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Abstract 


A descrip tion and the use of an event-generator code for two- photon processes at 
e+ e- colliders, TREPS, are presented . This program uses an equivalent pho ton 
approximation in which the virtuality of photons is taken into account. It is appli
cable to 'arious processes by specifying a combination of final-state particles and 
the a.ngular distributions among them. A comparison of t he results with those fr0 111 

other programs is also given. 

Introduction 

Hadron prod uction [rom two-photon collisions is a powerful tool for in estigat ing the 
na t ur s of strong interactions , including the photon's hadronic struct ure, mechan ism of 
hadrouization , and proper tie of various produced resonances. T he Mon -Carlo programs 
d v 1 ped so far fo r two-photon processes have many varie ties. For high-PT react ions in 
which a t least one final- state parti Ie has a much higher PT than the typical energy scale 
of sLrong inLeractions of "'" 1 GcV, an assumption that th yare caus d by point-like in 
teract ions among partons is consi dered to be valid . In this ase, alculations based on 
Q 'D an ' perturbaLive QeD give reasonable answers. 

In low- or intermediate-pT regions where a non-per lurbative effec t plays an impor
tant role, a phenomenologi al approach is inevi table . In till s case we mus t introdu e 
various hypothet ical phenomenology among the photon, intermediary resonances, and 
fLnal-statc par ticles . One of the easiest ways to make such calcula tions is Lo use an eq iv 
aI nL phot n approxim a t ion (EPA ), and inserting the interactions between the photons 
by ha nd. in EP , Lhe probability of photon emissions from el ctrons is approximat ly 
ca l 'ulated by QED in its energy and Q2 distributions, where Q2 == _q2 is a sigll-changed 
4-mOIIlenL um transfer of an electron, which represents he virtuality of the photon . 

T her xi st some problems in dealing wit h virt ual photons in EPA . By definition , 
E A is only valid for samples in which the photons are rega l' led a being almost real, and 
all of the pho tons have a fini te vir uali ty with a prob ability d istri bution , dP /dQ2 "'" 1/ Q2

, 

which do s not vanish very quickly at high Q2. T herefo re, we must include some effects 
[rom the photon's irtuality for reli able calculat ions. A virtual photon gi ves a finit PT 
for the ,,' system; this effect is introduced kin matically without am bigui t.y. How. v ,1' , 

the Q2 dependence of th ' probability distribution (dP/dQ2) requir s an approximation in 
JP . F urthermore, since we do not know t he precise dynamics of Lhe interact ion induced 
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by a virtual photon in each process, we must approximate the interactions of the virtual 
photon(s) by assuming its simple relation to those of real photons. 

In the usual resonance formations, which are not forbidden in real two-photon re
actions, the pr obability the resonance k:ing produced by a highly virtual photon, is very 
small, because the probability that highly virtual photons are emitted is small in itself, 
and, moreover , a highly virtual pho ton hardly ever produces a relatively light resonance 
by a form-factor effe t. Experimentally, we can cut away such a component from highly 
virtu al photons by vetoing using the recoiled el ctron, or requiring a stfJ.:t PT balancing 
in the final-state particle syst m in exclusive measurements, and can be free from ami i
gui t ies brought about by highly virtual photons. 

Here, the two-photon luminosity function (L)')'(l¥)) is defined as the probability of 
a two-photon mission of the II c.m. energy of 1¥ from a pair of beam parti ::le::; , 

L (W ).6.W = (J Ldt))')'I~+6w 
)')' (J Ldt )ee ' 

where (J Ldt))')'ltt+6w is the corresponding integrated luminosity on the basis of II inci
den t falling in a W range b twe n W and W +.6.W (.6.W must be small so that Ln(W ) 
does not change much), when the integrated luminosity on the basis of the incident ,+e
(J L dt )ee is accum ulated. T he above r lation leads to that between the cross sections 
based on II and e+ e- incidents, 

dO"ee 
dW = O")')'(W)L)')'(W). 

