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Only one experiment: HERMES Nucl. Phys. B 780 (2007), 1-27
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Fig. 1. Kinematic planes for hadron production in semi-inclusive deep-inelastic scat-
tering and definitions of the relevant lepton and hadron variables. The quantities
k = (E, k⃗) and k′ = (E′, k⃗′) are the four-momenta of the incident and scattered lep-
ton, (Eh, p⃗h) is the four-momentum of the produced hadron, and p⃗t is the transverse
momentum of the hadron.

ton and hadron kinematic variables. The ratio Rh
A depends on the leptonic

variables ν, the energy of the virtual photon, and Q2, the negative of the
four-momentum of the virtual photon squared, and on the hadronic variables
z = Eh/ν, the fraction of the virtual-photon energy carried by the hadron, and
p2t , the square of the hadron momentum component transverse to the direction
of the virtual photon. Thus Rh

A can be written as:

Rh
A(ν, Q

2, z, p2t ) =

(

Nh(ν,Q2,z,p2
t
)

Ne(ν,Q2)

)

A
(

Nh(ν,Q2,z,p2
t
)

Ne(ν,Q2)

)

D

, (1)

withNh(ν, Q2, z, p2t ) the number of semi-inclusive hadrons at given (ν, Q2, z, p2t ),
and N e(ν, Q2) the number of inclusive DIS leptons at (ν, Q2). Implicit in this
definition is the integration over the angle φ between the lepton scattering
plane and the hadron production plane (see Fig. 1).

Experiments at large values of ν [2,3] give values Rh
A ≈ 1.0 within the exper-

imental uncertainty. This is interpreted as an indication that nuclear effects
are negligible in that region. At lower values of ν the value of Rh

A has been
found to be well below unity [1,4,5].

Even though hadronization is not yet quantitatively understood, it is generally
assumed that the following processes play a role in leptoproduction of hadrons.
After a quark in a nucleon has absorbed the virtual photon, it can lose energy
by scattering from other quarks and by radiating gluons. As a result the value
of Rh

A may be influenced. A change in Rh
A can also result from the quark

in a nucleus having a different distribution function as a result of partonic
rescaling. These two effects will be called partonic mechanisms.

After a certain time a colourless object, called a prehadron, is formed, which
has the quantum numbers of the final hadron, but not yet its full wave func-
tion. The concept of colour transparency [11] is closely related to this. The
prehadron then evolves over some time into the physical hadron. In the Lund
model [12] the process of (pre)hadron formation is described as the building of
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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-
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be extracted from data through global QCD analyses,
both the relevant hard partonic scattering cross sections
and the scale evolution of FFs (and PDFs) are calculable
within pQCD. Corrections to this factorized framework
emerge as inverse powers of the hard scale characterizing
the one-hadron inclusive cross section, like the virtuality
Q2 of the exchanged virtual photon in e+e− annihila-
tions or the transverse momentum pT of the produced
hadron in proton-proton collisions. Provided that Q2 or
pT are large enough, these higher twist contributions can
be safely neglected in phenomenological applications.
The scale dependence of the DH

i is governed by a set
of coupled renormalization group equations very similar
to those for PDFs. They schematically read [19, 20]:

d

d lnQ2
D⃗H(z,Q2) =

[

P̂ (T ) ⊗ D⃗H
]

(z,Q2), (1)

where

D⃗H ≡

(

DH
Σ

DH
g

)

, DH
Σ ≡

∑

q

(DH
q +DH

q̄ ) (2)

and

P̂ (T ) ≡

(

P (T )
qq 2nfP

(T )
gq

1
2nf

P (T )
qg P (T )

gg

)

