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• Strange unpolarized PDF

• Strange fragmentation functions

• Strange dihadron fragmentation functions 

• Strange in-medium effects

• Strange helicity distribution

• Strange TMDs

• Strange GPDs

• Strange fracture functions
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Strange unpolarized PDFs

Thursday, 21 October 2010



274 Eur. Phys. J. C (2009) 63: 189–285
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also proceeds by making a Monte Carlo sample of the dis-
tribution of experimental data by generating a large num-
ber of replicas of data centred on each data point with full
inclusion of the information from errors and their correla-

tions. Each replica is used to generate a PDF set and the
mean for a quantity obtained from averaging, and uncertain-
ties from standard deviations. The data are split into training
and validation sets for each replica, and the χ2 for one is
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F. Kunne’s talk and Martin, Stirling, Thorne, Watt, EPJ C63 (09)

The strange distribution
is poorly constrained
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J. Rojo’s talk and NNPDF Coll, NPB 838 (10)

The NNPDF approach
NNPDF results

NNPDF@JLAB12
Conclusions

Extra material

Strange PDF s+(x , Q2)

The strange PDF is the less constrained of all light quark PDFs

Experimental constraints: neutrino charm production and partly Drell-Yan

Much larger uncertainties than u, d PDFs

Absolute PDF uncertainties from modern PDF sets:
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Absolute PDF uncertainties

Functional bias below 10-2: 
no constraint from data
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F. Kunne’s talk and HERMES

The shape of the strange distribution 
used in fits seems to be wrong
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The NNPDF approach
NNPDF results

NNPDF@JLAB12
Conclusions

Extra material

Unpolarized strangeness via SIDIS

Include “xs” pseudo-data in NNPDF2.0 via reweighting

Crude approximations (missing NLO corrections, assumes DK
u , DK

s ),
analysis should be improved for realistic estimates

Potential for sizable reductions of unpolarized strangeness from fixed
target SIDIS data. Impact on LHC physics? Non-perturbative nucleon
models? Polarized strangeness?

Redo with JLAB12 realistic pseudo-data
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More data can have a significant impact 
on constraining the strange distribution
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The NNPDF approach
NNPDF results

NNPDF@JLAB12
Conclusions

Extra material

Strange asymmetry PDF: s−(x , Q2) in NNPDF1.2 (DIS-only fit)

No theoretical constraints on s−(x, Q2
0 ) apart from valence sum rule

At least one crossing required by sum rule, but some replicas have two crossings

Compare with more restrictive parametrizations
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J. Rojo’s talk

The             distribution is poorly knowns− s̄
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Strange fragmentation functions
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W. Brooks’s talk

Landscape of kaon hadronization

K+ u s!

K- u! s

K0 d s!

K!0 d! s
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• Only two of the above kaons can contain a struck valence quark
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CLAS 11 GeV 

K+ 

CLAS 11 GeV 

K- 

M. Osipenko’s talk

Q2=2.5 GeV2 

z=0.5 

The strange can be probed
mainly by K- production
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Results for Kaon
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Shape of fragmentation function can be
predicted by, e.g., NJL-jet model

Solutions at the Model Scale
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and AKK at large z in order to fit the proton-proton data
from STAR and, in particular, at forward rapidities from
BRAHMS. The comparison in the light quark sector shows
many similarities with the pion case, but here the discrep-
ancies are more noticeable with the KRE set instead. The
global fit requires a smaller contribution from u quark
fragmentation, mostly from SIDIS data (distributions like
KRE overestimate SIDIS data, see Fig. 13) resulting in an
increase in the strange sector as the singlet DK!

! is again
constrained by SIA data.

F. Uncertainties

In order to give a clear and comprehensive picture of the
typical uncertainties characteristic of the fragmentation
functions obtained in the global fits, in the present section
we apply the Lagrange multiplier technique introduced in
Sec. III D.

