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The production of prompt electrons at \/§= 630 GeV has been measured in the p, range 0.5-2.0 GeV/c and the pseudorapidity
range 1.1-1.7, using a ring imaging Cherenkov (RICH) counter installed in the UA2 experiment at the CERN pp collider. From
our measurement of the electron/hadron ratio in the p, range 0.9-1.5 GeV/c we conclude that the total charm production cross
section at\f =630 GeV does not exceed 1.9 mb at 95% CL. As our best estimate we obtain a,,(c¢)=0.68 +0.56 (stat.) £ 0.25(sys.,

exp.) £0.21(sys., theory) mb.

We report results from a measurement of the elec-
tron to charged hadron (e/h) ratio at \/E= 630 GeV
in the p, range 0.5-2 GeV/c, where the semi-leptonic
decay of charm is expected to be the dominant source
of prompt electrons. The measurements were carried
out at the CERN pp collider with a ring imaging
Cherenkov (RICH) counter [ 1] for electron identi-
fication and a two-plane scintillator hodoscope for
triggering and track selection instalied in the UA2 de-
tector [2]. This is the first experiment in which a
RICH counter has been used at a collider. Fig. la
shows the experimental lay-out, with the RICH in-
stalled in one of the twelve azimuthal end-cap sectors
of UA2, down-stream with respect to the proton
beam. The RICH counter covers the polar angle re-
gion 20°-37.5°, corresponding to a pseudorapidity
range 1.1-1.7, and an azimuthal range of 24°.

A closer view of the RICH counter is shown in fig.
1b, which illustrates how the photons radiated by a
traversing electron are reflected by the spherical mir-
ror (focal length 600 mm) to form a ring-image in
the TPC-type single-photon position detector. The
radiator volume is filled with the freon C,F¢ at at-
mospheric pressure, implying a ©t threshold momen-
tum of 3.5 GeV/c.

The = rejection power of the RICH counter was

measured in a test beam at the CERN PS [3] where
two 4 m long threshold Cherenkov counters were
placed in front of the RICH for electron identifica-
tion. The probability that an incoming electron would
be misidentified as a pion by this system (i.e. lack of
signal in both counters) was less than 2x 10~7, Fig.
2 shows the measured probability of misidentifying a
pion as an electron in the RICH as a function of the
beam momentum, for an electron identification effi-
ciency of 48% (closed circles). In the analysis of the
UA2 RICH data the rejection was improved by a fac-
tor of 10 by requiring that the candidate electron track
should be isolated from other particles and have an
energy deposition in the UA2 electromagnetic calo-
rimeter characteristic of a single electron. In total we
get, below the Cherenkov n threshold 3.5 GeV/c, a
probability to misidentify a pion as an electron
smaller than 10~° (open circles) for a combined
electron identification efficiency of 42%. The & rejec-
tion grows worse for momenta above the threshold.
In the analysis of the UA2 RICH data we therefore
imposed the cut p<4 GeV/c. We estimate that with
our analysis criteria the contribution from misiden-
tified hadrons to the e/h ratio in the p, range 1.5-2
GeV/c is at most 1X10~* For p,<1.5 GeV/c the
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Fig. 1. (a) A schematic cross section of one quadrant of the UA2
experiment showing the position of the RICH counter. The out-
going track traverses, in succession, a cylindrical vertex detector
(drift chambers and MWPC’s) in a region with no magnetic field,
the scintillator hodoscope, a toroidal magnetic field, the RICH
counter, three planar drift chambers, a lead-iron converter
(thickness 1.4 radiation lengths) followed by a proportional tube
array (not used in this experiment ), and enters finally an electro-
magnetic calorimeter, divided longitudinally into two compart-
ments (24 and 6 radiation lengths, respectively) for better elec-
tron/hadron separation. Reconstruction tracks in the vertex
detector determine the event vertex which in association with hits
in the three planar drift chambers is used to measure charged
particle momenta. (b) Cross section of the RICH counter in the
UA2 showing the photon detector, the spherical mirror and the
radiator-gas container.

contribution is less than 9X10-¢ and can be
neglected.

