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Chapterr  2 

Deep-Inelasticc Scattering 

CalvinCalvin and Hobbes by Bill  Watterson 
©2003©2003 Universal Press Syndicate 

2.11 Inclusive Deep-Inelastic Scattering 

Inn this section a review is given of the theoretical framework used to describe unpolarized 
inclusivee deep-inelastic scattering of a lepton off a nucleon. The relevant kinematic variables 
aree introduced, which are used to express the lepton nucleon cross section. The nucleon 
structuree functions are interpreted within the framework of the Quark Parton Model with 
correctionss given by the theory of Quantum Chromo-Dynamics. 

2.1.11 Kinematic variables 

Inn lepton-nucleon Deep-Inelastic Scattering (DIS), a high-energy lepton with momentum k 
andd energy E emits a virtual photon of four-momentum q. The photon is then absorbed 
byy a target nucleon of four-momentum p, as shown in Fig. 2.1. The outgoing lepton with 
momentumm k' and energy E' is detected under an angle 0. 
Thee hadronic final state X produced by the fragmentation of the target nucleon has a total 
invariantt mass denoted by W and a four-momentum px- If the hadrons produced in the final 
statee X are not differentiated, the type of reaction is called inclusive. The measurements of 
thee incoming and outgoing lepton energy, E and E', and the scattering angle 9 completely 
definee the inclusive reaction. With the four-momentum transfer in the scattering process, i.e. 

7 7 
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leptonn k 
k' k' 

nucleonn p 
— — 

Figuree 2.1: Deep inelastic lepton nucleon scattering diagram in lowest order QED. 

thee four momentum of the virtual photon, given by q = k - k' the invariant variable Q2 and 
thee energy transfer v are defined as: 

Q22 S - g
2^4££ ' s i n2 ( 0 / 2 ), (2.1) 

vv EE TLl'ÊE-E'. (2.2) 

Itt is useful to introduce two dimensionless variables x and y, referred to as the Bjorken 
scalingg variables, expressed by the equations: 

QQ22 Q2 

XX ~ 2p~^~2MÏ' ( 2 3 ) 

PP  Q lab v 

VV = ~ - = -^- (2.4) 
pp  k E 

Thee energy transfer v in the laboratory (lab) system is constrained between zero and E, 
thereforee the kinematic range of y is 0 < y < 1. Since both Q2 and v are positive, x has to be 
positivee too. The other constraint on x comes from the invariant mass squared of the initial 
virtuall  photon nucleon system, which must be equal to or greater than the target nucleon 
masss square: 

WW22 = (p + qf =M2 + 2Mv -Q2> M2. (2.5) 

Usingg Eq. (2.3) this inequality gives x < 1, therefore 0 < x <  1. In the case of elastic 
scatteringg (W2 = M2) from Eq. (2.5) it follows that x = 1. 
Forr a fixed beam energy E (= 27.5 GeV at HERMES) the kinematics of inclusive DIS are 
determinedd completely by the measured variables (£", 9). This pair of variables is usually 
convertedd into {y, Q2). Fig. 2.2 illustrates the allowed range of these deep-inelastic scatter-
ingg variables for the HERMES experiment. The dash-dotted lines represent the geometrical 
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Figuree 2.2: Kinematic plane of deep-inelastic scattering at E = 27.5 GeV. For given Q2 and 
vv values, all the other variables are defined. Lines of constant x, 6, W and y are 
shown. shown. 

boundariess of the detector acceptance. The dotted line at W2 = 4 GeV2 sets the limi t be-
tweenn the DIS and the nucleonn resonance regions. The dashed line at y = 0.85 represents the 
cutt used in the analyses presented in this thesis to exclude the kinematic region where QED 
radiativee corrections become prohibitively large. 

2.1.22 Unpolarized DIS cross section 

AA cross section is denned in order to describe the probability that a given scattering process 
iss observed. For the photon exchange process illustrated in Fig. 2.1 the double differential 
crosss section with respect to x and Q2 is obtained by summing over all final states (including 
theirr spin) and averaging over the spin orientation of the initial particles [12], 

dxdQdxdQ2 2 

22™™22 J_ LTW 
(2ME)(2ME)22 x2Q2 "" ' 

(2.6) ) 

wheree a — 1/137 is the electromagnetic coupling constant. The leptonic tensor L  ̂ de-
scribess the leptonic vertex of the process, while the hadronic tensor W  ̂ carries information 
onn the hadronic structure of the nucleon. 
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Thee hadronic tensor cannot be calculated from our knowledge of the incoming and outgo-
ingg fermions, as the hadron does not represent an elementary point-like particle, which is at 
thee basis of the expression for the leptonic tensor. However, using symmetry arguments and 
QEDD conservation laws the hadronic tensor can be expressed in terms of four scalar functions 
dependingg on v and Q2, which describe the electromagnetic structure of the nucleon. If the 
productt is taken with the leptonic tensor, and the average over the incoming lepton helicity 
statess is evaluated, the contributions of two out of these four structure functions vanish. By 
choosingg to express W  ̂ in two dimensionless structure functions F\ and F2 the differential 
crosss section is given by [12]: 

dd22vv 27TO2 (" 2 2 F2(Q
2,x) ( Mxy\ 

(2.7) ) 

Photo-absorptionn cross section 

Thee optical theorem allows to extract the hadronic tensor W  ̂ for lepton nucleon scattering 
fromm the imaginary part of the hadronic tensor T v̂ for Compton scattering using the relation 
WpvWpv =Im[7)u,]/27r. A graphical expression of this theorem is shown in Fig. 2.3. 

nucleon n ^ ^^  __ nucleon ^M K m^m^  *^- ^ 
w w |JV V Im[T , , JIVV  J 

Figuree 2.3: Graphical representation of the optical theorem. The left diagram represents the 
DISDIS scattering process, the right one is the diagram for Compton scattering. 

