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Generalized Parton Distribution (GPD)
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Nucleon Structure and GPD

GPDs encode correlations between partons and contain information about internal dynamics of hadrons like
angular momentum or distribution of the forces experienced by quarks and gluons
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The experimental knowledge of the &-dependence of GPDs
at fixed longitudinal momentum fraction is a crucial step for
unraveling the 3D structure and internal dynamics of the
nucleon




General Compton Process accessing GPD
v*(q) + p(p) — 7*(q") + p(p’)

Q*=—¢", Q%=q" s=(p+q? t=4°%

DVCS (v* >y, Q%=0,§ =¢)
Timelike CS (v > v*,Q*=0,§ =-§)
Double DVCS  (y* = v*, Q2Q’2 & § vary)

Because of the virtuality of the initial and final photon, DDVCS
allows direct access to GPDs at |x| < &, crucial for modeling and
investigation of nuclear imaging, spin, and internal dynamics

Compton Form Factor (CFF)
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Following the sign change of & around Q”=Q?,
the imaginary part of H and £ change sign,
providing a testing ground of GPD universality.




Elementary Cross Section

DDVCS cross section is about ~1/100 of DVCS, involves two Bethe-Heitler (BH) processes
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Integrated Cross Section

5-fold obtained from the integration over the polar angle of muon and the azimuthal
angle of initial virtual photon, also minimizing the contribution of the BH, process
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Beam Spin Asymmetry
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BSA in two regions
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Muon Charge Asymmetry

D D
A{;}i (tp“) _ d EUU(L,Q‘H_) —d EUU(‘P;;.JF) aka Forward Backward Asymmetry
d° X _ Py : :
vu(pu-) + vu ($p+) HCA in two regions
ffﬁl: BHya -+ dﬁl:ij ——— £=0.16, £'=-0.05, 1=0.488 GeV’
_ — = @2 r £20.16, £'=-0.05, 1=0.122 GeV/
d*Ypn, + d°YXpn, + d®Xppves + d°Ex, <
0.1
£ EZ N t 0.052— k
d E K——E'RC F]?'f—|- (F1+F2)H— FQE of-

¢ ¢ AM},

-0.05—

0.1

_0'15:_|7.. ! ! I ! ! ! !
R e

9, (deg)

Access to the real part of CFFs (no dispersion relation has been established)

ICA predicted to have significant amplitude and rich harmonic composition, like
the forward-backward asymmetry of TCS

Curvature change is a highly-discriminating feature for models

DDVCS uCA access a CFF combination different from BSA. This feature
distinguishes DDVCS from DVCS and TCS.



Experimental Setup

EM|Calorimetery
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Muon]Detector
(forwardlangle)
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Target
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im Cherenkov Cherenkov
SoLID can detect e, e*, proton, pion

Based on SoLID J/Psi and TCS setup (1.2e37/cm2/s) with forward angle muon detector
added to form SoLIDpu spectrometer

Sharing beam time with approved J/Psi and TCS di-e experiment
Forward Angle (FA) covers 8.5-16.5deg and Large Angle (LA) covers 18-30deg



Forward Angle Muon Detector (FAMD)

Forward Angle Muon Detector

SSUIBJEndcap)

|tracker‘

3 layers of
iron+tracker+scintillator
(Rin=1m, Rout=3m)

Iron for pion blocking
LRWell trackers to connect
with tracks in SoLID inner
GEM trackers

— track resolution from SoLID inner
trackers only

scintillators for muon PID with
pion suppression and trigger
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lron of FAMD

Reuse 6 of CLEO octagon outer layer iron

Each one is about 36x254x533cm

No problem with space

Field (<10G),force(<1N),torque(<2Nm) are small

Iron wall 1




LRWell trackers of FAMD

HRWell tracker with good
rate capability and lower cost
than GEM

VMM electronics for readout

2D UV strips with

capacitive charge sharing to
have rate 30KHz/cm2 and position
resolution of 1 mm

Top Copper (5 pm) Cathode PCB

DLC layer (<0.1 ym)
p~10+100 MQ/C]

