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A complete

picture of  

nucleon structure 

requires the 

measurement of 

all these

distributions.

CLAS12 Run Group B aims to measure all these

distributions, using deuteron as a neutron target

→ Quark-flavor separation, combining with

proton results

+ EMC effect, SRC

+ J/ψ photoproduction on deuteron



CLAS12 Run Group B: experiments

Elastic

Scattering

(Gn
M)

DIS (for SRC 

and EMC effect)

SIDIS (for 

PDFs and TMDs

nDVCS

J/ψ

photoproduction

Common features to all experiments of Run Group B:

• Liquid deuterium target

• Beam energy: « 11 » GeV
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CLAS12 Run Group B: setup and run summary

RICH

Forward Tagger

Central Neutron Detector

BAND

CLAS12 baseline

Central 

Detector

Forward

Detector
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Scheduled beam time: 

Spring19: February 6th - March 25th 2019 

Fall19: December 3rd –20th 2019

Spring20: January 6th – 30th 2020

43.3 B triggers collected at 3 different

beam energies: 

• 10.6 GeV (9.7 B inbending) Spring19

• 10.2 GeV (11.7 B inbending) Spring19

• 10.4 GeV (9 B outbending) Fall19,

(12.9 B inbending) Spring20

38.9 total PAC days according to ABUs

→ 43.2% of the approved 90 PAC days

51 PAC days left to run

• Average beam polarization ~86% 

• Liquid deuterium target, 5 cm long

• L = ~1.3 1035 cm−2s−1 per nucleon

The data have been calibrated and 

reconstructed in 2 passes. The results shown

in the following come mainly from Pass1.

Pass2 has higher yields and better

resolutions.



Interest of DVCS on the neutron

A combined analysis of DVCS observables for proton and neutron targets

is necessary for the flavor separation of GPDs

Polarized beam, unpolarized target:

Unpolarized beam, transversely polarized target:

Im{Hp, Ep}

Neutron

Proton

Im{Hn, Hn, En}
~

The BSA for nDVCS:

• is complementary to the TSA for pDVCS on transverse target, aiming at E

• depends strongly on the kinematics → wide coverage needed

• is smaller than for pDVCS → more beam time needed to achieve reasonable statistics
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Moreover, the beam-spin asymmetry for nDVCS is the most sensitive observable to the GPD E 

→ Ji’s sum rule for Quarks Angular Momentum
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S. Ahmad et al., PR D75 (2007) 094003

VGG, PR D60 (1999) 094017

DVCS on the neutron in Hall A at 6 GeV

M. Mazouz et al., PRL 99 (2007) 242501

Hall-A experiment E08-025 (2010)
• Beam-energy « Rosenbluth » separation of nDVCS CS 

using an LD2 target and two different beam energies

• First observation of non-zero nDVCS CS

• M. Benali et al., Nature 16 (2020)

LU~ sin Im{F1H + (F1+F2)H -kF2E}
~

• E03-106: First-time measurement of LU for nDVCS, model-dependent

extraction of Ju, Jd

ed→eγ(np)→

Q2=1.9  GeV2 and xB=0.36
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-t

nDVCS and coherent dDVCS separated through MM2
X shift:

• large correlations at low –t

• good separation at larger -t



RGB data: first-time measurement of BSA for nDVCS
with detection of the active neutron

ed→eng(p)
→

-t bins

xB bins

Q2 bins

CLAS12  nDVCS

(model dependent)

Ju = 0.35 Jd = 0.05

Ju = −0.2 Jd = 0.15

Ju = −0.45 Jd = 0.2

VGG model predictions

giving the smallest c2
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« VGG »: M. Vanderhaeghen, 

P.A.M. Guichon, and M. Guidal, 

PRD 60, 094017 (1999)

A. Hobart, S.N, et al. (CLAS) arXiv:2406.15539 [hep-ex] - Submitted to PRL

https://arxiv.org/abs/2406.15539


Impact on flavor separation of CFFs of RGB nDVCS data

• Global fits of CFF using neural 

networks (K. Kumericki et al., 

JHEP 07, 073531 (2011); M. Cuic, 

K. Kumericki, et al., Phys. Rev. 

Lett. 533 125, 232005 (2020)).

