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Abstract

Exclusive pTp~ production in two-photon collisions between a quasi-real photon, y, and a mid-virtuality photon, y*, is
studied with data collected at LEP at centre-of-mass energies 183 GeV < /s < 209 GeV with a total integrated luminosity of
684.8 pb_l. The cross section of the yy* — ptp~ process is determined as a function of the photon virtuality, 02, and the
two-photon centre-of-mass energy, Wy, in the kinematic region: 0.2 GeV2 < 02 <0.85GeVZand 1.1 GeV < Wyy <3 GeV.
These results, together with previous L3 measurements of po pO and p p~ production, allow a study of the yy* — pp process

over the Qz-region 0.2 GeV? < Q2 <30 GeV2.
© 2005 Published by Elsevier B.V.

1. Introduction

The L3 Collaboration has recently measured the ex-
clusive production of p°p° [1,2] and ptp~ [3] pairs
in the two-photon fusion process:

+ + +

efe” > eTe yy* >ee pp, )

where the beam electrons’ radiate virtual photons
which interact and produce a hadronic final state. One
of the photons, y, is quasi-real, characterised by a
small value of its squared four momentum, P}f =

mf, ~ 0, whereas the other one, y*, has a significant

virtuality, Q° = —P}f* = —m2. > —m?. Our mea-

surements cover the two-photon centre-of-mass en-
ergy

1.1 GeV < Wy, <3 GeV. @)

The two measurements [1,3] done at large virtual-
ities, 1.2 GeV? < Q2 < 30 GeVz, provide a testing
ground for a recently-developed QCD-based model
[4]. This model describes well the Q2-dependence of
the p%p° production at large momentum transfer [5].
The measured cross sections for p°p° and p*p~ pro-

1 Supported by the German Bundesministerium fiir Bildung,
Wissenschaft, Forschung und Technologie.

2 Supported by the Hungarian OTKA fund under contract num-
bers T019181, F023259 and T037350.

3 Also supported by the Hungarian OTKA fund under contract
number T026178.

4 Supported also by the Comision Interministerial de Ciencia y
Tecnologia.

5 Also supported by CONICET and Universidad Nacional de La
Plata, CC 67, 1900 La Plata, Argentina.

6 Supported by the National Natural Science Foundation of
China.

7 Throughout this Letter, the term “electron” denotes both elec-
tron and positron.

duction were found to have a similar dependence on
W,, and to be of similar magnitude. However, the
pTp~ cross section is systematically higher than the
p%p% one. This is in contrast with the suppression
and different W,, dependence of p*p~ production
[6] with respect to p’p® [7] observed in data with
Q2 ~ 0 and W), <2 GeV. We note that despite the
wide range of theoretical models [8,9], p-pair produc-
tion at Q% ~ 0 is still not well understood. Therefore
the experimental study of the Q2-evolution of p-pair
production is important to understand vector meson
pair-production in two-photon interactions.
Previously, we performed a measurement of p°p°
production [2] for intermediate virtualities:

0.2 GeV? < 0% < 0.85 GeV>. (3)

In this Letter, we complement that study with the first
measurement of the process

+

ete™ > et

TempTpT 4)
in the kinematic region (2) and (3). These data allow
to follow the Q2-evolution of the pp-production over
two orders of magnitude in this variable.

The analysis techniques employed in this study are
similar to those of our previous measurements [2,3].
The data used, corresponding to an integrated lumi-
nosity of 684.8 pb~!, are the same as in Ref. [2]
and were collected by the L3 detector [10] at LEP at
centre-of-mass energies 183 GeV < /s < 209 GeV.
Scattered beam electrons which have radiated photons
with virtualities in the range (3) can be “tagged” by
the Very Small Angle Tagger (VSAT) [11]. The VSAT
is an electromagnetic calorimeter, constructed with
BGO crystals, with a geometrical acceptance covering
the polar angle range 5 mrad < 6 < 10 mrad, for az-
imuthal angles in the ranges —1.25 rad < ¢ < 1.25 rad

e yy*—>e
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and 7 — 1.25 rad < ¢ < + 1.25 rad. When the elec-
tron with the largest scattering angle is detected in
the VSAT, the virtuality of the photon it radiated is,
within 1% precision, equal to the transverse momen-
tum squared, p?, of the final state hadron system:

