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Spin-isospin correlated configurations in complex nuclei and neutron skin effect
in W± production in high-energy proton-lead collisions
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We extend our Monte Carlo algorithm for generating global configurations in nuclei to include different spatial
distributions of protons and neutrons in heavy nuclei, taking into account the difference of spatial correlations
between two protons, two neutrons, and proton-neutron pairs. We generate configurations for 48Ca and 208Pb
neutron-rich nuclei, which can be used in general-purpose high-energy A(e, e′ p), p-A, and A-A event generators.
As an application of lead configurations, we developed an algorithm for proton-heavy nucleus collisions at the
CERN Large Hadron Collider for final states with a hard interaction in the channels where cross sections for p-p
and p-n scattering differ. Soft interactions are taken into account in the color fluctuation extension of the Glauber
algorithm, taking into account the inherently different transverse geometry of soft and hard p-N collisions. We
use the new event generator to test an interesting observation of Paukkunen [Phys. Lett. B 745, 73 (2015)] that
the ratio of W± production rates in p-Pb collisions should significantly deviate from the inclusive value for
peripheral collisions due to the presence of a neutron skin. We qualitatively confirm expectation of Paukkunen,
although, for a realistic centrality trigger, we find the effect to be a factor of 2 smaller than the original estimate.
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I. INTRODUCTION

It was recently pointed out that the presence of the neutron
skin in heavy nuclei leads to observable effects in proton-ion
collisions at energies available at the CERN Large Hadron
Collider (LHC), due to the difference of the cross sections of
a number of hard collision processes involving quarks for pp
and pn scattering [1]. The most practical case presented by
the authors is the asymmetry of W+ and W− production cross
sections. The deviations of the asymmetry from its inclusive
value are larger for peripheral collisions. Thus, a study of this
ratio should provide a sensitive test of the procedures used
to determine centrality of proton-nucleus and nucleus-nucleus
high-energy collisions.

Increased accuracy of neutron skin measurements [2,3]
allowed comparison of measurements with state-of-the-art
nuclear structure calculations [4]. Theoretical approaches and
data analysis techniques should match such accuracy. This
requires using descriptions of nuclei capable of including fine
details of nuclear structure such as nucleon-nucleon (NN)
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correlations, the different extent of the neutron and proton
distributions, and how NN correlations affect the distribution
of the nuclear matter.

One widely used approach for the description of high-
energy p-A and A-A collisions is the Monte Carlo Glauber
model, whose basic ingredients are a set of Monte Carlo gen-
erated nuclear configurations and the Glauber multiple scat-
tering method to calculate the impact parameter dependence
of individual inelastic interactions between the nucleons be-
longing to colliding nuclei (proton and nucleus). A number
of nuclear configurations can be generated beforehand, for
a given nucleus, and thus details of nuclear structure can be
embedded in the configurations, and the (substantial) time
needed to calculate them with the necessary accuracy can
be spent only once. This approach can be used within many
existing codes, for example HIJING [5], SMASH [6], GLISSANDO

[7], the Angantyr model [8], and others.
We have extended our original approach for generating

nuclear configurations to include, in addition to full spin-
isospin dependent NN correlations, the neutron skin effect,
i.e., the different spatial extent of the neutron and proton
distributions. This can be done in principle within our method
for any nucleus, even for different isotopes of the same
nucleus, provided an accurate experimental determination
for both the proton and neutron densities is available. In
this work, we introduce fully correlated configurations for
two neutron-rich nuclei, namely 48Ca and 208Pb. Our choice
of nuclei is motivated by the use of 208Pb in the heavy
ion program at the LHC, and correlation studies of e-48Ca
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collisions at the Thomas Jefferson National Accelerator Fa-
cility (TJNAF).

In this paper we perform a Monte Carlo (MC) study of the
W+/W− asymmetry, utilizing the newly generated nuclear
configurations and taking into account two effects neglected
in Ref. [1]: fluctuations of the number of collisions at a given
impact parameter, and fluctuations of centrality determinators
used in the experimental studies. Overall we find that these ef-
fects reduce the deviation of the asymmetry from its inclusive
value by a factor of 2, as compared to the results of Ref. [1].

