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Anisotropic flow measurements in heavy-ion collisions provide important constraints on the equa-

tion of state of hot and dense matter.

In these measurements nonflow correlations need to be

eliminated and therefore advanced multi-particle correlation techniques have been developed. More
recently the importance of event by event fluctuations in the magnitude of the anisotropic flow
has become clear. The anisotropic flow analysis using cumulants has a characteristic sensitivity
to these fluctuations. Unfortunately the currently available approaches to calculate the cumulants
have biases which complicate the analysis. In this paper we present a new analytic unbiased way to

calculate the cumulants.

PACS numbers: 25.75.Ld, 25.75.Gz, 05.70.Fh

I. INTRODUCTION

The observed collective motion in heavy-ion collisions
is a detailed probe of the created hot and dense mat-
ter. In non-central heavy-ion collisions the collective mo-
tion is azimuthally anisotropic due to the initial spatial
anisotropic geometry of the overlap region and the pres-
sure developed early in the collision. At RHIC energies
the sizable azimuthal momentum-space anisotropy ob-
served [Il 2] is the main evidence for the nearly perfect
liquid behavior [3] of the created matter.

FIG. 1: Schematic view of a non-central nucleus-nucleus col-
lision in the transverse plane.

The particle yield can be characterized by [4]:
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where F is the energy of particle, p’ is particle’s three-
momentum, p; is particle’s transverse momentum, ¢ is
its azimuthal angle, y is the rapidity and Vg the reac-
tion plane angle. The reaction plane angle, Uy, is the
azimuthal angle that impact parameter vector spans in

the laboratory frame, see Fig[l] The Fourier coefficients
v, in Eq. (1)) quantify the anisotropic flow. The first co-
efficient, vy, of this Fourier series is called directed flow
and second coefficient, vo, is called elliptic flow. In gen-
eral the coefficients v,, are p; and y dependent—in this
context we refer to them as differential flow. On the
other hand when we are interested only in their average
values we refer to them as reference flow. From Eq.
it follows that the average Fourier coefficients are given
by:

(va) = (cosn(o = ¥r)) = ((¢"@7IW)) . (2)

where the double brackets denote a statistical average
over all particles and all events.

Since the reaction plane Vg is not known experimen-
tally, the anisotropic flow is estimated using azimuthal
correlations between the observed particles. In the case
of 2-particle azimuthal correlations the correlator is pro-
portional to (vZ). This can be seen by:
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where the double brackets denote a statistical average
over all particles and all events (we keep this conven-
tion throughout the paper). Eq. assumes that the
azimuthal correlations between particles are only due to
correlation of each particle with the reaction plane. To
calculate azimuthal correlations it is customary to define
a @Q-vector evaluated in harmonic n:

M .
Qn=) em, (4)
i=1

where M is the total number of reference particles in
particular event.



Anisotropic flow is a collective effect because it origi-
nates from correlation of all the particles with the reac-
tion plane. This can be exploited experimentally by using
multiparticle correlations to estimate v,,. This approach,
improved further to use genuine multiparticle correla-
tions (cumulants), was adapted to measure anisotropic
flow in [6, [7, [8] and it has the additional advantage that
it allows to subtract systematically the so called nonflow
effects from v,,. To calculate these multiparticle correla-
tions directly the number of operations is approximately

# of operations ~
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where M is the number of particles in an event and k =
2,4,6, .... for two, four, six, etc particle correlations. For
the typical number of particles, of order 1000, measured
in high energy heavy-ion collisions such an approach is
clearly not feasible.

To overcome this problem the cumulants were instead
expressed in terms of various moments of the modulus of
the Q-vector [6]. The advantage is that the number of op-
erations required is now o< M for each k. Unfortunately,
flow estimates from cumulants constructed in such a way
were systematically biased by the interference between
various harmonics (this is clearly seen if one wants to
estimate harmonic vy while vy is much larger).

An improved cumulant method using the formalism of
generating functions was constructed [T, [8] which fixed
the problem of interfering harmonics while keeping the
number of operations o< M for each k. For this approach
the calculation beyond k& = 2 becomes analytically rather
tedious and therefore the solutions are obtained using in-
terpolation formulas. Unfortunately this introduces nu-
merical uncertainties and requires tuning of interpolating
parameters for different values of the flow harmonics v,
and multiplicity.

In this paper we present a new analytic way to calcu-
late the cumulants. In our approach the cumulants are
not biased by interference between various harmonics,
interpolating formulas characteristic for the formalism of
generating functions are not needed, and moreover we
demonstrate that all detector effects can be analytically
and automatically disentangled from the flow estimates
in a single pass over the data. The number of operations
required in our approach is still o M for each k. Since
in our approach cumulants are solely expressed in terms
of expressions involving Q-vectors evaluated (in general)
in different harmonics, we call them Q-cumulants.

A. Outline of the paper
II. SETTING UP THE STAGE

In this section we introduce the basic terminology and
notation we will be using throughout the paper.

A. DMultiparticle azimuthal correlations

For simplicity sake we consider explicitly only 2- and 4-
particle azimuthal correlations—the generalization to az-
imuthal correlations involving more particles is straight-
forward and will not be presented here. In the way we
define it, average 2- and 4-particle azimuthal correlations
are obtained through the averaging procedure which con-
sists of two distinct steps.

In the first step we define single-event average 2- and
4-particle azimuthal correlations in the following way:
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In above two equations ¢; is the azimuthal angle mea-
sured in laboratory frame of the i-th reference particle (in
Section [[VB] we elaborate in detail on the most general
case for labeling a particle as Reference Particle (RP)
and/or Particle Of Interest (POI)). In order to avoid
a trivial contribution coming from autocorrelations we
have enforced the constraints i # j and ¢ # j # k # [ in
Eqgs. @ and @, respectively.

In the second step we define the final, all-event average
2- and 4-particle azimuthal correlations:
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where N is the number of events. In the second step we
have introduced the event weights Wi,y and W . They
are determined event-by-event in terms of multiplicity in
the following way:
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Wiy = M(M —1) (10)
Wiy = M(M —1)(M —2)(M - 3). (11)

The above choice for the event weights reflects the num-
ber of different 2- and 4-particle combinations one can
form for the event with multiplicity M. This choice of
event weights minimizes the statistical spread.



B. Cumulants

In this section we briefly summarize the most impor-
tant facts about cumulants. Consider first any two ran-
dom observables x; and zo and their joint probability
distribution function f(z1,z2). In the case z; and o
are statistically independent the joint probability distri-
bution function factorizes, namely

f(x1,22) = fu, (21) fa, (22) - (12)

In the case x; and x5 are not statistically independent,
i.e. if they are statistically connected, than there is a gen-
uine 2-particle correlation in the system which we quan-
tify in terms of genuine 2-particle probability distribution
function f.(x1,z2). At the level of 2-particle correlation
we have then in general the following decomposition:

f(@1,22) = fuy (T1) fan (22) + fe(z1,22) . (13)

Written in terms of expectation values this decomposi-
tion translates into:

E[z129) = E[x1]E[z2] + Ec[z122] . (14)

In practice we rarely know the exact functional form of
the p.d.f.’s appearing in Eq. . However, we can use
measured (sampled) values of random variables z1 and z9
to construct an unbiased estimators for the expectation
values in Eq. .

The last term on the RHS in Eq. , E.[xqx9],
is by definition the 2" order (or 2-particle) cumulant.
It isolates the contribution to the expectation value
Elzyz2] coming only from the genuine 2-particle corre-
lation f.(z1,x2). This procedure can be generalized to
any number of observables. Namely, for n random ob-
servables it is possible to isolate the contribution com-
ing only from the genuine n-particle correlation, which
is defined to be the n'® order (or m-particle) cumulant
E.x129---2,]. The cumulant E.|xi2s---2,] is zero if
one of the observables x1,xs,...,x, is statistically in-
dependent from the others. Conversely, the cumulant
E.[xq1x2 - - - ] is not vanishing if and only if the variables
r1,%2,...,T, are statistically connected. For a proof of
these statements we refer reader to [5].

1. Cumulants in flow analysis

The general formalism of cumulants highlighted in pre-
vious section was introduced into flow analysis practice
by Ollitrault et alin [6,[7,[8]. As two random observables
x1 and xo Ollitrault et al have identified
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where ¢ and ¢ are azimuthal angles of two particles
measured in the laboratory frame. With this choice for

random observables 1 and x2 we can write Eq. in
the following way:
E[ein(¢r¢z)] — E[eind)l}E[e*indD} + Ec[ein(zbraﬁz)]7
(16)

i.e.

Ec[ei”(‘z’l’m)] — E[ele*@)] — E[e"91|E[e= 2],

(7)
In practice we cannot estimate cumulant E,[e($1~%2)]
directly. Instead, we estimate from the sampled values
of random observables ¢; and ¢, the quantities E[e™?1],
El[e~™92] and E[e"™(#1=92)] and than use the relation
to estimate the 2°¢ order cumulant B, [e?(¢1=¢2)],
An immediate consequence of the choice is that for
the perfect detector (i.e. for detector with uniform az-
imuthal acceptance) E[e’"?1] and E[e~""%2] vanish [7], so
that we have

Ec[em(‘ﬁl*@)] — E[em(mf@)] ) (18)

An unbiased estimator for E[e"*(¢1=%2)] is an all-event
average 2-particle correlation defined in Eq. , so that
we finally have

enf2} = ((2)) (19)

where we have used the standard notation ¢,{2} for
the unbiased estimator of true 2°! order cumulant
Ec[ein(¢1—¢2)]_

In order to get analogously the estimate for 4t order
cumulant we need to decompose the average 4-particle
azimuthal correlation into its independent contributions.
It was shown in [7] that for the case of detectors with
uniform acceptance the average 4-particle correlation de-
composes into:

E[ein(¢1+¢2—¢3—¢4)] — E[eiﬂ(¢1—¢3)]E[€i"(¢2—¢4)]
+ E[ein(fbl*¢4)]E[€in(¢2*¢3)]
+ EC[ein(¢1+¢>2*¢>3*<¢54)]7 (20)
which we can invert to isolate the average genuine 4-
particle correlation E, [e""(¢11¢2=¢3=¢4)] swhich is by def-
inition the 4*® order (or 4-particle) cumulant:
Ec[ein(¢1+¢2—¢3—¢4)} — E[ein(¢1+¢2—¢3—¢4)} (21)
_ E[ein(¢>1—¢3)]E[ei7t(¢2—¢4)]
_ E[ei"(%—¢4)]E[ei"(¢2—¢3)]_
Taking into account the unbiased estimators for 4- and

2-particle correlations given in Eqs. @[) and , respec-
tively, the relation translates into:

enfd} = ((4) —2- (2))* (22)

where now ¢, {4} stands for the unbiased estimator of
true 4" order cumulant E,[e"(?1t¢2=¢504)] We remark
that expressions and are applicable only for de-
tectors with uniform acceptance and will be generalized



in Appendix [C] to extend their applicability also for the
detectors with non-uniform acceptance.

