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The idea
• Relate initial state quantity (event mean  ) with evolution towards the final state (flow harmonics)   

• Known that the correlation exists  (ALICE Phys. Rev. C93, 034916) 

• Pearson correlation coefficient   distorted by the limited event multiplicity 

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

• Replaces variances by dynamic counterparts  ,     

• Reproduces true   even with limited event multiplicity 
→ detector independent measurement 

• Is the correlation present & positive or negative?  
Is it strong? Is it the same for all harmonics?  
Is it the same in Pb+Pb an p+Pb?
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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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where corrn{2} and corrn{4} are the values of two- and four-particle correlations [26] and where angular
brackets denote that they are averaged over events. These correlations are described in detail in Section 4.

The variance of [pT] is replaced by the dynamical pT fluctuation magnitude [28, 29] ck defined as

ck =
D 1

Npair

’
i

’
j,i

(pT,i � h[pT]i)(pT, j � h[pT]i)
E

(3)

where h[pT]i is the average [pT] over the all analysed events. The modified PCC ⇢ is thus defined as

⇢ =
cov(vn{2}2, [pT])q
Var

�
vn{2}2�

dyn
p

ck
. (4)

It was demonstrated in Ref. [25] that the ⇢ coe�cient calculated using realistic and finite multiplicities
provides a reliable estimate of the true value of R found in the limit of infinite multiplicity, whereas the
coe�cient R, calculated using Eq. (1) for finite multiplicity underestimates the true value.

The ALICE experiment measured [20] that the charged-particle pT spectrum is correlated with the
magnitude of the elliptic flow. It is measured to be harder in collisions with the higher second flow
harmonics and softer in collisions where the elliptic flow is smaller. The magnitude of spectra modification
is observed to increase with pT, starting to be significant at around 1 GeV and reaching a few percent at
around 5 GeV. The modification is found to be most significant in the mid-central collisions, decreasing in
the most central ones. The ALICE results suggest that the value of the correlation coe�cient should be
significant in mid-central and central collisions and that its magnitude and centrality dependence should
be sensitive to the scale of intrinsic fluctuations of v2 and pT. Including particles of higher pT in the
measurement is expected to result in increased values of the ⇢(v2{2}2, [pT]). The [pT] correlations with v2
in peripheral Pb+Pb collisions, v3 and v4 in wide centrality range as well as for the v2 in high multiplicity
p+Pb are unexplored by measurements.

This paper reports on the first measurement of the ⇢ coe�cient with the ATLAS detector in Pb+Pb and
p+Pb collisions at a centre-of-mass energy per nucleon pair of 5.02 TeV. The Pb+Pb data sample with a
total integrated luminosity of 22 µb�1 was collected in 2015, and the p+Pb sample with 28 nb�1 in 2013.

This paper is organised as follows. Section 2 gives a brief description of the ATLAS detector. Details of
the event selection and charged-particle reconstruction are provided in Section 3. Section 4 describes the
analysis procedure for calculating the ⇢ coe�cient. Systematic uncertainties are described in Section 5.
Results are presented in Section 6, followed by a summary in Section 7.

2 Experimental setup

The ATLAS experiment [30] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4⇡ solid angle coverage. The inner detector (ID) covers the
pseudorapidity1 range |⌘ | < 2.5 and is surrounded by a thin superconducting solenoid providing a 2 T axial

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 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).

3



Details

• Dataset:  ,  
2015 Pb+Pb 22 , 2013 p+Pb 28  

• Distinct sets of particles for   and    

• Rapidity gaps to suppress non-flow 

• Analysis in narrow bins of multiplicity in froward regions 

• Mapped to   and   

• Several   intervals: hydrodynamics region,  energy loss region & region to test sensitivity to 
multiplicity change

sNN = 5.02 TeV
μb−1 nb−1
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This is followed by a software-based high level trigger (HLT) stage that reduces the accepted event rate to
1–4 kHz depending on the data-taking conditions during 2018 Pb+Pb collisions.

