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Outline ?AT LAS

Talk focuses on the mass, cross sections and couplings

measurements from the ATLAS Run-2 combination and the
ATLAS+CMS Run-I combination

& Introduction
& Higgs boson mass combination
& Higgs boson signal strength, cross sections and couplings combination

& Conclusions and outlook




LHC and detector performance ATLAS

LHC performed very well during Run-1 and Run-2
Both ATLAS and CMS experiments achieved very high data taking efficiencies
~90% of data ready for physics
Data for analysis:
8 2011: Vs=7TeV: ~5 fb-1
¢ 2012: Vs=8 TeV: ~20 ftb-1
8 2015 & 2016: Vs=13 TeV: ~36 fb-1

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2017-08-12 02:02 UTC
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Higgs Discovery: July 2012

& Crowning achievement of Run 1

& To determine whether the discovered
boson is fully compatible with the
Standard Model Higgs, precise property
measurements are required

o Large effort towards studying its
properties and searching for NP

e ATLAS 2011 -2012
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Higgs boson production & decay ?ATLAS SMS

g 9 4 w/z 9 t bbH and gg—ZH
e H - H not targeted by
N specific analysis
g a q "H 4 t categories
ggF: ~ 87% VBF: ~ 7% VH = WH or ZH: ~4% ttH: ~ 2% imp]emented 1n
the fit model
WS- Sanmmmag) pagpaases - TRaRE:
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I o .
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Before making a statement on the SM nature of the Higgs, we first need mpy

Once the mass is determined then all other properties of the Higgs boson are
set and calculable
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Combination: statistical methodology ATLAS |~
EXPERIMENT
Combine measurements and fit for L (O_Z : 5 ( v ) )
parameters of interest (POI) using a profile — —=
likelihood ratio: )
L(a,0)
® a: a vector of POI
® 0: nuisance parameters (NP), corresponding to systematic uncertainties

-

® q, 6 are the values of the POI and NP that maximize L

s 6(8) is the value of the NP that maximize L for a given a

® Assume asymptotic approximation to be valid: f(A) = y2(ndof)

Theory uncertainties assumed uncorrelated between production modes
(except for VBF+VH) and correlated between the two experiments

QCD, PDF, UEPS, Bf

Experimental uncertainties are correlated between analysis channels but
uncorrelated between the two experiments, except for part of the luminosity

e
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Mass combination

¢ Combining measurements in H—yy and H—4l decay channels

channels have the best mass resolution

& Neglect interference between gg—yy and gg—H—vyy :

Amyy = —35 + 9 MeV (ATLAS)
& Use profile likelihood ratio
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-009/

13 TeV ATLAS mass combination ?ATLAS SMS

| | | | | | | | | | | | | | | | | | | | | | | | | | |
ATLAS Preliminary
—e— Total o | Syst.
(s =13 TeV, 36.1 b Stat y
Total Stat. Syst.
I
LHC Run 1 ——— 125.09 + 0.24 ( £ 0.21+ 0.11) GeV
H—ZZ*—4l] } — | 124.88 + 0.37 ( = 0.37 = 0.05) GeV
H—yy — ° — 125.11+ 0.42 ( =+ 0.21 + 0.36) GeV
PSS EEEEEELEELEELEEAN
Combined — . — :124.98 + 0.28 ( = 0.19 = 0.21) GeV
| ALLLEAREEERREEREEAAN
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
124 124.5 125 125.5 126 126.5
m,, [GeV
Source Systematic uncertainty on my [MeV]
LAr cell non-linearity 90
LAr layer calibration 90 . .
Non-ID material 60 ATLAS combined mass in excellent
ID material 50 agreement with the LHC Run-1
Lateral shower shape 50 average
Z — ee calibration 30
Muon momentum scale 20
Conversion reconstruction 20

J. Lacey EEE’;
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Higgs boson cross sections, signal
strengths and couplings
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H—yy+H—4I total cross section ATLAS

EXPERIMENT

. Total un ' le @ PDF
- ¢ combined data mm [otal uncertainty (scale @ +o )

systematic uncertainty

'3' _' L L L . ! .' L L L e
Z 100 ATLAS Preliminary — O,y My =125.00GeV

f C AH—yy 0 HoZZ 4l QCD scale uncertainty
b&

\\

60}

——
Vs=7TeV, 4510 i
R Vs=8TeV, 20.3fb" .
O Vs=13TeV, 36.1 fb™ B
PR T T SR TN NN NN SN SN SN SN NN SN SN SN SUN SN S SUN S S SN S S S S S S S S S R '

7 8 9 10 11 12 13
Vs [TeV]

Total cross section based on inclusive yields in each decay channel
¢ Yields extracted via a_fit to the inclusive mass distributions (my, and my)
¢ Corrections for: detector effects, fiducial acceptances, BR

Individual channel compatibility: p-value = 29%

Compatibility with SM: p-value = 84%

J. Lacey EE:S; 11



Production and decay combination inputs. YATLAS | =

EXPERIMENT [

To increase sensitivity most analyses split datasets into categories

® Categories have different S/B and background uncertainties
& Many categories provide sensitivity to different production modes

Categories receive contributions from different productions and decay
processes and encode information about different couplings

13 TeV ATLAS S/B too low in gg—H—bb

ggk | VBF | VH | uH ATLAS+CMS Run-1
H—yy v v v v » VBF H — bb (CMS) not included
H— 77" — 4l v v v v
H - WW — 22y X X X X » H—pu Nsig too low for VH ttH
H — 171 X X X X H — pu used only in one model
H — bb X X X X ATLAS Run-2
H — pp X X X X » considering only H—yy and H—4l
Assumptions:
& Single Higgs boson, CP-even, SM kinematics i H o f) =0 T,
& Narrow Width Approximation (NWA: I'a ~4 MeV) Lot
13
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Signal strength measurements @ATLAS SMS