URWELL Detector — G. Bencivenni et a/ 2019 JINST 14 P05014

Top honeycomb A
support I

Cathode foil

Drift frame

GEM foil

induction frame

MRWELL foil

UV readout PCB

FEBs

URWELL Detector for EPIC outer barrel tracking layer

-~

6) ?e'@.-?’?.m_@.._......._.
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5977.99 mm

-_

A plane of uRWELL detector 13



Scintillators of FAMD

3 layers of scintillator planes
Each plane has 60 azimuthal segments
Readout with light guide and PMTs from both inner and outer radial ends

Design similar to CLAS12 forward scintillator and SoLID large angle
scintillator with similar performance

30cm

185cm

Thickness 5cm
10cm =

A plane of scintillator detector A modaule of scintillator detector
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Event Acceptance

BH generator "grape-dilepton" used by HERA and verified by CLAS12
particle acceptance_

* Best topology 3-fold(e+mu+mu): scattered e- at = (‘)9
FA+LA, both muons at FA, proton not detected ?0; 0.8
ey . x 0.7
* Additional topology 4-fold(e+mu+mu+p): recoil proton 2 .
at FA+LA (clean) > T 05
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Event Distribution

3-fold BH events covers a large kinematic range

0.7 overall detection efficiency

Enough counts with 1.2e37/cm2/s luminosity and 100 days to have
multidimensional binning
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Exclusivity cut

Both BH with 4 final particles (elastic) and more than 4 particles (quasi-
elastic), generated by "grape-dilepton”

Missing proton mass of 3 fold BH events with resolution from SoLID inner
GEM trackers, for resonance free region (muon pair InvM>1.2GeV)

after cutting MM>1.15GeV

missing mass of proton

50000

BH elastic, integral (0.5-1.15GeV) 1161880

BH quasi-elastic, integral {0.5-1.15GeV) 36054

40000

30000

20000

10000
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Pion blocking

Geant4 simulation of pions from target with some probabilities creating hits at
FAMD

"pion hit probability"”, hits of charged particles entering each layer, used for FAMD
background and trigger rate estimate

"pion surviving probability", hits of pion and muon at the last layer of FAMD with
tracks passing all SoLID inner GEM trackers, used for physics event rate estimation

1 pion hit probability pion surviving probability
09;_ - Iayer1 0016} FAMD, primar; y pion
E PR Iayer2 : FAMD, primary and secondary pion
0.8 ? Iayers 0.014 — FAMD, muon from primary pion decay
— : FAMD, muon from primary and secondary pion decay
0.7 0.012—
0.6— -
= 0.01 O
05— -
- 0.008 —
04— C
0.3 ; 0.006 :—
02F 0.004—
015 0.002—
0 - ol b b b b b b b by L
0 4 6 8 10 12 14 16 18 20 22 0 5 ‘ 2 ‘ 5 é i 1|0 -

vertex P (GeV) vertex P (GeV)
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Pion suppression within FAMD

 Muons behave as Minimum
lonizing Particle (MIP)

* Pions often deposit more
energy over 3 layers of
scintillators.

 Use a moderate pion 2sof — muon
: — primary pion
frO m 200; —— secondary pion

energy cut ol

100

50—

Coov bt 1000
00 0.01 0.02 0.03 0.04 0.05

U A= TR IO
0.06 0.07 0.08 0.09 0.1
Edep (GeV)



Single pion background

Combining single pion generator "evgen_bggen" (pythia+MAID) events with "pion hit
probability", study charged particle rate at 3 layers. Full simulation confirmed the result
Single particle trigger 600khz rate with hits in all 3 layers of scintillators in nearby phi sectors
Coincidence of two hits from 2 single particle trigger from 2 different phi sectors within 50ns
time windows leads to 18khz final trigger rate
Fake coin rate from single pion is below 1khz. BH di-muon events have two muons separated at
least by 60 degrees in phi angle for the main physics region (muon pair InvM>1.2GeV)
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Two pion exclusive background

