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TWOGEN samplesthe transverse-transverseluminosity function for real andvirtual photons,thenweights eventswith
anyuser-suppliedcrosssection -~.(-yy—a X) in a “hit or miss” sampling,using a simplemethod to avoidthe singularityat
the minimum electron angle

8mjfl = 0. Eventswithin defined kinematic limits are acceptedand the correspondingcross
section is estimated,togetherwith the effective luminosity of the run. Functions implementedfor 0~-r include the
productioncrosssectionsfor lepton pairs, for the formation of narrowresonancesand for hadronproductionin tagged,
deep inelasticscattering.A comparisonis madewith an existing Monte Carlo generatoranda simpleanalytic approxima-
tion.

PROGRAM SUMMARY

Title of program: TWOGEN No. of lines in distributedprogram, including test data, etc.:
1765

Cataloguenumber:ACTE
Keywords:Monte Carlo, two-photon,e e—

Program obtainable from: CPC Program Library, Queen’s
University of Belfast, N. Ireland(seeapplicationform in this Natureofphysicalproblem
issue) Generationof the two-photonflux in e e— colliding beam

accelerators.
Licensingprovisions:none

Typical running time: 4 s/event(168units)
Computerfor which theprogram is designed:all computers

Unusualfeaturesof theprogram: Calls are made to CERN
Programminglanguageused: FORTRAN 77 library routines HBOOK and to the JETSET 7.3 library.

Memoryrequiredto executewith typical data:410 Kbyte stand
alone, 1.1. Mbytewith HBOOK and JETSET

Correspondenceto: A. Buijs, CERN, CH-1211 Geneva23,
Switzerland.
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LONG WRITE-UP

1. Introduction

A numberof Monte Carlo programsexist which generatefermion pairs in e~e—*e~ef~f events
[1—3]accordingto exact matrix elements(fig. 1). They can also be usedto representthe point-like
productionof quark—antiquarkpairs in the quark—partonmodel (QPM). Thesegenerators,however,
cannot be usedwhen events have to be generatedaccording to a different model, for example a
limited-ps or a vector mesondominance(VMD) model. In that caseit is convenientto separatethe
two-photon reaction into two pieces:the generationof the luminosity function -~ for the scattering
betweenthe transversephotonscoming from the clouds aroundthe colliding electronand positron
beams,andthe generationof thefinal statefrom thephoton—photoncollisions.In otherwords, thecross
section for the productionof a stateX is assumedto factorise[4—6]:

(e~e—~e~eX)=~.~(e~e—*e~e )o(’y~”y~—X). (1)

TWOGEN waswritten for usewith datafrom the TPC/2-y experimentat the PEP e~ecollider at
SLAC [7] and has beenfurther developedfor usewith the OPAL experimentat CERN [8,91.It only
generateseventsaccordingto fig. la. The core of the programis the luminosity routine, describedin
section 3. It samplesa multi-dimensionalphasespaceandreturnsequallyweightedevents.Models for
the crosssection o~y~’-y~’—* X) are describedin section4. The structureof the program is given in
section5.

2. Kinematics

The incomingleptonshavefour-momentap~,E, with i = 1, 2 for e~,e (fig. 2).The scatteredleptons
havefour-momentap~,E. If the beamsare unpolarised,all usefulquantitiescanbe expressedin terms

a) Multiperipheral b) Bremsstrahlung

c) Annihilation d) Conversion
Fig. 1. The four main diagramscontributingin thelowest orderto theprocesse+ e— —a e+ e— f+ f_
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Fig. 2. Definitionof kinematicalvariablesin the reactione+ e— —a e+ e— X.

of six basicvariables:the energiesE of the scatteredleptons,their anglesi9~with respectto the beam
direction, the azimuthalangle~ betweenthe two scatteringplanesand~ the azimuthalangleof oneof
the scatteredelectrons.The photonenergiesare w. = E — E. The invariant massesof the (space-like)
photonsare:

q7 = 2m~- 2EE(1 - ~Ii- (me/E)2~/1- (me/E~)2cos ~ (2)

PositivequantitiesQ~= —q~aredefined.For me/E~ 1 eq. (2) reducesto

Q~2EE;(1—cost3~). (3)

The invariantmassof the -yy systemis given by

W2~M~. (4)

Termsof orderm~havebeenneglected.For smallQ~and Q~this reducesto W2 4w
1w2.Experimen-

tally, we distinguishthreetypesof events:
1. Untaggedevents:both electronsare scatteredat such low angleswith respectto the beamline that

they escapedetection.
2. Single-tagevents:one of the two scatteredelectronsis detected.In this casethe four-momentumof

the correspondingphotonis known and avalueof Q
2 canbe assignedto it.

