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Outline:	
•  Reminder	of	ATLAS	instrumentation.	
•  Run1	and	Run	2	accumulated	data	summary.	
•  Photon-photon	interaction	with	HI:		
ü  Observation	of	the	light-by-light	scattering.		
ü  Dimuon	production	from	UPC.	
ü  Observation	of	centrality-dependent	acoplanarity	of	dimuon	pairs	from	

non-UPC.	
•  Flow	and	two-particle	correlation.	
•  Propagation	of	partons	through	QGP	:		
ü  Jet	“quenching”.	
ü  Dijet	asymmetry.	
ü  Photon-jet	transverse	momentum	correlations.	
ü  Quarkonia	production.	
ü  Summary:	RAA	as	function	of	pT.		
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ATLAS	Instrumentation.	
•  Diameter:25m, Length:46m 
•   Barrel toroid length 26 m 
•  Overall weight 7 000 tones 

•   ~ 100 million electronic channels 
•    ~ 3 000 km of cables 

The	MePHi	team	plays		
an	important	role	in	the	
TRT	and	in	the	NSW.	

Magnetic	field:	
solenoid	magnet	2T	
toroid	magnets	4T	

The	pseudorapidity	is		
defined	in	terms	of	the		
polar	angle	θ,	as		
η	=	−	ln(tan(θ/2)).		
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ATLAS	calorimeters.	ATLAS	was	designed	for	gamma,	
jet	and	leptons	detection.	

In	addition	two	Zero	
Degree	Calorimeters	
(ZDC)	were	used	for	HI	
runs.	



Accumulated	HI-data	with	Run1	and	
Run2	
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The Large Hadron Collider (LHC)

System Years √sNN, [TeV] LATLAS
int ≈ LCMS

int

Pb-Pb 2010-2011
2015
2018

2.76
5.02
5.02

~0.14 nb-1

~0.49 nb-1

~1.7 nb-1

Xe-Xe 2017 5.44 ~3 μb-1

p-Pb 2013
2016

5.02
5.02, 8.16

~29 nb-1

~0.5 nb-1, ~0.16 pb-1

pp 2011-2013
2015, 2017

2.76, 8
5.02

~4 pb-1, ~19.4 fb-1

~270 pb-1

It is already eight years of data taking

• LHC Run 2 data analysis is running

• Recent significant increase in
integrated luminosity in p-Pb, and Pb-Pb
collisions allows more precise
investigation of probes requiring
statistics



Role	of	impact	parameter.	
Heavy ion collisions

 2

Many features of hadronic heavy ion collisions correlate strongly 
with the impact parameter between the nuclei: 

importance of nuclear geometry established by early RHIC program

b

Impact	parameter	and	nucleus	radius	(or	A)	control	most	
	features	of	hadronic	A-A	collisions	(multiplicity,	hard	processes	
	rates,	collective	flow),	deviations	from	geometric	scaling	led	to		
discoveries,	like	jet	quenching.	The	impact	parameter	is	measured	
with	the	centrality	and/or	multiplicity	of	charge	particles.		

HI collisions
● EM interaction at large impact parameters with no hadronic interaction = 

Ultra-peripheral collisions (UPC)
○ Cross-section of the EM interactions enhanced by a large charge of Pb  

(~200b for single Pb dissociation vs 7.7b for hadronic interaction).
○ UPC: events with low activity: low track multiplicity and no UE.

    
   

 
    

3

Significant variation in event-by-event properties from extremely 
clean events, to events comparable (in multiplicity) to low mu, 
nominal mu, and mu of several hundreds.   

EM	interaction	at	large	impact	parameters	with	no	
hadronic	interaction	=	Ultra-peripheral	collisions	(UPC)	
•  Cross-section	of	the	EM	interactions	enhanced	by	a	

large	charge	of	Pb	(~200b	for	single	Pb	dissociation	).	
•  	UPC:	events	with	low	activity:	low	track	multiplicity	

and	a	clean	signal	in	the	barrel	calorimeter.		
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Centrality	of	the	collisions.	

ATLAS-CONF-2017-011	 7	

Centrality	of	the	collisions	defined	with	energy		deposited	in	both	sides	of	the	Forward	
Calorimeter	3.1<η<4.9	(minimum	bias	events).		
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Nuclear	overlap	function:	

25/03/2016 G.Bencedi, Wigner

Nuclear modication factor – as a probe of the QGPNuclear modication factor – as a probe of the QGP

● To disentangle initialinitial- and !nal!nal state e6ects the nuclear modi!cation factor (R
AA

, R
pPb

) can be used

● Cronin e6ect [1]
● Nuclear PDFs

● Energy loss (jet quenching)
● Rescattering

Nuclear overlap function:Nuclear overlap function:

● Determined from Glauber model Determined from Glauber model [2]
● related to the average number of binary related to the average number of binary 

nucleon-nucleon collisions (nucleon-nucleon collisions (NN
collcoll

) and the ) and the 

inelastic nucleon-nucleon cross sectioninelastic nucleon-nucleon cross section

● R
AA

 (R
pPb

) :  test whether AA (pA) can be described by 

incoherent superposition of N
coll

 binary collisions

● R
AA 

~ 1:  absence of nuclear e6ects

● R
AA 

< 1:  suppression

● R
AA 

> 1:  Cronin e6ect (multiple interactions of        

                initial/!nal states)

77
[1] Phys. Rev. D 11, 3105 (1975)
[2] arXiv:nucl-ex/0701025

https://arxiv.org/pdf/1710.07098.pdf	

Phys.	Lett.	B	790	(2019)	108	

For	Pb-Pb:	



The	photon	–	photon	HI	interaction.	
•  Electromagnetic	field	of	relativistic	HI	could	be	considered		

with		Weizsacker-Williams		method,	using	the	standard	route	
of	the	Feynman	rules.	It	opens	a	possibility	for	studying	
photon-photon,	photon-gluon,	photon-nucleus	physics.	

•  We	will	consider:		
ü  Ultra-peripheral	collision,	hadrons	of	nucleus	are	not	

participate	in	the	interaction.	It	is	a	coherent	reaction,	photon	
flux	from	each	nucleus	is	~	Z2	.	

ü Muon	pair	production	at	pre-colliding	stage.	This	is	a	new	
method	for	probing	the	electromagnetic	field	inside	colliding	
nuclei.				
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Display	of	an	event	with	large	rapidity	gap	taken	with	the	ZDC_XOR	trigger,		
firing	on	more	than	one	spectator	neutrons	on	one	side	and	no	neutrons	on	the	other	side.	
	Rapidity	gap	is	on	the	side	with	no	neutrons	in	the	ZDC.	Event	has	two	jet	candidates.		
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Observation	of	light-by-light	scattering	in	ultra	
peripheral	Pb+Pb	collisions	at	2015	and	2018	Pb+Pb	

data		

2 ogrodnikEpiphanyProc printed on March 12, 2019

with respect to the pp system. This makes it possible to observe very rare
processes involving two photons, such as light-by-light (LbyL) scattering, in
the ultra-peripheral HI collisions.

Fig. 1. Feynmann diagram of LbyL scattering.

Figure 1 shows the Feyn-
mann diagram of the LbyL
scattering, �� ! ��. This
process proceeds via the virtual
one-loop box diagram involving
fermions orW± bosons. In var-
ious extentions of the Standard
Model (SM), also contributions
from non-SM particles are pos-
sible, thus measurement of the
LbyL scattering is sensitive to
the new physics.

2. First evidence of LbyL scattering

The LbyL scattering signature consists of two photons having transverse
energy, ET, of the order of a few GeV. These photons have correlated ET

and are in back-to-back configuration in azimuth1, what is described by the
acoplanarity variable, Aco = 1 � |��|/⇡, which for the signal photons is
less than 0.01. First direct evidence of the LbyL scattering was reported
by the ATLAS Collaboration in 2017 [4], and was followed by the CMS
measurement [5]. They were based on ⇠0.4 nb�1 of 2015 Pb+Pb data.

A dedicated unprescaled trigger was used, requiring low activity in the
EM calorimeter (total ET at Level-1 between 5 and 200 GeV), minimal
activity in the tracker and no activity in the forward direction of the ATLAS
detector. The Level-1 trigger e�ciency, presented on the left panel of Fig. 2
was measured as a function of the sum of transverse energies of the two
clusters (Ecluster1

T
+Ecluster2

T
) corresponding to electron pairs from exclusive

�� ! e+e� process. This process has a signature very similar to the signal
events (especially at Level-1), but a much higher cross-section. Therefore,
the exclusive e+e� events can be used in trigger e�ciency evaluation. The
e�ciency grows from around 70% for Ecluster1

T
+Ecluster2

T
= 7 GeV to 100%

for Ecluster1

T
+Ecluster2

T
> 9 GeV. The parametrized error function fit to data

points representing e�ciency was used to reweight the MC simulations.

1
ATLAS uses a right-handed coordinate system with its origin at the nominal inter-

action point (IP) in the centre of the detector and the z-axis along the beam pipe.

The x-axis points from the IP to the centre of the LHC ring, and the y-axis points

upward. Cylindrical coordinates (r,�) are used in the transverse plane, � being the

azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the

polar angle ✓ as ⌘ = � ln tan(✓/2).

