs VEV also generates
mixing between zero modes and KK modes, in the 4D languageceetthe elementary fields
and the composite states. These mixings will induce caorgto the couplings with fermions
attree level, in particular oblique and non oblique cotime. Thus, EWPT will be the strongest
bound on the parameter space of this theory. The third geoer@so plays an important role:
the heaviness of the top requires it to be a composite stateeter, this will also imply large
deviations in the couplings of bottom and top with the wealiggabosons. Th&bb coupling
and loop corrections to theparameter coming from the mass splitting between top artdtoot
will also severely constrain the model.

A model of warped Gauge-Higgs unification was proposed in R&R2]. The SM weak

22The top will be the only exception, as we will see.
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gauge group is extended to a SQ(5)J(1)5_; inthe bulk. Itis broken to the SM SU(2xU(1)y
on the Planck brane, such that the SM gauge bosons are ineidkternal to the CFT. On
the TeV brane SO(5) is broken to SO#)SU(2), xSU(2)z. The adjoint representation of the
bulk group will contain a 4 of SO(4), namely a complex bidailbf SU(2) xSU(2);z: the
scalar zero mode arising from thg component is then identified with the SM Higgs boson. It
is crucial the presence of a custodial symmetry in the butklaV/ brane [484]: in the 4D inter-
pretation it means that the CFT sector is invariant, so itiwat induce large corrections to the
parameter at tree level, ensuring the correct relation&@ethdl” andZ masses. Fermions are
added as complete SO(5) representations, one for each $hNbferand boundary conditions
will select a zero mode only for the component with the cdreg@antum numberg. A mass
term in the bulk controls the localization of such zero modless the overlap with the Higgs
VEV. The more localized on the Planck brane, the smaller ffextave Yukawa coupling: in
this way it is possible to generate the hierarchies in thaifem yukawa sector [485, 486]. The
4D interpretation makes this behaviour more clear: thet ligihds are elementary fields with
a small mixing with the composite sector, that couples diyeeith the Higgs boson [487].
However, the heaviness of the top requires that at leastighémanded part is a composite,
thus localized on the TeV brane.

Once the field content is specified, it is possible to computetty the potential for
the Higgs [472]. The leading contributions are givenshy and cos functions, and can be

parametrized as:
h h
V(h) ~ (X COS f_ — /6 Sin2 f_ s (17)

whereh is the Higgs field,f, is the decay constant of the CFT resonances, in the 5D laeguag
fr =2/+/g?k1/L,. TheW mass is given by:

2
< h>
My, = %UQ, where v =¢f, = frsin

= 246GeV. (18)

™

The parametet is crucial in these models: it controls the size of the extraethsionL; in
terms of the SM weak scale, and the size of the tree level dwres. Using the approximate

formulain Eq. 17, it is given by:
a 2
1= (5) o)

thus in order to have a small VEV with respect to the new plsystalef,, some fine tuning in
the potential is required, as in the flat case. The correstiorlectroweak precision observables
will also depend on thus constraining its size§ ~ €2, T' ~ €%, while from the third generation
0Gz05 ~ € T1_|00p ~ €2. The precise bound ondepends on other parameters, especially
the ones involved in the third generation sector. A very itltaanalysis has been performed
in Ref. [473]: they find that universal corrections only regae < 0.4 + 0.5, values that can
be obtained without any significant fine tuning in the pontHowever, if one includes the
constraints from the third generation, bathb and loop corrections tp, ¢ < 0.2 is required.
Such corrections might be removed if the third generationtr®duced in a non minimal way,
as discussed in Ref. [473].

Zthe BCs impose the vanishing of some components on the entsfigiandL,. These BCs are equivalent to
the orbifold parities used in the flat case. Components with@ero mode are like the anti periodic fermions.
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An interesting prediction of this model is the lightnessiad Higgs. In all the numerical
examples studied in Ref. [473] the authors fing < 140 GeV. Moreover, the model predicts
the presence of resonances of gauge bosons and fermionsadé #hat depends from the value
of e: it can be as low a8 TeV if the bounds from the third generation are removed, theisg
accessible at LHC. However, the correctionsZtid constrain the new particles abo¥eTeV.
Thus model also contains a nice feature: unification of thévidgauge couplings at a level
comparable to the supersymmetric model [446]. This feadoes not depend on the details of
the strong sector, but only to the composite nature of thgs$land the right-handed top.

4. CONCLUSIONS

We have described a mechanism that protects the Higgs @dteain divergent radiative cor-
rections using the gauge symmetry in extra dimensions. TiggsHs indeed the component of
a gauge field along the extra direction. After the orbifolddking, a shift symmetry will highly
constrain the potential at tree level, ensuring its finigsnén particular, in the presence of only
one extra dimension, the potential is completely radizdive calculable. The presence of bulk
fermions will then induce a non trivial minimum and thus @rilectroweak symmetry break-
ing. In the literature, two main direction has been pursukd:and warped extra dimensions.
The nice property of the flat background is that the Higgs VEYanstant in the extra coordi-
nate, thus potentially avoiding tree level correctionsrecgsion observables coming from the
mixing between KK levels. However, it is generically hardjeet a realistic spectrum: the scale
of new physics results too light, and the Higgs and top maaseto small. A possible way to
enhance the scalg R is to allow cancellations in the potential, using anti pdiedfermions: in
this way, scales above a TeV scan be obtained without fineguffio enhance the top mass, it
is possible either to embed it into a largish representaifahe bulk gauge group, or to break
explicitly the Lorentz invariance along the extra dimensid his also allows to get a heavy
enough top. In the warped case, the distorted backgrounaneehthe masses naturally, via
different wave function overlaps. However, the Higgs VEWWi flat anymore and tree level
corrections will bound the model. In both cases, the siza®gitra dimension, i.e. the scale of
the KK resonances, is constrained to be larger4hab TeV, thus being unobservable at LHC.
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Part 27
Little Higgs models: a Mini-Review

M. Perelstein

1. INTRODUCTION

In this contribution, we will review the Little Higgs (LH) natels, an interesting new class of the-
ories of electroweak symmetry breaking (EWSB) that regeattracted considerable attention.
While these models do not involve new dimensions of spaaekédy insight that led to their
construction, the “collective symmetry breaking” meclsamj was gleaned by Arkani-Hamed,
Cohen and Georgi [458] from a study of five-dimensional tleothrough the application of
the dimensional deconstruction approach [488].

Precision electroweak data prefer a light Higgs bosen: < 245 GeV at 95% c.l., as-
suming no other new physics [48]. A satisfactory theory of @\must contain a mechanism
to stabilize the Higgs mass against radiative correcti@rse intriguing possibility is that the
Higgs is a composite particle, a bound state of more fundéheanstituents held together by
a new strong force [474,489]. This scenario relates the vgeale to the confinement scale
of the new strong interactions, which is generated via dsrmeral transmutation and can be
naturally hierarchically smaller than the Planck scale.weker, since precision electroweak
data rule out new strong interactions at scales below ab@UeY, an additional mechanism
is required to stabilize the “little hierarchy” between tHggs mass and the strong interaction
scale. In analogy with the pions of QCD, the lightness of tigg could be explained if it were
a Nambu-Goldstone bosdiNGB) corresponding to a spontaneously broken global syimyme
of the new strongly interacting sector. Gauge and Yukawaloogs of the Higgs, as well as its
self-coupling, must violate the global symmetry explicittn exact NGB only has derivative
interactions. Quantum effects involving these interattigenerate a mass term for the Higgs.
In a generic model, the dominant effect comes from one-la@ulcatically divergent part of the
Coleman-Weinberg (CW) potential, and its large size makestiodels phenomenologically
unacceptable: either the Higgs is too heavy to fit the datéhestrong coupling scale is too
low. Little Higgs models avoid this difficulty by incorporag the collective symmetry breaking
mechanism, which enforces the cancellation of the quadiatidivergent one-loop contribu-
tions to the Higgs mass, making a light composite Higgs cdiblgawith the 10 TeV strong
interaction scale. The cancellation is due to a set of newsaNe particles (typically gauge
bosons and vector-like quarks) predicted by the LH modéthelse models are realized in na-
ture, the LHC experiments should be able to discover thedieleas and study their properties
extensively.

2. LITTLEST HIGGS MODEL

Many LH models have been proposed in the literature; as amgbea let us briefly review the

"Littlest Higgs” model [459], which provides one of the mastonomical implementations of
the idea and forms the basis for most phenomenological seslyConsider a model with an
SU(5) global symmetry, spontaneously broken down tosan(5) subgroup, at a scalg ~ 1
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TeV, by a vacuum condensate in the symmetric tensor repssam

0 0 1
So=| 01 0 |, (1)
10 0

wherel is a 2<2 identity matrix. The model contains 14 massless NGB fieftisone for
each broken generatof®. At energy scales below ~ 47 f, the NGB interactions are inde-
pendent of the details of the physics giving rise to the casdte and can be described by an
SU(5)/SO(5) non-linear sigma model (), in terms of the sigma fieltl (z) = *'//3,
wherell = Y 7%(z) X An [SU(2) x U(1)]* subgroup of the&sU (5) is weakly gauged. The
gauged generators are embedded in such a way that gaugimg&é2) x U(1) factor leaves
anSU(3) subgroup of the global symmetry unbroken:

o/2 0 0 00 0
Q= 0 0o0], Q=100 0 ,
0 00 00 —o%/2

Y, = diag(3,3, -2, -2, -2)/10, Y, = diag(2,2,2, -3, —3)/10. (2)

At the scalef, the condensatg, breaks the full gauge group down to the diagofi&l(2) x
U(1), identified with the SM electroweak group. Four gauge bosiiis, 1}, and B;;, acquire
TeV-scale masses by absorbing four of the NGB fields. TheirengpNGBs decompose into a
weak doublet, identified with the SM Higd$, and a weak tripled:

*x H O
I=| H « HT |, (3)
o H* «

where asterisks denote eaten fields. At the quantum lewaliggateractions induce a Coleman-
Weinberg potential for the NGBs. However, the Higgs is endeedin such a way that the
subset of global symmetries preserved by esti2) x U(1) gauge factor would be sufficient
to ensure the exact vanishing of its potential. Both gaugfa, acting collectively, are needed
to break enough symmetry to induce a non-zero CW potentidifacany diagram contributing
to this potential must involve at least one power of a gaugelbeg from each factor. One
loop diagrams satisfying this criterion are at most lodpmically divergent; the usual one-
loop quadratic divergence in the Higgs mass does not appéar.same collective symmetry
breaking approach can be used to eliminate the large catitibto the Higgs mass from the
top quark loops: the top Yukawa arises from two terms in thgréagian, each of which by
itself preserves enough global symmetry to keep the HiggstBxmassless. Implementing this
idea requires the introduction of a new vector-like fermithve’7” quark, with massur ~ f and
the quantum numbers of the SM. It is interesting that, in contrast to SUSY, the cancediagi

in the LH model involve particles ahe same spinthe divergence due to the SM top loop is
cancelled byl loops, while the divergence due to the SM gauge bosons isttaddy the
loops of Wy andBy. The leading contribution to the CW potential from top lobyas the form

Am2 A?
2 _ t™M7
m, = —3 ) log m—% ; (4)

and has the correct sign to trigger EWSB. The contributioosfgauge and scalar loops have
the opposite sign, but are typically smaller than (4) dueht large top Yukawa; the two-
loop contributions are subdominant. The triplets not protected by the collective symmetry
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breaking mechanism, and acquires a TeV-scale mass at gneAsoH '® [ coupling is also
generated at this scale, producing an order-one Higgsiqeatipling whend is integrated out.
Thus, the model provides an attractive picture of radidBWSB, with the required hierarchies
v~ f/(47) ~ A/(47)* emerging naturally.

The Littlest Higgs model is remarkably predictive, desieriithe TeV-scale new physics
with only a small number of free parameters. The model costaioSU(2) gauge couplings,
two U(1) couplings, and two couplings in the top Yukawa sector; hatew each case, one
combination of the two is fixed by the requirement to repradtiee SMg, ¢, andy,. This
leaves three independent parameters; it is convenienetthose mixing angles), ¢/, anda,
respectively. These angles, along with the s¢aldetermine the masses and couplings of the
new states; for example,

g . d V2N

sin 2a
Two additional parameters, coefficientsand «’ from the quadratically divergent part of the
one-loop CW potential, are required to describe the wegletrsector.

M(Wy) =

3. LITTLEST HIGGS PHENOMENOLOGY

The LH model succeeded in pushing the strong coupling sqate the phenomenologically
acceptable values around 10 TeV, at the expense of intneguaw particles at the TeV scale.
The presence of these particles affects precision eleeakwbservables, and their properties
are constrained by data. These constraints have been woukted detail in Refs. [490-493]
and in Refs. [232,494,495] where the constraints from LER#Z2Bments have been included.
Unfortunately, it was found that the simplest version of thedel outlined above is strongly
disfavored by data: the symmetry breaking scale is boungefl b- 4 TeV at 95% c.l. in
the “best-case” scenario, and the bound is even strongeyefoeric parameters. Such a high
f would require a substantial amount of fine tuning to maintaen lightness of the Higgs,
largely destroying the original motivation for the LH mod&he corrections to observables are
predominantly generated by the tree-level exchanges ofyhgauge bosons and the non-zero
vacuum expectation value (vev) of the weak tripletboth these effects violate the custodial
SU(2) symmetry. The gauge boson contribution is dominated by3thewhose mass is typi-
cally well below the scal¢, see Eqg. (5). The simplest way to alleviate the situatioa retiuce
the gauge group t6U(2) x SU(2) x U(1)y, abandoning the collective symmetry breaking
mechanism in thé/ (1) sector. This eliminates they boson, and consistent fits fgras low as

1 TeV can be obtained [496,497], albeit only in a rather smegjion of the parameter space as
shown in Fig. 1. Due to the small value of the $M1),- coupling, the uncanceled contribution
to the Higgs mass from this sector does not introduce sigmifitine tuning.

The study of the LHC signatures of the Littlest Higgs modal been initiated in Refs. [497—
499]; a detailed study including realistic detector siniiolas has been subsequently performed
by the ATLAS collaboration [500]. In the preferred parametnge, the heavyU(2) gauge
bosongiV;; andW}, are expected to be copiously produced at the LHC by the Yeilpro-
cess. Their decays into lepton pairs provide a very cleaisige, with the reach in this channel
extending toM (Wy) ~ 5 TeV for typical parameters (see Fig. 2). Other decay chaninel
clude quark pairs, which could be used to test the univaysalfithe 17;; couplings to the
fermions predicted by the model, as well as gauge boson amgegaoson-Higgs pairs, e.g.
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Figure 1: Contour plot of the allowed values pfin the SU(5)/SO(5) Littlest Higgs model with arSU (2) x
SU(2) x U(1) gauged subgroup, as a function of the parametetscos § anda. The gray shaded region at the
bottom is excluded by requiring a positive triplet mass.nriRef. [496].

W3 — WTW~—,Zh. The latter channels are extremely interesting becauséhmodel
makes a clean prediction for their branching ratios,

cot? 29
2 cot Y

Br(W} — Zh) = Br(W}, — WTW ™) = Br(Wj — 7¢7). (6)
This prediction is a direct consequence of the collectivarsgtry breaking mechanism, and
can be used to probe this mechanism experimentally [499, 0is requires an independent
measurement of the mixing angle which can be obtained from thHé&; production cross
section if its mass is known. The prediction can also be desith high precision at the ILC,
even running below th&y production threshold [502].

