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Lesson lll: Hadronic scale, experimental point of view:

From high-energy lepton scattering to nucleon pressure

After the introduction of the different types of experiments to reveal
the nucleon structure, the focus is on Exclusive Reactions related to GPDs:

v Correlation between position and momentum of partons

v Angular momentum and nuc con pressure
Nicole d’Hose (Irfu, CEA Universite Paris-Saclay)



Since the proton is composed of quarks confined by gluons, an equivalent pressure which
acts on the quarks can be defined. This allows calculation of their distribution as a function

of distance from the momentum centre using Deeply Virtual Compton Scattering.



Deeply virtual Compton scattering (DVCS)

’ D. Mueller et al, Fortsch. Phys. 42 (1994)
{ X.D. Ji, PRL 78 (1997), PRD 55 (1997)
E A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997)
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[ Q large- Xy ~
Y ; N\J*\P Y DVCS: tp—> € p’ y
b (X+DP (x- 9P the golden channel
Factorization oo N because it interferes with
ft .
S0 | GIP?S the Bethe-Heitler process
eneralized Parton
p Distributio p’ also meson production

po> U p' =, p, ®or (I) or J/y...

The GPDs depend on the following variables:

X. average quark longitudinal

&: transferred momentum fraction

The variables measured in the experiment:

Eq, Q2 ag~ 28 /(1+C),

t: proton momentum transfer squared
related to b, via Fourier transform
Q?: virtuality of the virtual photon

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




Deeply virtual Compton scattering (DVCS)

L’ Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001)

hard (X+EP

Factorization ..~ . . o X Tl

soft
Generalized Parton
p Distributio p’
— tsmal
The amplitude DVCS at LT & LO in Olg (GPD H) : Real part |maginary part
H(x ci t) +1 H(xf;,t) :
H= dx iTH(x =+ t
t, &ﬁxe'!‘ X—i‘l‘ls f x—ci ( a’ &‘" )
In an experiment we measure 1 2x ImH (x,t)
P ReH (€, 1) = m'! f dx =+ A(E)
Compton Form Factorﬂ 0 — ﬁ 4



Deeply virtual Compton scattering (DVCS)

M. Burkardt, PRD66(2002) M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)
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The amplitude DVCS at LT & LOinas (GPD H):  Real part Imaginary part
+

o+ Hx,Et) +1 , HxEE) . B
7{5%{_1 dx P PJ_ dx p Tim H(x = £&,&t)
In an experiment we measure Y, 2x ImH (x,t)
H(E, t) =t f dx + A(t
Compton Form Factor H RH (& 1) 0 x4 — &2 (£) :



GPDs and Energy-Momentum Tensor and Confinement

mass & energy
distri@ution

1
[ de z H(z, &, t) = A%(t) + £2d,9()

GPDs can provide an experimental answer
by exploiting their equivalence

to the gravitational form factors

of the nucleon energy-momentum-tensor

1
/ dz z E%(z, &, t) = 2J%(t) — A%(t) — £2d.9(¢)

. 1 Angzular momenturr
(fundamental nucleon properties) Angular mofnent. Force & Préssure
: yutic distribution
] M. Polyakov et al. Phys.Rev. D75 (2007)
219 = lim |« (H9(a, ,t) +E9(, €, 1) ) dax Int.J.Mod.Phys. A33 (2018)
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The pion field provides the confining pressure at the
proton periphery (pions are the Goldstone bosons
of the spontaneous chiral symmetry breaking) 6



Confinement and Pressure

Since the proton is composed of quarks confined by gluons, an equivalent pressure which acts on the quarks can be defined.
This allows calculation of their distribution as a function of distance from the centre using Deeply Virtual Compton Scattering.
It has been shown in a first publication in Nature that the pressure is maximum at the centre, about 103> Pa, which is greater
than the pressure inside a neutron star. It is positive (repulsive) to a distance of about 0.6 fm, negative (attractive, confining)

at greater distances, and very weak beyond about 2 fm.
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Confinement and Pressure

Since the proton is composed of quarks confined by gluons, an equivalent pressure which acts on the quarks can be defined.
This allows calculation of their distribution as a function of distance from the centre using Deeply Virtual Compton Scattering.
It has been shown in a first publication in Nature that the pressure is maximum at the centre, about 103> Pa, which is greater
than the pressure inside a neutron star. It is positive (repulsive) to a radial distance of about 0.6 fm, negative (attractive)

at greater distances, and very weak beyond about 2 fm.

This work was revisited after. The experimental method (direct extraction of physical observable) is not questioned but the
evaluation of the incertainties is. With the present set of data the high pressure in the center is also compatible with O.
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Confinement and Pressure

B Before DVCS
With DVCS @ 6 GeV
B After DVCS @ 12 GeV| Radial pressure distribution in the proton.

