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Chapterr  6 

Attenuationn of hadrons in 84Kr 

VolviturVolvitur tempus rata quidem lege, sed per obscurum: 
quidquid autem ad me an naturae certum sit quod mihi in-
certumcertum est? 

LuciusLucius Annaeus Seneca 
EpistularumEpistularum moralium ad Lucilium 

6.11 Introductio n 

Besidess studies of the internal structure of the nucleon,, deep-inelastic scattering offers a di-
rectt way of studying the space-time development of the hadronization (or fragmentation) 
process,, which is the process by which final-state hadrons are formed from the quark struck 
inn a hard scattering event. The hadron formation time or the corresponding hadron forma-
tionn length can be determined by measuring the effect of secondary reactions of the final 
statee particles in the nuclear medium. In fact, both the propagating quark and the electro-
producedd hadrons can reinteract in the nucleus, leading to dissipation of a fraction of their 
energy.. Hence, such measurements can also give information on the energy loss § of par-
tonss in cold nuclear medium, which is most relevant as a benchmark for studies of relativistic 
heavy-ionn collisions searching for evidence of the Quark-Gluon Plasma. 
Ass an aside, it is of interest to note that there is currently a growing interplay between the 
physicss of hadrons in dense matter, the physics of relativistic heavy-ion collisions, and also 
thee physics of compact objects in astrophysics (which need as input the information gained 
fromm the other two fields). This last connection is mostly related to the study of kaons in the 
nuclearr medium [104]. 
Semi-inclusivee deep inelastic scattering on nuclear targets gives access to quantitative infor-
mationn on secondary partonic or hadronic reactions in cold nuclear matter. By measuring the 
multiplicityy of hadrons produced on a heavy nucleus as compared to that on deuterium, the 
effectt of the secondary interactions is observed as an attenuation of the hadron multiplicity. 
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92 2 6.1.. Introduction 

Inn phenomenological approaches of hadron attenuation in nuclei it is assumed that hadrons 
aree absorbed with a probability that depends on their inelastic cross section and on their 
formationn time. The reinteraction probability for hadrons inside the nucleus and the energy 
dissipatedd by the hadron itself is thus reduced if the formation length is comparable to the 
sizee of the nucleus. However, the hadronization process itself when embedded in a nuclear 
medium,, may also be influenced by quark energy loss through multiple scattering and gluon 
radiationn as the quark propagates through the medium. The nucleus in these examples thus 
actss as a kind of passive 'detector' for any possible reinteraction at the scale of a few fem-
tometer. . 
Thee various interactions within the nucleus result in a depletion (i.e. nuclear attenuation) 
off  the energetic hadrons as compared to interactions with an elementary target. Hence, the 
fastt forward hadron multiplicity is reduced, an effect which increases with the size of the 
nucleus. . 
Att present the formation time of a hadron is not calculable in QCD, as the hadronization pro-
cesss takes place at a scale where perturbative field theoretical techniques are not applicable. 
Therefore,, at the moment, the distribution of hadrons produced in deep-inelastic scattering 
andd a possible modification of this distribution in nuclear matter can only be calculated with 
helpp of phenomenological models. 
Ass was already mentioned before, the hadronization process in die medium needs to be un-
derstoodd in order to be able to interpret certain aspects of relativistic heavy-ion collisions. 
AA modification of hadronic spectra is believed to be one of the expected signatures of the 
transitionn from cold nuclear matter to a deconfined Quark-Gluon Plasma. 
Semi-inclusivee deep-inelastic lepton-nucleus scattering provides a clean tool for the study of 
quarkk and hadron propagation effects. In contrast to hadron scattering, in DIS no deconvo-
lutionn of the distributions of projectile and target fragments has to be made. Therefore, the 
comparisonn of hadron multiplicities extracted from DIS of leptons on various nuclei offers 
thee best way to obtain information on the formation time of hadrons and the associated par-
tonn energy loss [105, 106]. 
Inn this chapter results are presented of semi-inclusive DIS experiments on 14N and 84Kr, 
whichh are used to study the attenuation of various (identified) hadrons in nuclear matter. The 
resultss are compared to various model calculations to extract information on parton energy 
losss and hadron formation times. The chapter is organized as follows. In section 6.2 the 
definitionn of the attenuation ratio is given together with the description of the extraction pro-
cedure.. In the same section also the event selection and kinematic restrictions are addressed, 
followedd by the treatment of the radiative and photon shower corrections. In order to obtain 
separatee data for pions, kaons and protons a Ring Imaging Cerenkov detector (RICH) is used 
forr particle identification, which is the subject of subsection 6.2.4. The systematic uncer-
taintiess on the attenuation ratios are evaluated in section 6.3 and the results are presented 
inn section 6.4. In section 6.5 phenomenological models are used to fit  the data and extract 
informationn on the formation times of various hadrons. Next, in section 6.6 existing QCD 
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basedd model predictions are compared to the results of this analysis, and the A-dependence 
off  the attenuation effects is discussed. Conclusions are drawn in section 6.7. 

6.22 Attenuation ratio 

Thee attenuation ratio is a function of four variables: the leptonic ones (x,Q2) and the hadronic 
oness (z,pj<). AS the data are only weakly dependence on Q2 and p%. the attenuation ratio R t̂t 

iss integrated over these two variables and it is expressed as a function of (x,z) (or equivalently 
(v,z))(v,z)) as already shown in Eq. (2.22) 

*$*(">*)*$*(">*)  = 
11 rf 2 

0SIDIS S 

<7DIS(I/)) dvdz 

11 d2, 0SIDIS S 
1 -1 1 

^DIS(^)) dvdz 
(6.1) ) 

cann be separated into two terms: the ratio of inclusive DIS cross sections, which is calculated 
accordingg to Eq. (5.6), and the ratio of SIDIS cross sections expressed as 

gS.D155 /jyv ^ 
„SIDI SS — I vSIDIS } ' „D  ' ^ O Z ' 
aaT>T> \ r D Zmeaa Vinel 

wheree y^1DIS represents the luminosity-normalized yield for SIDIS on nucleus A, and the 

termm ^jnei = - ^ — ^ - accounts for the inelastic radiative background only, since elastic 
andd quasi-elastic radiative processes do not contribute in semi-inclusive DIS. The ratio of 
inclusivee DIS cross sections as expressed by Eq. (5.6) already includes the proper treatment 
forr the subtraction of radiative effects. In the semi-inclusive case a multiplicative term is 
usedd for the radiative correction. This is due to the absence of a proper parameterization of 
thee semi-inclusive Born cross section, which is needed as input of the TERAD code to extract 
thee value of the radiative contributions. For the inclusive case, parameterizations for targets 
off  similar atomic number from other experiments are used, but for the semi-inclusive cross 
sectionn o-|mis no such parameterization exists. The best knowledge on radiative corrections 
forr semi-inclusive processes is therefore obtained by using a relative value of the radiative 
correctionn factor, i.e. r/jnel, as used in Eq. (6.2). The evaluation of the multiplicative factor 
Tfineii  is discussed in section 6.2.2. 

