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This document is focused on a project of the Super Charm — Tau factory in the Budker Institute
of Nuclear Physics (Novosibirsk, Russia). An electron-positron collider will operate in the range of
center-of-mass energies from 2 to 5 GeV with unprecedented peak luminosity of about 10%% cm=2¢ ™!

and longitudinally polarized electrons at interaction point.
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Introduction

Several laboratories engaged in the research on high-energy physics discussed projects of cr fac-
tories in the nineties of the last century. Those installations were planned for a beam energy
of 1 +3GeV and a peak luminosity of about 10%*em™2s~! [11, 2, B, 4, 5L 6, [7]. In connection
with study of narrow resonances, various options of monochromatization of the particle collision
energy were considered, as well as the possibility of obtaining transversely polarized particles (for
accurate energy calibration). The only implemented project from the “family” of the cr factories
of the 90s is the BEPC-II collider, which was commissioned at the IHEP laboratory in Beijing
in 2009 [8]. BEPC-II reached the projected peak luminosity of 1-10%3em™2s™! at a beam energy
of 1.89 GeV in 2016.

The revival of interest in the subject under consideration and commencement of work on the
project of the Super Charm —Tau factory at Budker INP SB RAS is due to, first, the outstanding
results that were obtained at B-factories at the laboratories of KEK (Japan) and SLAC (USA).
These works culminated in the awarding of the 2008 Nobel Prize in Physics to Y. Nambu, M.
Kobayashi, and T. Maskawa. Although the high luminosity of the B-factories and the initial
radiation state method (proposed and developed at BINP) yielded interesting results in the low-
energy region, the creation of a collider factory specialized on studying the physics of charmed
particles and tau lepton is still an extremely topical issue.

Secondly, the growing interest in creating a next-generation Super Charm - Tau factory was
caused by the appearance of a fundamentally new scheme of beam collision in electron-positron
colliders. This scheme (Crab Waist, CW) allows raising the luminosity by one or two orders
of magnitude without significant increase in the intensity of the beams or the dimensions of the
installation or decrease in the bunch length. The idea was offered by the Italian physicist Pantaleo
Raimondi in 2006 in connection with the study of the possibility of creating a B-factory with high
luminosity [9]. Later, the method was rigorously substantiated in the joint works by P. Raimondi,
M. Zobov (INFN LNF, Frascati), and D. Shatilov (BINP, Novosibirsk) |10, II]. Since 2008, the
CW scheme has been successfully applied at the ®-factory DA®NE (INFN LNF, Frascati); the
results of the experiments show the method to be promising and are in good agreement with the
theory [12] 13]. In addition to the Super Charm—Tau factory in Novosibirsk, the projects of the
ete™ colliders for ultra-high energy FCC-ee (CERN) and CEPC (IHEP, China) are also based on
the new approach.

Based on the tasks discussed in detail in the section devoted to the physical program of the
Super Charm —~Tau factory, the following basic requirements to the accelerator complex were
formulated.

e The beam energy must vary from 1 GeV to 2.5 GeV, which will enable conduction of exper-
iments from the threshold of production of nucleons and antinucleons to the region of the

family of ¢ mesons and charmed baryons. In addition, due to such a wide energy range it will
be possible to use the results obtained on the VEPP-2000 and VEPP-4 colliders at BINP.

2

e The luminosity of the factory must be not less than 103° cm™2s! in the high-energy region
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and not less than 10**cm™2s! in the low-energy region.

e The electron beam must be longitudinally polarized at the interaction point [14] [I5].
e No asymmetry of the energies of the colliding beams is required.

e The known methods of monochromatization of the beam collision energy reduce the lumi-
nosity, and thus it was decided to abandon monochromatization. The high luminosity in the
CW collision scheme makes it possible to effectively study narrow resonance states without
monochromatization.

e The energy calibration will be carried out using the reverse Compton scattering of laser
radiation on the particles of the circulating beam. This technique was implemented in
recent, years at VEPP-4M [16] and demonstrated a relative measurement accuracy of better
than 104, which seems sufficient for the objectives of the new Super Charm—Tau factory.
Transversely polarized beams are not required.

So, the main features of the new electron-positron collider in Novosibirsk, that make it a unique
world-class facility are the wide range of energies, high luminosity, and the possibility of conducting
experiments with a longitudinally polarized electron beam.

In addition to experiments on particle physics and fundamental interactions, the creation of
such an advanced facility will result in substantial progress in technologies for application of
charged particle beams (including high-field superconducting magnetic systems, high-power and
efficient RF generators, precision beam diagnostic devices, control systems, data collection and
processing, etc.). These technologies can be successfully used for development and creation of
particle accelerators for applied tasks, including sources of synchrotron radiation, installations for
therapy of cancer with proton and ion beams, and other types of accelerators for industrial and
medical applications.
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Chapter 1

Physics

1.1 Introduction

A Super Charm—Tau factory (SCTF) is an electron-positron collider operating in the range of
center-of-mass (c.m.) energies from 2 to 5+ 6 GeV with a high luminosity of about 103 cm—2¢ ™.
In this energy range practically all states with charm can be produced including charmonium
mesons, bound states of ¢ and ¢ quarks, charmed mesons and baryons comprising one ¢ (¢) quark.
In addition, at the c.m. energy above 2m, = 3.6 GeV 7-lepton pairs can be produced. Because of
its extremely high luminosity such a collider will be a copious source of charmed particles and 7
leptons.

The main goal of experiments at SCTF is a study of the processes with ¢ quarks or 7 leptons
in the final state using data samples that are at least two orders of magnitude higher than those
collected in the CLEOc¢ and BESIII experiments. In Table we show a list of energies, at
which most of SCTF factory data will be collected, and a possible distribution of an integrated
luminosity of 1 ab™' over these energies. At SCTF with a luminosity of 10%* cm™2c¢™! such
an integrated luminosity can be collected during half a year (107 s). The luminosities listed in
Table 1.1| correspond to approximately 10° 7 leptons, 10° D mesons and a fantastic number (10'?)
of J/1 mesons. The total integrated luminosity planned to be collected at the SCTF factory
is 10 ab~!. These data samples will allow a systematic study of all states of quarks of the two
first generations (u, d, s and c¢) as well as searches for states of exotic nature.

A theory of strong interactions, quantum chromodynamics (QCD), in addition to standard
mesons and baryons consisting of two and three quarks, respectively, cannot rule out the existence
of four- and five-quark states as well as bound states of gluons, carriers of strong interactions [IJ.
Some of the four- and five-quark states have already been observed but we are very far from
understanding their properties. Such states are possible because gluons, in contrast to a photon, an
electrically neutral carrier of electromagnetic interactions, possess a strong or color charge. QCD
predicts both hybrid quark-gluon states and states consisting of gluons only, glueballs. Hybrids
and glueballs are a completely new form of matter that can be formed by strong interactions only.
One of the tasks of SCTF is to discover exotic states and study their properties.

Huge data samples of D mesons, charmed baryons and 7 leptons will allow a search for prin-
cipally new phenomena, such as C'P violation in the D meson system and in 7 leptons as well as
lepton flavor violation with high sensitivity.

A physics program for SCTF can be subdivided into the following subsections, which are
discussed in more detail below:

1. charmonium,

10



Table 1.1. Energies, at which most of Super Charm —Tau factory data will be collected, and
approximate distribution of an integrated luminosity collected during one experimental run (107 s,
1 ab™') over these energies.

E,GeV L, fb!

3.097 300 J/ Light meson spectroscopy, rare decays
3.554 50 ete” = 77~ Precision measurements of 7 decays
threshold

3.686 150 »(29) Light meson spectroscopy,
Charmonium spectroscopy

3.770 300 Y (3770) D-meson study

4.170 100 1 (4160) Dg-meson study

4.650 100 maximum of A, study

olete™ = AFTAL)

2. spectroscopy of states of light quarks,

3. physics of D mesons,

4. physics of charmed baryons,

5. 7 lepton physics,

6. measurement of the cross section of eTe™ — hadrons,

7. two-photon physics.

1.2 Charmonium

A scheme of charmonium levels is shown in Fig. [.T} All states lying below the threshold of D
meson production and therefore decaying into hadrons consisting of the light u, d and s quarks
(or into a lower mass charmonium) have been discovered. Vector mesons (JF¢ = 177), i.e., J/9,
¥(2S), ¥(3770), etc. are directly produced in ete™ collisions. In Table we list the numbers
of 17~ mesons that can be produced at SCTF during one experimental season.

1.2.1 Charmonium states below the DD threshold

About 10 J/1 and 10" ¢(25) can be produced during one experimental season. In radiative
decays of J/v¢ and 1(2S) mesons [2] about 10 y.; and 7. mesons each can be obtained. About
10® h. mesons can be produced in the ¢ (2S) — h.m® decay, which has a branching fraction of
(8.6+1.3)x107* [2]. For observing 1.(25) one can use a rare, radiative transition 1(25) — 1.(25)y
with a branching fraction of (7 £5) x 107 [2] or two-photon production (see Sec. [1.8). Such a
data sample allows a systematic study of cc-meson properties. The following items should be
mentioned:

11



L ¥(4S) or hybrid 7]
i ¥(2D) TatnTl/y 4
i ¥(38) |
4.0 — 7 (35) B Xe1(RP)  x 5(2P) N
— L TT=>DD* X(387R) =51/ T~DD,y
a 3 \(P-NJ’)J/*/’
o - ¥(1°D,) 2 M(D
e yes— =L JEMPL
E T on.(38) e l
J - T’h.(1P) Xe1 (1P) Xe2(1P) |
% 391 Xco(1P) N
2 i el i
= = 7EL ]
I VI8 Charmonium family -
L gP¢ — o~ 1= 1+ o+t 1+ o+t -
L =0 0 1 1 1 1

Figure 1.1. Charmonium system and transitions. Red (dark) arrows indicate recently discovered
decays and transitions between the levels. The dashed line shows a production threshold for a
pair of charmed mesons.

Table 1.2. The number of ¢¢ mesons that can be produced at SCTF during half a year. Estimates
of physical cross sections are based on Refs. |2, 3] [4].

J/ (28) (3770) H(4040) (4160) 4p(4415)
M,GeV 3.097 3.686 3.773  4.039 4191  4.421

I', MeV  0.093  0.286 27.2 80 70 62
o, nb ~3400 ~640 ~6 ~10 ~6 ~4
L, th! 300 150 300 10 100 25
N 1012 101 2 x10° 108 6 x 10% 108

12



1. Precision measurement of probabilities for transitions between low-lying levels of charmo-
nium, their masses, total and leptonic or two-photon widths. These parameters are calcu-
lated in potential quark models and can also be obtained within lattice QCD. In close future
the accuracy of lattice calculations will reach a level of about 1% or better. At SCTF one will
be able to measure probabilities of rare, not yet discovered electric 17.(25) — hey (2.5x1073),
P(3770) = oy (2 x 107%) and magnetic 1.(2S) — J/¥y (3 x 107°), he = X0y (~ 107°)
dipole transitions. Shown in parentheses are transition probabilities expected in the quark
model [I]. From the analysis of angular distributions of photons in the x.; — J/1~v and
¥(2S5) — Xy decays one can extract the amplitudes of M2 and E3 transitions interfering
with the dominating E'1 transition and determine an admixture of the D wave state in 1/(25)
(see a review in [5] and references therein).

2. Information about decays of low-lying states of charmonium is very incomplete. For the
best-studied J/¢ meson about 45% of hadronic decays only have been measured. For other
states the situation is even worse. One of the tasks for SCTF is a systematic study of all
low-lying charmonium states. This program, in particular, includes a precision measurement,
of hadronic transitions between charmonium states with emission of one or two 7 mesons, n
meson, ¥, h. — 37 decays, a photon spectrum in the reaction ¢y — v.X, where X is a hadronic
state of light quarks, and direct measurement of the probabilities of 7., X0, Xc1 — 277 decays.

3. A relatively small width of the J/¢ resonance and a huge data sample provided by SCTF
allow an observation of weak J/1 decays. The total probability of weak decays of J/1 via a
¢ — sWT transition is (2-4)x 1078 [6]. Semileptonic J/v¢ — D?lv, D v and hadronic J/v —
Dfp~, D™~ modes have branching fractions of (3-4)-107° [6] [7] and can be measured at
SCTF. In Standard Model (SM) decays with AS = 0 are suppressed. For example, the
branching fractions of J/1¢ — D°p" and J/v — D%7® decays are predicted at the level of
2 x 107 and 0.6 x 10~ [7], respectively. This makes such decays sensitive to effects of
new physics not described by SM, in particular, to the existence of a flavor-changing neutral
current (a ¢ — u transition) [8].

Another type of weak processes (c¢ — s§ with W boson exchange) results in decays vio-
lating C' parity, such as, e.g., J/¢ — ¢¢. The expected branching fraction of this decay is
sufficiently high (~ 1078 [9]) for its observation at SCTF.

4. A large sample of 1) meson decays allows a search for phenomena not described by SM, such
as violation of C'P parity and lepton flavor conservation. Lepton flavor violation can be
observed in J/v¢ — [’ decays, where I,I' = e, u, 7. Branching fractions of such decays can
be related in a model-independent way to branching fractions of x4 and 7 decays to three
leptons [10]. From the limits B(u — eete™) < 10712 [2] and B(1 — pete™) < 2.7x 1078 [11]
one obtains B(J/1y — pe) <2 x 1078 and B(J/¢ — 71) < 6 x 1072, A limit on the decay
7 — pete” has been set with a data sample of 5 x 10% 7 lepton pairs. Thus, at SCTF J/v
decays can be more sensitive to lepton flavor violation than those of 7 leptons.

One of physical effects beyond SM is the existence of the non-zero electric dipole moment
(EDM) of quarks or leptons leading, in particular, to C'P violation. J/1 decays provide the
best opportunity to obtain information about the c-quark EDM. To search for C'P violation
one can use three-body decays, e.g., J/1 — v¢¢. In this case, one can compose a C'P-odd
combination of momenta of final particles and an initial electron and determine a parameter
describing C'P asymmetry which is proportional to EDM. With 10'? .J/¢) mesons, using
the J/1 — ~v¢¢ decay one can obtain a sensitivity to the c-quark EDM at the 1071% e-cm
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Table 1.3. Exotic vector states in eTe™ annihilation.

State M, MeV | T', MeV | Production process

Y (4260) | 4251 4+9 [ 12012 | efe” — J/yntn— | [16, [17]
Y (4360) | 4346+ 6 | 102+ 10 | ete~ — ¢(28)mta | 18] [19]
Y (4660) | 4643 +9 | 72+ 11 | efe” — (29)nTn~ | [20, 21]
Y(4008) | 3891 +£42 | 255 £42 | etem — Jjnta— | |7

level [12]. A two-body J/¢» — AA decay, in which polarizations of final baryons can be
measured from the A — pn~ decay, can be also used for a search for C'P violation. With
102 J/+¢ mesons, this decay can be used to set a limit on the A-hyperon EDM at the
5 x 1071 e-cm level [13], two orders of magnitude more stringent than the existing limit.

1.2.2 Study of exotic charmonium-like states

Over the past decade Belle, BABAR, CLEO-c¢, CDF, D0, BESIII and LHCb experiments have
discovered dozens of charmonium states with masses above the open charm threshold [14]. Only
a few of them could be identified as excited c¢ mesons. Many of the found states have nonzero
electric charge demonstrating their exotic nature. The nature of the new states remains unclear.
While trying to explain the properties of the new states, the theory has to admit the existence of
molecular states, four-quark states or hydrocharmonium [15].

Vector charmonium-like states, which can be produced at SCTF in the reaction ete™ — Y,
are represented in Table Masses, widths [2], the processes in which they are produced, as
well as references to BABAR and Belle experiments that discovered Y states via radiation return.
Existence of three states, the Y (4260), Y (4360) and Y'(4660), is reliably established as they
were confirmed by at least two experiments. The mass and width of the Y (4660) resonance are
consistent within errors with the parameters of the X (4630) state observed by Belle in the process
ete” — AFA; [23]. The existence of a broad peak called Y (4008) found by Belle [17] (7.40), but
not confirmed by BABAR [22] remains an open question.

Interpretation of the vector Y states as a standard charmonium faces a number of problems:
the charmonium spectrum with J©¢ = 17~ quantum numbers is populated with the standard
charmonium state and there is no room to accommodate newly observed Y states; the Y states
with masses above open charm threshold do not decay to charm mesons unlike expectations; the
partial width of the Y — J/¢nTn~ decays (> 1 MeV) exceeds by two orders of magnitude the
analogous values for the standard charmonium ¢ (3770)((25)) — J/¢yntn~.

The Y states were discovered in ete™ — J/Yntn~ and ete” — (25)ntn™ processes.
Later other processes were studied: eTe™ — J/¢n7° [24], ete™ — J/YKTK™ n efe” —
J/VWKsKs [25], etem — J/yn 26, 27, etem — J/vn 28], etem — J/ynn® [29], etem —
hentn™ [30], ete” — wrtn™ [30]. As expected the Y (4260) signal was observed in the ete™ —
J /770 process. Clear evidence of the Y resonances is not seen in other channels.

Relatively large cross sections (50-100 pb), comparable in magnitude with the ete™ — J/¢ntn~
cross section, were observed in the reactions ete™ — J/¢¥n and ete™ — hontn. In Ref. [26] the
ete” — J/in cross section was fitted by a sum of the ¢(4040) and ¢(4160) resonance contribu-
tions. A wide structure was found in the cross section of ete™ — h.ntn™ in 4.2 — 4.5 GeV energy
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Table 1.4. Charged carmonium-like states.

State M, MeV I, MeV Reaction
Z(3885)% | 3883.944.5 | 25+ 12 Y (4260) — 7~ (D*0D*) | [32]
Y (4260) — 7~ (D** DO)
7(3885)0 | 3885.7+9.8 | 35+ 19 ete” — (DD*)° [33]
Z(3900)* | 3891.2+£3.3 | 40+8 Y (4260) — 7= (J/pnt) | [34, 135, [36]
Z(3900)° | 3894.8 £3.5 | 29+ 12 Y (4260) — 7°(J/¢7%) | [37]
7(4020)* | 4022.9+2.8 | 7.943.7 | Y(4260,4360) — 7~ (hort) | [38]
7(4020)° | 4023.9+4.3 | 7.943.7 | Y(4260,4360) — 7°(h.t°) | [39]
Z(4025)% | 4026.3 £4.5 | 24.8 £ 9.5 | Y (4260) — 7~ (D*°D*+) | [40)
Z(4025)° | 4025.5+4.6 | 23.0 £ 6.1 ete” — (DD*)° [41]
7Z(4055)% | 4032.14£2.4 | 26.1 £5.3 | Y(4360) — 7~ (¢(2S)n*) | [42, 43
Z(4050)* | 4051173 82721 BY — K~ (xar™) [44]
Z(4200)* | 419615 37017, B — K~ (J/¢n™) [45]
Z(4250)% | 4248718 177351 B — K~ (xar™") [44]
7(4430)% | 4458 £ 15 166757 B — K~ (¢(29)7™") [47, 48]
[46]
BY — K~ (J/¢nrt) [45]

range [30]. It was fitted in Ref. [30] by a sum of two resonances with masses about 4.22 and 4.39
GeV and widths of about 70 and 140 MeV, respectively. These values differ from the parameters
of the Y resonances listed in Table

In 2017 BESIIT has measured the cross section of ete™ — J/¢nTn~ with a high statistical
accuracy (19 points with an integrated luminosity of 8.2 fb~1) [3I]. This measurement showed that
the structure called by Y (4260) cannot be described by a single resonance. Two close resonances
with masses (422243) GeV and (4320+13) GeV and widths (44+5) and (101+£27), respectively, are
needed to describe the cross section data. The first resonance was found to be in good agreement
with the resonance near 4.22 GeV detected in ete™ — h.n"m~ and also with the structure near
4.2 GeV in the cross section of eTe™ — J/un [26] 27].

Another class of exotic charmonium-like states, so called Z states, is presented in Table The
families of charged charmonium-like states Z(3885), Z(3900), Z(4020), Z(4025) were discovered
in ete~ collisions in the reaction e"e~ — Z7 near the maximum of the Y (4260) resonance. The
triplets Z(3900) u Z(3885) decaying to J/im u DD*, respectively, have close masses and widths
and therefore are considered as the same state.

The parameters of the isotopic triplet Z(4020) decaying into the h.m final states are consistent
with the parameters of the states Z(4025) decaying into open-charm final states D*D*. It is
assumed that these two triplets are also one state.

An indication for the existence of a charged state Z(4055)" decaying into ¢ (2S5)7" was found
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in the Y (4360) decays in the Belle experiment [43]. A study of the Z(4055)" with much larger
statistics were performed recently by BESIIT [42]. The Z(4055)" parameters obtained by BESIIT
and presented in Table are in agreement within errors with the parameters of the Z(4025)".
BESIII has shown [42] that the dynamics of the ete™ — ¥(25)n 7~ process strongly depends
on energy near the Y (4360) peak and that a model with one resonance decaying into ¢ (25)7r™" is
insufficient for a complete description of the Dalitz distribution.

All the Z states discussed above, observed in the process ete™ — Zx, have J’¢ = 17—, The
states Z(4200) and Z(4430), observed in B-meson decays, have the same quantum numbers and
can be searched for in Y'(4660) decays.

Neutral charmonium-like states with positive C-parity, such as X (3872), X (3915), Y (4140),
Y (4274), and X (4500) |2} 14] can be observed at SCTF in the processes ete™ — X (Y)7. Recently
one of such processes e"e” — X (3872)y was observed in the BESIIT experiment [49].

At SCTF one could study the exotic charmonium-like states with statistics 10-100 times higher
than the data accumulated by the BESIII experiment. The energy scan in the range of 3.8-5.0 GeV
with integrated luminosity of 100-1000 fb~! provides the detailed measurement of the processes
ete” = J/yrm, v(28)wm, J/WKK, J/in, J/dnl, henr, xow, ete.

1.3 Spectroscopy of states of light quarks

Charmonium states with a mass smaller than two D-meson masses decay into hadrons consisting
of light u, d and s quarks. Selecting special decay modes of c¢ mesons one can select and study
states with practically any quantum numbers. Therefore, SCTF is a unique laboratory to study
properties of mesons with mass lighter than 3 GeV consisting of u, d, and s quarks.

