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Gravitational waves observed

Rainer Weiss
Barry C. Barish
Kip S. Thorne
contributions to the LIGO detector and the observation of gravitational waves'

“for decisive

* Gravity governs movements of massive structures in the universe.

* Gravity plays a decisive role in neutron stars leading to the most
densely packed matter in the universe.

 The recently observed gravitational waves resulted from the merger of two neutron
stars that told us much about their the equation of state of matter in neutron stars.

 (Can we use gravitational waves to probe the mechanical properties of hadrons, e.g.
the proton?
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Focus on the Proton

Hadrons are formed in the crossover
from the QGP phase to the hadron
phase p—sec after the big bang.
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The proton emerges as the absolute
stable, most fundamental bound-state
in nature.
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The proton’s mechanical properties

are of high interest to learn about

o the internal forces that provide its
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Basic questions about the proton

* Protons make up nearly 90% of the mass of ordinary matter in
the universe. Elementary quarks contribute a fraction to the
proton’s mass

What is the origin of its mass?

* Quarks and gluons formed stable protons as the universe
cooled below 10'? K micro-seconds after the Big Bang

What is the origin of confinement ?

* The strong interaction is thought responsible for confinement

How does the distribution of strong forces contribute to the
proton’s stability and to confinement?
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Probing the internal structure of the proton

The internal structure of strongly interacting quarks and gluons can be probed by
means of the weaker, fundamental forces: electromagnetic, weak, and gravity.

Electro- Vector Tensor
magnetism J=1 J=2
v
Qv My Jp Dy

PCAC

8a 8p

Weak
interaction

To learn experimentally more about the proton’s mechanical properties
= we must probe its energy-momentum tensor (EMT)
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Energy Momentum Tensor T#v

Yu. Kobzarev and L.B. Okun, JETP 16, 5 (1963)
H. Pagels, Phys. Rev. 144 (1966) 1250-1260

The framework for probing the proton EMT was developed
in the 1960’s; but no data existed to put it to the test.

Ener_gy 7‘7:7“j 1
density T?"](I') — (7—2 - §5LJ) SQ(7D + 6ZJpQ (7)
- Fp00 01 02 03 ]
10 71 3. J2(rv—t
THY — ;20 ~ Shear stress d?(t) — 5]\'119/0!3[‘]2( t )SQ(T)
30 o(rv —
i T -~ Normal stress d?(t) _ 15]\4}) /dSrJO(’YQt t)pQ(,,,)

sQ(r): shear stress; p?(r): pressure
Jjo Jj2: 0, 2nd order spherical Bessel functions
“.. there is very little hope of learning anything about the detailed
mechanical structure of a particle, because of the extreme weakness Extract: s¢(r), p?(r) with Fourier transform of

of the gravitational interaction.” (H. Pagels, 1966) d,?(t) to coordinate space.

=» Use a substitute that mimics gravity - DVCS
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GPDs, DVCS, and Gravity

D. Miiller et al,, F. Phys. 42,1994
X. Ji, PRD 55 (1997) 7114

- X.Ji, PRL 78 (1997) 610 Graviton | P
A. Radyushkin, PRD 56 (1997) 5524 G A
l(k) ~AAnd O p=>p
1, (@ W) I -
'w'"lfl .\_!'JJ ]_ 2 A p
hard scattering ”L,/? ~ Xg
factorization ~  ------- {'-?----------\I--E --------- $ =
2 - XB

soft part 2-Photon
p
p P
P ‘II)I\\“\_’:fj.f""- J=2 L pEp
4 chiral even GPDs describe soft part. GPD H is Yv + .

important to access gravitational form factor D(t).

DVCS is a suitable probe of The .Zy field couples to the EMT as
mechanical properties of particles gravity does, with many orders of
pTop P magnitude greater strength.