Whenn performing inclusive measurements the experimentally accessible quantity is in fact 

Imp)*]--
Thee cross section of Eq. (2.7) can alternatively be described in terms of absorption cross 
sectionss for longitudinally (CTL) and transversely (erT) polarized photons: 

(Pa (Pa 
e WW r(aT(X^)+eaL(X,Q^ 

wheree F describes the flux of virtual photons and e their degree of polarization: 

c == 4 ( l - y ) - g 
4(11 - y) + 2y* + % 

(2.8) ) 

(2.9) ) 
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withh e = 0 corresponding to purely transverse polarization. Given the three possible photon 
polarizationn states 

44 = , E% = -^{JQ2 + V2,W,V) (2.10) 

theree are two spin-orientations of a target with spin  that contribute to the transverse cross 
section,, and only one to the longitudinal: 

tt T T 
°T°T = 0^1/2+  a: 

1 1 
2 ^ 1 /22 'ru3/2) 

==  7r(F1 + 5 l - 7 2
5 2 ) + 7 r ( F1 - 5 l + 7252) = 27rF1, (2.11) 

OLOL = ^i/2 = M-Fi + ^~p-F2), (2.12) 

withh 72 = %, and g\ and g2 the spin-dependent structure functions. The labels of the 
twoo cross section components can be understood as follows. 'Transverse" refers to e  (and 
ee = 0), implying that the direction of the electric and magnetic fields are transverse to the 
directionn of motion, as for the real photon case, while "Longitudinal" refers to e$ implying 
thatt the electric and magnetic fields are oscillating in the direction of motion. 
Fromm Eq. (2.11) it can be seen that Fi(Q2, x) represents the transverse component of the 
crosss section (modulo a constant), while the longitudinal component is proportional to the 
structuree function FL(Q

2, x), defined as: 

FFLL{Q{Q22,x),x) = (1 +7
2 ) F2{Q

2,x) - 2xFl{Q\x). (2.13) 

Thee structure function F2{Q
2, x) is a mixture of the transverse and longitudinal component. 

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

«(*,<?*)) = ^ = M  ̂ (2.14) 
aaTT 2xF1(x,Q2) 

(l(l  + >y2)F2(x,Q2) 
"""  2xF1(x,Q2) ' ' ^ ^ 

wheree Eq. (2.15) is obtained from Eq. (2.14) using the relation (2.13). From Eq. (2.15) the 
relationn between the two structure functions Fi and F2 is seen to be given by Fi = ^n+m * 
whichh substituted in Eq. (2.7) gives the expression for the differential cross section as a 
functionn of F2 and R: 

<Pa<Pa 2ira2 F2(Q
2,x) (\ + eR{x,Q2)\ 

—— (2.16) dxdQdxdQ22 Q4 x \l + R{x,Q2) '' AA{T {T 
Thiss expression is used in the analysis of inclusive DIS on nuclei presented in chapter 5. 
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2.1.33 Quark Parton Model 

Thee Quark Parton Model (QPM) is used to describe the absorption of the virtual photon with 
thee nucleon constituents. The quarks (partons) are assumed to be point-like particles carry-
ingg spin |. In the Bjorken limit of Q2 and v going simultaneously to infinity the structure 
functionss F\ and F2 can be expressed as 

FF22(x)(x) = Eejxg/Ca:), (2.17) 

ƒ ƒ 

Fi(x)Fi(x) = ^ ( s ) . (2-18) 

withh Q/(x) the momentum distribution of a quark of flavor ƒ and e f the quark charge in 
unitss of electron charge. Eq. (2.18) is known as the Callan-Gross relation. In the QPM the 
structuree functions are only dependent on the dimensionless variable x, which is interpreted 
ass the fractional momentum carried by the struck parton. Increasing the spatial resolution 
off  the scattering process by increasing Q2 leaves the structure function unchanged, since the 
quarkss in the QPM are assumed to be point-like. 
Thiss Bjorken scaling behavior has been confirmed experimentally in good approximation. 
Scalingg violations are, however, observed for large and small values of Q2, where F2(x) 
becomess Q2 dependent. 
InIn the QPM a value for R can be derived. Substituting die Callan-Gross relation into Eq. 
(2.15),, it can be noted that in the Bjorken limit the structure function R goes to zero: 

R=R=OL^OL^ = 0 ( 2 1 9) 

Thee fact that R vanishes in the QPM can be traced to the spin \ character of the partons. 

