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Probe chiral magnetic effect with signed balance function®
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Abstract: In this paper a pair of observables are proposed as alternative ways, by examining the fluctuation of net
momentum-ordering of charged pairs, to study the charge separation induced by the Chiral Magnetic Effect (CME) in
relativistic heavy ion collisions. They are, the out-of-plane to in-plane ratio of fluctuation of the difference between
signed balance functions measured in pair’s rest frame, and the ratio of it to similar measurement made in the laborat-
ory frame. Both observables have been studied with simulations including flow-related backgrounds, and for the first
time, backgrounds that are related to resonance's global spin alignment. The two observables have similar positive re-
sponses to signal, and opposite, limited responses to identifiable backgrounds arising from resonance flow and spin
alignment. Both observables have also been tested with two realistic models, namely, a multi-phase transport
(AMPT) model and the anomalous-viscous fluid dynamics (AVFD) model. These two observables, when cross ex-
amined, will provide useful insights in the study of CME-induced charge separation.
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1 Introduction

It has been pointed out that the hot and dense matter
created in relativistic heavy-ion collisions may form
metastable domains where the parity and time-reversal
symmetries are locally violated [1], creating fluctuating,
finite topological charges. In noncentral collisions, when
such domains interplay with the ultra-strong magnetic
fields produced by spectator protons [2], they can induce
electric charge separation parallel to the magnetic field
direction — the chiral magnetic effect (CME) [2-4].

In an event, charge separation along the magnetic
field direction may be described by sine terms in the
Fourier decomposition of the charged-particle azimuthal
distribution

dN+
qu_S oc 1 +2vicos(Ag) +2vocos(2A¢p)

+2v3c08(3Ap) + -+ - + 2asin(Ap) +---, (1)

where A¢ (=¢—Wgp) is particle's azimuthal angle with
respect to the reaction plane (Wgp). The reaction plane is
defined by the beam direction and the line connecting the
centroids of two colliding nuclei at their closest approach
(impact parameter b). The direction of magnetic field B is
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perpendicular to the reaction plane. vy, v, and v; are coef-
ficients accounting for the directed, elliptic and triangu-
lar flow [5], respectively. The a. (ar = —a-) parameter
describes the charge separation effect. In a parity violat-
ing domain, net-positive and net-negative topological
charges can be produced with equal likelihood, causing
the sign of a. to fluctuate from event to event depending
on event's net topological charge. This makes a. not dis-
tinguishable on an event-by-event basis. However one
can instead study the effect of a.'s fluctuation (a%), where
ay = lay| = |a-|, noting that {a,) = {a_) = 0.

To study the CME experimentally one has to look for
the enhanced fluctuation of charge separation in the dir-
ection perpendicular to the reaction plane, relative to the
fluctuation in the reaction plane itself. This is the basis of
all CME searches in heavy-ion collisions, including the
method under discussion in this paper. Experimental
searches for the CME have been going on for a decade,
with multiple methods [6-11] and carried out by experi-
ments at both RHIC [7, 8, 12-14] and LHC [15-17]. So
far there is no conclusive evidence for the existence of
the CME in heavy ion collisions, see [3] for a progress re-
view. The major challenge in the CME searches is that
backgrounds, in particular those related to elliptic flow of
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resonances, can produce similar enhancement in fluctu-
ation in the direction perpendicular to the reaction plane
[18-23]. To have the background under control, the
STAR experiment at RHIC has collected collisions from
isobaric collisions and the data analysis is on-going.

For a pair of positive and negative particles origin-
ated from parity-odd domain, the CME increases the mo-
mentum of one of them in + 3 direction, and the other, in
the —B direction, causing a separation. Here the phe-
nomenon in focus is the separation in momentum.
However, all previous CME searches are based on azi-
muthal angle correlations, not directly on the separation
in momentum. This is so as long as one writes down in
the first place the % distribution in the form of Eq. (1).
Finite a. in Eq. (1) characterizes a pattern where positive
particles and negative particles diverge in opposite direc-
tions along B, similar to directed flow but in the out-of-
plane direction. By characterizing the CME with a flow-
like pattern, one takes advantage of vast, existing know-
ledge on flow which is sophisticated and convenient to
manipulate with. That said, there are also limitations as-
sociated with these approaches. This can be illustrated
with an example below. Fig. 1 shows an event in which
particles are emitted isotropically in azimuth. The CME
causes all positive (negative) particles to have an extra in-
crease in momentum upwards (downwards). However, if
the only available information is the azimuthal angle, it is
not possible to identify this as a case of charge separation.
This problem can be alleviated by having extra restric-
tions on particle's momentum, but it is not as tempting as
considering the separation in momentum space directly,
which is the focus of this study.

Fig. 1. (color online) Cartoon illustration of an event with
the CME but particles are emitted isotropically. Solid
(dashed) lines represent momentum of positive (negative)
particles. The circle is to guide eyes for the illustration of an
isotropic source in azimuth.

In this paper, a pair of observables are proposed to
study the CME effect. One of them is the out-of-plane to
in-plane ratio of fluctuation of the difference between
signed balance functions measured in the particle pair's
rest frame, and the other is the ratio of it to the similar
measurement made in the laboratory frame. Here the sign
of a balancing pair is determined by their momentum or-
dering in the direction perpendicular to the reaction plane,
and the difference between signed balance functions ac-
counts for net momentum-ordering. The two observables
are shown to have positive responses to signal, but oppos-
ite, limited responses to identifiable backgrounds arising
from resonance flow and global spin alignment. In fol-
lowing sections the signed balance function will be de-
scribed first and the two observables will be introduced,
followed by the discussion of toy model studies with vari-
ous background scenarios, including flow related back-
grounds and a background that is caused by resonance's
global spin alignment. The latter has not been considered
previously. Results from realistic models will be presen-
ted, including one with pure background, namely a multi-
phase transport (AMPT) model [24], as well as another
with both signal and background, namely the anomalous-
viscous fluid dynamics (AVFD) model [25, 26]. The mer-
its of the observables as well as their limitations are sum-
marized at the end.

2 Signed balance function

The balance function (BF), in its general form, de-
scribes the absolute separation of particles in phase space
[27, 28]. At RHIC and LHC, the balance function in
pseudorapidity, B(An), which spans the absolute differ-
ence in pseudorapidity between two balancing particles,
An = |, —nsl, s usually used to study the delayed hadron-
ization in head-on collisions [28-32]. The signed balance
function, previously proposed to study the magnetic field
in heavy ion collisions [33], considers the signed differ-
ence instead of the absolute separation of particles in
phase space.

Before going further in details, let's first introduce the
coordinate system used in this paper. The x-axis is set by
the direction of the impact parameter (b) which is also the
direction of the reaction plane. The z-axis represents the
beam direction (ppeam), and the y-axis (§ = —b X Pream) 1S
perpendicular to the reaction plane. The magnetic field
direction, as well as the global angular momentum vector,
are pointing in (—9) direction. With this setup, the charge
separation due to the CME is along the y-axis. This setup
is the same as in [33].

The signed balance function approach consists of four
steps:

1) Count pair's momentum-ordering. Considering
the momentum in y direction (p,) for now, for any two
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particles @ and B, if p§ > p(f, then « is considered leading
B, otherwise, tailing it. Two signed balance functions can
be invoked to "count" the pair's momentum-ordering,
Ni—(S) =N (S)

Bp(S) = N (2)
and
N_.(S)—=N__(S
Byts) = O IC) G)

Here the subscript P and N stand for positive and negat-
ive terms, respectively. For a given term Ny, S = +1 if «
is leading 8 and S = -1 if it is tailing it. N, is the num-
ber of positive (negative) particles in an event.