The T quark can be pair-produced vig, gg — T'T, or singly produced viaVb — T.
For most of the relevant parameter range, energy is at a prerand the single production
dominates. The decays of thHé can be understood using the Goldstone boson equivalence
theorem: in theVl > v limit, it is easy to show that

A2 My
64

where\r = \; tana. Additional decay modes, involving the TeV-scale gaugeohef the
Littlest Higgs model, may be kinematically allowed and cimtte to the totall” width: for
example, if theBy boson is present and light, the dec&y— ¢t By may be possible. All three
SM decay modes in Eq. (7)provide characteristic signatimethe discovery of thd™ at the
LHC. A detailed study of the LHC discovery potential in eagtay mode has been preformed
by the ATLAS collaboration [500]. Thé&//b signal, reconstructed via theb final state, was
found to be the most promising, with the discovery reach of 2000 (2500) GeV fem o = 1

(2) and 300 fb! integrated luminosity. Th&'t channel, reconstructed using leptoicecays

(T — th) =T(T — tZ°) = %F(T — W) = (7)
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Figure 2: Accessible regions, in tié (W) — cot ¢ plane, forso discovery at the LHC with 300 fb* integrated
luminosity. From Ref. [500].

andt — Wb — (vb, provides a clean signature with small backgrounds, as showig. 3.
However, the discovery reach is somewhat below that fofitihenode due to smaller statistics:
1050 (1400) GeV withhtan o = 1 (2) and 300 fb!. The ht mode is more challenging, but if
theT quark is observed in other channels and its mass is knowrnthignal can be separated
from background and used to check the decay pattern in EqT(i@ cancellation of one-loop
divergences in the LH model hinges on the relation

f Ar
Once theT’ quark is discovered, a measurement of its mass and produniss section, to-

gether with the determination gf from the study of théV; bosons, can be used to test the
relation [497].

(8)

4. LITTLEST HIGGS WITH T PARITY

While reducing the gauge group provides one possible soiub the difficulty experienced
by the Littlest Higgs model in fitting the electroweak datanare elegant solution has been
proposed by Cheng and Low [503,504]. They enlarge the symms#ucture of the models
by introducing an additional discrete symmetry, dubbed &Fity” in analogy to R parity in
the minimal supersymmetric standard model (MSSM). T padly be implemented in any LH
models based on a product gauge group, including the Litdiggs [505]. The parity explicitly
forbids any tree-level contribution from the heavy gaugedms to the observables involving
only SM particles as external states. It also forbids theratdtions that induce the triplet vev. As
aresult, corrections to precision electroweak obsergae generated exclusively at loop level,
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computed forMy = 1 TeV, tana = 1, and B{T — Zt) = 25%. The background (red) is dominated 7.
From Ref. [500].

the constraints are generically much weaker than in thelénest case [506], and values ffas
low as 500 GeV are allowed, as illustrated in Fig. 4. The maadivantage of these models,
compared to the original Littlest Higgs, is the larger numtfenew particles at the TeV scale:
consistent implementation of T parity requires the presesfca T-odd Dirac fermion partner
for each SM weak doublet fermion. These particles are erpedat be within the reach of the
LHC: constraints from four-fermion operators placeugperbound on their mass\/(f_), in
units of TeV:

MTeV(f—) < 48fT2‘0V ) (9)
where a flavor-diagonal and universal T-odd mass has beamasgq506].

Collider phenomenology of the Littlest Higgs model with Tripawas considered in
Ref. [507]. While the gauge boson spectrum is similar to thgimal Littlest Higgs, the phe-
nomenology is drastically different due to the fact that Te&/-scale gauge bosons are T-odd.
Since all SM particles are T-even, the heavy gauge bosons lmeugair-produced. Th&y
gauge boson, whose presence is obligatory in this modeliis tight, M (By) = ¢'f/V/5 ~
0.16f, and is typically the lightest T-odd particle (LTP). Conssat T parity renders the LTP
stable, and events with’y or By production will be characterized by large missing energy
or transverse momentum carried away by the two LTPs. In #nse, the signatures are very
similar to SUSY models with conserved R parity or UED modelthwonserved Kaluza-Klein
parity, raising an interesting question of how these modatsbe distinguished experimentally
at the LHC and the ILC. One potential discriminator in the locbnsidered in [506, 507]
is the heavy tof@’,, which is T-even and can be produced singly and decay viahberels
listed in EqQ. (7); however, T parity models witlo TeV-scale T-even particles have also been
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Figure 4: Exclusion contours in terms of the paraméter tan « and the symmetry breaking scafe in the
Littlest Higgs model with T parity. In the left panel, the ¢dhution of the T-odd fermions is neglected; in the
right panel, this contribution is included assuming théias the maximal size consistent with the constraint from
four-fermion interactions, Eg. (9). From Ref. [506].

constructed [508].

In analogy to SUSY neutralino, the stable LTP can play the ofla weak scale dark
matter candidate, providing additional motivation for thedels with T parity [507, 509].

5. OTHER LITTLE HIGGS MODELS

Starting with the “moose” model of Ref. [458], many modelEEW/SB incorporating the col-
lective symmetry breaking mechanism have been construdteese can be divided into two
classes: the “product-group” models, including the Lgtleliggs along with the models in
Refs. [510-513], and the “simple-group” models of Refs4[5316]. The salient phenomeno-
logical features of models within the same class are exgeotbe similar [501]. The simplest
simple-group model, th€U(3) model of [514], embeds the Higgs into asiU/(3)/SU(2)]?
non-linear sigma model, with afU(3) x U(1) gauged subgroup broken down to the SM
SU(2) x U(1) at low energies. At the TeV scale, the model contains a set@fifiuge bosons,
X*,YP,, andZ’, as well as a large number of new fermions, since all SM dasibleed to be
extended to complete representations of$h&3) group. Precision electroweak constraints on
this model and it$SU(4)/SU(3)]* extension have been considered in Refs. [496,515]. The
LHC phenomenology of th&U(3) model has been studied in Ref. [501], which also outlined
the measurements which would need to be performed to dis@aimbetween the product-group
and simple-group models.

The non-linear sigma models of the LH theories break dowmeatl0 TeV scale, and
need to be supplemented by a more fundamental descriptimh. &scription can involve new
strongly coupled physics [517,518], but may also be weaklypted [519]. However, it is
unlikely that the LHC experiments will be able to discern piwysics beyond the am.
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6. CONCLUSIONS

In this chapter, we have briefly reviewed the Little Higgs misgdwhich provide an attractive

scenario combining dynamical stabilization of the weakrek hierarchy by dimensional trans-
mutation with the radiative EWSB. We concentrated on thédst Higgs model, two versions

of which (a model with a single gaugéd 1) factor and a T-parity symmetric model) provide
acceptable fits to precision electroweak data without gt fine tuning. The models make
interesting predictions which can be tested at the LHC. Mk is required in order to ensure
that the LHC experiments maximize their potential in seaglor the predicted signatures; to
this end, it would be useful to systematically incorporaltH model into the standard Monte
Carlo packages such &' THIA andHERWIG

Due to length limitations, many aspects of Little Higgs mieloigilding and phenomenol-
ogy could not be covered in this section; for more informa@md a comprehensive collection
of references, we refer the interested reader to the reeeieiv articles [520, 521].
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Testing the Littlest Higgs model in®™*
pair production at LHC

A. Hektor, M. Kadastik, K. Kannike, M. luitel and M. Raidal

Abstract

Motivated by predictions of the littlest Higgs model, we ryaout a
Monte Carlo study of doubly charged Higgs pair productiomityp-

ical LHC experiment. We assume additionally that tripleggs also
generates the observed neutrino masses which fixe® thdeptonic
branching ratios. This allows to test neutrino mass moddl$i&€. We

have generated and analyzed the signal as well as the backbpoo-
cesses for both four muon and two muon final states. Studpegnt

variant mass distribution of the like-sign muon pairs akdw discover
the doubly charged Higgs with the ma&s, = 1050 GeV. Relaxing
the neutrino mass assumption, and takihg(®** — p*ut) =1, the

LHC discovery reach increasesid, = 1.2 TeV

1. INTRODUCTION

The main motivation of the Large Hadron Collider (LHC) exp®nts is to reveal the secrets of
electroweak symmetry breaking. If the standard model (SMpbiboson will be discovered,

the question arises what stabilizes its mass against thelPkcale quadratically divergent
radiative corrections. The canonical answer to this qaess supersymmetry which implies
very rich phenomenology of predicted sparticles in theriollider experiments.

More recently another possibility of formulating the plogsf electroweak symmetry
breaking, called the little Higgs, was proposed [458, 422]5In those models the SM Higgs
boson is a pseudo Goldstone mode of a broken global symnretmeanains light, much lighter
than the other new modes of the model which have masses oftbedgymmetry breaking scale
O(1) TeV. In order to cancel one-loop quadratic divergencese®i Higgs mass a new set of
heavy gauge boson&’, Z’ with the SM quantum numbers identicallié Z, and a vectorlike
heavy quark paif”, 7 with charge 2/3 must be introduced. Notice that those figldgat in by
hand in order to construct a model with the required propgrtHowever, the minimal model
based on th&U(5)/S0O(5) global symmetry, the so-called littlest Higgs model [45%%s a
firm prediction from the symmetry breaking pattern alone élistence of anoth&?(1) TeV
pseudo Goldstone bosdnwith the SU(2), x U(1)y quantum number$ ~ (3, 2).

Interestingly, the existence of triplet Higgsmight also be required to generate Majorana
masses to the left-handed neutrinos [523]. Non-zero meutriasses and mixing is presently
the only experimentally verified signal of new physics beytime SM. In the triplet neutrino
mass mechanism [524], which we assume in this work, the ineutnass matrix is generated
via

(mu)ij = (ch)z'jvcb, (1)
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where(Ys);; are the Majorana Yukawa couplings of the triplet to the legienerations, j =
e, i, 7 Which are described by the Lagrangian

L =il§, Yy (1 @), + hc., (2)

andug is the effective vacuum expectation value of the neutralgament of the triplet induced
via the explicit coupling oft to the SM Higgs doublet! as;®°H°H°. Hereu has a dimension

of mass. In the concept of seesaw- Mg, and the smallness of neutrino masses is attributed to
the very high scale of triplet masddy via the smallness afy = pv?/MZ, wherev = 174 GeV.
However, in the littlest Higgs model the triplet mass scal®i1) TeV which alone cannot
suppresss. Therefore in this model < Mg, which can be achieved, for example, via shining
as shown in ref. [525,526]. In that casg ~ O(0.1) eV. We remind also that; contributes to

the SM oblique corrections, and the precision datd'fit 2 - 10~ [494] sets an upper bound
ve < 1.2 GeV on that parameter.

The cross section of the single™ production via thé?V 1V fusion process [527}¢ —
q'¢ @™ scales as- v3. In the context of the littlest Higgs model this process,daiéd by the
decaysdtt — WTIW*, was studied in ref. [498, 500, 501]. The detailed ATLAS siatiain
of this channel shows [500] that in order to obsetveeV ®**, one must haves > 29 GeV.
This is in conflict with the precision physics boung < 1.2 GeV as well as with the neutrino
data. Therefore th&8 1/ fusion channel is not experimentally promising for the disary of
the doubly charged Higgs.

In this work we perform a Monte Carlo analyses of the DreliyYair production [527,
528] pp — ®TT®~~ of the doubly charged Higgs boson followed by the leptonicags
d++ — 2/* in a typical LHC experiment. We assume that neutrino massegdrom the
coupling to the triplet Higgs which fixes the™* leptonic branching ratios. Due to the small-
ness ofvg we can neglect the decaysiiolV. The advantages of this process are the following.

1. The production cross section is known, it does not departdi@unknown model param-
eters.

2. The decayp*™ — ¢*/7 is lepton number violating and allows to reconstr@ct” invari-
ant mass from the same charged leptons rendering the SM foaricgvery small in the
signal region.

3. The known neutrino mixing Eq.(1) predicts the branchatgs asBR(P+" — putut) =
BR(®*t — 7777) = BR(®™t — put77) = 1/3. We assume that neutrinos have a
normal hierarchy which implies negligible decay rates ®electron final states.

We consider only the muon final states which are the easiestgerve at the LHC environ-
ment. We have generated the production process and thenieptecays ofp** as well as
the relevant background processes using PYTHIA Monte Ggleerator [17], and analyzed
both the2u*2u~ and2u* final states. We have used the default set of PYTHIA parameter
(parton structure functions, gauge couplings etc.) exttegitwe fix thed*+ branching ratios
viaY* = \/2Y}" = Y™ = 1. Rescaling of those couplings to satisfy data from the search
for lepton flavour violating processes [527,529] does nfgcafour results. We also comment
on the results of our analyses if this assumption is relareldzR(®*+ — ptut) = 1.
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Process N of expected S1 S2 S3
events pr > 75 (50) GeV n <25 22
background
Z7 — 2ut2u~ 177 12 (42) 9.5 (30) 0.7 (3.0)
tt — 2ut 2 1.3-108 1.1-10* (6-10%) | 1-10*(5.8-10%) | 0 (4.5)
bb — 2u2u~ 2.8-10"° | 1.1-10*(1.1-10%) | 7.1-10% (8.5-10%) | 0 (0)
signal
Mg = 200 GeV 2-10% 5849 (9182) 5340 (8129) 818 (1723)
Mg = 500 GeV 512 298 (330) 287 (314) 81 (97)
Mg = 1000 GeV 15 9.7 (10.1) 9.5 (9.8) 3.1(3.3)

Table 1: The number of expected background and signal ef@ntise integrated luminositg00 fb—!, and the
number ofd*+ candidates from the,+2,~ final states passing each cut. For the signal events we hiese ta
BR(®t — ptut) =1/3.

2. FOUR MUON FINAL STATES

Considering the four muon final stateg™2,~ as the experimental signature for the process
pp — ®TTd~~ we have reconstructed the invariant mass of two like-sigonmsu

mi = (pi +p3)% 3)

with the four-momentag, ,. Since the like-sign signal muons originate from the sameojou
charged Higgs boson, the invariant mass peak will measerélihpgs massyn; = Ms. The
four muon signature is the cleanest and the most robust dreebdckground arises mostly from
the Z°Z°, bb, andtt production and their muonic decay. Because those partiotelighter than
o (the present bound from Tevatron/i, > 136 GeV [530,531]) the background muons must
be softer and should not give an invariant mass peak. To esttha signal over background we
have applied three selection rules as follows. S1: all mwatistransverse momentum smaller
than 75 GeV (50 GeV) are neglected. The larger (smaheut is appropriate for the heavier
(lighter) Higgs boson. S2: only the muons with pseudorapigli< 2.5 are detectable at CMS
or ATLAS and only those are selected. S3: only the events2vitbsitive and 2 negative muons
are selected.

We have generated with PYTHIA Monte Carlo the datases®f107 bb, tf and10® ZZ
events for the background, and the dataselsiof signal events withi/g = 200, 500, 1000 GeV.
We have applied the selection rules described above analeddtbe results taking into account
the cross section of the particular process. In Table 1 wsepitehe expected number of back-
ground and signal events as well as the numbefis'ef candidates passing each selection rule.
We assume the total integrated luminosity ta30be fo—'. The most effective cut is the, cut
and therefore applied first. As one can see, the backgrouathizst eliminated, especially for
the cutpr > 75 GeV. In Fig. 1 we plot the histogram for the invariant massrdiation of the
like-sign muons passing all the cuts fofs = 200 GeV andMg = 500 GeV. The SM back-
ground is represented by black dashed line and the sign&dgalid line. For those values of
My the significances/+/B is huge.

For the mass\/; = 1 TeV one expects only 3 signal candidates although the total
number of produce@®** is 30. Strong signal suppression occurs is because the hplibpa
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Figure 1: Distribution of the invariant mass of two like-simuons after all cuts for they, 2.~ final state in the
case ofM¢ = 200 GeV (left panel) and/s = 500 GeV (right panel) fopr > 75 GeV. The background is almost
invisible.

for both ®** to decay to two muons is 1/9. The expected background is (6] fake Higgs
candidates depending on the cut, but the background occurs at low invariant mass. Three
Poisson distributed signal events with zero backgrounasat kigh invariant mass constitutes
the discovery ofb** at 95% C.L. However, iBR(®T — putu™) = 1 we expect to get 25.9
Higgs candidates fak/e = 1 TeV. In this case the LHC mass reach extends up to 1.2 TeV.