15

Repulsive
pressure . . .
3 The graph shows the pressure distribution r2 p(r) that results
from the interactions of the quarks in the proton versus the

radial distance r from the centre of the proton.
The thick black line corresponds to the pressure extracted
from the D-term parameters fitted to published data
measured at 6 GeV. The corresponding estimated
uncertainties are displayed as the light-green shaded area
shown. The Mrea represents the uncertainties from all

. the data that were available before the 6-GeV experiment,
Confining | 314 the red shaded area shows projected results from future
pressure . I . .
<«—— | experiments at 12 GeV that will be performed with
the upgraded experimental apparatus.
Uncertainties represent one standard deviation.
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So we will investigate the experimental result
as for example a referee will do it



The experimental method: @ the data

Jlab 6 GeV 21 binsin (xg, Q%) x 6 binsint --- 3 months data taken in 2005
a € Girod et al. PRL100 (2008) 162002, Jo et al. PRL115, 212003 (2015)

With CLAS

egp%eyp

g~ 28 [(1+E) =P E~ ap/(2-ap) |t in ~ M2 ag® [ (1-ag) i ap/Q <<1
Bin 1 2,=0.12  £=0.06 |t| . =0.014
Bin4-5  4,=0.185 £=0.10 |t| . =0.037
Bin 14-15 ,=0.335 £=0.20 |t| . =0.148
Bin18-19 ,=0.4  £=0.25 |t| . =0.23
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2005-2015: Beam Spin Sum and Diff of DVCS - CLAS

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

eSp%eyp

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

21 bins in (xz, Q%) or 110 bins (x;, Q*t) 3 months data taken in 2005
. ° i ep—2eyp
Girod et al. PRL100 (2008) 162002, Jo et al. PRL115,212003 (2015)
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» The Beam Spin Difference presents a sin¢ evolution sensitive to Im#
» The Beam Spin Sum is sensitive to DVCS2 or interference term or Re# for ¢ around m where the statistics is weaker

» The statistics ™ when a; ~ 2§ 7~



The experimental method: ® Im%and ReX from local fits

In each (xb,t) bins extraction of Im# and Re#H
according the formalism of Belitski, Mueller, Kirchner (Lecture II)

as HallA has done recently and carefully



today: Beam Spin and of DVCS - HallA @12GeV

E12-06-114 Hall-A experiment Setting || Kin-36-1|Kin-36-2| Kin-36-3 Kin-48-1|Kin-48-2 | Kin-48-3| Kin-48-4|| Kin-60-1| Kin-60-3
in 2014-2016 with magnetic spectrometer T 0.36 0.48 0.60
E, (GeV) 738 | 852 || 1059 | 449 [ 885 ||885 || 1099 | 852 [| 10.59
Georges et al., PRL128 (2022) 252002 Q2 (Gev?) | 320 | 360 || 447 | 270 | 437 ||533 | 690 | 554 || 840
E, (GeV) 47 5.2 6.5 2.8 47 5.7 7.5 4.6 7.1
—tmin (GeV?)|| 0.6 | 017 || 017 | 032 | 034 ||035 | 036 | 066 || 0.70
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today: Beam Spin and of DVCS - HallA @12GeV

Fit for constant (xg, t) using different beam energies (but also different Q?) of
> 24 CFF (H H,E,E) @ Re, SM)Q(+ +,0+,— +)
> oronly 8 CFF (H,H,E,E,)®@(Re, SmM)Q(+ +)

=>» Importance of considering all CFFs when extracting helicity-conserving CFFs

Results for the better known CFFs H,, and ﬁ++

X;=0.6 H,,and H,, averagedovert
- M {4,044} CFRa it B : “- Previous data [19]

| o~ {++} CFFs fit
2| -@- This work

- :_KWS - ‘ ] il Ll '] . [ — KM15 _
£+ o .J —————————————— LE--Hm | —l b---do T 3 o . E:
& [ ] & ": | & HT,Twist-3
[ oc @Bt || j ! ImH,, ™ when &, /* suppressed by 1/Q

Sm(H )
Re(H. )

‘ < | tis negative|| v I N }
= _th(Ge\;‘z) =% =y _LEt (Ge;:z) 08 0.2 0.4 X, 06 0.2 04 %5 0.6 08 NLO’TWi§t:2 .
Georges et al., PRL128 (2022) 252002  <t>=-0.345, -0.702, -1.050 GeV? at x,= 0.36, 0.48, 0.60 double helicity flip

suppressed by oL



today: Beam Spin and of DVCS - HallA @12GeV

Fit for constant (xg, t) using different beam energies (but also different Q?) of
> 24 CFF (H H,E,E) @ Re, SM)Q(+ +,0+,— +)
> oronly 8 CFF (H,H,E,E,)®@(Re, SmM)Q(+ +)

=>» Importance of considering all CFFs when extracting helicity-conserving CFFs

Results for the better known CFFs H,, and ﬁ++

X;=0.6
| - {++,0+,-+} QFFS fit M ] 5: [++,0+,-4} CFFs fit ;5
s ] | @ {++} CFFs fit
3 1 7% 3 1 [ n 3
e S A 1| A S S|/ A T T | T TTif] £ -
g [ | 5 s e X Twist-3
: : ' - ' suppressed by 1/Q
b ] -
o | tisnegative|| 1 of ! 1.
-1.4 —1.2{ {Ge\;;) —0.8 -1.4 —1.2t (Ge;;z) -0.8 5 Wr (GeVQ) 0.5 5 1{ (Gevz) 0.5 TWist—Z’ .N.I_O .
Georges et al., PRL128 (2022) 252002 <t>= -0.345 GeV? [t| . >=0.16 GeV? double helicity flip

min suppressed by o



today: Beam Spin and of DVCS - HallA @12GeV

What do we learn?

