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A ““constructive’’ introduction

@ Consider a generic bi-local quark operator (correlation between two space-time points):

O =1 (b) Ty (0)

I" is generic Dirac structure, i.e. a linear combination of {1, 7>, y*, y>r*, 6"*}.

['=Al+ By + Gyt + DM’Y5”YM + Byt

@ In order to give 0 a physical meaning, we need to make it gauge invariant.

¢

@ Introduce the parallel-transport operator W (often called Wilson line 1n this context):

Wi(y,x) =Pexp [—igt“/ dz“AZ(z)]
Y

@ T'he gauge invariant version of O 1s then:

O =1 (b) T W(b,0)% (0)

@ Now consider the case in which 0 is highly boosted along —z (as if it was involved in a
high-energy collision): this frame 1s called Breit (or infinite-momentum) frame.

@ Working in the Breit frame has two main important consequences:

@ b, ~ —cb, therefore in light-cone coordinates b ~ (0,57, b;).

<

@ lhe coethcients {A,B,C,, D, E, } get enhanced, unchanged, or suppressed:
@ C,,D,FE  enhanced (twist2),A,B,C,D,E;, E,_unchanged (twist 3), C_,D_, E_; suppressed (twist 4).
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A ““constructive’’ introduction

@ A particularly interesting operator 1s the “unpolarised” one:
— ol +
O = ¢ (0)7" W(b,0)¢ (0)] . _,
(in fact, also the others are interesting but I will focus on this one.)
@ lo connect this operator to an observable we need to take a matrix element.
@ We bracket it between two, generally difterent hadronic states:
_ SN ARVAY A +
M = (H'(p",N)[ (b) " W(b,0)¢ (0) [H(p, A)) |, _q
@ [Finally; 1t 1s usually phenomenologically more relevant to study the momentum

behaviour of any such matrix element. We thus take its Fourier transtorm:

b — / db=d?bry e KT TR (gt (5 N[ (b) T W (b, 0)4 (0) |H (p, \)] s,

@ Thisis a (sketchy) definition of generalised transverse-momentum dependent
(G'TMD) correlator.

@ G1MDs can be regarded as “mother distributions” (cit. ).

@ They encode “the most general one-body information of partons, corresponding to the

full one-quark density matrix in momentum space” (cit. )-

Further readings:



The general picture

@ All relevant hadronic distributions in high-energy physics can be made descend from
GTMDs. Defining:

p momentum of the incoming hadron

/ s :
p_P -;p A=p—p P momentum of the outgoing hadron

k momentum of the parton

@ A common set of kinematic variables used to parameterise G'TMDs 1s:
kT =Pt AT = 2Pt t = A? kr
@ A (partial) genealogy of G'TMDs looks like this:
GTMD(z, &, ky, t)
| 5D
€7t AV */ koT
TMD(J?, kT) ........ GPD('I? 57 t) 5D
/koTAo ......... 57]5 — ()



#H Google PDFDrive CEAemailaccount PEC VPNCEA GitHub Gitlab CEA GitLab CERN CERNAccount arXiv Inspire WordReference DSF webpage ATLAS Results CMS Results

APFEL 44 APFEL.so

XY
i I Google PDFDrive CEA email account  PEC VPN GitHub  GitLab CEA GitLab CERN CERN Account arXiv Inspire WordRelggince DSF webpage  ATLAS Results  CMS Results  Annuaire
¥ main ~  MontBlanc / README.md Go to file
e nume I l ""‘“"“‘a 0 0 T
>

eoe M - <

eoe M - < 0 B8 & github.com ® Mt +

A4 contributors &
eee M -~ < 0 B @& github.com

= 99 lines (77 sloc) 7.86 KB o 0 Raw  Blame VRN "] -4 Google PDF Drive CEA email account PEC VPNCEA GitHub GitLab CEA GitLab CERN CERN Account arXiv Inspire W
> 0 B8 & vbertone.github.io @ ¢ © b + |

<> Code (O Issues I Pullrequests (® Actions [ Projects [0 Wiki @ Security |~ Insights