The paper is organized as follows. Section II describes
our results for nucleon configurations in 48Ca and 208Pb
for models with uncorrelated, centrally correlated, and fully
correlated configurations with built-in neutron skin effect.
Section III describes the algorithm for generating different
hard interactions with protons and neutrons in combination
with universal soft interactions. Definitions of centrality are
presented in Sec. IV. Our numerical results for asymmetry are
presented in Sec. V, followed by conclusions in Sec. VI.

II. NUCLEAR CONFIGURATIONS

In this section we describe our results for 48Ca and 208Pb
configurations calculated using an updated version of the MC
code described in [9]. The original code was modified to
account for the neutron skin effect, the experimental and the-
oretical observation that the neutron density extends further
from the center of the nucleus than the proton density. The
code also automatically accounts for short range nucleon-
nucleon (NN) correlations effects. Such effects were explicitly
investigated using correlated configurations in high-energy
heavy-ion collisions in Refs. [10–12].

The inclusion of the nucleon-nucleon correlations is based
on the notion of a nuclear wave function ψ , which contains
nucleonic degrees of freedom and which is used in our
algorithm to modify iteratively the positions of randomly
distributed nucleons using the Metropolis method, so that the
final positions correspond to the probability density given by
|ψ |2. The method reproduces single particle nucleon densities
[9,13] given by the nucleus profile provided as an input, by
construction, as well as the basic features of the two-nucleon
density [14–23], calculated accounting for NN correlations
within a number of high-precision approaches. The model
wave function is taken in the following form:

ψ (�x1, . . . , �xA) =
A∏

i< j

f̂i j φ(�x1, . . . , �xA), (1)

where φ is the uncorrelated wave function and f̂i j are nucleon-
nucleon correlation operators [13]; here, �xi denotes the po-
sition (�ri) and the spin and isospin projections (σzi and τzi,
respectively) of the ith nucleon. The correlation operator
contains a detailed spin-isospin structure, which is the same
as the one contained in NN potentials of the Argonne family
and others, which is defined as follows:

f̂i j =
6∑

n=1

Ô(n)
i f f (n)(ri j ). (2)
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FIG. 1. The spatial dependence of the correlation functions
f (n)(ri j = r12) appearing in Eq. (2). Each of the functions shown
in the figure couples with the corresponding spin-isospin-dependent
operator in Eq. (2). From Ref. [13].

Here Ô(n)
i j are the standard operators [24] used in the above

mentioned NN potentials:

Ô(n)
i j = (1, �σi · �σ j, �Si j ) ⊗ (1, �τi · �τ j ). (3)

The spatial dependence of the correlation functions f (n) in
Eq. (2), used in this work, is shown in Fig. 1.

One-body density [9,13,19,20] is defined as

ρ (1)(r) = ρ (1)(�r1)|r1=r = A
∫ A∏

i=2

d�r2
i |�(�r1, . . . , �rA)|2 (4)

and two-body density as

ρ (2)(�r1, �r2) = A(A − 1)
∫ A∏

i=3

d�r2
i |�(�r1, . . . , �rA)|2. (5)

The densities in Eqs. (4) and (5) are spin-isospin summed
quantities. If the summations [not shown in Eqs. (4) and (5)]
over the individual isospin variables of particle 1 in Eq. (4)
and of particles 1 and 2 in Eq. (5) are not carried out, partial
quantities can be obtained. In particular, we can investigate
the proton and neutron contributions to the one-body density,
and the different proton-proton, proton-neutron, and neutron-
neutron contributions to the two-body density. In particular,
we consider the radial two-body density:

ρ (2)(r12) = A
∫

d �R ρ

(
�r1 = �R + 1

2
�r, �r2 = �R − 1

2
�r
)

. (6)

The quantities presented in Eqs. (4) and (6) can be calculated
straightforwardly using the nuclear configurations.

