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Higgs properties A\‘(IT

Karkruher Institut f0r Technologie

Verify nature of observed resonance «+» “Higgs” properties

a spin-0 particle
a CP-nature [— Maggie’s talk]
a couplings

SM prediction fixed by already known quantities

® unitarity in W W — W W_ scattering
— fixed coupling gwwr o My

a fermion masses
— Ogfy X My

= Higgs self-couplings
determine shape of Higgs potential via trilinear and quartic couplings
SM: V = u?|®|% + A|®|* + const.
new scale A:V = 37,54 /\% |®|2 + %)
— very challenging for LHC and ILC [Plehn et al.; Baur et al.; MR et al.; Binoth et al.;

Djouadi et al.; CLIC Physics Working Group. .. ]
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I Generalized Higgs sector A\‘(IT

How well can we determine the SM Higgs couplings?
Can we distinguish a non-Standard-Model-like Higgs sector?

m Theory: Standard Model plus general Higgs sector

m For Higgs couplings present in the Standard Model j = W, Z t, b, T
replace general couplings by

gjn — gt (1+ Q) (= A = —2 means sign flip)

a For loop-induced Higgs couplings j = v, g replace by
gjH — gjjs}-'qw (1 + Af,:” + Ajo)
where gjjsk’:ﬂ: (loop-induced) coupling in the Standard Model
A”s,ﬂﬂ: contribution from modified tree-level couplings
to Standard-Model particles
Ajy: additional (dimension-five) contribution
a Additional free parameters:

= Higgs boson mass my
m top- and bottom-quark mass m;, my

a Neglecting couplings only available from high-luminosity analyses
(OH g.‘?fzfv, OHHH» GHHHH)
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SFitter g

Karkruher Institut f0r Technologie

Sofitter

a Need to scan high-dimensional parameter space

a = SFitter [Lafaye, Plehn, MR, Zerwas]
a General Higgs couplings from modified version of HDecay [Spira]
(]

Three scanning techniques:

m Weighted Markov Chain

m Cooling Markov Chain (equivalent to simulated annealing)

m Gradient Minimisation (Minuit)

m Nested Sampling [Skilling; Feroz, Hobson]
Output of SFitter:

m Fully-dimensional log-likelihood map
m Reduction to plotable one- or two-dimensional distributions via both

m Bayesian (marginalisation) or
m Frequentist (profile likelihood) techniques

m List of best points

Also successfully used for SUSY parameter extraction studies
[partly in coll. with Adam, Kneur; Turlay]
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Higgs at the LHC A\‘(IT

ver Insttut for Technoloie

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Dihrssen et al.] >I< < 1: [ e F(H,2)
production | decay R %o,gl g*(H.W)
gg — H 7z D S | S AR e PH)
qqH zz 08
gg — H ww r
qqH ww r r
T 0.7 T
ttH WW (3¢) E
tTH WW (2[) F without Syst. uncertainty
inclusive % 0.6~ 2 Experiments
H L
?f(:-l m o0s IL dt=2+30fb ™
WH vy F
ZH 7Y 0.4~
qqH T7(2¢0) F
qaH 77(1¢) 03
ttH bb L
0.2
Total width 0af
2 L
2 94 2 L
.degeneraCya.BRMgpm (rHMg) 07\\\‘\H\‘\H\‘HH‘HH‘HH‘HH‘HH‘HH‘\H
. 110 120 130 140 150 160 170 180 190
m Here: 'y = Xguyl; m, [Gev]
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I Higgs at the LHC

[Lafaye, Plehn, MR, Zerwas, Diihrssen 2009]

production | decay 0.5
9g = H 7Z "
qaH 7z K’E\’ZH
gg = H | ww 2™
qqH ww
ttH WW (3¢)
ttH WW (2¢)
inclusive Yy
qgH vy
ttH ¥y
WH TN e
ZH Ny 01t =y |
qqH T7(20) D’”‘"
qqH Tf(u) o Prellmlnary ) ) ) ) )
ttH bb 110 120 130 140 150 160 170 180 190
WH/ZH bb (subjet) iy [GeV]
Total width
® degeneracy ¢ - BR o g3 r—d My < g?)
m Here: Ty =Ygyl
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I Error analysis

