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Introduction

In many experiments addressing the quark-gluon structure of nucleons, whether it is (spin-
dependent) deep-inelastic scattering or colliding relativistic heavy ions, jets of hadrons are produced
as a result of strong interactions at the parton level. The process that leads from the partons
produced in the elementary interaction to the hadron (jets) observed experimentally is referred to as
hadronization or quark fragmentation.

It is of considerable importance to acquire a good understanding of the hadronization
process, because it can be used to investigate the theory of the strong interaction, Quantum
Chromodynamics (QCD), in the non-perturbative regime, and since it plays an important role in the
interpretation of data from various experiments. Examples include the flavor decomposition of the
nucleon spin, in which the hadron type observed in the experiment serves as a tag of the flavor of
the struck quark [1], and studies of parton energy-loss mechanisms in nuclear matter [2], for which
explicit QCD predictions exist.

According to most theoretical estimates the hadronization process occurs over length scales
varying from a fraction of a femtometer to several tens of femtometers. At these length scales the
strength of the strong coupling constant is such that perturbative techniques cannot be applied to
evaluate the underlying interactions in a QCD framework. Hence, hadronization is an intrinsically
non-perturbative QCD problem, for which only approximative theoretical approaches are presently
available. In order to support these theoretical developments, experimental data are vital, since these
can be used to gauge the available calculations.

The end-products of the hadronization process in free space are known from e’e
annihilation, but very little is known about the space/time development of the process. One way to
investigate this is to study the semi-inclusive production of hadrons in deep-inelastic scattering of
leptons (SIDIS) from nuclei. Lepto-production of hadrons has the virtue that the energy and
momentum of the primordially produced parton are well determined, as it is 'tagged' by the
scattered lepton. Employing nuclei of increasing size one can investigate the time-space

development of hadronization, thus the nucleus is used as a length (time)-scale probe of the
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underlying hadronization mechanism. If the hadronization is fast, i.e., the hadrons are produced at
small distance scales compared to the typical fm-sizes of atomic nuclei, the relevant interactions in
the nuclear environment involve well-known hadronic cross sections like the one between a pion
and a nucleon (the PN interaction cross section). If - on the other hand - the hadronization is
stretched out over many femtometers, the relevant interactions are partonic and involve the
emission of gluons and quark-gluon interactions. These two extremes lead to different predictions
for the loss in hadron yield (known as the atfenuation) in nuclei as compared to that on free
nucleons.

In practice, a combination of the two aforementioned mechanisms will probably contribute
to the observed attenuation of hadron yields on atomic nuclei. Theoretically, this has led to a range
of phenomenological approaches, which are partly summarized in the next section. The available
calculations feature different assumed mechanisms (partonic energy-loss or hadronic absorption)
and time scales (from less than 1 fm/c to more than 10 fm/c), which results in different dependences
on the various kinematic variables. Hence, in order to distinguish between these calculations,
precise hadron attenuation data need to be collected in a systematic approach involving a range of
nuclei, several hadron types and measurements as a function of several kinematic variables. Such a
comprehensive data set is presented in this thesis.

It goes beyond the scope of this work to compare the data to the (many) available theoretical
calculations. Instead the data are evaluated so as to address two key issues in the study of
hadronization: (i) which are the relevant time or length scales of the process, and (i1) what are the
relevant mechanisms.

This thesis presents results for the multiplicities for pions, kaons, protons and antiprotons on
Helium, Neon, Krypton and Xenon relative to Deuterium. Furthermore, the existing Krypton data
for identified hadrons were reevaluated, the analysis now covering a wider kinematic range than in
[3]. Thus by using a wide range of nuclei (from Helium to Xenon) the A-dependence of the
attenuation process has been studied in detail for various hadron types.

The dissertation is organized as follows. In Chapter 1 the theoretical framework is
described, and some of the available theoretical models are briefly summarized. First part of

Chapter 2 contains introduction to the HERMES experimental set-up and description of the
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detectors that are relevant to the present measurements, while in second part of the chapter, the data

analysis is discussed, including a detailed presentation of the kinematical requirements used and

. . h . . . .
corrections applied to the data. The results for R 4 as a function of the various kinematical

variables are presented and discussed in Chapter 3. This section has several subsections in which
certain features of the data, especially those related to the relevant time scales and mechanisms, and

the 4 dependence, are discussed separately.

The results are summarized in the last section, and some conclusions are formulated.



Chapter 1. Hadron Formation in Nuclear Medium

1.1 Inclusive Deep-Inelastic Scattering

1.1.1 Kinematic variables

In lepton-nucleon Deep-Inelastic Scattering (DIS), a high-energy lepton with momentum k

and energy E emits a virtual photon of four-momentum ¢ . The photon is then absorbed by a target

nucleon of four-momentum p as shown in Fig. 1.1. The outgoing lepton with momentum & and
energy E'is detected under an angle q .

The hadronic final state X produced by the fragmentation of the target nucleon has a total
invariant mass denoted by W and a four-momentum p, . If the hadrons produced in the final state
are not differentiated, the type of reaction is called inclusive. The measurements of the incoming
and outgoing lepton energy, £ and E', and the scattering angle g completely define the inclusive

reaction.

lepton &

nucleon

Figure 1.1: Deep inelastic lepton nucleon scattering diagram in lowest order QED.



With the four-momentum transfer in the scattering process, i.e. the four momentum of the virtual

photon, given by ¢ ° k - k' the invariant variable Q° and the energy transfer are defined as:
gy

Q2 0. qzlab4EE'Sin2(q /2) (1.1)

lab
”°%%=E4? (1.2)

It is useful to introduce two dimensionless variables x and y, referred to as the Bjorken scaling

variables, expressed by the equations:

Lo e

C2pxg  2Mn (1.3)
_px'u
y_p—Xk_E (1.4)

The energy transfern in the laboratory (lab) system is constrained between zero and E , therefore
the kinematic range of y is O£ y £1. Since both O* and u are positive, x has to be positive too.

The other constraint on x comes from the invariant mass squared of the initial virtual photon

nucleon system, which must be equal to or greater than the target nucleon mass square:

W (p+q) =M*+2Mn - Q*3 M’ (1.5)

Using Eq. (1.3) this inequality gives x £1, therefore O£ x £1. In the case of elastic scattering
(W? =M?) from Eq. (1.5) follows that x =1.

For a fixed beam energy £ (27.5 GeV at HERMES) the kinematics of inclusive DIS are
determined completely by the measured variables (£',q). This pair of variables is usually
converted into (n,Q°). Figure 1.2 illustrates the allowed range of these deep-inelastic scattering

variables for the HERMES experiment.
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Figure 1.2: Kinematic plane of deep-inelastic scattering at E= 27.5 GeV. For given Q" and

N values, all the other variables are defined. Lines of constant x ,q , W and y are shown.

The dash-dotted lines represent the geometrical boundaries of the detector acceptance. The dotted

line at W* =4GelV* sets the limit between the DIS and the nucleon resonance regions. The dashed
line at y = 0.85 represents the cut used in the analyses presented in this thesis to exclude the

kinematic region where QED radiative corrections become prohibitively large.

1.1.2 Unpolarized DIS cross section

A cross section is defined in order to describe the probability that a given scattering process

is observed. For the photon exchange process illustrated in Fig. 1.1 the double differential cross
section with respect to x and Q’is obtained by summing over all final states (including their spin)

and averaging over the spin orientation of the initial particles [4],
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d’s 2pa’ 1
2 = p 2 212 erWrm
dxdQ® (2ME)” x°Q

(1.6)

where a =1/137 is the electromagnetic coupling constant. The leptonic tensor L™ describes the

leptonic vertex of the process, while the hadronic tensor W, carries information on the hadronic

structure of the nucleon.

The hadronic tensor cannot be calculated from our knowledge of the incoming and outgoing
fermions, as the hadron does not represent an elementary point-like particle, which is at the basis of
the expression for the leptonic tensor. However, using symmetry arguments and QED conservation
laws the hadronic tensor can be expressed in terms of four scalar functions depending onn and Q°,
which describe the electromagnetic structure of the nucleon. If the product is taken with the leptonic
tensor, and the average over the incoming lepton helicity states is evaluated, the contributions of

two out of these four structure functions vanish. By choosing to express W, in two dimensionless

structure functions £ and £, the differential cross section is given by [4]:

EQ\ e Moyl

d’s _2pa*é_. .,
— g +
aF (0%, x)y g S5 il

dxdQ* 0" &

Photo-absorption cross section

The optical theorem allows to extract the hadronic tensor W for lepton nucleon scattering
from the imaginary part of the hadronic tensor 7., for Compton scattering using the

relationW,,, =Im[T , ]/2p . A graphical expression of this theorem is shown in Fig. 1.3.

-11 -



nucleon
-

. hucleon
— - ......................

” Im[T,,]

W

Figure 1.3: Graphical representation of the optical theorem. The left diagram represents the

DIS scattering process, the right one is the diagram for Compton scattering.

When performing inclusive measurements the experimentally accessible quantity is in fact Im([7,, ].

The cross section of Eq. (1.7) can alternatively be described in terms of absorption cross sections

for longitudinally (s, ) and transversely (S, ) polarized photons:

%: Gs ,(x.0%) +6s ,(x.0%) 2.8)

where G describes the flux of virtual photons and their degree of polarization:

QZ
41-y)- =
e= £ (2.9)
41 2y + 2

with e=0 corresponding to purely transverse polarization. Given the three possible photon

polarization states

m_ 1 1
e =——(JO* +n°,0,0,n), e"=35—(0,1,%i,0) (1.10)
Jo 2

L . . : 1 .
there are two spin-orientations of a target with spin 15 that contribute to the transverse cross

section, and only one to the longitudinal:

T

1
Sr :5(31/2 +S3T/2):p(F] tg - gzgz)"'p(E - & +gzg2) =2pF (1.11)
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1+9°
sL=sf/2=2p<-Fl+%Fz) (1.12)

QZ

with g’ ==, and g and g,the spin-dependent structure functions. The labels of the two cross
n

section components can be understood as follows. “Transverse” refers to €;' (and e =0), implying
that the direction of the electric and magnetic fields are transverse to the direction of motion, as for
the real photon case, while “Longitudinal” refers to €;" implying that the electric and magnetic
fields are oscillating in the direction of motion.

From Eq. (1.11) one can see that F(Q’,x) represents the transverse component of the cross
section (modulo a constant), while the longitudinal component is proportional to the structure

function F,((Q’, x) defined as:

F(Q,x) =(1+g")F, (0% x) - 2xF (0%, x) (2.13)
The structure function F,((',x) is a mixture of the transverse and longitudinal component. The

ratio of longitudinal to transverse photo-absorption cross sections, R is given by

=S, o (0
R(x,07) s, 2xF(x,0%) (1.14)
_(+9IB0Y) (1.15)
23, (x,0%) |

where Eq. (1.15) is obtained from Eq. (1.14) using the relation (1.13). From Eq. (1.15) therelation

: : . 1+g)F, .
between the two structure functions F; and F, is seen to be given by F| = % which, when
X

substituted in Eq. (1.7) gives the expression for the differential cross section as a function of F, and
R:

d’s _2pa’ F(Q' ,x)@+eR(x,0°)8

dd0®  0° x  §1+R(x,0%) g (110
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1.1.3 Quark Parton Model

The Quark Parton Model (QPM) is used to describe the absorption of the virtual photon

with the nucleon constituents. The quarks (partons) are assumed to be point-like particles carrying
spin 5 In the Bjorken limit of Q* and n going simultaneously to infinity the structure functions

and can be expressed as

F(x) =8 €jxq,(x) (1.17)
f

F(x) = Fy(x) (1.18)
2x

with ¢,(x) the momentum distribution of a quark of flavor f and e, the quark charge in units of

electron charge. Eq. (1.18) is known as the Callan-Gross relation. In the QPM the structure
functions are only dependent on the dimensionless variable x, which is interpreted as the fractional
momentum carried by the struck parton. Increasing the spatial resolution of the scattering process
by increasing Q° leaves the structure function unchanged, since the quarks in the QPM are assumed
to be point-like.

This Bjorken scaling behavior has been confirmed experimentally in good approximation.

Scaling violations are, however, observed for large and small values of Q°, where F,(x) becomes

O? dependent.
In the QPM a value for R can be derived. Substituting the Callan-Gross relation into Eq.
(1.15), it can be noted that in the Bjorken limit the structure function R goes to zero:

S_L® —sz- 2XE =
S 2xF

R= 0 (1.19)

T

!
The fact that R vanishes in the QPM can be traced to the spin ) character of the partons.
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1.2 Semi-Inclusive Deep-Inelastic Scattering

In the previous section inclusive reactions have been considered where the only particle
detected is the scattered lepton. If in addition to the scattered lepton also one of the produced
hadrons is identified the event is called semi-inclusive. A schematic representation of a semi-

inclusive event in lowest order QED is given in Fig. 1.4.
(£, K)
lepton (E, K)

v (V. q)

= S S— | Target
nucleon (M, p) Fragments

Current
Fragments

hadron (Eh .p,)

Figure 1.4: Semi inclusive deep-inelastic lepton nucleon scattering diagram in lowest order

QED.

The hadron carries information on the flavor of the struck quark. The flavor dependence of Semi-
Inclusive Deep-Inelastic Scattering (SIDIS) can only be exploited for hadrons originating from
struck quarks. These so-called current fragments must be separated from the ones originating from
the target remnants (target fragments). The separation between the current and target fragmentation
domains is accomplished by imposing requirements on the kinematics of the detected hadrons, e.g.
by requiring that the hadrons are relatively fast in the laboratory frame. For this purpose a lower

limit is set on the fractional energy transferred from the virtual photon to the hadron, z =E, /n .

The separation between current and target fragmentation can also be based on the Feynman
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scaling variable x, = th with pH” the component of p, parallel to the direction of the virtual photon.

In general the requirement x,. >0 selects the current fragmentation domain.

1.2.1 Semi-Inclusive DIS cross-section
In semi-inclusive deep-inelastic scattering it is assumed that the timescale for the absorption
of a virtual photon is very short as compared to the timescale needed for the quark to fragment into

a hadron. The fragmentation process is not calculable in pQCD since it involves long distance
processes, and thus corresponds to very low Q® values where pQCD techniques cannot be used.
Therefore, the fragmentation process in semi-inclusive scattering is parameterized by fragmentation

functions D’}(Qz,z) , which represent the probability that a quark of flavor f fragments in a hadron
of type h with a fraction z of the virtual photon energy E, =zn . The kinematic dependence of the

fragmentation function involves only O, which represents the effect arising from gluon radiation
of the struck quark.

In the QPM the cross section for the process eN ® ehX is assumed to be the product of the
differential inclusive cross section, already presented in Eq. (1.7), and the fragmentation probability
to find a hadron .originating from a quark of any flavor f .

[o]
d’s (eN ® ehX) _d’s (eN ® ex) @ ,€/4,(x:0)Dj(Q",2)
dxdQ’dz dxdQ’ 601 fe;qf(x,Qz)

(1.20)

Here it is assumed that the quasi-free scattering process (related to the quark momentum
distributiong (x)) and the fragmentation process (described by the fragmentation functionD;’. (2))

enter as two independent factors in the cross section (at the flavor level). This is known as

factorization. From Eq. (1.20) the hadron multiplicity per DIS event is obtained:

M (O".2)0 1d’s (eN2® chX) _ oxa fe_gq,-(x,Q )D(07,z) (1.21)
S dQ’dz oia e;q,(x,0)

d’s (eN ® eX)

where S represents the differential inclusive DIS cross section 1xdO’
Xi
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1.3 Theoretical Issues and Motivation

The aim of this work is the study of the hadronization process in a nuclear environment. For

h .
this purpose the multiplicity ratio R 4 as experimentally measurable observable is used. The ratio

h
R, depends on the leptonic variables n and O?, where n =E- E' and -0*=¢*= (k- k'),
which are the energy transfer in the target rest frame and the squared four-momentum of the virtual

photon, respectively, and on the hadronic variables z=E, /n, the fraction of the virtual photon

energy carried by the hadron, and p’, the square of the hadron momentum component transverse to

the virtual photon direction. It is defined as the ratio of the differential multiplicity on nucleus A4 to
that on deuterium, i.e., it is the ratio of the number of hadrons / produced per Deep-Inelastic

Scattering (DIS) event on a nuclear target with mass number A over that for a deuterium (D) target:

&aN'n,0%z,p))0

§ NMO) g

Rh n) 2) ’ 12 = . g
4N, 0%, z,p) aeNh(n,Qz,Z,ptz)g (1.22)

N‘N,0Y) g,

with N"(n,Q% z,p’) is the number of semi-inclusive hadrons in a given (0,07, z, p’)-bin, and

N°(n,0*) the number of inclusive DIS positrons in the same n,Q*-bin. Implicit in this definition is
integration over the angle | between the lepton scattering plane and the hadron production plane

(see Fig.1.1.1).

Figure 1.5 once again illustrates the definition of the relevant lepton and hadron kinematic

h
variables thoroughly described in previous section. In the absence of nuclear effects R 4=1, and

experimental results show that this is the case at high energy transfer n [5, 6]. At lower values of n

the value of RZ has been found to be less than unity [3, 7, 8].
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Figure 1.5 Kinematic plane for hadron production in semi-inclusive deep-inelastic scattering and

definitions of the relevant leptonic and hadronic variables.

Even if hadronization is not yet quantitatively understood, it is known that the following
processes play a role in leptoproduction of hadrons. After a quark in a nucleon is hit by the virtual
photon it looses energy by scattering from other quarks and radiating gluons, thus creating quark-
antiquark pairs. At some time (colorless) hadrons are formed. Here one can discriminate between

the time t . (and corresponding (constituent) length/ ) that a so-called pre-hadron is formed, and the
time t, that the final physical hadron is formed.”

The (average) length / has been estimated [9] based on the Lund model as:

/ _In(1/2*)-1+2*, M
. - NE (1.23)

where K is a non-perturbative scale in the order of the string tension, usually taken as K =I1.0

GeV/fm.

According to this formula the average value of /. goes as 1- z for large values of z, and has

a broad maximum around z=0.3. Thus at values of n of 5-20 GeV, the hadronization process takes

" In the literature sometimes the name “formation time or length” has different meanings, and also di

symbols are used. We will use the name 'formation length' (/) for what is often called the pre-hadi

constituent) formation length, and “hadron formation length” (/,) for the hadron (or yo-yo) formation

(seee.g. [8, 9)]).
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place over distances of /-70 fm, comparable to the size of a nucleus. If the (pre-)hadron is formed
inside the nucleus, it can experience so-called final-state interactions in the nucleus, through which
it can be absorbed or can produce other (lower energy) hadrons. Thus the use of a nuclear target
allows to probe the space-time development of the hadronization process.

At present reliable calculations within Quantum Chromo Dynamics (QCD) of quark
hadronization (fragmentation) can not yet be performed because of the major role of 'soft' processes.
For that reason various types of models have been developed.

Phenomenological models [10, 11, 12, 13, 14] use formation times/lengths and absorption
cross sections of the various hadrons in the nuclear medium. Different formula's for the formation

lengths have been used, and in the more advanced versions two lengths scales (/. and /) are

distinguished, as well as absorption cross sections for both the quark, the prehadron and the final
hadron. The absorption cross sections are usually fitted to obtain the best description of the n - and
z-dependence of the experimental data.

Other (QCD inspired) models focus on the energy loss that the hit quark experiences in the
nuclear environment [2,15-19]. In [19], twist-4 contributions to the fragmentation functions

resulting from multiple scattering and gluon bremsstrahlung in a nuclear medium are calculated. A

. . 2/3 . .
nuclear attenuation proportional to A is predicted, where the power 2/3 results from the

coherence of the gluon radiation process [20], which gives an induced radiative energy loss of a

quark traversing a length L of matter proportional to L2 . No hadron absorption is included, as it is
assumed that hadronization takes place outside the nucleus.

The effect of a finite formation length [ is included in [17], in which medium modified
fragmentation functions due to partonic energy loss via gluon emission during the time ¢, are
calculated. Using the quark energy loss determined from Drell-Yan data production, good
agreement is found for various hadron species and nuclei. In order to keep the approach as simple as
possible, absorption of the produced (pre)hadron is not taken into account.

Another class of models include (pre)hadron absorption, with or without some description of

what happens in the hadronization process. In [21] R 4 1s described in terms of medium modified
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fragmentation functions supplemented by nuclear absorption. A rescaling model that also has been
used to describe the EMC effect is used to describe the nuclear modification of the fragmentation
functions. The (average) formation length is taken from the Lund model [22] [23] calculates the
nuclear attenuation of the (leading) hadron with z>0.5 by including as major ingredients the
(distribution of the) formation length /. and an absorption cross section of the pre-hadron. The
effect of quark energy loss is found to be small.