¥ master ~  NangaParbat /| README.md

Main Page | Modules | Namespaces~ | Classes~ | Files~

APFEL

(2 psseD ] cosacor A] 0 coceat bessg

A PDF evolution librarv in C++ (FFs) of the pion from imental data for single-inclusive annihilation and semi-inclusive deep-inelastic scattering. Details concerning
| Gam
@ partons.cea.fr ‘e C
V]
4 Google PDF Drive CEA email account PEC VPN CEA GitHub GitLab CEA GitLab CERN CERN Account arXiv Inspire WordReference DSF webpage ATLAS Results CMS Results Annuaire
(4
C

R S

@ chissis Update README.Md

A 3 contributors . (» .

| Examples. ‘ Q- Search |

= 137 lines (95 sloc) = 6.11 KB

DOI _10.5281/zen0do.6264693

APFELE++ —

MontBlanc is a code devoted to the extraction of collinear distributions. So far, it has been used to determine the fragmentation functions

PARTONS PARtonic Tomography Of Nucleon Software RASTENS
Nanga Parbat: a TMD fitting framework

Nanga Parbat is a fitting framework aimed at the determination of the non-perturbative compor

-

Main Page Download Tutorials Reference documentation About

ee @M - < 0 B & github.com @ ¢
.

M ain Page o GRS Eerien 6 D GO GO Cre) el ) e [
& rabah-khalek Update README.md Latest commit b77e2¢5 on 30
A2 contributors 8, .

i

What is PARTONS?
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PARTONS is a software framework dedicated to the phenomenology of 3D hadron structure, in particular Generalized Parton
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The experimental program devoted to study GPDs and TMDs has been carrying out by experiments in several facilities, like CERN, NNAD.stands for Neural Network Analytic Derivatives and is a C+-+ implementation of the analytic derivatives o
. R . forward neural network with arbitrary architecture with respect to its free parameters. We implemented the bac
DESY, Fermilab, Jefferson Lab and BNL. The 3D structure of hadrons will be also a key component of the physics case for the future propagation method using three strategies: analytic, automatic (when interfaced with ceres-solver ) and nur
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deeply virtual Compton scattering (DVCS), timelike Compton scattering (TCS) and hard exclusive meson production (HEMP).
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GPD evolution

@ GPDs admit and operator definition that in light-cone gauge (n - A = 0) reads:

P+ A P+ A

<

@ UV divergences arise that need to be renormalised leading to evolutlon equations:

dFi(x,f,u):/oodyPi< é“)Fi( €u> F = q/H—F‘/
. Y

dIn p? T
H Yy Z o+ F
PE(y, k) = 0(1 — y)PL(y, k) + 0(k — 1)P5 (y, k) .
@ In and we have (re)computed the

one-loop evolution kernels & for all of the twist-2 GPDs:

(. 2 1+ 3
P = 20e{(12,) - odE ot [om- |}
+

c.2. $

_ 1+ (1 1 — Kk2)y? 1
Pz ,[0](@/,&) — 2CF[ +( +"3)y+( TK—K )y _( ) ] ’
++

\ (1+y)(1 — k%y?) 1—y

@ ...and provided a public implementation in PARTONS through APFEL++. ¢
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GPD evolution

LO evolution from pug = 2 GeV to u = 10 GeV
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DGLAP limit reproduced within

107 relative accuracy.

GPD evolution may significantly
deviate from DGLAP evolution.

T'he evolution generates a cusp at

x = & but the distribution remains

continuous at this point.

LO evolution from pug = 2 GeV to p = 10 GeV
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GPD evolution

LO ERBL evolution from pug =1 GeV
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ERBL limit reproduced within less than 107 relative accuracy,

Same accuracy for higher-degree Gegenbauer polynomials.



GPD evolution

LO evolution from py =1 GeV to p = 10 GeV
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@ First moment for both singlet and non-singlet is constant in ¢:

@ this was expected and the expectation 1s very nicely fulfilled.

-

@ Second and third moments follow the expected power laws:

-

@ including odd-power terms in the fit gives coethicients very close to zero.



EplC generator

@ EplC: an event generator for exclusive reactions
@ EpIC uses the PARTONS framework (8. serthou et al., Eur.Phys.J. C78 (2018)]:
takes advantage of
e multiple GPD models that already exist
o ﬂeXIbl'Ity for addlng new models [see H. Moutarde's talk]
@ Multiple channels: DVCS, TCS, DVMP (pseudoscalar mesons)
¢ Includes radiative corrections. !