Errors obtained by 10,000 toy experiments:
SM hypothesis, my = 120 GeV, VS = 14 TeV, £ = 30 fb~!
Fit with Gaussian of the central part within one standard deviation

no eff. couplings with eff. couplings ratio Ajy /wwh
Osymm |‘7neg Opos Osymm |‘7neg Opos Osymm |‘7neg Opos
Awwn|£0.23]-0.21 +0.26(£0.24| - 0.21 +0.27| — — —
Azzy |+£0.36(—0.40 +0.35|+0.31| — 0.35 +0.29| £ 0.41| — 0.40 + 0.41
Ayy |+0.41|—0.37 +0.45|+0.53| — 0.65 +0.43| £ 0.51| — 0.54 +0.48
Appy | +£0.45|—0.33 +0.56|40.44| — 0.30 +0.59| + 0.31| — 0.24 +0.38
Ar;ny|3+0.33]-0.214+0.46|+£0.31|—-0.19 +0.46|£0.28| — 0.16 +0.40

Aoul — | — — |£0.31|-0.30+0.33|£0.30|—0.27 +0.33
Agu| — | — — |£061|-059+0.62|+0.61|—0.71+0.46
05 v »
7 L=30fb
04 Bt - with eff. couplings

™ ”
sl
ggH "

SM hypothesis

03 A

0.2
0.1
Qillel
0
110 120 130 140 150 160 170 180 190

my, [GeV]
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I Error analysis

Errors obtained by 10,000 toy experiments:

SM hypothesis, my = 120 GeV, VS = 14 TeV, £ = 30 ot

Fit with Gaussian of the central part within one standard deviation

no eff. couplings with eff. couplings ratio Ay /wwh
Osymm Oneg Opos Osymm Oneg Opos Osymm Oneg Jpos
Awwn| £0.23 | -0.21+0.26| £0.24 |-0.21 +0.27| — — —
Azzy |£0.36 |—0.40+0.35| £0.31 |—0.35+4+0.29| +£0.41 |—0.40 +0.41
Ay +0.41 |-0.37 +0.45| £0.53 | —0.65+0.43|+0.51 |—0.54+0.48
Appy |+0.45 |—-0.33+0.56|+0.44 |—0.30+0.59|+0.31 |—0.24+0.38
A;4|+033 [—0.21+0.46|/4+0.31 |—0.19+0.46|+0.28 |—0.16 +0.40
Ayl — — — |£0.31 |-0.30+0.33{+0.30 |—0.27 +0.33
AggH — — — +0.61 |—-0.59+0.62| £0.61 |—0.71 +0.46
0.5 z
i L£=30f"!
04 . Bt with eff. couplings
i .
03 A SM hypothesis
ggH *
0.2
0.1
..Qitler
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From 14 to 7 TeV
Extrapolate analyses from 14 TeV to 7 TeV
a Higgs sector: no effective couplings
a Signal cross sections from LHC Higgs XS WG
a Background cross sections scaled with SHERPA

14 TeV, 30 fb—1
0.6

0
110 115 120 125 130 135 140 145 150
m, [GeV]

Ay: single parameter modifying all
(tree-level) couplings
precision on Ay ~ 10%
without subjet analyses:
m precision similar for most couplings
= bbH-coupling undetermined (decay side)
m ZZH-coupling undetermined (production side)
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ver Insttut for Technoloie

7 TeV, 20 fb—1
1.2

0
110 115 120 125 130 135 140 145 150
my [GeV]

without subjet analyses
2

0
110 115 120 125 130 135 140 145 150

my [GeV]
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Invisible vs. Unobserved AT

Karkruher Institut f0r Technologie

a Invisible Higgs decays actually observable

m Vector-Boson Fusion: tagging jets plus missing Et [Eboli, Zeppenfeld]
m WH /ZH: recoil against nothing [Choudhury, Roy; Godbole, Guchait, Mazumdar, Moretti, Roy]

m Unobservable decays into particles with large backgrounds (like H — jets)
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I Invisible vs. Unobserved \\‘(".

