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LHC	and		
CMS/ATLAS
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LHC
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Linac	50MeV

1.2GeV

Circumference	27km
~100	m
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CMS	and	ATLAS
•General	purpose	design	to	detect	all	particles.	
Wide	reaches	of	physics	potential
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LHC	luminosity	
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•CMS	and	ATLAS	recorded	data	@7TeV	
and	8TeV	at	Run1	and	@13TeV	at	Run2.

Run	2
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Summary	of	CMS	cross	section	
Measurements
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Theory prediction
•~102	pb:	Inclusive	QCD	
diboson	production.	Probing:	

•higher	order	QCD	(and	
QED)	perturbative	corrections	

•SM	gauge	structure:	triple	
gauge	couplings	(TGC)	

•~10-2	pb	:	Inclusive	QCD	
triboson	production.	Probing:	
•higher	order	QCD	(and	
QED)	perturbative	corrections	

•SM	gauge	structure:	quartic	
gauge	couplings	(QGC)
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theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryMarch 2019

All results at:
http://cern.ch/go/pNj7

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.05 -14.9 fb
WZ  0.07± 0.04 ±1.02 -119.6 fb
WZ  0.05± 0.02 ±0.96 -135.9 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.04± 0.02 ±1.06 -1137 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 
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Di-boson	cross	section	ratio	
comparison	to	theory

•Theory	predictions	updated	to	latest	NNLO	
calculations	where	available	compared	to	
predictions	in	the	CMS	papers	and	
preliminary	physics	analysis	summaries.
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	arXiv.1504.01330	
In	agreement	with	

NNLO	QCD	calculation
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p
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Standard Model Production Cross Section Measurements
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Photon	Selection
•The	Vγ(γ) analyses	use	simple	cut	based	photon	
identification,	not	multivariate	methods	as	the	inclusive	
photon	or	Higgs	analyses	

•ID	requirements	typically	include		

•shower	shape	(longitudinal	and/or	transverse)	

•isolation	energy	(track,	photon,	hadron)	

•energy	leakage	to	the	hadronic	calorimeter	

•It	leaves	freedom	to	flip	a	requirement,	e.g.	asking	for	
failing	an	isolation	energy	cut,	to	obtain	a	control	sample	
to	study	jets	fake	photons	scenario.

�10
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Photon	Selection

�11

Eur.	Phys.	J.	C	79	(2019)	205
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Figure 1: Sketch of the lateral and longitudinal segmentation of the ATLAS electromagnetic calorimeter around
⌘ = 0.

A two-level trigger system, custom hardware followed by a software-based level, is used for online event
selection and to reduce the event rate to about 1 kHz for o�ine reconstruction and storage [10]. To reduce
the data acquisition rate of low-threshold triggers, used for collecting various control samples, prescale
factors N can be applied to each trigger, such that only one in N events passing the trigger causes an event
to be accepted at that trigger level.

3 Photon reconstruction and identification

3.1 Photon reconstruction

The interactions of photons and electrons with the ATLAS EMC produce similar electromagnetic showers,
depositing a significant amount of energy in a restricted number of neighbouring calorimeter cells. As
photons and electrons have very similar signatures in the EMC, their reconstruction proceeds in parallel.
The reconstruction of electron candidates, including a dedicated, cluster-seeded track-finding algorithm to
increase the e�ciency for the reconstruction of low-momentum electron tracks, is described in Ref. [11].
The reconstruction of unconverted and converted photons in Run 2 data collected in 2015 and 2016 is
largely unchanged from the reconstruction used Run 1 and described in Ref. [7], and can be summarised
as follows:

• A sliding window with a size of 3 ⇥ 5 in units of �⌘ ⇥ �� = 0.025 ⇥ 0.0245, corresponding to the
granularity of the EM calorimeter middle layer, is used to search for electromagnetic cluster seeds as
longitudinal towers with total cluster transverse energy above 2.5 GeV. The clusters are then formed
around the seeds using a clustering algorithm [12] that allows for removal of duplicates. The cluster
kinematics are reconstructed using an extended window depending on the cluster position in the

