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We present the first threefold differential measurement for neutral-pion multiplicity ratios produced in semi-
inclusive deep-inelastic electron scattering on carbon, iron, and lead nuclei normalized to deuterium from CLAS
at Jefferson Lab. We found that the neutral-pion multiplicity ratio is maximally suppressed for the leading
hadrons (energy fraction z → 1), suppression varying from 25% in carbon up to 75% in lead. An enhancement
of the multiplicity ratio at low z and high p2

T is observed, suggesting an interconnection between these two
variables. This behavior is qualitatively similar to the previous twofold differential measurement of charged
pions by the HERMES Collaboration and, recently, by CLAS Collaboration. The largest enhancement was
observed at high p2

T for heavier nuclei, namely, iron and lead, while the smallest enhancement was observed
for the lightest nucleus, carbon. This behavior suggests a competition between partonic multiple scattering,
which causes enhancement, and hadronic inelastic scattering, which causes suppression.

DOI: 10.1103/kbhz-h4jv

I. INTRODUCTION

Hadron formation is one of the last frontiers of quantum
chromodynamics (QCD). While successful models of this
process exist, they only have a tenuous connection to the
underlying QCD origin of the process. The long distance
scales involved in hadron formation currently preclude use of
perturbative methods to calculate, for example, fragmentation
functions (FFs), which describe how color-carrying quarks
and gluons turn into color-neutral hadrons or photons [1].

The kinematic region of lepton deep-inelastic scattering at
high xB j , where xB j is the fraction of the proton momentum
carried by the struck quark, offers a powerfully simple inter-
pretation compared to low xB j where quark pair production
dominates [2]. In the single-photon exchange approximation,
a valence quark absorbs the full energy and momentum of
the virtual photon γ ∗; thus the energy transfer gives the
initial energy of the struck quark, neglecting intrinsic quark
momentum, and neglecting Fermi momentum of the nucleon
for nuclear interactions. At the same level of approximation,

035203-2

https://crossmark.crossref.org/dialog/?doi=10.1103/kbhz-h4jv&domain=pdf&date_stamp=2025-09-04
https://doi.org/10.1103/kbhz-h4jv


SUPPRESSION OF NEUTRAL-PION PRODUCTION IN … PHYSICAL REVIEW C 112, 035203 (2025)

the initial direction of the struck quark is known from the
momentum transfer of the collision, which provides a unique
reference axis. For nuclear targets, this essentially creates a
secondary “beam” of quarks of known energy and direction,
for which the interaction with the nuclear system provides
information at the femtometer distance scale.

An important experimental observable sensitive to the in-
medium hadronization process—the complex process of the
evolution of a struck quark into multiple hadrons—is the
hadronic multiplicity ratio. It is defined as the normalized
yield of hadron h produced on a heavy nuclear target A relative
to a light nucleus, e.g., deuterium D:

Rh
(
ν, Q2, z, p2

T

) = NA
h

(
ν, Q2, z, p2

T

)/
NA

e (ν, Q2)

ND
h

(
ν, Q2, z, p2

T

)/
ND

e (ν, Q2)
, (1)

where Nh is the number of hadrons produced in semi-inclusive
deep-inelastic scattering (SIDIS) events, in which, following
the γ ∗ scattering off the quark, the leading hadron is detected
in addition to the scattered electron; Ne is the number of
DIS electrons within the same inclusive kinematic bins for
the numerator as for the denominator; Q2 is the γ ∗ four-
momentum transfer squared, ν is the energy transferred which
in the laboratory frame is defined as ν = E − E ′ (E and E ′
is energy of the incoming and outgoing electrons, respec-
tively), z is the energy fraction of the hadron defined as z
= Eh/ν, and p2

T is the component of the hadron momentum
squared transverse to the γ ∗ direction; the dependence on
φpq, the azimuthal angle of the hadron with respect to the
lepton plane, was integrated over. The hadronic multiplicity
ratio quantifies the extent to which hadron production is en-
hanced or attenuated in nuclei compared to deuterium; in the
absence of any nuclear effects, this observable is equal to
unity.

Nuclear SIDIS experiments have been performed in fixed-
target conditions in facilities such as SLAC, CERN (SPS),
DESY (HERMES), and Jefferson Lab (CLAS). The study
of nuclear SIDIS with fully identified final state hadrons
began with the HERMES program, which published a se-
ries of papers between 2001 and 2011 [3–8], opening an
era of quantitative studies of color propagation and hadron
formation using nuclei as spatial analyzers. The one- and
twofold differential hadron production data off nuclei can
be described with some level of success by models [9–22]
using two in-medium ingredients: (1) quark energy loss
and (2) interactions of forming hadrons with the nuclear
medium. The final HERMES paper [8] underlines the impor-
tance of multidifferential cross sections, since charged-hadron
multiplicity data display nontrivial features that cannot be
captured by a one-dimensional description, particularly for the
baryons. A comprehensive review can be found in Ref. [23].
One-, two- and threefold differential measurements of Rh

for identified hadrons were reported by CLAS experiments
[24–26].

This paper presents the first threefold differential measure-
ment of neutral-pion multiplicity ratios in SIDIS kinematics.
Neutral pions are substantially more difficult to measure than
charged pions mainly because of limited statistics and the
presence of combinatorial backgrounds. Nevertheless, they

are an essential measurement for completing the understand-
ing of the isospin triplet state of the pion. While having a
much more limited range in Q2 and ν, the integrated lumi-
nosity in the new data set is two orders of magnitude greater
than that of HERMES, dramatically increasing the statistical
accuracy of the measurement. This allowed us to extend one-
dimensional HERMES π0 data measured up to mass number
131 [5] to three-dimensional data with mass numbers up
to 208.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

The data were collected during the EG2 run period in Hall
B of Jefferson Lab using the CEBAF Large Acceptance Spec-
trometer (CLAS) [27] and a 5.014 GeV electron beam. CLAS
was based on a sixfold symmetric toroidal magnet, created by
six large superconducting coils that divided the spectrometer
into six independently instrumented sectors, and comprising
four types of detectors: drift chambers (DCs) followed by
Cerenkov counters (CCs), time-of-flight (TOF) scintillators,
and electromagnetic shower calorimeters (ECs). Photons from
π0 decay were measured in the EC at angles from about 8 to
45°.

One key ingredient in reducing systematic uncertainties
of the multiplicity ratios was the use of a dual target. The
target system consisted of a 2-cm-long liquid-deuterium cry-
otarget separated by 4 cm from independently insertable solid
targets (see Ref. [28]). The center of the cryotarget cell
and the solid target were placed 30 and 25 cm upstream
of the CLAS center, respectively, in order to increase ac-
ceptance for negatively charged particles. The advantage of
the double target is that since the electron beam passed si-
multaneously through both targets, time-dependent systematic
effects were reduced. A wealth of information was collected
during the EG2 experiment providing data for hadronization,
color transparency [29], and short-range correlations [30]
studies.

