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CME/CMW/… : what is next?

         Sergei A. Voloshin

Isobars 
Playing on signal with system size 
SP/PP   
“Cross-observable-correlation”

Evolution of expectations: 
2004-2009: the signal in Au+Au might be about 1/3  of .  
We should be able to get “accuracy” of about 10% of   
2017-2019: the signal is likely less than  10-15%.  
We should be able to achieve 5% accuracy 
2021 -  isobars - no (?) signal at the level ~a few %, but it might  
be larger in AuAu and/or PbPb. 

~2025(?)  SP/PP and/or ESE   < 0.5% in AuAu/ PbPb?

Δγ
Δγ
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FIG. 5. Ru+Ru over Zr+Zr ratio of the primary CME-sensitive observable ��/v2 estimated using di↵erent methods and
by independent analysis groups. The vertical lines represent statistical uncertainties while the rectangular boxes represent
systematic uncertainties. The upper panel shows the results using the entire TPC acceptance estimated using event-plane (EP)
and three-particle correlations (3PC) methods without any ⌘ gaps. The lower panel shows the results using a sub-event (SE)
method with gap (�⌘sub) of 0.2. Note the most central data point from Group-4 is for 0–10% centrality. The centrality bins
are shifted horizontally for clarity.

The corresponding �112 correlator is represented by

�112{TPC EP} = hcos(�↵ + �� � 2 TPC

2
)i . (44)

The two-particle � correlator is estimated in the same way as defined in Eq. (11). To account for the detector
non-uniformity, both � and  TPC

2
have been corrected by the shifting method [99], such that they have uniform

distributions.
In this subsection, the POIs (with azimuthal angle represented by � in Eq. (43) or �↵,� in Eq. (44)) are taken

from the TPC acceptance of |⌘| < 1. By default, the full EP over the same ⌘ range is used for the v2 and ��112
measurements, with no ⌘ gap between the EP and the POIs or between the two POIs. For each POI or POI pair,
the full EP is re-estimated by excluding the POI or POI pair to remove self-correlation. This approach yields the
smallest statistical uncertainties, with the largest possible number of POIs and the highest possible EP resolution.
The systematic uncertainties due to the lack of an ⌘ gap are expected to be canceled to a large extent in the ratio
between the two isobar systems, and this idea has been corroborated by the v2 ratios in Fig. 4, and will be further
tested in the following discussions of the results using finite ⌘ gaps.

Figure 6 shows v2{TPC EP} as a function of centrality for Ru+Ru and Zr+Zr collisions at
p
sNN = 200 GeV

in the upper panel, and the ratio of Ru+Ru to Zr+Zr in the lower panel. The v2 ratio averaged over the 20–50%
centrality range is 1.0144±0.0001(stat.)±0.0008(syst.). Given the statistical and systematic uncertainties, this value is
significantly above unity, and we consider two potential origins: (a) the two nuclei could have di↵erent nuclear density
parameters, and (b) non-flow contributions could be di↵erent in the two systems. Scenario (b) can be examined using
the measurements with various ⌘ gaps: the mean value of the v2 ratio becomes 1.0146, 1.0149 and 1.0161 for the
two-particle cumulant method (v2{2} defined in Eq. (45)) with no ⌘ gap, �⌘↵� > 0.05 and �⌘↵� > 0.2, respectively.
Here �⌘↵� is the ⌘ gap between particles ↵ and �. Since the v2 ratio is consistently above unity, we exclude the
non-flow explanation. Therefore, the isobar data indicate that the 96

44
Ru and 96

40
Zr nuclei have di↵erent nuclear density

distributions, yielding a larger eccentricity in Ru+Ru than in Zr+Zr collisions at a given centrality [85]. This results
in the v2 ratio in the lower panel of Fig. 6 being larger than unity.
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is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.

TABLE III. Centrality definition by N
o✏ine

trk ranges (e�ciency-uncorrected multiplicity in the TPC within |⌘| < 0.5) in Ru+Ru
and Zr+Zr collisions at psNN =200 GeV. The first column is the centrality range labels we use throughout the paper. The
two centrality columns are the actual centrality ranges which are slightly di↵erent because of integer edge cuts used for the
centrality determination. The mean hN

o✏ine

trk i values, the mean number of participants (hNparti), and the mean number of
binary collisions (hNcolli) are also listed. The statistical uncertainties on hN

o✏ine

trk i are all significantly smaller than 0.01. The
uncertainties on hNparti and hNcolli are systematic.

Centrality Ru+Ru Zr+Zr
label (%) Centrality(%) N

o✏ine

trk hN
o✏ine

trk i hNparti hNcolli Centrality(%) N
o✏ine

trk hN
o✏ine

trk i hNparti hNcolli
0–5 0–5.01 258.–500. 289.32 166.8±0.1 389±10 0–5.00 256.–500. 287.36 165.9±0.1 386±10
5–10 5.01–9.94 216.–258. 236.30 147.5±1.0 323±5 5.00–9.99 213.–256. 233.79 146.5±1.0 317±5
10–20 9.94–19.96 151.–216. 181.76 116.5±0.8 232±3 9.99–20.08 147.–213. 178.19 115.0±0.8 225±3
20–30 19.96–30.08 103.–151. 125.84 83.3±0.5 146±2 20.08–29.95 100.–147. 122.35 81.8±0.4 139±2
30–40 30.08–39.89 69.–103. 85.22 58.8±0.3 89.4±0.9 29.95–40.16 65.–100. 81.62 56.7±0.3 83.3±0.8
40–50 39.89–49.86 44.–69. 55.91 40.0±0.1 53.0±0.5 40.16–50.07 41.–65. 52.41 38.0±0.1 48.0±0.4
50–60 49.86–60.29 26.–44. 34.58 25.8±0.1 29.4±0.2 50.07–59.72 25.–41. 32.66 24.6±0.1 26.9±0.2
60–70 60.29–70.04 15.–26. 20.34 15.83±0.03 15.6±0.1 59.72–70.00 14.–25. 19.34 15.10±0.03 14.3±0.1
70–80 70.04–79.93 8.–15. 11.47 9.34±0.02 8.03±0.04 70.00–80.88 7.–14. 10.48 8.58±0.02 7.12±0.04
20–50 19.96–49.86 44.–151. 89.50 60.9±0.3 96.7±1.0 20.08–50.07 41.–147. 85.68 58.9±0.3 90.3±0.9
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FIG. 3. (Upper) The e�ciency-uncorrected mean multiplicity
⌦
N

o✏ine

trk

↵
from the TPC within |⌘| < 0.5 as a function of

centrality in Ru+Ru and Zr+Zr collisions. The centrality bins are shifted horizontally for clarity. (Lower) The ratio of
the mean multiplicity in Ru+Ru collisions to that in Zr+Zr collisions in matching centrality. The points include statistical
uncertainties that are within the marker size.

The centrality of an event is defined by the percentile of the total cross section. The integer edge cuts are made
so that the integrals of the N

o✏ine

trk distributions would be closest to the 5% or 10% mark. For the 0–20% centrality
interval the experimental data are used for integration, while the MC Glauber distributions are used for the remaining
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To establish exact limits, one need to resolve/understand   
systematics in the ratio  

up to a (sub)percent level (note difference between results from  
different groups, “Full” vs “SE”).
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E. �� with participant and spectator planes (approach-II)

The main objective is to obtain the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr. As discussed in Ref. [65] an evalu-
ation of the ratio (��/v2) does not require knowledge of the reaction plane resolution, which reduces the systematic
uncertainty. It also “normalizes” the � correlator to the elliptic flow value (which is proportional to background) and
thus can be used for a direct comparison of the signals in di↵erent isobar collisions, even if the values of elliptic flow
are slightly di↵erent in the two systems. Thus, the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr, and specifically its
deviation from unity, can be directly used for a qualitative detection of the CME signal. To extract the CME signal
in this approach the double ratio is fit with the equation:

(��/v2)Ru+Ru

(��/v2)Zr+Zr

= 1 + fZr+Zr
CME [(BRu+Ru/BZr+Zr)

2 � 1], (35)

where fZr+Zr
cme is the CME fraction in the �� correlator measured in Zr+Zr collisions, and (BRu+Ru/BZr+Zr) is the ratio

of the magnetic field strengths in Ru+Ru and Zr+Zr collisions. By default this ratio is taken as the ratio of the
nuclear charges, but can be varied to take into account the uncertainties related to the magnetic field determination.

For a non-zero CME signal it is expected that the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr would be greater than
unity, as the CME signal in Ru+Ru collisions is expected to be about 15% larger than in Zr+Zr collisions [58, 83],
and the background di↵erence should be significantly smaller.

For the separate estimates of the CME signal in each of the isobar collisions, the � correlator and elliptic flow can
be also measured using STAR’s two ZDC-SMD  1 event planes (spectator planes):

(��/v2)ZDC =
�hcos(�↵ + �� � W

1
� E

1
)i

hcos(2�� W
1

� E
1
)i

, (36)

where  W(E)

1
is the event plane determined with ZDC-SMD in the west (east) side of STAR and the west side

corresponds to the backward direction. Then this can be used for calculations of the double ratios:

(��/v2)spectator
(��/v2)participant

=
(��/v2)ZDC

(��/v2)TPC

=
�hcos(�↵ + �� � W

1
� E

1
)i/hcos(2�� W

1
� E

1
)i

�hcos(�↵ + �� � 2�c)i/hcos(2�↵ � 2�c)i
. (37)

To extract the signal, one has to make further assumptions [65]. Following the most plausible scenario of the
magnetic field oriented on average perpendicular to the spectator plane, the CME fraction, ftpc

cme, can be extracted via
fitting of the results with the equation:

(��/v2)ZDC

(��/v2)TPC

= 1 + fTPC
CME

✓
v2
2
{TPC}

v2
2
{ZDC} � 1

◆
. (38)

While the calculation of the double ratio, l.h.s. of Eq. (38), does not require knowledge of the reaction plane resolutions,
the quantitative estimate of ftpc

cme from the double ratio requires v2 values corrected for the reaction plane resolution.
For the correlations relative to the sum of the first harmonic ZDC event planes the corresponding event plane resolution
can be extracted directly from the data as hcos( W

1
� E

1
)i.