@ Written in C++
@ XML interface for automated tasks

o Open'SOU I'Ce [https://pawelsznajder.github.io/epic]

G lC

Kemal Tezgin (BNL) EpiC 26 October 2022 2/22

Credit: Kemal Tezgin
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EplC generator

Unpolarized target, Ec = 10 GeV, E; = 100 GeV (DVCSProcessBMJ12 & GK GPDs)
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An extraction of pion TMDs

@ NangaParbat used to extract pion TMDs and published the result in
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@ Moderate data coverage as compared t0 proton data: only 138 data points.

@ Old fixed target data sets from FNAL.
@ Can the EIC help with it?

@ Simple functional form for fip:
e (Q) — N
( ) g1 (@) = Nz — 120

JNp (337 br, Q) = (J1ir (x) e_glc(x)TT

@ Only 3 free parameters.



An extraction of pion TMDs
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nght-hadron FFs at NNLO

? we have extracted 7™~ and K™ fragmentation
functlons (FFs) from a broad set of single-inclusive e*e™ annihilation (SIA) and

SIDIS data at NNLO accuracy (the first ever FF sets made public at this order).

102:_ s I AAAIAAMIAAIMKM;AAAA!MMIAM;MAAIA; IAI_: 102
2
@) 101
=+ +
« W/ and K ® 0 000000,
i ® 8 8900@@ 1
SIA : :;g Seseess |
SIDIS . 8'; 8355@ -
Not fitted '
1'_....| | o | —1
1072 1071 1

s
@ Around 700 data points for SIA and SIDIS for both pions and kaons.
No pp data: NNLO corrections not known yet.

¢

@ Wide coverage in z and Q.

@ LExtraction performed using the MontBlanc framework. 4



Light-hadron FFs at NNLO

@ All fitted FF's are parameterised using a single NN:

@ architecture 1-20-7 (187 free parameters).

<

&

¢

{. \
N\

1.7& RN N
RN

Exploit the ability to compute the analytic derivatives of any NN wr.t. its free

‘\\ & \ :__\ 1‘ :j‘iw {‘“jw wj‘_x ‘",: ‘.:_._: () :".‘ .\- 1'

(L1047

SASSASSSASASSNL Y Y17t 7

NN g4
>

D) D7 (2. Qp)
S . 2) DZTT (Z’ QO)
3) DF (2. Q)

4) DF (z,Qy) = D¥ (z, Q)
5) D7 (z, Qp) = DZ (z, Qp)
6) Df (z,Qy) = DX (z, Qp)
7) DF (2, Qy)

parameters using the NNAD library.

This enormously simplifies the task of the minimiser 1n that the gradient ot the y?2

can be computed analytically (as opposed to numerical or automatic derivatives).

Monte Carlo method to propagate uncertainties.



Light-hadron FFs at NNLO
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® (Good description of the data included 1n the fit:

® cven for bins that are not included because of kinematic cuts.



Helicity PDFs at NNLO

@ A similar technology was used in to extract longitudinally
polarised PDFs at NNLO accuracy
102
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@ Around 360 data points for DIS and SIDIS for both pions and kaons.
No pp data: NNLO corrections not known yet.

¢ @

Wide coverage 1in x and Q.

@ LExtraction performed using the Denali framework.
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Helicity PDFs at NNLO
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Reconstructlng GTMDs

G TMD matching functions computed at one-loop
accuracy.

The unpolarised GTMD correlator can be decomposed as:
1 io.an -O_AT’TL . ,L'O_kT AT
MM oM

— i i ¢ i i
u(Pout) [ 1,1 T —p e + P 1,3 T iVE 1,4] u(Pin)
Each function Fj , is complex and can be decomposed into a real and an imaginary part:
o= Fy +iFy Fyf Fi7 e R
Fy Le tor by ~ 0 and Q ~ 1/by1s related to the GPDs H; and E; as follows:

(:C £ bTvt Q) i/j(xagabTvQ)@) [(1 _€ )Hj(mﬂfataQ) _f E](xagataQ)]

bTO xXr

F;

Moreover, the torward hmut of F}: i’e 1s the unpolarised TMD f ;:
glim Fl 1(3j € bTyt M C) fl,i(xabTmuaC)
As for TMDs, the value of F Le . for any values of by and Q 1s achieved by introducing a

non-perturbative function (fNP) and solving appropriate evolution equations:

@ fyp1s (mostly) the same as that of TMDs,

@ also the evolution equations closely follow those for I'MDs and can thus be solved analogously. 4



Reconstructing GTMDs

-

https://github.com/vbertone/GTMDMatching

-

@ andis based on a combination VA2 public codes.