Of special interest is a search for bound states of two gluons (glueballs), and hybrid states
(ggg). With a ~ 9% probability the J/¢ meson decays into vygg followed by hadronization of two
gluons. Thus, the J/v radiative decays are the best sources of glueball production. Lattice QCD
calculations [50, 51| predict that the lightest glueballs with the quantum numbers JF¢ = 0+,
2+t and 07" have masses smaller than 3 GeV. The glueball spectrum obtained in Ref. [50] is
shown in Fig. [1.2]

One of the characteristic features allowing to distinguish a glueball from a regular two-quark
meson is its anomalously small two-photon width. Therefore, a search for glueballs in .J/v decays
should be complemented by a study of two-photon meson production. (see section . Previous
searches for glueballs failed to give an unambiguous result. Most probably, glueballs are mixed with
two-quark mesons. To determine a glueball fraction in a meson, one should study in detail meson
properties in different processes and decay modes. For example, for a family of scalars (fy, ao,
K}), one should measure with high precision the processes J/v¥ — foy, foo, fow, aop, K*(892) K},
and vy — fo, ap in different scalar decay modes fy,ag, Kj — PP, VP, VV, V~, where V and P
are vector and pseudoscalar mesons, respectively. A gluon component will reveal itself as a ratio of
decay probabilities unusual for two-quark mesons and appearance of an extra f, meson not fitting
the scheme of two-quark states. It is worth noting that in addition to gluonic and two-quark
states, QCD predicts existence of exotic four-quark mesons and molecular states of two mesons.
Existence of such states and their mixing with two-quark states makes even more complicated the
pattern of levels of scalar mesons. Detailed systematization of mesons requires very large data
samples of J/1 decays and two-photon events that can be accumulated at SCTF only.

A search for hybrid states is facilitated by the fact that such a state with a smallest mass of
1.3-2.2 GeV/c? should have exotic quantum numbers JP¢ = 1=F impossible in the quark model
(see review [52] and references therein). At the present time there are two candidates for the
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Figure 1.2. Spectrum of glueball masses [50].

light-quark hybrid: m;(1400) and 7 (1600). Properties of these states are badly investigated and
even their existence should be confirmed. The 7 states were observed primarily in diffractive
experiments 7N — 7w, N. SCTF allows a study of completely different production mechanisms:
S-wave decay x. — mm and P-wave decay J/¢¥ — pmi. One should study main decay modes
expected for a hybrid: pm, by, fim, nm, and n'w. It is expected that the lightest state of a hybrid
with non-exotic quantum numbers 0~ is also in the mass region around 2 GeV. This state can
be searched for in the decay y.o — 7m; as well as in 1) meson decays.

The BESII collaboration observed an anomalously strong near-threshold excess in the pp mass
spectrum in the J/1 — ~pp radiative decay. The structure (X (pp)) was fitted with an S-wave
Breit-Wigner resonance function with mass about 1860 MeV and width less than 30 MeV [53].
This result was confirmed by the CLEO-c [54]. The observed structure can be manifestation of a
hypothetical pp bound state, baryonium [55].

The study of the structure X (pp) was continued in the BESIII experiment [56,[57]. The partial-
wave analysis of the J/1¢» — vypp and i)' — ~ypp decays in the pp invariant mass region below 2.2
GeV shows that the mass of the X (pp) is 1832 4+ 20 MeV, its width is less than 76 MeV, and its
JPC =0~ |57).

In the J/v — vn/mTn~ decay, the expected contributions of the f;(1510) and 7. resonances
together with the new structures X (1835), X (2120), X (2370), and X (2600) were observed in the
the n/7" 7~ invariant mass spectrum [58, [59]. The resonance X (1835) has the width about 200
MeV. The photon angular distribution in J/v — X (1835) decay corresponds to the X (1835)
quantum numbers J© = 07. The slope of the X (1835) resonance line-shape has a significant
abrupt change at the pp mass threshold. This may be due to opening the X (1835) — pp decay.
So, the X (1835) and X (pp) may be the same resonance.

The X (1835) signal is seen in the other decay modes. For example, the decay J/¢ —
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Table 1.5. The maximum values of the e*e~ — DD® and eTe~ — D, D! cross sections [61, 62]
and the energies where the cross sections are maximal.

*

DD~ DYD° DD DID; DiD*~
E,GeV 377 3.77 4.02 4.01 4.17
o,mb 2884005 3.61+£006 7.5+04 0274003 0.92+0.05

v X (1835) — YK sKsn(vf0(980)n) was observed [60]. The resonance mass, width, and quantum
numbers in this decay are in agreement with those in the J/¢ — yn/m" 7~ decay.

Experiments with the BESIII detector at the tau-charm factory BEPCII indicate the rich
resonance physics in the mass region below 3 GeV. Statistics of the BESIII experiment is not
enough for unambiguous interpretation of the observed structures. The studies of these states will
be an important part of the physical program of SCTF factory.

1.4 Physics of D-mesons

The values of the D-meson production cross sections are listed in Table [I.5] With the luminosity
distribution given in Table , about 10° pairs of charged and neutral D mesons, and about
2 x 107 pairs of D, mesons can be produced at CTF.

These numbers do not exceed the numbers of D mesons produced at existing B-factories at
the ee™ c.m. energy of 10.58 GeV. There is, however, crucial difference between D-meson events
at 10.58 and 3.77 GeV, which makes low energy measurements preferable and allows more precise
results to be obtained with lower statistics:

e The multiplicity of charged and neutral particles is about two times lower at ¢ (3770) than
at Y(49).

e In contrast to T(45), where D meson production is accompanied by many other particles,
at the threshold pure DD events are produced. This allows to use additional kinematic
constraints for the event reconstruction. In particular, in events with leptonic or semileptonic
decay of one of the D mesons, the neutrino is reconstructed with the additional constraint
of zero missing mass. Use of the double-tag method, when one of the D mesons is fully
reconstructed, while the other is studied, strongly reduces background and allows to perform
precise measurements of absolute decay probabilities.

e D and D mesons are produced in a quantum-coherent state, for example, with J*¢ = 17~ in
the reaction ete™ — DD or JP¢ = 0% in the reaction ete™ — DD~. The coherence allows
to use simple techniques for a study of DD mixing, search for C'P violation, measurement
of strong phases, and probabilities of decays to C'P states.

At SCTF a systematic study of D-meson properties will be performed.

1.4.1 Spectroscopy of D mesons

There are three types of charmed mesons: charged D* mesons with the quark structure of (cd),
neutral D° and D° mesons with the structure of (cu), and DF mesons with the structure of (cs).
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Figure 1.3. The scheme of the D-meson levels.

Let us consider the orbital-excited states of the D-meson. Since this meson consists of the
heavy c-quark and the light antiquark, the heavy quark effective theory could be used to describe
this system. In limit of accurate symmetry by flavor and spin 5¢ of the heavy quark, the total
angular momentum of the light quark j’q =L+ 5, commutates with the Hamiltonian of the system
and conserves its value. In such a case, we can classify the states by the total angular momentum
of the light quark j’q and spin of the meson J = fq + 5g. The classification scheme of low-lying
levels of D mesons is shown in Fig. From the six states shown, the two lowest have L = 0,
while the four others have L = 1. The moment j, coincides with the spin of the light quark s, in
the case of the zero relative angular momentum L between the light and heavy quarks. The total
spin J can be equal to 0 or 1. In the first case, we have the ground state of the D meson with
the JP = 01/2, and the second case corresponds to the vector state with the J = 17,,, which is
called “the D* meson.

States with the relative angular momentum L equal to 1 are called the D** mesons. The D**
states include two doublets with j, = 1/2 (J[) = 0], 1)),) and j, = 3/2 (J}" = 135, 23,). Such
a classification is applicable to all three types of D mesons.

Conservation of a P-parity and angular momentum in strong interactions imposes constraints
on decays of the D** states to the D®) 7. Two states with Jq = 1/2 decay to the D7 system in S
wave and two other states with j, = 3/2 decay in D wave. Since the decay width is proportional
to the nonrelalivistic momentum of the final particles to the power of 2] + 1, where [ is a relative
angular momentum between D) and r, the states with Jq = 3/2 have small decay widths of
order of tens of MeV and are expected to be narrow, but the states with j, = 1/2 are expected
to be broad with widths of hundreds of MeV. The spin-flavor symmetry of the heavy quark is not
accurate. Therefore, if the powers of 1/m¢ are taken into account, the total angular momentum
is not a "good" quantum number any longer. It leads to the fact that physical D}(2430)° and
D1(2420)° states are linear combinations of the pure states with j, = 1/2 and j, = 3/2. We use
the following nomenclature of the D** states: D;(2400) with JI” = 07 ,, D}(2430) with J = 17

1/27 1/27
Dy(2420) with J = 13, and D5(2460) with J[ = 27, (see Fig

The spectrum "of neutral D mesons obtalned in the relativistic quark model is shown in Fig.[1.4]
The mass spectrum of the cu system is shown for the ground states with nL = 15, where n is the

radial quantum number, as well as for the orbital excitations with angular momenta L = 1,2,3

1/2
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Figure 1.4. The mass spectrum for neutral D mesons in the relativistic quark model [63]. Masses
are scaled such that mass of the ground state coincides with mass of the D meson.

Table 1.6. The parameters of D and D, mesons. The masses and widths are given in MeV.

charge D D Dj Dj D, D;
+ M 1869.58 £0.09 2010.26 £ 0.05 2351+ 7 2423.2+24 24654+ 1.3
r 1040 £ 7 fs 0.083 + 0.002 230 £ 17 25+ 6 46.7£1.2
0 M 1864.83 £0.05 2006.85+£ 0.05 2318 £29 2427 £ 36 2420.8 £ 0.5 2460.6 £ 0.2
r 410.1 £ 1.5 fs <21 267 £ 40 384 £ 120 31.7£25 477+1.3
charge D, Dz Dz, D, Dy Dz,
+ M 1968.27£0.10 2112.1£04  2317.7+£0.6 2459.5+0.6 2535.10+0.06 2569.1£0.8
r 500 £ 7 fs <19 < 3.8 <35 < 0.92£0.05 16.9+0.8

(1P, 1D and 1F) and also for the first radial excitation (2S5). Predictions for the 1S and 1P
states with J¥ = 17 and JP = 2T are in good agreement with measurements (within 20 — 30
MeV). Agreement for the 1P states with J© = 0T is about 100 MeV. Recently BABAR [64] and
LHCD [65] collaborations found excited 25 and 1D states of D; mesons as well as the possible
superposition of the different 1/ states.

The known low-lying states of D and D, mesons [2] are listed in Table Study of properties
of the excited D; and D,; states requires further theoretical and experimental work. Presently,
experimental information about the D; and D,; mesons is not complete. In the frame of the naive
quark model the P-wave D,; states with j, = 1/2 are expected to be broad and should decay to
the DK and D*K systems [66]. However, the measured masses of the D*,(2317) and D’,(2460)
states lie by about 40 MeV below the DK and D*K thresholds. Therefore, they are narrow. To
explain this discrepancy, the hypotheses that these cs states are not conventional mesons, but
have, for example, four-quark or DK molecular structure are suggested.

Precise knowledge of the spectroscopic properties of the D; and D,; states is important
to determine the CKM matrix elements |V| and |V,,|, to study semileptonic b — ¢ decays
and to search for "mew physics" evidence. The properties of the D; and D,; systems can
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Table 1.7. Most presise measurements of the branching fractions of D and D, meson leptonic
decays.

D+ Df
etv < 8.8 x 1079 [74] < 8.3 x 1075 [76]
pty (3.714£0.19£0.06) x 107 [75]  (5.31 £ 0.28 £ 0.20) x 1073 [76]
Tty < 1.2 x 1073 [74] (5.70 £ 0.215535) x 1072 [76]

be studied in detail at SCTF, where D; and D,; mesons can be produced in the reactions
ete™ — DiD*, Dg’)D(*), D3D® | which have thresholds in the energy range of 4.3 — —4.7 GeV
and the cross sections of about 1 nb [67, 68]. The integrated luminosity of about 50 fb™!, collected
in the 4.3-5.0 GeV energy range, will be sufficient to perform a careful study of D; and Dg; prop-
erties. A detailed measurement of exclusive charm-production cross sections up to the 5-6 GeV
will allow to observe production of the known higher excited D and D; states (D;;(2632) [69],
D,;(2708) |70], and Ds;(2860) |71]), and find new states of this family.

1.4.2 Charmed-meson decays

Charmed-meson decays are a unique source for studying the dynamics of strong interactions.
SCTF allows to perform a detailed study of D and D, meson decays including high-precision
measurements of decay probabilities, Dalitz plot analyses for three-body decays, and dynamics
study of four-body decay distributions. Tt is expected that in the near future many parameters
extracted from D and D, decays, such as the decay constants, fp and fp,, and form factors
of semileptonic decays, will be calculated with high accuracy in the framework of the lattice
QCD (LQCD). Precision measurements of D decays will allow to control these calculations and
extrapolate them to the B meson region. As a result, a significant decrease of the theoretical
uncertainties in the extraction of the CKM matrix elements V.4, Vis, Via, Vis, Vip and V from
the precision measurements of various B meson decays is expected. For a precise measurement
of the angles § (¢1) and ~ (¢3) of the unitarity triangle at a super-B factory, neutral D-meson
data are required, such as D° — DY mixing parameters, the amplitude ratio of the D and D°
decays into K7, the strong phase difference between these amplitudes, Dalitz distributions for
the three-body hadronic decays, for example, into the K977~ final state |72, [73]. All these data
can be obtained at SCTF. Below, the current status of leptonic and semileptonic D decays and
CTF possibilities for their measurements are discussed in more detail.
In SM the width of a leptonic Dt decay is given by

Gh o o my i 2

- +) —

F(D — 1 I/) = ngml MD (1 — M_l%) |‘/cd| ,

where Mp and m; are the D-meson and lepton masses, and G is the Fermi constant. A similar
formula with the substitution of V., for V_4 is used for a D, leptonic decay. The most precise exper-
imental data on leptonic decays of the D and D, mesons obtained in the CLEO [74], BESIII [75]
and Belle [70] experiments, are listed in Table The D*(D}) — etv branching fractions
are expected to be about 1078(1077) and can hardly be measured even at SCTF. The expected
branching fraction for the D™ — 7Fv (about 1.2 x 1073) is at the level of the CLEO upper limit.
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Table 1.8. The experimental values of the D and Dy decay constants [75] [76] in comparison with
the LQCD calculation [7§].

Experiment Theory
fp, MeV  2032+53£18 202.3+£22+26
fp., MeV 2555 +£42+£51 2587+1.1+29
fo./fp 1.26 £ 0.05 £ 0.03  1.2788 £+ 0.0264

In SM the unitarity constraints allow to determine the CKM matrix elements V.4 and V,, from
experimental data with high precision: |V.4| = 0.2249(3), |V.s| = 0.97347(7) [77]. Therefore, the
measured leptonic decay branching fractions can be used to extract the decay constants and their
ratio shown in Table [[.8

In the last column of Table the results of the most accurate-to-date LQCD calculation |7§]
are listed. It is seen that, firstly, experimental measurements and theoretical predictions are
consistent, and secondly, the claimed accuracy of the predictions has already reached the level of
1-2 % and is better than the experimental accuracy. An additional test of the Standard Model
in this case may be checking the lepton universality, i.e., comparing the D decay widths into the
7v and pv final states. The current experimental value of this ratio 10.73 £ 0.694+102% [76] is
consistent with the theoretical value 9.762 + 0.031, but has a noticeably lower accuracy. Thus, to
confirm the SM predictions confidently, new more accurate experimental data are required.

The total branching fractions of the semileptonic D decays measured by CLEO are B(D° —
Xetv,) = (6.46 £ 0.17 £ 0.13)%, B(Dt — Xetrv,) = (16.13 £ 0.20 £ 0.33)% [79]. For D, the
same branching fraction is B(DI — Xev) = (6.52 £ 0.39 £+ 0.15)%. One of the goals of SCTF
is a high-statistics study of different exclusive decay modes, including Dalitz plot analyses and
extraction of the form factors describing the hadronization of the primary quarks produced in D
decays.

The best studied are semileptonic D decays into pseudoscalar m and K mesons. These decays
are described well with a single form factor. For example, the width for the D — Kev decay is
proportional to

dr'(¢?)

dq?

where ¢ is the difference of the D and K four-momenta and f, (¢?) is 7 and K meson form factor.
From measurements, the ¢? dependence of the form factor and the product f, (0)|V.,| are extracted.
The value of the form factor f, (0) can be calculated theoretically, for example, in the framework of
LQCD. The current accuracy of these calculations is about 10%. The theoretical values of the form
factors, f7(0) = 0.64(3)(6) and f£(0) = 0.73(3)(7) [80], are consistent with experimental values.
The most precise measurement of the form factors was performed by the BESIII Collaboration [81]:
f7(0) = 0.6372£0.0008 £0.0044, f£(0) = 0.7368+0.0026 £ 0.0036. To obtain these experimental
values, the elements of the CKM matrix satisfying the unitarity condition [2] are used. It is
expected that the accuracy of theoretical calculations of the form factors will improve to a 1%
level. In this case the semileptonic decays can be used for measurements of V., and V.4 and to
test the unitarity relation.

Other semileptonic D and D, decay modes, excluding D — K*{v, are measured with low
accuracy. For their detailed study, large statistics are needed which can be collected only at

o | £+ (a*)1P Vs,
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SCTF. For example, an integrated luminosity of 100 fb™' is required to measure the D — pev
branching fraction with a 0.5% accuracy, and ten times more statistics are needed for the precise
measurement of three form factors describing this decay.

1.4.3 D°-D° Mixing

One of the main goals of the SCTF is a study of D°-D° mixing. The transitions D° < D are a
result of the interaction which changes the internal quantum number charm by AC = 2. Due to
these transitions of D mesons, the eigenstates of the mass matrix are the following:

1 _
D))= ————(p|D% + ¢|D%),
| D1) T ’q|2(p| ) +q|D%))
DY) = ——1 (D% — D).

VPP + gl

In case of the C'P-invariant interaction p = ¢ and the eigenstates |D;) and |Ds) have a definite
internal C'P-parity. As a rule, two non-dimensional parameters are used for a description of
mixing:

Am AT

- Y= =,

r 2"

where Am and AT are the differences of masses and widths of the |D,) and |D;) states and I is
the average width of a D° meson. In SM the values of these parameters result from long-distance
interactions (due to intermediate-meson transitions) and, therefore, predictions for their values
have poor precision [82]. It is predicted that x and y can reach the values of ~ 0.01. The most
precise data for D-meson mixing were obtained in B factory and the LHCb experiments. Averaging
the current data, which was done by HFAG [83] under the assumption of C' P-invariance, gives the
following results:

xz

r = (4.64713)) x 107%, y=(6.25+0.77) x 107°. (1.1)

In SCTF experiments, D° and D° mesons will be produced in a coherent state with the odd
C-parity in the process efe™ — D°D°(nn®) and the even one in the process ete™ — DD (nn?).
This can be used for a measurement of mixing. In case of a symmetric SCTF (the energies of
colliding electrons and positrons are equal), a study of time evolution of the D°D? system is not
possible due to a small lifetime of the D-mesons. Therefore, time integrated values will be analyzed
below. The decays to the following final states will be considered as suggested in Ref. [84]:

e Hadron final states f and f which do not have a definite C'P-parity, for example, K7,
which is a Cabibbo-favored (CF) decay of D°, or doubly Cabibbo suppressed (DCF) decay
of DO:

e Semileptonic and leptonic final states, [T and [, which, without mixing, uniquely determine
the flavor of a D'-meson;

e The states which are eigenstates of C'P parity, S, and S_.

Under the assumption of C'P invariance, the probability of producing two D° mesons in various
combinations in the final state depends on the following parameters: x, y, the amplitudes

Ay = (f|D%, A = (1D, As. = (SL|D", (1.2)
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Table 1.9. The ratios of decay probabilities of the DD state to various final states. Only
leading-order terms in a power series expansion in r]%, x and y are given.
C=-1 C=+1
(1/4) - (N Ls_/Tis T's, = Tig T, /Tis, T's_) y ~y
(T~ /4T¢) - (Ts_ /Tus. — s, /Tus, ) y —y
(Tys/4ly) - (Ts /Trs. —Ts, /Tfs.) Y+ iz —(y +ryzy)
(Cilsys /4) - (1/Tps T, =1/Tps Ts ) | y 472 0
(Ff/Q)'(FS+S+/FfS+FS+ —Fs_g_/rfs_rs_) 0 y—l—Tfo
Lyr/Ty7 R 2rf 4 rp(zpy — wyx)
Ffl+/Ffl_ T? 7“]2c+rf(zfy—wfx)
Fl:‘:l:‘:/].jl‘l'l* RM 3RM
the absolute value and phase of the ratio for the DCF and CF amplitudes
rre”t = —(fID°)/(f|D"). (1.3)
One can also determine the following parameters:
Ry = (2* +v%)/2, 2y =2cosd;, wyp=2sindy;. (1.4)

The ratios of decay probabilities of the DD system to various final states are shown in Table
I';; means D° decay to the j state and D° to the k state. T'; means D° decay to the j state and
D° to any final state.

As shown in the Table evidence for events D°D° — (K—7%)(K~n*) and D'D° —
(K—eTv.)(K~etv,) in ¢(3770) decays is possible via mixing only. For 10° DD events and
for Ry = 3 x 107° obtained using the measured x and y values, it is expected to detect about
60 of these events. Results of Ref. [84] were used for estimation of the detection efficiency, which
corresponds to CLEO performance. Thus, a statistical sensitivity for a measurement of R, using
these two decays only is about 4 x 107%. A systematic uncertainty will mainly depend on the
quality of particle identification.

The probabilities of inclusive DD decays to the S+ X final states are proportional to (1 F
y) [84]. This allows to measure a y parameter. For double ratios shown in the first and second rows
of Table the substantial part of systematic errors, which originates from data-MC simulation
difference in track reconstruction and particle identification, cancels. A statistical precision of y
determined from the ratio (1/4) - (Is, I's_ /Tus_ T's, —I'ig_I's, /Tis, I's_ ) was estimated in [85] to
be 26/v/Npp, where Npp is the number of produced D°DP pairs. For Npp = 10? it equals 0.0008,
i.e., 2.5 times better than the current experimental precision.

The value of the strong phase ¢ in the K7™ final state, which is important, for example, for
a measurement of D°D® mixing at B-factories, can be measured using the relations listed in the
third and fourth rows of Table 1.9 The expected statistical precision for a measurement of cos dy
is estimated as 444/v/Npp = 0.014 [85], that corresponds to a precision of 0.05 for d;. At the
present time the average value of this parameter is 0.147037.

Measurements, which can be performed with the D°D° system in the C-even state, have
the best sensitivity for y. For a measurement of y with a precision of 8 x 10~* from the ratio
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L+ /T -, 3 x 10% D°DO pairs are required. This number of C-even D°D° pairs can be produced
in the process ete™ — D'D*® — DDy with an integrated luminosity of 250 fb~! collected at
an energy of 4.02 GeV. This measurement is also sensitive to the parameter x. However, as it
is shown in Table a sensitivity to z is worse than for y due to ¢y infinitesimality. As it was
shown in a recent paper [86], this problem can be successfully solved in case of a three-particle
decay of D°, for example, to K3n 7~ or K7~ 7°. An important feature of the suggested method
is that for the C-odd DD state all effects of mixing, which have impact on the density of events
on the Dalitz plot, cancel in the first order of z and y. In the case of the C-even one, the effects
of mixing are doubled compared to a non-coherent D° decay. Thus, in this experiment there is a
possibility to measure x and y by a direct comparison of the distribution of events on the Dalitz
plot for the C-even and -odd DDV states. As it was shown in Ref. [86], statistical errors for x
and y are approximately equal. It is expected that many systematic errors in this measurement
will cancel because the states with opposite charge parity will be produced simultaneously and in
similar kinematic states during data taking. Furthermore, unlike other methods described above,
this method does not require measuring absolute probabilities of D? decays. It can be estimated
that for an integrated luminosity of about 1 ab™!, a precision of measuring mixing parameters will
be not worse than at the Super B factory for an integrated luminosity of 10 ab™! [87].

