
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of York.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/238809/

Version: Published Version

Article:

(2026) First study of the nuclear response to fast hadrons via angular correlations between
pions and slow protons in electron-nucleus scattering. Physics Letters B. 140250. ISSN: 
0370-2693 

https://doi.org/10.1016/j.physletb.2026.140250

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.physletb.2026.140250
https://eprints.whiterose.ac.uk/id/eprint/238809/
https://eprints.whiterose.ac.uk/


Contents lists available at ScienceDirect

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

Letter

First study of the nuclear response to fast hadrons via angular correlations 
between pions and slow protons in electron-nucleus scattering 
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 a b s t r a c t

We report on the first measurement of angular correlations between high-energy pions and slow protons in 
electron-nucleus (𝑒𝐴) scattering, providing a new probe of how a nucleus responds to a fast-moving quark. The 
experiment employed the CLAS detector with a 5-GeV electron beam incident on deuterium, carbon, iron, and 
lead targets. For heavier nuclei, the pion-proton correlation function is more spread-out in azimuth than for 
lighter ones, and this effect is more pronounced in the 𝜋𝑝 channel than in earlier 𝜋𝜋 studies. The proton-to-pion 
yield ratio likewise rises with nuclear mass, although the increase appears to saturate for the heaviest targets. 
These trends are qualitatively reproduced by state-of-the-art 𝑒𝐴 event generators, including BeAGLE, eHIJING, 
and GiBUU, indicating that current descriptions of target fragmentation rest on sound theoretical footing. At the 
same time, the precision of our data exposes model-dependent discrepancies, delineating a clear path for future 
improvements in the treatment of cold-nuclear matter effects in 𝑒𝐴 scattering.

1.  Introduction

The production and propagation of hadrons through nuclei remain 
central topics in quantum chromodynamics (QCD). Key questions in-
clude: ªHow does the process of hadronization manifest within a nucleus?º, 
and ªHow are different hadrons produced in a single scattering event corre-
lated with each other?º [1]. Addressing these questions calls for detailed 
studies of diverse reaction channels, encompassing multiple hadron fla-
vor combinations in the final state and spanning a broad kinematic 
range, to probe the different timescales of hadronization.

Despite extensive theoretical and phenomenological work on nu-
cleon production in nuclear deep-inelastic scattering (DIS) [2±10], no 
dedicated study has correlated the production of low-energy protons 
with the kinematics of leading hadrons, whose spectra are known to 
be modified by cold nuclear matter effects as observed by the HER-
MES [11±15] and CLAS [16±19] collaborations. The present work 
addresses this gap by employing pion-proton correlations over a 
wide azimuthal and rapidity range, thereby linking studies of cur-
rent and nuclear fragmentation in DIS off deuterium and heavy
nuclei.

In this study, we examine electron-nucleus (𝑒𝐴) DIS events that 
contain a leading 𝜋+ (which retains most of the energy transferred to 
the struck quark) accompanied by a secondary proton, as illustrated in 
Fig. 1. Correlating these two hadrons provides new insight into how the 
nucleus responds to a fast quark or hadron and how the hadronization 
process is modified within the nucleus. Most of the observed protons 
come from fragmentation of the nuclear remnant. Because the proton’s 

1 Authors are listed at the end of this paper.

rest energy is already present in the initial state, a smaller amount of 
energy from the fast quark or its hadronic cascade is necessary to knock 
a proton out of a nucleus than produce a secondary pion with the same 
momentum. This allows the current measurement to probe lower en-
ergy scales of the hadronization process and transport properties of the 
nucleus than in existing dipion measurements [20].

Protons produced through nuclear fragmentation, historically re-
ferred to as ªgreyº protons, were investigated in earlier scattering exper-
iments with both hadronic and leptonic beams [2,3,21]. Measurements 
of slow protons, together with model calculations, served to estimate 
the collision centrality, expressed as the mean number of projectile-
nucleon interactions. Lepton measurements offer a cleaner test of 
intra-nuclear hadron-cascade models; in hadron collisions, multiple 
projectile-nucleon interactions complicate particle-production mecha-
nisms. Similar studies were carried out with neutrino DIS on nuclear 
targets [4], although with much more limited precision.