6.2.11 Event selection 

Thee analysis of the SIDIS data presented in this chapter is based on the sample of unpolarized 
84Krr and polarized D data described in section 5.2. The same data quality criteria have been 
appliedd as for the inclusive analysis. The kinematic constraints on the DIS lepton and the 
PIDD requirements are also the same as those presented in section 5.2, except for the Q2 range 
whichh is limited to values above 1 GeV2 for the present analysis to ensure the applicability of 
variouss models when interpreting the results. The virtual photon energy v is required to be 
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sufficientlyy high (> 7 GeV) to avoid correlations between the values of the variables v and 
zz (see section 6.4). The restrictions on Q2 and v imply a limit on the value of the Bjorken 
scalingg variable x, i.e. x > 0.02. 
Thee analysis has been performed for charged hadrons, which are identified with the PID 
detectorss by requiring PID < -1, and for charged pions, kaons and (anti)protons using the 
RICHH unfolding procedure (see section 6.2.4), Hadrons are required to have a sufficiently 
largee fraction of the virtual photon energy to increase the probability that they carry the struck 
quark,, z > 0.2. This limit sets the lower momentum of identified hadrons to Ph > 1.4 GeV, 
whilee for the separation of pions, kaons and (anti)protons the momentum range is limited by 
thee RICH momentum thresholds1: 2.5 < Pn,K < 15 GeV and 4 < Pp{p) < 15 GeV. The 
semi-inclusivee kinematic constraints for hadrons are summarized in the following list: 

 PID < - 1 

 z > 0.2 

 v > 7 GeV 

Forr hadrons which are identified as charged pions, kaons or (anti)protons, the following 
additionall  selection criteria apply: 

 RICH unfolding identification 

 smRICH. rQp > 0 (see section 6.2.4) 

 2.5 < P*,K < 15 GeV 

 4 < Pm < 15 GeV 

Thee total number of events that remain after the application of these requirements is given in 
tablee 6.1. It is noted that the selection criteria presented in this section for semi-inclusively 
producedd hadrons on 84Kr are similar but not identical to those used in Ref. [20] for hadrons 
producedd on 14N. An additional restriction was imposed on the x range of the 14N data, 
i.e.. x > 0.06, in order to avoid the region where the photon shower inefficiency cannot be 
neglected.. Furthermore, in the 14N sample pions could only be identified in the momentum 
rangee of 4 < Pn^K < 13.5 GeV since the threshold Cerenkov detector was installed at 
thatt time in the HERMES spectrometer instead of the RICH. Therefore, no identification of 
kaonss and (anti)protons was possible on 14N. For these reasons the comparison of  14N and 
84Krr results is limited to multiplicity ratios for hadrons and identified pions2. 

11 After the completion of this analysis it has been shown that the pion momentum range can be extended 
downn to 0.6 GeV [107]. 

2Itt has to be noted that the pion momentum range and x cut are different for the two data sets. 
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DIS DIS 

h h 

IT IT 

K K 

PP + P 

MMKx Kx 

804599 9 

174647 7 

111482 2 

18702 2 

10546 6 

D D 
628577 7 

176894 4 

118408 8 

18224 4 

9307 7 

Tablee 6.1: The number of DIS and SIDIS events that are used in the present analysis after 
thethe application of data quality criteria and kinematic constraints. The numbers of 
pions,pions, kaons and (anti)pwtons have been obtained with the RICH unfolding proce-
duredure described in section 6.2.4. 

6.2.22 Radiative corrections 

Thee evaluation of radiative corrections for the inclusive DIS cross section ratio (Eq. (5.6)) is 
addressedd in section 5.2.2. It is noted that due to the more restricted kinematic range of the 
semi-inclusivee data the inclusive radiative corrections that need to be applied in this case are 
smallerr than the corrections applied in the inclusive case discussed in the previous chapter. 
Thee measured ratio of SIDIS yields also has to be corrected for radiative processes using 
Eq.. (6.2). These corrections are also calculated with the TERAD code, which is a code 
developedd for inclusive DIS, and therefore it does not account for the z dependence of the 
radiativee corrections. Due to the requirement that a produced hadron is also detected the 
phasee space of the radiated photon can be slightly different from that in the inclusive case and 
mayy thus depend on z. To account for this effect, an additional multiplicative correction is 
calculatedd using the SIRAD code [108], which was specifically developed for the evaluation 
off  radiative corrections in semi-inclusive deep inelastic scattering on hydrogen. This code 
properlyy treats the z dependence of the radiative correction. The total radiative correction of 
thee semi-inclusive cross section ratio is obtained by multiplying the TERAD based correction 
alreadyy presented in Eq. (6.2) by the one resulting from SIRAD (£SIRAD) 

^SIDIS S 

-SIDI S S 
" D D W D I SJ J 

^inell  c 
''  - g - *«IRAD -

meass 'inel 
(6.3) ) 

Thee value of the attenuation ratio R*tt is obtained by taking the ratio of Eq. (6.3) and Eq. 
(5.6).. The values of the SIRAD corrections range between 2.3% and 0.2% for R t̂t{i^), and 
betweenn 3.1% and 2.5% for Rltt{z). 
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Figuree 6.1: Ratio of efficiencies for the detection of DIS events on krypton and deuterium in 
thethe v range covered by the semi-inclusive analysis. 

6.2.33 Photon shower corrections 

Ass discussed in section 5.2.1, the DIS cross section has to be corrected for the inefficiency 
causedd by the photon shower effect. As for the radiative corrections also the photon shower 
correctionss are much smaller in the present semi-inclusive analysis, reaching a maximum 
off  7% in the highest u-bin (which corresponds to the lowest x value). The photon shower 
correctionn for each i^-bin of the present analysis has been calculated separately and is shown 
inn Fig. 6.1. 
Thee topology of the photon shower effect is such (as explained in section 5.2.1) that the 
resultingg inefficiency only affects elastic and quasi-elastic events. Therefore, the number of 
hadronss (inelastic events) reconstructed in the detector does not suffer from this inefficiency. 
However,, there is the possibility that semi-inclusive events in which a 7r° meson decays 
intoo two photons cause similar inefficiencies for the number of hadrons reconstructed. This 
effectt has been investigated using the special //DST production used to tune the Monte Carlo 
forr the photon shower correction. In this special production the lost events in one half of 
thee detector are partially recovered by considering the two detector halves independently as 
describedd in section 5.2.1. When requiring a hadron to be found in coincidence with the 
scatteredd positron (hadron tagging method) the data selected are by definition inelastic. The 
inefficiencyy for this data set has been studied in the x range covered by the semi-inclusive 
analysiss (0.02 < x < 0.9) for both the deuterium and krypton targets by taking the ratio of 
semi-inclusivee yields used in the present analysis and those derived from the aforementioned 
speciall  //DST production. The resulting inefficiencies, plotted in Fig. 6.2, are about 10% 
forr each gas target. The ratio £SIRAD of hadron-tagged (inelastic) events has an average 
valuee of 1.0099  0.0076, which implies that the inefficiencies cancel at the 1% level. This 
additionall  inefficiency is treated as a contribution to the systematic uncertainty, as the size of 
thee correction is similar to the uncertainty by which it can be evaluated. 

0.95 5 

0.9 9 

nn  oc 
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Figuree 6.2: Efficiency for the detection of hadrons produced on deuterium or krypton (top 
panel)panel) and the ratio ofhadron detection efficiencies on siKr and D (bottom panel) 
inin the x range covered by the semi-inclusive analysis. The effect of the two ineffi-
cienciesciencies cancels in the ratio at the 1 % level. 

6.2.44 RICH unfolding procedure 

Thee separation of charged pions, kaons and (anti)protons is obtained with the RICH unfold-
ingg procedure using the Inverse Ray Tracing (IRT) method as described in subsection 3.2.2. 
Too each identified track a vector of probabilities is associated. The components of the vector 
representt the probability that the identified particle is either a true pion, kaon or (anti)proton, 
dependingg on the average reconstructed Cerenkov angles in the gas and the aerogel radiators. 
Inn order to explain better the adopted procedure an example is given for the particular case 
off  an identified pion: if the RICH identifies a pion (smRICH. i T y pe = 3) the vector I of 
Eq.. (3.12) becomes 

'J,'J, 1 
IK IK 

h h 
[ix[ix  _ 

''  1 " 
0 0 
0 0 
00 . 