Office of  E&—JSA Jefferson Lab

'}'5 U.S. DEPARTMENT OF
Iy ENERGY Science ‘

e



Moments of GPD & GFF Relations

The proton’s matrix element of the EMT contains 3
gravitational form factors (GFF) and can be written as:

A“Ay - gp‘VA2
SM

Y(Puovp + Puoup)AP
2M

P,P,

A0

+di(t)

@ﬁ%Am)=ﬁ@ﬂ[M&ﬂ ]U@n

M,(t) : Mass/energy distribution inside the proton
J(t) : Angular momentum distribution
d;(t) : Shear forces and pressure distribution M. Polyakov, PL B555 (2003) 57

In DVCS, GPDs are not directly

/dT z[H(z,& 1) + E(z,&,1)] = 2J(t) accessible at all x and & but
| \ 4, only at the constrained
/ drzH(z,£,t) = Ms(t) + gﬁ“dl_(t) kinematics: x =ié:

@ ENERGY | Sy &FA Jefferson Lab

e



From GPDs to CFFs

GPDs do not appear directly in experimental
observables related to DVCS, but through
complex Compton Form Factors, e.g. H(& t):

11
H(E, 1) :/ dzH (x,&,t) (t 1 _ 1 )

1 E—x—1e £+ — 1€

7

—
ep — epy
DVCS BH

X NXE

H(x,2,0), EG51)
H(x,E,1), E(x,5,1)
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1) Polarized electron beam - BSA

Aoy ~ kin. sing Im[FiH + E(F,+F,)H +kF,E|Ad

dominant

2) Unpolarized beam - cross section

AGUU ~ Kin. Sin(l)[HH*'l'.-.. ]Ad)

3) Fixed-t dispersion relation

. , 1t 1 1 o
ReH(&, 1) = |A(t)+ ;P/D dr [5_ o 5—!—;1?] ImH (z,t).

Hcy =) A() ™= d,(t)

LV. Anikin and O.V. Teryaev, Phys.Rev.D76, 056007 (2007)
M. Diehl and D.Y. Ivanov, Eur. Phys. J. C52, 919, (2007)
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The CLAS Detector - in operation from 1997 to 2012

 Large program in N* physics both
in photo- and electroproduction.
The program contributed to the
discovery and confirmation of
many N* candidate states.

 Polarized photon beams and
polarized targets.

 Pioneered deeply virtual Compton
Scattering (DVCS) leading to first
extraction of a gravitational form
factor.
=> focus of this presentation

L ~1034cm=2s1
B. Mecking et al., Nuclear Instr. Meth. A 503 (2003) 513-553
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CEBAF Large Acceptance Spectrometer

DVCS-BH BSA & Cross-Sections

H.S. Jo et al, Phys.Rev.Lett. 115 (2015)

EX. Girod et al. Phys.Rev.Lett. 100 (2008)

bin2 0.13<-1<0.18 GoV? 1 bin5 0.13«-1<0,18 GeV’ bing 0.13<-1<0,18 GaV* bin13 0.13<-1<0.18 GeV*
Q°=1.2656 GeV* Q*=1.6260 GeV* 0%=1.7045 GeV* 0%:2.5546 GeV*
a - xgu0.1541 Xge0.1840 xge0.2442 xge0.3044
L P 4=0.1526 GeV* 40,1527 GeV* 4=0,1532 GeV? 4=0.1536 GeV*
% ~ 0-2_ '." ... o sind 0a3
S 0.1, . 1+p cosd - "
< K . 0.2+ 1F
© @ of .
m - 'y . 0.1F oo
=011 Y .
_0.2_(Integrated) ~.\.‘.lp 0_ ______________________________ ;n |;o 1;0 :f‘)l] :;n )al)n J;f ::a ||;n |:\-3 ;\;o ::o ‘:15 '.:1! :‘o h;:\ v;o :;o :;( 200 :. ;n \So 1% :1;0 :;n Jtlan l.;:ll
3 . ! - - o bin2 0.23<-t<0.3 GeV* bin5 0.23<-1<0.3 GeV* bing 0.23<-<0.3 GeV* bin13 0.23<-1<0.3 GeV*
0 20 180 270 360 Q%51.2665 GeV* Q*=1.6270 GeV* 0°=1.7950 GeV* 02560 GeV*
o (deg) xg=01542 x=0.1850 xg=0.2444 xg=0.3046
A=0.2615 GeV* 1=0.2616 GeV* 10,2621 GeV* -120.2622 GeV* .
¢ el-dvcs it °
¢ CLAS (previous) . R T - , —
50 100 150 200 250 300 W 5 100 150 200 2% 0 W 0 W0 180 200 250 W0 24 50 100 150 200 260 300 350
] i i ]
== VGG model bin2 0.39<-1<0.52 GeV* bins 0.39<-10.52 GeV* bing 0.39<-t<0.52 GeV bin13 0.39<-1<0.52 GeV*
@°=1.2671 GeV* Q=1.6261 GeV* 0%=1,7954 GeV? Q°=2.5810 GeV*
== VGG + twist3 IE'O.’.W‘ . WL !5-0.‘18?1 i 13-0.24«{5 . ‘a'"-’?"“‘ :
2 1=0.4465 GeV . ~1e0.4466 GeV 1s0.4472 GeV -1=0.4476 GeV'
- Laget model ) ‘
10'F
, i
s * oF
10°F
0 ',l« n‘m u:n\ ;:m ;:.u \:m '«:.f ':‘n |r‘m |lm ::m W X - [
A T
3 — (nb/GeV->)._
dQ%dxgdtd @ )
—BH  — V66 (Honly)
---------- KMIO --- KM10a