Ciofi degli Atti et al. [5,6] proposed that the dependence of slow-
proton production over a wide kinematic range can serve to discriminate 
among hadronization models, and their calculation reproduced well the 
data from Ref. [2]. Larionov et al. [7] showed that slow-neutrons provide 
similar insight into intranuclear cascades.

The study of slow protons (or more generally, slow nucleons) will 
also play an important role in the future Electron-Ion Collider [22,23], 
since slow nucleons will be measured with dedicated detectors, to en-
able various studies such as spectator tagging in electron-deuteron colli-
sions, centrality estimations, and hadronization studies in 𝑒𝐴 collisions
[9,10,23].
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Fig. 1. Illustration of nuclear deep-inelastic scattering featuring a leading 
charged pion and secondary protons in the final state.

Further, the measurement of 𝜋𝑝 correlations in 𝑒𝐴 DIS can be used as 
a reference for analogous neutrino measurements, for instance at MIN-
ERvA [24], which overlaps the kinematics of the measurements pre-
sented in this work, or with legacy data from NOvA [25]. It was sug-
gested in Ref. [8] that left-right asymmetries in 𝜋𝑝 correlations could be 
measured in 𝜈𝐴 scattering to probe pion-absorption effects.

2.  Experimental setup

The data presented here were collected at the Continuous Elec-
tron Beam Accelerator Facility (CEBAF) Large Acceptance Spectrome-
ter (CLAS) during the EG2 run period in 2004, with a 5.0-GeV electron 
beam incident on a dual-target system [26] consisting of a liquid 2𝐻
target cell and a C, Fe, or Pb foil target. The integrated luminosities per 
target during this run period were 1.0×104 pb−1, 4.3×102 pb−1, 1.4×102
pb−1, and 1.7×101 pb−1 for 2H, C, Fe, and Pb, respectively.

The CLAS [27] detector was based on a six-fold symmetric toroidal 
magnet, which defined six sectors instrumented with drift chambers 
(DC), time-of-flight scintillation counters (TOF), Cherenkov counters 
(CC), and an electromagnetic calorimeter (EC). Its polar angular accep-
tance ranged from 8◦ to 140◦ for the drift chambers and TOF, and from 
8◦ to 45◦ for the Cherenkov counters and calorimeter. The drift cham-
bers functioned in a toroidal magnetic field up to 2 Tm, where the mag-
net’s polarity made negatively charged particles bend toward the beam 
pipe. The resulting resolutions for charged particles were 𝜎𝑝∕𝑝 = .5% for 
the momentum, 2 mrad for the polar angle, and 4 mrad for the azimuthal 
angle. The data were selected with a trigger that required at least one 
electron candidate with momentum 𝑝 > 500 MeV∕𝑐.

3.  Event selection and observables

Following Refs. [16,18,20,28], electrons were identified by match-
ing negatively charged tracks measured in the DC with hits in the TOF 
and EC. Background from 𝜋− was suppressed to the < 1% level using the 
CC and the EC. Charged pions and protons were identified with TOF hits 
consistent with those types of hadrons with momentum determined in 
the DCs. The selection for 𝜋+ with momentum above 2.7 GeV∕𝑐 was fur-
ther refined with the CC to suppress proton background. Fiducial cuts on 
momentum and angles were used in order to avoid regions with steeply 
varying acceptance or low resolution. The protons’ energies were cor-
rected for energy loss in the target using the same procedure as was used 
in Ref. [17].

Similar to Refs. [16,20,28], we selected events with 𝑄2 > 1 GeV2∕𝑐2, 
𝑊 > 2 GeV/𝑐2 and 2.3 < 𝜈 < 4.2 GeV. Here, 𝑄2 is the square of the four-
momentum transfer from the electron to the struck nucleon,
𝑊 =

√
2𝑚𝑝𝜈 + 𝑚2

𝑝 −𝑄2 (1)

is the magnitude of the four-momentum of the virtual photon+struck 
nucleon system, where 𝑚𝑝 is the mass of a proton, 𝜈 = 𝐸 − 𝐸′ is the 
energy transfer, and 𝐸 and 𝐸′ are the beam- and scattered-electron en-
ergies. The cuts on 𝑄2 and 𝑊  are conventional for DIS measurements. 

