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Why Measure the Higgs Couplings?

e The discovery of the 125 R
GeV Higgs boson was / ‘3
the triumph of Run 1

* The Higgs Is special:

. Aoy <2TeV  Apgwee <5TeV  Apives < 10 TeV
> First fundamental r gauge Higg

scalar particle (?)

> First example of non- = V2my /v
Gauge Iinteractions (?)
. : g™ =~ 0.99
* The Higgs sector is the
least tested portion of oM 2 0.02
the SM and also the ‘
most problematic: 2"~ 0.01 ‘
> Hierarchy Problem M 2 0.0006 I
7! * [
> Flavor Puzzle ¢
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Why measure Higgs couplings?

* No direct evidence so far for new
physics at the LHC

 Indirect measurements are
complementary to searches

« Want to measure couplings to O(1%)
level to indirectly test BSM theories

e For observed m(H), (nearly) all
couplings are accessible
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Model Ky Kb
Singlet Mixing ~ 6% ~ 6%
2HDM ~ 1% ~ 10%
Decoupling MSSM  ~ —0.0013% ~ 1.6%
Composite ~ —3% ~—3-9%
Top Partner ~ —2% ~ —2%

~ 6%
~ 1%
~ —.4%
~ —9%
~ +1%

arxiv:1310.8361
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https://arxiv.org/pdf/1310.8361.pdf

Higgs Production Mechanisms

4 q

q q

0(gg — H) = 48.52 pb +3.9% (th.) +3.2% (pdf)
(NLO QCD + NLO EW)

o(VBF) = 3.779 pb +0.4% (th.) +2.1% (pdf)
(NNLO QCD + NLO EW)

4 W, Z

g t,0

9 i,

a(pp - WH) = 1.369 pb +£0.7% (th.) £1.9% (pdf)
a(pp - ZH) = 0.8824 pb £3.8% (th.) £1.9% (pdf)
(NNLO QCD + NLO EW)

a(ttH) =0.5065 pb + 52, % (th.) +3.6% (pdf)

(NLO QCD + NLO EW)
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Higgs Decay Modes

H - ff - B(H - bb),,, = 0.58 (largest B, down-type yukawa)
w B(H- TT)SM = (.06 (leptonic coupling)
B(H — CC)SM = (0.03 (second generation yukawa)
3 B(H- ””)SM = (0.0002 (second generation yukawa)
H-VV y B(H-WW),, =0.22
L B(H-22),, =0.026
v (HVV couplings, electroweak symmetry breaking)
H-yy B(H - vyy),, = 0.0023

(best compromise of resolution
and BR, loop induced, sensitive
to new physics)
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CMS Higgs Measurements
with 35.9 fbtof 13 TeV data
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H - vy, ZZ

CMS
R

3591 (13 TeV)
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6000 H—>yy
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T T

All categories
S/(S+B) weighted

4+ Data

arxiv:1804.02716
e Fitto m, distribution

CMS

35.9fb" (13TeV)
T T | T T T | T

T T T I T
H—yy
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é —— S4B fit ] | —— Per process 68% CL ]
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23 2000;— ) ) ] - ]
P b e ——— * Main systematics: i | 220 .
pos ggH th. unc. and - -
¥ i photon ID eff. and e o
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. CMS 359 b (13 TeV)
. arxiv:1706.09936 e | Mz
I5 | * Data . g 0 m, = 125.09 GeV
ool Swzze 1 e 2D fit of m,, and ME
g i T b= 0053 " P <1052
Iz *F . distributions
40i— . i - 000282
£ * Precise
: measurement of ggH o - o002 |
20 VHlep -
o * Main systematics: e
I ggH th. unc. and S o
0 80 90 100 110 120 130 140 150 160 170 0 3 4 5
m, (GeV) lepton ID eff. "
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https://arxiv.org/pdf/1706.09936.pdf
https://arxiv.org/pdf/1804.02716.pdf

H-WW

arxiv:1806.05246

 Total of 30 signal regions target ggH,
VBF, WH, and ZH production modes

 Signal extracted from different sensitive
observables depending on the category

« Main systematics: bkg. estimation, th.
unc. on signal norm. and migration

CcMs 35.9 fb (13 TeV)
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= 021 |
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------ SM
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https://arxiv.org/abs/1806.05246

VH(bb), ggH(b

b)

arxiv:1709.07497

359 b (13 TeV)
T T T I T T T | T T T

m T T T ‘ T T T ‘ I I I T T I
5
£ 10 %CMS ¢ Data  t g:
I.ICJ - I ZH(bb) [ VV+HF .
i . [ ggZH(bb) I VV+LF
10° E Zlepton(e)Highp (V) — 7 ¢ [singletop o
~ []z+b —— VH(bb) ]
103 = [ Z+udscg [ZZ] MC unc. (stat)
E E

o s E
15 B =
=
e g}/% ? B 3 Fe Bcrngr oo 4 * Lgss:
E 1 _*%W FERGRARRER L i t
S 05 %ﬁ& —
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* 0, 1, 2 lepton categories particularly
sensitive to high p_(V) phase space

« Main systematics: bkg. norm and

arxiv:1709.05543

35.9fb™ (13 TeV)
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Elg

a _%0 60 80 100 120 140 160 180 200

mgp (GeV)

 Look for single boosted jet with
p, > 450 GeV, using substructure

 Dominant QCD background

modeling, MC stats, b-tag efft.

]/l —1.2+04

estimated from data

up = 2.3+ 1.5 (stat) T 1Y (syst)
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https://arxiv.org/pdf/1709.07497.pdf
https://arxiv.org/pdf/1709.05543.pdf

H - TT, pu

a 08.00373 35.9 fo'' (13 TeV)
>1800 T 1 | ....I....II.I..I.I.I..I.II..!.ll..l..l =]
D) o i
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* O jet, boosted, and VBF cats. to
measure ggH and VBF

« Main sys 1, and p.(miss) scales,

and migration
- +0.27
= 1097475

bkg. norm., ggH th. unc. on norm.

« 15 event categories based on
mass resolution and expected
signhal and background comp.

- Extract signal from fittom
distribution

= 0.7 4 1.0

arxiv:1807.06325
x10° 35.9fb" (13 TeV)
= CMS All categori
2 10 Hou S/(S+B) weighted
) [=0.7 for m =125 GeV ¢ Data
L 8 S+B fit
;u; 6 B component+ 1 s.d. (2sd.)
c .
K.
8 2f
£ 3
% 0 = 1 I 1 Ll I l 1
= .
) 200
+
o 0
D _200F | | | | | | .
110 115 120 125 130 135 140 145 150
m,, [GeV]
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https://arxiv.org/pdf/1807.06325.pdf
https://arxiv.org/pdf/1708.00373.pdf

ttH(bb), ttH(multilepton)

ttH(bb), 02
arxiv:1803.06986

35.9fb7 (13 TeV)

77 Stat @ sys unc
Y CMS

[ Multijet []Othert
o [ Electroweak
M tH (1=0.9)
— tiH x 500

¢ Data

.o
I tt+bb

>9 jets, 24 b tags

00 01 02 03 04 05 OeMlgl\jld?s?:rlrcr}ngnar:to
e Large QCD multijet
background, mitigated
with quark-gluon

discrimination

« Signal extracted with
multivariate discr.

ttH(bb), 1€/ 2¢
arxiv:1804.03682

CMS 35.91b7 (13 TeV)
E T T 1T ‘ TTTT ‘ T T TT | TTTT | T T 17T | TTTT | TT R
e ., SL (=6 jets, >3 btags) e Data [ signal
2 10 ttH no'de -ﬁ+|f -ﬁ+CE
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DNN discriminant

« Signal extracted with
multivariate discr.