Rather than focusing on the uncertainties of the parame-
ters in Eq. (15) determining the fragmentation functions at
the initial scale and choosing a particular increment "!2 to
judge the quality of the fit, we find it much more enlighten-
ing to analyze the range of variation of other relevant
features of the fragmentation functions, with a more ap-
parent physical meaning, and take these as the character-
istic uncertainties of the fit. Notice that the range of
variation of the fitted parameters is strongly correlated;
the impact of any of them on the behavior of the distribu-
tions, or on a given observable, is determined also by the
values taken by the whole set of parameters through the
evolution equations. Of course, in order to get a precise
estimate of the uncertainty in a given observable computed
with the set, the range of variation of that particular ob-
servable as a function of "!2 has to be evaluated. As
explained in Sec. III D, the result takes into account the
complex correlations between the parameters, implies no
assumptions on the profile of !2, and allows one to con-
sider different "!2.

In Figs. 21 and 22 we show, as an example, the range of
variation of the truncated second moments of the fragmen-
tation functions
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FIG. 20. Same as in Fig. 18 but now for positively charged
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DE FLORIAN, SASSOT, AND STRATMANN PHYSICAL REVIEW D 75, 114010 (2007)

114010-22

E. Christova’s talk and DSS, PRD75 (07)

Large differences between different fits
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[5] in Figs. 13–15 for the pion, kaon, and proton/antipro-
ton, respectively. Since !!, K!, and proton are not sepa-
rated from !", K", and antiproton in the KKP and AKK
parametrizations, the combinations z#D!!

i !D!"
i $=2,

z#DK!
i !DK"

i $=2, and z#Dp
i !D !p

i $=2 are shown. Our pa-
rametrization is denoted HKNS (Hirai, Kumano, Nagai,
Sudoh) in these figures. The light-quark functions are
separated in the AKK parametrization due to additional
OPAL data, which are not used in the other analyses. The
KKP, AKK, and Kretzer distributions are calculated by
using their library codes. The small-z part is not plotted
for the AKK because their code does not support the
region, z < 0:1045 by considering resummation effects in
comparison with the data. The heavy-quark thresholds are
taken 4m2

c and 4m2
b for the fragmentation functions in the

KKP and AKK parametrizations, whereas they are m2
c and

m2
b in the Kretzer and HKNS analyses. The minimum value

of Q2 in the KKP and AKK codes is Q2 % 2 GeV2.
Therefore, comparisons are made at Q2 % 2, 10, and
100 GeV2.

If the distributions are compared with each other in
Fig. 13 for the pion, they agree well in up-, charm-, and
bottom-quark functions. The up-quark function of the KKP
has a singular behavior as z ! 0, which is different from
the Kretzer’s, AKK, and HKNS functions. However, the
small-z data are not included in these analyses, so that the
differences should not be taken seriously at small z. Since
new SLD data in 2004 are accurate and they are not used in
other parametrizations, the fragmentation functions could
be better determined in our parametrization. The four types
of functions are very different in the gluon and disfavored
strange-quark functions in Fig. 13. All the gluon functions
have various peak positions in the region 0:1< z < 0:4 and
functional forms are different. Our gluon function roughly
agrees with the Kretzer’s function. The four strange-quark
functions are also much different. Although our strange-
quark function is almost equal to the KKP, the Kretzer’s
(AKK) function is much larger (smaller). However, it is
important to find that the gluon and strange-quark func-
tions, needless to say the up-, charm-, and bottom-quark
functions, by the KKP, AKK, Kretzer, and HKNS are
consistent with each other because they are within the
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i $=2, are compared with other parametri-
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tions are the same as Fig. 13.
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MS scheme. The HKNS uncertainty bands are shown by the
shaded areas.
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E. Christova’s talk and HKNS, PRD75 (07)

Large discrepancies and errors

pions

kaons
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Strange dihadron fragmentation functions
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S. Gliske’s and A. Courtoy’s talks

Previous Results & Planned Improvements

Mass Distribution: ρ0(770)
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! Left panel: comparison with Pythia, highlighting various process decaying
into π+π− pair.

! Right panel: Hermes 02-05 data, fit to Breit-Wigner plus linear background.
! High background fraction, but hope only vector mesons in pp-wave.
! ρ± distributions effectively the same, but slightly lower statistics.

Gliske (HERMES / Michigan) SIDIS Vector Mesons at Hermes 19 October, 2010 11 / 36

First problem: identify different channels
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Mass Distribution: ρ0(770)
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Inclusive data (g1
N & a8 from hyperon decay +SU(3))                                     

      !  !!s = - 0.08 

While semi inclusive data                     !   !s(x)" 0 

•! Uncertainty on quark fragmentation functions (s-quark to K) 

    - would need a factor of ~2 from DSS value of FF 

•! Global fits (DSSV, LSS) suggest negative !s at low x 
     - reconciles the two approaches 

     - indeed COMPASS SIDIS :      !s=-0.01 with linear extrap.  

