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Abstract 
We describe a new experiment that will carry out precise studies of the third gener

ation leotons, r and fT; the second generation quark family, through the decays of D*, 
D° and Df; and the spectrum of gluonic and other new light particles in the decays of 
J/ij) and ip'. The experiment - the r-charm Factory (rcFj - involves a high-resolution 
detector integrated with an e+e~ collider operating in the energy range 3.0< Ecm < 
4.25 GeV with a maximum luminosity 10 3 3 c m _ 2 s _ I . 

Since this talk was given, there has been considerable progress on the physics prospects 
of the T-charm Factory and on the technical design. Much of this has resulted from the 
r-charm Workshop that took place at SLAC, 23-27 May 1989, and from the work of the rcF 
design team led by Martin Perl at SLAC. Inevitably the material presented in this paper 
has been updated by these studies, and the interested reader is directed to the Proceedings 
of the Tau Charm Workshop[l], and other references cited herein, for further details. 

In the introduction to this paper, we emphasize the importance of dedicated e + e _ collider 
factories. This is followed by the considerations that lead to the proposed experiment as the 
best approach to T-charm physics. Sections 3-5 discuss the initial r , charm, and J/V> / $' 
physics goals. Finally, the design of the rcF machine and detector is summarized in sections 
6 and 7, respectively. 

1 Introduction 
Historically, progress in accelerator-based particle physics has largely relied on the discovery 
of new interactions and new particles at the highest available energies. However, the dearth 
of new particles at recent high energy colliders emphasizes the importance of finding ways 
to broaden the search for new physics. 

One promising approach is to carry out renewed, high precision, studies of fundamental 
particles that have already been discovered at lower energies. With the progress in both 
machine and detector technologies since the pioneer experiments, the potential exists for 
major advances in our experimental understanding of these particles. Furthermore, the 
difficulties - both technical and financial - of carrying out such experiments is substantially 
less than those at high energies. 
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For these reasons, we anticipate that a greater balance will evolve during the next decade 
between two complementary classes of machine: 

1. Supercolliders (energy frontier). 

2. Factories (precision and rarity frontier at lower energies). 

In most cases, high-luminosity e + e~ colliders provide the best factories since the beam 
energy can be tuned to produce the desired particles under low background conditions. The 
performance of present and future e + e~ colliders is illustrated in Fig. 1. As discussed in the 
following section, the threshold region of the particles under study generally proVides the 
optimum experimental conditions. Several particle thresholds have been identified in this 
energy range - <j>, T-charm, bottom, and Z° - and each of these regions is currently under 
consideration for a dedicated particle factory. 

It is quite possible that the primary role of all future e + e~ colliders will be factories, 
rather than tools to search new energy frontiers. This follows from the extreme technological 
challenges that face TeV e + e " linear colliders, in contrast with the feasibility of a 40 TeV 
hadron collider with present technology. In terms of energy in the 'constituent' frame, the 
achievable reach of future electron machines has fallen far behind that of proton machines. 
However the advantage of e + e~ machines to make precise studies under low-background 
conditions can be exploited in, for example, a future e + e~ linear collider factory to study 
the t quark, after its mass has been measured at a proton collider. 

2 T h e best experimental approach to T-charm physics 
In order to make significant progress in T-charm physics, future data samples must have: 

1. reduced backgrounds, 

2. reduced systematic biases, and 

3. increased statistics. 

In the remainder of this section, we discuss in turn how the T-charm Factory addresses each 
of these areas and why it represents the best approach to T-charm physics. 

2.1 Backgrounds to T-charm studies 
2.1.1 Operating points for T studies 

The r lepton is experimentally inaccessible at hadron colliders, such as TeV I or the SSC, 
and so detailed studies can only be carried out at e + e~ colliders. The candidate machines 
are a Z° Factory, B Factory and T-charm Factory. 

While the T lepton was discovered[2] near threshold, most of the recent experimental 
advances have been made at higher energies, reflecting increased statistics and reduced back
grounds relative to the pioneer experiments. In this historical light, it may not be obvious 
that the threshold region is well-suited to detailed T studies. In fact, the T+T~ threshold 
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Figure 1: The luminosity of present and future" e+e~ colliders in the energy range 1 < £ m < 
100 GeV. The solid line represents the present envelope of the maximum luminosity. The 
dashed lines indicate the design luminosities of future factories. The dotted line shows the 
current (SPEAR) luminosity in the T-charm region. 
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Figure 2: The cross section a (e + e~ -+ T+T ) near to threshold[3]. 

region (Fig. 2) has several unique operating points which have backgrounds that are both 
exceptionally low and internally calibrated by small shifts in £ „ „ . The energies for r studies 
are as follows: 

• 3.56 GeV. This energy, which is just below T+T~ threshold, provides a direct cali
bration of all non-r backgrounds: hadronic (uu, dd and ss), two-photon, QED [ee(7), 
Hft^-y), etc.] and beam gas. 

• 3.57 GeV. A recent calculation[3] has shown that the T+T~ cross section has a finite 
value (0.223 nb) precisely at threshold, due to a Coulon b interaction between the T + 

and r~. When the beam energy is set to mT-\-ot (the beam energy spread, which is 
1.0 MeV at this energy) the T+T~ cross section is 0.47 nb, and 0 T = 0.024. At this 
energy, the two-body r decays, such as n~vT and K~vT, give rise to monochromatic 
secondaries (Fig. 3). The consequences are clean signatures for event selection, as well 
as kinematic separation of the different decay modes. 

• 3.67 GeV. This energy provides the highest T+T~ cross section below the ^'(3.69) 
and DD threshold (3.73 GeV), a region where T decay is the only source of prompt 
single leptons. 

t 4.25 GeV. At this energy the T continuum rate has its maximum value, coinciding 
with a minimum in the charm cross section (Fig. 4). The advantages here are the high 
rate and appreciable /?T (0.54), which results in large polarization correlations in T + T -
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<r{bb) 
(nb) 

a{cc) 
(nb) 

<T(TT) 

(nb) 
Z° Factory 
B Factory [T(4S)] 
TC Factory 

6.4 
1.0 
0 
0 
0 

5.0 
1.3 
0 
0 
5.0 

1.4 
0.9 
0.5 (3.57 GeV) 
2.4 (3.67 GeV) 
3.5 (4.25 GeV) 

Table 1: Production cross-sections of T+T events and heavy flavour backgrounds at several 
e + e~ colliders. 

decays. The presence of charm backgrounds, however, limits the range of experiments 
that are feasible. 

A comparison of the production cross-sections of T+T~ and heavy quark backgrounds 
at several machines is given in Table 1. The T-charm threshold region is the only place 
that is free of any contributions from heavy flavour backgrounds and the only place where 
backgrounds can be experimentally measured rather than calculated by Monte Carlo. 

2.1.2 Operating points for charm studies 

The energies for charm and charmonium studies are as follows (Fig. 4): 

• J / ^ ( 3 - i ° ) and ^'(3- 69)-

• ^"{z-Tt)- This energy provides pure D°D" and D+D~ final states, without contami
nation from other charmed particles or from jet fragments, thereby allowing studies of 
tagged D° and I ? ± decays. 

• 4.03 G e V . This energy gives the highest charm cross section in e + e _ annihilation and 
is suitable for tagged Df studies, via DfDj events. 

• 4.14 G e V . This is a second identified energy for Df studies, via DfD** events. It 
is likely that there are better choices of beam energy for Df studies than these, since 
present measurements of the hadronic cross section in this region are poor. If this 
remains the case, an early part of the TCF physics program will be to carry out a 
fine-grained scan over the energy range ^'(3.69) < Em < 4.25 GeV to measure the 
hadronic cross section and the Z) 0 , !)* and Df yields. 

A key experimental feature of the T-charm threshold region is the ability to tag a particle, 
whose decays can then be studied without bias, with exceptionally low backgrounds and with 
absolute flux normalization. This technique has been used extensively at t/>"(3.77) for D° 
and D^ studies. In the case of Df, however, the present statistics are too poor even to allow 
absolute measurements of the branching ratios; not a single example exists of a double-tagged 
D+D~ event. 

At other machines, the only charmed hadron that can be tagged is D°, via the soft ir+ 

in £)*+ _• D° i r + . However, this D° tag generally has a sizeable background (an example is 
shown.in Fig. 11). 
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Requirement 
Efficiencies 

Background fraction 
( w/7"^ ratio ) 

Requirement « TT 3.57 GeV 3.67 GeV 
X 
X + e 
X + Emi„ 
X + e + Emi„ 

1.0 
1.5 x 10~3 

5 x 10- 3 

8 X 10"6 

1.0 
0.24 
0.95 
0.24 

33.4 
0.23 
0.19 
1.2 x 10- 3 

6.4 
0.037 
0.033 
0.2 x 10- 3 

Table 2: Summary of the performance of the e + Emi„ tag to select TT events and reject 
hadronic (qq) background. The requirements are Ec > 0.4 GeV and Emu, > 0.8 GeV. The 
label ' X ' implies 'anything'. 