« Main sys. B-tag eff.
MC stats, tt+HF model

ttH, 28ss / 38 | 48
arxiv:1803.05485

CMS 35.91b7 (13 TeV)
5] = ¢ Observed []Rare + tH
$  80F MEfH (i=1.23) [ Conversions
> [tz Misid. leptons
W 70 mmtw -+ tww [ |Flips
- EEWZ+ZZ Uncertainty
60
= 2Iss
50 :—+ ey

G'
8|5 0.5i+
g[8 s )
ﬁ Eg- 0 # ‘ T # + *
a|d -0.5F
a 1 1 L l

2 4 6 8
Discriminant

 Signal extracted with
multivariate discr.

« Main sys. lepton ID
eff., irr. bkg. norms

~ +1.5 +0.7 +1.3 N +0.45 +0.24 +0.38 ) _ :
w=0.9 75 (o7 L3)||w= 072 545 024 038 =123 00 | Dalstat) T (syst)
Higgs Couplings Measurements at the LHC David Sperka, FNAL TOTW Seminar 11



https://arxiv.org/pdf/1804.03682.pdf
https://arxiv.org/pdf/1803.06986.pdf
https://arxiv.org/pdf/1803.05485.pdf

H - Invisible

arxiv:1809.05937

35.9fb™ (13 TeV)
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B(H — inv) < 0.26 (0.20)

Higgs Couplings Measurements at the LHC

 Direct search for invisible decays of
the 125 GeV Higgs included in the
combination

4 production mode categories, VBF
channel has the best sensitivity

 Combined assuming SM production
Cross sections

35.9 o' (13 TeV)

SM
»
T

—
no
I

—t
T T

95% CL upper limit on 6 x B(H — inv)/c
o
0]

CMS

| —e— Observed

- --&- Median expected

i - 68% expected N

95% expected

Combined

VBF-tag Z(IhH-tag  V(qq')H-tag ggH-tag
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https://arxiv.org/pdf/1809.05937.pdf

The “Grand
Combination”

Higgs Couplings Measurements at the LHC
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The “Grand
Combination”

arxiv:1809.10733

Combined measurements of Higgs boson couplings in proton-proton collisions at \/E =13 TeV

CMS Collaboration

(Submitted on 27 Sep 2018)

Combined measurements of the production and decay rates of the Higgs boson, as well as its couplings to vector bosons and fermions, are presented. The analysis
uses the LHC proton-proton collision data set recorded with the CMS detector in 2016 at \/E = 13 TeV, corresponding to an integrated luminosity of 35.9 =1 The
combination is based on analyses targeting the five main Higgs boson production mechanisms (gluon fusion, vector boson fusion, and associated production with a W
or Z boson, or a top quark-antiquark pair) and the following decay modes: H— 7YY, ZZ, WW, TT, bb, and 1. Searches for invisible Higgs boson decays are also
considered. The best-fit ratio of the signal yield to the standard model expectation is measured to be 1 =1.17%0.10, assuming a Higgs boson mass of 125.09 GeV.
Additional results are given for parametrizations with varying assumptions on the scaling behavior of the different production and decay modes, including generic ones
based on ratios of cross sections and branching fractions or coupling modifiers. The results are compatible with the standard model predictions in all parametrizations
considered. In addition, constraints are placed on various two Higgs doublet models.

Comments: Submitted to EPJC. All figures and tables can be found at this http URL (CMS Public Pages)
Subjects: High Energy Physics - Experiment (hep-ex)

Report number: CMS-HIG-17-031, CERN-EP-2018-263

Cite as: arXiv:1809.10733 [hep-ex]

(or arXiv:1809.10733v1 [hep-ex] for this version)

Submission history

From: The CMS Collaboration [view email]
[v1] Thu, 27 Sep 2018 19:28:22 UTC (1,543 KB)
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The “Grand
Combination”

e In total up to 265 event
categories and over
5500 nuisance
parameters

e Correlation scheme
studied in detall

* Gluon fusion modeling
updated in certain
analyses (reweight to
NNLOPS, 9 parameter
unc. scheme) to ensure
consistency amongst
channels

Higgs Couplings Measurements at the LHC

Production and decay tags

Expected signal composition

Number of

Mass resolution

categories
H— 77, Secticm\ﬂl
Untagged 74-91% ggH 4
VBF 51-80% VBF 3
VH hadronic 25% WH, 15% ZH 1
¥r WH leptonic 64-83% WH 2 221-2%
ZH leptonic 987% ZH 1
VH piris= 59% VH 1
ttH BO0-89% ttH, =~=8% tH 2
H — ZZ1*) — 4f, Section3.2]
Untagged =295% ggH 3
VBF 1, 24et 7211-47% VBF 6
VH hadronic ==13% WH, ==10% ZH 3
4p, 2e21/212e, 4o VH leptonic ~ed6% WE 3 =1-2%
VH ppi= ~=56% ZH 3
HH =71% tH 3
H — WW — fufr, S-ecl'ionm
it/ e mxHO, 1, 2-jet ~=55-92% geH, upto =15% H — 1T 17
VBF 2-jet ~=47% VBF, up to =25% H — 1T 2
eeﬂr_!r g_gH 'D., 1-jet “@:84—94'}1; geH 6 200
efi+jj VH 2et 22% VH, 21% H — 11 1
34 WH leptonic =80% WH,up to 19% H — 1T 2
4 ZH leptonic 85-90% ZH,upto 14%H — 1T 2
H — 1T, Section[.4]
O-jet = 70-98% ggH, 290% H — WWinep 4
e, eTh, iTh, ThTh VBF =235-60% VBF, 42% H — WWin e} 4 =10-20%
Boosted =48-83% ggH, 43% H — WWinep 4
VH production with H — bb, Section|3.5]
Z(vvibb ZH leptonic =100% VH, 85% ZH 1
Wi{{v)bb WH leptonic =100% VH, =97% WH 2 ~10°
Z(¢6)bb Low-pr{V) ZH leptonic =2100% ZH, of which =20% geZH 2 :
High-p1(V) ZH leptonic 22100% ZH, of which =36% ggZH 2
Boosted H Production with H — bb, Section|3.6
H — bb pr{H] bins =72-79% geH 6 =10%
ttH production with H — leptons, Section’m
2¥ss WW ,/TT = 4.5, =5% tH 10
3¢ WW:TT:ZZ = 15:4:1,=5%tH 4
H — WW, 1,27 EY WW . tT: ZZ =h:1:1,=3%tH 1
1642, 96% HH with H — 7T, =6% tH 1
2iéss+1Ty TT:WW == 5: 4, =5%tH 2
3+1Ty, TT:WW: ZZ = 11:7:1,=3%tH 1
ttH production with H — bb, Section[3.7.2]
tt — jets #=283-97% ttH with H — bb [
H — bb tt — 1/+jets =265-95% ttH with H — bb, up to 20% H — WW 18
tt — 2/+jets =:84-96% ttH with H — bb 3
Search for H — piji, Section|3.8|
W S/B bins 56-96% ggH, 1-42% VBF 15 2=1-2%
Search for invisible H decays, S-ectionlﬂl
VBF 52% VBF, 48% ggH 1
H — invisible gEH +=1 j_et 80% ggH, 9% VBF 1
VH hadronic 54% VH, 39% ggH 1
ZH leptonic =100% ZH, of which 21% ggZH 1

David Sperka, FNAL TOTW Seminar
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M(H) measurement

ATLAS and CMS —4—~ Total [ | Stat. [ Syst.