We produced configurations using three different approx-
imations, namely (i) the no-correlation approximation, (ii)
a repulsive, central correlation function, and (iii) a realistic
set of spin- and isospin-dependent correlation functions, ob-
tained using variational calculations of medium-heavy nuclei
[15]. The approximation (i) is provided as a baseline, and
it can be achieved simply by imposing that the one-body
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density calculated from the MC configurations reproduces
a Woods-Saxon parametrization of the nucleus profile. The
approximation(ii) was already introduced in Ref. [9], and it
can be achieved by introducing the additional constraint that
the produced configurations maximize the objective function,
the square of Eq. (1), where the only central correlation,
f (n=1)(ri j ) = f (c)(ri j ) = 1 − e−0.9 r2

[9], is retained in Eq. (2).
The approximation (iii) was not implemented in the original
version of our MC code [9] and it was partially implemented
in a previous study of initial-state anisotropies in heavy-
ion collisions from the Monte Carlo Model [10] and in a
beam fragmentation study [12]. In this paper we present
results for fully correlated nuclear configurations, obtained
by introducing NN correlations generated by including up to
the tensor, spin-isospin-dependent operator in Eq. (2). This
way we effectively take into account the three-body-induced
correlations, arising from the noncommutative nature of the
tensor operator which only survives in the operator chains
including three particles. A nice discussion of this effect and a
graphical representation of the tensor operator acting on three
nucleons was presented in Ref. [17].

Inclusion of neutron skin effects in the nuclear configura-
tions required a different parametrization for the neutron and
proton densities. Each configuration is generated producing
the position of A nucleons, distributed with a density ρ(r)
described by Woods-Saxon distributions with different param-
eters for protons and neutrons.

For the 48Ca nucleus, we use here the parametrization
of Ref. [25] for charge (proton) and neutron densities. The
parametrization of Ref. [25] has the three-parameter Fermi
model form:

ρ(r) = ρo
(
1 + w r2

p,n

/
c2

p,n

)
1 + e(rp,n−cp,n )/zp,n

, (7)

where w = −0.08, cp = 3.81 fm, cn = 4.12 fm, zp = 0.53 fm
and zn = 0.51 fm, and ρ0 is the density at the center of the
nucleus.

For the 208Pb nucleus, we followed the parametrization of
Ref. [3], which has the following form (a similar approach
was recently adopted in Ref. [26]):

ρ (p,n)(r) = ρ0

1 + e(r−Rp,n
0 )/ap,n

. (8)

The neutron radius R0 and skin depth an Woods-Saxon param-
eters (Rn

0 = 6.7 fm, an = 0.55 fm) were obtained in Ref. [3]
using coherent pion photoproduction data while the proton
ones (Rn

0 = 6.68 fm, an = 0.447 fm) are commonly taken
from high-energy elastic electron scattering measurements
[27]. Results for the one-body density of 208Pb are shown
in Fig. 2. The figure shows a comparison of the ratio of
the proton one-body density, ρ (p)(r), to the neutron one-
body density, ρ (n)(r). The densities were calculated using our
MC code, with uncorrelated, centrally correlated, and fully
correlated configurations, and compared to the experimental
measurements of Ref. [3]. All of the calculated densities
compare well with the measured ratio, as they should, since
the inclusion of NN correlations does not affect the nucleus
profile.
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FIG. 2. The proton-to-neutron ratio of one-body densities as de-
fined in Eq. (4), compared with the experimental data from Ref. [3].

Figure 3 shows the radial two-body densities [cf. Eq. (6)]
for both the considered nuclei, which we can also consider as
the probability of finding a given NN pair in the nucleus at
relative distance r12. The different contributions from proton-
proton, proton-neutron, and neutron-neutron pairs in Fig. 3
are shown separately. The figure shows two-body distribu-
tions obtained with the generated configurations, highlighting
the striking differences between correlated and uncorrelated
configurations, including skin effect, for all the three ap-
proximations described above. In particular, the inclusion of
NN correlations results in vanishing two-body densities at
zero pair separation. Moreover, the fully correlated density
overshoots the centrally correlated one at NN separations
between 1.0 and 2.0 fm. This feature is entirely due to pn
pairs, as is evident from Fig. 3(b).

