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We present the first three-fold differential neutral pion multiplicity ratios produced in semi-12

inclusive deep inelastic electron scattering on carbon, iron and lead nuclei normalized to deuterium13

from CLAS measurements at Jefferson Lab. We found that the neutral pion multiplicity ratio is14

maximally suppressed for the leading hadrons (energy transfer z → 1), suppression varying from15

25% on carbon up to 75% in lead. An enhancement of the multiplicity ratio at low z and high p2T16

is observed, suggesting an interconnection between these two variables. This behavior is qualita-17

tively similar to the previous two-fold differential measurement of charged pions by the HERMES18

Collaboration. However, in contrast to the published CLAS and HERMES results on charged pi-19

ons, the largest enhancement was observed at high p2T for the lightest nucleus - carbon and the20

lowest enhancement for the heaviest nucleus - lead. This behavior suggests a competition between21

partonic multiple scattering, which causes enhancement, and hadronic inelastic scattering, which22

causes suppression.23

Hadron formation is one of the last frontiers of QCD.24

While successful models of this process exist, they only25

have a tenuous connection to the underlying QCD ori-26

gin of the process. The long distance scales involved in27

hadron formation currently preclude use of perturbative28

methods to calculate, for example, fragmentation func-29

tions (FF), which describe how color-carrying quarks and30

gluons turn into color-neutral hadrons or photons. The31

need for use of Minkowski space at high xBj currently32

precludes lattice QCD calculations.33

The kinematic region of lepton deep-inelastic scatter-34

ing at high Bjorken scaling variable xBj , where xBj is the35

fraction of the proton momentum carried by the struck36

quark, offers a powerfully simple interpretation compared37

to low xBj where quark pair production dominates [1].38

In the single-photon exchange approximation, a valence39

quark absorbs the full energy and momentum of the vir-40

tual photon; thus, the energy transfer gives the initial41

energy of the struck quark, neglecting intrinsic quark mo-42

mentum, and neglecting Fermi momentum of the nucleon43

for nuclear interactions. At the same level of approxima-44

tion, the initial direction of the struck quark is known45

from the momentum transfer of the collision, which pro-46

vides a unique reference axis. For nuclear targets, this es-47

sentially creates a secondary “beam” of quarks of known48

energy and direction, for which the interaction with the49

nuclear system provides information at the femtometer50

distance scale.51

An important experimental observable sensitive to the52

in-medium hadronization process - the complex process53

of the evolution of a struck quark into multiple hadrons54

- is the hadronic multiplicity ratio. It is defined as the55

normalized yield of hadron h produced on a heavy nuclear56

target A relative to a light target, e.g., deuterium D:57

Rh(ν,Q
2, z,p2T) =

NA
h (ν,Q
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A
e (ν,Q
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ND
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where Nh is the number of hadrons produced in semi-58

inclusive deep-inelastic scattering (SIDIS) events, in59

which, following the virtual photon scattering off the60

quark, the leading hadron is detected in addition to the61

scattered electron; Ne is the number of DIS electrons62

within the same inclusive kinematic bins for the numer-63

ator as for the denominator; Q2 is the virtual photon64

four-momentum transfer squared, ν is the energy trans-65

ferred which in the lab frame is defined as ν = E − E′
66

(E and E′ is energy of the incoming and outgoing elec-67

trons, respectively), z is the energy fraction of the hadron68

defined as z = Eh/ν, and p2T is the component of the69

hadron momentum transverse to the virtual photon di-70

rection; the dependence on ϕpq, the azimuthal angle of71

the hadron with the lepton plane, was integrated over.72

The hadronic multiplicity ratio, reflecting modification73

of the FF in nuclei compared to deuterium, quantifies74

the extent to which hadron production is enhanced or75

attenuated at a given value of the kinematic variables.76

In the absence of any nuclear effects, this observable is77

equal to unity.78

Nuclear SIDIS experiments have been performed in79

fixed-target conditions in facilities (experimental setups)80

such as the Stanford Linear Accelerator Center - SLAC81

(E665), CERN Super Proton Synchrotron - SPS (EMC),82

Deutsches Elektronen Synchrotron - DESY (HERMES)83
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and Thomas Jefferson National Accelerator facility - Jef-84

