Prospects for measuring Higgs properties at the LHC
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New particle discovery at the LHC depends on...

nature, LHC machine, readinous of our detectors.

Need to commission detectors and trigger.

Only then can we look for new physics potentially accessible the first year of 1033cm-2s-1

LHC startup in 2007...

& Original Artigt

Reproduction rights obtainable fram //"\_
www CaroonStock.com

"He's agreed 1o take us to his leader but he said
it may take a while."

..detector performance

fairly good

at starting point

Small Higgs Xsection
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Signal significance

10

10

Nonetheless we’ll see
the SM Higgs if it exists

o L=10ﬂJ't
" L=30fb
4 L=100fn*

ATLAS + CMS
(no K-factors)
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Measure its properties

* mass
» width
* spin

» CP quantum numbers

» couplings to SM fermions and gauge bosons
» self couplings

Measurements need a lot of theoretical input.
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Mass and width




Mass : CMS+ATLAS combined

Direct:
H—yy, tt, W(H—bb), H—>ZZ(*)—4{, WBF H—tt—{+hadr

Indirect:
H-WW —ivlv, W(H->WW)—tv(tviv), WBF H-tt—H,...

300 fb-1, mdirect, precision of 0.1% for m;=100-400 GeV/c2.
For m>400 GeV/c? precision degrades, however,
for m,;,~ 700 GeV/c?2~1% precision.

Systematics dominated by knowledge of absolute E
for £/y~0.1% absolute goal 0.02%, for jets ~1%

scale*

g0’ S SR S —
= F 4 WH, #tH (H—bb . [ I
-§:| m| H—)ZZ—:'(‘“_) ) Wldth :1 — rDetector
% H-WW-lvlv ) E
0 WH (H-WW-iviv) Measured directly " ATLAS
A all channels . =
from fit to mass peak, I J‘L 4t=30 b

for mH>200 GeVlcz, GFH ~ 60/0, 10
indirect extraction discussed later

10*

ATLAS + CMS
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Spin and CP eigenvalues




Spin and CP eigenvalues : ATLAS study (SN-ATLAS-2003-025)
i.e. Is it the J°P=0** SM Higgs ?

8 . m ttH(H — bb)
EE A H 522" 5 41
"_%n R 2 i R IR
] [ . = WW = Ilvjj
Study angular distributions and correlations % — TTotal significance
H—>ZZ—4t (u or e) for m;>200 GeV/c?.
2 angular distributions {(;\_
* cosO polar angle of leptons relative to Z boson in H rest frame 0 iy \b\;
* @ angle between decay planes of 2 Zs in H rest frame. i | '|| |' . 3 \'\\
| 1 50
& T
4 cases considered: [ -\; ‘_ | ATLAS
SM as well as | ¢ JL dt =30 i
(J,CP) = (0,-1), (1,1), (1,-1) o ctactory
(pseudo scalar, vector and axial vector) I I'“z ' B B '1'0_;
hypothetical particle distributions my; (GeV)
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Spin and CP eigenvalues: angular distribution parametrisation

|Significance for exclusion of Spin 1 CP +1 - 100fb”|
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| Significance for exclusion of Spin 0 CP -1 - 100fb’ |
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Comparing the SM angular distributions
with hypothetical particles distributions
extract significance of a SM Higgs

For 100 fb-",
0 leads to good exclusion of non-SM (J,CP) values
for m,;>250 GeV/c2.
As well, for m =200 GeV/c? with 300 fb-!
(1,+1) can be ruled out with 6.4, and (1,-1) 3.9c.

[GeV]

(J,CP)=(1,-1), (1,%1), (0,1) can be ruled out
for m,;>200 GeV/c? with 300 fb -' or less

(GoV] Systematics dominated by background subtraction.
e
N.B. For lower m,,
use azimuthal separation of £ in WBF H->WW-—{viv
but has not yet been done.

N.B.bis. As well,
observation of non-zero Hyy and Hgg couplings
rules out J=1 particles
and all odd spin particles in general
(see C.N.Yang Phys.Rev. 77,242 (1950) and
M.Jacob and G.C.Wick, Ann. Phys. 7 (1959) 404.)

[GeV]
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Coupling parameters

»



Coupling parameters

By measuring rates of many (many) Higgs production and decay channels,
various combinations of couplings can be determined.

Coupling constants for weak bosons and for fermions are given by
G =2m?y/V 9,=2m?2,/v |9=\2 m/v

ATLAS study (ATL-PHYS-2003-030; Diihrssen)
Maximum Likelihood for 110 < m < 190 GeV/c?.
Channels combined to determine

gW’ gZ’ gt’ gb’ g‘r

For all signal channels determine (in narrow width approximation)

/ rtotal

H-yy

o xBR(H- YY) (X)=(0SM, TSV )T T

X : vector containing Higgs coupling parameters

and quantities with systematic uncertainties e.g.luminosity, detector effects, theoretical uncertainties, ...

cstRj(x) for bgd is treated as a systematic uncertainty.

Signals considered :
GF H>ZZWW,yy ;
WBF H—>ZZ,yy,tt (28 or 1£ + 1 hadr), WW ;
ttH with HH-WW,t—>Wb (3 + 1 ha@r. or 2{ + 2 hadr.), H—yy, H—bb ;
WH with HH>WW (32 or 2¢ + 1 hadr.), H—>yy ; ZH(H—yy) :
+ bgds
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Coupling parameters: progressive assumptions

1. CP-even and spin-0 (can be more than one Higgs, degenerate in mass):
only rate measurements are possible.
+2. Only one Higgs:

any additional Higgs separated in mass and may not contribute to channels considered here

relative BRs BR(H—->XX)/BR(H->WW) equivalent to I',/T,.

+3. Only dominant SM couplings (no extra particles or extremely strong couplings to light fermions):

measurement of squared ratios of Higgs couplings g2,/g?,

and lower limit on I, obtained from sum of visible decay modes.

+4. Sum of all visible BRs ~ SM sum:

absolute couplings and total width measurements. ’13:
<]

1.6

1.4

Absolute couplings (4)
I',, fixed assuming fraction of non detectable Higgs decay modes 12
as small as in SM.

300 fb-'and 110<m,;<190 GeV/c?

Ag?/g?~ 10%-60% (except for b)

ATl ~10%-75% 0.6

Main systematics: expt. eff,
bgd norm and o, pdfs.

0.8

0.4

0.2
N.B. Discontinuity at m,;>150 GeV/c? originates from

ATLAS

[=]

change in assumption for sum of all BRs.
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But also, hep-ph/0406323

Duhrssen, with a little help from his theorist friends
Heinemeyer, Logan, Rainwater, Weiglein, Zeppenfeld

Only one assumption :

strength of Higgs couplings to weak bosons does not exceed SM value

I, = T, V=W,Z

justified in any model with arbitrary number of Higgs doublets

e.g. MSSM.

1
| —
o >
- =0.9

0.8

0.7
Absolute determination of remaining Higgs couplings

as well as for T, 0.6
is then possible.

0.5
300 fb-'and 110<m,;<190 GeV/c?

Ag?/g?~ 10%-45% (except for b) 0.4

AT /T~ 10%-50% .

0.2

0.1

[=]

without Syst. uncertainty

2 Experiments

j L dt=2*300 fb '
WBF: 2*100 fb

110 120 130 140 150 160 170 180 190

my, [GeV]




Sel coupling




Self coupling

To establish Higgs mechanism experimentally, reconstruct Higgs potential
V= (m2,/2) H2 + (m?,/2v) H3 + (m?2,/8v?) H*
hence measure trilinear and quadrilinear (hopeless) Higgs self-couplings
uniquely determined by m,_=V(2A)v.

Same sign dilepton final state hep-ph/0211224

r Baur,Plehn,Rainwater

g vovogooooe - 1 77T H TETTTT TV
[ | gg—HH> (W W) (W*W/) > (€5v) (§e*v) ( = e,p) A
g 9ooouooog " for mH>150 GeV/c2. g 92202022205 t o

;) et o = R Es s pau

Osignat — 1 100p ME with finite m,,,. 55,4 — LO ME.
Only channel not swamped by bgd or with too low o

Main backgrounds : WWWjj, ttW
but also: WWijjjj, WZjjjj, ttZ,ttj,tttt, WWWW, WWZjj and overlapping evts and double parton scattering.

o(fb) after cuts:
p-())>30,30,20,20 GeV, p,(£)>15,15 GeV, |n(j)|<3.0, In(f)|<2.5, AR(jj)>0.6, AR(j£)>0.4, AR(#£)>0.2
my HH WWW;; W #Z it WZijig  WWiijj tttt pileup By

150  0.07 0.36 0.22  0.05 0.08 0.15 0.005 0.002 ~0.03 090
160 0.19 0.49 022 005 0.08 0.15 0.005 0002 ~003 1.03
180 0.18 0.40 0.22  0.05 0.08 0.15 0.005 0.002 ~0.03 094
200 0.08 0.29 022 005 0.08 0.15 0.005 0.002 ~003 083

< 50 signal events with 300 fb-! for 150<m_ <200 GeV/c?
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Self coupling: invariant mass distribution (Baur etal.)

Backgrounds are multi body production processes,
— meystem .« distribution peaks at values significantly above threshold.
Signal is 2 body : m,_, exhibits sharper threshold behavior,

but cannot be reconstructed due to 2 v,
however m ;. will retain most of expected behavior.