0% =2E,E(1 — cosby) ~ EpEs0* ~ p?, (5)

where Ej, is the beam energy, and E and 6 are the
energy and the scattering angle of the tagged electron.
Therefore the VSAT is not used to directly measure
02, but rather to select exclusive final states by corre-
lating the direction of the transverse momentum vector
of the tagged electron with the detected hadron sys-
tem.

2. Event selection

The reaction ete™ — ete~p+p~ contributing to
the process

0_0

+ 7 n'n (6)

+ +

€7e > ey, T
is identified by one and only one scattered electron,
€tag, detected in the VSAT, two charged pions mea-
sured in the tracking chamber, and energy clusters
from the two-photon decays of the 7°’s, deposited
in the BGO electromagnetic calorimeter. These events
are collected by two independent track-triggers [12].
The trigger efficiency, as determined from the data it-
self, is (60 £ 3)%.

Single-tagged events are selected by requiring just
one electromagnetic cluster with energy greater then
50% of the beam energy reconstructed in the VSAT.
The event candidates must have exactly two tracks
with zero total charge. The tracks must come from the
interaction vertex, have transverse momentum greater
than 100 MeV and an energy loss in the tracking
chamber compatible with the pion hypothesis. The se-
lected events should contain a %70 pair, therefore we
consider event candidates that have four or five pho-
tons, identified as isolated clusters in the electromag-
netic calorimeter. Photons having energies greater than
60 MeV are paired to reconstruct neutral pions, which
are required to be in the mass window 100 MeV <
M(yy) <170 MeV, as shown in Fig. 1(a). The mass
of a 7° candidate is constrained to the nominal value
by a 1-C kinematic fit. If more than one 7%7° com-

bination exists, the one with the smallest x? sum of

the fits is taken. To make the selection robust against
instrumental noise and backgrounds and to reduce the
sensitivity to the Monte Carlo simulation of fake pho-
tons, we retain events with one additional photon, not
used in the 779770 pair, if the photon energy is less than
300 MeV and does not exceed 10% of the energy of
the 7°70 pair.

The transverse momentum squared, ptz, of the four-
pion system is used to measure the Q° of the event
and is required to be in the range 0.2-0.85 GeV?2. For
selection of an exclusive final state, the acoplanarity
angle, ¢aco, calculated from the difference between the
azimuthal angle of the tagged electron, ¢rag, shown
in Fig. 1(b), and the azimuthal angle of the four-pion
system, is required to be less than 0.4 rad, as shown
in Fig. 1(c). The data contain a contribution from 7
production, as visible in the 77~ 7% mass spectrum,
shown in Fig. 1(d). This background is removed by re-
quiring Mzt~ 7% > 0.65 GeV.

After all cuts, 414 events are retained. Their four-
pion mass spectrum is shown in Fig. 2(a). The region
1.1 GeV < W,,,, <3 GeV is populated by 387 events,
which are used for the cross section determination. A
strong signal from p* production is observed in the
M (w*7°) spectrum, shown in Fig. 2(b). The cluster-
ing of entries at the crossing of the p® mass bands in
the correlation plot of the masses of the 7*7% com-
binations, shown in Fig. 2(c), gives evidence for a
signal from p™ p~ intermediate states. No structure is
observed in the correlation plot of the masses of the
ntr~ and 7%° combinations, shown in Fig. 2(d).
We also inspected the two- and three-pion mass distri-
butions, shown in Fig. 3, for production of higher-mass
resonances. The only statistically-significant signal is
from the azi(1320) state in the 7*7%7% mass spec-
trum, as seen in Fig. 3(f).

