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Decays of the Higgs a#idBosons to a Meson and a Photon

(i ATLAS has conducted a sweepyoft) ©~ 5 searches
o Published 14 limits wito @ & of i p dleV data
A Heavy mesonsO(@)© 07:0 U7 i (¢ W (p * P )Y
A Light mesonsiO(¢) © % and () © ” |

Published results:

OO O U h ¢ ™Y | Partial Run 2Phys.Lett.B86 (2018) 13455
OGO © % [ Partial Run 2JHE®7 (2018) 127

'O © %d Run 1 Phys.Rev.Let117 (2016) 11, 111802

"O® © U h [ Run1Phys.Rev.Letl14 (2015) 12, 121801

0 Operatededicatedtriggers and developed novel methods to
model the backgrounds

(i Today | will showcase the latest (5 © [t msearch

0 Usefullp o & of 13 TeV dataset
A Results were public for ICHEP2022
A Recently accepted by EPJC
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Results oH(Z)Y (%" Y Analyses
Searches for exclusive Higgs and Z boson decays
into a vector quarkonium state and a photon using

139 fb~! of ATLAS +s = 13 TeV proton—proton
collision data

Data / Fit
o
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o
o . o
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The ATLAS Collaboration

Searches for the exclusive decays of Higgs and Z bosons into a vector quarkonium state and a
photon are performed in the p*p™ y final state with a proton—proton collision data sample
corresponding to an integrated luminosity of 139 fb™! collected at /s = 13 TeV with the
ATLAS detector at the CERN Large Hadron Collider. The observed data are compatible
with the expected backgrounds. The 95% CL upper limits on the branching fractions of
the Higgs boson decays into J /i y, ¥/(25) , and Y(1S, 25, 35) y are found to be 2.1 x 1074,
10.9 x 1074, and (2.6,4.4,3.5) x 107, respectively, assuming Standard Model production of
the Higgs boson. The corresponding 95% CL; upper limits on the branching fractions of the
Z boson decays are 1.2 x 107%,2.3 x 107, and (1.0, 1.2,2.3) x 1076

Newp c & "O(&) O 0 [ results:arXiv:2208.03122

R. Ward (University of Birmingham)LHC Higgs WG 2022 Higgs and Z Boson Decays to a Meson and a Photon at ATLAS 28" November 2022/15



https://arxiv.org/abs/2208.03122
https://doi.org/10.1016/j.physletb.2018.09.024
https://doi.org/10.1007/JHEP07(2018)127
https://doi.org/10.1103/PhysRevLett.117.111802
https://doi.org/10.1103/PhysRevLett.114.121801

2 (&) © [z Motivation

i Search fogg 9O |F® HH = Q Q
o0 Ul [ (¢ Mcharmonium) ot p B¢ ™6 "Y(bottomonium) : !
o Two contributions to decay amplitud'e, and’ , Which
destructively interfere H--------
o Distinct signature avoids large QCD backgrounds seen in H=mmmemees
inclusive searches _ _
Direct Indirect
U Higgs boson decays probBeand aquark Yukawa couplings Y |4
0 Sensitive to both the magnitude and the sign Decay Amplitudes
U Zboson decays provide a test of QCD factorisation
o Small power corrections in terms of the ratio of the QCD energy Q->utu”
scale oveZ mass Decay

o Clean probe of meson light cone distribution amplitude%/

from a theory perspective
H/Z
Boson

Event Signhature

R. Ward (University of Birmingham)LHC Higgs WG 2022 Higgs and Z Boson Decays to a Meson and a Photon at ATLAS 28" November 20223/15