• Data used: CLAS6 and HERMES 

pDVCS observables, CLAS12 

pDVCS BSA and nDVCS BSA

• Same extraction method applied to 

nDVCS Hall-A data, only separation
for ImH

The CLAS12 nDVCS data allow

the quark-flavor separation of 

both ImH and ImE
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A. Hobart, S.N, et al. (CLAS) arXiv:2406.15539 [hep-ex] - Submitted to PRL

ed→eng(p)
→

https://arxiv.org/abs/2406.15539


First-time measurement of incoherent pDVCS on deuteron

Incoherent pDVCS on a deuterium target

Bin numbering starts from left to right and from bottom up

• Useful for the nDVCS measurement
• Estimate the free-neutron DVCS from comparison of free/bound pDVCS

• Complementary to existing measurements of incohrent DVCS in light nuclei
• Quantify medium effects on GPDs

Preliminary Preliminary Preliminary
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ed→epg(n)
→A. Hobart (IJCLab)



• Systematic errors include:
• Error due to beam polarization

• Error due to selection cuts

• Error due to merging of data sets with different energies

• Statistics is expected to triple with remaining scheduled beam time and
improvements with reconstruction software

14
2944

PreliminaryPreliminaryPreliminary

Variation of 𝒔𝒊𝒏(𝚽) amplitude
To be compared to free-proton DVCS BSA measured by
CLAS12 Phys. Rev. Lett. 130, 211902
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Incoherent pDVCS on a deuterium target
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ed→epg(n)
→



𝑄2

𝑥𝑏

[1,1.6] GeV2

[1.6,2] GeV2

[2,2.9] GeV2

[2.9,3.8] GeV2

[3.8,7.4] GeV2

[0.04,0.13]                   [0.13,0.16]                  [0.16,0.2]                     [0.2,0.41]

Variation of 𝒔𝒊𝒏(𝚽) amplitude

To be compared to free-proton DVCS BSA measured by CLAS12

G. Christiaens, M. Defurne, D. Sokhan V. Ziegler et al., Phys. Rev. Lett. 130, 211902
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Incoherent pDVCS on a deuterium target
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ed→epg(n)
→



Measurement of the Neutron Magnetic Form Factor 𝑮𝑴
𝒏 at 

High Q2 Using the Ratio Method on Deuterium

Goal: Extract 𝐺𝑀
𝑛 at high Q2 using the ratio of quasi-elastic e-n and quasi-elastic e-p events on deuterium:

L.Baashen (KSU), B.A.Raue (FIU), G.P.Gilfoyle (Richmond)

• The neutron magnetic form factor is a fundamental observable related to the 

distribution of magnetization in the neutron.

• The figure shows world’s data for 𝐺𝑀
𝑛 including anticipated results.

• Curves show recent theoretical calculations from Gutsche et al. (PRD 97, 

054011, 2018)) and Miller et al. (arXiv 1912.07797 [nucl-th], 2020).

• Considerable progress has been made. The Pass1 extraction of 𝐺𝑀
𝑛 is 

complete and was the topic of L.Baashen’s doctoral thesis at Florida 

International University.

• The group is now analyzing the Pass2 data which has increased statistics and 

improved resolution.

• Completing the RGB run time will extend the reach in Q2 and improve the 

statistical precision.
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ed→en(p)

ed→ep(n)



Measurement of the Neutron Magnetic Form Factor 𝑮𝑴
𝒏 at 

High Q2 Using the Ratio Method on Deuterium: 
Analysis strategy

qpq cut

Acceptance Matching

• Need to have the same solid angle W for e-n and e-p events.

