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Probing the neutron skin thickness through jet charge in deep-inelastic scattering
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The neutron-skin thickness in neutron-rich nuclei has traditionally been measured using low-energy hadronic
and electronic scatterings at hadronic level. In this paper, we propose an alternative probe to the neutron-skin
thickness through deep-inelastic scattering in high-energy electron-ion collisions, leveraging the intrinsic corre-
lation between final-state jet charge distribution and initial-state partonic distributions in nucleons. Specifically,
we demonstrate the sensitivity of jet charge distribution to the neutron skin-thickness and density profile in
e + Pb collisions with varying centralities as determined using Glauber model, and in isobar collisions of
e + Ru and e + Zr. We predict a strong suppression of positive jet charge distribution and an enhancement for
negative jet charge distribution in peripheral electron-ion collisions, revealing the neutron-skin effect. Premised
on the effective determination of centrality, this proposal can also be extended to photon and Z-boson tagged jet
charge distribution in proton-nucleus collisions at the Large Hadron Collider, providing another similar access

to neutron-skin structure.

DOLI: 10.1103/zc6z-ss9j

Introduction. Understanding the density distribution of
protons and neutrons, particularly the neutron-skin thick-
ness in nuclei, is crucial for constraining the fundamental
properties of cold nuclear matter and the equation of state
of neutron star [1-3]. The neutron-skin thickness AR,, =
R, — R, defined as the difference in root-mean-square (rms)
radii between neutrons (R,) and protons (R)) in nuclei, has
been primarily studied using various channels including elec-
troweak and hadronic probes at low-energy scales [4-8].
While proton radii have been accurately determined for many
nuclei using electromagnetic probes since the 1970s [9], deter-
mining neutron density distribution is more challenge due to

“Contact author: zhangshanl @hubu.edu.cn
TContact author: wangek @scnu.edu.cn
Contact author: xnwang @ccnu.edu.cn
SContact author: hxing@m.scnu.edu.cn

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by SCOAP.

2469-9985/2026/114(4)/L041901(8)

L041901-1

nonperturbative uncertainties in hadronic probes and the low
scattering rate for parity-violating electron scatterings.
Among various neutron-rich nuclei, the doubly magic nu-
cleus 2®Pb is of particular interest due to its significant
neutron excess. Recently, the PREX-II collaboration updated
the measurement of neutron-skin thickness for 2*®Pb, report-
ing AR} = 0.283 £ 0.071 fm [10], significantly reducing the

uncertainties compared to previous results ARSﬁ = O.33f8:{g
fm [11]. This measurement, derived from parity-violating
asymmetries in polarized electron scattering, reveals some
tension with ab initio calculations using chiral effective the-
ory [12] and other measurements using hadronic probes and
astrophysical observations [13]. For instance, coherent 7
photoproduction measurements reported ARS,‘; =0.15+0.03
fm [6]. In addition to these measurements using low-energy
facilities, new approaches have recently been proposed to
extract AR,, from measurements in relativistic heavy-ion
collisions [14-23]. In particular, through a global analysis
of collective flow within the hydrodynamic model, AREB =
0.217 +0.058 fm was obtained for *®Pb [24], competitive
with PREX-II measurement. Likewise, taking advantages of
current programs at the Relativisitic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC), hard probes,
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FIG. 1. An illustration depicting negative jet-charge production
in eA collisions on a neutron-rich surface.

such as the ratio of W+ /W™ [25,26] and A~ /h™ [27], as well
as charged particles in isobar collisions [28], are also proposed
to provide new insights into the nuclear structures.

