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f1 is one of the leading-twist PDFs 

(probably) easiest one to study facets of  
hadron structure, even in 3D

in semi-inclusive DIS, f1 couples to D1 fragmentation function 

both are ingredients of basically every (spin) asymmetry

complimentary info on FFs to e+e- (e.g., charge separation)

nuclear targets provide laboratory for hadronization studies
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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

[

√

1 − ε2 FLL +
√

2 ε(1 − ε) cos φh F cos φh
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]

+ |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

[

√
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+
√

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]



FF 2013G. Schnell 

Polarization-averaged cross section

!3



 

),,,(...... ⊥= hPzyxFF

{ }hh

UUhUUh FyBFyC φφ φφ 2coscos 2cos)(cos)( ++ h

UUF φ2cosh

UUF φcos

{ }LUUTUU

hh

FyBFyA
xxyQdPddzdydx

d
,,

2

2

2

2

5

)()(
2

1 +







+=

⊥

γα

φ

σ
TUUF , LUUF ,

FXY,Z = FXY,Z(x, y, z, Ph�)

target 
polarization

beam 
polarization

virtual-photon 
polarization

d5⇤

dxdydzd⌅hdP 2
h�

⇥
�
1 +

�2

2x

⇥
{FUU,T + ⇥FUU,L

+
⇤
2⇥(1� ⇥)F cos�h

UU cos⌅h + ⇥F cos 2�h

UU cos 2⌅h}

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

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)

– 2 –

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

+ S∥λe

[

√

1 − ε2 FLL +
√

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)

– 4 –

[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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• Forward acceptance spectrometer: 40 mrad ≤ Θ ≤ 220 mrad

• 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

… and solutions
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two (mirror-symmetric) halves 
-> no homogenous azimuthal 
coverage 

Particle ID detectors allow for  
- lepton/hadron separation  
- RICH: pion/kaon/proton 
discrimination 2GeV<p<15GeV
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… geometric acceptance …
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.

hermes Acceptance effects

use asymmetries to minimize systematics for spin-dependent
observables, e.g.:

ϵ(φ,Ω) =
ϵ(φ,Ω)σUU (φ,Ω)

σUU (φ,Ω)
Ω = x, y, z, . . .

̸=

∫
dΩσUU (φ,Ω) ϵ(φ,Ω)∫

dΩσUU (φ,Ω)

̸=

∫
dΩ ϵ(φ,Ω) ≡ ϵ(φ)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 1/1

extract acceptance from Monte Carlo simulation?

simulated acceptance simulated cross section
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“Aus Differenzen und Summen 
kürzen nur die Dummen.”
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… geometric acceptance …
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extract acceptance from Monte Carlo simulation?

Cross-section model does NOT CANCEL in general 
when integrating numerator and denominator over 
(large) ranges in kinematic variables!.

hermes Acceptance effects

use asymmetries to minimize systematics for spin-dependent
observables, e.g.:
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∫
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“Aus Differenzen und Summen 
kürzen nur die Dummen.”



FF 2013G. Schnell 

0
1000

2000
3000

4000

5000
6000

7000
8000

x 10 2

-0.1 -0.05 0 0.05 0.1

Mean
RMS

-0.1811E-03
 0.2172E-01

∆φs rad

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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[courtesy of H. Tanaka]
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… event migration ...

!10

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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Yexp(�i) �
N�

j=1

Sij

⇥

j
d� d�(�) + B(�i)
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… and on BG entering kinematic range from outside region 
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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 

!11

Yexp(�i) �
N�
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Sij

⇥

j
d� d�(�) + B(�i)
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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 

inversion of relation gives Born cross section from measured yields
!11

Yexp(�i) �
N�

j=1

Sij

⇥

j
d� d�(�) + B(�i)
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Multi-D vs. 1D unfolding at work

!12

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 at HERMES

0.023 < x < 0.6 

0.1 < y < 0.85 

0.2 < z < 0.8 

W2 > 10 GeV2 

Q2 > 1 GeV2

!13

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



Results I: 
charged pions and kaons from 
proton and deuteron targets

A. Airapetian et al., Phys. Rev. D87 (2013) 074029 
http://www-hermes.desy.de/multiplicities 

http://www-hermes.desy.de/multiplicities
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partially large 
contribution from 
exclusive VM 
production, in 
particular at high z 
!
!
!
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ep � ep ⇥0 � ep�+��for instance:
[Airapetian et al., PRD 87 (2013) 074029]



FF 2013G. Schnell 

Influence from exclusive VM 

!15

multiplicities before 
and after subtraction 
of contributions from 
exclusively produced 
VMs 
!
!
!