2 non-standard values of A, ,=MAg, (0 and 2)
Box and triangle diagrams interfere destructively
—o0(gg—HH)<cg,, for 1<\, <2.7.
Absence of self coupling (A,;4,=0) = o(gg—HH)>3xcg,,.

M, after all cuts (50GeV<m(jj)<110GeV;AR(jj)>1.0)
for m,;=150 GeV/c?
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Self coupling: %2 fit results

Derive 95%CL bounds from 2 fit to m

vis

shape

SM assumed to be valid except for self coupling.
Assume m,, precisely known, and BR(H—->WW) known to 10% or better.

Limits at 95%CL
With 300 fb", - e
DA, =(A-Agyy) Agy-= -1 3m pp-ltHdj
(vanishing self-coupling) I N Vs = 14 TeV
excluded at 95%CL or better; - - 300 b7 95% CL limits
A determined to -60% to +200%. < cr T e m
= i 600 fb~"
Significance of SM signal for 300fb’ < -
~ >1c for 150<m,,<200 GeV/c? <~ 'C B
~ 2.5¢ for 160<m,,<180 GeV/c2. ”E : 3000 f}}_L”
B - SM
- - . o ~..3000 b~
— 300 ot ——_l--- 600 b7 ]
B A I I R
140 160 180 200

my (GeV)

Fit to m . improves accuracy of A by a factor 1.2 to 2.5 compared to ¢ analysis.
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Conclusion

Analyses need strong theoretical input.
Experimentalists and theorists working together.

— Mass 0.1%-1% precision over whole mass range

— Spin-CP can be ruled out
J=1
for m,;>230 GeV/c? - 100 fb -' and for m_ ;=200 GeV/c? - 300 fb 1.
(J,CP)=(0,-1)
for m ;2200 GeV/c? - <100fb-".

— Couplings (depending on assumptions)
10%-45% precision on g2, g%, 9%, 9% and  10%-50% on Iy
for 110<m_>190 GeV/c?and 300 fb-"!

— Self-coupling
AN =(A-Agy)/Agy,-= -1 excluded with at least 95%CL
with 300 fb-1,
A determined to -60% to +200%.







Tree level couplings of Higgs to SM fermions/gauge bosons
uniquely determined and proportional to their masses.

BR calculations including HO QCD corrections are available

but m, completely undetermined but linearly related to scalar field self coupling.

The self coupling behaviour determined by field theory which puts bounds on m,.
A>0 (vacuum remains stable under radiative corrections) — lower bound on m, for a given value of m

m,, also bounded from above by triviality considerations:
by considering only contributions of the scalar loops to radiative corrections to 2,
it can be shown that m, < 893 / (A/v)” GeV/c?
Theory must be valid at large A and yet non trivial at scale v — upper limit on A and hence on m,,.
But as A becomes large, perturbative methods used above fail.

m,, bounds depend on m , (lower bound) and on uncertainties in non perturbative dynamics (upper bound).

top*
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These measurements still need a lot of theoretical input,
since signal and bgd cross sections are needed to extract the results.
One must aim to be most model independent as possible.

One of the main tasks of the LHC will be to probe the mechanism of EW gauge symmetry,
which is strongly dependent on the (Prout-Engelrt??7?)-Higgs boson son mass.

In SM, Higgs boson necessary to bring about EW symmetry breaking
which gives masses to the fermions and gauge bosons.
For the SB to happen, the mass? term for the complex scalar doublet ® has to be negative i.e. the potential
V(D)=(1/4!) (DTD )2 - u2 (OTD)
with p? positive.
After the SB, out of the four scalar fields which comprise @, only the physical scalar h is left, with a mass
m,2 = A v2

The tree level couplings of the Higgs boson to the SM fermions and the gauge bosons are uniquely determined
and proportional to their masses.

h—gg ,yy for m <2m,, and h—bb for m, <140 GeV
The couplings of a Higgs to a pair of gluons/photons is induced at one loop level
through dominantly a top (for y or gluon) or a W (for y) loop.
This coupling, as with the other couplings,
is completely calculable to a given order in the strong and electromagnetic coupling.
The QCD corrections for h—>gg are significant (order of 65%).

I'yis <10 MeV, I'(h—bb )=68% for m, =120 GeV

I',is 1 GeV for m,=300 GeV
I',~ m, for m >500 GeV
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Calculations of various branching ratios,
including higher order QCD effects, are available.

The couplings and hence branching fractions of the Higgs are well determined,
once m, and various other parameters such as m,,, and o are specified.
On the other hand, m, is completely undetermined.

Still, itis linearly related to the self coupling of the scalar field.
Nonetheless, the behaviour of the self coupling A is determined by field theory,
and this then puts bounds on m,.

The self coupling receives radiative corrections from the diagrams below.

Scalar and gauge boson loops on one hand,
and fermion loop on the other, are opposite in sign.
The requirement that A stay positive (vacuum remains stable under radcorrs)
puts a lower bound on m, is for a given value of m,,,.
This bound depends on the htt coupling.

h

AT+

Y
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m,, is also bounded from above by triviality considerations.
This can be understood by considering only the contributions of the scalar loops,
for simplicity, to the radcorrs to A.
It can be shown that
m,, < 893/ (A/v)”: GeV/c?
The theory must be valid at large A and yet non trivial at a scale v.
This puts an upper limit on A(v) and hence on m,.
But of course, as A becomes large, perturbative methods used above must fail.

The m,, bounds depend on the value of m,,; (lower bound)
and the uncertainties in the non perturbative dynamics (upper bound).

The SM is in excellent agreement with all the experimental measurements.
However the EW mechanism remains a mystery.
The Higgs mechanism is one possible solution but to be confirmed,
the Higgs boson must be observed.
ATLAS and CMS have the ability to discover a SM Higgs
of mass 115GeV/c? to 1TeV/c? with 10fb-' (ATLAS+CMS).
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Search channels - mass range 100 — 1000 GeV

Production Decay Mass range measures
H — gg 110 - 150 GeV [ mass, WWH, ttH
Gluon fusion H— ZZ(» — 4l 120 — 700 GeV | mass, ZZH, ttH, spin
H—-WW® >Inin |[110-190 GeV | mass, WWH
H — bb 110 - 140 GeV | mass, bbH, WWH
Vector Boson H — gg 110 -150 GeV | mass, WWH
Fusion H— tt 110 — 150 GeV | mass, WWH,ttH
H—-WW® >Inin |[110-190 GeV | WWH, spin
H — gg 110 — 120 GeV | mass, WWH, ttH mass,
i H — bb 110 — 140 GeV | ttH, bbH
H — tt 110 — 130 GeV | itH, ttH
H—-WWO >Inin |120-200 Gev |WWH, ttH
H — gg 110 - 150 GeV | mass, WWH
WH, ZH H — bb 110 - 150 GeV | mass, bbH, WWH
H—-WW® >Inin [110-190 GeV | WWH




Search channels - mass range 100 — 1000 GeV

Production Decay Mass range
H— vy 110 — 150 GeV
Gluon fusion H— ZZ¢)— 48 120 - 700 GeV
H - WWO — fviv 110 — 190 GeV
H — bb 110 — 140 GeV
H— ZZ¢) — 48 110 — 200 GeV
Weak Boson Fusion H— yy 110 - 150 GeV
H— 11 110 — 150 GeV
H— WWO — fviv 110 — 190 GeV
H— vy 110 - 120 GeV
tH H — bb 110 — 140 GeV
H— 11 110 — 150 GeV
H— WWO — fviv 120 - 200 GeV
WH H— vy 110 - 120 GeV
H— WW0O — fviv 150777 — 190 GeV
ZH H— vy 110 - 120 GeV




LHC Higgs etal. factory

The expected signal event rates at low luminosity (L=1033 cm2 s1)

Process Event rate (Hz) Events for 10 fb-" Total stats
(one year low L) collected elsewhere
by 2007
W— ev 30 108 104 LEP/107 Tevatron/
Z— ee 3 107 108 LEP
Top 2 107 104 Tevatron
Beauty 106 1012-1013 10° Belle/BaBar
H (m=130GeV) 0.04 10°
Gluino (m=1TeV) 0.002 104
Black holes (m>3TeV) 0.0002 103 we won'’t
be there
anymore

to say



Pile-up at high luminosity

Pile-up is the name given to the impact of the 23 uninteresting (usually) interactions
occurring in the same bunch crossing as the hard-scattering process which generally
triggers the apparatus.

Minimising the impact of pile-up on the detector performance has
been one of the driving requirements on the initial detector design:

- a precise (and if possible fast detector response) minimises pile-up in time
—> very challenging for the electronics in particular
—> typical response times achieved are 20-50 ns (!)
- a highly granular detector minimises pile-up in space
—> large number of channels i.e. ATLAS: 100 Mpixels, 200k EMcalo cells



Annexe
Experiments
ATLAS-CMS performance requirements

* Lepton measurement p;~ GeV — 5TeV !!
» Mass resolution (m~100GeV)
~1% (H — yy, 4l)
~10% (W — jj,H — bb)
 Calorimeter coverage |n|<5
E.miss forward jet tag for heavy Higgs
* Particle identification
g,~60% R~100 (H — bb, SUSY)
£,~50% R~100 (A/H — 1)
£,~80% RJ->1O3 (H— vy)
£.>50% R>105 eljet~10° Vs=2TeV
eljiet~105 s=14TeV
* Trigger 40MHz — 100 Hz reduction
bunch crossing id.