F. R 2 variable

The R 2(�S) variable provides an alternate way of measuring charge separation. It is obtained by taking the ratio
of two sets of correlation functions [62, 73] defined as:

R 2(�S) = C 2(�S)/C?
 2

(�S). (39)

Here the correlation functions C 2(�S) and C?
 2

(�S) quantify charge separation �S, perpendicular and parallel

(respectively) to the  2 EP. The su�x “?” is motivated by the direction of the ~B field. Since the ~B field is
nearly perpendicular to the  2 EP, C 2(�S) and C?

 2
(�S) measure charge separation approximately parallel and

perpendicular (respectively) to the ~B field. These correlation functions are further obtained from the ratios of two
distributions [62, 73];

C 2(�S) =
Nreal(�S)

Nshu✏ed(�S)
. (40)
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FIG. 27. Compilation of post-blinding results. This figure is largely the same as Fig. 26 with the following di↵erences: numerical
changes in the results from the new run-by-run QA algorithm are treated as an additional systematic uncertainty added in
quadrature, and two data points (open markers) have been added on the right to indicate the ratio of inverse multiplicities
(No✏ine

trk ) and the ratio of relative pair multiplicity di↵erence (r) as explained in the text.

VI. POST BLINDING

During the second step of our analysis (the isobar blind analysis) a potential issue was identified related to the
predefined criteria of the QA algorithm (as described in Sec. IID). The condition of being within five times the
weighted error or one percent of the variation of the local mean may be too relaxed to identify all the boundaries of
stable run periods and outlier runs in some QA variables. When combining the identified run mini-regions, a new
algorithm is implemented by 1) removing the “within one percent of the variation of the local mean” condition, and 2)
adding a tolerance of “within 2-RMS di↵erence”, which seems to be more e↵ective for some QA variables such as Nfits.
This new algorithm is again executed in the final step of isobar unblind analysis (Step-3) and all the results using
this algorithm are presented in this post-blinding section. No qualitative changes are observed in the final quantities.
The numerical changes in the results from this new run-by-run QA algorithm are treated as an additional systematic
uncertainty to update Fig.26 and obtain Fig. 27.

Two additional data points are included on Fig. 27 for the following reasons. Most ratio quantities shown in Fig. 26
or Fig.27 have magnitudes that are below unity with high significance, whereas in a purely non-CME scenario with
controlled backgrounds, the expectation is that these quantities should be consistent with unity. The reason for these
ratios being less than unity is, in part, due to the multiplicity di↵erence in the two isobar systems. As documented in
Table III, the multiplicity distributions are di↵erent for the two isobar species to the extent that in bins of matching
centrality, the mean multiplicity is around 4% lower for mid-central Zr+Zr than for mid-central Ru+Ru collisions.
The measured magnitudes of most observables, such as �� and ��, decrease with increasing multiplicity because of
the trivial multiplicity dilution for these per-pair quantities. Therefore, the corresponding ratios of these observables
between the two isobar systems will become larger, if taken in bins of matching multiplicity. Under the approximation
that background to�� is caused by flowing clusters with the properties of the clusters staying the same and the number
of clusters scaling with multiplicity, the value of �� scales with the inverse of multiplicity [20], i.e. N�� / v2 with
the proportionality presumably equal between the two isobars. Because of this, it may be considered that the proper
baseline for the ratio of ��/v2 between the two isobars is the ratio of the inverse multiplicities of the two systems.
Analysis with respect to this baseline is not documented in the pre-blinding procedures of this blind analysis, so is
not reported as part of the blind analysis. We include this inverse multiplicity ratio as the right-most point in Fig. 27.

It is interesting to note that ordering among the quantities in their magnitudes is observed in Figs. 26 and 27. The
��/v2 ratio has a smaller magnitude than the  and k ratios. This is consistent with the multiplicity ratio baseline
for the former as discussed above and the fact that the trivial multiplicity dependence cancels in the latter so its
baseline would be unity. On the other hand, the R-variable inverse width 1/�R 2

ratio is larger than the ��/v2 ratio.
This di↵erence is expected to be driven by: 1) di↵erent pT ranges used for the two quantities, 2) di↵erence in the
multiplicity dependence (see, e.g., Ref. [81]), and 3) di↵erence in the non-flow contributions. The scaling relations
extracted in Ref. [81] indicate an approximate relation between 1/�2

R 2
, multiplicity N and ��, which would imply
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TABLE I. The inclusive h��inci ⌘ h��{ TPC}i and the extracted hfCMEi and h��CMEi, averaged over 20–50% and 50–80%
centrality ranges in Au+Au collisions at

p
sNN= 200 GeV from the full-event method (with two POI pT ranges) and the

sub-event method (with two ⌘ gaps). The first quoted uncertainty is statistical and the second systematic.

Centrality Method h��inci (⇥10�4) hfCMEi (%) h��CMEi (⇥10�4)

20–50%

full-event, pT=0.2–2 GeV/c 1.89± 0.01± 0.10 14.7± 4.3± 2.6 0.40± 0.11± 0.08
full-event, pT=0.2–1 GeV/c 1.48± 0.01± 0.07 13.7± 6.2± 2.3 0.29± 0.13± 0.06
sub-event, �⌘sub=0.1, pT=0.2–2 GeV/c 2.84± 0.01± 0.15 8.8± 4.5± 2.4 0.27± 0.17± 0.12
sub-event, �⌘sub=0.3, pT=0.2–2 GeV/c 2.94± 0.01± 0.15 6.3± 5.0± 2.5 0.23± 0.19± 0.14

50–80%

full-event, pT=0.2–2 GeV/c 6.31± 0.03± 0.38 0.3± 2.5± 5.3 0.12± 0.21± 0.40
full-event, pT=0.2–1 GeV/c 5.19± 0.04± 0.33 4.6± 3.4± 7.3 0.37± 0.23± 0.41
sub-event, �⌘sub=0.1, pT=0.2–2 GeV/c 8.72± 0.06± 0.41 �4.2± 3.4± 2.6 �0.36± 0.36± 0.43
sub-event, �⌘sub=0.3, pT=0.2–2 GeV/c 8.89± 0.07± 0.40 �4.6± 3.9± 2.7 �0.46± 0.43± 0.45
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FIG. 3. The flow-background removed hfCMEi (a) and h��CMEi (b) signal in 50–80% (open markers) and 20–50% (solid
markers) centrality Au+Au collisions at

p
sNN= 200 GeV, extracted by various analysis methods (FE: full-event, SE: sub-

event) and kinematic cuts. Error bars show statistical uncertainties; the caps indicate the systematic uncertainties.

⌘ gaps between the sub-events. The inclusive �� mea-
surements with respect to  ZDC and  TPC are found to
be largely dominated by backgrounds, consistent with
conclusions from previous measurements. Because  ZDC

aligns better with the spectator proton plane and  TPC

aligns better with the v2 harmonic plane, these measure-
ments can be used to extract the possible residual CME
signals, assuming that the background is proportional to
v2 and the magnetic field is determined by the spectator
protons. Under these assumptions, the possible residual
CME signals are extracted using the new method in this
paper. Some indication of finite signals is seen with a sig-
nificance of 1–3 standard deviations from the sub-event
to full-event methods. However, significant non-flow ef-
fects (especially for the full-event method without ⌘ gap)
may still be present that warrant further investigation.
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a ¼ v2fψZDCg=v2fψTPCg and A ¼ ΔγfψZDCg=ΔγfψTPCg
as functions of centrality. Their values are found to be
nearly identical over the full centrality range, indicating the
dominance of background contributions in Δγ.
Figure 2(a) shows the A=a ratio from both the full-event

and subevent methods, for 0.2 < pT < 2 GeV=c. A value
of A=a > 1 would indicate the possible existence of
a CME signal. Figure 2(b) shows the centrality depen-
dence of fCME, the possible CME signal relative to the
inclusive measurement ΔγfψTPCg, extracted by Eq. (3).
Figure 2(c) shows the absolute magnitude of the signal,
ΔγCME ≡ ΔγCMEfψTPCg ¼ fCMEΔγfψTPCg, as a function
of centrality.
Table I reports hfCMEi and hΔγCMEi, averaged over

20%–50% and 50%–80% centrality ranges, along with the
inclusive hΔγfψTPCgi. Both the full-event and subevent
methods are tabulated. The results are shown in Fig. 3,
and are consistent with zero in the 50%–80% peripheral
centrality range. For the 20%–50% centrality range, hint of
the signal deviating from zero is seen with 1–3 standard
deviations, depending on the analysis method. Note that the
statistical and systematic uncertainties are not completely

independent among the data points because the same
overall data sample is used in the various methods.
Since the CME is speculated to be a low-pT phenome-

non [4], we have analyzed a lower pT range 0.2 < pT <
1 GeV=c for the POI for the full-event method, as shown in
Fig. 3. Given the large uncertainties we cannot draw
conclusions concerning the relative magnitude of fCME
or ΔγCME between the two pT ranges.
A key assumption made in this analysis is that the flow

background is proportional to the final-state hadron v2 [39].
This assumption may not strictly hold because of the
presence of nonflow. For example, two-particle correlations
contribute positively to v2fψTPCg, which would reduce a,
yielding an increased fCME. Three-particle (e.g., dijet) cor-
relations could significantly increase ΔγfψTPCg, which
would reduce A, and thus cause a decreased fCME. The
latter may have contributed to the negative fCME in
peripheral collisions (modulo large uncertainties) [57].
The relative strengths of those effects are unknown a priori.
The measured fCME and ΔγCME can, therefore, still be
contaminated by nonflow effects. In order to mitigate
nonflow effects, we have analyzed data using the subevent

TABLE I. The inclusive hΔγfψTPCgi and the extracted hfCMEi and hΔγCMEi, averaged over 20%–50% and 50%–80% centrality
ranges in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV from the full-event method (with two POI pT ranges) and the subevent method (with
two η gaps). The first quoted uncertainty is statistical and the second systematic.

