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Year Hydrogen Deuterium

(pb
−1

) (pb
−1

)

2000 132.7 167.0

2004 31.0 24.3

2005 108.2 137.3

TABLE I. Integrated luminosities in pb
−1

for the two target

gases and the three data taking-years included in this analysis.

formance of the particle identification and tracking

detectors, and of the data acquisition system.

• The highest momentum particle identified as a lep-

ton originates from the target cell and is within the

geometric acceptance of the spectrometer.

• All other charged tracks originate from the target

cell and meet the geometric acceptance conditions.

The spectrometer acceptance was limited by the

calorimeter dimensions and by the acceptance of the

spectrometer magnet. This translates into an acceptance

in terms of the polar scattering angle of 40mrad ≤ θ ≤
220mrad with respect to the center of the target.

A. Kinematic requirements

The kinematic constraints on events are given by the

spectrometer aperture and the requirement that the

event kinematics satisfy the conditions Q2 > 1GeV
2
and

W 2 > 10GeV
2
, which select the deep-inelastic scatter-

ing (DIS) regime and suppress the region of nucleon res-

onances, respectively. The relevant kinematic quantities

are defined in Table II. The limits on the fractional en-

ergy transfer to the target, 0.1 < y < 0.85, exclude the

region where the momentum resolution starts to degrade

[26] (lower limit) and the low momentum region (upper

limit) where the trigger efficiencies have not yet reached

a plateau as a function of momentum. The upper y limit

also excludes the kinematic region where large radiative

corrections to inclusive cross sections are required.

Hadrons are required to have a momentum of 2GeV <
Ph < 15GeV, given by the operation range of the

RICH detector. Data that are not explicitly binned in

the fractional hadron energy z also are constrained to

0.2 < z < 0.8 to exclude the region at high z, which

receives a sizeable contribution from exclusive processes,

and to suppress the target fragmentation region at low

z.

B. Particle identification

Leptons and hadrons are identified based on the com-

bined responses of the TRD, the preshower detector, the
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inelastic scattering

calorimeter, and the RICH detector. This response pro-

vides lepton-hadron separation with an efficiency larger

than 98% for leptons with contaminations < 1% and

99% for hadrons with a lepton contamination of <1%.

The identification of charged pions and kaons using the

RICH detector is based on a direct ray tracing algorithm

that deduces the most probable particle types from the

event-level hit pattern of Čerenkov photons on the pho-

tomultiplier matrix. This algorithm is described in the

Appendix of [31].

C. Multiplicities

The multiplicity Mh
n of hadrons of the 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
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Measurements on Nucleons 

•  Compare yields of positively and negatively charged pions 
and kaons on 
  the proton 
  the deuteron (accessing neutron contrib.) 

•  Probe flavour dependence of fragmentation 

•  Probe fragmentation functions at low energy scales 

  in contrast to lepton annihilation 

•  Differentiate between quark and antiquark contributions 
•  Improve QCD fits to extract fragmentation functions 

•  Observable: hadron multiplicity 
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ton originates from the target cell and is within the

geometric acceptance of the spectrometer.

• All other charged tracks originate from the target
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in terms of the polar scattering angle of 40mrad ≤ θ ≤
220mrad with respect to the center of the target.
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2
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are defined in Table II. The limits on the fractional en-

ergy transfer to the target, 0.1 < y < 0.85, exclude the

region where the momentum resolution starts to degrade

[26] (lower limit) and the low momentum region (upper

limit) where the trigger efficiencies have not yet reached

a plateau as a function of momentum. The upper y limit

also excludes the kinematic region where large radiative

corrections to inclusive cross sections are required.

Hadrons are required to have a momentum of 2GeV <
Ph < 15GeV, given by the operation range of the

RICH detector. Data that are not explicitly binned in

the fractional hadron energy z also are constrained to

0.2 < z < 0.8 to exclude the region at high z, which

receives a sizeable contribution from exclusive processes,

and to suppress the target fragmentation region at low

z.

