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Abstract

The framework to explain various phenomena in elementary particle physics, known
as the standard model (SM), had completely been established by the experimental dis-
coveries, such as the CP violation in a B decay system and the existence of a Higgs boson
expected by the SM. The next aim in elementary particle physics is a search for the new
physics (NP) beyond the standard model. As one of the approach of explore NP, a super
B-factory experiment, which is named as Belle II experiment, is in construction stage at
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan. Belle IT is the
successor to Belle II is an asymmetric energy ete™ collider experiment, which uses the
superKEKB accelerator, and the Belle IT spectrometer. That is the project upgraded from
the Belle experiment that contributed to discover the CP violation in B meson system
and achieved the world record of the highest peak luminosity.

The aims of a super B-factory experiment is to search for NP and to investigate
properties e.g. flavor structure of NP through a measurement of C'P asymmetry and/or
the branching fraction of rare B decays, which had been difficult to be measured in the
previous B-factory experiments. For an example of the rare B decay, B — pvy and
B — K*v are strongly suppressed in the SM because these processes are the Flavor
Changing Neutral Current (FCNC) process, that is forbidden at the tree level diagram
in the SM. They are, therefore, one of the good probe to verify the existence of NP. In
order to discuss the effect of NP from those experimental result, we have to suppress the
various experimental uncertainty at a super B-factory experiment.

Due to this requirement, a super B-factory commonly requires a high precision par-
ticle identification (PID) device. The 7/K separation with high precision is required to
discriminate B — py and B — K*v efficiently as they decays into 77y and K7y respec-
tively. As a new PID device for the forward end-cap region of the Belle II spectrometer,
an proximity-focusing type Ring Imaging Cherenkov (RICH) counter with a silica aerogel
as a radiator, which is named Aerogel RICH (ARICH) counter, has been developed. The
ARICH counter is designed to provide the /K separation at 4o level in the wide mo-
mentum range up to about 3.5GeV/c. In particular, we aim to perform 7 identification
with a few % = inefficiency and with a few % K fake probability at 3.5 GeV /¢, which is
the highest momentum xof daughter particles of a rare B decay.

The ARICH counter have 144-ch multi-anode Hybrid Avalanche Photo Detectors
(HAPDs) as position sensitive photon detector. One of the important concern in the
ARICH development had been the radiation hardness of an HAPD. We had studied and
improved the HAPD to sustain the radiation damage during the 10-year Belle IT oper-
ation of the expected fluence (< 10'? one MeV-equivalent neutrons/cm?) and the dose
(< 100 Gy for ~-ray).

As the final step of the development, we constructed a prototype ARICH counter
using the developed HAPDs and large size aerogel tiles. We verified the performance of
the prototype ARICH counter using a beam test, and succeeded to observe the Cherenkov
ring images for 5 GeV/c electrons. As a result, we obtained the number of the detected



photoelectrons and Cherenkov angle resolution to be 10.71 photoelectrons per a track and
14.47 mrad, respectively.

In order to estimate the PID performance of the ARICH counter at Belle II, we
demonstrated an event-by-event analysis based on the likelihood method for the beam
test data. We defined the probability density functions (PDFs) for distribution of the
accumulated Cherenkov angle and the number of detected photoelectrons per a track.
In order to emulate 7/K identification of the ARICH counter, we prepare the PDFs
for signal and background assumption, and calculated likelihoods for an event of the
beam test. Finally we estimate the 7 identification efficiency e, as 97.4% with the K
fake probability as 4.9% at 3.5 GeV/c. We demonstrated that these results were mostly
acceptable to our target performance.

In this thesis, we present the development of the ARICH counter especially the study
and improvement of the HAPD, and estimation of the PID performance through a beam
test using the prototype ARICH counter.
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Chapter 1

Introduction

As the introduction of this thesis, the recent status of elementary particle physics and the
motivation of a super B-factory experiment are overviewed. The importance of a Aerogel
Ring Imaging CHerenkov (RICH) counter as a particle identification device in the Belle
IT experiment is also described.

1.1 Short history of B-factory experiments

1.1.1 CP violation in baryogenesis

According to the current cosmology, our universe had been created about 13.8 billion years
ago, which is estimated from astro-physical observations such as precise measurements of
an anisotropy of the cosmic microwave background and measurements of the Hubble
constant through Doppler shift of spectra of type II-a supernovae. Current universe is
composed of huge number of galaxies, stars, planets such as our Earth and other creations
like human-beings, which are composed of matters. However, at the creation of our
universe particles and antiparticles were produced exactly same amounts, which could
naturally produce same amount of matters and antimatters. A tiny unbalance between
particles and antiparticles which is estimated to be 107 was established within less than
one second after the creation of our universe. This tiny unbalance can explain the ratio
of the number of baryons to that of photons in the current universe. In 1967, a Russian
physicist A. D. Sakharov pointed out that three conditions were necessary to make this
matter universe [1]:

1. There should be an interaction that breaks baryon number conservation.
Since our universe started from vacuum, the total number of baryons should be zero at
first. However, there are huge number of baryons now in our universe. Hence baryon
number is not conserved, and we can expect that protons decay into leptons by this

interaction ultimately.

2. There should be some mechanism that violates C' and C'P conservation.



Baryon number can be created when antibaryons decay into leptons, however baryons
should decay into leptons in the same manner if C' and C'P are conserved. Hence C' and
C'P violation are essential for baryogenesis.

3. Equilibrium condition should not be satisfied.

Even though baryon number is created through different decay rates for baryons and
antibaryons, if equilibrium condition is satisfied, the reverse interactions can take place
and eliminate the baryon number.

According to the Sakharov’s condition, in order to create our universe that is only
made with matters, C' and C'P conservation must be violated by same mechanism.

1.1.2 Discovery of the C'P violation in the K meson system

Until the 1960’s, physicists believed that any interaction process conserves the C'P sym-
metry. However, in 1964, J. W. Cronin and V. L. Fitch discovered that K?, which was
believed to have the negative C'P eigenvalue at that time, decays into two pions having
the positive C'P eigenvalue with a decay rate of 2 x 1073 [2].

Definition of C'P operation

Here, in order to understand this C'P violation in the neutral K meson system, let us
review the mathematical definition of C', P, and C'P transformations in the system. A
charge conjugation transformation is caused by the C operator, which changes the sign
of the electric charge, and other internal quantum numbers such as a Strangeness S.
Therefore the C operator toggles between a particle-state |f) and an antiparticle-state
| f >, and this operation is defined as follows:

Clfy=mnc|f), (1.1)

where ¢ = £1 is a eigenvalue of the C operator. When the eigenvalue to be no = —1,
both state of |f) and ‘ f > are distinguished each other. In contrast, eigenvalue ne = +1
indicates that an antiparticle of |f) corresponds to itself. Neutral K mesons K° and
KO, which consist of (5d) and (sd), respectively, are defined as C|K?) = — |K°) or
C|K%) = — |K?).

A parity transformation is caused by the P operator, which changes sign of the particle
momentum p'to —p. Therefore, the p operator inverts the moving direction of the particle
7. If the P operator is applied to a state |f(7)) twice, it returns to the initial state:

P21f() = P{PF ()} = P{S (=)} = |/ (7)) - (1.2)

Thus P2 is an identical operator with the eigenvalue of n% = 1, therefore np = +1. The

eigenvalues of K° and l§ 0 are known to be np = —1 as they are pseudo-scalar particles.
Therefore, we obtained P |K?) = —|K°) and P |K?) = — |K°).



Cp operator is equivalent to the Cand P operators applied to a state | f) subsequently.
Therefore, the C'P transformations of |K°) and ‘K 0) are obtained as follows:

CP|K°) = C{P|K")}=C{-|K")}=|K"), (1.3)
CP|KY) = C{P|KO)} = O{—|KO)} = |K°). (1.4)

The transformation property of K and K° under the C'P transformation indicates they
can form C'P eigenstates K; and K as follows:

|K)) = (|K%) = |K°)), (1.5)

-

Ky) = iQ (| ) + |KoY), (1.6)

g

where C'P eigenvalues of |K7) and |K3) are +1 and —1, respectively. Thus we believe
that the |K;) state can only decay into states with the C'P eigensvalue of +1 such as two
pions, in contrast, the |K3) state can only decay the C'P eigenstate with —1 such as three
pions.

Experimentally we can observe short-lived kaon K2 with lifetime of ~ 90 ps and long-
lived kaon K7 with lifetime of ~ 50ns as the eigenstates of the weak interaction. Because
K? was believed to be the C'P eigenstate with —1, it can only decay into a state with the
same eigenvalue, i.e. three pions. But Cronin and Fitch had been observed K? decays into
two pions with the C'P eigenvalue of +1. That result indicates that K9 and K? consist
of the combination of C'P eigenstates with the small complex parameter € as follows:

o 1
[Ks) = WUKQJ%IKM, (1.7)
1 (eK1) + [K2)). (1.8)

K1) = NIEAEE

¢ determines the indirect C'P violation in the neutral K meson system. The ¢ of non-zero
indicates the C' P symmetry is violated in the neutral K meson system at least.

1.1.3 Origin of the C'P violation in the K meson system

In order to explain the C'P violating interaction in the neutral kaon system a number of
theories were proposed. L. Wolfenstein proposed to introduce the super-weak model in
order to explain the C'P violation within the K°-K° mixing in 1964 [3]. The super-weak
interaction has a very weak Hamiltonian, which can introduce a phase which violates the
CP symmetry and contribute to only s-quark transition with a Strangeness exchange
AS = 2, ie. K%K mixing. In 1973, another theoretical explanation for the origin of
C'P violation, which is known as the Kobayashi-Maskawa (K-M) model, was proposed by
M. Kobayashi and T. Maskawa [4]. Their proposal indicates that one irreducible complex
phase remains in the quark-mixing matrix, which is known as the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, when six types of quarks exist. Due to the existence of that
complex phase in the mixing matrix, the C'P symmetry in the quark-sector can be broken.



Both proposals predict the C'P violation through the K°-K° mixing, i.e. the indirect
C'P violation parameter € to be non-zero. The decay process, which has AS = 1 such
as K° — 7m, can also violate the C'P symmetry, but the super-weak model does not
contribute to the AS = 1 decay, then this model predicts that the direct C'P violation
parameter ¢’ should be zero. While the K-M model can explain the AS = 1 decay process
due to the quark-mixing matrix, and it predicts ¢’ # 0. NA48 experiment [5] at CERN
in 1997-1999 and KTeV experiment [6] at Fermi Lab. in 1996-1997 established &’ # 0.
Thus the super-weak model had been rejected and the K-M six quark model is considered
to be most promising theory to explain the C'P violation in the kaon system. However,
in order to confirm the K-M model other C'P violation phenomena than the kaon system
had been desired.

Kobayashi-Maskawa model

The K-M model and its mathematical expressions are described in the following. In order
to explain the C'P violation in the K meson system, Kobayashi and Maskawa introduced
the 3 x 3 orthogonal matrix Voxy = {Vj;} named as CKM matrix, and the matrix is
defined as follows:

d/ d Vud Vus ‘/;Lb d
s =Vekm | s | = Ve Vs Vi s |, (1.9)
b/ b ‘/:‘,d ‘/ts V;fb b

where (d, s,b) and (d’,s',V') indicate the down-type quark fields in the mass eigenstates
and the C'P eigenstates, respectively. In general, these elements V;; are complex num-
bers. In order to evaluate the matrix elements, conventionally we use the Wolfenstein
parametrization for the CKM matrix as follows:

1—)%/2 A AN3(p —in)
Vouk = -\ 1—)\%/2 AN? + 0O\, (1.10)
AN(1 —p—in) —AN? 1

where A\, A, p, and 7 are real parameters. In particular, A\ is known to be 0.22 which
is equivalent to sin @, with the Cabbibo angle 6.. Conventionally it is feasible to ignore
higher order factors of O(\) in Vexy. In Eq.(1.10), Vi, and Vi involve the complex
phase 7, thus these elements are source of the C'P violation in the quark sector.

Because Veky is a unitarity matrix, the matrix satisfies the following relation:

VexmVky = (1.11)

o O =
o = O
_ o O

where Vi, = {Vi;}" is the Hermitian conjugate of Vexm. From Eq.(1.11), the following



six relations are obtained:

VaudVigs + VedVis +VidVi, =
Viua cti + VLSVSQ + Vi Szi =
VisVip + Vs Vi + Vis Vi
Vcd {2 + VcsVZE + Vcb {Z
Viua ttl + Vuth: + Vi {8
VudVip + VeaVa, +ViaViy =

o0 o o o o

e N N N N
—_
—_
ot

These unitarity relations are expressed as six triangles in the complex plane, which are
called unitarity triangles as shown in Fig.1.1. These triangles are used for tests of the
K-M model to measure whether every triangle is completely closed.

(a)
. Via Vis
Vt'd Vl“S
VoaVis
(b) .
Vis Ves
Vo Voo _
Via Ved
(©) (d)
‘{45 ‘{4; Véy V;; Wd ‘{; WT ‘{‘s*
Vs Vi Vo Vip
©)
Wd ‘{42 Ws ‘{l;k
Vo Vi Vea Vi

Figure 1.1: Unitarity triangles led by Eq.(1.12)—(1.17) corresponding to (a)—(f), respec-
tively.

1.1.4 Discovery of the C'P violation in the B meson system

In 1980, A. Carter, I. I. Bigi, and A. I. Sanda pointed out that the sizable C'P violation
can be observed in the B meson decays in contrast to the case of the K decays. In order
to measure the C'P violation in the B meson system, specific B meson decay processes



were suggested. For example, B — J/1 K2 is one of the most promising decay processes
to measure the C'P violation in the B meson system. B° (B%) can directly decay into
J/YKY as shown in Fig. 1.2. In addition, another decay process should be also considered
such that B® (B%) exchanges to B (B°) through the B°-B° mixing as shown in Fig. 1.3
and decays into J/Y K.

b < < c > >
Jhy ° ° Iy
BO w ‘ BO w ‘
S 0 S o
d > d Ks d < d Ks

Figure 1.2: Two Feynman diagrams representing the decay of B°(B%) — J/K$ through
a tree diagram.

_ _ _ v, v _
btV b—<«— A ANNANANA——d
u,c,t w
BO w w B B uct u, c, t BO
uc,t w
d—> > b d—>—INAAAAN—>—b
th Vl'b th th

Figure 1.3: Two Feynman diagrams for the B%-B° mixing.

These two processes have different phases and interfere with each other. Therefore the
CP asymmetry appears could manifest. The interference effect can be observed as the
time dependent asymmetry between the decay processes from B and B°, and which is
represented as follows:

FéoﬁJ/ng (t) - FBOHJ/ng (t)

acp(t) = sin (2¢) sin (AM?1), (1.18)

o gyprco () + Tpo gy (t)

where I'(¢) is the time dependent decay fraction, and AM is the mass difference between
By, with a lighter mass and By with a heavier mass, which are the C'P ecigenstates of B°
mesons.

Fig. 1.4 shows one of the unitarity triangle corresponding to Fig. 1.1 (f). This triangle
is consisted from elements associated with B°-B° mixing. An inner angle sin 2¢; as shown
in Fig. 1.4 indicates magnitude of a C'P asymmetry, and if sin 2¢; is non-zero, it means
that the C'P symmetry is violated. ¢, is defined as the Eq.(1.19) using the CKM matrix
elements.

Vea Z)
=arg [ — = I 1.19
b1 = arg ( T (1.19)



Other inner angles ¢o and ¢3 are also defined as follows:

ViV
¢y = arg (—VZVZ) (1.20)
o _Vubvu*d
¢s = arg( —Vcdvgg)’ (1.21)
(s 1)
VudVJb ViaY
V.,Vo, VeaVeb

(0,0) (1,0)

Figure 1.4: The unitarity triangle for B°-B° mixing from Eq.(1.17) corresponding to
Fig. 1.1 (f). Three side of the triangle is scale by 1/|V.4V|.

If the K-M model is correct, a large C'P asymmetry can be observed as the time
difference At between two B mesons decay time t; and ¢, as shown in Fig.1.5. Fig.1.6
shows time dependent decay rates for B® — J/9 K9 (dotted bule line) and B — J/¢ K
(solid red line), respectively. Here, we assumed that the C'P asymmetry parameter sin 2¢;
to be 0.60. Therefore, the difference between both At distributions arises as Fig. 1.6.
However in the experimental point of view, it is difficult to directly measure the time
difference of the decays of two neutral B mesons, because their lifetimes are too short
(o ~ 1.5ps) compared to the time resolution that can be achievable in the currently
available technology.

The second difficulty is accumulation of huge numbers of neutral B meson decays; more
than 10®* B meson decay events were necessary to observe C'P violation in B® — J/{ K2
decays, since the branching rate of B® — J/¢¥KJ is expected to be 107, Luminosities
of the ete™ colliders operated at YT(4S) state (= bb) such as DORIS [7] at DESY' and
CESR (8] at Cornel accelerators are only around 10*' /cm?s™! and they accumulated about
10° B mesons at most.

In addition, full reconstruction of one of the two parent B mesons decaying into a
flavor-specific state, while the other B meson decays into the C'P eigenstate, is very
important to measure the C'P asymmetry at B-factory experiments.

In order to observe the C'P violation in the B meson system and to verify the K-
M model, in 1987, P. Oddone proposed a novel concept of an circular eTe™ collider with

!Deutsches Elektronen-Synchrotron, Hamberg, Germany



Figure 1.5: The illustration of the time dependent B° decay processes with a C'P asym-
metry. The flavor of B decaying J/¢K?2 can be identified by determining the sign of
daughter lepton ¢ and K in the other side of B decay.

0.3

0.25

0.2

0.15

Figure 1.6: The distributions of time dependent decay rate for BO — J/K2 (solid red
line) and B® — J/¥K? (dotted blue line). These plots are assumed sin 2¢; to be 0.60.

asymmetric energy [9]. In the collider total energy in the center-of-mass system is adjusted
to be 10.58 GeV, which corresponds to T(45) mass. A B-B pair from Y(49) are generally
generated at rest state because T(45) is the lowest bound state that can decay into the
B meson pair. Due to the lifetime of B° to be about 1.5 ps, the B® or B? generated from
Y (4S) quickly decays into J/¢ K2 in the center-of-mass system. By assuming the crossing
angle between the e™ and e~ beams is (approximately) zero, the Lorentz boost factor 3y
of T(4S5) in the laboratory frame corresponding to the detector’s rest frame is given by
following equation:

E_—E.

Vi (1.22)

py =



where F_ and E, are beam energies of e~ and e', respectively. For example, if an
E_ = 8.0GeV/c electron collides with an F, = 3.5GeV/c positron, the total energy
of the center-of-mass system becomes 10.58 GeV, thus (v is to be 0.425 and produced
T(4S) moves with the velocity of Byc = 0.425¢. Hence a B°-B° pair decayed from Y (4S5)
also move with the same velocity (Gvc, then the difference of their decay time of about
1 ps corresponds to a few hundreds pm. This is large enough to be measured with a high
precision silicon vertex detector.