» The Beam Spin Difference (or Asymmetry) presents a sind evolution sensitive to Im#

» The Beam Spin Sum is sensitive to DVCS2 or interference term or ReH
only in the ¢ domain around © where the statistics is weaker

» The statistics ¥ when az~ 2§ 7

» Hall A has shown:
if Im#H is relatively independent of HT and NLO
this is not at all the case for ReH



The experimental method: ® Im# and Re# from local fits

In each (xg,t) bin mextraction of Im# and Re# according the formalism of Belitski, Mueller, Kirchner (Lecture 1)

l1rg Hvs & from Ac fitat/t = 0.11 GeV * Re Hvs & from o fitat -t = 0.11 GeV ? I1r8 Hvs & from Ag fit at -t = 0.26 GeV? Re Hvs & from o fitat -t = 0.26 GeV ?
o £q -t=0.26GeV? E,_f_ _ m Jlab CLAS 6 GeV
8 8:_ i —2F :
’ ; 10 £ values i The Real and Imaginary parts of
5 5) l | 5 Compton FF H(§t)
4 4 -6 )
3 = 3 -7t for different £ and t values,
25 = ) 2F -8k o .
i t=0-11GeVy T | - 9 | resulting from the local fit to the
o PN RIS IR B -10 Lo v b by v b B M PR P BT P 4kl AR RS R T R .
005 0.1 015 02 025 03 005 0.1 015 02 025 0505 0.4 0.15 02 025 03 10005 01 015 o02 025 BSA and cross section data.
I1m Hvs & from Ac fitat -t = 0.15 GeV ? Re H s & from o fitat -t = 0.15 GaV |1m Hvs & from Ag fit at -t = 0.34 GeV ® Re Hvs & from o fit at -t = 0.34 GeV *
T T F ] 'Vt T
Es 2 1 9 -t=034GeV? 2
7 | < T WhylessGvalues? = Q Jlab HallA 12 GeV
> %l 2 2\ Y | = In the domain of overlap
3 — -7k 3 -7E
2 = 2 & Important check as
i -t=0.15GeV? 9 1 - | —9- . . . .
R T TR U PO I | A T T S0 DU DU DUUOR LN DU I if Im%{ is relatively independent
0.05 0.1 015 02 025 03 005 01 015 02 025 0.05 0.1 015 02 025 03

of HT and NLO

Im H vs & from Ag fit at -t = 0.20 GeV' ® Re H vs & from o fit at -t = 0.20 GeV ®

10 T this is not the case for Re
: gE 10 &values | 27 4 H
: f Data points for |t| < |t] ,;,?
5c -5F
4f -6
¥ o O No good statistics for Re#H determination at large [t| and small x;
1-t=0.20GeV? s
0

0.05 0.1 0.15 0.2 025 %.3 - 005 01 015 02 0é25



the Jlab 6 GeV CLAS data

)

21 bins in (xg, Q%) or 110 bins (xz, Q?t) 3 months data taken in 2005
Jlab6 GeV i ol PRL100 (2008) 162002, Jo et al. PRL11S, 212003 (2015) €p

With CLAS

2evyp

g~ 28 [(1+E) =P E~ ap/(2-ap) [t]min ~ M2 aeg® / (1-xg)  ifag/Q <<1

Bin 1 x,=0.12 £=0.06 |t| _. =0.014
Bin4-5  a,=0.185 &=0.10 |t| . =0.037
Bin 14-15 4,=0.335 £=0.20 |t| . =0.148
Bin 18-19 x,=0.4  £=0.25 [t|_. =0.23
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The experimental method: ® Im# and Re# from global fits

Global fit of ImH using the parametrisation from Kumericki and Mueller NPB841, 1-58, 2010

nr 2x \7O /1 x\? ]
ImJ? (x, t) = : ( : not completely valid at high t
| +x \I+x | +x [I—Eﬁ]ﬁ ,

Then ReH recontructed applying the DVCS djspersion relation with A(t) subtraction constant

Res? (€, t) = A (t) + %P.V. fd:c( = = )Im%"(m, t)
0

4
-z (ta ;
Im Hvs & from A fitat-t=0.11GeV®  ReHvs &from cfitat-t=0.11GeV® Im Hvs & from Ac fitat-t=0.20 GeV?  ReH vs & from o fit at -t = 0.20 GeV ? Im Hvs & from Ac fitat t=0.34 GeV*  ReHyvs £ from o fitat -t = 0.34 GeV
I10 T ; I1O T F ,— I10§ I é
£ = Es  10Evalues 2t E 9 -t=0.34GeV? et
8 —2F 8 -2 - -2
7F -3 7 -3 70 Why less € values? -3
6E -4 6 -aF 6F -
5 -5F 5 -5 50 -50
4 -6 4 -6- 4 * + J -6
3t 77; 3 —75— 3 i _7F
2 2 -8 2 -8 2k —— -8
s t=0.11GeV o 1-t=0.20GeV? -9: i -9f
“005 017015 02 025 03 %005 01 015 02 025 005 01 015 02 025 03 100 “005 017015 02 025 03 '®005 01 015 02 025
Im H vs & from Ac fitat -t = 0.15 GeV ? Re Hvs & from o fitat -t =0.15 GeV * Im H vs & from A fit at -t = 0.26 GeV ? Re Hvs & from o fitat -t = 0.26 GeV .
£10 e .:0 e ot Central red curve= global fit of ImH
E i\~ E o- -t=0. e @1
g = T Grey bands: other CFFs
7o 7 10 & values -3 Red bands: errors on parametrization parameters
6 —4F N
o g _:; Grey and red bands propagated through DR in ReH
4r 4 -6f Blue bands: errors on A(t)
3 3 -7
® t=0.15GeV? ;: 2 Black curve:
0" 0 10"

TN PPN SIS T IPFIIT
0.05 0.1 0.15 0.2 0.25 %.3

A(t)=0 inconsistent with data at small |t]



The experimental method: ® Im# and Re# from global fits

m Jlab CLAS 6 GeV

Samples of Beam Spin Asymmetry

o
[N

=
=

:

-t = 0.14GeV?