5

Figure 2: Schematic representation of the photon identification discriminating variables, from Ref. [23]. E
SN

C
identify the electromagnetic energy collected in the N-th longitudinal layer of the electromagnetic calorimeter in a
cluster of properties C, identifying the number and/or properties of selected cells. Ei is the energy in the i-th cell,
⌘i the pseudorapidity centre of that cell.

the finely segmented strip layer of the calorimeter, and are separately optimised for unconverted and
converted photons, to account for the generally broader lateral shower profile of the latter. The thresholds
of the selection criteria are di�erent in seven intervals of the reconstructed photon |⌘ | (0.0–0.6, 0.6–0.8,
0.8–1.15, 1.15–1.37, 1.52–1.81, 1.81–2.01, 2.01–2.37) to account for the calorimeter geometry, and for
di�erent e�ects on the shower shapes from the material upstream of the calorimeter.

The distributions of the discriminating variables for both the prompt and background photons are a�ected
by additional soft pp interactions that may accompany the hard-scattering collision, referred to as in-time
pile-up, as well as by out-of-time pile-up arising from bunches before or after the bunch where the event of
interest was triggered. Pile-up collisions result in the presence of low-ET activity in the detector, including
energy deposits in the EMC. A greater number of superimposed pp events, µ, would generally broaden
the photon shower shapes because of these additional energy deposits in the calorimeter, thus resulting in
a lower identification e�ciency for larger µ values, as discussed in Section 5.5.

3.3 Photon isolation

The identification e�ciencies presented in this paper are measured for photon candidates passing an
isolation requirement, similar to those applied to reduce hadronic background in prompt-photon cross-
section measurements [1], H ! �� measurements [2, 24], or searches for exotic processes with photons
[4–6]. The choice of a specific isolation criterion is determined by the actual physics analysis, since it
depends on the di�erent background sources, the signal-to-background ratio, and the background rejection
needs. On the other hand, it is shown in Section 5.6 that the photon identification e�ciency does not show
a significant dependence on the chosen isolation criterion. Additionally, it is shown in Section 5.4 that
the corrections meant to address the mismodelling by simulation of the photon identification e�ciency
measured in data (scale factors) do not depend, within uncertainties, on the physics process used to
measure it and the isolation criterion of choice.

The definition of photon isolation in ATLAS is based on the transverse energy in a cone with angular size
�R around the direction of the photon candidate. This transverse energy is characterized by two quantities,
the calorimeter isolation and the track isolation. The calorimeter isolation E

iso
T is obtained from the sum of

8

•Longitudinal	and	transverse	energy	spread	
•Tight	and	Loose	ID	

JINST	10	(2015)	P08010

•Shower	width	in	η	direction	σiηiη	
•Construct	template	for	a	fitting
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Background	Estimation
•Most	of	the	photon	backgrounds	are	jets	
faking	photons.	

•Analyses	estimate	this	contribution	from	
data	directly.	

•Template	fit	with	a	variable	(CMS)	or	
ABCD	method	(ATLAS)	to	obtain	statistical	
results	on	signal	and	background	
contribution	or	purity	(S/S+B)	for	the	signal	
region.
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Signal	Extraction(CMS)
•Signal	template	from	MC	
•Bkg	template	from	data	sideband.	

•Systematics	correlate	with	
sideband	statistics
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•Systematic	uncertainties	from:	MC	inputs;	bkg	control	
regions
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Signal	Extraction(ATLAS)

B. Laforge
  Photon physics  at ATLAS
 11


Bkgd subtraction: 2D sideband (“ABCD”) method


• Systematic uncertainties from: MC inputs; bkg control regions 


• Results cross-checked with isolation template fit (signal template: e from W/Z 
in data; bkg template: photons failing the tight ID criteria)


• Isolated electron contamination estimated from data and MC control samples


•  If ID and Isolation are independant,

the ratio of background between (A,B) 

and (C,D) are the same

•  Assume B,C,D to be background only

•  Correct this hypothesis with MC


•If	ID	and	Isolation	are	
independent,	the	ratio	of	
background	between	(A,B)	
and	(C,D)	are	the	same	

