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JLAB Physics program

* Nucleon and nuclear structure
studies, spatial and momentum « Cold nuclear matter,
tomography, form-factors ... NN correlations,
hadronization, color

transparency...
 Exploring origin of
confinement — meson
and baryon spectroscopy,
» Low-energy test of the Standard
Model and fundamental

exotics ...
symmetries, and search for Dark
Matter particles.
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Total of 91 approved experiments,
35 completed to date.
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Complementarity with facilities worldwide

Jefferson Lab stays very relevant and complementary to other facilities with the
extremely high luminosity, high x reach of fixed target experiments.
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Kinematic regions of Deep Inelastic Scattering and the

* Precision measurements in the
valence quark region requiring
high luminosity are clearly the
purview of CEBAF.

« The 20+ GeV energy upgrade will
provide important overlap into the
sea quark region where the EIC is
designed to probe at low x.

Progress in Particle and Nuclear Physics
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Physics with CEBAF at 12 GeV and future
opportunities
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EM form factors: proton radius puzzle

« Electron scattering has been a tool of choice for many decades for studies of the
structure of the nucleon.

» At each new stage of experimental investigation, new challenges and inconsistencies
arose. New experiments at Jefferson Lab address most of discrepancies, but some still
remain.

« The “proton radius puzzle” — discrepancy between muonic-hydrogen and electron
scattering — has been round for while.

» Proton radius experiment Pohl 2010 (uH spect) ’
in Ha”_B (PRad), was the Antognini 2013 (uH spect.) $ P —— Bernauer 2010 (ep scatt.)
first ellectron scattering DR ik
eéperlment to rea_cih ) S §.
Q“ down to 2x107*GeV _ it ] B

. Bezginov 2019 (H spect.) ——e—H b
anq obtained the proton PRad 2019 (ep scatt) : i
radius r, = 0.831 + 0.007,;; = [pRadt projection - - : e
0'0125yst fm, CO”SlStent W|th Grinin 2020 (H specl.) —a—1 l
) S N TR e . | BT B ket B [ty R, R L

muonic-hydrogen data. 0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

Proton charge radius i [fm]
The approved PRad-Il experiment will deliver the most precise measurement of GE
reaching the lowest ever Q2 (107°GeV?) in lepton scattering experiments, critical for the
model-independent extraction of r,.
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EM form factors: high Q% behavior

» Charge and magnetization distributions of
nucleons has been characterized using elastic
scattering down to very small impact parameter
space (high Q?), data dominated with
experiments performed at Jefferson Lab.

uGe/Gu

+ The high Q? behavior of the proton elastic form
factors Gz(Q?) and G, (Q?) has been a puzzle
— discrepancy between measurements of high
precision recoil polarization and the Rosenbluth
separations — believe to be the result of higher
order radiative corrections to the cross section,
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« Experimental facilities at CEBAF L E T Nap—
will continue to tackle these S T —
questions, performing a new : = Bron v Sas
measurements with Q2 > 10 GeV 2. : " vt
Q* (GeV) Q* (GeV) af(Gev?)
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3-D Structure of the Nucleon

Elastic and deep inelastic scatterings give us two orthogonal projections.

DIS Parton Elastic Form
Distribution Factors
Functions

No information about
the underlying

dynamics of the system

No information on
the spatial location
of the constituents

Advances in theory over past 25 years — development of formalisms of
Generalized Parton Distributions & Transverse Momentum Distributions —

3-D imaging of the nucleon’s partonic structure, using deep exclusive and
semi-inclusive reactions become a reality.

2 "757.SCIENCE S.§ :
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Nucleon tomography: GPD framework

» GPDs describe the correlation of quark/antiquark transverse spatial and
longitudinal momentum, and the quark angular momentum distributions.

« GPDs are accessible through deep exclusive electron scattering reactions —
a major thrust of the JLAB 12 GeV facility.

