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Semi-inclusive DIS provides information 
on both hadron structure and formation

Why study SIDIS from 
unpolarized targets?
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complimentary info on FFs to e+e- (e.g., charge separation)
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Polarization-averaged cross section
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the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions

We consider the process

ℓ(l) + N(P ) → ℓ(l′) + h(Ph) + X, (2.1)

where ℓ denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables

x =
Q2

2P · q
, y =

P · q
P · l

, z =
P ·Ph

P · q
, γ =

2Mx

Q
. (2.2)

Throughout this section we work in the target rest frame. Following the Trento conven-

tions [28] we define the azimuthal angle φh of the outgoing hadron by

cosφh = −
lµPhν gµν

⊥
√

l2⊥ P 2
h⊥

, sin φh = −
lµPhν ϵµν

⊥
√

l2⊥ P 2
h⊥

, (2.3)

where lµ⊥ = gµν
⊥ lν and Pµ

h⊥ = gµν
⊥ Phν are the transverse components of l and Ph with respect

to the photon momentum. The tensors

gµν
⊥ = gµν −

qµP ν + Pµqν

P · q (1 + γ2)
+

γ2

1 + γ2

(

qµqν

Q2
−

PµP ν

M2

)

, (2.4)

ϵµν
⊥ = ϵµνρσ Pρ qσ

P · q
√

1 + γ2
(2.5)
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+ S∥λe

[
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√

2 ε(1 − ε) cos φh F cos φh

LL

]

+ |S⊥|

[

sin(φh − φS)
(

F sin(φh−φS)
UT,T + εF sin(φh−φS)

UT,L

)

+ ε sin(φh + φS)F sin(φh+φS)
UT + ε sin(3φh − φS)F sin(3φh−φS)

UT

+
√

2 ε(1 + ε) sin φS F sinφS

UT +
√

2 ε(1 + ε) sin(2φh − φS)F sin(2φh−φS)
UT

]

+ |S⊥|λe

[

√

1 − ε2 cos(φh − φS)F cos(φh−φS)
LT +

√

2 ε(1 − ε) cos φS F cos φS

LT

+
√

2 ε(1 − ε) cos(2φh − φS)F cos(2φh−φS)
LT

]}

, (2.7)

where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of ℓ′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by

ε =
1 − y − 1

4 γ2y2

1 − y + 1
2 y2 + 1

4 γ2y2
, (2.8)

so that the depolarization factors can be written as

y2

2 (1 − ε)
=

1

1 + γ2

(

1 − y + 1
2 y2 + 1

4 γ2y2
)

≈
(

1 − y + 1
2 y2

)

, (2.9)

y2

2 (1 − ε)
ε =

1

1 + γ2

(

1 − y − 1
4 γ2y2

)

≈ (1 − y), (2.10)

y2

2 (1 − ε)

√

2 ε(1 + ε) =
1

1 + γ2
(2 − y)

√

1 − y − 1
4 γ2y2 ≈ (2 − y)

√

1 − y, (2.11)

y2

2 (1 − ε)

√

2 ε(1 − ε) =
1

√

1 + γ2
y

√

1 − y − 1
4 γ2y2 ≈ y

√

1 − y, (2.12)

y2

2 (1 − ε)

√

1 − ε2 =
1

√

1 + γ2
y

(

1 − 1
2 y

)

≈ y
(

1 − 1
2 y

)

. (2.13)
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[see, e.g., Bacchetta et al., JHEP 0702 (2007) 093]
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[see, e.g., Bacchetta et al., JHEP 0702 (2007) 093]
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pure gas targets

internal to lepton ring

unpolarized (1H … Xe) 

long. polarized: 1H, 2H, 3He  

transversely polarized: 1H
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hermes The HERMES Spectrometer
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• Kinematic coverage: 0.02 ≤ x ≤ 0.8 for Q2 > 1 GeV2 and W > 2 GeV

• Tracking: 57 tracking planes: δP/P = (0.7 − 2.5)%, δΘ ≤ 1 mrad

• PID: Cherenkov (RICH after 1997), TRD, Preshower, Calorimeter

Gunar Schnell, HERMES Collaboration Warsaw, May 25
th
, 2004 – p. 11/36

… schematically 
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Particle ID detectors allow for
- lepton/hadron separation
- RICH: pion/kaon/proton 
discrimination 2GeV<p<15GeV
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Figure 6.7: Difference between two φS’s which evaluated with and without
the detector smearing effects. Note this result is independent of the QED
radiative effect.

Figure 6.8: Schematic illustration of event migration.
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… event migration ...
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6.3 Unfolded results 121

Figure 6.2: Left: the event migration between the kinematical bins of y, z and Ph⊥
variables (indicated respectively by squares of decreasing size) in one of the x bin. Right:
the event migration between the 12  h bins in the same kinematical bin.

The relative di erences between unfolded and 4π mean values is used as systematic
uncertainty due to possible model dependence in the unfolding procedure.

6.3 Unfolded results

The unfolded results extracted with the 5-dimensional analysis for the di erent data
taking periods are presented in figures from 6.5 to 6.8 for hydrogen data, and in
figures from 6.9 to 6.12 for deuterium data.

After the unfolding procedure, the ⟨cos φh⟩ moments are sizable and negative for
positive hadrons, almost compatible with zero for the negatively charged hadrons.
The ⟨cos 2φh⟩ moments for positive hadrons are found to be slightly negative as
in the raw ratios, although the signal seems to be reduced here. The ⟨cos 2φh⟩
moments for negative hadrons remain slightly positive.

In most of the cases the discrepancies between the years seem to be reduced by
the unfolding. However there exist still di erences, i. e. in ⟨cos 2φh⟩. The signals
become almost compatible along the di erent data taking periods, suggesting the
hypothesis of results stable in time. The remaining discrepancies between the di er-
ent data taking samples can be attributed to variations in detector setup during the
years, like, for instance, di erent beam position or detector misalignment, as dis-
cussed in last chapter. The year dependence left over in the data after the correcting
procedure will be therefore treated as systematic uncertainty.

- migration correlates yields in different bins
- can’t be corrected properly in bin-by-bin approach
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… event migration -> unfolding

experimental yield in ith bin depends on all Born bins j …

… and on BG entering kinematic range from outside region 

smearing matrix Sij embeds information on migration

determined from Monte Carlo - independent of physics model in 
limit of infinitesimally small bins and/or flat acceptance/cross-
section in every bin 

in real life: dependence on BG and physics model due to finite 
bin sizes 

10

Yexp(�i) �
N�

j=1

Sij

⇥

j
d� d�(�) + B(�i)



SPIN2016G. Schnell 

… event migration -> unfolding

experimental yield in ith bin depends on all Born bins j …

… and on BG entering kinematic range from outside region 

smearing matrix Sij embeds information on migration

determined from Monte Carlo - independent of physics model in 
limit of infinitesimally small bins and/or flat acceptance/cross-
section in every bin 

in real life: dependence on BG and physics model due to finite 
bin sizes 

inversion of relation gives Born cross section from measured yields
10
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N�

j=1
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⇥
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Multi-D vs. 1D unfolding at work

11

Neglecting to unfold in z 
changes x dependence 
dramatically
➡ 1D unfolding clearly 
     insufficient

Bx-110

K
 M

ul
tip

lic
ity

0

0.05

0.1

0.15

3D unfolded (default)
1D unfolded
3D unfolded (default)
1D unfolded

00e1 proton vmdxt00e1 proton vmdxt

Figure 4.5: The x-dependence of the (K+ + K�)-multiplicities di↵ers drastically
between a proper three-dimensional analysis (red), compared to a simple one-
dimensional extraction (blue). This illustrates the large systematic uncertainty in-
troduced by not considering the proper kinematic dependencies during the analy-
sis, in particular the acceptance correction. The points in this figure were extracted
from the 2000 proton sample.

