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Abstract

Results of multi-particle cumulants for harmonic flow coefficients v, are obtained in +/syy = 5.02 TeV Pb+Pb collisions
with the ATLAS detector at the Large Hadron Collider. The cumulant ratios v,{4}/v,{2} forn = 2, 3 and 4 and v,{6}/v,{4}
show centrality-dependent behavior compatible with eccentricity fluctuations. However, significant dependences on
transverse momentum are observed, suggesting that flow fluctuations may also arise from final-state interactions. The
flow cumulants are also found to depend on the resolution of the quantity used to define event centrality: poorer centrality
resolution tends to increase the value of v,{2} and changes the sign of v,{4} and v3{4} in ultra-central collisions. These
results shed light on the contributions of flow fluctuations from the initial state and the final state, as well as on the
influences of centrality fluctuations.
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In high energy nucleus-nucleus (A+A) collisions, the distribution of produced particles exhibit strong
azimuthal anisotropy as a function of transverse momentum (pr). Such anisotropy is analyzed with a Fourier
expansion dN/d¢ o< 1 +2 37, v, cos n(¢ — ®,), where v, and ®, represent the magnitude and angle of the
n-order harmonic flow. It is well established that v, is driven by the hydrodynamic response of the produced
medium to the asymmetry in the initial-state energy density distribution, characterized by eccentricity ¢,,
and v, « ¢, forn = 2 and 3 [1]. The measurements of v, and @, place important constraints on the properties
of the medium and on the density fluctuations in the initial state [2, 3, 4, 5].

In order to disentangle the initial- and final-state effects, experimentalists have focused their attention on
flow fluctuations, p(v,). These distributions are often studied through multi-particle azimuthal correlations,
va{2k} [6, 7, 8], where the 2k = 2,4, 6... denoted the number of particles used for each multiplet. If v, « ¢, is
exact, p(v,) should be the same as p(e,) up to a rescaling factor. The latter is expected to cancel in the ratio
of the cumulants such that the cumulant ratio reflects only the initial eccentricity fluctuations. On the other
hand, hydrodynamic model calculations predict pr-dependent fluctuations of v, even in a single event [9].
Such final-state intra-event flow fluctuations may change the shape of p(v,) in a pr-dependent way and can
be quantified by comparing cumulant ratio using particles from different pr ranges.

Another source of flow fluctuation could arise from the fact that centrality or volume of the system
can not be selected precisely. Due to fluctuations in the particle production process, the true centrality for
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events with the same final-state multiplicity can fluctuate from event to event. Since the v, values vary with
centrality, the centrality fluctuations (CF) is expected to influence the underlying p(v,) and the value of
vn{2k}, especially in ultra-central (UCC) collisions [10, 11].

These proceedings show multi-particle cumulants v,{2,4, 6} for n = 2,3,4 obtained with the ATLAS
detector [12] at the Large Hadron Collider (LHC). These results provide constraints on the p(v,), and they
are compared between two centrality definitions to understand the role of CF. Results also exist for many
other observables, which can be found in Ref. [13].

The flow cumulants c,{2k} and corresponding flow coefficients v, {2k} are defined as

cal2) = (2) L et = () = 2(2) . cal6) = <v2>—9(v3>(vﬁ)+ 12(v§>3 ,

Vn{z} = Cn{2} s Vn{4} = _Sign(cn )V cn > Vn 6} = SIgn(Cn |cn }l
where <v2" > are calculated from 2k-particle correlations [7]. The cumulant ratios (or normalized cumulants)
are defined as
cnid} {6}
nc,{4} = . 1{2}2 = (va{4}/vaf2)* | nc,{6) = m = (val4}/va(2))° . (D)

These observables are obtained using two centrality definitions: the total transverse energy in the forward
pseudorapidity range 3.2 < || < 4.9, ZEr, and the number of reconstructed charged particles in the mid-
rapidity range || < 2.5, Nj°. They are calculated with both the standard cumulant method [6] and the
three-subevent cumulant method [14, 15, 16]. The results from the two methods are consistent, indicating
that the non-flow correlations such as resonance decays and jets are not important in Pb+Pb collisions.
These observables can be similarly defined for eccentricities by replacing v, with ¢,, denoted by c,{2k, €},
vn{2k, €} (also denoted as €,{2k}), which describe the properties of p(e,).

Figure 1 shows the ratio of four-particle cumulants to two-particle cumulants v,{4}/v,{2} forn = 2, 3 and
4. The values of v,{4}/v,{2} increase and then decrease toward central collisions, the values of v3{4}/v3;{2}
decrease continuously toward central collisions. These centrality-dependent trends are driven by the central-
ity dependence of the cumulants for € and €3, respectively. On the other hand, significant pr dependence
is observed: the v,{4}/v,{2} decreases for higher pr, while v3{4}/v3{2} shows opposite trends. Such pr-
dependences imply that the €, may not be the only source for flow fluctuations. Dynamical fluctuations in
the momentum space in the initial or final state may also change p(v,).
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Figure 1. The centrality dependence of cumulant ratio v2{4}/v2{2} (left), v3{4}/v3{2} (middle), and v4{4}/v4{2} (right) for four pt
ranges obtained from nc, {4} via Eq. 1 from Ref. [13]. Note that when v4{4}/v4{2} < 0, it implies nc4{4} > 0.

