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= | VA2-Virtual Access to 3DPartons (3DPartons)

Virtual Access

3DPartons gives access to open-source code necessary for high precision phenomenology in the field of 3D hadron

structure, with a specific emphasis on generalized parton distributions (GPDs) and transverse momentum dependent
parton distributions (TMDs).

@ Discussed in this talk:

<

?
?
?

?

The deconvolution problem: extracting GPDs from Compton form factors
The evolution of GPDs

Extracting TMDs from data

Extraction of light-hadron fragmentation functions to NNLO

Reconstructing generalised TMDs (GTMDs) to high accuracy
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The deconvolution problem

Given an arbitrarily large and precise set of data for 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. 3
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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. 4



The deconvolution problem

@ The effect of a possible shadow GPD on the GK model:
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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.
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@ Numerical results obtained with PARTONS interfaced to APFEL++, both
developed within the VA2 work package.
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GPD evolution

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

Fym(z, & A%) = \/@/ ety <P_A ¢ ( )ﬁ% (_—) P+A> . A+
9= s () e (2 a
q/foAA g/ngAA

P+ A

3

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

F_:Fq/H F/H

dF=(z, &, 1) Cdy o &N ny
dIn 112 _/x yP ( x)F (y’g’LL) F+(21FQ/H+FQ/H)

Fg/H

3

@ In we have (re)computed the one-loop evolution kernels

9+ and provided a public implementation in PARTONS through APFEL++. ,



GPD evolutlon

1.0 LO evolutlon from po = 1 GeV to n = 10 GeV LO evolution from pug =1 GeV to p = 10 GeV
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LO evolution from pg =1 GeV to p = 10 GeV
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@ GPD evolution may significantly ~ Zo.10
B

deviate from DGLAP evolution.
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T'he evolution generates a cusp at
x = & but the distribution remains
continuous at this point.
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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
— T 1 T T T T T T T T

LO evolution from py =1 GeV to u = 10 GeV
— T 1 T T T T 1 T T

| | | | | |
n ) n+1
oL ® n=0 - Fit with f(¢) = ) A% ® n=0 - Fit with f(§) = )  Bi*
- _ i 0 i—
- ® n=1 MMHT2014l068cl =0 107 ® n=1 NMHT20141068cl =0
e n=2 L & n=2
=) 000--0-—-0--—-—— -0-------- @& ------—-—-- e *----® 2
< 0 w 000--0---0------- -@-------- @ ---——----- ®--——------ *----@
e : L
ol 5 107
& ----® A -®
T . I o«
8 e adll N -7
T 1 S A —
'.6 10 _______ .,——‘— .— ”””” . 'U ——.— ——————— .— ”.
— e0o--¢--- " - o ”‘: o0 0-0-—-0 """ Y oal
ff”.’”’ ] o« ]
e oz T
" C W Sand
10—2 | @@ o S

ooe 0000 0" g

] ] ] | I ] ] ] ] ] | I ] ] L ] ] ] ] ] ] ]

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

@ 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.
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TMD extractions (1)

? (Just accepted for publication in JHEP) we have carried out a
gZObal extraction of unpolarised TMD PDFs of the proton and TMD FFs of
light hadrons from Drell-Yan and SIDIS data at N3LL accuracy.
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@ A total of 2031 fitted data points (comparable to a fit of PDFs).

@ Lxtraction performed using the NangaParbat framework. i



- TMD extractions (1)

@ A generic cross section in TMD factorisation 1s computed as:

d . !
é x H(Q) / dbr by Jo(qrbr) FD (21, by, Q) F® (24, br, Q) + O (%)
0

@ Limited to g; < Q. The single TMD reads:
F(z,br,Q) = fne(z,br, Q)R(Q < 1/b.(br))[C @ fl(x,1/b4(br))

with b.(b;) — b, ~1 GeV and b.(b;) — O.
b

br— o —0

@ Determine the fyp's (one for TMD PDFs and one form TMD FFs) from data:

¢

b2 2 b
gi(x)e 91 (@) 4 )2 g35(x) [1 — ng(a:)bTT] e80T 4 A2 g0 (z) e ro(@) T 9k (br)

