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Generalized Parton Distributions...

W(fC,f, EJ_7]2J_ ’ AJ_7t)

Generalized Transverse
Momentum Distributions
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Electro-magnetic Form Factors

L

™ - e

Generallzed Parton Distributions

H,H,E,E(x,&,t)

Guidal, Moutarde
and Vanderhaeghen (2013)

H(x,£,0)

10
.2
7.5
5 .4
2.5 &
04 -6
2.5

Parton Distribution Functions

Figures in A.V. Belitsky, A.V. Radyushkin, “Unraveling hadron structure with generalized parton distributions”, Physics Reports, 2005
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... to probe the fundamental properties of the nucleon
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Spin, Mass and Forces in the nucleon Nucleon tomography

— Moments of GPDs and Gravitational Form Factors

1
/ dr xH9(x,&, 1) (
-1

Mass Fomes

1
/ dr zE9(x, £, 1) — E2D9(¢
~1

L= J(0) = 1(A(0) + B(0)) = %AZ +AL

0.5
x

R. Dupré, M. Guidal, M.Vanderhaeghen,

PRD95, 011501 (2017)

q(bljgj) — fOOO d’>A |

(2m)2

101
X

eAlblH(x, 0, —Ai)

0.5

0.25 c

0

Moutarde, H., Sznajder, P. & Wagner, . Border and skewness functions from a leading
order fit to DVCS data. Eur. Phys. |. C 78, 890 (2018)

Deeply Virtual Compton Scattering Deeply Virtual
¢ Meson Production

Timelike Compton

Scattering

pt (k)

(k) YL o [

JI® Production

p—
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I The Compton Form Factors: an inverse problem to access GPDs

Deeply Virtual Compton Scattering Double Deeply Virtual Compton Scattering

ep — €' v'p — e'p'y ep — e'v'p = ep'y = eutuTp

o u

e

Y

< GPD > |
/ N —

Hoves(&1) = [1, dvH (2,€,1) (5—5—1-6 - f-l—:i—zf) Hopves(E'5€,t) = f—ll dzH(z,§,1) (ﬁ - ﬁ)

Im%DVCS(£7 t) - H(£7€7t) - H(_gagat)

! 1 1
Re’HDVCS(é,t):P/ldx (f—m — §+x> [H(x,&,t) — H(—x,&,t)]

)
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‘ ImHDDVCS(€/7€7t) X H(f/,f,t) R H(—fl,f,t)
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Timelike Compton Scattering (TCS)

* / +,,— The TCS interference cross-section:
Y — 7Y P KU KPP
+

d*orNT 1 + cos?(0) 1 + cos?(0)
WO v Wiy | =B |sin(¢) ——" "1
ut (k) dQ”2dtd0) cos(d) gy Rt H | T B | sinlg)— e mH 4
. ~(k
el > ¢ Forward-backward asymmetry: Photon polarization asymmetry:
-
v v Apo(0o. 60) — 27(00100) = do(180° — 6, 180° + o) Lo e o)
GPD B0 20 G5 (B0, do) + do(180° — o, 180° + o) Norr — dot—do™ TSmO GGy
L (14cos? 0p) OU = dottdo- & doBH
v—__ v TO COS ¢0 TGO)ORGH
P(p) t P'(p) * Qo s (80, $0) + dopm(180° — fo, 180° + ¢o)

> 0.6p m
050 <M >=18GeVi< B, >=7.29 GeV; < oe gonf,saorodsg,:]glgar [b,iﬂ)l w1
~E 0 >=92° - € TERL O e HIAE
04E- = : < M >= 18 GeVi< B, >= 724 GeV * TCS probes similar CFFs as DVCS.
03F B  Direct access to the D-term.
0.2 — . .
oL - * TCS is measurable with a muon
0F ———— . Op e * pair in the final state.
0.1 . Syst. - - DATA []Tot. Syst. . . .
o HofTA BT Syt 02f oA s * Recoil proton detection is
P TRDUIIN L. o4l iy, |=VGG =2 VGG, no Dterm needed to ensure exclusivity.
01 02 03 04 05 06 07 08 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
1(GeV?) e e et el 1(GeV?)
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Near-threshold J/{ production

6p % 6/7*2? % elp,J/w % BIILL_I_ILL_p, Access to the gluon content of the proton...