@ PARTONS for the handling of GPDs:

@ the Goloskokov-Kroll (GK) model for the GPDs H; and E; has been used.

@ NangaParbat for the handling of TMDs:

@ the PVI9 determination of fyp along with the b. function.

@ APFEL++ is used for:

@ the numerical computation of the convolutions,
@ the collinear evolution of GPDs,
@ the computation of the Sudakov form factor,

the inverse Fourier transform.

U

@ A numerical code to compute F{el as briefly described above 1s public at:

20


https://github.com/vbertone/GTMDMatching

Reconstructing GTMDs

GK model + PV19 + NNLL
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Conclusions

@ Over the past few years 3DPartons has produced a great deal of results:
@ many relevant physics results,

@ much numerical and open-source infrastructure has been developed,

@ cxisting codes are being interfaced to create a seamless framework,
@ most of the involved codes are written in G++, that guarantees performance, modularity,
and maintainability.
@ Python wrappers have also been developed.
@ These developments are having a tangible impact on different experimental physics
programmes:
@ the preparatory work in view of the EIC,

the determination of the I/ mass at the LHC,

¢

¢

physics at JLab,

0

22
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GPD modeling in PARTONS
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A python interface to PARTONS

G

?

¢ €& @

@

) Ju pyter PyPARTONS_notebook Last Checkpoint: 21/09/2022 (autosaved) P

File

Edit View Insert Cell

8 @

In [1]:

In [2]:

In [3]:

In [4]:

In [7]:

Developed using pybindl1, a C++11 comphant library:

similar to Boost.python but much lighter (simpler to install locally),

generated at compilation level ¢/ pybind11 is found

the developer writes the interface with direct control on the functionalities to be exposed,

the module gets installed locally allowing tor wnteroperability with other python packages,

facilitates usability and thus dissemination.

localhost 9 [l]

Kernel Widgets Help n

B 44 ¥ PR B C W Code | =
import numpy as np

import matplotlib.pyplot as plt

import MatplotlibSettings

import pypartons

# Initalise PARTONS and get instance
p = pypartons.PARTONS
p.Partons.init()

inst = p.Partons.getInstance()

# Initalise GPD service and GPD model
gpdService = inst.getServiceObjectRegistry().getGPDService()
gpdModel = inst.getModuleObjectFactory().newGPDModule("GPDGK16")

23-09-2022 11:17:25 [INFO] (Partons::printVersion) PARTONS 3.0.0 (http://partons.cea.fr) distributed under GNU Publ
ic License

23-09-2022 11:17:25 [INFO] (Partons::printVersion) Git branch and revision of this version is python_interface/5864
fad98ba3841f06b222bfd75157186b33eaf9

23-09-2022 11:17:25 [INFO] (Partons::printVersion) Built using Elementary-Utils 3.0.0 (master/ceb@ecb@eab58698f9822
61063f68509e85c662e) and NumA++ 3.0.0 (master/d84c72cb2af5ad69bcd67338b9fde081798eb34a)

# Compute GPD H of the up quark for some values of x
x1 = np.logspace(-2, 0, num = 100)
H = np.array( [gpdService.computeSingleKinematic(p.GPDKinematic(x, 0.2, -0.1, 2, 2), gpdModel).getPartonDistribution(

# Plot result with Matplotlib

plt.title(r"\textbf{PARTONS}", fontsize = 20)

plt.text(0.012, 2.0, r"\textbf{$\xi=0.2%$}", fontsize = 18)

plt.text(0.012, 1.6, r"\textbf{$t=-0.1$~GeV$~2$}", fontsize = 18)
plt.text(0.012, 1.2, r"\textbf{$\mu_R"2=\mu_F 2=2$~GeV$~2$}", fontsize = 18)
plt.xlabel(r"\textbf{$x$}")
plt.ylabel(r"\textbf{$H_u(x,\xi,t,\mu_R*2,\mu_F~2)$}")

plt.xlim(@.01, 1)

plt.ylim(-0.1, 5.5)

plt.xscale("log")

plt.plot(xl, H, c¢ = "red", linestyle = "-", label = r"\textbf{GK16 Model}")
plt.legend(fontsize = 18)

plt.show()
#plt.savefig("GK16_H.pdf")
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plt.show()
#plt.savefig("GK16_H.pdf")
plt.close()
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A python interface to APFEL++

