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High energy proton-nucleus (pA) collisions provide an important constraint on the study of the
chiral magnetic effect in QCD matter. Naively, in pA collisions one expects no correlation between
the orientation of event plane as reconstructed from the azimuthal distribution of produced hadrons
and the orientation of magnetic field. If this is the case, any charge-dependent hadron correlations
can only result from the background. Nevertheless, in this paper we point out that in high multi-
plicity pA collisions a correlation between the magnetic field and the event plane can appear. This
is because triggering on the high hadron multiplicity amounts to selecting Fock components of the
incident proton with a large number of partons that are expected to have a transverse size much
larger than the average proton size. We introduce the effect of the fluctuating proton size in the
Monte Carlo Glauber model and evaluate the resulting correlation between the magnetic field and
the second-order event plane in both pA and nucleus-nucleus (AA) collisions. The fluctuating proton
size is found to result in a significant correlation between magnetic field and the event plane in pA
collisions, even though the magnitude of the correlation is still much smaller than in AA collisions.

This result opens a possibility of studying the chiral magnetic effect in small systems.

I. INTRODUCTION

Quantum Chromodynamics (QCD) is expected to pos-
sess a rich vacuum structure prescribed by the compact
non-Abelian gauge group. Even though QCD is known
to respect P and CP invariances, the topological tran-
sitions in the QCD vacuum induce locally the violation
of parity by producing a chirality imbalance between the
left- and right-handed quarks. Moreover, in the vicin-
ity of the deconfinement phase transition metastable do-
mains with broken parity may emerge [1-4]. It has
been proposed that the local parity violation induced
by topological transitions can be detected in heavy ion
collisions through the event-by-event fluctuations in the
charge asymmetry of produced hadrons relative to the re-
action plane [5]. This asymmetry is caused by the electric
current along magnetic field induced by chiral anomaly
in the presence of chirality imbalance, or the chiral mag-
netic effect (CME) [6, 7], see [8, 9] for reviews. It has been
proposed to detect the CME by using a charge-dependent
three-particle correlator [10].

The chiral magnetic current is quenched by the spon-
taneous breaking of chiral symmetry [6, 7], and there-
fore an experimental observation of the CME would
also represent a direct evidence for the chiral symmetry
restoration [9]. In the past decade, the charge-dependent
three-particle correlator (y-correlator) has been mea-
sured in nucleus-nucleus (AA) collisions by the STAR
Collaboration at BNL RHIC and ALICE Collaboration
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at CERN LHC [11-15]. The results have been found
to be consistent with the CME expectations. However,
non-negligible backgrounds related to the elliptic flow,
momentum conservation, local charge conservation, and
other short-range correlations have been identified and
are also qualitatively consistent with the data [16-20],
see [9] for a review.

Recently, CMS Collaboration reported a new approach
to constraining the CME and background effects using
the high-multiplicity proton-lead (pPb) data, where sig-
nificant charge-dependent signal has been observed with
a similar magnitude to that in lead-lead (PbPb) colli-
sions [21, 22]. These results not only constrain both
the CME interpretation and the background models, but
also open the possibility to study the CME in high-
multiplicity pA collisions.

The importance of pA collisions for the study of CME
stems from the fact that the event plane as determined
from the hadron azimuthal distribution is not correlated
with the impact parameter of the collision, as the nucle-
ons struck by the proton are randomly distributed within
the nucleus [21, 22|, see also [23, 24] for Monte Carlo
studies of this correlation. The absence of the correlation
is due to the fact that the proton size is much smaller
than the size of the nucleus, and so the incident proton
probes the nucleus at small spatial scales. On the other
hand, the magnetic field is produced coherently by all
protons in the nucleus, and so its orientation is perpen-
dicular to the impact parameter of a pA collision. Since
the CME is driven by magnetic field, and the background
effects — by the hadron event plane, one can use the mea-
sured y-correlator to constrain the magnitude of CME.