= (3 © |- # Branching Ratio Predictions and Previous Resul

Vector SM branching fraction, 8 (H — Q) Vector SM branching fraction, B (Z — Q)
quarkonium state | Ref. [31] (2015) | Refs. [33, 34] (2017) | Ref. [36] (2019) quarkonium state | Ref. [46] (2015) Ref. [47] (2015) Ref. [48] (2018)
Iy 2954010 x 107 | 2997016 x107° | 3.017013 x 1076 J |y 8.02*046 x 1078 | 9.96*1-8¢ %1078 | 8.96*]3% x 1078
Y(1S) 4617170 x 1077 | 522705 %1077 | 9.979%1 x 1077 Y(1S) 5.39*017 x 1078 | 4.93*0:31 x 1078 | 4.80*02% x 1078
Y(25) 23400 x1077 | 1427072 107 | 2.62%3] x 1070 Y(25) - - 2.44%013 x 107
Y(35) 213176 x 1077 | 091708 x 1077 | 1.87';% x 107 Y(35) - - 1.88%0-14 x 1078
Higgs boson decays Zboson decays
(Refs31, 33, 34, 36) (Refs46, 47, 48)
. - . - Branching fraction limit (95% CL) | Expected | Observed
i (g (,nh nh W, limit (95% CL) o
A |! | C T g' S A - , almost cancel in SNV B(H — J/¢~) [ 1077 ] 3.0%0% 3.5
B(H = (25)v)[107*] 15.6757 19.8
U Previous ATLAS[ result usedo @ A& of 13 TeV dataset  B(Z - J/yvy)[107°] 11703 2.3
o Updated results use full availabpeo 4&A B(Z—(28)7)[107°] 6.0 15
N e 7 , . o B(H — T(18 107 5.0 4.9
il CMS searched f® ¢ © [ [ witho &/A& at 13 TeV (= X157 10~ | oy
| 00 ooy o B(H — Y(25)~)[107"] 62439 5.9
o O%urr x® pm; wWOUlT pa P T B(H = T(35)7)[107"] 50175 5.7
(i CMSalsosearchedor O @ © 0 Owith ox® A at 13 TeV B(Z - 1(25)7)[107°] .87 1.7
0 Phys. Lett. B 797 (2019) 134811 B(Z—-1(35)7)[107°] 3.0%0% 18

Results of 36.1 fh'0(¢) © 0 I: Phys. Lett. B86 (2018) 13455
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@H o

7 Event Selection

(i Unique signature provides handle for triggering Photon Selection:

0 Operateddedicatedphoton + muon triggers

during Run 2, seeded from L1Calo

o0 High trigger efficiency, w x Pwith respect

to offline selection
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2 (& © [tz Signal Efficiency

> I A R R R > 0-06""”””""""'"'I”"I""I”"I”"l"'t . . L. .
3 ATLAS Simulation {  § Fo ATLAS simulation | U Total signal efficiencies:
= 005 = Jhyy 7 Z o005 G =y - 00°T (W pwP
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Generatorlevelr) of Decay Products faff channels

U Softer photon and muon in wboson decays leads to smaller signal efficiencies compared to Higgs boson
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2 (& © [t # Signal Modelling and Resolution

(' Simulate signal event for all[ decay

> ) L B L LB > R L e
channels with Monte Carlo G ATLAS Simulation | (5 5: ATLAS Simulation 1
: : o r ¢ 1 @ '

o Consider all relevant Higgs boson ° 8 ooy 1 2 4f oty
production modes: gluon fusion, vector & inclusive 3 I Inclusive :
boson fusion, and "Q & "@nd 60O S 6 powwe s fowane
associated production S [ R B T e
” . . O L o r

0 wboson samples are produced inclusive = 4~ 1 = o ]

ER 1 2
. . . . oL — L _
U Achieve a signal resolutionp® b p& E : T -
across all channels R o _

0 Higgs boson shape: double Gaussian 110 115 120 125 130 135 140 75 80 85 90 95 100 105 110 115
. - . . [GeV v [GeV

o &boson shape: double Voigtian multiplie My [GeV] My [GEV]
by massdependent efficiency Signal Resolution fa¥f channels
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2 (&) 0 [- # Signal Systematic Uncertainties

Source of systematic uncertainty Signal yield uncertainty

H—ynS) H->YnS) Z-ynsS) Z - Y(nS)
Total cross section 5.8% 2.9%
Integrated luminosity 1.7% 1.7%
Signal acceptance 1.8% 1.0%
Muon reconstruction 2.3% 2.2% 2.4% 2.4%
Photon identification 1.7% 1.7% 1.9% 1.9%
Pile-up uncertainty 0.8% 0.7% 1.1% 1.1%
Trigger efficiency 0.7% 0.7% 0.8% 0.8%
Photon energy scale 0.1% 0.1% 0.2% 0.2%
Muon momentum scale 0.1% 0.1% 0.5% 0.2%
Muon momentum resolution (ID) <0.01% 0.01% 0.06% 0.02%
Muon momentum resolution (MS) 0.02% 0.01% 0.04% 0.01%

