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HERMES main research topics:	

✓ origin of nucleon spin	

☛ longitudinal spin/momentum structure	

☛ transverse spin/momentum structure	


✓ hadronization/fragmentation	


✓ nucleon properties (mass, charge, momentum, magnetic moment, 
spin...) should be explained by its constituents	

☛ momentum: quarks carry ~ 50 % of the proton momentum	

☛ spin: total quark spin contribution only ~30%	

➡ study of TMD DFs and GPDs

✓ isolated quarks have never been observed in nature	


✓ fragmentation functions were introduced to describe the 
hadronization	

☛ non-pQCD objects	

☛ universal but not well known functions	

➡ advantage of lepton-nucleon scattering data ➝ flavour 

separation of fragmentation functions (FFs)

spin and 
hadronization
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☛  longitudinal target polarization (H, D, 3He)	

☛  transverse target polarization (H)	

☛  unpolarized targets: H, D, 4He, 14N, 20Ne, 84Kr, 131Xe 	

☛  unpolarized H, D targets with recoil detector

The HERMES experiment, located at HERA, with its pure gas targets and advanced 
particle identification (π, K, p) is well suited for TMD and GPD measurements and for 
studies of hadronisation process.  

Comparison of rise time curves
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Interference between wave functions with different  
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Multidimensional approach to investigate 
factorization and transverse momentum dependence 
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leading twist TMD DF:	

parameterise the quark-flavour 	

structure of the nucleon
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�UU / f1 ⌦D1

f1 =

unpolarised quarks
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LO interpretation of multiplicity results (integrated over Ph⊥):

✓charge-separated multiplicities of pions and 
kaons sensitive to the individual quark and 
antiquark flavours in the fragmentation process 
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f1 =

- HERMES Collaboration- 
Phys. Rev. D87 (2013) 074029

π+ and K+:	

☛   favoured fragmentation on proton	


π-:	

☛ increased number of d-quarks in D target  
and favoured fragmentation on neutron	


K-:	

☛ cannot be produced through favoured 
fragmentation from the nucleon valence quarks
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FIG. 4. Multiplicities corrected for exclusive vector mesons
as a function of z from a hydrogen target (full circles) and a
deuterium target (empty squares). Error bars for the statis-
tical uncertainties are too small to be visible. The systematic
uncertainties are given by the error bands.

which control the Monte Carlo event generator [43]. This
scan is carried out in the space in �

2 of the fit to mea-
sured multiplicities. Nine parameters which constrain
various features of the fragmentation process are varied
in the scan. An eigenvector basis approach to the Hessian
method [44] is used to generate nine-parameter vectors
which are uncorrelated orthogonal combinations of the
input parameters to the scan. The intersections of these
eigenvectors with the �

2 contour which lies 68% above
the best-fit minimum in the scan space, provides input
parameter sets that characterize the corresponding un-
certainties in the multiplicities arising from those in the
JETSET model parameters. The largest deviation of the
multiplicities from the values extracted with the stan-
dard version of the Monte Carlo is taken as a systematic
uncertainty. This uncertainty does not exceed 3-4%.

IV. HADRON MULTIPLICITIES

The Born multiplicities, after correcting for exclusive-
vector-meson production, are presented in Figs. 4 and 8.
In Fig. 4 they are shown for both proton and deuteron
targets as a function of the energy fraction z in four pan-
els corresponding to the type of final-state hadron. The
individual panels compare data for a given hadron type
taken with a hydrogen (full circles) or deuterium (empty
squares) target. Error bars on the points for the sta-
tistical uncertainties are too small to be visible. The
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FIG. 5. Comparison of measured Born multiplicities for a
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vector mesons as a function of z. The open (closed) circles
include (exclude) exclusive vector meson production. The
statistical error bars are too small to be visible. Also shown
(bottom panels) are the ratios of these multiplicities.

xB 0.023 - 0.085 - 0.6

z 0.1 - 0.15 - 0.2 - 0.25 - 0.3 - 0.4 - 0.5 - 0.6 - 0.7 -
0.8 - 1.1

Ph? [GeV] 0.0 - 0.1 - 0.3 - 0.45 - 0.6 - 1.2

TABLE III. 3D binning used for the unfolding correction of
those multiplicities presented as a function of z (Figs. 4 and
6).

systematic uncertainties are given by the error bands.
The z bins are defined in Tab. III (z), which together
with Tabs. IV (P

h?

), V (x
B

) and VI (Q2) tabulate the
binning used in the subsequent multi-dimensional rep-
resentation of the multiplicities presented in Fig. 8. To
indicate the importance of the correction for exclusive
vector meson decay, the multiplicities for a proton target
of pions and kaons versus z with the fraction of mesons
coming from all processes involving exclusive vector me-
son decay included (open circles) or subtracted (closed
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LO interpretation of multiplicity results (integrated over Ph⊥):

✓charge-separated multiplicities of pions and 
kaons sensitive to the individual quark and 
antiquark flavours in the fragmentation process 
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✓calculations using DSS, HNKS and Kretzer FF fits together with CTEQ6L PDFs	

proton:	

☛  fair agreement for positive hadrons  	

☛  disagreement for negative hadrons 	


deuteron:	

☛ results are in general in better agreement with the various predictions
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FIG. 9. Comparison of the vector-meson-corrected mul-
tiplicities measured on the proton for various hadrons with
LO calculations using CTEQ6L parton distributions [45] and
three compilations (see text) of fragmentation functions. Also
shown are the values obtained from the HERMES Lund
Monte Carlo. The statistical error bars on the experimen-
tal points are too small to be visible.

charge. The multiplicities in this LO approximation are
a reasonable starting point for comparing the HERMES
results with predictions based on fragmentation functions
resulting from global QCD analyses of all relevant data.