For the first t ime at any machine, it will also be possible to single-tag T+T~ events at the 
r-charm Factory. All previous measurements have employed global event selection criteria 
that have imposed restrictions on both T decays in each event. We will describe the proposed 
technique in the next section. 

2.1.3 Single-tagging of r+r~ events 

Single-tagging requires a signature from a single T decay that is very clean. With the 
unique capability of the T-charm Factory to produce T+T~ events near threshold and without 
contamination from heavy flavoured particles, several signatures fulfill this requirement, as 
follows: 

1. e + Emi„ 

2. n + Emi„ 
3. n-(monochromatic) + Em:„ (at 3.57 GeV). 

The 'missing' energy in each event, Emi„, is measured in the hermetic T-charm Factory 
detector. Hermeticity is provided by a combination of precise magnetic analysis of charged 
particles, a crystal electromagnetic calorimeter and a fine-grained hadron calorimeter, whose 
primary function is detect the presence of K^/n. 

The relative hadronic and TT production cross-sections are: 

3.57 GeV: cr(qq)/a(Tf) = 15.7nb/0.47nb = 33.4, 
and 3.67 GeV: = 14.8nb/2.4nb = 6.2. 

Despite their large cross-sections, hadronic backgrounds can be very effectively eliminated 
below charm threshold by the single-tag signatures. We will demonstrate this by describing 
the e + Emi„ tag in detail. 

The performance of this tag is summarized in Table 2. The requirement of at least one 
prompt electron, with Ee > 0.4 GeV, results in background/signal ratios of 0.23 at 3.57 GeV, 
and 0.037 at 3.67 GeV. These calculations assume a TT -» e misidentification probability of 
1 0 - 3 , and 5% inefficiency to detect the second e* from ir° Dalitz decays and 7 conversions. 
With these assumptions, ir -» e misidentification constitutes the majority (80%) of the 
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hadronic background above Ee = 0.4 GeV. The resulting electron energy distributions at 
3.67 GeV are shown in Fig. 5a). 

The electron tag alone is insufficient to select a clean sample of T+T~ events. It is therefore 
applied together with an Emi„ tag, which takes advantage of the large energy carried off by 
«/'s. For a single electronic decay, the neutrino energy is simply £ m , „ = ET-EC = Etcam-E,.. 
A special advantage of operating close to T+T~ threshold is the small Lorentz boost which, 
for most decays, gives rise to a large £„,, , , « m T / 2 from each r . Consequently, a strong 
Emi„ requirement can be applied which is, nevertheless, satisfied with full efficiency by a 
single T decay. 

Before cutting on £„,,•„, it is first necessary to require pmi,3 does not point near the 
beam axis, in order to eliminate events (especially 2-photon events) in which the missing 
energy was carried off by a particle in this direction. Assuming a detector with good cos0 
acceptance (< 0.99), the requirement pj^in ^ 0.1 GeV/c is sufficient to remove such events. 

The requirement Emi„ > 0.8 GeV results in background/signal ratios of 0.19 at 3.57 
GeV, and 0.033 at 3.67 GeV (Table 2). These calculations assume 5% inefficiency to detect 
Kl/n in the hadron calorimeter. This performance has been indicated by Monte Carlo 
simulation[4] of a 3.9 A0(,, sampling calorimeter (52 x 1.25 cm Fe plates) following a 0.9 Xab, 
CsI(Tl) calorimeter. The resulting 2?m ,„ distributions at 3.67 GeV are shown in Fig. 5b). In 
the case of hadronic events, the rate is dominated by undetected K%. We note that careful 
attention must be paid to the elimination of cracks/dead regions in the crystal calorimeter 
of the T-charm Factory deter*cr, sxi'-h. that the detection inefficiency of high energy photons 
is kept below 1%. 

The combined c + Emi„ tag (with th?i requirements Ee > 0.4 GeV and Em{„ > 0.8 
GeV) results in final background/signal ratios of 1.2 x 1 0 - 3 at 3.57 GeV, and 0.2 x 10~ 3 

at 3.67 GeV (Table 2). The T- +T~ detection efficiency with this tag alone is 0.24; when 
combined with other single-tags, there is an excellent overall efficiency of ~ 0.5. The final 
Emi„ distributions are shown in Figs. 6a) aud b). These studies indicate that extremely 
clean single-tagged T+T~ data samples can bu obtained at the T-charm Factory. 

2.2 Systematic precision of r-charm studies 
The excellent control of backgrounds at the T-charm Factory will result in small systematic 
errors from these sources. In particular, we note that present experiments frequently must 
rely on hand-scans to reduce th<; backgrounds to acceptable levels, with the inevitable intro
duction of systematic biases that are hard to calibrate. Systematic effects in single-tagged 
events will be further reduced since all the remaining particles come from a single parent and 
no restrictions are imposed on its decay topology. Tagging also allows precise measurement 
of branching ratios, since there is zero normalization uncertainty; elsewhere, branching ratio 
measurements rely on calculations of the cross-section and measurements of the luminosity. 

There are also several aspects related to the detector performance that will significantly 
reduce the systematic errors. The design momentum measurement accuracy 

WP/P? = [<M%p(GeV/c)}2 + [0.3%//?]2 

results in a precise mass resolution of 2 MeV/c J at the r -» vT 5^ end-point, where the 
i/T mass will be explored. However, in order to benefit from such precision, it is neccessary 
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Particle Z° Factory 
(2 x 10 3 2cm- 2 a"1) 

B Factory 
(103 3cm-2 s"1) 

T-charm Factory 
(lO^cnT 2 s"1) 

D° (single) 

D* (») 

1.4 x 107 

0.7 x 10 r 

0.5 x 107 

1.9 x 107 

0.9 x 107 

0.6 X 107 

8.7 x 107 (t/>") 
6.3 x 107 (0") 
2.7 x 107 (4.14 GeV) 

T+T (pairs) 0.4 x 107 1.4 x 107 0.7 x 107 (3.57 GeV) 
3.6 x 107 (3.67 GeV) 
5.3 x 107 (4.25 GeV) 

J/0 _ _ 
2.5 x 101 0 

0.9 x lO 1 0 

Table 3: A comparison of the T-charm data samples per year at several e + e~ colliders. The 
assumed integrated luminosities are 3 f b _ 1 per year at the Z° Factory and 15 f b _ 1 per year 
at the B and T-charm Factories. 

to maintain the absolute momentum-scale error below 0.1% (which is equivalent to a mass 
shift of 2 MeV/c 2 ) . This figure is better than has been achieved by any collider detector so 
far. Precise systematic control of the momentum scale of the T-charm Factory detector will 
be achieved by periodically recording data at 0"(3.77) and reconstructing background-free 
D^ —* 5prong events. These events correspond closely to the mass region at the T —» uT 5%* 
end-point. In addition, there will be frequent, high-statistics calibrations of all the detector 
responses and resolutions at 0 ' . With these calibration signals, the momentum-scale error 
of the T-charm Factory detector should be kept well below 0.1%. 

In addition to excellent charged particle measurements, there are particular advantages 
for photon detection and particle identification near T-charm threshold. Since particles are 
essentially produced isotropically, the detection inefficiency caused by charged and neutral 
pileup is minimized. This is especially important in the measurements of T decays involving 
several neutral particles, which may hold the key to the 'one-prong problem'. A further 
advantage is that the kinematic limit of particles from r and D decays is a 1 GeV/c and 
so the identification of ir, K and p is relatively easy using a combination of time-of-fiight 
and dE/dx. In this case, a RICH/CRID is not required for particle identification and the 7 
detection is not compromised by the resultant inert material (20% rad.len.). 

2.3 Statistics 
In addition to providing T+T~ data samples with the lowest backgrounds, the threshold 
region will generate samples with higher statistics than elsewhere (Table 3). 

In summary, the T-charm Factory will obtain T-charm data samples per year that are a 
factor 100-1000 larger than the total present data, in a detector with unprecedented perfor
mance. With the unique single-tagging capabilities for both D mesons and r leptons, there 
will be a sharp reduction in systematic errors compared with present experiments. It seems 
unlikely that there exists a better experimental environment for precise and rare T-charm 
studies. 
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Ratio No electroweak 
corrections 

With electroweak 
corrections 

Experimental value 

H~vllvT/e~vevT 

7 r ~ i / T / e ~ P e i / T 

K~i/T/e~PevT 

0.973 
0.607 
0.0395 

0.973 
0.601 
0.0399 

1.02 ±0.03 
0.62 ±0.04 
0.038±0.011 

Table 4: Standard Model predictions[5] and experimental values for r —» 1 prong + 0 7 
relative branching ratios. 

c vevT V-'VyPr IT l'T K~vT 

today: 2.3% 2.3% 5.6% 29.% 
TCF: if cm - 2 s'1) 

1 year at 103 2 

3 x 103 2 

10 3 3 

0.5% 
0.3% 
0.15% 

0.5% 
0.3% 
0.15% 

0.6% 
0.4% 
0.2% 

2.5% 
1.5% 
0.8% 

Table 5: Experimental precision of r -* 1 prong + 0 7 branching ratios. 