Configurations including full two-body and three-body
induced correlations, and including also nuclear deformations
where applicable, were produced for other nuclei: 12C, 40Ca,
48Ca, 63Cu, 197Au, and 238U, which will be presented else-
where. All configurations will be posted on our project web
page [28]. Configurations for 208Pb were also used in Ref. [29]
for a different purpose, namely the study of double partonic
interactions.

III. HARD TRIGGER GEOMETRY

The basic quantity calculated in the MCG approach, us-
ing the nuclear configurations described in Sec. II, is the
probability of the projectile proton experiencing ν inelastic
(soft) interactions with the nucleons of the target nucleus.
In particular, for the purpose of this work, we are interested
in calculating the separate contributions from protons and
neutrons in the target, which we denote as Psoft,(p;n)(b, ν).

We can calculate the most general form of the probability
of interaction with ν nucleons, with Np protons, and with Nn

neutrons, as a function of both ν and of the impact parameter,
and subsequently we can single out only the b dependence as

Psoft,(p;n)(b) = 2π b
∑

ν

Psoft,(p;n)
ν (b) (9)
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FIG. 3. The two-body density of 208Pb, in (a) and (b), and of 48Ca, in (c) and (d) as defined in Eq. (6), obtained with our configurations.
(a) and (c): Curves corresponding to different nucleon pairs, proton-proton (pp), proton-neutron (pn) and neutron-neutron (nn), whose sum is
the total two-nucleon density (Total). (b) and (d): The effect of correlations in the case of proton-neutron pairs. All the curves are normalized
according to the corresponding number of pairs in the nucleus.

or only the ν dependence, integrating over �b, as

Psoft,(p;n)(ν) =
∫

d �b Psoft,(p;n)(b, ν), (10)

where soft indicates that inelastic interactions were restricted
to soft ones.

In a previous work [30], we introduced a method to further
require that an event contained a hard interaction. Correspond-
ingly, we calculated the probability Phard

ev (b, ν) of having an
event in which ν inelastic interactions occurred, one of which
was a hard interaction, for the scattering of a proton on a
nucleus at the impact parameter b.

Since the location of the hard interaction on the transverse
plane is unknown, we can calculate the cross section differ-
ential in impact parameter by taking the convolution of the
generalized parton distributions Fg of the projectile and target
nucleons, and then integrate over all the possible transverse
positions for each hard interaction and for each simulated
p-Pb event. In each event, we select one particular nucleon
as the one experiencing the hard interaction, based on the
probability of hard interaction, which for each nucleon j is
obtained as

p j = Fg(�b + �ρ − �b j )∑
k Fg(�b + �ρ − �bk )

, (11)

where the �b is the incoming proton’s impact parameter, �ρ is
its transverse distance from the hard interaction point, and �b j

is the jth target nucleon transverse position. Figure 4 is an
illustration of the transverse geometry.

Once one target nucleon is selected as the hard-interacting
one, we calculate the number of soft-interacting nucleons
among the remaining A − 1 nucleons in the target, and obtain
the probability of events with a hard trigger as follows:

Phard,(p;n)
ev (ν)

= 1

A

∫
d �b d �ρ

A∏
j=1

d �ρ j Fg(ρ)
A∑

i=1

Fg(ρi ) p(ν; event), (12)

where p(ν; event) is the probability that, in a specific event, ν

inelastic collisions occurred, including the hard one. We keep

ρ

ρ
i

b

bi

θ x

θi

FIG. 4. Sketch of the transverse geometry of a hard collision,
occurring at the location pointed by the vector x. The vector �b points
to the position of the incoming proton, and �bi to the ith target nucleon.
From Ref. [30].
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the dependence on the particular event here, because that is the
stage at which we integrate the position of the hard interaction
over the whole transverse plane, in each simulated event.