Centrality Method hΔγinci (×10−4) hfCMEi (%) hΔγCMEi (×10−4)
20%–50% Full-event, pT ¼ 0.2–2 GeV=c 1.89# 0.01# 0.10 14.7# 4.3# 2.6 0.40# 0.11# 0.08

Full-event, pT ¼ 0.2–1 GeV=c 1.48# 0.01# 0.07 13.7# 6.2# 2.3 0.29# 0.13# 0.06
Subevent, Δηsub ¼ 0.1, pT ¼ 0.2–2 GeV=c 2.84# 0.01# 0.15 8.8# 4.5# 2.4 0.27# 0.17# 0.12
Subevent, Δηsub ¼ 0.3, pT ¼ 0.2–2 GeV=c 2.94# 0.01# 0.15 6.3# 5.0# 2.5 0.23# 0.19# 0.14

50%–80% Full-event, pT ¼ 0.2–2 GeV=c 6.31# 0.03# 0.38 0.3# 2.5# 5.3 0.12# 0.21# 0.40
Full-event, pT ¼ 0.2–1 GeV=c 5.19# 0.04# 0.33 4.6# 3.4# 7.3 0.37# 0.23# 0.41
Subevent, Δηsub ¼ 0.1, pT ¼ 0.2–2 GeV=c 8.72# 0.06# 0.41 −4.2# 3.4# 2.6 −0.36# 0.36# 0.43
Subevent, Δηsub ¼ 0.3, pT ¼ 0.2–2 GeV=c 8.89# 0.07# 0.40 −4.6# 3.9# 2.7 −0.46# 0.43# 0.45

(a) (b)

FIG. 3. The flow-background removed hfCMEi (a) and hΔγCMEi (b) signal in 50%–80% (open markers) and 20%–50% (solid markers)
centrality Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, extracted by various analysis methods [full-event (FE), subevent (SE)] and
kinematic cuts. Error bars show statistical uncertainties; the caps indicate the systematic uncertainties.
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method with two η gaps, as also shown in Fig. 3. The
extracted fCME and ΔγCME are of reduced significance
because of the smaller particle pair statistics with the
subevent method. It is noteworthy that our result is con-
sistent, within one standard deviation, with the previously
extracted fCME ¼ ð2# 4# 5Þ% [37] (also from the sub-
event method) exploiting the pair invariant mass [58]. The
method exploited in the present Letter uses additional
information from the ZDCs taking advantage of the PP
and SP fluctuations.
Recently STAR has released results from a blind analysis

of isobar collisions [19], which offer improved discrimi-
nation between the possible CME signal and the known
backgrounds. A significance of 3 standard deviations is
expected if the CME fraction is 10% in isobar collisions
[59,60]. However, no evidence of the CME has been
observed, suggesting that the CME fraction in isobar
collisions is significantly smaller than 10%. This would
be consistent with the data reported here if the CME signal
to background ratio is substantially reduced from Au þ Au
to isobar collisions as suggested in Ref. [61].
Conclusions.—In summary, we have reported measure-

ments of the elliptic flow anisotropy v2 and three-particle
correlator Δγ with respect to the first-order harmonic plane
from the zero-degree calorimeters, ψZDC, and the second-
order harmonic plane from the time projection chamber,
ψTPC. We used the full-event method where the particles of
interest POI and ψTPC are both from the jηj < 1range, and
studied two pT ranges for the POI. We also used the
subevent method where the POI and ψTPC are from two
subevents, and we applied two η gaps between the sub-
events. The inclusive Δγ measurements with respect to
ψZDC and ψTPC are found to be largely dominated by
backgrounds, consistent with conclusions from previous
measurements. Because ψZDC aligns better with the spec-
tator proton plane and ψTPC aligns better with the v2
harmonic plane, these measurements can be used to extract
the possible CME signals, assuming that the background is
proportional to v2and the magnetic field is determined by
the spectator protons. Under these assumptions, the pos-
sible CME signals are extracted using the new method in
this Letter. Some indication of finite signals is seen in
20%–50% Au þ Au collisions. However, nonflow effects
(especially for the full-event method without η gap) may
still be present that warrant further investigation.
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Figure 1: (a) inclusive �� calculated by avfd in 30-40% Au+Au and Zr+Zr collisions at
p

snn = 200 GeV as functions of the axial charge per
entropy density n5/s; (b) background-subtracted cme signal ��cme, where the background is taken as the �� at n5/s = 0; (c) the cme signal fraction
fcme, where the curves are fits to (n5/s)2

(n5/s)2+b with b related to the background-to-signal ratio. The horizontal line at fcme = 10% and the shaded area
are to guide the eye. Statistical uncertainties are too small to be visible.

current and the bulk medium. In our simulation we used the version EBE-avfd Beta1.0 which includes event-wise
fluctuations in the initial conditions [29, 32].

The cme arises from the finite axial charge current due to the imbalanced numbers of left-handed and right-handed
quarks. The magnitude of the axial charge per entropy density (n5/s) is, however, rather poorly known [34, 35, 29].
The n5/s value is taken as an input to avfd. We can, however, use the available Au+Au data as a benchmark to calibrate
avfd. To that end we simulate isobar as well as Au+Au collisions by avfd. While the cme signals in individual
collision systems are di�cult to gauge theoretically (and also experimentally at present), their relative strengths in
isobar collisions vs. Au+Au collisions should be more robust.

Figure 1(a) shows the �� calculated by avfd in 30-40% centrality Au+Au and Zr+Zr collisions at
p

snn = 200 GeV.
The Ru+Ru results are similar to Zr+Zr. The leftmost data points at n5/s = 0 are entirely due to flow background.
The backgrounds di↵er by approximately a factor of 1.9 between Zr+Zr and Au+Au; this is consistent with the
aforementioned multiplicity dilution. We can extract the cme signals ��cme at n5/s , 0 by subtracting the flow
background ��Bkg taken as the �� at n5/s = 0. The ��cme is shown in Fig. 1(b) as function of n5/s. It is quadratic,
��cme = k(n5/s)2, as expected because �� is a two-particle correlation variable. The signal strengths di↵er by also
approximately a factor of 1.9 at the same n5/s value between Au+Au and Zr+Zr collisions, but in the opposite
direction of the background di↵erence. This is not unexpected because the initial magnetic field strengths in avfd
di↵ers by a factor of 1.7 between Au+Au and Zr+Zr collisions [29], somewhat larger than the aforementioned A1/3

scaling. This would result in a factor of 2.9 di↵erence in ��cme. However, there could be final-state e↵ect reducing the
cme signal [36] and this reduction would be stronger in Au+Au than isobar collisions. Also, it is possible that the cme
signal could be somewhat diluted by multiplicity (similar to the background) if it arises from multiple independent
domains of axial charges in local magnetic fields. In other words, the cme signal could behave more like nonflow,
rather than flow as normally expressed by the a1 parameter in a Fourier series 1 + 2a1 sin(�) + 2v2 cos(2�) + ...,
where ��cme = 2a2

1 and a1 / n5/s [29]. This would result in a larger multiplicity dilution in Au+Au than isobar
collisions. Thus, it may not be entirely unexpected that the relative cme signal in Au+Au with respect to isobar
collisions is smaller than the B2 scaling; avfd indicates a relative reduction factor of ✏ isobar/✏AuAu ⇡ 2.9/1.9 (here
0 < ✏AuAu, ✏ isobar < 1). Moreover, the initial temperature is expected to be higher in Au+Au than isobar collisions,
which would lead to a larger sphaleron transition probability and hence a larger initial cme signal. So the final-state
reduction factor could be even larger. Nevertheless, it is evident that the avfd results generally support the estimates
by the aforedescribed simple reasoning.

The cme fraction, fcme, is shown in Fig. 1(c) for both Zr+Zr and Au+Au collisions. It is now not a surprise, as
noted above, that the cme fractions are not the same between isobar and Au+Au collisions at a given n5/s. Using
shorthand notation rBkg ⌘ ��isobar

Bkg /��
AuAu
Bkg (⇡ 1.9) for the background ratio and rcme ⌘ kisobar/kAuAu (⇡ 1/1.9) for the

ratio of the proportionality coe�cient k, it is straightforward to show

f isobar
cme =

f AuAu
cme

f AuAu
cme + r(1 � f AuAu

cme )
, (1)

3

The signal could depend strongly on the system size. 
Calculations by A. Dobrin (private communication)
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Figure 5: The expected CME signal as a function of centrality from MC Glauber simulations for Xe–Xe and
Pb–Pb collisions [70] (see text for details).

and the background scale with dNch/dh , the charge dependence of gab for the two collision systems can
be expressed using a two-component approach similar to the one proposed in Ref. [73]

GXe�Xe = sB
Xe�Xe +bv

Xe�Xe
2 , (5)

GPb�Pb = sB
Pb�Pb +bv

Pb�Pb
2 , (6)

where G ⌘ gab dNch/dh , B ⌘ h(eB)2 cos(2(YB �Y2))i, and v2 is taken from Ref. [41] and gPb�Pb
ab from

Ref. [39]. The s and b parameters quantify the signal and background contributions, respectively, and
do not depend on collision system as a result of the assumption that both scale with dNch/dh . While
this scaling is expected for b since it is dominated by flowing clusters [25], the domains responsible
for s are small and thus they can be considered as “usual" clusters which scale with dNch/dh . These
parameters can be used to calculate the fractions of the CME signal (denoted as fCME) in Xe–Xe and
Pb–Pb collisions as

fCME =
sB

sB+bv2
. (7)

The smaller CME signal in Xe–Xe collisions also results in a tighter limit on fCME in Xe–Xe than in
Pb–Pb collisions. It is worth noting that the CME fractions in the two collision systems are correlated
because both are calculated with the same s and b parameters, extracted from the data using Eqs. 5 and 6.