1.4.4 Search for C P violation

A search for C'P violation in D) decays is one of the most interesting experiments to be performed
at SCTF. The Standard Model predicts a very small C'P asymmetry in reactions with charmed
particles. The maximum effect of about 1073 is expected in the Cabibbo-suppressed (CS) D
decays [82]. An observation of a C'P asymmetry in CF and DCS decays at any level or an
asymmetry higher than 1072 in CS decays will clearly indicate the presence of new BSM physics.
The exceptions are the decays to the final states containing K2 or K, for example, D — K3, in
which the C'P asymmetry arises from the fact that a K2 meson is not a C'P eigenstate. For the
decay D* — K97r*, a CP asymmetry is predicted with a relatively high accuracy, (3.32+0.06) x
1072 [82].
We can distinguish three types of C'P violation:

e The direct C'P violation in AC = 1 transitions reveals itself as an inequality of the amplitude
of D5y meson decay (Ay) and the corresponding C' P-conjugate amplitude (Ay). C'P violation
can be observed when the decay amplitude is a sum of two amplitudes with different weak

and strong phases: ' ‘
Af _ |A1‘€z(51+¢1) + |A2|€1(52+¢2)‘ (15)

The weak phase changes its sign under the C'P transformation (¢; — —¢;), while the strong
phase 9; does not.

e CP violation in D°-D° mixing due to AC = 2 transitions reveals itself in a deviation of the
ratio R,, = |p/q| from unity.

e In decays of neutral D mesons C'P violation can be observed in the interference of decays
with mixing (D° — D° — f) and without it (DY — f). This type of C'P violation is
described by the parameter -

q Ay
Y =arg s = arg (——) 1.6
/ p A, (1.6)
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C'P violation in mixing leads to the difference between the widths of semileptonic decays with
a wrong sign of the decay lepton I'(D® — [T X) # T'(D° — [~ X). For example, in ¢(3770) decays
the following asymmetry can be measured

_ Lyvpr =T I lq/p|*
Lpae +0-- 14 |g/p/*

Ase

For 10° DD pairs, about 20 (K*e¥v)(K*eTv) events are expected to be produced. With these
statistics, the |¢/p| ratio will be determined with about 6% accuracy. The current value of the
parameter |g/p| is 0.891055.

Direct C'P violation can be observed as a difference between the decay widths for charged D
mesons:

D(D™ - f7) = T(D* = )

(D~ — f-)+ (Dt — f+)

For neutral D mesons, all three types of C'P violation contribute to the same asymmetry param-
eter. The current values of the C'P asymmetry measured in D and D, meson decays are listed in
Table and Table [I.11] respectively.

In Ref. [61] the C'P asymmetries were measured by the CLEO detector using a data sample of
3.0 x 10% D°DO pairs and 2.4 x 106 Dt D~ pairs. At SCTF, for many decays the statistical error of
asymmetry can be decreased to a level of 1073-107%. The systematic error is dominated by uncer-
tainties in track reconstruction and particle identification. The reconstruction and identification
efficiencies are different for pions and kaons of different charges and are usually not reproduced
in simulation with sufficient accuracy. At SCTF a level of 1073 for the systematic uncertainty
seems achievable. For example, in the BaBar and Belle measurements of the asymmetries for the
decays D°/D° — K+ K~, 7wz~ [100, I0I], the systematic uncertainty due to a difference in the
detection efficiency for 77 and 7~ mesons used for D tagging was decreased to the 1073 level.
The thickness of material before and inside the tracking system of the SCTF detector should be
minimized to reduce the systematic uncertainty for charge asymmetry measurements.

The C'P asymmetry in decays of neutral D mesons can be represented as a sum of three terms.
For example, for the decay into the C'P eigenstate n§" = +1 [104]

cp _
AT =

A?P:ajf—i—a}”—i—aj},
m o __ Cpg R _R—l
ay = =Ny (Rm m ) COS Q,

. €T .
@y =075 (B + B sing,

where ajf is a C'P asymmetry in the decay, ¢ is a relative weak phase between the amplitudes for
the decays D° — f and D° — D° — f. The magnitude of the second term a7 is determined
mainly by CP violation in mixing. The third term azj} is dominated by C'P violation in the
interference. The mixing leads to a difference in the time dependencies of the D° and D° decay
probabilities. This allows to localize and measure the contribution of the second and third terms.
In experiments at B-factories [105], [106] the value

§Y =af +a} = (—0.124£0.25) x 102

was obtained for the final states K TK~ and 7t7~. The formula given above is valid for incoherent
production of D° and D° mesons. At SCTF such an asymmetry will be studied for decays of D°
mesons produced in the reaction ete™ — D* Dt — 7~ D°D*. For coherent D"D° production,
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Table 1.10. The current values of the C'P asymmetry measured in D° and D' meson decays. The
designations fpo and fp+ denote D and DT meson final state, respectively.

fpo Acp (%) fp+ Acp (%)
uto, 8 + 8 [96]
K—nt +0.3 £ 0.3 £ 0.6 [61] K+7° —3.5410.7 £ 0.9 [93]
K3n® —0.20 £ 0.17 [88] Kint —0.41 £ 0.09 [83]
Kn 40.54 + 0.51 +0.16 [89]
K3y +0.98 4 0.67 £ 0.14 [89)]
KtK- —0.16 £ 0.12 [83]
KOKY —2.945242.2 [90] KYK™ —0.11 £ 0.25 [83]
KK+ 4+0.11 £ 0.17 [83]
atn~ +0.00 £+ 0.15 [83] 70 +2.94+2.9+0.3 [93]
T +1.0 4 1.0 [83]
T —0.5+ 1.1 [83]
7070 —0.03 4 0.64 [88]
K-ntn® +0.14 0.3 4 0.4 [61] K-rtrt —0.18 £ 0.16 [83]
K+r7° —0.6 & 5.3 [01]
Kertm —0.0540.57 £ 0.54 [92] | K2nF 7O —0.1£0.7+0.2 [61]
KtK—7° ~1.004+1.6740.25 [95] | K*K—7n"  40.3240.31 [83)
ata 0 +0.32 + 0.42 [83] ata T —1.7+4.2 [97]
K-rtrtr™  +0.240.3 £ 0.4 [6]] K-rtrtr®  —0.340.6 + 0.4 [6]]
Ktn—nta~ —1.84+4.4 [98) Kdrtrtr™  4+0.0+£1.24+0.3 [61]
KtK-rtr~ —82+5.6+4.7[99) KYK*rtr™ —4246.4+2.2 99
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Table 1.11. The current values of the C'P asymmetry measured in D, meson decays. The desig-
nation fp, denotes Dg meson final state.

b, Acp (%)

wto, +4.8 + 6.1 [102]

7 +1.1 4 3.0 £ 0.8 [103]
tny —2.24+2.240.6 [103]
Kint +3.11 £ 1.54 [83]
Kor+* +0.38 £ 0.48 [83]
KYK™ +0.08 £ 0.26 [83]
K+qY —26.6 £ 23.8 + 0.9 [93]
K*n +9.3 4+ 15.2 £ 0.9 [93]
K*nf +6.0 & 18.9 £ 0.9 [93]
rtntn —0.7 4 3.0 £ 0.6 [103]
ntrin —0.543.9 4+ 2.0 [103]
oy —0.4 4 7.44 1.9 [103]
KYK*r0 —1.6 +£6.0 & 1.1 [103]
KYK %™ +3.1 4 5.2 4 0.6 [103]
Ktrtn™ +4.5 4+ 4.8 4 0.6 [103]
KtK-7t  —0.540.840.4 [103]
KSK-mtat  44.142.740.9 [103]
KSK*tnta~ —5.745.340.9 [103]
KK 7tn% 40.0 £2.7 + 1.2 [103]
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the formula for A“? is modified and becomes dependent on the decay used for tagging. This
makes it possible to separate various contributions to the C'P asymmetry without studying their
time dependence. For example, the reaction D'D° — f; f,, where f; and f, are the states with
the same C'P parity, is forbidden at the ¢(3770) resonance if C'P is conserved. The probability of
the decay is described by the following formula [107]:

Ffle = W [(2 + x2 - y2)|)\fl - )‘f2|2 + (xQ + y2)|1 - >‘f1)‘f2|2} FfIFfQ'

m
Since the terms corresponding to the contribution of mixing are proportional to the squares of x
and v, the difference between direct C'P violation for decays D — f; and D° — f, is measured
in this reaction.

At SCTF with 10° DDV pairs the sensitivity level of 1072 can be reached for the asymmetry
difference between, for example, the KT K~ and 777~ final states. A similar measurement can be
performed using the reaction ete™ — D**D® — yDODC. In this case the difference between C'P
asymmetries for states with opposite C'P parities is measured.

Another example is a measurement of the asymmetry

N~ X, f)—-TIX, f)

cP __
A = L(~X,f)+T(I+X, f)

Here one D meson decays semileptonically, while the other to a C'P eigenstate. Neglecting direct
C'P violation [10§]

AGl = (1 +n)(af +ay),

where 7 is the C parity of the D°D° pair. It is seen that at n = —1, i.e., in 1(3770) decays,
mixing does not contribute to the measured asymmetry, while for n = 1, i.e., in the reaction
efe” — DD — 4D°D° the mixing contribution to the asymmetry is two times larger than
that for D° mesons produced incoherently. Measurements performed in these two reactions allow
to separate the contributions of direct and indirect mixing.

There are other powerful methods to search for C'P violation. In Ref. [109] it is proposed to use
the difference between the probabilities of decays of untagged D° mesons to the charge-conjugate
states, for example, K~ and K7, to extract the parameter sinp. The Dalitz analysis of
three-body decays allows to measure C'P asymmetries for different resonant intermediate states
(see, for example, the results of Ref. [I10]). An interference between the C'P-conserving and C'P
violating amplitudes in the Dalitz-plot distributions can increase the sensitivity of a search for
C'P violation. In the four-body decays, a search for C'P violation can use T-odd moments [I11]
or triple products of momenta [I12]. Using these methods at SCTF, one can measure the C'P
asymmetry in D decays with an accuracy of about 1072 for both direct and indirect mechanisms
of C'P violation.

1.4.5 D and D, meson rare decays

Rare decays of D and D, mesons are a tool to search for new physics beyond the Standard Model.
There are three types of decays of charmed mesons, suitable for this purpose:

1. flavor-changing neutral current (FCNC) decays via the weak neutral current, providing the
transition between ¢ and u quarks,

2. lepton-flavor-violating (LFV) decays,

29



D'->m" e’ e D%->p% ¢" &

T T T R B T B e e B
L —SM ]
—SsM - 1074 - --—- (D,AID -
- = (D,ID E ‘ E
& & [
> >
8 & 100 -
('\J° - : E 3
£ £
S S I
i 5 100 3
P ) F
S | <
107 ¢ =
10-10 N T RS . o8kl e e e Lyl
0.5 1.0 1.5 0.2 0.4 0.6 0.8 1.0 1.2
Mge [GoV] Mg [GeV]

Figure 1.5. The spectra of the lepton-pair invariant mass for the decays DT — wFeTe™ (left)
and D° — pPete™ (right). The solid curve represents the SM prediction, while the dashed curves
indicate the MSSM predictions for different sets of model parameters.

3. lepton-number-violating (LV) decays.

Two latter types of decays are forbidden in the Standard Model. In SM decays via a ¢ — u
transition are described by loop diagrams and are strongly suppressed. For example, the prob-
abilities for the ¢ — wl*l™ and ¢ — wy transitions are estimated to be of the order 1078, For
specific exclusive D(y) decays, however, the contributions of large-distance dynamics should be
taken into account. For example, the dominant contribution to the decay D(t,) — 7tlTl™ comes
from the transition via the intermediate 77 ¢ state followed by the decay ¢ — [TI™. As a result,
the D) — X~ and D,y — XI"I~ branching fractions, where X is a hadronic state, increase up
to 107°~107%. For the D mesons, the three decays of these types are measured and have branching
fractions consistent with the estimates in SM: B(D° — ¢v) = (2.78 + 0.30 £ 0.27) x 107° [114],
B(Dt — 7t¢ — wtete™) = (1.7 £0.1) x 107 [I15] u B(D* — nt¢ — ntutp™) =
(1.8 £ 0.5+ 0.6) x 107 [116]. In case of D, meson the followinf branching fraction is measured:
B(Df — nt¢ — whete™) = ((0.6705 £ 0.1) x 10~° [115].

Due to the large-distance contributions, which are difficult to calculate accurately in the frame-
work of SM, decays like D — X~ become weakly sensitive to New Physics effects. But even for
these decays, observables having some “New Physics” sensitivity can be found. For example, in
Ref. [I17] it is proposed to measure the difference R = B(D° — p%y)/B(D° — w~) — 1, which is
estimated to be (6 £15)% in SM. In the Minimal Supersymmetric Standard Model (MSSM), with
some choice of model parameters the probability of the transition ¢ — u7y can reach 6 x 107% and
the value of R can be of the order 1 [117].

In decays D) — XIT1~ one can analyze the spectrum of the lepton-pair invariant mass and
select mass regions sensitive to the small-distance contributions. In Fig[l.5| taken from Ref. [118]
the lepton invariant mass spectra are shown for the decays Dt — ntete™ and D° — plete
in SM and MSSM. Restrictions on the MSSM parameters can be obtained with a sensitivity to
the decay at the level of 1075, The predictions for decays D — XTI~ obtained in different SM
extensions can be found in Refs. [113, 118, [119].

Another type of decays with the ¢ — wu transition includes decays of a neutral D meson into the
lepton or photon pair. SM predicts B(D° — vy) ~ 3.5 x 1078 and B(D° — ptu~) ~ 10712 [118].
The D° — = branching fraction can reach 3.5 x 1076 in supersymmetric models with R-parity
violation. These models also give large values for the branching fractions of the following LFV
decays: B(D? — ute™) <107% B(DT — ntpute™) <3 x107°, B(D® — p°ute™) < 1.4 x 1075,
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Table 1.12. The experimental upper limits on the rare D and D, decays in units of 1076.

D% — 4y 221201 | DT —» ntete” 1.1 [124]
D% — ete 0.079 [121] | DT — ntutp~  0.073 [125]
DO ptue 0.006 [122] | D = atetus 2.9 [124]

DO =t reT 026 [121] | DY = prutus 560 [127]
D% — mOete~ 45 [123]
D% — plete” 100 [123] | DF — Ktetem 3.7 [124]
DY — mO%etpy™ 86 [123] | Df — KTptu~ 21 [124]

D% — pletu® 49 [123] | Df — Ktetp~ 14 [124]

In Table the current upper limits on the rare D and Dy decays are listed. At SCTF a
sensitivity of 1078 to rare D decays can be reached.

1.5 Charmed baryons

Charmed baryons B.), which can be produced at SCTF in the reaction ete™ — B.B,, consist of
two light quarks (u, d, s) and a heavy ¢ quark. A pair of light quarks forms two SU(3) flavor
multiplets: the antisymmetric antitriplet and the symmetric sextet (3 x 3 =34 @ 65). In S-wave
low-lying baryons, the flavor symmetry and spin are related to each other: the total spin of light
quarks is equal to 0 for the antitriplet and 1 for the sextet. In combination with the ¢ quark,
the antitriplet produces three states with spin 1/2 (A}, ZF, %), while the sextet gives six states
with spin 1/2 (X0 = =0 QY and six states with spin 3/2 (X000 = =0 0x0). All 15
S-wave charmed baryons have been observed. Their parameters are listed in Table

Many excited charmed baryons are expected. In particular, the quark model predicts 63 P-
wave states [128]. Sixteen of the excited states with masses in the range from 2.6 to 3.1 GeV
have been observed [2, 129]. Other excited states of charmed baryons were reported recently by
LHCb [130, 131] and Belle [132, 133].

In recent years physics of charmed baryons has been studied mainly at B-factories and at
BESIII. In spite of the large number of produced charmed baryons (B factories produced about
10" A,.), their properties are rather poorly known. There is little or practically no experimental
information about the quantum numbers of baryons and absolute branching fractions of their
decays. For Al the situation was improved in 2013, when the first model-independent measurement
of the absolute branching fraction of AT — pK 7t decay was performed by Belle [134] with fivefold
improvement in precision over previous model-dependent determinations. This decay mode was
used as the golden reference mode in previous measurements for the branching fractions of other
A} decay modes. Later, BESIIT measured branching fractions of twelve Cabibbo-favored hadronic
decay modes of A [135]. For AT — pK~ 7" decay mode their result is lower by two standard
deviations compared to the Belle result [135] 136].

The potential of SCTF in study of charmed baryons depends strongly on the cross sections
for the reactions ete~ — B.B.. For the reaction ete™ — A A. the cross section was measured
by Belle [137]. The cross section is maximal at the energy about 4.65 GeV. The maximal value is
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Table 1.13. The parameters of the S-wave charmed baryons [2].

Structure  J¥ Mass, MeV ~ Width,MeV  Decay

AF udc 1/2)T 2286.464+0.14 (200+6) fs  weak
=F usc 1/2)  2467.8%0%  (4424+26) fs  weak
=0 dsc 1/2)%  2470.887)3¢ 11213 fs  weak
St uuc 1/2)t 2454.024+0.18 2234030 Afrt
>+ udc 1/2)t 24529404 <46 AFm®
>0 dde 1/2)* 2453.76 +£0.18 22404  Afr-
gt usc 1/2)*  2575.6+3.1 — =ty

Q0 ssc 269524 1.7 (69412) fs  weak
S e 25184406  149+19  Afgt
it udc +2517.542.3 <17 Afn®
30 dde t 25180405 161421 Afz
o 2645.979° <3.1 B
26459+ 0.5 <55 B
0 2765.9 4+ 2.0 — 00y

=t usc

dsc

(1/2)
(1/2)
(1/2)
(1/2)
(1/2)
(1/2)
(1/2)
20 dsc  (1/2)*  2577.94+2.9 - =0
(1/2)
(3/2)
(3/2)
(3/2)
(3/2)
(3/2)
(3/2)

Q0 ssc

about 0.5 nb. Such a large cross section value can be explained by a presence of a new resonance
state Y (4630) near the A.A. threshold with mass M = 4634 & 10 MeV and width T' = 92 4 40
MeV [137]. Another resonance Y (4660) with mass M = (4665 + 10) MeV and width I' = (53 +
16) MeV compatible within errors with those of Y (4630) was observed in the invariant mass
spectrum of ¢(2S5)7"7~ in the Belle and BaBar experiments by initial state radiation technique
in the eTe™ annihilation [I38]. At present it is not clear if Y (4630) and Y (4660) are different
states, or manifestations of the same state, and their inner structures became a subject of hot
discussions [138, 139, 140, 141]. If Y (4630) is a A.A-baryonium state, a small admixture of
the ¥(29)fy(980) molecular component can be associated with the Y (4660) signal. Less exotic
assignment of Y (4630) as a 53S; charmonium state was also considered. However, it seems its
interpretation as a tetraquark state is more favorable [138, 139, 140l T4T].

With an integrated luminosity of 200 fb~! SCTF will produce 10® A A, pairs. This will allow
to perform a detailed study of A, properties with the use of the double-tag method. For other
charmed baryons the experimental data on the reactions ete™ — B,B, are absent. Without a
resonance enhancement the expected cross section does not exceed 10 pb. The physics program for
baryons depends on the maximum energy of charm-tau factory. Detailed studies of weak decays
of the charmed baryons A} (2286), 7 (2468), =2(2471), and Q°(2695) seem feasible. The required
maximum energies of the factory are 4.7, 5.1 and 5.5 GeV, respectively.

A large expected number (10%) of A A, pairs makes it possible to undertake a search of C'P
violation in A, decays. Although C'P violation is well established in K and B meson decays, until
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very recently no C'P violating signal was seen in the baryonic sector.

The HyperC' P experiment had searched for C'P violation signal in strange baryon decays by
a 800 GeV proton beam on a Cu target and get for the corresponding C'P asymmetry parameter
Aps = (0.0 & 5.1 £ 4.4) - 1074, which should be compared to the Standard Model predictions
AN — pr~) ~ (0.05 —1.2) - 107* and A(X~ — A7) ~ (0.2 — 3.5) - 10~* [142]. The first 3.3-
standard-deviation evidence for C'P violation in the four-body hadronic decay AY — pr— w7~
was found quite recently in the LHCb experiment [143].

Let us briefly discuss C'P asymmetry observables on the example of A — pr~ decay. In the
A rest frame, the final state pion-nucleon system can be either in the S-wave, or in the P-wave.
Denoting the corresponding parity non-conserving and parity-conserving amplitudes as .S and P,
we get for the angular distribution of the produced proton [144]

dar’ L. N, oL L,
Jq ~ L0 dp+ (L=) (fy - 0i)(7y - ) + adip - (0s+ 0p) + Biig- (0 x &), (1.7)
where ¢; and &'y are unit vectors in the direction of the initial and final baryon spins, 7i; is the

unit vector along the final baryon momentum, and

2Re(S*P) 2Im(S*P) |S|? — |P|?
o= 2 a="" ) P L 12 B2 1.8
SPiPE * TSP ) T ISE (PP ’ )
Under C'P transformation 7y — —7iy, 65y — 0; 5 and therefore C'P symmetry requires o = —a
and 8 = —f, suggesting to define C'P asymmetry parameters as follows
O 3 I'(A ) =T(A — pr
a_ota g BEL T oprt) —TA = prt) (1.9)
a—a ] I'A = pr=) + T'(A — prt)

Here & and 3 are angular distribution parameters in the anti-A decay A — prt. Experiments
usually measure the parameter a;, which controls the decay asymmetry in the angular distribution
if the final proton polarization is not measured.

Similar parameters can be defined for the A7 — An™ decay and the FOCUS(E831) experiment
at Fermilab in 2005 provided the first measurement of the C'P asymmetry parameter A = —0.07+
0.19 +0.24 which is consistent with zero albeit with large errors [145]. A Monte Carlo estimation
shows that, with an integrated luminosity of 200 fb=!, charm-tau factory can reach the precision
of about 0.3% in this parameter [144].

