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Plan
• Pb+Pb results 

• Flow measurements 

• Correlations of vn harmonics: with event mean-pT 

• Xe+Xe results 

• flow harmonics pT and centrality dependence 

• insight into the initial state fluctuations via multi-particle cumulant 
measurements 

• Comparisons between Pb+Pb & Xe+Xe
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The ATLAS detector

• Measurements reported here use 

• Inner Detector tracker (ID) |η|<2.5 

• Forward Calorimeter  3.2<|η|<4.9 and ZDC |η|>8.3
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Flow harmonics at Pb+Pb 
√sNN =5.02 TeV

• Measurement of the vn in Pb+Pb at √sNN =5.02 TeV 
allowed to reach high pT of 25 GeV, study very central 
collisions 

• Harmonics up to n=7 with SP 
• Weak η dependence  
• The vn at √sNN =2.76 and 5.02 TeV energies are similar 
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Mean pT correlation with flow harmonics
• Known that the correlation exists  

(ALICE Collab. Phys. Rev. C 93, 034916) 

• Relate initial state quantity (event mean [pT]) and 
final state evolution (flow harmonics) 

• The quantitive measure, i.e. correlation coefficient 
distorted by the limited event multiplicity 

• A modified correlator proposed  
(P. Bozek Phys. Rev. C93 (2016) 044908) 

• Replaces multiplicity dependent variances 
 by dynamic counterparts Vardyn, ck   
→ detector independent measurement 

• Reproduces true R
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1 Introduction

The large azimuthal anisotropy observed for particles produced in heavy ion collisions at RHIC [1–4]
and the LHC [5–8], is one of the main signatures of the formation of strongly interacting quark-gluon
plasma (QGP). The experimental resulting in and theoretical predictions indicate that the magnitude of
the anisotropic flow in an event is related to the anisotropy of the initial geometry of the collision zone
resulting in anisotropic pressure gradients building up in the QGP. As a result, an enhanced production
of particles with higher transverse momentum, pT, is observed in the reaction plane defined by the
collision impact parameter vector and the beam axis. The properties of the QGP were recently studied
with measurements of correlations between flow harmonics of di�erent order [9–13] as well as the
analyses of event shapes [13–17]. Understanding the relationships between the magnitudes of the flow
harmonics and other global event characteristics may provide new insight into the properties of the QGP
evolution [18]. In particular, it is expected that, on an event-by-event basis, the magnitude of the azimuthal
flow harmonics should be correlated with the mean pT, [pT], of the event [19]. In studies published by the
ALICE collaboration [17], charged particle spectra are measured in events with small and large azimuthal
asymmetry. It is found that the pT spectra of charged particles are harder (softer) in events with larger
(smaller) azimuthal asymmetry compared to the average behaviour.

For a more quantitative approach, Pearson’s R coe�cient can be used to measure the strength of the
vn � [pT] correlation [18]. It is defined as:

R =
cov(vn{2}2, [pT])p

Var(vn{2}2)
p

Var([pT])
, (1)

where the vn{2}2 is the square of the n-th order flow harmonic obtained from two-particle correlations.
Experimentally, however, the observed finite charged particle track multiplicity results in an additional
broadening of vn{2}2 and [pT] distributions and thus in larger values of the two variances, especially
of the [pT]. The magnitude of this distortion is determined by a choice of the kinematic region and by
the detector performance and thus direct comparison to theoretical calculations is di�cult. To overcome
this problem, a modified correlation coe�cient, ⇢, which is less sensitive to the event multiplicity than
the coe�cient R, was also suggested in Ref. [18]. In the definition of ⇢, the variances of the respective
univariate vn{2}2 and [pT] distributions are substituted by corresponding dynamical variables which
eliminate auto-correlation e�ects and are more directly sensitive to intrinsic initial state fluctuations. The
variance vn{2}2 is substituted by its dynamical counterpart [20]:

Var(v2
n)dyn = vn{2}4 � vn{4}4 = hcorrn{4}i � hcorrn{2}i2, (2)

where corrn{2} and corrn{4} are two- and four-particle correlations and angular brackets represent
averaging over events [21].

