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Hadron formation in high energy photonuclear reactions
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We present a new method to account for coherence length effects in a semiclassical transport model. This
allows us to describe photoproduction and electroproduction at large nActelZ) and high energies using a
realistic coupled channel description of the final state interactions that goes beyond simple Glauber theory. We
show that the purely absorptive treatment of the final state interactions can lead to wrong estimates of color
transparency and formation time effects in particle production. As an example, we discuss exclusive
p° photoproduction on Pb at a photon energy of 7 GeV as well aproduction in the photon energy range
1-7 GeV.
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[. INTRODUCTION energiesE, are of special interest because of time dilatation
the formation length; in the rest frame of the nucleus can
In a high energy collision between two hadrons or a pho€xceed nuclear dimensions:
ton and a hadron it takes a finite amount of time for the
reaction products to evolve to physical particles. During the If:Uhny:&Tf- (1.2)
collision process some momentum transfer between the had- My

rons or some hard scattering between two of the hadrongt ;o chooses the formation time to be=0.8 fmlc, the
constituents leads to the excitation of hadronic strings. The,mation length in the rest frame of the nucleus’ will be
time that is needed for the creation and fission of thesgpoyt 30 fm fo a 5 GeV pion and about 7 fm fa 5 GeV
strings as well as for the hadronization of the string frag-kaon ¢ a 7 GeVp meson. These lengths have to be com-
ments cannot be calculated within perturbative QCD becausgared with the typical size of nuclear radii, e.g., 2.7 fm for
the hadronization process involves small momentum trans!2c and 7.1 fm for2°%b. Because it suppresses the final
fers of typically only a few hundred MeV. One can perform state interactions, the formation time has a big effect on pho-
an estimate of the formation timg in the rest frame of the tonuclear production cross sections at high energies. Turning
hadron. It should be of the order of the time that the quarkthis argument around, exclusive and semi-inclusive photo-
antiquark (quark-diquark pair needs to reach a separation, production of mesons on nucl¢l] offer a possibility to
which is of the size of the produced hadromry, ( study these formation times if the FSI are well under control.

~0.6-0.8 fm): Usually, the FSI are modeled within Glauber thep2y3]
and treated as purely absorptive. A more realistic description
n of the FSI has to take also regeneration of the mesons studied
Ti= re (1.7 into account. For this we use a coupled channel semiclassical

transport model based on the Boltzmann-Uehling-Uhlenbeck
(BUU) equation. Originally developed to describe heavy-ion
collisions[4] at SIS energies it has been extended in later
works to investigate also inclusive particle production in

During their evolution to physical hadrons the reaction
products will react with reduced cross sections. This is mo

tivated by means of color transparency: the strings and thﬁeavy—ion collisions up to 200 GeV and- [5] andp in-

substrings created during the fragmentation are in a COIO(ﬁuced as well as photon- and electron-induced reactions in
singlet state and therefore react with a cross section that i, resonance regidi6]. Inclusive photoproduction of me-
creases with their transverse size. As a consequence the pigs,g ot energies between 1 and 7 GeV has been investigated
duced hadrons travel inside the nuclear medium with a rejy Ref, [7]. An attractive feature of this model is its capabil-
duced scattering probability during their formation time. ity to describe a large variety of very different reaction types
Hence the formation time plays an important role in the dy-in a consistent way.
namics of nuclear reactions, e.g., heavy-ion collisions and Sjnce photon-induced reactions are known to be shad-
proton- and pion-induced reactions as well as photon- andwed (@,a<Ao ) above photon energies of approximately
electron-induced reactions on nuclei. 1 GeV[8-10], one needs a way to account for this shadow-
The latter two are of special interest because they are legag effect in photoproduction. This is straightforward within
complex than heavy-ion collisions and, in contrast to hadronGlauber theory, but it is not clear how to account for this
induced reactions, the primary reaction in general does ndhitial state coherence length effect in a semiclassical trans-
only take place at the surface of the nucleus but also at larggrort model for the FSI. A first attempt at combining the
densities. Experiments at TINAF and DESY, for exampleguantum mechanical coherence in the entrance channel with
deal with exclusive and semi-inclusive meson photoproduceur incoherent treatment of the FSI has been made in Ref.
tion and electroproduction at high energies. Large photoii7]. In Sec. Il we present a new, improved way to implement
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shadowing in our model. In Sec. Il the results for exclusive

