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Semiclassical description of exclusive meson pair production in* y scattering
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A semiclassical picture is given for the production of exclusive meson paiysyrscattering using elements
of the Lund string fragmentation model, spin a@¢parity conservation. The model can be generalized to the
production of any few meson states in scattering reactions at intermediate momentum transfers. As an example
we show that we get a consistent description for the time-like pion form factor. For the regttennt 7~
we find a sizable cross section at CERN LEP2 energies.
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[. INTRODUCTION picture of the Lund string model, as implemented in Monte

Carlo (MC) programs such aseTseT[15], has been very
Recently, the factorization of the hadron production pro-successful in the description of many particle final states in
cessy* y—hh in a partonic handbag diagram and a two- high-energy physics. It is our aim to investigate what the

hadron distribution amplitude have been discuskee3] prediction of this model will be if we reduce the number of

which describes the exclusive fragmentation of a quarkf'n?rI‘ pta:trlr(lzlesft?hjuslt_ angeﬁ—gcltl;allla/,bogly t\{vc;. have onl
antiquark pair into two hadrons. This factorization is valid in erms of the Lu odel Tew-body states have only

the kinematic region where the squared c.m. energy of thgeen discussed recentl\t6]. The fragmentation functions
final hadronss=(p+p’)? is much smaller than the photon Used inJETSET[15] only work for high energy processes,

. . . where the invariant mass of the strigg is much larger than
V'rtuf“tX Q® (see Fig. J‘.SO far, mostly the process"y . the masses of the particles produced. In the two-body case
_’Jr WNLhaS been S“‘Ld'e_(lj_ha”d IS klnovk\)m to rr:ext ,lea?]'ngthe Lund model fixes the fragmentation function only up to a
g,:/ E_zr_( g) tp_Le(i!S'on[ ].I't de Scfgtfa P?' Jhe%t t ire Is 1 _e normalizing functiongqyg(s) = 2 nggq-.n(S), wheregqg-.n(s)

o-pion distribution amplitud¢5—7], which has been ex- gescribes the(unnormalizedl probability that a quark-
pressed in terms of the instanton vacul8h The same ob- antiquark string fragments into particles. In[16], gqq4(S)
ject enters in terms of hard diffractive electroproduction ofyyas fixed by the requirement that for a given invariant mass
two pions[9,10]. A detailed QCD analysis of the cross sec- squareds=4 Ge\? one should get the same results as the
tion of the exclusive production of pion pairs fs1 GeV®  seTseTprogram, which originally only described many-body
can be found if11]. The general procesg y— "7~ has  states well. The crucial point is especially for two particles
also been studied earlier in the resonance refid) and  the JETSET program is not reliable as it does not contain a
purely perturbative kinematics involving two light cone C-parity for example. In this approach we try to compute
wave functions instead of a two-hadron distribution ampli-g,4(s) directly by evaluating the phase space and the string
tude (2HDA) [13]. breaking probability for all channels that contribute.

In our contribution we want to look at this process from  The paper is outlined as follows. In Sec. Il we describe
the viewpoint of a semiclassical theory as it was proposed ithe factorization of the cross sectigif y— = 7~ in terms
the Lund mode[14]. In a semiclassical theory we will not be of the Weizsaker-Williams spectrum, the photon structure
able to study the 2HDA. However, the factorization picture
motivates a semiclassical description in which a quark-
antiquark pair produced by* y interaction fluctuates with e’
some probabilityP g, »+ - (S) into aw '~ pair. The two-
meson fragmentation functioRg. »+,-(S) can be evalu- h(p)
ated in terms of the string fragmentation picture. Decaying e
resonances above the mass/sf=1 GeV are treated here as %
strings. The semi classical picture should be a good approxi- Y (Q) —
mation when many resonances overlap and interference ef-
fects can be neglected.

In the kinematics, where the above mentioned factoriza-
tion holds, the common picture is that a gluonic string is —
formed between the quark-antiquark pair and finally breaks JJ“J\ Kk’
into 7" 7. This process is of special interest because it ko’
contains a string breaking exactly one tine, and therefore, it Y(q ) (p )
would be a very interesting probe for an understanding of the 0
dynamics of QCD strings. The picture which we are referring
to is an incoherent one because we do not work on the level FIG. 1. Kinematics of the procesg* y—hh and definition of
of amplitudes, but of probability densities. This incoherentthe two-hadron distribution amplitud@HDA).

0556-2821/2001/63)/03600315)/$15.00 63 036003-1 ©2001 The American Physical Society



MARTIN MAUL PHYSICAL REVIEW D 63 036003

q xt nt q nt xt

771’_) [ P P [ rrrr 7 P P

4 PP 4 L
T - q t n T

0

FIG. 2. Kinematical decomposition of the total cross sectiéry— 7" v~ in terms of the hard scattering cross sectigny— qq and
the transition probabilityq— 7" 7.

function and the two-meson fragmentation probability. Infor the whole processe*(lg)+e (I)—e(I5)+e (I")
Sec. lll we will outline how the fragmentation mechanism is + 7" (p)+«~ (p’) is then given to leading order accuracy
understood according to the Lund model plus some minopy
extensions as to spin ar@parity. Finally, in Sec. IV we

will evaluate all competing channels to the” 7~ pair pro-

S . . do(ete”—eTe w'w7)
duction in a region 1 Gets<2 Ge\?. We will compare

our semiclassical formalism with data from the time-like dyodxdQGdQ*d®p,

pion form factor and predict the total cross sectighy

—m " aw~ at CERNe"e™ collider LEP2 energies. 2ma?, , )
=§ Sy A+(1-y)d)F(x,Q%Q))

