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HEAVY FLAVOUR PRODUCTIONIN TWO-PHOTON COLLISIONS AT LEP�Armin BöhrerFB Physik, Siegen University, Emmy-Noether-Campus, 57068 Siegen, Germany(Re
eived June 13, 2002)New results from the experiments ALEPH, DELPHI, L3, and OPALon heavy quark produ
tion in 

 
ollisions are presented. In
lusive 
harmand bottom produ
tion are investigated at LEP 2 energies. The total anddi�erential 
ross se
tions for 
harm quarks are now measured by all fourLEP 
ollaborations, the total bottom by two. Charmonia are studied in
lu-sively via the muoni
 de
ay of the J= and separated for the resolved anddi�ra
tive pro
esses. New results are available for ex
lusive produ
tion ofthe �
 meson. First sear
hes for ex
lusive �b produ
tion are presented.PACS numbers: 13.65.+i 1. Introdu
tionIn
lusive heavy �avour produ
tion in two-photon 
ollisions is dominatedby two pro
esses, the dire
t and single-resolved pro
ess. It therefore revealsthe stru
ture of the photon and is sensitive to its gluon 
ontent. At LEP 2energies dire
t and the single-resolved pro
esses 
ontribute in equal sharesto heavy �avour �nal states. The 
harm 
ross se
tion is about two ordersof magnitude larger than the bottom produ
tion due to the smaller quarkmass and higher ele
tri
 
harge. The large quark mass allows the produ
tionof heavy �avour to be 
al
ulated in perturbative QCD, where the resolvedpart also depends on the assumed gluon density of the photon.The ex
lusive 
harmonium produ
tion has a di�ra
tive 
ontribution atlow p2T of the ve
tor meson (pomeron ex
hange) and a resolved 
ontributionat high p2T (gluon ex
hange). The resolved produ
tion of J= , when 
al
u-lated in the nonrelativisti
 QCD, predi
ts that the 
olour-o
tet 
ontribution� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3243)



3244 A. Böhrerdominates. Ex
lusive 
harmonia and bottomonia produ
tion at LEP 2 pro-vides a pre
ise tool to test QCD at low energies. Their two-photon widthsand masses are 
onstraint by approa
hes used in latti
e QCD, nonrelativisti
QCD and potential models.In this arti
le we summarise the progress made with respe
t to lastyear [1, 2℄ in heavy �avour produ
tion in two-photon 
ollisions at LEP 2:improvements, updates and new results are reviewed. A re
ent more gen-eral overview on two-photon physi
s and the intera
tion of the photon maybe found in Ref. [3℄. 2. In
lusive 
harm produ
tion2.1. In
lusive D� produ
tionAll four LEP experiments [4�7℄ have measured the in
lusive 
harm pro-du
tion using all [4�6℄ or two thirds [7℄ of their LEP 2 statisti
s (
orre-sponding to an integrated luminosity of � 700 pb�1) at energies aroundps � 200GeV with fully re
onstru
ted D� mesons in no-tag events. TheD�� mesons are re
onstru
ted via the de
ay to D0�+, the mass di�eren
eof D� and D0 providing a 
lear signal with small ba
kground; up to fourde
ay modes of the D0 are 
onsidered.Three experiments [4, 6, 7℄ provide di�erential distributions in pseudo-rapidity. The distributions are found to be �at in this variable, what is inagreement with the expe
tation for NLO 
al
ulations [8℄ in shape, while innormalisation ALEPH and L3 are in agreement with the massive 
al
ula-tion, the OPAL data prefer the massless 
al
ulation. The distribution intransverse momentum to the beam axis as predi
ted in NLO 
al
ulationsin the massive approa
h agrees with the data (Fig. 1). The data are more
onsistent now as 
ompared to last year's preliminary results [1℄. A smalls
atter of the data points in the range 2GeV < pT < 3GeV is still observed,but is within the given errors.Dire
t and single-resolved 
ontribution 
an be separated using the fa
tthat in the resolved one the remnant jet 
arries away a part of the in-variant mass available in the 

 
ollision. Two variables have been used:(1) xT = 2pD�T =Wvis, whi
h is the ratio of pD�T , a measure for the invari-ant mass of the 
�
 system, and the visible invariant mass Wvis, a mea-sure for the invariant mass of the 

 system; (2) xmin
 , the minimum ofx�
 =Pjets(E � pz)=Ppart(E � pz), a measure for the fra
tion of parti
les,whi
h do not es
ape in the remnant jet. The relative 
ontribution rdir : rres�tted by the three experiments [4,5,7℄ are in agreement with the predi
tionof Frixione et al. [8℄ (70 : 30) and among themselves regarding the slightlydi�erent a

eptan
e ranges of the experiments.
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Fig. 1. Di�erential D� 
ross se
tion in transverse momentum.2.2. Cross se
tion as fun
tion of W

