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Parton distributions

Elastic Form Parton distribution
Factor - EFF (1950s) function - PDF (1970s)

Generalized parton Transverse-momentum

distribution - GPD (2000s) dependent PDF - TMD (2000s)
z,& AL

GTMD (futur)
z, &6k, AL

[Lorcé, Pasquini, Vanderhaeghen, 2011]
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Unpolarized PDF:
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Unpolarized GPDs [Miiller et al, 1994], [Ji, 1996], [Radyushkin, 1996]
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Important for later: light-like separations dominant in the Bjorken limit of the hadronic tensor
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e Hadron tomography [Burkardt, 2003]:

I(x,b.) = A, “bLALHA(x € =0t = —A%)
sy 1) — (27T)2e X, =U, 1= 1

@ Proton’s spin decomposition [Ji, 1996]:
1—21/1dxx HY + E9 —i—l/ldx HE + E®
2 —2 ) o 2J.1

e Gravitational form factors [Polyakov, 2003], [Lorcé et al, 2017]: radial energy / pressure

t=0

PP A — A2 .
T Ault) + = () + My (1)

(P2 TYY|P1) = ﬁ(Pz){

Plrigvie A
_{_7'0
i

PlrjglPA,

[As(t) + Bole)] + —2 DfFF(t)}u(Pl)

1
/ dxx Hq(X7£? tvu2) = Aq(tv /1‘2) + 4’52Cq(t= /42)
1
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But at the LHC?

@ GPDs involved in factorization of
exclusive processes such as the J/v¢
photoproduction in UPC at the LHC.

e Formally very sensitive to the gluon GPD
down to xg ~ 1077.

o Often overlooked in favor of the gluon
PDF in the analysis, but increasing
attention on the skewness £ dependence

[Flett, Jones, Martin, Ryskin, Teubner] 7 104
Current bulk of experimental characterization i' o] bt Sy A
from JLab in the deeply virtual Compton 1 Vo
scattering process (DVCS). In both processes, 10

a deconvolution problem [Bertone, HD, Mezrag,
Moutarde, Sznajder, PRD 103 (2021) 11]

1 2
Ho(ee. )= [ dg T (z ffz,as) HI(x, €, t, 1)
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Parton distributions in lattice QCD

Lattice QCD computes the Euclidean QCD path integral in a discretized space-time. so no
light-cone parton distribution. But, among other proposals:
o Local operators (low-order Mellin moments only due to power-divergent mixing when
approaching the continuum limit)
o Large-momentum effective theory (LaMET) [Ji, 2013]: use a large hadron boost
P — oo to approach the light-like separation
@ Short-distance factorization [Radyushkin, 2017]: OPE of non-local space-like operators in
the limit z2 — 0
(P|i(2)y*W(z,0)0(0)|P) = PP M (v = P - 2,2°) + "N, (v = P - 2, 2%)
1

Toffe time v = FT of x :  Q(v, p?) = / dx e " f(x, p?)
-1

1

M%) = [ da Cla i 2)Qav ) + ORyco)
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Uncertainties of lattice calculations

Traditional lattice uncertainties (discretization errors, finite volume effects, excited state
contamination, unphysical pion mass, statistical gauge noise)
Specific uncertainties

@ reconstruction of the x-dependence: inverse problem due to the finite range in P and z
@ power corrections: we do not isolate the pure leading-twist component

@ perturbative uncertainty: uncertainty in the Wilson coefficient relating the z2
pseudo-PDF to the MS PDF

There are connections between those:

1. and 2. — matter of limit in the kinematic domain and their order

2. and 3. — connection of the renormalon ambiguity of perturbation theory and the higher
twist contributions
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GPD matrix element [Bhattacharya et al, PRD 106 (2022) 11]:

(Palih (=3) 7w (5) IP1) = (Pz)[’y“A1+Z“A2+U“”ZVA3

ich A, At AF fe + iczo Mg

+ 2m 2m 2m

<PMA6 + AFA7 + Z“Ag)} u(P1)
Identify the terms that survive in the light-cone limit:
H(V,f, t, 22) = lim Al — §A5
220
E(vau t, 22) — |2|m A4 + ]/A6 — 2§VA7 + §A5
z2—=0

Match to the light-cone limit in the short-distance factorization for GPDs [Radyushkin, 2019]:

1
(’g) (v, &, t,,u2) = / daC(a, &y, ,u222) (g) (av, &, t,zz) + power corrections
-1