2.1.44 Scaling violations and pQCD 

Thee scaling violations in the QPM are explainedd by Quantum Chromo-Dynamics (QCD) in 
termss of gluon radiation. A process which is better resolved when the photon wavelength be-
comescomes small, or alternatively Q2 becomes large. The Q2-dependence of F2(x) is calculable 
inn QCD. When structure functions are known for a certain value of Q2, tiiey can be evolved 
too other Q2 values using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations 
[13,, 14, 15]. 
Att low Q2 the wavelength of the virtual photon becomes so large mat the partons inside the 
nucleonn are not fully resolved any longer. As a result the nucleon is probed as a whole. The 
validityy range for die QCD-extended QPM is not precisely known, but it is assumed to be 
validd for Q2 > 1 GeV2, which corresponds to a spatial resolution of about 0.2 fm. However 
comparisonn of experimental data to QCD analyses [16] suggests that the DGLAP equations 
cann be applied down to a Q2 of 0.3 GeV2. 
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2.22 Semi-Inclusive Deep-Inelastic Scattering 

Inn the previous section inclusive reactions have been considered where the only particle de-
tectedd is the scattered lepton. If in addition to the scattered lepton also one of the produced 
hadronss is identified the event is called semi-inclusive. A schematic representation of a semi-
inclusivee event in lowest order QED is given in Fig. 2.4. The hadron carries information on 
thee flavor of the struck quark. The flavor dependence of Semi-Inclusive Deep-Inelastic Scat-
teringtering (SIDIS) can only be exploited for hadrons originating from struck quarks. These 
so-calledd current fragments must be separated from the ones originating from the target rem-
nantss (target fragments). The separation between the current and target fragmentation do-
mainss 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 

(E\\ K') 

leptonn (E, K) 
Y ** (v> q) 

2iv v 
s : : 

nucleonn (M, p) 
U=tU=t ] [ 

hadronn (E^j^) 

Fragments s 
Current t 
Fragments s 

Figuree 2.4: Semi inclusive deep-inelastic lepton nucleon scattering diagram in lowest order 
QED. QED. 

aa lower limit is set on the fractional energy transferred from the virtual photon to the hadron, 
zz = Eh/u. 
Thee separation between current and target fragmentation can also be based on the Feynman 
scalingg variable xF — pn/W, with pfj the component of p"h parallel to the direction of the 
virtuall  photon. In general the requirement XF > 0 selects the current fragmentation domain. 

2.2.11 Semi-Inclusive DIS cross section 
Inn semi-inclusive deep-inelastic scattering it is assumed that the timescale for the absorp-
tionn of a virtual photon is very short as compared to the timescale needed for the quark to 
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fragmentt into a hadron. The fragmentation process is not calculable in pQCD since it in-
volvess long distance processes, and thus corresponds to very low Q2 values where pQCD 
techniquess cannot be used. Therefore, the fragmentation process in semi-inclusive scattering 
iss parameterized by fragmentation functions Dhj(Q2, z), which represent the probability that 
aa quark of flavor ƒ fragments in a hadron of type h with a fraction z of the virtual photon 
energyy (Eh = zv). The kinematic dependence of the fragmentation function involves only 
QQ22,, which represents the effect arising from gluon radiation of the struck quark, similar to 
thee scaling violations discussed in section 2.1.4 for the structure functions. 
Inn the QPM the cross section for the process eN —y ehX is assumed to be the product of 
thee differential inclusive cross section, already presented in Eq. (2.7), and the fragmentation 
probabilityy to find a hadron h originating from a quark of any flavor ƒ. 

d*a{eNd*a{eN ->• ehX) _ <Po{eN -> eX) Zfe}qf{x,Q2)Dh
f(Q

2,z) 
dxdQHzdxdQHz ~ dxdQ2 Y,je2

fqf{x,Q2) " ( 2 ' 2 0 ) 

Heree it is assumed that the quasi-free scattering process (related to the quark momentum 
distributionn qf(x)) and the fragmentation process (described by the fragmentation function 
Dj(z))Dj(z)) enter as two independent factors in the cross section (at the flavor level). This is 
knownn as factorization*. 
Fromm Eq. (2.20) the hadron multiplicity per DIS event is obtained: 

MM (r)2 * 1 cfojeN^ehX) _SdxJ2fe
2qf(x,Q2)Dh

f(Q
2,z) 

MMM>M> zz>->- aa dQ2dz ~ JdxZfe
2
fqf(x,Q2) ' ( 2 ' 2 1 ) 

wheree a represents the differential inclusive DIS cross section ^ ^ f e r ^ -

2.2.22 Hadronization in the nuclear  medium 

Whenn embedded in a nuclear medium, the hadronization process is influenced by quark en
ergyy loss through gluon radiation and multiple quark-nucleon scattering as the quark propa
gatess through the medium. Furthermore, hadron-nucleon interactions also affect the process 
iff the hadron is formed while still inside the nucleus. The primary experimental observable to 
accesss the hadronization process is the multiplicity of hadrons produced on a dense nucleus 
ass compared to the one produced on deuterium. In the absence of any kind of attenuation 
producedd by interactions in the medium these two quantities would be identical (i.e. the ratio 
off the two multiplicities would be unity). This ratio of hadron multiplicities or attenuation 
ratioratio is defined as 

/ 11 d2a{eN-+ehX) \ 

^.(».")=):^.'i^J*.. (2-22) / 11 cP<r{eN-+ehX)} 
dzdudzdu } j3 

'AA recent HERMESdata has shown some evidence (see Ref. [17]) that the hadron multiplicity is also 
ar-dependentt at high z, which would represent a breaking of the factorization assumed in Eq. (2.20). 
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wheree the derivative with respect to Q2 is substituted by the one with respect to v because of 
thee further application of this equation. The v and z dependence of the attenuation ratio can 
bee used to investigate the nature of the hadron formation mechanism. 
Thee process of hadronization can be described in terms of the hadron formation time TJ, the 
timee between the moment that the quark is struck by the virtual photon and the moment that 
thee final hadron is formed. Fig. 2.5 shows the quark propagating over a distance // = CTJ 
beforee the hadron is formed. Hard partonic interactions are also drawn as gluon exchange 
lines.. Not shown are possible interactions of the produced hadrons with the medium, subse
quentt to its formation. 