T he size of the two-photon luminosity function d pends on the cutoff of Q2, (Q~aJ, 
which is an upper limit for the integration of emitted photons with Q2. However, when 
we choose a reasonable Q:na1(. which is safely larger than the cut eff ctively applied £ r 
the exper imental data, the Q~ax dependence of L)')'(W ) cancels out with t he variat ion of 
the experimental effi ciency coming from the Q2 cut in their product; the analysis gives a 
stable result for the measured ross section, 0"), ), (vV). 

T he program described in this report, T REPS (Two-photonic REsonance P roduc
tion Simulator), generates simulated events from two- ph ton colli ions as well as the 
calculated values of the two-photon luminosity function. The par ide combinat ion in the 
final st ate and its invariant mass (W) are explicitly specified before the calculati n . The 
program never g nel'ates different combinations of part icles event by event in it self, al
t hough such a feature can be realized by connect ing the output from T REPS to another 
sim ulator, like LUEXEC, in JETSET[l]. It also never assumes any W distribution in 
itself. T he W distribution must be int rodu 'cd explicit ly by numerals befo re the calcu la
t ion. 

In Sect.2, I describe the approximations used in the EPA calculations, numerical 
integrations and so on in T REPS for each of the calculations of the two-photon luminosity 
function and event generation. The results from TREP S are compared with those from 
other programs in Sect. 3. The use of T REP S is found in Sect.4. A summary is given in 
Sect.5. 
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2 Approximations in T REPS 

T REPS adopts an EPA using the formulae given in ref. [2]. The calculations ar made 
in a separCLted way from the derivation of th .: two-photon luminosity functi on and the 
reb.tive weight in event generation. Thus , an explanation is given separately below of t h 
applied approximations for each of the two parts. All of the calculations based on EP 
Me made and described in ;:,; -' e- r m . system. 

2.1 Calculation of the two-photon lunrinosity function 

Th two-photon luminos ity function is calculated based on Eqs.(2. 33) and (2.19) in ref. [2]. 
In T REPS, the maximum value of Q2 for the incident photons (Q~ax) is used instead of 
(ji,max . Moreover, a high-Q'2 suppression effect (or a form-factor effect) is effectively intro
duced into t he luminosity function by a factor F(Q2, W), wh re F (Q2, W ) is defined by 
the fadorizecl relation between the cross sections for virtual photons and the real photons,
0',.,' (ltV, Qi, Q~) = F( Qi, W)F( Q~, W)O',,(W). T herefore, In( E(~~ z ) (j2 ,max) in Eq. (2. 19) 

Vis replaced by ~ Ir~~~rz:;: F( e , ~V)dv , where an integration variable, v == InQ2, is chosen. 
] - z 

The~c integrat ions are made by Simp~ on's integration formula. 
In tlw formaLion of a narrow C'Sollance (R ), the cross section O'ee-t eeR i propor

Li onal to (21 + 1)r " ,where 1 and f" are the sp in and two-photon decay width of the 
r sonanc' , resp ctiv ly. The proportional codfi ient, 

47[2 LT1 ( mR) / mR2, 

j::, also given by TREP S at the corresponding resonance mass, mR = W . 

2.2 Event Generation 

'I'he ev Il L generator in TREPS allows a virtuality for only one side of a phoLon. An 
appropria te pos it ive value, Q6, is set in the generator, which is the minimum Q2 value 
tha t Il photons in the calculabon can have as fini t e values. Although Q6 is larger 
than the t rue kinemat ically allowed minimum Q2 value, ( Q~n) ' it is still smaller t han 
the detectab le fi ni te scale . Q2 is replaced for all photons with a virtuali ty below Q& by 
Q2 = 0; this means that the photon and l' 'oil d electron go to a zero-degree polar angle. 
The approximation which we use gives a fini t e Q 2 for at most one side of a ph t on in this 
m (),ning. Therefore al though TREPS generates detectable "single-tag" events, i t does 
not g nerate "double-tag" events. In event generation t he vir tualit ies for both photons, 
Qi and Q~, are tentatively generated. In the case that both Qi and Q~ are larger than 
Q6, thp sum Qi + Q~ is gi ven for the virtuality of either photon , and the other photon 
has zero vi rt uality. T he same Q~ax value as in the calculation of the L'Y' (W ) is applied 
for the event generation. The probability distribution in the event generation is based on 
Eq. (2.19) in ref. [2] for the photon energies, and the combination (Qi, Q~) is subjected 
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to the probability function cfp / dQidQ~, which is proportional to 