B/ set to SM when measuring p; oi set to SM when measuring pf
ATLAS and CMS - ATLAS+CMS ATLAS and CMS -8- ATLAS+CMS
B -+ CMS —4 CMS
: — 10 N : — +10
w o — 420 Y —o—— — 22
ggF —+— u _+_ +20
W —— ———
ver - i uee — ;B
B i B o u ; po=
u ———i— b i B
WH " A MWW ————
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E O-'B |||||||||||||||||||||||||||||||||||||||||||||||||
u Bl U= 1 05 0 05 1 15 2 25 3 35 4
—-n;-— (U ' B)SM Parameter value
L1111 | L1111 | 1111 | L1111 1111 | L1111 | L1111 | 1111 | L1111 | 1111

-1-050 05 1 15 2 25 3 35 4
Parameter value

ATLAS+CMS Run-1: 1 = 1.09 + 0.07(stat.) +£ 0.05(exp.)+ 0.03(th. B) + 0.07(th. S)
ATLAS 13 TeV: u = 1.09 = 0.09(stat.) £ 0.06(exp.)+ 0.06(th.)
All production and decay signal strength measurements consistent with SM

J. Lacey (E%ﬁ 13



13 TeV H—yy+H—4l production cross sections. Y AILAS

EXPERIMENT

I I I I I I I I I I I I I I I I I l I I I I l I I I I
E ATLAS Preliminary
99 Vs =13 TeV, 36.1 fb”
H—yy and H—=ZZ*—4l
: m;,; =125.09 GeV, ly 1<2.5
VBF ‘ : A |
Measurement e
VH | o | .
' ' Stat. uncertainty
Syst. uncertainty D
_ B -
ttH | . : SM prediction I
N
| | | | I | | | | l | | | | I | | | | I | | | | I | | | |
-1 0 1 2 3 4 5

Cross section normalized to SM

Higgs production is studied further by separating the production
mechanism cross sections

Assuming SM branching fractions, a combined fit is performed, to extract
the production cross sections (ggF, VBF, VH, and ttH) for |yu|<2.5

Measurements of ggF and ttH include bbH and tH, respectively
Compatibility with SM predictions: p-value = 5%

J. Lacey BE:S;
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13 TeV H—yy+H—4I: VBF vs. ggF cross sections. ¥’ATLAS

EXPERIMENT

ggF and VBF cross sections measured with the best precision

Anti-correlated since the VBF selection categories have
significant contribution from ggF production

'Q' : 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 1 1
2 40 —— Combined 68% CL ATLAS Preliminary =
L | ]
N Combined 95% CL Vs=13 TeV, 36.1 fb” =
R H—yy 68% CL H—yy and H—ZZ*—4 -
80 v+ H—>ZZ* 41 68% CL my, =125.09 GeV, ly 1<2.5 — e e
e[ ¥ Bestft 1 2D CO"}PCltlblhty
— [ SM prediction ST T . wll:h SM
ool ; E predictions:
- : . p-value = 3%
15 : -
- e — L o 7
. :_ ,,,,,,"':...7.7,7;,,h_h,,__,_.._...‘__"____'_'_'_'_-,v- ...... _:
: SM ]
[ | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
10 20 30 40 50 60 70 80

o(VBF) vs. o(ggF) likelihood contours for each analysis channel and their combination
(VH and ttH profiled with the data)

J. Lacey BE:S; 15



13 TeV H—yy+H—4I cross section ratios

J. Lacey 3%1

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
Oyor - By [_@ ATLAS Preliminary
{s=13TeV, 36.1 fb”
H—yy and H—ZZ*—4i
B,,/By, b
m, =125.09 GeV, IyHI<2.5
Oy Oggr I | . :
Measurement g
Oy Oggr : o ] Stat. uncertainty
Syst. uncertainty | |
|
O/ Oggr I o ! SM prediction []
|
| | | | I | | | | l | | | | I | | | | I | | | | I | | | | I | | | |
—1 0) 1 2 3 4 5 6

Quantity normalized to SM

VBF, VH, and ttH normalized to ggF and BYY normalized to B%4
. f
Bl — & B
o, B =0(g9g—H — Z7) - (UggF) : (BZZ>
Combined fit to extract the production and decay ratios for |ya|<2.5
Compatibility with SM predictions: p-value = 3%

ATLAS

EXPERIMENT
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STXS framework (|l ynl<2.5).

MVA low pz (V)

MVA high pr (V)

o(VH)

> 2-jet VBF cuts

low pY.

high py.

very high p¥.

iy Ky

dk

EFT
coeffs

= 0-jet

> 1-jet

specific
BSM

o(bbH)

o(tH)

Simplified template cross sections (STXS) provide a natural evolution
of signal strength measurements

Maximize sensitivity of the measurements and reduce the theory
dependences that get directly folded into measurements

J. Lacey §E:Si )
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STXS stage-1 regions (| yu|<2.5).

ATLAS preliminary

. . VBF cuts
= 2748t i 900

ATLAS

EXPERIMENT

(H + leptonic V')

qq - VH

|

—>

—>
> p¥ [0, 150]
pY [150, 250]
= 0-jet
(+)
> 1-jet

pY [250, 00]

.