Feynmann	diagram	of	the	LbyL	scattering,	γγ	→	γγ.		
This	process	proceeds	via	the	virtual	one-loop	box		
diagram	involving	fermions	or	W	±	bosons.	In	various	extentions	
	of	the	Standard	Model	(SM),	also	contributions	from	non-SM	
	particles	are	possible,	thus	measurement	of	the	LbyL	scattering	
	is	sensitive	to	the	new	physics.		
	1904.03536	&	Nature	Physics	13	(2017)	852	

								

LbyL: Signal & backgrounds
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and

1

1 Introduction
Elastic light-by-light (LbL) scattering, gg ! gg, is a pure quantum mechanical process that
proceeds, at leading order in the quantum electrodynamics (QED) coupling a, via virtual box
diagrams containing charged particles (Fig. 1, left). In the standard model (SM), the box di-
agram involves contributions from charged fermions (leptons and quarks) and the W± bo-
son. Although LbL scattering via an electron loop has been indirectly tested through the high-
precision measurements of the anomalous magnetic moment of the electron [1] and muon [2],
its direct observation in the laboratory remains elusive because of a very suppressed produc-
tion cross section proportional to a4 ⇡ 3 ⇥ 10�9. Out of the two closely-related processes—
photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon split-
ting in a strong magnetic field (“vacuum birefringence”) [4, 5]—only the former has been
clearly observed [6]. However, as demonstrated in Ref. [7], the LbL process can be experi-
mentally observed in ultraperipheral interactions of ions, with impact parameters larger than
twice the radius of the nuclei, exploiting the very large fluxes of quasireal photons emitted by
the nuclei accelerated at TeV energies [8]. Ions accelerated at high energies generate strong elec-
tromagnetic fields, which, in the equivalent photon approximation [9–11], can be considered
as g beams of virtuality Q

2 < 1/R
2, where R is the effective radius of the charge distribu-

tion. For lead (Pb) nuclei with radius R ⇡ 7 fm, the quasireal photon beams have virtuali-
ties Q

2 < 10�3 GeV2, but very large longitudinal energy (up to Eg = g/R ⇡ 80 GeV, where
g is the Lorentz relativistic factor), enabling the production of massive central systems with
very soft transverse momenta (pT . 0.1 GeV). Since each photon flux scales as the square of
the ion charge Z

2, gg scattering cross sections in PbPb collisions are enhanced by a factor of
Z

4 ' 5 ⇥ 107 compared to similar proton-proton or electron-positron interactions.

γ

γ

PbPb

Pb Pb Pb

Pb

Pb(*)

Pb(*)

Pb(*)

Pb(*) Pb(*)

Pb(*)

g

g

g

e+

e−

γ

γ

γ

γ

γ

γ

Figure 1: Schematic diagrams of light-by-light scattering (gg ! gg, left), QED dielectron
(gg ! e+e�, centre), and central exclusive diphoton (gg ! gg, right) production in ultra-
peripheral PbPb collisions. The (⇤) superscript indicates a potential electromagnetic excitation
of the outgoing ions.

Many final states have been measured in photon-photon interactions in ultraperipheral colli-
sions of proton and/or lead beams at the CERN LHC, including gg ! e+e� [12–21], gg !
W+W� [22–24], and first evidence of gg ! gg reported by the ATLAS experiment [25] with a
signal significance of 4.4 standard deviations (3.8 standard deviations expected). The final-state
signature of interest in this analysis is the exclusive production of two photons, PbPb ! gg !
Pb(⇤)ggPb(⇤), where the diphoton final state is measured in the otherwise empty central part
of the detector, and the outgoing Pb ions (with a potential electromagnetic excitation denoted
by the (⇤) superscript) survive the interaction and escape undetected at very low q angles with
respect to the beam direction (Fig. 1, left). The dominant backgrounds are the QED production

“LbyL”: 
including loops for 

leptons, quarks 
and W bosons

“QED”: 
dielectrons  

reconstructed 
as photons

“CEP”: 
gluon exchange  
with photons  

produced through  
quark loops

SIGNAL BACKGROUND

CMS: 1810.04602

“LbyL”:	including	loops	
for	leptons,	quarks		
and	W	bosons	

“QED”:	
Dielectrons	
reconstructed	
as	photos		

“CEP”:	
Gluon	exchange	with	
photon	produced	through	
quark	loops		

CMS:	18104602	BACKGROUND	
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Two	back-to-back	photons	(ETγ1	=	3.1	GeV	and	ETγ2	=	3.0	GeV)	are	with	an	invariant	mass	of	9	GeV,	Aφ	of	
0.003,	diphoton	transverse	momentum	is	more	than	0.2	GeV	and	no	additional	activity	in	the	detector	are	
presented.	All	calorimeter	cells	with	various	ET	thresholds	are	shown:	ET	>	400	MeV	for	EMB,	EMEC	and	Tile,	
ET	>	800	MeV	for	HEC,	and	ET	>	1000	MeV	for	FCal.	All	charged-partice	tracks	with	pT>	100	MeV	are	shown.	

		

AT
LA
S:
	1
90
4.
03
53
6	
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Light	by	Light	scattering	observation	in	2018		

		

ATLAS	2015	 ATLAS	2018	

Luminosity	 0.48	nb-1	 1.7	nb-1	

Fiducial	acceptance	 Etγ>	3GeV,	IηI<2.37,	Mγγ>6	
GeV,	pTγγ<2	GeV,	Aco<0.01	

Etγ>	3GeV,	IηI<2.37,	Mγγ>6	
GeV,	pTγγ<2	GeV,	Aco<0.01	

Candidates/	
Expected	background	

13/2.6±	0.7	 59/12±	3	
	

Significance	 4.4	σ	 8.2	σ	observation	!	

Acoplanarity:	Aco = 1 -	|Δφ|/π 
	

13	



Event	display	for	the	highest-mass	dimuon	event	recorded	in	the	Pb+Pb	data	that	passes	all	
	analysis	selections.	All	tracks	with	pT>500	MeV	and	all	calorimeter	cells	with	E>500	MeV	
	are	shown.	 		

A
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A
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25

	

γγ->μμ	
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μ+μ-	from	UPC	
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↑Publication of data from ATLAS-HION-CONF-025

Complete treatment of acoplanarity distributionsɁ  
one of the dominant systematics in CONF

Inclusion of ZDC information, both to modify  
initial photon spectra, and to enhance/suppress  

dissociative processes 
dissociation 

(+ ZDC)
QED  
(tails)
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Figure 1. Diagrams representing the multiperipheral two-photon processes studied in this paper:
(a) elastic process, (b) single-dissociative and (c) double-dissociative process. In all three cases it is
possible to study lepton pair production, like e+e�, µ+µ� and ⌧+⌧�, whereas X and Y represent
the hadronic systems resulting from the proton dissociation.

As will be discussed in the present paper, the calculation of inelastic unintegrated

photon fluxes requires knowledge of the proton structure functions in a broad range of

x (quark/antiquark longitudinal momentum fraction with respect to the proton) and Q2

(photon virtuality). In the deep-inelastic regime, the structure functions (parton distri-

butions) are related to the proton’s partonic structure and undergo DGLAP evolution

equations. At low virtualities the structure function cannot be calculated easily from first

principles and has to be rather measured. There are some simple models to extend the

partonic F2 to nonperturbative model (e.g., see Ref. [3]). This model nicely describes virtu-

ality dependence of the Gottfried Sum Rule [4]. The very low Q2 region was parametrized

in Ref. [5] including pronounced resonance states by fitting data from SLAC and JLAB.

In this work we also bring attention to the fact that the relevant formalism for ��-

fusion reactions in the high-energy limit can be understood as a type of kT -factorization,

where the photon fluxes play the role of ”unintegrated” (transverse momentum-dependent)

photon densities. Indeed, as will be seen below, the cross section takes the exactly analogous

form as the kT -factorization formula for qq̄ jet production via gluon-gluon fusion (e.g., see

Ref. [6].)

Here we go beyond what is available in the literature by addressing distributions in the

transverse momentum of the muon pair as well as the azimuthal decorrelation of muons.

We also use a variety of modern parametrizations of the proton structure functions and

discuss the uncertainties related to them.

Another quantitative description of lepton pair production is the lpair event generator

[7], which is based on the calculation for two-photon processes [8], and also has the possibil-

ity to include proton dissociative processes. We compare the results of our kT -factorization

approach to the results obtained with lpair.

Considering the two-photon production of low- and high-mass systems, this work is

also motivated by the fact that the experimental results for exclusive dimuon production

with the CMS detector indicate that the description provided by lpair is not accurate for
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Figure 1. Diagrams representing the multiperipheral two-photon processes studied in this paper:
(a) elastic process, (b) single-dissociative and (c) double-dissociative process. In all three cases it is
possible to study lepton pair production, like e+e�, µ+µ� and ⌧+⌧�, whereas X and Y represent
the hadronic systems resulting from the proton dissociation.

As will be discussed in the present paper, the calculation of inelastic unintegrated

photon fluxes requires knowledge of the proton structure functions in a broad range of

x (quark/antiquark longitudinal momentum fraction with respect to the proton) and Q2

(photon virtuality). In the deep-inelastic regime, the structure functions (parton distri-

butions) are related to the proton’s partonic structure and undergo DGLAP evolution

equations. At low virtualities the structure function cannot be calculated easily from first

principles and has to be rather measured. There are some simple models to extend the

partonic F2 to nonperturbative model (e.g., see Ref. [3]). This model nicely describes virtu-

ality dependence of the Gottfried Sum Rule [4]. The very low Q2 region was parametrized

in Ref. [5] including pronounced resonance states by fitting data from SLAC and JLAB.