7 TeV,8 TeV and 13 TeV Tot. Stat. Syst.
ATLAS H —yyRun1 T 126.02 +0.51 (+ 0.43 + 0.27) GeV
CMS H —yyRuni —4— 124.70 +0.34 (+ 0.31 + 0.15) GeV
ATLAS H — 4l1Run 1 — 124.51 + 0.52 (+ 0.52 + 0.04) GeV
CMS H — 4l1Run 1 —f 125.59 +0.45 (+ 0.42 + 0.17) GeV

| ATLAS-CMS yyRun1 & 125.07 £0.20 (+ 0.25 £ 0.14) GeV
ATLAS-CMS 41 Run 1 —— 125.15 +0.40 (+ 0.37 + 0.15) GeV
| ATLAS-CMS Comb.Run1 | % """"" 125.00 £ 0.24 (021 £ 0.15) GeV |
TATLAS H oy Runz | e 125.11 £ 0.42 (£ 021 £ 036) GeV
ATLAS H — 41 Run 2 124.88 +0.37 (+ 0.37 + 0.05) GeV
CMS H — 4lRun?2 125.26 +0.21 (+ 0.20 + 0.08) GeV
] ] | | ] | | | | ] ] | | ] | | | | | | | | | | | | | | ]
118 120 122 124 126 128 130 132
m, GeV
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Per Production x Decay Mode

* Most generic
parametrization
giving different
signal strength to
each prod. and
decay combination

 Certain signal
strengths restricted
due to low
background
expectation

» Suitable for
reinterpretation

Higgs Couplings Measurements at the LHC

ZH WH VBF  ggH

ttH

YY
77
WW
™
bb
Mp
YY

ZZ |

WW
™
Mp
YY
77
WW

bb |

1Y
ZZ
WW
bb
1Y
L7

WW
TT

bb [

David

35.9 b (13 TeV)

Observed
CMS L1Ginterval

[}
.-
e
1
:‘l-
i
_’_
1
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Per Production x Decay Mode
35.9 fo' (13 TeV)
C M S L ?Gb?nig r?fgl

* Most generic - =
parametrization - ZZ] -

—ANAL = 2
Decay Production process
mode ggH VBF WH ZH ttH
Best fit Uncertainty | Bestfit  Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty| Bestfit Uncertainty
value  stat syst value stat syst | value stat syst | value  stat syst | wvalue stat  syst
243 +196 4144 070 +053 +0.46 047 4041 4023 045 +024 4038
H—bb 251 555 Ty o5 — 173 Togs Tos1 —oss 099 Tous Toso o2 (091 Tz To23 To36
. . . . 4 46 4 . 44 . .
(*i56) (1153) (£5) — (Yo67) (Foz1) Com)|  (Fo3d) (Fo30) (Foz0)|  (Fo2) (F023) (£033)
053 +025 +0.46 045 4037 4025 103 +0.80 +0.65
H— 1t 105 503 035 foao | 112 Tou3 o Lo — — 023 Togs ‘o7 ‘052
045\ (+023) (+0.38 045\ (+0.37Y (+0.25 098\ (+0.80Y (+0.56
(Toa1) (Fo23) (Toze) (To3) (To3s) (To2a) — — (Tos7) (To73) (Toa7)
021 4012 4017 064 +058 4028 226 +189 +1.24 181 +174 4050 065 +0.40 +0.52
H—WWIL35 T3 To13 To1s | 028 T To3s Tozs P91 Taon iz Tios 096 Tiae Tias Toz2 |160 Tosg To3 Tous
0.17y (+0.10\ (+0.13 062y (+0.57Y (+0.26 147\ (+1.32) (+0.64 1.67\ (+161Y (+045 056\ (+0.38Y (+0.41
(Z016) (Co0) (Zo12) (Toss) (To3) (To2s) (5139) (C1oe) (Zos) (T137) (5135) (Fo2o) (To33) (To38) (Zo37)
023 4020 +0.12 102 +1.00 4021 233 4231 +0.30 426  +419  +0.80 150 +147 4030
H—ZZ 122 %531 Tole To10 [-009 Toze o2 To22 (000 TGa0 Tooo “ooo 000 Io oo —ooo (000 Tobo oo 0.0
. . . . . 44 44 . . 4 . . . .
(Yo20) (Fo19) Coop)| (o) (Fogp) (Fo21)]  (Fs9) (Foao) (Fow)|  (Fao) (F1a0) (Fooo)|  (£659) (F559) (Zogo)
021 4017 +0.13 059 4049  +0.32 148  +145 4+0.33 114 +114 4009 088 +0.82 +0.32
H—7y [116 T3y 015 To1o0 | 067 Toae Toa2 Tois 276 Ti3s T133 024 000 Do Tooo oo 218 Tozs Tozm Tois
0.17y (+0.14\ (+0.11 059y (+0.48Y (+0.34 128\ (+127) (+0.13 251y (+2.50\ (+0.25 074y (+0.72y (+0.16
(Zo16) (Zon2) (Coos) (Moas) (o) (Fozn)|  (F176) (F176) (Cooe)|  (Froe) ((roa) (Fovo)|  (Foiss) (Toiss) (Toios)
H—pp 031 D 57 Zoe | 272 D5 S fogo — — —
1.69\ (+1.67y (+0.28 702y (+7.01Y (+0.38
(Z165) (Crer) (Foo) (T694) (T693) (To30) — — —
M| 1 1 S | 1 1 L
-4 -2 0 2 4 6 8 10
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Per Production x Decay Mode

35.9 b (13 TeV)

ad ¥ [~
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35.9 fb' (13 TeV)
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Assume SM Branching Ratios...

ggH

VBF

WH

ZH

ttH

L

35.9fb™" (13 TeV)

CMS e Observed
== +1G (siat @ sysi)
L — 1206 (stat @ syst)
w110 (SYst)
—*:—
an
IIII|IIIIiIIIIIIIII|IIII|IIII|IIII|IIII
0O 05 1 15 25 3 35

Parameter value

Higgs Couplings Measurements at the LHC

Production process Best fit value =~ Uncertainty
stat. syst.