a Unobservable decays into particles with large backgrounds (like H — jets)
e.g. increased ccH coupling (corresponding to 15.4 GeV Yukawa coupling)
£ =30fb~1, SM data / increased ccH / increased ccH plus free width

free width only
Ye

SM5.4 50 100

04 |h
o2
] |

.I
0 5 10 15 2
Ar

5 10 15 20

AwwH Ar
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I The Higgs Portal

T

Additional hidden sector as singlet under SM gauge groups
Only possible connection to SM:

L oc dldsof oy

®s/n: Higgs field of SM/hidden sector

[Binoth, van der Bij; Patt, Wilczek]

Electro-weak symmetry breaking: Hs and Hy, mix into mass eigenstates:
V. H 2 H _ cos sin H
b/ — (Vs/n + Ho/n)/v/2 () = (oo o) (1)
o =cos? x - oM
Myis = c0s? y - SV

Finv = cos? X - Ff]'\‘f' =+ Thig

(TM: Decay H — ZZ — 4v (negligible) )
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The Higgs Portal A\‘(IT

Karkruher Institut f0r Technologie

Fit of cos? x5; without constraints
[Bock, Lafaye, Plehn, MR, D. Zerwas, P.M. Zerwas]

a No invisible decay modes

cos? xip = 1.0 cos2 xy, = 0.6

cos? xy, = 0.8

1.5
95% CL
68% CL

95% CL mm—
R 68% CL
0
110 140 170 200
my [GeV]

= If cos? xq, < 0.6 can exclude SM at the 95% CL with 30 fb—1

my [Gev]

a Measuring invisible decays in VBF-Higgs production
Signature: Two VBF-jets plus missing Et

Thig = sin? x - TSM  (rhs: cos? xy, = 0.6)

[Eboli, Zeppenfeld; MC-study: ATLAS]
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Strongly-Interacting Light Higgs A\‘(IT

[Giudice, Grojean, Pomarol, Rattazzi; Espinosa, Grojean, Muhlleitner]

Higgs pseudo-Goldstone boson of new strongly interacting sector
Modifications parametrized by ¢ = (v/f)?  (f: Goldstone scale)

a MCHM4:

Scaling of all couplings with /1 — &
= Identify cos? y =1 — ¢

Mig =0
a MCHMS5:
Scaling:
OwH =gl - V1-¢
Otn = géﬁ ' 171355

Significant and observable deviations also in Higgs self-couplings [ Gréber, Muhlleitner]
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MCHMS5

Secondary solutions appear (sign of ffH coupling)

my = 120 GeV my = 160 GeV my = 200 GeV
. 0.6 0.6 =
J R
-7 0 0.3 Z? 0.6 0.9
£ =300fb~? Gluon fusion H —
0.6 \Z// ,

Not a true degeneracy
— Each (smeared) toy experiment has unique solution
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MCHMS5

T

it for Technologie

_ [Bock, Lafaye, Plehn, MR, D. Zerwas, P.M. Zerwas]
Secondary solutions appear (sign of ffH coupling)

my = 120 GeV my = 160 GeV my = 200 GeV

1o [ we—9s¥ cL 1.2
683 CL . 684 CL .

Independent fit of common vector and fermion couplings
§&h =0

&n =0.2

Not a true degeneracy
— Each (smeared) toy experiment has unique solution
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I Conclusions A\‘(IT

a Determining the Higgs-boson couplings important for our
understanding of electroweak symmetry breaking

a Independent of explicit realisation of new physics (if any):
Standard Model with effective Higgs couplings

m Expected accuracy of 20 — 50% in Standard Model with 30 fo—! @ 14 TeV at LHC

a Extended Models (SUSY, Portal Higgs, . ..) can lead to simple one-parameter
deviations which can be tested
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Higgs production modes A\‘(IT

Main Higgs-boson production modes: vt eonse

) \Ns=7TeV
a gluon-gluon fusion

g

LHC HIGGS XS WG 2010

t
t h
t

g

a(pp — H+X) [pb]

m vector-boson fusion
a a

w.Z " 10 .
w.z |
I 8
m associated production with 102
gauge bosons ‘ ‘ L ‘ ‘
_ " 100 200 300 400 500 1000
el M, [GeV]
Em’
m associated production with B

alpp -

top-quark—antiquark pair

H

0000000000 t 107 4

100 200 300 400 500 1000
M, [GeV]
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Higgs decay modes \‘ IT