Il. THE PROCESS %* y— &%~ IN THE SEMICLASSICAL

THEORY X 16(Y0,Q8) Pam m(5,07),
The kinematics of the process*(q)+ y(go)—h(p) 900 9ol
+h(p’) in Fig. 1 has been given ifi] and[2]. The process Y=g YOI a=I—=1", go=Ilo—ly,

is governed by the virtuality of the off shell phota@?
=—g? and the invariant mass squared of the final state 5 5 5 5
hadronss=(p+p’)?. To ensure the factorization according Q"=-a% Qo=—do.
to Fig. 1 we have to satisfg<Q?. Quark-antiquark con-
figurations which have an invariant mass squaed Ge\? —(a+ o 17X .,
are treated in our approach as strings. Below this value the 2000’ $=(q+0o)"~ ——Q%
length of the string becomes smaller than 1(fmith a string
constant taken to ba~1 GeV/fm), and it is not sensible
to speak of the configuration as an extended two-dimensional
object, as it is then smaller than a typical hadron-radius,
A more involved point is the real photon which enters "dg- -~ depends on the transverse momenfumof the
with the momentunt. In principle it can have a substruc- WO Produced pions, which is defined with respect to the axis
ture in the sense that it fluctuates intpameson state which  9'V€n kgy' the string spanned by the two initial quarks. How-
then interacts with the virtuaj. This vector meson domi- €VerPi is not a Lorentz invariant quantity. Therefore, from
nance (VMD) contribution is important for quasi real an exzpenmental point of view, one would like to reconstruct
photons[17]. the p{-dependence in terms of the Lorentz invariant vari-
In this paper we want to look at the procesdy  ablest=(q—p)? andx[see also Eq¥35) and(36)]. For the
— "7~ in the sense of deep inelastic scatteriflS) definition of the transversity it is furthermore essential, that
where the nucleon probe is replaced by a quasi real photofe can define to leading twist the quark momenta in the
(see e.g[18]). We treat the exclusive process in the spirit asframework of the standard parton model in DIS, i.e. that we
the Monte CarldMC) programLepTO[19] treats the DIS of ~can express in Fig. 1 ds=xdo+ . The virtuality Qf of the
electrons off protons: The procesd y— = ' 7~ factorizes photon with the 4-momenturg, should be small so that it
in a handbag diagram including the photon structure funccan be treated as a quasi real photon, and the standard ap-
tion, for which the whole machinery of perturbative QCD is proximations in terms of the photo-production formalism are
applicable [20-25, including the w" 7~ fragmentation then valid.
function (see Fig. 2 Also, one should note, that in the convention used here
The production of the initialqq pair is given by the an_,wm—(s)=qua_,w+w—(S,pf)d2pl is a dimensionless
handbag diagram of lepton-photon scattering, while thejuantity. For the factorization to be valid the orderi@ﬁ
hadronization is given by a probabilit g . ,+,- that <s<Q? must be fulfilled. The part of the generation of the
this pair fragments into two pions. The total cross sectionquas) real photon is described by the standard Weaikea

2

Q?=Sxyy, S=(lp+h?2 1)
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Williams spectrum[26,27 for a transversely polarized ggq..+,-(S) is the weight for the process that the initiad

photon, pair fragments into ar* 7~ pair, andgg(s) is the sum of
) all n-meson weights for all possible reactions, which the ini-
f 2. Qem 1+(1-yp?d) 1 2miyo 2 tial gq pair can undergo to produce an arbitrary number of
y/e(yoiQo)_E Yo Q_S_ Qd - @ mesons. Limiting the valus<4 Ge\? we can neglect any

contribution from baryons:
The contribution of longitudinal polarized photons can be
neglected as it is suppressed by one powe@p{28]. 21 12
y 2 2 L . 2 gqaﬂﬂ'Jr‘le(slpL)d P
Thefj(x,Q%,Qg) are the quark parton distributions of the Pagata—(S: p?)d?p, = )
quasi real photon which has the small virtual@§. We will Jqq(S)
use the parameterization given[i29,30. There is one sub-
tility in using the quark parton distributions of the photon for

4

9 . : The term weight denotes a product of the phase pace of
an approximation of the quasi real photon in our case. Norz o given process and its production probability. We wil

mal[y, tho'se pgrton distributions also contain the case thagpecify these objects in the following. The simplest access
the incoming virtual photon scatters off a quark from the sea.

. ; . . i regard th | weigh . Fir f all, it i
Obously, n s case th photon femantis @ more coms /#0210 e (o8 WEGHL age). Pt o ol 11
plicated object than just an antiquark, and it will lead in themesonS'
end to some more complicated final state than just'ar~ '
pair. As we regard exclusive™ =~ pair production, this part
of the photon parton distribution is not taken into account in
our description. However, we recall here the necessary con- gqﬁ(s):; dgg—n(S)- ®)
dition for factorization:

Q? ) Then-particle weight is then the sum over all weights where
X= Qz+5%1’ as Q“>s. () the initial quark-antiquark paigq fragments inton mesons
My, ... M,

For largex, however, it is known that the parton distributions

almost exclusively represent the valence quarks, which cor-

respond in our case just to the valerge pair in thep®. It Jqgn(S)= 2 Jag-M,. ..., M. (S). (6)
means that the photon remnant is then, to a very high degree ACTRREE Mn

of precision, just the corresponding antiquark carrying the

full rest momentum (+x)qo. In this respect, the photon |, these weights only meson combinations which have the
structure functlor) is a good _apprqxlmatlon- N right quantum number with respect to the initial state are
Pog.nt () is the (semquaSS|ca|+pr9bab|||ty that the jncluded. For example, in* y we have to ensure that the
producedqq pair fragments into ar” 7~ state. We Will  fina| hadronic state has positivE-parity. In the Lund
calculate this quantity in terms of the Lund model. For inter-,qdel approach the production of final state hadrons hap-
mediate values cf (as compared td.&cp) the fragmentation  pens only through string breaking. This means that a reso-
process should be described non-perturbatively. Here thgance likef,(1270), which is an important intermediate state
string picture is indisputably valid. For larger and largex  for the reactiony* y—=* =~ [9], is treated in the frame-
more perturbative prescription should be valid3,31,  work of the string picture. As the string constanhas the
where the secondq pair is generated by the branching of a yajye x~(1 GeV/fm=0.2 Ge\?, this is a reasonable picture
perturbative gluon. In principle, the Lund model should alsofor gll mesons with masses above 1 GeV, like the1270)
contain the perturbative contribution because it describes thgy, example, because it means that the distance between the
generation of the secorgiq pair in a tunneling mechanism  quark-antiquark pair in the meson is considerably larger than
which should resume the interaction to all orders. Howeverj fm, which justifies the picture of a string. In fact, the string
the model is an incoherent approximation, so that we canngiicture cannot describe resonance poles or interference ef-
expect a one to one correspondence at all. Nevertheless, ficts of overlapping resonances as it is an incoherent semi-
will be interesting to study how far the string picture remainsc|assical picture. In fact resonances with masses smaller than

valid in this situation. 1 GeV, namely thaw and p resonances, have to be treated
differently, as we will show in the case &'e” —# 7~
lll. STRING BREAKING AND FRAGMENTATION (see in Sec. IV E Because ofc-parity conservatione and

p resonances are forbidden as intermediate states in exclu-
In this section we want to derivBqg ., ,+,- semiclassi- sive v* y scattering. However, they make a considerable
cally. We will pick up some elements from the Lund model contribution in the reactiony*N— 77~ +N (see[32)]),
as described ifi14], but add extensions as to the particle spinand, as we will see later, in the annihilation react®fe~
and C-parity. The general strategy is to determine —z 7 .
Pig=+t--(8) by the fraction of the two-meson weight = We start now with the description of the two-particle
Jgg—n+»-(S) and the total weight g4q(s). Here weightgqa_,Mle, with M, and M, being two mesons.
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A. The two-particle weight 0 Xe