Figure 6 presents the centrality dependence of fCME in Xe–Xe and Pb–Pb collisions for the two models
used in this study. The uncertainties in the CME fractions are obtained adding in quadrature the statistical
and systematic uncertainties in Eqs. 5 and 6. The fCME does not depend significantly on the proper time
used to calculate the magnetic field since varying the value from 0.1 fm/c to 0.01 fm/c, 0.5 fm/c, and
1 fm/c yields similar CME fractions. The fCME is compatible with zero up to 30% centrality in both
systems and then becomes positive for midcentral and peripheral collisions with larger values in Pb–Pb
than in Xe–Xe. The CME fraction for the 0–30% centrality interval in Pb–Pb collisions agrees with
the one reported in Ref. [39]. Fitting the data points in the centrality range 0–70% with a constant
function neglecting any centrality dependence gives fCME = �0.003±0.010 ( fCME = �0.001±0.012)
and fCME = 0.147±0.061 ( fCME = 0.150±0.062) for MC Glauber (TRENTo) initial conditions in Xe–
Xe and Pb–Pb collisions, respectively. These results are consistent with zero CME fraction in Xe–Xe
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Search for the Chiral Magnetic Effect with charge-dependent azimuthal
correlations in Xe–Xe collisions at psNN = 5.44 TeV

ALICE Collaboration

Abstract

Charge-dependent two- and three-particle correlations measured in Xe–Xe collisions at
p

sNN =
5.44 TeV are presented. Results are obtained for charged particles in the pseudorapidity range |h |<
0.8 and transverse momentum interval 0.2  pT < 5.0 GeV/c for different collision centralities. The
three-particle correlator gab ⌘ hcos(ja +jb �2Y2)i, calculated for different combinations of charge
sign a and b , is expected to be sensitive to the presence of the Chiral Magnetic Effect (CME). Its
magnitude is similar to the one observed in Pb–Pb collisions in contrast to a smaller CME signal
in Xe–Xe collisions than in Pb–Pb collisions predicted by Monte Carlo (MC) calculations including
a magnetic field induced by the spectator protons. These observations point to a large non-CME
contribution to the correlator. Furthermore, the charge dependence of gab can be described by a
blast wave model calculation that incorporates background effects and by the Anomalous Viscous
Fluid Dynamics model with values of the CME signal consistent with zero. The Xe–Xe and Pb–Pb
results are combined with the expected CME signal dependence on the system size from the MC
calculations including a magnetic field to obtain the fraction of CME contribution in gab , fCME. The
CME fraction is compatible with zero for the 30% most central events in both systems and then
becomes positive; averaging over the 0–70% centrality interval yields an upper limit of 2% (3%) and
25% (32%) at 95% (99.7%) confidence level for the CME signal contribution to gab in Xe–Xe and
Pb–Pb collisions, respectively.
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Figure 5: The expected CME signal as a function of centrality from MC Glauber simulations for Xe–Xe and
Pb–Pb collisions [70] (see text for details).

and the background scale with dNch/dh , the charge dependence of gab for the two collision systems can
be expressed using a two-component approach similar to the one proposed in Ref. [73]

GXe�Xe = sB
Xe�Xe +bv

Xe�Xe
2 , (5)

GPb�Pb = sB
Pb�Pb +bv

Pb�Pb
2 , (6)

where G ⌘ gab dNch/dh , B ⌘ h(eB)2 cos(2(YB �Y2))i, and v2 is taken from Ref. [41] and gPb�Pb
ab from

Ref. [39]. The s and b parameters quantify the signal and background contributions, respectively, and
do not depend on collision system as a result of the assumption that both scale with dNch/dh . While
this scaling is expected for b since it is dominated by flowing clusters [25], the domains responsible
for s are small and thus they can be considered as “usual" clusters which scale with dNch/dh . These
parameters can be used to calculate the fractions of the CME signal (denoted as fCME) in Xe–Xe and
Pb–Pb collisions as

fCME =
sB

sB+bv2
. (7)

The smaller CME signal in Xe–Xe collisions also results in a tighter limit on fCME in Xe–Xe than in
Pb–Pb collisions. It is worth noting that the CME fractions in the two collision systems are correlated
because both are calculated with the same s and b parameters, extracted from the data using Eqs. 5 and 6.

Figure 6 presents the centrality dependence of fCME in Xe–Xe and Pb–Pb collisions for the two models
used in this study. The uncertainties in the CME fractions are obtained adding in quadrature the statistical
and systematic uncertainties in Eqs. 5 and 6. The fCME does not depend significantly on the proper time
used to calculate the magnetic field since varying the value from 0.1 fm/c to 0.01 fm/c, 0.5 fm/c, and
1 fm/c yields similar CME fractions. The fCME is compatible with zero up to 30% centrality in both
systems and then becomes positive for midcentral and peripheral collisions with larger values in Pb–Pb
than in Xe–Xe. The CME fraction for the 0–30% centrality interval in Pb–Pb collisions agrees with
the one reported in Ref. [39]. Fitting the data points in the centrality range 0–70% with a constant
function neglecting any centrality dependence gives fCME = �0.003±0.010 ( fCME = �0.001±0.012)
and fCME = 0.147±0.061 ( fCME = 0.150±0.062) for MC Glauber (TRENTo) initial conditions in Xe–
Xe and Pb–Pb collisions, respectively. These results are consistent with zero CME fraction in Xe–Xe
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Figure 6: Centrality dependence of the CME fraction extracted using Eq. 7 with the expected CME signal from
MC Glauber [70] (closed markers) and TRENTo [72] (open markers) models (see text for details). The TRENTo
points are slightly shifted along the horizontal axis for better visibility.

collisions and correspond to upper limits on fCME of 2% (3%) and 25% (32%) at 95% (99.7%) confidence
level for the 0–70% centrality interval in Xe–Xe and Pb–Pb collisions, respectively. The limits are
estimated assuming Gaussian uncertainties.

4 Summary

The charge-dependent two- and three-particle correlators dab and gab have been measured in Xe–Xe
collisions at

p
sNN = 5.44 TeV. The charge dependence of these correlators is strongly correlated with

centrality, increasing from central to peripheral collisions, and is qualitatively similar to those reported
in Pb–Pb collisions. The difference between the Xe–Xe and Pb–Pb results mostly arises from dilution
effects since the data points from both collision systems fall approximately onto the same curve when
presented as a function of charged-particle density. Monte Carlo simulations with different initial state
models predict a significantly larger magnitude of the CME signal in Pb–Pb than Xe–Xe collisions,
which implies that the dominant contribution to gab in Xe–Xe collisions is due to background effects.
The magnitude of the charge dependence of gab is described over the entire centrality range by a blast
wave parameterisation that incorporates local charge conservation tuned to reproduce the components of
the background. This magnitude is also reproduced by Anomalous Viscous Fluid Dynamics calculations
with large contributions from local charge conservation effects and values of the CME signal close to
zero, thus indicating that the background is the dominant contribution to the three-particle correlator.
In order to get a quantitative estimate of the signal and background contributions, the measured values
of gab in Xe–Xe and Pb–Pb collisions are compared using a two-component approach. This procedure
allows one to estimate the fraction of the CME signal in both collision systems. Averaging over the
0–70% centrality interval, an upper limit of 2% (3%) and 25% (32%) is estimated at 95% (99.7%) con-
fidence level for the CME contribution to the charge dependence of gab in Xe–Xe and Pb–Pb collisions,
respectively.
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determination of centrality [52] and symmetry plane Y2. Both V0 detectors are segmented in four rings
in the radial direction with each ring divided into eight sectors in the azimuthal direction. Two tungsten-
quartz neutron ZDCs, installed 112.5 meters from the interaction point on each side, are also used for
event selection.

The trigger conditions and the event selection criteria can be found in Ref. [53]. Beam-induced back-
ground and pileup events are removed using an offline event selection, employing information from the
V0, ZDC, and tracking detectors. The primary vertex position is determined from tracks reconstructed in
the ITS and TPC as described in Ref. [47]. Approximately 106 Xe–Xe events in the 0–70% centrality in-
terval, with a primary vertex position within ±10 cm from the nominal interaction point along the beam
direction, are used in the analysis. The centrality of the collision is estimated from the energy deposition
measured in the V0 detector [52].

The charged-particle tracks reconstructed using the ITS and TPC within |h | < 0.8 and 0.2  pT <
5.0 GeV/c are used to measure the charge-dependent correlations. Each track is required to have a
minimum number of 70 space points (out of a maximum of 159) with a c2 per TPC space point lower
than 4, to cross at least 70 TPC readout rows, and to have the ratio between the number of crossed
rows and the number of findable space points in the TPC larger than 0.8. The selected tracks are also
required to have at least 2 ITS hits and a c2 per ITS hit smaller than 36. In addition, tracks are selected
with a distance of closest approach (DCA) to the reconstructed vertex position smaller than 3.2 cm and
2.4 cm in the longitudinal direction (z) and transverse plane (xy), respectively. These selection criteria
reduce the contamination from secondary charged particles (i.e., particles originating from weak decays,
conversions, and secondary hadronic interactions in the detector material) and fake tracks (random asso-
ciations of space points) and ensure a track momentum resolution better than 4% in the considered pT
interval [53]. The charged-particle track reconstruction efficiency is estimated from simulations with the
HIJING event generator [54, 55] combined with the GEANT3 transport model [56]. These simulations
include a detailed description of the detector response. The pT averaged charge-dependent correlations
are corrected for track reconstruction efficiency.

The charge-dependent correlations are measured using two- and three-particle correlators expressed as

dab ⌘ hcos(ja �jb )i= hcos(Dja)cos(Djb )i+ hsin(Dja)sin(Djb )i
= hv1,av1,b i+Bin + ha1,aa2,b i+Bout,

(2)

gab ⌘ hcos(ja +jb �2Y2)i= hcos(Dja)cos(Djb )i�hsin(Dja)sin(Djb )i
= hv1,av1,b i+Bin �ha1,aa2,b i�Bout,

(3)

where Dja(b ) = ja(b )�Y2, and Bin and Bout denote background contributions projected onto Y2 and
perpendicular to it, respectively. The term hv1,av1,b i is expected to have negligible charge dependence at
midrapidity [57]. In addition, hv1i at midrapidity is zero for a symmetric collision. While gab suppresses
background contributions at the level of v2 (i.e., the relative difference between the particle production
in-plane and out-of-plane), dab is dominated by short-range correlations unrelated to Y2 (“non-flow"),
such as inter-jet correlations and resonance decays.

