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The polarized cross section ratio σLT ′/σ0 from hard exclusive π−∆++ electroproduction off an
unpolarized hydrogen target has been extracted based on beam-spin asymmetry measurements using
a 10.2 GeV / 10.6 GeV incident electron beam and the CLAS12 spectrometer at Jefferson Lab. The
study, which provides the first observation of this channel in the deep-inelastic regime, focuses on
very forward-pion kinematics in the valence regime, and photon virtualities ranging from 1.5 GeV2

up to 7 GeV2. The reaction provides a novel access to the d-quark content of the nucleon and to
p → ∆++ transition generalized parton distributions. A comparison to existing results for hard
exclusive π+n and π0p electroproduction is provided, which shows a clear impact of the excitation
mechanism, encoded in transition generalized parton distributions, on the asymmetry.

PACS numbers: 13.60.Le, 14.20.Dh, 14.40.Be, 24.85.+p71

Hard exclusive meson electroproduction provides a72

powerful tool to study the structure of the nucleon and73

the underlying reaction dynamics as the process am-74

plitude depends on Generalized Parton Distributions75

(GPDs) [1–3]. GPDs enable us to access the three-76

dimensional (3D) structure of the nucleon by correlating77

the transverse position and the longitudinal momentum78

of the quarks and gluons inside the nucleon. For lon-79

gitudinally polarized virtual photons, the factorization80

of the process amplitude into a perturbatively calculable81

hard-scattering part and two soft parts has been proven82

at large photon virtuality Q2, large invariant energy W83

and fixed Bjorken-x (xB) [2, 4]. The contribution of84

transversely polarized virtual photons for which factor-85

ization is not explicitly proven, is typically treated as a86

higher twist-effect in current phenomenological models87

[5]. While the GPD framework is already well estab-88

lished for the study of the three-dimensional structure of89

the ground state nucleon, theoretical attempts have been90

made to extend this framework to excited nucleon states91

[6, 7]. For this purpose, a new set of GPDs, the so-called92

transition GPDs, have been introduced.93

For the special case of the N → ∆ transition, there94

are in total 16 transition GPDs [7]. The first eight are95

helicity-non-flip (twist-2) transition GPDs (compared to96

four chiral even GPDs for the ground state nucleon), of97

which four are unpolarized and the other four polarized.98

The unpolarized twist-2 transition GPDs G1 - G4 can be99

related to the Jones-Scadron electromagnetic form fac-100

tors for the N → ∆ transition [8, 9], while the polarized101

transition GPDs G̃1 - G̃4 are related to the Adler form102

factors [9–11]. Similar to ordinary deeply virtual me-103

son production, where the description of the twist-3 sec-104

tor requires the introduction of four additional transver-105

sity GPDs, the description of hard exclusive N → N∗106

pion production (eN → e′N∗π) requires the introduc-107

tion of eight additional helicity flip / transversity tran-108

sition GPDs (GT1 - GT8), which describe the impact of109

the transversely polarized virtual photons on the twist-110

3 amplitudes [7]. Hard exclusive electroproduction of111

π−∆++ has been theoretically described based on tran-112

sition GPDs in Ref. [7]. It has been shown that in total113

12 of the 16 transition GPDs contribute to the exclusive114

electroproduction of π−∆++. So far, these transition115

GPDs are only poorly known based on symmetry rela-116

tions in the large NC limit [7, 12–15] and no experimental117

data exists that would allow access to these GPDs.118

The measurement of hard exclusive (γ∗p→ π−∆++ →119

π−[pπ+]) electroproduction beam-spin asymmetries in120

this work is expected to represent a first observable sensi-121

tive to N → ∆ transversity transition GPDs and N → ∆122

transition GPDs in general. In analogy to ordinary GPDs123

[16], it is expected that the production of charged pions124

is especially sensitive to the tensor charge of the ∆ reso-125

nance, which is so far completely unexplored. As shown126

in Fig. 1, the soft parts of the convolution can be de-127

scribed with transition GPDs and a meson distribution128

amplitude (DA). It is assumed for this process that the129130

QCD factorization theorem is valid within the Bjorken131

limit: −t/Q2 � 1 and xB fixed, with the additional132

condition Q2 >> m2
∆ as discussed in Ref. [12] for the133

p → ∆ deeply virtual Compton scattering (DVCS) pro-134

cess. However, a direct proof of the factorization for the135

investigated channel is not available yet.136

Previous attempts to extract observables sensitive to137
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FIG. 1. Hard exclusive π−∆++ electroproduction off the pro-
ton in very forward kinematics (−t/Q2 � 1) with the virtu-
ality Q2 and the four-momentum transfer t to the ∆++.