Karkruher Institut f0r Technologie

a H—bb

a main decay mode (~ 90%) for light Higgs bosons,
as suggested by electroweak precision data

= hard to extract from QCD backgrounds

m recent suggestion of WH/ZH production plus
jet substructure analysis looks promising
(3.70 @30fh~! & 14 TeV)

[Butterworth, Davison, Rubin, Salam; ATL-PHYS-PUB-088]

aH-—7T
m need to reconstruct invariant mass of the two taus

i
=3
g

T
=1
=)
@

10°

Branching ratios

o
al

10

10° ‘
100 120 140 160 180 200

P N . M, [G
— limits production channel to vector-boson fusion h[Gev]
m one of the discovery channels for light Higgs bosons
[Plehn, Rainwater, Zeppenfeld]
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Higgs decay modes \‘ IT

Karkruher Institut f0r Technologie

= H—bb

aH-—-77T
a H-—->WW

m main decay mode for heavier Higgs bosons
(my 2 140 GeV)

m gluon and vector-boson fusion relevant even if Ws
are off-shell

aH-—ZZ

m “Golden Channel” due to four-lepton final state
m statistically limited to larger Higgs masses

i
=3
g

T
=1
=)
@

10°

Branching ratios

o
al

10

10° ‘
100 120 140 160 180 200
M, [GeV]
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Karkruher Institut f0r Technologie

Higgs decay modes A\‘(IT

® H —bb
aH—>77T
a H—->WW
aH—2Zz

aH— vy

m loop-induced coupling by (mainly) W and t
m only fully reconstructable channel for a light Higgs
boson 10° 6615640 o6 180 200
a small branching ratio (< 0.2%) M, [GeV]
m promising discovery channel for light Higgs bosons,
background can be subtracted via sidebands
a Higgs mass measurement
up to 100 MeV

i
=3
g

.a
e
\‘lm
4

a

8

Branching ratios

o
al

-
<,
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Discovering the Higgs boson

Tevatron results

Karlsruher Institut f0r Technologie:

Tevatron Run Il Preliminary, L < 8.6 fb™
5 LEP E‘xclu‘sion Tevatron
= Exclusion
£ 10 s i
= Observed Vo
- = i
o
ES
n
=
1
=t
|v4
|4
! L L L L L 1 ~
100 110 120 130 140 150 160 170 180 190 200
m, (GeV/c?)
LHC results s F T T T T T 3
o [ ATLAS Preliminary CLs Limits 7
o“% CMs Préliminary,\/s = 7 TeV' ~ Observed 2 [ —— Observed ]
2 Combined, L =1.1-1.7 fb* i o [ 7
® L BB Expected: 1o = ---- Expected _ 1
S 10 e Lo Expected:20 | E 10F WE:1o Ldt=1.0-2.3fb"_|
E £ E + B E
E 3 CJt20 s=7Tev 4
= 2 r ]
3] 5 | ]
X
3
8 ap e L RS i E
i i T S A PR
120 140 160 180 200 220 120 140 160 180 200 220 240
m, [GeV]

Higgs boson mass (GeV/c?)
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I Higgs at the LHC

Input data [Dihrssen (ATL-PHYS-2002-030), ATLAS CSC Note; CMS results comparable]
my =120GeV: £ =230fb?!

production | decay S+B B S || as®® | as(theo
gg —H ZZ 13.4 6.6 (X 5) 6.8 39 0.8
qqH 7z 1.0 0.2 (x 5) 0.8 1.0 0.1
gg — H ww 1019.5 882.8 (x 1) 136.7 63.4 18.2
qqH ww 59.4 37.5(x 1) 21.9 10.2 1.7
ttH WW (3¢) 23.9 21.2 (x 1) 27 6.8 0.4
ttH WW (2¢) 24.0 19.6 (x 1) 4.4 6.7 0.6
inclusive vy 12205.0 | 11820.0 (x 10) | 385.0 164.9 44.5
qqH vy 38.7 26.7 (x 10) 12.0 6.5 0.9
ttH vy 21 0.4 (x 10) 1.7 15 0.2
WH vy 2.4 0.4 (x 10) 2.0 1.6 0.1
ZH vy 1.1 0.7 (x 10) 0.4 1.1 0.1
qqH T7(20) 26.3 10.2 (x 2) 16.1 5.8 1.2
qqH T7(10) 29.6 11.6 (x 2) 18.0 6.6 13
ttH bb 2445 219.0 (x 1) 255 31.2 3.6
WH /ZH bb 228.6 180.0 (x 1) 48.6 20.7 4.0