Data with the RICH counter mounted in the UA2
set-up were collected during the autumn of 1985. The
electron trigger required signals in both scintillator-
hodoscope planes, in coincidence with signals ob-
tained from “forward” scintillators close to the beam
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Fig. 2. The measured probability for misidentifying a pion as an
electron, as a function of the particle momentum, using: the RICH
counter alone: closed circles, the RICH counter combined with
the calorimeter: open circles.

Table 1
Integrated luminosity and collected number of triggers.

Nominal L dt Number
trigger threshold [ub—'} of triggers
[GeV]

- 7.83 0.06 x 108
0.8 1660 0.6x10°
1.4 2720 0.35x10%

on both sides of the collision region. The forward
scintillators gave a coincidence signal in more than
98% of all non-diffractive collisions [4]. In addition,
the transverse energy deposition measured by the
electromagnetic calorimeter behind the RICH, was
required to be above a certain threshold. Two differ-
ent trigger thresholds, 0.8 and 1.4 GeV, were used.
Minimum bias triggers without any requirements on
the calorimeter energy were recorded simultane-
ously, providing a sample of hadrons for normaliza-
tion purposes. The integrated luminosities for the
three data samples are indicated in table 1.

The data were processed through the UA2 track-
fitting and calorimeter-shower reconstruction pro-
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grams. The fitted tracks were then extrapolated to the
RICH where an attempt was made to reconstruct a
Cherenkov ring at the position predicted for the track.
During further analysis a number of conditions were
imposed on all three data samples:

(1) Event selection requirements:

— One single reconstructed track in the RICH sector,
with segments measured by the vertex chamber as well
as by the drift chambers behind the toroidal magnet,
and with signals in the first two layers of the vertex
chamber,

- a good track fit with a y2 corresponding to a prob-
ability of the momentum fit better than 0.01, and with
momentum less than 4 GeV/c,

- pulse height in both scintillator-hodoscope planes
in the range 0.5-1.35 times minimum ionization, i.e.
consistent with that expected for a single, minimum-
ionizing particle and significantly lower than that ex-
pected for two such particles, and

- the scintillator-hodoscope signal spatially associ-
ated with the track.

These criteria applied in the analysis of the mini-
mum bias sample selected a set of 760 events, each
containing a charged hadron in the p, range 0.5-2
GeV/e.

To indentify events with prompt electron candi-
dates the following additional requirements were im-
posed on the two data samples triggered on the elec-
tromagnetic calorimeter:

(2) Electron identification requirements:

—At most three “noise” signals in the RICH, a noise
signal being defined as a signal which cannot be as-
signed to either a traversing track or to a Cherenkov
ring,

— at least three photons detected within an annular
region of width 20 mm centred at the position of the
Cherenkov ring expected from the reconstructed
track,

- the radius of the circle fitted to the detected pho-
tons consistent with 24 mm, as expected for a f=1
particle,

— the energy deposition in the electromagnetic calo-
rimeter equal to the measured momentum within 4o
and with a leakage into the hadronic compartment
less than 2%, and

— no energy clusters in the calorimeter which cannot
be assigned to the electron candidate.

The probability for a hadron to survive the electron

490

PHYSICS LETTERS B

1 March 1990

identification cuts is indicated in fig. 2 (open circles)
as a function of momentum. The electron identifica-
tions efficiency is a product of the following factors:
(a) Elimination of noisy events: 90%.

(b) At least three photons found: 77%.

(¢) Fitted radius inside 24 £2 mm: 65%.

(d) Calorimeter requirement: 98%.

(e) Unassigned energy requirement: 95%.

All the efficiencies apart from (a) were estimated by
Monte Carlo simulation. The inefficiency due to te
RICH is caused by the requirement of at least three
photons per Cherenkov ring when the average is 4.5
for a track traversing the full length of the radiator,
and by the strict condition on the fitted radius (non-
gaussian distribution with 3 mm FWHM). The re-
sponse of the RICH was well reproduced by the Monte
Carlo.