2) Count net momentum-ordering for each event.
An event by event difference between Bp and By can be
calculated :

6B(+1) = Bp(+1)— By(£1), (4)
and
AB =6B(+1)-6B(-1). 5)

AB accounts for the normalized net momentum-ordering
for each event. When there is no CME effect, for a posit-
ive-negative particle pair, the probability of the positive
particle leading the negative one equals the probability of
tailing it. This means that Bp and By are in principle
measuring the same quantity, and the distribution of AB is
only subject to statistical fluctuation (top row of Fig. 2).

(a) )y , B, ()
e By
-1 +1 s AB
No CME
(d) (e) ()
1 ﬂ? a8
With CME

Fig. 2. (color online) Cartoon illustration of positive (red)
and negative (blue) particle directions (left panels (a) and
(d)) and S distributions (middle panels (b) and (e)) of an
event, as well as the AB distribution over many events
(right panels (c) and (f)). The top row is for the case
without the CME, and the bottom one, with it.

When there is CME effect, within an event the two prob-
abilities become unbalanced, resulting more pairs with
particles of one charge-type leading than tailing the other
type. This makes for each event Bp and By to differ from
each other, and as a consequence, the distribution of AB
has a broadened width (bottom row of Fig. 2).

The distribution of AB can be obtained for both x
(ABy) and y direction (ABy). The distribution of AB, is not
broadened as there is no charge separation in the x direc-
tion. Fig. 3 shows the distribution of AB, and AB, with
simulated events. One can see that when a finite a; is ap-
plied to primordial particles, the distribution of AB, is
broadened relative to AB,. The setup for the simulation is
deferred to section 3 where it is described together with
other simulation setups.
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Fig. 3. (color online) AB, (bottom) and AB, (top) distribu-

tions for two cases of simulated events, one without the
CME (a; = 0), and the other, with the CME (a; = 2%).

3) Look for enhanced event-by-event fluctuation of
net momentum-ordering in y direction. To cancel out
the statistical fluctuation, one can calculate the ratio of
the width of the distribution of AB, to that of AB,,

r=0aB,/0AB,. (6)

r will be unity for the case without the CME, and greater
than unity for the case with it. The strength of the CME
will be positively correlated with #'s deviation from unity.
4) Compare results obtained with different frames.
The ratio  can be calculated in the laboratory frame (rjap)
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and pair's rest frame (rs). Here for the signed balance
function approach, it is argued that the rest frame is the
most appropriate frame to study charge separations. This
can be understood in an intuitive way — the clearest ob-
servation of two particles moving away from each other
has to be, naturally, made by an observer who is at rest
with the two-particle system under consideration. Boost-
ing from rest frame to lab frame does not always pre-
serve the correct ordering in Py. In Fig. 4 an example is
given to illustrate this point. The cartoon on the left de-
picts a pair in the laboratory frame, and it is not counted
as a case of charge separation by the signed BF approach,
as both particles have the same p,. When the same pair is
viewed in the rest frame (right cartoon), it is clearly a
case of charge separation. Note in the rest frame two
particles are traveling back-to-back, and in this particular
frame leading(tailing) simply means particle traveling in
positive(negative) $ direction — making it easy to be iden-
tified in the signed BF approach. Indeed by definition rpeq
is always the most sensitive one when responding to real
charge separation, however, it is not guaranteed so when

responding to backgrounds — r.y may lag behind rpp.

This will be discussed in details later in this paper.

Fig. 5 shows AB, and AB, distributions obtained in
laboratory and pair's rest frame, for simulated events with
finite CME effect. It can be seen that AB, distribution in
rest frame is broadened more than that in laboratory
frame, although such effect is relatively small if com-
pared to the difference in width between AB, and AB, in
either frame.

It would be useful to calculate the ratio of the two,

Ry = I rest, %)

Mab

where the subscript "B" stands for Balance Function. It
will be shown below with simulations that while Ry re-
sponds positively to signal (like each of rey and rip
themselves does), it responds in the opposite direction
(relative to res and ryyp) to backgrounds arising from res-
onance flow and global spin alignment. This information
can be useful under certain scenarios in identifying
charge separation induced by backgrounds. For example,
if rese 1S above unity and Rp is below it (or vice versa),
then it is an indication of background contribution. On
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Fig. 4. (color online) Cartoon illustration of a pair viewed in
the laboratory frame (left) and pair's rest frame (right).
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Fig. 5. (color online) AB, (bottom) and AB, (top) distribu-
tion obtained in laboratory frame (blue) and pair's rest
frame (red), for simulated events with finite CME (a; =
2%). Insets are magnified views of peak regions.

the other hand, if both r.y and Rp are above unity, then
we have a case in favor of the CME.

For convenience, in this paper and at a few places,
either of the three ratios being above unity, which can be
caused by the CME and/or background, will be referred
to as apparent charge separation. The apparent charge
separation is what is usually measured in experiments.

3 Toy model simulations

In this section, a series of toy model simulations for
various signal and/or background scenarios will be
presented. The section starts with simple cases followed
by cases with relatively more realistic considerations. To
avoid making conclusions by accident, in each case ob-
servables are studied against the change of only one para-
meter while everything else is unchanged. For all cases, a
simulated event consists of 324 primordial charged pions
(162 for each charge type), and 33 p resonances, each of
which decays into a n* + 7~ pair. This configuration gives
a total multiplicity that matches the multiplicity within 2
units of rapidity for 30-40% central Au+Au collisions at
vsvn =200 GeV [34], while maintaining the ratio in yield
of p resonance to negative particles at ~17% [35]. The de-
cay of p —» n* + 7~ is implemented with PYTHIAG6 [36].
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Primordial pions and p resonances are allowed to have
their own v, and v3, and in addition, primordial pions can
have finite CME signal (a; > 0), and p resonances can
have finite global spin alignment (pgo # 1/3) [37-42]. Un-
less otherwise specified, following [22], primordial pions
are generated according to a Bose-Einstein distribution
[34], dNg/dm?2 o (e™/T —1)7!, where my =
(my is the n* rest mass), and Tgg is set to be 212 MeV in
order to have a (pr) of 400 MeV [34]. p resonances are
generated according to dN,/dm3. oc e="r=™)/T /[T (m,, + T)],
where T is set to be 317 MeV for having a (pr) of 830
MeV [35], and m,, is the rest mass of p-resonance. Note
that the only available experimental data for p-resonance
spectra at RHIC energies are measured for 40-80% cent-
ral AutAu collisions at /syy =200 GeV [35], which
does not match the 30-40% centrality mentioned above.
However, for a qualitative study this mismatch will not
affect the conclusion. In this paper the finite event plane
resolution is not taken into consideration in simulations.
A finite event plane resolution will smear the difference
between x and y directions, and make both res and ry,p, as
well as the ratio of the two, approach unity. If needed this
effect can be taken into account by smearing the reaction
plane with well-established procedure [5]. In all simula-
tions in this paper the reaction plane is assumed to be
known exactly. The dN/dn(dN/dy) distributions are taken
to be flat in a range of [-1, 1] for primordial pions (p res-
onances). By default ~ 4 million events are simulated for
each data point in almost all figures of this section, ex-
cept for Figs. 6, 13 and 15 in which ~ 10 million events
for each data point are simulated.

