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Abstract

A new detector for investigating the CP violation mechanism in the B meson system is being built
and is scheduled to take data at PEP II, the asymmetric B Factory in construction at SLAC, at the
end of this century. Its main characteristics are briefly overviewed in this paper. Its sensitivity for
measuring CP violation in some selected B decays is also discussed, underlining the great potential
of this detector to accomplish a comprehensive study of this phenomenon.

1 — Introduction

In order to explain why the observed universe is matter dominated, it is necessary to create a mechanism
which allows one to distinguish matter from antimatter. This is accomplished together with a few
other conditions by introducing the non-conservation of the CP symmetry in the theory describing the
interactions between the particles at the early stage of the universe[l]. At the turn of the century, we
should begin to understand the origin of the CP violation phenomenon observed 30 years ago by J.H.
Christenson. J.W. Cronin, V.L. Fitch and R. Turlay[2] as BaBar, the new proposed detector at the
PEP II asymmetric ete™ B Factory of SLAC, will record its first data at the T(4S) resonance where
pairs of B mesons are produced. The expression “asymmetic B Factory” is used to designate a facility
which has two beams with different energies in order to give a longitudinal boost to the center of mass
system and which is able to deliver a very high luminosity (£ >3 x 1033cm™=2s71).

The BaBar detector[3], a schematic view of which is shown in figure 1, has been designed by a large
international collaboration consisting of about 480 physicists and engineers from 10 countries (Canada,
China, France, Germany, Italy, Norway, Russia, Taiwan, UK and US). It will instrument the unique
interaction region of PEP II and is scheduled to be operational by year 1999, about six months after

the startup of the collider foreseen in the fall 1998.

Lon behalf of the BABAR Collaboration
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Figure 1: Schematic view of the BaBAR detector

2 — CP violation in the B system

In the Standard Model {SM) of the fundamental interactions [SU(3) xSU(2) x U(1)], all CP non-conserving
phenomena are induced through the interference of processes involving different “Weak” phases. These
phases are generated by the mixing of the quark flavors via the charged weak currents, W, providing
that a minimun of 3 fermion families exist. In this framework, the Cabibbo mixing 2x2 matrix[4] can
be extented to a more general n x n matrix. If only 3 families of fermions exist as indicated by LEP
datal3], only 3 mixing angles and one phase, 4, are necessary to describe the corresponding unitary 3x3
matrix as proposed by Kobayashi and Maskawa[6]. A useful approximation of the CKM matrix has

been proposed by Wolfenstein[7].

Vg Vis  Vis 1- % A AN (p—in)
Verm = | Vea Voo Vi | = —A -2 AN +OY (1)
Via Vie Vi AN (1= p—in) —AN 1

Here, the parameter A = 0.2205 is the sine of the Cabibbo angle while A = 0.82 £ 0.04 is deduced from
the measurements of V(8] and p and 7 are in the range 0 to 1/2[9]. From the various unitarity relations

which can be derived. a particularly interesting one connects CKM elements related to B physics:

b — AVep + Vg~ 0 (2)



This equation represents the so-called “unitarity triangle” in which the lengths of the sides are of the

same order, see figure 2.
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Figure 2: The unitarity triangle. Some B decay modes which are relevant for the sides and angles
measurements are also indicated.

The ultimate goal of the BaBar detector is to observe CP violation in the B meson system in a large
variety of modes. This systematic study should allow us to get either a comprehensive understanding
of this phenomenon in the framework of the Standard Model or eventually explore a new domain. CP
violation should manifest itself as a time dependent asymmetry in some B decays. A simple, although
not exclusive, laboratory is provided by final states which are also CP eigenstates. The measured
asymmetry is then directly related to the angle ® = a, 3 or v of the unitarity triangle as shown by the

following equations.

‘—0) e_At/T (=) . .
Pr(B°— fep) = = 1 4+ nepsin2®sinz At/r (3)

where rqy = (mp; —mpg)r ~ 0.735+0.045[9 and At is the decay time of the second B meson after the
decay of the first one has occured. This quantity is derived through the measurement of the distance
between both B decays using At ~ mpAz/Epc. In the formula above, Bf and BS are the Bj mass
eigenstates. Finally, ncp (£1) is the CP parity of the final state and mp, Eg and 7 are the Bj mass,
energy and lifetime respectively.

