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The Higgs boson in the SM

The Higgs boson plays a major role in the standard

model...

W and Z bosons acquire mass via spontaneous
symmetry breaking
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After SSB, remaining degrees of
freedom manifest as a massive boson
... The Higgs

Yukawa couplings provide masses for
fermions

Higgs couplings to fermions and
bosons are proportional to their mass.




Events/1.5GeV |

S/(S+B) Weighted

Discovery of a New Particle!

ATLAS

201112 [5=7-8 TeW
AR N VN

T ‘ T T ‘
e Data

[ % Syst.Unc.
[fs=7TeV:[Ldt=4.8fb"

—_
(9]

[V/s=8TeV:[Ldt=581b"

> T ‘ T T
8 ATLAS

- [l Background 2" -
025 Ml Bacig  Hoz2 a4
% - [ Background Z+jets, tt
g 20; |:| Signal (m =125 GeV)
Ni}

Local p-value

CcMs ls=7TeV,L=511f" (s=8TeV,L=5.31fb"
T~
_ =
07V \\ L~ i
104, \\// =
L Tl hd 1
10° \/ -
10'8 — | === Combined obs. .
T [-e--ExpforSMH | el i
| =——H-o7yy . |
-10|_|—™ H->2zZ " —
107 — i ww -
——Ho 1t
H—> bb
1012 e e e s e e e e e e e e e e e e e

110

115 120

125

130

135

5c

60

7c

140 145

my (GeV)




A Massive Problem

The mass of the Higgs boson is not predicted in the SM
= It’s a free parameter of the theory

If we know the mass, all of the Higgs boson couplings to SM particles (and hence

production x-sections and decay rates) are defined ...
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Measuring the mass allows for a precision test of the SM
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A Massive Achievement

The mass of the Higgs boson is not predicted in the SM wr L
- It’s the only thing we really “measure” in the SM Higgs - g 7
sector — e -
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Higgs Production
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Production Cross section [pb] Order of
process \s =7TeV \s = 8 TeV calculation
ggF 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)
[ggZH] 0.023 £0.007 0.032 +£0.010 NLO(QCD)
bbH 0.156 £0.021 0.203 £0.028 5FS NNLO(QCD) + 4FS NLO(QCD)
ttH 0.086 £0.009 0.129 +0.014 NLO(QCD)
tH 0.012 £0.001 0.018 £0.001 NLO(QCD)
Total 174+ 1.6 22.3+2.0
gb->tHW qg—>tHq
ttH P : : ’
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And Decay
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Inputs to the combination

Combination based on inputs from individual combination papers,
~5 fb-1 (7TeV) + 20 fb1 (8TeV)

Analyses targeting specific production/decay tagging additional final state

particles g |
Untagged VBF VH ttH(+tH) | /7 i
vy / / / a |
H>Zz->4l / J Q/ Q/
HOWW-2I2v V4 V4 V4 V4
H>tt § % % ?
H->bb
ST AR AR S

ATLAS : arXiv:1507.04548 e
Note// expect small changes from individual analyses due to
CMS : EPIC 75 (2015) 212

small updates and change in my, 8




Inputs to the combination

Combination based on inputs from individual combination papers,

~5 fb! (7TeV) + 20 fb?

(8TeV)

Analyses targeting specific production/decay tagging additional final state

particles

combination)

Backgrounds too large (CMS
VBF H—>bb out too late for

g

ttH(+tH) | /7

INNES

(/9\9&

A
H>Z7z>4l NK/ va ¢/ Signal rate too low with
H>WW>2I2v \’X\ V4 o c‘yjminosity
H>tt </ / Q/ </
H>bb ) 4 ) 4 v/ ¥
H > / / | R | R

ATLAS : arXiv:1507.04548
CMS : EPIC 75 (2015) 212

H—>Zy (ATLAS) and H=>inv (CMS) included in individual
combinations but not this combination

Note// expect small changes from individual analyses due to

small updates and change in my,




Breaking down the Likelihood

We use the Likelihood formalism to interpret the combined datasets from all channels ....

L(D|u,0) HProb (dn Z,uz fS{:n(H) + Z Bk(0)> x Gauss(0]6)
k




Breaking down the Likelihood

We use the Likelihood formalism to interpret the combined datasets from all channels ....

~

L(D|w,0) = HProb dp,| ZuiufS{:n(H) + ZB;C(H) x Gauss(0|0)
n i, f k

Likelihood defined for a given dataset. Each data point can be ...

Event counts after . T, Values of the observables used to
some selection 5 [Lhe | Bwnzew e | separate signal and background
21000 fg "M on 0/1jet |
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Breaking down the Likelihood

We use the Likelihood formalism to interpret the combined datasets from all channels ....

L(D|w,0) HProb dn\z,uz fS;Zn(H)—kZBk(H) x Gauss(0]6)
k

Parameters of interest are “signal strengths”:

Standard model defined by: l,llz —




Breaking down the Likelihood

We use the Likelihood formalism to interpret the combined datasets from all channels ....

L(D|u,0) = HProb dy| Zuiung:n(H) + ZB;C(H) x Gauss(0]6)
‘ k

n 1,
i
|
Y
w
"
w
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Theory inputs for the production cross-sections
(NNLO(QCD)+NLO(EWK) for major processes) and
decay (+uncertainties as norm scale-factors)




Breaking down the Likelihood

We use the Likelihood formalism to interpret the combined datasets from all channels ....

L(D|u,0) = HProb dy| Zuiung:n(H) + ZB;C(H) x Gauss(0]6)
‘ k

; 2 j CMS Preliminary
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Theory inputs for the production cross-sections
(NNLO(QCD)+NLO(EWK) for major processes) and
decay (+uncertainties as norm scale-factors)

Input from experiment; luminosity,
efficiencies and acceptances, energy
resolution...




Breaking down the Likelihood

SM Higgs MC to calculate acceptance in each channel (V-p,, n-jets etc)  |all channels ....
Production Event generator
ATLAS CMS N
process X Gauss(0|0)
ggF* PowHEG [30-34] POWHEG
VBF PowHEG PowHEG
WH PyTHIAS [35] PyTH1A6.4 [36]
ZH (qq —» ZH or qg — ZH) PyTHIA8 PyTHIAG6.4
ggZH (gg —» ZH) PowHEG See text
ttH PowHEL [44] PyTHIAG.4 Teg
tHqg (gb — tHq) MADGRAPH [46] AMC@NLO [29]
tHW (gb — tHW) AMC@NLO AMC@NLO a
bbH PyTHIAS PyTHI1IA6, AMC@NLO L X & X A
*Higgs pT distribution for ggF production with HRes2.1 (NNLO+NNLL QCD)

Theory inputs for the production cross-sections
(NNLO(QCD)+NLO(EWK) for major processes) and
decay (+uncertainties as norm scale-factors)

]
.IEE.:; - e

T ®
10 115 120 125 130 135 140
m. (GeV)

Input from experiment; luminosity,
efficiencies and acceptances, energy
resolution...
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Breaking down the Likelihood

We use the Likelihood formalism to interpret the combined datasets from all channels ....

L(D|u,0) = HProb dp| ZuiufSZR(H) + ZBk(H) x Gauss(010)
n i, f k

Categorization is never 100% pure

- Sum over different production and

decays which contribute in a given bin/category

CMS, 19.7 fb™' at 8 TeV
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VLRI CLERG LR 0.9 total expected signal
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Breaking down the Likelihood

We use the Likelihood formalism to interpret the combined datasets from all channels ....

L(D|w,0) HProb dn\z,uz fS{:n(H)—FZBk(H) x Gauss(0]6)
k

19.7 o' (8 TeV) + 5.1 b (7 TeV)

= 10
Majority of backgrounds are data- 8 - CMS 8 TeV VBF dijet tag 0
driven (control regions, sidebands...) ~ 8| }  Data
i i — S+Bfit
S B component
For channels using an “unbinned” Q 65 i
likelihood ... L e
4
B1(0) — By(x, 0), A W } |
J 0 f i |
S — S/ (x, 0 I e
z,n( ) g ( ’ ) 100 140 160 180
m,., (GeV)




Breaking down the Likelihood

We use the Likelihood formalism to interpret the combined datasets from all channels ....