•Assume	B,C,D	to	be	
background	only	

•Correct	this	hypothesis	
with	MC



Rong-Shyang Lu / NTUPhoton 2019 June 3-7, 2019

CMS ATLAS

8	TeV 13	TeV 8	TeV 13	TeV

Zγ → ℓℓγ
JHEP 04 (2015) 164  

Cross section and aTGC 
measurement PRD 93, 112002 (2016) 

Cross section, and aTGC 
measurementZγ → ννγ

PLB 760 (2016) 448  
Cross section and aTGC 

measurement

CMS-PAS-SMP-16-004 
Cross section

JHEP 12 (2018) 010 
Cross section and aTGC 

measurement

Vγ measurements	
and	aTGC

 15

7	TeV 7	TeV

Wγ → ℓνγ  Phys. Rev. D 89 (2014) 092005 
Cross section and aTGC measurement

 Phys. Rev. D 87, 112003 (2013) 
Cross section and aTGC measurement
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Zγ → ℓℓγ Measurements
•	Standard	model	(SM)	predicts	self-interactions	of	gauge	
bosons:	U(1)Y	×	SU(2)L	gauge	group	→	no	ZZγ	and	Zγγ	
coupling.		
•Photons	couple	on	charged	particles:	incoming	quarks	(ISR)	or	
leptons	(µ	or	e)	in	the	final	state	(FSR).		
•aTGCs	lead	to	an	excess	of	photons	with	high	transverse	
momentum(pT	).	
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Introduction and motivation

Standard model (SM) predicts
self-interactions of gauge bosons:
U(1)Y ⇥ SU(2)L gauge group ! no
ZZ� and Z�� coupling.

Photons couple on charged particles:
incoming quarks (ISR) or leptons (µ
or e) in the final state (FSR).

aTGCs lead to an excess of photons
with high transverse momentum
(pT ).

Otto Hindrichs (RWTH 1B) Z + � 15.07.2014 3 / 42

Zγ → ℓℓγ

•ISR	and	FSR	event	
signatures
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•Cross	section	phase	space:	|η(γ)| < 2.5, |η(ℓ)| < 2.5, pT(ℓ) > 20 GeV,  
∆R(ℓ, γ) > 0.7, Mℓ > 50 GeV.	

•Additional	uncertainties.:	di-lepton(2%)	and	photon(2%)	reconstruction,	
photon	energy	scale	and	resolution	(2.3%),	luminosity	(2.6%).	

•Consistent	with	MCFM	(NLO)	and	SHERPA	(LO)	calculations.
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Zγ → ℓℓγ Measurements

JHEP 04 (2015) 164

(PLB 731(2014) 204)
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Zγ → ℓℓγ Measurements
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•ZZγ	or	Zγγ	aTGC	are	formulated	in	the	framework	of	an	effective	field	
theory	(EFT)	considering	dimension	6	and	8	operators,	fulfilling	the	
requirement	of	Lorentz	invariance	and	local	U(1)	gauge	symmetry	and	
unitarity.	

•The	aTGC	models	are	parametrized	at	NLO	with	MCFM	.	

•The	weighted	events	are	corrected	for	detector	acceptance	and	
efficiency	of	the	leptons	and	the	photon.	

•Added	a	description	of	the	π0+fake	background	
•Theoretical	uncertainties	of	6~12%	from	PDF	and	scale	variations.	
Data	with	2%	systematics	on	di-lepton	and	photon	efficiency	and	
depends	on	photon	pT,	up	to	8%	in	the	background	estimation	with	
σηη	method.
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1 Introduction

Cubic and quartic self-interactions of the electroweak gauge bosons are present in the Stan-

dard Model (SM) due to the underlying non-abelian gauge symmetry, and are completely

fixed by the gauge couplings, namely, the electromagnetic coupling constant e and the

weak mixing angle s✓ ⌘ sin ✓W . This, however, is not the case in a general Beyond the

Standard Model (BSM) scenario. Therefore, processes that are sensitive to gauge boson

self-interactions are important tools used to search for nonstandard e↵ects.

