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ntroduction

Yesterday we reviewed how the analyses of
each Higgs decay channels progressed in
CMS during Run 1 of the LHC

Same set of channels also studied in ATLAS

Both experiments also published
combination results

Not a combination of results, a new
combined result = perform fits to the

data of all channels simultaneously

At the beginning of 2015 CMS and ATLAS
embarked on an effort to make a
combined analysis of the Higgs couplings

1.5 years later... resulting paper submitted
for publication
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Abstract

Combined ATLAS and CMS measurements of the Higgs boson production and decay rates,
as well as constraints on its couplings to vector bosons and fermions, are presented. The
combination is based on the analysis of five production processes, namely gluon fusion, vec-
tor boson fusion, and associated production with a W or a Z boson or a pair of top quarks, and
of the six decay modes H — ZZ, WW, yy, t7, bb, and pu. All results are reported assuming
a value of 125.09 GeV for the Higgs boson mass, the result of the combined measurement
by the ATLAS and CMS experiments. The analysis uses the CERN LHC proton—proton
collision data recorded by the ATLAS and CMS experiments in 2011 and 2012, corres-
ponding to integrated luminosities per experiment of approximately 5 fb~! at /s = 7 TeV
and 20 fb~! at /s = 8 TeV. The Higgs boson production and decay rates measured by the
two experiments are combined within the context of three generic parameterisations: two
based on cross sections and branching fractions, and one on ratios of coupling modifiers.
Several interpretations of the measurements with more model-dependent parameterisations
are also given. The combined signal yield relative to the Standard Model prediction is meas-
ured to be 1.09 + 0.11. The combined measurements lead to observed significances for the
vector boson fusion production process and for the H — 77 decay of 5.4 and 5.5 standard
deviations, respectively. The data are consistent with the Standard Model predictions for all
parameterisations considered.

© 2016 CERN for the benefit of the ATLAS and CMS Collaborations.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.



LHC Higgs Combination Group

e Launched at the end of 2010

o Initial work: (ATL-PHYS-PUB-2011-11/CMS NOTE-2011/005):
o Defining statistical procedures for setting exclusion limits on signals or quantifying an excess

CMS

 ldentifying common systematic uncertainties and how uncertainties will be modelled (in particular

on the signal processes)
o Toy combinations as a technical exercise / validation

e Results:

results
B [ ATUAS + NS Preliminary, s = 7 TeV
o CMS+ATLAS combination with 7 TeV data RN e foexperiment
ATLAS-CONF-2011-157/CMS PAS HIG-11-023 =
Z7, WW, yy, 11, bb final states -
268 nuisance parameters S
CLs values determined by fitting toy datasets T
for test stat. distributions
Asymptotic formulae used as a cross check 7]
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» Established RooFit workspaces and fitting framework as common tools

o Definition of test statistic and CLs criteria that would be used for virtually all ATLAS and CMS Higgs
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CMS
Run 1 Legacy Mass Combination

e Important to establish the best measurement of my before attempting couplings

* Using high resolution H—=yy and H—=ZZ—4l| channels

AI 7 _L I I I I | I I I I I I I I | I I I I _L

£ ~ ATLAS and CMS H—yy ]

= 6 - —— H—=ZZ—4i T

c - LHC Run 1 —— Combined yy+4l

Al - e Stat. only uncert.

' 5 -

4 =

3 —

2 =

1 —

O ; l | l l l l 1__
124 124.5 125 125.5 126

m,, [GeV]

my=125.09 + 0.24 GeV =+ 0.21 (stat.) £ 0.11 (syst) GeV
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Properties

 Indirect constraint on the width using
ratio of off-shell to on-shell production in

H—oZ77
o SM predicts ~4 MeV

o ATLAS and CMS find limits on [/Tsm ~ 4-8

Spin/Parity

ATLAS H— ZZ* — 4]
—e— Observed ls=7TeV, 45 f5’

------- Expected [s=8TeV, 20.3 b’
I 0 SM=1o

B 0'SM =20 H—WW?* — evuv
[ ]0'SM=30 [s=8TeV, 20.3 8’
N J: 10 H— YY

B V=20 ls=7TeV, 4.5 '
[ ]J =30

/s =8 TeV, 20.3 5"

-2 A InL

CMS 19.7 b (8 TeV) + 5.1 fb' (7 TeV)

*

L —— 4] observed

- 4] expected

—— 2[2v + 4] observed
....... 212v + 4l

L Combined ZZ observed
LD Combined ZZ expected

expected

n-shell

- 2 IO Y |
7

68% CL
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I'y (MeV)

o

JP=0r JF=0 JP=2r JF=2r JP=2r YP=2r YF=2

K =K — — — —
aKg k=0 k=0 Kq=2K g Kq=2Kg

pT<300 GeV pT<125 GeV pT<300 GeV pT<1 25 GeV

o Test many alternative hypotheses
against SM CP-even scalar, JP = 0*
e.g. pseudoscalar, spin-2

o All rejected at 99.9% CL



CMS

Input Preparation
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CMS
Combination Inputs

e Based on the inputs to the separate CMS and ATLAS combinations: the main five
decay channels + ttH analyses

e Notincluded as notin
v

T v v v both CMS and ATLAS
H-ZZ—4l 4 4 4 4 combination results:
H->WW-212v v v v v * H—Zysearch
Hott v v v v o Off-shell measurements
o e invici
Hobb v v H—invisible searches
* VBFH—bb
H-pp 4 4

* H—up only included for one particular result

o Each analysis targeting a particular production/decay mode may also consider
contributions from other processes that are not specifically targeted, e.g. H>WW
entering H— Tt analysis, single-top + Higgs production in ttH
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CMS
Nuisance Parameter Correlations

e Luminosity uncertainties partially correlated as for mass combination

e The conclusion of the review was that the majority of background-related
uncertainties are uncorrelated between experiments, as:

» many are fully or partially data-driven,
o different MC generators, correction factors, analysis selections are used.