Figuree 2.5: Representation of the hadron formation process in the nuclear medium. 

Dependingg on the nuclear size and the formation length the hadron may still be formed in
sidee the nucleus and therefore interact with the nucleons. These interactions are described by 
hadron-nucleuss cross sections. This process is referred to as nuclear rescattering or absorp
tion.. While different theoretical models are used to describe the hadron formation process 
correspondingg to different descriptions of the hadron formation time, the nuclear absorption 
off the formed hadron in the medium is always described by the same formalism which is dis
cussedd below. In subsections 2.2.3 and 2.2.4 a collection of theoretical models is presented 
whichh describe both the partonic and hadronic part of the hadronization process. 

Nuclearr  absorption 

Afterr its formation in a nucleus A the hadron undergoes nuclear absorption if the formation 
timee is short enough. The absorption can be factortorized out of the attenuation ratio R t̂t 

ass expressed in Eq. (2.22), the factor is referred to as AfA. If no medium modification 
off the fragmentation or distribution function occurs, the attenuation ratio R%tt is entirely 
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describedd by the nuclear absorption [18,19] (i.e. i?£tt = .A/A). It has to be noted that both the 
fragmentationn function and the nuclear absorption factor are phenomenological quantities. 
Therefore,, more or less strength can be given to either one or the other in order to describe 
thee effect of the nuclear medium on the hadron multiplicity, as it is shown in the following 
comparisonn of various models. 
Thee factor A/A can be evaluated according to the procedure given in Ref. [18]2 

.A/AA - \êb r°dypA{biy) [SA(biy)}
A-\ (2.23) 

JJ J-00 

wheree pA(b, y) is the nuclear density normalized to 1 at transverse and longitudinal coordi
natess (b, y)3. The quantity SA (6, y) is the survival probability of a hadron produced at (b, y). 
Thee exponent A — 1 (with A the atomic number of the target A) accounts for die fact that the 
producedd hadron can interact with the remaining A —I nucleons in the nucleus. The survival 
probabilityy is given by: 

roo roo 
SSAA(b,(b, y) = \-ak dy'pA(b, y')Ph(y' - y), (2.24) 

JJy y 

withh Ph{y' — y) the probability to find a hadron which had traveled a distance (y' — y) in the 
nucleus.. If T/ is used to indicate the time after which the hadron is formed, and If = cry, 
Ph{y'Ph{y' — v) is usually expressed as: 

PPhh(y'-y)=l-e-«-M(y'-y)=l-e-«-Mllf.f. (2.25) 

Theoreticall models for  the hadronization process 

Overr the past 30 years a number of model predictions for the space-time behavior of hadro
nizationn has been developed. First phenomenological models were proposed to describe the 
formationn time on the basis of the various interactions of the hadron constituents before the 
hadronn is formed and the hadron interaction after formation (nuclear absorption). The two-
timescalee model based on the LUND string model is presented as an example in section 2.2.3. 
Moreover,, attempts to model the attenuation effects in analogy to the Q2-rescaling descrip
tionn of the EMC effect are presented as well in the same section, as the nuclear absorption part 
inn this model is treated in the same phenomenological approach. Later QCD-based models 
weree developed in an attempt to incorporate aspects of QCD in the description of the hadro
nizationn process. The gluon Bremsstrahlung and the fragmentation function modification 
modelss are examples discussed in section 2.2.4. 

2Notee that the exponent A — 1 is used here instead of the more adequate exponential form for the survival 
probabilityy suggested in Ref. [11]. This has been done in order to be able to compare the present analysis to 
thee published results on 14N [20]. 

3Typically,, a Woods-Saxon shape is used for the nuclear matter density pA = Po/(l + e^r-rA^ao), with TA 
thee nuclear radius parameter and oo the surface thickness parameter [18]. For a spherically symmetric nucleus 
thee radius parameter is derived from the impact parameter b and the longitudinal coordinate y according to 
rr 22 = tf+y2. 
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2.2.33 Phenomenological models 

Two-timescalee model 

Inn the string-fragmentation model a quark with sufficient kinetic energy moves away from 
ann other constituent of the nucleon, and its potential energy increases with growing distance. 
Whenn the potential energy is high enough to create a qq pair the string that connects it to the 
restt of the nucleon can break to form new quarks which subsequently become hadrons. 
Thee formation of the hadron is divided into two phases (two-timescales), a time rc in which 
thee first constituent of the hadron is formed, and a second phase in which a string is formed 
betweenn the first and second constituent [19]. The first constituent is assumed to interact 
withh the medium with a strength given by an unknown cross section aq. The string in the 
secondd phase propagates in the medium with an interaction cross section as until the final 
hadronn is formed after a total time period rf, known as the formation time. Fig. 2.6 sketches 
thee two phases of the hadron formation process according to this model. The hadron will 
alsoo interact with the medium, with a cross section ah representing the well known hadron-
nucleonn interaction. In this framework the formation time is given by the expression: 

firstt pre-hadronic 
constituentt state hadron 

°h h 
> > 

Figuree 2.6: Sketch of the two phases of hadron formation assumed in the two-timescale model. 