/ 2 2
pT+m7r

3.1 No backgrounds

Fig. 6 presents a simulation with the CME signal
only, and no backgrounds (v, and v; vanish for all
particles, and no global spin alignment for resonances). In
this simple case, rse and r,p (top panel), as well as Rp
(bottom panel) are consistent with unity when a; = 0, and
increase with increasing a;. The deviation from unity for
Rp is about an order of magnitude smaller than that for
Trest and riap, Which is not a surprise as the additional sens-
itivity of res OVer rp is a second-order effect. Indeed as
riab and res are visually very close to each other, for clar-
ity reason in the rest of the paper it is chosen to show
only re in figures.

3.2 Resonance v, as fixed values

In the simulation presented in Fig. 7, the elliptic flow
for p resonances is introduced. Here all resonances are
generated according to same v, regardless of their py.
Cases with pr dependent v, will be considered later in the
paper. One can see that when there is no signal (a; = 0)
and v, of resonance is the only background, r.s in-
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Primordial a,

Fig. 6. (color online) 75 and riap(top panel), as well as Rp

(bottom panel) for a simple-case simulation in which only
a is introduced, with no backgrounds.

creases with increasing resonance v, (top panel). It is
known [23] that when resonances have in-plane elliptic
flow, those with low pr (majority) tend to decay into
large opening-angle pairs and result in more back-to-back
pairs out-of-plane, mimicking a CME signal. In the rest
frame although pairs that are originated from real reson-
ance decays do not contribute to the apparent charge sep-
aration (barring finite global spin alignment which will be
discussed later), pairs with one of them from resonance
and another one picked randomly do. This will cause both
rrest and riy, (not shown) to increase with increasing res-
onance v;.

The bottom panel of Fig. 7 shows that Rg, on the con-
trary, decreases with increasing resonance v, —an oppos-
ite trend than re. This pattern has been observed for all
spectra formulae that can practically describe data [34].
This can be explained as following: Inclusive particle
pairs consist of those from resonance decays and those
from other combinatorials. If there is no global spin
alignment, the azimuthal distribution is isotropic for pairs
from resonance decays but not necessarily so for those
from other sources. That means by definition the azi-
muthal distribution of particles in pair's rest frame con-
tains a fraction of isotropic source. Such fraction clearly
does not contribute to the apparent charge separation, and
one cannot obviously identify a similar fraction in the
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Fig. 7. (color online) ryest and Rp as a function of resonance

v, for various transverse spectra. Formulae for spectra are
from [34] and [22], with temperatures for each are individu-
ally tuned to yield {(p7) of 400 MeV and 830 MeV for pi-
ons and p resonances, respectively. Data points are shifted
slightly in horizontal direction for clear view (similar shift,
when needed, has been applied for other plots in this paper).

laboratory frame. One has to be reminded that the more
symmetrical/isotropic the system is, the closer to unity
the ratio rreqaby 1. Because of that, ry tends to be al-
ways closer to unity than ry,,. That results in a relatively
smaller slope of r.y versus resonance v,, and as a con-
sequence Rp decreases with increasing resonance v.

In Fig. 8, a similar study is repeated with various a;
introduced to primordial pions. The spectra of primordial
pions and resonances are set to be the default setups as
aforementioned at the beginning of section 3. As expec-
ted, both rs and Rp increase with increasing aj, on top of
values induced by resonance v, alone.

3.3 Resonance pg

It has been pointed that resonances with even spin can
possess global spin alignment which tends to, in their rest
frames, align two daughters either in the y direction
(000 > 1/3), or in the x—z plane (oo < 1/3) [37-42]. Con-
sidering the projection of many pairs onto the transverse
plane only, loosely speaking the global spin alignment
acts like "elliptic flow" in the rest frame. For a reason
similar to elliptic flow, the global spin alignment is also
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Fig. 8. (color online) ryest and Rp as a function of resonance

Wy, for various a values.

expected to cause an apparent charge separation. A pog
larger (smaller) than 1/3 would mean more apparent
charge separation in the y (x) direction, causing both r,p
and res to be larger (smaller) than unity. Such effect has
not been discussed previously. In Fig. 9 ry and Rp are
shown as a function of resonance pg, for various trans-
verse spectra, with a; = 0 and with no flow effects intro-
duced anywhere. For the case of no global spin align-
ment (pgo = 1/3), rest and Rp are at unity as they should.
When there is global spin alignment (poy # 1/3), both ra-
tios are not at unity anymore. Rp is found to change in the
opposite direction to rg-change when responding to the
change of pgo. This pattern holds again for all transverse
spectra shapes that have been considered. This can be un-
derstood as the effect of Lorentz boost. When the boost is
strong and the velocity of the pair's center of mass over-
comes daughter's velocity in the rest frame, for a fraction
of resonances their daughter pairs, which are back-to-
back in the rest frame, can become pairs going in the
same direction in the laboratory frame, causing in the
laboratory frame a depletion of back-to-back pairs in the
direction of boost (see Fig. 10 for an illustration). For
such effect to happen, a resonance itself must move fast
enough to overcome daughter's momentum along the
boost direction. If, say, daughter's momentum projection
in x direction is smaller than that in y direction, then x dir-
ection is more vulnerable to depletion, causing an extra,
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Fig. 9. (color online) rest and Rp as a function of resonance

poo for various transverse spectra. Choices of spectra are
the same as in Fig. 7.
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Rest frame

Fig. 10.
pair (in orange color) in rest frame can become two

Laboratory frame

(color online) When boost is strong a back-to-back

particles traveling in the same direction in the laboratory
frame, causing a depletion of back-to-back pairs along the
boost direction.

apparent charge separation along y direction in the labor-
atory frame. This is indeed the case for finite global spin
alignment: as pgy # 1/3 means in the rest frame daughter's
momentum projection in the x and y direction are unbal-
anced, thus they have unequal vulnerability to depletion.

In Fig. 11, similar studies are repeated with various a;
introduced to primordial pions, with spectra of primordi-
al pions and resonances set to be default ones as men-
tioned in the beginning of section 3. As expected, both
rest and Rp increase with increasing aj, on top of values
induced by resonance pgp alone.

Note in this study a wide pgo range is chosen in order
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Fig. 11. (color online) ryes and Rp as a function of reson-

ance pgp, for various aj values. No flow effects are in-
cluded.

to clearly identify/demonstrate the pattern, which may
have exaggerated the situation. Experimentally pgo has
been studied for ¢-meson for Au+Au collisions at
vsvy =200 GeV [43], and it is found to be less than 0.38
for pr > 1.2 GeV/c. Preliminary pyy measurements for
K*9-meson are found to be smaller than 1/3, at both RHIC
and LHC energies [44, 45]. So far there is no experiment-
al guidance on pg for p-resonance, and our study calls for
such measurements.