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

!16

➡ 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
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Multiplicities: z projection

!16

➡ 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

!17

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

!18

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

!18

!
!
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

!19

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

!19

➡ weaker dependence on x  

➡ remaining dependence 
from f1 - D1 convolution over 
quark flavors 
 
 
  

[Airapetian et al., PRD 87 (2013) 074029]
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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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Q(x) = u(x) + ū(x) + d(x) + d̄(x)

S(x) = s(x) + s̄(x)

DK
Q = 4Du!K+

1 + 4Dū!K+
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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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Transverse momentum dependence
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multi-dimensional analysis allows going beyond collinear factorization 
flavor information on transverse momenta via target variation and 
hadron ID
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Results II: 
multiplicity ratios - nuclear attenuation
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Nuclei: a hadronization laboratory

partons in nuclear medium: 
- PDFs modified (e.g, EMC 
  effect) 
- gluon radiation and  
  rescattering effects 

(pre)hadron in nuclear 
medium: 
- rescattering  
- absorption

!23
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Space-time evolution of hadronization
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Multiplicity ratios

nuclear targets: (He,) Ne, Kr, Xe compared to D 

ratio ➠ approximate cancellation of: 

 QED radiative effects (RADGEN) 

limited geometric and kinematic acceptance of spectrometer  

detector resolution 

multi-dimensional extraction
!25

Achim Hillenbrand EINN 2009, Milos, Greece

Hadron attenuation

8

RhA(�, Q
2, z, p2t ) =

�
Nh(�,Q2,z,p2t )
Ne(�,Q2)

⇥

A�
Nh(�,Q2,z,pt)
Ne(�,Q2)

⇥

D

Nucl. Phys. B 780 (2007) 1

• attenuation: strong dependence 
on A

• large ν:

‣ longer lc (Lorentz boost)

‣ less absorption

• z dependence:

‣ partonic: Δz from energy loss 
& z dependence of FF

‣ hadronic: decrease in h 
formation length & h 
absorption
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RAPID COMMUNICATION

11

Fig. 2. Values of Rh
A for positively charged hadrons as a function of ν, z, and Q2. The data as a function of ν are shown

for ν > 4 GeV and those as a function of z for z > 0.1. The inner error bars represent the statistical uncertainty, while the
outer ones show the total uncertainty.

loss) or hadronic (absorption) effects. Furthermore, there is a large similarity between the data
for π+, π−, and π0, and a clear difference between those for K+ and K−, and those for p and p̄.
Also here there are some simple arguments to explain these features at least qualitatively.

Since we use (almost) isoscalar targets and the production of π+ and π− on protons or neu-
trons is only slightly different, both the production and absorption of pions is in the first instance
independent of their charge. The values of Rh

A for K+ and K− show a similar behaviour as a
function of the various variables, but RK−

A is almost everywhere smaller than RK+
A . A positive

kaon can be produced directly from the struck quark (in the language of string breaking mod-

12

RAPID COMMUNICATION

HERMES Collaboration / Nuclear Physics B 780 (2007) 1–27

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

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

els it is a rank 1 hadron), but a negative kaon can only be produced in more complicated string
breakings (rank 2 or higher), except at small values of xBj, where sea quarks start to play a larger
role. This is reflected in the production rate on deuterium being much larger for K+ than for
K−, see Table 3, and leads to a steeperr dependence of the K− fragmentation function on z,
and hence a reduced production if the parton has lost energy before hadronization. Also, due to
their quark content, nuclear absorption cross sections are larger for K− than for K+. Thus both
parton energy loss and absorption of the produced kaon can qualitatively explain the observed
difference between RK+

A and RK−
A . However, when comparing the multiplicity ratios for pions

and kaons, it is seen that RK−
A ≈ Rπ−

A , whereas RK+
A > Rπ+

A . Given that both pions and K+

 Nuclear attenuation

strong mass dependence: attenuation mainly increases with A 
quite different behavior for protons 

!26

[A. Airapetian et al., NPB 780 (2007) 1–27]
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 Nuclear attenuation

!27

strong pT dependence of 
nuclear attenuation 
(e.g., Cronin effect - 
enhancement at large pT) 
!
except maybe at large z 
for pions and kaons (little 
energy loss dictates few 
interactions) 
!
larger effect for protons

[A. Airapetian et al., EPJ A 47 (2011) 113] Rh
A � Mh

A

Mh
d

The HERMES Collaboration (A. Airapetian et al.): Multidimensional study of hadronization . . . Page 5 of 8
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Fig. 2. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in ν as indicated in the legend.