The [pT] variance is replaced by the dynamical pT fluctuation magnitude [22, 23], ck , defined as:

ck =
D 1

Npair

’
i

’
j,i

(pT,i � h[pT]i)(pT, j � h[pT]i)
E
. (3)

The modified Pearson’s coe�cient, ⇢, is thus defined as:

⇢ =
cov(vn{2}2, [pT])p
Var(vn{2}2)dyn

p
ck
. (4)
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The [pT] is simply a mean value of particles contained in region B138

[pT] =
1
P

b wb

X

b

wb pT,b, (5)

and the h[pT]i is an average over events.139

The dynamical variance for the n-th harmonic in the denumerator of Eq.2 is defined using two- and140

four-particle flow coe�cients141

var(v2
n
)dyn = vn{2}4 � vn{4}4. (6)

The vn{2} and vn{4} are obtained from two and four particle correlations142

vn{2} =
p
hcorr{2}i and vn{4} = 4p2hcorr{2}i2 � hcorr{4}i. (7)

And thus substituting143

var(v2
n
)dyn = hcorr{4}i � hcorr{2}i2. (8)

The two- corr{2} and four-particle corr{4} correlations are calculated as described in Ref. [11] with144

modifications which take into account the fact the there are two sub-events in the analysis [12, 13, 14]145

The n-th harmonic 2-particle correlations are defined as146

hcorr{2}i =
D 1
P

a,c wawc

X

a,c

wawce
in�a�in�c

E
= hqn,aq

⇤
n,ci, (9)

where the qa and qc are the flow vectors of subevent A and subevent C147

qn,a =
1
P

a wa

X

a

wae
in�a qn,c =

1
P

c wc

X

c

wce
in�c . (10)

hcorr{4}i =
D 1
P

1,2,3,4
1,2,3,4

wa

1w
a

2w
c

3w
c

4

X

1,2,3,4
1,2,3,4

wa

1w
a

2w
c

3w
c

4e
in�a

1+in�a

2�in�c

3�in�c

4
E

(11)

148

hcorr{4}i =
D (Q2

n,a � Q2n,a)(Q2
n,c � Q2n,c)⇤

S aS c

E
(12)

where149

Qn,a =
X

a

wae
in�a Q2n,a =

X

a

w2
a
e

i2n�a S a =
⇣X

a

wa

⌘2 �
X

a

wa
2 (13)

and corresponding expressions for subevent C.150

The distinction between the var(v2
n
)dyn and the var(v2

n
) is in excluding the self-correlating terms (re-151

peated indexes). By this modification, the variance becomes the di↵erence of flow harmonics vn{2}4 and152

vn{4}4, a quantity which is expected to be related to fluctuations in the initial state [11].153

As the two-particle correlation hcorr{2}i and [pT ] are defined in non-overlapping ⌘ regions, the154

covariance can be written155

cov(vn{2}2, [pT]) = hcorr{2}([pT] � h[pT]i)i (14)

The mean momentum fluctuation in the sample is defined as:156

ck =
D 1

(
P

b wb)2 �Pb w
2
b

X

b

X

b,b0
wb(pT,b � h[pT]i)wb0(pT,b0 � h[pT]i)

E
(15)
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sensors. The innermost pixel layer, the insertable B-layer (IBL) [10], was added between Run-1 and107

Run-2 of the LHC. The IBL consist of 50 ⇥ 250 µm2 sensors, while other pixel layers have pixel size108

of 50 ⇥ 400 µm2. The reduced pixel size and smaller radius of the IBL layer result in improvements of109

impact parameter measurement. The Pixel is surrounded by 4 SCT barrel layers and 9 SCT end-caps110

perpendicular to the beam direction. All SCT layers are divided into double-sided sensors (radial strips)111

in barrel (end-caps) region each with a mean pith of 50 µm. The outermost layer is TRT detector with112

straws parallel (radial) to the beam line in its barrel (end-cups) part.113

In the Pb+Pb Run II triggering on the minimum bias sample was achieved with a combination of114

