Measurement of Higgs boson
coupling properties to bosons with
the ATLAS detector

M. BIGLIETTI - INFN ROMA 3

; AT LAS ON BEHALF OF THE ATLAS COLLABORATION

EXPERIMENT




INntfroducCiiEis

The Higgs boson has a rich set of properties that can be verified
experimentally 2> powerful test of SM and constraint of BSM

BSM can alter the Higgs boson production and decay

measurements of the Higgs couplings with bosonic decay and their
interpretation

» Cross section and signal strength

» Simplified Template Cross Section (STXS)
» Couplings modifiers (k-framework)

» Effective Fields Theoies (&Rl

Measurements based on an integrated luminosity of 139 fo !,
collected from 2015 to 2018 at \s=13 TeV during LHC Run-2



Iggs to Vector Boson

H->WW : with large BR, has large backgrounds and limited
mass resolution

H->vy, H>ZZ->4l : low BR channels but cleaner with good
mass resolution

not covered H>Zy — Phys. Lett. B 809 (2020)

LHC HIGGS XS WG 2016

« all production mode considered

« each channel provides complementary information and
probes different phase spaces
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https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub

CERN-EP-2022-094
Eur. Phys. J. C 80 (2020) 957

H>vy and H>ZZ-> 4

» Higgs mass peak reconstructed on top of the relevant background,
excellent mass resolution

» Background from sidebands
» falling background composed by confinuum yy, vj, jj

» nonresonant ZZ, normalizafion constrained in different jet bins
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H->vy and H>ZZ> 41

» signal strength measured by simultaneously fitting the mass distributions of all analysis
categories

H> vy p=1.04%010 = 1.04 + 0.06 (stat.)*)% (theory syst.) *3% (exp. syst.).

H-> 4] n = 1.01 = 0.08(stat.) £ 0.04(exp.) = 0.05(th.)

» main systematics uncertainties

» experimental photon reconstruction and signal theory (QCD scale, Higgs BR)

» lepton efficiency, luminosity, signal Parton shower
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H—2>vy - STXS

» 28 bins, optimized to avoid large uncertainties and correlation

» Categorization done with multiclass MVA to assign signal events in
different STXS bins

» improve the efficiency of event selection in production bins

» Further binary classifiers to refine category selection and separate signal from
background in each STXS bin
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H-> /24—

. ATLAS 4 Data
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nterpretation in the k-
framework

» The Higgs cross-section in STXS regions written in
terms of k modifiers

» All other k modifiers are fixed to their SM values

measurement of kg and ky,

probing the interactions of the raiE SRS RaNC H—> vy , :
Higgs sector with boson and  described by effective effects in tH, and in the

fermions modifieres kg and k, ggggg ’rrr?sSSTli\c/)end
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nterpretation in SMEFT

SMEFT Wilson coefficients determined through an interpretation of STXS results

@
LerT = Lsm + Z A(‘;—“) C’)l-(d) ford > 4.
i

» in each production bin, cross sections, BRs and acceptance parametrised in terms of the
Wilson coefficients

Measurements of one SMEFT couplings assuming other are zero

or meaurements of multiple coefficients by removing flat directions from PCA
On0|ySis Of SMEFT informd'ﬁon mO'I'riX ATLAS V5=13 TeV 1391b"; H—yy; SMEFT Interpretation; A=1 TeV

linear/quadratic difference can be indicative of the

impact of neglected higher-order terms in SMEFT
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H>WW=2Ivlv (ggF and VBF
oroduction)

Two charged isolated leptons of different flavour - less background from Z decays

background composition depending on the number of jets in the final state >
analysis performed separately in Njets=0,1,>=2 bins

» Njets>=2is split in ggF and VBF = 4 categories subsequently split in SR to increase
the sensitivity

control regions to normalize WW, top and Z+jets
discriminating variables : di-lepton + ETmiss transverse mass my (ggF) and NN (VBF)
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H>WW-=2>Ivlv (ggF and VBF
production)

» Result from a simultaneous fit to all SRs

» inclusive measurements dominated by systematic uncertainties
» ggF: exp and theory systematics comparable
» VBF: signal theory uncertainties from additional jet modelling

» STXS : 6 bins for ggH and 5 for EW ggH production.

» 12 reconstructed categories based
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VH, H2>WW

» Direct access to couplings to weak bosons
» 2 (OSorSS), 3, or 4 charged isolated leptons
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» subdivision into several SRs

» MVA discriminants to maximise the sensitivity i

Vs=13TeV, 139 ™"
VH, H - ww*
Opposite-sign 2| SR

Events / bin

ATLAS Preliminary e pata

A\ Uncertainty
v Wz
ttwt [l Z+jets
uww Other Vv
Misid. wv ]
. ggF . OtherHiggs

Data / Pred.

o 035036 53144 Déglsa

o, 1o, [07 /u; [,
0515095]550;/ 205750857

ANNGEos

| ATLAS

Events / bin

S s N N RN RN

E Vs=13TeV, 1391 o wH Wz
[ VH H— ww* w(zly*) Misid.
[ 8l Z-dominated SR

Preliminary e pata N Uncema.my

Wzzyy Ewww
Other VWV fivitz
[ Other Higgs

Events / bin

Data / Pred.