N → N∗ transition GPDs based on p → N∗ DVCS138

(ep → e′N∗γ), but also based on p → N∗ π0 and π+
139

production [17, 18], suffered from low statistics and a140

clean separation between the produced ∆ events and141

the overlapping events from other nucleon resonances,142

as well as from non-resonant background. In contrast143

to these, the p → N∗ π− production studied in this144

work with high statistics, focuses on the ∆++ resonance145

with an isospin Iz = +3/2, which is only fulfilled by ∆146

resonances. Therefore, a large gap exists between the147

∆(1232) and the higher-mass ∆ resonances, starting at148

masses of 1.6 GeV and showing a strongly suppressed149

branching ratio compared to the ∆(1232), which allows150

a relatively clean extraction of the dominant ∆(1232) res-151

onance and a clear identification and subtraction of the152

non-resonant background. Previous studies of this chan-153

nel [17, 19] were strongly limited by low statistics and154

therefore constrained to the low Q2 regime.155

In exclusive electroproduction experiments, GPDs are156

typically accessed through differential cross sections and157

beam and target polarization asymmetries [20–22]. The158

focus of this work is on the extraction of the struc-159

ture function ratio σLT ′/σ0 from beam-spin asymmetry160

(BSA) measurements. In the one-photon exchange ap-161

proximation the BSA is defined as [20, 21]:162

BSA =

√
2ε(1− ε)σLT ′

σ0
sinφ

1 +
√

2ε(1 + ε)σLT

σ0
cosφ+ εσTT

σ0
cos 2φ

, (1)

where the structure functions σL and σT that contribute163

to σ0 = σT + εσL, correspond to coupling to longitudinal164

and transverse virtual photons, and ε describes the flux165

ratio of longitudinally and transversely polarized virtual166

photons. σLT , σTT and the polarized structure function167

σLT ′ describe the interference between their amplitudes.168

φ is the azimuthal angle between the electron scattering169

and the hadronic reaction plane.170

For the present study, hard exclusive π−∆++ electro-171

production was measured at Jefferson Laboratory (JLab)172

with CLAS12 (CEBAF Large Acceptance Spectrome-173

ter for experiments at 12 GeV) [23]. The incident174

longitudinally polarized electron beam had energies of175

10.2 GeV and 10.6 GeV, impinging on an unpolarized176

liquid-hydrogen target. The CLAS12 forward detector177

consists of six identical sectors within a toroidal mag-178

netic field. The momentum and the charge of the parti-179

cles were determined by 3 regions of drift chambers from180

the curvature of the particle trajectories in the magnetic181

field. The electron identification was based on a lead-182

scintillator electromagnetic sampling calorimeter in com-183

bination with a Čherenkov counter. Pions and protons184

were identified by time-of-flight measurements.185

For the selection of deeply inelastic scattered electrons,186

cuts on Q2 > 1.5 GeV2, the energy fraction of the beam187

carried by the virtual photon y < 0.75 and the invari-188

ant mass of the hadronic final state W > 2 GeV, were189

applied. To select the exclusive e′π−∆++ final state,190

events with exactly one electron, one π− and one pro-191

ton were detected, and the missing π+ was selected via a192

cut on the π+ peak in the e′pπ−X missing mass spec-193

trum and assigned to the missing 4-vector. In addi-194

tion, only forward kinematics were selected by a cut on195

−t < 1.5 GeV2. The selected events are displayed in the196

mass distribution shown in Fig. 2. It can be clearly seen197

FIG. 2. Distribution of the pπ+ versus π+π− invariant mass
for exclusive events. The red lines indicate the applied cuts
on Mπ+π− > 1.1 GeV and Mpπ+ < 1.3 GeV to select the
events of interest.198