3 Data sample and event selection

The measurements presented in this note were performed using the p
sNN = 5.02 TeV Pb+Pb dataset

collected in 2018, with a total integrated luminosity of 1.73 nb�1. Events were selected for analysis using
several triggers. All triggers required one ZDC side to have a minimum amount of energy at L1 consistent
with the presence of one or more spectator neutrons (referred to as the Pb-going side), while the other side
was required to have an energy below a maximum-energy cuto�, consistent with no neutrons (referred to as
the photon-going side). This topology is referred to as “0nXn” in the text and figures of this note. All
triggers additionally included an upper bound on the total transverse energy deposited in the calorimeter
at L1 of 200 GeV. A “minimum-bias” (MB) trigger was defined by requiring only one reconstructed
online track with pT > 0.4 GeV. Several high-multiplicity triggers (HMT) were defined by requiring an
additional online condition and a larger number of online tracks originating from the same vertex. A
HMT with threshold of fifteen tracks was defined by first requiring a hit in the MBTS at L1. Two HMTs
with thresholds of 25 and 35 tracks were defined by first requiring a minimum amount of energy in the
calorimeter at L1. This last HMT sampled the full luminosity during data-taking. Finally, to further reduce
backgrounds from peripheral Pb+Pb events in the HMT selection, a maximum amount of transverse energy
was also required in the photon-going FCal side. A separate trigger, designed to select hadronic Pb+Pb
interactions to characterize the physics backgrounds in the measurement, required energy in both ZDC
sides at L1 and a reconstructed online track at HLT.

Given the low occupancies of UPC events, the charged-particle track and calorimeter cluster reconstruction
procedures follow those optimized for pp data-taking [25, 26]. Reconstructed charged-particle tracks are
used in the analysis if they satisfy quality criteria as outlined in Ref. [27]. Tracks are further required to have
pT > 0.4 GeV, |⌘ | < 2.5, and a distance of closest approach to the reconstructed vertex in the longitudinal
direction of less than 1.5 mm. Clusters in the range |⌘ | < 4.9 are constructed from topologically-connected
groups of calorimeter cells [28]. They are required to meet the significance criteria outlined in Ref. [20] to
suppress the contribution from electronic noise fluctuations.

Events are required to have a reconstructed primary vertex within |z | < 90 mm. Events compatible with
multiple in-time interactions are tagged by the presence of multiple reconstructed vertices. These comprise
less than 1% of the sample and are rejected. Events are further characterized by their charged-particle
multiplicity, N rec

ch , which is defined as in previous ATLAS measurements of correlations in small systems
as the total number of reconstructed tracks, without e�ciency correction, with pT > 0.4 GeV and |⌘ | < 2.5.
Events with a given N rec

ch were included in the analysis if they passed an HMT which was more than 80%
e�cient for events with this N rec

ch value. No correction for the trigger e�ciency is applied. Events with
N rec

ch < 15 were recorded by the MB trigger.

Reconstructed pseudorapidity gap quantities are used to distinguish between di�erent physics processes
such as photo-nuclear collisions, low-activity (peripheral) hadronic Pb+Pb collisions, and dissociative
�� ! X processes. The requirement of a rapidity gap above a minimum value in the photon-going
direction can e�ciently remove peripheral Pb+Pb events, while the requirement of a maximum gap size in
the Pb-going direction removes �� ! X and particularly low-activity Pb+Pb processes.
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This is followed by a software-based high level trigger (HLT) stage that reduces the accepted event rate to
1–4 kHz depending on the data-taking conditions during 2018 Pb+Pb collisions.

3 Data sample and event selection

The measurements presented in this note were performed using the p
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collected in 2018, with a total integrated luminosity of 1.73 nb�1. Events were selected for analysis using
several triggers. All triggers required one ZDC side to have a minimum amount of energy at L1 consistent
with the presence of one or more spectator neutrons (referred to as the Pb-going side), while the other side
was required to have an energy below a maximum-energy cuto�, consistent with no neutrons (referred to as
the photon-going side). This topology is referred to as “0nXn” in the text and figures of this note. All
triggers additionally included an upper bound on the total transverse energy deposited in the calorimeter
at L1 of 200 GeV. A “minimum-bias” (MB) trigger was defined by requiring only one reconstructed
online track with pT > 0.4 GeV. Several high-multiplicity triggers (HMT) were defined by requiring an
additional online condition and a larger number of online tracks originating from the same vertex. A
HMT with threshold of fifteen tracks was defined by first requiring a hit in the MBTS at L1. Two HMTs
with thresholds of 25 and 35 tracks were defined by first requiring a minimum amount of energy in the
calorimeter at L1. This last HMT sampled the full luminosity during data-taking. Finally, to further reduce
backgrounds from peripheral Pb+Pb events in the HMT selection, a maximum amount of transverse energy
was also required in the photon-going FCal side. A separate trigger, designed to select hadronic Pb+Pb
interactions to characterize the physics backgrounds in the measurement, required energy in both ZDC
sides at L1 and a reconstructed online track at HLT.

