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TMD factorization in SIDISTMD factorization in SIDIS

 As mentioned above 

fixed order pQCD calculation fail to describe the SIDIS cross sections at small q
T, 

 

the cross section tail at large q
T
 is clearly non-Gaussian.   

Naive 
TMD 
approach

pQCD cross 
section
at NLO order

Need resummation of large logs and matching 
perturbative to non-perturbative contributions

Need resummation of large logs and matching 
perturbative to non-perturbative contributions

Anselmino, Boglione, Prokudin, Turk, Eur.Phys.J. A31 (2007) 373-381 Anselmino, Boglione, Gonzalez, Melis, Prokudin,  JHEP 1404 (2014) 005

COMPASS, Adolph et al., Eur. Phys. J. C 73 (2013) 2531
ZEUS Collaboration (M. Derrick), Z. Phys. C 70, 1 (1996)

Naive 
TMD 
approach

Large K factor
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Naive TMD approachNaive TMD approach

 Simple phenomenological ansatz can reproduce low q
T
 data 

Airapetian et al, Phys. Rev. D 87 (2013) 074029

M. Anselmino, M. Boglione, O. Gonzalez, S. Melis, A. Prokudin, JHEP 1404 (2014) 005, ArXiv:1312.6261
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Erratum Eur.Phys.J. C75 (2015) 2, 94

Naive TMD approachNaive TMD approach

Fit over 6000 data points with 2 free parameters

M. Anselmino, M. Boglione, O. Gonzalez, S. Melis, A. Prokudin, JHEP 1404 (2014) 005, ArXiv:1312.6261
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Comparison with Jlab6 data - HALL CComparison with Jlab6 data - HALL C

Predictions obtained 
by using the parameter 
values extracted from 
HERMES multiplicities

Predictions obtained 
by using the parameter 
values extracted from 
HERMES multiplicities

R. Asaturyan et al., Phys. Rev. C85, 015202 (2012)

M. Anselmino, M. Boglione, O. Gonzalez, S. Melis, A. Prokudin, JHEP 1404 (2014) 005, ArXiv:1312.6261
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A. Signori, A. Bacchetta, M. Radici, G. Schnell, JHEP 1311 (2013) 194

5/7 parameters
Much more complex 
parametrization of x 
and z dependence 

Extracting Extracting the the unpolarized TMD Gaussian widths unpolarized TMD Gaussian widths 
from SIDIS multiplicities: flavour dependencefrom SIDIS multiplicities: flavour dependence
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To ensure momentum conservation, write the cross section in the Fourier conjugate space

Resummation of large logarithmsResummation of large logarithms

Regular partResummed part
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Fit of HERMES and COMPASS data Fit of HERMES and COMPASS data 
Attempting “Resummation” in SIDIS ...Attempting “Resummation” in SIDIS ...

J. Osvaldo Gonzalez Hernandez, work in progress

N ~ 2 (One overall normalization parameter is required)
g1 ~ 0.5 (too large compared to the value extracted from DY data)
g2 ~ 0.5
g3 ~ - 0.03

χ2 

tot

 = 1.17

χ2

HERMES

 = 1.32

χ2

COMPASS

 = 1.12
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Global fitsGlobal fits

Y-term is neglected

Sum of two Gaussian k
T
 

distributions is introduced 

χ2

tot

 = 1.55

A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A. Signori, JHEP06 (2017) 081
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Although the shape in transverse Although the shape in transverse 
momentum space is well described, momentum space is well described, 
normalizationnormalization is very problematic is very problematic

Although the shape in transverse Although the shape in transverse 
momentum space is well described, momentum space is well described, 
normalizationnormalization is very problematic is very problematic

χ2

tot

 = 1.55

Y-term is neglected

Sum of two Gaussian k
T
 

distributions is introduced 

Global fitsGlobal fits
A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A. Signori, JHEP06 (2017) 081
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SIDIS - Y factorSIDIS - Y factor

Boglione, Gonzalez, Melis, Prokudin, JHEP 02 (2015) 095

 The Y factor is very large (even at low q
T
) 

 However, it could be affected by large 
 theoretical uncertainties

 
 New prescription for Y factor, b* and W

 

Collins, Gamberg, Prokudin, Rogers, Sato, Wang, 
Phys. Rev. D 94 (2016) 034014

The Y factor cannot be neglected !!!

σASY = Q2/q
T

2 [A  Ln(Q2/q
T

2) + B + C] 
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q
T
=Qq

T
=Q/4

P
T

q
T
=P

T 
/ z

Other issues related to TMD regions ...Other issues related to TMD regions ...

q
T
=Q/4 q

T
=Q

TMD regions are defined in terms of q
T
 and not in terms of P

T
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Possible issues ...Possible issues ...

