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Outline

SIDIS 
  -Parton model picture (ballpark estimates). 
  -QCD factorization framework (CSS2, challenges) 

e+e- annihilation into one hadron (Belle data) 
  -TMD Fragmentation functions extraction.  



Parton model picture 
“snapshot” at fixed scale

cross 
Section

qT

Hard  
scale

QCD factorization picture, 
hard scale evolution.

- Ballpark estimates (similar kinematics) 

- Benchmark to assess “data sensitivity”  

   maximal pQCD input 
  (try to avoid absorbing  
     effects into model )

Predictive power 
(or even the only way 

 to do global fits) 
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Different widths

Unpolarized 
Functions 

(1) & (2)

Analysis and extraction

Comparison of results to Jlab data 
(not a fit, similar kinematics to HERMES ) 
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Parton model picture 
(unpolarized observables)

Must resolve  
scale dependence

Not so large change in scale 
(already in trouble)
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Parton model picture 
(unpolarized observables)

Must resolve  
scale dependence

Should not  
extrapolate these results  

to EIC energies

Not so large change in scale 
(already in trouble)

…      EIC
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Results on pion sector
(1) & (2)

Analysis and 
 extraction

Transversity

Q2 = 112GeV2
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FIG. 4: The experimental data on the azimuthal correlations AUC
0 (upper panel) and AUL

0 (lower panel) as functions of z1
and z2 in unpolarised e+e� ! h1 h2 X processes, as measured by the BaBar Collaboration [12], are compared to the curves
obtained from our global reference fit. The solid lines correspond to the parameters given in Table I, while the shaded areas
correspond to the statistical uncertainty on these parameters, as explained in the text.
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FIG. 5: The experimental data on the azimuthal correlations AUC
0 (left panel) and AUL

0 (right panel) as functions of P1T in
unpolarised e+e� ! h1 h2 X processes, as measured by the BaBar Collaboration [12], are compared to the curves obtained
from our global reference fit. The solid lines correspond to the parameters given in Table I, while the shaded areas correspond
to the statistical uncertainty on these parameters, as explained in the text.

H
(3)
h/q twist-three fragmentation function [42], the diagonal part of which evolves with a transversity kernel as the

transversity function. Therefore, it is interesting to apply this kind of evolution to the Collins function and study the
consequences of such an evolution on our best fit.

To this purpose, we assume the z-dependent part of the Collins distribution, �̃N
Dh/q" , to evolve with a transversity

Collins fragmentation  
function 

can we see these  
Effects better?

Not so small change in scale 
(already in trouble?)

…      EIC
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FIG. 4: The experimental data on the azimuthal correlations AUC
0 (upper panel) and AUL

0 (lower panel) as functions of z1
and z2 in unpolarised e+e� ! h1 h2 X processes, as measured by the BaBar Collaboration [12], are compared to the curves
obtained from our global reference fit. The solid lines correspond to the parameters given in Table I, while the shaded areas
correspond to the statistical uncertainty on these parameters, as explained in the text.
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FIG. 5: The experimental data on the azimuthal correlations AUC
0 (left panel) and AUL

0 (right panel) as functions of P1T in
unpolarised e+e� ! h1 h2 X processes, as measured by the BaBar Collaboration [12], are compared to the curves obtained
from our global reference fit. The solid lines correspond to the parameters given in Table I, while the shaded areas correspond
to the statistical uncertainty on these parameters, as explained in the text.

H
(3)
h/q twist-three fragmentation function [42], the diagonal part of which evolves with a transversity kernel as the

transversity function. Therefore, it is interesting to apply this kind of evolution to the Collins function and study the
consequences of such an evolution on our best fit.

To this purpose, we assume the z-dependent part of the Collins distribution, �̃N
Dh/q" , to evolve with a transversity

Collins fragmentation  
function 

“Indirect”  observation 
of TMD effects 

“direct”  observation of 
TMD effects 

Can the numerators 
of asymmetries  
be measured?  
(uncertainties under 
control?) 



cross 
Section

TMD effects

moderate-qT  
pQCD corrections

Hard gluon  
radiation effects

can we smoothly describe all qT-spectrum?

Hard  
scale

qT

QCD factorization picture



Must smoothly describe all qT-spectrum

N = 2.0

            ingredients known, but hard to describe data  at this order 
  

- W describes shape but miss normalization 
- no smooth matching of small and large qT regions 
- cannot describe large qT behavior 

O(↵s)
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TMD effects
           Need to go to order 
  

- pQCD pieces of W known, some improvement 
     very small qT, somehow large Q  
- large qT cross section recently recalculated 
     still can’t reproduce data.  Large-x(z) behavior  
     of collinear functions crucial  
- must include intermediate qT corrections 
     work in progress, Torino spin physics group 
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Matching is crucial, cannot afford to miss any constraint.