The minimum cut on 𝜈 is just above the minimum value of 𝜈 possible 
with these cuts on 𝑄2 and 𝑊 . The maximum value of 𝜈 corresponds to 
a cut on the inelasticity, 𝑦 ≡ 𝜈∕𝐸 < 0.84.

We selected events with a ªleadingº pion, defined as having frac-
tional energy 𝑧1 = 𝐸ℎ∕𝜈 > 0.5 [20,28,29], where 𝐸ℎ is the energy of the 
pion. The purpose of this cut is to increase the likelihood that the pion 
originated from the struck quark and to avoid ambiguity on which pion 
in the event is considered ªleadingº. Following Ref. [30], we required 
the proton to have momentum greater than 350 MeV∕𝑐, since the proton 
detection efficiency drops off below this threshold. The maximum pro-
ton momentum in our accepted 𝜋𝑝 event sample was about 2.7GeV∕𝑐. 
In order to ensure that the azimuthal angles of both particles can be 
reconstructed with reasonable resolution, we further required that both 
the proton and the leading pion have transverse momenta (defined with 
respect to the momentum-transfer vector 𝑞) greater than 70 MeV∕𝑐.

We selected events within the range 0.0 < Δ𝑌 < 3.0, where Δ𝑌 ≡

𝑌𝜋 − 𝑌𝑝 is the rapidity separation between the pion and the proton. Here, 
𝑌𝜋 and 𝑌𝑝 are the rapidities of the pion and the proton, respectively, each 
given by

𝑌ℎ =
1

2
log

𝐸ℎ + 𝑝𝑧,ℎ

𝐸ℎ − 𝑝𝑧,ℎ
, (2)

where 𝐸ℎ is the hadron’s energy and 𝑝𝑧,ℎ is its momentum in the 
momentum-transfer direction. This range in Δ𝑌  contains nearly 99% 
of all 𝜋+𝑝 pairs, and allows for a convenient for binning in Δ𝑌 . This 
differs from the Δ𝑌  range in the di-pion analysis in Ref. [20], where the 
observed range in Δ𝑌  for 𝜋+𝜋− was approximately −0.5 to 2.5.

We selected particles arising from scattering from either the deu-
terium or nuclear targets by using the longitudinal vertex position de-
fined by intersecting their trajectories with the beamline. The result-
ing vertex resolution ensured negligible ambiguity in the target tag-
ging [16].

We used the electron, the leading pion, and the proton variables to 
measure the 2-dimensional correlation function, defined as

𝐶(Δ𝜙,Δ𝑌 ) = 𝐶0 ×
1

𝑁𝑒′𝜋

(
𝑑2𝑁𝑒′𝜋𝑝

𝑑Δ𝜙𝑑Δ𝑌

)
, (3)

where 𝑁𝑒′𝜋 is the number of events with a scattered electron and a 
leading 𝜋+, and Δ𝜙 ≡ 𝜙𝜋 − 𝜙𝑝 is the azimuthal separation between the 
pion and proton, as defined around the momentum-transfer axis. We 
determined the expression in parentheses by taking 𝑁𝑒′𝜋𝑝, the number 
of events with a scattered electron, a leading 𝜋+ and a proton in each 
bin in |Δ𝜙| and Δ𝑌 , and dividing that by the bin widths in both vari-
ables (𝜋∕8 and 0.5, respectively), and by a factor of two, since each |Δ𝜙|
bin covers two Δ𝜙 bins. These correlation functions are corrected for 
pair-acceptance effects using Monte Carlo (MC) simulations. Following 
Ref. [20], we also used a data-driven method to correct for contamina-
tion of the deuterium sample due to scattering off the aluminum endcap 
walls of the liquid deuterium cells. Details for both of these corrections 
can be found in the Supplementary Materials [31].