Extracting each amplitude Ay requires to measure matrix elements with various combinations
of helicity and gamma structure (kinematic matrix inversion)
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polynomiality of moments of GPDs:

/dxx” LH(x, €, 1) Z A () € + mod(n + 1,2) Go(1)€"

k=0 even
A1o(t) = F1(t) (elastic form factor)

Analysis of D-term can be separated from the rest of the GPD. Hence small loffe-time
behavior without D-term:

H(v, & t) = / dx e ™ H(x, &, t)
2
= Fi(t) — ivAxo(t) — %[A37o(t) + &2A35(t)] + ... + power corrections

With momenta up to 1.4 GeV used in this study, we have signal up to Azg and As .

-2
t
Dipole fit: Ap «(t) = Apk(t = 0) (1 — >
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[Hadstruc collaboration, JHEP 08 (2024) 162]

1D a (fm) myx (MeV) B8 mzL L®x Nr Negg  Naes k(D)
2094m358  0.094(1) 358(3) 6.3 54 328x64 348 4 64
0.0 186 pairs (pr, pi)
—024 * Final analysis forms 12 bins
' * % 04 in t with a median number
—0.41 . * o of 12 pai.rs (Pr, p;) inside,
. —0.6 * * < Many being related by
3 * * ! symmetry properties to
$ -0.81 * * * * -00 X X
= * * © attempt to reduce noise. In
1.0 * * .
: - —0.2 the end, we have typically
-1.2 * * between 4 and 7
14 * * —0.4 independent measurements
to extract 3 quantities.
-1.0 -0.5 0.0 0.5 1.0 Many are quite cheap to
3 compuia!
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Fixed t and z = 0.56 fm, varying P12 (therefore v and &) - slight excited state contamination?

0.70

o + Im Az(v, |€] = 0.0)
0.65 4 ’ N 041 o Im As(v, |€] = 0.2)
¥ . Im A;(v, |§] =0.33)
0.60 0] . Im A1(v, |§] = 1.0)
0.55 ;
‘A + "
0.50 + 0.0 L}
\e
0.45
0.40 - Re A1(v, |€] = 0.0) —0.21 "\,
' e
Re A1(v, [§]=0.2)
0.35 Re Aa(v, |§]=0.33) 041 °
Re A (v, €] = 1.0) ' t
0.30 . : . . : . . . ;
-4 -2 0 2 4 -4 5 0 3 a
v v

2
H(v, &, t) = Fi(t) — ivAzo(t) — %[A&o(t) + &2A32(t)] + ... + power corrections
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Excited state contamination

Pedestrian approach: cuts in Euclidean time

pr=(2,1,0), pi=(0,1,2), z=1

0.18
v  GS exponential fit
O excited exp. fit
O sum. method
pr=1(2,1,0), pi=(0,1,2), z=1
0.19 — 0.17 A
: : 0o T=4
: : : : T=6
0181 Poboe o T=8
— : o T=10
:‘ 0.17 : 0 T=12 0.16 -
N 0 T=14 i |
5 sum. method
3 0.16 2/ exp. fit +
o«
2 0.15
& 0.15
i $ 4
h
% 0.14 4
2 0.14 A ‘{7
&
0.13 17
2] 0131 . . . ;
-6 -4 -2 0 2 4 6 1 2 3 4 5
T2t Exclusion of short time separations <t.
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Pion mass = 0.36 GeV - Proton mass = 1.12 GeV
No continuum limit - signs of discretization errors / light-cone uncertainty

Matching at 2 GeV with leading logarithmic accuracy

| Value att=0 Dipole mass (GeV)
u-d u-d u-d u-d
GPDH GPD E GPDH GPD E

—

Ao B0

0.974*]2 3.40*7
N4 | —

Az Bz,

0.206*2 0.370*5,

Aso |[As2 Bso |}(Bs2

0.064*2 || 03973} |0.063*24 | 1.17%5

\, \

' Y Y

Ao JAsz | (Bso )B4z |

0.065*% || 0.5*3 0.06*181| >1.1

\ \
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- _ iotY A AH
Tl = a(e) | R+ FE) T A u(o)
z=0 m
0.8 w’ : E;E%‘XO.B) ’
ﬂ :* "¥ 075
0.6 l} 050
‘41, "o |
0.4 ."‘n. ¢ "i,}l.“ 025
l. S8
I] ¥ S, ey, , probable sign of lattice discretization
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Hervé Dutrieux QCD®LHC 2024 (University of Freiburg)



If pr, = pi, =0, then v =0 and v§ = 0, so we have non-local data with signal only of the
EFF + whatever parasitic contribution. But are these power corrections (higher twists) or
lattice discretization errors? As(z = 0) has quite certainly discretization errors.