measurements in the full calorimeter system including Zero Degree Calorimeter. The main ATLAS115

calorimeter covers the pseudorapidity range |⌘| < 4.9 and has a full azimuthal angle coverage. The ZDC,116

situated at a distance of ' 140 m from the collision vertex, detects neutral particles, mostly neutrons and117

photons, with |⌘| > 8.3.118

The forward calorimeter, FCal, is formed of two end-caps placed 4.7 m away from IP which both119

have pseudorapidity coverage of 3.1 < |⌘| < 4.9. The FCal consists of three layers of tungsten and120

copper absorbers with liquid argon as the active medium, which together provide 10 interaction lengths121

of material. In HI analyses it is used to provide a proxy to collision centrality.122

For more details on the ATLAS experimental setup, see [9].123

3 Method description124

The measurement of the correlation coe�cient ⇢ is performed with charged particles. Tracks from the ful125

⌘ coverage of the ATLAS ID are divided into forward/backward regions A/C where measurement of the126

vn{2}2 is performed and the central region B from which the particles to measure the [pT] are taken. The127

regions A and C used v2
n

determination cover |⌘| > 0.75 while the region B used for [pT] measurement,128

covers |⌘| < 0.5. Those regions are schematically shown in Fig. 3.

Figure 3: An illustration of the ⌘ regions A, B, C used in the analysis. The regions A and C used v2
n

determination cover |⌘| > 0.75 while the region B used for [pT] measurement, covers |⌘| < 0.5.
129

The variables appearing in the definition of ⇢ (Eq. (2)) are defined as follows: the covariance in the130

numerator is:131

cov(vn{2}2, [pT]) =
D 1

NpairsN

X

a,b,c

e
in�a�in�c(pT,b � h[pT]i)

E
(3)

where n is the flow harmonics, the � is an azimuthal particle angle. The [pT] is the mean event [pT] of132

particles contained in region. The sums that run over particles in region A, B & C have indices denoted133

with corresponding small letters a, b & c. The triangular brackets here and following formulas h i denote134

averages over events. To account for the detector events and track reconstruction e�ciencies, a weight135

w is applied for each track (this be described in more details in section 4.1.1).136

A complete formula for covariance for the n-th harmonics becomes:137

cov(vn{2}2, [pT]) =
D 1
P

a,c wawc

X

a,c

wawce
in�a�in�c

1
P

b wb

X

b

wb(pT,b � h[pT]i)
E
. (4)

Measurement details

• Distinct sets of particles for [pT] and vn{2}2  

• Rapidity gaps to suppress non-flow 

• Analysis in narrow bins of multiplicity in A+C 
regions (unconstrained in B) 

• Mapped to charged particle multiplicity Nch and 
number of participants  Npart 

• Four pT intervals, 0.5-5, 0.5-2, 1-2, 1-5 GeV  
→ significant variation of multiplicities

ATLAS DRAFT

The false tracks rate depends strongly on the centrality and it is the highest in central events dropping119

quickly for centralities above 20%. It is highest at low pT and in the detector region at |⌘ | > 1.5 where it is120

reaching up to 20%. In contrary, the e�ciency depends very weakly on the centrality, diminishing in the121

most central events only by about 3% as compared to more peripheral events. It has strong pT dependence,122

and it amounts about 50% at low pT and growing to 70% at about 20 GeV. In pseudorapidity, it is the123

highest in the central part of the detector, |⌘ | < 1, and gets smaller in the forward regions.124

3.2 Correlation coe�cient ⇢ calculation125

Charged particle tracks used in the analysis are divided into three sub-events depending on their ⌘. Region126

A with ⌘ < 0.75, region C with ⌘ > 0.75 and central region B with |⌘ | < 0.5. Multiplicities of tracks from127

regions A and C, MAC, are used to establish event activity classes and to mesure the flow coe�cients.128

