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Recent fits for unpolarized TMD
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Recent fits for unpolarized TMD
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TMD impact studies: SV19
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See EIC Yellow Report arXiv:2103.05419

→  evolution in ζ

nonperturbative corrections  
(large bT)

Typically a function of bT2

with one or two parameters

(with variations of course)

Huge impact of EIC SIDIS program on 
non-perturbative TMD evolution

https://arxiv.org/abs/2103.05419


TMD impact studies: SV19
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up in proton  
TMD PDF

up to π+

TMD FF

Fit with EIC  
pseudo-data 

See EIC Yellow Report arXiv:2103.05419

https://arxiv.org/abs/2103.05419


Recent fits for unpolarized TMD
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Imaging from SIDIS data (Hermes and Compass)  
                 and Drell-Yan data (fixed-target & Z production @ Fermilab)

Unpolarized TMD PDF

Unpolarized TMD FF

Combining SIDIS and Drell-Yan: 
Possibility to disentangle  

hadron structure and formation

Unpolarized TMDs - PV17 see arXiv:1703.10157  

FUU,T ∼ f1 ⊗ D1

https://arxiv.org/abs/1703.10157


TMD impact studies: PV17
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O: e.g. a SIDIS structure function  
f i : the non-perturbative TMD parameters

See EIC Yellow Report arXiv:2103.05419 

and also Bissolotti’s talk at DIS 2021

https://arxiv.org/abs/2103.05419


ATHENA - unpolarized cross section uncertainties

12Adam et al. (ATHENA),  ATHENA Detector proposal (2021)

grey blobs = uncertainties from PV17

colored blobs = projected uncertainties 

    at various ATHENA configurations

    (including 3% systematic error)


    at each (Q2,x) bin, configuration with 

    largest impact is shown
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Framework SIDIS AN - DY AN - W/Z 
production

AN - forward 
EM jet N. pts χ2/N.pts

JAM 20 
arXiv:2002.08384

extended 
parton model ✔ ✔ ✔ ✘ 517 1.04

PV 20 
arXiv:2004.14278 NLL ✔ ✔ ✔ ✘ 125 1.08

EKT 20 
arXiv:2009.10710  NNLL ✔ ✔ ✔ ✘

226

(452)

0.989

(1.446)

BPV 20 
arXiv:2012.05135 

no CSS 

formalism ✔ ✔ ✔ ✘ 76 0.88

TO-CA reweighing 
arXiv:2101.03955 

extended 
parton model ✔ ✘ ✘ ✔ 238
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Recent fits for Sivers TMD

1.05+0.03
−0.01

only SIDIS
+ STAR x 13

Asin(ϕh−ϕS)
UT ∝

Fsin(ϕh−ϕS)
UT,T

FUU,T
∼

f⊥
1T ⊗ D1

f1 ⊗ D1

http://arxiv.org/abs/arXiv:2002.08384
http://arxiv.org/abs/arXiv:2009.10710
http://arxiv.org/abs/arXiv:2012.05135
http://arxiv.org/abs/arXiv:2101.03955
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Figure 3.6: Top: Example of the expected uncertainties of the Sivers asymmetries in a few selected kinematic
bins as a function of z. Bottom: Up quark Sivers function in bins of x as a function of intrinsic momentum kt. The
orange-shaded areas represent the current uncertainty, while the blue-shaded areas are the uncertainties when
including the ECCE pseudo-data.
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Figure 3.7: Acceptance for DVCS protons as a function of t in the far-forward detectors for different beam energy
configurations. The inserts show the t�distributions of generated events.

different bins in xV = (Q2 + M2
V)/(2 p · q), the x-Bjorken equivalent scale variable for heavy mesons.

44

Expected uncertainties for 

Sivers asymmetry in selected bins

Sivers impact studies: BPV 20

ECCE Detector proposal (2021)



Framework SIDIS AN - DY AN - W/Z 
production

AN - forward 
EM jet N. pts χ2/N.pts

JAM 20 
arXiv:2002.08384

extended 
parton model ✔ ✔ ✔ ✘ 517 1.04

PV 20 
arXiv:2004.14278 NLL ✔ ✔ ✔ ✘ 125 1.08

EKT 20 
arXiv:2009.10710  NNLL ✔ ✔ ✔ ✘

226

(452)

0.989

(1.446)

BPV 20 
arXiv:2012.05135 

no CSS 

formalism ✔ ✔ ✔ ✘ 76 0.88

TO-CA reweighing 
arXiv:2101.03955 

extended 
parton model ✔ ✘ ✘ ✔ 238

16

Recent fits for Sivers TMD
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+ STAR x 13
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Sivers TMD - PV20