Annexe
Electromagnetic Calorimetry

In several scenarios moderate mass narrow states decaying into photons
or electrons are expected:
SM intermediate mass Hg gg, Hg Z Z* g 4e
MSSMhggg,Hggg, HgZ Z* g 4e

In all cases the observed width will be determined by the instrumental
mass resolution. We need:
good e.m. energy resolution, good photon angular resolution and
good 2-shower separation capability.

Hadronic Calorimetry

 Jet energy resolution * Missing transverse energy resolution
« Limited by jet algorithm, fragmentation, * Gluino and squark production
magnetic field and energy pileup at high luminosity - Forward coverage up to Inl =5
* Can use the width of jet-jet mass distribution as a - Hermeticity - minimize cracks and dead areas
figure of merit - Absence of tails in the energy distribution is more
*Low p, jets: W, Z — Jet-Jet, e.g. in top decays impartant than a low value for the stochastic term
* High p, jets: W', Z' — Jet-Jet » Good forward coverage is also required to tag processes initiated

« Fine lateral granularity ( = 0.1) high p, W's, Z's vector boson fusion



5-c discovery luminosity (fb'l)

=
Q

N

=
o

Annexe Discovery:
CMS 50 discovery luminosity

n gqgH, H>WW-lvjj
B CMS o qgH, H=ZZ-livy

v H->WW*/WW—livv, NLO
— ° H—ZZ*/ZZ—4 leptons, NLO
E ® Y

-
-
~
......

qqH, H—yy, 't
©  H-yyinclusive, NLO
*  ttH, WH, H—bb

Combined channels

] ] ]
100 200 300 500 800
m_ (GeV/c")



Signal significance

10

Discovery:
ATLAS probable signal significance S/\B

ttH (H — bb)
A H =77 =41

Y H > ZZ - llvw
e H - WW — NIjj
- = Total significance

ATLAS

[Lat=30m"
(no K-factors)

10 }
m,, (GeV)

Slgnal slgnificance

1o

[Ldt=30m" -
{no K-factors) &

ATLAS

H— 7y
tiH{H — bh)

H — 257 41

H — ww'™ & wiy
qqH — qq Ww'"
qogH — qig TT

Tolal siznilicance

L
100

1 I 1 I 1
120 140

L
160
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MHY
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Spin and CP eigenvalues : analysis cuts

* 41 with |n|=|In tan(©
» 28 with p;>20 GeV
* 2 other ¢ p;>7GeV
* Eff,;=90%

 Zs using matching flavor - opposite charge #s.

12)[<2.5
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If all same flavor, minimize (m,,, -m_)? + (m,, -m,)
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Polar (cosf) and decay plane (¢) angles for H->ZZ->u+p-u+pu-. Similar plots for other decay channels.
tt or Zbb bgds negligible for m_ >200 GeV/c2.
BEWARE: Detector acceptance and efficiency effects can mock correlations.
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Spin and CP eigenvalues : angular distributions

Complete differential Xsections for H—-ZZ—4f calculated at tree level.
Two angular distributions :

» cosB polar angle of decay leptons relative to Z boson.
H decays mainly into longitudinally polarized vector bosons and so the Xsection shows a max at cos6=0.

* @ angle between decay planes of 2 Zs in H rest frame.
In the SM, it is 1+Bcos2¢ but flattened in the decay chain because of the small vector coupling of the leptons.

Figure 1: The decay plane angle ¢ 1s measured between the two planes defined
by the leptons from the decay of the two Z bosons in the rest frame of the Higgs,
using the charge of the leptons to fix the orientation of the planes. The dashed
lines represent the direction of motion of the leptons in the rest frame of the Z
Boson from which they originate. The angles #;, and #y are measured between
the negatively charged leptons and the direction of motion of the corresponding
Z in the Higgs boson rest frame. ¢=0 correspond to p.+ x p.- and p,+ x p,-
being parallel. ¢=m correspond to p.+ » p.- and p,+ % p,- being antiparallel.



Spin and CP eigenvalues : MC generators

3 MC generators:
* SM: complete differential c(H—>ZZ—4f) at tree level
* irreducible ZZ bgd (Matsuura and van der Bij)
« alternative particles (A.Nelson and J.R.Dell’Aquilla)

Irreducible gg—ZZ—4!f and qqbar—ZZ—4£ bgd considered
while gg—HH and other contribs neglected.
Polarizations of bgd Z boson kept.
gg—ZZ (~ 30% of total bgd) has different angular distribs from other bgds.
No K factors.
Narrow width approximation: results only valid for m_ >2m.,.

3 generators use
CTEQ4M structure functions,
HDECAY for Higgs BRs and width,
narrow width approx.
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Spin and CP eigenvalues: background subtraction

Subtraction of bgd angular distributions — source of systematic errors.
Number of bgd evts estimated using the sidebands (see Fig5).
Checking the shape of the bgd distrib can be done using bins below and above the signal region.
Fig 6 shows how R varies and Table 3 as well, for various bgd configurations.

[ 4 Lepton Invariant Mass Distribution |
= 70
@
Q
™ B0
0
E 50 my = 250 GeV
o JL=100 fb"

30

20

101

P e e
180 200 220 240 260 280 300 320 340 SE?GW

inw

Figure 5: The invariant mass distribution of a 250 GeV /c? Higgs boson and the
ZZ Background. The wvertically hatched region is the signal region used in the
analysis. The diagonally hatched regions are the sidebands used to determine the
expected mumber of background events (hatched horizontally) inside the signal
region. The dotted line indicates the shape of the background in the transition
region between the sidebands and signal which is not used at all.

[ Measurement of Parameter R |

R 0.6

0.4

._]_.

0.2
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-0.2

-0.4

-0.6

1 | 1 | 1 | 1 | 1 |
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r.rllin'.I [GE"I’]

Figure 6: The parameter R (defined in (3)) as obtained by a fit to different mass
regions of the background only (solid line) and by a fit to the same mass regions
to signal plus background distributions | points with errorbars). The horizontal
errorbars indicate the regions from which the distributions where talen.

AR -2 | 01 0.0 0.1

0.2

R#igﬂa-! 0747 | 0752 | 0770 | 0.752

0.796

Table 3: The measured Parameter R for five different distributions that have
been used to subtract the expected background distribution. AR is the difference
between the value of R from the background as produced by the Monte Carlo
and the value of B of the subtracted distribution.



Spin and CP eigenvalues: angular distribution parametrisation

To distinguish between spins J=0,1 and/or CP-eigenvalues yCP=-1,+1 — 4 different distributions:
SM as well as (J,CP) = (0,-1), (1,1), (1,-1) hypothetical particle distributions

Plane correlation parametrized as
F(p)=1+acos(¢p)+pBcos(2¢)
where o and B depend on m,in the SM, but are constant over whole mass range for (J,CP)=(0,-1),(1,+1),(1,-1).

Polar angle described by
G(8)=T(1+cos?(8))+Lsin%(0)
for Z Longitudinal or Transverse polarization, with R=(L-T)/(L+T).

Dependence of a, B and R on m, is shown below.
(0-) shows largest deviation from SM. (1,1) and (1,-1) excluded through R parameter for most m,,
but for m_ ,~200GeV/c?, main difference lies in B.
a can only discriminate between scalar and axialvector but difference is very small.

[ Patametera )
= C e -
T (—
0021~ Spin 1, CP +1 0.2 = P
0.015— B \ C - SM-Higgs
04— C -
[ -
0.01— ~ T I ) e B
0.005— xéﬂ_lj_l??s Te— SM-Higgs C il
| 0 U_ Spin1,CP+ 1 NS Spin1,CP+1
C Spin 0, CP -1 il C
0.005— 1 .
0.01— 02 0.5
0.015— L Spin 0, CP -1 C
00 Spin 1, CP -1 03— 4B Spin 0, CP -1
. oy [T NN S NS AT SN NS NS MO S N . | ) i ) i . | . |
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500 m, 200 250 300 350 400 =
H
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Spin and CP eigenvalues: Results

For 100 fb -
R can distinguish 4 hyp. for m >250 GeV/c?,

and exclude (J,CP)=(0,-1) for m_ ~200 GeV/c2.

|F‘o|arisation of the Z Bosons from Higgs decay (100 fti‘] |

T
221 % SM-Higgs
N *
2 05
e Lo I It spin1,cPx1
= C
a u_
0.5
.1:— ] [ { Spin 0, CP -
E.l......l..l.l...l.. M PR |
200 250 soo ——
Parameter o and [ 100 fio” my, = 200 GV [ 196 <M, < 204 :-I
u.z—B [
M w [\ SM - Higgs
]
I Spin 1, CP -1 | spin1,cp1
04—
0.2 [
03 J Spin 0, CP 1
r a
1 s | L | L 1 L |
0.1 0.05 0 0.05 0.1

For m,;=200 GeV/c?,
a can distinguish (1,-1) from SM (0,+1),
B can rule out (0,-1), but both stats limited

Significance (Aexpected values/c
Higher m, 6 leads to good J and CP measurement.

