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TWO PHOTON PHYSICS AT A FUTURELINEAR COLLIDER�A. De Roe
kDESY, Notkestrasse 85, 22607 Hamburg, Germany(Re
eived April 5, 1999)Physi
s opportunities in two photon 
ollisions at a future linear 
olliderare dis
ussed. Several QCD related topi
s are des
ribed in detail.PACS numbers: 13.60.�r 1. Introdu
tionPlans for the 
onstru
tion of a future high energy e+e� linear 
ollider(LC) are being seriously 
onsidered sin
e some time. Su
h a ma
hine wouldbe able to provide e+e� 
ollisions at 
entre of mass system (CMS) energies inthe range of 0.3�2 TeV, with luminosities in the range of 5�50 �1033 
m�2s�1.Apart from the very ex
iting ele
tron-positron program (see e.g. [1℄),su
h a fa
ility o�ers the opportunity for a two-photon physi
s program athigh energies, either by using the photons emitted from the lepton beams,whi
h follow the well known WWA [2℄ energy dependen
e, or by using pho-ton ba
ks
attering to 
onstru
t a high energy photon linear 
ollider (PLC).The former one gets basi
ally for free with an e+e� 
ollider, but the knowndisadvantage is the rapidly de
reasing photon �ux. For a PLC it is sug-gested [3℄ to use a high intensity laser beam to ba
ks
atter on the highenergy ele
tron beams of the linear 
ollider. It allows to have a high lu-minosity of photons with about 70�80% of the ele
tron beam energy. Aplethora of measurements be
omes a

essible with a PLC, whi
h are 
onsid-ered to be front line measurements: Higgs boson physi
s, top quark studiesand sear
hes for supersymmetri
 and 
omposed parti
les. Additionally, sev-eral important studies related to QCD issues in 2-photon intera
tions, su
has photon stru
ture fun
tion measurements at lower x and higher Q2 valuesthan 
urrently available be
ome a

essible. A photon 
ollider is also a W� Presented at the Cra
ow Epiphany Conferen
e on Ele
tron�Positron Colliders,Cra
ow, Poland, January 5�10, 1999.(2061)
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kfa
tory. Couplings 
an be studied often in a 
omplementary way 
omparedto e+e� 
ollisions, and the pre
ision rea
hed is 
ompetitive, if su�
ientlyhigh luminosities 
an be rea
hed at a PLC.
Polarized e-beam

Spot size for soft γ

Spot size for hard γ
Spent electrons deflected
in a magnetic field

Polarized laser beamFig. 1. A sket
h of the 
reation of the photon beam by Compton ba
ks
attering oflaser photons o� the beam ele
trons, from Ref. [4℄.The prin
iple of the PLC is shown in Fig. 1: the high energy ele
tronbeam is 
onverted into a high energy photon beam, by ba
ks
attering ofphotons of an intense laser beam, just before the intera
tion point. Themaximum energy of the generated photons is given by Emax
 = xEe=(1+x),with Ee the ele
tron beam energy and x = 4EeEL 
os2(�=2)=m2e
4 with ELand � the laser photon energy and angle between the ele
tron and laserbeam. The distan
e of the 
onversion to the intera
tion point is in therange of several mm to a few 
m. A typi
al value for x is 4.8, whi
h leadsto photon spe
tra whi
h peak around 0:8Ee, as shown in Fig. 2. The energydistribution depends on the polarisation of the photon (P
) and ele
tronbeam (�e), as shown in Fig. 2: the most peaked spe
trum is obtained whenP
�e = �1. The polarisation of the laser and ele
tron beam 
an be furtherused to produ
e intera
tions with the same (JZ = 0) or opposite (JZ = 2)photon heli
ities, useful e.g. in Higgs studies.If the Compton s
attering is done only one side (two sides) then the
ollider produ
es e
 (