* Exceptions include inclusive cross section uncertainties on qg—ZZ and tt + V processes

» Signal theory uncertainties are main source of correlation between experiments
e QCD scale:
e Simple to correlate inclusive uncertainty, jet bins more difficult

e PDFs:
e Correlate inclusive PDF uncertainties between experiments

e Underlying event, parton shower and branching ratio uncertainties:
e Generally a smaller effect but also correlated between experiments
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Technical Implementation

e RooFit & RooStats packages (built on top of ROOT) are the frameworks of choice

CMS

» Big advantage of RooFit is its OOP design and abstraction of virtually every aspect of

1/7/16

model-building. Everything is an object:

Mathematical concept

variable X

function f(X)
PDF f(x)

space point X

xmax

integral Jf (x)dx

X min

list of space points

RooFit class

RooRealVar

RooAbsReal

RooAbsPdf

RooArgSet

RooRealIntegral

RooAbsData

W. Verkerke



Technical Implementation - An Example

o Every analysis category
represented as a dataset RooDataHist | «:=----...
(binned or un-binned)

L 4

.0
CMS, 19.7 fb at 8 TeV

CMS

2.0 5 :

>
RooRealVar Mo

e The signal + background
described by a PDF,
typically the sum of
several signal and Ho 1t
background PDFs RooHistPdf

=
Q
Q
RooAddPdf £
=
©

T | T T T T | 1 LI
------ SM H(125 GeV)—tr A

—e— Observed
CJz-sw
i

[ Electroweak

[ aQcp
Bkg. uncertainty

wt,

Loose VBF tag

+
o Both data and PDF Z-T
defined in terms of RooHlistpdt
observables, e.g. di-tau T
mass here, but in W+ets
. . RooHistPdf
principle any N- _
dimensional space -L
QCD

RooHistPdf

>
RooRealVar Moo
1/7/16
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CMS
Technical Implementation - An Example

e PDF normalisations and
shapes typically depend RooDataHist
on a number of (RooAbsData
parameters:

T I T T T T | T
------ SM H(125 GeV)—1tt

. —e— Observed

>
RooRealVar m..

Z—TT

RooHistPdf
Parameters (RooAbsPdf)

e Parameters of 1.6 " CJz-w E
. 1 T .
interest (POls) B AddPdr | 4 I Electroweak 3

. 1 CJaQcD .

e Nuisance parameters ~7) Bkg. uncertainty
(NPs) e.g. to H-Ttt 3
represent systematic RooHistPdf T E

P 1Sy Roonbepds) . Loose VBF tag -
uncertainties F -

3+
W+jets

NP: Tau ID Eff. RooHistPdf

POI: u

RooAbsPdf,
NP: ggH QCD scale ( oo+s :

QCD

RooHistPdf
(RooAbsPdf)

NP: Luminosity

RooRealVar m. .
1/7/16



CMS
Technical Implementation - An Example

o Straightforward to RooDataSet
combine PDFs and
datasets of different RooDataHist RooDataSet
categories (RooAbsData (RooAbsData

o The CMS+ATLAS
combination is made by
merging the
simultaneous PDFs from RooAddPdf RooAddPdf

>
RooRealVar Mt

both experiments Ho 1 Howy <)), _1 _1
. . . Tug, 19.7 fb" (8 TeV) + 5.1 fb™ (7 TeV)
e Total Categones; 574 RooHistPdf Parametric > 40Qr
(RooAbsPdf) (RooAbsPdf) S [*EMS 8 TeV Untagged 1
o Total NPs: 4268 + = i Data
¢ 300 . — S+Bfit
Z _’TT E “ ------ B component
RooHistPdf |_q>|j P - j;f,

Parameters
POI: u

(RooAbsPdf) 200

+ Yy Bkg.

W-+jets
RooHistPdf RooMultiPdf

(RooAbsPdf)
_i. Custom CMS PDF 0 A N R S A N TR SRR BN
(RooAbsPdf) 100 120 140 160 180
QCD m,., (GeV)
RooHistPdf
(RooAbsPdf)

NP: Tau ID Eff.

NP: ggH QCD scale

NP: Luminosity

NP: Photon Eff.

RooRealVar
1/7/16 12




Technical Implementation - An Example

1/7/16

Minimizer

MINUIT

RooNLLVar
(RooAbsReal)

Parameters
POI: u
NP: Tau ID Eff.
NP: ggH QCD scale

NP: Luminosity
NP: Photon Eff.

