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CompAZ: PARAMETRIZATION OF THE LUMINOSITYSPECTRA FOR THE PHOTON COLLIDERAleksander Filip �arne
kiInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warszawa, Poland(Re
eived August 7, 2002; revised version re
eived January 9, 2003)A simple model, based on the analyti
al formula for the Compton s
at-tering, is proposed to des
ribe the realisti
 photon-energy spe
tra for thePhoton Collider at TESLA. Parameters of the model are obtained fromthe full simulation of the beam by V. Telnov, whi
h in
ludes nonlinear
orre
tions and 
ontributions of higher order pro
esses. Photon energydistribution and polarization, in the high energy part of the spe
tra, arewell reprodu
ed. Our model 
an be used for a Monte Carlo simulationof gamma-gamma events at various energies and for dire
t 
ross-se
tion
al
ulations.PACS numbers: 29.17.+w, 29.27.Fh, 41.75.Lx1. Introdu
tionPhoton Collider has been proposed as a natural extension of the e+e�linear 
ollider proje
t TESLA [1℄. High-energy photons 
an be obtainedusing Compton ba
ks
attering of the laser light o� the high-energy ele
-trons [2�6℄. The physi
s potential of the Photon Collider is very ri
h and
omplementary to the physi
s program of e+e� and hadron 
olliders [1℄. It isthe ideal pla
e to study the me
hanism of the ele
troweak symmetry break-ing (EWSB) and properties of the Higgs boson. Pre
ision measurementsat the Photon Collider may open �new windows� to the physi
s beyond theStandard Model. However, the pre
ise measurements are only possible if theenergy spe
trum of 
olliding photons is well understood. A detailed simu-lation of the 

 luminosity spe
tra at the Photon Collider at TESLA hasbe
ome available re
ently [6,7℄. In this paper a simple model based on theseresults is proposed. (2741)
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ki2. Luminosity spe
traIf the laser beam density is small and the primary ele
tron beams aresu�
iently wide, so that e�e
ts related to the photon s
attering angle 
anbe negle
ted, the energy spe
trum of the photon beams 
olliding in the Pho-ton Collider 
ould be 
al
ulated dire
tly from the Compton s
attering 
rossse
tion (see Appendix A). However, these assumptions will not be ful�lledat the Photon Collider as we need both very powerful lasers and stronglyfo
used ele
tron beams to get high luminosity. To �nd the energy spe
traof 
olliding photons, with realisti
 assumptions about the laser system andthe ele
tron beams, detailed simulation programs has been prepared [6, 8℄.New samples, with high statisti
s of the simulated 

 events, have beengenerated re
ently by V. Telnov [7℄. They are based on the beam andlaser system layout and parameters, as proposed for the Photon Colliderat TESLA [1℄. Ele
tron beam energies of 100, 250 and 400 GeV have been
onsidered. Basi
 parameters used in the simulation are listed in Table I.More details of the simulation 
an be found in [1, 7, 9℄. TABLE IParameters of the Photon Collider based on TESLA. Listed for di�erent ele
tronbeam energies Ee are: laser wave length �L, laser photon energy E0 and resultingx parameter values (see se
tion 3 and Appendix A); horizontal, verti
al and lon-gitudinal ele
tron bun
h sizes �x, �y and �z ; average repetition rate, normalizedbeam emittan
es 
�x=y, �-fun
tions �x=y , distan
e between the 
onversion andintera
tion point and estimated e�e� luminosity.Ee [GeV℄ 100 250 400�L [� m℄ 1.06 1.06 1.06E0 [eV℄ 1.17 1.17 1.17x 1:8 4:5 7:2�x [nm℄ 140 88 69�y [nm℄ 6.8 4.3 3.4�z [mm℄ 0.3 0.3 0.3frep [kHz℄ 14.1 14.1 14.1
�x=y=10�6 [m�rad℄ 2.5/0.03 2.5/0.03 2.5/0.03�x=y [mm℄ at IP 1.5/0.3 1.5/0.3 1.5/0.3b [mm℄ 2.6 2.1 2.7Lee (geom) [1034 
m�2s�1℄ 4.8 12 19Shown in Fig. 1 are the distribution of the 
olliding photon energy ratioto the primary ele
tron beam energy, y = E
=Ee, and the distribution ofthe 