17

PV20 first in implementing this

Relies on PV17 extraction of unpolarized TMD

see arXiv:2004.14278  

Asin(ϕh−ϕS)
UT ∝

Fsin(ϕh−ϕS)
UT,T

FUU,T
∼

f⊥
1T ⊗ D1

f1 ⊗ D1

CSS formalism:    and    must have same 

                            non-perturbative evolution (gK)

Sivers effect depends on extraction of unpolarized TMD

f1 f⊥
1T

https://arxiv.org/abs/2004.14278


Sivers TMD - PV20
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see arXiv:2004.14278  
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Figure 1: The first transverse moment x f?(1)
1T of the Sivers TMD as a function of x for the up (left panel) and down quark (right panel). Solid

band: the 68% confidence interval obtained in this work at Q2 = 4 GeV2. Hatched bands from PV11 [15], EIKV [17], TC18 [18], JAM20 [20]
parametrizations, and at di↵erent Q2 as indicated in the figure.

to notice, as a check of the results validity, that our predictions well describe also the z and PhT distributions, even if
those projections of the data were not included in the fit (see Appendix B for more details).

The agreement with vector-boson-production STAR measurements [52] is worse than the SIDIS case, with a �2 =
13.97±0.6 for 7 points. However, the lower number of points (see Fig. B.8) indicates that STAR data have less influence
on the global fit than the SIDIS data. In any case, we observe that our predictions follow the sign of the measurements,
being negative for W+ and positive for W� and Z0. The agreement is similar for the data points projected in pT not
included in the fit (see Appendix B for more details).

In Fig. 1, we show the first transverse moment x f?(1)
1T (Eq. (9), multiplied by x) as a function of x at Q0 = 2 GeV

for the up (left panel) and down quark (right panel). We compare our results (solid band) with other parametrizations
available in the literature [15, 17, 18, 20] (hatched bands, as indicated in the figure). In agreement with previous
studies, the distribution for the up quark is negative, while for the down quark is positive and both have a similar
magnitude. The Sivers function for sea quarks is very small and compatible with zero.

The authors of Ref. [21] also find results very similar to the ones in Fig. 1 when they fit the same SIDIS data and
COMPASS Drell–Yan data with pion beams [58]. In this case, they also compute predictions for W± and Z0 production
at STAR kinematics which are very close to our fitted bands displayed in Fig. B.8. Their strategy is very similar to
the one adopted in this work but at higher perturbative accuracy, although their unpolarized TMDs are not obtained
from an actual fit. However, when they include the STAR data in the global fit they artificially increase the statistical
weight of those data by a factor ⇠ 13. Their global �2 largely deteriorates and the uncertainty on the Sivers function
significantly increases. Our finding is that because of large experimental errors STAR data does not a↵ect much our
final results when including them in the global fit, as discussed in detail in Appendix B.

The authors of Ref. [23] also perform a consistent extraction of both unpolarized and Sivers TMDs, and build
contour plots of the density distribution in Eq. (1) similar to Fig. 2 below. A direct comparison is more di�cult because
the evolution of TMDs is achieved in a di↵erent framework, and the classification of the perturbative accuracy does
not match the standard described in Ref. [10]. The displayed x-dependence of their Qiu-Sterman function (or related
first kT -moment of the Sivers function as in Eq. (9)) is roughly similar, at least for up and down quarks. However,
the sea-quark channel shows large oscillations at large x, which entail a strong breaking of the positivity constraint of
Eq. (20).

In general, the result of a fit is biased whenever a specific fitting functional form is chosen at the initial scale. In
our case, we tried to reduce this bias by adopting a flexible functional form, as it is evident particularly in Eq. (23).
Nevertheless, we stress that our extraction is still a↵ected by this bias and extrapolations outside the range where
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Grids for  

19

Standard “table format” : ~ 80 MB  (1 replica, proton / pi - plus) 

200 Monte Carlo replicas  x  4 target / hadron configurations

Total size ~ 60 GB  (15 GB each target / hadron configuration)

FUU,T(x, Q2, z, qT /Q) FUT,T(x, Q2, z, qT /Q)
qT = PhT /z



ATHENA - Sivers asymmetry

20Adam et al. (ATHENA),  ATHENA Detector proposal (2021)

projected uncertainties using PV 20

kin. cuts: Q2 > 1 GeV2 , 0.2 < z < 0.7 , 

                 y > 0.05


assuming equal data taking times, all 
uncertainties scaled to L=10 fb-1 at 
10x275 GeV



Short-term goal  #1

21

1-  finer Q binning

Repeat the assessment of projected uncertainties 
for Sivers asymmetry by re-building grids for  
structure function with: 

2- push minimum x to lower values

qT/Q and z vectors should be ok
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FUU,T ∼ f1 ⊗ D1New unpolarized MAPTMD22 fit
Framework HERMES COMPASS DY Z production N of points χ2/Npoints

