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SYNOPSIS

D uring thisW orkshop, the H iggs w orking group has addressed the progpects for searches
for H iggs particles at future TeV colliders [the Tevatron Runll, the LHC and a future high{
energy € e lhnear collider] in the context of the Standard M odel (SM ) and its supersym —
m etric extensions such as the M inim al Supersym m etric Standard M odel (M SSM ).

In the past two decades, the m ain focus in H iggs physics at these colliders was on the
assesan ent of the discovery ofH iggs particles in the sim plest experin entaldetection channels.
A form dable e ort hasbeen devoted to address this key issue, and there isnow little doubt
that a H ggs particle in both the SM and theM SSM cannot escape detection at the LHC or
at the planed TeV lneare' e colliders.

O nce H iggs particles w ill be found, the next in portant step and challenge woul be to
m ake a detailed investigation of their fundam ental properties and to establish in all its facets
the electroweak sym m etry breaking m echanisn . To undertake this task, m ore sophisticated
analyses are needed since for instance, one has to include the higher{order corrections [which
are know n to be rather lJarge at hadron colliders in particular] to them ain detection channels
to perform precision m easuram ents and to consider m ore com plex H iggs production and
decay m echanism s [for instance the production of H iggs bosons w ith other particles, leading
tomulti{body nalstates]to pin down som e of the H iggs properties such as the self{ coupling
or the coupling to heavy states.

W e have addressed these issues at the Les Houches W orkshop and initiated a few theo—
retical/experim ental analyses dealing w ith the m easurem ent of H iggs boson properties and
higher order corrections and processes. T his report sum m arizes our work.

The rst part of this report deals w ith the m easurem ents at the LHC of the SM H ggs
boson couplings to the gauge bosons and heavy quarks. In part 2, the production of the SM
and M SSM neutral H iggs bosons at hadron colliders, including the next{to{leading order
QCD radiative corrections, is discussed. In part 3, the signatures of heavy charged H iggs
particles In the M SSM are analyzed at the LHC . In part 4, the e ects of light top squarks
w ith Jarge m ixing on the search of the lightest M SSM H iggs boson is analyzed at the LHC .
In part 5, the double H iggs production is studied at hadron and €" e colliders In order to
m easure the trilinear H iggs couplings and to reconstruct the scalar potential of the M SSM .
Finally, part 6 sum m arizes the work perform ed on the program s and tools which allow the
determ ination of the H iggs boson decay m odes and production cross sections at various
colliders.
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W e thank the organizers of thisW orkshop, and in particular \Jle G rand O rdonateur" Patrick
Aurenche, for thewam , friendly and very stin ulating atm osphere of them esting. W e thank
also our colleagues oftheQ CD and SU SY working groups for the nice and stin ulating, strong
and super, Interactions that we had. T hanks also go to the \personnel" of the Les H ouches
school for allow ing us to do physics late at night and for providing us w ith a hospitable
environm ent form any hot or relaxed discussions.



M easuring H iggs boson couplings at the LHC

D . Zeppenfeld, R .K innunen, A .N ikitenko and E.R ichter{W as

A bstract

For an interm ediate m ass H iggs boson with SM —like couplings the LHC allow s
observation ofa variety ofdecay channels in production by ghion fiision and weak boson
fusion. C ross section ratios provide m easurem ents of various ratios of H iggs couplings,
w ith accuracies of order 15% for 100 fb ! of data in each of the two LHC experin ents.
For H iggs m asses above 120 G &V , m Inin al assum ptions on the H iggs sector allow for
an Indirect m easurem ent of the totalH iggs boson w idth w ith an accuracy of10 to 20% ,
and oftheH ! W W partialwidth with an accuracy of about 10% .

1 Introduction

Tnvestigation of the sym m etry breaking m echanian of the electroweak SU (2) U (1) gauge
symm etry will be one of the prin e tasks of the LHC . C orrespondingly, m a pr e orts have
been concentrated on devising m ethods for H iggs boson discovery, for the entire m ass range
allowed within the Standard M odel (SM ) (100 GeV < my < 1 TeV, after LEP2), and for
H iggs boson search in extensions of the SM , lke itsm inim al supersym m etric extension the
M SsM [,H]. W hile observation of one orm ore H iggs scalar(s) at the LHC appears assured,
discovery w ill be followed by a m ore dem anding task: the system atic investigation of H iggs
boson properties. Beyond obsarvation of the various CP even and CP odd scalars which
nature m ay have in store for us, thism eans the determ ination of the couplings of the H iggs
boson to the known ferm ions and gauge bosons, ie. them easurem ent of H t&, H o, H and
HWW ,HZZ,H couplings, to the extent possible.

C learly this task very much depends on the expected H iggs boson mass. Formyg >
200G eV and within the SM ,only theH ! ZZ andH ! W W channels are expected to be
observable, and the two gauge boson m odes are related by SU (2). Above m y 250 Gev,
w here detector e ects will no longer dom inate the m ass resolution of theH ! 7272 ! 47
resonance, additional informm ation is expected from a direct m easurem ent of the totalH iggs
boson width, x .A much richer spectrum of decay m odes is predicted for the interm ediate
m ass range, ie. ifa SM -lke H iggsboson hasam assbetween the reach of LEP2 ( < 110G &V)
and the Z pair threshold. Them ain reasons for focusing on this range are present indications
from electroweak precision data, which favormy < 250 G&V E], as well as expectations
w ithin theM SSM ,w hich predicts the Iightest H iggsboson to haveamassm, < 130G eV [4].

U ntil recently, the prospects of detailed and m odel independent coupling m easurem ents
at the LHC were considered som ewhat rem ote [J], because few prom ising search channels
were know n to be accessible, forany given H ggsboson m ass. Taking AT LA S search scenarios
as an exam ple, these were (1]

gg! H ! ; for my < 150G €V ; (1)
gg! H ! zz ! 4‘; for myg > 130GeV ; (2)



and
gg! B! ww ! “* ; for myg > 150G €V ; (3)

w ith the possibility of obtaining som e additional inform ation from processes lkeW H and/or
tH associated production with subsequent H ! Idoand H ! decay for H iggs boson
m asses near 100 G €V . T hroughout this contrdbution, \gg ! H " stands for inclusive H iggs
production, w hich is dom inated by the ghion fusion process for a SM -lke H iggs boson.

T his relatively pessin istic outlook is changing considerably now , due to the dem onstra—
tion that weak boson fiision is a prom ising H iggs production channel also in the intem e-
diate m ass range. Previously, this channel had only been explored for H iggs m asses above
300 G &V . Speci cally, it was recently shown in parton level analyses that the weak boson
fusion channels, w ith subsequent H iggs decay Into photon pairs [{§,[]],

aq! goH ;H ! ; for my < 150GeV ; (4)
nto * paisfl,8,8)
ag! ggH ;H ! ; for my < 140G €&V ; (5)
or nto W pairs [],[Lq]
a@! gH;H ! ww ') e g ; or my > 120GV ; (6)

can be isolated at the LHC . Prelim inary analyses, which try to extend these parton level
results to full detector sinulations, ook prom ising [[J]. The weak boson fusion channels
utilize the signi cant background reductions which are expected from doubl forward Ft
tagging [14,[13,[14]1and central ft vetoing techniques [L3,[14], and prom ise Jow background
environm ents in which H iggs decays can be studied in detail. T he parton level results predict
highly signi cant signals w ith (substantially) less than 100 fbo 1.

T he prospect of ocbsarving several H iggs production and decay channels, over the entire
interm ediate m ass range, suggests a reanalysis of coupling determ inations at the LHC [{1.
T his contrdbution attem ptsa rst such analysis, for the case w here the branching fractions of
an Intem ediatem ass H iggs resonance are fairly sin ilar to the SM case, ie. weanalzea SM —
like H iggs boson onlky. W e m ake use of the previously published analyses for the inclusive
H iggs production channels I, f]] and of the weak boson fusion channels [, [i, 8, 8, [[].
T he form er were obtained by the experin ental collaborations and include detailed detector
sim ulations. T he latter are based on parton level results, which em ploy ullQCD tree level
m atrix elem ents for all signaland background processes. W e w ill not discuss here di erences
In the perform ance expected forthe ATLA S and CM S detectors nordetails in the theoretical
assum ptions which Jlead to di erent estim ates for expected signal and background rates.
T he reader is referred to the original publications from which numbers are extracted. In
Section [ we sum m arize expectations for the various channels, including expected accuracies
for cross section m easurem ent of the various signals for an integrated lum inosity of 100 fbo *.
Im plications for the determ ination of coupling ratios and the m easurem ent of H iggs boson
(partial) decay w idths are then obtained in Section . A nalsumm ary is given in Section H.



2 Survey of interm ediate m ass H iggs channels

T he various H iggs channels listed in Egs. {{{§) and their observability at the LHC have all
been discussed in the literature. W here available, we give values as presently quoted by the
experin ental collaborations. In order to com pare the accuracy w ith which the cross sections
of di erent H iggs production and decay channels can be m easured, we need to unify these
results. For exam ple, K “factors of unity are assum ed throughout. O ur goal in this section
is to obtain reasonable estin ates for the relative errors, i= u ,wWhich are expected after
collecting 100 fo ! in each the ATLAS and theCM S detector, ie. we estin ate results after
a totalof 200 b ' of data have been collected at the LHC . P resum ably these data willbe
taken with am ix of both low and high lum inosity running.

Table 1: Number of expected events for the nclusive SM H ! signal and expected
backgrounds, assum g an integrated um inosity of 100 o * and high lum inosity perfor-
m ance. Num bers correspond to optin al Invariant m ass windows for CM S and ATLAS.
T he expected relative statistical errors on the signal cross section are given for the individual
experim ents and are com bined in the last line.

m g 100 110 120 130 140 150
cM s [7,[9] N g 865 1038 1046 986 816 557
N g 29120 22260 16690 12410 9430 7790

s=g | 200% 147% 127% 11.7% 124% 164%

ATLAS ] N g 1045 1207 1283 1186 973 652

Ng 56450 47300 39400 33700 28250 23350

E=1n | 229% 182% 157% 15.7% 176% 23.8%

C om bined s=g | 151% 114% 99% 94% 101% 135%

W e nd that the m easuram ents are largely dom inated by statistical errors. For all chan—

nels, event rates w ith 200 b ' ofdata willbe large enough to use the G aussian approxin a—
tion for statistical errors. T he experin ents m easure the signal cross section by separately
determm Ining the com bined signal + background rate, Ng, s , and the expected num ber of
background events, W 1. T he signal cross section is then given by

Ngyg Mpi Nsg
Ldt Ldt
where denotese ciency factors. T hus the statistical error is given by
p P
Ho_ Ng,p _ Ng + Njp . 8)
H Ns N ’

where In the last step we have dropped the distinction between the expected and the ac—
tual num ber of background events. System atic rs on the background rate are added in
quadrature to the background statistical ervor,” Ny , where appropriate.



Wellbelow theH ! W W threshod, the search for H ! events is arguably the
cleanest channel for H iggs discovery. LHC detectors have been designed for excellent two-—
photon invariant m ass resolution, with this H iggs signal in m ind. W e directly take the
expected signal and badkground rates for the inclusive H ! search from the detailed
studies of the CM S and ATLAS collaborations [}, [[§, []], whith were perform ed for an
integrated um inosity of 100 o * i each detector. Expectations are sum m arized in Tablefl].
R ates correspond to not including a K -factor for the expected signal and background cross
sectionsin CM S and ATLAS. Cross sections have been determ ined with the sst MRS (R1)
of parton distribution functions (pdf’s) for CM S, while AT LA S num bers are based on the
et CTEQ 2L of pdf's.

The inclusive H ! signal w i1l be obsarved as a narrow Invariant m ass peak on
top of a am ooth background distribution. T hism eans that the background can be directly
m easured from the very high statistics background distribution in the sidebands. W e expect
any system atic errors on the extraction of the signal event rate to be negliglble com pared to
the statistical errors which are given in the Jast row of Tablefl]. W ith 100 fo ' of data per
experment (gg! H) B (#H ! ) can be determ fned w ith a relative error of 10 to 15%
for H iggs m asses between 100 and 150 G €V . Here we do not Include additional system atic
errors, eg. from the lum inosity uncertainty or from higher order Q CD corrections, because
we willm ainly consider cross section ratios In the nalanalysis in the next Section. These
system atic errors largely cancel in the cross section ratios. System atic errors comm on to
several channels w ill be considered later, w here appropriate.

A Higgs search channel w ith a much better signal to background ratio, at the price of
low er statistics, however, is avaibble via the lnclusive search forH ! 7272 ! 47 events.
E xpected event num bers for 100 fo ' in both ATLAS fl]and CM S [[]are listed in Tabk .
T hese num bers were derived using CTEQ 2L pdf’s and are corrected to contain no QCD
K factor. For those Higgs masses where no ATLAS or CM S prediction is available, we
interpolate/extrapolate the results for the nearest H iggsm ass, taking theexpected H | Z Z
branching ratios Into account for the signal. Sin ilar to the case of H ! events, the signal
is seen as a narrow peak in the four-lepton invariant m ass distrioution, ie. the background
can be extracted directly from the signal sidebands. The combined relative error on the
measurement of (gg ! H) B (@#H ! 27) islisted in the last Iine of Tablke []. For H ggs
m asses In the 130{150 G €V range, and above Z -pair threshold, a 10% statistical error on
the cross section m easurem ent is possible. In the Interm ediate range, where H | W W
dom inates, and for lower H iggs m asses, where the H iggs is expected to dom inantly decay
Into b, the error increases substantially.

Above m g 135GeV,H ! W W' ) becomes the dom inant SM H iggs decay channel.
The resulting inclusve W W ! “* “  signal is visible above backgrounds, after exploiting
the characteristic Jepton angular correlations for spin zero decay into W pairs near thresh-
od BQl. The inclusive channel, which isdom nated by gg ! H ! W W ,hasbeen analyzed
by ATLAS form g 150 G &V and for integrated lum inosities of 30 and 100 fio ' f]and
by CM S form g 120 GeV and 30 { ' [20). The expected event numbers for 30 b Lare
listed in Tabl[§. The numbers are derived w ithout QCD K —factors and use CTEQ 2L for
ATLAS and MRS(A ) pdf’s forCM S results.



Table 2: Num ber of expected events for the nclusve SM H ! zZ ! “*/ “*‘ signaland
expected backgrounds, assum ing an integrated um inosity of 100 b ' and high Iim nosity
perform ance. N um bers corregoond to optin al four-epton invariant m ass w indow s forCM S
and ATLAS and to the combined total. Rates in parentheses correspond to num bers in—
terpolated, according to H ! Z7Z branching ratios for the signal. T he expected relative
statistical errors on the signal cross section are given for each experim ent and are com bined
n the last line.

my 120 130 140 150 160 170 180
CM S 9] Ng 192 553 (99) 1314 (48) 294  (76.5)

Ng 129 171 (20) 22.5 (26) 275 (27)

a=n | 295% 154% 110% 94% 179% 25.7% 133%
ATLAS ] Ng 103 28.7 (51) 676 (31) 191 49.7

Ny 444 7.76 (8) 8.92 (8) 8.87 8.81

a=gn | 373% 210% 151% 129% 201% 27.7% 154%
Com bined a=gn | 231% 124% 89% 76% 134% 188% 10.1%

Unlke the two previous m odes, the two m issing neutrinos in the H ! W W events do

not allow for a reconstruction of the narrow H iggsm ass peak. Since the H iggs signal isonly
Seen as a broad enhancem ent of the expected background rate in lepton-neutrino transverse
m ass distrdbutions, w ith sin ilar shapes of signaland background after application ofall cuts,
a precise determ nation of the background rate from the data is not possible. R ather one
has to rely on background m easuram ents in phase space regions where the signal is weak,
and extrapolation to the search region using NLO QCD predictions. T he precise error on
this extrapolation is unknown at present, the assum ption of a 5% systam atic background
uncertainty appears optin istic but attainable. It tums out that with 30 fo * already, the
system atic error starts to dom inate, because the background exceeds the signal rate by fac—
tors of up to 5, depending on the H iggs m ass. Running at high lum inosity m akes m atters
worse, because the Jess e cient reduction of tt backgrounds, due to less stringent b—gt veto
criteria, Increases the background rate further. Because of this problem we only present
results for 30 b ' of low lum inosity running in Tablk[3. Since neither of the LHC collabo-
rations has presented predictions for the entire H iggsm ass range, we take CM S sin ulations
below 2359 GeV and ATLA S resultsat 190 G €V ,butdivide the resultant statistical errors by a
factor 2, to take account of the presence of two experin ents. Between 150 and 180 G &V we
com bine both experin ents, assum Ing 100% correlation in the system atic 5% nomm alization
error of the badkground.

T he previous analyses are geared tow ardsm easurem ent of the inclusive H iggs production
cross section, which is is dom inated by the glion fusion process. 15 to 20% of the signal
sam ple, however, is expected to arise from weak boson fusion, gg ! ggH or corresponding
antiquark initiated processes. T he weak boson fusion com ponent can be isolated by m aking



Tabl 3: Num ber of expected events for the inclusive SM H ! Ww ! “* * signaland
expected backgrounds, assum ing an integrated lum nosity of 30 fb . N um bers correspond to
optin ized cuts, varying w ith the m ass of the H iggs boson being searched for. T he expected
relative errors on the signal cross section are given for each experim ent, separating the
statistical error, the e ect of a systam atic 5% error of the background level, and the two
added in quadrature. T he com bined error for the tw o experin ents assum es 100% correlation
of the systam atic errors on the background determ ination.

mpy 120 130 140 150 160 170 180 190
CM s Ng 44 106 279 330 468 371 545
[@] Npg 272 440 825 732 360 360 1653

g = g (stat.) 404% 220% 1159% 9.9% 6.1% 7.3% 8.6%
=g (syst.) | 309% 208% 148% 11.1% 3.8% 4 9% 152%
g=g (comb.) | 509% 303% 190% 14.9% 73% 8.8% 174% 206%

ATLAS Ng 240 400 337 276 124
i Ng 844 656 484 529 301
5= g (stat. 13.7%  81% 85% 103% 166%

5= (syst.) 176% 82%  72%  96% 121%

=g (comb.) | 509% 303% 190% 223% 115% 11.1% 141% 206%

Com =g (comb.) | 421% 260% 170% 148% 70% 80% 136% 169%

use of the two forw ard tagging ftsw hich are present In these events and by vetoing additional
central £ts, w hich areunlikely to arise in the color singlet signalprocess [[3]. A m oredetailed
discussion of these processes can be found In Ref. []] from which most of the follow ing
num bers are taken.

Thegg! ggH ; H ! process was rst analyzed in Ref. [§], where cross sections for
signal and background were obtained w ith filllQ CD tree levelm atrix elem ents. T he parton
level M onte Carlo determ ines all geom etrical acceptance corrections. A dditional detector
e ects were included by an earing parton and photon 4-m om enta w ith expected detector
resolutions and by assum ing trigger, identi cation and reconstruction e ciencies of 0.86 for
each of the two tagging gtsand 0.8 for each photon. R esulting cross sections w ere presented
jnRef.[ﬂ]ﬁJra xed Invariant m ass w indow of totalwidth m = 2Ge&V.W e correct
these num bers form y dependent m ass resolutions in the experiments. W e take 14 m ass
window s, asgiven in Ref. fI]forhigh um inosity running, which are expected to contain 79%
of the signal events or ATLAS.The 2G eV window formy = 100GeV atCM S [I7,[19]4s
assum ed to scale up lke the ATLA S resolution and assum ed to contain 70% of the H iggs
signal. The expected total signal and background rates for 100 fo ' and resulting relative
errors for the extraction of the signalcross section aregiven in Table[d. Statisticalerrorsonly
are considered for the background subtraction, since the background level can be m easured
Independently by considering the sidebands to the H iggs boson peak.

T he next weak boson fiision channel to be considered isggq ! ogH ; H ! . Again,
this channel has been analyzed at the parton level, ncluding som e estin ates of detector
e ects, as discussed for the H ! case. Here, a Jepton dentdi cation e ciency of 0.95
is assum ed for each lepton “ = e; . Two -decay modes have been considered so far:



Table 4: Number of expected jj events from thegg ! goH; H ! weak boson
fusion signal and expected backgrounds, assum ing an integrated lum inosity of 100 fb L

N um bers correspond to optim al nvariant mass windows for CM S and ATLA S and to
the com bined total, as profcted from the parton levelanalysis ofRefs. [, []]. T he expected

relative statistical errors on the signal cross section are given for each experin ent and are

com bined in the last lne.

my 100 110 120 130 140 150
profcted CM S Ng 37 48 56 56 48 33
perform ance Ny 33 32 31 30 28 25
a=gn | 226% 186% 16.7% 16.6% 182% 231%
propcted ATLAS N g 42 54 63 63 54 37
perform ance Ny 61 60 56 54 51 46
a=gn | 242% 198% 173% 172% 190% 24.6%
com bined a=g | 165% 136% 120% 119% 131% 16.3%
Table 5: Number of expected signal and background events for the gg ! ogH ! 33
channel, for 100 o ! and two detectors. Cross sections are added for ' “h pr and
! e pr eventsasgiven n Refs. {],[]. The last line gives the expected statistical

relative ervroron theqgg ! ogH ; H ! cross section.
my 100 110 120 130 140 150
N g 211 197 169 128 79 38
Ng 305 127 51 32 27 24
a=1g | 108% 91% 88% 99% 130% 20.7%
H ! ' “h pr [@land H ! ' e pr [9]. These analyses were perform ed ©or low

Jum inosity running. Som e deterioration at high lum inosity is expected, as in the analogous
H=A ! channel in the M SSM search [[L]. At high lum inosity, pileup e ects degrade
the pr resolution signi cantly, which results In a worse Invariant m ass resolution. At
a less signi cant level, a higher pr threshold for the m nigt veto technigue will increase
the QCD and tt backgrounds. The —denti cation e ciency is sim ilar at high and low
Jum inosity. W e expect that the reduced perform ance at high lum inosity can be com pensated
for by considering the additional channels H ! ! &e er; Br. Z+ Fts and
Z 7 + ptsbackgrounds (with 2 Z ! ) are strongly suppressed by refcting sam e avor
Jepton pairs which are com patible with Z decays (m .« = my, 6 GeV ).DrellYan plus gts
badckgrounds are further reduced by requiring signi cant g . Since these analyses have not
yet been perform ed, we use the predicted cross sections for only those two channels which
have already been discussed in the literature and scale event rates to a com bined 200 fo !
ofdata. Results are given in Tablefj.

4+ 4
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Table 6: Number of events expected orgg ! ogH; H ! Ww ¢ ! e gr in 200 o ?
of data, and corresponding backgrounds [[J]. T he expected relative statistical error on the
signal cross section is given in the last line.

my 120 130 140 150 160 170 180 190
Ng 136 332 592 908 1460 1436 1172 832
Ny 136 160 188 216 240 288 300 324

a=g | 121% 6% 4.% 3.

o\

28% 29% 33% 4.1%

T he previous two weak boson channels allow reconstruction of the H iggs resonance as
an Invariant mass peak. Thisisnot thecase forH ! WwW ! “* “  asdiscussed previ-
ously for the inclusive search. T he weak boson fusion channel can be isolated separately by
em ploying forward gt tagging and color singlet exchange isolation techniques in addition to
tools like charged lepton angular correlations which are used for the inclusive channel. The
corresponding parton level analysis orgqg ! ogH ,H ! ww ¢ ! e pr hasbeen per-
form ed 1 Ref. [LJ]and we here scale the results to a total integrated um inosity of 200 b L
which takes into account the availbility of two detectors. A s for the tau case, the analysis
was done for low Ium inosity running conditions and som ew hat higher backgrounds are ex—
pected at high um fnosity. On theotherhand theWw W ¢ 7! * prandW W ¢ '! e'e g
m odes should roughly double the available statistics since very few signal events have lepton
pair invariant m asses com patible with 2 ! “‘ decays. T herefore our estin ates are actually
conservative. N ote that the expected background for this weak boson fusion process ism uch
an aller than for the corresponding inclisive m easurem ent. A s a result m odest system atic
uncertainties w ill not degrade the accuracy with which (! ggH) B®H ! W W ) can
bemeasured. A 10% systam atic error on the background, double the error assum ed In the
Inclusive case, would degrade the statistical accuracy by, typically, a factor 1.2 or less. A s
a result, we expect that a very precisemeasurementof (gg! ggH) B@H ! W W )) can
be perform ed at the LHC , w ith a statistical accuracy of order 5% or even better in them ass
rangem y 140 GeV .Even formy as low as 120 G&V a 12% m easuram ent is expected.

