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02 About the notion of proton internal pressure.

Take home messages.
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About the notion of proton internal pressure.

Take home messages.

m Is it well-defined? Yes!

Proton

mechanical m Can it be measured? Yes!

properties

m What are the needed theory inputs? GPD functional

Theoretical shape! Perhaps x or t-dependence at a given scale is
framework h
Gravitational form enoug N
factors
Dree Expect valuable inputs from lattice or continuum QCD. Wait
Phenomenology for future measurements
CFF global fit
Pressure forces
Models: systematic )
@ Theoretical framework
_Maximize theory
Deconvolution
problem
Ecosystem © Phenomenology
Design
et
oD evoation © The PARTONS ecosystem
Conclusion
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Gravitational form factors.
Definition of pressure.

[/
Proton m Matrix element in the Breit frame (a = g, g):
mechanical
properties A A t
Sy -2) = M{ 0 ”O[A 4+ -— B t}
(3Imo1-3) WO [As(®) + s Bt
Theoretical
framework o t A,u, Al/
o 600~ i)+ 25 o)

GPDs

m Anisotropic fluid in relativistic hydrodynamics:

Phenomenology

e 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:

p r + 2 Pt r) pe(r)
) = PALE 25 «
N pr(r)
Conclusion S(r) - pr(r) B pt(r) j’\’kﬂs ()
Abbreviations # Lorcé et al. (2019) N/
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Proton
mechanical
properties
ga(r)
Theoretical M
framework
Gravitational form
factors Pr.a ( r)
Pressure -
GPDs M

Phenomenology

CFF global fit

. pt,a(r)

Conclusion

Abbreviations

Mechanical properties of hadrons.

Pressure from gravitational form factors.

Write dictionary between quantum and fluid pictures:

- I13A L _
— / ((;w?? iR r{Aa<t) + Ca(t) + ﬁ [Ba(t) — 4Ca(t)]}

_ SR S 4t d g
- /(zm‘de {_Ca(t)_rQ v a( e G)

BA x| At12d0 dy,
— = r o s -~ ‘/2
/(%)36 { 0+ 5 dt[tdt(t Ca(t))]
AB3A iR -

- / (2m)3 ©

_ /MA e
) (@2n)
#1 Lorcé et al.
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Mechanical properties of hadrons.

Pressure from gravitational form factors.

Proton

mechanical m Write dictionary between quantum and fluid pictures:
properties .
£a(r) " APA k- _ t
Theoretical a/\ﬂ - / (27’(’)3 € A r{Aa<t) + Ca(t) + m [Ba(t) - 4:Ca(t)]}
framework

o () BA x| 417124
G P ,a( ) = /(27r)3 e inor {_Ca(t) - 5 *(t3/2 Ca(t)>}

< S e o)

BA x| a2 az g
_ —i r) =% Y /2
/(27r)3e { 2 M de (t Ca(t))
Conclusion

Abbreviations # Lorcé et al. (2019)
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Connection to experimental data.

Gravitational form factors from generalized parton distributions.

Proton m Link between GPDs and GFFs

mechanical

properties /dXXHq(X, 5’ t) — AQ(t) 4 4£2 Cq(t)
Theoretical : 9
framework — q _
Gravitational form / dX XEq(X’ E’ t) = B (t) 4E Cq(t)
factors .
Pressure # Ji (1997), # Goeke (2001)
GPDs
SN Deeply Virtual Compton Scattering (DVCS)
global fit
e DVCS o Transverse center
""""" — of momentum R
cory
Ry =) ;xirLi
luti * Q2 fy J
pevier ’y ' factorization pp
Ecosystem = == === N ~
Design X X —
o e +¢ 3 Ry
gGF’D evolution \
Conclusion p 5 p
Abbreviations o~ T - - - - - - --- > t
4
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https://inspirehep.net/literature/416559
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Connection to experimental data.

Gravitational form factors from generalized parton distributions.

