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What is the structure of the nucleon?




What about the spin?

1D 3D

Transverse Momentum Dependent

Collinear PDF — distributions
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Unpolarized TMD extractions

Accuracy SIDIS DY /Z production N of points X2/Ndata
JHEFf:ac\)/eisetzzo?l)? 081 NLL v v V4 8059 1.55
JHEPS(XS %2%12%) 137 NSLL ‘/ V V 1039 1.06
i NeLL V4 v v 2031 1.06

JHEP 10 (2022) 127

still missing an important ingredient...




Flavor separation Is a
fundamental step to fully explore
nucleon structure

Flavor dependence of unpolarized quark Transverse Momentum Distributions from a global fit
A. Bacchetta, V. Bertone, C. Bissolotti, G. Bozzi, M. Cerutti, FD, M. Radici, L. Rossi, A. Signori

MAP Collaboration JHEP08(2024)232
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https://doi.org/10.1007/JHEP08(2024)232

Transverse Momentum Distributions

3-dimensional map of the

. Features:
internal structure of the nucleon . . . .
(in momentum space) Universality: same function, multiple processes
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Transverse Momentum Distributions

3-dimensional map of the Features:

internal structure of the nucleon Universality: same function, multiple processes

(z, P1r) dependence

h 02 energy scale evolution
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TMD formalism: factorization
SIDIS multiplicities

TMD FF

photon

TMD PDF

Bacchetta, Diehl, et al., JHEP 02 (2007)

Fuyr(x.zpup P, Q) = x Z H ZU,T(Qza ) szkldzplf h (ki; uH DMz, PL uH)6P(zk, — Pyr+ P))

+ Yy (0% Pr) + O(M*/Q%)

o The W term dominates in the region where gr «Q

W Term



TMD formalism: factorization

DY cross section

Py phakan TMD PDF's
Proton S kal QT
o antiquark
” Proton
Py

In 61% < 0% and M?* <« 0° region:

Foy(za, 28,97, Q) mACCBHDY(Q;M)ZCa(QZ)/d\bT\\bTUo(MTHbTfo(ﬂ?A,chr;M, Ca)f} (xB,b7; 11, ()

a

W term

Arnold, Metz and Schlegel, Phys.Rev.D 79 (2009) 10



https://inspirehep.net/literature/796530

TMD factorization: TMD components

TMD in Fourier space b.-prescription

A 2 . ibr-k 2
F(x, b7 1, C) = / (QW)QQ T B (x, kY, Q) Collinear extractions

Perturbative TMD at the initial scale

. [ ﬂ'}
Perturbative X exp § K (b4 pp, )|In | — — x|ln — B
K G ¥+ [ ) Y

Evolution to final energy scale of the process

X|fnp(x,bT)exp {gK(bZT) = \\/é}

Non-perturbative part of the TMI\/ Parametrization
10 BE FITTED

Collins, “Foundations of Perturbative QCD”
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Nanga Parbat: a MAP fit framework

00 README 33 GPL-3.0 license

Nanga Parbat: a TMD fitting framework

Nanga Parbat is a fitting framework aimed at the determination of the non-perturbative component of TMD
distributions.

Download

You can obtain NangaParbat directly from the github repository:

https://github.com/MapCollaboration/NangaParbat

12



Our starting point: MAPTMD22 Fl global fit

SIDIS
. DY tixed target
fl t .
avor independen Y collider
Global fit: DY + SIDIS 10— ——————
2031 data points | R :
104 - - ey iy | — i — // =_
; LTI LY T
DY data | -
%100 |
8 — E605 :
—_  — ET772
SIDIS data % 10° F — s1an
. —— PHENIX
1547 o /
- ATLAS
- —— HERMES
COMPASS
10~° 10~4 10~ 102 10~1 10Y

Perturbative accuracy: N3LL— T



MAPTMD22 parametrisation

k] k] Gl
fine(z,b7)|oc F.T. of (6 714 + \pkte 915 4+ \ge 910)
)

xr) =N - ~
p2 P2 gl( ) : ( _x)oz ¢
Dinele )T of (675 + Aokl
(27 +0)(1 —=2)"
g3(2z) = N3 :
, b2, (29 +0)(1 —2)"

JK (b?r) — —Js 1

11 parameters for TMD PDF

+ 1 for NP evolution + 9 for TMD FF
= 21 free parameters

14



MAPTMD22 summary

Global fit of DY and SIDIS data: 2037 data points

Normalization of SIDIS multiplicities beyond NLL

Number of fitted parameters: 21

Perturbative accuracy: N3LL-

Really good description:

7 /Ny, =1.06

15



MAPTMD22 improvement: MAPTMD24

* Global fit of DY and SIDIS data: 2037 data points — Same data sets

* Normalization of SIDIS multiplicities beyond NLL — Same approach

_, Same parametrisation

* Number of fitted parameters: 271 96 (but flavour dependent)

JHEP08(2024)232

16



MAPTMD24 flavor parametrization

Negative fragmenting mesons:
charge conjugation

u,d
_ = u— K", ...
iu,d u—a, ... ’
— +
s—> KT, ...
s (sea) d—nt, ... ’

d— K, ...

