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The proton is a fascinating objet

The nucleons (proton and neutron) are the most important building block of our universe.
They are complex system of strongly interacting quarks and gluons.

They make up nearly 90% of the (normal) matter in the universe.

Elementary quarks contribute only few percent to the proton’s mass.

Test the fundamental theory: Quantum ChromoDynamics (QCD)

What is the origin of its mass?

What is the origin of confinement ?

Where does the spin of the nucleon come from?

How are the forces distributed in space to make the proton a stable particle?



Proton picture: from 1D to (1+ 2)D

Quantum
tomography @l
of the nucleon

Ji, PRL91 (2003)
Belitsky, Ji, Yuan, PRD69 (2004)
Lorcé et al, JHEP1105 (2011)

going to the most complete
description of the nucleon
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PDFs (x) HEMP: Hard Exclusive Meson Production



GPDs and 3D imaging

M. Burkardt, PRD66(2002) q(a,b,)
mapping in the transverse plane // ok \\
Impact parameter distribution ﬁﬁ
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NS //

Proton
moving
towards us

Correlation between the spatial distribution of partons
and the longitudinal momentum fraction
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GPDs and Energy-Momentum Tensor and Confinement
Hila, &, 1) ‘= gla) or fi(a)
“Elusive”

o
E9(ax, &, t) <= fi1 (a,k;) % _

Sivers: quark k; & nucleon transv. spin

218 = lim | & (H9 (e, &, ) +E9 (a, &, 1) ) dar

ESACS

; [ [Ji sum rule: PRL78 (1997)

‘cited 1664 times
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GPDs and Energy-Momentum Tensor and Confinement

GPDs can provide an experimental answer m;‘is‘si :‘@:i‘:\gy

ol e . . 1
by explo:tm.g tl?elr equivalence [ Ao 2 HO (2. 6.1) = A%(t) + £2d,9(#)
to the gravitational form factors | |
of the nucleon energy-momentum-tensor
(fundamental nucleon properties)

1
/ dz 2 E*(z, &, 1) = 2J°(t) — A%(t) — £2d,%(t)
—1 Angular MIM( Force&Préssure
3 distribution

2)9 = |lim Iw (HY («, }::, t) +E9 (a, g) t)) da M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)
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Deeply virtual Compton scattering (DVCS)

D. Mueller et al, Fortsch. Phys. 42 (1994)
X.D. Ji, PRL 78 (1997), PRD 55 (1997)
A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997)

DVCS: (p—> U p" y

the golden channel
because it interferes with
the Bethe-Heitler process

also meson production
po> U p' =, p, ®or (I) or J/y...

The GPDs depend on the following variables:

X: average long. momentum ! . . .
8 8 The variables measured in the experiment:

EE) QZ; a:BN 25/(14—5)1

&: long. mom. difference

t: four-momentum transfer
related to b, via Fourier transform

t (Or Gy*y) and (I) (EE’plane/yy* plane)



Deeply virtual Compton scattering (DVCS)

From Goeke, Polyakov, Vanderhaeghen PNPP47 (2001)

The amplitude DVCS at LT & [P in o (GPD H) :

Real p@rt Imaginary part

, He D +1 . H(x, t) .
jtfé flxe{ x— +ie f dx x— L H(x £G,x, )
. I (x, t
In an experiment we measure Ref[(‘i t) _ f dx ( ) n D(t)
Compton Form Factor H ¢



The past and future DVCS experiments

Q% [GeV?] T

current DVCS data at colliders:

10 ° O ZEUS- total xsec O Hi- total xsec
- @ ZEUS- dg/dt B HI-dog/dt
B B HI- ACU

[ current DVCS data at fixed targets:
| W HERMES- A Ay A

| A HERMES-A,; A HERMES-A

B HERMES- Ay Hall A- total xsec, Ay
O CLAS- A @® CLAS- total xsec. Ay

10~
| planned DV CS at fixed targ.:
- [CC7] COMPASS-do/dt. T g Agy- Acer
AVE R [ 1 JLABI2-do/dt. Ajy Ay Apy

[ future colliders: EIC...