Proton m Link between GPDs and GFFs

mechanical

/ dxxH(x, &, t) = A(t) +4€2C(1)
Theoretical : 9
framenork / dxxE9(x, &, t) = BI(t) —4£°C(¢)
factors .
Pressure # Ji (1997), # Goeke (2001)
GPDs
SN Deeply Virtual Compton Scattering (DVCS)
global fit
S DVCS - Transverse center
------ _ of momentum R
cory
in ¥ 5 R 1 = Z ,-x,-r Wi
nvolution * 2 J_
problem ’y ! Q factorization pp
Ecosystem = == === N -
o x4+ & x—& R, mpact
gonerstor parameter b
GPD evolution \
Conclusion p 5 p
Abbreviations =TT TT======== ) t
4
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Connection to experimental data.

Gravitational form factors from generalized parton distributions.

Proton m Link between GPDs and GFFs

mechanical

properties /dXXHq(X, 5’ t) — Aq<t) —+ 4&'2 C‘G(t)
Theoretical :
— [aoEiey — 800 -1ec
’ #1 Ji (1997), # Goeke (2001)
SN Deeply Virtual Compton Scattering (DVCS)
e DVCS o Transverse center
...... B of momentum R
. nvolution ,y* Q2 ’Y bJ_ RL B ZiXirLi
problem ! factorization pp XP+
Ecosystem = == === N

oo x+& X — R, mpact

v parameter b

GPD evolution \ . .

Conclusion p 5 p Long|tud|na| P+
Abbreviations =20 02—~~~ - —-—-—--— > t momentum X
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Connection to experimental data.

Gravitational form factors from generalized parton distributions.

Proton m Link between GPDs and GFFs

roveies /dXXHq(X, &) = A1) +4€C(1)
[aoEe s = B -4

‘ZP‘D ’ # Ji (1997), # Goeke (2001)

Phenomenology

“henomen Deeply Virtual Compton Scattering (DVCS)

— DVCS o Transverse center
. of momentum R
it v b RL:Z/XirLi
DR v QP 1
’ factorization pg P+
Ecosystem == == === R Vi
Design x—+ & x—£ R, mpact
EplC event
soncroor parameter b
GPD evolution \ —1 < x< +1 i .
Conclusion p 5 p _1 < é- < +1 Long|tud|na|
. st momentum xP*
Abbreviations

H. Moutarde | SPIN2021 | 5 /23


https://inspirehep.net/literature/416559
https://inspirehep.net/literature/557665

Compton Form Factors.

DVCS amplitude in the Bjorken regime.

Proton
mechanical
properties

Theoretical
framework

Gravitational form
factors

Pressure
GPDs

Phenomenology
CFF global fit
Pressure forces

Models: systematic
uncert tainties

Maximize theory
input
Deconvolution
problem

Ecosystem
Design

EpIC event
generator

GPD evolution

Conclusion

Abbreviations

Bjorken regime : large @* and fixed xB ~ 2£/(1 + €)
m Partonic interpretation relies on factorization theorems.
m All-order proofs for DVCS.

m GPDs depend on a (arbitrary) factorization scale puf.

m Consistency requires the study of different channels.

m GPDs enter DVCS through Compton Form Factors :

1
-7:(57 t, QQ) - /_ dx T<X7£7 (YS(:U’F)v /3__) F(X'/ 57 t, /I'F)

1

for a given GPD F.

m CFF F is a complex function.
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Pressure forces from DVCS measurements.

A first-principle connection.

Proton .
mechanieal Expand D-term on Gegenbauer polynomials
properties
q } : /

Theoretical Dterm(z t, :uF dq t, MF ( )
frare:e\f/o:lf odd n
; m Write dispersion relation for CFF (true at all pQCD orders)
Phenomenology c (t QZ) o Re/H(f) 1 /1 dg/ IInrH (£/> 1 1
CFF global fit H\L, - S _
Pressure forces ™ Jo f - 5/ 5 + 5/

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

Conclusion

Abbreviations dc11< t’ ,U;%:) - 5 Cq ( t? /L%—)
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~5=  Pressure forces from DVCS measurements.
cea >

A first-principle connection.

