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Introduction

» Undetected Higgs decay B,, < 10% motivates searches for elusive BSM dark sector particles
coupled to Higgs;

» One of the attractive candidates is undetectable, massless dark photon (y;).

 Force carrier of U(1), gauge group of dark sector.

* Introduce dark matter self-interactions for solving small-scale structure formation problems and the PAMELA-Fermi-
AMS2 anomaly

« Enhancing the light dark matter annihilation rate, making asymmetric DM scenarios phenomenologically viable.

 Potential approach to search dark photon: through H - yy4

- Signature characterized by resonant y + MET (ET"%)
* Higgs is assumed to be produced via three Higgs production modes:

ggF process VBF process ZH process
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Introduction

« Both ATLAS and CMS published various results for H — yy, searches with LHC full Run 2 data:

Yy + E""SS Yy + Em‘ss + VBF jets y + E""SS +Z(- )
(ggF channel) (VBF channel) (ZH channel)

ATLAS Reinterpretation of mono-y EPJC 82(2022) 105 JHEP 07 (2023) 133
JHEP 10(2019)139
CMS
JHEP 03(2021)011
Hi25 = ¥Va Hsm = ¥Ya
95% CL limit on BR Mass range probed for H
VBF Channel | ZH Channel Combined VBF Channel | ggF Channel | Combined
ATLAS 1.8(1.7)% 2.3(2.8)% This analysis ATLAS | Upto2TeV Upto 3 TeV | This analysis
CMS 3.5(2.8)% 4.6(3.6)% 2.9(2.1)% CMS Upto 1 TeV - -

» ATLAS provided competitive and complementary result for H - yy,; searches

- Strong motivation for statistical combination to bring the most stringent LHC constraints for H;,: — yy, and
broadest search in BSM Higgs masses
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Scenarios of combination
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» Most straightforward and worthy scenarios for the statistical combination, based on 3 input analyses.

Input analysis Signals my m,, Combination scenarios
ZH SM (ZH)H - yyy 125 GeV [0, 40] GeV ZH + VBF for SM Higgs,
massless y,4, targeting
VBF SM (ggF + VBF)H - yy, 125 GeV Massless y,4 BR(H125 - ¥ ¥4)
BSM (VBF)H - yy4 [60, 2000] GeV Massless y4 ggF + VBF for Heavy Higgs,
massless y,, targeting
ggF BSM (ggF + VBF)H - yy, | [400, 3000] GeV Massless y4 o(ggF + VBF)XBR(H - yy,)

 Signal grid for heavy Higgs combination
» my= 400, 600, 800, 1000, 1500, 2000, 2500, 3000 GeV

(blue masses added to VBF analysis to harmonize with ggF signal grid)
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Input analysis: VBF channel

4 Channels VBF ZH ggF
H Trigger ET iss Lepton(s) Photon
-7 Photons =1,C, > 04 =] > |
y E%'.[GeV] € (15, max(110,0.733 X my)) > 25 > 150
d EMS [GeV] > 150 > 60 > 200
Jets 2or3,mj ; >250GeV, |A17j1j2|>3 <2 <1
» Topology: mj, 1y, <0.Ad;, <2,C; <07
Leptons =0(e, p) =2, SFOC =0 (e, u, 1)
* 1 photon, 2 or 3 VBF jet, Emlss my, € (76,116) GeV
» Lepton(e, u) veto
pronte: ) & [ ATLAS  postt
. i o Post-fit ]
Main background 3 w0k EaisTer s ostf Jeom
: . . = —YY ) searc 3 . Uncertain
* W(= W)y + jets, Z(— w)y + jets , jet — e from CRs. § Mg : | o
j 1 L a8 ] trong Z+y
* jet — y from data-driven. o . Jger
- Simultaneous fit to data including SR and CRs divided ISR | e
" |
into 2 bins of m;;, each with 5 bins of m(y, E***) 10 e
----- I jet—e
my(y, ETWSS) = \/ 2pLETMSS[1 — cos(¢y, — ¢ pmiss)] | e HE(EL 00

i i " 4 4 e
-®- Data/Post-fit *\\" Uncertainty — Pre-/Post-fit !

