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Anatomy of a hadron.

Probing nonperturbative QCD with parton distributions.

How can we recover the well-
known characterics of a

hadron from the properties of
its colored building blocks?

Mass?
Spin?
Charge?

What are the relevant effec-
tive degrees of freedom and

effective interaction at large
distance?
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Anatomy of a hadron.
Probing nonperturbative QCD with parton distributions.

Structuring questions for the hadron physics community

m QCD mechanisms behind the origin of mass in the
visible universe?

m Cartography of interactions giving their properties to
hadrons?

m Pressure and density profiles of a hadron as a continuous
medium?

m Localization of quarks and gluons inside a hadron?

m Possible impact on initial state of pp or pA scattering?

q(x,b.)

H. Moutarde | EICPL | 2 /37




cea

Precision 3D
hadron
structure

Motivation
Hadron structure
Parton distributions
Tomography

Internal pressure

Phenomenology
CFF global fit
Pressure forces

Models: systematic
uncertainties

Maximize theory
input
Deconvolution
problem
Ecosystem
Design

Associated libraries
Conclusion

Abbreviations

Motivation.

Hadron structure and its observational consequences.
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Motivation.

Hadron structure and its observational consequences.

Manifestati

b

Ry

of 3D hadron structure in scattering processes?

m Transverse center of
momentum R| = ). xiri,

m Impact parameter b,
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Motivation.

Hadron structure and its observational consequences.

Manifestation of 3D hadron structure in scattering processes?

Transverse center of

ki -
momentum R| = ). xiri,
X,
br
m Impact parameter ,
- m Transverse momentum ,
Ry

Longitudinal momentum .

m What is the distorsion
brought by spin?

A scattering process will typically involve a bilocal parton
matrix operator sandwiched between hadron states with
momenta P+ A/2.
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Perturbative and nonperturbative QCD.

Study hadron structure to shed new light on nonperturbative QCD.
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Abbreviations Deeply Virtual Meson production (DVMP).

m Get experimental knowledge of hadron structure.
i
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cea 3D hadron imaging.

First results from global fits to world data.
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3D hadron imaging.

F

by (fm]

irst results from global fits to world data.

m Probabilistic interpretation of Fourier transform of
GPD(x,£ = 0, t) in transverse plane.

1 V e;S OF
plxbiAAN) = 5 |HCG0,6%) + Lj\fﬂiw (x,0, b2
1
+AH(x, 0, B2)

m Notations : quark helicity A\, nucleon longitudinal
polarization Ay and nucleon transverse spin S .

# Burkardt (2000)

Nucleon tomography in the quark sector

; oas #1 Moutarde et
2 al. (2018)
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Gravitational form factors.
Definition of pressure.

[/
m Matrix element in the Breit frame (a = ¢, g):

<§ T5(0)] - §> = M {0 (A9 + g Bulo)

F G0 - o5 G0 + S o}

m Anisotropic fluid in relativistic hydrodynamics:
O (7) = [e(n+pe(n] v'*u” = pe(Nn* +[pr(r) = pe(N] X" X"

where u* and " = x*/r.
m Define isotropic pressure and pressure anisotropy:

r +2 r pe(r)
() = P<>3Pt<> X
R 2r(7)
() = pr) = peln TR
#1 Lorcé et al. (2019) . d
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Mechanical properties of hadrons.
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# Lorcé et al. (2019)
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Mechanical properties of hadrons.
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Hadron structure
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Mechanical properties of hadrons.

From the nucleon to compact stars?

fe

CEA - Saclay

Preciston 30 m Evaluate orders of magnitude with naive multiple model:
structure
quark glue
Motivation [Gevitm?) osvtt)
Hadron structure e 0o e e
Parton distributions wfp TR e
Tomography o4 vos o e o
Internal pressure 03 -
oo2f . -
Phenomenology o
CFF global fit o1
Pressure forces QT = == =5 o [Goviim)
Models: -
uncertainties
Maximize theory quar k + gl ue
input
Deconvolution (Gevim]
problem 04
»
Ecosystem 03 - pr
Design
Associated libraries 22
Conclusion o1
i o i =
Abbreviations o= = 5 55 <o €lGevim) 107 109 107
energy density [MeV/fm?®]
#1 Lorcé et al. (2019) # Annala et al. (2018)
v v

H. Moutarde | EICPL | 9 /37


https://inspirehep.net/literature/1699964
https://inspirehep.net/literature/1634819

Precision 3D
hadron
structure

Motivation
Hadron structure
Parton distributions
Tomography

Internal pressure

Phenomenology
CFF global fit
Pressure forces

Models: systematic
uncertainties

Maximize theory
input

Deconvolution
problem

Ecosystem
Design

Associated libraries
Conclusion

Abbreviations

Connection to experimental data.