3 r physics 
3.1 Precise branching ratio measurements 
The decay rates of several T decay modes can be rigorously calculated, and so precise mea
surements of the branching ratios provide sensitive tests of the Standard Model. Of particular 
interest are the decays e~DevT, yTv^Vr, w~uT and K~vT (Table 4), which are theoretically 
understood at the level of the electroweak radiative corrections (1%). New physics could 
affect these branching ratios as perhaps a non-standard Cabibbo angle in the T sector or a 
Higgs field. For example, it is possible that the leptons may get their masses from a Higgs 
field that is separate from that of the quarks.[3]. This Higgs would couple exclusively to 
leptons and proportionally to the lepton mass. Evidently, T decays provide the best environ
ment to study such a Higgs boson. The effects of a charged Higgs could be seen elsewhere 
in T decays, such as the angular distributions in r~ -+ ir~ir0vT[6]. 

In addition to these measurements, a systematic search will be made for anomalies in 
all T branching ratios. Of particular interest is the discrepancy[7] between the inclusive 
r - t l prong branching ratio (0.866±0.003) and the sum of the exclusive 1 prong decays 
(< .805 ± 0.019) - the so-called 'one-prong problem' - which remains an open question for 
the Standard Model. It is likely that the resolution of this discrepancy - be it experimental 
errors or new physics - will require an experiment with excellent control of systematic errors 
and with good sensitivity to all r decays. 

Finally, it is pointed out[8] that T decays provide excellent tests of fundamental aspects 
of QCD in both the vector and axial-vector currents, such as measurement of the QCD scale 
Ajyj, tests of QCD symmetry properties, and searches for resonance structures. 

Since these branching ratio measurements are likely to be dominated by systematic and 
background uncertainties, they are best-performed at 3.57 GeV. At this energy, the individual 
T decays are separated kinematically (Fig. 3) and the backgrounds are both extremely low 
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(0.1%) and internally calibrated. The expected precision on the 1 prong branching ratios 
(Table 5) will allow tests of e — p — T universality at an early stage of operation of the 
T-charm Factory and, after reaching the design luminosity, will allow measurements of the 
x~vT and K~vT decays at the level of the electroweak radiative corrections. 

3.2 vT and r mass measurements 
The possibility of non-zero neutrino masses is of central importance to physics. Finite neu
trino masses would profoundly affect the Standard Model - allowing mixing and oscillations 
between lepton families - and also provide answers to two of the major puzzles of cosmolog-
ical physics: the deficiency of solar neutrinos and the composition of the dark matter of the 
universe. 

The vT mass is investigated by measuring the end-point of the Sir*1 mass spectrum in 
T* —» 5*-* uT, and the end-point of the K'K+ir*1 mass spectrum in T* —> K~K+Tr±vT. 
With a two-year (30 fb" 1) sample at 3.67 GeV, the upper limit (95% CL) to the i/T mass 
is 3.5 MeV/c 2 from T * -» fa* vT events (Fig. 7), and 4.7 MeV/c 2 from T* -» K'K+IT^I/T 
events[9]. Combining both decays gives an upper limit (95% CL) of 2.9 MeV/c 2 , which 
is an ord^r-of-magnitude higher sensitivity than at present. This experiment will require 
an improved measurement of the r mass, which involves a precise determination of the 
threshold for the process e + e _ —> T+T~. The expected T mass error at the T-charm Factory 
is 0.2 MeV/c 2 . 

There is interest in reaching this sensitivity for m„ r since it represents the lower limit for 
an unstable vr that is allowed by combined cosmological and particle physics constraints; 
below this value, the combined results indicate that vT is probably stable and has a mass 
mVT < 65 eV/c 2[10]. Finally, we point out that it is widely expected that massive i/'s would 
follow the same mass hierarchy as the charged leptons and, in certain models such as the 
'see-saw' model[10], mvi oc m 2 , in which case a sensitivity of 3 MeV/c 2 for m„ r is equivalent 
to 0.3 eV/c 2 for m v < ! . 

3.3 Nature of the r decay current 
This involves a precise determination of the decay parameters of the purely leptonic decays, 
T~ —» e~vcvT and r~ —+ pTv^Vr. The e, p spectra provide the Michel parameters (p e , p^) and 
the low energy spectrum parameters (7,., 77,,). The best sensitivity is at threshold (3.57 GeV) 
where the effects of the Lorentz boost are small (Fig. 8) and where the particle separation 
is cleanest (Fig. 3). The asymmetry parameters, which describe the asymmetry of the 
daughter lepton (e or p.) relative to the T spin, are determined by angular correlations at 
3.57 GeV (£.,£„) and by energy correlations at 4.25 Ge\ (&,£,,,&,$„). Finally, assuming 
the presence of a p. polarimeter, the parameter £j, can be determined from a measurement 
of the p, polarization at 4.25 GeV. 

The structure of the weak current that mediates r decays is poorly known at present; the 
only decay parameter measured so far is the Michel parameter p, with a world-average value 
0.74±0.05. The TCF will measure the T leptonic decay parameters to an accuracy comparable 
with those measured for p. decays; the expected errors[9] are as follows: p (±0.003), JJ (±0.01), 
$ (±0.01), and 6 (±0.01). With this precision, it will be possible to search for signs of a 
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KM matrix 
element 

Standard Model 
[3 generations] 
(90% CL interval) 

Experimental value 
(90% CL interval) 

v c d 

0.974 ± 0.001 
0.220 ± 0.003 

0.65 - 0.98 
0.16 - 0.23 

Table 6: Standard Model predictions and experimental values for the Kobayashi-Maskawa 
(KM) matrix elements Va and Vd. 

right-handed coupling up to mwR — 500 GeV/c 2 . 

3.4 Rare r decays 
The aim is both to measure rare decays that are expected in the Standard Model, such as 
r~ —> ir~T)i/T (b.r. 1 0 - 4 — 1 0 - 8 ) , and to search for lepton number violating decays, such 
as T~ —» Z~7, l~fi+n~, l~e+c~, h°l~, h~e~fi+ etc., where / = e,fi and h — hadron(s). 
These 'forbidden' decays are sensitive to a broad range of new physics, such as Higgs, SUSY, 
leptoquarks, technicolour and compositness. 

The optimum energy for these measurements is at 3.67 GeV, where a simple and (^ 100%) 
efficient tag Emi„ > 0.8 GeV can be used. The validity of a signal can be convincingly 
demonstrated by its disappearance at 3.56 GeV. The T-chann Factory will be sensitive to 
branching ratios near i 0 - 7 , which probes mass scales up to ~ 4 TeV, assuming the same 
coupling as the electroweak interaction. It is likely[ll, 12] that rare r decays will be much 
more sensitive to new physics than the equivalent rare ft decays since mT ^> m „ m p and, in 
addition, there is a broad range of kinematically-allowed channels. 

4 Charm physics 
4.1 KM matr ix elements V^, Vcd 
These important parameters of the Standard Model are poorly measured at present (Table 
6). The semileptonic decays of D mesons (Fig. 9) provide almost direct measurements of 
Vc, and V^. As examples, 

b.i.(D - Keve) ex rD | / * ( i 2 ) | 2 | Vc, | 2 , 

b.r.(U -> 7rei/E) oc rD \ £ ( t 2 ) | 2 I V* | 2 , 

where f+K(t2) are form factors and TD is the appropriate D lifetime. Using tagged events 
at ^"(3-77), these decays c»n be identified in fully constrained events with a single missing 
v. Although the signature is clean, the low branching ratio of the Cabibbo-suppressed 
semileptonic decays ( < 1%) has precluded their detection until recently, when Mklll observed 
several D° -* TT+CV,. events at SPEAR[13]. 

There are a large number of semileptonic branching ratios that can be measured at the 
r-charm Factory (Fig. 9)[14,15]. The typical statistics per year for D° and D±, will be a few 
times 10 5 events for Cabibbo-allowed modes, and a few times 10 4 for supressed modes. The 
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a) CABIBBO - ALLOWED SPECTATOR 

K, K* , Kim.... (D) 

T l , * . . . . (Ds) 

b) CABIBBO - SUPPRESSED SPECTATOR 

t . p . ....(D) 
K, K*.... (Ds) 

c) ANNIHILATION 

c 

t . P. r\.... 