3 M easurem ent of H iggs properties

Onewould lke to translate the cross section m easurem ents of the various H iggs production
and decay channels into m easurem ents of H iggs boson properties, in particular into m easure-
m ents of the various H iggs boson couplings to gauge elds and ferm ions. T his translation
requires know ledge of NLO QCD corrections to production cross sections, inform ation on
the total H iggs decay w idth and a com bination of the m easurem ents discussed previously.
The task here isto nd a strategy for com bining the anticipated LHC data w ithout undue
Joss of precision due to theoretical uncertainties and system atic errors.

For our further discussion it is convenient to rew rite all H iggs boson couplings in tem s
of partialw dths of various H iggs boson decay channels. T he H iggs-ferm ion couplings gy £+
for exam ple, which in the SM are given by the ferm ion masses, gy rr = m s (Mg )=v, can be
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traded for the H ! ff partialw dths,

my : )

Here ¢ is the color factor (1 for leptons, 3 for quarks). Sin ilarly the square of the HW W
couplng (Quww = gmy In the SM ) or the H ZZ coupling is proportional to the partial

widths w = H ! WW )or ;= (H ! 27 ) [Pl Analgously we trade the sjuares
of the e ective H and H gg couplings for = (H ! Jand 4= (H ! gg).Note
that the H gg coupling is essentially proportional to gy «, the H iggs boson coupling to the
top quark.

T he H iggs production cross sections are govemed by the sam e squares of couplings. T his
allows to write eg. thegg ! H production cross section as [29]

2 Z 1 dx
(9g! H)= H ! gg)—s —qg(xmj )g(—my ) ; (10)
8m 3 X X
where = mﬁ =s. Sinibrly the gg ! ogH cross sections via W W and ZZ fusion are

proportionalto (H ! WW )and (H ! Z27Z ), repectively. In the narrow width ap-—
proxin ation, which is appropriate for the interm ediate H iggs m ass range considered here,
these production cross sections need to be multiplied by the branching fractions for nal
state j,B(H ! Jj)= 4= ,where denotes the totalH iggs wdth. Thism eans that the
various cross section m easurem ents discussed in the previous Section provide m easurem ents
of various com binations ; 5= .

T he production cross sections are subfct to QCD corrections, which introduces theo—
retical uncertainties. W hile the K <factor for the gluon fusion process is arge B3], which
suggests a sizable theoretical uncertainty on the production cross section, the NLO correc—
tions to the weak boson fusion cross section are essentially identical to the ones encountered
in deep inelastic scattering and are quite snall [P4]. Thus we can assign a sm all theoretical
uncertainty to the latter, of order 5% , while we shall use a larger theoretical error for the
gluon fusion process, of order 20% [23]. T he problem forweak boson fiusion is that it consists
ofamixtureofZZz ! H and W W ! H events, and we cannot distinguish between the
wo experim entally. In a large class of m odels the ratio of HW W and H Z Z couplings is
dentical to the one In the SM , however, and this lncludes the M SSM . W e therefore m ake
the follow Ing W ;Z ~universality assum ption:

TheH ! Z2ZandH ! WW partialwidths are related by SU (2) as in the SM , ie.
their ratio, z, is given by the SM value,

z =2 w = ZsMm 0w - (11)
N ote that this assum ption can be tested, at the 1520% levelformy > 130 G &€V, by form ing

theratiboB (gg! H ! 22 )=B (gg! H ! WW ),in whith QCD uncertainties cancel
(see Table[]).
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W ith W ;2 universality, the three weak boson fiision cross sections give us direct m ea—
surem ents of three com binations of (partial) w dths,

X = from ! ogH ; H ! ; (12)

X = from agg! ogH ; H ! ; (13)
2

Xy = —& from ! gH;H ! ww ', (14)

w ith com m on theoretical systam atic errors of 5% . Tn addition the three gluon fusion channels
provide m easurem ents of

Y = from gg! H ! ; (15)
Yy, = 2% from gg! H ! z2'); (16)
Yy = 202 from gg! H ! ww'’; (17)

w ith comm on theoretical system atic errors of 20% .

The 1rst precision test of the H iggs sector is provided by taking ratios of the X ;’s and
ratios of the Y;’s. In these ratios the Q CD uncertainties, and all other uncertainties related
to the initial state, like um inosity and pdf errors, cancel. Beyond testing W ;7 -universality,
these ratios provide useful inform ation forH iggsm asses between 100 and 150G &V and 120 to
150 G &V , respectively, w herem ore than one channel can be obsarved in the weak boson fusion
and gluon fuision groups. T ypical errors on these cross section ratios are expected to be in
the 15 to 20% range (see Tablk[]). A ccepting an additional system atic error of about 20% , a
m easuram ent of theratio 4= y ,which determ nestheH tttoHW W coupling ratio, can be
perform ed, by m easuring the cross section ratiosB (gg ! H ! = (! gogH B (H !

)and B (gg! H ! WW )= (! ggH )BH ! WW ). Expected accuracies are
listed In Table[]. In these estin ates the systam atics com ing from understanding detector
acoeptance is not included.

Beyond the m easurem ent of coupling ratios, m inin al additional assum ptions allow an
Indirect m easurem ent of the total H iggs width. First of all, the partial width, properly
nom alized, is m easurable with an accuracy of order 10% . The is a third generation
ferm ion with isospin %, Jjast like the bguark. In all extensions of the SM w ith a com m on
source of kepton and quark m asses, even if generational symm etry is broken, the ratio of b
to  Yukawa couplings is given by the fermm ion m ass ratio. W e thus assum e, in addition to
W ;Z universality, that

Theratio of bto  couplings of the H iggs is given by theirm ass ratio, ie.

2 2
9 mpmeg )
y= —= 3CQCDngb = 3Gco meH ; (18)

H

where g cp is the known QCD and phase space correction factor.
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Table 7: Summ ary of the accuracy w ith which various ratios of partialw dths can be deter-
m ined with 200 fb ! ofdata. The rst two colum ns give the ratio considered and indicate
the method by which it is measured. Y, =Yy , for exam ple, indicates a m easurem ent of
BH ! 22 )= BH ! WW ) in gluon fusion, while X ; ratios correspond to weak boson
fusion (see text fordetails). T he statistical com bination of several channels for a given w idth
ratio is indicated by . 5% and 20% theoretical uncertainties for weak boson and gluon fui-
sion cross sections a ect the m ixed ghion/weak boson fiision ratios only, which are nesded
forameasurement of 4= y . Thee ect of this system atic error is indicated In the last Ine.

my 100 110 120 130 140 150 160 170 180
z= 7=y | Y=Yy 48 29% 19% 17% 15% 20% 17%
Y, X [ [ [ [
Y Xg 30% 21%  19% 23%
Y Y, X [ o [ [ o [ [
ﬁ Y—ZXW 29% 19% 15% 14% 15% 20% 17%
Y X o o [) [o)
= w Y X 16% 12% 11% 13%
=W - 15 12%  14%  21%
= 2 205 16% 15% 16% 18% 27%
g= W g— ;{L 22% 18% 15% 13% 12% 13% 8% 9% 14%
W
;— ;LW 21% | 30% 27% 25% 24% 24% 24% 22% 22% 25%

The totalH iggs w dth is dom inated by decays tddo, W W ,Z27Z ,99 and ,le. the
branching ratio for unexpected channels is an all:

=1 BMH ! )+ BH ! )+ BHE ! Ww' )+

BH ! zz'hY+BH ! gg)+BH ! ) 1: (19)

N ote that, In the H iggsm ass range of interest, these two assum ptions are satis ed for both
CP even H iggsbosons in m ost ofthe M SSM param eter space. The st assum ption holds in
theM SSM at tree level, but can be violated by large squark loop contributions, in particular
forsmallm , and largetan [23,[26 1. T he second assum ption m ight be violated, for exam ple,
iftheH ! ocpartialwidth isexceptionally large. H ow ever, a large up-type Y ukaw a coupling
would be noticeable in the 4= y coupling ratio, which m easures the H tt coupling.

W ith these assum ptions consider the observable

wo= X (1+y)+ Xy I+ 2)+ X + Xy
= et ow et gt g —— =1 )y (20)
where X'y = 4 y = 1is determ ined by combining Yy and the product ¥ Xy =X . Ty
providesa owerboundon (H ! WW ‘)= 4 .Provided isanall( < 0: su ces for

practical purposes), the determ ination of ™y provides a direct m easurem ent of the H !
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W W { )partialwidth. Once y hasbeen determm ined, the totalw idth of the H iggs boson is
given by
2 1 21

= X, =Xw X 1+y)+ Xy I+ 2)+ X + Xy ﬁ: (21)
For a SM -like H iggs boson the H iggs w dth is dom inated by theH ! bandH ! Www ¢’
channels. Thus, the error on 7y is dom nated by the uncertainties of the X and X
m easuram ents and by the theoretical uncertainty on the bquark m ass, which enters the
determ nation of y quadratically. A ccording to the Particle D ata G roup, the present uncer—
tainty on the b quark m ass is about 3:5% ]. Assum ing a lum nosity ervror of 5% 1n
addition to the theoretical uncertainty of the weak boson fiision cross section of 5% , the
statistical errors of thegqg ! goH ; H ! and gq ! ggH;H ! W W cross sections of
Tables[§ and [d lead to an expected accuracy of the ™ determm ination of order 10% . M ore
precise estim ates, as a function of the H iggs boson m ass, are shown in Fig.[l.

e 307

>

£ 25 o M(1-¢)
6]

S

3 20 \ = [(1—¢)’
]

O

o

[

x

> 15

NN

%10 720 130 140 150 160 170 180 190 200
My, GeV

Figure 1: Expected accuracy with which the H iggs boson width can be m easured at the
LHC ,with 100 fo ! ofdata in each experim ent. R esults are shown for the extraction of the
theH ! WW partialwidth, y ,and and the totalH iggs boson width, . isthe sum of
the residual (am all) branching ratios of unobserved channels, mainly H ! cc (see text).

T he extraction of the totalH iggsw idth, via Eq. (21), requires a m easurem ent of the g !
ggH ;H ! W W ' ) cross section, which is expected to be available formy > 115G ev [[Q].
C onsequently, errors are large for H iggsm asses close to this Iower 1im it (we expect a relative
error of 20% formy = 120 Ge&V and < 0:05). But for H iggs boson m asses around the
W W threshod, (1 j can be determ ined w ith an error of about 10% . R esults are shown
in Fig.[] and ook highly prom ising.
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4 Summ ary

Tn the last section we have found that various ratios of H iggs partialw dths can bem easured
w ith accuracies of order 10 to 20% ,w ith an integrated im inosity of 100 fo ! per experin ent.
T histranslates Into 5 to 10% m easuram ents of various ratios of coupling constants. T he ratio

= y m easures the coupling of dow n—type ferm ions relative to the H iggs couplings to gauge
bosons. To the extent that the H triangle diagram s are dom inated by the W Iloop, the
width ratio = measures the sam e relationship. The farm ion triangles leading to an
e ective H gg coupling are expected to be dom nated by the top-quark, thus, 4= y probes
the coupling of up-type fem ions relative to the HW W coupling. Finally, for H iggs boson
m asses above 120 G &V, the absolute nom alization of the H W W coupling is accessible
via the extraction oftheH ! W W { )partialw idth in weak boson fision.

N ote that these m easuram ents test the crucial aspects of the H ggs sector. The HW W
coupling, being linear in the Higgs eld, identi es the obsarved H iggs boson as the scalar
regoonsible for the spontaneous breaking of SU (2) U (1): a scalar w ithout a vacuum ex-—
pectation value couples to gauge bosonsonly via HHW W orH HW vertices at tree level,
ie. the interaction is quadratic in scalar elds. The absolute value of the HW W coupling,
as com pared to the SM expectation, reveals whether H m ay be the only m ediator of spon—
taneous sym m etry breaking or w hether additional H iggs bosons aw ait discovery. W ithin the
fram ework of the M SSM this is a m easurem ent of jsin( )Jj,at the 005 level. The
m easuram ent of the ratios of gy +=Ouww and gy =y w w then probes the m ass generation
of both up and down type ferm ions.

T he results presented here constitute a rst look only at the issue of coupling extractions
for the H iggs. T his is the case for the weak boson fusion processes in particular, which prove
to be extram ely valuable if not essential. O ur analysis is m ostly an estin ate of statistical
errors, w ith som e rough estim ates of the system atic errors which are to be expected for the
various m easurem ents of (partial) w dths and their ratios. A num ber of issues need to be
addressed In further studies, in particular w ith regard to the weak boson fiision channels.

(@) The weak boson fusion channels and their backgrounds have only been studied at the
parton level, to date. Full detector level sim ulations, and optim ization of strategies
w ith m ore com plete detector inform ation is crucial for further progress.

(b) A central £t veto hasbeen suggested as a pow erful tool to suppress Q CD backgrounds
to the color singlet exchange processes w hich we callweak boson fusion. T he feasibility
of this tool and its reach need to be Investigated in fi1ll detector studies, at both low
and high lum inosity.

(c) In the weak boson fusion studiesof H ! WW and H ! decays, double leptonic
e"e pr and * pr signatureshave not yet been considered. T heir Inclusion prom ises
to aln ost double the statistics available for the H iggs coupling m easurem ents, at the
price of additional Z Z + gts and D rellY an plus gts backgrounds which are expected
to bem anageable.
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(d) O ther channels, kkeW H orttH associated production with subsequentdecay H ! b
orH ! , provide additional inform ation on H iggs coupling ratios, which com plem ent
our analysis at snallH ggsm ass values,my < 120 GeV [@,[3]. These channels need
to be included in the analysis.

(e) M uch additionalwork is needed on m ore reliable background determ inations. For the
H! Ww )1 4 s channel in particular, w here no narrow H iggs resonance peak
can be reconstructed, a precise background estin ate is crucial for the m easurem ent
of H iggs couplings. Needed in provem ents include NLO QCD corrections, single top
quark production backgrounds, the com bination of showerM onte C arlo program sw ith
higher order Q CD m atrix elem ent calculations and m ore.

(f) Both In the inclusive and W BF analyses any given channel containsam ixture ofevents
from gg! H andgg! ggH production processes. T he determm ination of thism ixture
adds another source of system atic uncertainty, which was not included in the present
study. In ratios of X observables (or of di erent Y;) these uncertainties largely cancel,
except for the e ects of acceptance variations due to di erent signal selections. Since
an adm ixture from the wrong production channel is expected at the 10 to 20% level
only, these systam atic errors are not expected to be serious.

() W e have only analyzed the case of a single neutral, CP even H iggs resonance with
couplings which are close to the ones predicted in the SM . W hile this case hasm any
applications, eg. for the large m , region of the M SSM , m ore general analyses, in
particular of theM SSM case, are warranted and highly prom ising.

W hilem uch additionalw ork isneeded, our study clearly show sthat the LH C hasexcellent
potential to provide detailed and accurate inform ation on H iggs boson interactions. The
observability of the H iggsboson at the LHC hasbeen clearly established, w ithin the SM and
extensions lke the M SSM . T he task now is to sharpen the tools for accurate m easuram ents
of H iggs boson properties at the LHC .
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H iggs boson production at hadron colliders at N LO

C.Balazs,A .D jouadi, V. Ilyin and M . Spira

A bstract

W e discuss the production of neutral H iggs bosons at the hadron colliders Teva-
tron and LHC , in the context of the Standard M odeland itsm Inin al supersym m etric
extension. Them ain focusw illbe on the next{to{leading order Q CD radiative correc—
tions to them ain H iggs production m echanisn s and on H Iggs production In processes
of higher order In the strong coupling constant.

1 Introduction

O ne of the m ost Im portant m issions of fiiture high {energy colliders w ill be the search for
scalar H iggs particles and the exploration of the electrow eak sym m etry breaking m echanian .
In the Standard M odel (SM ), one doublet of com plex scalar elds isneeded to spontaneously
break the symm etry, Jeading to a single neutral H iggs particle H ° [@). In the SM , the H ggs
boson m ass is a free param eter and can have a value anywhere between 100G &V and 1 TEV .
In contrast, a mm prediction of supersym m etric extensions of the SM is the existence of a
light scalar H iggs boson {]]. In the M inin al Supersym m etric Standard M odel (M SSM ) the
H iggs sector contains a quintet of scalar particles [two CP-even h and H , a pseudoscalar A
and two charged H particles] [[], the H iggs boson h of which should be light, w ith a m ass
M4 < 135 GéeV. If this particle is nlgt found at LEP2, it w ill be produced at the upgraded
Tevatron (where a Jarge im inosity, L 20 o !, isexpected) [@,Floratthe LHC [,H,41,
iftheM SSM is indeed realized in N ature.

Since H iggs boson production at hadron colliders involres strongly interacting particles
In the nitial state, the lowest order cross sections are in generala ected by large uncertain-
ties arising from higher order corrections. If the nextto-Jeading Q CD corrections to these
processes are included, the total cross sections can be de ned properly and in a reliable way
in m ost of the cases. In this contribution, we w ill discuss the next{to{leading order (NLO )
QCD radiative corrections to the m ain neutral H iggs production m echanisn s as well as
neutralH iggs boson production in processes of higher order in the strong coupling constant.

T he contribution is organized as follow s. In the next section ﬂ ], we sum m arize them ain
processes for the production of the neutral H iggs bosons of the M SSM  at hadron colliders
and discuss the e ects of their next{to{leading order Q CD corrections; we w ill then discuss
the recently evaluated SUSY {QCD corrections to som e of these processes. In section 3 ],
we w ill concentrate on H iggs boson production in association w ith heavy quarkswhich in the
M SSM m ighthave the largest cross sectionsdue a possible strong enhancem ent ofthe Yukawa
couplings of third generation quarks; we w ill discuss In particular the next{to{leading order
QCD corrections to H iggs production in heavy quark fusion. In section 4 [§], we w illanalyze
the detection of the SM and lightest M SSM [in the decoupling regim e] H iggs boson in the
channel + et at the LHC [where the H iggs boson is produced in the gluon{gluon fusion
m echanism and decays into two photons].
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2 M SSM neutralH iggsproduction at hadron colliders:
N ext{to{Leading{O rder Q CD corrections

2.1 Summ ary of standard NLO QCD corrections

At hadron colliders, the production of the neutral H iggs bosons in theM SSM  is provided by
the follow Ing processes:

(@) The gluon{gluon fusion, m ediated by heavy quark loops, is the dom inant production
m echanisn for neutral H iggs particles, gg ! with = h;H orA [I0]. Sice the H iggs
particles In them ass range of interest,M < 135G &V ,dom inantly decay Into bottom quark
pairs, this process is rather di cult to exploit at the Tevatron because of the huge QCD
background [E]. In contrast, at the LHC rare decays of the h boson to tw o photons or decays
oftheH ;A bosonsto and Iepton pairsm ake this process very useful [} [].

(o) Higgs{strahlung 0 W or Z bosons for the CP-even H iggs particles [due to CP {
Invariance, the pseudoscalar A particle does not couple to the m assive gauge bosons at tree
evell gg! V ! V with = h;H andV = W ;2 [II]. At the Tevatron, the process
o’ ! hw [with the h boson decaying into b pairs] develops a cross section of the order of
a fraction of a picobam fora SM {lke h boson w ith a m ass below 135 G &V ,m aking it the
m ost relevant m echanisn to study [2]. AtthelLHC, both theland decay m odes of the
h boson m ay be explited [].

(c) Ifthe heavier H ;A ;H Dbosons are not too m assive, the pair production of two H iggs
particles in the D rell{Yan type process,aq ! 1 2 [J{I4], m ht Jead to a variety of nal
states hA;HA;H h;H H;H A;H'H ]with reasonable cross sections [in particular for
M a My My < 250G eV and anallvaluesoftan ,the ratio of the vacuum expectation
values of the two H iggsdoublets]especially at the LHC .M oreover, neutraland charged H iggs
boson pairs w ill be produced in gluon fusion gg ! 1 , E3{LT].

(d) The production of CP {even H iggs bosons via vector boson fusion,qgg ! ogv Vv !
aq [@]. In the case of a SM —like h boson, this process has a sizeable cross section at the
LHC .W hile decaysof the H ggsboson into heavy quark pairs are problem atic to be detected
n the gty environm ent of the LHC ,decays into  lepton pairsm ake this process useful at
the LHC asdiscussed recently [I7].

(e) T he production of neutralH iggsbosonsvia radiation o heavy bottom and top quarks
lbg;gg ! o ;tt Imightplay an in portant role in SUSY theordes [{8]]. In particular, because
the couplings of the H iggs boson to b quarks can be strongly enhanced for large values of
tan , H iggs production in association w ith Ho pairs can give rise to large production rates.

It iswell known that for processes involring strongly interacting particles, as is the case
for the ones discussed above, the low est order cross sections are a ected by large uncertain-—
ties arising from higher order corrections. If the nextto—-Jeading Q CD corrections to these
processes are included, the total cross sections can be de ned properly and in a reliable way
In m ost of the cases.
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For the standard Q CD corrections, the next-+o-leading corrections are available form ost
of the H iggs boson production processed]. T hey are param eterized by the K factors [de ned
as the ratios of the next+to-Jleading order cross sections to the lowest order ones]:

{ For H iggs boson production via the gluon fusion processes, the K {factors have been
caloulated a few years ago In the SM [0] and in the M SSM []]; the [two-Jdoop] QCD
corrections to the heavy top and to the bottom quark loops [which gives the dom inant
contrbutions to the cross section for large tan  values] have been found to be signi cant
since they Increase the cross sections by up to a factor of two.

{ TheK {factors for H iggs production in association w ith a gauge boson (b) and for D rell{
Y an{lke H iggs pair production (c), can be inferred from the one the D rell{Y an production
of weak vector bosons and increase the cross section by approxin ately 305 £31.

{ The QCD corrections to pair production gg ! 1 5, are only known in the Iim it of
Tight H iggs bosons com pared w ith the loop{quark m ass. This is a good approxin ation in
the case of the Iightest h boson which, due to phase space, has the Jargest cross section in
which the top quark loop is dom inant for sm all values of tan or In the decoupling lin it.
T he corrections enhance the cross sections by up to a factor of two [L3].

{ For H iggs boson production in the weak boson fusion process (d), the Q CD corrections
can be derived in the structure function approach from desp-inelastic scattering; they tum
out to be rather an all, enhancing the cross section by about 108 [E31.

{ Finally, the fullQ CD corrections to the associated H iggs production w ith heavy quarks
(e) are not yet available; they are only known in the lim it of light H iggs particles com pared
w ith the heavy quark m ass P4]which is only applicable to tth production; in this lin it the
QCD corrections increase the cross section by about 20{60% .

2.2 SUSY QCD corrections

Besides these standard Q CD corrections, additional SUSY © CD corrections m ust be taken
into account in SUSY theordes; the SUSY partners of quarks and glions, the squarks and
gluinos, can be exchanged in the loops and contribute to the next+o-leading order total cross
sections. In the case of the gluon fusion process, the Q CD corrections to the squark loop
contributions have been calculated in the lim it of light H iggs bosons and heavy gluinos; the
K {factors were found to be of about the sam e size as the ones for the quark loops @].

D uring this workshop, we studied the SUSY {QCD corrections to the H iggs production
cross sections for H ggs{strahlung, D rell{Yan lke H iggs pair production and weak boson
fusion processes [P4]. This analysis com pletes the theoretical calculation of the NLO pro—
duction cross sections of these processes in the fram ework of supersym m etric extensions
of the Standard M odel. T hese corrections origihate from gV one{loop vertex corrections,
w here squarks of the st two generations and gluinos are exchanged , and the corresponding
quark selfenergy countertem s, Fig.[l.

!The amallNLO QCD corrections to the in portant H iggs decays into photons are also available ].
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Figure 1: G eneric diagram s contributing to the SUSY QCD corrections to the gqgV vertex
V = ;Z2;W Jat next{to{leading order.

Including these SUSY {particle Joop corrections, the lowest order partonic cross section
for the D rell{Y an type processes w ill be shifted by
" ( ) #
= <eC (8;m o;m ) 1)

A A
LO ! LO 1

For degenerate unm ixed squarks [as is approxin ately the case for the rst two generation
squarks], the expression of the factor C is sin ply given by
21 24
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For the fusion processes, the standard QCD corrections have been calculated within
the structure function approach P3]. Since at lowest order, the proton rem nants are color
singlets, at NLO no color w ill be exchanged between the rst and the second incom ing (out-
going) quark line and hence the Q CD corrections only consist of the wellknow n corrections
to the structure finctions F;i(x;M 2) (1= 1;2;3). The nalresult for the Q CD -corrected
cross section can be obtained from the replacem ents

Fi(x;M?) ! Fi(;M %)+ F 4(x;M %;07%) (i= 1;2;3) (3)

with F ;(x;M ?;0?) the standard QCD corrections [23]. The typical renom alization and
factorization scales are xed by the corresponding vectorboson m om entum transfer 2 =
M 2= (iﬁ)rx= X; (i= 1;2).