(3)

is the matrix of the singlet timelike evolution kernels.
The symbol ⊗ denotes a standard convolution. The NLO

splitting functions P (T )
ij have been computed in [19, 20] or

can be related to the corresponding spacelike kernels by
proper analytic continuation [21]. Recently, the diagonal

splitting functions P (T )
qq and P (T )

gg have been calculated
up to next-to-next-to-leading order accuracy [22].
Apart from the requirement of a sufficiently large hard

scale to suppress power corrections, the applicability of
FFs is in practice further limited to the range of medium-
to-large momentum fractions z [1, 2, 3]. While large per-

turbative contributions to the splitting kernels P (T )
gq and

P (T )
gg at small z can be resummed to all orders, there is no

systematic or unique way to include corrections related to
the ignored mass of the produced hadron H . In any case,
“resummed” or “mass corrected” FFs obtained in one
process should not be used with fixed order expressions
in other processes. However, it is a key point of global
QCD analyses of FFs to combine diverse sets of data in
their determination [1]. Only by consistently exploiting
a large variety of one-hadron inclusive processes one can
test the underlying assumption of factorization, imply-
ing that FFs are exactly the same no matter if the seed
parton is excited from the vacuum like in e+e− annihila-
tion or from a nucleon in the case of one-particle-inclusive
processes in either lepton-nucleon or nucleon-nucleon col-
lisions. To avoid problems at small z, we follow Ref. [1]
and simply impose a cut z > zmin = 0.05(0.1) on all
data with identified pions (kaons) used in our analysis of
medium modified fragmentation functions.

B. Convolution approach for medium modified FFs

Assuming that hard collinear factorization for one-
particle inclusive processes is realized also for collisions
involving nuclei, one can define fragmentation functions
DH

i/A(z) specific for nuclear environments characterized
by their atomic number A. Like standard FFs, the
medium modified DH

i/A(z) describe the hadronization of
a parton i into a hadron H but now in the background
of a nucleus A. Due to medium-induced final-state soft
exchanges which happen after the hard partonic scatter-
ing process, the non-perturbative content of the DH

i/A(z)
could differ significantly from the one known for vacuum
fragmentation functions DH

i (z). A similar reasoning is
applied with great phenomenological success in analyses
of nPDFs that account for medium-induced effects in the
initial-state [11, 12, 13].
Provided that both FFs and nFFs have the same fac-

torization properties, we can use exactly the same theo-
retical expressions in computations of measured hadron
yields for processes involving free or nuclear bounded nu-
cleons, replacing only the PDFs and FFs by the corre-
sponding nPDFs and nFFs in the latter case. The global
analysis of the nFFs, that is the precise determination
of the medium induced modifications to FFs based on
the presently available data, proceeds in close analogy to
those for FFs. The stringent framework of pQCD and
factorization does not require to make any specific as-
sumptions on the size and sign of nuclear modifications
prior to the fit, and the results are entirely determined by
data. Known nuclear effects on parton densities, as seen,
e.g., in DIS off nuclei [9], are fully accounted for by choos-
ing a recent set of nPDFs. The obtained sets of nFFs will
allow us to test how well the underlying assumption of
factorization works in practice and can be compared to
the different ideas and mechanisms for medium modifica-
tions of quark and gluon FFs proposed in the literature
[7, 8]. We refer the reader to Ref. [1] for detailed expres-
sions of the relevant cross sections and an outline of the
numerical fitting procedure.
Rather than fitting from scratch the nFFs, which

would take as many parameters as the standard or vac-
uum FFs, plus several more to represent their nuclear A
dependence, we choose to relate the DH

i/A to the stan-

dard ones DH
i at a given initial scale Q0 = 1GeV by a

convolution approach:

DH
i/A(z,Q

2
0) =

∫ 1

z

dy

y
WH

i (y,A,Q2
0)D

H
i (

z

y
,Q2

0) . (4)