BNL EIC Science Task Force and NdH update in 2015

10 cAfter 2028? =
1k NN\ LR 0 _
SN . . ..., Gluons , , Sea quarks , , . .Valence quarks, ]
10~ 10~ 10~ 107 1

X

B 9



The past and present experiments

.’/ )

Collider mode e-p forward fast proton
HERA: H1 and ZEUS
Polarised 27 GeV e-/e+
Unpolarized 920 GeV proton
~ Full event reconstruction

Fixed target mode slow recoil proton

HERMES: Polarised 27 GeV e-/e+ Gaalfegl [ X N . ’ . o
Long, Trans polarised p, d target V= = : i 3’ - :f,
Missing mass technique R T , :

2006-07 with recoil detector

Hab: Hall A, €, CLAS High Luminosity Polar. 6 & 12 GeV e-
Long, (Trans) polarised p, d target
Missing mass technique (A,C) and complete detection (CLAS)

COMPASS @ CERN: Polarised 160 GeV p+/p-
p target, (Trans) polarised target datactor
with recoil detection CAMERA

' ()m %Oﬁ \a(%e. \\3‘3\\1\ 0
Rejection of background: SIDIS, exclusive ii°/DVCS, dissociation of the proton X Wit



Deeply Virtual Compton Scattering

¢
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.-'--'-F -\--\-\'-\.
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DVCS
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doy iy o 7 7T cos ¢ + cos 2¢
STals ;

doDVCS o sPVES sin g

I, I I A
Re/ o« c¢,+c;cosd+c5¢c082¢+ ¢ cos3g

Im/ o s sing+ s;sin2¢

P4
© +
g
P4
1
g

Changing g2 s.'= Im F || Changinge Py Pc.'= Re F ||F = F,H + g(F1+Fz)ﬁ+ t/am’ F, E

double helicity flip



2001: First DVCS Beam Spin Asymmetries at Hermes and Jlab

do™ —do™ IT
_ —, oc 2[dc p;’m +Im ] = s sing s)=Im®F
do* + do
-:: 06 - e 27GeV %g&({
“"‘; x=0.11
02 f} = '“- Q2 2.6
0 e :

ST e

0.2

0.4 |
i PRL87 (2001) 182001 03f
n |  PRL87 (2001) 182002 7
3 2 a4 o0 1 2 3 0407750 100 150 200 250 300 330
b (rad) 0 (deg)

Validate the dominance of the handag contribution

Fit and V3 model: Vanderhaeghen, Guichon, Guidal,...
PRL80(1998), PRD60(1999), PPNP47(2001), PRD72(2005)
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Long Pol Target

2001-2012: A complete set of DVCS asymmetries at Hermes

T,BH+DVCS
sinfg- ¢ Jaing,
LT)

A{:;h— 4 )cos ¢,
ALY
AL
AT
AL
AT

—

A " k= t/4m2 on the proton
C " ~
Charge Re (F\H + g(Fi+F)H +kF,E )
ﬁ ~
Ay Im (F I+ §(F+F)H +KF,E)
/anolTargeL‘i" S FERvES Mo P
Long Pol Beam"?' = caseam
AUT L Im k(F,JH+ F,E))
A H—-—H Re (k(F,H +F,E))
Ao o Im(FHEF R H+E(+EE)
A, e Re(FIEFHRIH +E(1+)E )
—DI.4I I I—DI.Z I l; III [172 — D.I4 — 06

Amplitude Value

HERMES 27 GeV provided

a complete set of observables

2001: 15t DVCS publication as CLAS & H1
2007: end of data taking
2012: still important publications
JHEP 07 (2012) 032 A A,
JHEP10(2012) 042 A,
with recoil detection (2006-7)

Note: the neutron allows
v’ flavor decomposition

v’ access to ‘E
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2004-2016: Beam Spin Sum and Diff of DVCS - HallA

EOO-110 pioneer experiment in 2004 with magnetic spectrometer e$ 9 e A /”Ré/j
xg=0.36 Q%=1.5,1.9,2.3GeV? First analysis: Munoz et al. PRL97, 262002 (2006) P Y p \M\e e
Xg=0.34, x;=0.39 Q?=2.1GeV? Final analysis: Defurne et al., PRC92, 055202 (2015) —;a,;-—LﬁQ_taf%@f}i';f;f’";}“

x5=0.36, Q2= 2.3 GeV2, -t= 0.32 GeV? . PN HITGE o Eectomagnatc
il Tt | Unpolarized cross section K
.‘\.- o s Twict2 Ve Plastic scintillator array

T =L dr™ +do™ o« o+ doTEF v Rel
) S ST ’,/'/ TG ,—"/
Eo.oz— — d(TBH + C’J{?I € + C?I (‘:’S/GQ’S Qb + CH COS 2(;5
s \"“__ -------- = + Cé + c{ Cos ¢ + ci_; cos 2¢ + ;'-_:,cﬁ"s"éqﬁ

Helicity Dependent cross section
- ! e dor —do™ o dgP"S 4 Im ]
% Do
@)
ch — P thf,,si’ﬁ'qﬁr-f- st sin ¢ + 55 sin 2¢
o —

— Further DVCS/Interference separation with

360

different beam energies (with 2010 data)



EOQ7-007 Hall-A experiment in 2010 with magnetic spectrometer

2010-2017: Beam Spin Sum and Diff of DVCS - HallA

nature —Z X\ __

Defurne et al., Nature Communications 8 (2017) 1408 COMMUNICATIONS

X5=0.36, Q>= 1.75 GeV?, -t= 0.30 GeV?