 
enter-of-mass energy distribution, W

 . Results obtained from thesimulation of luminosity spe
trum [7℄, for ele
tron beam energy of 250 GeV,are 
ompared with the distributions expe
ted from the simple Compton
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Fig. 1. Energy distribution for photons (left plot) and the 

 
enter-of-mass energydistribution (right plot) from full simulation of luminosity spe
trum by V. Telnov [7℄(solid line), 
ompared to expe
tations for the simple Compton s
attering (dashedline). For better 
omparison of shape, Compton spe
tra is s
aled to the same heightof the high energy peak.
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0 100 200Fig. 2. Two-dimensional energy distribution for two 
olliding photons, obtainedfrom the full simulation by V. Telnov [7℄ (left plot) and the ratio of this distributionto the simple produ
t of two one-dimensional energy spe
tra (right plot).s
attering (lowest order QED), as given by formula (A.3) (see Appendix A).Realisti
 simulation indi
ates that a large fra
tion of 
olliding photons willhave small energies. Also the maximum of the high-energy peak is shiftedtowards lower energies.Shown in Fig. 2 (left plot) is the two-dimensional energy distribution forthe 
olliding photons, as obtained from the simulation [7℄, for ele
tron beamenergy of 250 GeV. Also in
luded in Fig. 2 (right plot) is the energy 
orre-lation between two photons 
al
ulated as the ratio of the two-dimensionalenergy distribution to the produ
t of two one-dimensional energy spe
tra.Energies of 
olliding photons are 
learly 
orrelated. Majority of 
ollisionsinvolve photons with similar energies (large values of the ratio along the



2744 A.F. �arne
kidiagonal). Collisions involving one low-energy and one high-energy photonare suppressed (the ratio less than 1 in the left-upper and right-lower 
ornerof the plot). This demonstrates that the 
orrelation between the angle ofCompton ba
ks
attering and the photon energy is important and has to betaken into a

ount. 3. ModelDedi
ated studies have been performed in order to understand the dif-feren
es between the photon energy spe
tra obtained from the 
ollider sim-ulation by V. Telnov [7℄ and the spe
tra expe
ted for the simple Comptons
attering (A.3). To des
ribe simulation results following e�e
ts are takeninto a

ount: nonlinear e�e
ts due to high density of the laser beam, 
orre-lation between photon energy and the s
attering angle, ele
tron res
atteringand s
attering involving two initial state laser photons.3.1. Nonlinear e�e
tsFor very high density of the laser beam nonlinear QED e�e
ts be
omeimportant. The �eld of the ele
tromagneti
 wave 
an signi�
antly in�uen
ethe motion of an ele
tron. The e�e
t 
an be des
ribed as an e�e
tive in
reasein the ele
tron mass m2e ! m2e(1+ �2), where �2 is the parameter des
ribingthe nonlinear e�e
ts, proportional to the photon density in the laser beam[12℄. For the Compton s
attering nonlinear e�e
ts result in an e�e
tiveres
aling of the parameter x, des
ribing the photon energy spe
tra:x = 4E0Eem2e �! ~x = x1 + �2 ; (1)where Ee is the ele
tron beam energy and E0 the energy of the laser photon.As a result, the energy distribution for the ba
ks
attered photons is shiftedtowards lower energies. 3.2. Angular 
orrelationsEle
tron beams 
ollide with fo
used laser beams at the distan
e b � 2mmfrom the intera
tion point. The angular spread of s
attered photons is verysmall (due to very high Lorenz boost), but be
omes important be
ause of thevery small beam spot size. Due to the larger s
attering angle, the e�e
tiveverti
al size of the photon beam in
reases at low photon energies. As aresult, intera
tions involving low energy photons are suppressed. The e�e
tof angular 
orrelations 
an be des
ribed by the following modi�
ation of theenergy spe
trum [10℄:1N dNdy = f(y; ~x) = fC(y; ~x)N exp���28 � ~xy � ~x� 1�� ; (2)