In early 1990’s, several high luminosity machines with asymmetric energy to produce
a huge number of B mesons, so called B-factories , were proposed in the world and two
of them were realized. One B-factory experiment is BaBar [10] with the PEP-II accelera-
tor [10] at SLAC?, and the other is Belle experiment [11] with the KEKB accelerator [12]
at KEK?. The KEK B-factory was designed to achieve a luminosity of 103* cm=2s~! with
a finite crossing angle and a crab crossing scheme, while the SLAC B-factory was de-
signed to achieve 5 x 1033 cm~2s~! with zero crossing angle. The KEK design was rather
aggressive compared to the SLAC design. Primary parameters of PEP-II and KEKB
accelerators are summarized in Table 1.1.

Table 1.1: Main machine parameters of PEP-II and KEKB during the last stage of their
operation [9].

Paramters PEP-II KEKB Units
Beam energy (e~ /e™) 9.0/3.1 8.0/3.5 GeV
Lorentz factor 3~ 0.56 0.425

Beam current (e~ /e™) 1.8/2,7 1.3/1.8 A
Beam size at IP (x/y/z) 140/3/8.5 80/1/5 pm/pm/mm
Luminosity 1.2 x 10% 2.1 x 103 cm2s!
Number of beam bunches 1732 1584

Bunch spacing 1.25 1.84 m
Beam crossing angle 0 (head-on) =11 (crab-crossing) mrad

In order to measure the time dependent C'P asymmetry shown in Fig. 1.6, we have to
reconstruct the flavor-specific B decay mode. Because a B°-B° pair is produced from a
T(4S) decay and is entangled in a coherent quantum state, we can recognize the flavor
of a B meson by identifying the flavor of the other B meson. For example, if the decay
BY — J/YK} takes place, flavor of the other B meson should be observed as BY. A
B9 meson is composed of a b-quark and an anti-d quark, and the b-quark predominantly
decays to c-quark and subsequently to s-quark in cascade. If b-quark decays to c-quark
at a time ¢; through a process such as b — ¢¢~v corresponding to B® — D¢~ v, the sign
of the lepton charge should be minus (¢7). An s-quark produced in the cascade decay
tends to appear as K~ rather than K as the result of hadronization. Thus, if we find an
¢~ with a large transverse momentum p; or a K~ in the decay products, the flavor of the
parent B meson of them can be determined as B9. The side of the B decay cascade used
for determining the flavor of the parent B meson, is name as tag-side By,,. When the B

2National Accelerator Laboratory, Stanford, USA
3High Energy Accelerator Research Organization (KEK), Tsukuba, Japan



meson in the tag-side was determined as B, the flavor of the parent B meson that decays
into J/YKY at ty, can be subsequently determined as B° (not BO) in a high probability.
The method above mentioned is called flavor tagging. The B meson decaying into a
C'P eigenstate is named as CP-side Bgp.

The time difference At is defined as the distance of two decay vertex Az between Biag
and Bcp provided by a vertex detector, and can be obtained by following equation:

Az
At = —. 1.23
G (1.23)

In Fig. 1.6 the At distribution, for Bcp = BY(B°) is shown as the red solid (blue dashed)
line.
For such flavor tagging a high efficiency kaon identification in the tag-side is essential.
In order to perform the flavor tagging, the Belle detector at the KEK B-factory adopted
a threshold type Cherenkov counters [13], and the Babar detector at the SLAC B-
factory adopted a total internal reflection type ring imaging Cherenkov counter [14].
Belle experiment and BaBar experiment started almost at the same time in 1999, and

announced the first result of measurement of the C'P asymmetry in the B meson system
in 2001. The results of BaBar [15] and Belle [16] were as follows:

sin2f(BaBar) = 0.59 £ 0.14(stat) 4 0.05(syst), (1.24)
sin 26, (Belle) = 0.99 & 0.14(stat) = 0.06(syst), (1.25)

where the parameter 3 corresponds to ¢;*. The deviation from the C'P conserved expec-
tation are confirmed with 4.1 0 and 6 0 by BaBar and Belle, respectively. Both results
clearly established the existence of the C'P violation in the B meson system, and the K-M
model is proven to be valid for the explanation of C'P violation in quark sector. Finally
Kobayashi and Maskawa received the 2008 Nobel Prize in Physics.

Both B-factories also measured other angles of the unitarity triangle, namely ¢o and
¢3. Both experiments had succeeded in improving precision of the unitarity triangle
parameters by increasing the amount of data. BaBar experiment finished in 2008 and
Belle experiment finished in 2010. Fig.1.7 [17] shows constraints on parameters of the
unitarity triangle obtained as combination of various measurements.

1.1.5 Search for physics beyond the standard model

In the summer 2012, LHC experiments ATLAS and CMS at CERN® announced a discov-
ery of Higgs boson at 126 GeV/c?. The discovery of the last long-waited missing particle
of the standard model (SM) established reliability of the SM. The SM can explain all
phenomena below 100 GeV with high precision, hence is regarded as the most successful
theory ever established.

Here, I briefly summarize contents within the SM framework as follows:

4The different naming notation for the three phases in the CKM matrix is used by BaBar and Belle.
@1, @2, and ¢z, which are used by Belle, are corresponding to 3, «, and v by BaBar, respectively.
5The European Organization for Nuclear Research (CERN), Geneva, Switzerland
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Figure 1.7: The measured unitarity triangle in (p,7) plane provided by the CKM fitter
group in 2015 [17]. The red hashed region indicates the vertex of the angle ¢; by the
global fit and corresponds to 68 % CL.

Fermion consist of quarks and leptons:

u c t
quark < d s b ) ,
. e u T
lepton : < ve v v )

Gauge bosons that mediates electromagnetic, weak, and strong interactions based
on the gauge theory of SU(3)¢ x SU(2), x U(1)y.

The KM mechanism that occurs the CP violation in the quark sector.

A scalar Higgs boson that provides the proper mass for every particle.

However, we have some observational results that can not be explained within the SM
framework:

We have to explain why the C'P violation is caused by the KM mechanism.
We need a mechanism which can determine the mass value of the SM particle.

We have discovered neutrinos have the finite masses through the neutrino oscilla-
tions, although their masses are zero within the SM framework.

We have to introduce a mechanism that is exactly canceling the loop correction of
the Higgs mass. That is known as the Naturalness problem.

We have to describe the origin of the dark matter in the universe, but there is no
adequate candidate in the SM particles.

Gravity interaction, in particular, quantum gravity is not included in the SM.
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These problems suggest the existence of new physics beyond the standard model
(BSM), and the SM is expected to be the effective theory at low energy. In order to
search BSM, we can consider two approaches using the collider experiments. One is the
direct search using a high center mass energy collider, which has potential of generating
new physics particles in the TeV scale. That approach is called the high-energy experi-
ments. ATLAS and CMS are typical examples of the high-energy experiments.

Other approach is using a high-intensity (or high-luminosity) collider. We can measure
effects of new physics through loop diagrams existing in decay channels of heavy mesons
such as B, D, and heavy charged lepton 7. Because the contribution would appear
in decay channels highly suppressed by the SM, this approach requires a highly precise
measurement and a high statistics. A next generation B-factory experiment has to have
roles as the high-intensity experiment.

Both approaches are independently and complementary to each other in the aim of
the new physics search. When new particles observed at the high-energy experiments, the
high-intensity experiment would measure their flavor structure precisely. Even if any new
particles are not found at a few TeV scale, the high-intensity experiments can provide
constrains for NP models by precision measurements of rare decays.

1.1.6 Possibility of new physics models

Now, several possible scenarios of BSM are proposed [9]. Here, I will describe about
Supersymmetry (SUSY) as the most popular scenario of new physics.

SUSY describes a symmetry between fermions and bosons. By exchanging fermions
and bosons by SUSY, new elementary particles would be introduced as partners of the SM
particles, and they are called super-partners. In particular, the Minimal Supersymmetric
Standard Model (MSSM), which is one of the standard model of SUSY, would introduce
super-partners for all the SM particles and extra charged Higgs bosons. Super-partners of
the gauge bosons in the SM are described as fermions with 1/2 spin. While super-partners
of the SM quarks ¢ and leptons ¢ are introduced with spin 0, which are called the Squarks
G and the Sleptons ¢. The neutral super-partner of the SM neutral gauge boson, which
is called the Neutralino ¥°, is one of the most plausible candidate of dark matter. The
MSSM also introduces three neutral and two charged Higgs bosons (h, H?, A°, H*) and
their super-partners (H?, HY, H*), which are called the Higgsino. Higgs mass must diverge
by the radiative loop correction of itself, heavier fermion such as t-quark, and massive
bosons. By introducing the Higgsino and super-partners, the divergence of the Higgs
mass can be canceled through the higher order contribution from the introduced SUSY
particles.

The Two Higgs Doublet Model (2HDM) is the simplest extension for the Higgs sector.
In particular, the type-II 2HDM introduces two Higgs doublets, and the doublets would
couple to down-type or up-type quarks in the SM, respectively. Because the tauonic decay
shown in Fig. 1.8 also allows a contribution of a charged Higgs introduced type-11 2HDM
as well as a charged gauge boson in the SM, that decay rate would be enhanced compared
with the SM expectation.

Other possible scenarios of new physics are listed as follows:

e Minimal Flavor Violation (MFV), Extensions of MFV, and MFV SUSY
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B W-/H-

Figure 1.8: The tauonic decay diagram with the Charged Higgs H* expected from the
2HDM through a tree level contribution.

e nonMFV SUSY
e SUSY alignment models
e Forth generation

Randall-Sundrum models

Light Higgs models

1.1.7 New physics search in the super KEK B-factory

However, we can not judge which scenario is correct without experimental verification,
because they need theoretical assumptions and a lot of input parameters. In order to
choose the new physics model, we should verify whether the CKM parameters are deviated
from expected values in the SM. The precise measurement of rare decays from B meson
and other heavy particles is important because those decay processes are sensitive to new
physics contribution. These decays are prohibited at the tree level in the SM, and a new
physics contribution may be comparable to higher order loops in the SM.

In order to measure such rare B decays, a construction of more high luminosity B-
factory , so called super KEK B-factory (S-KEKB) at KEK was proposed and started
construction in 2011. S-KEKB is designed to have a luminosity more than 40 times of
the previous KEK B-factory by reducing the beam sizes of both electron and positron at
the interaction point and also increasing currents of the beams. The experiment using
the Belle II detector at S-KEKB is named Belle II. The first commissioning of S-KEKB
is scheduled in 2016 JFY and the Belle IT detector used for S-KEKB will be installed in
2018.

Here, a few examples of interesting measurements in S-KEKB are described in the
following sections.

b — sss decays

The value of sin 2¢; as measured in B® — ¢Kg and similar b — s transitions differs slightly
from the value measured in B — J/¢ Kg decays, the current world average difference being
AS = sin 24" — sin 2(;51‘]/¢KO = 0.22 £ 0.17 [18]. The former decays proceed through
b — sss underlying quark process, possible only through the loop processes shown in
Fig. 1.9 (left), and the latter through the b — cs¢ tree diagram. While the CKM matrix
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elements included in the amplitudes of these decays are approximately real, the possibility
of B°-BO mixing before the decay introduces an additional factor (V;3Viq)? oc e 9L,
Hence, the decay time distribution of both decays is sensitive to sin 2¢;, and the difference
in the value measured in the two decays is expected to vanish within small corrections,
AS = 0.03+50] [19]. However, NP particles can contribute in the loop of B — ¢Kjg, as
illustrated in Fig. 1.9 (right), and change the expectation for AS.

In B — KtK~ Kg decays, ¢Kg is one of several intermediate resonant contributions
to the final state. In order to determine the value of sin 2(;5st , one has to perform a decay
time dependent Dalitz plot analysis, where the accuracy of KT K~ Kg vertex determina-
tion and the particle identification for the suppression of backgrounds are crucial. These
are achieved in Belle IT with the vertex detector and the particle identification system.
The expected dependence on integrated luminosity of the AS sensitivity from these and
related decays is shown in Fig. 1.10 [20]. With £ = 10ab~! of data, the experimental and
theoretical uncertainties will be comparable.

S S S S

Figure 1.9: The SM contribution (left) and the gluino-down squark contribution (right)
to the b — s5s transition.

A
06, a926) 0 a™

gelle ulY 20 cuperkEXB 5

New Physics
( SUSY GUT, Warped Extra Dimension,
String-inspired MSSM, ...)

AS Uncertainty

0.01 = . — .
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Integrated luminosity (ab™)

Figure 1.10: Expected precision of AS measurements as a function of integrated luminos-
ity [20].
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b — sy decays

Radiative decays b — sy are sensitive probes of right-handed weak currents, which are
absent by fiat in the SM. The helicity structure of the effective Hamiltonian that describes
this loop process allows only for bgp — sy, and by, — sgyr decays, where the subscript
denotes the handedness of the particle. The amplitude of the former (latter) process
depends on the helicity flip and is proportional to m;, (ms). In mesons the by, — sgyr
transition, for example, can proceed directly or via B — B° mixing; the interference leads
to a small time dependent C'P asymmetry that is proportional to mg/m;. In various NP
models (e.g. Left-right symmetric models) the right-handed currents are not suppressed
and can lead to a sizable C'P asymmetry. A prominent example of such radiative quark
transitions is the decay B — Kgm%y. Within the SM, the decay time dependent C'P
asymmetry in this decay is estimated to be S ~ —2(mgs/m;) sin2¢; ~ —0.04; some SM
predictions allow for a value of |S| up to 0.1 [21, 22]. On the other hand, in L-R symmetric
models, the asymmetry can be as large as S =~ 0.67 cos 2¢; ~ 0.5.

The decay-time dependence in B® — Kgm%y is measured through reconstruction of
the B meson decay vertex using only pions from Kg — 77~ decay that are constrained
to the eTe™ interaction region profile. The Belle II vertex detector will improve the
vertex position resolution and, more importantly, increase the reconstruction efficiency
of Kg decays with charged pion hits in the silicon detectors. The expected accuracy of
the S(Kg7m’y) measurements is shown in Fig.1.11 [20]. With a data set corresponding
to 50ab™!, the sensitivity of the measurement will reach the SM value and thus cover a
range of NP predictions.

The measurement of the S(Kgm%y) also nicely illustrates the complementarity among
the precision frontier experiments, specifically between Belle IT and LHCb. The sensitivity
of Belle IT for the S(K gm%y) measurement can not be reached by the LHC experiment. On
the other hand (neglecting the possibility of dedicated longer data taking periods at the
T (5S) resonance), the LHCDb experiment can perform a much more precise measurement
of the By — p*p~ decay rate. When interpreting both measurements within the Minimal
Supersymmetric Standard Model in the mass insertion approximation (MIA), the contours
of the MIA parameter and tan [ are shown in Fig. 1.12 [20]. While the measurement of the
B(Bs — utp~) at the level of 107 yields a rather loose constraint on the MIA parameter,
a combination with the measurement of the S(Kgm%y) with a precision of 0.1 results in a
tight constraint in both dimensions.

B — Tv

One of the outstanding problems in particle physics is the question of the origin of masses
and the related Higgs boson(s). The SM incorporates a single neutral Higgs boson. The
Higgs sector of various extensions of the SM is richer, with charged Higgs bosons possible
as well. In the Type II Two Higgs Doublet Models (2HDM-II), the charged Higgs boson
H?* behaves like the charged weak bosons W* apart from its couplings to fermions, which
are proportional to their masses. The contribution of H* can thus be expected in all
charged weak current processes, especially those involving heavy fermions. A typical
example is the purely leptonic decay of charged B mesons, Bt — 77v,. where, in the
2HDML-II models, the contribution of H™ is expected to be largest due to the masses of
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Figure 1.11: Expected precision of the TC'PV asymmetry measurements for B —

K*°(982)7 (green), other Kgm’y (blue) and all Kgm’y final state (red) as a function
of integrated luminosity [20].
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Figure 1.12: Constraints on the MIA parameter Re(6%;) and tan 3 from the measurement

of the S(Kgm'y) and B(Bs — utp~) [20]. Contours of S(Kgm%y) are shown in the
intervals of 0.1.
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the 7 lepton and the b-quark.
The effect of a possible charged Higgs boson on the partial leptonic decay width of B
mesons is given by

D(BY = rv,) = TM(BT = r4u,) [1 = (m/m}) tan® 5] (1.26)

where I'M(B* — 771,) denotes the SM partial decay width, and tan 3 denotes the ratio
of the vacuum expectation values of the two Higgs fields and is a free parameter of the
models. The leptonic decay width can thus be suppressed or — if the H* contribution
is dominant — enhanced compared to the SM value.

Experimentally, of the leptonic branching fraction measurement [23] consists of (par-
tial) reconstruction of the accompanying B meson in the event, called the tagging B
meson (Bag). Brag can be fully reconstructed in a number of hadronic decays (hadronic
tagging) or partially reconstructed in semileptonic decays (semileptonic tagging), where
the hadronic system (and the charged lepton) of the final state is detected while the
neutrino escapes the detection. The hadronic tagging method has better purity in the
Biag sample, but suffers from a lower efficiency compared to semileptonic tagging. The
remaining particles in the event are assigned to the signal B meson (Byy); if they are
consistent with a possible 7 decay, the undetected part of the event consists of one or
more neutrinos from (semi)leptonic decays. The signature of such event is thus a little or
no residual energy detected in the electromagnetic calorimeter, after removing the contri-
butions from the particles used in the reconstruction of By, and the 7 from By, — Tv-.
The resulting distribution of the residual calorimeter energy for the measurement based
on the semileptonic tagging [24] is shown in Fig. 1.13 (left). The peaking component at
low energy is the signal of B — 7v,. The leptonic branching fraction is found to be
B(B — Tv,) = (1.65 £538 £332) x 107,

Excellent performance of the electromagnetic calorimeter is crucial for the described
measurement. The Belle II calorimeter maintains this performance even with the more
severe backgrounds expected at S-KEKB.

The statistical and systematic uncertainty of the result are almost equal in magnitude.
However, the main sources of the systematic error — statistics of the control samples
for the shape of the residual energy distribution and efficiency of the tagging — will
decrease with the increased integrated luminosity of the available data sample. Assuming
the theoretical uncertainties on the CKM element |V,;| and B meson decay constant fg
will be reduced to 5% in a few years, we obtain the five standard deviations discovery
sensitivity region at £ = 5ab™! in the (tan 3, mg) plane shown in Fig. 1.13 (right).

