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Abstract We show that an event-shape engineering based
on the mean transverse momentum of charged hadrons, [ p;],
provides an optimal handle on the strength of the magnetic
field created in central heavy-ion collisions at high energy.
This is established through quantitative evaluations of the
correlation existing between the event-by-event magnetic
field produced by the spectator protons in 5.02 TeV Pb +
Pb collisions and the event-by-event [ p;] at a given collision
centrality. We argue that the event selection based on [p;]
provides a better handle on the magnetic field than the more
traditional selection based on the event ellipticities. Advan-
tages brought by this new method for the experimental search
of the chiral magnetic effect are discussed.

1 Introduction

The interaction of two heavy nuclei at relativistic energy
gives rise to a short-lived electromagnetic (EM) field of
gigantic strength. The charge carried by the protons lying
at the edges of the colliding ions, and that fly along the beam
pipe without undergoing any interactions (the so-called spec-
tator protons), engenders in particular a magnetic field over
the transverse plane. Since the two nuclei move along oppo-
site directions, the field lines coming from their spectators
sum up coherently over the interaction region. The resulting
magnetic field is the strongest ever produced in a laboratory,
of order e|B| ~ m2 [1] (or 10'* T in SI units).

A vast literature is devoted to studying the phenomeno-
logical consequences of the strong coherent field produced
in heavy-ion collisions. Detecting signatures of the EM field
would represent an important new result in nuclear physics,
and would permit to test the fascinating prediction that the
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a strong magnetic field coupled with the ultra hot-and-dense
quark-gluon plasma created in high-energy nuclear collisions
may lead to observable effects due to local parity violation
in the strong sector [2], the most notorious of which is the
chiral magnetic effect (CME) [3]. The observable that seems
intrinsically connected with the manifestation of the strong
B field in heavy-ion collisions is the dipolar flow of charged
hadrons, vy, as recently discussed in Ref. [4]. The CME is
indeed a charge-dependent v, driven by an electric current
flowing along the B field direction in presence of local parity
violation [5]. The rapidity profiles of the charge-dependent
v are further expected to be sensitive to the EM field [6-9],
especially for heavy hadrons, such as D mesons [10—12], that
are more sensitive to the early-time dynamics of the collision
process where the B field is the strongest.

Despite the great interest from the theoretical community,
and several experimental explorations at both the Relativistic
Heavy Ion Collider (RHIC) [13-20] and the Large Hadron
Collider (LHC) [21-26], a smoking-gun of the manifestation
of the strong B field in heavy-ion collisions is still missing.
The problem is arguably that the signatures so far predicted
by the theoretical models are very feeble, which makes it dif-
ficult to draw any definite conclusions from the experimental
data. The predicted probes of the EM field are in general
charge-dependent flow coefficients or other observables that
in high-energy collisions are dominated by the hydrodynamic
expansion of the quark-gluon plasma [27]. These probes only
receive small corrections from the short-lived EM field [28—
32]. As a consequence, one typically ends up in the uncom-
fortable situation where the signal-to-background ratio for
the B field signatures is of order 1%, or less.

In Ref. [33], a novel method to enhance and thus poten-
tially observe the manifestations of the strong B field is pro-
posed. The idea is to build correlations between the rel-
evant charge-dependent observables, such as vy, and the
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average transverse momentum of all charged hadrons, [p;]
= (ZlNCh p;) / (Z,NCh 1), detected in a given centrality class.
The point is that, at a given centrality (or multiplicity), [ p;]
is in a strong correlation with the number of spectator nucle-
ons, especially for central collisions. By varying the value of
[p¢], one can thus effectively turn up and down the number
of spectators, potentially leading to sizable variations in the
B field that they induce.

In this paper, we validate this idea by establishing on quan-
titative grounds the connection between the event-by-event
[p:] and event-by-event magnetic fields at a given central-
ity. We perform simulations of the initial state of Pb + Pb
collisions at top Large Hadron Collider (LHC) energy, and,
by use of appropriate estimators of the final-state quantities,
we assess to which extent the B field and [ p,] are correlated
at a given centrality, and what advantages the experimental
analysis of such a correlation brings with respect to more
traditional methods.