Proton .
mechanical Expand D-term on Gegenbauer polynomials
properties
q q 3/2
) DLerm<Z t, ,u,: Z d ( )
Theoretical
framework odd n
Gravitational form
e Write dispersion relation for CFF (true at all pQCD orders)
GPDs
1

Phenomenology V] 1 / / 1 1
CFF global fit CH(t. Q ) — Re%(i)_/ df IHl/H(f) ( -
Pressure forces ™ Jo 5 _ 5/ 5 + €/
Models: systematic

Compute subtraction constant at LO

tQZ_4Z > it pE= Q)

odd n
#1 Diehl & Ivanov (2007)

Retrieve GFF

Conclusion

Abbreviations d‘i’( t7 /’L%—_) - 5 Cq(t, /LQF)
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GPDs

Phenomenology
CFF global fit
Pressure forces

Models: systematic
uncertainties

Maximize theory
input

Deconvolution
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Ecosystem
Design
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generator
GPD evolution

Conclusion

Abbreviations

Extracting chain.

Implementing this first-principle connection.

Experimental data

GFF C

Internal pressure
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Abbreviations

Extracting chain.

Implementing this first-principle connection.

Experimental data

GPD H

Moments

S
GFF C

Internal pressure
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Abbreviations

Extracting chain.

Implementing this first-principle connection.

Experimental data

Fit
A

CFF ReH, ImH

?

Convolution

GPD H

Moments

S
GFF C

Internal pressure
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Extracting chain.

Implementing this first-principle connection.

Experimental data

Fit
A

CFF ReH, ImH

?

Convolution

GPD H

D-term

Moments Moments

A A~
GFF C

Internal pressure
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Extracting chain.

Implementing this first-principle connection.

Experimental data ’

. Fit Dispersion

CFF ReH, ImH __relation »{ Subtraction constant Cy
Convolution Convolution
GPD H D-term
Moments Moments
4 yd
GFF C

Internal pressure
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Abbreviations

Extracting chain.

Implementing this first-principle connection.

Experimental data ’

. Fit Dispersion

CFF ReH, ImH __relation »{ Subtraction constant Cy
Convolution Deconvolution iConvqution
| v |
GPD H D-term
Moments Moments
4 '
GFF C
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Almost all existing DVCS data sets.

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

Saclay

Kinematic  No. of points

Proton No.  Collab.  Year Ref. Observable dependence  wsed | al
mechanical 1 HERMES 2001 [40] Aty 3 10 /10
properties 2 2006 AZE i=1 t 4/4

3 2008 AZ i=0,1 By 18 /24
cin(6S6g)conit
agnleagenss o
) AsmT(f .A,)casw i=0,1
Theoretical Ama ss)sinie
framework 4 2009 Ai‘;‘,ff‘ i=1,2 7y 35 /42
sin i) P
Gravitational form ALUbves i=1
factors AZ® "’d) i=0,1,2,3
+ein i i )
Pressure 5 2010 [44) Agent i=1,2,3 zp; 18 /24
Afpesie i=0,1,2
GPDs 6 2011 “’S;:;?S: <o ’: i=0,1 o 24 /32
Phenomenology Az (d, Ve i=1
Az Gs)cosio ;019
CFF global fit Asm(a $s)sini¢ i=1.92
Pressure forces 7 2012 AS‘“ is i=1,2 2g; 35 /42
Models: systematic A;."L'/lgvcs i=
uncert: es Azysw i=0,1,2,3
Maximize theory 8 CLAS 2001 Apgimie i=1,2 — 0/2
input 9 2006 Agpmie i=1,2 — 2/2
Deconvolution 10 2008 ALy L4 283 /737
problem 11 2009 ALu ¢ 22 /33
12 2015 AL Aup Aiy ) 311 / 497
Ecosystem 13 2015 UUU @ 1333 / 1933
14 HallA 2015 Ad'ory ¢ 298 / 228
Design 15 2017 Adtory, 6 276 / 358
EpIC event 16 COMPASS 2018 oty t 2/4
generator 17 ZEUS 2009 oty 3 4/4
GPD evolution 18 H1 2005 daf’gv t 7/8
19 2009 Bogy, t 12/12
Conclusion SUM: 2624 / 3096
Abbreviations 7y Moutarde et al. (2019)
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Almost all existing DVCS data sets.