Figure 9: Semileptoaic D decay diagrams. 
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(d) 

I - i 
0.2 -0.2 -0.1 0.1 0.2 

U = hissing-pmissing ^eW) U = t missing "missing («8») 

Figure 10: Examples of Cabibbo-allowed and -suppressed semileptonic decays that involve 
neutrals, assuming a TCF detector with: a) and b) sampling (Pb - proportional tube) elec
tromagnetic calorimetry; c) and d) CsI(Tl) crystal electromagnetic calorimetry. The back
ground events are shaded. 
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1.9 2.0 2.1 2.2 2.3 2.4 
MASS (K jte v) (GeV/c2) 

Figure 11: Measurement of the Cabibbo-allowed semileptonic decay D° —* K'e^Vc in E691 
(fixed-target photoproduction). The D0,s are tagged via Z>*+ —• D° T+ (right sign; wrong 
sign for this decay would be D°ir~). 
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D + , D + 

Figure 12: Pure leptonic D* or Df decay diagram. 

Process b.r. oc Expected b.r. 
TD*PD 1 Vcd I2 

Tntfb. 1 Vc | 2 

W£. 1 v„ !2 

~ 3 x 10- 4 

~ 4 x 1 0 - 3 

~ 2 x 10- 2 

Table 7: Pure leptonic D decays and their expected branching ratios (assuming / p ~ 
200 MeV). 

statistics for Df will be a factor of 10 lower. Each of these modes is expected to have low 
backgrounds (as seen, for example, in Fig. 10[14]), in contrast with similar measurements in 
fixed-target charm experiments (for example, Fig. 11). Most of the semileptonic branching 
ratios can therefore be measured to better than 1% precision, to be compared with the 
present errors of 15% for D —» Keve and 50% for D —* irevc. 

We anticipate that the present (3-9%) errors on the D meson lifetimes will also be re
duced below 1% by future fixed-target experiments. This will leave theoretical form-factor 
uncertainties as the dominant errors in the determination of Va and V^j. Hopefully these 
theoretical uncertainties can be reduced by detai'ed experimental input from the r-charm 
Factory. The uncertainties can largely be avoided by taking the ratio of semileptonic branch
ing ratios. In this way, V^i/K, can be determined to 0.3% precision, which is similar to the 
present precision of Ocabibbo-

Finally we comment that semileptonic Df decays that proceed through quark annihila
tion [Fig. 9c)] do not suffer from helicity suppression and may have appreciable branching 
ratios. One of the interests in these processes is the possibility of a clean source of glueballs 
Df -> glueball /*«/;. 

4.2 Pure leptonic decays 
Pure leptonic decays of .DjK mesons (Fig. 12) have two distinctive features: they can be rig
orously calculated in the Standard Model, and they have not been experimentally observed. 
The decays of interest are summarized in Table 7, where the final case, T + —* e+vevT or 
/ t + i / M P T . The weak decay constant fy.. measures the overlap of the c and d(s) quarks in 
the DfB) meson. The decay constants appear in many second-order weak processes, includ
ing mixing and CP violation, and are therefore important quantities to be experimentally 
determined. Measurement of fo is needed, for example, to improve the estimate of / B for 
calculations of mixing and CP violation in the B system. Furthermore, the relative pure 
leptonic branching ratios will provide a good measurement of | VajVd |, since the uncer
tainty in fD.IID should be small. These decays are measured cleanly in the rcF (Fig. 13), 
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Figure 13: Measurement of pure leptonic D decays in the rcF detector. Missing masses in 
tagged events are shown for: a)D+ —* (i^v^ (~ 1100 events per year); b)D* —* n^v^ (~ 
2000 events per year); c)D+ —» T+VT, T+ —» e+vevT\ (~ 2000 events per year); and, d)Z>+ 
—• T+I/T, T+ —• ii+vtlvT (~ 2400 events per year). The indicated statistics correspond to L = 
10 3 3 c m ' V 1 and fo — 200 MeV. The background events are shaded. 
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Figure 14: Event samples of pure leptonic D decays vs. the decay constant fjj. After includ
ing the T leptonic branching ratio, all three decays will have similar statistics. Also shown 
is the sample of pure leptonic B —> TI/ T decays vs. / s , expected at a B Factory assuming 
105 tagged Bu (corresponding to 10 years at L = 1 0 3 3 c m - 2 s - 1 ) , where the indicated limits 
correspond to the present uncertainty in V&„. 
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b) 

Figure 15: D"D° mixing by: a) Standard Model 'box' diagrams; and b) new scalar interac
tions. 

with expected rates indicated in Figs. 13 and 14[16]. The latter figure shows that an exper
imental measurement of fa is unlikely to be made in the near future, which underscores the 
importance of measuring fo-

These measurements are also sensitive to new physics that does not have the usual helicity 
suppression in pseudoscalar meson decay or that has mass-dependent couplings [since we 
measure the ratio T(D, -»fu>)/T(Ds -* ru)]. The absence of ev final states will provide a 
further test. 

4.3 D°D° mixing and CP violation. 
Searches for mixing and CP violation in the D system[17, 18, 19] offer several advantages: 

t The branching ratios into interesting states are reasonably large, and so observations 
can be checked in several different ways. 
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Figure 16: D°D° mixing diagram by long-range interactions. 

• Quantum statistics results in different correlations for D°D° decays depending on the 
whether the process is V>"(3.77) -» D°D°; D°D°* -> -fD°D°; or, D°D°" -* ni'D0D0. 
These three channels therefore constitute an analyzer to identify the source of a signal. 

The mixing parameter is defined as 

= B{D° - » , # > - • / ) (AmD/TD)2 + {ATD/2TD)2 

r° B{D° - » / / / ) 2 

where f is a final state. Mixing may occur in the Standard Model by 'box diagrams' [Fig. 
15a)], which are expected to be small (T\D < 1 0 - 6 ) due to GIM cancellations. Long range 
contributions (Fig. 16), which are also second order weak interactions, are expected to be 
larger, giving ro — 10~ 5 — 10~ 4. The small D"D° mixing expected in the Standard Model 
make this a promising channel to search for new physics [e.g. Fig. 15b)]. 

The experimental signatures for mixing are either like-sign dilepton events from dual 
semileptonic decays ( e * ^ . ^ , / i ± / i ± A' , e^/t^X) or two identical hadronic decays, such as 
(K+K~)(K+TT~) or (K~ir+)(K~ir+). Although the source of the leptonic signature is un
ambiguous, the hadronic signature may signal either mixing or doubly-Cabibbo-suppressed 
decays (DCSD), which are expected with branching ratios ~ t an 4 0 c = 0.003. These two 
contributions can be separated, however, since Bose statistics forbids DCSD when the D° 
mesons are in a relative / = 1 state (at ^"(3.77) and for D°p°" -> ir°D°D0} but allows 
DCSD when the D° mesons are in a relative / = 0 state (D°D0' —* iD°D°). An indepen
dent way to isolate DCSD is to measure their magnitude in the decays of D±, where mixing 
is of course absent. 

The statistics per year at ^>"(3.77) are expected to be ~ 8 10 4 dilepton events and 
~ 4 10 4 (Kir)(Kir) events[19]. This should allow a sensitivity rD ~ 2 x 1 0 - 5 in a 1-year 
experiment. At this level, we may expect in the Standard Model to see a mixing signal. 

CP violation in the DD system could show up either through mixing or in direct final 
state decays[17, 18, 19]. In the case of mixing, the signature is: 

1) D° -* l+X, with D° -> CP eigenstate (e.g. K+K~). 

2) D° -v l-X, with D° -» CP eigenstate (e.g. K+K~). 

CP violation will give a rate difference between 1) and 2), depending on the quantum state 
of the D"D° system.This is described by an asymmetry parameter A = {T\ — Tj) / (Ti + 
T 2 ) . A CP asymmetry of 2y/2r^A is expected in D°D° decays from the channel D°D0' -> 
jD0D°[n]. Adding several CP eigenstates, a yearly sample of 10 4 such events is expected 
at Ecm = 4.14 GeV. Assuming ro zz 1 0 - 4 , the asymmetry parameter A can be measured 
to a; 3 1 0 - 3 . Calculations[17] show a similar sensitivity can be reached in the case of 
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c) 

Figure 17: Flavour changing neutral currents by: a) new scalars or vectors; and b) and c) 
higher-order Standard Model processes. 

measurements of direct CP violation, e.g. detection of ^"(3.77) —»• D°D° -t /D»/DO, where 
the final states have equal CP parity, e.g. i=K+K~. A single event of this type establishes 
CP violation, since the initial state is CP even whereas the final state (p wave) is CP odd. 