EEhh zv 
rr ff-T-Tcc== TT== TT,, (2-26) 

withh the string tension given by k = 1 GeV c fm"1. In practice various expressions have 
beenn used for the hadron and constituent formation times [18, 19, 21, 22]. In the model there 
iss a set of parameters (Cq) which control the form of the distribution of hadrons containing 
flavorflavor q. Here, we present the expression for the constituent formation time obtained from 
Ref.. [19] when setting Cq = 1, as it reproduces the z dependence of the existing data [19]: 

,.. I M * 2 ) - l + ^ f ^ (2.27) 
l-zl-z22 ) k 

Thee corresponding ^-dependence of 17 and rc is plotted in Fig. 2.7. It is noted that in the limit 
zz _+ if Tc _^ !£ (l _ z). The two unknown cross sections aq and as are introduced in order 
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00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 ( 

Figuree 2.7: The formation time (multiplied by k/v) as a function of z as predicted by the 
two-timescaletwo-timescale model [19] using Eq. (2.27). The total hadron (dashed line) and 
constituentconstituent (solid line) formation times are presented. For comparison the curve 
TT oc (1 — z) is plotted as a dotted line. 

too obtain the most general description of hadron attenuation phenomena. However, from the 
comparisonn to existing data [23] it turned out that the cross section of the pre-hadronic state 
aass could be taken as equal to the final hadronic cross section, thus restricting the effective 
hadronn formation to time T, SS TC. AS a consequence, it follows that the formation time is 
expectedd to be proportional to (1 - z) for large values of z. Moreover, the value obtained from 
thee comparison to the data for the quark-nucleon interaction cross section aq is consistent 
withh zero [20]. In this way the two-timescale model effectively reduces to a one time-scale 
model,, and nuclear absorption is responsible for the entire hadron attenuation. Also note that 
thee model is taken to be flavor independent. 

Flavorr  dependent string model 

Thee flavor dependent string model is an expanded version of the two-timescale model for 
nuclearr attenuation, which takes into account the flavor content of hadrons [24]. The model 
iss applicable to all string-produced hadrons and is not only valid for the leading hadron as 
alll the other models described in this subsection. The formalism is the same as that of the 
two-timescalee model with the string tension fc taken to be 1 GeV/fm and the total4 hadronic 
crosss sections for different particle types fixed by the experimental values: 

"Thee total hadronic cross section is the sum of elastic and inelastic cross sections. 
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aavv++  = a*- = 25 mb; aK+ = 17 mb; aK- = 23 mb. 

Differentlyy from the two-timescale model the flavor dependent quark-nucleon cross section 
iss assumed to be non-zero and is parameterized as a function of me constituent formation 
lengthh (or time). The authors claim that tiieir model is applicable in die domain z > 0.2 and 
QQ22 > 0.3 GeV2. The z restriction is introduced to limit the maximum number of hadrons 
producedd per string to diree which is accounted for in the calculation. The requirement on 
QQ22 limits the model to a region in which the hadron-nucleon interaction is considered to be 
Q2-independent.. Hence, the Q2-dependence of the model is restricted to the quark-nucleon 
interaction. . 

Reseatingg model 

Inn die rescaling model [25] (and its more recent update Ref. [26]) die nuclear absorption is 
treatedd in the same way as in die two-timescale model. Moreover, possible modificationss of 
thee distribution and fragmentation functions in nuclei are accounted for. 
Iff distribution and fragmentation functions are modified in nuclei Üiis is possibly caused by 
partiall deconfinement effects. The confinement scale in nuclei, AA, is assumed to be effec
tivelyy larger dian die one in free nucleons, A0, due to die overlap of neighboring nucleons 
inn the nucleus. A scale factor £A(Q) can be defined to describe die change from A0 to A A 
forr nucleus A. Moreover, in Ref. [25] it is assumed mat the distribution and fragmentation 
functionss at an arbitrary value of Q2 can be obtained by means of die DGLAP evolution 
equationss using £AQ2 instead of Q2, i.e. die Q2 value is rescaled in the medium: 

qf(x,Qqf(x,Q22)) = qf(x,UQ)Q% (2-28) 

DfDfAA(z,Q(z,Q22)) = Dh
f(z,U(Q)Q2)- (2-29) 

««(Op) ) 

Thee scale factor £A(Q) = [f^J 2a*(Q) > 1 is taken from die partial deconfinement model 
(PD)) [27], where Q0 is the physical tiireshold of hadron production. 
Apartt from deconfinement effects die rescaling model includes nuclear absorption which is 
implementedd in roughly die same way as described above. In Ref. [25] only die inelastic 
crosss sections were taken for die hadron-nucleon interaction Oh, however, in the more recent 
Ref.. [26] die total hadron-nucleon cross sections are used. The string (or pre-hadronic) cross 
sectionn is set equal to die hadronic one, dierefore die pre-hadronic state and die final hadron 
aree treated essentially as the same object by the model. The formation time is given by Eq. 
(2.27).. The string constant k is fixed to 0.4 GeV/fm, which is much smaller than the value 
usedd for k in die string model. Nuclear absorption is treated as a multiplicative factor applied 
too tiie multiplicity ratio calculated with modified distribution and fragmentation functions. 
Givenn die above parameters, predictions are made using die rescaling model for the v and z 
dependencee of die attenuation ratio at die EMC kinematics which are compared to die pub
lishedd EMC data [23]. The results are shown in Fig. 2.8. The rescaling of fragmentation and 
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distributionn functions describes the kinematic behavior of the 63Cu data well, also without 
anyy nuclear absorption factor. However, it can also be seen that data at low v and z are 
overestimatedd by the model, in this region the effect of nuclear absorption could be more 
relevant. . 