-t = 0.18GeV?

Samples of differential cross sections with fits

d*o(nb/GeV?)

¥ o =0.15Q2=139Gevz ¥
t=0.11 GeV?

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

DVCS - BSA

(=]

T 1 T T
-—
I

S

S
)

|

i x, = 0.15, Q% = 1.39 GeV? &
0 60 120 180 240 300 (o) €0 120 180 240 300

' x, =0.15, Q? = 1.39 GeV?
-t = 0.20 GeV?

-t = 0.26 GeV?

Thick grey curve: global fit of ImH
Thin light grey curves: errors on parametrization parameters
within one standard deviation

-1
1050 100 150 200 250 q)(O) 100 150 200 250 300

Thin light grey curves: local fit of ReH using the DR with A(t) at fixed t and variation within one standard deviation

Thick grey curve: global fit of ReH using the DR with a parametrization of A(t) A(t)= A(O) ) (l-t/Mz)'“



O A D, d,? and Pressure distribution in the proton

A(t) subtraction constant of the DVCS disperiion relation:

1 1 1
Res# (&, t) = A (t) + ;P.V. [dm(f—:n - £+m)lmf%"(m? t)

Relation with D(z,t), the D-term of the GPD —1<z= % <1

& with d,9(t), the proton gravitational FF (the spherical Bessel transform of the pressure):

B zt‘j 2 4 o = [
A (1)=25,@? fd R 4y 2 (ha=wd 2 = e
] - (| i
next order terms << ¢ L CLASTZ pro)
& ooif PRESSURE
. . } —
Q is the quark charge, considering only u and d quarks o 9
And with the assumption 4/'=d'=d?/2 dy” (t) = 1—0"2‘ (t) o
The spherical Bessel transform of the pressure : ‘
M.V. Polyakov, Phys. Lett. B555 (2003) 57 : I PRESSURE
Yy Yy ( ) 3 jo(,r —t) sS
M.V. Polyakov, P. Schweitzer, dy (t) x [ d°r p(T) ‘
Int.J.MOd.PhyS. A33 (2018) 5 IOIZI 1 IO‘I4I 1 Iol'él | IOI.SI 11 I1I 1 I1I2 1 I1|4 | I1 p | I1I$(flnl1)




O A, D, d,% and Pressure distribution in the proton

. _ —
iff and Sum of DVCS - CLAS@lJlab 6 GeV ?p S e VD
0 et al. PRL115, 212003 (2015)

With all the data for Beam Spin
Girod et al. PRL100 (2008

Im H vs & from Ao fit dt -t = 0.11 GeV 2 ReHvs&from ofltatt 0.11 GeV ? %d Q(t) —9/10A(t)

10w
]E: 9_\ . " l d Q(t)f d Q(t) d,2(0) - (1- t/MZ)a
- 8E \ odf A | __Parametrisation 2
- - B /+/
7E 111 ispersions: . o
6E L. - -
o ~ 1 | Relation b
4F \ .y
3Parametrisath\~& e
o-of ImH | T 1_4://
1; 16
0_'0'_0,'5' ' '01' ' '0'_1'5' "02' ' ’0'_25' '('%.3 ' '0.2' ' Idé25 0 005 01 015 02 025 03 036 04t(GeV2)
de (0)<0 d1Q (0) =-1.47 £0.10 £ 0.22
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. a= 2.76 £0.25 +0.50



O A, D, d,% and Pressure distribution in the proton

Comparison of d,2(t) with theories

M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)

- bag model

KM 15 global fit
JLab data
lattice LHPC

dispersion relations-
chiral quark soliton ]

Skyrme model

0 01 02 03 04 0.5 -t[GeV?]

Global properties of the Proton

Oprot 1.602176487(40) x 10~1°C
EM: 2.792847356(23 )y
24 1.2694(28)
Weak: 8.06(0.55)
2
Gravity: Mot 9138.272013(23)M6V/c
J 2
d,2(0) = -1.47(10) (22)

25



Pressure distribution and comparison to the xQSM model

In the chiral quark-soliton model (xQSM) the proton is modeled as a chiral soliton with the constituent quarks bound
by a self-consistent pion field. The pion field provides the confining pressure at the proton periphery
(pions are the Goldstone bosons of the spontaneous chiral symmetry breaking)

K. Goeke, M. Polyakov et al., Phys.Rev. D75 (2007) . :
’ ’ .B L. E X.
M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018) V.Burkert, louadrhiri, F.X. Girod
Nature 557 (2018) no.7705, 396-399
0.01 B Eo_ms: 1N s World data
. - - - | E— ata
_ : XQSM : 3 B e (é]ﬂféfztproj.
g : & ool PRESSURE.
=~ 0.005 . -
3 _ confining : ooosll
= [ pion cloud _
& 0 :
= repUISIVe\/ CONFINING
lquark core ] 0005 -
-0.005 | -
. I I T T S I N ] o 02 04 06 08 1 1.2 1.4 1.6 1.8 2
. r(fm)
0 0.5 1 r in fm

The d,%0) < 0 is rooted in the spontaneous chiral symmetry breaking (xSB).
In the xQSM the pion field provides the confining pressure at the proton’s periphery.