The SIDIS reaction e + A → e′ + π0 + X is measured,
where e and e′ are the incident and scattered electrons, re-
spectively, and X is the undetected part of the hadronic final
state. Since the π0 decays almost instantaneously into two
photons (π0 → γ γ ), events with one scattered electron and
at least two photons were selected. The invariant mass of the
two-photon system was used to identify π0 candidates.

The scattered electrons were selected in the following
ranges: 1.0 < Q2 < 4.1 GeV2, 2.2 < ν < 4.25 GeV, and W >

2 GeV, where W is γ ∗-nucleon invariant mass squared. The
requirement of Q2 > 1 GeV2 and W > 2 GeV allowed us to
probe nucleon structure in the DIS regime and reduce nucleon
resonance region contributions; the requirement of ν < 4.25
GeV allowed us to reduce the size of radiative effects reflected
in the y = ν

E < 0.85 cut, where y is the energy fraction of
the γ ∗. These cuts ensured xB j > 0.1, meaning that valence
quarks in the target nucleon were probed. Detector accep-
tance and experimental statistics dictated π0 kinematics of 0.3
< z < 1.0 and 0 < p2

T < 1.5 GeV2. The event phase space
was divided into two sets of threefold differential multiplicity
ratios with (1) a total of 108 bins in (ν, z, p2

T ) integrated
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FIG. 1. Left: Number of events as a function of π 0 invariant mass in a particular (ν, z, p2
T ) bin with fit to a scaled mixed background

(red). Right: Number of events as a function of invariant mass of the corresponding mixed background fitted with a fourth-order polynomial.
The total fit function is p0 (p1 + p2 (x) + p3 (x2) + p4 (x3) + p5 (x4))+N exp( −(x−μ)2

2 σ 2 ), where p0 is background normalization, p1−p5 are
predetermined by the event mixing, N is a free parameter corresponding to normalization p6, μ and σ are parameters p7 and p8; the latter three
are reflected on the right plot. The fitting procedure was performed twice: first, in the range 0.03 < Mγ γ < 0.25 GeV to provide an estimate to
μ and σ ; second, in the range (−5σ , +5σ ) as indicated by the length of the red curve.

over Q2, and (2) a total of 54 bins in (Q2, ν, z) integrated
over p2

T .
The electron selection was done as follows: first, a nega-

tively charged track in the DC plus a signal in the TOF and
EC was required; next, this candidate must have matching
between mirror number and projectile angle of the track in
the CC (this requirement is similar to the cut on the number
of photoelectrons without removing good electrons); it further
must satisfy the sampling fraction cut and have a minimum en-
ergy deposited in the EC and, lastly, satisfy a coincidence time
cut between the EC and TOF signals. We excluded DC regions
with nonuniform tracking efficiency and transverse shower
leakage. In order to determine the origin of the scattering
event, the intersection of the electron track with the plane con-
taining the ideal beam position was used. However, during the
experiment, the beam was offset introducing sector-dependent
effects in the vertex reconstruction. Electron-proton elastic
scattering was used to determine the beam offset which was
then used to correct the reconstructed interaction vertex for
each event to make it sector independent.

Following electron identification, all the neutral hits were
considered in the EC provided their energy exceeded 0.3 GeV.
Photons were separated from neutrons based on expected
photon arrival time �t = tEC − lEC/c − tstart, where tEC is the
time at the EC, lEC is the distance from the target to the EC
hit, c is the speed of light, and tstart is the event start time
[31]. To avoid transverse shower energy leakage, events at
the edge of the EC were rejected. Photons detected within
12◦ of the electron track were rejected in order to remove
events from bremsstrahlung radiation. In order to improve
π0 resolution, measured photon energy was corrected for a

small momentum dependence of the EC sampling fraction
[31]. Finally, π0 candidates were reconstructed from all pairs
of photons detected in each event (see Fig. 1). After photon
energy correction, the minimum energy of the π0 candidate
was Eπ0 > 0.5 GeV.

To calculate the number of π0’s, the two-photon invari-
ant mass spectrum was fit with a Gaussian function plus a
polynomial background (see Fig. 1). To determine the shape
of the combinatorial background, an event-mixing technique,
consisted of combining photons from uncorrelated events,
was used. In order to achieve a good description of the
backgrounds across all kinematics, only photons from kine-
matically matched events were combined using the method
described in Appendix A. A more detailed description of the
improved event-mixing technique can be found in Ref. [31].
The number of π0’s was calculated from the integral of the
Gaussian function situated on top of a fourth-order polyno-
mial of the event-mixed background.

III. CORRECTIONS

The multiplicity ratio of Eq. (1) can be viewed as a π0

number ratio NA/D
π0 normalized by the electron number ratio

ND/A
e . Corrections to ND/A

e include (i) acceptance correction
factors: these range from unity up to 8%; (ii) radiative correc-
tions due to internal radiation associated with bremsstrahlung
off the nucleon: increase the multiplicity ratio up to 3%; (iii)
radiative corrections due to Coulomb distortion in the field
of the nucleus: decrease the multiplicity ratio down to 4%
with the largest corrections for Pb. Internal radiative correc-
tions were calculated based on the Mo and Tsai formalism
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[32] while Coulomb corrections—on the effective momentum
approximation [33]. Both are incorporated in the EXTERNAL

code [34]. The CLAS detector response was simulated with
the gsim package, based on geant3, which includes the loca-
tions and materials of the dual target. The external radiative
corrections that are associated with bremsstrahlung in the
target material were incorporated in the geant3 simulations,
and were accounted for by applying acceptance correction
factors. Corrections applied to NA/D

π0 for SIDIS π0s include
(i) acceptance correction factors: these change the multiplicity
ratio from −17% to +8% for (ν, z, p2

T ) bins and from −14%
to +4% for (Q2, ν, z); (ii) radiative corrections for SIDIS π0s:
these affect the multiplicity ratio by less than 0.5%. The latter
were calculated using the haprad code [35] that was modified
using empirically derived nuclear structure functions. The
combined effect of ND/A

e and NA/D
π0 radiative corrections does

not exceed 4.8%. Finally, due to the presence of the 15 µm
aluminum walls (end caps) of the liquid-deuterium target
cell, we corrected the multiplicity ratio for the ND

e and ND
π0

resulting in less than 1% correction. Acceptance correction
factors were calculated on a bin-by-bin basis using the LEPTO
event generator 6.5.1 [36], modified to include nuclear Fermi
motion of the target nucleon according to the Ciofi-Simula
parametrization [37].

