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charm and beauty, separately) are considered.
erence frames and different types of events (minimum bias events and events with
various possibilities, different structure functions, different Q2—values, different ref
verse momentum distributions. In order to get a comprehensive picture of the
erators, i.e. LEPTO, HERWIG and PYTHIA, in terms of Feynman-su and trans
HER.A energies are presented in the framework of different Monte Carlo €V€l1t gen

Predictions for ”leading” proton production in Deep Inelastic Scattering at
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1) For this cross—section, Feynman scaling should be approximately valid. OCR Output

rrp > 0 region, centred around xp ~ 0.5 (as in the case of proton—proton collisions, in each
proton). The LEPTO and PYTHIA distributions are overlapped and show a platea.u in the
most of the protons a.re produced at positive :1:p—values (i.e. in the direction of the incident
of the events have Q2 < 1 GeV2. A well—defined ”leading effect” appears in fig. 1a, since
GeV2 and to a distribution of DIS Q2—values with < Q2 > ~ 2 GeV2, where roughly l /2
we use the default Q2—parameter setting: this corresponds to a.n effective Q2—scale 2 4
minimum scale value usable for most of structure function para.metrizations. In PYTHIA
4 GeV2. Notice that 4 GeV2 is the minimum Q2—value allowed in LEPTO and a.lso the
following, unless differently specified, LEPTO and HERWIG events are generated a.t Q2 2
HERWIG and PYTHIA in the ep centre—of—mass frame for all DIS events. Here a.nd in the

section, for each class of events considered. In fig. la we present the predictions of LEPTO,
energy and longitudinal momentum, respectively) and 0,.,. is the tota.l irrela.stic cross
sectionll wg/06,, · do/dwp, where avg : 2E/\/E, xp = 2pL/\/E (E and pL being the proton
in ep collisions a.t HERA energy (\/E = 314 GeV We use the invariant inclusive cross

Let us first consider the Feynman—.r (mp) distribution of secondary protons produced

2. FEYNMAN-cc DISTRIBUTION OF SECONDARY PROTONS IN DIS

interesting experimental tests.
rea.l difference in the physica.l pictures described by the three models and therefore suggest
view on lrigh—energy neutral—current DIS phenomena. Any disagreement ca.n reflect the
The agreement among the various predictions ca.n illustrate today’s generally accepted

A detailed comparison of the results from these three generators is presented herein.

Model.

based on different physical ideas, being the Monte Carlo version of a particular Cluster
scale. HERWIG contains the real Q2—dependence of DIS processes (as LEPTO), but it is
It represents the effective hardness of the interaction and provides the structure function
directly related to the four—momentum transfer of DIS in terms of kinema.tica.l variables.
7* is the exchanged neutral vector—particle. In PYTHIA the so—called Q2—parameter is not
ep frame (the real laboratory frame) and in the »y*p frame (a more physical one), where
LEPTO allows one to consider the DIS process as a function of Q2 and separately in the
Lund String Model, but they are differently structured at the stage of hard processes.

hadronization is concerned. LEPTO and PYTHIA are both based on the ideas of the

There is a significant difference between these event generators, in particular as far as
LEPTO (version 6.1) [28], HERWIG (version 5.5) [29] and PYTHIA (version 5.6)
of secondary protons a.s obtained with three different Monte Carlo event generators:

In the present paper we consider the predicted mp (Feynman—m) a.nd p%—distributions

of the ”leading effect”, discovered and first studied at ISR [2-27].
essentia.l tool to continue, in ep Deep Inelastic Scattering (DIS) at high energies, the study

OCR OutputThe Leading Proton Spectrometer (LPS) of the ZEUS detector at HERA is an



in table 1 for the three event generators considered herein. According to LEPTO, the OCR Output
be better visualized when considering the average mp of secondary protons, as reported
while it is clearly reduced in LEPTO. The overall effect of heavy flavour production can
production at high positive mp is only slightly affected by the presence of heavy flavours,
with those in fig. 1a, it appears tha.t in both HERWIG and PYTHIA the ”leading” proton
are presented in figs. 3a a.nd 3b, for Cll2`:l.1`1]1 and beauty, respectively. When comparing them
heavy flavours (cc a.nd bb) are produced. The results with LEPTO, HERWIG and PYTHIA

