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R
Introduction

* Higgs width I y: a fundamental parameter that quantifies the
intrinsic instabllity of the Higgs boson.

Tysm = 4.1 MeV (£ 1%);
— Higgs boson mass ~ 125 GeV,;
— Including all the known decay processes.

« Why measure I 4?

— SM consistency: one of the most stringent tests of the theoretical
consistency of the Standard Model.

— New physics window: any deviation from the SM prediction could reveal
new BSM decays or new interactions modifying Higgs couplings.
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R
Introduction

Challenge: detector resolution > 1 GeV >> [, 5,y — an incredibly
narrow width.

« Solution: indirect measurement strategy.
— On-shell HiggS: Hon—shell = Kprodeecay/(rH/rH,SM);
— Off-shell Higgs: poff—sheil = K prodK’ decay

— Assumption: Kon—shell = K of f—shell;

- Hon—shell — I_H,SM

Hof f—shell Iy
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Off-shell process: gg—Z2Z

SM — ~SM SM SM
o-gg—>(H*—>)ZZ - o-gg—>H*—>ZZ + o-gg,interference + Ogg—-z7
2 2
g z g z g 7 g 7
n{ |4 ?p< 2 j;t< T
8 z 8 z g z g z

of fshell _ . SM 1l SM SM
Ggg—>(H*—>)ZZ = Hoffshell Ggg—>H*—>ZZ + VHof fshell Ggg,interference + O-gg—>ZZ

. SM _ SM _SM Y

— Rewrite 0gg interference = Ogg(H*)zz ~ Ogg-H*~z7 oggﬂN Difficult to generate MC
of fshell _ . ~SM |

Ogg(h*—)zz = (Hoffshell — v/Hoffshell) * Ogg—sH*—zz samples

SM
+ VHoffshell * Ggg—)(H*—>)ZZ

SM
+ (1 - '\/uoffshell) ] 0gg—>ZZ
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I
Off-shell process: EW o

TR
« Signal: VBF + VH. ; ff
« Background: qqZZ (major), WW/W/Z, ttbar, single top, Z+jets }

 EW interference: parameterized by signal strength.
of fshell SM SM SM

— Ofw = Hoffshell O'ppHZZZJ + VHoffshell * OEW,interference + O-ppZZZJ
(02w " (Uorrshen = 1) ) 11 1y Owehzzzj

= O'(lz"\t/\'/tShe”(“offshell - 10) - (10 ‘/-I_O 1) GEAV/\’/ interference
L 02" (Wof fshenn = 0) 00 \ Uﬁg/’zzzj )

— To overcome the difficulty of separating u-channel VBF off-shell
production from the VBS background.
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Method of histogram
(binned likelihood)

arxiv:2304.01532v3
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Analysis Strategy Overview

ggF region

Object and Event
Pre-selection

Mixed region

EW region

ggF region

Object and Event

2Ll Pre-selection

Mixed region

EW region
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L4

« Signal region (SR): 220 < my; < 2000 GeV;
— ggF region: O jet or (1 jet and |4n;;| < 2.2) or (=2 2 jets and |An;;| < 4);
— Mixed region: 1 jet and |4n;;| > 2.2;
— EW region: 2 2 jets and |4n;;| > 4.
« Control region (CR): 180 < my; < 220 GeV,;
« CR-I: 0 jet;

« CR-lI: 1 jet;
« CR-III: 2 2 jets.
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N
ZZ—4l: NN Training ===

NN ggF

— Trained in 0-jet SR; applied to both ggF and mixed

[ qq->2ZZ background
3/ [ VBF signal

ATLAS Work in Progress

ggF NN discriminant

region.
— 3 classes and outputs: P,,177, Pggzz, Pyg- A
P H77 @ q0° 1’§=1‘3Te\f', 1‘39,[}lb'1
— Observable: O wvixedy = 10 922 o T
ggF (Mixed) d10 Pygzz+Pag "

| L
e Data

[77] systematic uncertainties

Cag-2zz

I oo (H' ) 22
[] Other Background:

[l gg = (H* =) 2242

——gg—+H =+ ZZ

— qq -+ H* = ZZ+2f

10°
« NN EW ¥
] ] ] [ [ 1
— Trained in = 2 jets SR; applied only to EW region.
102%E
— 3 classes and outputs: Pygry, Pogew: Pggaco: ¢ 1-5:;: o
P - —— =
© - , + ]
P a E i ED - RNLRD 5
— Observable: O} = log;q ——2- e e,
Pqgew +Pggacp ofFF
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LL—212v

Signal region (SR)

Signal Region | Selection Criteria

ggF Common selection + excluding events assigned to the EW and Mixed SRs
Mixed Common selection + 1 jet + |An;;| > 2.2
EW Common selection + = 2 jets + |An;;| > 4
Control region (CR) R S
—~ WZCROjet/1jet/=2jets; 1: T mne
: = [

— Non-resonant-dilepton CR; i g
— Z+jets CR. ¢
Observable: transverse mass of ZZ. T}:: =¢= w
- 1 4 B i e
(32" = (Vo + AT+ Y + BT = 31+ Ep=)’ F L S
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N
Systematic uncertainties

Process Uncertainty Final State  Value (%)

ggF Signal Region
- QCD Scale 202y 440 Parton Shower and QCD Scale
4G — 77 QCD Scale 4¢ 21-28 dominant the systematic uncertainties!
qq — ZZ HOEW 4¢ 1-7
qq — ZZ HOEW 202y 2-20
qq — 27 Parton Shower 202y 1-67 2-jet Signal Region
qq —> ZZ +2j Parton Shower  2£2y 1-33 T QCD Scale v, 18-26
qq — ZZ +2j Parton Shower  4¢ 2-10 iy A, QCD Scale 202y 832
gg — H* — 7Z7Z  Parton Shower  4( 27 gg — H* — Z7  Parton Shower  4¢ 27
gg — H* — ZZ  Parton Shower 202v 845 gg — H* = ZZ QCD Scale 202y 14-18
gg—+Z22 Paion SHOWEE 24 A gg — 27 Parton Shower  4¢ 38
gg —> 227 Parton Shower 202y 643 gy B QCD Scale 202y 18-20
WE+0) QED Seale 24w 154 WZ +2j QCD Scale 262y 20-22

-6t wignal Region gi— ZZ+2j  QCDScale 4 814
gg — H" — ZZ  Parton Shower 4( 27 4T — ZZ +2j QCD Scale 202y 316
gg — H" — ZZ QCD Scale 202y 13-18 44 — ZZ Control Regions
2g > 727 Parton Shower  4¢ 38 - QCD Scale v, 2
gE 2L QD Seale . o2 Three-lepton Control Regions
qG — ZZ +2j QCD Scale 202y 7-18 WZ+2j QCD Scale 202y 73
qq — ZZ +2j QCD Scale 4¢ 3-10
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LA I PR O T L 2 I LS e LI e P R I AL TR LIS
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Method of NSBI
(unbinned likelihood)

arxiv:22.01548v2
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N
Neural Simulation-Based Inference (NSBI)

NN

» Traditional ML outputs, e.g. O,

dimenssions to 1 dimenssion.

 NSBI aims to learn the per-event density ratio directly.
— Using nerual network with binary cross entropy,

px(x)  sx(x)

Pref (X) - 1- SX(X)

compresses the info from muilti-

rx(x) =

— Density ratio estimator.
— Perform an unbinned fit.
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N
NSBI in 'y measurement

Focus on 4-lepton final state, i.e., ZZ—4l.

« SR/CR are given by a 5-class NN obserable.
— 14 input variables; 5 hidden layers; 1000 neurons per layer.
— 1 SR for ggF and EW, 3 CRs for backgrounds.

Fit & results.