) of SM H.

expected

For 300 fb -' and m,,=200 GeV/c?
(1,+1) ruled out with 6.4, and (1,-1) 3.9c.

|S|gmf|cance for exclusion of Spin 1 CP +1 - 100fb’ |
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\ Significance for exclusion of Spin 0 CP -1 - 100fb’ |
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105—
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J=1 ruled out
for m,>230 GeV/c? with 100 fb -1
and for m,;=200 GeV/c? with 300 fb -1.

J=1 also ruled out if non-zero Hyy and Hgg couplings.

(J,CP)=(0,-1) ruled out
for m ;2200 GeV/c? with <100fb-".

Systematics dominated by background subtraction.



Spin and CP eigenvalues

Results
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Figure 7: The parameter R for different Higgs massses (top) and a and 3 (bot- Figure & The parameter o depends on the signs of the cos(#) of the two Z bosons.
tom) for g = 200 GeV/c? using 100 fb=!. The error scales with the integrated The events where the signs are equal are used for the upper plot, those where the

luminosity as expected. signs are different are used for the lower plot.



Spin and CP eigenvalues

Results

Fig9 shows the significance, the difference of the expected values divided by the expected error of the SM H.

[ﬂgnificance for exclusion of Spin 1 CP +1_- 100fly" |
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Figure 9 The overall significance for the exclision of the non standard spin
and CP-eigenvalue. The significance from the polar angle measurement and the
decay-plane-correlation are plotted separately.



Spin and CP eigenvalues

For m,<200 GeV/c?
information on spin and CP can be extracted from the azimuthal separation of leptons
in the VBF process qg—qqH—>qqWW-—qqiviv
(see Asai etal article on VBF).
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But also, hep-ph/0406323

Duhrssen, with a little help from his theorist friends
Heinemeyer, Logan, Rainwater, Weiglein, Zeppenfeld

Only one assumption :

strength of Higgs couplings to weak bosons does not exceed SM value

I, = T, V=W,Z

justified in any model with arbitrary number of Higgs doublets

e.g. MSSM.

Mere observation of Higgs
—lower bound on couplings
thereby on Tl

I, < T'SM, assumption
combined with measurement of
FZV/I“totaI
in WBF production x H—->VV decay
— upper bound on I',,

Absolute determination of remaining Higgs couplings
as well as for T,
is then possible.

300 fb-'and 110<m_<190 GeV/c?
Ag?/g?~ 10%-45% (except for b)
AT T\, ~ 10%-50%

1

01’509
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without Syst. uncertainty

2 Experiments
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Coupling parameters

Tesla

Higgs couplings at TESLA 500 fb' Vs=500 GeV

39,/ 9~ 2-10%

Coupling My = 120 GeV | 140 GeV
GHWW 4+ 0.012 4 0.020
Guzz + 0.012 4+ 0.013
GH b + 0.022 + (0.022
GH ce + 0.037 4+ 0.102
9Hrr + 0.033 + 0.048
gaHww [ gH 2z + 0.017 + 0.024
_fjnu,r"f.ﬁ’n11'11' 4+ (0.020 4+ (0.052
grvb ] GHW W + 0.012 + 0.022
Gt Gaww + 0.033 + 0.041
Gt/ Grvb 1 0.026 T 0.057
Gt ce/ Gbb 4 0.041 4+ 0.100
Gt GHb 4+ 0.027 + (0.042




Coupling parameters

By measuring rates of many (many) Higgs production and decay channels,
various combinations of couplings can be determined.

At LHC, no clean way to determine ¢!, o
+ some Higgs decay modes cannot be observed at LHC
— Only ratios of couplings (or partial widths) can be determined
if no additional theoretical assumptions.



Coupling parameters: ATLAS study (ATL-PHYS-2003-030; Duehrssen)

For 300 fb1, ratios measurement with precision of 10% —30%.
With an assumption on the upper limit for the W and Z couplings and on the lower limit for ',
absolute measurement of coupling parameters is possible,
where expected accuracy is 10%—>40%.

N.B. At an e*e- linear collider with E_ >350GeV and 500 fb-"
measurements would be improved by a factor 5.
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Coupling parameters: counting events

Count N +N

signal background

extrapolating N from regions where only a few signal events are expected.

background

For signal channels determine
oxBR(x)
where x is a vector containing Higgs coupling parameters

and all quantities with systematic uncertainty (luminosity, detector effects, theoretical uncertainties, ...).

For background channels, cxBR(x) is treated as a systematic uncertainty.

Number of events for each channel and each m,, value
is the SM expectation value i.e. LO MC simulations without K factors.

Systematics:
efficiencies (f and y reconstruction, b and t-tagging, WBF jets tag, jet veto, lepton isolation)
bgd norm.: N, estimate by extrapol. meas. rate from bgd dominated region into signal region.
bgd Xsections
QCD/PDF and QED uncertainties for signal processes



Coupling parameters: signal and background channels

gg—>H—>ZZ and qqH—qqZZ ZZ, tt and Zbb
gg—>H->WW WW,WZ Wt and tt
qgH—»>qqWW WW, WW (ew), Wt and tt
WH->WWW (3¢f) WZ,ZZ and tt
WH—->WWW (2¢ and 1 hadronic W-decay) WZ,2Z2,W,Wt,t and tt
ttH(H->WW,t—>Wb) (3% and 1 hadronic W-decay) tt, ttZ, ttWi tttt and ttWW
ttH(H->WW,t—>Wb) (2f and 2 hadronic W-decays) tt, ttZ, ttWi tttt and ttWW
H—oyy 1y,y-jet and 2jets
qqH—>qqyy vy-2jets,y-3jets,4jets
ttH(H—yy) ttyy,tt and bb

WH(H-y) Wy, yy-iet, W y-j, W-2j, y-2j and 3]
ZH(H—vy) Zyy

qgH—qqrt (2¢) Z,WW and tt

qgH—qqrt (1€ and 1 hadronic t decay) Z and tt

ttH(H—bb) ttbb and tt
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Coupling parameters (Duhrssen ATLAS note)

The SM Higgs can be observed in a variety of channels,
in particular if its mass lies in the intermediate mass region 114 <m, < 250 GeV/c?,
as suggested by direct searches and electroweak precision data.
The situation is similar for Higgs bosons in this mass range in many extensions of the SM.
Once a Higgs-like state is discovered, a precise measurement of its couplings will be
mandatory in order to experimentally verify (or falsify) the Higgs mechanism.

The couplings determined Higgs production cross sections and decay branching fractions.
By measuring the rates of multiple channels, various combinations of couplings can be determined.
There is no clean technique to determine the total Higgs production cross section,
such as a mssing mass spectrum at a linear collider (HZ-> X pu recoil mass measurement???).
In addition, some Higgs decay modes cannot be observed at the LHC
e.g. H—gg or decays to light quarks will remain hidden below the overwhelming QCD dijet backgrounds.
e.g.2. H—bb suffers from large experimental uncertainties???

Hence only ratios of couplings (or partial widths) can be determined
if no additional theoretical assumptions are made.

The couplings of the Higgs boson to the weak bosons (W* and Z) are directly given by the mass of these bosons.
The coupling constants g,, and g, are
gy=2m?,/v
g,=2m2z,/v.
Fermion masses are generated by introducing the Yukawa couplings of the fermions to the Higgs field.
This automatically implies couplings g, negative for up type Yukawa couplings.

|gi=V2 myv
The discovery potential has been studied in a large number of channels using different prod. and decay modes.
Combining all these studies one can access and measure the couplings

gW’ gZ’ gt’ gb’ gr



Coupling parameters: progressive assumptions

. CP-even and spin-0 (can be more than one Higgs, degenerate in mass):

only rate measurements are possible.

. Only one Higgs:

any additional Higgs separated in mass and may not contribute to channels considered here

relative BRs BR(H—-XX)/BR(H—->WW) equivalent to I',/T,.

. Only dominant couplings of SM are present (no extra particles or extremely strong couplings to light fermions):
measurement of squared ratios of Higgs couplings g2,/g?,

and lower limit on I, obtained from sum of visible decay modes.

. Sum of all visible BRs ~ SM sum:

absolute couplings and total width measurements.

Rates
from H—yy, H—>tt and H—bb for m <160 GeV/c2, H->WW for mH>160 GeV/c?, H—»ZZ for m>180 GeV/c2.
- (WEF)"BR{H — 11} - — G VBF) " BR{H— 'l."l.".l"':l
%% 2:_ ——— 2[[‘.!—: "BR{H—=+bh) %ﬁ 1.4— ATLAS fgg_'l BR IH_1 e :
[= = aiH) * BRIH—= 1) . F  olVER BRI 27)
= - ATLAS ~--lVEF) " BRH = 1) R --=-=-riggH) " BR(H- ZZ)
18E- g VAL 2 L dt=300 fbo" [---o e v
:_ 1 cememe g{ZH] *BR TR - mememn GWH) " BRIH— W
14E j L dt=300 fb . \
1.2 C
: o8] \
1 n \
0.8 0.6 .
06F- -
C 04—
0.4 _— o N
e — o2}
D:IIIIIIIIIIIIII||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII _III|||||||||||||||||||||IIIIIIIIIIIIIIlIIIIlIII
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my, [GeV] m,, [GeV]
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Coupling parameters : relative BRs (2)

Reduce relative errors by reducing number of parameters to be fitted.
Not possible without additional assumptions i.e. only 1 Higgs boson.

oxBR(H->WW) and BR(H—XX)/BR(H->WW) are fitted.
H—->WW is used as normalisation : smallest error for most production modes and for m_ >120 GeV/c2.