A comparison of the multiplicities measured by HER-
MES for SIDIS on the proton and deuteron with LO pre-
dictions is presented in Figs. 9 and 10. The multiplicities
are calculated from Eq. 8 (though integrated only over
the accepted range in x

B

of 0.023 to 0.600) using val-
ues for the FFs taken from three widely used analyses,
that of de Florian et al. (DSS) [22], that of Hirai et
al. (HKNS) [12], and that of Kretzer [9], together with
parton distributions taken from CTEQ6L [45]. For pos-
itively charged pions and kaons, the results for a proton
target using FFs from the analysis of DSS are in reason-
able agreement with the HERMES results. For negative
charges, the discrepancies between data and the results
based on FFs from DSS are substantial, particularly for
K

� where the curve predicted lies below the observed
multiplicity over most of the measured range of z. For
⇡

� the results from the DSS analysis agree with mea-
surement at low z. For both ⇡

� and K

�, fragmenta-
tion is less a↵ected by u-quark dominance. Uncertainties
in the less abundant production by strange and anti-u
quarks may have a larger impact on the predictions than
for the positively charged hadrons. Alternatively, next-
to-leading-order (NLO) processes may be proportionally
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FIG. 10. As in Fig. 9 but for deuterons.

more important for ⇡

� and particularly K

�, and the
discrepancies observed here may signal the importance
of calculating multiplicities at NLO. For kaons the DSS
results give a better representation of the data than the
Kretzer and HKNS curves. This is to be expected, since
the DSS analysis included a preliminary version of the
HERMES proton data in its database. The Kretzer and
HKNS results are in substantial disagreement with the
multiplicities measured forK�. The results on deuterons
are in general in somewhat better agreement with the
various predictions, in particular for pions. However, the
discrepancy between the measured K

� multiplicities and
the various predictions is also apparent here. In Figs. 9
and 10 the multiplicities obtained from the HERMES
Lund Monte Carlo, in which the fragmentation parame-
ters have been tuned for HERMES kinematic conditions
[20], are also shown. Inclusion of the data reported here
in future global analyses should result in higher precision
in the extraction of FFs, particularly those describing
less abundant fragmentation processes.

VI. SUMMARY

HERMES has measured the multiplicity of charge-
separated pions and kaons as a function of z, P

h?

, x
B

and Q

2 produced by SIDIS o↵ a hydrogen and a deu-
terium target. This high statistics data set, which re-
sult from scattering by pure gas targets of protons and
deuterons, provides unique information on the fragmen-
tation of quarks into final state hadrons and will con-
tribute valuable input for the extraction of fragmentation
functions using QCD fits. The comparison of the results
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A comparison of the multiplicities measured by HER-
MES for SIDIS on the proton and deuteron with LO pre-
dictions is presented in Figs. 9 and 10. The multiplicities
are calculated from Eq. 8 (though integrated only over
the accepted range in x

B

of 0.023 to 0.600) using val-
ues for the FFs taken from three widely used analyses,
that of de Florian et al. (DSS) [22], that of Hirai et
al. (HKNS) [12], and that of Kretzer [9], together with
parton distributions taken from CTEQ6L [45]. For pos-
itively charged pions and kaons, the results for a proton
target using FFs from the analysis of DSS are in reason-
able agreement with the HERMES results. For negative
charges, the discrepancies between data and the results
based on FFs from DSS are substantial, particularly for
K

� where the curve predicted lies below the observed
multiplicity over most of the measured range of z. For
⇡

� the results from the DSS analysis agree with mea-
surement at low z. For both ⇡

� and K

�, fragmenta-
tion is less a↵ected by u-quark dominance. Uncertainties
in the less abundant production by strange and anti-u
quarks may have a larger impact on the predictions than
for the positively charged hadrons. Alternatively, next-
to-leading-order (NLO) processes may be proportionally
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more important for ⇡

� and particularly K

�, and the
discrepancies observed here may signal the importance
of calculating multiplicities at NLO. For kaons the DSS
results give a better representation of the data than the
Kretzer and HKNS curves. This is to be expected, since
the DSS analysis included a preliminary version of the
HERMES proton data in its database. The Kretzer and
HKNS results are in substantial disagreement with the
multiplicities measured forK�. The results on deuterons
are in general in somewhat better agreement with the
various predictions, in particular for pions. However, the
discrepancy between the measured K

� multiplicities and
the various predictions is also apparent here. In Figs. 9
and 10 the multiplicities obtained from the HERMES
Lund Monte Carlo, in which the fragmentation parame-
ters have been tuned for HERMES kinematic conditions
[20], are also shown. Inclusion of the data reported here
in future global analyses should result in higher precision
in the extraction of FFs, particularly those describing
less abundant fragmentation processes.

VI. SUMMARY

HERMES has measured the multiplicity of charge-
separated pions and kaons as a function of z, P
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and Q

2 produced by SIDIS o↵ a hydrogen and a deu-
terium target. This high statistics data set, which re-
sult from scattering by pure gas targets of protons and
deuterons, provides unique information on the fragmen-
tation of quarks into final state hadrons and will con-
tribute valuable input for the extraction of fragmentation
functions using QCD fits. The comparison of the results
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� and particularly K

�, and the
discrepancies observed here may signal the importance
of calculating multiplicities at NLO. For kaons the DSS
results give a better representation of the data than the
Kretzer and HKNS curves. This is to be expected, since
the DSS analysis included a preliminary version of the
HERMES proton data in its database. The Kretzer and
HKNS results are in substantial disagreement with the
multiplicities measured forK�. The results on deuterons
are in general in somewhat better agreement with the
various predictions, in particular for pions. However, the
discrepancy between the measured K
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the various predictions is also apparent here. In Figs. 9
and 10 the multiplicities obtained from the HERMES
Lund Monte Carlo, in which the fragmentation parame-
ters have been tuned for HERMES kinematic conditions
[20], are also shown. Inclusion of the data reported here
in future global analyses should result in higher precision
in the extraction of FFs, particularly those describing
less abundant fragmentation processes.
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resulting from global QCD analyses of all relevant data.

A comparison of the multiplicities measured by HER-
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target using FFs from the analysis of DSS are in reason-
able agreement with the HERMES results. For negative
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more important for ⇡

� and particularly K

�, and the
discrepancies observed here may signal the importance
of calculating multiplicities at NLO. For kaons the DSS
results give a better representation of the data than the
Kretzer and HKNS curves. This is to be expected, since
the DSS analysis included a preliminary version of the
HERMES proton data in its database. The Kretzer and
HKNS results are in substantial disagreement with the
multiplicities measured forK�. The results on deuterons
are in general in somewhat better agreement with the
various predictions, in particular for pions. However, the
discrepancy between the measured K

� multiplicities and
the various predictions is also apparent here. In Figs. 9
and 10 the multiplicities obtained from the HERMES
Lund Monte Carlo, in which the fragmentation parame-
ters have been tuned for HERMES kinematic conditions
[20], are also shown. Inclusion of the data reported here
in future global analyses should result in higher precision
in the extraction of FFs, particularly those describing
less abundant fragmentation processes.

VI. SUMMARY

HERMES has measured the multiplicity of charge-
separated pions and kaons as a function of z, P

h?

, x
B

and Q

2 produced by SIDIS o↵ a hydrogen and a deu-
terium target. This high statistics data set, which re-
sult from scattering by pure gas targets of protons and
deuterons, provides unique information on the fragmen-
tation of quarks into final state hadrons and will con-
tribute valuable input for the extraction of fragmentation
functions using QCD fits. The comparison of the results
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new data sets since DSS	

➡Belle, BaBar, Compass, Hermes, Star, Alice

New global fit DSS+
Old and new data: SIDIS
charge/flavor separation
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2 Extraction of S(x) = s(x) + s̄(x)

The only change from the analysis extraction of S(x) in the 2008 paper is the replacement of the
original 2008 data file for the kaon multiplicities with those from the 2012 data base reported in
dc19. The same analysis scripts were used in both the 2008 and 2012 extractions. The method of
the analysis is summarized briefly here together with the new results.