3)

(+)

~

(+)

Z — b0+ v

\4

pY. [0,150]

pY [150,250]
= 0-jet
(+)
> 1-jet

pY. [250, 00]

\4

bbH

Regions enclosed by red boxes are merged,
except for those indicated by the "+" sign

bbH is merged with the ggF

18



13 TeV STXS stage-1 combined measurements

J. Lacey 3{51

9g—H (0-jet)

gg—H (1-jet, p’;’ <60 GeV)
99—H
(1-jet, 60 < p‘;’ <120 GeV)

99—H
(1-jet, 120 < p_*r’ <200 GeV)

gg—H (= 2-jet, p’ <200 GeV
or VBF-like)

gg—H (= 1-jet, p" =200 GeV)

+ qq—Hqq (p, ~'200 GeV)
qq—Hqq (p"T <200 GeV)

g9/qq —HIl/HIv

99/q9q —ttH

ATLAS

EXPERIMENT

ATLAS Preliminary
Vs =13 TeV, 36.1 fb’

H—yy and H—=ZZ*—4/
m;; =125.09 GeV, ly |<2.5

0.20.40.60.8 1 1.21.4
Ratio normalized to SM

Measurement lo|
Stat. uncertainty
Syst. uncertainty D

SM prediction I

1

0

1

2

3

4 5 6

o, x B, normalized to SM

Results give a good overall agreement with SM predictions
in a range of kinematic regions of Higgs boson production processes

The compatibility of the measurements with the SM expectation
corresponds to a p-value of 9%

19



STXS measurement correlations ATLAS

EXPERIMENT

| | | | | | | |
B}’V / B4I
H (e ATLAS Preliminary — O 8 ><
g9—H (0-jet
Vs=13TeV, 36.1 b" —
gg—H (1-jet, p" <60 GeV) 017 -0.24 " O 6
T H—yy and H—ZZ*—4] 0.4
g.f(l:j; 60 = pf < 120 GeV) o m,, =125.09 GeV, IyHI<2.5 .
gg_>H T [ ] _— 0-2
(1-jet, 120 = p" <200 GeV) R 0%
gg—H (= 2-jet, p" <200 GeV _0 . I 1 T O
or VBF-like ' ' '
9o H (= 16, pt p" =200GeV) [ - —-0.2
-0.25 0.15 0.05
+ qq—Hqq (p’T > 200 GeV) | i —O 4
qq—Hqq (p"T <200 GeV) -0.41 021 0.05 .
99/9q— HIl/HIv -026 0.12 007 004 0.04 ]
g9/qq—ttH -0.33 024 005 007 007 001 004 017 ]
| | | | | | | _1
: o ~ O G O 6 S 6 S
Correlations: = S ¢ 2 9 s 2§ g © %
° ° - N AN (9]
Largest between the BR ratio and gg—H 0-jet LYy vV Vv Y8V g B
. g Q J:Qh J:Qh :':Q" T~ ‘XI‘ .hh g
o - Q - S
and gqq—Hqq pP <200GeV 8 v v gggu ®
= @ & «a=27T % T
. : T D FERUONTAR -
qq—Hqq pp < 200 GeV has greater tension r T8 T T8 2T g
D T I 1T
between the two channels. > 5T g= g5 §
> +

Significant between gg—H 0-jet and gg—H 1-
jet pTH < 60 GeV, due to migrations between
experimental jet-bin categories

J. Lacey | 9E:s;”,, Q0



Ly CMs,
Kk-framework o = H - f) = oM = ATLAS [

H™ H

¢ Leading-order (LO) framework (limited predictive power) developed by the
LHC Higgs Cross Section WG to study Higgs couplings

useful as long as the overall picture is SM-like

¢ Potential deviations from the SM predictions of the Higgs boson couplings to
SM bosons and fermions encoded into a set of coupling modifiers:

2 _ Y 2 _ By 2 SM 2 k2, T2M
SM K K ., —
) o f B?M H J) J H 1 _ BBSM
production  decay Total width

¢ The same couplings are involved in production and decay modes, hence the
yield measurements need to be be projected onto the individual couplings

q q W/Z
r
2 _ Wz
W @ --- 1 ovpr = (074 k3 +0.26- k%) ovny = hw.z = TsM
W.,Z
q q W/Z

s Loops (ggF, H—Yyy) either expressed with effective coupling modifiers xg4, xy, or
using more fundamental coupling modifiers xx 9 oty

OggF = kg - Ogg = (1.06 - 57 4+ 0.01 - k7 — 0.07 - kykp) - Tpre

J. Lacey EE:S; g P
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13 TeV ATLAS couplings modifier results

M~|—

2.5

1.5

0.5

*  SM prediction

ATLAS Preliminary

Boson vs. fermion couplings
e SM Higgs couplings to fermions and boson very different (Yukawa vs Dy — kg Vs ky)

& Kp, Ky in agreement with SM
& xr <0 excluded at > 95% CL
& 2D compatibility with SM: p-value = 52%

J. Lacey 3{51

|+ Bestfit (s=13TeV, 36.1 fb” ]
— Combined 68% CL Hoyy and H—ZZ*—d4]
| e Combined 95% CL |
m, =125.09 GeV
[~ oo H—yy 68% CL n
e H—ZZ"—4]/ 68% CL  ,.e=""*- _
—I ] | L1 1 1 | I I | | I I | | I I | | L1 1 1 | I I | | L1 1 1 | ] I—
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Ky

ATLAS

EXPERIMENT
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13 TeV ATLAS couplings modifier results ATLAS

EXPERIMENT

z;, 1 _5: 1T 1 I 1T T 1 I 1T 1T 1 I 1T T 1 1T T 1 I T T 1 I 1T T 1 I | L -
, 4:_ % SM prediction ATLAS Preliminary E
" F 4+ Best fit (s=13TeV,36.1fo" 7
1.3 —— e8%CL H—>yy and H—ZZ* 4/~
e Lkt 95% CL = -
1 o m,, = 125.09 GeV =
1.1 —
1= —
0.9 —
0.8 —
0.7 —
—1 1 1 | | 1l 1 1 1 | | I I | | 1l 1 1 1 | I I | | 1 1 1 | 1l 1 1 1 | | I I |
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Kg