The two-meson weight is given by the following formula: vy

Jgg-M,M,(S) = f dzpigqaﬂmlmz(s,pf)

:J deJ_j dmlpmasle(ml)

X f d mZPmasM 2( mz) Ptunne( P )

FIG. 3. Generation of transverse momentym through the

X Pflavor( M 1 M 2) I:’spin( M 1) . . . 9 .
tunneling process. Displayed are the wave functions of the inner
X Pspir{MZ)gz(svmi_ ,mi)_ (7) quark and the inner antiquark in the linear potential of the string.

The region of exponential tunneling is of lendtlk p, /«, with «
HereP masau, (M) is the symmetric Breit-Wigner distribution being the string constant.
to allow for the fact that some of the mesons considered here,

like the p, are comparatively broad resonances: ‘P(X)=‘P(O)ex;{ B fx ’—pi_(KX,)de/ _ (12)
0
I : . :
Pmas§m) = PP e R (80 One gets the tunneling probability from the normalized
™ —ma)24 square of the overlap of the two density distributions, i.e. the
(m—mg)“+
4 square of the two wave functions:
Pspi(M1) gives the probability that the two quarks which are ()| 1 wpf
under consideration to form the mesigh are coupled to the ~ PrunnelP1)~ (0 < PumelP)=—-exp —{ ——]|.

right spin state. Counting the number $f components, the

naive values would be For the string constant one naively would assume a value
Kstring=1 GeV/fm~=0.2 Ge\?. Again, it turns out in experi-

9) ment that a somewhat larger value is needed in order to
describe thep, of hadrons properly14]. We get a good
result in the end for the time-like pion form factor of the pion

However, experimentally, a ratio of pseudoscalar mesons tgsing a valuexk=0.35 Ge\f, which results in an average

vector mesons is found that is close to 11%,33. One can  hadron transverse momentum(@f, }=0.472 GeV. This is a

model this in assuming that f@=1 only one of the three bpit larger than the valuép, )=0.42 GeV cited in[14]. On

spin degrees of freedom is active, leading to the factors  the other hand, at the small invariant masses considered here,

1 . it is likely that soft effects which could lead topa smearing
P o are quite important.
Popr(S=00=7,  PspidS=1)=7. (10 Pravo(M1,M,) is the probability to produce the correct
flavor for the meson#1, and M,. From long-term experi-

Pwnnelgives the probability for the string breaking generatedence with thelJETSETprogram, the following probabilities in

via quark-antiquark pairs to carry the transverse momenturthe Lund model have been shown to be reasondl¢ly:

p, with respect to the line of the string. The transverse mo- o .

mentum is generated by tunneling through a linear barrier of Py, 0(dd) = Pfauo(UU) =1/2.3, PjayolsS) =0.3/2.3.

lengthl =p, /« (see Fig. 3, with « being the string constant. (12

The tunneling process can be best understood by considerin ] ) o )

the situation when the new quark-antiquark pair has just beehn€ generation of heavy quarks is negligible. For high-

produced. Then the mother string has been split into two ney@nergy fragmentation an alternative model has been devel-

ones. Each of them consists of a quark-antiquark pair sittingped[34] usingPayo(dd) = Pfayo{UU) = Piavo(SS = 1. Us-

in a linear potential. The two linear potentials do not inter-ing this assumption, the final results for teé +e”—e™

fere with each other. The distance of the generated quark+e™ +A cross sectionéwith A being a two meson systgm

antiquark pair id. The energy of the quantum mechanically Fig. 4 become smaller by about 15% fgs and 7p produc-

forbidden region where this quark-antiquark pair has tuntion. In the case of the production of pion pairs the changes
neled through has been invested in the transverse momentuane negligible. The same is true for the prediction of the

p, =l«. To calculate the probability for such a kinematical time-like pion form factor, Fig. 5. Since the overall changes

configuration one has to calculate the overlap of the quarkare small we will adhere in this contribution to the param-

wave functions at both the beginning and the end of theeters of the LUND model with the reservation that a precise

tunneling process. The WKB method predicts for the wavedetermination of the strange suppression will be left to a

function of one of the quarks in the linear potential future work on kaon production.

1
4 1

AW

PHn(S=0)=7, PHiiS=1)=
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X

FIG. 6. Area law for the decay of a string into mesons in the
Lund model. The decay probability of the string is proportional to
1.0 . - . exp(—bA), with A being the shaded area in thet plane shown in
the figure. The masses of the produced particles are proportional to
the area surrounded by the dashed lines.

FIG. 4. Cross-sectiodo/ds(e*e” —e*e”A) as a function ob
with A=7"7~ (solid line, A=n*p~ (dashed ling and A .
=p*p~ (dashed-dotted line The thin dotted line is the border for

g o -1 (s,m? m2 ) =[] N,d?p;8(p?—m?))
10 events per unit is for the LEP2 luminositf £=500 pb *). The OnlS,My; ... My, h ja P otp; L
c.m. energy for the two electrons {&5=175 GeV.