The orientation of the symmetry plane Y2 is estimated from the azimuthal distribution of the energy
deposition measured by the V0A detector, with the x and y components given by

Q2,x = Â
j

w j cos(2j j), Q2,y = Â
j

w j sin(2j j), (4)

where the index j runs over the 32 sectors of the V0A detector, j j is the azimuthal angle of sector j

defined by the geometric centre, and w j is the amplitude of the measured signal in that sector. The sym-
metry plane resolution is calculated from correlations between the symmetry planes determined with
the TPC, the V0A, and the V0C detectors [26]. The effect of the decorrelation of Y2 between mid and
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E. �� with participant and spectator planes (approach-II)

The main objective is to obtain the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr. As discussed in Ref. [65] an evalu-
ation of the ratio (��/v2) does not require knowledge of the reaction plane resolution, which reduces the systematic
uncertainty. It also “normalizes” the � correlator to the elliptic flow value (which is proportional to background) and
thus can be used for a direct comparison of the signals in di↵erent isobar collisions, even if the values of elliptic flow
are slightly di↵erent in the two systems. Thus, the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr, and specifically its
deviation from unity, can be directly used for a qualitative detection of the CME signal. To extract the CME signal
in this approach the double ratio is fit with the equation:

(��/v2)Ru+Ru

(��/v2)Zr+Zr

= 1 + fZr+Zr
CME [(BRu+Ru/BZr+Zr)

2 � 1], (35)

where fZr+Zr
cme is the CME fraction in the �� correlator measured in Zr+Zr collisions, and (BRu+Ru/BZr+Zr) is the ratio

of the magnetic field strengths in Ru+Ru and Zr+Zr collisions. By default this ratio is taken as the ratio of the
nuclear charges, but can be varied to take into account the uncertainties related to the magnetic field determination.

For a non-zero CME signal it is expected that the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr would be greater than
unity, as the CME signal in Ru+Ru collisions is expected to be about 15% larger than in Zr+Zr collisions [58, 83],
and the background di↵erence should be significantly smaller.

For the separate estimates of the CME signal in each of the isobar collisions, the � correlator and elliptic flow can
be also measured using STAR’s two ZDC-SMD  1 event planes (spectator planes):

(��/v2)ZDC =
�hcos(�↵ + �� � W

1
� E

1
)i

hcos(2�� W
1

� E
1
)i

, (36)

where  W(E)

1
is the event plane determined with ZDC-SMD in the west (east) side of STAR and the west side

corresponds to the backward direction. Then this can be used for calculations of the double ratios:

(��/v2)spectator
(��/v2)participant

=
(��/v2)ZDC

(��/v2)TPC

=
�hcos(�↵ + �� � W

1
� E

1
)i/hcos(2�� W

1
� E

1
)i

�hcos(�↵ + �� � 2�c)i/hcos(2�↵ � 2�c)i
. (37)

To extract the signal, one has to make further assumptions [65]. Following the most plausible scenario of the
magnetic field oriented on average perpendicular to the spectator plane, the CME fraction, ftpc

cme, can be extracted via
fitting of the results with the equation:

(��/v2)ZDC

(��/v2)TPC

= 1 + fTPC
CME

✓
v2
2
{TPC}

v2
2
{ZDC} � 1

◆
. (38)

While the calculation of the double ratio, l.h.s. of Eq. (38), does not require knowledge of the reaction plane resolutions,
the quantitative estimate of ftpc

cme from the double ratio requires v2 values corrected for the reaction plane resolution.
For the correlations relative to the sum of the first harmonic ZDC event planes the corresponding event plane resolution
can be extracted directly from the data as hcos( W

1
� E

1
)i.

F. R 2 variable

The R 2(�S) variable provides an alternate way of measuring charge separation. It is obtained by taking the ratio
of two sets of correlation functions [62, 73] defined as:

R 2(�S) = C 2(�S)/C?
 2

(�S). (39)

Here the correlation functions C 2(�S) and C?
 2

(�S) quantify charge separation �S, perpendicular and parallel

(respectively) to the  2 EP. The su�x “?” is motivated by the direction of the ~B field. Since the ~B field is
nearly perpendicular to the  2 EP, C 2(�S) and C?

 2
(�S) measure charge separation approximately parallel and

perpendicular (respectively) to the ~B field. These correlation functions are further obtained from the ratios of two
distributions [62, 73];

C 2(�S) =
Nreal(�S)

Nshu✏ed(�S)
. (40)
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Elliptic Flow Fluctuations at Midrapidity using Spectator Neutrons ALICE Collaboration

Figure 2: (color online) (upper panels) Elliptic flow relative to the spectator plane, v2 {YSP}, and to the
participant plane, v2 {2, |Dh |> 1} and v2 {4}, as a function of centrality in Pb–Pb (left) and Xe–Xe (right)
collisions. (bottom panels) Ratios of the elliptic flow v2 {YSP} and v2 {2, |Dh |> 1} to v2 {4}. The dashed
(solid) lines show the eccentricity ratios of eRP (e2{2}) to e2{4} from the elliptic power model. The
corresponding eccentricity ratios for TRENTo are shown as solid bands. The error bars (open boxes)
indicate statistical (systematic) uncertainties. The bin-to-bin uncorrelated uncertainties and the correlated
ones are combined for v2 {YSP} results. For the ratio v2 {YSP}

�
v2 {4}, the ZDC scale uncertainties are

shown separately as solid boxes centered at unity on the right side of the lower panels.

between higher order cumulants, are only accessible with the larger data sample of Pb–Pb collisions atp
sNN = 5.02TeV [66].

In both central and peripheral Pb–Pb collisions, the ratio v2 {YSP}
�

v2 {4} strongly deviates from unity,
which is the value expected from the BGM for the eccentricity ratio. In midcentral collisions, the measured
ratio is smaller than in central collisions, but it is significantly larger than the BGM (unity), EPM and
TRENTo model calculations. The later indicates a decorrelation of the spectator plane from the reaction
plane. Similar trends are observed in Xe–Xe collisions, however due to the limited size of the data
sample the deviations from unity are not significant within the uncertainties except in the most peripheral
collisions. A decorrelation in peripheral collisions is expected due to the small number of sources of
particle production (number of participants), as well as due to the decreasing fraction of energy carried
by the neutrons measured with the ZDC relative to the unmeasured energy of protons and other charged
nuclear fragments.

In central collisions, despite the largest number of particle-producing sources, the fluctuations are also
large and deviations of the v2 {YSP}

�
v2 {4} ratio from unity are growing, which is in contrast to BGM

expectations. The deviation from unity is also large compared to the EPM calculations, which yield a value
close to unity in central collisions. This can be either due to (a) a small number of spectators emitted in
these collisions which increases the spectator plane fluctuations (decorrelation) around the reaction plane
and consequently increases the magnitude of v2 {YSP}, (b) the strengthening of the correlation between
YSP and Y2 angles, or (c) specific geometry fluctuations and/or correlated local particle production in
individual participating nucleon–nucleon interactions that reduce v2 {4}. In midcentral and peripheral
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Global constraint on the magnitude of anomalous chiral e�ects in heavy-ion collisions

Wen-Ya Wua,b, Qi-Ye Shoua,b, Panos Christakoglouc, Prottay Dasd, Md. Rihan Haquee, Guo-Liang
Maa,b, Yu-Gang Maa,b, Bedangadas Mohantyd, Chun-Zheng Wanga,b, Song Zhanga,b, and Jie Zhaoa,b

aKey Laboratory of Nuclear Physics and Ion-beam Application (MOE),
Institute of Modern Physics, Fudan University, Shanghai 200433, China

bShanghai Research Center for Theoretical Nuclear Physics,
NSFC and Fudan University, Shanghai 200438, China

cNikhef, Nationaal Instituut voor Subatomaire Fysica, Amsterdam, Netherlands
dNational Institute of Science Education and Research,

Homi Bhabha National Institute, Jatni, India and
eWarsaw University of Technology, Warsaw, Poland

When searching for anomalous chiral e�ects in heavy-ion collisions, one of the most crucial points
is the relationship between the signal and the background. In this letter, we present a simulation in
a modified blast wave model at LHC energy, which can simultaneously characterize the majority of
measurable quantities, in particular, the chiral magnetic e�ect (CME) and the chiral magnetic wave
(CMW) observables. Such a universal description, for the first time, naturally and quantitatively
unifies the CME and the CMW studies and brings to light the connection with the local charge
conservation (LCC) background. Moreover, a simple phenomenological approach is performed to
introduce the signals, aiming at quantifying the maximum allowable strength of the signals within
experimental precision. Such a constraint provides a novel perspective to understand the experi-
mental data and sheds new light on the study of anomalous chiral e�ects as well as charge dependent
correlations.

Introduction.≠ Collisions between heavy ions at ultra-
relativistic energies have been extensively used in the last
decades to study the transition to a deconfined state of
matter, the quark gluon plasma. This transition, accord-
ing to quantum chromodynamics (QCD) calculations on
the lattice, is expected to take place at energy densities
and temperatures which are accessible in the laborato-
ries such as the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC). In addition, such
collisions provide the unique opportunity to test novel
QCD phenomena that are directly connected to the rich
structure of the vacuum of the theory [1, 2]. These phe-
nomena are associated with transitions that lead to chi-
rality imbalance and consequently to P (parity) and/or
CP (charge-parity) violating e�ects in strong interac-
tions [3–9]. Theoretical studies highlighted that in the
presence of an external strong magnetic field, like the
one generated at the initial stages of a heavy ion col-
lision [10–12], such transitions can lead to the develop-
ment of macroscopic phenomena such as the Chiral Mag-
netic E�ect (CME) [9, 13–15] and the Chiral Magnetic
Wave (CMW) [16–19]. Both the CME and the CMW
are argued to have an experimentally accessible signal,
see Refs. [20–24] for the latest review.