3.4 pr dependent v, and v; of primordial pions

In this subsection and the following subsections, how
the two observables respond to realistic flow effects are
studied. The NCQ-inspired function [46] is used to intro-
duce elliptic flow for primordial pions and p resonances,

w/n=a/(l1+ e_[(mr_mn)/n_b]/c) -d, (8)

where n =2 is the number of constituent quarks. By de-
fault parameters a, b, ¢ and d take same values as in [22]
for 30-40% central Aut+Au collisions at \/syy =200 GeV.
Unless otherwise specified, v at any given pr is set to be
1/5 of corresponding v, [47], for both primordial poins
and p resonances. No spin alignment is introduced for p
resonances. The study with realistic flow together with
global spin alignment will be presented in a later subsec-
tion.
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The parameter a in Eq. (8) is varied to change v2(pr), - 1.12F Primordial ,=1.5% 3
and the parameter d has been adjusted accordingly to ens- g - ¢ Primordial a,=1 %o i
N h — 0. The effect of this variation on = 1.1~ Primordial 2,=0.5% E
sure v = 0 when pr = 0. The effect of this variation on v, " o Primordial a,= 0 % .
is illustrated in Fig. 12. In Fig. 13 r.s and Rp are presen- 1-°8§ E
ted as a function of a-parameter of primordial pions. Note 1.06- 3
that in this study v; for primordial pions also changes 1,045 E
with a-parameter, as v3 at any given pr has been set to be TR0 0 0 ¢ o3
1/5 of corresponding v,. vo(pr) and v3(pr) for p reson- 1.02- A A A A
ances are introduced according to their aforementioned 1:___0_ ______ SR o o O_
default configurations and are kept unchanged. S
One would find that when there is no CME-induced . S
charge separation (a; =0), resx and Rp are at opposite &Y 1.006— ;
sides of unity, and this is largely due to the presence of fi- - .
nite v, of p-resonance. When there is finite aj, rreq in- 1.004- ]
creases slightly with the a-parameter, and surprisingly Rp 1 002: ]
also increases slightly with increasing a-parameter. This B S ¢ o N ]
has to be caused by a combination of finite p-resonance v, A g mmm g me e JRETEEE JRRCEEEY -
and the change of v, of primordial pions. However, the L O o o O o A
reasoning for it at microscopic, dynamical level is not ob- 0.998— j
vious for the moment and is a subject of future study. B | | | ‘ ]
In Fig. 14, the effect of v3 alone is studied by varying 005 04 015 02 025 0.3
V3(pT) of primordial piOHS while keeping everything else a-parameter of Vz(pT) for primordial pions
o 0.5; F"ri‘m‘o‘rd‘ia‘l ‘p ‘re‘s‘or‘m‘n‘cé T _f Fig. 13. (color online) ryet and Rp as a function of a-para-
> t B meter of primordial pions in vy(pr) description, for vari-
0.4 - = ous aj values.
C - ]
0.3
C 1-147 IR L L L e
0.2F - C Primordial ¢,=1.5% ]
“E ¢ 1120, Primordial ¢,=1% =
0 1i - 1 1i A Primordial a,=0.5 % B
F E F o Primordial ¢,=0% ;
of E 1.08; =
- ] 1.06]~ =
- | | oy | | ] - =
T T — T T — - 4
«~ 0.5 Primordial pion — 1041, 0 0 o o
> - ; 1.02F- 3
C . el N A A A s
0.4 e — — =] ro o (@] ]
C /// _: T e =
0.3 PRI = s e ) s
C ‘,“ ............................. 7 m C 7]
0.2f O E © 1.006] -
0.1 1.004} -
oF 1.002, . . o]
5 ) E
N A A ]
p. (GeVic) L& 6 3 5 I
T 0.998 .
Fig. 12.  (color online) vo(p7) implemented in simulations, C ]
: i i I I I IS I S B B S B
for p resox}apces (top panel) and primordial plOI?S (bottom 0.996 0 01 0203 04 05 06 07 08 0.9
panel). Within each panel, a-parameter values in Eq. (8) . . .
are, from top to bottom, 0.275, 0.225, 0.175, 0.125 and V3/V2 of primordial pions
0.075, respectively. For each panel the curve with solid Fig. 14. (color online) rpes and Rp as a function of
black line corresponds to the case with default value v3(pr)/va(pr) ratio of primordial pions, for various a;
(0.125) of a-parameter taken from [22]. values.
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unchanged. This is implemented by setting v; to be a frac-
tion, which itself varies, of v, everywhere in pr, while
keeping vo(pr) unchanged. Both r.y and Rp are presen-
ted as function of ratio of v3/v,. As a reminder the case
that is close to data is with v3/v, =0.2. No obvious de-
pendence on the change of v; of primordial pions can be
seen.

3.5 pr dependent v, and v3 of p resonances

In this subsection studies similar to those in the previ-
ous subsection are repeated, but instead of varying the
flow of primordial pions, here the flow of p resonances
are varied, while the flow of primordial pions are kept un-
changed with their default configuration. No spin align-
ment is introduced for p-resonance.

Fig. 15 shows r.sr and Rp as a function of a-paramet-
er of p resonances. When there is no CME-induced separ-
ation, r.s and Rp deviate from unity in opposite direc-
tions. With a finite a;, both observables increase on top of
the values for the case of a; =0, and the pattern that rpeq
and Rp respond in opposite directions to the change of a-
parameter can be seen for all a; values.

In Fig. 16, following a similar procedure in Fig. 14,
the resonance vi(pr) is varied while everything else is
kept unchanged. Like the case for v of primordial pions

C L ]
% 1120 Primordial ¢,=1.5 % E
,_E 14E ¢ Primordial a,=1 % =
"F A Primordial a,=0.5% ]
1.08 O Primordial a,=0 % -
1.06]- =
1.04F , N o 0 ¢
1.02[ A 5
- A 5 5 © ]
L ittt =]
- | I | :
o 1.006F -
1.004 {
1.002 R . -
C ’ ¢ o 7
R A S S E
C @) 5 A ]
0.998[ o
0.996[ -
F coo b e b .

0.05 0.1 0.15 0.2 0.25 0.3
a-parameter of vz(pT) for p resonances

Fig. 15. (color online) ryes and Rp as a function of a-para-

meter of p resonances in v(pr) description, for various a;
values.

114 ]
- C Primordial a,=1.5% ]
3 1-12§<;> Primordial a:=1 % =
~ 44t~ Primordial a,=0.5% =
- O Primordial ¢,=0 % E
1.08— =
1.06~ =
1.04), R =
1.02 =
:6 % % 8 6 ]
I —
::}::::}::::}::::}::::}:H:}HH}HH}HH}HH:
m N i
14 1.006— -
1.0041 —
1.002[- N N
R S
Ke) @] O (@) @] ]
0.998 —
I P B A BRI AT AP A A
0.996™40.170.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
v,lv, of p resonances
Fig. 16. (color online) 7 and Rp as a function of

v3(pr)/v2(pr) ratio of p resonances, for various aj values.

(Fig. 14), there is no noticeable effect due to v3 change of
p resonances.

3.6 Resonance p(y together with pr dependent v, & v3

of primordial pions and p resonances

In this subsection the pgy study in Fig. 11 is repeated,
but instead of having no flow effects, here pr dependent
flow effects, vo(pr) and vs3(pr), are included for both
primordial pions and p resonances according to the afore-
mentioned configuration in section 3.4. One can see (Fig.
17) again that r.y and Rp change in opposite directions
when responding to pgyp change. Unlike in Fig. 11, here
both observables are not at unity for poy = 1/3 due to the
presence of flow effects.