Including the SUSY {QCD correction at both qyq;V vertices, the LO order structure

s()

2
Fi(xi;M %) ! Fi(xj;MZ)1+5 <eC (& jm g7m g) (4)

To illustrate the size of these corrections, we perform a num erical analysis for the Iight
scalar H iggs boson h in the decoupling lim it of Jarge pseudoscalar m asses, M 1TeVv.In
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this case the light h boson couplings to standard particles approach the SM values. The only
hV , the vector boson fusion

relevant processes are then the H iggs{strahlung process gg !

mechanism gg! ogv V !
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R elative corrections due to virtual squark and gliino exchange diagram s to

H iggs boson production via H iggsstrahlung gg ! h + W =2 and vector boson fusion gg !
gV V. ! ggh V = W ;Z Jatthe LHC (kft) and the Tevatron (right).

W e evaluated the Higgsmass fortan = 30,M, = 1 TeV and vanishing m ixing in
the stop sector; this yieds a vauie M, = 1126 G&V for the light scalar H iggs m ass. For
the sake of sim plicity we decom pose the K factors K = yrp0= 1o Into the usualQCD
partK gcp and the additionalSU SY correction sysy :K = Kgcep + susy - TheNLO (LO)
cross sections are convoluted with CTEQ 4M  (C TEQ 4L ) parton densities P]]and NLO (LO )
strong couplings . The additional SUSY ©QCD corrections sysy are presented in Fig. IZ
as a function of a comm on syuark mass fora xed glunomassm 4 = 200 GeV [for the sake
of sim plicity we kept the stop mass xed for the determm ination of the Higgsmass M , and
varied the Joop-squark m ass Independently .

The SUSY ©Q CD corrections increase the H iggs—strah ung cross sections by lessthan 1.5% ,
w hile they decrease the vector boson fusion cross section by less than 0.5% . The m axin al
shifts are obtained for an allvalues of the squark m asses of about 100 G €V ,which are already
ruled out by present Tevatron analyses [2§]; for m ore reasonable values of these m asses, the
corrections are even gn aller. Thus, the additional SUSY © CD corrections, which are of
sim flar size at the LHC and the Tevatron, tum out to be an all. For large syuark/ghiino
m asses they becom e even an aller due to the decoupling of these particls, as can be inferred
from the upper squark m ass range in Fig.[4.

Tn summ ary, the SUSY {QCD corrections to H iggs boson production in these channels
are very an all and can be safely neglected.
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3 A ssociated H iggs production w ith o pairs

3.1 Constraints on the M SSM param eter space

In theM SSM , the Y ukawa couplings between the H iggs bosons and the dow n {type ferm ions,
In particular the relatively heavy bottom quarks,areenhanced for largetan values. Thisen—
hancem ent can be so0 signi cant that it renders the cross section of the associated production
channel (pp;pp ! “Ho,with %= h%;A%;H °) thehighest at the Tevatron and the LHC ,along
w ith the cross section of the gluon fusion m echanian pp ! gg(via heavy (s)ferm ion loop) !

%% [1. The Higgs bosons in this regin e decay m ainly into kb pairs, kading to 4 b{ fts
which can be tagged experin entally £9]. D ue to the lack of phase space and the reduced
couplings, the associated production w ith top quarks is not feasible at the Tevatron, and is
di cult at the LHC . This m akes it possible for the Tevatron RunIl and LHC to discover
H iggs bosons in the “o process and to in pose stringent constraints on the SUSY {H iggs
sector in a relatively m odel independent way. [At the LHC , the associated H =A + b pro-
duction with the * and *  Higgsdecay channels is very in portant {,[3]and allows
to cover m ost of the param eter space for large tan  .]

In Ref. BQJ, an e ective search strategy was presented for the extraction of the signal
from the backgrounds [which have been calculated]. Using HDECAY [@] to calculate the
H iggs [and SUSY ] spectrum and branching fractions, and com bining signals from the search
ofm ore than one scalar boson [provided theirm asses di er by less than a resolution m .
which can be chosen as the total H iggs decay w idth ], contours in the tan -m, plane of the
M SSM , forwhich the Tevatron and LHC are sensitive, can be derived. W hen scanning over
the param eter gpace, the set of soft breaking input param eters should be com patible w ith
the current data from LEP IT and the Tevatron whilk, preferably, not exceeding 1 TeV . The
m ost Im portant param eters here are the m asses and m ixing of top sjuarks, and the value
and sign of the H iggsino m ass param eter

For soft breaking param etersM o5 = = 500G eV ,Fig.[Ja shows the 95% C L .exclusion
contours in the tan -m, plane, derived from them easurement of (pp;pp ! ‘b ! dddb).
T he areas above the four boundaries are accessible at the Tevatron RunIlw ith the indicated
lum inosities and for the LHC with 100 fo !. The potential of hadron colliders w ith these
processes is com pared in Fig.[Fb with that of LEP IT [w here H iggs bosons are searched for in
the Zh and hA production channels] for the \benchm ark" param eter scan \LEP IT Scan A 2"
discussed in @]ﬁarpé = 200 G eV and a lum inosity of 100 pb ! per experin ent. As can
be seen, the Tevatron can already cover a substantial region with only a 2 fb ' um inosity.
Furthem ore, form , ~ 100 G&V, Tevatron and LEPIT are com plem entary. The LHC can
further probe the M SSM down to values tan 7 (15) form, < 400 (1000) G&V.

In conclusion, detecting the °kb signal at hadron colliders could e ectively probe the
M SSM H iggs sector, especially for large tan  valued|. Sim ilar conclusions are reached in
Ref. B31orthe LHC and in Ref. [3,B4]. The results given here show a substantial in prove-
m ent com pared to R ef. B3], where only the pp ! o !  *  Koprocess isdiscussed at the

°Note that so far, existihg experin ental studies are not con m ing the potential of this channel at the
LHC @],whj]e the results seem to be m ore prom ising at the Tevatron Run IT E].
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Figure 3: 95% C L. theoretical estin ates of sensitivity contours n the tan -m, planes of
theM SSM . T he areas above the four boundaries can be excluded by the Tevatron R unIl and
the LHC ;M og = 500 GeV (a) and the \LEP II Scan A2" (b) are shown. From Ref. [3J].

Tevatron Runl. D etailed interpretation of the above results in the M SSM and other m odels
[such as com posite H ggsm odels w ith strong dynam ics associated w ith heavy quarks] can be
found in Ref. BJ]. The analyses can be in proved in m any ways, for nstance w ith a better
b{trigger, which bears central signi cance for the detection of the b{ Ets.

3.2 QCD corrections to H iggs production in heavy quark fusion

R ecently it was proposed that, due to the top-m ass enhanced avorm ixing Y ukawa coupling
of the chamm and bottom to charged scalar or pseudoscalar bosons (), the schannel
partonic process do;cb ! can be an I portant m echanisn for the production of B4 1.
Thism echanisn is also In portant for s-channel neutral scalar production via o fusjonﬁ .In
this section, we describe the com plete NLO Q CD corrections to these processes. T he results
were origihally calulated in Ref. [37], to which we refer for details. The QCD corrections
for the SM H iggs production Ho ! H has been also discussed in Ref. Bg]. T he overlbpping
parts of the two calculations are In agreem ent.

The NLO contributions to the process o ! O contain three parts: (i) the oneJoop
Yukawa vertex and quark selfenergy corrections (Fig.[db-d); (ii) real gluon em ission in o’
annthilation (Fig.Be); (iil) s-and tchannel gluon-quark fusion (Fi.flfg). In addition, the
renom alization of the ferm ion {higgs{ferm ion Yukawa coupling has to be perform ed. Since
the factorization scale » = m  ismuch lJarger than the m ass of the bottom quark, when
com puting the W ilson coe cient functions the bguarks were treated asm assless partons in
the proton or antiproton, sin ilarly to Ref. ]. The only e ect of the heavy quark m ass
is to determ ine at which scale » this heavy parton becom es active. (T his is the C ollins-
W ilczek-Zee (CW 2) [J] scheme). The CTEQ4 PDFs R]]are used to calkulate the rates,

3N ote that the subprocesskb ! © alone overestin ates the com plete cross section via bottom fision ; one
has to add consistently the cross sections forbg ! b © and gg ! b ° to have a reliable value.
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because they are consistent w ith the schem e used in the current study [@1].

S B B
i e

Figure 4: Representative diagram s for charged or neutral (pseudo-)scalar (dashed line)
production from quark-antiquark and quark-gluon collisionsatO ( 2)and O ( !): (a) leading
order contribbution; (b-d) selfenergy and vertex corrections (with counter tem ); (e) real
gluon radiation in gg’™-fusion; (fg) s—and tchannel gluon-quark fusion.

The  corrections involve the contributions from the em ission of real gluons, and as
a result the scalar particle w ill acquire a non-vanishing transverse mom entum Q. . W hen
the am itted gluons are soft, they generate large logarithm ic contributions of the (lowest
order) form  In" (Q?=02)=0Z%,where Q is the nvariant m ass of the scalarand m = 0;1.
T hese large logarithm s spoil the convergence of the perturbative series, and falsify the O ( )
prediction of the transverse m om entum when Q¢ Q. To predict the Q. distrdbution
one can use the Collins{Soper{Sterm an (CSS) fom alisn ], resum m ing the logarithm s of
thetype 2 " (Q?=02)=0Z%,toallodersn n ¢ m = 0;=;2n 1), The resumm ation
calculation is perform ed along the sam e lines as for vector boson production (cf. [£3]). To
recover the O ( ) cross section, the W ilson coe cients C i(l) are ncluded In the resumm ed
caloulation in [37]. T he non-perturbative sector of the CSS resumm ation is assum ed to be
the sam e as for vector boson production in R ef.

The resumm ed total rate is the sam e as the O ( s) rate, when we include C Y and the
usual xed order NLO corrections at high Q 1, and sw itch from the resumm ed dJstj:jbutjon
to the xed orderone at Q = Q. W hen calculating the total rate, we have applied this
m atching prescription. In the case of the scalar production, the m atching takes place at
high Q¢ Q wvalues, and the above m atching prescription is num erically irrelevant when
calculating the total rate, since the cross sections around Q ¢ Q are negligible. Thus, as
expected, the resumm ed totalrate di ers from the O ( ) rate only by a few percent. Since
the di erence of the resumm ed and xed order rates and the K {factors (cf. Fi. E) is an all,
we can conclude that for inclusive scalar production once the resum m ation is perform ed, the
O ( i) corrections are lkely to be an aller than the uncertainty from the PDF's.

Since the QCD corrections are universal, the application to the production of neutral
scalar or pseudo-scalar ° via the kb fusion is straightbrward. In the ©llow ing, we will
consider only the production of the pseudo-scalar A° w ithin the context of theM SSM . The
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Figure 5: Cross sections for A? production in the M SSM with tan = 40 at the Tevatron
and the LHC . (a) The NLO cross sections w ith the resumm ed running (solid) and one—loop
Y ukaw a coupling (dashed), aswellas the LO cross sections w ith resum m ed running (dotted)
and treeJevel Y ukaw a coupling (dash-dotted) are shown. T he cross sectionsat™ s= 1:8T&V

(thin set of Jowest curves) are m ultiplied by 0.1 not to overlap with the  s= 2 TeV curves.
(o) The NLO (solid), the Il (dashed) and kg (dash-dotted) sub-contridbutions, and the LO

(dotted ) contrbutions. T he (negative) kg cross sectionsarem ultiplied by 1. (c) TheNLO
cross sections with Q CD running Yukawa coupling (solid curves) and those w ith additional
SUSY corrections (top/bottom dashed linesfor = += 500G &V ).

total LO and NLO cross sections for the inclusive processes pp;pp ! AYX  at the Tevatron
and the LHC are shown in Fig.[§ fortan = 40. For other values the cross sections can be
obtained by scaling w ith the factor (tan =40).

Fig.[Ha shows a signi cant in provem ent from the pure LO results (dash-dotted curves)
due to the resumm ation of the large logarithm s of m ?=m ? into the running coupling. The
good agreem entbetween the LO resultsw ith running coupling and the NLO resultsisduetoa
non-trivial, and process-dependent, cancellation between the ndividualO ( ) contributions
of the Ilo and by sub-processes (which are connected via m ass factorization).

For large tan , the SUSY correction to the running °Job Yukawa coupling can be
signi cant f4], and can be included in a sin flar way as it is done for the °ho associate
production [3]. To illustrate the e ects of these corrections, allM SSM soft-breaking pa-
ram eters and were set to 500 GeV . Depending on the sign of , the correction to the
coupling can take either the sam e or opposite sign as the fallNLO QCD correction [3].
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Figure 6: The K “factors or AY production in the M SSM with tan = 40 for the NLO
K = Nwo= ro,0Id Ines), K = =10 = (10 + w)= Lo rdashed Ines), and by
K = = Lo ,dash-dotted lines) contributions, at the Tevatron (a) and LHC (b).

In Fig.[Bc, the solid curves represent the NLO cross sections w ith Q CD correction alone,
w hile the results Including the SU SY corrections to the running bottom Yukawa coupling are
shown for = +500G &V (top dashed curves) and = 500G &V (bottom dashed curves).
T hese partial SUSY corrections can change the cross sections by about a factor of 2.

The K —factors, the ratios of the NLO versus LO cross sections as de ned in Ref. @],
or the pp;pp ! A%X processes are presented in Fig. | for the M SSM with tan = 40.
D epending on the A m ass, they range from about (16 17)% to + 5% at the Tevatron and
the LHC . The uncertainties of the CTEQ 4 PD F s for A *~production at the Tevatron and the
LHC are summ arized in Fig.[}.

T he transverse m om entum distrioutions of A°, produced at the upgraded Tevatron and
atthe LHC ,are shown in Fig.[§ orvariousA® masseswith tan = 40. The solid curves are
the result of the m ultiple softgluon resum m ation, and the dashed ones are from the O ( )
calculation. The xed order distributions are singularasQ + ! 0,while the resumm ed ones
have amaxinum atsome niteQ;,and vanish atQ = 0. W hen Q1 becom es large, of the
order ofm , , the resumm ed curves m erge Into the xed order ones. T he average resum m ed
Qr vardes between 25 and 30 (40 and 60) GeV in the 200 to 300 (250 to 550) G &V m ass
range ofm 5 at the Tevatron (LHC).

In summ ary, the overall NLO corrections to the pp;pp ! AP°X processes are found to
vary between (16 17)% and + 5% at the Tevatron and the LHC In the relevant range of
the A m ass. The uncertainties of the NLO rates due to the di erent PD F's also have been
system atically exam ined, and found to be around 20% . The QCD resumm ation, including
the e ects of m ultiple softgluon radiation, was also perform ed to provide a better prediction
of the transverse m om entum distrdbution of the scalar °. This latter is in portant when
extracting the experim ental signals. Sim ilar results can be easily obtained for the other
neutralhiggs bosons (h® and H °) by properly rescaling the coupling. These Q CD corrections
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Figure 7: TheratiosofNLO cross sections com puted by fourdi erent setsof CTEQ 4 PDFs
to the cross section com puted by CTEQ 4M for neutral pseudo-scalar (A °) production in the
M SSM with tan = 40, at the upgraded Tevatron (a) and the LHC (b).
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Figure 8:
collisions, calculated in the M SSM  w ith tan 40. The resummed (solid) and O ( )
(dashed) curves are shown form , = 200, 250, and 300G &V at the upgraded Tevatron (a),
and form , = 250,400, and 550G &V atthe LHC (b).

can also be applied to the generic two higgs-doublet m odel (called typeIII 2HDM [441), in
which the two higgsdoublets ; and , couple to both up—and dow n—type quarks.

30



4 H ilggs search in the + tchannelat LHC

T he obsaervation of a Higgsboson with amassM y < 140 G&V at the LHC In the nclusive
channelpp ! + X isnoteasy ]as it is necessary to separate a rather elusive H iggs
boson signal from the continuum background. In Ref. [49]the reaction pp ! H (! + FBt,
when the H iggs boson is produced w ith Jarge transverse m om entum recoiling against a hard
Bt,was analyzed as a discovery channel. T he signalrate ism uch an aller, but there rem ains
enough events to discover the H iggs boson at a low lum inosity LHC . Tt is in portant to
note that the situation w ith the background is undoubtedly m uch better in the case of H iggs
production athigh pr . Thus,onehasS=B 1=2 1=3forCM Sand ATLA S correspondingly,
providing a discovery signi cance of 5 already with an integrated lum inosity of 30 fb *.
Furthem ore, recent achievem ents in calculations of Q CD next{to{leading corrections have
shown an enhancem ent of the signal against the background. T his circum stance together
w ith the possibility to exploit the event kinem atics in a m ore e cient way allow the hope
that this reaction w ill be the m ost reliable discovery channel for H iggs bosons w ith m asses
My =110 135Gev.

T ypical acoeptances of the LHC detectors ATLA S and CM S were taken into account in
the analysis: two photons are required w ith p. > 40 G &V for each photon (harder than for
the Inclusive channel), and j j< 2:5, while a Ft was required with E)* > 30 GeV and
J jeeJ< 435, thus mvolving the forward parts of the hadronic calorin eter. T he isolation cut

R > 03 was applied for each and g(q) pair.

There are three QCD subprocesses giving a signal from the H iggs boson in the channel
under discussion In QCD ladingorder: gg ! H + g,gg! H + gandgg! H + g. Itwas
found that thegg ! H + g'! + g subprocess gives the m ain contribution to the signal
rate. In total, the Q CD signal subprocesses give 55,106 and 9.8 fo forM 3 = 100,120 and
140 G &V, correspondingly w ithin the kinem atical cuts described above.

A nother group of signal subprocesses includes the electrow eak reactions of H iggs produc—
tion through W W or Z Z fusion and in association with W or Z boson, where one should
veto the second quark gt. The EW signal rate is at the level of 10% of the QCD signal.

Both the reducible and irreducible backgrounds, pp ! + Fthave been discussed in the
QCD section of these Proceedings. It was found that in total it is about 19, 31 and 32 fo in
thel G&V bin forM z = 100,120 and 140 G &V , correspondingly.

Further in provem ent of the S=B ratio can be obtained by studying the kinem atical
distributions of the 3{body nalstaé:e_s in the subprocesses under discussion. T he background
processes contribute at a smaller $§ in com parison to th CD signal processes. So, the
corregponding cut in proves the S/B ratio: eg., the cut &> 300 Gev suppresses the
background by a factor of 8.7 while the QCD signal is suppressed only by a factor of 2.6.
Thise ectisconnected w ith thedi erent shapes, F i. f], of the ftangular distributions in the
partonic cm s. for the signal and background. Indeed, for the dom inant signal subprocess
gg ! H + g,a st of possble in spin states does not include spin 1, while the spin of the
out state is determ ined by the gluon. It m eans, in particular, that the S{wave does not
contrbute here. At the sam e tin e, In the dom inant background subprocesses gq ! +qg
and g ! + g, the sam e spin con gurations are possibl for both in and out states. It
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was found that the cut on the partonic collision energy P & m atches this Spin-states e ect,
and the best S=B ratio is cbtained at~ &> 300 G &V .0 ne can try to exploit this e ect to
enhance the signal signi cance w ith the sam e level of the S=B ratio. Indeed, if one applies
the cut on the angle between the Ft and the photon in partonic cm s. cos#, < 0487 for

§< 300 GeV and add such events to the events regpecting the only cut &> 300 Gev ,
then the S=B change is rather an all, while the signi cance is In proved by a factor of about
13. The sam ee ect can be observed w ith the cut on the gt production angl in the partonic
cm s. #,,.,but one should note that the two variables, ; and #,., are correlated. It is
desirable to perform a m ultivariable optin ization of the event selection.

N ote that this is a result of a LO analysis, the task for the next step is to understand
how thise ectwillwork in presence of NLO corrections to both the signal and background.

In the analysis performed in Ref. £9] the factor K ¥'° = 1% was used to take Into
acoount the Q CD next{to{leading corrections for both the signal and background subpro-
cesses. In Ref. [50,[5],F3 ], this assum ption was con m ed by an accurate evaluation of NLO
corrections to the signal subprocesses (where for the evaluation of the two{loop diagram s,
the e ective point{like vertices were used In the Iim it M 4 m . 7). For the background,
the corresponding analysis 53] has shown that the NLO corrections are not larger than
50% . Thus, an attractive feature of the pp ! H (! )+ Bt channel is that theoretical
uncertainties related to higher order Q CD corrections can be under control.
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Signatures of H eavy C harged H iggs B osons at the LHC

K A .Assamagan,A .D jouadi,M .Drees,M .Guchait,R .K innunen

JL.Kneur,D J.M iller,S.M oretti, K .0Odagiriand D P.Roy

A bstract

W e analyze the signatures of the charged H iggs particles of the M inim al Supersym —
m etric extension of the Standard M odelat the LHC .W ew illm ainly focus on the large
My range where the charged H Iggs boson is produced through the gluon {bottom or
gluon {gluon m echanisn s. TheresultingH signalisanalyzed in itsdom inantH * ! tb
as well as subdom inant decay channels. Sinulations for the detection of the charged
H iggs boson signals in the decay channels H ! and H !' cs;W h orthbare
perform ed in the fram ework of the CM S and AT LA S detectors, respectively.

1 Introduction

Them inin alsupersym m etric Standard M odel (M SSM ) contains two com plex H iggsdoublets,

1 and 5, corresponding to eight scalar states. T hree of these are absorbed as G oldstone
bosons leaving ve physicalstates { the two neutralscalars (h?;H °),a pseudo-scalar (A °) and
apairofcharged H iggsbosons (H ). A 1lthe treedevelm asses and couplings of these particles
are given In tem s of two param eters, my; and tan , the latter representing the ratio of
the two vacuum expectation values [l]. W hile any one of the above neutral H iggs bosons
m ay be hard to distinguish from that of the Standard M odel, the H carries a distinctive
hallkm ark of the SUSY H iggs sector. M oreover the couplings of the H  are uniquely related

to tan , since the physical charged H iggs boson corresponds to the com bination
H = ;sn + , cos : (1)

T herefore the detection of H  and m easurem ent of its m ass and couplings are expected to
ply a very In portant role in probing the SUSY H iggs sector.

T he search for charged H iggsbosons is one of them a pr tasks of present and future high {
energy colliders. In a m odel independent way, LEP2 has set a Iower lin it on the H m ass,
my > 74GeV,forany value of tan E]. AttheTevatron,theCDF and D colleborations
searched forH Dbosons in top decays through the processpp ! t, with at least one of the
top quarksdecaying via t ! H b, leading to a surplus of ’'sdue to theH ! decay;
they excluded the low and high tan regions [where the branching ratios for this decay is
largelalmost up to the M y m. lin it [J]. D etailed analyses at the LHC have shown that
the entire range of tan ~ values should be covered orM; < m. @]usihg this process.

At thisworkshop, we focused on the hrgemass region, M y > m ., where the previous
production process is not at work and for which only a few prelin nary studies have been
perform ed. W e sum m arize our work in this contribbution. A fter a brief sum m ary of the H
decay m odes [both in the M SSM and in som e of its extensions], we w ill discuss in section
3, the various signals for a heavy charged H iggs boson at the LHC . W e w ill then present, in
sections 4 and 5, two sim ulations for the detection of the H  signals in the decay channels
H ! intheCMSandH ! c¢s;W h;tin the ATLA S detectors.
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2 Production and decay m odes of the H bosons

T he decays of the charged H iggs bosons are in general controlled by their Yukawa couplings
to up{ and down{type ferm ions u;d given by I1:
Vi o
P=—H" [oot m,udy + tan mg4 udy 1; (2)
W

Forvaluestan > 1,asisthe case in theM SSM , the couplings to down{type ferm ions are
enhanced. The coupling H th, which is of utm ost in portance in the production and the
decayd] of the H bosons, is large for tan 1 and m=m . Interestingly these two
regions of tan are favored by b{ uni cation for a related reason: ie. one neads a large
gt  Yukawa coupling contrdbution to the RGE to control the rise of m 1, as one goes down
from theGUT to the ow energy scale [§).

0.1F

MHi

0.01 ' : '
100 150 200 250 300

Figure 1: Branching ratios of the charged H iggs boson decays for tan = 2 and 30. They
are obtained using the program HDECAY [LJ].