in the range between m 2 z?/(1 - zd < Q; < Q:nax for i = 1,2, where s is the square of the 
total c.m. energy of e+e- beam s, Q~ = m 2 W 4/ {s(s - W2)}, m the electron mass, and Z i 

the energy fraction of the photon relative to the beam energy. Actually, a random-number 
generation of the Q2 values is mad via v == InQ2, because t he probability function has a 
steep Q2 dependence at small Q2. 

Aft r the generation of two photons, t he kinemat ics in th event is precisely calcu
lated so that the final state particles give a conserved 4-moment um and the proposed W 
value exactly within the accuracy of the computation . 

In the production of a final-state particle with a fini te mass width, the mass of the 
particle is ch sen randomly by the simplest Breit-Wigner fo rmula of a Lorentzian. No 
spe ial are is t aken for a possible phase-space effect , etc. The angular distributions for 
the fin al-s tate particles are subjected to user-specified formula in the two-body case, or 
to t he phase-spac distrib Ition in three-or-more-body case. 

Numerical Comparison with Other Me Programs 

T h resul ts of TREPS were compared with those from other MC programs written [or 
sp cial processes, Vermaser n's generator for e+e- ~ e+e-7f+7f- [3] and a QED calcula
tion for four-fermion fin al- state processes by Berends eL al. [4], in order to check the coding 
and to est imate th accuracy. 

T he val ue of the two-photon luminosity function from TREPS has been compared 
with those derived from Yerrnaseren '5 generator at the peak of the fz(1270) resonance , 
W = 1.274 GeV. In Vermascren 's gcn rator, the 7f+7f- continuum part was switch doff 
and only the 12(1270 ) resonance part was cal ulated. Th program uses a. Brei t-Wigner 
formula for the resonance formati il, and the two-photon lumin sity fundi n could be 
determined from it by dividing (J"-y-y from the Breit-Wigner formula by d(J"ee/ dW from the 
output of t h program. T he same high- Q2 suppression factor, as in Yermaseren's genera
tor , was llsed for F ( Q2, W ) in TREPS, and Q:nax i, set to 16 Gey2. The results from both 
programs at three e+ e- c.m . energies are tabulated in Tabl 1. The resul ts from TREPS 
a r smaller than t hose fr m Yermaseren's, with 2% at each of the thr e beam energies. 
Since Vermaseren's code calculates the amplitude of the whole diagram, including e+, e-, 
t wo photon propagators and an effe tiv coupling of ,,*h(1270), it can be concluded 
that the n um rical calculation of the t.wo-photon luminosity fundion in T REPS is correct 
with in 2% error within the validity of the model as uming that the reaction is caused rv 

by ,,· interactions with a sp cifi d F( Q2, W ). 
T he distrib uti n of the momenta of t he two-photon system has been compar d 