B. Particle identification
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bined responses of the TRD, the preshower detector, the

k = (E,�k), k�
= (E�,�k�

)
4-momenta of incident and

scattered lepton l�

P
lab
= (M,�0)

4-momentum of the target

nucleon

q = k − k� 4-momentum of the virtual

photon γ∗

ν =
P ·q
M

lab
= E − E� Energy transfer to the target

Q2
= −q2

lab
≈ 4EE�

sin
2
(
θ
2 )

Negative squared

four-momentum transfer

W 2
= (P + q)2

Squared invariant mass of the

photon-nucleon system

xB =
Q2

2P ·q
lab
=

Q2

2M·ν Bjorken scaling variable

y =
P ·q
P ·k

lab
=

ν
E

Fractional energy of the virtual

photon

φh

Azimuthal angle between the

lepton scattering plane and the

hadron production plane

z =
P ·Ph
P ·q

lab
=

Eh
ν

Fractional energy of hadron h

Ph⊥
lab
=

|�q×�Ph|
|�q|

Component of the hadron

momentum, Ph, transverse to q

TABLE II. Kinematic variables in semi-inclusive deep-

inelastic scattering

calorimeter, and the RICH detector. This response pro-

vides lepton-hadron separation with an efficiency larger

than 98% for leptons with contaminations < 1% and

99% for hadrons with a lepton contamination of <1%.

The identification of charged pions and kaons using the

RICH detector is based on a direct ray tracing algorithm

that deduces the most probable particle types from the

event-level hit pattern of Čerenkov photons on the pho-

tomultiplier matrix. This algorithm is described in the

Appendix of [31].
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no limitations in geometric acceptance and corrected for
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Measurements on Nuclei 

•  Initial reaction identical to nucleon SIDIS 
•  Final state influenced by nuclear matter  

•  Compare several nuclei  

•  Information on final 
state interaction 
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Hadronisation in Matter 

•  Schematic evolution in space and time 
•  Parton propagation 

  Gluon radiation 
  Partonic rescattering 

  length < lc 

•  Pre-hadron propagation 
  Quantum numbers of h 

  Colourless but off shell 
 

•  Hadron formation 

  Formation length lf up to 10fm (outside N) 
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Nuclear effects in SIDIS 

5

• use targets of different nucleon number A for different length 
scales to investigate space-time development of hadronization

! HERMES: D, He, Ne, Kr, Xe

• nuclear effects:

! hadron attenuation

! pt broadening

Experimental Observable 

•  Hadron multiplicity ratio on nuclei 
  comparing nucleus A with deuterium D 

 
  Exp. systematics cancel largely 

  Partonic and hadronic effects contribute 
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Fig. 1. Kinematic planes for hadron production in semi-inclusive deep-inelastic scat-
tering and definitions of the relevant lepton and hadron variables. The quantities
k = (E,!k) and k′ = (E′,!k′) are the four-momenta of the incident and scattered lep-
ton, (Eh, !ph) is the four-momentum of the produced hadron, and !pt is the transverse
momentum of the hadron.

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

variables ν, the energy of the virtual photon, and Q2, the negative of the
four-momentum of the virtual photon squared, and on the hadronic variables
z = Eh/ν, the fraction of the virtual-photon energy carried by the hadron, and
p2

t , the square of the hadron momentum component transverse to the direction
of the virtual photon. Thus Rh

A can be written as:

Rh
A(ν, Q2, z, p2

t ) =

(

Nh(ν,Q2,z,p2
t
)

Ne(ν,Q2)

)

A
(

Nh(ν,Q2,z,p2
t
)

Ne(ν,Q2)

)

D

, (1)

with Nh(ν, Q2, z, p2
t ) the number of semi-inclusive hadrons at given (ν, Q2, z, p2