• Start with a good electron. Assume elastic scattering and a 

stationary nucleon. 

• Swim a proton and a neutron through CLAS12 and require 

both to hit the PCAL/ECAL.

• Complete the analysis of the event.

Quasi-Elastic e-n and e-p Event Selection

• Use e-n and e-p scattering angles for electron and nucleon to 

calculate beam energy. Require 1 cut on result.

• Require reaction products to lie in the same plane: || < 1.7°.

• Require qpq < 2-3° where qpq is the angle of the nucleon relative 

to the 3-momentum transfer.
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ed→en(p)

ed→ep(n)



• Use ep→e’p+n from Run Group A on LH2 target to obtain tagged neutrons.

• Require a good electron and p+ and then predict the neutron trajectory.

• If the trajectory intersects the PCAL/ECAL this is an expected event. 

• Search for a neutral hit near the intersection. If found, this is a detected event. 

• Note the increase in the number of Pass2 events below compared with Pass1.

• The NDE is the ratio of detected events to expected ones.

Measuring the neutron detection efficiency (NDE) for quasi-elastic e-n   

Comparison of Pass 1 

and Pass 2 NDE

They agree within 2-3%. 

Plot shows the CLAS6 

results too.

Corrections to the e-n/e-p Ratio

Other Corrections

• Proton Detection Efficiency (PDE)

• Fermi Correction

• Radiative Correction

• Nuclear Correction

Corrections 1-3 above have been completed for 

Pass1 and are ongoing for Pass2. Radiative 

corrections are very close to one. We are working 

with two theorists on the nuclear correction.
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ed→en(p)

ed→ep(n)



SIDIS: Current Fragmentation Dihadron Production

Beam spin asymmetry → collinear twist-3 PDF e(x) (and more)

⚫ Twist-3 PDFs: quark-gluon interactions

• e(x) physical interpretation via x moments:

• 1st: Contribution of finite quark masses to nucleon mass: m
q

→ m
N

• 3rd: “Boer-Mulders Force”: Transverse force exerted by color field 

on q↑ after scattering, in an unpolarized nucleon
Phys.Rev.D 88 (2013) 114502

Different targets → e(x) flavor dependence

u u

d

u u

d

u

d

dvs.

→ access decoupled valence distributions:

RG-A RG-B
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ed→ep+p-X
→C. Dilks (JLab)

T. Hayward (UConn)

https://inspirehep.net/literature/800041


𝑒 𝑥 𝐻1,𝑂𝑇
∢

⚫ Significant difference between targets’ ALU
sinɸR → provides a path for flavor-dependent e(x) extraction

⚫ Partial waves provide more insight into dihadron fragmentation angular momentum dependence

SIDIS: Current Fragmentation Dihadron Production

16

ed→ep+p-X
→



SIDIS: Correlating with the Target Fragmentation Region (TFR)

Fracture

Function

Fragmentation 

Function

Current

Fragmentation

Region

Target

Fragmentation

Region

⚫ Fracture Function: conditional probability to produce a TFR hadron

⚫ Largely unexplored → Accessible in beam spin asymmetries in Back-to-

Back proton-pion production

⚫ Different targets → flavor-dependent fracture functions

A. Kotzinian, M. Anselmino, and V. Barone, 

Nuovo Cim. C 036, 127 (2013)
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ed→ep±pX
→

C. Dilks (JLab)

T. Hayward (UConn)



BAND/CLAS12 tagged DIS analysis 

Observable (double ratio): 

𝑝𝑛

𝐹2
𝑝∗

BAND

FD

• Neutron-tagged DIS from deuterium, tagged by the detection of a high-momentum spectator neutron, allows the study 

of the bound proton structure function F2
∗p when the proton is in a high-momentum, highly-virtual state

• The experimental yield is proportional to the bound proton structure 

• The simulated yield is proportional to the free proton structure (free used in event generator) 

• The double ratio is sensitive to bound/free proton cross section 

• Comparing the ratio with theoretical predictions allows one to disentangle the various effects (nucleon motion, short-

range correlations, binding) contributing to the modification of the structure function.