At leading-twist, there are four chiral-even (parton helicity-
conserving) GPDs:

(x+5) P (x-€)p

Hq.Eq.ﬁq.Eq

and four chiral-odd (parton helicity-flip) [Transversity] GPDs:
qd 49 49 4

Hp E;,H; E;

GPDs — PDFs (in the limit t — 0)
H"(x,0,0) = q(x)a_q(_x)
GPDs — FFs (first moments of GPDs) H*(x,0,0) = Agq(x),Aq(—x)
T-GPDs in the limit t — 0:
Transversuty:H?., (x,0,0) = h{

4 +1 ~ —~
J‘l‘ dxE*(x,E,t) = FA(f) L dxE‘(x,&,t) = hi(¢) Tensor charge: [ dxHy (x,¢,0))
) Anomalous tensor MM: k. [ dxE; (x,&,0))

fll dxH'(x,&,t) = Fi(1) jll deH' (x,,) = g% (t)

il "(60.SCIENCE S. Stepanyan, HEP2023, Jan. 9-13, TettarCor LAB
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‘Nucleon tomography and GFF from GPDs

Nucleon tomography Decomposition of the nucleon spin
d2A, _. 1/
Hi=be) = / WG_IMLHO‘(X, 0.-A}) taz2 g [ ax x(B9(x.£.0) + Bx,6,0)
Uy (x,b _L) dx(x,bl) Link to the energy-momentum tensor

/1 dx xHY(x, £, t) = Ad(t) + £2D9(t)

-1

1
[ dexBaieg ) =Bt - 2oy
-1

04 0 04b(fm)-04 0 04 Ji, Phys. Rev. Lett 77 / Phys. Rev. D 55, 1997.

_Flavor dipole
04

1
5 1) Im# (&, £)

RTL(£,0) = DO +7 | da (511

the D-term characterizes the distribution

4 6 of o of forces inside the nucleon
Polyakov, Physics Letters B 555, 2003

M. Burkardt, Int.J.Mod.Phys.A18,2003
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‘Deep-exclusive reactions and GPDs

Im (DVCS, TCS)

Re (DVCS, TCS)

12

Class

H ALU' AOU g, AUU
H Ay
A, Aur

A global analysis will be needed to

fully disentangle GPDs

DVMP
Meson Flavor
nt Au — Ad
HT.ET 0 2Au + Ad
n 2Au — Ad + 2As
pT u—d
HE p0 2u+d
w 2u—d
¢ g
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DVCS - golden reaction for studying GPDs

Program covers measurements of beam helicity, longitudinal and transverse
polarized target asymmetries using detectors in Halls A, B, and C.

o IDVGS Bethe-Heitler
2 s"§\ W \(‘»/

TR - e e

+ T T +T. T

‘ ‘ ‘ DVCS‘ DVCS“BH ' “BH “DVCS

T s~ CFF }[(E,t)=f'n[H(§,§,t)v H(- EEt)]+Pfdx( _x+§ix)[ (x,’é,t)iH(—x,E,t)]

Im —
Re

Spin asymmetries, beam and target — p (n) and total cross sections,
Ay o ImH (H) A;; < ReH (H)
Ay < ImH (H) Ayr < ImE (H)

and lepton charge asymmetries when positron beams will be available.
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CLAS DVCS BSA and cross-sections

The first dedicated DVCS experiment with F.X. Girod et al., Phys. Rev. Lett 100, 162002 (2008)
CLAS, 2005, uses a small angle calorimeter. at)} o
r_./ 0.1
__CLASG6 kinematical coverage ep —=epy of-
< 5_ P 0.3
8 4'i§_ The most extensive set of data at 1
S a5t that time. :
:: asin ¢ il
2 Ay = o1
F 1+ ccos¢p +dcos2¢p 0
;— 03\ .; Xg = 0.17
& 02 calqulations
0.

. H-onlyYist-2 (soli

+H-only twis
I L]

05 1 150 05 -t iGe\}2)

N. Saylor et al., Phys. Rev. C 98, 045203 (2018)

The unpolarized cross section The polarized cross-section differences

<-£>=0.204 GeV? <-1>=0.263 GeV? <-£>=0.342 GeV? <->=0.204 GeV? <-1>=0.263 GeV* <1>=0.342 GeV*
Theoretical calculations from the oo
Vanderhaeghen, il | =%
Guichon, and Guidal (VGG) and ~ _ ~ TN T T
Kroll, Moutarde, Sabati¢, and 3 b § -
Chouika (KMSC) models. Tet  kwos | <hame S T -k
Both models generally reproduce 3 'Y, “>***%" i T Sl T T
the data, and the theory g 2 oo
expectations are in fair agreement * " © o
with the cross section and 10°F oot
differences i T