L(D|w,0) HProb dn\z,uz fSZn(H)—FZBk(H) x Gauss(0]0)
k

A Systematic uncertainties are accounted for via (un-
)Jconstrained nuisance parameters in the

likelihood...
\ Majority of (signal theory) systematics treated as

log-normal scale-factors on the nominal yields, eg
QCD scale.

v >
Other systematics can be more complex, varying

S(Q) — SO (1 4 05 )8 shapes or propagated through to signal yield

S Eg uncertainties on partial widths = BR uncerts

So
BR'(0) =T7(0)/>,17(0)




Breaking down the Likelihood

We use the Likelihood formalism to interpret the combined datasets from all channels ....

~

L(D|u,0) = HProb dy| ZuiufS{:n(H) + ZB;C(H) x Gauss(0|0)
n i, f k

A Systematic uncertainties are accounted for via

(un-)constrained nuisance parameters in the
likelihood...

These nuisance parameters are “profiled”
(fit) when scanning the physics parameters.

Nuisances uncorrelated with physics
measurements naturally have no effect.

Experimental and theoretical systematics
treated under same paradigm

(0 Ma)T «+ (0a)1




Breaking down the Likelihood

Profiled likelihood test-statistic used to report measurements with uncertainties

Central values from values of u which

C_ILL — _QLOQ(A) maximize the likelihood.

é q, is distributed according to x* with
y ) # d.o.f = number of POI* under the null

hypothesis (W)

i3 —— expected for b-only
—— observed value
x? with n.d.f. = 1

Arbitrary Units

- 1D(2D), 68% intervals determined as values
for which ¢q,=1(2.3) g

—> q,distributed as 6(0) + x?(1 dof) under 103k
u=0. Significance calculations, E

Z = \/qo

11 1 11 1 11 1 11 1V L%
0 2 4 6 8 10 12 14
qo(mH =124 GeV)

-
o
N

*in the asymptotic regime G. Cowan, K. Cramner, E. Gross, O. Vitells




Breaking down the Likelihood

Profiled likelihood test-statistic used to report I = —2Log({\)
measurements with uncertainties A L(D|p, 6)
L(D|i, 8)

© Powerful test-statistic, best use of data to constrain unknowns (8)
— Use control regions / sidebands in data to simultaneously constrain
nuisance parameters and parameters of interest

© Easy to combine many channels across both experiments
= Around 600 channels in ATLAS+CMS combination, product of likelihoods
gives combined likelihood

© Nice Asymptotic properties
- P-values, confidence intervals obtained without throwing toys

® Extremely intensive CPU
= This combination has >4200 parameters! Takes some time to
understand all of our fits -




Systematic uncertainties

Combination consists of nearly 600 categories with a total of around 4200 nuisance
parameters describing the composition of the different signal and backgrounds

Experimental/Detector systematics:
* Object efficiencies, energy scales, luminosity
e Largely uncorrelated between ATLAS and CMS*

7000

ONNLO

Signal theory uncertainties:

6000

5000

- | L
LHC HIGGS XS WG 2013

1000 |

Ohaa (D]

3000

2000

1000 |

0

30 50 70 90 110 130 150 170 190 210 230 250
1 [GeV]

Background theory uncertainties:

e Often rather different phase-spaces considered for two
experiments or data-driven estimates

* Mostly uncorrelated with few exceptions (gg/qqZZ continuum,
ttW, ttZ X-sections)

*Partial correlation of common luminosity measurement
** Follow the recommendations of the LHC-HXSWG

Events

Data/Pred.

B muH
FoE W
Lotz
[ mtty

CMS ttH, e"p* channel Vs=8TeV,L=195 fb’
T T T T TR e T

* Correlate inclusive x-section uncertainties, QCD scale, pdf,
UEPS, Branching ratios, jet counting**

* De-correlate effects on object acceptance as these are
often data-driven/estimation procedures generally differ

- Data

r @ Ch misld
[ - ttHx5

+T+

9

jB -06 -04 -02 0 02 04 06 dS 22
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One u to scale them all

Simplest model (discovery model) is ,U/ . — M@ — ,LLf

one overall scaling parameter Vi, f € {ttH qqH,H — 77 }
Best fit Uncertainty
Total | Stat Expt Thbgd Thsi

ATLAS + CMS (measured) 1.09 jgﬁé i8;8§ i8;8§i f8:8§
ATLAS + CMS (expected) fgi%é i8;8§ i8;8ii i8j8§
ATLAS (measured) 120 *55i | Lo || Zoos || 2004 || 007
ATLAS (expected) 013 om0 |[ Zoos || Toos || Toos
CMS (measured) 097  *515|| Zo0o || “005 ||003 || 006
CMS (expected) “oa3 || Tooe || To0s || Zo0s || Zoos

Fixing related nuisance parameters in scans reveals
contributions from groups of systematic uncertainties

Theory uncert dominated by ggF
incl. x-section

Uncertainty in theoretical calculations and statistical uncertainty similar in magnitude!




Signal strength by production

. . : ATLAS and CMS -- ATLAS+CMS
Individual signal strengths by major LHC Run 1 ~ ATLAS
production modes B | -+ CMS

: —+1c
88 F —+— —+2c
* bbH tied to ggF 99 ——
. — , - = 0
* tH tied to ttH 5 p-val (SM) = 25%
* Fix BR to SM values HyeE -
Excesses seen by cwms | CMS V5 =7TeV, 5.0-5.1 f6"; {5 = 8 TeV, 19.3-19.7 " WH = —_r
. s : —a— :
ATLAS and CMS in | — ; 2.30 wrt SM
ttH multi-lepton - . b o ———
4 —— Sy .
channel T *
Same-Sign 2| — e m— B '
Combination — — : .
g L) HttH : > <
Best fit o/og,, at m, = 125.6 GeV E
bb: u = 1.5"1[125 : . - ———
uH Mth\[epton.‘u:2.1'I": 125 .__._‘ . @
N S R H e
A A WR” Pamsf2sa |, |, o, e ——t——
%I T T T e |||||||||||||||||||l|||||||||||||||||||||||||||||
A > 0 2 4 1050 05 1 15 2 25 3 35 4

Parameter value
24




Signal strength by production

ATLAS and CMS -o- ATLAS+CMS
LHC Run 1 = ATLAS
5.40 for VBF — CMS
° B — t+1o
production u — o
agF ——
—*:-7
>30 for VH (W+2) - i p-val (SM) = 25%
. H —:*—
production VBF S
i —*:—
EXCeSSeS Seen by % % E=7TeV,5.0-5.1fb";v’g=8TeV,19.3-19. fb‘m . : '
A " Y . .
ATLAS and CMS in | - :
ttH multi-lepton = - M, ——t————
4+ —.—— * :
channel ' *
- —a— |
Same-Sign 2| — —— :
Combination — ] : .
| IOOTOTIUTITTITI Niuiv ST | “ttH : = -
Best fit o/og,, at m, = 125.6 GeV E
¢tH bb: u =1.5"1|125 : : S e
Multi[epton.u:2.1“f“ 125 : : : S S S @
. o T H Ehr—-
A A H” Parsltosa | ] -, ——e—f———— ————
/T
L [lllk..l[.‘..l....l.,l IIII|IIII|IIII|IIIIllIII|IIII|IIII|IIII|IIII|IIII
é _2 0 2 4 -1-050 05 1 15 2 25 3 35 4

Parameter value
25




Signal strength by production

)
L\ T T T T T T~ T 7 T 7 71 Groupfermionicand bosonic
g - ATLAS and CMS H=>v 1 production and fit by decay
“‘:? "LHC Run 1 H_ 77 1 mode
— HoWw ]
H - 11 | Relax assumptions on cross-
2 H - bb 7 sections and individual BRs
- + 1 Measure the ratio of fermion to
n e | vector modes in combination
- &/ ) ) 1 without assumptions on
[ N— | individual decay modes
O_ —
UVBF+VH|/|UggF+ttH
1 . _ +0.35
| —68% CL + Bestfit * SM expected J T 1 '06—0.27
[ L I L L L L | L L L L | L L ]

0 1 2 —
uf
[ ag F+ttH!]




