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We describe the performance of a large solid-angle (2 sr) time-of-flight system used in conjunction with the Split Field Magnet
sectrometer of the CERN Intersecting Storage Rings (ISR). The system consists of a hodoscope of 67 scintillator counters, at a
zstance of about 5 m from the beam intersection. The ISR being a coasting beam machine, contrary to the tightly bunched e*e”
rachines, the event time is unknown and therefore a special analysis procedure for particle identification is required.

We illustrate a powerful statistical method which allows the identification, with more than 90% efficiency, of pions up to
bout 1 GeV/c, kaons up to about 1.4 GeV/c, and protons up to about 2 GeV/c.

i. Introduction

In many colliding beam machines now in opera-
tion, a large fraction of the particles produced turns
out to be of low momentum, say below 1.5 GeV/c.
This suggests that the time-of-flight (TOF) technique
is a powerful particle identification method. When
the interaction time is not known with sufficient
accuracy (i.e. from the machine radio-frequency), the
standard TOF technique requires the measurement of
the difference between the traversal times of the same
particle across two scintillator counters separated by
several metres.. This requirement is in conflict with
the need to cover a large solid angle, particularly
when, as is often the case, the operation of scintilla-
tor counters (i.e. photomultipliers) near the interac-
tion region is unpractical due to the presence of a
strong magnetic field.

In the following we will describe a statistical
method that has been implemented to identify par-
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ticles produced in proton—proton interactions at the
Split Field Magnet (SFM) facility of the CERN Inter-
secting Storage Rings (ISR), using a large solid-angle
(2 sr) TOF system for the time measurement, and the
SFM wire chambers’ detector for the geometrical
reconstruction and the momentum measurement (see
fig. 1).

It is not the aim of this paper to describe the con-
struction details or the characteristics of the associ-
ated electronics of such a system of counters. It s
sufficient to point out that it consists of 67 scintilla-
tor counters (2 X 40 X225 cm®) viewed by one pho-
tomultiplier at each extremity [1].

2. Description of the method

2.1. Definition of the variables

Let us consider the schematic counter arrangement
shown in fig. 2, and a typical event consisting of g
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AN

Fig. 2. A schematic view of a typical n-track event: C = time-
offlight counters; V = interaction vertex.

tracks hitting counters Cy, C,, ..., Cy; Iy, Iy, ..., 1, are
the lengths of the trajectories from the common ver-
tex V to the impact points Zy, Z,, ..., Z,; and p;,
P2, ..., Py are the relative momenta. (All these quanti-
ties are given by the reconstruction program, and will
e considered as known.) The encoding electronics,
shown in fig. 3 for one counter, records on the time-
to-digital converter (TDC) the time difference
between a “start” signal ¢, independently provided
(in our case, by the trigger logic) and individual
“stop” signals (two) for each counter hit. If we call
this time interval 77/P, where 7 refers to the counter
as well as to the track index, and U/D refers to the
two photomultipliers of counter i (symbolically
called “up™ and:*“down”), we can write:

TV = (PP +sPIP 4+ DPI%) — 1+ DSPID), (1)
where:

ts and tP/P are time intervals measured - with

- —= ADC
pMY ECR DELA

sTopY
START
& be ESEKY]
E START.
22 i
8 sTORP
rr_RlGGERL{
LOGIC

off

— ADC

Fig. 3. Electronics diagram associated to each time-of-flight
counter: DISCR = discriminator; PM = photomultiplies.

respect to the proton—proton interaction time,
assumed to be £, =0; £ is the time needed by the
trigger logic to accept the event, while #7/P is equal
to the sum of the particle flight time from the inter-
action vertex to counter C; and of the propagation
time of the light in the scintillator counter from the
impact point to the photomultiplier;

DPIV s the total delay of the electronic transmis-
sion line relative to photomultiplier cPrm.

s,U/D is the delay introduced by slewing effect in
the discriminator of the CH/P signal; such a delay is
in general a function of the number of photons seen
by the photomultiplier, ie. of the pulse height
recorded by the analog-to-digital converter (ADCY:

DS,~U/D is an extra delay of the “start” signal speci-
fic to the counter CY/P TDC. We can express the
quantity t,-U/D, appearing in eq. (1), as follows:

17/P = (13/cB;) +z710)y, (2)

where /; is the particle trajectory length, ¢ is the speed
of light in vacuum, §; is the velocity of such a par-
ticle, z,P/P is the distance of the impact point Z; from
the photomultiplier U/D, and v; 1s the speed of light
inside the scintillator counter C,. Using eq. (2),

expression (1) becomes
TP = (B +@P1Pfv;)
+dP/P 45910 _ ¢ 3)

where dl-U/D =D,-U/D ~DSPIV 54 delay constant. Let
us also define, for each counter, the following average
time:

T;=(I7 +TP)2 =

= GleB) + Lil20) +d; +5;— 1, “)

where L;=z” #zP is the counter length, s;=

¥ +sP)2, and &; = (@ + d?)/2. As can be seen, the
quantity 7; is independent of the track impact point
along the counter. Since the slewing corrections can
be determined and applied, we can include the §; term
in T; and write:

T;=ifcB) + Dy~ 15, ()

where we have defined a constant D; = d; + (L,/2v;)
which is specific to each channel (scintillator counter,
photomultiplier, associated electronics; and transmis-
sion line). A way of determining these constants is
described below.

In expression (5), the time 7, changes from event
to event and is unknown. In the case, however, where
at least two tracks are present in the apparatus —
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which is not a severe requirement for the high mul-
tiplicity pp final states — we can define .quantities,
relating pairs of tracks and being independent of the
event start-time. Namely, we can express the time
relation between two counters, say i and j, as:

ATy =T; = Tj = [(ifeBs) — UleBp)] + (D; — D) . (6)

In this expression the left-hand side is measured. On
the right-hand side, let us call Fij=D; ~ D; the con-
stant relating counters 7 and . If particles 7 and j are
relativistic, we can assume B == @; = | and determine

Fy=(T; = Tp— @ - lc.

The most probable values of the F, ;j distributions, ob-
tained in this way with relativistic particles, have been
determined for each pair of counters and used in the
analysis.

The statistical method that we will describe in the
following is based on the exclusive use of the quanti-
ties (6). The constants D; will therefore always appear
in the form (D; — D;). Because of this, our system of
n counters is completely characterized by the knowl-
edge of (n—1) constants Fj;. Notice that only
(n — 1) elements out of n? of Fy; are independent and
need to be determined, owing to the conditions

Fy=0, Fy=-Fy, Fy+Fy=Fy.

2.2. General solution for n-track events

Let us consider an event with n>2 tracks. Ex-
pression (5) can be rewritten as

T; = (li/cﬁi) — 8 — Fy @)

where g, = t;, — D, and F,;=D, — D; (with Fy, = 0).
The index a, relative to any of the counters, is arbi-
trarily chosen. The quantity g, is in fact, apart from a
constant, the event start-time.

~ The system of # equations such as eq. (7), contain-
ing (7 + 1) unknowns f¢, B, ..., 8, and g,, cannot give
a unique solution. If, however, we require that the
velocity

B = p;/(mf + pF)'2

Is not a continuous variable but can assume only
three values [B(r), B(K), and f(p), obtained by attri-
buting to the particle either the pion, or the kaon, or
the proton mass], then, by assigning a mass configu-
ration to the n particles of the event, we can request a
“best fit” condition and derive the most probable
mass configuration out of the possible NV = 37,

For each event mass configuration G, we can
derive from each track i a start-time value (g,); as:

©ie = Lile@el - T; - Fyy ®)
and therefore compute the weighted average

n

(gade = 21 (o), ¢ /e?]] El (1/e?) ©)

where
e; = [eF, + (ileBD)? e+ (1/eB)? o, + e}, 1> (10)

is the error on g, determination by means of track i,
which is a function of the error on T3, §;, I;, and Fy.
Notice that the error on B; is in fact the error on the
momentum p;, since

Uncorrelated errors have been assumed, and table 1
gives typical values involved in eq. (10).
By means of egs. (9) and (10) we can compute the
x? of each mass configuration € as follows:
R

XE = 2 [, e — (o] el , 1)

and identify the configuration giving the minimum X3
as the best mass assignment for the event. The value
of (X®)min monitors the quality of the event identifi-
cation.