In [24] the hadron attenuation is investigated within the framework of the Boltzmann-
Uehling-Uhlenbeck (BUU) transport model. Since this is a coupled-channels approach, hadrons are
not only absorbed, but can also be produced (mainly at low values of z). Some choices, including
taking it zero, for the formation time t _ are studied.

An intriguing observation is that all models, notwithstanding their different and sometimes
orthogonal ingredients, are able to give a fair and sometimes even good description of the available
data. One obvious reason for this is that the decreasing attenuation with increasing value of n is

largely due to a simple increase of the formation time t_ with n in the target rest frame due to

Lorentz dilatation. In this respect the dependence of R 4 on z and A4 will be more discriminating.

Since the A-dependence is an important ingredient, some remarks should be made about the

A-dependence expected for the various mechanisms. As already mentioned the attenuation in the

energy-loss model of [25] is given as 1- R, ~L* ~ A*”, whereas in (Glauber type) absorption
models it is often presumed that 1- R, ~ L ~ A'° . However, these estimates are too simple. First of

all taking L ~ A'” assumes the nucleus to be a rigid sphere or of Gaussian shape, which is not a

good approximation. Taking a realistic model for the matter distribution of a nucleus yields values

[26] for <(I’ l)2>, where r is the density, that globally follow an A*™ form. And it is found that

(r l> is globallOy proportional to A** . In addition it has been demonstrated in ref.~\cite {accardi}
that inclusion of a distribution for the formation length /. in absorption calculations increases the

exponent, yielding values (for a nucleus described as a rigid sphere) for 1- R, that approximately
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2/3 . .. C .
follow an A4 pattern for large values of [ . Using a realistic matter distribution one finds for

[ =4 fm an A*° behavior [26].

Thus, in order to disentangle between different models and in particular to have a sensitive
probe for energy loss, formation time and absorption effects, detailed data for a wide range in mass
number are needed. For these reasons HERMES has taken many more data to extend the available

database, the results of which are discussed in the next sections.
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Chapter 2. The HERMES Experiment

The HERMES experiment HERA MEasurement of Spin is a second generation polarized
deep inelastic scattering (DIS) experiment to study the spin structure of the nucleon. It is being run
at the HERA storage ring at DESY.

Several experiments over the last decade have provided accurate data on the polarization
asymmetry of the cross-section for inclusive scattering where only the scattered lepton is detected.
These experiments have been interpreted as showing that at most 30 % of the nucleon spin comes
from the spins of the quarks. Further knowledge of the origin of the nucleon's spin can be gained
by studying semi-inclusive processes involving the detection of hadrons in coincidence with the
scattered lepton. These data offer a means of “flavor-tagging' the struck quark to help isolate the
contributions to the nucleon spin of the individual quark flavors, including the sea quarks. The
interpretation of semi-inclusive data is made clearer if the type of hadron is identified. This is a
central theme of the HERMES experiment, which can identify hadrons with very high level of
accuracy in a wide kinematic range.

The physics program for HERMES is very broad. The experiment contributes inclusive data
with qualitatively different systematic uncertainties to improve the world data set for the x
dependence and the integral of the spin structure function g,(x) for both the proton and the
neutron. HERMES is also providing new precise data on semi-inclusive processes by virtue of the
good acceptance of the spectrometer combined with hadron identification and the purity of the
targets.

The HERA storage ring can be filled with either electrons or positrons, which are
accelerated to 27.5~GeV. Positrons have been used since 1995 because longer beam lifetimes are
then possible. Since with few exceptions such as the luminosity measurement, the physics

processes are the same for positrons and electrons, the term ““positron" will be used for both in this

paper.
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In addition to studying polarised DIS using H , D, and * He targets, data are collected with
unpolarised gases ( H,, D,, *He, N,). This provides in a relatively short period of time (2-3
weeks) high statistics data sets that are used to study important properties of the nucleon not related
to spin, such as the flavour asymmetry of the sea, as well as hadronisation in nuclei, which is what
this work has been aimed at.

The Hermes [27] experiment utilizes the longitudinally polarised positron (or electron) beam
of the Hera accelerator in combination with a polarised internal gas target of hydrogen, deuterium
or > He for the measurement of polarised deep inelastic scattering.

The experiment is located in the East Hall of the Hera accelerator at Desy in Hamburg,
Germany. The Hera accelerator consists of positron and proton storage rings with 27.5 GeV and
820 GeV respectively. There are three other experiments at Hera, the two collider experiments Zeus
and H1, and Hera B which uses only the proton beam. Figure 2.1 shows a schematic overview of

the Hera positron ring indicating the direction of the beam polarization by arrows.
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Figure 2.1: Schematic overview of HERA with the four experiments, the beam polarimeter and the

spin rotators at the Hermes experiment.
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2.1 The Hermes Spectrometer

2.1.1 General Description

The HERMES experiment is located in the East hall of the HERA storage ring complex at
DESY. The spectrometer is a forward angle instrument of conventional design. It is symmetric
about a central, horizontal shielding plate in the magnet. Due to this symmetry, the description of
the detectors contained in this paper will apply typically to only one half of the spectrometer, in
particular with respect to the number of detectors quoted and their dimensions. A diagram of the
spectrometer is shown in Fig. 2.2. The coordinate system used by HERMES has the z axis along
the beam momentum, the y axis vertical upwards, and the x axis horizontal, pointing towards the
outside of the ring. The polar (J ) and azimuthal (] ) scattering angles as well as the initial
trajectory for the determination of the particle's momentum are measured by the front tracking
system, which consists of drift chambers (DVC, FC1/2). The momentum measurement is
completed by two sets of drift chambers behind the magnet (BC1/2 and BC3/4). In addition, there
are three proportional chambers in the magnet (MC1/3) to help match front and back tracks as well

as to track low momentum particles that do not reach the rear section of the spectrometer.
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Figure 2.2: Schematic side view of the Hermes spectrometer
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Particle identification (PID) is provided by a lead-glass calorimeter, a pre-shower detector
(H2) consisting of two radiation lengths of lead followed by a plastic scintillator hodoscope, a
transition radiation detector (TRD) consisting of six identical modules, and a Ring Imaging
Cerenkov detector (RICH). The particle identification system was designed to provide a hadron
rejection factor of 10* to yield a very clean DIS positron sample, and exceeds this in practice. Pion
and Kaon identification is provided by RICH. The calorimeter and pre-shower detector are included
in the trigger along with a second hodoscope (H1) placed in front of the TRD. An additional trigger
hodoscope (HO) was included in 1996 in front of FC1 to reduce the trigger rate from background
caused by the proton beam.

The acceptance is limited at small angles by an iron plate in the beam plane, which shields the
positron and proton beams from the magnetic field of the spectrometer magnet. Both beams go
through the spectrometer, separated by 72 cm. Particles with scattering angles within * 170 mrad
in the horizontal direction and between +(-)40 mrad and +(-)140 mrad in the vertical direction are
accepted. Therefore, the range of scattering angles is 40~mrad to 220~mrad. The x Bjorken (see
(1.3)) range covered by the HERMES experiment is 0.02-1.0, although there is little count rate for
x2 0.8 when W £ 2 GeV (W is the photon-nucleon invariant mass, see (1.5)). All details, related

to Hermes spectrometer could be found in [28].

The experiment is mounted on a large platform that can move on rails together with an attached
trailer (ET) containing the electronics and the gas systems. A fixed but removable concrete wall
between the platform and the ET shields the main part of the hall from radiation and hence allows
access to the electronics while the accelerators are running. Cables and gas pipes between the
detectors and the ET are routed beneath the platform to a large cable tray passing under the
shielding wall. The experiment was assembled in the East hall outside the shielding during the
1994 HERA run. After the shielding wall had been dismantled, the platform/trailer was moved into
place in the ring. The shielding wall was re-erected between the platform and the electronics trailer
in such a way that the experiment could be moved far enough within the shielding to allow the

HERA maintenance tram access to the tunnel on 24 hours notice.
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2.1.2 The Target Region

The HERMES target consists of an open ended storage cell [29] internal to the HERA positron ring.

Using an  Unpolarized Gas Feed System (UGFS) it is possible to deliver
'H,>H ' He,"* N,*°Ne and ¥ Kr gases with total areal densities between 10" and 10'°

nucl/ cm’ to the storage cell. The pressure in the UGEFS is regulated via a diaphragm and a termo-
valve in order to supply a constant density to the cell. The low rate through the diaphragm can be
measured with two barometers, by the pressure dependence of the diaphragm conductance.

From the low rate the target density for each gas can be evaluated given the cell
conductance. Unfortunately this method gives an uncertainty on the absolute value of the target
density of about 20%, mostly due to the uncertainty on the diaphragm and the cell conductances

[30].

2.1.3 The Magnet

The HERMES spectrometer magnet is of the H-type with field clamps in front as well as behind in
order to reduce the fringe fields at the position of the drift chambers FC2 and BC1. A massive iron
plate in the symmetry plane shields the positron and proton beams as they pass through the magnet.

The most important features of the magnet are:

It is capable of providing a deflecting power of (Bdl = 1.5~Tm , although it is operated at 1.3

Tm to reduce power consumption. The smaller field integral does not significantly impair the
performance of the spectrometer. The variation of the deflecting power within the acceptance is less
than 10 %.

- The gap between the pole faces encloses the geometrical acceptance of *+(40.140) mrad in the
vertical direction. In the horizontal direction + 170 mrad plus another + 100 mrad starting halfway
through the magnet is provided. The pole faces are tilted parallel to the limits of the vertical

angular acceptance. Due to the limited space of 8.5 m for the HERMES spectrometer between the
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center of the target and the first quadrupole magnet of the electron machine, only 2.2 m between the
drift chambers FC2 on the front and BC1 on the rear side are utilized for the magnet.

- The fringe field at the positions of the adjacent drift chambers does not exceed 0.1 T.

- An effective magnetic shielding substantially reduces the effect of the magnet on the proton
and positron beams. In particular, the sextupole moment of the magnetic field in the beam tubes is
minimized.

- A correction coil with a deflecting power of 0.08~Tm is accommodated Inside the shielding
of the positron beam pipe. This coil is used to correct for fringe fields and the imperfections of the
magnetic shielding in this section of the iron plate. It is also intended to compensate the transverse
holding field of the target when operating with transverse polarization. It serves as an element of a
closed orbit bump with no net global effect on the positron beam.

The field measurements were done with a 3D-Hall probe on an automated 3D-mapping
machine. The results exhibit an overall reproducibility of about10™, and a field pattern as expected.
No homogeneous regions are found due to the high gap to length ratio of the magnet, and a
pronounced step in the field is observed that reflects the structure of the iron shielding plate. The

detailed field map was integrated into the track reconstruction algorithm, as described later.

2.1.4 The Tracking System

The tracking system serves several functions, which vary somewhat in their performance
requirements:
- Determine the event vertex in the target cell to ensure that reconstructed events come only from
the sub-mm beam envelope in the target gas, with the expected zdistribution. Also, the analysis of
events with multiple tracks requires either a common vertex, or possibly an additional displaced
vertex for a reconstructed particle decay.

- Measure the scattering angles for kinematic reconstruction.
- Measure the particle momentum from the track deflection in the spectrometer dipole magnet.

- Identify the hits in the PID detectors associated with each track.
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When all tracking detectors are fully operational, the momentum resolution for positrons is
limited by Bremsstrahlung in the material of the target cell walls, the 0.3~mm thick stainless steel
vacuum window, as well as the first tracking detectors.

The locations of the tracking detectors are shown in Fig. 2.8, the detailed Table which
summarizes their properties can be found in [28]. The drift vertex chambers DVC's and the front
drift chambers FC1/2 provide both vertex reconstruction to the target, and definition of the
scattering angle. In conjunction with the front tracking, the back drift chambers BC1/2 and BC3/4
measure the magnetic deflection and hence the momentum. The BC's also identify the cells in the
PID detectors associated with each track. The proportional chambers inside the magnet (MC1/3)
were originally intended to ensure that multi-track ambiguities could be resolved. As it happens,
chamber occupancies are low enough that this can be accomplished using the drift chambers alone.
However, the MC's are found to be very useful for momentum analysis of low energy decay
products that are deflected too much to reach the downstream tracking detectors. Since 2001 the
silicon detector with the name Lambda Wheels (LW) was installed eight after the target cell (see
Fig. 2.2). The aim was to increase the detector acceptance and in particular to augment by a factor
of four the yield of reconstructed Lambda hyperons.

Like the rest of the spectrometer, the tracking system is symmetric about the beam plane.

The Drift Chambers

The drift chambers DVC, FC1/2, BC1/2 and BC3/4 are of the conventional horizontal-drift
type. Each layer of drift cells consists of a plane of alternating anode and cathode wires between a
pair of cathode foils. The cathode wires and foils are at negative high voltage with the anode sense
wires at ground potential. The chambers are assembled as modules consisting of six such drift cell
layers in three coordinate doublets (UU(, XX Cand V7 (). The wires are vertical for the X planes
and at an angle of +30° to the vertical for the U and ¥ planes. The X¢, UCand V' ( planes are
staggered with respect to their partners by half the cell size in order to help resolve left-right
ambiguities. Each sense plane consists of a fiberglass-epoxy frame laminated to a printed circuit
board (PCB) that has solder pads for the wires. Except in the case of the DVC's, the PCB's carry the

traces leading past O-ring gas seals to external connectors. The opposite ends of the cathode wires
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connect to internal distribution buses for the negative high voltage. Each module is enclosed
between metallized Mylar gas windows mounted on metal frames. Identical modules are situated
above and below the beam pipe.

The frames of all the drift chambers except the DVC's have sufficient length to allow both
ends of all wires in the U and V' planes to terminate on the long edges of the frames. Hence all
U and V wires and their PCB traces have the same length and similar capacitance. The onboard
electronics are mounted along only the one long edge opposite to the beam pipes. The choice of
gas mixture for the drift chambers was governed by the serious inconvenience of controlling the
hazards of a flammable gas in a tunnel environment. As well, there is an advantage in limiting the
drift cell occupation time and hence the number of extraneous hits that must be accommodated in
track finding.

The DC readout system consists of Amplifier/Shaper/Discriminator (ASD) cards mounted
onboard the drift chambers, driving ECL signals on 30 m long flat cables to LeCroy 1877 Multihit
FastBus TDC's in the external electronics trailer. The design goal (especially in the case of the FC's
and DVC's) was chamber operation at low gas gain (»10*) to maximize chamber lifetime and

reduce particle flux dependence of the gas gain due to space charge effects. To combine this goal

with good spatial resolution requires operation at low threshold -- well below 10° electrons from

the wire.

The Magnet Chambers

The proportional wire chambers MC1 through MC3 located in the gap of the magnet were
originally intended to help resolve multiple tracks in case of high multiplicity events. Since low
backgrounds have made this unnecessary, their primary function is now the momentum analysis of
relatively low energy particles, from the decay of L's for example. Since the MC's operate in a
strong magnetic field and resolution of + 1 mm is sufficient, multi-wire proportional chambers with
digital single bit-per-wire readout were chosen. The magnet has a tapered pole configuration that
implies a different size for each pair of chambers. The active areas of the three chambers are
dictated by the spectrometer acceptance together with magnetic dispersion at a nominal trigger

threshold positron energy of 3.5 GeV.
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The MC system performed reliably with typical efficiency per plane of 98-99 %. Electronics
failures in the 1996-97 running period resulted in the loss of only 0.5 % of the channels (3 of 688
cards).

The contribution to the spectrometer momentum resolution for 10 GeV positrons by Coulomb

multiple scattering in the magnet chambers and air between FC2 and BC1/21s J,,, = 0.15 mrad. (If
the air were replaced by helium, it would be decreased to 0.11 mrad.) Thus the ratio of J,  to the

magnet deflection angle is equal to 0.0024, independent of energy. This is small compared to other

contributions.

Alignment

Errors in the relative alignment of the various elements of the tracking system are an important
contribution to the resolution in reconstructed kinematic quantities. The initial alignment during
detector installation was done using conventional optical techniques, but difficulties with optical
access to the components limited the expected accuracy of this process to a few hundred
micrometers in X and y, and of order 1~mm in z. It was always expected that the relative detector
alignment would have to be improved in the data analysis through the study of track residuals with
the spectrometer magnet turned off. This procedure was refined over the first three years of
operation to the point that drift chamber alignment errors are no longer a major contribution to
tracking resolution.

It was considered essential to have a means to continuously monitor the relative alignment of
the tracking detectors for two reasons. First, the detectors are mounted on a complex support system
that is not simply interconnected so that its response to temperature changes and gradients is
difficult to predict. Also, the front detectors are supported ultimately via the spectrometer magnet
field clamp, which might suffer distortion from magnetic forces. Such an effect was detected with
this monitoring system, and eliminated by stabilizing the clamp mount. Secondly, if a detector must
be replaced with a spare after the laborious alignment analysis has been done, it is desirable to be

able to avoid having to repeat this process immediately with new field-off data.
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A solution to both of these problems is to have on each detector module optical targets that are
continuously accessible to a remotely operated image recording system. The type of system that
was chosen employs two well-collimated parallel laser beams passing through the entire
spectrometer in the beam plane, on either side of and parallel to the beam axis. The 2~cm diameter
beams are created by one He-Ne laser and a semi-transparent mirror. Two optical target assemblies
are mounted precisely and reproducibly on each detector element. Each assembly includes a
remotely-controlled actuator that can move an optical target into the path of a laser beam, arriving
at a precise and reproducible stop. Only one target is in a laser beam at a time. The type of target
used -- the Fresnel zone plate -- is similar to that used in the SLAC accelerator alignment
monitoring system. It is made by etching a precise pattern through a thin metal foil. This avoids

any deflection of the beam from imperfections in the planarity of transparent material.

Track Reconstruction

The HERMES reconstruction program (HRC) is very efficient because it makes use of two
unusual methods: the tree-search algorithm for fast track finding and a look-up table for fast
momentum determination of the tracks. The full reconstruction of 30 Monte Carlo events on
HERMES PCFarm takes only one second.

The main task of the reconstruction program is to identify particle tracks using the hits in the
tracking chambers. Each detector plane gives spatial information in one coordinate, and only by
combining the information of many detectors is it possible to reconstruct the tracks uniquely in
space. At each step of the iteration the entire partial track is seen. However only at the end is the
full detector resolution reached. The detector resolution is roughly 250 " m and the active width of
a chamber is of the order of a few meters. Therefore after about 14 steps in the binary tree, the
resolution of the detector of »1:2'* would be reached. For the purpose of track finding (not fitting)
a resolution of 1:2'' is sufficient, which reduces the maximum number of iterations in the HRC
tree-search to about 11.

The number of allowed track patterns at the full resolution is of the order of 10*. Without

optimization, this large number would make the algorithm useless for two reasons: memory space
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problems to store all the patterns, and CPU time problems to compare with each of them. The
following methods avoid these problems: if one compares the allowed patterns from one iteration
to those from the following one (called parent and child in the following) it becomes obvious that
only a very limited number of children exist for each parent. At initialization time all links between
the allowed patterns of each generation are calculated, i.e. all children for each parent are stored in
the data base. The number of comparisons now becomes small: if a pattern is recognized at one
generation, only its children have to be checked in the next generation. The number of children for
each parent is typically 4 to 8. This solves the CPU problem.

Symmetry considerations can be used to reduce the number of patterns that have to be
stored. If two patterns are mirror symmetric, or if they are identical except for a transverse shift,
they are stored as one pattern. Most important is that if a child is identical to aparent, then the child
is linked to the parent and all grand children become identical to the children. This simplification is
based on the fact that we are looking only for approximately straight tracks. This reduces the
number of branches in the tree-search significantly. The number of patterns in the data base is of
the order of 50,000, which is small compared to the original number of 10°.

As a second feature in HRC, a very fast method has been developed to determine the
momentum of a track, which is given by the deflection in the inhomogeneous field of the
spectrometer magnet. Tracking through a magnetic field is very CPU intensive. The new method
makes obsolete the tracking through the magnetic field on a track by track basis. Instead, a large
look-up table is generated only once during initialization. It contains the momentum of a given
track as a function of the track parameters in front of and behind the magnet. The relevant track
parameters are the position and the slope of the track in front of the magnet and the horizontal slope
behind the magnet. The resolution of the table has been chosen such that, using interpolation
methods, the contribution by HRC to the precision of the track momentum determination is better
than Dp/p=0.5 %. The look-up table contains 520,000 numbers. This method of momentum

determination is extremely efficient.
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Tracking system performance

The performance of the tracking system has been studied using the detailed HERMES
Monte Carlo (HMC) simulation of the experiment, which is based on the GEANT software
package. Resolutions for several quantities were estimated by performing a Gaussian fit to spectra
of the difference between the generated and reconstructed quantities. Results for the measured
quantities p (momentum) and J (scattering angle) are shown in Figs. 2.11 and, 2.12. The
momentum resolution is 0.7-1.25 % over the kinematic range of the experiment, while the
uncertainty in the scattering angle is below 0.6 mrad everywhere. Bremsstrahlung in materials in the
positron path cause the momentum resolution function to have a standard deviation considerably

larger than that of the fitted Gaussian.
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Figure 2.11: Momentum resolution, deduced from Monte Carlo studies

The x resolution varies from 4 % to 8 % while the Q> resolution is better than 2 % over most of

the kinematic range.
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Figure 2.12: Resolution in scattering angle, deduced from Monte Carlo studies

Finally, the absolute calibration of the spectrometer can be checked using the decay of K

mesons into two pions. The invariant two-pion mass is plotted in Fig. 2.13. The reconstructed K

mass agrees to one part per mil with the value of the Particle Data Group (497.4 MeV vs. 497.7
MeV). The width of the peak (s = 0.0057, or » 1.1 %) agrees with the resolution determined by

Monte Carlo methods.
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Figure 2.13: Invariant mass of p 'p " pairs. The reconstructed K ; mass agrees very well with the

PDG value
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2.1.5 The Particle Identification Detectors
The particle identification (PID) system at HERMES consists of four components and was
designed to identify the DIS positron (or electron) with high efficiency and low hadron

contamination.

