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« Thanks and credits to the Chinese ATLAS collaborators: = Cembination of searches for Higgs boson decays into
a photon and a massless dark photon using p p

.. L. collisions at Vs = 13 TeV with the ATLAS detector
* Michigan: Zirui Wang Vs

. . : The ATLAS Collaboration
* Wisconsin: Rui Zhang

A combination of searches for Higgs boson decays into a visible photon and a massless
. 1 1 ' 1 dark photon (H — 7yvyy) is presented using 139 fo ! of proton—proton collision data at a

[
I H E P - XI n h u I H u an g ) Z h IJ u n LI an g centre-of-mass energy of /s = 13 TeV recorded by the ATLAS detector at the Large Hadron
Collider. The observed (expected) 95% confidence level upper limit on the Standard Model
Higgs boson decay branching ratio is determined to be B(H — yy,) < 1.3 % (1.5) %. The

o TD LI / SJTU . Kh an h N ] Vu , QI bl n LI u , S h u LI , search is also sensitive to higher-mass Higgs bosons decaying into the same final state. The

observed (expected) 95% confidence level limit on the cross-section times branching ratio
ranges from 16 fb (26 fb) for my = 400 GeV to 1.0 fb (1.5 tb) for my = 3 TeV. Results are

C h dan g q 120 LI also interpreted in the context of a minimal simplified model.

2406.01656
JHEP 08 (2024) 153



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2023-01/
https://arxiv.org/abs/2406.01656

Dark Matter .

. from starlight

* Dark Matter existence supported by plethora of astrophysical measurements.

Velocity
. (km s-1)

 NOT sufficiently explained by Standard Model, making DM nature a central
question in particle physics.

- Expected from
the visible disk

DM candidate: a strong consideration in many beyond-the-SM models.
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Indirect Collider * Probes of DM underway in several areas.

detection detection

. for elastic scattering between DM and nuclei or
electrons.

* [ndirect searches for products of DM annihilation or decay.

e Collider searches for production of DM from collisions of SM particles

 complementarity to other detections at GeV-TeV scale.

e provide access to particles mediating interactions between DM and
SM sector.

1810.09420



https://arxiv.org/pdf/1810.09420.pdf

Dark Matter probes at ATLAS

Less complete

Dipole
Interactions

SM DM
2
S ~m
SM med Y HM

DM benchmark models at LHC
1506.03116v3
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* ATLAS sensitive to wide variety of potential DM candidates.

 Most of DM searches at the LHC focus on Weakly Interacting

Massive Particles (WIMPs) in simplified models or extended
Higgs sectors.

Dark
Photon

Simplified
Dark Matter
Models

More
complete

Minimal
Supersymmetric
Standard Model

Complete
Dark Matter

Universal
Extra
Dimensions

Little
Higgs

* Also strong consideration in other Dark Sector particles such
as Dark Photon, Dark Higgs, Dark QCD, and so on.


https://arxiv.org/pdf/1506.03116

Dark PhOtOn ScenariO \ Kinetic mixing U(1), X U(1), [2005.01515]

1 1
Kinetic part: Lo = _ZFa,uVF(lfV — ZFbul/F[ﬁ“j o gFaMVFl’;jJV
»\

o B(H — und) < O0(10%) motivates searches for DS particles
coupled to Higgs. One attractive candidate is dark photon (y,).

| Interaction with matter fields: L = e J, A} +e'J, A}

@ Force carrier of extra U(1),, providing portal between DS and | | | | SM DS \

SM via kinetic mixing with visible U(1). Diagonalized up to a rotation: !

@ Introducing dark matter self-interactions for solving small-scale A 1 0 . n Dark photon

structure formation problem and PAMELA-Fermi-AMS2 anomaly. a) _ | V1—¢2 cosf —sind 1
Ay & 1 sinf  cos6 AH

® Enhancing light DM annihilation rate, making asymmetric DM | V1 — g2 Photon

scenarios phenomenologically viable.
|

l u u
< Massive y, couples directly to SM, more accessible and ;
consideration in experiment searches. | ce
|
& : e/ e e’
< Massless y4 NO direct couplings with SM, less attention but ] EC
can provide comparably rich experimental target. |
‘l
L sM DS SM DS

% In this talk, y, is collider-stable, resulting in Missing Transverse
Massless Massive

Dark photon Dark photon

Momentum (E%ﬁss) in event final-state.