+0.14 +0.08 +0.12

ggH 122 %o Zoos o010
+0.11 +0.07 +0.09

(Con) (Cooz) (Coos)

+0.30 +0.24 +0.17

VBE 0.73  Toa7 ~0.23 ~0.15
(+0.29) (—|-0.24) (—|-0.16)

~0.27 ~0.23 ~0.15

+0.58 +0.46 +0.34

WH 218 o5 —045 ~0.32
(F053)  (+043) (030

~0.51 —0.42 ~0.29

+0.44 +0.39 +0.20

ZH 087 Tou ~0.38 ~0.18
+0.43 +0.38 +0.19

(Zoa)  (Gozp)  (Coay)

+0.30 +0.16 +0.26

ttH L18 1527 ~0.16 ~0.21
+0.28 +0.16 +0.23

(Zo25)  (Zoas)  (Zoo)
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An aside: Observation of ttH

arxiv:1804.02610

511" (7 TeV)+19.7fo” (8 TeV) + 359 b (13 TeV)

510" (7TeV) +19.7 o' (8 TeV) + 35.9fb " (13 TeV)

S e S L NN B S LA
e Observed B . , .
_CMS — +1o (stat @ syst) i CMS _ (S:l'c\)ﬂn;timggted i
a . | — 110 (syst) 30 P ]
fEHWW?)  ——— A — 13 TeV ; ]
i i —— 120 (stat @ syst) '/K 520 _ 7.8TeV ;. ]
ttH(ZZ") . sh S 50 -
ttH(yy) — 2ok 4.56 _:
] ' . —4.20 ]
ttH(t*1) ° - B s ]
- , 151 : ]
ffH(bb) el [ / )
; _-’_F_/‘J‘é_ - 3-26 ’a' :
7+8 TeV N o~-\N\ Y A 30 7]
13 TeV t—— 5[ ‘ ' 9
Combined ——'—— 0: , | o . | . L__-r———-‘Jwg";
v by s b s e by e by ey by ey b by
1 0 1 > 3 4 5 6 7 0 0.5 1 1.5 2 2.5 3 3}.;3
l'l’tfH tH
Uncertainty

Parameter  Best fit Stat Expt  Thbgd Thsig

1 26+0.31 +0.16 +0.17 +0.14 +0.15

]’l - =Y—-0.26 —0.16 —0.15 —0.13 —0.07

ttH 1028 10.15 1016 10.13 1011

—0.25 —0.15 —0.15 —0.12 —0.05
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Assume SM Relative Cross Sections...

M”ﬁ’
MZZ
MWW
ur’:
Mbb

e

35.9fb" (13 TeV)

CMS

e Observed
== +10 (stat @ syst)
— 120 (stat @ systi)
w +10 (SYSi)

L——

2 ~1

0

2 3
Parameter value

Higgs Couplings Measurements at the LHC

Decay mode Best fit value ~ Uncertainty
stat. syst.

40.29 40.19 4+0.22

H — bb 112 Ty —0.18 —0.22
4+0.28 4018 4021
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H— 717 1.2 Tp5, 015 ~019
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H — vy 1200 Ty “o011 —0.09
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(To12)  (Co10) Coop)

4+1.25 +1.24 4+0.13

H — uu 0.68 175 104 —011

1.20
(F117)

(

1.18 0.19
j1.17) (t0.0S)
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An aside: Observation of H-=bb

517 (7 TeV) + 1897 (8 TeV) + 77.2 b (13 TeV)

w 107
q:,) CMS ¢ Data
= [ Background -
o 10°F VH, H-bb B VH Hobb arxiv:1808.08242
Background uncertainty
10° ——— Signal + Background 1 1 1
<51t (7TeV)+<198fth (8 TeV) +<77.21b" (13 TeV)
10 CMS e Observed
— 1o (stat @ syst)
10° H—bb m— +1G (syst)
1 02 stat SySt
ggF 2.80+2.08 +1.30
10
1 VBF —_— 253+098 +1.17
o 1 5 L e e ettt e :
E 1—e . . . iﬁ’g ,,,,,, ttH | —— 0.85 + 0.23 + 0.37
00.5||||I||||I||||[||||I||||l|||| i
-3 -25 -2 -15 —1 -0.5 0 WH ~m—- 1.24 £ 0.29 £ 0.24
log, .(S/B) i
ZH ~e- 0.88 +£0.24 £ 0.16
Significance (o)
Data set Expected Observed Signal strength Combined - 5,6 (5 ,5)0’ 1.04+0.14+0.14
2017 11 L1 i 11 11 I 11 11 I 11 L1 I 11 11 I 1 1 11 I 11 1 1 I 11 1 1 I 1 1 1 1
0O-lepton 1.9 1.3 0.73 +£0.65 0 1 2 3 4 5 6 7 8 9
1-lepton 1.8 2.6 1.32 4 0.55 Best fit u
2-lepton 1.9 1.9 1.05+0.59
Combined 3.1 33 1.08 +0.34
Run 2 4.2 44 1.06 +0.26
Run1 + Run 2 49 4.8 1.01 +0.22
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Assume SM Branching Ratios and
Relative Production Cross Sections

» Most constrained interpretation: single signal strength modifier which
scales all prod. and decay modes assuming SM relative composition

u= 1171510 = 117470 (stat.) Tg2 (sig. th.) T30e (other sys.) ‘

« Systematically dominated, similar weight of theoretical and
experimental uncertainties

» ~20 agreement with respect to SM prediction

Higgs Couplings Measurements at the LHC David Sperka, FNAL TOTW Seminar 24



Another Generic Parametrization

u(gg—H—2Z2)

/n

H ggH

VBF
“WH/“ggH
P'ZH/P'ggH
MUH/MQQH
p
w /e
“'T"E / “’ZZ
P

gz

Higgs Couplings Measurements at the LHC

35.9 b (13 TeV)

® Observed
== +1G (stat @ syst)
— 120 (stat @ syst)

» Correlate production modes
using one process as
normalization and ratios of cross

B = +1G (Syst) .
s sections and BRs
— =y =
B : e Some uncs. cancel in ratios
— Uncertainty Uncertainty
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B i 219 H0% 4068 10 W gy 123702 02 4016
: ) 0. 0. 29 ) —018 —013
; * HwH/ Pggh (F083)  (+033y  (+0.39) BYM/B (F024)  (+019)  (+014y
N : ~0.52 —0.44 ~0.29 —0.19 —016 —011
e oy O8I E Mmoo qugemoam
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“Simplified Template Cross Sections”

e Can also separate
th. uncs. in SM
predictions (grey
bands) from exp.
and th. uncs. in the
measurements

e Results quoted for a
common simplified
fiducial volume

e Results quoted for
the usual production
modes

> VH split into V()
and V(qq)

 More on this later

Higgs Couplings Measurements at the LHC
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“Simplified Template Cross Sections”

e Can also separate
th. uncs. in SM
predictions (grey
bands) from exp.
and th. uncs. in the

CMS

35.9 fo' (13 TeV)

measurements

e Results quoted for a
common simplified
fiducial volume

e Results quoted for
the usual production
modes

> VH split into V()
and V(gQ)