2600+ measurements of 30 observables published during 2001-17.
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Almost all existing DVCS data sets.

2600+ measurements of 30 observables published during 2001-17.
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Independent descriptions of real and imaginary parts.

Coa  Modeling of H, H, £ and &.

Proton

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

Theoretical m Propagation of uncertainties through replica method and
framework . 0 .

ermitations o evaluation of 68 % confidence levels.

factors

Pressure

GPDs
Phenomenalogy LA 2

CFF global fit

Pressure forces

Models: systematic
uncertainties
Maximize theory
input
Deconvolution
problem

normalization
inverse normalization
inverse linearization

Ecosystem
Design
EpIC event -0.5
generator
GPD evolution 4
10-6 105 10-4 10-3 10-2 10-1 100
Conclusion 3
# Moutarde et al. (2019)

Abbreviations
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Subtraction constant from measurements.

EIC prospect: determination over a wide kinematic domain.

1076
0
1

< ¢
< —t
< @

m Range of kinematic variables in neural networks

< 1
< 1 GeV?
< 100 GeV?

m Implement DVCS dispersion relation

0 02

04 06
“t1Gev?]

08

1

g,

101
Q@ [GeVv?]

d¢’ TmH (€) (

1

E—¢
t=—0.3 GeV?

1
£ 4 ¢

Q* = 2 GeV?

102 B,

7 Moutarde et al.

(20719)
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Pressure forces from DVCS measurements.

Working assumptions.

Proton Subtraction constant assumed equal to d.
hanical . . .
“roportics Equal values for light quark contributions d‘l’ds.
Radiative generation of gluon df and charm df
JTheoretical contributions.
ramework
Gratational fon Tripole Ansatz for the t-dependence of d;.

Pressure

GPDs

Tripole Ansatz

Phenomenology

CFF global fit

Pressure forces 10

Model: sy Parameter Value

il:\::imize theory 8 d%dS(MQF) —0.45 4+ 0.92

Deconvolution % —

d<(n?) —0.0020 4 0.0041
Ecosystem o

Design 2 _

EpIC event . df(/’LF) 0.6+1.3
generator o 02 04 06 08 1

GPD evolution -t [Gev?]

v
Conclusion
- # Dutrieux et al. (2021)

Abbreviations

H. Moutarde | SPIN2021 | 12 /23


https://inspirehep.net/literature/1840241

Proton
mechanical
properties

Theoretical
framework

Gravitational form
factors

Pressure
GPDs

Phenomenology
CFF global fit
Pressure forces

Models: systematic

Deconvolution
problem

Ecosystem
Design

EpIC event
generator
GPD evolution

Conclusion

Abbreviations

P

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 £ 0.92
) . s B df(pF)  —0.0020 £ 0.0041
. 1 o di(up) —0.6+1.3

2 [GeV?]

.

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

Working assumptions.

Proton Subtraction constant assumed equal to d;.
hanical . . .
oroportios Equal values for light quark contributions d¥“.
Radiative generation of gluon df and charm df

Theoretical contributions.
framework .,
Grvittons Tripole Ansatz for the t-dependence of d;.
actors
Pressure
Gros Summary of existing determinations
Phenomenology
CFF global fit N Blarker F nE # ol -
Pressure forces No. | Fig 3 ;r o] i GeV? flavours Lype Ret
Models:
uncertainties 1 ( —2.30 £ 016 £ 057 20 i from experimental data 113
Maximize theory 2 [m] (LES £ 1.69 22 2 fromn experimental data |14]
input ) & —1.549 1 a2 t-channel saturated medel  [55]
zzﬁ:::""m" —-1.92 | 2 t-channel saturated model  [55]

1 & -4 (1143 4 WS 50|
Ecosystem 5 7 —2.35 136 a2 wCIEM o)
Design 6 E —d. AR (114 2 Sleyrme mede] .:-JEiJ
EpIC event T H —2.02 2 3 LEFWF maodel 157]
generator -] & —4.85 L3 2 w5 o .:-JHJ
GPD evolution ] & —1.34 4031 | 2 lattice QU (RIS) 58]
Conclusion —2.11 £ 0.27 | 2 lattbee QU (NE) 159

Abbreviations

#y Dutrieux et al. (2021)
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Conclusion

Abbreviations

From CFFs to nucleon mechanical structure.