The physical significance of cumulants lies in the fact
that all particles produced in a heavy-ion collision are
correlated to the reaction plane characterizing the geom-
etry of that collision (so called flow correlations). The
correlation of each particle to the reaction plane induces
the genuine multiparticle correlation for any number of
particles in the correlator. On the other hand, multipar-
ticle correlations which do not originate from the correla-
tion of each particle to the reaction plane (so called non-
flow correlations) typically involve only few particles—
this mean that they will contribute only to correlators
involving few particles. As an example, if there is a gen-
uine 2-particle nonflow correlation in the system (origi-
nating for instance from the 2-particle resonance decays
or from track splitting in the detector), than 2°¢ order
cumulant is sensitive to it while 4" order cumulant is
not. Usually the genuine 2-particle nonflow correlation
is denoted by d2 and for an event with multiplicity M its
strength can be roughly estimated as:

1

M1 23)

dg ~

simply because this is the probability that once we have
specified the first particle in the correlator we will out of
the remaining M —1 particles pick up as the second par-
ticle in the correlator the one which is correlated to the
first chosen particle in the correlator. On the other hand,
if there are flow correlations in the system, than they will
induce contribution to genuine multiparticle correlations
for any number of particles in the correlator and both 24
and 4" order cumulant will be sensitive to them. Hence
in this example only the 4** order cumulant can disentan-
gle the contribution coming from flow correlations from
the contribution coming from genuine 2-particle nonflow
correlations (this will be illustrated more explicitly with

the example in Section [[1I C)).

Having obtained estimates for cumulants one can easily
use them to estimate reference flow harmonics. Different
order cumulants provide independent estimates for the
same reference harmonic v,. In particular [7],

{2} = Ven{2}, (24)
vn{d} = V—caf4}, (25)

where notation v,{2} was used to denote the reference
flow harmonic v,, estimated from the 2" order cumulant
cn{2} and v, {4} stands for the reference flow harmonic
v, estimated from the 4" order cumulant c,, {4}.

After we have introduced in this section notation and
terminology in subsequent sections we present our re-
sults.

IIT. ESTIMATING REFERENCE FLOW
HARMONICS FROM @Q-CUMULANTS

As already indicated in the introduction it is possible
analytically to express cumulants solely in terms of ex-
pressions consisting of @Q-vectors evaluated (in general)
in different harmonics. In order to distinguish these cu-
mulants from the cumulants calculated with formalism of
generating functions we call them Q-cumulants. First we
outline ()-cumulants that shall be used to estimate refer-
ence flow harmonics for the case of detector with uniform
azimuthal acceptance.

A. 2" order

To obtain 2" order Q-cumulant it suffices to decom-
pose |Q,|* which is straight from the definition (4) given
by

M
Qul? = 37 e, (26)
i,j=1

It is clear that the two summing indices ¢ and j can be
either the same or different in the above relation. Phys-
ically, when the indices are different we are correlating
two different particles and when the indices are the same
we are correlating particle to itself (autocorrelation). It
follows that in the decomposition of |Q,|* we have 2-
particle and 1-particle contributions with the following
combinatorial coefficients:

M
2—particle : (2) - ( 5 )2!,

1—particle : 1-M, (27)

where (2) was defined in Eq. (6). Written explicitly,

Q. = (2) - (1\24)2!+1-M, (28)

which can be trivially solved to obtain (2). If follows that
the single-event average 2-particle azimuthal correlation
is analytically given by the following equation:

|Qn|27M

)= STy (29)

where @, is the Q-vector defined in Eq. and M is
the multiplicity of an event. To get the final, all-event
average 2-particle azimuthal correlation ((2)) one has to

use definitions and . By making use of Eq.
the 2" order Q-cumulant is than simply

S (1Qnl} - a1:)
Zi\il M;(M; — 1) .

{2} = (30)

In above equation |@Q,|; is the modulus of Q-vector
in the i-th event, M; is the number of reference particles



in the i-th event and N is total number of events. Eq.
(30) is the analytic expression for 2" order Q-cumulant
and its evaluation requires a single loop over data. In
Appendix [C| the Eq. will be further generalized to
account for detector effects.

B. 4% order

This section we start by decomposing |Qn|4 From
definition of Q-vector it follows that
M
1Q.|* = Z ein(Bitdi—dr—¢1) (31)
i,k l=1

In the above summation we can have four distinct cases
for the indices i, j, k and [—either they are all different
(4-particle correlation), either there are three different in-
dices, either there are two different indices, or all indices
are the same (autocorrelation). Very important thing to
note, however, is that for instance for the case of three
different indices we can end up either with 3-particle cor-
relation if the two indices which are the same are on the
same side of the correlator (e.g. &; + ¢ — ¢ — &1 =
2¢; — ¢, — ¢y) or with the 2-particle correlation if the two
indices which are the same are on the opposite side of the
correlator (e.g. ¢; +¢; — dr — ¢ = ¢j — ¢y). Having this
in mind we have obtained the following analytic result
for the single-event average 4-particle correlation defined

in Eq. :

Q] 1Qanl? — 2 Re [Q2,Q5Q7)]
B M(M —1)(M —2)(M - 3)
2(M —2) - |Qu|* — M(M — 3)

-2 M(M —1)(M —2)(M —-3) (32)

{4)

The detailed derivation of this result is presented in Ap-
pendix[A] The final all-event average 4-particle azimuthal
correlation, ((4)), is then obtained by making use of Egs.
(©) and (11I)). Having obtained results for ((4)) and ((2))
we can now calculate the 4" order Q-cumulant from Eq.

. It follows:

S (1Qul! +1Qnl? —2- 26 [Q20Q5Q5),)
Sy My(M; — 1)(M; — 2)(M; — 3)

LS (204 = 2) - 1Qulf — M - )
SOy Mi(M; — 1)(M; — 2)(M; — 3)

S (1Qul? - )
— 2| == . (33)
Zizl Mi(Mi - 1)

cn{4}

In above expression |@,|, and |Q2y|; are moduli of Q-
vector evaluated in harmonics n and 2n, respectively,
in the i-th event, Re [Q2,Q} Q% ], stands for the real part

of product Q2,Q Q% in the i-th event, M; is the multi-
plicity of i-th event and N is the total number of events.
The result is the analytic result for 4" order Q-
cumulant and its evaluation requires a single loop over
data. In Appendix [C] this result will be further gener-
alized in order to extend its applicability also for the
detectors with non-uniform acceptance.

In the next section with few examples we illustrate the
performance of Q-cumulants in estimating reference flow
harmonics and we point out the improvements over the
cumulants proposed by Ollitrault et al [6] [7, 8] which
were used so far in the flow analysis.

C. Examples

In this section with the series of plots we illustrate the
performance of ()-cumulants. In each plot bellow in the
first bin we place the Monte Carlo estimate for v, and
denote it by v,{MC}. To this estimate the estimates for
vy, obtained from different order ()-cumulants are being
compared. Estimate for v, obtained from the k*" order
Q-cumulant is denoted by v, {k, QC}, where k = 2,4, 6, 8.
The grey mesh in each plot is spanned by the error bars
of the Monte Carlo estimate v, {MC}.

a. Interference between harmonics. As already
mentioned in the introduction the first cumulants pro-
posed by Ollitrault et al [6] were systematically biased
by the interference between harmonics. On the other
hand the @Q-cumulants can completely disentangle this
interference and this can be clearly seen in examples
presented in Figs. The reason why
the original cumulants proposed by Ollitrault et al
were biased lies in the fact that they have omitted the
terms which consist of @Q-vectors evaluated in different
harmonics (for instance terms |Qa,|* and Re [Q2, Q% Q7]
in Eq. (33)—such terms do appear in the analytic
results and are crucial in disentangling the interference
between harmonics).

b. Numerical stability. In the second paper on cu-
mulants 7, [§] Ollitrault et al proposed usage of generat-
ing function accompanied with the prescription of inter-
polating procedure to be used to calculate cumulants in
practice. This proposal improved over their first proposal
[6] in a sense that the issue with interfering harmonics
have been resolved here. However, the limitation of their
new approach lies in the fact that for different values of
flow harmonics and multiplicity one has to tune in a dif-
ferent way parameters on which the interpolating proce-
dure relies (see in particular Eq. (5) in [8] and comments
following this equation). This limitation is not present
in the case of @-cumulants for which the very same an-
alytic equations can be used for very different values of
flow harmonics and multiplicity. This is illustrated with
example in Fig.

c. Nonflow. We have already shown in introduction
in Eq. that when only flow correlations are present
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FIG. 2: Particle azimuthal angles were sampled from az-
imuthal distribution characterized with a presence of three
harmonics, namely v; = 0.04, v2 = 0.045 and v4 = 0.05. On
the top plot are estimates for harmonic v1, in the middle plot
are estimates for harmonic v2 and on the bottom plot are
estimates for harmonic v4. Each harmonic can be correctly
estimated with @-cumulants, the presence of other two har-
monics is completely disentangled.

we have for the case of detector with uniform acceptance:

((2) = (vn) - (34)

By following the same line of reasoning as used in deriving
the Eq. it follows straightforwardly:

((4)) = (vn) - (35)

For the sake of simplicity of the argument to be presented
now in the remainder of this section we shall assume that
statistical flow fluctuations are negligible, so that we can

0.15005 [—
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0.024 [

: Il Il Il Il
V,{MC} v,{2,QC} v,{4.QC} v,{6.QC} v,{8.QC}

FIG. 3: Per event 500 particles were sampled from azimuthal
distribution characterized with harmonic v2 = 15% (top)
and v2 = 2.5% (bottom) in the total of 10° events. The very
same analytic equations for Q-cumulants were used to esti-
mate successfully the flow harmonic v2 in both cases.

write

(2)) = (va)?, (36)
() =~ (va)". (37)

When it comes to cumulants, for the case of detector
with uniform acceptance we have from previous sections
that ¢, {2} = ((2)), so the estimates for v, coming from
cn{2} and ((2)) will be represented with the same result
v, {2, QC} in the plots bellow. After plugging results

and into it follows:
4
cen{d} =~ —(vn)" . (38)
Therefore when only flow correlations are present we can

use all of quantities ((2)), ¢, {2}, ((4)) and ¢, {4} to esti-
mate correctly the flow harmonics:

vn{2,QC = Vea{2) = VI{(2) = (vn)
vn{d, ()} = V((4)) = (vn)
v {4,QC} = /—cn{4} = (v,) . (39)

This is illustrated in Fig. [4] (top).