In this work we focus on general BSM contributions to the cubic electroweak gauge

bosons interactions, employing the linear E↵ective Field Theory (EFT) framework, also

known as the Standard Model E↵ective Field Theory (SMEFT). In this model-independent

approach, the SM (with the Higgs embedded in an SU(2)L doublet) is extended by non-

renormalizable gauge-invariant operators with canonical dimensions D > 4 which encode

the e↵ects of some new physics with a mass scale ⇤ much larger than the electroweak scale.

The BSM e↵ects are thus organized as an expansion in 1/⇤, and the leading lepton-number-

conserving terms are O(⇤�2) generated by D = 6 operators in the SMEFT Lagrangian:

L
e↵ = LSM +

X

i

c(6)
i

⇤2
O

(6)
i

+
X

j

c(8)
j

⇤4
O

(8)
j

+ . . . . (1.1)

– 1 –
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•The	CP-conserving	parameters	
,					and						are	considered.	

•2-D	Limits	on	aTGC	are	set

�21

Zγ → ℓℓγ aTGC

 (GeV)γ

T
p

100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

4 
G

eV

-110

1

10

210
Data
Standard Model

 = 0.001Z
4 = 0, hZ

3h
 = 0Z

4 = 0.03, hZ
3h

 = 0.0016Z
4 = 0.06, hZ

3h

 (8 TeV)-1 channel, 19.5 fbγµµ

SM p-value: 0.37

CMS

hV
3

<latexit sha1_base64="CKGJu0neF6v5J2Cczl1SX+waIV0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkr6LHoxWMF+wFtLJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94CThfkSHSoSCUbRSe/SYtab9Wr9UdivuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5uVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqEijYEb/nlVdKqVrxapXp/Wa7f5HEU4BTO4AI8uII63EEDmsBgDM/wCm9O4rw4787HonXNyWdO4A+czx8bjY9q</latexit>

hV
4

<latexit sha1_base64="+Tj2ljBNXqM7MtS2AiCVw0aqH2U=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHoxWMF+wFtLJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94CThfkSHSoSCUbRSe/SYtab9Wr9UdivuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5uVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqEijYEb/nlVdKqVrzLSvW+Vq7f5HEU4BTO4AI8uII63EEDmsBgDM/wCm9O4rw4787HonXNyWdO4A+czx8dEY9r</latexit>

JHEP 04 (2015) 164

JHEP 04 (2015) 164

ΛFF=∞

ΛFF=∞



Rong-Shyang Lu / NTUPhoton 2019 June 3-7, 2019

Zγ → ℓℓγ aTGC
•Uses	exclusive	0-jet	events	which	has	
reduced	SM	contribution	at	high	ET.

�22

Z
3h

0.002− 0 0.002

Z 4h

10−

5−

0

5

10

6−10×

-1=8 TeV, 20.3 fbs
γνν → and pp γ

-l+ l→pp 

∞ = FFΛ

ATLAS

Observed 95% C.L. contour

Expected 95% C.L. contour

Observed best-fit value

γ
3h

0.002− 0 0.002

γ 4h

15−

10−

5−

0

5

10

15
6−10×

-1=8 TeV, 20.3 fbs
γνν → and pp γ

-l+ l→pp 

∞ = FFΛ

ATLAS

Observed 95% C.L. contour

Expected 95% C.L. contour

Observed best-fit value

PRD 93, 112002 (2016) PRD 93, 112002 (2016) 



Rong-Shyang Lu / NTUPhoton 2019 June 3-7, 2019

Zγ → ννγ @13TeV
•Zγ → ννγ	channel	has	an	advantage	for	aTGC	
measurement	than	Zγ → qqγ	(large	multijet	
background)	or	Zγ → ℓℓγ	(FSR	and	smaller	
branching	ratio).	