... if other contributions can be understood.

v J /1 J/ do __  OBEMEH (167“)‘3)2’ngR(O)P‘G(t,f)‘Q

O dt — 4(W2—-M3)2 3M3J ! o
“QCD analysis of near-threshold photon-proton production of heavy quarkonium”, LL‘I‘ILH DEIO(AH)
Yuxun Guo, Xiangdong Ji, and Yizhuang Liu, Phys. Rev. D 103, 096010, 2021 >
2 2 ~ * *
do __ N2 e’ [A9(t)+n~" D9 (t)]” F(S) .8 DO(A,) ) DPO(AY
dt 64w (s—M3%,)? A92(0) AFD)
p p
> “JIp near threshold in holographic QCD: A and D gravitational form factors”,
/) Kiminad A. Mamo and Ismail Zahed, Phys. Rev. D 106, 086004, 2022 p p’
100] -~ E=(9.1,9.25) . E~=(9.25,9.4) “Determining the gluonic gravitational form factors of the proton”. Duran, B., . V(1 X
i N Meziani, ZE., Joosten, . et al. Nature 615, 813-816 (2023) Results from CLASI?2, just released ! (link to the pre-print)
» |T AR
10 TT . 4 T )
NS N @
10 e & : 5,10 &= e )
o =0 i 0 * J/Y production offers a
H-R-Y (b=0) \3 e E 10

10-3 H-R-Y (b=1) i : '{;’ ......... H'V <S> .

100] . E~(84,9.55) <. E-(9.55,97) ? L & <5 SN S win dOW to th e gl uon
R Ny 5% o - U\ _ “““

NI N N, 3 r e ..
o S Ry | § F g 5 dynamics in the nucleon,
: L e e <

10-2 . T i ?H . o .

IR e #  CLASI2 (this work) even at |Lab energies.

100 i 10 3 ‘ e stac A oAaR> e Holographic (2022) . . .
o[ BRI | ErE85 0D : oma GPD (2023) * Requires large statistics.
% § f o |1, | - GPD (Ivanov, Sznajder, .bzymanAowskl.and Wagner) 10_1 JPAC 3C-NR (2023)
® 10! f ., T b + GPD and LQCD (Guo, Ji, and Liu)

2 : T 102 L L . P - dyn (2025)
S 0e 1 ' 8 9 10 20
E GlueX results taken from S. Adhikari et al. (GlueX E [GeV] E 2'5‘/ 10.0 10.5
S Collaboration). Phys. Rev. C 108, 025201, 2023 ' y [GeV]
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Expected results and impact eee

From the CLASI2 configuration...

The pCLASI2 setup will mostly use
existing CLASI2 detectors.

u+ p- Invariant Mass

Jhy Yield 130.9 + 26.7

I Mean 3.082 + 0.006

o 0.04414 + 0.00739

50 1st order coef 61.74 +9.44
2nd order coef —275 +64.0

3rd order coef 424.3 +195.9

40 offset 6.414 + 2.563

» J/W in the di-muon final state

(From R. Tyson’s PhD thesis)

.....

-(II|II||III|I||I|I|I||IIII

11 Atear®y ] T | 111 colanl L L M- Ll
29 3 3.1 3.2 33 3.4 3.5
Invariant Mass [GeV]

The CLASI2 FD detector will be
effectively used as a muon detector.
The CTOF CND, CVT, HTCC, FT,
LTCC, RICH and BAND will be
removed.

9/20
, - 10m
\ DC R3*
\ =)
DC R2* B
= ¥ LTCC N
DC RI* ECAL*
L RICH
BAND o g =g HTCC
SOI. —
Target CVT E= FT : pray, M
o) e
N , N
T FTOF
\ L LE 2 N
| - ..,.:’ I
4 I dh ,:,_.J_i WL~ ~
= I 3 *Detectors used in the current CLASI|2 muon identification
/// \ i T
Y i :
A= Ll




Motivations & challenges eeeee  The pCLASI2 design eeeeeee  Expected results and impact eee

10/20

... to the pnCLASI2 configuration

A lead shield to reduce pion
background in the FD.

