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Abstract

We summarize discussions concerning the study of B-physics at the SSC. Differ-
ent approaches are considered. The first one corresponds to the collider experi-
ments detecting charged particles with pseudo-rapidity of || < 2.4 whereas the
second method considers the detection of B-mesons in the forward/backward di-
rections (|n| > 2.4). The utilization of external or gas-jet targets are also briefly
discussed.
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1 - Introduction

In the following we will summarize discussions at the SSCL concerning B-
physics that could be investigated in pp interactions. Some of the SSC accel-
erator properties which may be useful for this type of physics are described in
Appendix A. Table 1 presents the cross sections and the production rates ex-
pected at the SSC c.m. energy (/3 = 40 TeV). We also compare these values
with those that could be obtained with an ete™ B-factory. The large number of
BB events in pp interactions will allow the search for CP violation in B decay.
For this discussion we will consider the Bg, Bg — J/$K? decay.

Let us remember that when searching for CP violation effects, one usually
considers a luminosity of L ~ 10%2¢m™ 257! in order to decrease the multiple
pp interaction per bunch crossing (in principle the SSC could easily reach L >
1033¢cm~2571). For minimum bias events this would correspond to an average of
(m) ~ 0.17 pp interaction per bunch crossing and to

P(2) N L N
0 =% B

Here P(m) is the probability of having m interactions per bunch crossing and
is assumed to follow a Poisson distribution. The above values are obtained with
an inelastic cross section of op ~ 100 mb (Ref. 1). By triggering on a specific
signature, however, the fraction of events with multiple interactions is ~ 0.17.

In Section 2 we briefly discuss some aspects of the search for CP violation
in B decay. We will also examine the pc:ssibility that B and B may not be
produced in equal amounts in pp interactions. Then, we will describe the use
of the SSC c.m. energy (40 TeV). For these discussions we will consider two
different approaches. The first one, where the charged B decay particles are
emitted with large emission angles, @ > 10° (0 < © < 90°), corresponding to
the pseudo-rapidity range of |n| < 2.4, similar to the usual collider experiment
projects (Section 3). The second method will be considered in Section 4 where the
B’s are emitted in the forward-backward direction with respect to the beam line.
These kinds of experiments are discussed in order to compare their advantages
with those obtained in the interactions between a p-beam with fixed targets.
Note that in this latter case the bbX cross section (X meaning anything) at
V3 = 0.19 TeV is much smaller than that expected at the SSC collider (see
below). Comments on using external or gas-jet targets are made in Section 5.



Table 1 - The comparison of luminosity (L), charged multiplicity ((_n)), total
(or) and bb (o(bb)) cross sections’. The number of interactions with bb per year

(N(bb)/107 s) as well as the number of interactions per second (Nint/8) are also
given.

SSC |ete™ — T(4S5)
40 TeV 0.011 TeV

L 1032 3 x 10%
em 2571
(n) ~ 115 ~12
oT ~ 120 mb 4 nb
o(bb) ~ 500 pub 1.2 nb
o(bb)/or | ~1/240 ~1/4

N(bb)/107s | 5 x 10*! 3.6 x 107
Nint/s |1.2x107 1.4 x 101

For the discussion of CP violation measurements, we essentially consider the
Bg, Bg — J/¢K? decay. Large statistics concerning this decay channel will prob-
ably exist at the time the SSC begins operation. This decay has, however, often
been studied in order to compare the ete™ B-factory with pp collisions. There-
fore, the utilization of this decay channel can also be useful in the comparison of
the various pp experiments and for comparison with ete” interactions.

2 - Remarks about CP violation measurements
2.1 - General comments

We would like to discuss some aspects of the search for CP violation in Bg
(Bg) decays into self-conjugate states f (f = f). The CP violation causes differ-
ences between the decay of Bg — f and Bg — f. For these decays CP violation
effects are expected to be larger than in other cases??® (f # f). Moreover, the
measured quantities are independent of (unknown) final state interactions.

The mixing phenomena (as well as f = f) require the tagging of the associ-
ated beauty hadrons. In the present discussion, we consider that the tagging is
given by the charge of the lepton (li) in the semileptonic decay of the associated
beauty hadron, B, Ay — It X or B,A, — 1" X. Here A} = bgq (Ap = b3q) repre-
sents a beauty baryon. One of the usual methods of searching for CP violation
consists of comparing the number of [T fX (N4) and I fX (N.) events.



Table 2 - Estimation of the branching ratios Br and the CP violation parameter
sin2¢ (A ~ z4,/(1 + zi,) sin2¢) for some B® decays®. In the first case, the
J/¢ — 11~ branching ratio is contained in Br. For the sin2¢ = 0 case, see
Ref. 5.

Br sin 2¢

B} > J/yK?| ~4107* |0.1-06
B} - DD~ ~1073 0.1-0.6
B - wtn ~ 1075 0.2- 0.8
BY - p%k? |510°"-510"%|0.2—0.8
BY - DfD; ~21072 0

BY - J/vé ~ 51073 0

BY - pOk% [ 1075—-10* {0.1-08
BY > KtK~ ~ 51077 0.3-0.8

The CP violation effect would then be observed if the asymmetry parameter

_ Ny—N_

A=—"
Ny +N_

£0.

Fig. 2.1 indicates the number of I fX events necessary to detect a given asym-
metry with three or five standard deviations?. The total number of BB events
is obtained by taking into account the branching ratios and the efficiencies for
detecting the decaying channels. The complications due to the mistagging of the
decay leptons are discussed in Appendix B.

Table 2 gives estimates of B branching ratios (Br) and CP violation effects
for some decay channels®. In this Table, CP violation is given by sin 2¢ where

Tds .
A~ : 2¢ ,
1+z3,, sin 2¢

24 , being the mixing parameters of the Bgy , mesons. We also show some examples
of BY — f decays where no CP violation is expected in the framework of the
standard model®. This happens when f = f, and b — ¢ (or b — ). In any case,
the B?, B? — IfX channel has to be measured in order to see if sources from the
non-standard model are responsible for CP violation. Note that the study of B?
decays will be particularly suitable at the SSC as the pp — bbX cross section is
expected to be large (Table 1) yielding ~ 10! B? (and/or BY) per one year of

running.



2.2 - Unequal B and B production

One difficulty expected in pp interactions is that P and B may not be pro-
duced in equal amounts. It was suggested®~® that there are essentially two mech-
anisms which may lead to unequal amounts of produced B and B (N(B) and
N(B)). The first one involves the combination of produced b or b with the quarks
of the incident beam particles. This could correspond to b quarks emitted with
small transverse momentum’™® (pr < 5 GeV/c). In this case one expects that
N(B*)/N(B~),N(B3)/N(BJ) > 1. The second mechanisms is expected to be
observed for b quarks with large pr (pr > 5 GeV/c). In this region the structure
functions will increase the production of u quarks. Then the process g — bb may
lead to additionnal B = bu production. This effect is expected to be smaller
than the first one®.

In order to have an estimate of the N(B)/N(B) ratios we used the PYTHIA
Monte Carlo program®. For the SSC (/3 = 40 TeV) or LHC (/5 = 16 TeV) c.m.
energies we generated about 10° pp — bbX events in order to have small statistical
errors on the N(B)/N(B) ratios (Table 3). With fixed targets (/3 = 0.19, 0.12,
for the SSC and LHC beam-proton collisions, respectively), only ~ 5 x 10° pp
events were generated. For all the estimates we used events where only one bb
pair was produced.

To reduce the event generation time, we did not use gluon ”splitting” in
the PYTHIA program. This means that we neglect the two gluons produced in
the final state, where one of them fragments into a bb system. We implicitely
assume that the pr distribution of the B mesons is not changed by neglecting
the "splitting” graph. To verify our estimates we also generate ~ 8 x 10° events
by taking into account gluon ”splitting” resulting in only ~ 3.7 x 10* bb events
at /s = 40 TeV. The value of the ratio N(B)/N(B) = 1.013 + 0.010 is not in

contradiction with our result given in Table 3.
We also give, in Table 3, the N(B)/N(B) ratios for different types of B
mesons. One sees from this table that
N(BY)  N(BY) _ N(BY)
N(B~) = N(B3) ~ N(B)) "

We also note that N(B?)/N(B?) tends to be smaller than 1, in contrast to the
other cases. Moreover, the deviation of N(B)/N(B) from the value 1 decreases
when /s increases. Practically, the B and B appear to be produced in equal
amounts at the SSC c.m. energy. In Table 4 we present the various N(B)/N(B)
ratios in different B transverse momentum intervals using the PYTHIA program.
We see that in most cases N(B)/N(B) tends to increase with pr.



Table 3 - The ratios of the the number of B and B (B/B) produced in pp
interactions estimated with the PYTHIA Monte Carlo programs.

v3s, TeV| PYTHIA

B/B 0.12 ]1.021 4+ 0.001
B*/B~ . 1.129 + 0.002
BY/B) - 0.992 + 0.002
BY/B° - 0.757 + 0.004

B/B 0.19 |1.023 + 0.001
B*/B~ . 1.104 + 0.002
BY/B) - 1.005 + 0.002
BY/B° - 0.812 + 0.004

B/B 16.0 [1.004 + 0.001
B*/B~ - 1.013 £ 0.002
BY/BY - 1.002 + 0.002
BY/B? - 0.980 + 0.003

B/B 40.0 |1.003 + 0.001
B*/B~ . 1.009 =+ 0.002
BY/BY - 1.001 + 0.002
BY/B? - 0.993 + 0.003

For the present estimates we do not use the ISAJET program® where the
independant fragmentation processes lead to N(B)/N(B) = 1 (this was verified
by generating ISAJET events at the various /s cases).

2.3 - Discussion

The study of the time-dependent rate of B’ — f decay can also be uti-
lized in searching for CP violation effects!?. In this case the investigation will
(practically) not depend on the relative amounts of B and B production®. Exper-
imentally, however, the time evolution measurement of the BY — f decay will be
difficult®. One must also emphasize that unequal amounts of B and B production
could also lead to some advantages®. Without any tagging the time-dependent
rate of Bg’a — f and Bg,, — f can be written as



Table 4 - The ratios of the the number of B and B (B/B) estimated with
PYTHIA in various pr (GeV/c) ranges of the B mesons.