3. Double-tag events:both final stateelectronsare detected.For such eventswe renamethe photon
invariants Q~to be Q2 = —q~and P2 = —q~,when calculating (-y~’-y~—~ X) with the structure
function F

2, with particles1 and2 relabeledso that Q
2 > P2.

3. Sampling the transverse—transverseluminosity function

The general expressionfor the differential cross section du(e~e—4e~eX) involves the cross
sections ~ 0~TL~~LT and °‘iL for hadronproductionby scatteringof two photonswith the four
combinationsof transverse(T) and longitudinal (L) polarisation.Only ~ is nonzerofor realphotons.
At small Q~the other cross sectionsare proportional to Q~or to Q~Q~and make a small enough
contributionthat they canbe neglected.Then the differential luminosity function of eq.(1) becomes

d6~~ a2E’E’ sin i~ sin i~.y.y — 1 2 1 ~ ~ ++

— 4 2 2 2 v-’~p
1 P2 ‘dw1 dw2 di~1di~2d~’d41

81T E q
1q2
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with densitymatrix elements[101

(k — 4Eo2q~)
2 1 m2

2X +~+2—~, (6)

(k — 4Ew
1q~)

2 1 m2
P2 2X +~+2—f, (7)

k = ~(W2 — — q~)and X = k2 — ~ The overalldependenceof the luminosityon w~is

d~’~ ~ 1 1

dW2 4dw~dw
2 a 4w1w2 (8)

Forthe dependenceof the luminosity on i9~,we usethe fact that for small i~

4EE

q1
2 sin2+i~~~—1. (9)

We canthereforeisolatethe dependenceson w, and i9~by rewriting eq.(5) as

d6~~TT 1.y.y — ~ l~4~

_____________________ — —COL ~U

1 coL ~U2JW,
dw1 dw2 dt~1di~2dq~d41 (01W2

with

cr
2E~E~sin2~-i~

1sin
2~

2
f~=w1w2 2’rr

4E2 q
1

2q
2

2 ‘/~PiP2~ (11)

By doing so, we havefactorisedeq. (5) into a part which can be integratedanalyticallyand therefore
generatedexactly,anda weightfunction f~.The functionf~is well behavedfor all valuesof w, and t~,

and can easily be integratedwith the hit/ miss technique.We generatevalues of w~using random
numberssi’:

max
WzWmin , (12)

Wmin

with Wmax = E and Wmin = W~
1~/4E.Valuesof ~ aregeneratedas

•1
sin

= 2 arcsin (sin ~i~min) max (13)
Sifl 2 mm

Here ~~mjn and ~max are the minimum andmaximum scatteringanglesof the electrons.We may choose

= ii, butwe havea pole at 1~mjfl= 0. We know that the exactdistributionhasno singularityat i

9~ = 0,
thereforewe modify eq.(10) slightly andgeneratethe function

cos
(14)

E + sin



A. Bujis etaL / TWOGEN— a simpleMC generatorfor two-photonreactions 527

where � is a small number(studieshaveshown that � = i0—~is appropriate).Now

•15ifl—1~ —E
2 maxi~1=2arcsin(sin min~) . i —E (15)

51fl2 mm

gives the distribution in i~ of eq.(14). We correctfor the additionof e by replacingsin
2~i9~by sin ~

(sin ~i9~ + e)in eq.(11), which hasverylittle impact on the hit/missefficiency. Theangles~ and~ are
simply generatedas 2ii~.

When w
1 and i9~are generated,the weight fw is calculatedfrom eq. (11). The event is acceptedif

~‘fmax is lessthanf~.The maximumweight fmax hasto beprovidedby the user.Its optimalvaluehasto
be determinedfrom a few trial runs. If with this procedureNkept eventsare acceptedout of 1V~
generatedevents,the integratedluminosity factor becomes

= (2rr)~[lo~(~~I1 ~max )J log(_!~)]_~!~fmax. (16)
51fl 2~min

t0min N
1~..,

Thisluminosity factor is a result of the generator.

