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Introduction and Motivation

H - Zy is a rare SM process with branching ratio of 1.53 x 1073

Z — qq plagued by large backgrounds and poor m,; resolution

H - ZywithZ - £ ¢ islimitedto BR(Z -» £=¢%) =~ 7% (no 1)

Question: How much sensitivity can be gained by including H — Z .7y
(and possibly H = Z},5,) along with improved flavor-tagging algorithms?

e ...andis it worth the effort?

8/14/2024 Preliminary Studies for Higgs to ZG with Zto cc



Relevant Processes and Backgrounds

* Resonant Higgs decays <1078 2.2x107% 2.9 x 1072
* Drell-Yan 7z 3.4 x 102 3.4 x 102 1.2 x 1071
« SMZ

14 H -2y 5% 10°° 5% 10°° 1.8 x 1074

Differences with cc final state
* Reduce H — cc backgrounds with y requirement,

fewer FSRy with cc “__

* DY and SM Zy reducible and more easily filtered 1.7 x 103 2.2 % 106
* Small contribution < O(1) fb from SM ZWy

VH - Zy 16 16 57
Yields further adjusted by available triggers
ttH — Zy 4 4 13
VBF - Zy 26 26 94
ggH - Zy 335 335 1207
VBF — Zy could factor in with multi-jet trigger Wty 30 30 137

ggH will likely “contaminate” other channels
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Trigger Considerations and cc Strategy

Fully hadronic final state HZy not favored due to un-prescaled CMmS 138 o' (13 TeV)
mono-photon trigger pr requirements Lepton-tagged | 1437104 <
- . H-Zy(m, >50 GeV)

Untagged 1} - .

- Untaggedz:— ———— iBeft fit s

BF - Untagged 3 |- | e s §ie

v bb) L e B:20 s

Considering dilepton triggers and single lepton triggers e Y Lo 253
Dijet 1}- s 07,7

Dijet 2 . e A — e 1.128

DljeISE ——— e

. . — _ Dijet combined |- B 1873

* Inclusion of single lepton allows access to W*H /ttH — fvce | -

. _ . . Combined [~ = 2473

70 additional cc¢ events to the 40 “additional lepton”, 52 dijet Bl TTPTRTPRIN op
and 670 ggH categories (assuming full efficiency) "
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VHcc Strategy with Z — cc at5.70

Defines two search regions: merged (AK15) and resolved (AK4)

* Custom regression for merged AK15 jets with ~50%
improvement in mass resolution over traditional algorithms

* Three final states: Z — vv (large E"”SS trigger), W — fv (single
lepton trigger), Z — €4 (dilepton trlgger)

 Split regions by pr(H) > 300 GeV (only 5%, but better
sensitivity)

Merged c-tagging using ParticleNet, resolved c-tagging using
Deeplet

Reduce H — bb contamination from x 20 -»x 2 H — c¢ yield
* InZ - ccvalidation, X 2 »x 1.10 reduction from Z — bb

Train BDT (resolved) for fit using event-level kinematics, c-jet
discriminants, and Higgs candidate variables
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Flavor-Tagging Options

Deeplet and ParticleNet are readily available for Run 2, Run 3

Particle Transformer (ParT) “incorporates pairwise particle interactions in
attention mechanism”

PAIReD resonant jet tagger for both resolved, boosted topologies on AK4
jets
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Updated Categorization Strategy

1. Loosen the lepton multiplicity requirementfrom N, =2 > N, > 1
* Targets Higgs production with associated W*H and single leptonic top-pair

2. ,lAdditional lepton category targeting leptonic VH/ttH with at least 3
eptons

3. New HZ,zy category targeting hadronic VH /ttH requiring two HF jets
and 1 oqu leptons
« Am(qqg,Z) and Am(qqy, H) requirements
e Can further define a ZH where the associated Z — c¢
« Separates “fake” VBF events which are hadronic VH /ttH events

5. Un-tagged category (mostly ggH)
* Include MVA model for optimized template likelihood fit
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Pre-Selection Requirements

Apply AR matching between GEN-level quarks and jets

Using RECO-level objects with GEN-matching:
* (N =1and N, = 2)or Ny = 2 with |n| < 2.5 (2.4) for electrons (muons, quarks)