It is also interesting to study the beha.viour of secondary protons in DIS events when

valence quarks which can recombine into a ”leading" proton decreases.
qua.rk of the initial proton with higher probability, so the a.verage number of spectator
tiqua.rk) produced via gluon ca.sca.de. When avg increases, the 7* interacts with a valence
section at small avg (Bjorken-av) comes from the 7* interaction with a sea quark (or an

The reason for the shift is rather simple. The main contribution to the DIS cross

There is no sig11ificant difference between PYTHIA a.nd LEPTO predictions.

mentioned Q2—paran1eter in the following intervals: 4 + 10, 80 + 120 a.nd 800 + 1200 GeV2
of Q2 (7, 100 and 1000 GeV2) actually correspond to the selection of the previously
obtained with PYTHIA at different Q2 a.re presented in fig. 2c. Here the nominal values
In LEPTO this shift is more significant than in HERVVIG. The same .1¤p—distributions
forward production in the positive mF—region decreases, i.e. the ”leading effect” decreases.
mp as Q2 increases: in fact the central production (at scp < 0.1) increases, while the very
va.lues: 7, 100 a.nd 1000 GeV?. In both cases, the distributions are shifted towards smaller
and HERWIG. These are shown in figs. 2a and 2b, respectively, at three different Q2
incident and scattered electron kinema.tica.l variables, can only be performed with LEPTO
mentioned, the calculations at different Q2—values, with Q2 directly connected with the

Let us 11OVV consider the Q2—dependence of the proton asp-distribution. As already

proton contribution clearly shows up.

as in fig. 1a a.re presented in terms of 1/ 0*,,,, · da/dwp in fig. 1d where the ”non-leading”
consider inclusive distributions, relative to all secondary protons. The same distributions
figures, in particular in the forward region at JSF > 0.5. In the following we will alwa.ys
subtra.ction in the positive ;1vp—l1emisphere, say at arp > 0.1 (fig. lc), and keeps its relevant
relative to all antiprotons. The proton spectrum of fig. 1a is practically unaffected by this
subtra.ct from the inclusive ;1rp—spectrum relative to all protons the corresponding spectrum
in the central region together with antiprotons, has been subtracted. To do so we actually
once the contribution of ”non—leading” protons, i.e. those protons which are pair—produced
bea.uty production in pp collisions In fig. 1c we show the same spectrum as in fig. 1a
of PYTHIA calculations when these are compared with low-energy data on cha.rm a.nd

set EHLQ1. This set is rather ”old”, however it seems to be more adequate in the case
between fig. la a.nd fig. 1b is not significant and in the following we will always use

MT (S—DIS) [34]: a.lthough the shapes of the distributions slightly change, the difference
of structure functions, in fig. 1b we present the sa.me distributions obtained with set
1a the EHLQ1 set of parton structure functions was used. To check the influence
decreasing at relatively high mp, thus showing a less pronounced ”leading effect”. In fig.

The HFJRWIG distribution has a narrower plateau, centred a.round mp ~ 0.35 and rapidly

the ;l`F·(l1S171`1l)l1f»lO11S of protons and antiprotons measured in pp DIS at lower energy
;rp-hernisphere It should be pointed out tha.t LEPTO predictions fit reasonably well



2) We will further discuss this point in section 3 (see fig. 7). OCR Output

to all secondary protons produced inthe various conditions discussed so fa.r.
To summarize our results, in table 2 we give the average ;rp—values vs. Q2 relative

spectra, shown in fig. 5b, are peaked exactly in the same ;rp—region.
leading” protons from centrally produced pp pa.irs. In fact the corresponding antiproton
which slightly grows as Q2 increases. This shoulder conta.ins the already mentioned ” non
similar. At arp < 0, the spectra. of fig. 5a show a small ”shoulder” (around rrp ~ --0.1)
OIIGS in fig. 2a.. Namely the ”leading effect” is still evident and the Q2—dependence is
the 7*p fra.me. At afp > 0 the curves of fig. 5a compare well with the corresponding
different Q2—values in the ep centre—of-mass frame, are again presented in fig. 5a but in

