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Introduction

® H — Zy: Rare loop-induced Higgs decay

® Predicted branching ratio: (1.541319)x1073

® Sensitive probe for the SM and its extensions
through loop contributions

® Run-2 ATLAS+CMS: obs. (exp.) significance is
3.40(1.60)

® This study: Search H — Zy with 165 fb~1 data
collected by ATLAS during 2022-2024
® then combined with Full Run-2 (140 fb~1)

loop-induced processes
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https://link.aps.org/doi/10.1103/PhysRevLett.132.021803

Analysis strategy

® Leptonic final state: H - Zy - lly(e, n)

® cfficient triggers, full kinematic reconstruction, excellent mass resolution

® Object and event selection

® Dedicated event categorization to enhance the sensitivity

® 13 mutually exclusive categories targeting different Higgs production modes

® Data-driven and MC-based background estimation

® Signal extraction
® Signal and background described by analytic functions

® Simultaneous fit to the reconstructed m;;, spectra across all categories

® Combined with Run-2 analysis
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Event selection and reconstruction

® Preselection
® Single-/di- lepton triggers
® Object selection(backup)

® Optimized overlap removal to improve the photon efficiency

1

® Z boson candidate reconstruction

® FSR recovery(u channel) Improve lly mass resolution
® Kinematic fit constrains to the known Z mass 17% for e channel, 11% for u channel

® |m” — mzl < 10 GeV

1

® Higgs boson candidate reconstruction

® selected Z boson and the highest hoton .
Jnestpr P further reduce background while

Y . .
® pr/mz, >0.09 not sculpting in the m,, spectrum
® 110 <my, < 160 GeV
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Categorization

® events are classified into four regions :

Yes

® Lepton, VBF ,high relative pr, low relative pr

i

»  Lepton

Yes

VBFT
Yes
VBFL
electron channel

® Cut-based selections and BDT classifiers
are used to split events

Njet > 2 and
BDTygr = 0.95

P4
o

<

HRelpT-eeT

HRelpT-eeL

Category Ses By Neg wes [GeV] See/ \/Sg’;p + By
Lepton 15+ 1.1 754428 70 44 0.17 3
VIfFT 15411 13404 3 38 0.92 8 N ilhas

D 1. S+ 0. . . ° o
VBFL 2.8+2.0 272+ 18 18 4.0 0.52 5
HRelpT-eeT  1.2+0.8 6.6 +0.9 9 32 0.43 = Yes

LRelpT-eeT
HRelpT-eeL 2.9 +2.1 539+ 1.8 61 4.0 0.39 Voo
HRelpT-uuT 2.4+ 1.7 203 +17 25 3.9 0.51 Ye
HRelpT-pul  2.4+17 56.5+ 1.7 61 4.1 0.32 No
LRelpT-ceT 8.9+ 6.2 23146 240 38 0.57
LRelpT-eeM 29 +20 2562+ 19 2587 4.1 0.56 -w Yes
LRelpT-eeL ~ 24+17  13122+50 13074 4.5 0.21 — L muon channe!
LRelpT-uuT 4.9 +3.4 95 + 4 107 3.9 0.49 T =>Tight Yes
M => Medium No
LRelpT-uuM 34 +24 2527 +19 2583 4.1 0.67 L => Loose o
LRelpT-pul.  36+25  16844+40 16642 44 0.28 —— HRelpT => High relative pr
: LRelpT => Low relative pt

Inclusive 150+ 110 35625+70 35480 40 1.81

S, B in 68% signal region for each category Schematic of the event categorization
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Signal and background modeling

® Signal model: Double-sided Crystal Ball function

® Describes the Higgs signal peak including H — uu contamination

® Background estimation

® non-resonant Zy(MC) and Z +jets with misidentified photon (data-driven)

® Other minor backgrounds from MC

® Background modeling
® Estimate the relative Zy and Z + jets fractions using ABCD method
® Construct background templates with smoothed Z+jets to Zy shapes ratio

® Analytical function to model the background is determined by spurious signal study

Backup: Introduction of ABCD methods, R
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Results of Run-3 analysis