Vs, TeV|0<pr<25[25<pr<5|5<pr<10| pr>10

"B/B 0.12 10.990 + 0.002 | 1.029 + 0.002 | 1.080 + 0.004 | 1.079 + 0.019
B*/B~ - 1.109 + 0.003 | 1.134 4 0.003 | 1.167 + 0.005 [ 1.251 + 0.028
BY/B} - 0.957 + 0.004 | 0.999 + 0.003 | 1.061 + 0.006 | 1.000 + 0.028
BY/B? - 0.701 + 0.007 | 0.773 + 0.007 | 0.854 + 0.011 | 0.844 + 0.053
B/B 0.19 10.990 + 0.002 [ 1.025 + 0.002 [ 1.074 + 0.003 | 1.058 + 0.012
B*/B~ - 1.080 + 0.004 [ 1.105 + 0.003 | 1.145 + 0.005 | 1.091 + 0.018
BY/BY - 0.967 4 0.004 | 1.008 + 0.003 | 1.060 + 0.05 |{1.071 + 0.018
BY/B? - 0.761 + 0.007 | 0.813 + 0.007 { 0.890 + 0.009 [ 0.912 + 0.034
B/B 16.0 | 0.988 + 0.003| 1.002 + 0.002 | 1.009 + 0.002 | 1.011 + 0.003
B*/B~ . 0997 + 0.004 |1.013 + 0.003 | 1.022 + 0.003 | 1.011 + 0.004
BY/B) - 0.987 4 0.004 | 1.000 -+ 0.003 | 1.005 4 0.003 | 1.014 + 0.004
BY/B? - 0.964 + 0.007 | 0.973 4 0.005] 0.983 + 0.005 | 1.000 + 0.007
B/B 40.0 [0.995 +0.003 | 1.000 + 0.009 | 1.09 + 0.002 | 1.004 + 0.002
B*/B~ - 1.000 =+ 0.004 | 1.009 + 0.003 | 1.016 + 0.003 | 1.000 + 0.004
BY/B) - 0.996 + 0.004 | 0.994 + 0.003 | 1.004 + 0.003 | 1.006 + 0.004
BY/B? - 0.978 + 0.008 | 0.984 + 0.006 | 0.997 + 0.005 | 1.010 + 0.006

dN(Bgya - f)
dt4,

dN(B3, — f)
drg,

N(B3,) - N(B},)

N(B},)+N(BS,

x [1 — A n sin(zg,7a,)]

A=

Here 74, is the meson decay time in lifetime units expressed in the Bg,
1)

frame whereas n = sin 2¢ is the CP violation parameter. Thus, the observation
of an oscillation in the time evolution of the B® and B? decay would indicate CP
violation. Such an effect will, however, be difficult to measure for 4 x n < 0.03
(Ref. 6). Cuts on the B transverse momentum might be useful to increase A
(see Table 4). As no tagging procedure is needed for this method one could,
eventually, consider larger luminosities (L ~ 103}¢m~257!) in oder to increase

rest
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the statistics. In any case, further studies must be made in order to evaluate the
usefulness of the above effects.

The N(B)/N(B) ratio is important for searching in CP violation in pp in-
teractions. Based on PYTHIA, it appears that the amounts of B and B appear
to be almost equal at y/a = 40 TeV. Clearly, the N(B)/N(B) ratios have to be
measured by using decay channels where CP violation effects are not expected.
The comparison of B¥ — D**(2010)xtx~ =", DO(D°%)p*, T/ K* events could,
for instance, give an estimate of B¥/B~. In any case, the B/ B measurements
would require a large number of events. We also notice that B? decays could be
measured easily, as some of their branching ratios are expected to be large. The
search for CP violation in some of these cases would allow a test of the standard

model.

3 - B mesons in the central region
3.1 - Remarks about the central region

At /s = 40 TeV, the pp — bbX cross section is predicted to be large (o (bb) ~
500 pb, see Table 1) and could thus give access to investigation of B-physics. In
the usual collider projects!!12, charged particles will only be measured if their
(laboratory) emission angle is larger than ~ 10° (corresponding to 7 < |2.4]).
Even in this case, the number of pp — bbX is still large. This is shown in Table 5
which compares the number of BBX events obtained in one year of running
where the charged particles from B decays are emitted with © > 10° and with
1 < © < 10° (the forward cone, see below). We also see that the average charged
multiplicity (n) for 55X final states is not too large.

Table 5 - The number of bbX events in one year of running for various cases.
The average charged multiplicity (< n >) is also indicated for pp — bbX events.
(n) | N(bb)/107 s
No cut - ~ 5 x 1011
®>10° |~52{~28x10!
1>0>10°|~30| ~5x101°

In future SSC experiments!!"?, the search for Higgs is also based on the
detection of muons having large transverse momentum or momentum and emitted
with |n| < 2.4. This type of trigger could also be sensitive to some B decay
channels. In particular, one could investigate the possibility of detecting the
decay B} — J/ K with J/ — ptp~ and K5 ntn™.

7



3.2 - The B} - J/$K? decay

The study of this channel is useful in the search for CP violation in the
BY,BY — J/yK? decay. The branching ratio used is ~ 1.9 10~5 with J/p —
ptu~ and K? — xtr~. The associated beauty hadron is tagged with the
B,Ay —» utX and B,Ay - =X decays. Figure 3.1 presents the detection effi-
ciency of the pp - BBX — 3uX reactions by applying transverse momentum or
momentum cuts on 1, 2 or 3 muons calculated with the ISAJET program. For
these calculations we assume that the K? has to decay in a cylindtrical volume
around the beam line, having a radius R < 1 m.

To get an estimate of the number of J/YK%uX — 3un*tn~X events in one
year we used the efficiencies given in Table 6. For the present discussion we
used an overall efficiency of 0.6 for tracking and identifying a muon. This value
is an estimate often used in the SDC project discussion. With a luminosity of
L = 10%%¢m~2571, a cross section of o(bd) ~ 500 ub and the total efficiency
given in Table 6 (3.7 10™?%), one expects to obtain ~ 1850 p.'ﬁu.'p.iK?X events
per one year of running. As can be seen from Fig. 3.1, a pp > 5 GeV/c cut
for the 3p (without momentum cuts) will decrease the efficiency, leading to only
~ 250 events per year. Note that for the 3un*7~ X final state, one could perhaps
envision larger luminosities (L > 1032¢m=25~1). This is because the longitudinal
dimension of the interaction diamond (o; ~ 5 cm) may allow us to separate
some of the double interactions per bunch crossing. This might decrease the
wrong identification of the muon tag.

We also estimate the background in the identification of the pp — 3uK 9X
sample. The background muons could be produced by the b — pu, ¢ — W pro-
cesses, and from the 7+ — p*p and K+ ptv decays. For direct charm pro-
duction we use the following cross section ratio, o(pp — céX)/ o(pp — bbX) ~ 4.
The background was estimated by using generated events having a utp~ com-
bination with the J/v¥ mass with a mass resolution of +50 MeV and where
the reconstructed J/v with a K9 in the event gives the B mass (within +50
MeV). An additional background is due to real J/ that are not produced by
the Bg — J/¢K? decay channel. We assume that these J /¥’s are essentially
due to direct or indirect decay of the B meson (B — J/%X and B — x.X with
Xc — J/¢¥X'), yielding a cross section of o(pp — J/¥X) ~ 11 ub. The direct J /v
or x. production were not taken into account as they decay near the interaction
point. With the above assumptions, the signal to background ratio is S/B~1.2.

Note that an asymmetry parameter A used for measuring CP violation will
be decreased by a factor of S/(S+B)~ 0.6. In order to see the limit of the
measurement of the CP violation parameter (sin2¢) one has also to take into



Table 6 - Acceptance for the beauty hadrons decaying into ¥ K 94X where the
charged particles are emitted in the |y| < 2.4 region. We assume that (b -

BY)/(d — all) = (6 — BJ)/(b — all) = 0.38. Here O(y, K?) represents the
opening angle between the J/¢ and the K 0

(b — BY) or/and (b — BY) production 0.62
Br(Bg - YK > ptu, K? > wtr™)| 1.9 x 10~
Br(b— puX) 0.12
3u with |n| < 2.5 0.34
3. with p > 5 GeV/c 8.4 x 1072
3u with pr > 1.5 GeV/c 0.88
K? with |p| < 2.5 0.91
K? with pr > 1 GeV/c 0.87
K9 decayingin R<1m 0.81
c0sO(y, K9) > 0.9 0.77
Efficiency of tracking and p identification (0.6)3
Total efficiency ~3.7%x107°

account the dilution effect appearing in the muon tagging. Appendix B suggests
a somewhat different method?!? for estimating the dilution factor!* related to the
B — uX tagging. In this case, the asymmetry parameter is related to the CP
violation parameter (A = D x sin2¢) with a value of D ~ 0.13. For this calcu-
lation, unknown B, A branching ratios have been estimated, while punchthrough
and muons from 7 and K decays were not taken into account as they depend on
the detector. Kinematic cuts could certainly increase D but will also decrease
the number of events. In any case, detailed investigations have to be made for a
given experiment.

4 - B mesons in the forward/backward region
4.1 - General remarks

Because of the rather flat rapidity distribution of the particles produced at
V3 = 40 GeV (Fig. 4.1 obtained with a Monte Carlo calculation), the angu-
lar distribution of the B-mesons is strongly peaked along the beam direction
(dN/cos®p ~ 1/sin?0©p dN/n, where N is the number of events and ©p the
B emission angle). A forward/backward detector will thus measure a significant
fraction of the B’s produced in pp interactions.

9



In order to evaluate the sensitivity of a forward /backward experiment we will
consider the following decay channels:

BS,BY — J/yK]
B),B) - ptu™ .

The first decay allows a comparison between a forward /backward experiment and
a central one. The BY, BY — utp~ decay channel is sensitive to deviations from
the standard model’® and could also give information about B? mixing®®. As
discussed below, a measurement of this branching ratio could be attempted with
events where the B%’s have large momentum.

Let us first discuss the general features of the B and B production obtained
with the PYTHIA Monte Carlo program®. Figure 4.2 shows the BB opening
angle, @(BB). One sees that a large number of BB events have a small ©(BB)
angle. For small © g emission angle, most of the B’s and B’s are emitted with a
small opening angle (see for instance Ref. 4). This means that most of the B’s
and B’s tend to be emitted in the same forward (or backward) direction.

Figure 4.3 presents the average B momentum ({(pB)) as a function of Omaz.
Here O,4¢ is the maximum © angle of the charged B decay particles with respect
to the beam line. In this figure a minimum emission angle of Oin = 1° is used
in the Monte Carlo calculation to take into account the beam-pipe cut. For
the present discussion we will only consider the so-called forward cone, where
1 < © < 10°. We see from Fig. 4.3 that (pp) ~ 300 GeV whereas the momentum
distribution of the charged tracks is given in Fig. 4.4. These rather large values
might facilitate the B reconstruction and the identification of events where the
tagged B — pX channels have p’s with large momentum. This could facilitate
the triggering. Note that the large(pp) ~ 300 GeV/c is comparable with the
fixed target case!” ((pp) ~ 445 GeV/c). In both cases (pB) is larger than the
value expected in a collider experiment where || < 2.5 ((pB) ~ 23 GeV/c).

