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Abstract

Exclusive production ofπ and K meson pairs in two photon collisions is measured with ALEPH data collected be
1992 and 2000. Cross-sections are presented as a function of cosθ∗ and invariant mass, for|cosθ∗|< 0.6 and invariant masse
between 2.0 and 6.0 GeV/c2 (2.25 and 4.0 GeV/c2) for pions (kaons). The shape of the distributions are found to be
described by QCD predictions but the data have a significantly higher normalization.
 2003 Published by Elsevier B.V.
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1. Introduction

The study of exclusive meson and baryon pair p
duction has long been recognized as a potentially
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portant testing ground of QCD [1–4]. The calcu
tion factorizes into a hard scattering amplitude wh
at sufficiently large momentum transfers is calc
lable in QCD, and a hadron distribution amplitu
φM(x,Q). As this distribution amplitude is expecte
to be process independent, measurements from m
different reactions will be complementary. Measu
ments in photon–photon collisions are important
they are the simplest calculable large-angle exclu
hadronic scattering reactions.

In [2] it is shown that the leading order QCD res
can be expressed approximately in terms of the cr
section for the two photon production of muon pair

dσ

d cosθ∗
(
γ γ → M+M−)

(1)∼ 4|FM(W
2
γ γ )|2

1− cos4 θ∗
dσ

d cosθ∗
(
γ γ → µ+µ−)

.

The angle cosθ∗ is the scattering angle of one
the two charged particles M with respect to theγ γ
direction, calculated in theγ γ center of mass frame
The overall angular dependence of Eq. (1) is sin−4 θ∗
when one folds in the muon pair cross-section. T
meson form factorFM depends on the strong couplin
constantαs , the γ γ invariant massWγγ , and the
pseudoscalar decay constantfM.

This Letter describes a measurement of the ex
sive pion and kaon pair production in two photon c
lisions using the data collected by the ALEPH exp
iment at LEP. The absolute rate and the shape of
cosθ∗ distributions are compared to QCD calculatio
and previous experiments at lower energies.

2. ALEPH detector

The ALEPH detector has been described in de
elsewhere [5]. Critical to this analysis is the abil
to accurately measure and identify charged partic
These are detected in a large time projection ch
ber (TPC) supplemented by information from the
ner tracking chamber (ITC) which is a cylindrical dr
chamber sitting inside the TPC, and a two-layer
icon strip vertex detector (VDET) which surroun
the beam pipe close to the interaction point. Th
tracking detectors are placed inside a 1.5 T axial m
netic field provided by a superconducting solenoi
coil. Charged particle transverse momenta are m
sured with a resolution ofδpt/pt = 6 × 10−4pt ⊕
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0.005 (pt in GeV/c). In addition to measuring mo
menta, the TPC provides dE/dx information which
allows particle identification to be performed. Su
rounding the solenoid and TPC is the electrom
netic calorimeter (ECAL) whose primary purpose
the identification and measurement of electrom
netic clusters produced by photons and electron
is a lead/proportional-tube sampling calorimeter s
mented in 0.9◦ × 0.9◦ projective towers read out i
three sections in depth. It has a total thickness
22 radiation lengths and a relative energy resolu
of 0.18/

√
E + 0.009, (E in GeV). In this analysis

it is mainly used as a veto against events cont
ing electrons or photons which are readily identifi
by the longitudinal and transverse structure of th
showers. Outside the ECAL lies the iron return yo
for the magnet which is instrumented with 23 la
ers of streamer tubes to form the hadron calorim
(HCAL). It has a relative energy resolution for hadro
of 0.85/

√
E (E in GeV). The outermost detectors

ALEPH are the muon chambers which consist of t
double-layers of streamer tubes. The HCAL and m
chamber information is combined to identify muo
which are a major potential background in this ana
sis. Close to the beam pipe at a position 3 m either
of the interaction point are two luminosity calorim
ters, the LCAL and SiCAL, which are electromagne
calorimeters specifically designed to measure the
minosity via Bhabha scattering. In this analysis th
are used to veto events which contain significant
ergy deposits at small angles.