The criteria under point (1) reduced the two cal-
orimeter-triggered event samples by a factor of about
800, the scintillator hodoscope requirement being
very powerful in rejecting the abundant pairs of close
tracks due to photon conversions. The criteria under
point (2) resulted in a further reduction by a factor
of about 60. The remaining 19 events were scanned
visually to check the consistency of the detected im-
ages in the RICH. In one case ionization signals cor-
responding to two tracks traversing the RICH were
observed — whereas only one track had been found in
the drift chambers behind the RICH. This event was
rejected. In four cases the ionization signals from a
traversing track overlapped the ring image. With this
event topology the probability of misidentifying a
hadron is enhanced. The four events were therefore
discarded. Prompt-electron events where the track
overlaps the ring image do normally not survive the
requirements under points (b) and (c). Therefore,
rejecting the four events introduced only a negligible
additional inefficiency. The final electron sample
consisted of 14 events with equal numbers of elec-
trons and positrons.

The true electron yield was obtained from this event
sample by applying a calorimetertrigger acceptance-
correction, calculated by means of a Monte Carlo
program simulating the response of the electromag-
netic calorimeter, and after correction for the elec-
tron identification efficiency discussed above. This
yield was then normalized to the yield of charged
hadrons in the same p, range, obtained by analyzing
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the minimum bias sample as described above. Since
the analysis requirements based on information from
the detectors common to both the electrons and the
hadrons were imposed on all event samples, no fur-
ther detection efficiency correction was needed to
obtain the e/h ratio.

The measured e/h ratio is presented in table 2 for
three momentum bins 0.5-0.9, 0.9-1.5 and 1.5-2.0
GeV /¢, the first two corresponding to the calorime-
ter trigger with the lower nominal threshold and the
last to the trigger with the higher threshold. The sys-
tematic errors presented in table 2 are due to uncer-
tainties in the electron identification efficiency and
in the calorimeter-trigger acceptance correction. The
latter correction is particularly large for p,<0.9 GeV/
¢ where the trigger acceptance varies rapidly with p,.

To interpret the measured e/h ratio in terms of
heavy-quark production the background contribu-
tions from trivial electron sources must be under-
stood. The background comes mainly from electron~
positron pairs generated by converting photons from
the decays of neutral mesons (mostly n°and 1). Other
sources are the Dalitz decays of n° and 1, the weak
decays of charged and neutral kaons (K.;) and
Compton scattering.

In the first case the electron—positron pair has
practically zero mass. Therefore, the conversion
partner is likely to be found close to the presumed
single-electron candidate. Such events are rejected in
the analysis, partly by the single-track requirement
and partly by the requirement that the pulse height
measured by the scintillator hodoscope in front of the
toroidal magnet be inconsistent with that for two
charged tracks. Events with hits in the hodoscope
which cannot be associated to the track segment
downstream of the magnet are also discarded. Con-

Table 2
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versions occurring after the photon enters the vertex-
chamber region are removed by requiring, for the
candidate track, hits in the two inner vertex cham-
bers. The difficult cases are those where one of the
electrons is lost before the scintillator hodoscope due
to multiple scattering. Many of these events are re-
jected using the calorimeter information since the
second, non-converted photon deposits energy in the
electromagnetic calorimeter.

The above methods eliminate most of the Dalitz
decays as well. However, in this case the mass of the
electron-positron pair is significantly different from
zero which increases the probability for one of the
partners escaping our solid angle before crossing the
scintillator hodoscope.

The weak decays K*»e*+nr°+v and K{ —»e*+
n+v produce single electrons which are difficult to
distinguish from those originating from the processes
D* —e*+X and D°—e* +X. The K¢ decays are re-
moved is they occur outside the beam pipe by requir-
ing for the candidate track hits in the two inner ver-
tex chambers. The charged kaon decays are in most
cases removed by the requirement of a good momen-
tum fit for the candidate track, since this implies a
track pointing at the interaction point.