) 
ollisions. Note that a 2-photon 
ollider wouldmost likely use a e�e� 
ollider as driver, rather than e+e� ma
hine. For a

 
ollider there will always be remaining e
 and e+e� luminosities, be
ausesome of the leftover ele
trons of the so 
alled spent beams will rea
h theintera
tion region. These 
an be minimalized by tuning the opti
s, 
rab
rossing angle or de�e
tor magnets for the spent beam.The 
riti
al parameters of a PLC are the a
hievable 

 luminosity, theenergy spe
trum of the Compton s
attered photons, the resulting polarisa-tion of the photon beam, the ba
kground produ
ed at the intera
tion region,and the remaining e
 and e�e� luminosities.
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ted distributions for 
riti
al parameters of a PLC [4,6℄. Shownare (a) the luminosity spe
trum without de�e
tion of the spent beam for a verti
alo�set of the beam of 0:75�y and a distan
e of between intera
tion and 
onversionpoint of 0.5 
m, (b) the energy spe
trum of the Compton s
attered photons for�xed x and di�erent polarisations of the laser photons and the beam ele
trons asa fun
tion of the photon energy divided by the energy of the beam ele
trons.The geometri
al luminosity is given by Lgeom = N2f=(4��x�y), whereN is the number of parti
les in the beam, f is the repetition frequen
y,and �x and �y are the transverse beam sizes at the intera
tion point. Ithas been argued [3℄ than higher geometri
al luminosities 
an be a
hieved ine+e� 
olliders for photon 
olliders than for genuine e+e� 
olliders, due tothe absen
e or strong redu
tion of beamstrahlung. In summary a typi
aldistribution of 

 and e
 luminosity as a fun
tion of the invariant masspeaks at the maximum rea
hable invariant mass of around 0:8pse+e� withwidths of �W

=W

 � 0:10 � 015 for 

, and �We
=We
 � 0:03 � 0:05for e
 
ollisions [7℄. The 'luminosity' is usually de�ned to be the luminosity
orresponding to the region 0:65 < W

 < W

;max and is typi
ally 10%of the geometri
al luminosity Lgeom. Hen
e, with the luminosities as forTESLA [5℄, in
luding a somewhat smaller horizontal � fun
tion at the in-tera
tion point, namely 2 mm, 
ompared to the e+e� design, would lead toorder 20 fb�1 event samples per year for the PLC.The ba
kgrounds in the intera
tion region of the LC are expe
ted to behuge, due to beamstrahlung and pair produ
tion [8℄. For the present versionof TESLA [9℄ one expe
ts about 150000 pairs per bun
h 
rossing, depositinga total energy of 280 TeV. Most of these parti
les will go forward under
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GraphiteFig. 3. A sket
h of the proposed mask for the TESLA design to prote
t the dete
torfrom the ba
kground, from Ref. [8℄.small angles, and remain in the beampipe. The deposited energy is severalTeV for a �min above 10 mrad, and redu
es further to a few hundred GeVfor �min > 20 mrad, spread fairly uniformly in the azimuthal angle �. As aresult the dete
tor has to be shielded with a massive mask, shown for theTESLA design in Fig. 3. Inside the mask however, it appears feasible toinstall ele
tromagneti
 
alorimeters to tag s
attered ele
trons in two-photonintera
tions in ee and e
 
ollisions. The lowest angle to whi
h these 
an bedete
ted is presently thought to be 25 mrad.2. Physi
s topi
s2.1. Cross se
tionsFirst we dis
uss general PLC physi
s topi
s, and then we dis
uss spe
i�
QCD related topi
s whi
h 
ould be studied either at a photon 
ollider ore+e� 
ollider via the WWA photon spe
trum. The 
ross se
tions for di�erentrea
tions are 
ompared in Fig. 4 for e+e�, e
 and 

 rea
tions. One observesthat the 
ross se
tions are generally larger in photon indu
ed rea
tions. e.g.WW pair produ
tion at 500 GeV is a fa
tor 20 larger than in e+e�. Evenwith the redu
tion of a fa
tor 5 � 10 of the luminosity 
ompared to the
orresponding e+e� ma
hine, a 