Uncertainties are shown as in fig. 1.

Fig. 3. Dependence of Rh
A on p2

t for positively charged hadrons
for three slices in z as indicated in the legend. Uncertainties
are shown as in fig. 1.

be weak, no dependences with slices in Q2 were produced.
In the following, dependences that show salient features
are discussed. In the presentation of the data, bins based

on fewer than 10 events were omitted because the large
statistical uncertainty would preclude useful conclusions.

The dependence of Rh
A on ν for three slices in z is

shown in fig. 1. For pions and K−, a global trend of steady
increase of Rh

A with increasing values of ν was observed.
Such a behaviour is explained in fragmentation models
as resulting from Lorentz dilation and/or a shift in the
argument z of the relevant fragmentation function [18].
However, at the highest z range there is an indication for
a flattening out (and possibly a reversal of this trend) at
low ν for π+ and π− independently, which is not explained
by these mechanisms.

The behaviour of Rh
A for K+ was found to be more

complicated. For krypton and xenon there is a clear in-
crease of RK+

A with ν for the lowest z-slice, but at larger
values of z the behaviour is flatter. In contrast, the results
for Rh

A for K− resemble those for pions. For antiprotons,
the ν dependence was found to be weak with a slightly
positive slope, but the statistical accuracy of the results
is too limited to draw definite conclusions. The neon data
show similar but less pronounced trends, which was a com-
mon observation in all distributions under study. This is
not unexpected due to the smaller size of the nucleus of
neon compared to krypton and xenon.

The results for protons differ significantly from those
for the other hadrons. For the heavy nuclei, Rp

A behaves
very differently for the three z-slices, considerably exceed-
ing unity at higher ν for the lowest z-slice. Part of the
explanation may be the following. Unlike the other ha-
drons, protons are present already in the target nucleus.
Therefore, apart from hadronization, residual protons can
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mostly decrease of attenuation with increasingν  

enhancement of proton multiplicities at low z and highν

 Nuclear attenuation

!28
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Fig. 1. Dependence of Rh
A on ν for positively and negatively charged hadrons for three slices in z as indicated in the legend.

The inner and outer error bars indicate the statistical and total uncertainties, respectively. For the latter the statistical and
systematic bin-to-bin uncertainties were added in quadrature. In addition, scale uncertainties of 3%, 5%, 4%, and 10% are to
be considered for pions, kaons, protons and antiprotons, respectively.

transferred to the hadron in the photon-nucleon centre-
of-mass system to its maximum possible value. Together,
the constraints on z and xF reduce contributions from the
target fragmentation region.

From the data, the hadron multiplicity ratios Rh
A were

determined for each hadron type and target. Radiative
corrections were applied following the scheme described
in refs. [7,40–43], using average values of ν and Q2 for
each kinematic bin in the analysis. The corrections re-
main below 7% in all bins. Acceptance effects were stud-
ied in Monte Carlo simulations using an experimentally
motivated parametrisation of Rh

A. They were found to be
small compared to other uncertainties in all but the low-
est bin in ν. The differences between the parametrised and
reconstructed values were used to estimate the systematic
uncertainty due to the restricted acceptance for each ha-
dron type.

Uncertainties in the knowledge of radiative processes
(up to 2%) and half of the observed maximal differences
between results for Rh

A from different data-taking periods
were taken together as overall scale uncertainties1. The to-

1 In order to reduce effects from statistical fluctuations larger
ranges of acceptance were integrated for these studies. How-
ever, it was verified that those effects were not generated in
certain kinematic ranges only.

tal scale uncertainties are 3%, 5%, 4%, and 10% for pions,
kaons, protons and antiprotons, respectively.

The uncertainties due to the hadron identification were
estimated to be up to 0.5% for charged pions, up to 1.5%
for kaons and protons, and up to 4% for antiprotons.
Those due to acceptance effects were 6% for pions, 3%
for kaons, and 7% for protons and antiprotons in the first
ν bin, and less than 2% for any hadron in any other bin.
Effects due to the contamination from diffractive ρ0 me-
son production were estimated to be at most 4 and 7%
for positive and negative pions, respectively. (For details
see ref. [7].) These uncertainties were added in quadra-
ture separately for each data point to yield systematic
bin-to-bin uncertainties. Those were subsequently added
in quadrature to the statistical uncertainties and plotted
as total uncertainties.

