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I ntrOd U Ct 10N 4 loop-induced processes )

» Within the SM, the Higgs boson decay to a Z boson and a photon o
(H — Zy) proceeds via loop-induced processes

* Predict branching ratio: BR(H - Zy) = (1.54 + 0.09) x 1073 for mH =
125.09 GeV Phys. Rev. Lett. 132, 021803

20

ATLAS and CMS

» Precise measurements of this rare decay provide a sensitive probe
for the SM and its extensions

» Previous analysis: evidence of Higgs decay to a Z boson and a photon
in LHC
« Combining ATLAS and CMS datasets (139 and 138 b~ 1)

* 3.40/1.60 observed/expected significance

S LA B
r ATLASand CMS
80F tHCRun2 4 Data

F In(1 + S/B) weighted —— Signal + background

Data — Bkg Weighted events / GeV

> Partial Run3 analysis with 165 fb~1 data collected by ATLAS during
2022-2024
* Validate SM H — Zy with > 2x statistics than Run 2 ATLAS analysis e e
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https://link.aps.org/doi/10.1103/PhysRevLett.132.021803

Analysis Strategy

LAS
» Z(— ll)y final states (I = e, u), low BR, but offer : R.,:ENT

the best sensitivity to the H — Zy search

* Efficient trigger on leptons w.r.t Z hadronic/invisible
decay

* Benefit from full kinematic reconstruction and
excellent invariant mass resolution

» Partial Run3 combine with Run2

* We don’t reanalysis the Run2 dataset

* Combine with Run2 workspace Event display, VBFH — Zy — uuy event candidates
red tracks represent the muon,

» Total luminosity: 305 fb~* purple cone represents the photon
yellow cones represent the VBF associated jets
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Event selection and reconstruction

» Object definition : :
§ Z boson candidates reconstruction \
Cut Electron Muon Photon Jet .
* FSR correction: FSR photons (AR < 0.15) are added
pT >10 GeV >5 GeV > 10 GeV > 25 GeV .
to muon pairs
Inl <2.47 Inl <2.37 . o .
Inl exclude [1.37, 1.52] Inl<2.5 | exclude [1.37, 1.52] lyl <4.4 * Kinematic fit constrains to the know Z mass
do significance <5 <3 .
, » Select the Z candidates by closest to Z mass
Az sinBl < 0.5 mm < 0.5 mm
ID / JVT (fJVT) Loose Medium Tight FixedEffPt (Loose) * AndZmass window: |my — my| < 10 GeV
ISO Loose Loose FCLoose K /

» Triggers: single-/di - lepton triggers

» Overlap removal:

» Specially, overlap removal of photon is only
preformed with the two selected leptons to

improve the photon efficiency

ATLAS
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§ Higgs boson candidate reconstruction \

Combine the selected Z boson and the highest pT
photon

mgz, in 110-160 GeV

p’T’/mzy >0.09 to further reduce background
while avoiding a sharp “turn-on” in the my,

spectrum /
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Categorization

» Events are classified into four regions:

* Lepton, VBF ,high relative p;, low relative p;

» BDTs and Z decay modes are used to split events

* Lepton category: lepton number

* VBF category: 2 jets and BDTygr

* Photon Relative pT category: lepton flavor and BDTs

* Intotal, 13 event categories are defined

BDT distribution for VBF category
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BDT training strategy

» Optimization target: maximizes the
combined number counting significance

* Requires at least two background events(MC)
in the signal region ([120, 130] GeV) of each
category

> VBF BDT
* VBFH as signal and ggFH+Zy as backgrounds

» High/Low relative photon pT BDT

e Separated by lepton flavor
e ggH as signal and Zy+Zjets as backgrounds

ATLAS
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Input variable Description VBF relative photon pr
Niet Number of jets v v
p{.‘, nj pr, and 1 of the leading jet (j;) v v
mj, Mass of the leading jet v

éj, Azimuthal angle of the leading jet v
nj,, p%'z’ N, Mass, pr, and 17 of the subleading jet () v

M, iy p{.‘jz, Anji i, Dijet invariant mass, pr, and 5 separation v

Ny Pseudorapidity of the photon v v
p% Transverse momentum of the photon v

p%’f Transverse momentum of the dilepton system v

Nees Neey Pseudorapidity of the dilepton and ££y systems v v
p.f.h Transverse momentum of the £y system v

p-f-h /meey. py/mecy  Relative pr of the ££y and the photon v
p%’f [meey Relative p of the dilepton system v
Ph Component of ﬁf;f" perpendicular to the difference between v v

PLCand Y (ph = |55 x 8], with 7 o 5E¢ ~ )

Adeey Azimuthal separation between the €€ system and the photon v v
Aoy jy Azimuthal separation between the {€y system and the leading jet v v
Abrey i Azimuthal separation between the ££y system and the dijet system