43

[S.J. Joosten, PhD thesis UIUC (2013)]
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kinematic range used at HERMES

0.023 < x < 0.6

0.1 < y < 0.85

0.2 < z < 0.8

W2 > 10 GeV2

Q2 > 1 GeV2

12

C. Multiplicities

The multiplicityMh
n of hadrons of type h produced off a

target n is defined as the respective hadron yield Nh

normalized to the DIS yield. It can be expressed in terms
of the semi-inclusive cross section d5!h and the inclusive
DIS cross section d2!DIS,

Mh
nðxB;Q2;z;Ph?Þ

¼ 1
d2NDISðxB;Q2Þ

dxB dQ
2

$
Z 2"

0

d5NhðxB;Q2;z;Ph?;#hÞ
dxBdQ

2dzdPh?d#h
d#h

¼ 1
d2!DISðxB;Q2Þ

dxBdQ
2

$
Z 2"

0

d5!hðxB;Q2;z;Ph?;#hÞ
dxBdQ

2dzdPh?d#h
d#h: (1)

The Born-level multiplicities, i.e., the multiplicities with
no limitations in geometric acceptance and corrected for
radiative effects and detector resolution, are extracted
from measured multiplicities binned in three dimensions:
ðxB; z; Ph?Þ when the multiplicities as a function of xB are
desired, and ðQ2; z; Ph?Þ when they are to be given as a
function of Q2. Due to the strong correlation of xB and Q2

in the HERMES data (cf. Fig. 2) simultaneous binning in
these two variables would not have an impact on the
extraction. A #h binning has been omitted because of
limited statistical precision. However, a possible impact
of the #h dependence of the unpolarized semi-inclusive
cross section and of the acceptance has been accounted for
in the systematic uncertainties. The three-dimensional
Born-level multiplicites are extracted using correction
and unfolding procedures described later in this section,
which take into account the charge-symmetric background,
trigger efficiencies, exclusive vector-meson production,
kinematic and geometric acceptance effects, and smearing
due to radiative effects. After all corrections and unfolding
procedures are applied, the final multidimensional binned
data are available, and can be integrated over the accepted
kinematic ranges (cf. Tables III and IV) to yield the

multiplicities in a one- or two-dimensional binning in the
desired variables, e.g., the fractional hadron energy z.

1. Charge-symmetric background

Isolated high-energy leptons from charge-symmetric
processes, like the "0 Dalitz decays and photon conversion
into eþe& pairs, can produce a signature indistinguishable
from that of DIS events. This background is most signifi-
cant at lowQ2 and is much stronger for inclusive scattering
than for SIDIS. It is taken into account by subtracting from
the measured DIS or SIDIS event rate the number of
corresponding events for which the leading lepton has a
charge opposite to that of the beam particles. The correc-
tion to the multiplicities is of the order of 1% for DIS and
2% for SIDIS at low z.

Bx-110

]2
 [G

eV
2

Q

1

10

2

 >
 10

 G
eV

2
W

y < 0.85

y >
 0.

1

2 > 1 GeV2Q

x < 0.6

FIG. 2 (color online). Born space in ðx;Q2Þ for the multi-
plicities extracted.

TABLE II. Kinematic variables in semi-inclusive deep-inelastic scattering.

k ¼ ðE; ~kÞ, k0 ¼ ðE0; ~k0Þ Four-momenta of incident and scattered lepton l0

P¼labðM; ~0Þ Four-momentum of the target nucleon

q ¼ k& k0 Four-momentum of the virtual photon $'

% ¼ P$q
M ¼lab E& E0 Energy transfer to the target

Q2 ¼ &q2 (lab 4EE0sin 2ð&2Þ Negative squared four-momentum transfer

W2 ¼ ðPþ qÞ2 Squared invariant mass of the photon-nucleon system

xB ¼ Q2

2P$q ¼lab Q2

2M$% Bjorken scaling variable

y ¼ P$q
P$k ¼

lab %
E Fractional energy of the virtual photon

#h Azimuthal angle between the lepton scattering plane and the hadron production plane

z ¼ P$Ph

P$q ¼lab Eh

% Fractional energy of hadron h

Ph?¼
lab j ~q) ~Phj

j ~qj Component of the hadron momentum, Ph, transverse to q

MULTIPLICITIES OF CHARGED PIONS AND KAONS . . . PHYSICAL REVIEW D 87, 074029 (2013)

074029-5
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partially large 
contribution from 
exclusive VM 
production, in 
particular at high z
-> (optionally) 
subtracted from 
both numerator and 
denominator
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13

ep � ep ⇥0 � ep�+��for instance:
[Airapetian et al., PRD 87 (2013) 074029]
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multiplicities before 
and after subtraction 
of contributions from 
exclusively produced 
VMs

Influence from exclusive VM 

13

ep � ep ⇥0 � ep�+��for instance:
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Multiplicities: z projection

14

➡ slight differences between 
proton and deuteron targets:
reflection of valence 
structure of target and 
produced meson, e.g.
    u/d -> π+ / π- 

    p = |uud>  and  n = |udd>
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most exhaustive data set on (Ph⊥-integrated) electro-production of 
charged identified mesons on nucleons



SPIN2016G. Schnell 

Multiplicities: z projection
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➡ slight differences between 
proton and deuteron targets:
reflection of valence 
structure of target and 
produced meson, e.g.
    u/d -> π+ / π- 

    p = |uud>  and  n = |udd>

➡ K- pure “sea object” 
     hence suppressed and  
     hardly any difference for
     proton and deuteron
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Multiplicities: z projection

15

proton target:
(deuteron similar)

positive hadrons in general 
better described than 
negative ones
➡ better understanding of  
    favored fragmentation?
➡ best described by
    HERMES Jetset tune and  
    DSS FF set

kaons best described by 
DSS FF set, though all with 
problems in describing K-
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Multiplicity ratio: z projection

16

[http://www-hermes.desy.de/multiplicities]
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Multiplicity ratio: z projection

16

at large z mainly favored 
fragmentation:
➡ dominated by up quarks
➡ kaon requires strangeness 
production
➡ strangeness suppression 
of about 0.3 (apparently 
stronger than modeled in 
DSS FF set) 
➡ in rough agreement with 
typical ansatz of 1/3

[http://www-hermes.desy.de/multiplicities]
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Multiplicities: x-z projection

17

[Airapetian et al., PRD 87 (2013) 074029]
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Multiplicities: x-z projection

17

➡ weaker dependence on x

[Airapetian et al., PRD 87 (2013) 074029]
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Multiplicities: x-z projection

17

➡ weaker dependence on x

➡ remaining dependence 
from f1 - D1 convolution over 
quark flavors

 

[Airapetian et al., PRD 87 (2013) 074029]
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Strange-quark distribution

18

use isoscalar probe and target to extract (here at LO!) strange-quark distribution

only need K++K- multiplicities on deuteron

448 HERMES Collaboration / Physics Letters B 666 (2008) 446–450

Fig. 1. The multiplicity corrected to 4π of charged kaons in semi-inclusive DIS from
a deuterium target, as a function of Bjorken x. The continuous curve is calculated
from the curve in Fig. 2 using Eq. (3). The dashed (dash-dotted) curve is the non-
strange (strange) quark contribution to the multiplicity for this fit. The dotted curve
is the best fit to

∫
DK

S (z)dz using Cteq6l PDFs. The error bars are statistical. The
band represents the systematic uncertainties. The values of ⟨Q 2⟩ for each x bin are
shown in the lower panel.

Combining Eqs. (1), (2) and neglecting the term 2S(x) compared to
5Q (x), it follows immediately that

S(x)
∫

DK
S (z)dz ≃ Q (x)

[
5

d2NK (x)
d2NDIS(x)

−
∫

DK
Q (z)dz

]
. (3)

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

S (z)dz.
The data were recorded with a longitudinally nuclear-polarized

deuteron gas target internal to the E = 27.6 GeV Hera positron
storage ring at Desy. The self-induced beam polarization was mea-
sured continuously with Compton backscattering of circularly po-
larized laser beams [22,23]. The open-ended target cell was fed
by an atomic-beam source based on Stern–Gerlach separation with
hyperfine transitions. The nuclear polarization of the atoms was
flipped at 90 s time intervals, while both this polarization and
the atomic fraction inside the target cell were continuously mea-
sured [24]. The average value of the deuteron polarization was
0.845 with a fractional systematic uncertainty of 3.5%.

