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TMD factorization: SIDIS

Semi-Inclusive Deep-Inelastic Scattering

If Q* > M? and Q* > ¢ (Pir)

proton

Fyur(z, 2, )], Q) = HSIDIS Q) Y e / d|br||br|Jo (Ibrllar]) fi(x, b2 1, Ca) DY (2, 0%; 1, CB)
a=q,q

+Yyu (0% PLy) + O(M?*/0?)

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



TMD factorization: SIDIS

Semi-Inclusive Deep-Inelastic Scattering

If Q* > M? and Q* > ¢ (Pir)

TMD PDF
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TMD factorization: SIDIS

Semi-Inclusive Deep-Inelastic Scattering

If Q* > M? and Q* > ¢ (Pir)

TMD FF

TMD PDF

x o0 « A
Fyur (.2 lqr.Q) = o HYP15(Q.p) Y e / dlbr||br|Jo(1brllar]) fi (@, b7; s Ca) DI (2, b7 1, )
a=q,q

+Yyu (0% PLy) + O(M?*/0?)

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

© The Y term has been excluded in the analysis
Bacchetta, Diehl, et al., JHEP 02 (2007)
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TMD factorization: Drell-Yan

Drell-Yan processes
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Structure of a TMD

TMD in Fourier space
- d’k
Pla by ¢) = [ 505

(2)?

e’k F(z, kT 5 1, €)

J. Collins, “Foundation of Perturbative QCD” 9



Structure of a TMD

TMD in Fourier space

. Pk,
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Structure of a TMD

TMD in Fourier space

. Pk,
F(x,b%;u,C)zf(%;;ebT “LF (@, kY5 0, Q)

b,-prescription

R 5 ) .
fi (@, b p, ¢) = ZCq/j(fEab*;Mb*aMb*) ® fi(w, o, ) L A
J
Perturbative TMD at the initial scale

J. Collins, “Foundation of Perturbative QCD” 9



Structure of a TMD

TMD in Fourier space

Pk, .
F(‘/B bT?M?C) — / (QW)JéebT kLF(xakivua C)

b,-prescription

f{](xab%;ﬂa Z Q/J L b*?ﬂb*alul%*)@fi?(xaﬂb*) A

Perturbative TMD at the initial scale
Hod
xexp{K(b*;,ub ln—-l—/ 'LL [F—’YKID\,L/L—/Z]} : B
Kb,

Evolution to final scale (of the process)

J. Collins, “Foundation of Perturbative QCD” 9



Structure of a TMD

TMD in Fourier space

Pk, .
F(‘/B bT?M?C) — / (QW)JéebT kLF(xakivua C)

b,-prescription

f{](xab%;ﬂa Z Q/J L b*;/lb*,ﬂ%*)@ff(af,/ﬁb*) A

Perturbative TMD at the initial scale
Hod
xeXp{K(b*;,ub ln—-l—/ 'LL |:F—’YKID\’L/L—/Z:|} : B
Kb,

Evolution to final scale (of the process)

% fvp(x, b2) exp {QK(”?F) " %}

Non-perturbative part of the TMD

J. Collins, “Foundation of Perturbative QCD” 9



Structure of a TMD

TMD in Fourier space
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Structure of a TMD

TMD in Fourier space

F(x bTa:u?C) — / (27T)26 bT kLF(xakQJMa ¢) Collinear extractions
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Structure of a TMD

TMD in Fourier space

F(x bTa:u?C) — / (27T)26 bT kLF(xakQJMa ¢) Collinear extractions

/ b,-prescription
f{](ﬂf,b?p,u,(:):Zcq/](af,b*,/ib*,ﬂg*)@ A

J
Wtive TMD at the initial scale

v d,u
Perturbative X exp {K(b*7 Mb Tl — —|— / { ln —} } ‘B
iy, . .

Evolution to final scale (of the process)
b2 b2 ] \/Z
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™MD factorization: Universality

Drell-Yan
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Available TMD fitting frameworks

https.//github.com/MapCollaboration/NangaParbat

README.md

https://teorica.fis.ucm.es/artemide/

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

For the last development branch you can clone the master code:

git clone git@github.com:MapCollaboration/NangaParbat.git

arTeMiDe

News

12 Dec 2019: Version 2.02 released (+manual update).

23 Feb 2019: Version 1.4 released (+manual update).

21 Jan 2019: Artemide now has a repository.

Archive of older links/news.

Download

Recent version/release can be found in repository

Articles, presentations & supplementary materials

A

Extra pictures for the paper arXiv:1902.08474

Seminar of A.Vladimirov in Pavia 2018 on TMD evolution.

Link to the text in Inspire.

Archive of older links/news.