p° photoproduction orf%®b at 7 GeV are compared with the

predictions from simple Glauber theory. In Sec. Il we also ®---1-=- +
demonstrate the importance of the coupled channel treatment

of the FSI by looking at the nucledf® photoproduction

cross section. We summarize our results in Sec. V.

FIG. 1. The two amplitudes of ordet, that contribute to
incoherent meson photoproduction in simple Glauber theory. The
left amplitude alone would lead to an unshadowed cross section. Its

In this section we describe how we account for shadowingdnterference with the right amplitude gives rise to shadowing.
in our model and only sketch the principles of the transport
model itself. For a detailed description of the transport modeWe show later, are not shadowed because of the large mo-
used we refer to Ref11]. In our model the incoherent reac- mentum transfeq,, that is needed to put them on their mass
tion of a high energy photon with a nucleus takes place irshell. SinceFRITIOF does not accept a “bare” photon as input
two steps. In the first step the photon reacts with one nucleoWe replace it again by a vector mesdit=p°, w or ¢), with
inside the nucleugimpulse approximationand produces the probability
some final stateX. In this process nuclear effects such as

Il. MODEL

Fermi motion, binding energies, and Pauli blocking of the P (V)= (elgy)?oun 2.5
final state nucleons are taken into account. In the second step Yo ) : '
the final stateX is propagated within the transport model. , > (elgy) oy

Except for the elastic vector meson and exclusive strange- Vizpod

ness productiottsee Ref[7]) we use the Lund string model  The particle production irFRITIOF can be decomposed
FRITIOF [12] to describe high energy photoproduction on thejnto two parts. First there is a momentum transfer taking
nucleon. The same string model is also used to deal withace between the two incoming hadrons, leaving two ex-
high energy particle collisions in the FSI. SinemiTIoOFdoes  cited strings with the quantum numbers of the initial had-
not accept photons as incoming particlpsjominance was rons. After that the two strings fragment into the observed
used in Ref[7] and the photon was passed as a mas@iess particles. As a formation time we use 0.8 fmih the rest
This led to an excellent description of charged particle mulfragme of each hadron:; during this time the hadrons do not

tiplicities in yp collisions. . interact with the rest of the system.
Here we generalize to vector meson dominatisID) Up to now we did not take shadowing into account. In
[13] by writing the incoming photon state as Glauber theory this corresponds to using only the left ampli-

) tude in Fig. 1, where a photon directly produces some hadron
4 e e X at nucleonj. The left amplitude alone leads to the unshad-
|7>_( 1=, 2 ) 7o)+ 2 Ov V). @D owed incoherent photoproduction cross section

V:p’w’¢ ng :p!wl
and pass the photon as a masslg¥sw, or ¢ with a prob- unshadowed J dzbf dzn(b,z))
ability corresponding to the strength of the vector meson yA=XAr TN XN e

coupling to the photon times its nucleonic cross sec#gR,

><exp( —aXmedz n(B,z)), (2.6)
Zj

(elgy)?oyn

O-VN

P(V)= (2.2

where n(F) denotes the nucleon number densﬁyf) the
These probabilities follow from using E.1) in the optical number density of nucleons with the correct charge to pro-
theorem: duce the hadrorX, and oy is the totalXN cross section.
5 The exponential damping factor in E(R.6) describes the
e? e\? absorption of the particlX on its way out of the nucleus.
OyNT 1_V_2 S 2] TyNT _E <_ OVN- In Glauber theory shadowing arises from the interference
=p.w.¢ 20y V=pw.¢ \ Qv . > . .
2.3 of the left amphtuqie in Fig. 1 with th.e second amplltude pf
order a,, Which is shown on the right-hand side. In this