 More on this later

Higgs Couplings Measurements at the LHC

102 & gg—H e Observed _
F = +10 (stat @ syst) 3
_Q"“‘ - * — +20 (stat @ syst)
[o) H+V = +10 (SYst)
~— (qa) SM prediction
NS 10E VBF E
b
i ‘ H+W(lv) HLL 1
Uncertainty Uncertainty
Parameter Best fit stat syst Parameter Best fit stat syst
1.00 019 +0.16 +0.09 0.96 044 +0.32 +0.30
oori BZZ WU 016 —-0.15 —0.07 Bbb ) BZZ 20 031 —0.24 —0.20
ggH (—|—0.18) (+0.16 (—|—0.09) (+0.57 (—|—0.40) (+0.41
—0.16 —-0.15 —0.07 —0.38 —0.29 —0.25
0.66 032 +0.27 +0.17 0.98 1035 +0.24 +0.25
ouone BZZ 00 026 —0.22 -0.13 BT/ BZZ —0.28 —-0.20 —0.20
VBF (+0.40) (+0.33 (+0.22) +o 36) (+0.26) (+0.25
-032 —0.27 —0.16 —0.29 —0.21 —0.19
3.93 +200 +1.77 +0.93 1.30 +0-29 +0.24 +0.17
pe RZZ 29 171 —-1.53 —075  pWW /377 U _0.24 —0.20 —0.13
H+V(qq) (+1.66) (+1.49 (+0.72) (+0.24 (+0.20) +0 14)
~1.05 ~1.05 —0.00 —0.20 —0.16 —0.11
1.95 1088 +0.72 +0.51 1.14 1026 +0.23 +0.13
P  BZZ 79 _0.68 057 ~0.38 B ) BZZ AT 020 018 —0.09
H+W(/v) (+O.69) (+0.56 (+0.40) (+0.23 (+0.21 ) (+0.11
—052 —0.44 —0.29 —0.19 —0.17 —0.08
+057 +0.49 +0.29 +1.40 +1.39 +0.18
o L, RBZZ 0.84 Tp33 —0.40 —0.17 B | BZZ 0.67 13 -1.35 —0.13
H+Z(¢t/vv) (+0.71) +0 56) (+0.44) (+1.35 (+1.34) (+0.17
—046 —0.41 —0.22 —~1.28 -1.28 —0.05
1.08 +0.37 +0.26 +0.26
o BZZ YO 030 -0.22 —0.19
ttH (+0.38) (+0.28 (+0.26)
—031 -023 ~0.20
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Correlating Production and Decay

27707
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Coupling Modifier Model

* We interpret the results using the LO coupling modifier or
“kappa” framework

* Introduce parameters which coherently scale cross sections
and partial widths relative to SM

" ()T (8)
2 SM 2 j rf _ i
K5 = 0;i/0; ks =T11/Te, = B = -
Iy K2 2 058K + 0226, + 008K+
M~ 1_ (B By G = +0.066G +0026K3 +0.02962+
ot (Bundet + Binv) +0.00232 + 0.00153, +
+0.00025% + 0.00022x;,

 Two parameters account for BSM contributions to total width:
»>B._ . Decays to invisible particles (direct search included in comb.)

>B . Other BSM decays, direct searches not included in comb.

undet *
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Couplings: Assumptions (1)

* There i1s an ambiguity in the model:

> If we scale all SM couplings by a common factor the
production cross sections increase

> Branching ratios stay the same if B__ = 0, rate increases

> But we can keep the rates the same If we increase B,__,,
to compensate for the increase Iin cross section

I'y K2 0582 + 0.22K3, + 0.08x2+
SM = . kg = +0.06Kz 4 0.026K7 + 0.029x+
Iy 1 — (Bundet + Binv) +0.0023x7 + 0.0015x7, +
+0.00025x + 0.00022x;,
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An Aside: The Total Higgs Width (1)

* The Higgs width at
125 GeV inthe SM Is
tiny: ~4 MeV

* The Higgs wants to
decay to massive
particles but it is too
light!

e Partial widths in SM
are all suppressed by
phase space factors
or small yukawa
couplings

« BSM with small
couplings can still
have quite large BR

Higgs Couplings Measurements at the LHC

I, [GeV]
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An Aside: The Total Higgs Width (2)

CMS 359 o' (13 TeV)
o TOp T R arxiv:1706.09936
g sof [] H(125) ]
o b EQ‘HZZ’ZV: - CMS 35.9 fb™ (13 TeV)
E B gg—)ZZ,Zy ] 1 =1 T T 1 | T T 1 T T 1 T T 1 | 1 T | T T 1 | T+
O 50 W Z+X — C 10 g
W f — L .
401 :lj , i
30i— 8_— ——— Observed __
E | e Expected _
201 i |
103— 6__ —_
06 80 90 100 110 120 130 140 150 160 170 i 95% CL |
m,, (GeV) ] — -
* Direct measurement limited [ i
ny detector resolution - 68% CL|
B [ 0 J -i"l-.'l-*" I | L 11 1 | I | I | | | ] I_
¢ [ <~1GeV@95% CL gt
I, (GeV)
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An Aside: The Total Higgs Width (3)

e Indirect measurement from
ratio of off-shell and on-shel

CMS-PAS-HIG-18-002

5.1fb" (7 TeV)+ 19.7fb" (8 TeV) + 80.2fb ™' (13 TeV)

Si nal Stren th T 1 | T T | I.\ I.‘ T T | T T | T T 1 I T T I ]
9 g - CMS Preliminary .
15— , , 7
on-shell off-shell — f_=0 (SM-like analysis)
0. X Uyyy and o, X Uyl - IH i a y
vw—H—4r & Hov vv—H—4e & Hvv | — 1,5 COS(6,,) unconstrained
. — f,, cos(¢,,) unconstrained
* Assumes no new physicsin | 7 fweos(ey) unconsiraines
- 10~ -
ggH loop or at high m(Z2) £ 7| —observed
< --- Expected i
(Q\| i
1
1 . . — ) |
gg — hy — Z7Z — 111 g 5 —
My = 125 GeV, Mys = 600 GeV, sinf = 0.4 ; L. :’i
01| LHC,s=13TeV N R 1 W ]
f min. cuts h : B
] ~ — webke | 1
< 0.01 f, all S
_q ' —— S (hg) - | ) — T T T T T
_ﬁ _ 0 - - — Tl | L1 ! i
= 0.001 o 2 4 6 8 10 12 14
&)
s I, (MeV)
0.0001 F
AL R [.<~8MeV @ 95% CL
100 200 300 400 500 600 700 800 900

My, [ GeV }
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https://cds.cern.ch/record/2638605/files/HIG-18-002-pas.pdf

Nevertheless, we proceed....

* We make three different assumptions to resolve
the ambiguity in the total Higgs width:

>Don’t measure absolute couplings, only ratios
of couplings

sB_.,,= 0 (Big assumption!)