About us & Contacts

If you have found mistakes, or have suggestions/questions,
please, contact us.
Some extra materials can be found on Alexey's web-page

Alexey Vladimirov Alexey.Vladimirov@physik.uni-regensburg.de

Ignazio Scimemi ignazios@fis.ucm.es




Available Global Fits

Accuracy SIDIS DY N of points X2/Ndata
Pavia 2017 NLL 4 4 8059 1.55
Bacchetta, Delcarro, et al.,
JHEP 06 (2017)
SV 2019 NBLL" v v/ 1039 1.06
Scimemi, Vladimirov,
JHEP 06 (2020)
MAPTMDZ22 _
NSLL v v 2031 1.06

Bacchetta, Bertone, et al.,
JHEP 10 (2022)
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MAPTMD?22 global fit

® Global analysis of Drell-Yan and SIDIS data sets: 20371 data points

® Perturbative accuracy: N°LL~

e Number of fitted parameters: 21

® Extremely good description: y*/N,,.. = 1.06

MAP Collaboration, JHEP 10 (2022)
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Differences in recent global fits

MAPTMD22 vs SV19
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Differences in recent global fits

MAPTMD22 vs SV19

® (riteria of data selection

2031 VS 1039 Included data

® |mplementation of TMD evolution

CSS framework vs zeta-prescription

e Nonperturbative parameterization

Gaussian + wGaussian vs complicated function

11



MAP22: included data sets
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MAP22: included data sets
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MAP22: Collinear input

Perturbative TMD at the initial scale

ff(aj?b%vua C) — ZCC]/](ajab*mub*mug*) & f‘f(il?,,ub*) A

J
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Perturbative TMD at the initial scale

ff(wab%nuaC) :ZCC]/](xab*nub*mug*)@M A

J

Collinear distributions
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MAP22: Collinear input

Perturbative TMD at the initial scale

ff(wab%nuaC) :ZCC]/](xab*nub*mug*)@M A

J

Collinear distributions

Input for PDFs: MMHT2014

MMHT14 NNLO, Q* = 10 GeV?

zf(z, Q%) ]
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0.0001 0.001 0.01 0.1 1
x

Harland-Lang, Martin, Motylinski, Thorne, EPJ C 75 (2015)



MAP22: Collinear input

Perturbative TMD at the initial scale

(o Bri ) = 3 o i) (o)

J

Collinear distributions

Input for PDFs: MMHT2014

MMHT14 NNLO, Q* = 10 GeV?

zf(z, Q%) ]
1 -
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0 e e B :
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Harland-Lang, Martin, Motylinski, Thorne, EPJ C 75 (2015)
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De Florian, Sassot, Hepele, Hernandez-Pinto, Stratmann, PRD 91 (2015)
De Florian, Hepele, Hernandez-Pinto, Sassot, Stratmann, PRD 95 (2017)
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MAP22: NP parametrization

Fav(, B2) exp gK<b%>1n%

Bacchetta, Gamberg, Goldstein, et al., PLB 659 (2008)
Bacchetta, Conti, Radici, PRD 78 (2008)

Pasquini, Cazzaniga, Boffi, PRD 78 (2008)
Matevosyan, Bentz, Cloet, Thomas, PRD 85 (2012)
Burkardt, Pasquini, EPJA (2016)

Grewal, Kang, Qiu, Signori, PRD 101 (2020)
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MAP22: NP parametrization

Bacchetta, Gamberg, Goldstein, et al., PLB 659 (2008)
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€T b eX b ln _— Pasquini, Cazzaniga, Boffi, PRD 78 (2008)
fNP ( ’ T) p gK ( T) A / CO Matevosyan, Bentz, Cloet, Thomas, PRD 85 (2012)
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> _ kT 5 _ k1 _ ki
finp(x, b5 )|oc F.T. of (e a4 + \pkie 915 + \ge glC)

gi(x) = Ny

Pl _ 1
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b2 (B4 6)(1 - 2)
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11 parameters for TMD PDF
+ 1 for NP evolution + 9 for TMD FF

=21 free parameters
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MAP22: SIDIS normalization
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MAP22: SIDIS normalization

High-Energy Drell-Yan beyond NLL

Q ~ 100 GeV

L L L
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Bacchetta, Bertone, Bissolotti, et al., JHEP 07 (2020)
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MAP22: SIDIS normalization

SIDIS observables beyond NLL

High-Energy Drell-Yan beyond NLL

Q ~ 100 GeV
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Bacchetta, Bertone, Bissolotti, et al., JHEP 07 (2020)
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MAP22: SIDIS normalization

SIDIS observables beyond NLL

High-Energy Drell-Yan beyond NLL

Q ~ 2 GeV

Q ~ 100 GeV
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MAP22: SIDIS normalization

SIDIS observables beyond NLL

Q ~ 2 GeV
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MAP22: SIDIS normalization