Systematic uncertainties of the measurement comprise the
following: (i) electron identification: target selection cuts,
EC sampling fraction cuts, π− contamination, DC fiducial
cuts, and electron radiative corrections; (ii) photon identifi-
cation: cut on minimum energy deposited in EC, time cut �t ,
EC fiducial cuts; and (iii) π0 identification: background and
signal shapes of the invariant mass distribution, acceptance
corrections, and SIDIS radiative corrections. Systematic un-
certainties were evaluated independently for each set of bins,
(ν, z, p2

T ) or (Q2, ν, z), for each nuclear ratio and applied either
as a normalization or as a bin-by-bin uncertainty. The largest
contribution to the normalization-type uncertainty came from
target vertex identification. It results in 3.1%, 2.4%, and 2.3%,
for C, Fe, and and Pb, respectively, in the (ν, z, p2

T ) set
of bins, and slightly smaller values for the (Q2, ν, z) bins.
The dominant source of the bin-by-bin systematic uncertainty
is the π0 invariant mass fit. This uncertainty included both
uncertainties on the background and signal shapes ranging on
average from 1.4% for Fe in (Q2, ν, z) bins to 4.7% for Pb
in (ν, z, p2

T ) bins. The total average systematic uncertainties
in (Q2, ν, z) are 5.0%, 4.9%, and 6.9% for C, Fe, and Pb
multiplicities correspondingly; in (ν, z, p2

T ) they average to
7.1%, 7.1%, and 9.6% for C, Fe, and Pb, respectively. The
average statistical uncertainty is typically several percent less.

The data supporting this study’s results are available in
Appendix B.

IV. RESULTS AND DISCUSSION

The threefold differential π0 multiplicity ratios are pre-
sented in bins of (Q2, ν, z) integrated over p2

T (Fig. 2) and in
bins of (ν, z, p2

T ) integrated over Q2 (Fig. 3). We compare our
results (Figs. 2 and 4) with those obtained from calculations
using the GiBUU Monte Carlo program [38] using default

FIG. 2. Three-dimensional π 0 multiplicity ratios for C, Fe, and
Pb in (Q2, ν, z) bins plotted as a function of z. Each one of the six
bins in z contains nine data points that correspond to the combination
of the three bins of ν and three bins in Q2. Each of the nine points
in z is shifted around the center value of the bin; the points are
plotted together with its statistical and systematic uncertainties. The
full circles correspond to the average value of the multiplicity ratio in
a given z bin. The solid bands represent the GiBUU model for each
target with the width of the band indicating statistical errors of the
simulations.

parametrization of GiBUU 2019 and employing the same
kinematic selections as in our data.

In Fig. 2, the multiplicity ratios are shown as a function
of z in bins of (Q2, ν). The data points are plotted alongside
the model predictions. The data exhibit a flat behavior in the
range 0.3 < z < 0.65 and a monotonic decrease for higher
values of z. There is a notable dependence on nuclear size,
indicating a path-length-dependent process. For the smallest
nucleus, carbon, suppression ranges from approximately 10%
at moderate z to about 25% at the highest z. In contrast, for the
largest nucleus, lead, suppression varies from 50% at lower z
to approximately 75% at the highest z.

In modern energy loss models [39], this attenuation is
attributed to the assumption that a propagating quark emits
multiple gluons as it traverses the nuclear medium; the larger
the nucleus, the greater the gluon emission and the asso-
ciated quark energy losses. Within the framework of the
GiBUU (Giessen Boltzmann-Uehling-Uhlenbeck) transport
model [11], which is largely based on elastic and inelastic
pre-hadronic final-state interactions, the overall attenuation is
understood in terms of pure hadron absorption resulting from
an increased interaction time with the nuclear medium. The
data are qualitatively described by GiBUU over the entire z
range for all targets. However, nuclear attenuation is underes-
timated for larger nuclei. This behavior resembles the trends
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FIG. 3. π 0 multiplicity ratios for C, Fe, and Pb in (ν, z, p2
T ) bins plotted as a function of p2

T in bins of ν (top horizontal line) and z (indicated
by the color). Points are shifted for ease of visualization around the mean value of p2

T . Statistical uncertainties are indicated by black vertical
lines; systematic uncertainties by the color bars. Horizontal uncertainties are related to the size of the bin: while for most bins in p2

T they are
the same for each bin in z and the target, a few bins have smaller uncertainty bands related to the interval of data significance in the bin.

FIG. 4. π 0 multiplicity ratios for Fe in (ν, z, p2
T ) as a function of p2

T in bins of ν (each panel) and z (indicated by the color). Markers
correspond to data points; the solid lines correspond to GiBUU projections with the width of the band indicating statistical errors of the
simulation.

035203-6



SUPPRESSION OF NEUTRAL-PION PRODUCTION IN … PHYSICAL REVIEW C 112, 035203 (2025)

observed in charged-pion and K0 multiplicity ratio measure-
ments from the same run period [24,26].

From Fig. 2, no significant dependence on energy and
momentum transfer to the system, i.e., Q2 and ν, is observed.
However, the range of CLAS kinematics is much narrower
than that of HERMES, where such dependencies were ob-
served.

In Fig. 3, multiplicity ratios are shown as a function of p2
T

in bins of (ν, z). The overall trend for all three targets is an en-
hancement of Rπ0 at high p2

T and low z, along with an overall
atenuation as z increases. Rπ0 exhibits a pronounced depen-
dence on p2

T in correlation with z. It remains independent of
p2

T for all values of z providing p2
T < 0.5 GeV2. However,

it increases rapidly for large p2
T and small z, reaching values

exceeding unity. The nuclear ordering of Rπ0 enhancement
at high p2

T compared to low p2
T indicates that the relative

enhancement is largest for heavier nuclei, such as lead and
iron, while the smallest relative enhancement is observed for
carbon. Additionally, a dependence on energy transfer ν is
observed, with the enhancement being most pronounced at the
lowest values of ν. Comparing enhancement of multiplicity
ratios at highest values of p2

T for π0 with that of π+, we
observe a smaller enhancement for π0 at the lowest values
of z. In the case of carbon, this enhancement for π+ would be
nearly four times larger than that for π0.

The pattern of Rπ0 enhancement at low z and high p2
T

is commonly referred to as the Cronin effect [40]. It was
first observed in measurements by the European Muon Col-
laboration (EMC) [41], the Fermilab E665 experiment [42],
and later confirmed by HERMES [8] and CLAS [26]. The
Rπ0 behavior reported in this paper is qualitatively simi-
lar to the previous HERMES and CLAS measurements of
charged pions. The GiBUU model provides a good descrip-
tion of the Cronin enhancement, as shown in Fig. 4 for
the case of iron. Multiplicity ratios are observed to ex-
ceed unity at the lowest values of z and the highest values
of p2

T . However, GiBUU predicts a smaller enhancement
at low z compared to the data, suggesting that some as-
pects of the theoretical description at high p2

T and low
to mid z values are incomplete. GiBUU accounts for the
Cronin effect through the combined contributions of hadronic
multiple scattering, final-state interactions, formation times,
and nuclear medium effects such as color transparency and
shadowing.