The information from the tracking detectors a
the calorimeters are combined in an energy-fl
algorithm [5]. For each event, the algorithm provid
a set of charged and neutral reconstructed partic
called energy-flow objects.

3. Selection of exclusively produced pairs of
charged particles

The data for this analysis are selected fr
837.5 pb−1 collected between 1992 and 2000. Duri
this period the LEP centre of mass energy ranged f
88 to 209 GeV. The initial selection obtains eve
with two charged tracks exclusively produced by
γ γ process. Events were required to have:
• two charged tracks, each of which has|cosθ | <
0.93,pt > 1.0 GeV/c, at least 5 TPC hits and a
least 6 ITC hits;

• a reconstructed vertex in a cylinder with its ax
8 cm either side of the interaction point along t
beam direction and with a radius of 3 cm;

• no net charge;
• ∑

pt < 0.1 GeV/c;
• no other energy flow objects apart from the tw

charged tracks;
• invariant mass of charged tracks (assuming p

mass) between 2 and 50 GeV/c2;
• the back-to-back trigger set, as described in S

tion 5.

4. Selection of π and K pairs

The purpose of this step is to select as pur
sample as possible of pion and kaon pairs. First,
event containing a track identified as an electron
as a muon was rejected. Electrons were identi
using the standard ALEPH method [5]. For muo
the standard identification was supplemented by
procedure described in [6]. This allows the sensitiv
for muon pairs to be extended down to lower invari
masses. Muons with momentum less than 3.0 Ge/c
were required to have deposited energy in the EC
equal to less than half their momentum, and to h
fired more than 25% of the number of HCAL plan
expected for a muon. Below 3 GeV/c a muon deposits
in the HCAL a number of streamers larger, on avera
than a pion of corresponding momentum. Theref
the energy measured in the HCAL was required to
greater than 80% of the muon momentum; this fract
was lowered to 60% for muons below 1.5 GeV/c.

The dE/dx information for each track was em
ployed to give the probability for each track to
a pion, kaon or proton. The product of these giv
the probability for the pair of tracks to both be p
ons, kaons or protons. These are denoted asP (π

+,π−),
P (K

+,K−) andP (p,p̄), respectively.
A meson pair of typea was defined to have

• P (a+,a−) > 0.05,
• P (b+,b−) < 0.05,
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wherea = π , b = (K,p) for pion pair selection, and
a = K, b = (π,p) for kaon pair selection. For th
kaon pair selection the invariant mass was recalcul
using the kaon mass for each charged particle. Ev
withWγγ greater than 6.0 GeV/c2 were then rejected

After studying a number of background sourc
as described in Section 6, the following addition
cuts were imposed. At least one of the tracks in
event must have a momentum such that the ioniza
expected for a kaon differs from that expected fo
pion by more than 14% of the value expected fo
minimum ionizing particle. The following cuts wer
applied only to the pion sample, which is particula
susceptible to backgrounds from both muon pairs
non-exclusive hadron production:

• ∑
pt < 0.05 GeV/c;

• the angle between the tracks measured in
plane perpendicular to the beam direction mus
greater than 3.13 radians;

• if a track has momentum less than 1.5 GeV/c,
then any associated cluster in the electromagn
calorimeter must have energy equal to less t
50% of its momentum, and any associated clu
in the hadron calorimeter must have energy eq
to less than 10% of its momentum.

The final selection consisted of 165 kaon and 3
pion pair events.

5. Trigger efficiency

The event selection described above was desig
to select events in a region where the ALEPH trig
is known to be highly efficient. This analysis tak
advantage of a specific ALEPH trigger which is fir
when two approximately back to back tracks are s
in the tracking detectors. The efficiency of this trigg
was measured using the processγ γ → e+e− which is
also independently triggered by energy deposits in
electromagnetic calorimeter. From this the efficien
curve was derived as a function of the invariant mas
the final state and used to correct the data. At invar
masses of 2.0 GeV/c2 the efficiency was measured
be 95%, rising to a value of 100% for invariant mas
of 4.0 GeV/c2 and above.
6. Backgrounds

