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Continuous Electron Beam Accelerator Facility

Up to 12 GeV, polarized (P>80%) electron beams for experiments in Halls A, B, C, and D.
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Physics program

* Nucleon and nuclear structure
studies, spatial and momentum
tomography, form-factors ...

e Cold nuclear matter, NN

correlations, hadronization,
color transparency...

» Exploring the origin of
confinement — meson and

baryon spectroscopy,
exotics ...

* Low-energy test of the
Standard Model and

fundamental symmetries
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A total of 60 approved experiments,

combined into 18 run groups.
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CLAS12 in Hall-B at JLAB

Designed luminosity 103°cm™2sec™!

Forward Detector (FD

Central Detector (C

CND 'I‘élu‘-
=<

Number of readout channels ~100,000
R R T T e J
| S
https://www.jlab.org/Hall-B/clas12-web/

Beamline Torus

FT-hodor,

T-tracker Physics targets:
* LH,, LD,, LHe, LAr, D, “He
- 12C to 208Pp

* Polarized NHs, ND;
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3-D Structure of the Nucleon: TMDs and GPDs

DIS Parton Distribution Two orthogonal views. Elastic Form Factors
Functions
clk".l , o,
5 7 (a,)

-
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rip,)

No information on
the spatial location
of the constituents

No information about
the underlying
dynamics of the system

Transverse Momentum Distributions & Generalized Parton Distributions
3-D imaging of the nucleon, the correlation of quark/antiquark transverse spatial and
longitudinal momentum distributions, and the quark angular momentum distribution
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3-D imaging in coordinate space — GPDs

(x+5) p (x-€) P i

= Four leading-twist - Nucleon spin

chiral-even~G~PDs: Jg = Z - / dx x(H9(x,¢,0) + E9(x,£,0))
H, E, i, E g 2/
= Four chiral-odd Nucleon tomography
. . 2
transversity GPDs: Hi(x, b, ) = / ?2?); e PLALHY(x 0, ~A2)
HT! ET ) HT; ET

Link to the energy-momentum tensor
1

[ dxxbix g 0) = A%(t) + D)
= In the forward limit (¢ > 0): GPDs — PDFs o
m First moments of: GPDs — FFs /_1dx xE9(x, &, t) = B(t) — £2D9(t)

Deeply virtual exclusive reactions: DVCS, TCS, DVMP, DDVCS.

Polarization | Proton Neutron
A major thrust of the CLAS12 GeV physics program: UU i i
« Compton scattering: observables depend on CFFs, which LU - —_
are convolutions of hard-scattering coefficients with GPDs. — —
UL H H
» Deeply Virtual Meson Production (DVMP): amplitudes ~ ~
involve GPD x DA convolutions, providing complementary LL H H
sensitivity to GPDs through different meson channels. uT £ &
LT EH EH
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Compton scattering cloSp

Golden channel for studying GPDs: JLB flagship program

Observables: beam/target
asymmetries and the cross
sections of in TCS and
DVCS access only two out
of the three variables that
GPDs depend on.

DDVCS provides access to
all three dimensions of
GPDs, and Jefferson Lab, at
the luminosity frontier, is
the only place in the world
where it can be measured!

pCLAS12 in Hall B is a high-
luminosity facility that can
carry out this measurement.

Started with CLAS DVCS in 2001, First experimental measurement with

PRL 87, 182002 (2001). CLAS12, PRL 127, 262501 (2021)

Hard scale is defined by Hard scale is defined by

space-like photon DVCS 1 TCS ) timi-like photons
. ¢ ReH(Et) =PV f dz C (€, ) H(z, €, t) @
Qz -1 1 ! I
oy ‘,/'/._’ 7 ) t -
L g YN K
“E T ImH(E ) = imH(E 6 t) - SN
z+¢ s T HEED )
FTHERED ) < . B -/’
L HE@E) N\ ) 4 .
p v B\ i Access to the Re-part of
the Compton amplitude
DDVCS :
+1
{ . (2,6,1)
.r — 25’ &) +ie