To achieve a consensus on the quantitative constraints of
AR,,,, it is crucial to employ alternative probes with improv-
able theoretical and experimental control. In this paper, we
propose to probe the neutron skin through deep-inelastic scat-
tering (DIS) in high-energy electron-ion collisions. Unlike the
conventional approach using hadronic or electroweak probes
at low energies, where the nucleus remains intact, the virtual
photon in DIS possesses sufficient energy to resolve the nucle-
ons at the quark and gluon level. This mechanism effectively
places proton and neutron on an equal footing for electromag-
netic probes. This provides an alternative channel to detect
the neutron density in nuclei using purely electromagnetic
probes, which can be precisely measured in experiments and
controlled via theoretical perturbative calculations. In terms
of partonic structure, the primary difference between proton
and neutron lies in the distribution of u-quark and d-quark
within them, which is highly correlated with the final-state
flavor distributions in neutral-current DIS process. This intrin-
sic correlation between the final-state flavor tagging and the
initial-state u- and d-quark distributions, in turn, reveals the
proton and neutron density distributions in nuclei, see Fig. 1.

We propose using the jet charge distribution as a proxy to
u- and d-quark initiated jet, which has been shown to be a
useful probe for nucleon structure [29] and extensively studied
at RHIC and the LHC [30-33]. We demonstrate for the first
time the sensitivity of this observable to the neutron skin
of the nucleus at the upcoming Electron-Ion Collider (EIC)
[34] with varying centralities as determined using Glauber
model. Our findings indicate that the neutron-skin results in
the increase of negatively charged jets and decrease of posi-
tively charged jets in the final state, particularly in peripheral
collisions. Premised on the effective determination of cen-
trality in EIC collisions, this approach enhances the capacity
to study nucleon-level nuclear structure, connecting physical
phenomena across distinct energy scales.

Jet charge and neutron skin. The concept of jet electric
charge was initially proposed by Feynman and Field [35]. It

can be constructed from the definition [36,37]

_ (7Y
Q=Y O, (1

hejet T

where p and Qj, are the transverse momentum and electric
charge, respectively, of the identified hadron within the jet
with transverse momentum p?., and « is a free parameter that
controls the shapes of the jet charge distribution.

In the center-of-mass frame of electron-nucleus (eA) DIS,
e+ A — e+ jet + X, the jet charge distribution in the back-
to-back region of the outgoing electron jet can be derived
within the transverse momentum-dependent (TMD) QCD fac-
torization [29,38]

do

a0, = Xl: eiz]:.T.{f:'/A(X, br)S;(br, R)

x Heimsei(Q)Gi(Q1, PFR)}, 2)

where F.7 . stands for the Fourier transform from coordinate
space to momentum space, fi/A(x, br) is the nuclear TMD
distribution function [39,40], S, is the soft function, and H
is the hard factor with Q representing the invariant mass of
the virtual photon in neutral-current DIS process. G; is the
fragmenting jet function with identified jet electric charge Q.
The scale dependence in these functions is implicit.

As shown in Eq. (2), the initial parton i from the incident
nucleus involved in the hard interaction is correlated with the
flavor of final observed jet, making the jet flavor tagging an
excellent probe of nuclear partonic structure. Noticing the
primary difference in the flavor structure between proton and
neutron lies in the distribution of u quark and d quark. There-
fore, identifying u-quark and d-quark tagged jets in the final
state can reveal the proton and neutron density distributions
within the nucleus. We will utilize PYTHIA event generator,
which has been shown to be consistent with the TMD factor-
ization results [29], to simulate the jet charge distribution in
DIS and demonstrate this correlation.

In our simulations, we investigate the neutron-skin effect
by examining the centrality-dependent jet charge distribution
in eA collisions,

1

do_ /bmax do"
— =27 dbbf; (x, ,bL;b) & —, 3)
dQJ Z bmin f/A dQJ

where b is the impact parameter, and the centrality class is
determined by by, and bpyax [41]. In our calculation, the
centrality is encoded in the impact parameter determined by
the optimized Glauber model [41] as in Eq. (3). We notice
that the event centrality in eA collisions is proposed to be
correlated with the impact parameter b, and can be determined
without relying on final-state hadron multiplicity. This can be
achieved by measuring the evaporated neutrons from forward
nuclear fragmentation in zero-degree calorimeters [42,43], or
by analyzing the transverse momentum broadening of final-
state particles [44]. A systematic investigation into the model
dependence of centrality determination at the EIC is reserved
for a dedicated future study.