Scattered beam leptons and coincident hadrons were detected
by the Hermes spectrometer [25]. Leptons were identified with an
efficiency exceeding 98% and a hadron contamination of less than
1% using an electromagnetic calorimeter, a transition–radiation
detector, a preshower scintillation counter and a ring-imaging
Čerenkov (RICH) detector [26]. The dual-radiator RICH was also
used to identify charged kaons. Events were selected subject to
the kinematic requirements Q 2 > 1 GeV2, W 2 > 10 GeV2 and
y < 0.85, where W is the invariant mass of the photon–nucleon
system, and y = ν/E . Coincident hadrons were accepted if 0.2 <
z < 0.8 and xF ≈ 2pL/W > 0.1, where pL is the longitudinal mo-
mentum of the hadron with respect to the virtual photon direction
in the photon–nucleon center of mass frame. The Bjorken x range
of measurement was 0.02–0.6.

The charged kaon multiplicity was extracted by summing over
the kaon yields for the two beam-target polarization states. An
event weighting procedure was used to correct for RICH kaon iden-
tification inefficiencies. The effects of QED radiation, instrumental
resolution, and acceptance were simulated [27–29], and correc-
tions were applied to the data for each polarization state using
a technique that unfolds kinematic migration of events [20]. The
results are presented in Fig. 1. The trends in the data were not
reproduced (see dotted curve in Fig. 1) by fitting the points us-
ing the Cteq6l [30] strange quark PDFs in Eqs. (1) and (2), with∫
DK

Q (z)dz and
∫
DK

S (z)dz as free parameters. In view of the
paucity of reliable data on S(x), it was assumed instead that it is
unknown, and the analysis was carried out extracting the product

Fig. 2. The strange fragmentation product S(x, Q 2)
∫
DK

S (z)dz obtained from the
measured Hermes multiplicity for charged kaons at the ⟨Q 2⟩ for each bin. The curve
is a least squares fit of the form x−0.863e−x/0.0487(1 − x). The band represents sys-
tematic uncertainties.

S(x)
∫
DK

S (z)dz in LO. For x > 0.15 the multiplicity is constant at a
value of about 0.080, implying that S(x)/Q (x) is constant. For this
analysis S(x) is assumed to be negligible at large x from which
it follows that S(x) = 0 for x > 0.15 and that

∫ 0.8
0.2 DK

Q (z)dz =
0.398±0.010, in excellent agreement with the value 0.435±0.044
obtained for Q 2 = 2.5 GeV2 from the most recent global analysis
of fragmentation functions [31]. The value 0.398 was then used in
Eq. (3) together with values of Q (x) from Cteq6l and the mea-
sured multiplicities to obtain the product S(x)

∫
DK

S (z)dz shown in
Fig. 2. A small iterative correction was made to account for the
neglect of the 2S(x) term in Eq. (1). The result for the product to-
gether with a fit of the form x−a1e−x/a2(1 − x) is shown in Fig. 2,
and leads to the continuous curve in Fig. 1.

The improved fit (continuous curve in Fig. 1) to the multiplicity
is an indication that the actual distribution of S(x) is substantially
different from the average of those of the nonstrange antiquarks.
To explore this point, the Hermes result for S(x)

∫
DK

S (z)dz has
been evolved to Q 2

0 = 2.5 GeV2. The Q 2 evolution factors were
taken from Cteq6l and the fragmentation function compilation
given in [31]. Consideration of corrections to the evolution due
to higher twist contributions is not necessary, since higher twist
effects are expected to be significant [32] only for larger values
of x where the extracted distribution of xS(x) vanishes. The dis-
tribution of xS(x) was obtained from S(x)

∫
DK

S (z)dz by dividing
by

∫
DK

S (z)dz = 1.27 ± 0.13, the value at Q 2 = 2.5 GeV2 given
in [31]. The results are presented in Fig. 3 together with (as an ex-
ample) parameterizations of xS(x) and x(ū(x) + d̄(x)) from Cteq6l.
The normalization of the Hermes points is determined by the value
of

∫
DK

S (z)dz assumed. However, whatever the normalization, the
shape of xS(x) implied by the Hermes data is incompatible with
xS(x) from Cteq6l and other global QCD fits of PDFs as well as the
assumption of an average of an isoscalar nonstrange sea. The ab-

Fig. 3. The strange parton distribution xS(x) from the measured Hermes multiplic-
ity for charged kaons evolved to Q 2

0 = 2.5 GeV2 assuming
∫
DK

S (z)dz = 1.27±0.13.
The solid curve is a 3-parameter fit for S(x) = x−0.924e−x/0.0404(1 − x), the dashed
curve gives xS(x) from Cteq6l, and the dot–dash curve is the sum of light anti-
quarks from Cteq6l.
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Fig. 1. The multiplicity corrected to 4π of charged kaons in semi-inclusive DIS from
a deuterium target, as a function of Bjorken x. The continuous curve is calculated
from the curve in Fig. 2 using Eq. (3). The dashed (dash-dotted) curve is the non-
strange (strange) quark contribution to the multiplicity for this fit. The dotted curve
is the best fit to

∫
DK

S (z)dz using Cteq6l PDFs. The error bars are statistical. The
band represents the systematic uncertainties. The values of ⟨Q 2⟩ for each x bin are
shown in the lower panel.

Combining Eqs. (1), (2) and neglecting the term 2S(x) compared to
5Q (x), it follows immediately that

S(x)
∫

DK
S (z)dz ≃ Q (x)

[
5

d2NK (x)
d2NDIS(x)

−
∫

DK
Q (z)dz

]
. (3)

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

S (z)dz.
The data were recorded with a longitudinally nuclear-polarized

deuteron gas target internal to the E = 27.6 GeV Hera positron
storage ring at Desy. The self-induced beam polarization was mea-
sured continuously with Compton backscattering of circularly po-
larized laser beams [22,23]. The open-ended target cell was fed
by an atomic-beam source based on Stern–Gerlach separation with
hyperfine transitions. The nuclear polarization of the atoms was
flipped at 90 s time intervals, while both this polarization and
the atomic fraction inside the target cell were continuously mea-
sured [24]. The average value of the deuteron polarization was
0.845 with a fractional systematic uncertainty of 3.5%.

Scattered beam leptons and coincident hadrons were detected
by the Hermes spectrometer [25]. Leptons were identified with an
efficiency exceeding 98% and a hadron contamination of less than
1% using an electromagnetic calorimeter, a transition–radiation
detector, a preshower scintillation counter and a ring-imaging
Čerenkov (RICH) detector [26]. The dual-radiator RICH was also
used to identify charged kaons. Events were selected subject to
the kinematic requirements Q 2 > 1 GeV2, W 2 > 10 GeV2 and
y < 0.85, where W is the invariant mass of the photon–nucleon
system, and y = ν/E . Coincident hadrons were accepted if 0.2 <
z < 0.8 and xF ≈ 2pL/W > 0.1, where pL is the longitudinal mo-
mentum of the hadron with respect to the virtual photon direction
in the photon–nucleon center of mass frame. The Bjorken x range
of measurement was 0.02–0.6.