This article is organized as follows. In Sect. 2, we describe
the setup of our simulations, i.e., how we model the collision
process, how the magnetic field is calculated in each event,
and what properties of the initial state are used in the sub-
sequent evaluations. In Sect. 3, after explaining the physical
meaning of correlating observables with [ p;], we review the
idea of Ref. [33], and present our main result, i.e., an esti-
mate of the correlation between [ p;] and the B field in central
heavy-ion collisions, whose implications are then discussed
in Sect. 4. We conclude with Sect. 5, where we discuss the
new directions of investigations, both theoretical and exper-
imental, opened by our findings.

2 Collision model, EM field, and initial state
2.1 Collision model

We employ a Monte Carlo Glauber-type description of Pb
+ Pb collisions at top LHC energy, following the TRENTo
model of initial conditions [34]. The colliding nuclei are
treated as batches of 208 nucleons sampled independently
from a common single-particle density, namely, a two-
parameter Fermi distribution:

p(r) o< 1/[1+ exp((r — Ro)/a)]. (1

where Ry = 6.62 fm is the half-density radius, and a =
0.55 fm is the skin thickness [35]. A minimum distance
dmin = 0.8 fm between the sampled nucleons is imposed.
We do not make any distinction between neutron and proton
densities, although they are not identical [36,37]. We assume
in practice that the individual nucleon has a probability Z/A
to be a proton, and make clear in the following that our results
do not depend on this approximation.
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After drawing a random impact parameter, b, we shift the
coordinates of the nucleons that compose the two nuclei by
+b/2 and — b/2, respectively. The direction of the impact
parameter is denoted by x. Nucleon-nucleon (NN) collisions
subsequently take place depending on the pair distance in
the transverse plane and the NN inelastic cross section at the
given collision energy. Nucleons are thus labeled as partici-
pants if they undergo at least one interaction with a nucleon
from the other nucleus, and spectators, if they fly unscattered
away from the interaction region along the beam direction.
These spectators are especially important in our analysis, as
we shall evaluate the magnetic fields which they induce over
the collision area. We denote the number of spectator nucle-
ons in a collision event by Nj.

In one nucleus, each participant nucleon is turned into a
transverse density of participant matter by centering on top
of its location a two-dimensional Gaussian profile of width
w = 0.8 fm, and random normalization sampled from a
gamma distribution of unit mean and unit variance. These
parameters for the gamma fluctuations, as well as the choice
of the width w are motivated by recent studies that infer high-
probability TRENTo model parameters from comparisons
of hydrodynamic simulations with Pb + Pb data [38—40].
Note that w = 0.8 fm implies rather fat nucleons, leading
to smooth profiles of energy density in the transverse plane
(as explicitly shown later on in Fig. 5), a feature which turns
useful in our evaluations of the magnetic field induced by the
spectator protons, as we clarify below.

2.2 Energy deposition

The superimposition of the Gaussian participant nucleon
densities gives the total density of participant matter in a
given nucleus, say A, which we dub T4 (x), where x labels a
coordinate in the transverse plane, (x, y). The energy density
in units GeV/fm? deposited in the midrapidity slice (on which
our analysis is focused) right after the collision (t = 0) of
nucleus A against nucleus B is finally obtained as:

e(x,07) = Noy/ Ta(0) T (x), 2

where we use N, = 18 GeV [38]. The total initial energy at
midrapidity is thus equal to:

E= /d2x e(x,0h). (3)

We run a sample of 10° minimum bias Pb + Pb collisions.
To sort our events into centrality classes, we consider that the
initial entropy of the system is proportional to the multiplic-
ity in the final state of the collisions', which is the quantity