In our calculation, the centrality dependence is en-
coded into the impact-parameter-dependent nuclear parton
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distribution functions (nPDFs),

T Ty () na
fia(x, w3 b) o) TA(b)f’ (w4
where Ty (b) = f dzpa(r) is the thickness function of nucleus
A, and TAp (b) and T}’ (b) are the corresponding thickness func-
tions for proton and neutron, respectively.

In this study, the incoming nuclear beams are treated as
consisting entirely of ground-state nuclei, which has been
justified for high-energy collisions [45]. We implement the
flavor-dependent nuclear distribution using the deformed
Woods-Saxon (WS) distribution

I, 1) +

J
1+ exp (522) ’

An,p

pn,p(r) = (5)

where ,o,?_p are the saturation densities, and ¢, , and a,,
represent the half-density radius and surface diffuseness pa-
rameter, respectively. We neglect nucleon-nucleon correlation
and nuclear deformation in our calculation as in Ref. [14].
We fix the WS parameters for the proton as c¢,= 6.680 fm
and a, = 0.448 fm, corresponding to an rms proton radius in
Pb R, = 5.436 fm. PREX data [10] support a similar neutron
diffuseness parameter a, to that of proton a,, while earlier
measurements using hadronic probes [6,46] typically interpret
the neutron skin as an increase in the neutron diffuseness
parameter a, rather than the half-density radius c,. In our
calculation, the parameters for neutron distribution were de-
termined from different values of AR,,, from the relation Rﬁ ~
%ci + %nzai [46,47], assuming either ¢, = ¢, (halo-type) or
a, = a, (skin-type).

Phenomenological results. We now present phenomeno-
logical results to demonstrate the sensitivity of nuclear skin
on jet charge distribution at the EIC. We use the PYTHIA
8.3 [48], with default CTl14nlo [49] and EPPS21 [50]
parametrization for nPDFs in the following unless otherwise
specified, to simulate jet charge distribution for eA collisions
at /s = 105 GeV. DIS events are selected by requiring the in-
variant mass of the exchanged virtual photon Q% > 10 GeV>.
Both the electron’s and jet’s transverse momentum are se-
lected within the phase space p‘;J > 10 GeV and rapidity
[n®’| < 2. Jets are reconstructed with the FASTJET anti-k;
jet algorithm [51,52], with a radius parameter R = 1.0. We
chose k = 0.3 for jet charge distribution for effective jet flavor
identification [29,53,54]. For the simplicity of illustration, we
consider 7* distribution in jet, as they play a dominant role
in jet charge distribution. Besides, considering the fact that
the contribution from strange quarks to the jet cross section is
smaller than 6% and their negligible contribution to the jet
charge asymmetry, we ignore the strange quark contributions
in our analysis.

To illustrate the discriminative power of the jet charge
distribution on u- and d-quark jet, we plot in Fig. 2 the u-quark
(hollow) and d-quark (filled) initialed-jet distribution as a
function of jet charge Q;, normalized by the corresponding
total jet cross section. The contributions from the bounded
proton [denoted as “ep(A)”] and neutron [denoted as “en(A)”]
in Pb are represented, respectively, by triangle and star mark-
ers, while the total contribution from e + Pb collisions are

0.7 — — — —
I —o— cA -4 ep(A) ke en(A)
0.6F .
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FIG. 2. Jet charge distribution of u- (hollow) and d-quark (filled)
initiated-jet in ep(A) (triangle), en(A) (star), and eA (circle) colli-
sions, normalized by the total jet cross section.

shown in circle marker. In this illustration, the neutron-skin
thickness is set to 0, and the flavor of the final jet is tagged by
the parton produced from the electron-parton hard scattering.
As we expected, the positive jet charge is dominated by the
u-quark channel, while d-quark channel mainly contributes in
the negative jet charge region. These results indicate that the
u-quark and d-quark jet can be well separated within different
jet charge regions. It is important to note that u-quark jets
play a major role across a wide range of Q;, primarily due to
the factor of four stronger electromagnetic coupling strength
between the virtual photon and the u# quark comparing to that
for the d quark. This dominant role of u quark is even more
pronounced for the contribution from protons bounded in Pb
as shown by the green lines.