For 30fb-!, o(BR(H—bb)/BR(H>WW)) > 140% (not shown).
All other relative BRs measured to better than 60% (for m_>120 GeV/c?).

= 0.97 l_‘ / 1_‘ = 0.9 r /]_,
-[_: L‘E - ‘_I_‘- [_g F Z W
>~ [ ATLAS Z' "W I 55 [ ATLAS
= 0.8~ ‘;J’ 0.8 —r,/ rW
ok —] . T - ;
- | Ldt=30fb" Yy oW " | L dt=300fb™ /T
01 | orf | L dt=300 fb™ oo 4 L
N ]“T/ FW B -
0'6—_ e WithoUt SYSt. Uncertainty 0.6 L "l weememen withoUt syst. uncertainty
0.5
0.4
0.3
0.2
0.1
07III|IIII|IIII|IIII|III\|II\\l\\H‘\HI‘\III‘III 0_\II|IIII|IIII|I\II|\\I\‘\IH‘\IH‘IHI'IIII'III
110 120 130 140 150 160 170 180 190 110 120 130 140 150 160 170 180 190
m, [GeV] m,, [GeV]

Figure 4: Relative error for the measurement of relative branching ratios. The
dashed lines give the expected relative error without systematic uncertainties.
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Coupling parameters : relative squared couplings (3)
Assuming only SM particles couple to Higgs, and no extremely enhanced couplings to light fermions,

X: squared ratios of couplings as well as scale gZW/\/FH :

cyproduction

2
OggH = QiggH " Gt
WBF = Qwr '951-" + azr -gé o and B from theory
OyH = O4gH " 95
owH = OQwH '951.:
OzH = OQgzH '9%

Due to high rates of gluon fusion and ttH, top coupling ratio
measured quite accurately even with only 30fb".

FHZ)/ gHWY 25 —J(H2) | g HW
= 1 . .
------- -gH rgHwW)| o ] = GAHT) 1 F(HW)
;_; -
Nm [
0.8
without syst. uncertainty : without syst. uncertainty
ATLAS o5 i ATLAS
j L dt=30fb " - j L dt=300 fb "'

oaf \

110 120 130 140 150 160 170 180 190 110 120 130 140 150 160 170 180 190
my, [GeV] my [GeV]

and BRs expressed in terms of couplings and I';:

2
BR(H — W) = 3,5
'y
BR(H — 2Z) = B2
T
BR(H — ) = ( 'f~.||.1':-‘."fn' fn.rr] '.‘h}_
Ty
. g:
BR(H —77) = 03, =
' I'n
T .’ff}
BR(H — b)) = 3,0
1 i) ,.]_”

1 o lower limit on I'y
— sum of all detectable Higgs decays.
Upper limit from direct meas. + SM expectation.

I [GeV]

1 l—‘Del\fe ctor

ATLAS

4 j L dt=30 fb "

2
10

r i Limit

10°E

Er--i--l--l"f'l'"l'|"Ii...i..||||||||||||||||||||||||||||||||||

110 120 130 140 150 160 170 180 190 200
m,, [GeV]
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Coupling parameters : lower limit on I'; (3)

Based on fit of relative squared couplings,
extract a lower limit on I',; given by sum of all detectable Higgs decays.
Scale g?,/\T, split into 2 parameters g2, and T,

Without extra constraints,
no upper bound on I'; likelihood function
except upper limit ', <1-2 GeV,
can be obtained from direct width measurements
for H—yy or H>ZZ.

Lower 1o limit
obtained from observable Higgs decays
and upper limit from direct measurement
together with the SM expectation.

=l -
2-13.9 ! m,=140 GeV
- J- L=30 fb™
A4
-l
-
a4
B
N
Ad42- X
C X
L ! L]
443 | \"x_
: I__I _I__I__I___I___I_UI\"“T 1 1 1 1 T 11 1 1 I 1 1 _T__I__‘I__T__I___I___I__?_
0 0.5 1 15 2 25 3
T, [T,(SM)]
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Figure 9: Relative error for the measurement of absolute couplings. The discon-
tinuity at my =~ 150 GeV originates from the change in the assumption for the
sum of all branching ratios. For myg < 150 GeV the branching ratios into b and
7 are included, above 150 GeV they are not added to the sum.
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But also, hep-ph/0406323 (Diihrssen etal)

Only assumption :
strength of Higgs couplings
does not exceed SM value
DS [P V=W,Z.
Justified in any model
with arbitrary number of Higgs doublets
and true for MSSM in particular.
Observation of Higgs
puts lower bound on couplings and I',,
combined with
I'2, /T measurement from WBF H—>VV
puts upper bound on I',
— absolute determination of I', possible
and hence of
H couplings to gauge bosons and fermions.
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1_

Bo.sf
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Coupling parameters : conclusions

I',/Ty, I/, and I /T, with 15%-60% precision for m;>120 GeV/c? and 30 fb-".

0

110 120 130 140 150 160 170 180 190

my, [GeV]

If only SM particles couple to Higgs 92,/9%,, 9%./9%, and g2/g?,, to 15%-50% for m >125 GeV/c? and 30 fb™".
For 300 fb-' g2/g?,, with 30% precision.

Lower limit on T,

Systematics:
reco.+id.+tag. efficiencies ({, y, b, T, WBF jets, jet veto, lepton isolation),

bgd norm. (N, , estimate by sideband extrapolation),

bgd Xsections, QCD/PDF and QED uncertainties for signal processes
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Coupling parameters : conclusions

Systematics: eff, bgd norm and o, pdfs and QED uncert. for signal

« Efficiencies: reconstruction (£ and y) , tagging (b, t, WBF jets, jet veto), lepton isolation
* Bgd normalization: N, , estimate by sideband extrapolation.

» Bgd Xsections

* QCD/PDF and QED uncertainties for signal processes
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Coupling parameters : conclusions

For 300 fb-1, ratios measurement with precision of 10% —30%.
With an assumption on the upper limit for the W and Z couplings and on the lower limit for I",,,
absolute measurement of coupling parameters is possible,
where expected accuracy is 10%—>40%.

N.B. At an e*e- linear collider with E_ >350GeV and 500 fb-"
measurements would be improved by a factor 5.



Coupling parameters (Duhrssen ATLAS note): measurement of rates
Rates oxBR are measured for different channels.

H—->WW measured with best accuracy :
for m;>160 GeV/c?, H->WW dominant.
H—yy, H—>1t and H—bb visible only for m ;<160 GeV/c?,
and error on rate measurement for the H—->ZZ is 2X for 160 < m, < 180 GeV/c2.
At m,;=180 GeV/c?, two on-shell Zs, reducing error on H—»ZZ rate again.

BE ey
A° % ATLAS A
1'52_ e g{WH) * BR{H = v
e JL dt=30 fb” s
12
06T e
D.Af— \—/
0.2
B o b b L b L b
110 115 120 125 130 135 140 145 150
my [GeV]
ﬂﬁ i3 e
1'E% areens g(WH) *BR{H = 771
e J L dt=300 fb™ PR
12—
s
T ——
04 ) /
0 =
Y A I PP IV P I I DI B
1710 115 120 125 130 135 140 145 150

m,, [GeV]

Figure 1: Relative error for the measurement of rates ¢ - BR for those channels
that can be seen only for Higgs boson masses below 150 GeV.



Coupling parameters : relative BRs measurements

Reduce number of parameters to be fitted to reduce relative errors.
Not possible without additional assumptions: only 1 Higgs boson.

Two kinds of parameters are fitted:
oxBR(H->WW) and BR(H—XX)/BR(H->WW).

H—->WW is used as normalisation :
for most production modes and for m,;>120 GeV/c?, it has the smallest error.

For 30fb-!, the error on BR(H—bb)/BR(H->WW) > 140% (not shown).
This meas. depends entirely on the channel ttH(H->bb)
which has very low S/B and the total error is dominated by the syst. uncert. on the bgd.
All other relative BRs can be measured with an accuracy better tan 60% (for mH>120GeV).
For mH<120GeV, a normalis. to BR(H->gamgam) would ne more appropriate.