Note that for the case without the CME (dashed line,
with a; = 0), rey crosses unity at a larger pgo value than
Rp (indicated by two arrows in Fig. 17). This crossing-or-
dering is due to the presence of in-plane resonance v,. To
understand this, imagine one starts with a system whose
resonances have pgy < 1/3 but no v,. According to sec-
tion 3.3, for this setup rst < 1 and Rz > 1. From what is
learned in section 3.2, an introduction of positive reson-
ance v, to the system will increase rs. Suppose the right
amount of resonance v, is introduced so that r. reaches
unity. Please be reminded that ry = 1 means that pairs in
the rest frame is symmetrical between x and y direction.
However, for this system, if boosted back to laboratory
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Fig. 17. (color online) rys and Rp as a function of reson-

ance pgo, for various a; values. Realistic flow effects have
been included for both primordial pions and p resonances.
Arrows indicate the place where ratios cross unity for the
case of a; = 0.

frame, it will become a system with more apparent separ-
ation in y direction due to the extra boost in x direction to
account for the in-plane flow. This, can be loosely ima-
gined as that, a round shape in rest frame will become
elongated in y direction when boosted (with extra-boost
in x direction) back to laboratory frame. As a con-
sequence, for a pgo value at which rey crosses unity,
rab > Irest and Rp < 1. This feature ensures that, with back-
grounds arising from resonance flow and global spin
alignment, without the presence of the CME one cannot
identify any pgy at which rs and Rp are above unity sim-
ultaneously.

To consolidate this point, we repeat the simulation of
the case of a; =0 in Fig. 17, but with the sign of reson-
ance v, flipped to negative (out-of-plane flow). This is a
totally unphysical case but it is useful for testing the reas-
onings. Following the arguement above, the crossing-or-
dering should be reversed. One can see that (Fig. 18)
when the resonance flow is out-of-plane, the crossing-or-
dering is indeed reversed, consistent with the expectation
from reasonings mentioned above.

3.7 Resonance pr

In a recent publication [23], it is pointed out that

1.12

1.1
1.08
1.06
1.04
1.02
1
0.98

rrest

O Primordial ¢,=0 %

ot 1.006
1.004
1.002

1
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Resonance Poo

0.994

.°4
-

Fig. 18. (color online) ryes and Rp as a function of reson-
ance pqo, for the a; = 0 case in Fig. 17 but with the sign of
resonance v, set as negative. Arrows indicate the places
where ratios cross unity.

when acting together with resonance elliptic flow, low pr
resonances have a tendency of emitting two daughters
preferentially more perpendicular to the reaction plane
than high pr resonances because of the large decay open-
ing angle, while high pr resonances tend to emit two
daughters close to each other and preferentially close to
the reaction plane. Both effects will influence the fluctu-
ation in x- and y-direction and should be considered as
background in the CME-related analysis.

To repeat such a study for our observables, p reson-
ances are simulated with a fixed v, of 6% as in [23], and
all resonances have same pry for which the value itself
can vary between simulations. Primordial pions are simu-
lated again with realistic flow and spectra as aforemen-
tioned. In Fig. 19 one can see that the pr change, over a
range of 0.5-2 GeV/c, has a visible effect on the observ-
ables. It is worth mentioning that, although a dedicated
study has been devoted to this effect, it is not an addition-
al, independent effect on top of existing effects already
presented in the paper. This effect has been taken into
consideration automatically when taking a characteristic
v, and transverse spectra in simulations. However, it
would be an interesting study in terms of understanding
how the choice of slope (which changes (pr)) of trans-
verse spectra would affect our observables. To investig-
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. 1420 ‘Primordial ‘a‘ =1 5.‘)/0 T ate this, in Fig. 20 primordial pions and p resonances are
8 1.1F o Primordial a =19 - simulated according to their corresponding default char-
- - A Primordial a =0.5% ] acteristic flow and spectra as mentioned earlier, and rg
1'08; O Primordial “ =0% E and Rp are calculated for a series of temperature of p-res-
1.06— - onance spectra around its nominal value of 317 MeV.
- ] The study is repeated for various a; values. One can find
1.04 . 5 that r changes for merely ~2% relatively over a tem-
1.02 v E perature span of 40% change.
£...6.8.56. 8. . 8.3
o . 4 AMPT and AVFD models
e
n:m 1.00 Gi B In this section the two observables are examined with
TUr ] two popular realistic models, namely the AMPT and the
1.004 N AVFD models.
C ] The AMPT model [24] uses the Heavy Ion Jet Inter-
1.002- . action Generator (HIJING [48, 49]) for generating the ini-
- L2 S . tial conditions, the Zhang's Parton Cascade (ZPC [50])
= A [ . . . R
I—------ & AT — for modeling the partonic scatterings, and A Relativistic
C S A A Transport (ART [51, 52]) model for treating hadronic
0.998— o 8 S scatterings. The version (v2.25t4cu) we used is a version
] with string melting, in which it treats the initial condition
0 02040608 1 12141618 2 22 as partons and uses a simple coalescence model to de-
p resonance p_ (GeV/c) scribe hadronization. It is also a version with charge-con-
T servation being assured [53], which is particularly im-
Fig. 19. (color online) 7yt and Rp as a function of p reson- portant for the CME related model-studies.
ance pr as a fixed value. The AVFD framework [25, 26] implements the an-
omalous transport current from the CME into fluid dy-
A namics framework to simulate the' evolution of fermion
- - . Primordial a.=1.5 % ] currents on an event-by-event basis and to evaluate the
g 112 ! = Iting charge separation in QGP, on top of the neutral
e - o Primordial a,=1% ] resulting ¢ sep g p
= 44~ Primordial a1 =0.5% 3 bulk background described by the VISH2+1 hydro-
108 o Primordial a,=0 % E dynamic simulations [54] with Monte-Carlo Glauber ini-
e ] tial conditions, followed by a URQMD hadron cascade
1.06|- = stage [55, 56]. This new tool allows one to quantitatively
1.04F = and systematically investigate the CME signal and ac-
1 02; © v ¢ N E count for the resonance contributions. The version used in
E A 4 A 4 A ] this paper is beta-1.0, with the level of local charge con-
L ittt — servation set to be 33%.
SN } } W ; T Both AMPT and AVFD models are known to have a
@ - . good description of experimental data, including
X 1.006 - particle's yield, spectra and flow. They can serve as good
C § baselines for apparent charge separation arising from pure
1.004— . backgrounds. In addition, the CME feature implemented
C ] in AVFD will allow one to study the observable's re-
1.002- 0 0 o sponse to signal in a relatively realistic environment of
15_ B . B backgrounds.
i é 3 é % ég ] Fig. 21 shows rs and Rp as a function of centrality
0.998 J for AMPT and AVFD events. For AMPT, each point in
C ] the figure is calculated with ~ 2 million model-events,
and for AVFD, ~ 50 million for cases with the CME (fi-
0.24°0. 26 o 28 0. 3 :32 0. 34t0 36(:333) 0.4 nite ns/s), and ~ 100 million for the case without it
p temperature (Ge (ns/s =0). To match typical acceptance cuts used by the
Fig. 20. (color online) ryese and Rp as a function of temper- STAR collaboration, only particles that satisfy || < 1 and
ature of the transverse spectra of p-resonance. 0.2 < pr <2 GeV/c are considered in the analysis. For the
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N " % AVFD n,/s = 0.2 (observed a,~ 1.5 %) ]
g 1.12-¢ AVFD n,/s = 0.1 (observed a,~ 0.75 %)
- 1 1i1& AVFD ny/s =0. (observed a,=0%) A
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Fig. 21.  (color online) ryest and Rp as a function of central-

ity, calculated for events from AMPT and AVFD models.
The AMPT model has no built-in CME effect. In the AVFD
model the CME is implemented by finite ratio of axial
charge over entropy (n5/s), resulting in finite average a
(observed aj) for all charged particles, including primordi-
al ones and those from resonance decays. The LCC level is
set to be 33% in AVFD events.

two cases without the CME (AMPT, and AVFD with
ns/s =0), res values is in between 1 and 1.015 depend-
ing on centrality, and is smallest if compared to cases
with the CME. The AMPT study shows that rey in
middle central collisions is in general larger than central
and peripheral collisions, likely due to a convolution of
the multiplicity effect and the apparent charge separation
arising from backgrounds. r.g increases clearly with in-
creasing ns/s, indicating a very good sensitivity to the
CME. A good sensitivity to the CME is also seen for Rg.
In general the proposed observables behave as expected
for realistic models.