X V66 : Vanderhaeghen, Guichon, Guidal KM : Kumericki, Mueller
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Sample fits to determine Im# and ReH

Samples of Beam Spin Asymmetry with fits

BSA

T 1T T T T T T T

-t = 0.18GeV?

+ * * -t = 0.14GeV?

0.1

d*o(nb/GeV?)

0 Im#H=0

—

-0.1

-0.2

T v v A i | T S I i B | 1

60 120 180 240 300 q)(o) 60 120 180 240 300

[ == 2N b e o s e e s e

Global fit:
ImH(,t) =

N ( 2 )‘“{”(1—5)1’ 1
1+&\1+¢ 14+¢ (1_1_—5; t )P .

K. Kumericki et al, EP] A 52, 159 (2016)
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CEBAF Large Acceptance Spectrometer

Samples of differential cross sections with fits

')

x, =0.15, Q% = 1.39 GeV? ¥
t=0.11 GeV?

BH only

x, = 0.15, Q? = 1.39 GeV?
-t =0.15 GeV?

x, =0.15, Q? = 1.39 GeV? %

' t-020Gev:

x, = 0.15, Q% = 1.39 GeV?
-t = 0.26 GeV?

100 150 200 250

q) (0) 100 150 200 250 300

Uncertainties for cross section are larger
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Extracting CFF Im# and Re#{

-t=0.13 - 0.15 GeV?

— . /
g + local fits =
steeper -
. ; 8 -2
Global parameterizations: 3 -
_ 7 central fit -3
BSA to determine ImH )
5 _
Differential cross sections . less steep Global fit
to determine Re# 5 St
4 3 + local fits to crs
K. Kumericki and D. Miiller, 3 —7
EP] Web Conf. 112 (2016) 01012 - .
> Systematic error bands -8 Systematic error bands
1 B
of U | L 10" e IR
0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.15 0.2 0.25 e
§

ReH has strong sensitivity to A(t)
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Extraction of A(t) and d,(t) for quark distribution

A(t) from CLAS 6 GeV DVCS data A(0) = -2.27 + 0.16 + 0.36
Sr Am=a@U-w M2 = 102 t 013 % 021
a = 276 + 023 + 048
"""""""""""""""""""""""""" A(t) «< d,?(t) in double-distribution parameterization
' D(z,1)
Alt) =2 / =020 sy
1 —Z
o o dP(t 9
D(z,t) = (1- 3‘2) [Ei + E‘é] 12( ). z a7 (t) ~ Eﬂ(t)
f%?%%%:%%é%%é///?////y///;/ de(t) _ flI‘St CO EffICIQIlt ln Gegenb auer
17727 polynomial expansion.
0 005 0.1 0.15 0.2 025 0.3 035 04 0.425
Siomif ¢ lts: -t (GeV’) Estimate of next to leading term in yQSM: d5?/d;Q ~ 0.3
igniticance of results: =>» Use as systematic uncertainty in estimating the

A(0)/(0.16+0.36%)1/2=2.27/0.39 ~5.8 force/pressure distributions.
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Pressure on Quarks in the Proton

M. Polyakov, PL B555 (2003) 57

_ Uncertainties from fit to

E B . world data prior to CLAS.
S 0.0151 repulsive e vQSM
S - pressure —— Data fit Uncertainties for analysis
= B : S with CLAS data only.
- 0.01
confining Normal stress (r=0.6fm):
0.005 pressure y
F,=4nr?[2/3 sQ(r) + p(r)]
~(20+11)x103N
"""""""""""""""""""""" p(r) changes sign @ 0.6+0.1fm
—0.005 oo
2 —
III|III|III|IIIIII|III|III|III|III|III forp(r)dr_o

0 02 04 06 0.8 1 1.2 14 16 1.8 2
r (fm)