ferson Lab (CLAS). The study of nuclear SIDIS with fully85

identified final state hadrons began with the HERMES86

program, which published a series of papers between 200187

and 2011 [2–7], opening an era of quantitative studies88

of color propagation and hadron formation using nuclei89

as spatial analyzers. Multiplicity ratios were presented90

for various identified hadrons (π±, π0, K±, p, p̄) first91

as one-fold functions of ν, Q2, z or p2T , and later, in92

the final paper of this series, as two-fold differentials for93

charged hadrons. The one- and two-fold meson produc-94

tion data off nuclei can be described with some level of95

success by models [8–22] using two in-medium ingredi-96

ents: (1) quark energy loss and (2) interactions of form-97

ing hadrons with the nuclear medium. Most models are98

based on only one of these ingredients, or they add these99

two ingredients classically. However, one model invoking100

interference processes gave qualitative indications that101

quantum mechanical effects could also play a role [23].102

The final HERMES paper of this series [7] underlines103

the importance of multi-differential cross sections, since104

charged-hadron multiplicity data displays nontrivial fea-105

tures that cannot be captured by a one-dimensional de-106

scription, particularly for the baryons. A comprehensive107

review can be found in Ref. [24]. One-, two- and three-108

fold measurements of Rh for identified hadrons were re-109

ported by CLAS experiments [25–27].110

This paper presents the first multi-dimensional mea-111

surement of neutral pion multiplicity ratios in SIDIS112

kinematics. Neutral pions are substantially more diffi-113

cult to measure than charged pions due to more limited114

statistics and due to the presence of combinatorial back-115

grounds. While having a much more limited range in Q2
116

and ν, the new data set has two orders of magnitude117

greater integrated luminosity than that of HERMES,118

dramatically increasing the statistical accuracy of the119

measurement. This allowed us to extend one-dimensional120

HERMES π0 data measured up to mass number 131 [4],121

to three-dimensional data with mass numbers up to 208.122

The data were collected during the EG2 run period123

in Hall B of Jefferson Lab using the CEBAF Large Ac-124

ceptance Spectrometer (CLAS) [28] and a 5.014 GeV125

electron beam. CLAS was based on a six-fold symmet-126

ric toroidal magnet, created by six large superconducting127

coils that divided the spectrometer into six independently128

instrumented sectors. The polarity of the toroidal field129

was chosen such that negatively charged particles were130

deflected towards the beam axis. CLAS had four types131

of detectors: drift chambers (DC) followed by Cerenkov132

counters (CC), time-of-flight (TOF) scintillators, and133

electromagnetic shower calorimeters (EC). Photons from134

π0 decay were measured in the EC at angles from about135

8 to 45 degrees.136

One key ingredient in reducing systematic uncertain-137

ties of the multiplicity ratios was the use of a dual-target.138

The target system consisted of a 2 cm liquid-deuterium139

cryotarget separated by 4 cm from independently in-140

sertable solid targets (see Ref. [29]). The center of the141

cryotarget cell and the solid target were placed 30 cm142

and 25 cm upstream of the CLAS center, respectively, in143

order to increase acceptance for negatively charged parti-144

cles. Since the electron beam passed simultaneously, first145

through the deuterium target and then through one of the146

solid targets, time-dependent systematic effects were re-147

duced. Furthermore, the close spacing of the two targets148