Effective couplings for x, and x4
& No BSM decays (BBSM = 0)

¢ ggF and Hyy loops are allowed to be affected by contributions from
additional particles

& 2 free parameters xy, kg, all other coupling modifiers fixed to their SM values
& 2D compatibility with SM: p-value = 68%

J. Lacey 3%\; Q3



13 TeV ATLAS couplings modifier ratios ATLAS

EXPERIMENT

. . . . K ;
Conversion of signal strength ratios to the x-framework using;: )\z i = I{—Z
J
Four ratios constructed to probe loop vertices (1x¢g, xy), total width »x and
fermion and vector couplings (¢, xv)
RqRVv Ry K f K
_ 9 _ _ '
RgV = y )\Vg — 9 )‘fg — )\’)/V —
R Rg Rg RV
I I I I I I I I I ! I I I I I I I I l I I I I l I I I I 2 SM
Koy I-E—I ATLAS Preliminary o '%HFH
: {s=13TeV, 36.1 fb H=1_pR
: H—yy and H—ZZ*—4l BSM
5 = 125.09 GeV .
Ay e i ° Negative ranges allowed for Ag to
' exploit the moderate sensitivity to the
. , Measurement e relative sign from tHX and 99ZH
" ii Stat. uncertainty Best fit > 0, but limited sensitivity
Syst. uncertainty to interference terms
}\fg l ° l
| I | | | | I | | | | i | | | | I | | | | I | | | | I | | | | 4D compatibility With SM:
0 0.5 1 15 2 2.5 3 0
Quantity p-value = 15%

J. Lacey 3%\; 24



> T L T T rTTT T
Coupling modifiers lower than those & |§ 17 ATLAS and CMS
predicted by the SM when compared to £1 p LHC Run1
the global signal strength or the fit o
. LL -1L _
results of the decay signal strengths £ |f 107 '
N :
ATLAS and CMS 8- ATLAS+CMS
LHC Run 1 -+ ATLAS
-+ CMS 1072 ¢ =
B i —1ointerval -
Ky = ¥ —2ointena ¢ ATLAS+CMS
— m——— _
— N SM Higgs boson |
Ky - — [M, €] fit :
B o *‘“ 68% CL
i 95% CL
Kt _:___‘.:_ 10_4_.. Ll Ll Ll E
& 10" 1 10 102
he | . Particle mass [GeV]
N __‘-r_ o . . o
— Parameterization derived from the coupling
K, — modifiers make the dependence on the particle
B masses explicit (as in the SM):
e, | — linear for the fermion Yukawa couplings and
e I quadratic for the gauge couplings of the Higgs
Parameter value to the V-bosons

J. Lacey 3%1 Q5



Run-1 couplings with BSM loops and new decays

ATLAS and CMS

LHC Run 1 -o- ATLAS+CMS -+ ATLAS —+CMS

— 1O

— +20

Bgsw =0

IIIIIIIIIIIIIIlllmlllllllllllllllllll

-15 -1 -05 -15 -1 -05

J. Lacey 3{51

Parameter value

ATLAS |~

EXPERIMENT [£F—

2 1SM
K LF

~ 1— Bpswm

& Probe new decay channels: NWA, Bgsm > 0 and impose |kvy|< 1
s upper limit of Bggy = 0.34 at 95% CL (expected imit: 0.39)

8 The p-value of the compatibility between the data and the SM
predictions is 11%, assuming that Bggy = 0



Conclusion and outlook ?ATLAS

Run-1 (ATLAS+CMS)

& Mass measured at 0.2% level : mJ = 125.00 + 0.24 GeV

& Various parameterization explored and were all found in agreement with SM
(worst p-value of 11%)

Run-2 (ATLAS: H—yy & H—4l)
e my = 124.98 + 0.28 GeV, in agreement with ATLLAS+CMS Run-1 result

& Preliminary combination results for coupling modifiers, production mode and
total cross sections

& Possible improvements over the kappa-framework being investigated:

preliminary results shown from STXS framework, future considerations:

EFT and PO
All measurements consistent with SM expectations

& Run-1 ATLAS+CMS combination provides the most accurate measurements in the
Higgs sector, though the ATLAS Run-2 combination approaching the same accuracy

¢ Increased statistics from the final Run-II dataset and improved theory
predictions are already providing a significant increase in sensitivity

J. Lacey (53]
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Production and decay signal strengths @ATLA

Combine categories and fit for cross sections (0i) or signal strength of
different production processes (i) and final states (f)

o O B B
" oism BL,, “ (o;-Bl)swm

Analyses extract signal yields:

518 — L3 (UzAfSMGZ SMBf>

= L2y (,UZO'Z sMmA; SME{SMMJCB )

where [ is the luminosity, € efficiencies, A the detector acceptance and ui, v are
production and decay signal strengths

Chas, /|

v

_
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STXS signal composition by production mode ATLAS

EXPERIMENT

"ggH ver | WH izH ogzH [BttH lllbbH | tHgb | tHW

ATLAS Preliminary H —yy, m_ =125.09Gev

tH lep Ofwd
tH lep 1fwd I
ttH lep

ttH had BDT1
ttH had BDT2
ttH had BDT3
ttH had BDT4
tH had 4j1b
tH had 4j2b
VH dilep

VH lep HIGH
VH lep LOW

The expected composition of e
the selected Higgs boson VHMET LOW

jet BSM

events’ in terms Ofthe dl:ﬂ'erent VH had tight
prOduCtion mOdes, for each VH had loose