In the limit z → 1, the lifetime of the propagating quark
vanishes, as it is not allowed to lose any energy and, therefore,
cannot accumulate transverse momentum through rescatter-
ing. In contrast, the low z regime corresponds to the opposite
behavior, leading to the enhancement of transverse momenta.
This scenario also suggests that the attenuation in the limit
z → 1 is purely due to hadron absorption. The dependence
of the Cronin effect on nuclear size points to a compe-
tition between partonic multiple scattering, which causes
enhancement, and hadronic inelastic scattering, which leads
to suppression.

The data points that support the findings of this article are
published below in Appendix B: Tabulated Multiplicity Ratio
Results.

V. SUMMARY AND CONCLUSIONS

In summary, we present the first threefold differential π0

multiplicity ratio measurements in SIDIS off D, C, Fe, and
Pb. The results are reported in two sets of bins: Rπ0 (Q2, ν,
z) and Rπ0 (ν, z, p2

T ). From the first set of bins, we observe
a strong dependence of the ratios on nuclear size, with the
largest suppression observed for the highest atomic number
A. This suppression remains constant in the moderate z range
and decreases rapidly for leading hadrons (z > 0.65). The
maximum suppression ranges from 25% for carbon to 75%
for lead. Over the kinematic range of the CLAS experiment,
the suppression of neutral pions shows no dependence on
the energy and momentum transfer to the system, i.e., ν and
Q2. The second set of bins shows that the multiplicity ratios
are enhanced above unity for large p2

T and small z (Cronin
effect). The nuclear ordering of the Cronin effect reveals that
the most significant enhancement at high p2

T occurs for the
heaviest nuclei, such as iron and lead. Additionally, there is
a noticeable dependence on ν, with the largest Cronin effect
observed at the lowest energy transfers. The z dependence of
the multiplicity ratios, as well as the Cronin effect, is qualita-
tively described by the GiBUU transport model. Overall, the
observed suppression (Rπ0 < 1) and enhancement (Rπ0 > 1)
patterns are consistent with previous measurements of the
π0’s charged isospin partners, π+ and π−, with the exception
that the high p2

T enhancement is smaller for π0 compared to
the charged pions.

These measurements have been successfully extended with
an 11 GeV electron beam in the Jefferson Lab experi-
ment E12-06-117 [43]. Offering a wider range in Q2 and
ν and higher luminosity, a wealth of new opportunities is
becoming feasible: access to the quark mass dependence
of the hadronization with GeV-scale meson formation, ex-
traction of fourfold multiplicities for a large spectrum of
hadrons, and searches for diquark correlations in baryon
formation [25,44]. With its collider energies and extended
range of kinematic variables, the proposed eA program at
the Electron-Ion Collider [45] will provide new insights into
hadronization mechanisms. This includes clean measurements
of medium-induced energy loss in scenarios where hadrons
are formed outside the nuclear medium, as well as studies of
potentially very different hadronization properties for heavy
mesons.
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APPENDIX A: EVENT MIXING FOR BACKGROUND
SUBTRACTION

Due to the shortness of the π0 lifetime, its direct detection
at these energies is impossible; therefore an invariant mass
analysis is the only procedure available when considering
the SIDIS reaction. Construction of all possible combinations
of two photons within one event produces a Gaussian-type
peak distributed around the mπ0 on top of the background.
However, since our data set is finely binned, and each bin is
limited in statistics, the free-parameter polynomial fit of the
background would lead to unnecessarily large uncertainties on
the extracted number of π0’s. An a priori knowledge of the
background shape allows for a reduction in this uncertainty
by adapting a polynomial fit to the background shape, thus
allowing to have only one free parameter: the normalization
of the fit function.

In order to estimate the shape under the combinatorial
background, a commonly used approach is that of event mix-
ing. It consists of constructing the invariant mass distribution
by combining a single photon γ1 from one event with a single
photon γ2 from another event into a pair mγ1γ2 . Such com-
binations are constructed over the entire data set. Since our
data are binned in (Q2, ν, z) and (ν, z, p2

T ) bins, we divide
mixed events distribution into those bins, fitting each bin with
a fourth-order polynomial function. This allows for the prede-
termination of coefficients for the polynomial function used to
fit the background data. This function will only have one free
aforementioned parameter (corresponding to the parameter p0

on the left of Fig. 1).
In general, such an approach works well to describe the

background shape on a large kinematical range; however, in
our case of multiple fine binning it fails to properly mimic
the shape of the background across all the bins. The main
reason why it fails is related to the difference in kinematics
of the events used to construct a mixed pair. Combining two

uncorrelated photons, that come from two different scattering
events, can result in a mixed pair that carries neither direc-
tion nor the kinematics of an actual event. In other words,
a mixed pair constructed from two uncorrelated events may
violate kinematics with respect to the single-event pair of
photons. On a large kinematical range such differences av-
erage. However, when the background shape is nonlinear and
the phase-space is restricted, such recombination will not re-
spect the distribution of the actual two-photon invariant mass
background.

This difference can be corrected by accounting for the
global characteristics of mixed events. To do this, we first
restrict the phase-space available for choosing an uncorrelated
photon: the kinematics of each event from which γ1 and γ2

originate must be such that the scattered electron e′ and one of
the photons from the π0 candidate from event 1 must belong to
the same kinematical bin in (Q2, ν) and (z, p2

T ) as those from
event 2. Next, in order to mimic initial kinematical conditions
as if two uncorrelated photons, γ1 and γ2, were originating
from the same scattering event, we rotate one of the photons
around the electron beam by the angular difference δφ be-
tween virtual photons γ ∗

1 and γ ∗
2 . In other words, in order to

match the initial kinematics of uncorrelated events, one of the
events is rotated by the angle δφ so that the virtual photons
of two uncorrelated events have the same φ. One may also
consider to rotate the entire event by the δθ angle, such that
the virtual photons from two uncorrelated events also have
the same θ . Such rotation, however, will shift the actual beam
position in the rotated event, which is undesirable. Therefore,
only the δφ rotation is performed.

The improvement of general event mixing proved accurate
on the large sample of finely binned MC events with tagged
photons. Providing a larger statistical sample of real data
events, this special event -mixing method could have been
further refined, by, for example, imposing kinematical con-
straints on the difference between momentum transferred by
the virtual photons between two events or on the kinematical
characteristics of the resulting mixed mγ1γ2 . To conclude, a
priori knowledge of the background shape is beneficial as
it provides a more accurate fit and, therefore, smaller uncer-
tainty on the extracted Nπ0 as compared to the free-parameter
polynomial, in particular, in those bins where the background
shape is rapidly changing, or in those where the overall statis-
tics is small.

APPENDIX B: TABULATED MULTIPLICITY
RATIO RESULTS

Tables I and II tabulate numerical results of neutral-pion
multiplicity ratios, as illustrated in Figs. 2 and 3 , respec-
tively, with statistical and systematic uncertainties in each of
the threefold bins in (Q2, ν, z) and (ν, z, p2

T ) for C, Fe, and Pb
nuclei. Multiplicity ratios are reported as Multiplicity Ratio ±
Statistical ± Systematical Uncertainties.
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TABLE I. Numerical results for π 0 multiplicity ratios for C, Fe, and Pb in (ν, z, p2
T ) bins as depicted in Fig. 3.