Higgs boson production | relative Higegs boson mass
times decay H — WW branching ratio

(0 - BR) gy (i —ww) Bﬁigjﬁﬁ’] =1Z 110 GeV - 190 GeV
(0 - BR)ggrH—WW) B%P({EH__I;%)] — I_F‘; 110 GeV - 150 GeV
(0 - BR )iz (H—ww) ) = Lo 110 GeV - 150 GeV
(o - BR)wr(H-ww) BReTs = £ 110 GeV - 140 GeV
(0 -BR)zrEH-WwW)




Coupling parameters : relative squared couplings

Assuming only SM particles couple to Higgs, and no extremely enhanced couplings to light fermions,
all Higgs production and decay modes expressed by the Higgs couplings
9w: 9z 9v 9 and g,
Higgs total width cannot be measured — only ratios, or rather squared ratios, of couplings determined.
As well, scale which combines the coupling g,, and the total width

92,/ .
coupling parameter | Higgs boson mass where all Higgs prod Xsections can be
- : — expressed by the couplings as
et i o et g 110 (a7 100 (L a\ are proportionality constants between the coupl.
coupling ratio Z 110 GeV - 190 GeVy  (oare prop y P
. 2 9% squared and Xsections and are from theory
2 - . -
coupling ratio 4= | 110 GeV - 150 GeV 2
PHIS iy OggH = QYggH " Ui
2 : :
. . 11 KT A T 2 2
coupling ratio fﬁ— 110 GeV - 140 GeV OwWBF = OQwr - Gy T QzF gy
- gw
2 <y . 2
coupling ratio q—i’:— 110 GeV - 190 GeV OttH QttH yt_)
Iw 2
qﬁ r a4 o | T F . — ¥ CFI'T'FH — x ET‘FH ) g l;ir?
scale 2= | 110 GeV - 190 GeV 9
vin Oz = OQzH -0z

The gluon fusion prod is not strictly propto the top coupling squared but has additional contribs from the interf.
of a b-loop (SM: 7% at 110 GeV and 4% at 190 GeV) and from bb->H. But these add. contribs are ignored,
so it is assumed that the b-coupling is not extremely enhanced (by factor of 10 or more compared to SM).



Coupling parameters (Duhrssen ATLAS note): measurement of the relative squared couplings

All Higgs BRs can be expressed in terms of the couplings and the total width.
The H->gamgam decay proceeds either by a W or a t loop with destructive interference between both loops.
The B coeffs relate the coupling strength to the appropriate H partial width.

, _— g
BR(H — WW) = p[Bp=
' ]-—\H
BR(H — Z7) = 3,22
' FH
B - G — By - G -
BR(H — ) = ( (W) - 9w — Py(t) gt)
. =
BR(H — 717) = [,
. FH
, . g
BR(H — bb) = (3,2

As an example, one can write

(0 BR)yy_ww) () = own BR(H — WW)

2 2
o _ 9w 3 9w
V VIg

(0 -BR),yrii—z2) (F) = 0yer - BR(H — Z2)

9 gv 5
g VTm 9% VTm

= ggH



Cou pIing parameters (Duhrssen ATLAS note): measurement of the relative squared couplings

The meas. of the top coupling ratio if no restriction on the b-coupling is applied and what is possible
if the b-coupling ratio is restricted to be within a factor of 10 or 50 of the SM value.

0.8

E = - no b-Loop E = B no b-Loop
T = T I =
L s AH D) /g HW) < 10°SM | o L T sememn g(H b) / g7(H,W) < 10°SM
o™ B o~ B
=/ 207 FHb) g HW) < 50sm | =| D 0.7 g'(H,b)/ g°(H,W) < 50*SM
I r 1 e full b-Loop I e full b-Loop
o)~ - B L
<al @o.6 <l 0.6
- ATLAS i ATLAS
0.5 1 0.5 e
i j L dt=30 fb C J L dt=300 fb
0.4_— 0.4_—
0.3 0.3
0.2_— 0.2_—
0.1 0.1
O_III||||||||||||||||||||||||||||||||||I||III|III O_II|||||||||||||||||||||||||||||||||||||||II||II
110 120 130 140 150 160 170 180 190 110 120 130 140 150 160 170 180 190
my [GeV] my [GeV]

“u - 2 * - -
Figure 6: Relative error of 4-, if b-coupling effects are taken into account for the

GF production. The black line corresponds to the result shown in Figure 5.



Coupling parameters (Duhrssen, Heinemeyer...)

In this analysis, only a very mild theoretical assumption is made which is valid
in general multi HIggs doublet models. In this class of models, the strength of the Higgs-gauge-boson couplings
does not exceed the SM value.
The existence of such an upper bound is already sufficient to allow the extraction of absolute couplings rather than
coupling ratios.
It is assumed that the weak boson fusion channels are to suffer substantially from pile-up problems under high
lumi running conditions (making forward jet tagging and central jet veto fairly inefficient).

In order to determine the properties of a physical state such as a Higgs boson,
one needs at least as many separate meas. as properties to be measured.
Although the Higgs is expected to couple to all SM particles, not all these decays would be observable.
Very rare recays (e.g. electrons) would have no observable rate,
and other modes are unidentifiable QCD final states at the LHC (gluons or quarks lighter than bottom).
The LHC will however be able to observe H decays to photons, weak bosons, tau leptons and b quarks,
in the range of H masses where the BR is not too small.

For a Higgs in the intermediate mass range (114-250), the total width is small enough to use the narrow width
approximation in extracting couplings. The rate is to good approximation given by:
where I is the H partial width. o | o(HYM T.T,
The LHC will have access to o(H) x BRH — wr) = —5gr— -~
or provide upper limits on F
combinations of
[Ty I, T, andT,

and the square of the top Yukawa coupling.

The question in this article is how well LHC measurements of a single Higgs resonance can determine the various
Higgs boson couplings or partial widths.



Coupling parameters : hep-ph/0406323

The ratios of couplings or partial widths can be extracted in a fairly model-independent way,
further theoretical assumptions are necessary in order to determine absolute values of the couplings
to fermions and bosons and of the total width.
We assume here that the strength of the Higgs-gauge-boson couplings does not exceed the SM value.
r,<TsM,, V=wW,Z
This assumption is justified in any model with an arbitrary number of Higgs doublets
(with or without additional Higgs singlets), and it is true for the MSSM in particular.
Hence there is an upper bound on the H coupling to weak bosons,
and the mere observation of H prod. puts a lower bound on the prod. couplings and thereby total width of H.

The upper contraint,

combined with a meas. of I'2 /T" from observation of H->VV in WBF

then puts an upper bound on the width.
Thus an absolute determination of the Higgs total width is possible in this way.
Using this result, an absolute determination also becomes possible for H couplings to gauge bosons and fermions.
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Coupling parameters (Duhrssen, Heinemeyer...):
Precision of partial widths for multi-Higgs-doublet models
?2??Ty(W,1): H->yy through qqH and ttH???
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Relative precisions of fitted new partial widths as a function of the Higgs mass assuming that SM

rates are observed with 30 fb—! at each of two experiments (left) and 300 fb~! at each of two experiments for all
channels except WBF, for which 100 fb~! is assumed (right). The new partial width can be due to new particles

in the loops for H —

g
i

and gg — H or due to uncbservable decay modes. See text for details. Here we make

the weak assumption that ¢*(H, V) < 1.05 - g*(H,V, SM) (V =W, Z).



Coupling parameters (Duhrssen, Heinemeyer...):
Precision of couplings for multi-Higgs-doublet models
Systematic erros contribute up to half the total error, especially at high luminosity.
For mH<140 GeV the main contrib to the syst. uncert. is the bgd normalization from sidebands.

The largest contrib. is from H—bb for which 1/10<S/B<1/4. For the bgd norm, a syst.error of 10% is assumed,
leading to a huge syst. error on I') which is the main contrib to the total width I',; (BR(H—bb)=30-80%).
But a meas. of absolute couplings needs I',, as input
so all measurements of couplings share the large syst. uncert. on H->bb.

1 T P - 1 -
XKl i [ | g*(H,Z) X [ g*(H,Z)
> [ i > [
S — g (H,W) oz F — g7 (H,W)
4 NmO.B_— i o - Nmﬂ.ﬁ_— e !
C = e (r[H:r) ) I A ng_H.Tl
0.8 0.8
0.7 == 0.7k —_—
C without Syst. uncerainty r without Syst. uncertainty
0.6 2 Experiments 0.6 2 Experiments
0 53_ J L dt=2"30 fb o 53_ J L dt=2*300 fb
- - WBF: 2°100 fb
0.4 0.4
0.3 0.3
0.2f 0.2f
0.1 0.1F
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Figure 2: Relative precision of fitted Higgs couplings-squared as a function of the Higgs mass for the 2 x 30 fl y 1

(left) and the 2 x 3004 2 x 100 b~ (right) luminosity scenarios. We make the weak assumption that ¢>(H,V) <

1.05 - g*(H,V,SM) (V. = W, Z) but allow for new particles in the loops for H — ~+ and gg — H and for
unobservable decay modes. See text for details.



Coupling parameters (Duhrssen, Heinemeyer...):
Precision of couplings for multi-Higgs-doublet models

For mH>150 GeV two dominant contribs to the syst. error: bgd norms in GF, WBF
and ttH and QCD uncert. in GF and ttH Xsections,
especially evident in meas. of top coupling based on ttH channel.
Here the syst. uncert. contribute to half the error.
The precision of extracted couplings improves if more restrictive th. assumptions are applied.
hep-ph/0406323 and hep-ph/0406152.

If the values obtained for the H couplings differ from the SM predictions,
one can investigate at which significance the SM can be excluded from LHC meas. in the H sector alone.
e.g. if susy partners of the SM particles were detected at the LHC, this would of course rule out the SM.

Within the MSSM significant devaitions in the H sector could be observable at the LHC,
provided that the charged and the pseudoscalar Higgs masses are not too heavy
i.e. that decoupling is not completely realized.

Within the no-mixing benchmark scenario and with 300 fb-1, the LHC can distinguish the MSSM and the SM
at the 3sigma level up to mA~350 GeV and with 5sigma up to mA~250 GeV with the Higgs data alone.
The LHC will provide us a surprisingly sensitive first look at the Higgs sector
even though it cannot match the precision and model independence of analyses which are expected at the ILC.