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

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

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

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

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

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

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

After a certain time a colourless object, called a prehadron, is formed, which
has the quantum numbers of the final hadron, but not yet its full wave func-
tion. The concept of colour transparency [11] is closely related to this. The
prehadron then evolves over some time into the physical hadron. In the Lund
model [12] the process of (pre)hadron formation is described as the building of

6



HERMES at HERA, DESY 
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•  Long. polarized 
electron/positron 
beams 27.6 GeV 



HERMES Spectrometer 
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Magnetic spectrometer with transv. and long. polarized targets 

Achim Hillenbrand EINN 2009, Milos, Greece

27.6 GeV
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• Forward acceptance spectrometer: 40 mrad ! " ! 220 mrad

• Kinematic coverage: 0.02 ! xBj ! 0.8 for Q2 > 1 GeV2 and W > 2 GeV

• Tracking: #P/P = 0.7% - 2.5%, #" ! 1 mrad

• PID: TRD, Preshower, Calorimeter, RICH (Cherenkov before 1998)

HERMES Spectrometer

e+/e-

D, He, 
Ne, Kr, Xe
H, 



Multiplicity on Nucleons 
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•  HERMES 
publication 

  π+, π-  
  Κ+, Κ-	



  On proton, 
deuteron  

  With, without 
vector meson 
contribution 
•  ρ0 → π+π-  
•  φ → Κ+Κ-	



  Function of  
•  xB, Q2, z, Ph⊥ 

•  Phys. Rev. D87 (2013) 074029 
•  http://www-hermes.desy.de/multiplicities 

134 distributions 
online 



Multiplicity on Nucleons 

Inti Lehmann HERMES Hadr, Baryons2013, Glasgow 11 

Phys. Rev. D87 (2013) 074029 
•  In the following 

  vector-meson 
corrected 

•  Differences  
  proton, 

deuteron 

  explained by 
favoured or 
unfavoured 
fragmentation 
due to quark 
content 
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Phys. Rev. D87 (2013) 074029 

Multiplicity on Nucleons 

xB and Q2 dependencies more flat, as expected 



•  Comparison with 
LO calculations 
  collinear 

factorisation, 
ie integration 
over Ph⊥   

  discrepancies 
apparent 

Inti Lehmann HERMES Hadr, Baryons2013, Glasgow 13 

Phys. Rev. D87 (2013) 074029 

Multiplicity on Nucleons 



First Ratios on Nuclei 

•  Multiplicity ratio 
 
  1 dim. dependence 

•  A dependence  

  compatible with A2/3 
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Fig. 1. Kinematic planes for hadron production in semi-inclusive deep-inelastic scat-
tering and definitions of the relevant lepton and hadron variables. The quantities
k = (E,!k) and k′ = (E′,!k′) are the four-momenta of the incident and scattered lep-
ton, (Eh, !ph) is the four-momentum of the produced hadron, and !pt is the transverse
momentum of the hadron.

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

variables ν, the energy of the virtual photon, and Q2, the negative of the
four-momentum of the virtual photon squared, and on the hadronic variables
z = Eh/ν, the fraction of the virtual-photon energy carried by the hadron, and
p2

t , the square of the hadron momentum component transverse to the direction
of the virtual photon. Thus Rh

A can be written as:

Rh
A(ν, Q2, z, p2

t ) =

(

Nh(ν,Q2,z,p2
t
)

Ne(ν,Q2)

)

A
(

Nh(ν,Q2,z,p2
t
)

Ne(ν,Q2)

)

D

, (1)

with Nh(ν, Q2, z, p2
t ) the number of semi-inclusive hadrons at given (ν, Q2, z, p2