RooDataHist
(RooAbsData

RooDataSet

RooDataSet
(RooAbsData

>
RooRealVar Mt

RooAddPdf

H—Tt
RooHistPdf
(RooAbsPdf)

-F

Z-T1T

RooHistPdf

(RooAbsPdf)
==

W+jets
RooHistPdf
(RooAbsPdf)

%
QCD

RooHistPdf
(RooAbsPdf)

CMS

RooDataSet
(RooAbsData

RooSimultaneous PDF

RooAddPdf
H—vyy

Parametric
(RooAbsPdf)

vy Bkg.

RooMultiPdf

Custom CMS PDF
(RooAbsPdf)

RooRealVar

RooAddPdf

13



CMS
Technical Challenges

» Fit convergence: Minuit handles a 4300 parameter fit surprisingly well, few tricks used
to reduce the time needed for convergence

« Memory usage: ~4-5GB needed for combination

 Fitting time:
* 0.5-1 hours per combined fit thanks to significant optimisations by previous
combine developers
o Each best-fit value + uncertainties from scan of ~ 40 points
o Total number of fits = 150 (POls) * 40 (points) * 2 (observed, asimov)
e + ~10 2D scans requiring 1600 fits each
o Total CPU time ~ 12000 hours (fairly modest by HEP standards)

1/7/16
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Methodology & Signal Parameterisation

CMS

15



CMS
Statistics

e Workhorse of the combination is the profile likelihood ratio, A

a = Set of POls at some
fixed values to be tested

5 = Nui . . Values of 6 that maximise the
= Nulsance parameters Y likelihood given the fixed

/\
/\
— ~, > values of a being tested
L (af o 9 (CL’) ) (conditional estimate)

5 Values of G and 6 that globally
L (CZ 9) .. maximise the likelihood
, “‘ o 0 °
. (unconditional estimate)

o Exploit the asymptotic limit:

— .

* Test statistic q(a) = - 2 In (A(Q)) is assumed to follow a x2distribution with a degrees
of freedom

e = To determine a confidence-level (CL) interval for a single parameter a, we only

need to find the values of a where q(a) = the ¥2 critical value for that CL, e.g.
e 1D 68% CL at g(a) =1.00

1/7/16
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Signal Parameterisation

1/7/16

Signal strengths, p

Parameters scale cross sections and
BRs relative to SM

T s BR/
BRY,,

Scaling of generici @ H — f process

. BR/
(0¥ BR :ﬂlxuf

CMS

Couplings, k

Parameters scale cross sections and
partial widths relative to SM

2 SM 2 _ 1+ /7SM

Total width determined as

r - Ky - Uy
g =
1 — BRggm

ki = ZBRSM/@

17



CMS

Signal Processes - Production

e Usual suspects:

ggF VBF ttH

q W/Z

gg—bbH

Z b

1/7/16 18



Signal Processes - Production

CMS

Production Cross section [pb] Order of

process Vs =7 TeV Vs = 8 TeV calculation
o gF 150+ 1.6 19.2 +2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 £ 0.03 1.58 £ 0.04 NLO(QCD+EW)+~NNLO(QCD)
WH 0.577 £0.016 0.703 £ 0.018 NNLO(QCD)+NLO(EW)
ZH 0.334+£0.013 0.414 +£0.016 NNLO(QCD)+NLO(EW)

0.023 + 0.007
0.156 £ 0.021
0.086 + 0.009

0.012 £ 0.001

0.032 £ 0.010
0.203 + 0.028
0.129 £ 0.014
0.018 £0.001

NLO(QCD)

SES NNLO(QCD) + 4FS NLO(QCD)

NLO(QCD)
NLO(QCD)

e Rare processes: 174+ 1.6

gg—bbH

1/7/16

223 +£2.0

qg9—tHq

t
ﬁ H
t
b
interference I
q/

f‘) T

19



Signal Processes - Decay

(a) Wz

H—bb /tt/puu

bt ,u

interference

1/7/16

CMS

Decay channel

Branching ratio [ %]

H — bb
H—-WW
H — gg
H— 11
H — cc
H— ZZ
H —vyy
H— Zy
H — pp

57.5+1.9
21.6 £0.9
8.56 + 0.86
6.30 + 0.36
2.90 £ 0.35
2.67+0.11
0.228 £ 0.011
0.155 £ 0.014
0.022 £ 0.001

* H—cc, H—gg, H—Zy not targeted by the

width

input analyses but contribute to the total

20



Signal Processes - Summary

1/7/16

CMS

Production Loops Interference Multiplicative factor
o(ggF) v b—t kg ~ 1.06- K;l +0.01 - Kﬁ —0.07 - k;ky
o (VBF) = = 0.74 - K3y +0.26 - k5
o(WH) — — K%V
o(qq/qg — ZH) — - K%
o(gg — ZH) v Z—1 2.27 - k5 +0.37 -k — 1.64 - k&,
o(ttH) - - K?
o(gb — WiH) - W -1t 1.84 - k7 + 1.57 - kiy — 2.41 - k Ky
o(qgb — tHq) - W —t 3.4 k2 +3.56- kyy — 5.96 - k Ky
o (bbH) = = ki
Partial decay width
rZZ B B K%
rvw B B K\2N
r v W -t K 1.59- Ky +0.07 - k7 = 0.66 - Ky K,
[T - - 2
rbb - - K%
HH - - Kfl
Total width for BRggy = 0