Gravitational form factors from generalized parton distributions.

m Link between GPDs and GFFs
/dXXHq(X,f, t)

/i dxxE%(x, &, t)

Deeply Virtual Compton Scattering (DVCS)

DVCS o
5
* 2.
’y ' Q factorization pp
X+ & x—&
\
P $ P
77777777777 >t

= A9(t) +4E2C(¢)

= BI(t) — 42 CI(t)
# Ji (1997), # Goeke (2001)

Transverse center
of momentum R
Ry =iy

R
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Connection to experimental data.

Gravitational form factors from generalized parton distributions.
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Connection to experimental data.

Gravitational form factors from generalized parton distributions.

m Link between GPDs and GFFs
/dXXHq(X,f, t)

/i dxxE%(x, &, t)

Deeply Virtual Compton Scattering (DVCS)

DVCS o
5
* 2
’y ' Q factorization pg
X+ & x—¢&
\
P $ P
77777777777 >t

= A9(t) +4E2C(¢)

= BI(t) — 42 CI(t)
# Ji (1997), # Goeke (2001)
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parameter b
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~==  Compton Form Factors.

DVCS amplitude in the Bjorken regime.
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m Partonic interpretation relies on factorization theorems.
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o e m All-order proofs for DVCS.
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e m GPDs enter DVCS through Compton Form Factors :
input

E,Z‘;,T,:,‘:,Dhmun 2 N 1 Q

Ecosystem ‘7:(57 t, Q ) - / dx T X, &, (YS(ILI’F)7 o F(X7 g: t, /1'/:)
Design —1 //LF

Associated libraries

Conclusion for a given GPD F.

Abbreviations

m CFF F is a complex function.
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Almost all existing DVCS data sets.

2600+ measurements of 30 observables published during 2001-17.

Kinematic  No. of points

No.  Collab.  Year Ref. Observable dependence  used | all
1 HERMES 2001 [40] Aty ¢ 10 /10
2 2006 A i=1 t 4/4
3 2008 AZ i=0,1 By 18 /24

Asin(é=ds)cosié ;¢
(6 es) cos s
Agin(é=ds i=0,1
Asl—esrsmis g
1 2009 '41‘;‘,7;‘ i=1,2 o5y 35 /42
AZYBves i=1
AgEe i=0,1,2,3
5 2010 [44) Appinis i=1,2,3 zp; 18 /24
Afpesie i=0,1,2
6 2011 AR GUEL i 0,1 p; 24 /32
Azn(d) Vgs) sini¢ .y
Acos(d) bs) cosid i=0,1,2
Asxnevb és)sinié 1,2
7 2012 ‘Aginie i=1,2 2g; 35 /42
Ai"c'/’Svcs i=
Azysw i=0,1,2,3
8 CLAS 2001 Agginie i=1,2 — 0/2
9 2006 Agpmie i=1,2 — 2/2

10 2008 ALy ¢ 283 / 737
11 2009 ALy ¢ 22 /33
12 2015 AL Aup Aiy ) 311 / 497
13 2015 UUU @ 1333 / 1933
14 HallA 2015 Adbory, ) 228 / 228
15 2017 Adtor, ) 276 / 358
16 COMPASS 2018 Boty, 13 2/4
17 ZEUS 2009 Bty 3 4/4
18 H1 2005 dﬂag,, t 7/8
19 2009 doF, t 12/12

SUM: 2624 / 3006

Zy Moutarde et al.
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Almost all existing DVCS data sets.

2600+ measurements of 30 observables published during 2001-17.
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Modeling of H, H, € and €.

Independent descriptions of real and imaginary parts.

m Real and imaginary parts of CFFs parameterized by neural
networks.

m Propagation of uncertainties through replica method and
evaluation of 68 % confidence levels.

t  hidden  output 2
r layer layer

normalization
inverse normalization
inverse linearization
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Pressure forces from DVCS measurements.