The normalization factor 𝐶0 was chosen such that the integral of 
𝐶(Δ𝜙,Δ𝑌 ) over Δ𝜙 and Δ𝑌  equals unity for deuterium. We used the 
same value of 𝐶0 for all targets. Explicitly, the formula we used was

𝐶0 =
𝑁𝐷

𝑒′𝜋

𝑁𝐷,tot

𝑒′𝜋𝑝

, (4)

where 𝑁𝐷
𝑒′𝜋

 is the number of events from the deuterium dataset with 
the scattered electron and leading pion, and 𝑁𝐷,tot

𝑒′𝜋𝑝
 is the total number 

of events in the deuterium dataset with the scattered electron, leading 
pion, and proton, for all kinematic bins. The purpose of this normaliza-
tion is to make the correlation function an observable that is insensitive 
to the absolute scale of the single-proton efficiency of the detector sys-
tems.

From here, we determined the nuclear-to-deuterium ratio of the cor-
relation functions, 𝑅 = 𝐶𝐴∕𝐶𝐷, which can be used to compare the cor-
relation functions of the nuclear targets with those of deuterium. Since 
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the same 𝐶0 value is used for nuclear and deuterium targets, it cancels 
out in the ratio, which is then equivalent to

𝑅 ≡

𝑁𝐴
𝑒′𝜋+𝑝

∕𝑁𝐴
𝑒′𝜋+

𝑁𝐷
𝑒′𝜋+𝑝

∕𝑁𝐷
𝑒′𝜋+

. (5)

We determined from these correlation functions the azimuthal width 
𝜎, defined by [20]

𝜎 =

√√√√√√√

∑
𝑖∈bins

𝐶𝑖

(
Δ𝜙𝑖 − 𝜋

)2

∑
𝑖∈bins

𝐶𝑖

, (6)

as well as the azimuthal broadening [20] (using carbon as our reference 
target1), 

𝑏 = ±

√
|||𝜎

2
𝐴
− 𝜎2

𝐶

|||, (7)

where the sign of the ± is that of the expression inside the absolute value. 
This definition of 𝑏 as a quadrature difference was a natural choice given 
that the standard deviation of the convolution of two distributions is the 
quadrature sum of their standard deviations.

4.  Uncertainties

We performed studies on various possible sources of systematic un-
certainties using data and simulation studies. For the simulation stud-
ies we used the PYTHIA6 event generator and the GSIM package [32], 
which is based on GEANT3 [33]2, to simulate the response of the CLAS 
detector and dual-target setup [26]. The simulation was tuned to pro-
vide a reasonable description of the data. The possible sources of sys-
tematic uncertainties studied include acceptance effects, event selection, 
and particle misidentification. For the azimuthal RMS widths and broad-
enings, there was a small systematic uncertainty due to the finite bin 
width used to calculate them. Other sources of systematic uncertainty, 
such as cross-contamination between bins, beam luminosity, trigger ef-
ficiency, Coulomb effects, and time-dependent effects, were found to be 
negligible. We show the contributions of various types of systematic un-
certainties for the correlation functions and the ratio 𝑅 in Table 1 and 
for the RMS widths and broadenings in Table 2. Each of the listed un-
certainties are ªpoint-to-pointº, affecting each bin by a different amount 
(although there may be some correlation between the bins).

The total relative systematic uncertainty ranged from 15 - 41% for 
𝐶(Δ𝜙,Δ𝑌 ), 6 - 21% for 𝑅, and 3 - 6% for 𝜎. For 𝑏, the systematic uncer-
tainty was about 4% for almost all bins3 Details of these studies on sys-
tematic uncertainties can be found in the Supplementary Materials [31].