0.57 - ki, +0.22 - 3y + 0.09 - k5+
Iy v - ki~ +0.06-k2+0.03 k3 +0.03 - k2+

+0.0023 - k7 + 0.0016 - k7, +
+0.0001 - k3 +0.00022 -

21
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Results

Signal strengths

CMS

22



Overall signal strength

p=1.097010 = 1.091097 (sta

Assumptions

- SM ratios of all cross sections & BRs

-7/8 TeV ratios as in SM

0.04
t) Zo.04 (€Xpt) 0703

+0.03

(thbgd) %y g (thsig),

CMS

» For this, and other key measurements,
break uncertainty down into 4
components:

« statistical, experimental, background
theory, signal theory

» All ~4300 NPs assigned to one of these
groups

o Each component determined by fixing
successive group of NPs to best-fit

values 6 and repeating NLL scan

1/7/16

-2AInL

Input: Combined

- Internal
w=1.094"

w=1.094"

- ATLAS+CMS

0.111
0.105

m—— Observed = ===-- Freeze Exp.

----- Freeze Exp.+Bkg.Th. Freeze Exp.+Bkg.Th.+Sig.Th.

0.043 +0.035 +0.067 +0.070
(Exp) (BkgTh) ~ ,:(S19Th) _ /. (Stab)

0.039

-0.032

23



Assumptions CMS
- SM ratios of all cross sections & BRs

Overall signal strength - 7/8TeV ratios as in SM

u=1.09%10 = 1.0977 07 (stat) Toou (expt) To:03 (thbed) 006 (thsig),

Input: Combined

. 1 10p
» Useful for extrapolating results to c [ ATLASiCMS T T
higher luminosity and understanding 3 Internal g0
" . . C u=1. _
what sources may limit future precision + 8t e
C —1.094 +0.043(Exp) +0.035(Bkg-|-h) +0.067(Sig-|-h) + 0.070(Stat)
7 — U -0.039 -0.032 -0.061 - 0.069
 Signal theory uncertainty as large as o
statistical uncertainty 51
4t
» However dominant parts will be 3F
reduced for Run 2: of
* N3LO ggH scale: 8% — 2-3% 1
°* New PDF4LHC: 7% — 2% 0 L

1/7/16 24



Production & Assumpti
- SM ratios of BRs or cross sections

Decay

ggF

VBF

WH

ZH

ttH

w

-1 -05 0 0.5

1/7/16

ATLAS and CMS o ATLAS+CMS
LHC Run 1 — ATLAS ATLAS and CMS -8~ ATLAS+CMS
~ CMS LHC Run 1 —~ ATLAS
B —+10 -+ CMS
_--b-__,_ — 20 B ' - +10
e ' ———— oy
B § Production Modes =
PR bbH grouped with ggF — : Decay Modes
i . '
_ § tH grouped with ttH uzz S———
E e —tp—
— e e——— ]
s — :
| 5 Ww —=———
; w ———
— @ e—— o ————
: - — i
B Tt  ————
M : >
@ o
> - B
: bb ———
o= w —
e e
_+_ IIII|IIII|IIII|IIII!IIII|IIII|IIII|IIII|IIII|IIII
IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII _1

1

15 2 25 3 35 4
Parameter value

ons

CMS

-05 0 05 1 15 2 25 3 35 4
Parameter value

» Most significant deviation from p=1is

ttH (2.30)
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Production & Assumptions CMS
Decay

- SM ratios of BRs or cross sections

CMS ttH, e*e* chaqnel ‘ \(§=z‘3TeV, ‘L=19‘.5 fb‘1I CMS ttH, e*u* channel {s=8TeV,L=19.51fb" CMS ttH, u=u= channel {s=8TeV,L=19.5fb"
UL L L L L L L B L IR L LI L I L L L B L L LA L L L L LB B | rrr 1ttt rrrprrrprrrp T

ﬂ N I T ") T T (/)] T T [
c 40 * Data + = e Data = & Data
¢ "I mtH ete*r s P mun ety ¢ *f muH MR
Wb Ew : D W : T :
ol O U2y N L@tz i [tz i
ity ] 20 m tty 7] 20 mwz 7]
- E Wz . R4 ) - [ Others 1
ol [ Others N " m@ Others - [ Non Pr -
— [ Non Pr i 15 [ Non Pr 15 == ttHx 5 ]
. [ Ch misld § - [ Ch misld i ]
L - ttHx 5 - -
101 i ]
________ 51 5 :
S O Rammana T - .
5 ] 3 25 ] ©
Qo = o < E Q. or
: SNSRIV s R R S R .
o - 1 A - + + ] (@) E ' ]
95 06 04 02 0 02 04 06 08 Q8 06 04 02 0 02 04 06 08 38 06 04 02 0 02 Q4 06 08

BDT output BDT output

Visible excess of events in
utut final state

* Largely driven by CMS ttH—leptons (WW) analysis
o Can have subtle effects in other models
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Significances