Threshold and Ring Imaging Cerenkov detector

The Cerenkov detector is used for the separation of leptons from hadrons and for pion identification
in the momentum range between 4 and 14 GeV. Electromagnetic radiation (Cerenkov light) is
emitted when a particle traverses a medium with a velocity larger than the speed of light in that
medium, N 3 ¢/n with n is the refraction index of the medium. The existing threshold Cerenkov
detector was replaced in 1998 by a dual radiator Ring Imaging Cerenkov (RICH) to provide particle
identification for pions, kaons and protons in the momentum range from 2 to 15 GeV [31]. The

detector uses two radiators, a wall of silica aerogel tiles at the entrance of the detector, followed by

a volume filled with C4F10 , a heavy fluorocarbon gas.

PMT matrix

soft steel plate

mirror array

aluminum bhox

Figure 2.3: A cut away schematic view of the (top) RICH counter.

35



The photon detector consists of 1934 photomultiplier tubes (PMT) located above (below)
the active volume for the top (bottom) part of the detector. The Cerenkov light cones are imaged
onto the PMT by a spherical mirror array located at the rear of the radiator box. In Fig. 23 a
schematic drawing of the main components of the (upper half of the) RICH are shown. Different

Cerenkov angles are produced in the aerogel and the heavy gas depending on the index of refraction

as €0sQ, =c¢ /nv Moreover, the size of the angle has a different momentum dependence for

pions, kaons and protons, as is shown in Fig. 3.4. These differences allow the identi_cation of the
different particle types with an efficiency of 98% for pions, 87% for kaons and 92% (82%) for

protons (antiprotons).
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Figure 2.4: The Cerenkov angle versus hadron momentum for the aerogel (upper band) and

C4E0 gas radiators (lower band). The data shown are based on a Monte Carlo simulation.
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The Calorimeter

The function of the calorimeter is to provide a first level trigger for scattered positrons,
based on energy deposition in a localized spatial region (3 3.5 GeV in 1995 and the beginning of
1996 and 2 1.4 GeV in late 1996 and 1997); to suppress pions by a factor of 3 10 at the first level

trigger and 2 100 in the off-line analysis; to measure the energy of positrons and also of photons
from radiative processes or from p° and h decays. The solution chosen to meet these

requirements consists of radiation resistant F101 lead-glass blocks arranged in two walls of 420

blocks each above and below the beam. Each block is viewed from the rear by a photomultiplier

tube (PMT). The blocks have an area of 9° 9 cm?, a length of 50 cm (about 18 radiation lengths),
and are stacked in a 42" 10 array. The blocks were polished, wrapped with 0.051 mm thick
aluminized mylar foil, and covered with a 0.127~mm thick tedlar foil to provide light isolation.
Each block is coupled to a 7.62 cm Philips XP3461 PMT by a silicone glue (SILGARD 184) with

refractive index 1.41. A 1 -metal magnetic shield surrounds the PMT.

To prevent radiation damage of the lead glass, both calorimeter walls are moved away
vertically from the beam pipe by 50~cm for beam injection. The monitoring of gain and ageing is
achieved using a dye laser at 500~nm, which sends light pulses of various intensities through glass
fibres to every PMT of the calorimeter, and additionally to a reference counter photodiode. The
various intensities are produced by a rotating wheel with several attenuation plates. The light is split
in several stages before being fed into the glass fibres. As the gain of the photodiode is stable, the
ratio of the PMT amplitude to that of the photodiode signal can be used to monitor relative gain
changes in the photomultipliers. Over three years of operation, there has been no observed
degradation of performance that would suggest ageing effects.

Radiation damage to the lead-glass is also monitored indirectly using TF1 blocks placed
behind the calorimeter. This material is much more sensitive to radiation damage than F101.
Therefore, a degradation of the response would be seen much sooner in these monitor detectors if
there were a large radiation dose incident on the back of the calorimeter caused by showers
produced by beam loss in the proton machine. So far no variation has been observed in their

response, indicating that the effect of radiation damage is negligible.
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Measurements with 1-30 GeV electron beams were performed at CERN and DESY with a
3" 3 array of counters. Each lead-glass block was also calibrated within » 1 % at DESY in a 3 GeV
electron beam incident at the center of the block. The performance of a 3" 3 array of counters
showed [32]: (i) an energy response to electrons linear within 1 %, over the energy range 1-30 GeV;
(i1) an energy resolution that can be parameterized as S (E) /E [%] = (5.1 £1.1)/ W + (1.5
*+ 0.5): this is similar to that obtained for other large lead-glass calorimeters; (ii1) a spatial
resolution of the impact point of about 0.7 cm (s ); (iv) a PRF of » (2.5 + 1.2) ~ 10° integrated
over all energies in combination with the preshower detector, for a 95 % electron detection
efficiency.

The ratio E/p (E and p are respectively the energy of positrons measured by the
calorimeter and the momentum determined by the spectrometer) has a central value of 1.00 with a

width (s ) of 0.01, demonstrating that the response of the counters is uniform to » 1 %. The long
term stability of the detector response of 1 % is determined from the mean value of the

E/ p distribution, measured for each run for the counters nearest to the beam. This value also

includes the contribution of the radiation damage produced in one year of operation, indicating the

effect of the radiation damage is negligible.
The overall calibration of the calorimeter can be determined by the reconstruction of p°
decays. Fig. 2.17 shows the p°invariant mass for events with two g clusters. The centroid of the

peak for the 1995 data is (134.9£0.2) MeV with a s = (12.5+£0.2) MeV in good agreement with

the particle data group value. The calorimeter is described in more detail in a separate paper [33].
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Figure 2.17: p° mass reconstructed from 2q cluster events The Hodoscopes

A scintillator hodoscope (H1) and Pb-scintillator preshower counter (H2) provide trigger
signals and particle identification information. Both counters are composed of vertical scintillator
modules (42 each in the upper and lower detectors), which are 1~cm thick and 9.3~cm x 91~cm in
area. The material for the modules is BC-412 from Bicron Co., a fast scintillator with large
attenuation length (300 - 400 cm). The scintillation light is detected by 5.2~cm diameter Thorn EMI
9954 photomultiplier tubes, one coupled via a light guide to the outside end of each scintillator
(away from the beam plane). The modules are staggered to provide maximum efficiency with 2 -
3~mm of overlap between each unit.

In addition to providing a fast signal that is combined with the calorimeter and HI to form
the first level trigger (HO was implemented in 1996; see below), the H2 counter provides important
discrimination between positrons and hadrons. This is accomplished with a passive radiator that
initiates electromagnetic showers that deposit typically much more energy in the scintillator than
minimum ionizing particles. The passive radiator consists of 11 mm (2 radiations lengths) of Pb,

sandwiched between two 1.3~mm stainless steel sheets.
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Forward Trigger Scintillators

A forward trigger scintillator (HO) placed directly upstream of the front drift chambers was
introduced in 1996 to distinguish forward and backward going particles using the time of flight
between the front and rear scintillators.

The total time required for a light-speed particle to traverse all trigger detectors is on the
order of 18~ns, and hence a backward-going particle produces a pulse in the front counter that is
displaced in time by about 36 ns from the normal trigger condition. Such a large time displacement
allows for easy elimination of these background events in the trigger.

The front trigger detectors consist of a single sheet of standard plastic scintillator, 3.2 mm
thick (0.7 % of a radiation length). The occupancy of the scintillators is such that segmentation of
the detector is not necessary. The rate in each paddle is about 10°per second. The scintillation
light is collected along the edge farthest from the beam axis into two sets of lucite strips and then

into two 5.08~cm Thorn EMI 9954SB phototubes.

The Transition Radiation Detector

The purpose of the transition radiation detector (TRD) is to provide a pion rejection factor of
at least 100 for 90 % positron efficiency at 5 GeV and above. Only positrons produce transition
radiation in the HERMES energy regime and the detection of one or more TR X-rays in coincidence
with the charged particle can be used to discriminate between positrons and hadrons. The X-ray is
difficult to distinguish because it is emitted at an angle of 1/g to the momentum of the charged
particle and is therefore not separable in the detector from the positron.

Because the space restrictions imposed on the TRD were not severe, a relatively simple and
economical design was chosen. Rather than optimize each module of the TRD for maximum
performance, the overall performance is assured by the addition of extra modules. The design of the
TRD was optimized using a Monte Carlo program that tracks charged particles and photons down
to an energy of 1 keV. Care was taken to model properly the production of d -rays in the radiator
and the detector gas as well as hadronic showers in the radiator. Elements of the TRD simulation

were later integrated into the general spectrometer simulation.
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The HERMES TRD consists of 6 modules above and below the beam. Each module

contains a radiator and a Xe/CH , filled proportional chamber. In addition, there are two flush gaps
on either side of each detector through which CO, is flowed to reduce the diffusion of oxygen and
nitrogen into the chamber. Such contaminants would affect the response significantly. CO, is
used in the flush gaps because it is easily removed from the chamber gas during re-circulation. The
use of polyethylene foils as a radiator is not practical for HERMES because of the large size of the
modules (active area: 325 x 75 cm?). It is not possible to maintain a uniform separation of the foils
for such a large radiator. A good approximation to a foil radiator is provided by a pseudo-random
but predominantly two-dimensional matrix of fibers. Several radiators were compared in a test
beam at CERN: foils, fiber matrices with different fiber diameters, and polyethylene foams. Fiber
radiators were shown to produce a response only slightly less than that from a foil radiator. The
final design uses fibers of 17-20 m'm diameter in a material with a density of 0.059 g/cm’. This
density is significantly less than would be found to be optimal if hadronic showers and delta rays
from the radiator were ignored. The radiators are 6.35~cm thick, which corresponds to an average
of 267 dielectric layers.

The detectors are proportional wire chambers of conventional design, each of which consists
of 256 vertical wires of 75 mm gold coated Be-Cu separated by 1.27 cm. The wires are
positioned with 25 M m accuracy using precisely machined holes for the crimp pins in plastic strips
(Ultem) that are glued to the aluminium chamber frames. The chambers are 2.54 cm thick.
Xe/CH, (90:10) is used as the detector gas because of its efficient X-ray absorption. The electric
field in the chamber is produced by a +3100 V potential applied to the anode wires; the cathode
foils are at ground potential. The large voltage on the anode wires is needed to produce an electric
field in the critical region between the wires of sufficient strength to collect the ionization electrons
within the 1 nrsec ADC gate used in the readout electronics. The wire diameter was chosen to be
unusually large to allow operation at this high voltage while limiting the gas gain to about 10 *.

Both positrons and hadrons deposit energy in the detector due to the ionisation of the

chamber gas (dE/dx). The most probable energy deposited by a 5 GeV pion is about 11 keV.

Positrons deposit on average approximately twice this amount of energy due to transition radiation
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and the relativistic rise in Pure positron and hadron samples are selected by placing stringent,
inefficient conditions on the other PID detector responses. A simple but effective method of
analysis is the truncated mean method. In this technique, the largest signal from the six modules is
discarded and the average of the remaining five modules is used. This procedure reduces the mean
of the positron distribution but has a much more significant effect on the hadron tail that is due to
rare events - production of energetic knock-on electrons. Fig. 2.20 shows the truncated mean
distributions for the HERMES TRD derived from 1995 data. It is clear that the separation of the
hadrons and positrons is greatly enhanced. The pion rejection factor varies with energy because
both the energy loss by charged particles and the production of transition radiation depend on the
energy of the incident particle. The cut on the response of the detector such that 90 % of the

positrons are above the cut is set for higher efficiency for physics analysis.
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Figure 2.20: Truncated mean for six modules for positrons and hadrons, integrated over all

momenta. Data from 1995 were used for this plot

The PRF can be improved using a probability based analysis similar to the one described in the

section on PID system performance below. A probability function can be defined as

Grp =logo[P. /F;]
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where P. and £, are the probabilities that a particle was a positron or a hadron respectively. The

result of such an analysis for 1996 data is shown in Fig. 2.21. A cut for 90 % positron efficiency
results in a PRF of 1460 + 130. Even at 95 % positron efficiency, the PRF remains very good
(489 +25).
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Figure 2.21: The logarithmic likelihood G, , integrated over all momenta, for plot. The

hadrons(positrons) is plotted as the solid line(dashed line). Data from 1996 were used for this

vertical line indicates the location of a 90% efficiency positron cut

System Performance

The responses of the four PID detectors are combined to provide good hadron rejection.
This has been done in several ways. The simplest technique is to consider the responses
individually, determine a cut that separates positrons and hadrons in each detector, and define a
positron/hadron as a particle identified as such in all detectors. A very clean sample of a given
particle type can be produced in this way but at the cost of efficiency. Typically, this technique is
used only for detector studies. The efficiency of the system can be improved while retaining good
particle type separation by using a probability based analysis. The responses of the calorimeter, the
pre-shower detector, and the Cerenkov detector are combined to produce the quantity PID3 defined
as

PID3 = logIO[(PgalPPC;ePC?er)/(PCflalPh PC{ler )]

Pre
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where P/ is the probability that a particle of type i produced comparing the detector responses for
each track to typical response a given response in detector j. The P;'s are determined by functions

for each detector called parent distributions. The latter are either derived from the data or modelled
using Monte Carlo techniques. The use of momentum dependent parent distributions is required to
account for the varying responses of the detectors. PID2 is defined in a similar way to PID3 using
only the calorimeter and the pre-shower detector. One can incorporate the TRD into the probability
analysis to improve performance even further. The resulting function is labeled PID4. However,
one then loses the straightforward systematic cross-checks described above and Monte Carlo
simulation must be used to estimate the contamination of each particle sample as well as the
detection efficiency. In order to keep as many events as possible for the final analysis, a so-called
PID downshifting scheme was implemented. If all PID detectors provide valid data, a cut on a 2-
dimensional PID3-TRD plot is used, which is equivalent to a straight cut on PID4. However, if
information from either the TRD or the Cerenkov detector is not available a more limited scheme is
used: if the TRD data are not available PID3 is used, while if the Cerenkov data are not useful a
two-dimensional cut on the PID2-TRD plane is considered. For the analysis of the inclusive data in

1995, the full PID3-TRD scheme was used for over 97 % of the useful events.

Time of flight information from the hodoscopes can be used to separate pions, kaons and
protons at low momentum (up to »2.9 GeV), the detailed description could be found in [34].

Another very effective way to do particle identification is to reconstruct the mass of particles with

decay products in the spectrometer. This has been done for p°, r ,h, K.,j ,w,JAy ,and L.

2.1.6 The Luminosity Monitor

The luminosity measurement is based on the elastic scattering of beam positrons from target
gas electrons e'e” ® e’e” (Bhabha scattering) and the annihilation into photon pairs e’e” ® g g.
The cross sections are known precisely, including radiative corrections, e.g.
e'e” ® e’eg,e’e ® gn. In case of an electron beam in HERA, the process e e ® e e

(Moller scattering) is used. The scattered particles exit the beam pipe at z = 7.2 m and are detected
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in coincidence by two small calorimeters with a horizontal acceptance of 4.6 to 8.9 mrad, which is
limited by the size of the beam aperture in the magnet shielding plate. For a beam energy of 27.5
GeV the symmetric scattering angle is 6.1 mrad and both scattered particles have half of the beam
energy. Due to the high radiation background in the region very near to the beam, the calorimeter
consists of Cerenkov crystals of NaBi(WO,),, which have a very high minimize radiation damage,
the calorimeters are moved away from the beam pipe exit window by » 20 cm in the horizontal
direction for beam injection and dumping. Each calorimeter consists of 12 crystals of size
227 22° 200 mm’ in a 3" 4 array. The crystals are wrapped in aluminized mylar foil and coupled
with optical grease to 1.9 cm Hamamatsu R4125Q photomultipliers with a radiation hard synthetic

silica window and a bi-alkali photocathode.
An energy resolution of S (E)/E » (9.3+£0.1) % /{/(E) (E in GeV) has been determined for

a3’ 3 matrix from test beam measurements with 1-6~GeV electrons. Most of the scattered particles
hit the inner crystals near the beam pipe. The deposited energy is reduced by lateral shower
leakage, especially for hits near the inner crystal edge. Most of the background events have a high
energy deposition in only one of the detectors while Bhabha events have a high energy deposition in
both detectors. They are separated from background by triggering on a coincident signal with
energy above 5~GeV in both the left and right calorimeter. A Bhabha coincidence rate of 132 Hz
was measured with this trigger scheme for a beam current of 20 T A and *He areal target density of
1” 10" nucleons/cm’. This provides a statistical accuracy of the luminosity measurement of 1 %,

within about 100 s.

2.1.7 The Trigger

The function of the trigger system is to distinguish interesting events from background with
high efficiency, and initiate digitization and readout of the detector signals. HERMES requires
physics triggers corresponding to deep-inelastic positron scattering, photo-production processes
(where no positron is detected) and additional triggers for detector monitoring and calibration. The
trigger hierarchy is potentially capable of four levels. The first-level trigger decision is made within

about 400~ns of the event using prompt signals of the scintillator hodoscopes, the calorimeter, and a
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few wire chambers. This can be divided into the time necessary for signal formation in the detectors
and transportation to the electronics trailer (» 250 ns including the transit time of the particle from
the target), and the time needed for a decision by the trigger electronics (» 150~ns). The first-level
trigger initiates digitization by the readout electronics. The second-level trigger could use any
information available within the 50 s during which time a hardware clear of the Fastbus readout
electronics is possible. The third-level decision could be made on a timescale of a few hundred
micro-seconds by existing digital signal processors in Fastbus, which would first read out only that
part of the detector information required for the decision. In fourth level, the full data stream could
be filtered by a farm of high performance processors that can make a decision on a timescale of £1

ms.

2.1.8 Data Acquisition and Readout Electronics

The HERMES Data AcQuisition system (DAQ) consists of two separated parts, the frontend
electronics located in a trailer close to the experimental area and the online workstation cluster. The
connection between the two is realized with optical fibers. The maximum DAQ throughput is 1.5
Mbyte/s. Raw events are collected online and separated in runs, of about 450 Mb recorded data.
During the time needed for the digitization and readout of the detector, no new trigger can be

accepted, leading to a trigger dead time. For each trigger a dead time fraction d,is defined as:

g=1- L
Tl

gen

where 7' and T gien are the number of accepted and generated triggers of type i respectively. The

dead time fraction is dependent on the trigger rate. For each trigger a value of d, is given every 10
seconds, the period of time (chosen arbitrarily) referred to as a burst. Data are normally analyzed
which have d. above 0.5, but a typical value for the dead time is higher (i.e. for the DIS trigger

dead time around 0.9).
In addition to the standard detector readout, there is implemented a variety of asynchronous

independent events, capable of trigger rates exceeding 5 kHz, including the luminosity monitor and
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various high speed calibration and monitoring equipment. Depending on the application, the data
from these events are either collected by the event collector during idle time or by dedicated
additional CHIs and FREs.

Data are written to staging disks over the course of a fill of the storage rings, typically lasting 8-
12 hours. The data are copied between fills to storage silos on the DESY main site via a FDDI link
and associated hardware. The dead-time during standard running is typically well below 10 % and

the downtime due to the data acquisition system is estimated to be below 1 %.
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Chapter 3. Data Analysis

3.1.1 Data Quality

The data quality selection for the performed analysis was based on the standard HERMES
information on the good bursts, which is done by data quality group for each year of data taking.
Additional check on the level of physics was done based on the ratios of semi-inclusive hadrons to
the number of DIS positrons (electrons), for each fill of the data taking for all data samples used in
this analysis.

Furthermore, the ratio of the DIS positrons to the integrated luminosity has been thoroughly
checked. After passing all regular data quality checks a special data set was produced fom the
standard HERMES micro-DST for each target and each year of data taking. In order to efficiently
perform extraction of physics results, this data was set up as a substantial collection of
multidimensional histograms (N-tuples), which allowed to investigate different correlations
between the kinematical variables, as well as to check the consistency of obtained results for
different years of data taking for the same target (e.g. Krypton or Xenon). Such work provides with
a portable and powerful tool to perform every possible task related to data checks and analysis.