5.  Results and discussion

Fig. 2 shows the correlation function 𝐶(Δ𝜙,Δ𝑌 ) with different pan-
els representing different Δ𝑌  bins and the 𝑥 axis representing |Δ𝜙|4 

1 We chose carbon instead of deuterium (as was done in Ref. [20]) for the 
reference target here, since the results for the nuclear targets are more similar 
to one another than they are to deuterium.
2 It should be noted that Geant4 [50] had not been released yet when GSIM 

was being developed, and that GEANT3 was still the standard at the time that 
the data were taken.
3 The one exception is the highest Δ𝑌  bin for Fe, where both the statistical 

and systematic uncertainties are much larger than usual. The reason for this is 
that the measured 𝜎 values for C and Fe are very close together, much less than 
one statistical error bar. Therefore, the relative uncertainties on their quadrature 
difference are very large.
4 We bin in |Δ𝜙| rather than Δ𝜙 since the observed correlation function is 

symmetrical with respect to Δ𝜙 = 𝜋.

Table 1 
Summary of statistical and systematic uncertainties on the correlation func-
tions from various sources, listed separately for deuterium (D) and for the 
nuclear targets (A). We also list the uncertainties for the ratio 𝑅 = 𝐶𝐴∕𝐶𝐷, 
and note whether the systematic uncertainties for the correlation functions 
are correlated between the nuclear and deuterium targets.
 Source Δ𝐶∕𝐶 (D) Δ𝐶∕𝐶 (A)  corr. D vs A Δ𝑅∕𝑅

 Statistics  1−44%  2−41%  N  2−51%
 Endcaps  0−11%  ±  ±  0−11%
 Particle misid.  0−21%  6−37%  Y  6−21%
 Pair acceptance  15%  15%  Y  0%
 Event selection  0−7%  0−7%  Y  0%
 Bin migration  negligible  negligible  ±  negligible
 Time dependent effects  negligible  negligible  ±  negligible
 Luminosity  negligible  negligible  ±  negligible
 Trigger efficiency  negligible  negligible  ±  negligible
 Syst. subtotal  15−27%  16−41%  ±  6−21%
 Total  15−47%  17−46%  ±  7−54%

Table 2 
Same as Table 1, for the widths, 𝜎, and broadenings, 𝑏.
 Source Δ𝜎∕𝜎 (D) Δ𝜎∕𝜎 (A)  corr. D vs A Δ𝑏∕𝑏

 Statistics  0.4−2%  0.5−4%  N  2−500%
 Endcaps <1%  0%  N  0−3%
 Particle misid.  2−3%  2−3%  Y  1−67%
 Pair acceptance  2−4%  2−3%  Y  4%
 Event selection  1%  1%  Y  0%
 Finite bin width  0−3%  0±1%  Y  0−4%
 Bin migration  negligible  negligible  ±  negligible
 Time dependent effects  negligible  negligible  ±  negligible
 Luminosity  negligible  negligible  ±  negligible
 Trigger efficiency  negligible  negligible  ±  negligible
 Syst. subtotal  3−6%  3−4%  Y  4−67%
 Total  3−6%  3−6%  Y  4−504%

We note that the correlation function has a maximum, or ªpeak5º, at 
|Δ𝜙| = 𝜋 (that is, where the two hadrons are azimuthally opposite one 
another) in every bin for every target. Further, this peak is tallest within 
the 1.0 < Δ𝑌 < 1.5 bin (third column). This happens to coincide with the 
average rapidity separation between the 𝛾∗𝑁 system and the lab frame 
(about 1.2), which would be expected if the knocked-out proton rapid-
ity distribution were peaked at that of the lab frame (as would be the 
case if their initial momentum distribution is isotropic), and the leading 
pion rapidity distribution were peaked at the 𝛾∗𝑁 system from which it 
originated. This interpretation could be tested by seeing if this observa-
tion continues to hold true in future measurements, e.g in experiments 
with the CLAS12 detector [34], where a larger range in 𝜈 and 𝑄2 allows 
a larger range of values for the rapidity of the 𝛾∗𝑁 system. The peak 
at |Δ𝜙| = 𝜋 is well pronounced for projections where Δ𝑌  is small, and 
more spread out in the slices where Δ𝑌  is large.