* N, = 1with|n| <2.5
» HZy photonp; = 10 GeV* and AR(#,y) > 0.4 or AR(j,y) > 0.4

Pre-Selection Signal Yield Efficiency

RECO/GEN-Matching Objects 52.8 100%
Photon p; > 10 GeV and |n| < 2.4 48.7 92.2%
N, = 1 (Trigger Requirement) 10.9 20.7%
Jetpr > 30GeVand |n| < 2.4 7.9 14.9%
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Basic Cut Selection for cc
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AR(y,j;) > 0.4 and AR(y, j,) > 0.4 7.6 14.3%
M(cc) > 50 GeV and M(cc) < 120 GeV 6.4 12.0%
M(ccy) > 80 GeVand M(ccy) < 150 GeV 6.2 11.8%
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Categorization Yields: VH /ttH — HZ(cC)y

Category N, Nyr N.r Sig. VH VBF ggH S/VB
Leptonic VH /ttH >3 0.3 6.6 3.1 7.7 0.07
> 2
. - Z = Z
Hadronic HF ZH /ttH =2 Miow < M(qq) < Mpygn 1.5 53.0 30.0 1464  0.10
H = H
Miow < m(qqy) < Mpigh
Hadronic HF =2
adronic —
WEH /tiH =1 miy, <m(qq) < my,p 3.9 2185 183.1 17334 0.08
Miow < M(qqy) < Mpign
= Z
m(qq) = My,
VBF =2 i e > 2 0.0 0.0 0.0 0.0 0.0
m(qqy) > Mpign
ggH =2 <1 0.0 1.9 1.0 7.7 0.0
. Signalis VH/ttH — Zy — cCy and backgroundis all H — ¢¢, SM Zy — cCy is negligible due to lepton trigger + c¢ dijet selection
. Using loose WP for Deeplet to define “HF” and “LF” categories
. The Am; and Amy needs to be optimized, using Am, = 15 GeV and 90. < m(qgqy) < 140 GeV — an ML method would perform better
. The Hadronic HF ZH /ttH category should improve sensitivity of VBF category as well
. The Hadronic HF WiH/tfH categoryintroduces events not included in the Run 2 selection
. The Hadronic HF W*H /tTH category can include a EJSS and/orMT({’, E%’“'SS) cut to optimize non-prompt background filtering
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Comparison to HIG-19-14

138fb " Lepton Dijet1 Dijet2 Dijet3 Untagged1 Untagged2 Untagged3 Untagged 4
SM signal
yield
H 0,51 efe” 110 1.62 9.44 6.89 7.35 29.8 225
88 : ptum 141 205 121 8.52 9.17 38.0 29.0
ete” 1.94 0.76 1.13 0.71 0.35 0.92 0.51
VBR 009 +4u- 240 097 143 0.89 043 1.18 0.65
- ete” 0.04 0.13 1.89 0.31 0.17 0.45 0.27
L Bl 184 44— 005 016 236 0.39 021 057 0.33
SM resonant
background
H— utu 014 u*u- 027 0.27 0.43 0.62 0.49 2.02 1.78
Mass resolution 212 ete” 191 2.06 2.15 1.80 1.97 212 2.33
(GeV) ’ gt 152 1.61 122 1.37 1.42 1.62 1.83
Data yield 1485 168 589 11596 1485 1541 2559 17608
S/VB 0.06 0.54 0.24 0.26 0.45 0.35 0.53 0.30
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Basic Cut Selection for uu
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AR(y, 1y) > 0.4 and AR(y, uy) > 0.4 36.7 88.6%
M (up) > 70 GeVand M(uu) < 110 GeV 36.6 88.4%
M(ccy) > 105 GeV and M(ccy) < 140 GeV 36.6 88.4%
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Categorization Yields: VH /ttH — HZ (uu)y

Category N, Nur Nyp sig. | sMzy | VvH VBF ggH | s/VB
Leptonic VH /ttH >3 14.8 458.7 0.0 0.0 0.0 0.69
, > 2
Ha;;;f;'ECHHF =2 mb,, < m(uu) < m¥ign 188  521.3 0.0 0.0 0.0 0.82
mp, <muuy) <mp;,
. > 2
HVT/dirZr}'fsz =1 mb,, < mQuu) < m¥ygn 0.0 0.0 0.0 0.0 0.0 0.00
Miow < MUuy) < Mpign
VBF =2 m(up) = mﬁ,ig“ > 2 522 13284 0.0 0.0 0.0 1.43
m(upy) > Mp;gn
ggH =2 <1 17.9  779.5 0.0 0.0 0.0 0.64

Signalisall H —» Zy — puy and backgroundis all H — uu, SM Zy — uuy

Using loose WP for Deeplet to define “HF” and “LF” categories

The Am; and Amy needs to be optimized, using Am, = 20 GeV and 105 < m(uuy) < 140 GeV — an ML method would perform better
The Hadronic HF ZH /ttH category should improve sensitivity of VBF category as well