(6.4) ) 
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Figuree 6.3: Semi-inclusive hadron yield on deuterium in three different periods of data taking, 
whichwhich correspond to about 1500 runs each. The yield is found to be constant to 
withinwithin 1%. 

andd the product Q  I of Eq. (3.12) only yields 3 non-zero matrix elements, which correspond 
too the probabilities for the identified pion to be a true pion, kaon or (anti)proton, 

[N[N nn,N,NKK,N,Npp}}  = [Ql,Ql,Q;]. (6.5) ) 

Thee same vector is calculated for each track and the total number of pions in a given data 
samplee results from evaluating the sum X^ N% over all tracks. 
Too ensure a good performance of the RICH identification procedure a quality parameter is 
definedd (smRICH. rQp) as the logarithm of the likelihood ratio between the most likely 
hadronn and the second most likely hadron identified. For a good hadron identification this 
parameterr is required to be larger than zero. 

6.33 Systematic uncertainty 

Mostt of the systematic uncertainties related to the detector acceptance, reconstruction effi-
cienciess and the particle identification procedure cancel in the ratio R%u. Due to the different 
calorimeterr thresholds used when collecting the 84Kr and D data (3.5 GeV for 84Kr and 1.4 
GeVV for D) an identical threshold of 3.5 GeV has been applied in the present analysis for the 
twoo targets. Increasing the threshold from 3.5 GeV to 5 GeV has an effect of only 0.2% on 
thee extracted value of R t̂t. 
AA reproducibility check has been performed on the D sample which was collected over a 
longerr period of time. The total data sample has been divided in three subsamples of about 
15000 runs each. The variation of the deuterium yield over these 3 periods is about 1%, as 
shownn in Fig. 6.3. This systematic uncertainty accounts for possible variations of the detec-
torr acceptance and the detector efficiency with time. 
Thee uncertainty of the radiative corrections associated with the use of the TERAD code was 
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evaluatedd in section 5.2.2 to be 1.4%. An additional systematic uncertainty comes from the 
applicationn of the SIRAD code connected to the differences found when different fragmen-
tationn function and distribution function parameterizations are used in the code (0.6%). The 
evaluationn of the photon shower effect on the attenuation ratio brings an uncertainty of 0.4%. 
Thee effect of the hadron detection efficiency on the ratio is 1%, as shown in Fig. 6.2. 
Moreover,, there is a contribution to the total systematic uncertainty due to decay pions from 
diffractivee po production which contaminates the hadron and pion attenuation ratios. This 
uncertaintyy has been estimated to be about 2.0%. From all the contributions described above 
thee total systematic uncertainty has been calculated to be (on average) 3.3%. Table 6.2 sum-

Source e 

Diffractivee po 

RCC (TERAD) 

RCC (SIRAD) 

Photonn shower effect 

Hadronn eff. ratio 

Reproducibility y 

Singlee [ Sum 

errorr in % 

2.0 0 

1.4 4 

0.6 6 

0.4 4 

1.0 0 

1.0 0 

Total l 

2.0 0 

2.0 0 

1.4 4 

1.0 0 

3.3 3 

Tablee 6.2: Sources of systematic uncertainties on R t̂t. The numbers given have been averaged 
overover the entire v and z coverage of the present data. The second column gives 
singularsingular contributions; in the third column the correlated ones are summed linearly. 

marizess the individual systematic uncertainties and their average effect on the attenuation 
ratioo flik. 
Inn addition to the sources of systematic uncertainties mentioned above, the uncertainty re-
latedd to the RICH unfolding procedure needs to be added (when the RICH information is 
used).. To estimate this contribution two methods have been used: propagation of the error 
fromm the P to the Q-matrix, and comparison of attenuation ratios extracted with and without 
unfoldingg procedure. The total systematic uncertainty due to the RICH unfolding is taken 
too be the largest of these two contributions. In the first method, the statistical Monte Carlo 
basedd error is taken for the elements of the P-matrix, which is propagated to the Q-matrix 
forr ^Kr and D, respectively. The systematic uncertainty on the attenuation ratios of pions, 
kaonss and anti(protons) has been evaluated using the errors on the Q-matrix. In the second 
methodd the uncertainty is evaluated by taking the ratio of the results for R*tt obtained with 
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andd without the unfolding procedure. The two methods lead to similar uncertainties, and the 
largestt is assigned as systematic error for each particle type. The total systematic uncertainty 
iss 3.9% for pions, 4.2% for kaons and 3.9% (7.2%) for protons (antiprotons). This number is 
thee sum in quadrature of the RICH systematic uncertainty and the total uncertainty on R%u 

off  3.3% described above. 

6.44 Results 

Thee results for the multiplicity (or attenuation) ratio R%tt on ^Kr are presented in Fig. 6.4 
ass a function of v. The data are shown separately for positive and negative pions and kaons, 
andd for protons and anti-protons. The separation between different particle types is achieved 
byy unfolding the RICH information in the momentum range between 2.5 and 15 GeV for 
mesons,, and 4 to 15 GeV for baryons. 
Withinn errors the multiplicity ratios for positive and negative pions are found to be equal 
implyingg that there is no charge dependence of the pionn attenuation ratio. Also, it is observed 
thatt the attenuation for negative kaons is similar to that of the pions, while the positive kaons 
aree seen to be somewhat less attenuated. 
Thee observed attenuation of protons is much smaller than the one of anti-protons, i.e. Rlu > 
RÏRÏtttt.. This can be partially explained by noting that the interaction cross sections a(pd) and 
cr(pd)cr(pd) differ by about a factor 3 at the energies of interest. If the hadron is formed well inside 
thee nucleus the interaction probability for a proton is smaller than that of an anti-proton, 
resultingg in substantially more nuclear absorption or rescattering, and thus a smaller value of 
R%R%tttt.. Alternatively, the data may indicate different modifications of the quark and anti-quark 
fragmentationn functions in nuclei [109]. 
Thee bottom panel of Fig. 6.4 shows the variation of the average values of Q2 and z in the v 
rangee covered by the data. Note that the different values given for z for either (anti)protons 
orr mesons arise from the different average energies of mesons and baryons. 
Fig.. 6.5 shows the z dependence of the same data sample3. It is seen that pions and negative 
kaonss have the same z dependence. The values for the multiplicity of positive kaons are 
systematicallyy above the ones of negative kaons. According to Ref. [110, 111, 104] (and 
others)) positive and negative kaons are subject to opposite in-medium effects: in nuclear 
matterr the K+ feels a weak repulsive potential, whereas the K~ feels a strong attractive 
potential.. As a result the K+ mesons are less sensitive to rescattering effects in dense matter. 
Forr this theoretical prediction supportive evidence is found from the heavy-ion experiment 
describedd in Ref. [112], This effect might also be at the origin of the observed difference 
inn the multiplicity ratios for K+ and K~ presented in Fig. 6.4 and Fig. 6.5, but explicit 
calculationss applied to the present experiment are not available. 

3Tabless reporting the values of ft£tt in Fig. 6.4 and Fig. 6.5 can be found on the web site: 
http://www.nikhef.nl/~erikag/Analysis/hadron-attenuation.htrnl. . 

http://www.nikhef.nl/~erikag/Analysis/hadron-attenuation.htrnl
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Figuree 6.4: Multiplicity ratio for identified positive and negative pions and kaons, and for 
protonsprotons and anti-protons versus vfor MKr compared to D. The outer error bands 
areare the sum in quadrature of statistical (inner bands) and systematic uncertainties. 
TheThe bottom panel shows the average values for the other two kinematic variables 
(z(z and Q2) governing the hadronization process. 