(10x5) parameters for TMD PDF
+ (9x5) for TMD FF

+ 1 for NP evolution
= 96 free parameters 17




MAPTMD24 extraction - Results

N°LL
Data set Naat | XD | X5 | X6
DY collider total 251 | 1.3710.28 | 1.65
DY fixed-target total| 233 | 0.63 | 0.31 | 0.94
HERMES total 344 | 0.8110.24 | 1.05
COMPASS total 1203 | 0.67 | 0.27 | 0.94
SIDIS total 1547 | 0.70 | 0.26 | 0.96
Total 2031|0.81|0.27(1.08

1 =3+ )

2405.13833

y*IN, = 1.08
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MAPTMD24 - Results

HERMES total

N°LL
Data set Naat | XD | X5 | X6
DY collider total 201 [1.37]0.28 | 1.65
DY fixed-target total| 233 | 0.63 | 0.31 | 0.94
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Total 2031 /0.81/0.27|1.08

2405.13833
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MAPTMD24 - Results

Data set

DY collider total

201 [1.370.28 | 1.65

DY fixed-target total| 233 | 0.63 | 0.31 | 0.94

HERMES total

COMPASS total

SIDIS total

Total

2031(0.81|0.27(1.08

2405.13833

SIDIS data: really good agreement

21



MAPTMD24 - Results

DY fixed-target total
HERMES total

| N°LL
Data set Naat | X5 X’f\ %
DY collider total 201 | 1.370.28 | 1.65

COMPASS total

SIDIS total

Total

1.08

E288 E772 E605

DY fixed: still really good agreement

2405.13833
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MAPTMD24 - Results

| N°LL
Data set Naat | X5 | X3 | X3

DY collider total

DY fixed-target total

HERMES total

COMPASS total

SIDIS total

Total 2031(0.81|0.27(1.08

DY collider: quite good agreement

2405.13833
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X
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MAPTMD24 - Results

Data set Naat | X5 | X3

X0

DY collider total

DY fixed-target total
HERMES total

COMPASS total

SIDIS total

Total 2031 |0.81(0.27

1.08

DY collider: quite good agreement

2405.13833
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MAPTMD24 - Results
Flavor-dependent unpolarized TMD PDFs
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MAPTMD24 - TMD PDF
The up quark is the

The sea is the least constrained most constrained

1.4
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Very different k- behaviours! also x-dependent
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MAPTMD24 - TMD FF

The favored is better constrained than the unfavored one
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MAPTMD24 - TMD FF
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Strong differences between different hadron fragmentations

28



MAPTMD24 evolution - Collins-Soper kernel

0.8
MAP22
MAP24FI Independent of our
0.6 MAP24HD non-perturbative choices
MAP24FD
o pn =2 GeV

Quite flat behaviour

Compatible with latest
lattice calculation
PLB 852 (2024) 138617
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MAPTMD24 - Scatter plots

0.50 Q=1 GeV
7z — 0.5
0.45 x = 0.1
® -+
0.40 4
. K+
0.35 n e u
/: N d
o — 0.30 | D u
e Jd
=~ 0.25 . _
S
0.20 el
0.15 . I | e R Y iR o
0.1 0.2 0.3 0.4 0.5 0.6 0.7

(k7 )r
Evidence of different behaviors for different flavors

Evidence of different behaviors for different measured hadrons
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Conclusions

The extractions of unpolarized quark TMDs through global fits have reached very

high accuracy (NNNLL), we need to introduce flavor dependence to obtain good
theory/data agreement, especially with future, more precise experiments (EIC)

MAPTMD24 is the first simultaneous extraction of flavor-dependent
unpolarized TMD PDFs and FF through a global fit

We observed significant differences between the flavors in the TMD PDFs.

We observed significant differences between different final hadrons in the
TMD FFs.

We are finding a weak signal between different flavors in the same final hadron.
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