Double DVCS with CLAS12 in Hall-B

S. Stepanyan
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Towards improved hadron femtography with hard exclusive reactions 2023
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m 3D structure of the nucleon and GPD framework

s DVCS and TCS

m Extraction of GPDs from experimental observables
m Opportunities with DDVCS

= LCLAS12 for operations @ L > 103’cm™?sec™?!
o Experimental projections
o Reach at higher energies

m Summary
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Elastic and deep inelastic scatterings give us two orthogonal projections.

3-D Structure of the Nucleon

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 the past 25 years — development of formalisms of
Generalized Parton Distributions — laid the path towards 3-D imaging of the

nucleon’s partonic structure and determination of nucleons’ fundamental
properties using deep exclusive.
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GPD framework ClaS

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

* They exhibit several interesting properties, such as polynomiality and subject
to several constraints:

= in the forward limit (¢ - 0,t - 0) H and H
GPD reduce to quark, anti-quark, and
gluon PDFs

H* (x,0,0) = q(X), _ q(—X)
FI"(x,0,0) - Aq(X),Aq(—X)

= and the first moments of quark GPDs are
related to the Dirac, Pauli, axial, and

(x+S) P (x-6) P

At leading-twist, there are pseudoscalar form factors
four chiral-even (parton +1 . o +1 . o
helicity-conserving) GPDs: L dxH"(x,G,t) = F'(1) L dxE"(x,,t) = (1)
+1 ~ +1 ~
HY E‘:H:E" L dxH'(x,&,t) = gi(t) L dxE*(x,&,1) = Hi(t)
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Nucleon EMT FF, GFF and GPDs

The QCD EMT of the nucleon:
i Pp,o,),A°P
4dm

+ D%(

Ay Ay — g,“,A2
t) dm

R P,
0S5 @lps) =40 T 4 B0 (1) g u

The Mellin moments of GPDs linked to and the nucleon spin -
the EMT FF -

1 1
/1 dx xH9(x, £, t) = A9(t) + £2D9(t) Jo=)_ > / ) dx x(H(x,¢,0) + E9(x,¢£,0))
—2/

-1

1
[ dxxBeg 6 =Bt - oy
-1 Ji, Phys. Rev. Lett 77 / Phys. Rev. D 55, 1997.

And the D-term characterizes the distribution of forces inside the nucleon and be
inferred from GPD dispersion relation.

1

1dx(€i1—€_ll_1)lm}[(f,t)

ReH (&,t) = D(t) + Pf
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‘Accessing GPDs experimentally — DVCS
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A large set of observables: beam helicity, longitudinal and transverse polarized
target asymmetries, and cross sections.

DVCS Bethe-Heitler : . .
\g/ : ] Access various combinations of CFFs

Ayp < ImH (H) Ayr « ImE ()
ep - e'p'y = opy +0pycs t0int

and a flavor decomposition, p/n
2
T° = |T,,[ +|T, \+r1' T +T. T,

BH DVCS DVCS * BH BH ~DVCS
Comparisons with KM15 and VGG/GK models.
A = asin ¢ P % 2
W™ 1+ ccos ¢ +dcos2¢p g’:,_s_ Q? ~2.0 GeV? 30.5L Q* ~ 2.8 GeV? ‘é.;s_ Q* ~5.8 GeV?

% X ~0.14 Hﬁ# Xg ~0.26 ’ Xg = 0.44
*
I t ~-0.17 GeV? I =] t ~-0.21 GeV? e t ~-0.58 GeV?
7 5 / n.“:
< 4 : oftt! :
o~ "
AR ‘gl @ data-10.6 GeV » % @ data-10.6 GeV ¢ f
I 2y [ O data-102Gev ‘i [ O data-102Gev g
...'::;-wssov = =1 VGG \‘ - =1 VGG
-0.5

0.5} = =GK -0.5 = "GK 5 = -‘ex
060" 720" 780" 240 300 360 080 720" 780 240 300 360 060 720" 180 240 300 360
¢ (deg) ¢ (deg) ¢ (deg)
0047027031504 055" 0:67I0:7:. 08 G. Christiaens et al. (CLAS Collaboration) Phys. Rev. Lett. 130, 211902
§ g e cercace S. Stepanyan, Hadron femtography, :
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TCS with CLAS12 o