3. TWO MUON FINAL STATES

In order to increase the LHC mass reach dor* discovery we also study the two like-sign
muon final states. Although in this case one can identify nsigaal event candidates, also
the background is larger. The dominant background prosegsimg 2.+ final states are listed

in Table 2. Because the Monte Carlo generated data setsit@tga additional muons from
secondary processes we must also include the processe®’like .1~ to the background.
Combining one of th& decay products with the secondary muon we get the fake sigmah

has to be eliminated. The, bb, ZZ background and the signal datasets are the same as in the
4y study, in addition we have generated new background datas&i® events.

To minimize the background we use the following selectidesuS1: event is counted
only if it contains at least one like-sign muon pair. S2: dvusnejected if it contains a quark
with p];t > 20 GeV. This corresponds to the jet veto and reduces the baakdrioom hadronic
processes. S3: only muons with the pseudorapigity 2.5 are observable in CMS or ATLAS
experiments. S4: we require an opening angle between thiksvsign muons to be < 2.5.

S5: only muons withpr > 50 GeV are taken and the events with at least one like-sign muon
pair are selected. The number of events passing each selegte are given in Table 2. The
total number of estimated background is 26 events whichrgetahan in the four muon case.

But also the signal is more prominent.

To see the invariant mass distribution of the like-sign nsuasm plot in Fig. 2 the his-
tograms for the signal (red solid) and background (dashekipfor Mg = 500 GeV (left panel)
and Mg = 1000 GeV (right panel). As one can see, the invariant mass of backg muons
is smaller than the one of signal. Taking only the events witariant massn; > 300 GeV
one can get background free experimental signabof. In this channel the doubly charged
Higgs with the masd/s = 1050 GeV can be discovered. Again, HR(®*" — ptu™) =1
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Process N expected S1 S2 S3 S4 S5
2ut | it >20GeV | n<25 | ¢<25|pr>50GeV
background

bb 2.8-10 |9.4-108 2.6-107 2.5-10% | 1.2- 108 0

tt 1.3-10% |1.4-107 3.6 - 10° 1.7-10° | 1-10° 4.4

Www 2.7-10% 1022 885 335 204 0

wWZ 106 111 110 62 35 1.7
7 — 2u 1.5-10" [8.6-10° 6.6 - 10° 2.6-10°|1.5-10° 12.8

Z — 27 2.5-10% | 1.4-10° 1.1-10° 4.5-10* | 2.6 - 10* 0
Z7Z 177 369 363 207 115 7.5
total 26.4

signal

Mgy =200GeV | 2-10* |1.6-10* 1.6-10% 1.3-10*| 8513 5832
Mg = 500 GeV 512 401 389 356 225 199
Mg = 1000 GeV 15 11 11 10 6 5.7

Table 2: The number of expected background and signal eventse integrated luminositg00 fb—!, and
the number ofd** candidates from the,* final states passing each cut. For the signal events we hkee ta
BR(®TT — ptu™) =1/3.

we expect to get 15.9 Higgs candidates instead of 5.7, andd¢athCGeach 1.1 Ted*+.

4. CONCLUSIONS

We have carried out Monte Carlo study of doubly charged Hygays production followed by
the leptonic decays at the LHC experiments. Since the sibgleproduction is strongly sup-
pressed, this is the only potentially observable channeH&. In addition, we have assumed
that triplet Higgs also generates the observed neutrinsesashich fixes th@** leptonic
decay branching ratios from neutrino data. We have gertetheesignal as well as the back-
ground processes for both four muon and two muon final staisRYTHIA Monte Carlo,
and analyzed how to reduce maximally the SM background. €sults are plotted in Fig. 1
and Fig. 2 which show that the invariant mass distributiotheflike-sign muon pairs allows to
discover the doubly charged Higgs with the mags = 1050 GeV. Relaxing our assumption
about branching ratios, and assumiB& (¢t — p*u™) = 1, the LHC discovery reach for
d*t* increases td/y = 1.2 TeV

Our results can be improved by including the tau-lepton mstroction to the analyses.
The background can further be reduced via vetoing the bethggents and by reconstructing
Z andt, and neglecting leptons from their decays. Neverthel@sse ghe signal is so robust
and clean, our results show that this is not necessaryffox. 1 TeV.
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Abstract

In this note, we look at using the polarization of third gextiem fermions
produced at the LHC in the decay of a high-mass vector resentn
extract information on its couplings. We explore the utilidf a few
spin sensitive variables in the caseropair resonances, giving results
evaluated at parton level. In the casetofinal states, we first present
theoretically expected single-top polarizations takimgexample of the
Littlest Higgs model. We then explore a few variables carged out
of the decay lepton variables. We find some sensitivity itespf the
large SM background. More detailed simulation studiesrapgagress.

1. INTRODUCTION

The properties and interactions of quarks and leptons geigrto the third family are still
relatively poorly measured. The question arises, theegfibthey are just a copy of those of
the first two families. The universality of interactions isatural prediction of the Standard
model (SM), but the number of generations and the relativesegin the model seem com-
pletely ad hoc. Serious constraints have been set on thergaliity of couplings of the first
two generations, but for the third, it is less well tested.efEhare, in fact, reasons to believe
that different electroweak and/or strong couplings migiglg in this case. For example, al-
though the LEP precision measurements are generally ingaag agreement with the SM, the
forward-backward asymmetry at tiepole, in thebb channel is 2.8 standard deviations away
from the fitted value [450].

A study of properties of the third generation of fermionsfisitmost importance from a
theoretical standpoint as well. The Higgs mechanism of &mous Symmetry Breaking is the
only aspect of the Standard Model (SM) which still lackect verification. The large mass of
the third generation fermions and their consequent largelowgs to the Higgs boson motivate
a detailed study of their properties and couplings to thgggdaosons and Yukawa couplings to
the Higgs bosons. As a matter of fact, such studies are a fafcalsthe collider-based inves-
tigations which wish to probe/establish the Higgs mechaniBurthermore, any alternative to
the Higgs mechanism almost certainly involves the top q{&88]. Many theories beyond the
SM incorporate a special role for the top quark, becausesdfigh massyn, ~ v/v/2, where
v is the vacuum expectation value (vev) of the SM Higgs fieldse Well known problem of
the instability of the Higgs boson mass to radiative coroedt is solved in Supersymmetry by
cancellation of the divergent contribution due to partioleps by the corresponding contribu-
tion from the sparticle loops. To cancel the dominant toprkjgantribution, without the use of
Supersymmetry, some models, such as the Little Higgs md&eél, p34], predict the existence
of an additional heavy isosinglet quark, a heavy top, whimhla then generally mix with the
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SM top quark. In Technicolor models, bosons from an extemg@dedje group can provide mass
to the light fermions, but only a fraction of the top mass daustbe explained, and one must
resort to a topcolor assisted Technicolor model (TC2) [885])nderstand the observed high
mass of the top. For these reasons, it will be important tosemeawith precision the coupling
constants of this mysterious quark.

The large mass of thiemplies that its life time is shorter than the hadronizatiome scale
and thus the decay products maintain the memory of the galawn of the parent (anti)quark.
This is normally reflected in the energy and the angularibistion of the decay lepton as well
as in the correlation between the two leptons [536]. Sityildre polarization of the- lends
itself to a measurement through the energy distributiorhefdecay pions even at a hadronic
collider [537-539]. Any anomalous interactions that thiedtlyeneration fermions may have,
if chirality or parity violating, may give rise to net polagtion of the produced fermion. In the
Higgs sector, the effects are also enhanced due to the laage ofi these fermions. The possi-
bility of exploiting the polarization of the top to probe neaysics at hadron colliders [540],
in the continuumt pair production [541, 542] as well as single top producti®f#3-545] has
been subject of many studies. Studies in the context of thenamti¢ production such as in
Higgs decay [546] or due to s-channel exchange of a spin-2 KKin in the Extra Dimen-
sional Models [547] have also been performed. The use of $itadé particle polarization in
the probe of new physics at the LHC is currently gathering miottim as many experimental
strategies continue being sharpened. In this note, we exghe possibility of using the po-
larization of the third family fermions produced in the dead narrow spin-1 resonances at
the LHC. In general, resonances of electroweak or stromgantion nature, of different spins,
are predicted in a variety of models: @) in a Left-Right symmetric model, or in E(6) Grand
Unified theory [548], (ii)Zy in the Little Higgs model [458, 534], (iii) Kaluza-Klein d&s of
a graviton, in models with large extra dimensions [403]) Kaluza-Klein states of th& and
~ in TeV~!-size models of extra dimensions [549] or in (v) Higgslesslais [550], (vi)ns, mr
in Technicolor models, in particular TC2 models [535], ar)(axigluons in chiral colour mod-
els [551], etc. The Tevatron has looked for such resonanwsm@ intriguing excess of events
in t¢ invariant mass distributions is seen [552,553]. If suchsamance is found at future collid-
ers, a theoretical interpretation will require a measurgoéall its properties. Some obvious
observables are the cross section, the width, the branciiog to the different fermions, and
forward-backward asymmetries in their decays. Here, wene@the resolving power of an-
other observable, namely the polarization of the decayumisgd when such a measurement is
possible, i.e. from resonance decaystaandti.

The present study is at generator level. It aims to exploeedifierences between the-
oretical models for a future more realistic experimentallgsis. The differences shown here
will certainly be considerably attenuated by detector lkggms and efficiencies. In the first
section we present results of a study of the tau polarizaimh the spin correlations in the
process”’ — 77 with a Z’ with different assumed couplings. We then discuss the ptiedis
for polarization of the in the decay of the resonance, in a particular model, théekttHiggs
model [498]. Following this, we explore possible obsereatine could construct in the case of
the ¢t pair produced resonantly. More detailed studies with th@alées we have constructed
and the spin-spin correlations between the decay leptonekhas thett still remain. So do
the investigations into other representative models ofa@dveesonance like an axigluon [551]
where the production rates will be higher, still remain tqloesued.
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2. SPIN CORRELATIONSIN 7' — 77

To study tau polarization and spin correlations in the pgegé — 77, the program AUOLA [554]
was modified to include &’ resonance. The changes were very simple: it was sufficierddo
the case where the parent ofravas aZ’ and clone theZ/~ treatment for the calculation of
the probability of longitudinal polarization combinat®of ther leptons, at the level of the
amplitudes, thus ensuring that all interferences are takeraccount.

We have evaluated the following spin sensitive observabkesuggested in [555], for the
case, expected to be the most sensitive; e 7 (more generally, to include leptonic decay
or three-prong decays, one can replacertiy the system of charged particles from the decay
of the):

1. ther energy spectrum, relative to theenergy, in the laboratory framey = p,+/E;,

2. the distribution of number of events as a function ofthie~ Energy-Energy correlation
variablez,. After evaluatingy = ipeasured — pmeaswred “this variablez, is defined as the
signed part of the surface area in the 2-parameter phase §pac:_} between lines,
=z_andz, = z_ + a (the sign of the: should be taken).

3. thexr ™7~ invariant mass.

In order to evaluate the sensitivity to couplings, a veasonanceZ’, of mass 1 TeV, was
considered under different coupling scenarios: (i) Stasht¥odel-like couplings, (iiyin? 0y =
0 (which could find some justification [556] in the Higgslessdal) and (iii) a right-handed
7', as well as (iv) a case with no polarization. Effects of initial or final state radiationear
included, but it must be stressed that no detector effeetajaplied, except for a lowek- cut
of 30 GeV and a pseudo-rapidity cut|gf < 2.5 on the emittedr’s. The distributions obtained
represent, therefore, parton-level distributions, whieoenstruction efficiencies or resolutions
have not been taken into account. The reconstructioniepair resonance is possible at the
LHC, in spite of the presence of neutrinos in the final stategllicting the mass of theleptons
and making the approximation that the neutrino transvers@enmta are in the same direction
as ther itself: with the measurement @f*** and momentum vectors of the charged decay
products, there are enough constraints to reconstrugt thull kinematics [557]. The method,
however, has a singularity when the twis are exactly back to back, which occurs when the
resonance is very heavy, and essentially produced at tesiust be expected, therefore, that
the sensitivities obtained above at parton level will besiderably degraded when applied at
detector reconstruction level. This will be the subject aitare study.

Fig. 1(a) shows the shape of the resonance in the different scen&ogether with the
Drell-Yan continuum £/~ s-channel contribution and interferences) whereas Kig.shows
the slope of the_ distribution as a function of the invariant mass of the ti& The interfer-
ence region of the Drell-Yan and resonance is particularly sensitive to its couplings.

It is interesting to compare the distribution of the normedl 77 invariant mass in the
presence of theZ” with that for the SM Drell-Yan tail, in the interference regi As can be
seen the shape of ther invariant mass distribution, shown in Fig. 2 is not muchraiteby
the presence of &’ resonance with SM couplings, but changes very significdotlyhe other
cases studied, with different couplings.

Fig. 3(a) shows the sensitivity to the couplings of the Forward-Baamidvasymmetry in
the decay of theZ’, defined as

N, — N_

App=—F+—"=—
B N, N_
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Figure 1: (a)TheZ’ resonance and the Drell-Yan background. Colors and linkestgs shown(b) z_: normalized
slope of the distribution of’ .- /E, - in the laboratory frame, as a function of the invariant masthe twor’s.
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Figure 2: Invariant mass of the two pions frara decay. Left panel: in the Drell-Yan region/é < 800 GeV);
Right panel: in theZ’resonance region(s > 800 GeV)

where N, is the number of events where, thé&, in the cm frame of theZ’, has the same
p. direction as that of the’’, in the laboratory frame. Thg&’ direction is strongly correlated
with the direction of the quark, and anticorrelated withttbfthe antiquark, from which it
was produced. The distribution of the variablge shown in Fig. 3(b), is only sensitive to
the vector nature of the resonance. The case with no pdianzaf the 7’s would lead to
a perfectly flat distribution if no cuts had been applied. slinteresting to note that in the
Littlest Higgs model [498] which we consider below for thiecase, one expects the decay
to be completely left handed polarized as opposed to aliyutexpected for &’ with the SM
couplings. So that even with a moderately good determinaifahe r polarization, one can
have good discriminatory power for models.

3. tt RESONANCE

Contrary to therr case above, the background fottaesonance follows from a strong inter-
action process from the colliding protong;(— ¢t andqq — tt) at the LHC and can therefore
dominate the signal. Nevertheless, even with a low sigaakround ratio, if the mass of the
resonance is known from observation in some other channelcould be sensitive [558] to
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Figure 3: (a)Forward-Backward asymmetry as a function of the invariaasmof the twa's. (b) Distribution in
the z, variable defined in the text.

the presence of a resonance and could hope to detect amatiathe spin effects around that
mass. It must be noted that the backgrounds will be much mareageable at the ILC.

3.1 EXPECTED POLARIZATION IN THE LITTLEST HIGGS MODEL

Rather than consider a gene#¢, we choose to demonstrate our results for a specific choice,
namely the vector resonance expected in the Littlest Higgdai[498]. For such a choice of
Zu, the fermionic couplings can be parametrized in terms okthetroweak coupling and a
single mixing anglé, namely

(vp,ap) = £(g cot /4, —g cotf/4) forTsy = +1/2 (1)

Phenomenological consistency demands thab < cotf < 2. The theory has two mass
scalesv and f which respectively are the vevs of the electroweak and tla@yheliggs. The
mass of theZy, is a linear function of the higher scafeand is larger thamy, (2f/v). In our
analysis, we consider a mass rangé@i GeV < my, < 1500 GeV. The decay width of the
Zy is determined uniquely in terms of its mass andd, and is dominated by the partial decay
widths into the fermions, on account of its coupling to the §Mige bosons being suppressed
by a relative factor of// f ~ 1/20 [498]. For the range of parameters that we are interested in,
['(Zy) S 15 GeV with the higher values reached only fart 6 ~ 2.