3 Results and discussion
The results for the multiplicity ratio Rh

A are presented us-
ing a fine binning in one of the variables, a coarser binning
(called slice) in a second variable, and integrating over the
remaining variables within the acceptance of the experi-
ment. The following slices were used: 4–12, 12–17, and
17–23.5GeV for ν; 0.2–0.4, 0.4–0.7, and > 0.7 for z; and
≤ 0.4, 0.4–0.7, and > 0.7GeV2 in the case of p2

t . The de-
pendence on Q2 was investigated, but as it turned out to
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strong z dependence of attenuation  

amplified by transverse momentum and target mass (i.e., size)

 Nuclear attenuation

!29
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Fig. 4. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in p2

t as indicated in the legend.
Uncertainties are shown as in fig. 1.

also result from reactions in the final state (final-state in-
teractions), whereby a proton is knocked out of the nu-
cleus. Those protons will preferably be emitted with low
energy. This could lead to an energy dependence which,
in conjunction with other kinematic factors, leads to the
observed non-trivial behaviour.

The dependence of Rh
A on z for three2 slices in ν is

shown in fig. 2. A slight change of the z dependence when
varying the ν range was observed for the π+ and π− dis-
tributions. This has been observed already in ref. [7] for
the combined pion sample and we refer to that paper for
the discussion. The results on krypton and xenon for pro-
tons show a very strong dependence on z, the value of
Rp

A exceeding unity in all ν ranges at low z. This sup-
ports the assumption that at low values of z there is a
sizable contribution of final-state interactions. A similar,
but smaller effect was seen for K+, as RK+

A increases to

almost unity, while RK−

A remains well below unity. This
suggests that interactions play a role for K+ production
in which a proton in the target nucleus is transformed
into a K+ Λ pair while the analogous process for K−

production is suppressed due to the quark content of the
K− [24].

Figure 3 shows the dependence of Rh
A on p2

t for three
slices in z for positively charged hadrons. The behaviour
of Rh

A for π− (not shown) was found to be the same as that
for π+ within statistical uncertainties. The rise at high p2

t

2 As the combined dependence on ν and z is crucial for var-
ious model calculations, the results as a function of z are also
given for five slices in ν in ref. [17].

suggests a broadening of the pt distribution [24]. Such a
broadening could result from an interaction of the struck
quark with the nuclear environment before the final ha-
dron is produced and/or from interactions of the produced
hadron within the nucleus. A detailed analysis and discus-
sion of the HERMES data for pions and K+ particles in
terms of pt broadening has been presented in ref. [44]. In-
teresting to note is that in the highest z-slice Rh

A for pions
and K+ becomes independent of p2

t within statistical un-
certainties, while for protons a significant rise is observed
at high p2

t . For K− and antiprotons (neither are shown)
limited statistics preclude any definite conclusion. In the
intermediate z-range protons also show a much stronger
rise with p2

t compared to pions and kaons in the respec-
tive ranges. This is consistent with a large contribution of
final-state interactions in the case of protons.

In fig. 4, the variation of the p2
t -dependence with z is

presented in a different way by showing the dependence
of Rh

A on z for three slices in p2
t . The global decrease of

Rh
A with z was already observed in fig. 2. This dependence

of Rh
A on z turns out to be stronger at higher values of

p2
t , an effect that is emphasised at larger target mass. At

high z, the dependence on p2
t disappears for π+, π−, and

K+, as has already been seen in fig. 3. This lack of nuclear
broadening of the pt distribution in the limit of instan-
taneous hadronization, i.e., before the struck parton has
lost any energy, has been interpreted in terms of broad-
ening arising from partonic processes [24]. For protons,
a similar, but much stronger dependence of the slope on
p2

t was observed, with Rp
A increasing far above unity at

low z. This has been discussed in relation to fig. 2 as be-
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Conclusions
HERMES managed step from spin-asymmetry experiment to 
unpolarized-target experiment 

largest data set on charged-separated identified meson 
lepto-production 

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

large attenuation effects at HERMES energies, mainly 
increasing with nucleus size (except protons) with correlated 
kinematic dependences 

nuclear environment can play significant role in TMD effects 

don’t forget longitudinal photons
!30