From this formulation we derive a natural defini-
tion of the probability w for a certain track to be a
pion, a kaon, or a proton. This is given by

‘;'_\
Wiln) = £y Pe*(m; =my)| 21Pe (12)

where Pp is the confidence level of X% [with (n—1)
degrees of freedom] and @ is the set of mass confi-
gurations in which particle 7 is assumed to be a pion.
Analogous expressions hold true for w;(K) and w;(p).
From the definition, we obviously obtain that

wi(m) + wi(K) + wi(p)=1.

Table 1

p; Reconstructed tracks are required to have
epi/pi < 30%.

The average epl./p,- value is =3.5%.

ery Intrinsic time resolution of the TOF counters,
typically about 300 ps.

ey Typically about 1%.

eFy; Typically about 60 ps.
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3, Experimental results

Our experiment at the CERN ISR (R415) selected
vents with an electron produced at a large angle and
lentified by means of Cherenkov and electromag-
etic shower counters. Since the latter were placed
chind the TOF counters, the electron time informa-
on was always present in our data. Therefore this
ack was included in the analysis described above,
ith a fixed mass, i.e. m(e), while the mass assign-
ent was operative on all other tracks. Fig. 4 shows
¢ experimental distribution of the (X*)min confi-
-nce level P. This distribution is almost flat (as
pected for a confidence level distribution), apart
om a peak at low-P values which corresponds to
ents where no- particle identification is possible
:cause of the presence of accidental wrong-time
formation.

The behaviour of the maximum particle identifica-
on probability (W ay) is shown in fig. 5, wy .4 being
¢ maximum value between w(m), w(K), and w(p)
or each track. Notice that owing to its definition,
‘max = 5. A peak is present for w2 0.9 in the
iree cases, and we have defined as “identified” the
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Fig. 4. Distribution of x%;, confidence level obtained with
the statistical method.
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Fig. 5. Distribution of the particle identification maximum
probability wi,y, in the three cases: wyyay = win), wipay =
w(K), and w54 = w(p).
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Fig. 6. Momentum distribution of particles produced in pp
collisions at s¥2 =62 GeV and hitting the TOF counters.
Negative momentum values refer to negatively charged par-
ticles.
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Fig. 7. Same as fig. 6, for particles identified as #, K, or p
(Wmax = 0.9).

particles belonging to such peaks. The different
height of the peaks, relative to m, K, and p, is essen-
tially due to the different yield of these particles in
proton—proton interactions [2]. The momentum
distribution of the analysed sample of tracks is
plotted in fig. 6. This distribution is not symmetrical
for positive and negative charge, owing to the.accep-
tance of our apparatus. The amount of identified
particles, with w209, turns out to be 50% of
this sample.

Figure 7 shows the momentum distribution of
identified #, K, and p, which agrees well with the
expectations derived from the resolution level of the
apparatus (see table 1).

As a cross-check of the validity of our method, we
have taken advantage of the presence of the electron
trigger track. Since f =1 for this track, we can com-
pute the event start-time as follows:

8e=ts—Do=(elc) T, ,

where e is the electron track and counter index, and
replace this value in expression (7) to derive the
velocity of any other particle:

Bi =L/ [c(T; +ge + Fep)l .

1000

500

N. of tracks

i

I
0 05 1.0

m (GeV/c?)
Fig. 8. Mass distribution of particles of all momenta, ob-

tained when using the time information of the trigger elec-
tron track only.

Then the mass of the particle can be obtained from
its momentum. Fig. 8 shows the particle mass distri-
bution for all momenta. The same distribution is
plotted in fig.9, when the momentum p<2.0
GeV/c; the 7 contamination in the K and p regions
appears to be appreciably reduced. If we now plot the
mass obtained in this way for those particles having

1000}
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m(Gev/c?)
Fig. 9. Same as fig. 8, for particles having momenium p <
2 GeV/e.
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.10. Same as fig. 8, for particles identified by the statisti-
method (W = 0.9).

qax 2 0.9, as shown in fig. 10, we see that the con-
mination is reduced to a negligible level.