Given the low occupancies of UPC events, the charged-particle track and calorimeter cluster reconstruction
procedures follow those optimized for pp data-taking [25, 26]. Reconstructed charged-particle tracks are
used in the analysis if they satisfy quality criteria as outlined in Ref. [27]. Tracks are further required to have
pT > 0.4 GeV, |⌘ | < 2.5, and a distance of closest approach to the reconstructed vertex in the longitudinal
direction of less than 1.5 mm. Clusters in the range |⌘ | < 4.9 are constructed from topologically-connected
groups of calorimeter cells [28]. They are required to meet the significance criteria outlined in Ref. [20] to
suppress the contribution from electronic noise fluctuations.

Events are required to have a reconstructed primary vertex within |z | < 90 mm. Events compatible with
multiple in-time interactions are tagged by the presence of multiple reconstructed vertices. These comprise
less than 1% of the sample and are rejected. Events are further characterized by their charged-particle
multiplicity, N rec

ch , which is defined as in previous ATLAS measurements of correlations in small systems
as the total number of reconstructed tracks, without e�ciency correction, with pT > 0.4 GeV and |⌘ | < 2.5.
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Reconstructed pseudorapidity gap quantities are used to distinguish between di�erent physics processes
such as photo-nuclear collisions, low-activity (peripheral) hadronic Pb+Pb collisions, and dissociative
�� ! X processes. The requirement of a rapidity gap above a minimum value in the photon-going
direction can e�ciently remove peripheral Pb+Pb events, while the requirement of a maximum gap size in
the Pb-going direction removes �� ! X and particularly low-activity Pb+Pb processes.
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FIG. 5. Correlation coefficient between the elliptic flow coeffi-
cient squared (triangles) or the triangular flow coefficient squared
(stars) and the average transverse momentum for p-Pb collisions at
5.02 TeV for two centralities, 0–3% and 10–20%. The hydrodynamic
evolution is performed for two scenarios of energy deposition in the
initial fireball: compact source (lower symbols) and standard Glauber
model (upper symbols).

The predicted flow depends strongly on assumptions concern-
ing the initial density fluctuations [18]. Two simple scenarios
of the entropy deposition in the transverse plane are studied:
the standard Glauber model, with entropy deposited at the
positions of the participant nucleons, and the compact source
scenario, with entropy deposited in between the two colliding
nucleons [19]. For centralities in the range 0–20% the rms
radius of the fireball in the first scenario is around 1.5 fm,
while in the second case it is much smaller, 0.9 fm.

The correlation between the final average transverse mo-
mentum [p⊥] and the initial eccentricities has a different
sign in the two scenarios. For centrality 0–3%, one finds
ρ([p⊥],ϵ2) = −0.04 ± 0.03 and ρ([p⊥],ϵ3) = −0.13 ± 0.04
for the compact source model, while ρ([p⊥],ϵ2) = 0.14 ±
0.03 and ρ([p⊥],ϵ3) = 0.05 ± 0.03 for the standard Glauber
model. The final transverse-momentum–flow correlation is
very different in the two scenarios. For the larger source it is
positive and for the compact source it is negative (Fig. 5). The
measured value of the transverse-momentum–flow correlation
in small systems is very sensitive to the mechanism of the
entropy deposition in the initial state of hydrodynamics. It
would be also interesting to check if this observable could be
used to distinguish between the hydrodynamic expansion and
the partonic cascade mechanism [20] of generating flowlike
correlations in small systems.

V. CONCLUSIONS

An observable testing the hydrodynamic response of the
particle spectra to the initial eccentricity is proposed. It
provides a simple quantitative measure of the correlation
between the transverse flow and the coefficients of the
azimuthal asymmetry of the spectra. A correlation coefficient
can be defined between the square of the flow coefficient
v2

n and the average transverse momentum in the event [p⊥].
Excluding self-correlations in the calculation of the covariance
and the variances, one obtains a good estimator of the

correlation coefficient of the average transverse momentum
and the flow coefficients of the spectra, with no significant
nonflow effects. Explicit calculations in the relativistic hy-
drodynamic model show that the transverse-momentum–flow
correlation can be measured for heavy-ion collisions at the
LHC. The same is true for collisions at energies currently
available at the BNL Relativistic Heavy Ion Collider, but the
smaller pseudorapidity acceptance and smaller multiplicity
would make the interpretation more difficult due to nonflow
effects.