4.4 Rare D decays 
Flavour changing neutral current decays can occur at a low rate by second order weak 
interactions [Fig. 17b)-c)], whereas lepton flavour violating decays are completely forbidden 
(for massless i/'s). Examples of the former are D -* e+e~, fi+fi~, he+e~, hfi+[i~, and hvv, 
and of the latter, D —• e+/ i _ ,and he+fi~. Decays that include hadrons (A) are a factor 10-100 
higher in rate since they do not have any helicity suppression. These decays are sensitive to a 
broad class of new physics [Figs. 17a) and 18]: contact interactions, leptoquarks, horizontal 
gauge bosons, lepton/quark substructure, Higgs, technicolour, etc. At the rcF these rare 
decays will have very low backgrounds[20] - generally 1-10 events - and so 1-year data 
samples will be sensitive to branching ratios ~ 10~ 7. This will allow the rcF either to place 
stringent limits (masses > 4 TeV/c 2) on such particles, or else provide an observation which 
will be an unambiguous sign of new physics. In fact, at this experimental sensitivity, several 
neutral current decays may be observable the Standard Model[21, 22]. Finally, we comment 
that searches for rare decays in the charm sector are complementary to those of K and B 
mesons since the couplings of the new particles may be flavour dependent, in which case 
decays of K/B (down-type quarks) would be different from D (up-type quark). 
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Figure 18: Lepton flavour violating D decay diagrams. 
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5 J/ip a n d rf)' physics 
The charmonium states J/ip, «/>', and TJC provide an exceptionally rich system for clean QCD 
studies at low Q2. The areas of interest are as follows[23, 24]: 

a) Gluons and gluonic particles. The processes to study are J/iji —» ggf, J/t/> —» ggg, and 
»?c - + 99-

b) The cc wave function and mass spectrum. Examples are the rates for J/ip —> 37 
(expected b.r. ~ 10~6) and nc - j 2f (expected b.r .~ 10~ 3). The rates for these 
processes, which are not well-measured at present, provide clean tests of QCD. 

c) Issues in hadronization, where we look at the details of the hadronic states produced 
from 2- and 3-gluon intermediate states. 

There are several advantages to J ftp decays for these light quark and glueball spectroscopy 
studies: 

• The initial and final states have well-defined quantum numbers: Jpo = 1 and 
1° = 0~. The Jjij} is an SU(3) singlet, with no hidden light quarks. 

• J/V> —* 7<7<7 —> fX involves a pure two-gluon intermediate state, with a mass mgg < 3.1 
GeV/c 2 , i.e. in the expected mass region of the gluonic spectrum. 

• The nature of the state X can be tested experimentally by comparing Jjiji —* •yX, uiX 
and (j>X. If X is gluonic, then the decays uX and fyX will be suppressed; in contrast, 
uiX is enhanced if X has u/d quark content, and <f>X is enhanced if X has s quark 
content. 

• J/V> decays have extremely high statistics and almost no background. Current exper
iments have 10 7 decays, whereas the statistics of the parent sample at the TCF will 
exceed 10 1 0 per year. 

With present data samples there are several possible signs of new states, based on signals of 
a few 10's of events, indicating there is a great deal still to be learnt from J/ip decays. With 
the factor 1000 increase in statistics at the rcF it will be possible to carry out a detailed 
partial wave study of these and other states, which should provide a definitive study of the 
gluonic spectrum. 

There are many further physics possibilities with J/I /I decays. Some examples are: 

a) Clean light meson factory. For example, 107 AA events per year are produced from 
J/il) decays. 

b) Weak decay studies, e.g. J/J/> —» D3eue (b.r.~ 1 0 - 8 ) . 

c) Tagged J/tj) decays, via ip' —> 7r+7r~ J/V>. One interesting decay is J/t/i -* vv (b.r.~ 
10- 8 ) . 

d) Alton search, via J/f -» 7 axion. The current experimental limit (Crystal Barrel) for 
this branching ratio is < 1.4 10~ 5 (90% CL). 
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6 Machine 
i u . ohysics sensitivity of the T-charm Factory will depend on the combination of two 
features of the experimental apparatus: 

rcF physics sensitivity oc machine luminosity x detector per formance 

The TCF will generate a large increase in the statistics of r and charm data samples near 
threshold. As examples, the present total luminosity is 2 p b - 1 for r studies below charm 
threshold, and 10 p b - 1 for charm studies at ^>"(3.77). These figures may be compared with 
the design luminosity of 1.5 X 104 p b " 1 per year at the rcF. 

Furthermore, a substantial improvement can be made in detector performance compared 
with previous experiments. In particular, we note that no previous detector in the T-charm 
threshold region has combined the advantages of the classical solenoidal magnetic detector 
- good momentum resolution and identification of charged particles - with the advantages 
of the crystal calorimeter detector - excellent energy resolution for 7, e, and JT°, and good 
low energy 7 detection efficiency. This style of detector - which has been pioneered by the 
work of L3 and CLEO II - would have a profound effect on the scope of physics accessible 
at the TCF, due to a sharp increase in the reconstruction efficiency and resolution of final 
states that include neutrals and due to improved e identification. 

The original TCF machine design was made by Jowett[25, 26, 27]. This was evaluated and 
further developed at the SLAC Tan Charm Workshop[28], at which time a KEK design[29] 
was introduced, as well as several new ideas - most notably a 'crab-crossing' scheme[30, 31] 
- that may lead to improved performance. Since the Workshop, a more detailed study of 
the TCF machine has been carried out at SLAC[32]. In this section, we will outline the main 
features of the machine design that have emerged from these studies. 

6.1 Design specifications 
The basic design specifications of the TCF machine are as follows: 

• An e + e~ collider operating in the range 3.0 < E„n < 4.25 GeV, with equal e + and e~ 
beam energies. 

• A peak luminosity L > 10 3 3 c m _ 2 s _ 1 to occur at Em = 4.0 GeV. At lower energies the 
luminosity is 

L = ( E ^ / 4 . 0 ) 2 x 10 3 3 cm- 2 s" 1 

which implies 0.6 X 10 3 3 c m ' 2 s" 1 at J/ip(3.10) and 0.8 X 10 3 3 cm" 2 s" 1 at T+T~ 
threshold. At higher energies the luminosity is 

L = ( 4 . 0 / £ c m ) n x lO^cm" 2 s" 1 

where 3 £ n & 4, implying 0.8 x 10 3 3 cm" 2 s" 1 at Em = 4.25 GeV. 

• A dedicated e+ and e~ injector that operates at collision energy. This allows frequent 
'topping-off' of the stored beam and thereby maintains a high average luminosity. With 
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Figure 19: Schematic design of the T-charm Factory machine. 

a calculated luminosity lifetime of 2.4 h, a 4-min. injection cycle every 65 min. will 
maintain the ratio of average to peak luminosity at 75%. Injection every 30 min. raises 
the ratio to 80%. A dedicated injector will also facilitate continuous operation of the 
r-charm Factory (a 10 months per year). 

The original concept of the T-chann Factory was an integrated detector and machine with 
a single interaction point[25, 33]. This approach was largely supported at the Tau Charm 
Workshop since it will result in the highest possible luminosity per interaction point, while 
simplifying the machine design and reducing the cost. 

6.2 Machine overview 
A schematic design of the TCF machine is shown in Fig. 19 and a summary of the current 
machine parameters is given in Table 8. We will provide here a brief description of the 
machine; further details can be found in ref. [32]. 

6.2.1 O p t i c s 

An optical solution, with chromatic corrections, has been evaluated[28] for the storage rings 
that provides a stable region covering 20c in each transverse direction and lOu in momentum. 
The r.m.s. magnet tolerances are assumed to be Sx>y < 300/xm, 6Z < 3 mm and 6g/B < 10~ 3 . 
The minimum physical aperture is set to a radial distance of 10 cr I i V + 5 mm (orbit excursions) 
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Energy E 2.2 GeV 
Circumference C 329.9 m 
Revolution frequency h 0.909 MHz 
Bending radius P 12 m 
/3-function at IP 

• « 0.2 m 

K 0.01 m 
Betatron coupling K2 0.05 
Betatron tunes Q* 8.87 

Qv 7.76 
Momentum compaction a 0.0396 
Natural emittance e* 424 nm 
Fractional energy spread <Tt 5.44 x 10~ 4 

Energy loss per turn u0 
0.173 MeV 

Damping times rx 28 msec 
Tv 28 msec 
Tc 14 msec 

R F frequency /RF 500 MHz 
R F voltage VRF 24 MV 
Radiated power per beam Jrad 86 kW 
Synchrotron tune Q. 0.19 
Number of bunches h 21 
Bunch separation sb 

15.71 m 
Bunch spacing n 52.4 nsec 
Bunch crossing frequency h 19.1 MHz 
Total beam current I 498 mA 
Particles per bunch Nb 1.63 x 10 1 1 

r.m.s. bunch length Oz 6 mm 
Beam sizes at IP °l 284 /tm 

°; 14 / im 
Beam-beam parameter tv 0.04 
Luminosity L 1.0 x 10 3 3 c m _ 2 s e c _ 1 

Table 8: TCF machine parameter list at top energy in the SLAC design[32]. This list corre
sponds to a peak luminosity at 2.2 GeV; in the final design this may be reduced to 2.0 GeV. 
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+ 10-20% (safety factor). The vacuum chamber has a circular cross-section and an internal 
diameter of 120 mm in the experimental insertion and 80 mm elsewhere. 