BUT Problem of incertainties

Im H vs & from Ao fit at -t = 0.20 GeV ©

10

JmH
=D W o LT
1 1 1 1 1 1

o=

¢ -t=0.20GeV? {
0°0.05 04 045 0.2 'ﬂ.25"{%,3

[
=
]

=] o0
L L 1

=
=

0.05 010 015 020 025 0.30

ReH

I

L A=

-2

Re Hvs & from o fit at -t = 0.20 GeV °

-~

Q,

' ——— KM0%a(A =0)
NNet H
NNet . £, H, £
ESN Burkert et al.

0.05 010 015 020 025 030

[

< €
By Kumericki: Fits a la Burkert, by applying NNet to the CLAS DVCS
data, as well as by the fit of KM09a) with zero subtraction constant.
Coloured bands for uncertainty of one standard deviation.

nawre

V. Burkert et al., Nature 557, 396-399 (2018)

acurate A(t) to determine D-term and pressure
within some assumptions
A(t=0)=-1.63+0.11+0.24
This is a critical result,

required for dynamical stability of the proton,
deeply rooted in chiral symmetry breaking.

International journal of science

d,2=9/10 Alt)

however improvement of uncertainties
Using flexible parametrization by neural networks

K. Kumericki, Nature 570, E1-E2 (2019)
A(t) = 0.78 £ 1.5 (statistical uncertainty)

with almost no dependence on t
=» D-term and pressure consistent with O

=» waiting for more data sensitive to ReH
(importance of DVCS with u* at COMPASS,
et at JLab or TCS at JLab and EIC)



and using global fits of the world data

Global Fit KM15 Global Fits using PARTONS framework
Compared to GK Model GK Compared to GK and VGG Models
Kumericki, Mueller, NPB (2010) 841, private com. Moutarde, Sznajder, Wagner, Eur. Phys. J. C 79 (2019) 7, 614
55l IQ”:E!GeV” | -—- GK s PARTONS: gIObaI Fit GK
S0l — KMi5| PARTONS: Neural Network - VGG
S 15 to reduce the model dependency
s 1 ” 0 reat 1€l depen 2
> . —
N for t=-0.3 GeV? and’| Q2= 2 GeV?
0.0 P— — } —+ " ok
or g 7 2 ] 3
15+ ﬁ \\ g E = E _10:_
- = L I
3 10f = . O T j
£ s \ AN I
0 RSN == e — 0.5 30
5 t=—0.3GeV? _ -
103 107 a 107 10° 10-6 10-5 10-4 10-3 10-2 10-1 100 s 10-5 10-4 03 102 101 100
° E~ ay/(2-x) &~ ag/ (2-az;)

ReH is still poorly known (importance of DVCS with u* at COMPASS, e* at JLab
or TCS at JLab and EIC)



Incertainties on the subtraction term C;(t,Q?)

A(t) = Cu(t.Q%) = Re H(E, 1, Q%) gy — .
1l | 1 for £ =0.2
f ¢ 2 5 2 — 2 5
— = de"ImH(E L, Q" — and Q?=2 GeV
e mne @ (7 - )
o 0 g o
PARTONS: Neural network > 5 5
Moutarde, Sznajder, Wagner,
Eur. Phys. J. C79 (2019) 7, 614 1, 2 o2 o s ] 9, X .

-t [Ge\ﬁ] Q? [GeV?]



Incertainties on the subtraction term C,(t,Q?)

Cul(t,Q%) = ReH(E,t, Q%) ol — o —
1l | 1 for £ =0.2
—— 4 d¢'ImH(E',t, Q%) ( - — :) ’ and Q2= 2 GeV? ’
™ ﬁ §—& E+ &
g 0 g o
PARTONS: Neural network > 5 -5
Moutarde, Sznajder, Wagner,
Eur. Phys. J. C79 (2019) 7, 614 10, = e - - 1 0, . -
-t [GeV?) Q? [GeV?]
with the ansatz — .
—
[ 5 :
2\ 2 o
d(rj IJLF) _ d(‘LLF) (1 Az) E}_v T — %__ B, O LA L1 L L L e S L L
uds uds jc 18 s ;
d E {dl . d3 . l " dl } -5
A = 0.8 GeV and o = 3 are kept fixed 10, - - - - | “Woo 0 0
’ 2 2
Dutrieux, Moutarde et al., -t [GeV’] Q" [Gev7]

Eur. Phys. J. C81 (2021) 300



CONCLUSION

The link between the distribution of pressure forces in the proton and the DVCS
subtraction constant is well-defined.

DVCS data do not allow yet a statistically significant extraction of these pressure forces.