Q 2
g1(x) + A2 g7p(x) + A5 g1c(2) 3>

b2 5 b2
93(56) 6_93@)433—2; + 23_12? g%B (;(j) [1 — 93B (ﬂf)%] e I3B (Z)%—TQ Q 9K (b1)

gs(x) + 2% g3 (x) (Q%

fap" (@b, Q) =

flgg(xabTaQ) —

271,233 (1 — 33>a%1’2’3} (P02 4 5%1,2})(1 — 33)7%1’2}

9{1,13,10}(33) = N{1,1B,10)} 2 9{3,33}(33) = Ny¢3.3B)

79{1,2,3} (1 _ j)a{1,2,3} (j\jﬁ{l,Q} + 52

2 (1= )T

@ A total of 21 free parameters. Excellent fit quality y*/N, £ = 1.06. 12
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TMD extractions
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TMD extractlons (1)
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TMD extractions (1
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TMD extractions (2)

An analogous technology can be used to extract the TMD PDFs of the pion.

?
@ We again used NangaParbat to extract these TMDs and published the result

11
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@ Only 3 free parameters.
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TMD extractions
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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).
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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. '8



Light-hadron FFs at NNLO

@ All fitted FFs are parameterised using a single NN:

?

&

¢

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

3\

D Dy +(z, Qo)
A Y 2) D7 (z, Op)

S ) 3D (0

- 4) Df+(Z, QO) — D§T+(Z, Qo)
5) D (z,Qp) = DX (z, Q)
6) Dg+(Z, Qp) = Dng(Z, Qo)
7) D} (z, Q)

N
-
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> oSOV RS R CSRCENY Ldilg EiiCd CEEARSY UeP AN i oly)
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We exploit the ability to compute the analytic derivatives of any NN w.r.t. its
free parameters using the NNAD library.

This enormously simplifies the task of the minimiser in that the gradient ot the y?
can be computed analytically (as opposed to numerical or automatic derivatives).



Light-hadron FFs at NNLO
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Light-hadron FFs at NNLO
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Light-hadron FFs at NNLO
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Reconstructlng GTMDs

(recently accepted for publication in EPJC) I have computed the so-
called G'TMD matching functions at one-loop accuracy.

The unpolarised GTMD correlator can be decomposed as:
1 _ ;o dokTh o goATn o jgkTAr
Fi/H = Q—MU(Pout) [ 1,1 T —p e + —p 113 + iVE 1,4] u(Pin)

Each function Fj , is complex and can be decomposed into a real and an imaginary part:
L= F ARy, Fii Fy7eR
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)]

bT 0 xXr
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. 5



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:
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o
Conclusions
@ The VA2 work package (3DPartons) has worked 1in full swing:

@ many relevant physics results (only a selection involving myself mentioned here),

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

@ existing codes are being interfaced to create a seamless framework (see the example of
PARTONS - APFEL - LHAPDF),
@ most of the involved codes are written in C++, that guarantees performance, modularity,

and maintainability, also python wrappers are being developed
@ APFEL and LHAPDF have a python interface and one 1s being developed also for PARTONS.

@ These developments are having a tangible impact on different experimental physics

programmes:
@ the determination of the I/ mass at the LHC,
@ the preparatory work in view of the EIC,
@ physics at JLab,

|}
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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 (x — 1/x) we should reproduce the ERBL equation.

@ Iti1s well known that in this limit Gegenbauer polynomials decouple
upon L.O 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.



Polynomiality

10 LO evolution from gy = v/2 GeV to p = 10 GeV
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@ First moment for both singlet and non-singlet is indeed constant in ¢:

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

-

s

@ B

n

.1 1In the singlet 1s consistently found to be compatible with zero (no D-term)

Second and third moments follow the expected law:

including odd-power terms 1n the fit gives coethicients very close to zero.
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Ratio to APFEL++

APFEL vsS. Vlnnlkov S code
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[ 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. 34



FFs at NNLO
NLO vs. NNLO

Bertone et al. [arXiv:2204.10331]

2.201 N

per point
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® 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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