! That is, we ignore the viscous entropy production during the hydrody-
namic phase as well as Poisson fluctuations in the particlization stage.
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Fig. 1 Symbols: ATLAS data [42] on the minimum bias distribution of
charged multiplicity, N.n, measured in the pseudorapidity acceptance
[n| < 2.5,1in5.02 TeV Pb + Pb collisions. Line: rescaled probability
distribution of the event-by-event TRENTo entropy, S, in 10° simulated
events

employed experimentally to define the centrality. We assume
an instantaneous thermalization of the system and a confor-
mal equation of state. The entropy density of the system in
this simple picture is given by:

s(x) o e(x)*/3, 4)

so that the total entropy at midrapidity is:
S = / d*x s(x). ©)

Upon an appropriate rescaling?, the histogram of S obtained
in the TRENTo model is compared in Fig. 1 to the experimen-
tal distribution of the the raw charged multiplicity, N, mea-
sured by the ATLAS collaboration [42]. The simple TRENTo
prescription captures with an excellent accuracy the shape of
the experimental histogram, which justifies the use of S as
a variable to sort our events into centrality classes. A little
mismatch is observed at the level of the global normaliza-
tion of the two histograms, due to the imperfect description
of the TRENTo model of the very high values of proba-
bility observed experimentally in the most peripheral bin,
N € [0, 40].

2.3 Magnetic field

On an event-by-event basis, we evaluate the magnetic field
induced over the transverse plane by the spectator protons (by

2 Tn practice, we use the Bayesian inversion of Ref. [41] to extract from
the experimental data the average value of N in collisions at zero
impact parameter. We find (Nch)(b = 0) = 3110. This value is then
compared to the value of (§)(b = 0) in the TRENTo model to extract
the proportionality factor used to draw the histogram in Fig. 1.

assuming, as stated above, that a Z/A fraction of spectators
are protons). We calculate the magnetic field with the tools
developed in Refs. [8,43], which we modify to include event-
by-event fluctuations in the position of the spectators. For a
given spectator, we evaluate the magnetic field induced in the
medium formed in the collision, under the assumption that
this medium has an electric conductivity o = 0.023 fm™!
which is the same at all space-time points. This allows one to
derive a semi-analytical solution for the space-time evolution
of the EM field. We are given a spectator proton located at
position X' = (x’, @) in the transverse plane, and moving
along either the positive or the negative space-time rapidity
(ng) direction with beam rapidity Y for projectile and target
spectators, respectively. At a given point X = (x, ¢) in the
transverse plane, this moving charge induces a magnetic field
along the y direction, i.e., the direction orthogonal to the
impact parameter, given by [43]:

By (T, n5, x, ¢) = a sinh(Y) (x cos ¢ — x’ cos ¢’)

ol sinh(Y)|vA/2 + leA, ©
A3/2

where «, is the electromagnetic coupling, while:

A= %[1: sinh(Y) sinh(¥ — ng) — | sinh(Y)[v/A],

A = t2sinh?>(Y — ny) + x2 + ()% — 2xx’ cos(¢ — ¢').
(7

Similar equations can be used to evaluate as well the magnetic
field along the direction orthogonal to y, By, and the com-
ponents of the electric field, Ey and Ey, which we shall not
use in our analysis. We neglect any influence on By coming
from the participant nucleons, whose space-time dynamics is
more complicated due to their locations inside the medium.
The inclusion of the participants should however have a
minor influence on our discussion. Participant nucleons lead
to strong local fluctuations of magnitude of B [44,45], but
as their field lines close inside the medium, they should not
impact significantly to the net field along the y direction.

The superimposition of the B fields coming from the spec-
tators has to be evaluated over the region where the medium
lies. While doing so, it is important to avoid including contri-
butions from regions in the transverse plane where the energy
density of the medium is negligible, as these contributions
would lead to an incorrect depletion of the strength of B,.
This involves some degree of arbitrariness in the definition
of the area over which B is evaluated. Our choice is that
of calculating the event-by-event magnetic produced by the
spectator nucleons as an average of B weighted by the energy
density of the created medium, that is:

(B) = % / d’x B(x)e(x). (8)