The requirement of hits in the two inner vertex
chambers also removes background from Compton
scattering occurring outside the beam pipe.

The contribution to the e/h ratio from the residual
background remaining after application of the above
cuts (1) and (2) was calculated by Monte Carlo. The
contribution form n®s was computed using for the
shape of the n° p-distribution the fit by UA2 [4] to
the pp—h+ X data, since this extends to lower p, val-
ues than the pp—nr°+ X fit. The measured ratio 2n°/
(h*+h=)=0.68+0.13 [4] was used to convert the

Measured e/h, Monte Carlo calculated residual e/h from trivial background sources, and e/h after residual-background subtraction, in
units of 10~%. The error quoted are, respectively, statistical and systematic. In the case of the residual background, the errors have been

added in quadrature.

p[GeV/c] (P> No. of e/h(x10%)
events
measured MC residual b.gr. prompt e
0.5-0.9 0.6 4 344+1.7x1.0 4.5 +0.9 -1.0+1.7+14
0.9-1.5 1.1 7 3.7+1.410.5 1.7 £0.4 20+1.420.6
1.5-2.0 1.8 3 7.2+4.1+1.0 0.83+0.26 6.4+4311.0
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residual background e/n° ratio into an e/h ratio. The
contribution from 1’s was obtained using the same fit
for the p,-spectrum. The 1n/x° ratio was taken to be
0.6+0.16 [4]. The K3 and Compton contributions
were calculated to be negligible compared to the con-
tributions from n° and n conversions and Dalitz de-
cays. Fig. 3 illustrates the variation with p, of the
dominant residual background contributions to the
e/hratio. All the cuts (1) and (2) have been applied.
The systematic uncertainty on the sum of all the con-
tributions is about 25%. The total residual back-
ground from n° and 1 conversions and Dalitz decays,
expressed in terms of an e/h ratio, is given in table 2.
THe quoted errors are mainly systematic.

As can be seen from table 2, the measured e/h in
the p, range 0.5-0.9 GeV/c is dominated by back-
ground. In the p, range 0.9-1.5 GeV/c we get after
background subtraction

e/h=[2.011.4(stat.) £ 0.6(sys.) x 10~4,
and in the range 1.5-2.0 GeV/c
e/h=[6.4+4.1(stat.) +1.0(sys.) ] x10~%.

The possible contribution from misidentified had-
rons has been neglected. The systematic error of the
measured value and that of the background have been
added in quadrature,

The above e/h values may be converted into e/=x
using the n/h ratio of 0.68+0.13. Including +0.13
in the systematic error we obtain for 0.9 <p,< 1.5

e/h 19

103 — Tol

-— 10y conversions
--- 7y conversions
- - 70 Dalitz decays

..... n Dalitz decays

107 . —— —

0.5 0.7 0.9 11 1.3 1.5 1.7 13

R

Fig. 3. Monte Carlo calculation of the residual background con-
tributions to the e/h ratio as a function of p,.
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e/m=[3.0+2.1(stat.) £ 1.3(sys.)] x107*,
and for 1.5<p,<2.0
e/m=[9.316.1(stat.) £2.5(sys.)] x107%.

From the e/h ratio we can compute an upper limit
on the total charm production cross section by as-
suming that all our prompt electrons have this origin.
We select the p, range 0.9-1.5 GeV/c, where the
dominant process contributing to the prompt elec-
tron yield is predicted to be the semi-leptonic decay
of charmed particles and the contribution to the e/h
from misidentified hadrons is negligible. For the p,
bin 1.5-2 GeV/c the background from misidentified
hadrons is expected to be non-negligible. For this rea-
son, and since the contributions from J /¥ decays and
semi-leptonic b-decays become increasingly impor-
tant for p,> 1.5 GeV/c, we choose not to consider
these higher p,. On the basis of the Monte Carlo cal-
culation described below we expect that with our
choice of p, interval we should observe about 10% of
the electron p, spectrum from semi-leptonic charm
decays within our solid angle. Taking into account the
semi-leptonic branching ratios and our geometrical
acceptance, this translates into about 0.01% of the to-
tal cc production cross section.