Bing Li, Shanjia Liu

In SR, train NN for each process with different reference.
— Provide density ratio. S A e ZgE |3
Construct likelihood function.
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ATLAS

Res u ItS *_:%L 255_ Vs=13TeV, 140t ~ gfssgaﬁll _;
B —+= Obs NSBI stat-only |

20— --—- Exp NSBI stat-only p

E -/‘E

- Fitting (combined with ZZ—2I2v). Ve

_ +0.62
— Uoff—shell = 1.06Z5745,

— upper limit = 2.24 at 95% CL;

* Observed significance: 3.7¢; Hottshel
= sz gfﬁﬁev,mofb-' = g:::::ggll : I_H —_ 43t%g Mev
o Method of histogram: 'y, = 4.4739 MeV.
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Summary
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N
Summary

* Higgs width is too small to measure directly using the ATLAS
detector.
 Measurement is done indirectly by using off-shell processes.
* Two methods are performed:
— Both methods show evidence of off-shell Higgs decay to ZZ process;
— Histogram: Higgs width = 4.4 (+3.0-2.2) MeV,;
— NSBI: Higgs width = 4.3 (+2.7-1.9) MeV.
 NSBI has a better accuracy, but needs more computing resources.
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R
Future Plan

* Run 3 Higgs width measurement is on-going.
— NSBI: MPI, U. Mass Amherst, U. Michigan.
— Histogram: MPI, SDU, USTC.
— MPI had progress in reproducing the Run 2 resuilts.
« SDU'’s plan:
— Push the histogram based result to match the project timeline;
— Open to contribute to the NSBI studies.
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ATLAS

EXPERIMENT

Thank you!
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Backup
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Object selection

Physics object

Selection / requirement

Collision vertex

At least one collision vertex associated with at least two tracks,
each with pr > 0.5 GeV. The primary vertex (PV) is defined as
the vertex with the largest Y p3. of its associated tracks.

Muon

Muon ID (4¢4)

Muon ID (2/2v)

Standard muons: pp > 5 GeV and |n| < 2.7. Standalone muons
are allowed in the region 2.5 < |n| < 2.7. Calorimeter-tagged
muons are allowed for |n| < 0.1, with a higher requirement of
pr > 15 GeV.

“loose” muon identification criterion; at most one standalone or
calorimeter-tagged muon is allowed per Higgs boson candidate.
“medium” identification criterion; || < 2.5.

Electron

Electron 1D (44)
Electron ID (2/2v)

Electrons are reconstructed from energy deposits in the electro-
magnetic calorimeter matched to an inner-detector track. They
are required to have pr > 7 GeV and || < 2.47.

The “loose” electron identification criterion is required.

The “medium” electron identification criterion is required.

Jets

Central pile-up suppression
Forward pile-up suppression

b-jet veto

Missing transverse momentum

Jets are reconstructed from particle-flow objects using the anti-
k; algorithm with radius parameter R = 0.4. Candidate jets are
required to have pr > 30 GeV and |n| < 4.5.

A jet-vertex tagger is applied to jets with pp < 60 GeV and |n| <
2.4 to suppress pile-up jets.

A jet-shape and topological-correlation based tagger is applied to
jets with pr < 50 GeV and 2.5 < |n| < 4.5.

b-jets are identified using a multivariate b-tagging algorithm, and
events containing b-jets are rejected. The algorithm has an effi-
ciency of 85% for b-jets and a rejection factor of 33 against light-
flavour jets.

The missing transverse momentum is computed as the negative
vector sum of the transverse momenta of all leptons and jets, to-
gether with tracks originating from the primary vertex that are
not associated with any lepton or jet.

Lepton isolation

FElectron impact parameter
Muon impact parameter
Lepton separation

All electrons and muons must satisfy the FixedCutPFlowLoose
isolation criterion.

|do/od,| <5 and |zpsin@] < 0.5 mm.

|do/od,| < 3 and |z sinéd| < 0.5 mm.

Events are rejected if the minimum angular separation be-
tween two leptons satisfies ARy < 0.1, where ARy =

V (Abe)? + (Ane)?.

Fake EL"® suppression

The statistical significance S(E}), calculated using the resolu-
tion information of the physics objects entering the ENSS recon-
struction, is used to suppress events with fake missing transverse
momentum.

