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31Università di Roma Tor Vergata, 00133 Rome Italy56



2

32Duke University, Durham, North Carolina 27708-030557

33Idaho State University, Pocatello, Idaho 8320958

34University of Glasgow, Glasgow G12 8QQ, United Kingdom59

35University of South Carolina, Columbia, South Carolina 2920860

36Christopher Newport University, Newport News, Virginia 2360661

37University of New Hampshire, Durham, New Hampshire 03824-356862

38Kyungpook National University, Daegu 41566, Republic of Korea63

39Massachusetts Institute of Technology, Cambridge, Massachusetts 02139-430764

40University of Virginia, Charlottesville, Virginia 2290165

41INFN, Laboratori Nazionali di Frascati, 00044 Frascati, Italy66

42James Madison University, Harrisonburg, Virginia 2280767

43New Mexico State University, PO Box 30001, Las Cruces, NM 88003, USA68

44University of California Riverside, 900 University Avenue, Riverside, CA 92521, USA69

45California State University, Dominguez Hills, Carson, CA 9074770

46GSI Helmholtzzentrum fur Schwerionenforschung GmbH, D-64291 Darmstadt, Germany71

47Institute fur Kernphysik (Juelich), Juelich, Germany72

48Norfolk State University, Norfolk, Virginia 2350473

49Canisius College, Buffalo, NY74

(Dated: August 6, 2022)75

We report the first measurements of deep inelastic scattering spin-dependent azimuthal asym-76

metries in back-to-back hadron electroproduction, where two hadrons are produced in opposite77

hemispheres along the z-axis in the center-of-mass frame, with the first hadron produced in the78

current-fragmentation region and the other in the target-fragmentation region. The data were79

taken with longitudinally polarized electron beams of energy 10.2 and 10.6 GeV incident on an80

unpolarized liquid-hydrogen target using the CLAS12 spectrometer at Jefferson Lab. Observed81

non-zero sin∆ϕ modulations in ep → e′pπ+X events, where ∆ϕ is the difference of the azimuthal82

angles of the proton and pion in the virtual photon and target nucleon center-of-mass frame, indicate83

that correlations between the spin and transverse momenta of hadrons produced in the target- and84

current-fragmentation regions may be significant. The measured beam-spin asymmetries provide a85

first access in dihadron production to a previously unobserved leading-twist spin- and transverse-86

momentum-dependent fracture function. The fracture functions describe the hadronization of the87

target remnant after the hard scattering of a virtual photon off a quark in the target particle and88

provide a new avenue for studying nucleonic structure and hadronization.89

Keywords: dihadron; beam-spin asymmetry; SIDIS; CLAS12; TMD; fracture function; back-to-back; dSIDIS90

