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Nucleon Imaging

Imaging has been crucial in the past for science as diverse as biology, medicine,
chemistry, solid state physics and of course, nuclear physics.
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Nucleon Imaging

Imaging has been crucial in the past for science as diverse as biology, medicine,
chemistry, solid state physics and of course, nuclear physics.

Even though the nucleon is the building block of all visible matter, there is much
we do not understand about it at a very basic level:

- Origin of mass

- Origin of spin

~ 15%
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Nucleon Imaging

Imaging has been crucial in the past for science as diverse as biology, medicine,
chemistry, solid state physics and of course, nuclear physics.

Even though the nucleon is the building block of all visible matter, there is much
we do not understand about it at a very basic level:

- Origin of mass
- Origin of spin

But also its:

- Size (proton radius puzzle)
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And it has some consequences ... one recent example \0o®
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Nucleon Imaging

On the importance of knowing one’s beam/target before using it:

Data from pp and pA collisions at RHIC and LHC have shown that
shape fluctuations of the proton at x ~ 103 may potentially explain
the observed puzzling collective behavior in small or very small systems
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Basic modeling of gluon density
fluctuations around valence quarks
PRL 117 (2016) 052301

B. Schenke, Hall F, 2pm today !
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Actual gluon density distributions as a
function of transverse position from
J/¥ electroproduction at a future EIC

(unfortunately only pseudo data...)

08/03/2018



Nucleon Imaging

TMDs: longitudinal GPDs: longitudinal
momentum fraction x et Wigner Distributions momentum fraction x and
transverse momentum k transverse position b
Momentum imaging AR AT AL, Position imaging

A

Parton Distribution Functions Form Factors
3 5 1.6 T — T T T
Q’=10 GeV 3 i \

—— HERAPDF1.7

exp. uncert.
[ model uncert.
parametrization uncert.

...... HERAPDF1.6

U xg (<005 N

F. Sabatié — CEA Saclay/Irfu Confinement XlIl, Maynooth 08/03/2018




Generalized Parton Distributions

Ji, Mller, Radyushkin

x+<&

p—A/2 p+A/2

GPD(z,&,t; u7)

. , Impact paramefer Space
(x+¢&) and (x — &) :longitudinal momentum fractions of quarks

Interpretation

Burkardt, Diehl, ...
The structure of the nucleon can be described at leading-twist by

4 chiral-even GeneElIized Pirton Distributions :

H,H,E,E(z,&t; u%)
4 chiral-odd HT, ﬁT, ET, ET(% fa t; /L%)

>They enterthe v*p — (v or M) p amplitude

Deep Exclusive Scattering

as convolution integrals : no direct access Parton distributions in

> They are universal (DVCS, DVMP, TCS, ...) both coordinate and
N momentum space

> Forward Iimit(t =& = O) of H and H :PDFs

> First moment in x : Form Factors

>Second moment of (H + F) when { — () : total angular
momentum
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Generalized Parton Distributions 70

To sum it up:

GPDs encode the correlation of the longitudinal momentum and the transverse position of
partons inside the nucleon

It gives insights on:
Spin structure, energy-momentum structure.

Even though it is quite complex, it provides:
Probabilistic interpretation of Fourier transform of GPD(x, £ = 0, t) in the transverse plane.

Image based on model from
Kroll, Moutarde, F S
EP) C73,2278 (2013) 1
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Accessing Generalized Parton Distributions 7@

Deeply Virtual Compton Scattering

Q Theory is under control : up to /2, twist-3, target mass corrections, etc. ~ "o/'r etal
S Braun et al, ...
O Sensitive to the quark combination : éu + ld + ls
9 9 9
O At Jefferson Lab energies, mostly sensitive to valence quarks Moutarde, Pire,
FS, Wagner, ...

0 Actually sensitive to gluon GPDs at NLO or beyond (even at somewhat large x)

0O At LO, direct access the GPDs on the linex = f through Beam Spin Asymmetries

Diehl, Gousset,

sensitive to the interference with known Bethe-Heitler process Pire, Ralston, ...