The ratios of the correlation functions for nuclei to those of deu-
terium are shown in the bottom row of Fig. 2. The values of these ratios 
range from near unity to about 30, depending on the target and kine-
matic bin. We note that these ratios are smaller for azimuthally oppo-
site pairs (|Δ𝜙| ≈ 𝜋) than for azimuthally adjacent pairs (|Δ𝜙| ≈ 0). This 
is similar to observations in dipion-production measurements [20,28], 
which were attributed to absorption effects coupled with geometrical 
biases caused by survival selection (that is, hadrons that are absorbed 
in the nucleus are not detected.) [35].

5 Had we shown Δ𝜙 from 0 to 2𝜋, as was done in Ref. [20], this would appear 
as a symmetrical peak, since the correlation function is symmetrical about Δ𝜙 =

𝜋. That is, the correlation function should have the same value at Δ𝜙 = 179◦ and 
at Δ𝜙 = 181◦.
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Fig. 2. Correlation functions for D, C, Fe, and Pb (from top to bottom, first four rows), with Δ𝜙 on the 𝑥 axis within each panel and different bins of Δ𝑌  for each 
column. These are compared to calculations from the BeAGLE model [9] (curves). The horizontal caps in the error bars represent the systematic uncertainties, while 
the outer bars represent the total systematic and statistical uncertainty (added in quadrature). Bottom row: same for the ratios between the nuclear and deuterium 
correlation functions.

We further note that, except when Δ𝑌  is small and |Δ𝜙| ≈ 𝜋, the 
correlation functions are larger for the nuclear targets than for deu-
terium (as indicated by the ratio, 𝑅, being greater than one). Since the 
correlation functions are related to the proton yield per leading pion, 
𝑁𝑒′𝜋𝑝∕𝑁𝑒′𝜋 , (see Eq. 3), it follows that more protons are produced per 
leading-𝜋+ event in nuclei than in deuterium. This can partially be ex-
plained by the fact that there are more protons that can be knocked out 
of a larger nucleus than a smaller nucleus. However, this trend appears 

to saturate, as the values for the correlation functions for iron and lead 
are within about 30% of one another despite lead having more than 
three times as many protons as iron. In a scenario where only the pro-
tons in or near the path of the cascade could be knocked out, the number 
of protons that could be knocked out would scale with the nuclear ra-
dius, which can be proxied by 3

√
𝐴, rather than the atomic number, 𝑍. In 

this case, about 3
√
𝐴Pb∕

3
√
𝐴Fe =

3
√
208∕56 ≈ 1.55 times as many protons 

could be knocked out from Pb than from Fe, which is closer to what 
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Fig. 3. Top row: RMS width 𝜎 as a function of 3
√
𝐴 (left-most panel), and as a function of Δ𝑌  for each target (other panels). Bottom row: same for the azimuthal 

broadening, 𝑏. The horizontal caps in the error bars represent the systematic uncertainties, while the outer bars represent the total systematic and statistical uncertainty 
(added in quadrature). The results are compared to the predictions from the BeAGLE [9], eHIJING [41], and GiBUU [42] models, as well as analogous measurements 
of the dipion channel from Ref. [20] (gray, open squares). The broadenings for the dipion channel were reported in Ref. [20] with respect to deuterium, and have 
been re-calculated with respect to carbon in order to compare them to the results of this work.

we observe than if this were scaled with 𝑍. Further, the cascade has a 
limited amount of energy, some of which causes protons to be knocked 
out and part of which goes into producing other particles, therefore lim-
iting the number of protons that can be knocked out per reaction. This 
explanation can be tested by comparing these results to future measure-
ments at higher energy, such as a recent experiment with the CLAS12 
detector [34], which used D, C, Al, Cu, Sn, and Pb targets. According to 
this interpretation, the saturation effect should occur at a larger value 
of 𝐴 for higher energies than at lower energies.

We also note that in the highest Δ𝑌  bin (rightmost column of Fig. 2), 
the protons and pions are very weakly correlated with one another, as 
indicated by the correlation function having little-to-no slope with re-
spect to Δ𝜙, and that the average number of protons per pion relative 
to deuterium (see bottom-right panel of Fig. 2) is ≈2 for all three tar-
gets. Our observation that the protons are very weakly correlated with 
far-forward pions suggests that future measurements could, by selecting 
events with large or small numbers of protons, seek to enhance or de-
crease nuclear effects without biasing the forward pion kinematics [10].