B— Kr

Charmless 2-body B meson decays are another example of rare SM processes in which the
possible contribution of NP could be large enough to be observed in the future. The decays
B — K proceed through a tree diagram depicted in Fig. 1.14 but are suppressed by the
small CKM matrix element |V,;|. Thus, the contribution of the loop penguin diagram
is of similar magnitude. The interference of the two leads to a direct C' P asymmetry of
AL, =[T(B - f)-T(B — f)]/[(B — f)+ (B — f)]. As suggested in diagrams of
Fig.1.14, the main processes underlying the B — K decays are the same and equal for
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Figure 1.13: Left: Distribution of residual energy in the calorimeter for semileptonic
tagged B — T, candidate events [24]. The dashed histogram represents the background,
and the solid red histogram the result of the fit that includes a signal component peaking
at null value. Right: 50 discovery sensitivity region for the charged Higgs boson from
B — 7v, branching fraction measurement at an integrated luminosity of 5ab™! (red).
Other colored regions denote the presently excludedcurrent exclusion regions.

neutral and charged B mesons. Neglecting additional diagrams contributing to BT decays
only (and expected to be much smaller than the shown contributions), the asymmetries
AES™ in B — K*7° decays and AE.™ in BY(B%) — K*n™p decays are expected
to be the same. However, a precise C'P measurement by Belle [25] showed a significant
difference between the two, AA = AKX ™ — AKX ™™ — (.164+0.03540.013. The asymmetry
in the number of reconstructed signal decays can be observed visually in Fig.1.15. The
difference could be due to the neglected diagrams contributing to charged B meson decays,
for which the theoretical uncertainty is still rather large, or to some unknown NP effect
that violates isospin. In Ref. [26] the author proposes a test of sum rule for NP free of
theoretical uncertainties. The sum rule reads

o+ B(BT — K°7)7p0
“F B(B" — K+ )1+
Ktn02B(BT — K+7%) 70
P B(B"— Ktn )+

ABT 4+ A

KO0 QB(BO — KOWO)

= P BB — K*tn-)’

+A (1.27)

where B(B — f) denotes the corresponding branching fraction and 7zo(g+) lifetimes of
neutral and charged B mesons.

By measuring all the observables in the above equation, one can test the prediction of
the SM. Using the current world average values for the corresponding quantities [18], the
isospin sum rule can be presented as a diagonal band in the plane of Agffo VS. Agﬁ,ﬁ
(see Fig.1.16 (left)). The slope of this dependence is determined by the precisely known
branching fractions and lifetimes, and the uncertainty of the offset is mainly due to AIC(;“O
and to a much lesser extent to AX,™ .

Several measurements must be accomplished in order to perform the above test. The
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most demanding is the measurement of the all-neutral final state K%7°. In the decay-
time dependent measurement, the vertex reconstruction is based on charged pions from
the neutral kaon decays (as in B® — Kgn%y) and depends crucially on a vertex detector
with a large radial acceptance. Reconstruction of the neutral pion (7% — ~7) requires
very good electromagnetic calorimetry. For the final states with charged kaons and pions,
an excellent separation between the two particle species must be provided by the particle
identification system. The main systematic uncertainty contributions (tag side interfer-
ence) in the recent measurement of B® — K%7r° [27] are expected to be reduced as the
data sample increases. The expected sensitivity of the sum rule test with the integrated
luminosity of 50 ab™! is illustrated in Fig. 1.16 (left). We have conservatively scaled only
statistical uncertainties on C'P asymmetries of K7+ and K*x° final states. If one as-
sumes the current central values of observables and the expected accuracy a discrepancy
in the expectation of Eq. 1.2 [26] can be clearly established.

1.2 Importance of particle identification device in the
super KEK B-factory

As the discussion in the previous section, high efficiency flavor tagging of B mesons is
of importance at S-KEKB. In addition, they have to perform reconstruction of decay
processes, which is used for measurements of the CKM matrix elements, time dependent
C' P asymmetry, and the C'P asymmetries through B or D mixing, and so on. In particular,
precise measurements of rare B decays such as b — s(or d)y or B — Tv are very important
to explore and discover the new physics BSM.

Devices identify charged pions and kaons, which is so called PID devices, will play key
role for the flavor tagging and the reconstruction of the B decays. The PID devices of
Belle IT should identify pions and kaons at the lower momentum region (< 1.5 GeV/c¢) for
flavor tagging and/or the higher region (1.5-3.8 GeV/c) for the reconstruction of rare B
decays.

In the Belle experiment, the 7/ K separation with 3 ¢ had been achieved by the combi-
nation of the threshold type Aerogel Cherenkov counters (ACCs) [13]for momentum range
of 0.5-3.5 GeV /¢, the Time-of-Flight (TOF) [28] counters for tracks up to 1.2 GeV /¢, and
measurements of energy-loss dF/dz in the Central Drift Chamber (CDC) [11] for tracks
up to 0.8 GeV/c. The location of these counters in the Belle detector is shown in Fig. 1.17.
Low momentum tracks, which can not reach ACCs and TOF counters due to curling under
a high magnetic field, are identified using only the CDC information. 7/K identifications
of the Belle IT detector are necessary to improve the particle separation efficiencies at the
momentum range required by the physics of Belle II.

However, in Belle II, it is difficult to improve the PID efficiency by using the same
methods such as the ACC or the TOF. The time-of-flight of pions and kaons are 4.005 ns
and 4.033 ns, respectively, at p = 4 GeV/c for a flight path length of L = 1.2m which is
corresponding to the perpendicular between the interaction point of eTe™ and the plastic
scintillator of the TOF. Therefore the time difference between pions and kaons is only
28 ps. With the time resolution of 100 ps, which is the designed value for Belle TOF
system, pions and kaons can not be separated. Therefore, the TOF system can not be
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Figure 1.14: Tree and penguin diagrams contributing to B — K decays [25].
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Figure 1.15: The reconstructed signal of B — K7t (top left), B* — K*7~ (top right),
B~ — K7 (bottom left), Bt — K*7° (bottom right) [25].
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Figure 1.17: The partial cross-sectional view of the Belle detector. This schematic shows
the location of Central Drift Chamber, Aerogel Cherenkov counter modules, and the
Time-of-Flight counters which were used for a particle identification.

used as a PID device at the high momentum region.
The ACC is also to be used difficult for Belle II. The PID performance of the ACC is

determined by the number of detected photoelectrons N, produced in aerogel radiators,
and Np. can be increased by using the radiator with a high refractive index n (Npe ~
(1 — (nB)~%), however the momentum range, where we can separate pions and kaons,
drops in inverse proportion to the refractive index. Since the entire structure of the
Belle II detector reuses the Belle detector and then space for the PID device can not
be enlarged. Neither the TOF counters nor the ACC modules can be placed in the
forward end-cap region that covers the polar angle range of 13.6° < # < 33.4°. Fig.1.18
shows the momentum distribution of final state pions as a function of polar angle in a
B — 7m signal Monte-Carlo sample. This decay mode is used for the measurement of
the angle ¢9 of the unitarity triangle. Because this decay process is a two-body decay,
the produce tracks tend to have higher momentum. In particular, in the forward end-cap
region (13.6° < 6 < 33.4°) we can find that they are expected to have the momentum up
to 3.5 GeV/c. Thus the PID for the wide-range of momenta up to 3.5 GeV /¢ has to be
established by using the information from only one detector.

The BaBar detector at the SLAC B-factory employed the Detector of Internally Re-
flected Cherenkov light (DIRC) counter [14] for the n/K identification. The particle
identification method of this counter is different from the ACC of Belle but a kind of
Ring imaging Cherenkov (RICH) counter. Because the RICH method uses information
of a Cherenkov emission angle provided by a charged track and the number of detected
Cherenkov photons, a Cherenkov detector using the RICH method can provide more ef-
ficient particle identification compared with the threshold type Cherenkov counter. The
DIRC counter of the BaBar detector achieved better performance (84% kaon efficiency
with 1.1% pion mis-identification probability [9]) than the ACC at the Belle detector.

In Belle I, 77/ K identification devices are replaced with novel type Cherenkov counters
using the ring-imaging scheme. A Time of Propagation (TOP) counter for the barrel
region and an Aerogel Ring Imaging CHerenkov (ARICH) counter for the end-cap region
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Figure 1.18: Momentum of final state pions from B — 7m decays as a function of polar
angle. (Left) Two-dimensional plots of momentum for all polar angle region. The range
separated by vertical dashed (red) lines indicates the forward end-cap coverage. (Right)
The momentum distribution of pions entering only within the forward end-cap coverage.

are adopted.
The replacement with the new PID devices, especially the ARICH counter, requires
spacial conditions as follows:

e Whole structure to be compact.

Only 280mm is available at the end-cap region along the direction of the beam pipe.
Whole structure of the ARICH counter such as a radiators, photon detectors, readout
electronics, and cables for the communication and power supply, and so on, has to fit in
the space.

e Photon detectors have enough sensitivity for single photon detection and tolerance
for a high magnetic field (1.5T).

In order to measure momentum and sign of charge for every charged track in the high
magnetic field, the photon detectors using for the ARICH counter has to keep their
performances in the field up to 1.5T.

e Radiator with long transmission length.

Information of the number of emitted Cherenkov photons is important, then we should
avoid loss of them in the radiator medium. In the same time, the scattering of a Cherenkov
light in the radiator becomes the source of decreasing the PID performance as decreasing
number of detected photons and scattered Cherenkov light entries uncorrelated to the
emission angle of the charged track in the radiator.

To satisty the above requirements, we decided to use the proximity-focusing type Ring
Imaging Cherenkov counter with aerogel radiators. In the following sections in this thesis,
the detailed design of the ARICH counter will be discussed.
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1.3 Motivation of this thesis

In this thesis, development of the ARICH counter for a charged particle identification at
the super B-factory experiment is described.

In Chapter 2, the Belle II detector at SuperKEKB is described. In Chapter 3, an
overview of the principle of the particle identification using Cherenkov counters and recent
RICH counters employed in the high energy physics experiments are depicted. In Chapter
4, the concept and basic performance of the ARICH counter designed for the Belle II
experiment are described. In Chapter 5, development of the HAPDs, which are used as
photon detectors of the ARICH counter, is described. In particular, the improvements
for the radiation hardness of the HAPDs are presented. In Chapter 6, studies for the
performance of a prototype ARICH counter using an electron test beam are described.
In Chapter 7, estimation of the PID performance based on an event-by-event analysis
for the prototype ARICH counter, and performance evaluation evaluation of the ARICH
counter at the super B-factory experiment are described. Finally, Chapter 8 concludes
this thesis.
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Chapter 2

The Belle 11 detector

In this chapter, the Belle II detector used for the super KEK B-factory (S-KEKB) at
KEK is described.

2.1 Upgrading to Belle 11

The Belle II experiment is proposed as a super B-factory experiment which is the new
generation B-factory experiment to explore physics beyond the standard model. The
accelerator and detector, which are named as SuperKEKB and Belle II, are not built
from scratch but are basically upgraded from the previous experiment. In particular,
the tunnel for the accelerator and the mechanical structure of the whole detector are
reused. On the contrary, the beam-optics design of the main et and e~ storage rings are
completely renewed. The SuperKEKB accelerator is briefly overviewed in the following
subsection. Sub-detectors contained in the Belle II detector are described in section 2.2.

2.1.1 SuperKEKB accelerator
Definition of luminosity

In the accelerator physics using the collider, the product frequency R of physics events
such as ete™ (— T(4S)) — BB is defined as follows:

R = Lo, (2.1)

where o is the cross section of an event of interest, and L is called luminosity, which is
usually defined as a unit of [em~2s7!]. Since the cross section of e*e~ — BB decay event
is opp ~ 1 x 10733 cm?, the previous KEKB accelerator [12] that achieved the luminosity
of 2.1 x 10** cm~2s™', could produce about 20 BB meson pairs per a second.
Improvement of the luminosity means that the number of produced BB meson pairs

per a second will be increased.

Design of the SuperKEKB

The KEKB B-factory will be upgraded to SuperKEKB using the same tunnel as KEKB.
Fig. 2.1 shows the schematic view of the SuperKEKB accelerator.
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The upgrade is based on the “Nano-Beam” scheme!. The basic idea of this scheme
is to squeeze the vertical beta function at the IP (ﬁ;) by minimizing the longitudinal
size of the overlap region of the two beams at the IP, which generally limits the effective
minimum value of 3 through the “hourglass effect”. Fig.2.2 shows a schematic view of
the beam collision, which is a plane figure, in the Nano-Beam scheme. The size of the
overlap region d, which is considered to be the effective bunch length for the Nano-Beam
scheme, is much smaller than the bunch length (0,). The length d is determined by the
horizontal half crossing angle (¢) and the horizontal beam size at the IP (o) via the
following equation:

d==. (2.2)

The hourglass condition in the Nano-Beam scheme is expressed as

B, > d, (2.3)
instead of that for a usual head-on collision of

By > o (2.4)

To shorten the length d, a relatively large horizontal crossing angle and extremely small
horizontal emittances and horizontal beta functions at the IP for both beams are required.
The luminosity of a collider L is expressed by the following formula, assuming flat beams
and equal beam sizes horizontal and vertical direction for two beams at the IP:

o (Iié“i), (2.5)

- 2er, s

where v, e and r. are the Lorentz factor, the electron charge and the electron classical
radius, respectively. The suffix + denotes the positron (+) or the electron (—). Therefore,
the luminosity is mainly determined by the three fundamental parameters; i.e. the total
beam current (1), the vertical beam-beam parameter (¢,) and the vertical beta function
at the IP (ﬁ;‘) The design values of these three parameters, together with the beam
energy and the luminosity and comparison with those parameters at the previous KEKB
experiment is shown in Table2.1. For the vertical beam-beam parameter §,, we assume
the same value of 0.09 as has been achieved at KEKB. The vertical beta functions at the
[P for SuperKEKB are smaller by almost by a factor of 20 than those of the previous
KEKB owing to the adoption of the Nano-Beam scheme. Assuming these parameters, we
need to double the total beam currents compared with those of the previous KEKB to
achieve the designed luminosity of SuperKEKB of 8 x 103 cm~2s7!.

Fig.2.3 show the current luminosity projection of the SuperKEKB accelerator [30].
The top plot shows the integrated luminosity in unit [ab™!], and the bottom plot shows
the achievement of the luminosity in unit [em~2s7!]. The goal of the integrated luminosity
after 10-year SuperKEKB operation is 50 ab~!.

!The nano-scheme was first proposed for the Super B-factory in Italy. However the Italy super B-
factory project had been suspended.
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Figure 2.1: The illustration of the SuperKEKB accelerator.
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Figure 2.2: Schematic view of beam collision in the Nano-Beam scheme [29)].
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Table 2.1: Fundamental parameters of SuperKEKB and previous KEKB [29].
KEKB Achieved SuperKEKB

Energy (GeV) (LER/HER) 3.5/8.0 4.0/7.0
&y 0.129/0.090 0.090/0.088
3 (mm) 5.9/5.9 0.27/0.41
Beam current [ (A) 1.64/1.19 3.60/2.62
Luminosity (10** cm=2s71) 2.11 80
70¢

2 b Goal of Belle I1/SuperKEKB

£ 50F
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Figure 2.3: Luminosity projection of the SuperKEKB accelerator [30].
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2.2 Belle 1II sub-detectors

Fig. 2.4 shows the 3-dimensional view of the schematic of the Belle II detector. Fig.2.5
shows the schematic drawing of the Belle II detector. Although the outermost structure
of this detector remain as the previous one, most of sub-detectors will be upgraded with
minor improvements or replaced with brand new devices. The expected performance of
Belle IT sub-detectors is summarized in Table 2.2 [29].

2.2.1 Vertex detector: PXD, SVD

The vertex device that is used to determine the decay vertex of a B meson, uses the
combination of PiXel Detector (PXD) and Silicon Vertex Detector (SVD).

The PXD is located in just outside the beam pipe, and consists of two-layer silicon
pixel detector based on the DEPFET technology. The pixel size and the radius correspond
to 50 x 50 um? and 14 mm for the inner layer, respectively, and 50 x 75um? and 22 mm
for the outer layer, respectively.

The SVD consists of four layers of the Double-Sided Silicon Strip Detectors (DSSDs).
The inner radius of under most layer and outermost layer are 38 mm and 140 mm, respec-
tively. The readout of the SVD is replaced to an ASIC chip called APV25. The APV25
chip have low-noise preamplifier and have a much shorter shaping time.

The impact parameter resolution o, is expected to be 20 um by the combination of
the PXD and the SVD.

2.2.2 Central Drift Chamber: CDC

The Central Drift Chamber (CDC) plays three important roles. First, it reconstructs
trajectory of charged tracks and measures their momenta precisely. Second, it provides
particle identification information using measurements of energy loss dF/dx within its
gas volume. Low-momentum tracks that do not reach to the outer particle identification
device, can be identified using the CDC alone. Finally, it provides efficient and reliable
trigger signals for charged particles.

The He-CyHg gas, which was also used in Belle CDC, is used. To avoid the high-
radiation and high-background region near the interaction point and to provide more
space for the SVD, the radius of inner cylinder of the CDC is enlarged from in Belle
(77mm) to be 160mm. While, since the Belle II barrel particle identification device
(TOP) is more compact than that in Belle (TOF + ACC), the outer radius of the CDC
is enlarged from that in Belle (880 mm) to be 1130 mm. The number of sense wires is
14,336 that is much more than in Belle (8,400), in particular, the new small cell chamber
is introduced in innermost part of the CDC. The pitch size for innermost small cell and
other parts consist of 5mm and 8 mm, which are corresponding to the radial cell size of
10 mm and ~ 18.2mm, respectively.

The position resolution is expected to be 100 um for r—¢ plane and 2mm for z-
direction. Other expected performances are listed in Table 2.2.
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2.2.3 Particle Identification devices: TOP, ARICH

Charged particle identification devices will be completely replaced with brand new de-
vices; the Time-of-Propagation (TOP) counter in the barrel-region, and the Aerogel RICH
(ARICH) counter in the forward end-cap region. The both devices are to kinds of a
Cherenkov counter with ring imaging scheme. The TOP counter is described in chapter
3.4.5. The development of ARICH counter is described in chapter 4, which is one of the
main topics in this thesis.

2.2.4 Electromagnetic Calorimeter: ECL

To measure energy and detected position of electrons and photons, the Electromagnetic
Calorimeter (ECL), that consist of an array of 8,736 crystals of CsI(Tl) scintillators,
was used in Belle. The CsI(T1) scintillation crystal array is reused. To cope with high
background environment that is expected at Belle II, the readout electronics are replaced
to perform the waveform sampling to separate signal hits from off-timing background
hits. The beam background might be serious at forward end-cap region despite of the
use of waveform sampling. To prepare for that situation, replacement of the crystals of
forward end-cap region to pure Csl crystal that have much shorter time width than that
of CsI(T1), is discussed.

2.2.5 K? and Muon detector: KLM

To identify K? and p, the K9 and Muon (KLM) detector that consists of the sandwich
structure of the iron plate and the Resistive Plate Chamber (RPC), was used in Belle.
The iron plates of KLM also behave as the return yoke of the magnetic field.

At Belle II, RPC modules in the end-cap part is replaced with scintillators instru-
mented with silicon photomultipliers such as SiPM, as RPCs can not work under the
environment of high background rate.

29



Figure 2.4: The three-dimensional illustration of the Belle II detector.
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Chapter 3

Overview of RICH counters

3.1 Introduction

In this chapter, overview of Cherenkov counters, which are used as particle identification
(PID) devices using Cherenkov radiation, is described. The principle and classification of
Cherenkov counters are presented, and finally the applications of the Cherenkov counters
in high energy physics experiments, especially B-factory experiments are outlined.

3.1.1 Cherenkov radiation

When the velocity of a charged particle v is higher than the velocity of light in a medium,
that particle emits light like as the sonic boom from a supersonic body. The velocity of
light in a medium is given as ¢/n, where n is the refractive index of the medium and ¢
is the velocity of light in vacuum. Thus, we obtain the condition of a light emission as
follows:

c
> — 3.1
vzl (3.1
in other words,
gz . (3.2)
- ’]’L’ .

where [ is defined as v/c. This emission was first discovered by P. A. Cherenkov [31],
therefore, the mechanism of light emission is named Cherenkov radiation. Here, if the
both side quantities in Eq.(3.2) are equal

B = —, (3.3)

S|

where [, represents the threshold velocity of a Cherenkov radiation in a medium with
n. Therefore, a particle, which has velocity below the (i, does not emit any Cherenkov
light in that medium.