The charged kaon multiplicity was extracted by summing over
the kaon yields for the two beam-target polarization states. An
event weighting procedure was used to correct for RICH kaon iden-
tification inefficiencies. The effects of QED radiation, instrumental
resolution, and acceptance were simulated [27–29], and correc-
tions were applied to the data for each polarization state using
a technique that unfolds kinematic migration of events [20]. The
results are presented in Fig. 1. The trends in the data were not
reproduced (see dotted curve in Fig. 1) by fitting the points us-
ing the Cteq6l [30] strange quark PDFs in Eqs. (1) and (2), with∫
DK

Q (z)dz and
∫
DK

S (z)dz as free parameters. In view of the
paucity of reliable data on S(x), it was assumed instead that it is
unknown, and the analysis was carried out extracting the product

Fig. 2. The strange fragmentation product S(x, Q 2)
∫
DK

S (z)dz obtained from the
measured Hermes multiplicity for charged kaons at the ⟨Q 2⟩ for each bin. The curve
is a least squares fit of the form x−0.863e−x/0.0487(1 − x). The band represents sys-
tematic uncertainties.

S(x)
∫
DK

S (z)dz in LO. For x > 0.15 the multiplicity is constant at a
value of about 0.080, implying that S(x)/Q (x) is constant. For this
analysis S(x) is assumed to be negligible at large x from which
it follows that S(x) = 0 for x > 0.15 and that

∫ 0.8
0.2 DK

Q (z)dz =
0.398±0.010, in excellent agreement with the value 0.435±0.044
obtained for Q 2 = 2.5 GeV2 from the most recent global analysis
of fragmentation functions [31]. The value 0.398 was then used in
Eq. (3) together with values of Q (x) from Cteq6l and the mea-
sured multiplicities to obtain the product S(x)

∫
DK

S (z)dz shown in
Fig. 2. A small iterative correction was made to account for the
neglect of the 2S(x) term in Eq. (1). The result for the product to-
gether with a fit of the form x−a1e−x/a2(1 − x) is shown in Fig. 2,
and leads to the continuous curve in Fig. 1.

The improved fit (continuous curve in Fig. 1) to the multiplicity
is an indication that the actual distribution of S(x) is substantially
different from the average of those of the nonstrange antiquarks.
To explore this point, the Hermes result for S(x)

∫
DK

S (z)dz has
been evolved to Q 2

0 = 2.5 GeV2. The Q 2 evolution factors were
taken from Cteq6l and the fragmentation function compilation
given in [31]. Consideration of corrections to the evolution due
to higher twist contributions is not necessary, since higher twist
effects are expected to be significant [32] only for larger values
of x where the extracted distribution of xS(x) vanishes. The dis-
tribution of xS(x) was obtained from S(x)

∫
DK

S (z)dz by dividing
by

∫
DK

S (z)dz = 1.27 ± 0.13, the value at Q 2 = 2.5 GeV2 given
in [31]. The results are presented in Fig. 3 together with (as an ex-
ample) parameterizations of xS(x) and x(ū(x) + d̄(x)) from Cteq6l.
The normalization of the Hermes points is determined by the value
of

∫
DK

S (z)dz assumed. However, whatever the normalization, the
shape of xS(x) implied by the Hermes data is incompatible with
xS(x) from Cteq6l and other global QCD fits of PDFs as well as the
assumption of an average of an isoscalar nonstrange sea. The ab-

Fig. 3. The strange parton distribution xS(x) from the measured Hermes multiplic-
ity for charged kaons evolved to Q 2

0 = 2.5 GeV2 assuming
∫
DK

S (z)dz = 1.27±0.13.
The solid curve is a 3-parameter fit for S(x) = x−0.924e−x/0.0404(1 − x), the dashed
curve gives xS(x) from Cteq6l, and the dot–dash curve is the sum of light anti-
quarks from Cteq6l.
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Fig. 1. The multiplicity corrected to 4π of charged kaons in semi-inclusive DIS from
a deuterium target, as a function of Bjorken x. The continuous curve is calculated
from the curve in Fig. 2 using Eq. (3). The dashed (dash-dotted) curve is the non-
strange (strange) quark contribution to the multiplicity for this fit. The dotted curve
is the best fit to

∫
DK

S (z)dz using Cteq6l PDFs. The error bars are statistical. The
band represents the systematic uncertainties. The values of ⟨Q 2⟩ for each x bin are
shown in the lower panel.

Combining Eqs. (1), (2) and neglecting the term 2S(x) compared to
5Q (x), it follows immediately that

S(x)
∫

DK
S (z)dz ≃ Q (x)

[
5

d2NK (x)
d2NDIS(x)

−
∫

DK
Q (z)dz

]
. (3)

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

S (z)dz.
The data were recorded with a longitudinally nuclear-polarized

deuteron gas target internal to the E = 27.6 GeV Hera positron
storage ring at Desy. The self-induced beam polarization was mea-
sured continuously with Compton backscattering of circularly po-
larized laser beams [22,23]. The open-ended target cell was fed
by an atomic-beam source based on Stern–Gerlach separation with
hyperfine transitions. The nuclear polarization of the atoms was
flipped at 90 s time intervals, while both this polarization and
the atomic fraction inside the target cell were continuously mea-
sured [24]. The average value of the deuteron polarization was
0.845 with a fractional systematic uncertainty of 3.5%.

Scattered beam leptons and coincident hadrons were detected
by the Hermes spectrometer [25]. Leptons were identified with an
efficiency exceeding 98% and a hadron contamination of less than
1% using an electromagnetic calorimeter, a transition–radiation
detector, a preshower scintillation counter and a ring-imaging
Čerenkov (RICH) detector [26]. The dual-radiator RICH was also
used to identify charged kaons. Events were selected subject to
the kinematic requirements Q 2 > 1 GeV2, W 2 > 10 GeV2 and
y < 0.85, where W is the invariant mass of the photon–nucleon
system, and y = ν/E . Coincident hadrons were accepted if 0.2 <
z < 0.8 and xF ≈ 2pL/W > 0.1, where pL is the longitudinal mo-
mentum of the hadron with respect to the virtual photon direction
in the photon–nucleon center of mass frame. The Bjorken x range
of measurement was 0.02–0.6.

The charged kaon multiplicity was extracted by summing over
the kaon yields for the two beam-target polarization states. An
event weighting procedure was used to correct for RICH kaon iden-
tification inefficiencies. The effects of QED radiation, instrumental
resolution, and acceptance were simulated [27–29], and correc-
tions were applied to the data for each polarization state using
a technique that unfolds kinematic migration of events [20]. The
results are presented in Fig. 1. The trends in the data were not
reproduced (see dotted curve in Fig. 1) by fitting the points us-
ing the Cteq6l [30] strange quark PDFs in Eqs. (1) and (2), with∫
DK

Q (z)dz and
∫
DK

S (z)dz as free parameters. In view of the
paucity of reliable data on S(x), it was assumed instead that it is
unknown, and the analysis was carried out extracting the product

Fig. 2. The strange fragmentation product S(x, Q 2)
∫
DK

S (z)dz obtained from the
measured Hermes multiplicity for charged kaons at the ⟨Q 2⟩ for each bin. The curve
is a least squares fit of the form x−0.863e−x/0.0487(1 − x). The band represents sys-
tematic uncertainties.

S(x)
∫
DK

S (z)dz in LO. For x > 0.15 the multiplicity is constant at a
value of about 0.080, implying that S(x)/Q (x) is constant. For this
analysis S(x) is assumed to be negligible at large x from which
it follows that S(x) = 0 for x > 0.15 and that

∫ 0.8
0.2 DK

Q (z)dz =
0.398±0.010, in excellent agreement with the value 0.435±0.044
obtained for Q 2 = 2.5 GeV2 from the most recent global analysis
of fragmentation functions [31]. The value 0.398 was then used in
Eq. (3) together with values of Q (x) from Cteq6l and the mea-
sured multiplicities to obtain the product S(x)

∫
DK

S (z)dz shown in
Fig. 2. A small iterative correction was made to account for the
neglect of the 2S(x) term in Eq. (1). The result for the product to-
gether with a fit of the form x−a1e−x/a2(1 − x) is shown in Fig. 2,
and leads to the continuous curve in Fig. 1.