1/7/16

o Calculated with respect to =0 using asymptotic formulae

* Now = 50 for: VBF production, H—= 1t decay

e Personal take: 50 was chosen as the threshold for claiming discovery, in part to
due to the look-elsewhere effect - less relevant for specific production/decay

modes once Higgs boson is discovered

CMS

Production process

Measured significance (o) Expected significance (o)

VBF 5.4 4.6
WH 2.4 2.7
ZH 2.3 2.9
VH 3.5 4.2
ttH 4.4 2.0
Decay channel

H— 1t 5.5 5.0
H — bb 2.6 3.7

27



Signal Strengths
2D scans

Assumptions

o Perform scans of uf, v for each decay mode i (10 parameter fit)
o Purpose is to measure vector boson and fermion-mediated production

» Also a 6 parameter fit with one common pv/ur and five pg

f

W

1/7/16

VBF+VH

o Ratio pv/pr= 1.06 935457 is independent of assumptions on BRs

- VH/VBF and ttH/ggF rates as in SM

CMS

. ATLAS and CMS

"LHC Run 1 H-—Z7Z ]
i H—WW i
L D H— 1t |
B H — bb |
B tx |
| —68% CL + Bestfit x SM expected |
C 1 | 1 1 1 1 | 1 1 1 1 | ]
0 1 2
Mf
ggF+ttH

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty | Measured | Measured
10-parameter fit of ,u;. and ;1(,
Hy 1052551 038 0.69%555 | 1.37505s
H” 0.48%575] ! 026551 | 144733
I 13855 S 1.56%03 | 1.08%55
Y 1127935 036 1297055 | 0.87%%s
'’ 0652529 030 050%37 | 0.85%4
7| e 8% | Lo
HE 1447034 5025 1735035 | 097503
M 10003 T 110553 | 0.85703s
Hy 1102555 1033 L7250 | 091555
M 1.09%5'59 056 1517008 | 010715
6-parameter fit of global uy,/ur and to ,u’;
sy 1p 1.067)57 *026 0.91%53 | 1.29%0:4
HE 1135031 *ots 11805 | 103103
W 129735 020 154503 | 1.00%57
up 1.0820:75 *orn 1.2610:35 | 085203
Hy 107238 501 150755 | 075203
My 06570 "3 06750 | 064705

28



Assumptions

Signal strength ratios | - Only the 7/8 TeV ratios

* Introduced by ATLAS - new model for CMS

» Normalise the rate for any particular channel to a
reference process using ratios of cross sections
and branching ratios

o Motivation:

» Explicitly no assumptions on relative cross
sections or BRs (unlike other results)

o Measured values independent of SM
prediction and inclusive theory uncertainties

e Cancellation of common systematic
uncertainties in ratios

Choose reference process as one measured with
the smallest uncertainty: gg—=H—ZZ

1/7/16

CMS

P o BR/
o,-BR =0(gg > H—> Z7Z) X X ,
o BRZZ
ggF
ATLAS and CMS S ATLASTOMS
_LHC Run 1 | — CMS
: —_+10
o(gg—H—=Z2) T — 120
L ; Th. uncert.
0‘VBF/O‘ggF ——'—T
0WH/O'ggF . e e
OZH/OggF = I * —
O~ttH/O‘ggF E = et "
WW /R ZZ —-O-'-—
B™"/B ——v--—
BYY/BZZ ——-—r—_-.-?_
B™/B% . s
bb jn 2Z - |
B™/B I
IIII|IIIIlIIII|IIII|IIII|IIII|IIII
-1 0 1 2 3 4 5 6

Parameter value norm. to SM prediction
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CMS
Signal strength ratios

o Largest disagreement in BRP®/BRZZ(2.40) ; o BR/
) C .. BR’ = —-H > Z7) X L x .
e Though some care needed with the uncertainties i (88 ) coor) \BRZZ |
on ratios = non-Gaussian behaviour
< WU T f;éASar;dCMS :ﬂtﬁg*ws
(- 9 C ATLAS and CMS [OSSF’ Oyge/ Oggrr Ot/ Oggrr Own! Oggrr Oz Tggrr - un -+ CMS
-_ — B™Y/ BZZ, Bbb/ BZZ, B"/ BZZ, BWW, gZZ ] . —_+10
C\Il - LHC Run 1 ] . O(QQ%H%ZZ) _-.-: 4920
8 —— Observed - | 5 Th. uncert.
C e SM expected x . B
7:_ ‘ . _: VBF “ggF ——'—T
6;— —; OWH/O'ggF - o= -
5F . ~
- N OZH/OggF I et L
4r i — g
33— _f OttH/OggF - ® N
22_ ----- -’; BWW/BZZ _—I:_—_
S : - §
S B"'/BZ e gl
C PR S | ! | | .
0 1 15 2 '
o Does this, and the other features of these results,
make sense?