A dot —do”

oo doP? 4+ doP7CS L Re
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— doBH 4 c‘g”“ +C?ICSCOS¢+;E 7 ¢cos 20
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o« doP’ £ Im ]

pol

DVes ooy o J o I
S sing:+ 57 s + 55 sin 2¢
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4 — —
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0.03 [ e
0.02 |
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2 solutions: higher-twist OR next-to-leading order



2005-2015: Beam Spin Sum and Diff of DVCS - CLAS

21 bins in (xg, Q%) or 110 bins (xg, Q*t) 3 months data taken in 2005
Girod et al. PRL100 (2008) 162002, Jo et al. PRL115, 212003 (2015)

t=0.153 GeV? -t=0.262 GeV? t=0.447 GeV?
~ 0ss section
> 1k
o :
3 -
= i
L®]
- 10‘5 _
- T —BHonly | |@%1.63GeV?| =
__ 0.8F Xp=0.185
S 04
5 0.2} .
£ ] R T £
— -0.2 g g
w5 -0.4 § :
= -06 ; :
-D'B \ ) _,_,_;_,_,_III ;_._._lj_._L_._._l_._._
0 100 200 300 100 200 300 100 200 300
® (deq) <P (deg) P (deg)
KM10a——- (KM10 ........ ) Kumericki, Mueller, NPB (2010) 841

Flexible parametrization of the GPDs based on both a Mellin-Barnes representation
and dispersion integral which entangle skewness and t dependences

Global fit on the world data ranging from H1, ZEUS to HERMES, JLab

egpéeyp

models:

VGG Vanderhaeghen,
Guichon, Guidal
PRL80(1998),PRD60(1999),
PPNP47(2001), PRD72(2005)

1rst model of GPDs
improved regularly

KMS12 Kroll, Moutarde,
Sabatié¢, EPIC73 (2013)

using the GK model
Goloskokov, Kroll,
EPJC42,50,53,59,65,74

for GPD adjusted on
the hard exclusive
meson production at
small xg

“universality’’ of GPDs y



=» nucleon tomography in the valence domain

Fit of 8 CFFs at L.O and LT. N Jo et al. PRL115, 212003 (2015)
(Im%H, ReH, IME, ReE, ImH, ReH, ImE, ReE) Q%=1.11 GeV? Q%=1.63 GeV? Q?=2.23 GeV?
X=0.126 X=0.185 Xp=0.335
6E A -5.3(&0.955— _A=49810.56 | A =1.44:1.25
H(x,0,0) =q(x) 5. | be4.25:008! b,=3.03:0.55 | b=1.04:3.68
4k - L :
1 E bt '
[T Hdz = F, F M e
-1 1 S S e T
0 F 2 S SR i ..... T .
_VGGmOdeI 1" ........................... IPIPIETE IEPEPE PR [ A TP PP PRI PR 1
Gj T
------ Fit Im#/ = A eBlt NS Td oy
c?2 . * l * ___i_
. . . e .u? R SR + ......... "{__:1
B gives information on the 2}
transverse extension of the partons A 90203 04 05 0102 03 04 05 010203 04 03
-t (GeV?) -t (GeV?) -t (GeV?)
B becomes smaller at higher x,
Guidal,
Valence quarks at centre Moutarde.
Sea quarks spread out towards the periphery Vanderhaeghen,
PNPP 76 (2013)
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2009-2015: Single Spin and Double Spin - CLAS

Ff»LL-F}*LL cos ¢ 2009: Longitudinally polarized NH3 target
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l ’ Seder et al. PRL114, 032001 (2015)
OF fgeehezzsss Pisano et al. PRD91, 052014 (2015)
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-0.5F --Gk  Goloskokov, Kroll
. : : - GGL Goldstein, Gozalez, Luiti
<Q*> =331 (GeVicy BH
05} axy>=0.453
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=» nucleon tomography in the valence domain

Fit of 8 CFFs at L.O and LT
(Im¥*H, ReH, ' mE, ReE, Im?{ ReH E, ReE)

H(x,0,0) =q(x) H(x,0,0) = Ag(z)