PV 2017

arXiv:1703.10157 NLL ✔ ✔ ✔ ✔ 8059 1.5

SV 2017

arXiv:1706.01473 NNLLʹ ✘ ✘ ✔ ✔ 309 1.23

BSV 2019

arXiv:1902.08474 NNLL’ ✘ ✘ ✔ ✔ 457 1.17

SV 2019

arXiv:1912.06532 N3LL ✔ ✔ ✔ ✔ 1039 1.06

PV 2019

arXiv:1912.07550 N3LL ✘ ✘ ✔ ✔ 353 1.02

MAP 2022

in preparation N3LL ✔ ✔ ✔ ✔ 2031 0.99

http://arxiv.org/abs/arXiv:1703.10157


New unpolarized MAPTMD22 fit: kinematics

23

In preparation

“Global” fit of unpolarized TMDs

at N3LL accuracy


 
Drell-Yan / Z and SIDIS data 

2031 data

21 parameters




MAPTMD22 : TMDs

No TMD flavor dependence yet

 

(computationally much  
more demanding)

u/P ,  Q = 2 GeV,  x = 0.001  

u to pi+ ,  Q = 2 GeV,  z = 0.3  

Non-perturbative part:  
2 Gaussian +  
1 weighted Gaussian  
(in kT space)

Non-perturbative part:  
1 Gaussian +  
1 weighted Gaussians  
(in kT space)

In preparation

TMD fragmentation



TMD region: low transverse momentum

25



MAPTMD22 : TMD region 
see A. Bacchetta, recent 

“CLAS collaboration meeting”

arXiv:2201.12197 

MAPTMD22 implementation 
of TMD region for SIDIS:


  

 at most
qT ≤ Q

https://arxiv.org/abs/2201.12197


MAPTMD22 : comparison with data

300 Monte Carlo 
replicas 

(bootstrap)

SIDIS data:
overall satisfactory


Drell-Yan data:
major problems with 
ATLAS data

In preparation



Short-term goal  #2

28

Repeat the assessment of the theoretical vs experimental uncertainties for unpolarized 
SIDIS based on this new global analysis of unpolarized TMD 

Longer-term goal  #1
Repeat the assessment of the theoretical vs experimental uncertainties for Sivers effect 
based on this new global analysis of unpolarized TMD 
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Recent fits for transversity

Mechanism Framework SIDIS e+e- p-p 
collisions N pts

PV 2018 
arXiv:1802.05212 collinear DiFF LO ✔ ✔ ✔ 78

JAM 2020 
arXiv:2002.08384

TMD Collins 
effect

generalized 
parton model ✔ ✔ ✔ 517

MEX 2019 
arXiv:1912.03289  collinear DiFF LO ✔ ✔ ✘ 68

CA 2020 
 arXiv:2001.01573 

TMD Collins 
effect

generalized 
parton model ✔ ✔ ✘ 76

Asin(ϕh+ϕS)
UT ∝

Fsin(ϕh+ϕS)
UT

FUU
∼

h1 ⊗ H⊥
1

f1 ⊗ D1

http://arxiv.org/abs/arXiv:1802.05212
http://arxiv.org/abs/arXiv:1912.03289
http://arxiv.org/abs/arXiv:2001.01573
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of unpolarized partons within a transversely polarized nucleon. It thus provides a three-dimensional
momentum image of the partons in such a nucleon. The Collins asymmetries are used to extract the quark
transversity distribution, describing the distributions of transversely polarized quarks in a transversely
polarized nucleon. The quark transversity distribution is one of the three leading twist distribution functions
of the nucleon.
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Figure 3.5: Top: Example of the expected uncertainties of the Collins asymmetries in a few selected kinematic
bins as a function of z. Bottom left:Up and down quark transversity distributions as obtained at present [50], as
well as when including the ECCE pseudo data. Bottom middle: Uncertainties on the favored and disfavored
Collins fragmentation functions when including the ECCE pseudo-data. Bottom right: Expected uncertainties
on the tensor charges in comparison of ECCE pseudo data to Yellow-Report expectations as well as existing
knowledge and Lattice QCD calculations [51, 52].

ECCE’s ability to study both Collins and Sivers asymmetries via measurements of single transverse spin
asymmetries has been studied in SIDIS reactions [53]. Specifically, the single hadron asymmetries were
obtained in azimuthal moments in combinations of the azimuthal angles of the hadron transverse momentum
and transverse spin of the nucleon relative to the lepton scattering plane. As azimuthal angles are well
measured by the ECCE detector, most of the smearing of these asymmetry extractions comes from the
smearing in the DIS kinematic variables (x, Q2) and the detected hadrons fractional energy (z) and transverse
momentum (pT).