-1 0 1 2 3 4 5 6
Parameter value norm. to SM prediction
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CMS

Signal strength ratios

ATLAS and CMS S ATTASTOMS
LHC Run 1 o CMS
1) Well measured ggF—ZZ: 0.85 +0-27 4 5, B : — =10
o(gg—H—Z2) j o — 20
L ; Th. uncert.
O'VBF/O'ggF ——!——_'_._T_
o, /O ==
. WH' ~ggF e ¥
2) Known excess in ttH—=>WW = larger value ttH/ — ,
ggF preferred in fit (5.1): 0.85 * 5.1 ¥ 0.9 = 3.9, in Oz Oggr — * ]
good agreement with ttH result — '
o, /o ®
ttH ~ggF v e N
CMS ttH Results | | — ——
CMS {s=7TeV,5.0-5.1fb";{s =8 TeV, 19.3-19.7 fb __‘_,_——'-:-—_
VY & oy B .
B''/B%* ———t—
bb [~ N B e
L Tt nZZ —'."_
Thth L B™/B _+_
4+ N B
B /B# =
3|_ IIII|IIII|IIII|IIII|IIII|IIII|IIII
| -1 0 1 2 3 4 5 6
Same-Sign 21— Parameter value norm. to SM prediction
Combination [—

Best fit /0, at m, = 125.6 GeV
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CMS

Signal strength ratios

ATLAS and CMS S ATTASTOMS
LHC Run 1 '_:_' OMS
1) Well measured ggF—ZZ: 0.85 +0-27 4 5, B i — =10
e —+20
- ' Th. uncert.
CMS ttH Results Oygr! Ogqr i
CMS Vs=7TeV, 5.0-5.1 " {s=8TeV, 19.3-19.7 fb" B :
L B i
2 B L p— . 0'WH/O'ggF e t =
C — Oz Oggr x + * ‘_
C a1 - ol B
| 0'ttH/O'ggF = et .
3l l - ;
Same-Sign 2| — s BWW /BZZ __'__—-."'—
Combination — -~ B
ol b b b b b b b b Ly VW inZZ —n—
10 -8 -6 -4 -2 0 2 4 6 8 10 B'/B =
Best fit /6, at m, = 125.6 GeV - 5
Tt nZZ ————
B™/B . el
Bbb/BZZ - E
3)Preferbb/WWIOW(O.ZO)forttH_’bbatthe IIII|IIII|IIII|IIII|IIII|IIII|IIII
observed rate: 0.85 * 5.1 ¥ 0.17 = 0.74 -+ 1 2 3 4 S5 6

Parameter value norm. to SM prediction
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Signal strength ratios

2) Knc

ggF p
good

‘ Z(vv)H(bb)

L H=08%10

p=10+08

Z(IT")H(bb)

\S«7TeV.L«501"

1s«8TeV,L«1891b"

CMS

m,, = 125 GeV

Wil av)HbD) | osmes s

pu= 11209

0 2 4

Best fit n

CMS VH Results
2
o(gg—H—=Z2)
O'VBF/O'ggF
0. /o
alue ttH/ et
=3.9,in 04 { Oy

4) The ZH production is not strongly constrained.

Becomes large to get observed ZH—bb rate: 0.85 *
0.17 * 5.70(ZH/ggF) = 0.87

3) Prefer bb/WW low (0.20) for ttH—bb at the
observed rate: 0.85 *5.1 ¥ 0.17 = 0.83

1/7/16

CMS

ATLAS and CMS
LHC Run 1

-- ATLAS+CMS
- ATLAS
-+ CMS
—+10
—+20
Th. uncert.

x* :
Te———

|IIIIilIII|IIII|IIII|IIII|IIII

-1 0 1 2

3

4 5

6

Parameter value norm. to SM prediction
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Results

Couplings

CMS
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Couplings - allowing for BSM loop/decay contributions

» Use effective couplings for ggH (kg) and

H=yy (ky)
o Consider two scenarios:

e BRssm floating, but ky, Kz < 1

o Care needed with BRgsm: not just Higgs
decays to new particles but also non-SM BRs
to unmeasured final states, e.g. gg and cc

1/7/16

' ATLAS and CMS
8- LHC Run 1

-21In A

- —— Observed
6 - SM expected

- BResm< 0.34 @ 95% CL

L B AL BN BRI BN ELRLELILI

0 0.05 0.1 015 0.2 025 0.3 035 0.4 045 0.5

B&N

CMS

ATLAS and CMS Preliminary
LHC Run 1
e
KZ -k, <1 5
— BRgg\=0
K —=x 1o ——.—
Wi + 20 5
Kt '
Ky ————
Kp I ——
Kq ——
K, ————
P
BRBSM | | | | | | | | |
0O 02 04 0608 1 12 14 16 1.8 2
Parameter value
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CMS

Couplings - allowing for BSM loop/decay contributions

1/7/16

Alternatively assume BSM
modification is only in the loops

E.g. new heavy fermions with
mass > mu/2

FiX Ki=Kp=K=Kz=Kw=1, BRgsm=0
and scan (Kg, Ky)

Result very compatible with
Kg=Ky=1

1.4

1.2

0.8

0.6

| LHC Run 1

- — 68% CL ------- 95% CL

. sLATLAS and CMS

ATLAS+CMS
ATLAS
CMS

+ Best fit * SM expected

O 6 0.8 1

1.2 14 16

K

Y
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CMS
Couplings - no BSM loop/decay contributions