Under assumption that A7 — An™ decay is dominated by the Al = 1/2 transition, S- and
P-wave amplitudes will contain only one strong § and only one weak ¢ phases: S = |S|e?(®sT9s),
P = |P|e®P+¢r) Then

2|S||P 2|S||P .
a= ML_F%COS(CSP—(SS+¢P_¢S% p= %sm(&g—&s+¢lj_¢s)7 (1.10)
and
—2|S|| P = =2|S||P| .
a = ﬁcos(&v—%—(ﬁpﬂubs); B = ﬁsm (0p — 05 — op + ¢3), (1.11)

because for C'P-conjugated decay A, — Am~ strong phases, which arise from the final-state
interactions, are the same (Fermi-Watson theorem), while the remaining part of wave functions
undergo complex conjugation and thus weak phases change sign. Overall minus sign appears
because of the odd-parity of pions and (—1)! parity of spatial part of the wave function which means
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that S-wave amplitude acquires an additional minus sign under C'P, while P-wave amplitude does
not.
In this approximation [146]

_ata B B _ B+ _ tan(¢s — odp)
A—a_d—tan(dg dp)tan (g — ¢p), B_B—B_tan(ég—ép)'

(1.12)

Therefore, even in the case of significant C'P violation in weak interactions, A-asymmetry can still
be very small if the strong phase difference between the two amplitudes is small. On the contrary,
B-type asymmetries can be large even with small strong phases. As is evident from , B-type
asymmetries are related to the triple product 7y - (6 x &;). Prospects of the charm-tau factory in
studying such triple product asymmetries (proportional to 5+ 3 ~ cos (0g — dp)) were examined
in Ref. [147] with the conclusion that the precision can reach the level of 1073.

A unique feature of SCTF is a possible presence of the longitidual polarization in the electron
beam. We think this feature will help to investigate and reduce the systematic errors related to
various detector asymmetries.

Within the Standard Model C'P violation in the charm sector is tiny, which makes this sector
an excellent place to search for a new physics beyond the Standard Model. Charmed baryon
decays seem very promising in this respect.

1.6 7 lepton physics

At SCTF 7 leptons are produced in the process ete™ — 7777, Its cross section grows rapidly
from about 0.1 nb near the threshold of the 777~ production (2E = 3.55 GeV) up to 3.6 nb at
the top of the ¥(2S) resonance (taking into account the expected beam energy spread). Near
the threshold of DD production (2E ~ 3.7 GéV) it is about 2.9 nb, and reaches 3.5 nb at the
2F = 4.25 GeV. During the SCTF operation, about 2.1 x 10'° 777~ pairs will be produced,
an order of magnitude larger than at the B factories, but smaller than expected at the Belle 11
experiment (about 4.6 x 10'9).

One should note that the current accuracy of many 7-lepton parameters, e.g., its leptonic and
hadronic decay widths, is limited by systematic effects. For precise measurements of the branching
fractions and hadronic spectral functions, a dedicated run near the ete™ — 777~ threshold is
planned. At the threshold 7 leptons are produced at rest allowing to suppress background by
applying an additional condition on kinematics of hadronic decays: 2m, Ejq.g = m2 + m3 ., where
E}eq and mpqq are the energy and invariant mass of the hadronic system, and m., is the 7-lepton
mass. Use of this condition allows to select 7 events with the tagging method. The remaining
background can be measured running below threshold of 7 lepton production. With an integrated
luminosity of 1 ab™! collected near the 777~ production threshold about 10® 7-lepton pairs will
be produced.

Branching fractions and spectral functions of the hadronic 7 decays can be used to determine
the strong coupling constant oy [148] (see also Ref. [149]). Data on hadronic decays with AS =1
are also used to determine the s-quark mass mg and the CKM matrix element V,,; [I50]. Potentially
T-lepton decays are the most powerful tool for precise measurements of a,, m, and V.

A high-precision measurement of the branching fractions of leptonic decays as well as the
decays 7t — wtv and 77 — KTv will result in a significant improvement of lepton-universality
tests in interactions of W-boson with charged lepton current. The rewiew of the current status of
such tests in 7 decays at B-factories can be found in Ref. [I51].
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For precision tests of SM and lepton universality, knowledge of the 7 lepton mass is manda-
tory. The most precise method of 7 lepton mass determination is a measurement of the energy
dependence of the ete™ — 777~ cross section near threshold. Such measurements require high-
precision energy calibration of the collider using methods of resonant depolarization or Compton
backscattering.

An important test of the SM is a study of the Lorentz structure of the amplitudes of the leptonic
T — (v, radiative leptonic 7 — fvv~y, and five-lepton 7 — 000" vv (¢, 0 = e, ) T decays. Thus,
lepton energy spectrum in the 7 — fvv decay depends linearly on four Michel parameters (p, 7,
¢ and 0) [I52]. They are experimentally accessible bilinear combinations of the generalized weak
coupling constants, and in the Standard Model get values: p =3/4, 7 =0, £ =1, and 0 = 3/4.
For measurement of the parameters £ and 9, knowledge of 7-lepton polarization is required. In
experiments at ete™ colliders with unpolarized beams, the average polarization of a single 7 is zero.
However, spin-spin correlations between the tau™ and tau™ produced in the reaction ete™ — 7777
can be exploited to measure £ and § parameters. Events where both 7 leptons decay to the selected
final states are analyzed: one 7 lepton decays to the signal mode, while the opposite 7 decays to
the 77% mode, which has the largest branching fraction and properly studied dynamics. Thus,
the total differential cross section of the reaction ete™ — (7 — fvv, 7 — wr'v) linearly depends
on all four Michel parameters. A longitudinal polarization of initial beams at SCTF (in this case
the average polarization of a single 7 is nonzero) would allow a more efficient usage of the collected
data samples and minimize systematic uncertainties of polarization-dependent parameters.

Data samples collected at the 777~ production threshold allow one to suppress the impact
of the radiative corrections (to the ete™ — 7777 process) on the lepton energy spectrum and
decrease the associated systematic uncertainty.

LFV decays of 7 lepton, such as 7 — £y, 7 — £00") or 7 — (h, where £, ¢’ are electron or muon,
and h is a hadronic system, are sensitive to effects of New Physics. Different models beyond the SM
predict branching fractions of these decays at the level of 1077-1071° (see, for example, Ref. [153]).
Experimental upper limits on the branching ratios of LFV decays achieved at the B factories are
in the range from 1077 to 2 x 107® [2] and already constrain the parameter space of some models.
For most of the decays, a much higher sensitivity is expected in future experiments at superKEKB.
For some decays an upper limit on the decay probability is determined by background. This is, in
particular, true for the 7 — py decay, which is very important in a search for New Physics. At B
factories the upper limit on the probability of this decay is determined by the background from
the process ete™ — 7777 7. At the SCTF this background is negligible [I54]. Hence, in spite of
less statistics, the sensitivity to the 7 — u~y decay at SCTF (below 107?) will be better than at
superKEKB [155].

C'P violation (CPV) in the quark sector does not explain the observed baryon asymmetry of
the Universe. Therefore, it is reasonable to search for CPV in the lepton sector, in particular,
in 7 decays. C'P violation can be observed in hadronic 7 decays, provided that there are two
interfering amplitudes with different strong and weak phases. Under C'P transformation, the
ewtids is transformed into e "w ¥ where d,, and d, are relative strong and weak phases of two
amplitudes. This results, for example, in the non-equality of the widths of the C'P-conjugate
decays. The asymmetry Acp = (T'(77 — fTv) —T(t~ — fv)/TFT = ffv)+T(r~ = fv))
is proportional to the sin dssind,,. In the SM, 7 lepton decays are described by a single amplitude
with a W-boson exchange. Therefore, observation of the CPV would be an explicit indication of
the physics beyond SM. The only exception is 7 — Kg(L)ﬂ'V decay, in which the C'P asymmetry at
the level of 3x 1073 [156] arises in the SM because of the CPV in the neutral kaons. Suggestions for
using various decays to search for CPV are concidered in Refs. [157, 158, 159, 160, 161, 162]. The

most promising decays are 75 — K*n% 7% — Kln*v, 7+ — K2r®n%, 7 — prv, 7 — wrv,
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7 — ayv. In addition to measuring the asymmetry in the decay width, Acp defined above, it is
also suggested to use a so called modified asymmetry, when experimental differential distributions
of the final hadrons are integrated with a specially selected kernel over a limited region of the
phase space, and an asymmetry in the triple product o + (p1 X p2), where o, p1, ps are a 7
polarization vector and momenta of two final hadrons, respectively. It is worth noting that the
asymmetry in the triple product is proportional to the cosdssind,, i.e., a nonzero difference of
the strong phases is not needed for its observation.

A search for C'P violation was performed in the CLEO experiment using 107 7-lepton pairs

for 7 — 770 [163] and 75 — Kentv [164] decays. The inclusive decay-rate asymmetry

Acp = D(rt st Kg(>0n°)v)-T(r~ =7~ Ks(>0n%)v)
D(r =t Kg(>0m0)v)+T (1= =7~ Kg(=0m0)v)
pairs at BABAR [165]. The modified asymmetry in the 7= — K27 v decay was investigated
with the statistics of 6.4 x 10® 7 pairs at Belle [166] as a function of the K97~ invariant mass.
The obtained result Acp = (—0.36 £ 0.23 £ 0.11)% is about 2.8 standard deviations from the
SM expectation AKX, = (40.36 £ 0.01)%, while the modified asymmetry in the 7= — K97 v
decay agree well with no CPV in the whole range of the K27~ invariant masses. Simultaneous
analysis of the 77 — K3m~ v and 7= — K37 7°v decays allows one to study the dynamics of the
Kr-system production in more detail and search for CPV on the new level of precision.

One can expect an increase of the sensitivity after analysis of data accumulated at Belle IT and
SCTF. The longitudinal polarization of the initial beams at the CTF results in the nonzero average
polarization of single 7. This opens possibilities to study various effects (CPV, Michel parameters)
and search for New Physics in the spin-dependent part of the 7 decay width without reconstruction
of the second 7 lepton in the ete™ — 777~ event. Besides the increase in the sensitivity to the
spin-dependent effects in 7 decays, this allows one to decrease associated systematic uncertainties.

was measured with the data sample of 4.4 x 10% 777~

1.7 Measurement of e"e~ — hadrons below 5 GeV

A measurement of the total cross section of ete™ annihilation into hadrons is usually referred to
as an R measurement, where R is the ratio of the Born cross section for ete™ — aaponnr to the
Born cross section for ete™ — ptu~:

o (ete™ — hadrons)

R= .
o (ete — ptu)

(1.13)

Measurements of R can be utilized to test perturbative QCD and measure oy [167]. QCD sum
rules provide a method of extracting from the values of R such important parameters as quark
masses, quark and gluon condensates and the value of Aqcp [168]. Through dispersion relations R
measurements give an input to the calculations of the hadronic corrections to various fundamental
quantities: the anomalous magnetic moment of the muon a, = (g, — 2)/2 [169], the running
fine structure constant «a(s) [I70], superfine splitting in muonium [I71] etc. Depending on the
problem, different energy ranges are of importance. For example, for (g, — 2)/2 the low energy
range up to 2 GeV gives about 93% of the whole leading-order hadronic contribution. However,
the region from 2 to 5 Gev also gives a non-negligible contribution, which is about 6%. For
agrp(M3), the corresponding contributions are about equal, 21.0% and 17.1%, respectively (about
45% comes from energies > 11 GeV, where pQCD can be used with suitable precision). The total
leading-order hadronic contributions are calculated to be aZ“dLO = (694.91 4 4.3) x 107'° and
Aadpp(Mz) = (276.26 + 1.38) x 107 [I72]. New experiments on a measurement of the muon
anomalous magnetic moment in FermiLab [I73] and J-PARC [I74] plan to improve accuracy of
the experimental a,, value by a factor of at least 4, up to ~ 1.5 x 10710, Precise tests of electroweak
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theory in experiments at future colliders such as ILC, CLIC, FCC-ee will require knowledge of
the hadronic contribution to agrp(M3) at the level of ~ 0.5+ 0.3 x 10~* [I75} [176]. To provide
comparable accuracies in the theoretical predictions, the accuracy of integral R measurement must
be ~ 0.2%.

The c.m. energy range from 2 to 5 GeV is almost asymptotic for u-, d-, and s-quarks. There
are no resonances made of light quarks at these energies. The energy dependence of R is very slow
from 2 GeV up to threshold of D-meson production (3.73 GeV), except for narrow regions around
the J/1¢ and ¢(25) resonances. Its value R ~ 2.2 is consistent with the pQCD prediction [I77].
The energy region 3.73-5.0 GeV is the resonant region for c-quark; it contains several wide cc
resonances decaying into D mesons. Numerous R measurements exist in the energy range between
2 and 5 GeV: by Crystal Ball [178], PLUTO [179], DASP [180], Mark-I [181], 182], BES [183] 184,
185], [186], KEDR [187, 188|. In general, the measurements of different experimental groups are
consistent. The most detailed measurement was performed by BESII at 165 energy points from
2 to 5 GeV with average systematic uncertainty ranged from 7% to 3.3%. The BESIII result is
expected soon: the energy scan (125 points with the total integrated luminosity 1.3 fb™1) of the
energy region 2.00-4.59 GeV was performed in 2012-2015. Currently the best systematic accuracy,
about 2%, was reached in the KEDR experiment, which measures R at 20 energy points between
1.84 and 3.72 GeV (Fig. [L.6). However, this accuracy is insufficient for high-precision tests of
the Standard Model, which require knowledge of the cross section to at least 1%. To reach such
accuracy, we need a detailed scan with a few-MeV step and integrated luminosity of 10 pb~! per
point or about 10 fb~! in total in the whole energy range.

Below 2 GeV the total cross section can be measured with a sub-percent accuracy using the
radiative return method. This method was used in the KLOE [190], BABAR [191], and BE-
SIII [192] experiments. Since the number of possible hadronic final states in this energy range is
relatively small, the total cross section can be determined as a sum of cross sections for various
exclusive channels. The most comprehensive analysis on the measurement of various hadronic
channels below 2 GeV was performed in the BABAR experiment. Statistically close results can be
achieved in the BESIIT experiment. The Belle IT experiment at the SuperKEKB collider, which
is under commissioning now, will collect a data sample by two orders of magnitude larger than
than that collected at BABAR. The design SCTF luminosity provides statistics comparable with
Belle II near the 77~ threshold and several times larger at v M2 ~ 2 GeV. It shold be noted
that it is challenging to reach systematic uncertaity on R of about 0.2% in a single experiment.
To reach such an accuracy in the world-average value, several systematically independent R mea-
surement should be performed. The radiative-return measurements at SCTF and SuperKEKB
are complementary. They will be performed at significantly different c.m. energies and, therefore,
have different sources of systematic uncertainies.

The obtained information on exclusive channels of eTe™ annihilation to hadrons allow also to
investigate mechanisms of light quark hadronization at low energies, perform searches for possible
exotic states like tetraquarks, hybrids, and glueballs, and study the p, w, and ¢ excitations.

After discovery 40 years ago of the family of broad charmonia above open charm threshold, in
the next 30 years the properties of these resonances were determined on the measurements of the
total hadronic cross-section at DASP [180] and Mark-I [I81]. Some progress was achieved after fits
to the Crystal Ball [I78] and BES [183] [184] data in Refs. [193] [194]. In Ref. [194] the first attempt
to include interference between exclusive decays of ¢-resonances was performed, but the relations
between different decay modes were accounted using a model prediction. A real breakthrough
happened recently, after appearance of exclusive cross-section measurements for final states with
D, D*, Dy, and D! mesons. These measurements were performed by the Belle and BABAR
collaborations in the energy range from 3 to 5 GeV (see the complete bibliography in Ref. [195])
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Figure 1.6. The energy dependence of R = o(ete” — hadrons)/o(ete” — utp™) [189]. The
points are the BESIT and KEDR inclusive data. The shaded areas are a sum of exclusive cross
sections at v/s < 2 GeV and average of all R measurements above 1(25).

using the radiative return method, and by CLEO [62] in the range from 3.77 to 4.26 GeV using
a direct c.m. energy scan. An important conclusion is that the sum of exclusive cross sections
for the final states containing various D mesons saturates the total cross section of c¢ production.
The latter is obtained from the inclusive BESII R measurement [I96] by subtracting the calculated
light-quarks contribution (see Fig. [1.7)).

After appearance of the exclusive measurements, numerous attempts were performed to de-
scribe the energy behavior of exclusive cross sections of D meson production. For example, in
Ref. [197] Belle data on different open-charm channels in the energy range 3.7-4.7 GeV are anal-
ysed simultaneously using a unitary approach based on a coupled-channel model. Nevertheless,
the situation with the spectroscopy of broad charmonia remains largely uncertain. More accu-
rate measurements of exclusive cross sections in the energy range from 3.7 to 5 GeV, as well as
improved methods for theoretical interpretation of the results obtained are required to determine
parameters of the resonances of the 1 family and the probabilities of their decays.

It is important to note that for various applications, e.g., for determination of quark masses, it is
nesassery to know the component of R coming from specific quark flavor, particularly in the energy
range near the quark production threshold. Experimentally, this is a rather complicated problem.
A phenomenological approach to this problem is described in Ref. [I98] devoted, in particular,
to c-quark mass determination. For the energy range above 3.73 GeV the authors employ the
complete set of available R data. To obtain the charm component, they use extrapolation from
the fit to R data below DD threshold, and apply non-trivial correction for production of secondary
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Figure 1.7. Comparison of the inclusive measurement of R — Ruys = R. = o(efe” —

cc)fo(ete” — ptp™) (Ruas = 2.121 £ 0.023 £ 0.083), performed by BESII (open circles) with
a sum of exclusive channels measured in the Belle experiment (solid squares).

cC pairs in eTe” annihilation into light quarks. To estimate the error on R.. in this method, a
sophisticated analysis of experimental uncertainties is needed. Another possibility to obtain R, is
to measure all exclusive final states containing particles with ¢ quark. As discussed above, at the
current level of statistical accuracy Re. is saturated by the contributions from the D®)D® and
Dg*)Ds(*) final states. It is clear that improving accuracy will require the addition of new exclusive
channels and a huge integrated luminosity. Substantial progress in the charmonium energy range
can be expected in the future experiments, first of all, direct scans at SCTF.
Besides that, running at the threshold of a baryon-antibaryon pair production (pp, nn, AA,
..) in a polarized mode of SCTF will allow to study of the baryon form factors near threshold,
including a unique chance of doing that for polarized baryons [199]. It is particularly interesting for
the A-hyperon production, where a final-particle polarization can be determined from the angular
distribution in the A — p7~ decay.

1.8 Two-photon physics

Today two-photon physics is an important sector of particle physics. In principle, it is physics for
photon colliders extensively discussed now but looks like a matter of a distant future. However,
ete™ colliders as a source of two-photon collisions have an important advantage, one or both virtual
colliding photons may be strongly off-shell. This provides additional possibilities compared to the
collisions of real photons. Data on the photon-meson transition form factors of resonances (7°, 7,
n' ...) obtained at large momentum transfers |Q?| > 4 GeV? can be used to test the perturbative
QCD calculations. However, of largest interest are data on smaller momentum transfer |Q?| < 1.5
GeV? (see Ref. [200] and references therein), which an be employed for testing of the form-factor
models needed for calculation of the light-by-light contribution to the anomalous magnetic moment
of the muon.
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Physical tasks of SCTF first of all include a study of C-even resonances, both from light
quarks and charmonium states, with quantum numbers J©¢ = 0+, 0=+, 2=+, 2*F. When one
of the photons is off-shell, particles with J = 1 can also be produced, including those with exotic
quantum numbers J©¢ = 1-F. High luminosity of SCTF will allow not only a determination of
the two-photon widths of the resonances, but also a study of their rare decay modes. A separate
problem also requiring high luminosity is a measurement of transition form factors for the vertexes
v* — vM and v* — v*M, where M is a C-even resonance.

Note also the importance of measuring the total cross sections of vy — hadrons as well as the
cross sections for separate channels like vy — M (M), where M and M’ are mesons (7, K, n, p,
w, ¢ ...) or baryons, starting from the reactions thresholds. For the above mentioned calculation
of the light-by-light contribution to the anomalous magnetic moment of the muon, it is of special
interest to measure the Q? dependence of the pion pair poduction cross sections.

In such studies, a high hermeticity of the detector is required to suppress background from
ete™ annihilation into hadrons. The important additional instrument could be a low-angle tagger
(similar to that in the KLOE II experiment) to detect scattered electrons. Design of the tagger
strongly depends on configuration of the collider final focus system and requires special studies.

1.9 Conclusions

An important difference of SCTF compared to the B factories at SLAC and KEK and the ¢
factory at Frascati is its ability to run in the broad energy range whereas the colliders mentioned
above run basically at a single c.m. energy. This complicates the experimental facilities, both a
collider and a detector, but of course makes much broader a physical program.

And one more rather general conclusion. In the discussed energy range a predictive power of the
existing theory is rather limited. Our recent experience shows that some particles, e.g., Y (4260)
or X (2150), were discovered accidentally and their interpretation is still unclear. Therefore, an
experimental study is still most important and one can hope that SCTF will help to solve many
of the existing problems.
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Chapter 2

Detector

2.1 Overview

The physics program of experiments at the Super ¢ factory with a peak luminosity of 103 cm=2c¢™!

in the energy region 2F = 2 + 5GeV is dedicated to studies of rare decays of D mesons, 7 lep-
ton, D°D° oscillations and searches for so-far unobserved lepton-flavor-violating 7 decays, in par-
ticular 7 — py decay. The proposed program requires creation of a universal magnetic detector
with a field of about 1T. The detector should have the following features:

e an excellent momentum resolution for charged particles and a good energy resolution for
photons;

e a particle identification system with the best parameters among detectors already existing or
under construction. For selection of rare D decays K /7 separation higher than 3 o is needed.
In addition, for selection of 7 — w7y decay and suppression of high 7 mesons background a
robust p/7 separation up to 1.2 GeV/c momentum is required,;

e a digitizing hardware and data acquisition system, able to read events at a rate of 300 — 400
kHz with an average event length of about 30 kB;

e a powerfull trigger capabable to select physics events and suppress very high rate background
processes.

To achieve a high data taking efficiency and to minimize detector maintenance time, the
detector design should satisfy the following requirements:

e the digitization hardware should reside inside the detector 10 Gbit optical links will be used
to transmit the data;

e the detector design should provide fast access to detector subsystems for repair and hardware
replacement; the typical disassembling-repair-assembling time should not exceed 12 — 24
hours;

e input (output) of the detector magnetic field should not take more than two-three hours;

e a movable radiation shield should provide fast access to detector subsystems to enable the
personnel to work on the detector and its technological entresols while beams are in the
collider.
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The design of the universal magnetic detector for c¢r factory is based on the experience of the
Budker Institute experiments as well as that coming from the BaBar and Belle collaboration.
The detector (see Fig. contains a standard set of subsystems:

e a vacuum chamber,

a vertex detector,

a drift chamber,

a particle identification system based on a Cherenkov detector with a multilayer aerogel
radiator (Focusing Aerogel RICH — FARICH),

an electromagnetic calorimeter based on pure Csl crystals,

a superconducting coil produced by the conventional technology,

an iron yoke with a muon system inside.

2.2  Vacuum chamber

The beams collide in the center of a beryllium vacuum chamber with a radius of 20 mm and a
length of 600 mm. The wall thickness is 1 mm. To suppress the background from synchrotron
radiation, the chamber inside is coated with a 0.05 mm thick copper layer. This design introduces
a small amount of material, for normal incidence particles it is about 0.6% of the radiation length.