The L3 
ollaboration has measured the 
harm 
ross se
tion as fun
tion ofthe two-photon 
entre-of-mass energy [9℄ using the whole LEP 2 data sample.The 
harm-�avoured quarks are identi�ed by their semi-leptoni
 de
ays toele
trons. A parameterisation of the form �tot = As" + Bs�� (Pomeron+ Reggeon) des
ribes the data well. The PYTHIA Monte Carlo 
learlyfails, predi
ting only 66% of the total 
ross se
tion. This may be partiallyattributed to next-to-leading order 
orre
tions, whi
h are not in
luded inPYTHIA. The Pomeron slope �tted from the data is steeper than the riseobserved in �(

 ! q�qX). NLO order 
al
ulations, but using a rather small
harm quark mass of 1:2GeV, are in very good agreement with the data.This also indi
ates that the resolved 
ontribution, the gluon 
ontent of thephoton, whi
h dominates at high W

 , is needed to explain the data.



3246 A. Böhrer2.3. Total 
harm 
ross se
tionExtrapolated to the full phase spa
e, the measurements using the D� asthe 
harm tag, 
an be 
ompared to QCD [8℄ and other measurements [4℄,see Fig. 2. All data are 
onsistent. If only the dire
t 
ontribution wouldbe 
onsidered the predi
tion at LEP 2 would be lower by a fa
tor two. Itshould be noted that for the measurements with leptoni
 �nal state a light
harm quark mass is slightly preferred.
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lusive 
harm 
ross se
tion as fun
tion of 
entre-of-mass energy.2.4. Charm stru
ture fun
tion F 

;2When one of the s
attered beam parti
les is dete
ted, the event 
anbe used to determine the 
harm stru
ture fun
tion F 

;2. With 60 su
hsingle-tagged events with a D�+ meson from the full LEP 2 statisti
s, theOPAL 
ollaboration performed a �rst measurement in two bins of x withhQ2i � 20GeV [10℄. (See Ref. [12℄ for a general overview on photon stru
-ture fun
tions.) The 
omparison with the 
al
ulations shows that a point-like 
ontribution is not su�
ient to des
ribe the data. A hadron-like part isneeded. The data even ex
eed the models, though the measurement errorsare still too large to be 
on
lusive.While writing this arti
le, OPAL submitted their result [11℄ for publi
a-tion now with a �tted number of 55 D�+ mesons, redu
ing somewhat thedis
repan
y between data and the 
al
ulations at low x.
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lusive bottom produ
tionOpen bottom produ
tion is measured by the L3 and the OPAL 
ollab-orations [13℄ at LEP 2 energies using an integrated luminosity of 400 pb�1.Their analysis pro
edures exploit the fa
t, that the momentum as well as thetransverse momentum of leptons with respe
t to the 
losest jet is higher formuons and ele
trons from bottom than from ba
kground, whi
h is mainly
harm. Therefore, leptons with momenta of more than 2GeV are sele
tedand their momentum distribution with respe
t to the 
losest jet (obtainedwith the JADE jet-algorithm in L3 and KTCLUS in OPAL, while in bothexperiments the lepton was ex
luded, when de�ning the jet) is investigated.Similar to the studies in 
harm produ
tion, the bottom quarks produ
edin dire
t and single resolved events show a di�erent behaviour in the trans-verse momentum distribution. The variable x�T = 2p�T=Wvis is well suited todemonstrate the need for both 
ontributions: the single resolved part at lowx�T and the dire
t part at high x�T. The agreement between data and MonteCarlo simulation is very good.The total 
ross se
tion measurements for open bottom produ
tion aresummarised in Fig. 3. The results are 
ompared to NLO 
al
ulations [8℄.The 
al
ulations underestimate the data by a fa
tor three 
orresponding tothree to four standard deviations. See also remarks and dis
ussions in thepresentation in Ref. [14℄.