Signal strengths by decay

Observed (Expected) significances

c?lcoulatgd Ii)y;;:omparing likelihood at ATLAS and CIUS o ATLAS+CMS
l.l = O bes | ceee ‘ ] LHC Run 1 - ATLAS
ATLAS CMS - -+ CMS
' - t1c
5.0 5.6 MW ———— 426
.
(4.6) (5.1) T .
L Fix XS to SM
7.6 7.0 uZ __._'_
(5.6) (6.8) e
6.8 4.8 “WW
(5.8) (5.6) —+—'
4.4 3.4 B i
(3.3) 3n * e
1.7 2.0 B p-val (SM) = 60%
(2.7) (2.5) e =
IIII|IIII|IIIllllllllIII|IIII|IIII|IIII|IIII|IIII

-1 -05 0 05 1 15 2 25 3 35 4
Parameter value
27




Signal strengths by decay

Combination gives >50 for Higgs

decay to taus! i\;l&A: and CMS -8~ ATLAS+CMS
.. ) un 1 % ATLAS
ATLAS CMS | -+ CMS
— +1c
5.0 5.6 MYY ———— — +2c
e —
——
(4.6) -1 - Fix XS to SM
7.6 7.0 Wz __._'_
(5.6) (6.8) ————
6.8 4.8 L
(5.8) (5.6) __"f__'
TT ——.——
,"l : . ]
— p-val (SM) = 60%
bb ——.——' n
||||||||||||||||||Ii||||||||||||||||||||||II|IIII

-1 -05 0 05 1 15 2 25 3 35 4
Parameter value
28




Generic Model

. . . c(gg—oH->ZZ
Generic model in terms of ratios of (99 )
cross-sections and branching ratios
c._loc
VBF ~ggF
Provides summary of Higgs constraints s Js
with minimal assumptions and WH ggF
maximal cancellation of theoretical o o
uncertainties. ZH “ggF
/o

Allow for re-interpretation of combined Ot OggF
data with improved theoretical

. WW ) ZZ
calculations™ B™"/B

BYY/B Y4
B™/B#

Bbb/B ZZ

ATLAS and CMS
LHC Run 1

-o- ATLAS+CMS
- ATLAS
-+ CMS
—t1c
—+20
Th. uncert.

__'_:—
—p——

—1 0 1 2
Parameter value norm. to SM prediction

*Covariance matrix provided

4 5

6




Generic Model

—21In A

ATLAS and CMS S ATASHOMS
_LHC Run 1 | . CMS
( H ZZ) i —t1c
. . (6} —>M—> ' x 4+
Largest dlscrepancy seen in 99 T '_I'ﬁfjuncert.
BR(bb)/BR(ZZ) at 2.40 wrt SM 6/ 8 .
99F e
Driven by combination of high ) B .i
(0] (e) '
ttH—->leptons + ZH—>ZZ, low VH>bb WH' ~ggF - —
(while ttH=>bb is not high) / B i .
Oz1 Oggr *— —
10, L N L N i
E ATLAS and CMS [Gggp GVBF/GggF' GnH/GQng GWH/GggF‘ GZH/GggF'E (e) /G E ®
9:* LHC Run 1 B/ B%Z B™ BZ B''/BZ, B™Y B ttH ~ggF E ¥ i
8 —— Observed - B
[ -eees SM expected 1 pWW/nZZ ——
7F s - B /B _—i‘l—_—_
6F - —
55_ _E BYY/BZZ —=r—
af : —
s - B —
£\ ] ~ :
e BPb/gZZ \——v——+_
OE ....... L oagema” | L o b b b b b b oy
1 1.5 2 -1 0 1 2 3 4 5 6

B®/B% norm. to SM prediction

*Covariance matrix to be provided with paper submission

Parameter value norm. to SM prediction




Couplings Framework

Production and decay rates connected through LO coupling
modifier framework...

Gauge sector
sector

Yukawa \ -

Scale Higgs boson (tree level) ’ .
couplings by modifiers k o Mixed
/ sector

p— p(K)

Down type \ -
o [ | Loops (v, g) are

\ sensitive to BSM
Loop induced processes can V contributions.
either be resolved or treated as Quark loop
effective couplings
We don’t measure the couplings of the SM (they aren’t SM:= j5 — 1

inputs to the theory) but we can test compatibility




Couplings Framework

Scale production cross-sections and partial widths according to coupling modifiers

Example, ggF production H>2ZZ

7077 VR R

0ggr = (1.06k7 + 0.01k] — 0.07kpke) X 0505

Coefficients depend on mH and kinematic selection




Couplings Framework

Production Loops Interference Multiplicative factor
o(ggF) v b—t Ky ~ 1.06- ki +0.01 - kj — 0.07 - k&,
o (VBF) - - ~ 074 k¥ +0.26 - &>
o(WH) - - ~  Kay
o(qq/q8 > ZH) - - ~ K
o(gg —» ZH) v Z-t ~ 227-Kk3 +037 -k} = 1.64 - kyk,
o(ttH) - - ~ Kl2
o(gb —» WtH) - W -t ~ 1.84- k2 +1.57 - k¥ —2.41 - kekyy
o(gb — tHq) - W -t ~ 34- Klz +3.56 - K%V =5.96 - k Ky
o (bbH) - - ~ K
Partial decay width
4 . . " K%
rvw B _ N K%v
" v W -t Ko~ 1.59 Ky +0.07 - kf = 0.66 - Ky K,
_ _ - K12.
rbb a a N Kg
| Rl - - ~ Kf‘
Total width for BRggy = 0

0.57 - kp +0.22 - ki +0.09 - k3 +
Iy v - ki~ +0.06- k> +0.03- k5 +0.03 - K2+

+0.0023 - Kz + 0.0016 - K§Y+
+0.0001 - k% + 0.00022 - Kﬁ

S

33




Couplings Framework

Production Loops Interference Multiplicative factor
o(ggF) v b—t Ky ~ 1.06- ki +0.01 - kj — 0.07 - k&,
(VRE) - - ~ 074 k¥ +0.26 - &>
Interference in some processes - ~  Kay
gives sensitivity to relative signs - ~ K
Z-t ~ 227 k% +0.37- kX = 1.64 - kK,
. . . 2
Since all interferences involve the - ~ K , ,
t-quark, we choose k>0 w.l.0.g w—t ~ 184 o 1.57- oW 2.41 - kytew
S —— W -t ~ 34 -k +3.56- ky —5.96 - k Ky
o (bbH) - - ~ K
Partial decay width
12z . . ~ K2
rww : : N K%v
" v W -t Ko~ 1.59 k3 +0.07 - kf = 0.66 - kyy K,
FTT - ,Y
rbb s )
I"Illl B ¢
Total width| H e H
--- W e S t k009 2+
Iy o - K :  +0.03 - K2+
6- K%Y+
2
~y ¥ 22 - K}l

34




Couplings Framework

Production Loops Interference Multiplicative factor

Total width (I) scales all observed cross-sections. b
. ' (k
J(Z—)H—)f):07;(/4,)-L
'y

Direct constraints on I, are too weak* to be meaningful so need to make
assumptions in order to interpret cross-sections in terms of couplings.

Kw
Introduce total width modifier K, -
Eg, in absence of BSM decays, assume overall scaling of SM width
I _ .2 .TSM
H KR) — /{H K H W Kt
DD I Z
T = - —
HH - - ~ K
M
Total width for BRggy = 0
Ny 0.57 - kp +0.22 - ki +0.09 - k3 +
Iy v - kG~ +0.06- &> +0.03- k5 +0.03 - K2+

+0.0023 - xz + 0.0016 - x§Y+
+0.0001 - x> + 0.00022 - Kﬁ

S

*NB, upper limit on width ~2. GeV
from direct measurements




Couplings to fermions and bosons

L ATLAS and CMS
'LHC Run 1

ATLAS+CMS

ATLAS

CMS

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

0.8

1

1.2

©

Extended Higgs sector models
allow for non-SM couplings to
fermions and bosons.