With the introduction of theZy, the top-pair production process receives an additional
s-channel contribution. Given that the axial coupling of #yg is non-zero (Eq.1), clearly this
diagram would contribute unequally to the productiort gf, vs. trtr pairs and  tr Vs. trty,
pairs (note that the subscripis R refer here to helicity and not chirality). It thus becomes
interesting to consider the expected polarization foritheystem defined through

_o(t) —o(tr)
b= o(ty) +o(tg) )

Clearly, the contribution of the new gauge boson would betrapparent around thgy
peak in the invariant-mass distribution of the top-pair.isTis illustrated in Fig. 4, for both
the total cross section as well as for the difference of tlesszsections for the right and left
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handed polarized top quarks. The latter does have a nonvaére even within the SM (on
account of the contribution of the ordina#), but is magnified by a few orders close to the
Zy peak. Understandably, this magnification is far less mubedhfe total cross section as the
latter, within the SM, is dominated by the strong interacontribution.
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Figure 4:do/dq as a function of the invariant magf the t system. The upper (lower) panel shows the sum
(difference) of the cross-sections for the right and lefided polarized top, foi/z,=1000 GeV andot #=2.0.
We have used the MRST(LO) 2001 parametrisation of the paltosities [559]and have used 8 = ¢>.

To enhance the sensitivity, we concentrate dnh sample centred around the resonance,
restricting ourselves ton; — my,, | < dm, wheredm = max(10,3I'z,). On imposition of
this condition, we find that the polarization given by Eq. 2 ¢e as large as 24% while the
SM prediction for the same is of the orded—2%. The contours of the expected polarization
P, are shown in Fig. &). Note thatP; increases with the mass , for a fixed value of
couplingcot #. On the other hand, the rates decrease with the increasiagant massn,;,
thereby pulling down the sensitivity. A measure of the statal significance is given by the
ratio P, /6 P;, and in Fig. %b), we show the contours for the same for an integrated luntyosi
100 fb~!. It should be noted that we have used the rates fot#tpeoduction for estimating the
sensitivity and in any realistic measurement the sensjtiviexpected to go down. For example,
the asymmetries constructed in terms of angular distobgficorrelations of the decay leptons
from top-quarks will suffer a reduction in statistics duethe branching ratios and realistic
angular cuts will further reduce the useful number of evemste also that one might gain
by a factor ofy/2 in the senstivity by considering either of théf) to decay. Even if the
abovementioned reduction factor is as large as 10, one nibhate sensitivity to a heavy
neutral gauge bosafy over large part of the parameter space shown in Rig. 3Ve note that
the resonance signal may be difficult to see at the LHC (an pleaaf Z;; — tt reconstruction
at the LHC can be found in [560]), but the polarization effatiay nevertheless be measurable.
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3.2 TOP POLARIMETRY

Our main objective is to explore experimentally viable abtes sensitive to the top quark po-
larization. Clearly, if such variables can be constructetas lepton distributions alone, they
would be more robust in the context of the LHC. To begin witle, @onsider distributions of
lepton observables in the laboratory frame since these as¢@asily measured experimentally.
They will, however, be sensitive to the rapidity distritmutiof theZ’. The analysis of distribu-
tions in the center of mass frame of the hard scattering \eilthe subject of a further study.
The energy distribution of the leptons in the laboratoryrfeais shown in Fig. 6. Although the
normalized distributions do show a difference betweenweedases of a net left polarization
for the top and that with a net right polarization, it is diffitto construct a suitable variable
that would be relatively free of normalization uncerta@stof the cross-section predictions.

Since the sensitivity of the lepton energy distributionfids low, we next consider their
angular distributions for, as has been shown in Refs. [563};3hese are independent of any
anomalous contributions from top deca¥l{’) vertex. Thus, these could constitute potent and
robust probes of the parent top polarization. An obvioudlaate is the forward backward
asymmetry in the distribution of leptons, with the polar lenlgeing measured with respect to
the boost direction of the center of mass frame. However, this variable turns out torithe o
very mildly sensitive to the magnitude of top quark polati@a but almost insensitive to the
sign of polarization. This, in a large part, is due to the eflation of the effect between the
products of diagonal and off diagonal terms of productiott dacay density matrices. Similar
is the case for the distribution in the angle between toplqaad lepton in the laboratory.
While this variable has sensitivity to both the sign and nitagie of the top quark polarization,
it involves the detailed construction of the top momenturd #me consequent sensitivity is
marginal.

Finally, we consider the azimuthal angle of the decay leptpnmeasured with respect
to the plane defined by the top-quark direction and the axisgatvhich the protons collide.
Note that the direction of the momentum of the parton ceotenass frame is irrelevant. It can
be shown that the dependenceg@rcomes only throughos(¢;) and hence will be symmetric
under a change, to 27 — ¢;. The¢, dependence is controlled by the spins of the particles and
the boosts involved. The distribution is peaked ngat 0, = due to the kinematic effect of the
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boost in going from the rest frame to the laboratory frame. The height of this pealersitive

to thet polarization. Thus the distribution iy could provide a probe of polarization. The
distribution presented in Fig.(6) shows that it is sensitive not only to the magnitude but also
to the sign of top-quark polarization. This prompts us tostarct an asymmetry by contrasting
events with a lepton in either af’ & 4" quadrants (i.e0 < ¢, < 5 or 2 < ¢ < 27) with
those with a lepton in either @i*¢ & 37 quadrants (ileg < ¢ < 37”), or in other words,

o(1,4) —o(2,3)

= 3
o(1,4) +0(2,3) ®)
For ease of analysis, it is useful to construct an obsen@tdéthe form
O = AZ’ - ASJ\/[ (4)
with the consequent sensitivigyto the observablé® being given by
Oz * L %
S = 0O <7) (5)
1- A%]\/]

In other words,S is just the significance level @ being different from zero. We calculafe
andsS over the allowed region afot # and M. values for the.ittlest Higgs Model The results
displayed in Figs. 7 fon/z i 1000 GeV show thatO reflects well the degree of polarization of
the top-quark That they are not exactly the same is but a qoesee of kinematical effects as
mentioned in the captions of Figs. 7.

3.3 SPIN SPIN CORRELATIONS

As mentioned already, the spin-spin correlations betwhem and¢ and the consequent cor-
relations between the decay leptons will also carry this spiormation. Top polarization

in the continuumtt process fromgg or ¢q fusion has been implemented in the generators
TOPREX [564] and ACERMC [564]. Production via a scalar resonance (Higgs) has alsa be
implemented. As mentioned earlier, studies also existHerdffect of a Spin 2, KK gravi-
ton. We quote here one of the observables of top spin caoegtfollowing [565], where, for
simplicity, we assume a decély— W bW b — et vbqq'b:
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Figure 7: (a)The observabl® as a function otot § and Mz,. As can be seen from Fig. 5, for constavt;

the observable follows the same trends as the top-quarkigatson. However, there are some kinematical effects
which lead to different trends for constant couplings andyirey Mz, as compared to top-quark polarizatiofi)
The sensitivitys for the observabl® as a function otot § and M z.. As can be seen from Fig.&g( S follows the
same trends as top-quark polarization sensitivity.

1. the correlation in angular distribution of the two top kg

1 d’N 1
Ndcosfy dcosby 1(1 + By cos bt + By cos fy — C cos b cos b) (6)

where#, (6,) are respectively the angles between the direction ofth@ ™) in the rest
frames oft (¢,) and the direction of the(t) in the rest frame of th& system.
2. the distribution of the opening anglebetween the two leptons
1 dN 1

— =—(1—-D b 7
N dcos® 2< cos @) (7)

Such studies applied to4& with arbitrary couplings still need to be implemented.

4. CONCLUSIONS

Resonances involving third generation fermions can revaabble information on effects be-
yond the Standard Model. Here, studies of polarization goial sorrelation observables for
heavyr7 andtt resonances at the LHC have been performed at parton levelthadobserv-

ables have yet to be evaluated. These initial studies shatithiere is some sensitivity to the
couplings of such resonances. More work needs to be doneJeowio evaluate in more real-
istic scenarios, involving detector simulation and re¢artion effects, the possibility of using
these observables in determining the couplings of thesaaeges to the leptons and quarks.
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Charged Higgs boson studies at the
Tevatron and LHC
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and A. Sopczak

Abstract

We report on detailed Monte Carlo comparison of selectiamabtes
used to separatédH* signal events from the Standard Modeback-
ground. While kinematic differences exist between the twacpsses
whenevem g+ # my,, in the particularly challenging case of the near
degeneracy of the charged Higgs boson mass withitheass, the ex-
ploration of the spin difference between the charged Higgsthell
gauge boson becomes crucial. The latest implementatidgreattarged
Higgs boson process into PYTHIA is used to generate the kayeats.
The TAUOLA package is used to decay the tau lepton emergom fr
the charged Higgs boson decay. The spin information is tiaasterred
to the final state particles. Distributions of selectionafles are found
to be very similar for signal and background, rendering thgesherate
mass region particularly challenging for7&" discovery, though some
scope exists at both colliders. In addition, the changearbgthavior of
kinematic variables from Tevatron to LHC energies is bridigcussed.

1. INTRODUCTION

The importance of charged Higgs boson searches at futulidersl has in the recent years
been emphasized [177, 566-568] for LEP, a future Internatidinear Collider (ILC), the
Tevatron and the Large Hadron Collider (LHC), as the detectif the charged Higgs boson
would be a definite signal for the existence of New Physicagbieyond the Standard Model
(SM) [569,570]. The charged Higgs boson states are najutaatlommodated in non-minimal
Higgs scenarios, like the Two-Higgs Doublet Models (2HDM&)Supersymmetric version of
the latter is the Minimal Supersymmetric Standard Model 8¥5. It is a Type Il 2HDM with
specific relations among neutral and charged Higgs bososenasd couplings, dictated by
Supersymmetry (SUSY) [571].

The Tevatron collider at Fermilab is currently in its secatage of operation, so-called
Run 2, with a higher center-of-mass (CM) energy,&f = 1.96 TeV. This machine will be
the first one to probe charged Higgs boson masses in the mags u@ tomy+ ~ m; [568].
Starting from 2008, the LHC at CERN will be in a position to Gian or rule out the existence
of such a particle over a very large portion of both the 2HDM MSSM parameter space,
my+ < 400 GeV, depending oman 3 (see the reviews [572-574]).

At present, a lower bound on the charged Higgs boson masts dxisn LEP [575],
my+ S myy, independently of the charged Higgs boson decay Branchatp®(BRs). This
limit is valid within any Type Il 2HDM whereas, in the lowan 5 region (below about 3), an
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indirect lower limit onm;+ can be derived in the MSSM from the onean, (the mass of the
pseudoscalar Higgs state of the modetf,. ~ m3, + m? 2 (130 GeV)?.

If the charged Higgs boson masgs;+ satisfiesn g+ < m;—my, wherem;, is the top quark
mass andn,, the bottom quark mas$/= particles could be produced in the decay of on-shell
(i.e.,I'; — 0) top (anti-)quark$ — bH ™, the latter being in turn produced in pairs yviafusion
andgq annihilation. This approximation was the one customasigdiin event generators when
my+ S my. Throughout this paper we adopt the same notation as in %] charged Higgs
production is denoted byg, gg — tt — tbH™ if due to (anti-)top decays and lyj, gg —
tbH* if further production diagrams are included. Owing to thegéatop decay widthI{, ~
1.5 GeV) and due to the additional diagrams which do not proceedirecttt production [577—
579], charged Higgs bosons could also be produced at ancheahe kinematic top decay
threshold. The importance of these effects in the so-calledshold’ or ‘transition’ region
(my+ ~ m;) was emphasized in previous Les Houches proceedings [B&Das well as in
Refs. [576,582-584] and the calculations of Refs. [577] B¥d&sed on the appropriajé, gg —
tbH* description) are now implemented in HERWIG [11-13,585] &%THIA [16,17, 46,
586,587]. (A comparison between the two generators wagedaout in Ref. [576].) For any
realistic simulation off* production withm = = m, the use of these implementations is of
paramount importance. In addition, in the mass region reatdp quark mass, a matching of
the calculations for theg, gg — tbH* andgb — tH* processes might be required [587].

A charged Higgs boson withhy+ < m, decays predominantly into a lepton and a
neutrino. For large values oin 3 ( 2 5), the ratio of the vacuum expectation values of the two
Higgs doublets, the corresponding branching ratio is néa@ed. Formpy+ = my, H* — 7v
is overwhelmed byi7* — tb, but the latter is much harder to disentangle from backgtoun
than the former. The associated top quark decays predottyimaio a 11" boson, or at times a
second charged Higgs boson, andguark. The reaction

qq,99 — thH* (t = W) (H® — 17v,) (1)

is then a promising channel to search for the charged Higgasrbat both the Tevatron (where
the dominant production mode¢g) and the LHC (whergg is the leading subprocess). If the
H* — v decay channel is used to search for Higgs bosons, then admmdient in the signal
selection process should be the exploration of decay bligions that are sensitive to the spin
nature of the particle yielding thelepton (* or W¥), as advocated in Refs. [538, 588-590]
(see also [591,592)).

It is the purpose of this contribution to outline the possilshprovements that can be
achieved at the Tevatron and LHC in the search for chargeddigsons, with mass below,
near or aboven,;, when both the appropriate description of the Higgs pradagbrocess and
polarization effects are used to sharpentiie — 7v signature.

2. EXPERIMENTAL SIMULATION AT THE TEVATRON ENERGY

We start by studying charged Higgs productighgg — tbH* with subsequent decays—
bW, H* — 7*v, at the FNAL Tevatron with/s = 1.96 TeV. In the following we analyse
hadronic decays of the” boson and- lepton (V" — ¢g’, 7 — hadrons + v,), which results in
the signature@b+2j + 7.+ P, (2b]ets, 2 light jets, I jet and missing transverse momentum).
The most important background procesggjsgg — tt with the subsequent decays— bIW+
andt — bW —, oneW boson decaying hadronicallyi{ — ¢¢’) and one leptonicallyl{y —
Tv;), Which results in the same final state particles as for tipeeted signal.
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The signal procesgg, gg — tbH™ is simulated with PYTHIA [16, 17, 46, 586] using
the implementation described in [587], in order to take tifiecés in the transition region into
account. The subsequent decays: bW, W — ¢ and H* — 7%v, are carried out within
PYTHIA, whereas the tau leptons are decayed externallytvéiprogram TAUOLA [554,593],
which includes the complete spin structure of thadecay. The background procegs gg — tt
is also simulated with PYTHIA with the built-in subroutinfes ¢ production. Here, the decays
of the top quarks antd’ bosons are performed within PYTHIA and that of theepton within
TAUOLA.

The momentum of the finaéland light quarks from the PYTHIA event record is taken as
the momentum of the corresponding jet, whereas forrtjed the sum of all non-leptonic final
state particles as given by TAUOLA is used. The energy réwmiwf the detector is emulated
through a Gaussian smearitQy(7;)/P;)* = (0.80/+/F;)? of the transverse momentuf for
all jets in the final state, including thget [568]. Ther-spin information affects both the energy
and the angular distribution of thedecay products. As a basic cut the transverse momenta of
these final jets are required to be larger tlhaGeV. The missing transverse momentyf
is constructed from the transverse momenta of all visikie (ecluding the visibler decay
products).