Thevalieoftan determm ines to a Jarge extent the decay pattem [3]ofthe charged H iggs
bosons. For largetan values the pattem is sin ple, a result of the strong enhancem ent of the
couplings to down{type ferm ions: below the top{bottom threshold, H bosons w ill decay
nto pairs while above this threshold, they w illdecay into th pairs w ith BR 85% and

4Tt should be m entioned that m ost analyses of the H  boson decay m odes and detection signals at
colliders are based on the low est order vertex, represented by the Yukawa coupling of eg. @), but in proved
by standard Q CD corrections E} by using the running quark m asses. O ne loop electrow eak corrections to
this vertex can give a large variation in the signal cross{section at high or low tan , as recently shown
n E]. T he corresponding correction from SUSY {QCD loops is possibly large n] depending on the SUSY
param eters [but for the production, they are not yet com pletely available]. T he inclusion of these corrections
is evidently Im portant for a quantitative evaluation of the H  signal.
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pairs with BR 15% for large enough My values. For analltan values,tan < 5,
the pattem is m ore com plicated, in particular around and below the th threshold. D ecays
IntoW h nalstates play an In portant role since they reach the level of several ten percent
leading to a signi cant reduction of the dom nant branching ratio nto states. N ote that
the o {shellthreebody decays f]1H ! bt ! WW andH ! hWw ;AW ! hff;Aff
[the Jatter being kinem atically forbidden at the two{body level] can be rather in portant.
TheH branching ratios are summ arized in Fig.1 for the valuestan = 2 and 30.

In the M SSM , the charged and pseudoscalar H iggs boson m asses are related ],
MS =M7+ M} (3)

and the LEP lin it on the lightest scalar and pseudoscalar Higgsm asses, m, M, ) > 90
100 GeV Implies rst,thatM gy > 120GeV My > 200GeV fortan = 2]and second,
thattheH ! W h°W A°)decay channelhas as high a threshold as the tb channel, whilke
the latter has a m ore favorable coupling. Consequently theH ! W h°W A°%) decay BR
is restricted to be < 5% over the LEP allowed region [Fig. 1]. However the constraints
discussed above do not hold in singlet extensions of theM SSM ke the NM SSM [L]]. Con-
ssquently H ! W h°W A°) can be the dom inant decay m ode forM 4 160 GeV i the
Iow tan region and lead to a spectacular signalat the LHC , as illustrated in Table 1. This
decay channelw il be analyzed in detail in the next sections.

Tabl 1. M axin al branching fractions forH ! W (hg ;Z-\g) decay In the NM SSM for xed input
valilesoftan and outputH massof 160G eV .The valiesof the h?;A{ m asses and branching
fractions are shown along w ith the corresponding m odel param eters. A lso shown are thet! IH

branching fraction and the size of the resultingH ! W (h% ;Ag) decay signalat LHC .
tan My By N i ik A JAxy |MpiMar | BrijBai | w
Gev)| (3) | (Gev) Gev) Gev) (%) (fo)
164 04 147 39,{25| {158,{59 56,36 5143 2
2
160 0.8 273 40,{.73 12,8 115,15 0,97 {
231 21,{41| {101,111 51,137 86,0 22
25 160 05
278 334{.72 16,8 113,15 0,95 {
196 14,{33| {184,8 54,27 69,16 16
3 160 04
341 22,462 23,6 110,19 0,90 {
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An in portant point which should be m entioned, is that in m ost of the analyses of the
H signals, it is always assum ed that it decays only into standard particles and that the
SUSY decay modes are shut. But for large values of M 3 , at least the decays into the
Tightest neutralinos and charginos [and possibly into Iight sleptons and ;B squarks] can be
kinem atically allowed . T hese m odes could have large decays w idths, and could thus suppress
theH ! tbbranching ratio in a drastic way [[3].

In Fig. 2, the branching fraction BR(H ! S ;) Wwith i=1{4 and j=1{2]are shown
as function of M y for the four values tan = 2;5;10 and 30. The choice of the gaugino
and higgsino m ass param eters M , = = 200 G &V has been m ade leading to the lightest
chargino and neutralino m asses m 0 80{90 G&V and m : 125{150 G &V depending on
thevaluieoftan [an allm assesareobtained with analltan input]. T he valuesof the scalar
m asses are such that sleptons and squarks are too heavy to appear in the decay products of
theH Dboson. Ascan be seen, for an all and large values of tan ,the H th couplings are
enhanced and the chargino/neutralino decays are In portant only for arge H m asses w here
m any S g channels are open. For intemm ediate tan values, the H th Yukawa couplings
are suppresssd, and the chargino/neutralino decays are dom inant for charged H iggs boson
masses of a few hundred G &V .

Tn scenarii where sleptons and squarks [in particular stop and sbottom sjuarks] are
also light, H bosons decays into these states m ight be kinem atically possible as well and
would be dom inant. This w ill again suppress in a dram atic way the branching ratio for the
H ! tbsignature ]. These SUSY decays, although discussed in the literature, have not
been analyzed experim entally up to now . T hey should, however, not be overlooked for heavy
charged H iggs bosons, as they m ight Fopardize the detection of these particles at the LHC .

S My+ [GeV]
0.01 . D | | | |

200 250 300 350 400 450 500

Figure 2: Branching ratios of the charged H iggsboson decays into charginos and neutralinos
asa function ofM 4y fora sstoftan values;M, and are xed to 200G &V.
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Finally, we brie y discuss the production m odes of a heavy charged H iggs boson, w ith
myg > m¢,attheLHC.The two m echanisn s which have sizeable cross sections are:

pp! gbgb)! tH (tH) [13;[I4]
pp! gog=og’! tH b+ b [3;[4; [ (4)

T he signalcross—section from the2 ! 2mechanism gb! tH [wherethe bquark isobtained
from the proton]is 2{3 tines larger than the 2 ! 3 processgg=qg ! tHH [Wwhere the H
boson is radiated from a heavy quark line]. This is shown In Fig. 3a at LHC energies for
thevaluestan = 2 and 40. W hen thedecaysH ! thand t! W btake plce, the st
process gives rise to 3 b{quarks in the nalstate while the second one gives 4 b{quarks. Both
processes contribute to the inclusive production where at m ost 3 nalb{quarks are tagged.
H ow ever, the two processes have to be properly com bined [[§]to avoid double counting of
the contribution where a gluon gives rise to a o pair that is collinear to the initial proton.
T he cross section of the inclusive process in this case is shown in Fig. 3b, and ism d{way
between the two cross sections egs. (4) [141.

[ [ [ [
,qq — tbH™
99 gb— tH*

a) 0( pp — tH+(b) ) [pb] \ b) U(pp — tH"') (inclusive) [pb]

i

tan = 40
0.1 E . = 0.1 E
0.01 ¢ tan 8 = 2 § 0.01 F -
i M+ (GeV) 3 [ Mpg+ (GeV) ]
0.001 | | | | | | | | 0.001 | | | | | | | |
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000

Figure 3: Production cross sections for charged H iggsbosons at the LHC fortan = 2 and
40. (a) Individual cross sections from the gg=gq and gb processes and (b) com bination of the
tw o processes w ith the subtraction of the comm on piece.

O therm echanisn s forH production at hadron colliders are the D rell{Y an type process
for pair production,gg ! H*H ,the associated production process with W bosons, g !
H W [9] and the gluon{glion fusion process for pair production, gg ! H*'H [RQ1l.
H owever, the ratesare rather an allat the LHC , in the rst case because oftheweak couplings
and the low quark lum inosities at high energies and in the second case because the process is
Induced by loops of heavy quarks and is thus suppressed by additional electrow eak coupling
factors. W e w ill thus focus in this study on the two processes 7. (4).
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3 Signatures of H bosons at the LHC

Thet! H ' decay isknown to provide a prom ising signature for charged H iggsboson search
attheLHC forMy < m.Butitishard to extend theH search beyond m ,because In this
case the com bination of dom inant production and decay channel, tH ! tb, su ers from a
large Q CD background [[4,[I3]. M oreover the subdom inant production channels of H W
and H H have been found to give no viabl signature at LHC [19]. In view of this we
have undertaken a system atic study ofa heavy H  signature at the LHC from itsdom inant
production channelgb(gb) ! t (H '), llowed by the decays H ! tb; and W h°.
W hile the rstdecay represents the dom nant channel of charged H iggs bosons, the and
W h are the Jargest subdom inant channels in the high and low tan regions respectively,
with [seealso Fig. 1]

B (tan > 10) 15% and By wo(tan =1 5)< 5% : (5)
T he signature for the dom inant decay channelof H ! 1o has been analyzed ssparately

assum Ing three and four b{ gt tags. The analyses presented in this section are based on
parton levelM onte C arlo program sw ith a G aussian sm earing of lepton and g£tm om enta for
sim ulating the detector resolution.

() H ! thbSignature w ith Four btags [[][]:

T he dom inant signal and background processes are
gg! tH b+ hx:! tib; 6)

gg ! tib; (7)
followed by the leptonic decay of one top and hadronic decay of the other, ie.

thb! BdwW ‘W ! B qo (8)

A basic set of kinem atic and isolation cuts,

h L
pr>20Gev; < 25; R= ( )2+ ( )?> > 04 9)

is In posed on all the gt and lepton m om enta. The pr cut isalso In posad on them issing—pr ,
obtained by vector addition of the pr ’s after resolution an earing. This is ollowed by the
m ass reconstruction of the W and the top quark pair, so that one can dentify the pair
of b—-ts acoom panying the latter. W hile the harder of these two b—pgts () com es from
H decay in the signal, both of them com em ainly from gluon splitting in the background.
Consequently the S=B ratio is in proved by in posing the follow ing cuts on this b—gt pair:

Mp>120GeV; Ey > 120G6€V and cos p, < 0:75: (10)

SW hile this work was nitiated earlier, som e of the issues analyzed during the workshop led to the nal
version presented here.
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Then each of this b-ft pair is com bined w ith each of the reconstructed pair of top to give 4
entries for the nvariant m ass M y, per event. O ne of these 4 entries corresponds to the H

m ass for the signal event, while the others constitute a com binatorial background. Fig. 4
show s this th invariant m ass distrbution for the signal () and background (J). The right
hand scale corresponds to the cross—section for fé = 0 { ie. an optin isticbtagging e ciency
of p, = 056. Reducing it to a m ore conservative value of , = 04 would reduce both the
signal and background by a factor of 4 each.

- -
btH+cc. »bbtt-4b 21+ missing energy/momentum
| | | I

MES-L10(054) [ Q= p=v§]  —

| ——— My+ = 310 GeV
)
e — Myt = 407 GeV 1
,, — 0.020
}\ Mg+ = 506 GeV :
|
A My+ = 605 GeV
| ]
| -
b Mg+ = 803 GeV

tanf = 40. — 0.010

dN/dM,(H) (countsxfb/GeV)

=S -~ 0.000

Fig.4: The reconstructed thb invariant m ass distribution of the H signal ) and the QCD
background (]) In the isolated lepton plus m ulti-pt channel w ith 4 btags. The scale
on the right corresponds to a btagging e ciency factor £ = 0:.

Tabl 2. Num ber of signal and background events in the 4 btagged channelper 100 fo ! m nosity

In amasswindow ofM y 40GeV attan = 40 ( p,= 04).
P
My Ge&v) S B S= B
310 32.7| 269 6.3
407 22771173 55
506 132 99 42
605 75 55 32

Table 2 lists the num ber of signal and background events for a typical annual um nosity
of 100 b !, expected from the high lum inosity LHC run,assum ing , = 0:#4.W hile the S=B
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ratio is > 1, the viability of the signal is lin ited by the signal sizef]. O ne expects a > 3
signalup toMy = 600GeV attan = 40. The signalsize isvery simiarattan = 135,
but an aller n between [the signal process () is controlled by the i Yukawa coupling,
eq. ), which is large for tan land m=m,, asdiscussed previously .

(i) B ! tbSignature with T hree btags 211
T he contrbutions to this signalcom e from (g) aswellas

gb! tH + hx:! tb+ hcs; (11)

follow ed by the leptonic decay of one top and hadronic decay of the other. T he signal cross-
section from (I1]) is 2{3 tim es larger than from (§) [F ig. 3], while theirkinem atic distrdoutions
are very sim ilar. C om bining the two cross sections and subtracting the overlapping piece to
avold double counting results in a signal cross—section, which ism d{way between the two;
e Fi. 3.

T he background com es from ﬂ) aswellas

gb! th+ hx: and gg! tg; (12)

where the gluon £t in the last case ism istagged as a b-gt. A ssum ing the standard m is-
tagging factor of 1% this contribution tums out in fact to be the largest source of the
badkground, as we see below .

T he basic kinam atic cuts are as in (§) except for a harder p; —cut,

pr> 30G&v; (13)

since the 3 b-gts com ing from H and tt decays are all reasonably hard. This is followed
by the m ass reconstruction of the top quark pair as before, so that one can dentify the
accom panying (3rd) b=gt. W e Im pose a

pr > 80 Gev (14)

cut on this b=gt to in prove the S=B ratio. Finally this b-gt is combined with each of
the reconstructed top pair to give two entries of M 4, per event. O ne of them corresponds
to the H mass for the signal while the other constitutes the com binatorial background.
Fig.5 show s this th Invariant m ass distribution of the signalalong w ith the above m entioned
backgrounds, Including a btagging e ciency factor of

= 04: (15)

W hile the S=B ratio is < 1 the signal cross-section ismuch larger than the previous case.
Table 3 lists the num ber of signal and background events for a lum inosity of 100 o * at
tan = 40.pT£e results are vary sin iarattan = 1:5. Com paring thisw ith Table 2 we see
that the S= B ratio is very sim ilar in the two channels. O ne should bear in m ind how ever
the larger pr cut (I3) assum ed for the 3 btagged channel. The cross-sections in both the
cases were calculated w ith the M R S-LO structure functions [23].

® Increasing the pr cut of b-gts from 20 to 30 G eV would reduce the signal (background) size by a factor
of about 3(4), hence reducing the vibility of this signal.

43



S _ -
btH+cc »>bbtt-3bnjl+ missing energy/momentum

100 ¢ .
g \ \ \ E
Mg+ = 310 GeV
- Myt = 407 GeV 1
1071 Mg+ = 506 GeV
fffffff Myt = 605 GeV

1no g4 uorjos(ss+oouridoooe I931JV

\\\ \\\\H‘
/

€tag dN/dM,, (countsxfb/GeV)

400 600 800 1000
My, (GeV)

Fig.5: The reconstructed th Invariant m ass distribbution of the H signaland di erent QCD
backgrounds in the isolated lepton plusm ulti=gt channelw ith 3 b+tags.

Table 3. Num ber of signal and background events in the 3 btagged channelper 100 fo ! um nosity
In amasswindow ofM 40G eV attan = 40 ( ,= 04).

o
My (Gev)| S B |S B
310 133 | 443 | 62
407 111 | 403 | 56
506 73| 266 | 45
605 43| 15| 34

(i) H ! Signature [[2B ]:

Follow ing the analysis of Ref. 3]a m ore exact simulation of a heavy H  signature in
the decay channelwas done for the CM S detector using PY THTA [2B]. The results will
be presented in the next section. By exploiting the distinctive  polarization one can get at
Jastasgood a H signature here as in the th channel for the large tan region.

(iv) H ! W h® Signature B3
For sim plicity we have estim ated the signal cross-section from

gb! tH +hx:! W *'W h%+ hcy; (16)
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Pllowed by h® | b, W ' “ and W ! qgg. Thus the nal state consists of the sam e
particles as the dom inant decay m ode of eg. ([[]). Thus we have to consider the background
from theH ! thdecay (IJ]) along with those from the QCD processes of eg. (17).

W e require 3 btags along w ith the sam e basic cuts as in section (ii). This is followed by
them ass reconstruction ofW  and the top, which helps to identify the accom panying bpair
and theW . The resulting band W b invariant m asses are then sub fcted to the constraints,

M= mpo 10GeV andmy , 6 my 20Gé&V: (17)

The h® m ass constraint and the veto on the second top helps to separate theH ! W h’

signal from the backgrounds. However the fom er is severely constrained by the signal size
aswellas the S=B ratio. C onsequently one expects at best a m arginal signal in this channel
and only In a narrow strip oftheM y {tan param eter space, at the boundary of the LEP

exclusion region. Fig. 6 shows the signal ([[d) along with the backgrounds from (1) and

(@) against the reconstructed H massatonesuch point { My = 220G€V and tan = 2.
Note that, as discussed 1 section 2, in extensions of theM SSM ,theH ! W h°@W A°) can

be the dom inant decay m ode for M g 160 G&V in the Iow tan region and lead to a
spectacular signalat the LHC ; see Table 1.

0.0025 . . . . T
0.002 - -
s RN
0]
Q
2 00015 . ~.Qcp -
£ '
1= ; \ :
Qo ! / \
S o000LF S -
0] o | N
0
S
G 0.0005 -
o L
150 200 250 300 350 400 450
Mwob
Fig.6 TheH ! W h° signalcrosssection is shown against the reconstructed H m ass for
My =220Ge&V and tan = 2alongwith theH ! thand theQCD badckgrounds.

It should be m entioned here that these parton level M onte Carlo analyses of the H
signature in to and W h® decay channels need to be Pllowed up by detailed sinulation
with PYTHIA , lncluding detector acceptance, as in the case of the channel discussed
In the next section. Som e work has started here along this line for the ATLA S detector;
this is summ arized In section 5. One should also bear In m Ind the possibility of large
radiative corrections to the Yukawa coupling eg. (3); it is evidently in portant to include
these corrections for a quantitative evaluation of this signal.
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4 TheH™ ! mode in CM S

4.1 TIntroduction

A smentioned in the previous section, the hadronic  signature of a heavy charged H iggs
boson from pp ! tH at the LHC is useful. In this contribution, we study the search of
heavy H Dbosons In the CM S detector with a realistic sim ulation using the procedure of
Ref. 23] to select the events and to exploit the polarization e ects. Them ain backgrounds
aredueto ttand W + Ftevents. TheW + Ftbackground can be e ectively reduced w ith W
and top m ass reconstruction and b{tagging. A Ithough forttand W + ftevents the transverse
m ass reconstructed from the {&tand them issing transverse energy is bounded from above
by theW m ass, som e leaking of the backgrounds into the signal region can be expected due
to the experim ental resolution of the E™ **° m easurem ent.

4.2 Event selection and expectations for CM S

Events are generated with PYTHTA [P4]usihg the processby ! tH . The results from
Ref. P11 with a subtraction of double counting between thegb ! ™ and gg ! ©H
processes are usad to nom alize the PY THIA cross sections. TheH ! branching ratio
is calculated with the HDECAY program [[J]and used in the sinulation. A heavy SUSY
particle spectrum (1 TeV ) is assum ed w ith no stop m ixing. The decay m atrix elem ents
w ith polarization e ects B3, Pflare added in PYTHIA . Formy = 400 G&V and tan
= 40 about 1700 signal events, including only onepprong hadronic  decays, are expected
for an integrated lum inosity of 30 b . The Fts and the m issing transverse energy are
reconstructed w ith a fast sin ulation package CM SJET [27]. For b+tagging, results cbtained
from a fi1ll sin ulation and reconstruction of the CM S tracker are used [241.

The real Pt is chosen as the gt candidate requiring k2 > 100 G&V and j j<2.5.
T he events can be triggered w ith a multi-gt trigger and a higher level trigger even in
the high um inosity running conditions. The  selection is perform ed here using only the
tracker inform ation. T he algorithm of ref. ]to rem ove the transverse com ponents of the
polarization isused requiringr= p /E **> 08,wherep isthemomentum ofa hard pion
from  decay in a coneof R < 0.1 around the calorin eter gt axisand E  °%is the hadronic
energy of the gt (E. > 100 G &V ) reconstructed in the calorim eters (electrom agnetic and
hadronic) n a cone of R < 04. The e ciency of this  selection for the signal events is
20% while for the tt events the e ciency is only 0.4% (including the E  threshold for ft).
A reconstruction e ciency of 95% is assum ed for the hard isolated track from

A lJargem issing transverse energy is expected in the signalevents due to the neutrino from
H decay. TheET 58 is reconstructed w ith the CM SJET package, w here the calorin eter
response is param etrized including the e ects of the detector cracks and the volum es of
degraded response. E ciency ofthecutE 5 > 100 G eV isabout 75% for the signalevents
and about 39% for the tt background.

A visble signal for the H iggs can be obtained In the transverse m ass reconstructed from
the —gtand them issing transverse energy if the hadronic decay of the associated top quark
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is selected. For the reconstruction of the W and top m asses the events w ith at least three
Btswith EL > 20 G&V, In addition to the  Pt, are selected. The W and top m asses are
reconstructed m Inin izing the variable ? = @my; my )+ M4y m)?, wheremy and
m are the nom nalW and top masses. A Gaussian resolution of 13.6 G&V is found for
the reconstructed top m ass. T he fraction of events where the three gts are found and the
reconstructed W m ass is within m 15 G &V and the reconstructed top m ass w ithin m.
20 G eV is 54% for the signal, 59% for the tt background and 8% for the W + Ft events.

A fter theW and top m ass reconstruction and them assw indow cuts b-tagging is applied
on the Bt not assigned to theW . This gt is required to be harder w ith Etjet > 30G&V.The
tagging e ciencies based on the in pact param eter m ethod obtained from a full sim ulation
and track reconstruction in the CM S tracker are used @]. At Jeast two tracks with p. >
1 G eV and in pact param eter signi cance *® > 2 are required inside the et reconstruction
cone of 0 4. Forb—ptswith E. = 50 G&V the e ciency is found to be 50% averaged over
the full range (j j< 2:5). The m istagging rate for the corresponding light quark and
gluon etsis13% .

90| £ .,£
pp —> tHERE > ot > qgb 16 F— pp > tH,H™ — 7v,t —> qgb
80 my = 400 GeV, tang = 40

my = 400 GeV, tang = 40

a)

jet and top veto

12 - b)

70

60

Total background

40 b 8¢ /

Total background

30 /

Events for 3x10%b™"/10 CeV
Events for 3x10%b™" /40 CeV

050 100 150 200 250 300 350 400 450 500 300 400 500
my(T jet, E™) (GeV) m(T jet, ™) (GeV)

Figure 7: a) Transverse m ass reconstructed from ¥t and E S forH ! from pp !
tH withmy = 400Ge&V and tan = 40 over the total background from ttand W + &t
events. b) the sam e as in a) but with a veto on a central £t and a second top.

T he reconstructed transversem assm , over the totalbackground is shown in Fig. 7a for
my; = 400GeV and tan = 40 for 30 b '. Form, >100 Ge&V about 44 signal events
areexpected formy = 400G &V and tan = 40 and about 25 events form,; = 200G &V
and tan = 30, for an integrated lum inosity of 30 o *. About 5 background events from
ttand W + jetare expected form . > 100 G &V . Further reduction of the tt background is
still possible using a Ft veto cut and a veto on a second top in the event. Since a soft and
a relatively forward spectator b—gt from the production process is expected in the signal
events, a central and hard $t veto with j < 2 and E*" > 50 GeV is used. For the
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reconstruction of the second top from the  gt, m issing energy and one of the rem aining
ets, the Iongitudinal com ponent of the m issing energy is st resolved from the W mass
constraint selecting the am aller of the two solutions. T he reconstructed top m ass is required
to fall outside the window ofm: 60 G&V.The central gt veto and the second top veto,
being closely correlated cuts, reduce tt background by a factor of 7. The e ciency for the
signal is 54% . The transverse mass m ; distrbbution over the total background including
the t and second top veto isshown In Fig. 7o formy = 400G &V and tan = 40 and in
Fig.8aformy = 200GeV and tan = 30.

6 pp —> tHi,Hi —> Tv,t = qgb

my = 200 GeV, tanpg = 30
Ap(T jet,EM™) > 50°
jet and top veto

b)

pp —> tHi,Hi — T7v,t —> qgb

10 b my = 200 GeV, tang = 30
jet and top veto

a)

Total background

/

Events for 3+10°pb™' /20 CeV
Events for 3+10°pb™' /40 CeV
w

I I I I I I
0 50 100 150 200 250 300 350 400 O 50 100 150 200 250 300 350 400 450

my(T jet, E™) (GeV) my(T jet, E™) (GeV)
Figure 8: a) Transverse m ass reconstructed from Btand EM 5° forg | from pp !
tH withmy = 200Ge&V and tan = 30 over the total background from ttand W + t

events w ith central t and second top veto. b) the sam e as in a) but for > 50 ° where
isthe anglke between the Ftand theE{ 58 yector In the transverse plane.