X o

The central objects of the two-particle weights are the 2 P (\fs,O))exp( oA
two-particle phase space weighgs(s,m7, ,m5,). m;, de- (13)
notes the transverse mass, ire?, =m?+ p?, . For a concise
treatment one has to regard the genergarticle phase 4 s the shaded area spanned by the particle momenta shown
space weightg,(s,mj, ,- - -,mj, ) first. in Fig. 6.b is one of the two parameters in the Lund model

which have to be fitted to experimental data. The value used
for the calculations i©=0.75 GeV 2 [35]. m?, =m?+p?,
B. n-particle weights is the transverse mass of tjth particle. One should observe
_ ) _ that the phase space weight is independent of the flgvor

Then-particle weightsyqz.n(S) can be derived by means e will see later how-particle weights and-particle phase
of the n-particle phase space weighdg(s,m?, ,....m;,),  space weights fit togetheN; can be interpreted as a sort of
which are given according to the Lund modi&H] as coupling constant for the¢th particle. It can be fixed by a

simple iterative condition. The two-particle phase space
weight gives a simple analytic expressiph6]. It is con-
structed from energy momentum conservatisee Fig. 7:

2
mi—(l—z)(s— m;) (14

which yields

|F(s)|?

1072
1.0 15 20 25 3.0 35 4.0 45

s [GeV?]

FIG. 5. Pion form factofF .(s)|? in the time-like region. The
dashed line is the contribution from the decay of a singl&70)
resonance described in the VMD model. In the solid line we have FIG. 7. The kinematical constraints for the string breaking into
added the contribution from string fragmentation into two pions.two pions. We have used the notatioa 1—z. W, andW_ are the
The filled circles are the NOVOSIBIRSK data, and the open circlesmomenta of the initial quark and antiquark in the x plane.
are the data from the DM2 collaboration. W, W_=s.
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:s+mi—m§Lt\/)\(s,mﬂ,m§L) N;=N(a,bm,)

Z.
2s , 1 dz —bm’, m?, \®
=lim{1 f —(1-2z)%expg —— || 1— —
2,24 2 S—s00 m? /s Z z sz
N(X,Y,Z)=X"+y +z°—2xy—2xz—2yZ (15 +
1dz —bm?,
The area is then given bigee Fig. 7 = JOY(l—z)aex | (20)
2
A =m2 + My, a is the second parameter in the Lund model. Value, which
=R 7, we will use in our calculation, ia=0.5[35].
— 2
~Mp, 5% C. The weights forn mesons
1 The procedure described in the previous two subsections
= (s+m? +m3 2 m2))). b : - P .
2 (smi, M, + VA(s, My, M3, )) (16) can easily be generalized to describe the weight to produce
mesonsM 4, . .. ,M,, from one mother string:

Furthermore, one has also
Jag-M,, ... M, (S)

f dzplf d2p,8(p3—m?2, ) 8(pa—m3,) 8(py+ pa—(Vs,0)

n-1
jljl f dzpji Ptunne( ij)

1 n
= 17
\/A(s,mi,mi) X Il:[l dmipmassMi(mi)Pspin(Mi)
which yields the analytic result for the two-particle phase XGn(SM3, s+ M ) Priavod My, -+ o Mp).
space weight 21)

b 5 5 One should then observe that
2 ex —E(s+mn+ma) , ,
mi, =mi+py, ;

ga(s,mf, ,m3, )=Ny,N, —
bvVA(s,m3, ,m3,)

b
X cosf( SVMsmi, ,mi)) . (19

M2 =m?+(pi_1, —pi)%  (1<i<n);
mﬁL = mﬁ"' pﬁ—u . (22

We included a factob in the denominator to get a dimen- In practice, it will be easier to make use of the recurrence
sionless expression. The cosh corresponds to two possibfglation. Here the three-meson phase space weight is given
solutions that obey energy momentum conservation when thigy

two-dimensional string breaks into two parts. Then the other

2 2 2
phase space weights can be obtained iteratively 36 gs(s,my, ,m3, ,mz, )
dz bms,
gn(s,m2, ... m2) =N(a,bm§i)f7ex;<— -
dz [—bm?, 2
- = M
N”f z exp{ z X0, (1-2)| s— —=|,m2, ,m3 |. (23
m2,
XOn_1| (1=2)| s— = m? o mi What causes problems numerically is the integration over the
n—1 z 1L n—1L1 i . . . .

transverse momenta. The kinematic situation is the one of

(19 Fig. 8, i.e., that the particle in the middle receives transverse
momentum from two string break points, whereas a particle

This equation is also suitable to fi¥;. In the Lund model ~at the end receives it only from one. To simplify things we
the N; are universal constants dependent onlyngn, and ~ Will take average values instead of a time consummng
not ons, to ensure left right symmetry. The idea[86] that ~ integration. First, the average over the relative orientation of
after summation oven on both sides, the iterative equation the transverse vectors yields
has a solution in the form aE,g,(s,*) ~s? for asymptoti- . 2 5
cally larges, which yields then in this limit (P1L—P2.)°~P1 T P2, - (24)

036003-6



SEMICLASSICAL DESCRIPTION OF EXCLUSI¥ . . . PHYSICAL REVIEW D 63 036003

To simplify things further, we WI|| also r.epla_lcpll~<pu> . ) , 2 mesons
= k/ for one of the three particles. Taking into account that M { M
. .. . e . . 1 2
each of the three particles may sit in mid position in Fig. 8,
we get P T
1
s H H : 3 mesons
gqﬁﬂMleMs(Saml’mZ*mS) M1 Mz M3
_[% e bm3+2x/m)ZN (3 b(m2+ 2/ 7)) } ) A
. b(m3+ 2kl : T T : 4 mesons
M M M M
2 1 2 3 4
ms+ 2kl _
X agmym,\(1-2)| 5= ————|,mf,m}
, Jm ------------ HL n mesons
+ e Pms+KImIZN(a,b(m3+ K/ 7)) M M, MM,
m:23+ Kl ) ) FIG. 8. Generation of the transverse momentum via string
ngaﬁmle (1-2)| s— -7 ,mi+ k/,m; breaking. Particles at the two ends of the string receive only trans-
verse momentum from one breakpoint, while those in the middle
—b(m?2 i from two. So, the average transverse
+ o P+ kI mIzN (. b( M2+ K/ receive transverse momentum \ » the averag
(@b(ms+ «/m)) momentum for particles at the end igw, while it is 2«/7 for
m§+ wl . particles in a mid position.
X Yqg-M,M, (1-2) S—T ,m7,m5+ «l
X Ppid M3) Payor- (25 our case. If one calculates the weight #K 7 production,

for example, one will observe that its shape essentially re-
Here, we have taken advantage of the fact that the functionsembles one of therz#' contributions in Fig. 9, which
gn(s,miL e ,mﬁL) are symmetric under permutations of starts aroung=2 Ge\?. NeglectingKK 7 and correspond-
mfl up to a finite energy correction. We will check later to ing channels, the expression E5) is basically flavor in-
which extent this symmetry is satisfied. Furthermore, wedependent, as and d quarks are treated equal because of
have to state that this approximation is only valid because wéheir small mass difference. Otherwise we would be in
will restrict ourselves tou and d-quarks. Strange quarks trouble because the initial quark-antiquark pair in the two-
would lead to at least two kaons plus a third meson, and thimmeson weight and the three-meson weight are not identical.
will not contribute in the range 1 Gé¥:s<2 Ge\. One  Our three-meson weight contains all three possible combina-
has to take into account that one has to deal with transvergens of the three particles being formed along the line of a
masses here, i.e. one has to add the average transverse mtring breaking two times. One finds analogously for the
mentum, which is roughly 1/3 GeV per contributing quark in four-meson weight