Boglione, JOGH, Melis, Prokudin

JHEP 1502 (2015) 095

Need node closer to qT=Q
moderate-qT  

pQCD corrections
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            ingredients known, but hard to describe data  at this order 
  

- no smooth matching of small and large qT regions 

                             

JHEP 1502 (2015) 095 Boglione, JOGH, Melis, Prokudin 
Must smoothly describe all qT-spectrum
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TMD effects

moderate-qT  
pQCD corrections               Analysis  at  order           :  

- Phenomenologically plausible picture (role of model in matching?)  
- Analysis of unpolarized SIDIS with maximal pQCD input 
- Revisit and update analyses on e+e- and polarized SIDIS data within   
  QCD  factorization picture. 
- Predictions for EIC. Global fit on SIDIS, e+e-, Drell-Yan 
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moderate-qT  
pQCD corrections               Analysis  at  order           :  

- Phenomenologically plausible picture (role of model in matching?)  
   (need formal developments ) 
- Analysis of unpolarized SIDIS with maximal pQCD input? 
- Revisit and update analyses on e+e- and polarized SIDIS data within   
  QCD  factorization picture. 
- Predictions for EIC. Global fit on SIDIS, e+e-, Drell-Yan 
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            hard to describe data  at  
  

- cannot describe large qT behavior 
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FIG. 4: Cross section as a function of pT , data and cuts as in Figure 3.

however the di�erence between LO and NLO decreases as pT increases.
The uncertainty due to the choice of a fragmentation functions set is also quite noticeable, this fact driven by the

di�erent gluon content of the two sets considered here. Low Q
2 bins seem to prefer KKP set, which have a larger

gluon-fragmentation content, whereas for larger Q
2 both sets agree with the data within errors. LO estimates show

a much smaller sensitivity on the choice of fragmentation functions, since gluon fragmentation does not contribute
signi�cantly to the cross section at this order.
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FIG. 3. Fig. 4 from [24]. The di↵erential cross section was integrated over x, z and bins of Q with H1 cuts, calculated with
both leading order and next-to-leading order, and compared with ⇡

0 production data from [23]. Here pT corresponds to our
PH,T – see Eq. (1). Note the large correction from O
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the FFs are from [32]. Scale dependence is estimated using µ =
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where the band is constructed point-by-

point in qT by taking the min and max of the cross section evaluated across the grid ⇣Q⇥⇣qT = [1/2, 1, 3/2, 2]⇥ [0, 1/2, 1, 3/2, 2]
except ⇣Q = ⇣qT = 0. The red band is generated with ⇣Q = 1 and ⇣qT = 0. A lower bound of 1 GeV is place on µ when Q/2
would be less than 1 GeV.
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Hard gluon  
radiation effects

Phys.Rev.D 99 (2019) 9, 094029 
Wang, JOGH, Rogers, Sato

virtual real
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TABLE II. The first column of real and virtual are the hard parts as in Table I. The second column
gives the hard parts needed other than those in the first column. The superscript of the hard part
� 2 {g, pp} is supressed. e

2
q , e

2
q0 , and eqeq0 are various combinations of quark electric charges. A

charge combination as a superscript denotes terms proportional to that particular charge structure
in a hard part.
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Hqg;q Hq̄g;q̄ = Hqg;q Hqg;qg Hq̄g;q̄g = Hqg;qg

N/A Hgg;qq̄ N/A
N/A Hqq̄;qq Hq̄q;q̄q̄ = Hqq̄;qq

N/A Hqq0;qq̄0

Hq̄q̄0;q̄q0 = Hqq0;qq̄0

H
e2q
q̄q0;q̄q̄0 = H

e2q
qq0;qq̄0 ; H

e2
q0

q̄q0;q̄q̄0 = H
e2
q0

qq0;qq̄0 ; H
eqeq0
q̄q0;q̄q̄0 = �H

eqeq0
qq0;qq̄0

H
e2q
qq̄0;qq0 = H

e2q
qq0;qq̄0 ; H

e2
q0

qq̄0;qq0 = H
e2
q0

qq0;qq̄0 ; H
eqeq0
qq̄0;qq0 = �H

eqeq0
qq0;qq̄0

TABLE II. The first column of real and virtual are the hard parts as in Table I. The second column
gives the hard parts needed other than those in the first column. The superscript of the hard part
� 2 {g, pp} is supressed. e

2
q , e

2
q0 , and eqeq0 are various combinations of quark electric charges. A

charge combination as a superscript denotes terms proportional to that particular charge structure
in a hard part.
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FIG. 4. K-factor ratio. We use CJ15nlo PDFs [35] and DSS09 FFs [36]. The ratio is bounded at
large x due to limiting phase space for hadron production. The small noise in the lower left panel
is due to the oscillatory behavior in the interpolation of FFs tables.
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NLO/LO

Must smoothly describe all qT-spectrum

            hard to describe data  at  
  

- cannot describe large qT behavior 

                             

Theory line undershoots data

O(↵2
s)
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Similar results as in 

           
   Large-x(z) behavior  
     of collinear functions crucial  



cross 
Section

TMD effects

moderate-qT  
pQCD corrections

Hard gluon  
radiation effects

Hard  
scale

qT

           
   What is the effect of the collinear  
PDFs and FFs in general?  

                             

Must smoothly describe all qT-spectrum
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   What is the effect of the collinear  
PDFs and FFs in general?  

                             

Usual definition 
TMD FF

For this process 
TMD FF

Soft non-
perturbative 
Function



           
   What is the effect of the collinear  
PDFs and FFs in general?  

                             

Same 
constraints  
to collinear FF



Possible roadmap

Taken from M. Boglione DIS 2021



Preliminary results
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   What is the effect of the collinear  
PDFs and FFs in general?  

                             

Some tension may happen 
In a global fit (must look at errors though) 

NNFF : nice for this particular analysisJAM20 : nice for SIDIS fits



           
   What is the effect of the collinear  
PDFs and FFs in general?  

                             

Smooth matching in SIDIS 

Are power suppressed corrections 
Too big?

Final words(outline of open questions)



Thanks