;. Monte Carlo and efficiency evaluation

We have performed an accurate Monte Carlo
simulation, by means of our real events, using the fol-
lowing procedure:

(a) the charged particles of the event are given
the m, K,-or p masses according to the known yield of
hadrons in proton-proton collisions at 62 GeV total
centre-of-mass energy {2]. A good approximation is:
80% of pions, 10% of kaons, and 10% of protons. The
trigger track is kept as an electron.

(b) For each track of measured momentum and
length (p;, /;) and hitting counter C;, we compute

b= il + 5
where m; is the “Monte Carlo” mass, and the time
Ty = (ifcB) + (Ll 2vy)

according to expression (7), in the ideal case where
the start-time is:z, =0 and D; = L;/2v; (i.e. the delay
constants d; are set to zero). Then we introduce a

jitter on T; by generating a value d7; from a Gaussian
distribution with mean value equal to zero and stan-
dard deviation equal to the intrinsic time resolution
of counter i (see table 1), and define the time

Ti* = T, + th

as the measured time of track i. Analogously, we
introduce p; =p; = dp; and IJ =1; + dJ;, using in this
case the errors e, and e, relative to the specitic
track,

(c) We then apply the analysis described so far (in
section 2) to our real events in which each track has
“simulated” momentum, length, and TOF (p*,!",
T").

Figure 11 shows the momentum distribution of
the identified particles (Wpay = 0.9), which compares
well with the real events distribution of figs. 7. The
number of identified particles, compared with the
input number of particles, allows evaluation of the
efficiency of our analysis for each mass assignment.

The efficiency as a function of the momentum
€(p) for pions, kaons, and protons is shown in fig. 12.
Pions are identified up to about 1 GeV/c, kaons up to

1000

500

50~

N of tracks

50

I
4 -3 <2 i 0 | 2 3
p (Gevre)

Fig. 11. Same as fig. 7, for Monte Carlo generated tracks.
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Fig. 12. Particle identification efficiency for =, K, and p, as a function of momentum, shown symmetrically for positive and nega-

tive charge.

about 1.4 GeV/c, and protons up to about 2 GeV/e,
with efficiency higher than 90%.

The efficiency as a function of the wpy,, cut is
shown in fig. 13. With wy,, 22 0.9, 55% of pions and
kaons of all momenta are identified, together with
80% of the protons. Superimposed on the efficiency
curve in fig. 13, we have plotted the corresponding
contamination curve, i.e. the percentage of errone-
ously identified tracks. As can be observed, the con-
tamination is nearly zero for pions and protons, and
only 10% for kaons when w2 0.9, For wy . =
0.7, the contamination for kaons is already 50%, while
the efficiency hasincreased by 10% only. This explains
the choice of the cut at 0.9 in the analysis of our
data.

Finally, in the Monte Carlo simulation we compare
the average start-time distribution ({g,)) relative to
the minimum x? mass configuration of each event,
with the start-time distribution derived from the elec-

tron trigger track (see section 3). As can be seen in
fig. 14, the standard deviations of these distributions
are about 190 ps and about 250 ps, respectively. This
again indicates that the statistical method in which all
tracks are involved improves the start-time determina-
tion accuracy and therefore the identification power
of the TOF system.

5. Conclusions

In this paper we have described an efficient meth-
od for operating a “non-standard” TOF system in a
colliding beam machine (the ISR), taking advantage
of the high multiplicity of tracks in the final state to
improve the system performance.

Technical developments concerning track mea-
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Fug. 13. Particle identification efficiency for », K, and p,as a
function of the cut value applied to wy,,y probability (full-
line curve). Superimposed is the contamination curve
(dashed-ine curve).

Fig. 14. Distributions of the start-time g, derived from the
trigger electron track and of the average start-time (g,)e, ob-
tained with the statistical method for the minimum x2 hypo-
thesis.
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surement accuracy and time resolution will push the
identification capabilities of such a system even fur-
ther. Therefore it will be particularly suitable for
future colliding beam machines (such as LEP), where
the multiplicity will be high and the yield of low-
momentum particles still considerable.
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