As can be seen from Eq&2.1) and(2.3) there is also a finite process the photon produces a vector megam nucleoni

probability without excitation of the nucleus. This vector meson then
scatters at fixed impact parameﬁa(eikonal approximation
o through the nucleus to nuclegrand produces the final state
P(yo)=1 V=§‘w,¢, P(V) 24 mesonX, leaving the nucleus in the same excited state as in

the direct process. Off-diagonal scattering, where a vector
that the “bare” photony, has to be passed ®RITIOF, the  mesonV scatters into a different vector mesgh, is usually
componenty, does not get shadowed in the nucleus. In aneglected. In view of the upcoming discussion of exclusive
generalized VMD model, for example, thg includes con-  p° photoproduction on Pb we state here the Glauber result
tributions from heavy intermediate hadronic states, which, ag3] for the incoherent vector meson production cross section:
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G-YAHVA*:O-)/NHVNJ( deJ dZJn(B,ZJ) 'Yﬂc_)x -
Xex%_O'VNJ dz n(B,z)) --------------- -—- ™wA) 1
K — ") 1
Z b;' :
X f dzn(b, z,) (1—|a\,)e'qVZI < y**Pb > X _]
o
1 Z: R 2 — i
X ex ——chN(l—iaV)J' 'dzn(b,z) ..i A —
2 z T
(2.7 Tyttt
15 20
Again n(F) denotes the nucleon number density,y the
total VN cross section, andy the ratio of the real to imagi- FIG. 2. The nuclear photoabsorption cross section divided by
nary part of theVN forward scattering amplitude. The mo- A plotted versus the photon energy,. The solid line repre-
mentum transfer sents the result of Reffd] for the total photon nucleus cross section.
The dashed line shows the contribution from incoherent reactions to
tOt
v~ m\2,/2Ey (2.9 A and is calculﬁtced usw:g E¢R.12. More than 90% of the dif-

ference betweewrx and o, is due to coherenp® photoproduc-

tion.
arises from putting the vector meson on its mass shell. A

large momentum transfeq, is suppressed by the elastic _

nuc]ear form factor gnd Iegds to Igss shadowing due to the F_v(f),zj): fzj dZan(B Z,)M(l_iav)eiqv(zfzj)

oscillating factor exfiqyz] in the integrand of Eq(2.7).

Note thatqy is just the inverse of the coherence length, i.e.,

the distance, given by the un_certainty principlg,. which the < ex _EUVN(l—iaV)fzde nB.2).

photon can travel as ¥ fluctuation. For the quantities in Eq. ,

(2.7 we use the parametrizations of Model | of REE3]

with which one obtains a very good description of the shad-

owing effect in nuclear photoabsorption down to the onset

region[9,10]. Note that they, component is, by definition, not modified
One clearly sees from E(R.7) how the FSI separate from due to the presence of the nuclear medium. The cross section

the “initial state interactions” of the photon. We now replace for the photon to react with nuclegrat pos|t|onr inside the

the exponential damping factor E{Xpo'\/NdeZ nb,2)], which  nucleus can be deduced via E(R.9 from the optical

corresponds to purely absorptive FSI, by a transport modefheorem:

This allows us to incorporate a wider class of FSI. In addi-

tion we want to include events where the final vector meson R e? \?

Vis not produced in the primary reaction but via sidefeeding. an(rj)= ( 1- E —2) TyN

This leads to less reduction of the nuclear production cross V=po.é 20y

section even with the samg, . We thus also need to know e\2

how all the other possible primary reactions are shadowed. + (_> |1_FV(Fj)|20'VN- (2.11)
We, therefore, start from E@2.1) and use Glauber theory to V=p,w,¢ \ Qv

calculate how the singl¢ components of the photon change
due to multiple scattering on the way to nuclgomhere the
stateX is produced 3]:

(2.10

As for the photon in vacuum each term gives the relative
weight for the corresponding photon component to be passed
to FRITIOF. When integrated over the whole nucleus one gets

. e2 from Eq. (2.11) the total incoherent photonuclear cross
=1~ 2> | 7o) section
V=p,0,¢ 2g
£ 3 SnhiIv. @9 o= [ (o). (212
p,w, P

Here the (photon-energy-dependenhuclear profile func- which is shown in Fig. 2 by the dashed line together with the
tions for the different vector meson compone¥itare given  total nuclear photoabsorption cross section as derived from
as the optical theorem in Ref9]:
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FIG. 3. The number density of nucleons that react with¢heomponeni(left side andp® componentright side of a 20 GeV photon
for 298P calculated using Eq2.14). In both cases the nucleons on the front side of the nucleus shadow the downstream nucleons. This
effect is stronger for the® component because of its larger nucleonic cross section.

tot ky [ e)? 5 o can either be produced in the primayi reaction or during
TR=AT N D ﬂ(— Re oyn(1—ay) J db the FSI. For particles of typethe BUU equation looks as
V=p,0,6 Qv _
follows:
xf daf dzn(b,z)n(b,zj)e v %) g M9 oH o\ .
_w % —t—=—=——=—= ,p,t
1 A gr ar ar ap) )
: 4.
Xex[{_EUVN(l_IaV)JZidZ n(b,z )” (2.13 =leonlf1, ... fi, ... .ful. (2.15

In the case of baryons the Hamilton functibhincludes a
Herek andky denote the momentum of the photon and themean field potential, which in our model depends on the

vector meson, respectively, and we again usoe the parametiizticle position and momentum. The collision integral on
zations of Model | of Ref[13]. More than 90% of the dif- {he right-hand side accounts for the creation and annihilation

ference between those two cross sections stems from coh&jt particles of typé in a collision as well as elastic scattering

entp’ photoproductlon. 0 from one position in phase space into another. For fermions
In Fig. 3 we show how strongly the” and the¢ compo-  payji blocking is taken into account ih, via blocking
nents of a real 20 GeV photon are separately shadowed iyctors. For each particle typesuch a BUU equation exists;
Pb. We plot the number density of the nucleons reacting withy| are coupled via the mean field and the collision integral.
the V components of the photon This leads to a system of coupled differential-integral equa-
tions that we solve via a test particle ansatz for the phase
space densityfor details see Ref.11]). Since the collision
integral also accounts for particle creation in a collision the
observed outgoing partické cannot only be produced in the
. - _ primary reaction, but can also be created by sidefeeding in
as a function of;. One clearly sees that due to its smaller\ynich ‘a particleY is created first, which propagates, and
nucleonic cross section th¢ component is less shadowed then, by FSI, produceX. In addition the stat&X might get
than thep® component at the backside of the nucleus. As aypsorbed on its way out of the nucleus but be fed in again in
consequence strangeness productiery., K photoproduc- g |ater interaction. Both cases capriori not be ignored, but
tion), where the primary reaction is preferably triggered by ¢ usually neglected in Glauber models.
the ¢ component of the photon, is less shadowed than, e.g.,
7 photoproduction. This dependence of the strength of shad-
owing on the reaction type is new compared to the treatment lll. RESULTS

of shadowing in Ref[7] and can also be seen directly from  Exclusive vector meson photoproduction and electropro-
the second amplitude in Fig. 1 because of the occurrence @fuction on nuclei are an ideal tool to study effects of the
the scattering processN— XN at nucleon. coherence length, formation time and color transparency. Ex-
As already mentioned above the purely absorptive FSI otjusive p° electroproduction has been investigated in the
the Glauber model are very different from the coupled chanHERMES experimenf14] at photon energies between 10
nel description of a transport model. The transport model wesev and 20 GeV and virtualit?< 5 Ge\A. The calcu-
use is based on the BUU equation that describes the timgtions for meson production on nuclei are usually done
evolution of the phase space dendityr,p,t) of particles of  within the Glauber theory15]. As already mentioned above
typei that can interact via binary reactiopkl]. In our case the FSI in Glauber theory are usually purely absorptive. This
these particles are the nucleons of the target nucleus as welleans that for the reactiopA— p®A* the primary reaction
as the baryonic resonances and mesens)(p,K, ...)that  has to beyN— p°N. If one treats the FSI via an absorptive