A first-principle connection.

Expand D-term on Gegenbauer polynomials

Dgerm(z t, :uF Z dq t, MF / ( )
odd n

Write dispersion relation for CFF (true at all pQCD orders)

2\ _ _1/1 / , ( 1 )
CH(t, Q) = ReH (&) =\ d¢' TmH (&) ¢ £r¢
Compute subtraction constant

*+-00 -1 q,8
ClE(t, Q) = 72T/1 dw Im T98(w) / ldzD (2)

w—Zz

# Diehl & Ivanov (2007)

Retrieve GFF
di(t, MIZE) =5GCq(t, /L%—‘)
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Pressure forces from DVCS measurements.

A first-principle connection.

Expand D-term on Gegenbauer polynomials
Dferun(2,t, 17) 2) Y ditup) G2
odd n
Write dispersion relation for CFF (true at all pQCD orders)
CH(t, @) Re”;‘—[(f)—l/l1 df/Im”H(ﬁ/)( Lo )
0 §-¢ &+¢

™

Compute subtraction constant at LO

tQZ_4Z > it pE= Q)
odd n
#1 Diehl & Ivanov (2007)

Retrieve GFF
d(t, uf) = 5Cq(t, )
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Extracting chain.

Implementing this first-principle connection.

Experimental data

GPD H

Moments
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Subtraction constant from measurements.

EIC prospect: determination over a wide kinematic domain.

m Range of kinematic variables in neural networks

Precision 3D
hadron

structure 1 076 < f < 1
0 < —t < 1GeVv?
Motivation 1 < QQ < 100 GeV2

Hadron structure

Parton distributions

m Implement DVCS dispersion relation

1 1
d¢’ TmH (€) (5 o £+5/>
t=—0.3 GeV?

Tomography

Internal pressure

Phenomenology

CFF global fit

Pressure forces

Models: systematic
uncertainties

Maximize theory

@ =2 GeV?
Deconvolution
problem 0 . 10 )
Ecosystem d 5 i
Design
Associated libraries o o
g o S o
Conclusion
5 5 d
Abbreviations
10 4
o 02 04 06 08 1 oo 101 02 a9, .
“t[Gev?] Q? [Gev?] % ®

v

7 Moutarde et al.

(20719)

H. Moutarde | EICPL | 17 /37



https://inspirehep.net/literature/1733287

Precision 3D
hadron
structure

Motivation
Hadron structure
Parton distributions
Tomography

Internal pressure

Phenomenology
CFF global fit
Pressure forces

Models: systematic
uncertainties

Maximize theory
input

Deconvolution
problem

Ecosystem
Design

Associated libraries
Conclusion

Abbreviations

Pressure forces from DVCS measurements.

Working assumptions.

Subtraction constant assumed equal to d.

Equal values for light quark contributions d‘l’ds.

Radiative generation of gluon df and charm df
contributions.

Tripole Ansatz for the t-dependence of d;.

Tripole Ansatz

0 Parameter Value
B 95 (%) —0.45 £+ 0.92
df(u%)  —0.0020 £ 0.0041
. a5 (1% —0.6 +1.3
.2 04 " [GeVZ]Oﬁ 08 1

#y Dutrieux et al. (2021)
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ressure forces from DVCS measurements.

Working assumptions.

d; from DVCS data

Subtraction constant assumed equal to d.

Equal values for light quark contributions d{%.

Radiative generation of gluon df and charm df
contributions.

Tripole Ansatz for the t-dependence of d.

* Parameter Value

: ; di% (%) —0.45 4 0.92
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Pressure forces from DVCS measurements.

Working assumptions.

Subtraction constant assumed equal to d;.

Equal values for light quark contributions d‘l’ds.

Radiative generation of gluon df and charm df
contributions.

Tripole Ansatz for the t-dependence of d.