The typical plots with the comparison of the multiplicities for pions and kaons on

Deuterium target for 1999, 2004 and 2005 years are shown in Figures 3.1 and 3.2.
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3.1.2 Kinematic cuts and uncertainties

The kinematic requirements imposed on the scattered positrons were identical for all
2 2
analyzed data Q > 1 Ge V2 (Q > 05 Ge V2 for the 12 GeV data),

W?=M?+2Mn - Q2 > 2 GeV for the invariant mass of the photon-nucleon system, where M

is the nucleon mass, and ¥ =N/ E < 0.85 for the energy fraction of the virtual photon. The

requirements on w? and )V are applied in order to exclude nucleon resonances and to limit the
magnitude of the radiative corrections, respectively.

As already mentioned in the previous section, using the RICH detector all charged hadrons
were identified in the following momentum range: 2.0 - 15 GeV/c

To decrease the background for the neutral pions selection, the low momentum cut was

determined to be 2.5 GeV/c. Data were analyzed in the region 6 < 1 <23.5GeV and Z > 0.2. For

the case of one dimensional dependences: for I -dependence the minimal cut was equal to 4 GeV,

2 2
and for Z - dependence the minimal cut was equal to 0, while for Q and P, the minimum cuts

were 6 GeV on N and 0.2 on Z . For the 12 GeV analysis pions are selected with P, > 2.0 GeV/c

and Z >0.2.

The integrated luminosities for all years and targets are listed in Table 3.1. The typical
number of counts for DIS positrons and various hadrons, obtained on combined samples of
Deuterium and Krypton targets during 1999 and 2004 years are listed in Table 3.2. These numbers
for identified hadrons correspond to the kinematical cuts: 1 > 6 GeV and 0 < Z < 1.2. Most of the
systematic uncertainties related to the detector, the reconstruction efficiencies and particle
identification practically cancel in the ratio of the multiplicities. In determining the multiplicity
ratios deuterium data collected in the same year as the data for the heavier target were used, to
avoid uncertainties due to possible different conditions or functioning of the HERMES spectrometer
during the years. It was checked that the multiplicity ratios obtained in different years were

consistent within the (rather small) statistical error bars. By studying the multiplicity ratios as a
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function of the hadron polar and azimuthal angles it was checked that the values of the charged
multiplicities ratio R, did not depend on the geometrical acceptance. This ratio was found to be

constant within the statistical and systematical precision.

The charged pion sample is contaminated by pions originating from the decay of heavier

mesons. The main effect on the pion multiplicities is due to the decay of exclusively produced I -
mesons (pions resulting from the decay of I ,-mesons formed in the fragmentation process are

included in R ), which may affect the multiplicities by an amount ranging from about 1% at low
Z up to 30% (45%) at high values of Z for positive (negative) pions, as estimated from a Monte

Carlo simulation. The effect on the multiplicity ratio R, is much smaller, but does not cancel
completely since the I ,-mesons also interact with the nuclear medium. Taking into account the

measured nuclear transparency [35] for I' ,-mesons, the remaining effect on R, has been carefully

estimated and then corrected for. The value of the correction was included as one of the
uncertainties contributing to the total systematic uncertainty.

The resulting overall uncertainty factors are as follows: different parameterizations of
fragmentation functions and distribution functions, reflecting on the RC calculation systematics (<

2%), hadron identification (1.5% for neutral pions, 0.5% for charged pions, 2% for kaons, 2% for
protons and 6% for antiprotons), overall efficiency (<2%), I' , -meson production for positive (0.3%

- 4%) and negative (0.3% - 7%) pions. The estimated values of the total systematic uncertainties are
presented in Tables 4.1-4.4 of Section 4.1. The error bars in the figures in the results section

represent only the statistical uncertainties.
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Target |Integrated Lumi
D‘.JU 32.3
KL’UU 2(‘)1
Doo 119.7
Heqm 27.9
Neoo 84.2
Doa 35.7
Kl’q )4 2[7]5
Xeqy 21.2
Dos 61.7
Kfq 15 21.1
X91 )5 214

Table 3.1: Integrated luminosities (in pb™ ') for the various data sets (the subscript indicates the
year the data were collected).

Target| DIS| 77 | «#~ |KT |K | p | P
D 6669k |706k |575k |146k | 62k [131k |23k
Kr |3516k|286k|232k | 68k |26k | 69k | 8k

Table 3.2: Number of counts for DIS leptons and various hadrons collected on deuterium and
krypton targets in 1999, 2004 and 2005 combined. The numbers are for the following kinematical
constraints: n >6 GeV and z > 0:2.

3.1.3 RICH Unfolding

The RICH detector is only efficient for hadron momenta from 2 to 15 GeV/c. For the pions
one could go down to as low as 1 GeV/c, however in this case the RICH unfolding procedure
becomes inconsistent. Furthermore, the input matrices are only available starting from 2 GeV, so
for the pions we also use the range from 2 to 15 GeV/c. Additionally, the RICH provides a quality

parameter rQ,. If this parameter equals to zero, the RICH is unable to correctly identify the

particle. Hence another cut is used for 70, to be always greater than zero.

The RICH hadron identification efficiency is subject to a certain amount of misidentification
that varies with particle momentum. This is described by two complimentary sets of probability

matrices called the P and the O matrices. An element in the P-matrix, ', gives the probability that a
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particle of true type ¢ is identified by the RICH as a type i, where i, t = p, K, p and i can also be X,

meaning that the RICH was unable to identify the particle. One can define P’ as

t

I — N[i
£ = é ’th 3.1)
J

where N! is the number of particles with true type ¢ and identified type i, and write for the P-

matrix:
o K PO
Cpc pc oprl
Pp ’T):gzgp Py pre (32)
p K P )
X X X+
Er' PS P'G

The matrix P(p,T) depends on the particle momentum p and the event topology 7, more specifically
the number of tracks in the detector half where the particle tracks resides. This means there can be
more than one Cerenkov cone image on the PMT-matrix. There overlapping rings cause difficulties
in the reconstruction of the opening angles, therefore decreasing the identification efficiency. The
HERMES RICH group has provided P-matrices [36] in the case of track multiplicity of 1, 2 and
more than 2 tracks per detector half. Note that the diagonal elements of this P-matrix are the usual
detection efficiencies (see Eq. 3.1) Due to its probabilistic interpretation, the columns of the P

matrix are normalized to 1, i.e.:

ar =1 (3.3)

It was mentioned before, that two complimentary sets of matrices can be used to describe

hadron misidentification. The second se it the so-called Q-matrix, where an element Q, gives the

probability that a particle identified as being of type i, is in fact of type ¢. With P’ one has the

t

probability that the particle is of true type ¢, and P gives us the probability that it is identified as

type i, whereas with Q/, however we know the particle is identified as i, and O, gives the

probability that it is truly of type ¢. So,
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O =5 (3.4)

and one can write
y Or O) 0,0
0=¢0f of of o s
&) o 0] 0%
The P and Q matrices are related through Bayes’ theorem:

[ Pti >1:t
O, = m (3.6)

in which f, is the relative flux of the hadron type /

- Nt — 2 i
f,—ﬁ, Nz—atNt (3.7)

It is important to note that the Q matrix depends on the event sample used, so in fact it

depends on the type of physics analysis. Its elements depend on the particle flux, which is obviously

different for various analyses. Generation of O matrices makes things rather complicated and

increases the amount of overhead needed for an analysis. The P matrix, in turn, is a pure detector

quantity and independent of other factors. So naturally, this is the quantity made available to the

collaboration by the RICH group. This choice, albeit very logical, does make things a bit more

complicated. Following the definition of the Q matrix, it directly gives us a vector with the true

particle probabilities N , starting from the identified particle type 7,

N=0x 3.3)

where
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ooy L Gt
N=eVee 562 (39)
N = -
8 o glNﬂ
For the P matrix this relation is:
[ =PxN (3.10)

In order to obtain the true particle types N one has to unfold them from the identified
particle type in /. In this case this technically implies inversion of the P matrix.

It is analytically not possible to invert a 3x4 matrix in a closed algorithm, and one would
have to resort to minimization or iteration procedures [37]. However, since the fraction of
unidentified X-particles is small [36], one can neglect them and use what is called the truncated P
matrix:

PR
P (pT)= RS PE P
& BB

3.11)

which is a non-singular, square matrix. Therefore it has a unique inverse which enables one to solve

the equation 3.10:

6
N=pP' 5 e =l s

L trunc trunc » Where — rune g (3.12)
&, 5

So we can determine e.g. the real K flux by interpreting N, as a weight. If we have a particle which

is identified as a pion:

0

—

—Cn~
Itrunc - O_ (313)
05
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Then we would also have to count (P

trunc

)% in the true kaon spectrum since there was a

P-l

trunc

small probability that the pion was in fact a kaon. Note that the elements in are not

probabilities due to the fact that the matrix was truncated. However, they do provide the correct true
hadron fluxes because the so-called X-particles are cut out in the analysis anyway.

In this work, event by event correction for the unfolding effect has been performed. In order
to determine the statistical weight to apply to each event, the ratio between the true momentum
spectra of given hadron type, to the input one has been used, whereas the former has been obtained
using the unfold2a.f code provided by the RICH group [36]. The input histograms contained data
already within all the cuts relevant to the analysis. The effect of the unfolding procedure has been
studied both on the separate multiplicities on all nuclear targets, as well as on the super-ratio
(attenuation) of the multiplicities, as a function of hadron momentum and z. Figures 3.3, 3.4 and
3.5 show the distributions of the multiplicities with and without the unfolding procedure on the
Krypton target and for positive pions, kaons, and protons. More plots containing distributions for all

nuclear targets and all hadrons observed in the analysis can be found in Appendix A.
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Figure 3.3: Distributions of the multiplicities with and without the unfoldin, versus the hadron

momentum (left panel) and z (right panel) for positive pions.
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Figure 3.4: Distributions of the multiplicities with and without the unfoldin, versus the hadron

momentum (left panel) and z (right panel) for positive kaons.
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Figure 3.5: Distributions of the multiplicities with and without the unfoldin, versus the hadron

momentum (left panel) and z (right panel) for protons.

In order to estimate the systematic uncertainties due to the applied RICH unfolding

procedure, two sets of P matrixes were produced with different RICH MC production (versions 2a

and 3a). Then the systematic uncertainty was estimated according to the following expression [38]:

sys

— ‘RZa - R3a

NE

(3.14)

Also different topology of event was taken into account, because of the efficiency of RICH

identification strongly depends on the number of charged tracks per half of the detector. Each event

was marked by special sign corresponding to this maximum number of tracks per half of detector.

Then different type of P matrixes was used to make the unfolding procedure following the scheme

described above. The typical distributions of tracks per event for the negatively charged detected

pions, kaons and protons on deuterium target for top and bottom part of the HERMES detector is

shown on Figure 3.6 for two lowest momentum ranges, where the efficiency of identification for the

RICH is minimal.
Counts Counts
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Figure 3.6: Track multiplicities for pions, kaons and protons for two lowest momentum ranges,

where RICH efficiency is low.

3.1.4 Corrections for Radiative and Detector Effects

The radiative correction (RC) needs to account for three different processes in which a
photon is radiated. The elastic scattering of the positron on the nucleus as a whole, the quasi elastic
interaction of the positron with one of the nucleons inside the nucleus, and the inelastic scattering of
the positron on a single quark. These contributions are calculated using the TERAD code, a code
based on the method outlined in Ref. [39-40-41]. Since TERAD is a code developed for inclusive
DIS, it does not account for the z dependence of the radiative corrections. Due to the requirement
that a produced hadron is also detected the phase space of the radiated photon can be slightly
different from that in the inclusive case and may thus depend on z . To account for this effect, an
additional multiplicative correction is calculated using the SIRAD code [42], which was specifically
developed for the evaluation of radiative corrections in semi-inclusive deep inelastic scattering on
hydrogen. This code properly treats the z dependence of the radiative correction. Detailed

description of the RC procedure can be found in Ref [43-44].
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The presented data for the multiplicity ratios were corrected for radiative processes in the
manner described in references above. The radiative corrections are applied to both the inclusive
DIS ratio and the semi-inclusive ratio in Eqn. (1.22). For the inclusive cross sections elastic, quasi-
elastic and inelastic processes are taken into account, whereas for the semi-inclusive ratio only
inelastic radiative processes contribute. The correction for the latter ratio was taken to be
independent of Z . Since the inelastic radiative effects are almost the same for nucleus A and D, the

size of the radiative corrections applied to R, was rather small in most of the kinematic range.

Only in kinematical points where the elastic and quasi-elastic tails are non-negligible, i.e., at the

2
highest value of I and lowest value of Q (low )CBj ), there is a noticeable effect on nuclear

attenuation, with a maximum (increase) of R, of about 7% for Xenon and Krypton, 4.5% for Neon

and 1% for Helium.

In addition, the DIS cross section has to be corrected for the inefficiency caused by the
photon shower effect, which is a detector inefficiency caused by the radiated photons. In inelastic
processes such photons are mostly emitted in the direction of either the beam lepton (initial state
radiation, ISR) or the scattered lepton (final state radiation, FSR). On the other hand hard photons
associated with nuclear elastic scattering, i.e. Compton scattering, are emitted typically at very
small angles. The Bethe-Heitler cross section for radiative elastic processes predicts that in

kinematic conditions corresponding to quite small values of x, the Compton peak becomes much

more prominent compared to ISR and FSR, simply because smaller values of Q° become

kinematically available, and the cross section is proportional to a factor 1/Q* . At low x and O’
the Compton photons are emitted at very small angles, and these energetic photons from nuclear
targets have a high probability of hitting the detector frames surrounding the beam line in front of
the spectrometer magnet, and may produce extensive electromagnetic showers. In such a case the
high multiplicity seen by the tracking detectors makes it impossible to perform track reconstruction.
This will result in a large inefficiency in particular in the kinematic region where these photons are
emitted, i.e. corresponding to small values of and x and Q°. Corrections for these process-specific

inefficiencies must be applied, since they increase in severity as the of nuclear targets increases. A
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GEANT-based Monte Carlo was set up that includes a detailed geometry description of the detector

frames and the beam pipe. The resulting reconstruction efficiencies X, for target nucleus A

compared to that for deuterium are shown in Fig. 3.7 as a function of x for the different targets.
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Figure 3.7: Ratio of track reconstruction efficiencies in H, He, N and Kr with respect to that in

deuterium as a function of x .

The reconstruction losses are strongly dependent on target material and on , and consequently on x
and Q°. {Note that these reconstruction efficiencies, which have been determined from a Monte
Carlo simulation, include not only the tracking efficiency but also geometric acceptance effects.

As for the semi-inclusive analysis, the photon shower corrections are also quite small,
reaching a maximum of 7% in the highest n -bin (which corresponds to the lowest x value). The
photon shower correction for each n -bin of the present analysis has been calculated separately for

the 1999 Krypton and Deuteron data [44] and is shown in Fig. 3.8.
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Figure 3.8: Ratio of efficiencies for the detection of DIS events on krypton and deuterium in the n

range covered by the semi-inclusive analysis.

Since present analysis uses more data samples from more recent data collected in 2000,
2004 and 2005 years of data taking, the application of the same correction described above (which
was applied to the 1999 data) had to be studied with regard to the new data. Therefore, a special
MDST has been set up for both 1999 and 2004 data, which involved geometrically reproducing the
detector with either Top or the Bottom part forcefully blanked out in order to observe events that
only went to either half of the spectrometer. The data for this production has then been compared
with a normal production that has both halves of the spectrometer enabled. The results of such
comparison are presented in Fig. 3.9. The data is presented in terms of the AIl/TOP/BOT ratios as
functions of x. The ratios are built as follows: for each case, let's say All/TOP, the nominator
contains the DIS events from normal production selected — by series of cuts - in a way that only the
ones that went into the upper half of the detector are involved, and the denominator has the DIS
events from the special production where only the upper half of the detector was on, meaning that

bottom part was blanked out. And naturally, the All/BOT is built in a similar way but vice versa.
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Figure 3.9: Comparison of the Top/Bottom ratios for data from 1999 and 2004 Krypton

production as a function of x

From these first results we can already see no dramatic difference between the 1999 and
2004 (except for the extreme low x bins, but they are not used in the attenuation analysis). In
addition to that, a special Monte-Carlo production for 2004 results has been performed with
artificially introduced misalignment in the geometry file to match the conditions in the data
production. The result of this MC production has also been compared with the data, which is
demonstrated on Fig. 3.10. One can note very nice agreement between both the MC and data for
Krypton and Xenon and throughout the 1999 and 2004 data production. This allows us to safely
apply the shower correction of 1999 Krypton data to the latest 2004 and 2005 Krypton and Xenon

data.
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Figure 3.10: Comparison of the 2004 MC and 2004,1999 data for the showering effect as a

function of x.

3.1.5 Corrections due to exclusive r ; production

The semi-inclusive pions sample used in present analysis could be contaminated by another
pions coming from the decay of exclusive r, meson. Because of different mechanism of
production for those pions it is very important to estimate possible influence of such pions on
measured multiplicity ratio. To perform such estimate the Monte Carlo studies were done, using one
of the existing generators for exclusive r , production, which is rhoMC [45]. The advantage of this
generator is the incorporated parameter, such as the slopes value in differential cross-section as a

function of ¢ Mandelstam for different nuclear targets. The forward diffractive peak of the cross

section as a function of ¢” was modeled according to:
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AN || gt
dt

where b represents the values of the slope parameters listed in Table 3.3.
Also the experimental information existing at HERMES collaboration about the relation

between the coherent and incoherent parts of the cross section on different nuclei was used.

Nuclear targets Deutron Neon Krypton Xenon

Slope values Ge)/ > 24.4 50 148 201

Table 3.3 Typical slope values use for the MC simulation

The scheme to calculate this correction factor is based on our knowledge on experimental

determined number of coherent r, on different nuclear target and acceptance function, which
reflects the ratio of two and only one pion from the exclusive r, detected by HERMES

spectrometer. This ratio was calculated using the 72oMC generator. The following formulae clearly

explain the approach:

ENSDIS _ Nt l]A é (Nr)A 0
ao_——To, al- ——pd o
RO = & Ny H _ NZZ;IS(N,;S‘IDIS)A & (N,;S]DIS)A H _
ENSIDIS _ N uD Ngls N,f]D]S)D (;f‘ ) (NP l;l
e a e1 (NSID[S)D u
& Ny U € P u
e _(v)'u
(_-;'1 (NSIDIS AU
=R & o Uop(y (3.15)
& (N)H”u
el - —shs U
é (NpSID[S)DO
where N, = N, + N, =N, (1 +ﬂp—) . Whereas only the value of C(z) = ﬁp—(z) is obtained from
P 2p 1p 2p r r
2p 2p

rhoMC. The remaining values come from the experimental data, and are used in the calculation.

Data selection to extract the exclusive r, meson from the data has been done according to the

following criteria:

Fiducial volume cuts
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Trigger 21 required
|glTrack.rVertZ| < 18cm, glTrack.rVertD < 0.75cm

lg,| < 0.18, 0.04 < g, < 0.14

Q> > 1, W > 4, y <0.85

DE < 0.6
0.6 < ?2 ,. <1 Gev
PP

Figure 3.11 shows a typical plot for the invariant mass of the two opposite charged pions with a

prominent peak corresponding to I ,-meson.
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Figure 3.11: The invariant mass of p'p~ from the Xenon data with DE < 0.6.

The comparison of results for the fraction of energy carried by one of the pions from the r ;-meson

decay is shown in Figure 3.12. On the next plot (Fig. 3.13) one can see the ratio of events with only

one and with two detected pions from the r  j-meson decay for Deuteron, Krypton and Xenon

targets. This ratio is obtained from the r20MC simulation.
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Figure 3.12: The comparison of z,. distribution from rhoMC (histogramm) with the data (circles).
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Figure 3.14: The attenuation ratio for semi-inclusive pions and exclusive I j-mesons as a function
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The multiplicity ratios for the exclusive r ,-mesons as functions of n and z for Krypton and

Xenon nuclear targets have been calculated and are shown in Figure 3.14. Figure 3.15 presents the

calculated correction factor for the multiplicity ratio due to exclusive r , production as a function of
z, » and finally Figure 3.16 shows the same correction factor, but calculated for the number of semi-

inclusive pions for Deutron, Krypton and Xenon nuclear targets.
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Figure 3.15: The calculated correction due to exclusive 1 ,-meson production to the attenuation
ratio for Krypton (top panlel) and Xenon (bottom panel), as a function of z.
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Figure 3.16: The calculated correction due to exclusive 1 ,-meson production to the number of

semi-inclusive pions for Deutron (top panel), Krypton (middle panlel) and Xenon (bottom panel), as
a function of z.