Data / Pred.

g |

lo, 0,9 [0,9 0[028 0/038 05;4, ol [055 ong nge 04265 "

ANN

Zdom

ATLAS-CONF-2022-067

(d) 4¢ channel

60— ATLAS Preliminary e pata A\ Uncertainty—
Vs=13TeV, 139 fb™' o wH MWz
VH, H - Www* wzly*) Misid.
3l Z-depleted SR Wzzyy MWwww
Other WV ttviiZ
[ Other Higgs

Events / bin

~ ATLAS Prellmlnary * Data
[ Vs=13TeV, 139 fb™'
[ VH H-ww
[ 411-SFOS SR

A\ Uncertainty

Wz .Z(Z/r‘)
Misid. ttzItwz
vvwv [l Other Higgs

_—

Data / Pred.

Proomaivbho® o

oo

_' Toos, o7, (02
05 Oga] 0,4] "02/ 37

1-SFOS BDT output




ATLAS-CONF-2022-067

VH, H2>WW

» observed combined significance : 4.6c

» Stafistical uncertainties dominating

» WH and ZH measurements compatible at level of 2.1c
» STXS results in finalization phase 1021
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Conclusions

» Analyses of LHC Run2 data led 1o a large improvement on the couplings
measurement precision

» All results compatible with the SM expectations so far

» Run3 has just started at 13.6 TeV, already ~30/fb collected

- great potential to improve precision and to probe BSM with more then 2x

Higgs Bosons collected
ATLAS-CONF-2023-003
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Methods - Simplified Template
Cross Sections (STXS)

Stage 1.2 = VBF+V(—qq)H

> 2
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» split production phase SPEIEEEIIIE———
regions (bins) and measure the cross-section in
each

» designed to optimize the signal and BSM sensitivity
» minimize theoretical uncertainties

» Bin split based on AUMIBEF OSSO i SO
truth level

oo
O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet O-jet  1-jet > 2-jet

» Bins can be chosen/merged depending on
each channel's statistics
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—2>vy systematic
uncertainties

Table 7: Expected contributions from the main sources of systematic uncertainty to the total uncertainty in the
measurement of the cross-section times H — 7y branching ratio for each of of the main Higgs boson production
processes. The uncertainty from each source (Ac-) is shown as a fraction of the total expected cross-section (o).

Table 8: Summary of the leading sources of systematic uncertainty in the measurement of the Higgs boson signal
strength.

ggF+bbH VBF  WH ZH ttH tH
Uncertainty source Ao [%] Ac[%] Ac[%] Ac[%] Ac[%] Aoc[%]

Uncertainty source Ap [%]
Theory uncertainties

Higher-Order QCD Terms +3.8
Branching Ratio +3.0
Underlying Event and Parton Shower +2.5
PDF and o +2.1
Matrix Element +1.0
Modeling of Heavy Flavor Jets in non-t7H Processes < *1

Theory uncertainties

Higher-order QCD terms +1.4 +4.1 +4.1 +12 +2.8 +16
Underlying event and parton shower +2.5 +16 +2.5 +4.0 +3.6 +48
PDF and a5 <+l +2.0 +1.4 +23 <+l +5.8
Matrix element <l +3.2 <zl +1.2 +2.5 +8.2
Heavy-flavour jet modelling in non-t7H processes < 1 <zl <zl <+l <+l +13

Experimental uncertainties

Experimental uncertainties
Photon energy resolution
Photon efficiency
Luminosity

Pile-up

Background modelling
Photon energy scale
JeyEms

Flavour tagging

Leptons

Higgs boson mass

Photon energy resolution +3.0 +3.0 +3.8 +4.8 +3.0 +12
Photon efficiency +2.7 +2.7 +3.3 +3.6 +2.9 +9.3
Luminosity +1.8 +2.0 +2.4 +2.7 +2.2 +6.6
Pile-up +1.4 +2.2 +2.0 +2.3 +1.4 +7.3
Background modelling +2.0 +4.6 +3.6 +7.2 +2.5 +63
Photon energy scale <+l <+l <+l +1.3 <=1 +5.6
Jey/Eiss <=zl 6.8 <zl 22  £35 £22
Flavour tagging <+l <+l <+l < =+l +1.5 +3.4
Leptons <+l <=l <+l <+l <zl +1.8
Higgs boson mass < *1 <1 < %1 <+l < 1 < x1
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H=2>yy