2.3 Vertex detector

The Vertex detector (VD) is placed between the vacuum chamber and the drift chamber and
provides the detection solid angle up to 98 %. The VD is a cylinder with a length of 60 cm and inner
and outer diameters of 50 mm and 400 mm respectively. Its task is to detect secondary vertices
from the decays of short-lived particles such as K2 or A. Furthermore, the VD complements the
drift chamber in measuring the momenta of charged particles. Since the VD is placed in the
vicinity of the beam pipe, it should handle a high particle flux when the collider operates at its
maximum luminosity of 103°cm=2s~1.

Information from the VD can be processed either together with the data from the drift chamber
to improve the momentum resolution, or alone to reconstruct secondary vertices.

Two options of the VD are foreseen at the moment: a time projection chamber (TPC) discussed
below or a stack of silicon strip layers.

2.3.1 Time projection chamber

A time projection chamber [I] is a combination of drift and proportional chambers (see example
in Fig. 2.2). The drift volume is filled with a gas mixture, e.g., Ar/CO, 80/20, and has an axial
electric field created by two endcap anode planes and a mesh cathode in the middle of the chamber.
The field uniformity is preserved using a special field cage.

A charged particle traversing the sensitive volume leaves a track as a chain of clusters of
the ionized gas. The linear cluster density depends on the gas properties. For example, for

51



4 5 6

Figure 2.1. Universal magnetic detector: 1 — vertex detector; 2 — drift chamber; 3 — FARICH
identification system; 4 — calorimeter; 5 — superconducting coil; 6 — yoke with a muon system.
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argon at normal temperature and pressure it is about 30 clusters per cm. FElectrons drift with
a constant velocity towards the anode planes and create avalanches detected by a sensitive pad
planes providing information about two coordinates. The third coordinate of the track is calculated
as a product of the drift time of each primary electron cluster and the drift velocity. Despite the
relatively large drift distance of about 30 cm, the transverse diffusion is relatively small due to
the longitudinal magnetic field of 1T (see Fig. [2.3). That allows the transverse spatial resolution
to achieve 50-100 um depending on the drift path. In the longitudinal direction the resolution is
somewhat worse — about 300 um because of larger diffusion.

ALICE TPC LAYOQUT
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Figure 2.2. ALICE time projection chamber (CERN).

Currently, TPCs use multiwire proportional chambers (MWPCs) for detection of ionization
clusters. Those chambers cannot work in the continuous mode because of a backflow of ions,
resulting in a space charge accumulation which leads to electric field distortion. And the later
deteriorates the spatial resolution. A special protection mesh is needed to prevent the effect. This
mesh opens access to the MPWC by an external trigger signal. As a result, a large dead time
after each event leads to a loss of physics events.

A new generation of colliders including the cr factory will have a very small time between
consequent events, and thus a standard TPC cannot be used. To overcome this problem, sev-
eral new readout schemes were suggested based on the novel micropattern gas technologies. For
example, the PAN DA Collaboration is developing a TPC [2] with the continuous readout using
gas electron multipliers (GEM) [3]. The same chamber is being designed for a detector for the
international linear collider by the LC TPC Collaboration [4]. Besides the GEM option, the L.C
TPC Collaboration also studies the possibility of using Micromegas for signal amplification (see
Fig.[2.4). It should be noted that both amplification methods allow to supress the backflow of ions
by more than three orders of magnitude. Therefore, a TPC equipped with an additional device
can work in the continuous mode.

A very good spatial resolution, close to the theoretical limit, has been achieved during tests
of the prototypes with different readout schemes. The tests have been done with the “hot” gas
mixture, Ar/CF,/C4H; in the proportion 95/3/2. The spatial resolution of the prototypes with
GEM and Micromegas in a 1T magnetic field parallel to the electric field lines 5cm from the
readout plane was equal to 52 um and 55 um, respectively (see Figs. and .
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Figure 2.3. Transverse diffusion as a function of magnetic field intensity for the gas mixture
Ar/CyH, 80/20 for different electric field values.

Further improvement of the spatial resolution can be achieved with the sensitive pad size
descrease. In the examples above, the pad sizes were 1.2 x 5.4mm? for the GEM version and
3.2 x 7mm? for the Micromegas one. It should be noted that in the latter case (Micromegas) the
sensitive pads were covered by a special resistive layer to spread the charge over a larger area and
improve the spatial resolution. At the present time an experiment to directly detect a signal in
the silicon pixel detector with a pixel size of 50 x 50 um? is in progress. It is anticipated that the
spatial resolution in this case will be about 40 um in the vicinity of the detection plane.

Apart from the position information, the TPC can be used for particle identification based
on the ionization energy loss in gas. Indeed, at a typical pad size of 2mm each particle crossing
the chamber along the radius will produce about 70 fired pads. That should provide the dE/dx
resolution at the level of a few percent.

There is another issue with of the chamber wall thickness minimization, althrough should the
walls should be strong enough to keep the electric potential difference at a level of a few tens
kilovolts. The high values of potential are required to provide an electric field in the order of
200 — 300V /cm, allowing to have an electron drift velocity about 5cm/pus.

At present the detector design is studied using a dedicated computer simulation with Geant4
and Root packages.
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Figure 2.4. Layout and principle of GEM operation (upper row) and Micromegas (lower row).
The figure is taken from [5].

2.4 Drift chamber

2.4.1 Introduction

The drift chamber (DCH) is the main tracking and momentum-measuring system. It provides
precision momentum measurements as well as good particle identification for low momentum
tracks. The DCH design is based on the BaBar drift chamber described in detail in [6].

2.4.2 Drift chamber design

The drift chamber has cylindrical shape with 1.6 m outer diameter, 0.4 m inner diameter and 2.0 m
length. The endplates are carrying an axial load of about 32,000 N and made of 24 mm thick
aluminum. They hold plastic and metal feedthroughs for the wires. The maximum total deflection
of the endplates under loading is small, it is about 2 mm or 28% of the 7 mm wire elongation under
tension. The inner cylinder is made of 1.5 mm carbon fiber. The outer cylinder is made of 5 mm
thick fiber glass. The inner cylindrical wall of DCH carries 40% of the wire load, while the outer
wall bears 60%. To simplify installation this external wall was constructed of two half-cylinders
with longitudinal and circumferential joints. The main structural element consists of 5 mm fiber
glass. The outer shell is capable to withstand a pressure change up to 30 mbar and temperature
variations up to +20°C, those conditions could be encountered during shipping or installation.
The aluminum foil, 25 pm thick on the internal surface and 100 um on the external one, has good
electric contact with the endplates and thereby ensures the RF shield for the chamber. The total
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Figure 2.5. Spatial resolution of the TPC prototype with the GEM readout.

thickness of the DCH for particles at normal incidence is 1.08% Xy, where 0.2% X is a contribution
from wires and gas mixture and 0.28% X is from the inner wall.

The drift system of the chamber consists of 40 layers with 7104 close-packed small hexagonal
cells. Each cell has a single sense wire surrounded by field-shaping wires and is approximately 1 cm
in radius.

2.4.3 Drift cells

2.4.3.1 Layer arrangement

The layers are grouped by four into ten superlayers with the same wire orientation and equal
numbers of cells in each layer of a superlayer. Sequential layers are staggered by half a cell. This
arrangement allows fnding a local segment and left-right ambiguity resolution within a superlayer,
even if one of the four signals is missed. The stereo angles of the superlayers alternate between
axial (A) and stereo (U,V) pairs in the order of AUVAUVAUVA as shown in Fig. 2.7

To provide three-dimensional track reconstruction the superlayers appear alternately as axial
(with wires parallel to the z axis) and small-angle stereo (with wire endpoints offset by 7 to 12
cells, in alternate directions). The stereo angles vary between +32 mrad and +56 mrad; they have
been chosen so that the drilling patterns are identical for the two endplates. The hole pattern has
a 16-fold azimuthal symmetry which is well suited to the modularity of the electronic readout and
trigger system.

2.4.3.2 Cell Design and Wires

The drift cells are hexagonal shape, 11.9 mm in the radial and 19.0 mm in the azimuthal directions,
respectively. The hexagonal cell configuration is preferable for our detector because approximate
circular symmetry can be achieved over a large portion of the cell. The choice of the aspect ratio
has a benefit of decreasing the number of wires and electronic channels, the 40-layer chamber
fitting in a confined radial space. Each cell consists of one sense wire surrounded by six field
wires.

The sense wires are made of tungsten-rhenium alloy, 20 pm in diameter and tensioned with
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Figure 2.6. Spatial resolution of the TPC prototype with the Micromegas readout.

a weight of 30 g. The deflection due to gravity is 200 um at midlength. Tungsten-rhenium has
a substantially higher linear resistivity (290 €2/m) in comparison with pure tungsten (160 Q/m),
but is considerably stronger and has better surface quality.

While the field wires are grounded, a positive high voltage is applied to the sense wires. An
avalanche gain of approximately 5 - 10? is obtained at a typical operating voltage of 1960 V and a
80/20 helium/isobutane gas mixture.

The tension on the approximately 2 m-long sense wires was chosen to be relatively low so that
the aluminum field wires have a matching gravitational sag and are tensioned well below the elastic
limit. A simulation of the electrostatic forces shows that the cell configuration has no instability
problems. At the nominal operating voltage of 1960 V, the wires deflect by less than 60 pm.

The tension of the field wires is 155 g to match the gravitational sag of the sense wires to
within 20 pm. This tension is less than half the tensile yield strength of the aluminum wire. For
cells at the inner or outer boundary of a superlayer, two guard wires are added to improve the
electrostatic performance of the cell and to match the gains of the boundary cells to those of the
cells in the inner layers. At the innermost boundary of layer 1 and the outermost boundary of
layer 40, two clearing wires have been added per cell to collect charges created through photon
conversions in the material of the walls.

A total of three different types of feed-throughs were required for the chamber to accommo-
date the sense, field, and clearing field wires. The three types are illustrated in Fig. They
incorporate crimp pins of a simple design which fasten and precisely locate the wires. The choice
of the pin material (gold-plated copper for the signal wires and gold-plated aluminum for the
field wires) and wall thickness in the crimp region was optimized to provide an allowable range of
almost 150 pm in the crimp size as a primary means to avoid wire breakage.

2.4.3.3 Drift Isochrones

The calculated isochrones and drift paths for ions in adjacent cells of layers 3 and 4 of an axial
superlayer are presented in Fig. The isochrones are circular near the sense wires, but are
deviated strongly from circles near the field wires. Tons originating in the gap between superlayers
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Figure 2.7. Arrangement of drift chamber wires. One sixteenth sector of the full chamber is shown,

with axial (A) and small-angle stereo (U and V) superlayers indicated.
ameter), and guard and clearing field wires (2.5 mm diameter), all made of the Celenex insulator

jacketed feedthrough is for grounded field wires, the other four are for sense wires (4.5 mm di-
surrounding the crimp pins.

Figure 2.8. Design of three DCH wire feedthroughs for the 24 mm-thick endplates. The copper
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Figure 2.9. Drift cell isochrones, i.e. contours of equal drift times of ions in cells of layers 3 and 4 of
an axial superlayer. The isochrones are spaced by 100 ns. They are circular near the sense wires,
but become irregular near the field wires and are extended into the gap between the superlayers.

are collected by cells in the edge layers after a delay of several us. These lagging ions do not affect
the drift times measurements, but they contribute to the d£/dx measurement.

2.4.3.4 Cross Talk

A signal on one sense wire produces oppositely charged signals on the neighboring wires due to
capacitive coupling. The cross talk is the largest between adjacent cells of adjacent layers, ranging
from —0.5% at a superlayer boundary to —2.7% for internal layers within the superlayers. For
adjacent cells in the same layer, the cross talk ranges from —0.8 to —1.8%, while for cells separated
by two layers it is less than 0.5%.

2.4.3.5 Gas system

The drift chamber is operated with a gas mixture of 80% helium and 20% isobutane, passed
through a bubbler to introduce 3500 ppm of water vapor. The bubbler also introduces approxi-
mately 100 ppm of oxygen into the gas mixture, which has a small effect on the avalanche gain.
A recirculating pump maintains in the chamber a pressure of 4 mbar over atmospheric pressure;
freshly mixed gas is introduced when necessary to compensate losses.

2.4.3.6 Drift chamber performance

Drift chamber project for cr factory is similar to the BaBar one. Our choice stems from the fact
that the performance of the BaBar drift chamber during six years of operation has been excellent.
The momentum resolution is determined by reconstructing through-going cosmic ray events as
two separate “tracks” and taking the difference in the fitted transverse momentum (the inverse
curvature radius in the XY plane) in the center of the chamber as a resolution. The result is

o(pr)

pr
The single-hit position resolution is determined for all tracks from comparison of the fitted
trajectory excluding each measured hit with the position of the hit determined from the readout

— (0.13 £ 0.01)% - pr + (0.45 +0.03)%
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timing and the calibration time-to-distance relation for that cell. The result (Fig. [2.10) is a
weighted-average resolution of 125 um over all cells; in the region of each cell with the most
uniform electric field the resolution reaches 100 um.
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Figure 2.10. BaBar single-hit resolution vs. distance from the sense wire. The resolution is
computed from the residual of the hit position compared with the fitted track excluding that hit.
The sign of the distance is positive (negative) for tracks passing to the right (left) of the radial
vector to the sense wire.

The drift chamber readout system includes both timing, with 1 ns precision, and integrated
charge information. The detector is calibrated for the electronics gain of each channel, normalized
to the charge deposition and avalanche gain as a function of the track trajectory in each layer of
the chamber. With these calibrations, the integrated charge from each hit can be used to compute
the relative energy loss; the ionization energy loss dF/dx for each track is computed from the
80% truncated mean of the hits assigned to the track, as shown in Fig. [2.11] For electrons from
radiative Bhabha events o(dE/dx)/(dE/dx) < 7.5% is obtained.

2.5 FARICH system

2.5.1 Introduction

Excellent particle identification (PID) for hadrons and leptons over the full momentum range for
particles coming from charm and 7 decays is essential to achieve the physics objectives of the
experiment. In particular, a search for lepton flavor violation in the decay channel 7 — pvy with a
sensitivity to the branching fraction of 107 requires a good u/m separation for 1 GeV/c particle
momentum. Another example is a search for C'P violation in D decays, which needs full particle
identification to reconstruct exclusive final states and tag the flavor of the other D meson in the
event.
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Figure 2.11. dF/dz distribution vs momentum for particle samples.

Identification of leptons is performed by the electromagnetic calorimeter and the muon system,
while the energy losses in the drift chamber (dE/dx) can be used to identify charged hadrons.
However, the latter technique cannot discriminate between pions and kaons with momenta above
0.7 GeV/c. Identification of muons with momenta below 1 GeV/c is a hard task for the existing
muon range detectors. For example, the efficiency of the BaBar detector for muons with 1 GeV/c
momentum was 64% while the pion misidentification rate was 2% (2.40 separation) [7]. The KLM
system of the Belle detector has a better performance with a 78% muon efficiency and 2% pion
misidentification rate (2.80 separation) at a 1 GeV/c momentum |[§].

For particle identification in the experiments at cr factory a novel Ring Imaging Cherenkov
counter with a focusing aerogel radiator (FARICH) is proposed. It is able to provide high p/7
separation below and about 1 GeV /¢, as well as excellent w/K/p separation for high momenta not
covered by dE/dx measurements. Section reports the results of FARICH performance for
MC simulation.

Silica aerogel is a porous silicon dioxide with a variable index of refraction (1.006 +1.2), which
is applicable in Cherenkov detectors for particles with a few GeV/c momentum.

The first RICH detector using silica aerogel as a Cherenkov radiator was successfully employed
in the HERMES experiment [9]. Later it was followed by RICH1 of the LHCb detector [10]. Both
RICH detectors use gas as a second radiator and focusing mirrors to form Cherenkov ring images
on a photon detection plane.

A RICH with proximity focusing uses the gap between a layer of radiator medium and photon
detector to make a ring image. This allows one to construct more compact RICH detectors as
compared with a RICH with focusing mirrors. This design was implemented in the RICH with the
dual aerogel-NaF radiator for the upcoming ISS-born experiment AMS-02 [11]. Besides that, the
PID system based on proximity focusing dual layer aerogel Cherenkov radiator for the end-cap of
the Belle-IT detector at Super KEK-b collider in Japan is under development and construction now.
The thickness and the refractive index of the layers are adjusted in the way that the Cherenkov
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rings from different layers overlap very well in the photodetector plane (200 mm). First beam test
results are in good agreement with calculation and simulation [21].

2.5.2 FARICH concept

In a proximity focusing RICH, one of the main factors limiting the Cherenkov angle resolution is
the finite thickness of a radiator. In [12, 13, 4] it was proposed to use a radiator consisting of
several layers of aerogel with different refractive indices to overcome this limitation. The index
of refraction and the thickness of each layer are chosen so that the rings from all layers coincide
in the photon detection plane. Another possibility is to have several separate rings (Fig. .
Both options allow one to diminish the photon emission point uncertainty. We call a detector
employing this technique a Focusing Aerogel RICH (FARICH).

n<n N>,

Figure 2.12. FARICH in single-ring (left) and multi-ring (right) alternatives.

In 2004 the first multilayer aerogel sample has been obtained in Novosibirsk [13]. Four layers
of that aerogel had indices of refraction and thicknesses that match the designed ones with a good
precision. At present, we have several aerogel tiles in a single-ring option with 2-4 layers with
dimensions of up to 115 x 115 x 40 mm?.

2.5.3 Design

The FARICH for SCTF should cover almost a 47 solid angle and identify muons and hadrons with
momenta of up to approximately 2 GeV/c. The FARICH will work in a magnetic field of 1 T,
which imposes a serious limitation on the photon detector choice. Presently, the only existing
single photon detector sensitive to the visible spectrum that is able to work in a strong magnetic
field of arbitrary direction is the multipixel Geiger-mode avalanche photodiode (MPGM-APD or
SiPM) [25]. The SiPM is almost insensitive to a magnetic field, has a gain of the order of 105,
a high photon detection efficiency (PDE) in the visible region, a low voltage bias and a size of
a few mm. There are two types of SiPMs today. The silicon photomultiplier is called a Digital
SiPM (DSiPM) when part of digital electronics such as time-to-digital converter (TDC), memory
blocks or something else are integrated with photon sensor in one chip [26, 27, 28]. In this case
the geometrical efficiency becomes worse because each element and photo sensitive area are placed
on one side of the crystal. The best geometrical efficiency (69%) and thus the photon detection
efficiency (PDE) of about 30% for such DSiPMs was achieved with the Philips PDPC design which
includes 2 TDCs connected with four 4x4 mm size pixels. The major concern was that rather
big dead-time of the TDCs limits the level of operable sensor loads and work in single photon
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counting mode with these devices is possible only with sufficient suppression of intrinsic noise
level, for instance by decreasing temperature. The other type is Analogue SiPM single pixels or
their arrays. The most known manufacturers of the devices are Hamamatsu (Japan) [29], FBK
(Italy) [30] and SensL (Ireland) [3I]. The main parameters (PDE, dark count rate (DCR), and
probability of optical crosstalks) of the recently designed SiPMs from these manufacturers are very
close. A comparison of these devices is presented in [32]. The level of DCR for all modern SiPM
designs is less than 100 CPS/mm? at room temperature, andthe PDE in peak achieves a value
of 40+-50%. Several comparisons of Digital SiPM and Analogue SiPM are given in [33]. The main
limitation of their usage in the particle collider experiments is their low radiation resistance [34]35].
Several investigations have shown that after a cumulated dose of about 10™n.,/cm? the SIPM DCR
increases two times. It could lead to distortion of the Cherenkov ring reconstruction process and
additional loads of the data transfer system.

Other candidates as the photon detectors are photomultiplier tubes with microchannel plates
(MCP PMT) and hybrid avalanche photodiode (HAPD). The main advantages of MCP PMT
in comparison with SiPM are their good radiation hardness and low level of intrinsic noises
(100 keps/cm?). MCP PMTs are able to work in parallel magnetic fields without degradation
of efficiency and at a tilt 45° to a magnetic field of 1 T the collection efficiency of photoelectronsis
decrease in two times only [36]. For the Aerogel RICH (ARICH) system of the Belle-IT detector,
the photon detection plane is based on HAPDs. One segment of the system, based on two layers of
aerogel (20 mm with refractive index n=1.045 plus 20 mm with n=1.055) and HAPDs, was tested
on a beam. For the relativistic particle 8.6 photoelectrons were emitted and angle resolution per

track o; = \/’;f;p = \1/% mrad was obtained [2I]. The possibility to work with an HAPD in a

parallel magnetic field of 1.5 T was demonstrated too. Radiation hardness tests show that the
HAPDs are able work at an integrated neutron dose up to 10"ne,/cm?, which is the estimation
of the integrated neutron dose after collecting of 70 ab~! in the Belle-II experiment. MCP PMTs
and HAPDs are very promising candidates for the end-cap parts of the FARICH system for the
cr factory in Novosibirsk (Russia).

The suggested FARICH layout is shown in Fig. It consists of the barrel and endcap parts.
The solid angle of the system is 98% of 47. The radiator has an area of 17 m?; photon detectors,
of 21 m?. The number of SiPMs and electronics channels is about one million.

The very large number of channels and their high density will require development of dedicated
front-end electronics based on ASICs. The digitizing part (TDC) should be located right in the
detector. A lot of specialized chips for SiPM arrays readout have been developed: NINO [37],
MAROC, SPIROC [38], PETA [39], BASIC [40], VATA64HDR16 [4I] and TOFPET [42]. Gen-
erally, they were developed for Positron Emissive Tomography (PET) or for other application
with fast scintillation crystals (LYSO, LaBr3 and other). Some of them such as NINO and
VATA64HDR16 will be used for Cherenkov light registration from quartz. For example, NINO
is a amplifier-discriminator, which in couple with fast TDC (i.e. HTDC) provides registration of
signals with picosecond time resolution. This chip was also tested with MCP PMT within the
frame of the development of the particle identification system TORCH for the LHCb detector at
the Large Hadron Collider (LHC) [43]. The other above chips are very complex devices able to
determine the photon position (pixel number) and the amplitude and time of the signal. It takes
a lot of time to transfer this information through the data acquisition (DAQ) system. So it is
impossible use these chips with event rates higher than 100 kHz and therefore are not applicable
for the SCTF project, where a rate of events in the DAQ system of about 300 kHz is expected. In
the FARICH system only a few detected photons per track are expected and there is no necessity
to determine the signal amplitudes in each channel because it will be not more than one photo-
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Figure 2.13. FARICH PID system for the SCTF.

electron amplitude. One of the possible ways to develop the electronics for the FARICH system
is to modernize some of existing chips, improving their transfer capability and abandoning the
amplitude measurements.

2.5.4 MC performance

The following configuration of FARICH is considered and studied using a Geant4-based Monte
Carlo simulation program:

e the distance between the radiator and photon detector of 200 mm,
e a single-ring four-layer aerogel radiator with a total thickness of 35 mm and n., = 1.07,

e a photon detector — MPPC (Hamamatsu Photonics) with a 3 x 3 mm? active area,
PDE(500nm) = 30% and packing density 53%.