The scheme described in this section has a substantial advantage. Since the only quantity for

. . . . . . . N|
which Monte-Carlo simulation is necessary is the two-pion to one-pion ratio C(z) =—12(z), the
2p

calculation depends very little on the MC generator used. The shape and level of such correction
factor calculated using the PYTHIA generator [46], is very similar to those obtained in this work.
As it is shown from the last plots, this correction for the multiplicities reaches a maximum of 25-

35% at higher values of z ~ 0.8-0.9.
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Chapter 4. Results

4.1 One-dimensional results

The first results for the hadron multiplicity ratios were obtained for the Nitrogen target,
using the data from the 1997 production [8]. The differential multiplicity of charged hadrons and
identified charged pions from nitrogen relative to that from deuterium have been measured as a

function of N and z. Already then, substantial reduction of the multiplicity ratio R, has been
observed at low N and high z. Also, significant difference of the N -dependence of g” was found

between the positive and negative hadrons. This is interpreted in terms of different formation times
of protons and pions. Figures 4.1 and 4.2 show the z- and N -dependence of the multiplicity ratio
for hadrons and pions. One has to note that in 1997 year of data taking, the RICH detector was not

yet in operation, and a threshold Cerenkov counter was used to distinguish hadrons with energies of

over 1.4 GeV from leptons.
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M I L i
........... g
2y
I “y
0.9 |
[ /
0.8
1 1 . I ' I I I I | I | | I
0 0.2 0.4 0.6 —

Figure 4.1: The multiplicity ratio as a function of z for all charged pions (open circles) and

Z

all charged hadrons including pions (closed squares).
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Figure 4.2: The multiplicity ratio as a function of N for charged pions with z>(0.5.

Next set of results have been obtained using a heavier nuclear target, Krypton for various
: : : : 2 .
identified hadrons [3,47]. r" have been determined as a function of N, z and P, . Once again,

strong reduction of the multiplicity ratio in the nuclear medium at low N and high z is observed,

with significant differences among various hadrons. The distribution of the hadron transverse

. : 2. . . .
momentum is broadened towards high P, in the nuclear medium, in a manner resembling the

Cronin effect previously observed in collisions of heavy ions and protons with nuclei. The results

are shown in Figures 4.3 and 4.4
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Figure 4.3: Multiplicity ratios for identified pions, kaons protons and antiprotons from a

Krypton target as a function of N for z>0.2 and z for N >7Gev.
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Figure 4.4: Multiplicity ratio for charged hadrons versus p,2 forn >7 GeV and z>0.2. The

HERMES data on Krypton and Nitrogen are compared to the EMC [5] data for Cuprum in the

range of 10 <n <80 GeV

Following those results more studies were undertaken, and while HERMES has accumulated
substantial statistics on heavier nuclear targets, the analysis could be expanded to re-include all of
the data sets and also, using the particle identification mechanisms, present the results for different

types of hadrons. The hadron multiplicity ratio as defined in Eq. 1.22 was determined as function of

2 2
the leptonic (Q and N ) and hadronic (Z and P, ) variables for all identified particles and all
2
targets. Figures 4.5, 4.6, 4.7 and 4.8 show the kinematic dependences of R, on n, z, Q and

2
P, for the different nuclei for all identified hadrons: positive (pions, kaons and protons), negative
(pions, kaons and anti-protons), and neutral (pions), respectively. The basic feature of the data

(visible for all variables) is the decrease of R, with increasing value of the mass number of the
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nucleus. Furthermore, a strong similarity between the data forp+, P and p°, and a clear

difference between those for K and K, and those for P and ]3 should be noted. These
features can qualitatively be understood from the following global arguments. Since we use

(almost) isoscalar targets, both the production and the absorption of pions is in first instance

independent of their charge. A slightly larger attenuation of P compared to P " observed even

for Neon, especially at low 1 and Z (i.e. low momenta) can be explained by different absorption
of lower energy P " and p .

h - . ) .
The values of R, for K "and K~ show the same behavior as function of the various

+

- K
variables, but R[[: is consistently smaller than R 4 - Positive kaons are largely produced from

valence quarks, while negative kaons (except at small values of x) are produced mainly from gluons

(the production rate on Deuteron is already rather different). This leads to a steeper dependence of

the K~ fragmentation function on Z , and thus 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. Hence both the energy-loss/fragmentation process and absorption of the

. h .
produced kaon can explain the observed values for R, . Protons have some special features that

make them not directly comparable to any of the other particles. Because they are already present in

a nucleus, first of all not all of them have to come from hadronization (there is a very large

difference in production of P and P on D). Furthermore, during subsequent interactions in the
nuclear volume they generally are not absorbed, but by scattering give rise to more nucleons, both

protons and neutrons, at lower Z , therefore possibly even increasing R.

2
In the next subsections the dependence of R on the kinematical variables n, z, Q and
2
P; will be discuss?d separately. Tables 4.1, 4.2, 43 and 4.4 give, for Krypton, typical

. h _r . .
representative example of values of R, and the statistical and systematical uncertainties, as well as
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the average values of the kinematic quantities that were integrated over. Those average values

hardly depend on the target at all.

bin v range (1) /GeV Q%)) GeV? (2) (p3)/GeV? R Astat Acys
1 20-6.0 5.266 1.988 0.584 0.255 0.675 0.011 0.021
2 6.0-8.0 7.148 2.150 0.501 0.170 0.676 0.006 0.025
3 8.0-10.0 9.093 2.324 0.448 0.144 0711 0.005 0.027
4 10.0-12.0 11.029 2.494 0.422 0.151 0.735 0.005 0.028
5 12.0-14.0 13.009 2,660 0.408 0.173 0.755 0.005 0.028
6 14.0-16.0 14.987 2.770 0.395 0.202 0.782 0.005 0.027
7 16.0-18.0 16.981 2.738 0.372 0.235 0.795 0.005 0.025
8 18.0-20.0 18.963 2,610 0.353 0.279 0.829 0.007 0.025
9 20.0-235 21535 2.286 0.328 0.334 0.854 0.008 0.025
R,
1 40-6.0 5272 1.969 0.581 0.231 0.642 0.013 0.026
2 6.0-8.0 7.156 2.096 0.500 0.156 0.679 0.007 0.035
3 8.0-10.0 9.090 2.287 0.448 0.138 0.699 0.006 0.037
4 10.0-12.0 11.032 2.429 0.420 0.143 0.729 0.005 0.038
5 12.0-14.0 13.009 2.583 0.404 0.168 0.762 0.005 0.039
6 14.0- 16.0 14.996 2.633 0.387 0.196 0.783 0.006 0.036
7 16.0-18.0 16.978 2,670 0.368 0.233 0.804 0.006 0.031
8 18.0-20.0 18.966 2,573 0.345 0.271 0.814 0.007 0.028
9 20.0-235 21.547 2.245 0.323 0.333 0.845 0.008 0.028
Ri,
1 40-6.0 5.278 1.951 0.582 0.327 0.856 0.031 0.025
2 6.0-8.0 7.145 2.135 0.502 0.232 0.852 0.018 0.025
3 8.0-10.0 9.097 2.343 0.444 0.192 0.836 0.013 0.024
4 10.0-12.0 11.02 2,559 0.408 0.178 0.865 0.011 0.025
5 12.0- 14.0 13.000 2.735 0.392 0.195 0.883 0.011 0.025
6 14.0- 16.0 14.973 2.826 0.388 0.225 0.886 0.012 0.025
7 16.0- 18.0 16.980 2.838 0.375 0.264 0.908 0.014 0.026
8 18.0-20.0 18.953 2.683 0.365 0.314 0.912 0.017 0.026
9 20.0-23.5 21.528 2.370 0.347 0.382 0.937 0.019 0.027
RE,
1 40-6.0 5.333 1.898 0.535 0.279 0.694 0.054 0.020
2 6.0-8.0 7.164 2.084 0.446 0.185 0.651 0.026 0.018
3 8.0-10.0 9.113 2.293 0.385 0.159 0.691 0.019 0.020
4 10.0-12.0 11.047 2.454 0.356 0.154 0.748 0.017 0.021
5 12.0-14.0 12.996 2.529 0.344 0.165 0.772 0.016 0.022
6 14.0- 16.0 14.988 2,652 0.345 0.195 0.773 0.017 0.022
7 16.0-18.0 16.961 2.668 0.348 0.233 0.810 0.020 0.023
8 18.0-20.0 18.959 2,535 0.338 0.281 0.815 0.023 0.023
9 20.0-23.5 21.555 2.204 0.326 0.347 0.873 0.025 0.025
Ry,
1 20-60 5101 2.031 0.569 0.236 0806 0.018 0.025
2 6.0-8.0 7.073 2.183 0.470 0.162 0.863 0.014 0.026
3 8.0-10.0 9.044 2.365 0.434 0.152 0.909 0.013 0.026
4 10.0 - 12.0 11.025 2558 0.416 0171 0.941 0.013 0.027
5 12.0 - 14.0 13.013 2.712 0.407 0.197 0.988 0.013 0.029
6 14.0-16.0 14.986 2.828 0.392 0.235 1.020 0.014 0.032
7 16.0-18.0 16.981 2.804 0.381 0.281 1.075 0.017 0.035
8 18.0-20.0 18.961 2.684 0.365 0.335 1.109 0.022 0.037
9 20.0-235 21.541 2.329 0.341 0.400 1.123 0.025 0.036
RY.
1 40-6.0 5.266 2112 0.520 0.235 0.550 0.065 0.016
2 6.0-8.0 7.153 1.983 0.416 0.169 0.503 0.036 0.015
3 8.0-10.0 9.082 2.143 0.377 0.146 0.548 0.029 0.017
4 10.0- 12.0 11.061 2.305 0.365 0.157 0.583 0.026 0.021
5 12.0 - 14.0 13.041 2,513 0.369 0.183 0.595 0.024 0.020
6 14.0- 16.0 15.016 2.686 0.363 0.208 0.626 0.024 0.021
7 16.0-18.0 16.965 2.668 0.363 0.249 0.658 0.027 0.020
8 18.0- 20.0 18.985 2.538 0.359 0.304 0.722 0.033 0.020
9 20.0-235 21.625 2.253 0.334 0.366 0.794 0.038 0.023

Table 4.1: Values of R(n) of identified hadrons for Krypton, together with its statistical and

systematic uncertainties, and the average values ofn, Q°, Z and p;.
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bin * range (2) ) /CeV (Q%/CeV? (o) /CeV? RE. Astat Ay

1 0.0-0.1 0.095 22.228 2.141 0.062 0.945 0.033 0.029
2 0.1-0.2 0.155 18.317 2.593 0.104 0.879 0.004 0.031
3 02-0.3 0.247 15.892 2.781 0.163 0.816 0.003 0.030
4 03-04 0.345 14.762 2.815 0.217 0.782 0.004 0.027
5 04-0.5 0.446 14.305 2.784 0.260 0.759 0.005 0.024
6 0.5-0.6 0.546 13.982 2.749 0.287 0.739 0.006 0.022
7 0.6-0.7 0.646 13.685 2.664 0.296 0.722 0.007 0.022
8 0.7-0.8 0.746 12.827 2.572 0.260 0.676 0.009 0.022
9 0.8-0.9 0.845 11.838 2.420 0.210 0.627 0.010 0.030
10 09-1.2 0.952 10.712 2.443 0.170 0.544 0.012 0.023
RE,
1 0.0-0.1 0.095 22.215 2.140 0.060 0.899 0.032 0.029
2 0.1-0.2 0.155 18.404 2.569 0.103 0.863 0.004 0.042
3 02-0.3 0.246 16.028 2.710 0.166 0.805 0.004 0.041
4 03-04 0.345 14.837 2,742 0.221 0.774 0.004 0.034
5 04-05 0.445 14.329 2.733 0.260 0.745 0.006 0.027
6 0.5-0.6 0.546 13.939 2.658 0.280 0.743 0.007 0.026
7 0.6-0.7 0.646 13.575 2.562 0.273 0.727 0.009 0.026
8 0.7-0.8 0.746 12.820 2.420 0.228 0.700 0.010 0.032
9 0.8-0.9 0.845 11.844 2.282 0.169 0.684 0.012 0.054
10 09-1.2 0.953 10.781 2.268 0.137 0.579 0.014 0.037
RE,
1 0.0-0.1 0.096 22.539 1.994 0.055 0.998 0.125 0.029
2 01-0.2 0.157 18.535 2.514 0.123 1.056 0.011 0.032
3 0.2-0.3 0.247 15.456 2.735 0.184 0.986 0.010 0.029
4 03-04 0.346 14.335 2.818 0.236 0.906 0.010 0.026
5 04-0.5 0.446 13.974 2.857 0.276 0.848 0.011 0.024
6 0.5-0.6 0.546 13.812 2.851 0.310 0.822 0.013 0.023
7 0.6-0.7 0.645 13.675 2.904 0.344 0.787 0.016 0.022
8 0.7-0.8 0.745 12.826 2.799 0.332 0.761 0.019 0.022
9 0.8-0.9 0.844 11.963 2.752 0.286 0.688 0.024 0.019
10 09-1.2 0.948 11.165 2.634 0.234 0.645 0.034 0.018
RE,
1 00-0.1 0.09 22.628 1.913 0.056 0.907 0.142 0.027
2 0.1-0.2 0.156 18.646 2.493 0.115 0.883 0.012 0.025
3 02-0.3 0.245 15.704 2.686 0.174 0.823 0.011 0.024
4 03-04 0.344 14.717 2.720 0.227 0.783 0.013 0.022
5 04-05 0.444 14.398 2.633 0.265 0.760 0.017 0.022
6 0.5-0.6 0.544 14.244 2.548 0.298 0.709 0.020 0.020
7 0.6-0.7 0.643 14.538 2.572 0.330 0.673 0.029 0.020
8 0.7-0.8 0.740 13.826 2.501 0.332 0.637 0.042 0.018
9 0.8-0.9 0.841 13.309 2.512 0.226 0.632 0.070 0.020
10 09-1.2 0.949 12.886 2.381 0.140 0.670 0.146 0.034
R,
1 0.0-0.1 - - - - - - -
2 0.1-0.2 0.186 19.855 2.186 0.114 1.045 0.034 0.032
3 02-0.3 0.254 15.919 2.566 0.173 1.138 0.012 0.033
4 03-04 0.347 13.842 2.830 0.219 1.034 0.010 0.029
5 04-05 0.445 13.513 2.949 0.273 0.943 0.011 0.027
6 05-0.6 0.544 13.425 2,982 0.317 0.872 0.014 0.025
7 0.6-0.7 0.643 13.117 2.940 0.336 0.788 0.018 0.023
8 0.7-0.8 0.743 12.013 2.881 0.338 0.728 0.025 0.021
9 0.8-0.9 0.843 11.143 2.826 0.340 0.689 0.038 0.020
10 09-1.2 0.958 9.962 2.859 0.333 0.600 0.052 0.017
AR,
1 0.0-0.1 - - - - - - -
2 0.1-0.2 0.186 20.089 2.172 0.132 0.595 0.043 0.025
3 02-03 0.251 16.560 2.539 0.179 0.666 0.016 0.023
4 03-04 0.345 15.238 2.696 0.246 0.667 0.019 0.022
5 04-05 0.445 15.725 2.751 0.309 0.649 0.026 0.020
6 0.5-0.6 0.543 15.798 2.640 0.347 0.600 0.034 0.017
7 0.6-0.7 0.641 15.164 2.534 0.354 0.569 0.048 0.016
8 0.7-0.8 0.738 14.125 2.749 0.406 0.472 0.066 0.013
9 0.8-0.9 0.847 13.258 3.050 0.318 0.297 0.074 0.009
10 09-1.2 0.967 11.280 3.149 0.991 0.201 0.073 0.009

Table 4.2: Values of R(z) ) of identified hadrons for Krypton, together with its statistical and

systematic uncertainties, and the average values ofn, Q°, Z and p;.
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bin Q* range/Gel? (Q?%) ) GeV? (p2)/GeV? (v)/GeV (2) RY. Astat A

1 1.0-15 1.233 0.218 14.750 0.399 0.748 0.004 0.025
2 1.5-2.0 1.732 0214 14.598 0.397 0.757 0.004 0.026
3 2.0-3.0 2.436 0.215 14.810 0.392 0.771 0.004 0.026
4 3.0-40 3.444 0.216 15.029 0.386 0.802 0.006 0.027
5 4.0-50 4.448 0.214 15.068 0.384 0.806 0.008 0.028
6 5.0-6.0 5.453 0.209 15.004 0.384 0.814 0.010 0.028
7 6.0-8.0 6.801 0.204 14.815 0.384 0.813 0.011 0.028
8 8.0 -25. 9.448 0.192 14.640 0.393 0.791 0.017 0.028
RE,
1 1.0-15 1.231 0.215 14.837 0.399 0.741 0.004 0.032
2 15-20 1.729 0.209 14.705 0.393 0.762 0.005 0.034
3 2.0-3.0 2.432 0.211 14.959 0.384 0.771 0.005 0.035
4 3.0-40 3.440 0.210 15.105 0.377 0.798 0.007 0.036
5 40-50 4.446 0.208 15.142 0.374 0.802 0.009 0.036
6 50-6.0 5.449 0.207 15.150 0.375 0.817 0.012 0.037
7 6.0-8.0 6.798 0.201 14.825 0.374 0.824 0.013 0.038
8 8.0-25. 9.436 0.193 14.503 0.375 0.841 0.022 0.039
RE,
1 1.0-15 1.236 0.251 14.354 0.390 0.852 0.009 0.024
2 1.5-2.0 1.733 0.242 14.152 0.397 0.876 0.011 0.025
3 2.0-3.0 2.439 0.244 14.492 0.396 0.899 0.010 0.025
4 3.0-4.0 3.449 0.237 14.744 0.396 0915 0.014 0.026
5 4.0-50 4.458 0.234 14.854 0.398 0.947 0.019 0.027
6 50-6.0 5.449 0.226 14.940 0.394 0.922 0.024 0.026
7 6.0-8.0 6.779 0.230 14.627 0.400 0.878 0.025 0.025
8 8.0-25. 9.483 0.197 14.531 0.411 0.803 0.036 0.023
R,
1 1.0-15 1.233 0.226 14.998 0.354 0.762 0.013 0.022
2 1.5-20 1.732 0.222 14916 0.353 0.777 0.016 0.022
3 2.0-3.0 2.435 0.217 15.156 0.351 0.791 0.015 0.022
4 3.0-4.0 3.445 0.211 15.219 0.345 0.774 0.020 0.022
) 4.0-5.0 4.450 0213 15.286 0.338 0.807 0.029 0.023
6 50-6.0 5.445 0.207 15.120 0.339 0.809 0.038 0.023
7 6.0-8.0 6.772 0.202 14.821 0.339 0.756 0.040 0.021
8 8.0-25. 9.309 0.186 14.318 0.340 0.898 0.074 0.026
RY.
1 1.0-15 1.237 0.245 14.055 0.390 0.975 0.011 0.028
2 15-20 1.734 0.239 13.946 0.397 1.008 0.013 0.029
3 2.0-3.0 2.443 0.239 14.139 0.401 1.005 0.012 0.029
4 3.0-40 3.446 0.233 14.490 0.402 1.030 0.016 0.030
5 40-50 4.452 0.237 14.590 0.410 0.988 0.021 0.029
6 5.0-6.0 5.450 0.241 14.636 0.416 1.009 0.028 0.030
7 6.0-8.0 6.786 0.242 14.652 0.422 0.957 0.028 0.028
8 8.0-25. 9.450 0.244 14.519 0.449 0916 0.043 0.027
Ry,
1 1.0-15 1.234 0.259 15.815 0.358 0.611 0.018 0.018
2 1.5-2.0 1.733 0.242 15.588 0.361 0.672 0.024 0.021
3 2.0-3.0 2.433 0.243 15.850 0.360 0.653 0.021 0.021
4 3.0-40 3.440 0.240 16.159 0.361 0.650 0.030 0.021
5 40-50 4.450 0.245 16.616 0.360 0.705 0.043 0.027
6 5.0-6.0 5.443 0.195 16.037 0.364 0.692 0.059 0.024
7 6.0-8.0 6.757 0.232 15.642 0.377 0.642 0.060 0.025
8 8.0-25. 9.294 0.278 15.336 0.428 0.662 0.112 0.020

Table 4.3: Values of R(Q*) of identified hadrons for Krypton, together with its statistical and

systematic uncertainties, and the average values ofn , Q°, Z and p;.
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bin pi range/Gel? (p%)/GeV? {v)/GeV (Q?)/GeV? (z) Ry, Astat Agys