This fit gives a very high quality description of a wide amount of data 
points 

However, there are a few issues that are worth mentioning:

The NLO SIDIS cross section is not correctly normalized → N ~ 2

The Y factor has been neglected

Difficult to reconcile Drell-Yan and SIDIS data into the fit
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Large transverse momentum behaviour in SIDIS Large transverse momentum behaviour in SIDIS 

There are large discrepancies There are large discrepancies 
between data and fixed order between data and fixed order 
calculations. They seem to be calculations. They seem to be 
generated by collinear PDFs and FFs generated by collinear PDFs and FFs 

There are large discrepancies There are large discrepancies 
between data and fixed order between data and fixed order 
calculations. They seem to be calculations. They seem to be 
generated by collinear PDFs and FFs generated by collinear PDFs and FFs 

J.O. Gonzalez-Hernandez, T.C. Rogers, N. Sato, B. Wang, Phys.Rev. D98 (2018) no.11, 114005 
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Normalization and K factorNormalization and K factor

Aktas et al., H1 Collaboration, Eur. Phys. J. C36 (2004) 441 

Daleo, De Florian, Sassot, Braz.J.Phys. 37 (2007) 585-590

“The rather large size of the K-factor can be understood as a consequence 
of the opening of a new dominant (‘leading-order’) channel, and not to the 
‘genuine’ increase in the partonic cross section [...]. The dominance of the 
new channel is due to the size of the gluon distribution at small x

B
  and to 

the fact that the H1 selection cuts highlight the kinematical region dominated 
by the γ  + g → g  + q  + ¯q  partonic process. In particular, without the 
experimental cuts for the final state hadrons, the gg component represents 
less than 25% of the total NLO contribution at small x

B
 .”

Daleo, De Florian, Sassot, Phys.Rev. D71 (2005) 034013

Daleo, De Florian, Sassot, Braz.J.Phys. 37 (2007) 585-590

Daleo, De Florian, Sassot, Phys.Rev. D71 (2005) 034013

Kinematics cuts can affect the size 
of K factors … up to a factor 10 !

How can we address the normalization problem ???

K factor depends on p
T

Stringent cuts on the pion production angle in 
H1 data suppresses LO and NLO contributions 
in a different way
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What's wrong ???What's wrong ???
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TMD regionsTMD regions

The TMD factorization scheme works when 4 distinct kinematic regions 
can be clearly be identified

They should be large enough and well separated 

q
T
 << Qq

T
 ~ λ

QCD
q

T
 ~ Q q

T
 ≥ Q

TMD evolution Matching region
(Y factor)

Fixed Order collinear QCD

Soft gluon radiationIntrinsic q
T

Hard gluon emission
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TMD regionsTMD regions

For this scheme to work, 4 distinct kinematic regions have to be identified

They should be large enough and well separated 

Does not work in SIDIS !

Does not work in SIDIS !

q
T
 << Qq

T
 ~ λ

QCD
q

T
 ~ Q q

T
 ≥ Q

TMD evolution

Matching region
(Y factor)

FO QCDIntrinsic q
T
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Mapping the Mapping the 
kinematic regions of SIDISkinematic regions of SIDIS
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TMDs in SIDISTMDs in SIDIS

Well-established collinear factorization theorems for SIDIS allow to study the hadron structure 
in terms of elementary constituents, and give access to the corresponding flavor dependence 
of PDFs and FFs. 

Beyond collinear factorization, transversely differential SIDIS at low transverse momentum is 
sensitive to the properties of TMDs.

SIDIS experiments at moderate values of Q (1-3 GeV) are highly sensitive to intrinsic 
properties of hadron structure.

Novel aspects of QCD might be exposed by studying this interesting but still poorly 
understood regime of SIDIS. However, there are also unique challenges in interpreting the 
experimental data.

QCD factorization is necessary to describe the underlying physical mechanisms in terms of 
partonic degrees of freedom. However, it requires specific kinematic assumptions (e.g., very 
large or very small transverse momentum, or very large or very small rapidity). 

The interface between different physical regimes remains unclear in practice, 
especially when the hard scales involved are not that large. 

Estimating the kinematic boundaries of any specific QCD approach, approximation, or 
partonic picture requires at least some model assumptions, e.g., about the role of parton 
virtuallity and the onset of non-perturbative or hadronic mechanisms.
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TMD regionsTMD regions

The TMD factorization scheme works when 4 distinct kinematic regions 
can be clearly be identified

They should be large enough and well separated 

q
T
 << Qq

T
 ~ λ

QCD
q

T
 ~ Q q

T
 ≥ Q

TMD evolution Matching region
(Y factor)

Fixed Order collinear QCD

Soft gluon radiationIntrinsic q
T

Hard gluon emission
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TMD regionsTMD regions

Courtesy of Ted Rogers
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Courtesy of Ted Rogers