Bethe-Heitler (BH)
. BHA Agy~singImM™",
o e W universality of GPDs
‘~\ ,‘~ * FB asymmetry,

Apg~ cos pReM™ ", access to

o(yp — p'e"e”) = oBH + 0TCS EMT FF D9(t) (D-term).

o, 1 my 1 Lo 4 (1+cos?6) __
A = iN+ - NT — dot —do~ _ _m—_t?fT\/EfSIH(b sin(0) ImM
U T B Nt+ N~ dot +do- dopn
odn 1 mp 1 Lo (14-cos? 6g) r——
Arp(fo.do) = 47(P0:00) = do(m — b, w4 do) _ ~artt @' ryazy L 500 iy HM
) d0(907¢0)+d0'(7r—90,ﬂ'+¢0) dUBH(907¢O)+d0'BH(7T_90,7T+¢0)

Forward angular bin:

0.6~ ‘ 0 €[50°,80°), ¢ €[-40°, 40°]
I ____..F...r.w.;.'.'.'.'.;;,'-'_'_-_ ______ AL

o
H

ll l ll[llllllllll]llll‘llllllll
4+

u
O Oe o9
O IR o o

OF o e +« "
0.1 4-DATA []Tot. Syst. _02k <4-DATA [[]Tot. Syst.
B -+BH v QK - -+ BH ++ GK, no D-term
E .,y == VGG _0.4—“‘.1““1U“1,._VGG ==+ VGG, no D-term
—0.301 02 03 04 05 06 07 o8 01 02 03 04 0.52 06 0.7 0.8
-t (Gev2) -t (GeV )

P. Chatagnon, et al. (CLAS Collaboration),"Phys. Rev. Lett. 127, 262501 (2021).
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The experimental observables (DVCS/TCS) contain complex-valued CFF.

Extracting information on GPDs

Ty~ CFF (1) in[H {2 20)-H(-2.50)] P fdx( 1 )[ (v51)5 H(-x.5.1)

E-x §+x

Im
Re

These CFFs are expressed as convolutions of complex-valued hard-
scattering coefficient functions with the real-valued GPDs.

Therefore, extracting information on GPDs from DVCS/TCS data is not
straightforward and is a two-step process.

Several extraction methods for the first step, obtaining CFFs from data at
leading-twist, exist. The second step, inferring information on GPDs from
CFFs, is challenging, particularly because one of the GPD variables, x, is
integrated out, and the CFFs do not contain it.

This means there can not be a unique solution going from CFF to GPDs.
Various GPD functions can possibly explain experimental data at different
scales.

» Q} SC|ENCE S. Stepanyan, Hadron femtography, .ggffe;gothlaAb S——
) , Aug 7_1 1 ’ JLAB omas Jeiierson Nationa ccelerator raciity
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Models of GPDs and SGPDs C|QS°§

* Filtering through various GPD models and parameters, will be limited by
experimental uncertainties.

» Moreover, studies of deconvolution in recent years reveal existence of a class
of functions, shadow GPDs (SGPD) with a null CFF and a null forward limit at
a given scale u?, that will contribute to solutions in the GPD extraction.

« While the QCD evolution of GPDs in £ and Q? can be used to exclude large
class SGPDs, processes directly sensitive to the x dependence of GPDs will
be required.

15

2 2 . == GK model
é % "' Dual parametrzation —— li’ 7 Dual parametrization — ; 10 A /\_ = + NLO shadow
3 DO modol =s=eees 3 Dual parametrization: onl ly Qg =evoe
b Ie PO model =eesees ] 5

40 1 > s

§ =001 L ey /1 B
o} @P=1GeV? | y O?= 100 / l\ %S 04 —1
/A E |
xl ] 3 /.' _: \\ T -5
v ‘." =10 T T T T T T