1 0.00-0.05 0.023 13.049 2.694 0.388 0.73 0.004 0.02
2 0.05-0.10 0.073 14.106 2773 0.399 0.743 0.005 0.022
3 0.10-0.30 0.182 15.212 2751 0.400 0.771 0.003 0.028
4 0.30-0.50 0.384 16.061 2.779 0.419 0.796 0.006 0.024
5 0.50-0.70 0.585 16.575 2.802 0.455 0.833 0.010 0.025
6 0.70-0.90 0.787 16.755 2.800 0.489 0.877 0.016 0.026
7 0.90-1.10 0.987 17.155 2.766 0.522 0.895 0.024 0.026
8 1.10-1.40 1.226 17.381 2.836 0.544 0918 0.031 0.027
9 140-1.95 1.606 17.664 2813 0.569 1.094 0.050 0.031
10 1.95-5.00 2.410 18.389 2784 0.596 1.240 0.104 0.036
R
1 0.00-0.05 0.023 13.071 2.647 0.388 0.727 0.004 0.021
2 0.05-0.10 0.073 14.110 2.691 0.398 0.763 0.005 0.025
3 0.10-0.30 0.182 15.358 2.687 0.392 0.765 0.004 0.036
4 0.30-0.50 0.383 16.312 2.694 0.401 0.796 0.007 0.026
5 0.50-0.70 0.585 16.791 2707 0.428 0.835 0.011 0.027
6 0.70-0.90 0.786 17.118 2.692 0.460 0.871 0.018 0.027
7 090-1.10 0.987 17.285 2.719 0.488 0.886 0.027 0.027
8 1.10-1.40 1.224 17.585 2.697 0.520 0.978 0.038 0.029
9 1.40-1.95 1.607 17.948 2.646 0.536 1.072 0.056 0.032
10 1.95-5.00 2.428 18.616 2.708 0.591 1.160 0.111 0.034
RE,
1 0.00-0.05 0.022 13.083 2.804 0.379 0.833 0.009 0.024
2 0.05-0.10 0.073 14.005 2.864 0.395 0.834 0.012 0.024
3 0.10-0.30 0.186 14.635 2762 0.403 0.887 0.008 0.025
4 0.30 - 0.50 0.385 15.137 2.768 0.427 0.932 0.013 0.027
5 0.50-0.70 0.586 15.642 2.891 0.467 0.938 0.020 0.028
6 0.70-0.90 0.787 16.075 2.876 0.500 0.942 0.031 0.030
7 0.90-1.10 0.988 16.517 2.890 0.525 1.029 0.047 0.029
8 1.10-1.40 1.225 17.000 2774 0.554 1.050 0.057 0.032
9 140-1.95 1.602 17.177 2.837 0.571 1.231 0.090 0.035
10 1.95-5.00 2.405 18.269 2.730 0.583 1.407 0.188 0.041
RE,
1 0.00 - 0.05 0.023 13.461 2.673 0.343 0.728 0.013 0.021
2 0.05-0.10 0.073 14.509 2.653 0.352 0.762 0.017 0.022
3 0.10-0.30 0.186 15.318 2.620 0.349 0.795 0.012 0.023
4 0.30-0.50 0.384 16.044 2.681 0.367 0.800 0.019 0.023
5 0.50-0.70 0.582 16.860 2.685 0.405 0.811 0.031 0.023
6 0.70-0.90 0.787 17.318 2.588 0.433 0.855 0.049 0.024
7 090-1.10 0.984 17.930 2.609 0.471 0.924 0.079 0.026
8 1.10-1.40 1.229 17.769 2.830 0.478 0913 0.096 0.030
9 140-1.95 1.614 18.350 2.489 0.506 0.878 0.132 0.027
10 1.95-5.00 2.373 19.163 1997 0.568 1.115 0.285 0.078
Ry,
1 0.00-0.05 0.023 12.334 2.667 0.387 0.93 0.010 0.027
2 0.05-0.10 0.073 13.188 2.852 0.405 0.955 0.013 0.028
3 0.10-0.30 0.183 14.456 2.870 0.420 0.953 0.009 0.028
4 0.30-0.50 0.386 15.685 2.837 0.440 1.052 0.016 0.032
5 0.50-0.70 0.587 16.312 2.822 0.466 1.183 0.028 0.039
6 0.70-0.90 0.789 16.444 2910 0.488 1.273 0.044 0.045
7 090-1.10 0.986 16.716 2.826 0.508 1.385 0.070 0.055
8 1.10-1.40 1.223 16.694 2.823 0.525 1.511 0.096 0.048
9 140-1.95 1.622 16.858 2.950 0.559 1.868 0.165 0.074
10 1.95-5.00 2.423 17.611 2.874 0.585 2.250 0.338 0.076
RE,
1 0.00-0.05 0.023 13.845 2.695 0.353 0.593 0.020 0.018
2 0.05-0.10 0.073 14.890 2.693 0.361 0.609 0.024 0.019
3 0.10-0.30 0.184 16.107 2.597 0.364 0.639 0.017 0.020
4 0.30 - 0.50 0.384 17.203 2.503 0.391 0.705 0.030 0.021
5 0.50-0.70 0.583 17.909 2.500 0414 0.749 0.051 0.022
6 0.70-0.90 0.790 17.665 2.535 0.441 0.815 0.082 0.024
7 0.90-1.10 0.988 18.411 2715 0.478 0.725 0.112 0.021
8 1.10-1.40 1.232 18.664 2.532 0.491 0.833 0.160 0.032
9 140-1.95 1.644 18.291 2.733 0.487 1.019 0.251 0.029
10 1.95-5.00 2.468 19.130 2971 0.542 1.416 0.572 0.082

Table 4.4: Values of R(p}) of identified hadrons for Krypton, together with its statistical and

systematic uncertainties, and the average values ofn, Q°, Z and p;.
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FIG. 4.5: Values of RZ for positively charged hadrons as a function of N, Z and Q for

helium, neon, krypton and xenon.

4.1.1 N - dependence

The first systematic experimental studies of the 1 dependence of attenuation were reported

in ref. [5], where the range 20 < N < 200 GeV) was investigated. It was shown that the nuclear
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attenuation vanished atll > 50 GeV. For that reason the HERMES data at much lower N are

expected to be most informative. The leftmost columns in Figs. 4.5, 4.6, 4.8 clearly show for all

particles a positive slope for the N -dependence of RZ , with the value of the slope (as well as the

attenuation) increasing with the mass number A of the nucleus, being very small for Helium and
sizeable for Xenon

In the absorption-type models this change of slope is explained as being due to an increase

in the formation length in the rest frame of the nucleus at higher M1 due to Lorentz dilatation,

resulting in a larger fraction of the hadronization taking place outside the nucleus. In case of the

energy-loss models the effective shift Dz that shifts the fragmentation function is proportional to

e/n , with € the quark energy loss.
The fact that for protons RZ increases with 1 to well above unity is largely due to a
change of <Z> with N . For example, the value of <Z> for the lowerst I -bin is about 0.57,

whereas for the highest I bin it is 0.35.
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FIG. 4.6: Values of RZ for negatively charged hadrons as a function of NV, Z and Q2 for

4.1.2 Z - dependence

helium, neon, krypton and xenon.

As can be seen from the second column in Figs. 4.5, 4.6, 4.8 for all particles RZ decreases

. h :
strongly with Z for Xenon and Krypton, much less for Neon, whereas R, seems to even increase

slightly for Helium. In the energy-loss type models this is due to the strong decrease of the
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fragmentation function atlarge Z in combination with the Dz resulting from the energy loss. In
absorption-type models the overall decrease of RZ with increasing Z is assumed to be due to a
decrease in the (pre-)hadron formation length in combination with (pre-)hadronic absorption.

For the heavier targets, Rﬁ rises strongly at low Z . In that region also the multiplicity,

which is unity down to about Z = 0.4, starts to rise. Presumably this is due to large re-scattering

effects in the larger nuclei, where particles of higher energy loose energy by generating (other)

. . . h .
lower energy particles. As in the case of the 11 dependence, the behavior of R for protons is
C 1. h .
special in that R, gets even above unity, now at small Z, presumably as a result of large re-

. . . h . . .
scattering on protons in the target. In evaluating the value of R, in detail, one has to take into
account that the average value of Il decreases considerably with Z , from about 20 GeV for the

lowest bin to about 10 GeV for the highest bin. This explains why even at the smallest Z the value

of Rz is still lower than for the highest value of N .
Apart from featuring rather small values of RZ (down to almost zero), the Z dependence

of Rﬁ for antiprotons has a peculiar shape, unlike the one for all other particles, in that it decreases
at low Z for Krypton and Xenon. It was checked that this behaviur is not due to some artefact of
the analysis, e.g., the particle identification. Perhaps it reflects the fact that at low Z (as well as for
high Z) the value of L. becomes small compared to the size of heavier nuclei in combination with

the large pN cross section. The fact that such a behavior is not visible for other particles might be

due to those particles being easily produced by re-scattering, especially at low £, whereas for

antiprotons that is highly unlikely.
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4.1.3 Q2 - dependence

2
As it is seen from the third column of Figs. 4.5, 4.6, 4.8, a small Q dependence is
observed for pions, but hardly for kaons and protons, which seems stronger at higher A. Two-

dimensional studies using charged pions (see the next subsection) have shown that while the

2
magnitude of the attenuation for pions for each nucleus depends on 1, Z or P, , the slope with

2 o 2
Q remains essentially the same for all bins. Hence, the fragmentation is not very sensitive to Q ,

2
which is important as it allows us to integrate over Q when studying other dependences.
2
In the twist-four energy-loss model of Ref. [2, 20] a Q -dependence of Rﬁ of the form:
R~aln Q2 , which is globally consistent with the data. The authors of Ref. [48] have also made
. 2 : 2 .
a prediction for the Q dependence. In their case the observed Q dependence is the result of two

2
largely canceling processes. This yields a rather small Q dependence, larger for Krypton than for

Neon, in global agreement with the data. When describing the attenuation purely as the result of

modification of the (effective) fragmentation function [17] due to energy loss, a slight increase of

2 2
Rﬁ with Q is predicted. In the deconfinement model [21] a slight decrease of RZ with Q is

predicted, which depends weakly on A.
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4.1.4 Pf - dependence

Figure 4.7 and the rightmost column of Figure 4.8 shows for the heavier nuclei a rise of RZ

2 2
at high P, , which is an indication of the P, broadening due to re-scattering. This effect was first

observed by EMC [5], and is also known from heavy ion collisions, where it is referred to as the

2
Cronin effect [49]. It is thought to reject P, broadening due to partonic re-scattering (see also

below when discussing the z-dependence of the effect for pions).
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2 2
Fig. 4.8: Values of RZ for neutral pions as a function of N | z, Q and P; for helium, neon,

krypton and xenon.
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4.2 Two-dimensional results

In order to be able to investigate the behavior of Ri’ in more detail, the data for p* and p~

production, which have the best statistics, and are the same within their error bars, have been

combined, so that a two-dimensional binning is possible, see Figures 4.9, 4.10,4.11. The bins were

used as follows: 6.0-12.0-17.0-23.5 for N, 0.2-0.4-0.7-1.2 for Z, and smaller or larger than 0.7

2
(GeV/c)2 for P, . Fig. 4.9 indicates that the positive slope with N is present for all Z , although its

2
value (as well that of RZ) depends slightly on £ . Within the uncertainties of the data the Q

dependence is the same for the different Z -bins, so the dependence on Z is not influenced when

. . 2 . h 2
Integrating over Q . Also the increase of R at large values of P, seems to start at about the

same value for all Z .

. . .. 2 h .
The data in the rightmost column indicate that the value of P, where R 4 starts to rise

2
strongly, is larger for larger 2. A Z -dependence of the P, dependence was predicted in Ref.

[23].
2
The (red) points for the highest z range show a peculiar behavior at small values of P, . This
is due to a relatively large contribution of pions coming from I ‘ decay in this part of phase space.

2
Also the (less obvious) rise of Ri’ at the lowest Q for this Z range is related to the

abovementioned.
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FIG. 4.9: Values of Rz for charged pions for all targets for three different Z ranges.

The second and third column of Fig. 4.10 indicate that apart from differences in the absolute value

2 2
of RZ , the dependence on Q and P, is about the same for all N, which as mentioned in the

previous section allows one to integrate over them without introducing spurious correlations.

However, the leftmost column shows some interesting features in that for Helium and Neon (and

perhaps for Krypton) there seems to be a change of the Z dependence with the value of N, RZ
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being about constant at low Z and then dropping, the drop occurring at lower Z for the lower I

bin. Having in mind the notion of a formation length (compare Eqn. (1.23), which yields a value for

L. of about 5 fm for Z =0.6 and N = 15 GeV) one could speculate that the N at part of the Z

dependence reflects a partonic mechanism, the fall-off at larger £ and/or lower N being the result
of hadronic (absorption) mechanisms. Detailed calculations including both mechanisms are needed
to substantiate any ideas about this. It is clear that these detailed data for a set of nuclei of different
size, form a very sensitive test of any calculation of attenuation in nuclei. The A dependence of R,

and what can be learned from that will be discussed in a later subsection.
2
The leftmost column of Fig. 4.11 shows that the values of RZ are larger at large P, . Also

the dependence on N largely disappears there. This is clearly correlated with the fact that RZ

2
increases at large P, (Cronin effect), as discussed in a previous subsection, and indicates that this
effect is largely independent of N. The rightmost column of this figure shows that the Cronin effect
disappears at high Z . This is in agreement with the predictions of Ref. [23], that the effect should

disappear for z ® 1 because in that limit the parton is not allowed any energy loss, so there is no

room for partonic re-scattering.
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4.2.1 Dependence of R’ on the formation length

Based on the ideas how hadronization proceeds in time (see e.g. Lund type descriptions as

used in Refs. [21, 24]), one can argue that the concept of a formation length, which in all models is

a combination of N and z, is a better 'first' parameter to describe R’ than either N or z separately.
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In order to investigate this, the values of R’ for the differentn , z combinations in Fig. 4.10 for the

four nuclei are plotted in Fig 4.12 against L., using as estimate for L. Eq. 2 with K =1 GeV/fm.
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Figure 4.12: Values of R" (n,z) for He, Kr (left panel), and Ne, Xe(right panel) as a function of the
formation lenth L. as given by Eq. 1.23. The value of z for the points with the same symbol

decreases from left to right.

As one can note, there is a distinct correlation between the values of R and L., most of the
the variation of R with N or z in Figs. 4.9 and 4.10 now appearing as a variation with L.
However, even if most of the variation in Figs. 4.9 and 4.10 is eliminated by L., for a given value
of L. there is still some spread, i.e., variation with the value of N . Especially the points for the
lowest two z values (the rightmost in the sequence of same symbols), which are at about the same

value of L., do not have the same value of R”. Most probably this is due to large re-scattering
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effects in the lowest z bin (note the relatively strong rise of R" at low z in Figs. 4.5 and 4.6). The

origin of the residual dependence of R’ on the value of N at the higher values of z is not so clear,
but one should not forget that the formation length L. is an average, the actual formation lengths

for the various events being distributed over some range around this value. Also one could question
if this picture of string breaking can be applied quantitatively for the present values ofll , where

after all there is only enough energy to produce a few particles. Nevertheless it is clear that the

attenuation as represented by the value of R is mainly determined by a combination of N and z.
The leftmost column of Fig. 4.11 shows that the increase of R’ with N disappears at large

values of p’. This is clearly correlated with the fact that R increases at large p; (Cronin effect),

as discussed in the previous subsection. The rightmost column of this figure indicates that the effect

is only substantial at low z. This would be in agreement with the predictions of ref. [48], that the

effect should disappear for z ® 1 because L. goes to zero.

4.3 A-dependence

Because of the wide range of different nuclear targets at Hermes, and the good particle
identification over a large range of momenta provided by the RICH detector, we are in the unique
position to study the 4 dependence of hadronization for different final-state particles. Before
presenting the results, some remarks should be made about how to fit the A - dependence and what
conclusions could be drawn from it.

The data were fitted in a phenomenological way by using as fit function
R =expg b(4/100)* g, (4.1)
The scale factor of 100 is introduced to reduce the correlation between a and b and to make the

value of b more representative of the attenuation in a nucleus. For moderate values of b 4% this is

equivalent to using 1- R} =b 4%, a parameterization that has been used before [7], but the present
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form has the advantage that R" does not become non-physical for very large values of A.

However, since R’ is the ratio of the multiplicity in nucleus 4 vs. the multiplicity in the deuteron,
this fit function is internally inconsistent, unless one assumes no attenuation inD. One could use
the A4- dependence of Eq. 41 for the hadron multiplicity on nucleus A, which would lead to a

formula for R’ of the form

Ry =expg b(4" - D"), 4.2)

where D represents the effective value of A4 for the attenuation in the deuteron. Assuming that the
attenuation depends on the (average) density times the radius of the nucleus one finds [26] for this
effective A4 a value of about 0.6, because the deuteron is such a loosely bound system. The
influence of such a value on the value of a obtained using Eq. 4.2 is small (about -0.07), so all
subsequent results are based on Eq. 4.2, but in drawing a possible conclusions one should remember
that the real value of a is slightly lower.

A second remark concerns what A dependence is expected to be given some model for the

mechanism. As already mentioned in section 2 the attenuation in the energy-loss model of ref. [25]
is givenas 1- R, ~L* ~ A°"”, whereas in (Glauber type) absorption models it is often presumed that
1- R, ~L> ~ A'”. However, these estimates are too simple. First of all, by taking I’ ~ 4'° one
assumes the nucleus to be a rigid sphere or of a Gaussian shape, which is certainly not a good
approximation. Taking realistic values for the nucleus matter distribution yields [26] effective
values of I’ that are globally proportional to 4°’*. Furthermore, it has been demonstrated already
in Ref. [21] that inclusion of a distribution for the formation length L. in absorption calculations
increases the exponent above the value of 1/3, yielding values for a nucleus described as a rigid

sphere for 1- R, that approximately follow an 4" pattern for large values of L. Using realistic

matter distributions one finds for L. = 0; 2; 4 fm, correspondingly, an A*H003409 pehavior [26].
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Thus, in principle it would be possible to discriminate between such a quark energy loss mechanism
and an absorption mechanism by looking at the A4 - dependence when selecting small values of L.

Before presenting and discussing the results some remarks should be made about the
uncertainty in the fitted values of a . The systematic uncertainty in the values of R is largely a scale
uncertainty. The influence of this on the value of a was found to be about 0.05. The statistical
uncertainty was directly used in the fit, and gives the corresponding uncertainty of a shown in the
figures. In most cases the value of chi-squared is around unity, but in some cases the description of
the values of R for the four nuclei was not very good, indicating that the A -dependence is more
complicated than can be described with one exponential. Finally it should be kept in mind that
including attenuation in deuterium will lower the value of a (by about 0.07 according to our

estimate).

4.3.1 A -dependence results for pions
For detailed studies of the A - dependence, the most statistically supported pion data sample
was used and observed as a function of n and z, using again the data (binned in both z and n)

shown in Figs. 4.9 and 4.10. The results for a and b as functions of n for three z- bins are shown
in Fig. 4.13. The behavior of b is smooth and rejects the dependence of the attenuation on n and

z. The value of a is within uncertainties independent of n , but slightly dependent on z, changing
from about 0.5 for the low z-bin to about 0.6 for the higher. (The points for the highest z-range

should be viewed with caution, since they may be influenced by contributions from the decay of
ther ;). The results for n = 6-8 GeV are slightly irregular, but there the fits are not very good in

terms of large values of chi-squared.
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FIG 4.13: The n dependence of the parameters a and b (see Eq. 4) for three different z bins,

using the combined sample of charged pions. Points slightly offset for better visibility.

Results for a and b as functions of z for three n bins are shown in Fig. 4.14. Once again,
the values of b reflect the global behavior of R (more attenuation at higher z and lower n ). There

is an increase of a from about 0.5 to 0.6 with z and possibly at higher z a slight increase with n .

However, in the latter region the results may be influenced by contributions from the decay of the
I, . The results for the highest z-bin do not follow the pattern of the lower z-bins. This is due to

the behavior of R for Helium and Neon, seen in Fig. 4.10. As mentioned before, if those values are
real, and not a statistical fluctuation, this could result from the formation length becoming so small

that even in helium and neon hadronic mechanisms start to become important.
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Given these results for separate n and z dependences it has also been investigated how a
and b depend on the value of L.. For that purpose the data have been binned in eight L. bins,
using the values of n and z of each event in Eqn. (1.10<L c expression>). In order to avoid
possible contributions of the r, at high z and large re-scattering effects at low z only data with

0.3< z<0.7 were used. The resulting values of R are shown in Fig. 4.15, and the corresponding

values of @ and b - in Fig. 4.16. The behavior of b reflects what can be observed already in Fig.
4.15 for the heavier nuclei. Consistent with what has already been found above, the value of a

decreases from about 0.6 at small L. to less than 0.5 at large L.. This behavior is not due to the

cuts applied, so should be considered to be a real effect.
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Assuming that (perhaps not perfectly, but at least approximately) the value of L. is
indicative of the average distance scale where hadronization occurs, so that partonic effects are
most prominent at large values of LC*, this leads to some tentative conclusions. First of all the
decrease of a with L. seems to rule out the mechanism of Refs. [2,19] and [17], since those would
give a value of a to be even above 2/3 [26]. (The fact that the Q2 dependence of R discussed

before did not show an 4" dependence suggests the same conclusion). Instead this decrease of a

would indicate that a possible partonic mechanism should have an A4 - dependence with an exponent
well below 0.5. In fact the model of Ref. [21] has a value of a for the partonic part of about 0.25. It
does not seem possible to draw firm conclusions about the A-dependence of a (pre)hadronic

absorption type mechanism. As demonstrated in refs. [21, 26] a pure absorption mechanism would
yield a value of a that increases with L.. Possibly such an increase is more than compensated for
by an increasing influence of the partonic mechanism.