Finally, the proton spectra of fig. 2a, obtained with LEPTO for all DIS events at

va.lence quarks cannot depend significantly on Q2. The same holds true for b (or b) quarks.
with the 7* always interacting with a c (or sea quark, the avera.ge number of spectator
observed in fig. 2a.: for C11H.1`111 production, when the 7*g fusion subprocess is a.t work,

This fact gives a.n additional argument to our previous explanation of the shift

on the production of "leading” protons at high rp.

as in fig. 2a. for all DIS events. Contrary to fig. 2a., in fig. 4 there is no clea.r effect of Q2
distribution in events with cha.rm, obtained with LEPTO a.t Q2 = 7, 100 and 1000 GeV2
different for these two cla.sses of events. In fig. 4 we show for instance the proton arp

is also instructive to check whether the Q2—dependence of the proton .rp—distribution is
If < Q2 > inc.reases when going from minimum bias to heavy—flavoured events, it

structure functions seem to play a role in this respect, as discussed elsewhere
appears when simulating pp interactions. Moreover, the energy level and the choice of
respectively. The influence of heavy flavour production on the proton wp—distribution also
< Q2 > = 27, 40 and 77 GeV2 in all, cc and bb events containing a.t least one proton,
the 7* interacts with a heavier sea quark or antiquark. In fact with LEPTO one obtains
respect to a.ll DIS events, which is likely related to the higher values of Q2 involved when
indicates a change in the recombination mechanism of spectator valence quarks with

production in the presence of heavy flavours, a.s observed in pa.rticula.r with LEPTO,
pairs which ha.rdly decay into protons (and antiprotons). A reduced ”leading” proton

produced in the central (or photon fragmentation) region2). And these are mostly meson
the photon-gluon fusion subprocess 7*g —> QQ, (cc or bb) pairs are predominantly

In cp interactions, if the main contribution to heavy flavour production is given by

are closer and significantly differ from the PYTHIA ones.

Notice that, contrary to fig. la, in figs. 3a and 3b the LEPTO and HERVVIG predictions
of the three event generators, thus showing a weak dependence on the heavy quark mass.
bb events, < .1*;: > slightly decreases (by only a few %, within the statistica.l errors) in any
events. This shift is only 11% in PYTHIA and 6% in HERWIG. When going from cc to
proton <:rp> decreases by 35% in cc events with respect to all (i.e. minimum bia.s) DIS



mp (and therefore for all protons), <p§~> increases very rapidly with Q2; for ”leading”OCR Output
mass frame. LEPTO and HERWIG results are quite similar: for protons produced at low
2. Unless differently specified, the da.ta refer to all DIS events and to the ep centre—of—

a.nd 0 < scp < 1. Three Q2—values are considered (7, 100 and 1000 GeV2), as in section
illustrate the variation of <p%> vs. Q2 for protons with 0 < xp < 0.5, 0.5 < arp < 1
the average p%~. Figures Sa and Sb, corresponding to LEPTO and HERWIG, respectively,
generators turn out to be more or less Q2—independent, we will focus the discussion on
LEPTO or HERVV IG. Since the sha.pes of the p%—spectra obtained with these two event

Let us now study how the proton PT varies a.s a function of Q2, using first either

should ha.ve higher transverse momenta.

fusion of sea qua.rks from the upper a.nd middle parts of the dia.gram, so these protons

too. On the other hand, the production of secondary protons with small mp is due to the
of ”leading” secondary hadrons (protons with high wp) should be comparatively small
coinparatively s1na.ll transverse momenta. As a result, the average transverse momentum

probably recombine with sea qua.rks from the lower part of the diagram in fig. 7, which have
exponentially with increasing rapidity gap between these quarks. So valence quarks most
hadrons a.nd the probability for two or three quarks to recombine into one hadron decreases
are converted into qsqs pairs. On the last step, all produced quarks are converted into
lower gluon is absorbed by a valence quark qv of the proton. The emitted gluons also
upper gluon emits other gluons and looses its virtuality and transverse momentum. The
interaction in the top pa.rt of the dia.gra1n with the production of a sea qsqs pa.ir. The
An example of QCDfdiagram is presented in fig. 7. Here we can see the gamma-gluon
avg the 7* mainly interacts with a sea quark (or antiquark) produced via gluon ca.scade.
by LEPTO and PYTHIA generators, seems to be clear enough. We know that at small