3. Data analysis
3.1. Monte Carlo modelling

To estimate the number of pTp~ events in the
selected four-pion data sample, we consider non-
interfering contributions from the processes:

yy* —ptpT,
)/)/*—>,Oj:7'[¥71’0,
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Fig. 1. Distributions for a7~ 7970 candidates. (a) Two-photon invariant mass for the selected 0% (two entries per event); (b) azimuthal
angle, drag, of the tagged electron for tags in the inner side of the LEP ring (in) and, folded over it, for tags in the outer side of the LEP ring

(out); (c) acoplanarity angle, ¢aco, between the tagged electron and the ata 7070 system and (d) mass of the 7+

0 system (two entries

per event). The data are compared to the four-pion Monte Carlo. The estimated background is indicated by the hatched histograms. The arrows

indicate the selection cuts.

yy* = aF(1320)7 7,

0_0

yy* = 7t 77"  non-resonant. (7)

About 40 million Monte Carlo events of the processes
(7) are generated with the EGPC [13] program, which
uses the luminosity function from Ref. [14]. Particle
production and decay is uniform in phase-space. The
generated events are passed through the full L3 detec-
tor simulation using the GEANT [15] and GHEISHA
[16] programs and processed in the same way as the
data, reproducing the detector behaviour as monitored
in the different data-taking periods.

For acceptance calculations, Monte Carlo events
are assigned a Q2-dependent weight, evaluated us-
ing the GVDM form-factor [17] for both interacting
photons. The detection efficiencies of the process (4)
are listed in Tables 1 and 2 for bins in Q2 and Wy,
The efficiencies for the four-pion final states of all the
processes (7) are of similar magnitude.

3.2. Background estimation

The contribution to the selected events from ete™
annihilation and from the process eTe™ — eTe 77~
is negligible. Random coincidences with off-momen-
tum beam electrons, which give signals in the VSAT,
are a source of background. The flux of these par-
ticles is dominantly on the outer side of the LEP
ring. Therefore, this background would cause an ex-
cess in the number of events having a tag on the
outer side of the accelerator ring, Nyy, with respect
to the inner side, Nj,. In the selected data, the ratio
Nout/Nin = 1.04 + 0.10 is close to unity, indicating
that this background is small. This conclusion is cor-
roborated by the good agreement observed between
the ¢rag distribution of the selected data and Monte
Carlo event samples, shown in Fig. 1(b).

Two sources of background remain. The first is
partially-reconstructed events from two-photon inter-
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0 combinations (four entries per event); (c) corre-

lation between the 7 ~7% and 7 T 70 pairs (two entries per event) and (d) correlation between the 7 T~ and 7070 pairs. The two-dimensional
distributions have a bin width of 55 x 55 MeV?2, the size of the boxes is proportional to the number of entries and both plots have the same

vertical scale.

actions with higher particle multiplicities, when tracks
or photons escape detection. The second is signal
events with one or more photons substituted by pho-
ton candidates due to noise. To estimate the accepted
background we use background-like event samples ex-
tracted from the experimental data. The first back-
ground is modelled with selected 7*7*7%79 events,
in which at least two charged particles have not been
detected and by 77~ 7%7%7° events in which one
70 is excluded from consideration. An event-mixing
technique is employed in order to reproduce events
from the second background: one or two photons
forming a 70 are excluded from a selected event and
replaced by photons from another data event. The

Paco distributions of the background-like data samples,

passing the selection, are combined with the distribu-
tion of selected 7 7 ~7%7% Monte Carlo events so as
to reproduce the ¢qc, distribution observed in the data,
as shown in Fig. 1(c). The estimated background lev-
els are listed in Tables 1 and 2. As data samples are
used in the background estimation, they contain also
a fraction of events with fake tags and thus take into
account the effect of this background.