] f - 0.0 0.2 0.4 0.6 0.8 1.0

?[:04 o:-:n oim ;v 1 gom = on'\“.' olx - 1 £ m— GK model I"\
120 - e [ b 109 — = + NLO shadow I
T iof r g 9 i ,ﬂ 1

g =001 - -
W eom | X 0 /N’—l‘—’-
& \ I
60 b -5 < \ i ‘J
\i
or _10 T T T T L] T
20k 0.0 0.2 0.4 0.6 0.8 1.0
. X
0 V. Bertone, H. Dutrieux, C. Mezrag, H. Moutarde,

4 0.001 0.01

and P. Sznajder, Phys. Rev. D 103, 114019 (2021)
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‘Closing the loop on virtual Compton scattering clog‘ﬁ

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

DVCS

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

Hard scale is defined
_ by time-like photons
€ Q!‘z
4 \ [v 622

- >

e / /

Re H(¢,t) = PV /ldwcf(f,z)H(w,E,t) . g
-1 3

Hard scale is defined by
space-like photon

TCS

t ¢
»7. 4 e v ZE

z+¢/ \e—¢
(Hiees ) Im H(&,1) = inH (&, 1) :

H, E(z,6,t )
\ L H.E(i.f.t)) )

P ’ < 4

Accesspto the Re-part of /
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

()57 SCiENCE

\~ 2/
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CFFs and GPDs in Virtual Compton Scattering C|Qg‘a

~ 1 — 2< 2 A Q2>Q’2
7-‘DVCS CFF gfl(fl t) C;( T [I-{l(fr fr t) H(f! El t)] + (the same for TCS) _ Q Q f
P dx(ZE 7 H@ GO F HxE D) = a—
TDDVCS~CFF j{(f' 6,' t) X lT[[H(Zf’ - f! E' t) - H(_Zfl + 5» E' t)] + ?} DD
1 1

PIL dxGas * e 0 &) FH®.E, 0] Qo

-1

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

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

OThomas Jefferson National Accelerator Facility

S. Stepanyan, Hadron femtography, Aug.
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‘Cross section

DVCS & BH DDVCS & BH

e o .

/

e //« 4 o+
/. P QIZ = M2 — (l+ _ l—)2

\ t (
—2¢! \/:\’ 2(¢6-¢) . 02 + 07 o xp
1:+£// \\x_€ §_2Q2/xB—Q2—Q’2+t 2—xp

H,E(z,§,t)
//C H, E(z,€,t) )\ . Qz _ Qrz + t/2
% \, VT

P P / QZ + QI2
QP=2.75 GeV?, xB = 0.15, $=0.00 deg Q=2.75 GeV?, xB = 0.15, Q% = 0.30 GeV*, ®=0.00 deg
g‘ - . ] ) . %,10_25_
5] 107 / \ DVCS + BH % g — DDVCS + BH
E E \ =) -6_
o r 8 107 -+ - DDVCS
% 105_ \ Dves g E
> E P g
© -~ o
3 [ 104
“(‘1; e 3 -
o E el C
107 . 810
02k 10¢
10°E 107
10-4;_1 el b b b Lo v by o Ly 10-80_l : |0|2| s '014' s 1016' L '018' L 4 1L '1|2' L 14'
0 0.2 0.4 0.6 0.8 1 1.2 14 . . . E .

1.
-t [GeV?) +[GeV?]

Cross sections from R. Paremuzyan, VGG code
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High luminosity CLAS12 for DDVCS

Two main challenges in DDVCS measurements:
a) Cross section is three orders of magnitude smaller than the DVCS cross section;

b) Ambiguities and anti-symmetrization issues with the decay leptons of the outgoing
virtual photon and the incoming-scattered lepton.

<>
clasy

Di-muon electroproduction using upgraded CLAS12 will overcome these challenges.

A simple concept:

Shield | {fA e - Remove HTCC and block the CLAS12 forward
e with a W-shield and PbWOQO, calorimeter to
prevent flooding of DC by EM background;

- Scattered electrons will be detected in the
calorimeter, while shield will work as pion filter,
as most of charged pions will shower and will
not reach to the forward tracking system;

- Remove CVT, instead use a high rate MPGDs
for central and forward (in front of the
calorimeter) tracking

1

\

@SCIENCE S. Stepanyan, Hadron femtography, Aug. Jef£;?son Lab
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GEANT4 model Clog‘ﬁ

« The forward part of the proposed upgrade (calorimeter and the shielding) is in
the CLAS12 MC, GEMC (M. Ungaro).