2 2 2 9
Jaq—M, MM M, (S, MT, M3, M5, My)

_fdz
)z

m3+ 2kl
z

2
2e~P(Ma* 2e/MIZN (a,b(m3+ 2K/7T))9qqﬂM1MzMs((l_Z)< ST ’mi’mg’mg)

2 2 m421+K/7T
+ge MmN, b(m] + K/w))gqqﬂMleMs((l—z)(s—— M+ il 7, M3, mj
2 b(m2-+ /7 2 mi-l—K/ﬂ' > o 5
+§e’ (M + i) zN(a,b(m4+K/7-r))gqaﬁ,\,,1,\,|2,\,,3 (1-2) S—T ,m7,m5+ «/,m;
2 —b(m2+ ki m)/z 2 Mg+« 2 2 2
+§e 4t Kl N(a(b,m4+K/’7T))gqaﬁMlM2M3 (l_Z) S— —Z ,ml,mz,m3+K/’7T Pspin(M4)Pflavor-

(26)

The factors take into account that the fourth particle has two possibilities to sit at the head of the string, and two possibilities
to sit the midst(see Fig. 8.
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0.015

0.01

&u U -> A

0.005

0.0

FIG. 9. The three-particle weightyg. - as functions ofs.
The following contributions are displayedd wda— z0=9+9(S),
gumdﬁ—wr*'n"ﬂ'o(s) (SO“d)- guﬁ/dg—*wowon(s)! Juwdd—m+ 7~ n(s)
(dashedt g wdd— #049,(S), OQuwdd—=+m—y (S) (dashed-dotteg
gumdgﬂﬂ'*"rr_po(s)’ gumdaﬂ‘n'*"n'_w(s)’ gumdaﬂ‘n'_ﬂ'op*'(s)!
Ouwdd— =+ =0p-(8) (bold dotted.

IV. NUMERICAL ESTIMATES
A. Two-meson weights

Figure 10 shows the weightf,z. ,+,-(s=1 Ge\/?,pf).

PHYSICAL REVIEW D 63 036003

TABLE I. The possible combinations for exclusive two-meson
production iny* % y scattering, if the primary quark-antiquark pair
is dd or uu.

strangenes§=0 mesons strangeneSs-1 mesons

charged ata T pTp” KfK™; K¥TK*~
atp T ptw” K**K™; KTK* ™
neutral allC=+-meson KOKO: K*O0K*O

combinations#°, 5, %'
all C=—-meson

K*OEO. KOE*O
combinationsp®, o

only interested inm" 7~ production we have to regard for
the principal quark-antiquark pair only the flavarsand d.

As heavy quarks are actually not generated in fragmentation
we can exclude all mesons carrying charm, bottom and of
course top quarks. In our formalism, as pair can only be
generated through string breaking, and consequently, it can-
not recombine to & meson, as the two strange quarks be-
long to different strings. Therefore, the generation ofsan
pair in fragmentation leads exclusively to kaon pairs, while

thedd anduu pairs only produce pions, rhos, etas, and ome-
gas.® mesons are neglected altogether because they consist
of almost 100% ofss [37]. According to recent analysis
[38-40, the » meson consists of 40% ofs and the %
meson consists of 60% afs. This means that we have to

The region in p? is limited by the requirement that weigh thez production by a factor 3/5 and thg production
\%(s,m?, ,m3 )>0. One encounters from the phase-spaceby a factor 2/5.

an integrable singularity at

1 (mf—m3)°
pl=7|s—2(mi+m))+ ————

(27)

For neutral particles that are their own antiparticles we
have to take into account that the final state must be in total
C=+. This leads to the possible combinations in Table I.
The masses and widths used for the computations are given
in Table Il. In fact, the Breit-Wigner distribution has to be

We have to calculate all possible two-meson weights. As wéaken into account only for the vector mesons.

will restrict ourselves to a comparatively small region in s,

Figure 11 shows the contributions from the charged non-

ie. 1 GeW<s<2 Ge\?, we will only take into account the Strange sector, i.e., the combinatian$,p™. In general, vec-
lightest pseudoscalar mesons and vector mesons. As we dff mesons have a larger mass than their pseudoscalar part-

0.2
0.18
0.16
0.14
0.12

0.1
0.08

gqq->rtr

0.06
0.04
0.02

0'%.0 0.05 0.1 0.15 0.2

pZJ_[Gevz]

0.25

FIG. 10. The weighg,g. ,+,-(s=1 Ge\/z,pf) as a function
of p?. The shaded area indicates the allowed regiom?, on
the x-axis. The singularity a1;=4mei is integrable.

ners. Therefore, their weight starts latersirwhere there is
more competition with other channels. One sees later that
this suppresses the contribution of

TABLE II. Masses and widths used for calculatiggg(s). In
case no number is given for the width, it has been neglected in the
calculation.

particle mass nGeV] width T" [GeV]

" 0.13957 -

0 0.13498 -

p* 0.76690 0.14900

p° 0.76850 0.15100
K= 0.49360 -

KO 0.49767 -
K*= 0.89160 0.04980
K*O 0.89160 0.05050

7 0.54745 -
7 0.95777 -
w 0.78194 0.00843
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0.14

0.12

0.1

0.08

0.08

gq q-> ﬂ’/-,p’/ -

0.04

0.02

0.0

2 3 4
s [GeV?]