The azimuthal asymmetry in the spectra of particles
emitted in relativistic heavy-ion collisions is formed during
the collective transverse expansion of the fireball. The strength
of the response depends on the gradients of the source density.
For smaller sources a stronger transverse flow is generated.
On the other hand, fireballs with a smaller initial size tend to
have smaller eccentricities, especially for the triangular flow.
Hydrodynamic model calculations give a significant positive
correlation between the average transverse flow and the elliptic
flow, increasing from central to midcentral collisions. This is
qualitatively consistent with the experimental results using
the event shape engineering [9] and the analysis of the
nonlinear response in Ref. [6]. The hydrodynamic model
with the Glauber model initial condition using a smoothing
scale of 0.4 fm predicts almost no correlations between the
triangular flow and the average transverse momentum. It would
be interesting to check if the transverse-momentum–flow
correlations in peripheral A-A or in p-A collisions could be
used as an additional constraint in studies trying to estimate
the smoothing scale in the initial entropy deposition in the
fireball [21]. The sensitivity of the proposed correlation
measure to viscosity coefficients of matter in the fireball is
left for further studies. In this context it should be noted
that transverse-momentum fluctuations are sensitive to the
effective equation of state [22] and could be sensitive to the
increase of bulk viscosity near the critical temperature.

In small system collisions the magnitude of the transverse
push in the expansion is very sensitive to the duration of
the collective dynamics and the size of the initial fireball.
Moreover, if the system size fluctuates to be small, the
smoothing in the initial entropy deposition yields a stronger
reduction of the initial eccentricities. The hydrodynamic
model gives very different predictions for the transverse-
momentum–flow correlation in two scenarios: the standard
Glauber model and the compact source scenario in p-Pb
collisions at the LHC. This observable could be used to probe
the mechanism of energy deposition at small scales in the the
first stage of the collision. Finally, it would be interesting to
compare the predictions of the hydrodynamic and the cascade
AMPT models [20,23] for the transverse-momentum–flow
correlation.

In summary, the paper proposes to study correlations be-
tween the flow, or specifically the square of the flow coefficient,
and other observables, as an alternative to the event shape
engineering technique. Hydrodynamic model calculations for
the correlation of the flow and the transverse momentum
demonstrate the practical feasibility of the procedure. The
transverse-momentum–flow correlation could be used to study
fluctuations in the initial stage of the collision.

044908-4

Phys. Rev. C 93, 044908 



Event-plane dependence of HBT radii in high-multiplicity 
in 5.02 TeV p+Pb collisions with the ATLAS detector

�12

ATLAS-CONF-2017-008

https://cds.cern.ch/record/2244818


• Many observables point to the collective behaviour of the system created in p+Pb collisions 

• Competitive theoretical explanations available, hydrodynamics vs “glasma” models 

• By measuring the shape of the fireball we can provide useful input 

• Technique: 

• Measure the HBT radii with pions (0.2 <   <0.3 GeV - late ev. stag) 
as a function of angular distance of   from   -   

• In bins of flow vector magnitude  
 

• Is there any modulation visible in p+Pb? How significant?

• Does it depend on the � , does it become �  for � ? 

• Does it resemble the modulation in A+A?

kT
kT Ψ2 2(ϕk − Ψ2)

| ⃗q 2 |
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Analysis
• Events selection: 28  of p+Pb data from 2013 

• High multiplicity   

• Very careful treatment of detector effects applied 

•   GeV, same-, mixed- events distribution 
corrected for   resolution  
(U. W. Heinz Phys. Rev. 044903),  
 
  includes corrections for: 
 final state - Bowler-Sinyukov  
 jets - opposite-sign + scaling from MC 

• Extracted modulation amplitude for:  
Rout -along , Rside -  , Ros, Rlong - along z  
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other words, the bin is rejected with probability 1/Nbin count. Otherwise the bin is disallowed for the second261

particle, and its bin is redrawn until it corresponds to a di�erent bin than the first particle’s. Without this262

correction for sampling-without-replacement, there is a small but significant enhancement at low |q| of the263

sampled pair distribution relative to the classically event-mixed distribution.264