A lot of model-dependence in current extractions.

m No justification to truncate the subtraction constant
expansion to its first term and assume that it is the d;
coefficient related to the energy-momentum tensor.

m Shape of pressure profile is fixed by multipole Ansatz.
Actual value is extremely sensitive to its parameters.

150

s, (1Z,0)
°

“Bso

-100

-50

0
dy, (o)

50

68%
95%

Y

100

150

()

#1 Dutrieux et al.
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Many theoretical constraints on GPDs.

Constraints difficult to implement at the CFF level.

Proton m Reduction to PDFs or elastic form factors.

mechanical

properties m Implement a priori positivity and polynomiality. Still
heoretica uncommon in many models or parameterizations used for
framework phenomenology.

Gravitational form

e See P. Sznajder's talk at 17:20 and J.-M. Morgado
cPos Chavez's talk at 17:40 (today)
i‘;::igi:""’gy m General solution starting from overlap of (potentially
e o effective) light front wave functions.

wmcertanien #y Chouika et al. (2017)
Maximize th - - .

. m Use of evolution equations to implement further

Deconvolution

problen constraints on the GPD functional form.
Ecosystem

Desgn m Work beyond leading-order and depart from the parton
EpIC event

generator model

GPD evolution
Conclusion m Systematic impact study or use of kinematic corrections
Abbreviations still missing_
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From CFFs to GPDs.

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

cea

Proton _ m Assume CFF H is perfectly known. Solve inverse problem?
mechanical
properties 1 )
9 dx x Q 9
qu({’ Q ) = T y & (M ) Hq(Xagvfl )
w2

Theoretical —1 5 f
framework
Graitationl form m Question raised about 20 years ago and has remained
Pressure 1 1 H
e essentially open. Evolution proposed as a crucial element.
Phenomenology # Freund (2000)
S m There exist non-zero GPDs with vanishing forward limit
e and vanishing CFF up to order 2.
Maximize theory . -
- m The DVCS deconvolution problem is ill-posed.
econvolution
protlem #1 Bertone et al. (2021)
Ecosystem . .
Desgn m Same conclusion holds for several other hard exclusive
sk processes. See H. Dutrieux’s talk on Monday at 20:

GPD evolution

m Define and implement further criterions in fitting
strategies to select one solution among infinitely many.

Conclusion
Abbreviations
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Computing chain design.

Differential studies: physical models and numerical methods.

Full processes
Experimental
data and
phenomenology

Small distance
Computation
of amplitudes

Large distance
First
principles and
fundamental
parameters

o — ~— ) PARtonic
4 e Tomograph
O N s Ly graphy
5 |L_) Z Pﬁ%TdNS Of
o Nucleon
‘ ‘ ' Software
S
é 4! % m Perturbative
5 [ 5 approximations.
Sl et ,"\—’ ) |m Physical models.
R . |m Fits.
[GPD at u # Iurl_?f} m Numerical
X thods.
1Evo|ut|or j:e ods .
rof m Accuracy an
[ IR & i ] speed.
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Generic exclusive event generators EplC.

Modular structure compatible with the architecture of PARTONS.

- Saclay

Proton

mechanical E pl C S

properties

Longitudinally polarized target, Eq =

10GeV, Ep = 1GeV

Theoretical
framework

Gravitational form
factors

Pressure

GPDs

Phenomenology

CFF global fit

Pressure forces
Models: systematic
uncertainties

Maximize theory
input
Deconvolution
problem

Ecosystem “

Design

EpIC event
generator
GPD evolution
Kemal Tezgin (BNL)

EplC: MC event generator June 1, 2021 13/17

Conclusion

Tezgin et al., in progress
Abbreviations
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GPD evolution with APFEL++.