In the isoscalar method used in Phys. Lett B666, 446 (2008), the momentum and helicity density
distributions of the strange quark sea were extracted in LO from spin-averaged K

± multiplicities,
and from K

± and inclusive double-spin asymmetries for scattering of polarized positrons by a po-
larized deuterium target. For the isoscalar deuteron, in LO these observables depend on the PDFs
Q(x) ⌘ u(x) + ū(x) + d(x) + d̄(x) and S(x) ⌘ s(x) + s̄(x). In the deuteron, an isoscalar target, the
fragmentation process in DIS can be described by fragmentation functions that have no isospin de-
pendence. Aside from isospin symmetry between proton and neutron, the only symmetry assumed is
charge-conjugation invariance in fragmentation. For the isoscalar deuteron in Leading Order (LO),
the inclusive unpolarized (U) electron scattering cross section in terms of the parton distributions
Q(x) ⌘ u(x) + ū(x) + d(x) + d̄(x) and S(x) ⌘ s(x) + s̄(x) takes the form

d2
N

DIS(x)
dxdQ

2
= K

U

(x, Q

2) [5Q(x) + 2S(x)] , (1)

where K
U

(x,Q

2) is a kinematic factor containing the hard scattering cross section. The weak
logarithmic dependence of the PDFs on �Q

2, the squared four-momentum of the exchanged virtual
photon, has been suppressed for simplicity. Applying the same LO formalism to the semi-inclusive
cross section for charged kaon production, irrespective of charge, hereafter designated as K gives

d2
N

K(x)
dxdQ

2
= K

U

(x,Q

2)

Q(x)

Z
DK

Q

(z)dz + S(x)
Z
DK

S

(z)dz

�
, (2)

where z ⌘ E

h

/⌫ with ⌫ and E

h

the energies of the virtual photon and of the detected hadron in the
target rest frame, DK

Q

(z) ⌘ 4D

K

u

(z) + D

K

d

(z) and DK

S

(z) ⌘ 2D

K

s

(z). The fragmentation function
D

K

q

(z) describing the number density of charged kaons from a struck quark of flavor q is integrated
over the measured range of z. Combining Eqs. (1,2) and neglecting the term 2S(x) compared to
5Q(x), it follows immediately that

S(x)
Z
DK

S

(z)dz ' Q(x)

5

d2
N

K(x)
d2

N

DIS(x)
�

Z
DK

Q

(z)dz

�
. (3)

Eq. 3 is the basis for the extraction of the quantity S(x)
R

D

K

S

(z)dz.
As in the analysis reported earlier, both S(x) and the quantity

R
D

K

S

(z)dz, which is the integral
over the measured region of z of the fragmentation function describing the number density of charged
kaons from a struck quark of flavor S, were taken as unknown, and the analysis was carried out
extracting the product S(x)

R
D

K

S

(z)dz. Here DK

S

(z) ⌘ 2D

K

s

(z). For x > 0.10 the multiplicity is
almost constant at a value of about 0.10. Assuming as in Ref. [1] that S(x) is negligible at large x it
can be shown that in LO S(x) = 0 for x > 0.10. For these conditions the LO multiplicity is identically
0.2

R
DK

S

(z). To account for any residual dependence on Q

2 or equivalently on x, the multiplicity
for x > 0.1 was fitted to a first degree polynomial yielding the result that dN

K(x)/dN

DIS(x)
= 0.1015±0.0017+(0.01294±0.010)·x, as shown by the solid curve in Fig. 1. In the region near
x=0.13 where Q

2 ⇡ 2.5 this fit gives the result
R 0.8
0.2 D

K

Q

(z, x)dz = 0.506 ± 0.010, in fair agreement
with the value 0.435 ± 0.044 obtained for Q

2 = 2.5 GeV2 from the most recent global analysis of
fragmentation functions [2]. The weak x dependence obtained in the fit is consistent with the Q

2

dependence exhibited by the data of the global analysis.
The extracted quantity

R 0.8
0.2 D

K

Q

(z, x)dz was then used together with values of Q(x, Q

2) from
Cteq6l and the measured multiplicities to obtain the product S(x)

R
DK

S

(z)dz. A small iterative
correction was made to account for the neglect of the 2S(x) term in Eq. 1. The result for the product
together with a fit of the form x

�a1
e

�x/a2(1 � x) is shown in Fig. 2. The quantity plotted in this

2

✓in the absence of experimental constraints, many global QCD fits of PDFs assume

✓isoscalar extraction of               based on the multiplicity data of K+ and K- on D

S(x) = s(x) + s̄(x)

Q(x) = u(x) + ū(x) + d(x) + d̄(x)

DK
S = D

s!K+

1 +D

s̄!K+
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s!K�
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s̄!K�

1

DK
Q = D

u!K+

1 +D

ū!K+

1 +D

d!K+

1 +D

d̄!K+

1 + . . .

s(x) = s̄(x) = r[ū(x) + d̄(x)]/2

S(x)DK
S

evaluation of strange quark distribution
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FIG. 4. The strange-parton distribution xS(x,Q2) from the
measured HERMES multiplicity for charged kaons evolved to
Q2 = 2.5 GeV2 assuming

R
DK

S

(z,Q2)dz = 1.27. The solid
curve is a two-parameter fit with S(x) = [

R
DK

S

(z,Q2)dz]�1⇥
x

�0.867±0.019
e

�x/(0.0331±0.0014)(1�x). The dashed, dot-dash,
dotted curves are as given in Fig. 2. The broad band is the
±1� zone of allowed values predicted by the neural network
(NNPDF2.3) reference set [14]. The band at the bottom rep-
resents the propagated experimental systematic uncertainties.
A scale uncertainty of approximately 10% coming from the
precision of

R
DK

S

(z,Q2)dz is not shown.

ously [7]. This fit leads to the solid curve shown in Fig. 1.
The use of the most recent NNPDF2.3LO reference PDF
set [12] in place of the CTEQ6L PDFs does not alter
significantly the results of the extraction.