https://arxiv.org/pdf/2005.01515
https://doi.org/10.1103/PhysRevLett.110.211302
https://doi.org/10.1103/PhysRevLett.110.211302
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1016/j.physrep.2013.12.001
https://doi.org/10.1016/j.physrep.2013.12.001

Dark Photon search using Higgs - e e i e

< Potential approach is search for H — yy,4 in resonant y E%liss signatures via three Higgs production modes

ggF process VBF process ZH process

< Both ATLAS and CMS published various results for H — yy, searches in distinct final states using LHC full Run 2 data:

y + Exmiss y + Etmiss + VBF jets y + Exmiss + Z(—£{)

(ggF channel) (VBF channel) (ZH channel)
EPJC 82 (2022) 105 JHEP 07 (2023) 133

reinterpretation of mono-y

JHEP 10 (2019) 139

JHEP 03 (2021) 011



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-63/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-007/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-005/

VBF channel

EPJC 82 (2022) 105

“ Topology:
@ 1 photon, 2 or 3 VBF jets, Eg’iss
@ Lepton (e, u) veto

“ Background estimation

@ W(— Cv)y+ jets, Z( — vv)y + jets,
and e-fake y from control regions (CR).

@ jet-fake y from data-driven.

% Fitto dataonm; ;. my(¥, E{mss) bins in

SR and 4 CRs.

Channels VBF ZH goF
Trigger E7 Iss Lepton(s) Photon
Photons =1, Cy > 0.4 > ]
E%[GeV] € (15, max(110,0.733 X m)) > 25 > 150
ET™ [GeV] > 150 > 60 > 200
Jets 2or3,mj ; >250GeV, |Anf1f2| >3 <2 <1
My, Mj, < 0, A¢jlj2 <2 Cfs <0.7
Leptons =0 (e, u) =2, SFOC =0 (e, u, 7)
my, € (76,116) GeV
c T T T T T T 1 | ]
m - ATLAS Post-fit -
& 10° L Ys=13TeV, 139 b’ o
= E B(H—vyy ) search 1\ Uncertainty
) [ d o . . . EW Z+y
S - ' | B Strong Z+y
L ; e e EW W+y
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\\\\\\\Q\\ 1 Wty Vyy
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o e O significant
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_____ o jet—e o
---miz58,-002 oM prediction.
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mp(y, EX%) = \/QE%E?iSS [1 — cos(¢, — QSE’rI‘niss)]

exp | —

4

2-
nj. TN,
2 (777,_ 312 J2>
) 17

(773'1'—773'2



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

VBF channel

EPJC 82 (2022) 105

“ Topology:
@ 1 photon, 2 or 3 VBF jets, Eg‘i”
@ Lepton (e, u) veto

“ Background estimation
© W(— vy +jets, Z( — wv)y + jets,

and e-fake y from control regions (CR).

@ jet-fake y from data-driven.

< Fitto dataonm; ; , my(y, EM%) bins in
SR and 4 CRs.

Channels VBF ZH goF
Trigger E%n Iss Lepton(s) Photon
Photons =1, Cy > 0.4 = ] > 1
E%'[GeV] € (15, max(110,0.733 X m)) > 25 > 150
ET™ [GeV] > 150 > 60 > 200
Jets 2or3,mj ; >250GeV, |Anjlj2| >3 <72 <1

My, Mj, < 0, A¢jlj2 <2 Cf3 <0.7

Leptons =0 (e, u) = 2, SFOC =0 (e, u, 7)
me, € (76,116) GeV
g 1 O § I | | | | I | I I 1 | | I E
—_ - —— Observed ATLAS —
<O - aaaa- Expected Vs=13TeV, 139 fb™ -
?r' 1= W Expected £ 1o Limits at 95% CL =
— Expected + 2¢ : - -
Y = s o'/5" with B(H—yy )=0.05 YEEFIg08 coliplinge =
m —
w 107 E =
LL — -
m B -
> — —
O B _
10 £~ my,; = 60 - 2000 GeV =
- m, =0 GeV
B Vd
10_3 — 1 T T | !
102 10°


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

Z H h I Channels VBF ZH ggF
C a n n e Trigger EmSS Lepton(s) Photon

Photons =1,C, > 04 =1 > 1
JHEP 07 (2023) 133 EY [GeV] e (15, max(110,0.733 X m.)) > 25 > 150
EMS [GeV] > 150 > 60 > 200

Jets 2o0r3,m; ; >250GeV, \A/]I/-lh] >3 <2 <1

nj -1, < 0, A(b‘/‘l‘/j < 2, C/-} < 0.7
Leptons =0 (e, w) =2, SFOC =0 (e, u, 1)

L X 4

L X 4

my, € (76,116) GeV

Topology
@ 1 photon, no more than 2 jets, E2*

® 2 same-flavour, oppositely charged (SFOC) leptons
within Z mass window

BDT applied to enhance signal-bkg separation.