[TrHde = Fy [T H de =Gy

Im(H) 5 electromagnetic charge distribution

Im(H) 3 axial charge distribution

Axial charge is more concentrated
than electromagnetic charge

Seder et al. PRL114, 032001 (2015)
Pisano et al. PRD91, 052014 (2015)

,I_Il'n' “I'w

o Hg A,

"I'rrn“I'w

‘::Ql:r» =152 (GeV.-"cf
<xg>= 0.179

B

<Q*> =241 (GeVie)

5 <xXg>=0.255
- <Q¥>=331(GeVic)

- <xg>=0453
1 o4 06 §s ! 2

-t (GeV)

III:n' I.!,l'n

il |

<Q*> = 1.97 (GeV/c)
<xz>=0.255

v | <x > =0345

<Q*> =126 (GeV/cy
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=» nucleon tomography in the valence domain

Fit of 8 CFFs at L.O and L.T. Dupré, Guidal, Nicolai, Vanderhaeghen, = sg=. |25, [}
| ) _ PRD95, 011501(R)(2017) 25t .
S, = Im ﬂ is the best constrained Eur.Phys.). A53 (2017) “f. .
dzﬁj_ L _ SE
:(_.}!;f(‘_..l_._ bJ_) _ / (27)2 € ib &_HE (‘_1___ 0. —&J_E). N |
0 S (T3S S
{f)i)q(;j}) = —4 oA D In HE (;_'I_.'. 0. _&LE) 1.9402 [ Ia==2_3455 : G'=2.1021
LJ&J— Ay =0 ;: ;_[:l
. 2N TH f"_jt_ﬂ—%—ﬁ;
<b?2>=~ 4B | REeE R
- rrt e e
Ub—- 2.5;_ =2.9?2.3§_ OF=2.4808 i_ c‘=3_1E'?f_ 0*=2.8146
= el | a = {J_ESI — I[}.:'rI I ID.ZSI - ICI.SI I I[}.2:1I — Il'.'l.f?I ID.ZSI - ICI.S
x - ? t (GeV?)
HERMES -~ M O CLAS 6 and AG
+ 8 data " R A HallA o and Ac
trom JLab ® CLASA, and A,
¥ = £ ~xg/2 and E+0 * VGG model




DVCS at

DVCS BH DVCS | 2
| — do o |TBH|? + Interference Term + | TPVSS|
W W\_,-. W E s 1.2 + 0.3 Et =160 GeV
Y ] E =
; + 5 + } "‘; w | 'BH*D"_"CSF - xp=0.01 1 | |BH+DVCSE X5=0.04 s T Xg=0.1
ey s : é} Q‘a IDVES| os L |DVCSE 2 J— .
- ~— T T = . [ |BHR BH e bt
—_ 5 e Y nas [
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e L . R 0L o
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10 - . . P
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NI:F' 0 [————— — — B ——— ] i
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= 1 IR0 1ok S0 L1} S0 141 ]Fl:ld) -1500 -1 -3 LI a0 100 lsﬂd) -180 100 50 ] 0 10 15'}(')
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= —=ME 8 — 4 - . - —MC (BH) . — MC (BH) ) :
o 2 bgd. MC I 1 (GeVic)" < Q° < 20 (GeV/e)* 0 bd. MC + 1 (GeViel < OF < 20 (GaVicP 2 bgd. MC 1 (GeV/ef < Q% < 5 (GeV/c)
LICJ 1000} - mgfLEFI’TS_ l;; bed) 80 GeV <v §144 GeV 3001 * ™ MC(LEPTO ° bgd.) 32GeV<veBOGY | | - MC(LEPTO 7° bgd.) 10 GeV <v 232 GeV
-------- excl. 1 i ) : - 0
¥ oo 1Ol IR I G W I [pe— MCexcl.®®bgd) | | &% | | — MC(excl. 7 bgd.)
I MC (BH + n°bgd.) - 0 — =0 %
i 0.005.< xg < 0.01 B MC (BH + x’ bgd) MCRH R + xgp > 0.03
pure B.H 200 501
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. ! o L 1oy TP S RSN B -

[ ]
-3 -2 -1 0 1 2 = A - R S
COMPASS 4 weeks 2012 pilot run Ofrad) 3 2 -1 0 1 243




=» nucleon tomography in the gluon domain at HERA

doPVeS/dt= eB'Itl| B’ is related to the transversed size of the scattering object