2.2.44 QCD inspired models 

Gluonn Bremsstrahlung model 

Thee production of fast leading mesons in nuclei is described in terms of a modification of 
thee fragmentation function in the medium due to energy loss caused by gluon radiation, in 
combinationn with hadron rescattering [22]. The approximation is made that the medium 
modificationn of the distribution function q\(x, Q2) is negligible. If it is also assumed that 
onee flavor is dominant in the fragmentation process, the summation in Eq. (2.20) reduces to 
onee term, and the attenuation ratio can be written as: 

lA|A A DDnn/*(z) /*(z) 
A/A A (2.30) ) 

wheree the factor A/A accounts for nuclear absorption and Dh)A is the nuclear modified frag
mentationn function. The modification is evaluated by calculating the energy loss due to gluon 
radiation,, which is proportional to the energy of the virtual photon, the time during which 
thee struck quark propagates freely before the hadron is formed and the fraction of energy 
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Figuree 2.8: Rescaling model predictions for the attenuation ratio as a function of v (left) 
andand z (right) without nuclear absorption, compared with the EMC results [23]. 
TheThe solid curve are obtained in the partial deconfinement model (PM), while the 
dasheddashed curves in the maximal deconfinement model (MD) overestimate the atten-
uationuation of the data. Plots from Fig. 3 ofRef [26]. 
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carriedd by the hadron: 
dE dE 

~~dt ~~dt 

ev(lev(l — z) 
(2.31) ) 

wheree e = 4a<,(fcf.)/3ir is calculated perturbatively, with the running QCD coupling constant 
a„(fcf.)) fixed to as{kl) for values of the quark transverse momentum kT < k0. The value of 
thee gluon-gluon correlation radius k0 « 0.7 GeV is chosen such that the amount of energy 
radiatedd per fm in this model is in agreement with the string tension used to describe the 
softt part of hadronization in the framework of color strings, dE/dt « 1 GeV/fm, [22]. From 
Eq.. (2.31) the authors of Ref. [22] derive a distribution of formation times from which the 
followingg average formation time is derived: 

TfTf = Cft V(l (2.32) ) 

withh ch the formation time constant expressed in fm G e V ^ c " 1 . The dependence of the 
formationn time on Q2 is supposed to be small. The z dependence of Eq. (2.32) can be 
understoodd in terms of the following argument. The maximum energy which a hadron of 
observedd total energy Eh = zv may have lost by gluon radiation is (1 - z)v. A high z hadron 
carriess most of the virtual photon energy, and therefore has to be formed fast, otherwise gluon 
radiationn would have reduced its energy. The hadrons formed early inside the nucleus have 
moree time (length) to reinteract with the nuclear constituents, and therefore they get more 
stronglyy suppressed. This dependence suggests that a stronger attenuation at high z should 
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Figuree 2.9: Dependence of the Gluon Bremsstrahlung model [22], on v (left) and z (right). 
TheThe predictions for the attenuation ratio are compared with existing data [23, 28]. 

bee observed in the data. 
Thee v and z dependence of the attenuation ratio as predicted by this model are compared to 
existingg EMC and SLAC data [23, 28] in Fig. 2.9. The decrease of the attenuation ratio i?£tt 

att large values of z is shown to be larger for smaller average energy. However, the absence 



22 2 2.2.. Semi-Inclusive Deep-Inelastic Scattering 

off data above z = 0.8 makes it impossible to verify or falsify the predicted z dependence. 
Usingg the expression for the formation time as given by Eq. (2.32) the factor MA is evaluated 
usingg a similar approach as was discussed in section 2.2.2, assuming oh — 25 mb. Nuclear 
absorptionn of formed hadrons is found to be the dominant mechanism of this model, while 
thee energy loss due to gluon Bremsstrahlung has a small effect on R*u [29]. 

Fragmentationn function modification model 

Inn this model parton multiple scattering inside a nucleus is assumed to cause modifications 
off the fragmentation functions and of their perturbative QCD evolution [10]. When a parton 
iss produced in the nuclear medium it undergoes multiple scattering and induced radiation 
whichh modifies the DGLAP evolution of the fragmentation functions. The in-medium mod
ifiedd fragmentation function becomes softer. This softening can directly be related to energy 
losss of the leading quark due to soft gluon emission. The dominant diagrams contributing to 
thee modification are schematically shown in Fig. 2.10. Diagram (a) corresponds to rescat-
teringg of the struck quark from a gluon, but does not involve gluon radiation. This process 
causess the broadening of the momentum distribution of the leading hadron (or jet). The 
secondd diagram (b) is the rescattering with another quark, which causes the mixing of frag
mentationn processes originating from a (anti)quark or a gluon, i.e. D%(z) and D*{z), in the 
evolutionn equations. The last diagram (c) is a higher-twist correction of (a), which involves 
gluonn radiation. The corresponding term gives the dominant higher-twist contribution in the 
QCDD evolution of Z)J(z). Due to the fact that emitted gluons and leading quarks propagate 
coherentlyy through the nucleus the last term is also affected by large interference effects. 
Thiss effect is known as Landau-Pomeranchuk-Migdal (LPM) interference. The modified 
fragmentationn function in a medium with atomic number A can be expressed in terms of the 
fragmentationn function in vacuum plus a modification term, 

D?D?AA(z,(z, Q2) = Dh
f(z, Q2) + ADh

f(z, Q2). (2.33) 

Thee in-medium modification term is proportional to the square of the nuclear size rA = 
r00 A1?3, according to 

rvv2 2 

ADADhh
ff(z,Q(z,Q22)) ex -^Adh(z,x,Q2), (2.34) 

wheree xA = hc/mp rA, C is the quark-gluon correlation strength parameter, and Adh is the 
nuclearr size independent modification. As a result the model predicts that the fragmentation 
functionn depends on the nuclear medium as A213. The quadratical dependence on the nuclear 
sizee comes from the LPM interference. Furthermore, the modification of Dh

f(z) increases for 
smalll i>, or alternatively for increasing x = Q2/2Mv, as shown in Fig. 2.11, through the 
xx dependence of Adh(z, x, Q2). The model accounts also for the in-medium modification 
off the parton distribution functions. The quark-gluon correlation strength is the only free 
parameter,, which was tuned to reproduce the published HERMES 14N data [20]. A value of 
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Figuree 2.10: Dominant terms in the modification of the fragmentation function, according to 
thethe model ofRef. [10]. 