Now we shall use a simple qualitative model to add
genuine 2-particle nonflow correlations in the system—
each produced particle will be taken twice in the analysis



(this might correspond in reality to track splitting due to
the inefficiencies in the detector.) For original sample of
M /2 particles we build up the Q-vector and estimate the
flow harmonic in the following way:

2oy

=v2. (40)

n

(2) =

SSIS)

SIS

n 2
(% -1

For the new sample of M particles in which each particle
is taken twice we have the following result:

~

2-Qul*—M
@ = |Mq(21\4|—1)
_ o5 P -aiQnP
TE 1) MOT-1)(M -2)
_ g My (5 -1+ )
g M(M —1)(M — 2)
- ui+]1w__vgll, (41)

where in obtaining the 3¢ line we have inserted result
. Since v2 < 1, assuming for simplicity that statisti-
cal flow fluctuations are negligible and that multiplicity
is the same in each event, we have

(2)) = (o) + (42

from which we can read off that the genuine 2-particle
nonflow contribution to the average 2-particle correlation
is

(43)

as already advocated in Section based purely on
combinatorial grounds.

By performing the same calculation for (4) given in Eq.
, using v, < 1 and taking for simplicity vo, =0, we
have obtained for the sample consisting both of original
and doubled tracks the following result:

(4) = v, (44)
36— 22M + M3+ Mv2 (2M3 —10M?+17M —24)
(M —1)(M —2)(M —3)(M —4)(M — 6)

+2

To make a further progress we shall assume that statisti-
cal flow fluctuations are negligible and that multiplicity
is large and constant in each event. Under these assump-
tions and taking into account Eq. and Eq. we
arrive at our final results for average 2- and 4-particle
correlations in a sample with doubled tracks:

(@) = () + 7 (45)

1+202M

(@) = (on)* +2—=3

(46)

This leads us to the following results for flow estimates:

(0n)? + —

v{2,QC} ~ A (47)

vn {4, ({4))}

12

2
i‘/<vn>4+4<;’;> b (49)

which indicate that in the case of track splitting the flow
estimates from the 2" order Q-cumulant and from the
average 4-particle correlation will be strongly biased.

On the other hand, from Eq. and from results
(45) and (46) it follows that the 4" order cumulant, i.e.
the genuine 4-particle correlation, is:

14202 M 1\?
{4} ~ (v, +2 e 2. ((vn>2 + )

= = <Un>4 ) (49)

meaning that it is not sensitive to the effects of track
splitting, so that still we have

0 f4,QC) = /e 4] = {u) (50)
The results (47), and obtained from simple

qualitative model illustrate that in the case genuine 2-
particle nonflow correlations are present in the system
only the 4" and higher order cumulants still provide an
unbiased estimate for the flow harmonics. This is further
illustrated in Fig. 4| (bottom). Analogously one can show
that in the case genuine 4-particle nonflow correlations
are present in the system only the 6'® and higher order
cumulants are not sensitive to them—Ilower order nonflow
contribution is systematically removed by the higher or-
der cumulants.

d. Detector effects. There are two main approaches
to correct for detector inefficiencies in flow analysis. For
the methods based on expressions involving @Q-vectors
one usually performs a separate run over data to obtain
the azimuthal profile of detector’s acceptance. Once ob-
tained, this azimuthal profile is inverted and normalized
to get so called wg-weights. In the subsequent runs over
data when building a @-vector each particle is weighted
with the wg-weight corresponding to the azimuthal bin to
which its azimuthal angle belongs. This technique (some-
times also called flattening) is presented in Appendix
The limitation of this technique lies in the fact that if
detector has a gap in azimuthal acceptance its azimuthal
profile cannot be inverted, and correspondingly the wg-
weights cannot be obtained.

Methods for flow analysis based on the formalism of
generating functions relies on the pragmatic approach
to correct for detector effects. Namely, at the level of
generating function on makes few projections on a fixed,
equally spaced, directions in the detector and for each di-
rection obtains independent estimates for flow harmonics.
The final estimate for flow harmonics is than obtained
as average over all those direction-wise flow estimates.
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FIG. 4: (top) In this example 500 particles were sampled per
event from azimuthal distribution characterized with har-
monic v2 = 0.05. Only flow correlations are present in the
system and both the multiparticle estimates and estimates
from Q-cumulants are estimating vs correctly. (bottom) In
this example 250 particles were sampled per event from the
same azimuthal distribution as used in the top plot but each
sampled particle was taken twice in order to simulate strong
2-particle nonflow correlations. With dashed line is indicated
theoretical result from Egs. and with dotted line from
Eq. . Only higher order cumulants can provide correct
estimate for vz in the case genuine 2-particle nonflow correla-
tions are present. (In both examples total number of events
is N =10°)

Although pragmatic, this approach actually works quite
well in practice.

When it comes to @-cumulants, it is possible analyti-
cally to account for detector effects. We recall Eq. ([17))
which gives that the generalized 2°¢ order @-cumulant
which can be also used for detectors with non-uniform
acceptance is:

enf2) = <<2>>—%e{[<<cosn¢1>>+z‘<<sinn¢1>>]

X [ ({cosnga)) — i {(sinnegs)) ] }
= ((2)) = ((cosngn))® — ((sinng1))®,  (51)

where in obtaining the last line we have used the fact
that for instance ({cosn¢1)) and ((cosngy)) are the same
quantities apart from the trivial relabeling. Remarkably,
only two additional terms appear in Eq. 7 namely
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({cosngy))? and ((sinng;))?, which counterbalance the
bias to ((2)) coming from the very general type of detec-
tor inefficiencies so that ¢, {2} remains unbiased. Further
details and results are outlined in Appendix [C| here we
just present two illustrative examples on Figs. 21] and [6]
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FIG. 5: Example for small non-uniform acceptance when par-
ticles emitted in 80° < ¢ < 100° are blocked. Per event 500
particles were sampled from azimuthal distribution char-
acterized with v2 = 0.05 in total number of 1000 events. De-
tector azimuthal profile is shown on the top plot. On the
bottom plot with open markers are shown estimates from
“isotropic” cumulants (defined in Egs. and (22)) and
with closed markers estimates from “generalized” cumulants
(Egs. and (C6)). Bias due to detector defects is clearly
not negligible (open markers) and has to be corrected for thor-
oughly (closed markers).

IV. ESTIMATING DIFFERENTIAL FLOW
FROM @Q-CUMULANTS

Multiparticle correlations introduced in the previous
section were used to estimate cumulants which were than
used to estimate reference flow. However, in order to es-
timate the differential flow of particles of interest with
respect to this reference flow we need reduced multiparti-
cle azimuthal correlations. By reduced multiparticle az-
imuthal correlations we mean the multiparticle azimuthal
correlations obtained after restricting one particle in cor-
relator to belong only to the phase window of interest. In
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FIG. 6: Example for the huge non-uniform acceptance when
particles emitted in 20° < ¢ < 240° were blocked. Per event
500 particles were sampled from azimuthal distribution
characterized with vo = 0.05 in total number of 1000 events.
Detector azimuthal profile is shown on the top plot. On the
bottom plot with open markers are shown estimates from
“isotropic” cumulants (defined in Egs. and (22)) and
with closed markers estimates from “generalized” cumulants
(Egs. and (C6)). Systematic bias due to detector de-
fects is clearly huge (open markers) but with “generalized”
cumulants can be corrected for (closed markers).

practice the phase window of interest can comprise par-
ticular p; or y bin, subset of all particles consisting only
of identified particles (pions, protons, kaons), and so on.
But first we outline the most general cases for particle
labeling.

A. Particle labels

For particles selected for flow analysis we use two la-
bels, namely RP (Reference Particle) and/or POI (Par-
ticle Of Interest). These labels are needed because flow
analysis is being performed in two distinct steps. In the
first step we estimate the reference flow by using only
the RPs, while in the second step we estimate the differ-
ential flow of POIs with respect to the reference flow of
RPs obtained in the first step. In practice there are three
distinct cases for particle labeling:

1. no overlap: Neither particle labeled as POI was
also labeled as RP;

2. partial overlap: Some particles labeled as POI were
also labeled as RP;

3. full overlap: All particles labeled as POI were also
labeled as RP.

Later in the paper we provide formulas which automati-
cally handle all three distinct cases.

B. Reduced multiparticle azimuthal correlations

For reduced single-event average 2- and 4-particle az-
imuthal correlations we use the following notations and
definitions:

2 = <ein(w1—¢>z)>

my M
1 .
= in(i—d;)
ST ) oF o
p 9 i=1 j=1
(i#3)
4 = <ei"(¢1+¢2—¢3—¢4)>
_ 1
 (mpM—=3my)(M—-1)(M-2)
my, M
% en(bitdi—dr—d1) , (53)
i=1 j,ke,l=1
(i#j#k#l)

where m,, is the total number of particles labeled as POI
(some of which might have been also labeled additionally
as RP) in a phase window of interest, m, is the total
number of particles labeled both as RP and POI in a
phase window of interest, M is the total number of par-
ticles labeled as RP (some of which might have been also
labeled additionally as POI) in the whole event, 1, is the
azimuthal angle of the i-th particle labeled as POI and
taken from a phase window of interest (taken even if it
was also additionally labeled as RP), ¢; is the azimuthal
angle of the j-th particle labeled as RP and taken from
the whole event (taken even if it was also additionally
labeled as POI).

On the other hand the final, all-event, average reduced
2- and 4-particle correlations we denote and define in the
following way:

Y (Wian)i (2, 54
Zil\;l(W(z/) i 54
’ _ Zij\il(WM’))i <4/>i
4y = : 55
e Yo (Wi (55)

where N is the number of events. In the second step
we have introduced the event weights Wy and Wiy,
for single-event average reduced 2- and 4-particle corre-
lations and , respectively. They are determined
event-by-event in the following way:

Wiy = mpM —myg, (56)
Wy = (mpM —3mg)(M —1)(M —2),  (57)




where meaning of m,, my and M was given in the text

following Eq. .

