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Areas of Progress 

•  ≈	32	theory	presentations	
		

•  Correlation	Functions:	
–  PDFs		
–  TMD	PDFs	(transverse	momentum	dependent	distributions)		
–  GPDs	(generalized	parton	distributions)	

	
•  Processes	(semi-inclusive	DIS,	e+e-,hadron-hadron…)	

	
•  Regions:	Large	vs	small	transverse	momentum,	Large	vs	

Bjorken-x,	etc…	
	

•  Theoretical	Refinements	
	

•  Extraction	and	Pheno		

✔	
✔	

✔	

✔	

✔	

✔	
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Semi-Inclusive DIS 

•  Description	of	large	qT:	

	
	
	

–  Higher	orders?	Refine	fragmentation	function	fits?	

N.	Sato	
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 Semi-Inclusive DIS 

•  Description	of	small	qT:	

	
	
•  Improved	knowledge	of		

FFs	needed?	

J.	Gonzalez-Hernandez	

10-3

10-2

10-1

100

0 2 4 6

Q2 = 1.30 GeV2

xBj = 0.006

1

qT (GeV)

10-3

10-2

10-1

100

Q2 = 1.80 GeV2

xBj = 0.007

2

0 2 4 6

Q2 = 1.30 GeV2

xBj = 0.010

3

qT (GeV)

Q2 = 2.10 GeV2

xBj = 0.011

4

Q2 = 2.30 GeV2

xBj = 0.016

5

0 2 4 6

Q2 = 1.30 GeV2

xBj = 0.016

6

qT (GeV)

10-3

10-2

10-1

100

Q2 = 3.50 GeV2

xBj = 0.017

7

Q2 = 2.30 GeV2

xBj = 0.025

8

0 2 4 6

Q2 = 1.30 GeV2

xBj = 0.025

9

qT (GeV)

Q2 = 4.10 GeV2

xBj = 0.026

10

0 2 4 6

Q2 = 1.40 GeV2

xBj = 0.039

11

qT (GeV)

Q2 = 2.30 GeV2

xBj = 0.042

12

Q2 = 4.50 GeV2

xBj = 0.043

13

10-3

10-2

10-1

100

Q2 = 8.30 GeV2

xBj = 0.045

14

0 2 4 6

Q2 = 2.50 GeV2

xBj = 0.068

15

qT (GeV)

Q2 = 4.60 GeV2

xBj = 0.075

16

Q2 = 9.30 GeV2

xBj = 0.077

17

0 2 4 6

Q2 = 5.30 GeV2

xBj = 0.133

18

qT (GeV)

Q2 = 9.80 GeV2

xBj = 0.149

19

10-3

10-2

10-1

100

Q2 = 20.00 GeV2

xBj = 0.157

20

0 2 4 6

Q2 = 11.00 GeV2

xBj = 0.254

21

qT (GeV)

Q2 = 22.10 GeV2

xBj = 0.291

22

Q2 = 22.10 GeV2

xBj = 0.291

22

xBj

Q2

0.24 < z < 0.30

0.30 < z < 0.40

0.40 < z < 0.50

0.65 < z < 0.70

0.5

1.0

1.5

2.0

2.5

Ni

Modified “Sudakov” 
(similar to a cut at low bT)

15

(TMD region)

Approximately follows the behaviour of Generalized Parton Model e.g.

Note however this is not an exact correspondence (and 
NO TMD evolution here) 
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Figure 9. The perturbative Sudakov exponential exp[SNLL
pert ] (solid line) and its expansion 1+SFXO

pert

(dashed line). On the left panel Q2 = 5000GeV2, on the central panel Q2 = 100GeV2, and on the
right panel Q2 = 10GeV2. We fix bmax = 1GeV−1.

The authors of refs. [16, 17] pointed out that the Sudakov factor [18] vanishes at bT = 0

in the exact first order calculation. To restore this behaviour of the CSS Sudakov factor,

prescriptions exist in the literature which ensure Spert → 0 at bT → 0. After integration, the

Sudakov form factor can be written as a function of log
(
Q2/µ2

b

)
= log

(
Q2b2T /C

2
1

)
, which

become large and negative at bT → 0. A suggested prescription to avoid this problem,

consists in replacing

log
(
Q2/µ2

b

)
→ log

(
1 +Q2/µ2

b

)
, (3.10)

see for example refs. [7, 17].

The effect of this recipe can bee visualized in figure 10, where the standard, eq. (2.5),

and modified, eqs. (44)–(47) of ref. [7], forms of the Sudakov factor are compared, for three

different kinematical configurations. Clearly, the plots show that this prescription has a

much stronger effect at small Q2 than at large Q2: the failure of the matching prescription

at 1TeV is therefore not solved, however a better result might be achieved for the smaller

energy configurations (HERA and COMPASS).