Hard Meson Electroproduction
O Many channels available for flavor separation (p?, p*, ©°, *, ¢, ...)

0 J/W and ¢ access gluon GPDs.

0 Theory less under control : convolution with (unknown) meson WF, Wop 1o

potentially slow scaling, large power and NLO corrections
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From data to 3D images, in a nutshell

DVCS data etc.
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cea Inpractice ... not so simple: incomplete measurement ! 70

Adequate GPD model GPD fitting procedure
satisfying all known constraints on a lot of data

[Extract H(x, &, t, ,u’ff) from experimental data. )

Extrapolate to vanishing skewness H(x, 0, t, uf:ef).

Extrapolate H(x,0, t, uf:ef) up to infinite t.

\_ J

Compute 2D Fourier transform in transverse plane:

T d|A
Hoob) = [ SR AL (bul1A LD o0, -a%)
0

~N

Propagate uncertainties.

Control extrapolations with an accuracy matching that of
Kexperimental data with sound GPD models. y
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Need of the most complete set of experimental data 70

J Polarized beam, polarized target (Longitudinal, Transverse) on
proton
=> Separation of different GPDs

(J Deuterium (neutron) target
=> u, d flavor separation

J Electroproduction of mesons
=> Strange quarks and gluons.

J Q?-dependence to control higher-twists
Q Ideally, Timelike Compton Scattering and Double-DVCS
(d Beam energy variation for a complete separation of |DVCS|?,

Re[DVCS*BH]

O Nuclei is interesting in itself
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What do we have so far

HERMES
Lots of combinations (DVCS and DVMP) at x5 ~0.1
Poor control of the exclusivity (except for one data set with recoil detector)

Low statistics

HERA (ZEUS + H1)

Unpolarized protons only

Low statistics but very high Q2 at low x;
E.M. Kabuss (wed. pm)

JLab 6 GeV from 4 weeks of 2012 commissioning data

DVCS and DVMP in the valence quark region

Targets: H, D, 4He, Long. Pol. Protons (NH,)

High (Hall A) or Fair (Hall B) statistics

10° - (x,)=0056 COMPASS 2012
F(Q%)=18(GeVlc}
| (W)=58GeVic

(nb (GeVrcy?)

—
o
TTT

Low Q? g

Tl= | —B=4.31%£062"2% (GeVicy?

*Q. T 1 (GeV/cP < Q%<5 (GeV/cy

3: L ‘10(‘36“/TV‘<32‘G‘9V‘ L P Bt ol Ly
COMPASS - 3l To1 02 03 04 05 06
Short DVCS test run (2012) with proton target It (GeV/cy
DVM P the first measurement of B-slope for DVCS at xg; above HERA range
Low statistics in the sea-quark region [ V) = (058 £ 004, ¥ §03_ ) }
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What do we have so far

-

JLab 6 GeV \

Recent results:

DVCS and DVMP in the valence quark region
Targets: H, D, 4He, Long. Pol. Protons (NH,)
High (Hall A) or Fair (Hall B) statistics

High statistics DVCS LH2 x-sec
Energy-separation of DVCS x-sec
First L/T separation of ©t° x-sec

Low Q2

\_ J

F. Sabatié — CEA Saclay/Irfu Confinement XlII, Maynooth
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Accurate DVCS cross sections: Hall A 6 GeV

e,

rp = 0.37, Q%=2.36 GeV?, t=—0.32 GeV?
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Extraction of CFF and cross sections :

Fit of the the harmonic structure
including kinematic dep., convoluted
with MC acceptance to the data
(parameters = a choice of CFFs)

d'o = 7—§H + TeHRe(Tpvcs) + 752\,(; 3

ves) ~ cg + c;[ cos @ + C%COS 20

DVCS

~ (DVCS | bves

)
Toves 1 CoS ¢

Ado — & —-ds
T 2 — LI JDVCS)

Lm('/pvcs) ~ § %Sin ¢ +s %Sin 2¢
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Accurate DVCS cross sections: Hall A 6 GeV
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Energy dependence of DVCS: Hall A 6 GeV

@ Photon electroproduction cross section is given by:

2 2
I |TDVCS‘ -

d*oc(\,+e)  d’oo 27r>< “J’BH
dQ2dxgdtdd  dQ2dxp €®

@ To separate all terms, having no positron beam,
Measurement of cross sections at different beam

energies.