compared to the large dimensions of the CLAS detector149

minimized detector acceptance differences between the150

solid and deuterium targets.151

The SIDIS reaction e+A → e′ + π0 +X is measured,152

where e and e′ are the incident and scattered electrons,153

respectively, andX is the undetected part of the hadronic154

final state. Since the π0 decays almost instantaneously155

into two photons (π0 → γγ), events with one scattered156

electron and at least two photons were selected. The in-157

variant mass of the two-photon system was used to iden-158

tify π0 candidates.159

The scattered electrons were selected in the following160

ranges: 1.0 < Q2 < 4.1 GeV2, 2.2 < ν < 4.25 GeV and161

W > 2 GeV. The requirement on Q2 > 1 GeV2 and162

W > 2 GeV allowed to probe nucleon structure in the163

DIS regime and reduce nucleon resonance region contri-164

butions; the requirement on ν < 4.25 GeV (y = ν
E <0.85)165

allowed to reduce the size of radiative effects. These166

cuts also ensured xBj > 0.1, such that valence quarks167

in the target nucleon were probed. Detector acceptance168

and experimental statistics limit the π0 kinematics to:169

0.3 < z < 1.0 and 0 < p2T < 1.5 GeV2. The event phase170

space was divided into two sets of three-fold differential171

multiplicity ratios with: 1) a total of 108 bins in (ν, z, p2T )172

integrated over Q2 2) a total of 54 bins in (Q2, ν, z) inte-173

grated over p2T . These choices were based on the physics174

of interest and on the available statistics.175

Electrons were selected by requiring a negatively176

charged particle with a good track in the DC and a signal177

in the TOF and EC. Further, a signal in the CC with a178

mirror number matching the particle angle, a signal in179

the EC matching the particle energy (with sector- and180

momentum-dependent cuts on the sampling fraction), a181

minimum energy deposited in the layer of the EC, and182

a coincidence time matching between the EC and TOF183

signals were required. Regions near the detector accep-184

tance edges with non-uniform tracking efficiency in the185

DC and transverse shower leakage in the EC were elim-186

inated. The intersection of the electron track with the187

plane containing the ideal beam position was used to de-188

termine the origin of the scattering event, corresponding189

to either the deuterium or nuclear targets. During the190

run, the beam was offset from its ideal position, intro-191

ducing sector-dependent effects in the vertex reconstruc-192

tion. Electron-proton elastic scattering was used to de-193

termine the beam offset; the latter used to correct the194

reconstructed interaction vertex for each event.195
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FIG. 1. Left: The number of events plotted versus the two-photon (π0 candidate) invariant mass in a particular (ν, z, p2T )
bin, showing the fit to a scaled mixed background (red) plus Gaussian. Right: The number of events plotted versus invariant
mass for the corresponding mixed background fitted with a 4th order polynomial. The total signal plus background fit function

is: p[0]·(p[1]+p[2]·x+p[3]·x2+p[4]·x3+p[5]·x4)+p[6] ·exp(−(x−p[7])2

2·p[8]2 ), where p0 determines the background normalization, p1-p5

are fixed by the mixed-event fit, and p6-p8 are free parameters corresponding to the normalization, µ and σ of the Gaussian
peak function. The fitting procedure was performed twice: first in the range 0.03 < Mγγ < 0.25 GeV to provide an estimate of
µ and σ (corresponding to the notation of coefficients p[7] and p[8] of left plot), and then in the range (-5σ,+5σ) as indicated
by the length of the red curve. The number of π0 events is then calculated from the integral of the Gaussian.