0l 00 T80 20 0w w0 Tee e = wt 0 20" 180 1270, 05 (90; WS C270,, 360} 490, 980, (270: G360
Hdegi o(deg)
NT ‘ r{ OFFICE OF ph
.Q?'A«SClENCE S. Stepanyan, HEP2023, Jan. 9-13, J effg?son Lab

UTFSM, Valparal'so, Chile OThomas Jefferson National Accelerator Facility



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.98.045203
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.162002
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CLAS: Nuclear DVCS (*He)

The first measurement of the beam-spin asymmetry in the fully exclusive process of coherent
DVCS off a nucleus, e*He — e'*He'y, and incoherent off a bound proton, e*He — e'p'yX.

Radial Ti’r’ne Projectioh’ Chamber for “He

! !
e*He — e'*He'y
M. Hattawy et al., Phys. Rev. Lett. 119, 202004 (2017)

m CLAS-EG6
=== Convolution-Dual
= = = Convolution-VGG
=== Off-shell model

o CLAS-EGé
=== Convolution-Dual
= = = Convolution-VGG

600t v vt by v b D b b b b b B bown bona bov s bvaa bvaa by
1 L5 2 2501 015 02 025 0.3 0.060.08 0.1 0.120.140.16

Q’ [GeV?] -t [GeV?]

Factorization

ao($)Za

Arv = 1(9) + az(d)Ra + a3(¢) (R4 +13)

e*He — e'p'yX

M. Hattawy et al., Phys. Rev. Lett. 123, 032502 (2019)

L | = CLAS (This work) —— Liuti et al. 16 (b)
15| ® HERMES --- Guzey et al. -

5 --- Fucini et al.

L
S |
g T

5> |
ol
< L
=
23 0.5_—

< |

o

"
Q? [GeV?

The ALERT program in Hall-B will take these studies
to a whole new level using 11 GeV beams.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.202004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.032502
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CLAS DVMP, 7° and n

doy 4ma 1

{(1 — ED(H)I* - 26”Re[(H)*(E)] - 4;282|(15“)|2}

d*o 1 dor doy 7R
didg,  2n [(7 “ar ) +€°°52¢"
o dor 4rma [LZ'r t
+ v2e(1+ €) cos ¢ d”] : S H [(1 — EOIHD) — 2|(ET)|2]

The structure functions extracted  ,,,, 40 . W= .
from the fit to the ¢ distributions of = vaw @*Y' ~F 2 RelHEN
the differential cross sections in

dGTT 4dra ;L,r t N

kinematical bins of Q2, xg, and t. o = & o iem EDP
* For O, dGU/dt and dGTT/dt |. Bedlinskiy et al., PRC 90, 025205 (2014) l. Bedlinskiy et al., PRC 95, 035202 (2017)
are comparable in magntide . [Ty — 8w
to each other while do /dtis & Sl 70 = 8 o \ n ~L
quite small in comparison. H wor % kr :K - B o \I,L/‘ N —
* In the handbag g5 |- h// _ = ss - . g i
interpretation, IDUR kB S = oo, B RN
Goloskovkov&Kroll (GK), W s | ¥ 3 =0 = S
data hint to a large L | i gl T o il R
contribution of E . L%?L B ;/\!L\ HII\TL \¥ P s ;
* The cross-sectionratios of n  * ([ [ [ T e B NG
to n® appear to agree with I P i i P A A AN LA
the handbag calculations at N ko | b, resuls of caloulations
IOW |t| bUt ShOW Significant Lo iﬂ;}/ \}"/ ‘ : : : : 1A(:).10 0415x 0.20 O.;S O.ILOOf G}i.SHB]OdeIO.‘ItB 0.58
deviations with increasing [¢|. % %o m o Xs
ZOAZSCO‘)HICEE“NCE S. Stepanyan, HEP2023, Jan. 9-13, Jeff;?son Lab
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https://journals.aps.org/prc/pdf/10.1103/PhysRevC.90.025205
https://journals.aps.org/prc/pdf/10.1103/PhysRevC.95.035202
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DVCS — BSA with CLAS12

Fit with PARTONS ANNSs, constrained on 6 GeV data.