The na.ture of the difference in pT for protons having large and small xp, as predicted

table 3.

pi}-values of the distributions presented in fig. G for xp > 0 and rrp > 0.5, are reported in
a.lmost the same since the bulk of seconda.ry protons are produced at low mp. The avera.ge
Gc). Notice that the spectra corresponding to 0 < mp < 1 and 0 < rrp < 0.5 are obviously
decreases when going from PYTHIA (fig. Gb) to LEPTO (fig. Ga) and to HERWIG (fig.
other two which a.re degenerate. In the whole xp > 0 range, the slope of the yn?-spectrum
arp > 0.5 are superimposed for comparison: the HERWIG curve is much less steep than the
the PYTHIA, LEPTO and HERWIG p%·—distributions relative to ”leading” protons with
HERWIG (fig. Gc) the p§·—distributions at low a.nd high 1* F are really the same. In fig. Gd
significantly large. In PYTHIA (fig. Gb) this difference still exists, but smaller, while in

for protons with arp > 0.5: the difference in slope of the corresponding distributions is
are quite different. LEPTO (fig. Ga) predicts higher pgp for protons with arp < 0.5 than

frame, with EHLQ1 structure functions. The predictions from the three event generators
0.5 < wp < 1 and 0 < arp < 1 (i.e. the whole positive xp-range). The results refer to the ep
are shown in figs. Ga, Gb and Gc, respectively, for three :1:;:-intervals: 0 < xp < 0.5,
final sta.tes, in terms of 1/aw · cla/dp?. LEPTO, PYTHIA, and HERWIG predictions

Let us consider the transverse momentum distribution of protons produced in DIS

PROTONS

3. TRANSVERSE MOMENTUM DISTRIBUTION OF SECONDARY



independently from the hea.vy quark mass. In addition, a.s observed with LEPTO, there OCR Output
effect” is also reduced, more in LEPTO than in either PYTHIA or HERWIG, a.lmost
only events containing heavy flavours (charm and bea.uty) are considered, the ”leading
LEPTO a.nd PYTHIA it decrea.ses as Q2 increases, more rapidly than in HERWIG. VV hen
this "leading effec.t" is more pronounced in LEPTO a.nd PYTHIA than in HERWIG. In
forward region a.t .1v F > 0.5. When all DIS events (i.e. minimum bias events) a.re considered,
a.t arp > 0 in the ep centre-of—mass reference frame, with a sizable fraction of protons in the

All of them manifest the ” leading proton effect” , i.e. a.n a.bundant proton production

Inelastic Scattering a.t HERA energies.

LEPTO a.nd HERNVIG) to simulate the production of secondary protons in ep Deep

We ha.ve considered three Monte Carlo event generators ba.sed on QCD (PYTHIA,

4. CONCLUSION

section are reported all together in tables 3 a.nd 4.
Again, to summarize our results, the average p%—values vs. Q2 discussed in this

with heavy flavours should be smaller.

proton. Therefore physical a.s well as kineniatical Q2—effects for secondary protons in events
coming from heavy baryon decays) are produced on the average closer to the ”target”
fragmentation and recombination effects a.re such that the bulk of seconda.ry protons (not
in fig. 7. Since c or b-mesons a.re much more abundantly produced than c or b-baryons,

is 7*g —-> QQ, then the pair is produced in the upper part of the diagra.m shown

In fact, assuming again tha.t the main subprocess for heavy quark pair—production

with Q2 for protons at small xp but not a.s strongly as in fig. Sa, relative to all DIS events.
charm and beauty events generated with LEPTO; On the other ha.nd, <p§~> increases
not depend on Q2 for secondary protons with xp > 0.5, as shown in figs. lla and 11b for
trend applies to DIS events containing heavy flavours. Na.mely the values of <p%> do

Let us turn now to heavy flavour production. Qualitatively the same < p%~ > vs. Q2

LEPTO in the 7*]; fra.me a.re summarized in fig. 10.