VBF tight, high pt¥
reconstructed category VBF loose, high pf!
VBF tight, low p!¥
VBF loose, low pt¥
ggH 2J BSM

ggH 2J HIGH

ggH 2J MED

ggH 2J LOW

ggH 1J BSM

ggH 1J HIGH

ggH 1J MED

ggH 1J LOW

ggH 0J FWD

ggH 0J CEN

0O 01 02 03 04 05 06 0.7 08 09 1
Fraction of Signal Process / Category
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STXS signal fractions (| yg|<2.5)

ATLAS Preliminary H —yy, m

bbH |

tHW

tHqgb

ttH

gg — Hll (= 1-jet, p¥ = 150 GeV)

gg — Hil (O-jet, p! = 150 GeV)
gg — HIl (p¥ <150 GeV)

qq — Hll (py =250 GeV

T

qq — HIl (= 1-jet, 150 < p?¥ <250 GeV

T

qq — HIl (O-jet, 150 < p¥ <250 GeV
qq — HIl (pY <150 GeV

T

qq — Hiv (p¥ =250 GeV
qq — Hiv (= 1-jet, 150 < p¥ <250 GeV

T

)
)
)
)
)
qq — Hiv (0-jet, 150 < p?Y <250 GeV)
)
)
)
)
)
)
)

STXS Regions

T

qq — Hiv (p¥ <150 GeV
qq — Hqq (p! =200 GeV
qq — Hqq (rest

qq — Hqq (VBF-like, 3-jet

qq — Hqq (VBF-like, 3-jet veto
ggH (VBF -like, 3-jet

ggH (VBF-like, 3-jet veto)

ggH (= 2-jet, p!' =200 GeV)

ggH (= 2-jet, 120 < p" <200 GeV)
ggH (= 2-jet, 60 < p" <120 GeV)
ggH (= 2-jet, pt* <60 GeV)

ggH (1-jet, pt =200 GeV)

ggH (1-jet, 120 < p* <200 GeV)
ggH (1-jet, 60 < p# <120 GeV)
ggH (1-jet, p* <60 GeV)

ggH (0-jet)
signal event fractions in each 523052505255558523
reconstructed category 332222333332 =p E,E Bl
originating from a given 22555588538 58522 3
simplified template cross % & éé g
=>

section region

J. Lacey 3%1

VH MET HIGH

= 125.09 GeV

ATLAS

EXPERIMENT

>
p -
©)
(@))
| ()
{ L
| ©
| O
| -
| >
I )
| =
| >
| o
| c
| O
| (@)
| ()
| o
OO OOANTT QOT O O
E%QQ:FFFPQBB
Q=5 Tao0aQrE5
I mommmEL
QQ>.C.C coc o © - =
TT TT CcCcc< T
> “TILILIEL
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Analysis categories entering the combination ATLAS

EXPERIMENT

H — ~~ H—Z7Z" - 44

ttH+tH leptonic (two tH X and one ttH categories) ttH

ttH+tH hadronic (two tHX and four BDT ttH categories) V' H leptonic

V H dilepton 2-jet VH

V' H one-lepton, pfﬁLMET > 150 GeV 2-jet VBF, prjr1 > 200 GeV
V' H one-lepton, pfj_erET;l50 GeV 2-jet VBF, p?;;QOO GeV

VH EXss ERiss > 150 GeV 1-jet ggF, p3* > 120 GeV

VH ER'™, ER™ 150 GeV 1-jet ggF, 60 GeVip1i120 GeV
VH+VBF pZ" > 200 GeV 1-jet ggF, pii60 GeV

V' H hadronic (BDT tight and loose categories) 0-jet ggF

VBF, p%”jj > 25 GeV (BDT tight and loose categories)
VBF, p%w'j;QS GeV (BDT tight and loose categories)
ggF 2-jet, pi.' > 200 GeV

ggF 2-jet, 120 GeV < p27i200 GeV

ggF 2-jet, 60 GeV < p1'j120 GeV

ggF 2-jet, p1’ < 60 GeV

ggF 1-jet, p1" > 200 GeV

ggF 1-jet, 120 GeV < p1.'j200 GeV

ggF 1-jet, 60 GeV < p17i120 GeV

ggF 1-jet, p.' i 60 GeV

ggF 0-jet (central and forward categories)

J. Lacey EE:S; 33



ATLAS 13 TeV: STXS kinematic regions ATLAS

EXPERIMENT

Stage 0 process Measurement region Stage 1 region

gg — H 0-jet 0-jet
1-jet, pif < 60 GeV 1-jet, pif < 60 GeV
1-jet, 60 < pil < 120GeV 1-jet, 60 < pif < 120GeV
1-jet, 120 < p& < 200 GeV 1-jet, 120 < p# < 200 GeV
> 1-jet, pH > 200 GeV 1-jet, pi > 200 GeV

> 2-jet, pf > 200 GeV

> 2-jet, pif < 200GeV or VBF-like > 2-jet, pX < 60 GeV
> 2-jet, 60 < p2 < 120 GeV
> 2-jet, 120 < p < 200 GeV
VBEF-like, pgjj < 25GeV
VBF-like, pi’? > 25 GeV

qq — Hqq Pl > 200 GeV pr > 200 GeV
Pl < 200 GeV P < 200 GeV, VBF-like, pp?’ < 25GeV
pT < 200 GeV, VBEF-like, pT” > 25 GeV
Pl < 200 GeV, VH-like
pi < 200GeV, Rest

J. Lacey EE:S; 34



ATLAS Run-2 cross section correlations. ATLAS

EXPERIMENT

| I 1 -
ATLAS Preliminary %
ggF Vs =13TeV, 36.1 fb" 08 =
H—yy and H—>ZZ*—4i 0.6
my, =125.09 GeV, ly 1<2.5 | 0.4
VBF oo
—0
VH
I I 1 5':
ttH ATLAS Preliminar -
Oor - By y 0.8 X
Vs =13 TeV, 36.1 fb™ o
L E I I H—yy and H—=ZZ*—4l 0.6
> =
= > B,,/B., m,, =125.00 GeV, ly <25 | —0.4
— —0.2
Oyer/ Oggr —0
—-0.2
OVHloggF —04
-0.6
Oird Oggr -0.05 -0.06 0.09 -0.12 -0.8
l l l _1