Figure 5 presents the quantities Psoft;hard(b, ν) calculated
using the method outlined above, both in the Glauber approx-
imation. A second method includes the effects of fluctuations
of NN cross section were first introduced by [31–33], and
implemented in the MCG model in [34]. The implementation
is straightforward as it requires simply introducing the prob-
ability distribution over the strength of the p-N interaction
[34]. Various aspects of fluctuations in p-A and A-A collisions
using our configurations at energies available a the LHC and
at the BNL Relativistic Heavy Ion Collider (RHIC) were
investigated in [30,34,35].

The various quantities in Fig. 5 depend only on ν, as they
were integrated over the impact parameter as in Eq. (10), and
both averaged over a significant number of events. The figure
illustrates the effect of color fluctuations (CF) on the proba-
bility distributions as a function of the number of collisions
ν. Both the distributions in Fig. 5(a) were obtained with the
standard MCG model, with fixed p-N cross section, while the
distributions in Fig. 5(b) were obtained including an event-
by-event fluctuating p-N cross section σ

pN
in , i.e., with account

of CF effects. It is evident that the distributions including CF
extend to much larger values of ν, as a consequence of the
smearing of centrality due to the event-by-event fluctuation of
the p-N cross section [34].

We calculate the probability that the projectile experiences
one hard interaction in an event containing a total of ν interac-
tions. By construction, ν − 1 of them are soft interactions. We
can distinguish these quantities for proton and neutrons, that
is, distinguish when the hard interaction occurred with a pro-
ton or with a neutron in the target. Figure 6 shows the proton-
to-neutron ratio of Phard(ν) = 〈∫ d �b Phard

ev (b, ν)〉 distributions.
In the figure, we show quantities calculated with (i) the
Glauber approximation and uncorrelated configurations, (ii)
Glauber and fully correlated configuration, and (iii) Glauber
and CF, with uncorrelated configurations. We can see that CF

effects are about 10% in the most peripheral events, while
correlations effects are rather small and go in the opposite
direction. In the following, we will investigate these features
in individual centrality bins, first for the proton-to-neutron
ratio, and eventually for the W+/W− cross sections ratio.

The probabilities defined in Eq. (10) can be integrated in
the intervals of centrality calculated as in Eq. (18), for events
with a hard trigger, i.e.,

Phard
ev,i (ν) =

∫ bi+1

bi

d �b Phard
ev (b, ν), (13)

and then calculate the average number of collisions, in each
centrality bin, as follows:

〈ν p,n〉i =
∑

ν ν Phard(p)
ev,i (ν)∑

ν Phard(n)
ev,i (ν)

. (14)
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FIG. 6. The proton-to-neutron ratio of the probability Phard (ν ),
calculated by selecting only proton or neutrons in the target; we show
separately the effects of NN correlations and of color fluctuations, for
illustration purposes. The horizontal dashed line corresponds to Z/N .
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Note that in Eq. (14) we have distinguished the cases when
the hard interaction occurred with a proton or with a neutron,
so that we can calculate the ratio

〈ν p〉i/〈νn〉i. (15)

To estimate the ratio of the W+ to W− production we
need to take into account that the corresponding cross sections
depend on the quark content of the nucleons. Namely, W+
production on neutrons occurs with a probability a, relative to
W+ production on protons, and vice versa for W− production.
We introduced this dependence in our MCG code by calcu-
lating new probabilities which incorporate different weights
for W production on protons and neutrons, i.e., with different
values of a in the definition of the relative probability.

IV. DEFINITION OF CENTRALITY

As a first approximation, we define centrality bins with re-
spect to impact parameter b as follows. Based on the definition
of the total inelastic cross section,

σ A
in =

∫
d �b

A∑
n=1

σn(b), (16)

the kth term in the above equation being

σn(b) = 2π b

(
n

A

)(
σ

pN
in T (b)

)n(
1 − σ

pN
in T (b)

)A−n
(17)

with σ
pN

in = σ
pN

tot − σ
pN

tot
2

4πB2
o
, we define bins in b, [bi, bi+1], such

that

fi = 1

σ A
in

∫ bi+1

bi

d �bσn(b), (18)

where fi = {0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1} as
required to compare with the results of Ref. [1].