The experimental insertion uses triplet focussing to achieve /3* = 1 cm, with supercon
ducting quadrupole magnets (JJ/3 quads) protruding into the detector. The detector con
straints fix the inner face of the first quadrupole at 0.8 m from the interaction point, and 
fix the outer radius of the /i/3 quads at 20 cm. We envisage[35] a set of iron-free supercon
ducting quadrupoles whose coils can be separately rotated by a few degrees in their common 
cryostat to compensate the betatron coupling induced by the detector solenoid. For these 
optics, superconducting pp quads are required with a maximum gradient of 24 T m - 1 (Ql 
at 2.5 GeV/c) and a 'pole-tip' field BQX ~ 1.7 T. These specifications are readily achievable. 

The lower limit on St, is set by the accumulated length (2 X 7.5 m) of the fi0 insertion 
and the electrostatic beam separation scheme that follow it. Each electrostatic separator 
provides 2.8 M V m " 1 field for a distance of 4 m, which separates the e + and e~ bunches by 
40ITV (20 mm) at the outer edge of the separators. A warm quadrupole magnet followed by 
a septum magnet then introduce strong magnetic separation of the beams. The beams are 
transported to their respective rings by a vertical separation insertion that involves, a total of 
4 vertical bending dipoles, together with 6 quadrupoles, in order to preserve zero dispersion 
at each end. The vertical separation of the two storage rings is 1.2 m to allow sufficient 
space for beam elements, particularly RF cavities, and their supports. 

The synchrotron power load is 86 kW per ring or, equivalently, 11.4 W per cm arc. It 
is straightforward to handle such loads with water-cooled vacuum chambers. The crtitical 
energies of the synchrotron photons are very low: 2.0 keV from the main bends and ^ 4 
keV from the /*/? quads. Such photons can be efficiently masked from the interaction region 
to prevent their reaching the detector. In fact, radiation from the arcs cannot reach the 
interaction point since they do not lie in the same horizontal plane. An important concern is 
minimization of the heat load on the electrostatic separator plates from synchrotron radiation 
emitted nearby in the vertical bending magnets. 

The remainder of the two storage rings contains the standard optical sections: FODO arc 
cells, dispersion suppressors for the straight sections, injection insertions, etc. The straight 
sections have several matching cells (Q-adjustment, control of optical functions etc.) as well 
as space for the RF system, wigglers etc. Robinson wigglers are used to keep the emittance 
constant (L oc E2) and also to reduce the energy spread (maintain short bunches). A small 
bending radius p = 12 m provides rapid damping between beam-beam collisions. 

Finally, we comment that an important consideration for a two-ring machine is stable 
beam-beam collisions. In a single-ring collider, drifts in the lattice components tend to affect 
Loth beams equally and therefore cancel. The TCF rings must be located on stable supports 
and corresponding magnets in each ring should be powered from the same supply. The 
beams are initially brought into collision by observing the beam-beam deflection using beam 
position monitors near the interaction point. After colliding, the large Bhabha (e + e~ —» 
e + e" ) rate - 5 kHz - in the small-angle monitor of the rcF detector provides active feedback 
for automatic fine transverse beam adjustments during data taking. The RF systems of each 
ring are phase-locked to ensure longitudinal stability of the collision point. 
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6.2.2 Beam currrent limitations and R F 

The beam current and luminosity will ultimately be limited by single- or multi-bunch col
lective effects. Our approach to these instabilities is first to minimize their inherent con
tributions by optimized machine design and then, where possible, to apply active feedback 
systems for their control. We will summarize here the conclusions of a study[36] of collective 
effects in the rcF. 

The operation of the /i/J optics requires short bunch lengths az ~ 6 mm to be maintained 
and this, in turn, implies a low longitudinal impedance Z/n ~ 0.3ft. In order to minimize 
the ring impedance, the vacuum chamber has a large aperture and only one variation in 
the nominal inner diameter. Furthermore, the smooth inner profile that is characteristic 
of superconducting RF cavities is mandatory. With these and other precautions, such as 
smooth bellows shields[37], a longitudinal impedance Z/n ~ 0.3Q can be achieved. 

In addition to their low impedance, superconducting RF cavities are ideally suited to the 
TCF, which has modest beam power requirements [~ 200 kW per ring from synchrotron and 
higher-order-mode (HOM) losses] but requires a large RF voltage (24 MV at 500 MHz) to 
maintain the short bunch lengths. The choice of frequency is dominated by considerations 
of beam stability, which favour reduced frequency. The lower limit on /m? is set by excessive 
voltage requirements (since VRF/RF = const, to maintain a fixed bunch length) and by 
physical size of the cavities and their cryostats. The only argument in favour of higher fre
quencies is a reduced HOM power loss, but this is offset by the improved removal (coupling) 
of HOM power in low frequency cavities. With these considerations, the optimum choice is 
probably 500 MHz superconducting RF cavities. Such cavities have already been built at 
KEK (TRISTAN) and DESY (HERA); the main R&D required concerns high-power cou
plers to remove the HOM losses. These losses are estimated to be 5 kW per cavity (120 kW 
total per ring), at high frequencies above the vacuum chamber cutoff, and 100 W per cavity 
in trapped modes. The RF cavities are separated into 4 groups, each with 6 cells operating 
at 4 M V m - 1 , which are located at symmetric points around each storage ring (Fig. 19). In 
this way, a wide stable RF bucket can be achieved despite the high synchrotron tune (0.19). 

The growth times of coupled-bunch instabilities are ^ 1 ms; these can be controlled 
with a reasonable feedback system. Transverse mode coupling (fast head-tail) presents no 
problem. 

An additional instability is due to positive ion trapping in the e~ storage ring. Ion 
trapping gives rise to nonlinear resonance excitation, reduced beam lifetime and increased 
backgrounds. A suitable solution has been developed[38] for the EPA at CERN, involving a 
transverse electric field of about 50 kV m _ 1 that sweeps out the ions. The field is provided 
at strategic locations by means of low-impedance 'button' electrodes. 

6.2.3 Injector 

The preferred rcF injector scheme (Fig. 19) involves a system of linacs together with a 
500 MeV accumulator/damping ring[39]. A 500 MeV linac accelerates 10 1 2 e - per pulse at 
60 pps onto a positron target, which generates 10 1 0 e + per pulse. These pulses, of 300 ns 
duration, are accelerated in a second 500 MeV linac and injected into a small (37 m diameter) 
accumulator ring. This ring compresses the unbunched initial beam down to a single bunch of 
length az ~ 1 m m using 3 RF systems: 9.52 MHz, 95.2 MHz and 1428 MHz. Six consecutive 
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pulses are combined before injecting a single compressed bunch of 6 x 10 1 0 e + into a 2 GeV 
SLEDed linac. The e + bunches are accelerated to the operating energy and injected at 10 
pps into the storage rings. With an assumed transfer efficiency of 20% and a charge per 
ring of 3.4 x 10 1 2 e + , the positron 'full-fill' time is ~ 30 s per ring. A similar procedure is 
followed for e~ injection, except that the gun intensity is reduced to 5 x 10 l oe~ per pulse 
and, after acceleration to 500 MeV in the first linac, a bypass carries the e~ pulses directly 
into the accumulator ring, in the direction opposite to e + . With an electron 'full-fill' time of 
~ 6 s per ring, the total fill time for both rings is a; 72 s. Since the rings will be operated 
in a 'topping-off' mode, the actual injeccion times will be shorter. However, after including 
unavoidable delays for transitions and adjustments of both the machine and detector, the 
full injection cycle is estimated to require an interval of 4 min. 

6.2.4 Controls 

In order to maintain the average luminosity close to the peak value, both an efficient in
jector and a highly automated control system will be necessary. Present control systems in 
general involve a considerable amount of manual adjustment by the operator after injection: 
orbits, tune, coupling, RF phase, beam lifetime, backgrounds, etc. With injection at the rcF 
foreseen every 30-60 minutes, this manual optimization would simply be too slow. 