In Fig. 4.5 we present the efficiency for obtaining B mesons in the forward
cone as a function of n, the number of B decay tracks (full line). We also indicate
the efficiency obtained if, in addition, the p tag of the associated B or Aj (B or
Ap) enters into the same cone (dashed line). We see that the efficiencies do not

depend strongly on n.

4.2 - The B} — J/¢YK? channel

Before discussing the properties of a forward spectrometer, let us estimate
the efficiencies for detecting the J/¥ K? events. Here we will consider muons

10



Table 7 - Acceptance for the beauty hadrons decaying into Y K%uX. Here
we consider the cases where the 3y, the 77 and 7~ are emitted in the forward
direction (1 < © < 10°, one side only).

(b — BY9) or/and (5 — BY) production 0.62
Br(BY - ¢K?, ¥ - ptp~, K} - ntr™) 1.9 x 10°°

Br(b - pX) 0.12
3u with 1 < © < 10° 4.5 x 1072

3u with p > 8 GeV/c 0.77

3u with pr > 1.5 GeV/c 0.28

K% with1 <0 <10° 0.85

K? decaying with I < 5 m 0.80

Efficiency of tracking and u identification 0.8
Total efficiency 7.4 x 1079

having a momentum larger than 8 GeV/c and pr > 1.5 GeV/c. Table 7 give the
efficiencies for events where the 3u and the 7% from the K9 decay are emitted
in the forward direction. We assume that the K can decay in a distance to
the interaction point of I < 5 m. The efficiency given in Table 7 corresponds to
~ 3700 events, about 2 times larger than the prediction obtained in Section 3
for the central region. Here, however, the background is larger as one obtains an
estimate of S/B~ 0.3. If one takes into account a mass resolution of +25 MeV,
instead of +50 MeV, as obtained in the example discussed below (Section 4.4)
one would obtain S/B~ 1.2. In any case, detailed investigations have to be made
in order to evaluate the possibility of decreasing the background.

4.3 - The B? — ptu~ decay

Theoretically, Br(B? — u*u~) is estimated to be small, namely ~ 107°
(Ref. 15). Therefore, the essential difficulty in identifying these events will
be due to the large backgrounds. The dimuon background can be due to the
following processes:

bb — y,+p,_

bb — cE — p,+p,—
cc—ptp”

Drell — Yan p pair

m and/or K decays into p .

11



Let us roughly estimate the signal to background ratio (S/B) expected in the
B? — ptu~ decay channel. For the influence of the Drell-Yan process we used the
PAPAGENO Monte Carlo program?®, whereas for the other cases we utilized the
PYTHIA program. Based on these calculations, we noticed that the background
can be decreased by considering only charged particles having a momentum p >
5 GeV/c and a transverse momentum pr > 1 GeV/c. The momentum cuts
essentially decrease the contribution of muons due to v and K decays while the
pr > 1 GeV/c cut decreases the background due to the processes bb — ptp~
and bb — c€ - ptu.

Thus, with 1 < © < 10°, p > 5 GeV/c and pr > 1 GeV/c, one obtains
S/B~ 7.6 10~5. We assumed that the BY (or BY) production rate is 0.14 with
respect to all particles containing a b (or a b) quark. A background rejection
factor of at least ~ 4.8 10% is needed to obtain a workable S/B~ 1 ratio. This
means that the detector must have yu detection and BY vertex reconstruction
adequate to obtain this level of background rejection.

4.4 - A forward spectrometer concept

An illustrative example of a forward spectrometer (see Fig 4.6) is discussed
here (see also Ref. 19 and 20). The vertex detector is comprised of silicon hy-
brid pixel detectors described in Appendix C, while the geometry of the vertex
detector is described in Appendix D. A dipole magnet (20 KG) has been used
to measure the momentum of the B decay tracks, and particle identification of
these decay secondaries is accomplished with a Cherenkov Ring Imaging Detec-
tor described in Appendix E. Appendix F describes the muon counters and a
number of triggering possibilities. The proposed geometry enables one to detect
and identify charged tracks emitted within the forward cone (1° < © < 10°),
corresponding to 2.4 < n < 4.7.

A number of issues must, of course, be addressed:

— effects of radiation damage on the vertex detector,
— geometry of the beam pipe,

— reconstruction of the primary interaction vertex,
— spatial resolution of the displaced vertex,

— triggering,

— effects of the dipole on the collider,

— momentum and mass resolution.
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Radiation at small radii is known to be severe.?! At a radius of 2 cm from the
beam line, a dose rate of 10 MRad per year is expected with a luminosity L =
1033¢m—25s~!. The forward spectrometer needs a luminosity L = 1032¢m=257!
thus decreasing the radiation level.The design goal for the pixel detector hybrids
is to harden them to 10 MRad. For added safety, the present vertex detector

design calls for the minimum radius Rpyin to be 2.5 cm.

There are many beam pipe designs for forward physics and the selection of
the optimum design will have to await detailed Monte Carlo calculations. In this
exercise, a conical design shown in Fig. D.1 has been selected which limits the
material placed in the path of the B decay secondaries to a 0.5 mm membrane
of beryllium placed perpendicular to the trajectories of interest.

The decay vertex detector is comprised of a series of 13 disks placed per-
pendicular to the beam line. Each hybrid placed on these disks is envisioned
to be 1 ¢m square, having pixels which are 50 pm x 150 pm. For the present,
we impose the condition that all tracks must pass through at least four detector
disks. Later Monte Carlo calculations may find that this is too conservative for
the two dimensional readout structure proposed.

The minimum detection angle ©@,;, for the B decay tracks, and the mini-
mum radius Rmin result in a minimum longitudinal length of the vertex detec-
tor L(cm) > Rpmin/tan(Omin) or 143 cm. Our chosen geometry is a bit longer
(300 cm), to account for the finite size of the interacting bunches, to allow a long
enough measurement lever arm to retain spatial resolution for the most forward
angles, and to allow for our present lack of a detailed simulation.

The necessity of measuring B decay tracks at angles on the order of 1° affects
the longitudinal resolution of the decay vertex detector, and complicates the
vertex reconstruction of the produced B mesons. The transverse resolution of
the vertex detector is a function of the perpendicular distance of the track from
the beam line and its transverse momentum. The transverse momentum of B
decay tracks in this spectrometer is ~ 2 GeV/c, nearly identical to that expected
in low 7 collider experiments, resulting in nearly identical impact parameters as
well. For tracks emanating from all decay sources, for example, Fig. D.3 presents
the transverse and longitudinal resolution as a function of emission angle © (and
transverse momentum P;) for tracks having a total momentum of 13.6 GeV/c.
For B decay tracks, typically, the transverse resolution is less than 25 um and the
resolution in the beam direction (z) is better than 350 um. For these estimates,
it is implicitly assumed that the disk alignment is stable to a fraction of the

resolution in the transverse plane.
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The interaction vertex is identified and reconstructed using charged particles
produced in the pp interaction with small || values (© around 90°). A series
of three small cylinders, also comprised of hybrid pixel detectors, measures its
position. The orientation of the hybrids in this portion of the detector is such
that the short dimension of the pixel is along the beam direction. Because of the
small size of the SSC beam (radius of about 1.5 um), one has only to determine
the z-position. For each track whose total momentum is greater than 2 GeV/c a
resolution of better than 20 um is obtained.

In this spectrometer design, a gas Ring Imaging Cherenkov Counter is used
for particle identification (Fig. 4.6). This counter, using a C3Fg gaseous radiator
of modest length (about 4 meters), allows:

— m/K separation from 3.5 to 95 GeV/c,
— e/m separation up top 29 GeV/c,
—~ p/m separation from 2.6 to 19 GeV/c,
at the 40 level. Additional details of this counter are also provided in Appendix D

A conventional dipole magnet having a field integral of 60 KGauss-meters is
proposed as the analyzing magnet. Decay particles having a total momentum of
less than 1.8 GeV/c will not exit the magnet. Thus, it is prudent to include in
the design a tracking system which measures particle trajectories, within as well
as exterior to the magnet. Appendix G estimates the B-meson mass resolution
expected for the type of detector discussed above. Estimates are made for Bg
decaying into two (B — w*x~) and four (B} —» D°K* — 2K+27~) charged
particles for various detector parameters.

The lepton identifiers, the electron and muon counters, have not been spec-
ified yet. Their depth and segmentation must be determined only after careful
study. A discussion of triggering and some thoughts on muon counters are pre-
sented in Appendix F.

5 - Experiments with fixed targets
5.1 - Advantages and disadvantages

The fixed-target experiments have some advantages, although the c.m. en-
ergy with the SSC beam is rather small, /s = 0.19 TeV. At this c.m. energy, the
pp — bbX reaction is estimated to be o'(bb) ~ 2 ub, much smaller! than the cross
section at the collider (~ 500 ub). Fixed target experiments can be done in two
ways: with an external target or with a gas jet. They have several advantages,
namely:
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— the larger momentum of the outgoing tracks leads to better momentum
resolution* (multiple scattering is decreased),

— the large momentum of the produced B’s allows them to pass through
planes of detectors before decaying,

— the high momentum of the leptons coming from the B — IX decrease
triggering difficulties,

— the lower multiplicity of charged particles will decrease the background for
the reconstruction of B mesons ({n) ~ 17 for pp interactions).

There are also disadvantages, such as:

— the produced particles tend to be emitted with a small angle (with respect
to the beam line), complicating the B reconstruction,

— the collimation of the outgoing tracks requires the construction of a vertex
detector with a precisions of a few microns,

— the large average particle momentum makes particle identification more

difficult,
— the o(bb) cross section is small, yielding a large background.

Note that for an external target, the construction of a detector is simplified be-
cause plane geometry can be used. In addition, there is no beam pipe obstructing
the interaction region.

Let us discuss some aspects related to the background and the charged mul-
tiplicity appearing in pA collisions (where A denotes the target nuclear mass
number). For a hydrogen target one has:

bb
RA=1)=200) L
CTin 21000
Using o(bb) ~ 2 pb and an inelastic cross section, oi = o1 — ¢ ~ 41 mb

(Ref. 1), while the elastic cross section, o¢; ~ 9 mb has been roughly estimated
by extrapolation of the actual data. The background is expected to be large since
in ~ 2 x 10* events, there will be only one ~ bbX event. Note that this R value
is much smaller than the value expected at the SSC collider (~ 1/240, Table 1).
By using pA collisions, this ratio increases as the inelastic pA and pp — bbX

A and o4(bb), respectively) are given by??

cross sections (o,

o(bb) = 74%0)

15



The Gin and a(T) have been measured?®?* with p beams. The QCD models
predict that a(b) = 1 (Ref. 24), although recent experimental results (charm
and YT(nS) production?®?%) indicate that a(b) could be smaller, but close to
one. Experimental results indicate that for charm production, 7/Fin ~ o(c€)/oin
(although &;n > 0in). We assume that this type of relation is also valid for bb
production. One has then:

R(4) = a4(5b) 0(1.75) « 42®)-a(T)

a{‘i Tin

Practically, the utilization of a nuclear target will be useful if a(b) > 0.9.