Both space-like and
time-like photons can
set the hard scale

26 -¢)

H(26' —&.6,1) + H(—(2€' —€).6.t)

o-DDVCS is three orders of magnitude smaller than oc-DVCS
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Proton DVCS

S ¢ DVCS

Bethe-Heitler

.o

d406p—>6’p’7 2
= 21T (| Toves|

drp dQ2 d|t| do

+ | Teu/? +I)

S. Lee, et al., CLAS Collaborat/on arXiv: 2608 20585 submltted to PRC.
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G. Christiaens, et al., CLAS Collaboration, PRL 130, 211902 (2023).
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https://arxiv.org/abs/2608.20585v1

10
Neutron DVCS cloSp

A. Hobart et al., CALS collaboration, Phys. Rev. Lett. 133, 211903 (2024).

The first measurement of BSA for nDVCS in a fully 0.1
exclusive reaction using deuterium as a neutron target.

F <>=0.39 GeV*

O-(ed - e’ny(p)) = OBy + Opvcs + OINT _Ol-i;;?_ngllgm - <k >=0.19 ":,';l::_né{é%;cv_ 1
~ —0.2F<0>= 22 GeV* F<0>=25GeV F<QH=28GeV' ]
Ay oxsing Sm(FiH + E(F + Fo)H — E - ] I I
s Hraet oy IRENY e
0 ] _
BSAis sensitive to the CFF E and provides access to 0.1f <01 Gev' $o=0376ev’ berog {?ﬁn{m ]
H H H Hd H <X == I<x,>=10 =x,==1,
the GPD E, one of the ingredients in Ji's spin sum rule. £ . E S Sy O Sy ]
Extraction of the u and d quark 0.1 $ :
contributions to 3mH and Imé D%%
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S 100 200 300 100 200 300 100 200 300
22 o)
[} Ul T T T | DL B N L B

20
w ]
g Ofprcsns s RS
B J. =035 J, = 0.05
0.02r7 — 027, =015T
—20 J, = —045 J, =02
IB=0.15 IB=0.15 0'-- 1 sl A - I N B ST BE. . I BUECET VA AT A
0.0 0.2 0.4 0.0 0.2 0.4 0.1 0.2 2 § 4‘;! 0.1 02 03 02 04 06 '[].I:i3
—t [GeV? —t [GeV? £ Q” (GeV?) Xp -t (GeV?)
' - OFFICE OF Fundamental Problems in Subatomic Physics 2026 3
, @S(]ENCE Cairns, Australia, September 22-27 Jeff/e]%on Lab

®Thomas Jefferson National Accelerator Facility




‘DVCS with polarized targets cloS

Longitudinally polarized NH; and ND4

Observables Ay, for the imaginary part of the CFF H and #, and A, to access to the real part.

& -
STypSin¢ BH H
AyL(@) ~ LL corp + oo + (cfip + cfrp) cos ¢
B+ (P + T + - cosp | | A~ ~ w7
sy AP AP CD,unp + cl,unp + 1L,unp + Cos ¢’
4--15 05 i i S \ I Tt ' i C <j <0 = 2"57‘ -1 oolsev" ' <Q = 2' 71, -1 ooIGev'* ' <Q’> = z:.sn\ 243 IGev" '
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¢ }
o MMM by : {
05 i T |I g
T RS e L e it R bty “+++
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Transversely polarized NH4
* Asingle-target spin (UT) and double-spin (LT) asymmetry give
access to the imaginary and real parts of CFFs.

* The main target is the CFF E. Together with nDVCS, this
experiment will provide data for flavor separation of GPD E.