E (GeV) Q% (GeV?) xg W (GeV)
(3.355 ; 5.55) 1.5 0.36 1.9
(4.455 ; 5.55) 1.75 0.36 2
(4.455 ; 5.55) 2 0.36 2.1

@ First phenomenological analysis including
kinematical corrections (t/Q* and M?/Q?*-terms)
indicates necessity of having higher-twist or gluon

contributions.
Defurne, E S et al,

Nature Com. 8, 1408 (2017)
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cea n° electroproduction cross section extraction: Hall A 6 GeV 7@

Extraction of all the (unpolarized) responses by a simultaneous fit to the 2 beam energies
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Defurne, F S et al,
PRL 117, 262001 (2016)
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——
1T T T 1

ot 3 -

0.2 - . —\i\.i\
-0.3[ r i |

-0.4_— + N n O-TL

-0.5F N 3

0.6 T n

0TS 0.04 006, .0 002 004 006 008 01, 0dz, 002 004 006 .08

tmin —t [(GeV/c)?]
Shaded area: 2% normalization uncertainty Solid line: GK EPJA 47, 112 (2011)

Dominance of T cross section unexpected, may be explained by interplay with Twist3 DA
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GPD “extraction” from data and nucleon 3D imaging

PARtonic
Extraction of GPDs from data in order to provide Tomography
3D nucleon imaging requires many steps, which Pﬁ%‘"‘d‘\‘s (N3f |
have been incorporated into the PARTONS sziviz:e

framework, recently released Berthou, Moutarde, F S et al.
EPJ C78 (2018) 6, 478

S S S|

Full processes
Experimental data and

DVCS
HEMP

(Vp]
. Q
ngher New Meson phenomenology =
Twists? Experiments? Production? []
_ J
; E ; E ( 2
. Small distance wn o
Error Theoret|ca| Comquation of L>) E §
Propagation? Constraints? amplitudes o I
52 5 ‘ = )
( N
Next to 2 2
Compton odel Lond Large distance GPD at pg® # p pef
Scattering? Dependence? cading First principles and Evolution
g p O de 2 fundamental
raer! parameters
W W W [ GPD at pper ]
_ J

Recently, a fit was performed using

the newly released framework
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Brand new: DVCS global fit using PARTONS

0.2 . : )
Moutarde et al. Example: Fit of HERMES
arXiv:1807.07620 Beam Charge Asymmetry

0.1
2600 data points used T ol
O
. . . <
in this recent PARTONS fit
-0.1+

No. Collab. Year  Ref. Observable e

1 HERMES 2001 [13] Aty Pol. BDE unc.

2 2006 [114] AZR i=1 0o ‘ ‘ ‘ ‘ EFF unc ‘

3 2008  [115] AL i=0,1 “o 0.05 0.1 0.15 0.2 0.25 0.3

A i
A o
A‘L“;’;"‘(yf)id)g)ﬂ“id) i=1
. 4 ai lLd) . . . . . .
[ 2000 [us] AR =12 Position and polarisation of u quarks in the proton
ALU.D\/CS 1=1
Ag e i=0,1,2,3 0.5
5 2010 [117] Afpmie i=1,2,3
ApfEe i=0,1,2 —
6 2011 [118] ALOT%‘;?% °j i=0,1 £ 025
ASII] - )S" sin 1, — 1 _Q‘
Arlz)z.‘(dl?ytfsb) cos i¢ i=0.1.2
LT,1 =0, 1
AsLi:}‘(}/)—(/)g)sini(b i=1.2
L ’ 0
7 2012 [119] AL‘%’I“” i=1,2 X‘
A?‘U,DVCS 1=1
Age e i=0,1,2,3