@ Same strategy as for PARTONS

eoe [

PDF Drive

localhost

PEC VPNCEA GitHub

CEA email account

" Jupyter ApfelPy_example (autosaved)

File

B

+

Edit

Q

o

In

In

In

View Insert Cell Kernel Widgets Help
@ B 424 ¥ PRuin B C MW  Code | =
[1]: import numpy as np
import matplotlib.pyplot as plt
import MatplotlibSettings
import apfelpy as ap
import lhapdf as 1lh
[2]: # Initalise LHAPDF set
f = lh.mkPDF("CT18NNLO")
LHAPDF 6.5.3 loading /usr/local/Cellar/lhapdf/6.5.3/share/LK
CT18NNLO PDF set, member #0, version 1; LHAPDF ID = 14000
[3]: # Initalise APFEL++ according to the input LHAPDF set

# x-space grid
g = ap.Grid([ap.SubGrid(100,1e-5,3), ap.SubGrid(60,1e-1,3),

# Initial scale
mu@ = np.sqrt(f.q2Min)

# Vectors of masses and thresholds
Thresholds = [@, @, @, f.quarkThreshold(4), f.quarkThreshold

# Perturbative order
PerturbativeOrder = f.orderQCD

# Running coupling

a = ap.AlphaQCD(f.alphasQ(ap.constants.ZMass), ap.constants.
Alphas = ap.TabulateObject(a, 100, 0.9, 1001, 3)

# Initialize QCD evolution objects
DglapObj = ap.initializers.InitializeDglapObjectsQCD(g, Thre

# Construct the DGLAP objects
EvolvedPDFs = ap.builders.BuildDglap(DglapObj, lambda x, mu:

# Tabulate PDFs

TabulatedPDFs = ap.TabulateObjectSetD(EvolvedPDFs, 50, 1, 18

-
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The deconvolution problem

@ Gaven an arbitrarily large and precise set of data tor the Compton form factor
(CFF) Z and the convolution formula:

e - [ €T(€ - (u2)> H(z, & 1%) = [T ® H|(&, Q)

where T 1s perturbatively known to some fixed order and H 1s a GPD, can we
uniquely extract H? This often goes under the name of deconvolution problem.

@

¢

Since the dependence on x of the GPD is integrated over, one may superficially
expect that it 1s not possible to extract the GPD H uniquely.

@

While this argument has long been advocated and proven to tree level, 1t was
also believed that evolution ettects may provide a handle on H.

¢

Indeed, a general answer to this question (valid to any perturbative order and
scale) requires considering evolution effects provided by the solution of:

dH (z,&, u?)

o = Pe g )

Clearly, the evolution entangles x, &, and u* and may potentially allow one to
find a unique solution to the deconvolution problem. 27
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The deconvolution problem

In we have addressed the deconvolution problem
accounting for NLO corrections in T and evolution etfects for H.

The striking result of this paper 1s that 1t 1s possible to 1identity non-trivial GPDs
with arbitranly small imprint on the CFFs: the shadow GPDs.

This 1s the explicit proof that the deconvolution problem has no unique solution.

The shadow GPD is constructed in double-distribution (DD) space:

1+|y|
Hanadon (7, €) — / 13 / 4 6(z — B — €0) Fupaton (0, §)

1+|y|

Accounting for polynomiality of GPDs, we approximate Fg 4., a
m+n<N

Fshadow(&a 5) — Z Cmn&mﬁn

m evel

n odd
We then require that the CGFF at some scale vanishes as well as H(x,0) =0 1n a
way that it does not aftect the forward limit of the GPD (i.e. the PDF).