 
ollider is a W fa
tory with 106 WW -pairs for a PLC luminosity of 20 fb�1. Cross se
tions for 
harged s
alars,lepton and top pairs are a fa
tor 5�10 higher at a PLC, 
ompensating forthe luminosity loss.
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Fig. 4. The expe
ted 
ross se
tions as a fun
tion of the 
entre-of mass energies,from Ref. [1℄. Shown are (a) some e+e� rea
tions and (b) e
 and 

 rea
tions, allas fun
tions of the respe
tive 
entre-of mass energy pse+e� , pse
 or ps

 .2.2. Higgs bosons and supersymmetryThe quest for the Higgs parti
le(s) and the measurement of its propertieswill be one of the most important issues for high energy 
ollider physi
s forthe next years.The PLC 
ollider is an ideal pla
e to sear
h for the Higgs boson as atsu
h a ma
hine it is produ
ed as an s-
hannel resonan
e. The mass rea
h ofthe PLC is up to 80% of the CMS of the e�e� 
ollider.For a light Higgs, the most promising 
hannel is 

 ! H ! b�b. Sele
tingJz = 0 strongly suppresses the (Leading Order) 
ontributions of b�b and 
�
produ
tion, but a good tagging of bottom quarks with simultaneous reje
tionof 
harm quarks is needed. Thus the 2-photon de
ay width of the Higgs
an be measured whi
h is sensitive to all heavy 
harged parti
les, whi
ha
quire mass via the Higgs me
hanism, and thus sensitive to new physi
s. Anenergy s
an will allow a pre
ise determination of the Higgs mass and width
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kas well. A feasibility study has shown that the total width � (H ! 

)
an be determined with an O(10%) error for an integrated luminosity of10 fb�1 [10℄.A potential of the sear
h for supersymmetri
 parti
les at a PLC is evi-den
ed in Fig. 5, where the sele
tron mass dependen
e is shown for di�erentinitial beam polarisations. It is noteworthy that the kinemati
 rea
h of thePLC (used in e
 mode) is superior to the e�e+ ma
hine.

Fig. 5. Sele
tron mass dependen
e of the total 
ross se
tion for ea
h initial beampolarization (�1; �2; P
) = (0; 0; 0) (a), (+1/2,0,0,) (b), (+1/2,+1/2,-1) (
) and(+1/2,-1/2,+1) (d), for psee = 1 TeV and m ~Z1 = 100 GeV, from [11℄2.3. Total 
ross se
tion and di�ra
tionAt high 

 CMS energiesW

 the total hadroni
 
ross se
tion �

 for theprodu
tion of hadrons in the intera
tion of two real photons is expe
ted to bedominated by intera
tions where the photon has �u
tuated into an hadroni
state. Measuring the W

 dependen
e of �

 should therefore improve ourunderstanding of the hadroni
 nature of the photon and the universal highenergy behaviour of total hadroni
 
ross se
tions. New measurements atLEP show that the 
ross se
tion rises at large W

 , like for hadron�hadronand photon�hadron 
ollisions as shown in Fig. 6. However the rise 
ould belarger in 

 and measurements at the highest W

 are needed to establish
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ular for the PLC mode measurements for W

 up to 400 GeV
an be expe
ted.
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Fig. 6. The total 
ross se
tion measurements and theoreti
al expe
tations. Shownare a 
omparison of the data with predi
tions from the eikonalised minijet modeland Regge based models with extrapolations to higher energies, from Ref. [12℄.Sin
e 

 
ollisions a
t to a large extend as hadron�hadron 
ollisions,di�ra
tive 
omponents in the 
ross se
tion are expe
ted. The experimentala