2.2 < ν < 3.2, 0.3 < z < 0.4

p2
T bin Carbon Iron Lead

0.0–0.1 0.875 ± 0.020 ± 0.046 0.616 ± 0.012 ± 0.033 0.486 ± 0.014 ± 0.027
0.1–0.25 0.841 ± 0.015 ± 0.044 0.614 ± 0.010 ± 0.032 0.456 ± 0.011 ± 0.027
0.25–0.4 0.872 ± 0.027 ± 0.047 0.653 ± 0.017 ± 0.033 0.493 ± 0.019 ± 0.036
0.–0.55 1.078 ± 0.072 ± 0.066 0.800 ± 0.041 ± 0.039 0.45 ± 0.043 ± 0.029
0.55–0.75 1.295 ± 0.248 ± 0.413 1.214 ± 0.168 ± 0.148 1.106 ± 0.179 ± 0.051
0.75–1.5 – – –

3.2 < ν < 3.73, 0.3 < z < 0.4

p2
T bin Carbon Iron Lead

0.0–0.1 0.917 ± 0.021 ± 0.047 0.652 ± 0.013 ± 0.033 0.464 ± 0.014 ± 0.025
0.1–0.25 0.879 ± 0.014 ± 0.045 0.659 ± 0.009 ± 0.032 0.485 ± 0.010 ± 0.026
0.25–0.4 0.850 ± 0.018 ± 0.044 0.657 ± 0.011 ± 0.032 0.532 ± 0.013 ± 0.029
0.4–0.55 0.914 ± 0.032 ± 0.047 0.778 ± 0.022 ± 0.038 0.582 ± 0.025 ± 0.043
0.55–0.75 1.156 ± 0.089 ± 0.064 1.003 ± 0.053 ± 0.057 0.750 ± 0.070 ± 0.046
0.75–1.5 – – –

3.73 < ν < 4.25, 0.3 < z < 0.4

p2
T bin Carbon Iron Lead

0.0–0.1 0.823 ± 0.023 ± 0.047 0.619 ± 0.015 ± 0.037 0.467 ± 0.017 ± 0.032
0.1–0.25 0.855 ± 0.016 ± 0.049 0.609 ± 0.009 ± 0.036 0.454 ± 0.010 ± 0.031
0.25–0.4 0.849 ± 0.018 ± 0.048 0.649 ± 0.011 ± 0.038 0.515 ± 0.013 ± 0.036
0.4–0.55 0.873 ± 0.026 ± 0.049 0.686 ± 0.016 ± 0.039 0.544 ± 0.018 ± 0.040
0.55–0.75 0.937 ± 0.042 ± 0.070 0.917 ± 0.033 ± 0.049 0.755 ± 0.038 ± 0.042
0.75–1.5 1.411 ± 0.185 ± 0.100 1.566 ± 0.151 ± 0.077 0.820 ± 0.123 ± 0.181

2.2 < ν < 3.2, 0.4 < z < 0.5

p2
T bin Carbon Iron Lead

0.0–0.1 0.833 ± 0.021 ± 0.048 0.627 ± 0.014 ± 0.038 0.447 ± 0.015 ± 0.03
0.1–0.25 0.843 ± 0.017 ± 0.048 0.617 ± 0.011 ± 0.036 0.461 ± 0.012 ± 0.032
0.25–0.4 0.871 ± 0.023 ± 0.049 0.616 ± 0.014 ± 0.036 0.454 ± 0.015 ± 0.033
0.4–0.55 0.910 ± 0.038 ± 0.054 0.742 ± 0.025 ± 0.041 0.514 ± 0.028 ± 0.033
0.55–0.75 1.089 ± 0.088 ± 0.064 0.930 ± 0.055 ± 0.057 0.6 ± 0.062 ± 0.037
0.75–1.5 2.024 ± 0.416 ± 0.196 1.805 ± 0.242 ± 0.092 –

3.2 < ν < 3.73, 0.4 < z < 0.5

p2
T bin Carbon Iron Lead

0.0–0.1 0.823 ± 0.026 ± 0.048 0.623 ± 0.017 ± 0.036 0.494 ± 0.020 ± 0.037
0.1–0.25 0.876 ± 0.019 ± 0.049 0.608 ± 0.011 ± 0.034 0.460 ± 0.013 ± 0.029
0.25–0.4 0.876 ± 0.021 ± 0.049 0.634 ± 0.012 ± 0.035 0.465 ± 0.014 ± 0.032
0.4–0.55 0.847 ± 0.028 ± 0.049 0.710 ± 0.018 ± 0.038 0.563 ± 0.022 ± 0.039
0.55–0.75 0.996 ± 0.045 ± 0.059 0.850 ± 0.029 ± 0.044 0.619 ± 0.034 ± 0.049
0.75–1.5 1.374 ± 0.137 ± 0.081 1.220 ± 0.082 ± 0.090 1.012 ± 0.121 ± 0.123

3.73 < ν < 4.25, 0.4 < z < 0.5

p2
T bin Carbon Iron Lead

0.0–0.1 0.828 ± 0.041 ± 0.051 0.552 ± 0.023 ± 0.036 0.444 ± 0.027 ± 0.035
0.1–0.25 0.811 ± 0.023 ± 0.047 0.596 ± 0.014 ± 0.037 0.441 ± 0.015 ± 0.035
0.25–0.4 0.856 ± 0.024 ± 0.048 0.619 ± 0.014 ± 0.037 0.486 ± 0.016 ± 0.040
0.4–0.55 0.934 ± 0.032 ± 0.051 0.655 ± 0.018 ± 0.039 0.484 ± 0.021 ± 0.041
0.55–0.75 0.927 ± 0.037 ± 0.057 0.777 ± 0.024 ± 0.048 0.652 ± 0.031 ± 0.047
0.75–1.5 1.316 ± 0.081 ± 0.068 1.193 ± 0.052 ± 0.062 0.981 ± 0.069 ± 0.059
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TABLE I. (Continued.)