Pressure distribution for gluons in LQCD: P Shanahan

VB, L. Elouadrhiri, EX. Girod, Nature 557 (2018) 7705, 396 and W. Detmold, PRL 122 (2019) 7, 072003
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Shear Stress on Quarks

2 _ Uncertainties of fit to world data
Shear stressr SQ(I‘) prior to inclusion of CLAS6.
e 005t Uncertainties for analysis
> - with CLAS6 data only.
G 004 systematic error band
Z 003" Shear stress near r = 0.6 fm:
B 47r2s(r)= 0.238 GeV/fm
0.02—
: ~(38 +20)x103N
001__ R T
0 | - 4 metric tons
—0.013— this result
- N0 e XQSM
~0.02—
I | L1 1 | L1 1 | L1 1 | L1 1 | 1 1 | L1 1 | L1 1 | L1 1 | 1 1

0 0.2 04 06 0.8 1 12 14 16 1.8 2
r (fm)
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Normal & Tangential Stress on Quarks

Normal stress: F,= 4nr?[2/3 s(r) + p(1)] Tangential stress: F,.= 4nr?[-1/3 s(r) + p(r)]

~1.5
L g L
B > L
— 1 | eS|
B ~ ” //////,.-_;_‘.ﬂ\_\\
B - PP RN
- B S o e
: Y T NN
0.5 7 N
N ;7 78 \ NI
rr!! 2 \\‘\' \
T ¥\\\¥
HERE L
Ry Ji“j
AR JIJJI
Bt N\ O\ A\ J'J'J'J
05 LA A AN M
-0. NN g
f 3 NN AR
- B S ¥ v
— [ & o £
- - - -
B B I | | | I |

I ‘ L1 1 | | | ‘ I I | —
55 4 o5 0 05 1 15 "5 4 5 0o 05 1 15
X (fm) X (fm)
Normal stress is positive atall r Tangential stress changes direction near r ~ 0.45 fm
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Proton mechanical Radius

Physical size is a basic property of the proton, experimentally
nothing is known about the proton’s mechanical radius.

Mechanical mean square radius:

3., .2 2
2 _ fd rr [§ ( )+p( )} _ 60 M. Polyakov and P. Schweitzer, Int. ].
(r*)mech = —
rect [ d3r [% (r) + p(r)] fO dt D(t) Mod. Phys. A33 (2018) 26, 1830025

For the multipolar form in the fit :

(r*)meeh = 6(cv — 1)/M?* | | 72 = 0.63 + 0.06(fit) + 0.13(sys) fm

JENERGY | Jisy &A Jefferson Lab
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Mechanical radius versus charge radius

T i Gz

Proton 0.63 + 0.06(fit) + 0.13 (sys) 0.8408 + 0.0004
Neutron r, = rp (isospin) r:=-0.1161 + 0.0022 (fm?)

* The proton’s mechanical radius is significantly smaller than its charge radius.

Charge radius Mechanicalradius . The charge radius is measured in elastic
B S scattering at small Q? as the slope of the
electric charge form factor, which is influenced
8408 fm

by the proton’s peripheral pion cloud .

 The mechanical radius is measured at large
Q?, and is integrated over the entire -t range.
The probe couples to mass and pressure that
are concentrated closer to the proton’s center.

* The neutron mechanical radius is expected the same as the proton.

Office of

rz Eﬁ”EmﬁaﬁY Science (‘f;_\\j A ‘!effe rson Lab



Current operation of CLAS12 at JLab (Hall B)

In operation since 2018

Hadronic physics at higher
energies, and luminosity
L= 103°cm2s, polarized
target operation.

Nuclear Instr. Meth. A959 (2020) 163419
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. . . 4»
Time-like Compton Scattering clasg

P. Chatagnon et al. (CLAS),

It -
ete” CM
PRL 127 (2021) 26,262501 TSC BH - k
gl .
l\ . /
gl +
v — & l

yp—>pe‘e reef ]
GPD
p I
p P
The forward-backward asymmetry is
FL— 1+ cos2 6 i | - directly related to the CFF ReH(& t)
d02dtd0) A S0 [COS_(/) ReM™" —v-sm ¢ ImM ™" through the interference term with BH.
- N ; App(0.6) = do(6,¢) — do(180° — 0,180° + ¢)
M= [Fl% F R - 4m;gF25] FE )= 00(6, ) + do(180° — 0, 180° + ¢)’

ImH(EL), ReH(E) are projected out through beam
polarization v and the ¢ dependence of oy