Connecting different computing codes for hadron structure.

Proton
mechanical
properties

Theoretical
framework

Gravitational form
factors

Pressure
GPDs

Phenomenology
CFF global fit
Pressure forces

Models: systematic
uncertainties

Maximize theory
input

Deconvolution
problem
Ecosystem
Design

EpIC event
generator
GPD evolution

Conclusion

Abbreviations

Forward limit and DGLAP equations E

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

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

10 LO cvolution from st = 1 GoV to ;o = 10 GeV.
¥’ - T
— =0

0.8 @ no £ dependence in input
;’;‘Dj @ Excellent agreement with
;"M native Apfel++ DGLAP
g evolution (red curve)
02 @ Strong £ dependence
0.0 generated
22 t t g
§1 A @ Continuity guaranteed at
= x=¢ (cusp ?)
3 L L
‘?n-! 1072 107! 10"
x
First validations
x = ¢ continuity, DLGAP limit and spurious divergences handling J
Aot -+ My 2m  11/10

Bertone et al., in progress
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GPD evolution with APFEL++.

Connecting different computing codes for hadron structure.

oroton ERBL Limit and Gegenbauer polynomials E

ti .
properties o When x — 1/x (i.e. & —+ 1) one recovers the ERBL kernel
» Eigen basis known — 3/2-Gegenbauer Polynomials
Theoretical » Direct (albeit restnctec! to £ = 1) comparison between x-space and
framework conformal space evolution
zial:::m"al form LO ERBL evolution (£ = 1) from pig = 1 GV for ) ()
Pressure o f
® H(x,1) o (1-x7) G2 (x)
Phenomenology _; [ S o MHiulm) _ (&5(,‘] )“mfﬂv
CFF global fit ¥ H(x,1uo) — \ as(no)
Pressure forces "o @ Ratio is independent of x
ﬂ'l:ffi’;.iﬁ?“‘m -1.0 @ Excellent agreement between
Maximize theory ':;"“1 } Apfel++ and conformal
input I100 evolution in the ERBL limit
Deconvolution 2
problem & 009 = o
z
Ecosystem
Design Additional validations
et conformal evolution when € — 1 guaranteeing the ERBL limit J
GPD evolution
gt ++ ey %, 12/18
Conclusion .
Bertone et al., in progress
Abbreviations
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Conclusion and prospects.

The quest towards proton mechanical properties.

Proton m Concept well-defined and suitable for phenomenological
mechanical .
properties ana|yS|s.
Theoretical m Strong first-principle connection between concept and
framework experimental data.
Gravitational form
factors
resure m The GPD deconvolution problem is ill-posed.
GPDs
Phenomenology m Need for multi-channel analysis beyond LO.
CFF global fit
e m Huge sensitivity to numerical noise or experimental
M hcr uncertainties.
D:can\mlulinn T . -
rablem m Benefiting from new inputs or constraints from
Ecosystem nonperturbative QCD is highly desirable!
Design
EpIC event - . . . .
senersor m Need for coordinated effort involving fits, computing
GPD evolution
Conclusion chains e.g. PARTONS and continuum or lattice QCD to
Abbreviations make the best from experimental data.
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Abbreviations used in this presentation.

mechaniea ANN artificial neural network

properties APFEL  a PDF evolution library
Theoretionl CFF Compton form factor
framework DGLAP  Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
‘:”m DVCS deeply virtual Compton scattering
cPDs DVMP  deeply virtual meson production
Phenomenclosy  EIC electron-ion collider

e o ERBL Efremov-Radyushkin-Brodsky-Lepage
Mmyhy GFF gravitational form factor

. GPD generalized parton distribution
E":::stem LO leading order

Desin NLO next-to-leading order
e PDF parton distribution function
cG::duls.on TCS timelike Compton scattering
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