• An analysis note based upon RGB data is in the final stages of internal review in the CLAS Collaboration
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ed→enX
E. Segarra (MIT)

T. Kurtz (MIT)

aS: spectator neutron light-cone

momentum fraction
x’: Bjorken scaling variable

for a moving nucleon
x’0=0.3



BAND/CLAS12 tagged DIS analysis 

Observable (double ratio): 
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𝑝𝑛

𝐹2
𝑝∗

BAND

FD

ed→enX



BAND/CLAS12 tagged DIS analysis 

Observable (double ratio): 

Could also extend analysis to higher aS bin with 

approximately same stats as current highest bin 
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𝑝𝑛

𝐹2
𝑝∗

BAND

FD

ed→enX



Scattered electron goes undetected

Final state particles in 
the FD

,n’,d’

,n,d

J/ψ Photoproduction (E12-11-003B)

• Models based on VMD, holographic QCD and GPD frameworks relate J/ψ 
near-threshold photoproduction to the nucleon gluonic gravitational form 
factors (gGFFs) [1-3].

• There is some disagreement within the theoretical community on the 
validity of estimating the gGFFs from J/ψ photoproduction. There are also 
suggestions in GlueX data that other production mechanisms may dominate 
the near-threshold region [4-6].

• A first measurement of J/ψ photoproduction on the neutron with RG-B data 
can help establish the isospin invariance of the near-threshold production 
mechanism. This could also lead to estimates of the neutron gGFFs.

• Higher precision data is needed to clarify the validity of relating J/ψ 
photoproduction to the gGFFs [4-6].

• The aim is to study coherent and incoherent J/ψ quasi-real 

photoproduction on the deuteron:

• gN → J/ψ N’ (N=p,n incoherent production on p & n)

• gd → J/ψ d’ (coherent production on d)

• for J/ψ decaying to l- l+ = e-e+ or µ-µ+ .

[1] D. Kharzeev, Phys. Rev. D 104 054015 (2021), 
[2] Y. Hatta, D.-L. Yang, Phys. Rev. D 98 074003 (2018) 
[3] Y. Guo, X. Ji, Y. Liu, Phys. Rev. D 103, 096010 (2021)
[4] L. Tang, Y.-X. Yang, Z.-F. Cui, C. D. Roberts arXiv:2405.17675 
[5] M.-L. Du, et. al. , Eur. Phys. J. C 80 1053 (2020)
[6] D. Winney, et. al. (JPAC), Phys. Rev. D 108, 054018 (2023) 21

γN→(e’)J/ψ→(e)e+e-NR. Tyson (Glasgow)
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J/ψ Photoproduction (E12-11-003B)

Results in AU as normalization is in progress.

Only using spring 2019 data (21.7 PAC days):

• ~ 56 % of collected data

• ~ 24% of allocated beam time

• Exclusivity is achieved through missing four momentum 
analysis of the scattered electron.

• Analysis of J/ψ photoproduction on proton and neutron is well 
advanced.

• One PhD Thesis on J/ψ photoproduction on proton and neutron 

(R. Tyson, Uni. Of Glasgow).