To estimate the systematic errors for the obtained values of a the systematic uncertainties
DR, for the values of R’ (Tables 4.1, 4.2) were taken into account. The central values for the R
used in the A-dependence fit procedure were shifted by the values of it’s average systematic error,

and the fit has been performed with the values of RZ+DRSW=RS‘;’;. And R! -DRSyS:Ri”SW” . The

results of these studies are shown in Figure 4.17(a, b, c¢) for the central, up and down input values

for R", respectively. The systematic uncertainties for a were then calculated as half of the

difference between these two instances for a* anda ‘", and resulting uncertainty after the fit

procedure is on the level of 10-15% depending on the L, bin in which a was extracted.

" Here one should note that the average distance that a created parton travels through a nucleus
(assuming it is not absorbed) is only 3/4R, with R the radius of that nucleus, because the virtual
photon can interact anywhere in a nucleus. This means that even for Krypton with a radius of about

5 fm, hadronic mechanisms get small when L. >4 fm.
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Figure 4.17 (a,b,c): Values of A-dependence of the R' for central, up and down values as explained

in the text.
Another part of these studies were aimed to estimate the influence of the fitting function (4.1) and

(4.2) on values of a and b with and without taking into account the normalization on Deutron.
Figures 4.18(a,b,c,d) shows the 4-dependence of R’ for different fitting functions, while the

corresponding plots for a and b are shown in Figure 4.19.
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Figure 4.19 (a,b,c,d): Values of a and b corresponding to Fig. 4.18.

For this studies the binning over L. defined as:
L = n—zo'35 (1-2)
k
was chosen to be as follows: 0 - 3.6 - 5.2 - 6.8 - 7.4 - 10 (fm) to provide more
or less equal statistics in each bin. Fig. 4.18(a) shows the result of the fit done with the basic fitting
function (4.1); the real atomic mass number for deuteron was used for the fitting function (4.2) for
the results are shown in Fig. 4.18(b). If the effective atomic mass number for deuteron (see section

4.3) is set to be equal to 0.4 for the fitting function (4.2), the A-dependence looks like shown in Fig,
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4.18(c). And finally, a more realistic value for atomic mass number for deuteron equal to 0.6

corresponds to the results shown in Fig. 4.18(d). One can see that based on the obtained reduced
¢’ values there is an indication that the normalization on Deuteron in form of (4.2) is the one that

should be used, also the effective atomic mass number for Deuteron is close to 0.6. Comparing the

results obtained from these detailed studies and the results shown in Fig. 4.16 done with different

binning over the L., the main conclusion is that the values of a and b weekly depend on the
binning, and keep the prominent behavior whereas a increases with decreasing L.. In order to

assign realistic errors for the obtained values of @ and b one can use the values of the reduced ¢

and make the inflation of errors as:

Da. . =Dasgrt(c?)

4.3.2 A-dependence for other particles
For the other particles the statistics does not allow for a two-dimensional binning and study
of the A dependence, so there the A dependence is presented for n -bins of 6.0-12.0-17.0-23.5

GeV/c (integrated over all z), and for z-bins of 0.2-0.4-0.7-1.2 (integrated over all n). For

comparison the values for p T and p~ in the same bins are given as well. The results are shown in
Fig. 4.20.

The only prominent (beyond the statistical and systematic uncertainties) feature that should
be mentioned is the different behavior seen for K™ particles at high n and low z. This may be due
to large re-scattering effects, suggested by the data at low z in Fig. 45. K~ behaves differently

from K, more like p~,but a is smaller.
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Figure 4.20: The extracted values of the parameter a , done in three different n ranges for pions,
kaons and protons (upper six panels), and in three different z ranges (lower six panels).

104



4.4 Double-hadron attenuation

Despite the accurate experimental data from single-hadron leptoproduction presented in
previous sections, the underlying mechanisms in theoretical models for hadronization in the nuclear
medium differ greatly. Double-hadron production offers an additional was to study hadronization. If
the partonic energy loss of the struck quark were the only mechanism involved, it would be naively
expected that the attenuation effect does not strongly depend on the mimber of hadrons involved,
and the double-hadron to single-hadron ratio for a nuclear target should only be slightly dependent
on the mass number 4. On the other hand, if the final hadron absorption was the dominant process,
the requirement of an additional slower sub-leading hadron that is more absorbed would suppress
the two-hadron yield from heavier nuclei [2, 50], so that this ratio would decrease with A.

Measurement of double-hadron leptoproduction on Nitrogen, Krypton and Xenon relative to
Deuterium has been performed, for all charged hadrons and neutral pions [51]. The SIDIS scattering

data are presented in terms of the ratio:

RINT(2,)/ dz, 6
8 NS BA
%ZNZPO.S (ZZ)/dZZ O (43)

Z >0.5 "
N @

R,,(z,) =

The values z, and z, correspond to the leading (largest z) and sub-leading (second largest z)

hadrons, respectively. The quantity dN>*° is the number of events with at least two detected

*05 is the number of events with

hadrons in a bin of width dz, at z, with z >0.5. The quantity N7
at least one detected hadron with z,>0.5. Labels A(D) indicate that the term is calculated for the

given nuclear and deuterium target. In addition to the previously discussed cuts, a more restrictive
cuton n >7 GeVl has been used to limit the kinematical correlations.

Since the leading hadron is selected with z,>0.5, one expects it to contain the struck quark
with high probability. No explicit constraints were applied to z,. Both z and z, were calculated

assuming that all hadrons have the mass of the pion.

105



Two methods of double-hadron event selection were used. Selection I contrains only the

combinations of hadron charges (leading-subleading) ++, --, +0, 0+, -0, 0-, 00. This suppresses the
contributions from the r ° ® p*'p~ decay because the +- and -+ combinations are missing. Fig. 4.21

shows the double ratio R,, as a function of z, for Selection I. The kinematic variables are in the

range (n)=21to 16 GeV and (Q*)=2.1102.6 GeV’ as z, goes from 0.09 to 0.44. The averages
2 g

over z, are (n)=17.7 Gel and <Q2>=2.4 GelV*.

The ratio R,, is generally below unity with no significant difference between the three

nuclei. These data clearly show that the nuclear effect in the double-hadron ratio is much smaller

than for the single-hadron attenuation measured under similar kinematic conditions. For z,<0.1,
where R,, rises towards and possibly above 1, the slow hadrons originate largely from target

fragmentation.
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Figure 4.21: The ratio R,, as a function of z, for Nitrogern (squares), Krypton (circles) and
Xenon (triangles) with z,>0.5. Selection I is considered. The systematic uncertainty is 2% for all

the targets. In the upper panel the curves are calculated within a BUU transport model [24,52]. In
the bottom panel the data are shown with calculations that assume only absorption for the three
nuclei.

Also for z,>0.4, where the two hadrons have close energies, R,, seems to rise towards
unity. The upper panel of Fig. 4.21 shows calculations based on a PYTHIA event generator with a
fully coupled-channel treatment of the final-state interactions by means of a BUU transport model
[24,52]. In this model, the fragmentation function is modified by pre-hadron interactions and re-
scattering in the medium. Although the general trend of the data is reproduced, the model predicts

an effect twice as large for Xenon and Krypton as for Nitrogen above z,>0.1, which is not
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supported by the data. Bottom panel of the same Figure shows the data compared to a calculation
with a purely absorptive treatment of the interaction of the pre-hadronic or the final hadronic states.

Figure 4.22 presents the R,, calculated for all hadron charge combinations (Selection II).

Inclusion of the +- and -+ pairs does not change the value of R,, significantly, contrary to all of the

naive space-time evolutionary models of hadronization.
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Fig 4.22: The ratio R,, as a function of z, for Nitrogen (squares), Krypton (circles) and Xenon
(triangles) with z, >0.5 for Selection II.

Overall, the double-hadron production provides an effective tool to fine-tune the different
contributions of processes to the fragmentation. The data do not seem to support the naive
expectations for pre-hadronic and hadronic final state interactions that are purely absorptive.
Models that interpret modifications to fragmentation as being due to pre-hadronic scattering or

partonic energy loss are also not completely consistent with the data.
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4.5 Improved Two-Scale Model

4.5.1 Introduction

As it has already been mentioned before, studies of the hadron production in deep inelastic
semi-inclusive lepton—nucleus scattering (SIDIS) offer a possibility to investigate the quark (string,
color dipole) propagation in dense nuclear matter and the space-time evolution of the hadronization
process. I is well known from QCD that confinement forbids the existence of an isolated color
charge (quark, antiquark, etc.). Consequently, it is clear that after the deep inelastic scattering (DIS)
of a lepton on the intra-nuclear nucleon, a complicated colorless pre-hadronic system arises. Its
propagation in the nuclear environment involves processes like multiple interactions with the
surrounding medium and induced gluon radiation. If the final hadron 1s formed inside the nucleus, it
can interact via the relevant hadronic cross section, causing further reduction of the hadron yield
[53]. QCD at present cannot describe the process of quark hadronization because of the major role
of “soft” interactions. Therefore, the understanding of quark hadronization is of basic importance
for the development of QCD. For this purpose the nuclear attenuation (NA) is investigated [14].
The experimentally measured observable is given by expression (1.22). The one-dimensional data
sets are used from the ones presented in previous sections, which assumes that integration is done
over all other kinematic variables.

Presently, there are numerous phenomenological models on the market for the investigation
of the NA [2,5,10,11,12,13,17,21,24,48,50,54,55]. In this work, the two-scale model (TSM) [5] and
its improved version (ITSM) [14] are used to perform a fit to the results on nuclear multiplicity
ratios presented in previous sections and in [3, 8]. For the fit procedure the high-statistics and
therefore the more precise part of the data sample is used, which includes data for the n and z

dependences of NA for p+ and p- mesons on two nuclear targets (Nitrogen and Krypton). The n

and z dependences of NA forpo, K+, K-, and antiproton, produced on the Krypton target, are

described with best values of the parameters obtained from the abovementioned fit. Then, the set of
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parameters is used also for the prediction of the n , z, and Q° dependences of NA for the data from
the Xenon target.
4.5.2 The two-scale model

The TSM is a string model which was proposed by EMC [5] and used for the description of

their experimental data. The basic formula is:

A4-1

~
Vé

R, =2p ) babQy dxr (b.x)’ 9 § dx's “(Do)r (.5} 44

where b is the impact parameter, x the longitudinal coordinate of the DIS point, ?(b, x) the nuclear

density function, x’ the longitudinal coordinate of the string—nucleon interaction point, s *"(Dx) the

string-nucleon cross section on a distance Dx = x - x from the DIS point, and 4 the atomic mass
number.

The string models are based on the idea that after DIS the knocked-out (anti)quark does not
leave the nucleon remnant, and forms a string (color dipole) with the (anti)quark on the fast and the
nucleon remnant on the slow end, while the color string itself consists of gluons. Its longitudinal
size must be larger than the transverse size, but cannot be essentially larger than the hadronic size
because of confinement. The string can then break downinto two strings according to the following
scenarios. First, when the quark—antiquark pair from the color field of the string is produced; and
second, when the color interaction between the string and the nucleon (lying on its trajectory) has
occurred (see for instance [18]). In the “history” of the string there are two time scales which are of
interest to us. These are the time scales connected with the production of the first constituent
(anti)quark of the final hadron and the interaction of two constituents for the first time.

As it has been mentioned above, the model contains two scales (see Fig. 4.23): t_ (/) the

constituent formation time (length)’; and t, (/) the yo-yo formation time (length). The yo-yo

" In relativistic units (h=c=1,where i =2p is the reduced Planck constant and ¢ the speed of light) t, =/,

i = ¢,h because partons and hadrons move with near-light speeds.
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formation means that a colorless system with valence content and quantum numbers of the final
hadron is formed, but without its “sea” partons.

In the two-dimensional string models which satisfy the following conditions: (a) quark—
antiquark pairs arising from the vacuum do not have energy; (b) energy loss of the leading quark on
unit length (string tension) is constant (a widely known example is the Lund model), there is a
simple connection between t, and t _:

t,-t.=m/k (4.5)
where K is the string tension (string constant). In further two different expressions for t  will be

used. The first expression for t _ is obtained for hadrons containing a leading quark [56]:
t.,=(1-zn/k (4.6)

The color string fully spends its energy on a distance of L =n/k . beginning from the DIS point
(see Fig. 4.23). The last hadron produced from the string is# = H,, which contains a leading quark
and carries energy E,. At distance L, the energy of the leading quark becomes equal to zero and the
whole energy of the hadron is concentrated in another constituent. This constituent collects its
energy from the string and will have energy E, on a distance L only if it was produced on a
distance E, /K =zn/k from L. This is reflected in (4.6). It is important to note that the hadron
produced on the fast end of string is not always necessarily the fastest hadron. The second
expression for the average value of t _ used in this paper was obtained in [9,12] in the framework of

the standard Lund model [23]:
t, = (5 1dID, (L, z, z)/c‘sdzz)c(z, 2 1) (4.7)
where D_(L,z [) is the distribution of the constituent formation length / of hadrons carrying

momentum z. This distribution is

1+C
[+zL

_ °©
DC(L,z,l)—L(1+C)W ?(1-L+ZL)+

(L - zL- 1) (4.8)
9
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where L =n/k and C = 0.3 is the parameter which controls the steepness of the standard Lund

fragmentation function. The path traveled by the string between the DIS and interaction points is

Dx = x - x. The string-nucleon cross section is

s(Dv)=q(t, - Dx)s, +q(t, - Dx)q(Dx-t )s +q(Dx-t,)s, (4.9)

x — DIS point
t I,=— congt. formation length
l,— yo—yo formation length
L — full hadrenization length

: >
X X+l x4+ X+L %

Figure 4.23: Space-time structure of hadronization in the string model. The two constituents of the
hadron are produced at different points. The constituents of the hadron h are created at the points
P2 and P3. They meet at H3 to form the hadron

where s, S, and s, are the cross sections for the interaction with the nucleon of the initial string,
the open string (which means the string containing the first constituent (anti)quark of the final
hadron on its slow end) and the final hadron respectively (see Fig. 4.24).

It is worthy to add that (4.4) is written for the case where the nuclear properties of deuterium
are neglected. In our calculations we also take into account absorption in deuterium, and use the

ratio R}, =R,/R,, with R, as defined in (4.4).
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T I,— const. formation length °)
I,— yo—yo formation length
g, ., 0,— free parometers
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Figure 4.24: a) The behavior of the string—nucleon cross section as a function of the distance in the
TSM. B) The same as in a for ITSM taking into account a more realistic smoothly increasing
string—nucleon cross section

4.5.3 Inclusion of the O° dependence in the TSM
In the following discussion two quantities will be used for the virtuality of the string: Q°

(precise value) for consideration of the O* dependence, and Q2 (average value) for consideration
of the n and z dependences. The TSM was introduced in [5] for the description of the n and z

dependences of NA and does not contain a direct Q° dependence, while it deals with cross sections

measured at average values of Q°:

s,=s,(0Y; s,=s,(0)) (4.10)
where Q2 is average value of Q® in the moment of DIS. Qtz = Qz(t .) 1s the value of Q2 for the
open string, or in the time interval t , after DIS. Qtz must be smaller than Qz, because the string

radiates gluons and diminishes its virtuality. QCD predicts the O dependence of the string-

nucleon cross section in the form [57, 58]
sq(Q2)~1/Q2; SS(QtZC)~1/Qt2‘ (4.11)

Using this prediction we can express the cross section for the initial string as follows:
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s,(0)=(0%/0%s (@) (4.12)
In the same way the expression for the open string cross section can be written as
5,(00)=(Q2 /106 Q) (4.13)
where Qfe = Q*(t,) is the virtuality of the string in the time interval t_ after DIS. In order to

estimate the ratio of QAtz‘ / Qtz‘ one has to adopt the scheme given in [59, 60]. In accordance with this

scheme, during time ¢ the quark decreases its virtuality from the initial Q° to the value Q°(f) as

follows:

0*(1) =”(”anTQ2 (4.14)

where n (1) = n - k t. The calculations show that for the HERMES kinematics (1.2 <Q® < 9.5
GeV2 and Q2 =2.5 GeV2), the values for the ratio Qtz / Q2 are close to 1 (for t , in the form of (3),
it changes in the region 0.97-1.04, and in the form of (4) in the region 0.92—1.12). This ratio is not
dependent on n , while it depends on z and Q°, and only at z larger than 0.7 for t _ in the form of
(4.7), it deviates from 1 by more than 10%.

However, in the case of a O dependence, just the average value of z in a given Q° bin

should be taken into account. Since the multiplicity as a function of z diminishes at large z values,

the average value of z cannot be greater than 0.5 depending on the kinematics of the experiment.
Calculations show that the inclusion of a factor QAIZ‘ /O] instead of unity leads to a maximal
deviation in the R!, value for the lowest and highest O*, which in the case of HERMES kinematics

corresponds to 2% at Q> =1 GeV? and 2.5% at Q> = 10 GeV*. Taking into account the above-
mentioned arguments we can conclude that the constant approximation for S is quite reasonable in

the HERMES kinematics.
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4.5.4 Improved version of the two-scale model
In the TSM the string—nucleon cross section is a function which jumps in the points Dx =t ,
and t , . In reality the cross section increases smoothly until it reaches the size of the hadronic cross

section, hence it makes direct sense to improve the model in order to reject this (see Fig. 4.24).

We introduce the parameter ¢ (0 < ¢ < 1) in order to take into account the well-known fact
that the string starts to interact with the hadronic cross section soon after the creation of the first
constituent quark of the final hadron and before the creation of a second constituent. The string—

nucleon cross section starts to increase from the DIS point, and reaches the value of the hadron-

str

nucleon cross section at Dx =t . However, in that case one cannot extract the exact form of S
from perturbative QCD, at least in the region of Dx ~t . This means that some model for the

shrinkage—expansion mechanism has to be introduced. We use four versions for the definition of

s . Two of themwere taken from [61].

Let us briefly discuss the physical reason behind the linear or quadratic dependence of the
cross section on Dx /t , which will be presented below [62]. The QCD lattice calculations show that
the confinement radius is much smaller than the mean hadronic radii. Consequently the color field
in the hadrons is located in tubes with a transverse size much smaller than the longitudinal one. The
valence quarks and di-quarks are placed at the end-points of these tubes. In case of inelastic

scattering, the interacting hadron-tubes intersect in the impact-parameter plane. The probability of

str

the crossing of the tubes is proportional to their length. This means that S increases proportional

to Dx/t . In the naive parton model, the inelastic cross section of a hadron with a nucleon is

str

proportional to the transverse area which is filled in by its partons, i.e. S* increases proportionally
to (Dx/t)’.

str

The first version of the definition of S is based on quantum diffusion:

s (Dx)=q(t - Dx)[s, +(s,- s )Dx/t]+q(Dx-t)s, (4.15)
where t =t +cDt ,Dt =t, - t_.
The second version follows from the naive parton case:

s (Dx)=q(t - Dx)[s, +(s, -s )(Dx/t )1+q(Dx-t)s, (4.16)
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Two other expressions for s * were also used [10, 54]:

s*"(Dx)=s, - (S, s)expge-%S (4.17)

and

O

Dx
s"(Dx)=s,- (5,-S )expg % + (4.18)
9 g
One can easily note that at Dx/t <1 the expressions (4.18) and (4.17) turn into (4.16) and

(4.15), respectively. At first glance it may seem that the ITSM, as opposed to the TSM, is actually a

one-scale model. But one must note that t 1is a function of the two scales t =(1- c)t . +ct,

whereas the parameter c regulates the inclusion of eachscale into t .