Assume universal coupling
modifiers for vector boson (k)
and fermion (k;) couplings

In 2HDM (type-1) tree level
couplings scale with mixing angles

Ky = sin(f8 — «)

Kp = cosa/sin




Couplings to fermions and bosons

Individual decay channels are

largely insensitive to relative sign

L
of fermion coupling *
* ggZH/gqZH interference can be
seen in H>bb channel
* Combination resolves sign.
Negative sign dis-favoured at
nearly 50
< 50,‘ L I I L L L B T T
c - ATLAS and CMS [xe &y
~ *°F LHC Run 1 Observed E
! 40; ------ SM expected E
25
15 .
10F ]
5'_ _:
:. c Ty T T T T ..\\_II[. P
0—2 -1.5 -1 -0.5 0 0.5 1 15 2

—2

. ATLAS and CMS
“LHC Run 1

— 58% CL
............. 95% CL

%+ Bestfit
% SM expected

LB

DCombined |:|H—>yy

[ JHozz [JHoww _
: |D|-||_)TT L Hu_)blb [ R 1 S N ST N T SR N ]
0 0.5 1 1.5 2

Ky




Tree Level Higgs couplings

Assume no BSM decays and loops
resolved as in the SM

Small measured valued of k, reduces
total width:

TN
w 0.22 - ki +0.09 - K5+
ki~ TO06 k> +0.03- k5 +0.03- 2+
+0.0023 - &7 + 0.0016 - k5, +
+0.0001 - &5 +0.00022 - &

- All measured k are <1 even though
overall signal strength > 1

Overall good agreement with SM

ATLAS and CMS 8- ATLAS+CMS
LHC Run 1 — ATLAS
|| p-val (SM)~56% | MS
| —1c interval
KZ - —~4— — 2 interval
] —
-
Kw =
o ¥
K e | Constraint on k,
t -=—— | dominated by
B . [HDwy
lic_| =4
T __T__
K —— —*;—
b —_—
lic,| =
n — .
IIII|IIII|IIII|IIII|IIII|II
—2 -1 0 1 2 3

Parameter value




IIIF IIIV
aT

107°¢

1074

v=246 GeV, m, evaluated with Higgs mass 125.09 GeV

Tree Level Higgs couplings

- ATLAS and CMS
- LHC Run 1

[ ]95% CL
ol L

¢ ATLAS+CMS
------- SM Higgs boson
— [M, ¢] fit

[ 168%CL

107"

10 107
Particle mass [GeV]

ATLAS and CMS
LHC Run 1

-8- ATLAS+CMS
-+ ATLAS
-+ CMS
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Fermion sector

Extended Higgs sector models allow for asymmetries in couplings between
up and down type and between leptons and quarks, eg MSSM, 2HDM type-2(L)

2HDM Type-2 models

Ky = sin(8 — «)

. Yukawa
K, = COS ¢/ SIn \
q / B sector

K] = —sina/ cos 3 “\\

ky = sin(f — «a) /

Down type |

V‘ ‘
g |

Quark loop

kg = —sina/ cos 3 /1

Ky = COS a/ sin 3

resolved loop
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Fermion sector

Extended Higgs sector models allow for asymmetries in couplings between up
and down type and between leptons and quarks, eg MSSM, 2HDM type-2(L)

Directly parameterize asymmetries in terms of
coupling modifier ratios (A)

(Adu = KalK,) L Aig = Ki/Kg]

ATLAS and CMS -@- ATLAS+CMS ATLAS and CMS -@ ATLAS+CMS
LHC Run 1 LHC Run 1
- ¥ ATLAS | =¥ ATLAS
-4 CMS : -4 CMS
7\‘ J— _."._ — 1o interval I}\‘ I . [——p
du ——— + — 2c interval Iq — 495
— Y
A -
Vu N
-
- 0 :
p-val (SM) = 67% |
—m——
K :
uu e ——
e
1 1 1 1 I 1 1 1 1 I 1 1 1 1 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1
-2 -1 0 1 2 3 4

Parameter value
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Fermion sector

Extended Higgs sector models allow for asymmetries in couplings between up
and down type and between leptons and quarks, eg MSSM, 2HDM type-2(L)

Directly parameterize asymmetries in terms of

coupling modifier ratios (A)

[/ldu — Kd/Ku]

negative solution (just about) excluded
due to low H>bb and high ttH and t-b
interference in ggH

VU T

7\'du —— — 2¢ interval

< 10 / TR L A L B B

ATLAS and CMS -@- ATLAS+CMS - ATLAS and CMS [KUU’ )"Vu’ }‘du] _
| LHC Run - ATLAS - LHC Rﬁm 1 Observed ]
NS R SM expected =

o interval

3 4
Parameter value

o - N w » 8} ()] ~ @ R
L o o L o o o




Effective couplings

Relax assumption on loop-induced processes and treat as
“effective couplings”

. — _
“ . [ ATLAS and CMS [JATLAS+CMS
| LHC Run 1 DATLAS ]

RICLLN
! Ty,
8 "
v ’,
W .,
- R N -
o ‘e
R .,

I 1.4F _
,, : Fix tree-level
' 1.2F e N | couplings to SM

thh  De---—-- H

0
0,

2,

]

0.8F
Model is interesting when BSM i

physics at Heavy scales osl ]
— Accessible in loops | —68%CL --95%CL + Bestfit * SM expected -
| 1 1 I 1 1 1 I 1 I 1 1 I 1 1 1 | 1

- Assume BRgg,,=0 06 08 1 12 14 16

Ky
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—2InA

BSM Decays

p-val (SM) and

Relax tree-level couplings and allow for ATLAS and CMS BRgsm=0:11% | |
additional contribution to total width to LHC Run 1
BSM particles B :
(Y K, _ —¢
2 ~SM —
r . KH * rH KW — —-.-'
H™ 1 -BRpgy = f
BSM Ky k, constraint ——————
Need to impose k<1 to avoid | only from ttH
degeneracy. lic_| B
Many models predict this — e el <1 :
(2HDM, EWK Singlet...) he, | By, <0 0
O — — 1o interval
8f f;léAFs;u?,n? CMS 12w BRgg<0.34 I gl — 20 interval _'°"'_
A4 @ 95% CL - :
I —— Observed '
67 ----- SM expected . |K I ® i
af = '
i : Basw >| | | | | |
| 45 -1 05 0 05 1 15 2
1 Parameter value

.......

BBSM
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Generic couplings model

Most generic coupling model using

ratios of coupling modifiers (A;=k;/k;)

No assumptions necessary on total
width since I, cancels in the ratios

ng

A

Zg

Mg

A

WZ

.,

Al

tZ

.

bZ

ATLAS and CMS
LHC Run 1 p-val (SM) =13%
o
__+__
————
—
: s
- -
.-
—e— ATLAS+CMS i« sl
L —»— ATLAS i
—— CMS P
— 1o interval ——h—“
— —— 20 interval 5
—— =
—_——
II|IIII|IIII|IIII|IIII|IIII|IIII|II
-3 -2 -1 0 1 2 3

Parameter value




Most generic coupling model using

Generic couplings

model

ratios of coupling modifiers (A;=k;/k;)

-2InA

—
o

ng

A

Zg

Mg

ATLAS and CMS

< 10T 71— T T T ]
< gé ATLAS and CMS [k My Mg Mg by s Mgl
o °F LHC Runi —— Observed
' 8; ------ SM expected E
7:* : =
6F 3
af i
s ]
of f 3
; ] \-'.;:: \/ ]
-3 -2 -1 0 1 2
th
O B B B BRI BRI
of ATLAS and CMS [k hyp hgg hop bz s Mgl
t LHC Run 1 —— Observed
Y SM expected B
7t : : : :
i
NI
af ] bl
NI
. VA
ot | I | | | Ly | 7
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
A

A

LHC Run 1
L
—

—8— ATLAS+CMS
—==_ATIAS

p-val (SM) = 13%

.-
P v sl

1 tZ(ggZH)

-1 Interference lifts sign degeneracy:

* t-W (H—=2>vyy and tH)

——
[ | | I I | | | I I | | 1 1 1 1 | | I I | l | I I | | | I I | | [
-3 -2 —1 0 1 2 3
Parameter value
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Generic couplings model

Most generic coupling model using ATLAS and CMS I (SM) = ch'
ratios of coupling modifiers (A;=k;/k;) _"Hc Run i _p ve il
-
= TTATLAS and OMS (i 1y i | gz R
L et o s s
; : ng —"'h__r__
: E ktg = —_"__
1F . —— -‘E—
= = "z = =
Mg — :
Relatively large theory A _l @
Z ¥|
uncertainty* due to anti- =N ~- ATLASICMS B
correlation of pdf(gg) and pdf(ttH) I || —*CMms o
- -2
stat expt thbkg thsig
_ 4+0.21 ~+0.12 ~+0.09 ~4+0.18/ =
Atg — 1076_0.20 @_0.11 @_0.09@_0_13 |(|)||||‘:||||2|||||3|||

* Full breakdown in public document, covariance for paper release

Parameter value




Re-using coupling modifiers

Within the SM, the ONLY free parameter is the Higgs mass so
why do we care about these coupling constraints?