« Dominant uncertainty: g 2 S
- Data stats., fake bkg in syst. - . ot 3
) 90 T30 200 350 15000 90740 200 380 7500 M7 [GeV]
SM Higgs, massless dark photon oo Gy R OFfvcs, o, SRM<1TeV SR m21 TeV
Observed (expected) limit at 95% CL on o o o
BR(H125 — yyg) : 1.8(1.7)% No significant deviation from SM prediction
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Input analysis: VBF channel

4 Channels VBF ZH ggF
H Trigger ET iss Lepton(s) Photon
-7 Photons =1,C, > 04 =] > |
E?r' [GeV] € (15, max(110,0.733 X my)) > 25 > 150
Ya EMS [GeV] > 150 > 60 > 200
Jets 2or3,mj ; >250GeV, |A17j1j2|>3 <2 <1
» Topology: mj, 1y, <0.Ad;, <2,C; <07
miss Leptons =0(e, p) =2, SFOC =0 (e, u, 1)
« 1 photon, 2 or 3 VBF jet, ET m, € (76,116) GeV
* Lepton(e, u) veto = 10g — -
 Main baCkground % n —— Observed ATLAS ]
; ] ] e e P Expected Vs=13TeV, 139 fb™ -
s W(—= W)y +jets, Z(—= w)y + jets , jet - e from CRs. % 1t B Expeoted = o Limits at 95% CL -
i ' ! - ____ Expected = 20 VBF Higgs couplings =
® ]et - y fI’Om data'drlven E s oVBF with B(H—>yyd)=0.05 ]
[l . [l [l [l [l m N
 Simultaneous fit to data including SR and CRs divided 107 =
miss . = -
into 2 bins of m;;, each with 5 bins of m(y, E***5) s f ]
mr (y, Emiss ) \/ ZpyE miss[1 — cos(¢, — ¢ E7miss)] 102 =
 Dominant uncertainty: -
10_3 E1 L L

» Data stats., fake bkg in syst.

BSM Higgs, massless dark photon
Probe H mass: [60, 2000] GeV

10?

To Combine VBF channel:

« Add ggF contribution;

3
m,, [GeV]

« Extend Higgs mass to 3 TeV for BSM scenario
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put analysis: ZH channel

3

» Topology:

A

- 1 photon, <= 2jets, ETMsS
» 2 SFOC leptons within Z mass window,

« Main background
- Fake EI™SS dominates and is estimated with data-driven.
» VVy bkg estimated from CRs

« BDT (XGBoost) used to enhance the analysis sensitivity.
» Binned maximum likelihood fit to data on BDT in SR and

VVy CR

 Dominant uncertainty:
» Data stats., fake MET from syst.

SM Higgs, massless dark photon

Observed (expected) limit at 95% CL

BR(H125 — yyyq) : 2.3(2.8)%

Channels VBF ZH ggF
Trigger Enss Lepton(s) Photon
Photons =1,C,>04 =1 > ]
E?r'.[GeV] € ( 15.lmux( 110,0.733 X m)) > 25 > 150
ET™ [GeV] > 150 > 60 > 200
Jets 2or3,m; . >250GeV, \A/]_,-I_,-1| >3 <2 <1

Leptons

./\./-1

nj, - Mj, < 0, A(’/)/x./: <2, C‘/-; < 0.7

=0(e, p)

=2, SFOC
Mpp € (76, 116) GeV

=0(e, u, 1)

No significant deviation from SM prediction

2 10 L | TTr 1T | L | T
£ 10" = ATLAS
o 10°EVs=13TeV,L=1391b"
108 E-SR, ee+uu, Post-fit
107 - @ Data [ Fake E7*
5 Jvvy [ titT+y/single t
1 0 [} e_—r\/ 0 wy
105 [ ttH, VH . ZH(Wd)
LR ZH(de) 20 GeV ZH(de) 40 GeV
10% &= %% SMtotal

Data/Bkg
&

_
[

kAR
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put analysis: ZH channel

3

» Topology:

- 1 photon, <= 2jets, ETMsS

A

» 2 SFOC leptons within Z mass window,

« Main background

Channels VBF ZH ggF
Trigger EM'S Lepton(s) Photon
Photons =1,C,>04 =1 > 1

E?r' [GeV] € (15, max(110,0.733 X my)) > 25 > 150
ET™ [GeV] > 150 > 60 > 200

Jets 2 or 3, mj ;> 250 GeV, |A’7‘/,_,}| >3 <2 <1

nj, M, <0, A(/J”/l <2, C;, <07
Leptons =0 (e, p) =2, SFOC =0 (e, u, 7)

Mpp € (76, 116) GeV

- Fake EI™SS dominates and is estimated with data-driven.