Once an event with a good electron was identified, all196

the neutral hits were considered in the EC provided mini-197

mum uncorrected energy of Eγ > 0.3 GeV. Photons were198

separated from neutrons by cutting on the difference from199

the expected photon arrival time ∆t = tEC - lEC/30 -200

tstart, where tEC is the arrival time at the EC in ns, lEC201

is the distance from the target to the EC hit in cm, the202

speed of light is 30 [cm/ns] and tstart is the event time at203

the target as determined from the electron [30]. To avoid204

transverse shower energy leakage, events at the edge of205

the EC were cut out. Photons detected within 12◦ of the206

electron track were rejected in order to remove events207

from bremsstrahlung radiation. In order to improve π0
208

resolution, measured photon energy was corrected for a209

small momentum dependence of the EC sampling frac-210

tion [30]. Finally, π0 candidates were reconstructed from211

all pairs of photons detected in each event (see Fig. 1).212

After photon energy correction, the minimum energy of213

π0 candidate was Eπ0 >0.5 GeV.214

Finally, to calculate the number of π0’s, the two-215

photon invariant mass spectrum was fit with a Gaussian216

peak function plus a polynomial background (see Fig. 1).217

Since the background in the two-photon invariant mass218

spectrum was combinatorial, an event mixing technique219

consisted of combining photons from uncorrelated events220

was used. However, the resulting combinatorial spec-221

trum did not describe well the backgrounds. For this222

reason, only photons from kinematically matched events223

were combined. This provided a good description of the224

backgrounds across all kinematics. A detailed descrip-225

tion of the improved event-mixing technique can be found226

in [30]. The resulting event-mixed background distribu-227

tion was then fit with a 4th-order polynomial, from which228

the free parameters of the fit were predetermined. They229

were later used when fitting the signal plus background230

spectrum of the π0 invariant mass with a constant times231

the background polynomial plus a three-parameter Gaus-232

sian. The number of π0’s was then calculated from the233

integral of the Gaussian function.234

The multiplicity ratio of Eq. 1 can be described as the235

super-ratio of the hadron number ratio for nucleus A and236

deuterium normalized by the electron number ratio for237

the same two nuclei. Corrections to the electron num-238

ber ratio include: (i) acceptance correction factors due239

to electron acceptance in deuterium relative to the solid240

targets: these decrease the multiplicity ratio of a percent241

up to 8%; (ii) radiative corrections due to internal radia-242

tion: these increase the multiplicity ratio up to 3%; (iii)243

radiative corrections due to Coulomb distortion in the244

field of the nucleus: these decrease the multiplicity ratio245

by 0 to 4% with the largest corrections for Pb. Inclusive246

radiative corrections due to internal radiation are associ-247

ated with bremsstrahlung off the nucleon from which the248

scattering took place and were calculated based on the249

Mo and Tsai formalism [31]. Calculation of the of the250

Coulomb corrections was based on the effective momen-251

tum approximation [32]. Both corrections are incorpo-252

rated in the EXTERNAL code [33]. Additionally, there253
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FIG. 2. π0 multiplicity ratios for C, Fe, and Pb in (ν, z, p2T ) bins plotted as a function of p2T 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 p2T . 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 p2T they are the same for each bin in z and target, a few bins have smaller uncertainty bands
related to the interval of data significance in the bin.

were radiative corrections due to external radiation, asso-254

ciated with bremsstrahlung in the target material; those255

were incorporated in the GEANT simulations and were256

accounted for by applying acceptance correction factors.257

Corrections applied to the π0 number ratio include:258

(i) acceptance correction factors, which change the mul-259

tiplicity ratio depending on the binning: from -17% to260

+8% for (ν, z, p2T ) bins and from -14% to +4% for261

(Q2, ν, z) binning; (ii) radiative corrections for SIDIS π0,262

which were calculated with the HAPRAD code [34] that263

was modified using empirically derived nuclear structure264

functions. These corrections affect the multiplicity ratio265

by less than 0.5%. The combined effect of radiative cor-266

rections on the multiplicity ratio from both the leptonic267

and hadronic number ratios does not exceed 4.8%. Fi-268

nally, corrections were calculated due to the presence of269

the 15 µm aluminum entrance and exit walls (endcaps) of270

the liquid-deuterium target cell. The endcaps affect mea-271

surements of electrons and π0 from the liquid-deuterium272

target. This correction decreased the multiplicity ratio273

by less than 1%.274

Acceptance correction factors were obtained by gener-275

ating DIS events using the LEPTO 6.5.1 [35] Monte Carlo276

event generator, modified to include nuclear Fermi mo-277

tion of the target nucleon according to the Ciofi-Simula278

parametrization [36]. The CLAS detector response was279

simulated with the GSIM package, based on GEANT3,280

which also includes the locations and materials of the281

dual-target. Acceptance corrections were calculated on a282

bin-by-bin basis as the ratio of the number of generated283
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FIG. 3. π0 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 9 points corresponding to the 3 bins of ν and 3
bins in Q2. Each of the 9 points in z is shifted around the
center value of the bin; the points, plotted together with its
statistical and systematic uncertainties, are enclosed in a box
to improve the visualization. The center of the box is the
center of the z bin, and the outermost uncertainty of each set
defines the height of the box. Additionally, for the purpose
of visualization, each target has a band drawn around the
average with the width corresponding to the average of all
measurements performed in each z-bin.