FIG. 11. The weightQqq. .+ ,+ as functions ofs. The solid
line shows the weight§ i »+»-+ Jdd—~+~—, and the dashed line
showsg,gp+,-» Jddp+,-- The dashed-dotted line represents the

four WeighthuUHﬂfp’! guUHpJWT’! gdaﬂ‘n'*p’! gdgﬂer‘n'"

Figure 12 shows the two-meson weights for the neutral
C=+ mesons. One observes that due to the strange content
of the » and ' mesons their weight is suppressed. The neu-

tral C= — sector consists only of combinations gt and
mesons. Their masses are close to each other, so the o
effect visible comes from their different widtlisee Fig. 13

In the case of mixed combinationfene vector meson and
one pseudoscalar megowe observe both effects: the sup-
pression of the contribution from theand »' mesons on the
one hand, and the fact tha? andw mesons basically can be

only distinguished according to their widths, on the other

hand(Fig. 14). The mixed combinations will not contribute
in y* y scattering because @i-parity conservation, but they
will contribute to other processes liké’ e~ annihilation. For

the strange meson contributidfrig. 15 one observes the

0.08

0.05

0.04

0.03

€qq-> '’

0.02

0.01

0.0
0

FIG. 12. The weightyyqg0,, , as functions ofs, i.e. the
contribution of neutral C=+) pseudoscalar mesons. The follow-
ing contributions are displayed,g . 0,0, 9da_,~0-0 (thin solid);
Ouu—n9y+ Yddon0, (thin dashell guz.,0, ., Oda_n0, (thin
dashed-dottéd gyt 5 » 9da », (DOl S0IID; Gy 1y » Gdao
(bold dashed g,y ' » Ydd— 5 (bOld dashed-dotted
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suppression of the strangeness production versus the produc-

tion of uu anddd pairs.

It is very interesting to investigate the dependence of our
results on the parametessandb in the Lund model. In Fig.

16 we show again the functiaz_, ,+ - (S) with a varying
between 0.4a<0.6, andb varying between 0.65 GeV
<b<0.85 GeV 2. The parametea accounts for most of the
uncertainty. In general, the deviations are small. This means
that the results are relatively insensitive to the choica of

b.

From the results obtained so far, we can compute the total
two-meson or two-particle weight function. In case oCa
=+ state it is given by
(+)

uu—2

Jun—2(8) =Gyt 7 (8) Gy (8) + Gy p 7 (S)
T 90t ptp(S) F Quw 7070(S) + Dy (S)
T 9yt 5 5 (S) + 20yt 70,/(S) + 20y 70,7 (S)
2945 5y (S) T Gut p050(S) + Gui we(S)
+ 2047 p00(S) + Gui—k +k - (S) + Qug—k +k*—(S)

+ 9uuk* k- (S) T Gy k* +k* ~(8); (28)

rfhr/"d in case of £&= — state by

95 2(9) = Qu m 7 () + Qi - (S) + Gyt ()
T Gutptp-(S) T 2045 70,0(S) + 20y ,,0(S)
2941 7 p0(S) + 2041 704,(S) + 204w u(S)
2941 ' (S) T Qurkk—(S) + Gy k +kx —(S)
+ Gy k* k- (S) T Gugk*+k*—(S). (29

In the casegdd ,(s), only the contribution of the charged
kaons has to be replaced by neutral kaons.

B. Three-meson weights

For the three-meson weights we make use of the approxi-
mation, Eq.(25). We will only take into consideration the
lightest mesons. In the case of neutral particles we again get
limitations because o€-parity conservation, thus reducing
the number of possible combinations to the following for a
C=+ state:

T omT, mwma,
T T, 7707707],
7T+7T_77 , 77077077 ,
atar po, Tt w,
7T+7Top , T 7T0p ;

and to
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0.2 0.07
0.18 ww
0.08
0.18
0.14 0.05
3 %
N 0.12 w 0.04
Y e A
o
S 008 ;%' 0.03
0.06 0.02
0.04
0.01
0.02
0.0 K
0 3 2 000
s [GeV~]
FIG. 13. The weightgqq_. 0., @s functions o, i.e. the contri- FIG. 15. The weightgq.« k+ as functions of, i.e., the con-

bution of neutral C=—) vector mesons. The following contribu- tributions of neutral and charged kaons. Because of being close
tions as functions o are displayedD,g-.,0,0, g ,0,0 (Solid); together in their masses it is not possible to distinguish between

94t O » Oddpe (dashedt gy we» Jdd we (dashed-dotted charged and neutral kaons in the plot. The following contributions
are displayed: g4g_koko Ouimk+k- (S0lid); Qg kok*o,
7T+7T_po, 7T07T0p0, Ouuok+k*—r Oumk-k++ (dashedl ggg k=okx0, Ouukx+k*-
(dashed-dotted
Tt e, m'nlw, three-meson contributions. A quite substantial contribution
comes from the combinations7p and rrw.
a0, It is important to make a check of the reliability of the

approximation. In Eq(25) the meson in position 3 is treated
differently from the mesons at positions 2 and 1. We will
have a brief look at what consequences this asymmetry has.
.o - o4 In Fig. 17 we show for the combination®7%7 two possi-
Tme ., TP bilities: One time they holds position three as in the calcu-
lation, and one time it is at position 2 or 1, respectively. One
observes that the absolute magnitude does not change much,

atwT gy, wta oy,

for a C=— state. We always put the heaviest particle at

position 3 in Eq.(25) because this is the position where the - i -

approximationp? ~ (p)— /= takes place, and the error but that wheny sits on position 2 or 1 the welght appears
Lo, ’ - later ins. From the calculated three-meson weights we can

should be proportional tp’/m*. Figure 9 shows the various compute the three-particle weight, which is in the case of a

C=+ state
0.1
0.05
0.08
= 0.04
%
< 006 "
=
o + 003
~ ?
Ilu' 0.04 I3
& g 002
0.02
0.01
0.0
0 1 0.0
0 1 2 3 . 4 5 6
s [GeV~]

FIG. 14. The weight®qg. (9,5 4).(,%,») @S functions of, i.e.
the contribution of a pair of one pseudoscalar and one vector me- FIG. 16. Dependency of the functiang. ,+,-(S) on the pa-
son. The following contributions are displayegli. -0,0, 9dqg_. #0,0 rametersa andb. The bold solid line shows the results far=0.5
(thin solid; gyy— 04, Jdd-0% (DOId SOlid; Gyy— 0, Tdd 50 andb=0.75 GeV ? as used in all calculations. The light grey area
(thin dotted; Qur—. »o » 9da— yo (DOID dotted; gyg—. 0, Jdd— 50 shows the variation fromm= 0.4 toa=0.6, while the dark grey area
(thin dashedl 9yg ., 0+ Jdd ., (bOld dashel shows the variation frorh=0.65 GeV ? to b=0.85 GeV 2.
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0.025 0.05
iy
0.02 0.04f
% 0.015 i
iy £ 003
A A H
| ) H
1= 1= :
0.01 3 i
S & 002
0.005 0.01 TR
0.0
0.0
o ! 6 o 1 5 6

2 3 4
s [GeV’] ? s [Gaevz] !