2.2 < ν < 3.2, 0.5 < z < 0.6

p2
T bin Carbon Iron Lead

0.0000.1 0.834 ± 0.026 ± 0.044 0.593 ± 0.016 ± 0.033 0.381 ± 0.017 ± 0.038
0.1000.25 0.917 ± 0.024 ± 0.047 0.634 ± 0.014 ± 0.034 0.446 ± 0.015 ± 0.034
0.25–0.4 0.922 ± 0.027 ± 0.047 0.642 ± 0.016 ± 0.036 0.442 ± 0.017 ± 0.033
0.4–0.55 0.909 ± 0.037 ± 0.047 0.698 ± 0.024 ± 0.037 0.503 ± 0.029 ± 0.034
0.55–0.75 0.949 ± 0.063 ± 0.050 0.763 ± 0.037 ± 0.039 0.531 ± 0.048 ± 0.033
0.75–1.5 1.493 ± 0.221 ± 0.079 1.315 ± 0.123 ± 0.079 1.074 ± 0.176 ± 0.085

3.2 < ν < 3.73, 0.5 < z < 0.6

p2
T bin Carbon Iron Lead

0.0–0.1 0.893 ± 0.038 ± 0.052 0.595 ± 0.021 ± 0.033 0.489 ± 0.026 ± 0.037
0.1–0.25 0.868 ± 0.026 ± 0.046 0.600 ± 0.015 ± 0.033 0.416 ± 0.016 ± 0.029
0.25–0.4 0.870 ± 0.027 ± 0.046 0.600 ± 0.015 ± 0.033 0.483 ± 0.019 ± 0.035
0.4–0.55 0.931 ± 0.036 ± 0.049 0.739 ± 0.022 ± 0.038 0.501 ± 0.024 ± 0.029
0.55–0.75 0.952 ± 0.044 ± 0.058 0.790 ± 0.029 ± 0.041 0.526 ± 0.033 ± 0.038
0.75–1.5 1.234 ± 0.083 ± 0.069 1.148 ± 0.057 ± 0.055 0.794 ± 0.068 ± 0.080

2.2 < ν < 3.2, 0.5 < z < 0.6

p2
T bin Carbon Iron Lead

0.0–0.1 0.807 ± 0.065 ± 0.047 0.584 ± 0.038 ± 0.033 0.397 ± 0.041 ± 0.045
0.1–0.25 0.859 ± 0.034 ± 0.056 0.557 ± 0.018 ± 0.032 0.394 ± 0.021 ± 0.030
0.25–0.4 0.772 ± 0.030 ± 0.046 0.587 ± 0.019 ± 0.034 0.419 ± 0.021 ± 0.035
0.4–0.55 0.817 ± 0.035 ± 0.047 0.629 ± 0.023 ± 0.035 0.478 ± 0.027 ± 0.029
0.55–0.75 1.044 ± 0.051 ± 0.057 0.692 ± 0.027 ± 0.037 0.557 ± 0.035 ± 0.035
0.75–1.5 1.167 ± 0.067 ± 0.064 0.984 ± 0.041 ± 0.059 0.672 ± 0.048 ± 0.046

2.2 < ν < 3.2, 0.6 < z < 0.7

p2
T bin Carbon Iron Lead

0.0–0.1 0.918 ± 0.035 ± 0.062 0.666 ± 0.021 ± 0.046 0.454 ± 0.023 ± 0.046
0.1–0.25 0.884 ± 0.029 ± 0.06 0.633 ± 0.018 ± 0.045 0.433 ± 0.02 ± 0.042
0.25–0.4 0.858 ± 0.031 ± 0.059 0.603 ± 0.018 ± 0.043 0.404 ± 0.02 ± 0.04
0.4–0.55 0.838 ± 0.041 ± 0.058 0.728 ± 0.028 ± 0.05 0.435 ± 0.032 ± 0.044
0.55–0.75 1.017 ± 0.066 ± 0.073 0.67 ± 0.034 ± 0.049 0.476 ± 0.046 ± 0.038
0.75–1.5 1.684 ± 0.2± 0.121 1.248 ± 0.099 ± 0.077 0.937 ± 0.136 ± 0.097

3.2 < ν < 3.73, 0.6 < z < 0.7

p2
T bin Carbon Iron Lead

0.0–0.1 0.994 ± 0.051 ± 0.058 0.578 ± 0.026 ± 0.032 0.437 ± 0.032 ± 0.048
0.1–0.25 0.921 ± 0.036 ± 0.047 0.591 ± 0.019 ± 0.036 0.409 ± 0.023 ± 0.031
0.25–0.4 0.913 ± 0.035 ± 0.048 0.602 ± 0.02 ± 0.034 0.464 ± 0.025 ± 0.033
0.4–0.55 0.935 ± 0.047 ± 0.053 0.641 ± 0.024 ± 0.032 0.424 ± 0.03 ± 0.025
0.55–0.75 0.89 ± 0.05 ± 0.045 0.687 ± 0.029 ± 0.034 0.498 ± 0.039 ± 0.026
0.75–1.5 1.039 ± 0.074 ± 0.052 1.028 ± 0.053 ± 0.053 0.613 ± 0.063 ± 0.098

3.73 < ν < 4.2, 0.6 < z < 0.7

p2
T bin Carbon Iron Lead

0.0–0.1 0.668 ± 0.061 ± 0.044 0.508 ± 0.038 ± 0.032 0.251 ± 0.041 ± 0.027
0.1–0.25 0.813 ± 0.044 ± 0.061 0.563 ± 0.025 ± 0.040 0.415 ± 0.029 ± 0.031
0.25–0.4 0.811 ± 0.041 ± 0.051 0.623 ± 0.026 ± 0.040 0.380 ± 0.027 ± 0.032
0.4–0.55 0.909 ± 0.052 ± 0.052 0.608 ± 0.028 ± 0.036 0.345 ± 0.034 ± 0.047
0.55–0.75 1.023 ± 0.063 ± 0.063 0.654 ± 0.033 ± 0.038 0.490 ± 0.045 ± 0.033
0.75–1.5 1.078 ± 0.067 ± 0.081 0.816 ± 0.039 ± 0.065 0.525 ± 0.045 ± 0.045
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TABLE I. (Continued.)

2.2 < ν < 3.2, 0.7 < z < 0.8

p2
T bin Carbon Iron Lead

0.0–0.1 0.828 ± 0.038 ± 0.075 0.620 ± 0.023 ± 0.059 0.358 ± 0.024 ± 0.042
0.1–0.25 0.830 ± 0.034 ± 0.075 0.584 ± 0.020 ± 0.055 0.368 ± 0.023 ± 0.040
0.25–0.4 0.811 ± 0.037 ± 0.073 0.611 ± 0.022 ± 0.056 0.330 ± 0.026 ± 0.041
0.4–0.55 0.759 ± 0.047 ± 0.070 0.536 ± 0.026 ± 0.051 0.288 ± 0.033 ± 0.035
0.55–0.75 0.832± 0.067 ±0.079 0.552 ± 0.035 ± 0.055 0.310 ± 0.050 ± 0.037
0.75–1.5 1.910 ± 0.235 ± 0.164 1.425 ± 0.137 ± 0.126 1.105 ± 0.289 ± 0.119

3.2 < ν < 3.73, 0.7 < z < 0.8

p2
T bin Carbon Iron Lead

0.0–0.1 0.935 ± 0.062 ± 0.087 0.618 ± 0.033 ± 0.058 0.374 ± 0.040 ± 0.060
0.1–0.25 0.876 ± 0.047 ± 0.080 0.648 ± 0.026 ± 0.059 0.421 ± 0.033 ± 0.043
0.25–0.4 0.801 ± 0.042 ± 0.076 0.577 ± 0.025 ± 0.062 0.336 ± 0.029 ± 0.035
0.4–0.55 0.739 ± 0.049 ± 0.071 0.544 ± 0.028 ± 0.051 0.359 ± 0.037 ± 0.038
0.55–0.75 1.022 ± 0.077 ± 0.098 0.719 ± 0.041 ± 0.065 0.481 ± 0.058 ± 0.051
0.75–1.5 0.796 ± 0.066 ± 0.090 0.644 ± 0.040 ± 0.066 0.510 ± 0.066 ± 0.088