* Resolve ggH (kg) and H—yy (ky) loops

ATLAS and CMS - ATLAS+CMS
LHC Run 1 - ATLAS * |Include H—pu analyses here to make
-+ CMS " bl it I t”
- :  —1ointerval PUDIICIty PIO
K ——— —~4=— — 2 interval
— —*—
| E >|> _"I ' LR ' rrrrTT T
g €17 17 ATLAS and CMS
Ky o~ “ - LHC Run 1
—_— _*I_ -
K .- E""|> 107'F -
t o i
IKrl _+:_ 10—2 L -
K N ¢ ATLAS+CMS
b o 108 & e SM Higgs boson |
- . 2 — M, el it
—_— °
' — P 68% CL
[ I | | [ I | | [ I | i [ I | | [ I | | L 1 950/0 CL
4| _
-2 1 0 1 2 3 10%:¢ T
Parameter value 10~ 1 10 102

Particle mass [GeV]
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CMS
Couplings - no BSM loop/decay contributions

* Resolve ggH (kg) and H—yy (ky) loops

ATLAS and CMS -®- ATLAS+CMS
LHC Run 1 == ATLAS * |Include H—pu analyses here to make
-+ CMS " bl it I t”
B i —1ointerval PUDIICItY PIO
K ——— —~4=— — 2 interval
— ——r——
| E >|> _"I roor T TrTTT oo rrrr T
g €17 17 ATLAS and CMS
Ky o~ z - LHC Run 1
—_— _*I_ -
K, - ;
_ﬁ_:_
Main effect of resolving loops is on k: which was
g s mut previously only constrained by ttH production E
K N ¢ ATLAS+CMS
b i 108 & e SM Higgs boson |
| . b —— M, €] fit :
—_— o
' — P 68% CL
L1 1 1 | L1 1 1 | L1 1 i L1 1 1 | L1 1 1 | L1 950/0 CL
-2 ~1 0 1 2 3 0%
Parameter value 10~ 1 10 102

Particle mass [GeV]

Interesting feature alert! All k values <1 whereas

overall signal strength is 1.09
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CMS

Couplings - no BSM loop/decay contributions

i

ATLAS and CMS 8- ATLAS+CMS
LHC Run 1

- ATLAS
-+ CMS

: — 10 interval
—@=— D¢ interval

1/7/16

1

0 1 2 3

Parameter value

e Couplings are not really independent

o Correlation between kp, which is low,
and the others due to large Ny

ATLAS and CMS LHC Run 1 Internal lhc_K1
1.00 0.19 0.55 0.35 0.51 —0.8

- —0.6
0.19 1.00 0.57 0.50 0.75 —0.4

— —0.2
0.55 0.57 1.00 0.59 0.85 =0

— -0.2
0.35 0.50 0.59 1.00 0.65 -0.4

— -0.6
0.51 0.75 0.85 0.65 1.00 -0.8
Ky Ky Kw Ky Kp -

Interesting feature alert! All k values <1 whereas

overall signal strength is 1.09
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CMS
Coupling Ratios

o Similar concept to cross section ratios

e Generic model in which the total width is a free ATLAS and CMS
parameter embedded in: Kqz = Kgkz/KH s 5
Koz -
 All other parameters are ratios: Ajj = Ki/K; Ay =
. . . }19 = ___%-¥-___
 Relative signs become important... — g
Mz — E
o and BR ratio model Coupling-strength ratio model A | «o-—
vZ —e— ATLAS+CMS pon v ol
o(gg—> H— Z7) Koz = Kg * Kz/Ky —  —%— ATLAS :
Ty BF/ T ggF I}\'TZI : $GNI i:terval __‘q__..‘_l
CwH /(ngF — —— 20 interval
(TZH/O'ggF ’lZg — KZ/Kg l}\‘bzl _—1—_
(T{{/I‘.]V/(nggz * /ltg :Kt/Kg L |_|3| [ |_|2| [ |_|1| [ |(|)| [ |‘=| [ |2|| [ |:|3| L
BR"™ " /BR Awz = kw/kz Parameter value
BR”” /BR**# Az = Ky /Ky
BR™"/BR*# Ay =K [Ky
BRbb/BRZZ /lbz - Kb/KZ
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CMS
Coupling Ratios - Negative signs

» The signal processes scale as the square of the k parameters, meaning there is a sign
ambiguity that for most processes we cannot resolve

» However for processes with interference between two effective couplings we are sensitive to
relative signs

 In this model: Awz (via interference in VBF) and Aq (via interference in ggZH, tHW, tHQ)

e Can obtain up to four distinct likelihood curves for choices of Awz, Atg=(+, -), (-, +), (+, +), (-, -)
, 10; — ; Inpu::chm;inzd 10, Input: Combined
<, ATLAsicus T h E  ATLAS.MS e o
(\Il . f_ Myz<0, }\.tg<0 0310 C}I . ;_ Myz<0, >‘t9<0 S o0s
A hg=1.738 _ 2 E Myz = 0.886 _ ' oeq
65— 6%—
N g
4§ 4§
0"\/"'\1' Oz.l....|\....|....|....|..v|... I

A A

-2 -1 0 1 2
WZ
Enhances tHq production ¢ Enhances ggZH production by a
e by a factor ~13 factor ~4 .