C. p- and g¢-vectors

In order to express our subsequent results in a more
elegant way, we will in analogy with the Q-vector for the
whole event defined in Eq. now introduce p- and
g-vectors for the phase window of interest.

Taking all POIs (m,, in total) from the phase window of
interest within particular event we build up the following
quantity for that phase window:

Myp

o= Y (55)

i=1

Furthermore, for the subset of POIs which consists of
all particles from the phase window of interest within
particular event labeled both as POI and RP (my in total)
we introduce

Gn = Zq:ei"w”’. (59)
i=1

Having introduced some additional quantities in this sec-
tion we are now ready to present our analytic results for
the @-cumulants that shall be used to estimate differ-
ential flow harmonics (for convenience sake we refer to
them as differential Q-cumulants).

D. Differential Q-cumulants

In this section we present the results for the differential
@-cumulants and outline the prescription for estimating
differential flow harmonics.

1. 27 order

By making use of terminology and notation introduced
in previous sections we have obtained the following ana-
lytic result for the average reduced single- and all-event
2-particle correlations:

<2/> an:L B mq

= 60
e (60)

, S (wn)i (2),
2y = , 61
R S (wiary)i (61)

wigy = mpyM—m,. (62)

In the spirit of Ollitrault et al [7] we now denote by d, {2}
the 2" order differential @-cumulant that shall be used
to estimate differential flow and estimate it for detectors
with uniform azimuthal acceptance as

dn{2} = ((2) - (63)
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Taking into account Eqs. (60H62|) it follows:

S (Pn @i = my)i
Zz‘]\;1 (mpM —myg);

d,{2} = (64)

This is the analytic results and it will be generalized in
Appendix[C] to extend its applicability also for the detec-
tors with non-uniform acceptance. Estimates of differen-
tial flow harmonics v}, are being denoted as v/,{2} and
are given by [7]:

dn{2}

V cn{2} ’

v {2} = (65)

where the analytic expression for d,{2} and ¢,{2} are
given in Egs. and 7 respectively.

2. 4™ order

At the level of 4-particle correlations, we have obtained
the following analytic results for single- and all-event re-
duced 4-particle correlations:

() [pnczn@:;cz:; @ — P Qe

- 2'Man:L_2'mq|Qn|2+7'QnQZ
- QnQZ"'QQnQ;n'FQ'an:L

+ 2~qu—6~mq]

~

[y = 30, — DO - 2)] - (66)

, SN (wiany)s (4,
2y = 7 67
) S (W) (67

weyy = (MpM —3mg)(M —1)(M —2). (68)

By following prescription outlined by Ollitrault et al in
[7] we now denote by d,, {4} the 4" order differential Q-
cumulant and estimate it by

dn{4} = (&) —2-((2) {(2)) . (69)



Plugging results for ((4')), ({(2)) and ((2)) into Eq.
we arrive at the following result:

N
dn{4} {Z {annQrLQ:L - qthszZ - annQSn

=1
-2 Man;kL -2 mq |Qn|2 +7- QnQ; - an:

+ QQnQ;n+2'an2+2'qu_6'mq]

K3

~

ﬁ_vj (om0 = 30, O = (01 - 2)] }

K2

. Tl (0@ — my);
N
Zi:l(mpM*mq)i
S (1Quf = ).
S (M(M - 1))

This is an analytic result for 4" order differential Q-
cumulant and it is applicable only for the detectors
with uniform azimuthal acceptance—more general result
which can be used also for detectors with non-uniform
acceptance is outlined in Appendix [C] Having obtained
estimates for d,{4} and ¢,{4} in Egs. and (33),
respectively, we can estimate differential flow harmonics

vy, in the following way [7]:

(70)

dn{4}
(—enf{d})?/t

We used notation v, {4} to distinguish estimates for dif-
ferential flow harmonics v/, obtained from 4" order cu-
mulants from those which were obtained from 2°¢ order
cumulants and denoted by v/,{2}. v/ {4} and v/ {2} are
independent estimates for the same differential flow har-
monic v},. In the case genuine 2-particle nonflow correla-
tions are present in the system v/ {4} is not sensitive to
them, while v, {2} is systematically biased.

v {4y = — (71)

E. Example

As an example of differential flow analysis we pro-
vide the results for v5(p;) extracted from Therminator
dataset. As RPs we select pions and as POIs we select
protons. In the first step we estimate reference flow by
making use only of particles labeled as RPs, which in this
example were pions (relevant equations are , ,
and (33)). Results for reference flow estimates are
presented on Fig. [7] In the second step we estimate the
differential flow of POIs (in this example protons were la-
beled as POIs) with respect to the reference flow of RPs
estimated in the first step. For each p; bin we evaluate
dn{2} and d,{4} from Eq. (64) and , respectively,
and use equations and (|71)) to estimate differential
flow harmonics. The results for differential flow of pro-
tons are presented in Fig.
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FIG. 7: Reference flow extracted from Therminator dataset
and estimated only by making use of particles labeled as RPs,
which in this example were pions. Average multiplicity of
pions was (M) = 1322 in a total number of N = 1876 events.
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FIG. 8: Differential flow extracted from Therminator dataset
for particles labeled as POIs (which in this example were
protons—average multiplicity of protons was (M) = 332 in
a total number of N = 1876 events.). Differential flow is
estimated with respect to the reference flow obtained from
particles labeled as RPs (which in this example were pions,
see Fig. @ The grey mesh was obtained after joining the
ends of error bars of Monte Carlo estimates for each p; bin.
Closed circles denote 2" order estimate (Eq. and closed
squares denote 4'® order estimate (Eq. )

F. Integrated flow

Another useful quantity that is frequently reported as
a result of flow measurement is integrated flow. In the
example presented in previous section we have obtained
differential elliptic flow of POIs as a function of transverse
momentum, v4(p;). We now define the p;-integrated flow
of POIs in the following way:

fooo v;{k}%dpt
oo dN b)
fo Tpfdpt
where k = 2,4, 6, ..., and g—g is the yield of POIs in trans-
verse momentum. For the Therminator dataset used in

Example [[V E] the protons were labeled as POIs and their
yield in transverse momentum is presented on Fig.[0] The

onfk} = (72)



resulting ps-integated flow of protons calculated by mak-
ing use of Eq. is presented on Fig.
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FIG. 9: Transverse momentum proton yield for the Thermi-
nator dataset used in Example [V E]
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FIG. 10: p:-integrated flow calculated from Eq. (72)) of pro-
tons whose differential flow is presented on Fig. [§| and trans-
verse momentum yield on Fig. @

V. EPILOGUE

In this paper we have provided a new analytic way
to calculate Q-cumulants, advantages of which were out-
lined in the main part of the paper and illustrated with
few examples. When it comes to the usage cases, Q-
cumulants will perform best in the system characterized
with sizable flow and large multiplicity as it is expected
in the heavy-ion collisions. In this regime @Q-cumulants
are precision method. There are some issues, however,
which still has to be resolved analytically and which we
now briefly discuss.

A. Open issues

There are three remaining major issues that we
couldn’t resolve analytically: multiplicity fluctuations,
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flow fluctuations and low sensitivity for small flow values.
In the following lines we discuss briefly their importance.

1. Multiplicity fluctuations

When only flow correlations are present in the system
multiplicity fluctuations do not yield a systematic bias to
the flow estimates from @-cumulants—it is only the inter-
play between nonflow correlations and multiplicity fluc-
tuations which accounts for the systematic bias that we
couldn’t resolve analytically. Both cases are illustrated
in Fig. In practice, however, one can always eliminate
the systematic bias coming from multiplicity fluctuations
by performing a flow analysis in a few very narrow cen-
trality bins. The average flow estimate corresponding to
the few merged centrality bins is than obtained straight-
forwardly by statistically averaging the flow estimates ob-
tained for each narrow centrality bin.

2. Flow fluctuations

By using multiparticle azimuthal correlations in flow
analysis we are actually estimating the averages of var-
ious powers of the flow harmonics (for simplicity sake
in this section we suppress the harmonic index and use
v = v, instead):

(@) = ). (74)

What we are after, however, is (v). This means that even
in the perfect case scenario, namely when only flow cor-
relations are present in the system, the flow estimates
obtained by using multiparticle correlators will be bi-
ased due to the statistical flow fluctuations, which are
unavoidable. When it comes to the flow estimates from
Q-cumulants this systematic bias coming from statistical
flow fluctuations can be quantified.

We denote by o2 the variance of the flow harmonic v,

0% = (1) - ()2, (75)

and with the fairly general assumption that o, < (v) and
by working up to 2" order in o,, we have straight from
the formal properties of Taylor expansion obtained the
following results:

v{2} = <v>+%<%, (76)
{4} = @)-%%7 (77)

which are valid irrespectively of the details of underlying
model of flow fluctuations (the result remains valid
also for the estimates from higher order @Q-cumulants).

The results and are illustrated on Fig. for
Gaussian and uniform flow fluctuations.
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FIG. 11: (top) In this example M particles per event were
sampled from the azimuthal distribution characterized
by harmonic vz = 0.05. Multiplicity M itself was sampled
uniformly event-by-event from the interval [50,500]. In the
case only flow correlations are present in the system estimates
from @Q-cumulants are not biased by multiplicity fluctuations.
(bottom) In this example M particles per event were sampled
from the azimuthal distribution (/1)) characterized by harmonic
v = 0.05 and each particle was taken twice for the analysis
in order to simulate strong 2-particle nonflow correlations.
Multiplicity M itself was sampled uniformly event-by-event
from the interval [25,250], so that resulting multiplicity fluc-
tuates as in the top plot in interval [50,500]. Due to the
interplay between nonflow correlations and multiplicity fluc-
tuations also the estimates from higher order cumulants are
systematically biased. (In both examples total number of
events was N = 10°.)

Since the systematic bias coming from flow fluctuations

is quantified as :I:%%7 it is clear that in the case when
flow signal is sizable this bias is negligible. In another
limit when flow signal is small the effects of flow fluctua-
tions are best suppressed in estimating the true value of
flow harmonic v by making use of the arithmetic average

of v{2} and v{4}, because the contribution +3 <UU2> drops

out from this average.