INTRODUCTION91

The quest for a complete understanding of nucleonic92

structure and the mechanism by which hadrons form out93

of constituent partons is one of the ultimate goals of94

nuclear physics. In deep inelastic scattering (DIS) an95

electron scatters off a nucleon with sufficient energy and96

momentum transfer that the process is well-described97

by incoherent scattering from individual partons (quarks98

or gluons). In semi-inclusive deep inelastic scattering99

(SIDIS), one or more hadrons are detected in coincidence100

with the scattered electron, providing information on the101

initial quark flavor, transverse momentum and spin [1].102

The majority of SIDIS studies have focused on the analy-103

sis of hadron production in the current-fragmentation re-104

gion (CFR), where the final-state hadrons are produced105

from the struck quark. The production of hadrons in106

the CFR can be described in a factorized framework by107

the convolution of Parton Distribution Functions (PDFs)108

and Fragmentation Functions (FFs) [2]. Here the PDFs109

describe the probability of finding a specific quark or110

gluon in a particular state inside the nucleon [3, 4] and111

the FFs dictate the formation of hadrons out of quarks112

and gluons [5]. However, hadrons produced in the target-113

fragmentation region (TFR), formed under the participa-114

tion of the spectator partons, are not described by this115

picture and have been largely unexplored until now.116

This letter describes the first ever SIDIS detection of a117

hadron in the CFR (a π+) in coincidence with a hadron118

in the TFR (a proton). The corresponding theoretical119

basis to study the TFR is based on the fracture func-120

tion formalism and was established in Ref. [6] for the121

collinear case. This approach has been generalized to122

the spin and transverse momentum dependent (STMD)123

case [7]. Similar to the case of PDFs and FFs in the CFR,124

the fracture functions describe the conditional probabil-125

ity for the target remnant to form a specific final state126

hadron after the ejection of a particular quark. In elec-127

troproduction, the polarization state of the virtual pho-128

ton depends on the longitudinal polarization of the lep-129

ton beam, which in turn selects preferentially one po-130

larization state of the struck quark. The opposite po-131

larization and transverse momentum of the remnant can132

introduce correlations between final-state hadrons pro-133

duced in the TFR and hadrons produced in the CFR.134

The study of this dihadron production in SIDIS with135
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FIG. 1. The SIDIS kinematics of back-to-back dihadron pro-
duction in the center-of-mass frame. The x-z plane is defined
by the incoming and outgoing lepton with positive z in the
direction of the virtual photon. ϕ1 and ϕ2 are defined from
the scattering plane to P1 and P2 in an anti-clockwise direc-
tion.

a longitudinally polarized electron, where one hadron136

is produced in the CFR and another in the TFR, pro-137

vides access to leading twist fracture functions [8]. In138

the valence-quark region, the polarization transfer from139

the beam to the active quark is expected to be significant140

at the relatively low center-of-mass energies accessible at141

CLAS12 [9]. Preliminary studies using CLAS data indi-142

cated that these target-current correlations may be sig-143

nificant [10]. The high luminosity and high polarization144

of the electron beam along with a wide acceptance for the145

detection of many final-state particles makes CLAS12 an146

ideal place for studies of correlations between the target-147

and current-fragmentation regions.148

Sizable beam single-spin asymmetries (SSAs) for a149

longitudinally polarized electron beam on nucleon tar-150

gets and one or two hadrons detected in the CFR have151

been observed at JLab [11–14], HERMES [15] and COM-152

PASS [16–18]. These results have been interpreted in153

terms of higher twist contributions, related to quark-154

gluon correlations. Here, higher twist refers to quantities155

that are suppressed by the hard scale of the process [19].156

When one of two hadrons is detected in the TFR and the157

other in the CFR, the beam SSAs measured here appear158

at leading twist [20] without this suppression.159

In the target fragmentation region it is not possi-160

ble to separate quark emission from hadron production.161

This prevents access to a chiral-odd quantity, such as162

the Collins function, to pair with any chiral-odd frac-163

ture functions in single hadron production and ultimately164

makes any chiral-odd fracture functions inaccessible in165

single hadron production. In contrast, in the double166

hadron production process l(ℓ)+N(P ) → l(ℓ′)+h1(P1)+167

h2(P2)+X, at perturbative QCD leading order, the cross168

section expression includes all twist-2 fracture functions169

and quark fragmentation functions [7, 8] by pairing the170

fracture function with a fragmentation function that dic-171

tates the production of a hadron in the CFR.172

The process considered here is shown in Fig. 1. We
use the standard DIS variables: the momentum of the ex-
changed virtual photon, q = l−l′, the scale of the process,
Q2 = −q2, the fractional longitudinal target momentum
carried by the struck quark, x = Q2/2P ·q, the fractional
energy loss of the scattered electron y = P · q/P · l and
the hadronic mass of the system, W 2 = (P + q)2. The
hadronic variables are defined below. For the case of a
longitudinally polarized beam and unpolarized target af-
ter the integration over ϕ2 (the azimuthal angle of the
TFR hadron) and keeping ∆ϕ = ϕ2 − ϕ1 fixed, there are
two contributions to the cross section, σUU and σLU [21],