In this work we also bring attention to the fact that the relevant formalism for ��-

fusion reactions in the high-energy limit can be understood as a type of kT -factorization,
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negligible compared with the statistical uncertainties indi-
cated by the error bars, and they exhibit strong correlations
as a function of α and A. After background subtraction,
both data distributions are consistent with zero at the largest
values of α and A considered in the measurement. This
feature indicates that other sources of background, such as
Drell-Yan and ϒ production and dissociative processes,
which are essentially constant over the measurement range,
are not a significant contribution. A clear, centrality-
dependent broadening is seen in the acoplanarity distribu-
tions when compared to the > 80% interval. No such effect
is seen for the asymmetry distributions. The corresponding
distributions from the γγ → μþμ− MC samples are also
shown. The MC α distributions show almost no centrality

dependence, indicating that the broadening evident in the
data is notably larger than that expected from detector
effects. Although the A distributions from the MC sample
broaden slightly in more central collisions, they are intrinsi-
cally much broader than the corresponding α distributions.
In order to quantify the broadening observed in the α

distributions, the unsubtracted distributions are fit to a
Gaussian function plus the normalized background distri-
bution. The fit functions are shown with the solid curves in
Fig. 3 and the values of the width, σ, are listed in Table I.
The σ values increase by more than a factor of 2 between
the most peripheral interval and the most central interval.
Similar fits are performed for the A distributions and the
resulting σ values are listed in Table I. Unlike the α
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FIG. 2. The background-subtracted distributions are shown for α (upper row) and A (lower row). Each distribution is normalized to
unity over its measured range. Moving from left to right, the data (circles) are shown for increasingly peripheral collisions (lower degree
of overlap, higher percentile). The distributions obtained from the MC simulation (γγ → μþμ− generated by STARLIGHTand overlaid on
data) are shown for the corresponding centrality interval as a filled histogram. The distribution measured in the most peripheral
collisions, the> 80% interval (diamonds) is repeated in each panel to facilitate a direct comparison. The error bars include the statistical
and systematic uncertainties. Uncertainties related to the background normalization are not shown.
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FIG. 3. Results of fits to the muon pair α distributions using the sum of Gaussian and background functions. A standard Gaussian
function is shown as a solid curve while the dotted curve shows a Gaussian function in α convolved with the measured pT avg
distribution. The background distributions are indicated by the dashed lines.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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negligible compared with the statistical uncertainties indi-
cated by the error bars, and they exhibit strong correlations
as a function of α and A. After background subtraction,
both data distributions are consistent with zero at the largest
values of α and A considered in the measurement. This
feature indicates that other sources of background, such as
Drell-Yan and ϒ production and dissociative processes,
which are essentially constant over the measurement range,
are not a significant contribution. A clear, centrality-
dependent broadening is seen in the acoplanarity distribu-
tions when compared to the > 80% interval. No such effect
is seen for the asymmetry distributions. The corresponding
distributions from the γγ → μþμ− MC samples are also
shown. The MC α distributions show almost no centrality

dependence, indicating that the broadening evident in the
data is notably larger than that expected from detector
effects. Although the A distributions from the MC sample
broaden slightly in more central collisions, they are intrinsi-
cally much broader than the corresponding α distributions.
In order to quantify the broadening observed in the α

distributions, the unsubtracted distributions are fit to a
Gaussian function plus the normalized background distri-
bution. The fit functions are shown with the solid curves in
Fig. 3 and the values of the width, σ, are listed in Table I.
The σ values increase by more than a factor of 2 between
the most peripheral interval and the most central interval.
Similar fits are performed for the A distributions and the
resulting σ values are listed in Table I. Unlike the α
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FIG. 2. The background-subtracted distributions are shown for α (upper row) and A (lower row). Each distribution is normalized to
unity over its measured range. Moving from left to right, the data (circles) are shown for increasingly peripheral collisions (lower degree
of overlap, higher percentile). The distributions obtained from the MC simulation (γγ → μþμ− generated by STARLIGHTand overlaid on
data) are shown for the corresponding centrality interval as a filled histogram. The distribution measured in the most peripheral
collisions, the> 80% interval (diamonds) is repeated in each panel to facilitate a direct comparison. The error bars include the statistical
and systematic uncertainties. Uncertainties related to the background normalization are not shown.
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FIG. 3. Results of fits to the muon pair α distributions using the sum of Gaussian and background functions. A standard Gaussian
function is shown as a solid curve while the dotted curve shows a Gaussian function in α convolved with the measured pT avg
distribution. The background distributions are indicated by the dashed lines.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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negligible compared with the statistical uncertainties indi-
cated by the error bars, and they exhibit strong correlations
as a function of α and A. After background subtraction,
both data distributions are consistent with zero at the largest
values of α and A considered in the measurement. This
feature indicates that other sources of background, such as
Drell-Yan and ϒ production and dissociative processes,
which are essentially constant over the measurement range,
are not a significant contribution. A clear, centrality-
dependent broadening is seen in the acoplanarity distribu-
tions when compared to the > 80% interval. No such effect
is seen for the asymmetry distributions. The corresponding
distributions from the γγ → μþμ− MC samples are also
shown. The MC α distributions show almost no centrality

dependence, indicating that the broadening evident in the
data is notably larger than that expected from detector
effects. Although the A distributions from the MC sample
broaden slightly in more central collisions, they are intrinsi-
cally much broader than the corresponding α distributions.
In order to quantify the broadening observed in the α

distributions, the unsubtracted distributions are fit to a
Gaussian function plus the normalized background distri-
bution. The fit functions are shown with the solid curves in
Fig. 3 and the values of the width, σ, are listed in Table I.
The σ values increase by more than a factor of 2 between
the most peripheral interval and the most central interval.
Similar fits are performed for the A distributions and the
resulting σ values are listed in Table I. Unlike the α
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FIG. 2. The background-subtracted distributions are shown for α (upper row) and A (lower row). Each distribution is normalized to
unity over its measured range. Moving from left to right, the data (circles) are shown for increasingly peripheral collisions (lower degree
of overlap, higher percentile). The distributions obtained from the MC simulation (γγ → μþμ− generated by STARLIGHTand overlaid on
data) are shown for the corresponding centrality interval as a filled histogram. The distribution measured in the most peripheral
collisions, the> 80% interval (diamonds) is repeated in each panel to facilitate a direct comparison. The error bars include the statistical
and systematic uncertainties. Uncertainties related to the background normalization are not shown.
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FIG. 3. Results of fits to the muon pair α distributions using the sum of Gaussian and background functions. A standard Gaussian
function is shown as a solid curve while the dotted curve shows a Gaussian function in α convolved with the measured pT avg
distribution. The background distributions are indicated by the dashed lines.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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negligible compared with the statistical uncertainties indi-
cated by the error bars, and they exhibit strong correlations
as a function of α and A. After background subtraction,
both data distributions are consistent with zero at the largest
values of α and A considered in the measurement. This
feature indicates that other sources of background, such as
Drell-Yan and ϒ production and dissociative processes,
which are essentially constant over the measurement range,
are not a significant contribution. A clear, centrality-
dependent broadening is seen in the acoplanarity distribu-
tions when compared to the > 80% interval. No such effect
is seen for the asymmetry distributions. The corresponding
distributions from the γγ → μþμ− MC samples are also
shown. The MC α distributions show almost no centrality

dependence, indicating that the broadening evident in the
data is notably larger than that expected from detector
effects. Although the A distributions from the MC sample
broaden slightly in more central collisions, they are intrinsi-
cally much broader than the corresponding α distributions.
In order to quantify the broadening observed in the α

distributions, the unsubtracted distributions are fit to a
Gaussian function plus the normalized background distri-
bution. The fit functions are shown with the solid curves in
Fig. 3 and the values of the width, σ, are listed in Table I.
The σ values increase by more than a factor of 2 between
the most peripheral interval and the most central interval.
Similar fits are performed for the A distributions and the
resulting σ values are listed in Table I. Unlike the α
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FIG. 2. The background-subtracted distributions are shown for α (upper row) and A (lower row). Each distribution is normalized to
unity over its measured range. Moving from left to right, the data (circles) are shown for increasingly peripheral collisions (lower degree
of overlap, higher percentile). The distributions obtained from the MC simulation (γγ → μþμ− generated by STARLIGHTand overlaid on
data) are shown for the corresponding centrality interval as a filled histogram. The distribution measured in the most peripheral
collisions, the> 80% interval (diamonds) is repeated in each panel to facilitate a direct comparison. The error bars include the statistical
and systematic uncertainties. Uncertainties related to the background normalization are not shown.
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FIG. 3. Results of fits to the muon pair α distributions using the sum of Gaussian and background functions. A standard Gaussian
function is shown as a solid curve while the dotted curve shows a Gaussian function in α convolved with the measured pT avg
distribution. The background distributions are indicated by the dashed lines.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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negligible compared with the statistical uncertainties indi-
cated by the error bars, and they exhibit strong correlations
as a function of α and A. After background subtraction,
both data distributions are consistent with zero at the largest
values of α and A considered in the measurement. This
feature indicates that other sources of background, such as
Drell-Yan and ϒ production and dissociative processes,
which are essentially constant over the measurement range,
are not a significant contribution. A clear, centrality-
dependent broadening is seen in the acoplanarity distribu-
tions when compared to the > 80% interval. No such effect
is seen for the asymmetry distributions. The corresponding
distributions from the γγ → μþμ− MC samples are also
shown. The MC α distributions show almost no centrality

dependence, indicating that the broadening evident in the
data is notably larger than that expected from detector
effects. Although the A distributions from the MC sample
broaden slightly in more central collisions, they are intrinsi-
cally much broader than the corresponding α distributions.
In order to quantify the broadening observed in the α