Re-using coupling modifiers

2HDM
In extended Higgs sector models, tree- type I type II/MSSM
level coupling modifiers not equal to 1 ky  sin(f—«a) sin(p — «)
are predicted : :
P ku cos(a)/sin(B) cos(a)/ sin(pB)
- eg. 2HDM | |
kg cos(a)/sin(B) —sin(a)/ cos(B)
CMS Preliminary <5.11fb" (7 TeV) +<19.7fb" (8 TeV) > CMS Preliminary <5.1fb" (7 TeV)+<19.7fb" (8 TeV) >
o 10F & o for . b
s Jio0 8 [ 2HDMTypell 110
5r 5r
4 4+
3r —8 3 —8
2 2r
—6 —6
1= 10—
05} |4 05f |4
0.4 04r
03r 03
— Observed 95% CL 2 — Observed 95% CL 2
021~ 2HDM Type I — Expected 95% CL 0.2 —— Expected 95% CL
---SM  «mBest fit ---SM  =mBest fit
ot ur. 1. M, e 0
-0.5 0 05 -0.5 0 0.5
cos(p-o) cos(p-o)

CMS-PAS-HIG-16-007 49




Re-using coupling modifiers

CMS Preliminary <5.1 16" (7 TeV) +<19.7 fb" (8 TeV)

In extended Higgs sector models, = 60
tree-level coupling modifiers not & ig
equal to 1 are predicted (2HDM, a0l
EWK singlet...) /' i ¥
20 =Ry
Provide complementary 10 1
constraints to direct searches i - |
for additional Higgs bosons in ~— g:
MSSM scenario ah
31
2_\\\
B
130 200

I:I Observed exclusion 95% CL

s
s
S

Expected exclusion 95% CL

L _ __, Model not strictly applicable
|| h(125) (HIG-15-002)

A/H —> bb (arXiv:1506.08329)
A/H/h - pp (arXiv:1508.01437)

[ ] AMHM > o1 (HIG-14-029)
] Hohn (0be) /A > 20 (i)
(arXiv:1510.01181)

H — hh (bbyy) (HIG-13-032)
H—> WW/ZZ (arXiv:1504.00936)

300

400 500 600 1000
m, [GeV]

L00-9T-DIH-SVd-SIND




How accurate is accurate enough?

SUSY models out there can still
accommodate the Higgs we’ve found

Need to measure Higgs decay rates at
sub-sub percent level!

Ty ———

1

w ; ¥
_*_
—.*_
_+_

[
1NN T TN N T T e Y T S T Y

0 0.5 1 1.5 2

CMSSM and NUHM1 at FCC-ee

h —~vt

h—ZZ

T

h—WW

h —gg

==
=2
i

O. Buchmueller et al
(arXiv:1505.04702)
111 EERE

cmssm low mass
cmssm high mass
nuhml low mass
nuhm1 high mass
LHC

HL-LHC

ILC

FCC-ee

SM unc. Higgs WG

| 1

-15 =10

5 0 5 10

(BR—BRg)1)/BRgy (%)

15
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Higgs-DM

Constraints on total width have implications for
dark matter Higgs-portal models... SI

DM

\CD Ms //

it
S~

—

I Illlllll | UL

CMS

4.9 (7 TeV) +19.7 b (8 TeV)
+2.3f7 (13 TeV)

i B(H — inv) < 0.20

90% CL limits

lIIIIl IIIIlIlII IIlIlIIlI llIlIlIIl IIIIlIIII IR

|

DM mass [GeV]

8Finv m2 4

x  MNJIN

2

\

a, =
N m02p3 (my 4 mn)?’

Access to low mass DM =
complementary constraints

compared to direct

searches for DM-nucleon

interactions
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Beyond production and decay

ATLAS and CMS - ATLAS«CMS
LHC Run 1 - ATLAS
Yukawa \ Gauge sector o
- - = =
sector \ +
\ Mixed Hyer ——
IXe :
/ ° sector HoH ——-—
' 4 Loops (y, g) are _._
\ > sensitive to 8SM :
v contributions. “m« 4 _._—_._—
-
-1-050 05 1 15 2 25 3 35 4

Parameter value

On-shell :

o~ ()

Off-shell/large g2 :

o =~ (%)2

1
L:LSM—I_KZk:Ok—I_W

Inclusive u high-precision -> precision on new physics
scale 1% >A~25TeV

High momentum production sensitive to new physics
without high precision  15% (g=1TeV) -> A ~ 2.5 TeV
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Beyond production and decay

Differential measurements at Run-1 from LHC give a more complete picture

of the Higgs boson production.

 BSM likely to effect kinematic distributions not just overall production
cross-sections

* Already have some results from ATLAS and CMS but (much) more data is
needed to make precise statements

CMS Projection 3000 fb* (13 TeV)
- S T T T [ T T T T ] T T T T l T T T T ] T T T L
. o . %J 1 t Toy Data (stat.®sys. unc.) E
- Relative SM deviation in 0] : Systematic uncertainty (ECFA16 S1+)
. . ey ~ = m— Systematic uncertainty (ECFA16 S2+)
different regions sensitive to (eg) L L o o0oH POWHEGHHUG) +XH
—_— 3 _ S\ . S
BSM scale (from ggH loop) = i L] Xt = VB e vH i 8 ]
- v &
V}_ 10_2 | é\: 4
Q g I _ , g ;
O . TTTTmTmmmm— e ]
L R -
- Expect do ~ 10% for p;(H)>200 GeV =~ 2 . 14—‘ """" S
@ HL-LHC from single channel < B SRR E
(Single eXpt.) (910_4:— 1 1 { % I 1 : } : } 1 % 1 } 1 i 1 | () 1
- A >~ 1TeV from combination S| — - e
g Wi )37
e 09770277 W
o 08 /
& 07 L I [ lv I , : l I ..l l” l l .I 1 ..l .l” ] . l.. .” ..] 1 .
0 50 100 150 200

pT(H) [GeV] 54




Summary

ATLAS and CMS combined constraints on
Higgs boson production and decay!

e Use full Run-1 dataset to provide best
constraints so far. Consistency with SM
but uncertainties are large.

* Several places where statistical
uncertainties match those from theory!

More data with Run-2 will allow

* Higher precision constraints

« Access to rare modes — 2" generation
* H-2>up (H-muon coupling)
* H-2JY/d (H-charm coupling)

Access to kinematic tails (high pT) for fuller
characterization and BSM searches

T T T T T T |
15‘ ATLAS and CMS
- LHC Run 1
107'F E
10‘25— E
¢ ATLAS+CMS
o0k, #0000 T SM Higgs boson |
— [M, ¢] fit ]
[]68%CL
[ ]195% CL
10 o E
10 1 10 10?

Look forward to more combinations during/at the end of Run-2!