Asl,]i;l(¢s—¢) x cos ¢ Im(CLp)

Target inside HTCC

Aii;n(rbs—‘l’) « sin ¢ Rm(Ctp)

1_xB

t t
I - e - — -
Crp % 5 e 2+ 2= xp) 3 5 i€ Run is scheduled for 2031
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First experimental measurement of TCS

Agy~sinImM™~, universality of GPDs

ep-oetep(X=e)

cloS®

A
M 1+4¢€

App~ cos pReM~~, access to the EM FF D?(t) (D-term).

E, =729GeV; My = 1.8 GeV

[Fl OH —E(F (1) + F,())H —

Bethe-Heitler (BH) - doInT el 1M1 L . 1+ cos? 9@
VN A ,(—,,r’/' ! dQ?dtd(cosf)dp ~  4ms® —t Q' r/1—7 L ¥ sing
_“‘é\‘\\\ # — 08 2¢ V2 cos # ReM®~ + cos 3¢ sin ReM ™~ + O(é)]
Photon polarization
C i 3 ad, 1M 1 L[ . 14cos®f
) 4rs2 —t Q' 7/ 1—7 L S TN g
s e . V2 - | s . g 1
p —8in2pv2cos 8§ ImM"~ + sin 3y sinf ImM ™~ + O(@) .

t

4M?2 F (t)‘c’]

P. Chatagnon, et al. (CLAS Collaboration), PRL 127, 262501 (2021).
E, =723 GeV; My = 1.81 GeV
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The available data is about 155fb~* . The expected full data set will be 760fb~* (grey predictions on the plots).
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.262501

Future plans [1 uCLAS12 @ 103"cm™%s71

ep > e'y'p' —e'utuTp’
The setup is based on the existing CLAS12
forward detector.

» A lead shield to reduce pion background
in the FD.

» A PbWO4 calorimeter for scattered
electron identification.

A GEM Forward Vertex tracker will be
used for vertexing.

» A recoil proton detector — uRWELL recoil
tracker surrounds the target, and a
Central Scintillator Hodoscope.

Single MIP (u) Trigger rate: 21kHz.
DDVCS and J/y electroproduction:

I+ ,,—
e'utp
Time-like Compton scattering
I+,
puTu
: OFFICEOF Fundamental Problems in Subatomic Physics 2026
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14
‘DDVCS: ep o> e'utu (p") cloSp

Cha"enges Spin asymmetries (Im, x = §)
HERMES, CLAS, Hall A,
JLAB12, COMPASS

a) Small cross-section requires high luminosity;
b) Muon detection is needed to overcome
ambiguities and anti-symmetrization issues with

H(x,&.0)
the decay and scattered leptons. 10
75 }
Key measurements include: 5\
* A,y in the transition from a time-like to a space- 2'50‘ ~
like region to validate the GPD formalism; Sl

 t-dependence of A;; to constrain models;
» Contribute to resolving the shadow GPDs.

t

/ ! /(! ! e
AO’LU X Im[Fl'H(E ’ S, t) + f (F1 + FQ)H(é- ,é, t) - AN 2 Fgg(f ,f, f;)] S11l qb
03F o . ——wcLAsiz
Ay =-02% 0'02_7 02f Space-like < L . S
02 5
F o1
0.1 / )I\R
= > [ 0 .
< o < ° ¢
L o . 1 | | N\
-0.1 -0.1
= Reduce model
-0.2 o2l uncertainty arising from
: Time-fike ALY =-01240048 0 s g st e S o B
—0.30—. L 5|0‘ L 166 L1 156 1 ééd H256 L1 :’i(;d 1 5;0 L 6 = 5‘0 — 1(')0‘ — 1é0' : :?66 = ‘256 — 500‘ : Sél‘xc; . 0 50 100 150 200 250 300 cp??geg)
¢,degrees ¢,degrees
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DVMP and transversity GPDs clo3p