The simulation takes into account the processes of radiation, absorption and scattering of the
Cherenkov light. The interactions of charged particles with matter were proved to be negligible
(except for multiple scattering at momenta below 0.5 GeV/c) and are not simulated. A magnetic
field of 1 T is included in the simulation. The effects of the SiPM dark noise and detector
background currently are not taken into account.

The simulation shows that the number of photoelectrons for a relativistic particle is about 25
(Fig. ), which is enough for a robust ring reconstruction. The velocity resolution reaches
5-107* (Fig. 2.14b). Figures 2.14f,d demonstrate /K and /7 separation levels derived from
the velocity resolution. The m/K separation is very good for momenta from the kaon Cherenkov
threshold in aerogel (1.3 GeV/c) and up to a few GeV/c. In an experiment, the 7/ K separation
will be affected by other processes like kaon decays, photon detector noise, detector backgrounds,
etc. The p/m separation can be provided at a level > 3¢ from 0.4 to 1.7 GeV /¢ particle momentum
and range from 5.5 to 8 ¢ at 1 GeV/c momentum.
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Figure 2.14. FARICH simulation results for three polar angles: the number of photoelectrons (a), velocity
resolution (b), 7/K (c) and pu/m (d) separations. Focusing DIRC performance is shown for comparison.

The development of DIRC upgrade with a focusing mirror and chromaticity correction (FDIRC)
was made at SLAC [44]. The project of FDIRC for SuperB-factory in Italy (today the whole Italian
project is closed) was developed. Several types of photodetectors were considered; the electronics
design was suggested; the prototype tests with cosmic rays and hadron beams were performed [45].

7/ K separation of the Focusing DIRC (FDIRC) is shown along with the FARICH performance
in Fig. 2.14c. We calculated from these data the corresponding velocity resolution, which is
~ 21073 (Fig. [2.14b) and the /7 separation (Fig. [2.14d), which amounts to 20 at a 1 GeV/c
momentum.

The methods to cover the lower momenta are currently discussed and can be either a threshold
mode of operation (“yes-no mode”) or employment of an additional radiator of higher index of
refraction such as NaF crystal (n = 1.33).
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2.5.5 First FARICH prototype tests

In 2011 the first test of the FARICH prototype at the installation “Extracted beams” at the
VEPP-4M complex were performed [46]. 32 SiPMs from CPTA (Moscow) with a sensitive area
of 2.1x2.1 mm?, 16-channel discriminator boards with built-in pre-amplifiers, and 64-channel
multi-hit TDC V1190B (CAEN) with a 100 ps time tick were used for photon detection. At the
beam test with 1.5 GeV electrons, the Cherenkov angle resolution for a single photon with a 4-
layer aerogel sample was measured and the focusing effect in comparison with single layer aerogel
samples was demonstrated [47]. In Fig. the radial distributions of Cherenkov photons for
two aerogel samples are shown: 4-layer aerogel with 30 mm thickness (a) and 1-layer aerogel with

20 mm thickness (b).
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Figure 2.15. FARICH beam test results obtained with 1.5 GeV electrons. Cherenkov photon distribution
on radius for 4-layer aerogel sample 30 mm thick (a) and 1-layer aerogel sample 20 mm thick (b).

The particle identification capability of the FARICH method was tested with hadron beams at
CERN in 2012 [47, 48]. The prototype was based on a 4-layer aerogel sample with the maximal
refractive index ng. = 1.046 and dimensions 15x115x37.5 mm. A matrix of 24x24 of silicon
“digital” photosensors DPC3200-22-44 Philips [26] with overall sizes 200x200 mm was used as
a photon detector. Each sensor consists of four 3.2x3.9 mm pixels (in total 2304 pixels). The
Cherenkov rings for different particles (p, K=, 7=, u*, e*) with pulses equal to 6 GeV /c are shown
in Fig. 2.16p. In Fig. the distribution of the same events on radius is presented. Distribution
of events over the Cherenkov radius for particles with 1 GeV/c pulses is presented in Fig. .
The power of the p/m-separation at a level of 5.3 ¢ was obtained at a 1 GeV/c momentum,
and 7/K-separation better than 3.5 ¢ until the momentum equals 6 GeV/c was observed. The
obtained results demonstrate better particle identification FARICH capability in comparison with

FDIRC (see Fig. [2.16d).

2.6 Electromagnetic calorimeter

Since a considerable fraction of the hadrons produced in the cr factory energy range are 7°’s and
other neutral particles providing photons in a wide energy range from 20 MeV to 2 GeV, a high
resolution calorimeter is a very important part of the detector. The main tasks of the calorimeter

are as follows:

e detection of y-quanta with high efficiency,
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dependence of m/K-separation power in o on momentum for prototype of FARICH (measurements and
simulation) and FDIRC (measurements) (d).

e precise determination of the photon energy and coordinates,

electron /hadron separation,

K, detection,

generation of proper signal for the trigger,

on-line and off-line luminosity measurement.

One of the most important task for c7 factory is a search for the lepton flavour violating
decay 7 — py. This decay mode has to provide a narrow peak in the py invariant mass spectrum.
The sensitivity to the mentioned decay strongly depends on the width of this peak, provided by
the calorimeter energy and spatial resolution.
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At present, the best energy resolution for photons in the energy range around 1 GeV and below
is obtained with calorimeters based on scintillation crystals CsI(T1) [65,50], op/E ~ 1.8% at 1 GeV
and about 3% at 100 MeV. The space resolution of such calorimeters is about 6 mm/\/E(GeV). It
is also worth noting that Budker Institute of Nuclear Physics has large experience of developments,
construction and exploitation of calorimeters based on scintillation alkali-halide crystals.

Other advantages of scintillation calorimeters are their high stability and low maintenance cost.
CsI(T1) crystals have a high light output (up to 50,000 photons/MeV) and emission spectrum with
a maximum at about 550 nm well matching the region of high sensitivity of silicon photodetectors.
An example of the high resolution electromagnetic calorimeter is the calorimeter of the Belle
detector. It contains 8736 counters based on CsI(T1) crystals of 30 cm length (16.1 X,). Each
crystal is equipped with two silicon PIN 20 x 10 mm? diodes for light readout.

The preamplifier attached to the crystal is followed by the shaper boards placed in the crates
around the detector; the digitizing and trigger modules are installed at the electronics hut. The
shaper board contains a CR — (RC)? active filter with 7 = 1 pus shaping time.

The average light output of the crystals was about 5000 photoelectrons/MeV, while the elec-
tronics noise level is about 1000 electrons, which corresponds to an energy noise equivalent (ENE)
of about 200 keV.

The ten-year experience of CsI(T1) Belle calorimeter exploitation in the B factory experiments
demonstrated its high performance and reliability. The radiation resistance of the crystals is
sufficiently high for the conditions of ete™ colliders. At the Belle detector, the total radiation
dose absorbed by the crystals closest to the beam pipe was about 500 rad during the 10 years
of operation. At cr factory with a luminosity of 10%° cm™2c™!, the absorbed dose can reach
about 1 krad after the 5 years of experiments. According to the measurements performed in [52],
that results in about 20% loss of the light output only.

However, scintillation of the CsI(T1) crystals is relatively slow with a decay time of about 1 pus.
This leads to a high probability of the pile-up of the background and useful signals at a high
background counting rate (about 100 kHz or more per crystal). A natural solution of this problem
is to use faster crystals. An example of such a material is non-activated (pure) CsI crystals, well
known in high energy physics. The decay time of the pure Csl scintillation is about 30 ns.

Pure Csl characteristics are presented in Table in comparison with the CsI(T1) properties.
Crystals of this type were proposed for the Belle II [53] endcap calorimeter, which is developed by

Table 2.1. Properties of pure CsI and CsI(T1) scintillation crystals.

p, g/em?® | Xo,em | Aem, nm | n(Aerm) | Npn/MeV | 74, ns | dL/dT, %/° ( 20°C)
pCsl 4.51 1.85 305 2.0 2000-5000 | 20/1000 -1.3
CsI(T1) 4.51 1.85 550 1.8 52000 1000 0.4

the team of BINP physicists [54]. However, since the light output of pure Csl is approximately
ten times lower than that of CsI(T1), one has to use photosensors with an intrinsic gain and
ability to operate in a magnetic field. The emission spectrum of pure Csl has a maximum at a
wavelength of 310 nm, which puts additional requirements on the photosensor. In addition to the
fast component of scintillation, a pure Csl crystal has a slow component with a decay time longer
than 1 us. The ratio of rhe slow component of the scintillation light to the total amount of the
light integrated over the first 1 us, referred usually as f/t¢ ratio, is an important characteristic
of this crystal. When pure Csl crystals are used in the high energy physics experiments, the
requirement f/t >70-80% is usually applied.
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Taking into account the large experience of the BINP team on R&D with pure Csl crystals, the
option of the calorimeter based on pure Csl is taken as a baseline for this project and the following
sections of this chapter are mostly devoted to that. The technology of production of pure Csl
crystals is well established at several crystal-growing companies such as Amcrys (Ukraine), Saint
Gobain (USA), HPK (Japan-China), which enables production of the necessary crystal amount
within 2-3 years.

In the last decade new crystal scintillators with high light output and short emission time are
actively developed. Most promising materials are lutetium ortosilicate (LSO), lutetium aluminate
(LuAP) and lantane bromide (LaBrs) doped with cerium. However, the cost of these crystals
is quite high (5-10 times more expensive than CsI(T1)) that makes problematic a use of a large
amount of these crystals in experiments. On the other hand, active studies of the properties of the
new crystals and the possibilities of their usage in the large experiments in close cooperation with
crystal producers can improve the technology of their growth and make these crystals cheaper.

2.6.1 Calorimeter elements

Since the electromagnetic calorimeter of the detector for cr factory should have high energy
resolution for photons ( ~ 1.5% at E,=1 GeV), the energy fraction deposited in the active material
of the calorimeter should not be less than 95 % of the initial photon energy. To meet this condition
the calorimeter thickness should be 16-18 radiation lengths, which corresponds to 30-34 c¢m for Csl.
The lateral size of the calorimeter element is determined by the transverse shower development
and for Csl it is usually taken as 4~7 cm. A smaller size of the element somewhat improves the
spatial resolution, but results in increase in the total volume in the gaps between crystals and
larger number of electronics channel.

An option of the calorimeter subdivision is shown in Fig. The proposed calorimeter
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Figure 2.17. Disposition of the counters in the calorimeter: Z-projection (left), one sector of the
endcap calorimeter (right).

consists of the barrel part and two end caps. The barrel includes 5248 counters arranged in 128
sectors with 41 crystals each. Tt gives 21 different geometry types of the crystals. The total mass
of the crystals in the barrel is 26 (31) tons for a 30 (34) cm crystal length respectively.

The end cap calorimeter consists of 16 sectors, with 68 crystals each. The crystals in the
sectors are arranged in 14 arc-layers as it is shown in Fig. The crystal number in each layer
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is shown in Table [2.2] The total mass of the crystals in each end cap is 5(6) tons for a 30 (34) cm
crystal length.

Table 2.2. Arrangement of crystals in the endcap calorimeter.

layer crystals crystals | number of
number | in the sector | total types
32 1
32
48
48
64
64
64
64
96
96
96
128
128
128
1088
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The calorimeter element (counter) is a pure CsI crystal wrapped with a 200 pm layer of white
porous teflon as a diffusive reflector. The counter is covered by the outer layer of aluminized
polyethylene 25425 um thick. Such a package provides sufficient light and electric insulation of
the counters as well as high light collection efficiency at its good uniformity.

The light output of the pure CsI crystal has essential temperature dependence: -1.5% /centigrade.
To achieve an energy resolution at a level of 1% one has to measure the temperature map inside
the calorimeter with an accuracy of 0.1° and provide proper thermo-stabilization.

2.6.2 Photodetectors

Two alternative options for the scillation light readout are considered: based on the vacuum
photopentrodes (PP) as well as using the avalanche silicon photodiodes (APD).

2.6.2.1 Vacuum photopentrodes

An option of photodetector that can operate in a magnetic field is the 2” vacuum photopentrodes
(PP) developed by Hamamatsu Photonics. Such a photopentrode is shown in Fig. [2.18] The
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photopentrodes has small anode capacity (10 pF), gain factor of 150-250 without magnetic field,
and quantum efficiency of 15-25 % in the wavelength range around 310 nm.

\\\,. 5

Figure 2.18. 2” vacuum photopentrode R2185UV-MOD2 (Hamamatsu Photonics).

The voltage dependence of the photopentrode gain is close to linear as shown in Fig. [2.19] a.
The PP gain depends on the value of the axial magnetic field as shown in the Fig. 2.19/b. For a
magnetic field of 1.5 T, the gain factor drops down approximately 3.5 times. The dependence of
the gain factor on the angle between the magnetic field and PP axis has been measured and it is
shown in Fig. 2.19c. The PP gain factor is sufficient up to about 45°; for angles of 20-30° the PP
signal even increases to 20 %. A counter based on the pure Csl crystal (with the Belle counter

o) 300 S 1 S 15 o ZGOL
3 * ¥ 1A X .
< o S .
8200+ ~0.75 Xl
0.5
100 + 05r
0.25
0 1 1 0 1 1 1 1 0\ 1 1 1 1
0 500 1000 150( 0 5 10 15 20 0 20 40 60 80
U PP (V B (kGs) Angle (degrees)
_PP (V) a) ( ) b) gle (deg ) C)

Figure 2.19. a) PP gain—voltage characteristic. b) The PP gain versus the magnetic field, parallel
to the PP axis. ¢) PP signal in dependence on the angle between the magnetic field vector and
PP axis. B=1.5 T. U=1000 B.

size) with PP readout without magnetic field has an ENE of about 50 keV, which, according to
our measurements, corresponds to 170 keV in a magnetic field of 1.5 T.

The calorimeter is supposed to work in the heavy radiation conditions during about 10 years
and the PP performance and characteristics should not change considerably. From this point of
view, the long term stability of the gain factor and quantum efficiency at the full anode charge are
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very important. For the stability studies two counters based on pure Csl and PP were constructed.
In three years, the regular measurements of the cosmic ray spectrum were performed with these
counters and the peak position was determined. No changes at a level of 3 % have been found.
A special test bench was developed to study the dependence of the PP signal amplitude on the
integrated anode charge. The light background on the PP photocathode was generated by a
LED. A cosmic particle spectrum was accumulated, and the peak positions corresponding to the
minimum ionizing particles crossing the crystal were monitored. The measurements show a small
linear increase (about 10 %) of the signal with anode charge growth which stabilizes when the
charge reaches 15 C. The measurements were carried out up to 140 C, which is 5 times larger than
the expected accumulated charge for ¢r factory operation.

2.6.2.2 Silicon avalanche photodiodes

The light readout scheme with vacuum PPs has some disadvantages. The most important of
them are the large sizes of PPs and the necessity to orientate them within a small (< 45°)
angle relative to the magnetic field direction. The latter requirement is not a problem for the
end cap calorimeter part, but it demandes a special solution for the barrel. One of the option
is the usage of the special prism-shape light guides, which, however, decreases considerably the
light collection efficiency and makes the design much more complicated. It should be noted that
the photosensors will be practically inaccessible during all the period of the experiments, which
requires high reliability of all elements of the light readout. For example, in the calorimeter of the
Belle detector each crystal is equipped with two independent readout channels with a silicon PIN
photodiode and a charge-sensitive preamplifier. As a result, in spite of almost 20 years after the
calorimeter construction, all 8736 counters are working, only one of the two channels is working
in somewhat five counters. Such a scheme is not possible in case of the light readout option based
on the vacuum PP.

At present the alternative light readout scheme using wavelength shifting plates (WLSP) and
silicon avalanche photodiodes (APD) is under study. The APD working gain factor can be 50-100
and independent from the magnetic field. Performed studies of this option demonstrated a good
characteristics as well as a possibility of its realization [56].

A scheme of the counter with WLSPs and APDs studied in the mentioned work is presented in
Fig.[2.20l The WLS plate with the maximum absorption spectrum close to the pure Csl maximum
emission of the fast component (.. &~ 320 nm) [57] is attached without optical contact to the
large edge of the pure Csl crystal. Absorbed light is re-emitted in the range of around 600 nm
where the APD quantum efficiency is about 80 %. This light is measured by four APD of the
Hamamatsu S8664-55 type with a sensitive area of 5x5 mm? attached with the optical contact to
the back plane or side surface of the WLSP as shown in the Fig

The measured spectrum of the cosmic ray energy deposition obtained with such counter based
on 6 x 6 x 30 cm® pure Csl crystal is presented in Fig. 2.21la. The peak energy deposition
corresponds to somewhat 33 MeV. The width of the distribution is defined by the angular and
energy distribution of the cosmic rays as well the ionisation losses fluctuations. The electronics
channel was calibrated in the units of the electron-hole pairs number produced in the APD before
amplification. A gain of 50 was chosen. Taking into account the mentioned values it was found
that the signal level before amplification is about 110 photoelectrons per 1 MeV for option a)
(Fig. and about 150 phe/MeV for option b). At this signal level, the photoelectron statistics
does not contribute to the calorimeter energy resolution even after taking into account the excess
noise factor (= 2.5).

The ENE values depending on the shaping time are presented in Fig. 2.21}b. For option b)
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Figure 2.20. Two design options of the light readout using wavelength shifting plates (WLSP) and

silicon avalanche photodiodes (APD).

ha0

[Csl(pure) £J 4 APD S8664-55 Eriries =
250 ['cosmic signal Mean 898.1
FENE = (360 + 30) Ke %‘ RuS L
N Prob 0.09694
~ 200 po 6.6066+04 + 6.277e+03
5 r ﬂ” p1 0578+ 0.098
a r p2 949.9+7.1
N 150 p3 161.1+11.0
= L p4 1015+ 8.0
j<] L p5 1051+ 218.0
g r p6 3934+ 674
= 100
50F 33 MeV Mﬁ
AL e b (o LIT0S
O0 200 400 600 800 1000 1200 1400 1600 1800 2000

FADC channéls

0.6

0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

Equivalent noise energy [MeV]

sl(pure) (6 x 6 x 30 cm®)

S plate (with NOL-9)

/

000
s
.

(S8664-

a
a1

=Y
Us

/

—~—

e
I

E of the counters in the

arrel

£CL

AR RRRLY LAY LA ARRAN RN LN I ARRRI AR LU I

APDs at the back side of WLS

APDs at the edge side of WLS

| | | | | | |

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

shaping timet [ns]

Figure 2.21. a) Measured spectrum of cosmic ray energy deposition obtained with the counter
based on pure Csl crystal. WLSP and four APD are used for the light readout. b) Measured
energy noise equivalent (ENE) in dependence of the signal shaping time. The dashed line shows
the noise level for the BellelI calorimeter based on CsI(T1) crystals and the shaping time of 500 ns.
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and a shaping time of 7,=50 ns, the ENE is about 0.4 MeV, while at the minimum, 7,=150 ns,
it is about 0.32 MeV. Such a noise level does not provide any considerable contribution to the
calorimeter energy resolution.

It should be noted that to achieve high stability of the gain the APDs need precise stabilisation
of the temperature (not worse than 0.1°) and bias voltage (not worse than 10 mV). However, this
problem was solved for a very large number of APD channels in the electromagnetic calorimeter
of the CMS detector [58]. This experience can be used for the APD option of the calorimeter of
the cr factory.

2.6.3 Calorimeter electronics

The calorimeter electronics layout is shown in Fig. [59]. The photodetector signal is applied

Near Detector Electronics pult

Frontend

VME

Vacuum
photopentode | Shaper 30ns_ | DAQ Event

» ADC 2x14 bits AT,Q builder

pureCsl PA’ 43MHz
[ 16 channels

WFA FPGA

Figure 2.22. Calorimeter electronics layout.

to the charge sensitive preamplifier (CUSP) mounted on the counter. The CUSP has a paraphase
output connected to a shaper-DSP module. The shaper-DSP modules are located in VME crates
nearby the detector; each module serves 16-24 counters. Every channel contains a differentiation
and four integration stages with a shaping time of 30 ns and two 14-bit flash ADC. The ADCs
sampling frequency is 40 MHz. Two ADC are used to extend the dynamical range of the channel;
they are connected directly to the shaper and with eight-fold attenuation. It enables a bin width
of 50 keV for a maximum signal of 2 GeV.

After a trigger signal comes, ADC data of 16 channels are recorded to tha buffer of the
FPGA. 31 amplitudes are recorded for each channel within the trigger time. The FPGA algo-
rithm provides rejection of the signals with an amplitude lower than the processing threshold and
performing the fitting procedure to calculate the signal amplitude and time. The fitting is per-
formed in three iterations in integer calculations according to the algorithm presented in Fig.
The last iteration provides the quality of the fit. The reconstructed zero level, amplitude, time and
fit quality together with the number of the calorimeter channels are packed and send to the DAQ
system of the detector if the pulse height exceeds a certain threshold. Such electronics provide
readout with a trigger rate of 30 kHz with 30 % latency.

2.6.4 Pure Csl radiation resistance

The radiation resistance of crystals is a very important issue from the point of view calorimeter
reliability and performance during long term experiments. That is why we performed two studies
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Algorithm details
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Figure 2.23. The algorithm of the amplitude and time reconstruction.
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of the radiation resistance of the pure Csl crystals with the sizes and shapes of real counters [60]
and [61]. At BINP the crystals were exposed to a wide aperture beam of bremsstruhlung photons
produced in a Pb(Mo) converter by a 1.4 MeV electron beam from the industrial accelerator
ELV-6. The accumulated dose was measured by a counter based on same active material, CsI(T1)
crystal, which makes recalculation of the dose simpler and clearer.

The relative light output was measured using a collimated '37Cs radiative source, which could
move along the crystal axis. The crystal scintillation spectrum was detected with a PM tube
and digitized with an ADC. The scheme was calibrated with a reference crystal, which was not
irradiated.

Since the light output of pure Csl has strong temperature dependence, the temperature of
the crystal was measured and corrections were implemented. The accuracy of the light yield
measurement after correction was 1.5-2 %.

In the first study [60], four crystals and one counter based on a pure CsI crystal with PP
readout were irradiated.

The dose rate was controlled by the accelerator current and was measured by a special dose
counter, a small 1 x 2x2 ¢cm?® CsI(T1) crystal. The light from this crystal was detected by a PIN
diode coupled with the crystal with optical grease. The PIN diode current is proportional to the
light intensity from the crystal or the energy deposition rate, which is the dose rate.

Series of irradiations with dose ranges from 250 to 30000 rad were carried out. Before and after
irradiation, everyday measurement of the crystals and counter light output was performed. The
counter lightoutput time dependence is shown in Fig. 2.24]a The figure shows an essential light
output decrease just after irradiation and its partial recovery within a few days after irradiation.
A similar dependence was observed for all counters. The resulting value of the light output was
used to obtain the dependence of the light output on the accumulated dose shown in Fig. 2.24]b.
As seen from the figure, the 15 krad of absorbed dose results in a light output loss of less than 15 %
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Figure 2.24. a) Lightoutput time dependence of assembled counter; b) Light output for four
studied crystals.

for 3 crystals, while one of the crystals has much worse radiation resistance and is good enough.
The presence of crystals with poor radiation resistance requires development of a special procedure
to reject such crystals. No changes in the f/t-ratio were found within 3 % accuracy.
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In a later work [61], we studied 15 full size samples produced with various modification of
the growing technology. Part of these crystals had satisfactory scintillation characteristics (light
output and f/t-ratio), while others did not satisfy the requirements on these parameters. In this
work, strong correlation between the scintillation characteristics of the crystal and its radiation
resistance was observed. It was shown that crystals with high light output and good f/t-ratio
have good radiation resistance as well.

