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I General Higgs Sector A\‘(IT

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

a Theory: Standard Model plus general Higgs sector

a For Higgs couplings present in the Standard Model j = W, Z,t, b, 7 replace
general couplings by

giv — gy (L+A4) (= & = —2means sign flip)
a For loop-induced Higgs couplings j = ~, g replace by
g — o' (1+ A5 + Ay

where gjjsk’:ﬂ: (loop-induced) coupling in the Standard Model
A”ﬁﬁ": contribution from modified tree-level couplings
to Standard-Model particles
Ajj: additional (dimension-five) contribution
a Additional free parameters:

m Higgs boson mass my
m Top-quark mass m;
= Bottom-quark mass my
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SFitter

S Fitter

Need to scan high-dimensional parameter space
= SFitter [Lafaye, Plehn, MR, Zerwas]
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)

Output of SFitter:

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

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

m List of best points

Already successfully used for SUSY parameter extraction study
[EPJC 54(2008) [arXiv:0709.3985]]
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Higgs at the LHC A\‘(IT

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Dithrssen et al.] Karlruhe Institute of Technology
production | decay s 1: ....... F(H,2)
gg — H zZ ST [ % FEHW)
qqH Y4 S0 i o
99 — H WW F : ....... G(H,1)
qqH wWw o8 }
ttH WW (3¢) C
ttH WW (2¢) 07 o Ty
inclusive Yy E without Syst. uncertainty
H |
?f(L ;,Yz 0'6; 2 Experiments
WH 7y sk J'L dt=2+30 fb *
ZH 7Y F
qqH T7(2¢0) r
qqH T7(1¢€) 0-4;
ttH bb r
0.3~
Total width 02
2 L
a degeneracy o - BR gé?—: Ty < g?) 01f-
a WW — WW unitarity: IwwH Sv'g\?V'\\;IVH G:H\‘\H\‘\H\‘HH‘HH‘HH‘HH‘HH‘HH‘\H
N rH | 110 120 130 140 150 160 170 180 190
max

m,, [GeV]
® Here: Ty = Yops. [ (= Thlmin)
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Higgs at the LHC A\‘(IT

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Dithrssen et al.] Karlruhe Institute of Technology
production | decay Qe T I 7 |- FH2)
gg — H zZ S E FHW)
qqH Y4 S0 i o
99 — H WW F : ....... G(H,1)
qqH ww o8 }
tiH WW (3¢) C
ttH WW (2¢) 07 o Ty
inclusive Yy E without Syst. uncertainty
H |
?f(L ;,Yz 0'6; 2 Experiments
WH 7y sk J'L dt=2+30 fb *
ZH 7Y F
qqH T7(2¢0) r
qqH T7(1¢€) 0-4;
ttH bb r
WH/ZH bb 0-3;
Total width 02
2 L
a degeneracy o - BR gé?—: Ty < g?) 01f-
a WW — WW unitarity: IwwH Sv'g\?V'\\;IVH G:H\‘\H\‘\H\‘HH‘HH‘HH‘HH‘HH‘HH‘\H
N rH | 110 120 130 140 150 160 170 180 190
max

m,, [GeV]
® Here: Ty = Yops. [ (= Thlmin)
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Fat Jets

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)
a

3 L
R 2> pLTH: 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
@ If max(my, mz) < 0.67m, call this a mass drop [else goto 1]

2 2
@ Require y;, = %ARH ~ %112122)) > 0.09 [else goto 1]
12 ’
@ Require each subjet to have b-tag [else reject event]
@ Filter the jet: Reconsider region of interest at smaller Ry, = min(0.3, Ry /2)

@ Take 3 hardest subjets

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

Karlsruhe Institute of Technology

a WH /ZH [Butterworth, Davison, Rubin, Salam; ATLAS]
8 e B200GevR=126=70%| & [ (b) - 200GeVR=12Ef = 70% (%) ATLAS £ =30 fb_l, my = 120 GeV
s 7 A 300GeVR=07El=70% | & TF —&— 300GeVR =07 0% (196) . s A
£ ¥ a0cevr-1zen g | S voacevr-rzen-anen|  SlQNIficance:
S of -6-300GevR=07E=60% | 5 6f —©- 300GeV R = 0.7 Eff = 60% (2%)
3 3

m No systematics: 3.7
m 15% systematics: 3.0

aF £
£ + T 20F [T T
3 £ FATLAS preliminaii BHiggs

. , \ . > T 2187(simulanon) [CV+ets |
002 004 006 008 01 14116 118 120 122 124 126 128 130 >16F Otop 4
b Mistag Probability Higgs Mass (GeV) 8 E = VvV 3
14 i otal §=13.5B=203
5125 Range 112-136GeV |
Sk E
210[ ]

wr

8L

6

4f

2

=
00 20 40 60 80 100120140160180200
Higgs mass [GeV/c?]
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Fat Jets in Higgs channels (T