A first-order smoothing procedure along the pT dimension is applied to N in order to avoid non-physical265

discontinuities resulting from the histogram sampling.266

The sampling method does not account exactly for variations of the detector acceptance and e�ciency over267

pT, ⌘, and �k , because each track contributes a count to a bin which represents a small range of possible268

values of pT, ⌘, and 2�0k . Therefore the background is multiplied by the ratio of an event-mixed distribution269

to a sampled pair distribution, where both of these distributions are not corrected for event plane resolution270

(left panel of Figure 3). This correction is applied as a function of qinv =
p
�q2 in bins of kT.271

The sampled momentum p distribution does not fully account for azimuthal anisotropies in the pair response272

of the detector. This e�ect is evaluated by taking the ratio of a distribution of mixed events to a similar273

distribution in which one of the events is smeared by a random angle; the result is shown in the right panel274

of Figure 3. The sampled background is multiplied by this ratio, which is evaluated as a function qinv in275

bins of kT.276

4.2 Correlation function fitting277

4.2.1 Form of the correlation function278

The details of the correlation function description are largely identical to the procedure described in279

Ref. [31]. Femtoscopic analysis can be performed in one dimension as a function of the Lorentz invariant280

qinv using an exponential form for the Bose-Einstein part of the correlation function281

CBE(qinv) = 1 + e�Rinvqinv , (15)

where Rinv is the Lorentz invariant HBT radius. The invariant radius is used to parameterize the Coulomb282

correction in the three-dimensional correlations.283

The Bose-Einstein component of the three-dimensional correlation functions that is of main interest in this284

analysis is in the form:285

CBE(q) = 1 + e�kRqk , (16)

where R is a symmetric matrix in the “out-side-long” coordinate system [48–51]286

R = ©≠
´

Rout Ros 0
Ros Rside 0
0 0 Rlong

™Æ
¨
. (17)

Here, Rout represents a length measured in the direction parallel to the kT of the pairs, Rside represents287

the other transverse direction, and Rlong represents the dimension along the z-axis when boosted to the288

longitudinal rest frame of the pair. The o�-diagonal term, Ros, couples the two transverse radii and, while289

zero on average, has an azimuthal modulation in sources with a transverse ellipticity. The Rol term, which290

couples the “out” and “long” components, can in principle be non-zero in z-asymmetric collisions like291

p+A, and in fact is observed by ATLAS to be distinct from zero in p+Pb collisions on the proton-facing292
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and
⇠ =

⇡/Nbins
hcos (2� 2)i sin (⇡/Nbins)

� 1 (9)

with Nbins = 8 being the number of azimuthal bins. The mixed-event distribution B(q) is also corrected
with Eq. 6, and the correlation function C(q) is then formed by taking the ratio of the corrected same- and
mixed-event relative momentum distributions

C(q) =
Acorr(q)
Bcorr(q)

.

Only the second-order harmonics are corrected in this procedure, as higher-order harmonics are not
considered in this analysis.

4.2.2 Correlation function form

The Bowler-Sinyukov formalism [31, 32] is used to account for final-state corrections:

C(q) = (1 � �) + �K (qinv)CBE(q) , (10)

where K is a correction factor for final-state Coulomb interactions as a function of Lorentz-invariant
relative momentum qinv parameterised by an e�ective source size Re� , and CBE(q) = 1 + F [Sk] (q)
with F [Sk] (q) denoting the Fourier transform of the two-particle source density function Sk(r). Several
factors influence the value of the parameter �. Including non-identical particles decreases this parameter,
as does coherent particle emission. Products of weak decays or long-lived resonances also lead to a
decrease in �, as they are emitted at a length scale greater than femtoscopic methods can resolve given
the momentum resolution of the detector. These additional contributions to the source density are not
Coulomb-corrected within the Bowler-Sinyukov formalism. When describing pion pairs of opposite
charge, there is no Bose-Einstein enhancement and CBE = 1.

The particular choice of the correction factor K (qinv), which can modify the two-particle correlations at
small relative momentum, is determined using the formalism in Ref. [33]. This uses the approximation
that the Coulomb correction is e�ectively applied not from a point source, but over a Gaussian source
density of radius Re� .