@ Springer
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Fig. 2 Average of the event-by-event average components of the mag-
netic field, as given by Eq. (8), induced by the spectator protons in the
midrapidity slice, at T = 0% in 5.02 TeV Pb + Pb collisions, as a func-
tion of the centrality percentile. Solid line: {(B))). Dashed line: (B, ))

This implies an artificial enhancement of the B field in the
regions of overdensity. However, as mentioned above the
TRENTo0 model used in our application yields event-to-event
energy density profiles that are rather smooth (de(x)/e(x) ~
3 at maximum, as also observed in Fig. 5). The /T4 Tp in
Eq. (2) prescription further ensures that the energy density
profiles fall off rapidly away from the center of the fireball.
The energy-density weight in Eq. (8) seems thus a very rea-
sonable choice.

The average magnetic field of the spectator protons is
shown as a function of collision centrality in Fig. 2. The
event-average ((B.)) is identically zero, as expected from
symmetry arguments. The average ((By)) does on the other
hand grow linearly with the centrality percentile, driven by
the increase of the number of spectators, Ny, with the colli-
sion impact parameter. It reaches a maximum of about 1 m%
in peripheral collisions.

2.4 Estimators of the average transverse momentum

The goal of this paper is to evaluate the statistical correla-
tion between (B)) and the average transverse momentum of
charged hadrons at midrapidity:

1 [, dN
[p:] = N/d Ptdz—pt|Pt|~ 9)

where N is the charged multiplicity, and dN/d*p; is the
hadron spectrum. In this paper, we do not perform full hydro-
dynamic simulations, but simply estimate the event-by-event
[p:] from the initial state of the collisions. Powerful initial-
state predictors for [p,] (at fixed multiplicity) have been
recently discussed in the context of Pb + Pb collisions [46—
50]. The average transverse momentum of a heavy-ion colli-
sion is, at a given multiplicity, in a tight correlation with the
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thermodynamic properties of the system [51], in particular
the system size, to be defined below, and the total energy per
unit rapidity, i.e., E defined by Eq. (3).

We employ, thus, two different estimators for the average
transverse momentum. The first exploits the strong correla-
tion between [ p;] and E. The value of [ p;] provides a measure
of the energy per particle in the final state. In the initial state,
this corresponds roughly to the energy of the system divided
by its entropy, i.e.,

[pi] o E/S, (10)

where E and S are defined event-to-event by Egs. (3) and (5),
respectively. The second estimator that we consider exploits
on the other hand the tight negative correlation between [ p; ]
and the system size. We predict thus [p;] by means of an
optimal measure of the (inverse) system size [48]:

[pi] o S/A., (11)

where A, is the elliptical area:

A, = R%/1 - ¢3, (12)

with R? being the mean squared radius of the energy density
profile:

1
R> = Efdzx e(x,0%) x)?, (13)

and ¢ its eccentricity:

1

& = —
2T ER?

—/dzx e(x,01) [x|%e??]. (14)

The eccentricity will be further used as a predictor for
the event-by-event elliptic flow, V, of the collision, i.e., the
second Fourier harmonic of the azimuthal spectrum:

1 dN .
Vo= — [ dPp, S ei?ps, 15
2 N/ ptdzpte ( )

In a given centrality class the magnitude of elliptic flow, vy =
| V2|, is almost in one-to-one correspondence with €5, i.e., one
can consider

V) X €2 (16)

at fixed multiplicity. This is an excellent approximation in
central heavy-ion collisions.



Eur. Phys. J. A (2021) 57:230

Page 50f 10 230

2.5 Pearson coefficients

In this manuscript we present mainly results for the statisti-
cal correlation between the quantities discussed earlier in this
section. We quantify such correlation by means of Pearson
correlation coefficients, a standard tool in the phenomenol-
ogy of heavy-ion collisions. Given two observables, o] and
02, their statistical correlation is defined by:

(801602)
ViBon2) (o)

p(o1,02) = a7

where the brackets indicate an average over events in a given
centrality class, and we have introduced:

8o = o0 — (0). (18)

When p(01,02) = 1 (or — 1), the two observables are per-
fectly correlated (or anticorrelated). A significant correlation
between observables corresponds typically to |p| > 0.1.