Background fromγ γ → τ+τ− was estimated us
ing the program described in [7], and that fromγ γ →
µ+µ− using a program described in [8]. The bac
ground fromτ pairs was found to be negligible b
muon pairs are a significant background to theπ+π−
measurement. The background to the pion pairs f
misidentified kaon pairs was computed using the s
ulated kaon signal (see Section 7). The normaliza
was chosen to match the observed kaon signal.
equivalent procedure was used to find the backgro
to the kaon pairs from misidentified pions. As this
troduces a mutual dependence of the pion and k
measurements on each other, the analysis was rep
until a stable result was obtained. This was achie
after five iterations.

The background from non-exclusiveγ γ →hadron
production has been checked using the PHOJET
gram, which is known to give a good descripti
of ALEPH untagged two photon physics events [
A small background of events was found in theπ+π−
sample, almost entirely due to events containing
pions plus undetected low energy photons. Ove
there was an 18% background in the pion sample
an 11% background in the kaon sample. The sign
cant backgrounds are listed in Tables 1 and 2.

Table 1
Significant backgrounds as a percentage of the signal in bin
cosθ∗

γ γ → π+π− γ γ → K+K−
cosθ∗ K+K− µ+µ− cosθ∗ π+π−

0.00–0.20 5.2 3.0 0.00–0.20 4.9
0.20–0.40 4.9 16.5 0.20–0.40 11.6
0.40–0.60 3.7 23.1 0.40–0.60 9.0

Table 2
Significant backgrounds as a percentage of the signal in bins ofWγγ

γ γ → π+π− γ γ → K+K−
Wγγ (GeV/c2) K+K− µ+µ− Wγγ (GeV/c2) π+π−

2.00–2.25 5.4 4.9 2.25–2.50 7.8
2.25–2.50 5.0 16.0 2.50–2.75 7.4
2.50–2.75 6.1 26.6 2.75–3.00 7.5
2.75–3.00 3.1 16.9 3.00–3.50 8.7
3.00–3.50 3.8 18.9 3.50–4.00 16.2
3.50–4.00 2.9 0.0
4.00–4.50 2.1 5.4
4.50–6.00 2.2 0.0
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7. Calculation of selection efficiency

The selection efficiencies for pion and kaon pa
were calculated using a version of the program of
which simulates the QED process e+e− → e+e−l+l−,
modified in accordance with Eq. (1). The modificati
consisted initially of weighting events by 1/W4. This
set is referred to as ‘simulation A’, and is shown
Fig. 1. As can be seen the data sits slightly above
curve so two further sets, referred to as simulati
B and C were generated with steeper depende
on cosθ∗ while still being consistent with the dat
Set B was weighted by an additional 1/sin4 θ∗ term
compared to set A while set C was weighted
an additional 1/sin6 θ∗ term. All three sets gave a
acceptable description of the data. Simulation B w
used to obtain the selection efficiencies as it b
described the data. The other two sets were used in
calculation of systematic errors as described below

The efficiencies are shown in Tables 3 and 4. Th
quarters of events are lost due to the boost of the fi
state, the remaining loss of efficiency is due to the ti
cuts needed to remove background events.

8. Systematic uncertainties

The chief source of systematic error in this analy
is the dependence on simulation to calculate selec
efficiencies and backgrounds. This can be classi
into two major components, firstly the dependence
accurate simulation of the detector, and second
dependence on the physics of the signal.

A number of critical elements of the detector si
ulation were studied. In all cases this was done
varying the aspect to be studied in the Monte Ca
sample and repeating the analysis. The depend
on the dE/dx simulation was checked by slightly im
proving, and slightly degrading the resolution in
range that was still consistent with the data. The
pendence on the momentum resolution was simil
obtained. To test for sensitivity to simulation of clu
ters and noise in the calorimeters the total energ
the event was increased and decreased by 50 M
The systematic error due to detector simulation w
defined as half the difference between the largest
smallest value seen in a given bin as a result of th
changes.

