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Abstract

Electron—positron annihilation into hadrons is one of thsib reactions of particle physics. The
radiative return [1, 2] offers the unique possibility for aasurement of this quantity over a wide
range of energies. The large luminosity of presgntnd B-factories easily compensates for the
additional factor ofo. due to the emission of a hard photon. PHOKHARA is a Monte Cavient
generator which simulates this process at next-to-leaslidgr (NLO) accuracy. Versions 1.0 and 2.0
were based on a NLO treatment of the corrections from indtiate radiation (ISR). Those are inde-
pendent of the final-state channel. Version 3.0 incorperhiieO corrections to final-state radiation
(FSR) for pion pair production. Version 4.0 of PHOKHARA indes nucleon pair production and
NLO corrections to FSR for muon pairs. PHOKHARA version 516lidedr" 7~ 7° and kaon pair
(KK~ andK°K") production as new channels, and radiativéecay contributions to the reaction
ete™ — mtw~ . Version 5.1 of PHOKHARA introduces minor improvementshwiespect to the
version 5.0. In version 6.0 the reactiehe™ — A(— 7~ p)A(— 7 p)y (in LO approximation) was
added. The\- and A-spin dependence and the correlation among their decay@od included.
In the present distribution (PHOKHARA 7.0) new modeling bét4-pion [3], 2-pion and 2-kaon
hadronic [4] currents was implemented aft) and«(2S) contributions to 2-pion, 2-kaon, 2-muon
final states were introduced [5, 4].

1 Introduction

The first version of the Monte Carlo event generator (PHOKWAARTsion 1.0 [6]) incorporates
ISR only at NLO [7], withm "7~ ~(y) and u* = ~(~) as final states, and was designed to simu-
late configurations with photons emitted at relatively ¢éaemglesp? > m?/s. Its second version
(PHOKHARA version 2.0 [8]) extends the validity of the pragr into the small angle region [9, 10],
incorporates FSR at leading order (LO) for=— andu .~ final states, and includes four-pion final
states (without FSR) in the formulation described in detsjlL1].

The third version of the generator (PHOKHARA version 3.0]]1allows simultaneous emission
of one photon from the initial state and one photon from thal fitate, requiring only one of them to
be hard. This includes in particular the radiative returator— () and thus the measurement of the
(one-photon) inclusivet 7~ cross section. The influence of collinear lepton pair raalahas been
investigated in [13, 14, 15].

Recent experimental results indeed demonstrate the pdlee smethod and indicate that a pre-
cision of one per cent or better is within reach. In view obtprogress a further improvement of
our theoretical understanding seems to be required. Totm&atequirements PHOKHARA version
4.0 [16, 17]), introduced production of nucleon pairs (preaintiproton and neutron-antineutron)
as new channels, and FSR for muon pair production at NLO. Sompeovements were also in-
corporated to better describe FSR at NLO for pion pair pradoc The effect of photon vacuum
polarization was also implemented.

PHOKHARA version 5.0 (and 5.1) was a continuation of thabeff New hadronic channels
were introduced, mainlyt7—7° and kaon pairsK+ K~ and K°K°) [18], and in addition the ra-
diative ¢ decay contributions to the reactiefe~ — 77—~ was incorporated [19] to improve
description of that process when runningpefiactory (DAPHNE) energy. The old parameterization
of the pion form factor [20] was changed to one based on a @ésalnance model [21]. This form
factor was supposed to describe data u®to~ 10 Ge\?. However as experimental results [22]
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published after [21] shown that it still underestimateseakperimental values for largg?. The vac-
uum polarization was taken from [23], however the contidng from narrow resonanceg,(J//
etc.), which should be parameterised separately, were @kiefrom the original code. Linear inter-
polation of the 'continuum’ contribution is used insteadlie region of narrow resonances, which
were reintroduced as additional separate contributionly @ for muon and pion pair production in
the present version). Version PHOKHARA 5.1 introduces samq@ovements with respect to ver-
sion 5.0 (details of the models of the radiativelecays were changed). In version 6.0 the reaction
ete™ — A(— 7 p)A(— 7+p)y (in LO approximation) was added. The andA-spin dependence
and the correlation among their decay products is inclu@syl [

In the newest version 7.0 of PHOKHARA a new model for the 4api@dronic channel was
introduced [3]. Also pion and kaon form factors were impivéth the emphasis on a kinematical
region of large hadron invariant masses [4]. Basing on tiserifgtion of.J /¢ and«(2S) resonances
from [5], their contributions to 2-pion, 2-kaon, 2-muon fistates were introduced [4]. The accuracy
of the method employed there is at a permile level for a typlesector used in measurements by
the radiative return method with an energy resolution ofudli® MeV. This method is not adequate
for the narrow resonance description with infinitly goodeaédr resolution (purely theoretical case).
For the details see [4]. A new version of the vacuum polddaaby Daisuke Nomura and Thomas
Teubner (VPHLMNT _v1_3nonr) [26, 27, 28] was implemented - the user can chooseeeetthe
new and the old one. A comparison between the two options edound in [29].