between T REP S and the QED calcula tion by Berends et al.[4] . T he process e+e- ~ 
e+ e- f.L+ f.L- was adopted, which was calculated by the latter cod with full diagrams of the 
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0'4 order. The events by TREPS were generated for four different W points (0 .5, 1.0, 2.0, 
and 3.0 G Y) at Vs = 10.6 GeY. Since the generated events from the code of Berends et 
a1. have a continuous spectrum in W, only those with W being the same as the above 
set of values wi thin a 1 % difference were extracted. F( Q2 , W) = 1 and Q~ax = 1 Ge y2 
were set in TREP S. Figure 1 shows the distributions of the momentum component of the 
II system parallel to the electron beam axis (p;'Y ) in the e+ e- c.m. system. Only those 
events in which the transverse momentum of the II system with respect to the beam axis 
(pP) is less than 0.1 Ge Y I c are accumulated here. The normalization of the number of 
events was made on an integrated-luminosity basis for both calculations. For normalizing 
the TREPS s result, the two-photon luminosity function from TREPS and the to tal cross 
sections for II -+ f-L+ f-L - calculated by QED of the lowest order were used. F igure 2 shows 
the PP distributj ()n for events with Ip;'Y1 < 2W. We can see that the shape of the p;'Y 
distribution is in good agreement in the two generators at each W poin t . In contras , the 
PP dis t rib utions ar ; ~ considerably different at TV below 1 GeY. The main reason for t his 
is that T ItEPS as':umes here no high-Q2 suppression in F( Q2, W). Gen rally speaking, a 
vir tu al photon hardly contributes to two-photon scattering, wh re the moment um transfer 
is lower than VflI. Decause VQ'1 ~ pF, the yield is expected to be dumped at pF above 
ltV/2 . The behavior of the PP dependence at small pF shows a reasonable agreement in 
the two g nerators, and the discrepancy at higher Q2 is reconciled by adopting an appro
pria t P ( Q2, W ) ill TREPS. Moreover, the full calculation of e+ e- -+ e+ e- f-L+ f-L- includes 
other typ s of diagrams t han the "multi-peripheral" type, which is a true two-photon col
lision process. T he discrcpanci s at the end points of the p;'Y distr ibu tions are att ributed 
to t he contri bu tion of an "annihilation" -type diagram which has a mass sir gularity t here. 
T he di fTerence in (' h absolute values in the p;'Y dist ribution corresponds to ih effective 
diff rellce of the wo-pho on luminosity function fo r events with pF < 0.1 GeY Ie. T hey 
coincide within 3% at ~v above 1 GeV, but differ by ab out 70;( at W = 0.5 GeY. Th is is 
cons idered to be due to the interf rence bet> een t he other kinds of diagrams in t he full 
QED calculation, wh ich ha' a rol at low W . 0 other peculiar sys tematic shift is found 
betw en the dist ributions from the wo generators. This implies that the momentum d is
tribut ion of the t wo-photon system in T R EP S is correct at t.he kinematical region where 
the E PA is expected to have validity, 

Usage of TREPS 

T REPS calculates the two-photon luminosity function and generates events for an explic
itly spe ified process using a set of final-state particles at a fixed W (or a series of fixed 
W points). T he high-Q2 suppression effect and angular distributions are written by users 
in functions linked to the executable module, TREPS are written in FORTR A 77 . 
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4.1 Input p aram eters 

The followings are the input parameters given in an input data file: 

• 	 C. M. energy of a beam (in Ge V): Half of the total c.m. energy of the e+ e- system 
(E* ), i.e. the beam energy in a symmetric collider. 

• 	 Fractional three-momentum of the e- beam in the lab. system (in GeV Ie): (p~- IE* , 
P~- IE*, P~- IE*) of the electron beam. In a symmetric collider with e- running in 
the +z direction, these are (0.0, 0.0, 1.0). 

• 	 Fractional three-momentum of the e+ beam in lab. system (GeV /e): (p~+ IE*, 
P~+ I E*, P~+ I E" ) of the positron beam. In a symmetric collider with e- running in 
the +z direction, thes are (0 .0, 0.0, -1.0). They must be consistent with the e
beam's fractional three-momentum. 

• 	Q~ax (in GeV2
): Maximum virtuality of photons. This is applied in both the cal

culations of th two-photon luminosity function and event generation. If a negative 
value is specified, TREPS assumes a kinematically maximum value for each W . 