Fig. 3. In
lusive bottom 
ross se
tion.
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tion of 
harmonia and bottomonia4.1. In
lusive J= A �rst study was performed by DELPHI of in
lusive J= produ
tionin 

 
ollisions at LEP 2 energies [15℄. A 
lean signal of 36 � 7 eventsfor 

 ! J= + X is seen, where the J= de
ays to a muon pair andwhere X denotes at least two tra
ks seen in the dete
tor. From a �t of thedire
t and resolved 
ontribution, as taken from the PYTHIA simulation, avalue of 74�22% is extra
ted to originate from the resolved pro
ess: a 
learindi
ation for the gluon in the photon. In a re
ent paper the o
tet produ
tionof J= in asso
iation with jets has been dis
ussed [16℄. It was argued thatthe singlet produ
tion is not su�
ient in order to des
ribe the data, butthat the o
tet produ
tion is needed for an agreement with the DELPHImeasurements. See also Ref. [17℄ for a dis
ussion of o
tet produ
tion.4.2. Ex
lusive �
The formation of the �
 in ex
lusive produ
tion in two-photon produ
-tion is a good test of QCD (See Ref. [18℄ for a short summary of thepresent status of studies of ex
lusive parti
le produ
tion in two-photonevents). A preliminary study of �
 at LEP 2 has been 
ontributed to this
onferen
e [19℄. Ni
e signals are found in the de
ay modes of the �
 to�+��K+K�; K+K�K+K�, and KSK+��. No signal, however, is seen inthe �+���+��, while for the latter it is also expe
ted, when the bran
hingfra
tion of Ref. [20℄ are implied. An upper limit for this 
hannel is given. Forthe other three a two-photon width is obtained somewhat higher than theworld averages [20℄ and re
ent measurements at LEP and other 
olliders [18℄.4.3. Ex
lusive �bAs reported at last year's DIS 
onferen
e in Bologna [2℄, the ALEPHexperiment has started a sear
h for the still undis
overed �b pseudos
alarmeson (See Fig. 4 for a 
andidate event). The sear
h has re
ently beenpublished [21℄; a preliminary result of a sear
h has now also been reportedby L3 [22℄.Various predi
tions exist for the mass of the �b, e.g., from potential mod-els, pQCD, NRQCD, and latti
e 
al
ulations. While the produ
tion 
anreliably be estimated the bran
hing ratios of the meson have to be guessed.An estimate based on MLLA 
ombined with LPHD and using isospin in-varian
e has been proposed [23℄ and used by ALEPH. The e�
ien
ies forthe de
ay modes of the �b under study by ALEPH (four 
harged parti
les;or six 
harged parti
les) and L3 (two 
harged parti
le plus neutral pion oreta; or four 
harged parti
les; or six 
harged parti
les) are around 13% and
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Fig. 4. Candidate event.4%, respe
tively. The experiments would expe
t about one to two events.The ba
kground is estimated to be about one event. ALEPH observes one,L3 observes three events in the signal region from 9:0GeV to 9:8GeV. Can-didate masses are 9:30 � 0:03GeV and 9:49 � 0:30GeV, 9:14 � 0:30GeV,9:70�0:30GeV, respe
tively. Limits on �

(�b) and �

(�b)�BR have beengiven, e.g., �

(�b)�BR(4
ha)< 48 eV and �

(�b)�BR(6
ha)< 132 eV byALEPH. 5. SummaryWe summarised the investigations of heavy �avour produ
tion in two-photon 
ollisions at LEP. The in
lusive 
harm produ
tion has been studiedand QCD predi
tions and experiment are found in agreement for di�erentialdistributions su
h as in pseudo-rapidity and transverse momentum and total
ross se
tion. The dependen
e onW

 is reprodu
ed by QCD, whi
h requiresgluon in the photon. This is also proven by the expli
it measurement of thefra
tion of dire
t an resolved 
ontribution in no-tag events. The 
harmstru
ture fun
tion F 

;2 shows some deviations, but more statisti
s is needed.The in
lusive bottom 
ross se
tion shows a serious problem. The total
ross se
tion as predi
ted by NLO QCD-
al
ulations is too low by a fa
torthree.Newer measurements on in
lusive 
harmonia 
learly show that the 
olouro
tet produ
tion is needed. While most measurements of ex
lusive 
harmo-nia are in agreement with the world averages some in
onstisten
ies arose,su
h as in the de
ay of the �
 to four 
harged pions. The sear
hes of the �bin ex
lusive produ
tion from two photons look promising, but other experi-ments are needed for dis
overy.
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