2
[1-Ty(rp|oyn (2.14

Yi(rp=n(r)) ! (e
Agi(rp)=n(rj)—|—
efft’) JO’yN Qv
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FIG. 5. Calculatedio/dt for exclusivep® production on?°&%Pb
FIG. 4. Mass differential cross section for excluspfeproduc-  atE =7 GeV. The meaning of the different curves is the same as
tion on**Pb atE =7 GeV. The meaning of the different curves is in Fig. 4. The structures in the curves at laftjeare statistical only.
explained in detail in the text. All the curves, except the one with
the explicitly given formation time;=0.8 fm/c, have been calcu- 2_m2
lated with7;=0. The fluctuations in the dashed and dash-dot-dotted —2 GeV<AE= Py~ My
curves are statistical only. 2my

<0.6 GeV, (3.0

optical potential one gets an exponential dampirg@xp wheremy is the nucleon mass and

[—aprzdz r(6,z)] of the nuclear production cross section. Py=PnT Py P, (3.2

We are presently working at incorporating also incoming
virtual photons into the formalism developed in Sec. Il and afis the four-momentum of the undetected final state. Hgre
enlarging the configuration space for the FSI. Here we disandp, denote the four-momenta of the incoming photon and
cuss, therefore, only results obtained with real photons and #he detectedr™ 7~ pair andpy, is the four-momentum of the
a lower energy. In Fig. 4 we show the results of our modelstruck nucleon, which, for the calculation p§, is assumed
for the mass differential cross section of incoherent, excluto be at rest. Using Eq3.1) leads to a decrease of the cross
sive p° photoproduction or?®Pb for E,=7 GeV. In this  section(dash-dot-dotted linebecause some of the inelastic
case “exclusive” means that the final state consists of grimary events are excluded. If the exclusivity measure was
"7~ pair and 208 bound nucleons. The solid line repre-good enough to single out only the elastibl— p°N reac-
sents a calculation with the primary reaction restricted taions from the primary events, the dash-dot-dotted curve
yN—p°N. It already includes the effects of shadowing, would coincide with the dotted line and Glauber theory
Fermi motion, Pauli blocking, and the nucleon potential, butwould be applicable. Since this is not the case, one still ex-
no FSI. The dotted line shows the effect of the FSI without atracts a too large formation time when using Glauber theory.
formation time of thep® in yN— p°N. The Glauber model One therefore needs a further constraint in addition to the
yields quantitatively the same effect of the FSI. This meangxclusivity measur¢3.1), which becomes apparent by look-
that in this casgonly yN— p°N as primary reactionFSI  ing at the differential cross sectiotio/dt in Fig. 5; the
processes likp®N— 7N, wN— p°N, where the primary®  meaning of the lines is as before. Rtir>0.1 Ge\ the full
gets absorbed first and is fed into the outgoing channel by aalculation with exclusivity measureash-dot-dotted line
later FSI, are negligible. If one assumes a formation time ofives the same result as the one with the primary reaction
7=0.8 fmic for the p°, one gets the result indicated by the yN— p°N and FSI(dotted ling. In this kinematic regime
dash-dotted line. Due to the finite formation time there isGlauber theory can therefore be used. Fid0.1 Gel?,
considerably less absorption and the nuclear production croswwever, the exclusivity measuf®.1) cannot distinguish be-
section increases. If the observed spectrum looked like thigween elastip® photoproduction §N— p°N) and other pri-
one would in Glauber theory be led to the conclusion of amary reactions, e.g., inelastip’ photoproduction N
finite p° formation time. —p%X, X#N). At low values of|t| there exist many stateé