2.6.5 Measurements with calorimeter prototype

To study the calorimeter performance a prototype of 20 counters based on pure Csl crystals was
prepared. The prototype was irradiated at a photon beam of ROKK — 1M at VEPP — 4M collider
at BINP, Novosibirsk [54, 62]. The crystals had sizes of the modules of the Belle calorimeter
and had been produced by AMCRIS company. The light readout was performed by vacuum
phototetrodes. Each counter was packed according to the description in section On the
large end-side of the crystal, a phototetrode was attached with optical grease and fixed together
with the voltage divider and preamplifier board. The light output of the crystals corresponded to
150-200 photoelectrons from the PP photocathode and f/t > 50%. The counter layout is shown
in Fig. [2.25] Special electronics in the CAMAC module was developed for readout of phototetrode

Preamplifier — ]

oltage
Phototetrod divider

Al-mylar

Figure 2.25. Counter layout and picture.

signal. Conceptually the module corresponds to the electronics described in section [2.6.3] The
produced counters were calibrated on the cosmic rays. The energy noise equivalent was determined
from the pedestal width and corresponded to 43 keV.

The pile-up noise value was measured in dependence on the background rate for the assembled
counter and Belle detector CsI(T1). The pile-up noise was simulated by y-quanta of ®*Co radiative
source(1.17 MeV and 1.33 MeV). The photon rate was varied via change in the distance from the
counters to the radioactive source. Figure shows the scheme of the measurement and results of
comparison of the total noise level for the pure Csl and CsI(T1). The results are in agreement with
the simple estimation obtained from the decay times ratio \/TTI/Tpure = \/1000 ns/30 ns ~ 5.5.

For the beam test, twenty counters were assembled in a 4 x5 matrix imitating endcap calorime-
ter part as shown in Fig. 2.27]

The prototype was irradiated by the photon beam of ROKK — 1M on the VEPP — 4M collider
at BINP. Laser UV photons with the energy wy = 2.34 eV, scattering on the electron beam of
VEPP — 4M produced the beam of backward-scattered photons. The photon energy varies from
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Figure 2.26. a) Pile-up measurement scheme; b) results of comparison of the counters based on
pure CsI and CsI(T1) Belle counter.
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Figure 2.27. The scheme of the measurements with the calorimeter prototype on the VEPP — 4M
photon beam. 1 — counters based on pure Csl crystals and photothetrodes; 2 — streamer tubes
system for cosmic rays coordinates measurements; 3 — cosmic trigger scintillation counters; 4 —
veto scintillation counter of charged particles; 5 — movable steel base frame.
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wo to the maximal energy wpe, = (14(?2%?5/:;327212) with a typical Compton spectrum shape,

shown in Fig. [2.28h. This spectrum has a typical sharp right edge corresponding to the maximum
photon energy. The electron energy FEpepm = 1.5 ~ 2.2 GeV corresponds to the maximum photon
energy Wyar = 70 ~ 160 MeV. The edge smearing (see Fig. ) is determined by the energy
resolution. Fitting the measured spectrum to the convolution of the Compton spectrum with a
logarithmic-normal function, we obtain the energy resolution.
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Figure 2.28. a) Backward scattered photon spectrum b) Spectrum of photon energy measured
with prototype.

The measured resolution is shown in Fig. [2.29a. The obtained data are in a good agreement
both with the Monte-Carlo simulation and the results obtained with the Belle calorimeter pro-
totype [6I]. The time resolution of the calorimeter depending on the energy deposition in the
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Figure 2.29. Energy a) and time b) resolution obtained with the pure Csl prototype.

counter is shown in Fig. [2.29b. For energy higher than 20 MeV the time resolution is better
than 1 ns. Since the signal in magnetic field is expected 3.5 times lower, the corresponded time

79



resolution will be obtained at 3.5 times larger energies. The time information enables essential
suppression of the beam background signals.

2.6.6 Summary

The calorimeter based on the pure Csl crystals is a proper solution for the experiments at cr fac-
tory that provides high energy and position resolution for photons in a wide energy range with
the expected background. The photopenthrodes as well as silicon avalanche photodiodes can be
used as photosensors. The radiation resistance of the counters allows keepping stable calorimeter
performance during the whole experiment.

Although the cost of the considered system is rather high, we do not see at present another op-
tion, cheaper and well developed, which could guarantee achievement of the necessary parameters.
There is a possible compromise of using pure Csl crystals in the end caps, where the background
is very high, while in the barrel part, where the background is lower, we could use cheaper CsI(T1)
crystals. In this case, the length of the barrel crystals could be increased to improve the energy
resolution in the range 1-2 GeV. Of course, R&D works on other options are highly desirable.

2.7 Muon system

The muon system consists of nine layers of coordinate detectors in the barrel and eight layers at
the endcap. The barrel part covers a solid angle of 64% x4m (50° < © < 130°), while the endcap
of 30%x4m(20° < © < 50° and 130° < © < 160°). The coordinate detectors are alternated with
layers of a steel absorber, which also serves as the yoke of the magnet.

The main task of the muon system is to separate muons from a large number of hadrons
produced in eTe™ annihilation. Muons are identified by measuring their penetration depth (range)
in the absorber. The ranges of muons and hadrons in matter are determined by two main processes:
the ionization energy loss of a charged particle and nuclear interactions of hadrons with atoms
of the absorber. Muons have larger kinetic energy as compared with pions and kaons at the
same momentum, so they could lose more energy on ionization and their path is longer. Nuclear
interactions of hadrons with the medium lead to additional absorption and further decrease of
their range.

Due to the bending of the particle track in the magnetic field, the muon system detection
threshold is at a particle momentum of 0.4-0.5 GeV /c. In reality it is difficult to obtain reliable p /7
separation at the momenta below 0.8 GeV/c — a pion range can be close to a muon due to
fluctuations or a pion can decay into muon and neutrino with muon emitted in the direction of
the initial pion. Above 0.8 GeV /¢, the muon detection efficiency reaches 95-98 % and the level of
pion misidentification is ~5% which corresponds to a pion suppression factor of ~20. To achieve
the main goals of the ¢ factory research program, pion suppression at a level of 100 or better
is desirable. For this the muon system will work in combination with the FARICH identification
system. The information from the FARICH can also be used for muon system calibration.

In modern experiments, coordinate detectors of different types are used in muon systems:
counters with a localized discharge [66], streamer mode gas detectors [67], and scintillation coun-
ters [68]. The choice of the detection technology of coordinate chambers requires a study of their
long-term stability and resistance to the backgrounds under the experimental conditions of the
cr factory. The total area of the coordinate detectors is more than 1000 m?, so the cost of the
detector production should be taken into account.

Currently, as a “working” option of the coordinate detectors for the muon system, it is proposed

80



to use coordinate detectors similar to the streamer tubes used in the KEDR detector [69]. Streamer
tubes in a single block are arranged in two layers and are shifted relative to each other by half of
the diameter. With this arrangement, a particle track always crosses one or more tubes at any
incidence angle. Tubes of one electronic channel are connected sequentially in a row and alternate
with the other channel tubes to reduce the probability of simultaneous triggering of several tubes
in one channel by a single particle.

The basis of the block are two duraluminum flanges holding thin-wall stainless steel tubes. At
the ends of the tubes, kapronit plugs with two holes are pressed. One hole in the center is for
pin fixation and the second is for a gas inlet or outlet. In the center of the tube an anode wire is
stretched with a force of 300 g and fixed in pins. The wire material is gold-plated molybdenum
with a diameter of 100 pm.

The scheme of the readout electronics of one channel is shown in Fig. A measurement of
the longitudinal coordinate is based on the difference between the arrival times of signals on the
opposite ends of the tube row. Two amplifiers with variable threshold discriminators are connected
to both ends of the row. Load resistors prevent reflections at the ends of the row. The “start”
and “stop” signals from both discriminators are transmitted to the expander. The “stop” signal is
delayed to come later than the “start” regardless of the hit position along the row. The expander
gives a paraphase signal with the duration equal to the interval between the “start” and the “stop”
multiplied by a coefficient of expansion of about 40. Signals from the outputs of the expanders
are transmitted via shielded twisted-pair cables to the inputs of the TDCs.

The duration of the output pulse from the expander depends on the particle hit location.
Reconstruction of the hit longitudinal coordinate is done using a linear approximation taking into
account the length of the wires connecting the tubes. The typical resolution of the longitudinal
coordinate is about 4 cm. The transverse coordinate is given by the number of fired tube. A more
accurate measurement of the transverse coordinate using the drift time of ionization is possible
but not necessary because of the strong multiple scattering in the absorber.

For operation in the streamer mode, the gas mixture should contain a component with strong
photon absorption in the UV spectrum. The working gas in the muon system is a nonexplosive
mixture of 70%Ar : 23%CO, : 7%n-pentane.

2.8 Superconducting solenoid

2.8.1 Main requirements

The superconducting solenoid is intended to produce an axial magnetic field in the detector volume.
The coil of the solenoid will be placed between the EM calorimeter and the muon system. This
placement does not impose strong constrains on the thickness of the solenoid.

The main parameters of the solenoid are listed in Table

2.8.2 Original approach

Analogous superconducting solenoids were produced in the last decade by Japanese and European
companies. For their production, a technology based on superconducting cable with aluminum
stabilizer was developed. The stabilizer made of 99.999% Al with the price of $1000/kg dominates
the cost of the solenoid. The main purpose of the stabilizer is quench protection. The stabilizer
drastically minimizes the heat generation inside the solenoid, i.e. p.J?, where J is the current
density and p is the electrical resistivity of the stabilizer. This circumstance was considered from
three following points of view:
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Figure 2.30. Readout electronics of the muon system
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Table 2.3. Main parameters of the solenoid.

Length 4 m
Internal diameter 3.2 m
Magnetic field 1T
Stored energy 12.9 MJ
Charging time <4h
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Figure 2.31. SC cable used in the ATLAS central solenoid.

1. the electrical and thermal properties of 99.999% Al and 99.99% Al differ by factors of 2 to
5, while the cost of 99.99% Al is less by factor of > 100;

2. the heat generation can be also minimized by increasing the amount of the stabilizer;
3. in the modern solenoids employed at LHC active quench protection is used.

The solenoid design for the c7 factory is based on the superconducting cable with the stabilizer
of 99.99% Al. Active quench protection with heaters will be used for quench propagation. The
proposed approach allows $1-2 millions to be saved for the solenoid production.

Preliminary calculations show that the size of superconducting cable (SC) can be the same as
for the ATLAS central solenoid, which is shown in Fig. The cable for ATLAS was produced
by Hitachi Co, Japan.

2.8.3 Cryogenics

The cryogenics of the detector should provide the operation of the detector solenoid and the final
focus quadrupoles of the collider at a temperature of 4.5 K. The cryogenics will be based on a
refrigerator with 100 W cooling performance at 4.5 K.

2.9 Trigger

The trigger of the c7 factory detector will be based on the concept of the “open-trigger”, which can
select and save up to 100% of useful events. This concept implies that event selection is based on
the following universal criteria: the presence and the topology of tracks in the coordinate system,
the total energy deposition in the calorimeter, the topology of the energy deposition, the number
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Table 2.4. Luminosity, physical cross section, rates of useful, Bhabha and cosmic events at different
energy ranges.

J/Y | ¥(28) | 7 | ¥(3770) | 77 | AA.
Eern, MeV 3097 | 3686 | 3700 | 3770 | 4250 | 4650
L, 103 cm™2s7! 7.7 9.2 9.2 9.4 10 10
o, nb ~3400 | ~640 | 2.5 ~6 3.5 0.5
f, kHz 260 60 2.3 5.6 3.5 0.5
Bhabha, kHz ~90 ~80 | ~80 ~80 ~60 | ~50
Cosmics, kHz ~2

of clusters in the calorimeter and the response of the muon system. The “open trigger” is not
specially tuned for the selection of a particular predefined processes. This approach is conditioned
by the very wide and diverse physics program of c¢r factory and the task of finding “new physics”,
which is impossible to predict in advance. A disadvantage of this approach is that basing on the
trigger it is impossible to separate useful events from the events of nonresonant hadron production.

The useful event rates and rates of Bhabha events at different energies as well as rates from
cosmic events are presented in Table 2.4 The cross section of the nonresonant hadron production
at these energies is ~20 nb, which corresponds to a counting rate of 20 kHz at a luminosity
of 10%° ecm~2¢™L. At present, it is difficult to estimate the trigger counting rate from the background
events associated with the beam loss and beam interaction with the residual gas. The working
conditions at the B factories at KEK and SLAC and the current development of the SuperB
factory in Italy indicate that this counting rate will be at a level of several tens of kHz.

As follows from the data in Table[2.4] the maximum readout rate of useful events will reach 300
400 kHz. The average size of a single event is estimated as 30 kB.

To achieve such a high event readout rate at the c7 factory, it is planned to use the methods
and approaches developed at the BaBar detector and for the SuperB project.

e All signals from the detector systems are continuously digitized in the electronics located
directly on the detectors. The data are stored in digital pipelines for a few microseconds.
The storage time is determined by the decision-making time of the L1 (L1) trigger.

e The electronics of the drift chamber, calorimeter and muon system give additional “fast”
signals, which are transmitted directly to the L1 trigger.

o After receiving the signal from the L1 trigger, data from the onboard electronics are trans-
mitted on the high-speed optical links (10 Gbps) into the readout processors (ROP), which
are located outside the detector. The preprocessing is performed in the ROPs (actual signal
amplitudes and times are computed) in order to reduce the amount of data. Additional
filtering based on the topology and timing information is also performed at this stage.

e Data from the ROPs of each system come into the “event builder” computer farm, where
they are synchronized and then processed by the high level trigger.

e The L1 trigger uses “fast” signals from the detector systems for a search of “useful” events
(Fig.[2.32). Tt is based on a specialized pipelined processor with the programmed logic of the
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Figure 2.32. Block diagram of the Level 1 trigger.

85



event search. This logic uses the topology of tracks in the coordinate system, the total energy
deposition, the topology of energy deposition and the number of clusters in the calorimeter,
as well as data from the muon system.

The L1 trigger decision pulse goes to the FrontEnd electronics. The fields of interests are
transferred to the ROPs. And the intermediate information about the trigger is transmitted
to the Data Acquisition system.

The L1 trigger will occupy two racks that will be located near the detector together with
ROP racks.

The maximum frequency of the decision making is 500 kHz, the effective “dead time” of the
L1 trigger should not exceed 100 ns. The decision making time of the L1 trigger is a few
microseconds.

The high level trigger is software based. The fast preliminary reconstruction of the events
to get information about the coordinates, momentum and energy of all secondary parti-
cles is performed. At this stage, the effective rejection of the background events from the
beam interactions and cosmics is done. To reduce the amount of the recorded information,
prescaling of the Bhabha scattering events could be implemented. The high level trigger
will be organized on the basis of a specialized computer farm, consisting of several hundred
Processors.

2.10 Electronics

Electronics together with the computers and telecommunication equipment of the detector are
one of the key elements of the ¢ factory detector.
The collider parameters important for the electronics are given below.

The RF frequency is about 508 MHz.

The period of bunch circulation is 2.557 us.

The quantity of separatrixes is 1300.

Each third separatrix is filled, so the time gap between bunches is around 6 ns.
The mode with filling each fourth separatrix is under discussion.

The maximum quantity of bunches in a train is 390.

A gap of 5-10% (130 separatrixes) in a bunch train is necessary for suppression of the ion
instability.

For precise time measurement of several detector subsystems it will be necessary to know the
bunch distribution in a train. Therefore, the binary map of the bunches will be used (Fig. [2.33).
It will be especially important at the beginning of work, while not all bunches are filled.

The synchronizing “phase” pulse for the bunch circulation will be also necessary.

The structure of the subsystems of the new detector should be taken into account during the
development of electronics for the c7 factory detector. The electronics will have a huge number
of channels. It should be fast and reliable and have a possibility of remote control and self-test
capability.
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Figure 2.33. The bunch distribution and the corresponding binary map.
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Figure 2.34. Block diagram of electronics.

During the designing of the analog and digital electronics for the detector subsystems, it is
necessary to optimize the electronics for particular systems, as well as minimizing the cost of
electronics development.

The overview block diagram of the readout electronics is shown in Figure 2.34] The FrontEnd
(FE) electronics contain amplifiers, ADC and TDC, an obligatory pipeline for the working time of
the L1 trigger, controller, which manages the operation and optical transmitters. 10 Gbps optical
links connect the FE electronics and the readout processors (ROP) located near the detector. The
ROPs get raw data and perform calculations of the amplitude and time of pulses. The ROPs can
also perform additional selection of information based on the L1 trigger data. The results are sent
to EventBuilders and to on-line computers located in the data storage hall.

The L1 trigger is located near the detector. It also gets fast information from the FE electronics
via 10 Gbps optical links.
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Table 2.5. Limitations and demands on electronics of subsystems.

Detector Channel | Channel Power Trigger Information
quantity | size consumption participation

VD-GEM | 56 K 2 X 2mm? 1 kW Possible AT, P

VD-Pixel 10 M 150 x 150 pm?

DC 7.1 K 12 x 20 mm? 2 kW Yes AT, P

FARICH 1M 4.5 x 4.5 x 50mm? | 100 kW (21 m?) | No T, P

Calorimeter | 7.5 K (40 — 70)? mm? 2 kW Yes AT P

Mu 4-44 K | diameter 20 mm 1-9 kW Yes T, P

2.10.1 FrontEnd electronics

Table presents the quantity of electronics channels for different subsystems of the detector, the
geometrical size of the channels, an estimated power consumption, participation of subsystems in
the trigger and the type of required information (A - amplitude, T - time, P- position).

All analog-to-digit conversions will be performed inside the detector in the FE electronics. The
events information selected by the L1 trigger will be packaged and sent via 10 Gbps optical lines.
It is necessary to use the ASICs to reach a required channel density and power consumption.

The FrontEnd electronics will be cooled as follows. Printed circuit boards (PCB) will be in-
stalled into aluminium boxes, which will provide EMR shielding and heat removal. All microchips
on the PCBs will have thermal contact with the boxes through heat conductive rubber. If the
usage of a closed box is not suitable, an aluminium plate can be applied. The heat from the boxes
or plates will be transferred out by the water pipe system. The excess heat will be released in
a chiller. The pressure in the water pipes should be less than the atmospheric one to prevent
possible leakages. Then in case of seal failures, the water will not flow out but the air will be
sucked in.

It will be possible to roll away the detector end caps (Fig. . So, one will have access to
the internal systems of the detector. It will simplify the electronics maintenance. The FrontEnd-
electronics will be modular it will allow to change broken units quickly.

Table shows the maximal channel load, the time characteristics of the pulses, the required
rates of digitization, number of bits of ADC and TDC and the necessary precision of time mea-
surements.

Depending on the implementation, the vertex detector will have 56K to 10M channels. In the
first case, it is the GEM detector and in the second case it is the semiconductor pixel detector.
In the case of GEM, the load per channel is expected to be at a level of 33 kHz. Digitization of
signals with an edge of about 25 ns requires a 10-12 bit ADC with sampling rates of about 80
MHz. The time position of a signal is to be defined with an accuracy of 1 ns.

The drift chamber will contain 7K sensitive wires. The loading of one channel is expected to
be at a level of 50 kHz. A 10-bit ADC with a sampling rate of about 50 MHz will suit for ordinary
DC operation with the edge of signals at a level of several hundred ns. In case of operation in the
cluster mode, an ADC with a sampling rate about 1 GHz is required.

The FARICH will have a huge number of channels. A loading of each chanels is expected to
be at a level of 1 MHz. The time position of short signals is to be defined with an accuracy of
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Table 2.6. Parameters of electronics of subsystems.

several hundred ps.

The calorimeter will have 7.5 K channels with loading of each at a level of 15 kHz. FExact
measurement of amplitude in a large dynamic range requires an ADC with a large width of about
18 bits.

The muon system made of streamer tubes will have 4K to 44K channels, depending on the
scheme of their connection. The main aim of the electronics here it to get a time resolution at a
level of 60 ps.

Table was composed basing on an evaluation of data streams from FrontEnd electronics
and taking into account the design features of the detector subsystems. The quantity of optical
links for data transfer and trigger information is presented. Totally 268 data links and 168 trigger
links will be necessary.

89

Detector Channel | Duration of Rate of Bit quantity of | Time
load signals digitization ADC (TDC) meas.
precision
VD 33 kHz | Rising edge 25 ns | from 20 to 80 MHz 10-12 bit ADC | 1 ns
DC 50 kHz | Rising edge 50 MHz (ordinary mode) | 10 bit ADC 1 ns
100-200 ns, Follow | 500-1000 MHz (cluster 10 bit ADC 1 ns
edge 300 ns mode)
FARICH 1 MHz | 5-10 ns — 6 bits (for 8 ns) | 200 ps
TDC
Calorimeter | 15 kHz | 30 ns for pure CsI | 40-50 MHz 18 bit ADC 1 ns
Mu 100 kHz | 30-200 ns — 11-12 bit TDC | 60 ps
Table 2.7. Number of electronics channels, data and trigger links.
Detector Number of channels | Number of data links | Number of trigger links
VD-GEM 56 K 56 56
VD-Pixel 10 M n/a n/a
DC 71K 48 48
FARICH 1M 100 0
Calorimeter | 7.5 K 32 32
Mu 4-44 K 32 32
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Figure 2.36. Location of racks with ROPs near the detector.

2.10.2 Readout processor

The Readout processor (ROP) gets data via several optical links (Fig. 2.35). The ROP can
be equipped with 2 to 8 optical inputs depending on the complexity of executed algorithms.
Therefore, up to 134 ROPs will be necessary. This unit calculates the amplitude and time of
pulses from the raw data coming from the FE electronics. It uses L1 trigger information to
process the so called “field of interests”, the places in the detector where channels have been
triggered. This approach reduces the processing time and amount of the output data. Results are
sent to EventBuilders for the next stage of processing.

134 ROPs will occupy 14 VME crates, which will be located in 5 racks. The preliminary power
consumption of one crate is about 900 W, so one rack will consume 1.8-2.7 kW. The racks with
ROPs will be located near the detector (Fig. [2.36]).
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2.10.3 Drift chamber electronics

As an example, we consider in more detail the FE electronics of the drift chamber (Fig.[2.37). The
DC FE electronics will be composed of 48 modules of 3 types. Each module will have 128 to 192
channels, 2 to 4 FE boards (FEB), and one readout board (ROB). Each FE board will contain
48 to 64 channels of the amplifiers and ADCs. The readout board will have a common pipeline
and controller, which will send information to a ROP upon a signal arrival from the L1 trigger. A
calibration signal will be sent to each module. This signal will be used for checking the electronic
channels.
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Figure 2.37. Block diagram of the drift chamber FE module.