T he visbility of the signalcan be signi cantly im proved, especially atm y = 200G €&V,
with a cut on the anglke between the ¥t and the EY iss A Ithough is directly
proportionaltom . ,a cut in suppresses the background e ciently at the lower end of
the expected signal region as can be seen from Fig. 8b show ing the signal over the total
background w ith > 50° formy = 200GeV and tan = 30.

4.3 Conclusion

O ur prelin nary study leads to the conclusion thatH ! from pp! tH isa prom is-
ing discovery channel for charged H iggs bosons at the LHC . For the evaluation of the nal
discovery reach in them 5 ,tan param eter space a detailed sin ulation of the E™ *5° m easure-
m ent for the background events is needed. T he study can be extended to high lum nosity
but som e additional Joss of e ciency should be expected due to the harder E tjet cuts due to

trigger requirem ents.
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5 TheH" ! cs;W h;tbmodesin ATLAS

5.1 Introduction

In this section we describe the charged H iggs boson discovery potentialof the AT LA S detec—
torinthe (my ,tan )param eter spacew hich hasbeen investigated using the AT LFA ST [29]
and PYTHIA 5.7 P4]sinulation packages. This is a particle{level sin ulation perform ed at

s= 14 TeV , but with the detector resolutions and e ciencies param etrized from fiillde-
tector sin ulations. Tt is assum ed that them ass scale of supersym m etric partners of ordinary
m atter is above the charged H iggs bosons so that H  decays into supersym m etric partners
are forbidden B(J]. A centralvalie 175 G &V is used for the top-quark m ass.

ThedecaysH ! thandH ! are the dom inant channels in m ost of the param eter
space [LJQ]. The decay channel H ! has been studied extensively for ATLAS for
my < my,and the signalappears as an excess of leptons [3]]. The channelH ! W h?
isonly relevant in a tiny range of M SSM param eter space but it constitutes a unique test for
M SSM and m ay be sensitive to the singlet extension toM SSM , ie.,,NM SSM .TheH ! cs
channel is studied asa com plem ent to the —lepton channel: if the charged H iggs is detected
by obsarving the excess of —leptons over the SM prediction, then the cs channel could be
used tom easurem 5 . D iscovery ispossible through theH © | tbhchannelforlow ( < 3)and
large (> 25)tan valuesup tom assesmy 400 G eV . In the follow Ing, a brief description
of the analysis is presented ; details can be found elsew here [32, B31.

5.2 H D iscovery Potential

(1)) t! bH ! becs,my < m.: tfevents are generated through gg;qq ! ttwith one
top-quark decaying into the charged H iggs, and theotherintoW ,t! W b! 1 b. Themapr
badkground is tt production itself w ith both top-quark decaying Into W ’s; one of the W 's
goes to Ets and the other to leptons. Thisprocess isstudied fortan = 15andmy = 110
and 130 G&V . The events with a nal state consisting of two btagged gts (j j< 25, and
pr > 15 GeV), and a single isolated Jpton (j j< 25,5 > 20 and p; > 6 G&V) are
selected and the charged m ass peak is searched for the di-pt m ass distrdbution m 5. The
com binatorial background is reduced by applying a b—pgt veto and a Ft=eto on extra Fts.
Fig.[d shows the di-et mass distribution for both the signal and the background. This
channel com plem ents the H ! channel in that if the H is detected by observing the
excess of —leptons,theH ! c¢s channel can be used to determ inem y

(i) t! bH ,H ' W h%my <mq: T he production m echanisn is the sam e as in
the previous case, but here, H ! W h°,with h® ! Ib. The nalstate containstwo W s,
one of which iso -shelland one ofwhich decays to leptons and the other to gts. Them apr
backgrounds are tdb and tyg followed by the decays of the top-quarks as described above.
The present channel is studied formy = 152G &V and fortan = 2 and 3 corresponding
tomuo = 835 and 931 G &V respectively. W e search for an isolated lepton, four b-tagged
Fts (B2 > 30 GeV) and at least two non b—gts with p) > 30 Ge&V. The details of this
analysis can be found i [33]. It su ces to say that although the backgrounds are over
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Figure 9: FortheH ! cs channel, the expected m 45 distribution from signal and background

events (solid) and from the background (dashed) formy; = 130 GeV and tan = 135 and for an
integrated um inosity of 30 fb '. Errors are statistical only.

two orders of m agnitude higher that the signal at the start, we propose a reconstruction

m ethod which pem its the extraction of the signalw ith a signi cance exceeding 5 1n the

Iow tan (15 25) region. At high tan , though the reconstruction rem ains com parable
the signal rate decreases so0 signi cantly that discovery potential vanishes in this region.

Fi.[[J show s the charged H ggsm ass reconstruction for tan = 2.

(i) my > m : Above the top-quark m ass, we consider the production of H  through
the2 ! 2processgb! tH .Two decay channelsofH areexam ined in details,H ! to
and H ' Wh ! Wb, M both cases the majpr background com es from th and tig
events. In either case, we search for an isolated lepton, three btagged Fts and at least
two non b—fts. The details of these analyses can be found elsswhere 83, B3]. D iscovery

is possible through the H ! thb channel for ow (< 3) and for high (> 25) tan up to
m g 400 G eV [BR1. Fig[1] shows the charged H iggs m ass reconstruction fortan = 1:5
andmy = 300Ge&V.0On theother hand, theH ! W h® channel presents no discovery

potential for the charged H iggs in theM SSM . Initially, the totalbackground is at least three
orders of m agnitude higher than the signal in the m ost favorable case studied (tan = 3).
W e propose a reconstruction technigque which In proves the signalto-dbadkground ratios by
two orders of m agnitude. However, this In provem ent is still not enough to observe a clear
signal; forexam ple,at tan = 3, a signi cance of only 3.3 can be expected after three years
of high um inosity operation [33].

5.3 Conclusions

T he possibility of detecting the charged H iggs through the decay channelsH ! cs,H !
Wh',andH ! tbwih theATLAS detector hasbeen studied asa fiunction of tan , below
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Figure1ll: Signaland bad«;round distributions for the reconstructed invariantm assm gy, formy =
300 GeV,tan = 1:5 and an integrated lum inosity of 30 fo !. Errors are statistical only.

and above the top-quark m ass. Below the top-quark m ass and at low tan ,both channels
H ! csandH ! W h° present signi cant discovery potential. T hese two channels would
com plem ent the H ! searches in that if the Jatter is ocbsarved through the excess of

—leptons, the form er channels can be usad to m easure them ass of the charged H iggs. A bove
the top—quark m ass, the process H ! tb presents a signi cant discovery potential in the
Jow and the high tan regionsup to 400 G&V.
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Light stop e ects and H iggs boson searches at the LHC .

G .Belanger, F.Boudjema, A .D jouadi, V. Ilyin,
JL.Kneur,S.M oretti, E.Richter{W as and K. Sridhar

A bstract

W e analyze the e ects of light top squarks w ith Jarge m ixing on the search of the
lightest H iggs boson of the M inim al Supersym m etric extension of the Standard M odel
at the LHC . W e discuss both the stop loop e ects In the m ain production and decay
processes, and the associated production of top squarks w ith the lightest H iggs boson.

1 Introduction

The third generation ferm ions, and especially the top quark because of its large Yukawa
coupling, play an in portant r&le in the m echanisn of electroweak sym m etry breaking and
the properties of the H iggs bosons [l]]. Recall that if the top quark were rather light, the
M inin alSupersym m etric extension of the Standard M odel M SSM ) would have been already
discarded since the Iightest H iggs boson h that it predicts would have been lighter than the
Z boson,M My, ﬂl 1, and would have not escaped detection at LEP 2. T he contribution of
the top quark and its SUSY partners to the radiative corrections to M , can push them ass
valleup toM, 135G eV [R], beyond the reach of LEP2. The m ixing in the stop sector
is also im portant since large values of the m ixing param eter £, = A+ =tan [where A,
is the trilinear coupling, the higgsino m ass param eter and tan the ratio of the vev’s of
the two H iggs doublets which break the electroweak symm etry; see Ref. [§] for the SUSY
param eters] can increase the h boson m ass for a given value of tan E 1

On the other hand, whilke the sferm ions of the two rst generations can be very heavy,
naturalness argum ents suggest that the SU SY particles that couple substantially to the H iggs
bosons [stops, doottom s for Jarge tan , and the electroweak gauginos and higgsinos] could
be relatively light. In this respect, the case of the stop sector is gpecial: because of the large
m  value, them ixing in this sector can be very strong, leading to a m ass eigenstate ¥ Iighter
that all other squarks, and possibly lighter than the top quark itself. At the same tine,
again because of the lJargem ixing, this particle can couple very strongly to theM SSM H iggs
bosons and in particular to the Iightest CP {even particle h.

At the LHC, a light stop with Jarge couplings to H iggs bosons can contrdbute to both
the h production in the m ain channel, the gluon{gluon fusion m echanian gg ! h, and to
the m ain detection channel, the two{photon decay h ! . The e ects can be extram ely
large, m aking this discovery channel possibly useless at the LHC [4{6]. On the other hand,
because of the enhanced couplings and phase{space, associated production of stops and the
h boson atthe LHC ,pp ! gg=gg ! tHth,m ight have sizeable cross sections [7{10].

It is thus crucial to Investigate how and when this scenario occurs and what other conse—
quences then follow at the LHC . T he purpose of our w orking group contribution is to update
and com plam ent the various analyses [5{10]w hich have been m ade on this sub fct.

54



2 Stop param eters and phenom enological constraints

W e start our discussion by recalling the param eters that de ne the stop m asses, m ixing angle
and the &t h coupling. T he stop m ass elgenstates are de ned through the m ixing angle .,
w ith the lightest stop & being & = cos . & sin . & . W ith the e ective trilinear m ixing
param eter, . = A+ =tan ,one has for them asses and the m ixing angl]

thKt . 2Inth

tan(2 )= 3 —> 55 or shn(2.)= 3 > 1)
e mé3R +5MJcos2 (1 Is;) mg omg
1 r
2 _ 2, = 2 2 2 2 2 2702
mtl;z—mt+2 mg +mg + (m o mey  F + dm AT (2)

wherem g, rMy, are the softSU SY breaking scalar m asses and the dots stand for the D {
terms/ M 22 cos2 . Note that In order to enhance the m ixing, sin(2 ) 1, one nesds to
m ake K, Jarge and/or have the soft=SUSY m asses aln ost equal: my, Moy . The tfh
vertex writes

m. Cos _
thtlh B Sjl’] (At tan )Sjrlt cos © mt
M 2 sinh
+ == sin( + ) (= =sih® y)oos .+ —sih® y sih® .
m: COS 2 3
g 1 ., 2 2 2
! M, 2 (2 dmy mg)+ mg (3)

where In the Jast line we neglected the D {term contributions and assum ed the lin it of large
M, to be in the decoupling regim e. A s can be seen, in the presence of large m ixing w ith
large splitting between the two stop eigenstates, the  tyh coupling can be particularly large.
Tn the case of no m ixing, only the top contribution survives and the coupling tth is of the
order of tth coupling. Taking thjskllin itasa reErengf point, the strength of the ty i h vertex
can be nom alized through Ry = My Vo4 =(gm )

W e now summ arize the constraints which can be im posed on the stop param eters:

Them odel independentm ass lin it on the lightest stop is obtained from direct searches
at LEP, m 90 G&v ]. However, if thet; and the , LSP are not too close in
m ass, a stronger lim it, m 120 G &V ], is available from Tevatron analyses. For
bottom sjuarks, a Iim itm 250 G &V is available from Tevatron data in the case of

no{m xing [17].

If stops are too light, the radiative corrections to the h boson m ass are not large enough
and the lmitM, 90GeV [IL]from LEP searches plys an in portant rolke.

"The sign conventions for A ; here is opposite to the one adopted in R efs. E] and [ﬁ]. A ccordingly, the
sign convention for the m ixing angle is opposite to the one of R ef. ﬂ} wheret) = cos &, + sin .t .
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A s in the case of top/bottom  gplitting In the Standard M odel, the stop/doottom dou—
blet can contribute signi cantly to electroweak precision observables through the
param eter. Tn particular, if stops strongly m ix and have large couplings, the contribu-—
tionsto  can exceed the value 00013 in posed by data [L3].

Som e values of the stop param eters m ight induce color and charge breaking m Inin a
(CCB).Since the naive constraints based on the globalm inin a m ay be too restrictive,
we w ill take Into account the tunneling rate [for w ide range of param eters, the global
CCB m inInum becom es irrelevant on the ground that the tin e required to reach the
lowest energy state exceeds the present age of the universe], which leads to a m ider
constraint which m ay be approxin ated by [[41: A2+ 3 ?< 75M 53 + M éaR ).

/>\ F . />\ |
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Figure 1: (a) Constraint from 00013 (full line),M 4, 90 G &V (dash-dot),CCB (dash) and
my (dash) fortan = 10, = 400Ge&V,m 6 = 120 GeV and M, = 1 TeV ; the M, constraint
for tan = 235 is also shown (dot). (b) Equipotential lines (dotted) for the nom alized coupling
R, = 1;10;50;100 with tan = 10 and = 400 GeV . The exclusion regions corresponding to

0013 and M , 90 GeV are also reproduced.

Fig.1 show show the param eter space is restricted by the previous constraints and w hich
valuesoftheratioR,, areallowed. In F . 1a, the excluded region in the plane (cos (;m ¢, ) is
w ithin the respective boundaries indicated. N ote that for cos . 1, the constraint also
excludes the region to the right of the second branch of the curve w here the present Iim it
on them ass of the soottom is contained. Requiring m 250 G &V excludes the region to
the right of the curve. The CCB constraint for = 800 G &V is also displayed, the excluded
region lies between the two \CCB, = 800" curves. In Fig. 1b, we show the equipotential
lines for the nom alized coupling R, . The exclusion regions corresponding to 0013
and M , 90 G &V are also reproduced. Tn allcasesM, = and a comm on gaugino m ass
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atthe GUT scal are assum ed. N ote that one has to m ake sure that the Iightest stop is not
the LSP, as has been always veri ed in our analysis. C onsidering that the CCB constraint
is rather uncertain, it is also worth pointing out that the one used in our analysis hardly
precludes points which are not already excluded by the and m ; constraints.

3 H iggs boson signals at the LHC

Tn this section, we w illdiscuss whatm ight happen to the search for the Iightest M SSM H iggs
boson h at the LHC, if one allow s all sparticles but the stops (and to a lesser extent the
charginos and neutralinos) to be rather heavy. W e w i1l st discuss the e ects of stop loops
in the gluon{gluon fusion m echanisn ,gg ! h,and in them ain H iggs detection channel, the
two{photon decay h ! , and then discuss the associated production of stops with the
Iight H ggs boson h and possbly A .

3.1 Stop loop e ects

Since the htyty vertex eg. (2) does not have a de nite sign [for no m ixing the positive m E
com ponent dom inates while for m axin alm ixing the negative com ponent % sin? (2 ¢)(m 121

m é ) is the leading one], the stop loop contrilbutions can interfere either destructively or
constructively w ith the top loop contributions in thegg ! h and h ! processes. N oting
thatwhile forgg ! h only top/stop loops are present, for the decay h ! , the additional
contrbutions from W Jloops are dom inant and have a destructive interference w ith the top

contributions. This m eans that if the rate forh ! gg is suppressed, there w ill be a slight

ncrease in h ! decay width and vice versa. T herefore either the rate for the inclisive
channelgg ! h ! is enhanced or the rate for the associated H iggs production pp !
W h;Zh;tth ]wjrhh ! is enhanced. It is in portant to stress that, in any case, the

rate for the associated tth production w ith the subsequent decay h ! 1o is hardly a ected
by stop loops and w ill always help In these scenardi, as w ill be discussed later.

W e begin our analysis by de ning the ratio R Ru: which is the branching ratio of
the lightest SU SY H iggsboson decay into two photons over that of the SM for the sam e H iggs
mass. In the decoupling regine, M 4 M , , this ratio is a ected only by SUSY {particle
Joops; in this case the ratio is also sensbly the sam e as the ratio for associated production
of the h boson with W ;Z bosons and/or w ith tt pairs, w ith h decaying into . Wealo
de neRy as the ratio for the signal in the direct production channelgg ! h tin es the
branching ratio for the h ! decay In the two m odels. T he gg and decay w idths are
obtainedf] w ith the help of the program HDECAY [I4].

Fig.[ summ arizes the contrbution of stop loops to these ratios, for tan = 2:5; =

M,=250G¢€V andM , = 1 TeV.Tomaxin ize the e ect of stop m xing, sn(2 )’ 1,we
assum e thath3 ! Moy . From this gure, one can see that:

8N ote that the ratios of gg decay w dths and production cross sections are aln ost the sam e: large Q CD
corrections cancel out in the ratios when the dom inant contribution com es from the top loops, and the
corrections to the top and stop contrbutions are practically the sam e; see R ef. [@].
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Figure 2: H iggs boson (h) production and decay ratios at the LHC formg ' my attan = 25

and large M , . Figures are scanned overm . and A w ithin the constraints discussed above.

Q'3

58



{Theh'! branching ratio isonly m idly a ected [less than 30% 1by the contribu-
tions of the stop loops which can be of efther sign. This ism ainly due to the fact that the
W contribution to the h vertex is Jargely dom inant in the decoupling lim it.

{ The hgg coupling is always reduced com pared to the SM case for large stop m ixing
and rather Iight stops can lead to a strong reduction In the rate of the inclusive production
channelgg ! h. The suppression factor can be as low as 1=10 whereas a benchm ark for
discovery is about 1=2 [although this benchm ark depends slightly on the H iggs boson
m ass]. The suppression occurs for rather large, though not m axin al, H ggs boson m asses
w here the e cliencies are better than for am aller H iggs m asses.

{ For very heavy stops which should decouple from the hgg and h vertices, the ratio
Rgy could bedi erent from unity since charginos could be also light and m ight give sn all
contrlbutions to the h ! decay width in theM SSM .

3.2 A ssociated H iggs production w ith stops

If the m ixing in the stop sector is Jarge, one of the top squarks can be rather light and at
the sam e tim e, its couplings to the H iggs boson can be strongly enhanced. T he associated
production processpp ! go=gg ! hty s m ight then be favored by phase gpace and the cross
sections m ight be signi cantly large. T his process is thus worth investigating at the LHC .

In view ofthe In plem entation ofthe processpp ! gog=gg ! %t h into an event generator,
it is usefiil to give a \m odel iIndependent” description of the production cross section in the
continuum , In term s of the param etersm ;M ,, pesides ,m . etc...]. Onecan tabulte, In a
way which can be read extemally, the cross section according to selected va]uesﬂ OfM y;m ¢,
together w ith the coupling V. ., [for sinplicity and asa rst step, one can take the vertex
Ve gn such thatRy = 1, ie. in the largeM 5 lin it, no tm xing and D {tem s].

T he generator of partonic events for pp ! % h can be created by using the package
CompHEP [L]and m ay be down-loaded at this http address [[3]. T he events can be used as
an external process Input in PYTHIA [PQ]or ISAJET for further decay and hadronization to
sim ulate full events at the level of detectable particles. The t;th coupling is evaluated as
a user’s function thus allow ing for an interface w ith any SUSY m odel. T he generator also
ncludes, as an option, the event generation of the SM processpp ! gog=gg ! to+ H iggs.

A s an illustration, de ned reference cross sectjonﬂ calculated w ith the help of CompHEP
are digplayed in Fig.[]. The cross sections are shown as functions of M ,, (m ) for given
valuesofm, M), ora th vertex in the lin it of large M 5 , no m ixing and no D {tem s,
as discussed above. A 1so shown are the cross sections for the processes pp ! tth; 2 [Wwhere
only the dom inating contributions of the gg initiated subprocesses are included]and %7
fw here the vertex hasbeen com puted w ith cos” . = 1=2, ie. m axin alm ixing, and has to be
rescaled by a factor (cos =2 2=3% ) for otherm ixing values,]. W e have used the CTEQ 4
structure fiinctions @] w ith a scale set at the invariant m ass of the subprocess.

°0 f course, In reality, the situation is slightly m ore com plicated since the two m assesm y M1 and the
coupling V¢ ¢, depend on them ixing and are thus interrelated
10N ote that the com plete analytical expressions of the pp ! gg=qq ! oo+ H iggs are given in R ef. [ﬂ].
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KT, A at LHC
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Figure 3: The cross section pp ! tth (and sim ilar processes) at the LHC as functions of m o
(left) and M}, (right) for a range ofM , and m & values. See text for details.

Ascan be ssen, thepp ! tth cross section can be large for an all values of the stop
and the H iggsm asses, but drops precipitously with m , and to a lesser extent with M . The
Ccross section ism ore than order ofm agnitude larger than (pp ! # %8 7Z ) and can exceed the
one for the SM {Ike processpp ! tth for strong enough m ixing R, 1 and Iight % .

TIfone takes the value (tithh) > 300 fo asa benchm ark cross section value for observing
this process at the LHC , and using the constraint on the m axinum values of the fth
coupling, values ofm 250 G &V are hardly accessible at the LHC . This is shown in Fig [}
wherethepp ! % %h cross section is shown asa function ofm , taking all soft squark m asses
equalfortan = 235 and im posing :0013. A scan on the comm on soft breaking scalar
m ass and A has also been perform ed; shown are points that pass the criteria ., > 300 fo
and forwhich m 150 G &V . Larger values of the stop m ass can be reached if ones allow s
a 2 variation on the constraint, as shown in the gures at the bottom .

3.3 Com parison of inclusive and associated production processes

Let us now m ake a global discussion on the stop e ects in both type of processes for H iggs
boson production,gg ! h ! and pp ! tth. The two cross sections are shown in
Fig.[f in the decoupling lin it for tan = 2:5 and equal soft breaking scalar m asses. A s can
be seen, the suppression of the rate in the inclusive production channel is com pensated by
a rate increase in the associated production channel. W hen the suppression factor in the
nclusive production is below 0:5 m aking discovery in this channeldi cult, the cross section

for the process fth is above 200 fo. A s discussed previously, a benchm ark value for the
cross section allow ing the discovery of the H iggsboson In the pp ! t3t4h channel has been

estim ated to 300 fo. T herefore for som e values of the param eters, neither the inclusive
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nor thepp ! % f%h channels can be accessed. However, one also sees that for these sam e
points one can w ithout di culty use the usualpp ! W h=Z h;t th search m odes.
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Figure 5: The cross sections for the inclusive and associated H iggs production at the LHC for

v " and A¢.

o attan = 25 and large M » . Figures are scanned over v

Usr Q3

T herefore w ith the ram ark that the process pp ! tth With h ! ] should allow for
H iggs boson discovery at the LHC w ithin this scenario, one should salvage the detection the
h boson w ith the bonus that the stop should also be observed . Even though onem ay have to
wait for the higher lum nosity stage, the scenario w ith Iight stops and large couplings o er
m uch better progpects than previously thought.

T he assum ption of an equalvalue for the soft scalar m asses at the weak scale is rather
unnatural [see Jater In m SUGRA ] and could be relaxed. To illustrate the fact that large
suppression factors in the inclusive production channel, though not as dram atic as in the
previous case, still occur we show In Fig.|d typical R ratios for unequal values of the soft
masses. W hat ism ost Interesting is that, as soon as sn(2 ) & 1, the non{diagonaldecay
channel ¥, ! th opens up and can have an appreciable branching ratio. T his can be seen
by Ingpection of the V. ., coupling, for which the leading com ponent is proportional to:
Veen / 9=(AMy )sin4d . m % m?cz ). Considering that if the t, m ass is not excessively large,
% is produced in abundance and this cascade decay can provide m ore H iggs bosons than
through the continuum pp ! t%h production.

Perhaps even m ore interesting, is the case when M 5 is not too large. For large values
ofA¢, and even when sn2 . ’ 1, one can have a large decay rate t;, ! HA shce the
A%t coupling can be large Vi o, / gm=(2M y )(A=tan ), as shown in Fig[]/. This
coupling is generally larger than the %% H ocoupling and hence, w ithin these scenarii, the
decay &, ! A ismost lkely to occur than the decay into the heavier H boson, % ! H .