Bing Li, Shanjia Liu
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N
Event Pre-selection

Selection 470 202v

Lepton multiplicity Four leptons forming two OSSEF  Exactly two opposite-sign lep-
pairs tons

Lepton pr p=*% > 20,15,10 GeV p=® > 30,20 GeV

Dilepton mass 50 < myo < 106 GeV; 76 < myy < 106 GeV
ms34 requirement as a function
of muyy

Mass requirement myqe > 180 GeV

Missing transverse momentum — Emiss > 120 GeV

ERss gionificance — S (Emlss) 10

Lepton topology ARy > 0.1 ARy < 1.8

Dilepton—FET topology — Aqb(ﬁ%p : E%iss) B Pb

Jet—EX"S topology - Aqb(pT,EffniSS) > 0.4 for p% >

100 GeV

b-jet veto Yes Yes

SR requirement map > 220 GeV Full event selection

SR categorisation EW / mixed / ggF EW / mixed / ggF
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ZZ4| NN Input Variables: ggF

Input Variable Motivation

Matrix elements: Hard scatter information in the
MEgonzz, MEge77, ME 45 centre-of-mass frame of the 4/ system
Higgs system: Additional kinematic information

myy, pTy; from parton shower and hadronization effects
MELA variables: Hard-scatter information

cosf™, cost|, costr, ¢, b, mz, and my» and detector effects
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_
ZZ4| NN Input Variables: EW

Input Variable Motivation

Matrix elements: Hard-scatter information in the
MEvgru, ME, 8w, MEg 500D centre-of-mass frame of the 4/ system
Higgs system: Additional kinematic information

my;, PTy from parton shower and hadronization effects
MELA variables: Hard-scatter information as well as
cosf™, cost|, cosbtr, @y, ¢, mz, and myz» detector effects

Jet variables: Additional information about the di-jet
m;;, @, system using specifically engineered variables

1Zeppenfeld 1 » and T1Zeppenfeld 2
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S —
NSBI likelihood

* Forprocess X, px(x) =1 x(X)Prer(X),

> v Px (W1 x (1)
= p(xIp) = === -

Therefore, for two processes, 11, and 1, the p,-. ¢ is canceled out
in the likelihood ratio, p(x|uq1)/p(X|g).
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Fiducial & differential

dedicated VBF measurement, H+HF, .. )

= Explore new channels (tau final states)

*  Define legacy measurements (angles, 2D differentials,

*  Define set of interpretations & prepare for future combinations

. Interpretations

=
/
J

J

J

Unfolded measurement of HZZ
decay angles

Reco-level measurement +
polarisation interpretation

C

ouplings
Identify STXS scheme based on full run 3 stat
( Reduced 1.37 ) & develop analysis strategy

Define interpretations ( x , EFT?)
Implement decay side STXS

Explore new channels / measurements (H+c, tau final
states)

Polarisation + CP

Measurement of spin density-matrix elements/
polarisation fractions of Z bosons in HVV decay

Might require some dedicated developments
from the MC side

Dedicated reco-level CP analysis in ggF+VBF/
VH

Central H41 common effort

* Maintain software, keep up to date with recommendations & produce ntuples
* Perform data modelling & trigger studies, introduce mc23g & data25/26
* Test potential analysis improvements (electron DNN, PLIT, ML for fake factors)

* Maintain data-driven background estimate

* Central documentation

* Any ongoing efforts aimed at setting up specific analysis efforts will also be
hosted here for the moment

Mass measurement

. Will require significant contribution to CP groups
(e.g. e/ y calibration) —kick-oft CP task(s)
’ Timeline discussion will require to think about CMS

https://indico.cern.ch/event/1653701/contributions/7174041/attachments/3307187/5917472/26_06_29 RML_H4IPlan_HIGP.pdf
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2 g2 2 2 |
o_on-shcll gEEFgHZZ off-shell - 8peFbHzZ i
—=H-ZZ ™~ — = gg—H—ZZ ~ — 3 |

&% mHFH ms

Off-shell H* — Z.Z

*  Target to have SBI for both 41 and 212v

*  Potential re-analysis of Run 2 as 212v
improvements are expected to be significant

*  Significant effort required on the computing
side, to ensure reproducibility and
integration in combinations

*  Dedicated MC developments required

F

i

| Full run 3 Z(I)H(invisible)
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