A. Kim et al., CLAS collaboration, Phys. Lett. B 849 (2024) 138459.

c;,ﬁ\ = + Deeply virtual exclusive production of 7° has an

: increased sensitivity to chiral-odd GPD, E; = 2H; + E7.
. Thg sin @ moment of BSA s V2e(1 —e)"f;—;" sin ¢
projects out 6,7/ /ay: 1+ \/m% COS¢+€6;—; cos 2¢b
GPD - -
p % oL Im[(Er)*(H)+(Hr)"(E)]
\{/ o - T .
(1 =) [(Hp)|" = 5= [{Er)|” +eor
2:0‘25:_ <Q*>=2.58 GeV?, <x >=0.29 E <0?>=3.02 GeV?, <x>=0.39

02 - Published data: The black curves show the
g theoretical prediction from the GPD-based

0.155
of Goloskokov-Kroll model. The other curves are:
°~05; « The black dashed lines show
of : the effect of the GPD E
‘220'25;_ <Q’>=14.65 GeV?, <x >=0.37 E_<Q2>=4.14 GeV?, <x,>=0.51 _ <Q’>=6.64 GeV’, <x >=0.56 mU|tip|ied by a factor of 0'51
3 °'2é' } ' + ' « the black dotted lines show
3 + 3 3 * the effect of the GPD
of bl + ...... + H : { } H,multiplied by a factor 0.5.
L e L e i aF | « The red curve shows the
o m. E : theoretical predictions from
0 02 04 06 08 1 12 14 1.? [G1e8\/2]0 02 04 06 08 1 12 14 1-? [G168Vz]0 02 04 06 08 1 12 14 1_(: [éea\/Z] the Regg e_based JML mod el
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Near threshold J/y production gluonic structure of the nucleon ¢S

o J
« At the energy-production threshold, the t-dependence ’\Z\/\/\/\&g / wO

of the cross-section provides access to gluon
Gravitational Form Factors (GFFs) and the nucleon
mass radius.

* Study the gluon Gravitational Form Factors A,(t) and p p
C,(t) (GPD and holographic-QCD approaches). ()

Y Y Y
—
-

doypsa/ep 1 1

dt T 647S |pem|? |M7P—>J/‘I’p(t)|2 M'yp—>J/‘pr(t) X <p,|T3,u|p)

4dm 4dm

. . 2 s !
W51, (2)lp, 5) = @ A% (1) et 4 pa(p) Preguiell o pop) Rebectid 4 pnze(y)g,,, | uei®' -

. 05
a E % GPDsT;?rdEI Holographic model GPD model Holographic model
e

1
1
55@ ﬁw Ags e )
! E 03]
1 3
! H \ >

! 02

! Scalar \

! J/y-007 Extracted-mass gnd scalgg radit—
Iﬂ | (2023-2024) i e 01

1

1

1

1

1

1

1

1

1

1

1

1

1

1

mm CLAS12

B2 )/y-007
CLAS12/GlueX/)/y-007

combined

10°

Aglt)

No evidence for the A:D and A D* - s . Db
threshold effects reported by GlueX.

o [nb]

==
= =
===

! _10-2 s
| CLAS12 * L o
10-1 ) —— p. r
' - Cornell (1975)
1
: ¢ Gluex (2023)
' ' # CLAS12 (this work) ombined . .
8.5 9.0 9.5 10.0 10.5 11.0 11.5 05 10 15 20 25 050 075 1.00 1.25 15 o 1 2 3 40 1 3 3 a
Radius [fm] Radius [fm] —t[GeV?]
Ey [GeV]

P. Chatagnon et al., [the CLAS Collaboration], Phys. Rev. C. 113, 065203 (2026).
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https://journals.aps.org/prc/abstract/10.1103/lqv1-kf2n
https://journals.aps.org/prc/abstract/10.1103/lqv1-kf2n

‘ Jhy photoproduction on the deuteron

cloS®

First exclusive near-threshold photoproduction of yn —» n'J /1, a comparison of gluonic properties in the
neutron and proton, as well as in free and bound nucleons, including the gluonic mass and scalar radlii.