» VVy bkg estimated from CRs

« BDT (XGBoost) used to enhance the analysis sensitivity.
» Binned maximum likelihood fit to data on BDT in SR and

VVy CR

 Dominant uncertainty:
» Data stats., fake MET from syst.
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Input analysis: ggF channel

Channels VBF ZH ggF
8 /4 q 4 . miss
Trigger Et™ Lepton(s) Photon
__H_ H Photons =1,C, > 04 =1 > 1
g EJ [GeV] € (15, max(110,0.733 X mr)) > 25 > 150
Yd ET™ [GeV] > 150 > 60 > 200
1 Ya Jets 2or3,m; ; >250GeV, [Ay; ;| >3 <2 <1

nj - Nj, < 0, A‘b,/]/w <2,C;, <07
* T°p°|°gy- Leptons =0 (e, p) =2, SFOC =0(e, u, 1)

« >=1 photon, <=1 jet, EJUsS e € (76, 116) GeV

* Lepton (e, u, 7) veto g amas e
- Main background ) e o :-:ffi”:i‘:j'ijﬂg

« Z(= vwWw)y,W(- v)y, y + jets from CRs. L My~ 400 GeV -+ m, - 800 GeV.

* jet -y , e - y from data-driven. e | e sty
« Binned maximum likelihood fit to data on MET in SR “

* Including both VBF and ggF processes 10_] e S
- Dominant uncertainty: R et S

- Data stats., fake photons from jets in syst. e E

0.8 -

200 250 300 350 400 450
T [GeV]

No significant deviation from SM prediction

2024/11/15



Input analysis: ggF channel

8 Y q
__H_
g
Ya
q

» Topology:
- >=1 photon, <=1 jet, EJ*s
* Lepton (e, u, 7) veto

« Main background

« Z(= vwWw)y,W(- v)y, y + jets from CRs.

* jet -y, e > y from data-driven.

« Binned maximum likelihood fit to data on MET in SR
* Including both VBF and ggF processes

 Dominant uncertainty:

» Data stats., fake photons from jets in syst.

Ya

BSM Higgs, massless dark photon
Probe H mass: [400, 3000] GeV

Channels VBF ZH ggF
Trigger ESS Lepton(s) Photon
Photons =1,C, > 0.4 =1 > 1
EJ [GeV] € (15, max(110,0.733 x my)) > 25 > 150
ET™ [GeV] > 150 > 60 > 200
Jets 2or3,mj ; >250GeV, |A’//1,/~| >3 <2 <1
n; n, <0.A¢; ; <2,C; <07
Leptons =0 (e, p) =2, SFOC =0(e, 1, 7)
my, € (76,116) GeV

o 1E

o = . .

> E —— Observed ATLAS Preliminary

- - - - Expecte ]

T F Bepeded=to  15=13TeV, L=139 fb"

° - s 0, With BR=0.05  (ggF+VBF) H—>yyd

= 107

S -

= E my= [400, 3000] GeV

O -

R L

Lo}

(e}

102
107° \
I 1 1

1 1 | 1 1 1
500

1 | 1 1 1 1 1
1000 1500

I 1 1 1 1 I 1 1 1 1 I 1 1
2000 2500 3000
m,, [GeV]
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Combination strategy

* POl rescaling

Input Analysis Original POI Combination POI
ZH channel signal strength, and scaled with BR = 5%
BR(H125 - yyg,)
VBF channel BR(H - yya) o(VBF + ggF)xBR(H - yY4)
ggF channel oVBF+r99F (m YXBR(H - yy,)

- Systematic correlation:
» Uncertainties related to data-taking conditions are correlated:
* Luminosity, pile-up modelling...
« Experimental uncertainties: correlated where appropriate, exceptions are:
» Uncertainties related to same objects but implemented with different schemes among input channels
« 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
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Results -- SM Higgs

* VBF-ZH combined limits at 95% CL on BR(H — yy,): 1.3 (1.5)%
« Set the most stringent limit on BR(H — yy,) of LHC results to date.
* Improved by 29%(14%) w.r.t VBF channel.