® Measured Slgnal Strength Zy invariant mass distributions of weighted data
® . =09+0.6(stat)T2(syst) = 0.9157 3 60;_',?;1'-,_,'45' I 1 - ‘ T _;
. P = ;:;igl-lrs:t’e;gi;z — Signal + background
® Expected (SM) signal strength S SO rie B e soum SO0 -
o 40k -
® Loy = 1.0+ 0.7(stat) g3 (syst) = 1.0737 - -
S 30 =
e . g %0 .
® Statistically limited! 20 E
® Obs. significance (background-only hypothesis): 1.4 ¢ ~Tog E
25 2
. v a?% 1
® Exp. significance: 1.5¢ g2 0
83 ; .
® Measurement is statistically consistent with SM expectation eI R e

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 2026/07/16 6
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Results of Run-2 + Run-3 2y inyariant mass distributons of weighied data

0] 1 Data _;

ST ——

i _ ] % 120;_ H— Zyall categories Bf:eround _;

® The combined best-fit signal strength: B 100j e e VeSS E

g eoc =

® u=1.340.5(stat) + 0.2(syst) = 1.3192 = ig: =

20E- =

® SM expected value: pe o :
® u=1.0+0.5(stat)*3(syst) = 1.070:2 gg’

115 120 125 130 135 140 145

® ObS (eXp-) Significance iS 250— (1 90-) Proflled likelihood scan of the signal s’:rvérgf;]/]
8r L L L L L I LB L L

® Combination improves Run-2 by 61% § 7f_ Ar”ﬂ;ev’mofw ‘Rz

® Current ATLAS expected results 19% better than previous 6— i Sy st —c::,binaﬁon—;
ATLAS+CMS 5 E

4L 2&;

® Assuming the SM cross-section, the observed branching ratiois 4t E
BR(H - Zy) = (2.0132)x1073, expected (1.5133)x1073 2= -

1 10

ol R I

Zy
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Summary & Outlook

® ATLAS search for H » Zy @13.6TeV using 165 fb~! data(2022-2024)

® The obs. (exp.) signal yield normalized to the SM prediction
® lops = O-gtg:g(ﬂexp =1.0+0.7)
® with a significance of 1.4 (1.5)c
® Compared to Run2 ATLAS results, the expected significance improved by 28%

® Combined with the Run-2 results

® Obs.(exp.) signal strength and significance:p,ps = 1.3%8:2(Uexp = 1.0532), 2.5 (1.9)0
® Current ATLAS expected results 19% better than previous ATLAS+CMS

® Full Run-3 analysis on-going

® with larger datasets and further analysis improvements expected

Thank you!
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Detailled event selection and reconstruction

> Object definition

Cut Electron Muon Photon Jet
pT >10 GeV >5 GeV >10 GeV > 25 GeV
Inl <2.47 Inl <2.37
Inl exclude [1.37, 1.52] Inl<2.5 exclude [1.37, 1.52] lyl<4.4
do significance <5 <3
|AZo sinBI <0.5mm <0.5mm
ID / JVT (fJVT) Loose Medium Tight FixedEffPt (Loose)
ISO Loose Loose FCLoose

> 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

§ Z boson candidates reconstruction

» Select the Z candidates by closest to Z mass

Q lmy;; — myz| < 10 GeV

~

FSR correction: final state radiation(photons or
electrons) recovered to the closest muons

Kinematic fit constrains to the known Z mass

/

ﬁ Higgs boson candidate reconstruction

~

Combine the selected Z boson and the highest py
photon

my, 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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BDT training strategy