According to the above illustration, one would expect
significant reduction in the positive jet charge distribution
if the virtual photon interacts with the neutron-skin region,
due to the relatively lower u-quark compositions in neutrons
compared to protons. This phenomenon can be effectively
examined as a function of centrality in eA collisions, which
serves as a proxy for the spatial position of the struck nu-
cleon within the nucleus. To quantify the correlation between
nuclear skin and the jet charge distribution as a function of
centrality, we propose measuring the centrality-dependent nu-
clear modification factor RC. This factor is defined as the ratio
of the jet charge distribution in a given centrality to that in
minimum-bias (MB) events,

do€/dxdQ;
R (x, = —— 6
w0 = g (©)
where x is the momentum fraction of parton 7 in nucleus per
’7!
nucleon at leading order kinematics, defined as x = %
e T

[55], with E, being the incoming electron energy in the center-
of-mass frame.

Taking a moderate neutron-skin thickness as an example,
ie., ARE'; = 0.15 £ 0.03 fm, we show in Fig. 3 the numerical

results for RS in 0-60%, 60-80% and 80-100% centrality
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FIG. 3. The nuclear modification factor R¢ in 0-60%, 60-80% and 80—100% centrality intervals with (a) all jet charge Qy, (b) Q; > 0.25,
(c) Q; < —0.25. The model uncertainties from EPPS21 nPDF set [50] are shown by dark color band around lines., while the light color band

are calculated with the uncertainties of the extracted AR,,,.

intervals with (a) all jet charge Qy, (b) Q; > 0.25, (¢) Q; <
—0.25. As can be seen, even without specific jet charge selec-
tion, RC exhibits a moderate sensitivity to centralities, which
is caused by the dominance of u-quark jets in DIS as shown
in Fig. 2. The suppression of RC reveals the reduction of
initial u-quark contribution in the presence of neutron skin
in peripheral collisions, while such suppression is negligible
in central collisions due to the absence of neutron-skin ef-
fect in the center of the nucleus. This sensitivity is further
enhanced when a selection cut Q; > 0.25 is applied, as the
role of u-quark jet becomes more significant in this region. On
the contrary, the increase of d-quark jets and suppression of
u-quark jets in Q; < —0.25 region lead to the enhancements
of RC with increasing centralities. Crucially, the theoretical
uncertainty originating from the EPPS21 nPDF set [50] (dark
color bands) is generally smaller than the uncertainty from
current neutron-skin constraints (light color bands). Further-
more, we expect that more accurate nPDFs will be determined
from the current proton-nucleus program at the LHC and the
future EIC [34,56].

According to the above illustration, we propose measuring
the following double ratio to enhance the sensitivity of jet
charge distribution on AR,

RC(x, 0y < —0Q0)

RC(x, Qs = Q.)
_ doC/dxdQylg,<—g. do™®/dxdQ;lg,>0.
" doC/dxdQ;lg >0, doMB/dxdQ;lg,< o,

where Q. is a parameter for specific selection of jet charge
regions and set to 0.25 in our simulations. We expect that
this double ratio could mitigate the model uncertainties of
centrality definition and other cold nuclear-matter effects. One
possible contamination of cold nuclear-matter effect is the
effect of final-state multiple scattering, such as the trans-
verse momentum broadening [57-60] and parton energy loss
[61-63] in cold nuclear matter. However, such an effect is
driven by the strong interaction of QCD and is blind to the
electric charge. Therefore, it is expected that these final-state
effects are similar for u-quark and d-quark jets and will also
be significantly canceled in the double ratio R.