3 Average transverse momentum as a handle on the
early-time magnetic field

3.1 Correlating observables with [ p;]: a new tool for
heavy-ion collisions

The possibility of analyzing correlations between the event-
by-event [p;] and observables such as the flow coefficients
has not been considered in the phenomenology of heavy-ion
collision until the end of 2015, when the correlation between
[p:] and v, as a byproduct of the principal component anal-
ysis of Ref. [52]. Shortly after, the same correlation was for-
mulated by Bozek [53] through a Pearson correlation coeffi-
cient, amenable in a straightforward manner to experimental
investigations. The measurement of this coefficient was pub-
lished by the ATLAS collaboration three years later, in 2019
[54].

From the discussion of the previous section, we evince that
evaluating the correlation between [ p,] and some observable
o at fixed multiplicity is tantamount to answering the follow-
ing practical question: how does o vary if one performs an
isentropic transformation of the underlying medium which
increases the temperature and reduces the volume? An exam-
ple of such a transformation is illustrated here in Fig. 5. The
figure shows two profiles of energy density created in two
central Pb + Pb collisions that present the same multiplicity
(i.e. entropy), but values of [ p; ] (estimated through E/S) that
are largely different. One can see that the event at high [p;]
(panel on the right) corresponds to a medium that is more
compact and more dense. This is indeed the physical mean-
ing and implication of modifying [p;] at a given centrality.

Recently, correlations based on [p;] have attracted great
attention in the community with the realization that they
allow one to magnify the manifestations of remarkable
nuclear phenomena that would otherwise be very difficult
to identify with more conventional tools. Two such phenom-
ena have so far been worked out in the literature, namely,
(i) the fact that correlating v, with [p,] allows one to obtain
spectacular signatures of the deformation of the colliding ions
[55], in particular, to gather evidence of polarized body-body
collisions of 238U nuclei (as recently verified experimentally
[56]); (ii) the fact that, for collisions at small multiplicities,
the sign of the correlation between [p;] and ¢ is different
than the sign of the correlation between [ p;] and the eccen-
tricity of the initial condition of the system in momentum
space [57]. Thanks to this sign difference, it should be pos-
sible to use the correlation between v, and [ p;] as a probe of
this initial-state momentum anisotropy, which in turn would
probe correlations of gluon fields, predicted in particular by
the color glass condensate theory of high-energy QCD [58],
in the earliest stages of the collision process.

In this manuscript, we add another item to this list. From
the results presented in this section, we shall argue that by cor-
relating appropriate observables with [p,] one can enhance
the phenomenological manifestation of the strong B field
created in heavy-ion collisions.

3.2 The idea: spectator nucleons and [ p;]

Our analysis is based on the idea introduced in Ref. [33].
The key point is that the variation of system size induced
by a variation of [p;] at fixed multiplicity is accompanied
by a rather strong variation of the number of spectator (or
participant) nucleons. This is shown explicitly in Ref. [33],
where for central Pb + Pb collisions it is reported an increase
in N of a large factor by moving from low-[ p;] to large-[ p;]
collisions.

We go now alittle beyond that simple analysis and evaluate
the Pearson correlation between [ p;] and N, o ([ p:], Ns), as
defined by Eq. (18), across the centrality percentile. To ensure
that the correlator is evaluated at fixed multiplicity, we first
evaluate it into ultra-narrow centrality bins of width 0.25%,
which we then recombine into bins of width 2%. The results
are shown in Fig. 3, where we consider both [p;] x E/S
(red squares), and [p;] o< S/A. (blue circles). We observe,
for both predictors, a significant correlation between N, and
(pr)- The correlation is stronger in central collisions than in
mid-peripheral collisions, in agreement with the findings of
Ref. [33].