3.73 < ν < 4.2, 0.7 < z < 0.8

p2
T bin Carbon Iron Lead

0.0–0.1 0.716 ± 0.112 ± 0.071 0.592 ± 0.069 ± 0.094 0.165 ± 0.060 ± 0.025
0.1–0.25 0.831 ± 0.064 ± 0.049 0.553 ± 0.035 ± 0.039 0.287 ± 0.044 ± 0.032
0.25–0.4 0.885 ± 0.069 ± 0.061 0.613 ± 0.037 ± 0.040 0.370 ± 0.050 ± 0.036
0.4–0.55 0.781 ± 0.066 ± 0.048 0.514 ± 0.035 ± 0.037 0.255 ± 0.052 ± 0.038
0.55–0.75 0.902 ± 0.086 ± 0.063 0.600 ± 0.042 ± 0.039 0.294 ± 0.057 ± 0.031
0.75–1.5 0.988 ± 0.076 ± 0.069 0.728 ± 0.046 ± 0.043 0.376 ± 0.055 ± 0.030

2.2 < ν < 3.2, 0.8 < z < 1.0

p2
T bin Carbon Iron Lead

0.0–0.1 0.785 ± 0.031 ± 0.068 0.528 ± 0.017 ± 0.047 0.311 ± 0.020 ± 0.032
0.1–0.25 0.733 ± 0.031 ± 0.063 0.499 ± 0.018 ± 0.043 0.280 ± 0.020 ± 0.026
0.25–0.4 0.667 ± 0.032 ± 0.058 0.433 ± 0.018 ± 0.037 0.269 ± 0.025 ± 0.031
0.4–0.55 0.689 ± 0.044 ± 0.060 0.475 ± 0.025 ± 0.041 0.254 ± 0.033 ± 0.024
0.55–0.75 1.218 ± 0.104 ± 0.106 0.878 ± 0.059 ± 0.075 0.508 ± 0.097 ± 0.044
0.75–1.5 – – –

3.2 < ν < 3.73, 0.8 < z < 1.0

p2
T bin Carbon Iron Lead

0.0–0.1 0.796 ± 0.048 ± 0.075 0.483 ± 0.025 ± 0.046 0.258 ± 0.027 ± 0.054
0.1–0.25 0.721 ± 0.038 ± 0.066 0.472 ± 0.021 ± 0.044 0.259 ± 0.028 ± 0.030
0.25–0.4 0.714 ± 0.043 ± 0.068 0.446 ± 0.024 ± 0.052 0.263 ± 0.028 ± 0.028
0.4–0.55 0.777 ± 0.055 ± 0.074 0.528 ± 0.030 ± 0.048 0.210 ± 0.029 ± 0.026
0.55–0.75 0.702 ± 0.055 ± 0.072 0.436 ± 0.029 ± 0.042 0.264 ± 0.051 ± 0.036
0.75–1.5 – – –

3.73 < ν < 4.2, 0.8 < z < 1.0

p2
T bin Carbon Iron Lead

0.0–0.1 0.614 ± 0.119 ± 0.071 0.337 ± 0.060 ± 0.093 0.140 ± 0.058 ± 0.031
0.1–0.25 0.760 ± 0.069 ± 0.050 0.439 ± 0.033 ± 0.040 0.204 ± 0.042 ± 0.036
0.25–0.4 0.701 ± 0.066 ± 0.057 0.439 ± 0.033 ± 0.039 0.149 ± 0.029 ± 0.037
0.4–0.55 0.707 ± 0.065 ± 0.048 0.433 ± 0.035 ± 0.039 0.164 ± 0.043 ± 0.041
0.55–0.75 0.625 ± 0.073 ± 0.057 0.433 ± 0.038 ± 0.038 0.248 ± 0.067 ± 0.036
0.75–1.5 – – –
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TABLE II. Numerical results for π 0 multiplicity ratios for C, Fe, and Pb in (Q2, ν, z) bins as depicted in Fig. 2.

1.0 < Q2 < 1.33, 2.2 < ν < 3.2

z bin Carbon Iron Lead

0.3–0.4 0.877 ± 0.020 ± 0.080 0.630 ± 0.012 ± 0.026 0.459 ± 0.013 ± 0.024
0.4–0.5 0.838 ± 0.019 ± 0.036 0.618 ± 0.012 ± 0.026 0.471 ± 0.014 ± 0.024
0.5–0.6 0.864 ± 0.023 ± 0.038 0.610 ± 0.013 ± 0.026 0.435 ± 0.015 ± 0.030
0.6–0.7 0.881 ± 0.028 ± 0.039 0.642 ± 0.017 ± 0.027 0.448 ± 0.019 ± 0.025
0.7–0.8 0.825 ± 0.032 ± 0.041 0.581 ± 0.018 ± 0.027 0.389 ± 0.023 ± 0.022
0.8–1.0 0.715 ± 0.029 ± 0.037 0.514 ± 0.017 ± 0.026 0.326 ± 0.021 ± 0.020

1.0 < Q2 < 1.33, 3.2 < ν < 3.73

z bin Carbon Iron Lead

0.3–0.4 0.867 ± 0.018 ± 0.041 0.664 ± 0.011 ± 0.030 0.501 ± 0.013 ± 0.028
0.4–0.5 0.873 ± 0.021 ± 0.041 0.643 ± 0.012 ± 0.030 0.491 ± 0.015 ± 0.029
0.5–0.6 0.838 ± 0.026 ± 0.039 0.642 ± 0.016 ± 0.031 0.440 ± 0.017 ± 0.037
0.6–0.7 0.900 ± 0.033 ± 0.042 0.659 ± 0.020 ± 0.035 0.460 ± 0.024 ± 0.040
0.7–0.8 0.891 ± 0.048 ± 0.048 0.658 ± 0.027 ± 0.031 0.488 ± 0.033 ± 0.030
0.8–1.0 0.812 ± 0.047 ± 0.046 0.523 ± 0.025 ± 0.027 0.270 ± 0.025 ± 0.024