EVs components along the ¢, SMEFT parameter
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2> /7 systematic
ncertainties

Table 6 The impact of the dominant systematic uncertainties (in per-
cent) on the cross-sections in production bins of the Production Mode
Stage and the Reduced Stage 1.1. Similar sources of systematic uncer-
tainties are grouped together: luminosity (Lumi.), electron/muon recon-
struction and identification efficiencies and pile-up modelling (e, u,
pile-up), jet energy scale/resolution and b-tagging efficiencies (Jets,
flav. tag), uncertainties in reducible background (reducible bkg), theo-

Measurement Experimental uncertainties [%]

retical uncertainties in ZZ* background and XX background, and the-
oretical uncertainties in the signal due to parton distribution function
(PDF), QCD scale (QCD) and parton showering algorithm (Shower).
The uncertainties are rounded to the nearest 0.5%, except for the lumi-
nosity uncertainty, which is measured to be 1.7% and increases for the
VH signal processes due to the simulation-based normalisation of the
VVV background

Theory uncertainties [%]

e, W, Jets, Reducible Background

pile-up flav. tag

bkg zZ* XX QCD Shower

Inclusive cross-section

Production mode cross-sections

gg2H-0j-pH -Low
g¢2H-0-p¥ -High
gg2H-1j-pH Low
gg2H-1j-pH -Med
gg2H-1;-p} -High
gg2H-2j
ge2H-pH -High
qq2Hqq-VH
qq2Hqq-VBF
qq2Hqq-BSM
VH-Lep

ttH
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H->WW systematic

uncertainties

Table 6: Breakdown of the main contributions to the total uncertainty in o'ggr+vBF - BH—WW*, Oggf - BHoWW*,
and ovgr - By, ww-, relative to the measured value. The individual sources of systematic uncertainties are grouped
together. The sum in quadrature of the individual components differs from the total uncertainty due to correlations
between the components.

uncertainty due to correlations.

Table 11: Breakdown of the average contributions to the total uncertainties in percentage on the observed values of the
signal strengths for the combined 1-POI (o'y g X By —w w+) and 2-POI (ow g X B —ww- and ozu X Baww-) fits.
Indentation is used to denote subcategories. “Floating normalisation” refers to the uncertainties on the normalisation
factors obtained using control regions. The quadrature sum of the individual sources may differ from the total

Source G T 1% w6 e 19 Source S 19 SRS (] S )
Data statistical uncertainties 46 5.1 15 Statistical uncertainties in data 22.3 57.9 28.4
Total systematic uncertainties 9.5 11 18 Systematic uncertainties 13.3 36.6 9.9
MC statistical uncertainties 3.0 38 49 Statistical uncertainties in simulation 6.4 14.4 59
Experimental uncertainties 52 6.3 6.7 Experimental systematic uncertainties 52 9.8 6.0
Flavor tagging 23 27 1.0 Electrons 12 1.8 1.6
Jet energy scale 0.9 1.1 3.7 Muons 2.5 2.8 4.1
Jet energy resolution 2.0 24 2.1 Jet energy scale 0.7 2.3 0.5
E_rl_niss 0.7 22 49 Jet energy resolution 0.6 2.8 0.6
Muons 1.8 2.1 0.8 Flavour tagging 0.9 14 0.8
Electrons 1.3 1.6 0.4 Missing transverse momentum 0.6 0.4 0.9
Fake factors 2.1 24 0.8 Pile-up 1.1 15 0.8
Pileup 24 25 1.3 Luminosity 23 2.4 2.1
Luminosity 2.1 2.0 22 Mis-identified leptons 29 7.1 27
Theoretical uncertainties 6.8 7.8 16 Charge-flip electrons 1.5 4.5 0.1
ggF 38 43 4.6 Theoretical uncertainties 6.0 18.6 4.7
VBF 32 0.7 12 WH 23 2.8 0.1
ww 35 42 55 ZH 0.7 0.7 34
Top 29 3.8 6.4 wwW 1.0 33 0.3
Zrr 1.8 23 1.0 W(Z[y") O-jet 32 113 0.3
Other VV 23 29 1.5 W(Z/y*) >1-jets 0.2 0.8 0.4
Other Higgs 0.9 04 0.4 Z(Z[y*) 0.8 15 0.6
Background normalizations 3.6 45 49 VvV 24 12.7 0.3
wWwW 22 2.8 0.6 Top 29 55 25
Top L9 2.3 3.4 Z+jets 18 3.4 1.5
AL 27 3.1 34 RNN shape uncertainty for W(Z/y*) 8.8 273 03
Total 10 12 23 Floating normalisations 0.1 0.2 0.1

Total