However, while it seems safe to assume that the pro-
ton size is small R, ~ 1 fm, this may not be so in high



multiplicity pA collisions studied in the CMS experiment
[21, 22]. Indeed, at high energies the Fock states of the
proton’s wave function with different numbers of partons
are frozen due to the time dilation, and interact with the
target with different probabilities. This picture is the
basis of the theory of hadron diffraction [25, 26], and un-
derlies the Glauber-Gribov theory of inelastic shadowing
[27]. Moreover, the observed shrinkage of diffraction cone
in proton-proton scattering indicates the growth of the
proton size with energy, when the number of partons in
the proton’s wave function increases (the “Gribov diffu-
sion” [28]):

2 ~ D2 !
R,(s) ~ R,(0) + 2a Ins (1)

where the R,(0) is the proton radius in the rest frame,

o ~0.25 GeV~2 is the slope of the Pomeron trajectory,
and s is the square of the center-of-mass energy. The
recent data [29-31] from TOTEM and CMS collabora-
tions at the LHC show that the growth of the proton size
becomes even faster, that has been attributed to higher
order string effects [32]. The effects of the proton size
fluctuations on the attenuation of nuclear cross sections
and the number of wounded nucleons have been found
quite significant, see [33-36] and references therein.

The growth of the proton size with energy reflects the
increase in the number of partons that is governed by
the QCD evolution. However there is an alternative, and
much more efficient, way to select the proton configu-
rations with a large number of partons, and thus with
a large size. Namely, one can trigger on the events
with a high multiplicity. Indeed, it has been found re-
cently that the distribution in the number of partons pre-
dicted by QCD evolution equations describes quite well
the measured multiplicity distributions in high energy
proton-proton collisions [37]. This suggests that the “lo-
cal parton-hadron duality” [38] holds also on the event-
by-event basis, and triggering on the events with high
hadron multiplicity one selects the proton configurations
with a large number of partons and thus a larger than
average size.

In the Gribov diffusion picture [28], each splitting in
the parton ladder represents a step in the random walk
in the transverse plane, with the transverse size squared
growing proportionally to the number of splittings. Ra-
pidity y = In(s/sg) plays the role of time in this diffusion
process, which immediately leads to (1). The same pic-
ture applied to the events with high hadron multiplicity
N makes us conclude that the proton configuration size
R, grows according to

N

where Ry is the average size corresponding to the event-
averaged hadron multiplicity N. The relation (2) allows
to estimate the size of the proton configurations, and in
high-multiplicity pA collisions one selects events with a
large proton size, as illustrated in Fig. 1. For example, se-
lecting events with a multiplicity that is ten times larger

than average, we trigger on the proton configuration size
of over 3 fm corresponding to the size of a light nucleus
with mass number A ~ 25.

It is clear that the large size of the proton configura-
tion will affect the correlation between the event plane
and the impact parameter. This correlation is crucial for
the study of CME, since the CME signal is expected to
be proportional to the magnitude of the magnetic field
and its correlation with the second-order event plane [24],
which can be expressed as

Ay <|BQ| cos2(Up — \IJEP)> (3)

where B denotes the magnitude of the magnetic field, Uy
and Ugp represent the plane defined by the magnetic field
direction and the second-order anisotropy, respectively.
In a high-multiplicity pA collision with a fixed-size pro-
ton, it has been shown that the correlation between ¥y
and Ugp is very small comparing to that in AA colli-
sions [21]. In this paper we repeat this analysis taking
into account the fluctuations in the proton size, using a
Monte Carlo (MC) Glauber approach [39], and explore
the implications for the studies of CME in pA and AA
collisions.

The paper is organized as follows. In Section II, we
introduce the idea of correlation between the final-state
particle multiplicity and the initial-state proton size. In
Section III, we summarize the setup of MC Glauber
model with a fluctuating proton size. In Section IV, the
results are presented in terms of the correlation that is
sensitive to the CME observable, and in Section V, we
summarize the study and discuss its implications for the
studies of CME in pA and AA collisions.

II. FLUCTUATING PROTON SIZE: THEORY
EXPECTATIONS

Hadrons are relativistic bound states of strongly inter-
acting quarks and gluons. They represent eigenstates |n)
of the QCD Hamiltonian Hqcp with a definite mass M,,:

Hqepln) = My |n). (4)

Different hadron states with the same quantum number
are separated in mass by AM ~ Agep ~ O(200 MeV).

Let us now consider a high-energy proton-proton col-
lision in the center-of-mass frame (the laboratory frame
of the collider experiments). In this frame, the colliding
protons are Lorentz-contracted to thin pancakes of thick-
ness Rqep/v ~ (v Agep) ™!, where the gamma-factor is
v = +/s/(2M) (s is the square of the c.m.s. energy, and
M is the proton mass). The collision thus occurs over
the short time interval

Raqcp 1 1
At ~ ~ < . 5
Y v Agep  AM (5)
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FIG. 1. A sketch of the proton configurations probed in the minimum bias (left) and high multiplicity (right) events.