Aaron et al., H1 Coll, PLB659 (2008) = 19 H1
Dominance of Im# 3 sf
. E « ZEUS = 5.
f W =104 GeV m 6 | T § ..............
10 I Q2=32GeV? +F | i { """""
- [ ® H1HERAIllep
o~ 2 F H1 HERA | W=82 GeV
P f == A (1-B"log(Q%/(2 GeV?)))
(}5 00....:5....110....1l5....2l0....2lg....230
p c Q°GeV’|
= 1
©
3 — 8
t 8 "g f o HIHERANlep <Q%> =10 GeV? H1
° o 7
ZEUS-H1 | wes2cev W f <Xx>=6.210° 2.10° 1.10°
Data collected 10F ,q2=8Gev? £ ............ R $ ........
1995-2007  Geoosoen A ,
grment «£B=5.45+0.19 + 0.34 GeV
0 01 02 03 04 05 06 07 08 N T T T
-t (GeV?) 0 20 40 60 80 100 120

W |GeV]

’ d t=0
<r%(xg) > ~ 2 B’(xg) < rf > =0.65%+0.02fm tobe compared to 4ﬁF1p = 0.67+0.01 fm



=» nucleon tomography in the sea quark domain at COMPASS

doPVCs /dt= e BIt] = Lres

ad 8 —
Q . COMPASS, hep-ex/1802.02739, subm. to PLB 0 7NE
2 > 7t gl
?10 - (g 2=0.058 COMPASS 2012 8 2
- -{Q%)=1.8 (GeV/c)?
S [inlssome S COMPASS 10.6°C
S ™ Q | + + + 4 weeks in 2012
S 5 40.5
2 10 _
3 4t 0.4
> i : : _
e | —B-481£0622% Gevi)® al 10 times more stat in 2016-17 0.3
oo r ! é%z‘cifv<<0;2<§e(\fe"f0>2 | ® COMPASS: <Q*> = 1.8 (GeV/c)? this work
;’; 10| 1 L 0\2 L 0|3 L 0|4 L 0I5 L 0|6 2_ ZEUS: <Q?> = 3.2 (GeV/c)? _ JHEP 0905 (2009) 108 —02
. . . . |.t| (GeV)c)2 A HL <Q7> = 4.0 (Gevicy i} Eur. Phys. C44 (2005) 1
1k ¥ HL: <Q’> = 8.0 (GeV/c)* | +0.1
L Il HI1: <Q?> = 10. (GeV/c)? Phys. Lett. B681 (2009) 391
0O e )
107 10° 1072 10~
Xg /2

B — (—13 = O-GSt.at- i_ [{]lé ) (GGV/C)_Q

SyS
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=» nucleon tomography in the sea quark domain at COMPASS

) R 2 ~ ’
doPVCS/dt= B t] = ores <r % (x) >~ 2B (x,)
~_ 8 o
At COMPASS: 5(9‘ 7._ COMPASS, hep-ex/1802.02739, subm. to PLB—O.? E
<x5>=0.056; <Q>>=1.8 GeV?; 8 ~
t varies from 0.08 to 0.64 GeV/? < 6f + COMPASS _0'6%
At small xg; and small t: @ 5'_ + + + 4 weeks in 2012 10.5
DVCS Yo b oot i 104
o™V o A(HH* + HH*) — —EE 4 | .
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Dominance of ImH ol ZEUS: <Q?> = 3.2 (GeV/c)? JHEP 0905 (2009) 108 10.2
(Wlth respect of Re{and other CTT) - A HIL: <Q> = 4.0(GeVI | b phys. C44 (2005) 1
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L Il HI1: <Q?> = 10. (GeV/c)? Phys. Lett. B681 (2009) 391
o e
107 10° 1072 10~
Xg /2

B — (—13 = O-GSt.at- i_ [{]lé ) (GGV/C)_Q

SVS

\/(r1) = (0.58 £ 0.04stae T 002, £0-04moder) fm




=» nucleon tomography in the sea quark domain at COMPASS

) o 2 ~ IR’
doPVCS/dt= B t] = ores <r % (x) >~ 2B (x,)
o 8
At COMPASS: g 7.__ COMPASS, hep-ex/1802.02739, subm. to PLB
<x5>=0.056; <Q>>=1.8 GeV?; 8
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DVCS x| A e _
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0 X
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=» D-term and Pressure distribution in the proton

With all the data for Beam Spin Diff and Sum of DVCS - CLAS@Jlab 6 GeV e$p S e VD
Girod et al. PRL100 (2008 o et al. PRL11j5, 212003 (2015)
Im H vs & from Ao fit dt -t = 0.11 GeV ? Re Hvs & from o fit at -t = 0.11 GeV ?
-\ l IGE) 1§ | /.I. ? Eﬂ\ D(t)=D (1-v/M?])”
n:_2§ (t)=0// 006 A o
7 l __32 08: /+
6 1 4 T
R ]
4 ‘ 6 v
3 \\§ _7§ _//
2 " —8F 71.41/
1: _9; 1_6:
%605 04 a5 02 025 03 1O 005 0Z Tops oo e o by
D2(0) < 0 DQ(0) =-1.47 £ 0.10 £ 0.22