The improved fit (continuous curve in Fig. 1) to the multiplicity
is an indication that the actual distribution of S(x) is substantially
different from the average of those of the nonstrange antiquarks.
To explore this point, the Hermes result for S(x)

∫
DK

S (z)dz has
been evolved to Q 2

0 = 2.5 GeV2. The Q 2 evolution factors were
taken from Cteq6l and the fragmentation function compilation
given in [31]. Consideration of corrections to the evolution due
to higher twist contributions is not necessary, since higher twist
effects are expected to be significant [32] only for larger values
of x where the extracted distribution of xS(x) vanishes. The dis-
tribution of xS(x) was obtained from S(x)

∫
DK

S (z)dz by dividing
by

∫
DK

S (z)dz = 1.27 ± 0.13, the value at Q 2 = 2.5 GeV2 given
in [31]. The results are presented in Fig. 3 together with (as an ex-
ample) parameterizations of xS(x) and x(ū(x) + d̄(x)) from Cteq6l.
The normalization of the Hermes points is determined by the value
of

∫
DK

S (z)dz assumed. However, whatever the normalization, the
shape of xS(x) implied by the Hermes data is incompatible with
xS(x) from Cteq6l and other global QCD fits of PDFs as well as the
assumption of an average of an isoscalar nonstrange sea. The ab-

Fig. 3. The strange parton distribution xS(x) from the measured Hermes multiplic-
ity for charged kaons evolved to Q 2

0 = 2.5 GeV2 assuming
∫
DK

S (z)dz = 1.27±0.13.
The solid curve is a 3-parameter fit for S(x) = x−0.924e−x/0.0404(1 − x), the dashed
curve gives xS(x) from Cteq6l, and the dot–dash curve is the sum of light anti-
quarks from Cteq6l.
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the HERMES multiplicity database
all the data available at http://hermes.desy.de/multiplicities

when using the data base, please read carefully the 
“Important information”, in particular,

only the bins where z > 0.2 should be used

multiplicities are integrated quantities, where both 
numerator and denominator are integrated separately over 
the full space within each kinematic bin

important consequences

comparison to calculations best done performing the same 
integration over phase space

average multiplicity is not multiplicity at average kinematics
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Ph?, xB, and Q2 in four z bins. Positive charge is on the left and negative charge is on the right of each panel. Uncertainties are as in
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… anticipating the COMPASS talk
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z from 0.2 to 0.85 and averaged over y between 0.1 and 0.7, as a function of x. The expected weak x

dependence is indeed observed in the data. In the same figure, the results of HERMES [8] integrated over
z from 0.2 to 0.8 are shown using the so-called x representation. The HERMES multiplicities are larger
and show a different dependence on x. Note however that the HERMES data were measured at a lower
energy and correspond to different kinematics. In order to compare the COMPASS results also with
the EMC ones [9], the sum of unidentified-charged-hadron multiplicities is shown in Fig. 7 (right). The
results from COMPASS and EMC, which correspond to comparable kinematics, are found in excellent
agreement.
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Figure 7: Left: Sum of M ⇡+
and M ⇡�

versus x. The COMPASS data (closed circles) are compared to HERMES
results (open circles); Right: Sum of M h+ and M h� versus x. The COMPASS data (closed circles) are compared
to EMC results (open circles). The systematic uncertainties are shown as bands at the bottom.

Another quantity of interest is the x dependence of the ratio M ⇡+
/M ⇡� , where most experimental

systematic effects cancel. The results are shown in Fig. 8 (left) as a function of x. They are in reasonable
agreement with the HERMES values in the measured range. The values obtained from the JLab E00-108
experiment [24] for z > 0.3 at higher x and lower W values are also shown for completeness. In Figure 8
(right), the ratio M h+

/M h� calculated for unidentified hadron multiplicities is shown for COMPASS
and EMC data. These results are in excellent agreement.
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Figure 8: Left: Ratio M ⇡+
/M ⇡�

versus x from COMPASS (closed points), HERMES (open circles) and JLab
(open squares). Right: Ratio M h+

/M h� versus x for COMPASS (closed circles) and EMC (open circles) results.
The systematic uncertainties are shown as bands at the bottom.

5 Extraction of quark-to-pion fragmentation functions

The present data on pions cover a wide kinematic range in x and z and represent an important input for
the extraction of quark-to-pion FFs in future NLO pQCD analyses of the world data. We present here

8 The COMPASS Collaboration
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Figure 5: Positive (closed) and negative (open) pion multiplicities versus z for nine x bins. The bands correspond
to the total systematic uncertainties.
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Figure 6: Same as Fig. 5 for charged unidentified hadrons.

product of the strange quark distribution and the fragmentation function of strange quarks into kaons.
The summed ⇡

+ and ⇡

� multiplicities allow us to verify the applicability of the LO pQCD formalism in
the COMPASS kinematic domain. For an isoscalar target and taking into account only two independent
quark FFs D⇡

fav and D

⇡
unf (see Section 5), the sum of ⇡+ and ⇡

� multiplicities integrated over z can be
written at LO as

M ⇡+
+M ⇡�

= D⇡
fav +D⇡

unf �
2S

5U +2S
(D⇡

fav �D⇡
unf), (6)

with M ⇡±
=
R
hM⇡±

(x,y,z)iy dz. The combinations of PDFs U = u+ ū+d+ d̄ and S = s+ s̄ depend
on x and Q

2, and D⇡
fav(Q

2) =
R
D

⇡
fav(z,Q

2)dz and D⇡
unf(Q

2) =
R
D

⇡
unf(z,Q

2)dz are integrated over the
measured z range and depend on Q

2 only. The pion multiplicity sum is expected to be almost flat in x,
as the term 2S/(5U +2S) is small and the Q

2 dependence of D⇡
fav +D⇡

unf is rather weak (of the order of
3%) [7].

Figure 7 (left) shows the result for the sum M ⇡+
+M ⇡� of ⇡+ and ⇡

� multiplicities, integrated over

(COMPASS)
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COMPASS vs. HERMES
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z from 0.2 to 0.85 and averaged over y between 0.1 and 0.7, as a function of x. The expected weak x

dependence is indeed observed in the data. In the same figure, the results of HERMES [8] integrated over
z from 0.2 to 0.8 are shown using the so-called x representation. The HERMES multiplicities are larger
and show a different dependence on x. Note however that the HERMES data were measured at a lower
energy and correspond to different kinematics. In order to compare the COMPASS results also with
the EMC ones [9], the sum of unidentified-charged-hadron multiplicities is shown in Fig. 7 (right). The
results from COMPASS and EMC, which correspond to comparable kinematics, are found in excellent
agreement.
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Figure 7: Left: Sum of M ⇡+
and M ⇡�

versus x. The COMPASS data (closed circles) are compared to HERMES
results (open circles); Right: Sum of M h+ and M h� versus x. The COMPASS data (closed circles) are compared
to EMC results (open circles). The systematic uncertainties are shown as bands at the bottom.

Another quantity of interest is the x dependence of the ratio M ⇡+
/M ⇡� , where most experimental

systematic effects cancel. The results are shown in Fig. 8 (left) as a function of x. They are in reasonable
agreement with the HERMES values in the measured range. The values obtained from the JLab E00-108
experiment [24] for z > 0.3 at higher x and lower W values are also shown for completeness. In Figure 8
(right), the ratio M h+

/M h� calculated for unidentified hadron multiplicities is shown for COMPASS
and EMC data. These results are in excellent agreement.
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/M h� versus x for COMPASS (closed circles) and EMC (open circles) results.
The systematic uncertainties are shown as bands at the bottom.