The uncertainty principle dictates that this collision is
not able to resolve the individual mass eigenstates, and
so highly excited states with masses extending all the
way to ~ 4/s/2 can contribute to the collision. In other
words, a high energy proton-proton collision cannot be
described in terms of the lowest mass eigenstates of the
QCD Hamiltonian with the quantum numbers of the pro-
ton.

At high energies, a convenient description is in terms
of the Fock basis that contains the states with a fixed
number of partons. The positions of these partons are
“frozen” since during the short collision time (5) they
cannot move in the transverse plane, or split into a dif-
ferent parton configuration. At large momentum trans-
fer @2, the evolution of parton densities with Bjorken z
and Q2 can be described by perturbative QCD evolution
equations. At high enough energy, the parton densities
inside the protons saturate, and can be characterized by a
saturation momentum Qs (z) [40, 41]. However the pro-
ton size is determined by partons that are close to the
edge of the proton, where the parton density is never
large. In this domain, the dynamics of parton splitting is
non-perturbative, and has to be described by an effective
theory that incorporates confinement.

Such an effective description pre-dates QCD and is
known as the Reggeon field theory. In this approach,
the spectrum of hadrons is described by the linear Regge
trajectories a(t) = a(0) + o't, where t = M? at t > 0;
continuation to negative t < 0 allows to describe the scat-
tering amplitudes at momentum transfer ¢t. The slope
o’ and the intercept «(0) are determined by the non-
perturbative QCD dynamics. The contributions of Regge
trajectories to the total interaction cross section are de-
termined by the corresponding intercepts, oy ~ s*(@=1,
and so at high energies the dominant contribution arises
from the Pomeron trajectory with the intercept ap(0) ~
1.09. The profile of the scattering amplitude A(s;b) in

the impact parameter plane broadens as a function of
rapidity y = In(s/so):
b2
). 0

dyap

A(s;b) ~ exp (—

where the slope of the Pomeron trajectory is op ~
0.25 GeV 2. This leads to the increase of the slope B of
elastic cross section at high energies:

Bel(s) = By + 2O/P In S, (7)

that is well established and continues up to the highest
LHC energy [29-31].

The relations (6) and (7) imply the linear growth of the
proton size squared with rapidity y = In(s/sg), as given
by (1). Within the Reggeon field theory developed by
Gribov, this growth is a consequence of parton diffusion
in the transverse plane [28]; rapidity plays the role of time
in this diffusion process, and each step corresponds to the
parton splitting. The average size of the proton is thus
determined by the average number of partons generated
by the QCD evolution at a given rapidity.

Let us now move to the discussion of fluctuations in
the proton size. According to the arguments presented
above, these fluctuations should be determined by the
fluctuations in the number of partons at a given rapidity.
In experiment, we have access to the fluctuations in the
number of produced hadrons; are these fluctuations re-
lated to the distributions in the number of partons within
the colliding protons? Recently, it has been observed [37]
that the distribution in the number of partons predicted
by QCD evolution describes quite well the distribution in
the number of produced hadrons measured by the CMS
Collaboration at the LHC [42]. This observation is sup-
ported by theoretical arguments on the conversion of en-
tanglement entropy within the colliding hadrons into the



Boltzmann entropy in the final multiparticle state [37]
during a rapid “quench” induced by the collision.

Even though the understanding of multiparticle pro-
duction is far from complete, the arguments presented
above suggest that the high multiplicity events originate
from the protons with a large number of partons. Basing
on the similarity between the parton and hadron multi-
plicity distributions, we thus assume that the size of the
proton R,(N) probed in a collision producing N hadrons
is related to the average size of the proton Ry by the re-
lation (2). This relation implies that triggering on high-
multiplicity collisions we select events in which the inci-
dent proton has a size that is significantly larger than an
average proton size. For example, assuming that we se-
lect events with N/N =~ 10, and that the average size of
the proton at LHC energy is Ry =~ 1 fm, the size of the se-
lected proton configurations is over 3 fm. This large size
significantly affects the geometry of the proton-nucleus
collision, and the correlation between the reaction plane
and the magnetic field. We now proceed to the discussion
of these effects.