(ZENERGY | e’ &FA Jefferson Lab
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First results on TCS from CLAS12 claSH

P. Chatagnon et al. (CLAS), PRL 127 (2021) 26, 262501

> F ?9 0'65
S 10°E < 05F
§ : 0'4; l }_ R e e
8107 03F o= T . TCS-BH BSAis
((’)'21 2 + t consistent with
10 oF . the DVCS-BH BSA.
—e— Simulation _o_1§— -+-DATA []Tot. Syst.
—I— Data 0.35 --- VGG
N N B A _ | T R | I R
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.5 1 1.5 2 2.5 M %GeV) R (GeVZ)
o B M =1.81GeV <E 0.6 Forward angular bin: M =2.25 GeV
< 06 Forward angular bin: YL 6 €[50°,80%], ¢ €[-40° 40°]
T 0 €[50°80°], ¢ E[-40°, 40°] - The D-term makes up
- 4 0.4 -
0.4 1 - a large part of the TCS
L = —_—
0ok A= T — D-term [=z— — FB-asymmetry.
e SIS P L LS T S I
R TP I TE LI IL L O == A=A A i L . .
Ui e w w N This is consistent with
B 0.2l -4~ DATA [ Tot. Syst. . i
0.2 - DATA [l Tot. Syst. —0-er ~+BH - GK, no D-term D-term contributions
- -BH ~+GK, no D-term 04: ety VGG --'VGG, no D-term to the Re(H) in DVCS
040 Ll L., |— VGG --'VGG, no D-term .1 02 03 04 05 06 07 08
“01 02 03 04 05 06 07 08 t(GeV?)

-t (GeV?)

"%, U.S. DEPARTMENT OF Office of p—
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JLab@12 GeV - Hall A, CLAS12 RGA, RGB, RGC  ¢clo3p
Hall A Hall B/CLAS12

High impact for nucleon 3D imaging program Contiguous coverage in wide Q?, xg, t range
Precision scaling tests of DVCS cross section enables 3D imaging and study of mechanical RGB
Explore high x; region for the first time structure with controlled systematics.
- Polarized electron beam at 10.6
310 ~ y RGA GeV. M BSA t
o Q =50 =50 -
<] Proton target . T0M WS R and neutrons in D,.
' 2 2 . .
1 pid Q=356 , Analysis in progress.
/ . r\\ XB=0-25 [ “‘\k L \,&/ y p g
hysical with ENMS 11 GeV| 0 6\\{\‘ . : : v : ;
S o 8in P o5 dats @15
L =88GeV 0.1 i _ _ _
| o b ST AN R RGC
0 o P Tr—— Nn Lo ‘ X [
01 02 03 04 05 0.6 0.7 0.8 0.9)(B gdg 50120 180 240 300 360 : \(" 3 \’tp/ Nﬂf
‘; Q%=3.67 GeV” t=0.33 GeV’ g v; Q%=8.45 GeV” t=-0.91 GeV’ T >, - Lol sl e POlaI‘ized EIECtI‘OH beam at 10.6
o 2 =T o ] Py 020 f [ ST IR N ) .
N . d ¢ £, /7 ;/‘\ (LT W S GeV on polarized proton (NH;)
8 BH 8 8 ' » . .
q "\"\._.«j q 9 7 7 o/ and polarized deuterium (ND,).
o 1of o o LSV ) Wi - g = >~
S % F BN NN Sensitivity to GPD .
° | ® A [ 15 | s | o;=1.5 uz=1:5 ‘ i
T e ;‘M'\“f”& M\“m?'.. i gl Experlment has Started'
v; Q%=3.67 GeV” =-0.33 GeV' il g Q%=5.36 GeV” t=-0.51 GeV/ il v’; o1 Q%=8.45 GeV” t=-0.91 GeV’ - i }‘u {‘\\/ w '”\g'*%/ B> 1 SChedUIed tO run untll
s F o 15F o ; Nt WA i
Hh :E H Sl bl RERE MARARBANA! IRENy A8 March 14, 2023.
e ¥ gos g i ;/“{ @1 Gt =1 §_§ ERRTA Y | [
9 + ol - 9 EON w008 A k200208 x =070 %208 | b |7
N3 . Tees 3 PN P A %A*TLJ_I | iy -
‘!g o qg £ Hoo “ N"‘n 3 ¥ i » : { []"‘ 3€ ] ‘ |
4 Lk + f 1“(‘ f [ 0 01 02 03 04 05 06 07 08
Mﬁ(}m}%}% R W““W;; h O VU T V1 350'1' (di:s'm .
E Georges et al, Phys. Rev. Lett. 128 (2022) 25, 252002

In preparation for publication *
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Quark orbital angular momentum

* So far we have considered only mechanical properties that required knowledge of the Compton
Form Factor # to determine GFF d,(t).