Couplings - Benchmark ratios

o Tests of up-down fermion symmetry and quark-
lepton symmetry (relevant for 2HDM, MSSM etc)

1V L

- ATLAS and CMS  [xu, My, 1y :
9t LHC Run 1 Observed E
8 _ ------ SM expected

-2InA

- ATLAS and CMS (kg 1 ] :
9F LHC Run 1 — Observed E
sk e SM expected

16

1/7/16

CMS

ATLAS and CMS -@- ATLAS+CMS
LHC Run 1
L . ¥ ATLAS
; -x- CMS
}\’ - — 1o interval
du + — 20 interval
Vu f
e
Kuu e
e
1 I 1 1 1 I I 1 1 I 1 1 1 1 I 1 1 1 1
-2 -1 0 2 3 4
Parameter value
ATLAS and CMS -@ ATLAS+CMS
LHC Run 1
L . ¥ ATLAS
-4 CMS
D\, | __.__ —=+10
Iq 4—1—7 — =20
4—'*_7
N —s—
——f———
K ————
aq S T
————
1 1 I 1 1 i 1 1 I 1 1 1 1 I 1 1 1 1
0 0.5 1 2 2.5 3

Parameter value
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2D scans of Ky, K

1/7/16

Commonly-presented model in which
® KV = KW = KZ
* Kf=Kt=Kp=Kr

Perform additional scans in a model with
separate kvf, kKef per decay-mode

e But not that this is a 10 parameter fit instead
of 5 x 2 parameter fits

Here the best-fit is restricted to quadrant where
Kv>0, Ke>0

All channels compatible with kKy=kr=1

2.57

0.5

0

w1
N4

1

1.

0.4

1.5

L ATLAS and CMS
" LHC Run 1

. [J Combined
- [JH—=yy

~ H—Z7

| [JH—-WW

. [JH—>tt
H—bb

L 68% CL w95% CL 4 Bestfit % SM expected -

0 05

1

1.5

f2
KV

.6

. LHC Run 1
4

ATLAS+CMS

ATLAS

CMS

' ATLAS and CMS o

- —— 68% ICL ----------- 95% CLI + Best fit *I SM expected

0.8 1

1.2

K

1.4
\Y
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2D scans of Ky, K

* Most channels nearly degenerate in relative sign of kv and K¢

e ; ' ' ' : ~
(=N ATLAS and CMS [KEW, k22, K%, KE, KE, E
NI LHC Run 1 KWW, k7, k5P, kU, kT
8| Observed 3
E e SM expected ]
7c 3
6F 3
5F 3
af ]
3F =
2F =
1F 1
0_3 . . 3
<% ‘ ‘ COWW o ZZ ibb 1T et
E 9 r ATLAS and CMS [KF ’ KF ’ KF ’ KF ’ pr
N LHC Run 1 KWW, k7, k%, ), kT
8 —— Observed 3
o e SM expected ]
7F : : =
6 .
5¢ -
af : : :
3f £
of :
AE J \g ---------- .
B 1 - < ,t':. L1 R < | ]
0—3 -2 -1 0 1 2 3

Ll
¥4

CMS

L
- ATLAS and CMS
2__LHC Run 1
1_ — 68% CL
I 95% CL
I 4 Best fit
L Y SM expected
0 |
()
" Ocombined [_JH—vy
ot IH-zz [JH-ww
[ [JH-w H—>bb
C 1 1 I 1 1 1 1 I 1 1
0 0.5
= | ATLASand CMS [, k% k2 xZ k7,
~ °F LHC Run1 KW, 22, P, k]
8 —— Observed
------ SM expected
7 H

LI L L L L LS L L L L BB

< L4 b I I I I I I I b
< of ATLAS and CMS [k, K, k%, ki, K, E
o F LHC Run 1 LA S S R i ]
8k —— Observed 3

E e SM expected ]

7c . . 3

6F E

5F 3

4t .

3F 3

2F 3

1F

Z. ) 1. ]

%3 0 05 2

< 2 : I I I I I I I :
c f ATLASand CMS [ <@ sfiwe
o~ °f LHC Run1 Ky 1 ks kY K ]
8k —— Observed 3

e SM expected ]

7 - H ]

6F 3

5F 3

af

3F 3

of E

1F :

qzl . 2
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2D scans of Ky, K

* Most channels nearly degenerate in relative sign of kv and K¢

strongly disfavour common ky

1/7/16

Ll
¥4

In the negative kr quadrant channels

L ATLAS and CMS

LHC Run 1

| = 68% CL

e 95% CL

4 Bestfit

L Y SM expected e,

CMS

B ARE RS R T
- ATLAS and CMS

SM expected
— Observed

1O

N
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CMS
Summary

e A comprehensive combined measurement of ATLAS and CMS Higgs boson
couplings has been performed

» Strong picture of overall consistency with SM expectations, but still room for
deviations!

o Also a significant technical achievement

e By combining their datasets the two experiments are able to provide the best overall
measurement of the Higgs boson couplings

e Results are given for more constrained (one u value) and less constrained models (ratio
models) in both the signal strength and coupling modifier models

u=1.09710 = 1.097 07 (stat) Ty o (expt) T 03 (thbed)oos (thsig),
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