Tracks in the central region B are used to obtain the mean value of charged particle transverse momentum129

in the event, [pT], defined as:130

The [pT] is obtained as131

[pT] =
1Õ
b wb

’
b

wbpTb (5)

where the summation is performed over tracks in region B. Weights wb are to correct for track reconstruc-132

tion e�ects.133

The covariance in the Eq.(4) numerator is defined as:134

cov(vn{2}2, [pT]) =
D 1Õ

a,c wawc

’
a,c

wawcein�a�in�c ([pT] � h[pT]i)
E
, (6)

where the � is an azimuthal particle angle, sums over indices a and b are over particles in respective135

regions A and C and weights are applied to each particle. The hi denote an average over the events136

sample.137

The dynamical variance in the denominator of Eq. (4) is calculated using 2- and 4-particle correlations138

var(v2
n)dyn = hcorr{4}i � hcorr{2}i2 (7)

which are defined in next queations. The two-particle correlation is calculated as in Ref. [12]139

hcorr{2}i =
D 1Õ

a,c wawc

’
a,c

wawcein�a�in�c

E
= hqn,aq⇤

n,ci (8)

where the qa and qc are the flow vectors of sub-event A and sub-event C as:140

qn,a =
1Õ
a wa

’
a

waein�a and qn,c =
1Õ
c wc

’
c

wcein�c . (9)

The four-particle correlation is obtained from the expression141

hcorr{4}i =
D (Q2

n,a � Q2n,a)(Q2
n,c � Q2n,c)⇤

SaSc

E
(10)
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Intermediate results: v2

• Covariances 

• Significant change with centrality 

• Highest where flow is highest 

• For v2 negative in peripheral events  

• pT interval affects the multiplicity and thus the 
the covariance values 

• Similar trend for dynamical variance 

• Different pT ordering
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Intermediate results: v3

• Covariances 

• Flat dependence → very different Nch 
dependence compared to v2 

• Very different magnitudes 

• Dynamical variance 

• a similar Nch dep. as v2  
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Intermediate results: v4

• Covariances and dynamical variances similar 
behaviour to v2  except much smaller magnitude 

• Low Nch not accessible
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Intermediate results: ck

• ck quantifies magnitude of pT fluctuations  

• pT interval ordering yet different than for 
cov and dyn. var
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Correlation coefficient ρ for v2
• Negative correlation for v2 in peripheral 

events 
→ related to ecc. ~ 1/r 

• Gentle rise above Npart ≃ 100 - significant 
value of ≃0.28 
→ stronger hydrodynamic response to initial 
eccentricities 

• Fall in most central events 

• Difference between various pT intervals 
10-20%
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Correlation coefficient ρ for v3

• Correlation for v3 weaker compared to v2 

• Positive except for pT > 1GeV below  
Npart ≃ 100 

• Above Npart ≃ 100 steady rise 

• higher pT threshold translates to higher ρ;  
independent of lower threshold pT 

• A hint of decrease in most central 3% events



• Also a significant correlation seen 

• A fall with rising centrality for mid central 

• Lower in most peripheral - a hint of increase 
in most central events 

• Possible hint of convergence with v3 for most 
central events
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Correlation coefficient ρ for v4
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Theory comparison  

• Theory predictions qualitatively consistent with data
!14
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Flow in Xe+Xe collisions
• Goal is to measure the flow in Xe+Xe collisions in 

comparison to Pb+Pb 

• The pT and centrality dependence 

• Event-by-event fluctuations via higher order 
correlations 

• Measurements performed in bins of  
centrality (0-80%) quantified by  
ET in FCal 3.2<|η|<4.9 

• Mapped to Npart via Glauber modeling 
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• Measured  vn up to n=5, wide pT range (20 GeV for v2) 

• Typical pT dependence is observed 

• A rise up to 3-4 GeV, then fall,  
higher order fall harmonics to 0,  
v2 rises due to non-flow effects 

• v2 dominant except the most central collisions 

• vn measured with higher order correlations smaller  
→ suppressed non-flow  
→ impact of fluctuations

!16

The vn(pT) dependence  
in Xe+Xe
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Centrality dependence  
Xe+Xe vs. Pb+Pb