2 _
This is a critical result, required for dynamical stability of the proton. M= 1.06+0.10+0.15
Deeply rooted in chiral symmetry breaking. o= 2.76+£0.25 £ 0.50



=» D-term and Pressure distribution in the proton

Comparison of D(t) with theories
M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)

v
-015
ﬁ
s
s -1
A
-1.5 _
Global properties of the Proton
-2 ] Ot = 1.602176487(40) x 1071°C
—— KMI5 global fit EM: e = 2.792847356(23) iy
2.5 ¥ JLabdaia E —  1.2694(28)
A A lattice LHPC : Weak: A = ©
-3 = = = dispersion relations-] gp = 8.06(0.55)
— chiral quark soliton ] Gravity: Mpw = 938.272013(23)Me‘V/(:2
3I5F | | Skyrme model - J =1
-~ bag model D = -147(10)(22)
-4

0 01 02 03 04 0.5 -t[GeV?]
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=» D-term and Pressure distribution in the proton

M.V. Polyakov and C. Weiss, Phys.Rev.D60, 114017 (1999)
1 [ Dzt
D(t)——/ dz (z¢) —l<z=2<1
2 -1 1 — Z 5
Expansion in Gegenbauer polynomials
3/2
D(z,1) = (1= 2%) |di(B)C(2) + -+

next order terms <<

sd(t)

dt) =d (1-tvm?)” 7

r e
i /+ M.V. Polyakov, Phys. Lett. B555 (2003) 57

oy | With the first spherical Bessel integral

:: : dy (1) ox /dSr jo(T;{—_t)
V7

Ell!lll!ll Ilgll o B i

0 005 01 015 02 025 03 035 04
-t (GeV?)

nature V.Burkert, L. Elouadrhiri, F.X. Girod

International journal of science Nature 557 (2018) no.7705, 396-399

p(r)

PRESSURE

‘E B mmmm  Data before CLAS
q>_ 0.015] C—/3 CLAS

3 L N darS12 proj.

E ool REPULSIVE

r2

0.005

CONFINING
PRESSURE

|
[ I 1 I I |
0O 02 04 06 08 1 12 14 16 18 2
r(fm)

Repulsive pressure near center p(r=0) ~ 103 Pa
Confining pressure atr > 0.6 fm

Atmospheric pressure: 10° Pa
Pressure in the center of neutron stars ~ 1034 Pa



next future: Beam Charge and Spin Diff @ COMPASS

_|_ —
— do —do— LT. 7 c.'= Re F.H ReH >0 atH1
= -  — K 5 : -
€y +¢1 €08 1 <0 at HERMES
Predictions with VGG and KM10  Value of x; for the node?
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next future: Beam Spin Sum and Diff @ JLab12

with high resolution magnetic spectrometer with CLAS12
+ Calorimeter in Halls Aand C

NPS cantelevered of SHMS platform |
o i - E12-06-119 oo !

2018-19: LH2 " gne4
2020: Long Pol Target * -5

done in 2016-17: Hall A: E12-06-114
~2020: Hall C: E12-13-010

Different beam energies for a
Rosenbluth-like DVCS?%/Interf.
separation

1“Q2 Vs xg coverage in Halls A and C LH, Target & Long. Pol. Target
%" Hall C 11 GeV / = = . | 2 .
® [HallC88GeV > = Projection on p target
=10 Hall C 6.6 GeV Q° _
Lt y / ZE- ) /\/\\J /\\‘_
8 Hall A 6.6 GeV/ / 6" ‘ '
-Hall A 5.75 GeV & . Av/\u \J\/’\j\/\\, &N
'E_ ;*f = :— 6.2 [0.3 (043 |06
a- E , —_
. , :_ /\.\/f\v"\j\/\vf\‘ \\/\,N\ e
2 = AV AT AN N o o N L NG LW o N e @
L / ’ 2—— f\\/\\\r\j\\,\\x (p
o ? ®
% 0.1 9 3 S ol L T Al O O 0 O ) 0T S AN U [ 0 Ve I
Xg 0.15 0.2 0.25 0.3 Q.35 0.4 Q.45 0.5 0.55 0.6 0.65



next future: Beam Spin Sum and Diff @ JLab12

Physics Opportunities with b
the 12 GeV Upgrade at Jefferson Lab

Projection for Jlab 12 GeV

Pressure Distribution 2%

0.015

World data model fit result

Predicted error band
XQSm

Stability requires
forces compensate

Pressure r2p(r) (GeV fm1)