.FIS' _T_Z] Elrrtorh of t?he approxlmatlon for tlhel E[hije_e-rtneson FIG. 18. Contribution of the four-meson weights as functions
weights. The plot shows the weigh{-.. 0-0,(S) calculated in two ¢ o 'y o fiure the weight,g ..-0.0.0.o(s) is displayed(solid

o_hfferent ways. The sqlld line sh(_)ws the f(_)rm used in the calc_ula-"ne) in comparison to the two-meson weigo.+.. (dotted
tions, where the heaviey meson is approximated. The dotted line line)

shows the same result, but in a case where one of therfvbas ’

been approximated.

serves that in the region 1 Gé¥s<2.5 GeV the correc-

gf,%Lg(s) =0yt rt 7 0(S) F Oy 20,0,0(S) tion of. the three-meson weights is subs'gantial. The same ob-
servations also hold for the tot@l= — weight, which is not
Tyt 7t 7 7(S) T Gt 7070,(S) displayed here.

B - Figure 20 shows they*y fragmentation probabilities

T Quu 7y () F Gut n050y (S) P =(S), Pgmp(S), andPqg_,,(S), whereq can be au

+ Qut 7 70+ (S) + Gyt 70, (S) or d quark. One observes an effective suppression for the
production ofp mesons. The reason lies in the fact that ghe

+t0ur— a7 p0(S) T Qi rtmw(S). (80 resonance appears latersnwhere there is more competition

with other channels. One should bear in mind that the pri-

mary production ratio between pseudoscalar and vector me-

sons in the model is 1:1.

The corresponding expression for tGe= — state is trivial.

C. Four-meson weights

For the four-meson contribution we only take into account 1.0
pions because they are the lightest particles. Then the follow-
ing combinations contribute:

ata wta, a o 770, #070=%=0. (31

Because of the small mass difference the weights of the three
combinations are practically indistinguishable, so it is suffi-
cient to calculate one of them. Again, we make use of the
recurrence relation, E@26). Figure 18 shows the weight for
the casen®n’#%#0, but it is indistinguishable from any
other possible combination with charged pions. It is seen that
the four-meson weight only becomes numerically relevant
for s>2 Ge\2. Therefore, no four-meson or even higher
weights are taken into account in our calculation.

guﬁ(s)

D. The total weight function and the qg— =" =~ 0.0 . . . . .
fragmentation function 1.0 1256 15 1.7 20 225 25

s [GeV?]

Now we can compute the total weight function relevant in
the regions<2 GeV#, or with some reservations, also $o FIG. 19. The total weight in the smadiregion. The solid line
<25 GeV. Figure 19 shows the total weight,w(S)  shows the functiorg,wqa(s) as the sum over all two- and three-
~gi).2(9)+0iL5(s) for the y* y reaction. The weighgda(S)  meson weights. The sum over the two-meson Weightsiq .,
cannot be distinguished from(s) as the mass difference alone is shown in the dashed line. One observes that the correction
between charged and neutral kaons is negligible. One olfrom the three-meson weights is substantial.
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0.4 ' ' " ' ' olete —xmT77)(9)
=2 o(e"e = qa(IPL -, (9)

—_— q

n

\l-; 47Ta§m 29q6~>77+77’(s)

+Q. = 2 eq (,) (33)

' a S Yqq (S)

Q

+

[

e In contrast to the production of two pions frow¥ y, the

* final state ine™ e~ annihilation must have the quantum num-

2 ber C=—. This means that we have to take a total weight
] function gg%)(s) which includes all relevanC= — states.

n_f’ Our model will be a good description for the decay of reso-
nances with masses larger than 1 GeV, where the resonance
can be interpreted as a string. In order to compare this with
data we have to include the fact that because of the final state

being of C=—, a considerable contribution comes from the
decay of onep(770) mesor(neglecting theG parity violat-
ing transitionsw,® — 7). We can take into consideration

. L . this contribution via the vector meson dominance model
FIG. 20. The fragmentation probabili®,z_., as function ofs. (VMD) [45]

The solid line shows the fragmentation probability fo= 7+ 7",
the dashed line foA=p* 7~ or A=p 7", and the dashed-dotted

line for A=p*p~. 92 92
2 pydpmm
|F77(S)|VMD: GFZ —4 2 \ 3" (34)
(s—m?)%+ M "(—S M )
p 2 2 2
E. Comparison to the time-like pion form factor S m,—4m;,

It is interesting to confront our mechanism with data onewe take the valug,,g,,,=0.705 [46,47. In Fig. 5 it is
knows from the time-like pion form factoF .(s). In the  shown that adding the string fragmentation contribution to
region 1 Ge¥<s<4 Ge\? one has data from Novosibirsk the VMD contribution yields a qualitatively good semiclas-
[41] and the DM2 Collaboratio42]. Here the pion form sical description of the time like pion form factor. Of course
factor is measured in the*e™ annihilation process where the incoherent ansatz cannot model the interference structure
the cross section is given not only from mass corrections buef the resonances, but it gives a good description on the
by (see[43,44) average, which is exactly what this semiclassical picture

should be.

2
Tgm )
[F (). (32) F. The processy* y— =" o~ at LEP2
3s

olete —=nmrw7)(s)=

Finally, we calculate the/* y— 7" 7~ cross section. As
a small digression we want to show how to reconstpct
In our approach, this should be the same as the cross sectifnom Lorentz-invariant and experimentally accessible quan-
for the annihilation reactior™ e~ — (g times the subsequent tities. Defining the variables=(p—q)?, t'=(p—k)?, and
fragmentation probability into ther* 7~ pair (see Fig. 21 k=xqo+q we get the relation

T T T T
FIG. 21. Extraction of the fragmentation probabilRyg. . .+ ,-(s) from the time-like pion form factor.
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t'=m2—2pk

3@)

2

7
1 m,

4 S

[ hsa

1
:mi_z(z\/g’ p)L ’

—(sz—m?)