Finally, let usm ake a f&w comm ents on the case of them Inin al Supergravity m odel 3],
where the only Input param eters are the universal scalar m ass m o, the universal gaugino
m ass param eterm ;_, , the trilinear coupling Ay, tan and the sign of the param eter. The
param etersm g;m -, and A, are chosen at the GUT scale and their evolution down to the
weak scale is given by the RGE ’s [24]. Proper breaking of the electroweak symm etry is also
assum ed, which xes the param eter j j. Tnh what follow s, the RGE ’s and the proper EW
symm etry breaking are solved using the program SUSPECT [231.
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In them SUGRA case the cross section can be as large as in the case of the unconstrained
M SSM , but In a relatively an aller area of the SUSY param eter gpace. This is essentially
due to the fact that it is generically very di cult to have aln ost degenerate 5, and &% In

m SUGRA , so that the stop m ixing angle which is controlled by the ratio Kt=(m121 mﬁR )

can becom e large only for very large K. M oreover in the RG evolution [24] A.jtends to
decrease when the energy scale is decreasing from GUT to low-energy. Thism akes a lJarge
A value at Iow energy less lkely, sihce Ag = A(GUT ) would have to be even larger, which
may con ict with eg. the CCB constraints. The only way to have an increasing A :jwhen
running down to low energy is if Ay < 0 with Ay small enough. This requires a largem -,
value, which im plies not too snallm . .

Thus the m ixing in the stop sector is, In general, not as large as in the unconstrained
M SSM and the t3t4h coupling for instance is, in general, sm aller than In the previous case.
T his In plies that the rate for the Inclusive production and detection channelgg ! h !
[in the decoupling lim it] is not as dram atically di erent from the rate In the SM , as it can
be In the unconstrained M SSM . Furthem ore, the m ider m ixing results in a sm aller cross
sections for the process pp ! Hith as is shown in Fig. 8 for LHC energies. However, for
large tan  values, the psesudoscalar A boson tends to be rather Iight in m SUGRA , opening
the possibility for thedecay & ! tA to occur w ith an appreciable rate as shown in Fig. 8b.

N ote that one should also easily obsarve the pseudoscalar A boson in the loop m ediated
process gg ! A since the rate is strongly enhanced for large tan and, because of CP {
Invariance, light stop [or doottom ] loops cannot contribute to the process.
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Figure 8: Cross sections nm SUGRA atLHC:a) (pp! ttth)form,, = 03TeV ,Ayg= 2TeV,
tan = 25;30. b) (pp! Hoh;ubh;bA)obrmyp= 02TeV,Ap= 03 TeV and tan = 35.
For the spectrum ,SUSPECT isused in a) and ISAJET in b).
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D ouble H iggs production at TeV C olliders

in the M inim al Supersym m etric Standard M odel

R .Lafaye,D J.M iller,M .M uhlleitner and S.M oretti

A bstract

T he reconstruction of the H iggs potential in theM Inin alSupersym m etric Standard
M odel (M SSM ) requires the m easuram ent of the trilinear H iggs selfcouplings. The
‘double H iggs production’ subgroup has been investigating the possibility of detecting
signatures of processes carrying a dependence on these vertices at the Large H adron
Collder (LHC) and future Linear Colliders (LCs). A s reference reactions, we have
chosen gg ! hh and €' e ! hh7, respectively, where h is the lightest of the M SSM
H iggs bosons. In both cases, the H hh interaction is involved. Formy ~ 2my, the
two reactions are resonant in the H ! hh m ode, providing cross sections which are
detectable at both accelerators and strongly sensitive to the strength of the trilinear
coupling involved. W e explore thism ass regin e of the M SSM in the h ! b decay
channel, also accounting for irreducible background e ects.

1 Introduction

Considerable attention has been devoted to double H iggs boson production at future €' e
and hadron colliders, both iIn the Standard M odel (SM ) and the M SSM [Il,[3,]. For the
SM , detailed signalto-background studies already exist for a LC environm ent [], for both
‘reducible’ and “rreducible’ backgrounds [,[3], which have assessed the feasibility of expert-
m entalanalyses. At the LHC , since here the typical SM  signal cross sections are of the order
of 10 fo B], high integrated lum inosities would be needed to generate a statistically large
enough sam ple of double H iggs events. These would be further obscured by an overw helm —
Ing background, m aking their selection and analysis In a hadronic environm ent extrem ely
di cult. Thus, in this contribution we w ill concentrate only on the case of the M SSM .

Tn the Supersymm etric (SU SY ) scenario, the phenom enological potential of these reac—
tions is two-fold. Firstly, In som e speci ¢ cases, they can fumish new discovery channels for
H iggs bosons. Secondly, they are all dependent upon several triple H iggs selfcouplings of
the theory, which can then be tested by com paring theoretical predictions w ith experin ental
m easuram ents. This is the rst step in the reconstruction of the H iggs potent]'aljtsehﬂ .

The Higgs W orking Group (W G ) has focused much of its attention in assessing the
viability of these reactions at future TeV colliders. H ow ever, the num ber of such processes is
very largeboth at the LHC and aLC [,[3], so only a faw “reference’ reactions could be studied
In the context of thisW orkshop. W ork is in progress for the longer termm , which ain s to cover
m ost of the doubl H iggs production and decay phenom enology at both accelerators [d].

11T he determm ination of the quartic selfinteractions is also required, but appears out of reach for som e
tin e: see Refs. E,E} for som e cross sections of triple H iggs production.
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T hese reference reactions were chosen to be the gluon{fusion m echanisn ,gg ! hh, for
the LHC (see top of Fig.[l) and the H iggs{strahlung process, e' e ! hhZz ,for the LC (see
bottom of Fig.[]), where h is the Iightest of the M SSM scalar H iggs bosons. The reason
for this preference is sin ple. Firstly, a stable upper lim it exists on the valie of my,, of the
order of 130 G €V , now at two-loop lvel []], so that its detection is potentially well w ithin
the reach of both the LHC and a LC. In contrast, the m ass of all other H iggs bosons of
the M SSM m ay vary from the electtoweak (EW ) scale, O (my ), up to the TeV region. In
addition, asnoted in Ref. E], themultib nalstateingg ! hh ! Mddo,with two resonances
and large transverse m om enta, m ay be exploited in the search for the h scalar In the large
tan andm oderatem, region. T hisisa comeroftheM SSM param eter space thathas so far
eluded the scope of the standard H iggs production and decay m odes [§1. (T he sym bolA here
denotes the pseudoscalar H iggs boson of the M SSM , and we reserve the notation H for the
heaviest scalar H iggs state of the m odel.) H owever, this paper w i1l not Investigate the LHC
discovery potential in thism ode, given the very sophisticated treatm ent of the background
(well beyond the scope of this note) required by the assum ption that no h scalar state has
been previously discovered (see below ). This will be done in Ref. ]. Furthem ore, the
gg! hhande' e ! hhZ modes largely dom nate double H iggs production [, ], at least
for centreofm ass (CM ) energies of 14 TeV at the LHC and 500 G&V in the case of a L.C,
the default values of our analysis. (Notice that we assum e no polarization of the incom ing
beam s in €' e scattering.) Finally, when my =~ 2m,, the two reactions are resonant, as
they can both proceed via intemm ediate states nvolving H scalars, through gg ! H and
ee ! HZ,whih in tum decay via H ! hh [§]. Thus, the production cross sections
are largely enhanced [, B] (up to two orders of m agnitude above typical SM rates at the
LHC [J)) and becom e clearly visble. T his allow s the possibility of probing the trilinear H hh
vertex at one or both these colliders.

T he dom inant decay rate of the M SSM h scalar is into kb pairs, regardless of the value
of tan [4]. Therefore, the nal signatures of our reference reactions always involve four
bquarks In the nal state. (In the case of a LC environm ent, a further trigger on the
accom panying Z boson can be exploited.)

TIfoneassum esvery e cient tagging and high-purity sam pling ofbquarks, the background
to hh events at the LHC is dom inated by the irreducible QCD modes [LJ]. Am ong these,
we focus here on the cases gqg;gg ! ddd, as representative of deal btagging perform ances.
These m odes consist of a purely QCD contrdbution of O ( i), an entirely EW process of
O ( £,) (with no double H ggs interm ediate states) and an O ( 2 2 ) com ponent consisting
of EW and QCD interactions. (Note that in the EW case only gq initiated subprocesses are
allow ed at treedevel.) Fora L.C ,the nalstate ofthe signalisblddZ ,w ith the 72 reconstructed
from its decay products in som e channel. Here, the EW background isofO ( 2 ) away from
resonances (and, again, contains no m ore than one interm ediate H iggs boson ), w hereas the
EW /QCD background is proportionalto ( 2 2 ).

In general, EW backgrounds can be problem atic due to the presence of 2 vectors and
single H iggs scalars yielding kb pairs, w ith the partons being typically at large transverse
m om enta and well ssparated. In contrast, the Q CD backgrounds invoke no heavy ob gcts
decaying to b pairs and are dom nated by the typical infrared (ie., soft and collinear) Q CD
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gg to double H iggs fusion at the LHC : gg ! hh

g h SO0 —+—---- h

doubl H ggsstrahlung ata LC:e'e ! hhZ

z z z z
AL !
. . h > nh _ " h - h
h;H %, AN
h h h h

Figure 1: D iagram s contributing to gg ! hh (top) and e'e ! hhZ (bottom ) in the
M SSM .

behavior of the partons in the nal state. However, they can yield large production rates
because of the strong couplings.

In this study, we investigate the interplay between the signal and background at both
colliders, adopting detector as well as dedicated selection cuts. W e carry out our analysis
at both parton and hadron level. The plan of this note is as follows. The next Section
details the procedure adopted in the num erical com putation. Sect. } displays our results
and contains our discussion. Finally, in the last section, we summ arize our ndings and
consider possible future studies.

2 Calculation

For the parton level sin ulation, the double H iggs production process at the LHC , via gg fu—
sion, has been sin ulated using the program ofR ef. [[]]to generate the interaction gg ! hh,
w ith them atrix elem ents (M E s) taken at leading-order (LO ) for consistency w ith our treat—
m ent of the background. W e then perform the two h ! Ib decays to obtain the actual
4b- nal state. For doubl H iggs production at a LC , we use a source code for the signal
derived from that already used In Ref. [§]. At both colliders, am plitudes for background
events were generated by m eans of M adG raph [[4]and the HELAS package [[J]. Note that
Interferences between signal and backgrounds, and between the various background contri-
butions them selves, have been neglected. T his is a good approxin ation for the interferences
Involving the signal because of the very narrow width of the M SSM Iightest H iggs boson.
Sim ilarly, the various background subprocesses have very di erent topologies, and one would
expect their Interferences to be an all In general.

The H iggs boson m asses and couplings of the M SSM can be expressed at treelevel
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In tem s of the m ass of the pseudoscalar H iggs state, m» , and the ratio of the vacuum
expectation values of the two neutral elds in the two isodoublets, tan . At higher order
how ever, top and stop loop-e ects can becom e signi cant. R adiative corrections in the one-
Ioop lading m { approxin ation are param eterized by

3Gym; m 2
2 2sin m

w here the SU SY breaking scale isgiven by the comm on squark m ass,m s , setequalto 1 TeV
In the num erical analysis. If stop m ixing e ects are m odest at the SUSY scale, they can
be accounted for by shiftingm? 1 by the amount m 2 = X?[1  A?=(12m?2)] & is the
trilinear com m on coupling). T he charged and neutral C P-even H iggs boson m asses, and the
Higgsm ixing angle are given in this approxin ation by the relations:

2 _ 2
mZ =m+micos y ;
2 _ 12 2
Myyz = sMz+my;+
S
m2+mZ+ § 4dmim?cos?2 4 (f sh® +m?cos )J;
m?+m?
tan2 = tan2

z w ith — 0; (2)
2

as a function ofm 5 and tan . The triple H ggs selfcouplings of the M SSM can be param —
eterized [[4,[[3] 1 units of M Z=v,v= 246 G&V , as,

, cos
hhh = 300s2 sin( + )+ 3—2 - cod ;
m; sin
gnn = 2sh2 sin( + ) oos2 cos( + )+ 3—5——cof ;
m; sin
) , cos .,
HHEh = 2sn2 cos( + ) cos2 sin( + )+ 35;——sn® ;
m; sin
sin o
pen = 30082 cos( + )+ 3—F——sh” ;
mZ
, cos
haa = 00sZ2 sin( + )+ —5— s ;
m; sin
sin
HAA = cos2 cos( + )+—2_—cos2 : (3)
m; sh

N ext=toJeading order (NLO ) e ects are certainly dom inant, though the nexttonext-
to-leading order (NNLO ) ones cannot entirely be neglected (especially in the H iggs m ass
relations). T hus, in the num erical analysis, the com plete one-loop and the leading two—-loop
corrections to theM SSM H iggsm asses and the triple H iggs self-couplings are included. The
H iggsm asses, w dths and selfcouplings have been com puted using the HD ECAY program
described in Ref. L], which uses a running b ass in evaluating theh ! odecay fraction.
T hus, for consistency, we have evolred the value ofm , entering the hldbo Y ukawa couplings of
theh ! Ibdecay currents of our processes in the sam e way.
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For our analysis, we have considered tan = 3 and 50. Forthe LHC , high values of tan
produce a signalcross section m uch larger than thetan = 3 scenario, over aln ost the entire
range ofm » . H owever, this enhancem ent isdue to the increase of the dow n-type quark-H iggs
coupling, which is proportionalto tan  itself, and serves only to m agnify the dom inance of
the quark box diagram s of F 4. []. U nfortunately, these graphs have no dependence on either
of the two triple H iggs selfcouplings entering the glion-gluon process considered here, ie.,

nhh and g un - Thus, although the cross section is com fortably observable, all sensitivity to
such vertices is lost. T herefore, the m easurem ent of the triple H iggs selfcoupling, g nn, 1S
only feasible at the LHC for Iow tan due to the resonant production of the heavy H iggs
boson (see Fig. 5a of Ref. ().

In contrast, the cross section for double H iggs production at the LC is am all for large
tan because there isno heavy H Iggs resonance (see F ig. 8 ofRef. [}]). A s soon as it becom es
kinem atically possible to decay the heavy H iggs into a light H iggs pair, the ZZH coupling
is already too am all to generate a sizable cross section. Furthem ore, the continuum M SSM
cross section is suppressed w ith respect to the SM cross section since the M SSM  couplings
ZZH and ZZh vary with cos( ) and sin( ), resoectively, with respect to the
corresponding SM coupling. Notice that in this regine, at a LC, the pnn vertex could in
principle be accessible nstead, since  nnn inn (see Fig.2 of Ref. [§]) and because of the
kinem atic enhancem ent Induced by m , my . Unfortunately, we w ill see that the size of
thee'e ! hhZ cross section itself is prohibitively sm all.

W eassum e thatb—-ptsaredistinguishable from light-quark and gluon gtsand no e ciency
to tag the four bguarks is included in our parton levelresults. W e further neglect considering
the possibility of the b—gt charge determ ination. A Iso, to sin plify the calculations, the Z
boson appearing in the nalstate of the LC process is treated as on-shell and no branching
ratio (BR) is applied to quantify its possible decays. In practice, one m ay assum e that
it decays kptonically (ie., Z2 ! “*‘ ,with ‘ = e; ; ) or hadronically Into light-quark
Bts (le., 2 ! gg,with g6 Db), In order to avoid problam s w ith 6bquark com binatorics.
Furthem ore, in the LC analysis, we have not sim ulated the e ects of Initial State R adiation
(ISR ), beam strahlung or L inac energy spread. Indeed, we expect them to a ect signal and
backgrounds rather sim ilarly, so we can neglect them for the tin e being. Tndeed, since a
detailed phenom enological study, including both hadronization and detector e ects, already
exists for the case of double H ggsstrahlung in €' e ], whose conclusions basically support
those attained in the theoretical study ofR ef. [{], we lin it ourselves here to update the latter
to the case of the M SSM .

So far only resonant production gg ! H ! hh ! Iddb hasbeen investigated [[3], with
full hadronic and detector sim ulation and considering also the (large) QCD backgrounds,
and a sin ilar study does not exist for continuum double H iggs production at the LHC . (See
Ref. [[]] for a detailed account of thegg ! H ! hh ! b decay channel.) The event
sin ulation has been perform ed by using a special version of PY TH IA [[], In which the
relevant LO M Es for double H iggs production of R ef. [[]]] have been implmented by M . E1
Kacin iand R . Lafaye. These M E s take into account both continuum and resonant double
H iggs boson production and their interferences. (T he Insertion of those fore' e processes is
In progress.) ThePYTH IA interfaceto HD ECAY hasbeen exploited in order to generate
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theM SSM H iggsm ass spectrum and the relevant H iggs BR s, thus m aintaining consistency
w ith the parton level approach. A s for the IR'H C detector sim ulation, the fast sin ulation
package was used, w ith high Ium inosity (ie., Ldt= 100 fb ') param eters.

T he m otivation for our study is twofold. O n the one hand, to com plam ent the studies
of Ref. [[Q]by also considering the continuum production gg ! hh ! Hddb at Jarge tan
O n the other hand, to explore the possibility of further kinem atic suppression of the various
frreducible backgrounds to the resonant channel at sm all tan

3 Results

3.1 The LHC analysis

In our LHC analysis, ollow ing the discussion in Sect.[], we focusm ost of our attention on
thecasetan = 3,withm, = 210 G&V, although other com binations of these two M SSM
param eters w ill also be considered. W e further set A = = 1 TeV and take all sparticle
m asses (and other SUSY scales) tobeas bhrgeas1 TeV .

311 gg! hh! dobat parton level

In our parton level analysis, we dentify gts with the partons from which they originate
(w ithout am earing the m om enta) and apply all cuts directly to the partons. W em in ic the
nite coverage of the LHC detectors by In posing a transverse m om entum threshold on each

of the four b—gts,
pr ) > 30Gev (4)

and requiring their pseudorapidity to be
j (b)j< 25: (5)

A Iso, to allow for theirdetection as separate ob fcts, we In pose an isolation criterium am ong
b—pgts,
R (o) > 04; (6)

gq
by m eans of the usual cone variable R (ij) = (ij)° + (ij) ¢, de ned In temm s of

relative di erences In pseudorapdity ;5 and azimmuth ;4 of the i-th and j-th b—gts.

A s prelin nary and very basic selection cuts (also to help the stability of the num erical
Integration), we have required that the invariant m ass of the entire 4bsystem is at least
tw ice the m ass of the lightest M SSM H iggs boson (apart from m ass resolution and ghion
am ission e ects), eg.,

m (ddd) 2m, 40GeV; (7)

and that exactly two h—resonances are reconstructed, such that

() myj< 20G€&V: (8)
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Figure 2: D istrbutions in transverse m om entum of the four pr -ordered b-ptsin gg ! hh !
ddb and in the Q CD background, after the cuts @){(§) at the LHC ,fortan = 3,m, = 104
GeV andmy " 220 G eV .Nom alization is to unity.

In doing so, we In plicitly assum e that the h scalar boson has already been discovered and
s m ass m easured through som e other channel, as we have already intim ated In the Intro-
duction.

A fter the above cuts have been in plem ented , w e have found that the two 4bbackgrounds
proceeding through EW interactions are negligible com pared to the pure QCD process. In
fact, the constraints descrdbbed in egs. (]){ () produce the strongest suppression, aln ost
com plktely washing out the relatively enhancing e ects that the cuts in ([@){ (@) have on
the EW com ponents of the backgrounds w ith respect to the pure QCD one, owning to the
Intermm ediate production of m assive Z2 bosons In the form er. In the end, the production
rates of the three subprocesses scale approxin ately as their coupling strengths: ie., O ( i ) :
O(22):0(%). Therefore, In the rem inder of our analysis, we willneglect EW e ects,
as they represent not m ore than a 10% correction to the QCD rates, which are In tum
a ected by much larger QCD K —factors. A s for the pure Q CD background itself, it hugely
overw helm s the double H iggs signal at this stage. T he cross section of the fomm er is about
7.85 pb, whereas that of the latter is approxin ately 0.16 pb.

To appreciate the dom inance of them ;, cuts, one m ay refer to Fig. ], where the distri-
butions in transverse m om entum of the four p; -ordered bquarks (such thatpr (o) > 0>
pr (o)) of both signaland Q CD background are shown. Having asked the four b—gts of the
background to clossly emulate thegg ! hh ! Hddb kineam atics, it is not surprising to see
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a ‘degeneracy’ in the shape of all spectra. C learly, no further background suppression can
be gained by increasing the pr (b) cuts. The sam e can be said for (b) and R (o). O thers
quantities ought to be exploited.

2.0 ‘

Egn = 14 TeVv
MSSM

tanpg = 3.0
M, = 104 GeV
My = 220 GeV

1.5
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do/df,;,(bb) 1/0 (1/radians)
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dashed » QCD - -
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Figure 3: D istrbutions in m inin um relative angle (in radians) in the 4b-system rest fram e
between two b—-pts reconstructing my, n gg ! hh ! Hdb and in the QCD background,
after the cuts (){ (@) at the LHC, ortan = 3,m, = 104 GeV and my ' 220 GeV.
N omm alization is to unity.

In Fig.[}, we present the signaland Q CD background distributions in them inim um angle
form ed between the two bquarks com Ing from the ‘sam e H iggs’ (ie., those ful 1ling the cuts
in @) in the 4dbsystem rest fram e (the plot is rater sim ilar for the m axinum angle, thus
also on average). T here, one can see a strong tendency of the two 2bpairs produced in the
H iggs decays to lie back+to-back, re ecting the 2 ! 2 interm ediate dynam ics of H iggs pair
production via gg ! hh. M issing such kinem atically constrained virtual state, the QCD
badkground show s a much larger angular spread towards anall , i, (o) values, eventually
tam ed by the isolation cut (@).

T he som ew hat peculiar shape of the signaldistrrbution is due to destructive interference.
R ecall that the signalcontainsnot only diagram sproceeding via a heavy H iggs resonance (the
upper-left hand graph of Fig.[l]), which results in the large peak In Fig.[§, but also contains
a continuum contribution m ediated by box graphs (the upperright hand graph of Fig.[l]).
These two contributions destructively interfere leading to the depletion of events between
the large back—+to-dback peak and the an all rem aining oum p’ of the continuum contribution
as seen n Fig.[3.

In theend, a good criterium to enhance the signal-to-dackground ratio (S=B ) isto require,
eg. () > 24 radians, ie., a ssparation between the 2b—gts reconstructing the lightest
H iggsboson m ass of about 140 degrees In angle. (Incidentally, we also have investigated the
angle that each of these 2bpairs form w ith thebeam axis,but found no signi cant di erence
between signaland Q CD background).
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Figure 4: D istrbutions in thrust in the rest fram e of the 4bsystem ingg ! hh ! Iddband
in the QCD background, after the cuts (@){ (@) at the LHC ,fortan = 3,m, = 104 G&V
andmyg " 220 G&V .Nom alization is to unity.

An additional consequence that one should expect from the presence of two interm ediate
massive obectsin gg ! hh ! Idd events is the spherical appearance of the gts In the nal
state, In contrast to the usualplanar behavior of the nfrared Q CD interactions. T hese phe-
nom ena can be appreciated in Fig.[4. N otice there the strong tendency of the background to
yield high thrust con gurations, again controlled by the ssparation cutswhen T approaches
unity. O n the contrary, the average value of the thrust in the signalismuch lower, being the
e ect ofaccidental pairings of % rong’ 2bpairs (the shouldder at high thrust values) m arginal.
An e ective selection cut seem s to be,eg., T < 0:85.

Furthem ore, if the heavy H iggsm ass is su ciently wellm easured at the LHC then one
can explit the large fraction [] of 4bevents which peak at my in the signal, as dictated
by the H ! hh decay, in proving the signaltobackground ratio. This peak atmy can be
clearly seen in the left hand plot of F ig.[§, where it dom inates the Q CD background , even for
bins 13 G &V wide. Tn fact, not only could the Q CD background be considerably suppressed
but also those contributions to gg ! hh not proceading through an interm ediate H state
should be rem oved, this greatly enhancing the sensitivity of the signal process to the 4un
coupling. This can be seen in the right hand plbt of F iy.[§ where the signal is shown on a
lIogarithm ic scale. The contihuum contribution due to the box graphs (and its destructive
Interference w ith the heavy H iggs decay contribution) is now evident although one should
note that it is considerably suppressed com pared to the peak atmy .