Ca\Ca\ = 0.00065 GeV2 was obtained [30]. 
Partemm energy loss due to gluon radiation is the dominant mechanism of this model in ac
countingg for the attenuation effects. The modification of the fragmentation function can be 
rewrittenn as an approximation in terms of the energy loss AE/E as: 

ADADhh
ff(z) (z) -D -D 

I-AE/EI-AE/E \l-AE/E 
(2.35) ) 

Fromm the proportionality of the average energy loss to the quark-gluon correlation strength 
(AE(AE oc Ca2.) the value of dE/dx « 0.3 GeV/fm has been extracted for the average energy 
losss by a quark propagating through the 84Kr nucleus. This number can be directly related to 
thee energy of radiated gluons, which is of great importance for studies in relativistic heavy-
ionn physics where the change of gluon density could be used as a possible probe for the 
existencee of the quark gluon plasma. Furthermore, the parton energy loss per unit of length 
dE/dxdE/dx is predicted to grow as the nuclear radius [10, 31]. Therefore, the total energy loss 
byy gluon radiation AE scales with r\, or alternatively with A2/3. 

Alll the models presented in this section give a reasonable description of the data available 
onn hadronization in nuclei. Most of the calculations are yielding attenuation ratios which 
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Figuree 2.11: Prediction of the fragmentation function modification model [10], for the modifi-
cationcation term as a function of z for different values ofBjorken x. 

aree close to each other, despite the fundamental differences in the physical mechanisms ex
ploitedd to describe the same effect. A clear example is the contradiction between the gluon 
Bremsstrahlungg model in which rescattering of formed hadrons is the dominant mechanism, 
andd the fragmentation function modification model, in which the effect of nuclear attenua
tionn is explained entirely by gluon radiation. 
Predictionss from these models for the hadron attenuation in 14N and 84Kr are compared to 
thee HERMES data in chapter 6. 

2.33 Hadron spectroscopy 

Thee QCD structure of hadrons can be investigated using two complementary methods: 

•• in inclusive deep-inelastic scattering the short-distance (corresponding to high Q2) 
dynamicss of quarks and gluons is studied; 

•• the long-distance (or valence-like) structure of hadrons can be accessed with semi-
inclusivee deep-inelastic scattering as discussed in the previous section, or with hadron 
spectroscopyy by studying the mass spectrum of hadrons. 

AA significant fraction of the hadrons observed in deep-inelastic scattering comes from the 
decayy of a large variety of short lived particles, called resonances. The study of those meson 
andd baryon resonances is hoped to reveal information on the structure of the resonances and 
theirr production mechanism. The most important issue in hadron spectroscopy is the search 
forr missing resonances, such as hybrids and glueballs which are predicted theoretically but 
aree still not conclusively observed experimentally5. Moreover, the structure of some states, 

5Forr a recent overview of glueball searches see Ref. [32] 
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suchh as the scalar mesons, is not well understood. Hence, more experimental information is 
required. . 
Thee surprising development, which is reported in chapter 7 of this thesis, is that additional 
informationn on the structure of scalar mesons can be obtained from unpolarized DIS data on 
nuclearr targets. 
Ass an introduction to the data presented in chapter 7, in this section a sketch is given of 
theoreticall models trying to explain and predict the properties of scalar mesons. 
Inn the Constituent Valence Model [33] (CVM) the valence content of a meson is understood 
too be a quark and an anti-quark. Within this framework it is possible to describe meson 
masss spectra and various decays for almost all observed mesons. It is therefore understand-
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Figuree 2.12: Possible configuration for the lowest energy scalar mesons nonet. 

ablee that mesons which do not fit in the CVM description, like exotic hybrid mesons (with 
quantumm numbers not possible in the CVM, i.e. JCP = 1"+) and glueballs ("pure gluonic" 
states)) have attracted a lot of attention. In this respect the scalar mesons (Jcp = 0++), are a 
continuouss source of controversy, as their structure remains unclear. In order to characterize 
themm it has been tried to find the candidates for a scalar meson nonet with masses below 
16000 MeV in the framework of the CVM. 
Inn the constituent valence model the total angular momentum (J = 0) of the 3P0 qq state6, 
whichh is the scalar meson, arises from oppositely oriented orbital momentum (L = 1) and 
spinn (S = 1) components. Since the scalar mesons have a unit of orbital angular momen
tum,, the mesons of this group are expected (by the CVM) to be heavier than the vector CPi) 
mesons.. Hence, the mass of the qq scalar mesons was expected to lie in the domain 1.2-1.5 
GeVV Here, the first controversy arises since experimental findings yield at least two 0 + + 

mesonss with masses below 1 GeV. One of the two isosinglets of this group is the /0(980). 
Alsoo the isotriplet state a0(980) is found to be relatively light. Furthermore, if all the ob
servedd 0+ + mesons with masses below 1600 MeV are used to construct a nonet as the one 
proposedd in Fig. 2.12 [34], two observed resonances (see PDG) remain which do not fit in 
thee classification, the /0(400 - 1200) and /0(1370) scalar mesons. These two resonances 