Fig. 3.1 shows a schematic of a Cherenkov radiation from a charged particle traveling
with a velocity of v = Bc. The emission angle 6 shown in Fig. 3.1 is calculated by the
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following equation:
cAt 1
vAt  ng’

cosfc = (3.4)
Where, At is the time span of the charged particle passing in the medium. In general,
we experimentally obtain momentum information of charged particles through track in-
formation in a magnetic field instead of getting their velocity 3 directly. The momentum
of a charged particle can be calculated from the radius of curvature in a magnetic field.
Here, we can use the following equation in order to obtain the momentum: p = 0.3pB,
where p is the particle momentum (GeV/c), p is the radius of curvature (m), and B is the
magnetic field (T), respectively. Thus, we can represent Eq.(3.4) as follows by replacing
a (# as a momentum p:

m

b= vVnZcos2Oo — 1

where, we used the relationship as a § = [p|/E = |p|/\/m? + p? and the natural unit
(¢ =1). Accordingly, the following equation gives the threshold momentum py:

(3.5)

Pin = = (3.6)

Fig. 3.2 shows the relationship between the threshold momentum py;, and refractive indices
n for stable charged particles (e, u, 7, K and proton).

c ..
FAt Y .
0c RN
Char_ged S
particle vAt -7
Cherenkov et -
light JPtet

Figure 3.1: The schematic of the principle of a Cherenkov radiation.

3.1.2 Number of Cherenkov photons

The equation to estimate the number of emitted Cherenkov photons Ny, was proposed
by I. M Frank and I. Y. Tamm in 1937 [32]. In general, N, depends on the wavelength
of a emitted photon. In the case of a particle with charge ze, Ny, for a wavelength A is
given by the Frank-Tamm relation® as follows:

d2Np}1 2maz? 1 2raz?
= 1— = in? O (A .
ddr N ( 62(71()\))2) sz S fo(d), (3.7)
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Figure 3.2: The plots of threshold momentum as a function of the refractive index by
Eq.(3.6). Plots are calculated for major stable particles.

where, « is the fine structure constant. Eq.(3.7) is equivalent to the following equation
as a function of the photon energy:

d*Npp, a?z?

— 2 in“f0c(E 3.8

dEdx TeMeC sin” 6o (B), (38)
~ 370 (em™'eV1)2?sin? O (E), (3.9)

where, r. is the classical radius of an electron, and m, is the electron mass, respectively.
In practice, we use a photon detector with a certain detection efficiency €(F), which is
mainly consisted of the followings:

e Quantum efficiency eg(E) of the photon detector.

e Transparency 7' (E) and reflection R(E) of materials used for the entrance window
of the photon detector.

e Geometrical acceptance €4 for the sensitive area of the photon detector.

By integration of Eq.(3.7) or Eq.(3.9) with taking the efficiency €(E) into accounts, we
obtain the number of detected photoelectrons NV, on the detector as follows:

Npe = LNy2? sin® 6, (3.10)

where, L is a path length of charged tracks in the radiator, Ny ~ 370 (cm™'eV™!) [€(E)dE
is so called detector response parameter which indicates the detection performance consid-
ering all the efficiencies. When a typical photomultiplier tube (PMT) is used as the photon

!The work of the observation and characterized of a Cherenkov radiation by P. A. Cherenkov, I. M
Frank and I. Y. Tamm between 1934 and 1944 was awarded the 1958 Nobel Prize in Physics.
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detector, Ny is around 60 cm™! [33]. In general, N, taked a quantity 30-180 cm™! [34] in
variation photon.

Fig. 3.3 show the number of detected photoelectrons as a function of track momentum

p. These plots are estimated by Eq.(3.10) with the refractive index of n = 1.03 and

assuming the detector parameter with Ny = 60 cm™!.
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Figure 3.3: The number of photoelectrons as a function of a track momentum for major
stable particles estimated by Eq.(3.10). This plots are assumed n = 1.03 and Ny =
60 cm™1.

3.1.3 Radiators

In adoption of a Cherenkov counter for particle identification, choice of a radiator material
is quite important. Due to Eq.(3.6), we should choose a radiator having an appropriate re-
fractive index according to the momentum range of interested particles. As the discussion
in the above section, the number of emitted Cherenkov photon is a function of a refractive
index n and a path length of charged tracks in the radiator L. Several commonly used
materials as the radiator for Cherenkov counter systems are listed in Table 3.1.

Materials with lower refractive indicies (< 1.01-1.03), such as gases, are preferred to
be used for particle identification in the high momentum range. Although the lower index
radiator can not produce many Cherenkov photons, a gas radiator has an advantage in
building large size radiators can easily expand the volume of them. In contrast, materials
with larger refractive indicies, such as liquids or solids, are used for a particle identification
in the low momentum range. With the refractive indices over 1.05, most stable charged
particles can emit Cherenkov light with threshold momentum py, > 2 GeV/c shown in
Fig.3.2.
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Table 3.1: Commonly used medium materials and their refractive index [34].

Material Refractive index

Air (dry, 1atm) 1.000289

COq 1.000449

CHy4 1.000444

Silice aerogel 1.004-1.1
Water(H,O) 1.33
Fused quartz (SiOy) 1.46
Sodium chloride (NaCl) 1.54
Sodium iodide (Nal) 1.77

Silica aerogel

The radiator material has to be highly transparent to be used for the Cherenkov counter.
Silica aerogel is one of transparent solid materials widely used as radiators for Cherenkov
counters. In 1990’s a new production process, which can produce silica aerogels with lower
refractive indices of 1.01-1.03 and hydrophobic, was established by the collaboration of
KEK and Matsushita Electronic Works. Silica aerogel tiles thus produced were used for
the threshold type Cherenkov Counter of the Belle experiment [35]. The hydrophobic
property is important to prevent aged deterioration of transparencies. After the estab-
lishment of the new production process, silica aerogel tiles with lower refractive indices
have been commercially available for various scientific experiments.

A silica aerogel tile consists of three-dimensional network of SiO, colloidal clusters.
Fig. 3.4 shows an illustration of the three-dimensional structure of silica aerogel. The silica
aerogel tile is generally obtained by drying solvent such as alcohol from alcoholic silica
gel (alcogel). Then, silica (SiOs) clusters grow up to form three-dimensional networks,
and then a silica aerogel tile is obtained by a special solvent drying process which is
called supercritical drying. The refractive index of silica aerogel is mainly determined
by its density. By adjusting-quantity of alcohol as the solvent in the alcogel synthesis,
the density of the SiO, network connection can be controlled, thus the aerogel with any
refractive index in the range 1.004 to 1.10 can be obtained in principle. In addition, by
a special treatment in the alcogel synthesis and a drying the tiles with substitution of
alcohol with COsq, hydrophobic silica aerogel tiles can be obtained [36].

3.2 Classification of Cherenkov counters

Following two informations from the Cherenkov radiation are available in order to identify
charged particles:

1. The light emission yield that depends on the velocity of a charged particle. This
information is useful where the velocity of a particle 3 is around the Cherenkov
threshold (5 ~ B).

2. The Cherenkov emission angle 6 given by the particle mass m and momentum p.
This information is usable where the velocity of a particle 3 is above the Cherenkov
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SiO, cluster Cluster diameter
2 2-3nm

Figure 3.4: The illustration of three-dimensional networks of silica particles. SiO5 clusters
become a primary particle with a diameter of 2-3 nm. They will connect each other three-
dimensionally with hole-gap of 50-60 nm.

Figure 3.5: Picture of an aerogel tile with a low refractive index (n = 1.009) and hydropho-
bic [36]. This aerogel was produced using the recently in vented production method.

threshold (6 > ().

A threshold type Cherenkov counter uses only the former information. A Ring Imaging
Cherenkov (RICH) counter uses both of them. Both type of Cherenkov counters are
outlined in the following section.

3.2.1 Threshold type Cherenkov counter

If two particles having same momentum belong to different particle species, they should
have different threshold momentum. For example, if we use a radiator with n = 1.05,
pions can emit Cherenkov light at the momentum of 1 GeV /¢, but kaons can’t emit at
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the same momentum as shown in the Fig.3.2. Thus, we can perform 7/K identification
by observing a Cherenkov light emission.

A threshold type counter with a water radiator was first built by J. V. Jelley in 1951
in order to detect muons in cosmic-ray [37]. In 1958, a threshold type counter with a CO,
gas radiator was used by J. H. Atkinson and V. Perez-Mendez in order to select pions
with a momentum requirement [38].

In high energy physics, radiators with refractive indices of more than 1.1 are disfa-
vored for the threshold type counter, as most of stable charged particles can always emit
Cherenkov lights at the momentum above 1 GeV/c. In order to make radiators have low
refractive indices, gaseous radiators are commonly used as threshold type counters. As
described in the previous section, silica aerogel tiles with a low refractive index of 1.03 or
less is commercially available. Silica aerogel tiles are commonly employed as radiators of
a threshold type Cherenkov counter such as the one used for 7/K separation at the Belle
experiment. The Aerogel Cherenkov Counter (ACC) system [13] employed by the Belle
experiment is described as an example of threshold type counter.

ACC system of Belle

The ACC system consist of 1,188 counter modules in total. The layout of ACCs in the
Belle detector is shown as in Fig. 1.17. Fig. 3.6 show schematics of a typical ACC module
employed at (a) barrel region and (b) end-cap region, respectively. ACC modules contain
five silica aerogel tiles which are stacked in an aluminum box (12 x 12 x 12cm?). Due to
the operation under high magnetic field of 1.5'T, a ACC module adopted one or two fine
mesh-type photomultiplier tubes (FM-PMTs) as the photon detector [39].
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I \ Air light guide (CFRP)
120 mm Aerogel \ CFRP(0.5mm thick)
Goretex Reflector
(a) Barrel part module (b) End-cap part module

Figure 3.6: Ilustrations of ACC modules for (a) barrel part, (b) end-cap part, respec-
tively [13].

Both low refractive indices and high hydrophobic property are required for silica aero-
gels of ACC modules. On the contrary, such aerogels were not commercially available.
Thus the ACC development group had to establish the new production method. They
succeeded to provide the silica aerogel that satisfy their requirements [35]. Several differ-
ent refractive indices were chosen for ACC modules to optimize the performance of w/K
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identification. As shown in Fig. 1.17, aerogel tiles with n = 1.010, 1.013, 1.015, 1.020, and
1.028 were used for barrel part modules, and end-cap part modules used only aerogel tiles
with n = 1.030. Those refractive indices of the ACC system are chosen by taking account
of the polar angle dependence of the Lorentz boost and of the availability of the other
particle identification devices. Fig. 3.7 is a refractive index range used by ACC modules
quoted from Fig.3.2. For barrel region ACC is designed to perform /K separation up
to the maximum momentum of B meson decays, which corresponds to 3.5GeV/c at the
forward barrel region. The 7/K identification at lower momentum region that is nec-
essary to perform flavor tagging of B mesons, is covered by TOF system in the barrel
region. However the TOF system is not placed in the end-cap region, thus the end-cap
part ACC modules are designed to have only a refractive index of n = 1.030 to cover 7/K
separation in the low momentum region, while losing the separation of high momentum
pions and kaons coming from rare B meson decays.
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Figure 3.7: Threshold momentum py, as a function of the refractive index n used for ACC
modules. Solid lines correspond to pions (red) and kaons (blue), respectively. This plots
are focused on a index range 1.00-1.05 from Fig.3.2. Refractive index ranges used for
barrel part and end-cap part are indicated as vertical dashed lines.

3.2.2 Ring imaging type Cherenkov counter

A Ring Imaging Cherenkov (RICH) counter performs particle identification by using the
Cherenkov angle 6 that is obtained from the measurement of a radius r of the imaged
Cherenkov ring. Since particle identification devices employ the RICH system work at
above the Cherenkov threshold velocity Gy, they can cover wider momentum range com-
pared with threshold type Cherenkov counters. The Cherenkov angle 6 is calculated for
pions and kaons with various momenta by using Eq.(3.5) and shown in Fig. 3.8.

Original form of the RICH counter was proposed by A. Robert in 1966 [40]. It em-
ployed a two-dimensional image intensifier and a focusing lens to focus Cherenkov ring
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images on the surface of the intensifier. This counter however was not practically in
use because the intensifier had low quantum efficiency and have limited sensitive area.
The practical RICH counter had first been proposed by J. Seguinot and T. Ypsilantis
in 1977. They demonstrated that a Multi-Wire Proportional Chamber (MWPC), which
consisted of the gas admixed with the photosensitive gas such as Benzene, was feasible
to be uses as a photon detector of the RICH counter [41]. Cherenkov ring images had
first been observed by G. Charpak et al. in 1979. They used a Multi-Step Avalanche
Chamber (MSAC) with Tri-Ethyl-Amine (TEA) as the photosensitive gas [42]. Recently,
multi-anode PMTs with high two-dimensional position sensitivity are available. Moreover
silica aerogels with suitable refractive index and with high transparency are commercially
available. Therefore, RICH counters utilize silica aerogel radiator and multi-anode PMT's
have been widely used in recent high energy physics experiments.
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Figure 3.8: Cherenkov angle ¢ as a function of the momentum of a pion (red solid line)
and a kaon (blue dashed line). 6¢ was calculated in the radiator with the refractive index
of 1.05.

Focusing scheme

There're two types of RICH counters having different focusing scheme as shown in Fig. 3.9.
Fig. 3.9 (a) is called as Mirror focusing type RICH counter, and was developed as orig-
inal form of a RICH counter. This type of detector consists of a radiator, a focusing
mirror, and a photon detector array, and focuses Cherenkov photons on the photon de-
tector surface by a spherical mirror. Optical properties of focusing mirrors are required
to be designed precisely, as the accuracy of the measurement of Cherenkov ring radius is
determined by them.

Fig. 3.9 (b) shows the other RICH system which is called a Proximity focusing type
RICH counter. This type counter measures a Cherenkov ring radius without any photon
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focusing using mirrors. Therefore the optical design of this counter can be easy than a
mirror focusing type. In order to prevent degradation accuracy of a Cherenkov ring radius
measurement and to suppress loss of the number of detected photoelectrons by absorption
or inner-scattering, the radiator have to be thin thickness should be used for this counter.

Photon
detectors
Radiator S|c_>her|cal Radiator -
mirror Photon detectors
(a) Mirror focusing scheme (b) Proximity focusing scheme

Figure 3.9: The two conceptual schematics of a RICH system.

3.3 Particle identification using a RICH counter

3.3.1 Definition of separation power of PID

The number of standard deviation ng to distinguish a particle A with mass m 4 against a
particle B with mass mp (m4 < mp) at the same momentum p, is evaluated as follows:

g = |6)C(A) _QC(B)|\/N_pe, (311>

o

where 6c(A) and 0¢(B) are the Cherenkov angle for the particle A and B, respectively, oy
is the resolution in the Cherenkov angle measurement, and Ny, is the number of detected
photoelectrons which are used for reconstruction of a Cherenkov ring.

0c(A) and Oc(B) are estimated by the Eq.(3.4). 0y and N, are measured parameters
and can be essentially estimated by the detector performance that is determined by the
optical properties of a radiator, an accuracy of photon detection points, and geometries
of detector components.

3.3.2 Maximum momentum for particle identification

Momentum limits for particle identification to sustain the required separation power ng,
is described in this subsection. When a RICH counter, which is expected to have the
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separation power ng that is defined in the Eq.(3.11), discriminates a particle A with mass
m 4 from a particle B with mpg(> m,), the upper limit of the momentum py,., is evaluated
by the designed detector performance parameter k. as follows [43, 44]:

Am?
max — s 12
p \/3 e (3.12)

where Am? = m% — m?, and k, is defined as flowing equation:

k. = tan ¢ (3.13)

09
v/ Npe
k. directly depends on the Cherenkov angle resolution oy and the number of photoelectrons
Npe. In the momentum range between py,(A) and py(B), a RICH counter operates as a
threshold type effectively.

For example, if the separation power of ng = 4 were to be required at the maximum
momentum of ppa.x = 4GeV/c, the k. of the RICH counter for n/K identification is
required to be k., = 1.8 x 1073, In order to satisfy this detector performance parameter,
refractive index of a radiator can be n = 1.03 a radiator, then Cherenkov angle ¢ for
kaons is estimated to be 209 mrad at pyax. If this RICH counter can detect Ny to be 10,
0y is required to be less than 26 mrad.

In order to achieve the required PID performance with a RICH counter, the optical
properties of the radiator and the specification of the photon detector are necessary to be
designed carefully.

3.4 RICH counters in high energy physics

RICH counters are realized as a performance particle identification device in high energy
physics research. In this section, several RICH systems employed at B-factory experiments
are overviewed.

3.4.1 HERMES RICH at HERA

The HERMES (HERA MEasurement of Spin) experiment [45] is a polarized deep inelastic
scattering experiment at the HERA electron storage ring at DESY. In order to study
spin structure of the nucleon, the HERMES experiment is a fixed target experiment with
27.5 GeV electron (or positron) beam and internal gas targets of polarized and unpolarized
hydrogen, deuterium etc. Fig.3.11 (a) shows the cross-sectional view of the HERMES
detector design.

The spectrometer of HERMES adopted RICH system for hadron (7, K, proton) iden-
tification [44, 46]. The HERMES RICH counter is located about 5m downstream of the
target and is sandwiched by tracking devices. The HERMES RICH counter was designed
to separate pions and kaons up to 15 GeV/c. In order to achieve the above performance,
the HERMES RICH counter adopted a dual-radiator RICH scheme which employed silica
aerogels and C4F( gas as radiators. This is the first case that a silica aerogel was adopted
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as radiator of a RICH system in a high energy physics experiment with accelerators. Re-
fractive indices of radiators were corresponding to 1.00137 and 1.03 for C4F;¢ and a silica
aerogel, respectively. The momentum range of 7/K identification were overlapped for
these radiators. 7/K identification in the low momentum region up to 6.7 GeV/c was
covered by an aerogel radiator, and the high momentum region of 2.7-15GeV/c was
covered by the C,F;y radiator, respectively.

Fig.3.10 (b) shows the illustration of the HERMES RICH counter. 425 aerogel tiles
with size of 114 x 114 x 11.3mm? were employed, and 5 tiles were stacked in five layers,
with 5 horizontal rows and 17 vertical columns. The radius of curvature of the mirror
array was 2.20m. Produced Cherenkov photons by silica aerogel tiles or C,Fi5 were
reflected by the spherical mirror array and were focused on the photon detector matrix.
Two Cherenkov rings with differential radii were designed to be observed. PMTs with a
diameter of 18.6 mm were adopted as a photon detector, and these PMTs were arranged
to 23.3mm x 23.3 mm pitch.

By analyzing experimental pion track data [44], RICH parameters of the HERMES
RICH system were obtained the single Cherenkov angle resolution of ¢ = 7.6 mrad and
7.5mrad for an aerogel and C,Fg, respectively.