•The	contribution	from	aTGCs	increases	with	the	ET	
of	the	photon	and	the	Zγ channel	is	found	to	have	
the	highest	sensitivity	by	restricting	the	search	to	the	
fiducial	region	with	ET >	600	GeV.	

•Event	signature:	mono-photon	with	large	MET	

•Non-collision	background	from	the	beam
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Zγ → ννγ @13TeV
•Again,	Njets=0	has	good	agreement	with	MCFM,	but	not	Njet>0	

•Needs	more	statistics	exploring	ET	>	600	GeV	bin.
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Zγ → ννγ @13TeV
•CMS	measured	cross	section	but	no	aTGC	interpretation	yet.	

•Consistent	with	SM	expectation.	
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Zγ → ννγ aTGC
•No	excess	is	observed	relative	to	the	SM	
expectation.	

•Limits	on	2d					and					of	aTGC	parameters	are	
evaluated.	
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Vγγ and	aQGC

 27
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Vγγ measurement
•First	time	measured	in	a	hadron	collider	(ATLAS	Wγγ	@8TeV)	
•Theory	predicts	large	NLO/LO	k-factors	(Wγγ)	of	cross	
sections.		

•Data	is	compared	with	NLO	calculation	of	
MadGraph5_aMC@NLO	(CMS)	or	SHERPA	(ATLAS)	

•Wγγ sensitive	to	TGC	and	QGC.	QGC	most	interesting	(TGC	
better	studied	in	higher	rate	processes).	Set	limits	on	aQGC	with	
dimension-8	Effective	Field	Theory
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Figure 1: Representative diagrams for W±gg (a-c) and Zgg (d,e) production. In diagram (a)
one photon originates as ISR and the other as FSR. In diagram (b) one photon results from ISR
while the other participates in a TGC vertex. In diagram (c) both photons originate from a
QGC vertex. The QGC vertex is of particular interest in this analysis because its strength can
be enhanced by new physics. In diagram (d) Zgg production is shown with one ISR photon
radiated from an incoming quark and one FSR photon from a Z decay lepton. In diagram (e)
both photons are produced through ISR. The ZZg, Zgg and ZZgg vertices are not allowed in
the SM.
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Figure 1: Representative diagrams for W±gg (a-c) and Zgg (d,e) production. In diagram (a)
one photon originates as ISR and the other as FSR. In diagram (b) one photon results from ISR
while the other participates in a TGC vertex. In diagram (c) both photons originate from a
QGC vertex. The QGC vertex is of particular interest in this analysis because its strength can
be enhanced by new physics. In diagram (d) Zgg production is shown with one ISR photon
radiated from an incoming quark and one FSR photon from a Z decay lepton. In diagram (e)
both photons are produced through ISR. The ZZg, Zgg and ZZgg vertices are not allowed in
the SM.
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Figure 1: Representative diagrams for W±gg (a-c) and Zgg (d,e) production. In diagram (a)
one photon originates as ISR and the other as FSR. In diagram (b) one photon results from ISR
while the other participates in a TGC vertex. In diagram (c) both photons originate from a
QGC vertex. The QGC vertex is of particular interest in this analysis because its strength can
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both photons are produced through ISR. The ZZg, Zgg and ZZgg vertices are not allowed in
the SM.
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while the other participates in a TGC vertex. In diagram (c) both photons originate from a
QGC vertex. The QGC vertex is of particular interest in this analysis because its strength can
be enhanced by new physics. In diagram (d) Zgg production is shown with one ISR photon
radiated from an incoming quark and one FSR photon from a Z decay lepton. In diagram (e)
both photons are produced through ISR. The ZZg, Zgg and ZZgg vertices are not allowed in
the SM.
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Jets	fake	photons	in	Vγγ
•Define	tight/loose	ID	for	photons.	Solve	the	
combination	of	pairs	to	estimate	signal/fake	
•CMS	has	systematics	dominated	by	
template	method	estimating	jet	faking	
photon.	Fake	template	obtained	in	Z+jet	
sample	in	data.	
•Zγ	subtraction	(~15%)	
•Loosening	procedure	correction	factor	
(~10%)	
•Conservative	approach,	compatible	with	
Stat.	uncertainty	