0.34 1 constant fit [0,6] N
quadratic fit [0,6]
constant fit [1,6] \\
0.331 quadratic fit [1,6] N
2 O
; 0.32 4 \\
I + N\
' 0.31 N
. N\
o N\
I N
2 0301 O
T AN
< +\\
0.29 - WO
NS
o2 OO

0 1 2 3 4 5 6
zla
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Even with a space-like separation of 1 fm, the power-corrections at £ = 0.3 might be very
small (model-dependent estimate of non-perturbative higher-twist contributions through
renormalon ambiguity) [Braun, Koller, Schoenleber, 2024]:

15

3.0

j'J_i 6Rj.J_ ﬁli 6R¢J.

25
1.0 20
1.5
0.5 1.0
0.5

0.0 0.0

0 5 10 15 20 25 30 -0.2 0:0 0.2 0.4 0.6 0.8 10

T X
Possible interpretation: higher-twist contribution largely independent on the external
momentum, and suppressed by the ratio method
What we checked: using z = 0.38 fm or z = 0.56 fm does not change the results in any
meaningful way. But it is not nearly as paradoxical as it sounds considering the degree of
correlation of those points and the current uncertainties.
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Perturbative matching uncertainty: only relevant for a few bins of the GFF at this stage

as(2 GeV) = 0.28 - AJG’ =165.0 MeV - t = -0.33 GeV?

0.20 A

Az 0 scale —2/z2

Ao scale —1/(22?)
0.19 A L
0.18 '

{ $
4 4
017 t ! ! thy 4 !
$ ) 1 ¢ $ ! t
T ¢ !
0.16
¢ ¢
0.15 A
¢

0.14 A + +
0.13 A r T T T

Unmatched data a5(2 GeV), LO DGLAP L as(A/z2), LO DGLAP  LL as(A/z2), LL DGLAP

a = 0.094 fm, so range of scales from z = a ~ 2 GeV to z = 6a ~ 350 MeV.

Hervé Dutrieux QCD®LHC 2024 (University of Freibu



10t

o This begs the question of the use of perturbation theory when 1/z% ~ /\QCD If one
restricts oneself to z ~ 0.3 fm, with the largest momenta currently achievable of ~ 3
GeV, gives loffe time up to 4.5 at most.

@ Why not let data inform the breaking of factorization, and obtain evolution operators on
the lattice? PDF anomalous dimensions in quenched lattice QCD [Guagnelli, Jansen,
Petronzio, 1998]

@ Comparison of a “data-driven” evolution kernel vs 1-loop and 2-loop pQCD

Ll
B NLLis

10714 e

1072

LL + Ospr(as) smeared
7771 NLL + Ospr(ats) smeared

Hervé Dutrieux

’ '/

} //// 224 ttere

e

o [N

0.9 0.99 0.999

QCD®LHC 2024 (University of Freiburg)

[HD, Karpie, Monahan,
Orginos, Zafeiropoulos, JHEP
04 (2024) 061]
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0.08 0.09

Dipole fit Dipole fit
0.07 - [ + exc. state uncertainty 0.08 1 [ + exc. state uncertainty
z expansion fit 0.07 z expansion fit
0.06 1 [ + exc. state uncertainty ’ [1 + exc. state uncertainty
] A3,0(t,u=2 GeV) 0.06 4 ] Bgvo(f,[J=2 GeV) |
0.05 —
0.05 A
0.04 N
0.04 A by
0.03 N
0.03 A \
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0.01 1 0.01 4
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0.6

Dipole fit Dipole fit

[ + exc. state uncertainty [ + exc. state uncertainty
0.5 z expansion fit z expansion fit

[ + exc. state uncertainty [1 + exc. state uncertainty
0.4 [ ] A3,2(t,[l=2 GeV) ) B3'2(t,‘J=2 GeV)
0.3 A
0.2
0.1 ¢ & —

—_—
¢ 0.0 1
0.0 r r T r T T T
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
-t (GeVv?) -t (GeV?)
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Impact parameter distribution: number density of unpolarized quarks in an unpolarized proton
with mom. fraction x and radial distance to the center of longitudinal momentum b, : model

dependence!