199

that besides π−∆++ production, dominant contributions200

from pρ0 and other non-resonant background sources are201

also present. The dominant background from exclusive ρ202

production was reduced by a cut on the invariant two203

pion mass Mπ+π− > 1.1 GeV to a level of less than204

0.8%. In addition, a cut on the pπ+ invariant mass205

Mpπ+ < 1.3 GeV was applied for the final analysis to206

select the π−∆++ events and to reduce the non-resonant207

background that dominates below the tail of the reso-208

nance mass at larger pπ+ invariant masses.209

The remaining non-resonant background was studied210

by comparing the data to two Monte Carlo (MC) sam-211

ples. The first sample was based on a full semi-inclusive212
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deep-inelastic scattering (SIDIS) generator [24], which213

contains all non-resonant background channels but not214

the exclusive π−∆++ production in forward kinematics.215

It can therefore be used to reproduce the background216

shape. As a second sample, an exclusive π−∆++ genera-217

tor with literature values [25] for the mass and full width218

at half maximum of the ∆++ was used to reproduce the219

signal events. Both samples were processed through the220

full Geant4-based [26, 27] simulation and reconstruction221

chain. Good agreement for all underlying variables was222

observed. Figure 3 (upper row) shows the ∆++ peak in223

the pπ+ invariant mass of the experimental data (with-224

out a cut on this mass) in comparison to the non-resonant225

background obtained with the SIDIS MC for selected bins226

of −t in the forward region, integrated over Q2 and xB .227

Figure 3 (lower row) shows the ∆++ peak in the same228

bins after the subtraction of the background in compari-229

son to the result from the exclusive MC. Both MC sam-230

ples were scaled to match the data. It can be observed231

FIG. 3. Upper row: ∆++ peak in the pπ+ invariant mass
of the experimental data (blue) in comparison to the non-
resonant background obtained with the SIDIS MC (black) for
selected bins of −t in the forward region (Q2 = 2.48 GeV2,
xB = 0.27). Lower row: ∆++ peak in the same bins after the
subtraction of the background (blue) in comparison to the
result from the exclusive MC (green) and a fit (red, see text).

232

233

that the non-resonant background is small close to tmin234

but increases to ≈ 40% for the largest −t bins considered,235

making a background subtraction necessary. The signal-236

to-background ratios were directly determined from the237

SIDIS MC in comparison to the experimental data.238

Figure 4 shows the Q2 versus xB distribution of the ex-239

clusive events, together with the applied binning scheme.240

For each of the three Q2-xB bins, up to seven bins in −t241242

and 9 bins in φ were defined to extract the BSA. The243

BSA was determined experimentally from the number244

of counts with positive and negative helicity (N±i ), in a245

specific bin i as:246

BSAi =
1

Pe

N+
i −N

−
i

N+
i +N−i

, (2)

FIG. 4. Distribution of Q2 versus xB . The bin boundaries
are shown as red lines (bin 1: xB < 0.23; bin 2: xB > 0.23,
Q2 < 2.6 GeV2; bin 3: xB > 0.23, Q2 > 2.6 GeV2).

247

where Pe = 86.6% ± 2.7% is the average magnitude of248

the beam polarization, which was measured with a Møller249

polarimeter upstream of CLAS12 [23].250

The raw asymmetry was extracted from the defined251

signal region (Mpπ+ < 1.3 GeV) and the background252

asymmetry was determined from the sideband in the re-253

gion 1.45 GeV < Mpπ+ < 1.65 GeV. It was checked that254

the non-resonant background from the neutral resonances255

(N∗ → pπ−) homogeneously spreads over the sideband256

and signal region in the pπ+ invariant mass. The back-257

ground asymmetry, which was found to be between 0.0258

and -0.04, was determined for each Q2, xB and −t bin259

and subtracted from the signal asymmetry in each bin.260

As a second completely independent method, a bin-261

by-bin background subtraction was performed based on262

a fit of the complete distribution (signal + background)263

with a so-called “Sill” function, which is a Breit-Wigner264

distribution including threshold effects [28] plus a fifth-265

order polynomial background in each Q2, xB , -t and φ266

bin and for each helicity state. After the combined fit,267

the signal and background contributions were separated268

and the asymmetry was calculated based on the pure269

signal events. It was found that both methods provided270

consistent results for the signal asymmetry within the271

statistical uncertainty.272

To extract the structure function ratio σLT ′/σ0, the273

BSA was plotted as a function of the azimuthal angle φ274

(see Fig. 5). A fit of the data with a sinφ function was275

then applied. It can be seen that a precise measurement276277

of the φ dependence, which can be well described by a278

sinφ shape, is possible.279

The main source of systematic uncertainty is given by280

the background subtraction. It was determined by vary-281

ing the signal-to-background ratio and the background282

asymmetry within the estimated uncertainty ranges and283

was found to be on the order of 1.5 - 12.5% (depending284

on the −t bin). Also the difference between the sideband-285

based background subtraction and the bin-by-bin-based286
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FIG. 5. BSA as a function of φ for representative −t bins (Q2

= 2.48 GeV2, xB = 0.27). The red line shows the sinφ fit.