a.nd it is a.bsent, a.s in the ep frame, for protons with mp > 0.5 (fig. 9b). The results from
Q2 for seconda.ry protons with arp < 0.5 (fig. 9a) is much weaker than in the ep fra.me
in the central and forward regions, separately. In the 7*p frame, the growth of < p% > with
predictions of LEPTO for < p§~> vs. Q2 in both ep and 7*p frames, for protons produced
this effect is practically absent. To illustrate this point, in figs. 9a and 9b we present the
in the ep frame for a.ll secondaries produced at small xp. For secondaries with large scp,
boost relative to the ep frame. This translates into a.n increase of transverse momentum
As a consequence, the 7*;) frame (which is the physical one) acquires some transverse

kinematical reasons. When Q2 increases, the transverse momentum of 7* also i11crea.ses.
The growth of <p%~> for protons with scp < 0.5 is mainly connected with pure

ca.n be partly rela.ted with the particular definition of Q2 in PYT HIA.
obta.ined with PYTHIA are shown in fig. Sc. They differ from LEPTO predictions, which
protons witl1 higher rp, <p%> does 110t practically depend on Q2. Analogous results



discussions. OCR Output
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comparison with experimental data cannot but improve the existing Monte Carlo models.
generators a.re likely rela.ted to differences existing at the hadronization level. A detailed

All the differences observed herein among the results from the va.rious QCD event

HERWIG there is no clear dependence on the mass.
protons a.nd in particular for ”leading” protons at high arp (see table 3). In PYTHIA and
in LEPTO the proton pq- increases with the mass of the produced heavy quark for a.ll

above pT—increase with Q2 is much smaller. Finally, compared to the minimum bias case,
in HERWIG. The same features remain when heavy flavours are produced, although the
turns out to be Q2—independent in LEPTO and slightly decreasing with increa.si11g Q2
the pT considerably increases with Q2 for all protons, but for protons with wp > 0.5 it
predict lower PT (as one would expect, see section In both LEPTO and HERWIG
arp > 0.5, HERKN IG predicts the same [JT a.s for all protons, while LEPTO a.nd PYTHIA
PT than LEPTO a.nd PYTHIA for all protons with positive wp. For ”leading” protons with

As fa.r as the proton transverse momentuin is concerned, HERVVIG predicts higher



1000 0.245 d; 0.002

100 0.276 A; 0.002

0.316 ;l; 0.002

All, 7*]} frame

1000 0.177 ;l; 0.005

100 0.184 i 0.007

0.16 ;|; 0.01

VV ith bb, ep frame

1000 0.185 ;b 0.001

100 0.183 i; 0.001

0.179 ;k 0.001

NV ith ci?. ep frame

1000 0.223 i 0.002 0.183 i 0.002 OCR Output

100 0.247 ;l; 0.002 0.196 :1; 0.002

0.279 zi; 0.002 0.204 ;b 0.002

All, ep frame

Q2 [sew] || < wp > Lsrro | < as > Hsnwis

as specified.

charm and beauty production. Both the ep and 1*]) centre-of—mass frames a.re considered,
values of Q2. The data refer to all DIS events (i.e minimum bias) and to events with
calculated with LEPTO a.nd HERWIG using EHLQ1 structure functions, for different
The average .1rF—values of secondary protons produced in ep interactions at \/E = 314 GeV

Table 2

EHLQ1, with bb 0.172 i 0.008 | 0.235 :1; 0.002 | 0.182 zh 0.002
EHLQ1, with ci 0.179 :1: 0.002 | 0.237 i 0.002 [ 0.190 :1: 0.002
MT(S-DIS), all 0.259 ;l; 0.003 l 0.265 :1: 0.003 | 0.202 :l: 0.006
EHLQ1, all 0.276 ;l: 0.003 | 0.267 1 0.004 | 0.203 zk 0.002

< mp > LEPTO I < mp > PYTHIA \ < wp > HERWIG

beauty. The data refer to the ep centre—0f—1nass frame.
styructure fu11ctio11s, for all DIS events (i.e. minimurn bias) and for events with charm and
ca.1cu1a.ted with LEPTO, PYTHIA and HERVVIG using EHLQ1 or MT(S—DIS)
The a.ve1‘a.ge ;1rp—va.lues of sec011da.1·y protons produced in cp i11te1‘a.ctio11s at = 314 GeV