We compare our results in Fig. 2 with the calculations of the BeA-
GLE model [9] (version 1.01.03), which was developed as a bench-
mark model for the Electron-Ion Collider [22,23]. The BeAGLE event 
generator integrates modules from various sources. The primary in-
teraction is managed by PYTHIA6 [36]. It incorporates nuclear par-
ton distribution functions (PDFs) from LHAPDF5 [37], intranuclear 
scattering via DPMJet [38], and the geometric density of nucleons 
through PyQM [39]. Nuclear remnant de-excitations and decays are 
processed using FLUKA [40]. We determined the correlation functions 
from these simulations by applying Eq. 3 to the number of simulated 
events within each kinematic bin. The value of 𝐶0 used for normaliz-
ing the simulated correlation functions was determined using the deu-
terium simulations and is independent of the value used for data. How-
ever, they are close to one another: 𝐶data

0
≈ 7.5 and 𝐶BeAGLE

0
≈ 8.1, in-

dicating that the prediction for the average number of ejected pro-
tons per leading-pion event in deuterium is within 10% of that of the
data.

We find that the trends are similar to those of the data; however, 
there are numerical discrepancies. Notably, the predicted distribution 
in Δ𝑌  appears to be shifted by one bin, or 0.5 rapidity units compared 
to the data, causing the peak value of the correlation function to be in 
the 4th panel (1.5 < Δ𝑌 < 2.0) instead of the 3rd panel (1.0 < Δ𝑌 < 1.5) 
as in the data. Further, the predicted curves in a given panel appear to 
match the data points in the panel to the left of it better than those in the 
same panel. This could indicate a mis-tuning within the BeAGLE model 
(possibly in the underlying Pythia6 parameters or in BeAGLE’s model-
ing of Fermi motion or other phenomena), causing either the generated 
final-state pions to tend towards higher rapidity than those in the data, 
or the generated protons to tend towards lower rapidity than those in 
the data.

From the correlation functions, we determined the RMS widths, 𝜎, 
integrated in Δ𝑌 , which we show in the top left panel of Fig. 3 as a 
function of 3

√
𝐴 (which proxies the radius of the nucleus). We note that 

𝜎 increases monotonically with respect to increasing nuclear size, with 
values of about 1.13, 1.32, 1.41, and 1.45 for D, C, Fe, and Pb, respec-
tively. This increase is further reflected in the azimuthal broadenings, 
𝑏, which increase as a function of 𝐴, as shown in the lower left panel 
of the same figure. This trend is similar to what was observed in the 
dipion measurements [20] (gray open squares in Fig. 3). We note that 
this increase in width with respect to nuclear size is steeper in this work 
than in Ref. [20]. This seems to suggest that low-energy protons undergo 
stronger final-state interactions than secondary pions. In the context of 
some models, such as the GiBUU model [42], when secondary pions are 
produced, they have a ªpre-hadronicº phase when they are color neutral 
but are not fully formed. During this phase, the ªpre-hadronsº have a 
weaker interaction with the nuclear material than after they have fully 
formed. Since protons from knockout are already fully formed, they do 
not have this pre-hadronic phase; therefore they interact with the nu-
cleus as soon as they are struck by the cascade. Another possible expla-
nation is that the protons have lower kinetic energy than pions of the 
same momentum, and are therefore more susceptible to energy loss and 
absorption effects.
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In the subsequent columns of this figure, we show the widths and 
broadenings as a function of Δ𝑌  for each target. The widths increase 
monotonically as a function of Δ𝑌  (which was also observed for the 
dipion channel in Ref. [20], however we observe that the slope of this 
dependence is larger for the 𝜋𝑝 channel than for the dipion channel). The 
broadening is consistently negative (up to ≈ −0.8) for deuterium and 
positive for iron (up to ≈ 0.6) and lead (up to ≈ 0.7), with the exception 
of one bin in which the uncertainties are very large.