σUU = F û1·D1
0 , (1)

σLU =
PT1PT2

mNm2
F

l̂⊥h
1 ·D1

k1 sin(∆ϕ), (2)

where the structure functions F û1·D1
0 and F

l̂⊥h
1 ·D1

k1 are173

convolutions [8] of the leading twist fracture functions174

û1 and l̂⊥h
1 with the unpolarized fragmentation func-175

tion, D1, which depend on the kinematic variables176

x,Q2, z1, ζ2, P
2
T1, P

2
T2, and P⃗T1 · P⃗T2. The masses of the177

nucleon target, forward and backward produced hadrons178

are denoted as mN , m1 and m2. The hadron 1, h1,179

produced in the CFR (xF1 > 0) 1 is described by the180

standard scaled variable z1 = P ·P1/P ·q, describing the181

fraction of the virtual photon energy carried by the CFR182

hadron, and its transverse momentum P⃗T1 (defined rel-183

ative to the q vector in the target rest frame) with mag-184

nitude PT1 and azimuthal angle ϕ1. The hadron 2, h2,185

produced in the TFR (xF2 < 0) is described by similar186

variables: the fractional longitudinal target momentum187

carried by the TFR hadron, ζ2 ≃ E2/E where E is the188

energy of the target, and P⃗T2 (PT2 and ϕ2) in the virtual189

photon and target nucleon center-of-mass frame. The190

usual hadronic scaling variable, z, is not used in the TFR191

because of ambiguities between soft hadron emission and192

target fragmentation [7].193

In particular, the structure function in Eq. 2 contains
the fracture function l̂⊥h

1 (ζ2, PT2), describing the produc-
tion of h2 after the emission of a longitudinally polarized
quark in an unpolarized nucleon and D1(z1, PT1), the
unpolarized fragmentation function describing the for-
mation of h1. This structure function depends on the
relative azimuthal angle of the two hadrons, indicating a
long-range correlation between hadrons produced in the
CFR and the TFR. The resulting beam-spin asymmetry

1 We use the standard definition for Feynman variables xF1 and
xF2, see next section.
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contains the convolution of the fracture function and the
fragmentation function modulated by sin∆ϕ,

ALU = −
√

1− ϵ2
|P⃗T1||P⃗T2|
mN m2

C[w5 l̂
⊥h
1 D1]

C[û1D1]
sin∆ϕ. (3)

The depolarization factor in the front of Eq. 3, govern-194

ing the polarization transfer from the electron to virtual195

photon, is described by the variable196

ϵ =
1− y − 1

4γ
2y2

1− y + 1
2y

2 + 1
4γ

2y2
, (4)

with γ = 2mNx/Q. The weight factor is given by

w5 =
(k⃗⊥ · P⃗T2)(P⃗T1 · P⃗T2)− (k⃗⊥ · P⃗T1)P⃗

2
T2

(P⃗T1 · P⃗T2)2 − P⃗ 2
T1P⃗

2
T2

, (5)

and the following notation is used for the transverse mo-
mentum convolution

C [f(k⃗⊥ ,⃗k
′
⊥, . . .)] =

∑
a

e2a xB

∫
d2k⃗⊥

∫
d2k⃗′⊥×

δ2(k⃗⊥ − k⃗′⊥ − P⃗T1/z1) f(k⃗⊥, k⃗
′
⊥, . . .) , (6)