Bkg estimation
@ Irreducible V'Vy from a dedicated CR.

@ Major Zy + jets, Z + jets and e-fake y from data-driven

Fit to data performed including SR (binned by BDT) and
VVy CR.

Events

Data/Bkg

i ¢
Olo
RN

—
— o

O
o

0 01 02 03 04 05 06 07 08 09 1
BDT classifier response

IIIIIIIIIIIIIII lllllllllllllllllllllIIIIIIIII
= ATLAS é
=Vs=13TeV,L =139 fb" =
=—SR, ee+uu, Post-fit —
= @ Data [ Fake ET**° —=
= [ VWy [ ti/tt+y/single t =
E Hleov 1 wy
— [JttH, VH ===+ ZH(yy)

LT ZH(yyd) 20 GeV ZH(yyd) 40 GeV
_— %44 SM total _ 1
BDT classifier response

|IIII

|||||||||||||||||||||||||||||||||||||||||||||||||

No significant
deviation from
SM prediction.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/

Z ’ ' h I Channels VBF ZH ggoF
C a n n e Trigger ESS Lepton(s) Photon
Photons =1, Cy > 0.4 =1 > 1
JHEP 07 (2023) 133 EY [GeV] e (15, max(110,0.733 x my)) > 25 > 150
ET'™ [GeV] > 150 > 60 > 200
Jets 2or3,m; ; >250GeV,|An; ;| >3 <2 <1
Mj, Mj, S (_)’ A('b./l‘/z <2 C./} <07
Leptons =0 (e, u) =2, SFOC =0(e, u, 7)
Mpp S (76, 116) GeV
. o 10— ATLAS — Observed
* Topolo < " Ve - _ -1
pology | - £ i Z_;STeV,L_Bbe - Expected
@ 1 photon, no more than 2 jets, E. = gl 4 Hom, B Expected + 1o
® 2 same-flavour, oppositely charged (SFOC) leptons 02 i _ 195 GeV Expected + 26
within Z mass window - oL My = ©
E ~ m, =0-40 GeV
< BDT applied to enhance signal-bkg separation. 5 -
2
O
(@)

* Bkg estimation
@ Irreducible VVy from a dedicated CR.
@ Major Zy + jets, Z + jets and e-fake y from data-driven

 Fit to data performed including SR (binned by BDT) and
VVy CR.

OIIIIII | | |
10~ 1

10 m, [GeV]

10


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/

F h I Channels VBF ZH goF
g g C a n n e Trigger EmSS Lepton(s) Photon
: : Photons =1,C,> 04 = | > 1
reinterpretation from JHEP 02 (2021) 226 EY [GeV] e (15, max(110,0.733 X m)) > 25 > 150
ET™ [GeV] > 150 > 60 > 200
Jets 20r3,mj ; >250GeV, ‘AU./]./R’ >3 <2 <1
y i 1, < 0, A(/)./'l./'g < 2, C"/-; < 0.7
Leptons =0 (e, u) =2, SFOC =0 (e, u, 1)
H my, € (76,116) GeV
2] L L L L B L T T T
Vd G 18 ATLAS A % ! Gjet) E C\zll(ve)y (e)
1] s =13 TeV, 139 fb — T |:|Z(")‘YY
7 .
10 Post-fit, SR 44: SM Total e Data
o 10° .
* Topology 5 Signal (ggF+VBF) H-y :
. - 0= e ~ 400 GeV  **-- m, = 800 GeV
@ Atleast 1 photon, max 1 jet, large EZ/™** . ™ ° ™ °
T 10" =5, o : == m,=15TeV ==m,=3.0TeV
B
@® LeptOn (6, //t, Thad) veto 10 e e @ s s o s s TLCOI LI NO Significant
2 I ] ]
10 deviation from
< Background estimation e T : SM prediction.
15_, ,,,,,,,,,,, SinrmrmemamaEL s . :' """"""""""""""""""""""
@ True photon bkgs: Z( — vv)y, W( — £v)y and 0B ;
Z( — )y from dedicated CRs. 102 =
S | | | | =
® e-fake y and jet-fake y from data-driven. 2 12F =
: - - : Mmiss s 1-1; / Z
% Fit to data performed including all SR (binned by E7""*) & 1?////%////////////////// 7 %
and CRes. 0.9F E
. L 0.8 —
@ Including contributions from both ggF and VBF 500 S50 @00 @k0 400" 750
processes. ET® [GeV] 11