The definition of centrality was refined following the
method used in experimental analyses, using the ATLAS
experiment studies of centrality as follows. The correlation
between hadron production at central rapidities and at −4.9 <

η < −3.2 in the nucleus outgoing direction in p-A collisions
at

√
s = 5 TeV can be interpreted in the framework of CF [36]

phenomena. Due to the approximate Feynman scaling near
the nuclear fragmentation region, energy conservation effects
are not expected to affect the total transverse energy, � ET ,
or to be strongly correlated with the activity in the rapidity-
separated central and forward rapidities regions. This expec-
tation is validated by a measurement of � ET as a function of
hard scattering kinematics in p-p collisions [37]. Distributions
of � ET were constructed as a function of the number of
participating nucleons, ν + 1. Simple Glauber estimates of ν

resulted in � ET distributions narrower than those observed
in the data. Using the CF approach, instead, leads to a broader
ν distribution due to the σ

pN
in > 〈 σ

pN
in 〉 tail of the distribution

for the p-N inelastic cross section Pp(σ pN
in ) [32], and produces

overly broad � ET distributions. Based on these observations,
parametrization of � ET was built and used to calculate the
relative contributions from collisions with different ν values to
the p-A centrality classes (bins in � ET ) used by the ATLAS
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the color fluctuations approximation, and the different contributions
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Collaboration. Application of the � ET parametrization to our
case leads to the centrality classes shown in Fig. 7. The figure
shows that a broad range of values for ν contribute to each
centrality class, as expected from the CF approach with a
fluctuating p-N cross section.

V. RESULTS

The ratio defined in Eq. (15) is shown in Fig. 8. The figure
shows results for centrality classes defined by both the total in-
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FIG. 8. The effective proton-to-neutron ratio. Green curve: the
most basic approximation (comparable with the results of Ref. [1]),
where we used the definition of centrality based on the thickness
function integral [T (b)] and the Glauber model. Blue curve: the
Glauber model with the definition of centrality based on the ex-
perimental model (� ET ). Gold curve: the most refined approxima-
tion, where we used the experimental definition of centrality and
included color fluctuation (CF) effects. The horizontal dashed line
corresponds to Z/N .
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FIG. 9. Inclusion of correlated configurations on the effective
proton-to-neutron ratio, in the simplest Glauber approximation and
centrality defined using T (b) (also shown in Fig. 8). The effect of NN
correlations is very weak. The horizontal dashed line corresponds to
Z/N .

elastic cross section method and using the � ET parametriza-
tion. Using the total inelastic cross section method, we find
a result which is essentially consistent with the analysis of
Ref. [1], in each centrality class. With this definition of
centrality, the Glauber and CF results practically coincide.

At the same time using the experimental procedure for
determining centrality classes we find a significant reduction
of sensitivity to neutron skin effect. Accounting for CF effects
leads to a further reduction of the sensitivity. Qualitatively
the reason is that the number of wounded nucleons at a given
impact parameter fluctuates quite significantly already in the
Glauber model and even more so in the CF model.

We checked the effect of NN correlations on the quantity
defined by Eq. (15). We had previously done so for the
proton-to-neutron ratio of inclusive Phard,(p;n)(ν) probabilities,
which are shown in Fig. 6. Results for the same quantity,
but integrated within different centrality bins, are shown in
Fig. 9. In this case we actually compared only the ratios
obtained with the Glauber approach (no CF effects) and with
centrality determined by the T (b) method, Eqs. (17) and (18).
We repeated the calculation with uncorrelated and with fully
correlated configurations. The comparison in Fig. 9 reveals
little effect from the inclusion of NN correlations.