»Restrict K, < 1 (Motivated by unitarity, true in
many BSM models, but not all)

Higgs Couplings Measurements at the LHC David Sperka, FNAL TOTW Seminar
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Couplings: Assumptions (2)

Can assume
we know
what is
happening
Inside loop
processes, or
not

Q0Q0000Q0QQ,
g t
t
g t
f0000000000"

—_— e — ———
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Coupling Modifier Model

Effective
Loops Interference scaling factor Resolved scaling factor
Production
o(ggH) v b-t Kz 1.04x7 + 0.002x2 — 0.038xk:ky,
o(VBF) — — 0.73x3, + 0.27x%
c(WH) — — K3y
7(qq/qg — ZH) — — KZ
o(gg — ZH) v Z-t 2.46K2 +0.47k% — 1.94K 7K
o(ttH) — — K?
o(gb — WtH) — W-t 291k% + 2.31k3, — 4.22Kkw
o(gb — tHq) — W-t 2.63x% + 3.58k3, — 5.21Kikw
o(bbH) — — KE
Partial decay width
122 _ _ K2
WW _ _ K%’\f
rry v W-t K2 1.59x3, + 0.07k7 — 0.67Kkwkt
| D . _ K%
l"bb _ . K[%
v — — i
Total width for Bggpy = 0
0.58K, + 0.2k, + 0.081;+
In v — Ky + 0.06x2 + 0.026K2 + 0.029x>+
+0.0023x3 + 0.0015K%,},+
+0.00025xZ + 0.00022x;;
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Coupling Modifier Ratio Model

35.9fb” (13 TeV)

CMS ® Observed « Take gg—~H-ZZ as

_ . =1ointerval normalization mode
ng & —20 interval

- * Don’t measure absolute
E couplings, only ratios of
A — - couplings

tg
A.. : Uncertainty Uncertainty
WZ . Parameter Best fit stat syst Parameter  Best fit stat syst
— 103 000 +007 4005 107 012 +010 4006
A : N A R B i N
vZ = (Zooo)  (Coor)  (Zoos) (Zooo)  (Coos)  (Zoos)
— A -113 00 Dm e, 117 5% lou low
' Wz +0.11 +0.09 +0.06 bZ +0.22 +0.16 +0.15
7\, = ——— Tooo)  (Toos)  (Toos) Co)  (Ton) (Tons)
T '
' +014 4008 4011 +016  +011 4012
~ i N T T
?\. : . (Fo1s)  (Tomr)  (Fon) (To1s)  (Tow)  (Fomo)
bZ 0.85 t0-14 4010 +0.09 0.8] t07 405 4011
- ' Az 0% 013 012 005 Nz Ol o1 082  —0.00
' 0.17 0.13 0.1 0.50 0.49 0.07
?L -— (Loze)  (Los)  (Log) o) (o) Cor)
hz -
1111 I 1111 I 1111 | 1111 | 1111 | 1111 [ 1111 I L1111 1111 I | |

-2 -15 1 -050 05 1 15 2 25 3
Parameter value
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Couplings: Effective Loops

« NOo assumptions about loops (kg and ky free parameters)
« Assumption about total width: No BSM decays

1 35.9 b (13 TeV)
3591 (13 TeV)
CMS CMS ® Observed
® Observed | ,
: == g interval
- , == {5 interval K, - i
. —20 interval
KZ ——-— —&- —20 interval B :
| B _ 0 KW - ' |KV| <1
; BSM = L f
KW — = ; Kt i.
K —— i -
5 K .
[ic. | —— | B 5
B i i i——
[ic,| e — :
— |K'Y| +
15| . 5 5
| |Ku| *
K e B |
| Yl : Bin\.r * |
K o -— |
| !'Ll i Bundet . i
|||||||||||||| IIII|IIII|II |\||||||||||||||||||||||||||||\||||||||||||||
-2 -1 0 1 2 3 15 -1 -05 0 05 1 15 2 25 3
Parameter value Parameter value
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Couplings: Effective Loops

« NOo assumptions about loops (kg and ky free parameters)

« Assumption about total width: k <1

359" (13 TeV)

CMS @ Observed

| : == {G interval

K5 — 4 —2cinterval
B Bgsy =0

K -

i< ——

|Kb| _"'°__

|Kg| -".-—

< -

|K“| I . | I I

_2IIII_1I I1I II2IIII3II

Parameter value
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CMS
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Kw| o Ikl <
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il -

| -~

o -

B | - B <0.22@ 95% CL
undet ||T__|BI’”deI<(|)3§ @ I9% CL
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Couplings: Relative Sign of k. and k,,

35.9 b (13 TeV) 35.9 b (13 TeV)
T | T T T T I T T T T T T T ‘ T

O L T T T T T T O T T Tt o L
14 CMS — Observed ] 14 CMS — Observed ]
i Besu=0 -k, >0, k.50 - 1%,<0, k,50 ] i Kyl <1 - k>0, k,50 ]
1ol Ky 20, %7¢0 - %,<0, k,<0 ] 1ol Kyw<0, k<0 ]
10F . 10F .
8| . 8l -
6 - 6 s
4 1 4
of 1 e / :
7| 1 7\ | I T TR T TR T 1 |
0 — 05 0 05 1
Kw Kw

- Mild preference (~20) for kk,, < 0, which enhances tH prod.

* Driven by excess in ttH categories of H - yy analyis

» Dedicated tH categories not included, will be resolved w/ full
Run 2 dataset (include these categories in the combination)
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Constraint on Total Width

« Assuming Kk, < 1,

but allowing for
BSM decays, set
constraint on total
Higgs width

* Performed by
making total width a
parameter of the
model (instead of a
function of other
k's), and making k,

a function of other
k’'s and total width

Higgs Couplings Measurements at the LHC

1 T
- CMS
— Observed

= eyl < 1

C e SM expected

35.9 b (13 TeV)

I'y
M

= 0.98

+0.31
—0.25
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Looking Only at Loop Processes

 Test for new s
physics in loop
processes
gg—H and

H-vyy

 Allow for the
presence of
BSM decays

e All other k’s
fixed to SM
value

Higgs Couplings Measurements at the LHC

35.9fb (13 TeV)
——

L [ [
CMS .
1.4 =
1.2 m
1 _
1o region === 20 region <4 Bestfit % SM expected
cooo b by b e b e by
0.7 0.8 0.9 1 1.1 1.2 1.3
KY
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Couplings: Resolved Loops

e Assume no new physics In
loop processes

 Assume no BSM decays

g8 t

e k k,, < 0 strongly disfavored
- Very weak preference for k <0

Higgs Couplings Measurements at the LHC

35.9fb” (13 TeV)

CMS ® Observed
== g interval
B 1 — 20 interval
—=—a——
— efe— —E——
-
III |I I|IIII|IIII
—2 -1 1 2 3
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Couplings: Vector Bosons vs. Fermions

e ASsume two
separate
modifiers: for
vector bosons
and fermions

« Assume no BSM
decays and

Knowledge of loop

Drocesses

e Input from all
decay modes
needed to obtain
strong constraints

Higgs Couplings Measurements at the LHC

35.9 fb' (13 TeV)

CcMs | /

I

|
D 1o region
........... 2c region

J Best fit

Y SM expected

05' Hobb [ JH-te
L Hozz [JHoyy

| [ ]JH—>ww [[Jcombined
|

L
0.5 1
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Testing Symmetry of Fermion Couplings

 Build different
models to test
symmetry of up
type vs. down
type fermion
couplings, and
guarks vs.
leptons

e Can be used to
constrain BSM
models, such as
2HDM and
MSSM...