CompAZ: Parametrization of the Luminosity Spe
tra for the. . . 2745where the parameter � relates the verti
al beam size �y and the distan
eb between the 
onversion and intera
tion points, � � (meb)=(Ee�y), N isnormalization fa
tor and fC(y; ~x) is the Compton spe
trum, as des
ribed byEq. (A.3) in Appendix A.3.3. Ele
tron res
atteringWith high density of the laser beam, one 
an �
onvert� most of theele
trons into the high energy photons. However, after the �rst s
atteringele
trons still have large energies. S
attering of laser photons on these se
-ondary ele
trons results in an additional 
ontribution to the photon-energyspe
trum. Due to the lower ele
tron energy, se
ondary s
attering takes pla
eat lower x value, x0 = y0~x, where y0 is the energy fra
tion of the se
ondaryele
trons. Energy distribution for photons s
attered o� se
ondary ele
trons
an be 
al
ulated by integrating over y0:1N 0 dN 0dy = f 0(y; ~x) = N 0 1Z0 dy0 wC(y0) fC(1� y0; ~x)fC� yy0 ; y0~x� ; (3)where N 0 is the normalization fa
tor and wC(y0) is the weighting fun
tionwhi
h takes into a

ount the dependen
e of the total Compton s
attering
ross se
tion on the ele
tron energy [3,11℄. In the high energy limit one getswC(y0) � ~xx0 log(x0 + 1)log(~x+ 1) : (4)Photons from s
attering on se
ondary ele
trons have mu
h �softer� energyspe
trum, as 
ompared to the Compton s
attering on primary ele
trons.3.4. S
attering of two laser photonsFor high density of laser beam it is also possible that ele
tron s
atters ontwo photons instead of one. The detailed 
al
ulation of the energy distribu-tion for photons produ
ed in su
h s
attering is presented in [12℄. We havefound that the distribution obtained from the simulation [7℄ 
an be wellapproximated by a simple formula for the s
attering on one photon withdouble energy (i.e. with ~x ! 2~x) 
orre
ted by an additional fa
tor whi
hsuppresses the high energy peak:1N2 dN2dy = f2(y; ~x) = f(y; 2~x)N2 �2~xy � 2~x� 1�Æ ; (5)where Æ is the parameter des
ribing suppression of the high energy part ofthe spe
trum and N2 is the normalization 
onstant.
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ki4. Parametrization4.1. Main assumptionsThe main aim of the presented study was to parametrize the high energypart of the luminosity spe
tra of the Photon Collider in a simple analyti-
al form. It was assumed that the high energy part of the 