Anee Pseudorapidity separation of the dilepton and the photon v v
AR:‘/“; e, Minimum AR to j; /> from the photon or the dilepton system v v
cos 0% (L) Cosine of the polar angle of the €* in the ££ rest frame v v
cos G(L€) in £Ly Cosine of the polar angle of the ££ in the £{y rest frame v v
pZeppenteld Pseudorapidity difference between the £y system and v

the dijet system, defined as |,¢, — (7, +717j,)/2]
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Signal/background after categorization

» Lepton and VBF categories show good classifications of VH, ttH and VBF signal events

Lepton

VBFT 1

VBFL+
HRelpT-eeT 1
HRelpT-eel 1
HRelpT-uuTA
HRelpT-puL
LRelpT-eeT1
LRelpT-eeM 1
LRelpT-eel
LRelpT-uuT -
LRelpT-puM 1

LRelpT-ppuL -

Signal decomposition in each category

ATLAS Simulation

BN ggF
Vs =13.6 TeV, 165 fb~!

I VBF ZH

s WH

mm ttH
mmm bbH

S, B in 68% signal region for each category
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Category S Z};p Bz’;p Neg wes [GeV] S g’;p / \/ Sg:;p + Bz’;p
Lepton 1.5+1.1 76.3 +£2.8 78 44 0.17
VBFT 1.5+1.1 1.2+04 3 3.8 0.91
VBFL 2.8+2.0 276 1.8 23 4.0 0.51
HRelpT-eeT 1.2+0.8 6.6 +0.9 11 3.1 0.43
HRelpT-eeL. 3.0+ 2.1 54.10 = 1.8 77 4.0 0.40
HRelpT-uuT 2.4+ 1.7 20317 33 3.9 0.50
HRelpT-pul. 2.4+ 1.7 565+ 1.7 72 4.1 0.31
LRelpT-eeT 9+6 234 +6 251 3.8 0.57
LRelpT-eeM 29+ 20 2591 +19 3 806 4.1 0.56
LRelpT-eeL 24 + 17 13260 + 50 17 435 4.5 0.21
LRelpT-uuT 4.9+34 96 +4 127 3.9 0.49
LRelpT-uuM 34 + 24 2545+ 19 3133 4.1 0.67
LRelpT-uuL 37+£26 16 960 + 40 19 331 44 0.28
Inclusive 150+ 110 3593070 44 380 4.0 1.81
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Sighal modeling and background estimation

» Signal model: DSCB function

* Combine all production modes with SM XS

* Contribution from H — uu decays (up to 3.8% in category, 1.8% inclusively) is modeled with its own

DSCB template and fixed to the predicted fraction

» Background estimation

* Main backgrounds: Irreducible non-resonant Zy production and Z + jets events in which a jet is
misidentified as a photon

* Diboson background: constitutes 35% in lepton category, 0.2% inclusively

* The relative fractions of Zy and Z + jets components are determined inclusively via a two-

dimensional sideband method

e Zy purity is estimated to be 0.4973-92, uncertainty is from different R estimation methods

Backup: Introduction of 2D sideband methods, R
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Background templates

» Background templates are built by combining Zy and Z + jets components

» Inclusive purity of Zy is extrapolated to each event category

* Using efficiencies from the Zy fast-simulation MC and data-driven Z + jets samples

» Ratio of Z + jets to Zy shapes of my, is smoothed by fitting

e To reduce statistical fluctuations in the control region( Data Driven Z+jets )
» Specially:

* VBF categories: high-statistics EW Zyjj simulation added

* Lepton category: Di-boson backgrounds added

» Last, Spurious signal (SS) study is performed to choose the analysis function

* Fit range is optimized in the SS study, then Wald test is applied to compare functions in each family, last
Gaussian Process Regression smoothing is applied to increase effective statistics, details workflow in backup
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Results of Run 3 analysis

> Profiled Likelihood Ratio test

Zy invariant mass distributions of weighted data

e Un-binned maximume-likelihood fit = ATLAS

> -
> 7

O = ] ¢ Data 3

< B0 {s=13.6TeV,165f" ' & =

» Measured signal Strength 2 - H— Zy all categories _g:ggg: *+ background =

vos vor % 505— In(1+S_/Bgg) weighted sum ... Background _E

* u=09=x0.6(stat)Iyi(syst) = 0.9I5¢ B 405 =

5 . F E

> Expected (SM) signal strength 2 90¢ E

20— —

Hexp = 1.0 + 0.7(stat) 32 (syst) = 1.0%37 oF E

* Statistical uncertainty dominant! oo ol ' ' - AR .