The signal and background processes have been simulateghfor= 30 andmpy+ =
80,100 and160 GeV with PYTHIA, version 6.325. As shown in [576], the sigeabss section
tbH* agrees with the one from the top-decay approximation tbH* for charged Higgs bo-
son masses up to about 160 GeV. For this to be true the sameZation and renormalization
scales have to be used, as well as the same scale for the gungurark mass. In this study
we have used the factorization scéle, + my=+)/4 [587], the renormalization scate+, and
the runningy quark mass has been evaluateehat- for both the signal and the background for
consistency. This results in a dependence of the backgroaledlations ortan 3 andm+.
However, the cross sections have then been rescaled withiman factor such that the total
Cross section isft-“’d = 5220 fb [594]. The resulting cross sections into the final statiwie
signature2b+2j+7+ P, for signal and background are given in Table 1 befet&)(and after
(¢) applying the basic cuP’® > 5 GeV. For the three signal masses, the* andtf — tbH*
cross section calculations agree numerically. The crastgoser'™" for the background is given

by
o = oP°2BR(t — W) BR(W — jj)BR(W — tv)BR(T — v + hadrons),  (2)
whereas the signal is given by

o™ = 0P BR(t — bW*)BR(W — jj)BR(H* — 7v)BR(1 — v + hadrons),  (3)

— YtbH*

or alternatively, in the top-decay approximation, by

o™ = oP2BR(t — bH")BR(t — bW ) BR(W — jj)
BR(H" — 7v)BR(T — v + hadrons). 4)

The kinematic selection variables are shown in Figs. 1-@f&mulation at the Tevatron
energy of 1.96 TeV and a 80 GeV charged Higgs boson. For thss iiiee kinematic signal
distributions are very similar to those of the S#background. The distributions of signal
and background are normalized such that the maximum valletmdistributions coincide, in
order to make small differences better visible. The diffiéisgpin of the charged Higgs boson
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Table 1: Tevatron cross sections of backgroyadyg — tt and signalqg, gg — tbH™* for tan 3 = 30 and
mpy+ = 80,100 and160 GeV into the final stat€b + 2j + 7.+ 2 before ¢th) and after ¢) the basic cut of
P > 5 GeV for all jets after smearing of the momenta as decribelérteéxt has been applied.

aq,99 — tt qq,99 — tbH*
mpy+ =80 GeV | my+ =80 GeV | my= =100 GeV | my+ = 160 GeV
o™ (fb) 354 538 413 38
o (fb) 312 ‘ 508 392 34

and thel’ boson has only a small effect on most of the event variablesgwificant difference
however occurs in th&, distribution of ther jet, so that this variable can be further explored to
distinguish between signal and background.

The kinematic selection is based on the method of so-callgdifmal Observables” [581]
(page 69), which provide the universal procedure to find tmepdete set of kinematic variables
needed to separate one physics process from another. Basieid method we can distinguish
three possible classes of variables for the analysis. Tirey a

e Singular variables. In the case of;+ = 80 GeV exactly the same ‘singularities’ in
phase space are expected for thB* signal andtt background. Thus, no variable of
this class can help to disentangle the former from the lafer other Higgs mass values
the position of the singularities will instead change andcae use this class of variables
for the separation of signal and background events.

e Threshold variables. Owing to the same reason of effiizahnd’¥ masses, no variables
of this class are useful to distinguish between mass degensignal and background,
since the energy thresholds are the same in the two proceSsesiy+ # my, some
scope exists.

e Spin variables. In the signal process the spin-0 Higgs @arproduces the tau-lepton
while in the background the tau arises from the decay of tle-5p vector boson.
We can then expect that some of the variables of this clasfiegnus to separate the
two processes. There are no universal answers on how toektuese variables and each
particular choice requires a phenomenological study terdghe the optimal basis where
the effects of spin correlations are most significant. Onlwared, the scalar Higgs boson
will decay isotropically and no correlations between pidhn and decay process are
expected. On the other hand, for the background spin ctimetabetween the production
and the decay of & should be manifest, due to the vectorial nature of the gaogerb
It is precisely the exploration of these correlations thHailsd offer the possibility of
distinguishing signal from background.

In Figs. 1-9 we can identify distributions of different \asles from the first two classes.
Here, the signal and background spectra are almost idéfdrdie chosen Higgs boson mass.
The next step is to investigate the spin variables. An an gi@of spin dependent variable we
take theP, distribution of the tau lepton (Fig. 1, Left). Here, diffeees between th&* and
W spectra are visible. Thus, the generated event sampletabkufor further studies of the
spin dependent properties of the signal and backgrountiseaconsidered.

A unique feature of theb+2j + 73+ F; signature in particle detectors is the presence of
the tau lepton. When searching experimentally for the adhkHjggs boson signal, not only the
magnitude of the production cross section is importantatsd the efficiency of identifying the
tau lepton in the hadronic environment plays a crucial r8lace tau leptons have a very short
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life time (~ 107% s), they decay within the detectors and only can be identifiealigh their
decay products. In about 35% of the cases they decay leptynand in about 65% hadron-
ically. Both of these decay modes are usually addresseceioharged Higgs boson searches
by employing dedicated tau lepton triggers. Their propsrttan be derived by studying f.i.
Z — 77~ events [595]. In particular, the following aspects are taik¢éo account for charged
Higgs boson searchés

e Trigger efficiencies: this is the fraction of tau leptonsgiag the requirements of various
levels of triggering. At the D@ experiment they are typigalD-90%.

e Geometrical acceptance: as the detectors arémeteradian hermetic, only tau leptons
whose decay products are inside the sensitive regions cdetbeted. This fraction of
tau leptons is referred to as the geometrical acceptande@At s typically around 85%.

e Reconstruction efficiency: detectors have various thigshanly above which they are
able to measure physical quantities, or only above whictsitpeal to noise ratio is ac-
ceptable. About 80% of the time the tau decays in such a wayttleaves a substantial
energy in the calorimeters. With a carefully chosen eneugypno the tau energy and clus-
tering to minimize background contamination of the sigtta, reconstruction efficiency
can be increased. At D@ this is typically between 60-85%.

e Tracking efficiency: each tau decay mode produces at lea&stbarged particle. Pre-
cise tracking devices are often one of the most limitingdexin reconstructing events.
Therefore, it is important to determine the fraction of teeanstructed tau clusters that
match a track in the tracking device. This fraction is reddrto as the tracking efficiency.
At D@ it is typically about 85%.

e Selection efficiencies: it is common to isolate with prestta cuts a sample of events
with a given purity of real tau leptons from the processestdrest before starting fine
tuning the process of how to maximize the signal extracttomfbackground. The frac-
tion of events preselected into such a sample is called letsmn efficiency. This can
vary significantly and a typical value for D@ is about 65% foe purity of 95%.
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Figure 1: Left: P, of the tau-jet. Rightn distribution of the tau-jet.

3. OUTLOOK AT THE LHC

As at the Tevatron, the search strategies at the LHC depetitearharged Higgs boson mass.
If my+ < my — m, (latter referred to as a light Higgs boson), the charged sliggson can
be produced in top (anti-)quark decay. The main source ofdap-)quark production at the

24Similar performances are expected from the CDF experiment.
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d(t, j2) between tau and second light quark jet.
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LHC is ¢t pair production ¢;; = 850 pb at NLO) [596]. For the wholetgn 3, m 4) parameter
space there is a competition betweeni#lét andbH* channels in top decay keeping the sum
BR(t — bWT) + BR(t — bH™) at almost unity. The top quark decay &/* is however
the dominant mode for most of the parameter space. Thusgtteaay to search for a (light)
charged Higgs boson is by requiring that the top quark predic thetb H* process decays
to al¥. While in the case of/* decaysr’s will be tagged via their hadronic decay produc-
ing low-multiplicity narrow jets in the detector, there awmo differenti” decays that can be
explored. The leptonic signatubeéZ*1W+ — bbrviv provides a clean selection of the signal
via the identification of the leptoh = e, i but the charged Higgs transverse mass cannot be
reconstructed because of the presence of two neutrinosdifilrent origin. In this channel
charged Higgs discovery will be determined by the obseswatif an excess of such events
over SM expectations through a simple counting experimbnthe case of hadronic decays
WbH*WT — bbrvjj the transverse mass can instead be reconstructed sinceuinos are
arising from the charged Higgs boson decay. This allowsrigfacient separation of the signal
and the maint — bbW*WT — bbrrjj background (assuming;+ = my). The absence
of a lepton ¢ or ) provides a less clean environment but the use of the trasesweass makes
it possible to reach the same mass discovery region as inrévéops case and also to extract
the charged Higgs boson mass. Both these channels showttraraintegrated luminosity of
30 fb~! the discovery could be possible up to a mass of 150 GeV foraafl values in both
ATLAS and CMS [597,598].

If the charged Higgs is heavier than the top quark, the domticlaannels aré/* — v
and H* — tb. They have both been studied by ATLAS and CMS [599-602]. Trarged
Higgs bosons are produced in the— tbH* channel. Forthé/* — tb decay, a charged Higgs
boson can be discovered up to high masses«( ~ 400 GeV) in the case of very largen
values and this reach cannot be much improved because @irtjeerhulti-jet environment. For
the H* — 7v decay mode this reach is larger due to a cleaner signal desfitver branching
ratio. In this case thedbreach ranges frormn 5 = 20 for my+ = 200 GeV totan 3 = 30 for
mpy+ = 400 GeW.

For the LHC, signal and background events have been sindulatiae same way as for
the Tevatron as explained in Sec. 2, using PYTHIA, versi@28, with the factorization scale
(my + mpy=+)/4, the renormalization scale;+, and the running-quark mass evaluated at
mg+. Table 2 lists the resulting theoretical cross sectiond,tha cross sections with the basic
cut P** > 5 GeV applied. The LHC rates allow for the discovery to be lésallenging than at
the Tevatron in the regiomy+ ~ my =+, yet the separation of signal events from background
remains crucial for the measurement of the charged Higgs.mas

Table 2: LHC cross sections of backgroupidgg — tt and signakq, gg — tbH™ for tan 8 = 30 andm g+ =
80,100 and160 GeV into the final stateb + 2j + 7je.+ £ before ¢**) and after ¢) the basic cut of?, > 5 GeV
for all jets after smearing of the momenta as decribed ingkehtas been applied.

qq,99 — tt qq,99 — tbH*
mpy+ = 80GeV | my+ =80 GeV | my+ = 100 GeV | my+ = 160 GeV
o™ (pb) 44.9 73.1 51.1 4.4
o (pb) 40.0 ‘ 68.8 47.8 4.0

The LHC kinematic distributions are shown in detail in Fi§6—18. The choice of vari-
ables is identical to the one for the Tevatron and allows fmne-to-one comparison, the differ-
ences being due to a change in CM energy (and to a somewhett é&egent, leading partonic
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mode). The main differences with respect to Figs. 1-9 areahthe n distributions extend to
larger values and that the various invariant masses hagetdngh energy tails. As for simi-
larities, it should be noted that the effect of the spin défeces betweel” and H* events can
only be explored for thé’, spectrum of the jet. These observations lead to the conclusion that
the same method of “Optimal Observables” can be used to atepsignal from background at
both the Tevatron and the LHC.
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Figure 10: Left: P, of the tau-jet. Righty distribution of the tau-jet.
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Figure 11: Left:y distribution of leading quark jet. Right: distribution of second quark jet.

Events

Peed dots: tbH™ signal

Events

dots: tbH" signal ]

histo: tt background
L d

® ol

naG,)
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4. CONCLUSIONS

The discovery of charged Higgs bosons can shed light on tksilgle existence of a Higgs
mechanism beyond the SM. We have studied charged Higgs kdopologies produced at
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jet.
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Figure 15: Left:H distribution per event, whetdf = H (jets)+ P; (7). Right: H (jets), whereH (jets) = >_ Pi°".

the current Tevatron and the future LHC energies. Whileldezdifferences between signal
and background are expected whenewvgy: # my,, near the current mass limit of about
mg+ ~ 80 GeV the kinematic spectra are very similar between @Mecays and those in-
volving charged Higgs bosons. For this mass spin informatitl however help to distinguish
between signal and background. Characteristic differ®ioéehe kinematic distributions be-
tween signal and background at both the Tevatron and LHC diseussed and the method
of “Optimal Observables” has been emphasized as a genalgsitool explorable at both
accelerators. Future studies will address the spin coizaléssue in more detail. Independent
of the kinematic behavior, the identification of a hadromia-tepton will be an experimental
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Figure 17: Left: invariant mass of two light quark jets and teadingb quark jet. Right: invariant mass of two
light quark jets and the seconhdjuark jet.
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challenge in an environment with typically four jets beirrggent.
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Part 31

Diphoton production at the LHC in the RS
model

S. Ferrag, O. Jinnouchi and K. Sridhar

The past decade has been a phase of intense theoreticéldntithe area of extra space di-
mensions and the resurgence of interest in the physics  dkhensions is due to the new
paradigm of brane-worlds. For high energy physics this naxdigm is exciting because it pro-
vides fresh perspectives to the solution of the hierarcbplem and also suggests the discovery
of new physics at TeV-scale colliders.

In an attempt to find a genuine solution to the hierarchy mebRandall and Sundrum
discovered a model now known in the literature as the Rat®lalidrum model or the RS model
25[470]. In the RS model, one starts with a five-dimensionatsfimme where the fifth dimen-
sion¢ is compactified on &' /Z? orbifold with a radiusk. such that?_ ! is somewhat smaller
than Mp, the Planck length. Two D3-branes called the Planck bradetlaa TeV brane are
located atp = 0, =, the orbifold fixed points and the SM fields are localised anTaV brane.
With a five-dimensional metric of the form

ds® = e"CRc‘z’anx”dx” + R%d¢”. (1)

the model provides a novel solution to the hierarchy problétere K is a mass scale related
to the curvature. The warp factor acts as a conformal facotife fields localised on the
brane and mass factors get rescaled by this factorMgo= 10'? GeV for the Planck brane
at ¢ = 0 gets rescaled td/pexp(—K R.m) for the TeV brane atp = w. The warp factor
generate% ~ 10" by an exponent of order 30 and solves the hierarchy problerarder

to solve the dynamical problem of stabilisify against quantum fluctuations a scalar field in
the bulk [603—-606] with a stabilising potential is introewic

On compactification of the fifth dimension, a tower of masstatuza-Klein (KK) exci-
tations of the gravitonhffi), result on the TeV brane where it interacts with the SM plsic
by:

67rICRc 0

! ST ()h) () )

Lin = —_—T“V h(o) i —
t MP (.T) uv (.T) MP

whereM p = Mp/+/8 is the reduced Planck mass ant is the energy-momentum tensor
for the SM particles. The masses of ﬂz{é) are given by

M, = x,K e ™ (3)

where ther,, are the zeros of the Bessel functidy{x) of order unity [605, 606]. The resulting
masses of the KK gravitons are not evenly spaced but app#a Bessel zeroes. The graviton

ZMore precisely, these authors proposed two models at mdessithe same time with different features of
guantum gravity in each of these. These are now referred toeaRS1 and RS2 models. In our work, we will
describe and work with the RS1 model and refer to it througheihe RS model.
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zero-mode couples with &/M p strength and essentially decouples but the couplings of the
massive gravitons are enhanced by the exponerftidt leading to interactions of electroweak
strength.

The basic parameters of the RS model are

moy = IC€_7HCRC

co = K/Mp (4)

wherem, is a scale of the dimension of mass and sets the scale for theemaf the KK
excitations, and, is an effective coupling. It is expected that the parametées in the range
[0.01, 0.1]. The upper bound ag results from requiring that is not too large so as to avoid
strong curvature effects and the lower bound ensurektimhot too small as comparedid p,
since that would introduce a new hierarchy. Valuesgfare determined in terms &R, ~ 10,
so thatm, ranging from about a 100 GeV to a TeV are possible. Again,daraie of strong
curvature effects suggests that the mass of the first RStgnas not too much more than a
TeV.