2.11 Networking and computing systems

2.11.1 Introduction

The networking and computing infrastructure will play a substantial role in the experiment at the
ct factory detector. Below we give a thorough overview of designing, building and operating the
computing infrastructure for this experiment.

The requirements to the computing infrastructure of ¢ factory are discussed in section
The overview of the whole computing system, including the trigger and DAQ), offline data pro-
cessing and data storage, is discussed in section A more detaled description of the data
processing and data storage systems is given in section 2.11.4, The estimation of the hardware
and financial resources required for the proposed computing and networking solutions and the
implementation and deployment plans are discussed in section [2.11.5]

Section contains a brief introduction to the prospected organization of the trigger and
DAQ), offline data processing and data storage systems of the detector. It also gives an insight
into the architecture and hardware requirements for the systems involved.
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2.11.2 Requirements to the computing infrastructure

The data structure and the expected data size are determined by the c7 factory experimental
program, which includes both studies of the rare decays and studies with the secondary particles
created in the main decay modes. The physics program of the experiments requires using a
relatively soft hardware trigger, which will lead to a large number of stored events because of the
expected high luminosity of the collider.

The expected data structure is typical for a high energy physics experiment. The main levels of
the data are as follows: the raw data, which contain information directly received from the frontend
electronics; the processed data, which contain high-level information about reconstructed tracks,
clusters, particles, etc.; the simulated data, which are similar to the raw data, but generated using
the Monte-Carlo simulation. Following the experience of other experiments, several intermediate
levels of processed data may be defined, differing in details of the stored information.

The raw event size is estimated as 30-50 kB, which is typical for the detectors operating at ete™
colliders at similar energies (B -factories, BESIII, KEDR). The computational complexity of the
reconstruction of one event is estimated as 0.15-0.30 Gflops-sec/event, which is significantly less
than the values typical of LHC detectors. The computational complexity of simulation of one event
is estimated as 2-5 Gflops-sec/event. To ensure data processing, simulation and physical analysis,
the total processing power of the data analysis system should be about 600 Tflops (approximately
6 - 10° HEP-SPECO06), with most of these resources required for Monte-Carlo simulation.

Assuming the total number of events of 2 - 10!2, the total amount of raw data, including the
backup copy, for the entire duration of the experiment is estimated as 150 PB. The total volume of
one copy of the least detailed processed data from the detector, directly used in physical analysis,
for the entire duration of the experiment is estimated as 10 Pbyte. Taking into account the
opportunity to work with several versions of the processed and simulated data, the total amount
of information storage is estimated as 240 PB. Due to the relative ease of the generation of highly-
detailed processed data from the raw data, there is no need to organize long-term storage of the
former. If the total number of events increases (for example, if more data are collected at the J/1)
energy), the total storage volume should be increased proportionally. The bulk of the increase in
this case will accrue to a relatively cheap tape storage.

The amount of data expected on c7 factory is smaller, but comparable with the data volume
of one LHC experiment, whereas the required computational resources are an order of magnitude
smaller. Therefore, it would not be reasonable to ogranize a geographically distributed data pro-
cessing and data storage system similar to the system used in the LHC experiments. However, it
is quite reasonable to create an integrated system in which the storage system is centralized (per-
forming the role of TO in the WLCG model) and some of the computing resources are distributed.
In this case, the remote resources will be used mainly for simulation and physics analysis, and
the resources available within a centralized system for data reconstruction. Accordingly, the raw
events constituting the bulk of the data will be stored in the central system, and several copies of
the processed data, including simulation, will be stored both in the central system and at remote
centers.

2.11.3 Brief Overview of TDAQ and Offline Data Processing Systems

The following functional groups of components form the computing environment of the cr factory
experiment:

1. Trigger and DAQ systems (TDAQ):
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(a) the two-level hardware and software trigger system with a maximum trigger rate of
0.5 MHz for an average event size of approximately 30-50 kB, thus capable of generating
a stream of output data with a rate of up to 120-200 Gbps,

(b) the event building system,

(c) a storage buffer used for exporting data to the offline data processing systems.
2. Detector monitoring and control systems:

(a
(b
(c
(d
(e

the detector information system,
the detector slow control system,
the detector safety and access control systems,

engineering infrastructure and environment conditions monitoring systems,

S e N S N

dedicated control rooms for the continuous operation of the detector, its TDAQ systems
and their computing infrastructure.

3. The detector offline data processing farm and its multilevel heterogeneous data storage
system.

The data flow diagram between these functional groups is shown in Fig.

The detailed diagram of the data flow originating from the detector and going through its
TDAQ, offline data processing and storage system is shown in Fig. [2.39) which also displays
the proposed capacities of the storage systems involved and the throughput values of network
links interconnecting them. These values were derived by minimizing the price/performance ratio
for the whole detector computing system with respect to the financial estimations discussed in
Section

It is essential that the proposed configuration of the TDAQ and offline farm makes it possible
to capture the full flux of data generated by the first level trigger and store it for the long term
analysis if needed. Section presents the architecture of the computing systems discussed
here in more detail.

2.11.4 Architecture of the Data Processing and Storage Systems
2.11.4.1 Main Components

The generic layout of the key components of the TDAQ and the data processing and storage
systems of the detector experiment listed above is shown in Fig. 2.40] Below is given a short
description of the elements of the networking and computing infrastructure that play an important
role in data taking, storing and processing.

1. [FrontEnd1,2] Modules of the front-end electronics installed within the volume of the
detector located 17 m below the ground level in the dedicated detector building.

2. [ReadOut1,2] The electronics equipment installed in the dedicated racks in the vicinity of
the detector and mechanically attached to it:

(a) power supplies of the front-end electronics,
(b) equipment for readout from the detector subsystems,
(¢) Low Level Trigger (LLT) of the detector,
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its TDAQ), offline data processing and storage systems. Capacities of the storage systems involved
and the expected data rates between them in a simultaneous read/write mode are displayed as

well.
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(d) aggregation systems for experimental event fragments and output buffers for transfer-
ring the data aggregated to the Event Builder installed in the [DataCenter1] facility
for further processing.

3. [FiberTrayl(a,b)] Optical-fibers communication line connecting passive optical crossing
[FiberCross1(a,b)], placed on the ground level near the detector cavern with the
[ReadOut1,2] modules, consisting of three parts:

(a) the fixed vertical section going down to the detector cavern in dedicated cable trays
(providing mechanical protection and tension control for fibers) attached to one of the
walls of the cavern;

(b) the horizontal movable and retractable section, which is capable of automatically ad-
justing itself to the position of the detector in the experimental cavern, supporting the
fibers on their path from the wall of the detector cavern to [ReadOut1,2] modules;

(c) the fixed section provided with radiation resistant fibers (discussed below in Sec-
tion[2.11.4.2))), which goes in the multiple paths from [ReadOut1,2]| to [FrontEnd1,2]
modules installed within the detector volume.

The optical line consists of sixteen 24-core multichamber optical fiber cables (192 pairs of
SMF 9/125 optical fibers in total) subdivided into two equal sets of cables running over the
physically independent paths within the detector cavern (at least 10 m separation along the
path is required).

4. [FiberTray2(a,b)] Optical-fibers communication line connecting the passive optical cross-
ings of [FiberCrossl(a,b)] and [FiberCross2], respectively (the total length is approxi-
mately 200 m over the fiber).

The optical crossing consists of 8 optical patch panels supporting 24 pairs of fibers each
distributed among four racks within the [DataCenter1] facility.

5. [DataCenterl] Computing facility located in Area 114 of the dedicated detector building
and hosting the following components:

(a) passive optical crossing [FiberCross2],

(b) Event Fragment Input (EFI) and Event Builder (EB) subsystems,

(c) High Level Trigger (HLT) of the detector experiment,

(d)

(e)

buffer storage systems used for exporting data between [DataCenterl,2] facilities,

passive optical crossing [FiberCross3] of the [FiberTray3| optical communication
line linking the [DataCenter1,2] facilities,

(f) servers supporting the detector control systems,
(g) servers supporting the environmental monitoring and detector safety systems,
(h) servers supporting the main control room [ControlRoom1],

i) terminal servers providing external access to the [DataCenterl] facility.

—~

Location of the [DataCenterl] facility and its engineering infrastructure within the ded-
icated detector building is shown in Fig. The detailed equipment installation plan
for the [DataCenterl]| facility is given in Fig. A list of basic specifications for the
[DataCenter1] facility is given in Table
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6.

10.

11.

[DataCenter1Inf] Engineering infrastructure of the [DataCenterl] computing facility
deployed in Areas 113, 113a, 115, 115a, and 116 of the dedicated detector building and its
vicinity:

(a) inlets of 10 kV power cables,

(b) dedicated transformed plant,

(c) group of chiller modules serving the external cooling circuit of the [DataCenterl]
facility,

(d) external cargo bays for Areas 113 and 115 of the detector building.

[ControlRoom1| Main detector control room constructed in Area 112 of the detector build-
ing, which holds control over

(a) the detector subsystems and their engineering infrastructure,

(b) the entire [DataCenterl] computing facility including its safety and access control

systems.

[FiberTray3] Optical-fibers communication line with a length not exceeding 2 km over the
fiber linking the [DataCenterl,2] computing facilities. The optical line consists of four
48-core multichamber shielded optical fiber cables (192 pairs of SMF 9/125 optical fibers in
total).

[DataCenter2] Computing facility built within the existing BINP centralized IT facility,
hosting the following components:

(a) passive optical crossing [FiberCross4] of the [FiberTray3] optical communication
line linking the [DataCenterl,2] facilities,

BINP general purpose internal networking core,

offline data processing farm of the experiment,

long term robotic tape storage system (several groups of tape robots),

central database servers of the experiment,

central backup system serving both [DataCenterl,2] facilities,

terminal servers providing external access to the [DataCenter1] facility.

The prospected layout of the [DataCenter2] facility, assuming the major upgrade of its
engineering infrastructure and deployment of all the equipment related to the detector ex-

periment, is shown in Fig. [2.43] The list of basic specifications for the [DataCenter2]
facility is given in Table 2.8

[DataCenter2Inf] The engineering infrastructure of the [DataCenter2] computing facility
deployed in the vicinity of its main I'T area.

[ControlRoom?2| The dedicated control room of the [DataCenter2] computing facility
holding control of the IT equipment deployed within the [DataCenter2]| facility and its
engineering infrastructure, including safety and access control systems.

Possible extensions of the basic organizational scheme of the network and computing infras-
tructure of the experiment summarized here are discussed in Section [2.11.4.3]
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2.11.4.2 Fiber-optics Communication Lines Deployed in the Vicinity of the Detector

As it was mentioned earlier in Section [2.11.4.1] the fiber-optics communication lines deployed in
the vicinity of the detector, especially some subsections of [FiberTray1], must be provided with
means of radiation protection in order to keep the lifetime of fibers at a reasonable level and
minimize the rate of permanent fiber failures during the detector lifetime.

The radiation protection of the fiber-optics communication lines is proposed to be implemented
in one of the following ways:

1. full detector simulation to identify spots with high radiation loads within the detector vol-
ume, which are to be avoided while tracing the paths of optical cables,

2. shielding the bunches of optical cables by means of custom design cable trays (for the cables
deployed outside the detector volume),

3. use of radiation resistant optical fibers shielded with special covers such as described in
[85]-[89] in places where two previous solutions cannot be applied.

The optimal solution for the radiation resistant fiber-optics lines deployed within the detec-
tor is expected to be found while building and evaluating the prototypes of the [FiberTray1]
communication line that are proposed in Section [2.11.5.2]

2.11.4.3 External Connectivity of [DataCenterl,2] Facilities and Discussion of the
Possible Involvement of the Remote Computing Centers

All the network equipment providing the external connectivity for BINP and the detector in
particular will be hosted at the [DataCenter2] computing facility, which will be an external
network gateway for the entire computing infrastructure of the experiment.

Even at the early stages of the commissioning of the experiment and its networking and comput-
ing infrastructure, there will be connectivity to Supercomputer Network of Novosibirsk Scientific
Center (NSC/SCN) [90] via the existing dedicated 10 Gbps optical network. In the longer term,
the high-speed access via dedicated link will be provided to the resources of geographically re-
mote supercomputer centers, as well as resources of international scientific networks, in particular,
Geant3 (GN3) [91]], international GRID-systems, in particular WLCG [92] through the high-speed
virtual network LHCONE [93], and individual commercial cloud platforms, for example, Amazon
EC2 [94].

The remote data centers can be integrated into the c7 factory computing infrastructure in the
form of either a specialized distributed computing system or a virtual organization in one of the
already existing distributed systems. In addition, it will be possible to use the resources of the
commercial cloud platforms for short periods of peak loads. The main tasks for the external data
centers are the Monte-Carlo simulation and physical analysis of the processed data. These tasks
require significant computational resources, but a relatively small amount of data transferred. A
dedicated external connectivity of the order of 10-40 Gbit /s will be enough to ensure the operation
of the external centers.

If the capacity of the external network links allows, the data storage system can be extended
to store a copy of raw data on the geographically remote sites, thus reducing the risks of data loss
due to a catastrophic event on one of the site.
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within the dedicated detector building. The main control room of the experiment [Control-

Room1] is also shown.

[DataCenterl] facility and its
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Figure 2.43. Possible layout of the [DataCenter2] facility, assuming the major upgrade of its

frastructure and deployment of all the equipment related to the detector.
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Table 2.8. List of basic specifications for the [DataCenter1,2] computing facilities.

Feature

[DataCenterl| [DataCenter2]

Total area (IT area), m?

False floor load carrying capacity, ton/m?

Number of racks (total rackmount capacity, 1U)
Maximum heat dissipation within a single rack, kW
Maximum heat dissipation within the I'T area, kW

Maximum cooling capacity of the internal cooling circuit of the
data center, kW (redundancy schema implemented)

Maximum cooling capacity of the external cooling circuit of the
data center, kW (redundancy schema implemented)

Time of running on the chilled water stored in the redundant
water tanks of the internal cooling circuit of the data center,
min

Maximum electrical power supported by the external power
lines, kVA (redundancy scheme implemented)

Maximum load supported by the centralized UPS system, kVA
(redundancy scheme implemented)

Centralized UPS capacity for 100% / 50% / 10% of nominal
power consumption by the I'T equipment, min

Data center external connectivity, Gbps (redundancy scheme
implemented for the external uplinks)

Capacity of the internal communication lines between the [Dat-
aCenterl,2| facilities, Gbps (redundancy scheme implemented
for the internal links)

Monitoring and maintenance services by the local personnel

300 (160) 360 (220)
<2 <2
32 (1344) 76 (2432)
20 12
600 300

800 (N-+1) 480 (N-+1)

1500 (N+1) 600 (N-+1)

15 Unavailable
1500 (2N) 500 (2N)
1200 (2N) 465 (2N)

20 / 40 / 150

Unavailable 40 (2(2N))

960 (2N)

365 x 24 x 7

103



2.11.4.4 The software and the execution environment

The standard execution environment designed to support all types of software related to events
reconstruction, detector simulation, monitoring and control of the detector subsystems and other
tasks is proposed to be virtualized, in order to gain the following advantages provided by the
hardware virtualization technology:

1. high reliability and rapid recovery of the virtualized services,
2. low level isolation of different types of services from each other,

3. reproducibilty with freezing of the configuration execution environment over periods of time
such as the entire lifetime of detector experiment,

4. natural way of supporting heterogeneous computing systems, including cloud computing
enabled environments.

Scientific Linux [95] or CentOS [109] are proposed as a standard OS for the detector experiment,
while XEN [96] or KVM [97] (both are non-commercial products) would be the most preferable
choice for the standard virtualization platform to be deployed over the offline farm computing
resources.

To ensure collaborative teamwork when developing the detector software, it is planned to use a
version control system, with the support of automatic testing systems and error tracking systems.

Gaudi [110] or frameworks based on Gaudi or similar products are planned to be used as
the framework for developing software for reconstruction and simulation of experimental detector
events, as well as for software high-level (software) trigger (HLT).

The full detector simulation will be implemented on the basis of the GEANT4 [I11] package
with the framework used for data reconstruction.

Since the remote centers can be a part of the computing infrastructure of SCTF, special
attention will be paid to the issue of the global integration of the information and computing
resources into a single system for the effective storage and processing of the experimental data
and the organization of simulation experiments. It is supposed to use the approaches and solutions
developed within the framework of the LHC experiments, in particular, the information system
ATLAS Grid Information System (AGIS) [113, 114], used by the ATLAS collaboration. This

information system provides:

e description of the computer infrastructure, computing power and storage resources;

description of the computer model of the experiment, topology and communication between
the various components of the software of the data processing system;

the integration of the configuration parameters and settings of high-level services and dis-
tributed network services;

a single program interface for applications and services of the distributed processing system:;

a single information portal for management, with verification of information integrity, vali-
dation of user input, tracking of the history of data changes, etc.
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Following the successful operation of AGIS, a more universal CRIC system is currently being de-
veloped — Computer resources information catalog [115] 1T16]. This system can be used as a base
platform for building the information component of a distributed computing system for experi-
ments at SCTF. It is planned to use other elements of the computer infrastructure of distributed
computing of the ATLAS experiment, such as the central data management system (DDM, ATLAS
Distributed Data Management), the system for distributed analysis and task execution (PanDA,
ATLAS Production and Distributed Analysis workload management system), services for monitor-
ing, access control and accounting of consumed resources, services for support of different versions
of data processing software and others.

2.11.5 Roadmap for Building the Offline Computing and Storage Sys-
tems

2.11.5.1 Hardware Commissioning Plan

As it was mentioned earlier in Section 2.11.3] the maximum trigger rate of the first level trigger
(LLT) of the detector is equal to 0.5 MHz, while the average experimental event size is estimated to
be around 30 kB. Thus the maximum output data rate of the detector TDAQ system is estimated
to be 15 GBps = 120 Gbps (which is equivalent of 1.24 PB/day = 470 PB /year), so the maximum
amount of data which could be generated by the TDAQ system over the 5 years of constant
operation (assuming 100% efficiency) is equal to 2.4 EB. The TDAQ and offline data processing
systems of the detector are designed in such a way that the whole flux of data generated by the
LLT could be saved on the storage systems of the offline farm for the long-term analysis. However,
such a large input data stream is expected only when operating at the J/1 energy. The average
data flow is an order of magnitude smaller; the total amount of input data corresponding to the
physical program of the experiments is estimated at 150 PB.

If the period of running at maximum luminosity with the CTF experiment is going to be 2024
2029, then the optimal period for hardware deployment for the offline farm is to be 2021-2023,
and for the HDD and 2024-2027 for the tape based storage systems (as the data are accumulated).
Therefore the detailed specifications for the hardware components needed for implementing the
networking and computing system of the detector is to be prepared first in 2020 and then reeval-
uated in 2023.

To make the cost estimate, let us make the following assumptions for the time period of
2021-2027.

1. The optimal ratio of the total computing powers aggregated within the HLT trigger farm
to the capacity of the HDD based storage system (the high performance and high capacity
HDD based storage systems combined) available within the online and offline data processing
farms is equal to 25 TFlops/PB and fixed over the whole period.

2. The ratio of the capacities of the high performance tape storage system to the capacity of
all the HDD based storage systems within the detector TDA(Q and offline data processing
farm is equal to 4.0 and fixed.

3. The ratio of the cost per unit of storage system capacity for high performance tape storage
system to the cost per unit of HDD based storage systems is equal to 0.45 and fixed.

The following stages of the deployment and operation of the computing infrastructure over the
lifetime of the detector experiment are expected (table :
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Table 2.9. The expected computing infrastructure at different stages.

Time period before 2021 | 2021-2023 | 2024-2027
Computing power, Tflops 20 344 600
Disk capacity, PB 1 13 20
Tape capacity, PB 0.1 12 80
External connectivity, Gbit/s 1 10 1040
Local connectivity, Gbit/s 10 10-20 1040

1. prototyping, testing and approval of the concepts implied by the design of the system plus
engineering infrastructure deployment for the IT centers involved (2017-2021),

2. main deployment period of the IT and networking equipment (2021-2023),

3. production and scheduled maintenance period, devoted mainly to the experimental data
taking, processing and archiving for future analysis (2024-2032).

The total cost of the computing system and its engineering infrastructure consisting of
e computing nodes with 0.6 PFlops of combined performance (to be deployed in 2019-2024),

e the high performance HDD based storage system for the offline data processing farm and
TDAQ with a total capacity of 20 PB (to be deployed in 2019-2024 as well),

e the high performance tape storage with a total capacity of 80 PB (to be deployed in 2021
2027),

is estimated to be approximately 50 MEuro and its combined power consumption in the final
configuration to be about 1 MW.

Once the high performance tape storage system is filled up to 70-80% of its capacity, the
deployment of the second stage of the high capacity tape storage system will be done, which will
increase the tape storage capacity available for the experiment by 160 PB. The cost estimation
for the second stage is not included in the above amount.

The proposed configuration will make it possible to store and analyse approximately 3 - 10'2
experimental events over the 5 years and to handle for the prolonged periods of time the maximum
data rate allowed by TDAQ.

2.11.5.2 Building the Prototypes for the Key Components of Data Processing and
Storage Systems

Validation of the solutions proposed above for various components of the networking and comput-
ing infrastructure of the detector experiment is to be done via building and testing the prototypes
for each and every critical part of the infrastructure.

A list of the components which can be evaluated by building the prototypes is given below.

1. The HDD/SSD-based high performance storage systems:

(a) fault-tolerant data storage systems based on redundant groups of RAID arrays,
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(b) distributed and parallel file systems (Lustre [98], PVFS2 [99], Hadoop [100], CEPH [107|
etc.),

(c) multilevel 1/O buffers for the storage system head nodes based on high performance
SSD devices [81], [82].

. The robotic tape libraries and tape media: studying the existing solutions for scalable mod-
ular robotic tape libraries [83]-&4].

. The high performance computing modules based on general purpose CPUs [76]-[78].

. The hybrid computing architectures making use of GPU/FPGA based solutions [70]-[75],
[79], [80]:
(a) finding ways to maximize the performance of EB and HLT subsystems (TDAQ),
(b) studying the feasibility of increasing the performance of event reconstruction /simulation
jobs running on the offline data processing farm.

. The advanced networks:

(a) 40/100 Gigabit Ethernet and IPoIB technologies,
(b) Fiber Channel and FCoE technologies,
(¢) DWDM technology.

. The radiation resistant optical fiber communication lines (Chapter [2.11.4.2]).

. The environmental control systems for industrial and IT applications and the industrial
process control systems:
(a) groups of compact localized sensors similar to the solutions in [102],

(b) distributed optical fiber based sensor systems with the readout performed from one of
the endpoints, similar to the ones described in [103],

(c) hybrid optical fiber based sensor systems supporting both distributed and localized in-
formation gathering along the path of the fiber, similar to those described in [104], [105].
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