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https://indico.ihep.ac.cn/event/18025/contributions/141822/

Dark photon: introduction

Motivation
» Important candidate for dark sector: dark photon (A4")
» Hidden sector couplings and mass generation mechanisms

Gauge boson from U(1), couples to neutral gauge boson by kinetic mixing &
Whose mass is generated from Dark Higgs h

A,-A,+0,Z !
~y A n [ Zop X A + f
Z,—>Z,—(0z+ etanby)A’',
_ _ . 7
f f A, - A, +eA, f W<
SM Electroweak couplings . gtanfy,m> f
27 mZ—m? Enable interactions
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Experiments searching for dark photon

High intensity

High-energy colliders

colliders

Target

JLab CEBAE
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https://indico.cern.ch/event/507783/contributions/2144874/attachments/1265644/1873373/visibleDarkSectors.pdf

Experiments searching for dark photon
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Sub-MeV searches: m, <~ 1 MeV
(Cannot even decay Into electron pair)
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Beyond MeV searches,
stopped at 10 GeV
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\/ Beam dump Darkphoton
v’ g — 2 precision measurement o___

v" Pair resonance searches )
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https://arxiv.org/abs/2005.01515
https://arxiv.org/abs/2005.01515

L HC experiments (Set limits on € vs A" mass)

w 10*2 ERRALL
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107 - BaBar+KLOE+CMS =
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1077 * ! 1910.06926 10 m(A') [GeV ]
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90% CL observed limit

------- 90% CL median expected limit
B  68% confidence interval for expected limit

my < ~10 GeV: 104
—> Active region (especially for <~ 1 GeV)
= Not good for ATLAS (resolution) o
10 GeV <my :
—> Our sensitive region (Unique!) o
- CMS and LHCb m(u™ ™) spectrum (2019)  f Pttt it

200
2023/11/28 Mingyi.Liu m;_(GeV)

95% confidence interval for expected limit
LHCb (90% CL) [arXiv:1910.06926]
Electroweak fit constraints (95% CL) [JHEP 02 (2015) 157]
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https://arxiv.org/pdf/1910.06926.pdf
https://arxiv.org/pdf/1912.04776.pdf
https://arxiv.org/abs/2005.01515

The ATLAS detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

» CERN, Geneva, Switzerland
» ATLAS size: 46mx=25m, the largest LHC experiment

» Electroweak energy scale
» Full Run2 data (2015~2018), 139 fb-!

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

We are hereJ

Muon spectrometer:
Inner detector: Calorimeters: * Tigger(ln| < 2.4): TGC, RPC
« In|<25 . EM Cal(j| < 2.5): * Tracking(|n| < 2.7): MDT, CSC
*  Momentum, electrical charge e&y, lead absorber submerged by LAr Magnet system:
* Pixel detector, tracker (semi- * Hadron Cal.(|n] < 4.9): - Solenoid Magnet: 2T
conductor), TRT LAr with copper/tungsten absorber (forward) |«  Toroid Magnets: 4T
Scintillator tile with steel absorber (central)

2023/11/28 Mingyitia 6



Motivation

Search for dark photon A" from BSM rare Z decay: Z — A" hp

(hp is the dark Higgs) A
» Important candidate for the

dark sector (DS) Z A
» Hidden sector couplings {
Modeling for A’ ot

v' Gauge boson from U(1)y; Decay rate & ape?

D, =8, +iepA',

in which: ep = \/4nap

Assumptions:

(Minimal kinetically mixed)
v' Couples to the SM Z boson ¢ Br(hp = A" A") = 100%
by kinetic mixing &: * A'isthe lightest DS
~eZP . FH « Br(A"—>SM f f)=100%

5 GeV <my, <40 GeV.
* A new mass region exploring ap&?

* The sensitive region in ATLAS for Z — A" hp is

2023/11/28 Mingyi.Liu

137 fb™" (standard triggers) and 96.6 fb™" (scouting triggers) (13 TeV)
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CMS
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90% CL observed limit
==+ 90% CL median expected limit

B 68% confidence interval for expected limit

95% confidence interval for expected limit

LHCb (90% CL) [arXiv:1910.06926]

Electroweak fit constraints (95% CL) [JHEP 02 (2015) 157]
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CMS/LHCb used to set limits on &% from
the Drell-Yan production of the A’

m,. =1 GeV/c? =3 GeV/c? =5 GeV/c2
02 03 04 05 1 1:5 05 1 15 2
m, [GeV/c?]