Note, however, that the average charged multiplicity on a nuclear target,
(n(pA)), is larger than that obtained in pp interactions, (n). The experimental
data indicate that?3:27

(n(pA)) L1+
(n) — 2

Here 7 = Aoy /a{},_is the average number of collisions of the incident particle in
the nuclear target?®. Using o(T) = 0.72 (Ref. 23) and a(b) =1, one has

(n(pd)) _ 1+ 40
(n) — 2 )

5.2 - External target

The utilization of an external fixed target for studying pA — 55X reactions
have been proposed!”. An external beam of at least 10%p/s would be necessary in
order to search for CP violation in B decay. The possibility of having an external
beam at the SSCL is now under investigation (see. Appendix A).

As discussed above, the utilization of targets with large atomic number will
lead to an increase of o4(bb) and R(A). However, the (lint)/ (lrqq) ratio will also
increase with A. Here (li:) and (l,44) are the average interaction and radiation
lengths, respectively, of a given target. This implies that an increase of the
number of showers in a target may complicate the event analysis. As an example
we present in Table 8 the number of 55X events obtained in one year (N(db)/y)
and the number of inelastic pp interaction produced per second (Nint/s) for
various targets with a length of (l;n:)/10 (along the beam direction). One sees
that for all these targets, Nint/s ~ 107 (similar to the collider case, Table 1)
while N(bb)/y ~ 10'°. This later value is an order of magnitude smaller than
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Table 8 - The number of bb produced in one year of running (N (bb)/y) and the
number of inelastic interactions per second (Nin:/8) for various external targets
assuming an external beam of 10° p/s. The targets have a length of (lins)/10
(along the beam interaction). Here (lint) and (l;q4) are the average interaction
and radiation length in a given target. We also give R(A), (n(pA))/(n) and some
P(m)/P(1) ratios. The P(m) represent the probability of having m interactions
per bunch crossing.

Be Si Cu W

A=9 | A=28 | A=63 | A=184
(lint), em | 40.6 45.5 15.0 9.6
(lygd), cm | 35.2 9.4 1.4 0.35

Nint/s 9.810% | 107 | 1.1107 | 1.1 107
N(bb)/y | 8.810° | 1.310% |25 10 |2.3 10%°
P(2)/P(1) | 81072 |8.5107%|8.5107%| 91072
P(3)/P(1) |1.11073[4810°%|4.8107%]| 6 10~3
(n(pA))/(n)| 1.43 1.77 2.10 2.65
R(A) 1/11K | 1/8.1K | 1/6.4K | 1/4.8K

Table 9 - The estimates of N(bb)/y, (n(pA))/(n) and o(bb)/oin for various gas
jet targets having a length of 0.2 cm (along the beam direction) and P(2)/P(1) =
0.025. This leads to Nin:/s = 3.1 10° (and to P(3)/P(1) =4 10~%) for all cases.
For each target the number of atom per cm?® (Ngi/em?®) and the luminosity (L)
are also given.

H Ar Xe
A=1 | A=40 | A=131
Nat/em3 8.110'|5.7 1013 |2.4 1013
L, em~2s~1 |7.110% 5.0 103 }2.1 10%
N(bb)/y 1.410° | 3.9 10° | 5.510°
(n(pA))/ <n > 1 1.90 2.46
o(bb)/cin 1/21K | 1/7.3K | 1/5.2K
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that obtained in a central collider. For a forward experiment, N(bb)/y is sim-
ilar to the external target examples. In Table 8 we also give the (n(pA))/(n)
and R(A) values. Assuming that the external beam would have the same time
structure as the collider we also evaluate the P(2)/P(1) and P(3)/P(1)) ratios.
As defined above, P(m) represents the probability of having m interactions per
bunch crossing with the fixed target. The P(2)/P(1) values are of the order of
8.5 1072, In searching for CP violation, this value may be too large if the external
beam has a small size (this is different for the collider case where the interacting
region has a length of ~ 7 ¢cm along the beam direction).

As the average decay length of the B meson is of the order of (Ig) ~ 3 cm,
the target thickness has to be smaller in order to detect the B decay vertices. For
Si and Be, for instance, several foils would be necessary. The fact that the target
is made of various plates leads to advantages!? and also to some disadvantages.
For example, a secondary interaction might complicate the measurement of the
B decay vertices. For the time being, further investigations?® are being carried
out in order to determine the best target and vertex detector.

5.3 - Gas jet target

At the SSC, an expression of interest3? for the utilization of a gas jet has
been presented. The advantages of a point source target have also been dis-
cussed. At the SSC such a gas jet could be placed in a region where the p beam
pipes are separated by a distance of ~ 80 ¢cm. Such a distance will facilitate
the construction of the target device as well as the spectrometer (for the LHC
expression of interest®!, this distance is considered to be ~ 18 c¢m). In principle,
the interaction of the p beam with a gas jet target can occur with large lumi-
nosities as the beam intensity at the SSC should be ~ 4.4 10}"p/s. However, the
luminosity has to be limited in order to avoid multiple interactions per bunch
crossing. This is important for a point-source form of target, used to search for
CP violation in B decay (decay and tagging). For the following examples we use
P(2)/P(1) = 0.025. This corresponds to Nin:/s ~ 3.1 10%, with a target length of
0.2 cm along the beam line, and to (m) ~ 0.05. Table 9 indicate the luminosities,
and the number of atoms per cm?® needed for several gas jet targets. The values
of N(bb)/y ~ 10° are smaller by a factor of ~ 10 than those estimated for a beam
of 10%p/s interacting with an external target. In these cases, however, showers
produced in the gas jet are negligible.
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6 - Summary

We have discussed several possibilities for studying B-physics at the SSC.
We began our discussions by considering the search for CP violation in B decay.
We considered the complication of unequal amounts of B and B production that
could appear in pp interactions. Based on actual Monte carlo programs such
effects appear to be negligible at the SSC c.m. energy. Experimental possibilities
were considered for the following cases:

1) collider experiments where the charged particles are emitted with pseudo-
rapidities of |n| < 2.4 (the central region)

2) forward experiments where the charged particles are emitted between 1 and
10 degrees

3) experiments where the 20 TeV/c p-beam interacts with fixed targets (ex-
ternal or gas jet target).

The first two points were compared using the search for CP violation in the
decay of Bg,Bg — J/YK® — ptpu~wtx~. Here, we considered tagging made
with the b,b — uX semileptonic decay. Thus, the number of pp — J/¢ K oux —
3untn~ X events were estimated with a luminosity of L = 1032em 2571,

The kinematic cuts used for the central region are given in Table 6. Using in
addition, an efficiency of 0.6 for muon tracking and identification, we obtained
a rough estimate of ~ 1850 3urt7r~X events per year of running. The muon
momentum cuts were considered as a triggering possibility for the events. The
condition that the effective mass of one u*u~ be compatible with the J/v mass
mass could also be envisionned for the triggering.

One advantage of forward particle detection is that the B meson will have a
large momentum (pg). In the 1 < ® < 10° cone we obtained an average of (pg) ~
300 GeV/c. This large value will simplify triggering and the reconstruction of
the B meson. We note that this (pp) is close to that expected in an experiment
with a fixed target ((pp) ~ 445 GeV/c in Ref. 17). One must also remember
that the cross section ratio o(bb)/oin ~ 1/240 is much larger than the values
obtained with a fixed target (for instance one has ~ 1/8100 for a Si target).
Using p > 8 Gev/c for the 3 u’s and the rough efficiency estimates given above,
one obtains an estimate of 12200 3unt 7~ X events/year (with L = 103%2cm~2s71).

In the framework of the present discussion we made some suggestions con-
cerning the qualities of a forward spectrometer. We considered the characteristics
of pixel vertex detectors, CRID’s, and muon detectors. Triggering methods in a
forward spectrometer were also discussed.
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We have also mentioned advantages and disadvantages of interactions with
fixed targets (point 3). For an external target, a beam intensity of at least
10%p/s would be necessary in order to search for CP violation in B decay. About
~ 10!° pp — bbX events would then be expected per year (~ 10 times less
than in the central the collider case). With a gas jet target, there is no diffi-
culty in obtaining bbX events, as the intensity of the internal SSC beam is large
(4.4 1017p/s). However, multiple interactions per bunch crossing will complicate
the analysis, as the gas jet target appears as a point-source. This might, for
instance, complicate the identification of the correct muon tagging. A decrease
in the luminosity could be obtained by decreasing the gas jet density. Assuming
that the ratio of two interactions per bunch crossing to one is 0.025 for minimum
bias events, one produces 10° bbX events per year (~ 10 times less than the

external case).
In summary, the SSC provides an excellent opportunity for studying B-
physics. Interest has already been shown by a large number of physicists. As

discussed above, cost effective detectors may be designed to study the B mesons
produced in pp collisions. The present studies must be extended to optimize the

designs of the detectors.
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Fig. 2.1 - The number of IfX events necessary to detect a given asymmetry A
with 3 or 5 Standard deviations. The curves are only valid for 4 <0.9.



. E (@)
— S
ZEL L
POTE L
H 100 = el
SRR RERE NN
104O | 8 16 24
py (GeV/e)
- (b)
O N EO LR U
%10'1 %—_—‘AA‘ 2#
210-2%— ‘A‘nfﬂ '
Eﬁmﬁé—
el
1040 l 8 16 24
p (GeV/c)

Fig. 3.1 - The detection efficiency of pp — 3uX for a pr cut (a) or a p cut (b)
on 1, 2 or 3 muons.



240 | ]
wn 200
=) o
Z o
>.1 -
o~ o
< 120 .
& -
E 80
= -
< 40 -
0 o ] 1 I 1 ]
0 2.5 5 7.5 10
Inl
Fig. 4.1 - The pseudo rapidity (In]) distribution of the B meson produced in

/2 = 40 TeV (full line). The same distribution (dashed line)

pp interactions at
cks are emitted in the 1 < © < 10° cone.

where the B decay tra



2400

2000

1600

1200

800

ARBITRARY UNITS

400

T lleTlUlllllljlllllllllll"]

lllllll

-0.8 -04 O 0.4 0.8

Fig. 4.2 - The cos ©(BB) at /3 = 40 TeV, ©( BB) being the BB opening angle
(obtained with the PYTHIA Monte Carlo program).