Many B decay modes involving J/v and kaons, D-meson pairs and light meson pairs have been
studied with detailed Monte Carlo to extract the parameters sin23 and sin2a which are directly con-
nected to the value of the phase 6. The sensitivity to sin23 and sin2a are expected to be 0.059 and
0.09 respectively after 1 year of operation of BaABar at PEP II during which an integrated luminosity of

30 fb™! is expected. Table 1 gives a summary of the modes which have been considered together with



| Final State | Br [ @] o(sin2®) |

T K? 05x10 3 3] 0098
Ji K? 05x 1073 | 3 0.16
JheKT[10] | 16x 1073 | 3|  0.19
Sum J/ X 3 0.076
DY D~ 6x10-% | 3 0.21
DD | Tx107* | 3| 015
D D¥[11] 3x 107% | 3 0.15
Sum D D 3 0.095
Combined 3 0.059
Tt 1.2x107° | «a 0.20
pr12] 58x 1075 [ a | 0.11
ayw(12] 6x107°% | a 0.24
Combined a 0.09

Table 1: Expected errors on the measurement of sin2® from various channels with 30 fb~!. The
assumed branching fractions and the measured angle are also indicated.

their “CP reach”. Figure 3 shows how these errors compare with the present allowed region obtained
by the measurement of the sides of the triangle. A significant improvement of the errors on the sides is
also expected, constraining further the triangle and leading together with the angle measurements to a

powerful consistency test of the SM in a yet very obscure sector of the theory.

3 — The B.Bur detector

High performance and robust detectors are needed to accomplish this program successfully. The obser-

vation of CP asymmetries requires in particular:

- a precise measurement of the distance between the 2 B meson decays {(of the order of 250 um for

beam energies of 9 GeV against 3.1 GeV as planned at SLAC)

- an efficient and relatively pure tagging of the flavor of the B which is not fully reconstructed.

Electrons, muons and Kaons will be used for this purpose

- a large acceptance, a good eflficiency and excellent particle identification for the modes which need

to be fully reconstructed.

- a good momentum and energy resolution for the charged and neutral particles in order to reject

the combinatorial background.

The BaBar detector has indeed been optimized [3] to fulfill the above criteria. It uses whenever possible
well established technologies such as a silicon vertex detector{13], a central drift chamber, a Cesium
Iodide Calorimeter{14] and Resistive Plate Chambers(15] for the intrumented flux return. Only the

particle identification system uses new techniques since no currently used method is able to satisfy
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Figure 3: Present constraints of the unitarity triangle in the complex plane (p,7n). The corresponding
region for sin 27 versus sin 2« is also shown.

our required needs. The dimension, acceptance and the expected performances of the individual sub-
" detectors are summarized in the table 2.

In the following, we give a brief overview of the main features of the various subdetectors.

3.1 The silicon vertex detector

The distance between both B decays (fig. 4) is measured by means of a double silicon vertex detector

with strips running parallel and perpendicular to the beam direction. Five layers of silicon detector
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Figure 4: Resolution in Az for B® —
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(fig. 5) at a radius extending from 3.2 to 14.4 cm from the interaction region are used for sufficient



Detector

|

Dimensions

l

Performance ]

Double-sided
Silicon Strip

5 Layers
r=32-14.4cm

0, = 0zy =50 pm/p, & 15 pm |
oy =0y = 1.6mr/p,

detector —0.87 < cosB < 0.96
~ 150000 channels
Small Cell 40 Layers

Drift Chamber

r=225—-—80.0cm
—111 < z < 166 cm
~ 7000 channels

o(pt)/pe = [0.21% + 0.14% x p;]

DIRC

Cherenkov light
imaging PID

1.75 x 3.5cm? quartz

—0.84 < cosfl < 0.90
~ 13400 channels

Npe = 20— 50
R 40 K/ separation for
all B decay products

Aerogel n=1.006, 1.055 Npe = 10
Threshold 0.916 < cos @ < 0.955 | m/K separation up to 4.3GeV/c
counter PID ~ 140 channels
CsI(T) 16 — 17.5 X, oce/E = 1%/E(GeV)s & 1.2%
Calorimeter ~ 4.8 x 4.8cm crystals o9 =3mr/\/E(GeV) & 2mr
~ 6800 channels
Superconducting IR=140 m
coil and L =38m B =15T
segmented iron
RPC 16—17 Layers €4 > 90%
instrumented ~ 42000 channels for p, > 0.8GeV/c

flux return

Table 2: Summary of the main parameters of the BaBar detector {all angles are in the laboratory).

redundancy and to perform an efficient tracking of the soft pions over 91% of the solid angle. The total
surface of silicon detector needed is about one m? with a longest strip dimension of about 24 cm. In
order to minimize the multiple scattering, all the electronics is located outside of the acceptance of the

detector by carrying the signals out by means of thin capton foils. This technique has already been

tested succesfully.