Main physics background from two pion exclusive channel (missing mass cut won't
reject it because pions and muons have similar mass)

Combine event generator "twopeg" (fit to CLAS data) and "pion hit probability"
with pion suppression factor 2, study "2pi" rate and compare to BH rate

5-7% background, while the channel be measured by the internal SoLID detector at the
same time to control systematics

BH and 2pi comparison
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Experimental projection binning

x

= 10 0.3

10 0.2

107 0 10"

-t (GeVd)

(b) (—t,xzp) space.

100 days would allow for measurements on a five-dimensional grid
(€ &t xzd,)

Covers both DVCS-like region (€>0, Q%>Q'"?) to TCS-like region (€'<0,
Q*<Q")
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BSA experimental projections
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First time measurement of the BSA sign change
oetween the two regions

Possibility to constrain GPD models

All projection plots include statistical and polarization errors
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BSA experimental projections

All plots over the entire kinematic range
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BSA experimental projections
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Figure 26: Projected exploratory TCS-like BSA measurements sensitive to shadow GPDs in the 0.3 <
& < 0.4 region.

First time exploratory measurement of BSA constraining

shadow GPD models (a class of functions with null CFF and forward limit contributing to
GPD solutions in the deconvolution problem)

Phys. Rev. D 103 (2021) 114019 25



LCA experimental projections

-0.1

-0.13

i EFETERETE APETETATEN ANET A ECAT AT A
0 20 100 130 200 230 300 330

First time exploratory measurement
of UCA to access the CFF real part
with curvature change

1 L L L L L 1 1 -
1
0 50 100 150 200 250 300
0.04 0.02
tpf(?f]eg)

(a) pCA and the components entering the cos ¢,, mo- (b) Distribution of the cos¢, moment of the pCA

*  known BH contribution is small in certain regions and can be
AT (0,) = ag + ay cos(p) + ag cos(3p) subtracted
*  UCA has contributions from cos(¢) and cos(3¢) modulations

* cos(d) component can be extracted from fitting
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Event/0.05 GeV

Systematic effects

BSA systematics originates mainly from electron beam polarization, electron detection efficiency,
and muon detection efficiency

21 3m/4

S 1 : Ni(‘qub’Hu)
LU= 7Y, +Y Yi(go”)_QJ, AQ (gou)A (gaﬂ) J d¢ J do, sm(@u)
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Bin independence hyptothesis (N¢, Ngu) are the kinematic dependent number of bins, typically (20,10)

1
Data
+ P SR BRI B | |
0.5 1 1.5 2 25 M?GV)
e

CLAS12 BH di-e data
and sim comparison

Control systematics through reference channels

SoLID will have crosssection measurement before this experiment

For e- detection, use inclusive DIS and elastic measurements

For muon detection, use both resonance and resonance free region and
cross check both di-e and di-mu channels

Pion channel measurement are also taken at the same time
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Beam time request

Beam Beam Beam Target Target Beam time

Energy Current Requirements Material | Thickness (days)

(GeV) (uA) (cm)

11 3 polarized (>85%) LH2 15
Run Group Calibration time 10
Run Group Production time 0
Requested Production time 0
Total Time 110

Main trigger on di-muon to take DDVCS, J/psi and TCS di-mu data at the same time

Independent di-e trigger for approved J/psi and TCS di-e data taking at the same time
Comprehensive program including muons and electrons within same runs. It can also
help cross check systematics

28



Summary

This proposed experiment

complement SoLID J/psi setup with a forward angle muon detector to form
SoLIDu spectrometer

measure DDVCS in the di-muon channel
share approved J/psi beamtime 60 days and request

Its physics impact

* first time measurement of DDVCS
(mainly BSA and exploratory pCA) over a
broad kinematic range

o first time to access GPD |x| < & as input
for models and global fitting
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