B-factories used to set limits on ap&?
@ with the same dark-Higgs associated
process, in the range myr < 5 GeV
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Signal modeling

* Focusing on the scenario with myr +mp, <mz and my <my,
Scenario My, > 2Mmy; Mp, € (Myr, 2myr)
Dark Higgs decay hp - A'A’ hp > A'A* > A'ff/hy > AA
Final state requirement Z—>A hp—>AAA® 541+ X
Monte Carlo (MC) simulation | Madgraph5 (ME) + MadSpin (Decay) + Pythia8 (Al4)

108

* Benchmark parameter:

dp = 01, E = 10_3
In our parameter space:

* Testing mass points g .. :
A" and hp decay promptly;

myr range 5 ~ 40 GeV

107°

mp, range | 20 ~ 70 GeV A’: Very narrow width ~ 10-3 GeV

A(mAr,th) (1, 10) GeV 107 | |

2023/11/28 mz, (GeV) 3
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https://link.springer.com/article/10.1007/JHEP02(2015)157

SM Background (BKG) modeling

* Prompt BKGs
(share the same

final state as the

signal process)

v MC-based
estimation

A . g *
™ % 9g00r— 29 ) . o _
I Yy 4 T B -===L 7 %‘
Z(*)/Py* ¢ 0900)—~ it q 1~ g™
4] 7 It 20N - s +
qq > ZZ -4 gg9g—->ZZ->4 qq->7Z-4l gg->H->ZZ - 4l
Inclusive Inclusive q g — 4l Sherpa
Z[ZZ — 4l 99ZZ (Non-resonance ZZ ™)) Sherpa
m) Higgs - ZZ — 4l ggF,VBF Powheg + Pythia
tri-Boson (VI'V) WWZ WZZ,ZZ7Z Sherpa
ttll ttZ Sherpa

* Non-prompt fake BKGs (with different final states)
v Recognized as 4l events by mistake, due to the detector’s mis-identification effect
v Poor MC modeling, a data-driven fake factor method used

2023/11/28
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Signal Reqmn (SR)

Z — 6 final objects Soft criteria for object selection

High multiplicities of soft
particles from decay of »

Muon Electron
pr > 3 GeV pr > 4.5 GeV

o hidden-sector particles!
o Loose W.P.s for
o Low efficiency for low pr identification/isolation
leptons

Selections Description
Niepton >= 4 No less than 4 leptons
From Z For all OSSF quadruplets, my; + 5 GeV < my
N >z 1 At least one OSSF quadruplet (AR > 0.1(0.2) between SF (OF) leptons)

quad min|myy;; — Myzia| (M1 > My304)
On Shell My31a/Myq2 > 0.85
J/Y¥ Veto For all OSSF pairs, my; > 5 GeV
Y(bb) Veto Mass window veto (OSSF pairs): [my(ls)— 0.7, my(3s) + 0.75] GeV

2023/11/28

Mingyi.Liu 10



ReSU ‘tS BKG modeling has been constrained

and validated in CR/VR

139 fp-1 ; 1°;AST_"1‘:1V s E?éigrl__ * Signal width for m;; under
_ _ & o, 7/{%%; - different testing points

BKG | Yields (Post-fit) B ggz?g;gmx’ |« Width ranges: 0.2~1.4 GeV
qq4l 2590 + 2.4 6_E<35340>Gev 1+ 1GeV as the bin width for
Fake | 13.2+56 o - [fitting template
9977 1.9 + 0.7 e 1 |+ The best local sensitivity
Others <<1 K 1™ (around 25 GeV): 1.60

. 17T T T TF TR T2 | ¢ No evidence for the SGN
Total 414 + 5.3 g e W%/L/M%é E
Data 44 8 T T R :

S A cew -mll = E(mmz + My34)
v Good physics meaning
v TN . .
qq4l, Fake /E?t Se“S't'Vr;ty]IOf moj't of the signal points
Good agreement between osen as the fitting discriminant

SM prediction and data Systematics (prompt): theoretical/experimental uncertainties;
uncertainties from the data-driven approach

2023/11/28 Mingyi.Liu 11
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Limitsono(pp = Z > A" hy - 41+ X)

ATLAS
{s =13 TeV, 139 fb™

ATLAS
Ys =13 TeV, 139 fb’

ATLAS
Ys =13 TeV, 139 fb’
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o(pp = Z —» A'hp = 47+X)[fb]
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—
o