 luminosityspe
trum 
an be des
ribed as a simple produ
t:1N d2Ndy1dy2 = ftot(y1; ~x) ftot(y2; ~x) ; (6)where ftot(y; ~x) is the energy spe
trum for the photon. The spe
trum 
anbe parametrized as a sum of three 
omponents des
ribed in the previousse
tion: ftot(y; ~x) = n f(y; ~x) + n0 f 0(y; ~x) + n2 f2(y; ~x) ; (7)where n, n0 and n2 are parameters des
ribing 
ontributions of di�erent pro-
esses to the spe
trum. All together the model has 10 free parameters whi
h
an be adjusted to des
ribe the results of simulation by Telnov [7℄. Only 4of these parameters des
ribe the shape of the 
ontributing 
omponents:� two parameters, �0 and �1, des
ribing �2 dependen
e on the ele
tronbeam energy: �2 = �0 +Ee�1 (8)� parameter �2 des
ribing the angular 
orrelations� parameter Æ added in des
ription of two-photon s
atteringRemaining 6 parameters, a1 : : : a6, are needed to des
ribe the normalizationof the 
ontributing pro
esses:� the dependen
e of the normalization of the Compton s
attering 
on-tribution (n) on the ele
tron beam energy is, in the 
onsidered energyrange, approximately given by:nN = a1Ee + a2 (9)� normalization of the ele
tron res
attering (n0) and of the two photons
attering (n2) are related to the Compton s
attering 
ontribution bythe formula: n0 N 0 = nN (a3Ee + a4) ; (10)n2 N2 = nNa5 �1� exp(�a6 �2)� : (11)
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tra for the. . . 2747Normalization fa
tors N , N 0 and N2 are in
luded in the parametrization tosimplify numeri
al 
al
ulations of the spe
tra.Whereas distributions f , f 0 and f2 are normalized to unity, normalizationof ftot is not �xed. It is evaluated from the requirement that the high energypart of the luminosity spe
trum is given by the formula (6).4.2. Fit resultsThe formula (7) was 
ompared with the photon energy spe
tra obtainedfrom simulation by V. Telnov [7℄. To minimize e�e
ts of energy 
orrela-tions a 
ut on the energy of the se
ond photon was imposed. For ele
tronbeam energy of 100, 250 and 400 GeV the 
ut was 40, 150 and 260 GeV,respe
tively. Parameters of the model were �tted to the photon spe
tra, fory > 0:1, simultaneously at all energies.Result of the �t to the photon energy distribution at Ee=250 GeV isshown in Fig. 3. Fitted 
ontributions of di�erent pro
esses are also indi
ated.The model des
ribes the spe
tra very well down to E
 � 0:1 Ee. Threepro
esses 
onsidered in the model 
ontribute to di�erent parts of the spe
tra.By summing these 
ontributions most of details of the distribution 
an bewell reprodu
ed. Very good des
ription of the photon energy distribution isobtained for all 
onsidered energies, as shown in Fig. 4.
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ated in the plot. Imposed 
ut on theenergy of the se
ond photon is 40, 150 and 260 GeV respe
tively.
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100 200 300 400 500Fig. 5. Normalization of the CompAZ parametrization of the photon energy dis-tribution, relative to the distribution obtained from full simulation of luminosityspe
trum [7℄, as a fun
tion of the ele
tron beam energy. Also shown are normal-izations of separate pro
esses 
onsidered in the model.Normalization of the �tted parametrization, as well as of the 
ontribu-tions of di�erent pro
esses, are shown in Fig. 5 as a fun
tion of the ele
tronbeam energy Ee. Normalization of the parametrization 
hanges from about0.8 at 50 GeV to about 0.55 at 500 GeV. This means that the two photonspe
trum obtained from the produ
t of the two distributions, as given byEq. (6), des
ribes between 65% and 30% of events expe
ted from the spe
tra
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Fig. 6. Comparison of the photon polarization resulting from the �tted parametriza-tion with the distribution obtained from full simulation of luminosity spe
tra [7℄,for three ele
tron beam energies, as indi
ated in the plot. Imposed 
ut on theenergy of the se
ond photon is 40, 150 and 260 GeV respe
tively.simulation [7℄. 35% to 70% of the total 

 luminosity expe
ted from simu-lation is due to events with one or two low energy photons not des
ribed byour parametrization.In Fig. 6 the 
omparison of the average photon polarization resultingfrom the �tted parametrization with the distribution obtained from the sim-ulation of luminosity spe
tra is shown. To des
ribe the photon polarizationtwo additional assumptions were made in the model:� s
attering involving two photons results in very high photon polariza-tion. It is taken from the Compton formula (A.6) (with ~x ! 2~x) fors
attered photon energies above the threshold for one photon s
atter-ing, and �xed at the threshold value for lower energies;� ele
trons undergoing se
ondary s
attering are unpolarized.Both assumptions have no strong physi
al motivation1, however they werefound to give the best des
ription at the simulation level. It has to be stressedthat the model was not �tted to the photon polarization distribution and noadditional parameters were introdu
ed to des
ribe it. Very good agreementbetween the parametrization and the average photon polarization obtainedfrom the simulation, is observed for y > 0:3.1 As it was pointed out by V. Telnov, signi�
ant polarization is expe
ted for se
ondaryele
trons [12℄.
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ki4.3. CompAZThe routine implementing the des
ribed spe
tra parametrization is 
alledCompAZ. It 
an be used to 
al
ulate the photon energy spe
trum for di�er-ent ele
tron beam energies and the average photon polarization for a givenphoton energy. Separate 
ontributions from three 
onsidered pro
esses (2),(3), (5) 
an also be 
al
ulated. Additional routines were prepared for 
on-venient event generation from the parametrized spe
trum. All routines 
anbe downloaded from web [13℄.
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enter-of-mass energy distribution obtained with theCompAZ parametrization with the distribution obtained from full simulation ofluminosity spe
tra [7℄, for three ele
tron beam energies, as indi
ated in the plot.In Fig. 7 the 

 
enter-of-mass energy distribution obtained from Com-pAZ is 
ompared with the distribution obtained from the simulation of lu-minosity spe
tra [7℄, for di�erent ele
tron beam energies. No 
uts on photonenergies were imposed. Proper des
ription of the spe
tra is obtained forW