4. Models for the y~ycrosssection

4.1. The e ~e —~ e ~e ~ reaction in the single-taggingmode

The cross section of the reaction e + e— —~ e+ e— ± — is describedin terms of QED structure
functions F1 and F2. In the caseof single-tagging,and in the notationof deepinelasticscattering,the
fraction x of the momentumof photon2 carriedby the muonstruckby photon1 is given by

x = Q
2/2(q

1 . q~)= Q
2/(Q2+ W2). (17)

The kinematicvariablesy and z aredefinedas y = 1 — (E/E) cos2(~
1),and z = 1 — E2/E. The QED

structurefunctionsarepredictedto be [10]
2

a W
2—2m2 w 1/2

Ft(x, Q2) = — x2 + (1 —x)2 + 4m~ 2 log -~ + —y — 1
21T (w2-i-Q2) 2m~ 4m~

2 4m2W2 4m2 1/2
- (1- 2x) + (w2 + Q2)2 (i - ~2~) (18)

and

F
2(x, Q

2) = 2xF
1(x,Q

2)

4a 4m2 1/2 2m2 w i/2 2
+—x2 (1_x)(1_—W?) — ~

2~Q2l0~ .~_~_+ ~—~-—1 . (19)

In the regionwhere y is small, i.e. where the tag energyis large,the contribution of F1 to the cross
section is negligible, andthe two-photoncrosssectioncan be written as

8’w
2a

—. p~p.)(x,Q2) = F
2(x, Q

2). (20)
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Fig. 3. A comparisonof event distributions asfunctionsof i~, Q2, x, y, z and W, generatedwith TWOGEN(dots) andwith the

Vermaserengenerator(lines).

In order to check the performanceof TWOGEN, we compareits results with a well-established
Monte Carlo generatorby Vermaseren[1], which generateseventsaccordingto matrix elementcalcula-
tions of the processes(a) and(b) of fig. 1. Eventswere generatedwith TWOGEN usingthe crosssection
of eq.(20) with a beamenergyof 45.6 GeV in the single-taggingmode,with an angularacceptancefor
the tagbetween20 and200 mrad.Figure 3 showscomparisonsof the resultingeventdistributions(dots)
with the distributions of eventsgeneratedwith the Vermaserengenerator(lines). Both eventsamples
correspondto an integratede + e— luminosity of 54 pb ~. The difference in cross section between
TWOGEN andVermaserenis comparableto the uncertaintywith which thecrosssectionis calculatedin
the VermaserenMonte Carlo (9(1%)). The statisticaluncertaintyin the Monte Carlo is reflectedin the
fluctuationsof the datapoints.

4.2. Generationofnarrow resonances

TWOGEN can be usedto produceeventsof the type e~e—~e~eR,where R is a resonancewith
spin J, mass mR, full width TR andtwo-photon decaywidth TR ~. The two-photon formationcross
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section for sucha resonanceis

(2J+l)FR 1 mRFR
°~ R(W) = 81T2 — . (21)

mR ir (W2_m~)2+m~I~~

The expressionin squarebracketsrepresentsthe Breit—Wigner resonanceshapewhich reducesto
ô(W2— m~)for narrow resonances.In order to make the programmore efficient, the Breit—Wigner
factor is includedin the generationof the two-photoninitial state.Theproceduredescribedin section3
is only slightly modified: insteadof generatingw2 accordingto eq.(12), we first generateavalueof W2
usingthe integralof the Breit—Wignercurve:

W2=m~+mRFRtan ‘rr(.91—0.5). (22)

Then, (02 is derivedfrom W2. The weight factor f~is modified as well: the factor (02 is replacedby
d

1/ dW
2,reflecting the factthat the integrationvariablefor the Breit—Wignercurve is W2 andnot w~:

2ia~ •21a ‘-‘i’-’2 (01 sin ~ ~ ~ 2

fw 4ir4E2 ( 2w
1+E COS ~12) q1

2q
2

2 (23)

The luminosity factor as in eq.(16) becomes

2
sin~i~ w Nkt

= (2rr) log max log —~ ImRTRfmax. (24)
sin 2~min ~mm / ‘~ry

As an exampleof the generationof resonances,we show in fig. 4 the distribution of the crosssection
do(e~e—’e~e’ri~)/dWas a function of W. The histogram representsthe events generatedby
TWOGEN, the solid line is an analyticalcalculationusing the Low approximation[11]:

du(e~e~e~e’r,~)
2(2J+1)F,~.~ 2 E f(m1/2E)

dW = 16’rr m,~ ~(W) ln (25)

2.5 -

029 - 3j

W (GeV)
Fig. 4. The distributionof the crosssectiondo-(e+ e— —a e +e— q~)/dWas a function of W. The histogramcorrespondsto events

generatedwith TWOGEN,thecurve is ananalyticalcalculationusingtheLow approximation.
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with

1 mF
~(W) = — ~ (26)

irir(W2.m
2) +m~F,~

andthe Low function

f(z)= _(2+z2)2 In z—(1—z2)(3+z2). (27)

In thisexamplethebeamenergycorrespondsto the LEP energy,E = 45.6 GeV, thetwo-photonwidth of
the -r~was chosento be F

1 -, ~ = 1 keV, its total width F1 = 10.3 MeV and J = 0.