The Bose-Einstein component of the three-dimensional correlation functions is fit to a function of the
form

CBE(q) = 1 + e�kRqk , (11)

where R is a symmetric matrix in the “out-side-long” coordinate system [34–37]

R =
*..
,

Rout Ros 0
Ros Rside 0
0 0 Rlong

+//
-
. (12)

The “out” direction is along the kT of the pairs, the “side” is the other transverse direction, and the “long”
axis is along the z-axis, boosted to the longitudinal rest frame of the pair. The o�-diagonal entry Rol
(which couples the “out” and “long” components) can in principle be non-zero in z-asymmetric collisions
like p+A, and in fact is observed by ATLAS to be distinct from zero in p+Pb collisions on the proton-
facing side of central events [16]. However, the magnitude is at largest about a factor of 50 smaller than
the diagonal radii (about 0.1 fm), and then only when analyzed as a function of pair rapidity y?⇡⇡ . In
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4.4 Extracting Fourier components of HBT radii

The EP resolution correction induces correlations between the di�erent azimuthal bins in A and B, since
statistical fluctuations in the 2nd order Fourier coe�cients are enhanced. As a result, statistical correlations
in the HBT radii are induced between di�erent azimuthal bins. The propagation of these correlations from
bins of A and B through the full fitting procedure is computationally prohibitive. While enhancements
to the modulation of the HBT radii are not a priori strictly linear in ⇠, it is observed empirically that the
second-order Fourier coe�cients are enhanced by a factor that is consistent with the EP resolution, as
in Eq. 6. To the extent that enhancements to the azimuthal modulation of the HBT radii are, like A(q)
and B(q), proportional to ⇠ (as defined in Eq. 9), imposing the same relative correlation across �k is a
reasonable approximation. Thus, for the purposes of extraction of the Fourier components, the azimuthal
correlations between radii are assumed to be of the same form as they are between elementary quantities
like A(q). A multivariate Gaussian �2 utilizing this non-trivial covariance matrix is then minimized to
extract the zeroth- and second-order Fourier components.

The results for the HBT radii are fit to a function of the form

Ri = Ri,0

 
1 + 2

Ri,2

Ri,0
cos[2(�k �  2)]

!
, (15)

where i is “out”, “side”, or “long”, while the cross-term Ros, which has no zeroth-order component, is fit
to

Ros = 2Ros,2 sin[2(�k �  2)] . (16)

The allowed Fourier components for each element of the HBT matrix are discussed in Ref. [38]. In order
to focus on the azimuthal modulation of the source, HBT radii and their second-order Fourier components
are presented normalised by the zeroth-order Fourier component. This choice also renders the result
insensitive to the non-minimum-bias nature of the data sample introduced by the HMTs. Because Ros has
no zeroth-order component, it is instead normalized by the average of the zeroth order components of the
transverse radii Rout and Rside.

5 Systematic uncertainties

The systematic uncertainties in the extracted parameter values have contributions from several sources: the
jet fragmentation description, PID, the e�ective Coulomb correction size Re� , two-particle reconstruction
e�ects, and EP resolution. Most of these systematic uncertainties, with the exception of the EP resolution,
are treated identically to those in Ref. [16].

In the previous ATLAS result, the largest source of uncertainty originated from the description of the
background correlations⌦(q) from jet fragmentation. In this measurement, however, the high multiplicity
and low kT suppress the jet background. The correction and the uncertainties inherent in the mapping
from opposite- to same-charge fragmentation correlations are applied the same way. The amplitude of
the hard-process contribution is scaled up and down by 12.3%, which accounts for uncertainties coming
from the choice of MC generator used in the study (P����� vs. H�����++) and from the application of
pp MC generators in a p+Pb system, which was studied by comparing pp and p+Pb systems in H�����.
An additional variation is applied on the mapping from opposite- to same-charge correlation functions by
deriving it from di�erent rapidity ranges [16].
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Conclusions
• ATLAS measured correlations of  with event mean-  in Pb+Pb and p+Pb 

• Significant values for all harmonics in central Pb+Pb 

• Very different magnitudes and behaviour with centrality for   and   

• For peripheral Pb+Pb collisions and p+Pb the   for   correlation is negative  
and   compatible 

• Hydrodynamical simulations predicted such behaviour in Pb+Pb, useful insight into initial conditions 
in p+Pb 

• ATLAS measured azimuthal variation of HBT radii in p+Pb 

• Found significant radii modulation  

• Magnitude of   does not affect observed radii, except for very symmetric events 

• Qualitatively reassemble observations in A+A systems 

• Naturally explained by hydrodynamics

vn pT

v2, v3 v4

ρ v2
∼

| ⃗q 2 |
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