Note that realistic models like AMPT and AVFD in-
clude additional backgrounds from Transverse Mo-
mentum Conservation (TMC) and Local Charge Conser-
vation (LCC), which may also introduce correlations to
the CME observables, albeit the effect is not expected to
be as strong as resonance flow. In Fig. 21, the small but

above-unity values of ry and Rp for AMPT events (and
AVFD events with ns/s =0 as well) are indications of
their existence. Such effects cannot be conveniently stud-
ied by toy models, they have to be addressed with realist-
ic models like AMPT and AVFD.

5 Summary

In this article a pair of observables, r.y and Rp, are
presented as alternative ways to study the charge separa-
tion induced by the CME in relativistic heavy ion colli-
sions. Both observables have been studied with toy mod-
el simulations, as well as two realistic models, namely,
AMPT and AVFD. The toy model studies include flow-
related backgrounds, and for the first time, backgrounds
that are related to the global spin alignment of reson-
ances. It is shown that the two observables have similar
positive responses to signal, and opposite, limited re-
sponses to identifiable backgrounds arising from reson-
ance flow and global spin alignment. This information
can be useful under certain scenarios in identifying
charge separation induced by backgrounds. For example,
if both r. and Rp are above unity, then one has a case in
favor of the existence of the CME.

However, even with both r.y and Rp being greater
than unity, there are remaining backgrounds arising from
momentum and charge conservation which have to be
studied in details with realistic models. Like any other ap-
proach, this procedure does not provide a complete, clean
solution under all possible scenarios. A quantitative state-
ment on signal versus background has to rely on realistic
simulations, and, better to be made with the help of addi-
tional, external information (such as information from
isobaric collisions). That said, the two observables do
provide useful insights into the problem from a unique
perspective.

The author is grateful to G. Wang, J. Liao, S. Shi and
N. Magdy for fruitful discussions. In particular the au-
thor thanks G. Wang for stimulating discussions that lead
to the initiation of this study, as well as a conversation at
a later time that facilitates the explanation of the effect of
global spin alignment. Additional thanks go to Z. Lin, G.
Ma and G. Wang for providing AMPT events, and S. Shi
and J. Liao for providing AVFD events. The author also
thanks H. Ke for his help in allocating computing re-
sources, and G. Wang and Y. Lin for their help in facilit-
ating the processing of AVFD events. The author thanks
G. Wang, J. Liao and Z. Lin for reading the manuscript
and providing comments.

054101-12



Chinese Physics C  Vol. 44, No. 5 (2020) 054101

References

10
11

12

13

14

15

17
18
19
20
21
22
23

24

25

26
27

D. Kharzeev, R. D. Pisarski, and M. H. G. Tytgat, Phys. Rev.
Lett., 81: 512 (1998)

D. E. Kharzeev, L. D. McLerran, and H. J. Warringa, Nucl. Phys.
A, 803: 227 (2008)

D. E. Kharzeev, J. Liao, S. A. Voloshin et al., Prog. Part. Nucl.
Phys., 88: 1 (2016)

K. Hattori and X. G. Huang, Nucl. Sci. Tech., 28: 26 (2017)

A. M. Poskanzer and S. A. Voloshin, Phys. Rev. C, 58: 1671
(1998)

S. A. Voloshin, Phys. Rev. C, 70: 057901 (2004)

L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C, 88(6):
064911 (2013)

L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C, 89(4):
044908 (2014)

N. Magdy, S. Shi, J. Liao, N. Ajitanand et al., Phys. Rev. C,
97(6): 061901(R) (2018)

H. Li, J. Zhao, and F. Wang, Nucl. Phys. A, 982: 563 (2019)

H. j. Xu, J. Zhao, X. Wang ef al., Chin. Phys. C, 42(8): 084103
(2018)

B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett., 103:
251601 (2009)

B. 1. Abelev et al. [STAR Collaboration], Phys. Rev. C, 81:
054908 (2010)

L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett., 113:
052302 (2014)

B. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett., 110(1):
012301 (2013)

A. M. Sirunyan et al. [CMS Collaboration], Phys. Rev. C, 97(4):
044912 (2018)

V. Khachatryan et al. [CMS Collaboration], Phys. Rev. Lett.,
118(12): 122301 (2017)

A. Bzdak, V. Koch, and J. Liao, Lect. Notes Phys., 871: 503
(2013)

S. Pratt, S. Schlichting, and S. Gavin, Phys. Rev. C, 84: 024909
(2011)

S. Schlichting and S. Pratt, Phys. Rev. C, 83: 014913 (2011)

F. Wang, Phys. Rev. C, 81: 064902 (2010)

F. Wang and J. Zhao, Phys. Rev. C, 95(5): 051901(R) (2017)

Y. Feng, J. Zhao, and F. Wang, Phys. Rev. C, 98(3): 034904
(2018)

Z. W. Lin, C. M. Ko, B. A. Li et al, Phys. Rev. C, 72: 064901
(2005), and private comunication with Zi-Wei Lin and Guo-Liang
Ma

Y. Jiang, S. Shi, Y. Yin et al., Chin. Phys. C, 42(1): 011001
(2018)

S. Shi, Y. Jiang, E. Lilleskov et al., Annals Phys., 394: 50 (2018)
S. A. Bass, P. Danielewicz, and S. Pratt, Phys. Rev. Lett., 85:
2689 (2000)

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43
44

45

46

47

48
49
50
51
52

53
54

55
56

054101-13

J. Adams et al. [STAR Collaboration], Phys. Rev. Lett., 90:
172301 (2003)

B. I. Abelev et al. [STAR Collaboration], Phys. Lett. B, 690: 239
(2010)

M. M. Aggarwal et al. [STAR Collaboration], Phys. Rev. C, 82:
024905 (2010)

L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C, 94(2):
024909 (2016)

B. Abelev et al. [ALICE Collaboration], Phys. Lett. B, 723: 267
(2013)

Y. J. Ye, Y. G. Ma, A. H. Tang ef al., Phys. Rev. C, 99: 044901
(2019)

B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C, 79:
034909 (2009)

J. Adams et al. [STAR Collaboration], Phys. Rev. Lett., 92:
092301 (2004)

T. Sjostrand, S. Mrenna, and P. Z. Skands, JHEP, 0605: 026
(2006)

Z.T. Liang and X. N. Wang, Phys. Rev. Lett., 94: 102301(2005).
Erratum: [Phys. Rev. Lett., 96: 039901(E) (2006)]

Z.T. Liang and X. N. Wang, Phys. Lett. B, 629: 20 (2005)

Z.T. Liang, J. Phys. G, 34: S323 (2007)

B. Betz, M. Gyulassy, and G. Torrieri, Phys. Rev. C, 76: 044901
(2007)

J. H. Gao, S. W. Chen, W. T. Deng et al., Phys. Rev. C, 77:
044902 (2008)

F. Becattini, L. P. Csernai, and D. J. Wang, Phys. Rev. C, 88: no.
3, 034905(2013). Erratum: [Phys. Rev. C, 93: no. 6, 069901(E)
(2016)]