Table 1



0.261 0.04 0.54 1 0.04 OCR Output0.5 < arp < 1 II 1.0 zh 0.3

;h 0.12 0.58 zh 0.03 0.72 1 0.020 < mp <1 II 0.85

Witli bb

zh 0.02 0.24 1 0.010.5 < arp < 1 0.37 0.63 1 0.05

zi: 0.02 0.33 zh 0.01 0.63 1 0.010 < rrp <1 0.57

With cit

0.27 zh 0.01 0.76 1 0.020.5 < arp <1 II 0.27 i 0.01

0.38 zh 0.02 0.75 1 0.010 < scp < 1 II 0.65 zh 0.03

All

< [2% > [GeV2] I < pg > [GeV2] I < p%—> [GeV?]
LEPTO I PvrH1A I Hnawie

refer to the ep c.entre—of—ma.ss frame.

for all DIS events (i.e. 1nini1num bias) and for events with charrn and beauty. The data.
c.a.Ic.ula.ted with LEPTO, PYTHIA and HERWIG using EHLQ1 structure functions,
The a»vc1·ag€ p%—va h1es 0f secondary protons produced in ep intera.ctions at = 314 GeV

Table 3
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in ep interactions at \/E = 314 GeV in different mp-regions when charm (a) and OCR Output

11Fig' < p%~ > vs. Q2 in the ep centre-of—mass frame for a.ll secondary protons produced

LEPTO using EHLQ1 structure functions.

in ep interactions a.t : 314 GeV in different mp-regions, as obtained with

10Fig. < [2% > vs. Q2 in the *y*]1 centre-of—mass frame for all seconda.ry protons produced

0.5 < xp < 1 (b), as obtained with LEPTO using EHLQ1 structure functions.
produced in ep interactions a.t \/s = 314 GeV with 0 < mp < 0.5 (a) and

Fig. < p%> vs. Q2 in the ep and cy"]; centre-of-mass fra.mes for all secondary protons

LEPTO (a.), HERWIG (b) a.nd PYTHIA (ic) using EHLQ1 structure functions.
in ep interactions at (/E = 314 GeV in different xp-regions, as obtained with

Fig. < [J? > vs. Q2 in the ep centre-of-mass frame for all seconda.ry protons produced

Fig. An example of QCD diagram for ep DIS a.t small avg.

distributions a.re a.lso shown together for compa.rison (d).
tions; in the forwa.rd region (0.5 < arp < 1), the LEPTO, PYTHIA and HERVVIG
with LEPTO (a.), PYTHIA (h) and HERVVIG (c) using EHLQ1 structure func
duced in ep interactions at = 314 GeV in different .rp-regions, a.s obtained

Fig. ya}-distributions in the ep centre-of-mass frame for a.ll secondary protons pro

Q2-values, as obta.ined with LEPTO using EHLQ1 structure functions.
and a.ntiprotons (b) produced in ep interactions at = 314 GeV and different

JJ:Fig. arp-distributions in the 1*]} centre-of-ma.ss frame for all seconda.ry protons (a)

charm, a.s obtained with LEPTO using EHLQ1 structure functions.
duced in ep interactions at \/s = 314 GeV and different Q2-values in events with

Fig. .rp—distributions in the ep centre—of-mass. frame for all secondary protons pro

functions.

(b), as obtained with LEPTO, PYTHIA a.nd HERWIG using EHLQ1 structure
duced in ep intera.ctions at \/E = 314 GeV in events with charm and beauty

Fig. 4rp-distributions in the ep centre-of—mass frame for all secondary protons pro

tions.

with LEPTO (a), HERVVIG (b) and PYTHIA (c) using EHLQ1 structure func
duced in ep interactions at \/s 2 314 GeV and different Q2-values, a.s obtained

Fig. ;vp—distributions in the ep centre-of—mass fra.me for all seconda.ry protons pro

sca.ling
”leading” protons with EHLQ1 structure functions (c); same as without svg
structure functions (a); all protons with MT (S-DIS) structure functions (b);
GeV, a.s obta.ined with LEPTO, PYTHIA and HERWIG: a.ll protons with EHLQ1

OCR OutputFig. flVF·(1lSt1`1l)llt1O1lS for secondary protons produced in cp i11'6€1`&·C131011S at = 314

Figure captions
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fuuctioiis.

beauty (b) are also produced, as obtained with LEPTO using EHLQ1 St1`ll(`i7lll`(?
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