_ asin ¢
" 14 ccos¢ +dcos2¢

ALy

y—f

o+
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%10; 16
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O g
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2,
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Xg

& ) 2 s
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v EY 0 4
% —e— Fall 18
I - —— No reweighting
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0.5 Tl
~omie KM15
0 60 120 180 240 300 360
¢ (deg)
Comparisons with KM15 and VGG/GK models.
< < <
[72] (/2] (2]
sk Q? ~ 2.0 GeV? 5L Q? ~2.8 GeV? S5l Q? ~5.8 GeV?
. Xg ~0.14 ) X ~0.26 X ~0.44
I q t ~-0.17 GeV? I =] t ~-0.21 GeV? | t ~-0.58 GeV?
/ ’ I,\ (S ’/~

@ data-10.6 GeV
QO data-10.2 GeV

@ data-10.6 GeV

@ data-10.6 GeV
O data-10.2 GeV

== VGG = w1 VGG -, = = VGG
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First measurements of TCS with CLAS12

Bethe-Heitler (BH) * BHA, Agy~sinpImM™",

VAR 1 | 4T T universality of GPDs
K- et S ™« FBasymmetry,
+ ,,& /5\ Apg~ cos pReM™ ", access
s A andl e to the EM FF D?(t) (D-

B /,,r+ B term).
o(yp — peTe )ZUBH-i-UTCS

ol 1 myp 1 lein(b(l—i—cos2 Q)ImM__

A LNt -N- dot—do”  Tummd=iqQ g L sin(0)
oU P, Nt +N— dot +do~ dopg
_O‘g_mlﬂ 1 &COS¢ (1+C052 QO)RGM,,
Arg(fo, po) = do(fo, o) — do(m — 0o, 7+ Po) _ “ars* ¢ Q rvi-r L 0 sin(%)
’ do (0o, ¢o) +do(m — o, ™ + o) dogwu (o, ¢o) +dopu(m — 0o, 7 + ¢o)
0.6¢
= - F: d lar bin:
0.5 E 0.61 eoéwlstgﬁa%?f l:paé [-4?1", 407
0'45— IR GyepP e T O TLTO T LU T TP O T 0.4
0.3F _oene o C
=) 02§’ ' L © 02:-— _________________
0'12— ki = A -.-T'.’_""' ----------------
0;— " & & " 0:— A e ke "
-0.1F 4 DATA [ ]Tot. Syst. ok <4 DATA [ Tot. Syst.
_025_ -+ BH i QI “r -«BH - GK, no D-term
' él | 1 1 RV ele gl .....,... ., . |=VGG =--:VGG, no D-term
0331702 03 04 05 06 07 08 —%1 02 03 04 05 06 07 08
-t (GeV?) -t (GeV?)
P. Chatagnon, et al. (CLAS Collaboration),"Phys. Rev. Lett. 127, 262501 (2021).
S. Stepanyan, HEP2023, Jan. 9-13, f;?
pany Jefferson Lab
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.262501

‘ Protons gluonic FF — near threshold J/\ production

Total cross section asymptotic - power counting

Directly probe nucleon’s gluonic field,
access to the matter distribution, mass
radius, and the trace anomaly of the EMT.
Experiments in Hall C, and D (GlueX)

—
o

o(yp — J/yp), nb

already published results, the Hall-B
CLAS12 (p, n) will follow.