Self coupling

Within Higgs mechanism, EW gauge bosons and fermions acquire mass through interaction with a scalar field.
Self interaction of scalar field induces, via non-vanishing field strength v=(2 G.) -2~246 GeV,
spontaneous breaking of EW SU(2) xU(1), symmetry down to U(1)g,, symmetry.

To establish Higgs mechanism experimentally, must reconstruct self-energy potential of SM
V=M(DTD -v2/2)?,
with a minimum at (®),=v/\2.

Measurement of the Higgs self-couplings of the Higgs boson, which can be read off from the potential
V= (m2,/2) H? + (m?_/2v) H3 + (m?,/8v?) H*

In the SM, trilinear and quadrilinear vertices are uniquely determined by mH=\/(2)\)v.

At LHC, search for HH: concentrate on GF gg—HH. g TTTTTTTT R
WBF qgq—qqHH, W/Z ass. prod. qg—VHH, ass tt prod. gg,qq—ttHH.
N.B. For HHH, Xsections >10 (103) smaller than for HH at the LHC (LC).

gRANIANNAL, o, 4

For m,<140 GeV/c?, dominant BR(H—bb) swamped by QCD bbbb bgd.
For m,<140 GeV/c?2, BR(H>WW) dominates:
fully hadronic decays — QCD multi jets dwarf the signal.
1 or 2 leptonic decays — large W+multijets and WW+multijets bgds.
all leptonic decays : (£*vf’-v) ({'*vf’-v) — large suppression due to small BRs.
3 leptonic decays : (jj{*v) (£*vf’-v) —> o too small at LHC (8 evts at best)

Channel investigated (f = e,u)
(hep-ph/0211224 Baur,Plehn,Rainwater: signal — 1 loop ME with finite m

bgd - LO ME) :
2 leptonic decays same sign dilepton : gg—>HH—>(W*W-)(W*W-)—(jjezv) (jji'*v)
N.B. gg—>HH—(W*W-)(ZZ) could also be considered in the future.
Main backgrounds
WWWjj, ttW but also: WWijjjj, WZjjjj, ttZ,ttj, tttt, WWWW and WWZjj
As well, overlapping evts and double parton scattering.

top?’
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Self coupling: same sign dilepton final state

< 50 signal events with 300 fb-! for 150<m,<200 GeV/c?
BR(H—->WW?) too small for m_ <150 GeV/c?, o(gg—HH) too small for m;>200 GeV/c2.
Backgrounds:
WWWijj and ttW largest bgd, ttZ moderate, WZjjjj can be separated from the signal,
WWjjjj and tttt negligible: tttt suppressed by m,,, and WWijjjj small,
ttj extremely sensitive p;(f) cut: warning of caution by Baur etal. for ME calc.
hadronization, evt pileup, extra jets from ISR or FSR, detector resolution effects negligible.

Discrepancy with ATLAS analysis (ATL-PHYS-2002-029):

Baur etal. and ATLAS overall normalization of signal, WWWijj, ttW and tttt bgds agree reasonably,
but Baur etal. o(WZjjjj) 10 x ATLAS ¢ — virtual photon exchange not taken into account by ATLAS,
and no ttZ in ATLAS.

Comparison of ttjf ME with ATLAS PYTHIA not possible — strong dependence of ¢ on p({) cut.

Invariant mass distribution (Baur etal.)

Backgrounds are multi body production processes,
— meystem .+ distribution peaks at values significantly above threshold.
Signal is 2 body : m,, exhibits sharper threshold behavior, but with 2 v, m,, cannot be reconstructed.
However m, will retain most of expected behavior especially for lower m,,.
m,, allows for a y? test, strengthening self-coupling extraction

(not used in ATLAS study).
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Self coupling: invariant mass distribution (Baur etal.)

Backgrounds are multi body production processes,
— msystem . distribution peaks at values significantly above threshold.
Signal is 2 body : m,, exhibits sharper threshold behavior, but with 2 v, m,, cannot be reconstructed.

However m , will retain most of expected behavior especially for lower m,,.
m,,, allows for a %2 test, strengthening self-coupling extraction
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Self coupling: extracting Higgs self-coupling

Gluon fusion production process through fermion triangle and box diagrams
Non-standard self couplings affect only triangle diagram, contribute only to J=0 partial wave
— affect m ,, mostly at small values.

Figure:
2 non-standard values of A, ,=MAgy.
Box and triangle diagrams interfere destructively - o(gg—HH) < o(gg—HH)g,, for 1<A,,,<2.7.
Absence of self coupling (A,,,=0) - o(gg—HH) > 3 x 5(gg—HH)g,.
m,,, of signal peaks at smaller value than that of combined bgd for m, ;<200 GeV/c?

m,, shape change induced by non-standard A, — derive 95%CL bounds on self-coupling by performing a y? test.

Moriond QCD 2006 - Helenka Przysiezniak CNRS-LAPP



Self coupling

Direct experimental investigation of Higgs potential
— test of EW symmetry breaking and mass generation mechanism
proof that fermion and weak boson masses generated by spontaneous symmetry breaking.

Signal:
exact one loop matrix elements (ME) for finite m, .
Final state spin correlations for H->WW-—4f fully taken into account, together with finite I, and I, effects.
Backgrounds:
exact LO ME, except for WWijjjj and WZjjjj
and simple order of magnitude for overlapping and double parton scattering.
Uncertainties in derivation estimated to be O(20%).

At an LC, Vs=500-800 GeV, A can only be determined for m,<140 GeV/c2.
For m,=120 GeV/c2 \s=500 GeV and 1ab!, A determined to +0.2 (10).
LHC and LC thus complement each other in their abilities to determine A.
For m, =180 GeV/c2 \s=3 TeV and 5ab-!, A determined to +0.08 (15).

More detailed simulations taking into account detector effects,
as well as higher order QCD corrections are needed.
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Self coupling

Inclusive SM H pair prod. at LHC in order to determine A
reminding ourselves of the H field potential

V(D)=(M/4!) (DD )2 - p2 (DTD) = - AWVA(DTD ) + A (DTD)? 27?7

and, after SB, the physical scalar mass
m,2 =L v2,
with v=(V2Gp)"2
Regarding the SM as an effective theory, the H boson self-coupling A is per se a free parameter.
S-matrix unitarity gives the constraint A < 8n/3.
Anomalous H self-coupling appears in various BSM scenarios such as models with a composite H,
or in 2 H doublet models e.g. in the MSSM.
To measure A and thus determine the H potential, experiments must at a minimum observe the H boson!

Both the trilinear coupling gHHH and the quartic coupling g,,,,,4 have to be measured separately
in order to fully determine the H potential.
While g,,,, can be meas. in H pair prod., triple H prod. is needed to probe g, .-
Since the Xsections for HHH prod processes are more than a factor 103 smaller than for pairs at ILCs
and about an order of magnitude smaller at LHC,
the quartic coupling will likely remain elusive even at the highest collider energies and luminosities
considered so far.
So in the following only g,,,,,=3Av is considered.

For an e+e- linear collider Ecm=500 GeV and 1ab-1, A could be measured with a precision of 20% if mH=120GeV.
And there are many of these studies that have been performed.
In contrast, only since ~2000 have the LHC potential for such a meas. been studied.
An SLHC study has also been performed. With 6000fb-1, a precision of 25% (stats only) can be obtained.



Self coupling

Several mechanisms for pair prod of H.
Via GF gg—HH, WBF qq—qqHH, W or Z associated prod. qg—VHH,
and associated tt prod. gg,qq—ttHH.

Studies have concentrated on the dominant GF prod.
For mH<140GeV, H—bb dominates the BR but the QCD bbbb bgd swamps the signal.
For mH>140 GeV, H>WW dominates.
If all Ws decay hadronically, QCD multi jet prod. dwarfs the signal.
The same goes for one or two Ws decaying leptonically + respectively 6 or 4jets,

where the bgds W+multijet and WW+multijet are very large.

This leaves the same sign dilepton final states : (jjt*v) (jj{*v),
modes where 3 Ws decay leptonically : (jjttv) (£'*v{’-v)
and the all leptonic decay modes : (£*v’-v) (£*vf’-v).

The last suffer from a large suppression due to small BRs.
Hence the two other modes are considered.

The channels investigated by Baur,Plehn,Rainwater are:
gg—>HH—->(WW-)(WW-)—(jjitv) (jjitv) ??2?why???
and
gg—oHH-S>(WWH)(WHW-)—(jjitv) (EvE7-v) ?2?2?why??7?
wherefand ' = e,u
but gg—>HH—>(W*W-)(ZZ) could also be considered in the future???.

main sources of bgd: WWWijj and ttW
but also: WWijjjj, WZjjjj, ttZ,ttj,tttt, WWWW and WWZjj
One also to worry about bgds from overlapping evts and double parton scattering (multiple hard interactions).



Self coupling: same sign dilepton final state
The total Xsections calculated by Baur, Plehn, Rainwater

TABLE II. Higgs pair signal and background cross sections (fb) for pp — e o 4j
(¢, " = e, pu) at (a) the LHC (/s = 14 TeV) and (b) at the VLHC (/s = 200 TeV), impos-
ing the cuts listed in Eqs. (5) — (7), and as a function of the Higgs boson mass (GeV). The
background labeled “pileup” represents a rough estimate of the combined WWW 4, t#tW, tZ,
Cross sections at the SLHC are identical to those in the LHC case with the exception of the pileup
cross section, which is about a factor 3.7 larger than at the LHC. The last column, labeled By,
shows the total background cross section.