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

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

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

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

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

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

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

After a certain time a colourless object, called a prehadron, is formed, which
has the quantum numbers of the final hadron, but not yet its full wave func-
tion. The concept of colour transparency [11] is closely related to this. The
prehadron then evolves over some time into the physical hadron. In the Lund
model [12] the process of (pre)hadron formation is described as the building of
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•  Recent HERMES publication 
•  2D dependences extracted 

   variables: 

  over 100 distributions 
Durham: http://durpdg.dur.ac.uk or 
http://inspirehep.net/record/918944/files/ 

  avoids integration 
  disentangles dependence 

•  ν dependence in z slices 

  substructures observed 

  π+ and K+ similar 

  protons pronounced 
differences for different z 
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over 100 distributions online 
Durham: http://durpdg.dur.ac.uk or 

http://inspirehep.net/record/918944/files/ 
 



2D Ratios on Nuclei 

•  pt
2 dep. in z slices 
  Nuclear 

broadening – 
Cronin effect 

•  Less than 
predicted in  
Nucl.Phys.A740
(2004)211 

•  Disappears for 
high z   

  Compatible for 
negative 
hadrons 

Inti Lehmann HERMES Hadr, Baryons2013, Glasgow 16 

Eur. Phys. J. A 47 (2011) 113 



2D Ratios on Nuclei 

•  z dep. in pt
2 slices 

  z-dependence 
increases with 
pt 

  pt dependence 
disappears at 
high z 

Inti Lehmann HERMES Hadr, Baryons2013, Glasgow 17 

Eur. Phys. J. A 47 (2011) 113 



Summary 

•  Semi-Inclusive Deep Inelastic Scattering (SIDIS) 
  Nucleon: fragmentation functions  

  Nucleus: parton propagation + hadronisation 
•  HERMES Results 

  Fragmentation functions at low energies 

  Probe flavour dependence 
  Discriminate quark and antiquark contribution 

  Improve QCD fits 
  Strong nuclear effects on multiplicity ratio 

  Two-dim. correlations (some unexpected) 
  All dependencies published in databases 

Inti Lehmann HERMES Hadr, Baryons2013, Glasgow 18 
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FIG. 7. The asymmetry Ah
d−p as defined in Eq. 7 as a

function of xB, for the pion multiplicities shown in Fig. 8.
The statistical uncertainty is shown by the error bars, while
the systematic uncertainty is given by the error bands.

xB 0.023 - 0.085 - 0.6

z 0.1 - 0.2 - 0.3 - 0.4 - 0.6 - 0.8 - 1.1

Ph⊥ [GeV] 0.0 - 0.1 - 0.2 - 0.3 - 0.4 - 0.5 - 0.6 - 0.7 - 0.8 - 1.2

TABLE IV. 3D binning used for the unfolding correction of
those multiplicities presented as a function of Ph⊥ and z
(Fig. 8).

of the multiplicity data is their kinematic dependence
on xB, z, and Q2. These data are measured at a much
lower energy scale than those of most measurements of
fragmentation yields. Nevertheless, the same qualitative
trends observed at higher scales are present in the data.
A strong dependence of the multiplicities on z and a weak
or vanishing variation with xB and Q2 confirm the ex-
pectation from standard collinear factorization and the
universality of distribution and fragmentation functions
in the SIDIS cross section at the low scales of HERMES,

xB 0.023 - 0.04 - 0.055 - 0.075 - 0.1 - 0.14 - 0.2 - 0.3
- 0.4 - 0.6

z 0.1 - 0.2 - 0.3 - 0.4 - 0.6 - 0.8 - 1.1

Ph⊥ [GeV] 0.0 - 0.3 - 0.5 - 0.7 - 1.2

TABLE V. 3D binning used for the unfolding correction of
those multiplicities presented as a function of xB and z (Figs. 7
and 8).

Q2 [GeV2] 1. - 1.25 - 1.5 - 1.75 - 2.0 - 2.25 - 2.5 - 3.0 - 5.0 -
15.0

z 0.1 - 0.2 - 0.3 - 0.4 - 0.6 - 0.8 - 1.1

Ph⊥ [GeV] 0.0 - 0.3 - 0.5 - 0.7 - 1.2

TABLE VI. 3D binning used for the unfolding correction
of those multiplicities presented as a function of Q2 and z
(Fig. 8).