Signal Yield: 351 + 80

s
[} 0
= 20094#. Background Yield: 3170 + 96 n B 10
g 10 %ﬁﬂ% i
2150 %_ 4
w 8 —_
= i) [7)
2 100- s f @ 3 :%‘
2 5 2107t _H_
¢ GlueX (2023) 3l
50l 107! < CLAS12 (2026) E
r iy <4 Bound proton (this work) + Bound proton
[ | i ‘1._”’?}' I '.“."‘r-. ] + Bound neutron (this work) -+— Bound neutron
0 dedadad: hababals nep ol 1111 111 | I-\""lnudl
27 28 29 3 31 32 33 34 85 90 95 100 105 11.0 115 05 1.0 15 20 25 3.0 35 4.0
. E, [GeV] —t[GeV?]
M(e'e) [GeV]
0.5 GPD model Holographic model
Holographic QCD Model GPD Model 0.4} % Bound proton
A 0) —_— i O — b FII'; :ound nteutron
= 27 ‘.‘ ++ Free proton
Ag(t) = Ls, Bound Proton (Mass) —=— 3 - = 3 o
(1 - 'n’fTA) - Bound Proton (Scalar) 4 —=— 01
Bound Neutron (Mass) -=— - —_——
- Bound Neutron (Scalar) ] —a —102
C (t) — Cg (0) Bound Nucleon (Mass) —=— B —— s
g 37 E $-101
t —— Free Proton (Mass) - —
(]. - mT) 3
¢ Free Proton (Scalar) —— 3 — . il
07 o8 09 10 ‘08 10 12 14 16 18 20 T or ool T 31
Radius [fm] Radius [fm]
R. Tyson et al., [the CLAS Collaboration], arXiv:2609.03579 submitted to PRL.
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3-D imaging in momentum space — TMDs 3

Leading-twist TMD PDFs

N\q U L
Uul h —
- 911
T fir gitr

o= Fyy + PF T ?sin2¢ 4+ BFS Psing. ..

Diagonal terms: unpolarized, helicity, and transversity PDFs; off-
diagonal terms: Sivers, Boer—Mulders, and worm-gear distributions.

Single- and dihadron SIDIS: different PDF—fragmentation-function
combinations provide complementary access to nucleon spin and 3D

structure.

With high luminosity, high efficiency for multiparticle final states, polarized electron beams, and longitudinally,
transversely, and unpolarized targets, CLAS12 enables a broad program of spin-dependent measurements
to access PDF(x) ® TMDFF(x,py) in single and PDF(x) @ DiFF(x, My, Rr) dihadron SIDIS.

i

g =>s

OFFICE OF

CIENCE

Polarization: Single hadron: Dihadron: Main bhvsics
BT PDF x FF PDF x DiFF P
uu fi®D, i ®Dy Unpolarized
LU e®HE, gt D, e®H} Beam-spin; twist-3
Parton Dihadron n n z .
Distribution Fragmentation UL hlL ® Hl hL ® Hl L_target spin
Function Function
dihadron plane LL 91 ® Dy 91 ® Dy Helicity
fr®D; : « Sivers :
utT hy @ Hi : —h®HT = Tansversity :
hir @ Hit Pretzelosity
—/
LT 91r ® Dy subleading Worm-gear
contributions
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Di-hadron production in SIDS cloZp
BSA in the Process ep — entn~X with CLAS12

doyy < Wi, sin(¢p ) {.vre(.»c)HfI (z,M},)+ %fl (x)G4(z,

0.04 0.06
0.03F } —~ 004
-~ H H [ { S 002
£ 002 [ [ [ { I
is i I 5 000
"7 001 25 002
+ Extraction of twist-3 collinear PDF 0.00 < _o04f
sin(¢g, ) _ I ! I !
Ay e 0T T 0 o8 o4 o5 003 04 05 06 07 08
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functions, I;" and 1.
H. Avakian et al., [CLAS Collaboration] PRL 130, 022501 (2023)
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‘QCD and nuclei

Nucleon modification, tagged EMC.
Short-range NN correlations.
Quark/hadron propagation and CT.