VBF relative photon pt

» Optimization target: maximizes the ™ >

Nier Number of jets v v
combined number counting pr. ol he eadng et U0 y ‘
mj, Mass of the leading jet v
. u g i Azimuthal angle of the leading jet v
S I g n Ifl Ca n Ce mj,, p%z,. ), Mass, pr, and 7 of the subleading jet (j») v
mj, i, PR Anji gy Dijet invariant mass, pt, and 7 separation v
® Requires at least two background events(MC) in » Pseudorapidity of the photon v v
. . p%’ Transverse momentum of the photon v
the S|gna| reglon ([1 20, 1 30] GeV) Of eaCh p‘T[ Transverse momentum of the dilepton system v
Nee, Neey Pseudorapidity of the dilepton and ¢£y systems v v
Categ O ry p‘T” Transverse momentum of the ££y system v
p(T” /mecy, py/meey  Relative pr of the ££y and the photon v
> VB F B DT pE Imeey Relative pr of the dilepton system v
p’T Component of ﬁé{y perpendicular to the difference between v v
=344 Y (pt S0y o 2 with Foc 266 — 7Y
. pr andpr (pyp = IPT x with 7 o pr° — pr)
® V B F H as Si g n al an d g g F H +Zy as b aCkg roun d S Adee Azimuthal separation between the ££ system and the photon v v
Adeey, j, Azimuthal separation between the ££y system and the leading jet v v
> H i h / L OW r e I at i v e h Ot o n B D T Adeey, jijs Azimuthal separation between the £y system and the dijet system v
g p p T Anee., Pseudorapidity separation of the dilepton and the photon v v
AR?io“r et Minimum AR to j;/j, from the photon or the dilepton system v v
[ Se pa rated by Ie ptO n ﬂ avor cos 6*(£*) Cosine of the polar angle of the £* in the €€ rest frame v v
. . cos §(£¢) in £ey Cosine of the polar angle of the ££ in the ££y rest frame v v
® g g H as Si g na | an d Zy+ZJ etS as ba C kg foun d S p/eppenteld Pseudorapidity difference between the £y system and v
the dijet system, defined as |n¢e, — (7, + 15,)/2|
? L 2026/07/16 11
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Signal/background after categorization

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

Signal decomposition in each category S, B in 68% signal region for each category
LT e 1o - VF 7Mbb Category St B Nos ws [GeV ] SgP/\[Sey + By

Lepton | A R S S 099

VBFT 1.5+ 1.1 1.3+ 0.4 3 3.8 0.92

ver | [ VBFL 2820  272+18 18 40 0.52

vert | | HRelpT-ecT ~ 1.2+0.8 6.6+ 0.9 9 32 0.43

ey T HRepT.eeL 29221 53918 61 40 039

pw—.——————————————— HROpT T 2417 20317 25 39 031

HRelpT-ppul. 2.4+ 1.7 56.5+1.7 61 4.1 0.32

HrelpT-uuT | . LRelpT-ceT 8962 2316 240 38 0.57

HrelpT-uul | [ e ™ LRelpT-ceM 2920 2562+ 19 2587 4.1 0.56

reipT-eeT| [ LRelpT-eeL ~ 24+17  13122+50 13 074 4.5 0.21

reor-con| N Rl || LReBTwT 49234 95ed 10739 049

repr-ce. | I v ROl 36225  lossbedo  loedr 44 028

LRelpT-upl.  36+25  16844+40 16642 44 0.28

tRelpT-4.T | (e Inclusive 150 £ 110 35625+ 70 35 480 4.0 1.81
LretpT-v: | | —

0.0 0.2 0.4 0.6 0.8 1.0
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Two-dimensional sideband method

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

. Z Z . . .
® Signal leakage ¢, = N'/N,": assume it can be well described in MC o
data . VA y (non-tight) 'i‘I . 'i‘i
NZV — pdata (Ndata _ NZV)X (NC CCNA ) C : D
A T A B CB A Ndata NZV g
( D a CD A ) pass ID :§ =
(tight) TI A B TI
. . . . . — N i]N lZ)] isolated anti-isolated
® The key point is to estimate the correlation of Zjets, R = pw 1P
B ' C

Three methods of the R value calculation for the purity estimation:

® AB’'C’D’ method: fail track ISO

C:LP4 & E¥° < 0.065 x Pr, P1¥° > 0.05 x Py

D: LP4 & E¥° < 0.065 X Py + 2GeV, P¥° > 0.05 x Py

A:Tight ID & E¥° < 0.065 x Py, P5° > 0.05 x Py

B: Tight ID & EX° < 0.065 X Pr + 2GeV, P¥° > 0.05 x Py

® BDEF method: split BD region by calo ISO

® Use Z+jets simulated sample:
® Calculate in ABCD region

ATLAS

EXPERIMENT

D-F: LP4 &E¥° — 0.065 x Py € [2,3.5]GeV, P¥° < 0.05 x Py

F: LP4 &Ei° —0.065 x P > 3.5GeV, P¥° < 0.05 x Py

B-E: Tight ID &E%° —0.065 x Py € [2,3.5]GeV, P¥¥° < 0.05 X Py
T

E: Tight ID &EX° — 0.065 x Py > 3.5GeV, P¥° < 0.05 X Py

2026/07/16 13




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 m, is smoothed by fitting
® To reduce statistical fluctuations in the control region( Data Driven Z+jets )
» Specially:
® \/BF categories: high-statistics EW Zyjj simulation added