background subtraction was found to be within these lim-287

its. Also the impact of the denominator terms in Eq. (1)288

on σLT ′/σ0 was evaluated and found to be on the order289

of 2.8%, which was treated as part of the systematic un-290

certainty. The systematic effect due to the uncertainty291

of the beam polarization (3.1%) was determined based292

on the uncertainty of the measurement with the Møller293

polarimeter. To estimate the impact of acceptance and294

bin-migration effects, a Geant4-based MC simulation [27]295

was performed. The impact of these effects was evaluated296

by comparing the injected and reconstructed asymme-297

tries and was found to be on the order of 2.9%. Also298

acceptance effects from the decay products of the ∆++
299

were evaluated and found to be of the same order. Sys-300

tematic uncertainties due to radiative effects have been301

studied based on Ref. [29], and were found to be on the302

order of 3.0%. Several additional sources of systematic303

uncertainty, including particle identification and the ef-304

fect of fiducial volume definitions, were found to be small305

(<2.0%). The total systematic uncertainty in each bin306

was defined as the square-root of the quadratic sum of the307

uncertainties from all sources. On average it was found308

to be on the order of 7.1 - 14.3% (depending on the −t309

bin), which is smaller than the statistical uncertainty in310

most kinematic bins.311

Figure 6 shows the final results for σLT ′/σ0 in the re-312

gion of small −t, where a description based on transi-313

tion GPDs is expected to be applicable, and compares314

them to measurements from the hard exclusive π+n and315

π0p electroproduction from Refs. [32, 33], which can be316

described with ground state GPDs. The structure func-317

tion ratio σLT ′/σ0 for π−∆++ is clearly negative in all318

kinematic bins and shows a shape that can be explained319

by the contributing structure functions. The integrated320

cross section σ0 = σT + εσL, which provides the denom-321

inator of the ratio, is typically forward peaked due to322

the pion pole term contribution, while σLT ′ which is the323

numerator of the measured ratio, is constrained to be324

zero at t = tmin due to angular momentum conservation.325

This behavior can be observed for π− as well as for π+,326

while π0 shows a more constant behavior with a contin-327

uous decrease for increasing −t over all kinematic bins328

due to the missing pion pole term.329330

As an interesting feature, the magnitude of the struc-331

ture function ratio for π− production is approximately332

two times larger than for π+ production and has an op-333

posite sign. The opposite sign can be directly explained334

by the quark polarization. For ep → e′nπ+, the polar-335

ized γ∗ removes a longitudinally polarized u-quark from336

the proton (uud). This u quark then combined with a337

d̄ from a dd̄ vacuum pair with the d-quark returning to338

create the final state neutron (udd). In contrast to this,339

for ep → e′∆++π−, the polarized γ∗ kicks out a longi-340

tudinally polarized d-quark from the proton, which com-341

bines with a ū from a uū vacuum pair with the u-quark342

returning to produce the final state ∆++ (uuu). For343

the π0 a clear assignment to one quark type cannot be344

made due to the mixed content of its wave function. It is345

known that within the valence region, the polarization of346

d-quarks, ∆d, in the proton is negative, while the polar-347

ization of u-quarks, ∆u, is positive and that the polariza-348

tion of ū- and d̄-quarks in the proton is small [34]. If we349

now look into the π+ (
∣∣ud̄〉) and π0 (1/

√
2
[
|uū〉 −

∣∣dd̄〉])350

BSAs, both are positive. The π+ production is clearly351

dominated by u-quarks, while for π0 the negative sign352

in front of the dd̄ part of the wave function turns the353

polarization contribution from the d-quark around and354

causes a sizable positive asymmetry. This asymmetry is355

in some regions similar to π+ even though there is no356

amplification by the pion pole. On the other hand, π−357

(|dū〉) BSAs are negative, since they are dominated by358

d-quarks. The reaction ep → e′∆++π− can therefore359

provide access to the polarized d-quark content within360

the proton, which is otherwise hard to probe. Since the361

described effects are coming from polarized quarks, even362

bigger effects with asymmetries on the order of 40% [7]363

are expected for double spin asymmetries with a longi-364

tudinally polarized beam and a longitudinally polarized365

targets.366

The absolute magnitude of the u- and d-quark polar-367

ization is similar in the proton [34]. Therefore, a similar368

absolute magnitude of the BSA would be expected for369

π+ and π− based on these simple considerations. To370

correctly model the magnitude of the asymmetry, the371

excitation process from the ground state proton to the372