distributions, the unsubtracted distributions are fit to a
Gaussian function plus the normalized background distri-
bution. The fit functions are shown with the solid curves in
Fig. 3 and the values of the width, σ, are listed in Table I.
The σ values increase by more than a factor of 2 between
the most peripheral interval and the most central interval.
Similar fits are performed for the A distributions and the
resulting σ values are listed in Table I. Unlike the α
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FIG. 2. The background-subtracted distributions are shown for α (upper row) and A (lower row). Each distribution is normalized to
unity over its measured range. Moving from left to right, the data (circles) are shown for increasingly peripheral collisions (lower degree
of overlap, higher percentile). The distributions obtained from the MC simulation (γγ → μþμ− generated by STARLIGHTand overlaid on
data) are shown for the corresponding centrality interval as a filled histogram. The distribution measured in the most peripheral
collisions, the> 80% interval (diamonds) is repeated in each panel to facilitate a direct comparison. The error bars include the statistical
and systematic uncertainties. Uncertainties related to the background normalization are not shown.
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FIG. 3. Results of fits to the muon pair α distributions using the sum of Gaussian and background functions. A standard Gaussian
function is shown as a solid curve while the dotted curve shows a Gaussian function in α convolved with the measured pT avg
distribution. The background distributions are indicated by the dashed lines.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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negligible compared with the statistical uncertainties indi-
cated by the error bars, and they exhibit strong correlations
as a function of α and A. After background subtraction,
both data distributions are consistent with zero at the largest
values of α and A considered in the measurement. This
feature indicates that other sources of background, such as
Drell-Yan and ϒ production and dissociative processes,
which are essentially constant over the measurement range,
are not a significant contribution. A clear, centrality-
dependent broadening is seen in the acoplanarity distribu-
tions when compared to the > 80% interval. No such effect
is seen for the asymmetry distributions. The corresponding
distributions from the γγ → μþμ− MC samples are also
shown. The MC α distributions show almost no centrality

dependence, indicating that the broadening evident in the
data is notably larger than that expected from detector
effects. Although the A distributions from the MC sample
broaden slightly in more central collisions, they are intrinsi-
cally much broader than the corresponding α distributions.
In order to quantify the broadening observed in the α

distributions, the unsubtracted distributions are fit to a
Gaussian function plus the normalized background distri-
bution. The fit functions are shown with the solid curves in
Fig. 3 and the values of the width, σ, are listed in Table I.
The σ values increase by more than a factor of 2 between
the most peripheral interval and the most central interval.
Similar fits are performed for the A distributions and the
resulting σ values are listed in Table I. Unlike the α
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FIG. 2. The background-subtracted distributions are shown for α (upper row) and A (lower row). Each distribution is normalized to
unity over its measured range. Moving from left to right, the data (circles) are shown for increasingly peripheral collisions (lower degree
of overlap, higher percentile). The distributions obtained from the MC simulation (γγ → μþμ− generated by STARLIGHTand overlaid on
data) are shown for the corresponding centrality interval as a filled histogram. The distribution measured in the most peripheral
collisions, the> 80% interval (diamonds) is repeated in each panel to facilitate a direct comparison. The error bars include the statistical
and systematic uncertainties. Uncertainties related to the background normalization are not shown.
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FIG. 3. Results of fits to the muon pair α distributions using the sum of Gaussian and background functions. A standard Gaussian
function is shown as a solid curve while the dotted curve shows a Gaussian function in α convolved with the measured pT avg
distribution. The background distributions are indicated by the dashed lines.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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negligible compared with the statistical uncertainties indi-
cated by the error bars, and they exhibit strong correlations
as a function of α and A. After background subtraction,
both data distributions are consistent with zero at the largest
values of α and A considered in the measurement. This
feature indicates that other sources of background, such as
Drell-Yan and ϒ production and dissociative processes,
which are essentially constant over the measurement range,
are not a significant contribution. A clear, centrality-
dependent broadening is seen in the acoplanarity distribu-
tions when compared to the > 80% interval. No such effect
is seen for the asymmetry distributions. The corresponding
distributions from the γγ → μþμ− MC samples are also
shown. The MC α distributions show almost no centrality

dependence, indicating that the broadening evident in the
data is notably larger than that expected from detector
effects. Although the A distributions from the MC sample
broaden slightly in more central collisions, they are intrinsi-
cally much broader than the corresponding α distributions.
In order to quantify the broadening observed in the α

distributions, the unsubtracted distributions are fit to a
Gaussian function plus the normalized background distri-
bution. The fit functions are shown with the solid curves in
Fig. 3 and the values of the width, σ, are listed in Table I.
The σ values increase by more than a factor of 2 between
the most peripheral interval and the most central interval.
Similar fits are performed for the A distributions and the
resulting σ values are listed in Table I. Unlike the α
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FIG. 2. The background-subtracted distributions are shown for α (upper row) and A (lower row). Each distribution is normalized to
unity over its measured range. Moving from left to right, the data (circles) are shown for increasingly peripheral collisions (lower degree
of overlap, higher percentile). The distributions obtained from the MC simulation (γγ → μþμ− generated by STARLIGHTand overlaid on
data) are shown for the corresponding centrality interval as a filled histogram. The distribution measured in the most peripheral
collisions, the> 80% interval (diamonds) is repeated in each panel to facilitate a direct comparison. The error bars include the statistical
and systematic uncertainties. Uncertainties related to the background normalization are not shown.
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FIG. 3. Results of fits to the muon pair α distributions using the sum of Gaussian and background functions. A standard Gaussian
function is shown as a solid curve while the dotted curve shows a Gaussian function in α convolved with the measured pT avg
distribution. The background distributions are indicated by the dashed lines.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.

PHYSICAL REVIEW LETTERS 121, 212301 (2018)

212301-5

k1

k2

Pb

Pb

Pb

µ+

µ−

Pb

1

Nearly perfect fluid $ Hydrodynamic evolution
The system evolves from the initial energy density distribution

according to energy and momentum conservation:

@µT
µ⌫ = 0

Tµ⌫ = (✏+ P )uµu⌫ � Pgµ⌫ + ⇡µ⌫

MUSIC B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys.Rev.Lett.106, 042301 (2011)

3+1D event-by-event relativistic viscous hydrodynamic simulation

initial ideal
shear viscosity
⌘/s = 0.16

evolve to

⌧ = 6 fm/c

Björn Schenke (BNL) TRW2012 BNL 4/26

ATLAS data

 29

negligible compared with the statistical uncertainties indi-
cated by the error bars, and they exhibit strong correlations
as a function of α and A. After background subtraction,
both data distributions are consistent with zero at the largest
values of α and A considered in the measurement. This
feature indicates that other sources of background, such as
Drell-Yan and ϒ production and dissociative processes,
which are essentially constant over the measurement range,
are not a significant contribution. A clear, centrality-
dependent broadening is seen in the acoplanarity distribu-
tions when compared to the > 80% interval. No such effect
is seen for the asymmetry distributions. The corresponding
distributions from the γγ → μþμ− MC samples are also
shown. The MC α distributions show almost no centrality

dependence, indicating that the broadening evident in the
data is notably larger than that expected from detector
effects. Although the A distributions from the MC sample
broaden slightly in more central collisions, they are intrinsi-
cally much broader than the corresponding α distributions.
In order to quantify the broadening observed in the α

distributions, the unsubtracted distributions are fit to a
Gaussian function plus the normalized background distri-
bution. The fit functions are shown with the solid curves in
Fig. 3 and the values of the width, σ, are listed in Table I.
The σ values increase by more than a factor of 2 between
the most peripheral interval and the most central interval.
Similar fits are performed for the A distributions and the
resulting σ values are listed in Table I. Unlike the α
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FIG. 2. The background-subtracted distributions are shown for α (upper row) and A (lower row). Each distribution is normalized to
unity over its measured range. Moving from left to right, the data (circles) are shown for increasingly peripheral collisions (lower degree
of overlap, higher percentile). The distributions obtained from the MC simulation (γγ → μþμ− generated by STARLIGHTand overlaid on
data) are shown for the corresponding centrality interval as a filled histogram. The distribution measured in the most peripheral
collisions, the> 80% interval (diamonds) is repeated in each panel to facilitate a direct comparison. The error bars include the statistical
and systematic uncertainties. Uncertainties related to the background normalization are not shown.
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FIG. 3. Results of fits to the muon pair α distributions using the sum of Gaussian and background functions. A standard Gaussian
function is shown as a solid curve while the dotted curve shows a Gaussian function in α convolved with the measured pT avg
distribution. The background distributions are indicated by the dashed lines.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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acoplanarity                               

Asymmetry                  

Dimuon pairs resulting from photonuclear interactions occurring simultaneously 
with the hadronic collision.

● Data reveals balance in energy, but acoplanarity broadning with centrality.
● STARlight agrees in peripheral, but not in central collisions.
● Modifications are qualitatively consistent with rescattering of the muons while 

crossing the QGP.
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in these tables. In most cases, they are specified for mul-
tiple 5% wide centrality intervals. For example, 0–20%
in Tables I-V refers to four bins: 0–5%, 5–10%, 10–15%,
and 15–20%; a “5.0–2.0” notation indicates the values of
relative systematic uncertainty in percentage at the be-
ginning and at the end of the 0–20% centrality interval.
Tables IV and V also quote the uncertainty for the 0–1%
centrality interval, which generally has the same system-
atic uncertainty as that for the 0–5% centrality interval,
but with a larger statistical uncertainty. The system-
atic uncertainties only include those associated with the
measurements themselves, and no attempt is made to
disentangle potential contributions from various sources
of autocorrelations, as their exact origin and quantitative
effects on vn are not fully understood [5]. Nevertheless,
these autocorrelations should be largely suppressed by
the large average η gap between the ID and the detector
used for determining the EP.

Centrality 0–20% 20–50% 50–70% 70–80%

Resolution[%] 5.0–2.0 1.0–2.0 3.0–4.0 4.0–6.0

Track selection[%] 2.0 0.5 0.5 1.0

Residual sine term[%] 0.8 0.6 0.5 0.2

Running periods[%] 0.2 0.2 0.5 1.0

Trigger & event sel.[%] 1.0 1.0–0.5 1.0 1.5

Total[%] 5.6–3.2 1.4–2.3 3.4–4.2 4.6–6.4

TABLE I. Summary of relative systematic uncertainties in
percentage for v2 for both full FCal and FCalP(N). See text
for explanation of the arrangement of the uncertainties.

