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SIA
Coefficients known up to NNLO for a long time

NNLO time-like evolution is much newer

P.J. Rijken and W.L. van Neerven.  
NPB 487 (1997) 233, PLB 392 (1997) 207

A.A. Almasy, S. Moch, A. Vogt.  
NPB 854 (2012) 133
D.P. Anderle, F. Ringer, M. Stratmann. 
PRD 92 (2015) 11, 114017
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SIDIS

Coefficients known to NNLO very recently

Coefficients known to NLO for a long time G. Altarelli, R.K. Ellis, G. Martinelli, S.-Y. Pi. 
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Coefficients known to NNLO very recently
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Status of FFs: 
phenomenology

https://indico.cern.ch/event/1642976/ 

See talk by I. Borsa at SHARP CA meeting

https://indico.cern.ch/event/1642976/


Warnings: 


no separation in hadronic species


higher  only for charged hadrons (LEP)s
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Ignacio Borsa - Universität Tübingen -  SHARP Meeting 8

From NLO to NNLO

Anderle, Ringer, Stratmann (2015)

Parton-to-pion FFs at NNLO from SIA data

D.P. Anderle, F. Ringer, M. Stratmann. Phys.Rev.D 92 (2015) 11, 114017

 8/29



Ignacio Borsa - Universität Tübingen -  SHARP Meeting 8

From NLO to NNLO

Anderle, Ringer, Stratmann (2015)

Parton-to-pion FFs at NNLO from SIA data

D.P. Anderle, F. Ringer, M. Stratmann. Phys.Rev.D 92 (2015) 11, 114017

 8/29



Warnings: 


same as before


+ SIDIS limits from average values of  and z Q2
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J. Gao, X. Shen, H. Xing, Y. Zhao, B. Zhou.  
Phys.Rev.Lett. 135 (2025) 4, 041902

8

Eh,min[GeV]
BESIII COMPASS B-factories HE-SIA global

Npt �2/Npt Npt �2/Npt Npt �2/Npt Npt �2/Npt Npt �2 �2/Npt

0.5 242 1.38 358 1.50 233 1.01 426 1.23 1259 1631.2 1.30
0.6 212 1.26 290 1.44 228 0.87 423 1.06 1153 1333.2 1.16
0.7 182 1.12 214 1.43 223 0.67 413 0.97 1032 1057.9 1.03
0.8 152 1.03 142 1.26 218 0.54 407 0.85 919 801.6 0.87
0.9 122 1.08 94 1.22 213 0.52 407 0.84 836 697.5 0.83
1.0 98 1.18 54 0.93 209 0.49 403 0.83 764 603.7 0.79

TABLE V: Fit quality for NLO fit with di↵erent choices of lower cut on the hadron energy.

Eh,min[GeV]
BESIII COMPASS B-factories HE-SIA global

Npt �2/Npt Npt �2/Npt Npt �2/Npt Npt �2/Npt Npt �2 �2/Npt

0.5 112 1.68 180 1.70 113 0.81 230 1.10 635 841.5 1.33
0.6 100 1.59 146 1.48 111 0.63 227 0.97 584 667.7 1.14
0.7 88 1.31 108 1.39 109 0.63 222 0.90 527 535.5 1.02
0.8 76 1.09 72 1.23 107 0.61 219 0.85 474 424.2 0.89
0.9 64 1.11 48 1.37 105 0.60 219 0.84 436 383.6 0.88
1.0 52 1.10 28 1.24 103 0.56 217 0.84 400 331.6 0.83

TABLE VI: Fit quality of pion-only analyses for di↵erent choices of lower cut on the hadron energy.

Comparison to other groups

We compare FFs obtained in this work with FFs from BDSSV22 [16] and MAPFF10 [17] at Q = 5.0 GeV in Fig. 5.
Both BDSSV22 and MAPFF10 FFs are determined at approximate NNLO accuracy, with the former providing only
pion FFs at z > 0.05. Good agreements are found for the u/d quark FFs at large-z and the s quark FFs. The gluon
FFs are not well constrained due to the absence of pp-collision data in all these analyses.
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FIG. 5: Comparison of the FFs obtained in this work with those from BDSSV22 [16] and MAPFF10 [17] at Q = 5.0 GeV.