« Simulations are underway to understand backgrounds in detectors, optimize
shielding and determine luminosity limitations. (Earlier studies for LOI12-16-
004 validated the concept for L = 1037 cm™?sec™1)

Shielding is the simple
extension of the existing
CLAS12 W-pipe.

ECal

Cylindrical recoil
detector should
be added

"l }

1 GeV électrons ih 250 ns

9y
A1) / ,’. i/ e

100k 1
f ZO’{S OFFICE OF S. Stepanyan, Hadron femtography, E’ )
&{’;f‘/’ 2 OCIENCE Aug. 7-11, JLAB Jef son Lab

®Thomas Jefferson National Accelerator Facility




‘,u/n — separation

6 GeV ut

6 GeV rrt

Most pions will shower in the Conversely, muons will lose some
energy in the calorimeter/shielding but

calorimeter/shielding and will not reach

drift chambers, much less the ECal. will reach drift chambers and Ecal. Ecal

is where muons are |Ded.

CIENCE AUQ 7'1 1 y JLAB ®Thomas Jefferson National Accelerator Facility
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Kinematical coverage for DDVCS
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‘Final state particles claSs

Electrons and muons are confined within the calorimeter and FD.
Recoil proton detection will be limited to 9 > 409, not crucial for DDVCS.

&

— h_th_P_em2 0 — 80 h_th_P_p2
g Entries 456757 g E i Entries 456757 0
s Electrons measured 2 Protons
@ 35 Meany  11.63 @ 70 : : Meany 3749
® tin PbWO4 ; sDevx 1557 10 o ; i |supevx o201
30 i i StdDevy 418 StdDevy 1231
25}
20"
15
10(~
5
E o LAl suslgs g ils 5 5505 sl e lpeid bein Ve
% 2 4 8 10 . 8 2 s e as T as
P(e) [GeV] P [GeV]
— h_th_P_mum2 — 40 h_th_P_mup2
g 0 Eios 456757 | gt Entries 456757 ()
=2 Mear 3.462 — E + H Mean x 3.336
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305 SidDevy 4.335 0 |l StdDevy 4.656 o
N F RE - \
‘ E (1 12
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20 200 ‘
\ 8s0d
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sE 500 200
t ) |
)| S — | | P L L l 8 10 0
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Jef
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Projections for BSA: Bin1
100 days @ 103’ cm™?sec™1
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How about 20+ GeV? 4&
clas

« CLAS12 will perform with higher energy beams, providing a significant
coverage at large Q2.

 Incremental improvements of the tracking detectors can help to retain
momentum resolution for high momentum tracks.

 Available PID will be sufficient for exclusive and for the most of semi-inclusive
reactions.

!

+

UCLAS12,ep - e'p u*u~
o 10r o
T 10 s
‘% % :i 50000 UW 11 GeV beam
8F- g H}
B 5 L H H H 22 GeV beam
7? 40000j | IH
1)
55 30000 H} 0.3<Q? <0.6 GeV?
£ m “H 0.2<x3<0.3
35 N 4 20000 | H|
3 3 4 Fo
o o i 22 GeV T M i
g FJ 10000 HHH S,
1= 1= | fe i,
0:‘-'H“'HlHH'””‘H”"H'“H"HH“IHIHH GEHHlHH‘”H"H"H'“"Hl‘”""H"H"H” 7!\!\\.\”\”H\|\|\|lwﬁwﬂﬂ»ﬁ]\|\\\\|”\'Mlmr‘?w\‘”'\"*r'#‘v.w_du.\
0 01 02 03 04 05 06 07 08 09 I 0 01 02 03 04 05 06 07 08 09 -1 I T N e S S . ?G v1]0
B B 2 e 2:

5 | 7~ oFcEcr S. Stepanyan, Hadron femtography, p
)75 . SCIENCE AR Jefferon Lab

®Thomas Jefferson National Accelerator Facility
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Summa ry Clgé‘ﬁ

The description of the partonic structure of hadronic matter is a major thrust
of the JLab 12 GeV.