 !                                                                 !s=-0.05 with DSSV extrap. 

•! Assume SU(3) violation a8 from0.58 to 0.42 ! !s=-0.02 

!s puzzle  

Bass &Thomas, PLB684(2010) 
216 
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currents of 15 to 5 mA and beam lifetimes of one hour. This made it possible
to accumulate the data for these targets in only a few days of integrated
beam time. The luminosity was measured using elastic scattering of the beam
particles from the electrons in the target gas: Bhabha scattering for a positron
beam, Møller scattering for an electron beam [32]. There are several particle

Table 1
Overview of the HERMES nuclear attenuation measurements.

Year E (GeV) Target Identified hadrons Ref.

1997 27.6 D, N h±, π± [4], [5]

1999 27.6 D, Kr h±, π±,π0, K±, p, p [5], this work

2000 27.6 D, He, Ne π±,π0, K±, p, p this work

2000 12.0 D, N, Kr h±, π± [29]

2004 27.6 D, Kr, Xe π±, K±,π0, p, p this work

2005 27.6 D, Kr, Xe π±, K±,π0, p, p this work

identification (PID) detectors in the HERMES spectrometer. Details on the
performance and use of these PID detectors can be found in Ref. [33]. Electrons
and positrons are identified by combining the information from a lead-glass
calorimeter, a scintillator hodoscope preceded by two radiation lengths of lead
(the pre-shower detector), and a transition-radiation detector.

The identification of charged pions, kaons, protons, and antiprotons is ac-
complished using the information from the Ring-Imaging Čerenkov detector
(RICH) [34], which replaces a threshold Čerenkov counter used in the pre-
viously reported measurements on nitrogen [4]. The RICH detector uses two
radiators, a 5 cm thick wall of silica-aerogel tiles followed by a large volume of
C4F10 gas, to provide separation of pions, kaons, and (anti)protons. Together
these provide good particle identification for charged hadrons in the momen-
tum range 2 < p < 15 GeV, with limited contamination from misidentified
hadrons. The identification efficiencies and contaminations for pions, kaons,
protons, and antiprotons were determined in a Monte Carlo simulation as
a function of the hadron momentum and multiplicity in the relevant detec-
tor half. These performance parameters were verified in a limited kinematic
domain using known particle species from identified resonance decays. They
were used in a matrix method to unfold the true hadron distributions from
the measured ones. Systematic uncertainties in the unfolding were estimated
by using matrices determined in different ways, see Refs. [34,35] for details.

The electromagnetic calorimeter [36] provides neutral pion identification through
the detection of two clusters without an accompanying track, originating from
the two decay photons.
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Fig. 2. Values of Rh
A for positively 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. The inner error bars represent the statistical uncertainty, while the
outer ones show the total uncertainty.

and absorption of the produced kaon can qualitatively explain the observed
difference between RK+

A and RK−

A . However, when comparing the multiplicity
ratios for pions and kaons, it is seen that RK−

A ≈ Rπ−

A , whereas RK+

A > Rπ+

A .
Given that both pions and K+ particles are rank-1, and K− rank 2 or higher,
and that nuclear absorption cross sections for both K+ and K− are smaller
than for pions, these features are not readily explained by the behaviour of
fragmentation functions or absorption cross sections.

The results for protons cannot really be related to those for any of the other
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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
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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

the partons through the nuclear medium22. More !central" events that sample a longer 
pathlength may result both in more broadening and higher hadron multiplicity. Studies 
with Lepto indicate that the multiplicity for events with two #+ is 50% greater than that for 
events with only one #+ for these energies. Whether this is the correct explanation or 
not, it remains true that studies of all observables as a function of hadron multiplicity is a 
new tool to understand the mechanisms involved in these interactions, and may give a 
method to map out the path length dependence of these processes in the medium. 
CLAS12 is ideally suited for these studies because of its combination of high 
acceptance, high luminosity, and hadron detection capabilities.