eptan
e for di�ra
tive events is however rather small with present e+e�experiments, and needs an experimental 
he
k. Furthermore, di�ra
tion ispresently again a subje
t of high interest in high energy hadron�hadron and(virtual) photon-hadron intera
tions. Studies in photon�photon s
attering
an provide an important new �eld for high energy di�ra
tive studies. One
an bene�t in parti
ular from the varying beam energy and photon virtualityto further explore the nature of di�ra
tion. Sin
e soft pro
esses 
annotbe 
al
ulated within perturbative QCD, it is di�
ult to obtain a reliableestimate for the expe
ted 
ross se
tion for photon di�ra
tion disso
iation,but about 20�30% of all 

 events are expe
ted to belong to di�ra
tion �either quasi-elasti
 ve
tor meson produ
tion or di�ra
tion disso
iation.Experimentally, events with di�ra
tion disso
iation 
an be identi�ed us-ing the rapidity gap te
hnique. In non-di�ra
tive rea
tions, rapidity gapsbetween the �nal state hadrons are exponentially suppressed. In 
ontrast,the di�erential 
ross se
tion d�SD;
=d�gap of di�ra
tion disso
iation at �xed
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 is almost independent of the width �gap of su
h rapidity gaps. Hen
edi�ra
tive parti
le produ
tion 
an be measured triggering on large rapiditygaps.As shown by the HERA Collaborations [15,16℄, the measurement of theso-
alled �max distribution 
an be used to obtain experimental eviden
e fordi�ra
tion. The variable �max is de�ned as the pseudorapidity of the mostforward going hadron entering the 
entral dete
tor part, see Fig. 7.
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Fig. 7. (left) Photon single di�ra
tion disso
iation and the expe
ted pseudorapiditydistribution of �nal state hadrons. (right) The �max 
ross se
tion for the LC as
al
ulated using the Phojet Monte Carlo event generator in two photon 
ollisionswithWvis � 20 GeV (full 
urve). The dotted 
urve shows the results of 
al
ulationsfor non-di�ra
tive 

 intera
tions, from [17℄.A predi
tion of the �max 
ross se
tion is shown in Fig. 7 for bremsstrah-lung photon�photon intera
tions in e+e� 
ollisions at a Linear Collider(psee = 500 GeV). The �max distribution is obtained using the hadrons pro-du
ed at pseudorapidities in the 
entral range �3:3 � � � 3:3. Only eventshaving also parti
les produ
ed in very forward dire
tion (3:5 � � � 4:0) area

epted. A 
ut on the visible invariant mass Wvis > 20 GeV was applied.The exponential suppression of the rapidity gap in non-di�ra
tive events is
learly seen (dotted 
urve). A breakdown of the di�erent 
omponents showsthat for Wvis > 20 GeV, the �max region from �2 to �1 is 
learly dominatedby single di�ra
tion disso
iation of the photon along the �z axis whereasfor �max < �2 quasi-elasti
 ve
tor meson produ
tion be
omes important.
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ture of the photonA photon may �u
tuate into a bound or unbound quark�antiquark sys-tem and 
orrespondingly develop a hadroni
 stru
ture. This stru
ture 
anbe measured in 
ertain rea
tions and then transported in 
al
ulations for
ross se
tions in other 
ollisions involving in
oming photons. Traditionalmeasurements are those of F 
2 , as measured in e
 intera
tions using theWWA photon spe
trum in e+e� 
ollisions. The latest results are from LEPand 
over the Q2 range from about 1.5 to 300 GeV2 and the x range from0.001 to about 1. The kinemati
s of the s
attered ele
tron and s
atteredquark out of the real photon for e
 
ollisions with an ele
tron of 250 GeVand a photon of 200 GeV is shown in Fig. 8. The dete
tor a

eptan
e for thes
attered ele
trons is approx. �e = 25 mrad and Ee = 50 GeV. This allowsmeasurements in the region from Q2 > 10 GeV2 up to Q2 = 105 GeV2,and in x down to x = 10�4. Will the F 
2 start to show a strong rise withde
reasing x as seen for the proton at HERA? The lower limit of 50 GeV forthe s
attered ele
tron energy opens the possibility to measure for the �rsttime the hadroni
 stru
ture fun
tion FL of the photon. Fig. 9 shows thestru
ture fun
tion measurement, for 20 fb�1 with statisti
al and systemati
errors, the latter taken to be the same as the statisti
al ones, but not lessthan 3%.