∆++ resonance has to be considered through transition373

GPDs. According to this formalism, the measured cross374

section ratio σLT ′/σ0 is expected to be a twist-3 quantity.375

The Q2 dependence of the presented results is consistent376

with this assumption, since σLT ′/σ0 in bin 3 (high Q2,377

high xB) shows a decrease of the magnitude compared378

to σLT ′/σ0 in bin 2 (low Q2, high xB) as expected based379

on the 1/Q suppression for twist-3 observables. In Ref.380

[7] the first transition GPD-based predictions for the un-381

polarized partial cross sections of the ep → e′∆++π−382

process have been made. In the large NC limit it is ex-383

pected that the process is dominated by the transversity384

transition GPDs G3
T5

and G3
T7

(the superscript indicates385

the twist-3 nature), which can be related to the ground386

state transversity GPD HT [7]. Therefore, it can be as-387

sumed that the polarized structure function σLT ′ , which388
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FIG. 6. σLT ′/σ0 and its statistical uncertainty for π−∆++ (black, this work) as a function of −t′ = (|t|− |tmin|) in the forward
kinematic regime and its systematic uncertainty (gray band). The sub-figures correspond to the results for the different Q2

and xB bins defined in Fig. 4. The mean kinematics are shown on top of each sub-figure. The corresponding result tables can
be found in the supplemental material [30] and can be downloaded from Ref. [31]. For comparison, the results from the hard
exclusive π+n (red, Ref. [32]) and π0p (blue, Ref. [33]) electroproduction with similar kinematics are shown.

is given by products of convolutions of transversity and389

helicity non-flip transition GPDs with sub-process ampli-390

tudes, shows the following relation to the two dominant391

transversity transition GPDs:392

σLT ′ ∼
√
−t′ =

[
G3
T5
·A+ c G3

T7
·A′
]
, (3)

with an unknown kinematic factor c and helicity ampli-393

tudes for longitudinally polarized virtual photons A and394

A′, which are determined by the helicity non-flip transi-395

tion GPDs G̃3 and G̃4 within the large NC limit.396

Due to the large uncertainties of the so far nearly un-397

constrained transition GPDs, the existing predictions on398

unpolarized cross sections have large uncertainties [7].399

For asymmetries, these uncertainties are expected to be400

even larger due to the dependence on the imaginary part401

of helicity amplitude products and the related, so far402

poorly known, relative phases of the helicity amplitudes,403

making reliable predictions at the present stage impos-404

sible [7]. So far, only transition GPD-based predictions405

for the BSA of the p → ∆ DVCS process, based on the406

twist-2 transition GPDs, exist [12]. For this process, the407

BSA of the ∆ production is excepted to be approximately408

20-40% larger than for the regular DVCS process of the409

ground state proton [12]. This difference can be directly410

related to the increase of the magnitude of the underly-411

ing twist-2 transition GPDs. Assuming that the twist-412

3 transition GPDs are affected from the inelasticity in413

a similar way, this would lead to an increase by a fac-414

tor 1.2-1.4. Considering the additional amplification of415

σLT ′/σ0 by the pion pole term for charged pions, the ex-416

pected theoretical prediction based on transition GPDs417

would be roughly consistent with the experimentally ob-418

served factor of two in the magnitude of σLT ′/σ0 for π−419

in comparison to π+. However, more theoretical inves-420

tigations and especially more experimental constraints421

are necessary to obtain a reliable parameterization of the422

transition GPDs and a reliable description of the hard423

exclusive N∗π production process.424

In summary, we have performed a first multidi-425

mensional measurement of the structure function ratio426

σLT ′/σ0 for ~ep → e′π−∆++ at large photon virtualities427

above the resonance region. The results have been dis-428

cussed in the context of quark polarizations and in rela-429

tion to p → ∆ transition GPDs. The measurement can430

give us a direct access to the d-quark content of the nu-431

cleon and can be seen as a first measured observable sen-432

sitive to p → ∆ transition GPDs. The observed results433

in comparison to the π+n and π0p final state, agree well434

with the expectations for the effects of the inelasticity435

introduced to the GPDs for the p → ∆ transition. The436

measurements presented in this work have initiated first437

theoretical investigations of the hard exclusive π−∆++
438

production based on transition GPDs [7]. This opens439

the path to the investigation of the 3D structure of reso-440

nances from future measurements of the N → N∗ DVCS441

process, as well as other N → N∗ deeply virtual meson442

production (DVMP) channels at JLab and at the future443

EIC with an extension to the strangeness sector.444
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