¥s =13 TeV, 139 fb’ ¥s=13TeV, 139 fb’

{s =13 TeV, 139 fb™

Limits (95% CL)~
Expected

o(pp = Z —» A'hp =47+X)[fb]

1= -

- 1 Expected * o-

: Expected + 207

L ] § L — Observed .

m, =50 GeV m, =60 GeV m, =70 GeV '
10—1 | | - ‘ P L1 ‘ 1111 | 1111 | | I I - ‘ I ‘ I ‘ 10—1 | | | 1 \D | Il Il 1 Il | 1 | | | 10—1 ‘ Il 1 Il P Il 1 1 Il | Il 1 1 1 ‘ Il 1 Il 1 ‘ 1 1 1 Il ‘ 1 1 1 Il
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Limits on ape&?

' 2
Decay rate (cross-section) « apée
(\'Im 10_12 ‘ | ‘ II\\‘III‘\\IlI\\‘\I\‘\\\‘\\\‘\I\‘\\Ill\ Nm10_3
“ATLA : Belle Obs. ATLAS Obs.

010_2 S PRL 114(2015)211801 —m, = 20 GeV AT

6 . \E=13TeV,139fb'1 E ......... th=1 GeV —th=30 GeV \/g_

10 | m, =3 GeV —m,, =40 GeV 107 1

4 90% CL --------- th=SGeV —th=50 GeV o

10 ......... th=TGeV —th=6OGeV
10_5 i ......... th=gGeV _th=70 Gev

.

H
=
:\!_=
¢

X

R—
&?

<

107 E%JUZF‘T-— I ST P NS PR T BT NS S M3 O\bs' | \LHCb C\)bs' |
0O 1 2 3 4 5 9 13 17 21 25 29 33 37 41 45 15 20 25 30 35 40 45
my [GeV] my [GeV]
Setting limits on ap&?: Compare with CMS/LHCb (limits on &2);
v" Previous range (Belle): my < 5GeV v Some assumptions on ap (set it as 0.1)
v' Extended significantly to 40 GeV v Comparable (even better)

2023/11/28 Mingyi.Liu 13



summary

* First search for the dark-Higgs-strahlung process at the LHC.
* No evidence of A’ signal, setting limits on the signal cross section.

* Setting limits on ap&? in a significantly extended A’ mass region.

Reference: Search for dark photons in rare Z boson decays with the ATLAS detector,
arXiv:2306.07413, accepted by Physical Review Letters.

N/ AY

2023/11/28 Mingyi.Liu 14
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Backup
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Analysis strategy

* Signal Region (SR): optimize a region rich of signals, with

the best S/B sensitivity

Only for schematically usage

. . . . CR VR SR
* Control Region (CR): a region rich of BKGs, poor of signals,
for constraining the major background
* Fitting: simultaneous fit in the SR and CR for background h\/‘SGN
constrain, before estimating significance/setting limits. BKGs |

* Validation Region(s) (VR): rich of BKGs, but more similar to
the SR, to validate the background modeling

* Systematics: theoretical/experimental uncertainties;

16

unceftéitities from the data-driven approdc



Control Region (ZCR)

Selections Description
Niepton >= 4 No less than 4 leptons
Z — 5GeV < < 5GeV o ST
CR Z Peak For all OSSF Quadruplets, my e my; < my + 5Ge Flttlng discriminant:
N >z 1 At least one OSSF quadruplet (AR > 0.1(0.2) between SF (OF) leptons)
quad Pairing: min [myq;; — mMyzpa| (Myg12 > My314) my = E (M1 + My314)
J/Y Veto For all OSSF pairs, m;; > 5 GeV l
139fb_1 > Ty T T T T T T T T T T T T T > AR L L L L L B R L B
Gieo[ ATLAS CR mmOres — 8 [ ATLAS CR mmoters |
BKG CR Yields (POSt—fit) S1a0[ VS=13TeV, 1391 " g 4 5100 (s=13Tev, 1391 " g 4r
Wk Yome 1 0© " bus
qq4l 1554.8 + 47.6 E o H
100

+ i - -

Fake 431+ 25.0 80 for the fake BKG | ]
9977 42 + 17 0 E °F E
40 3 i ]

Others ~1 2 E o E
Total 1603.7 + 40.0 sl — (] | ST ¥ w .
g '1_----*‘”""""""""""""”"’"“"TK Leiabis /%%'/AV/% & '1_______%/_//W., - '+'4??*”**?”‘;‘"‘"1"’3‘*‘*“”% .