5 Extraction of quark-to-pion fragmentation functions

The present data on pions cover a wide kinematic range in x and z and represent an important input for
the extraction of quark-to-pion FFs in future NLO pQCD analyses of the world data. We present here
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product of the strange quark distribution and the fragmentation function of strange quarks into kaons.
The summed ⇡

+ and ⇡

� multiplicities allow us to verify the applicability of the LO pQCD formalism in
the COMPASS kinematic domain. For an isoscalar target and taking into account only two independent
quark FFs D⇡

fav and D
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� multiplicities integrated over z can be
written at LO as

M ⇡+
+M ⇡�

= D⇡
fav +D⇡

unf �
2S

5U +2S
(D⇡

fav �D⇡
unf), (6)

with M ⇡±
=
R
hM⇡±

(x,y,z)iy dz. The combinations of PDFs U = u+ ū+d+ d̄ and S = s+ s̄ depend
on x and Q

2, and D⇡
fav(Q

2) =
R
D

⇡
fav(z,Q

2)dz and D⇡
unf(Q

2) =
R
D

⇡
unf(z,Q

2)dz are integrated over the
measured z range and depend on Q

2 only. The pion multiplicity sum is expected to be almost flat in x,
as the term 2S/(5U +2S) is small and the Q

2 dependence of D⇡
fav +D⇡

unf is rather weak (of the order of
3%) [7].

Figure 7 (left) shows the result for the sum M ⇡+
+M ⇡� of ⇡+ and ⇡

� multiplicities, integrated over
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low-xB data. Indeed, xB is larger than about 0.07. But
already from Fig. 1 of the Comment [3] it should have been
clear that the average xB in that bin sits basically at the
minimum of the multiplicity distribution, such that the
multiplicity averaged over that xB range (0.07≲ xB ≲ 0.35)
must be larger than the multiplicity at that average xB, as it
is indeed found.
This clarification of how to use the multiplicity database

[2] is an important enough aspect for any analysis of these
multiplicities, especially when attempting to compare to
theory predictions, such that it deserves to be again high-
lighted here.
In Sec. IV, the Author turns from the isoscalar extraction

to an analysis involving the difference between Kþ and K−

multiplicities, e.g.,

dNKdiff

dNDIS ≡ dðNKþ − NK−Þ
dNDIS ð2Þ

¼LO;s¼s̄ ðuv þ dvÞð4DKþ
u − 4DKþ

ū þDKþ

d −DKþ

d̄ Þ
5Qþ 2S

; ð3Þ

where the second line is obtained at LO assuming
sðxBÞ ¼ s̄ðxBÞ, and where Q≡ uþ ūþ dþ d̄ and S≡
sþ s̄ are as defined in Ref. [1], DKþ

q are the quark-flavor
separated FFs1 into Kþ, and uv (dv) the up (down) valence
distributions.
First of all, it should be noted that the difference

multiplicity is inherently nonsinglet and consequently
sensitive to the flavor structure of the fragmentation
process. Also, the features of the Q2 evolution of this
quantity is different than that of the sum multiplicity. This
applies even more to the so-called K0 “multiplicity,” a
mixture of the nonsinglet difference and the isoscalar
charge-sum multiplicity (dNK=dNDIS):

dNK0

dNDIS ≡
5Qþ 2S

Q
dNK

dNDIS −
5Qþ 2S
uv þ dv

dNKdiff

dNDIS ð4Þ

¼LO;s¼s̄
8DKþ

ū þ 2DKþ

d̄ þ S
Q
DK

S ð5Þ

¼ 8DK−
u þ 2DK−

d þ S
Q
DK

S : ð6Þ

In the Comment an extraction of the kaon charge-
difference multiplicity (and of the K0 “multiplicity”) is
carried out using MSTW08 [5] and alternatively
NNPDF3.0 [6] LO parton-distribution functions (PDFs)
as well as a determination of the relevant nonstrange
fragmentation functions “from the data at high xB, exactly
as was done by HERMES for DK

Q”. The Author states that

contrary to expectation the observable decreases at low xB,
and that “it is hard to expect that the Q2 dependence of
DKþ

ū þDKþ

d̄ can fully explain the shape.” This is concluded
to be “an indication of the failure of the conventional LO
pQCD parton model approach.”
We have repeated such analysis using a set of LO PDFs,

namely NNPDF3.0 and MSTW08 (as in the Comment [3])
as well as CTEQ6 [7] and NNPDF2.3 [8]. These were then
used to evaluate the K0 multiplicities according to Eq. (4).
In addition, we have followed the Author’s suggestion of
using the “high-xB limit” of dNK0

=dNDIS to normalize the
unfavored fragmentation combination ð8DKþ

ū þ 2DKþ

d̄ Þ,
and used the data base of Ref. [9] (DSS) to generate the
Q2 dependence of those.2 (The “high-xB limit” was
obtained by evaluating in the last xB bin a polynomial
fit to the NNPDF3.0 data points for xB > 0.1.)
Alternatively, the original DSS FFs [9] were used.3

Together with S
R
dzDK

S from Ref. [1] and Q from
NNPDF3.0 these two sets of FFs were used to evaluate
Eq. (5). For the Q2 evolution of the PDFs the package
LHAPDF [10] was used. Our results are presented in Fig. 3.
In contrast to the results in the Comment [3], one can

find a reasonable agreement between the HERMES extrac-
tion of dNK0

=dNDIS and the latter leading-order prediction,
when uncertainties in the FFs and PDFs are accounted for.
The following observations are worthwhile mentioning:
(i) first it should be noted that the DSS predictions for

the kaon FFs, particularly for the unfavored FFs are,
to say the least, uncertain. In the DSS compilation all
the kaon unfavored FFs are assumed to be equal, and
in particular DKþ

ū ¼ DKþ

d̄ . Taking into account un-
certainties in the DSS compilation of the unfavored
nonstrange kaon FFs [11], a broad range of “LO
predictions” based on Eq. (5) is obtained filling
essentially the range between the squares and circles
in the right of Fig. 3;

(ii) the two choices for the unfavored nonstrange Kþ

FFs, namely DSS (crosses in Fig. 3 left) and the ones
derived from the “high-xB limit”, e.g., the last xB bin
(stars in Fig. 3 left), envelop the region populated by
the HERMES data folded with various LO PDF sets;

(iii) as expected, the results for the extracted values of
dNK0

=dNDIS converge to a common locus for
xB > 0.1, since for negligible sea-quark contributions
(common among the chosen PDF sets) Eq. (4) reduces
simply to ten times the K− multiplicity,4 independent

1It is implicitly assumed in this text that FFs are integrated over
the relevant range in the fractional hadron energy 0.2 < z < 0.8.

2Here we deviate from the path of the Author by not using
QCDNUM for performing the Q2 evolution.

3It should be noted that the DSS analysis is based, in part, on a
preliminary unpublished version of the HERMES data on
charged-meson multiplicities from a hydrogen target.

4It is interesting to note that the DSS prediction in this region
significantly undershoots the data pointing to underestimated
strength in the unfavored nonstrange kaon FFs.
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low-xB data. Indeed, xB is larger than about 0.07. But
already from Fig. 1 of the Comment [3] it should have been
clear that the average xB in that bin sits basically at the
minimum of the multiplicity distribution, such that the
multiplicity averaged over that xB range (0.07≲ xB ≲ 0.35)
must be larger than the multiplicity at that average xB, as it
is indeed found.
This clarification of how to use the multiplicity database