where k⊥ is the transverse momentum of the initial quark197

with respect to the virtual photon, k′⊥ is the transverse198

momentum after the interaction and the summation runs199

over the quark flavors.200

EXPERIMENT201

The data, corresponding to SIDIS events with a π+ in202

the CFR and proton in the TFR, were taken in two run203

periods in the fall of 2018 and spring 2019 using 10.6 and204

10.2 GeV longitudinally polarized electron beams deliv-205

ered by the Continuous Electron Beam Accelerator Facil-206

ity at Jefferson Lab [22]. The electron beam was incident207

on a liquid-hydrogen target and reactions were recorded208

using the CLAS12 spectrometer [9]. The beam polariza-209

tion averaged to 85.7± 1.6% and was flipped at a rate of210

30 Hz to minimize systematic effects.211

A tracking subsystem consisting of drift chambers in a212

toroidal magnetic field was used to identify and recon-213

struct particles scattered in the forward direction. A214

high-threshold Cherenkov counter was used to distin-215

guish between electrons and final-state hadrons. Addi-216

tional identification criteria for the electrons was also im-217

posed using a series of electromagnetic calorimeters. The218

CLAS12 forward time-of-flight systems, composed of six219

arrays of plastic scintillation counters, were used to ana-220

lyze the velocity vs. momentum relationship of positive221

tracks to distinguish between hadron species. The pions222

were limited to momenta 1.2 < p < 4.0 GeV in order to223

avoid regions of low efficiency (lower limit) and minimize224

misidentification of kaons (upper limit). Protons were225

required to have a momentum greater than 0.5 GeV (no226

strict upper limit was enforced but the distribution of227

upper proton momenta dies down around 2.5 GeV, well228

before any significant contamination from lighter hadron229

species). The reconstructed electron and hadrons were230

required to have been identified in the so-called “forward231

detector” of CLAS12 and a requirement has been placed232

on the polar angle of each track, θ < 30◦.233

SIDIS events were selected with the usual requirement234

that Q2 > 1 GeV2 and the mass of the hadronic final-235

state, W > 2 GeV. Events with a radiated photon were236

limited by requiring events to have y < 0.75. At energies237

accessible by fixed target experiments there is no rapidity238

gap and the forward and backward regions were defined239

by the variable xF , in the virtual photon-nucleon center-240

of-mass frame, with the requirement that xF 1 > 0241

and xF 2 < 0. The Feynman-x variable is defined as242

xF 1(2) = 2P∥1(2)/W , where P∥ is the longitudinal mo-243

mentum of the hadron and takes a positive value if the244

hadron moves in the same direction as the momentum245

transfer dictated by virtual photon and a negative value246

if it moves in the same direction of the target in the247

center-of-mass frame. An additional requirement on the248

boost-invariant quantity ∆Y ≡ Y1 − Y2 > 0, where Y249

is the rapidity evaluated in the Breit frame defined as250

2Y1(2) = ln(E1(2) +P∥1(2))/(E1(2) −P∥1(2)), was required251

to enforce separation between the hadrons. The asymme-252

tries were studied as a function of both of these variables253

to investigate the transition from one region to another.254

Contributions from ∆++ decays were minimized by re-255

quiring the invariant mass of the observed hadrons to256

have Mpπ > 1.5 GeV. Finally, the missing mass of the257

process ep → e′pπ+X was restricted to be greater than258

0.95 GeV in order to avoid contributions from diffractive259

meson production.260

RESULTS261

The beam-spin asymmetry can be accessed using the
yields, N±, of events with a proton in the backward re-
gion and a positive pion in the forward region, produced
from the scattering of an electron with helicity ±, written

ALU (∆ϕ) =
1

Pbeam

N+(∆ϕ)−N−(∆ϕ)

N+(∆ϕ) +N−(∆ϕ)
= (7)

Asin(∆ϕ)
LU sin(∆ϕ) +Asin(2∆ϕ)