The weight function WH
i (y,A,Q2

0) parameterizes all nu-
clear modifications and, at the same time, retains the in-
formation already available on the vacuum FFs for A = 1.
Here we take the NLO sets of DSS [1] as reference, which
provide an excellent global description of hadron yields in
e+e−, ep, and pp processes. We refrain from performing
our analysis at leading order accuracy which, at best, can
give a rough qualitative result. The LO FFs in Ref. [1]
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yield a significantly less favorable description of the data.
Provided that the functional form for WH

i (y,A,Q2
0) is

flexible enough, one can accommodate the specific de-
tails of each individual measurement, and the nFFs can
be extracted as precisely as possible from data. The scale
dependence of the nFFs in Eq. (4) is dictated by factor-
ization and determined by the standard evolution equa-
tions for vacuum FFs discussed in Sec. II A.
The impact of the weight function WH

i (y,A,Q2
0) in

Eq. (4) on the resulting nFFs can be readily understood.
A simple Dirac delta function δ(1 − y) as weight would
imply no medium induced effects in the hadronization
process, while a shift in its argument, i.e., δ(1 − ϵ − y),
leads to a shift in the momentum fraction z as suggested,
for instance, by many parton energy loss scenarios [7, 8].
A more flexible weight function like

WH
i (y,A,Q2

0) = ni y
αi(1− y)βi , (5)

can be used to parameterize effects not necessarily related
to partonic mechanisms, such as hadron or pre-hadron
attenuation or enhancement, with a great economy of
parameters. As will be shown below, the A dependence
of the weight function WH

i can easily be included in its
coefficients, e.g., ni, αi, and βi in (5), by taking them as
smooth functions of a nuclear property like its volume,
radius, or mean density.
We note that convolutional integrals like in Eq. (4) are

the most natural language for parton dynamics at LO and
beyond, showing up ubiquitously in evolution equations,
cross sections, etc. They can be most straightforwardly
handled in Mellin moment space, which is also well suited
for a numerically efficient global QCD analysis [23]. The
convolution approach has been demonstrated to be effec-
tive and phenomenologically successful in the extraction
of initial-state nuclear effects for PDFs at NLO accuracy
in Ref. [11]. For consistency, we take these sets of nPDFs,
in the following labeled as nDS, in all calculations of cross
sections relevant for our global analysis of nFFs.

C. Data sensitive to nFFs

The gross features of FFs are usually determined from
very precise e+e− annihilation data, mainly taken by the
CERN-LEP experiments. The lack of this source of infor-
mation for medium modified fragmentation functions is
evident and significantly complicates their analysis. All
available probes require a careful deconvolution of nFFs
frommedium effects related to nPDFs, which can be done
consistently in a global QCD analysis based on factoriza-
tion.
One of the most interesting pieces of evidence on

medium induced effects in the hadronization process
comes from semi-inclusive deep-inelastic scattering off
nuclear targets. Such kind of measurements have been
performed since the late seventies by different collabo-
rations [5] and in recent years have reached a level of
precision and sophistication that allows for very detailed

quantitative analyses. Specifically, the HERMES col-
laboration has performed a series of measurements on
deuterium, helium, neon, krypton, and xenon targets,
with identified charged and neutral pions, kaons, and
(anti)protons in the final-state [6]. The data are pre-
sented as distributions in the relevant kinematical vari-
ables, such as the hadron momentum fraction z and the
photon virtuality Q2, which are used to characterize frag-
mentation functions, as well as the virtual photon energy
ν, that can be related to the nucleon momentum frac-
tion x carried by initial-state parton. In addition, data
are available in terms of p2T , the transverse momentum
squared of the observed hadron. The detailed kinemati-
cal dependence of the HERMES data [6], combined with
the information for different final-state hadrons and tar-
get nuclei, puts very sharp constraints on the effective,
medium modified fragmentation functions we wish to de-
termine.
In order to minimize initial-state medium induced ef-

fects, which in a factorized approach should be contained
in the nPDFs, the data are presented as ratios of hadron
multiplicities for heavy nuclei A and deuterium (d),

RH
A (ν, Q2, z, p2T ) =

(

NH(ν,Q2,z,p2

T )
Ne(ν,Q2)

)

A
(

NH (ν,Q2,z,p2

T )
Ne(ν,Q2)

)

d

. (6)