The final result 1s an underconstrained problem that admits infinitely many
solutions provided that the degree N 1s large enough. 28



The deconvolution problem

@ 'The effect of a possible shadow GPD on the GK model:

=0.1)

HU(+)(X, ‘S

0.5)

HU(+)(X, 6

@ Numerical results obtained with PARTONS interfaced to APFEL++, both

15

N\ == (GK model
I\ + NLO shadow

1 I | 1 1

I
0.0 0.2 0.4 0.6 0.8 1.0

= (5K model
+ NLO shadow

1 I I | 1 1

0.0 0.2 0.4 0.6 0.8 1.0
X

developed within the VA2 work package.
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The deconvolution problem

@ NLO CFF generated by a shadow GPD evolved from p§ = 1 GeV? to u? = 100 GeV*:

-

@ it scales quadratically with a,(u? = 100 GeV?) as expected,

@ itis O(107°), i.e. negligible w.r.t. a typical physical value.

le—5
0.4 4
Y 0.2 -
Q
O
S 0.0 -
—
I
o —0.2 -
—
T —0.4 - )
v s full Im NLO CFF .,
< u contribution %y
s —0.6 - o ,
= === or s contributions °,
g contribution "
_08 -
1 1 | | 1
0.00 0.05 0.10 0.15 0.20

as(u? =100 GeV?)

@ Numerical results obtained with PARTONS interfaced to APFEL++, both
developed within the VA2 work package.
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Light-hadron FFs at NNLO
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Light-hadron FFs at NNLO
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Numerical setup

The evolution kernels for unpolarised evolution that we have recomputed are now
implemented in APFEL++ and available through PARTONS allowing for LO

GPD evolution in momentum space.

The remarkable properties of the evolution kernels allowed us to obtain for the
first ime a stable numerical implementation over the full range 0 < § < 1:

@ first numerical check that both the DGLAP and ERBL limits are recovered,

@ first numerical check of polynomiality conservation.

Numerical tests mostly use the MMHT 14 PDF set at LO as an initial-scale set of
distributions evolved from 1 to 10 GeV for the first time 1n the variable-
flavour-number scheme, .c. accounting for heavy-quark-threshold crossing.

Tests have also been performed using more realistic GPD models such as the
Goloskokov-Kroll model based on the Radyushkin

double-distribution ansatz
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The ERBL limit

@ The limit § — 1 (kx — 1/x) we should reproduce the ERBL equation.

@ It1s well known that in this limit Gegenbauer polynomials decouple
upon LO evolution, such that:

Fon(w, o) = (1= 2)Cy/ " (2) = Fan(w,p) = exp | -

M _
[ dingias(| Fauo o

Ko

@ where the kernels Vz[g] can be read off, for example, from
or

@ We have compared this expectation with the numerical results for GPD
evolution by setting k = 1/x and using a Gegenbauer polynomial as an

initial-scale GPD.
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Conformal-space evolution

@ In order to check that LO GPD evolution (¢ # 0) in conformal space 1s
diagonal 1n a realistic case, we have considered the RDDA:

Hy(w.6,10) = [ d5dad (2~ 6~ €a) a(8)m(5,)

. Q2
with: ; .
3D 172 3 3((1—1[8])7 —a”)

r) = —= 1l —x (D, ) = —

We have evolved the 4th moment: 05 prrrrrorrr e e e ot /.jjlvG.V -
1 0.4 — _____________________________ —— n=2GeV :

Cr (&) =¢' / dx C; (g) Hy@&w) e o Gev
—1 /5_: ) :F \\\\—\ p = 100 GeV E

4

C

from py = 1 GeV using the (analytic)
conformal-space evolution and the _
(numerical) momentum-space £1.05 |
evolution. :

we found excellent agreement.