• 	 Maximum value for Icos ()* I in an event to be saved and a flag for the electric charge 
of a part icle to which the cut applied: TREPS does not save the event into a disk 
fil in the case that at least one of the final-state particles is out of the angular 
range specified by the maximum of the absolute value of the cosine of the polar 
angle in the e+ e- c.m. system. This constraint is also applied for neutral particles 
(only for charged particles) in the case that a number 0 (1) is specified as the second 
parameter . 

• 	 Minimum value for PT of the fin al-state particles in an event to be saved(in GeVIe) 
and a flag for the el ctric charge of a par ticle to which t he cut applied: TREPS 
does not save the event into a disk file in the case that at least one of the final-s tate 
particles has a transverse momentum with respect to the e- beam axis (in e+ e- c.m. 
sys tem) less t han the minimum PT value. T his constraint is also applied for neutral 
part icles (only for charged particles) in the case t hat a number 0 (1) is specified as 
the second parameter. 

• 	 Number of particles just aft er the two-photon collision: TREPS requires two or 
more produced particles just aft er a t wo-photon collision. A resonance produced by 
the formation from two photons does not emerge explicitly in the calculation, and it 
decays immediately (with a much shorter lifetime t han can be detected) into two or 
more particles. Suppose a reaction " ~ ag(1 320) ~ 7r+ p- ~ 7r+7r-7r0 ~ 7r+7r-,f. 

In this example, ag( 1320) does not emerge in the calculation. T herefore, the number 
of particles just after the collision is 2, i.e. , 7r+ and p-. The existence of ag(1320) 
only affects to the angular distribution of the decay products in the calculation at 
each fixed W point. 

• 	 List of particle properties just after the two-photon collision: the particl code 
(in any appropriate st andard), mass (in GeV /c2 

), elect ric charg , CT, number of 
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products In the subsequent decay in this program, and the decay width (in GeV ). 
TR EPS supports the decay of a particle in only one step. In the above exampl , 
a lthough the p- decay into 7r-7r0 can be included in TREPS , 7r

0 -----+ II can not. 
T he decay which is supported by T REPS is always of zero lifetime, which means 
that particles always decay at; the collision point. The CT in the lis t is not used in 
TR S and only has meaning for the final-s tate particles whose data are passed to 
subsequent processing. 

• 	 List of decay products: par t icle code, mass, electric charge, and CT of the decay 
products from the par t icles just after the two-photon collision , in the order of the 
previous list . The subsequ n t decays or finit e mass width of these par ticles a re not 
supported. 

• 	 VV, number of generated events, and suppression flag of the calculation of t he two
photon luminosity function: Since the calcula tion of th two-photon luminosity 
function and th e nt generation are mad separately, eit h r of them ca.n be sup
p ressed by setting zero to the number of gen rated events or set t ing the suppression 
fl ag, a. letter " S" . The number of generated events includes those not-saved by the 
polar angle or PT cuts. Calculations and event generations at differen t W points are 
possibl by putti ng a series of two or more lines. 

4.2 Functions 

Th fo llowing functions describ e some parameter dependences of the differential cross 
section specified by the user . 

• 	 TPFORM: T he high-Q2 suppression factor, F ( Q2, W). It is assumed that F( Q2, vV ) :::; 
1 for any Q2 > 0 and F(O, W ) = 1. 

• 	 TPA GD : T he polar- angle distribution of the first partie! in the list in the II 
c.m. system. It is called only in the case that the number of pa rticles jus t after th 
(wo-photon collision is two. In the case that it is more t han t wo, he phase-space 
distribut ion is assumed. 

• 	 DECDZ: T he pola.r-angle distribution of each fi rst particle in the decay-product 
li st in the parent parti cle's rest frame wi th respect to the paren t 's going di rection . 
It is call ed only in the cas t hat the number of the decay products is two. In the 
case that it is more than two, the phase-space dist ribution is assumed. 