« Comparable impacts from statistical and systematic uncertainties.
» Leading systematic uncertainties: bkg modelling, jet MET, fake estimation and MC stats.

ATLAS —e— Observed limit (95% CL) Uncertainty source AByroup/ ABioar[ Yol
------------ Expected limit (95% CL)

Vs =13 TeV, 139 fb" [ Expected limit +10 Theory uncertainties 49

SMH=yys 1 Expected limit +20 Signal modelling 2.2
Background modelling 47
Obs.  Bxp. Experimental uncertainties 63

Luminosity, pile-up <0.1
ZH channel- 23 o8 Jets, Efrnlss 40
Electrons, muons 11
Fake background 35

VBF channel- 1.8 1.7 T .

' ' MC statistical uncertainty 36
: Systematic uncertainties 75
Combined| t 13 15 > Statistical uncertainty 66
OIIII‘:IlilléllllélllIilllléllllélll - ||8 TOtalunCCI'talnty 100

95% CL upper limit on B(H-=yyq) [%]
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Results -- Heavy Higgs

» ggF+VBF combination produces combined limits on o(VBF + ggF)xBR(H - yy )
« Set the most comprehensive constraints.
« Sensitivity improved by 33%(14%) w.r.t. ggF channel at my = 1500 GeV.

- Statistical uncertainty dominant at Higher Higgs mass
» Leading systematic uncertainties: fake estimation, bkg modelling, jet MET, MC stats and lepton reconstruction.

100|||||||

ATLAS

BSM H-yyy
101

1072

103

Vs =13TeV, 139 fbo-

| | | I | | |

——
—
/
—
=

e ——

| L
Observed limit (95% CL)
Expected limit (95% CL)
Expected limit 10
Expected limit 20
B(=0.05) x Otheory

T T T T 1

Ll

—— VBF channel
—+— ggF channel
—e— Combined

AN

95% CL upper limit on B x OggF . vaF [Pb]

[
1500

2000

[ L]
2500 3000
my [GeV]

Uncertainty source

AB group/ ABi a1 [Te]

my [GeV] 400 800 1000 2000 3000
Theory uncertainties 30 27 28 40 35
Signal modelling 2.2 4.6 5.2 6.9 2.0
Background modelling 30 27 27 38 34
Experimental uncertainties 64 51 45 37 41
Luminosity, pile-up 4.6 2.6 2.9 2.8 2.3
Jets, ET™° 22 12 11 13 14
Electrons, muons 20 23 18 13 14
Fake background 52 41 35 25 29
MC statistical uncertainty 20 17 19 19 23
Statistical uncertainty 75 84 87 85 86
Systematic uncertainties 67 55 49 53 52
Total uncertainty 100 100 100 100 100
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Physics interpretation

* Physics interpretation of ZH+VBF limits on BR(H125 — yy,) in Minimal Model

* Minimal simplified model [arXiv:1405.5196].
» Generic Lagrangian: L ~ u(H'S; Sz + h.c.)

1 - mass parameter, S; - SU(2), doublet, Si - SU(2), singlet S=(S.,Sg)
» With U(1), and U(1),,, interaction, the free kinetic Lagrangian: L® = 9,ST9#§ — STMZS
« 2 scalar messengers allow for H125 — yy, at 1-loop 2 m2 A
VVAVAVaVAV Vi VAVAVAVAVAV Vi3 ,"S‘l\ 7D o ( A m% )
5,7 ! S0 K v
H , 1 3 H ’ 1 g H | \ .
Eihaiuin S B SR X , A = Av, parametrizes the
",\ . S,\ : N L’ e . .
S o AN 7 -z ; scalar left-right mixing
« BRof H—» yy,;/vavq ! vy can be expressed as U(1), fine-structure-constant a, and mixing parameter ¢:
r 2[ @D
_ SM YYD —l 2X e
BR,,, =BR;, 1+, _BRM et ( @
Yp7D YY o 2
r 21 %D
_ SM Yp¥D r =X (—)
BR, v, = BRy, 1+r _ BRM 7D @
YD7YD YY _ X2
(14 xy755) e A
BR,, = BRSY 7 X = 152 i £= =
1+r, ., BR}J F(1-¢£%) 7z