Figure 1 also shows that the values of v4{4}/v4{2} (right panel) change sign around centrality range of
25-30%. This behavior can be explained from the fact that v4 contains a linear contribution associated
with the & and a mode-mixing contribution from e, due to the non-linear hydrodynamic response [17, 18].
Previous measurements [4, 5] show that the linear term dominates in central collisions, while the non-linear
term dominates in more peripheral collisions.

The left panel of Figure 2 compares the cumulant ratio v2{6}/v,{4} for 0.5 < pr < 5 GeV with those
obtained from ALICE [19] and CMS [20] Collaborations. Excellent agreement is observed, although the
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ATLAS results have much smaller statistical and systematic uncertainties. This ratio is expected to be unity
for the Gaussian fluctuations, therefore the apparent deviation of the ratio from one suggests non-Gaussianity
of p(v;) over a broad centrality range. Furthermore, the middle panel shows that the values of v,{6}/v,{4}
has significant pr dependence, suggesting possible final-state contributions to flow fluctuations.
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Figure 2. The centrality dependence of the cumulant ratio v2{6, ZEt}/v2{4,ZE} for four pr ranges (middle) and comparison with
results from ALICE Collaboration [19] and the CMS Collaboration [20] (left), and correlation between v,{6,ZE1}/v2{4,2E1} and
va{4, 2ET}/v2{2, ZET} compared with models based on initial-state eccentricities (right). From Ref. [13].

To further study p(v;) and its relation to p(e,), the right panel of Figure 2 shows the correlation between
v2{6}/v2{4} and v,{4}/v,{2}. This correlation can be compared directly to analogous correlation from elliptic
eccentricity: v{6, €}/v2{4, €} vs v2{4, €}/v2{2, €}. The latter is calculated from three initial state models: the
standard Glauber model with ¢, calculated from the participating nucleons (long-dashed line) [21, 11], a
two-component Glauber model with e, calculated from a combination of participating nucleons and binary
nucleon-nucleon collisions (short-dashed line) [21, 11], or a fluctuation-driven model with ¢, calculated
from random sources (solid line) [22]. These models fail to describe quantitatively the overall correlation
pattern, although the two-component Glauber model is closest to the data in central collisions, while the
fluctuation-driven model is closest to the data in peripheral collisions.

The middle panel of Figure 3 shows the correlation between XEt and N;¢. This correlation is divided
into narrow intervals in either ZEt or Nzec, and the mean and root-mean-square values of the N£§° (ZET)
distributions are calculated and shown in the left and right panels. A linear relation is observed between
(Nz§°> and ZE7 over the full XEt range, while a significant non-linear relation is observed between (XEt)
and NI° at large N°. This latter behaviour suggests that, in UCC collisions, Et retains sensitivity to the

<N£§°> of the events, while N;¢ has relatively poorer sensitivity to the (XET) of the events. This implies that
the true centrality is more smeared out for events with the same N7;° than those with the same ZET.
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Figure 3. The correlation between N;ff and ZET (left), and the mean (solid points) and root-mean-square (shaded bands) of either the
N;EC distributions for events in slices of ZET (middle) or the ZE distributions for events in slices of NZEC (right) from Ref. [13].

To study the influence of CF on flow fluctuations, the cumulants are measured as a function of (XEt) or
(NZ;C>, denoted by v, {2k, ZET} or v, {2k, N3}, They are compared to each other as a function of (XEt) in
Figure 4. The left panel shows directly the ratio v2{2, N3¢} /v2{2, ZET} in two pr ranges, which reveals a few

percent deviation in the UCC region. This implies that events in a narrow N3¢ range have slightly larger v,
than events in a narrow LE1, when the two ensembles have the same (XEt1), which would be the case if the
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centrality resolution of N} was poorer than the resolution of ZEt.

The middle and right panels of Figure 4 show that the values of four-particle cumulants, nc,{4} and
nc3{4}, also have strong sensitivity on the CE. The nc,{4} value changes sign in the UCC region, where it
first increases, reaches a maximum and then decreases to close to zero. The nc3{4} value is negative and
approaches zero and changes sign in the UCC region. The magnitude of the change in the UCC region is
larger for nc,{4, Nfo} than for nc,{4,ZEt}. This behavior suggests that event class based on Nfo is more
affected by larger CF than event class based on XE1. Such behavior is also observed for nc,{4, €} when the
event class is defined with large CF introduced in a toy model [11].
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Figure 4. Comparison of flow harmonics between the two event-class definitions as a function of (XEt) in terms of ratio
v2{2, N3¢} /v2(2, ZET} in two pr ranges (left panel), nca{4, ZET} vs ncz{4,N;f]°} in 1.5 < pr <5 GeV (middle panel) and nc3{4,ZET}

Vs nC3{4,N;;°} in 1.5 < pr <5 GeV (right panel) from Ref. [13].

In summary, ATLAS has measured multi-particle cumulants for harmonic flow coeflicients v, in y/sny =
5.02 TeV Pb+Pb collisions at the LHC. The cumulants provide information about the event-by-event flow
fluctuations and how they are affected by the centrality fluctuations. The cumulant ratios v,{4}/v,{2} for
n = 2,3 and 4 and v,{6}/v,{4} show centrality-dependent behavior compatible with eccentricity fluctuations.
However significant pr dependences are also observed, suggesting flow fluctuations may also arise directly
in the momentum space through the initial-state correlations or final-state interactions. The flow cumulants
also depend on the resolution for the quantity used to define event centrality: poorer centrality resolution
tends to increase the value of v,{2} and changes the sign of v,{4} and v3{4} in ultra-central collisions.
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