 >� 0:3 Wmax, where Wmax = 2 Emax is the maximum 
enter-of-massenergy available for two photons produ
ed in the Compton s
attering. Alsothe average produ
t of the photon polarizations, related to the ratio of 


ollisions with the total angular momentum Jz = 0 and jJzj = 2, is properlydes
ribed for large W

 (see Fig. 8). Center-of-mass energy distribution fortwo 
olliding photons with Jz = 0 is shown in Fig. 9. The parametrizationdes
ribes very well the high energy part of the spe
tra, most relevant formany physi
s studies.In the 
al
ulation of the 

 luminosity spe
trum as a produ
t of twoenergy distributions (6) possible energy 
orrelations between two beams arenegle
ted. In Fig. 10 the two-dimensional energy distribution obtained fromCompAZ, and the ratio of this distribution to the two-photon spe
trum ob-tained from the simulation by V. Telnov [7℄ are shown. In the high energypart of the spe
trum, when both photons have high energies, y > 0:5 ymax,
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Fig. 9. Center-of-mass energy distribution for two 
olliding photons with Jz = 0.Results obtained with the CompAZ parametrization are 
ompared with the distri-bution obtained from full simulation of luminosity spe
tra [7℄, for three ele
tronbeam energies, as indi
ated in the plot.this ratio is 
lose to 1. This shows that CompAZ properly des
ribes thispart of the spe
trum and no additional 
orre
tions for beam energy 
orre-lations are needed. Only for W

 <� 0:3 Wmax energy 
orrelations be
omeimportant. CompAZ overestimates the number of 
ollisions with one highenergy (y > 0:5 ymax) and one low energy (y < 0:3 ymax) photon (the ratiogreater than 1), and underestimates the number of 
ollisions involving twolow energy photons (the ratio smaller than 1).
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olliding photons, obtainedfrom the CompAZ parametrization (left plot) and the ratio of this distribution tothe one obtained from full simulation of luminosity spe
trum [7℄ (right plot).4.4. Appli
ationsAs already mentioned in the previous se
tion, dedi
ated routines areavailable for fast simulation of 

 s
attering events with CompAZ. They havebeen re
ently used in the simulation of W+W� and ZZ pair-produ
tion atthe Photon Collider, for di�erent ele
tron beam energies [14℄. Distributionof the 

 
enter-of-mass energy, W

 for 

 ! W+W� events generatedwith PYTHIA, for ele
tron beam energy of 250 GeV, is shown in Fig. 11.Generated events were reweighted for photon polarizations. Sample of eventsgenerated using CompAZ is 
ompared with the sample generated with theluminosity spe
trum from simulation [6,7℄. Very good agreement is observed.The advantage of CompAZ is that it 
an be easily used for any beam energy2,giving reasonable des
ription of the energy and polarization.CompAZ parametrization 
an also be used for 
al
ulating expe
ted eventdistributions without the time 
onsuming event generation. Numeri
al in-tegration is few orders of magnitude faster than the full simulation and 
anbe used to extrapolate results of full simulation to other beam energies.Results from the re
ent study of the heavy Higgs boson produ
tion at thePhoton Collider [14℄, for Higgs mass of 180 GeV (h!W+W�) and 300 GeV(h ! ZZ) are shown in Fig. 12. Expe
ted invariant mass distributions ob-tained from the full simulation, based on PYTHIA [15℄ and fast dete
torsimulation program SIMDET [16℄, are 
ompared with results obtained bythe numeri
al 
onvolution of the 
ross se
tion formula for ve
tor boson pro-du
tion in 

 s
attering with the CompAZ photon energy spe
trum andparametrization of the dete
tor resolution. The agreement between both2 Parametrization 
an be used for 50 < Ee < 500 GeV.
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 ! W+W� eventsgenerated with PYTHIA, for ele
tron beam energy of 250 GeV. Sample of eventsgenerated using the CompAZ parametrization is 
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trum from full simulation. Generated events werereweighted for photon polarizations.
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onstru
ted invariant mass for 

 ! W+W� eventswith a SM Higgs-boson mass of 180 GeV and an ele
tron-beam energy of 152.5GeV (left plot) and for 