In order to compare the distribution of S(x,Q2) with
the average of those of the nonstrange quarks, the HER-
MES result for S(x,Q2)

R
DK

S

(z,Q2)dz has been evolved
to Q2 = 2.5 GeV2. The Q2 evolution factors are taken
from CTEQ6L and from the fragmentation function com-
pilation given in Ref. [9]. Corrections to the evolution due
to higher-twist contributions are assumed to be negligi-
ble, because higher-twist e↵ects are expected to be signif-
icant only for larger values of x [13], where the extracted
distribution of xS(x,Q2) vanishes. The distribution
of xS(x,Q2) was obtained from S(x,Q2)

R
DK

S

(z,Q2)dz
by dividing it by

R
DK

S

(z,Q2)dz = 1.27, the value at
Q2 = 2.5 GeV2 given in [9]. The uncertainty onR
DK

S

(z,Q2)dz enters only as a scale uncertainty in the
extracted xS(x,Q2). The results are presented in Fig. 4.

Due to the anti-correlation of strange and non-strange
kaon fragmentation functions in a global analysis, a
proper consideration of the non-strange kaon fragmen-
tation function obtained here may lead to a considerably
smaller strange kaon fragmentation function. Such a re-
vision can be expected in the next global analysis, with
the result that the strange distribution as extracted here
may increase.
As in the earlier extraction, the normalization of

the HERMES points is determined by the value ofR
DK

S

(z,Q2)dz assumed. The values of the extracted dis-
tribution of S(x,Q2) are smaller than those reported in
Ref. [7]. But still, the qualitative features of the shape
of xS(x,Q2) are strikingly di↵erent from the shape of
xS(x,Q2) obtained with CTEQ6L and other global QCD
fits of LO PDFs as well as that of the sum of the light
antiquarks. The absence of strength above x ⇡ 0.1 is
clearly discrepant with CTEQ6L. While, in principle, the
new values for the kaon multiplicities and fragmentation
integrals reported here could significantly alter the re-
sults of the strange-quark helicity-distribution extraction
reported in Ref. [7], in fact, their use produces no signif-
icant change in the helicity distribution reported there.
In conclusion, a new extraction of the multiplicities for

charged kaons in DIS has been made and the extraction
of the distribution of strange quarks in the nucleon has
been reevaluated using these new data. In the measured
range of x, the strength of the polarization-averaged PDF
S(x,Q2) is, under the same assumptions, substantially
less than reported in [7], but the shape is similar, and
the momentum density is softer than that determined
from the analysis of other experiments.
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2 Extraction of S(x) = s(x) + s̄(x)

The only change from the analysis extraction of S(x) in the 2008 paper is the replacement of the
original 2008 data file for the kaon multiplicities with those from the 2012 data base reported in
dc19. The same analysis scripts were used in both the 2008 and 2012 extractions. The method of
the analysis is summarized briefly here together with the new results.

In the isoscalar method used in Phys. Lett B666, 446 (2008), the momentum and helicity density
distributions of the strange quark sea were extracted in LO from spin-averaged K

± multiplicities,
and from K

± and inclusive double-spin asymmetries for scattering of polarized positrons by a po-
larized deuterium target. For the isoscalar deuteron, in LO these observables depend on the PDFs
Q(x) ⌘ u(x) + ū(x) + d(x) + d̄(x) and S(x) ⌘ s(x) + s̄(x). In the deuteron, an isoscalar target, the
fragmentation process in DIS can be described by fragmentation functions that have no isospin de-
pendence. Aside from isospin symmetry between proton and neutron, the only symmetry assumed is
charge-conjugation invariance in fragmentation. For the isoscalar deuteron in Leading Order (LO),
the inclusive unpolarized (U) electron scattering cross section in terms of the parton distributions
Q(x) ⌘ u(x) + ū(x) + d(x) + d̄(x) and S(x) ⌘ s(x) + s̄(x) takes the form

d2
N

DIS(x)
dxdQ

2
= K

U

(x, Q

2) [5Q(x) + 2S(x)] , (1)

where K
U

(x,Q

2) is a kinematic factor containing the hard scattering cross section. The weak
logarithmic dependence of the PDFs on �Q

2, the squared four-momentum of the exchanged virtual
photon, has been suppressed for simplicity. Applying the same LO formalism to the semi-inclusive
cross section for charged kaon production, irrespective of charge, hereafter designated as K gives

d2
N

K(x)
dxdQ

2
= K

U

(x,Q

2)

Q(x)

Z
DK

Q

(z)dz + S(x)
Z
DK

S

(z)dz

�
, (2)

where z ⌘ E

h

/⌫ with ⌫ and E

h

the energies of the virtual photon and of the detected hadron in the
target rest frame, DK

Q

(z) ⌘ 4D

K

u

(z) + D

K

d

(z) and DK

S

(z) ⌘ 2D

K

s

(z). The fragmentation function
D

K

q

(z) describing the number density of charged kaons from a struck quark of flavor q is integrated
over the measured range of z. Combining Eqs. (1,2) and neglecting the term 2S(x) compared to
5Q(x), it follows immediately that

S(x)
Z
DK

S

(z)dz ' Q(x)

5

d2
N

K(x)
d2

N

DIS(x)
�

Z
DK

Q

(z)dz

�
. (3)

Eq. 3 is the basis for the extraction of the quantity S(x)
R

D

K

S

(z)dz.
As in the analysis reported earlier, both S(x) and the quantity

R
D

K

S

(z)dz, which is the integral
over the measured region of z of the fragmentation function describing the number density of charged
kaons from a struck quark of flavor S, were taken as unknown, and the analysis was carried out
extracting the product S(x)

R
D

K

S

(z)dz. Here DK

S

(z) ⌘ 2D

K

s

(z). For x > 0.10 the multiplicity is
almost constant at a value of about 0.10. Assuming as in Ref. [1] that S(x) is negligible at large x it
can be shown that in LO S(x) = 0 for x > 0.10. For these conditions the LO multiplicity is identically
0.2

R
DK

S

(z). To account for any residual dependence on Q

2 or equivalently on x, the multiplicity
for x > 0.1 was fitted to a first degree polynomial yielding the result that dN

K(x)/dN

DIS(x)
= 0.1015±0.0017+(0.01294±0.010)·x, as shown by the solid curve in Fig. 1. In the region near
x=0.13 where Q

2 ⇡ 2.5 this fit gives the result
R 0.8
0.2 D

K

Q

(z, x)dz = 0.506 ± 0.010, in fair agreement
with the value 0.435 ± 0.044 obtained for Q

2 = 2.5 GeV2 from the most recent global analysis of
fragmentation functions [2]. The weak x dependence obtained in the fit is consistent with the Q

2

dependence exhibited by the data of the global analysis.
The extracted quantity

R 0.8
0.2 D

K

Q

(z, x)dz was then used together with values of Q(x, Q

2) from
Cteq6l and the measured multiplicities to obtain the product S(x)