In Fig. 3 we show as well, as green diamonds, p(v%, Ny),
obtained by considering vy o g>. This curve is systematically
(and significantly) below the other ones, which suggests that
an event-shape engineering based on [p,] provides a better
handle on N; than a selection based of the event-by-event vy,

@ Springer
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Fig. 3 Correlation between [p;] and Ns, p([p;], Ns) as a function of
centrality percentile in 5.02 TeV Pb + Pb collisions. Squares: [p;]
E/S. Circles: [ps] o< S/A,. The diamonds show instead the correlation

p(v3, Ny)

often considered in the literature [59,60]. Our conclusion is
that [p,] is indeed the final-state observable presenting the
strongest correlation with Ny at a given multiplicity. We shall
come back to this point in Sect. 4.

3.3 Correlation of (By) with [p;]

Having explained the physical picture motivating the cor-
relation of observables with [p;], and having crosschecked
the proposal of Ref. [33], we can now move on to show our
main results, involving the event-by-event net magnetic field,
(By).

To start with, we show in Fig. 4 the correlation between the
magnetic field and the spectator number, p(Ny, (By)). The
shape of the curve is quite interesting. In central collisions
the correlation is almost perfect, and it gradually degrades
as one moves towards peripheral centralities, which is not
surprising. As one moves to large centralities, the fluctuations
in the positions of the spectators relative to the center of
the fireball become larger. As a consequence, having more
spectators does not necessarily imply a larger coherent field
over the interaction region. The correlation observed in Fig. 4
becomes indeed negative at very large centralities, which is a
striking phenomenon. Note also that the curve in Fig. 4 does
not simply follow from the curves shown in Fig. 3, confirming
that a quantitative evaluation of the B field is necessary before
drawing any conclusions about the applicability of the idea
of Ref. [33].

In central collisions, then, one can safely expect that a
variation of the number of spectator number is followed by a
an analogous variation in {By). We check now whether such
a variation can effectively be induced by means of [p;]. It is
useful to have an explicit illustration of the phenomenon we
aim at describing, as shown in Fig. 5. We present two Pb +
Pb events with nearly-identical high multiplicities (the events
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Fig. 4 Correlation between the net spectator B field, (By), and the
number of spectator nucleons, Ny, as a function of centrality percentile
in 5.02 TeV Pb + Pb collisions

are taken from the 2-3% centrality class) but significantly
different values of [p;].> The properties of these two events
are summarized in Table 1. We see in particular that trans-
formation of the system from low [p;] to large [ p;] changes
in a dramatic way the number of spectator nucleons (shown
as circles in the figure), Ny, which in this extreme example
varies by over one order of magnitude.

We overlay now the energy density profiles with the lines
of magnetic field induced by the spectator nucleons in each
event. We can thus see the effect of varying [ p;] at play. For
sake of visibility, in the figure we evaluate the field lines at
proper time T = 0.4 fm/c after the collision, i.e., we let the
spectators slide a little bit along the beam direction in order
to remove from the midrapidity slice the uninteresting and
strong field lines that surround their locations. In the two
panels, the scale of the arrows is identical, therefore, the fact
that the arrows are not visible in the event at low [p;] is
consistent with the fact that the event at high [p,] presents a
(By) which is larger by more than one order of magnitude,
as reported in Table 1. In this extreme example, then, the
variation of [ p;] does effectively turn on the strong B field,
which is the phenomenon we are after here.

We quantify, then, the correlation between [ p,] and (By) as
a function of centrality percentile by evaluating the Pearson
coefficient p([p;], (By)). Figure 6 shows our main result. In
the limit of central collisions, we obtain p ([p/], (By)) ~ 0.3,
corresponding to a very sizable correlations. This provides
conclusive indication that the idea proposed in Ref. [33] is
phenomenologically viable.

The implications of this result are detailed in the next sec-
tion. An important comment is however in order. The result

3 As shown in Table 1, the variation in the relative [ p:] from event A to
event B is about 5%, which may look tiny. But as a matter of fact, these
two events are ~ 5o apart from each other in the [p;] distribution. In
central Pb + Pb collisions, the measured standard deviation of relative
[p¢] fluctuations is indeed smaller than 1% [61].
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UG AOD

Fig. 5 Left: initial energy density profile (zr = 0) of a central Pb +
Pb collisions at top LHC energy corresponding to an abnormally low
value of [p;]. Right: same as in the left panel, but displaying a colli-
sion with an abnormally large value of [p;] (at the same multiplicity).