Because of the fact that the zero mode decouples, it is orl\hé&avier modes one can
hope to detect in experiments. In the fortuitous circuntstathat these modes are within the
reach of high-energy experiments, interesting effecesrdsonance production can be observed,
with the resonance decaying within the detectors. If thisisthe case and if the the gravitons
are heavier then the best strategy will be to look for theuairteffects of the gravitons on
observables measured in high-energy collider experiments

In this paper, we study the virtual effects of the exchanggpoi-2 KK modes, in the RS
model, in diphoton production at the LHC. The cross-sestifon theqg — vy andgg — vy
subprocesses are [607,608]:

do, 21 Q 1 + cos?0*
dt (95 =) = 352 1 — cos?6* )
2 2
+(;67: Re[C(x,)](1 4 cos*6*) + 2455767T|C(x3)\2(1 —cos'0*), (6)
and
d&( ) + - |C (2)]*(1 + 6cos*0* + cos’0*) (7)
- — - s :
ai o 655367~ "

The SM box contributiogg — ~~ can be neglected because even though at the LHC, this box
contribution is somewhat increased because of the initi@rgflux but, as shown in Ref. [608],

in spite of this increase this contribution is an order of magle smaller than the Sk — v
contribution for diphoton invariant mass of 500 GeV and igenhan two orders of magnitude
smaller for diphoton invariant mass greater than about 13&d On the other hand, the new
physics effects dominate in the large invariant mass biils #erefore, in the invariant mass
region of interest the SM box contribution is negligible ever the case of the LHC.

In the above equationspst* is the scattering angle in the partonic c.m. frame= miz
andC/(x) is defined as

O) = S0 ®)

mg
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with

1
_ 2
Mas) = mi) o= M2+ iM,T, ©

and the),, are the masses of the individual resonances and tlage the corresponding widths.
The graviton widths are obtained by calculating their decayo final states involving SM
particles. This gives

I, = mociz® A, (20)

where

Ay =AT + AP+ AW L AZZ LS ALY ALY AT L AT (1)
v l q

and eachA? is a numerical coefficient arising in the decay — aa. For the partial width
A "we have fixedV/;; = 250 GeV in our numerical studies. We point out that our resulés ar
very insensitive to the choice aff.

Given the masses and the widths of the individual gravit@omances, we have to sum
over all the resonances to get the value\¢f,). We perform this sum numerically, using the
fact that the higher zeros of the Bessel function becomely\sgraced.

The above sub-process cross sections are privately implechén the matrix element
of the PYTHIA [46] code in conjunction with the Standard Mbdghoton production sup-
processes;g — vy andgg — . The interference of newly implemented graviton resonance
with the Standard Model processes are then inevitably takeraccount in this study. In the
first part of the study, events including the graviton resmeamasses from lowest to higher are
produced. The generated events are passed through the AflsA&etector simulation (ATL-
FAST [18]) and the resonance widths and positions for ségeta of parameters are assessed
under 100fb! integrated luminosity. In the second part, our study is tedor illustrat-
ing the physics potential rearch, where the production ardsurements of only the lightest
gravition resonance is considered under 1Oftuminisity, simulating the early LHC period.
In this study, the center of mass energy of LHC (14TeV) is a1l parametrizations of the
CTEQG6M parton distribution function [47] are used throughtine study. ATLFAST, ver.2.53
is used to give the realistic estimation of the resonancesarements. The standard detector
response parameters are used. Particularly for photowctatetethe kinetic acceptance of Et
> 50 GeV and|n| < 2.5 is assumed. The isolatetd photons are separatedy> 0.4 from
other clusters and Et 10 GeV in a coneAR = 0.2 around the photon is required. Identifica-
tion efficiency are assumed to be 1.0. Followings are thegdastof the fast simulation study,
aiming at getting the characteristics of the distributionplemented RS resonances. Figure 1
and fig. 2 show the diphoton invariant mass distributién/dM, and the angle distribution,
do /dcos 0*, respectively. Three sets of the basic RS model paraméiegs¢,) = (150GeV,
0.01), (150GeV,0.03), (300GeV,0.01), are chosen and shathrdifferent colored lines, along
with the Standard Model diphoton distribution (in black).the invariant mass plot, as expected
from the equations above, the, parameter has a direct relation to the resonance positiute w
the ¢y has a strong correlation to the width of the resonances. fteefe€rence term contribu-
tions are expected to be enhanced around the resonanceyersize of the interferences are
found to be fairly small, and it will be hard to observe expentally. In the angle distribution,
the shape is clearly distinguished from the Standard Mo#lildution. The RS model reso-
nances contribute to more in centrét (~ 0) than SM in the particle scattering c.m. frame. In
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Figure 1: Diphoton invariant mass distributions for adnijrselected RS model parameters and Standard Model as
areference. Vertical axis represents number of eventscesghat 1006
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Figure 2: Angle distributions for the sets of RS model paranmseand Standard Model as a reference. Note that
M., cut is applied for event selection (2500Ge\/,, >350GeV).
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the second part, the physics discovery reach is assessadhgassumed integrated luminos-
ity of 10 fo~! at LHC ATLAS. The RS model parameter space (the regign= 0.005 — 0.05,

co =150-1000GeV) is surveyed and the signal significance foe#tof point is estimated. Only
the lightest invariant mass resonance is considered hdre.nlimber of events of signal and
background are estimated by fitting the invariant massidigton with the function, Standard
Model + Resonance, in more speciff§ M) = P, - M~ + P, - M - Breit Wigne(M, P, Py),
whereP, and P, are fixed by fitting the pure Standard Model distribution iderto reduce the
instability of the resonance fitP, represents the scale correction parameter for the resepanc
P, P, are the mean and width values of Breit Wigner function respely. Figure 3 shows
the typical fit result atny, = 300 GeV, ¢, = 0.01 point. The signal region is defined as the
+30 from the Breit Wigner centroid. The number of events withirstregion (V,,,) and the
expected background level from Standard Modé} (;) are used to estimate the signal signifi-
cance,Nyigna/vV Npa, WhereNg;pna = Nops — Nsyr andNpe = Ngyy. In case the resonance
width is too thin ¢ < 5GeV), +15 GeV is used instead of30 cut. In the domain where
mg > 600 GeV, a fit procedure becomes very unstable due to the smalhaese signal. As
a practical solution, the regioft100 GeV from the expected resonance position (x 3.83)

is used instead. Figure 4 is the contour distribution of theidRS model parameters,, ¢,

| mass dists of di-photons | e _—

Mean 1831

AMS 1339
1 indf 283.5/127
PO 9.813+1.050
pl 11650= 0.2
p2 4469+ 0.212
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Figure 3: Typical fitting result defined as in the context. n8@rd Model contribution is fixed during the fitting
procedure, and shown as the smooth red curve in the plot.[@éés are normalized to0 fb—!, drawn with blue
points. Breit Wigner fit is drawn with black function. Pardlblue vertical lines are the integral regioh3o) for
the significance estimation.

showing the signal significance in Z-axis with logarithmiake. The boundang/v/B = 3, is
presented with a thick black curve, showing the physicsalesy reach at 10 fb' luminosity.

To summarize, we have investigated the effects of the ictienss of the spin-2 Kaluza-
Klein modes with SM fields in diphoton production at the LHE the context of the Randall-
Sundrum model. Process cross-section is implemented irHPX Tode, and detector effect
is simulated with ATLFAST. Interference term between KKaeances and Standard Model
process is found to be negligible. Signal significance igreged using the invariant mass
distributions of the photon paiS/+/B = 3 reach at 10 fb' integrated luminosity is extracted
from themq — ¢, parameter phase space.
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Figure 4: Signal significance distributioning — ¢y parameter phase space. The black curve shows the expected
discovery sensitivity boundans(v/B = 3).
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Part 32

Higgsless models of electroweak symmetry
breaking

G. Cacciapaglia

Abstract

Higgsless models are the most radical alternative to the 8Mthe
electroweak symmetry is broken without any elementaryasdal the
theory. The scattering amplitude of longitudinal poladigauge bosons
is unitarized by a tower of massive vector boson that regldice SM
Higgs boson. It is possible to write down a realistic theoraiwarped
extra dimension, that satisfies the electroweak precismmts. The
main challenge is to introduce the third generation of gsiatke top
and bottom: there is indeed a tension between obtainingwy leee@ugh
top and small deviations in the couplings of the bottom whik X bo-
son. This idea also offers a rich model independent phenolognthat
should be accessible at LHC.

1. INTRODUCTION

The main theoretical prejudice against field theories wittdamental scalars, like the Higgs
boson in the Standard Model, is the instability of their malsthere is not any symmetry
protecting it, the radiative corrections to the mass patameill be proportional to the cutoff,
or to the scale where new physics has to be added to the thidarg, unless a large fine tuning
is invoked, the SM description of EWSB is not satisfactoriieTmost radical approach to this
problem is to built a theory where there is not any light scalghe low energy spectrum, or
Higgsless models.

If we remove the Higgs from the SM, the first problem we run istthe scattering of the
longitudinally polarizedV bosons: the tree level amplitude grows like the energy sjaad
at some energy scale (arouhd TeV in the SM) we lose control of the perturbation expansion.
The role of the Higgs is to cancel such divergent term. Hisatly, the first approach was to
assume that strong coupling indeed occurs aroufi@V, and that it is the strong dynamics
itself to induce the gauge symmetry breaking: this is the ioletechnicolour. However, these
models have serious problems in accommodating the eleetfoprecision tests performed at
LEP in the last decade: generically they predict large dimna, and the lack of calculability
does not allow to decide if this scenario is definitely ruled ds it possible to build a Higgsless
model where the loss of perturbative control occurs at eeeigrger that a TeV? The easiest
possibility is to add a massive vector particle, with masshm TeV range, that cancels the
guadratically growing term in the scattering amplitude.wdger, the scattering amplitude of
the new heavy boson will grow quadratically in the energyimgtus incurring in a strong
coupling regime at a higher energy than before. If we wanegpkplaying this game, we can
add another massive vector boson, and so on. The canceltsftitne growing terms in the
amplitude will impose sum rules on the couplings and masséiseonew heavy states. For



224

instance, from thél’;, W, scattering:

gwwww = 62+9€vwz+2912/vwm 1)
i
3 (., M . M
gwwww = 1 gWWZM—‘%V"'zk:gWWkM—‘%V . (2)

The first sum rule ensures the cancellation of a term growiith the fourth power of the
energy, whose cancellation in the SM is ensured by gaugeamee that relates the couplings.
In Refs. [609-616], it has been shown that these sum rulesLaoenatically satisfied in Yang-
Mills theories in extra dimensional spaces, where the gaygenetries are broken by suitable
boundary conditions. Namely, one can impose that the gaelgis fassociated with the broken
generators vanish on the boundaries of the extra dimens@that all the modes associated
with such fields are massive. It is also possible to write 4atfigional theories with the same
property: these are the so called moose models, or decotestrextra dimensions [488]. The
idea is to latticize the extra dimension, and replace it wittinite number of replicas of the
gauge group. Scalar links will provide the breaking of fiegauge groups. Higgsless models
have been proposed both in the 5 dimensional case in Ref$.§53, 618], and further studied
in Refs. [556,619-625], and in 4 dimensions in Refs. [62@}§2ee also Refs. [629-642]).
In the rest of this review, we will focus on the extra dimemsibattempts, however, the same
conclusions apply to the 4 dimensional models. The onlyetkffice is that the deconstructed
models are less constrained, as they explicitly violate Behtz invariance.

1.1 A ONE PAGE MINICOURSE IN EXTRA DIMENSIONS

If we were to consider the existence of an extra spatial dgioer) in order to hide it at low
energies we need to compactify it, so that it will be negligiat energies below its typical
length. The simplest way to imagine it, is to think in termsaafinterval. Any field® will also
depend on the extra coordinatewe can reduce the theory to a 4 dimensional one if we Fourier
expand the fields in the extra component, namely

O(2,,2) = Y fr(2)on(,) (3)

where a 4D field),, is associated to each frequency of the interval. The mas# these infinite
fields will be determined by the boundary conditions at theriwal endpoints, and are like the
energy required to excite that particular frequency.

In order to make this statement more clear, we will focus dmple gauge theory in a flat
extra dimension. In this case, the 5D vector has an extra coe along the extra direction

A= (A, As). 4)

However, not all the modes in the 4D scalgr are physical: indeed they can be gauged away,
and they will play the role of the longitudinal modes of thessige vectors resulting from the
4D reduction described above. The simplest boundary dondihat can be imposed on this
system are Neumann, namely the vanishing of the derivatorggathe extra component on
the interval endpoint§; A, = 0. These BCs allows for a constant solutifn= const, that
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corresponds to a massless vedbrFrom the 4D point of view, the bulk gauge symmetry is
unbroken. The massive states will have masses givery/ by L being the length of the interval
andn an integer.

Another possibility is to impose Dirichlet BCs for the vectmmponents: in this case the
flat solution is not allowed and all the vector states are massThis signals that the gauge
symmetry is also broken in 4D. However, the choice of BCs iscompletely arbitrary, as not
all the possibilities will lead to a unitary theory: the sunhes advocated above will be satisfied
only for a healthy choice. It turns out that healthy BCs conoenfa spontaneous breaking of
the symmetry on the boundaries. In order to see it, we cana@titettheory a scalar degree
of freedom localized on one of the two endpoints, and asstateitt will develop a vacuum
expectation value as for the SM Higgs. The Neumann BC will bdifred to:

2

v
OsA, + QQZAu =0, (5)

wherew is the VEV and the sign corresponds to the choice of endp&iat.small VEV, the
mass of the gauge boson is proportionajto However, in the limit of large), the mass of the
first massive state is given By (2L): this corresponds to switching the BC to Dirichlet BCs. If
we play this trick on both the endpoints, the first state vaké& masd / L, however in this case
the BCs forA; will allow for a scalar massless state that cannot be gauges.andeed, we
are breaking the symmetry twice, with two separate Higgtosgcthus only one combination
of the two resulting goldstone bosons is eaten by the masgsaters, the other one is a physical
massless scalar.

2. THE MODEL

We will consider the model proposed in Refs. [550, 623]: aB ¥ SU(2)z xU(1)5_ 1 gauge
theory on a Ad$ background, i.e. one extra dimension with a warped metf®]4 The
conformally flat metric on AdS can be parametrized as:

2
ds? = (g) (nw,dx“dx” — dzz) , (6)

where the extra coordinates on the interval R, R']. The curvature? is usually assumed to be
of orderl/Mp;, butin this case it will be a free adjustable parameter. Hysjoal interpretation
of this metric is that the unit length, or equivalently theergy scale, depends on the position
in the extra dimension. On the= R endpoint, the Planck brane, it is of ordetR, while on
thez = R’ endpoint, the TeV brane, it is warped down to the smallerescak’, that we will
assume to be of order the weak scale. The bulk gauge symrsdtrpken on the boundaries
of the extra dimension: on the Planck brane we will presemee3M gauge group, so that
the breaking pattern is SURXU(1)z_, — U(1)y. On the TeV brane, on the other hand,
we will break the two SU(2)’s to the diagonal one SY(RBU(2); —SU(2), ?’. As already
mentioned, the breaking is realized imposing Dirichlet 8f0r the broken generatof’ If we

26Note that the BCs fori5 are forced to be Dirichlet, i.e. vanishing of the field, thiasre is not any massless
scalar mode. All the modes a5 are then gauged away.

2"Note that in the SM this same symmetry breaking is inducetiéyiggs, where SU(2)is a global symmetry
in the gauge sector.