107

| —A— Cornell
| — — Brodsky et al. fit to GlueX

. S RS SN IEDPISDPE n=1 (2g exchange)
Differential cross-sections - forward extrapolation : I N (- n.=0
%2 / ndf 0.2182/3 | | #2/ndf 371217 1024 L L S— o— I
o do/dt(0)  3.121x 2.23 | do/dt(0) 2.303 = 0.3997 8 9 10 20
E . b m, 1.089 + 0.1722 | | Ms 1.453 + 0.07444 E,, GeV
3 N 2/ ndf 9.777/9
= R do/dt(0) 4.184 = 0.5407
2 N mg 1.314 + 0.04871 09 :
~ R L ;
107! . ; doldt(0) 4 08F A — 6 dG 12
1 L 8 Dipole fits: = i E _ _
% : \} t/m{)“ S 07 — 1 B rm = —— =
4 E : m, dt -0
1 1 3 0.6} . l ; " - P 1=
=} E i
o2 NG G~ 8 osE- by o e et O D.Kharzeev PRD104(2021)
E e 10.36-11.44GeV |- : & o4E o] i T:
r - A4 o
[ —e— 9.28-10.36 GeV E : :
.| —o— 8.0-98 Gev T 0.3 [~=- Gliex 2018
0 2 4 6 8 10 02F € BN e ] —o— GlueX this work
-t, GeV? E Grue - ! i | —=— lattice calculations
Gov 893 586 1083 0.1 PreUmmcfly. . o —me charge radius .
2m GV UJwp ) [0.499 0.767 0.978 PPN SN IS AP I SIS SN
JoTdiO), nbIGeV? |3121%2.23 2,303 £0.400 4184 %0541 85 S $5 10 105 11 Elyl eV
ey GeV 1.089£0.172 1.453%0.074 1.314%0.049 ’
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A need for a large acceptance facility with L = 1037 cm? sec?

JLAB Flagship program —
accessing GPDs through
measurements of
beam/target asymmetries
and the cross sections of
Compton processes (TCS
and DVCS)

Jefferson Lab at the
luminosity frontier is the
only place in the world
DDVCS can be measured!

uCLAS12 in Hall B and
SoLID in Hall A are the two
proposed facilities capable
of carrying out such
measurements.

Started in 2001, PRL 87, 182002.

Now is the flagship physics program

First experimental measurement with
CLAS12 PRL 127, 262501 (2021)

Hard scale is defined

Hard scale is defined by
TCS ¢ by tjme-like photons space-like photon DVCS
@ 3
i "\ o 622 ‘
4 ¢ v ’ 1 &£ - /
1N TE Renen =PV [ aCEoHEEY . g
z+§ » \Z—¢§ - —2% «Al /:\? d
CTET I (6, 1) = imH(€,6,1) ol
\__ H.E@&Y) THEGD )
4 ! p L A, B(z,€,t) )
P P
Access to the Re-part of p N\ o

the Compton amplitude

DDVCS

+ PR (CRY)
1 x— (28 — &) +ie

Both space-like and
time-like photons can

set the hard scale H(2¢8' —&,&,t) + H(—(2¢ —€),&,1)

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

S. Stepanyan, HEP2023, Jan. 9-13,

UTFSM, Valparaiso, Chile Jefferdon Lab

®Thomas Jefferson National Accelerator Facility




GPDs in Virtual Compton Scattering

DVCS Bethe-Heitler Space'“ke PhOtOn \
l
2
ep—>ep 7 = ‘TBH‘ s ‘TDVCS‘ s TDVCSTBH w TBHTDVCS

DVCS ~ CFF ]{Et —m EEt ( EEt) +Pfdx(§—xi

Im

o CCEOET )
J

Spin asymmetries (Im, x = )
HERMES, CLAS, Hall A, JLAB12, COMPASS

H(x,&,0)
10

Re parts of CFFs provides a direct
measurement of the D-term and access to
the mechanical properties of the proton

UTFSM, Valparaiso, Chile

OThomas Jefferson National Accelerator Facility
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High luminosity facilities for DDVCS

Challenges in DDVCS measurements: 035 :
- Cross section is two to three orders of 03
magnitude smaller than the DVCS cross section; 025"
« Ambiguities and anti-symmetrization issues with 02f
the decay leptons of the outgoing virtual photon 0.1
and the incoming-scattered lepton. ot
Both challenges can be solved by studying di- 0
muon electroproduction. 4703 0z i 001 02 03 04
ep > e'p'utu” @L > 103"cm %sec™?
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Summary

Jefferson lab is home to high luminosity experiments and will remain the prime
facility for fixed target electron scattering for decades to come.

The execution of a vibrant physics program with up to 12 GeV electron beams
is ongoing and will continue for the next 15 years or more.

New experiments yielded ground-breaking Nuclear Physics results in -
3-D imaging of the nucleon, spatial and momentum tomography
isospin decomposition of nucleon structure functions,
near-threshold J/y production, proton mass decomposition, gluonic FFs
proton charge radius measurement, and
new information on neutron matter.

There are exciting physics opportunities with positron beams, and proposals
are coming to JLAB PAC.

Looking forward to a new round of upgrades, building a case for high energy,
>20 GeV, machine.
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