8. Low sensitivity for small values of flow and multiplicity

Methods for flow analysis based on multiparticle cor-
relations are not sensitive in the regime of very small
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FIG. 12: (top) In this example 500 particles per event were
sampled from the azimuthal distribution characterized by
harmonic vz, where harmonic ve itself was sampled event-
by-event from the Gaussian distribution characterized with
mean (v) = 0.05 and o, = 1/300. The dashed lines indi-
cate theoretical results obtained from the Eqs. and
for these values of (v) and o,. Total number of events was
N =2x10°. (bottom) In this example 500 particles per event
were sampled from the azimuthal distribution character-
ized by harmonic vz, where harmonic ve itself was event-by-
event sampled uniformly from the interval [0.04,0.06]. For
uniform fluctuations we have that (v)= ‘maxttmin —( 05 and
Oy = ﬁ (Umax — Umin) =~ 0.00577. The dashed lines indicate
theoretical results obtained from Egs. and for these
values of (v) and &,. Total number of events was N = 2 x 10°.

values of flow and multiplicity. This can be understood
from the way the statistical error of flow estimates scales
with number of events N, flow signal v and multiplicity
M. For instance, for the statistical error of 2°d order
estimate we have:

1
\/NUM’

which means that for the very small values of v and M
statistical error s is huge. In practice this means that
methods based on multiparticle correlations, in partic-
ular @-cumulants, cannot be used straightforwardly to
estimate flow harmonics in pp datasets. However, in an-
other regime, namely in heavy-ion datasets where v is
sizable and M is large, Q-cumulants can be regarded as
a precision method.

s(v,M,N) ~ (78)



APPENDIX A: DERIVATION OF ANALYTIC
EXPRESSION FOR (4)

The key result in obtaining the analytic result for 4"
order @-cumulant outlined in Eq. was the analytic
expression for average single-event multiparticle corre-
lation (4) presented in Eq. (32)—in this Appendix we
provide the step-by-step derivation of this result. For
completeness sake we start by outlining the definitions of
all quantities needed in the derivation:

M
Qn = Zein¢i7 (A1)
=1
1 &,
(2) = <2>n‘n = 37 o Z eln(¢i—¢j)7 (A2)
(2) S =1
(i#£3)
1 &,
<2>2n|2n = T 9] Z 612n(¢i*¢j)’ (A3)
(2) C =1
(i#7)
1 &
<3>2n\n,n = 7 ' Z 6m(2¢i*¢j*¢'k)’ (A4)
(3)3!
(i#j#k)
<3>n,n|2n = <3>;n\n,n ’ (A5)
M

4) =G pnjnn =

where ¢; denotes the azimuthal angle of i-th particle mea-
sured in laboratory frame and M is multiplicity of event.
In the decomposition of |Q,|* we have the following mul-
tiparticle correlations with corresponding combinatorial
coeflicients:

M
4—particle : (4>n’n|n’n . (4 )4!,
M-1
3—particle : (3),,,, , - M( 5 )2!,
M-1
<3>n,n|2n ’ M( 9 )2' ,
(2, - M(M —1)20(M —2)2!,
2—particle : (2>n‘n - M(M —1)212!,
<2>2n|2n ’ M(M - 1) )

1—particle : 1- M.
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Written explicitly (after grouping some terms),

M
|Qn|4 = <4>n,n|n,n' <4 )4'

+ {<3>2n|n,n + <3>n)n‘2n} -M(M; 1)2!

+ (2 [(M(M —1)%2121]

+ <2>2n\2n ’ M(M - 1)

+ 1- [(A2/1>2!2!+M] . (AB)

The 2-particle correlations <2>n|n was already expressed

in terms of Q-vector evaluated in harmonic n, see Eq.
|) while the analogous expression for (2)27”% is triv-
ia

y

|Q2n|* — M
2 = A9
< >2n|2n M(M—]_) ( )
What remains to be done here is to express (3),,),, ,, and

(3)1,nj2n analytically in terms of Q-vectors. In order to
accomplish this goal we must decompose the expressions
which consist of Q-vectors evaluated in different harmon-
ics. In particular for (3),,, , and (3),, .5, we have to

decompose Q2,Q, Q) and @, @, Q5,,, respectively. It fol-
lows
M

QZHQ;Q: = <3>2nn,n.M< 2

)2!+<2>n|n~M(M —1)2!
(A10)

After inserting results for (2),,, and (2),,,, given in

Eqgs. lj and 1) respectively, and solving for <3>2n|n,n
we obtain the following result:

Qe QEQL 2 |Qu]? —|Qan*+2M

Bannn = M(M —1)(M —2) (AL
Trivially,
(3 nizn = QnQan\Z(_]\j _I%(IL—I_Q S;PHM (A12)
It is easy to see that
Qn@n@Q3, = (Q2QQ7)" (A13)
so that
QnQn@Q5, + (Q2n@r,Qr)" =2 Re [QnQ Q5] . (Al4)

Taking into account this result we arrive at the following
equality:

Re [Q2nQn Q5] — 2+ 1Qul”
M(M —1)(M —2)
|Q2n|2 —2M

M(M —1)(M—2)"

After inserting results , (A9) and (A15]) into Eq. (A8)

and solving the resulting expression for (4) the re-

sult follows.

<3>n,n\2n + <3>2n\n,n =2

- 2

(A15)

n,n|n,n



1. Higher orders

We remark that this derivation can be straightfor-
wardly (if tediously) generalized to obtain the analytic
results for any higher order multiparticle azimuthal corre-
lations. As an example we outline the definition and final
analytic result for average single-event 6-particle correla-
tion:

M

1
KNI

" iyjklm,n=1

(i#£j#k#l#Em#n)
1Qn]°+9 - [Q20]? |Qn|* —6 - Re [Q2,Q,QLQEQE]
M(M —1)(M — 2)(M — 3)(M —4)(M — 5)
Re [Q3n Q5 Q5 Q5] — 3 - Re [Q3n.Q3,Q5)
M(M —1)(M —2)(M — 3)(M — 4)(M — 5)

I(M —4) - Re [Q2,Q5Q%] + 2+ Q30

ein(¢i 40 +dr—P1—Pm—dn)

+ 4

2 NI = 1) (M = 2)(M — 3)(M — 4)(M —5)
o, Qul + 1Qan?
MM —1)(M —2)(M — 3)(M - 5)
Q|
TS O = 1) (M = 2)(M = 3)(M — 1)
6

(A16)

(M —-1)(M—2)(M—-3)"

6th

Having obtained this results, the order Q-cumulants

is than estimated from

cn{6} = ((6)) =9+ ((2)) ((4)) +12-((2))°,  (A17)
and reference flow harmonic v,, is estimated as
v {6} = f/icn{s}. (A18)

APPENDIX B: PARTICLE WEIGHTS

In this Appendix we provide analytic formulas for the
average multiparticle correlations when most general par-
ticle weights are used. Standard examples for particle
weights are wg-weights which are being used to correct
for detector inefficiencies (this technique is applicable
only if there is no gap in detector’s azimuthal acceptance,
see example in and wp,-weights which are being
used to optimize the flow signal and correspondingly to
reduce the spread of flow estimates (see example in 77).

In general we denote the particle weight with w and
use it only to weight the contributions of the reference
particles (RPs) to Q-vector defined in Eq. and to ¢-
vector defined in Eq. . We allow particle weight w to
be the most general function of RP’s azimuth, transverse
momentum and rapidity:

w = w(d),pt?y) : (Bl)
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In the most cases of interest, however, particle weight
will be expressed in the factorized form,

w = wy()wp, (pr)wy(y) - (B2)
In order to accommodate the usage of particle weights
we introduce the following generalized expression for the
weighted @-vector evaluated in harmonic n:

M
Qni =Y wfe™, (B3)
i=1

where w; is a particle weight of the i-th particle labeled
as RP and M is the total number of RPs in particular
event. In order to evaluate @y, ;, for particular event from
Eq. all particles labeled as RPs in that event shall
be taken.

Next we focus on the phase window of interest and
all particles belonging to that window we label as POI.
Taking all POIs from the phase window of interest within
particular event (m, in total) we build up the following
quantity for that phase window:

Mp
Pk = Zw?ei”w". (B4)
i=1

The important thing to note here is that some of the
POIs contributing to py, 1 could have also been labeled as
RPs. Only for those particles non-unit weight w; should
be used in Eq. (B4)), while for the particles labeled only
as POI the unit weight, w; = 1, must be inserted in
Eq. . This difference originates from the fact that
in our approach only particles labeled as RPs are used
for instance to correct for detector inefficiencies with wg-
weights or to optimize the flow signal (reduce spread)
with w,,-weights. For convenience sake for the subset
of POIs which consists of all particles from the phase
window of interest within particular event and labeled
both as POI and RP (m, in total) we introduce

Mg
Qni = waemw. (B5)
i=1

The fundamental difference between @), i on one side and
Dk and g, on another is that for a single event there is
a single @), 1, characterizing that event and as many p,, 1’s
and gy x’s as there are phase windows (bins) of interest
in that event (for example, when estimating v/, (p;) we
will evaluate for each p; bin in each event the dedicated
Pnk’s and g 1’s).

In order to express some of the results bellow in a more
elegant way we will use the following definitions for RPs:

M p
Spk = [wa} , (B6)
i=1
M
Mapea. =Y wiwhwgwi - . (B7)

i.4.kl,...=1
(i#£kEE..)



Since the summations in Egs. and go over all
RPs in a particular event we qualify S, and Mgpeq... as
the event-wise quantities.

On the other hand for each phase window of interest
in each event we select all particles labeled both as RP
and POI and evaluate the following quantities:

Mg p
§ k
i=1

myp

M
/ — a, b, c, .d
abed- = Z Z Wi W W Wy -+ - (B9)

i=1 jk,l,.=1
(i#j#kAE...)

(B8)

Sp.k =

The summation in Eq. runs over particles labeled
both as RP and POI in a phase window (bin) of interest in
a particular event, the first summation in Eq. runs
over all POIs (some of which might have been also labeled
as RPs) in a phase window of interest in a particular
event, while the remaining summations in run over
all RPs in a particular event (hence including the ones
which are out of the phase window of interest). The
values of s, and M/, . will be different for different
phase window (bins) of interest within particular event,
so we qualify them as a bin-wise quantities.

Finally, we remark that we will provide formulas which
express analytically Mgpeq... and M/, , = in terms of
Sp.i’s and sy, 1’s for which to evaluate only a single loop
over data is required.