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-63/

ggF channel - o

: : Photons > 1
reinterpretation from JHEP 02 (2021) 226 EY [GeV] > 150
Er"™ [GeV] > 200
Jets <1
4 Leptons =0 (e, u, 7)
;8
T g F -
- ~ — CE)bser}t/egl ATLAS Prellmlnary
— | - - - Expecte i
’:’ Topology C)D( B Expected + 1o G — 13 TeV, L=1 39 fb 1
] S ~ o B (ggF+VBF) H—yy
® Atleast 1 photon, max 1 jet, large £ S Lol ‘
£ =
@ Lepton(e, i, 7 veto = —
Pron (€ 4 Thao) 3 m,, = 400 - 3000 GeV
L 2 _
< Background estimation o 2 m, =0 GeV
@ True photon bkgs: Z( — vv)y, W( — £v)y and 10 =
Z( — )y from dedicated CRs. -
@ e-fake y and jet-fake y from data-driven. - S LR e
. 107 .
< Fit to data performed including all SR (binned by £ T T T T T T
and CRs 500 1000 1500 2000 2500 3000

m, [GeV]
@ Including contributions from both ggF and VBF
processes.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-63/

Motivation for combination ¢;
=
2 ZH(2 SFOC lepton)
% 3 ATLAS channels probe complementary phase spaces in terms of
jet and lepton multiplicities.
1

“ Also provided very competitive results compared to CMS in terms of

limits on 98(H,5 — y74) and probed H mass range. 0

>

Njet

Hyps = 174 Hgsm = 774
ZH channel  VBF channel VBF channel ggF channel
ATLAS 2.3 (2.8) % 1.8 (1.7) % ATLAS Upto2TeV Upto3TeV
CMS 4.6 (3.6) % 3.5(2.8) % CMS Up to 1 TeV --
95% CL limit on BR Mass range probed for H

< Strong motivation for stat. combination to bring the best LHC constraint on H,5 — yy, and the most comprehensive search in
terms of BSM H mass.



Combination scenarios

* Most straightforward and worthy scenarios for the statistical combination, based on 3 input analyses.

¢ For this combination, adjustments wrt original VBF channel

Input channel Signals my m,, Combination scenarios
ZH SM (ZH)H - yyy 125 GeV [0, 40] GeV ZH + VBF for SM Higgs,
' massless y,, targeting
VBE SM (ggF + VBF)H - yy, 125 GeV Massless y,4 BR(H125 > y v,
BSM (VBF)H - yy4 [60, 2000] GeV Massless y 4 ggF + VBF for Heavy Higgs,
- ' ' massless y,, targeting
ggF BSM (ggF + VBF)H - yy, | [400, 3000] GeV Massless y,4 o(ggF + VBF)XBR(H - yyq)

® ggF process contribution included for BSM Higgs decay search.

® Extend H mass to 3 TeV.

14



Stat. combination

Statistical method

Likelihood function

» Combination results obtained from a combined

L(D,Glu, @) = | | Pois(n.|v,(u, ) ]_[fc(xcely, ) x | | f,(apla,)

Likelihood function:

 Product of likelihoods from individual channels within
the combination.

 These channel likelihoods themselves products of
likelihoods computed from final observables in
various categories in a single analysis. ‘

* Upper limits on POI derived using profile-likelihood-
ratio test statistic with CLs method following *
asymptotic formulae. |

/ \CEC pES
1 Parameter Nuisance
of interest parameters
Profile likelihood ratio
Lub(p) A
d < 0,
j( ) = £(0,6(0)) K
,U = A
L(4,0) -
Test statistic
( A
_ L(,0(n) A
Gy = T = { o Lwb(w) 0< i<y
0 A > p £(4.0) A
\O a > u.

15


https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1140/epjc/s10052-011-1554-0

Stat. combination

Systematic uncertainty correlation

) X4

L X 4

Uncertainties from luminosity, pile-up modelling are correlated.

Experimental uncertainties: correlated where appropriate, exceptions are:
® Uncertainties related to same objects but implemented with different schemes among input channels (e.g Jet-Energy-Resolution).