Shown in the upper panel of Fig. 4 are the results for R, as
a function of centrality, evaluated at x = 0.05 with AR,, =0
fm, AR,, =0.15+0.03 fm, and AR,, = 0.28 +0.071 fm.

R

@)

The solid lines represent the “skin-type” model by varying
¢, and fixing a, = 0.448 fm. The dashed lines represent
the “halo-type” model by varying a, as shown in Table I.
One can clearly see larger AR, for Pb yield a qualitatively
similar increasing trend for R toward more peripheral col-
lisions in both models. However, we also note distinct
quantitative differences: the slope of the dashed curves from
the “halo-type” model is steeper in peripheral collisions,
whereas in the 40-60% centrality range, the “skin-type” leads
to more pronounced effect on R. In our calculation, we find
out that the slope of the centrality-dependent R is mainly
sensitive to surface-diffuseness parameter a,, which controls
the neutron density profile in nuclei. The magnitude of R in
a given centrality can be used to determine the parameter c,.
Therefore, these distinct features further demonstrate the high
sensitivity of our proposed observable not only to the magni-
tude of the neutron skin, but also to the underlying shape of
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FIG. 4. Upper: The double ratio R at x = 0.05 in e + Pb colli-
sions with “halo-type” (dashed lines) and “skin-type” (solid lines)
neutron-skin thickness. Bottom: Uncertainties for R calculated from
centrality-selection effects (change the centrality class by 10% within
Glauber model, and designated as “Cen. uncert.”), nPDF from
EPPS21, and NS effect.
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TABLE 1. WS parameters and neutron-skin thickness for 30°Pb,
2°Ru, and §57Zr used in our numerical calculations.

Nucleus cp[fm] a,[fm] ¢, [fm] a, [fm] AR,
WEPb[6]  6.68 0448  6.69  0.448 0
S¥Pb[6]  6.68 0448  6.69 0566700 0.15+0.03
o'Pb[10]  6.68 0448  6.69  0.654100 0.28+0.071
SRu[21] 506 0493 5075 0.505 0.03
wZr[211 4915 0521 5015 0574 0.16

the neutron density profile. Considering the high luminosity
design and high statistics of the EIC [34], the uncertainties
from systematic and statistical errors are expected to be much
smaller than the bands shown in Fig. 4, providing a promising
determination of AR, in the future EIC.

The primary challenge in applying our proposal to realistic
measurements lies in the determination of centrality. To sim-
ulate centrality-selection effects, we vary the centrality class
by 10% within our optimized Glauber model. The results of
this centrality-selection effect on the double ratio R is shown
in the bottom panel of Fig. 4. The green band (designated
by Cen. uncert.) shows the relative uncertainty, which is an
order of magnitude smaller than that from neutron-skin effect
(purple band). Within such an estimated centrality-selection
uncertainty, the double ratio can still be well separated be-
tween different neutron-skin scenarios, as shown in the top
panel.

To further investigate how our results depend on the
choice of different nPDF sets, we present our results with
three different nPDF sets (EPPSS21 [50], nNNPDF3.0 [64],
and nCTEQI1S5 [65]) as shown in Fig. 5. The results for R
from three nPDFs are qualitatively consistent. Quantitatively,
EPPSS21 is consistent with that from nNNPDF3.0, but is
larger than that from nCTEQ15. This difference arises from
the fact that the extracted nuclear modification ratios R4 for
both u and d quark at x = 0.05 from nCTEQI15 are smaller
than the results from EPPSS21 and nNNPDF3.0. These dif-

1.3 —
— EPPS21
----- nCTEQ15
——- nNNPDF

1.2

AR, = 0.15 + 0.03 fm
1.1

i Halo-type NS uncert.

ot

1.0p

I L I ! | L L | | L L

20 40 60 80 100
Centrality (%)

FIG. 5. The double ratio R calculated at x = 0.05 in ¢ + Pb col-
lisions from EPPSS21, nCTEQ, nNNPDF nPDF set with halo-type
neutron-skin thickness.