Now , if a less than 10% m ass resolution can be achieved on the light and heavy H iggs
m asses, then one can tighten cut @) to g () myj< 10G eV and introduce the additional
cut ;n (Idddb) my j< 20 GV .These cuts taken together w ith those in (b)) and T already
suggested, reduce the QCD background to the sam e level as the signal. In fact, we have
found that the cross section of the background drops to approxin ately 174 fo whereas that
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Figure 5: D istrdbutions in invariant m ass of the 4dbsystem ingg ! hh ! Kddband in the
QCD background, after the cuts (){(§) at the LHC, fortan = 3,my = 104 G&V and
my ' 220 Ge&V.Nom alization is to unity. T he left hand plot show s both the signal (solid
curve) and the Q CD background (dashed curve),distrbbuted in 5 G €V bins. T he sam e signal
isalso shown asa histogram for a m ore experin entally realistic binning of 13 G €V . T he right
hand plot also show s the signal (collected In 5 G €V wide bins) on a logarithm ic scale. Here
the structure of the continuum contribution (and its destructive interference w ith the heavy
H iggs decay contribution) can be seen.

of the signal ram ains as large as 126 fb, this ylelding a very high statistical signi cance at
high lum inosity. Even for less optim istic m ass resolutions the signal-to-background ratio
is still signi cantly large. For exam ple, selecting events with jn (do) mpj< 20 G&V and
Jn ddb) my j< 40 Ge&V, the corresponding num bers are approxin ately 102 fo for the
signal and 453 fbo for the background. Notice that the signal actually decreases as these
H iggsm ass w indow s are m ade larger. T his is due to our insistence that exactly two o pairs
should reconstruct the light H iggs m ass. A s the light H iggsm ass w indow is enlarged from
my 10 GeV tomy 20 G €V, it becom es m ore lkely that accidental pairings reconstruct
the light H iggsboson. Since one is then unable to unam biguously assign the b quarks to the
Tight H iggs bosons, the event is refected and the signal drops.

A Yhough we have discussed here an deal situation which isdi cult tom atch with m ore
sophisticated hadronic and detector sim ulations, it still dem onstrates that the m easurem ent
ofthe unn coupling could bewellw ithin the potentialof the LHC , at least for our particular
choice of M SSM  param eters. Com forted by such a conclusion, we now m ove on to m ore
realistic studies.

312 gg! hh! Kdbat the LHC experin ents

A Tthough the LHC experin entsw illbe the rstwhere one can attem pt tom easure the H iggs
self-couplings, the analysis isvery challenging because of the an allness of the production cross
sections. Even in the m ost favorable cases, the production rate is never larger than a few
picobams, already including one-loop Q CD corrections, as com puted in Ref. [[]]]. T he cross
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sections at this accuracy are given in Tab. [, for the resonant process (case 1 withm y = 220
G &V ) aswell as three non resonant scenarios: one at the same tan butwih theH ! hh
decay channel closed (case 2),a second at very large tan  and no visible resonance (case 3)
and, nally, the SM option (case 4,wherem ;, identi esw ith them ass of the standard H iggs
state).

case || model | tan my, G&V)| A (TeV) (Tev) (o) | dom Inantm ode
1 M SSM 3 104 +1 1 2000 gg! H ! hh
2 M SSM 3 100 +1 1 20 gg! hh
3 M SSM 50 105 +1 +1 5000 gg ! hh
4 SM - 105 - - 40 gg! hh

Table 1: Cross sections for double H iggs production hh at the LHC via gluon-glion fiision
at NLO accuracy, for three possible con gurations of theM SSM and In the SM aswell.

3.1.3 LHC trigger acceptance

For 4b- nalstates, possible LHC triggers are high py electron/m uons and gts. A s an exam —
ple, the foreseen ATLA S Jevel 1 trigger thresholds on pr and acceptance for a 4b-selection
(w ith the four b-ts reconstructed in the detector) are given In Tab.[], assum ing the LHC

to be running at high lum inosity.

trigger type: le 1 2 1 Bt| 3 pts| 4 ts| total
pr h Gev 30 20 10 | 290 130 90

casel, (db) in % 0.01 001 | 04] 008] 008| 005| 053
case 2 <001l <001]| 21| 29 38 42 8.8
case 3 <001 | <001 22| 2.7 338 4.1 8.7
case 4 <001l|<001] 20| 25 33 36 78

Table 2: K ineam atical acceptance of the AT LA S detector to trigger four b-gts (including
detector acoeptance) at high lum inosity.

T he overall trigger acceptance is at best 8{9% , for cases 2,34. The very low e ciency for
case 1 isclearly a consequence of the am allvalue of thedi erencem y  2my , translating into
a softerpr (b) spectrum w ith respect to the other cases (com pare the kefthand w ith the right—
hand side of Fig.[). O ne can further see In the lefthand plt of F ig. [ that the buk of the
signal lies below the lowest p; (b) threshod of Tab.[d (ie., 90 G &V ), so that adopting am aller
trigger thresholds could result In a dram atic enhancem ent of our e ciency. O f course, this
would also substantially Increase the low transversem om entum Q CD badckground, aswe can
see In the parton level analysis of F i.[3.

For exam ple, by lowering the threshods to 180, 80 and 50 G&V for 1, 3 and 4 Ets,
respectively (com pare to Tab.[]), the overall trigger acceptance on the signal goes up to
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Figure 6: R econstructed transverse energy/m om entum forb-pts n gg ! hh ! Hddb events
ofcase 1 (ftplot) and b-pts in gg ! hh ! Kddb events of case 2 (right plot) with ATLA S
fast sinulation [2Q]at high um hosity. N om alization is arbitrary.

1.8% , ie., by almost a factor of 4. M eanw hile though, the ATLA S levelH Ft trigger rates
increase by a factor of 10 [L9]. A nyhow , even for our poor default value of (dddb) in Tab [2,
we w ill see that case 1 still yields a reasonable num ber of events in the end. O ptim izations
of the b-t transverse m om entum thresholds are in progress [g]1.

314 LHC events selection forgg! hh ! kdb

Jets are reconstructed m erging tracks inside R (o) = 0:4. Only pts with transverse en—
ergy/m om entum greater than 30 GeV and with j (b)j < 25 are kept. (Thus, the same
cuts as in the parton level analysis, now applied instead to gts.) The e ect from pilke up is
Included in the resolution. A Ft energy correction is then applied.

T he Invariant m asses of each £t pair can then be com puted. A ssum ing that the lightest
H iggs boson m ass is known, events with m (o) su clently close to m , can e ciently be
selected, see Fig.[]. Another cut on the R (dojlb) between pairs of b-gts can also be
applied to reduce the intrinsic com binatorial background, since the latter concentrates at
large R (dojkb) values, see F . §]

For case 1, as already discussed, we can further in pose that the invariant m ass of the
four b—gts should be the heavy H iggsm ass, my , in order to select the H ! hh resonance,
ascon med by Fig.fJ. In the other three cases, where the H ! hh splitting is no longer
dom inant (M SSM ) or non-existent (SM ), one can still insist that the 4b—gt Invariant m ass
should be higher than two tines the lightest H ggs mass, see Fig. [[J and recall eg. ().
Finally, follow ing F ig.[1]], by constraining the b—gts pairs fourm om enta around the known
Iight H ggsm ass value, m , , one can further refct the intrinsic background by m eans of the
m (dadb) spectum .

78



2000 F

277.1/ {rmovetq 0@ rtinéto} bind def / 31

Constant 1407.
Mean 99.58
Sigma 15.60

1750 [

1500 [

1250 |

1000 F
750 [
500 [

250 [

0 25 50 75 100 125 150 175 200
b-jets pair invariant mass m,,(GeV)

Figure 7: Reconstructed invariant m ass distrdbution of 2b—gt pairs In continuum gg !
hh ! Iddb events (case 2) with the fast simulation at high lum inosity. Nomm alization is
arbitrary. (Results of a G aussian tare also given.)
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Figure 8: R econstructed R (do;ldb) between 2b-gt systam sfrom h ! Ibdecays in continuum
gg ! hh ! Hdddb events (case 2) with the fast sinulation at high um nosity. T he dashed
histogram show s the sam e distrrbution for all pairs of ts. N om alization is arbitrary.
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Figure 9: R econstructed 4b—gt invariant m ass for b-gts com ing from the hh pair in gg !
hh ! dd®events (case 1) w ith the fast sim ulation at high lum inosity. T he dashed histogram
show s the sam e distrlbution for all groups of four gts. Nom alization is arbirary. (R esults
ofa Gaussian tto the st spectrum are also given.)

315 LHC btagging in gg! hh ! dobo

T he btagging e ciency at high lum inosity is set to 50% , with p+ dependent correction
factors for fts refction. An average refction of 10 for c—gts and 100 for Iight—pts can be
expected. W e then studied the e ect on the selection e ciency of requiring from one to four
btags, although it is clear that, according to the parton level studies, the huge background
rate dem ands four btags, leading to a 6% tagging e ciency overall.

3.1.6 Event rates at the LHC

Taking into account all the e ciencies described above, and using the NLO norm alization of
Tab.[l], one can extract the num ber of expected events per yearat the LHC athigh lum inosity
given in Tab.f}. T he selection cuts enforced here are the follow ing. Fora start, we have kept
con gurationswhere Jn (o) mpj< 30G &V (cases1,34)ori (b)) myj< 20G &V (case 2)
and R (o;ib) < 25 (allfourcases). (Ifm ore than twom 4, ’s are reconstructed, the best two
2bpairsare selected according to them ininum valieof M2 = m, m o)+ M, mi@Dd)?].)
Then, a cut on m (dddb) is applied: In presence ofthe H ! hh resonance (case 1) we have
kept events within an my masswindow of 2 (about 82% of the total num ber survive);
otherw ise (cases 2,3 ,4) wehave ad jasted them (ddd) ~ 2m y, cut so to keep 90% of the sam ple.
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Figure 10: R econstructed 4b—gt nvariant m ass for b-gts com ing from the hh pair in gg !
hh ! dd®bevents (case 4) w ith the fast sim ulation at high lum inosity. T he dashed histogram
show s the sam e distrbution for all groups of four gts. N om alization is arbitrary.

In the end, one nds the numbers in Tab. [, that are encouraging indeed.

case 1l 2 3 4
in fo 2000 20 5000 40
trigger threshold acoeptance || 0.53% | 8.8% | 8.7% 7.8%
m ass w indow s 60% 50% 40% 40%
4b-tagging 6% 6% 6% 6%
events/year (no tagging) 636 88 17400 | 125
events/year (four btags) 38 53 1044 75

Table 3: Total rates forgg ! hh ! b, after all e ciencies have been included and
selection cuts {@){ @) enforced at hadron level, w ith 100 fo * per year of lum inosity.

Tn conclusion then, looking at the results in Tab.[§ and bearing In m ind the potential seen
in reducing the pure Q CD background viagg ! O ( 2)! Hib (seeFigs.[{fB), one should be
con dent in the LHC having the potentialtom easure the y 1, coupling in resonantH ! hh
events (case 1). To give m ore substance to such a clain , we have now initiated background
studies at hadron and detector level, follow ing the guidelines obtained by the parton level
analysis [q]. A s for other con gurations of theM SSM (such ascase 2) or in the SM (case 4),
the expectations are m ore pessim istic. Case 3 desarves further attention. In fact, notice the
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Figure 11: R econstructed 4b—gt nvariant m ass for b-gts com ing from the hh pair in gg !
hh ! Idd events (case 4) w ith the fast sin ulation at high lum inosity. H ere, the energy of
the £t pairs is recalculated using them , constraint. T he dashed histogram show s the sam e
distrbution for all groups of four gts. N om alization is arbitrary.

large num ber of events surviving and recall what m entioned in the Introduction conceming
the potential of the nonresonantgg ! hh ! dd®bprocess asa discovery channel of the light
Higgsboson of theM SSM in the large tan region atm oderate m, values, a comer of the
param eter space where the h coverage is given only by SM —lke production/decay m odes,
thus not allow ing one to access iInform ation on the M SSM param eters. R esults on this topic
too w ill be presented In Ref. [G].

3.2 TheLC analysis

Here,we closely follow the selection procedure advocated in Ref. [J]. In order to resolve the
four b—=gts as four ssparate systam s inside the L.C detector region, we In pose the follow ing
cuts. First, that the energy of each b-gt is above a m inimum threshod,

E®m>10Gev: 9)
Second, that any b-gt is isolated from allothers, by requiring a m inim um angular separation,

cos  (b;b) < 095: (10)
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Sin flarly to the hadronic analysis, one can optin ize S=B by in posing the constraints [{],
mdb) 2m, 10Gev; (11)

Jn (o) mpj< 5G&v; (12)

on exactly two com binations of 2b—gts. H ere, note that the m ass resolution adopted for the
quark system s is signi cantly better than in the LHC case,due to the cleanliness of the e’ e
environm ent and the expected perform ance of the LC detectors In gt m om entum and angle
reconstruction [2]]]. Thus, given such high m ass resolution power from the LC detection
apparatus, one m ay further discrin inate between h and Z m ass peaks by requiring that
none of the 2b—gt pairs allsaround m 5 ,

Jn (o) myj> 5GeV: (13)

M oreover, In the double H ggsstrahlung process e" e | hhZ , the four bquarks are pro—
duced centrally, whereas this is generally not the case for the background (see the discussion
in Ref. [§]). This can be exploited by enforcing

Jjoos  (do;ldo;dddo)j< 0:75; (14)
where (do;ldo;lddb) are the polar angles of all tw o—, three—and four—gt systam s.
.
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Figure 12: Cross sections in fem tobams forthe e"e ! hhZ signalin theh ! dddb decay
channel, at a LC with 500 G&V as CM enermy, as a function of my, for tan = 3 and
50. Our acceptance cuts in energy and separation of the four bquarks (§){ ([J) have been
I plem ented . No beam polarization is included.

F ig.[1] show s the production and decay rates of the signalprocess,e’ e | hhz ! Bz,
asobtained at the partonic level, after the cuts (§){ (LJ) have been in plam ented. TheM SSM
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setup here Includes som e m ixing, having adopted A = 24 TeV and = 1 TeV, at both
tan = 3 and 50. Notice the onsest of the H ! hh ! Bddb decay sequence in the H iggs-
strahlung processe’e ! H7Z at ow tan . The sam e does not occur for large values, as
previously explained. The in pact of the above gt selection cuts on the signal is m arginal,
as the bquarks are here naturally isolated and energetic, being the decay products of heavy
obfcts. In fact, the rates .n Fig.[[] would only be 10{20% higher if all the 4bquark phase
goace was allowed (the suppression being larger for an aller H ggs m asses). At the height
of the resonant peak around m 104 GeV attan = 3, the signal rate is not large but
ocbservable, yielding m ore than one event every 1 fo ! of data. For a high lum inosity 500
GeV TESLA design [23], this would correspond to m ore than 300 events per year. G iven
the very high e ciency expected in tagging bquark ts, estin ated at 90% for each pairs of
heavy quarks 3], one should expect a strong sensitivity to the triple H iggs selfcoupling.
The situation at largetan ismuch m oredi cult instead, being the production rates an aller
by about a factor of 10.

Tn the left-hand side of Fig.[13 we present the EW background, after the constraints in
@){ {@9) have been enforced, in the form of the fourdom inant EW  sub-processes. T hese four
channels are the follow ing.

l.e'e ! 27272 ! W7, rstfrom the left in the second row of topologies in Fig. 3 of
Ref. [§1. That is, triple Z production w ith no H ggs boson nvolved.

2.e'e ! h=HZZ ! BddZ, rst( rst) from the left(right) In the fth(fourth) row of
topologies In Fig. 2 of Ref. [§] (also including the diagram s in which the on-shell Z is
connected to the electron-positron line). T hat is, sihgle H ggs-strahlung production in
association w ith an additionalZ , w ith the H iggs decaying to do. T he cross sections of
these two channels are cbviously dentical.

3.¢fe ! h=HZ ! Z Z2 Z ! HddZ, rstfrom the right n the third row of topologies
inFi.2 ofRef. [§1. That is, single H ggs-strahlung production w ith the H iggs decaying
todddbvia two o <hellZ Dbosons.

4.e'e ! Zh=H ! HZ 7 ! HIZ, rst( rst) from the right(left) in the rst(second)
row of topologies in Fig. 2 of Ref. [§]. That is, two single H iggsstrahlung production
channels w ith the H iggs decaying to doZz via one o <hellZ boson. A lso the cross
sections of these two channels are dentical to each other,as in 2.

TheO ( 2 2, )EW /QCD background isdom inated by €' e ! Z7Z production w ith one
of the two Z bosons decaying hadronically into four b—=gts. T his subprocess corresponds to
the topology in the m ddle of the rst row of diagram s in Fig. 4 of Ref. [f]. Notice that
H iggs graphs are nvolved in this process as well (bottom <ight topology In the m entioned

gure of [{]). These correspond to single H ggs-strahlung production w ith the H iggs scalar
subssquently decaying into dddo via an o <hell gluon. Their contribution is not entirely
negligble, ow Ing to the large ZH production rates, as can be seen In the right-hand side of
Fi.[[d. The interferences am ong non-H iggs and H Iggs tem s are always neglighble.
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Figure 13: C ross sections In fam tobams for the dom nant com ponents of the EW (left) and
EW /QCD (right) background to the e"e ! hhZ signal n the h ! Bdd decay channel,
at a LC with 500 GeV as CM enemgy, as a function of my, for tan = 3 (top) and 50
(bottom ). O ur acoeptance cuts In energy and separation of the four bquarks {§){ (€J) have
been im plam ented. No beam polarization is included.

Tn perform ing the signal-to-background analysis, w e have chosen tw o representative points
only, denti ed by the two follow ing combinations: (i) tan = 3 and m, = 210 G&V
(yieding m, 104 G &V and my 220G&V); (i) tan = 50 and m, = 130 G &V (yieding
my 120 G&V and my 130 G &V ). These correspond to the two asterisks in Fjg.,
that is, the m axin a of the signal cross sections at both tan values. The st corresponds
to resconant H ! hh production, whereas the lJatter to the continuum case. If we enforce
the constraints of eg. [@){ {{4), the suppression of both EW and EW /QCD is enomn ous, so
that the corresponding cross sections are of O (10 3) fb, while the signal rates only decrease
by a factor of four at m ost. This is the sam e situation that was seen for the SM case In
Ref. [§]. Indeed, in the end it is just a m atter of how m any signal events survive, the sum
of the backgrounds representing no more than a 10$ correction (see Fig. 11 of Ref. [{)).
For exam ple, after 500 b ! ofdata collected, one is left w ith 156 and 15 events for case (i)
and (ii), respectively. H owever, these num bers do not yet include btagging e ciency and Z
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decay rates.

4 Summ ary

To summ arize, the double H iggs production’ subgroup has contributed to the activity of
the Higgs W G by assessing the feasibility of m easurem ents of triple H iggs selfcouplings at
future TeV colliders. The m achines considered were the LHC at CERN (14 TeV ) and a
future LC running at 500 G &V . In both cases, a high lum inosity setup was assum ed, given
the am allness of the double H iggs production cross sections. In particular, the H ! hh
resonant enhancem ent was the m ain focus of our studies, Involing the lightest, h, and the
heaviest, H , of the neutral H iggs bosons of the M SSM , In the kinem atic reginem 4 ~ 2my, .
T his dynam ics can for exam ple occur in the follow ing reactions: gg ! hh in the hadronic
case and €'e ! hhZ in the lptonic one, but only at low tan . These two processes
proceed via Interm ediate stagesof the form gg ! H andete ! H Z ,respectively, followed
by thedecay H ! hh. Thus, they in principle allow one to determ ine the strength of the
H hh vertex involved, §unn,In tum constraining the form oftheM SSM H iggs potential itself.
T he signature considered washh ! ddd,astheh ! b decay rate is always dom inant.

W e have found that several kinem atic cuts can be exploited in order to enhance the
signalto-background rate to level of high signi cance, particularly at thee® e machine. At
the pp accelerator, in fact, the selection of the signal is m ade m uch harder by the presence
of an enomm ous background In 4b nal states due to pure QCD . In parton level studies,
basad on the exact calculation of LO scattering am plitudes of both signals and backgrounds
(w thout any show ering and hadronization e ects but w ith detector acosptances), we have
found very encouraging results. At a LC, the double H iggs signal can be studied In an
essentially background free environm ent. At the LHC , the signaland the Q CD background
are in the end at the sam e level w ith detectable but not very large cross sections.

Earlier fiull sim ulations perform ed forthee" e case had already Indicated thatam ore so—
phisticated treatm ent ofboth signaland backgrounds, including fragm entation/hadronization
and full detector e ects, should not spoil the results seen at the parton level. For the LHC,
our prelim nary studies ofgg ! H ! hh ! dddb in presence of thegg ! hh ! Kdb
continuum (and relative interferences) also point to the feasibility of the signal selection,
after realistic detector sin ulation and event reconstruction. A s for double h production in
the continuum , although not very usefill for H iggs selfcoupling m easurem ents, this seam s
a prom ising channel, if not to discover the lightest M SSM H iggs boson certainly to study
its properties and those of the H iggs sector in general (because of the Jarge production and
decay ratesat high tan and its sensitivity to such a param eter), as shown from novel sin u-
lations also presented in this study. (T he discovery potential of thism ode w ill eventually be
addressed In Ref. [§].) D espite Jacking a full background analysis in the LHC case, we have
no reason to believe that a com parable degree of suppression of background events seen at
parton level cannot be achieved also at hadron level. Progress in this respect is currently
being m ade [@1.
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P rogram s and Tools for H iggs B osons

E.Boos,A .D jouadi, N.G hodbane, S. Heinemeyer,

V .Ilyin,J.Kalinow ski, J.L.Kneur and M . Spira

A bstract

T he search strategies for H iggs bosons at LEP, Tevatron, LHC and future €' e
linear colliders (LC ) and muon colliders exploit various H iggs boson production and
decay channels. T he strategies depend not only on the experin ental setup [eg. hadron
versus lepton colliders] but also on the theoretical scenarii, for instance the Standard
M odel (SM ) or som e of its extensions such as the M inin al Supersym m etric Standard
M odel M SSM ). It is of vital in portance to have the m ost reliable predictions for the
H iggs properties, branching ratios and production cross sections.

T here exist several program s and packages w hich determ ne the properties of H iggs
particles, their decays m odes and production m echanian s at various colliders. T hese
program s are in general independent, have di erent inputs and treat di erent aspects
of the H iggs pro le. During this workshop, m any discussions have been m ade and
som e work has been done on how to update these various program s to Include the
Jatest theoretical developm ents, and how to link som e of them .

T his report sum m arizes the work which has been perform ed in this context.

1 HDECAY

The program HDECAY [J]can be used to calculate H iggs boson partial decay w idths and
branching ratios w ithin the SM and the M SSM and includes:

A 1l decay channels that are kinem atically allowed and which have branching ratios
larger than 10 #,y com pris the loop m ediated, the three body decay m odes and in the
M SSM the cascade and the supersym m etric decay channels [{].

In the M SSM , the com plete radiative corrections in the e ective potential approach
with full m ixing In the stop/doottom sectors; it uses the renom alization group in -
proved values of the H iggs m asses and couplings and the relevant next{to{leading{
order corrections are in plam ented 1.

A 1l relevant higherorder Q CD corrections to the decays into quark pairs and to the
Joop m ediated decays Into gluons and photons are incorporated In a com plete form [ ];
the an all leading electrow eak corrections are also included.

Double o {shelldecays of the CP {even H iggs bosons [SM H iggs and the h;H bosons
oftheM SSM ]into m assive gauge bosonsw hich then decay into fourm assless ferm ions,
and all in portant below {threshold three{body decays [decays into one realand virtual
gauge bosons, cascade decays into a H iggs and a virtual gauge boson, decays into a
realand virtualheavy top quark, etc,..] {1.
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In the M SSM , all the decays into SUSY particles heutralinos, charginos, skptons
and squarks including m ixing in the stop, soottom and stau sectors] when they are
kinem atically allowed [4].

In the M SSM , the SUSY particles are also lncluded in the loop m ediated and gg
decay channels, w ith the leading parts of the Q CD corrections incorporated []].

T he source code of the program , hdecay.f written n FORTRAN , has been tested on
com puters running under di erent operating systam s. Tt is self{ contained and all the nec-
essary subroutines [eg. for integration] are included. T he program provides a very exible
and convenient usage, tting to all options of phenom enological relevance. T he program
is lengthy [m ore than 6000 lines] but rather fast, especially if som e options [as decays Into
double o —hell gauge bosons] are sw itched o .

T he basic Input param eters, ferm ion and gauge boson m asses and their total w dths,
coupling constants and, in the M SSM , soft SU SY breaking param eters can be chosen from
an Input e hdecay.in. In this le several agsallow switching on/o or changing som e
options [eg. choosing a particular H iggs boson, including/excluding the multi{body or
SUSY decays, or Including/excluding speci ¢ higherorder Q CD corrections].

T he results for the m any decay branching ratios and the total decay w ddths are w ritten
into output lesbr.Xi Wwith X = H %;h;H ;A and i= 1;::]with headers indicating the
various processes and giving som e of the param eters.