Many additional aspects of the radiative return and PHOKKAARonte Carlo event generator
was discussed in [30].

2 The program

PHOKHARA is written is FORTRAN 77. Real variables and funat are definedeal 8. Com-
plex numbers and functions are defireainpl ex* 16. The present distribution consist of the fol-
lowing files:

e phokhara_7.0.f: the main program.

e phokhara_7.0.inc: defines some variables a@OVMON blocks which are used by most of the
subroutines in the main program.

e input_7.0.dat: all the constants and specific parameters needed for therajem are given
through this file. The values of these input parameters camided by the user.

e constand_model paramall7.0.dat : all the constants and specific parameters needed for the
modelling of the hadronic currents are given in this file. Talues of these input parameters
can be varied by the user in case he uses his own version(s batironic current(s).

e vac_pol_hcl.f: vacuum polarization from Ref. [23] changed as describgtiérintroduction
e common.f: file containingCOVMON blocks used by vapol_hcl.f

e vp_himnt_v1 3nonr_hc.f: vacuum polarization from Ref. [26, 27, 28]; the demo parthaf
program was taken out.

e seed.dat: contains the seed used to initialiRANL UX, the double precision random number
generator [24]. After each generation run a new seed iscstorehis file.

e ranixd.c : double precisiolRANLUX code (in C)[24]

e ranlxd.h, ranlux _fort.c : interface FORTRAN-C for RANLUX
o testlxf.for : test program for RANLUX

e seedprod.for : seed 'production’ for running RANLUX
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e guide.ps, notes.ps: description of RANLUX
e README : short description how to compile and link PHOKHARA and tRgtNLUX
e Makefile : for compiling and linking PHOKHARA

Further information and updates of the program can be findéridllowing web address:
http://ific.uv.es/~rodrigo/phokhara

3 Input file

The interaction of the user with the program is made throhghfite input _7.0.datand in case the
user is altering models of the hadronic currents also thraenstand_modelparamall7.0.dat

It defines some physical constant®iistand_model paramall7.0.dat) and the specific parameters
needed for the generatiomput_7.0.da)). The values of these parameters can be changed by the
user.

nges — number of events which shall be generated. The number oteeecepted and re-
turned in the output file depends on the kinematical comggaihe energy of the collision and
the generated final state. Typically, the acceptance raiesviaetweers0% and a few per cent.

nm- number of events used to scan the integrand and find its niaxirA preliminary scan is
maid to find the maximum(s) of the integrand(s) before the generation starts. The value of
the maximum used in the generation phase is slightly gréaaerthis approximated maximum.

out fi | e — name of the output file where the four-momenta of the pasicf the accepted
events are stored.

i print —whether the four-momenta of the generated events is drinter i nt =1) or not
(i pri nt =0) through subroutin@r i t eevent in the output fileout fi | e.

nl o —whether the program should provide predictions at hDg=0) or NLO (nl o=1).

w— energy cutoff of soft photon emission, normalized to th&treeof-mass energy. The phys-
ical result is independent of its value. Recommended value 10~*. If one includes the
narrow resonance(s) contributions the distributions ddpen this cutoff, but this effect is
not present, when the distributions are convoluted withtaaler energy resolution of about
10 MeV or bigger. The integrated cross section is independerthe cutoff (see [4] for the
details).

pi on —which final state channel shall be simulated:
pion=0:ptpu~
pion=1:7tr~
pi on=2: 2707t 7~
pi on=3: 2727~
pi on=4: pp
pi on=5: nn
pion=6: K"K~
pi on=7: K'K"
pi on=8: 7tx 70
pi on=9: A(— 7 p)A(— 7 tp)
f sr —only ISR is simulatedf(sr =0), FSR is included at LO without ISR-FSR interference

(f sr=1) or with ISR-FSR interferencd ér =2). The ISR-FSR interference is included only
when the program is running in LO mode.
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fsrnl o —includes {'srnl 0=1) or not  sr nl 0=0) simultaneous emission of one photon
from the initial state and one photon from the final state, thiedcorresponding virtual correc-
tions. Only in the two-pions, two charged kaons and two-nsuoodes.

i vac —vacuum polarization offi(vac=0) oron: { vac=1-[23]) or (i vac=2 - [26, 27, 28])

t agged — at least one photon is taggedagged=0) inside the angular region defined by the
angular cutgphot 1cut andphot 2cut . In the untagged modé 4gged=1), the hadrons
are tagged and the angular and energy cuts are applied orighi@agrenergy-momentum.

FF_Pi on —choice between Breit-Wigner parameterisation of the fsom factor: old versions
(as in PHOKHARA 6.0) Kilhn-Santmaria parameterisatieh_fi on=0) or Gounaris-Sakurai
parameterisationFF_Pi on=1) and new version from [4J{F_Pi on=2).

f O_nodel —three different models for radiativedecays: KK model [19]f(0_nmodel =0), no
structure [19] { O_nodel =1), radiative¢-decays not included Q_nodel =2), Cesare Bini
(KLOE) - private communicationf (O_nmodel =3).