SIDIS observables beyond NLL High-Energy Drell-Yan beyond NLL

Q ~ 2 GeV Q) ~ 100 GeV
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The description considerably worsens at higher orders!!
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MAP22: SIDIS normalization
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MAP22: SIDIS normalization

COMPASS multiplicities (one of many bins)

Data/Prediction

4.0

3.5

3.0

2.5

2.0

15

1.0

0.5

o NLL
Bl NNLL
B N°LL
® ® ¢ [ ] ° ° ¢ 1 ¢ L
° °
o o ° o ® ° ? ° * ° o °
. ° ® ° ° ° ° ° ® ® ° ®

0.3 0.4 0.5 0.6 0.7 0.8

P;?T [GeVZ]

Discrepancy of an almost constant factor

16



Normalization of SIDIS calculation

Normalization issue
confirmed also in other
analyses from different
collaborations
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The situation is worse for Q ~ 2—4 GeV which are
typical for Semi-Inclusive Deep-Inelastic Scattering
(SIDIS). In this case the problem with normalization
is of order of factor 2-3
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The situation is worse for Q ~ 2—4 GeV which are
typical for Semi-Inclusive Deep-Inelastic Scattering
(SIDIS). In this case the problem with normalization
is of order of factor 2-3
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Normalization of SIDIS calculation

situation at low energy scale
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Normalization of SIDIS calculation

0.67

situation at low energy scale

N _ Asy
(0) =3 GeV o

— Fix order |

— Resum

® Data -

¢ ¢

00 05 10 15 20 25 30

18



Normalization of SIDIS calculation
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Normalization of SIDIS calculation

MAP22 work solution
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Normalization of SIDIS calculation

MAP22 work solution

do

SIDIS multiplicity M(z, 2, Pur, Q) = ddedzdPhT/

do
dxd()




Normalization of SIDIS calculation

MAP22 work solution

do do
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do
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Normalization of SIDIS calculation

MAP22 work solution

SIDIS multiplicity

Collinear SIDIS cross section

Normalization of prediction such that
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Normalization of SIDIS calculation

MAP22 work solution

SIDIS multiplicity

Collinear SIDIS cross section

Normalization of prediction such that
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Normalization of SIDIS calculation

MAP22 work solution
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Normalization of SIDIS calculation

MAP22 work solution
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MAP22: Results for SIDIS data
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MAP22: Results for DY data
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MAP22: Extracted TMD PDFs

T x=0.1
x = 0.01
o = 0.001

Q =2 GeV

025 050 0.75 1.00 1.25 1.50 1.75 2.00

k1| [GeV]

® Non-trivial dependence on the variable x

® Need more data to better constrain small-x region (EIC?)
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Comparison between recent global fits

MAPTMD22 vs SV19
0.25
Q = 10 GeV x=0.2
. MAP22
0.20 -
8‘0.15
<
!
&
§20.10
8
0.05 -
0.00 : . . . S
0.0 0.5 1.0 1.5 2.0 2.5

|kL| [GeV]

3.0

0.25 | | | | | | | | |
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0.2 N
0.15— _
0.1 N
0.05— N
O_ | | | | | | | | | | : T T .;
o 0.5 15 2.5 3
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® (Contrary to collinear extractions, we are still far from getting a
good compatibility between two different TMD extractions

TMDplotter 2.2.4
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Comparison between recent global fits

Collins-Soper kernel:
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Comparison between recent global fits

COHiﬂS-SOpel‘ kernel: kernel of the rapidity evolution equation

alnfl(x7bT;:ua C)
Oln+/C

= K(br, i)
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Comparison between recent global fits

COHiHS-SOpel‘ kernel: kernel of the rapidity evolution equation

alnfl(xabT;:ua C)

Oln+/C

= K(br, i)

K(br, pp,) = K (b, piv,) + gx (br)

\4

|

to be fitted

perturbatively calculable

I

——N3LL HSO24 " ART23 ® GI
Z Z\ASWZ24 IFY23 MAP22 € CG

0.2 0.4 0.6 0.8
b, [fm]

Bollweg, Gao, Mukherjee, et al., PLB 852 (2024)
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Comparison between recent global fits

Collins—Soper kernel: kernel of the rapidity evolution equation

I

. —N3LL HSO24 ART23 B GI
O 1ln f1 (aﬁ,anUa C) _ K(bT,,u) LT Z Z1ASWZ24 IFY23 MAP22 € CG

Oln+/C

K(br, pp,) = K (b, piv,) + gx (br)

|

to be fitted 5 | | | |
Y 0.2 0.4 0.6 0.8
perturbatively calculable b, [fm]

Bollweg, Gao, Mukherjee, et al., PLB 852 (2024)

® Compatibility between the most recent extractions
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MAPTMD24?