(a) LHC
my HH WWW;; #W  tZ tt] WZiiis WWiigj titt pileup By
150 0.07 0.36 022 005 0.08 0.15 0.005 0,002 ~ 003 090
160 0.19 0.49 022 005 0.08 0.15 0.005 0002 ~003 1.03
180 0.18 0.40 022 005 0.08 0.15 0.005 0002 ~003 094
200 0.08 0.29 0.22  0.05 0.08 0.15 0.005 0002 ~003 0.83
b) VLHC
my HH WWWj; HW  HZ tt;  WZiiig  WWijiij titt  pileup By
140 2.2 14.9 H.5 7.4 7.7 5.1 0.13 G6.13 ~ 20 70.2
150 6.5 17.0 H.3 7.4 7.7 5.1 0.13 G.13 ~ 20 72.3
160 158 20.4 5.8 7.4 7.7 2.1 0.13 6.13 ~ 20 75T
180 16.0 17.9 5.8 7.4 7.7 2.1 0.13 6.13 ~ 20 73.2
200 8.7 14.3 5.8 7.4 7.7 5.1 0.13 G6.13 ~ 20 69.6




Self coupling: same sign dilepton final state

At most 50 signal events with 300 fb-1 :
BR(H—->WW?) too small for m_ <150 GeV/c?, c(gg—HH) too small for m;>200 GeV/c2.

« WWWijj and ttW largest bgd
* ttZ moderate
» WZjjjj can be separated from the signal
« WWijjj and tttt negligible:
while o(WWijjjj) small because qg and gg do not contribute to same sign W pair prod.
* ttj Xsection is extremely sensitive to the lepton pT cut,

but the authors warn that the ME calc. should be viewed with some caution.

« effects from hadronization, evt pileup, extra jets from ISR or FSR, as well as det. resoln effects
may significantly affect the Xsection.

tttt suppressed by My,

A full detector simulation needs to be performed...

Our numerical (Baue, Plehn, Rainwater) results for the overall norm of the signal, the WWWijj, ttW and tttt bgds
agree resonably well with the ATLAS analysis.
For WZjjjj, we find a Xsection which is about a factor 10 larger.
The discrepancy can be traced to the contribution from virtual photon exchange
which was not taken into account in the ATLAS analysis.
No results for ttZ prod. is given in the ATLAS an.
A meaningful comparison of our matrix element based calc. of the ttj bgd and the pythia based estimate in
the ATLAS an. is not possible due to the strong dependence of the Xsection on the lepton pT.
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Figure 4: NLO cross section for Higgs pair production as a tunction of the Higgs mass.
The contributions of the various production channels are shown. The vertical arrows show
the effect on the cross section of a variation in the self-coupling strength from 0.5 to 1.5
with respect to the SM value.



Self coupling: VLHC

At a pp collider with Ecm=200 TeV, the Xsections of processes dominated by gluon fusion (gg->HH, tttt,ttZ,ttj)
are about a factor 100-3000 larger than that at the LHC.

In contrast, the Xsections of processes dominated by g-g fusion or qq scatt such as WWW/jj,ttW and WW/ijjjj prod.
increase by only a factor 25-45. As a result, the ttZ,ttj and ttttbgds are relatively more important at the VLHC.
The Xsections due to overlapping events and double parton scatt increase by almost 3 orders of magnitude

and thus may well compete insize with WWWjj prod,
unless the vertex positions of the overlapping events are resolved.
Since the signal is purely gluon induced,
the overall S/B ratio at the VLHC is about a factor 2 better than at the LHC.



Self coupling: invariant mass distribution (Baur etal.)

Backgrounds are multi body production processes,
— msystem . distribution peaks at values significantly above threshold.
Signal is 2 body : m,, exhibits sharper threshold behavior, but with 2 v, m,, cannot be reconstructed.

However m,, will retain most of expected behavior especially for lower m,,.
This distribution

2 2
-mﬁw—{ > E —{ > I)i}

i=£.0', jets i=f ¢ jets

was not considered in the atlas analysis and is what makes possible a chi2 based test to improve extraction
of the Higgs boson self-coupling.

All Baur, Plehn, Rainwater calcs consistently performed at LO i.e. precisely 4 jets (partons) in the final state.
In practice, one expects a significant fraction of signal events to contain some ISR jets.
It is thus natural to construct the vis.mass from the 4 highest pT jets.
Nonetheless, a full calculation of the NLO QCD corrections to gg->HH with finite top mass is needed.
Insight may also be gained from performing a calc. where the gg->HH matrix elements are interfaced
with an evt generator such as pythia.

In using pythia for the additional jet rad., one has to be careful.
the radiation of soft and collinear jets from ISR is the main source of the large QCD corrections to the total
signal Xsection. the ISR modeled by pythia effectively resums the leading effects of precisely this rad.
and includes it in the topology of the final state.
Normalizing the rate to the leading order total Xsection is therefore inconsistent and the result arbitrary
and not as often as claimed, a conservative estimate,
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Self coupling: extracting Higgs self-coupling

Gluon fusion production process through fermion triangle and box diagrams
Non-standard self couplings affect only triangle diagram, contribute only to J=0 partial wave
— affect m . mostly at small values.

Fig7 : 2 non-standard values of A, ,=MAg,.
Box and triangle diagrams interfere destructively - o(gg—HH) < o(gg—HH)g,, for 1<A,,,<2.7.
Absence of self coupling (A,,,=0) = o(gg—HH) > 3 x s(gg—HH)gy.
m,, of signal peaks at smaller value than that of combined bgd for m, ;<200 GeV/c?

m,, shape change induced by non-standard A, used to derive quantitative sensitivity bounds on self-coupling.

Baur etal calculate 95% CL performing a chi2 test.

The stat sign. is calculated by splitting the mvis distrib. into a number of bins

each with more than 5 evts.
Channels are combined, lepton id eff. of 85% are used.
Except for the self coupling, the SM is assumed to be valid.
By the time a Lambda meas. will be performed, mH will be precisely known,
and the H->WW BR will have been measured with a precision of 10% or better at the LHC or ILC.
All bgd processes are included except for overlapping evts and double parton scatt.
The challenge of including HO effects is considerably more complicated for the bgd than for the signal,
where at least the physics interpretation is clear???
The aim for the bgds is not to capture the bulk of evts after cuts.
Instead, one tries to cut the tails of the distribs.



Self coupling: 2 test

Except for self coupling, SM assumed to be valid.
Assume m,, precisely known, and BR(H—->WW) known to 10% or better (LHC or ILC).
Overlapping evts and double parton scattering not included in fit.

Including HO effects in bgd considerably more complicated than for the signal.
Aim for bgds is not to capture bulk of evts after cuts, but rather to cut distribution tails,
where the impact of the HO corrs. might be very different.
Baur etal perform 2 separate calcs of sensitivity limits:
1. K=1 for the mvis distrib of the bgd with norm uncert. of 30% of the SM Xsection
2. K=1.3 for bgd mvis and norm uncert of 10% of SM Xsection.
The results are compared and the more conservative bound is selected.
For 300 fb-1, a vanishing self coupling (DeltaLambda_HHH=(Lambda-Lambda_SM)/Lambda_SM=-1)
is exclude at 95%CL or better,
and Lambda can be determined with a precision of up to -60% to +200%.
600fb-1 improves the sensitivity by 10-25%.
For 300 and 600 fb-1, the bounds for positive values of DeltaLambda_HHH are significantly weaker than
for negative values, due to the limited number of signal events.
At the SLHC, for 3000 fb-1,
the self coupling can be determined with an accuracy of 20-30% for 160<mH<180.
The significance of the SM signal for 300 (3000 fb-1) is slightly more than 1sigma (3sigma)
for mMH=150GeV and 200 GeV,
and about 2.5 sigma (10sigma) for 160<mH<180.
Baur etal results are 5-10% weaker than old 2002 Baur etal article
where only WWWijj and ttW bgds were taken into account
while the effect of all other bgds was simulated by multiplying the combined WWWijj and ttW inv mass
distrib. by 1.1.
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Self coupling: determining the higgs boson self-coupling
For the VLHC, both channels are considered.
For Ecm=200TeV and 300 fb-1, the self coupling can be meas. with 8-25% precision at 95%CL
for 150<mH<200 GeV.
For 1200fb-1, the bounds improve to 4-11%.

Uncertainties in this study:

-overlapping evts and double parton scatt have been ignored.
at the SLHC (VLHC) limits weaken by at most 5% (15%) if taken into account.

- contribs from WWZjj and WWWW prod ignored in their calcs. differences of up to 5% could be observed

- simple chi2 but more powerful tools could be used like NN



Exotic scenarios

Extra dimensions Randall-Sundrum model (derived version of it) predicts existence of scalar
radion ©
if heavy enough can decay into a pair of Higgs bosons.
mg and m,, & and A, model parameters:
radion and Higgs masses, amount of ®-h mixing, and radion field vev.
For m,=300 GeV/c? and m, =125 GeV/c? and ®—hh—bbyy
a 5o discovery potential as a function of £ and A, is shown.
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