EXTRACTION OF FLAVOR DEPENDENCE
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Flavor separation Is a
fundamental step to fully explore
nucleon structure
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Transverse Momentum Distributions
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TMD formalism: factorization

hadron
SIDIS p
TMD FF .
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Bacchetta, Diehl, et al., JHEP 02 (2007)

Fuyr(x. 2 pp, Prp, O%) = X Z H gU,T(Qza ) szkldzpif 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

O The Y term has been excluded in the MAP analysis

W Term



TMD formalism: factorization
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Py photon TMD PDFs
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In 61% < 0% and M?* <« 0° region:
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Arnold, Metz and Schlegel, Phys.Rev.D 79 (2009)
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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”




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




Available global fits

DY + SIDIS

Flavor independent

Accuracy Ndata X2/Ndata
PV 17
NLL 8059 1.55
Bacchetta, Delcarro et al.
JHEP 06 (2017)
SV 2019
NSLL- 1039 1.00
Scimemi, Vladimirov
JHEP 06 (2020)
MAPTMD22
NSLL- 2031 1.06

Bacchetta, Bertone et al.

JHEP 10 (2022)




Our starting point: MAPTMD22 Fl global fit

Flavor independent 10° ¢
Global fit: DY + SIDIS | )
104 - - 7 === 7/ =_
; LT TILL DY T
2031 data points > 10 ;
O, [ & f
DY data NQ’ 102 _: ]SE%SASR ;
. —— PHENIX .
484 = £ =
10' gﬁ%b E
SIDIS data P ?
1547 leowess o LT
107° 10— 103 102 101 10°



MAPTMD22 FI global fit

20371 data points 12

Perturbative accuracy: N3LL - M

4
NSLL 3 3 4 N3LO
[Bacchetta, Bertone, Bissolotti, et al., JHEP 07 (2020) ]J PDF: M M HT201 4 nn IO l

TMD handbook, Boussarie, et al., 2023

FF: DSS14-17 NLO
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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
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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
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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: 217 (Still flavour independent)

JHEP08(2024)232
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MAPTMD22 improvement: MAPTMD24

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

* Normalization of SIDIS multiplicities beyond NLL — Same approach

* Number of fitted parameters: 27 — Same parametrisation

PopF: MMHT2014nnlo — NNPDF31NNLO

o Perturbative accuracy: full NSLL
4 FF: DSS14-17 MAPFF10NNLO

R. Abdul Khalek, V. Bertone, E. R. Nocera et al., PLB 834 (2022) 137456
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MAPTMD22 improvement: MAPTMD24

Global fit of DY and SIDIS data: 20317 data points — Same data sets

Normalization of SIDIS multiplicities beyond NLL — Same approach

Number of fitted parameters: 21 — Same parametrisation

porF: MMHT2014nnlo NNPDF31NNLO

Perturbative accuracy: full N3LL
4 FF: DSS14-17 —> MAPFF10NNLO

Not as good description: %Z/Ndata =1.40
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MAPTMD22 improvement: MAPTMD24

Global fit of DY and SIDIS data: 20317 data points — Same data sets

Normalization of SIDIS multiplicities beyond NLL — Same approach

Number of fitted parameters: 21 — Same parametrisation

porF: MMHT2014nnlo NNPDF31NNLO

Perturbative accuracy: full N3LL
4 FF: DSS14-17 —> MAPFF10NNLO

- 2 _
Not as good description: Y / Ndata =1.40 Improved

framework
but worse
description. WHY?
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MAPTMD* x2 comparison

. 2 /Ndata
TMD collinear X
extraction configuration DY SIDIS Total
MAPTMD22 MMHT+DSS 1.66 0.87 1.06
MAPTMD24 FI NNPDF+MAPFF 1.58 1.34 1.40

16



MAPTMD® x2 comparison

TMD
extraction

MAPTMD22

collinear

configuration

MMHT+DSS

DY

1.66

MAPTMD24 FIi

NNPDF+MAPFF

X2 /Ndata

Total

1.06

1.40
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MAPTMD® x2 comparison

TMD
extraction

collinear
configuration

MAPTMD22 MMHT+DSS

DY

1.66

MAPTMD24 Fli NNPDF+MAPFF

SIDIS: convolution of TMD PDF x FF

18

X2 /Ndata

Total

1.06

1.40




MAPTMD® x2 comparison

TMD
extraction

MAPTMD22

collinear

configuration

MMHT+DSS

DY

1.66

MAPTMD24 FIi

NNPDF+MAPFF

SIDIS: convolution of TMD PDF x FF

MAP24 FI
. MAP22

Q =2 GeV
z = 0.6

0.