Table 1 Properties of the events
A and B shown in Fig. 5. All the

Event A B

quantities reported in the table Net 2813 2791

are defined in Sect. 2 b (fm) 0.49 a1
Ny 6 72
[p:1/{pe)y 0976 1.028
(By)/m3 0013 0.151
R (fm) 4.53 4.03
&2 0.073 0.153

presented in Fig. 6 does not come from a straightforward
combination of the curves shown in Figs. 3 and 4. The cor-
relator of Fig. 6 does indeed drop quickly as a function of
centrality percentile*, and become uninteresting, i.e., very
close to zero, already at centralities of order 20%. This is
once again caused by the nontrivial interplay between the
number of spectators and their transverse locations, which
makes the manifestation of (B)) less straightforward to pre-
dict.

4 An optimal event-shape engineering using [ p;]

Our main result, p([p/], (By)) ~ 0.3 in central Pb + Pb
collisions, indicates that by varying [ p,] at a given collision
centrality one can thus turn up and down the strength of
(By). This new method of inducing phenomenological man-
ifestations of the strong magnetic field brings the following
remarkable advantages.

4 We do not understand why our result becomes so significantly nega-
tive around 20% centrality for the S/ A, predictor. This requires further
investigation with realistic hydrodynamic simulations. It is likely an
artifact of the presence of s% in the predictor.

= A9D

x (fm)

The magenta and green points indicate the spectators’ transverse posi-
tions from projectile and target, respectively. The arrows indicate the B
field for a subset of transverse points. The event properties are listed in
Table 1
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Fig. 6 Correlation between [p;] and (By) in 5.02 TeV Pb + Pb col-
lisions as a function of centrality percentile. Squares: [p;] o« E/S.
Circles: [p;] o« S/ A,

We focus on central collisions where the selection based
on [ p,]is more effective. InFig. 7, ourresult for o ([ p/], (By))
is plotted in the most central bins along with two new correla-
tors, p([p:], v%), and p(v%, (By)). The comparison between
the curves shown Fig. 7 has nontrivial implications:

e We find o([p/], (By)) > ,o(v%, (By)). This hierarchy
suggests that an increase of [p;] leads to a relative
increase of (By) which is significantly larger than the
relative increase of (By) that would be obtained through
an increase of v,. In other words, an event-shape engi-
neering based on v, at a given centrality is less effective
than a selection of events based on [ p,] if one wants to
enhance (or suppress) the strength of the B field. The aver-
age transverse momentum stands, then, as the observable
quantity (so far found) presenting the largest event-by-
event correlation with the value of (By) at fixed multi-
plicity.

@ Springer
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e An increase in the value of [p;] yields an increase
of both (By) and v%. However, in Fig. 7 we see that
p([p:), (By)) > p([pe], v%), meaning that the induced
relative increase of (By) is larger than that of v%. This fea-
ture is important for improving the signal-to-background
ratio in the experimental search of the CME. We recall
that the CME signal is a dipolar flow of hadrons with the
same charge:

(cos(]" — ¢7)), (19)

which develops along the direction of the magnetic field,
B, in presence of strong local parity violation. As soon as
the collision impact parameter is large enough, a net (By)
emerges in the direction orthogonal to that of elliptic flow
[62]. As originally realized by Voloshin [63], the natural
measure of the CME signal in collisions at large impact
parameter is then:

(cos(pi + @5 — 2¢3)). (20)

Looking for a percent-level excess vy along the direc-
tion of vy on top of a strong hydrodynamic flow is dif-
ficult, and the main issue affecting the interpretation
of data on the correlator in Eq. (20). Our finding that
p([p:), (By)) > p(lp], v%) means however that one
can use [p;] to enhance (By) more than v%, leading to
an improved isolation of the genuine CME signal. It is
essentially the same idea motivating the study of isobaric
collisions [64], i.e. 2°Ru+%°Ru and 2°Zr+%°Zr collided
at RHIC in 2018, where one aims at having identical v%
but larger spectator field due to larger number of protons
in “°Ru. Our method can be used in a single large sys-
tem, and, thanks to the significant correlation observed
in Fig. 7, it may be more effective.