1.0 < Q2 < 1.33, 3.73 < ν < 4.2

z bin Carbon Iron Lead

0.3–0.4 0.826 ± 0.017 ± 0.037 0.624 ± 0.010 ± 0.028 0.484 ± 0.012 ± 0.027
0.4–0.5 0.830 ± 0.023 ± 0.038 0.628 ± 0.013 ± 0.028 0.489 ± 0.016 ± 0.033
0.5–0.6 0.829 ± 0.030 ± 0.039 0.632 ± 0.018 ± 0.028 0.496 ± 0.020 ± 0.032
0.6–0.7 0.947 ± 0.041 ± 0.042 0.632 ± 0.023 ± 0.028 0.412 ± 0.026 ± 0.032
0.7–0.8 0.856 ± 0.055 ± 0.039 0.559 ± 0.030 ± 0.030 0.349 ± 0.035 ± 0.023
0.8–1.0 0.751 ± 0.060 ± 0.036 0.434 ± 0.028 ± 0.027 0.228 ± 0.038 ± 0.020

1.33 < Q2 < 1.76, 2.2 < ν < 3.2

z bin Carbon Iron Lead

0.3–0.4 0.843 ± 0.017 ± 0.037 0.627 ± 0.011 ± 0.025 0.408 ± 0.010 ± 0.022
0.4–0.5 0.869 ± 0.017 ± 0.038 0.701 ± 0.011 ± 0.044 0.463 ± 0.012 ± 0.024
0.5–0.6 0.901 ± 0.021 ± 0.038 0.642 ± 0.012 ± 0.026 0.453 ± 0.013 ± 0.023
0.6–0.7 0.856 ± 0.023 ± 0.037 0.642 ± 0.014 ± 0.026 0.448 ± 0.016 ± 0.026
0.7–0.8 0.836 ± 0.027 ± 0.038 0.596 ± 0.015 ± 0.028 0.375 ± 0.017 ± 0.023
0.8–1.0 0.749 ± 0.024 ± 0.035 0.503 ± 0.013 ± 0.026 0.316 ± 0.015 ± 0.021

1.33 < Q2 < 1.76, 3.2 < ν < 3.73

z bin Carbon Iron Lead

0.3–0.4 0.879 ± 0.017 ± 0.043 0.673 ± 0.011 ± 0.030 0.550 ± 0.013 ± 0.029
0.4–0.5 0.850 ± 0.019 ± 0.041 0.654 ± 0.012 ± 0.030 0.499 ± 0.014 ± 0.027
0.5–0.6 0.900 ± 0.025 ± 0.042 0.634 ± 0.014 ± 0.029 0.518 ± 0.018 ± 0.035
0.6–0.7 0.891 ± 0.031 ± 0.042 0.617 ± 0.017 ± 0.029 0.503 ± 0.022 ± 0.035
0.7–0.8 0.904 ± 0.040 ± 0.046 0.649 ± 0.023 ± 0.032 0.409 ± 0.027 ± 0.024
0.8–1.0 0.815 ± 0.038 ± 0.042 0.537 ± 0.021 ± 0.029 0.337 ± 0.026 ± 0.021

1.33 < Q2 < 1.76, 3.73 < ν < 4.2

z bin Carbon Iron Lead

0.3–0.4 0.829 ± 0.017 ± 0.069 0.638 ± 0.011 ± 0.030 0.474 ± 0.012 ± 0.029
0.4–0.5 0.911 ± 0.024 ± 0.044 0.646 ± 0.014 ± 0.030 0.511 ± 0.016 ± 0.031
0.5–0.6 0.915 ± 0.032 ± 0.044 0.625 ± 0.018 ± 0.032 0.467 ± 0.020 ± 0.031
0.6–0.7 0.935 ± 0.039 ± 0.045 0.679 ± 0.023 ± 0.033 0.433 ± 0.026 ± 0.037
0.7–0.8 0.843 ± 0.049 ± 0.055 0.598 ± 0.029 ± 0.035 0.383 ± 0.038 ± 0.031
0.8–1.0 0.672 ± 0.050 ± 0.052 0.441 ± 0.025 ± 0.032 0.275 ± 0.036 ± 0.029

035203-12



SUPPRESSION OF NEUTRAL-PION PRODUCTION IN … PHYSICAL REVIEW C 112, 035203 (2025)

TABLE II. (Continued.)

1.76 < Q2 < 4.1, 2.2 < ν < 3.2

z bin Carbon Iron Lead

0.3–0.4 0.915 ± 0.023 ± 0.046 0.669 ± 0.014 ± 0.035 0.534 ± 0.017 ± 0.036
0.4–0.5 0.869 ± 0.022 ± 0.061 0.660 ± 0.014 ± 0.036 0.486 ± 0.016 ± 0.035
0.5–0.6 0.902 ± 0.027 ± 0.045 0.674 ± 0.016 ± 0.035 0.469 ± 0.018 ± 0.035
0.6–0.7 0.901 ± 0.032 ± 0.046 0.693 ± 0.020 ± 0.037 0.504 ± 0.023 ± 0.040
0.7–0.8 0.836 ± 0.033 ± 0.045 0.629 ± 0.020 ± 0.035 0.325 ± 0.022 ± 0.037
0.8–1.0 0.772 ± 0.031 ± 0.043 0.543 ± 0.018 ± 0.033 0.328 ± 0.021 ± 0.038

1.76 < Q2 < 4.1, 3.2 < ν < 3.73

z bin Carbon Iron Lead

0.3–0.4 0.917 ± 0.016 ± 0.042 0.689 ± 0.010 ± 0.032 0.517 ± 0.011 ± 0.031
0.4–0.5 0.876 ± 0.017 ± 0.041 0.651 ± 0.011 ± 0.031 0.496 ± 0.012 ± 0.030
0.5–0.6 0.894 ± 0.022 ± 0.042 0.683 ± 0.013 ± 0.031 0.500 ± 0.015 ± 0.032
0.6–0.7 0.892 ± 0.027 ± 0.044 0.640 ± 0.016 ± 0.031 0.468 ± 0.019 ± 0.030
0.7–0.8 0.796 ± 0.028 ± 0.038 0.615 ± 0.017 ± 0.031 0.443 ± 0.022 ± 0.027
0.8–1.0 0.802 ± 0.028 ± 0.038 0.548 ± 0.016 ± 0.030 0.299 ± 0.018 ± 0.024

1.76 < Q2 < 4.1, 3.73 < ν < 4.2

z bin Carbon Iron Lead

0.3–0.4 0.873 ± 0.016 ± 0.040 0.651 ± 0.010 ± 0.029 0.513 ± 0.011 ± 0.029
0.4–0.5 0.894 ± 0.021 ± 0.041 0.661 ± 0.012 ± 0.030 0.512 ± 0.015 ± 0.030
0.5–0.6 0.905 ± 0.028 ± 0.045 0.658 ± 0.017 ± 0.030 0.495 ± 0.020 ± 0.041
0.6–0.7 0.905 ± 0.033 ± 0.042 0.656 ± 0.020 ± 0.029 0.461 ± 0.022 ± 0.027
0.7–0.8 0.869 ± 0.040 ± 0.042 0.632 ± 0.024 ± 0.029 0.362 ± 0.028 ± 0.030
0.8–1.0 0.733 ± 0.038 ± 0.037 0.566 ± 0.023 ± 0.027 0.273 ± 0.027 ± 0.029
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