4 0.
|P.| [GeV]

6

X2 /Ndata

Total

1.06

1.40




MAPTMD® x2 comparison

TMD
extraction

collinear
configuration

MAPTMD22 MMHT+DSS

1.66

MAPTMD24 Fli NNPDF+MAPFF

SIDIS: convolution of TMD PDF x FF

X2 /Ndata

Total

1.06

1.40

MAPFF1.0nnlo
* NNLO

* NN approach

* new behavior

e smaller uncertainties
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MAPTMD® x2 comparison

TMD collinear

extraction configuration

MAPTMD22 MMHT+DSS

1.66

MAPTMD24 Fli NNPDF+MAPFF

SIDIS: convolution of TMD PDF x FF

- MAP24 F1
| - MAP22

Q =2 GeV
z = 0.6

X2 /Ndata

Total

1.06

1.40

MAPFF1.0nnlo
* NNLO

* NN approach

* new behavior

e smaller uncertainties
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MAPTMD24 collinear configurations

Data set Nyt X(Z) /N gat
DY collider total 251 2.14
Dy fixed target total | 233 0.68
HERMES total 344 2.72
COMPASS total 1203 0.99
SIDIS total 1547 1.38
Total 2031 1.40
NNPDF + MAPFF

2405.13833
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MAPTMD24 collinear configurations
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Data set Ngax Xg /Ngat
DY collider total 251 2.06
Dy fixed target total | 233 1.24
HERMES total 344 0.71
COMPASS total 1203 0.92
SIDIS total 1547 0.87
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MMHT + DSS (MAP22)
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MAPTMD24 collinear configurations

2405.13833

Data set Nyt X(Q) /Ngat
DY collider total 251 2.14
Dy fixed target total | 233 0.68
HERMES total 344 2.72
COMPASS total 1203 0.99
SIDIS total 1547 1.38
Total 2031 1.40
NNPDF + MAPFEF
Data set Ngat X(Q)/ Ndat
DY collider total 251 2.43
Dy fixed target total | 233 0.75
HERMES total 344 0.95
COMPASS total 1203 0.88
SIDIS total 1547 0.90
Total 2031 1.07
NNPDF + DSS

Compatible

Data set Ngax Xg /Ngat
DY collider total 251 2.06
Dy fixed target total | 233 1.24
HERMES total 344 0.71
COMPASS total 1203 0.92
SIDIS total 1547 0.87
Total 2031 1.06
MMHT + DSS (MAP22)

20



MAPTMD24 collinear configurations
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MAPTMD24 collinear configurations
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MAPTMD24 collinear configurations
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MAPTMDZ24: included processes

Drell-Yan

e+p—o>e+at+X
e+p—-e+n +X
e+p—oe+K"+X
e+p—->e+K +X

+ D target

D target, unidentified final state h

qq In the initial state
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MAPTMDZ24: included processes

Drell-Yan

e+p—o>e+at+X

e+p—o>e+n +X HIGH sensitivity to
A + D target

e+p—o>e+K +X flavor dependence

e+p—->e+K +X

D target, unidentified final state h

LOW sensitivity to
flavor dependence

qq In the initial state
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MAPTMD24: need for flavor

Statement: introducing new FFs highlighted a tension between
theory and SIDIS data.

A possible solution is to introduce flavor dependence

25



MAPTMD24 flavor parametrization

@0
@

u,d
_ 3 u—nt, ...
iu,d ’
_|_
s (seaq) d—n", ...

Negative fragmenting mesons: charge conjugation
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MAPTMD24 flavor parametrization

Same parametrisation as MAPTMD2? but...

P

PDF: 5 sets of parameters

u,d, u,d, sea

FF: 5 sets of parameters
favored and unfavored pion fragmentation,

favored, unfavored and s-quark kaon fragmentation

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

+ 1 for NP evolution
= 96 free parameters

27



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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0.12 < x < 0.2 0.2 <x <0.35 0.35 < x <0.6

MAPTMD24 - Results Fos I 1 I i
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MAPTMD24 - Results

HERMES total

N°LL
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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
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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

| N3LL
Data set Ndat X%) Xi X(Q)

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

Tevatron

CMS

Atlas

LHCb

STAR 510

PHENIX 200
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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

[} - ATLAS
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MAPTMD24 - Results
Flavor-dependent TMD PDFs
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MAPTMD24 - TMD PDF
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MAPTMD24 - TMD PDF
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MAPTMD24 - TMD PDF
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MAPTMD24 - TMD PDF
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MAPTMD24 - TMD PDF
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MAPTMD24 - TMD PDF
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MAPTMD24 - TMD PDF
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MAPTMD24 - TMD PDF

The ug up quark is the

| T he sea is the Ieast constramed k‘ \most constrained
1.4 : —

| Q=2 GeV U Q =2 GeV u
x = 0.1 e d d
e d d
o f1(z,k%,Q,Q%) 7] U
| 71(0,Q.@) ; ;
.
0.2 ; \ \
90.00 025 050 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 050 075 1.00 1.25 1.50 175 2.00

k1| [GeV] k.| [GeV] k1| [GeV]
‘ Very dlfferent k. 1- behawours’ n*’ —»
T — S— 36

2405.13833



MAPTMD24 - TMD FF
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MAPTMD24 - TMD FF
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MAPTMD24 - TMD FF
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MAPTMD24 - TMD FF
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MAPTMD24 - TMD FF
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MAPTMD24 - TMD FF
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MAPTMD24 - TMD FF

ZD1(Z9 P?,Q, Qz)
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MAPTMD24 evolution - Collins-Soper kernel
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MAPTMD24 evolution - Collins-Soper kernel
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MAPTMD24 evolution - Collins-Soper kernel
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MAPTMD24 evolution - Collins-Soper kernel
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MAPTMD24 evolution - Collins-Soper kernel
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Quite flat behaviour

Compatible with latest
lattice calculation
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MAPTMD24 - Scatter plots
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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

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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