Higgs Couplings Measurements at the LHC

3591 (13 Tev)

35.9 b (13 TeV)

CMS @ Observed CMS
I == 1¢ interval -
— 26 interval
Ay, - Mg
_ 2 _ 2
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IIII|IIII|I\IIIIIIIIII\Illlllilll\|IIII|IIII‘IIII IIIIIIII\lIIIIl\III‘I
-2 15 -1 05 0 05 1 156 2 25 3 =2 -1656 -1 05 0

Parameter value
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As promised: Constraints on BSM models

CMS 35.9b" (13 TeV) CMS 35.9fb" (13 TeV)

2HDM Type Il
— Observed 95% CL
Expected 95% CL

2HDM Type |
— Observed 95% CL
Expected 95% CL

0

—1 —1
058 06 04 02 0 02 04 06 08 1058 06 -04 -02 02 04 06 08
cos(B-a) cos(pB-a)
YHDM hMSSM
Typel Type I Type III Type IV
Kyl  sin(f —a) sin(p — «) sin(p — ) sin(p —«) \d/m

cos(a)/sin(B)  cos(a)/ sin(p) cos(a)/ sin(B) cos(a)/ sin(p) Sy~ 1;1:7;12,5

cos(a)/sin(B) —sin(a)/cos(B) | cos(a)/sin(B)  —sin(a)/ cos(B) sqy/1+ tan?p
cos(a)/sin(B) —sin(a)/cos(B) |-sin(a)/cos(B) cos(a)/sin(f) sqy/1+ tan®p
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As promised: Constraints on BSM models

CMS 359" (13 TeV) CMS 359 fb" (13 TeV)
al0 :
[ '
s
1
2HDM Type Ill 2HDM Type IV
— Observed 95% CL — Observed 95% CL
Expected 95% CL Expected 95% CL
1 —1
008 06 -04 02 0 02 04 06 08 1058 06 -04 02 0 02 04 06 08
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Typel Type I Type III Type IV
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i
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As promised: Constraints on BSM models

CMS Preliminary 35.9fb" (13 TeV) . .
,E_ |||||||||||||||||||||||_ .IndlrethonStralntS
< —— provide complementary
Information compared
— Observed 95% CL .
..... Expeciedssect | | L0 direct searches
CMS B e e epocs
10 QGO R -:--Elxpectecl:l |95%exp‘ectv.?d
% . hMSSM scenario

40F
30F
20

10F

T L . T L L . ]
1000 1500 2000
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L
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200 300 400 500 600 700 800 900 1000
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1
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Where do we go from here?
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Going Differential

 BSM effects which are small (or zero) inclusively can be better
constrained by looking at kinematic distributions

e Such measurements already performed in H—-ZZ and H-yy
arxiv:1807.03825 arxiv:1804.02716

-1
CMS 35.91fb" (13 TeV) CMS 35.9 fb' (13 TeV)
; 5 H % YY S‘h- o | I I l I I I | | | | I I l I 1 1 1 | | | I L
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<, 10 Ogy(H ) from CYRM-17-002 T ‘*’Pﬁl& (LHC HXSWG YR4, m ~125.09 GeV) N
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Combination of Differential Spectra

* Assuming SM for acceptance corrections, can combine spectra
measured from different decay channels

» Also includes boosted H - bb at high p_(H)
CMS-PAS-HIG-17-028

CMS Preliminary 35.9 fo' (13 TeV) CMS rpreliminary 35.9 b (13 TeV)
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https://cds.cern.ch/record/2628757/files/HIG-17-028-pas.pdf

Interpretation of p (H) spectra

« Higgs p, spectrum one of the most important differential observables

> Difficult theoretically due to matching of fixed order and resummed
calculations, inclusion of finite top and bottom quark masses

> Also sensitive to BSM effects, even for the same total cross section
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https://arxiv.org/abs/1606.09253
https://arxiv.org/abs/1612.00283

Interpretation of p (H) spectra

SM Dependence of BRs Shape information only, no
and total Higgs width on assumptions on coupling dependence
coupling modifiers of BR’s and total Higgs Width
CMS Preliminary  35.9 b (13 TeV) CMS Preliminary  35.9 fb™' (13 TeV)
Q r -7 20 o 40 —7
AV r |— Combination e ¥ C — Combination =
1.5H—H->2zz g & BOH—H—2Z | oo s &
- —H-7y E —H - yy Y
I 5 20~ ‘ 5
0-5;_ -4 103— 1
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i —3 O —3
~0.5F -
-1~ : C
- L —201 1
—1-5‘[+Bestm SM_-20 1o \ I \+Bestf|t SM_-20 —to | I
L [ | ] Lo Loy 0 -30- I I 0
8 6 4 2 0 2 4 6 8 80 40 —20 0 20 40 60
KC KC
CMS-PAS-HIG-17-028 28< Ky <99 (—3.7< kK, <73 expected),

—18.0 < k. <229 (—15.7 <k, < 19.3 expected),
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Interpretation of p (H) spectra

SM Dependence of BRs Shape information only, no
and total Higgs width on assumptions on coupling dependence
coupling modifiers of BR’s and total Higgs Width
CMS Preliminary 359 fb™ (13 TeV) CMS Preliminary 359 fo” (13 TeV)
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Interpretation of p (H) spectra

06:—/\(HTH)3 —> ED—)\CgUhSZ—)\ 1—|—56—307H vh?

arxiv:1610.05771

—_—
o
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dowy/dpr,, [fb/GeV]
dO_Wh/deh [fb/GeV]
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Figure 6. Comparison of the pr, (left) and my, (right) spectrum in Wh production. The upper
panels show the SM predictions (black) as well as the cases ¢g = —10 (blue) and ¢ = 10 (red). The

ratios between the case ¢g = —10 and the SM (blue) and the case g = 10 and the SM (red) are
displayed in the lower panels. All results correspond to pp collisions at /s = 13 TeV.
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“Simplified Template Cross Sections”

specific
BSM

. low p}.
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"8 [ MVA low pr(V) > » high p}. —
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m - | »| very high p;
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“Simplified Template Cross Sections”
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“Simplified Template Cross Sections”

ATLAS-CONF-2017-047
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https://cds.cern.ch/record/2273854

Summary & Outlook

* The Higgs is a special particle and the Higgs sector is the
least tested part of the Standard Model

» Extracting Higgs couplings requires a combination of all
possible production and decay channels (as well as many
assumptions)

* We are moving past the “observation” phase and are now
testing for subtle deviations predicted by BSM models, and

already placing constraints that are complementary to direct
searches

* We need to move towards more fine grained study of the

kinematics of each production process (and possibly decay
processes as well!)
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Unfortunately, It's all Compatible...