These trends in the widths and broadenings are reproduced by the 
BeAGLE model, which predicts the values of 𝜎 within about one error 
bar for the integrated results (upper left panel of Fig. 3). However, the 
agreement with the data is not as good within slices in Δ𝑌  as in the inte-
grated results. This appears to be related to the discrepancy mentioned 
above, where the predicted correlation functions appear to be shifted in 
Δ𝑌  relative to the data.

We also compared our results for the widths and broadenings to the 
predictions of the eHIJING model [41] (version 1.0) and the GiBUU 
model [42] (2021 release) in Fig. 3. We also provide a comparison be-
tween these models’ predictions for the correlation functions and the 
ratio, 𝑅, in the Supplementary Materials [31]. In eHIJING, the hard-
scattering process, along with initial- and final-state fragmentation, is 
simulated using PYTHIA8 [43]. The model incorporates nuclear modi-
fications to PDFs, fragmentation, and parton showering. It also handles 
multiple collisions between partons and the rest of the nucleus, with 
a cross section proportional to the transverse-momentum-dependent 
gluon distribution density. Like the BeAGLE model, eHIJING was de-
veloped for the Electron-Ion Collider.

The GiBUU model incorporates treatment of final-state interactions, 
absorption, and production mechanisms with elastic and inelastic chan-
nels. The GiBUU model describes the single-hadron and di-hadron data 
reasonably well from CLAS [16,20,28] and HERMES [12,13,15]. We 
modified the default values of several parameters related to parton dis-
tributions and fragmentation in free nucleons, based on a tuning study 
that used an independent proton-target dataset from Ref. [44], and 
which was further validated with dipion correlations in Ref. [20]. This 
tuning does not modify the nuclear effects.

Both the eHIJING and GiBUU models reproduce the trends of the 
data. The eHIJING predictions have a smaller variation of 𝜎 with respect 
to both nuclear size and Δ𝑌 . Further, it underestimates the magnitude 
of the broadening compared to the data. The GiBUU model predicts the 
widths very well for deuterium (both in the Δ𝑌  bins and when integrated 
in Δ𝑌 ), but underpredicts the widths for the nuclear targets.

6.  Summary and conclusions

We have reported the first measurement of angular correlations be-
tween leading pions and protons emerging from nuclear fragmentation, 
opening a new avenue to study how nuclei respond to fast hadrons.

Using electron-nucleus scattering data collected with the CLAS de-
tector on deuterium and a broad set of heavier targets, we measured 
correlation functions that peak when the two particles are azimuthally 
back-to-back and their rapidity difference matches that between the vir-
tual photon+struck-nucleon frame and the initial-nucleus rest frame. 
As the rapidity separation increases, the azimuthal peak broadens; this 
broadening is more pronounced in larger nuclei.

The azimuthal-peak width grows systematically with nuclear size, 
and the proton yield per pion also rises but it appears to saturate for the 
heaviest targets. These patterns are consistent with a picture in which 
hadron absorption and interactions in the hadronic cascade widen the 
correlation and the larger pool of protons in heavier nuclei enhances the 
yield.

Compared with earlier dipion measurements [20], the 𝜋𝑝 channel 
shows a markedly stronger dependence on both nuclear size and rapid-
ity separation. The trends are qualitatively reproduced by the state-of-
the-art 𝑒𝐴 event-generator models BeAGLE, eHIJING, and GiBUU, but 

quantitative differences remain, highlighting opportunities to refine the 
treatment of nuclear fragmentation.

Our results establish a benchmark for forthcoming di-hadron and 
slow-nucleon production studies in DIS, as well as for the development 
of corresponding event-generator models for experiments at Jefferson 
Lab [34,45,46] and at future Electron-Ion Colliders [22,47].

Data Availability

We provide in Ref. [48] the code we used to extract the (Δ𝜙,Δ𝑌 )
histograms from the output files of event generators (in order to pro-
duce the correlation functions) in the form of a module in the Rivet 
framework [49]. The values of the correlation functions, the ratio 𝑅, 
RMS widths, and broadenings reported in this work can be found in the 
Supplementary Materials [31]. Data will be made available on request.
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