3.3. Fit method

In order to determine the differential p*p~ pro-
duction rate, a maximum likelihood fit of the data
to a sum of Monte Carlo samples of the processes
(7) is performed in intervals of Q% and W, using
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Fig. 3. (a), (¢), (e), (g) Mass distributions of the 770 combinations (four entries per event) in four Q2-intervals. Distributions for the entire
kinematic region 1.1 GeV < Wy, <3 GeV and 0.2 GeV? < 02 € 0.85 GeV? of: (b) The sum of the 7+~ and 7070 mass spectra (two
entries per event). (d) The neutral three-pion combinations (two entries per event). (f) The charged three-pion combinations (two entries per
event). (h) The sum of the a7 7% and 77070 mass spectra (four entries per event). The points represent the data, the hatched areas
show the p*p~ component and the open areas show the sum of the other contributing processes. The fraction of the different components are
determined by the fit and the total normalisation is to the number of the events.

a box method [1-3,18]. The inputs to the fit are the six
two-pion masses in an event, namely, the four combi-
nations 7*7% and the two combinations 77~ and
797%. They provide a complete description of a four-
pion event in our model of isotropic production and
phase space decay.

The analysis procedure is optimised for deriving
the p* o~ contribution and only the p™ o~ content and
the sum of the rest of the contributing processes, de-
noted as “other 47, are considered for cross section
measurements. To check the quality of the fit, the two-
and three-pion mass distributions of the data are com-



L3 Collaboration / Physics Letters B 615 (2005) 19-30 27

Table 1

Detection efficiencies, &, background fractions, Bg, and cross sections of the reactions ete™ — ete ™ pTp~, yy* — pTp~ and of the sum
of the rest of the contributing processes, “other 47", as a function of Q2 for 1.1 GeV < Wyy < 3 GeV. The values of the differential cross
sections are corrected to the centre of each bin. The first uncertainties are statistical, the second systematic. An overall normalization uncertainty
of 5% for the trigger is not included

02 range & Bg Acee [pb] doee/dQ? [pb/GeV?2] oy [nb] oyy [nb]
[GeV?] (%] [%] ptp~ ptp~ oo~ other 47
0.20-0.28 0.8 14 74424419 92 £29 423 57418414 109+£2241.5
0.28-0.40 1.2 14 57418413 47415410 43414410 22+18+£14
0.40-0.55 1.1 15 56+1.6+1.1 37411473 494+14+1.0 13.3£2.0+1.8
0.55-0.85 0.7 18 77425420 25+824+65 53417414 1214£2241.9
Table 2

Detection efficiencies, €, background fractions, Bg, and cross sections of the reactions ¢

e~ —e¢

+

e ptTp~,yy* = pTp~ and of the sum of

the rest of the contributing processes, “other 47, as a function of Wy, for 0.2 GeV2 < Q2 <0.85 GeV2. The first uncertainties are statistical,
the second systematic. An overall normalization uncertainty of 5% for the trigger is not included

Wy -range & Bg Aoee [pb] oyy [nb] oyy [nb]

[GeV] [%] [%] ptp~ ptp~ other 4

1.10-1.40 0.6 25 49+18+13 39+£15+1.1 9.0+2.4+1.7
1.40-1.65 0.9 18 6.7£1.6+1.3 7.6+£19+1.5 14.8+£2.74+2.5
1.65-1.85 1.1 15 5.1+£1.54+09 84+24+1.6 15.84+3.1+2.3
1.85-2.10 1.1 13 39+£14+0.38 59+£2.0£1.2 18.3£3.04+2.7
2.10-2.40 1.2 10 22+1.0+0.5 324+£1440.8 11.5+£2.1+1.8
2.40-3.00 1.2 10 22+1.0+0.5 1.9£0940.5 85+1.5+1.5

pared in Fig. 3 with those of a mixture of Monte Carlo
event samples from the processes (7), in proportions
determined by the fit. The observed experimental dis-
tributions are reasonably well described by the Monte
Carlo model.

4. Results

The cross sections of the process

+ +

e ptp”
in bins of Q2 and W, y, Aoee, are listed in Tables 1
and 2. The statistical uncertainties, also listed in Ta-
bles 1 and 2, are those of the fit. The differential cross
section, doee/d Q2, derived from Ao, is listed in Ta-
ble 1. When evaluating the differential cross section, a
correction based on the Q%-dependence of the pTp~
Monte Carlo sample is applied, so as to assign the
cross section value to the centre of the corresponding
QZ-bin [19].