® [epton 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

‘w AT 2026/07/16 14




Background function decision strategy

Fit range optimization: Selection criteria: $/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:

® |[f a lower-degree function is statistically compatible without significantly increasing SS
® [t 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

? L 2026/07/16 15
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Run 2 & Run 3 combination

» Uncertainty Correlation Strategy

Zy invariant mass distributions of weighted data

> Fully correlated: %160 arcas L3
: o : : 2 160E- Vs =13 TeV, 140 fb ¢ Daa E
® Theoretical uncertainties: Branching ratio, QCD scale, a, & 160E (5 — 13.6 TeV. 165 fb” — Signal + background 3
g 140~ >~ > o — Signal —
i > - H-— Zyallcategories E
» Uncorrelated: %1585 In(1+868/868) weighted sum Background =
® PDF uncertainties (different sets used in Run 2 vs. Run 3) % 80E- E
() — -
® Most experimental uncertainties: = 60 =
40— —
® due to distinct data-taking conditions o0E- E
® Trigger, luminosity, electron, photon, spurious signal _ = | | [ ' | =
23T 4
: n O
> Partially correlated: £z
8 -5 5
® Muon and jet uncertainties are partial correlated 825 : -
115 120 125 130 135 140 145
. i , : GeV
» The impact of the correlation scheme on final results is Mzy [GeV]
negligible
® Total uncertainty remains dominated by statistical contribution
ATLAS 2026/07/16 16
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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

ATLAS Stat.error ~ —@— Total error Stat. error  —@— Total error
V5=13TeV, 140 fb", /5= 13.6 TeV, 165 fb~! - Systeror  —— SM V5=13TeV, 140fb", /5= 13.6 TeV, 165 fo~! - Sysveror — SM
Total  Stat. Syst. Total  Stat. Syst.
" Run3lepon  — —e—— | ezl ey v | [T Run3lepton |— 4 — 1083 82 4z
Run 3 VBFT 13493 ¢ Run 3 VBFT o 1.0:13 a3 83
Run 3 VBFL -3.839 Run 3 VBFL —e— 1.0133 33 93
Run 3 HRelpT-eeT 2433 3 Run 3 HRelpT-eeT —e— 1.0432 32 9%
Run 3 HRelpT-eel 1438 % Run 3 HRelpT-eel —— 1039 39 %%
Run 3 HRelpT-uuT 2539 Run 3 HRelpT-upT —e—I 1.0:28 25 53
Run 3 HRelpT-puL 0.9'48 % Run 3 HRelpT-puL —e——1 1.0%49 33 3¢
Run 3 LRelpT-eeT 0733 3 Run 3 LRelpT-eeT '_ﬁh_' 1.0:38 38 94
Run 3 LRelpT-eeM 1.3:3% Run 3 LRelpT-eeM ——e— 1.0:39 37 3
Run 3 LRelpT-eeL | -2.2492 Run 3 LRelpT-eeL i | 1093 7% 43
Run 3 LRelpT-puT 21433 3 Run 3 LRelpT-ppT |_,*_.,_| 1.0:33 38 9%
Run 3 LRelpT-puM 3.7:58 Run 3 LRelpT-ppuM e 1.03% 33 97
Run 3 LRelpT-ppl  p—r—@——] 11918 Run 3 LRelpT-piL — — 1089 48 33
Run 2 o 2.0%39 Run 2 e 1.0:09 08 03
Run3 0937 13 Run3 1.0:87 87 8%
Run2+3 !Fi 1.3:38 Run2+3 1.0:38 2% 02
-30 20 10 0 10 20 20 5 ~10 5 0 5 10 15 20
Observed signal strength Expected signal strength

2026/07/16
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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 \
/ Selection difference \
selected events

then refit with the scaled WS

v
Muon pT threshold is decreased from 10 GeV (Run 2) to 2 VBF BDT 0
5 GeV ‘
>0.4 <04
Photon pT threshold is decreased from 15 GeV (Run 2) PT0)  mlly) —l
to 10 Gev ge lepton flavour
Photon relative pT cut is decrease from 0.12 (Run2) to > 40 Gev [ <40 Gev > 40 Gev [~ <40 Gev
P p
0.09 Vo *7 —¢ * *
Vv

\oee By @,
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