GeV/c

<pPB >,

800 — —

600 — —

400 — —

200 — —

Omaz, degrees

Fig. 4.3 - The average B momentum ((pg)) as a function of ©,,,,. Here O,
is the maximum accepted angle for the charged B decay tracks. The Monte Carlo

calculation was made with a minimum angle of 1°.



1200
1000
800

600

400

ARBITRARY UNITS

200

O lllllllll —4‘-‘.-“-LJI__LJ_LJ

0 40 80 120 160 200

P(GeV/c)

Fig. 4.4 - The momentum distribution of the B decay tracks emitted with
1< 0 <10°.



012 E
> -
&) -
Z o [ ]
2 o008 E
&) Al N
ol - !
= - v !
R ol
= 3 T --
0.04 | LT e
= L
ol vt vt 1
0 4 8 12

Fig. 4.5 - The efficiency of detecting B mesons in the forward cone as a function
of n, the number of B decay tracks (full line). The dashed line is the efficiency
where, in addition, the p due to the associated BB — pX decay enters in the

cone (dashed line).



AL B B B B B my e ey e e I N N 1 T T T T 77
L e"CTR20 X,
Hadron
i PLAN VIEW [] Absorber
3~
10°
21.8 GeV/c Passes |
- Z CRID /
] Tracking Dipole 60 kGm
1
10
O ot -
A Vertex Detector Beam Stay- L
T Pixel Disks clear 0-2.5 cm T
e N A I A AR L1 1 4y | N N I A
0 4 8 12 16
2-92 Meters 7072A14

Fig. 4.6 - An illustrative example of a forward spectrometer which highlights

its main features. The muon detector is not shown.



Appendix A

Accelerators Issues

* Several questions related to the accelerator design and performance for study-
ing B-physics have been considered. Some of these questions will be discussed
here.

1 - Collider experiments
a) The luminosity

In the first phase of collider operation, a luminosity of L = 1038em 2571

is forseen. A static change of L can easily be accomplished by increasing §*
from the design medium range (10 m) to a large value (100 m), corresponding
to a luminosity of 1032¢m %571, Dynamically, i.e. during the run, L could be
decreased by enlarging the beams in the transverse dimension (oz,y =5 pum).

b) The bunch spacing

It might be advantageous to have more time between the bunch crossings
(now 16.7 ns). This allows detector signals time to settle and to have the system
cleared before a new event occurs. Normally, a change in the bunch spacing
would be effected in the injector system, affecting all the other interaction regions
(decreasing an effective luminosity). Another way of increasing the bunch spacing
in one experiment (to 170 ns, for instance) while not affecting others, is to move
electrostatically 9 out of 10 bunches in the transverse direction. A deviation
of 2.5 um would shift the mean of the transverse beam position by a total of
10 o(z,y). This leads to a decrease of L by a factor of 10° for the nine out-of-
focus bunches. A detailed study is under way to determine the feasibility of this
method. In any case, the main difficulty is that the 20 TeV beam is very rigid,
and one must collect the moved bunches at the end of the drift region.

¢) The dimensions of the intersection region (IR)

The drift length in the interaction region will be +£120 m for medium lumi-
nosity IRs. This dimension is large enough to avoid restrictions for the overall
detector layout.

2 - The fixed target

An external 2 TeV/c beam is planned for 1996, near the high energy booster

(HEB) at the West Campus. Due to the overall layout of the collider abort lines,
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the utilization of 20 TeV/c beams will not be possible in this area. At the East
Campus, however, the possibility of having fixed target facilities with a beam of
20 TeV /c will be investigated.

3 - The gas-jet

It is believed that there will be no degradation of the collider beams during
a gas-jet experiment. One must keep in mind that the two colliding beams are
separated by 80 cm in the region where a gas-jet experiment would be carried
out.

Reference

1) Site-Specific Conceptual Design, SSCL-512-1056 (1990).
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Appendix B

Dilution Effects

" The difficulties of comparing the number of ITfX (N4) and I”fX (N_-)
events in a given experiment in order to search for CP violation in B?, B f
have been discussed* (the quoted references are those given in the text). Here f
is assumed to be a self conjugate state (f = f) while the tagging of the associated
beauty particle is given by the charge of the lepton (li') in its semileptonic decay
(B - 1tX, B - 1™ X). For simplicity we will consider semileptonic decays into
muons.

A CP violation effect in the decay will be observed if

_Ny—N_

A“N++N_

£0.

The number of events N = N + N_ necessary to observe a given asymmetry A
with s = A/A A standard deviations is then given by

Practically, the measured A value is affected by a dilution effect due to the
mistagging of the muon!®1%. Here we use a somewhat different approach to
estimate the dilution for hadron-hadron interactions at large c.m. energy!® (for

instance, /s > 0.1 TeV).
The muon mistagging can be due to:
1) the mixing of B or BY (BY or BY) before decaying into muons,

2) the cascade b — ¢ — u (b — & — u) where the u has the opposite charge
of the b — u (b — u) decay,

3) the u’s coming from other decaying particles (K, «...),

4) the punchthrough in the detector (particles identified wrongly as muons).
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The first case leads to the prediction given by!3:

B nzd( tpa) + n(zq + z, + ncy
Sl PRI O ) P el

A

Here n = sin2¢ is the CP violation parameter. The py, pa, Ps, and pa quantities
are the production rates of the B, Bg, BY, and A, respectively, and taken as:

P+ :Ppd:Ps:pA=0.38:0.38:0.14:0.10.

The mixing of the Bg" is given by the z4, parameters related to the mixing by:

= N(B3, — Ba,) 1 =i,
“*=N(By, - BJ,)+N(B}, - B}, 21+s},
N(B§, — Bg,)
ﬂd,a = S 2 =1 Qad s

N(Bg.a - Bg,a)_*_N(Bg,s - Bg,a) B

(as above, N denotes the number of events). Based on the actual experimental
data one has ag ~ 0.16. For the BY mixing one usually uses a, ~ 0.5 as one
expects that z, > 8. Note that by tagging only charged particles, one will have
an asymmetry parameter Ay = nzg/(1 + :1:3), while in the general case

A=A4 x077 = sin2¢ x 0.35 ,

using z, = 8 and the production rates ratios given above.

Let us now discuss the effects due to the mistagging of the muons (cases 2
to 4). In practice one will measure an asymmetry parameter Ay, containing also
the effects due to the mistagging of the muons. Assuming that the true (wrong)
number of events is represented by N§ (NY), one has

_ N§+N¥-N°— N
m = N, y

where N; represents the total number of (true and wrong) tagged events. The
real A value and the fraction of wrong tagging (w) are here defined by

_N{—- NS¢ NY-NY
" NS+ NS¢  NY+NY

Ny+NY . N{+ NS
W= —————=1—-

- ’

Nt N,

A
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yielding thus, A, = A(1 — 2w). For an estimate of w we do not use here cases
3 and 4, which depend on the detector of the experiment. Using the branching
ratios of the beauty and charmed hadrons given in Ref. 13 one obtains from the
cascade decays, w ~ 0.31. This corresponds to

Ay~ Ay x 0.77 x (1 — 0.62) = sin24 x 0.13 .

With these approximations and the number of events estimated in the central
region (Section 3.1), the minimum value of |sin2¢| that could be observed with
three standard deviations after two years of running would be |stn2¢|min ~ 0.31.
For the events appearing in the forward cone, one has |3in2¢|min ~ 0.15 (two

years of running).

In the present discussion the cascade decay (b — ¢ — pu) appears to be
important. Kinematical cuts could decrease this effect but will also decrease the
number of events with Bg decays. Further investigations must be made for a
given experiment, as cuts will depend on the detector properties. In that case
one has also to estimate the mistagging effect due to muons coming from K and
m decay and to the punchthrough effect.
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Appendix C

Pixel Detectors

" Silicon PIN diode array hybrids have been discussed in the literature of the
SSC for a number of years!'?, These devices are ideal candidates for vertex
detectors which can reconstruct secondary vertices close to the primary inter-
action point. They are radiation hard, have fast response time, and have fine
multiple particle resolution. Pixel arrays provide three-dimensional coordinate
information with fine spatial resolution both along the beam direction and in
the transverse direction. This high resolution information allows fast algorithms
for track identification and pattern matching in a low occupancy environment.
This allows a reduction in the number of detector elements, when compared
to microstrip detectors, thereby reducing detector mass. They are intrinsically
radiation resistant because detector leakage current and its associated noise is
partitioned among a very large number of pixel elements. The very high sig-
nal to noise ratio, at least 100:1, provides both robust performance in the SSC
environment and allows room temperature operation.

The Generic Detector Development R&D program funded by the SSC Lab-
oratory saw the first implementation of these hybrid arrays in the detection of
high energy particles, although they had been in use for many years for infra
red and x-ray detection. The Pixel Detector Collaboration®* was established to
develop a vertex tracking capability utilizing improved versions of these hybrids,
specifically for experiments at the SSC. Progress reports on these developments
for the years 1990 and 1991 have been submitted to the SSC Laboratory.

A brief summary of the development effort is described in this appendix and
in the references and progress reports mentioned:

— A prototype of a single pixel cell of a proposed array has been designed and
fabricated in a non-radiation hard CMOS technology, and has successfully
demonstrated a noise level of less than 200 electrons. The pixel dimensions
are 50 um x 150 um.

— An array of these pixels which is 32 x 64 has demonstrated the concept of
time stamping, i.e., correlating the time of arrival of a particular hit with
the pulse height and address of the hit.

~ A radiation-hard version of the SSC pixel cell has been designed and fab-
ricated in an SOS/CMOS process. It is presently being tested.
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— A more robust, radiation hard pixel cell design with autonomous opera-

tional characteristics has been designed and fabricated. Preliminary tests
generally meet performance goals.

— Ideas for low-mass mounting and cooling of the vertex detector elements

based on low-mass ceramic foams have been developed.

During the next few years, a vigorous research effort in this state-of-the-art
vertex detector technology will be continuing. The short term goals of this effort
would be to:

— complete the process of selecting a radiation hard technology so that a

10 MRad hard array can be demonstrated,

produce a large array with a simple peripheral architecture based on our
existing 32 x 64 array. This array would be about 1 c¢m? in area, and would
have pixels which are 50 um by 150 um.

continue the radiation testing of rad-hard arrays, and the beam testing of
all new arrays as they become available
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Appendix D

Preliminary Design of a Vertex Detector

1 - Introduction

A number of proposals have been advanced for the study of B physics in pp
interactions at the SSC. In this section, a preliminary design for a vertex detector
for use in a forward spectrometer is presented. A forward spectrometer for the
detection of B’s is an attractive idea for many reasons:

— The forward direction contains the lion’s share of the Bs produced,

— In the forward direction there is a high probability that both the B and the
B will be produced in the same angular region,

— The forward boost may make the detection of leptons (muons) easier, and
potentially provide a lepton trigger for the Bs,

— The small angular region of interest should translate to a more affordable
experiment.