1. Weighted multiparticle azimuthal correlations

The definitions presented in Section [[TA] for multipar-
ticle azimuthal correlations straightforwardly generalize
in the case most general particle weights are be-
ing used. In particular, the weighted single-event 2- and
4-particle correlations are defined as:

| M
(2) Z wiw; M@=

= B10
o 2 (B10)
(1#£7)
1 M
4) = v Zwiijkwl emw”‘bﬁi’k%’l),(Bll)
i, S0
(i #kAD)

where M7; and Mi111 are determined from definition

(B7). On the other hand the event weights and

now read

Wiy = My,
Wy = M.

(B12)
(B13)

Analogously, for the reduced single-event multiparticle
correlations we have more general definitions when par-
ticle weights are being used. In particular the definitions
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and are now generalized into:

mp M
1 .
2y =— Z Z w; e Vi=9i) (B14)
01 =1 j=1
(i)
1 &

()

. Z ijwkwl ei"(ibﬁ%ﬂﬁkﬂﬁz)’(Blm
0111 j—1 k,i=1
(1#£j#k#)

where M(; and Mj;;; are determined from definition

(B9). Event weights and now read

Wiy = Mgy,
W<4/> = Mé)lll'

(B16)
(B17)

Having introduced all required definitions, we now
present our results. The weighted average 2-particle cor-
relations are given analytically by the following equa-
tions:

|Qn,k|2 - 51,2
Sa1— 51,2
S (M) (2),

2)) = ,
2 iy (M)

(2) =

<
Il

I
N
!
e
no

(B18)

and the weighted average 4-particle correlations are given
by:

14 \an,2|2 —2-Re [Q2n,2Q5 1 Q5 1]

2

{4)

|:|Qn,1
+ 8- Re [Qns@n1] —4-512(|Qna

- 6-S14—-2- 52,2} /Maa,

M

M = Z

i,4,k,l1=1
(1A #k#l)

= S41—6-512521+8-51351,1+3- 5,
- 6- 51,4 )
S (Man): (4),

4 = 9
Nl SN (M)

W; W WEW

(B19)

where weighted Q-vector, @, , was defined in Eq.
and S, in Eq. .

When it comes to weighted reduced 2- and 4-particle
azimuthal correlations they are given analytically by the



following formulas:

Pn,OQZ,k — 81,1

mpsl,l — 51,1

<<2/>> — Zf\;l( 61)2' <2/>i
iy (M)

mp

M
/A
01:§ },U’J

i=1 j=1
(i#7)
= mpsl,l — 81,1,

(B20)

and,

—~

=~

<

~
|

[pn,oczn,lczz,lczz,l

- Q2n,1QZ71QZ,1 - pn,OQn,lQSn,Q

* 2
— 2-812Pn 0@ 1 — 2 51,1 |Qnl
+ 7 qn2Qn1 — Qnidn
+ @2n,1Q3n2 + 2 PnoQ s
J’_

2-51,15,2—6- 31,3] [Mbi11 s

N
<<4/>> _ Ei:l(Mélll)i <4/>i
= N ,
ZiZl( lﬂlll)i
mp M
0111 = Z Z WjwWEWy
i=1  jk,i=1
(iEiERAD

=my [S3,1— 3511512+ 2 513
— 3-[51,1(S2,1—S1,2)+2-(s1,3—51,251,1)](B21)

We remark that to evaluate all quantities appearing on
the right hand sides in analytic expressions
only a single loop over data is required. Next we provide
two illustrative examples for the usage of particle weights.

a. Ezample for wg-weights: Correcting for the bias coming
from non-uniform acceptance of detector

In this example we sample particles from the azimuthal
distribution characterized with p; dependent har-
monic v, namely:

va(pr) = 0.2 (pt/2.0) pr <2.0 GeV,
2WPt) =9 0.2 pr > 2.0 GeV.

The usage of wg-weights is illustrated for the detector
with two problematic sectors, namely for the detector
which accepts only 1/2 of the tracks going in 60° < ¢ <
100° and only 1/3 of the tracks going in 270° < ¢ < 330°.
All particles going in azimuthal angles out of these two
ranges are accepted without any loss.

In the first step we have to perform a dedicated run
over data in order to get the histogram of detector’s az-
imuthal acceptance. The resulting acceptance histogram

(B22)
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is presented on Fig.[13|(top). In the second step from this
histogram the normalized wg-weights are constructed. If
the average number of particles per ¢-bin is (N) and if the
number of particles in particular ¢-bin is Ny for the his-
togram on Fig. 13| (top), than the normalized wg-weight
for that ¢-bin is simply

_ V)

=N, (B23)
The resulting normalized wy-weights for the detector in
question are presented in Fig. (bottom). From the
Eq. it is clear that if there is a gap in the detector’s
acceptance than there will be a ¢-bin with zero entries
and the wy-weight for that bin cannot be constructed—
this limits the applicability of the usage of wg-weights (to
a certain extent one can avoid this problem in practice
by making binning in ¢ coarser). Having obtained wg-
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FIG. 13: Azimuthal profile of a detector which accepts 1/2
of the tracks going in 60° < ¢ < 100° and only 1/3 of the
tracks going in 270° < ¢ < 330° (top). Resulting normalized
wge-weights for this acceptance profile (bottom).

weights in a dedicated run, in the subsequent runs over
data weighted @Q-, p- and g-vectors shall be evaluated as
defined in Egs. (B3], and (B5)), respectively. In ad-
dition, quantities S, ;, and s ;. shall be evaluated accord-
ing to definitions and . From these quantities
by making use of analytic results presented in Section [B]
all average multiparticle and reduced multiparticle corre-
lations can be obtained for the case wg-weights are being
used. From this point on the procedure to estimate flow



harmonics is the same as outlined in the main part of the
paper. On Fig. the estimates for reference flow har-
monics are presented and on Figs. [I5]and [I6]the estimates
for differential flow harmonics from 2" and 4** order dif-
ferential Q-cumulant, respectively, with (closed markers)
and without (open markers) using the wy-weights.

o o
0.16 —
0.14 -

B o
0.12 -

0.1;

B L L] L]

0.08 I L
v,{MC} v,{2,QC} v,{4,QC}

FIG. 14: Estimates for reference flow harmonics for detec-
tor whose acceptance histogram is presented on the top plot
of Fig. [T3] With open markers are estimates obtained with-
out using wg-weights and with closed markers with using wg-
weights.
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FIG. 15: Estimates for differential flow harmonics from 2°¢
order differential @-cumulant for detector whose acceptance
histogram is presented on the top plot of Fig. [[3] The grey
mesh was obtained after joining the ends of error bars of
Monte Carlo estimates for each p; bin. With open markers are
estimates obtained without using we-weights and with closed
markers with using we-weights.

APPENDIX C: NON-UNIFORM ACCEPTANCE

In this Appendix we outline the general procedure how
the bias coming from non-uniform acceptance of the de-
tector can be quantified and removed from the flow es-
timates. Claim: In order to use this procedure one run
over data is enough and this procedure can be used for
all types of non-uniform acceptance. In particular, it can
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FIG. 16: Estimates for differential flow harmonics from 4*" or-
der differential @Q-cumulant for detector whose acceptance his-
togram is presented on the top plot of Fig. The grey mesh
was obtained after joining the ends of error bars of Monte
Carlo estimates for each p; bin. With open markers are es-
timates obtained without using wg-weights and with closed
markers with using we-weights.

be used also for the detectors with partial azimuthal cov-
erage (for instance for the PHENIX detector) for which
the usage of wg-weights presented in example in is
not possible.

1. Generalized Q-cumulants

For the case of detectors with non-uniform acceptance
the average multiparticle correlations are strongly biased.
On the other hand the cumulants isolate genuine physical
correlation between the particles which should not be
spoiled at all by any inefficiencies in the detector. This
suggests that in building cumulants from multiparticle
correlations we have so far omitted terms which vanish for
the detectors with uniform acceptance. For the detectors
with non-uniform acceptance these terms are crucial and
must be called back, simply because they will counter
balance the bias on multiparticle correlations, so that
cumulants remain unbiased.

The generalized cumulants to be used for detectors
with non-uniform acceptance were given in [5] [0, [7]. In [5]
the formulas were provided which determine generalized
cumulants to all orders, but without any specific connec-
tion to azimuthally sensitive observables. In [6] [7] this
general formalism has been applied for the azimuthally
sensitive obervables yielding the results in which cumu-
lants were composed both from isotropic and anisotropic
terms. However, the authors of [6] [7] were pursuing the
usage of formalism of generating functions and by mak-
ing a suitable projections along the fixed, equally spaced
directions in the laboratory frame they were able to aver-
age out all anisotropic terms which appear in the gener-
alized cumulants. In what follows instead we show that
all these anisotropic terms can be also expressed analyti-
cally in terms of Q-vectors, which will serve as a basis for
explicitly quantifying the bias to flow estimates coming



from the non-uniform acceptance of the detector.

a. Reference flow

We start by outlining the generalized @-cumulants
which are used to estimate unbiasedly the reference flow
harmonics for any type of detector’s acceptance. In
Eq. (19) the 27 order Q-cumulant for detectors with
uniform acceptance was defined—its generalized version
reads:

({cosngy))? — ((sinngy))*.  (C1)

enf2} = ((2)) -

The terms in red counter balance the bias to 2-particle
correlation due to non-uniform acceptance, so that ¢, {2}
remains unbiased. These new anisotropic terms can be
trivially expressed in terms of real and imaginary parts

of QQ-vector :

S, (e [Q))

((cosngy)) = ZN—Ml’ (C2)
N
((sinng1)) = 2i=1 (ng[Qn])i7 (C3)

Zi:l M;

and average 2-particle correlation ((2)) was expressed in
terms of Q-vectors in Section [T} Note that terms in red
in Eq. explicitly quantify the bias coming from
non-uniform acceptance to average 2-particle correlation.
When particle weights are used the average 2-particle
correlation ((2)) is determined from Egs. (BI8), while

Egs. (C2) and (C3)) generalize into:

O (Re[Qnal),
({cosnr)) ST

. Y (M [Qna)),
((sinngr)) ST

where ()51 can be determined from definition of weighted

Q-vector (B3) and Sy,1 from definition (B6).