[2] is an important enough aspect for any analysis of these
multiplicities, especially when attempting to compare to
theory predictions, such that it deserves to be again high-
lighted here.
In Sec. IV, the Author turns from the isoscalar extraction

to an analysis involving the difference between Kþ and K−

multiplicities, e.g.,

dNKdiff

dNDIS ≡ dðNKþ − NK−Þ
dNDIS ð2Þ

¼LO;s¼s̄ ðuv þ dvÞð4DKþ
u − 4DKþ

ū þDKþ

d −DKþ

d̄ Þ
5Qþ 2S

; ð3Þ

where the second line is obtained at LO assuming
sðxBÞ ¼ s̄ðxBÞ, and where Q≡ uþ ūþ dþ d̄ and S≡
sþ s̄ are as defined in Ref. [1], DKþ

q are the quark-flavor
separated FFs1 into Kþ, and uv (dv) the up (down) valence
distributions.
First of all, it should be noted that the difference

multiplicity is inherently nonsinglet and consequently
sensitive to the flavor structure of the fragmentation
process. Also, the features of the Q2 evolution of this
quantity is different than that of the sum multiplicity. This
applies even more to the so-called K0 “multiplicity,” a
mixture of the nonsinglet difference and the isoscalar
charge-sum multiplicity (dNK=dNDIS):

dNK0

dNDIS ≡
5Qþ 2S

Q
dNK

dNDIS −
5Qþ 2S
uv þ dv

dNKdiff

dNDIS ð4Þ

¼LO;s¼s̄
8DKþ

ū þ 2DKþ

d̄ þ S
Q
DK

S ð5Þ

¼ 8DK−
u þ 2DK−

d þ S
Q
DK

S : ð6Þ

In the Comment an extraction of the kaon charge-
difference multiplicity (and of the K0 “multiplicity”) is
carried out using MSTW08 [5] and alternatively
NNPDF3.0 [6] LO parton-distribution functions (PDFs)
as well as a determination of the relevant nonstrange
fragmentation functions “from the data at high xB, exactly
as was done by HERMES for DK

Q”. The Author states that

contrary to expectation the observable decreases at low xB,
and that “it is hard to expect that the Q2 dependence of
DKþ

ū þDKþ

d̄ can fully explain the shape.” This is concluded
to be “an indication of the failure of the conventional LO
pQCD parton model approach.”
We have repeated such analysis using a set of LO PDFs,

namely NNPDF3.0 and MSTW08 (as in the Comment [3])
as well as CTEQ6 [7] and NNPDF2.3 [8]. These were then
used to evaluate the K0 multiplicities according to Eq. (4).
In addition, we have followed the Author’s suggestion of
using the “high-xB limit” of dNK0

=dNDIS to normalize the
unfavored fragmentation combination ð8DKþ

ū þ 2DKþ

d̄ Þ,
and used the data base of Ref. [9] (DSS) to generate the
Q2 dependence of those.2 (The “high-xB limit” was
obtained by evaluating in the last xB bin a polynomial
fit to the NNPDF3.0 data points for xB > 0.1.)
Alternatively, the original DSS FFs [9] were used.3

Together with S
R
dzDK

S from Ref. [1] and Q from
NNPDF3.0 these two sets of FFs were used to evaluate
Eq. (5). For the Q2 evolution of the PDFs the package
LHAPDF [10] was used. Our results are presented in Fig. 3.
In contrast to the results in the Comment [3], one can

find a reasonable agreement between the HERMES extrac-
tion of dNK0

=dNDIS and the latter leading-order prediction,
when uncertainties in the FFs and PDFs are accounted for.
The following observations are worthwhile mentioning:
(i) first it should be noted that the DSS predictions for

the kaon FFs, particularly for the unfavored FFs are,
to say the least, uncertain. In the DSS compilation all
the kaon unfavored FFs are assumed to be equal, and
in particular DKþ

ū ¼ DKþ

d̄ . Taking into account un-
certainties in the DSS compilation of the unfavored
nonstrange kaon FFs [11], a broad range of “LO
predictions” based on Eq. (5) is obtained filling
essentially the range between the squares and circles
in the right of Fig. 3;

(ii) the two choices for the unfavored nonstrange Kþ

FFs, namely DSS (crosses in Fig. 3 left) and the ones
derived from the “high-xB limit”, e.g., the last xB bin
(stars in Fig. 3 left), envelop the region populated by
the HERMES data folded with various LO PDF sets;

(iii) as expected, the results for the extracted values of
dNK0

=dNDIS converge to a common locus for
xB > 0.1, since for negligible sea-quark contributions
(common among the chosen PDF sets) Eq. (4) reduces
simply to ten times the K− multiplicity,4 independent

1It is implicitly assumed in this text that FFs are integrated over
the relevant range in the fractional hadron energy 0.2 < z < 0.8.

2Here we deviate from the path of the Author by not using
QCDNUM for performing the Q2 evolution.

3It should be noted that the DSS analysis is based, in part, on a
preliminary unpublished version of the HERMES data on
charged-meson multiplicities from a hydrogen target.

4It is interesting to note that the DSS prediction in this region
significantly undershoots the data pointing to underestimated
strength in the unfavored nonstrange kaon FFs.
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of the values for thevalence distributions. In the region
xB < 0.1 the spread in the extracted values of
dNK0

=dNDIS becomes large reflecting the large varia-
tion in the sea-quark PDFs over the four sets used.
While NNPDF2.3 results in a reasonable description
when compared to the set of unfavored nonstrange FFs
derived from the “high-xB limit,” the overall choices of
PDFandFF sets result in awide range of “predictions”
for either side of Eq. (7) of the Comment [3], i.e.,
Eqs. (4) and (5) herein. This clearly demonstrates the
large sensitivity of these nonsinglet quantities to
subtleties in the choice of PDFs and FFs;

(iv) using the Q2 evolution of the DSS FF set, we cannot
reproduce the shapes of the curves in the Comment’s
Fig. 2 (left) [3]. We present the quantity of Eq. (5) on
the right of Fig. 3. There is a strong underlying Q2

dependence that leads to the rise of the K0 “multi-
plicity” with xB for large values of the unfavored
FFs, something not visible in the version of this
figure in the Comment [3]. The strong Q2 depend-
ence of the unfavored DSS kaon FFs is depicted also
in Fig. 4;

(v) even more striking than the lack of the high-xB rise
for the considerably increased DSS FFs is the
behavior of the lowest curve in the corresponding
figure of the Comment [3]: when the unfavored FFs
are set to zero, the xB behavior is driven entirely by
the last term in Eq. (5). SDK

S rapidly reaches zero
above xB ¼ 0.1 [1]. As Q remains sizable in that
range of xB also the ratio S

QD
K
S should approach zero

(as it does on the right of Fig. 3 for the correspond-

ing squares). In Fig. 2 (left) of the Comment [3],
however, instead of going to zero that curve rises
with xB above xB ¼ 0.1. We have no explanation for
this apparent discrepancy;

(vi) the rapidly rising values as xB increases make
extracting a “high-xB limit,” as recommended in
the Comment [3], very tenuous at best. Unlike the
situation with the original isoscalar extraction of
SðxBÞ [1], where a high-xB limit was used to
constrain a favored combination of FFs and where
the multiplicity levels out and thus has a meaningful
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HERMES data to constrain the unfavored ū and d̄ to Kþ FFs (stars). For both the crosses and stars, S

R
dzDK

S from Ref. [1] and Q from
NNPDF3.0 were used. Note that uncertainties on PDFs or FFs—when available at all—were not propagated, but only total experimental
uncertainties. Right: Equation (5) evaluated in the same way as the crosses to the left, but for a range of scaled DSS unfavored
nonstrange kaon FFs (using scaling factors from 0 (bottom) to 4 (top) as in Fig. 2 (left) in the Comment [3]). As in the Comment [3], all
points were evaluated at the average Q2 of each individual xB bin.

1 10

-210

-110

q=u
uq=
sq=

)d
z

2
(z

,Q
q

+
K

 D

]2 [GeV2Q

FIG. 4 (color online). The Q2 dependence of the DSS favored
u and s̄ (scaled by a factor 1=7) as well as the unfavored
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no high-x limit to be used to constrain disfavored kaon FFs
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similar problem when look at just the (“scaled”) difference multiplicity

limit, it appears that the notion of a “high-xB limit” is
not applicable in this case, where both the last term
in Eq. (5) and the unfavored FFs in that equation are
suppressed quantities.