Protonss and anti-protons have a quite different z dependence. The anti-proton attenuation 
rati oo is almost constant in z, while the proton attenuation rati o rises above unity at low z. 
Possiblee causes of this rise are addressed below. 
Att  high z (z > 0.5) the hadron is most likely to carry the struck quark (leading hadron). 
Inn the case of an anti-proton the struck quark must be an anti-quark . Under  the assumption 
thatt  factorization holds for  the HERMES kinematics, the multiplicit y distributio n of anti-
protonss thus gives direct information on the essentially unknown fragmentation function of 
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Figuree 6.5: Multiplicity ratio for identified positive and negative pions and kaons, and for 
protonsprotons and anti-protons versus zfor 8iKr compared to D. The outer error bands 
areare the sum in quadrature of statistical (inner bands) and systematic uncertainties. 
TheThe bottom panel shows the average values for the other two kinematic variables 
(v(v and Q2) governing the hadronization process. 

anti-quark ss forming anti-protons, Dp
q(z) [10]. This subject is not further  pursued as the 

determinationn of absolute multiplicitie s is beyond the scope of this analysis. 

Protonn rescattering 

Too understand better  the behavior  of the proton multiplicit y ratio in the region where RP
M 

becomess larger  than unity, the corresponding v and z dependence are also evaluated with 
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differentt kinematic restrictions. For the v dependence the lower z limit is changed from 0.2 
too 0.5. This requirement selects fast forward hadrons only, implying that the detected proton 
mostt likely contains the struck quark. The result is plotted in the left panel of Fig. 6.6, and 
showss that the attenuation of fast protons does not exceed unity. On the other hand, limiting 
thee virtual photon energy range to 7 < v < 16 GeV gives the same proton attenuation ratio as 
inn the range 7 < v < 23 GeV, as shown in the right panel of Fig. 6.6. These results strongly 
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Figuree 6.6: Proton multiplicity ratio versus v (left) for different z cuts, and versus z (right) for 
differentdifferent v cuts. 

suggestt that the enhancement of RV
M at low z and high v is indeed related to possible rescat-

teringg contributions, leading to additional low z protons also showing up at high v. 
Anotherr possibility for selecting leading hadrons is offered by increasing the lower limit on 
thee invariant mass squared of the proton-lepton system W2 from 4 GeV2 to a higher value 
suchh as 10 GeV2. However, as 98% of the DIS events anyhow have W2 > 10 GeV2 this re-
quirementt is not very effective. For the same reason it is not possible with the HERMES data 
too investigate the attenuation ratio in the resonance region (1 < W2 < 4 GeV2). 
Thee processes responsible for the values of i?£tt > 1, could be inelastic rescattering of pri-
maryy hadrons (i.e. pions) on the target protons. Processes of this kind are clearly more likely 
too happen in a heavy nucleus since in deuterium there is only one proton available for such a 
rescatteringg process. 
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6.55 Formation time fits 
Ass discussed in sections 2.2.3 and 2.2.4, essentially two types of models are available to 
describee the phenomenon of hadron attenuation. In the first type, the interactions of the 
hadronn constituents and of the formed hadron with the nuclear medium are modeled in a 
semi-classicall  phenomenological approach, in which the nuclear absorption is the dominant 
mechanism.. As a result the attenuation is expected to scale with the nuclear radius, i.e. A1?3. 
Onn the other hand there are models which are based on a QCD description of the hadro-
nizationn process in which parton energy loss induced by gluon radiation is the dominant 
mechanism.. This class of QCD based models predict a dependence of the attenuation on the 
squaree of the nuclear radius, i.e. A2?3. 
Inn this section the phenomenological approach is used to fit the attenuation ratios, while in 
thee next section available calculations from both types of models are compared to the HER-
MESS data. At the end of that section the dependence of the attenuation on the nuclear mass 
AA is evaluated as a further means to distinguish between the two proposed mechanisms. 
Underr the assumption that nuclear absorption is the dominant cause of attenuation for lead-
ingg hadrons, the formation time constants for the various hadrons can be determined by 
fittingg the measured multiplicity ratios for z > 0.5 using Eq. (2.23). These fits serve var-
iouss purposes: they provide a convenient parameterization of the data, and they enable us 
too investigate the validity of the assumption that nuclear absorption is the dominant (if not 
thee only) contribution to the hadron attenuation. This assumption is confirmed if the same 
formationn time constants (c ,̂ or k and crs) are found for different nuclei. The third purpose 
off  the fits is to provide a -model dependent- estimate of the average hadron formation time 
whichh is a useful number for other applications. 
Whenn evaluation the formation time fits, two different approaches are considered when de-
scribingg the data. These two approaches, which correspond to different assumptions often 
usedd in model calculations, are discussed separately below. 

One-timescalee model 

Inn the first approach the hadron formation time is parameterized by a one-timescale model 
wheree r/ is the time needed to form an object which interacts with a cross section 07, with 
thee nucleons in the nucleus. For the expression of the formation time T/, which is needed 
too evaluate the survival probability in Eq. (2.23), the following form is taken (suggested by 
manyy theoretical models describing the hadron formation at high 2 [18, 19,22, 26]): 

TTff = ch u(l - z), (6.6) 

wheree the formation time constant c/, (expressed in fmGeV_1c-1) is the only free parameter 
inn the fit. In this approach the quark-nucleon cross section oq is set equal to zero, as was also 
assumedd by previous analyses [78, 113]. 
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7TT + 

7T~ ~ 

K+ K+ 

K-K-

P P 

P P 

cchh [fm GeV-^-1] 

1.499  0.09 

1.688  0.13 

1.233  0.21 

0.733 9 

3.344  0.60 
2.133 7 

sys s 

0 0 
0 0 

5 5 

0 0 

0 0 

0 0 

Tablee 63: Fitted values of the formation time constant c/, using a one-timescale model fit with 
aa 3pG parameterization of the ^Kr matter density. Only leading hadrons (i.e. with 
zz > 0.5) are used in the fit. The third column reports the systematic errors. 

Ass it is often assumed in string model calculations that the string cross section is equal to the 
hadronn cross section a^, the present approach does not distinguish between string-like and 
hadron-likee interactions with the nuclear medium. For ah different values are used for the 
differentt hadron types: 

Ov+Ov+ = &„-  - 25 mb; aK+ = 17 mb; aK- = 23 mb; ap = 35 mb; ap = 60 mb. 