III. MONTE CARLO GLAUBER
IMPLEMENTATION

As given by Eq. 2, the event-by-event proton configu-
ration transverse size is proportional to the square root
of the multiplicity v/N in each event. In order to obtain
a realistic fluctuating proton size, the charged-particle
multiplicity distribution (Vi) is taken from a PYTHIA
8 MC sample at the center-of-mass energy at /s = 13
TeV, where N is counted within the kinematic cover-
age of pr > 0.4 GeV/c and |n| < 2.4, same to that used
by the CMS collaboration [21, 43-47]. According to the
measured average cross section for inelastic pp collisions
at /s = 13 TeV [48], of? ~ 70 mb, the average pro-
ton radius can be translated into Ry ~ 0.75 fm, if an
inelastic collision takes place when the distance between
two protons is less than twice of their radius. In Fig. 2,
the charged-particle multiplicity distribution at /s = 13
TeV (left) from the PYTHIA 8 event generator and the
resulting fluctuating proton radius (right) from Eq. 2 are
presented. As one can see, the proton radius is no longer
a fixed value but fluctuates event-by-event, and the ra-
dius can be as large as 2.5 fm.

Instead of using a fixed proton radius of 0.75 fm, the
distribution of the fluctuating proton radius is used as
the input in the MC Glauber model for the projectile
proton. The nucleons in the nuclei are sampled with a
fixed radius of 0.75 fm, as the projectile proton strikes
several nucleons and the size of each nucleon fluctuates
independently, thus leading to negligible effects on aver-
age. The criterion for the wounded nucleon requires the
distance between the two nucleons to be less than the
sum of their radii, similar to the default MC Glauber
model. The lead nucleus with 208 nucleons and a radius
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FIG. 2. Left: charged-particle multiplicity distribution in pp
collision at /s = 13 TeV from PYTHIA 8 event generator is
shown. Right: the fluctuating proton radius is shown.

of 6.62 fm for the Woods-Saxon distribution is used for
this study, and no modification of the MC Glauber model
is applied for the PbPb collisions.

With this setup, the impact parameter of the collision
(b), number of participants (Npqrt), the participant plane
(Upp), the reaction plane (¥rp), and eccentricity can be
calculated event-by-event. The magnetic field direction
is approximated by the direction that is perpendicular
to b, and its magnitude is estimated to be proportional
to the magnitude of the impact parameter (B o« b). The
WUpp is used to approximate the second-order event plane,
Ugp, of final-state hadrons. Therefore, the correlation
between the U5 and Ugp can be studied using Yrp and
Wpp, which is related to the charge-dependent correlator
A~ from the CME.

IV. RESULTS

Figure. 3, published in Ref. [21] by the CMS Collabo-
ration, shows an event display for one high-multiplicity
(large Npert) pPb and a peripheral PbPb event at
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FIG. 3. Event displays of one high-multiplicity pPb (left) and
a peripheral PbPb event (right) using MC Glauber simulation
at \/syy = 5.02 TeV are shown. The red circle is the proton
projectile, the green circles are the participant nucleons, and
the blue circles are the spectator nucleons. The red and black
arrows refer to the angle of the reaction plane (Urp) and the
participant plane (Upp) in the transverse direction [21].

V3xn = 5.02 TeV using the MC Glauber model simula-
tion. The projectile proton in pPb collision has a trans-
verse radius of 0.75 fm. The red, green, and blue circles
represent the projectile proton, wounded nucleons, and
spectator nucleons, respectively. The pink and black ar-
row denote the angle of the reaction plane Wgp and the
participant plane Wpp. Using these angles, the correla-
tion between ¥ and Vgp can be evaluated event-by-
event. Therefore, a comparison between pPb and PbPb
collisions in terms of their expected magnitude of the A~y
correlator from the CME signal using Eq. 3 can be ob-
tained.

Figure. 4 shows the impact parameter b (left) and
the number of participants Npgr (right) distributions in
PbPb collisions (black), pPb collisions with fixed (red),
and fluctuating proton size (blue) using MC Glauber
model with one million simulated events. The impact
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FIG. 4. The impact parameter (left) and the number of par-
ticipants (right) distributions in PbPb and pPb collisions with
fixed and fluctuating proton size as computed within the MC
Glauber model with one million simulated events. The sta-
tistical uncertainty is shown by the error bar.