We need more precise data and an extension of the covered kinematic domain.
We need to reach small t values

=> Role of the future experiments at JLab, CERN, EIC and ElcC facilities.



hext future: DVCS with Beam Spin Sum and Diff @ JLab12

Physics Opportunities with b
the 12 GeV Upgrade at Jefferson Lab

Dudek et al., EPJA48 (

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




Future: Physics Program at EIC and Detector Projet

( ) EIC YELLOW REPORT
. Volume II: Physics
arXiv:2103.05419

SCIENCE REQUIREMENTS
AND DETECTOR
CONCEPTS FOR THE

ELECTRON-ION COLLIDER
_’ ( EIC Yellow Report

«(€T>)» EIC YELLOW REPORT
Volume lll: Detector

e

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

SECOND EDITION




Future: Physics Program at EIC and Detector Projet

GOV SCIENCE & INNOVATION ENERGY ECONOMY SECURITY & SAFETY

SAVE ENERGY,
MONEY

DOE annoncement: January 9, 2020
CDO December 19, 2019
Site of EIC: Brookhaven National Laboratory

Department of Energy

U.S. Department of Energy Selects
Brookhaven National Laboratory to Host

BNL and Jlab realize EIC as partners
CD1 June 28, 2021

Major New Nuclear Physics Facility

CD2 Approval - Early FY24

JANUARY 9, 2020

CD3 Start of construction - Early FY25

CD4A eda rly finiSh’ COI“SionS begin for maChine tuning Home » U.S. Department of Energy Selects Brookhaven National Laboratory to Host Major New Nuclear Physics Facility
DeteCtor 1 needs to be I’eady to give feed baCk- - FY31 WASHINGTON, D.C. - Today, the U.S. Department of Energy (DOE) announced the selection of

Brookhaven National Laboratory in Upton, NY, as the site for a planned major new nuclear physics

research facility.

CD4 Machine delivers for physics
Detector 1 should be fully functional to start physics —FY33



EIC physics at-a-glance

Understanding the glue that binds as all

‘ Higgs mechanism ‘ ‘ Dynamics of gluons

How are the sea quarks and gluons, and their spins, a \
distributed in space and momentum inside the nucleon? *

How do the nucleon properties (mass & spin) emerge ~1% of proton mass
from their interactions?

\ Proton
\ Mass =~168x10% g

~ 99% of proton mass 5 i
4

How do color-charged quarks and gluons and colorless jets, interact with a nuclear medium?

How do the confined hadronic states emerge from these quarks and gluons?
How do the quark-gluon interactions create nuclear binding? % ?

.. 4.0

F CTEQ65 partoﬁ = .

3.5F distribution functions 1
E Q% =10GeV?

3.0F gluons ]

How does a dense nuclear environment affect the quarks oot ]

Momentum Fraction Times Parton Density

. . « . . - Iuon [ ]
and gluons, their correlations, and their interactions? gluon 8 el o e -_
What happens to the gluon density in nuclei? Does it emission recomoination 1;’ :
saturate at high energy, giving rise to a gluonic matter ? 05 AR

. . . . . -_— 0 | \\1& ]
with universal properties in all nuclei, even the proton? 00001 0001 o001 01 10

Fraction of Overall Proton Momentum Carried by Parton



EIC project at BNL

5 41 29
p/A beam e beam
p: 41 GeV, 100 to 275 GeV > < e: 5 GeV to 18 GeV 2 100 45
10 100 63
18 275 141

Electron

Project Design Goals

"™ FotON
lon Injector
Electron « High Luminosity: L= 1033 — 1034cm?sec’, 10 — 100 fb-
Sm_mgt* Electron - ’
Ring Cooler Injector 1/year

Linac

BNL-EIC

» Highly Polarized Beams: 70%
» Large Center of Mass Energy Range: E¢m = 29 — 140 GeV

Polarized

Electron . . . _ .
P8 S G Large lon Species Range: protons — Uranium
Detector /4 o
Location b Large Detector Acceptance and Good Background
Electron Conditions
Injector (RCS) . .
b " IP6 === Hadron Storage Ring « Accommodate a Second Interaction Region (IR)
(Polarized) === Hadron Injector Complex
lon Source
s Electron Storage Ring IP6 equipped with a 1t detector for 2032
=== [ |ectron Injector Synchrotro IP8 equipped Wlth a an detector
=== [Electron Cooler in 2-5 years later

Possible On-energy Hadron
Injector Ring




Stage 2
Ee=20 GeVEp=250 GeV

Stage 1
Ee=5 GeVEp=100 GeV

DVCS, TCS

Key measurements for gluon imaging with EIC

Deliverables

Observables

What we learn

Requirements

GPDs of
sea quarks

and gluons

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

asymimetr ies

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

and spin-orbit correlations

GFPDs of
valence and

sea quarks

electroproduction of

7t K and p™, K*

dependence on
quark flavor and

polarization

[dt L~ 10 to 100fb~";
Roman Pots:

polarized e~ and p beams;

. 2
wide range of zp and Q~;

range of beam energies;
et beam
valuable for DVCS

Exclusive production of J/yyand Y

3D imaging — gluon distribution from low to high x

37



exclusive production at EIC

mapping in the transverse plane
Impact parameter distribution

Exclusive J/y production: ep — ep J/vy

T

vy = (Q2+ M2)/(2P - q)

10 < @% + M3, < 15.8 GeV?

a1
F 0.08
— e " 008
. L6 <xy<025 —— T4 .04
0 02 04 08 08 1 \12 14 18 o
. _ - -' 1] -
e 0.1
n 1 § 0.08
™ e 0UDE
. -:l.-:lwe;x.,.e;-:l.-:|25h‘“---.._ T T o
J/,Lb 3 a AP BT B SRR B i o L |\_./ -
/ 0 02 04 06 08 1 \12 14 16) o
( ) ~— 0