BYY/B4I

GggF ‘ B4I
Oyge/ OggF
0VchggF
0‘ttH/O‘ggF
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STXS stage-1 o; - Bz7z /| BSM,, ATLAS

EXPERIMENT

o & | — =
Qo —  gg—H, O-jet ATLAS prellmlnar_‘{1 o Data =
=_ - \s=13TeV, 36.1 fb ; 7

o ) qq—Hqq
9 B ggaH 1-jet H—yy and H—>22"—4 pl <200 GeV s SM —
mq 10 — p <60 GeV H = 125.09 GeV, lyHI <25 + + o
o} — - =
B gg—H, = 2-jet _
B pH <200 GeV + ]

gg—H, 1-jet T
i /qq—HIl/HI
1 b= m\ ?g 60 < p!’ < 120 GeV or VBF-like 99/99 Y solaqtiH
=~ 16} - ] E
. Z14¢t - H. 1-iet gg—H, = 1-jet —
B P - gg—art "I pi = 200 GeV |
B 10t | 120 < ,DT < 200 GeV + qq—Hqq ! B
8 p. =200 GeV

Simplified template cross section measurements

J. Lacey ( QE:S; 36



Mass vs. u

I i T T T T | T T T T T T T | T T T T J_
S ~ ATLAS and CMS H—yy ]
< BE —— H—ZZ—4 =
c - LHC Run 1 —— Combined y y +4/ .
QY R L e Stat. only uncert. -

| 5 — ]

4 — ]

3 =

2 - -

1 —

ol 1
124 124.5 125 125.5 126

m,, [GeV]

J. Lacey 3%;

Signal strength (u)

2.5

1.5

0.5

chus, |
ATLAS [
<\
EXPERIMENT |/ —
B T T T | T T T T | T T T T | T T T T T T T IAlTLIAIS IHI | T T T T i
N --- =y i
- ATLAS and CMS --- ATLAS H—ZZ—4l _
- LHC Run1 CMS H—yy i
— CMS H—ZZ—4l  —
- LemT =~ - All combined ]
B ," X Best fit i
— ) —— 68% CL —
: ~ N . ; >< ' ‘l :
L DT ell X ’l' _
B ez -
B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
124 1245 125 1255 126 126.5 127
m,, [GeV]
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Run-1 ATLAS+CMS mass combination ATLAS >
L e I L L L
ATLAS and CMS —e— Total Stat. 1 Syst.
LHC Run 1 Total Stat. Syst.
ATLAS H—yy F———+ 126.02 = 0.51 (+ 0.43 = 0.27) GeV
CMS H—yy ——e— 124.70 = 0.34 ( = 0.31 = 0.15) GeV
ATLAS H—ZZ —4i : C : 124,51+ 0.52 ( + 0.52 = 0.04) GeV
CMS H—ZZ 4l ——— 125.59 + 0.45 ( + 0.42 = 0.17) GeV
| atLasscmsyy =— 125.07 £ 0.29 ( £ 0.25 + 0.14) GeV
ATLAS+CMS 4] ——— 125.15 + 0.40 ( + 0.37 = 0.15) GeV
| ATLAS:CMS ypsa = 125.00 + 0.24 ( + 021+ 0.11) GeV
— |1é3| — |12|4| — |1é5| | |12|6| — |1é7| — |1é8| — |1é9| |
m,, [GeV]

Results from the Run-1 ATLAS+CMS mass combination:
Systematic uncertainty breakdown given in backup

Dommant uncertainties:

non-linearity, material in front of ECAL, muon calibration

J. Lacey BE:S;
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Mass systematic uncertainties

ATLAS and CMS Uncertainty in ATLAS

combined result

LHC Run 1

ATLAS ECAL non-linearity /
CMS photon non-linearity

Material in front of ECAL

ECAL longitudinal response
ECAL lateral shower shape

Photon energy resolution

ATLAS H — yy vertex & conversion
reconstruction

Z — ee calibration

CMS electron energy scale & resolution

Muon momentum scale & resolution

ATLAS H — yy background modeling

Integrated luminosity

Additional experimental
systematic uncertainties

Theory uncertainties

J. Lacey 3%1

Uncertainty in CMS
combined result

Uncertainty in LHC
combined result

] ! 1
]
I
1
1]
]
ATLAS CMS | Combined
Observed Observed Observed
I []Expected | ["]Expected | [ ]Expected
0005 04 0 005 01 0 002004006
sm,, [GeV]




Couplings: compatibility with SM

Parameterisation p-value DOF Parameters

Global signal strength 40% 1 pu

Production processes 24% 5 UgeeR, WVBF, UWH, HZH, PttH

Decay modes 65% 5 w7, ut?, uWW, ytT, 4bb

Decay modes with H —  75% 6 w7, u?%, u"W, u™@, bt yme

Ky

uy and i per decay 0% 10 py!, wi?, Wy wi e B e e

uy /i ratio 75% 6 pv/ur, p s pEL e

o; - Bf product 20% 23 (0 B)yp (0 B)Zd (0 B)ger, (0 B)iie (0 B)ypp
(c-B)igr, (0 B)ygt,  (0-B)ige (0 B)ply,
(0-B)ifi, (- B)Wi,  (0-B)iy, (0 By,
(0-B)21y, (0-B)ZE, (0-B)Z2YY, (0-B)Z, (0-B)7y,
(7 Bty (- B)ify, (0 - By, (o B)ify, (0 By