The expected uncertainties of the Collins asymmetries are shown in Fig. 3.5 (top) for one beam energy,
selected bins in x and Q2 and 10 fb�1 of data. Fig. 3.5 (bottom) shows the expected reduction of the
uncertainties of the up and down quark transversity distributions and the favored and disfavored Collins
fragmentation functions. As can be seen, the impact of the ECCE pseudo data is comparable to the generic,
parametrized, detector capabilities that were used in the equivalent Yellow Report studies. We note that
while concentrating on Collins asymmetries, our conclusions also hold for Sivers asymmetries discussed in
the 3D structure section 3.2 below.

3.2 Three-Dimensional structure of nucleons and nuclei

The EIC will enable the extraction of full tomographic images of the nucleons and nuclei and their internal
constituents in the low�x kinematic region. In doing so it will dramatically enhance our knowledge and

42

Expected uncertainties for 

Collins effect 


in selected bins

transversity 

impact studies: 


JAM 20

ECCE Detector proposal (2021)
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Recent fits for transversity

Mechanism Framework SIDIS e+e- p-p 
collisions N pts

PV 2018 
arXiv:1802.05212 collinear DiFF LO ✔ ✔ ✔ 78

JAM 2020 
arXiv:2002.08384

TMD Collins 
effect

generalized 
parton model ✔ ✔ ✔ 517

MEX 2019 
arXiv:1912.03289  collinear DiFF LO ✔ ✔ ✘ 68

CA 2020 
 arXiv:2001.01573 

TMD Collins 
effect

generalized 
parton model ✔ ✔ ✘ 76

Asin(ϕR+ϕS)
UT ∝

h1 H∢
1

f1 D1
collinear framework

DiFFs

http://arxiv.org/abs/arXiv:1802.05212
http://arxiv.org/abs/arXiv:1912.03289
http://arxiv.org/abs/arXiv:2001.01573
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Pavia18 + EIC (ep) 
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data

L=10 fb-1 , 3852 data pts, 

proton&3He [GeV]: 10x100

1) ETMC ’19


2)       Mainz ’19


3) LHPC ’19


4) JLQCD ’18


5) PNDME ’18


6) ETMC ’17


7) RQCD ’14


8) LHPC ‘12 Green et al., P.R. D86 (12) 114509

Alexandrou et al., P.R. D95 (17) 114514; 

                   (E)  P.R. D96 (17) 099906 

Gupta et al., P.R. D98 (18) 034503

Hasan et al., P.R. D99 (19) 114505

Yamanaka et al., P.R. D98 (18) 054516

Harris et al., P.R. D100 (19) 034513

Alexandrou et al., arXiv:1909.00485

Bali et al., P.R. D91 (15) 054501

Lattice results

transversity impact studies:  PV 18
EIC Yellow Report arXiv:2103.05419 

https://arxiv.org/abs/2103.05419
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New analysis:  JAM 22 In preparation

- compatible with Soffer bound

- fit constrained by lattice results for tensor chargesJAM22: TRANSVERSITY AND THE SOFFER BOUND

25

Extracted transversity is compared to the Soffer bound (the data generated by JAM 
extraction of unpolarized and helicity distributions)

Extracted transversity is compatible with the Soffer bound and within the errors with JAM20

JAM22, in preparation
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Prokudin at CPHI 2022

large effect on down 
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26

The tension with diFF method, Radici, Bacchetta (2018) 
becomes more pronounced: is it due to the data, theory, 
methodology? Both methods should be scrutinized.

    !u and !d Q2=4 GeV2

   !u= 0.74     0.11

   !d= -0.15    0.12

   gT=  0.89    0.06

Tensor charge  from up and down quarks
and gT = !u-!d are well constrained and 
compatible with both lattice results and the 
Soffer bound 

±
±

JAM22, in preparation
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0.1

±d
JAM22

JAM20

Goldstein et al (2014)

Radici, Bacchetta (2018)

Gupta et al (2018)

Alexandrou et al (2019)

Pitschmann et al (2015)
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JAM22
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D ! Alesio et al (2020)

Benel et al (2019)

Radici , Bacchetta (2018)

Kang et al (2015)

Radici et al (2015)

Goldstein et al (2014)

Anselmino et al (2013)

Alexandrou et al (2019)

Gupta et al (2018)

Hasan et al (2018)

Pitschmann et al (2015)

±

Tensor charge

- results compatible with Soffer bound
- compatibility with lattice by construction

- tension with DiFF extraction more pronounced

Prokudin at CPHI 2022



Longer-term goal 

36

Update the assessment of the theoretical vs experimental uncertainties for transversity 
extraction with both Collins and DiFF methods