LONG RANGE PLAN
for NUCLEAR SCIENCE




2007-8: GPD  from Jlab 6 GeV and HERMES

td->£tny(p) fp>tpy

Acy ™= Im (F\, 3 + £ (Fy, +F, )i[+ FouE) | | Aoy s ds)cosd = — Im (Fo, H —Fy, E)
Ao, Sn(@-¢s)cos o = Re (F,, H —F,,E)

analysis still on going for a Hall-A experiment done in 2010
Note: neutron target =» quark flavor separation

Model dependent extraction of J* and J¢
0.4—DVCS on transv. polar. proton Goloskokov & Kroll, EPJ C59 (09) 809

HERMES JHEP 0806 (08) _
03 cg (model based) B Dichletal, EPJ C39 (05) I
g; _ B Guidaletal, PR D72 (05) 054013
S -
> o
0.2 gé % B Liutictal, PRD 84 (11) 034007
~ ]  Bacchetta & Radici, PRL 107 (11) 212001
T 016= 3
¥ 105 &
= = LHPC—1, PR D77 (08) 094502
~ Yz E L
Ha) _
0_05 E L‘l ] B LHPC-2, PR D82 (10) 094502 LATTICE QCD
— ° "~ QCDSF, arXiv:0710.1534
_01 ] Wakamatsu, EPJ A44 (10) 297
Thomas, PRL 101 (08) 102003
0’= 4 GeV? -
=020 % I Thomas, INT 2012 workshop
00 01 02 03 04 05 06 07
Dudek et al., EPJA48 (2012) 37

JLH-E



next future: GPD = @ JLab12 with CLAS12

Exp E12-11-003: DVCS on the neutron Exp E12-12-010: DVCS on a transversely
: ~ i - — G0NO° — QL0
AGy ™= Im (Fy 9 + 2 (F,, +Fs, )9+ F, E) polarized HD-Ice target Pol H = 60% Pol D = 35%
AGUT sin(¢- ¢s) cos ¢ = __ Im (sz H — Flpf)
2019: 90 days on LD2 target Ac; in(¢-¢s) cos ¢ = — Re (FZp H — F1p£)
Lumi= 103> cm2 s'1/nucleon
Q12 After 2020: 110 days on HD-Ice target
=10 o Lumi= 5 x 1033 cm2 s'}/nucleon
b MK “os
__ = S gL pd ML H¢ 3 o
/ . . . . 8s] "“H#' ,‘%} "t{ “ {.I + *HHM' «mm’w 0.2 [ &R ® 06 06
Model prediction using VGG Aﬁ l» ? ' o5 0
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next future: GPD

@ RHICin 2017 and 2023

11k J/y in 2017 (p" p @ 510 GeV) analysis on going
13k J/y in 2023 (p' Au @ 200 GeV)
Important input for the photoproduction of J/y at EIC

\\ .
» — A ‘ Lltra Peripheral Collisions to access the Generalized Parton Distribution E |
oo N S\ giuon
V _ W Two key questions, which need to be answered to understand overall nucleon properties like the spin
| 3 o &
VY N\
| + How are the quarks and gluons, and their spins distributed in space and momentum inside the nucleon?

structure of the proton, can be summarized as:
"The RHIC Cold QCA Plan 4§ + What is the role of orbital motion of sea quarks and gluons in building the nucleon spin?

L for 2017 to 2023
. A Portal to the EiC J

aaaaaaaaaaa

................. RHIC. with 1ts capability to col-
lide transversely polarized protons at vs=500
GeV, has the unique opportunity to measure 4y
for exclusive J in ultra-peripheral p'+p colli-
sions (UPC) [99]. The measurement 15 at a fixed

¢ of © GeV* and 107 < x = 107", A nonzero
asymmetry would be the first signature of a non-
zero GPD E for gluons, which is sensitive to
spin-orbit correlations and 1s intimately connect-
ed with the orbital angular momentum carried by
partons in the nucleon and thus with the proton
spin puzzle. Detecting one of the scattered polar-
ized protons in “Foman Pots™ (RP) ensures an
elastic process. «ooeveennnnes
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GPDs and Hard Exclusive Meson Production

Quark contribution 4 chiral-even GPDs: helicity of parton unchanged
meson 44 Hi(a, §,t) E9a«, €E,t) For Vector Meson
Hi(ax, §,t) E9ax, E,t) For Pseudo-Scalar Meson

+ 4 chiral-odd or transversity GPDs: helicity of parton changed
(not possible in DVCS)