Ratios of c and BRrelative  16% 9 o0(gg — H — ZZ), over/0ger, Owr/ O4gF, 071/ OggF,

too(gg - H— 27) o1/ Oggr, BYW /BZZ, B1T /BZZ, BTT /BZZ, BY /BZZ
Ratios of c and BRrelative  26% 14 0(gg — H — ZZ), 0vBr/ Oger, OWH/ Oggk, OzH/ OgeF,
to 0(gg — H — ZZ) and Oup /g, BYW /BZZ, B1Y /BZZ, BYT /BZZ, BY /B4Z,
7/8TeY TR 1, oY oY, o 1, TR 05
0.7TeV/0.8TeV
ttH /Y#H
Coupling ratios 12% 7 ng, AZg/ Atg/ sz, )\ryz, )\Tz, /\bZ
Couplings, SM loops 74% 6 Kz, Kw, Kt, Kz, Kp, Ky,
Couplings vs mass 55% 2 M, e
Couplings, BSM loops 11% 7 Kz, Kw, Kt, Kz, Kp, Kg, Ky
BSM loops only 87% 2 Kg, Ky
Fermion and vector cou- 64% 2 Ary, Kyy
plings
Up vs down couplings 72% 3 Agu, Avu, Kuu

Lepton vs quark cou- 79% 3 Ay, Ayg, Ky
plings

/0@
J. Lacey (750



k-framework parameterization

J. Lacey EE:Sf

Effective Resolved

Production Loops Interference scaling factor scaling factor

o(ggF) v t-b s 1.06 - k7 + 0.01 - k2 — 0.07 - K¢Kkp
o(VBF) - - 0.74 - k5, 4+ 0.26 - k%
c(WH) — — K3y
o(qq/q9g — ZH) - - K%
o(¢gg — ZH) v t-7 227 - k% +0.37 - k7 — 1.64 - k7K
o(ttH) - - K?
o(gb — tHW) = t-W 1.84 - k7 + 1.57 - 15, — 2.41 - ki
o(qq/qb — tHq) — t-W 3.40 - k7 4 3.56 - k%, — 5.96 - KKy

o(bbH) - - K2
Partial decay width
[44 - - K2
FWW _ _ KIZ,V
7y v =W K> 1.59 - k%, + 0.07 - k7 — 0.66 - Kyki
| _ _ K%
rbb _ _ K%
[HH — - K
Total width (Bggy = 0)

0.57 - k7 +0.22 - k3, +0.09 - K3+

Ty v - K2, 0.06 - k2 4 0.03 - K§+003-K2+

0.0023 - x5 4+ 0.0016 - K( 7+
0.0001.K§+0.00022 K

41




Run-1 Cross section and BR ratio correlations

o(gg—H—-22)
>_

_'Clt) OVBF/OggF
)
=

E WH/OQQF
Q]
al

ZH/OggF

ttHloggF

BWW /B ZZ

BYY/BZZ

B™/B%4

Bbb/B ZZ

(/,,;‘/‘/
| DESY |
J. Lacey v

ATLAS and CMS

LHC Run 1

-0.10 -0.16 -0.15 -042 -0.34 -0.20 -0.05 ;'*
0.8\5
-0.25 0.12 0.16 -0.13 -0.15 -0.33 -0.03
0.6
-0.10 0.10 -0.16 0.03 -0.02 -0.13 -0.12 0.20 04
-0.16 0.12 -0.16 -0.01 -0.11 -0.13 -0.50 —0.2
-0.15 0.16 0.03 0.10 -0.11 -0.12 -0.08| —0
-042 -0.13 -0.02 -0.01 -0.11 0.24 0.18 0.06 —-0.2
—-0.4
-0.34 -0.15 -0.13 -0.11 -0.11 0.22 0.09
—-0.6
-0.20 -0.33 -0.12 -0.13 -0.12 0.18 0.22
—-0.8
-0.05 -0.03 0.20 -050 -0.08 0.06 0.09 0.08

O o o (o) y bb
O(ggx/y Ver/ /o /0 /o BWW/BZzB 782z 8 B2 8 Bz

9 9
~ 22) 99r 99r 9F oF

Parameter X
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o; - Bf for each channel (i—H—f)

ZH WH  VBF  ggF

ttH

J. Lacey EE:S;

VY
7
WW
TT
VY
Y4
WW
TT
VY
WW
TT
bb
VY
WW
TT
bb
VY
WW
TT

bb

ATLAS and CMS

-o- Observed =10

LHC Run 1 Th. uncert.
»
_ >
_ .
‘ -
o
i _H
" .
‘ o
i _'_‘_
i .
‘ k3
o
i : .
i L
| L
i .
i . L
P T R T | ﬁﬁlllllllllllllll
-6 -4 -2 2 4 6 8 10

o - B norm. to SM prediction

SATLAS T

EXPERIMENT [F—

The sensitivity of the Run-I
combination allows six of the

(ri-Bf to be measured with a
precision better than 40%

ggF
H—-vy,H—>ZZ,H—>WW

VBF
H—-vyy,H—WW, H— 1t
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Cs, |

Run-1 Production and decay significances ATLAS ' -

EXPERIMENT [

Production process Measured significance (¢) Expected significance (o)

VBF 54 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— 771 5.5 5.0
H — bb 2.6 3.7

Factor of V2 improvement in sensitivity from ATLAS+CMS combination

¢ Combined >50 significance provides observation of VBF
production and H—1r decay

& >30 significance for VH production
® 4.40 significance for ttH (2.30 excess relative to SM)