Data 1602 5 osf TTYTE  5osf H T
O o 5 100 15 20 25 30 1 40 O o 5 10 15 20 25 30 35 40 45 50

‘s 1GeV m,, [GeV
2023/11/28 Py’ [GeV] s 1GeV] 17



Validation Region (VR)

. > [ 7 > T T -1
SR: m1314/m1112 >(0.85 8 25— ATLAS VR moves | 8- ATLAS VR mmObes - 139 b
& [ Vs=13Tev,139f" B gg - 4¢ § | Vs=13Tev,139f" . gg— 47
-> 5 20 G 25

| R & voae | BKG Yields (Post-fit)

VR: my34/m;1;,<0.85 | = qq4l 238.8 + 15.2

Fake 473 £ 26.1

\\\\lll\\lllll‘\l\lll

9gg9ZZ 54+ 19

Fitting discriminant:

*"“*H;';“‘HH.}:

—y
gL
TTT

ﬁ+++r+*+;+m++++++§H{v}; ; Others -1

Data/Pred.
o —_

Data/Pred.
o

7”—”"ll — _(mlllz +ml3[4) 10 20 30 40 50 60 70 0 5 10 15 20 25 30 35 40 45 50 Total 2928 + 277

2 £y e ; 1{2 e
| ] " "leptons’ pr " Data 286

3225;ATLAS VR mOtas E S; L ATLAS VR mObes - 8w amas VR mmones
§ [ {s=13TeV, 139" Mg 47 5 {s=13TeV, 139" mgg— 4 - g o Vs=13Tev, 1391 . gg— 4
w 20— ' gﬁetx = w 3 4.33;?; E w ; 4.33;?; Fake pla s an mportaﬂt
L N 250 - 50; y |
e H ’ E 205 “0F role in the soft region.
I —
C 3 = 20: . .
oF E o - Good BKG modeling in
r 1 57 10F
- ] z - the VR
3150 | m“ + H' 315 ‘ 315 L
S os- }H++ it H R +++'- T e S e i
e Mis ! e : 8 0 2 4 6 8 10 12 14 : 16 18 20

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30
m., [GeV] Py [GeV] py* [GeV] 18




Data collected by the ATLAS

Integrated luminosity for describing the accumulated data: £ = [ L dt

Run 1 (2011~2012)
7~8 TeV, ~30 fb!
Run 2 (2015~2018)

"2 160F
S ArLas
— Preliminary

2140
£120

uminos

100
80
60
40
20

Total Integrated

A "o

13 TeV, 139 fb!
Run 3 (2022~Now)
13.6 TeV, ~60 fb!

L L

[IJLHC Delivered
[ ]ATLAS Recorded
D Good for Physics

[

Vs =13 TeV

Delivered: 156 fb™
Recorded: 147 fb”'
Physics: 130 fo!

— 80— T T T T T T L
é E ATLAS Online Luminosity E
- 70 2011 pp Vs=7TeV —
= L ——2012pp (s=8TeV .
8 gof —mEm Eian E
£ C — 2017 s: 3
E F —— 2018pp 1
3 500 — =
> F = 2023pp 1
3 F 7
5 40 =
= F 3]
8 30 - -
20— E
100 E
0 C | | + " 3
ya(\ P“)‘ ‘3\_\\ Oc\.
Month in Year
i 80 T T I T T T
70 ATLAS fs=13.6 TeV

60—
50
40

Total Integrated Luminosity (o]

Online Luminosity

[ LHC Delivered
[ ]ATLAS Recorded

Delivered: 62 fo™'
Recorded: 58 fo™'

I |

- Run 2 0
= 2 20—
- 100
y | | | I | 1 | 1 | 1 | 0:
30y O T T B a8 oo 2%
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Month in Year

W
Month in Year

uoue.qiies £2/2

uohe.que £2/z

Standard Model Total Production Cross Section Measurements
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ti—chan