+ e+Pb 0-60% ® etZr R
13k e+Pb 60-80% *  e+Ru 1
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FIG. 6. The double ratio R evaluated as a function of AR, in
three centralities of ¢ + Pb (lines) collisions, 80-100% e + Ru (solid
circle), and e 4+ Zr (solid star) collisions. The vertical bands show
the variation of R due to uncertainties of AR,,, while the horizontal
bands represent the impact of 3% uncertainty of R on AR,,,.

ferences are mainly driven by different experimental datasets
selection in their fittings, which we believe will be converged
considering world data from the current proton-nucleus
programs at the LHC and the future EIC [34,56], and this will
in turn reduce the model uncertainties in our proposal.

Shown in Fig. 6 are results for R as a function of AR,
of 2%®Pb, 3%Ru, and 33Zr. As we observe, R for e + Pb with
different centralities, shown by the curves, increases mono-
tonically with AR,,,, and the growth rate rises with centrality.
The vertical bands show the variation of R due to uncer-
tainties in the extracted AR,,, while the horizontal bands
represent the impact of 3% experimental uncertainty (akin
to LHC measurements [30-32]) of R on the extraction of
AR,,. The predicted sensitivity to the relative differences
in the small-AR,,, region is particularly impactful for probing
the differences between 35Ru and §3Zr. For illustration, we use
the WS parameters for 33Ru and j3Zr from Ref. [21], as listed
in Table I. The small AR, of 3SRu results in small impact on
the double ratio in peripheral collisions (80-100%) as shown
by the black star marker, while 35Zr, shown by red circle
point, result in a 17% change in the double ratio in peripheral
collisions.

Summary and discussions. Taking full advantage of the
intrinsic correlation between final-state jet-flavor informa-
tion and initial-state nuclear partonic structure in high-energy
deep-inelastic eA collisions, we propose using jet charge dis-
tribution as a novel hard probe to measure AR,,, differing
from the traditional method of low-energy elastic scatterings.
Taking e + Pb collision as an example, we demonstrate the
sensitivity of jet charge distributions in peripheral collisions
to the neutron-skin effect at the EIC, based on the centrality
determination using Glauber model. We calculated the pe-
ripheral to minimum-bias event ratio R and predicted strong
suppression in positive jet charge region and enhancement
in negative jet charge region, revealing the impact of AR,,
on the u-quark and d-quark jet production in peripheral eA
collisions. Furthermore, through the double ratio of R, we ex-
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pect improved sensitivity to AR,,;, and mitigation of bias from
centrality classification, as well as final-state cold nuclear-
matter effects. Specifically, considering the WS parameters
from the state-of-art measurement of PREX-II, we observe up
to 30% deviations from unity, representing non-neutron-skin
effects, in the most peripheral 90-100% e + Pb collisions. We
also observe pronounced sensitivity to the relative differences
in the small-AR,,, region, leading to more than 10% change
in the double ratio in peripheral collisions between e + Ru
and e + Zr collisions. Our proposal extends the current pro-
grams of EIC, providing an alternative method to probe the
neutron-skin effect. Premised on the effective determination
of centrality, high luminosity, and statistics at the EIC, more
accurate determination of the neutron skin will be feasible.
We emphasize that our proposal of using jet charge to
probe ARy, is not limited to the EIC and can have broad ap-
plications. For example, the idea can be extended to jet charge
distribution in p + Pb program at the LHC. It has been show
that prompt photon and Z-boson tagged jets are dominated by
quark jets [66], providing another golden channel to access

the initial u-quark and d-quark distributions. This intrinsic
correlation offers an alternative approach to measure AR,),.
Detailed phenomenological investigations will be presented
in a future publication. Furthermore, joint distribution of jet
charge and particle multiplicity can carry more information
for u- and d-quark jet discrimination [54] at the LHC, which
can be implemented to further improve the sensitivity of jet
charge on neutron-skin effect.
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