• Integrated v2 is higher in most central events for Xe+Xe 
collisions 

• Elongated Xe shape 

• Smaller Npart → larger fluctuations 

• Reduced value in mid central and peripheral  
→ surface effect → smaller initial eccentricities  
→ viscous corrections 

• A similar behaviour seen for v3  and v4 

• The increase in most central events is less pronounced 

• Ratio is similar for different pT intervals 

• Consistent with predictions
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Centrality dependence 
 (scaling)
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• Typical pattern for centrality/Npart dependence 

• A good matching of v2 as a function of centrality  
indicates geometric origins of the elliptic flow 

• Npart scaling for v2 does not hold 

• Scaling with centrality or Npart not so obvious for 
higher order harmonics when looking at vn



Centrality dependence  
(scaling)
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• A more sensitive variable: 4-particle 
cumulants to check scaling for higher 
order harmonics 

• They scale with Npart  → flow is 
fluctuations driven

G
oo

d 
ag

re
em

en
t



Centrality [%]

0 20 40 60

{2
P

C
}

5
v

0.005

0.01

0.015

Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
5

v

0.8

1

1.2

-1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

{2
P

C
}

3
v

0.02

0.04

0.06

Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
3

v

0.8

1

1.2

1.4
-1bµ=5.02 TeV, 22 NNsPb+Pb 

Data
et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

{2
P

C
}

4
v

0.01

0.02

0.03
Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
4

v

0.8

1

1.2

-1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]
0 10 20 30 40 50 60 70 80

{2
k}

nv

0

0.02

0.04

0.06

0.08

0.1

0.12
Preliminary ATLAS

-1bµ=5.44 TeV, 3 NNsXe+Xe 
<5.0 GeV

T
0.5<p

{4}2v
{6}2v
{4}3v

Centrality [%]
0 10 20 30 40 50 60 70 80

{2
PC

}
2

 / 
v

{4
}

2v

0.4

0.5

0.6

0.7

0.8

0.9
Preliminary ATLAS

-1bµ=5.44 TeV, 3 NNsXe+Xe 
<5.0 GeV

T
0.5<p

Flow fluctuations in Xe+Xe

• Comparisons of 2PC/SP to cumulant results:  
v2{2PC/SP}≫v2{4} (central collisions)  
v3{2PC/SP}≫v3{4} 

• Indicate strong flow fluctuations  

• v2 - significant influence of fluctuation   

• v3 - result of fluctuations

Ratio = 1 Geometry dominates

Ratio = 0 Fluctuations dominate
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Flow fluctuations in Xe+Xe and Pb+Pb

• Large number of sources → Gaussian flow fluctuations  
 
 

• Comparison of v2{6} / v2{4} allows to check if fluctuations 
are Gaussian or not  

• v2{6} / v2{4}≲1 in Xe+Xe smaller than in Pb+Pb  
→  less-Gaussian nature of v2 fluctuations  

ATLAS DRAFT

The vn-values obtained from 4- and 6-particle cumulants typically di�er from the vn-values obtained129

using the 2PC [12]. If the flow fluctuations are two-dimensional Gaussians in the transverse plane,130

flow coe�cients from multi-particle cumulants vn{2k} are directly related to the parameters describing131

Gaussian fluctuations [12]:132

vn{2} =
q
v̄2
n + �

2
n, vn{4} = vn{6} = v̄n (11)

where v̄n reflects the component driven by the average geometry in the nucleus overlap region and �n133

denotes the width of the Gaussian fluctuations. By checking whether the cumulant ratio vn{6}/vn{4}134

equals one or not, it is possible to access whether the underlying flow fluctuations are Gaussian or not.135

In order to calculate the di�erential cumulant as a function of pT, 4-particle di�erential correlations are136

defined as:137

dcorrn{4} ⌘
D
ein( i+� j��k��l )

E
(12)

where  denotes the azimuthal angle of the Particles Of Interest (POI) and � represents the azimuthal138

angle of Reference Flow Particles (RFP). The RFP are all particles in the pT range of 0.5–5 GeV; while the139

POI, are restricted to the pT range over which the di�erential flow is to be measured. The pT-di�erential140

cumulant measurements can be used to study the pT dependence of flow fluctuations.141