Thee ^Kr density distribution which is needed in these fits (see Eq. (2.24)), has been de-
rivedrived from existing electron scattering data off the neighboring nuclei  76Ge and 88Sr. The 
MKrr matter density is extracted by interpolating between the two known charge distribu-
tions,, correcting for different core polarization distributions [11]. The obtained distribution 
iss described with a 3-parameter Gaussian (3pG) function 

ll  + wfeY 
P*VG(T)P*VG(T) = Pol + eir2-c2)/z,, (6-7) 

inn which the radial distance r = y/b2 + y2 is determined by the transverse and longitudinal 
coordinatess (b, y). The values obtained for the free parameters are respectively: c = 4.47
0.499 fm, z - 2.52  0.10 fm and w = 0.26 , implying a matter density of p0 =0.163 

 0.015 fm-3 [11]. Note that the normalized matter density is actually used in the fits: p'0 = 
po/844 fm~3. As an alternative a 2-parameter Fermi (2pF) function has also been used to fit 
thee nuclear matter density distribution: 

PWWPWW = *>l + e(r-rK,) /- - ( 6 ' 8 ) 

Thee values obtained for the nuclear radius and the surface thickness parameter for ^Kr are 
[11]:: rKT = 4.86  0.07 fm and a0 = 0.53  0.03 fm, respectively, implying an integrated 
matterr density of po = 0.157  0.005 fm-3. The formation time constants c/, extracted using 



106 6 6.5.. Formation time fits 

CO O 

O O 
« ^ ^ 
O O 
"^ ^ 
«J J 

"a. "a. 
^ ^ 

E E 

1 1 

0.8 8 

0.6 6 

1 1 

0.8 8 

0.6 6 

1.2 2 
1 1 

0.8 8 

0.6 6 

HERMESS PRELIMINARY in* in 

1-timee scale: z > 0.5 
<v>=13 3 

0.22 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Figuree 6.7: Multiplicity ratios for pions, kaons and (anti)protons as a function of z for siKr. 
TheThe data are compared to curves obtained using the values reported in table 6.3 at 
anan average v value of 13 GeV in a one-timescale model. Only data above z > 0.5 
havehave been included in theft (solid lines). In each panel the dash-dotted (dashed) 
lineline is the extrapolation to low z values of the fit for the positive (negative) hadron 
typetype represented by the closed (open) symbols. 

thesee two parameterizations are in agreement to within 1%. In table 6.3 the values for ch 

extractedd with the 3pG function are reported. The systematic uncertainty in the third column 
off  table 6.3 is obtained by repeating the fit  with all the data simultaneously increased or de-
creasedd by their total systematic uncertainty. 

Thee curves corresponding to the fits obtained with the matter density represented by Eq. 
(6.7)) are presented in Fig. 6.7. The fits describe the z dependence of all data above z = 0.5 
well.. By extrapolating the fits to lower z values it is observed that the fit  agrees with the 
pionn data, while for kaons and especially for protons the fit clearly underestimates the data 
att low z. As was argued in section 6.4 the relative enhancement of Rp

Att for low-z protons 
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iss possibly caused by rescattering effects in the nucleus. However, as the formation time fits 
cann only account for loss of strength, an extension of the model is needed to account for any 
low-22 enhancement. 
Thee high-2 results can be used to study the effect of nuclear absorption on the various hadrons 
andd make relative statements. It is observed that the values of c„+  and c*- are in good 
agreementt with each other and are slightly higher than (but within errors in agreement with) 
thee values found in a previous analysis of hadron attenuation on 14N: c„+  = 1.37  0.18 
fmm GeV^c"1 and c -̂ = 1.38  0.21 fm GeV"1^1 [20]. The agreement found for c*  as 
derivedd from two very different nuclei is an important result, since it seems to support the 
(relativelyy simple) treatment of the hadron attenuation effects in terms of nuclear absorption. 
Moreover,, these numbers are also in agreement with the theoretical calculation of cn in the 
frameworkk of the gluon Bremsstrahlung model for high-2 pions: cw = 1.35 fm GeV-1c_1 

[29].. It is noted, however, that in the model calculation of Ref. [29] the dominant source of 
attenuationn is nuclear absorption rather than gluon Bremsstrahlung. 
Thee results for the K~ and K+ mesons are seen to have on average somewhat smaller for-
mationn time constants as compared to those of the pions. Although the large statistical un-
certaintyy of the K~ sample does not lead to a well constrained fit, the results suggest a lower 
valuee for cK- than for CK +  This difference might be related to the previously mentioned nu-
clearr medium effects on the K+N and K~N interactions, i.e. the possibility that the values 
off  aK + and aK- are medium dependent, as suggested by the GSI observation of Ref. [112]. 
However,, the differencee between the values of cK- and cK+  is only about 2.5a. 
Thee values of Cp and Cp indicate a longer formation time for these baryons than for the 
mesons,, which would confirm, at least qualitatively, the speculations on such formation time 
differencess mentioned in [20]. It is noted that a value of ch which is larger for baryons than 
forr mesons is certainly in contrast to the first pioneering estimates of TJ which assumed a 
l/rrihl/rrih  dependence [21]. More data are needed to confirm this result and enlarge the signifi-
cancee of the difference between Cp and c .̂ 
Iff  protons have a longer formation time, the effect could also be visible for other baryons, 
suchh as the A-hyperon. A first indication of the A attenuation was obtained in a preliminary 
analysiss of HERMES data [114] on the A yields on D, 3He and 14N target as compared to lH. 
Thee results are shown in the middle panel of Fig. 6.8. Unfortunately, the limited statistics 
enforcedd an integration over v and z. Moreover, the small A coverage of the data does not al-
loww to make conclusive statements on the subject. The same applies to the slight increase of 
thee K, and A multiplicity ratios with A shown in the top and bottom panel of Fig. 6.8. More 
statisticss are needed before firm conclusions can be drawn. At HERMES it will be possible 
too obtain a considerable improvement of the statistics of A hyperons with the new Lambda 
Wheels.. If such data are collected with heavy target gases such as ^Ar and 131Xe, a detailed 
studyy of A attenuationn in nuclei can be performed, thereby also increasing the statistics for 
kaonss and (anti)protons. 



108 8 6.5.. Formation time fits 

1.4 4 
1.2 2 
1 1 

0.8 8 
0.6 6 

1.4 4 
1.2 2 
1 1 

0.8 8 
0.6 6 

T T 

2 2 

1 1 

0 0 

Ks s T T 

0 0 

0 0 

2 2 

I I 
1 1 

2 2 

tf f 

4 4 

4 4 

66 8 

A A 

66 8 

A A 

10 0 

10 0 

12 2 

12 2 

14A A 

t t 

14A A 

i i 
44 6 8 10 12 14, 

Figur ee 6.8: A-dependence of the multiplicity ratio for identified A and K-hyperons, as ex-

tractedtracted from the analysis reported in [114]. 

One-timescalee model with string interaction 

Thee one-timescale model fits discussed on the previous pages are based on the assumption 
thatt the pre-hadronic string-like state interacts with the same cross section as the hadronic 
state,, while the initial quark-like state has a vanishing interaction cross section. The for-
mationn time obtained can be interpreted as the time needed until the pre-hadronic string-like 
statee is formed, but there is no distinction between the pre-hadronic state andd the final hadron. 
Ass the initial quark-like interaction is set to zero, the observed hadron attenuation is entirely 
attributedd to conventional nuclear absorption processes. However, it can be argued that this 
iss an extreme case, as the quark and string-like contributions need not be zero. In fact, it is 
veryy important to study this aspect in more detail since at least one theoretical model [30] 
attributess essentially all of the observed attenuation to partonic interactions. For that reason 
aa second type of fit  has been performed assuming that the pre-hadronic state interacts with 
thee medium with a cross section as different from zero4. 
Differentlyy from the string model described in section 2.2.3, in the present approach the pre-

4Ideallyy one could even assume separate values for as and aq, but the statistics of the data are not sufficient 
too obtain uncorrelated values for more than 2 parameters. 
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aass40 40 

Figur ee 6.9: Representation of the parameters used in the one-time model fits without (left) and 

withwith (right) a pre-hadronic state interaction. 

hadronicc state (or string) is supposed to be formed immediately after the quark is struck (at 
aa time rc = 0 in the LUND string model language). The string interacts with a cross section 
aass,, and after a total time rs the hadron is formed. After its formation the hadron is subject to 
nuclearr absorption which is evaluated using the same description as previously. The present 
approachh is an extreme case as well, in which the interaction of the struck quark is neglected 
(orr -equivalently- set equal to the string interaction). In this framework the formation time is 
expressedd in terms of the string constant k (expressed in GeV c fm-1) 