NH(ν, Q2, z, p2T ) denotes the number of hadrons of type
H produced in SIDIS, and Ne(ν, Q2) is the number of
inclusive leptons in DIS. The cancellation of initial-state
nuclear effects would be exact in a LO framework if
medium induced modifications to the PDFs could be
represented by a single multiplicative factor irrespective
of the parton flavor. Even though the different parton
species are known to require different, non-trivial modi-
fications [11], these differences get diluted even at NLO
accuracy. As will be shown below, they cancel in the
ratio (6) to a very good approximation.
The second crucial piece of evidence on medium in-

duced effects in the hadronization process comes from
single-inclusive identified hadron yields obtained in dAu
collisions at mid-rapidity by the RHIC experiments at
BNL [14, 15, 16]. These measurements are often seen
as “control experiments” associated with the program
of colliding two heavy-ion beams at RHIC to explore
the properties of nuclear matter under extreme condi-
tions. However, in the face of the clear evidence of strong
medium induced effects in the fragmentation process de-
duced from the SIDIS data [6], the dAu data [14, 15, 16]
also acquire a particular relevance for our analysis.
Nuclear effects on hadron production in dAu collisions

are often quantified through comparison to the corre-
sponding pp spectrum, scaled by the average nuclear
overlap or geometry function N . The so defined nuclear
modification factor RH

dAu [14, 15, 16] reflects not only
the medium induced effects on the fragmentation pro-
cess, but also on the PDFs and includes possible devia-
tions due to isospin considerations. N counts the number
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TABLE II: Coefficients parametrizing the weight functions W π
q,g in Eq. (10) at the input scale Q0 = 1GeV for different nuclei

A. The 14 fitted parameters λξ, γξ, and δξ in Eq. (11) are given in the bottom half of the table.

A n′
q ϵq = ϵg nq αq βq n′

g ng αg βg

He 0.949 0.002 0.024 24.18 26.80 1.042 -0.131 19.50 46.24

Ne 0.863 0.006 0.065 23.54 26.13 1.114 -0.351 19.21 41.78

Kr 0.668 0.015 0.157 22.10 24.62 1.276 -0.849 18.56 31.72

Xe 0.564 0.020 0.206 21.33 23.81 1.362 -1.115 18.21 26.33

Au 0.439 0.026 0.265 20.41 22.85 1.466 -1.433 17.79 19.90

λξ 1 0 0 24.56 27.20 1 0 19.67 48.88

γξ -0.022 0.001 0.010 -0.161 -0.169 0.018 -0.056 -0.073 -1.126

δξ 0.615 0.615 0.615 0.615 0.615 0.615 0.615 0.615 0.615

TABLE III: Data sets included in the NLO global analysis of
pion nFFs, the individual χ2 values for each set, and the total
χ2 of the fit.

Data Data

Experiment A H type points χ2

HERMES [6] He,Ne,Kr,Xe π+ z 36 39.3

π− z 36 23.0

π0 z 36 27.4

π+ x 36 69.4

π− x 36 55.4

π0 x 36 49.7

π+ Q2 32 21.0

π− Q2 32 27.1

π0 Q2 32 34.7

PHENIX [14] Au π0 pT 22 13.7

STAR (prel.) [16] Au π0 pT 13 12.8

STAR [15] Au π± pT 34 22.5

Total 381 396.0

values of the coefficients parametrizing the weight func-
tions Wπ

q,g in Eq. (10) for different nuclei and the fitted
parameters λξ, γξ, and δξ in Eq. (11). Table III shows the
partial contributions to χ2 for each set of data included
in the fit. We obtain an overall χ2 = 396.0 for 381 data
points included in the analysis with 14 free parameters,
resulting in an excellent χ2/d.o.f = 1.08. Recall that the
parameters of the simplified, three parameter fit based
on Eqs. (8) and (9), which yields χ2/d.o.f. ≃ 2, were
already presented in Tab. I.