The di�erential measurement is then performed in two steps. In the first step one estimates the reference142

flow vn{4} by using only the RFPs, and in the second step the di�erential flow of POIs are calculated with143

respect to the reference flow of the RFPs obtained in the first step. The 4-particle di�erential cumulants,144

dn{2k}, are then defined as:145

dn{4} = hdcorrn{4}i � 2 hdcorrn{2}i hcorrn{2}i (13)

and the di�erential flow cumulant, vn{4}(pT), is calculated as:146

vn{4} = � dn{4}
(�cn{4})3/4

. (14)

In additional to corrn{2k}, multi-particle azimuthal correlation for two flow harmonics of di�erent order147

can also be measured:148

corrn,m{4} ⌘
D
ei(n�1+m�2�n�3�m�4)

E
, corrn,2n{3} ⌘

D
ei(n�1+n�2�2n�3)

E
(15)

and the corresponding cumulant forms are denoted as "symmetric" and "asymmetric" cumulants respect-149

ively:150

scn,m{4} =
⌦
corrn,m{4}

↵
� hcorrn{2}i hcorrm{2}i , acn,2n{3} =

⌦
corrn,2n{3}

↵
(16)

where scn,m{4} measures the correlation between vn and vm, and in addition, acn,2n{3} also measures the151

correlation between event plane angles �n and �2n.152

To take out the contribution of single particle vn in the symmetric and asymmetric cumulants, "normalized"153

cumulants are defined as:154

nscn,m{4} =
scn,m{4}⌦
v2
n

↵ ⌦
v2
m

↵ , nacn,2n{3} =
acn,2n{3}q⌦
v4
n

↵ ⌦
v2

2n
↵ (17)

where
⌦
v2
n

↵
is using the results of 2-particle correlation and

⌦
v4
n

↵
is calculated by combining it with the155

4-particle cumulant:
⌦
v4
n

↵
= cn{4} + 2

⌦
v2
n

↵2.156
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Conclusions
• Thanks to the excellent ATLAS detector and a rich dataset: 

• Measured flow harmonics up v7 and to a very high pT in Pb+Pb 

• Measured significant correlations of flow harmonics with event 
mean-pT in Pb+Pb 

• Performed a comprehensive study of flow in Xe+Xe collisions  
at 5.44 TeV and compared to Pb+Pb at 5.02 TeV

ATLAS-CONF-2018-008

ATLAS-CONF-2016-105

ATLAS-CONF-2018-011
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More on fluctuations in Minglinag Zhou’s talk: 15/05/2018, 15:00

More on flow measurements in Klaudia Burka’s poster 



Backups
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(A)-symmetric cumulants

• Detailed checks of correlations through (a)-
symmetric and normalised cumulants 

• v2 anti-correlated with v3 (sc2,3{4}) 

• non-linear v2 correlated with v4 (sc2,4{4} & 
ac2,4{3})

!24
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Xe+Xe flow measurement technologies
• (2,4, and 6)  particle and Scalar Product methods 

• 2PC - constructed correlation functions  
in Δη and Δϕ → projected to Δϕ → (η-gap of 2 units) 

• REF pT range 0.5-5 GeV 
• Fourier analysis  
→ di-jets contribution removed by peripheral events subtraction 

• 4/6PC - employed cumulants technology 
• SP - correlated average bearing vectors Q from FCal  

with q vectors from tracks (η-gap of 3.2)  
→ resolution correction 

• Integrated quantities weight differential measurement for 



Centrality [%]

0 20 40 60

{2
P

C
}

2
v

0.05

0.1

0.15

Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<1 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
2

v

1

1.2

1.4 -1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<1 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

{2
P

C
}

2
v

0.1

0.2 Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<2 GeVb

T
p1<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
2

v

1

1.2

1.4 -1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<2 GeVb

T
p1<

Centrality [%]

0 20 40 60

{2
P

C
}

2
v

0.1

0.2

0.3

Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<3 GeVb

T
p2<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
2

v

1

1.2

1.4 -1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<3 GeVb

T
p2<

Centrality [%]