4.3 Further applications 

The following requirements are easily satisfied by adding some code statements for ,ach 
indi vid ual purpose: 

• Sp cifying another angular distribution among three or more fi nal-state particles. 
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• Adding more chain of decays. 

• 	 Connecting to other utility programs supporting particle decays as LUEXEC m 
JETS ET [1]. 

• 	 Changing the criteria for saving into a disk file. 

The first two modifications can be sati sfied, in principle, by adding the necessary code 
statements in SUBRO UTINE T P USER, which is called just after the momentum vectors 
of the final-sta te part icles being obtained. The moment um vectors are represented in the 
e+ e- c.m. frame in which the e- beam is directed al ng the +z direction. The angular 
distribut ions can be mod ified by reject ing a part of the events from the phase-space 
distribution using a hit-or-miss method along with a weight function fro m the square of 
the known scattering/decay ampli t ude. 

ppropriate modifications at the final stage in each event loop can me t the last 
two requirements. 

Summary 

Th Monte-Carlo event g nerator TREPS can treat two-photon reactions at e+ e- coUid 
ers for a us r-specified combinati n of final- state part icles. It calculates the two-photon 
lun inosity fu nction and g nerates simulat d vents at a specified fixed " c.m . en rgy 
(VV) using an equivalent photon approximation (EPA). T REPS takes the ir t. ualiLy of 
photons into acc unt in t il approximat ion, and generates events in which at m st, one 
side of a photon has a fin it e Q2. 

The accuracy of the calculation was tested by comparisons wit h other kinds of pro
grams. T he accuracy of t he two-photon luminosi ty was estimated to be 2% within the 
va lidity of t he mod 1 assuming a sp cific Q2 dependence of the II"' cross secti n. T he 
mom ni um distribut ions f the two-photon system are in very good agreement with those 
expected from a full diagram calculation for the process e+e- -+ e+ e-f1+f1- in a trans
verse moment um region of t he " system sufficiently lower than VV/2. 

T REPS is useful for t wo-ph o on processes of various combinations of intermediary
and final-stat e parti cles. T he complicated al gular di stribution among the final-st ate par
ticles is easily intro duced. 

I would like to thank the collea.gues of the VE US collaboration , who gave me 
a chance to make experimental studies for two-photon physics. I would like to express my 
sp ecial thank to Mr. H.Hamasaki. He checked the code of TREPS in detail and gave me 
invaluable information. 
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Table l. Numerical comparison of the two-photon luminosity functions (LI'I'(W)) at 
W = l.274 GeY from TR EPS with those from Yermaseren's program [ ]. 

Js (GeY) 
LI'I' (W) from 

TREPS (Gey-l) 
LI'I'(W) from 

Yermaseren's (Gey-l) 
ratio of 

difference 
10.6 0.00668 0.00680 -l.8% 
60 .0 0.0212 0.021 7 - 2.3% 
92. 0 0.0261 0.0267 -2.2% 
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W = 1.0 GeV 

-4 -2 0 2 4 

W= 3.0 GeV 

pYf 
z (GeV/c) 

F igure 1: Distribu tions of the z-component of the moment um of the II system in the 
e+ e - c.m . sys t m (p-;""Y) f r events from the Monte- Carlo event generators, TREPS (his
tograms) and Berends et al. [4] (dots with error bars) at four W points. Those events 
with a transverse momentum with respect to the e- beam axis (py-r) less than 0.1 GeVIe 
on ly are accumulated . T he error bars are statistical. The normalization is made on an 
integrated-luminosity basis. 
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Figure 2: D istributions of the transverse component of the momentum of the II system 
in the e+ e- c.m. system (pp) for events from the Monte-Carlo event generators, TREPS 
(histograms) and Berends et a1.[4](dots with error bars) at four W points. Only those 
events with Ip]'Y I :::; 2W are accumulated . The error bars are statistical. The normalization 
is made on an integrated-luminosity basis. 
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