® Uncertainties heavily constrained or pulled in original input analyses.

Background modelling uncertainties

® Uncorrelated since bkg composition and phase space are different.

Signal modelling uncertainties

® Stemming from choice of parton distribution functions and QCD calculations; minor impact on final results; uncorrelated.

16



Results -- SM Higgs

ATLAS —e— Observed limit (95% CL)
------------ Expected limit (95% CL)
Vs =13TeV, 139 fb 1 Expected limit +10
SM H-yyq 1 Expected limit +20
Obs. Exp
ZH channelf- * 2.3 2.8
VBF channel- ' 1.8 1.7
|||||||§||I||||I|||||||||||||||||||||||
0 1 2 3 4 5 6 7 8

95% CL upper limit on B(H-yYy) [%]

% VBF-ZH combination set strongest limit on 95’(H125 — Wd)
at LHC to date.

® improved by 29% wrt VBF channel.

Uncertainty source AB,:oup/ ABiotall Te]
Theory uncertainties 49
Signal modelling 2.2
Background modelling 47
Experimental uncertainties 63
Luminosity, pile-up < 0.1
Electrons, muons 11
Fake background 35
MC statistical uncertainty 36
Systematic uncertainties 75
Statistical uncertainty 66
Total uncertainty 100

“ Comparable impacts from Syst. and Stat. uncertainties.

< Leading syst. uncertainties from bkg modelling, Jets, E?iss,
Fake bkg and MC stat.

17



Results -- BSM Higgs

r— 1 OO — | | | | | | | | | | | | I | | | | | | | | | | | | —
'8_ - ATLAS —e— Observed limit (95% CL) - Uncertainty source ABgmup/ AB, 1 [T0]
TL' —e-- Expected limit (95% CL) - my [GeV] 400 800 1000 2000 3000
m Vs =13 TeV, 139 fb~! [ Expected limit +10 i
?_ - BSM H-yyq4 1 Expected limit +20 - Theory uncertainties 30 27 28 40 35
S 10-1k E= B(=0.05) x Otheory _ Signal modelling 2.2 4.6 5.2 6.9 2.0
bc» - Background modelling 30 27 27 38 34
X —+— VBF channel : Experimental uncertainties 64 51 45 37 41
- —— ggF channe ; Luminosity, pile-up 46 26 29 28 23
- —e— Combined . s
@ Jets, Et 22 12 11 13 14
-'E 102 2 Electrons, muons 20 23 18 13 14
= C 0 O\NBeNL 0 Vel Fake background 52 41 35 25 29
o i MC statistical uncertainty 20 17 19 19 23
S I =
% Statistical uncertainty 75 84 87 85 86
1 0-3 = Systematic uncertainties 67 55 49 53 52
O - I N N N N T TN (N A N N N N T T TN S Y N .
S my [GeV]
“ VBF-ggF combination set most comprehensive constraints % Stat. uncertainty dominant at higher H masses.
ON Oyor4vBE X B(Hpsy — 77y) for H mass up to 3 TeV. % Leading syst. uncertainties from fake-bkg estimate and bkg

INng. ~20% | t h.
@ improved by 33% wrt ggF channel at m; = 1.5 TeV. modelling. Others share ~20% impact eac



Physics interpretation for SM Higgs results

< VBF-ZH combined limit on B(H,5 — yy,) interpreted in a Minimal Simplified Model [1405.5196] S=(S;,5%)
I i . EW B A A A A
® Generic Lagrangian:  / ~ g - HTSLSR + h.c. S ’Lg — B#STB.US _ STM§S i ( 2 A
S = 2
® U - mass parameter; §; - SU(2), doublet; Sp - SU(2); singlet A mp
@ Allowing H,5 — yy4at 1-loop PAVAVAVAVAVAVER AV D T
H‘// : S,/ : ,/ \\
H / ' H / l H [ \
- = = t o miaiaieie S e .
:\ : \\ E \\\ ,/,
TNAAAAN, D MVAVAVAVAVAVER P

<« BRof H = yy, / yqv4 / vy can be expressed as functions of U(1), fine-structure-constant a; and mixing parameter &

YYD YY 1 47 BRSM YYD 0
YD7D i & 4 o 2
r 2| YD
_ SM YD7D r = X (—)
BR v = BRyy SM 77D @
1 + 2 BR
DYD YY - — X2
2 YY
BR _ BRSM (1 +er77) B §2 B A
T 14r, , BRSM X = ey e
r7D7D t & 4 m