Another example of two-hadron correlations is the use of “slow protons” to understand 
characteristics of the target fragmentation. This has been explored in a series of papers 
spanning more than a decade by Ciofi and collaborators, the most recent of which was 
published in 200923. These ideas can be tested quantitatively with CLAS12. 

Figure 5. The HERMES data for two-hadron multiplicity ratios shown together with pQCD 
calculations of the medium-modified di-hadron fragmentation function at higher twist; see text.
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The modification of the dihadron fragmentation function as a function of the momentum fraction in the hard-
sphere density approximation for N is presented in Fig. (9). Once again, there are absolutely no free parameters in
the calculation of the dihadron fragmentation function. The sole parameter C̃ was set by comparison to the medium
modified single fragmentation function (Fig. 8). It turns out that within the choice of parameters the comparison
with the N nucleus is not as good as the case for the Gaussian density distribution. This is to be expected as the
Gaussian distribution is indeed closer to the actual density distribution in N .

The modified dihadron fragmentation function for Kr is presented in Fig. (9). One notes that while the agreement
with the data still deteriorates for increasing z, there exits an overall quantitative improvement in the fit over that
obtained from the Gaussian density distribution. The best fit to the data is obtained, once again with C̃ = 0.03. It
should be pointed out, in passing, that besides the slight improvement in the results for the case of the Kr nucleus
there remains no qualitative difference in the modification of the single and double fragmentation functions between
the cases of a Gaussian distribution of nucleons and a hard sphere distribution.
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FIG. 9: Results of the medium modification of the quark fragmentation function in cold nuclear medium in a N and Kr
nucleus versus the momentum fraction of the associated hadron. The momentum fraction of the trigger, is held above 0.5 and
integrated over all allowed values. A hard-sphere distribution of nucleons in a nucleus is used. See text for details.

The curves presented in Figs. 6-9 are the main results of this paper. They demonstrate that including next-to-
leading twist corrections in the DIS off nuclei allow for a better understanding of the measured data. However it is
clear that one needs to go further to understand the behaviour displayed by the one and two particle distributions
in the DIS off large nuclei such as Kr. For smaller nuclei such as N the next-to-leading twist contributions seem to
provide a satisfactory account of the experimental behaviour.

V. DISCUSSIONS AND CONCLUSIONS

The focus of this paper has been on the medium modification of dihadron fragmentation functions in the semi-
inclusive DIS off a large nucleus. We have first generalized the formalism for the modification of the single fragmenta-
tion function in a dense medium to the modification of the dihadron fragmentation function. The modification arises
from the inclusion of next-to-leading twist contributions to the double differential inclusive cross section for observing
two hadrons within a jet produced via leptoproduction from a nucleus. Higher twist contributions are suppressed
by powers of the hard scale Q2 and are thus ignored in the DIS off a nucleon target. A class of these higher twist

7

as it bore through the nucleus. Such contributions are also important in the medium modification of the single hadron
fragmentation functions [4]. In this section we isolate the hard part of the diagrams involved in the modification of
the dihadron fragmentation functions.

In the previous subsection, we demonstrated the factorization of the fragmentation and parton distribution functions
from the hard scattering cross section at leading and next-to-leading order and at leading twist. It was demonstrated
that the hard part is the same as in the case of the single fragmentation functions. The focus will now be on a similar
proof at next-to-leading twist. At leading order the diagrams to be considered are illustrated those in Fig. 4.

xp
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xp xp

q q
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xp xp

q q

FIG. 4: The leading order and next to leading twist contribution to W
µν .

The reader will immediately note that the procedure involved in the factorization of the dihadron fragmentation
function from the hard part is entirely similar to that at leading twist, and also to the case of the single fragmentation
functions. The resulting hard part has no radiated gluon and therefore no medium modification of the fragmentation
functions. The sole effect of the double scattering indicated by the diagrams in Fig. 4 is the appearence of a net
transverse momentum k⊥ in the out going jet brought in by the average transverse momentum of the gluons. In the
limit of vanishing k⊥, the contribution of the above diagrams is an overall Eikonal phase that will be absorded into a
gauge invariant definintion of the quark distribution function.