�Q2� = 2.5 GeV2 and W 2 ≈ 10 GeV2.
A tabulation of the data is presented [47] in four 3-

dimensional decompositions corresponding to the bin-
nings given in Tabs. III (z), IV (Ph⊥), V (xB), and VI
(Q2).1 Because of the unfolding procedure used to ex-
tract the Born multiplicities from the measured values,
the data in the various kinematic bins are statistically
correlated. In using the data tabulated, the accompa-
nying covariance matrix must be considered to insure
that statistical uncertainties are not overestimated. In
addition, the results of each of the projections of these
data discussed in the paper are presented. This complete
data base has been generated including both multiplici-
ties which have been corrected for exclusive vector meson
production, as presented in this paper, and uncorrected
multiplicities.
An earlier extraction [7] of kaon multiplicities, used

in an evaluation of the distribution of strange quarks in
the nucleon, will be superseded by data extracted us-
ing the new multiplicities presented here. In particu-
lar, the previous extraction was accomplished using one-
dimensional unfolding and multiplicities were presented
for hadron momenta larger than 2 GeV. A reevaluation of
the strange quark distribution using the newly obtained
more accurate kaon data will be presented in a separate
forthcoming paper.

V. COMPARISON OF MULTIPLICITIES WITH
LO CALCULATIONS

To date, analyses of FFs [9–12, 22] have been carried
out in the framework of collinear factorization. In this
approximation, the multiplicity is defined as the integra-
tion of Eq. 1 over Ph⊥. In one such model, the LO QCD-
improved quark-parton model, the hadron multiplicity as
a function of z and Q2 is given by

1
NDIS(Q2)

dNh(z,Q2)
dz =

�
fe

2
f

� 1
0qf (xB,Q2)dxBDπ

f (z,Q2)
�

fe
2
f

� 1
0qf (xB,Q2)dxB

, (8)

where the sum is over quarks and antiquarks of flavor
f , and ef is the quark charge in units of the elementary

1 The data tables can also be obtained by email to manage-
ment@hermes.desy.de.
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A tabulation of the data is presented [47] in four 3-

dimensional decompositions corresponding to the bin-
nings given in Tabs. III (z), IV (Ph⊥), V (xB), and VI
(Q2).1 Because of the unfolding procedure used to ex-
tract the Born multiplicities from the measured values,
the data in the various kinematic bins are statistically
correlated. In using the data tabulated, the accompa-
nying covariance matrix must be considered to insure
that statistical uncertainties are not overestimated. In
addition, the results of each of the projections of these
data discussed in the paper are presented. This complete
data base has been generated including both multiplici-
ties which have been corrected for exclusive vector meson
production, as presented in this paper, and uncorrected
multiplicities.
An earlier extraction [7] of kaon multiplicities, used

in an evaluation of the distribution of strange quarks in
the nucleon, will be superseded by data extracted us-
ing the new multiplicities presented here. In particu-
lar, the previous extraction was accomplished using one-
dimensional unfolding and multiplicities were presented
for hadron momenta larger than 2 GeV. A reevaluation of
the strange quark distribution using the newly obtained
more accurate kaon data will be presented in a separate
forthcoming paper.

V. COMPARISON OF MULTIPLICITIES WITH
LO CALCULATIONS

To date, analyses of FFs [9–12, 22] have been carried
out in the framework of collinear factorization. In this
approximation, the multiplicity is defined as the integra-
tion of Eq. 1 over Ph⊥. In one such model, the LO QCD-
improved quark-parton model, the hadron multiplicity as
a function of z and Q2 is given by

1
NDIS(Q2)

dNh(z,Q2)
dz =

�
fe

2
f

� 1
0qf (xB,Q2)dxBDπ

f (z,Q2)
�

fe
2
f

� 1
0qf (xB,Q2)dxB

, (8)

where the sum is over quarks and antiquarks of flavor
f , and ef is the quark charge in units of the elementary

1 The data tables can also be obtained by email to manage-
ment@hermes.desy.de.
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