Fig. 8. The kinemati
s for `Deep Inelasti
' e
 s
attering at 250 GeV 
 200 GeV ata future linear 
ollider: (left) angles and energies for the 
urrent jet; (right) anglesof the s
attered ele
tron. Angles are measured w.r.t. the photon dire
tion.Another important question for the LC data will be the Q2 evolutionof the stru
ture fun
tion at medium x. The status of the present measure-ments is reviewed in Fig. 10, whi
h is taken from Ref. [13℄ and extended
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6Fig. 9. The prospe
ts for stru
ture fun
tion measurements at a future linear 
ol-lider. Shown are hypotheti
al linear 
ollider data for a 25 mrad minimal dete
tionangle of the s
attered ele
trons, for 20 fb�1 at a PLC with 250 GeV ele
tron beams,from [18℄.by adding the preliminary measurement from L3 at Q2 = 120 GeV2. Theprospe
ts of the extension of the measurement at a future linear 
ollider withps = 500 GeVare shown for two s
enarios in Fig. 10: one with minimal�tag > 40 mrad (LC1) and one with minimal �tag > 175 mrad (LC2). Forboth 
ases Etag=Eb > 0:5 is taken. These were the values 
onsidered forthe '96 LC workshop [1℄. The measured values are taken to be equal to thepredi
tion of the leading order GRV [14℄ photon stru
ture fun
tion in therespe
tive ranges in x, whi
h are 
hosen to be 0:1 < x < 0:6 for LC1 and0:3 < x < 0:8 for LC2. The systemati
 error is assumed to be 6.7% and tobe independent of Q2 and dominates the errors apart from the highest Q2values. It is 
lear from Fig. 10 that overlap in Q2 with the existing data 
anonly be a
hieved if ele
tron dete
tion with �tag > 40 mrad is possible. For�tag > 175 mrad su�
ient statisti
s is only available for Q2 above around1000 GeV2.Stru
ture fun
tions 
an be measured in ee 
ollisions, like at LEP, usingthe WWA beam spe
trum. However then the energy of the probed photon,or 
orrespondingly, the value of x has to be re
onstru
ted from the hadroni
�nal state. Already at LEP this has been a major hazard and insu�
ient un-derstanding in the modeling of the hadroni
 �nal states has been preventivefor pre
ision measurements. Improvements in this understanding 
an be ex-
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ture fun
tion from Ref. [13℄ ex-tended by a preliminary measurement from L3 and by the prospe
ts of a measure-ment at a future linear 
ollider.pe
ted for the LC, however, due to the high 
ollision energy poor a

eptan
eof hadrons in the forward dire
tion of the dete
tors, will make the task evenmore di�
ult for the LC data. The alternative is to tag the ele
tron whi
hemitted the (almost) real photon, and is 
orrespondingly s
attered under(almost) zero angle. Ba
kgrounds make this non-trivial, and a 
ase studyis still ongoing. For a PLC a 
ompletely new avenue for photon stru
turefun
tion measurements would be opened. For the �rst time measurements
ould be performed with beams of high energeti
 photons of known energywith a rather small energy spread, a situation whi
h starts to approa
h theone at HERA where the (proton) beam energy is exa
tly known.2.5. Low-x physi
sA QCD problem whi
h has re
eived as lot of attention both experimen-tally and theoreti
ally in the last 10 years is the low-x regime. Fixed orderperturbation theory is expe
ted to fail in this region, where large logarithms� ln 1=x should show large 
ontributions. In su
h a region resummationof the perturbation series to all orders is ne
essary. The BFKL equationperforms su
h a resummation.
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kSeveral pro
esses have re
ently been suggested for observing BFKL e�e
tin high energy 