Wt

H

ww

WZ

= 96,07 +0.18 + 0.91 mb (data)
COMPETE HPRIFI'Z HhE\:”ﬂ
= 98.35.40.38 1. 1.3 mb (date
COMPETE HpHIAS | 4 eDry
= 190102 6.4 b (data)
DYNNLO + CT14NNLO (thaary)
= 112.69 + 3.1 nb (data)
GYNNLO + CT14NNLO (theary)
= 98.71 + 0.028 + 2.191 nb (data)
DIRLO + CTIRALG lheury\
= 58.43+ (.03 + 1.66 nb (dal
DINNLOSCT14 RO cmeam
= 342240034092 n cata)
DYNNLO+ CT|4 NNLU tthemy)
o =12353+003 b (dal
Dvwmomna NNLO \[hemy)
—B264+36+
op- NNLONILE Tiamrgh
7 =2029417+8.6
top++ NNLD+NN
- 1Bzg 3.1 tb dala)
ton o NALONILL (icsary)
= 247 + 6.+ 46 pb (dala)
NLO+NLL {theory)
=896+ 1.7+ 7.2 6.4 pb (data)
NLD+NLL (theor ry\
= 68424 8 pb (data)
LD RILL iheory)
=94+ 10 + 28 - 23 pb (data)
NLOAKIL thaory
—234 3.7 pb (data)
NCOSRLL Fheary)
= 16.8+2.0.+ 3.0 pb (data)
NLO+NLL (theary)
- 2.2 pb (data)

=555:32424
LHC- HxSWG vmnnegrw
r=277+342
LHC- HxSWG Yna [heu.y]
=221+ — 2.7 pb (data)
Tht W VA tineory)
7 =130.04 & 1. hloﬁpb{uam
NNLOrh
S125 46 pb (data
=i (iheory) P (data)
=51 9:2:445:!::(13!3;

(gata)
L {theary)

NNLO (th
=5108+
MATR\X (NNLD] [Eheury\
=234
MATR\X (NNLO themy)

= A% poNEO) (Raet ™
i = 17.3+ 0.6 + 0.8 pb (data)

ATLAS Preliminary
Vs =7,813 TeV

Zz

ts—chan

ttw
ttZ
WWwWj

WWZ |
tttt

7.3+ 0.4+ 0.4 - 0.3 pb (data)
s uhaw]
6.7 +0.7 + 0.5 - 0.4 pb (data)
~ NNLO (theory)
r=48+08+16-1.3pb(data)
NLD+NNL {theor J
r 87011303 140 th
Madoraphs + BMEALD Iheory)
= 369 4 86 - 79 4 b (data)
MGAM (ineo
980 4 50180 1 {4
MadgraphS + aMCNLO (theory)
176 + 52 - 48 + 24 Ib (data]
" HECACNLO (ineory)
7= 0822 0.01  0.08 ob (dala)

o=055+014+0.15- Ul3pb(datm
SherpaZEZHheqr
= 2-: 3 LE 5|b|
EW \hsnm
|

[m] O a

<
O <«
L

"l ul | EEPEETTTTY BT TR T BRI

Theory

LHC pp V5=13 TeV

Data
stat
stat @ syst

LHC pp V5 =8 TeV

Data
stat

LHC pp V5=7 TeV

Data
stat
stat & syst

109 107 1072 1072 10t 1

10t 10° 10°

cross-sections!
vingyitiv ¥ 4L: very clean channel for rare process hunting

10

10°

M’\ Ml P P FEET PR e
108 10 0510152025
o [pb] data/theory

v SM processes with 4l final state have small

Jrde
(]
50x10°°
8x10°¢
0.081
202
46
3.2
20.2
4.6
36.1
202
46
3.2
20.3
4.6
3.2
203
20
139
20.3
4.5
36.1
203
4.6
36.1
20.3
4.6
36.1
20.3
4.6
20.3
36.1
20.3
139
20.3
139
79.8
139

Status



Object definition

Muon Electron
pr > 3GeV pr > 4.5GeV
_ pr > 15GeV if Calo-tagged In| < 2.47
?:;:(I;Q: In| < 2.7 Pass object quality (IsGoodO0)
Zosing < 0.5 mm if wisn't SA Zysinf < 0.5 mm
ID: Loose working point ID: Loose working point
Overlap removal between u/e Overlap removal between p/e & e/e
Fulfill Baseline requirements
Signal leptons |do/0a,| < 3if pisn't SA |do/0a,| <5
(Tight leptons) ID: the same as baseline ID: LooseAndBLayerLLH W.P.
Isolation: PflowLoose_VarRad W.P. Isolation: FCLoose W.P.
Loose leptons Baseline leptons fail the signal-lepton requirements

2023/11/28 Mingyi.Liu



Data and triggers

 Data: Full Run 2 data, 13 TeV, 139 fb-!
* Trigger list (single lepton, di-lepton, tri-lepton soft triggers)