A PbWO4 calorimeter will identify
scattered electron.

A GEM Forward Vertex tracker will
be used for vertexing.

A recoil tracker surrounds the target
to detect recoil proton,

associated with a Central Scintillator
Hodoscope for timing.

Recoil Tracker (RT)
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Running conditions & beam time
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Beam Beam Beam Target Target || Beam time
Energy | Current Requirements Material Length (days)
(GeV) | (nA) (cm)
Commisionning
11 5 15
Calibration
11 7.9 Empty target 5 10
11 <1 LH2 5 20
Production
11 7.5 > 85% longitudinal polarization LH2 5 200
Total time 245

Electro- and photo-production of muon pairs with uCLAS |2 — 9t of March 2026
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HCLASI2 subsystems overview
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The wECAL calorimeter

13/20

wECAL calorimeter

PbWO4 Calorimeters in Hall B

wECal design based on the existing
CLASI12 FTCal.
*  APD readout (used in CLASI12 FT & HPS)
. Same MC and recon software as FT
Expected rates: 2 MHz (~HPS calo.)

FTC FADC SCALERS
o AnmbE

CLASI2 forward
tagger calorimeter P
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The forward vertex tracker
Forward Vertex Tracker

* Forward tracks reconstructed in the
UCLASI12 FD Drift Chambers.

* No changes to the FD tracking from
CLASI2.

* FVT is used for vertexing forward-
going tracks only.

Forward Vertex Tracking

6-layer assembly GEM detectors.

VMM3 readout.
Expected rates: 500 kHz/cm?

e 2D stereo readout/1200 ch./modules
* Position resolution better than 100 pm.
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The Recoil Detector: tracker & hodoscope

Recoil Tracker

* 6 regions x 3 sectors

Recoil Tracker * Dual readout with strips along and at

' fixed z (arcs)

* 500um pitch

* Inspired by the layout of the existing
CLASI2 BMT

Recoil Hodoscope

| Recoil Hodoscope * 540 truncated pyramidal

modules

* 2x2 and 4x4 cm?
* Readout using SiPMs 2m
away, using light fibers

Electro- and photo-production of muon pairs with uCLAS |2 — 9t of March 2026
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Overview of the
expected results
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Expected results on DDVCS

Analysis strategy P 1 Nt - N~
LU ATL L AT

/A fo ] o A
EP — € Y P — € D~y 02;_ . . Q% =2.7GeV?, Q? = 0.6 GeV?, 5 = 0.036
! -I_ N ( ) k ,'t;:i""::::::?:z“~.
* Electron detected in wECAL. L \ \ i -
< 7k /
* Muons in uCLASI2 Forward Detector. \ / | 01k
* Missing proton reconstructed from “‘ ~'
energy-momentum conservation. a2 H el
- ; —t = 0.058 GeV? !
16000} I I s R 202t
- | | - i D 201 B - VGG
14000— | | ' ' 30:_ Entries o
: | | Inelastlc'muon pair : ) el 8;;’2124iE_,;; -0.25 GK
12000~ | | production 25 _ Constant - s
10000:_ I I 20:- ) ! - 0.3
§ | | i
80001 I I 500k DDVCS 15 -0.35}
6000 | | events expected ol
[~ | | : - 11 11 I 11 1 1 I 11 1 1 I 11 11 I 11 1 1 I 1 11 1 I 11 1 1
4000 | | (Mpp>1.2 GeV) & 0401 02 03 04 05 06 07
| : -t, GeV?
2000— | oL o P P R N NN PR | . . . .
- | 0202202 IR G 200 days of beam will allow to distinguish
S 1 2 3 rEESa— model down to the small-t region
Mz [GeV?]
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Expected results for TCS

Analysis strategy
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Expected results with 7.7M expected events (Mupu >1.2 GeV)