The obtained smooth A dependence of the coefficients
parametrizing the weight functions Wπ

q,g in Eq. (10) is
illustrated in Fig. 1. Although not explicitly enforced in
Eq. (11), n′

q,g approaches unity and both nq,g and ϵ′q,g
tend to zero as A → 1, as required by the vanishing
of nuclear effects in that limit. As expected from the
qualitative discussion of the data in Sec. II C, the pat-
tern of medium induced modification is rather different
for quarks and for gluons. Most importantly, the nor-

malizations n′
q and n′

g of the Dirac delta term in the
convolution weights (10) have opposite signs, leading to
suppression for the quark and enhancement for the gluon
nFFs with respect to the vacuum FFs. The first term on
the right-hand-side of Eq. (10) also shows an opposite
trend for quarks and gluons but influences mainly the
small z behavior of the resulting Dπ

q/A and Dπ
g/A which

will be presented at the end of this Subsection.

In Fig. 2, the measured multiplicity ratios Rπ
A for

charged and neutral pions [6] are shown as a function
of z, x, and Q2 for different target nuclei A. To demon-
strate the significance of medium modifications in the
hadronization process, the dashed lines correspond to cal-
culations of Rπ

A at NLO accuracy using nPDFs from nDS
[11] but standard DSS fragmentation functions [1]. All
computations of multiplicities on a deuterium target in
the denominator of Eq. (6) are performed with MRST
PDFs [25] and DSS [1] FFs. As anticipated in Sec. II C,
initial-state nuclear effects approximately cancel in Rπ

A,
and the results computed in this way are very close to
unity for all kinematic distributions, in sharp contrast to
data. Very similar results are obtained if other current
sets of nPDFs [12, 13] are used.

Notice that despite cancellations of the initial-state ef-
fects associated to the nPDFs, the measured medium in-
duced modifications of the pion multiplicities can be as
large as a fifty percent effect for the heavier nuclei. They
show a non-trivial z and x dependence, increase with the
nuclear mass number A, and are most conspicuous for
larger hadron energy fractions z and larger x, i.e., smaller
ν. The dependence on Q2, displayed in the bottom panel
of Fig. 2, is comparatively flat but noticeable. Several
models proposed to estimate medium induced effects in
the hadronization process reproduce some of the features
of the data. However, the full kinematical dependence of
RH

A (ν, Q2, z, p2T ) is still a challenging issue; see Refs. [7, 8]
and references therein.

The results of the global analysis of nFFs based on the
convolution approach are shown as dotted and solid lines
for the naive three parameter and the refined ansatz for
the weight functions Wπ

q,g introduced in Sec. III A, re-
spectively. Both fits give a much superior description
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FIG. 7: The resulting medium modified NLO fragmentation functions for quarks and gluons into neutral pions at Q2 = 10GeV2

for various different nuclei (right panels). The left panels show the corresponding ratios Rπ
q,g to the standard DSS FFs as defined

in Eq. (14).

gluon fragmentation up to the highest values of pT , about
15GeV, currently accessible in experiment. As we shall
see below, this is due to the nuclear suppression of DH

q/A

on the one hand, and enhancement of DH
g/A on the other

hand.
The resulting modified fragmentation functions and

the corresponding ratios to the standard DSS FFs,

RH
q ≡

DH
q/A(z,Q

2)

DH
q (z,Q2)

, RH
g ≡

DH
g/A(z,Q

2)

DH
g (z,Q2)

, (14)

can be found in Fig. 7 at Q2 = 10GeV2 for various nu-
clei. As expected from the qualitative discussion of the
data in Sec. II C, the pattern of medium induced modifi-
cations is rather different for quarks and for gluons. The
dominant role of quark fragmentation in SIDIS leads to a
suppression, i.e., Rπ

q < 1, increasing with nuclear size A
as dictated by the pattern of hadron attenuation found
experimentally, see Fig. 2. The enhancement of hadrons
observed in dAu collisions for pT ! 10GeV, see Figs. 3-5,
along with the dominant role of gluon fragmentation at
low values of pT explains that Rπ

g > 1 for z " 0.2. Below
z ≃ 0.2, where all the data we analyze have very little
or no constraining power, both quark and gluon nFFs
drop rapidly. For the time being, the behavior in this re-
gion could easily be an artifact of the currently assumed
functional form for the weights WH

q,g in Eq. (10).