3.4.2 HERA-B RICH at HERA

The HERA-B experiment is a fixed target experiment at the HERA proton storage ring at
DESY and is designed to measure rare B meson decay processes [47]. In order to produce
B mesons, protons with 920 GeV are injected to a fixed wire target. Fig.3.11 (a) shows
the cross-sectional view of the HERA-B detector design.

In the HERA-B experiment, a gaseous RICH system was adopted to distinguish kaons
from pions [48]. Fig.3.11(b) shows the cross-sectional view of schematic design of the
HERA-B RICH counter. The HERA-B RICH counter was designed to separate kaons
and pions up to 50 GeV/c at the interaction rate up to 40 Hz. The gas radiator vessel in
the HERA-B RICH counter was placed about 10 m downstream along the beam direction
from the fixed target. The HERA-B RICH counter employed Perfluorobutane gas C4Hyq
as a radiator, which have refractive index of n = 1.00137. The threshold momentum for
kaons corresponds to 9.6 GeV/c in this radiator gas, therefore this counter was also used
as the threshold type counter up to 9.6 GeV/c.

This counter used a dual mirror focusing scheme. Cherenkov photons produced by
the entering charged track in the gas vessel were collected on the primary mirror array.
The primary mirror, which have spherical shape of a curvature of 11.4m, was used for
focusing the Cherenkov photons onto the second mirror surface. The secondary mirror
of planar shape imaged a Cherenkov ring on the photon detector surface. Both mirrors
were placed inside of gas radiator vessel.

This was the first experiment that a multi-anode PMT was used as the imaging photon
detector in a RICH system [48]. Two types of multi-anode PMTs, which consisted with
Hamamatsu multi-anode R5900-00-M16 and R5900-03-M4 for 16 and 4 square shaped
channels, respectively, were adopted. One type of PMT consisted with 16 squared shaped
pads of 4.5 x 4.5mm?, the other consisted with 4 squared pads of 9 x 9mm?.

By analyzing the collision data of the HERA-B experiment [48], RICH parameters of
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the HERA-B RICH system were evaluated the single Cherenkov angle resolution to be
o = 0.7mrad and the number of photoelectrons to be N,. = 33 for 3 = 1 particles.

3.4.3 BaBar DIRC at PEP-1I1

The BaBar detector [10] at the PEP-IT accelerator at the SLAC adopted the unique RICH
counter, which is called as Detector of Internally Reflected Cherenkov light (DIRC) [14],
as the 7/K identification device. The principle of a DIRC counter is described in below.
Cherenkov photons from a charged track of 5 ~ 1 in a quartz bar have the emission angle
that is depending on the track incident angle and is below the total internal reflection
angle, therefore they propagate to ends of a quartz bar. When propagated photons exit
from quartz bar end, they have a large angle with respect to the quartz bar axis. Then
these photons are detected by the position sensitive photon detectors at the outside of a
quart bar and are reconstructed as a ring image.

Fig. 3.12 show the cross-sectional view of the BaBar detector (a) and the BaBar DIRC
counter (b). The BaBar DIRC counter was designed to separate pions and kaons coming
from B meson decays over a momentum range of 0.7-4.2 GeV/c. A radiator of the DIRC
counter was silica fuzed quartz with the refractive index of 1.473. Twelve quartz bars
of 49m x 6cm? were used, and they were installed at outside of the Drift Chamber
(DCH) which provided the incident position and momentum of a track entered to the
DIRC counter. The forward quartz bar end was instrumented with a mirror to reflect
photons that is emitted to forward direction to backward direction. Propagated photons
were detected by a PMT array located about 1.2m away from the bar end, they were
traveling through a expansion region filled with the ultra-pure water of about 6,000 /.
10,752 PMTs having had a diameter of 2.82 cm formed a PMT array.

The DIRC counter is a three-dimensional imaging device, which uses both the two-
dimensional position and timing information. Therefore the DIRC counter could reject
random background hits that have inconsistent timing compared to the TOF timing. The
PMTs of the DIRC counter had averaged time resolution of 1.5ns.

By analyzing ete™ — ptu~ events [14], RICH parameters of the DIRC counter were
evaluated. The Cherenkov angle resolution was evaluated to be ¢ = 2.5 mrad per track
and the averaged number of photoelectrons N, were evaluated to be about 17 for per-
pendicular incidence to nearly 60 for polar angles towards the forward and backward
regions.

3.4.4 LHCb RICH at LHC

LHCbD is one of the experiments at LHC collider at CERN, and is currently the sole
running (super) B-factory experiment in the world. The LHCb experiment aims the
high precision measurement of the C'P violation in B meson system and rare decays of
B mesons. Fig.3.13 (a) shows the cross-sectional view of the LHCb detector [49]. In
order to perform 7/K identification in a momentum range of 1-100 GeV /¢, the LHCb
detector [49] uses two RICH counters, RICH1 and RICH2.

Fig.3.13 (b) and (c) show cross-sectional view of the two RICH counters of LHCb [50].
The RICH1 counter, which can provide information of 7/ K separation in low momentum
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region of 1-60 GeV/¢, is located directly behind the vertex detector. The RICH1 covers
the horizontal angular acceptance of 300 mrad. This counter has two radiators of different
refractive indices. A silica aerogel have a refractive index with n = 1.03 and C4Fo gas
have a refractive index of n = 1.0014. The thickness of an aerogel tile is 5 cm. The RICH1
system adopts almost the same mechanism of the HERMES RICH counter’s: Cherenkov
photons, which are produced in aerogel as an entering wall and C4F, are focused on the
photon detector surface by the spherical mirror array as shown in Fig.3.13 (b). Then the
RICH1 obtains two rings of different radii from aerogels and C4Fyg.

The RICH2 counter, which can provide information of 7/K separation in high mo-
mentum region of 15-100 GeV /¢, uses a single radiator made of CF4 gas with n = 1.0005.
This counter is located behind the magnet and the tracking system. The RICH2 cov-
ers the horizontal angular acceptance of 120 mrad as shown in Fig.3.13 (¢). The RICH2
have almost the same mechanism of the HERA-B RICH counter’s: produced Cherenkov
photons are focused by the primary spherical mirrors and the secondary planar mirrors.

In order to satisfy the requirements for LHCb RICH systems, the LHCb collaborators
developed a new photon detector, which is a pixellated Hybrid PhotonDiodes (HPD) tube.
The HPD tube contains the pixelated silicon sensor chip, that is divided by 32 x 32 = 1024
pixels with 500 x 500 um? as a pixel size. 168 and 262 HPD tubes are used in RICH1 and
RICH2, respectively.

From analyzing proton collision data [51], performance of the LHCb RICH system were
evaluated. The single Cherenkov angle resolution was evaluated to be o = 1.618 mrad,
0.68 mrad, and 5.0 mrad for C,F,o, CF,, and aerogels, respectively. From analyzing tagged
D° — K~7* decay events [51], the number of photoelectrons were obtained to be Ny =
20.4, 15.8, and 5.0 for C4F;o, CF4, and aerogels, respectively.

3.4.5 Belle 11 TOP at Super KEKB

The TOP counter [52] is located in the barrel region the Belle II detector as shown in
Fig. 2.4, and is one of the Cherenkov counter based on the totally internally reflecting
RICH scheme that is similar to that of the Babar DIRC counter as shown in Fig.3.12 (b).
Fig. 3.14 shows the overview of the TOP counter [53]. This counter is designed to per-
form 7/K separation with high precision in momentum range up to 4 GeV/c. The TOP
counter have the combined quartz optics, which consists of two fused silica quartz bars,
spherical focusing mirror, and of a prism-shape expansion block. In order to propagate
Cherenkov photons inside the radiator with preserving the Cherenkov ring image, the
sides of radiators are required to be flat and parallel to a very tight tolerance. The de-
signed flatness is less than 10\ (A is wavelength of a Cherenkov photon) over the entire
bar length (~ 1.2m). The roughness of the quartz surface required to be less than 5 A°
r.m.s. to minimize photon loss.

The Cherenkov ring image is reconstructed using the three-dimensional information
provided by the position of two-dimensional coordinates (z,y) and precise timing by a
fine time resolution photon detector. The 4-ch micro-channel plate Photo Multiplier tube
(MCP-PMT) is adopted as the photon detector. The MCP-PMT for the TOP counter
has a single photon timing resolution of about 30 ps under a magnetic field of 1.5T. The
TOP counter contains 16 quartz bar module, which has 32 MCP-PMTs.
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The prototype TOP counter was tested with 8 GeV/c¢ electron beam [53]. Form the
beam test, we find then the time resolution to be about 100 ps, including the intrinsic
resolution, PMT jitter, beam timing fluctuation. This time resolution and the distribution
of the number of photon hits show good agreement with the expectation of Monte Carlo
simulation.
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Figure 3.14: Conceptual overview of TOP counter [53].
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Chapter 4

The ARICH counter

In this chapter, the conceptual design of the Aerogel Cherenkov counter of the Belle 11
detector is described.

4.1 Design concepts

As discussed in chapter 1, in order to perform the charged particle identification (PID) in
the end-cap region of the Belle IT detector at the wide momentum range up to 4 GeV/c,
the Aerogel Ring Imaging Cherenkov (ARICH) counter was adopted. In this section, the
design of the ARICH counter and elements used for this counter which satisfy the required
performances are described.

As shown in the chapter 1, the ARICH counter used for the Belle detector is required
to have the following conditions:

1. A whole structure has to be installed within the available space of 280 mm in the
direction of the beam axis as shown in Fig. 4.1.

2. A position sensitive photon detector has to have to be the enough sensitivity for
single photon detection and tolerance for a high magnetic field (1.5T).

3. A radiator has to have a sufficiently long transmission length.

In order to satisfy the first condition, the proximity focusing type RICH system is
adopted because focusing mirror system requires additional volume for focusing of re-
flected photons. Performance of a RICH counter is mainly determined by the Cherenkov
angle resolution oy and the number of detected photoelectrons N,.. The Cherenkov angle
resolution oy is contributed by the ambiguity of the emission point inside of the radia-
tor, the measurement error originated from a spacial resolution of the photon detector,
and the chromatic error of the radiator material. To avoid deterioration of performance
caused by these contributions, the choice of the suitable photon detector and the radiator
material is very important.

After the careful study, the dual silica aerogel layer and the 144-ch Hybrid Avalanche
Photo Detectors (HAPDs) were finally adopted as the radiator and the photon detector,
respectively. The conceptual design of ARICH counter as shown in Fig. 4.2. The reasons
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why the silica aerogel radiator and the HAPD are the suitable element of the ARICH
counter are described in the following sections.
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Figure 4.1: Horizontal cross-section of the Belle II detector. The ARICH counter will
be installed in the forward end-cap region corresponding to the polar angle range 17° <
0 < 35° from the interaction point (IP). Only 280 mm along the beam pipe direction is
available for the ARICH counter, and a high magnetic field of 1.5T exists in this region.

4.2 Photon detector

The photon detector used for the Belle IT ARICH counter is required to have the following
criteria:

e The ARICH counter is placed in the magnetic field B = 1.5T along the beam
direction (see Fig.4.1). Thus apparatuses used in the ARICH counter should be
immune in this high magnetic field.

e At the maximum value of the target momentum range (p = 4 GeV/¢), the Cherenkov
angle difference between a pion and a kaon is Afq(K/7) = 23 mrad with a radiator
refractive index of 1.05. It corresponds to the difference of ring image radius of
Ar ~ 5mm. Thus the pixel size of the photon detector is required to be less than
5mm which is equivalent to a spacial resolution of 5/ V12 mm.

e Radiation damages is one of big concerns in the end-cap region of the Belle II
detector. Main radiation sources are neutrons and v-rays. The radiation hardness
for these particles is required throughout the 10-year Belle II operation.
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Figure 4.2: The conceptual design of the ARICH counter. The dual silica aerogel layer
as the radiator and the 144-ch Hybrid Avalanche Photo Detectors as the photon detector
will be used for this counter.

Although several candidates, which were used for in high energy physics experiments,
are available as the photon detector of the ARICH counter, the 144-ch multi-anode Hy-
brid Avalanche Photo-detector (HAPD) was adopted. Several candidates of the photon
detector for the ARICH counter are introduced and the reason why we adopt the HAPD
are described in the following subsections.

4.2.1 Photo multiplier tube (PMT)

The conventional PMT is one of the useful photon detectors for high energy physics,
nuclear physics, and astro-physics experiments. The typical PMT has about 20 dynodes.
By applying high electric potential about 2kV in total, finally 10°~7 electrons can be
obtained for single photon from a PMT. Due to a dynode structure and an internal
electric field, a PMT generally can not be used in a magnetic field, because amplified
electrons in dynodes are affected by the Lorentz force F ~ E + ¥ x B, where 7 is a
photoelectron velocity and E and B are electric and magnetic fields, respectively.

As the photon detector of Aerogel Cherenkov counter (ACC) at the Belle experiment,
fine-mesh photo-multiplier tubes (FM-PMTs), which can be used operative under a mag-
netic field of 1.5T, was developed [39]. Because the FM-PMT consists with fine-mesh
type dynodes placed perpendicular to the phototube axis, so that the electric field is al-
most parallel to the phototube axis. Thus the FM-PMT can be operated in the magnetic
field that is parallel to the electric field direction in the FM-PMT.

Three different entrance window sizes of 2", 2.5", and 3" depending on a installed
place for the Belle ACC, were used. But the same FM-PMTs are not suitable as the
ARICH photon detector because sensitive area of the FM-PMT is too large to get position
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resolution of less than 5 mm.

A gain of the FM-PMT has a large fluctuation in the amplification process, hence it is
very difficult to clearly separate a single photo electron from noise. This means FM-PMTs
are not suitable for single photon counting, which is vital for RICH photon detectors.

4.2.2 Micro Channel Plate PMT (MCP-PMT)

A Micro Channel Plate (MCP) is the resistive disk that contain a lot of capillaries with
an inner diameter of < 20 um. Fig.4.3 [54] shows the structure and the schematic of
amplification principle of an MCP. One capillary corresponds to a channel. Applying high
voltage between both ends of the MCP, injected electrons are accelerated and bombarded
on to a inner wall of a channel. Then secondary electrons are emitted, and this process
is repeated a few times inside of a capillary channel. Finally about 10* electrons are
obtained from a channel.

The MCP-PMT is a phototube, which contains with (usually) two MCPs. An MCP-
PMT have a multi anode array to collect electrons, which can perform as a two-dimensional
photon detector.

Due to the smaller diameter capillary, the drift length of an electron in a channel
should be reduce hence the spread of drift time can be suppressed. Therefore MCP-PMT
has a good time resolution, typical MCP-PMT achieves the time resolution of ~ 30 ps.

Because each channel is separated by the resistive wall, electrons are amplified and are
collected by an anode without any losses in a magnetic field. Therefore an MCP-PMT is
a good candidate for photon detector used in a magnetic field.

But due to the small entrance of a capillary, the electron collection efficiency of the
MCP-PMT is not so high (~ 60%). Since photon loss should be made as little as possible

for a RICH counter, it become a disadvantage for using MCP-PMT as the photon detector
of a RICH counter.

CHANNEL

CHANNEL WALL

OUTPUT
INPUT ELECTRODE
ELECTRON

o— %

INPUT ELECTRODE 4

THBV3_1001EA

Figure 4.3: The schematics of the structure of a micro channel plate (MCP) [54]. Left:

overview of the MCP. Right: the principle of the electron amplification in an MCP channel
hole.
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4.2.3 Multi Pixel Photon Counter (MPPC)

The MPPC is one of the silicon semi-conductor detector, and it consists of the pixelated
avalanche photo-diodes operating in a Geiger mode. This device is also so called as
SiPM (Silicon Photo-Multiplier). The typical MPPC pixel pitch is about 50 um and the
sensitive area is about 1 x 1 mm?. The MPPC contains with about 10*~° pixels. Recently
the MPPC with the larger sensitive area (<5 X 5mm) is commercially available.

Due to a Geiger mode operation in each pixel, it is regarded that the number of
injection photons is equal to the number of photon detected pixels, when the number of
injection photons are very few. Therefore the MPPC is a good photon counting device.

Although the MPPC is easy to operate because the applying voltage is typically around
50V, the applying bias voltage to MPPC pixels depends on a temperature, and the dark
count rate of the MPPC is very high (about > 100kHz for a typical MPPC). The dark
count is also depending on a temperature. In order to operate the MPPC stably, the
temperature controlling and the the correction to the bias voltage are necessary.

The size of a sensitive area is small then its cost is inexpensive, however MPPCs have
to be used about 107~ modules to cover the ARICH acceptance (~ 3.5m?).

4.2.4 Hybrid Photo Detector (HPD)

The photon counting device, which is called as Hybrid Photo Detector (HPD), uses the
combination of two amplification step. Fig. 4.4 [54] shows the schematic view of an HPD
structure. This detector contains a semi-conductor photo-sensor in a vacuum tube. As
the photo sensor, an avalanche photo-diode (APD) is used.

In the first step, the photoelectrons are accelerated using a high electric field by ap-
plying HV of about 7kV between the photo-cathode and the APD chip in vacuum. Ac-
celerated photoelectrons are bombarded onto the inner APD and electron—hole (e™—h™)
pairs are generated. This process produces about 1,100 e"—h™ pairs in the APD de-
pendent on the incident energy of a photoelectron. This amplification gain is called as
electron bombardment gain. The bombardment gain is approximately proportional
to the applying electric potential difference.

In the second step, the avalanche amplification occurs in the APD. An electron
produced at the bombardment creates around 50 e”—h™ pairs in the high field region of
the APD with an inverse bias voltage of around 300V. As the result, the total gain will
be approximately 55,000.

The comparisons of main difference between an HPD and typical PMT are listed as
follows [54]:

e The pulse height resolution of an HPD is extremely good compared to that of a
PMT. Since the amplification process of HPD has little fluctuation, it has excellent
pulse height resolution. One can separate a pulse height distribution by 1 to around
5 photoelectrons.

e Time response is faster than a PMT. An HPD has no dynodes, then photoelectrons
are directly bombarded onto the APD.

e The total gain of a HPD (~ O(10°)) is lower than a PMT (~ O(10577)). Thus the
HPD should be used together with a high-gain and a low-noise amplifier.
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e In an HPD, most photoelectrons from the photo-cathode strike the internal APD
by high bombardment voltage.

ELECTRON
BOMBARDMENT GAIN AVALANCHE GAIN AD

INPUT LIGHT PHOTO-
Z ELECTRON

TOTAL GAIN: 55,000

x1100 x50
\.VACUUM VESSEL
PHOTOCATHODE ~—_— AD REVERSE BIAS
SUPPLY VOLTAGE: -8 kV VOLTAGE: 150 V

THBV3_1101EA

Figure 4.4: The schematics of the structure of a Hybrid Photo detector (HPD) [54].

To satisfy conditions to be installed for the Belle II end-cap region and achieve per-
formances of a photon detector for a RICH counter, 144-ch multi-anode type Hybrid
Avalanche Photo Detector (HAPD) had been chosen. This modules were developed and
studied by the ARICH development group cooperating with Hamamatsu Photonics K.K.
since 2002. The 420 HAPDs will be installed in the ARICH counter. MCP-PMT (Pho-
tons BURLE model 85112, two MCPs with 10 um, 8 X 8 = 64 anode pads at 6.5 mm) was
studied as the back-up option of the ARICH counter.