. epe : ég 1:* """""" + B S i~ S Y $ l+ """""" Lo ¥

> Observed significance (background-only hypothesis): 140 '§’_—§ T e
» Expected significance: 1.5 ¢ s 1200 des 180 19 1‘,‘,?@ [Ge&j‘s

» Measurement is statistically consistent with SM expectation
Expected significance improves for 28% relative to the previous Run 2 ATLAS result
- 11% from increased integrated luminosity and cross section scaling
- 15% from the advanced event selection and categorization (after scaling luminosity and XS)
ATLAS 30.10.2025 10
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https://www.sciencedirect.com/science/article/pii/S0370269320305578?via%3Dihub

Run 2 & Run 3 combination

» Uncertainty Correlation Strategy
Zy invariant mass distributions of weighted data

ATLAS

» Fully correlated:

= = -

[()] — 1

« Theoretical uncertainties: Branching ratio, QCD scale, a <, 160F- /s =13TeV, 140 b p — Signal + background
£ 140F- Vs =13.6 TeV, 165 b Signal =

oh) - . — _

> - H-— Zy all categories -

» Uncorrelated: S 1205 |11,'S /B ) weighted sum ~~~~ Background =
8 100}z 68 68 =

 PDF uncertainties (different sets used in Run 2 vs. Run 3) %a 80E- =
* Most experimental uncertainties: = igg_ =
e due to distinct data-taking conditions 20§_ _§

e Trigger, luminosity, electron, photon, spurious signal

» Partially correlated:

Data - Bkg.
(weighted)

* Muon and jet uncertainties are partial correlated

» The impact of the correlation scheme on final results is negligible

* Total uncertainty remains dominated by statistical contribution
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Results of Run 2 + Run 3

< B L BRI IR I
= - ATLAS .
S 7E 5=13TeV, 140 ' Aun2 =
» The combined best-fit signal strength: 5 1 2y o E
+ u=1.3+0.5(stat) + 0.2(syst) = 1.3+0¢ AR :
4550
» SM expected value: 3 "
2 .
° — +0.2 _ +0.6 = E
p=1.0+0.5(stat) y7(syst) =1.07,= 1
> The observed (expected) significance is 2.50 (1.90) %05 35
* Combination improves Run2 by 61% 8
S "Famas ' - .
* Current ATLAS expected results 19% better than previous ATLAS+CMS o 7 ? Eg?l'\;\lw;osf;fb _____ ::": R
6;* H — Zy, observed —— Combination
» Assuming the SM cross-section, the observed branching ratio is st E
BR(H — Zy) = (2.01323) x 1073, expected (1.5}33) x 1073 .
3 =
» This combination provides the highest expected significance to oF =
date for the H - Zy mearesurement E o
05 T R
My,
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Compatibility check

» For Run 3 analysis:

* Using individual signal strengths for each category in the measurement

* Consistent with results from global signal strength: p-value = 0.37

» Run 2 and Run 3 measurements are statistically compatible: p-value = 0.33

ATLAS Stat. error ~ —@— Total error ATLAS Stat. error ~ —@— Total error

J/5=13TeV, 140 fb-', /s = 13.6 TeV, 165 fb~! W Systemor — SM /5=13TeV, 140 fb-', /s = 13.6 TeV, 165 fb~! W Systomor  — &M
Total Stat. Syst. Total Stat. Syst.
| Run3lepton PR— i | __________ 608, 82 s || RundLlepton — T R R

Run3 VBFT 12:33 3 3 Run3 VBFT 1045 55 63
Run3 VBFL —e— T_' -3.7%8 18 03 Run3 VBFL 10133 33 04
Run3 HRelpT-eeT |—]'|i|—| 2538 329 33 Run3 HRelpT-eeT 1.0:39 32 A%
Run3 HRelpT-eeL —p— 12:33 2% &2 Run3 HRelpT-eel 1047 47
Run3 HRelpT-uuT e 2638 B8 3 Run3 HRelpT-puT 1.0:2% 25 9%

-26 -26 -02

Run3 LRelpT-eeT |_|__._|_,_| 0923 21 19 Run3 LRelpT-eeT 1.0427 <28 <04

Run3 HRelpT-ppL 0635 4y 22 Run3 HRelpT-puL |_$,_| 1.0049 38 9%
h o
——

Run3 LRelpT-eeM 1532 28 42 Run3 LRelpT-eeM 1.0:39 27 13
Run3 LRelpT-eel I *— ‘ | -0.8:83 &3 48 Run3 LRelpT-eel I | {1092 I8 148
Run3 LRelpT-puT —e— 2333 3% 97 Run3 LRelpT-uuT 1038 3% 83
Run3 LRelpT-puM —eo—1 3527 33 ) Run3 LRelpT-uuM 1033 3% 37
| Run3lRelpT-ppl  F—®eer— | oMER M2 %) | RundLRelpT-ppl F o1 105 3 B
Run2 Comb. o 20'09 93 04 Run2 Comb. |_$_| 10198 ‘98 83
Run3 Comb. }’4 0.9:87 31 22 Run3 Comb. |_?_| 1.0:97 87 <02
| _Run2+3Como. o 1888 %8 % | | Run2+3Comop. | L S . - T N
-30 20 S0 0 I 10 20 -20 5 =T 5 0 5 10 15 20
Signal strength Signal strength
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Summary