•ATLAS	has	estimated	~5%	syst.	on	cross	
section	measurement
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! !
2-D fitting setup

• Divide fit region into four bins based on !iηiη cuts.  The Tight region is 
the nominal !iηiη cut and Loose inverts the cut

12

TT

TLLL

LT

Lead Photon !iηiη

Su
bl

ea
d 

Ph
ot

on
 !

iη
iη

Loose Tight

Ti
gh

t
Lo

os
e

W""

W/Z +"
2 fakes

W"/Z" +"
sublead 
fake

W"/Z""
lead fake

Definitions"
• Regions defined by !iηiη cuts"

• Tight+Tight     (TT)"
• Tight+Loose   (TL)"
• Loose+Tight   (LT)"
• Loose+Loose (LL)"

• Processes (‘true’ source of photon)"
• Real+Real (RR) — Signal"
• Real+Fake (RF) — W"/Z""
• Fake+Real (FR) — W"/Z""
• Fake+Fake (FF) — W+jets/Z+jets

photon identification criteria [36] to be identified as a tight
and isolated photon, and the real photon identification
efficiency, ϵ, which is the probability for loose prompt
photons to be identified as tight and isolated photons. The
fake rate and the real photon identification efficiency are
estimated from data and from MC simulation, respectively.

A 4 × 4 matrix is constructed from the fake rate and the real
photon identification efficiency, relating the observed num-
ber of events, NTT, NTL, NLT, NLL, to the unknown number
of each type of event,Nγγ ,Nγjet,Njetγ,Njetjet, by a set of linear
equations:

0

BBB@
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NLT

NLL

1

CCCA ¼

0

BBB@

ϵ1ϵ2 ϵ1f2 f1ϵ2 f1f2
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ð1 − ϵ1Þϵ2 ð1 − ϵ1Þf2 ð1 − f1Þϵ2 ð1 − f1Þf2
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CCCA

0

BBB@

Nγγ

Nγjet

Njetγ

Njetjet

1

CCCA: ð3Þ

In the subscripts TT, TL, LT, LL, the first (second) subscript
refers to the leading (subleading) reconstructed photon
candidate; T means that it is tight and isolated while L
corresponds to a loose, not tight or not isolated candidate.
Similarly, the subscripts γγ, γjet, jetγ, and jetjet correspond
to the cases of two photons, leading photon and subleading
jet, leading jet and subleading photon, and two jets,
respectively. The subscripts 1 and 2 refer to the leading
and subleading photon candidates, respectively. The num-
ber of each type of event,Nγγ ,Nγjet,Njetγ ,Njetjet, is obtained
by solving Eq. (3), from which the number of background
events with jets misidentified as photons in the signal
region, Nj→γ

TT , is then obtained: Nj→γ
TT ¼ ϵ1f2 × Nγjetþ

f1ϵ2 × Njetγ þ f1f2 × Njetjet.
The fake rate is estimated from data using a sample

enriched in Zðlþ l−Þ þ jets with one jet misidentified as
a photon. To suppress the contribution from Z → lþ l−γ,
the invariant mass of opposite-charge dilepton pairs in the
events is required to be within 8 GeV of the Z boson
mass. A two-dimensional sideband method similar to that
described in Sec. VA 1 is used to estimate the number of
lþ l− þ jets events in which the loose jets satisfy the
tight identification and isolation requirements. As the
fake rate depends on the photon E T, a fake rate as a
function of the photon E T is used in the matrix method.
The real photon identification efficiency, which is also a
function of the photon E T, is estimated from MC
simulation.
The systematic uncertainty related to the background

from jets misidentified as photons is dominated by the
potential bias of the two-dimensional sideband method to
estimate the fake rate. It is evaluated from Z þ jets MC
simulation to be about 23%, by comparing the fake rate
calculated by the two-dimensional sideband method to the
fake rate calculated using the generator-level information in
the MC simulation. Other systematic uncertainties, arising
from possible inaccuracy in modeling of the real photon
identification efficiency, other electroweak backgrounds, as
well as the dependence of ϵ and f on photon η, sum to
about 10%.