R
DK

S

(z)dz. A small iterative
correction was made to account for the neglect of the 2S(x) term in Eq. 1. The result for the product
together with a fit of the form x

�a1
e

�x/a2(1 � x) is shown in Fig. 2. The quantity plotted in this

2

✓in the absence of experimental constraints, many global QCD fits of PDFs assume

✓isoscalar extraction of               based on the multiplicity data of K+ and K- on D

S(x) = s(x) + s̄(x)

Q(x) = u(x) + ū(x) + d(x) + d̄(x)

DK
S = D

s!K+

1 +D

s̄!K+

1 +D

s!K�

1 +D

s̄!K�

1

DK
Q = D

u!K+

1 +D

ū!K+

1 +D

d!K+

1 +D

d̄!K+

1 + . . .

s(x) = s̄(x) = r[ū(x) + d̄(x)]/2

✓the distribution of S(x) is obtained 
for a certain value of	


✓the normalization of the data is given 
by that value	


✓whatever the normalization, the 
shape is incompatible with the 
predictions 

DK
S

S(x)DK
S

evaluation of strange quark distribution

4
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xS
(x

)
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Fit

x(u
–
(x)+d

–
(x))
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K(z,Q2)dz=1.27〈Q2〉=2.5 GeV2

0
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0.4

FIG. 4. The strange-parton distribution xS(x,Q2) from the
measured HERMES multiplicity for charged kaons evolved to
Q2 = 2.5 GeV2 assuming

R
DK

S

(z,Q2)dz = 1.27. The solid
curve is a two-parameter fit with S(x) = [

R
DK

S

(z,Q2)dz]�1⇥
x

�0.867±0.019
e

�x/(0.0331±0.0014)(1�x). The dashed, dot-dash,
dotted curves are as given in Fig. 2. The broad band is the
±1� zone of allowed values predicted by the neural network
(NNPDF2.3) reference set [14]. The band at the bottom rep-
resents the propagated experimental systematic uncertainties.
A scale uncertainty of approximately 10% coming from the
precision of

R
DK

S

(z,Q2)dz is not shown.

ously [7]. This fit leads to the solid curve shown in Fig. 1.
The use of the most recent NNPDF2.3LO reference PDF
set [12] in place of the CTEQ6L PDFs does not alter
significantly the results of the extraction.

In order to compare the distribution of S(x,Q2) with
the average of those of the nonstrange quarks, the HER-
MES result for S(x,Q2)

R
DK

S

(z,Q2)dz has been evolved
to Q2 = 2.5 GeV2. The Q2 evolution factors are taken
from CTEQ6L and from the fragmentation function com-
pilation given in Ref. [9]. Corrections to the evolution due
to higher-twist contributions are assumed to be negligi-
ble, because higher-twist e↵ects are expected to be signif-
icant only for larger values of x [13], where the extracted
distribution of xS(x,Q2) vanishes. The distribution
of xS(x,Q2) was obtained from S(x,Q2)

R
DK

S

(z,Q2)dz
by dividing it by

R
DK

S

(z,Q2)dz = 1.27, the value at
Q2 = 2.5 GeV2 given in [9]. The uncertainty onR
DK

S

(z,Q2)dz enters only as a scale uncertainty in the
extracted xS(x,Q2). The results are presented in Fig. 4.

Due to the anti-correlation of strange and non-strange
kaon fragmentation functions in a global analysis, a
proper consideration of the non-strange kaon fragmen-
tation function obtained here may lead to a considerably
smaller strange kaon fragmentation function. Such a re-
vision can be expected in the next global analysis, with
the result that the strange distribution as extracted here
may increase.
As in the earlier extraction, the normalization of

the HERMES points is determined by the value ofR
DK

S

(z,Q2)dz assumed. The values of the extracted dis-
tribution of S(x,Q2) are smaller than those reported in
Ref. [7]. But still, the qualitative features of the shape
of xS(x,Q2) are strikingly di↵erent from the shape of
xS(x,Q2) obtained with CTEQ6L and other global QCD
fits of LO PDFs as well as that of the sum of the light
antiquarks. The absence of strength above x ⇡ 0.1 is
clearly discrepant with CTEQ6L. While, in principle, the
new values for the kaon multiplicities and fragmentation
integrals reported here could significantly alter the re-
sults of the strange-quark helicity-distribution extraction
reported in Ref. [7], in fact, their use produces no signif-
icant change in the helicity distribution reported there.
In conclusion, a new extraction of the multiplicities for

charged kaons in DIS has been made and the extraction
of the distribution of strange quarks in the nucleon has
been reevaluated using these new data. In the measured
range of x, the strength of the polarization-averaged PDF
S(x,Q2) is, under the same assumptions, substantially
less than reported in [7], but the shape is similar, and
the momentum density is softer than that determined
from the analysis of other experiments.
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✓ multi-dimensional analysis allows exploration of new kinematic dependences	


✓broader Ph⊥ distribution for K-
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Although the HERMES and COMPASS data cover similar Q2 regions (1  Q2  10 GeV2), they
di↵er in the experimental set-up, in the statistics, in the binning choices and in the explored xB range; in
addition, there seems to be some discrepancy between the two measurements. We then fit the HERMES
and the COMPASS multiplicities separately. A simultaneous fit of both sets of data would lead to poor
results and is not presented here.

Recently, another study of the unpolarised TMDs has appeared [28], which follows a procedure somehow
similar to that of this work, but which considers only the HERMES set of experimental data and does
not include any attempt to check for signs of scale evolution.

After a short Section II devoted to the formalism, we present our main results in Section III. In Section
IV we briefly discuss the possible role, and look for possible signs, of TMD evolution. In Section V we
compare our present results with those of previous analyses [9, 11] and check their consistency with other
measurements of SIDIS cross sections and PT -distributions [10, 12, 13, 29] which were not included in
our fits. Further comments and concluding discussions are presented in Section VI.

II. FORMALISM

The unpolarised ` + p ! `0 hX, SIDIS cross section in the TMD factorisation scheme, at order (k?/Q)
and ↵0

s, in the kinematical region where PT ' k? ⌧ Q , reads [30, 31]:

d�`+p!`0hX

dxB dQ2 dzh dP 2

T

=
2⇡2↵2

(xBs)
2

⇥
1 + (1� y)2

⇤

y2

⇥
X

q

e2q

Z
d2k? d2p? �(2)

⇣
P T � zhk? � p?