Details about the studies of the HAPD, in particular improvement of the radiation
hardness, will be described in the chapter 5.

4.3 Radiator

Due to spacial limitation for the ARICH counter volume, the radius of a Cherenkov ring
produced by the particle with = 1 is expected to be around < 60mm. As shown in
Fig.4.1, the expansion length is available only about 200 mm, which is the remaining
space after the subtraction of the space reserved for radiator layer, photon detectors,
and related equipments. Since gaseous radiator with too low refractive index close to air
(n ~ 1.00) requires the long expansion volume of about 2m, and the number of produced
Cherenkov photons should be few. Therefore the gaseous radiator is not suitable for the
proximity focusing type RICH system.

Since the liquid and quartz radiator have the higher refractive index n > 1.3, it is
expected that the particle with 3 ~ 1 has large emission angle. In the proximity focusing
RICH system, a Cherenkov photon with large emission angle can not go outside of the
radiator due to the total internal reflection in the radiator: When a charged particle enters
the radiator with right angle and produces Cherenkov photons with a emission angle ¢,
the produced Cherenkov photons should be totally reflected on the inner radiator surface.

o7



The refracting angle is obtained by using the Snell’s law:
No sin By = nq sin 6, (4.1)

where indices 1 or 2 indicate the material with different refractive index n; or ns, and
01 and 0y are the refracting angle in each materials. By the Eq.(4.1), the critical angle
0. between the radiator with the refractive index n and air (n,, ~ 1.0) is estimated to
be nsin . = nu;sinw/2 ~ 1. When a Cherenkov light, which has the emission angle ¢
given by the Eq.(3.4), is totally reflected in the radiator (fc = 6..), the following relation

is obtained:
1\? 1\?
sin 0, + cos? . ~ <—> + (—) = 1.
n nf

Here, it is assumed that incident charged particle have 3 = 1, then the critical refractive
index n. is estimated by 1/n? 4 1/n? = 2/n? = 1, to be n. = v/2 ~ 1.41. As the result,
the solid radiator with higher refractive index (n > 1.4) such as a silica quartz (n = 1.46)
can not be used for the proximity focusing type RICH system.

Liquid radiators, which have refractive index around 1.33 or more, do not totally reflect
Cherenkov light. The emission angle from the radiator to the expansion space however is
too large to measure the radius of a Cherenkov ring. Therefore liquid radiators are not
suitable for the proximity focusing type RICH system either.

As the result, a silica aerogel radiator was remained as a unique material for the

ARICH counter.

4.3.1 Choice of the refractive index

Refractive index of silica aerogel can be adjusted in the range of 1.004 to 1.10. To avoid
the loss of the number of Cherenkov photoelectrons Npe, high transmission length is
necessary. Fig.4.5 [36] shows dependence of the transmission length on the refractive
indices. Three kinds of marker are indicated according to the solvent material used for
the alcogel synthesis; triangles (green) and circles (red) are ethanol and methanol, which
are traditional solvents, respectively. Open squares (blue) are DMF! which was intro-
duced to obtain silica aerogels with higher transparency [36]. In general, the transmis-
sion length decreases in proportion to the refractive index, and the highest transmission
length is obtained at around 1.03 to 1.05. In addition, since the number of Cherenkov
photons, which were produced in the radiator with the refractive index n, is proportional
to sin®fc = 1 — 1/(nB)?, the radiator having the high refractive index can produce more
Cherenkov photons. Therefore the ARICH counter was designed to use the silica aerogel
with refractive index of 1.05 to have high transmission length and obtain the sufficient
quantity of photoelectrons.

Furthermore, the method to produce a large size (180 x 180 x 20 mm?) hydrophobic
aerogel with high transparency was established [36, 55].

LN, N-dimethylformamide [HCON(CH3)s]
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Figure 4.5: Transmission length as a function of the refractive indices at 400 nm of injected
photons [36]. Markers are corresponding to kinds of a solvent used for synthesizing of
alcogel with an ethanol (triangles), a methanol (circles), and DMF (squares), respectively.

4.3.2 Thickness of a radiator

The Cherenkov angle resolution of a track of'® = 0y/1/Nye is the crucial parameter to
determine the ARICH performance. Fig.4.7 (a) shows the Cherenkov photon trajectories
in the typical proximity focusing type RICH system. The contribution of the radiator
thickness d to o is proportional to d/y/Npe. If the absorption length is large enough
compared with d, the number of detected photons increases linearly with the thickness
and o'* becomes proportional to v/d. The thinner aerogel can reduce oy due to the
decreased ambiguity of the emission point of a Cherenkov photon, although the detected
photons will be decreased. It was verified that an optimal thickness of the aerogel for the
ARICH counter should be around 20 mm [56, 57].

4.3.3 Dual radiator focusing

In order to increase the number of detected photons without degrading the resolution, the
dual layer focusing scheme was introduced [57]. Fig.4.7 (b)) shows the proximity focusing
RICH system with the dual radiators. The dual layer focusing RICH counter consists of
two aerogel tiles with different refractive indices attached each other.
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the aerogel tile thickness [57]. These plots are corresponded to three different transmission
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Figure 4.7: Schematics of proximity focusing schemes; (a) Normal type proximity focusing
system with a single-layer radiator, (b) Proximity focusing system with dual layer focusing,
which consists with different refractive indices of ny and ny (ny < ny) are used. The total
thickness of aerogels d in both systems are the same.
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By adjusting the refractive index of the downstream aerogel ny to be slightly higher
than that of the upstream aerogel n;, the Cherenkov angle in the downstream aerogel
becomes slightly larger than that of the upstream aerogel. As the result, the Cherenkov
photons from the two aerogel tiles are focused on the surface of the photon detector array.

When the total thickness of two radiators is equal to that of single layer system
(d = dy + dy), it is expected that the N, by the dual layer focusing RICH counter is
approximately equal to the N, by the single layer focusing RICH counter. But due to
the focusing of the Cherenkov ring by the downstream aerogel on the photon detector
surface, the Cherenkov angle resolution oy using the dual layer focusing can be improved
comparing with the single layer focusing system.

As the discussion in the previous subsection, the ARICH counter requires the aerogel
radiator with the refractive index of around 1.05. For dual radiator focusing scheme,
combination of the refractive indices of ny = 1.045 and ny = 1.055 was adopted [57].

4.4 Structure design

In light of the above discussion, the ARICH counter for the Belle II detector was design
as follows:

e The dual layered silica aerogels, with refractive indices of n; = 1.045 and ny = 1.055
for the upstream and downstream aerogel, respectively.

e The thickness of both aerogel tiles is 20 mm, and the expansion region between the
upstream end of the first aerogel and the surface of the photon detector is 200 mm.

e The 420 HAPDs are used as the photon detector.

The ARICH container consists of two cylinders inner and outer radii of 420 mm and
1140 mm, respectively. Fig.4.8 shows designed drawing of the ARICH counter. The left
figure corresponds to the X—Y plane, which is perpendicular to the beam pipe direction,
and it is divided by four parts; the front view of the HAPD arrangement (top left),
the backward of the HAPD fixed plate (top right), the aerogel tiling (bottom left), and
the end-plate of the ARICH counter (bottom right), respectively. To collect Cherenkov
photons emitted to the out of polar angle acceptance (> 35°) of the ARICH, the 18 planar
mirrors are installed on the outer wall.

The main parameters of the ARICH structure are summarized in Table4.1.
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Table 4.1: The summary of the ARICH mechanical structure

Dimensions Inner radius 420 mm
Outer radius 1140 mm
Depth 280 mm

Material Aluminum

Estimated wight Support structure 122 kg
Aerogel tiles with container 25kg
HAPD modules and cables 203 kg
Outer reflection mirrors Tkg
Total weight 357kg
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left part), the rear view (top right part), and the front view of the aerogel arrangement (bottom left part). Right: The side view

Figure 4.8: The schematic drawing of the ARICH mechanical structure. Left: The front view of the HAPD arrangement (top
of the ARICH structure.



4.5 Readout electronics

Due to the space limitation, the readout electronics and other related equipments are
required to be installed within 50 mm along the beam axis direction.

Readout ASIC

The readout electronics of the HAPD used for the ARICH counter are required to have
high-gain and a low-noise amplifier so that it can discriminate the single photon signal
from noise. Note that the charge information is used only for discrimination between
single photons and noise; most of the Cherenkov photon hits are from single photons, and
only the hit information (yes or no) is important.

In order to satisfy the spacial condition and the required performance, a custom ASIC
chip, which is named SA03, was developed. The SA03 chip has 36 channels. Each channels
have a charge-sensitive amplifier, waveform shaper, and discriminator. The SA03 chip is
packaged with the LTCC package?, and the package size is 1.3 x 1.3 cm.

Fig.4.10 shows the SA03 main circuit diagram of a channel. The shaper has a variable
shaping time that allows the readout electronics to cope with the increase of the noise
level due to damage of an HAPD by the neutron radiation. The detail discussion of the
radiation damage of a n HAPD will be described in the next section. The specifications
of the SA03 chip are summarized in Table 4.2.

Figure 4.9: The picture of the ARICH readout ASIC (SA03): the front-side view (left)
and the rear-side view (right).

Front-end board

The front-end board, which is directly attached to the backplane of an HAPD, has four
readout ASIC chips (Fig.4.11 (a)) and an FPGA chip (Xilinx Spartan6) for readout con-
trol and communication to the higher levels of the readout system (Fig.4.11(b)). The
other components on the front-end board are a bias voltage connector for the attached

2Low Temperature Co-fired Ceramics package
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Table 4.2: SA03 specification
Production process TSMC CMOS 0.35 ym

Baer chip size 3.0 x 6.5 mm?

# of channels 36

Noise level (Design) 2,000 electrons at 80 pF
Operation voltage +1.65V

Ampilifier part

B #1 e A e
,
e
1 i e Shaper part
A | e & Offset adjuster (coarse)
1=
Offset adjuster lL_r
(fine) | [
g _|'|‘| . i~ Discriminator part
o L H 000000000000000
) »

Digital out

Figure 4.10: The block diagram of the SA03 main circuit of a channel.

HAPD and temperature sensor chips [58]. The size of the front-end board is designed to
fit the HAPD.

In the ASIC the signal from the HAPD is amplified, shaped and discriminated to
create hit information. The hit information from the ASIC is buffered in the FPGA and
is sent to the merger system.

Merger system

To merge the hit information from several front-end boards and to suppress the data
size, the relaying system, which is named as merger board, is installed at the backplane
of the ARICH container. Fig.4.12 (a) shows the overview of the ARICH readout system
through the front-end board and the merger board. A merger board collects data from five
or six front-end boards, and unites them as single data series, with zero data suppressed.
Finally, the merged data are send to the Belle II central data acquisition (DAQ) system
through a optical cable, named Belle2-link.
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Fig.4.12 (b) shows the photograph of the merger board. An ARICH merger board
consists of the following components:

e A programable FPGA chip (Xilinx Virtex5)
e Six front-end board connectors
e An optical interface for the Belle2-link

e Two LAN cable interface for receiving the trigger clock from the Belle II detector
and the FPGA configuration signals

e Power supply connector

Since the 420 front-end board are used, the 72 merger board will be installed in the
ARICH counter.

(a) HAPD side (b) Mounting on the HAPD

Figure 4.11: Pictures of the front-end board mounted on an HAPD.
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Figure 4.12: The schematic of the ARICH readout system (a) and the merger board (b).
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Chapter 5

Development of the HAPD

In this chapter, the development of the 144-ch Hybrid Avalanche Photo Detector (HAPD)
used for the ARICH counter is described. In particular, detail studies for the radiation
hardness of HAPD modules is described.

5.1 Specifications

In the discussion in chapter 4, 144-ch HAPDs were decided to be used as the position
sensitive photon detectors of the ARICH counter.

An HAPD is composed of a Bialkali photo-cathode, a vacuum tube, and four avalanche
photo-diode (APD) chips. Each of the APD is divided into 6 x 6 pixels , resulting in 144
channels. The schematics of the HAPD are shown in Fig. 5.1. Specifications of the HAPD
module for dimensions, materials, and gains are summarized in Table 5.1.

73 mm 28 mm

4.9 mm
—

Figure 5.1: Picture of the exterior (left) and the design of the 144-ch HAPD (right).
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Table 5.1: HAPD specification

# of pixels 12 x 12 =144 ch
Package size 73 x 73 x 28 mm?
Pixel size 4.9 x 4.9 mm?
Effective area 65%
Capacitance 80 pF
Window material Synthetic quartz
Window thickness 3mm
photo-cathode material Bialkali
Quantum efficiency ~ 28% (average, at 400 nm)
Avalanche gain ~40
Bombardment gain ~ 1650, at 7TkV
S/N ~15

5.2 Basic performances

5.2.1 Detection of single photon

In an HAPD module, photoelectrons are amplified in two steps (Fig.5.2). In the first
step, photoelectrons are accelerated by a high electric field; after passing a potential
difference of 7-8kV in vacuum they hit APDs, and produce 1,600-1,800 electron—hole
pairs (Fig. 5.2 (a)). This gain is known as an electron bombarded gain. In the second step,
an avalanche amplification occurs in APDs. Thus generated electron produces around 40
electron—hole pairs in a high-field region of an APD with an inverse bias voltage of around
350V (Fig.5.2(b)). This gain is known as an avalanche gain. As a result, a total gain
becomes around 7 x 10%.

Fig. 5.3 show the avalanche gain and the electron bombarded gain for a APD chip in
the typical HAPD. In this sample, if the inverse bias voltage and the cathode voltage
are applied to be 330V and —7kV, which correspond to typical operational voltages, the
avalanche gain G, and the bombardment gain Gg,,, are obtained to be 40 and 1,500,
respectively. As the result, the total gain G is obtained as G = G'ava X Ggom = 60, 000.

Because the bombardment gain (~ O(10%)) is larger than the avalanche gain, the sta-
tistical fluctuation in the output signal can be suppressed; this effect is further enhanced
using the Fano factor in silicon. Therefore, HAPDs have excellent performance in sin-
gle photoelectron separation. Fig.5.4 shows a pulse height distribution obtained by an
HAPD sample with multiple photons produced using a blue LED. We fit this distribution
with a sum of three Gaussians for the three peaks, corresponding to the noise, single
photoelectrons (1p.e.), and two photoelectrons (2p.e.), and a second-order polynomial
function. From the difference of the mean values between 1 p.e. and 2 p.e., the signal gain
of 1p.e. was calculated to be about 46,000. The noise equivalent to number of electrons
was calculated as about 2,000 from the width (10) of the leftmost Gaussian. We have
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Figure 5.2: Illustrations of the HAPD and the structure of an APD. There are two
mechanisms of electron amplification. These include bombarded gain due to the electric
field (a), and avalanche gain in the APD (b).

therefore obtained a signal-to-noise ratio S/N of about 23, which is sufficient for reliable
single photon detection in the ARICH counter.

5.2.2 Detection efficiencies

The HAPD used for the ARICH counter has the bialkali photo-cathode [54]. Fig.5.5 shows
the quantum efficiency (QE) of the bialkali photo-cathode as a function of wavelength of
the injected light. In this sample, we found that the value of QE is over 30% at around
400 nm which corresponds to the wavelength of the typical Cherenkov light.

Fig. 5.6 shows the two-dimensional hit map, where the horizontal and vertical axis
corresponds to injection position of the pulse laser. Colors of each point indicate the
detection efficiency of pulse laser light. As the result, we found that the detection efficiency
of the HAPD is sufficiently uniform over the sensitive area. A blue box at x = 22 mm and
y = 60mm of this figure corresponds to a dead channel of the readout electronics. The
shape distortion of outermost channels of the HAPD can be explained as distortion of
the electric field in the vacuum tube of the HAPD. The effect is expected to be improved
during operation of the HAPD under a high magnetic field, and is described in the next
subsection.

5.2.3 Operation in a magnetic field

In the Belle II detector, high magnetic field of 1.5T is applied at the central part of the
detector along the beam direction to measure momenta of charged particles. An electric
field in an HAPD is applied to be parallel to the vacuum tube of an HAPD and thus
perpendicular to contained APD chips. But the electric field at the inner edge near the
wall and photo-cathode of the HAPD, is distorted as shown in Fig.5.7. Due to this
deformation of the electric field in edge part of an HAPD, photoelectrons produced near
the edge of the HAPD, can not travel along the direction of the tube, and the hit position
onto an APD chip is displaced. If an HAPD is placed in the magnetic field that is parallel
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Figure 5.3: The avalanche gain and the bombardment gain of a recent HAPD sample. (a)
Avalanche gain as a function of the applying inverse bias voltage. (b) Electron bombarded
gain as a function of the bombardment voltage applying in photo-cathode.
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Figure 5.4: The pulse height distribution for low intensity pulsed LED illumination.
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Figure 5.6: The two-dimensional hit map by injecting laser positions. Colors of each point
indicate the detection frequency of pulse laser light.

to the tube, photoelectrons travel along the exterior magnetic field line and can hit onto
the correct position of the APD. Photoelectron trajectory becomes helix orbit with a
Larmor radius rp, along a magnetic field line, but the 7, in a high magnetic field of 1.5T
should be about 1pum or less, then this effect is almost negligible. Therefore, the full
effective area of the HAPD in a magnetic field can be available.

The other issue is the back-scattering on the APD surface. Some photoelectrons are
reflected on the APD surface and are occasionally collected by neighboring APD pixels.
Fig. 5.8 (a) shows the photoelectron hit map for a APD pixel without a magnetic field,
where the horizontal and vertical axis corresponds to the LED light injection position.
This data is taken by two-dimensionally moving the LED to scan whoe AHPD region and
taking data from only one APD pixel. The small squared-like area seen in the bottom-left
corresponds to the measured APD pixel, other hit signals are mainly made by back-
scattering photoelectrons. At this condition without magnetic field, the back-scattering
hits are measured up to 35mm from the LED light position. On the other hand, if an
HAPD is placed in parallel to a magnetic field, this spread of back-scattering hits can
be suppressed. When the HAPD was operated in a magnetic field of 1.5T, the two-
dimensional hit map was obtained as shown in Fig.5.8 (b). the back-scattering radius is
clearly decreased and is measured to be 15 mm.
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5.3 Radiation hardness of HAPD and its improve-
ment

Besides the various mechanical and electrical constraints, the HAPD is also required to
have sufficient radiation tolerance for 10-year Belle II operation. In the front of the end-
cap region of Belle II, a one MeV-equivalent neutron fluence of 1 x 10*2 cm~2 and a y-ray
dose of up to approximately 100 Gy are expected in total for 10-year operation.

5.3.1 Neutrons

Neutrons induce lattice defects in the bulk region of an APD. This results in an increase
of the leakage current through this region. We found that a shot noise from the HAPD
also increases and causes a degradation of S/N in the single photon detection. We had
performed several irradiation tests to investigate the source of shot noise. As the result,
we confirmed that the leakage current from the P-layer is larger than that from the N-layer
because the electrons from the P-layer get amplified in the avalanche region, while the
amplification for holes from the N-layer is negligible (Fig.5.2(b)). The leakage current
can, therefore, be efficiently reduced with making a P-layer thinner, and this solution to
suppress the noise increase due to bulk damage, was implemented in the final design of
the APD.