The 4* order Q-cumulant to be used to estimate flow
harmonics for the case of detectors with uniform accep-
tance was defined in Eq. (22). The generalized 4** order
Q-cumulant to be used for any type of detector accep-

19

tance reads:

(@) —2-((2))°
((cos 77¢1>> {{cosn(py — ¢po —

Cn{4} = <
— 4. $3)))

4 - ({sinng)) ((sinn(pr — p2 — ¢3)))

({cosn(d1 + ¢ >> ((sinn(¢p1 + @2>>>2
+ 4-{{cosn(d1 + ¢2)))
TR

8- ((sinn(d1 + ¢2))) ((sinnepq)) ({cosnpy))

8- ({cosn(¢1 — ¢2)))

6 -

(cosng1))? + ((sin 714/)1))2}

+ 8¢
+ <
X

[((cos ng1))® + ((sinng, >>1 ’ . (C6)

The terms in red in Eq. counter balance the bias
coming from non-uniform acceptance so that ¢, {4} is un-
biased. The terms in red in Eq. explicitly quantify
the bias coming from non-uniform acceptance. It was
explained in Section how to express ({4)) and ((2))
in terms of @-vectors. The new anisotropic terms in Eq.
can also be expressed analytically in terms of -

vectors. In particular, the 2-particle anisotropic terms
read:
o sz\il (ERQ [QnanQQn])z
((cosn(d1+¢2))) = SV M(M—1) (C7)
N g — .
(fsinn(or +2))) = 2=t GO =Qanl), )

Sy Mi(M;—1)

while for 3-particle anisotropic terms the following results
apply:

M) =

({cosn(d1—da—da)) = { (e [0 Q50 — Qu @]

1

o
Il

—2(M-1)Re[Q]); o/ ) Mi(M;—1)(M;=2), (C9)

-

Il
—

—

(3

M=

((sin (g1 — a— 6a))) = { (M [Qu Qi@ — Q3]

1

.
Il

—2(M—1)Jm M;(M;—1)(M;—2) . (C10)

-

Il
-

@D, }/

(2

When particle weights are used the average 2-particle
correlation ((2)) is determined from Egs. (B18)), the av-
erage 4-particle correlation ((4)) is determined from Egs.



(B19)), the Egs. (C7)) and (C8) generalize into:
S (Re [QnaQnit — Qan2)),;

~ _|_ — = ’ ’ ’ ,
((cosn(p1+¢2))) SARTYI]
. S (M [Qn1Qnt — Q2n2]),
+ = )
((sinn(p1+¢2))) S (M),
M
My = Z wyw; = Se1 —S12, (Cl1)
i,j=1
(i#3)

and the Egs. (C9) and (C10)) generalize into
N

({cos n(r—da—ds))) = { S (SRe [Qua Q100

i=1

—Qn1Q5,0—2:512Q 1 +2:Qr 3]) }/Z (Mi11)s

N

({sin (1 — da—ds))) = { S (3 [Qur @t @

i=1

—Qn1Q5, 025120, 1 +2- QnS } Z (Mi11)i

M
M= Zwiijk = 53,1 —3~Sl’2S171+2 'Sl,3 .(012)
1,5,k=1
(i#j#k)

Next we provide the formulas for generalized differential
Q-cumulants.

b. Differential flow

The generalized 2°¢ order differential Q-cumulant
reads

df2} = (2)) = {{eosm) {(cosnon))
— {((sinnyy)) ((sinngs)) .

The terms in red counter balance the bias to reduced
2-particle correlation ((2')) coming from the detector’s
non-uniform acceptance, so that d, {2} remains unbiased.
Expressions for ((cos ne1)) and ((sinng1)) were already
given in Egs. and ., respectlvely (when particle
weights are belng used in Eqgs. and ., respec-
tively). Analogously we derive the followmg results,

SV (Re [pa));

(C13)

cosn = == - -t Cl14

((cosmipr)) SN ), (C14)
N

{(sinnyy)) = —Zi:}\,(jm[p”])i, (C15)

> im1(Mmp)i

where pn, and mp were defined in Section [[V] The Eqs.

4) and (C15]) remain unchanged when particle weights
are belng used
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The generalized 4% order differential Q-cumulant
reads:

dn {4}

4)) —2-((2) ((2)) (C16)
cosnipy)) ({cosn(dr —da—@3)))
(sinn(gr—d2—¢3)))
(cosn(y —pa—3)))

(
(
(
(
((sinngq)) ((sinn(i —da—o3)))

— 2 ((cosngr)) ((cosn(P1+d2—¢3)))
2 K
(
(
2-
[

CcosS Ny

(

( )
(sinna)) (
( K
( (

({sinngq)) ((sinn(t1+da—d3)))
(cosn(¥1+¢2))) ((cosn(pr+¢2)))
(sinn(Y1+¢2))) ((sinn(p1+d2)))

({(cosn(p1 + ¢2)))
({cosnipy)) ({cosngy))

2 ((sinn(p1+02)))
[({cosnipy)) ({sinndy))+
4 - ({(cosn(p1—¢2)))
[{({cosmpy)) {{cosmer))+

((cosn(zﬁ1+¢2)>>

—((sin nq51>>2}
(sin (1 +62))) ({cos nen)) ((sinng:))
(cos n(t1—2))) [ {(cosngn))?+((sinnen))’

— 6 [((cosngn))*~ ((sinngn))’]

X [{{cosnpa)) ({cosnen)) — ({sinng)) ((sin ngn))]
— 12 {{cosng1)) ((sinngq))

X [({sinnr)) ({cosnepr))+({cosnipy)) ((sinndy))] .

— ((sinnepr)) ((sinngy))]
((sinnyy)) ((cosney))]

({(sinnpy)) ({(sinney))]

+ X + x + x +

X

+

2.
[ cosneg1))
4.
4.

(
(

The terms in red in Eq. counter balance the bias
coming from non-uniform acceptance, so that d,{4} is
unbiased. In this equation some new anisotropic terms
appear which have to be expressed analytically in terms
of -, p- and g¢-vectors. In particular we have obtained
the following results for 2-particle anisotropic terms:

S04 (Re [P Qn —gan));
Zij\;(mpM_mq)i
Zﬁ\;1<3m [PnQn—q2n]);
Zi1(mpM_mq)i

({(cosn(pr+¢2))) =

((sinn(y1+¢2))) = ,(C17)



and the following results for 3-particle anisotropic terms:

((cosn(Y1+p2 —3))) = {XN: (e [ ”(|Q”|27M)}

i=1

-

@
Il
-

—Re [q2.Q7, +mgQn—24n] )z }/

((sinn (o1 +02 — {i (Oom (10 -01)]

i=1

-

@
Il
—

and for the additional 3-particle anisotropic terms:

({cos n(t1 — b3 —4a))) = { S (e [pn Q5 QP Q3

i=1

=

—Re [2m,Q} —2q1]) }/Z (mpM — 2mg)(M —1)], ,

((sinn(r—d2 —¢3))) =

—N

N
S (3m (@i Q; — paQ3]
=1

N
o 2, @;2431), /3 [my M — 2mg) 0

(C19)
When particle weights are being used Egs. (C17) gener-

alize into:

N
({(cosn(ip1+¢2))) = izt (Re PuQuk = g2n.tl), ;

Z?]:1 (mpSia — 51,1)i
. Zzlil (jm [ann,k - QQn,k])i
mn + = )
((sinn(¢1+¢2))) SN (mySia —s14),

(C20)

Eqgs. generalize into:
N
((cosn(Y1+p2 —3))) :{ Z (9% {Pn (|Qn,1‘2_5172)]
i=1
—SRe [q2n,1Q;’1 + Sl,lQn,l - 2qn,2] )1}/

N

{ Z (mp(S21 — S1,2) =2+ (51,1511 — 51,2)); } ;

i=1

((sinn(1+d2 —d3)) { Z (Im { n ( Qn,1|2_51,2):|
—Jm [QZn,lQ:J +51,1Qn,1_2Qn,2} )Z}/

{é(mp(52,1 —S1,2) =2 (51,1511 — 51,2)); } , (C21)

[(mpM_2mq)(M_1)]i )
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and finally, Eqs. (C19)) generalize into:

{(cos (i1 —63))) {Z P (@ @i~ Q302)]

1 QZ,Q] )Z}/

N
{ Z (mp(S21 — S1,2) =2+ (51,151,1 — 51,2)); } ,

i=1

—2-%Re [81’1QZ,

N
[(mp M —2mg)(M —1)]; {(sinn (1 — 2 —b3))) —{ Z (jm [Pn (Q;@Qjm —an,z)]
(C18) -

—2-Im [511Q 1 — @ o) )z}/

{ i(mp(su —S12) —2- (51,1511 — 51,2)); } . (C22)

APPENDIX D: STATISTICAL ERRORS

In this appendix we outline the procedure we use to
report the statistical errors of the reference and differen-
tial flow estimates from @-cumulants. For simplicity sake
in all expressions bellow we keep only the terms relevant
for detectors with uniform acceptance—more general ex-
pressions for detectors with non-uniform acceptance can
be derived straightforwardly.

1. Some general results

Consider the random observable x sampled from some
probability density function (p.d.f.) f(z) (for a detailed
treatment of what is highlighted here we refer reader
to [9]). The mean of x we denote by u, and the variance
of  we denote by o2 (or equivalently by V[z]). Mean
and variance of x are given by the following expressions:

pe = Elz] :/_00 xf(x)dz, (D1)
oz =Vlz] = El(z — B[x])?]
[ @opriwis, ©2)

where E[z] stands for the expectation value of a random
variable . We denote by z; the measured random ob-
servable z in the i-th event and by (w,); the observable’s
weight in that event. Even if the p.d.f. f(x) is completely
unknown, we can still use measured values z; to estimate
mean and variance of a random variable z. In

particular, the unbiased estimator [I8] for the variance



02 we denote by s2 and it is given by

2 _ | Ty (wa)ilwi — @) ] 1
‘ i (we)s - T |
[ f\;l(wl)l]

(D3)
where we have introduced also (x) as the unbiased esti-
mator for mean ,,

N
Ei:l(wI)ixi
==
> i1 (Wa)i

In above two equations N is the number of independent
measurements, which in our context corresponds to the
number of events.

Since the sample mean, (x), is an unbiased estimator
for the mean of x, u,, we will report the final results and
the statistical errors as

() £ V()]

One can easily show that the variance of the sample
mean, V[(x)], can be written as

S (wg)?

(z) = (D4)

(D5)

Vi) = 2=y, (D6)
[ ()
i.e.
N 2
Vi) = 2= (D7)

[ ()]

Taking into account the unbiased estimator s2 for the
variance 02, we can now write down the expression we
will use to report the final results and statistical errors

of a random variable z:

S (wg)?
)+t —— S,
) S (we)i

where (z) is given by Eq. and s, by Eq. (D3]).