U Take into account relevant uncertainties on the total signal yield
0 Nuisance parameters with standard Gaussian constraints in maximum likelihood fit
o Shape uncertainties found to be negligible
R. Ward (University of Birmingham)LHC Higgs WG 2022 Higgs and Z Boson Decays to a Meson and a Photon at ATLAS 28" November 20228/15




2 (3 © |- » Background Modelling

il Exclusive background o atias B, e amas
o ‘ *‘ 1 production viaDrellYan 4 so00, pin A ER R E
0 Modelled with an analytical fit to simulated events G 14000 f Data fs-13Tev, 1397 2000  Data Vs - 13Tev, 139007
. . . . 1200— . — - "
A Threshold function + Voigtian function - Decwsweswgond srclusie Backgroand 3
1000: i . Inclusive Background 3 B E . Inclusive Background ]
800k L ]
- 1000 7
. . 600F C . ]
U Inclusive background : ok E
o Multi-jet andl +jet sources withh or dimuon production 200 o ]
o Nonparametric datadriven background model g 15h, oot 8 .
3 0 P B 3 0:5—;--------’-‘---------‘---'-----------’--‘----’--’-’------r----t -E-4 +f
A JHEP 10 (2022) 001 O [ R T O I e T (RN R
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pseUdoca.ndl-dat@VE ntS ) (Heson ) S —— (eson eciaton Generation Region (GR) | > 30GeV Relaxed Relaxed
2. Apply Va||dat|0n ReglOn Se|eCt|On tO Full Selection Validation Region I (VRI) Full Relaxed Relaxed
evaluate perform ance Validation Region 2 (VR2) | > 30 GeV  Relaxed Full
: : : o Validation Region 3 (VR3) | > 30GeV Full Relaxed
S ?\pplly Sgnlal Region selection for Region 5 Signal Region (SR) | Full Full Full
Ina mo e (Photon Isolation) ] .
Region Definitions
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(& o |- » Background Validation and Systematic Uncertai

U Validation plots are prdit Background Valldatlon
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(& 0 + = 4| & Projection of Fit in Regions
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@ o« { = Projection of Fitin Regions

= - - . LT 4 ( ( 1 ( ( > L B B B BN B I I 3 > R I L L I I
u UseZD unblnned ||ke||h00d flt 1) ( )m r 8 220 Band EC Categorles ATLAS = 8 C BandEC Categorles ATLAS
0 200 ¢ Data (s=13Tev, 139" 4 5 30F + Data Is=13 TeV, 139 fb'
i mi i l — Background Fit 86<m,.. <96GeV 1 o T — Background Fit 122 <m_. <128 GeV
o Discriminates betweeall signal and background S 1805 o Caskaround Pt 8B <, E R I e
2] [ Exclusive Background 4H £ [ Exclusive Background
ContrIbUtlonS 5 [ Dimuon Background 1§ - [ Dimuon Background
D [WB(Z - Y(1S,28.38)) = (1.0,122.3)x 10° | 7 20[ [1B(H - Y(18,28,3S)y) = (2.6,4.4,3.5) x 10*
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2 (3 0 |ka: 139 fb! Analysis Limits andlinterpretation

U Extract 95% CL upper limits on decay

h | 95% CL upper limits
channeils Branching fraction oXxX8B
0 Approximately a factor two improvement Decay | Higgs boson [ 1074 ] Z boson [ 1076 ] Higgs boson [fb] | Z boson [fb]
over theo @ /A result channel | Expected Observed | Expected Observed Observed Observed
J/y 1.970% 2.1 0.6%3 1.2 12 71
U Statistical uncertainty dominates v(28)y | 8588 109 2973 23 61 135
o Systematics reduce sensitivity to tf@ o Y(18)y | 2843 2.6 1.540¢ 1.0 14 59
signals by atmogt v b Y(2S)y | 3578 a4 | 2008 12 24 71
0 Main systematics are in the inclusive Y(3s Ny 35 | g+0.8 )3 0 135
background shape Gy | 315 ' 705 ‘