Concerning the dependence of the result on
simulation of the physics process, it is known th
the angular dependence varies considerably at
masses [10], and this could cause changes to
calculated efficiencies. To test this the measurem
was repeated with simulations A and C, and
systematic error from this source was calculated
half the difference in efficiency between these two s
in each bin. The systematic error due to limited Mo
Carlo statistics was also calculated. The accurac
D
beled A

tograms are
Fig. 1. Measured distribution for cosθ∗ in γ γ → π+π− (left) and γ γ → K+K− (right). The solid curve shows the shape of the QC
prediction. The histogram labeled ‘simulation B’ is the distribution in the simulation used to calculate the efficiency. The histograms la
and C are the models used to estimate the model systematic error. The curve is normalized to match the central data point. The his
normalized to the data.
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the measurement of the trigger efficiency is limited
the available statistics for the processγ γ → e+e−.
The systematic error on the trigger efficiency w
estimated by studying the range of curves that w
consistent with the data. In all cases this was fou
to be insignificant compared to the other system
errors and has been neglected. All systematic er
are listed in Tables 3 and 4. The total error w
obtained by adding the systematic and statistical er
in quadrature.
on, the

ured
Table 3
Table of results for dσ/dcosθ∗ . Each row gives the bin definition, the selection efficiency in that bin, the measured cross-secti
contributions to the error (as described in the text), and the total error

Pions

cosθ∗ Efficiency Result (nb) Error (nb)

Statistical Simulation M.C. stats. Model Total

0.00–0.20 0.017 0.50 0.064 0.024 0.050 0.067 0.11
0.20–0.40 0.013 0.56 0.085 0.031 0.053 0.078 0.13
0.40–0.60 8.2× 10−3 0.96 0.14 0.076 0.080 0.17 0.25

Kaons

cosθ∗ Efficiency Result (nb) Error (nb)

Statistical Simulation M.C. stats. Model Total

0.00–0.20 6.5× 10−3 0.57 0.12 0.14 0.13 0.083 0.24
0.20–0.40 0.011 0.59 0.098 0.023 0.052 0.036 0.12
0.40–0.60 7.1× 10−3 1.00 0.15 0.050 0.079 0.067 0.19

Table 4
Table of results for cross-section as a function ofWγγ . Each row gives the bin definition, the selection efficiency in that bin, the meas
cross-section, the contributions to the error (as described in the text), and the total error

Pions

Wγγ (GeV/c2) Efficiency Result (nb) Error (nb)

Statistical Simulation M.C. stats. Model Total

2.00–2.25 3.4× 10−3 3.21 0.52 0.36 0.85 1.32 1.69
2.25–2.50 0.012 1.21 0.20 0.19 0.25 0.52 0.64
2.50–2.75 0.020 0.42 0.11 0.095 0.098 0.10 0.20
2.75–3.00 0.029 0.46 0.094 0.044 0.11 0.10 0.18
3.00–3.50 0.033 0.17 0.040 0.012 0.046 0.050 0.080
3.50–4.00 0.047 0.078 0.027 0.030 0.031 0.044 0.067
4.00–4.50 0.021 0.051 0.025 8.2× 10−3 0.032 0.028 0.051
4.50–6.00 0.061 0.013 7.0× 10−3 1.6× 10−3 5.7× 10−3 5.8× 10−3 0.011

Kaons

Wγγ (GeV/c2) Efficiency Result (nb) Error (nb)

Statistical Simulation M.C. stats. Model Total

2.25–2.50 5.8× 10−3 1.14 0.29 0.17 0.31 0.19 0.49
2.50–2.75 0.019 0.76 0.13 0.064 0.16 0.21 0.30
2.75–3.00 0.027 0.43 0.088 0.037 0.094 0.066 0.15
3.00–3.50 0.030 0.24 0.046 0.032 0.051 0.030 0.082
3.50–4.00 0.047 0.050 0.022 0.014 0.017 0.011 0.033
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9. Measurement of the cos θ∗ distribution

The analysis is limited to the region|cosθ∗|< 0.6
as the efficiency is acceptable in this region, an
matches the region used in the existing measurem
by TPC/Two-Gamma [11]. The cosθ∗ distribution is
calculated as follows. The differential cross-section
a bin is given by