LU sin(2∆ϕ),

with the dependence on sin(∆ϕ) and sin(2∆ϕ) described262

in Ref. [20], and fitting for the resulting azimuthal mod-263

ulation amplitudes. The beam polarization, Pbeam, has264

been divided out of the asymmetries. The amplitudes in265

Eq. (7) were extracted from the data using an unbinned266

maximum likelihood fit that includes both modulations267

of ALU . A binned χ2-minimization fit with 9 bins in268

∆ϕ was also performed and is in very good agreement269
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FIG. 2. The beam spin asymmetry, ALU , as a function of
∆ϕ and integrated over all other kinematics for the entire
data set. A clear sin(∆ϕ) dependence is observed with small
sin(2∆ϕ) contributions.
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FIG. 3. The measured Asin∆ϕ
LU asymmetry as a function of

PT1PT2. Thin black bars indicate statistical uncertainties and
wide gray bars represent systematic uncertainties.

with the unbinned fit with a mean reduced χ2 of 1.01.270

The count-rate asymmetry between positive and nega-271

tive electron helicities as a function of ∆ϕ is shown in272

Fig. 2. The count rate difference exhibits a clear sin(∆ϕ)273

behavior with a much smaller sin(2∆ϕ) contribution.274

The dependence ofAsin∆ϕ
LU on the product of transverse275

momenta of the proton and pion is shown in Fig. 3 and276

is consistent with a linear increase in magnitude and ap-277

proaches zero as the transverse momentum goes to zero,278

following the kinematic dependence predicted by theory279

(see. Eq. 3). Additional multidimensional asymmetries280

as a function of the product of the transverse momenta281

in bins of z1 are given in the supplementary material.282

Due to the correlation between different kinematic283

variables and the product of the transverse momenta of284

both hadrons, the asymmetries can be weighted by divid-285

ing out the depolarization and kinematic weighting factor286

in Eq. 3,
√
1− ϵ2(PT1PT2)/(mNm2), (note that for this287

measurement mN = m2 = 0.938 GeV). The dependence288

of the resulting ratio, which should directly depend on289

the ratio of the convolutions of fracture and fragmenta-290

tion functions, was studied for several different kinematic291

variables.292

The x-dependence, shown in Fig. 4, has the general293

trend of increasing in magnitude as x increases. This294

strong dependence implies that the correlation of final-295

states hadrons is most significant in the valence quark296

region. The dependence on z1 of the pion, which re-297

flects the fragmentation function dependence, is shown298

in Fig. 5. At relatively small z1, contributions from the299

initial quark transverse momentum can be neglected and300

the main contribution to the produced hadron transverse301

momentum comes from the struck quark hadronization302

process. Indeed, this dependence appears relatively flat,303

with a possible decrease at higher values of z1 where304

effects from decreasing transverse momentum begin to305

dominate. This relatively weak dependence may also be306

a consequence of cancellation between the pion fragmen-307

tation functions in the numerator and denominator. The308

dependence on ζ2, shown in Fig. 6, is stronger and may309

be interpreted in terms of strong correlations with other310

variables such as x; typically the higher longitudinal mo-311

mentum carried by the struck quark, the lower the lon-312

gitudinal momentum available for the TFR hadron.313

Additional kinematic dependences are included in the314

supplementary material. The asymmetries plotted ver-315

sus xF 1 and ∆Y (with the kinematic constraints on xF 2,316

xF 1 and ∆Y removed) show a relatively flat dependence317

in the xF 1 < 0 region with a possible transition in the318

positive region where the proton is increasingly likely to319

have originated in the CFR and the back-to-back frac-320

ture function formalism no longer holds. Finally, the de-321

pendence on the missing mass, with the Mx > 0.9 GeV322

requirement removed, shows a relatively flat behavior323

above the contributions from diffractive ep → e′pπ+π−
324

and ep → e′pπ+ρ− events.325

Relevant systematic uncertainties have been estimated326

using a number of methods. Monte Carlo simulations327

were performed using the PEPSI generator [23] and a328

GEANT4-based simulation [24, 25] of the detector for ac-329

ceptance, efficiency and particle-ID studies. Good agree-330

ment for all underlying variables was observed. System-331

atic uncertainties due to bin migration and the scale un-332

certainty on the beam polarization can reach a few per-333

cent in each bin. Other effects due to particle misidentifi-334

cation, accidental coincidences, photoproduction of elec-335

trons and contamination from target-fragmentation pions336

(baryonic decays like ∆++ → pπ+) have all been esti-337

mated to be small. Contributions from radiative effects338

are avoided by limiting our kinematic range and are also339

thought to be small. However, it is possible that this has340

been underestimated due to the lack of theory available341

for radiative effects in SIDIS.342
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FIG. 4. The measured weighted Asin∆ϕ
LU asymmetry as a func-