Public documentation available: ATLAS-CONF-2015-044/CMS-PAS-HIG-15-002

Particle mass [GeV]

Js=8 > 13 TeV
o(ggF) x 2.3
o(VBF) x 2.4
o(ttH) x 3.9
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LHC Mass combination

ATLAS and CMS Uncertainty in ATLAS
LHC Run i1 combined result

T T T T | T T T T | T T T T T T T T | T T T T T T T T | T T T T | T T
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy F——s— 126.02 +0.51 (+0.43 + 0.27) GeV
CMS H—yy = 124.70 + 0.34 ( £ 0.31+ 0.15) GeV
ATLAS H—>ZZ 4]  — — 124.51+ 0.52 ( + 0.52 + 0.04) GeV
CMS H—ZZ—4i = 125.59 + 0.45 (£ 0.42 + 0.17) GeV
ATLAS+CMS yy I-—EI—-I 125.07 + 0.29 ( + 0.25 + 0.14) GeV
ATLAS+CMS 4] I—}E—i 125.15 + 0.40 ( + 0.37 + 0.15) GeV
ATLAS+CMS yy+4l I-—?—-I 125.09 + 0.24 ( + 0.21 £ 0.11) GeV
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
123 124 125 126 127 128 129
m,, [GeV]

Uncertainty in CMS
combined result

Uncertainty in LHC
combined result

ATLAS ECAL non-linearity / |

CMS photon non-linearity
Material in front of ECAL

ECAL longitudinal response

ECAL lateral shower shape

)|
T

Photon energy resolution

ATLAS H — yy vertex & conversion
reconstruction

Z — ee calibration

1
— 1
CMS electron energy scale & resolution
Muon momentum scale & resolution [_]
ATLAS H — yy background modeling ]

Integrated luminosity

Additional experimental
systematic uncertainties

ATLAS
Observed
[CJExpected

Theory uncertainties |

CMS
Observed
[ Expected

UUUHU“HHH

Combined
Observed
[CJExpected

0 0.05 0.1

0 0.05 0.1

om, [GeV]

0 0.02 0.04 0.06
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X-sections inputs

Production Cross section [pb] Order of

process \s =7 TeV \s =8 TeV calculation
ggF 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)
[ggZH] 0.023 £0.007 0.032 +0.010 NLO(QCD)
bbH 0.156 £0.021 0.203 £ 0.028 SFS NNLO(QCD) + 4FS NLO(QCD)
ttH 0.086 +£0.009 0.129 +0.014 NLO(QCD)
tH 0.012 £0.001 0.018 +0.001 NLO(QCD)
Total 174+ 1.6 22.3+2.0
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Decay BR

Decay channel Branching ratio [%]
H — bb 57.5+£1.9
H->WW 21.6 £0.9

H — gg 8.56 + 0.86
H-rT1T 6.30 £ 0.36

H - cc 2.90 +£0.35
H—-ZZ 2.67 £0.11

H - yy 0.228 £ 0.011
H— Zy 0.155+£0.014

H - uu 0.022 + 0.001
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BR uncertainties

Channel My [GeV] I'[MeV] Aa: Amp Ame Ame
—2.3% +3.2% +0.0% +0.0%
122 2.30 p 4
: +2.3% —3.2% -0.0% —0.0%
-2.3% +3.3% +0.0% +0.0%
H — bb 126 2.36 . 4
: +2.3% —3.2% —0.0% —0.0%
—2.4% +3.2% +0.0% +0.0%
130 2.42 +2.3% —3.2% —0.0% —0.0%
—1 0% .09 . +0.0%
122 2.51-10 0% 0% —0.1%
- -1 .09 .09 0.1%
H-ot't 126  2.59:10 0% 1oo0% +0.0% +0.1%
o7 ¥ Y 10
130  2.67.107' 10.0% +0.0% +0.0% +0.1%
—4 +0.0% +0.0% +0.0% +0.1%
122 8.71-10 ; 4
: +0.0% —0.0% —0.0% -—0.1%
%7 7 07 y
H—ptp- 126 8.99.10—4 +0.0% +0.0% —0.1% +0.0%
: +0.0% —0.0% —0.0% -—0.1%
< 7 07 1%
130 9 27'10-—-1 -—\'].l:’o +0.0{n’- +0.0% +0.1%
: +0.0% _—0.0% —0.0% —0.0%
-1 —71% -—01% +6.2% +0.0%
122 l 16'10 G 07 07 07
. +7.0% +0.1% —6.0% —0.1%
- 10 [ 0 w
H - cT 126 1 19.10—1 —».1'/:‘ -0.1% +6.2% +0.0%
* +7.0% +01% -—-6.1% —-0.1%
an-1 -7.1% —01% +6.3% +0.1%
130 1.22-10 +7.0% +0.1% —6.0% —0.1%
-1 +4.2% -01% +0.0% —0.2%
122 3.25-10 —-4.1% +40.1% —0.0% +0.2%
10-1 +4.2% -01% +0.0% —0.2%
H—gg 126 3.57-10 —4.1%  4+01% —0.0% +0.2%
-1 +4.2% —01% +0.0% —0.2%
130 39110 —4.1% +0.2% —0.0% +0.2%
1n—3 +0.0% +0.0% +0.0% +0.0%
122 8.37-10 —0.0% —0.0% —0.0% —0.0%
1n—3 +0.0% +0.0% +0.0% +0.0%
H = yy 126 9.59-10 —0.0% —0.0% -—0.0% —0.0%
—2 +0.1% +0.0% +0.0% +0.0%
130 1.10-102 4 /
: —0.0% _—0.0% _—0.0% _—0.0%
1n-3 +0.0% +0.0% +0.0% +0.0%
122 4.74-10 —0.1% —0.0% —0.0% —0.1%
10-3 +0.0% +0.0% +0.0% +0.0%
H— Zy 126 6.84:10 T00% —00% “01% ~0.1%
-3 +0.0% +0.0% +0.0% +0.0%
130 9.55-10 : ;
: —0.0% _—0.0% _—0.0% —0.0%
0 07 07 w
122 6 2510—1 —0.0{-* +0.0/_F +0.0% <+0.0%
: —0.0% —0.0% —0.0% —0.0%
y — -+ f'_ . iy, . (e, . {V'
H— WW 126  9.73-107' Fpo% OO0 A00% 0o
+0.0% +0.0% +0.0% +0.0%
130 1.49 : 4
: —0.0% _—0.0% —0.0% —0.0%
o 07 0 o
122 7 30'10—2 *0.0{.- +0.0/.F +0.0% +0.0%
: —0.0% —0.0% —0.0% —0.0%
-1 +0.0% +0.0% +0.0% +0.0%
H— Z7Z 126 1.22:1071 : 4 ’ 4
: —0.0% —0.0% —0.0% —0.0%
-1 +0.0% +0.0% +0.0% +0.0%
130 195107 Toow  Too%  —o00% —0.0%

THU uncertainties (on partial widths)
uncorrelated

Full correlation model (through

BR =T/T,,,) imposed for models for
which effects are not expected to be
negligible (eg ratios models).

WW, ZZ BR fully correlated in all models
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PDF uncertainties

The main theoretical sources of uncertainties on the signal are the following: QCD scales, parton
distribution functions (PDF), UEPS, and Higgs boson branching ratios. These uncertainties apply both to
the inclusive cross sections and to the acceptance and selection efficiency in the various categories. The
PDF uncertainties on the inclusive rates for different Higgs boson production processes are correlated
between the two experiments for the same channel but are treated as uncorrelated between different
channels, except in two cases:

» the WH and ZH production processes are assumed to be fully correlated;

» the ggF and 1t H production processes, which are predicted to be anti-correlated at the level of 60%,
are assumed to be fully anti-correlated.
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One u to scale them all

10- = . . . .
1:! ATLASICMS o e Fixing related nU|sa.nce-parameters in
< 9O oo £ o SR TG T S8 scans reveals contributions from
< 8 groups of systematic uncertainties
6- EG, simplest model (discovery model)
5E Overall scaling parameter,
3f p— i —
: H - 122) H I
2:_ N ":'."
1 : X .
Oél..,Al.‘.,l\kalj’f{.A.ll..A.l. \V/Z,f E {ttH7qu7H_>ZZ7”‘}
0.8 0.9 1 1.1 1.2 1.3 1.4
T
:[L — 1. 09+8 %(1) Theory uncert dominated by ggF incl. x-section —=———

0

= 1.09%5707 (stat) 1504 (expt) 1503 (thbgd

"0.06(thsig)

R

Uncertainty in theoretical calculations and statistical uncertainty similar in magnitude!
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Generic Model