Centrality[%] 0–20% 20–50% 50–70%

Resolution[%] 3.0 3.0 3.0–5.6

Track selection[%] 2.0 0.5 0.5–2.0

Residual sine term[%] 1.0 1.0 1.5

Running periods[%] 0.5 0.5–1.5 2.0

Trigger & event sel.[%] 0.4 0.5–1.0 1.5–3.5

Total[%] 3.8 3.5–3.9 4.6–7.4

TABLE II. Summary of relative systematic uncertainties in
percentage for v3 for both full FCal and FCalP(N).

B. Two-particle correlation method

The two-particle correlation function is generally de-
fined as the ratio of the same-event pair (foreground)
distribution to the combinatorial pair (background) dis-

Centrality 0–20% 20–50% 50–70%

Resolution[%] 4.0 4.0 4.4–16.0

Track selection[%] 1.0 1.0–2.0 4.0

Residual sine term[%] 2.0 2.0 3.0–5.0

Running periods[%] 1.0 1.5–2.0 4.0

Trigger & event sel.[%] 0.6 0.7 1.0–2.0

Total[%] 4.9 4.9–5.4 7.9–17.5

TABLE III. Summary of relative systematic uncertainties in
percentage for v4 for both full FCal and FCalP(N).

Centrality 0–1% 0–20% 20–40% 40–50%

Resolution[%] 10.8 10.2 10.2–10.4 11.2–22.4

Track selection[%] 1.0 1.0 1.0 2.0

Residual sine term[%] 5.0

Running periods[%] 2.0 2.0 2.0 4.0

Trigger & event sel.[%] 1.0

Total[%] 12.1 11.6 11.6–12.1 13.0–23.0

TABLE IV. Summary of relative systematic uncertainties in
percentage for v5 for both full FCal and FCalP(N).

Centrality 0–1% 0–20% 20–40% 40–50%

Resolution[%] 58 34–31 31 32–38

Track selection[%] 10

Residual sine term[%] 10

Running periods[%] 10

Trigger & event sel.[%] 1

Total[%] 61 38–35 36 37–42

TABLE V. Summary of relative systematic uncertainties in
percentage for v6 for both full FCal and FCalP(N).

tribution in two-particle phase space (φa,φb, ηa, ηb):

C(φa,φb, ηa, ηb) =
d4N

dφadηadφbdηb

d2N
dφadηa

× d2N
dφbdηb

. (11)

In practice, the correlation function is usually studied as
a function of relative azimuthal angle (∆φ) and relative
pseudorapidity (∆η), by averaging pair distributions over
the detector acceptance:

C(∆φ,∆η) =
S(∆φ,∆η)

B(∆φ,∆η)
, (12)
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	relative	pseudorapidity	(∆η),	by	
	averaging	pair	distributions	over	
	the	detector	acceptance:		
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Two-particle	correlation	method:	

Flow
Anisotropic spatial collective motion is described by a Fourier expansion of particle 

distribution in azimuthal angle � 

High order coefficients are associated with fluctuations of nucleon positions in the 

overlap 
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Long-range	azimuthal	correlations.		
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Two-particle	correlations	in	Δφ	for	|	Δ	η|	∈(2,5)	and	2<pTa,b<3	GeV.		
Each	panel	is	a	different	centrality	bin.	Also	shown	is	a	Fourier	fit	to	the	
	correlation,	that	includes	harmonics	up	to	n=6.	 		



Flow,	νn	in	Xe+Xe	and	Pb+Pb	collisions	ratios	

1

1 Introduction
The primary goal of experiments with heavy ion collisions at ultra-relativistic energies is to
study nuclear matter under extreme conditions. Quantum chromodynamics on the lattice pre-
dicts the formation of a quark-gluon plasma (QGP) at energies densities that are attainable in
relativistic heavy ion collisions. Measurements carried out at the Relativistic Heavy Ion Col-
lider (RHIC) indicate that a strongly interacting QGP is produced in heavy ion collisions [1–4].
The presence of azimuthal anisotropy in the emission of final state hadrons revealed a strong
collective flow behavior of this strongly coupled hot and dense medium [5, 6]. The significantly
higher energies available at the CERN LHC compared to RHIC have allowed the ALICE, AT-
LAS, and CMS experiments to make very detailed measurements of the QGP properties [7–15].
The collective expansion of the QGP can be described by hydrodynamic flow models [16–18].
In the context of these models, the azimuthal anisotropy of hadron emission is the response to
the initial density profile of the overlap region of the colliding nuclei. Such anisotropic emis-
sion, for a given event, can be quantified through a Fourier decomposition of the single-particle
distribution

dN
dp

=
•

Â
n=�•

Vn(p)e�inf, (1)

with Vn(p) = vn(p)einYn(p), dppp = dpT df dh, and p being a shorthand notation for pT and
h. This single-particle distribution is the invariant yield of emitted particles N expressed in
phase space pT, h and f, i.e., transverse momentum, pseudorapidity, and azimuthal angle.
Here, vn corresponds to the real single-particle anisotropy and Yn(p) represents the nth order
event plane angle. Also, because of the reflection symmetry of the overlap region, the relation
V⇤

n = V�n holds for the complex harmonics. Using this relation and integrating Eq. (1) over a
given pseudorapidity and pT window yields

dN
df

=
N
2p

⇣
1 + 2

•

Â
n=1

vn(p) cos[n(f � Yn(p))]
⌘

. (2)

Note that the single-particle anisotropy coefficient vn is generally a function of pT and h, which
is also the case for the event plane angle. The azimuthal correlation of Npairs emitted particle
pairs (with particles labeled a and b) as a function of their azimuthal separation Dfab = fa � fb

can be characterized by its own Fourier harmonics

dNpairs

dDfab =
Npairs

2p

⇣
1 + 2

•

Â
n=1

VnD(pa, pb) cos(nDf)
⌘

, (3)

where VnD is the two-particle harmonic. In a pure hydrodynamic picture, as a consequence
of independent particle emission, the flow hypothesis connects the single- and two-particle
spatial anisotropies from Eqs. (2) and (3) through factorization. In other words, particles carry
information only about their orientation with respect to the whole system and the two-particle
distribution can therefore be factorized based on

hdNpairs

dDfab i = h dN
dfa

dN
dfb i, (4)

with the bracket hi representing the average over all events of interest. This equality can be
investigated by looking at the connection between the single- and two-particle harmonics

hVnD(pa, pb)i = hVn(pa)V⇤
n (pb)i = hua

nub
n cos [n(Ya

n � Yb
n)]i  hua

nub
ni. (5)

Anisotropic	spatial	collective	motion	could	be	described	by	a	Fourier	expansion	of	particles		
distribution	in	azimuthal	angle	φ:		

Higher	order	coefficients	are	associated	with	fluctuations	of	nucleon	positions	in	the	overlap.	

ATLAS-CONF-2018-011	

The	ratio	of	the	Xe+Xe	vn	to		
the	Pb+Pb	vn	as	a	function	
of	centrality.	From	top	to	
bottom	each	row	
corresponds	to	a	different	
n.	From	left	to	right	the	
three	columns	correspond		
to	pT	ranges	of	0.5-1	GeV,		
1-2	GeV	and	2-3	GeV,		
respectively.	The	ratios	are		
compared	to	theoretical		
prediction. 		
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Parton	propagation	in	“QGP”.		

•  Nuclear	modification	factor	(RAA)	is	a	universal	
variable	for	paton	propagation	through	
strongly	interacting	hot	high	density	nuclei	
matter	(or	QGP).	

•  Di-jet	asymmetry,	gamma-jet	asymmetry	are	
complimentary	to	RAA.					
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Nuclear	modification	factor.	

https://arxiv.org/pdf/1710.07098.pdf	

		25/03/2016 G.Bencedi, Wigner

Nuclear modication factor – as a probe of the QGPNuclear modication factor – as a probe of the QGP

● To disentangle initialinitial- and !nal!nal state e6ects the nuclear modi!cation factor (R
AA

, R
pPb

) can be used

● Cronin e6ect [1]
● Nuclear PDFs

● Energy loss (jet quenching)
● Rescattering

Nuclear overlap function:Nuclear overlap function:

● Determined from Glauber model Determined from Glauber model [2]
● related to the average number of binary related to the average number of binary 

nucleon-nucleon collisions (nucleon-nucleon collisions (NN
collcoll
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inelastic nucleon-nucleon cross sectioninelastic nucleon-nucleon cross section
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 binary collisions
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~ 1:  absence of nuclear e6ects
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AA 

< 1:  suppression

● R
AA 

> 1:  Cronin e6ect (multiple interactions of        

                initial/!nal states)
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[1] Phys. Rev. D 11, 3105 (1975)
[2] arXiv:nucl-ex/0701025

Nuclear	overlap	function:	

1 Introduction

Jets and high pT hadrons produced in hard scattering processes provide an important probe of the properties
of the quark gluon plasma created in high-energy nuclear (A+A) collisions [1, 2]. The products of the
hard scattering evolve as parton showers that propagate through the medium and experience in-medium
energy loss in a process referred to as "jet quenching". Previous measurements show that the yield of
jets [3, 4] as well as charged hadrons [5–9] are suppressed in the heavy-ion (HI) collisions relatively to the
pp collisions at Large Hadron Collider (LHC) energies. In addition, measurements of the dijet asymmetry
[10–13] show that the two jets typically lose di�erent amounts of energy in the medium and provide
insight into the physics of parton energy loss in the quark-gluon plasma.