J. Lacey BE:S; 44



Cross section and branching fraction ratios. Y ATLAS | —

EXPERIMENT [F—

0; Bf

;- B = —~H > Z7) - :
o o(g9 ) oo 577

ATLAS and CMS - ATLAS+CMS OwH ratio of 3.3+1.0 (30 excess) relative
- ATLAS
LHCRunt DA OggF to SM (mainly from multi-lepton)
i —=+10
O(QQ%HQZZ) b — 20 . .
| 5 Th. uncert. OZH ratio of 3.2+1.7 relative to
Sy o Ogqr M (slightly milder excess)
O O - - Rbb  ~2.50 deficit relative to SM (in current
— s parameterization, high values for owr/0ggr
o, /o i o BZ4 .
2+ Ogqr — — and 0zu/04er induce a low H—bb)
o /o ? o 10p
ttH ggF ' ¥ i ; ATLAS and CMS [GggF OVBF/GggF o H/OQQF GWH/GggF OZH/OggF E
— : (\ll 95_ LHC Run 1 B™/ B%, B*/ B%, B"'/ B, B/ B#] _
gz 3 . g
- : s ; e
BYY/BZZ _'.'i"_ 6;— -
| ; 51 ]
B‘C’C/BZZ _-.-:_ 4; ]
a = 3 ;
bb )n 27 e — o\ /. 3
B™/B rd'_i—l | | | L A S e :
1 0 1 2 3 4 5 6 o e ul ,

Parameter value norm. to SM prediction
B"/B% norm. to SM prediction

J. Lacey 3%1 45



Production # by decay channel

f
MVBF+VH

J. Lacey ' Y

. ATLAS and CMS

H— vy
3 __LHC Run 1 H— 77 7]
i H—-WW
= i H— tt
or H — bb
i +
! M _
o U -
1 —
| —68% CL + Bestfit x SM expected
B | | | | | | | | | | | | | | | ]
0] 1 2 f 3
MggF+’[tH
g g
gt
J g

F o, - B

Hi = —sm f
o7 - Bgy

Parameterization using
two production signal
strengths (1), one for
fermions and one for
bosons:

ﬂfggF+ttH VS. ﬂfVBF+VH

Good agreement with SM
prediction for all decay
channels
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Couplings with BSM loops and new decays (II). y’/ATLAS | =

ry, — /{%{I’%M
1 — Bpsm

& No BSM decays (BBSM = 0)

& All the couplings to SM particles
are the same as in the SM

& Only the ggF production and yy
decay loops are allowed to be
affected by the presence of
additional particles

¢ Only free parameters ky and kg,

with all other coupling modifiers
fixed to their SM values

J. Lacey 3%;

1.6

0.8

0.6

CMS,

EXPERIMENT [F—

3
\ &
H
3

T | T T T | T T T | T T T T T T | T T T | T
ATLAS and CMS ATLAS+CMS
. LHC Run 1 ATLAS
i CMS
- —68% CL 95% CL + Bestfit x SM expected

| | | | | | | | | | |

| | | | | | | | | | | |
06 0.8 1 12 14 16
KY

p-value of the compatibility
between the data and the SM
predictions is 82%
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Couplings modifier ratios

-2In A

—_

as a function of:
K K g K 7
94 — T4
H
then all other k’s can be determined

TATLAS and OMS o rus 1 reernrmrd | | ATLAS and CMS  fros o o g v 2
%t LHC Run 1 Observed 1 f LHC Run 1 Observed E
sk 000 e SM expected I SM expected E
7‘ : : 1F : : : ; E
B L
T T e e el S LR

>\‘tg )\'WZ

Conversion of signal strength ratios into
K-framework using:

1] T .
J K j

Cross section times branching fraction for
the gg—H—ZZ channel is parameterized

J. Lacey (53]

C/\/\\S\g
ATLAS
L AN
EXPERIMENT |/
ATLAS and CMS
LHC Run 1
K o
gZ *+.
Zg e
N L ———
tg e
A - -
WZ i el e iy
A | -
vZ —-o— ATLAS+CMS vl
L —=— ATLAS i
I | —— CMS o
©Z — 10 interval —-A—|_+—_
— —— 20 interval
———!
| -
II|IIII|IIII|IIII|IIII|IIII|IIII|II
-3 -2 -1 0 1 2 3

Parameter value

Negative ranges allowed for Ay,
and Ay, to illustrate possible
interference effects due to ggZH

or tH production

Best fit >0, but limited sensitivity

to interference terms
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Boson vs. fermion couplings

J. Lacey EEE’;

w 1.6———1
“ [ ATLAS and CMS j
 LHC Run 1 |
1.4 -
I ATLAS+CMS |
1.2 —
I ATLAS
I CMS |
1_ p—
0.8+ |
0.6 |
- —— 68% ICL ----------- 95% CLI 4+ Best fit *| SM expected -
0.4 0.8 1 1.2 1.4
Ky

® SM Higgs couplings to fermions and boson very different
Yukawa vs Dy — K Vs Ky

& Kp, Ky in agreement with SM
& KXr X Ky < 0 excluded at almost 50

49




Kr0S Ky

Likelihood contours at 68% CL in the
(i, 1cv/) plane for the combination
and for the individual decay channels
as well as for their global combination,
all ¥’s are assumed to positive

e T
“ [ ATLAS and CMS
' LHC Run 1

2.5

. [ Combined
- JH=>vy
2 [JH—>2Z
. [JH—-WW
. [JH—tt

- H—bb
1.5

0.5:—

| —— 68% CLI ----------- 95% CL I-|- Best fit *| SM expected 1

% 05 1 15

J. Lacey (53]

2
Ky

f

Likelihood contours at 68% and 95% CL
in the (¢, /) plane for the individual

decay channels and also the
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Lepton-quark and up-down symmetry
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Couplings with BSM loops and new decays
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