Kthrane st f Technology
a WH /ZH [Butterworth, Davison, Rubin, Salam; ATLAS]
8 [@  wwcwnwoowm] § [o wmeea-wa  ATLAS £ =30 fb~1, my = 120 GeV
gk enoaren | § E® T scevnzaren-rou s LA ; !
S ¥ socevr-1oen-am| S v acvr-ze-ames)  SigNIficance:
5 9 5
2 12

s

- -6~ 300GeV R = 0.7 Eff = 60% 6 O~ 300GeV R = 0.7 Eff = 60% (2%)| .
= No systematics: 3.7
Fa * a 15% systematics: 3.0
| |- v
4 s 4
3 v
3

& 0‘02 0‘04 0(‘)6 0!‘38 0‘1 272‘[4 lis liE 12‘0 12‘2 12‘4 12‘5 12‘5 1Z‘iO
b Mistag Probability Higgs Mass (GeV)
a tftH [Plehn, Salam, Spannowsky]
o6 [ do/dmng /5 Gev] r— L£=100f"" | s B s/B|s/vB
2 S mp =115GeV | 57 118 1721 52
04t s 7 120GeV | 48 115  1/2.4 4.5
NN 130GeV | 29 103 1/3.6 2.9
1(] - 60 90 120 150 180
myy  [GeV]
March 07, 2010 6/14
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Fat Jets in Higgs channels (T

Kthrane st f Technology
a WH /ZH [Butterworth, Davison, Rubin, Salam; ATLAS]
8 [@  wwcwnwoowm] § [o wmeea-wa  ATLAS £ =30 fb~1, my = 120 GeV
gk enoaren | § E® T scevnzaren-rou s LA ; !
S ¥ socevr-1oen-am| S v acvr-ze-ames)  SigNIficance:
5 9 5
2 12

s

- -6~ 300GeV R = 0.7 Eff = 60% 6 O~ 300GeV R = 0.7 Eff = 60% (2%)| .
= No systematics: 3.7
Fa * a 15% systematics: 3.0
| |- v
4 s 4
3 v
3

& 0‘02 D‘DA 0(‘)6 OI‘JB 0‘1 272‘[4 1&6 11512‘0 12‘2 12‘4 12‘5 12‘5 1Z‘iO
b Mistag Probability Higgs Mass (GeV)
a tftH [Plehn, Salam, Spannowsky]
oo [ dofdmyg (/5 Gev] | i — £=100f""] s B s/B|s/vB
112 S my = 115GeV | 57 118 1/2.1 5.2
04 @ 120GeV | 48 115 124 45
NN 130GeV | 29 103 1/3.6 2.9
o NN
30 60 90 120 150 180
myy  [GeV]
a H plus new physics (SUSY, ...) [Kribs, Martin, Roy, Spannowsky]
March 07, 2010 6/14
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I Combining Errors A\‘(IT

te of Technology

Statistical errors on individual channels of Poisson type

Systematic errors (luminosity, tagging efficiency, ...) extracted
from large event samples = Gaussian
a Need to combine

(-:‘><p(—m)md

Fa+n — and

a Poisson Pp(d, m) =
2
m Gaussian Pg(d, m, o) = \/lem exp(—(d;—mz)) errors
Mathematically correct way: convolution

No analytic solution, numerical integration too time-consuming
=- Approximate formula:

1 1
—2logL |Z —2loglL;

1
>~<2

m Yields exact formula for Gaussian-only (adding errors in quadrature)
m Gives correct result when one error approaches 0 or co
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I Combining Errors A\‘(IT

Karlsruhe Institute of Technology

a = Approximate formula:

1 1 1
2= =2 - :
X 2logL i 2logL;

a Example: Poisson(d = 5), Gauss(c = 0.5)

7 exact 01

6 \ approximation 0.08

o\ ., 0.06| /
N A 0.04 |
=

3 <002 ﬁ\s‘

2 0 \ \

1 \/

0 -0.02tY

012345678910 012345678910
m m

a = Very good agreement with exact convolution

a Difference almost always positive = slight overestimation of Higgs-coupling errors
(good!)
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I SFitter error analysis

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

KIT

stitute of Technology

[Dihrssen, Lafaye, Plehn, MR, Zerwas]

no eff. couplings with eff. couplings ratio Ajiy /wwH

Tsymm Oneg Opos Tsymm Oneg Opos Osymm | Oneg Jpos
Awwn| £0.23 |—-0.21 +0.26 |+£0.24 |—-0.21 +0.27 — — —
Aoy |£0.36 |—0.40 +0.35 |+0.31 |—0.35 +0.29 |+0.41|—0.40 +0.41
Ayq |£041 |-0.37 +045 |£0.53 [—0.65 +0.43 |+0.51|—-0.54 +0.48
Appy |£0.45 | —0.33 +056 |+0.44 |—0.30 +0.59 |+0.31|—0.24 +0.38
A, x4|£033 |-0.21 +0.46 |+£0.31 |[—0.19 +0.46 |+0.28|—0.16 +0.40
Apn| — —  — |£0.31 |-0.30 +0.33 |£0.30|-0.27 +0.33
AggH — — — +061 |—059 +40.62 |[+0.61|—0.71+40.46
My +0.26 |-0.26 +0.26 |£0.25 |—-0.26 +0.25
my +0.071{—0.071 4 0.071|4+0.071| — 0.071 4 0.072
mg 4+1.00 |[-1.03 +0.98 |£0.99 |—1.00 +0.98
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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
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Distribution of parameters A\‘(IT