>

>

>
>

The search for the Higgs boson decay to Zy was conducted with the ATLAS detector at an energy of Vs
= 13.6 TeV at the integrated luminosity of 165 fb~1

The observed (expected) signal yield normalized to the SM prediction
Hobs = O-gtg:g(uexp =1.0£0.7)
* with a significance of 1.4 (1.5) standard deviations

* Compared to Run2 ATLAS results, the expected significance improved by 28%

Combined with the Run 2 results

* Observed (expected) signal strength and significance:u,,s = 1.3f8j§(,uexp = 1.0f8j§), 2.5 (1.9) standard deviations

* Current ATLAS expected results 19% better than previous ATLAS+CMS
The findings are consistent with the SM expectations
Provides the highest expected significance to date for the H — Zy mearesurement

Plots link, Arxiv link
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-19/
https://arxiv.org/abs/2507.12598

Additional slides
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Two-dimensional sideband method

» ABCD method (ID/ISO) for the background decomposition:

: Zy ;i Z i : i
- Signal leakage ¢, = N/ /N,": assume it can be well described in MC.
fail ID - .=
data Zy (non-tight) TI “ TI
NZY — pdata _ (Ndata —c NZY) x (NC — CCNA ) C 5 D
A A B B*A (Ndata —c NZV) g
‘ i 4 B i
VYN A B
* The key point is to estimate the correlation of Zjets, R = —4—2- olated ST
NG N
» Three methods of the R value calculation for the purity estimation:
* A'B'C’'D’ method: fail track ISO C:LP4 & E¥° < 0.065 X Py, P¥° > 0.05 x Py D: LP4 & EE® < 0.065 X Py + 2GeV, P¥° > 0.05 x Py

A:Tight ID & E¥° < 0.065 x Py, P¥° > 0.05 x P; | B": Tight ID & EX® < 0.065 x Py + 2GeV, P¥° > 0.05 x Py

 BDEF method: split BD region by calo ISO

* Use Z+jets simulated sample: D-F: LP4 &E° — 0.065 x P € [2,3.5]GeV, P{° < 0.05 X Py F: LP4 &E® — 0.065 x Py > 3.5GeV, P¥° < 0.05 x Pr
B-E: Tight ID &E%° — 0.065 x Py € [2,3.5|GeV, P¥° < 0.05 x P; | E: Tight ID &E¥° — 0.065 x P > 3.5GeV, P¥° < 0.05 x Py

* Calculate in ABCD region
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Background function decision strategy

» Fit range optimization: Selection criteria: S/AS <20%,
1.  Starting from 110-160 GeV, 115-150 GeV, and 110-155 GeV P2 >0.01, S+ 1{/AS <20%
*  Put high priority on lowest function DOF, then lowest SS with same DOF
2. IF step-1 failed to pass the criteria, test narrower mass regions: 110-150 and 115-155 GeV

3. IF all failed, select the function with lowest SS and mass region =35GeV

» A Wald test is then applied to data sidebands to compare nested functions:
* If alower-degree function is statistically compatible without significantly increasing SS

* It replaces the nominal model to guard against over-fitting

» Re-evaluate SS with a smoothing technique based on Gaussian Process Regression on the background
templates

* Reduces the effect of residual statistical fluctuations without introducing any shape bias

* Does not affect the choice of any function—range combination in any categories

» To account for uncertainties in the relative Zy and Z +jets fractions

* Templates with 1o variation are built and repeat the SS study, the maximum [SS| is assigned as the final uncertainty

AT LAS 30.10.2025
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Run2/Run3 difference

Expected significance improves for 28% relative to the previous Run 2 ATLAS result
- 11% from increased integrated luminosity and cross section scaling
- 15% from the advanced event selection and categorization (after scaling luminosity and XS)

11% is calculated by scaling luminosity and XS in Run2 WS to Run3 and

/ Run2 categorization \

then refit with the scaled WS

/ Selection difference \
selected events
v
Muon pT threshold is decreased from 10 GeV (Run 2) to 5 220 VBF BDT isl
GeV >0.4 <04
‘ PT(y) / m(lly) '
Photon pT threshold is decreased from 15 GeV (Run 2) to l
10 GeV €€ lepton flavour
) ) > 40 GeV th <40 GeV > 40 GeV th <40 GeV
Photon relative pT cut is decrease from 0.12 (Run2) to 0.09 v oy { l v v
\ / v RN v ||V

2
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https://www.sciencedirect.com/science/article/pii/S0370269320305578?via%3Dihub
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