To evaluate the cross section, oy, of the process
yy* — pTp~, the integral of the transverse photon
luminosity function, L7z, is computed for each Q2

e'e —>e¢

and W,,,, bin using the program GALUGA [20], which
performs O(a*) QED calculations. The same proce-
dure was used in our previous studies [1-3]. The cross
section oy, is derived from the measured cross sec-
tion using the relation o, = Aoee/L7r. Thus, o),
represents an effective cross section containing contri-
butions from both transverse and longitudinal photon
polarisations. The cross section of the process yy* —
ptp~ is listed in Table 1 as a function of Q2 and in
Table 2 as a function of W,,,,. The sum of the cross sec-
tions of the other contributing processes is also given
in Tables 1 and 2.

Several sources of systematic uncertainty are con-
sidered. The contribution of the selection procedure
is in the range 12—18%; Monte Carlo statistics in the
range 1.3-2.1%; the fit procedure in the range 11—
20%. Half of the changes of the acceptance when no
form factor re-weighting of the Monte Carlo events is
performed is considered as model uncertainty. It is in
the range 0.5-5%. The background correction proce-
dure introduces systematic uncertainties in the range
2—-6%. All contributions are added in quadrature to ob-
tain the systematic uncertainties, quoted in Tables 1
and 2. Finally, a normalization uncertainty of 5% ac-
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counts for the uncertainty of the trigger efficiency de-
termination.

5. Study of yy* — pp process

Combining the present results with the L3 data
on pp production from Refs. [1-3], we compare the
ptp~ to the p°p° channels and their evolution as
a function of Q2. The cross section of the process
yy* — pp is plotted in Fig. 4 as a function of
W,,. For W,, < 2.1 GeV and 0.2 GeV? < Q2 <

20 a) 02 GeV:<Q’<0.85GeV?
15k e pp
¢¢¢ o p’p’
10 |
¢ ++¢*¢
5_
t o
0 : :
b) 1.2GeV’<Q’<8.5GeV?
10
irs)
=)
S
© 5t + (% +
6 1o
$ v o4,

2Fc) 8.8GeV?<Q*<30GeV?

1.5¢

°~5’%>+ ¢ 54

O1 1.5 2 2.5 3

W, [GeV]

Fig. 4. Cross section of the process yy* — pp as a function of
Wy in three Q2 regions. The results from this measurement, full
points in (a), are compared to previous L3 measurements of the pp
production [1-3]. The bars show the statistical uncertainties. Some
points from the previous measurements are displaced horizontally
for better readability.

0.85 GeV? there is a clear enhancement of p?p° pro-
duction relative to p*p~. This is similar to what was
observed at Q% ~ 0 [6,7], but in contrast with the high
Q?-region, where both cross sections have similar de-
pendence on W,, and the pTp~ is systematically
higher than the p®p°. These differences are clearly
seen in the ratio

_ > Aoee(ptp™)

Z AO'ee(looloo) ’
where the sum is for the region 1.1 GeV < W,,,, <
2.1 GeV. In the domain 0.20 GeV? < 0% < 0.85 GeV?
we measure R = 0.62 £ 0.10(stat.) & 0.09(syst.), a
value that can only be explained by the presence
of an isospin / = 2 intermediate state or by a mix-
ture of different states [8,9]. The value of this ra-
tio for 1.2 GeV? < 0% < 8.5 GeV? is R = 1.81 +
0.47(stat.) &= 0.22(syst.) [3], close to the factor 2, ex-
pected for an isospin / = 0 state. Such variation sug-
gests different p-pair production mechanisms at low
and high Q2.