To conclude, we emphasize an additional advantage
brought by this new method, as pointed out at the end of
Ref. [33]. In the hunt for the CME, a major background con-
tribution comes from so-called 1/N effects (where N is the
charged multiplicity) such as the conservation of global trans-
verse momentum [65-68]. The correlations involving [ p;]
(see e.g. the observables discussed in the next section) are
however taken at fixed, large N, and should not be contami-
nated by any such effects, providing thus an optimal handle
on the genuine manifestations of the strong EM field.

5 Conclusion and outlook

In summary, our quantitative analysis gives clear indication
that the proposal of Ref. [33] is phenomenologically viable.
Thanks to the strong correlation between [p;] and Ny at a
given centrality, one can effectively use [ p;] to enhance (or

@ Springer
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Fig. 7 Pearson correlation coefficients, as defined by Eq. (18), in cen-
tral Pb + Pb collisions at top LHC energy. We use [p;] o< E/S. Squares:
correlation between (By) and [ p,]. Circles: correlation between [ p, ] and
v%. Diamonds: correlation between v% and (By)

reduce) the magnitude of the strong B field created in heavy-
ion collisions, which we have evaluated on an event-by-event
basis. The correlation found in central collisions is signifi-
cant, p([pi]. (By)) ~ 0.3.

We expect this finding to trigger new developments in the
near future, both theoretical and experimental.

From the experimental side, we recommend the analysis
of the correlation of the standard probes of the B field with the
average transverse momentum. As suggested in Ref. [33], the
most natural correlation is that between [ p;] and the charge-
dependent v; in central heavy-ion collisions:

(8Lpi1cos(¢ — 7). 21)

Another possibility is then to build a 4-particle correlation
where one correlates the observable of Voloshin with [ p;]:

(8[pi1cos(@if + o3 — 2¢3)), (22)

which would in turn involve the correlation between [p;]
and v%. This observable may thus be particularly interesting
in the comparison between central %7 Au+!°7 Au collisions
and central collisions of well-deformed 233U nuclei at RHIC,
as these two colliding systems have opposite sign for the
p(v%, [p¢]) correlation due to the large quadrupole deforma-
tion of 23U [56,69].

From the theoretical side, the task is to provide a base-
line from state-of-the-art hydrodynamic simulations for these
charge-dependent correlations, which we plan to do in a
follow-up work. This is relatively straightforward, and can
be done, e.g., by extending the calculations of Ref. [70] to
include [ p,] dependent observables.

The hydrodynamic flow should yield ((S[p,]cos(q&f—L —
¢2i))> 0 in central collisions. The B field effects will add
on top of this background. We stress however that, as men-
tioned earlier in Sect. 2, correlations based on [ p; ] have so far
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proven very effective in magnifying small signals. The hope,
then, is that, for the correlation of vy with [p;], the contri-
bution due to the genuine B field effects (e.g. CME) will not
represent a tiny correction to the hydrodynamic background
of order 1% or lower, but rather of order 5—-10%. This is
entirely plausible, and should be investigated in future.

We stress that future theoretical calculations should
include as well a more realistic treatment of the struc-
ture of the colliding ions, by implementing in particular
non-identical proton and neutron densities, as done e.g. in
Ref. [71]. The neutron skin may have nontrivial conse-
quences. The edges of the colliding nuclei are mostly popu-
lated by neutrons, therefore, the few spectators characterizing
a collision at small impact parameter should mostly be neu-
trons. In a central collision at small [p;], like that shown in
the left panel of Fig. 5, the spectators will all be neutrons.
Increasing [p;], then, may bring us from a situation where
the net B field is literally absent, to one where (By) > 0.
This may eventually lead to a correlation between [p;] and
(By) that is even stronger than observed in Fig. 7.
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