4.5.5 Results

In previous sections one of possible improvements of the TSM has been formulated and a fit
has been performed to the HERMES data using the TSM and ITSM. Only the NA data for the n
and z dependences for p+ and p- mesons on Nitrogen and Krypton nuclei were used for the actual
fit. For each measured bin the values of Z (averaged over the given n bin) in the case of the n
dependence, and A in the case of a z dependence were taken from the experimental data, whereas
the use of these values allows one to avoid the problem of additional integration over z and n in
(4.4). The string tension (string constant) was fixed at a static value determined by the Regge
trajectory slope [60, 63]

k =1/(2pa,) =1GeV / fn (4.19)
The nuclear density functions (NDF) were used as follows: for deuterium the hard core deuteron
wave functions from [63] were used. For Helium and Nitrogen, the shell model [64] is used,
according to which four nucleons (two protons and two neutrons) fill the s-shell, and the other A-4

nucleons are on the p-shell:

.
r(r)—ro?r; 2%; (_)expg? Z—ZE (4.20)
49 e 40
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where 7, = 1.31 fm for 4He and », = 1.67 fm for Nitrogen. For Neon, Krypton, and Xenon the
Woods—Saxon distribution was used:
r(ry=r,/(1+exp((r- r,)/a)) (4.21)

These three sets of NDF’s were used for the fitting with the following corresponding parameters:

the first set [9],

7, =(0.978 +0.02064'*)A'" fin (4.22)
The second set [65], a = 0.54 fm,
1.618
r, = ?,19/1“3 - F%fm (4.23)
and the third set [66], a = 0.545 fm,
r,=1.144"" fin (4.24)

where the values of 1, are determined from the normalization condition:

(‘)J3rr (r)=1 (4.25)

The parameter a is practically the same for all three sets; the radius », for the third set is larger by
approximately 6% than the one for the first and second sets. Two expressions for t . were used for
the fitting procedure: (4.5) and (4.6). For s *"(Dx) one expression in TSM, (4.8), and four different
expressions in ITSM, (4.15)—(4.18), were used. The values of s, (hadron—nucleon inelastic cross
section) used in the fit were set equal to S o= S, T 20mb. Two parameters were determined from

the fit. In the case of TSM they are s and s, and S and c in the case of ITSM. The meaning of

the parameter ¢ was introduced in Section 4.5.4. Afterwards, using the best fit parameters, different

predictions were made for the n , z, and Q° dependences for the identified hadrons on Xenon as

well.
NDF s, (mb) S, (mb) c?/DOF s ,(mb) S, (mb) c’/DOF
(19) 5.3£0.01 17.1£0.08 | 4.3 4.2 +0.01 16.6£0.07 | 2.3
(20) 5.5£0.01 17.7£0.08 | 4.5 4.3+ 0.01 17.3£0.07 | 2.4
(21) 5.8+ 0.01 18.3+£0.08 | 4.8 4.4+ 0.01 18.1£0.07 | 2.6
Table 4.5. The TSM: the best values for the fitted parameters and ¢ /DOF (Nyp =58 N,,. =2)
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sstr (12) sstr (13)
NDF s, (mb) c c2/DOF s, (mb) C c2/DOF
(19) 0.46+0.02 0.32+0.03 | 1.4 3.540.01 0.23+0.002 | 1.9
(20) 0.62+0.01 0.31+£0.01 | 1.7 3.740.01 0.22+0.02 | 2.1
(21) 0.78+0.02 0.3040.03 1.8 3.9+0.01 0.21+0.003 | 2.3
sstr (14) | sstr (15)
NDF s, (mb) c c2/DOF s, (mb) C c2/DOF
(19) 1.1 £0.01 0.15+£0.03 | 2.1 3.7+0.01 0.15+£0.02 | 2.3
(20) 1.3+£0.02 0.15+0.03 |24 3.9+0.01 0.14+£0.02 | 2.6
(21) 1.5+0.02 0.14+0.03 | 2.8 4.1+0.01 0.14+0.02 |29
Table 4.6. The ITSM: t , (3). The best values for the fitted parameters and ¢*/DOF
(Nexp = 58’ Npar = 2)
Sstr (12) | Sstr (13)
NDF s, (mb) c c2/DOF s,(mb) |C ¢ 2/DOF
(19) 0.0+0.001 | 0.56+0.02 | 4.6 0.97£0.01 | 0.17 £0.002 | 1.6
(20) 0.0+0.002 | 0.53+0.02 | 4.3 1.0+0.02 |0.17+0.02 | 1.5
(21) 0.0 +£0.002 | 0.49+0.006 | 4.0 1.1 £0.02 0.16£0.02 | 1.6
s™ (14) s* (15)
NDF s, (mb) ¢ c’/DOF | s, (mb) C ¢?/DOF
(19) 0.0+0.001 | 0.24+0.02 | 3.0 1.5+0.02 0.103+£0.02 | 1.5
(20) 0.0+0.002 | 0.21+0.02 | 2.9 1.7 £0.02 0.096+0.02 | 1.6
(21) 0.0+0.002 | 0.18+0.02 | 2.8 1.8 £0.02 0.089+0.02 | 1.8

Table 4.7. The ITSM: t , (4). The best values for the .tted parameters and ¢*/DOF

The results of the performed fit are presented in Tables 4.5, 4.6, and 4.7. Table 4.2 shows

(N

exp

=58 N, =2)

the best values of the fitted parameters, their errors and ¢°/DOF for the TSM. Tables 4.6 and 4.7

show these values for the ITSM. The only difference between Tables 4.6 and 4.7 is the form of t,

that was used.

Results for the TSM (Table 4.5) are qualitatively close to the results of [5]. The values of

S,<sS, and s are approximately equal to S ,, while S obtained in the present analysis is larger

than the same in [5], because QZ for the HERMES kinematics is smaller than at the EMC
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experiment. The lowest (best fit) value of ¢*/DOF = 1.4 was obtained for the ITSM (see Table 4.6)
for NDF by (19), s*(Dx) as in (12) and the constituent formation time t, in the form of (3).
Values close to ¢?/DOF = 1.5, were obtained for the two other versions of the ITSM with the
constituent formation time t , in the form of (4.7) (see Table 4.7) for NDF, (4.23), s “(Dx), (4.16),
and NDF, (4.22), s " (Dx), (4.18).

For the TSM (Table 4.5) the best fit value of ¢?/DOF =2.3 was obtained for NDF as in
(4.22), and the constituent formation time t  in the form of (4.7). The results for NA, calculated

with the best values of the fit parameters from the ITSM and TSM, for the n and z dependences of
the produced charged pions on the Nitrogen and Krypton targets are presented on Fig. 4.25. One

can see that where precise experimental data are available, it is useful to perform not only a visual
comparison of the models to the data but also use the correct quantitative comparison using the ¢>
criterion. Indeed, even though a visual comparison hardly allows one to determine which model
better describes the data, the value of ¢*/DOF for the ITSM is substantially smaller. Furthermore,
the NA for the hadrons produced on the Krypton target (but not included in the fit), were calculated.
In Fig. 4.26 one can see the N and z dependences for these identified hadrons. The values of s,

that were used are as follows: Sp0= S, = 20mb, S, = 14mb, and S, = 42mb. The curves

correspond to the ITSM and TSM model calculations with the best set of parameters.
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Fig. 4.25. Hadron multiplicity ratio R of charged pions for the Nitrogen [8] and Krypton [3] nuclei
as a function of n (left panel) and z (vight panel). The solid curves correspond to the ITSM with

NDF, (4.20), for Nitrogen and NDF, (4.22), for Krypton and s*", (4.15), with t , in the form (4.6)
Jor the values of the parameters s , = 0.46mb, ¢ = 0.32. The dashed curves correspond to the TSM
with the same NDF for nuclei and t , in the form (4.7) for the values of parameters s | = 4.2mb, S |

= 16.6mb. These data were included in the fit and the curves were obtained as the fit result.

Satisfactory agreement is achieved for all of the considered hadrons. The proton was not
included in these calculations due to the following reasons. Among others, the proton is quite
unique, because it already exists in the nucleus before the DIS act. All other hadrons are mainly
produced as a result of fragmentation of the knocked-out quark and only the proton has more
complicated production mechanisms: from the remnant of the nucleon on which the DIS takes
place, from the fragmentation of the knocked out quark. Also, another possible scenario could be
the color interaction of the other nucleons with the string. Figure 4.27 shows the results of the TSM

and ITSM in comparison with the experimental data for the NA of charged hadrons on the Cuprum

target [5] performed in the region of N and Q7 values higher than in the HERMES kinematics. In
order to compare with the EMC data one had to have redefined s to the 0% ~ 10.6 GeV2

according to the expression (4.12). The Fig. 4.27 is worth to be discussed in detail for several

reasons. First, the EMC data for the NA are for charged hadrons and it is not quite clear which
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value should be used for s,. We use the same s, as for the pions, due to the simple assumption

that at higher energies mainly the pions are produced; moreover, it has been checked that the NA
weakly depends on s, at higher energies. Secondly, one can see that the high energy data can be
used to distinguish, or choose more precisely, different versions of the models. In particular, the
EMC data seem to agree better with the case where the constituent formation time t _ is used as in

4.7).
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Figure 4.26. Hadron multiplicity ratio R of different species of hadrons produced on the Krypton
target [3] as a function of n (left panel) and z (vight panel). These data were not included in the fit.
The curves are calculated with the best fit parameters described in the caption of Fig. 4.22
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Fig. 4.27. The ratio R for charged hadrons for Cuprum [5] as a function of N (upper panel) and z (lower
panel). The solid, dashed, and dotted curves correspond to three sets of parameters with the minimal values

of C*/DOF in case of ITSM (see Tables 4.6 and 4.7): solid NDF, (4.22), S*", (4.15), 1, (4.6), S . =
0.46mb, ¢ = 0.32, C*/DOF = 1.4; dashed NDF, (4.23), S, (13),t , (4.7), S, = 1.0mb, c = 0.17,
C*/DOF = 1.5; dotted NDF, (4.22), ™", (4.18),t , (4.7), S, = 1.5mb, ¢ = 0.103, C*/DOF = 1.5. The

dashed-dotted curves correspond to the best set of parameters in case of TSM (see Table 4.5): NDF, (4.22),
t.. (4.7,s,=42mb S =16.6mb, C°/DOF = 2.3

The investigation of NA is incomplete until one includes also the Q° dependence into the
consideration. This was already discussed in Section 4.5.3. On the figures that show the results for
the O” dependence it is convenient to represent the NA ratio versus the inverse of Q°, because of

the connection of this dependence with higher twist effects. Indeed, from (4.12), (4.9), 4.15)—

(4.18), and (4.4) one can conclude that in first approximation the expansion over the degrees of
1/Q? for the NA ratio can be represented in the form R, =a +b/Q*, where b is negative. One has
to note that for the calculation of the Q° dependence, S g ( 0?) was used instead of S ,» Whereas the

corresponding expression is given by (9).
Finally, let us briefly discuss the nuclear matter distribution functions. For medium and

heavy nuclei the preferable NDF is the Woods—Saxon distribution. However, there is some freedom
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in the choice of the parameters themselves, therefore we have included three sets of parameters,
(4.22)—(4.23), in order to study the uncertainty of the fitting procedure related to the NDFs.

As one can observe, the two-parameter fit demonstrates satisfactory agreement with the
HERMES data. A minimum c° (best fit) was obtained for the ITSM, including the expression

(4.15) for s*" and (4.6) for t . The accumulated data do not give the possibility to make a firm

choice between the expressions (4.15)—(4.18) for the s, as well as to make a distinct preference
of the definitions (4.6) or (4.7) for t ,, because they give close values of ¢”°.

Preferable NDF’s are the sets @.22) and @.23) as described in Sect. 4.5.4, because with
these NDF’s, the lowest values of c? were obtained for both TSM and ITSM. Moreover,

considering ten versions of different forms for t_ and s* in TSM and ITSM, only two of them

with the relative minimal ¢* values correspond to NDF (21) (see Tables 4.5, 4.6, and 4.7).

4.5.6 Application of TSM and ITSM to the double-hadron data

An attempt at application of the models described in the previous sub-sections to the double
hadron data (See section 4.4) has been made [67]. Moreover, a prediction for the n -dependence of
the two-hadron system attenuation has been calculated, and presented in this sub-section.

In articles [10,11,12] the process of leptoproduction of two-hadron system on a nucleus with

atomic mass number 4 was theoretically considered for the first time:
L[+A®I, +h, +h,+X (4.26)
where the hadrons 4, and #, carry fractions z, and z, of the total available energy. The NA ratio for
that process can be expressed in form:
R;' =2ds ,(n,0%,z,,2,)/ Ads ,(n,0",z,,z,) (4.27)
where s , and s, are the cross-sections for the reaction (4.26) on nuclear and deuterium targets,
respectively, N and Q® denote the energy of the virtual photon and square of its four-momentum.

One can picture the reaction (4.26) as shown in Fig. 4.28. The interaction of the lepton with nucleon

occurs at the point (b,x), where the intermediate state g begins to propagate (b and x are impact
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parameter and longitudinal coordinate of DIS point). At some points the string breaks, and as a

result the first constituents of hadrons #, and %, are produced at the points (b,x,) and (b,x,).

F
Q1 5'I QZ 52
b

Figure 4.28: Leptoproduction of two-hadron system on nuclear target. Details see in text.

b

Also, at the points (b,x,,,) and (b,x,,) the yo-yo of the hadrons 4, and #, is formed (“yo-yo’

system means, that the colorless system with valence content and quantum numbers of the final
hadron is formed, but without its “sea” partons). In the string model there are simple connections

between the points x , - x, =zL and x_,- x, =z,L, where L is the full hadronization length,

L=n/k, Kk is the string tension (string constant). The NA ratio can be presented in the following

form:
R »l(‘}izbédx(‘; dx, ) dxr (b.x)’ (4.28)
2 - i
’ [D(zl,zz,x1 - x,x,- X)Wy (h,,h,;D,x,x,,%x,) + D(2,,2,,%, - x,%, = X)W, (h,,h;b,x,x, ,xz)]
where D(z,,z,/,,l,) (with [, < [,) is the distribution of the formation lengths / and [, of the
hadrons and r (b,x) is the nuclear density function normalized to unity. W, is the probability that

neither the hadrons 4, 4, nor the intermediate state leading to their production (initial and open

strings) interact inelastically in the nuclear matter:
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Wolhy oy, %, x,,0x,) = (1- Q= S, - (H, + O, + S, + Hy - H(Q,+S,+H,)) " (4.29)
where O, and Q, are the probabilities for the initial string to be absorbed in the nucleus within the
intervals (x,x,) and (x,,x,), respectively. S, (i=/, 2) is the probability for the open string
containing the first constituent parton for %, to be absorbed in the nucleus within an interval
(x;,x,),and H, (i=I, 2) is the probability for the hi to interact inelastically in the nuclear matter,
starting from the point x,. The probabilities Q,,0,,S,,S,,H,, H, can be calculated using the

general formulae:

Pl X )= QS 5 (b, )dx (4.30)

min

where the subscript P denotes the particle (initial string, open string or hadron), S, its inelastic

cross section on nucleon target, and x_, and x_. are the end points ofits path in the x direction, as

X n

it is shown in Fig. 4.28.
Results for the double ratio R;/ as a function of z, are presented on Fig. 4.29. On panels a),

c), e) three options of the theoretical curves are shown: solid curves correspond to the TSM with
CFT1; dashed curves correspond to the ITSM with CFT2; dotted curves correspond to the ITSM
with CFT1. According to the ideology of the string model, the transverse size of the string is much
less than longitudinal one. It means that the hadrons produced from the string have close impact
parameters, and could partly screen one another, which in turn must lead to the weakness of NA
(partial attenuation). To study this effect and to compare with the basic supposition, that two
hadrons attenuate independently (full attenuation), we consider partial attenuation in it’s extreme
case, when two hadrons fully screen one another, and as a result the two-hadron system attenuates

as a single hadron. The results of calculations within this conditions are shown in panels b), d), f).
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Figure 4.29: Double ratio R, as a function of z,. The explanations for the points and curves are
given in the text.

Fig. 4.30 shows the model prediction for n -dependence of double ratio R;/ for Nitrogen,

Krypton and Xenon targets. On panels a), ¢), e) three varieties of the theoretical curves are shown:
solid curves correspond to the TSM with CFT1; dashed curves correspond to the ITSM with CFT2;
dotted curves correspond to the ITSM with CFT1. On panels b), d), f) the same curves are shown,
but calculated with an additional condition that only the first produced hadron attenuates (partial
attenuation). Easy to see, that curves corresponding to the full and partial attenuation have different
behavior at low values of n . In Fig. 431 Krypton only data is shown, as an example. Curves are

marked in the same way as in Fig. 4.30.
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FIG. 4.31: Double ratio R, as a function ofn . The explanations for the curves are given in the

text. Lower curves correspond to the case that two hadrons attenuates independently (full
attenuation) and upper curves correspond to the case that only first produced hadron attenuates
(partial attenuation)
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Lower curves correspond to the case of full attenuation and upper curves correspond to the
case that only first produced hadron attenuates (partial attenuation). The measurement of NA ratio
in the region of N from 3 to 10 Gel allows to verify a prediction about possible mutual screening
of hadrons in string. Such an experiment can be useful for comparison with the results obtained at
RHIC by STAR Collaboration [68], which show that two hadrons from one jet absorbed more

weakly than two hadrons from away-side jets.

128



Conclusions

The thesis is dedicated to one of the main direction of modern high energy physics — the
studies of quark hadronization. An extensive and substantially statistically supported data has been
obtained for lepton scattering on a variety of nuclear targets, and measurements of the nuclear
multiplicity ratios have been performed. Moreover, for the part of the data that provide
exceptionally high statistics, not only conventional measurements of one-dimensional dependencies
have been made, but also two-dimensional analysis in phase-space for the virtual photon energy and
part of the energy carried by the hadron in final state. These data are very important in
understanding the details of the hadronization process and correlations between its dependence on
various kinematic variables.

Furthermore, results have been obtained for the dependence of the nuclear attenuation on
atomic mass number. Various detailed fits have been performed using the best statistically
supported data set to obtain the said dependence in exponential form according to the
parameterization (4.1). As another novelty of these studies, interesting results for the dependence of
those exponential parameters on the formation length have also been shown in this thesis. Another
important result is the measurement of the double-hadron to one-hadron multiplicity ratios, which
may provide a fine-tuning tool for distinguishing different mechanisms of the hadron energy loss.
Like the jet correlation measurements in heavy-ion collisions, the double-hadron observables in
semi-inclusive deep inelastic scattering can provide new information for differentiating between
models of hadronization in nuclei that are indistinguishable in single-hadron measurements.

An attempt at interpretation of some of the results has been made. An Improved Two-Scale
model has been formulated and developed in this work, and a very satisfactory describe the data on
a quantitative level, be it for the conventional multiplicity ratio, or for the double-hadron
attenuation.

The results presented in this thesis have been reported at numerous seminars at DESY and

YerPhl, as well as at several international conferences, and are well recognized by the nuclear

129



physics community world-wide. These studies will undoubtedly help in further development of the

theory, understanding of the quark-gluon interaction processes and planning new experiments.
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Appendix A. Detailed studies of RICH unfolding effect
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Figure A.1: Distributions of the multiplicities with and without the unfolding, versus the hadron

momentum (left panel) and z (right panel) for positive pions.

(1/ Ny adbl, /dP, (1/Nys)dN, /dP,

L F + - b Udse K
0.007 2 Odxe K| 0.007 . L
.006 E . @ [Deuteron Mo unfelding 0.006 | . @ Yenon Mo unfalding
0005 o ® enon No unfoiding 0.003 F d 5 O Deuteron Unfolded
[]."[” E_ 00 0 Deuteron Unfalded ".[][]-1 3 0. . @ Xenon Unfalded

F o ® L4 QO ¥enon Unfalded 5 L]
0,003 E i 0,003 F 0 '
02 S N 0002 F . ! .
0.001 F "% o 0.001 E LR
P T T T BWELE. L X Y T TN PN TN TIIET TN AT, NI W
2 4 b 8 10 12 4 16 0 01 02 03 04 05 06 07 08 09 1
] R i
I i 9
095 + I
L + b
09F ¢ ¢ +¢ ++ 09 | .
08 f 4

nf;: ++ H i # "
5 il i "y

{135 P N N N A AR B

2 4 b 8 10 12 i 16 0 01 02 03 04 05 06 07 08 09 1
P, GeV z

138



Figure A.2: Distributions of the multiplicities with and without the unfolding, versus the hadron

momentum (left panel) and z (right panel) for positive kaons
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Figure A.3: Distributions of the multiplicities with and without the unfolding, versus the hadron

momentum (left panel) and z (right panel) for protons
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Figure A.4: Distributions of the multiplicities with and without the unfolding, versus the hadron
momentum (left panel) and z (right panel) for negative pions
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Figure A.5: Distributions of the multiplicities with and without the unfolding, versus the hadron

momentum (left panel) and z (right panel) for negative kaons
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Figure A.6: Distributions of the multiplicities with and without the unfolding, versus the hadron
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Figure A.7: Distributions of the multiplicities with and without the unfolding, versus the hadron

)

momentum (left panel) and z (right panel) for negative pions
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Figure A.8: Distributions of the multiplicities with and without the unfolding, versus the hadron

momentum (left panel) and z (right panel) for negative kaons
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Figure A.9: Distributions of the multiplicities with and without the unfolding, versus the hadron

momentum (left panel) and z (right panel) for anti-protons
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