3.2 The central drift chamber

Charged particle tracking is achieved in the central drift chamber with a total of 40 layers of axial and
stereo wires . The inner and outer radii are 22.5 cm and 80 cm respectively. In order to ensure a very
good single cell efficiency and low occupancy. a geometry with small cells (width ~ 1.8 cm) has been
adopted. The momentum of the charged particles which are generated in B decays and reconstructed
in the drift chamber is in the range 0.1-4.5 GeV/c. High resolution (fig. 6) is obtained by operating the
chamber in a magnetic field of 1.5T generated by a superconducting solenoid. To improve further the
momentum resolution, the multiple scattering is reduced by using a low Z gas[16, 17] such as He:i-C4H;

80:20. Cosmic tests with this type of gas have shown that excellent single cell resolution can be achieved

(o ~ 120 — 140 pm on average) (fig. 7).
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3.3 The particle identification system

Particle identification is one of the key elements of this detector. It is necessary to obtain a good
effective tagging efficiency. Electron identification is done with the combination of the Csl calorimeter
(see below) and the drift chamber. Muons are identified down to 0.5 GeV/c by instrumenting the
flux return with 17 layers of Resistive Plate Chambers. This fine segmentation allows one in addition
to identify K, increasing thus the sensitivity to sin{(23). Finally Kaon 1dentification is achieved over
90% of the solid angle with dedicated detectors based on the observation of Cerenkov light. A novel
technique (DIRC[18]) is used in the barrel region (fig. 8). It is based on the collection of Cerenkov
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Figure 8: Schematic view of the DIRC (not to scale).

light produced by the particle traversing quartz bars. The light is internally reflected in the 4.8 m
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Figure 10: 7/p separation at p=5.4 GeV/c
(corresponding to n/K separation at 2.7
GeV/c) as obtained from a beam test using
a detector equivalent to a quarter of the final
device.
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long bars and detected outside of the flux return on an array of about 13000 phototubes allowing
one to reconstruct the image of a truncated Cerenkov cone. A striking particularity of this device
is the increase of the number of photoelectrons as the tracks are going toward the forward direction,
giving a good 7/ K separation over the full acceptance of the detector for the most energetic particles
produced in B decays such as in the reaction B — w7~ (fig. 9). Most recent beam tests at CERN[19]
have confirmed the promising potential of such a detector (fig. 10). In the forward region, the Kaon
identification is performed using Aerogel Threshold Counters (ATC) with a combination of two different
indices (n;=1.0065 and n,=1.055) (fig. 11) possibly readout by fine mesh photomultipliers or hybrid

photodiodes. Beam test results have established the proof of principle of such a detector as can be seen
from fig. 12.

3.4 The Csl calorimeter
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Figure 14: (a) Mass resolution and (b) effi-
Figure 13: Single photon energy resolution as ciency for 7° generated at cosf.,, = 0° vs
a function of the polar angle for E, = 0.1 and the 7° energy. The crosses indicate the per-
1.0 GeV. formance with no material in front of the

calorimeter.

The average photon energy in generic B decays is about 200 MeV with a maximum energy above 4 GeV
in some specific B decay modes. It is therefore mandatory to get a very low detection threshold (~ 20
MeV). Furthermore, excellent energy resolution over a large energy range is required to suppress the
combinatorial background. These considerations have lead the collaboration to choose a calorimeter
made of about 6800 CslI crystals read out by silicon photodiodes -presently the best calorimeter option.
The depth of the crystals is gradually increased from 16.0 X to 17.5 X as one goes from the backward
region to the forward end cap to match the boost of the particles. The expected performance of the

calorimeter is briefly summarized in the figures 13 and 14. Such a device is operating very satisfactorily
in the CLEO I1 detector.
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3.5 The instrumented flux return

Finally, as mentioned above, 17 layers of Resistive Plate Chambers[20] are used to instrument the flux
return. Such chambers offer an efficient. robust and economical way for optimizing the acceptance
coverage as demonstrated by operating experiments[15]. In addition to providing a very effective muon

detection (fig. 15), this system allows one to reconstruct A7 and therefore to study the CP asymmetry

in the mode B — J/yA{ (fig. 16).

4 — Conclusion

The BaBar detector provides a very promising tool to explore in detail the CP violation mechanism.

It will allow us to make a comprehensive study of this phenomenon about 35 years after its discovery,

L
0.5 1
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Figure 16: Reconstructed momentum of the B
meson in the T(4S) rest frame for B — J/Y K}
(dashed). The narrower distribution is due to
the beam energy smearing while the broadest
one shows the effect of removing the RPC layer
inside the coil.

possibly leading us toward new directions in particle Physics.
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