T,, = £ ( 1 - Z ), (6.9) 

too reproduce the z dependence of the data. Using this expression a two-parameter fit can be 
performedd with k and as as free parameters, which can be extracted from the HERMES data. 
Fig.. 6.9 summarizes the parameters involved in this type of fit as compared to the ones of 
thee fit previously described. This approach cannot be directly compared to the LUND string 
modell  described in section 2.2.3, since in the approximation TC = 0 the model of Ref. [19] 
givess a different z dependence, i.e. T; ~ z. Here, it has been chosen to use Eq. (6.9) instead 
too ensure a reasonable description of the data. 
Accordingg to the string model the value of the effective string constant should be the same 
forr all mesons, while it should be different for baryons. The same should be true for the 
stringg cross section. Therefore, a combined fit to the 84Kr data is performed using either all 
mesonn or all baryon data together. The two resulting curves are compared to the data for 
mesonss and baryons, respectively, in the top and bottom panel of Fig. 6.10. Again, while for 
zz > 0.5 the curves describe the data fairly well, the extrapolation of the fit  to lower values of 
zz shows the limitation of this leading hadron analysis. It is noted that the fit  to the mesons 
iss entirely governed by the pion data5, while the baryon fit is strongly driven by the proton 
data.. It is still preferable to combine the data in the way suggested by the string model in 
vieww of the physical meaning of the extracted quantities. 

5Separatee fits to the pion and kaon data were also performed. The results are kn = 0.28  0.06 GeV c fm~' 
andd a* = 4.1  0.7 mb for the fit  to the pion data; and for the kaon data kx = 0.17  0.27 GeV c fm_1, and 
(7**  =4.1 . 
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Figuree 6.10: Multiplicity ratios for pions, kaons and (anti)protons as a function of z. The 
solidsolid lines are fits obtained with the one-timescale model with string interaction 
forfor different hadron types. Only data above z > 0.5 are used in the fit. The 
dasheddashed lines are extrapolations of the fits to lower values of z. 

Thee extracted values for k and as are listed in table 6.4. For the string cross section as there 
iss good agreement between the meson and baryon data, even if as is not expected to be equal 
inn the two cases. The string constant k for mesons is seen to be larger than the value of k for 
baryons,, which is related to the observed shorter formation time of the mesons as compared 
too that of the baryons. In fact in the limit of as = 0 the string constant k is equal to l/ch. 
AA mass dependence of k is foreseen by the LUND model: it is expected that baryons have 
aa longer formation time than mesons [115], corresponding to a smaller string constant. The 
latterr prediction is confirmed by the fitted values of the string constants presented in table 
6.4. . 

Forr comparison the same fit has also been performed for the published 14N data [20] both 
forr pions and for all hadrons combined. The results of these two fits are also reported in 
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Mesons s 

Baryons s 

MKr r 

kk [GeV c far1] 

0.288  0.06 
0.111 4 

aaaa [mb] 

4.22  0.7 

4.33  1.5 

Pions s 

Hadrons s 

1 4N N 

kk [GeV c fra"1] 

0.122 4 

0.111 4 

ooss [mb] 

2.77  0.6 

2.11 5 

Tablee 6.4: Values for the string tension k and the string cross section a9 for mesons and 
baryonsbaryons as extracted from a fit using the one-timescale model with string inter-
actionaction and the MKr data shown in Fig. 6.10. On the right the results for pions and 
allall  hadrons as extracted from a similar fit to the HERMES UN data [20] are listed. 
OnlyOnly leading hadrons (i.e. with z > 0.5) are used in both fits. 

tablee 6.4. The results for mesons on ^Kr and pions on 14N can be directly compared and are 
expectedd to be the same if the effect of the nuclear medium is properly accounted for, and k 
andd aa only characterize the hadronization process. Instead, a significant difference for both 
thee value of the string constant and the string cross section are observed between the two gas 
targets.. This result provides first evidence that phenomenological models based on nuclear 
absorptionn do not reproduce the ^.-dependence of the HERMES attenuation data. This point 
iss further discussed at the end of the next section when the A-dependence of the #a tt data is 
discussedd explicitly. 

Comparingg the results of the two types of formation time fits presented in this section, 
andd in particular the values extracted for ch and A;, it is seen that these type of fits only yield 
modell  dependent values for the hadron formation time. By comparing, for instance, the value 
off  cw from table 6.3 to the value of 1/fc = 3.6 GeV c far1 for mesons from table 6.4, a factor 
off  about 2.5 is found between the pion formation time T/ as calculated with Eq. (6.6) and the 
valuee obtained with Eq. (6.9) for fixed values of v and z. It is important to note, however, that 
thee large difference between the pion and proton formation times remains, which indicates 
thatt independent from the sophistication of the model, the proton formation time is about 
twicee as long as that of the pion. This result represents new information which is not yet 
availablee from any previous analysis. It is also important to point out that the A-dependence 
off  the data does not seem to be well reproduced by these type of fits, and therefore a different 
approachh is needed in order to arrive at a consistent description of the 14N and ^Kr data. 

6.66 Comparison to model calculations 

InIn this section the two types of models for which published calculations exist are compared 
too the HERMES data for hadron attenuation. Most of the theoretical models available at the 
timee of this work only describe the z or v dependence of the attenuation (or multiplicity) 
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ratioss for charged hadrons or mesons, without a separation for the particle type as achieved 
experimentallyy by HERMES. Therefore, the attenuation ratio has also been extracted from 
thee data for positive and negative hadrons combined in order to enable a comparison to 
variouss theoretical predictions. The combined hadron attenuation data have the advantage of 
extendingg the available momentum range of the data to 1.4 < Ph < 15 GeV, since the RICH 
informationn is not required as the hadrons are identified by the other PID detectors using the 
PIDD scheme described in section 3.2.2. Furthermore, the various models also contain specific 
predictionss for the A dependence of i?£tt. For that reason the published 14N data [20] are 
alsoo included in the plots together with the corresponding model predictions6. 

Phenomenologicall  models 

Threee phenomenological models were briefly described in section 2.2.3. A modification of 
thee first model, the two-timescale model, has been used in the previous section to fit the 
dataa and extract information on the string constant k. From the other two models (Ref. [26] 
andd [24]) calculations have been made available by the authors, which are compared to the 
84Krr data in Fig. 6.11 and Fig. 6.12, respectively. As was already mentioned in section 2.2.3 
inn the rescaling model the string constant k is set equal to 0.4 GeV c fm_1. This value is 
similarr to the result obtained from the second fit described in section 6.5, where k is found 
too be 0.28  0.06 GeV c fm-1. The results of the rescaling model with nuclear absorption 
(shownn in Fig. 6.11) give an adequate description of the v and z dependence of fl^tt f° r D om 

positivee and negative pions, and positive kaons, while negative kaons are less well repro-
duced.. The influence of nuclear absorption on the calculations is made explicit by showing 
calculationss with (lower pair of curves) and without (upper pair of curves) this effect. The 
effectt is seen to be crucial as rescaling alone would not be enough to describe the hadron 
attenuationn data on 84Kr. Apparently, the rescaling effect is quite small as compared to the 
nuclearr absorption effect for a heavy target. In Ref. [26] the authors argue that the major con-
tributionn to the attenuation in this model originates from pre-hadron absorption (rather than 
fromm hadron absorption). This is illustrated by fixing the hadronic cross section to zero and 
thee pre-hadronic one equal to the hadron cross section in the calculation, as is represented 
byy the dotted line in the upper right plot of Fig. 6.11. However, as we already discussed in 
thee previous section experimentally it is not possible to discriminate between pre-hadronic 
(string-like)) and hadronic interactions if both are assumed to be governed by the same inter-
actionn cross section. In both cases the first quark-like interactions (governed by small cross 
sections)) are followed by stronger hadron-Iike interactions. For that reason all these results 
aree very similar to the one-timescale model fits discussed in the previous section. 