Parameter SM prediction Best-fit Uncertainty Best-fit Uncertainty Best-fit Uncertainty
value Stat Syst value Stat Syst value Stat Syst
ATLAS+CMS ATLAS CMS
£0.11 4011 +0.03 £0.19 4019 +0.05 +0.14  +0.13  +0.05
o(gg - 0.513 +0.057 0.58 2410 -0.10 -0.02 0.76 25’15 -0.16 -0.04 0.44 %5y -0.11 -0.03
£0.11,  ,40.11,  ,+0.03 +0.16,  ,4+0.16y  ,+0.04 +0.15,  +0.15,  ,+0.04
H — ZZ) (pb) (0,100 Coloe)  (Colp2) (c0.14)  Col13)  (Colpa) (0.13)  (Col13)  (Colo3)
£0.03  40.03  +0.02 £0.03  40.03  +0.02 +0.07  +0.06  +0.04
OyE/ O ggr 0.082£0.009 | 0.11 Z503 g2 -0.01 0.08 Zp03  -002  -0.01 0.14 2505 -00s  -0.02
£0.03y  ,40.02y  ,+0.02 +0.04y  ,+0.04y  ,+0.02 $0.04y  +0.04y  +0.02
Co2) Coio2) Colop) Cooa) Coos) Color) Coos) Cooa) Coop)
£0.03  40.02  +0.01 +0.04  40.03  +0.02 +0.04  +0.04  +0.02
Ty T gep 0.037+0.004 | 0037503 o2 ol 0.05%05  Zo2 -0l 0.01550s  Zo3 002
(F0-02)  (+0.02y  +0.01y (F0.03)  (+0.03)  +0.02, +0.03)  (+0.03)  (+0.02y
-0.02) Colo2) Colon -0.02) Colo2) oo 0020 Co2) Colo
+0.04  40.03  +0.02 £0.03  +0.02  +0.02 +0.08  +0.06  +0.04
Oz 01 10 g 0.022£0.002 | 0.07Z50s o3 -0.02 0015501 Zoo1 oo 0.13%0s  Zoos  -0.03
£0.02y  ,40.01y  +0.01 +0.03y  ,+0.02y  +0.01 +0.02,  40.02y  +0.01
Coor) Colon)  Coloo) Coor)  Coor) Color) Coon)  Coon) Coor)
£0.007  +0.005  +0.004 £0.007  +0.005  +0.004 +0.016  +0.012  +0.010
AT 0.0067 £0.0010 |0.022 %5006  Z0l00s  -0.003 |0013Z0000s  “o0l00s  -0.003 | 9034 15012 oo ~0.006
(F0-004)  +0.003)  (+0.003, (F0-006)  +0.005)  +0.004) +0.007)  +0.005)  (+0.004y
—0.004) Colooz) Colooz -0.004) Colooa) Coloos -0.005) (Colooa) (Coloos
WW nnZZ +1.7 +1.5 +0.7 +2.2 +2.0 +0.9 +2.9 +2.6 +1.3
BR™ ™ /BR 8.10+ <0.01| 6873 -1.2 -0.5 6.5 1% -1.5 -0.6 72550 -1.8 -0.9
+2.2 +2.0 +0.9 +3.5 +3.3 +1.3 +3.2 +2.9 +1.4
) Gle) Go) (-2.3)  (32) (o) (22) (o) i)
v ronZZ +0.018  +0.018  +0.004 +0.024  +0.023  +0.008 +0.033  +0.032  +0.010
BR""/BR 0.085£0.001 | 0.069 5015 0014 -0.003 |0063 5018 0017  -0.00s |0079 5023 0023 -0.006
(F0.025)  +0.024)  +0.006, (F0.040)  (+0.039)  +0.011 +0.035)  +0.034y (+0.008,
-0.019) (Colore) (Coloos -0.027) Colo27) Colooe -0.025) Coloza) (Coloos
™ zZ7Z +0.6 +0.5 +0.3 +1.1 +0.9 +0.6 +0.9 +0.8 +0.5
BR""/BR 2.36 +0.05 1.8 Zy's 0.4 0.2 22 7% -0.6 0.4 1.6 %56 -0.5 -0.3
+0.9 +0.8 +0.5 +1.5 +1.3 +0.8 +1.2 +1.0 +0.7
o) Cols)  (So3) o) Goo)  (Cols) (c0.9) (o) (Cola)
I +4.6 +2.8 +3.6 £10.2  +7.4 7.0 +4.1 +3.1 +2.7
BR""/BR 21.6 £1.0 42 5% =20 17 9.7 5% 44 3.8 3754 -1.9 -1.6
$16.9,  ,+13.9,  49.5 1294\ (4243,  +16.7 1204 4234y 4117
Coi) Ge) (C4) ) Cios) Gsgh) e Cioe) Gsigh)

*Covariance matrix to be provided with paper submission 64




Generic model (couplings)

Parameter Best-fit Uncertainty
value Stat Expt Thbgd  Thsig
ATLAS+CMS
B +0.11 +0.09 +0.03 +0.01 +0.06
Koz = Kg Ky [ky | 110 50, ~0.09 0.0 ~0.01 ~0.05
+0.11 +0.09 +0.02 +0.01 +0.06
(Co11) 0,090 (Coo2)  Coon)  (Coos)
_ +0.23 +0.18 +0.09 +0.06 +0.09
Az =Kz [Kg 1.26 "5 ~0.16 —0.07 ~0.05 ~0.08
+0.20 +0.15 +0.08 +0.05 +0.08
Co17)  Coaa)  Cooe)  Com)  (Coor)
_ +0.32 +0.21 +0.12 +0.09 +0.18
’ltg = Ky /Kg 176 _575 ~0.20 ~0.11 ~0.09 ~0.13
+0.29 +0.20 +0.11 +0.14 +0.11
~0.39) “021) (ol12) —0.19)  (Golos)
_ +0.10 +0.09 +0.03 +0.02 +0.02
Awz =KwlKkz 0.89 _p 09 ~0.08 —0.03 ~0.02 ~0.01
""0 I?) -‘-O.I]) ("'0.0‘1) "'0-03) (“‘0 0?)
-0.10 ~0.09 -0.03 -0.03 -0.01
_ +0.11 +0.11 +0.03 +0.01 +0.02
A,z =Ky [kz 0.89 25’10 ~0.09 —0.02 ~0.01 ~0.02
+0.13 +0.13 +0.03 +0.02 +0.02
~0.12) 0110 Coloa) ~0.01)  Colo2)
_ +0.14 +0.12 +0.07 +0.02 +0.02
Arz = K [Kz 0.85 o712 ~0.10 -0.06 ~0.02 -0.02
+0.17 +0.14 +0.09 +0.02 +0.03
—01s)  Coz) Goog)  Cooa)  Colop)
_ +0.18 +0.12 +0.07 +0.07 +0.03
Apz =KplKky 0.56 Z5'15 -0.11 .07 -0.08 -0.02
+0.25 +0.21 +0.09 +0.08 +0.06
(Co22)  Cog)  Coog)  Coor)  Coos)
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P-Values wrt SM

Model

p-value DoF Parameters

Global signal strength
Production processes

Decay modes

py and pp per decay

Ky [ 1 ratio

Ratios of o and BR relative
too(gg > H— Z2Z)

Ratios of o and BR relative
too(gg > H-> WW)

Coupling ratios
Couplings, SM loops
Couplings, BSM loops
BSM loops only

Up vs down couplings
Lepton vs quark couplings

Fermion and vector couplings

4% 1 u

24 5 Hgors HyBFs HwHs KZHs BitH

60% 5 #yy, #zz, #ww, #rr, #bB

ZZ WW bb zZZ WW bb
88% 10w, uy T,y MY By M HE S HE s HE s BE

720/C 6 #V/#[-‘s #);Y’ ”f‘zs #)-Y‘Vs #;Ts #l]’-b

16% 9 o(gg = H — Z2Z), oygp/Ogr, Twhl0ggrs
O'ZH/O-ggF’ O-NH/O-ggF' ) BRWW/BRZZ’
BR””/BR%%  BR"" /BR*%, BR”? /BR**

16°/C 9 O'(gg - H - WW), O'\rBF/O'ggF, Fr_‘VH/o.ggF’
O-ZH/o—ggl-'s O-IIH/O'ggF’ BRll/BR‘VW,

13% T KozsAzgs Aigs Awzs Ayzs Arzs Apz
65% 6 Ky, Ky Ky Koy Kpys Ky

11% T Ky Kys Ky Koy Kpys Kgs K,

82% 2 Kgs K,

67% 3 Agw Avies Kuw

78% 3 Qg Avgs Kgq

59% 2 Ky,Kp
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kV-kF

M. Trott HC 2015

1. SM is of course consistent with the data. v - I
e e e . 1.6 ATLAS and CMS

The problem that needed to be solved: - LHC Run 1 T

W 1.4} Preliminary

PR =

+ 7 — W - A~ 9 [
W =W A= e (s%%z) 0.8/
€p = p/mw Perfect solution 0.6 CIATAS |
to this problem is [ #SM  —68%CL JcMs :
______ the SM Higgs 0.4[ +Bestfit ---95% CL [CJATLAS+CMS |
' | N |
c a 07 08 09 1 11 12 13 14
0
This is why this hypothesis test e
+ 17— My/5
bYWy Wy Ax (LAac) makes sense to do now, and going forward.
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ATLAS EFT constraints

Direct use of differential cross-section measurements (H=>yy) to constrain HO
wilson coefficients...