events (electrons or π0) to the number of reconstructed284

events per bin per target (solid or deuterium). Using285

simulations, a small number of bins was removed that286

had significant bin migration effects, or, in other words,287

low purity.288

The sources of systematic uncertainties include: (i)289

electron identification: target selection cuts, EC sam-290

pling fraction cuts, π− contamination, DC fiducial cuts,291

and electron radiative corrections; (ii) photon identifica-292

tion: cut on minimum energy deposited in EC, time cut293

∆t, EC fiducial cuts; and (iii) π0 identification: back-294

ground and signal shapes of the invariant mass distribu-295

tion, acceptance corrections, and SIDIS radiative correc-296

tions. Systematic uncertainties were evaluated indepen-297

dently for each set of bins, (ν, z, p2T ) or (Q2, ν, z), for298

each ratio of C, Fe, and Pb targets to D. They were then299

applied either as a normalization or as a bin-by-bin un-300

certainty. The largest contribution to the normalization-301

type uncertainty came from target vertex identification302

(target selection). It results in 3.1%, 2.4% and 2.3%, for303

C, Fe and and Pb, respectively, in the (ν, z, p2T ) set of304

bins, and slightly smaller values for the (Q2, ν, z) bins.305

The dominant source of the bin-by-bin systematic un-306

certainty is the π0 invariant mass fit. This uncertainty307

included both uncertainties on the background and signal308

shapes ranging on average from 1.4% for Fe in (Q2, ν, z)309

bins to 4.7% for Pb in (ν, z, p2T ) bins. The total av-310

erage systematic uncertainties, including total normal-311

ization and bin-by-bin uncertainties in (Q2, ν, z), are312

5.0%, 4.9% and 6.9% for C, Fe and Pb multiplicities cor-313

respondingly; in (ν, z, p2T ) they average to 7.1%, 7.1%314

and 9.6% for C, Fe and Pb, respectively. The average315

statistical uncertainty is typically several percent less.316

The measured three-fold multiplicity ratios of neutral317

pions in C, Fe and Pb are shown for bins of (ν, z) as a318

function of p2T integrated over Q2 (see Fig. 2) and for319

bins of (Q2, ν) as a function of z integrated over p2T320

(see Fig. 3). The data show increasing suppression of321

higher mass number corresponding to larger nuclei. The322

common trend for all three targets, as clearly observed323

in Fig. 3, is flat behavior of the multiplicity ratios in324

the range 0.3 < z < 0.65 and monotonic decrease for325

higher z. The dependence on nuclear size indicates a326

path length-dependent process: for the smallest nucleus,327

carbon, suppression ranges from ∼10% to ∼25%, while328

for the largest nucleus, lead, the suppression ranges from329

50% for moderate z reaching up to ∼75% at the high-330

est z. From Fig. 3 no effective dependence on energy and331

momentum transfer to the system is observed, i.e Q2 and332

ν, in the range of CLAS kinematics within the uncertain-333

ties of the measurement. However, Q2 and ν ranges in334

this study are much less than that of HERMES where335

such dependencies were observed.336

Figure 2 shows the dependence of multiplicity ratio on337

p2T in bins of z and ν. The global trend for all three tar-338

gets is the enhancement of Rh at high p2T and, again, an339

overall decrease with increasing z. Rh has a pronounced340

dependence on p2T in correlation with z. The ratio is in-341

dependent of p2T for all values of z for p2T < 0.6 GeV2; it342

increases rapidly for large p2T and small z to values that343

exceed unity. The largest enhancement of Rh is observed344

for the lightest nucleus, carbon, at the lowest ν bin, while345

the smallest enhancement is seen for lead at highest ν.346

This suppression of neutral pions agrees quantita-347

tively with the suppression observed in measurements of348

charged pions from the same CLAS dataset [27], and from349

previously published HERMES results [4, 7]. In modern350

versions of energy loss models [37], the overall attenua-351

tion as a function of z and the nuclear size is related to352

the assumption that the propagating quark emits mul-353

tiple gluons and rescatters as it transverses the nuclear354

medium; the larger the nucleus, the more gluon emission355

and quark energy loss it has. In the absorption types of356

models, for example, the color dipole model [8], the main357

source of hadron suppression is related to in-medium at-358

tenuation of the colorless pre-hadrons due to the con-359

traction of the path of propagating quark; this model360