3. Results of the background estimation
for lþ l−γ and lþ l−γγ

The backgrounds other than those from jets misidentified
as photons are estimated using MC simulation. The
systematic uncertainties in these backgrounds consist of
the experimental uncertainties described in Sec. VI B and
the cross-section uncertainties, which are 22% (tt̄γ [34]),
10% (WZ [47,48]) and 15% (ZZ [47,49]). The cross-
section uncertainties in the τþ τ−γ and τþ τ−γγ backgrounds
are evaluated to be 7% using MCFM, as described in
Sec. VII A. An additional uncertainty of 30% (60%) is
assigned to the WZ (ZZ) background to account for the
mismodeling of the electron-to-photon fake rate. This
uncertainty is estimated by comparing the fake rate
predicted by simulation to that estimated in data, using
the method described in Sec. V B 3.
The number of events observed in data,Nobs

Zγ , aswell as the
estimated background yields in the lþ l−γ and lþ l−γγ
measurements, are summarized in Tables I and II,
respectively.
The E T distributions of photons selected in the eþ e−γ and

μþ μ−γ inclusive measurements are shown in Fig. 2. The
highest-E T photon is measured as E γ

T ¼ 585ð570Þ GeV in
the eþ e−γ (μþ μ−γ) final state. The background from jets
misidentified as photons (Z þ jets) in each E T bin results
from the data-driven estimation for that bin. The distribu-
tions of other backgrounds are taken from MC simulation
normalized to the integrated luminosity with the cross
sections of the background processes. Similarly, Figs. 3
and 4 present the distributions of the invariant mass of the
lþ l−γγ four-body system and the diphoton invariant mass
distributions, respectively, in the eþ e−γγ and μþ μ−γγ
inclusive measurements.

B. Backgrounds to νν̄γ and νν̄γγ

Backgrounds to the νν̄γ and νν̄γγ signals originate from
several sources (listed in decreasing order of significance):
events with prompt photons and mismeasured jet momenta
causing missing transverse momentum (dominant for the

MEASUREMENTS OF Zγ AND Zγγ … PHYSICAL REVIEW D 93, 112002 (2016)

112002-9

W𝛾𝛾
Z𝛾𝛾
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•Irreducible	background	estimated	by	MC.	

•Measured	cross	section	consistent	with	
theoretical	expectation.
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•Measurements	include	
W(eν, µν)γγ and Z(µµ, ee, 
νν)γγ 

•The	measurements	
were	statistically	limited.	
Data	and	SM	prediction	
agree	within	the	
uncertainties.
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Vγγ measurement
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•No	excess	in	Wγγ observed	in	either	experiment.	

•Set	limit	on	field	strength	fT0,T5,T9,M2,M3	/Λ4	of	
aQGC	with	lowest-dimension	(Dim-8)	operators.
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Vγγ and	aQGC
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Summary
•Both	CMS	and	ATLAS	have	utilized	the	photon	
object	to	measure	cross	sections	of	Wγ/Zγ and Wγγ/
Zγγ	processes	with	different	collision	energies.	Results	
are	consistent	with	Standard	Model	expectation.	
•Both	experiments	use	conservative	approaches	to	
select	photons	(ID)	and	extract	signals.	

•Vγ(γ)	measurements	not	only	provide	a	test	with	
Standard	Model	and	also	searches	of	anomalous	
triple/quartic	gauge	coupling	which	is	expected	to	be	
0	in	Standard	Model.
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Backup	Slides
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•Introduction	
•LHC	and	CMS	
•Isolated	photon	
@	7TeV	

•Impact	on	PDF	
constraint	

•Isolated	photon	
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Limits	on	neutral	aTGC	Zγγ	and	ZZγ	
couplings

�35
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	limits	on	dimension	8	mixed	transverse	
and	longitudinal	parameters	fM,i
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	limits	on	dimension	8	transverse	
parameters	fT,i
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ATLAS	photon	ID

�38

Table 1: Discriminating variables used for loose and tight photon identification.