U Combine withHO© | [Sto interpret in terms ofll ; 7l

| I _
" T ‘ ‘ Is the observed rate,
normalised to the SM rate

U Observed (expected) bounds @v L.

oll 7 df pohpxly pgh @tfrom™0O * 1
oll I d otxr t o % 1 from combinedO° | (¢3)

SATLASCONFR2020:026
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https://cds.cern.ch/record/2725727

Summary of Exclusiyve == © 1 sSearch Results

ATLAS Vs=13 TeV
H | | I IIIIIII I | L | LI I LI I.I I_1llli
Y i #2% TIN Light mesonsIHEP 07 (2018) 127
H—oy — - 35.6 fb! —
R Jhyy = D —|N" Charmonium

H-wy(2S)y — - 139fb"  —
HoY(1S)y | R -
H—Y(2S)y |- - EET —{ N Bottomonium
H—-Y (3S)y I - 139 fb” —

Z—pY |- - 32.3 fb" —

20y — 0- 35.6 fb —
z::)(;/sqg - mgﬁ —— Il Expected £ 1o | U ATLAS has the most stringent
7Y (1S)y - I Expected + 20 _| limits on each of these decay
7Y (2S)y ol v o Observed | channels
Z%Y(BS)(Y B | 1 1 IIIIII -I I13I9Iflbl-1ll 1 11 IIIII| 1 | | IIIII| 1 | | IIIT

107 107° 107° 107 107° 10°°
arxiv:2208.03122 95% CL upper limit on Branching Fraction
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Conclusions

Searches for the rare decays(@) © Ur A+ ( Jshand ( i § =
Ul Results using o &A T p dleV dataset are now publiarXiv:2208.03122"

Q- utu

0 "Odecays probe magnitude and signifand aquark Yukawa couplings .
0 wdecays provide a test of QCD factorisation _
o Search fob © * * decay channels with dedicatgzhoton+muontriggers Event Signature
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@ © [t # Trigger Strategy and Acceptance
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2 (& © [t # Signal Modelling and Resolution

U Signal resolution plots fqr(p ¥ channels in B and EC
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= (3 © [ 7 Sequential Sampling Scheme

Stage 1

Stage 2

Stage 3

Stage 4

ENIEEEREEES
( )
\ 2 3D R’
[7Calo-lso An(Q,~) ]

T ;

BDI' ) 33D

. 4
[Q Track-lso] [ Ad(Q,) ]
............. e — L T

U Create probability density functions for kinematic and isolation variables using data in generation region
o Sample from these following the above scheme to genepatudocandiatevents
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7 Threebody Versus Dimuon Mass
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21 (&) © |k » Observed and Expected Events

Observed (expected) background Z signal H signal

Category  mi+,- range M+ - range [GeV] for for

[GeV] 86-96 122-128 B=10° | B=107
Inclusive 2.9-3.3 198 (185.6+59) | 61 (59.1+1.6) | 51.1+2.5 84.3+5.9
Inclusive 3.5-3.9 83 ( 825+4.0) |21 (229+09) | 6.7+0.3 11.4+0.8
Barrel 9.0-9.8 125 (125.3+4.7) | 12 (11.6+0.6) | 12306 199+14
Barrel 9.6-10.4 118 (121.9+4.6) | 14 (10.7+0.6) | 9.3+0.5 15.1+1.1
Barrel 9.9-10.7 102 (119.9+45) | 11 (10.2+0.6) | 10.8 £0.5 17.2+1.2
Endcap 9.0-9.8 133 (162.9+5.7) | 16 (13.6+0.7) | 16.1 £0.8 194+1.4
Endcap 9.6-10.4 150 (157.1+5.6) | 11 (11.7+0.5) | 122+0.6 150=+1.1
Endcap 9.9-10.7 171 (156.7+5.8) | 7 (114+0.6) | 13.9+£0.7 16.8+1.2

U Table of observed and expected background events in ranges of interest
0 Expected signal events are shown using reference branching ratios for each decay channel
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(& ©° = {2 Inclusive Fit
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A. Fit in Separate B and EC Categories
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