Thee separate predictions for positive and negative pions and kaons from the flavor dependent 
6Sincee all the model calculations were made using the kinematic restrictions of the published 14N data [78], 

thee same cut of x > 0.06 is also used here for the 84Kr data with all hadrons combined. 
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Figuree 6.11: Multiplicity ratio for identified pions and kaons produced on MKr versus v (left-
handhand panel) and z (right-hand panel) compared to the predictions of the rescaling 
modelmodel of Ref [26]. In the upper pairs of curves the contribution of nuclear 
absorptionabsorption in the model has been turned off. 

modell of Ref. [24] is compared to the 84Kr data in Fig. 6.12. While the equal attenuation of 
7T++ and 7T" mesons is well described by the calculation, for K+ and K~ mesons the model 
doess not reproduce the difference implied by the data. This may indicate that either the fla
vorr dependence implemented in the model is too weak, or that another mechanism has to be 
usedd to explain the difference between positive and negative kaons. Once more it is empha
sizedd that also according to this model the attenuation is largely caused by nuclear absorption 
off an object interacting with the hadron-nucleon cross section. In this model, however, no 
distinctionn is made between the pre-hadronic and the hadronic state. 

Gluonn Bremsstrahlung model 

Inn the left panel of Fig. 6.13 the multiplicity ratios for pions produced on 14N and 84Kr are 
shownn separately. The pions were identified in the momentum range from 4 to 15 GeV using 
thee HERMES RICH detector for the 84Kr data and using a threshold Cerenkov detector for 
thee older 14N data. The data are compared to the gluon Bremsstrahlung model of Ref. [22], 
inn which the main source of hadron attenuation is also hadronic rescattering (or nuclear 
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Figuree 6.13: Multiplicity ratio for identified pions (hadrons) versus u and z for liN and 
844 Kr targets. The curves represent the predictions of the gluon Bremsstrahlung 
modelmodel ofRef [22]. 

absorption)) after the pion is formed, while the gluon Bremsstrahlung itself causes only a 
smalll attenuation. Calculations in this model are only available for leading pions and kaons, 
whichh restricts the comparison to z > 0.5. This may explain why the v dependence is better 
describedd for low i/-values which correspond on average to higher z values. In the right 
panell of Fig. 6.13 the model calculation is compared to the z-dependence of R û and seen 
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too agree well with the data at high z. In fact, the calculation can be represented by a simple 
parameterizationn involving a single timescale expressed as 17 = chv(l - z) similar to the 
onee used in the previous section. The value of the proportionality constant ch as obtained 
fromm the model calculation (ch = 1.35 fm GeV^c"1 [29]) agrees well with the value of cw 

derivedd from the fit to the HERMES data presented in the previous section. From the gluon 
Bremsstrahlungg model of Ref. [22] also predictions for the attenuation of n+ and K+ mesons 
aree available [29], which are presented in Fig. 6.14 together with the 84Kr data. Also in this 
casee the model shows a good agreement with the data confirming once more that the nuclear 
absorptionn description of hadron attenuation is adequate to account for the data. 

Fragmentationn function modification model 

Ass opposed to the previously described models, the fragmentation function modification 
modell [10] attributes the attenuation effect largely to partonic energy loss which is predicted 
too scale quadratically with the nuclear radius. 
Thee results of the model calculation of Ref. [10] are compared to the charged-hadron multi
plicityy ratio R%tt in Fig. 6.15 as a function of v and z, for v > 7 GeV and x > 0.06. In the 
modell calculations the attenuation ratio is expressed in terms of a ratio of modified fragmen
tationn functions, where the modification arises from multiple parton scattering and induced 
gluonn radiation. The v and z dependence of the data is reproduced quite well by the model. 
Also,, the observed attenuation of fast hadrons is considerably stronger for 84Kr than for 14N, 
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Figuree 6.14: Multiplicity ratio for identified pions and kaons in MKr versus z as compared to 
thethe predictions of the gluon Bremsstrahlung model of Ref. [22]. 
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Figuree 6.15: Multiplicity ratio for charged hadrons versus v and z for UN and SAKr targets. 
TheThe curves are predictions of the fragmentation function modification model of 
RefiRefi [10]. 

althoughh it has to be noted that the prediction for 84Kr at low and medium v is systematically 
abovee the data. More details on the ^-dependence of the data are given below. 
Inn the context of this same model, the average parton energy loss in the nuclear medium was 
evaluatedd from the 14N data [30]. The obtained value of dE/dx RJ 0.3 GeV/fm for krypton 
("cold"" nuclear matter) can be compared to estimates of dE/dx for hot nuclear matter as 
extractedd from recent PHENIX data [116] on relativistic heavy-ion Au-Au collisions. The 
averagee energy loss derived from the heavy-ion data (0.5 GeV/fm) needs to be corrected for 
thee rapid expansion of the dense medium after the collision, which yields (dE/dx)0 « 7.3 
GeV/fmm in a static medium [117]. This value is 15 times larger than that derived from the 
attenuationn data in 14N, and has been quoted as possible evidence for a gluon density at the 
earlyy stages of the PHENIX Au-Au collisions which is 15 times higher than in cold nuclear 
matter. . 

Afterr having seen the comparison of the various models to the data, a word of caution is 
appropriate.. In Ref. [10] the entire hadron attenuation is attributed to gluon Bremsstrahlung 
andd parton rescattering, while the effect of hadron rescattering is not included in the calcu
lation.. On the other hand, on the previous pages we have seen that nuclear absorption can 
alsoo account for the attenuation observed in the data. This is demonstrated by the fits pre
sentedd in section 6.5, and is also confirmed by the good agreement of calculations like that 
off the rescattering model and the gluon Bremsstrahlung model with the data (Fig. 6.11 and 
Fig.. 6.13). 
AA possible way to distinguish between the partonic energy loss mechanism of Ref. [10] and 
thee nuclear absorption processes proposed by others, is the study of the ,4-dependence of 
thee attenuation. As was mentioned before and as explained in section 2.2.4, the LPM inter
ferencee term in the fragmentation function modification model depends on A2!3 [30]. On 
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thee other hand, in models based on nuclear absorption the attenuation is proportional to the 
distancee traversed in the nucleus, and therefore an A1?3 dependence is expected. Hence, the 
extractionn of the ^-dependence of #£ t t from the data can offer a way to distinguish between 
thee models. 