 ! ZZ events, with a SM Higgs-boson mass of 300 GeVand an ele
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tor simulation (histogram) are
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al 
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ross-se
tion formula with the CompAZ photon energy spe
tra and parametrization ofthe dete
tor resolution (solid line). The distribution expe
ted without the Higgs
ontribution is also shown (dashed line).
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hes is very good. With numeri
al integration based on CompAZ,it was possible to 
al
ulate the dete
tor level e�e
ts expe
ted from the in-terferen
e between dire
t W+W� produ
tion and h ! W+W� de
ay. Toestimate the e�e
t with full event and dete
tor simulation very large statisti
of events would be required. 5. SummaryLuminosity spe
trum obtained from the detailed beam simulation is thebest tool for a

urate simulation of 

 intera
tions. Re
ently the new versionof CIRCE 
ode be
ame available [17,18℄, whi
h 
ontains the Photon Colliderluminosity spe
tra based on simulation by V. Telnov [6, 7℄. The CIRCEprogram [18℄ gives detailed des
ription of the luminosity spe
tra in the wholeenergy range taking properly into a

ount all non-fa
torizing 
ontributions(energy and polarization 
orrelations). The pa
kage in
ludes routines for
onvenient event generation. However, only three sele
ted ele
tron beamenergies have been 
onsidered so far (Ee= 100, 250 and 400 GeV). Moreover,parameters of the Photon Collider assumed in the simulation are only knownwith a

ura
y up to 10�20%, as many details of the proje
t are still not �xed.Therefore, other models resulting in the similar (or better) a

ura
y are alsoappli
able for detailed studies.We propose the model des
ribing the photon energy spe
tra of the Pho-ton Collider at TESLA in a simple analyti
al form, based on the formulafor the Compton s
attering. Parameters of the model are obtained fromthe 
omparison with the full beam simulation by V. Telnov, whi
h in
ludesnonlinear 
orre
tions and 
ontributions of higher order pro
esses. Photonenergy distribution and polarization, in the high energy part of the spe
tra,are well reprodu
ed in a wide range of ele
tron beam energies. Model 
an beused for Monte Carlo simulation of gamma-gamma events. Parametrizationis also very useful for numeri
al 
ross-se
tion 
al
ulations.Spe
ial thanks are due to V. Telnov for providing the results of thePhoton Collider luminosity spe
tra simulation and to M. Kraw
zyk for manyprodu
tive dis
ussions and valuable 
omments. I would also like to thankV. Telnov, I. Ginzburg and T. Ohl for 
omments and 
riti
al remarks to thispaper.
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tra for the. . . 2755Appendix AEnergy spe
trum for Compton s
atteringThe energy spe
trum of the photons resulting from the Compton ba
ks
at-tering of laser light o� the high energy ele
tron beam depends on the ele
tronbeam and laser polarizations, Pe and PL, and on the dimension�less param-eter x: x = 4E0Eem2e ; (A.1)where Ee is the ele
tron beam energy, E0 the energy of the laser photon andme is the ele
tron mass. The maximum energy of the s
attered photon isEmax = xx+ 1 Ee ; (A.2)and the energy spe
trum is given by [4℄1N dNdy = fC(y; x) == NC � 11� y � y + (2r � 1)2 �PePL xr(2r � 1)(2� y)� ;(A.3)where r = y=(x(1 � y)), y is the fra
tion of the ele
tron energy transferedto the photon 0 � y = E
Ee � xx+ 1 ; (A.4)and NC is the normalization fa
tor given by1NC = 12 + 8x � 12(x+ 1)2 +�1� 4x � 8x2� log(1 + x)�PePL �2 + x22(x+ 1)2 ��1 + 2x� log(1 + x)� : (A.5)The degree of polarization of the photons s
attered with energy fra
tiony is given by [4℄P
 = NCfC(y; x) �xrPe �1 + (1� y)(2r � 1)2�� (2r � 1)PL � 11� y + 1� y�� :(A.6)
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k-s
attering, for di�erent laser beam polarizations PL, as indi-
ated in the plot. x = 4:5 
orresponds to laser wave length of 1.06 �m and primaryele
tron beam energy of 250 GeV. Ele
tron beam polarization Pe=85%.The energy spe
trum and polarization of the s
attered photons, for x =4:5 and 85% polarization of the ele
tron beam (proposed parameters of theTESLA Photon Collider for ele
tron beam energy Ee=250 GeV), and variousheli
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