The noise can also be suppressed by having a shorter shaping time in the front-end
electronics. The main components of the noise for each channel of the HAPD are the shot
noise and amplification noise. We assume that the shot noise and amplification noise are
proportional to v/l GT ~ /7 and 1/+/7, respectively. Here, I, is the leakage current
from one channel, G is the avalanche gain, and 7 is the shaping time of a readout system.

Because the shot noise is proportional to /7, it can be suppressed by using a shorter
shaping time. However, the total noise increases for very short shaping times, as the am-
plification noise is inversely proportional to /7. We have calculated the optimal shaping
time to be 100 ns with G = 40. To cope with noise increase by neutrons, we developed a
readout ASIC (SAO03, see chapter 4.5) such that the shaping time can be varied between
100 ns and 200 ns.

5.3.2 ~-rays

The ~-ray radiation causes charge up around the structure on the APD surface. In
particular, we found that ~-rays easily charge up a protection film, which covers the APD
in order to protect it from alkali materials that are evaporated during photo-cathode
deposition. We then found that the breakdown voltage between the film and the structure
around it was reduced as the y-ray dose was increased. As a result, we found that the
breakdown voltage got below the normal operational voltage, and the APD had to be
operated at lower avalanche gain. Therefore, the surface part of the APD had to be
redesigned to prevent the charge increase, while keeping sufficient protection from alkali
materials.
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5.3.3 Verification of improvements

In 2012, we performed a series of irradiation tests to confirm that the HAPD with an
improved APD has a sufficient tolerance to both neutron and v-ray irradiations expected
at Belle II [60]. We performed the neutron irradiation test at the neutron beam line at
J-PARC MLF (Ibaraki, Japan). The HAPDs having a thinner P-layer were irradiated
with a fluence of up to 0.86 x 10'? neutrons/cm? (one MeV-equivalent).

Fig. 5.9 shows the result of the neutron irradiation test for the HAPD irradiated with
0.86 x 10'? neutrons/cm?. This plot compares the noise levels for shaping times of 100 ns
and 250ns. We confirmed that shaping time of 100 ns suppresses the noise induced by
the neutron irradiation, and the noise levels for 100 ns is lower than that for 250 ns. The
noise after neutron irradiation is expected to be around 5,000e~ with an avalanche gain
of 40. Since the single photoelectron signal is estimated as 1700 x 40 = 68,000(e~) with
nominal operational bombarded voltage and inverse bias voltage, we estimate the S/N to
be greater than 10. We found that the noise increase by neutron fluence the is acceptable
for the ARICH counter. As a result, we conclude that the developed HAPD sensor
that has a thinner P-layer, can separate single photoelectrons from noise even above the
expected level of neutron irradiation for 10-year operation.
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Figure 5.9: Results of the neutron irradiation test in 2012. The measured noise is plot-
ted with filled symbols as a function of the effective avalanche gain corresponding to a
reduced bias voltage due to the increased leakage current; the filled symbols correspond
to measurements with 250 ns (red) and 100 ns (blue) after irradiation with neutrons cor-
responding to a fluence of 0.86 x 10'2cm=2. The open symbols correspond to estimated
noise levels assuming the shot noise for 250 ns and 100 ns, and the noise expectations are
fitted with the solid line.

After cooling the HAPDs for around three months from the neutron irradiation, a -
ray irradiation test was performed at a %°Co facility of Nagoya University in 2012 [60]. We
irradiated the HAPDs up to 1,000 Gy and performed in-situ measurement of the leakage
current during and after the irradiation. A comparison of the leakage current before and
after the ~-ray irradiation is shown in Fig. 5.10.
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Figure 5.10: Comparison of leakage current before and after the irradiation: before the
irradiation (blue square), after 600 Gy (orange rhombus), and 1,000 Gy (red circle), and
on day after irradiation (green triangle). The operational voltage is indicated as vertical
dash line corresponding to 327 V.

Right after the irradiation, the breakdown voltages for the APDs with ~-ray doses of
600 Gy and 1,000 Gy are found to be below the operational voltage of the APD (327V,
corresponding to an avalanche gain of 40). However, after a day of annealing at room
temperature, the breakdown voltage was recovered to exceed the operational voltage.
This indicates that the effect ascribed to the charge-up of the surface only happens if
radiation dose exceed by several orders of magnitude larger than that expected in Belle
IT. In summary, we have confirmed that the HAPDs will be reliably operated up to the
maximal expected neutron fluences and ~-ray doses and Belle II, and even beyond.
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Chapter 6

Beam test using the prototype
ARICH counter

In this chapter, studies of the prototype ARICH counter using electron beam are de-
scribed. In order to confirm the basic performance of the ARICH counter using the
developed components including a neutron and ~-ray irradiated HAPD, we constructed a
prototype detector and have carried out a test at the electron beam line T24, at DESY.

6.1 Prototype ARICH counter

The prototype ARICH counter consists of six HAPD modules, two aerogel tiles, and six
front-end boards. The configuration of aerogels and HAPDs that is used for this study,
are listed in Table6.1, and the HAPD layout is shown in Fig. 6.1 (a).

HAPD No.4 is used for the radiation hardness tests, irradiated with a neutron fluence
of 0.86 x 10'? cm™2 and with a y-ray dose of 1,000 Gy (see chapter 5.3).

A set of two aerogels with ny; = 1.0467 and ny = 1.0592, which were chosen to focus
Cherenkov photons at the HAPD surface, were mounted in front of the HAPD array. We
mounted the aerogel layers with a distance of 200 mm from the upstream surface of the
aerogel ny to the surface of the entrance window of HAPDs as shown in Fig.6.3. The
aerogel for upstream with n; = 1.0467 was produced by the conventional method, and the
downstream aerogel no, = 1.0592 was produced by the pin-drying method. Both aerogel
tiles were trimmed with the squared shape, and a size of them were 182 mm and 168 mm,
respectively.

The cross-sectional photograph of the constructed prototype ARICH counter is shown
as Fig. 6.2. Electron beam comes from the right hand side in this photograph. In the beam
test, to investigate the basic performance of the prototype ARICH counter, we arranged
to locate the prototype counter such that the surface of the aerogel in the prototype
counter was perpendicular to the beam direction.
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(a) HAPD layout (b) Photograph from the front

Figure 6.1: The HAPD layout of the prototype ARICH counter (a) and the photograph

(b).

Table 6.1: Specification of the prototype ARICH used for this study. n is the refractive
index, A7 is the transmission length and d is the thickness for an individual aerogel tile.

Aerogels Position n Ar d dimensions
Upstream 1.0467 47mm  20.3mm 182 x 182 mm?
Downstream 1.0592 59mm 20.3mm 168 x 168 mm?

HAPDs ID QE(peak) Remarks
No.1 27.4%
No.2 25.2%
No.3 28.9%
No.4 31.1% neutrons and 7-ray irradiated
No.5 26.8%
No.6 22.3%

6.2 Overview of the beam test at DESY

In order to perform the beam test using the prototype ARICH counter, we used the DESY
test beam line, T24 [61]. In the DESY test beam facility, a bremsstrahlung is generated by
colliding a beam of the DESY II electron/positron synchrotron onto the fixed target. The
radiation photons are converted to et—e~ pairs with a metal plate. Then the electrons
are spread out into a horizontal fan with a dipole magnet located in the downstream of
the conversion target, and the electron test beam is generated by cut out the electrons
spreader out of this fan with a collimator. By changing the magnetic field of the dipole
magnet, beam energy can be selected up to 6 GeV.

The beam parameters used for our beam test and general informations are summarized
in the Table6.2. We basically took the data using 5GeV electron beam, and the beam
direction was selected such that it was perpendicular to the photodetector and aerogel
planes. All the tests were carried out in the absence of a magnetic field at the ARCIH
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Figure 6.2: The photograph of the prototype ARICH counter in the light-tight box.
area.

Table 6.2: Summary of the beam test using the prototype ARICH counter at DESY.
Informations for the DESY test beam facility are found in Ref.[61].

Location DESY test beam T24
Period 20 — 27 May, 2013
Beam particle electron
Beam energy 5GeV
Injection rate ~ 500 Hz at 5 GeV
DAQ rate (average) 250 Hz

Trigger and tracking system

A pair of plastic scintillation counters and four multi-wire projection chamber (MWPC)
modules were used for the trigger generator and beam tracking detector, respectively.
They were located in front side and rear side of the light-tight box accommodating the
prototype counter. The beam direction and location each equipments are indicated in
Fig.6.3.

Fig. 6.4 shows the schematic of the top view of the setup in the light-tight box and
MWPCs located just in front and rear of the light-tight box. We located the prototype
counter that consists of two aerogel tiles and the array of six HAPDs such that an electron
beam pass through on the center of the whole system.

A pair of plastic scintillation counters is used for trigger. By taking the coincidence
of signals from two scintillators, trigger signal was created.

We used multi-wire proportional chamber (MWPC) modules as the two-dimensional
tracking device. The sensitive area of the MWPC module corresponds to 5 x 5cm? with
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Figure 6.4: The top view of the experimental setup of beam test
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wire pitch of 2 mm for each module, then one-dimensional tracking resolution corresponds
to 2/4/12 mm, respectively.

Fig. 6.6 is the beam profile on the X-Y plane of the HAPD array. The beam size was
found to be about 4 x 4 cm?.

Table 6.3: The specification of a MWPC module.

Anode # of wires Diameter [pm)]
(Wite) 2 15
Cathode (X & Y) # of strips Width [mm]  Pitch [mm]
(Strip line) 30 1.6 2.0
Entering window 55 x 55 mm?
Gas Ar:CO, (70:30)

Y
‘i_’x 2.0 mm

7 1.6 mm
1.5 mm I —— - - - Y-cathod-e strip plane
1.5mmI * = - =+ = = = - Anode wires
X-cathode strip plane

Figure 6.5: The schematic of the cross-sectional view of cathode and anode plane in a
MWPC module.

Readout electronics

HAPD signals were read out by the front-end boards attached to the back planes of the
HAPD modules. The neutron-irradiated HAPD (that corresponds to HAPD No.4) have
large shot noise coming from the neutron dose. For that HAPD, we require short shaping
time to suppress the noise. The shaping time of the ASICs in the front-end boards are
set to be 100 ns for HAPD Nos. 2, 4, and 6, and 250 ns for Nos. 1, 3, and 5.
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Figure 6.6: The beam profile on the surface of HAPD array.
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Figure 6.7: The block diagram of data acquisition system for the prototype ARICH beam
test.
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6.3 Measuring Cherenkov angle 6- and number of
photoelectrons N,

In this section, I describe how we perform 7/K identification from the quantities, i.e.
Cherenkov angle 6¢ and/or the number of photoelectrons N, that are measured for each
event by the prototype RICH counter. I also discuss the possible errors of the particle
identification using the prototype RICH counter.

6.3.1 Reconstruction of the Cherenkov angle ¢

In this subsection, the way how to determine emission angle 6c of Cherenkov photons in
the ARICH counter is given. Fig.6.8 define parameters used for the determination of a
Cherenkov angle. In the following explanations I use the coordinate that z-axis is defined
as the direction of charged track trajectory and XY plane is defined to be perpendicular
to z-axis.

In order to determine the Cherenkov angle of every Cherenkov photon, the radius of
a Cherenkov ring is reconstructed as the following steps:

1. The incident point of the charged track on the HAPD array surface (¢, o) is cal-
culated by interpolating by two MWPCs located in front and rear of the light-tight
box.

2. A charged track is passing through a radiator with a refractive index n and a thick-
ness d.

3. The hit point (z,y) of a Cherenkov photon is determined by the position of the
APD pixel where the photoelectron injected.

4. The radius r of a Cherenkov ring is calculated as the distance between the track
incident point and the photon detected point.

5. For each Cherenkov photon, ¢ is reconstructed by tan fc = r/L. Here, the emission
point z, is assumed as the middle of the upstream aerogel, then the path length L
is defined as L = 200(mm) — 2. In this beam test, L is to be 189.85 mm.

Since the ARICH counter is the dual-radiator focusing type, we have to correct the
reconstructed Cherenkov angle for the refraction effect at every boundary of materials.
The schematic of the correction of the refraction shows in Fig. 6.9, and the corrected ring
radius r is given as follows:

ni

sinQi = —sian, (61)
1
N=4 N=4
r = Zriz d; tan 0;, (6.2)

i=1 i=1

where n;, d; (i=1-4) are refractive indices and thicknesses of each material. 6; is the
refractive angle of the ith material, and it is given by the Snell’s law Eq.(4.1). indices i
mean the i-th material from the upstream aerogel ny to the entrance window (quartz) ny.

83



Radiator
Xy n: Refractive index
,A d : Thickness —

e X y:
Detection point

Cherenkov

photon r : Ring radius

0c : Cherenkov angle

Charged track

> 7

Track passing point

L : path lenght a : Sensitive area

Z,

. : Emission point Photon detector

Figure 6.8: The schematic of the considerable parameters used for to determine of the
Cherenkov angle resolution 6.
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Figure 6.9: The schematic of the principle of Cherenkov angle reconstruction at the
ARICH counter. d; are thickness of each materials, 6; is the emission angle corresponding
to fc, and 6; are refractive angle n; at the ith material given by the Snell’s law Eq.(4.1).
The emission point z. is assumed at the middle of d;.

6.3.2 Cherenkov angle resolution oy

Fig. 6.8 shows the geometrical parameters used to determine the Cherenkov angle resolu-
tion oy In this prototype ARICH counter test. The oy can be estimated by the following
errors:

1. Measurement errors for photon detection point (z,y, z).
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2. Geometric error originated from the photon emission point z.
3. Chromatic error due to the dependency of a photon energy E in the refractive index.
4. Incident position error for the entering charged particle.

The total Cherenkov angle resolution is given by following relation as:

o0 2
oy — Z(%a) (6.3)

where v; = x,v, 2, 2., F/, xy are the variables contributing to the angle resolution, and xy
is the difference between the measured and correct position of a incident charged particle.
Here, I ignore the correlations among the variables, since they are expected to be small
enough.

Geometrical constants in the prototype ARICH counter system used to estimate the
Cherenkov angle resolution oy, are listed in Table6.4. In the following subsection, I esti-
mate how uncertainties of variables can contribute into the Cherenkov angle resolution oy
obtained by the beam test using the prototype ARICH counter. Here, the Cherenkov an-
gle O¢ for an electron with momentum of 5 GeV /¢ at the upstream aerogel n; is estimated
as 299.84 mrad by using Eq.(3.5).

Table 6.4: Geometrical constants in the prototype ARICH system.

Refractive index n; 1.0467
Radiator thickness d; 20.3 mm
Emission point z,  d;/2 = 10.15mm (middle of thickness)
Path length L 200.0(mm) — 4 = 189.85 mm
HAPD pixel size a 4.9 mm

1. Position measurement errors

This error is evaluated from position resolutions (o,,0,) that are originated in the de-
termination accuracies of the photon detection point (x,y) on a photon detector surface.
When photon detectors having pixelated sensitive squared pads with a pixel size of a X a,
are employed for a RICH counter and when a is sufficiently smaller than a path length
L (a < L), we can consider that o, and o, approximately correspond to the position
resolution of a sensitive pixel size opix. It can be estimated by the following equation:

Oy = 0y = Opix = L. (6.4)

V12

This error is an irreducible error, and can not be reduced without using a smaller pixel size
photon detector. Although, in general, the determination of detection point is performed
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three-dimensionally, the error for z direction can be approximately ignored when the path
length L is sufficiently longer than the Cherenkov ring radius 7.

When condition tanog(z) ~ og(x) is satisfied (i.e. op(z) < 1), the factor 90/0x
can be considered as the geometrical conversion factor between the angle and the spacial
resolution. Finally, the corresponding resolution oy(x) in the Cherenkov angle can be
estimated as follows:

00 a
0'9(517) = <a—x) Opix = L—\/ﬁ COS2 Hc. (65)

In our prototype ARICH counter, oy(x) is estimated as 6.80 mrad.

2. Geometric error

This error stems from an uncertainty in the emission point z., of Cherenkov photons along
a radiator thickness d. When we calculate the Cherenkov angle, a emission point z, is
fixed as the middle of d approximately. Because, in principle, z, can not be measured, it
has an irreducible error o, defined as follows:

Uze = —F. (66)

This error can not be reduced without making the radiator thickness thinner or without
making the path length L to be much longer than d (d < L).

When condition tanoy(z.) ~ og(z.) is satisfied (i.e. oy(z.) < 1), the factor 06/0z,
can be considered as the geometrical conversion factor between the angle and the spacial
resolution. Finally, the corresponding resolution oy(z) in the Cherenkov angle can be
estimated as follows:

oo(ze) = (g—i) 0, = L\iﬁ cos O sin 0. (6.7)

In our prototype ARICH counter, oy(z.) is estimated as 8.71 mrad.

3. Chromatic error

This error contributes in the Cherenkov angle resolution through the variation of a radiator
refractive index n depending on a Cherenkov photon energy F, and it is determined by
the dispersion of radiator materials.

The corresponding resolution oy with respect to a chromatic error og is evaluated as

follows:
o) (1) (22 o 68

where E' = he/\ is energy of the detected Cherenkov photon with the wavelength A.
The first factor of Eq.(6.8) is obtained by the derivative of Eq.(3.4), as

00 1

on  ntan Oc (6.9)
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The second factor of Eq.(6.8) is known as the radiator dispersion. In general, this
dispersion can explained by the Lorenz-Lorentz relation as follows:

n?—1

5y = CI(B), (6.10)

where C' is the material density dependent constant, and f(FE) is the energy dependency
of the refractive index n, respectively.

Since the silica acrogel used the ARICH counter is low density material (0.02-0.5 g/cm?),
the energy dependency of the refractive index of an aerogel is negligible. Thus we can
consider that the energy dependency corresponding to the second factor in Eq.(6.8) is
approximately a spread of a refractive index ¢,,. Therefore the chromatic error can be
represented by the accuracy of the refractive index as follows:

On

The o, for the acrogel with n = 1.05 was measured by [36], then the o,, = 0.0008 was
obtained. By using the above value, oy(E) is estimated as 2.47 mrad.

4. Incident particle position error

This error is given by the position resolution zy of the tracking detector. Fig. 6.10 shows
the schematic of the determination of the angular resolution oy(xy) from the tracking
error. The track incident position xy at the HAPD surface is determined by interpolating
the track using the information from a pair of MWPCs located in just front and rear of
the light-tight box. xy is given as xy = axs + (1 — a)zy, where o = L'/AZ = 0.598.
Then, the incident position error Azy is given as (Azg)? ~ a?(Axy)? + (1 — )?(Axy)?,
where Az; and Az, correspond to the one-dimensional position resolution of a MWPC.
Since two MWPCs have the same position resolution of Azy = Azy = 2/ V12mm, Azy
is estimated as 0.423 mm.

The conversion from the position resolution Axy to the angular resolution oy is same
as that from position resolution of a HAPD (o,;) and is given as follows:

AZEH

7 cos® Oc. (6.12)

00($H) =

As the result, op(zy) is estimated as 2.03 mrad for the beam test.