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— vs. 300 fb—1
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I Distribution of parameters A\‘(IT

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
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0.6
0.4

°2| il b ] Lot A
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oz{ b L bl ] bl
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Distribution of parameters A\‘(IT

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
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I Distribution of parameters A\‘(IT

Karlsruhe Institute of Technology

Two-dimensional distributions (Correlations)

a Correlations dominated by effects via total width
Basically no correlations with masses

True dataset, 30 fb—1, no effective couplings

200

A1"r‘H

A1"r‘H
RPORPNW
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I Distribution of parameters A\‘(IT

Karlsruhe Institute of Technology

Two-dimensional distributions (Correlations)

a Correlations dominated by effects via total width
Basically no correlations with masses

m Additional effective couplings remove correlations and add ambiguities
True dataset, 30 fbo—1; ggH vs. vyH effective coupling

3 3
I I I
31 z1 5. X -
3 33 <. < 3
5-1 O 1 2 3 _5-1 0,1 2 3 5 -3 l 1 3 ~1 1 2 3
AWW ttH TTH
: : =i x
F T
51 2.1 o1 o
93 <‘-g_ 93 <
-1 0,1 2 3 ™~1 0,1 2 3 5 -3:1 1 3 ™10 1 2 3
AwwH Awwn An Arrn
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Invisible vs. Unobserved AT

Karlsruhe Institute of Technology

a Invisible Higgs decays actually observable

m Vector-Boson Fusion: tagging jets plus 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 T

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

free width only
Ye

1SM5.4 50 100

0.4 | ‘
o2
]

0 5 30 15 20
A?

0
1 0,1 2 35 -3:1 1 3-
1 Awwh Agh

0.8 |
0.6 i
0.4 I
0.2
01 o,1 2 0 5 10 15 20
AwwH Ar
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I Conclusions A\‘(IT

Karlsruhe Institute of Technology

a Determining the Higgs-boson couplings next step after discovery
Important for our understanding of electroweak symmetry breaking

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

a Problem of high-dimensional parameter space with correlated measurements
= Dedicated tool: SFitter

a Obtain Standard Model couplings within errors for SM scenario
m Alternative solutions due to sign degeneracy of couplings

m Recent jet substructure analysis significantly improves
result on bottom-quark coupling

m Influences accuracy of all other couplings via total width
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I Higgs at the LHC

Input data

XIT

te of Technology

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

production | decay S+B B S || as®® | as(theo
99 = H 7z 13.4 56 (X 5) 6.8 39 08
qgH zz 1.0 0.2 (x 5) 0.8 1.0 0.1
gg — H wWw 1019.5 882.8 (x 1) | 136.7 63.4 18.2
qgH wWw 59.4 37.5 (x 1) 21.9 10.2 1.7
ttH WW (3¢) 23.9 21.2(x 1) 2.7 6.8 0.4
ttH WW (2¢) 24.0 19.6 (x 1) 4.4 6.7 0.6
inclusive - 12205.0 | 11820.0 (x 10) | 385.0 164.9 445
qqH yy 38.7 26.7 (x 10) | 12.0 6.5 0.9
ttH yy 2.1 0.4 (x 10) 1.7 15 0.2
WH ~y 2.4 0.4 (x 10) 2.0 1.6 0.1
ZH yy 1.1 0.7 (x 10) 0.4 1.1 0.1
qqH r7(20) 26.3 10.2 (x 2) 16.1 5.8 12
qqH r7(10) 29.6 11.6 (x 2) 18.0 6.6 13
ttH bb 2445 219.0 (x 1) 255 31.2 3.6
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I Higgs at the LHC A\‘(IT

te of Technology

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 3.9 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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I Non-decoupling Supersymmetric Higgs \‘(IT
SPS1la-inspired scenario with ofTemology
tg =7, Ay = —1100 GeV, my = 151 GeV, mp = 120 GeV
LHC data set with £ = 30 fb—1, Profile likelihood, True dataset

1/1AX2 true: —0.13 —-0.19 3.29 0. 28 =
0.8 |
0.6
0.4 |“
|
2 . I
-1012353113951371135753113
AwwH Ay Az ggH
7 7
< -5 i < 1 i
-9 -1
-1 0 1 2 3 9 5 -1 3 7
Awwr AppH

a Clear deviation from Standard Model:
q(dsusyImsm) < d(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
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