⌘
fq/p(x, k?)Dh/q(z, p?) (1)

⌘ 2⇡2↵2

(xBs)
2

⇥
1 + (1� y)2

⇤

y2
FUU ·

In the �⇤ � p c.m. frame the measured transverse momentum, P T , of the final hadron is generated by
the transverse momentum of the quark in the target proton, k?, and of the final hadron with respect to
the fragmenting quark, p?. At order k?/Q it is simply given by

P T = z k? + p? . (2)

As usual:

s = (`+ p)2 Q2 = �q2 = �(`� `0)2 xB =
Q2

2p · q y =
Q2

xBs
zh =

p · Ph

p · q (3)

and the variables x, z and p? are related to the final observed variables xB , zh and P T and to the
integration variable k?. The exact relations can be found in Ref. [9]; at O(k?/Q) one simply has

x = xB z = zh . (4)

The unpolarised TMD distribution and fragmentation functions, fq/p(x, k?) and Dh/q(z, p?), depend
on the light-cone momentum fractions x and z and on the magnitudes of the transverse momenta k? =
|k?| and p? = |p?|. We assume these dependences to be factorized and we assume for the k? and p?
dependences a Gaussian form, with one free parameter which fixes the Gaussian width,

fq/p(x, k?) = fq/p(x)
e�k2

?/hk2
?i

⇡hk2?i
(5)

Dh/q(z, p?) = Dh/q(z)
e�p2

?/hp2
?i

⇡hp2?i
· (6)

The integrated PDFs, fq/p(x) and Dh/q(z), can be taken from the available fits of the world data: in
this analysis we will use the CTEQ6L set for the PDFs [32] and the DSS set for the fragmentation
functions [33]. In general, the widths of the Gaussians could depend on x or z and might be di↵erent
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hadron

photon

proton

quarkq

P

Ph

p

kk�

k�

PhT

P�

⇠zk�

FIG. 1. Diagram describing the relevant momenta involved in a semi-inclusive DIS event: a virtual photon (defining the
reference axis) strikes a parton inside a proton. The parton has a transverse momentum k

?

(not measured). The struck
parton fragments into a hadron, which acquires a further transverse momentum P

?

(not measured). The total measured
transverse-momentum of the final hadron is PhT . When Q

2 is very large, the longitudinal components are all much larger than
the transverse components. In this regime, PhT ⇡ zk

?

+ P
?

(see also Ref. [42]).

parton of flavor a fragmenting into an unpolarized hadron h carrying longitudinal momentum fraction z and transverse
momentum P

?

; the term YUU,T is introduced to ensure a matching to the perturbative calculations at high transverse
momentum. The expression for FUU,T is known up to at least O(↵2

S), including the resummation of at least next-
to-next-to-leading logarithms of the type log (P 2

hT /Q
2). However, we are going to use here only the lowest-order

expression, which should still provide a good description at low P 2

hT and in a limited range of Q2. Eventually, Eq. (6)
simplifies to (see, e.g., Refs. [29, 40, 41])

FUU,T (x, z,P
2

hT , Q
2) =

X

a

e

2

a

⇥
f

a
1

⌦ D

a
~

h
1

⇤
(x, z,P 2

hT , Q
2) , (7)

where the convolution upon transverse momenta is defined as

⇥
f ⌦ D

⇤
(x, z,P 2

hT , Q
2) = x

Z
dk

?

dP
?

�

�
zk

?

+ P
?

� PhT

�
f(x,k2

?

;Q2)D(z,P 2

?

;Q2) . (8)

In Fig. 1, we describe our notation for the transverse momenta (in agreement with the notation suggested by the
white paper in Ref. [2]), which is also reproduced below for convenience:

Momentum Physical description

k 4-momentum of parton in distribution function
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reference axis) strikes a parton inside a proton. The parton has a transverse momentum k
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(not measured). The struck
parton fragments into a hadron, which acquires a further transverse momentum P
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(not measured). The total measured
transverse-momentum of the final hadron is PhT . When Q

2 is very large, the longitudinal components are all much larger than
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(see also Ref. [42]).

parton of flavor a fragmenting into an unpolarized hadron h carrying longitudinal momentum fraction z and transverse
momentum P

?

; the term YUU,T is introduced to ensure a matching to the perturbative calculations at high transverse
momentum. The expression for FUU,T is known up to at least O(↵2

S), including the resummation of at least next-
to-next-to-leading logarithms of the type log (P 2

hT /Q
2). However, we are going to use here only the lowest-order

expression, which should still provide a good description at low P 2

hT and in a limited range of Q2. Eventually, Eq. (6)
simplifies to (see, e.g., Refs. [29, 40, 41])
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Due to its simplicity, this ansatz has been widely used in phenomenological studies but with constant widths hk2

?

i and
hP 2

?

i. Here, for the first time we introduce an explicit dependence on flavor a for both average transverse momenta
hk2

?,ai and hP 2

?,a
~

hi. In principle, there are no reasons to prefer the Gaussian ansatz over other functional forms, and
indeed more flexible forms should be investigated in the future. Model calculations typically lead to a non-Gaussian
behavior [10, 12, 17–19, 43]. The ansatz is also not compatible with the proper QCD evolution of TMD PDFs: it could
be at most applicable at one specific starting scale, but would soon be spoiled by QCD corrections. In our analysis,
we completely neglect Q2 evolution, even in the collinear part of the functions, which we evaluate at Q2 = 2.4 GeV2.
We can do this only because the range in Q

2 spanned by the Hermes measurements is not large. From now on, we
drop the Q

2 dependence of the involved functions.
The convolution on transverse momenta in Eq. (8) can be solved analytically:
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(10)

where the relation between the three variances is

hP 2

hT,ai = z

2hk2

?,ai + hP 2

?,a
~

hi . (11)

In this way, for each involved flavor a the average square value of the transverse momentum PhT of the detected
hadron h can be related to the average square values of the intrinsic transverse momenta k

?

and P
?

, not directly
accessible by experiments.

Inserting Eq. (10) in Eq. (7), we simplify the multiplicities as
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(12)

If the distribution functions describe a parton a in a proton target, obviously the above expression is valid for N = p,
i.e., for a proton target. We can deduce the corresponding result for a neutron target by assuming isospin symmetry.
For a deuteron target, we can assume an incoherent sum of proton and neutron contributions. Under these assumptions
the necessary label for the parent hadron on PDFs is omitted and PDFs refer to the ones of the proton. We remark
also that each quark flavor is described by a single Gaussian with a specific width. The multiplicity is then a sum of
Gaussians and thus no longer a simple Gaussian. The above expression can be used with minor modifications also
if we assume that the distribution and fragmentation functions for some flavor are themselves sums of Gaussians.
We will in fact adopt such an assumption for the up and down quarks, where we distinguish a valence and a sea
contribution, each one having a di↵erent Gaussian width. For example, the up contribution to the multiplicities is
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(13)

where f

uv
1

= f

u
1

� f

ū
1

, and similarly for the down quark.
Previous data obtained in unpolarized Drell-Yan and semi-inclusive DIS processes were compatible with calculations

based on a Gaussian ansatz for unpolarized TMD PDFs and TMD FFs with flavor-independent constant widths. In
this case, Eq. (12) would display a simple Gaussian behavior in PhT with the same width in every target-hadron
combination. However, the Hermes multiplicities display significant di↵erences between proton and deuteron targets,
and between pion and kaon final-state hadrons. Hence, they strongly motivate our choice in Eq. (9) for a flavor-
dependent Gaussian ansatz.