0.1

Gluon distribution

1t 0.08
_» 006
00016 <X, <00025 ~__ _———0' - 004
{:| 1 1 1 1 1 '.."1 ] 1 "'\. ‘
0 02 04 06 08 1 (12 14 18) 002
12 1.4 1.6
- bl

Transverse distance of the gluon from the center of the proton in femtometers



exclusive ' production at EIC

mapping in the transverse plane
Impact parameter distribution

Exclusive Y production:ep —>ep Y

T

vy = (Q2+ M%)/ (2P -q)

Gluon distribution with 100 fb
89.5 GeV2 < Q%+ M2 < 91 GeV2

Xy b % g(xyb,)

Medium energy is the best
Ee=10 GeVEp=100 GeV with one year of [L=100fb"? L=103*cms’



Coherent DVCS on *He

Impact of pT threshold for the recoil detection

pT=0.1 GeV pT=0.2 GeV pT=0.3 GeV

*He Quark Density Profiles

wagme P ()
iyn 0.0001 03

Quark density profiles for coherent DVCS off 4He generated with TOPEG. Extraction based on

fit using leading-order formalism and three Roman Pot pt thresholds: 0.1 (left), 0.2 (centre)
and 0.3 GeV (right).

Minimum reach in -t directly affects the uncertainties on the density

profiles.




EIC detector requirements

Acceptance close to 4t with-4<n <4 pseudorapidity 5= —1In [taﬂ(g)]

Detector 1 called EPIC being finalized o/A beam electron beam
i -

high-qQ2

hadronic calorimeters §
<

|

e/m calorimeters \

ToF, DIRC,

RICH detectors

MPG trackers

MAPS tracker RAsE- Detector

<-\

. . | . Low Q2 scattered electrons Neutrons, scattered protons

L High precision low mass tracking Bethe-Heit| hot ) e . .
ethe-reitler photons ions from diffractive reactions

- small (u-vertex Silicon) MAPS Monolithic Active Pixel Sensors

- large radius tracking with MPG micro Pattern Gaseous detectors
O Particle Identification Y

- ToF Time Of Flight P

- RICH Ring Imaging Cerenkov e/

- DIRC Detection of Internally Reflected Cerenkov
O Energy measurement with calorimeters When Q2 N or Vs 2 more focused on the beam axis

For luminosity

\ 4




1.5

1.0 -

X (m)

0.59

0.0 A1

=0.51

|Lum. detectors

Hadrons

Forward and backward detectors

Exit windaw

Collimator
annet%

I~

For

~N
—
U
o
8

=

’ . 4 gctrOnS

Detector

Q3EF 5

D1EF S
Q2EF_5

Q1BpR
QlAp
MOOEF 5

1EF_5

BOpF
BOApF
QlApF
Q18BpF
Q2pF

BlpF

ward spectrometer

(in 80),/

Roman Pots

L\ ZDC
<

L

m

Off-momentum detectors 2

-

Off-momentum detectors 1 2

-40 =20

] 1 1

0 20
z(m)

Total size detector: ~75m
Central detector: ~10m

~35m
Forward hadron spectrometer: ~40m

Auxiliary detectors needed to tag particles with
very small scattering angles both in the

and hadron beam direction
(BO-Taggers, Off-momentum taggers, Roman
Pots, Zero-degree Calorimeter and low Q2-

tagger).

For low Q2 coverage

To capture forward going protons and
neutrons and decay product of A, A



Forward detectors

wercweens B0 Spectrometer Configuration

DIPOLE COIL

PRa— Zero-Degree Calorimeter (ZDC) 0 <5.5 mrad (1 > 6)
. Roman Pots (2 stations) 0.0* <@ <5.0 mrad (1 > 6)
Hadron beam pipe & Roman Off-Momentum Detectors (2 stations) 0.0 < @ < 5.0 mrad (1 > 6)
Pots 1n cross-section B 5.5 < 6 < 20.0 mrad
(4.6 <n<5.9)

Vertical ROMAN POTS

Roman Pots

\.

BO Trackers + Calorimeter -

/ Blapf Dipole
Blpf Dipole
Q2bpf quadrupole

' / Q1pf quadrupole

- Qlapf quadrupole

@  Boapf Dipole

BOpf Dipole




EIC project: Luminosity VS Center of Mass Energy

A
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&J 1034 of the | 8’
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EIC project: Luminosity VS Center of Mass Energy

't - glgh L } Combined L of both IRs A é
. ==m== Baseline b
= e High L , 2
N; HrEaline } Fair-share L per IR T Z
2 10 E S S 100 =g
-? : = - inug_t:ll"ﬂ =
Z | 1.54 —
o

= o)
= 0.44 5h
— Internal 3
écé 30 E Landscape of 1 k=
pq: 10 the Nucleus Td
=
1 3 3 3 1 1 3 3 1 3 3 [ | é