C. Zhou, Nucl. Phys. A, 982: 559 (2019)

S. Singh for the STAR Collaboration, Quark Matter 2019
Conference.  https://indico.cern.ch/event/792436/contributions/
3535685/

S. Kundu for the ALICE Collaboration, Quark Matter 2019
Conference.  https://indico.cern.ch/event/792436/contributions/
3535688/

X. Dong, S. Esumi, P. Sorensen et al., Phys. Lett. B, 597: 328
(2004)

Q. Y. Shou [STAR Collaboration], Nucl. Phys. A, 931: 758
(2014)

X. N. Wang and M. Gyulassy, Phys. Rev. D, 44: 3501 (1991)

X. N. Wang and M. Gyulassy, Phys. Rev. D, 45: 844 (1992)

B. Zhang, Comput. Phys. Commun., 109: 193 (1998)

B. A. Liand C. M. Ko, Phys. Rev. C, 52: 2037 (1995)

B. Li, A. T. Sustich, B. Zhang et al., Int. J. Mod. Phys. E, 10: 267
(2001)

Private communication with Zi-Wei Lin and Guo-Liang Ma

H. Song, S. A. Bass, U. Heinz et al, Phys. Rev. Lett., 106: 192301
(2011). Erratum: [Phys. Rev. Lett., 109: 139904(E) (2012)]