Electro- and photo-production of muon pairs with uCLAS |2 — 9t of March 2026

/ / ! %
ep — ( e ) Yp — ( e )p 7Y Photon polarization asymmetry
<M>=1.36 GeV, <Ey>=6.8 GeV <M>=1.64 GeV, <Ey>=7.84 GeV <M>=1.9 GeV, <Ey>=9.2 GeV
0.5 - 0.5 - 0.5
— —— GK model —— GK model
, _I_ — 1 N+ - N ~—— VGG model ~—— VGG model
04 A@U = — +— 04 —— MMS model 04 —— MMS model
1 - 1 ® Expected statistical error bars 7 ® Expected statistical error bars
— (X)p'u" PN+ + N } o S e
uCLAS12 proposal 031 031 031
g 70 5 3 b3 sseseanuIIIP 99 ¢
o 7| 7| N /\
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40
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Proton identified in the
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. - — model : —_ model
% 02 0.4 06 08 - 2 T2 0.6 - A - NF - NB 0.6 1 ; 326 :\iZel 0.6 ; 3:6 :::edel
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40003— _ o ! ‘ 0.4 4 0.4 04
Erms_0.045GeV t 03{ s8R N RSBS00 9 03{ sesepsheENENEPIS 03{ sSSSSsSsSRRNNEBRSOP P
35001 h . . . g 2 £
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Expected results for }J/Y electro-production
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Analysis strategy

Events

ep — €' v'p — e'p'J /Y
—e'putpu=(X)
Electron detected in the wECALL.

Muons in WCLASI2 Forward Detector.
Peak in the invariant mass of the p*p- pair.

uCLAS12 proposal

9000 :_ Coincidence Quasi-elastic ( 53 events)
C 37 apm-2a- Coincidence Elastic (511 events)
8000 200 df‘y_s .@ 10" e Quasi-elastic (7709 events)
E w*u final state Bethe Heitler (66268 events)
7000 Jy (30832 events)
6000}
5000 f—
4000
3000F-
2000
1000 f—
: 1 1 1 | ] 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | i i i l
8.2 24 2.6 2.8 3.2 3.4
M, [GeV]

Projected results with 30k expected events

10°; -+ + %
% e |0 times more events than the
+ current largest |/ sample at JLab.
i) o
= Total cross-section * %, of the expected SoLID J/{ rate.
* Energy reach Ilimited by the
10-1] T — mz22 wECAL threshold.
MZ22 + Dipole Q? dependence (Q%2=0.5 GeV?)
4 CLAS12 photoproduction (Premiminary)
+ uCLAS12 (200 days @ 11.0 GeV @ 1037cm~2s71)
8.5 9.0 9.5 10.0 10.5 11.0
E, [GeV]
o0 Eyin[8.50, 8.90] Gev ] Eyin[8.90,9.30] Gev ] E, in [9.30, 9.70] GeV
L]
) . ; . R ’ ”Q *
1071 4 ¢ L3 N 1071 4 . 1071 4 L A )
' "y Ty
102 1072 4 1072 4
o Coes ey TR
10-3 4 4 UCLAS12 (200 days @ 11. GeV @ 10%7cm~2s%) 1073 1 10-% 1
< ; ; ; T ; ; ; : -
2 oo E,in[9.70,10.101GeV ;} Ey in [10.10, 10.50] GeV
N T . ’S..
1071 * . ° 1071 4 o [ . .
., ' Differential cross-
107 107 section
1073 5 1073 §
1 2 3 a 5 é 1 2 3 4 5 6I 7
—t [GeV?]
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Key takeaways

* The puCLASI2 experiment will provide the unique opportunity to measure Double Deeply Virtual
Compton Scattering and access the full kinematic dependence of Generalized Parton Distributions.
* Large statistics TCS and }J/y production will also be measured, at the same time.

* The pCLASI2 setup will use most of the existing CLASI2 detector package with the additions
of shielding, calorimeter and tracking in front of the Forward Detector.
* All the planned detector are based on technologies that have already been demonstrated at |Lab.

* HCLASI2 has been implemented in CLASI2 simulation and reconstruction framework.
* Rates, trigger rates, background rates and expected number of events are based on realistic simulation

and existing CLASI|2 data.

* MUCLASI2 is approved by the 2025 JLab Program Advisory Committee.
*  We are working to finalize the design and specifications, and publish the proposal in EPJA.
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