We note that for z " 0.4 the bulk of the medium in-
duced effects for both quarks and gluons can be accom-
modated by the second term in WH

q,g proportional to a
Dirac delta function, which normalization coefficients n′

q
and n′

g have to have opposite signs, reflecting suppres-
sion and enhancement, respectively. The other term in
WH

q,g introduces only a small correction in this region,
but becomes dominant if z ! 0.4, especially for DH

g/A.
We wish to stress, that even with the limited amount

of data available at present, the successfully performed
global analysis of nFFs provides a first non-trivial indi-
cation that the assumed factorization of long- and short-
distance physics works amazingly well also for SIDIS off
nuclei and dAu collisions at RHIC. The found suppres-
sion Rπ

q < 1, as imposed by SIDIS data, is fully compat-
ible with the complicated pattern of enhancement and
attenuation of hadron yields in dAu collisions at RHIC.
The non-negligible role of quark fragmentation in dAu
collisions at moderate and large values of pT , along with
the larger nuclear effects for DH

q/A than for DH
g/A at large

values of z, explains that Rπ
σ < 1 for pT " 10GeV. In

addition, even though SIDIS data are dominantly sen-
sitive to quark fragmentation, the observed non-trivial
Q2 and x dependence of the SIDIS multiplicity ratios
shown in Fig. 2, depends on the medium induced mod-
ifications of the gluon fragmentation function, which in
turn is mainly constrained by dAu data. The correlation
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FIG. 3: Upper panel: comparison of the PHENIX data for
neutral pion production in dAu collisions at mid-rapidity [14]
with NLO estimates obtained with various combinations of
nPDFs, FFs, and nFFs. The solid and dotted line correspond
to the results of our optimum and simple three parameter fit
for nFFs, respectively, using the nDS nPDFs [11]. Results
based on standard DSS FFs [1] are shown as dashed and dot-
dashed lines for nDS [11] and EPS [13] nPDFs, respectively.
Lower panel: same as above but now for the ratio Rπ

σ defined
in Eq. (7).

pression for the pT dependent cross section [24] with an
extra factor of z in the integrand, divided by the cross
section itself [28], i.e., schematically we use

⟨z⟩ ≡

∫

dz z dσH

dzdpT
∫

dz dσH

dzdpT

. (13)

Here, dσH/dzdpT contains the appropriate convolutions
of the parton densities and fragmentation functions with
the partonic hard scattering cross sections.
Panel (b) of Fig. 6 shows the individual ⟨z⟩ for quark

and gluon fragmentation processes, simply referring to
the contributions in the dAu cross section proportional to
either Dπ

q/Au or Dπ
g/Au. Beyond the LO, this separation

involves some arbitrariness and depends on the choice of
the factorization scheme. In addition, primary partons
created in the hard scattering may radiate off secondary
partons of a different species which in turn fragment into
the observed hadron. Figure 6 (c) shows histograms of
the z distribution for three representative values of pT . In
panel (d), we present the relative contributions of quark
and gluon fragmentation processes to the π0 production
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FIG. 4: The same as in Fig. 3 but now for neutral pion data
obtained by STAR [16].

cross section in pp and dAu collisions.

As can be seen in Fig. 6, RHIC pp and dAu data
are mainly sensitive to fairly large values of the momen-
tum fraction taken by the hadron H , with ⟨z⟩ slightly
increasing with pT . However, as panel (c) shows, the
cross section samples contributions over a broad range in
z, starting at about z ≃ 0.2. Notice that below about
pT = 1.5GeV, the tail in the z distribution becomes sen-
sitive to values z ! 0.1, where the concept of fragmen-
tation functions breaks down due to finite hadron mass
effects and the singular behavior of the timelike evolution
kernels. It is also worthwhile mentioning that the values
of z to which the cross sections are most sensitive to, i.e.,
⟨z⟩, depend, of course, on the actual shape of the FFs
and nFFs assumed in the analysis of pp and dAu collision
data, respectively. Since we anticipate sizable differences
between them, the ratios RH

σ defined in Eq. (7) actually
sample the nuclear and the vacuum fragmentation func-
tions at slightly different values of z, cf. Fig. 6 (a). This
can have quite some effect on the ratios RH

σ in regions
where the fragmentation functions vary rapidly with z.