To describe charmed-particle production and semi-
leptonic decay characteristics in our kinematical re-
gion, a Monte Carlo program has been used contain-
ing the quark-antiquark and gluon-gluon fusion pro-
cesses to order a2 [5]. In this program, the hadroni-
zation of the quarks and gluons follows the Lund
string-model prescription [6]. This Monte Carlo was
used to extrapolate our results to the full phase space
and to correct for the restriction in decay topology
imposed by the requirements of a single track in the
RICH sector. After subtraction of background as de-
scribed above and applying the Monte Carlo correc-
tion we obtain for the total charm production cross
section the result

0,01 (€) <0.81 +£0.56(stat.) +0.25(sys., exp.)
+0.24 (sys., theory) mb .

The second systematic error represents the uncer-
tainty in the charm acceptance correction connected
with the choice of the Lund Monte Carlo parameters.

Adding the different errors in quadrature the up-
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per limit corresponding to a 95% confidence level is
Oot(c€)<1.9mb .

Assuming o(bb )~ 10 pb [7] the contribution from
semi-leptonic b decays to the prompt electron signal
for 0.9 <p,< 1.5 was estimated to be 5%. Using the
Pythia Monte Carlo program [8], the corresponding
contribution from decays of the vector mesons p, ®,
¢ into e*e~ was estimated to be about 10%. The ab-
solute errors in these estimates are small in compari-
son to other errors. Neglecting them we obtain

O (€C) =0.68 +0.56 (stat.) £ 0.25(sys., exp.)
+0.21(sys., theory) mb .

Recently Nason et al. [9] have published results of
a full calculation of the next-to leading order ()
QCD radiative corrections to the total cross section
for heavy quark-pair hadroproduction. Based on these
calculations Altarelli et al. [10] have evaluated the
total charm cross section in pp collisions up to \/§= 63
GeV. Fig. 4 shows the results of the same type of eval-
uation now extended to ﬁ: 630 GeV *#'. In this fig-
ure results from the measurements of the total charm
production cross section in pp collisions at energies
up to 63 GeV are plotted as well as our pp point at
630 GeV. The curves in fig. 4 correspond to different
values of the charmed quark mass (1.2<m.<1.8
GeV/c?) and with different values of the A5 param-
eter for the gluon structure function (0.1 <A45<0.25
GeV). Because of the high \/E and the relatively low
quark mass in our case, the cross section is sensitive
to the behaviour of the structure functions in regions
where no direct measurements exist so far. The value
of the scale i at which a,(u) and the parton densities
are calculated is set to 3 GeV. Using lower values for
u like uxm,=1.5 GeV decreases the O(a)+
O(a2) cross sections at \ﬁ=630 GeV by about a
factor of 2. The significant dependence on the value
chosen for u indicates that even higher order correc-
tions are important.

As compared to the O(a?) calculations the intro-
duction of the O(a?) corrections more than doubles
the cross section in the whole \/:v range from 10 to

#1 The calculations were made for us by P. Nason and G.
Martinelli using the computer programs referred to in refs.
[9,10].
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Fig. 4. a(c¢) in hadroproduction. The open circles correspond to
pp measurements [11]. Our pp result is marked with a cross and
the upper limit corresponding to a 95% confidence level, assum-
ing that all prompt electrons originate from charm decays, is in-
dicated. The curves correspond to next-to-leading order QCD
calculations (footnote 1) for pp collisions with the following pa-
rameters, using DFLM [12] structure-functions: a) 45=0.170
GeV, m.=1.2 GeV/c% b) As=0.170, m.=1.5 GeV/c?; c)
A5=0.170, m.=1.8 GeV/c% d) 45=0.250, m.=1.5 GeV/c? ¢)
As=0.101, m_=1.5 GeV/c? In all cases u=3 GeV.

630 GeV. Our cross section at 630 GeV is consistent
with the theoretical expectation although it is clear
that within the present theoretical and experimental
uncertainties no distinction between the various cal-
culations can be made.
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