" Epp—oH-—yy 5=8TeV,203H"  amac |
0.001— A A\ —
- /a (%) :
0.0005 7 1 | \\ -
. _ ) \ N .
-0.0005 = - l\ Q A~ =
- N\ " .
'0‘001; \\ \\ [ / *  Standard Model
- | ( T7 95%CL .
-0'0015:_ \J 4 68%CL A
1 ! | ) | ! ! ! | . ! ! | ]

-0.002 0 0.002 0.004 0.00

C,
/




2HDM Simple parameterisation

Coupling scale factor Type I Type 11 Lepton-specific Flipped
KV Sin(ﬂ - a)
Ky cos(a)/ sin(pB)
K4 cos(a)/ sin(B) -—sin(a)/cos(B) cos(a)/sin(B) —sin(a@)/cos(B)
K¢ cos(a)/ sin(B) ~—sin(a)/cos(B) —sin(a)/cos(B) cos(a)/ sin(B)
Type-1 Type-2
CMS Preliminary <5.1b" (7 TeV) +<19.7 0" (8 TeV) > CMS Preliminary <5.1 b (7 TeV) +<19.7 6" (8 TeV) [»
e 10 ) g_ 10 o
8 T 10 S | 2HDM Typell 10
5F S
41+ 4r
3+ P 3r —8
2 ol
s 6
1= 1—
05 4 0.5]- 4
0.4 0.4
03 0.3
— Observed 95% CL 2 — Observed 95% CL 2
021  2HDM Type | —— Expected 95% CL 0.2 —— Expected 95% CL
---SM  «mBest fit ---SM  #mBest fit
0.1 : : 0 0.1 ' ' 0
-0.5 0 0.5 -0.5 0 0.5
cos(B-a) cos(p-a)




MSSM H(125) couplings

_ sg(my,tan B)+tan B s,(ma,tanf) g = ]
Ky = u

I+tan2 g 1+ (’" +"‘z) tan’ §

ms, +m2 tan2 B—m l+tan2ﬁ
N ryrey; (7 H(1ran2g))’

K = su(my, tan f) ¥ (3 +m3) tan

"~ mg +mj tan? B—m; (1+tan’ B) .

Kq = sd(mA,tan,B) ‘\/1 + tanzﬁ .
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CMS Hiqgs width measurement

19.7 ' (8 TeV) + 5.1 b (7 TeV)
Ll ] L I 1 ) L ] 1 | 1]
CMS Combined

w— (Observed

H_>YY+H_>ZZ -==. Expected
my, 1L H—yy tagged

= QObserved

—-- Expected
H—ZZ tagged

- QObserved

Expected

1

-2AInL
O N W B O N ®© O
‘lllllllll

LI IIIIIIIIIIFII lllIl]IIl]lTl]I[lIlllIIIl]TIlI

<1.7 GeV @ 95% CL

b 24
Higgs boson width (GeV)

(-

~
. -~
- -~
- .
. .
- -
-
. )
N !
mllll lllllllllllll lllllllllllllllllkl
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Rank Test

All parameters constrained to be positive.

Check compatibility of Stgnal | 4 H—ZZ H—WW Hortr H-sbb
data with “single-particle model
state” hypothesis ggH Hoyry Hzz Hww Hrr Hob

VBF )‘731: Koy /\VBF Hzz A%VIY HWW  Aypg Brr /\b BF Hbb
ttH /\ttH Ky AZZ Hzz Amv PWW_ Ags P Aﬁ?{ Hbb

197fb 8 TeV) +5.1 fb (7 TeV)

0. Aprrrrrrrrrrrrrrrrs PR T :
— Observed E Compare the model for which
— Exp. for SMH | ] f
= o.-BR
p-value (under single- ﬂ{ = l = H; X ﬂf

CANYE (BRf)SM

(i.e single narrow state), with “saturated

state hypothesis)

il
gr > g5 is (7.9 £0.3)%

= model”
ot : L(data /\"::X-, .
| OE |"LLLL\N\IJII|IIII|IIII| IIIIIIII g qA : _21n ( | I ﬁ])
0 5 10 15 20 25 30 35 40 45 (data | /\z, ]l] )

q
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s Prod x Decay

—e— Observed +1c

ATLAS and CMS

LHC Run 1

Th. uncert.

YY
Y4
WW
T
bb

4 2 0 2 4 6 8 420 2 4 6 8

=2 0 2 4 6 8

1.5 -4

1

-05 0 05

1.5

1

-05 0 05

ttH

ZH

WH

VBF

ggF

o - B norm. to SM prediction




TT

bb

Higgs Prod x Decay

ATLAS and CMS

0.00 0.01 0.00 5—0.26 0.00

0.00:0.00 -0.24
£0.00 -0.01-0.18

0.01

0.00 0.00
0.00 0.01
£0.00 -0.07 0.02

0.03 -0.24

0.00 0.00

0.00 0.00

0.00 0.00

-0.01 0.06

0.00 0.00

Expected LHC Run 1

0.00 :-0.10 0.00 0.00 0.00 :0.00 0.00 0.00 0.00

0.00 50.00 0.00 0.01 0.00 50.00 -0.04 -0.01 0.00

10.00 -0.05 0.00 {0.00 0.02 0.00 0.01

0.00 0.00 -0.05 0.01:0.00 0.00 0.00 0.00 E0.00 -0.10 0.02 0.00 0.00

0.00 0.01 0.01 -0.17:0.00 0.00 0.00 0.04 .0.00 0.01 -0.02 0.00 0.00

0.00 0.00 0.00 0.00:0.00 0.00 0.00 0.00:0.00 0.00 0.00 -0.06 0.00

000 000 0.00 0.00000 00D 0.00 0.00:-007 000 000 0.00;006 000 000 0.00 M 000 000 0.00

0.00 -0.04 0.02 0.00:0.00 0.04 0.00 0.00:0.00 0.00 0.01 0.00 0.01

0.00 -0.01 0.00 0.00E0.00 0.01 0.00 0.00 E0.00 0.00 0.00 0.00; E0.00 -0.50

0.00 0.00 o0.01 0.00E0.00 0.00 -0.01 ﬁ.0150.00 0.00 0.00 0.00 ;0.00 0.00 0.00 0.00 ;0.00 0.01 0.01

YV ZZWW Tt Y7 ZZWW Tt YY WW Tt bb :¥Y WW T bb :¥7 WW Tt bb

ggF . VBF WH ' ZH ttH

c5i><Bf

—0.2

0.4

—0.6

0.8

~
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\HHH‘ \HHW‘ \\HHH‘ \\HHH‘ \\HHH‘ T T T T T

Arbitrary normalisation
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Spin-Parity

Before you want to know if it looks like, walks like
and sounds like a duck, you should first check it
isn’t an ostrich!

1€2 (ST02) SLD °f *sAyd un3

ATLAS and CMS H>WW,ZZ,yy modes use angular
information to distinguish between various JP
hypotheses...

Run-1 data is enough to rule out spin-2 (and many other J°
states) at > 99.9% confidence level

PRD 92 (2015) 012004
CMS X > ZZ + WW 19.7 o' (8 TeV) + 5.1 fb™ (7 TeV)
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