TMD regionsTMD regions



19 December 2018 M. Boglione - TMD@JLab 24

Kinematic variablesKinematic variables

Lightcone fractions Momentum fraction

EXPERIMENTFACTORIZATION 

Target mass Target mass 
correctionscorrections

Sensitivity to final Sensitivity to final 
hadron masshadron mass
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Kinematic variablesKinematic variables
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Kinematic variablesKinematic variables

x
N 

 / x
Bj  

is a measure of the quality of the massless target approximation

x
N 

 /x
Bj
 is very sensitive to both target mass corrections
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Kinematic variablesKinematic variables

z
N 

 / z
h  

is a measure of the quality of the massless hadron approximations

z
N 

 / z
h
 is very sensitive to both target mass and hadron mass corrections
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Kinematic variablesKinematic variables

z
N 

 / z
h  

is a measure of the quality of the massless hadron approximations

z
N 

 / z
h
 is very sensitive to both target mass and hadron mass corrections

Deviations from z
N 

 / z
h
 ~ 1 become larger with increasing hadron masses 
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Partonic variablesPartonic variables

 Assume that initial and final hadrons are the result of scattering and fragmentation by 
small-mass constituents. What are the possible kinematic configurations of those 
partons given a set of assumptions about their intrinsic properties? To approach this 
question one needs to apply some kind of factorization and, in turn, to deal with 
partonic variables.

Courtesy of Ted Rogers

Current fragmentationCurrent fragmentation



19 December 2018 M. Boglione - TMD@JLab 30

Partonic variablesPartonic variables

x=0.1

x=0.2
x=0.3

x=0.4

x=0.6

x=0.5

Partonic variables strongly depend on hadron mass corrections, O(M/Q)
Massless hadron approximation worsen with growing x

Bj 

Jlab kinematics – incoming parton k+

i

x=0.2

x=0.1

x=0.3
x=0.4

x=0.5

x=0.6MHA

MHA

Jlab kinematics – incoming parton k-

i

Need to estimate some 
non perturbative quantities …

Important to ensure that observables do 
not depend strongly on those quantities 
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Partonic variablesPartonic variables

 Assume that initial and final hadrons are the result of scattering and fragmentation by 
small-mass constituents. What are the possible kinematic configurations of those partons 
given a set of assumptions about their intrinsic properties? To approach this question one 
needs to apply some kind of factorization and, in turn, to deal with partonic variables.

Partonic variables strongly depend on hadron mass corrections, O(M/Q)
Massless hadron approximation worsen with growing x

Bj 

x=0.1

x=0.2
x=0.3

x=0.4

x=0.6

x=0.5
x=0.1

x=0.3

x=0.6
x=0.5

x=0.4

x=0.2

x=0.1

MHA

x=0.4 x=0.6x=0.5
MHA

Jlab kinematics – outgoing parton k+

f
Jlab kinematics – outgoing parton k-

f
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Kinematics of current regionKinematics of current region

Need a quantitative way to identify the region of 
validity of TMD factorization (current region)
Need a quantitative way to identify the region of 
validity of TMD factorization (current region)

Boglione, Collins, Gamberg, Gonzalez, Rogers, Sato
Phys. Lett. B766 (2017) 245 
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Kinematics of current regionKinematics of current region

Hadron rapidity

Courtesy of Osvaldo Gonzalez

Current and 
fragmentation 
regions should 
be well 
separated in the 
observed hadron 
rapidity
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Kinematics of current regionKinematics of current region

Courtesy of Osvaldo Gonzalez
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Current fragmentation regionCurrent fragmentation region

In the current region standard approximations hold:

Moreover, current hadrons are produced in such a way that the 
final hadron is exactly aligned with the fragmenting parton

Therefore, one can define the ratio

which is small in the current region 

We work in 
the Breit 
(brick-wall) 
frame
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Kinematics of current regionKinematics of current region

Factorization implies power counting for the momenta

Hard scale

Small mass

Collinearity must be small in the current region

Current region

1
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Current fragmentation regionCurrent fragmentation region

0.3 0.3

0.3 0.3

Plots by Osvaldo Gonzalez
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Kinematics of current regionKinematics of current region
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Kinematics of Kinematics of softsoft region region
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ConclusionsConclusions

Phenomenological studies of TMD factorization and evolution have come a 
long way. 
Many aspects of the interplay between perturbative and non-perturbative 
contributions are now better understood, but many others need further 
investigation.

Special care has to be taken when dealing with moderate-to-low Q kinematic 
ranges, where power corrections from hadron masses can become relevant. 

Data selection is crucial in global fitting: 

➔ not too many 
(only data within the ranges where the TMD factorization schemes work 
should be considered) 

➔ not too few 
(too strict a selection can bias the fit results and neglect important 
information from experimental data) 
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