M. Bleicher et al., J. Phys. G, 25: 1859 (1999)

S. A. Bass et al., Prog. Part. Nucl. Phys., 41: 255 (1998)


http://dx.doi.org/10.1103/PhysRevLett.81.512
http://dx.doi.org/10.1103/PhysRevLett.81.512
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.ppnp.2016.01.001
http://dx.doi.org/10.1016/j.ppnp.2016.01.001
http://dx.doi.org/10.1007/s41365-016-0178-3
http://dx.doi.org/10.1103/PhysRevC.58.1671
http://dx.doi.org/10.1103/PhysRevC.70.057901
http://dx.doi.org/10.1103/PhysRevC.88.064911
http://dx.doi.org/10.1103/PhysRevC.89.044908
http://dx.doi.org/10.1016/j.nuclphysa.2018.08.006
http://dx.doi.org/10.1088/1674-1137/42/8/084103
http://dx.doi.org/10.1103/PhysRevLett.103.251601
http://dx.doi.org/10.1103/PhysRevC.81.054908
http://dx.doi.org/10.1103/PhysRevLett.113.052302
http://dx.doi.org/10.1103/PhysRevLett.110.012301
http://dx.doi.org/10.1103/PhysRevC.97.044912
http://dx.doi.org/10.1103/PhysRevLett.118.122301
http://dx.doi.org/10.1103/PhysRevC.84.024909
http://dx.doi.org/10.1103/PhysRevC.83.014913
http://dx.doi.org/10.1103/PhysRevC.81.064902
http://dx.doi.org/10.1103/PhysRevC.95.051901
http://dx.doi.org/10.1103/PhysRevC.98.034904
http://dx.doi.org/10.1088/1674-1137/42/1/011001
http://dx.doi.org/10.1016/j.aop.2018.04.026
http://dx.doi.org/10.1103/PhysRevLett.85.2689
http://dx.doi.org/10.1103/PhysRevLett.90.172301
http://dx.doi.org/10.1016/j.physletb.2010.05.028
http://dx.doi.org/10.1103/PhysRevC.82.024905
http://dx.doi.org/10.1103/PhysRevC.94.024909
http://dx.doi.org/10.1016/j.physletb.2013.05.039
http://dx.doi.org/10.1103/PhysRevC.79.034909
http://dx.doi.org/10.1103/PhysRevLett.92.092301
http://dx.doi.org/10.1016/j.physletb.2005.09.060
http://dx.doi.org/10.1088/0954-3899/34/8/S18
http://dx.doi.org/10.1103/PhysRevC.77.044902
http://dx.doi.org/10.1016/j.nuclphysa.2018.09.009
https://indico.cern.ch/event/792436/contributions/3535685/
https://indico.cern.ch/event/792436/contributions/3535685/
https://indico.cern.ch/event/792436/contributions/3535688/
https://indico.cern.ch/event/792436/contributions/3535688/
http://dx.doi.org/10.1016/j.physletb.2004.06.110
http://dx.doi.org/10.1016/j.nuclphysa.2014.09.059
http://dx.doi.org/10.1103/PhysRevD.44.3501
http://dx.doi.org/10.1103/PhysRevD.45.844
http://dx.doi.org/10.1016/S0010-4655(98)00010-1
http://dx.doi.org/10.1103/PhysRevC.52.2037
http://dx.doi.org/10.1142/S0218301301000575
http://dx.doi.org/10.1088/0954-3899/25/9/308
http://dx.doi.org/10.1016/S0146-6410(98)00058-1
http://dx.doi.org/10.1103/PhysRevLett.81.512
http://dx.doi.org/10.1103/PhysRevLett.81.512
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.ppnp.2016.01.001
http://dx.doi.org/10.1016/j.ppnp.2016.01.001
http://dx.doi.org/10.1007/s41365-016-0178-3
http://dx.doi.org/10.1103/PhysRevC.58.1671
http://dx.doi.org/10.1103/PhysRevC.70.057901
http://dx.doi.org/10.1103/PhysRevC.88.064911
http://dx.doi.org/10.1103/PhysRevC.89.044908
http://dx.doi.org/10.1016/j.nuclphysa.2018.08.006
http://dx.doi.org/10.1088/1674-1137/42/8/084103
http://dx.doi.org/10.1103/PhysRevLett.103.251601
http://dx.doi.org/10.1103/PhysRevC.81.054908
http://dx.doi.org/10.1103/PhysRevLett.113.052302
http://dx.doi.org/10.1103/PhysRevLett.110.012301
http://dx.doi.org/10.1103/PhysRevC.97.044912
http://dx.doi.org/10.1103/PhysRevLett.118.122301
http://dx.doi.org/10.1103/PhysRevC.84.024909
http://dx.doi.org/10.1103/PhysRevC.83.014913
http://dx.doi.org/10.1103/PhysRevC.81.064902
http://dx.doi.org/10.1103/PhysRevC.95.051901
http://dx.doi.org/10.1103/PhysRevC.98.034904
http://dx.doi.org/10.1088/1674-1137/42/1/011001
http://dx.doi.org/10.1016/j.aop.2018.04.026
http://dx.doi.org/10.1103/PhysRevLett.85.2689
http://dx.doi.org/10.1103/PhysRevLett.90.172301
http://dx.doi.org/10.1016/j.physletb.2010.05.028
http://dx.doi.org/10.1103/PhysRevC.82.024905
http://dx.doi.org/10.1103/PhysRevC.94.024909
http://dx.doi.org/10.1016/j.physletb.2013.05.039
http://dx.doi.org/10.1103/PhysRevC.79.034909
http://dx.doi.org/10.1103/PhysRevLett.92.092301
http://dx.doi.org/10.1016/j.physletb.2005.09.060
http://dx.doi.org/10.1088/0954-3899/34/8/S18
http://dx.doi.org/10.1103/PhysRevC.77.044902
http://dx.doi.org/10.1016/j.nuclphysa.2018.09.009
https://indico.cern.ch/event/792436/contributions/3535685/
https://indico.cern.ch/event/792436/contributions/3535685/
https://indico.cern.ch/event/792436/contributions/3535688/
https://indico.cern.ch/event/792436/contributions/3535688/
http://dx.doi.org/10.1016/j.physletb.2004.06.110
http://dx.doi.org/10.1016/j.nuclphysa.2014.09.059
http://dx.doi.org/10.1103/PhysRevD.44.3501
http://dx.doi.org/10.1103/PhysRevD.45.844
http://dx.doi.org/10.1016/S0010-4655(98)00010-1
http://dx.doi.org/10.1103/PhysRevC.52.2037
http://dx.doi.org/10.1142/S0218301301000575
http://dx.doi.org/10.1088/0954-3899/25/9/308
http://dx.doi.org/10.1016/S0146-6410(98)00058-1
http://dx.doi.org/10.1103/PhysRevLett.81.512
http://dx.doi.org/10.1103/PhysRevLett.81.512
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.ppnp.2016.01.001
http://dx.doi.org/10.1016/j.ppnp.2016.01.001
http://dx.doi.org/10.1007/s41365-016-0178-3
http://dx.doi.org/10.1103/PhysRevC.58.1671
http://dx.doi.org/10.1103/PhysRevC.70.057901
http://dx.doi.org/10.1103/PhysRevC.88.064911
http://dx.doi.org/10.1103/PhysRevC.89.044908
http://dx.doi.org/10.1016/j.nuclphysa.2018.08.006
http://dx.doi.org/10.1088/1674-1137/42/8/084103
http://dx.doi.org/10.1103/PhysRevLett.103.251601
http://dx.doi.org/10.1103/PhysRevC.81.054908
http://dx.doi.org/10.1103/PhysRevLett.113.052302
http://dx.doi.org/10.1103/PhysRevLett.110.012301
http://dx.doi.org/10.1103/PhysRevC.97.044912
http://dx.doi.org/10.1103/PhysRevLett.118.122301
http://dx.doi.org/10.1103/PhysRevC.84.024909
http://dx.doi.org/10.1103/PhysRevC.83.014913
http://dx.doi.org/10.1103/PhysRevC.81.064902
http://dx.doi.org/10.1103/PhysRevC.95.051901
http://dx.doi.org/10.1103/PhysRevC.98.034904
http://dx.doi.org/10.1088/1674-1137/42/1/011001
http://dx.doi.org/10.1016/j.aop.2018.04.026
http://dx.doi.org/10.1103/PhysRevLett.85.2689
http://dx.doi.org/10.1103/PhysRevLett.81.512
http://dx.doi.org/10.1103/PhysRevLett.81.512
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.ppnp.2016.01.001
http://dx.doi.org/10.1016/j.ppnp.2016.01.001
http://dx.doi.org/10.1007/s41365-016-0178-3
http://dx.doi.org/10.1103/PhysRevC.58.1671
http://dx.doi.org/10.1103/PhysRevC.70.057901
http://dx.doi.org/10.1103/PhysRevC.88.064911
http://dx.doi.org/10.1103/PhysRevC.89.044908
http://dx.doi.org/10.1016/j.nuclphysa.2018.08.006
http://dx.doi.org/10.1088/1674-1137/42/8/084103
http://dx.doi.org/10.1103/PhysRevLett.103.251601
http://dx.doi.org/10.1103/PhysRevC.81.054908
http://dx.doi.org/10.1103/PhysRevLett.113.052302
http://dx.doi.org/10.1103/PhysRevLett.110.012301
http://dx.doi.org/10.1103/PhysRevC.97.044912
http://dx.doi.org/10.1103/PhysRevLett.118.122301
http://dx.doi.org/10.1103/PhysRevC.84.024909
http://dx.doi.org/10.1103/PhysRevC.83.014913
http://dx.doi.org/10.1103/PhysRevC.81.064902
http://dx.doi.org/10.1103/PhysRevC.95.051901
http://dx.doi.org/10.1103/PhysRevC.98.034904
http://dx.doi.org/10.1088/1674-1137/42/1/011001
http://dx.doi.org/10.1016/j.aop.2018.04.026
http://dx.doi.org/10.1103/PhysRevLett.85.2689
http://dx.doi.org/10.1103/PhysRevLett.90.172301
http://dx.doi.org/10.1016/j.physletb.2010.05.028
http://dx.doi.org/10.1103/PhysRevC.82.024905
http://dx.doi.org/10.1103/PhysRevC.94.024909
http://dx.doi.org/10.1016/j.physletb.2013.05.039
http://dx.doi.org/10.1103/PhysRevC.79.034909
http://dx.doi.org/10.1103/PhysRevLett.92.092301
http://dx.doi.org/10.1016/j.physletb.2005.09.060
http://dx.doi.org/10.1088/0954-3899/34/8/S18
http://dx.doi.org/10.1103/PhysRevC.77.044902
http://dx.doi.org/10.1016/j.nuclphysa.2018.09.009
https://indico.cern.ch/event/792436/contributions/3535685/
https://indico.cern.ch/event/792436/contributions/3535685/
https://indico.cern.ch/event/792436/contributions/3535688/
https://indico.cern.ch/event/792436/contributions/3535688/
http://dx.doi.org/10.1016/j.physletb.2004.06.110
http://dx.doi.org/10.1016/j.nuclphysa.2014.09.059
http://dx.doi.org/10.1103/PhysRevD.44.3501
http://dx.doi.org/10.1103/PhysRevD.45.844
http://dx.doi.org/10.1016/S0010-4655(98)00010-1
http://dx.doi.org/10.1103/PhysRevC.52.2037
http://dx.doi.org/10.1142/S0218301301000575
http://dx.doi.org/10.1088/0954-3899/25/9/308
http://dx.doi.org/10.1016/S0146-6410(98)00058-1
http://dx.doi.org/10.1103/PhysRevLett.90.172301
http://dx.doi.org/10.1016/j.physletb.2010.05.028
http://dx.doi.org/10.1103/PhysRevC.82.024905
http://dx.doi.org/10.1103/PhysRevC.94.024909
http://dx.doi.org/10.1016/j.physletb.2013.05.039
http://dx.doi.org/10.1103/PhysRevC.79.034909
http://dx.doi.org/10.1103/PhysRevLett.92.092301
http://dx.doi.org/10.1016/j.physletb.2005.09.060
http://dx.doi.org/10.1088/0954-3899/34/8/S18
http://dx.doi.org/10.1103/PhysRevC.77.044902
http://dx.doi.org/10.1016/j.nuclphysa.2018.09.009
https://indico.cern.ch/event/792436/contributions/3535685/
https://indico.cern.ch/event/792436/contributions/3535685/
https://indico.cern.ch/event/792436/contributions/3535688/
https://indico.cern.ch/event/792436/contributions/3535688/
http://dx.doi.org/10.1016/j.physletb.2004.06.110
http://dx.doi.org/10.1016/j.nuclphysa.2014.09.059
http://dx.doi.org/10.1103/PhysRevD.44.3501
http://dx.doi.org/10.1103/PhysRevD.45.844
http://dx.doi.org/10.1016/S0010-4655(98)00010-1
http://dx.doi.org/10.1103/PhysRevC.52.2037
http://dx.doi.org/10.1142/S0218301301000575
http://dx.doi.org/10.1088/0954-3899/25/9/308
http://dx.doi.org/10.1016/S0146-6410(98)00058-1