A short Xe+Xe run in 2017 provided the first heavy-ion collisions with nuclei lighter than Pb at the
LHC. The possibility of studying jet quenching in collisions of nuclei lighter than Pb is attractive as
the underlying event is smaller in the most central collisions where the collision geometry is the most
symmetric. The decrease in the number of nucleons or the nuclear radius between Pb and Xe nuclei may
be expected to a�ect the amount of jet quenching through a reduction in both the overall energy density
and the path lengths of the hard-scattered partons in the medium. However, there are di�erent ways to
compare observables sensitive to jet quenching between di�erent collision systems. In this note, Xe+Xe
and Pb+Pb results are compared using common collision centrality intervals — for which the two colliding
systems have similar degree of overlap – as well as common intervals of total forward transverse energy –
for which the two systems have a similar number of participants. The latter comparison has the advantage
that the underlying event in Pb+Pb and Xe+Xe collisions may be similar. Thus inferences may be made
from such comparisons without resorting to a full unfolding or detector response.

The dijet asymmetry xJ is defined as:

xJ =
pT2

pT1

, (1)

where pT1 is the leading jet transverse momentum and pT2 is the sub-leading jet transverse momentum.

The suppression of charged hadrons is measured using the nuclear modification factor, RAA:

RAA =
1
hTAAi

1/Nevt d2NXe+Xe/d⌘dpT

d2�pp/d⌘dpT
, (2)

where 1/Nevt d2NXe+Xe/d⌘dpT is the di�erential yield of charged particles measured in Xe+Xe collisions
per event; d2�pp/d⌘dpT is the di�erential proton–proton cross-section; and hTAAi is the nuclear thickness
function, which is defined by the collision geometry of the overlapping nuclei and which accounts for the
fact that in a given nucleus–nucleus collision, a nucleon may may interact with more than one nucleon from
the other nucleus. The variables ⌘ and pT denote particle pseudorapidity and transverse momentum.1

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of
�R ⌘

q
(�⌘)2 + (��)2.

2

ATLAS-CONF-2018-007 

Charged	hadron	production	cross-sections	
	as	a	function	of	pT	measured	in	Xe+Xe	collisions	
	at	√sNN=5.44TeV	for	five	centrality	intervals:	
	0-5%,	10-20%,	30-40%,	50-60%	and	60-80%. 		

Significant	suppression	was	observed	in	AA	collisions.		

Phys.	Lett.	B	790	(2019)	108	
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Jet	“quenching”	(Jet	RAA).	

arXiv:1011.6182	

Phys.	Lett.	B	790	(2019)	108	

Linear	Boltzmann	Transport	(LBT	-	1503.03313)	
Soft	Collinear	Effective	Field	Theory	(SCETg	-	1509.02936)		
Effective	Quenching	(EQ	-	1504.05169)			
	•  Strong	suppression	is	observed	by	all	LHC	experiments	

•  No	significant	√SNN	dependence	is	observed	
•  	Theoretical	models	reproduce	trends	
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Dijet	asymmetry	in	Xe+Xe	and	pp	collisions.	

Peripheral	Xe+Xe	consistent	with	pp	in	central	collisions	a	shift	in	
xJ	is	observed.	

ATLAS-CONF-2018-007	
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Dijet	asymmetry	in	Xe+Xe	and	pp	collisions.	

25	

Physics	Letters	B	774	(2017)	379	 ATLAS-CONF-2018-007	

Consistency	between	Xe+Xe	
and	Pb+Pb	

Non	corrected	with	
bin	migration	effect.	



Photon-jet	transvers	momentum	correlation.	

26	

1 Introduction

The energy loss of fast partons traversing the hot, deconfined medium created in nucleus–nucleus collisions
can be studied in a controlled and systematic way through the analysis of jets produced in association with
a high transverse momentum (pT) prompt photon [1–7]. At leading order in quantum chromodynamics,
the photon and leading jet are produced back-to-back in the azimuthal plane, with equal transverse
momenta. Measurements of prompt photon production in Au+Au collisions at the Relativistic Heavy Ion
Collider (RHIC) [8] and Pb+Pb collisions at the Large Hadron Collider (LHC) [9] have confirmed that,
since photons do not participate in the strong interaction, their production rates are not modified by the
medium [10]. Thus, photons provide an estimate of the pT and direction of the parton produced in the
initial hard-scattering before it has lost energy through interactions with the medium. Measurements of
jet production with di�erent requirements on the photon kinematics can therefore shed light on how the
absolute amount of parton energy loss depends on the initial parton pT.

Furthermore, photon–jet events o�er a particularly useful way to probe the distribution of energy lost by
jets in individual events, and are complementary to measurements such as the dijet pT balance [11–13].
Whereas those measurements report the ratio of the transverse momenta of two final-state jets, both of
which may have lost energy, photon–jet events provide an alternative system in which one high-pT object
is certain to remain una�ected by the hot nuclear medium. Finally, jets produced in association with a
photon are more likely to originate from quarks than those produced in dijet events at the same pT. Thus,
when considered together with measurements of dijets or of inclusive jet [14–16] and hadron [17–19]
production rates in Pb+Pb collisions, analysis of photon–jet events can help to further constrain the flavour
(i.e. quark versus gluon) dependence of parton energy loss.

Studies of photon–hadron correlations, in which high-pT hadrons are used as a proxy for the jet, were
first performed at RHIC [20–22], and measurements using fully reconstructed jets have since begun at the
LHC [23, 24]. In the LHC studies, the distribution of the photon–jet azimuthal separation, ��, was found
to be consistent with that in simulated photon–jet events embedded into a heavy-ion background, and the
jet-to-photon transverse momentum ratio, xJ� = pjet

T /p�T, was studied for inclusive photon–jet pairs. The
per-photon jet yield (1/N�)(dN/dxJ�) distribution was shifted to significantly smaller values in Pb+Pb
data.

In these previous measurements, the xJ� distributions in Pb+Pb events were not corrected for detector
resolution e�ects, which led to a substantial broadening of the reported distributions in data. As a result,
qualitative comparisons with models or even with the analogous distributions in proton–proton (pp) data
could only be accomplished by applying an additional smearing to the comparison distributions to introduce
detector e�ects. Recent measurements of dijet pT correlations [12] and inclusive jet fragmentation
functions at large longitudinal momentum fraction [25] in Pb+Pb collisions used unfolding procedures to
correct for bin-migration e�ects and return the distributions to the particle level, i.e. free from detector
e�ects.

This Letter reports a study of photon–jet correlations in Pb+Pb collisions at a nucleon–nucleon centre-of-
mass energy p

sNN = 5.02 TeV and pp collisions at the same centre-of-mass energy
p

s = 5.02 TeV. The
data were recorded in 2015 with the ATLAS detector at the LHC and correspond to integrated luminosities
of 0.49 nb�1 and 25 pb�1, respectively. Events containing a prompt photon with 63.1 < p�T < 200 GeV
and pseudorapidity |⌘� | < 2.37 (excluding the region 1.37 < |⌘� | < 1.52) are studied. The pT balance
of photon–jet pairs for jets with pjet

T > 31.6 GeV and
��⌘jet

�� < 2.8 which are approximately back-to-back
with the photon in the transverse plane, �� > 7⇡/8, is analysed through the per-photon yield of jets as

2

The	jet-to-photon	transverse	momentum	ratio		

Phys.	Lett.	B	789	(2019)	167		
	

PHENIX	results:	Phys.	Rev.	Lett.	109	(2012)	152302,	arXiv:	1205.5759	[nucl-ex]	
Review	of	the	method:Phys.	Rev.	Lett.	110	(2013)	142001,	arXiv:	1207.5177	[hep-ph]	



Photon-jet	transvers	momentum	correlation.	
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“These	results	are	sensitive	to	how		
partons	initially	produced	opposite	to		
a	high-pT	photon	lose	energy	in	their		
interactions	with	the	hot	nuclear		
medium.	Taken	together	with	other		
measurements	of	single-jet	and	dijet		
production,	the	data	provide	new,		
complementary	information	about		
how	energy	loss	in	the	strongly		
coupled	medium	varies	with	the	initial		
parton	flavour	and	pT.”		
	



Quarkonia	production.	

Centrality [%] hTAAi [mb�1] hNparti

0–5 26.23 ± 0.22 384.4 ± 1.9
5–10 20.47 ± 0.19 333.1 ± 2.7
0–10 23.35 ± 0.20 358.8 ± 2.3
10–20 14.33 ± 0.17 264.0 ± 2.8
20–30 8.63 ± 0.17 189.1 ± 2.7
30–40 4.94 ± 0.15 131.4 ± 2.6
40–50 2.63 ± 0.11 87.0 ± 2.3
50–60 1.27 ± 0.07 53.9 ± 1.9
60–80 0.39 ± 0.03 22.9 ± 1.2
20–50 5.40 ± 0.14 135.8 ± 2.5
0–80 6.99 ± 0.10 141.3 ± 2.0

Table 1: The hTAAi, hNparti values and uncertainties in each centrality bin. These are the results from the Glauber
modelling of the summed transverse energy in the forward calorimeters,

Õ
EFCal

T .

The centrality intervals used in this measurement are indicated in Table 1 along with their respective
calculations of hTAAi and hNparti.

The number of minimum-bias events, Nevt, is used to normalize the yield in respective centrality class.
Minimum-bias events are selected by requiring that they pass at least one of the two minimum-bias triggers.
The analysed dataset corresponds to 2.99 ⇥ 109 Pb+Pb collisions after correction for the trigger prescale
factor.