Consider now the more general case when we deal with
two random variables,  and y, and some other random
variable i which is a function of x and y. Than the mean
of h(z,y), pn, is to first order given by

(D8)

pn = Elh(z,y)] = h(pa, y) , (D9)

and the variance of h, o7 (or equivalently V'[h]), is to first
order given by:

i, =VI[h] = E[h*(z,y)] — E[h(z,y))?

(...
Gl ]

, (2100
Ox Oy

2

2
T= (e Y=y

%

_|_

Vi

Ty >
L=, Y=Hy

_|_

(D10)
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where V, is covariance of two random variables = and
Y,

ny = E[(x_/ufx)(y_:uy)]
= Elzy] — E[z]Ey]

:[ [ zyf(r,y)dzdy — pepy, . (D11)

If we measure in the i-th event two observables x; and
i, whose weights are (w,); and (w,);, than the unbiased
estimator Cov(z,y) for their covariance V,, is given by

Zil(wﬁ)i(wy)bwbyb _ Zf;l(wm)ﬂh Ej-v:ﬂwy)jyj
Z-{\Ll(wm)t(wy)t Z-{Vzl(wm)t Z;V:1(wy)4
1— Zi\7=1(war)w(wy)z
Zé\;ﬂww)i Zj'v=1(wy)j

Cov(z,y) =

(D12)

We will report the final result and statistical error for
h(z,y) as

<h> + S(hy s (DIS)

where (h) is the unbiased estimator for the mean of
h(z,y) and it is to first order given by

(n) = h((x),(y))

while th is the unbiased estimator for the variance

V[(h)]. The variance V[(h})] can be obtained to first order
straightforwardly from Eq. (D10):

(D14)

2
oh
vien ~ |(5) Viia))
Ox T=pa,y=Hy
oh
+ (%) q)
Oy T=pa,Y=Hy
Oh Oh
2 <8.’E8y> T=hg Y=y ‘/<.L><y> . (D15)
One can easily show that
N
i—1 Wz )i (Wy )i
Viayy) = i (a)el) Vay - (D16)

Zi]il(wa:)i Z;Vﬂ(wy)j
Than the unbiased estimator s%m for variance V[(h)] is
2 Oh 1 Zf;(wr)g 2
Ol (6 I (e
w=(x),y=(y) [Zizl(wx)i}

O] Ees

dy z=(z),y=(y) | [Zf\il(wy)ir ’
Fa (22

9% 0y ) o= () y=(v)

S (wa)i(wy); Cov(z,y). (D17)
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These formulas can be trivially generalized for the case
of more than two random variables. We will use these
results to report final results and statistical errors for the
flow estimates from @Q-cumulants in subsequent sections.

2. Statistical errors for reference flow estimates

We start by identifying random variable x in our anal-
ysis. We will denote its event-by-event measured (sam-
pled) value by z; and its weight by (w;);.

In what follows we will treat the average multi-particle
correlations, (2) and (4), as the measured observables
event-by-event. Their values event-by-event are obtained
from the formulas and , respectively. Because of
this we can calculate their final averages (i.e. the unbi-
ased estimators for their mean values), ((2)), and ((4)),
and also the unbiased estimators for their variances, s%2>

and s%4>, straight from the data by making use of the
definitions (D4)) and (D3)), respectively.

Having calculated this straight from the data, we will
report the final results and statistical errors for the aver-
age multiparticle azimuthal correlations in the following
way:

Zi]\il(w@))?
9)) 4 Y =emt
2 v (wez))s

S (weay)?
4)y ¢ Yl
<<>> Soivy (weay )i

On the other hand, we will report the final results and
statistical errors of the flow estimates from @Q-cumulants
by taking into account their functional dependence on
multi-particle correlations. In accordance with notation
introduced in previous section (see Eq. (D13) we will
report the final results and statistical errors of reference
flow estimates as follows:

S(2)>

Sy - (D18)

(n{2}) £ S(u,q2}) s

(0n{4}) £ s(u.qap) - (D19)

Unbiased estimators for the variances of the sample mean
of reference flow estimates, s, {2}y and s(,,(4}), intro-
duced in Eq. , can be straightforwardly expressed
in terms of unbiased estimators for the variances of the
sample mean of multiparticle correlations, sy and s,
which as already indicated can be obtained straight from
the data—these expressions will follow shortly.

But before proceeding further the very important thing
to note, however, is that the different order average multi-
particle correlations measured event-by-event are not in-
dependent quantities. Due to this, we will also need
the unbiased estimators for their covariance Cov((2),(4)),
which can also be calculated straight from the data by

making use of Eq. (D12).

23
a. 2™ order

When it comes to 224 order reference flow estimate we
use the fact that

va{2} = V(2), (D20)
so that we have to first order
(vn{2}) = V{(2)) - (D21)

By restricting result in Eq.(D17)) to functional depen-
dence on one variable it follows
N
Fonteh = 777 Zizyltom)e sty
Un 4((2 N 2 ’
(20 {Zi:l(w@))z}

(D22)

i.e.

. _ 1 Sy (wzy)?
T2 S ()

In the next section we provide the formulas for the fourth
order.

S5(2) - (D23)

b. 4™ order

We start from

va{d} = /2 (2)" = (4), (D24)
which gives to first order
(va{4}) ~ /2 ((2))" = ((4)). (D25)
By applying Eq. (D17) to equation (D24)) we have
1

3. Statistical errors for differential flow estimates

We will treat statistical errors of differential flow esti-
mates by following the full analogy with the treatment



of statistical errors of reference flow estimates presented
in the previous section.

As a measured random observable event-by-event we
identify the average reduced multi-particle correlations,
(2"y and (4’). Their values for the bin of interest in par-
ticular event are given by Eq. and , respectively.
By following an analogy with the previous section, we will
write the final results for the average reduced correlations
and report their statistical errors as

Yy (wian )}
i—s
Sty (wizn)s

SN (wiay)?
(ayy £ Yo WA

Zg\il(w(4/>)i (D27)

All quantities in above two equations can be obtained
straight from the data. Having this in mind we will re-
port the final results and statistical errors for the differ-
ential flow estimates by taking into account their func-
tional dependence on the multiparticle correlations and
propagating the statistical error from this dependence.
In accordance with notation introduced in previous sec-
tion (see Eq. (D13))) we will report the final results and
statistical errors of differential flow estimates:

(v 42}) £ s g2y s

(v {4}) + 8<v;{4} . (D28)

As in the case of reference flow in previous section, the
very important thing to note is that the different order
average multi-particle correlations and the different or-
der average reduced multi-particle correlations measured
event-by-event are mot mutually independent quantities.
Hence, we also need the unbiased estimators for their
covariances Cov((2),(2)), Cov({2),(4")), Cov((4),(2')),
Cov((4),(4")) and Cov(({2'),(4)). These unbiased estima-
tors for the covariances can also be obtained straight from
the data by making use of Eq. )

a. 2 order

For the 224 order differential flow estimate we have

) (D29)

which yields to first order

(0 {2}) ~ (D30)

24

After plugging this functional dependence into Eq. (D17))
we have

S%U/ {2 —
' 1-((2))

2 (wizn)]

S (weay )i (wian )i

Cov((2),(2
S ) S w2

(D31)

In the next section we present the results for the 4*" order
differential flow.

b. 4™ order

When it comes to 4" order differential flow estimate
we start from

{4} = o (D32)
27— )
which yields to leading order
(! {4) <<2>>(i2'>> — ({4) (D33)



We use again generalized version of Eq. (D17)) valid for
four random variables. It follows straightforwardly:

2 _
Sl {ahy = T X

3

—4-{(2)) [2 : <<2>>2 — ()]

S (winy)i(wian)i

X
i (wean)i S50 (wean);

Cov((2’>,<4’>)}. (D34)
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APPENDIX E: SPARE PLOTS
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FIG. 17: Particle azimuthal angles were sampled from az-
imuthal distribution characterized with a presence of three
non-vanishing harmonics: v1 = 0.02, v2 = 0.05 and v4 = 0.10.
Estimates for harmonic v; are in the top plot, for harmonic v
in the middle plot and for the harmonic v4 in the bottom plot.
In each plot in the fist bin is Monte Carlo estimate to which
estimates from 279, 4*" 6" and 8" Q-cumulant placed in
subsequent bins are being compared. Each harmonic can be
correctly estimated with Q-cumulants, the presence of other
two harmonics is completely disentangled.
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FIG. 18: Particle azimuthal angles were sampled from az-
imuthal distribution characterized with a presence of one
subdominant and two larger (order of magnitude) harmon-
ics. On the top plot are estimates for subdominant har-
monic v1 = 0.02 in the presence of two large harmonics
vg = vg = 0.2, in the middle plot are estimates for sub-
dominant harmonic v = 0.02 in the presence of two large
harmonics v1 = v4 = 0.2 and on the bottom plot are esti-
mates for subdominant harmonic v4 = 0.02 in the presence
of two large harmonics v1 = v2 = 0.2. Each harmonic can be
correctly estimated with Q-cumulants, the presence of other
two harmonics is completely disentangled.
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FIG. 19: Particle azimuthal angles were sampled from az-
imuthal distribution characterized with a presence of three
harmonics, namely v1 = 0.025, v2 = 0.05 and v4 = 0.075. On
the top plot are estimates for harmonic v1, in the middle plot
are estimates for harmonic v2 and on the bottom plot are
estimates for harmonic v4. Each harmonic can be correctly
estimated with @-cumulants, the presence of other two har-
monics is completely disentangled.
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FIG. 20: Particle azimuthal angles were sampled from az-
imuthal distribution characterized with a presence of three
harmonics, namely v; = 0.043, vo = 0.044 and vs = 0.045.
On the top plot are estimates for harmonic v1, in the middle
plot are estimates for harmonic v2 and on the bottom plot
are estimates for harmonic v4. Each harmonic can be cor-
rectly estimated with Q-cumulants, the presence of other two
harmonics is completely disentangled.
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FIG. 21: Example for “PHENIX” like non-uniform accep-
tance when particles emitted in 45° < ¢ < 135° and in
215° < ¢ < 305° were blocked. Per event 1000 particles were
sampled from azimuthal distribution characterized with
vz = 0.05 in total number of 107 events. Detector azimuthal
profile is shown on the top plot. On the bottom plot with
open markers are shown estimates from “isotropic” cumulants
(defined in Egs. and (22)) and with closed markers es-
timates from “generalized” cumulants (Egs. and (C6)).
Bias due to detector defects is clearly huge (open markers)
and has to be corrected for thoroughly (closed markers).
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