)
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https://arxiv.org/abs/1405.5196

Physics interpretation for SM
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Yy = +1: scenario with constructive interference from
messenger sector in H,s — yy
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‘A.TLAS Internal %,
\/_—13Te\/.,.139fb1 ¥
Dark Photon MlnlmaTl\/I'odel X

= 125 GeV, y = +1

02 03 04 05 06 0.7 08 0.9

H—yy QObserved 95% CL
d

VBF-ZH combination

H—inv Observed 95% CL

PLB 842 (2023) 137963

H—yvy ATLAS measurement
BR(H 57 7)

Nature 607 (2022) 52

H—yy SM prediction
BR(H 55—y 7) =0.227%

arXiv:1610.07922

B(H — yyy) =0.2%

BH — yyy) =0.1%

= 0.24710-0220,
-0.020

Higgs results

BR limits and measurements from this
combination, H — v or H — yy can be
translated into constraints in (ay, &).

< &~0.7atay = 1 excluded by
B(H,,5 — 1nv) limit interpreted in terms
of H{5s = y474 signal.

< H,,s = yy4 combination provides

additional sensitivity in low-a region,
which is disfavoured by ATLAS
HB(H,,5 = yy) measurement.

< Still need ~O(1) better in sensitivity for
H{»s — yy, search.

20



Conclusion

“* Combined search for Higgs decays into photon and massless dark photon has been performed:

@ SM Higgs: VBF-ZH combination sets the most stringent limits on 98(H,s — yy4) at LHC to date.

@ BSM Higgs: VBF-ggF combination provides most comprehensive constraint on OVBF-+ggF X HB(H»5s — yy4) for Higgs
mass up to 3 TeV.

« First physics interpretation of the H,s = yy4, H{55 = 1nv and H;,s — yy results in the Dark Photon Minimal
Simplified Model with a generic messenger sector.

s See Lailin XU’s talk for more results on Dark Photon searches at LHC.

Thank you for attention

21
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Auxiliary

~21In A

E ATLAS —— VBF channel :

o — ZH channel
Vs =13 TeV, 139 fb-! Corgb;r;r;e
- SM Hoyya

I
L
X

©
D
Q
—-
D
o

95% CL

68% CL

IIIIIIIIIIIII o — I I

-0.015 -0.010 -0.005 0

~21In A\

I I | |
ATLAS

- Vs =13 TeV, 139 fb~
- SM H-yye

I
@,
o
@
@
D
<
@
Q

95% CL

68% CL

~0.02

—— VBF channel -

- /H channel
—  Combined

Z0.01 0

-
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Auxiliary

200 < ENM™ <250 GeV | 250 < ER™S < 300GeV | 350 < EM™ <375GeV | EMSS > 375GeV
my [GeV] | ggF [%]  VBF[%] | ggF[%] VBF[%] | ggF[%] VBF[%] | ggF[%] VBF [%]
400 8.15 4.30 0.35 0.49 0.04 0.05 <0.01 <0.01
600 9.05 4.95 18.9 9.10 7.74 5.44 0.35 0.53
300 3.21 1.96 5.33 3.27 15.4 9.39 15.6 10.5
1000 1.63 1.24 2.50 1.72 5.92 4.01 29.4 21.2
1500 0.50 0.38 0.73 0.69 1.65 1.33 33.3 30.0
2000 0.22 0.21 0.35 0.33 0.67 0.69 32.7 34.3
2500 0.10 0.09 0.16 0.18 0.35 0.41 29.6 38.0
3000 0.04 0.08 0.08 0.11 0.19 0.29 28.9 39.6
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Stat. combination

The results of the combination presented in this paper are obtained from a likelihood function
L(u,0), where p denotes the parameter of interest (POI) of the model, and 6 constitutes a set

of nuisance parameters, encoding the systematic uncertainty contributions and background
normalisation factors that are constrained by CRs in data. The final likelihood function
L(pu, 7 ) is the product of the likelihoods from individual channels within the combination,
which are themselves products of likelihoods computed from the final observables in various
categories in a single analysis. To derive upper limits on the POI, the profile-likelihood-ratio

test statistic is used with the CLg method [74| following the asymptotic formulae [75].
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Orthogonality check

* No overlap expected due to orthogonality from Njet and Nlep definition.
* No overlap observed with Full run-2 data.

* Little overlap(< 2%) found in VBF signal process on MC.
* Reason for this overlap: Different jet reconstructions & pileup suppression 1

* Treated as statistically independent.
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