6

also incorporates induced quark energy losses. In the361

framework of the GiBUU (Giessen Boltzmann-Uehling-362

Uhlenbec) transport model [10], largely based on elastic363

and inelastic pre-hadronic final-state interactions, over-364

all attenuation is understood in terms of pure hadron365

absorption due to increased interaction time with the nu-366

clear medium.367

The pattern of p2T enhancement at low z and high p2T ,368

observed in Fig. 2, is often referred to as a type of Cronin369

effect [38]. It was first observed in the measurements by370

EMC [39], later by FNAL [40], and further confirmed371

by HERMES [7]. This behavior is qualitatively similar372

to the previous measurements, however, in contrast to373

the published CLAS and HERMES results on charged374

pions, the largest enhancement is observed at high p2T for375

lightest nucleus - carbon, and the lowest enhancement for376

the heaviest nucleus - lead. Such nuclear ordering of the377

Cronin effect qualitatively reminiscent of enhancement378

of di-hadron pairs at large di-pion invariant mass [41].379

Cronin effect shows a modest dependence on ν, which380

is more pronounced for heavier nuclei compared to the381

lighter one.382

Theoretically, the Cronin effect has been explained in383

terms of multiple parton scattering prior to its fragmen-384

tation. In the limit z → 1, the lifetime of the propagating385

quark vanishes as it is not allowed to lose any energy and,386

thus, cannot accumulate transverse momentum through387

re-scattering. On the other hand, the low z regime per-388

tains to the opposite behavior that leads to the enhance-389

ment of transverse momenta. Such a scenario also sug-390

gests that the attenuation in the limit z → 1 is purely391

due to hadron absorption. The dependence of the Cronin392

effect on the nuclear size points to a competition between393

partonic multiple scattering, which causes enhancement,394

and hadronic inelastic scattering, which causes suppres-395

sion.396

In this paper, the first differential π0 multiplicity ra-397

tios measurement produced in SIDIS off D, C, Fe and Pb398

with a 5.014 GeV electron beam and measured with the399

CLAS detector. The results were reported in two sets of400

bins: Rh(ν, z, p
2
T ) and Rh(Q

2, ν, z). As expected, the401

data show a larger suppression of Rh for higher atomic402

number. The suppression is constant for moderate z and403

then decreases rapidly for leading hadrons (z > 0.65);404

the maximum suppression varies from 25% on carbon to405

75% on lead. The multiplicity ratio Rh is enhanced for406

large p2T and small z. The largest enhancement is ob-407

served at high p2T for the lightest nucleus - carbon and408

the lowest enhancement for the heaviest nucleus - lead.409

Such behavior is opposite to the published HERMES re-410

sults where the largest enhancement was observed for411

the heaviest nuclei. This suggests a competition between412

partonic multiple scattering, which causes enhancement,413

and hadronic inelastic scattering, which causes suppres-414

sion. Both effects, suppression and enhancement of mul-415

tiplicity ratios, are largely independent of Q2, while the416

Cronin effect shows a modest dependence on ν.417

These data, once explored in the framework of exist-418

ing theoretical models, will provide detailed information419

on the dynamics of partonic multiple scattering and in-420

medium hadron interactions, allowing for better charac-421

terization of their relative contributions. These measure-422

ments will be extended in the near future with an 11 GeV423

electron beam in the approved Jefferson Lab experiment424

E12-06-117 [42]. Offering a wider range in Q2 and ν and425

higher luminosity, a wealth of new opportunities will be426

available, for example: access to the quark mass depen-427

dence of the hadronization with GeV-scale meson forma-428

tion, extraction of four-fold multiplicities for a large spec-429

trum of hadrons, and searches for di-quark correlations430

in baryon formation [26, 43]. With its collider energies431

and largely extended range in kinematical variables, the432

proposed eA program at the EIC [44] will access com-433

pletely new information on hadronization mechanisms,434

such as, clean measurements of medium induced energy435

loss in the regime where hadrons are formed outside the436

nuclear medium and studies of potentially very different437

hadronization properties of heavy mesons.438
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