Summary of existing determinations

N Blarker 9,2 o # ol -
Hur in Fig. 3 ; dilu] in ::':':'\.-: flavours Lype Ret
1 ( —2.30 £ 016 £ 057 20 i from experimental data 113
2 m} (.88 + 1640 23 2 fromn experimental data |14]
) ] —1.549 1 a2 t-channel saturated medel  [55]
—-1.92 | 2 t-channel saturated model  [55]
1 & -4 (1143 4 WS 50|
5 7 —2.35 136 a2 wCIEM o)
[ E —4.48 .36 a Sheyrime model 56
T H —202 2 E LFWF maodel [57)
-] & —4.85 L3 2 w5 o .:-JHJ
9 @ ~ 134+ 0.31 | 2 lattice QUD (M5 (5]
—2.11 +0.27 i 2 lattice QCD [(MS) (5]

y
# Dutrieux et al. (2021)
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cea From CFFs to nucleon mechanical structure.

A lot of model-dependence in current extractions.
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= Pressure forces from DVCS measurements.
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Pressure forces from DVCS measurements.

Ce@ Relaxing some modelling assumptions.
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Pressure forces from DVCS measurements.

Relaxing some modelling assumptions.

Multipole Ansatz

dn(t, 1) = da(p13) (1 - Wt)_

Leading contributions of di and ds, higher order terms
neglected.

3 active quark flavors (uds), and radiative generation of ¢
contribution.

m 6 parameters

di®(uo)  di®(mo) (o)  Blw) M o«
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Pressure forces from DVCS measurements.
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From leading order to next-to-leading order.
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Pressure forces from DVCS measurements.

From leading order to next-to-leading order.
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1. Nominal fit:

Motivation

pharn e m 1 free parameter for light quarks.

omography m Gluon and charm radiatively generated.
Phenomenology d’j_lds(o . 1 GeV2 )

e off(0.1GeV?) LO NLO
v, d995(0.1GeV?) | d¥5(0.1GeV?) —0.7+1.7 —0.8+2.0
EE{T;‘I"““"" (0 1GeV2) d‘l’dS(QGeV) —0.54+1.2 —-05+14
toton B & (2GeV) —0.6+1.6 —0.7+1.9
e “ df(2GeV) —0.002 £ 0.0005 —0.002 +£ 0.006
Conclusion M

Abbreviations — Free

mm Fixed
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Pressure forces from DVCS measurements.

Ce@ From leading order to next-to-leading order.
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2. Alternative fit:
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DR 0 parameters m 2 free parameters: light quarks and gluons.

S m Charm radiatively generated.
Phenomenology d’j_lds(o . 1 GeV2 )
e (0.1GeV?) L0 NLO
o . 5 di%(0.1GeV?) —6.2+14 —04+23
wener GE(01GVI g0 1Gev?) 684152 63422
mam #8(0.1GeV?) di®(2GeV)  —0.7+12 04+28
EDCE:ZS‘G"“ «a df(?GeV) 51 £ 111 5.3+ 19
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Conclusion
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Pressure forces from DVCS measurements.

Ce@ From leading order to next-to-leading order.
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hadron Investigate 4 fitting scenarios
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2. Alternative fit:
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Hotron siructure parameters m 2 free parameters: light quarks and gluons.

Parton distributions

Tomography m Charm radiatively generated.
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uncertainties
Maximize theory dgds(() 1 GeV2 ) o 20 ¥
input .
e d§(0.1GeV?) | L.
Ecosystem a —400 B B
Design ay
Associated libraries M d
H uas
Conclusion Decorrelation of df and d/“ at NLO.
Abbreviations
mm Free
mm Fixed

H. Moutarde | EICPL | 21 /37



Precision 3D
hadron
structure

Motivation

Pressure forces from DVCS measurements.

From leading order to next-to-leading order.

Investigate 4 fitting scenarios

3. Alternative fit:
m 2 free parameters: d; and ds for light

quarks.

N | dfds(O.lGeVQ) m Gluon and charm radiatively generated.
R LO NLO
oo d5(0.1GeV?) = :
e 5o | d1%(0.1GeV?) 16 + 37 15+ 34
" d5(0.1GeVI) | juds(0.1Gev2)  —26 + 59 —18 439
ponminion f2(().1GeV?) di%(2GeV) 11+25 11+23
Ecosystem gy d%(2GeV) 15+ 34 15 + 32
s ] d<(2GeV) —0.054+0.1  —0.0540.1
Conclusion dgds<QGeV> —11 £+ 26 777 + ].7
Abbreviations = Free dg(QGeV) —18 :I: 39 —12 :I: 26

= Fixed d5(2GeV)  —0.04+£0.01 —0.003 + 0.007
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Pressure forces from DVCS measurements.