28With this choice, there is not any symmetry broken on botmésathus all the scalar modes are eaten.
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call g5 andgs the gauge couplings of the two SU(2)’s and of the U(1), thesBaEé [550]:

0.(ALe 4 Ay =

at z = R : { ot R i _ (7)
ALa_ ARe 0, 9B, = 0;
BAL“—O

at z = R: 0 (g5B +g5AR3) == (8)

g5, — 5AR3 0.

whereA”, A® and B are the gauge fields respectively of SU(23U(2); and U(1);_;. These
boundary conditions allow to expand the gauge fields asvistio

AP = gam+ 0L (228 () (L) (R
AL+ —

48 = Lo S BZ0 ), { PR TGN s

AE - 0%"‘Zk 1¢k (Z)Z;(tk (z); : Rt W 7

9)
where the wave functions are combinations of Bessel funst{due to the bulk equation of
motion), and the BC’s will fix the spectrum. Note the preseota flat massless state: this
corresponds to the gauge boson of the unbroken_.)(Ihe photon. We also want to identify
the lightest massive states, namaly? andZ", with the SMIW andZ.

The main reason for working in this non trivial backgroundvefold: first of all the
warping allows to split the masses of the first resonance vikavant to identify with thél’
andZ bosons, and the other KK states. Indeed, we find that:

1

2
My ~ R*log &7

MKK ~ ﬁ 5 (10)

1 being the zeros of Bessel functions (for the first resonanee 2.4). So, the scale of the
KK masses is given by the energy scale on the TeV bidii#&, while thell mass is split with
respect to the mass of the resonances bydhef the two scaled? andR’. Another important
reason is the presence of a custodial symmetry in the bulkoarttie TeV brane [484]: this
implies that the relation between th€ and Z mass is preserved at leading order in the log
expansion, and corrections to thgparameter are very small. This protection would not occur
if we formulated the theory in flat space. Themass is given by:

W
;= . 11
7 24+ 32 R?log £ cos?l, (11)

The coupling of the photon, allows to identify the 4D SM gaggeplings as functions of the
5D parameters:

Rlog &
5= 12
g 95
1 R 1
— = Rlog— (— + ~—) . (13)
q” R \g¢ 3

At this point the theory has only 4 parameters: the two enscgyesk andR’, and the two bulk
gauge couplings. The only free parameter, not fixed by theiSkhe scale of the resonances
M'. For the moment we will allow this scale to be betwé&éf GeV andl TeV, the reason for
this choice will be clear later when we discuss the unitdrsdynds.
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The major stumbling block for any theory beyond the SM is tieel of corrections
to Electroweak Precision measurements, mainly performetEP1 at the Z pole, and by
LEP2 [450, 643]. In the following we will focus on the old paratrization by Peskin and
Takeuchi [644]: in universal theories the corrections toofepbservables can be described by
only 3 parameters, callefl, 7" andU. Another kind of corrections are given by 4-fermi oper-
ators induced at tree level by the exchange of the massivgedansons, and we will comment
on them separatel?. The parametel/ is generically small, corresponding to a higher order
operator in the effective lagrangean, so we will neglectTihe parametef’ can be directly
related to the corrections to the relation betweenlithand Z mass: as already mentioned, the
custodial symmetry built in this model will protect this pareter from large corrections. Thus,
the parametef is the worrisome one. In order to compute it, we must spebiférmion con-
tent of the theory, as it also depends on the couplings betgaege bosons and light fermions.
The simplest choice is to localize the light fermions on tkenEk brane [618,621]: the reason
is that the SM gauge group is unbroken there, so we will nodbthice non-standard couplings,
and eventual flavour changing neutral currents will be sepged by a large scal¢ R. In this
limit, the leading contribution t&' is given by:

67 67 My \? 1TeV\?
ot 2T 9y ~ 1. _ 14
° ¢*log & g? ( M’) 9( M ) a4

This value is large and positive, similar to the one foundraditional technicolour theories,
and it is too big compared with the experimental lingit < 0.3. A more complete analysis of
this model, including the effect of localized terms, shohat tprecision data highly disfavour
the model with localized fermions [232].

The solution to this problem is to relax the assumptionscdliaed fermions, as proposed
in Refs. [623,628] and further studied in Refs. [625,63@}6this will also have another crucial
beneficial effect regarding the direct bounds on light gehagons. It has been known for a long
time in Randall-Sundrum (RS) models with a Higgs that theaive S parameter is large and
negative [645] if the fermions are localized on the TeV braseoriginally proposed [470].
When the fermions are localized on the Planck brane theibatitin to S is positive, and so
for some intermediate localization ti¥eparameter vanishes, as first pointed out for RS models
by Agashe et al. [484]. The reason for this is fairly simplac® thell” andZ wave functions
are approximately flat, and the gauge KK mode wave functioe®ehogonal to them, when
the fermion wave functions are also approximately flat therleyp of a gauge KK mode with
two fermions will approximately vanish. Since it is the ctng of the gauge KK modes to the
fermions that induces a shift in tifeparameter, for approximately flat fermion wave functions
the S parameter must be small. Note that not only does reducingdbpling to gauge KK
modes reduce th& parameter, it also weakens the experimental constraintseoexistence of
light KK modes. This case of delocalized bulk fermions is cotered by the no—go theorem
of [232], since there it was assumed that the fermions aidifmd on the Planck brane.

In order to quantify these statements, it is sufficient tosider a toy model where all the
three families of fermions are massless and have a univaekadalized profile in the bulk [623].
We first briefly review the bulk equation of motion in AglSn 5D fermions are vector-like, so

2%Recently Barbieret al proposed a new generalized set of parameters [232], thes tako account the data
from LEP2, namely the 4 fermi operators.
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that they contain both a left- and right-handed component:

@:<§), (15)

where the boundary conditions can be chosen such that tharedro mode either in the left—
handed (Ih) or in the right—handed (rh) component. The wametfon of the zero mode will be
determined by the bulk mass term, that we parametrizeibyunits of R. If the zero mode is
Ih, the solution of the bulk equations of motion is:

z 2—c

Xo = Ao (E> . (16)
Studying the above profile, it's easy to show that |h (rh) fiems are localized on the Planck
brane ifc > 1/2 (¢ < —1/2), else on the TeV brane, while for= 1/2 (c = —1/2) the profile
is flat.

Now, the gauge couplings of the fermions will depend on thrameter through the bulk
integral of the gauge boson wave functions. For a Ih fermibat transforms under the bulk
gauge group as?y, x 1y X gg_ representation, it reads:

327 () Y

a0 QY + 95 T () Tea W, + g5 %) (c) (TLS +
gs4

where we have used thay2 = Qp_;, (for SU(2)g singlets) and the electric charge is defined
asQ =Y/2+ T3, and:

70 = 43 [ " (5) () 1)

R

Only the electric charge does not depend on the fermion prafd the massless photon is flat
along the extra dimension. However, the couplings tolthand Z are affected in a universal
way: the corrections can be cast into the definition of thegolel parameters and yield an
effective shift ofS.

In order to do that, we have to impose the following matchiogdition between the 4D
couplings and the 5D parameters of the thébry

/2 ~ —(B)
7,
tan oy = L — DT _{e) (19)
g g5, (cr)
while the matching of the electric charge remains unafticte
1 1 1 2 R
—=—=|=+—= | Rlog — . 20
23 <g§+g§) R (20)

Now, we can recalculaté taking into account this shift: in the limit where~ 1/2, so that the
fermion profile is almost flat, the leading contributionsStare:

3ONote that this equation does not depend on the overall narat@in of theZ wave function, but is completely
determined by the boundary conditions in egs. (7-8).
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S—=—2L—(1+@c—wk)EL+O«%—1V0 (21)
g2 log L ®R '

In the flat limitc = 1/2, S is already suppressed by a factor of 3 with respect to thecRlan
brane localization case. Moreover, the leading terms ¢autédor:

1

1
Sl 22
2 QIOg% (22)

C =

As already mentioned, the other beneficial effect is thafldtaess of the light fermion
profiles suppresses the couplings with the KK modes of thggduosons. This allows to
have light modes, in the above mentioned range GeV - 1 TeV, without generating large
4-fermi operators. The presence of light KK modes is cruc@abever for the unitarization of
the longitudinall andZ scattering amplitudes [619,622]: indeed, if their masbeva a TeV,
their effect enters too late, and the theory loses its peative control at a too low scale. In
order to have an estimate of such scale we can use 5D naivasional analysis [623]. If we
estimate the loop amplitude generated by a 5D diagram, lib&igiven by:

95
E 23
YLl (23)
where it grows with the energy because the coupling is noedsionless: we need to add an
energy dependence to fix the correct dimensions of the amdplitAt the energy where such
contribution is of order one, so the loop contributions ammparable with tree level effects, we
lose perturbative control on the theory. This scale is glwe#t:

2473 R 2473 1 2473 M?2
Anpa ~ — ~ -~ 24—V 24
NDA g} R 9?> R'log % g2 M! (24)

As you can see, the smalléf’, the higher the scale where the theory is not under coptrol
If M’ isin the rangd.5 — 1 TeV, the cut off scale i§ = 10 TeV: this range is safe enough to
protect the theory from incalculable effects.

In Figure 1 we plotted the preferred parameter space of #é@yhchoosing as free pa-
rameters: and the “Planck” scalé/R. The red lines are the bound frofh as you can se§
prefers a particular value of Too small values of /R will induce back a largd” parameter
(blue line), so that\/’ > 500 GeV. We also checked that in all the plotted region the efbéct
4-fermi operators is negligible.

3. CHALLENGES FOR A MODEL BUILDER

In the previous section we showed how it is possible to coo& opdel of Electroweak Sym-

metry breaking without a Higgs boson. However, before dliagrthat we have a complete
model, there are some more issues that a model builder shddtéss. It is important however
to notice that such problems are not related to the elecakwgmmetry breaking mechanism
itself, but they are more a consequence of the extra dimealstmbedding that, as we will see,
imposes some generic constraints if we want to introducuiters in a consistent way.

31A warp factorR/ R’ has been added to redshift the energy scales on the TeV brane.
32NDA is effective up to a numericaD(1) coefficient: an explicit calculation [646] showed that teigimate
should be corrected by a factor bf4
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Figure 1: Parameter space region preferred by EWPT: theimed &are the bounds d$| < 0.25 (0.5 for the
dashed lines). Above the blue ling,becomes larger thah25. In black, we also show contour lines for the first
KK mass (in GeV), that can be directly related to the strongptiog scale of the model.

The first problem arises in the flavour sector. As we alreadytimeed, a reason for local-
izing the light generations near the Planck brane is thaiections to Flavour Changing Neutral
Currents, coming from higher order operators, should bergsed by a large scale, of order
1/R rather than the strong coupling scale estimated in the ue\section. Measurements, in-
deed, constraint new physics effects to be suppressed lafeacforder1 00 - 1000 TeV. If we
delocalize the light fermions, such scale is red shifteddargerously low one. In order to es-
cape such bounds, we need to implement a flavour symmetrg iibutk and on the TeV brane.
Moreover, the mechanism that generates masses for theofetimemselves will induce some
distortions in the wave functions, thus modifying in a noiversal way the couplings with the
SM gauge bosons. A very brief discussion of these effectbedound in Ref. [623,628], but
a complete study is still missing.

A more serious problem arises when we try to introduce threl tlaimily, in particular
there is a tension between the heaviness of the top and tipdirepof the left-handed, with
the Z boson, that has been measured with a high precision. In aelltthe problem is that
thep, lives in the same doublet as the thus in order to give a large mass to the top, we will
inevitably induce large modifications in the wave functidrlee b;. In order to understand the
origin of this problem, we need to briefly describe the medrarthat generates masses for
fermions [445]. For the third generation quarks, for exampthe minimal field content is a
SU(2), doublet and a SU(Z)doublet in the bulk:

XtL XtR
th ¢tR 7 (25)
XbL XbR
Upr, (5

where the)’s are right handed 4D Weyl spinors, while this are left handed 4D Weyl spinors.
In order to get the correct spectrum, one needs to make satr¢hiln boundary conditions of
the L. and R fields are different, for example by imposifg, +) boundary conditions on the
Xtzpr, andiy gy fields, in order to obtain approximate zero modes, and caresety applying
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the opposité—, —) boundary conditions to the remaining fields. A Dirac mass

MpR (Xt ¥ir + XorUbr) (26)

can be added on the TeV brane. Due to the remaifiri(R) , gauge symmetry the same term
has to be added for top and bottom quarks. The necessatyngptietween top and bottom can
then be achieved by modifying the BC’s on the Planck branere/the SU(2) is broken: for
instance we can add a large brane induced kinetic term,fpf618].

Forc, ~ 0.5 (or larger) it is impossible to obtain a heavy enough top kuaass. The
reason is that fol/p R’ > 1 the light mode mass saturates at

2
2
mtop ~ R/z 10g % ’ (27)
which gives for this case,,, < V/2My,. Thus one needs to localize the top and the bottom
guarks closer to the TeV brane. However, even in this caseablsi Dirac mass term on the
TeV brane is needed to obtain a heavy enough top quark. Trseqaance of this mass term is
the boundary condition for the bottom quarks

xor = MpR' Xpr- (28)

This implies that ifA/p R’ ~ 1 then the left handed bottom quark has a sizable component als
living in an SU(2) r multiplet, which however has a coupling to thethat is different from the
SM value. Thus there will be a large deviation in thgb,.

A possible way out would be to increase the sdal&’: in this way a small\/, R’ should
be enough to reproduce the top mass without also inducigg laixings in the b sector [623,
628]. However, in the simple realization the scalé oF’ is related to thél” mass. A possibility
studied in Ref. [624] is to introduce twB’ scales, one related to th& mass and one to the
top mass: this is possible introducing two AdS spaces andhimgf them on the Planck brane.
However, in this scenario a strong coupling will necesgaiise in the top sector, thus affecting
the predictive power of the model in the top sector.

Another interesting possibility would be to realize thetodsal symmetry in a different
way. So far, we assumed that the right-handed componeris tdp and bottom form a doublet
of SU(2);z. An alternative would be to assume that theés a singlet, and the left-handed doublet
is part of a bidoublet of SU(2)xSU(2);z. In this way it is possible to write different SU(2)
invariant masses for the top and bottom on the TeV brane. Memthne new BC's will also give
rise to a lighter top, so that it is necessary to localize tbledimore closely to the TeV brane.

Another generic problem arising from the large value of ty@quark mass in models
with warped extra dimensions comes from the isospin viotetin the KK sector of the top and
the bottom quarks [472]. If the spectrum of the top and botkithmodes is not sufficiently
degenerate, the loop corrections involving these KK modekéT-parameter could be large.
However, the precise value of these corrections crucialyetids on how the third generation
is realized.

Finally, we should note that this tension in the top sectae#ly a consequence of the
extra dimensional setup. In the deconstructed model of. R@42] this problem can be eas-
ily solved modifying the couplings of fermions in differepoints of the lattice points. From
the extra dimensional point of view, this would correspoaoderms that are not 5D Lorentz
invariant.
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4. PHENOMENOLOGY AND COLLIDER SIGNATURE

Many different realizations of Higgsless models have beepgsed in the literature, differing
in the way fermions are introduced and if formulated in amagimensional framework or in
deconstruction or moose theories. Such models would ledifféoent experimental signatures.
However, the fundamental mechanism that leads to a deldwisdale where the strong cou-
pling breaks the electroweak symmetry is common to all cd¢hreodels. A model independent
prediction is the presence of massive vector bosons thatuwiiple with thel/ and Z and
contribute to the unitarization of the longitudinal modatsering via sum rules like the ones in
Egs. (1) and (2). Thus, it is possible to identify some sigrex at colliders that are typical of
Higgsless models, and can be used to probe and discrimmatgroposal with respect to other
models.