(2)dσ/d cosθ∗ = Ndata−Nback

ε ×L×Lγγ × δ cosθ∗ ,

where Ndata is the number of events observed
a bin (weighted by the trigger correction),Nback is
the predicted number of background events in t
bin, ε is the selection efficiency,L is the integrated
luminosity of the data,Lγγ is the luminosity function
dLγγ /dWγγ integrated over the range 2<Wγγ < 6,
andδ cosθ∗ is the bin width. The luminosity functio
is the number which converts a cross-section
a process e+e− → e+e−X to a cross-section fo
the processγ γ → X. It was calculated using th
GALUGA program [12].

All measurements were performed independe
for each year of data taking. The final results w
taken as the weighted mean of all the data, wh
the weighting is taken from the statistical errors. T
overall systematic error was taken as the mean of
fractional errors measured in each year.
t

The result is shown in Fig. 1 and Table 3. T
distributions are well described by the QCD predict
of a sin−4 θ∗ dependence. They are also matched
the distribution in the signal Monte Carlo.

10. Measurement of invariant mass distribution

The cross-section forσ(γ γ → M+M−) is calcu-
lated as a function ofWγγ using the formula:

(3)σ = (Ndata−Nback)/δWγγ

ε ×L× dLγγ /dWγγ
,

whereNdata is the number of events observed in a b
(weighted by the trigger correction),Nback is the pre-
dicted number of background events in that bin,ε is
the selection efficiency,L is the integrated luminosit
of the data, dLγγ /dWγγ is the luminosity function
andδWγγ is the bin width. The results are plotted
Fig. 2, and tabulated in Table 4. Also shown on Fig
are results from TPC/Two-Gamma [11] and lead
twist QCD predictions. These were calculated as
scribed using the formalism in [2]. The curves labe
‘Brodsky and Lepage’ use the original normalizati
from [2], which derives from setting the value ofFπ to
be(0.4 GeV2/c4)/W2

γ γ , whereas the shaded area h
been calculated following a recommendation in [1
that the pion distribution amplitude be set to its asym
totic form,φM = √

3x(1 − x). With this assumption
ions as

Fig. 2. Measured distribution forγ γ → π+π− (left) and γ γ → K+K− (right) as a function ofWγγ . Also shown are results from
TPC/Two-Gamma [11], the result of a fit to the ALEPH data and a leading twist QCD calculation with two alternative normalizat
described in the text.
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86)
and setting the pion decay constantfπ = 130.7 MeV
one hassFπ (s) = 8πf 2

παs = αs × 0.43 GeV2. This
leads to a prediction for the cross-section for pion p
production of 100× α2

s /W
6 nb, which for reasonabl

values ofαs is markedly smaller than the value pr
dicted in [2]. In each case the prediction for kao
is obtained from that for pions by multiplying it b
2.23 which is the ratio of the kaon and pion dec
constants to the fourth power. The band of predicti
shown in Fig. 2 was obtained by varyingαs from 0.3
to 0.6.

Both the pion and kaon data match the predic
shape well, but not the normalization, particularly
the case of the pions. A function of the formk/W6 was
fitted to the pion and kaon data. This gave values fok
of 200± 40 nb(GeV/c2)6 for pions (χ2 = 1.9 for 7
degrees of freedom) and 220± 40 nb(GeV/c2)6 for
kaons (χ2 = 1.5 for 4 degrees of freedom). Within th
errors the kaon and pion rates are approximately eq
in contrast to the prediction in [2] that the kaon ra
should be 2.23 times the pion rate.

11. Conclusions

The exclusive production of pion and kaon pa
has been measured at higher masses than previ
achieved. The shapes of the distributions in cosθ∗ and
Wγγ are in good agreement with QCD prediction
The normalization of the observed signals is howe
in disagreement with the QCD predictions. The m
surements are well described by a function of the fo
k/W6 where,k = 200± 40 nb(GeV/c2)6 for pions
andk = 220± 40 nb(GeV/c2)6 for kaons.
y
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