The Compton scattering is the golden reaction for mapping GPDs, and a
large set of data from DVCS and TCS measurements are already available
for phenomenological analysis.

These data (DVCS & TCS) are crucially important yet limited for inferring
information on GPDs from experimental observables, as one of the GPD
variables (x) is completely integrated out.

Double DVCS, on the other hand, allows mapping of GPDs in the x-space,
and Jefferson lab, home to high luminosity experiments, is the only place
DDVCS can be studied.

CLAS12 in Hall B, with modest upgrades, and SoLiD in Hall-A, can provide a
wealth of data on DDVCS in a wide kinematic range.

Also, exciting opportunities for DDVCS exist with positron beams and high
energy, >20 GeV, machine.

73 OFFICE OF S. Stepanyan, Hadron femtography, ]
G5 <© . SCIENCE Aug. 7-11, JLAB Jefferon Lab.

erator Facility




More kinematics to explore
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CLAS12 ECal for muon ID

p+ p- Invariant Mass

50

40

30

20

10

Jiy Yield 130.9 + 26.7
Mean 3.082 + 0.006
c 0.04414 + 0.00739
1st order coef 61.74 £ 9.44
2nd order coef -275 + 64.0
3rd order coef 4243 + 195.9
offset 6.414 + 2.563

3.3

3.4 3.5
Invariant Mass [GeV]

S. Stepanyan, Hadron femtography,

Aug. 7-11, JLAB

Jgﬁ/e_n)on Lab )
OThomas Jefferson National Accelerator Facility




24

More with higher enerqy: XYZ spectrosco <>
g gy P Py C|OS°§

* Several states in charmonium region have been discovered that do not fit into a
simple gq model.

* JLAB energy upgrade (20+ GeV) will open a phase space for photoproduction of some
of these states.

e uCLAS12 at 103’ cm=2sec! will contribute in the studies of the lowest mass states.
* An example, well know exotic y.1(3872), aka X(3872), first discovered by Belle in 2003.

Yp = xc1(3872)p’

T T T T TT T T T T

Jl’.r\(' : .
e 7 The luminosity in the Xc1(3872) decay modes:
5 ol energy range: 13 GeV to 22 * X > wJ/¥BR=4.3%
£ F GeV is 100 nbl ith w — ym°® BR=8.28%
: e |S n ) even Wi ]/l/) N M+H_ BR=6%
.- | modest efficiency of 2% Xe1 = YYYutu~ BR2 2x10%
s b / one expects >50 detected
: —xm ] : * Xc1 — Y Y(25) BR=4%
l()’l; —x@a81) | XC1(3872) per hour " eaCh l/)(ZS) - H+ﬂ_ BR=0.8%
i decay mode Yer — yutu~ BR2 2.3x10%
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W,, [GeV]
R S. Stepanyan, Hadron femtography, Aug. 7- -
)75 SCIENCE 11, JLAB Jefferdon Lab

DThomas Jefferson National Accelerator Facility



https://arxiv.org/abs/hep-ex/0309032

25

‘Nucleon EMT FF, GFF and tomography

<
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! _ha = a W{NPV} a iP{#aV}PAp a ANAV — gMVAz —a
05 T2 @lps) = [420) 1) 4 ) “UTR 4 o) SR I () g
Link to the energy-momentum tensor
1 o .
/ dx xH(x, £,t) = A9(t) + €2DI(t) Decom{)oslltlon of the nucleon spin
. Jo=3 5 [ dxx(Hx.60)+E(x.£,0)
1 E a

dX xE(x,¢,t) = BI(t) - £D(t)

bl /d A e PIALA(x 0,-A?)

(9m\2

Ji, Phys. Rev. Lett 77 / Phys. Rev. D 55, 1997.
Nucleon tomography

04 0  o04b(fm)04 O 04 ReH (é,t) = D(t) +?J dx (f
1

_ Im¥H (£, )
Flavor dipole -1 <+ 1>

the D-term characterizes the distribution

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