2 - The Preliminary design specifications

1. The vertex coverage is to be in the angular region from 1-10° to the beam
line.

2. The vertex detector is to be in a field-free region.

3. For the purpose of this exercise, a minimum of four detectors (disks) are
placed along the trajectory of each particle, each giving a three-dimensional
space point. When more details are known about the fill factor of each
detector array, and the packing fraction of arrays onto each disk, a Monte
Carlo calculation will refine this number.

4. Cost is a consideration. Wherever possible, modularity of design is to be
attempted.

5. To reduce multiple scattering, mounting and cooling techniques should em-
ploy state-of-the-art, low-mass materials. Ceramic foam has been chosen
in this example.

Figure D.1 is a schematic of the vertex detector. It covers the angular cone
of 1-10° to the beam axis. It employs 13 disks spaced along the beam line, and
three 10 c¢m long cylinders about the central region having radii of 3, 4, and
5 ¢m. All of the disks have a 2.5 cm radius cut from the center. Eight of the
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disks have a 10 c¢m outer radius while the remaining five disks have an outer
radius of 8, 8, 6, 6, and 5 cm respectively. The area coverage of these thirteen
disks is about 3,700 ¢cm?. It is proposed that we mount pixel detectors whose
area is approximately 1 em? on these disks. The pixel arrays are those described
in the preceding appendix. The pixel size is 50 um x 150 um. As research
progresses, detectors having a small square pixel size (< 50 um on a side) may
become available.

The inner dimension, 2.5 cm, has been chosen conservatively. At a luminos-
ity of 10%3crn—257! there would be a radiation dose rate of about 10 MRad/year
at a radius of 2 em. This figure does not include ”loopers” since this is a
field-free region. However, this experiment is envisioned to run at a luminos-
ity of 10%2¢m =257, Thus, at a radius of 2.5 c¢m, the dosage would be less than
1 MRad/year. If the arrays are radiation hardened to 10 MRad, this figure would
appear to be conservative.

As for neutron damage, the forward region does not have a calorimeter sur-
rounding it, and there is no issue of “albedo” neutrons. Nevertheless, the number
of neutrons produced in the forward region is high. Figure D.2 is a curve of neu-
tron flux as a function of pseudorapidity (7). At design luminosity, the number of
neutrons per cm? per year is! 4 x 1014 (at n = 5). At our luminosity this number
is down by an order of magnitude. Furthermore, the bulk of the detector is at
n < 5. At these levels the PIN diodes will be effected. They will tend to undergo
type inversion. However, recent studies seem to indicate that there is life after
type inversion?. With this in mind, it is wise to develop a mounting technique
which allows the inner radius of the disk to be replaced every so often with new
arrays. A brief calculation will demonstrate quickly that this will be necessary
to only a few of the arrays, and does not represent a large expense.

3 - A Few rudimentary resolution numbers

Precise vertex resolution is essential for doing B physics at the SSC. In the
absence of multiple Coulomb scattering, the spatial resolution of a track at a
vertex is:

d=o+v/nS/L,

where o is the intrinsic spatial resolution of the detector, n is the number of
planes, S is the distance from the vertex to the first plane, and L is the distance
from the first plane to the last crossed by the track. For the geometry shown in
Figure D.1, a track will cross four or five detectors. The arrays will be rotated so
that on average two of the arrays will give resolution consistent with the small
dimension of the pixel (50 pm) and two of them will give resolution typical of
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the larger dimension (150 um). The resulting spatial resolution per track at the
vertex is less than 5 um.

In the forward direction, the largest contribution to the error in determining
the vertex position will, of course, come from multiple Coulomb scattering. This

cqntribution, in a plane, is:
d(um) = 8.0R(cm)/Py(GeV/c) ,

where R; is the perpendicular distance of the track from the beam line. This
error pertains to the amount of material found in a 250 um thick silicon hy-
brid detector. This detector will have PIN diodes 200 pm thick, and readout
electronics back-thinned to 50 um. The detector hybrid is mounted on a boron
carbide (B4C) foam support which has been foamed to 3% of its nominal density
(Xo = 600 cm). Since Beauty decay particles have transverse momentum (Py) of
between 1 and 2 GeV/c, this source of error can be on the order of 24 um for a
track traversing a single array and having a P; of 1 GeV/c. For tracks traversing
all four arrays, at approximately equal spacing the vertex resolution will be only
slightly improved, since the error from the latter disks, which will be intercepted
at larger R; will be larger.

To do B Physics, it is essential that “d” be much less than c7 for Beauty
(about 300 pm). Thus, the disks must have their inner radius as close to the
beam line as possible. In this design, Rpin has been chosen to be 2.5 cm. More
detailed Monte Carlo calculations on beam line details may allow for a smaller
inner radius as radiation problems become better understood. As Rmin decreases,
vertex resolution gains linearly.

A plot of vertex resolution versus the angle of the track is found in Fig. D.3.
The horizontal axis is measured in degrees. For a track having a total momentum
P of 13.6 GeV/c, the axis can also be labelled in units of transverse momentum

P; as shown.

4 - The beam pipe

The beam pipe design plays an important role in minimizing multiple Coulomb
scattering. The conical design, shown in Fig. D.1, has been selected for ease in
analysis. Many beam pipe configurations are possible, and the optimum is un-
certain at this time.

In this design, a 0.5 mm thick beryllium tube having an inner radius of 1.5 cm
begins to taper to a radius of 2.5 cm. The taper begins at z = 7 ¢m and reaches
a 2.5 c¢m radius at z = 14 em. At this z position it steps back to 1.5 em in

33



radius, and begins another taper back to a 2.5 cm radius, which it reaches at
z = 24 em. This process is repeated, producing additioral steps at z = 40, 66
and 110 em. Thus, all of the particles of interest pass through a vertical disk of
0.5 mm beryllium, except for those at exactly 6°, 3.6°, 2.2° and 1.3°.

- If this were a single 0.5 mm thick tube of beryllium having a 1.5 cm radius, it
would withstand an outside pressure of about 26 atmospheres. As it is tapered,
and is not a perfect tube, additional mechanical calculations must be done before
making the walls thinner. At this thickness, and using the above design, the error
in the determination of the decay vertex is increased by about 30 um for a particle
which crosses the beryllium at an R; of 2 cm and which has a P; of 1 GeV/c.

By choosing the inner radius of the beam pipe to be 1.5 cm, one allows for an
aperture filling beam during injection, and guarantees that any beam scraping
will occur elsewhere in the machine.

This vertex detector design is one which highlights the various sources of
error and attempts to minimize them. The primary source of uncertainty is
not measurement error, but is multiple Coulomb scattering in the beam pipe
and the detector disks. Measurement error is kept small by using small pixels,
and ensuring that the extrapolation distance is always less than or equal to the
distance over which we make the measurement. As for multiple scattering, one
must await detailed calculations and simulations before proposing to use thinner
detectors, supports, and/or beam pipe. The use of pixel detectors, however,
results in the minimization of the overall mass of the vertex detector, and thus,
the multiple scattering error is minimized as well.
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Appendix E

Cherenkov Ring Imaging at the SSC

1 - General comments

Cherenkov ring imaging Detectors (CRIDs) were first proposed by Ypsilantis
and Sequinot! to aid in the identification of particle masses. Reference 2 shows
an example of such an application in an SSC experiment.

To identify pions and kaons in B physics experiments, one needs Fast Cherenkov
Ring Imaging (Fast CRID). The momentum distribution of the B decay particles
in the region 1° < ©® < 10° is presented in Fig. 4.4. Most of these particles have
a momentum smaller than 100 GeV/c.

The maximum momentum P4, that allows two particles having masses m;
and my to be separated by n, standard deviations is given by the following
approximate relation:

P LNo(mf — ml)
maz 2(%(%‘)nam ’

where N = NgLsin20. and O, = cos~1(1/Bn). Here n is the index of refraction
of the medium, L is the length of the detector and N is the number of photo-
electrons on the Cherenkov ring. Ny is a “figure of merit” related to the detector
design and A®./O, is the resolution of the Cherenkov angle. N can be calcu-
lated given Np, L and n. The above equation is valid only for large v and for
the case that the detector pixel spatial resolution is of the order of 1 mm or less.
In the following estimates, a number of very conservative assumptions have been
made rather than employing ”best-ever figures”. Furthermore, it should be em-
phasized that a detailed Monte Carlo calculation must be made to demonstrate
the final effectiveness of CRIDs in particular physics channels. The Cherenkov
angle resolution is typically dominated by chromatic errors, the change of the
refractive index n with wavelength. Typically, one obtains A®./0, = 3 x 1073
for gases such as helium, CF4, C2Fg and C4F19. However, the high multiplic-
ity environment at the SSC may enlarge A®./0O, due to extra hits on a ring
caused by overlapping rings and high occupancy. We, therefore, take the more
pessimistic number of AO./0O, = 1072. In the calculation of Ppqgz it is tradi-
tional to choose n, = 3. Again, due to the confusion and high multiplicity at
the SSC, all momentum estimates use n, = 4. In this embryonic design, a CRID
with a gaseous CyFg radiator operating at normal temperature and pressure is
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proposed. The counter uses spherical mirrors at its downstream end to focus the
UV photons back onto a photon detector at the upstream end of the counter.
The photon detector will be placed as far away from the beam line as possible to
avoid radiation damage. The length of the counter L has been chosen to achieve
an N of about 30 photoelectrons. For C;F¢ radiator this means a length of about
4 meters assuming a modest Ny of about 50 cm™1. Again, Ng = 50 em™lis a
rather conservative figure: the actual calculations for the embryonic design show
that one should be able to achieve more than 75 em~!. An initial configuration
of the spectrometer should assume one such CRID placed downstream of the

dipole.

2 - Single electron detection considerations

The photon detector must have a high efficiency for conversion of the UV
photons. It must be fast, it must survive very high doses of charged radiation,
and it must be compatible with a very long length radiator which causes a loss of
photons due to gas absorption. This last requirement eliminates the possibility
of using TEA as a possible photosensitive gas.