Impact of SIDIS data on the proton PDFs

In order to study the impact of SIDIS data on proton PDFs using baseline of MSHT20 [9] (with tolerance T 2 = 10)
and NNPDF4.0 [10] PDF sets, we compare the PDFs after profling/reweighting with the original ones in Fig. 6 at
Q = 2.0 GeV as functions of x. The PDF values dv(x), rs(x), ra(x) are defined in Eq.(2) of the paper. As we can see,

“This work”= full NNLO SIDIS by

Approx. NNLO SIDIS by MAP Collaboration. Phys.Lett.B 834 (2022) 137456

I. Borsa, R. Sassot, D. de Florian, M. Stratmann, W. Vogelsang. 
Phys.Rev.Lett. 129 (2022) 1, 012002
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Ignacio Borsa - Universität Tübingen -  SHARP Meeting 17

 Fully global analyses of FFs at NNLO 
now possible 

Large di!erences between results  
obtained with di!erent sets of FFs - 
highly dependent on the gluon FF

Toward fully global analyses of FFs 
Including data on hadron production in proton-proton collisions 

 NNLO predictions now available 
Czakon, Generet, Mitov, Poncelet (2025) 

M. Czakon, T. Generet, A. Mitov, R. Poncelet. Phys.Rev.Lett. 135 (2025) 17

With SIH NNLO (predictions)
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Opportunities with 
FFs at the EIC



Warnings: same as before
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Warnings: same as before
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E.-C. Aschenauer, I. Borsa, R. Sassot, C. Van Hulse. Phys.Rev.D 99 (2019) 9, 094004

Improve knowledge of FFs

21
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FIG. 21: Reweighting of DSS NLO parton to pion and parton to kaon fragmentation-function replicas for the combinations
q + q̄ associated to the final hadron valence quarks (upper panels) as well as for the unfavoured flavours of quarks and gluons
(lower panels) with EIC pseudodata of c.m.s energy

p
s = 140 GeV. As in Fig. 18 and Fig. 19, the results are normalized to

the DSS best fit. In the case of parton to pion FFs, the modified distributions are represented by the pink line, while their
modified uncertainties are represented by the dark blue band. Analogously, the original central value and uncertainty are given
by the black and white dashed line and the light blue band, respectively. The inverse color scheme is used in the case of parton
to kaon FFs. All results are shown at a scale of Q2 = 10 GeV2.
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Improve knowledge of PDFs
19
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FIG. 18: Reweighting of NNPDF3.0 NLO replicas for the u and ū quark distribution (upper panels) and d and d̄ quark
distribution (lower panels) with EIC pseudodata. The four panels on the left-hand side correspond to

p
s = 140 GeV pseudodata,

while those on the right-hand side are for
p
s = 45 GeV. The shaded area is the region of xB not covered by the latter energy

configuration. The distributions are normalised to the NNPDF3.0 best fit. The solid (green) lines and dark grey bands represent
the results for the distributions after the reweighting procedure and the corresponding uncertainty bands, respectively. All
results are shown at a scale of Q2 = 5 GeV2.
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FIG. 19: The same as Fig.18, but for the strange quark distribution (upper panels) and for the PDF combinations sensitive
to charge and isospin (lower panels) symmetry breaking. Again, the results are shown at a scale of Q2 = 5 GeV2 and are
normalised to the NNPDF3.0 best fit.

the down quark (for the most energetic configuration of
p
s = 140GeV). In addition, our results indicate that it
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Let’s go nuclear: 
all the same, in a 

nuclear environment



Status of in-medium theory
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Status of in-medium theory



Status of SIDIS 
off nuclei: 

phenomenology





0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0

0.5

1

10 20

0

0.5

1

0 0.5 1

   He
   Ne

0.6

1.0

0.8

RA
h

  Kr
  Xe π-

0.6

1.0

0.8

K-

0

0.5

1.0

10 20
ν (GeV)

0.5 1
z

1 10
Q2 (GeV2)

p−

Q2 (GeV2)

0

0.5

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

Fig. 3. Values of Rh
A for negatively charged hadrons as a function of ν, z, and Q2.

The data as a function of ν are shown for ν > 4 GeV and those as a function of z
for z > 0.1. Error bars as in Fig. 2.

particles. Because protons are already present in a nucleus, an appreciable
fraction of them may not come from hadronization. This is reflected in the
very large difference in production of p and p on deuterium, see Table 3.
Furthermore, as discussed in section 2, in final-state interactions they generally
are not absorbed, but give rise to more nucleons (both protons and neutrons),
thus possibly even increasing Rh

A at lower z.

Antiprotons feature a rather strong attenuation, which might be attributed to
the relatively large pN cross section.