2015 HLT_mu?20_iloose_LIMU15 HLT_mub50

HLT mul8 mu8noll

HLT e?24 |hmedium_L1EM20VH HLT e60 Ihmedium HLT e120 |hloose
HLT 2el12 |hloose L12EM10VH

2016~2018 | HLT_mu26_ivarmedium

HLT 2muld

HLT mu22_mu8noll

HLT_e26_lhtight_nodO_ivarloose HLT_e60_Ihmedium_nod0 HLT_el40_lhloose_nod0O
HLT 2el7 |Ihvloose nodO L12EM15VHI

HLT el/ Ihloose nodO mul4

HLT el12 |hloose nod0 2mul0

HLT 2el1?2 Ihloose_ nod0_mulO

Trigger efficiency only ~70%
= Global trigger scale factor implemented (Pseudo-experimental method)

LU



Fake BKG: Fake enriched region and fake factor

» Fake leptons from Z + jets / tt /| WZ, poor modeling: Data-driven fake factor method

» Fake enriched region defined to calculate fake factor (F.F.)

. =
N Baseline lepton = 3

=
N OSSF signal lepton pair = 1
|m Signal lepton pair le < 15 GeV

° F.F.is calculated by the baseline leptons  » Apply fake factors to 41 events with

aside from the Z-decayed pair loose leptons that can enter the SR
* Parametrized by (pt,n, lepton flavor) (FFAR):
* MC contaminant judged by MC Nk
: : NoneLoose NewoLoose NthreeLoose NfourLoose
iInformation = > wR- Y wRR+ Y wRERE - Y wRFF'FE
Tight Tight l : l l
FF = NData _ NPrompt McC -
S NLoose __ pjLoose
Data Prompt MC

2023/11/28 Mingyi.Liu 22



Systematics for fake BKG

»Fake source uncertainty (Impact on the F.F.
from the b-jet sources, dominant)

»Uncertainty of fake factor
v" MC subtraction uncertainty (uncertainties
of the subtracted prompt BKGS)
v" Statistical uncertainty in the Fake enriched
region when calculating the F.F.s

»From the F.F. application region (FFAR) when
calculating fake yields
v" MC subtraction uncertainty
v' Statistical uncertainty (Dominant, due
to low statistics)

2023/11/28 Mingyi.Liu

The secondary dominant

background
A 4

Fake yield (SR) 9.45
A.R. Stat. 41.38%
A.R. Theo. 4.45%
F.F. Stat. 3.07%
F.F. Theo. 4.87%
Fake source 50.32%
Total 66.21%

23



Statistical analysis

» Simultaneous fit of the SR and CR, with floating normalization factor u, for the dominant
SM 4l background.
[POI: ug (signal strength); NPs: Systematics 6;, normalization factor uj, for BKG]

syst.num bins

Lp; o) = Lgauss(ej) Lpoiss (Nggta | USS(Hj) + .ubb(ej))i
j L

S _ 1
> Discriminant: m;; = , (My1p + My3pa)

o _ 1 GeV Bin width
» Binning (GeV): X (bb) window l

[0,5,6,7,812,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,

42,43,44,45,46,47,48,49,50]



Systematics for prompt processes

Experimental Uncertainties
» Detecting uncertainties for electrons and muons (Identification, energy resolution )
» Trigger S.F. uncertainties

» Pileup, luminosity uncertainties
» Total Exp. uncertainty ~ 7% (5%) for SGNs (BKGs) in the SR.

Theoretical Uncertainties

* PDF + ag Unc.
» Envelope: NNPDF3.0 (100 internal variations, standard deviation) and CT14 (Nominal)
» ~2% for both SGNs and BKGs

* QCD scale Unc.
» Envelope: {Ugr, Ur} =1{0.5, 0.5}, {0.5, 1.0}, {1.0, 0.5}, {1.0, 2.0}, {2.0, 1.0}, {2.0, 2.0}
» ~14% for SGNs, ~8% (5%) for gqZZ in the SR (CR)
* Parton showering uncertainty
» For SGNs: Pythia8 (A14) vs Herwig7 (UE-MMHT) (Truth level), very tiny, ~ 1%
» For qqZZ: Shape comparison between the Sherpa sample and the Powheg+Pythia8 sample
(conservative), ~10% (2%) in the SR (CR)
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ark photon: CR distributions
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Dark photon: SR distributions
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4] mass spectrum by th@ ATLAS
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