Parameterization

p-value (gsp) DOF Parameters of interest

Global signal strength
Production processes
Decay modes

0;Bf products

Ratios of ¢ and B relative
togg +H — ZZ

Simplified template cross
sections with branching
fractions relative to B%#
Couplings, SM loops
Couplings vs. mass
Couplings, BSM loops

Couplings, BSM loops and
decays including H —
invisible channels

Ratios of coupling modi-
fiers

Fermion and vector cou-
plings

Fermion and vector cou-
plings, per decay mode

Up vs. down-type cou-
plings
Lepton vs. quark cou-
plings

6.28% (3.46)
9.87% (9.27)
53.8% (5.05)
61.2% (21.5)

32.3% (11.5)

212% (14.4)

45.6% (5.71
16.8% (3.57
185% (11.3
324% (11.5

)
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76.7% (8.2)
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Constraints on BSM Decays

1
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Constraints on benchmark BSM models

50 CMS Preliminary <5.1 fo! (7 TeV) +<19.7 b’ (8 TeV)
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Constraints on benchmark BSM models

arxiv:1401.0152

decoupling limit

Higgs interaction

2HDM coupling
sin(fg — «)

1— S cos’(8— )

hVV
hhh
hhhh

hDD [Type-1|, hUU [Types-I and 1]]

hDD [Type-1]]

see eq. (61) of Ref. [26]
see eq. (62) of Ref. [26]

COS (v .
s}n 3= sin(8 — a) + cos(f — a) cot B
sina sin(3 — a) — cos(B — ) tan f3

14+ 2(Zs/Z1)cos(B — )
14 3(Zs/Z1) cos(B — )

1 + cos(B8 — a) cot 3

1 —cos(B — a)tan 3
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Constraints on benchmark BSM models

Ky, 2HDM Type 1 Ay, 2HDM Type 1

tan B
tan B

= P11 1 1 1 1 1 1 1 L1 1 1 1 11 1 11 1 _1 —_—
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Constraints on benchmark BSM models

K,, 2HDM Type 2 Ay, 2HDM Type 2

III IIIIII]III_
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Run 1 Results:

ATLAS+CMS Combination
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ATLAS+CMS Combination

Production process | ATLAS+CMS | ATLAS CMS
HggF 1.03 tgiig 1.26 %035 | 0.84 ig:}g
(019 (5%) | (o)
UVBE 1.18 7033 1.21 1033 | 1.14 7037
(039) (%635) | (03)
HwH 0.89 "0 39 1257038 | 046 7031
(03 (%53 | (2%)
MZH 0.79 7538 0.30 *021 | 1.35 7938
(03%) (%631 | (©3)
Mt 2.3 707 1.9 108 2909
(*03) (%67) | (53)
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Decay channel | ATLAS+CMS | ATLAS CMS
ur 114792 1144027 | 111 703
(*013) (639 | (83
ur 129 1035 152205 | 104153
(6%) (%637) | (%03
W 1000l | 12278 | 09073
(*619) (630) | (0%)
i 111703 1.41 1949 | 0.88 7030
(*632) (633 | (93)
e 07043 | 0621057 | 081728
(*63%) (%63 | (%9
e 0.1 733 06730 | 09733

(33)

(33)
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Run 1 Results:

ATLAS+CMS Combination

ATLAS and CMS Ll
LHC Run 1 ~+ATLAS
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(gg—H—ZZ - i
O . _
| ' Th. uncert.
—-.*—
O\gr/ Ogqr —
GWH/GggF : ~ £
i .
S/ Cygr —
UtlH'/GggF E = ¢ -
WWinZZ —'.';'—
BYY/B —
VY )nZZ - —
B''/B ——v—i—
B™/BZ = sl
ﬁ—:—
bb 727 - §
B™/B ———
|I|I|IIIIIIII||||||||||||||||II|I|

-1 0 1 2 3

4 5

6

Parameter value norm. to SM prediction

Higgs Couplings Measurements at the LHC

A

A

TZl

A

bZ|

ATLAS and CMS

LHC Run 1
o
1
———
——
E —*—
e
- :
— .-
.-
—o— ATLAS+CMS . ol
L —=— ATLAS ;
—— CMS o
— 10 interval —-n-—'
— —— 20 interval
———!
| | | | 1 | |
=3 -2 -1 0 1 2 3

Parameter value

David Sperka, FNAL TOTW Seminar



Run 1 Results:

ATLAS+CMS Combination

ATLAS and CMS — 10
LHC Run 1 -o- ATLAS+CMS -+ ATLAS —+«CMS — 120
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ATLAS+CMS Combination

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured
Parameterisation assuming Bggy = 0
Kz —0.98 1.01 —-0.99
[-1.08,-0.88]U | [-1.01,-0.87]U | [~1.09,-0.85]U | [~1.14,—0.84]U
[0.94,1.13] [0.89,1.11] [0.87,1.15] [0.94,1.19]
Ky 0.87 0.92 0.84
[0.78, 1.00] [—1.08, —0.90]U [-0.94, —0.85]U | [-0.99, —0.74]U
[0.88,1.11] [0.78, 1.05] [0.71,1.01]
0.24 0.26 0.31 0.33
ki 1'40:121 iﬂ.39 1 '32:;1.33 1 'Sli{].Sz
0.15 0.16 0.19 0.18
k| 0.8477 1 “0.15 0.97" 519 0.7775 15
0.27 0.25 0.26 0.34
K| 0.4977 75 "028 0.61753) 047707
0.13 0.17 0.18 0.14
K] 0‘—"8:110 iﬂ.m 0'941L0.17 0'6?:;).12
0.14 0.12 0.15 0.19
&y | O'S?j{).{lg T0.13 0.887) 3 0.897) 13
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ATLAS+CMS Combination

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured
Parameterisation assuming |ky| < 1 and Bggy > 0
K7 1.00 1.00 —1.00
[0.92, 1.00] [-1.00, —0.89]U [-0.97,-0.94]U | [-1.00,-0.84]U
[0.89,1.00] [0.86, 1.00] [0.90, 1.00]
Kw 0.90 0.92 —0.84
[0.81,0.99] [-1.00, —0.90]U [-0.88, —0.84]U | [-1.00,-0.71]U
[0.89,1.00] [0.79, 1.00] [0.76,0.98]
0.23 0.27 0.35 0.42
K 1.43%55, 1032 1317533 1.45%53
e 0.87%511 015 0.97%5% 0.7975 76
0.16 0.19 0.24 0.26
kb 0.5775 16 023 0.6177% 0.49719
0.13 0.17 0.23 0.21
IKq] 0.817 15 0,14 0.9470 % 0.697(13
iyl 0.90" 509 o2 0.87%01; 0.89"513
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Run 1 Results:

ATLAS+CMS Combination

ATLAS and CMS
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Run 1 Results:

ATLAS+CMS Combination

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured
K7 1.00 0.98 1.03
[-1.05, —0.86]U [-1.00, —0.88]U [-1.07,-0.83]u | [-1.11,-0.83]U
[0.90, 1.11] [0.90, 1.10] [0.84,1.12] [0.87,1.19]
Kw 0.917015 ol 0.91%0 13 0.92*0:13
K 0.87*013 YT 0.98%0% 0.77*0 1%
14 1 . .
o 0907014 o 09902 | o3
Kb 0.67 0.64 0.71
[-0.73, -0.47]U [—1.24, —0.76]U [-0.89, —-0.33]U | [-0.91, -0.40]U
[0.40, 0.89] [0.74,1.24] [0.30,0.94] [0.35,1.04]
|K#| 02+12 +0.9 0.0+14 0.5+L4
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Run 1 Results:

ATLAS+CMS Combination

ATLAS and CMS @ ATLAS+CMS
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