Presently there is very active research studying the various types of gaseous
and solid photocathodes?=®. In particular, the work using CsI photocathodes
with adsorbed TMAE on the surface appears to be promising. The CsI+TMAE
photocathodes are found to have a quantum efficiency higher than TMAE loaded
gaseous photocathodes, namely > 35% in a photon energy window between 6 and
7 eV (Ref. 4). The photocathode is deposited on the cathode surface which has
been divided into a pad structure. An example of a gaseous-photocathode would
be 80% CF4+20% iC4H10+TMAE (60°C, Ref. 7). Electrons liberated from the
photocathode can be amplified either on the wires? or in a parallel plate structure
(PPAC)S'G. We have chosen the more conservative design, that of an amplifying
structure described in Fig. E.1. It has a quartz window on which are deposited
cathode strips to define voltages. Amplification is done on anode wires placed
0.5 mm away from cathode pads to get sufficient coupling efficiency.? For single
electron detection, wire amplification is preferred compared to PPAC because it is
less prone to sparking in extremely noisy environments.” The Cherenkov photons
are converted to electrons using a solid photocathode made of a CsI+TMAE
layer deposited on the cathode pads. The induced signal on the pads is then
used to localize the UV photon. The detector gas is either CH4+iC4H19 or 80%
CF4+420% iC4H 19 mixture to provide good quenching. However, one should stress
that the solid photocathodes are probably more fragile when compared to gaseous
photocathodes (such as TMAE, TEA, etc.). More studies of aging and sensitivity
to other kinds of damage must be made before an engineering proposal can be
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made. The detectors must operate at as low a wire gain as possible to achieve

their maximum usable life.

The detector can be read out by pixel electronics® or VLSI electronics as de-
scribed by Arnold et al? In the former case, in order to match the pixel dimension
to the detector pad structure, a special adapter must be developed or a modified
readout produced. It is important to note that the use of a pixel array enables
the time stamping of the Cherenkov ring. Even if the rings overlap those from
non-interesting tracks, they can be eliminated by the use of the time information.

3 - Separation

Pnaz is the momentum that allows 40 particle separation. Prip is defined to
be the momentum that results in half the number of photoelectrons in a typical
ring. Using an Ny of 50 em~! and a length L = 400 cm, one can achieve the
following results for the Cherenkov counter:

w/K e/m e/u
PraalGeV/c] | 95 | 29 | 19

Threshold 3.5 {12.0 | 2.6 [0.0125
Pmin|GeV/c] [4.9 | 17 [13.7
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Appendix F

Triggering Considerations

1 - Introduction

Various triggering signatures on bottom production are considered for the particular
case of correlated BB production in the forward direction. Recommendations are
made for a possible configuration of a trigger that is applicable to the generic design
of a forward spectrometer. Lack of a detailed Monte Carlo simulation renders some
aspects of the discussions qualitative, but an attempt is made to quantify the rates
at the level of orders of magnitude.

Even though the cross section for BB production is by some estimates as high
as 1/300 of the total cross section at the SSC, triggering requirements are quite
strict because the highest possible rate is desired in order to fully exploit the high
luminosity. For studying CP violation, large statistics are required in a few, specific
decay channels of the B-meson that typically have very small branching ratios.
Efficient tagging of the partner B-meson flavor puts further constraints on the decay
channels. Even though the ultimate limit to the rate of triggered events may well
come from the detector components, an effort has been made to fully maximize the
rate capabilities of the trigger. A “loose” trigger, desirable from the standpoint of
simplicity, is not likely to provide the necessary rejection of backgrounds so that
the data acquisition rate can be matched. Dilution effects further raise the level
of statistics required, and also demand suppression of backgrounds to the tagging
channel. This also implies that the trigger should not be too biased, in order to allow
for enough statistics to study the topology of background events and implement
effective off-line cuts. The problem of triggering is approached with the additional
constraint that the detector geometry is sensitive only to a correlated production
of the BB pairs in the forward direction. '

A conservative approach for triggering on B-production would be to consider a
variety of signatures, and to implement a strategy that exploits these signatures in
various logical combinations and levels. In the following, various options and their
respective advantages and drawbacks are discussed.

1. Semileptonic decay channel This is a conventional method for triggering on
heavy quark production, because of the relatively high semileptonic branching ra-
tios. Tagging one of the pairs of heavy quarks for its flavor quantum number is an
essential part of the physics analysis for studying CP violation; the leptons prove
convenient for this purpose as well. However, a threshold cut on the Pr of the
lepton is usually required, which lowers the efficiency of the trigger. In addition,
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the electron channel suffers from an enormous background that is the result of con-
versions of photons from pion decays—most heavy quark experiments have silicon
detectors for front-ends, and it is difficult to reduce the amount of material beyond
a minimum of typically a few millimeters of silicon. However, a pretrigger based on
electromagnetic Pr deposition, in conjunction with a higher-level prompt electron
identification trigger, may be feasible.

2. Transverse energy deposition This technique has been employed successfully
in fixed-target experiments that studied charm production. It has the attractive
feature of being the least biased, while still enhancing the signal-to-background
ratio. However, it is too “loose,” and results in an undesirably large data set with
a large burden on the off-line analysis. It is expected that at the SSC, limitations
on the rate of data acquisition would result in a high threshold for the deposited
energy, thereby cutting out a large fraction of signal events. This method also
necessitates the inclusion of a hadronic calorimeter in the detector design, which
may not be absolutely essential for measuring the final state particles. Hence, at
best, the inclusion of a crudely segmented and instrumented wall that acts as an
absorbing shield for the muon detector can be recommended, in order to provide
a fast pretrigger. The threshold can be set so that it provides a rejection level of
the order of 10 to 100 over minimum bias interactions. As mentioned earlier, an
electromagnetic Pr pretrigger may serve the same function for a large fraction of

the events.

3. Strangeness trigger Cascades of B-decay will have a kaon in the final state
in most of the cases. Any design of a spectrometer for studying B-production is
almost certain to include a particle identification detector, specifically for K/x/e
separation. It is quite likely that the detector will be a Ring Imaging Cherenkov
Counter (RICH). Considerations of rate make it seem likely that a RICH will have
to be operated so that it is gated by a first-level trigger. Hence, even though it may
be possible to implement fast algorithms combining tracking and RICH information
for triggering on kaons, it will have to enter as a second-level trigger, and in that
case is probably not very useful. In any case, at the SSC energy scale, a kaon in
the final state may not provide any suppression over minimum bias events.

4. J/¢ trigger The possibility of triggering on J/1 production via its decay into
dilepton channels is an attractive option, because at the SSC energy scales a large
fraction of the J/¢ production is via the decay of B-mesons. Since the J/¢YK°
channel is one of the CP eigenstates being considered, this is a natural choice
for triggering. In addition, a measurement of J/¢¥ K+ andJ/¢¥ K~ modes allows
for measurement of the ratio of B*/B production cross section. This in turn
can be related to the ratio of inclusive B /B° production. Previous fixed-target
experiments have successfully employed triggers with an adjustable dimuon mass
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threshold. This is relatively simple to implement, and does not suffer from large
backgrounds. The dielectron channel may not be easily accessible, primarily because
of the high background from the continuum of converted photons, and possibly
because of a high combinatorial background of electromagnetic showers in the event.
In order to alleviate the latter problem, rather elaborate instrumentation is required

for a fast electron identification.

5. Multivertex event topology =~ This is the most direct—and also the most
challenging—method for triggering on heavy quark production. At the SSC, this
may be the only method for triggering on rare branching modes, such as B° — 7w
and other two-body decays, which are also essential for studying CP violation. The
background for two-body decays from K° — w7 and charm decays may be quite
large, and requires further investigation. Of greater concern is the background rate
undergone of “fake” two-body vertices formed by projecting low-momentum tracks
that have multiple Coulomb scattering in the beam pipe and the silicon detectors.
Employing silicon pixel detectors, as opposed to silicon strip detectors, should pro-
vide an advantage in reducing this background, because it is less likely that three-
dimensional tracks will produce an apparent vertex. Inability to trigger on the rare
decays directly implies that it is necessary to rely on triggering on the semileptonic
decay of the partner B, and then suffer a large loss of statistics to find the rare
modes in the data sample off line.

Various algorithms have been suggested for flagging an event containing a secondary
vertex. The processing speed of these algorithms determines the trigger level at
which they can enter. At a luminosity of 1032 cn 257! there is on the average a
time interval of 100 ns between two interactions. Most of the algorithms currently
proposed require a processing time in excess of 10 us. This limitation comes not
only from the processing speeds of the available processors, but also from the rate at
which data can be read out. From these simple considerations, it follows that these
processing times require that the pretrigger provide a reduction of a factor of 102
to 103 over minimum bias interactions. It is foreseen that with the availability of
faster components, considerable improvements in performance versus rate can be
achieved. Due to the problem of multiple Coulomb scattering, it may be necessary
to have a two-level vertex trigger, wherein the first-level flags events based only on
apparent topology, and the second level incorporates momentum information and
performs a fit for the vertex solutions.

2 - Trigger Architecture

In the following, an architecture based on the preceding arguments is outlined. An
attempt has been made to fully exploit the rate capabilities so that the trigger is
able to perform even at luminosities exceeding 1032 cm25s7!, which may be de-
sirable for special purpose running. The trigger architecture has to be intimately
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connected to the data acquisition philosophy, so we assume that the key compo-
nents of the spectrometer—the vertex detector and the muon system—are capable
of pipelining their data in the event of a level-zero o1 a level-one pretrigger. The
trigger architecture is discussed with only three levels conceived at this stage; how-
ever, any other architecture could be introduced in parallel without a major penalty
in terms of live time.

1. Level Zero There are two outstanding candidates for the level-zero trigger that
can be run in parallel; namely, transverse energy deposition and single muon. The
desirable rate for these pretriggers should provide a reduction over interaction at
the level of 1072 to 1073, if possible, and the formation time for these pretriggers
should be of the order of tens of nanoseconds. Because of unknown factors in the
calorimeter design, only the muon trigger is discussed in this section.

The simplest approach for implementing the muon pretrigger is to have resistive
plate chambers (or scintillator paddles) sandwiched behind the hadron calorimeter
and inside the shields for the muon system. However, fine segmentation will be
needed to form coincidences in order to reject low-momentum punch-through muons
that have a trajectory incompatible with the assumption that the muons point to the
interaction point. We have studied rates for muons from 7 /K decay as a function
of the decay distance from the interaction point to the calorimeter. Minimum bias
events were generated using the Monte Carlo program HERWIG v5.3, and the pions
and kaons in the events were allowed to decay. The muons were restricted to lie in a
10° cone. No cut on the lowest value of angle was imposed, because it was assumed
that the dipole magnet will kick even the most forward muons into the detector
acceptance. The distributions of muon momenta for three different decay lengths
are shown in Fig. F.1. The desired suppression factor will dictate the amount of
absorber material that is placed in front of the muon system, which in turn will
define the efficiency for detecting muons from B-decay. In Table 1, rates of muons-
per-event are listed for the three values of cut on the momentum. It can be seen
that for a 10 m long detector, the muon rate above 15 GeV/c is 7.6 x 10~2, which
translates into a muon flux of 760 KHz. A length of 10 m is quite reasonable for
a detector that has to be both a good tracker and a good particle identifier. The
amount of absorber material required for ranging out muons below 15 GeV/c is
already quite high, and the consequences due to multiple Coulomb scattering may
restrict the addition of any more absorber. Due to lack of detailed Monte Carlo
programs, simulations of punch-through muons have not been performed. The
spectrum of muons from B-decay is shown in Fig. F.2a, and the loss due to various
cuts is shown in Table 2. A 15 GeV/c cut can be read to impose an additional loss
of 24% for muons in a 10° cone.