Since the release of the original version of the program severalbugs have been xed and
a num ber of in provem ents and new theoretical calculations have been In plem ented. D uring
this workshop, the ollow ing points have been included:

Link to the FeynHiggsFast routine w hich gives them asses and couplings ofthe M SSM
up to two{loop order in the diagram m atic approach [§].

Link to the SUSPECT routine for the R enom alisation G roup evolution and for the
proper electrow eak sym m etry breaking in them inin al Supergravity m odel [ 1.

Im plem entation of H iggs boson decays to a gravitino and neutralino or chargino in
gauge{m ediated SUSY breaking m odels [IJ].

Inclusion of gluino loops In H iggs boson decays to gg pairs[ 1 1.

D eterm ination and inclusion ofthe RG im proved two{loop contridbutions to theM SSM
H iggs boson self-nteractions.

Tn addition, the inclusion of the [possibly large] Q CD corrections for the M SSM H iggs
boson decays Into squark pairs [[J]has started.

T he logdbook of all m odi cations and the m ost recent version of the program can be
found on the web page http://www.desy.de/ spira/prog.
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2 Program s for H iggs production

Several program s for H iggs boson production at hadron colliders in the context of the SM
and the M SSM , including the next{to{leading order (NLO ) Q CD corrections, are availbble
at the web page: http://www.desy.de/ spira. The purpose of these program s, and som e
In provem ents m ade during this W orkshop, are sum m arized below . For the physics context,
see the contribution in Section 5 of these proceedings.

HIGLU calculates the total cross sections for H iggs production in the gluon {fiision m ech—
anism ,gg ! Higgs, ncluding the NLO QCD corrections in the SM ,M SSM and in a general
two{H iggs doublet m odel [by initializing the Yukawa couplings to quarks]. Tt includes both
top and bottom quark loops which generate the H iggs couplings to gluons. M oreover the
program calculates the decay w idth of H iggs bosons Into gluons at NLO .

V2HV calculates the LO and NLO cross sections for the production in the H iggs{strahlung
mechanism ,gg ! V + whereV = W=/ and isa CP{even Higgs boson. The QCD
corrections are those of the D rell{Y an process; see Section 5.

VV2H calculates the LO and NLO cross sections for the production in the weak vector
boson fusion m echanism ,gqg! V V ! gg where isa CP{even Higgsboson.TheQCD
corrections are included In the structure function approach; see Section 5.

HQQ calculates the LO cross sections for the production of neutral H iggs bosons in asso-
ciation w ith heavy quarks, gg=gg ! QQ+ Higgs. The NLO QCD corrections are not yet
com pletely available and are not included.

HPATR calculates the LO and NLO cross sections for the production of pairs of neutral
H iggsbosons in the the gluon {gluon fuision m echanisn ,gg ! 1 2,0rin theD rell{Yan lke
process, o ! 1 2. The NLO corrections are included only in the heavy top quark lim it
for the gg process.

T he source program s are w ritten in FORTRAN and have been tested on com puters run—
ning under di erent operating systam s. In m ost cases, the various relevant input param eters
can be chosen from an nput l including a ag specifying the m odel.

Since the st release of these program s, the follow ing in provem ents have been m ade
[som e of them during this W orkshop:

A Iink to di erent subroutines calculating theM SSM H iggsboson m asses and couplings
has been installed for all the program s.

T he contrdbution of squark loops has been included in HIGLU.

The SUSY {QCD corrections have been incluided in V2HV and VV2H.

T he contrrbution of initial b{quark densities has been included in HQQ.

T he new version of HDECAY for the neutral H iggs boson total decay w dths has been

nclided in HPAIR.
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3 FeynH iggsFast

In this sectjonﬁ we present the Fortran code FeynHiggsFast. Starting from low energy
M SSM param eters m . the top quark mass, tan the ratio of the vev’s of the two H iggs
doublets, the pseudoscalar H ggsm ass M p , the soft SUSY breaking scalarm assesM M ¢
the trilinear coupling A« and the higgsino m ass param eter ], FeynHiggsFast calculates the
m asses of the neutral CP {even H iggs bosons, M, and M 4 , as well as the corresponding
m ixing angle ,at the two{loop level []. In addition the m ass of the charged H iggs boson,
My ,isevaluated at the one{loop level. The {param eter, which allow s for constraints in
the scalar ferm ion sector of the M SSM , isevaluated up to O (), taking Into account the
gluon exchange contribution at the two{loop lkevel [[3].

FeynHiggsFast is based on a com pact analytical approxin ation form ula, containing at
the two{loop level the leading correctionsof O () obtained in the Feynm an {diagram m atic
approach [§land of O (GZm ?) obtained w ith renom alization group (RG ) m ethods [f1. Con-
trary to the full result in the FD approach []which has been incorporated into the FOR —
TRAN code FeynHiggs ], the approxim ation form ula ism uch shorter. T hus, the program
FeynHiggsFast isabout 3 10 tin es faster than FeynHiggs, while the agreem ent between
the two codes is better than 2 G eV for the CP {even H iggs bosons m asses In m ost parts of
the M SSM param eter space.

The com plete program FeynHiggsFast consists of about 1300 lines FORTRAN code.
T he executable le 1lls about 65 KB disk space. T he calculation for one set of param eters,
Including the constraint, takes about 2 10 ° seconds on a Sigm a station [A Ipha pro—
cessor, 600 M H z processing speed, 512 M B RAM 1. The program can be obtained from the
FeynHiggs hom e page: http://www-itp.physik.uni-karlsruhe.de/feynhiggs where
the code itself is available, together w ith a short instruction, inform ation about bug xes,
etc...

FeynHiggsFast consists of a front{end, program FeynHiggsFast, and the m ain part
where the calculation is perform ed, starting w ith subroutine feynhiggsfastsub. The
front{end can be manipulated by the user at will, whereas the m ain part should not be
changed. In this way FeynHiggsFast can be accomm odated as a subroutine to existing
program s, thus providing an extram e fast evaluation for them asses and m ixing angles in the
M SSM H iggs sector. A s discussed previously, this has already been successfully perform ed
for the program HDECAY during this workshop.

FeynHiggsFast asks for the low energy SUSY param eter, listed in Table 1. C onceming
the stop sector, the user has the option to enter either the physical param eters, ie. the
masses and the m ixing angle (m ;m, and sin .) or the unphysical soft SUSY breaking
scalarm ass param etersM ;M . and them ixing param eterM /% = m (A cot ). From
these input param eters FeynHiggsFast calculates the m asses and the m ixing angle of the
M SSM neutral CP {even H iggs bosons, as well as the m ass of the charged H iggs boson and
the param eter.

12T his section is written with W .Hollk and G .W eiglein.
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nput param eter | M SSM expression || expression In program
tan(beta) tan ttb
Msusy_top_L M. msusytl
Msusy_top_R M msusytr
MtIR M R mtlr
Mst2 m,, mst2
delmst M =M, My delmst
sin(theta_stop) sin . stt
MT m ¢ mmt
Mue nmmue
MA M a mma

Table 1: Them eaning of the di erent M SSM variables to be entered into FeynHiggsFast.

4 SUSPECT

T he fortran codeﬂ SUSPECT [f] calculates essentially the m asses and som e of the couplings
of the SUSY and H iggs particles w ithin the fram ework of the M SSM . It includes several
Speci ¢ options whose purpose is, hopefully, to gain m ore exibbility w ith the generally non—
trivial Lagrangian-to-physical param eter relationship in the M SSM . Tn particular, besides
the now w despread procedure of evolving the soft param eters from som e universal \m n—
MmalSUGRA"™ high energy initial values down to obtain a corresponding low -energy spec—
trum ,SUSPECT can also treat aln ost arbitrary non {universaldepartures from thisSUGRA

m odel. The latest version 1.2 is a subroutine, so that it can be easily interfaced w ith any
other FORTRAN codes, as will be described below . It also includes som e new useful tools
lke, for nstance, the possibility of evolving the param eters \ bottom {up", the possibility of
choosing as input som e of the param eters that are usually obtained as output, etc.

T he Jatest version of the program consists of three parts: the subroutine suspectl2.f,
suspectl2—-call.f an exam ple of calling routine and suspectl2.in a typical exam ple of
Input le. To interface SUSPECTL.2 properly with your own m ain code, the easiest way is

rst to run the exam ple code suspectl2-call.f. O nce fam iliar w ith the calling procedure,
you m ay sin ply In plem ent in your calling code a few appropriate com m and lines stripped
from the exam ple I, that you can adapt to your purpose.

T he core of the SUSPECT algorithm is conveniently separated into three di erent tasks,
that are indeed conceptually {and technically {relatively separated: (i) R enomm alization
group evolution (RGE), (ii) physical spectrum calculations (PS), (iii) e ective potential

13T he program can be down-loaded from the node: http://Jpm univ-m ontp2 f:7082/ d puadi/gdrhtm 1
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calculation with In plem entation of electroweak symm etry breaking (EW SB). The overall
algorithm then reads as follow s: choice of a m odel assum ption/option ! choice of initial
scale Q 4, (driven from input le suspectl2.in or from user’smain code) ! RG evolution
! consistency of EW SB which Involves the e ective potential at one{loop (iterating until
stability is reached) ! physical spectrum calculation: gauginos, sferm ions, H iggses !  nal
m asses and results (waming + comm ents aswell) collected in e suspect.out.

An In portant agpect of SUSPECT is a special attention given to the consistency ofEW SB,
which m akes that not all of the scalar sector param eters are independent. [For them om ent
only the sin plest constraints @ (V. )=@v, 4 = 0 are included; the constraints from the absence
of Charge and Color Breaking (CCB ) m inim a will be Im plem ented in a later version]. In
particular, this is used to de ne di erent set of Input/output scalar param eters. A though
this resulting exibility in the choice of Input param eters is welcom e, its actual In plem en—
tation is quite non trivial, which ispayed by a slower CPU tin e. M oreover, one should keep
In m Ind that it is often a m ain source of possible discrepancies w ith other sim ilar task codes
which mplement EW SB In a di erent way.

Another in portant ingredient of SUSPECT is the im plam entation of RG evolution, in
di erent (loop) approxim ations. The RGE can be In plam ented (or not) by using di erent
ichoice(1l) input param eters. For instance, for ichoice(1)=0 one has the unconstrained
M SSM with noRGE, ie. the relevant Input param eter are assum ed to beat LOW scale. For
ichoice(l) = 1,RGE in the unconstrained M SSM w ith non{universality and the inputs
are assum ed at high scale, except tan to be given at low energies. ichoice(l) = 2:
unconstrained M SSM with RGE bottom {up; the relevant input is set sim ilarly as with
ichoice(1l)= 0, but the nal output consists of all the soft param eters at the high scale.
ichoice(l) = 10: minimnalSUGRA m odel

For interfacing SUSPECT1. 2 w ith yourm ain code, all the user has to control is the way to
dialog between her/his "m ain" routine/program and the SUSPECT1.2 subroutine, together
w ith the precise m eaning of the di erent \dialog" param eters, which are of two kinds:

{ The \physical" param eters, are those param eters that are either necessary nput for a
given m odel and/or running option, or the desired output. A 11l such param eters are passed
from the calling code to SUSPECT and back via gpeci ¢ COMMONS. By \physical" we m ean
either truly physical param eters such as m asses etc [and that are generally the output of
SUSPECT calculation],orM SSM basic param eters such as the SUSY and soft{SUSY breaking
term s of the M SSM Lagrangian, that are generally input for the SUSPECT calculation.

{ The \control" param eters, whose di erent purpose is to choose various running options.
There are three m ain \control" param eters appearing as argum ents of the SUSPECT calling
comm and: (i) iknowl sets som e degree of control on various parts of the algorithm [0 blind
use, ie. no controlon any \algorithm ic param eter, =1 m ore educated use, (ii) input setting
control =0 relevant param eters are read form suspectl2.in and =1 de ne the relevant
nputs from your calling program ]Jand (iii) ichoice for the choice ofm odel param eters w ith
ichoice(1) discussed above forthe RG E and ichoice(6) for the scalar sector input 0 for

;M » Inputs and =1 forM }?u M }%d as Inputs].

A 1l details on the m ain core SUSPECT routines, input and output param eters as well as

physical and control param eters can be found on the web site and In Ref. [§].
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5 SUSYGEN

SUSYGEN2 [[3]is a M onte C arlo event generator for the production and decay of supersym —
m etric particles and has been nitially designed for €" e colliders. It has been extensively
used by all four LEP experin ents to sin ulate the expected signals. Tt includes pair produc—
tion of charginos and neutralinos, scalar leptons and quarks. It o ers also a possibility to
study the production of a gravitino plus a neutralino w ithin GM SB m odels and the produc—
tion of single gauginos if one assum es R Parity to be broken.

A 1l m portant decay m odes of SUSY particles relevant to LEP energies have been in —
plem ented, Including cascades, radiative decays and R Parity violating decays to standard
m odel particles. T he decay is lncluded through the exact m atrix elem ents. T he lightest su-
persym m etric particle (LSP ) can either be the neutralino ~{, the sneutrino ~ or the gravitino
G in R {parity conserving m odels, or any SU SY particle ifR {parity is violated.

T he initial state radiative corrections take account of pr =p;, e ects in the Structure Func-
tion form alisn . QED nal state radiation is in plem ented using the PHOTOS [L7] lbrary. An
optin ized hadronization interface to JETSET [I§] is provided, which also takes into account
lifetim es of sparticles. Finally, a w idely used feature of SUSYGEN? is the possibility to perform
autom atic scans on the param eter space through user friendly ntuples.

R ecently SUSYGEN2 has been upgraded to SUSYGEN3 [1§]1in order to adapt to the needs of
the next generation of linear colliders, but also in order to extend its potential to supersym —
m etric particles searches at e p colliders (eg HERA ) and hadronic colliders (eg Tevatron or
LHC).Themain new features relevant for linear colliders are the inclusion ofbeam strahlung
through an interface to CIRCEE [19], the full spin correlation in initial and nal states, the
Inclusion of CP violating phases and the possibility to have an elaborate calculation of the
M SUGRA spectrum through an interface to SUSPECT 1.

a) M ass spectrum calculation:

SUSYGENZ2 o ers di erent fram ew orks for the m ass spectrum calculation. One can st
assum e the di erent m ass param eters entering in theM SSM :M ;,M , and M ;3 the gaugino
m ass param eters, , the H iggsino m ass m xing param eter, the scalar ferm ionsmasses M
and M . , the trilinearm ixing param eters A+ A and A to be free. This gives the so called
\unconstrained M SSM " . A nother approach to them ass spectrum calculation isbased on the
supergravity ingpired m odels. Tn this case the soft breaking m ass param eters are assum ed
to be universal at the GUT scale reducing the num ber of param eters to m 1, , the com m on
gaugino m ass param eter, m o, the comm on sferm ion m ass param eter, the sign of , tan ,
the ratio of the two vacuum expectation values of the two H iggs doublets, A, the comm on
trilinear couplings. A 1l these param eters are de ned at the GUT scale.

Tn SUSYGEN3, one can keep the approach used in SUSYGEN2. In this case, only m, is
de ned at the GUT scale and the sferm ion m asses are evolved from the GUT scale to the
electroweak (EW ) scale according to the form ulae given in appendix of R ef. Q1. T he other
parameters M 1, , A, Ay, and A are de ned at the EW scale and m ixing of the third
generation sferm jon is taken into account through the param etersA, A, and A . SUSYGEN3
o ersnow the possibility to do a better treatm ent of the m ass spectrum calculation w ithin
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m SUGRA through an interface to the SUSPECT program [§]. In practice, if the ag SUSPECT
is set to TRUE In the nputdata card which xesthem odel, the entirem ass param eters at the
EW scale willbe derived from theseatthe GUT scale (M-, mgo,sign of ,Ay and tan ).

b) Beam polarization and spin correlations

Since one expects high lum inosities for the next generation of linear colliders (eg. 500
fo ! for the TESLA projct), one can use beam polarization to reduce the standard m odel
badkgrounds and use the polarization dependence of the cross sections to study speci ¢ SU SY
param eters. M oreover, as it hasbeen stressed by severalauthors P1], spin correlations play a
m apr role in the kinem atic distrdbutions of nalparticles. To ful 1l these two requirem ents,
the \helicity am plitude m ethod" B3]was used for the calculation of the di erent Feynm an
am plitudes for production and decay, in order to obtain filll spin correlation. Since such
am plitudes involve products and contractions of ferm ionic currents, two basic functions,
nam ely the B and Z functions were de ned through:

B . (©1ip2) u,(@E/mi)P u,(Emy) (1)
0

Z ..., PLiP2iP3iPs)

L,Emi) Pu,@Em)lu,(@Ems) Pou, (Pama)l

where P stands for one of the two chiral pro ctors P, or Py and u (p;m ) denotes the posi-
tive energy spinor solution of the D irac equation for a particle of helicity , fourm om entum
pand massm . T he decom position of the bispinorsu (p;m ) In term s of the m assless helicity
elgenstates ! (k) yields sin ple analytical expressions for the B and Z functions. T he am pli-
tude is then factorized In temm s of these basic building blodks; this fact perm its com pact and
transparent coding and speed of calculation. The m asses are not neglected in any stage of
the calculation. For gaugino productions and decay, we use the \w dthless approxin ation".
For instance, the calculation of the cross section associated toee | ~)~0 I 0 0¢" e is
done as follow s: the totalam plitude associated to a given helicity con guration of the di er-
ent particles is approxin ated by the product of the am plitude associated to the production
of the two neutralinosM (¢'e ! ~3~?) with the am plitude corresponding to the decay of
the next to lightest neutralinoM (~3 ! ~J¢'e ). The rem nant of the propagator squared
of ~g is approxin ated by a factor given by 8 “‘=(m R ). The phase space integration is
done through the m ultichannel m ethod R31.

c) Including phases in SU SY searches:

Tn the M SSM , there are new potential sources of CP non{conservation [24]. Com plex
CP violating phases can arise from several param eters present in the M SSM  Lagrangian:
the higgs m ixing m ass param eter , the gaugino masses M ;, the trilinear couplings A ;.
E xperin ental constraints on these CP violating phases com e from the electric dipolem om ent
of the electron and the neutron. Since in SUSYGEN3 all the couplings, the di erent m ass
param eters , M 1, and the trilinear couplings A , A and Ay have been assum ed to be
com plex by default]], the introduction of phases in the gaugino and sfem ion sector for
m asses as well for cross sections has been straightforward.
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6 CompHEP

CompHER[ [29] is a package for autom atic calculations of decay and production processes in
the tree{level approxin ation in the fram ew ork of arbitrary gauge m odels of particle interac-
tions. Them ain idea prescribed into CompHEP, is to m ake available passing on from the basic
Lagrangian to the naldistribbutions e ciently with a high level of autom ation. CompHEP is
amenu{driven systam . T he codes and the m anual are available on the web site:
http://theory.npi.msu.su/~comphep (m irror on http://www.ifh.de/~pukhov).

T he present version has four built{in physical m odels. Two of them are the Standard
M odel in the unitary and "t Hooft{Feynm an gauges. The user can change particle inter—
actions and m odel param eters and introduce new vertices, thus creating new m odels. Fur-
therm ore, in the fram ework of the CompHEP profct, a program LanHEP [B(]was created to
generate CompHEP m odel les asw ill be discussed below .

T he CompHEP package consists of tw o parts, a sym bolic and a num ericalone. T he sym bolic
part isw ritten in the C program m ing language and produces FORTRAN and C codes for squared
m atrix elem ents which are used in the num erical calculation Jater on. T here are two versions
of the num erical part, a FORTRAN and a C one, w ith aln ost equal facilities. T he C version
has a m ore com fortable interface but it does not possess an option to generate events and
does not perform calculations w ith quadruple precision.

T he sym bolic part of CompHEP allow s the user to:

{ Select a process by specifying incom ing and outgoing particles for the decays 1 ! n
(< 6) and the production m echanisns 2 ! n (< 5).

{ G enerate Feynm an diagram s, digplay them , and generate squared diagram s.

{ Calculate analytical expressions corresponding to squared diagram s, save them in
REDUCE and MATHEMATICA form s for further sym bolic m anipulations.

{ G enerate optin ized FORTRAN and C codes for the squared m atrix elem ents for further
num erical calculations.

T he num erical part of CompHEP allow s to:

{ Convolute the squared m atrix elem ent w ith structure functions (for proton and an-—
tiproton, electrons and photons).

{ M odify physical param eters (energy, charges, m asses etc.) involed in the processes.

{ Select the scale for evaluation of ¢ and parton structure functions.

{ Introduce various kinem atical cuts.

{ D e ne the phase space param eterization and introduce a phase space m apping in order
to an ooth sharp peaks for e ective M onte C arlo integration.

{ Perform M onte{C arlo integrationsby VEGA S [8]]via the m ultichannel approach [33].

{ G enerate events and m ake distributions w ith graphical and LaTeX outputs.

In the QCD part of these Proceedings, one can nd m ore details on CompHEP options, in
particular the handling ofthe Q CD agpects and the discussion of the autom atic com putation
of processes w ith m ultjparticle nal states. T he CompHEP package has been used in several

T his section is w ritten together w ith A . Pukhov and A . Sem enov.
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studies perform ed at this W orkshop, In particular in the H iggs working group. Exam ples
are: H ggsboson searches in the  + gt channelatthe LHC [Sec.2]and generation of events
for associated production of Iight stops w ith H iggs bosons [Sec. 4].

D uring this W orkshop, a new algorithm was proposed for the treatm ent of the rst and
second generation quarks through the single generation of generalized \up" and \down"
quarks [B3]. This algorithm neglects the m asses of these quarks and theirm ixing w ith third
generation quarks. It is based on a rotation of the S{m atrix In avor space and m ove the
CKM matrix elam ents from diagram s to distrdbution functions. The com plete set of new
ruleswas derived for a correct counting of the convolution w ith di erent parton distributions
for quarks of the mst/second generations. Each rule corresponds to a gauge invariant subsst
of diagram s; see also [B4]. This technique allow s to reduce signi cantly the num ber of sub-
processes contributing to the sam e physical nalstate, especially for hadron colliders. Ttwas
realized in the CompHEP version installed at CERN (=afs=cern ch=cms=physics=COMPHEP).

D evelopm ents were also m ade during this W orkshop for the In plem entation of SUSY
m odels in CompHEP; som e of them concem the H iggs sector. To derive theM SSM description
for CompHEP one can use the LanHEP @] program which allow s to generate the Feynm an
rules from the Lagrangian input in com pact form s close to the ones given in textbooks [eg.
Lagrangian termm s can be w ritten w ith sum m ation over indices and using com pact expressions
such as covariant derivatives and strength tensors for gauge elds]. There are given in
term s of two{com ponent spinors and w ith the superpotential form alism . T he output for the
Feynm an rules is In LaTeX form at and in the form of CompHEP m odel les. For the M SSM
Lagrangian, the com plete description given in R ef. 7] isused, togetherw ith two extensions:
vertices w ith R {parity violation and the light gravitino scenario in GM SB m odels.

It is known that H iggs boson m asses in the M SSM are signi cantly a ected by radia-
tive corrections. To com pute these corrections, the two{H Iggs doublet m odel potential [35]
technique is exploited. T his potential is param etrized by 7 variabls, 1... 7, for which an-
alytical form ulae given by n M . Carena et al. In Ref. [}]are in plem ented. CompHEP allow s
to calculate arbitrary processes w ithin the given physical m odel. Thus, one has to deal
with the ; variables rather than with the set of H iggs boson m asses only. However, one
can set the H iggs boson m asses as input param eters, but the ; are derived after and the
m odel is changed correspondingly preserving gauge invariance. An interface ism ade w ith the
FeynHiggs program [[4] used as an extemal lbrary ], thus providing an option to evaliate
the CP {even H iggs boson m asses in the m ost up{to{date way.

The num ber of Independent param eters in the M SSM can be reduced by the Inple-
m entation of the m SUGRA or GM SB m odels. M ore speci cally, the soft SUSY {breaking
param eters, gaugino and sferm ion m asses as well as trilinear couplings, are com puted from
the input param eters. It is possble to use the ISASUSY package [34] for the calculation of
these soft SUSY {breaking param eters [as well as the CP {odd H iggs boson m ass; the CP {
even H iggsm asses can be calculated by FeynHiggs]. The m asses of the sparticles are then
calculated by CompHEP from the form ulae used in the unconstrained M SSM . SUSY m odels
for CompHEP w ith the FeynHiggs and ISASUSY options inclided, can be obtained from the
web site: http://theory.npi.msu.su/~semenov/mssm.html
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