0 20 40 60

{2
P

C
}

3
v

0.01

0.02

0.03

0.04

Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<1 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
3

v

0.8

1

1.2

1.4
-1bµ=5.02 TeV, 22 NNsPb+Pb 

Data
et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<1 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

{2
P

C
}

3
v

0.02

0.04

0.06

0.08

Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<2 GeVb

T
p1<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
3

v

0.8

1

1.2

1.4
-1bµ=5.02 TeV, 22 NNsPb+Pb 

Data
et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<2 GeVb

T
p1<

Centrality [%]

0 20 40 60

{2
P

C
}

3
v

0.05

0.1
Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<3 GeVb

T
p2<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
3

v
0.8

1

1.2

1.4
-1bµ=5.02 TeV, 22 NNsPb+Pb 

Data
et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<3 GeVb

T
p2<

Centrality [%]

0 20 40 60

{2
P

C
}

4
v

0.005

0.01

0.015

0.02

Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<1 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
4

v

0.8

1

1.2

-1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<1 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

{2
P

C
}

4
v

0.02

0.04
Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<2 GeVb

T
p1<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
4

v

0.8

1

1.2

-1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<2 GeVb

T
p1<

Centrality [%]

0 20 40 60

{2
P

C
}

4
v

0.02

0.04

0.06

0.08
Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<3 GeVb

T
p2<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
4

v

0.8

1

1.2

-1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<3 GeVb

T
p2<

Xe+Xe / Pb+Pb flow 
harmonics ratio

Centrality [%]

0 20 40 60

{2
P

C
}

2
v

0.05

0.1

0.15 Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
2

v

1

1.2

1.4 -1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

{2
P

C
}

3
v

0.02

0.04

0.06

Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
3

v

0.8

1

1.2

1.4
-1bµ=5.02 TeV, 22 NNsPb+Pb 

Data
et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

{2
P

C
}

4
v

0.01

0.02

0.03
Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
4

v

0.8

1

1.2

-1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

et alTheory, Giacalone 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

{2
P

C
}

5
v

0.005

0.01

0.015

Pb+Pb

Xe+Xe
-1bµ=5.02 TeV, 22 NNsPb+Pb 

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
5

v

0.8

1

1.2

-1bµ=5.02 TeV, 22 NNsPb+Pb 
Data

ATLAS Preliminary
-1bµ=5.44 TeV, 3 NNsXe+Xe 

<5 GeVb

T
p0.5<

pT

vn

vn



 [TeV]FCal
TEΣ

0 1 2 3 4 5

ar
bi

tra
ry

 u
ni

ts

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10
-12015 Pb+Pb data, 0.49 nb

-1bµ2017 Xe+Xe data, 3 
 = 5.44 TeVNNsXe+Xe, 
 = 5.02 TeVNNsPb+Pb, 

 PreliminaryATLAS

0-10%

0-10%

10-20%

10-20%

20-30%

20-30%

30-40%

30-40%

40-60%
40-60%

60-80%
60-80%

• Characterized with ΣET in FCal, |η| = 3.1-4.9 

• Xe-129 nuclear wavefunction from A1/3 scaling of 
Sb-122 Woods-Saxon parameters [1] 
➡ alternate descriptions included by systematics [2] 
➡ co-dominant TAA uncertainty in 0-50% events  

• σNN = 71mb ± 3mb [3] 

• Central TAA values from 2CM fit with x=0.09 
➡ same used for ATLAS Run 1 and Run 2 Pb+Pb 

• 82.4% of distribution in range ΣET  > 40 GeV 
➡ conservatively free of “non-Glauber” backgrounds 
➡±1% uncertainty, dominant systematic

Xe+Xe @ 5.44 TeV centrality calibration for 
QM’18 ATLAS measurements

[1] “Xes” in v2.4 of PHOBOX MC Glauber 
[2] scaling from Xe-132 (“Xe”), reweighed 
WS in MC Glauber 3.0 (“Xerw”) 
[3] ATLAS & TOTEM measurements of σtot

ATLAS-CONF-2018-007