Specifically, the CME is theorized to manifest itself in
a finite electric dipole moment in the quark-gluon plasma
(QGP) and develops along the direction of the magnetic
field. Taking advantage of the azimuthal emission of final
state hadrons, it’s feasible to detect the CME-induced
signal via the “ and ” correlators [13, 25]:

“ © cos(„– + „— ≠ 2�), ” © cos(„– ≠ „—), (1)

where „– and „— are azimuthal angles of two particles of
interest, and � is that of the reaction plane, the plane

defined by the impact parameter between the two collid-
ing nuclei and the beam axis. This measurement is usu-
ally performed with the same-sign (SS) and opposite-sign
(OS) charge combinations of – and —, and their di�er-
ences are used to explore the possible signal:

�“ © “OS ≠ “SS, �” © ”OS ≠ ”SS. (2)

Meanwhile, the CMW is expected to create an elec-
tric quadrupole moment in the participant region, where
the “poles” (out of plane) and the “equator” (in
plane) respectively acquire additional positive or nega-
tive charges [16]. Such an e�ect can be probed by the
charge asymmetry (Ach) dependence of elliptic flow (v2)
between the positively and negatively charged particles:

�v2 © v≠
2

≠ v+

2
ƒ rAch, (3)

where Ach © (N+ ≠ N≠)/(N+ + N≠) with N denoting
the number of particles in a given event, and the slope r
is used to quantify the signal.

Over the past decade, the charge separations caused
by the CME and the CMW have been carefully sought
by the STAR [26–37], ALICE [38–41] and CMS [42–44]
experiments at di�erent collision energies and systems
with multiple observables. Though early data suggest
some hints matching theoretical expectations, it is soon
found that the background e�ects play a dominant role
in experimental measurements. In both CME and CMW
studies, for instance, the observables dramatically vary
as v2 changes [40, 45], indicating significant contributions
from the interplay between the way particles are being
produced in pairs of oppositely charged partners, referred
to as local charge conservation (LCC) and collective flow.
Accounting for this background in the measurement re-
veals that the signal is consistent with zero within un-
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W
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observables.
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background.
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a
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approach

is
perform

ed
to

introduce
the

signals,aim
ing

at
quantifying

the
m

axim
um

allow
able

strength
ofthe

signals
w

ithin
experim
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perspective
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Introduction
.≠

C
ollisions

betw
een

heavy
ions

at
ultra-

relativistic
energieshave

been
extensively

used
in

the
last

decades
to

study
the

transition
to

a
deconfined

state
of

m
atter,the

quark
gluon

plasm
a.

T
histransition,accord-

ing
to

quantum
chrom

odynam
ics

(Q
C

D
)

calculations
on

the
lattice,is

expected
to

take
place

at
energy

densities
and

tem
peratures

w
hich

are
accessible

in
the

laborato-
ries

such
as

the
R

elativistic
H

eavy
Ion

C
ollider

(R
H

IC
)

and
the

Large
H

adron
C

ollider
(LH

C
).In

addition,such
collisions

provide
the

unique
opportunity

to
test

novel
Q

C
D

phenom
ena

that
are

directly
connected

to
the

rich
structure

ofthe
vacuum

ofthe
theory

[1,2].
T

hese
phe-

nom
ena

are
associated

w
ith

transitions
that

lead
to

chi-
rality

im
balance

and
consequently

to
P

(parity)
and/or

CP
(charge-parity)

violating
e�ects

in
strong

interac-
tions

[3–9].
T

heoretical
studies

highlighted
that

in
the

presence
of

an
external

strong
m

agnetic
field,

like
the

one
generated

at
the

initial
stages

of
a

heavy
ion

col-
lision

[10–12],
such

transitions
can

lead
to

the
develop-

m
entofm

acroscopic
phenom

ena
such

asthe
C

hiralM
ag-

netic
E�ect

(C
M

E)
[9,13–15]and

the
C

hiralM
agnetic

W
ave

(C
M

W
)

[16–19].
B

oth
the

C
M

E
and

the
C

M
W

are
argued

to
have

an
experim

entally
accessible

signal,
see

R
efs.[20–24]for

the
latest

review
.

Specifically,the
C

M
E

is
theorized

to
m

anifest
itselfin

a
finite

electric
dipole

m
om

entin
the

quark-gluon
plasm

a
(Q

G
P)

and
develops

along
the

direction
ofthe

m
agnetic

field.
Taking

advantage
ofthe

azim
uthalem

ission
offinal

state
hadrons,

it’s
feasible

to
detect

the
C

M
E-induced

signalvia
the

“
and

”
correlators

[13,25]:

“
©

cos(„
–

+
„

—
≠

2�
),

”
©

cos(„
–

≠
„

— ),
(1)

w
here

„
–

and
„

—
are

azim
uthalanglesoftw

o
particlesof

interest,
and

�
is

that
of

the
reaction

plane,
the

plane

defined
by

the
im

pact
param

eter
betw

een
the

tw
o

collid-
ing

nucleiand
the

beam
axis.

T
his

m
easurem

ent
is

usu-
ally

perform
ed

w
ith

the
sam

e-sign
(SS)and

opposite-sign
(O

S)
charge

com
binations

of
–

and
—,

and
their

di�er-
ences

are
used

to
explore

the
possible

signal:

�
“

©
“

O
S

≠
“

S
S ,

�
”

©
”

O
S

≠
”

S
S .

(2)

M
eanw

hile,
the

C
M

W
is

expected
to

create
an

elec-
tric

quadrupole
m

om
entin

the
participantregion,w

here
the

“poles”
(out

of
plane)

and
the

“equator”
(in

plane)
respectively

acquire
additional

positive
or

nega-
tive

charges
[16].

Such
an

e�ect
can

be
probed

by
the

charge
asym

m
etry

(A
c
h )

dependence
ofelliptic

flow
(v

2 )
betw

een
the

positively
and

negatively
charged

particles:

�
v

2
©

v
≠2

≠
v

+2
ƒ

rA
c
h ,

(3)

w
here

A
c
h

©
(N

+
≠

N
≠)/(N

+
+

N
≠)

w
ith

N
denoting

the
num

ber
ofparticles

in
a

given
event,and

the
slope

r
is

used
to

quantify
the

signal.
O

ver
the

past
decade,

the
charge

separations
caused

by
the

C
M

E
and

the
C

M
W

have
been

carefully
sought

by
the

STA
R

[26–37],A
LIC

E
[38–41]and

C
M

S
[42–44]

experim
ents

at
di�erent

collision
energies

and
system

s
w

ith
m

ultiple
observables.

T
hough

early
data

suggest
som

e
hints

m
atching

theoreticalexpectations,it
is

soon
found

that
the

background
e�ects

play
a

dom
inant

role
in

experim
entalm

easurem
ents.

In
both

C
M

E
and

C
M

W
studies,

for
instance,

the
observables

dram
atically

vary
as

v
2

changes[40,45],indicating
significantcontributions

from
the

interplay
betw

een
the

w
ay

particles
are

being
produced

in
pairsofoppositely

charged
partners,referred

to
aslocalcharge

conservation
(LC

C
)and

collective
flow

.
A

ccounting
for

this
background

in
the

m
easurem

ent
re-

veals
that

the
signal

is
consistent

w
ith

zero
w

ithin
un-
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Fig. 2. Effect of the radial boost on two particle angular difference in azimuth (left panel) and pseudorapidity (right 
panel).

Fig. 3. Left: The correlator ⟨ ⟨cos[n(φ1 − Ψn)]c3⟩ ⟩ as a function of #η. Right: Mean pT of the balancing charge particle.

balance function on the pseudorapidity difference for pairs selected in accordance to the emis-
sion angle of the first particle – either preferentially in-plane or out-of-plane. The widths of the 
two distributions are different reflecting the effect of elliptic flow, i.e. stronger radial expansion 
in-plane; see also Fig. 2. This effect is very similar to the contribution of LCC to the 3-particle 
correlator [12,13] used in search for the Chiral Magnetic Effect [14], and first discussed in [15]
– stronger focusing of particle pairs emitted in-plane compared to those emitted out-of-plane.

Fig. 3(left) presents one of the main results of this presentation – the correlator as function of 
the pair (particles “1” and “3”) separation in pseudorapidity. This results is an interplay of the two 
effects, a stronger correlation of balancing charges in-plane compared to out-of-plane, and the 
statistical “dilution” of the correlation due to uncorrelated background. Note that the correlator 
becomes negative at #η ! 0.6–0.7. It then approaches zero due to too few balancing particles at 
large rapidity separation. Fig. 3(right) shows the mean pT of the balancing charge as a function 
of #η. The dashed line indicates the inclusive value of ⟨pT ⟩. Higher than average pT values 
are observed at small rapidity separation, corresponding to stronger radial flow. One can use this 
effect as an additional test of the effect of the LCC, e.g. by measuring ⟨pT,3c3⟩ − ⟨pT,3⟩⟨c3⟩1 as 
a function of η1 − η3.

The LCC effect should be also seen in higher harmonic correlators, while the effects of CME 
and CMW should be minimal [16]. According to our Blast Wave calculations the third harmonic 
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When searching for anomalous chiral e�ects in heavy-ion collisions, one of the most crucial points
is the relationship between the signal and the background. In this letter, we present a simulation in
a modified blast wave model at LHC energy, which can simultaneously characterize the majority of
measurable quantities, in particular, the chiral magnetic e�ect (CME) and the chiral magnetic wave
(CMW) observables. Such a universal description, for the first time, naturally and quantitatively
unifies the CME and the CMW studies and brings to light the connection with the local charge
conservation (LCC) background. Moreover, a simple phenomenological approach is performed to
introduce the signals, aiming at quantifying the maximum allowable strength of the signals within
experimental precision. Such a constraint provides a novel perspective to understand the experi-
mental data and sheds new light on the study of anomalous chiral e�ects as well as charge dependent
correlations.

Introduction.≠ Collisions between heavy ions at ultra-
relativistic energies have been extensively used in the last
decades to study the transition to a deconfined state of
matter, the quark gluon plasma. This transition, accord-
ing to quantum chromodynamics (QCD) calculations on
the lattice, is expected to take place at energy densities
and temperatures which are accessible in the laborato-
ries such as the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC). In addition, such
collisions provide the unique opportunity to test novel
QCD phenomena that are directly connected to the rich
structure of the vacuum of the theory [1, 2]. These phe-
nomena are associated with transitions that lead to chi-
rality imbalance and consequently to P (parity) and/or
CP (charge-parity) violating e�ects in strong interac-
tions [3–9]. Theoretical studies highlighted that in the
presence of an external strong magnetic field, like the
one generated at the initial stages of a heavy ion col-
lision [10–12], such transitions can lead to the develop-
ment of macroscopic phenomena such as the Chiral Mag-
netic E�ect (CME) [9, 13–15] and the Chiral Magnetic
Wave (CMW) [16–19]. Both the CME and the CMW
are argued to have an experimentally accessible signal,
see Refs. [20–24] for the latest review.