16

Rh
A(ν, z, Q2, p2

t ) =
( Nh(ν, z, Q2, p2

t )
Ne(ν, Q2) )A

( Nh(ν, z, Q2, p2
t )

Ne(ν, Q2) )D

HERMES Collaboration. Nucl.Phys.B 780 (2007) 1
21/29

https://inspirehep.net/literature?q=collaboration:HERMES


🐈⬛  EMC: not fully differential like HERMES

European Muon Collaboration. Z.Phys.C 52 (1991) 
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🐈⬛  EMC: not fully differential like HERMES

🐈⬛  CLAS

🐈⬛  HERMES HERMES Collaboration. Nucl.Phys.B 780 (2007) 1

CLAS Collaboration. Phys.Rev.C 105 (2022) 1, 015201

22/29

https://inspirehep.net/literature?q=collaboration:HERMES


🐈⬛  EMC: not fully differential like HERMES

🐈⬛  CLAS

🐈⬛  HERMES HERMES Collaboration. Nucl.Phys.B 780 (2007) 1

CLAS Collaboration. Phys.Rev.C 105 (2022) 1, 015201

🐈⬛  RHIC (d+Au) & LHC (p+Pb)

22/29
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Warnings: SIDIS limits from average values of  and z Q2
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FIG. 2: Rπ
A in SIDIS for different nuclei in bins of z (upper panel), x (middle panel), and Q2 (bottom panel) as measured by

HERMES [6]. The solid lines correspond to the results of our optimum fit for nFFs using the nDS medium modified parton
densities [11]. The corresponding fit based on the simple nFF* ansatz in Eq. (8) is shown as dotted lines. The dashed lines are
estimates assuming the nDS medium modified PDFs but standard DSS vacuum FFs [1].

Figs. 3-5 as solid and dotted lines, corresponding to our
optimum and simplified ansatz for the weight function
Wπ

q,g introduced in Sec. III A, respectively. Here, the
naive three parameter ansatz for Wπ

q,g fails to reproduce
the pT dependence of the dAu data, and the greater flex-
ibility of Eqs. (10) and (11) is clearly needed and leads
to a significant improvement of the fit. The simultaneous
description of SIDIS and dAu data requires to have the
correct balance between quark and gluon contributions
in the fragmentation process, which is strongly pT and,
hence, z dependent.

An important difference between SIDIS and dAu data
is that in the latter case the cross sections sample con-
tributions from a wide range in z. Consequently, the
deconvolution of the medium induced effects is less trans-
parent. In order to provide a better insight into the sen-
sitivity of the RHIC measurements to the fragmentation
process, we show in Fig. 6 (a) the mean value of the
hadron’s fractional momentum z probed in pp and dAu
collisions as a function of pT . There are several ways to
estimate an average 〈z〉. We define it in the standard
way by evaluating the convolutions in the factorized ex-

nPDFs are not enough to describe the data 
24/29
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HERMES [6]. The solid lines correspond to the results of our optimum fit for nFFs using the nDS medium modified parton
densities [11]. The corresponding fit based on the simple nFF* ansatz in Eq. (8) is shown as dotted lines. The dashed lines are
estimates assuming the nDS medium modified PDFs but standard DSS vacuum FFs [1].

Figs. 3-5 as solid and dotted lines, corresponding to our
optimum and simplified ansatz for the weight function
Wπ

q,g introduced in Sec. III A, respectively. Here, the
naive three parameter ansatz for Wπ

q,g fails to reproduce
the pT dependence of the dAu data, and the greater flex-
ibility of Eqs. (10) and (11) is clearly needed and leads
to a significant improvement of the fit. The simultaneous
description of SIDIS and dAu data requires to have the
correct balance between quark and gluon contributions
in the fragmentation process, which is strongly pT and,
hence, z dependent.

An important difference between SIDIS and dAu data
is that in the latter case the cross sections sample con-
tributions from a wide range in z. Consequently, the
deconvolution of the medium induced effects is less trans-
parent. In order to provide a better insight into the sen-
sitivity of the RHIC measurements to the fragmentation
process, we show in Fig. 6 (a) the mean value of the
hadron’s fractional momentum z probed in pp and dAu
collisions as a function of pT . There are several ways to
estimate an average 〈z〉. We define it in the standard
way by evaluating the convolutions in the factorized ex-

nFFs introduced

🐈  SIDIS@HERMES and SIH@RHIC.


🐈  SIDIS@HERMES.   