The differential cross section doee/d Q% of the re-
action ete™ — etTe™ pp is shown in Fig. 5(a). The L3
measurements span a Q%-region of two orders of mag-
nitude, over which the differential cross sections show
a monotonic fall of more than four orders of magni-
tude. The pp data are fitted to a form [21] expected
from QCD-based calculations [22]:

R

doee N 1
dQ?  QM(Q%+ (W,y,)2)?’

where n is a constant and (W), ) is the average W,
value, 1.9 GeV for this measurement. Although this
formula is expected to be valid only for Q% > W,,,
we find it provides a good parametrisation of the Q?-
evolution of the pp data. A fit to the p* o~ data finds
an exponent n = 2.3 + 0.2 with x2/d.o.f. = 1.4/7.
A value n = 2.9 £+ 0.1 was found for p°p® with
x?%/d.o.f. =6.9/10 [2]. Only the statistical uncertain-
ties are considered in the fits. The results of the fits are
shown in Fig. 5(a). The fits indicate a cross-over of the
differential cross sections of p*p~ and p°p° produc-
tion in the vicinity of Q2 ~ 1 GeV?2.

The measured cross section of the process yy* —
pp as a function of Q? is shown in Fig. 5(a). The
change of the relative magnitude of p*p~ and p°p°
production is clearly visible when comparing the low-

®)
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Fig. 5. The pp production cross section as a function of 02, for 1.1 GeV < Wy <3 GeV: (a) differential cross section of the process
ete™ — eTe™ pp and (b) cross section of the process yy* — pp. The results from this measurement, full points in the region 0? <1GeV2,
are presented together with previous L3 measurements of the pp production [1-3]. The bars indicate the statistical uncertainties. Some
points from the previous measurements are displaced horizontally for better readability. The lines in (a) represent the results of fits using
the QCD-inspired form of Eq. (9). The lines in (b) represent the results of a fit to the 090 data based on the GVDM model [17] and of a fit

based on a p-pole parametrisation.

and the high- Q2 regions. A parametrisation, based on
the GVDM model [17]:

ayy (Wyy Qz) = UVV(WVV)F(QZ)’
Z . 1+ Q?/4m?, 0.22
T+ Qym? 1+ Ymy
(€))
with r, = 0.65, r, = 0.08, ry = 0.05 and mo =
1.4 GeV reproduces well the Q2-dependence of the
%00 data, as shown in Ref. [2] and indicated by
the line in Fig. 5(b). The fit finds a cross section of
13.6 &= 0.7 nb for the W,,,, region 1.1 GeV < W,,,, <
3 GeV at 02 = 0. The Q2-evolution of ptp~ data
cannot be satisfactorily described by this form. In ad-
dition, as shown in Fig. 5(b), the p°p° data cannot
be described by the much steeper Q2-fall of a p-pole
parametrisation [2]; the same is true for the p*p~
cross section since it is decreasing with QO less steeply
than the p°p° one.

F(0%) =

V=p,0,¢

6. Conclusions

We have performed the first measurement of exclu-
sive pTp~ production in mid-virtuality two-photon
collisions. These results complement previous L3
measurements of exclusive p*p~ and p°p° produc-

tion and allow to follow the evolution of pp cross
sections over a Q%-region of two orders of magnitude.

A QCD-based form, derived for the description of
the differential cross section doee/d Q% of the process
ete”™ — ete pp at high Q2 is found to provide a
good parametrisation of the Q2-evolution of the pp
data in the entire interval 0.2 GeV? < Q2 <30 GeVz,
over which the differential cross sections show a
monotonic decrease of more than four orders of mag-
nitude, for 1.1 GeV < W, <3 GeV.

The Q?-dependence of the cross section of the
process yy* — p%p® is well reproduced by a para-
metrisation based on the GVDM model over the entire
Q?-region. On the other hand, the p*p~ data cannot
be satisfactorily described by such a parametrisation.
A p-pole description of the Q2-dependence for both
p%p% and ptp~ data is excluded.

The relative magnitude of p*p~ and pp° produc-
tion changes in the vicinity of 0% ~ 1 GeV?, suggest-
ing different p-pair production mechanisms at low and
high Q2.
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