4 Data analysis

The pseudo-proper decay time, ⌧, is used to distinguish between prompt and non-prompt charmonium
production. It is defined as,

⌧ =
Lxymµµ

pµµT
,

where Lxy is the distance between the position of the reconstructed dimuon vertex and the primary vertex
projected onto the transverse plane. A weight, wtotal, is defined for each selected dimuon candidate using
the relation:

w�1
total = A ⇥ ✏reco ⇥ ✏trig,

where A is the acceptance, ✏reco is the reconstruction e�ciency, and ✏trig is the trigger e�ciency.

A two-dimensional unbinned maximum-likelihood fit to the invariant mass and pseudo-proper time
distributions of weighted events is used to determine the yields of the prompt and non-prompt charmonium
components as well as the contribution from background. A total of 31 572 events before applying the
weights are used in the fit.

The di�erential cross sections for the production of prompt (p) and non-prompt (np) J/ and  (2S) in pp

5

The	pseudo-proper	
decay	time,	τ	

Lxy	is	the	distance	between	
position	of	the	
reconstructed	dimuon	
vertex	and	primary		
vertex	projected	onto	the	
transverse	plane.		
	

Strong	centrality	dependence	with	similar	suppression	magnitude.	
28	



ψ(2S)/J/ψ	ratio.	

Non-prompt	ψ(2S)	to	J/ψ	ratio	corresponds	to	
the	fact	that	both	mesons	originate	
from	b-quarks.	
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Prompt	J/ψ	RAA	as	a	function	of	pT.	
Eur.	Phys.	J.	C	78	(2018)	762		
	

Data	at	high	pT		were	described	by	color	screening	and	energy	loss	models	well,	but	they	
missed	low	pT.	And	some	models	agree	at	low	pT,	but	fail	at	high	pT.	

30	



RAA	as	a	function	of	pT	in	different	channels		
	Eur.	Phys.	J.	C	78	(2018)	762	

	The	hypothesis	of	suppression	universality	of	several	different	probes	leads	that	
	prompt	J/ψ	may	also	be	sensitive	to	parton	energy	loss.		
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Region	of	interest	

for	NICA	



Outlook.	
•  Very	intensive	data	analysis	of	1.75nb-1	recorded	by	ATLAS	
during	2018	Pb+Pb	@	5.02	TeV	data	acquisition	is	running.	
The	statistics	of	2018	is	larger	by	factor	of	3.5	than	in	2015.	
Peak	luminosity	of	6x1027	cm-2s-1	reached	several	times,	it	is	
good	prospects	for	the	Run	3.	

•  Not	covered	topics:	
Ø Jet	fragmentation	functions	at	5.02	TeV	-	1805.05424		
Ø Flow	cumulates	-	1807.02012		
Ø J/ψ	elliptic	flow	-	1807.05198			RAA	and		muon	flow-	
1805.05220	

Ø Heavy	electroweak	boson	production	in	Pb+Pb	collisions	
with	ATLAS	

Ø ATLAS	results	on	flow	fluctuations	in	heavy	ion	collisions			
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Backup.	
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ATLAS	trigger	system	
Eur. Phys. J. C (2017) 77 :317 Page 3 of 53 317

Fig. 1 The ATLAS TDAQ
system in Run 2 with emphasis
on the components relevant for
triggering. L1Topo and FTK
were being commissioned
during 2015 and not used for the
results shown here

set and interfaced to Pythia8 or Pythia6 [14] with the
CTEQ6L1 [15] PDF set were used.

3 Changes to the Trigger/DAQ system for Run 2

The TDAQ system used during Run 1 is described in detail
in Refs. [1,16]. Compared to Run 1, the LHC has increased
its centre-of-mass energy from 8 to 13 TeV, and the nom-
inal bunch-spacing has decreased from 50 to 25 ns. Due
to the larger transverse beam size at the interaction point
(β∗ = 80 cm compared to 60 cm in 2012) and a lower
bunch population (1.15 × 1011 instead of 1.6 × 1011

protons per bunch) the peak luminosity reached in 2015
(5.0 × 1033 cm−2 s−1) was lower than in Run 1 (7.7 ×
1033 cm−2 s−1). However, due to the increase in energy,
trigger rates are on average 2.0 to 2.5 times larger for the
same luminosity and with the same trigger criteria (individ-
ual trigger rates, e.g. jets, can have even larger increases). The
decrease in bunch-spacing also increases certain trigger rates
(e.g. muons) due to additional interactions from neighbour-
ing bunch-crossings (out-of-time pile-up). In order to prepare
for the expected higher rates in Run 2, several upgrades and
additions were implemented during LS1. The main changes
relevant to the trigger system are briefly described below.

In the L1 Central Trigger, a new topological trigger
(L1Topo) consisting of two FPGA-based (Field-
Programmable Gate Arrays) processor modules was added.
The modules are identical hardware-wise and each is pro-

grammed to perform selections based on geometric or kine-
matic association between trigger objects received from the
L1Calo or L1Muon systems. This includes the refined calcu-
lation of global event quantities such as missing transverse
momentum (with magnitude Emiss

T ). The system was fully
installed and commissioned during 2016, i.e. it was not used
for the data described in this paper. Details of the hardware
implementation can be found in Ref. [17]. The Muon-to-CTP
interface (MUCPTI) and the CTP were upgraded to provide
inputs to and receive inputs from L1Topo, respectively. In
order to better address sub-detector specific requirements, the
CTP now supports up to four independent complex dead-time
settings operating simultaneously. In addition, the number of
L1 trigger selections (512) and bunch-group selections (16),
defined later, were doubled compared to Run 1. The changes
to the L1Calo and L1Muon trigger systems are described in
separate sections below.

In Run 1 the HLT consisted of separate Level-2 (L2) and
Event Filter (EF) farms. While L2 requested partial event data
over the network, the EF operated on full event information
assembled by separate farm nodes dedicated to Event Build-
ing (EB). For Run 2, the L2 and EF farms were merged into
a single homogeneous farm allowing better resource sharing
and an overall simplification of both the hardware and soft-
ware. RoI-based reconstruction continues to be employed
by time-critical algorithms. The functionality of the EB
nodes was also integrated into the HLT farm. To achieve
higher readout and output rates, the ROS, the data collec-
tion network and data storage system were upgraded. The
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on-detector front-end (FE) electronics and detector-specific
readout drivers (ROD) were not changed in any significant
way.

A new Fast TracKer (FTK) system [18] will provide global
ID track reconstruction at the L1 trigger rate using lookup
tables stored in custom associative memory chips for the
pattern recognition. Instead of a computationally intensive
helix fit, the FPGA-based track fitter performs a fast linear
fit and the tracks are made available to the HLT. This system
will allow the use of tracks at much higher event rates in the
HLT than is currently affordable using CPU systems. This
system is currently being installed and expected to be fully
commissioned during 2017.

3.1 Level-1 calorimeter trigger

The details of the L1Calo trigger algorithms can be found in
Ref. [19], and only the basic elements are described here. The
electron/photon and tau trigger algorithm (Fig. 2) identifies
an RoI as a 2 × 2 trigger tower cluster in the electromag-
netic calorimeter for which the sum of the transverse energy
from at least one of the four possible pairs of nearest neigh-
bour towers (1 × 2 or 2 × 1) exceeds a predefined threshold.
Isolation-veto thresholds can be set for the electromagnetic
(EM) isolation ring in the electromagnetic calorimeter, as
well as for hadronic tower sums in a central 2×2 core behind
the EM cluster and in the 12-tower hadronic ring around it.

Vertical sums

Horizontal sums

Electromagnetic
isolation ring

Hadronic inner core
and isolation ring

Electromagnetic
calorimeter

Hadronic
calorimeter

Trigger towers 

Local maximum/
Region-of-interest

Fig. 2 Schematic view of the trigger towers used as input to the L1Calo
trigger algorithms

The ET threshold can be set differently for different η regions
at a granularity of 0.1 in η in order to correct for varying
detector energy responses. The energy of the trigger towers
is calibrated at the electromagnetic energy scale (EM scale).
The EM scale correctly reconstructs the energy deposited by
particles in an electromagnetic shower in the calorimeter but
underestimates the energy deposited by hadrons. Jet RoIs are
defined as 4 × 4 or 8 × 8 trigger tower windows for which
the summed electromagnetic and hadronic transverse energy
exceeds predefined thresholds and which surround a 2 × 2
trigger tower core that is a local maximum. The location of
this local maximum also defines the coordinates of the jet
RoI.

In preparation for Run 2, due to the expected increase in
luminosity and consequent increase in the number of pile-
up events, a major upgrade of several central components of
the L1Calo electronics was undertaken to reduce the trigger
rates.

For the preprocessor system [20], which digitises and
calibrates the analogue signals (consisting of ∼7000 trig-
ger towers at a granularity of 0.1 × 0.1 in η × φ) from the
calorimeter detectors, a new FPGA-based multi-chip module
(nMCM) was developed [21] and about 3000 chips (includ-
ing spares) were produced. They replace the old ASIC-based
MCMs used during Run 1. The new modules provide addi-
tional flexibility and new functionality with respect to the
old system. In particular, the nMCMs support the use of dig-
ital autocorrelation Finite Impulse Response (FIR) filters and
the implementation of a dynamic, bunch-by-bunch pedestal
correction, both introduced for Run 2. These improvements
lead to a significant rate reduction of the L1 jet and L1 Emiss

T
triggers. The bunch-by-bunch pedestal subtraction compen-
sates for the increased trigger rates at the beginning of a
bunch train caused by the interplay of in-time and out-of-
time pile-up coupled with the LAr pulse shape [22], and lin-
earises the L1 trigger rate as a function of the instantaneous
luminosity, as shown in Fig. 3 for the L1 Emiss

T trigger. The
autocorrelation FIR filters substantially improve the bunch-
crossing identification (BCID) efficiencies, in particular for
low energy deposits. However, the use of this new filtering
scheme initially led to an early trigger signal (and incomplete
events) for a small fraction of very high energy events. These
events were saved into a stream dedicated to mistimed events
and treated separately in the relevant physics analyses. The
source of the problem was fixed in firmware by adapting the
BCID decision logic for saturated pulses and was deployed
at the start of the 2016 data-taking period.