B. Assumptions concerning average transverse momenta

As mentioned in the previous section, we introduce di↵erent widths for the Gaussian forms of the valence and sea
components of up and down TMD PDFs. However, we assume that the Gaussian widths of all sea quarks (ū, d̄, s

flavour-dependent and independent anzatses

➡different widths for the Gaussian forms of the 
valence and sea TMD PDFs	


➡four different Gaussian shapes for TMD FFs

A. Signori, A. Bacchetta, M. Radici and G. Schnell( JHEP, 2013)M. Anselmino, M. Boglione, J.O. Gonzalez H., 	

S. Melis, A. Prokudin JHEP (2014)

➡flavour-independent analysis
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FIG. 3. Data points: Hermes multiplicities m

h
p(x, z,P

2
hT ;Q

2) for pions and kaons o↵ a proton target as functions of P 2
hT for

one selected x and Q

2 bin and few selected z bins. Shaded bands: 68% confidence intervals obtained from fitting 200 replicas of
the original data points in the scenario of the default fit. The bands include also the uncertainty on the collinear fragmentation
functions. The lowest P 2

hT bin has not been included in the fit.
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FIG. 4. Same content and notation as in the previous figure, but for a deuteron target.
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p obtained from Eqs. (12) and (8), with the parameters of Eq. (15), are compared
with HERMES measurements for ⇡+ SIDIS production o↵ a proton target [15]. The shaded uncertainty bands
correspond to a 5% variation of the total �2.
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p obtained from Eqs. (12) and (8), with the parameters of Eq. (15), are compared

with HERMES measurements for ⇡� SIDIS production o↵ a proton target [15]. The shaded uncertainty bands
correspond to a 5% variation of the total �2.
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no fit on K data: 	

➡ the precision and accuracy of the kaon 

data do not help in constraining the 
values of the fit parameters.

flavour-dependent and independent fits

fit of eight different target–hadron combinations

A. Signori, A. Bacchetta, M. Radici and G. Schnell( JHEP, 2013)M. Anselmino, M. Boglione, J.O. Gonzalez H., 	

S. Melis, A. Prokudin JHEP (2014)
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Parameters for TMD FFs

⌦
P̂ 2

?,fav

↵ ⌦
P̂ 2

?,unf

↵ ⌦
P̂ 2

?,sK

↵ ⌦
P̂ 2

?,uK

↵
� � �

[GeV2] [GeV2] [GeV2] (random) [GeV2]

Default 0.15± 0.04 0.19± 0.04 0.19± 0.04 0.18± 0.05 1.43± 0.43 1.29± 0.95 0.17± 0.09

Q

2
> 1.6 GeV2 0.15± 0.04 0.19± 0.05 0.19± 0.04 0.18± 0.05 1.59± 0.45 1.41± 1.06 0.16± 0.10

Pions only 0.16± 0.03 0.19± 0.04 — — 1.55± 0.27 1.20± 0.63 0.15± 0.05

Flavor-indep. 0.18± 0.03 0.18± 0.03 0.18± 0.03 0.18± 0.03 1.30± 0.30 0.76± 0.40 0.22± 0.06

TABLE IV. 68% confidence intervals of best-fit parameters for TMD FFs in the di↵erent scenarios.

0.5 1.0 1.5 2.0 2.5 3.00

20

40
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80

c2êd.o.f.
n r
ep

FIG. 2. Distribution of the values of �2
/d.o.f. for the default fit. On the vertical axis, the number of replicas with �

2
/d.o.f.

inside the bin. The bin width is 0.1.

Figs. 3 and 4 illustrate the agreement between our fit and the Hermes data. For each figure, the upper panels
display the results for pions (⇡� on the left and ⇡

+ on the right), the lower panels for kaons. The results show the
multiplicities m

h
N (x, z,P 2

hT , Q
2) for N = p proton and N = D deuteron targets, respectively, as functions of P 2

hT
for one selected bin hxi ⇠ 0.15 and hQ2i ⇠ 2.9 GeV2 (out of the total five x bins we used), and for four di↵erent
z bins (out of the total seven z bins we used). The lowest P 2

hT bin was excluded from the fit, as explained in
Sec.IIIA. The theoretical band is obtained by rejecting the largest and lowest 16% of the replicas for each P 2

hT bin.
The theoretical uncertainty is dominated by the error on the collinear fragmentation functions D

1

(z), which induces
an overall normalization uncertainty in each z bin. The di↵erent values of the fit parameters in each replica are
responsible for the slight di↵erences in the slopes of the upper and lower borders of the bands.

In Tab. III, the values of the average square transverse momenta for TMD PDFs are listed. We note that they can
range between 0.13 and 0.57 GeV2 within the 68% confidence interval.

In the left panel of Fig. 5, we compare the ratio hk2

?,dv
i/hk2

?,uv
i vs. hk2

?,seai/hk2

?,uv
i for 200 replicas. The white

box represents the point at the center of each one-dimensional 68% confidence interval of the two ratios. The shaded
area represents the two-dimensional 68% confidence region, it contains 68% of the points with the shortest distance
from the white box. Since for each flavor the x dependence of the average square transverse momenta is the same (see
Eq. (14)), these ratios are x-independent. The dashed lines correspond to the ratios being unity and divide the plane
into four quadrants. Most of the replicas are in the upper left quadrant, i.e., we have hk2

?,dv
i < hk2

?,uv
i < hk2

?,seai.
The white box shows that dv is on average about 20% narrower than uv, which is in turn about 10% narrower than
the sea. The crossing of the dashed lines corresponds to a flavor-independent distribution of transverse momenta.
This crossing point lies at the limit of the 68% confidence region. In a relevant number of replicas dv can be more
than 40% narrower than the uv, and the sea can be more than 30% wider than uv. From this fit, it seems possible
that the sea is narrower than uv, but unlikely that dv is wider than uv.