FF_kaon — choice between kaon form factor: constrained model (Q)Jd¢onstrained model
(1)[4] and as in PHOKHARA 6.0 (2)

nar r _r es: no narrow resonances (Q}/¢ (1) or(2S5) (2); (1) or (2) only for pion = 0,1,6,7

The remaining set of parameters defines the specific expetahsettings:
E — centre-of-mass energy (GeV).

g2m n —minimal squared invariant mass of the system formed by #ldedms and the tagged
photon (GeV).

g2_m n_c — minimal squared invariant mass of the hadronic/muonitesy$Ge\?).
g2_max_c — maximal squared invariant mass of the hadronic/muonitesy$Ge\?).
gm n — minimal energy of the tagged photon (GeV).

phot 1cut — lower cut on the azimuthal angle of the tagged photon (ésyre
phot 2cut — upper cut on the azimuthal angle of the tagged photon (depre

pi lcut — lower cut on the azimuthal angle of the muons or hadrons¢esy

pi 2cut — upper cut on the azimuthal angle of the muons or hadronsdesp

All the kinematical cuts are given in the centre-of-massesysof the initial particles. The azimuthal
angles are defined with respect to the positron momentum.

The program offers the possibility of presenting variougedential distributions as histograms.
If this option is used, the name of the output file where thtobimms are stored and the attributes of
each histogram must be given.

title(i) —title of histogram

x|l ow(i ) —lower edge in x for histogram

xup(i) —upper edge in x for histograim

bi ns(i) —number of bins for histograiin
wherei =1, ..., 20.

The fileconst _and_nodel _par amal | 7. 0. dat contains all constants and parameters (up
to version 5.0 initialized in subroutine input or given iretmput file discussed above), specific for
models of the hadronic currents.

First set of parameters defines physical constants: cauptinstants, masses, and decay widths.
The following values are used by default:



1/ = 137.03599911 — fine structure constant
m. = 0.51099906103 GeV — electron mass
m, = 0.938271998 GeV — proton mass

my, = 0.93956533 GeV — neutron mass

m,, =0.1056583568 GeV — muon mass

m,+ = 0.13957018 GeV — charged pion mass
m, o =0.1349766 GeV — neutral pion mass
my+ = 0.493677 GeV — charged kaon mass
mpo = 0.497614 GeV — neutral kaon mass
mp = 1.115683 GeV — lambda mass

For the parameterization of the form factors and narrownasoes contributions more constants
are needed. Their values are explicitly assigned in theostibe i nput and could be set by
the user, if he wants to modify the default values, by chamgive appropriate values in the file
const _and_nodel paranal | 7. 0. dat .

4 Output

PHOKHARA presents the output information in several formd aaves it in different files.

The four-momenta of the particles of the accepted eventstared in the file given bgut fi | e.
The format of the output is determined by the subroutinet eevent ( pi on) and can be changed
by the user. All the momenta are given in the centre-of-mgstem of the colliding electron and
positron.

The subroutine ni t hi st o books the histograms being based on the information givethdoy
input file. The subroutinendhi st o fills the histograms at the end of the generation run and save
the result in the output file. The histogram information igret in the intermediate steeps of the
calculation in the matrixi st o(i, j ), wherei identifies the histogram number andhe bin and
the user can use its favourite histograming tool simply ffyirdyj the subroutines ni t hi st o and
endhi st o, where the initialisation and filling the histograms takaqal.

By default only theQ? distribution, whereQ? is the squared invariant mass of the hadronic
(muonic) system, is calculated. The contribution from Enghoton events is stored in histogram
1. The contribution from two photon events is stored in histog2. The finalQ? distribution is
given by the sum of both results. Other differential disttibns can be defined though the subroutine
addi ere(wgt, qq, i ) ,wherewgt is the weight of the eventjq is the value of)? andi is equal
to 1 for single photon events and 2 for two photon events. ®herfnhomenta of the events are given
by the matrixmoment a(i, 0: 3), wherei =1, ..., 7, for the positron, the electron, the two real
photons (for single photon event®rnent a( 4, 0: 3) is set to zero), the virtual photon converting
into hadrons, thert (u*, p, 7, KT, K°) andn~(u~,p,n, K, KY) respectively. In the three pion
channeli =6, 7, 8 for the 7t~ =" respectively and in the four pion channélss, ..., 9 for the
97~ 7t andr T 77~ T respectively. In the\(— 7~ p)A(— 7' p) channeli =8, ..., 11 for
the 7+ pr—p respectively. For technical reasons ihe6, 7 correspond to\A respectively. This
matrix can be used by the user to define other differentiatibigions.

At the end of the run, PHOKHARA displays also the total nuntdfeaccepted events, the value of
the cross section, the value of the scanned maximum(s) armiggest value of the integrand(s) found
during the Monte Carlo generation. The last should be algayaller than the scanned maximum.
If during the generation a value of the integrand is foundedigger than the scanned maximum, a
warning is given. Then, the number of events used for thelrstan should be increased.
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5 Forthcoming features

e Full one-loop radiative corrections for muon production.
e Simulation of other exclusive hadronic channels.
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