The final result of our work is illustrated in Fig. 10.
Experimentally the asymmetry of W+ and W− production,
described as

A = (dσ+ − dσ−)/(dσ+ + dσ−), (19)

was measured at the LHC in pp scattering (for a review and
references see [38]) with a maximal value of A ≈ 0.26.

We show results for pretty large values of a =
dpnσ

+/dpnσ
− ≈ dppσ

−/dppσ
−, namely a = 0.2 and a = 0.4,

corresponding to production of W in the backward kinematics
where a valence quark of a nucleon annihilates with a sea
antiquark of the projectile proton. In this kinematics dpnσ

+ =
dppσ

− and dpnσ
− = dppσ

+. We find a reduction of the ratio
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FIG. 10. The ratio of the W+ production cross section to the
W− one, calculated assuming σ+

i ∝ Phard(p)
i + a Phard(n)

i and σ−
i ∝

a Phard(p)
i + Phard(n)

i , to account for the different d and u quark content
of protons and neutrons. The dashed and dot-dashed horizontal lines
correspond to the quantity (Z + aN )/(aZ + N ) for a = 0.4 and a =
0.2, respectively.

of W+ to W− production cross sections when centrality is
accounted for in an accurate way and so are color fluctuations.
Typically, the deviation of the asymmetry from the inclusive
value (Z + aN )/(aZ + N ) is reduced by a factor of 2.

Eventually, we explicitly investigated the effect of using
completely uncorrelated or fully correlated nuclear configura-
tions; results are shown in Fig. 11. In both cases the inclusion
of correlations provides little to no difference. The effect is
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FIG. 11. Inclusion of nucleon-nucleon correlations on the ratio
of the W+ production cross section to the W− one, defined as in
Fig. 10. We compare the results in the case a = 0.2 (blue curves,
also shown in Fig. 10), with the corresponding calculations including
correlations (yellow curves). Dashed lines correspond to the most
basic approximation, where neither CF nor accurate centrality defi-
nitions were accounted for; both effects are present in the calculation
of solid lines. In both cases the inclusion of correlations provides
little to no difference. The dot-dashed horizontal line corresponds to
the quantity (Z + aN )/(aZ + N ).
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smaller or equal than that on the effective proton-to-neutron
ratio, both in the unbinned ratio, in Fig. 6, and in the ratio
classified in centrality bins, in Fig. 9.

VI. CONCLUSIONS

We investigated the possibility of assessing centrality in
p-A collisions by exploiting the existence of neutron skin
in the lead nucleus. The idea was originally suggested in
Ref. [1], by calculating the dependence on centrality, and
thus on neutron skin, of W± production in p-A collisions.
We have investigated the same idea by including calcula-
tions with state-of-the-art accuracy for many aspects, intro-
ducing (i) fully NN correlated nuclear configurations with
built-in neutron skin; (ii) event-by-event fluctuation of the
p-N cross section (color fluctuations); (iii) accurate clas-
sification of centrality, following the experimental method
for the definition of centrality bins, instead of the purely
theoretical definition based on nuclear thickness, T (b); and
(iv) a detailed trigger mechanism for the hard-interacting
particles.

In order to ensure a realistic treatment of the nucleus
wave function in modeling high-energy collisions involving
nuclei, we extended our existing event generator to produce
configurations including effects of NN correlations in differ-
ent spin-isospin states and the neutron skin effect. The fully
correlated 48Ca and 208Pb configurations show the signatures
of short-range correlations [17,19], which are mostly found
in two-body densities and can be summarized as follows: (a)
there is a vanishing probability of finding two nucleons at
zero spatial separation, regardless of the nucleons’ kind; (b)
the pair probability has a maximum for 1.0 � r12 � 2.0 fm;
and (c) the p-n probability has a more pronounced peak than
p-p and n-n pairs, which is also found for the total two-body
density (cf. Fig. 3). The newly generated configurations for
48Ca and 208Pb also include the neutron skin effect, and
are available for download as plain text tables, along with
configurations for other nuclei.