The large spread in the PDF-dependent extractions of
dNK0

=dNDIS as well as the spread between the predictions
for this quantity using the values of the unfavored FFs from
DSS and those from a nominal “high-xB limit” argue
against using this quantity as a benchmark for testing
the validity of the LO formalism.
We have also extracted the quantity [cf. Eq. (3)]

5Qþ 2S
4ðuv þ dvÞ

dNKdiff

dNDIS ¼LO;s¼s̄
4ðDKþ

u −DKþ
ū Þ þ ðDKþ

d −DKþ

d̄ Þ

ð7Þ

that is shown in the right panel of Fig. 2 of the Comment [3]
with the same assumptions used in the extraction above.
Four sets of LO PDFs were used again in the calculation of
the quantity. The result is presented in Fig. 5 together with

two LO predictions in terms of sums of FFs. In contrast to
the result shown in the Comment the agreement of the
measurement with the LO predictions is reasonable except
at the low xB values, and in view of the crudeness of the
data we have for kaon FFs, perhaps as good as we can
expect at this time. Most striking is the spread originating
from the use of the various PDF sets. This poses a serious
concern about the sensitivity of this quantity to available
PDF sets. The corresponding plot in the Comment thus
appears to be an exaggeration of the disagreement between
LO prediction and data.

III. CONCLUSION

In contrast to the kaon multiplicities, those of the pions
cannot be satisfactorily described in LO. Until this problem
is understood, it is difficult to relate features of the pion data
to the behavior of the kaon data. Our studies involving
charged-kaon difference multiplicities do not corroborate
the results presented in the Comment [3]. Rather we find,
within the uncertainties dictated by the current limited
knowledge of strange FFs and even LO PDF sets, that the
difference data is consistent with LO predictions.
We reiterate again the statement from Ref. [1] that while

a NLO extraction of SðxBÞ would be preferred, such a
procedure using SIDIS data is not currently feasible, and a
LO extraction is an important first step.
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APPENDIX: TABLES OF MULTIPLICITIES USED

Tables I–III, and IV list the multiplicity values used
herein including the average values of xB and Q2 for πþ, π−,
Kþ, and K−, respectively. The total uncertainties on the
multiplicities, obtained by adding in quadrature both
statistical and systematic uncertainties, are propagated
for all quantities computed, in particular, the multiplicity
differences and sums.
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average Q2 of each individual xB bin.
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low-xB data. Indeed, xB is larger than about 0.07. But
already from Fig. 1 of the Comment [3] it should have been
clear that the average xB in that bin sits basically at the
minimum of the multiplicity distribution, such that the
multiplicity averaged over that xB range (0.07≲ xB ≲ 0.35)
must be larger than the multiplicity at that average xB, as it
is indeed found.
This clarification of how to use the multiplicity database

[2] is an important enough aspect for any analysis of these
multiplicities, especially when attempting to compare to
theory predictions, such that it deserves to be again high-
lighted here.
In Sec. IV, the Author turns from the isoscalar extraction

to an analysis involving the difference between Kþ and K−

multiplicities, e.g.,

dNKdiff

dNDIS ≡ dðNKþ − NK−Þ
dNDIS ð2Þ

¼LO;s¼s̄ ðuv þ dvÞð4DKþ
u − 4DKþ

ū þDKþ

d −DKþ

d̄ Þ
5Qþ 2S

; ð3Þ

where the second line is obtained at LO assuming
sðxBÞ ¼ s̄ðxBÞ, and where Q≡ uþ ūþ dþ d̄ and S≡
sþ s̄ are as defined in Ref. [1], DKþ

q are the quark-flavor
separated FFs1 into Kþ, and uv (dv) the up (down) valence
distributions.
First of all, it should be noted that the difference

multiplicity is inherently nonsinglet and consequently
sensitive to the flavor structure of the fragmentation
process. Also, the features of the Q2 evolution of this
quantity is different than that of the sum multiplicity. This
applies even more to the so-called K0 “multiplicity,” a
mixture of the nonsinglet difference and the isoscalar
charge-sum multiplicity (dNK=dNDIS):

dNK0

dNDIS ≡
5Qþ 2S

Q
dNK

dNDIS −
5Qþ 2S
uv þ dv

dNKdiff

dNDIS ð4Þ

¼LO;s¼s̄
8DKþ
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In the Comment an extraction of the kaon charge-
difference multiplicity (and of the K0 “multiplicity”) is
carried out using MSTW08 [5] and alternatively
NNPDF3.0 [6] LO parton-distribution functions (PDFs)
as well as a determination of the relevant nonstrange
fragmentation functions “from the data at high xB, exactly
as was done by HERMES for DK

Q”. The Author states that

contrary to expectation the observable decreases at low xB,
and that “it is hard to expect that the Q2 dependence of
DKþ

ū þDKþ

d̄ can fully explain the shape.” This is concluded
to be “an indication of the failure of the conventional LO
pQCD parton model approach.”
We have repeated such analysis using a set of LO PDFs,

namely NNPDF3.0 and MSTW08 (as in the Comment [3])
as well as CTEQ6 [7] and NNPDF2.3 [8]. These were then
used to evaluate the K0 multiplicities according to Eq. (4).
In addition, we have followed the Author’s suggestion of
using the “high-xB limit” of dNK0

=dNDIS to normalize the
unfavored fragmentation combination ð8DKþ

ū þ 2DKþ

d̄ Þ,
and used the data base of Ref. [9] (DSS) to generate the
Q2 dependence of those.2 (The “high-xB limit” was
obtained by evaluating in the last xB bin a polynomial
fit to the NNPDF3.0 data points for xB > 0.1.)
Alternatively, the original DSS FFs [9] were used.3

Together with S
R
dzDK

S from Ref. [1] and Q from
NNPDF3.0 these two sets of FFs were used to evaluate
Eq. (5). For the Q2 evolution of the PDFs the package
LHAPDF [10] was used. Our results are presented in Fig. 3.
In contrast to the results in the Comment [3], one can

find a reasonable agreement between the HERMES extrac-
tion of dNK0

=dNDIS and the latter leading-order prediction,
when uncertainties in the FFs and PDFs are accounted for.
The following observations are worthwhile mentioning:
(i) first it should be noted that the DSS predictions for

the kaon FFs, particularly for the unfavored FFs are,
to say the least, uncertain. In the DSS compilation all
the kaon unfavored FFs are assumed to be equal, and
in particular DKþ

ū ¼ DKþ

d̄ . Taking into account un-
certainties in the DSS compilation of the unfavored
nonstrange kaon FFs [11], a broad range of “LO
predictions” based on Eq. (5) is obtained filling
essentially the range between the squares and circles
in the right of Fig. 3;

(ii) the two choices for the unfavored nonstrange Kþ

FFs, namely DSS (crosses in Fig. 3 left) and the ones
derived from the “high-xB limit”, e.g., the last xB bin
(stars in Fig. 3 left), envelop the region populated by
the HERMES data folded with various LO PDF sets;

(iii) as expected, the results for the extracted values of
dNK0

=dNDIS converge to a common locus for
xB > 0.1, since for negligible sea-quark contributions
(common among the chosen PDF sets) Eq. (4) reduces
simply to ten times the K− multiplicity,4 independent

1It is implicitly assumed in this text that FFs are integrated over
the relevant range in the fractional hadron energy 0.2 < z < 0.8.

2Here we deviate from the path of the Author by not using
QCDNUM for performing the Q2 evolution.

3It should be noted that the DSS analysis is based, in part, on a
preliminary unpublished version of the HERMES data on
charged-meson multiplicities from a hydrogen target.

4It is interesting to note that the DSS prediction in this region
significantly undershoots the data pointing to underestimated
strength in the unfavored nonstrange kaon FFs.
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Conclusions

HERMES managed step from spin-asymmetry experiment to 
unpolarized-target experiment

most comprehensive data set on charged-separated 
identified meson lepto-production on both proton and 
deuterons

multi-dimensional analysis and various targets allow study of 
correlations and flavor dependences

analysis of averages requires careful consideration of 
kinematic ranges averaged over 

transverse-momentum dependence -> TMD Session VII
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COMPASS kinematics
COMPASS

data selection

Q2 > 1 (GeV/c)2

W > 5 GeV/c2

0.1 < y < 0.9

0.0025 < x < 0.7

0.20 < z < 0.85

3-dim. binning in x, y, z used
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COMPASS multi-D binning
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