Ratio to APFEL++

APFEL vsS. Vlnnlkov S code

1.0 LO evolutlon from ,u,o =2 GeV to B = 10 GeV t = —0 1 G‘reV2 LO evolutlon from uo =2 GeV to p= 10 GeV t = —0 1 G‘reV2
E — &= 10_4 —— Vinnikov i : ]
0.8 .__ § - 3(5)5 _______ APFEL++ 0.8 | GK model B
: Y < [ &=107 ;
06 &=1 iio.ﬁ -—— ¢ =0.05 n
E GK model “~Z’ : £ = 0.5 -
0.4 |- E04F— ¢=1
I E§ [ —— Vinnikov
0.2 fo2f APFEL++
0.0 F . 0.0 |
+1.025 | i ] : ::::::_: :12: |
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1.000 — \ 211 5
0.975 Lo | . ELO: L
103 102 10~ 10° 103 102
xZr xIr
Excellent agreement between the — foereufonfonjp= 20 ton— DBV (=00 SV
0.20 -— &= 104 —— Vinnikov —
two code for & < 0.6. oo APPEL 1t
5015 222'5
Agreement deteriorates for £ 2 0.6: 5
< 0.10 |- GK mode
@ discrepancy larger for the singlets % 0.05
(~20%) than for the non-singlet (~1%b).
0.00 f
= . . . T1.2 ¢ I | ——
@ possible numerical instabilities of I —
Vinnikov’s code? 3 :
£1.0 o ooy R ‘3‘24
o “1° . 1073 102 1071 10°
@ Inability to check the ERBL limat. .



[ o
Polynomiality
@ GPD evolution should preserve polynomiality.

G

@ The following relations for the Mellin moments must hold at all scales:

1
/dw:can (2, &, 1) = ZA’“
0

n+1

1
/ dxx2”+1F+ (,&, 1) ZBk
0

G

@ Polynomiality predicts that the first moment (n = 0) of the non-singlet distribution
1S constant 1n .

The coefficient of the 2"+% term of the singlet (D-term) is absent in our initial
conditions and 1t 1s not generated by evolution, so that also the first moment of
the singlet is expected to be constant in ¢.

&

For the other values of 7 one can just fit the behaviour in ¢ and check that it

¢

follows the expected power law. 37



FFs at NNLO
NLO vs. NNLO

Bertone et al. [arXiv:2204.10331]

2.201 N

per point
= =
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-} Ot (-}
I I I

2
tot
=
DO
(S5
I

X
—
o
S

I

&

-J

O
I

0.501

® While both MAPFF1.0 and BDSS confirm that COMPASS high-Q data is better
described by NNLQO, it 1s not clear as yet where NNLO starts doing better than NLO.

s 42,95

NLO (unc)
- NLO (corr)
NLO

NNLO (unc)
NNLO (corr)
NNLO

Borsa ¢t al. [arXiv:2202.05060]

12.00

11.75

711.50

11.25

711.00

70.75

10.50

Experiment|| Q° > 1.5GeV~ Q° > 2.0GeV~ Q° > 2.3GeV~ Q° > 3.0GeV*
#data NLO NNLO|#data NLO NNLO |#data NLO NNLO |#data NLO NNLO
SIA 288 1.0 0.96 288 0.91 0.87 288 0.90 0.91 288 0.93 0.86
COMPASS 510 0.98 1.14 456 091 1.04 446 0.91 0.92 376 0.94 0.93
HERMES 224 2.24 2.27 160 2.40 2.08 128 2.71 2.35 9% 2.75 2.26
TOTAL 1022 (1.27)(1.33)| 904 (1.17)(1.17)| 862 (1.17)(1.13 760 (1.16) (1.07)]
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Reconstructlng GTMDs

We can evolve F}’ L | to any scale by solving the evolution equations:

-

@ O(a) matchmg functlons allow us to reach NNLL accuracy. Anomalous dimensions (that
coincide with the TMD ones) need to be evaluated accordingly.

@ LExtrapolation to large | b, | 1s obtained a la GSS, w.e. by means of a b« prescription:
b\ 3
b.(br) = L (_ 2 )
o\ e (CH)

@ and introducing an appropriate non-perturbative function fyp. The final result 1s:

Fy§(z, & br,t,1,C) = Cij(x, 5, by, i, , 1) @ (1 — ) Hj(z, &t ) — E2Fj(, &, t, iy, )]

X Ri [(14,€) = (b, 143,)]

< fxe(@,br, (1—€7)0)
@ |he evolution operator (or Sudakov form factor) is given by:

L VA=),

b, by

R; _eXp{K (b*alub )

V(- £2><} }

{wz(o&s(u’)) —prcals () I Y

@ linally the G'I'MDs 1n k; space are obtained by inverse Fourier transform:

1,6 1 >
Flzl(xaga kTatnu)C) — %/ de bTJO(kaT) (aj 6 bTat M?C)
0
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Reconstructing GTMDs
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Reconstructing GTMDs

GK model + PV19 + NNLL
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