One can see from figure 8–10 that the perturbative Sudakov factor Spert(b∗) in some

regions of bT is positive, i.e. exp[Spert(b∗)] > 1 allowing for an unphysical Sudakov en-

hancement. In particular in COMPASS-like kinematics, this enhancement dominates over

almost all the bT range while at higher energies its relevance is limited. This is a signal of

the inadequacy of the resummation approaches at such low energies.

We have checked that, even adopting the prescription of eq. (3.10), for the 1TeV

kinematical configuration the matching cannot be performed. In fact, the impact of this

prescription is rather limited in this case. The failure of the matching is likely due to the

fact that the perturbative expansion of the Sudakov factor breaks down at a very early

stage in bT , see the top-left panel of figure 8 and the left panel of figure 9.

The HERA configuration deserves a dedicated discussion. We can observe that, adopt-

ing the method of eq. (3.10), the Sudakov exponential can be quite successfully expanded

as exp[Spert] ∼ 1 + Spert over the whole bT range, see the central panels of figures 8 and 9.
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Fourier Transform of:

pQCD

Input (extraction from collinear cross section)

Non-perturbative functions to extract from data.

(TMD region)
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Figure 10. Sudakov factor as given by eq. (2.5) (solid line), and its modified form given in
eqs. (44)–(47) of ref. [7] (dashed line), for three different values of Q2.

In this case, in fact, a region where WNLL and WFXO approximately match actu-

ally exists, as shown in figure 11. This means that here, for this particular kinematical

configuration, the perturbative expansion works and all the conditions required for the

matching seem to be approximately fulfilled. In order to achieve a fully matched cross

section, one also needs to know where to start using WNLL − WFXO + dσNLO instead of

WNLL: this can happen in the region where WFXO ∼ dσNLO. Ideally, in the absence of

any non-perturbative contributions, WFXO ∼ dσASY at small qT , where dσNLO ∼ dσASY,

allowing for a region of successful matching. However, since WFXO is affected by a sizable

non-perturbative content, it turns out to be different from dσASY and therefore different

from dσNLO at small qT . In this case, there will be at most one crossing point between the

WFXO and the dσNLO curves, which does not provide a smooth matching.

Indeed, one should remember that all these contributions are computed within theo-

retical errors due, for instance, to the choice of renormalization scale and to the truncation

of the perturbative series. Consequently, one could think that a smooth matching could

be achieved within the corresponding error bands, rather than on individual points of the

single curves, through an interpolating function.

4 Conclusions and outlook

Soft and collinear gluon resummation in the impact parameter bT space is a very powerful

tool. However, its successful implementation is affected by a number of practical difficulties:

the strong influence of the kinematical details of the SIDIS process, the possible dependence

of the parameters used to model the non-perturbative content of the SIDIS cross section,

the complications introduced by having to perform phenomenological studies in the bT
space, where the direct connection to the conjugate qT space is lost.

Indeed, matching prescriptions have to be applied to achieve a reliable description of

the SIDIS process over the full qT range, going smoothly from the region of applicability

of resummation, or equivalently of the TMD description, to the region of applicability of

perturbative QCD.
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(TMD region)

Approximately follows the behaviour of Generalized Parton Model e.g.

Note however this is not an exact correspondence (and 
NO TMD evolution here) 
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Errors of Collinear Functions in the W-TERMErrors of Collinear Functions in the W-TERM
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ERRORS:
● Factor of ~ 5

● Very large band in 

low q
T
 region for 

the right FFs.

CENTRAL LINES:

E/ect of a  di/erent choice 

of the FF set.

A.	Simonelli		

Tension	with	normalization.	



Drell-Yan 

•  TMD	PDF	fits	with	large	amount	of	data:	
	
	

	
	
•  New	tools:	
	
	
	
•  Many	tools	now	for	TMD	physics,	with	high	
orders	in	all	parts.	