In the right panel of Fig. 5, we compare the ratio hP 2

?,unfi/hP 2

?,favi vs. hP 2

?,uKi/hP 2

?,favi in the same conditions as
before. All points are clustered in the upper right quadrant and close to its bisectrix, i.e., we have the stable outcome
that hP 2

?,favi < hP 2

?,unfi ⇠ hP 2

?,uKi. The width of unfavored and u ! K

+ fragmentations are about 20% larger than
the widht of favored ones.

hP 2
?, favi < hP 2

?, unfi ⇠ hP 2
?, uKi <

5

The details of the fits are presented in Table I, where we show the �2 per degree of freedom (�2

dof

),
the �2 per number of points (�2

point

) for ⇡+ and ⇡� production and the resulting values of the two free
parameters of the fit, hk2?i and hp2?i, with some statistical errors, as explained below. It is worth noticing
again that we do not have to use any overall normalisation constant as an extra free parameter; our
computations agree well in magnitude with the experimental multiplicities, which are normalised to the
collinear DIS cross section.

Before drawing hasty conclusions on the numerical values of the parameters, some comments might be
helpful.

• Our lowest value of �2

dof

is obtained by using the kinematical cuts of Eq. (14) with z < 0.6,
�2

dof

= 1.69 for a total of 497 fitted pion data points. The corresponding widths of the Gaussians
representing the k? and p? dependences of the distribution and fragmentation functions, are:

hk2?i = 0.57± 0.08 GeV2 , hp2?i = 0.12± 0.01 GeV2 . (15)

However, if we relax the cut in z to z < 0.7, Eq. (13), then the total �2 of the fit becomes larger,
�2

dof

= 2.62, and the value of the extracted hk2?i Gaussian width significantly decreases while that
of hp2?i increases, as shown in the second row of Table I. This large value of �2 reflects the fact that,
at large values of z, hP 2

T i deviates from the assigned linear behaviour in z2. Morever, as we already
pointed out, the large z region su↵ers from our lack of knowledge on the collinear fragmentation
functions.

• The errors quoted for the free parameters of our fit are obtained from a ��2 corresponding to a
5% variation over the total minimum �2: following Ref. [37], we relax the usual choice of ��2 = 1,
corresponding to a purely statistical error, in order to include in the quoted errors other, major
sources of uncertainty in our fit, which mainly originate from the inaccuracy in the determination
of the fragmentation functions. We have checked that, indeed, other choices of collinear PDFs and
FFs lead to such uncertainties. Moreover, in reading the errors, one should keep in mind that the
parameters are strongly correlated.

The multiplicities obtained from our best fit parameters, with the kinematical cuts of Eq. (14), are
compared with the HERMES measurements o↵ a proton target in Figs. 1 and 2 and o↵ a deuteron target
in Figs. 3 and 4, separately for positive and negative pions. The shaded uncertainty bands are computed
according to Ref. [38].

We have also performed a series of tests to study the e↵ect of kaon data on the extraction. While the
optimal parameters do not significantly change when including these data in the fit, the value of �2

dof

reduces from 1.69 to 1.25, which could naively be interpreted as an improvement in the quality of the
fit. However, this is just the result of the large error bands in the kaon subset. In fact, a fit of the kaon
data alone would yield �2

dof

= 0.64, which signals that the errors on these measurements are too large to
allow a reliable extraction of the free parameters. This is shown very clearly in Figs. 5–8 where the kaon
multiplicities, computed according to Eqs. (12) and (8) with the parameters of Eq. (15) – extracted from
the HERMES measurements of pion production only – are compared with the HERMES data.

A careful look at the plots in Figs. 1–4 shows that the description of the HERMES measurements
is indeed satisfactory: the Gaussian parameterisation embeds the crucial features of the data, both in
shape and size, over a broad kinematical range. The resulting value of �2

dof

, still a bit sizeable, is
somehow expected, given the uncertainties on the collinear fragmentation functions: as stated before, the
HERMES analysis [15] showed that the agreement, for the integrated multiplicities, between SIDIS data
and collinear LO theoretical computations is not perfect, and that the currently available fragmentation
function sets still need further refinements, especially at large z, and for ⇡� production. In fact, including
larger values of z in the fit sizeably increases the total �2, as shown in the second line of Table I.

As the HERMES Montecarlo event generator, as well as many phenomenological models, propose a
possible dependence of hp2?i on z, we have also attempted a fit with a z-dependent hp2?i = N za (1� z)b.
However, it turns out that this parameterisation cannot be seriously tested by the data selection we
have used for our reference fit; in fact, with the cuts of Eqs. (13) and (14), and in particular for the
z < 0.6 range, it is quite hard for the best fitting procedure to find a proper convergence. Consequently,
one obtains a and b parameters a↵ected by huge statistical errors; this large uncertainties include the
zero value and make the resulting parameters hardly significant. Moreover, the total �2

dof

improves only
marginally, down from 1.69 to 1.63.
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R.N. Cahn, Phys. Lett. B78, (1978)	


Cahn effect	

kinematic effect caused by quark 
intrinsic transverse momentum.	


(cosφh)

Boer-Mulders effect	

correlation between quark transverse momentum 
and quark transverse spin.	


(cos2φh)

D. Boer and P.J. Mulders, Phys. Rev. D57, (1998)	


quarks’ transverse degrees of freedom
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�UU / h?
1 ⌦H?
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- HERMES Collaboration- 
Phys.Rev. D87 (2013) 012010 ✓ negative asymmetry for π+ and positive for π-	


☛ from previous publications ( PRL 94 (2005) 012002, PLB 693 (2010) 11-16 ): 	

!
☛ data support Boer-Mulders DF        of same sign for u and d quarks	


✓ K- and K+ : striking differences w.r.t. pions	


☛ role of the sea in DF and FF

H?,u!⇡+

1 = �H?,u!⇡�

1
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FIG. 10. cos 2� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.

-1

U
U

〉
φ

c
o

s
〈

2
 

-0.3

-0.2

-0.1

0

0.1

0.2 +h

x  

-110

U
U

〉
φ

c
o

s
〈

2
 

-0.3

-0.2

-0.1

0

0.1

0.2 -
h

0.4 0.5 0.6 0.7
-0.3

-0.2

-0.1

0

0.1

0.2

y  
0.4 0.5 0.6 0.7

-0.3

-0.2

-0.1

0

0.1

0.2
0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2

z  
0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2
0.3 0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2  e h X→e p  
 Xπ e →e p  

 e K X→e p  

  [GeV]⊥hP
0.3 0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2

FIG. 11. cos� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.

h?
1

quarks’ transverse degrees of freedom



Ami Rostomyan                                                                                                                               PANIC  201415

- HERMES Collaboration- 
Phys.Rev. D87 (2013) 012010 

✓ negative asymmetries for π+ and π-	


☛ larger effect at high z	

☛larger magnitude for π+	


✓ negative asymmetries for K+	

☛ even larger amplitudes in magnitude than those for π+	


☛ suggest a large contribution from the Boer–Mulders effect	


✓ compatible with zero asymmetries for K-	


quarks’ transverse degrees of freedom
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