The preprocessor outputs are then transmitted to both the
Cluster Processor (CP) and Jet/Energy-sum Processor (JEP)
subsystems in parallel. The CP subsystem identifies elec-
tron/photon and tau lepton candidates with ET above a pro-
grammable threshold and satisfying, if required, certain iso-
lation criteria. The JEP receives jet trigger elements, which
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Schematic	view	of	the	trigger	towers	
	used	as	the	input	to	the	L1Calo	trigger	algorithms		
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140	m	

ATLAS	calorimeters	for	HI	runs.	
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Zero	Degree	Calorimeters	and	UPC		
	

Pb*	

Pb*	

n	

n	

Electromagnetic	field	of	relativistic	HI	could	be	
considered		with		Weizsacker-Williams		method,	
using	the	standard	route	of	the	Feynman	rules.	
It	opens	a	possibility	for	studying	photon-photon,	
photon-gluon,	photon-nucleus	physics.	Photons	flux	of		
a	nucleus	Z2	,	probability		γγ	Z4.		
The	nucleus	excitation	level	could	be	controlled	with	
	FCal	and	ZDC.		Photo-nuclear	dijet	production	is	a	nice	
example.	

ATLAS-CONF-2017-011 
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Centrality	of	the	collisions.	

Distributions	of	ZDC	energy	in	the	photon-going	
	and	nucleus-going	direction	for	events	satisfying	
	the	UPC	trigger.	The	vertical	line	indicates	
	the	location	of	the	single-neutron	selection	applied	in	the	analysis.	 ATLAS-CONF-2017-011	

PC	and	
UPC	

Centrality	of	the	collisions	defined	with	energy		
Deposited	in	both	sides	of	the	Forward	Calorimeter	
3.1<η<4.9	(minimum	bias	events).		
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Flow	

Flow
Anisotropic spatial collective motion is described by a Fourier expansion of particle 

distribution in azimuthal angle � 

High order coefficients are associated with fluctuations of nucleon positions in the 

overlap 

3

arXiv:1808.03951v2 [nucl-ex] 
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FIG. 8. (Color online) Two-dimensional correlations for 2 < paT, p
b
T < 3 GeV in several centrality intervals. The near-side jet

peak is truncated from above to better reveal the long-range structures in ∆η.
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6

in these tables. In most cases, they are specified for mul-
tiple 5% wide centrality intervals. For example, 0–20%
in Tables I-V refers to four bins: 0–5%, 5–10%, 10–15%,
and 15–20%; a “5.0–2.0” notation indicates the values of
relative systematic uncertainty in percentage at the be-
ginning and at the end of the 0–20% centrality interval.
Tables IV and V also quote the uncertainty for the 0–1%
centrality interval, which generally has the same system-
atic uncertainty as that for the 0–5% centrality interval,
but with a larger statistical uncertainty. The system-
atic uncertainties only include those associated with the
measurements themselves, and no attempt is made to
disentangle potential contributions from various sources
of autocorrelations, as their exact origin and quantitative
effects on vn are not fully understood [5]. Nevertheless,
these autocorrelations should be largely suppressed by
the large average η gap between the ID and the detector
used for determining the EP.

Centrality 0–20% 20–50% 50–70% 70–80%

Resolution[%] 5.0–2.0 1.0–2.0 3.0–4.0 4.0–6.0

Track selection[%] 2.0 0.5 0.5 1.0

Residual sine term[%] 0.8 0.6 0.5 0.2

Running periods[%] 0.2 0.2 0.5 1.0

Trigger & event sel.[%] 1.0 1.0–0.5 1.0 1.5

Total[%] 5.6–3.2 1.4–2.3 3.4–4.2 4.6–6.4

TABLE I. Summary of relative systematic uncertainties in
percentage for v2 for both full FCal and FCalP(N). See text
for explanation of the arrangement of the uncertainties.

Centrality[%] 0–20% 20–50% 50–70%

Resolution[%] 3.0 3.0 3.0–5.6

Track selection[%] 2.0 0.5 0.5–2.0

Residual sine term[%] 1.0 1.0 1.5

Running periods[%] 0.5 0.5–1.5 2.0

Trigger & event sel.[%] 0.4 0.5–1.0 1.5–3.5

Total[%] 3.8 3.5–3.9 4.6–7.4

TABLE II. Summary of relative systematic uncertainties in
percentage for v3 for both full FCal and FCalP(N).

B. Two-particle correlation method

The two-particle correlation function is generally de-
fined as the ratio of the same-event pair (foreground)
distribution to the combinatorial pair (background) dis-

Centrality 0–20% 20–50% 50–70%

Resolution[%] 4.0 4.0 4.4–16.0

Track selection[%] 1.0 1.0–2.0 4.0

Residual sine term[%] 2.0 2.0 3.0–5.0

Running periods[%] 1.0 1.5–2.0 4.0

Trigger & event sel.[%] 0.6 0.7 1.0–2.0

Total[%] 4.9 4.9–5.4 7.9–17.5

TABLE III. Summary of relative systematic uncertainties in
percentage for v4 for both full FCal and FCalP(N).

Centrality 0–1% 0–20% 20–40% 40–50%

Resolution[%] 10.8 10.2 10.2–10.4 11.2–22.4

Track selection[%] 1.0 1.0 1.0 2.0

Residual sine term[%] 5.0

Running periods[%] 2.0 2.0 2.0 4.0

Trigger & event sel.[%] 1.0

Total[%] 12.1 11.6 11.6–12.1 13.0–23.0

TABLE IV. Summary of relative systematic uncertainties in
percentage for v5 for both full FCal and FCalP(N).

Centrality 0–1% 0–20% 20–40% 40–50%

Resolution[%] 58 34–31 31 32–38

Track selection[%] 10

Residual sine term[%] 10

Running periods[%] 10

Trigger & event sel.[%] 1

Total[%] 61 38–35 36 37–42

TABLE V. Summary of relative systematic uncertainties in
percentage for v6 for both full FCal and FCalP(N).

tribution in two-particle phase space (φa,φb, ηa, ηb):

C(φa,φb, ηa, ηb) =
d4N

dφadηadφbdηb

d2N
dφadηa

× d2N
dφbdηb

. (11)

In practice, the correlation function is usually studied as
a function of relative azimuthal angle (∆φ) and relative
pseudorapidity (∆η), by averaging pair distributions over
the detector acceptance:

C(∆φ,∆η) =
S(∆φ,∆η)

B(∆φ,∆η)
, (12)

In	practice,	the	correlation	function		
is	usually	studied	as	a	function	of		
relative	azimuthal	angle	(∆φ)	and	
	relative	pseudorapidity	(∆η),	by	
	averaging	pair	distributions	over	
	the	detector	acceptance:		
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in these tables. In most cases, they are specified for mul-
tiple 5% wide centrality intervals. For example, 0–20%
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and 15–20%; a “5.0–2.0” notation indicates the values of
relative systematic uncertainty in percentage at the be-
ginning and at the end of the 0–20% centrality interval.
Tables IV and V also quote the uncertainty for the 0–1%
centrality interval, which generally has the same system-
atic uncertainty as that for the 0–5% centrality interval,
but with a larger statistical uncertainty. The system-
atic uncertainties only include those associated with the
measurements themselves, and no attempt is made to
disentangle potential contributions from various sources
of autocorrelations, as their exact origin and quantitative
effects on vn are not fully understood [5]. Nevertheless,
these autocorrelations should be largely suppressed by
the large average η gap between the ID and the detector
used for determining the EP.

Centrality 0–20% 20–50% 50–70% 70–80%

Resolution[%] 5.0–2.0 1.0–2.0 3.0–4.0 4.0–6.0

Track selection[%] 2.0 0.5 0.5 1.0

Residual sine term[%] 0.8 0.6 0.5 0.2

Running periods[%] 0.2 0.2 0.5 1.0

Trigger & event sel.[%] 1.0 1.0–0.5 1.0 1.5

Total[%] 5.6–3.2 1.4–2.3 3.4–4.2 4.6–6.4

TABLE I. Summary of relative systematic uncertainties in
percentage for v2 for both full FCal and FCalP(N). See text
for explanation of the arrangement of the uncertainties.

Centrality[%] 0–20% 20–50% 50–70%

Resolution[%] 3.0 3.0 3.0–5.6

Track selection[%] 2.0 0.5 0.5–2.0

Residual sine term[%] 1.0 1.0 1.5

Running periods[%] 0.5 0.5–1.5 2.0

Trigger & event sel.[%] 0.4 0.5–1.0 1.5–3.5

Total[%] 3.8 3.5–3.9 4.6–7.4

TABLE II. Summary of relative systematic uncertainties in
percentage for v3 for both full FCal and FCalP(N).
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tribution in two-particle phase space (φa,φb, ηa, ηb):

C(φa,φb, ηa, ηb) =
d4N

dφadηadφbdηb

d2N
dφadηa

× d2N
dφbdηb

. (11)

In practice, the correlation function is usually studied as
a function of relative azimuthal angle (∆φ) and relative
pseudorapidity (∆η), by averaging pair distributions over
the detector acceptance:

C(∆φ,∆η) =
S(∆φ,∆η)

B(∆φ,∆η)
, (12)

Two	particle	correlation	method.	

1203.3087	
39	



Prompt	J/ψ	RAA	as	a	function	of	Npart.	

Both	models	foresee	the	decrease	in	the	double	ratio,		
but	fail	in	describing	simultaneously	all	centralities.		
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