6.3 Comparison with SPEAR 
It is instructive to compare the parameters of the rcF with SPEAR in order to see where 
the increase in luminosity is being achieved. The luminosity, assvming optimum coupling, is 

Since both the rcF and the SPEAR beams are flat (a* <C cr*), the luminosity L oc (I£V//3*)E. 
The increase in luminosity results from: 

a) Increased beam current. With many bunches and an increased emittance, the improve
ment in I (at 2.2 GeV) is 500 mA : 10 mA, i.e. a factor 50. 

b) Increased beam-beam tune shift. The improvement expected in fy is 0.04 : 0.025, i.e. a 
factor 1.6. 

c) Reduced /3*. The improvement in j3j is 1cm : 10cm, i.e. a factor 10. 

These factors combine to give an overall luminosity increase over SPEAR of about 800. 

The success of the r-charm Factory - like any particle factory - will depend on achieving 
a luminosity close to its design value. Such machines cannot redeem themselves simply 
by virtue of having opened up a new energy region. It follows that there is no room for 
compromises and that careful and thorough design and engineering - of both the machine 
and the detector - will be mandatory throughout the project. 
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7 Detector 
7.1 Design requirements 
The primary requirements on the detector design[40] that emerged from the physics studies 
and discussions at the Tau Charm Workshop are as follows: 

1. Precise m o m e n t u m measurement accuracy, with particular emphasis on mini
mizing the effects of multiple Coulomb scattering: 

fa/pY = [0.3%p(GeV/c)P + [0.3%//?]2 

The main experiment that requires this high precision for avJp is the measurement of 
the ur mass. 

2. Crystal electromagnetic calorimeter, with high resolution of 7 energies: 

[OEIE]* = [2%/y/E{OeV)]9 + [l%]3 

and a low threshold energy for 7 detection: 

Ey ~ 10 MeV (90% 7 efficiency) 
~ 20 MeV (99% 7 efficiency) 

Improved energy resolution both sharpens the reconstructed D mass and reduces the 
level of background (since tighter cuts can be made on JT° and »; candidates). Further
more, a high resolution and efficient electromagnetic calorimeter is necessary in order 
to single-tag T+T~ events with the / + Emi„ signature; withoui such a calorimeter, the 
detector would lack sufficient resolution and hermeticity to isolate events containing 
i/'s. 

3. Excellent it*1, K*1 and p separation, with < 10~2 misidentification probability below 
1 GeV/c. 

4. Excellent e and /t identification, with < 1 0 - 3 probability of misidentifying hadrons 
as electrons, and a few x 1 0 - 2 probability for it/K to be identified as p. 

5. Hermeticity, allowing for v detection by missing energy. 

6. Maximum-possible solid angle subtended in the barrel region. This results 
in a large acceptance for the region of uncompromised performance: full tracking, 
precise &p/p, no end plate material, no detector boundaries, etc. The design goal is 
ft (barrel) ~ 90% x An str. 

7. Conservative interaction-region vacuum chamber, with a large radius (60 mm). 

8. Advanced tr igger/data acquisition system and off-line analysis farm. Al
though the event rate off-resonance is low (< 10 Hz), at J/ij) it is several kHz, which 
implies the need for sophisticated triggering[41] and a high-speed data acquisition 
system[42]. This will will generate a large amount of data which will require a dedi
cated off-line analysis farm similar to the ACP at FNAL[42]. 
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Figure 20: Side view of the TCF detector. The primary role of the hadron calorimeter is to 
tag the presence of K^jn, and not the traditional one of hadron energy measurement. 

7.2 Detector overview-
Following the previous considerations, we arrive at the basic configuration for the rcF detec
tor (Figs. 20 and 21). The dimensions in this figure and in the following discussion should be 
considered as approximate, although they are probably within 10% of the optimized values. 
A brief initial specification[40, 43] follows: 

7.2.1 M a g n e t 

Given the requirement of a field strength in the range 1 —11.5 T[40] and the extended opera
tion foreseen for the TCF (10 months per year for a period of 10 or more years), the optimum 
choice for the solenoid is a superconducting, rather than warm, coil. The dimensions cf 
the cryostat are: inner diameter 2.7 m, outer diameter 3.2 m, and length 5 m. The stored 
energy is 160 MJ at a field of 1.5 T. The perpendicular thickness of the coil and cryostat is 
0.9 rad.len. (0.20 Xabl). 
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Figure 21: End view of the TCF detector. 

7.2.2 Tracking detector 

Since the free space between the /i/3 quads is only 1.60 m, they project inside the volume of 
the drift-chamber (DC) tracking detector. In order to accommodate this constraint, the wires 
taper to shorter lengths as they approach the interaction point. This has the advantages of 
creating useful space for small-angle detectors and their readout, reducing the current drawn 
by the innermost wires, and providing a trigger with natural selection of events from the z 
region near the interaction point. 

The radial extent of the DC is 6 —» 90 cm. Measurement of the z coordinate is done 
by narrow-angle stereo since this is compatible with the low-gain requirements of dE/dx 
measurements. In addition, the z coordinate is measured at the entrance (az = 150/jm) and 
exit (500 fim) points of the chamber by means of z cathode strips situated at the inner and 
outer support structures. There are 40 anode wire hits per track (CT I I V = 150/im) which are 
arranged in superlayers, each containing 4 (uv) or 6 (z) wires. The maximum wire length 
is 3,6 m and the maximum drift distance is 2.4 cm to minimize diffusion and pileup. There 
are a total of 2800 sense wires. 

The multiple Coulomb scattering term, <rp/p - 0.3%//?, places severe constraints on the 
amount of material that can be tolerated in the DC. In order to achieve the lowest possible 
material, it is planned to use a He-based DC gas[44, 45], such as 78% He : 15% C 0 2 : 7% 
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Figure 22: Mean energy loss in the CLEO II drift chamber [1 atm. Ar-C2H6, 72 cm, 51 
samples, (dEfdx)FWHM ~ 14%]. The dE/dx resolution in the rcF detector is expected to 
be similar to these data. 
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iso-dHio ( l / ^ o = 14 X 10"'' rad. len. per m, to be compared with 60 X 10~4 rad. len. 
per m for 50 : 50 Ar : C 2 H 6 ) . Furthermore, with the use of Al field wires and with careful 
reduction of their number, the contribution from the wires will be 20 x 1 0 - 4 rad. len. per m 
(to be compared with 74 x 10~4 rad. len. per m for the Mark II DC wires). The total DC 
material will therefore represent 30 x 10~ 4 rad. len. per m. With this amount of material, 
the design performance for crp/p can be reached within the following range of values for the 
lever-arm and magnetic field[46]: 

LDC(B) = 0.60m(1.5T)-> 0.80m(l.lT) 

The small deposition of ionization in the He-based drift gas will result in a somewhat 
reduced precision in both position and dE/dx (Fig. 22). An advantage of this gas, in addition 
to superior momentum measurement at low energies, is a relatively small cross-section for 
synchrotron X-rays [a oc Z*), which are potentially a major background in tracking detectors 
operating at high-current e + e~ storage rings. 

Following the design specifications, the tracking detector has an extended barrel region 
that subtends 90%x4ir str., leaving small end-caps that cover only 6 % X 4 T str. The inner 
face of each fi/3 quad is also instrumented, as described below, to bring the total detector 
coverage to 99.7%x47r str. 

7.2.3 Electromagnetic calorimeter 

Among the candidate materials for the calorimeter, CsI(Tl) represents the best choice. The 
advantages are as follows: acceptable cost ($1.6 c m - 3 for bulk purchases), large light yield 
(52 photons per keV, which results in good 7 measurement, at low energy; the photodiode 
equivalent noise is 0.6 MeV), a reasonably short radiation length (X0 = 1-86 cm), a small 
temperature dependency of the light yield (< 0.2%/°C at 20°C), and easy handling. The 
only disadvantage is a slow light emission (T ~ 900 ns, with long tails; 5% of the light 
appears after 3 ms). However, this will not be a problem since the cell occupancy is low, 
and the effects of synchrotron noise etc. can be eliminated by continuous monitoring of the 
pedestals. Until recently a further disadvantage of CsI(Tl) was its apparently poor radiation 
hardness: doses of only 1 Gy were found to decrease substantially the transparency, resulting 
in several tens of percent reduction of the detected light. New measurements[47] indicate 
that the previous poor performance was due to impurities in the CsI(Tl) meltstock and, 
if pure materials are used, no reduction in detected light has been observed up to 50 Gy, 
which is the present maximum dose in the new measurements. In the TCF detector we 
expect maximum doses in the electromagnetic calorimeter of 1-10 Gy per year in the most 
exposed regions close to the vacuum chamber. The radiation hardness of CsI(Tl) is therefore 
adequate. 

The calorimeter is arranged in a tower geometry that projects, with a small offset, towards 
the interaction point. This will eliminate blind regions of the calorimeter and ensure the 
detector is hermetic. There are a total of 10k towers, each with an entrance face ~ 5 x 5 
cm a and a depth of 16J*fo- Each crystal is read out with two Si photodiodes mounted to a 
waveshifter-plate that covers the rear face. 