6Thee notation reads: 2 i + 1 P j , where L is the orbital, P the spin, and J the total angular momentum. 
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Figuree 2.13: Two-pion invariant mass spectrum observed in photoproduction on a beryllium 
targettarget at an energy En = 220 GeV [42]. The data are presented after the sub-
tractiontraction of a smooth polynomial background. 

aree sometimes referred to as a broad "sigma" resonance [34] and some authors identify the 
/o(1370)) as the lightest glueball [35], but this is by no means established. 
Thesee and other discrepancies from the CVM predictions led to various alternative interpre
tationss for the structure of the light scalar mesons in terms of non-qq objects: like multi-quark 
statess [36], glueballs mixed states [37], vacuum scalar state [38] or KK molecules [39]. 
Inn order to understand better the structure of the scalar mesons a much better knowledge is 
requiredd on each of the observed mesons. In this sense the unexpected observation of the 
/o(980)) in DIS data is very fortunate, as it enables us to obtain novel information on the 
structuree of this scalar meson. 
Inn the following subsection a part of the existing experimental data on the /0 (980) meson is 
reviewed,, including recently obtained data from e+e~ collisions [40] and ^-scattering [41]. 

2.3.11 Production of the scalar meson /0(980) 

Thee main observed decay mode of the Jo (980) is the two-pion channel: f0 —> int. No mea
surementt of the branching ratio exists so far, but several observations of the /0(980) and of 
thee kinematic dependence of the produced yields are available in the literature. 
Onee of the first direct observations of the /0(980) scalar meson in a photoproduction experi
mentt was reported in 1997 by the E687 collaboration at Fermilab [42]. Fig. 2.13 shows the 
two-pionn invariant mass spectrum after subtraction of a smooth polynomial background in 
thee /0(980) mass range. A Breit-Wigner fit has been used to extract a pole mass of 0.968
0.00055 GeV and a width of 0.050  0.0024 GeV. 
Inn 1998 the OPAL collaboration published measurements of kinematic dependencies of the 
/o(980)) yield from e+e~ collisions with a center-of-mass energy corresponding to the Z° 
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mass.. The data were compared to JETSET 7.4 Monte Carlo calculations [40]. The good 
agreementt with these LUND string-model based MC calculations is shown in Fig. 2.14. The 
kinematicc dependencies of the /o(980) are compared to those of well established conven
tionall mesons such as the /2(1270) and the 0(1020) with masses close to that of the /o(980). 
Thiss led to the conclusion that the OPAL measurements are consistent with a conventional 
descriptionn of the f0 meson in terms of a normal 3P0 qq state. 

Moree recently the NOMAD experiment has presented a more complete mapping of the kine
maticc dependencies of the f0 (980) scalar meson as deduced from charged current interactions 
inn neutrino-nucleon scattering. As an example the Pf dependence is reproduced in the right 
panell of Fig. 2.15, while the left panel shows the n+n" invariant mass spectrum with three 
distinctt peaks corresponding to the positions of the p°(770), /0(980) and /2(1270) mesons. 
Alsoo in the case of the NOMAD experiment a good agreement was found between most of 
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Figuree 2.14: Left: measured multiplicity distribution for f0, f2 and <j>  meson production at the 
OPALOPAL experiment at CERN [40]. The data are plotted versus the scaled mo-
mentummentum of the two particles system xp. Right: ratio of multiplicity distributions 
andand JETSET 7.4 simulations as a function of the rapidity gap Ay. On the left the 
datadata are also compared to the JETSET 7.4 MC prediction. 

thee measured distributions and the LUND Monte Carlo simulation. For future reference the 
slopee of the P4

2-distribution for Pf <  0.5 GeV2 is quoted here, b = (5.3  0.2) GeV"2. 
Althoughh the results from OPAL and NOMAD seem to show that the /0(980) is probably a 
normall 3 P 0 qq-state, the data cannot exclude other interpretations in the absence of MC gen
eratorss based on the models from Ref. [36, 39], for instance. Recent data published by the 
KLOEE collaboration ([43, 44]) instead, suggest that the / 0 nature could be consistent with a 
qqqqqqqq model description as in Ref. [36]. Hence, the nature of the Jo (980) remains an unre-
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Figuree 2.15: Left: NOMAD data for the two-pion invariant mass spectrum as derived from 
v-scattering,v-scattering, at Ev = 30-60 GeV on a target consisting mostly of carbon, [41]. 
Right:Right: the Pf dependence of the extracted ƒ o yield is compared to the LUND 
simulation.simulation. The dashed line represents the result of the fit by the function ae~bPt. 

solvedd issue. 
Itt has been suggested that the environment in which the /o(980) is produced can be used to 
determinee some of its properties and may thus help to identify its dynamical structure [39]. 
Byy measuring the nuclear dependence of ƒ o (980) leptoproduction, one can make a distinc
tionn between models assuming a relatively large size of the /0(980) -as would occur for a 
KKKK molecule- and other models. In the former case, Close has suggested that a large A-
dependencee should occur [39]. In the experimental results presented in chapter 7, this novel 
degreee of freedom is used when studying the nature of the /0(980) scalar meson. 