We will again concentrate on the extra dimensional reabmadf the Higgsless mech-
anism described above, but the featured pointed here caadily extended to all the other
proposals. In order to have an efficient unitarization, ngradarge enough scale of strong
coupling, we need the first resonances to be beloweV. Moreover, their couplings with the
SM W and Z have to obey the sum rules: generically the sum rules arsfigdtiwith a high
precision by the inclusion of only the first (few) resonand®sother common feature, required
by the smallness of oblique corrections, hearameter, is the smallness of the couplings with
the light SM fermions. This observation allows to simplihetphenomenology of the model:
indeed we can neglect the couplings with the light fermitimst are model dependent, and only
consider the couplings with the gauge bosons. A crucialiptied is again the sum rules: it
would be important to measure precisely enough the massesoaplings and check the sum
rules. A preliminary study in this direction has been perfed in Ref. [647]. The authors focus
on thelW — Z scattering, because it is easier to measure at hadronarsllidn this channel
similar sum rules apply:

gwwzz = Gywz + D Gz (29)
K
M4 M2 _ M2 2
(9wwzz — Givwz) (Miy + M3Z) + giyw M—2Z = ZgIQ/VZk: {3(Mlj:)2 - <2M—izw>](30)

This channel is more appealing because it predicts themres# charged resonances, and the
final state is more easily disentangled from the background.

In Figure 2 we show the number of events expected in a 300 fiHIC data sample,
as a function of théV 7 invariant massny z. The Higgsless model should be easily seen
via a narrow resonance. For comparison, they also studiedihitarization models, relying
on strong coupling at a TeV scale. The analysis in the papavsithat, assuming that the
production channel is only via gauge boson fusion, LHC dtléwhinosity should be able to
probe all the interesting mass scales for the resonances.

However, at LHC it will not be possible to measure the cougdiin order to check the
sum rules. A more sophisticated analysis should also ircthd couplings to the fermions:
indeed the Drell-Yan production mechanism should be mucheneffective. Moreover, the
decay channel of th&’ in dileptons should make very easy to discover such res@sanis
already stresses, such statements depend on the fermitamtas you can see from Figure 1,
the smallness of thg parameters highly constraints the parameter space. Thwe, $tick
with this minimal model, it should be possible to predict doeiplings with fermions, and thus
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Figure 2: The number of events per 100 GeV bin in2le 3/+ v channel at the LHC with an integrated luminosity
of 300 fb~! and cuts as indicated in the figure. The different histogremnsespond to the Higgsless model (blue)
with a resonance a00 GeV, and two "unitarization” models: Padé (red) and K-xafgreen). (From Ref. [647])

include this effect into the analysis. A combination in theasurements of the decay channels
into dileptons and gauge bosons may allow to measure thdingagven at LHC.
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Figure 3: Deviations in théV W Z (left) and WWW W (right) gauge couplings in the Higgsless model as a
function ofc and R. The red and blue lines are the regions preferred'laynd7’, as in Figure 1. The percentage
deviation (w.r.t. the SM values) are negative.

Another interesting prediction of Higgsless models is ttespnce of anomalous 4- and 3-
boson couplings. Indeed, in the SM the sum rules canceli@agettms growing with the fourth
power of the energy are already satisfied by gauge invarialmcerder to accommodate the
contribution of the new states, the couplings between SMygdwosons have to be corrected.
Assuming that the sum rules are satisfied by the first leveleasy to evaluate such deviations:

dgwwz 1 Miy 3
gwwz 2 M}, L gwwww 4 My?

5 M3
A Cawwww 3 My oA (31)
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wheregd v /gwwww ~ 1/4M3, /M2, + A in order to satisfy the second sum rule in Eq. 2.

In Figure 3 we plotted the deviations in theWW W and W W Z gauge couplings in
the Higgsless model described in these proceedings: tHenesdencircle the preferred region
by EWPTSs (as in Figure 1). As you can see, a deviation of ordet- 3 % is expected in the
trilinear gauge couplings. This deviation is close to thespnt experimental bound, coming by
measurements at LEP, and might be probed by LHC. A lineaideol{ILC) will surely be able
to measure such deviations: here we stress again that suiclioles are a solid predictions of
the Higgsless mechanism and are independent on the ddttibs specific Higgsless model we
are interested in.

5. CONCLUSIONS

The most radical alternative to the SM Higgs mechanism issarthwhere gauge symmetry
breaking takes place without a scalar particle. In this cdmescattering amplitude of longitu-
dinal modes is unitarized by the presence of a tower of massigtor bosons. Such mechanism
naturally arises in extra dimensional theories, where theyg symmetry breaking is induced
by the boundary conditions of gauge fields. The most reali$tsuch models is embedded in a
warped background, thus ensuring a splitting betweeithend Z masses and the masses of
the resonances. A custodial symmetry is necessary in tlkdrborder to protect the param-
eter from large tree level corrections. Flat zero mode fenmialso ensure the smallness of the
other oblique correction, and a quasi-decoupling with @s®nances. The latter property allows
for light resonances, light enough to unitarize the thegryab = 10 TeV and still allowed by
direct and indirect searches. The main challenge for maodi&drs is to consistently include
the third generation. The problem is a tension between & laqg quark and small corrections
to the coupling of the left-handed bottom with thieboson. Moreover, the weak isospin vio-
lation in this sector might induce unacceptably large o loontributions to the parameter.
We also mentioned some possibilities to overcome thesdezh

It is also possible to write a deconstructed version of Higgstheories: the main features
are the same as in the extra dimensional realization. The diférence being that the absence
of 5D Lorentz invariance allows to have a heavy enough top.

Notwithstanding some theoretical problems of these modieés Higgsless mechanism
leads to precise and model independent signatures. Ircplarti the gauge boson resonances
that enter the unitarization 8% and Z scattering would be detected at LHC. Moreover, devi-
ations in the tri-boson couplings are also required by the gules at a level near the present
bounds.
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Resonant vector boson scattering at high
mass at the LHC

G. Azuelos, P-A. Delsart and J.ddaga

Abstract
We examine, with full detector simuation, the reconstictof W 7
resonances in the Chiral Lagrangian Model and the Higgshestel.

1. INTRODUCTION

In the absence of a light Higgs boson, either from the StahNrdel (SM), from supersym-
metry (MSSM), or from a Little Higgs model, electroweak syetny breaking (EWSB) must
find its origin in some strongly interacting sector. Since @oldstone bosons (GB) breaking
the symmetry become the longitudinal components of theghogons, the study of longitudi-
nal vector bosonl(;,) scattering in the TeV region could reveal valuable infatiorg hopefully

in the form of new resonances which should then be discowaréte LHC. Previous ATLAS
studies with full simulation can be found in [648, 649]. Thte summarizes the main conclu-
sions from an analysis of WZ resonances with a more realistiicdetector simulation [650],
performed in the framework of the so-callBata-Challenge Zxercise of the ATLAS collabo-
ration.

Dynamical EWSB is realized in many models, among which (iJdeis of technicolor,
where a new QCD-like gauge interaction is introduced, alith chiral symmetry breaking
producing the required GB'’s; extended, multiscale, tolpcassisted models of technicolor are
required to give mass to the fermions, including the top kyuanhile avoiding FCNC effects
(for areview, see [533,651]); (ii) Little Higgs models [4534], where a light Higgs is present
as a pseudo-GB resulting from the breaking of some specdiuenisymmetries, (iii) higgsless
models [550], where EWSB results from boundary conditiansranes located in a warped
fifth space dimension, and (iv) string interactions. Moraeay&ally, a Chiral Lagrangian (ChL)
model [652—-654] of EWSB provides a low energy effective dgsion of electroweak interac-
tions. It is built as a covariant momentum (derivative) engdan of GB fields, respecting the
chiral symmetrySU(2), x SU(2)g.

Here, we consider a 1.15 TeV resonance resulting from a oh&eteof ChL parameters
and a 700 GeV resonance from the Higgsless model.

2. Signals and backgrounds

The chiral Lagrangian, in its expansion to fourth order, sists of one term of dimension 2
completely determined by the symmetry requirement and atberaction terms, of dimension
four, with arbitrary coefficients, serving as parametershef model (see the explicit form of
the Lagrangian, for example, in [654, 655]). Among the disien-four terms, five of them de-
scribe vector boson scattering, but only two of them, witbficientsa, andas, are important if

one assumes that custodial symmetry is conserved. The pgmam, andas, together with the

unitarization assumption, determine therefore the phemmogy of high energy longitudinal
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vector boson scattering, and can lead to the presence ar@bseresonances, as predicted by
specific models. The partial waves can be calculated anck sire effective Lagrangian is not
renormalizable, a unitarization procedure must be assuhtext, we adopt the Inverse Ampli-
tude Method (IAM), as described in [655]. It gives an exadlldescription of pion scattering
at low energies [656]. To generate Monte Carlo samples efdiginal, we have modified pro-
cess 73 of PYTHIA {V,, Z;, scattering), replacing the partial waves by those for velotson
scattering of the ChL model, as given in [260] and choosimgRade unitarization, equivalent
to the IAM. The parameters chosen were= 0.00875 andas = —0.00125, corresponding to
point P2 of ref [260], with a vector resonance of mas$150 GeV and width’ = 85 GeV.

The signal of the Higgsless model was generated with PYTHIging the QCD-like
model of process 73, taking as reference a resonance maéf @&V, as in [647,657]. SM
vector boson scattering background was added, chooesjng= 100 GeV in order to have a
negligible contribution from diagrams with Higgs exchangéhe normalization of the reso-
nance was obtained by calculating the cross section in s@neace region in a model where
s-channel exchange of an additiomd] Kaluza-Klein state of thél/, of mass 700 GeV, was
introduced and where the Higgs diagram was removed, asideddn [647].

Three cases were studied: ()l Z — qqjjtt, (ii) qgW Z — qqlvjj and (iii) gqgW Z —
qqlvil. We discuss here only cases (1) and (3), asttrend W + j backgrounds are very
important in the second case. In the ChL and Higgsless mdoelhe cases studied, the cross
sections forqWW Z production are respectively 91.2 fb and 180 fb.

The signals are characterized by the presence dittamdZ in the final state, but also of
two high energy jets in the forward and backward directiamgimating from the primary quarks
from which the gauge bosons have been radiated. The bacldgptherefore, are processes
with vector bosons and at least two jets. We have considbeeiliowing because of their high
cross-section.

e The main irreducible background is from SV Z processes originating from gluon
(QCD) or Z/~v (QED) exchange diagrams between quarks, withithend Z radiated
from the quarks. The gauge bosons are mostly transvefgeif this case, and emitted
less centrally than in the case BfV/, scattering. This background was generated with
MADGraph [166] with some loose cuts: the two jets must have> 15 GeV, pseudo-
rapidity || < 5, with separationA,(qq)| > 3, whereA, = /(A¢)? + (An), and the
invariant massn,, > 250 GeV. This leads to a cross section of 4.0 pbfe/+Z and
1.5 pb forggW~—Z.

e tt events withP,” > 500 GeV, generated with (MC@NLO). Although the transverse
momentum threshold is very high, the cross section is high ¢.13 pb). The number of
events used with full simulation, (18000), was therefomauifficient to assess with good
statistical accuracy the importance of this background.

e IV +4jets events. This background sample was produced WitGAN [176]. The cross-
section iss = 1200 pb and thus orders of magnitude above the signal.

All the events were fully simulated with Geant4 by the ATLA&Iaboration, using AT-
LAS Romeinitial detector layout (and using Athena version 9.0.4hey were digitized with
electronic noise but no-pileup. The events were recongdueith the default settings (Athena
10.0.4) but some extra jet collections were added (seewoipsection).
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3. ANALYSIS

Details of the analysis can be found in [650]. Here, we sunmadhe results, pointing out the
main lessons from this full detector simulation study. Thalgsis was performed within the
Athenaframework at the level of the Analysis Object Data (AOD). Aistlevel, the potential
physics objects (jets, muons, electrons,... ) are reaactsti and one can access their kinematic
information as well as some identification or quality ciicer

We chose a set of cuts according to the signal caracterdgi®sribed in the introduction
of the previous section :

1. identification and quality criteria . We impose an identification criterion (likelihood or
a combinedsEM variable) for the electrons. The leptonss(or ;'s) must have high
transverse momentum, 40 GeV and should be isolated, metn@hthere should be less
than~6 GeV of cumulated track energy in a 0.7 cone around theiktr@oce candidate
electrons or muons are chosen, jets, reconstructed byugaaigorithms, are accepted if
they do not overlap with an electron and if they have a trarsevenomentunp; > 15
GeV.

2. Forward jets. We require the presence off@ward jetswith opposite directions. We
consider a jet as a candidate forward jet if its transversmemium is greater than 15

GeV, energy greater than 200 GeV and if it satisfies one ofdh@ing conditions:
e Itis the jetj; with highest pseudorapidity)}, but is not also the jet with highest;.

° |77j| > 2.5

e The differencdn)| of this jet andj; is: An;;, >4 o _
This complex selection was chosen in order to define cemtalkg¢lative to forward jets
(rather than with absolutg cuts). Other algorithms for tagging the forward jets were
considered, but did not result in an overall improvement.

3. central jets Central jets expected from vector bosons are required teyaw 40 GeV.
They should lie, iy, between the two forward jets.

4. Vector boson mass We impose that the mass of the reconstructed W and/or Z be in a
+15 GeV window around the Standard Model value.

5. Central Jet Veto. We reject all events with any excess central jet (with> 40 GeV).

6. A¢ between vector boson®ue to the high mass of the resonance, it is produced almost
at rest and the vector bosons are essentially back-to-Méeknpose, therefore, that they
be well separated azimuthallyx¢y,, > 1.0.

7. Resonance mass To evaluate the efficiencies of the selection criteria, m@ased a
window cut of £150 GeV (100 GeV for Higgsless case of a resonance at 700 GeV)
around the reconstructed mass. The significance of thelsggteen estimated from the
number of signal$) and backgroundZ) events ass//B

One important characterisitic of the signal, for cases 1&nd that the two central jets from
the energetic vector boson decays are highly boosted. Téey & small opening angle and
are often reconstructed as a single jet. To study this effedtaccount for it, we added to
standard reconstruction various sets of jets with differadius size. In general, if only one jet
was found, with mass close to the vector boson mass, we eghjthiat it be composed of two
subjets, when the cone radius was reduced to 0.2. Detailsecéyund in [650].

Preliminary results are shown in Fig 1 for the two signalssidered. In both cases, a
strong signal is seen, although the shape of the backgrouste well understood, especially
for the Higgsless resonance.
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Figure 1: Reconstructed resonances and backgrounds f&hthenodel, 1.2 TeV (left) and for the Higgsless
model, 700 GeV (right), in the 2-lepton channel. Althoughtamor W ; background remains, they cannot be
statistically excluded.

3.1 qgWZ — qqlvid

This channel is relatively clean, because of the presentere¢ leptons, but it is suppressed
by the branching ratios. We will therefore consider a sigoahn integrated luminosity of 300
fb~—1, for an integrated luminosity of 100 b.

We apply similar cuts to the case above, with the differehaewe require the presence of
3 leptons withpy > 40 GeV, as well as transverse momentunp9f> 40 GeV. The transverse
momentum of the neutrino is assumed to be the meagyredd the longitudinal momentum is
constrained by requiring that,, = my . We also require that two opposite sign, same flavour
leptons have the mass of tiewithin 15 GeV. With these cuts, no events remain fragnand
other backgrounds (except the irreducible SV Z background), although the statistics are
insufficient to claim that they are completely eliminateid- 2 shows preliminary results for
the ChL and Higgsless models studied here.

4. CONCLUSION

The reconstruction of high ma$g Z resonances arising from a Chiral Lagrangian model and
from a Higgsless model have been studied using full detsotaulation. Although insufficient
statistics were available for background estimation,imielary results show that, with appro-
priate cuts, and depending on the parameters of the modgi#jcant signals can be obtained
within 1-3 years of data taking at the LHC at nominal lumitp$corresponding to 100-300
fb=1).
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Figure 2: Reconstructed resonances and backgrounds f&hthenodel, 1.2 TeV (left) and for the Higgsless
model, 700 GeV (right), in the 3-lepton channel, for an inéégd luminosity of 300 fb'.Although nott nor W
background remains, they cannot be statistically excluded
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