tion of x. Thin black bars indicate statistical uncertainties
and wide gray bars represent systematic uncertainties.
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FIG. 5. The measured weighted Asin∆ϕ
LU asymmetry as a func-

tion of z1. Thin black bars indicate statistical uncertainties
and wide gray bars represent systematic uncertainties.
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FIG. 6. The measured weighted Asin∆ϕ
LU asymmetry as a func-

tion of ζ2. Thin black bars indicate statistical uncertainties
and wide gray bars represent systematic uncertainties.

The largest systematic uncertainty comes from con-343

tributions from the unpolarized cross section. After in-344

tegration over ϕ2, the only remaining structure func-345

tions are FUU and F
sin(∆ϕ)
LU . However, due to the non-346

perfect acceptance of CLAS12 and the potential result-347

ing non-orthogonality of modulations, the other unpolar-348

ized structure functions may impact our extraction of the349

FLU amplitudes. Since there is no experimental data on350

the spin-independent (UU) modulations, the uncertainty351

due to not including these modulations in our fit has352

been evaluated using Monte Carlo simulations by inject-353

ing various values of the amplitudes and then performing354

fits not including the UU modulations in order to mea-355

sure the possible deviation in our LU amplitudes. The356

effect is heavily bin-dependent, but can only reach mag-357

nitudes similar to the statistical uncertainty at edges of358

kinematic space. For example, in the lowest x-bin we as-359

sign an uncertainty to Asin∆ϕ
LU of 0.006 compared to 0.021360

at the highest x bin where the measurement is less con-361

strained. This study is both dependent on our injected362

amplitudes and fairly conservative and so, therefore, may363

correspond to an overestimate.364

CONCLUSIONS365

In summary, the kinematic dependences of beam SSAs366

in the production of two hadrons in opposite hemispheres367

have been measured for the first time. The asymme-368

tries may be interpreted in a framework described by369

TMD factorization into fracture functions and fragmen-370

tation functions, with the conditional probability of find-371

ing a proton originating from the target remnant after372

the emission of a quark which undergoes hadronization to373

form a final-state π+. The PT dependence of the asym-374

metries is consistent with predictions of the factorized375

framework and can ultimately be used to test TDM fac-376

torization once extractions of the relevant functions are377

available and predictions have been made.378

Our measurement of correlations between the target-379

and current-fragmentation regions develop a new380

methodology to quantify the relationship between the381

spin and transverse momenta of quarks in the nucleon382

and provides a new avenue for studies of the complex383

nucleonic structure in terms of quark and gluon degrees384

of freedom. The kinematics of the generated asymme-385

tries are not in the perturbative regime, but instead, the386

asymmetries likely originate from correlations between387

the longitudinally polarized struck quark’s azimuthal an-388

gle and the azimuthal angle of the proton produced in the389

TFR [7].390

Future work will extend the analysis to other hadron391

species in both the TFR and CFR in order to test392

the universal nature of fracture functions. The flavor393

dependence of fracture functions can be extracted by394

comparing with deuterium targets, of which compara-395
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ble statistics to the proton-target data shown here have396

already been collected by CLAS12. Finally, polarized-397

target measurements will enable access to the complete398

set of leading-twist fracture functions, which cannot be399

observed in single-hadron production but require an ad-400

ditional hadron to produced in the CFR like the mea-401

surement performed here.402
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