Specifically, the CME is theorized to manifest itself in
a finite electric dipole moment in the quark-gluon plasma
(QGP) and develops along the direction of the magnetic
field. Taking advantage of the azimuthal emission of final
state hadrons, it’s feasible to detect the CME-induced
signal via the “ and ” correlators [13, 25]:

“ © cos(„– + „— ≠ 2�), ” © cos(„– ≠ „—), (1)

where „– and „— are azimuthal angles of two particles of
interest, and � is that of the reaction plane, the plane

defined by the impact parameter between the two collid-
ing nuclei and the beam axis. This measurement is usu-
ally performed with the same-sign (SS) and opposite-sign
(OS) charge combinations of – and —, and their di�er-
ences are used to explore the possible signal:

�“ © “OS ≠ “SS, �” © ”OS ≠ ”SS. (2)

Meanwhile, the CMW is expected to create an elec-
tric quadrupole moment in the participant region, where
the “poles” (out of plane) and the “equator” (in
plane) respectively acquire additional positive or nega-
tive charges [16]. Such an e�ect can be probed by the
charge asymmetry (Ach) dependence of elliptic flow (v2)
between the positively and negatively charged particles:

�v2 © v≠
2

≠ v+

2
ƒ rAch, (3)

where Ach © (N+ ≠ N≠)/(N+ + N≠) with N denoting
the number of particles in a given event, and the slope r
is used to quantify the signal.

Over the past decade, the charge separations caused
by the CME and the CMW have been carefully sought
by the STAR [26–37], ALICE [38–41] and CMS [42–44]
experiments at di�erent collision energies and systems
with multiple observables. Though early data suggest
some hints matching theoretical expectations, it is soon
found that the background e�ects play a dominant role
in experimental measurements. In both CME and CMW
studies, for instance, the observables dramatically vary
as v2 changes [40, 45], indicating significant contributions
from the interplay between the way particles are being
produced in pairs of oppositely charged partners, referred
to as local charge conservation (LCC) and collective flow.
Accounting for this background in the measurement re-
veals that the signal is consistent with zero within un-
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Relation to 3-particle “CME correlator”
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measured value of v2 (i.e. hcosð’! þ ’" # 2’cÞi=v2f2g) as
reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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band represents the centrality dependence of the charge-
independent correlations.
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reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
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tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle
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and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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Cross-comparison of the results, e.g. “CMW” vs “CME” correlators, Δη vs 
pT dependence, 2-particle correlations, etc., will provide additional 
constraints in identifying mechanisms for the signal/background. 
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Charge-dependent flow and the search for the chiral magnetic wave in
Pb-Pb collisions at

√
sN N = 2.76 TeV

J. Adam et al.∗

(ALICE Collaboration)
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We report on measurements of a charge-dependent flow using a novel three-particle correlator with ALICE in
Pb-Pb collisions at the CERN Large Hadron Collider (LHC), and discuss the implications for observation of local
parity violation and the chiral magnetic wave (CMW) in heavy-ion collisions. Charge-dependent flow is reported
for different collision centralities as a function of the event charge asymmetry. While our results are in qualitative
agreement with expectations based on the CMW, the nonzero signal observed in higher harmonics correlations
indicates a possible significant background contribution. We also present results on a differential correlator, where
the flow of positive and negative charges is reported as a function of the mean charge of the particles and their
pseudorapidity separation. We argue that this differential correlator is better suited to distinguish the differences
in positive and negative charges expected due to the CMW and the background effects, such as local charge
conservation coupled with strong radial and anisotropic flow.

DOI: 10.1103/PhysRevC.93.044903

I. INTRODUCTION

Parity (P) is a major symmetry of classical physics, being
present in rigid-body dynamics, classical electrodynamics, and
gravity. In the development of quantum mechanics, parity
conservation was assumed. It was not until the 1950s [1] that
the possibility of parity violation was considered, and soon
after it was definitively demonstrated experimentally in nuclear
decays [2,3]. In the modern picture, P and CP violation in weak
interactions are widely established experimentally and well
understood theoretically. In strong interactions there is very
little or no global P violation, as determined by measurements
of the neutron electric dipole moment [4,5]. However, there is
no first-principles reason why P and CP violation should not
exist in strong interactions. P and CP violation as a general
feature of quantum field theories was first explored in the
1970s [6,7], and a proposal to use heavy-ion collisions as a
tool for studying P and CP violation first appeared as early
as the 1980s [8]. Specific proposals for a search for local
P-violating effects in heavy-ion collisions appeared in the last
decade [9– 14].

Collisions of heavy nuclei at ultrarelativistic energies create
a hot, dense medium that appears to have partonic degrees
of freedom and evolve hydrodynamically. In noncentral
collisions the initial overlap region is nonisotropic, which, due
to particle interactions, leads to a momentum-space anisotropy
of the produced particles. This anisotropy can be described
using a Fourier expansion of the azimuthal distribution of
particles [15]. Noncentral collisions are also characterized by
large orbital momentum and, of importance to this study, very

∗Full author list given at the end of the article.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 3.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published
article’s title, journal citation, and DOI.

large magnetic fields. Numerical estimates [16,17] indicate
that at CERN Large Hadron Collider (LHC) energies the field
strength can be as large as B ≈ m2

π/e ≈ 1014 T. In a vacuum,
the magnetic field induced by the spectators decays in time
quadratically (B ∝ t−2) and the lifetime of the magnetic field
at LHC energies is extremely short, decreasing six orders of
magnitude over the course of 0.5 fm/c. However the presence
of electrical charges (such as the quarks in the QGP) means
there is finite electrical conductivity. By Lenz’s law the change
in magnetic field is opposed by the charge carriers in the
conductor, so the temporal decay of the magnetic field is
significantly slowed [18,19].

The chiral magnetic effect (CME) [20] is a process of charge
separation with respect to the reaction plane. In the QCD
vacuum there can exist gluonic configurations with nonzero
topological charge, which can be an instanton or a sphaleron.
At high temperatures, the sphaleron rate is expected to be
dominant. The presence of such gluonic configurations with
topological charge is what drives the P-violation process. For
example, in a region with negative topological charge, left-
handed quarks will become right-handed, and right-handed
quarks will remain right-handed. The strong magnetic field
created in heavy-ion collisions interacts with the magnetic
moment of the quarks and orients the spins of quarks with
positive (negative) electric charge to be parallel (antiparallel)
to the field direction. Under the assumption of massless quarks,
right-handed quarks have their spins and momenta aligned.
This will cause positive (negative) quarks to move parallel
(antiparallel) to the magnetic field, leading to a positive
electric current and thus a positive electric charge dipole.
Due to the chiral symmetry restoration, u and d quarks
have only their bare Higgs mass, which is of the order
of a few MeV/c2. This is sufficiently small to regard the
quarks as effectively massless. Based on simple geometrical
arguments, the magnetic field direction is always normal to
the reaction plane, and therefore straightforwardly accessible
to experiment. The chiral separation effect (CSE) [21] is a
similar effect in which the presence of a vector charge, e.g.,
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Several correlations are in play here, but one of important is the 
correlation between the radial position of the point of “origin” and 
separation in pseudorapidity. 

Figure 3. Left: The correlator �cos[n(�1 − n)] c3� as a function of �⌘. Right: Mean pT of the balancing charge particle.

rapidity separation, corresponding to stronger radial flow. One can use this e↵ect as an additional test of the e↵ect of
the LCC, e.g. by measuring �pT,3 c3� − �pT,3� �c3�1 as a function of ⌘1 − ⌘3.

The LCC e↵ect should be also seen in higher harmonic correlators, while the e↵ects of CME and CMW should
be minimal [16]. According to our Blast Wave calculations the third harmonic correlator is very similar in shape to
that shown in Fig. 3 with about thee times smaller an amplitude compared to the second harmonic.

4. Conclusions

In summary, we propose a new correlator, �cos[n(�1− n)] c3�, to study the charge dependence of the elliptic flow.
This correlator is directly sensitive to the CMW, but being e�ciency independent and di↵erential in nature, allows
more thorough investigation of the underlying physical mechanisms. Our study of the LCC e↵ects in the Blast Wave
model reveals that stronger in-plane boost due to elliptic flow leads to narrower distribution in �⌘ of the balancing
charges, which propagates directly to the measured correlation. The results are in rough qualitative agreement with
ALICE Collaboration measurements [17], but more detail calculations, as well as measurements, are needed to draw
more definite conclusion about the LCC role in a measured signal. Such Blast Wave calculations can be also used to
directly relate the contribution of the LCC to the observable used for CMW search as well as the ones for the CME
search, which would be an important cross check.

This material is based upon work supported by the U.S. Department of Energy O�ce of Science, O�ce of Nuclear
Physics under Award Number DE-FG02-92ER-40713.
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• siCME (si - shear induced) 
A smaller effect but 
with larger signal/background ratio 

• Future highs statistics data:   
SP/PP and, probably ESE  0.5% level 
in AuAu PbPb collisions  

• all other approaches seems to have  
too large “systematic” uncertainty 

• larger isobars?

→
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Relation to 3-particle “CME correlator”
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Δφ

�(...) ⌘ (...)opposite � (...)same

The correlations are “diluted” according to dNch/dη

measured value of v2 (i.e. hcosð’! þ ’" # 2’cÞi=v2f2g) as
reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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FIG. 2 (color online). The centrality dependence of the three-
particle correlator defined in Eq. (2). The circles indicate the
ALICE results obtained from the cumulant analysis. The stars
show the STAR data from [8]. The triangles represent the three-
particle correlations [hcosð’! þ ’" # 2’cÞi] from HIJING [23]
corrected for the experimentally measured v2f2g [20]. Points are
displaced horizontally for visibility. A model prediction for the
same sign correlations incorporating the chiral magnetic effect
for LHC energies [13] is shown by the solid line. The shaded
band represents the centrality dependence of the charge-
independent correlations.
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the value of the charge-independent version of the corre-
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tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
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magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
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At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
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reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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FIG. 9. Three-particle correlator for the second harmonic, for
positive (red squares) and negative (blue circles) particles. Statistical
(systematic) uncertainties are indicated by vertical bars (shaded
boxes).