6.6.11 ^-dependence 

Thee HERMES data for R t̂ on 14N and ^Kr offer the possibility to extract the A-dependence 
off nuclear attenuation effects in semi-inclusive deep-inelastic scattering. In order to investi
gatee the actual ̂ -dependence of the i?£tt data, it is assumed that the attenuation itself depends 
onn an arbitrary power of A: 

l-Ratt*l-Ratt* Aa. (6.10) 

Thee parameter a can be obtained in each i/-bin7 from the expression 

AA set of values has been evaluated for the exponent a which are plotted in Fig. 6.16 as a 
functionn of v for the available samples of positive and negative hadrons and pions. The data 
correspondingg to v - 20 and v - 22 GeV are omitted from the positive hadron plot (top left 
plott in Fig. 6.16) since for these data the value of the nitrogen attenuation ratio jR .̂t is equal 
too 1, and therefore a is undefined. The systematic uncertainty, shown as a shaded area in 
Fig.. 6.16, is obtained by moving the 14N and ^Kr points by their systematic uncertainty of 
2.5%% and 3.5%, respectively. Since the largest contribution to the systematic uncertainty is 
thee same for both gases, i.e. radiative corrections and diffractive po contamination, the data 
aree moved up or down simultaneously. In the figure the values of a = 1, 2/3 and 1/3 (shown 
ass dashed lines) indicate the three possible ^-dependencies for medium effects: volume, sur
facee and radial effects. It is emphasized that the values a = 2/3 and a = 1/3 correspond to the 
twoo values for the ^-dependence suggested by the model calculations of Ref. [10] and Ref. 
[18,, 19], respectively. The average values of a for the various particle types are reported in 
tablee 6.5 together with the average statistical and systematic errors. 
Thee values of a obtained for charged pions and negative hadrons are in agreement with the 
valuee of 2/3 characteristic of the interference LPM term in the fragmentation function mod
ificationn model. The data differ from the value of 1/3 suggested by the nuclear absorption 
modell by more than 2a (3a if only the pions are considered). This observation is in line 
withh the conclusions derived from the one-timescale model fit with pre-hadronic interaction 
whichh led to different parameters for ^Kr and 14N. In both cases a nuclear absorption based 
modell does not provide a consistent description of all available HERMES data. 

7Itt has to be noted that the same calculation can equivalently be performed for the 2-bins and the results for 
thee obtained values of a are in very good agreement with the values presented in table 6.5. 
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Figuree 6.16: Values of the exponent a versus v for various particle types obtained using Eq. 
(6.11).(6.11). The shaded area represents the systematic uncertainty on the value of 
aa in each bin. The dashed lines indicate the values of a = 1, 2/3 and 1/3 for 
comparison. comparison. 

Thee values of a obtained for positive hadrons are above 2/3. As was already mentioned be
foree the positive hadron sample has a strong contribution from protons. The corresponding 
attenuationn ratio is shown to have a much steeper ^-dependence (see Fig. 6.4). The value 
forr the parameter a extracted for the positive hadron sample can be simply due to a different 
contributionn of protons in the hadron sample in 14N as compared to 84Kr, or alternatively it 
cann be an indication that the proton ^-dependence is stronger than that of pions. 
Dataa collected on other nuclei after the installation of the RICH detector will enable to also 
determinee the ,4-dependence of R û for kaons and (anti)protons, separately. 
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h+ h+ 

h~ h~ 

7T+ + 

7T~ ~ 

<< a >  sys 

0.911  0.05 j j g 
o.688  o.o6 ? 
0.655  0.07 jJu 
0.633  0.08 j j g 

Tablee 6.5: Average value of the exponent a as extracted from the values reported in Fig. 6.16. 
TheThe asymmetric systematic uncertainty is explained in the text. 

6.77 Concluding remarks 
Semi-inclusivee deep-inelastic scattering has been studied on 84Kr and D nuclei so as to study 
thee effect of the nuclear medium on the hadronization process. In these experiments the 
nuclearr target acts as a filter to investigate processes at the femtometer length scale. From 
thee hadron multiplicities measured on the two targets the attenuation ratio üjJtt is determined 
ass a function of the kinematic variables v and z. Using the HERMES RICH it was possible 
forr the first time to obtain separated information on the attenuation of charged pions, kaons, 
protonss and anti-protons. 
Simplee models can be used to describe the attenuation of the produced hadrons in terms of 
nuclearr absorption. A value for the formation time constant for each hadron type has been 
determinedd in this framework, which however, was shown to be model dependent. Never
theless,, novel information can be extracted from this type of phenomenological fits, namely 
thatt the proton formation time is about twice as long as that of pions. More data on kaon 
attenuationn and especially new data on other baryons (i.e. the A hyperon) are needed to con
firmfirm the observed difference between meson and baryon formation times. 
Thee new hadron attenuation data on 84Kr/D and the previously published data on 14N/D are 
usedd to compare two different types of model calculations: the ones in which the hadron 
rescatteringg (nuclear absorption) is the dominant (if not the only) contribution to the hadron 
attenuation,, and the one in which parton rescattering and gluon radiation account for the 
entiree effect. Both these apparently contradicting approaches give an adequate description 
off the kinematic dependence of the attenuation ratio on both gas targets (14N and 84Kr). But 
whenn fitting the ^Kr and 14N multiplicity ratios with a one-timescale model, which also 
accountss for the pre-hadronic state interaction, different results are obtained for the string 
constantt and string cross section on the two nuclei. This result suggests that nuclear ab
sorptionn models cannot consistently reproduce the A-dependence of the data, while they do 
providee a reasonable description of the individual kinematic dependencies. 
Att this point same remarks are necessary concerning the various models. The phenomeno
logicall models only describe leading hadrons, i.e. with z > 0.5, therefore they cannot be 
comparedd to the HERMES data over the full kinematic range. The fragmentation function 
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modificationn model can be used over a larger z range, but its prediction for MKr is systemat
icallyy higher than the data at mid and low v values (see left-hand plot of Fig. 6.15). This fact 
mayy indicate that some nuclear absorption contribution is required to describe the hadron 
attenuationn of heavy targets. The rescaling model supports this last statement, since it shows 
thatt in order to describe the attenuation of the 84Kr data well, both nuclear absorption and 
somee others process (parameterized by rescaling in this case) are required. It has to be noted, 
though,, that the models are compared to the sum of positive and negative hadrons which need 
nott have the same ^-dependence. 
Thee two types of models presented above have two distinct ^-dependencies. In the phe-
nomenologicall models in which nuclear absorption is dominant the hadron attenuation is 
expectedd to scale as A1/3, while the parton rescattering interference with gluon radiation 
predictss a A2?3 dependence. From the available 14N and 84Kr data the power a of the Aa 

dependencee of the hadron attenuation is found to be consistent with 2/3 for charged pions 
andd negative hadrons, while it is even larger than 2/3 for positive hadrons. The latter fact 
mayy be attributed to possible differences in the ̂ -dependence of protons as compared to that 
off pions. 
Unfortunately,, the experimental results on the A -dependence of the attenuation ratios, which 
aree crucial in order to make progress in this field, rely on only two targets at present and only y 
providess information for pions. Data on several gas targets are required to better determine 
thee power of a of the A-dependence. This may make it possible to rule out one approach as 
comparedd to the other, or may suggest that a combination of the two approaches is needed 
too describe the data. Data on 4He and 20Ne have already been collected at HERMES after 
thee installation of the RICH detector and will soon be analyzed. Furthermore, HERMES has 
thee possibility to collect data on 40Ar and 131Xe, which will extend the A coverage and thus 
providee for a better determination of a. The present analysis is performed on a sample of 
aboutt one million DIS events, if the data will be collected on another nucleus it is desirable to 
increasee the statistics by a factor of 5 at least, to be able to map the z dependence of various 
vv ranges. 
Finally,, the importance of understanding the nature of parton propagation and hadron for
mationn in the nuclear environment is probably best illustrated with reference to the energy 
losss determinations of Wang et al. [116] based on the HERMES 14N data. A possible role of 
nuclearr absorption in addition to the fragmentation function modification used in this refer
encee would influence the value of the parton energy loss extracted from the semi-inclusive 
deep-inelasticc lepton scattering data. Fixing a precise value of AE for cold matter will serve 
ass a reference for relativistic heavy-ion collision experiments aimed at discovering possible 
evidencee for a new state of matter. 