Fig. 6 (d) demonstrates that for pp collisions gluon
fragmentation is clearly the dominant production mech-
anism at low values of pT . Quark fragmentation con-
tributions increase with pT , and cross the level of 50%
at pT ≃ 10GeV. Again, the relative balance between
quark and gluon contributions in dAu collisions will de-
pend on the extracted medium induced modifications.
In our analysis, pion production is dominantly driven by

Rσ ≠ RdAu
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DSS2007 is very different from DEHSS2014



Time to update the nFFs: new fit, using xFitter

Dh
i (z, Q0) → Dh

i (z, Q0, A)

Dh
i (z, Q0) = Nixαi(1 − x)βi[1 + γi(1 − x)δi]

Ni → Ni[1 + N1,i(1 − AN2,i)]

pi → pi + p1,i(1 − Ap2,i) i = β, γ, δ

i = u + ū, d + d̄, s + s̄, c + c̄, b + b̄, ū, g

Q0 = 1 GeV, mc, mb

no sensitivity at low z 
no flavour sensitivity

Ng,1 Ng,2 βg,1 βg,2 γg,1 γg,2 δg,1 δg,2 Nq,1 Nq,2 βq,1 βq,2 γq,1 γq,2 δq,1 δq,2

free free free Ng,2 free Ng,2 free Ng,2 free free βg,1 Nq,2 γg,1 Nq,2 δg,1 Nq,2



Experiment H Dependence Nº points χ2 diff

HERMES

π+ 36 30.89 -8.41
π- z 36 14.64 -8.36
π0 36 28.03 +0.63
π+ 36 47.76 -21.64
π- x 36 46.57 -8.83
π0 36 35.84 -13.86
π+ 32 6.89 -14.11
π- Q2 32 9.17 -17.93
π0 32 16.09 -18.61

STAR
π0

pT
13 5.77 -7.03

π+, π- 30 46.14 +11.44

not a fit

Older STAR neutral pion data were preliminary 
PHENIX data not available
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NOW: EIC



I gave the OLD grid for Au to Ralf. He sent back (tons) of pseudo data

0.00001 ≤ x ≤ 1

0 ≤ z ≤ 1

1 GeV2 ≤ Q2 ≤ 10000 GeV2

s ≈ 28.5, 63.24, 84.85 GeV

s ≈ 28.5 GeV

s ≈ 63.24 GeV

Comparison of pseudo data 
with new theory predictions

Uncertainties are too small to 
do a re-weighting 

NaNs everywhere

Two configurations for the detector 
(up to Ralf to explain)



I tried creating pseudo data using the old set of nFFs: didn’t work 

I tried creating pseudo data using the new set of nFFs

Mi → Mi + δiri δi = Δ2
syst,i + Δ2

stat,i

ri random number

With this I did the re-weighting, considering:

- For some kinematic bins the prediction becomes negative, 
so those are NOT included in the weights (only in the 
comparison). Idem with z < 0.2 

- The estimated uncertainties are so small that most of the 
time one obtains one remaining replica (out of 1000) 

- Best case scenario 10% of the replicas remain



s ≈ 28.5 GeV

ACC

HB



s ≈ 28.5 GeV

ACC



s ≈ 28.5 GeV

HB



s ≈ 63.24 GeV

ACC

HB



s ≈ 63.24 GeV

ACC



s ≈ 63.24 GeV

HB





BACK UP



Comparison of DEHSS2014 (pions) with QCDNUM



Comparison of DEHSS2017 (kaons) with QCDNUM