Last line obtained using subjet techniques ( [Butterworth, Davison, Rubin, Salam]),
theoretical results confirmed by ATLAS ( [ATL-PHYS-PUB-2009-088])
(stricter cuts, statistical significance basically unchanged)
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Distribution of parameters A\‘(IT

One-dimensional distributions
a Slow-falling distributions with single peaks prefer profile likelihood

True dataset, 30 fb—1;  Profile likelihood vs. Bayesian

1
0.8
0.6
0.4

°2 Ll b Lt e

0
1. 0,1 2 35 -3 1 1 35 -3 1 1 3
Avywh At AppH

0.003

0.002

0.001

0 i |

-1 0,1 2 35 3 a1 1 35 3 1 1 3
AwwH Ay Appy
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Distribution of parameters ;\‘(“.

One-dimensional distributions
a Slow-falling distributions with single peaks prefer profile likelihood
a Higher luminosity qualitatively similar, quantitatively better

True dataset, Profile likelihood; 30 fb—1 vs. 300 fb—1

1
0.8
0.6
0.4

°2| il b ) b A

-1 0,1 2 35 3 1 1 35 3 -1 1 3
AwwH v ApbH

1
0.8
0.6
0.4
0.2

OJL el L

-1 0,1 2 35 3 1 1 35 3 -1 1 3
AwwH Aw ApbH
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I Distribution of parameters ;\‘(“.

One-dimensional distributions
a Slow-falling distributions with single peaks prefer profile likelihood
a Higher luminosity qualitatively similar, quantitatively better
a Including effective couplings allows sign degeneracy for ttH coupling

True dataset, Profile likelihood, 30 fo—1;  Without vs. including eff. couplings

1
0.8
0.6
0.4

°2| il b ] Lot A

1 0,1 2 35 3 14 1 35 3 1 1 3

oz{ b L bl ] bl

-1 0 . 1 2 3-5 -3 :1 1 3-5 -3 -1 1 3
AwwH Ay AppH
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Distribution of parameters

One-dimensional distributions
a Slow-falling distributions with single peaks prefer profile likelihood
a Higher luminosity qualitatively similar, quantitatively better
a Including effective couplings allows sign degeneracy for ttH coupling
m Smearing the dataset does not change picture substantially either

Profile likelihood, 30 fb—1;  True vs. smeared dataset

1
0.8
0.6
0.4

°2 Ll | [l ) ot A e

-1 0,1 2 35 3 1 1 35 3 -1 1 3
AwwH v ApbH

0.06

0.04

0.02

N I

-1 0,1 2 35 3 1 1 35 3 -1 1 3
AwwH Aw ApbH
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Invisible vs. Unobserved AT

Karkruher Institut f0r Technologie

a Invisible Higgs decays actually observable

m Vector-Boson Fusion: tagging jets plus missing Et [Eboli, Zeppenfeld]
m WH /ZH: recoil against nothing [Choudhury, Roy; Godbole, Guchait, Mazumdar, Moretti, Roy]

m Unobservable decays into particles with large backgrounds (like H — jets)
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I Invisible vs. Unobserved \\‘(".

a Unobservable decays into particles with large backgrounds (like H — jets)
e.g. increased ccH coupling (corresponding to 15.4 GeV Yukawa coupling)
£ =30fb~1, SM data / increased ccH / increased ccH plus free width

free width only
Ye

SM5.4 50 100

04 |h
o2
] |

.I
0 5 10 15 2
Ar

5 10 15 20

AwwH Ar
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Non-decoupling Supersymmetric Higgs
I COUPTING SUPETSY 99 AT
SPS1la-inspired scenario with
tg =7, Ay = —1100 GeV, my = 151 GeV, mp = 120 GeV
LHC data set with £ = 30 fb—1, Profile likelihood, True dataset
1/Ax? true: —0.13 —-0.19
1