STAR data exhibit a stronger centrality dependence than
predicted by the theoretical models invoking the CMW for
Au-Au at 200 GeV [24]. Additionally, hydrodynamical models
have been developed to attempt to explain the STAR results
without invoking the CMW [40,41]. However, no theoretical
modeling or calculations at all, regardless of mechanism, are
available for Pb-Pb collisions at

√
sNN = 2.76 TeV.

D. Differential correlator results as a function of !η

As discussed above, the definition of the three particle
differential correlator includes ⟨q3⟩1, the mean charge of the
third particle when evaluated with a selection on q1. The
quantity ⟨q3⟩1 − ⟨q3⟩ is shown as a function of !η = η1 − η3
in Fig. 8. The measurements are performed as a function
of |!η| and shown as a function of !η with the points
reflected about !η = 0. This conditional mean of q3 depends
significantly on !η and has the opposite sign when q1 is

flipped. The effect is most pronounced for !η ≈ 0 and weakest
when !η is large. When the first particle is negative, the
third particle has a slightly positive mean charge, and when
the first particle is positive, the third particle has a slightly
negative mean charge. Note that the quantity ⟨q3⟩1 − ⟨q3⟩ is
proportional to the charge balance function [33] and as such
reflects the charge correlation length.

Figure 9 shows the three-particle correlator for the second
harmonic as a function of !η. The correlator exhibits a rather
nontrivial dependence on !η: a peak with a “typical hadronic
width” of about 0.5–1 units of rapidity and a possible change
of the sign at about !η ≈ 1 (note, however, these points are
consistent with zero within the systematic uncertainties). Both
of those features qualitatively agree with possible background
contribution from local charge conservation combined with
strong radial and elliptic flow [33]. Unfortunately there exist
no predictions for this observable from the CMW.

The three-particle correlator for the third and fourth
harmonics as a function of !η is shown in Fig. 10. The strength
of the correlations is significantly reduced, by a factor about 3
in the case of the third harmonic and at least a factor of 5 for the
fourth harmonic. The fourth harmonic correlator is consistent
with zero within errors. Neglecting flow fluctuations, the
CMW expectations for higher harmonics correlators would
be zero; unfortunately there are no reliable calculations of the
effect of flow fluctuations. The (background) contribution due
to the local charge conservation should roughly scale with the
magnitude of the flow [33] and is qualitatively consistent with
the experimental results. More detailed calculations in both
scenarios, as well as more precise data, are obviously needed
for a more definitive conclusion.

V. SUMMARY AND OUTLOOK

Novel three-particle correlators have been employed in
an experimental search for the CMW. Results have been
shown for the second, third, and fourth harmonic for the
integrated correlator of the charge-dependent flow as a function
of centrality and the differential correlator as a function of
pseudorapidity separation. A clear dependence of the positive
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STAR data exhibit a stronger centrality dependence than
predicted by the theoretical models invoking the CMW for
Au-Au at 200 GeV [24]. Additionally, hydrodynamical models
have been developed to attempt to explain the STAR results
without invoking the CMW [40,41]. However, no theoretical
modeling or calculations at all, regardless of mechanism, are
available for Pb-Pb collisions at

√
sNN = 2.76 TeV.

D. Differential correlator results as a function of !η

As discussed above, the definition of the three particle
differential correlator includes ⟨q3⟩1, the mean charge of the
third particle when evaluated with a selection on q1. The
quantity ⟨q3⟩1 − ⟨q3⟩ is shown as a function of !η = η1 − η3
in Fig. 8. The measurements are performed as a function
of |!η| and shown as a function of !η with the points
reflected about !η = 0. This conditional mean of q3 depends
significantly on !η and has the opposite sign when q1 is

flipped. The effect is most pronounced for !η ≈ 0 and weakest
when !η is large. When the first particle is negative, the
third particle has a slightly positive mean charge, and when
the first particle is positive, the third particle has a slightly
negative mean charge. Note that the quantity ⟨q3⟩1 − ⟨q3⟩ is
proportional to the charge balance function [33] and as such
reflects the charge correlation length.

Figure 9 shows the three-particle correlator for the second
harmonic as a function of !η. The correlator exhibits a rather
nontrivial dependence on !η: a peak with a “typical hadronic
width” of about 0.5–1 units of rapidity and a possible change
of the sign at about !η ≈ 1 (note, however, these points are
consistent with zero within the systematic uncertainties). Both
of those features qualitatively agree with possible background
contribution from local charge conservation combined with
strong radial and elliptic flow [33]. Unfortunately there exist
no predictions for this observable from the CMW.

The three-particle correlator for the third and fourth
harmonics as a function of !η is shown in Fig. 10. The strength
of the correlations is significantly reduced, by a factor about 3
in the case of the third harmonic and at least a factor of 5 for the
fourth harmonic. The fourth harmonic correlator is consistent
with zero within errors. Neglecting flow fluctuations, the
CMW expectations for higher harmonics correlators would
be zero; unfortunately there are no reliable calculations of the
effect of flow fluctuations. The (background) contribution due
to the local charge conservation should roughly scale with the
magnitude of the flow [33] and is qualitatively consistent with
the experimental results. More detailed calculations in both
scenarios, as well as more precise data, are obviously needed
for a more definitive conclusion.

V. SUMMARY AND OUTLOOK

Novel three-particle correlators have been employed in
an experimental search for the CMW. Results have been
shown for the second, third, and fourth harmonic for the
integrated correlator of the charge-dependent flow as a function
of centrality and the differential correlator as a function of
pseudorapidity separation. A clear dependence of the positive
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We report on measurements of a charge-dependent flow using a novel three-particle correlator with ALICE in
Pb-Pb collisions at the CERN Large Hadron Collider (LHC), and discuss the implications for observation of local
parity violation and the chiral magnetic wave (CMW) in heavy-ion collisions. Charge-dependent flow is reported
for different collision centralities as a function of the event charge asymmetry. While our results are in qualitative
agreement with expectations based on the CMW, the nonzero signal observed in higher harmonics correlations
indicates a possible significant background contribution. We also present results on a differential correlator, where
the flow of positive and negative charges is reported as a function of the mean charge of the particles and their
pseudorapidity separation. We argue that this differential correlator is better suited to distinguish the differences
in positive and negative charges expected due to the CMW and the background effects, such as local charge
conservation coupled with strong radial and anisotropic flow.
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I. INTRODUCTION

Parity (P) is a major symmetry of classical physics, being
present in rigid-body dynamics, classical electrodynamics, and
gravity. In the development of quantum mechanics, parity
conservation was assumed. It was not until the 1950s [1] that
the possibility of parity violation was considered, and soon
after it was definitively demonstrated experimentally in nuclear
decays [2,3]. In the modern picture, P and CP violation in weak
interactions are widely established experimentally and well
understood theoretically. In strong interactions there is very
little or no global P violation, as determined by measurements
of the neutron electric dipole moment [4,5]. However, there is
no first-principles reason why P and CP violation should not
exist in strong interactions. P and CP violation as a general
feature of quantum field theories was first explored in the
1970s [6,7], and a proposal to use heavy-ion collisions as a
tool for studying P and CP violation first appeared as early
as the 1980s [8]. Specific proposals for a search for local
P-violating effects in heavy-ion collisions appeared in the last
decade [9– 14].

Collisions of heavy nuclei at ultrarelativistic energies create
a hot, dense medium that appears to have partonic degrees
of freedom and evolve hydrodynamically. In noncentral
collisions the initial overlap region is nonisotropic, which, due
to particle interactions, leads to a momentum-space anisotropy
of the produced particles. This anisotropy can be described
using a Fourier expansion of the azimuthal distribution of
particles [15]. Noncentral collisions are also characterized by
large orbital momentum and, of importance to this study, very
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large magnetic fields. Numerical estimates [16,17] indicate
that at CERN Large Hadron Collider (LHC) energies the field
strength can be as large as B ≈ m2

π/e ≈ 1014 T. In a vacuum,
the magnetic field induced by the spectators decays in time
quadratically (B ∝ t−2) and the lifetime of the magnetic field
at LHC energies is extremely short, decreasing six orders of
magnitude over the course of 0.5 fm/c. However the presence
of electrical charges (such as the quarks in the QGP) means
there is finite electrical conductivity. By Lenz’s law the change
in magnetic field is opposed by the charge carriers in the
conductor, so the temporal decay of the magnetic field is
significantly slowed [18,19].

The chiral magnetic effect (CME) [20] is a process of charge
separation with respect to the reaction plane. In the QCD
vacuum there can exist gluonic configurations with nonzero
topological charge, which can be an instanton or a sphaleron.
At high temperatures, the sphaleron rate is expected to be
dominant. The presence of such gluonic configurations with
topological charge is what drives the P-violation process. For
example, in a region with negative topological charge, left-
handed quarks will become right-handed, and right-handed
quarks will remain right-handed. The strong magnetic field
created in heavy-ion collisions interacts with the magnetic
moment of the quarks and orients the spins of quarks with
positive (negative) electric charge to be parallel (antiparallel)
to the field direction. Under the assumption of massless quarks,
right-handed quarks have their spins and momenta aligned.
This will cause positive (negative) quarks to move parallel
(antiparallel) to the magnetic field, leading to a positive
electric current and thus a positive electric charge dipole.
Due to the chiral symmetry restoration, u and d quarks
have only their bare Higgs mass, which is of the order
of a few MeV/c2. This is sufficiently small to regard the
quarks as effectively massless. Based on simple geometrical
arguments, the magnetic field direction is always normal to
the reaction plane, and therefore straightforwardly accessible
to experiment. The chiral separation effect (CSE) [21] is a
similar effect in which the presence of a vector charge, e.g.,
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