Configurations are are readily usable by any code which
is based on Monte Carlo Glauber models [5,7] and for any
kind of derived model for applications possibly different from
the one presented in this work, such as any p-A and A-A
numerical model which takes nucleon positions as an input
[6,35,39,40], also in combination with models for p-p studies
which can be implemented within processes involving nuclei
[8,41].

In this work, an application of the generated configurations,
in particular of the possibility of describing nuclei using
configurations with built-in NN correlations and neutron skin,
is provided. With the aim of assessing the possibility of
exploiting the existence of a neutron skin in the nucleus of
lead [2,3], we considered the W± production ratio in p-A
collisions. We investigated separately the effects of the points
(i)–(iii) above. Point (iv), consisting in the use of an advanced
hard interaction trigger for the elementary p-N collisions, was
used throughout the paper, instead.

We calculated results, using different approximations, for
two quantities: the most basic effective proton-to-neutron ratio
(Figs. 8 and 9), and the actual quantity we are interested

in, the W+/W− cross sections ratio (Figs. 10 and 11). In
both quantities, we investigated separately the effects of the
approximations (i)–(iii) listed above. Our findings can be
summarized as follows:

(1) Figure 8 shows a comparison of the results for the
proton-to-neutron ratio, as a function of centrality
classes, obtained according to (a) the most basic ap-
proximation, in which centrality is accounted for using
cuts in the integral of the nuclear thickness function
T (b), Eq. (18), as in Ref. [1] [Glauber, T (b)]; (b) the
next approximation, in which centrality is account for
using the experimental parametrization for hadronic
activity [36], as in Refs. [42,43] (Glauber, �ET ); (c)
the most advanced model, in which centrality is ob-
tained as in (b) and color fluctuation effects are taken
into account by means of event-by-event fluctuation of
the p-N inelastic cross section [30,34,42,43] (Glauber
+ CF, �ET ). Results show that deviations of the ratio
from its nominal value are strongly reduced in the most
accurate estimate, with respect to the no-CF, simple
centrality classification method, and both the �ET

classification method and CF effects are relevant to the
result.

(2) Figure 9 shows explicitly the effects of NN correla-
tions, in the case of centrality classification using T (b),
Eq. (18). The results were obtained using different nu-
clear configurations, generated either with or without
inclusion of NN correlations, but including neutron
skin in both cases. We can see that NN correlations
play little role in the effective proton-to-neutron ratio
determination.

(3) Figure 10 shows our estimate of the σ+/σ− ratio, as
a function of centrality classes. Results are presented
for two values of the parameter a: the relative weight
of production of W+ from neutrons with respect to
protons, or of W− from protons with respect to neu-
trons (see Sec. V). For both values of the parameter,
we find that the deviation of the ratio calculated with
the simplest approximation [Glauber, T (b)] is reduced
by about 50% if the most advanced approximation is
used (Glauber+CF, �ET ).

(4) Figure 11 shows explicitly the effect of including or
not including NN correlations in the calculations on
the σ+/σ− ratio, as a function of centrality. The effect
is shown to be negligible for both the simplest approx-
imation [Glauber, T (b)] and for the most accurate one
(Glauber+CF, �ET ).

In conclusion, we confirmed the observation of Ref. [1]
that the ratio of the rates of production of W+ and W−
in p-Pb collisions should depend on centrality of the col-
lision due to the presence of the neutron skin, though the
inclusion of color fluctuation effects caused a reduction of
the previously predicted strength of the dependence on cen-
trality. We also found that the expected centrality depen-
dence of the ratio is sensitive to the model used to deter-
mine centrality, making this process a good testing ground
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for checking the centrality models, especially for peripheral
contributions.

Eventually, we argue that it would be possible to extend
the calculation of the W+/W− ratio in peripheral Pb-Pb colli-
sions, as in Ref. [44], by including the effects of fluctuations,
for an improved accuracy in modeling peripheral heavy ion
collisions at collider energies.
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