- d?A |
I(x,b) =

(x,b1) (2m)?

e_iEl.&l H(X,& = Oa t= _Ai)

-
1§=9(x 2)

e Y9(x 3)

3.0 A

2.5 1

2.0 1

1.5

1874 (fm2)

1.01

0.5 1

0.0 1

0.0 0.2 0.4 0.6 0.8 1.0
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loffe-time GPDs are great GPDs! [Braun, Gornicki, Mankiewicz, 1995]

x-dependent GPDs
non analytical form loffe-time GPDs

triangular for X > Xi (only needs larger momentum fractions) simple analytical form
needs all x range for x < xi triangular (only needs smaller loffe time range)
d ldy (x ¢ 2 q 2 /1 2\\ ya 2
T ) = ®7C(;,;,as(u )) H (. 602) Ty ) = [ dorK (o 0,0, H v, €. 42)
4 1+a s(12) € 2 in (@ §(1-
c (a, ;,as(u2)> =o(1- 9(1 Lt 0(52)] K(a, €0, os(12)) = 8(1— ) + % [(%)Jrcos (atv) + 2 gf”) - %

(11y ]}

Conformal moments
simple analytical form
dlagonal (each moment evolves independently)

0u(6,12) o l P (g) HI(,£,12)

s 2) ) Yn/(27Bo)

(§,u)—0(§uo)( )
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But
if you desire x-dependence, beware of the regularization / reconstruction framework dependence:

10 1.0 data region 10 1.0 data region

08

0.6

04

02

z=0.27fm, P, =27 GeV —- v =3.7
Results in differences of order of magnitude in the precision in x while reproducing accurately
the data region.
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Re HY=9(v,£ =0,t= — 0.33 GeV?,z=0.56 fm)

0.4 + +

0.2 4
0.0 *
Fit with [dx x%2# for all available v
o Fit with [dx x% 24 for all available v
’ Fit with [dxx®2 forv <4
e R
v
2 moments ‘ 3 moments ‘ 4 moments

A1o | 0.686 4+ 0.005 | 0.687 & 0.005 | 0.689 + 0.006
Az | 0.054 +0.003 | 0.056 & 0.002 | 0.062 + 0.005
Aso 0.007 £ 0.001 | 0.011 + 0.004
As.0 0.002 4 0.002
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Re HY=9(v,£ =0,t= — 0.33 GeV2,z=0.56 fm) HW-0-@=3(x £-0,t= —0.33 GeVZ,z = 0.56 fm)

3.0
Nx%(1 - x)? Nx%(1 - x)P

0.6 (1-x) (pol degree 3) 254 (1- x) (pol degree 3)
2.0

0.4
151

0.2
1.0

0.0 1 0.5
0.0 1

—0.2 1 T T T T T T T T T T T T T
-8 -6 -4 -2 0 2 4 0.0 0.2 0.4 0.6 0.8 1.0
v x
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A joint lattice - experimental phenomenology

Modest example: using a model whose uncertainty is purely theoretical deconvolution
uncertainty (not experimental) and pseudo-lattice data [Riberdy, HD, Mezrag, Sznajder, 2023]

0.5 0.6 4 Replicas
0.4 TR
—-= LEao
0.3 1 o
< 024 y — AwE0,
é Py \\ #Latt;oLatt
0.1 N\
77w
0.0 e =
-0.1
—0.2 —0.4
2 2
—~ - TTT Mgy
8 4 ] D14
I 1 T o B A A 1 1
— =
0 . ; 0 : . . '
10-2 101 100 5 10 15 20 Data Region
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Conclusion

@ We have a framework with excellent signal and very large kinematic coverage for GPDs
@ There is not one source of uncertainty that will be spared to us:
o Clear plausible sign of lattice discretization error in the EFF As(t) and the anomalous
running with scale of the usual EFFs
o Plausible sign of increasing excited state contamination when momentum beyond 1 GeV that
we have drowned in statistical noise so far.
e Status of perturbative and power correction uncertainties undecided within the current
precision.
o Model dependence in the extrapolation to large t to construct impact parameter pictures, the
reconstruction of the x-dependence (deserves a lot more discussion) and the potential
correction of pion mass effects far from the physical pion mass.

@ We have a lot of work at hand, stay tuned!

Thank you for your attention!
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