=(1—x)t+xm2. (35)
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a
\.

v

e
\.

(a) (b)

Then for the total cross section one can, in principle, rewrite

the p, dependence as follows:

do(ee—eert77)
dy,dsd@dQ?d?p,

2mal, (1+(1-y)?)
Q®  (1+s/Q?)?

X fl-//e(yo vQ(Z))anHTr"'ﬂ'_(S! sz_),

=§ e f7(x,Q2,Q))

do(ee—eert77)

dy,dsdQ@dQ?dt
) 27Ta§m 2 2 2
=3 e g @ (I-yIHQAQY
S/Q2 mzj_
X1 (Y0, QX m—————\[ 14—
'}’/e(yo QO) W(1+S/Q2)3 S
quagvnﬂrﬂ'*(s!pjz_)’

pZ=sz1-2z)—mZ. (36)

So,pf can be reconstructed froms, andQ?. Unfortunately,
the luminosity that we will consider here is not sufficient to

FIG. 22. Subprocesses contributing to the reaceeny—e
+7"+ 7 : (a) pion pair production viay* y scattering,(b) via
bremsstrahlung.

2
T 2 _ Oem (1+(1—Y)2) QWW(l_y)
fy/e(yawa)_ 277_ y In mgyz
1-y
+2m§y( o - . (39
e

We choose for the Weizesker-Williams scaleQg,,= (m,
+m,)?, wherem,; andm, are the masses of the two mesons
produced 48,49, hereby assuming that the maximum virtu-
ality of the quasi real photon is smaller than 0.09 GeRor

the electromagnetic coupling constant we choose a constant
value ag,,=1/137. Then, we get the approximatédnd

p, -integrated formula

do(ee—eer™m7) 2mal, (1+(1-y)?d)

~ ez
2 €

dy,dsd@ Q% (1+5s/Q??
X £(x,Q%0 GeV)) ey, Qi)
X ang)ﬂﬁﬂ.—(S), (39)
using again

an—>7r+177(s): f dsz an—>77+777(sa pi) (40)

trace thep, dependence of the cross section. But we Carkqr the photon structure function we choose the set SAS2

instead have a look at the dependence of the total
p, -integrated cross section. For the numerical integration w:
use the standard LEP2 parametgt8] with a luminosity £
=500 pb ! and thee®e~ center of mass energyS=175
GeV. ForQ? the allowed and measurable range is 5 &eV
<Q?<500 Ge\f. For the lower boundary d®? we have to

modified minimal subtractionMS) schemg[29,30. Figure
shows the cross section for the LEP2 parameters above. In
the given kinematical range the contributionsf p~ domi-
nates over ther" =~ one.
Experimentally, exclusive/* y scattering is a subprocess
of the more general exclusivey scattering(see Fig. 22

choose a rather low value in order to get a considerable ratef'aking the procesey—en~ 7~ for example, the measur-

although higher-twist contributions may be quite important

here. For the other cuts we choose

0.01<y,<0.99
1 Ge\P<s<2.5 Ge\A. (37

We approximate the total cross section with 1@% inte-
grated Weizseker-Williams spectruni48]:

able cross section consists of a contribution frefny scat-
tering [Fig. 22a@)], and a background process of bremsstrah-
lung [Fig. 22b)]. The cross sections for both reactions have
been estimated ifill]. We can use their model predictions
and calculations for the cross sectidate, ¢+, /(dsd (03]

to compare with our results of the Lund modsée Fig. 2R
Here we have plotted the Lund model prediction fdry
scattering versus the result fgf v scattering and the brems-
strahlung background frofl 1] for three different values of
Q?, choosing for the invariant mass of the photon-electron
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Q% = 5 GeV? Q% = 20 GeV® Q® = 100 GeV?
16° : 10° : 10%e . FIG. 23. Comparis_on of _the
E Lund model calculation (solid
- 107k T 10%E 1T 10°F ] line) with the model given in Ref.
. E L E > [11] (dashed ling for the cross-
3 1otk 1 38 gk S ] section do, /(dQ?ds) for three
£ 3 = 3 = different values of)? as functions
’_g? 10° r - ’_g?, 16° r 4 b 10k - of s. The dashed dotted line shows
by F e 3 w; the contribution of the bremsstrah-
%10" - - gm" - 1 otk 3 lung process as given in RgL1].
® e ® e ] = . ] For the invariant mass of the elec-
<10%r 0 T ~ <10%g T ~ S107%f 0 T = tron photon system we have taken
of 3 35 in all figures the valueyS,,=60
— L 1 L — L L L -3 L 1 L
1098 0.9 1.0 1058 0.9 0 10%g 0.9 1.0 GeV.
s [GeV?] s [GeV?] s [GeV®]

system/S,,=60 GeV. It tuns out that at the matching trast to the well known application of this model to high
point s=1 Ge\? the Lund model prediction is a factor 3.5 energy physics, we counted all states explicitly and took spin
larger than the model prediction ii1]. The discrepancy and C-parity into consideration. The model gives a fairly
increases to a factor of nearly 5 if one goes dowis+d).8  good description at intermediate momentum transfers above
Ge\?, but at that value of it is doubtful whether the Lund 1 GeV? when the decay of meson resonances can be identi-
model is reliable any longer. Considering that the model asfied with the breaking of a string. This can be seen from the
sumptions made in our case are still crude and th4tdj  fact that we get a consistent description for the time-like pion
they estimate their model to be correct roughly by a factor oform factor averaging over all interference effects. The pro-
2, the discrepancy is tolerable, and the model prediction§edure has the potential to be the basis of a Monte Carlo
shown here will be improved as soon as data are availabl@rogram for intermediate energies. As an application we
One can conclude that the bremsstrahlung contribution i§ave used this picture to predict the cross sectjény

also negligible forQ?<100 Ge\? ands>1 Ge\2. The in- — 7 =, which is interesting because it is sensitive to the
terference contribution betweeyt y scattering and brems- two-particle distribution amplitude and offers the possibility
strahlung vanishes if one integrates over the azimuthal angl® observe the decay of a single string and the formation of
between the planes defined by the in- and out-going leptor)adrons from quarks. The cross section should be sizable at
on the one hand, and the two produced pions, on the othd£EP2.

hand, which we have done here.
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