Nuclear DVCS
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‘ Heavy Photon Search experiment m

MeV-GeV thermal relic DM with comparably light mediators (4").

~ 10 KeV  MeV~ m, GeV~m,, ~ 10s of TeV
mz.n

warm | AN.g

Qx > OQpwm

WIMP DM too much

“Dark bremsstrahlung”
A<
£ e~1075 — 1072 3 eaﬁ$<€_
A ; If GUT, ¢ can be as :> g
small as 1077
Z

Resonance/Displaced Displaced

minimal A’ SIMPs
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dN/dm [1/ 0.5 MeV]

‘ HPS's recent results

Canonical A’: PRD 108, 012015 (2023)
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https://journals.aps.org/prd/abstract/10.1103/2k3q-9mhj
https://journals.aps.org/prd/abstract/10.1103/2k3q-9mhj
https://journals.aps.org/prd/abstract/10.1103/2k3q-9mhj
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.012015
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X17 experiment PR

» The experiment searches for a hypothetical 17 MeV neutral boson observed in nuclear
transitions by the Atomki group.

« A non-magnetic spectrometer based on a PbWO, calorimeter and a GEM tracking system.

» Searching for a resonance in the mass
distributions of 2-charged or 2-neutral pairs in
three-cluster events from ~2 GeV electron 107
scattering off a 4 um Ta target.

Reach with full statistics, recently
collected half of the data

1077
+ PSS
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e e i
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Proton charge Radius experiment

PRSius

Pohl 2010 {(pH spect.) bt Bernauer 2010 (ep scatt.)
e
Antognini 2013 (uH spect.) ——— Zhan 2011 (ep scatt.)
i Beyer 2017 (H spect)  +——e— 4 | CODATA-2014 (ep scatt.)
CODATA-2018 - = CODATA-2014 (H spect.)
Bezginov 2019 (H spect) +——e—i —e— CODATA-2014
PRad exp. (ep scatt.) ———e+—— Fleurbaey 2018 (H spect.)
The only ep-scattering experiment that PRad-ll proj. —.—
L * Mihovilovic 2019
measured smaller ) Nature 575 Grinin 2020 (H spect) —0— (ep scatt.)
| SRR Uy | M 1 . e )1,
(2019), close to H-spectroscopy results. 0.78 0. a 0.62 0.84 0.86 0.88 0.9 0.92

Proton charge radius r [fm]

» Completed new measurements with an improved
windowless, high-density, cryo-cooled hydrogen gas

flow target, an improved GEM tracking system, and a

calorimeter readout.

» All planned data at beam energies of 0.7, 2.1, and 3.5
GeV were collected.

» The original goals and performance expectations
were achieved:
—Lowest Q2 ~ 10-° GeV?,
—beam background ~ 2%,
— stat. uncertainties < 0.1%.

GEM
Detectors
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https://www.nature.com/articles/s41586-019-1721-2
https://www.nature.com/articles/s41586-019-1721-2

Summary

Hall B's 12 GeV physics program, carried out by three collaborations: CLAS,
HPS, and PRad, covers a wide range of topics, including hadron
spectroscopy, nuclear and nucleon structure studies, and the search for
BSM physics.

The CLAS collaboration will continue producing a large data set on nucleon
and nuclear structure studies using up to 11 GeV polarized electron beams
and liquid hydrogen, deuterium, helium, and polarized targets.

HPS and X17 are expected to produce new search results and cover
uncharted phase space in € and m of A" over the next couple of years, and
will extend searches for long-lived particles.

PRad will produce a new r, measurement with significantly improved
uncertainties to put the proton charge radius puzzle to rest.

In the future, CLAS12 plans to become a high-luminosity facility, first
reaching 2x103°cm™2s~! and then extending it to 1037 cm =25~ for specific
measurements, e.g., DDVCS. Other configurations in between are possible
if there is a physics case.
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