Study of flavor-dependent behavior of TMDs through a global fit
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Conclusions and Outlook

® The internal dynamics of quark in 3D can be studied in terms of
transverse-momentum-dependent distributions (TMDs)

® There are only few extractions of TMDs through global fits of Drell-Yan
and SIDIS data (MAPTMD?22: state-of-the-art)

e SIDIS theoretical calculations are affected by a normalization
issue (MAPTMD22: first attempt of work solution)

e Nowadays, studies on the extraction of flavor-dependent TMDs are in
progress (up to now, only on Drell-Yan data)
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Structure of a TMD: Evolution

Resummation of large logs

Spert (Hp, ) = 1+ Z
k=0
n 2n
Spert b, ,LL =1+ Z Z (aiiﬂ)> ZLQn—kR(n,Qn—k)

k=0 n=1+[k/2] k=1




Structure of a TMD: Evolution

Resummation of large logs
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Structure of a TMD: Evolution

Resummation of large logs
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Structure of a TMD: NP content
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Structure of a TMD: NP content
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Structure of a TMD: NP content

fnp(z, b%r*) exXp {QK(b%F) In
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b.-prescription
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Structure of a TMD: NP content

fnp(x,b7)exp {QK(b%F) In —} :C

br < 1

xS e

V¢
Vo

26_7E bT > 1

br|
b.-prescription
1.2 1 / Q =2 GeV
Binaz
b = 2¢ E o
max P:aorturbative Non-perturbative
26_,YE T% 0.8
bmin — % 0.6 bimi
)
H =
Collins, Soper, Sterman, Nucl. Phys. B250 (1985) 041
Collins, Gamberg, et al., PRD (2016)
Bacchetta, Echevarria, Mulders, et al., JHEP 11 (2015) 0.2 —— b,(b2)
— |br]
%0 1 2 3
lbr| [GeV™1]
¢ 2
; 2 f1(z, b5 1, Q) A 2 _ 2 ; 2
fl(aj7bT7/’L7<) — : —— fl(xab*(bT)nqu) :fNP(:BabT;C)fl(xab*(bT);:u7<)




Structure of a TMD: NP content
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MAPTMDZ22 — Krror analysis

Error propagation
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MAPTMDZ22 — Krror analysis

Error propagation

|

250 Montecarlo
replicas

Correlation matrix

|
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appropriateness of
the chosen
functional form
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Comparison with SV19

Drell-Yan
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SIDIS
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Drell-Yan SIDIS
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Estimate of the impact of power corrections

Results obtained within the arTeMiDe framework

include (m/Q)
include (M/Q)

include (gr/@Q) in kinematics
include (gr/Q) in zg, zs
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Estimate of the impact of power corrections

Results obtained within the arTeMiDe framework

: initialize TMDX-SIDIS module

: ———— Main definitions —-—-
: Order of coefficient function

: Use transverse momentum corrections in kinematics
: Use target mass corrections in kinematics
: Use product mass corrections in kinematics

: Use transverse momentum corrections in x1 and zl
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Estimate of the impact of power corrections

Results obtained within the arTeMiDe framework

: initialize TMDX-SIDIS module

: ———— Main definitions —-—-
: Order of coefficient function

: Use transverse momentum corrections in kinematics

—> F

: Use target mass corrections in kinematics

T —p

*p4 : Use product mass corrections in kinematics

I

*p5 : Use transverse momentum corrections in x1 and zl

T eepp F
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Estimate of the impact of power corrections

Results obtained within the arTeMiDe framework

—— Power Corrections: No

4.0 A
Power Corrections: Yes
0 3.5
: initialize TMDX-SIDIS module ke
[a\]
SL
: N T 3.0
: ———— Main definitions —-—- N
: Order of coefficient function ;3
%' 2.5
: Use transverse momentum corrections in kinematics 4% (;? 41 ( :(3‘ 7
l F F 2.0
: Use target mass corrections in kinematics =

—> F r =0.1

: Use product mass corrections in kinematics 1.5 -

—> F z=04

: Use transverse momentum corrections in x1 and zl

" F 1.0 1
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N
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Estimate of the impact of power corrections

Results obtained within the arTeMiDe framework

Power Corrections: No

4.0
Power Corrections: Yes
3.5 -
: initialize TMDX-SIDIS module ke
[a\]
SL
: N T 3.0
: ———— Main definitions —-—- N
: Order of coefficient function ;3
%' 2.5
: Use transverse momentum corrections in kinematics 43 (;? 41 ( :(3‘ 7
l F F 2.0
: Use target mass corrections in kinematics =

- > F x:O.l

*p4 : Use product mass corrections in kinematics 1.5 -
*p5 : Use transverse momentum corrections in x1 and zl 1o
= 0.2 -
=
X
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This is NOT a constant factor
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