However, one will get a similar result with;=0 if one  with invariant masses that are not excluded by the exclusiv-
allows for other primary reaction besidgdl— p°N and uses ity measureg(3.1). In addition we find that about 25% of the
a coupled channel model. This can be seen by looking at thinally acceptede® in this t region are not produced in the
dashed line in Fig. 4. We find that about 60% of the addi-primary reaction but stem from sidefeeding in the FSI. In the
tional p° stem from inelastigp® production in the primary HERMES experiment one makes a lowdrcut to get rid of
reaction, e.g.yN— p°«N, where ther gets absorbed during the coherenp® photoproduction contribution. In the case of
the FSI. We now apply an exclusivity measure like the ondead andE, =7 GeV the coherent part can be neglected
used in the HERMES experimefit4] above|t|~0.05 Ge\f. For Glauber theory to be reliable one
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' ' ' ' ' . tant shadowing becomes with increasing photon energy. At 7

Y*Pb > K'X P GeV it reduces the nuclear production cross section to about
8t Prad ] 65%.
,./' The importance of a coupled channel treatment of the FSI
e becomes clear when comparing the full calculation with the
6 -

one without FSl(dashed ling Since thes quark cannot be

. absorbed in medium the FSI can just increaseKheyield

4t ol T et via processes likerN—K*Y (Y=3,A), for example. With
L decreasing formation time the primarily produced pions have

a greater chance to produké in the FSI. As a consequence

-

o/A [ub]

2 K A w/o shadowing | . ' . i !
. - -~ wio FSI of this, a shorter formation time will lead to an increase of
----- =0 fm/c the nucleaK * photoproduction cross section as can be seen
0 N S W S from the dotted line. An enhancement of tié production
1 2 3 4 5 6 7 cross section due to FSI cannot be explained by purely ab-
E, [GeV] sorptive FSI as in simple Glauber theory, where it would

necessarily be interpreted as being due to a longer formation
FIG. 6. Photoproduction cross section #6f on 2°%b plotted  time of theK™.
as a function of the photon energy. The solid line represents the full
calculation. The dash-dotted line shows the result without shadow- IV. SUMMARY
ing of the incoming photon, the dashed line the result without FSI,

and the dotted line the calculation without formation time. High energy photoproduction off nuclei offers a promis-

ing possibility to study the physics of hadron formation.
has to increase this threshold to approximately Necessary for such studies is a reliable model of the FSI to

=0.1 Ge\2. Glauber theory can thus be trusted only underextract the formation time from the production cross sec-
certain kinematic constraints. tions. Whereas Glauber models allow for a straightforward

So far we have discussed a case in which a strongly inimplementation of the nuclear shadowing effect they usually
teracting particle, the® meson, is produced. In the follow- have the disadvantage of a purely absorptive treatment of the
ing we will now discuss the special effects that appear in 4 >!- AS We have shown the latter can lead to a wrong esti-

coupled channel treatment of the FSI when a weakly intermate of the formation time. A more realistic treatment of the
acting particle, such as thé* meson, is considered. In Fig. FSl is possible within a coupled channel transport model. We

6 we therefore show the cross section for the reactidn have presented a method to combine such an incoherent

—K*Xin the photon energy range 1-7 GeV f8¥Pb. This treatmer;]t of FIS|hWiLh cohere_r:ceb length gﬁgcts hi.n r:he en-
reaction had already been investigated in K@, the new rance channel which can easily be extended to higher ener-

treatment of shadowing and the initial interactions as outd'es and V'Tt“a' photons. W? have shown that in part[cular
lined in Eqs.(2.1)—(2.5) lead to an increase of the total yield 1€ Production of mesons with long mean free path will be
at 7 GeV by about 20%. The solid curve in Fig. 6 represent@ffécted by the coupled channel effects in the FSI.

the results of the full calculatiofincluding shadowing, FSI,

7:=0.8 fm/c, etc). By comparison with the calculation ACKNOWLEDGMENT
without shadowing(dash-dotted lineone sees how impor- This work was supported by DFG.
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