From leading order to next-to-leading order.

Investigate 4 fitting scenarios

3. Alternative fit:

m 2 free parameters: d; and ds for light

quarks.
”ds(O.lGeVZ) m Gluon and charm radiatively generated.
£0.1GeV?) | . S —

= - 099587

d4%(0.1GeV?) |
d5(0.1GeV?)

L Strong correlation of ¢4 and dgds both at
= Free LO and NLO.
mm Fixed
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Pressure forces from DVCS measurements.

Ce@ From leading order to next-to-leading order.
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4. Alternative fit:
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e Sznajder et al., in progress
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) model...
Conclusion
Abbreviations m Systematic impact study or use of kinematic corrections
still missing.
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Can one hear the shape of a proton?

Experimental access to geometrical information.

"Can one hear the sha
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Can one hear the shape of a proton?

Experimental access to geometrical information.

"Can one hear the shape of a drum?”

# Kac (1966)

n quantitative terms

00

m Dirichlet problem for the Laplacian:

Au+Au=0 and wuypo=0
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What about the proton?
m "Hit" the proton, e.g. with a virtual photon:

m "Listen” to the distribution of produced particles:

m "Measure” harmonics:
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What about the proton?
m "Hit" the proton, e.g. with a virtual photon: hard

m "Listen” to the distribution of produced particles: exclusive

m "Measure” harmonics: amplitudes (Compton form factors)
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Exclusive processes of current interest.

Factorization, universality and event distributions.
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From CFFs to GPDs.

Can we actually recover a GPD from the knowledge of a CFF?!

cea

Precision 3D m Assume CFF H is perfectly known. Solve inverse problem?
adron
structure 1 )
9 dx x @ 9

e @) = [T (5 G adi) ) )
Motivation 1 5 f
Hadron structure
peren dbins m Question raised about 20 years ago and has remained
tntemal pressure essentially open. Evolution proposed as a crucial element.

Phenomenology

# Freund (2000)
m There exist non-zero GPDs with vanishing forward limit

CFF global fit
Pressure forces

Models: systematic

e and vanishing CFF up to order 2.

.3;-".“ m The DVCS deconvolution problem is ill-posed.

Ecosystem #y Bertone et al. (2021)
e s m Same conclusion holds for several other hard exclusive
Conclusion processes.

Abbreviations m Define and implement further criterions in fitting

strategies to select one solution among infinitely many.
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cea Computing chain design.

Differential studies: physical models and numerical methods.

Preciston 30 Full processes — ) PARtonic
. [a
structure Experlmenta| 8 8 s ¢ Tomography
—ARTONS
i data and 5 [ = W Of
otivation D
Hadron structure phenomenology _J ) ] Nucleon
S H H H Software
Internal pressure ¥ ¥ —
— ) )
Phenomenology . .
CFF global fit Small distance 8 wn % m Perturbative
s s Computation 20 [F |2 approximations.
uncertainties f amplitudes b P [a)
lo) .
s P —» o T ) |m Physical models.
Deconvolution "‘ . .‘. "
problem N m Fits.
E t i e \ .
Dcozys em Large _d|stance [GPD at o # Mrlsf} m Numerical
Associated libraries FI rSt - method S i
Conclusion princip|es and T Evolution A q
L | Cccuracy an
Abbreviations fu ndamental [ GPD at 'LLI,‘?f ] . eed y
parameters J peed.
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Generic exclusive event generators EplC.
Modular structure compatible with the architecture of PARTONS.

m Includes treatment
of radiative
corrections.

m Already used in

the EIC community
and run at BNL.

m Public release soon.
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Python wrapper for PARTONS PyPartons.

Extending the PARTONS ecosystem.

m Simplify connection
to popular libraries
on e.g.

m machine
learning,
m plotting,

m statistical data
analysis.

m Convenient for a
wide community of
new users.

m Facilitates interactive use.

m Facilitates dissemination of research through e.g.
Jupyter notebook.

m Remaining work on documentation before release.
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NangaParbat and MontBlanc.