22

γN→(e’)J/ψ→(e)e+e-N



Conclusions and beam-time request

• Run Group B aims at mapping the 3D structure of the neutron via electroproduction on deuterium

• Quark-flavor separation of the measured structure functions combining with proton data

• The first « half » of RG-B running ended on January 30

• ~38.9 PAC days collected out of the 90 PAC days approved for nDVCS

• Three different beam energies for the 3 periods

• Physics analyses finished or advanced: n/p/(d)-DVCS, Gn
M, Di-hadron SIDIS, J/y, Tagged-DIS, (n/p-DVMP(p0))

• Analysis of K-SIDIS in progress (RG-A being analyzed first)

We request the PAC to allow us to run the remainder 51 days of our approved beam time:

✓ We will measure the BSA for nDVCS in 4-D (Q2, xB, -t, ) with improved statistical errors, exploiting the full available phase-

space, and possibly at a constant beam energy, thus delivering the originally proposed physics output and providing

unprecedented constraints on the CFFs of the GPD E

✓ We will achieve high precision at high Q2 for Gn
M, where no other data exist

✓ We will triple the statistics for K-SIDIS, as the 51 more days will run with 2 RICH sectors

✓ We will allow precise extraction of the Di-hadron FF for u and d quarks

✓ We will provide a first-time measurement of J/y photoproduction on deuterium

✓ We will perform a multi-dimensional study of SRC on a bound proton

✓ We will provide first-time pioneering measurements for new channels (d-DVCS, n-DVMP(p0))

✓ The improved CLAS12 tracking and reconstruction, along with the high-luminosity upgrade of CLAS12 will further increase 

statistical precision for all our measurements
23



Back-up slides



Run Group B spring 2019 run

Running conditions:
• 10.6 – 10.2 GeV beam energy

• Torus inbending

• Production current: 35 nA → 50 nA

• Event-weighed average current: 47.9 nA

• DAQ rate: ~14 kHz

Outcome:
• Original schedule: 1/30 – 3/10

• Final accelerator schedule: 2/8 – 3/17

• Actual days ran: 2/8 – 3/25 (thanks to RG-A’s kindness!)

• 21.7 PAC days according to ABUs (48.4%)

• 237 good production runs

• ~9.7 B triggers at 10.6 GeV, ~11.7 B at 10.2 GeV

79.6 mC gated

88.6 mC ungated

10.6 GeV 10.2 GeV



Run Group B fall 2019 run
Running conditions:
• 10.4 GeV beam energy

• Torus outbending

• Production current: 40 nA

• Event-weighed average current: 38.8 nA

• DAQ rate: ~24 kHz

• ~1 day at 2-pass for BAND

Outcome:
• Accelerator schedule: 11/25 – 12/19 (should be updated)

• Actual days ran: 12/3 – 12/20 

• 6.7 PAC days according to ABUs (39.6%)

• 91 good production runs

• ~9. B triggers at 10.4 GeV

21.7 mC gated

26.1 mC ungated



Run Group B winter 2020 run

Running conditions:
• 10.4 GeV beam energy

• Torus inbending

• Production current: 40 → 50 nA

• Event-weighed average current: 45.1 nA

• DAQ rate: ~19 kHz

Outcome:
• Accelerator schedule: 1/10 – 1/29

• Actual days ran: 1/7 – 1/29 

• 10.5 PAC days according to ABUs (43.6%)

• 181 good production runs

• 12.9 B triggers at 10.4 GeV

35.2 mC gated

39.9 mC ungated



Di-hadron Multiplicities e N → e’ p+ p- X

Number of di-hadron pairs per DIS electron

Di-hadron unpolarized Fragmentation Function (FF)

It enters in the denominator of every asymmetry

Assuming isospin symmetry, the analysis of hydrogen and 

deuterium data allows the extraction of u and d FF

Kf → kinematic factors

The PDF f1q of the proton are known
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Proton 

Deuteron 

x

z

x

z

0.16< x <0.22

0.58< z <0.66

proton

deuteron

Di-hadron Multiplicities

• 4D analysis in xB, z, Mpp and Q2

• DIS cuts:  Q2 > 1, W > 2, y<0.8

• SIDIS cuts:xF
+/- > 0, 0.1 < z < 0.95, 

MM>1.1

1 < Q2 < 2.2 GeV2

O. Soto, M. Mirazita (INFN-LNF)

17

Completion of the run will provide about x5 more statistics, allowing:

• improved sensitivity in the high x and high Q2 region

• better precision in extracting D1
d

• access to TMD adding pT dependence (5D analysis)
𝟒𝑴𝒅 −𝑴𝒑 → 𝑫𝟏

𝒅

𝟒𝑴𝒑 −𝑴𝒅 → 𝑫𝟏
𝒖



Study of J/ψ Photoproduction off Deuteron

M.D. Baker, A. Freese, L. Guo, Ch. Hyde, Y. Ilieva, B. 