Clearly a rate of 760 KHz (nearly one pretrigger every microsecond) is too high for a
vertex or J/1 mass trigger, and an additional reduction in rate is required. Further
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Table 1. Rates of muons-per-event from decay of pions and kaons for various decay
lengths and momentum cuts. Simulation errors are of the order of 2%.

Muons per event

Decay length NoPcut | P>5GeV/c | P>10 GeV/c | P> 15 GeV/c

5m 0.60 0.14 0.06 0.036
10 m 1.15 0.28 0.13 0.076
15m 1.68 , 0.42 0.19 0.116

Table 2. Acceptance of muons from decay of
B-mesons with successive cuts applied.

Cut Fraction surviving
10° cone 24.6%
P >5GeV/c 23.2%
P > 10 GeV/c 21.0%
P> 15 GeV/c 18.6%
Pr>1GeV/c 14.6%

suppression can be achieved by imposing a cut on the transverse momentum of the
muon. This would require a fast calculation of the Pr, and a method for doing that
is discussed in the next section. The Pr spectra for a 10 m long detector and various
muon momentum cuts is shown in Fig. F.3. If a muon momentum cut of 15 GeV/c
is chosen, then the rate above a Pr of 1 GeV/cis 6.2 x 1073, The resulting cut in the
B-decay spectrum is an additional 21%, as can be seen from Fig. F.2b and Table 2.
In summary, this trigger choice is capable of providing a background suppression of
6.2 x 10~% and an overall efficiency of approximately 15% for muons from B-decay.

The formation time of the pretrigger may impose the ultimate limit on luminosity.
The discriminators, coincidence logic, or summation circuitry will be placed close to
the detectors, and should be able to form a signal in approximately 30 ns. Additional
delay will come from fanning out this signal to the detector planes. This delay should
not be any longer than 20 ns. This signal will then initiate the data digitization
and readout for the muon system. For the purpose of the trigger algorithms, it is
assumed that each channel of this system that is above some threshold sends out
its unique address and contents to the trigger processors. The detectors that are
not involved in the trigger are assumed to have the capability of time-stamping and
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storing their events in a buffer for a duration that is equal to the formation time of
the level-one trigger.

2. Levels One and Two The most attractive candidates for the level-two trigger
that can be run in parallel are the J/4 trigger and the multivertex trigger. Various
algorithms for the multivertex trigger are under study, so here we discuss only
the J/4 case. The trigger processor for the J/v can provide single muon Pr or
multimuon triggers as by-products at level one. At a luminosity of 1032 cm~2s71,
the level-one pretrigger is expected to fire every 10 to 100 us. The processing time
goal for the level-one trigger should be well under a microsecond. Since the level-
one and level-two triggers for this case are intimately related, they are discussed
simultaneously in the following.

It is fairly straightforward to implement the J/4 trigger in a few microseconds. It
is interesting to note that a spectrometer for forward B-physics at the SSC is very
similar to a fixed-target experiment at the Tevatron. An interaction rate of 10 MHz
is also quite typical. An example of a J/7 trigger is employed by the E672/ET706
experiment at Fermilab. Figure F.4 shows the essential components of the toroid-
based spectrometer located behind a large liquid-argon calorimeter. Only a muon
with a momentum greater than 15 GeV/c could traverse the entire detector. A
two-muon pretrigger provided by scintillator hodoscopes initiated the down-loading
of all chamber hits into a CAMAC based processor, which computed momenta for
the muons and a resultant invariant mass. The processor provided a 93% efficiency
for triggering on J/v, with a mass resolution of 550 MeV /c2. The processing time
was 10 ms and, at an interaction rate of 1.5 MHz, this scheme provided an overall
rejection factor of 2.5 x 10~° for a mass threshold of 1.0 GeV/c.

Figure F.5 shows the outline for a similar architecture for the SSC that employs
large look-up tables in the trigger processor. For convenience, it is assumed that
each plane of the muon detector has its sensitive elements grouped into 256 strips
in each view for the purpose of triggering. When a level-zero pretrigger fires, the
strips above threshold in four planes send their unique 8-bit address to an encoder
that forms 32-bit addresses from all combinations and enters them into a pipeline.
Note that the address formation includes three-hit combinations as well. The actual
number of combinations will depend on the noise levels and inefficiencies of the
detector planes, but it is safe to assume that this number will typically not exceed
ten for single muon events. The addresses are used to read a 16 GByte look-up
memory, where nonphysical solutions are rejected and valid track parameters are
put into the pipeline. With 30 to 50 ns access time for the memory, the worst
case event should not take more than 300 to 500 ns for the look-up process, and
considerably less for quieter events. It is straightforward for the look-up memory to
contain a value of Py corresponding to its true value projected onto one view. Some
error in this value is imparted due to magnetic fields upstream of the muon system,
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which can be partially corrected for, and some error is also due to multiple Coulomb
scattering in the intervening material. Additional constraints can be obtained by
requiring a Pr above threshold in two out of three views. Note that due to the
pipelined nature of the processor, only channels with valid information are busy
(for the duration that it takes them to send their information), and all the other
channels are active. In any case, this system should be able to handle a level-zero
rate of 760 KHz, as estimated earlier. Since this level-one trigger occurs every 160 us
or so, it should be safe to latch the rest of the experiment with this signal. For the
case of the level-two vertex trigger, additional cost in time delay would come from
the propagation of the signals to the vertex detector that is the most upstream
element; it can be estimated to be no more than 80 ns. Hence, the vertex detector,
and the rest of the spectrometer, should be capable of storing events for 1 to 2 us

at most.

The next stage in the pipeline is a mass processor that combines track information
from the crossed views and correlates them with hit information from the stereo
view(s). As exemplified earlier, this scheme can result in a mass resolution of a
few hundred MeV/c?, even with a segmentation of 256 elements per detector plane.
The processor itself will add at most a few microseconds. The overall time should
be well within 10 us, which represents less than 10% dead time. Needless to say,
detailed simulations of rates, resolutions, time delays, and thresholds are required.

3 - Conclusions

The most promising trigger for study of CP violation using a forward spectrometer
at the SSC is a level-one muon Pr trigger that provides a background suppression of
6.2 x 1073 and an overall efficiency of approximately 15% for muons from B-decay.
In addition, J/4 and multivertex triggers are attractive because they will reduce the
data set considerably. Both of these triggers require a level-one pretrigger that can
provide 102 to 1073 rejection over minimum bias events. The important variables
for achieving this suppression are the muon momentum cutoff and the transverse
energy threshold, both of which can potentially reduce the signal rates as well.
Hence, a detailed study of pretrigger rates lies on the critical path toward a design

for a spectrometer.
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Appendix G

B Mass Resolution

1 - The estimate of the errors

A study was undertaken of the B-meson mass resolution for two and four
body decays using the detector described in Section 4.4. We consider decays
where only charged particles are in the final state. Events were generated with a
c.m. enegy of 40 TeV using ISAJET with the Bg being forced to decay via the

following two modes:
Bg L
B} - D°K*0 2K ton~

Only events where all the decay products had a pseudorapidity between 2.4 and
4.7 (1 < © < 10°) were accepted. In addition all B decay tracks were required
to have a momentum greater than 5 GeV/c. The decay particles were tracked
through the silicon pixel detectors and the tracking system in the magnetic field.
The error in the angle measurement of the tracks due to the pixel detectors is,
in principle, due to the multiple scattering and spatial resolution. In practice,
only the multiple scattering contributes to the error as the spatial resolution at
a pixel disk is ~ 5 um. The momentum resolution due the tracking detectors in
the magnetic field, is given by the following expression!® (the quoted references
are those given in the text):

sp\2 720 §zp 2 0.015 z 1
(7) T n+5 (3 10'4BK12) 143\ 3101am ) Tt +glos t

where p refers to the momentum of the track (in GeV/c) transvere to the magnetic
field Bg (in KG) while ! is the length of the track in the magnetic field (¢cm). This
formula is valid for n > 10 measurements per track where each of the detector
elements has a thickness ¢; in radiation lengths and a spatial resolution of §z (in
cm). Note that § ~ 1 is the velocity of the measured particle. The first term in
equation above corresponds to the error of the spatial resolution of the tracking
device while the error introduced by the second term, due to multiple scattering,
is nearly a constant for the measured tracks. The equation can then be written
in the more familiar form

(2) e
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where the A and C parameters depend on the spectrometer.

In Fig. G.1 we show the calculated B mass distribution for the two channels
under study using the following parameters:

- n = 50 planes
— 6z =100 pm
- Il=3m

— Bg =20 KG

— t; = 1073 radiation length

We obtain 6M/M = 5.2 1073 (§M =27 MeV) for the two body decays and
§M/M = 4.5 1073 (6M = 23 MeV) for the four body decays with these values.
Here M represents the B meson mass. In Fig. G.2,6M /M is shown as a function
on the number of planes (n). One sees from this figure that the dependence of
§M/M is small for n > 40. We also present in Fig. G.3, M /M as a function of
the spatial resolution of the tracking system in the magnetic field.

2 - Summary

We study the B2 mass resolution for the decay modes Bg — wtx~ and
Bg — DOK*® — 2K*27—. The study used an example of a simple detector
discussed in Section 4.4. With the present model the mass error for the two cases
is estimated to be small, §M = 27,23 Mev, respectively. These values might lead
to a small background in the identification of the Bg for these decay channels.

We also note that §M is not too dependent on the number of planes (n) in
the magnet for n > 40. In contrast, the precision depends strongly on the spatial
resolution of the tracking system in the magnetic field. Clearly, further detailed
investigations have to be done in order to consider a realistic detector.
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Forward Spectrometer
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Fig. D.1 - A schematic of the vertcx detector for the forward spectrometer
comprised of 13 discs and 3 small cylinders. The geometry has been chosen to
insure at least 4 hits per track in the forward 1 < © < 10° cone. An illustration

of a thin beam pipe is also presented.
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