🐈  SIDIS@HERMES/CLAS and SIH@RHIC/LHC. M. Doradau, R.T. Martinez, R. Sassot, M. 
Stratmann. Phys.Rev.D 111 (2025) 3, 034045

nPDFs are not enough to describe the data 

PZ. arXiv:2101.01088

R. Sassot, M. Stratmann, PZ.  
Phys.Rev.D 81 (2010) 054001
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FIG. 2. Nuclear modification factors defined in Eq. (3) for SIDIS multiplicities for positively (left panel) and negatively (right
panel) charged pions for various kinematic bins and nuclei from CLAS [25] compared to calculations with (solid lines) and
without (dashed lines) including final state nuclear e↵ects; see text. The shaded bands illustrate the uncertainties of our newly
extracted set of nFFs.

in pinning down any possible medium induced e↵ects in
the gluon fragmentation in our analysis. We note that a
detailed discussion of the correlation between the kine-
matical variables and the relevance of di↵erent partonic
channels d�̂ab!cX in Eq. (2) at typical LHC c.m.s. ener-
gies can be found in Ref. [29], see, in particular, Fig. 6.

The dashed lines in Fig. 1 show theoretical estimates
of the nuclear modification factors in Eq. (1), com-
puted at NLO accuracy with two di↵erent sets of nPDFs,
nNNPDF3.0 [26] (red) and TUJU21 [27] (blue), respec-
tively, and the BDSS21 set of vacuum FFs [18, 19], i.e.,
assuming no nuclear e↵ects during the hadronization pro-
cess. We have picked these two sets of nPDFs for our
purposes since neither of them makes use of any pion pro-
duction pA or SIDIS data in their determination. This is
crucial for the consistency of our analysis, since we want
to separate potential final state nuclear e↵ects in pA data
from those attributed to the initial state, i.e., nPDFs.

As can be seen, both results based on vacuum FFs
roughly reproduce the trend of the ALICE data within
the experimental uncertainties once the large systematic
errors are taken into account. The shape of the curves
with increasing pT reflects the amount of shadowing and

antishadowing encoded in each set of nPDFs. Typically,
both calculations fall within a range less than 10% away
from the central values of the data, which hints towards
a maximum limit for final state nuclear e↵ects at mid
rapidity for LHC c.m.s. energies. On the other hand, the
di↵erences between the two estimates are fairly repre-
sentative of the nPDFs uncertainties at play here, which
turn out roughly twice as large as the maximum size of
potential final state nuclear e↵ects; see the hatched bands
in Fig 1 as an illustration of nPDF uncertainties.

The two lower panels of Fig. 1 show neutral pion data
at

p
S = 8.16 TeV from LHCb [15]. At variance with the

mid rapidity ALICE data just discussed, these measure-
ments are for both forward (right panel) and backward
(left panel) rapidity ranges and, hence, probe rather dif-
ferent values of parton momentum fractions. Pions pro-
duced in the backward direction typically probe nPDFs
in the antishadowing region, xb & 0.1, while forward ones
are mainly sensitive to xb ⇡ 0.01, i.e., well in the shad-
owing regime. This pattern of either a mild enhancement
or a more sizable suppression due to shadowing is clearly
visible in both theoretical estimates obtained with the
two sets of nPDFs combined with vacuum FFs (dashed
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errors are taken into account. The shape of the curves
with increasing pT reflects the amount of shadowing and

antishadowing encoded in each set of nPDFs. Typically,
both calculations fall within a range less than 10% away
from the central values of the data, which hints towards
a maximum limit for final state nuclear e↵ects at mid
rapidity for LHC c.m.s. energies. On the other hand, the
di↵erences between the two estimates are fairly repre-
sentative of the nPDFs uncertainties at play here, which
turn out roughly twice as large as the maximum size of
potential final state nuclear e↵ects; see the hatched bands
in Fig 1 as an illustration of nPDF uncertainties.
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at
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S = 8.16 TeV from LHCb [15]. At variance with the

mid rapidity ALICE data just discussed, these measure-
ments are for both forward (right panel) and backward
(left panel) rapidity ranges and, hence, probe rather dif-
ferent values of parton momentum fractions. Pions pro-
duced in the backward direction typically probe nPDFs
in the antishadowing region, xb & 0.1, while forward ones
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updates coming soon! 
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https://agenda.infn.it/event/43344/ 

See my talk at the ePIC meeting January 2025 for more details on nPDFs/nFFs:
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