Tools for TMDs and FFs.
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Pressure forces

Models: systematic
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Maximize theory

i m NangaParbat and MontBlanc will soon be interoperable
S with PARTONS.

T m Single open source framework for most of 1-parton
Conclusion distributions.

Abbreviations
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GPD evolution with APFEL++.

Connecting different computing codes for hadron structure.

m Evolution code for
PDFs, GPDs and
TMDs.

m APFEL++
numerically solves
evolution equations
in x-space.

m Fully modular.

APFEL@&++

APOF avalution brary in Co-+

Introduction

e

management. The new modul

implementable in APFEL++.

APFELE

ditributons. APFE

TMDs, and o it

experimentaldata.
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GPD evolution with APFEL++.

Connecting different computing codes for hadron structure.

oo

- Saclay

Forward limit and DGLAP equations E

@ When x — 0, one recovers the forward DGLAP equations

» Only the ©(1 — y)‘.]’l_’(o)(y; ) term contributes to the evolution
» No spurious singularity as x <y < 1 < 1/k

LO evolution from st = 1 GoV to ju = 10 GeV.
T :
— =0

0.8 @ no £ dependence in input
;’;-M @ Excellent agreement with
;"M native Apfel++ DGLAP
B evolution (red curve)

@ Strong £ dependence
generated

Continuity guaranteed at

Ratio to DGLAPS
[
®

! é/ x=¢ (cusp ?7)
{'ﬂ” m"2 1n‘" 10"
First validations
x = ¢ continuity, DLGAP limit and spurious divergences handling J

Cédric Mezrag (Irfu-DPhN) Apfel ++ May 31%, 2021 11/18
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GPD evolution with APFEL++.

Connecting different computing codes for hadron structure.

Precision 3D
hadron ERBL Limit and Gegenbauer polynomials E

structure
o When £ — 1/x (i.e. £ — 1) one recovers the ERBL kernel
» Eigen basis known — 3/2-Gegenbauer Polynomials
» Direct (albeit restricted to £ = 1) comparison between x-space and
conformal space evolution

Motivation
Hadron structure

Parton distributions

Tomography .
LO ERBL cvolution (¢ = 1) from o = 1 GeV for €% ()
Internal pressure | T T

@ H(x,1) o (1 —x2) P (x)

""""""" Hx L) _ (ms(,‘) "a/Bo
H(x,1po) — \as(ro)

@ Ratio is independent of x

Phenomenology
CFF global fit

Pressure forces

Models: systematic
uncertainties

Maximize theory
input - @ Excellent agreement between
Deconvolution T Apfel++ and conformal
problem evolution in the ERBL limit
Ecosystem = o
Design x
Associated libraries .y . .
Additional validations
Conclusion B B T
conformal evolution when £ — 1 guaranteeing the ERBL limit J

Abbreviations

Cédric Mezrag (Irfu-DPhN) Apfel ++ May 31%, 2021  12/18
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Conclusion and prospects.

The quest towards 3D proton structure.

Precision 3D m Strong first-principle connection between concepts and
hadron .
ctructure experimental data.
. m Need for multi-channel analysis beyond LO on a wide
otivation . R
Hadvon structre kinematic coverage. EIC much needed!
Parton distributions
— m The GPD deconvolution problem is ill-posed. Huge
nternal pressure
Phenomenology sensitivity to numerical noise or experimental
e ol uncertainties.
Models: systematic .. . .
m Benefiting from new inputs or constraints from
Maximize theory R ) ) )
- nonperturbative QCD is highly desirable!
problem
Ecosystem m Development of a software ecosystem for 3D hadron
o structure studies.
Conclusion m Need for coordinated effort involving fits, computing
Abbreviations chains e.g. PARTONS and continuum or lattice QCD to

make the best from experimental data.
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Abbreviations used in this presentation.
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ANN
CFF
DGLAP
DVCS
DVMP
EFF
ERBL
FF
GFF
GPD
LO
NLO
PDF
TCS
TMD

artificial neural network

Compton form factor
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
deeply virtual Compton scattering
deeply virtual meson production
elastic form factor
Efremov-Radyushkin-Brodsky-Lepage
fragmentation function

gravitational form factor

generalized parton distribution

leading order

next-to-leading order

parton distribution function

timelike Compton scattering
transverse momentum dependent PDF
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