0.8
0.6
0.4
0.2

7 7
z?3 ; T 5
K=l [
<A]:x 1 - 3
9 -1
-1 0 1 2 3 -9 -5 1 3

AppH
a Clear deviation from Standard Model:
d(dsusy|msm) < a(dsmimsm) : 77% at 90% CL
a Favouring of new physics more difficult: only 4% better described by SUSY model
m Strong correlation between Appy and A via total width
a No upper limit on gppy as BR ~ 1 compatible with data

AwwH

M. Rauch — Determination of Higgs-boson couplings 3rd LC Forum, February 2012 20/23



Observation Bias A\‘(IT

tut f0r Technologie

Significant backgrounds in Higgs measurement channels

a Measure signal plus background in signal region

m Extrapolate background from signal-free control regions
(sidebands, etc.) and subtract

a Background from theory typically not better
a = B from control regions can be larger than S+B in signal region

positive number S >2xAS S >2xAS
of signal events for nominal SM rate for actual rate

1.5 1.5 -

2
005 Xen

= Careful treatment necessary
Observation of Higgs bosons favors larger couplings
Cross-check using all predicted channels
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Fat Jets

[Butterworth, Davison,

m Decay into bb main channel for light Higgs (~ 80%)

a Suffers from large QCD backgrounds — Use high-pt region
a Higgs and W/Z more likely to be central, Z — v visible
m tt kinematics cannot simulate background
® Much smaller cross section (1/20 for pr (H) > 200 GeV)
aR2> TTH: resolve one jet in 75% of cases

a Algorithm to find fat jet™
@ Start with high-py jet (Cambridge/Aachen algorithm)
@ Undo last stage of clustering (= reduce R): J — J1,J2
D If max(mg, mz) < 0.67m, call this a mass drop

min(p2; ,p2.,) min(zy ,25)
%ARlz ~ Wi’zzz) > 0.09

@ Require y;, =
12

Rubin, Salam]

[else goto 1]

[else goto 1]

@ Require each subjet to have b-tag [else reject event]

Q Filter the jet: Reconsider region of interest at smaller Rgx = min(0.3, Ryp/2)

@ Take 3 hardest subjets

P ———
mass drop filter
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Fat Jets in Higgs channels

= WH/ZH
) W20cevr=12en=70%] 8 [(n) M 200GevR=1zEn=T0% (%)
g7 A 300GeVR=07El=70% | & TF —& 300GeV R = 0.7 Eff = 70% (19)
£ ¥ 20066V R=12Eif=60% | = ¥~ 200GeV R = 1.2 Eif = 60% (2%)
5 of -©-300GeVR=07EN=60% | S 6F O~ 300GeV R = 0.7 Eff = 60% (2%)|
@ @

| | | ;
002 004 006 008 01
b Mistag Probability
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Higgs Mass (GeV)

[Butterworth, Davison, Rubin, Salam; ATLAS]
ATLAS £ =30fb~1, my = 120 GeV

Significance:

A\[¢

Karkruher Institut f0r Technologie

m No systematics: 3.7
m 15% systematics: 3.0

N
o

(simulation)

Events / 8GeV / 30"
D

rATLAS prelimina

P ERemnmn
BHiggs
CJV+jets
Otop
[Mvv

otal S=13.5B=20.3

Range 112-136GeV

Ei
% 20 40 60 80 100120 140 160 180 200

Higgs mass [GeV/c?]
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Fat Jets in Higgs channels ;\‘(IT

a WH /ZH [Butterworth, Davison, Rubin, Salam; ATLAS]
g f@ Woocevr-tzen-ron| 8 [(p) M 20GevR=1zEn=10% 0w ATLAS £ =30 fb_]" my = 120 GeV
8 7T —A—300GeV R = 0.7 Eff = 70% 8 7 —A— 300GeV R = 0.7 Eff = 70% (1%)| . s .
S ¥ socevr-1oen-am| S v acvr-ze-ames)  SigNIficance:
5 ¢ 5
2 [

s
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M. Rauch — Determination of Higgs-boson couplings