McKinnon, P. Nadel-Turonski, M. Sargsian, V. 

Kubarovsky, S. Stepanyan, N. Zachariou, Zh.W. Zhao

Q1: Impact of experiment remains as high as in 

2018 (originally proposed).
• The question about PC pentaquark signal in photoproduction

remains unresolved. Neutron channel is critical given that no 

positive signal in the proton channel has been reported from 

Halls D and C.

• This experiment remains the sole near-threshold exclusive 

study worldwide of re-scattering and coherent physics.

Q2: Data analysis and received data
• Inclusive yield (Spring 2019 data) ~450 J/ψ (e+e-). Analysis

is in progress for the exclusive channels.

• Pentaquark study: received only 11% of requested 90 days

due to energy drop.

• Coherent and incoherent study: received only 22% of

requested 90 days due to energy drop.

• Eb≧10.6 GeV is crucial for all of the J/ψ research.

• The complete data are essential for the extraction of

differential cross sections needed to deliver the physics

goals of experiment.

Q3: No request for reconsideration of allocated 

beam time or assigning scientific ranking (remains 

Run Group Proposal).
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Invariant Mass e+e-  (GeV/c2 )

ev
en

ts

All data from Spring 2019

e+e- :

~ 450 J/y

ed®e+e-Xed→e+e-X



𝛼𝑠 = (𝐸𝑠 − 𝑝𝑠
𝑧)/𝑚𝑠

𝑝𝑛

𝐹2
𝑝∗

BAND

FD

Study bound proton structure 

by tagging the neutron

𝑥′

Counts [a.u.]

Tagged DIS

Simulation

2 < 𝑄2 < 10
−1 < cos𝜃𝑛𝑞 < −0.8
Energy dep. > 5 MeV

𝐸𝑏𝑒𝑎𝑚 = 10.6GeV
𝑊′ > 1.8GeV

1.2 < 𝛼𝑠 < 1.7

Low-x’
High x’

Background Subtracted RG-B Data
𝛼
𝑠

Projected yields (90 days)

𝑥′

E. Segarra et al. (MIT, ODU)

Bound F2/Free F2 ~

High x’/ Low x’
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Extraction of CFFs and flavor separation using 6-GeV JLab data

M. Čuić, K. Kumericki et al. Phys. Rev. Lett.125.232005 (2020) and Arxiv 2007.00029 (2020)

15/03/2024 

CLAS Collaboration meeting March 2024 
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• Proton- and neutron-DVCS data from JLab (CLAS6 and Hall A)

• Up and down contributions to the CFFs of H are separated 

• The CFFs of E are not separated, a significant sign ambiguity remains
7



E12-07-104      Neutron magnetic form factor                                                G. Gilfoyle A- 30    

E12-09-007a    Study of parton distributions in K SIDIS                               W. Armstrong               A- 56

E12-09-008       Boer-Mulders asymmetry in K SIDIS                                   M. Contalbrigo A- 56

E12-11-003       Deeply virtual Compton scattering on the neutron                S. Niccolai A (HI)  90

E12-09-008b     Collinear nucleon structure at twist-3 in di-hadron SIDIS     M. Mirazita RG              

E12-11-003a     In medium structure functions, SRC, and the EMC effect O. Hen RG

E12-11-003b     Study of J/y photoproduction off the deuteron Y. Ilieva RG

E12-11-003c     Quasi-real photoproduction on deuterium F. Hauenstein RG