parameter distribution in PbPb collisions covers a wider
range than that in pPb collisions, as expected from ge-
ometry of the collision. In pPb collisions, the impact
parameter distributions corresponding to the fixed and
fluctuating proton size are similar, and both fall between
6-7 fm, which is expected and consistent with the size
of the lead nucleus. In these simulations, the impact pa-
rameter is sampled randomly in a given range without
any dependence on the size of the projectile proton. In
Fig. 4 (right), the Npgr distribution is also shown with
the same three scenarios that have been studied in the
left panel. The Npq¢ can go up to 416 in PbPb collisions
but is only shown up to 100 in order to better compare
with pPb collisions. In pPb collisions, the Npq¢ distri-
butions with fixed and fluctuating proton sizes behave
very differently after Npqre =~ 20, with fluctuating pro-
ton leading to a much wider distribution extending to a
higher Npq,+. The fatter proton is more likely to generate
a collision with a larger Npq.¢, which is consistent with a
less steep fall of the distribution shown in Fig. 4 (right).
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values, the correlations in fluctuating proton scenario for
pPDb collisions are still several times smaller than those
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FIG. 5. The event-averaged impact parameter (left) and an-
gular correlation (right) as a function of the number of par-
ticipants in PbPb collisions and pPb collisions with fixed and
fluctuating proton sizes, using MC Glauber model with one
million simulated events. The statistical uncertainty is shown
by the error bar.

In Fig. 5, the averaged b (left) and angular correla-
tions, (cos(2¥p — 2¥Ep)) (right), as a function of Npqr¢
are shown in PbPb collisions (black), pPb collisions with
fixed (red) and fluctuating proton size (blue), using MC
Glauber model simulation with one million events. Qual-
itatively, a decreasing impact parameter b results in the
increase in Npqre, reflecting the fact that more central
collisions have a larger number of wounded nucleons,
and therefore a larger final-state particle multiplicity. At
around Npqr+ ~ 10, the two cases with fixed and fluctuat-
ing proton start to deviate from each other. The fluctuat-
ing proton scenario has been found to have a larger Nyt
at the same b, which is consistent with the expectation
for a fatter proton. The angular correlation between ¥y
and Ygp also shows a different behavior above the same
Npart = 10: the fluctuating proton is found to yield a sig-
nificant nonzero correlation as Npq,+ increases whereas in
the fixed proton scenario the correlation quickly drops to
zero. Comparing pPb and PbPb systems at same Npqr+
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FIG. 6. The correlator Ay as a function of the number of
participants in PbPb collisions and pPb collisions with fixed
and fluctuating proton sizes as computed in the MC Glauber
model with one million simulated events. For visibility, the
PbPb collision data points are scaled by 0.1 in order to be
compared with pPb data. The statistical uncertainty is shown
by the error bar.

In order to estimate the expected CME signal, the
magnitude of magnetic field needs to be considered as
well. For the estimate, we assume that the magnitude
of magnetic field is proportional to the impact parame-
ter b (this assumption approximately holds at centralities
that we consider [6]). Therefore, the correlator Ay can
be calculated using the impact parameter b and the angu-
lar correlation between the magnetic field and the event
planes, <b2 cos(2Up — 2\IIEP)>, shown in Fig. 6. For bet-
ter visibility, the PbPb data points are scaled by 10! in
order to be compared with pPb data. The overall magni-
tude of the A~ correlation in pPb collisions is seen to be
enhanced by one order of magnitude within the fluctu-
ating proton scenario. However, the correlation remains
significantly smaller than in PbPb collisions.

V. SUMMARY AND DISCUSSION

We have investigated the consequences of the fluctuat-
ing proton size for the study of the chiral magnetic effect
(CME) in proton-nucleus collisions by using the Monte
Carlo Glauber simulation. Due to the initial-state fluc-
tuation of the number of partons, the transverse size of
the projectile proton could be much larger than aver-
age in high multiplicity collisions. Using a PYTHIA
8 event generator, we generated the proton radius ac-
cording to the event-by-event particle multiplicity and its
event average, and used it as an input distribution of the
proton radius in a Glauber simulation. We studied the



impact parameter (b), number of participants (Npgrt),
angular correlation between the magnetic field and the
event plane, and the expected CME signal correlation in
both pPb and PbPb collisions using one million simu-
lated events. The fluctuating proton scenario has been
found to yield a much larger Ny, ¢, angular correlation,
and CME signal with respect to the fixed proton sce-
nario. However, even with the one order of magnitude
of enhancement of the signal, this is still much less than
that in PbPb collisions.

This study, for the first time, suggests a possibility of
searching for the CME in proton-nucleus collisions. If
the presence of CME in nucleus-nucleus collision is es-
tablished, the search for this effect in high-multiplicity
PA collisions could become possible with a large statis-
tics data sample. Given the necessary conditions for the

occurrence of CME, the observation of this effect can be
a direct evidence of deconfinement and chiral symmetry
restoration in small colliding systems.
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