Two novel features of the calorimeter are under consideration. The first is an additional 
pair of photodiodes that read out the front face of each tower, thereby providing depth 
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information to aid ew separation. The second involves a position-measuring layer situated 
after 4 XQ. One possibility is to install a superlayer of scintillating plastic fibres, arranged 
in a zuv geometry and read out via an image intensifier/ CCD system. An alternative 
possibility is a layer of Si pads or strips. In addition to improving the 7 angular accuracy, 
this layer would give timing information that would provide a strong rejection of photon 
backgrounds, such as those caused by neutron albedo from hadron interactions elsewhere in 
the detector. 

7.2.4 Hadron calorimeter/ \i detector 

Situated outside the solenoid is a fine-grained hadron calorimeter whose functions are to 
tag the presence of Kiln, to identify /*, and to provide a flux return path. This has a 
perpendicular depth of 3.9 A0(,5 and is made from 52 x 1.25 cm Fe plates, separated by 
tracking chambers of 1.5 cm thickness. The best choice is probably drift chambers with long 
drift gaps (10-20 cm). Data from these chambers are continually recorded on a FADC and 
read out when a trigger occurs. 

The performance of this detector has been simulated by Monte Carlo[4]. The K^/n detec
tion efficiency is 95%, assuming special care is taken in the design to avoid projective cracks. 
The separation of ir/K from fi is achieved by a combination of precise range measurements 
and absence of interactions. Time-of-flight is used to identify /t below the minimum range 
of the calorimeter (260 MeV/c). Range-energy measurements provide a good separation 
between n/ K and fi at low energies; the range difference, due to dEjdx losses, between a 
«• and n of equal momentum is 3.3 cm Fe, and essentially independent of momentum. This 
is equivalent to a 22% range difference at 250 MeV/c, and a 9% difference at 600 MeV/c, 
to be compared with a 3% range difference in this energy range due to straggling. The dis
crimination between K and p is, of course, even stronger. Moreover, hadronic interactions 
will increase the separation between x and p. The calculated x —»ft rejection is better than 
1% over the range 250 —* 1000 MeV, at 90% n acceptance. 

Finally, ir/K decays contribute fi backgrounds at a mean rate per track ~ l%/p(GeV/c), 
assuming decays after r = 30 cm can be identified and rejected by detection of the decay 
'kink'. 

7.2.5 Time-of-flight (ToF) counters 

The kinematic limit of particles from r and D decays is ~ 1 GeV/c and so the identification 
of 7r, K and p is relatively easy using a combination of ToF and dE/dx. The irK separation 
by ToF is shown in Fig. 23. In the TCF detector, the barrel ToF counters are located at a 
radius 95 cm. Useful (3cr) separation at 1 GeV/c therefore requires a timing resolution of 
120 ps. 

This performance can be achieved by two independent layers of plastic scintillator, each 
providing aroF = 1 7 0 ps. In the barrel region there are 96 counters per layer, each of length 
4m and width ~ 7 cm. The end-caps are fitted with pie-shaped counters of 60 cm length 
(radial dimension). With 2.5 cm thickness per layer, the total perpendicular material is 12% 
rad. len. The effects of energy loss in this material on the resolution of the electromagnetic 
calorimeter can be largely compensated by adding the energies measured in the individual 
ToF counters to the corresponding energies seen in the calorimeter. This correction can be 
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Figure 23: nK separation (3tr limits) by time of flight. Each curve corresponds to a different 
oioF, as indicated [48]. 

applied with a high efficiency since the occupancy per counter is low ( ^ 5%). We illustrate 
the particle separation expected with this system in Fig. 24. 

Finally, we comment that the newly-developed phototubes with mesh dynodes from 
Hamamatsu appear to be capable of reaching this performance while operating inside a 
strong magnetic field. Use of these tubes would eliminate the present need for large light-
guide holes in the hadron calorimeter, which would simplify the construction and improve 
the hermeticity. Moreover, the elimination of long (~ 2 m) light-guides will improve the 
timing resolution. 

7.2.6 Smal l -ang le de tec tors 

The inner face of each /x/? quad is instrumented with an array of 16X 0 BGO crystals, pre
ceded by a tracking detector. BGO is a well-suited due to its short radiation length (1.12 
cm) and its radiation hardness. The readout is identical with that of the central electro
magnetic calorimeter. These detectors complete the solid angular acceptance and provide 
the luminosity monitor - both for the detector and for the feedback system that maintains 
beam alignment. 

7.2.7 Performance summary 

Finally, we summarize in Table 9 the performance of the rcF detector in comparison with 
Mark III (or, equivalently, with the BES detector at BEPC, which has a similar performance 
to Mark III). 
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TCF Mark III 
Charged particles: 

0.3%p©0.3%//3 
O.44©l.l/p0 
0.66 © l.l/p/3 

90 © 50/p/3 
160 © 50/p/3 

50 
90% 

1.5%p©1.5%//3 
2 

11 

1.5 x 10" 
80 

70% 

Momentum resolution: <rp/p(GeV/c) 
Angular resolution: a$ (mr) 

<rg (mr) 
Vertex precision: cxy (/mi) 

<r, (/wa) 
pJJ,in(MeV/c) for efficient tracking 
Q(barrel) (X4TT str.) 

0.3%p©0.3%//3 
O.44©l.l/p0 
0.66 © l.l/p/3 

90 © 50/p/3 
160 © 50/p/3 

50 
90% 

1.5%p©1.5%//3 
2 

11 

1.5 x 10" 
80 

70% 
Photons: 
Energy resolution: <7E/iJ(GeV) 
Angular resolution: o ^ (mr) 
27 angular separation: A0 2 7 (mr) 
£JJ,,n(MeV) for efficient detection 

2%/VE®l% 
3/ - /E©l 

100 
10 

18%/y/E 
10 
20 

100 
Particle identification: 
fc —• e rejection 
h—*n rejection 
7T —» K rejection 
K^/n detection efficiency 
^mm(MeV) for efficient v tagging 

0.1% 
l%/p(GeV/c) + 1% 

3a at 1.0 GeV/c 
95% 

~ r-o 

4% at 0.5 GeV/c 
5% at 1.0 GeV/c 
3a at 0.7 GeV/c 

62% 

Table 9: Comparison of the performance of the TCF and Mark III detectors. The symbol '©' 
denotes addition in quadrature. 

The elements of the rcF detector are similar to CLEO II, which has just started operation 
at CESR. In consequence, most of the detector components are well understood and will 
require little R&D prior to final design. The main differences of the TCF detector with 
respect to CLEO II reflect an optimization for r-charm physics, notably: improvement of 
the momentum resolution at low energy, increase of the barrel solid angle, enhanced particle 
identification at low energies, and hermeticity with a fine-grained outer hadron calorimeter/ 
fi identifier. 

8 Conclusions 
In summary, we foresee for the r-charm Factory a rich program of fundamental tests of the 
Standard Model from precise measurements of the r and vT leptons, the charm quark, and 
the decays of J/rl> and ij>'. In addition to this 'known' physics, a precise systematic study 
of these particles may reveal a discrepancy, in an unanticipated measurement, that would 
point the way to new physics - jus t as the 'unimportant' decay I<1 -» f t + n~ led us to charm. 
The r lepton is especially important since it appears to be the last lepton, in the Standard 
Model with light neutrinos. If we are to understand the reason why families and flavours 
exist, we must search for differences between the various families and flavours; the r lepton, 
as a member of the third - and perhaps last - family may hold the key. 

In the context of the Standard Model, r decays are largely predictable, and charm decays 
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apparently give rise to uninspiring electroweak forces: Va and Vcd are largely determined 
by the Cabibbo angle, D° — D° mixing is tiny, there is no observable CP violation and 
flavour changing neutral current decays are vanishingly small. We consider this makes the r-
charm Factory an ideal laboratory to confront the Standard Model with precise experimental 
tests; any deviation from the tightly constrained theory will be inescapable evidence for new 
physics. 

There is no better way to pursue this physics than the T-chaim Factory, which promises 
higher data rates than any other foreseeable machine, as well as excellent control of sys
tematic errors, due to the unique capability to single-tag Z) 0 , /}*,!)* and r. In addition to 
the large increase in machine luminosity, the performance of the TCF detector represents a 
substantial improvement in almost all respects relative to previous detectors in this energy 
range, especially with regard to electromagnetic calorimetry and e, fi and v measurements. 

Complementing the traditional exploration of the high-energy frontier, we foresee in 
the 1990's the increasing importance of particle factories which will explore the precision 
and rarity frontier of the known elementary particles. The T-charm Factory is an essential 
component of this program. 
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