4.3. Single-taggedhadronic deepinelasticscattering

TWOGEN has beenused in the OPAL measurementof the hadronic F2 structurefunction of the
photon[91.The photon—photoncrosssection is calculatedfrom oneof a rangeof possibleparametrisa-
tions of F2, in a way analagousto that used for dimuon production in subsection4.1 above. The
quark—antiquarkpair is allowed to fragment into hadronsvia the LUND string model [121.Using a
simpler form of the QED/QPM structurefunction thaneq.(18), the overall normalisationof TWOGEN
is found to disagreewith Vermaseren[1] by only 1.4%, much less than the statistical errors on the
experimentaldata.

5. The structureof theprogram

The TWOGEN programconsistsof a packageof FORTRAN-77subroutines,of which the userhasto
call three: T W I N I T to initialise the generator,1WG GEN to be called inside an eventloop, andT WE X I T to
print out the generatedcrosssectionandrelatedstatistics.The calling sequencesareas follows:

SUBROUTINE TWINIT (LOUTX,IPAR ,XPAR)

with input parameters:

LOUTX LogicaL unit for print—out

XPAR(1) Beam energy GeV

XPAR(2) Minimum two—gamma mass GeV

XPAR(3) Maximum two—gamma mass GeV

XPAR(4) Minimum scattering angle tag 1 rad

XPAR(5) Maximum scattering angle tag 1 rad

XPAR(6) Minimum scattering angle tag 2 rad

XPAR(7) Maximum scattering angle tag 2 rad

XPAR(8) Maximum weight

XPAR(9) Mass of resonance GeV

XPAR(10) Total width of resonance GeV

IPAR(1) 0 Unweighted events

1 Weighted events

IPAR(2) 0 Continuum production

1 Resonance formation
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Inside the eventloop, acall of TWGGENwill return aweightedor unweightedeventwith the following
parameters:

SUBROUTINE TWGGEN(WSQ,Q1SQ,Q2SQ,PGAM1,PGAM2,PTAG1 ,PTAG2,WEIGHT)

The outputsof this routine are:

WSQ The gamma—gammainvariant mass squared GeV**2

Q1SQ Virtual mass squared of photon 1 GeV**2

Q2SQ Virtual mass squared of photon 2 GeV**2

PGAMI (1:4) Four—vector of photon 1 GeV

PGAM2(1 :4) Four—vector of photon 2 GeV

PTAG1(1:4) Four—vector of tag 1 GeV

PTAG2(1:4) Four—vector of tag 2 GeV

WEIGHT Weight of the event

The usercan now generatethe y~yfinal statehe wishes,and acceptor reject this event applying a
hit-miss technique.At the endof thejob a subroutinecall mustbe madeto TWEXIT(XNORM,DXNORM),
which prints out some statisticalinformation and returnsin XNORM the normalisationfactor for the
run (eq. (16)), andan estimateof its error DXNORM.

The standardrandom numbergeneratorRANMAR [13] is included in the package. The code is a
self-containedFORTRAN-77 program. Its MAIN part calls two example routines (TwExA1 and
1WE X A 2, respectively),which producethe plots of figs. 3 and 4. A third example,1W E X A 3 showsthe
generationof hadroniceventsas describedin subsection4.3. Startingfrom theseexamples,the usercan
implementhisown final statemodel.In thecode,referencesaremadeto standardHBOOK routines[141
for creatingthehistograms.The routine 1WN EN1 canbe calledfor writing the generatedfour-vectorsto
a file. This routine referencesroutinesfrom the JETSETlibrary [12], version7.3.

6. Summary

We havepresentedhere a simplegeneratorfor the two-photonluminosity function in e+ e — colliders.
This generatorcan be usedfor generatingwith reasonableaccuracieseithercontinuumproductionof
two-photonfinal statesor resonancesproducedin two-photoncollisions.It can thereforebe a useful tool
for studyingsimple two-photon reactionsat the LEP or SLC acceleratorsand also for estimatingthe
backgroundsto various processesfrom two-photon reactions.We haveshown that the results of the
generatorare in good agreementwith the VermaserenMonte Carlo generatorfor the -y -y — ± —

channelandwith an approximativeanalyticalformula for the -y-y —~ ‘q~channel.
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