« ZH+VBF combined limits on BR(H — yy, ) and other results from e.g. H — inv, H — yy can be translated into
restrictions on the allowed parameter space in the (¢, ap) plan.
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Physics interpretation

wp |1 5 2o I,
»,:,::g;{t//' / - H—yy Observed 95% CL
B ."’::0. O -
95 | 0‘:;‘ 27 VBF-ZH combination
L- :’:‘ AN (4
C S5 ]
- ”’ ~/;/////
[ o R
0.9¢ feeoe AR Y7 H—sinv Observed 95% CL
R ,\ .
n KX ‘.
B N PLB 842 (2023) 137963
0.85 '
C )
N “ 2 H—vyy ATLAS measurement
S e | = _ +0.022,
0.8 ?A'\'\_A‘Simeas' 1o : ::: BR(H,,5—7y) = 0.247 0020 Yo
B ' Z Nature 607 (2022) 52
B 4 %
0.75 ’ ]
N v 2
N e . ATLAS = H—yy SM prediction
0.7F P Vs=13TeV, 139 fb" & BR(H125—77) = 0.227%
- - - - -
fmm—-— =" Dark Photon Minimal Model 1] arxiv:1610.07922
[ ATLAS meas- i
0.65 my =125 GeV, y = +1 —
0 6 -- PR U S T S S T N NN SN S TR T N TN TR ST U [N ST T ST SN TSN ST ST S (N TN TR TN T T T SN ST W TN S S AN N1 |_
0O 01 02 03 04 05 06 0.7 08 09 1
Ay

x = +1: scenario with constructive interference
from messenger sector in Hy,z = yy

« § =~ 0.7 at &y = 1 are excluded by BR(H — inv)

limit interpreted in terms of H,,; — y4v4 signal.
* Hi,5 = vy, combination provides additional
sensitivity in the low a4 region
 Disfavoured by ATLAS BR(H;55 = yY)

measurement
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Conclusion

» 2 baseline scenarios have been studied for our combination effort:

»Scenario 1: VBF+ZH combination for SM Higgs, massless dark photon sets

the most stringent limits on BR(H — yy,;) at my = 125 GeV.
»Scenario 2: VBF+monophoton-recast combination for heavy Higgs, massless dark photon
provides a wider Higgs mass range on o(VBF + ggF)xBR(H — yy, ).
 Provide the first physics interpretation of ZH+VBF limits on BR(H125 — yy,) in Minimal model.

- Paper published by JHEP: JHEP08(2024)153
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Combination: Overlap check

* No overlap expected due to orthogonality from Njet and Nlep definition. §

« No overlap observed with Full run-2 data. =

2 ZH(2 SFOC lepton)

« Little overlap(< 2%) found in VBF signal process on MC.

» Reason for this overlap: Different jet reconstructions & pileup suppression 1
 Treated as statistically independent.

_ - 7859 in MonoPh SR, i LU VBF
Heavy Higgs monophton-recast+VBF combination 50 shared with VBE SR - . —
Full run-2 data sharedwi Njet

mH =1 TeV (largest overlap)
VBF production mode, MC

VBF SR

VBF CR

Overlap fraction [%]

MonoPh phjetCR
VBF SR

Overlap fraction [%]

MonoPh SR

MonoPh 2muCR

MonoPh 2eICR

MonoPh SR

MonoPh 1muCR

MOHOP/] 7 A”"""’P/7 Mo"OPh MO”OPh s MonOP VBF Cr
m,

Var o5
uCry Seicy My, 5 R Phjste, 5

MonoPh SR VBF SR
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