Inputs

Synopsis of numeric evaluation

picture from [artemide manual]

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

Package for TMD phenomenology
Flexible definition of factorization scheme

Variety of evolutions
(CSS,⇣-prescription, etc.)
All available PT: LO, NLO,
NNLO,resummed
No restriction for NP models

Fast code
Constantly expanding

(unpol.)DY cross-sections
(unpol.)SIDIS cross-sections

Various theory tools.

repository:
https://github.com/VladimirovAlexey/artemide-public

A.Vladimirov Extraction of TMDPDFs April 9, 2019 5 / 14

A.	Vladimirov	



Fragmentation Functions 

•  New	ways	of	constraining	fragmentation	and	hadronization	
dynamics:	 2h+2h SIA

DIS2019, Torino, Italy Aram Kotzinian 6

Measured by BELLE: dihadrons production in back-to-back jets in SIA

1 2,
,Access to spin dependent DiFFs h h
q sD c

DIS 2019 – 9 Apr 2019accardi@jlab.org 13

Full set of sum rules

 Sum rules for quarks into unpolarized hadrons, up to twist-3

– (only thing missing for twist-4: full FF-TMD analysis)

AA, Signori, PoS(DIS2018)

+ in progress

NEW

NEW

NEW

NEW NEW

NEW

NEW

Diehl-Sapeta

Collins-Soper

Schaefer-Teryaev

fully dynamical

quan��es

A.	Kotzinian	

A.	Accardi	



Hadronization 

•  Progress	in	incorporating	polarization	in	Monte	Carlo	
simulations	

19

Comparison between Pythia + 3P0 and stand alone 3P0:
Collins and di-hadron analysing powers

- Only transversely polarized u quarks
- Same spin effects!!

Collins analysing power defined as

!"↑→%&' = 2⟨sinϕ/⟩
ϕ/ = ϕ1 − ϕ34

di-hadron analysing power defined
as
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A different option for the final state in PYTHIA + 3P0

A. Kerbizi - DIS2019

An other possible option is to allow PYTHIA generate all hadron types (vector
mesons, baryons,..) but disabling spin effects when the first non pseudo-scalar 
hadron produced

target
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A.	Kerbizi	



Proton Tensor Charge  

lattice

results with CLAS12 pseudodata 

including CLAS12 pseudodata

u

d

u-d
JAM

Torino

TMD
global  

fit

again,  improving precision  but
confirming tension with lattice
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•  Tension?	

M.	Radici	



Progress in Large TM Sivers 

•  Polarization	dependent	results	important	for	fully	global	TMD	
pheno	program:	 Results at NLO

�19
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2

G+(�⇠, 0, ⇠) +G�(�⇠, 0, ⇠)

⇠

io

+O(a2s) +O(~b2)
<latexit sha1_base64="ZeveWvxZtkcgFqkoFuPN20dQADI="></latexit>

µ2 d

dµ2
T (�x, 0, x) = 2as(µ)P ⌦ T = 2as

Z
d⇠

Z 1

0
dy�(x� y⇠)

(

✓
CF � CA

2

◆"✓
1 + y2

1� y

◆

+

T (�⇠, 0, ⇠) + (2y � 1)+T (�x, ⇠, x� ⇠)��T (�x, ⇠, x� ⇠)

#

+
CA

2

"✓
1 + y

1� y

◆

+

T (�x, x� ⇠, ⇠) +�T (�x, x� ⇠, ⇠)

#

+
1� 2yȳ
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The Qiu-Sterman functions running is I.	Scimemi		



Tests of Process Dependence 

•  Gluon	Sivers	function	at	RHIC	

Gluon Sivers function in p"p ! ⇡0X
Upper bounds

Assumption: the GSFs have a factorized form in x-k?, Gaussian k?-dependence
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The f -type GSF is dominant in the CGI-GPM approach

14/17

C.	Pisano		



GPDs and Exclusive Processes 

no uncertainties!

Results

Nucleon tomography:

Paweł Sznajder / Towards extraction of GPDs from DVCS data / April 11, 2019 !16

H. Moutarde, P. S., J. Wagner "Border and skewness functions from a leading order fit to DVCS data" 
Eur. Phys. J. C78 (2018) 11, 890 

Goal: global extraction of Compton Form Factors (CFFs) from DVCS data using LO/LT formalism 

Analysis done within PARTONS framework

Analysis

Paweł Sznajder / Towards extraction of GPDs from DVCS data / April 11, 2019 !11

P.	Sznajder		



Complications with Lensing Relation 

Conclusions

Model-dependent  relations between distributions can be 
useful

But they should not be extrapolated to different models 

Model studies are useful to get insight on complex physics 
phenomena 

S.	Rodini		

Photon

Gluons
⇡

Final State Interactions

Detected hadron

Proton Polarization

x

z
y

Generalized Parton Distribution
Informations

Transverse Momentum PDF
InformationsPhys.Rev. D66 (2002) 114005



Summary of Summary 

•  Interesting	results	and	progress	with	
phenomenology.	

	
	
•  Interesting	sources	of	tension.	
	
	
	
•  Apologies	for	all	talks	that	I	missed!	