0 40 80 120 150

Center of Mass Energy E_  [GeV] ——



EIC Luminosity VS the other facilities in the world

=10 =
mi'-ﬂ E o ABICERAF #p Facilities & Experiments:
S10% e & B 7t cotiders
% ? ——— [ colider Concepts
E 107 - - Past Fixed Targel
1020 |l | | | | LR | I I | | | | ol I | | [ E E [: Dngl:“ng FI:.:Ed Targal
19 ] _ ey = - ﬂaﬁ i [:I ENC Propact
10 MESA JLab6 lepton—proton facilities 107 E
108 B O NJLabl2 -
E 1o Mainz - 10%
3
~ SLAC LHeCHE-LHC
g 10t 10% EIC  |a Foche
— 1018 O Lo FCC-ep - o 1Il~l:\I.HBI3-'HL-LHE
X Bonn EIC - only S
» 10 10¥ - compass I 10 increase | yecicon
'g 1018 0 HIAF-EIC n
oy BCOAS
E jo1z [ Bates(Int) B oA 10% juminosity:HERA to EIC
5 1ot H1/ZEUS - =
3 10 HEﬁES 5 E665 O / 107 HEH-I-.-'IES NMC I
1010 EMC/NMC S HEFA [ZELISMH1)
ng Ll | Lol ] Lol | Lol | | |||||1|D4 _|| Ll | L Ly ul i 'NTET
1 10 107 103 —
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The ideal experiment for exclusive reaction

High beam energy
ensure hard regime and large kinematic domain
polarized beam (polarization >70%)
availability of positive and negative leptons
variable energy for:

L/T separation for pseudo scalar production
¢ separation for DVCS? and Interf DVCS

H,, D, and nuclear target, Long. Pol., Transv. Pol. Target

High luminosity (1033 to 1034 cms?)
small cross section
fully differential analysis (xz, Q2 t, ¢)
With 1033 cms?, the integrated luminosity achieved with 30 weeks operation is 10 fb!
GPD would ask for 100 fb! in 1 year = need of the highest luminosity of 103% cm2s!

Hermetic detectors
ensure exclusivity - careful design of the IP and hadron beam parameters for 0.02 < |t]| < 1.6 GeV?






Compton Scattering at EIC

HSEH(I,I;,QZ}

X
o o
= n

—
o

Cemeeeeea HERA, dip. fit
I = . HERA,exp.fit
. HERA +EIC fit
N
N . x=10"7
i " | Q2="’I GEVE
02 04 06 08
—t [GeV?]

4t Cooms====1 HERA, dip. fit
T N Lo HERA, exp.fit
%3 St HERA +EIC fit [
= of -
- x=10
o ——
< 0°=4 GeV*
SR ] S

D 1 A B -_ — T — - ]

0.2 0.4 06 0.8
—t [GeV?]

X E“‘*"’(x,x,t,Qz}

2 5k EIC fit H
2 0f
) — 1n=3
1_55 x=1I0 ,
: Q@’=4 GeV
1.0f
0.5k
0.0 . . . .
0.2 0.4 0.6 0.8
—t [GeV?]

The violet band is the uncertainty obtained excluding the EIC pseudo-data from the global fit procedure.

DVCS, TCS:

» Consistency of factorization

» Test of universality

> Better determination of ReH
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Reference Detector — Backward/Forward Detectors

far-backward | | rar-rorward
detectors ] detectors
Cantral Detdctor
Forward
Spectrometer

-momentum

detectors

Roman Pots

D1EF

Z0C

crab_eF

Q2EF

Q3EF 5
5
5

z(m)

_
2
e

o
eof
w0}
aof

of
2o}
-40:
oo}

Extensive integration of
forward and backward
detector elements into the
accelerator lattice

n

(inside pipe)

Off-Momentum
Detectors

Q1apf quadrupole
Blapf dipole

BO Silicon
Detector




Off-Momentum Detectors

» Off-momentum protons — smaller
magnetic rigidity — greater bending in
dipole fields.

* Important for any measurement with

nuclear breakup!

longitudinal momentum fraction

pz,proton
e i e———
pz,beam



High resolution timing technologies

(d

*

.,

0.0

L/
.0

L)

® (AC)-LGAD

DC-contact

AC-pad #1
_—

AC-pad #2

AC-pad #3

resistive
n-cathode

Detectors can provide <20ps / layer
moderate granularity (500x500um?)
AC-coupled variety gives 100% fill factor

For far-forward area:

Roman Pots,

Off-momentum detectors,
B0-detectors ( in combination with

high resolution Si-pixels ) 2

11 Feb 2021, ECCE workshop

ELECTRON—
UAD COIL

BO : Space
for detectors

HEATSHIELD

ELECTRON
BEAM TUBE

1400 ~ 250
12001 |2 7] data 200/100
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Off-Momentum \
Detectors W
Qzpf quadnpole
Hadron beam
A e
BO Silicon Detector
(inside magnet bore) /;Od"noh
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Julia



.PT(GEV)
R(m) =

0.3 - B(T)




Diffraction events & gluon densities

Diffraction cross-

sections have strong Extracting the - ST Tp———
na* o incchenn - 1o sEluration
discovery potential: o'(k’ gluon < 7 oherse- saneaon e
__.__/ diStribUtiﬂ n % m:! . J1L3|'-;’]'I::|‘IE-:.'1-&\'?. W DU
High sensitivity to gluon efk) z p(br) of nuclei £ e
density in linear regime: : : 1 N E—
o~{g(x, Q]2 via Fourier . 3o
transformation = Y
. 3 ! = L
Dramatic changes in A(p) of do/dt in s |
. . . i H H = Inizdacayl < 4
cross-sections with e diffractive J/ ; bledecey) > 1 Gt
onset of non-linear pdeUCtiDn 10 0.0z 004 006 008 01 012 G.14 0.6 0.8
strong color fields Il (Gevs)
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