Category Description Name loose tight

Acceptance |⌘ | < 2.37, with 1.37  |⌘ | < 1.52 excluded – X X
Hadronic leakage Ratio of ET in the first sampling layer of the hadronic

calorimeter to ET of the EM cluster (used over the range
|⌘ | < 0.8 or |⌘ | > 1.52)

Rhad1 X X

Ratio of ET in the hadronic calorimeter to ET of the EM clus-
ter (used over the range 0.8 < |⌘ | < 1.37)

Rhad X X

EM middle layer Ratio of the energy in 3 ⇥ 7 ⌘⇥� cells over the energy in 7 ⇥ 7
cells centered around the photon cluster position

R⌘ X X

Lateral shower width,
q
(⌃Ei⌘2

i )/(⌃Ei) � ((⌃Ei⌘i)/(⌃Ei))
2,

where Ei is the energy and ⌘i is the pseudorapidity of cell i

and the sum is calculated within a window of 3 ⇥ 5 cells

w⌘2 X X

Ratio of the energy in 3 ⇥ 3 ⌘⇥� cells over the energy of 3 ⇥ 7
cells centered around the photon cluster position

R� X

EM strip layer Lateral shower width,
p
(⌃Ei(i � imax)2)/(⌃Ei), where i runs

over all strips in a window of 3 ⇥ 2 ⌘ ⇥ � strips, and imax is the
index of the highest-energy strip calculated from three strips
around the strip with maximum energy deposit

ws 3 X

Total lateral shower width
p
(⌃Ei(i � imax)2)/(⌃Ei), where i

runs over all strips in a window of 20 ⇥ 2 ⌘ ⇥ � strips, and imax
is the index of the highest-energy strip measured in the strip
layer

ws tot X

Energy outside the core of the three central strips but within
seven strips divided by energy within the three central strips

fside X

Di�erence between the energy associated with the second
maximum in the strip layer and the energy reconstructed in
the strip with the minimum value found between the first and
second maxima

�Es X

Ratio of the energy di�erence between the maximum energy
deposit and the energy deposit in the secondary maximum in
the cluster to the sum of these energies

Eratio X

Ratio of the energy in the first layer to the to the total energy
of the EM cluster

f1 X

9

Eur.	Phys.	J.	C	79	(2019)	205
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Zγγ aQGC	limit
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ECAL	Energy	Resolution
•The	energy	resolution	of	a	calorimeter	is	usually	parametrized	as:																										
σE / E  = a /√E ⊕ b / E ⊕ c										(where	⊕	denotes	a	quadratic	sum)	

•The	first	term,	with	coefficient	a,	is	the	stochastic	term	arising	from	
contribution	of	shower	containment,	fluctuations	in	the	number	of	signal	
generating	(gain)	processes	(and	any	further	limiting	process,	such	as	
photo-electron	statistics	in	a	photodetector)	

•The	second	term,	with	coefficient	b,	is	the	noise	term	and	includes: 
-	noise	in	the	readout	electronics  
-	fluctuations	in	‘pile-up’	(simultaneous	energy	deposition	by	uncorrelated	
particles)	

•The	third	term	with	coefficient	c,	is	the	constant	term	and	includes: 
-	imperfections	in	calorimeter	construction	(dimensional	variations,	etc.) 
-	non-uniformities	in	signal	collection 
-	channel	to	channel	inter-calibration	errors	 
-	fluctuations	in	longitudinal	energy	containment 
-	fluctuations	in	energy	lost	in	dead	material	before	or	within	the	calorimeter	

•The	goal	of	calorimeter	design	is	to	find,	for	a	given	application,	the	best	
compromise	between	the	contributions	from	the	three	terms	

•For	EM	calorimeters,	energy	resolution	at	high	energy	is	usually	dominated	
by	c
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