* To get access to the angular momentum distribution defined in the Ji sum rule requires
information on CFF E.

[ sz lt@.e0 + E@e.0) = 200

Determination of £ requires DVCS measurements
with a transversely polarized proton target.

Acyr ~ cosgsin(@e-¢@) k Im{F,#€ - F, £}

With CFF Im# known, determination of InE requires DVCS
measurements on transversely polarized proton target.

) ENERGY | Jfecor &IA Jefferson Lab
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<>
CLAS12 GPD program Clasg

Number Title Contact Days Energy Target Data status

Hard Exclusive Electroproduction ) 0
E12-06-108 Kubarovski 80 11 IH> 50%

of 7° and 7

E12-06-119 Deeply Virtual Compton Scattering Sabatie 80 11 IH2 45%

. . currentl
E12-06-119 Deeply Virtual Compton Scattering Sabatie 120 11 NH3 running
E12-11-003 DVCS on Neutron Target Niccolai 90 11 ID2> 45%

Timelike Compton Scat.
E12-12-001 P Nadel Turonski 120 11 IH> 35%

& J/V prod. inete”

E12-12-007 Exclusive ¢ meson electroproduction Girod 60 11 IH> 60%
C12-12-010 DVCS with a transverse target Elouadrhiri 110 11 NH, in prep.
DVCS with CLAS12
at 6.6 GeV and 8.8 GeV 2023/24

{'2 U.S. DEPARTMENT OF Office of '___J A

EN ERGY Science ‘
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From proton ground state to pN* transition GPDs

ep =2 eN*y 2 eNMy

pN* DVCS

See talk by Kyungseon JOO

.gefferson Lab



J/v as probe of mechanical properties of glue

Use ] /y production at threshold GlueX, CLAS12 upgrade, SOLID
to probe gluon GPDs of the proton.

e' J/w mass provides short
e distance coupling to proton
GPDs via 2-gluon exchange.

Electroproduction probes
gluon CFF #{, £,, to measure

gluonic contribution to
shear, pressure, and Jg-

.gefferson Lab



Precision studies of QCD@EIC

—— ‘ 0 CFF #(x,t) extraction at EIC kinematics after
L =200 fb-! w/ polarized electrons and protons.

5[
/ Electron x 4f_ i N H
Twoposs.b Injector (RCS) , E - CLAS12
"Ole p, / = 3F —>
oo S ete°'°rtocations / I
21 1 il |
meters 1; &
Source: Pre-Conceptional Design Report, 2019 ot ""0'73 ‘;'(;_2 e :|'0_1 e POlarized electrons,
Xg .
o 107 - polarized protons,
B T e e e . R b RERER Ll L1 . . .
& [ | DVCSKinematics @ 5=30GeV | > 1-58 with no dilution.
O‘I (= : ' EH 10° :5 - CLAS12
= : & 0.5 uy | I R
. - m —
- s 2 u
B : p 102 O
10 = i : o
e p——rr B 05F
~ O ey S S = il 10 -
N + gk _1E
1 -
ekl R i S S 1 ,1.5_ il i I T A i N S S A | i R S A
1072 1072 107" e 107° 1072 107" Xg
Source: 2021 Workshops PSQ@EIC and IRZ@EIC Credit: EX. Girod
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Summary and Outlook

= First data-based estimate of the stress and pressure on quarks in the proton
* Determination of the mechanical radius of the proton.

* First results on TCS in the 12 GeV era confirm large contributions of the D-term
extracted from DVCS at lower energies.

* New 12 GeV data extend the kinematic reach and precision with higher
luminosity experiments.

= DVCS experiments with positron beam are planned with different sensitivity to
gravitational form factors.

* Longer term plans to employ DDVCS to directly access GPDs in DVCS with
luminosity upgraded CLAS12 and SOLID (Hall A).

" The proposed JLab energy upgrade will further extend kinematics reach to sea
quarks. (Pohang workshop next week)

* The Electron Ion Collider can provide large increase in Kinematic reach to low
X, and probe the gluon contributions.
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