Hilw, & 1) Ellw, &)  _

~ ~ g =92 Hy
Gluon contribution at the same order in o H%’(a:, g, t) EIC](a:, &’ t) T 2 HT + E

Factorisation proven only for G,
oy is asymptotically suppressed by 1/Q? but large contribution observed

model of o; with transversity GPDs - divergencies regularized by k; of g
x+& & 3 and g and Sudakov suppression factor

p p’
@I’l sensitive to Hg
0- ++

The meson wave function and to a twist-3 meson wave function
Is an additional non-perturbative term D+ P -

q
T

Vector meson qq

meson qq




a(p) [nb]

o (vp->pp) [nb]

GPDs and Hard Exclusive Meson Production

«F 4 chjral-eyen GPDs: helicity of parton unchan
” CE L0 C!EU? De}f)e GPDs: helicity of parton unchanged
10: i pY (- i) production at COMPASS
10 % 40 with Transversely Polarized Target
10°
' and6/10 for ol COMPASS, NPB 865 (2012) 1-20, PLB731 (2014) 19
0°F visibility, 7 . 0.1 : "
4 6 10 20 40 60 100 10" n_g:‘.i

U1
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o?(eev?) Q? [GeV?] =5 o t J { it t + -
C S — C ' C
A WO H1, ZEUS b —0.0% ;' 'E
-0 1 : ~F . : - :
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10°} -005 * U - } }
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. Goloskokov, Kroll, EPJC42,50,53,59,65,74 GPD model constrained by HEMP at small x; (or large W)

dominant (longitudinal) y,* p - M p and transv. polar. y;*p—> M p
quark and gluon contributions (GPDs H, E, H;) and beyond leading twist 36



GPDs and Hard Exclusive t° Production

0 d*o 1 do do (o do -
ep emn P o = 3 [(E er — d:) + ecos 2%'—;: + v/ 26(1 +€) cos ¢ diT] ‘ X(B)_f;g V2
tdd. I | 1 ~ 0. e
'| Defurne et al, PRL117 (2016)
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PRL109 (2012), PRC90 (2014) _ P
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And other paths to get GPDs

Study of protons and neutrons Study of nuclei
(HERMES, JLab6, JLab12)

First measurement on He4: Hattawy, PRL119 (2017)
Spin 0 target, one chiral even GPD

Off bound protons: Hattawy, arXiv:1812.07628, sub to PRL

i —

Time Like Compton Scattering t - gi % g:;l
B ]_5:_ _x:: 020  --- )(:: 0.30
E:'.-_; 1 :_ — ey ]
sf ¥ } +

A

Double DVCS

Projects which start to be explored
with the high lumnosity of JLab12 Other projects with the
(in Hall-C or with CLAS12 and Solid) recoil detecteur ALERT




Future: Key measurements for imaging partons with EIC

Stage 2
Ee=20 GeVEp=250 GeV

Stage 1
Ee=5 GeVEp=100 GeV

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

SECOND EDITION

Deliverables

Observables

What we learn

Requirements

GPDs of
sea quarks

and gluons

DVCS and J/P, p”. i,
production cross section
and polarization

asymmetries

transverse spatial distrib.
of sea quarks and gluons:
total angular momentum

and spin-orbit correlations

GFPDs of
alence and

sea quarks

electroproduction of
7. K and p™, K*

dependence on

quark flavor and

polarization

[dt L~ 10 to 100fb~";
Roman Pots:
polarized e~ and p beams;
wide range of rp and Qg:_
range of beam energies;
eT beam
aluable for DVCS

Exclusive J/y production
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Conclusions

Jlab 12 GeV with the high luminosity electron beam
at the beginning of a very exciting time

For high precision era

For valence quarks at large x;

COMPASS, with high energy muon beams at CERN
and RHIC will provide first results
of sea quarks and gluons at small x;

All these facilities are physics opportunities prior EIC
- to preserve knowledge on state of the art techniques

- to prepare the next generation of leading
new experiments at EIC

Jlab 12 GeV

E12-06-114: HallA DVCS diff energies
E12-06-119: CLAS12 DVCS p, pol NH3
E12-12-001: CLAS12 Time Like Compton and J/y
E12-06-108: CLAS12 % n
E12-11-003: CLAS12 DVCS n
E12-12-007: CLAS12 ¢ meson
C12-12-010: CLAS12 HDice
E12-13-010: HallC DVCS

E12-16-010: CLAS12 DVCS 2 energies E I (

RHIC (STAR/sPHENIX)

COMPASS COMPASS++/AMBER

DVCS: 2x6 months M2 beam line @ CERN
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