 
ollisions. Ve
tor Meson produ
tion is dis
ussed in [20℄.Also forward jets has been studied [19℄ in e
, an analogous pro
ess as 
ur-rently being studied for ep 
ollisions at HERA. The advantages of the linear
ollider are the potentially longer lever arm in x whi
h 
ould be rea
hed andthe more favourable kinemati
s to study 'forward physi
s' at the LC, as thee
 
ollision produ
es the 'forward jets' more in the 
entral dete
tor.A pro
ess to establish BFKL dynami
s at e+e� intera
tions whi
h isexperimentally easier a

essible is the total 
ross se
tion of 
�
� s
atter-ing [21℄. The measurement of this 
ross se
tion requires the double taggingof both outgoing leptons in the forward dire
tion. By varying the energyof the tagged leptons it is possible to probe the total 
ross se
tion of thesubpro
ess 
�
� from low energies up to almost the full energy of the e+e�
ollider. For su�
iently large photon virtualities we have a situation withonly large momentum s
ales, similar to the 'forward jet measurement'. Theenergy dependen
e of this 
ross se
tion, therefore, should be des
ribed bythe power law of the BFKL pomeron.A new 
al
ulation was proposed in [22℄, based on the dipole pi
ture. Thekinemati
 
uts used are as follows. �Perturbative� 
onstraints are imposed by
onsidering only photon virtualities Q21, Q22 high enough so that the s
ale �2in �S is greater than 3 GeV2. To get valid perturbative BFKL 
al
ulations,Y = ln ŝ=pQ21Q22 is required to be larger than ln(�) with � = 100 in orderto be in the high energy regime. Furthermore, in order to suppress DGLAPevolution, while maintaining BFKL evolution the 
onstrain 0:5 < Q21=Q22 <2: is used.The results 
on�rmed earlier �ndings on e.g. the strong dependen
e ofthe 
ross se
tion on the minimum s
attering angle of the tagged ele
trons.Table 1 and Fig. 11 give the results for a minimal angle of 40 mrad and oneof 20 mrad. The e�e
t of the energy of the tagged ele
tron is also shownin Fig. 11. Hen
e it will be important to keep both the tagged angle andenergy as low as possible. With 20 mrad the expe
ted number of eventsfrom (LO) BFKL amounts to about 300000 for 100 fb�1.Re
ently it has been estimated that the higher order BFKL 
orre
tions
an be very large. A phenomenologi
al estimate of the e�e
t has been madein [22℄, whi
h assumes that the e�e
tive slope extra
ted with the dipolemodel from the in
lusive F2 and di�ra
tive data at HERA 
an be transportedto the 
�
� pro
ess. The result is shown in the third 
olumn of Table 1,and reveals that the strength of the e�e
t, i.e. the 
omparison of the BFKL
ross se
tion with the one of the 2-gluons (absen
e of BFKL), is redu
ed bya fa
tor 10. However the ratio of 
ross se
tions BFKLHO/2-gluons is stillabout 2.5.
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Fig. 11. Integrated BFKL and 2-gluon 
ross se
tions, at the LC. Leptons are taggedfrom Etag up to the beam energy. We take �tag > 40 mrad at the LC. IntegratedBFKL and 2-gluon 
ross se
tions at the LC, for various a

eptan
es. Leptons aretagged between 50 and 250 GeV, from [22℄. TABLE IFinal 
ross se
tions, for sele
tions des
ribed in the textBFKLLO BFKLHO 2-gluons ratioLC 40 mrad 6.2E-2 6.2E-3 2.64E-3 2.3LC 20 mrad 3.3 0.11 3.97E-2 2.83. Con
lusionsThe prospe
ts for 2-photon physi
s at a future linear 
ollider fa
ilityare very large, in parti
ular when a spe
ial intera
tion region using laserba
ks
attering to produ
e photon beams be
omes available. 2-photonphysi
s 
an 
ontribute to Higgs boson measurements, supersymmetri
 par-ti
le sear
hes and push forward our QCD understanding of the stru
ture ofthe photon and its hadroni
 intera
tion.
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