The Hadronic HF WX H /ttH category introduces events not included in the Run 2 selection

The Hadronic HF WH /ttH category can include a ET¥SS and/or MT({’, E{fl"ss) cut to optimize non-prompt background filtering
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M (f fy) Resolution after Selection cc vs uu
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Possible Scenarios by Required Effort/Payoff

Effort Payoff Tasks
Requ|red

Baseline (Repeat Run 2) New NanoAOD UL framework
2 Include Single Lepton triggers ¢ $ Derive some corrections
3 Include Custom Photon ID o @ . Dedicated ML model training
c Additional processing step
4 Include cc on AK4 Jets using Deeplet with o @ Additional event selection, category
SL/DL triggers o Kinematic fit to improve resolution?
5 Include bb on AK4 Jets using Deeplet with O @ ‘ Similar to cc¢ but contribgtes less
SL/DL triggers c sensitivity due to H — bb
6 Include PAIRed tagger for HF AK4 Jets with a oo @ Implement custom dijet tagger
resolved/merged categorization T Derive some corrections, studies
7 Include ParticleTransformer/Net for AK15 jets YN ‘ Implement custom jet tagger
with a merged categorization o Inclusion of AK15 jets complicated
8 Include trijet 2016/2018 trigger for fully T ‘ Fully new analysis, requires new

hadronic final states strategy
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Considerations for Discussion

In addition to the gain in sensitivity, the appeal is:
* Successful precedent shown inthe VH — cc analysis

Novel final state in H — Zy, not just repeating Run 2 strategy
* Interesting physics differences with backgrounds (i.e. less SM Zy), FSR radiation, dijet kinematics

* Incorporating the “latest and greatest” CMS machine learning algorithms
* Improve beyond simple kinematic cuts for dedicated HZy - ccvs H - ¢cc MLMVAID

Justification for a separate analysis from the “tt H-motivated” approach
Achieve CMS-only observation using Run 2 + partial Run 3 (2022-2024)

Challenges inincluding the H — Z ;Y final state:
* Limited trigger options with focus on V,+H and ttH production modes

* Non-trivial additional strategy that requires redefinition of Run 2 analysis categories
* Also requires a broader analysis framework to handle jet flavor identification
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Backup Slides

8/14/2024 Preliminary Studies for Higgs to ZG with Zto cc

17



Trigger Selection

VH where V = Z, W= allows for using the leptonic decays of the Z
and W* as the trigger signature

* Single lepton and opposite-sign, same-flavor dilepton

ttH allows for using the single lepton and dileptonic decays of the
top-pair as the trigger signature

* Single lepton and opposite-sign dileptons (ee, eu and uu)

Monophoton triggers have too large of a photon pr requirement
0(100) GeV while the y from H — Zy peaks around 10 — 20 GeV

* Crossing photon trigger has p;r > 60 GeV with H > 350 GeV —
possible non-negligible contribution from VBF production
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Monte Carlo Sample Details

Using 2018 UL NanoAODV9 samples 0(103 — 10%) events from each:

ZH_HToZG_ZToAll_M-125_TuneCP5_13TeV-powheg-pythia8
ZH_HToZG_ZToAll_ZToLL_M-125_TuneCP5_13TeV-powheg-pythia8
VBFHToZG_ZToLL_M-125_TuneCP5_13TeV-powheg-pythia8
GluGluHToZG_ZToLL_M-125_TuneCP5_13TeV-powheg-pythia8
ZH_HToCC_ZToLL_M-125_TuneCP5_13TeV-powheg-pythia8
ZHToMuMu_M125_CP5_13TeV-powheg-pythia8
VHToNonbb_M125_TuneCP5_13TeV-amcatnloFXFX_madspin_pythia8
VBFHToCC_M-125_TuneCP5_13TeV-powheg-pythia8
VBFHToMuMu_M125_TuneCP5_withDipoleRecoil_13TeV-powheg-pythia8
GluGluHToCC_M-125_TuneCP5_MINLO_NNLOPS_13TeV-powheg-pythia8
GluGluHToMuMu_M125_TuneCP5_13TeV-powheg-pythia8
ZGToLLG_01J_5f TuneCP5_13TeV-amcatnloFXFX-pythia8
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Photon Kinematics: cc
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Normalized Yield
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Photon Kinematics: uu

CMS Work in Pragress 2018 (13 TeV)
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/Z and Higgs Reconstruction: cc
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Efficiency vs Photon pr Cut
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