8 CLAS 2001 [14] Appmie i=1,2

9 2006 [120] Agpimie i=1,2 T

10 2008 [121] ALy s

11 2009  [122] AL, S

12 2015 [123] Ary, Agp, ALg

13 2015 [124] dogy

14 Hall A 2015 [112] Adtor,

15 2017 [113] Adory, X

16 COMPASS 2018  [55]

And this is only the beginning !
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Coming up in the next decade

COMPASS The COMPASS set-up for the GPD program (starting from 2012)

Unpolarized H (runs 2016-2017)
(muon) charge/spin cross-sections

S e {/AC{?

. W
Main new equipme

e G N \ < /
. 2.5m-long Target TOF System ECALO Calorimeter
S Liquid H2 24 inner & outer scintillators Shashlyk modules + MAPD readout

(Bl 1 GHz SADC readout ~ 2X2m?2,~2200 ch.

JLab 12 GeV (Hall A+C, CLAS12)
H, D, Longitudinally polarized H 3H, He
Transversely polarized H?

Huge DVCS+DVMP data set to be expected
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Unprecedented precision/kinematical range soon ! 70

Since February 2018, production data at 10.6 GeV with CLAS12 on LH2 target

Spokespersons: F S et al.
Second part of the run will start August 22 POKesp =2

@ 119 PAC days.

@ 50 nA on 5-cm LH».
@ Polarization: 85%.
°

Goal: 1-2% BSA for
DVCS

MZ,.epyx(GeV?), Negative outbending

300

Run G. Christiaens
250 PhD student @
32 22 CEA-Saclay/Glasgow
200
Cuts:
150 -W>2
-Q%>2
W ps2
. - Ey >6

AN, NNEN

-1 -08 06 -04 -02 O 02 04 06 08 1
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Excellent news for the long-term future: EIC 70

Committee on Assessment of U.S.-Based
Electron-lon Collider Science

The National Academies of Sciences, Engineering, and Medicine was
asked by the U.S. Department of Energy to assess the scientific
justification for building an Electron-lon Collider (EIC) facility. The
unanimous conclusion of the Committee is that an EIC, as envisioned
in this report, would be...

... a unique facility in the world that would answer science questions
that are compelling, fundamental, and timely, and help maintain U.S.
scientific leadership in nuclear physics.

Electron Beam

NAS Committee Review
released July 24t 2018

The National Academies of
SCIENCES * ENGINEERING - MEDICINE
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Excellent news for the long-term future: EIC 70

Bottom Line

[The committee unanimously finds that the science that can be \
addressed by an EIC is compelling, fundamental, and timely.

The unanimous conclusion of the Committee is that an EIC, as
envisioned in this report, would be a unique facility in the world
that would boost the U.S. STEM workforce and help maintain U.S.
\scientific leadership in nuclear physics. )

The project is strongly supported by the nuclear physics community.

The technological benefits of meeting the accelerator challenges are
enormous, both for basic science and for applied areas that use
accelerators, including material science and medicine.

NAS Committee Review
released July 24t 2018

The National Academies of

SCIENCES * ENGINEERING - MEDICINE
XIIT, Maynoot 3




Summary and Outlook

O Imaging the proton is crucial to understand the building block of ordinary matter
(J Generalized Partons Distributions (and TMDs) are the right tools for this job
L They can be accessed with Deep Exclusive Scattering processes such as DVCS, DVMP

 Already a nice collection of data from HERA (H1, ZEUS, HERMES), JLab and COMPASS. |
specifically showed exciting new results from JLab.

Exciting times for GPD physics !
O New high quality data upcoming from Jefferson Lab 12 GeV and COMPASS

(d PARTONS software framework released and producing interesting results already

O EIC will be a game changer: It will image the proton from low to high-x,
from valence quark to gluon regions. Positive NAS review just came out,
should except CD-0 soon.
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