Medium modifications to the semi-inclusive cross section at higher twist in the limit of very small transverse
momentum of the soft gluons in a nucleus emanate specifically at next to leading order. The contributions are
illustrated by diagrams in Fig. 5. Both diagrams represent the case where the struck quark undergoes scattering off a
soft gluon in the nucleus and also radiates a fraction of its forward momentum into a collinear gluon. Both the quark
and gluon then exit the medium and fragment. The diagram on the left corresponds to the case where both detected
hadrons emanate from the fragmentation of the quark, while the diagram on the right corresponds to the case where
one of the detected hadrons originates in the fragmentation of the quark and the other in the fragmentation of the
gluon. In Fig. 5 we two diagrams that arise at next-to-leading order and at next-to-leading twist in the evaluation of
the medium modification of the dihadron fragmentation function. The dominant contributions, however, comes from
gluon-gluon secondary scattering [4].
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FIG. 5: A contribution at next-to-leading order and next-to-leading twist to W
µν .
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Strange TMDs: unpolarized
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A. Martin’s talk and J.-F. Rajotte, Prague Spin 2010

We have to understand the 
unpolarized distributions first
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Gaussian ansatz and distribution fit Intrinsic transverse momentum extraction

〈k2
⊥〉 vs xBj , charge comparison
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J.-F. Rajotte, Prague Spin 2010

There is some evidence 
of flavor dependence
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M. Osipenko’s talk

There is some evidence 
of flavor dependence
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S. Melis’s talk

We have to understand 
azimuthal asymmetries
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DIS 2009      Madrid, 26-30 April 2009
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HERMES Results: Kaons, Hydrogen
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F. Giordano’s talk

Striking differences
 between kaons and pions
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Strange TMDs: longitudinally polarized
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1518 October 2010 Frascati Workshop

A1 ! g1/F1 for eg1-dvcs

•eg1-dvcs data (25%) of total

•PT dependence ! µ0 " µ2

•Also for "+ and "0

•Would like this for kaons, but
these are hard to find in eg1-
dvcs

1618 October 2010 Frascati Workshop

A1 ! g1/F1 for eg1-dvcs

•eg1-dvcs data (25%) of total

•PT dependence ! µ0 " µ2

•Also for "+ and "0

•Would like this for kaons, but
these are hard to find in eg1-
dvcs

K. Griffioen’s talk

Hints of correlations 
between transverse momentum and spin

Thursday, 21 October 2010



K. Hafidi’s talk

What is going to happen with the kaons?
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Strange TMDs: transversely polarized
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χ.'/0(123456 χ.'/0(12473

Already interesting constraints on
Sivers function for sea quarks
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E. Cisbani’s talk

More will come from JLab...
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Strange GPDs
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What do we know about GPDs?
GPD probed by constraints status

H ρ0, φ cross sections PDFs known

H̃ ALL(ρ0) polarized PDFs probably small

E AUT (ρ0, φ) sum rule for 2nd moments probably small

others - - unknown

H ρ0, φ cross sections PDFs, Dirac ff known

H̃ π+ data pol. PDFs, axial ff known

E AUT (ρ0, φ) Pauli ff known

Ẽn.p. π+ data - uncertain

HT π+ data transversity PDFs [1] known

others - - unknown

Status of small-skewness GPDs as extracted from meson electroproduction

data. The upper part is for gluons and sea quarks, the lower part for valence

quarks. Except of H for gluons and sea quarks all GPDs are probed for scales

of about 4 GeV2 ([1] Anselmino (09))
PK 5

P. Kroll’s talk
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New GPDs 

“physically motivated” 

Parametrization 
G.Goldstein, O. Gonzalez  

Hernandez, S.L. 

S. Liuti’s talk
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Strange fracture functions
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Tuesday, October 19, 2010

L. Trentadue’s and O. Teryaev’s talks

Tuesday, October 19, 2010
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Distribution 
& Fragmentation
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M. Osipenko’s talk

Fracture

Distribution 
& Fragmentation
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INT Workshop, Sea0le, 
September 24, 2010

Aram Kotzinian

xF 1

0

‐1

Current fragmentaEon
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Aram Kotzinian
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Target fragmentaEon
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INT Workshop, Sea0le, 
September 24, 2010

Aram Kotzinian

xF 1

0

‐1

Full picture can be
surprising and 
beauEful
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Thank you to all participants
(on behalf of all summary speakers)
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Thank you to Patrizia
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