Note that this is not a part of intrinsic resolution of the ARICH. The incident particle
position us given by CDC at Belle II, and the resolution estimated in above should be
different at Belle II

Total angular resolution oy

Since the correlations among the above four errors are expected to be small enough, the
total angular resolution oy is estimated by the square root of the summing of them in
quadrature. As the result, we can estimate the oy is to be 11.50 mrad.
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Figure 6.10: The schematic of the determination of the tracking resolution o,,.

6.3.3 Cherenkov photon yield N,

The number of detected photoelectrons N can estimated by the Frank-Tamm relation
Eq.(3.7) adding detection efficiencies of the RICH counter. For the (prototype) ARICH
counter, they correspond to the quantum efficiency €g(E), transmittance 7', and geomet-
rical acceptance ¢,.

In order to evaluate the fraction of N, in the radiator, the transmittance 7(\) and
the emission point dependency are described in this section. In general, the total trans-
mittance T'(\) is given as follows:

T(\) = A-S(\), (6.13)

where A is the absorption without A dependence, and S()) is the inner scattering that is
dominantly the Rayleigh scattering depending to A\* for the aerogel radiator.

Absorption

The N, degradation that is independent of wavelength, is explained as the absorption A
in the radiator. A is defined using the absorption length A 4 as follows:

Ao |- (6.14)

A is also one of the Hunt parameter, and if a radiator has a good optical quality, A should
be close to one.

Rayleigh scattering

Because the wavelength of a Cherenkov photon is mainly distributed around the visible
light range (200-800 nm), the Rayleigh scattering becomes the dominant source of the Npe
degradation in the aerogel radiator. The transmission regards to the Rayleigh scattering
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in the silica aerogel S(\) is usually represented as follows:

(6.15)

S(V) = exp [— Cﬂ ,

A

where \ is wavelength of a Cherenkov photon, d is the radiator thickness, and C' is called
the Hunt parameter [62], respectively. The C indicates clarity of the radiator, and the
combination Cd is usually measured in [pm?] units. If a radiator has a good optical
quality, C' should be close to zero.

Emission point dependency

In practical situation, there is an ambiguity about the emission point z. Furthermore a
Cherenkov photon is emitted with the Cherenkov angle ¢ in the radiator. Therefore d
in Eq.(6.14) and (6.15) should be replaced to the effective path length as follows:

d— Ze

d )
- cos O¢

(6.16)

By calculating the integral of the Eq.(3.7) for z. instead of x, the differential dNp./dA,
which takes into account the above transmittance and the emission point dependency, is
obtained as follows:

dil\];‘: _ N, /0 T,
— No(Neo(E)ea /O " exp {—%} dz,
= No(Neg(E)eaA(N) cos b (1 — exp {—W}) : (6.17)
where
ﬁ _ %JFALA (6.18)
No(\) = Z;T—fsnﬂ Oc. (6.19)

Estimation of N,

According to the above absorption and scattering in aerogel tiles, the number of detected
photoelectrons Ny, can estimate in the following. The number of photoelectrons from the
upstream aerogel tile V; is estimated by the following equation:

d
. .92 i 2
Ny = 27a sin 9016a/eXp( —A2(>\) 008901)
dy L
XA1<)\) COS 601 <]_ — exXp <—W>) Eq(>\))\ d)\7 (620)
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where O¢; is the Cherenkov angle in the upstream aerogel tile, and A; and A, are total
transmission length for the radiator with n; and ns, respectively.

The number of photoelectrons from the downstream aerogel tile Ny is estimated by
the following equation:

Ny = 27a sin? e,

do _
A 1-— —_—— 2 21
></ 2(A) cos Oy ( exp( %eY 008902>) €g(A)ATTdA, (6.21)

where 6o is the Cherenkov angle in the downstream aerogel tile. Here, €, is the photon
acceptance of the prototype ARICH including the geometrical acceptance and detection
efficiency of the HAPD, and is estimated to be around 42% in the test, €, is the quantum
efficiency of each HAPD as shown in Fig. 6.11, X is the wavelength of a Cherenkov photon
and « is the fine structure constant. Finally, total number of photoelectron is obtained
as follows:

Npe = Ny + Ny, (6.22)

As the result, the number of photoelectrons is estimated to be Nye = Ny + Ny = 2.787 +
7.969 = 10.756.

0.351 —
B — HAPD1
0.3k > — HAPD2
B “\ HAPD3
B / : \ — HAPD4
50.257 / f“'\ \ HAPD5
c - — HAPD6
§ 0.2/ / \ rrrrr \
7\
50.1577 \ \
C B \
: A
0.05[- \\\

AN

250 300 350 400 450 500 550 600 650
Wavelength A [nm]

Figure 6.11: Quantum efficiencies of HAPDs mounted in the prototype ARICH counter
as a function of wavelength [54].
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6.3.4 Summary of prospections

Here, I conclude the expected measurement variables and Cherenkov angle resolution.

0cY = 299.84mrad, (6.23)
NeP = Ny + N, = 2.787 4 7.969 = 10.756. (6.24)

Table 6.5: Error estimation in the measurement of Cherenkov angle 0.

Error  Corresponding

resolution [mrad]

Position measurement oy(x) 6.80 [Eq.(6.5)]
Emission point og(z.) 8.71 [Eq.(6.7)]
Chromatic oy(E) 2.47 [Eq.(6.11)]
Tracking oy(zn) 2.03 [Eq.(6.12)]

Total 11.50

6.4 Analysis

6.4.1 Analyzed data set

The beam status and configuration of the prototype ARICH that are used for this study,
are summarized in Table 6.6 and Table 6.1, respectively.

Table 6.6: Information of the analyzed beam test data.

Run# Date beam energy [GeV/c|] DAQ time (rate) # of acquired events
125 May 26, 2015 2.0 881.7 sec 207,415
(235.2 Hz)

6.4.2 Single-track extraction

Fig.6.12 shows the event display for the typical event.

In order to evaluate the basic performance of the ARICH, we analyzed the number of
detected Cherenkov photoelectrons and their angular resolution. Multi-track events were
also rejected by using information from trigger counters and MWPC modules. Those
selections at the hardware level, however can not fully reject multi-track events. We also
applied an analytical selection to farther reject such events in offline analysis.

Fig.6.14 shows the distribution of the number of detected Cherenkov photons per
event. Only photons within the ring area with Cherenkov angle in the range of +45 mrad
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Figure 6.12: An example of the hit map for the typical event.

around the expected Cherenkov angle were counted. Here, 45 mrad equals 3¢ of the
Cherenkov photons angular distribution obtained by fit.

In order to separate single track events from multi-track events, we assumed that the
distribution (Fig.6.14) was represented by the following form:

APo(N + B) + Ay Po(2N + B) + A;Po(3N + B), (6.25)

where Po(x) is the Poisson function, A; are coefficients corresponding to number of events
with ¢ tracks, NV is the number of detected Cherenkov photons per track and B is the
average number of uncorrelated background hits per event.

Fig. 6.16 shows angular distribution of the Cherenkov light, which was extracted form
after the rejection of multiple track events. The extraction was performed by fitting
the distributions of number of photoelectrons using Eq.(6.25) for every 0.002rad of the
Cherenkov angle distribution as shown in Fig.6.15. Here A; in Eq.(6.25) corresponds to
the number of events of single-track for each Cherenkov angle.
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Figure 6.13: Examples of the hit map that were considered the multiple track event.
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Figure 6.14: Distribution of the number of detected photons per an event. The solid
line (red) represents the fitted function (Eq.(6.25)), and the dotted lines (blue) show
decomposed Poisson functions corresponding to single, double and triple track events.
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Figure 6.15: Number of hits per an event as a function of reconstructed emission angle.
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Figure 6.16: The extracted Cherenkov angular distribution. The solid line (red) represents
the fitting function. The dotted lines represent the primary peak (magenta), the secondary
peak (green) and background structures (blue).
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6.5 Results

6.5.1 Observation of a Cherenkov ring

Fig.6.17 shows the Cherenkov ring images from the prototype, a typical hit map of an
event and the accumulated hit positions with respected to the track. We successfully

observe very clear ring images using the prototype ARICH counter including irradiated
HAPD.
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Figure 6.17: The accumulated Cherenkov ring image.

6.5.2 Measurement of Cherenkov angle ¢

Fig.6.18 shows the comparison between the Cherenkov distribution with and without
aerogel tiles. The red line corresponds to the data with dual aerogel tiles, and the green
line corresponds to the data without any aerogel tiles. The data without aerogel tiles
means that the distribution was formed by the contribution besides the Cherenkov light
generated in the aerogel tile.

The peak indicated as (1) is the primary Cherenkov photons peak. The peak of (2)
generated by the Cherenkov photon that produced in the entering quartz of the HAPD.
As shown in Fig. 6.19 (a), the Cherenkov photon generated in the quartz should be totally
reflected in the quartz. Therefore, that photon can convert to a photoelectron that forms
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the small peak below 0.1rad. The peak of (3) generated by the internal reflection of
the Cherenkov photon on the APD surface. As shown in Fig.6.19 (b), the Cherenkov
photon that did not convert to a photoelectron, should be reflected on the APD surface.
Therefore, the reflected photon can convert to a photoelectron that forms the small peak
around the 0.36 rad. The broad distribution of (4) corresponds to the Rayleigh scattering
light.

The Cherenkov angle is obtained by fitting the extracted Cherenkov angle distribu-
tion Fig.6.16 with a Gaussian corresponding to a magenta dashed line for the primary
Cherenkov peak, 2nd-order polynomial function corresponding to a blue dashed line for the
background including the Rayleigh scattering, and a Gaussian corresponding to a green
dashed line for the peak by the APD reflected photons. The red solid line corresponds to
the total fitting function summing of the above three functions. By the fitting with the
above function, we obtained the Cherenkov emission angle 6¢ to be 305.30 4+ 0.16 mrad,
and the angular resolution oy to be 14.47 mrad from the Gaussian assumption.

The measured Cherenkov angle (305.30 mrad) and angular resolution (14.47 mrad) are
slightly different compared with the above estimations to be 299.84 mrad and 11.50 mrad
for ¢ and oy, respectively. The main cause of these discrepancies between the expecta-
tions and measurements may be considered by the effect of the electric field distortion in
the HAPD without a magnetic field. By this effect, the Cherenkov photon entering in
near the wall of the HAPD can not be detected the correct position (see Fig.5.7). Then,
by considering the correction of this effect without a magnetic field, we expect to reduce
these discrepancies.

6.5.3 Photoelectron yield

We obtained the average number of detected photoelectrons N, from the area above the
background form. It amounts to N, = 10.71 & 0.11 per a track. The result is almost
consistent with expected Np. (= 10.756).

6.5.4 Estimation of 7/K separation power

The performance of the 7/ K separation ng is can be estimated using the Eq.(3.11):

ng = % Npe.
o

Here, Af¢ is the difference of Cherenkov angles between pion and kaon, it is calculated to
be 23.7mrad at 4 GeV /¢ by calculating Cherenkov angles to be 0.2979 rad and 0.2742 rad
for a pion and a kaon, respectively. By using the above results of 6¢ (=14.47 mrad) and
Npe (= 10.71), ng corresponds to 5.360 of the /K separation. Therefore we confirmed
that the prototype ARICH counter had sufficient 7/K separation power for the Belle 1T
experiment.
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Figure 6.18: The comparison between the distribution with and without aerogel tiles.
The red line indicates the data with aerogel tiles, and the green line is the data without
any aerogel tiles. Numbers in the figure indicate that (1) the main peak by a Cherenkov
light from aerogel tiles, (2) the peak corresponds to Cherenkov photons generated in the
entering window quartz of an HAPD, (3) the peak correspond to the reflected light on
the APD surface, and (4) the broad distribution generated by the Rayleigh scattering in
aerogel tiles, respectively.
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Chapter 7

Evaluation of the PID performance

In this chapter, I discuss the the performance of the 7/ K separation that is estimated from
the resolution of an accumulated Cherenkov ring. To study the performance of the 7/K
separation of the ARICH counter in the realistic situation, we perform event-by-event
analysis based on the likelihood method for the beam test data. I defined the probability
density functions (PDFs) for distribution of the Cherenkov angle and number of detected
photoelectrons. I prepare the PDFs for signal and background assumption. Here, the
signal and background are assumed to be pion and kaon, respectively, to emulate 7/K
identification of the ARICH counter. I calculate Likelihoods for an event of the beam
test. I estimate the performance of the w/K separation using Likelihood ratio.

7.1 Particle identification using a Likelihood method

In this analysis, we calculate two Likelihood values (L™ and LX) that represent the Like-
lihood to be a pion or a kaon. Using a Likelihood ratio that is calculated as
£7T

T 1
R L+ LK (7.1)

we can identify a pion with assuming that the background is a kaon.

7.2 Definition of the Likelihood

A track that pass through ARICH produces multiple hits of Cherenkov photons. For
each hits we can calculate Likelihood for a pion and a kaon as L], = Pni(6|6F) and
LE = Puii(0]05), respectively. Here, 6 denotes angle of a hit of a Cherenkov photon,
07, (0&) denotes expected Cherenkov and for pion (kaon) assumption, and Py (0|07) and
Phit (0108 are defined as probability density functions of Cherenkov angle ¢ for pion and
kaon assumption, respectively.

The Likelihood for a track can be calculated by taking the product of likehoods for
the hits. The number of hits is also a random Poisson variable with mean value Npe,
the expected number of photoelectrons. The Likelihood that is usually called extended
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Likelihood, can be defined as:

- i (N7r nhlt _NW Mhit
L™= L™ (g, 0) = H.chlt (7.2)

nhlt

where, N], is the expected number of photoelectrons for pion assumption, np is the
number of hits of a track, and 7 is a index that runs other hits. Former term of the
Likelihood that is calcualted using number of hits only, can be defined as
NT )it .
£ﬂ(n) = ( pe) epre’ (73>

Nt !

and latter term of the Likelihood that is calculated using number of hits only, can be

defined as

Thit

H Lr.(0; (7.4)

7.3 Construction of Probability Density Functions

The PDF for the number of detected photoelectrons (N) per event is assumed to be a
single Poisson distribution as follows:

N
P(N|Ny) = e - 75)
N!
The mean N, is quoted from the expected value calculated using Eq.(6.22) with the
particle mass, the momentum and refractive indices of aerogel layers as parameters. In
3.5 GeV /¢, the expected number of detected photoelectrons is 10.629 and 8.938 for pion
and kaon, respectively.

Note that, we made the PDF of the Cherenkov angle © for pion (P (©|67)) and kaon
(Puit(©]05)) based on the electron data because the beam test is performed using the
electron beam. Parameters used for calculating the Likelihood £™ (LX) are summarized
in Table7.1.

In order to generate the PDF of the Cherenkov angle as a function of momentum
for the given mass assumption, we parametrized the Cherenkov angular distribution as
the combination of some known functions. The distributions for the primary Cherenkov
peak and secondary peak made by the reflections of the photons at the APD surface
are assumed as Gaussian. The slightly wide peak below 0.1rad is originated from the
Cherenkov photons, which were generated in the quartz window of the HAPD and assumed
as two Gaussians and an 8th-order polynomial. The uncorrelated background is assumed
as an 8th-order polynomial. Therefore, the entire distribution is fitted by four Gaussians
and two 8th-order polynomial. Fig. 7.1 (a) shows the fitted distribution of the Cherenkov
angle.

The entrance window is made of silica quartz with the refractive index of n = 1.46.
Cherenkov photons generated in the quartz window are internally reflected, and when
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they reach the photo-cathode plane, they may be converted to photoelectrons with a
probability of the quantum efficiency. Those Cherenkov photons create the primary peak
corresponding to the Cherenkov angle of about § = 0.02rad as shown in Figs.7.1. In
general, the number of Cherenkov photons Nyuat, generated in the quartz depends on the
particle velocity 3. Thus it differs for pions and kaons. The Ngyar, contribution in the
main Cherenkov peak around 0.3 rad can be estimated by the number of total reflection of
Cherenkov photons generated in the quartz. This value is considered to be proportional
to 1/(dsin Oguarts), where d = 3mm is the width of the quartz window of the HAPD and
Oquartz is @ Cherenkov angle in the quartz with n = 1.46. These value at 3.5 GeV/c are
evaluated to be 0.458 and 0.462 for pions and kaons, respectively. They are close to each
other and thus, we do not need to consider the species of particles when we evaluate the
contamination in the main Cherenkov peak.

At the beam test, we obtained data by removing all the aerogels from the light-tight
box in order to estimate the amount of background hits. This data was fitted with a
composite function, which had two Gaussians for broad peak below 0.1rad and an 8th-
order polynomial for uncorrelated background. Fig.7.1(b) shows the components of the
fitting function. The dotted lines represent the primary Cherenkov peak and secondary
peak. A dashed line is contributed from only uncorrelated background. A solid line is
used to combine them, and it corresponds to the fitting function in Fig.7.1(a). The
primary Cherenkov peak and secondary peak for the background (kaon) assumption are
shifted from the signal (pion) assumption according to the Cherenkov angle difference
between pions and kaons depending on the momentum. The primary Cherenkov peak
and secondary Cherenkov peak are added into the uncorrelated background to form the
PDF. The created PDFs for pion and kaon at 3.5 GeV/c¢ are shown in Fig. 7.1 (c).

Table 7.1: The definition of parameters used for calculating the Likelihood.

Expected Measurement Parameter
Cherenkov angle T, 08 0 e
# of detected photoelectrons NT N;g Nhit N

pe’

7.4 Analysis and results

We estimated the PID performance of the ARICH counter for pion and kaon at 3.5 GeV /¢
using single-track events taken with 5GeV/c electron. In order to select single-track
events, we select data containing the number of detected photoelectrons below a cut
value Ny as the filled area in Fig. 7.2. We set N,y at 17.08 corresponding to po —1.1709,
where p9 is the mean value of the Poisson distribution for double-track events (2N + B
= 21.22) using Eq.(6.25), and oy is /Jiz.

Number of selected events with np;; < Newe = 17.08 was 97,279, while number of
multiple-tracks-events with the condition was 3,445 among them. The latter corresponds
to the area of the Poisson distribution of double- and triple-tracks below N ;. Therefore,
the multiple-tracks contamination is about 3.5%, which is sufficiently small.
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Figure 7.1: Construction scheme of the PDF for the Cherenkov angle. (a) Fitting into
event selection applied data. The fitting function of four Gaussians and two 8th-order
polynomials. (b) Parametrized distributions. The dotted lines (magenta) represent the
Cherenkov signal peak. The dashed line (green) represents the common background. Solid
line (red) represents the combined distribution. (¢) PDF examples for pion and kaon at
3.5GeV/c.

Because the expected Cherenkov angle 67 (= 0.2973rad) and expected number of
photoelectrons N7, (= 10.629) for 3.5 GeV /c pions are close to expected 0¢ (= 0.2998 rad)
and expected N5, (= 10.756) for 5.0 GeV/c electrons, the selected data can be regarded
as a data sample of 3.5GeV/c pions. Fig.7.3 shows the selected data distribution and
PDFs of the Cherenkov angle for pion and kaon at 3.5 GeV/c.

We calculate the Likelihood ratio R™ using Eq.(7.1). These quantities were calculated
for every event. We also define the Likelihood ratio per event for kaon R¥ using the
following equation:

£K
T L4 LK

Fig. 7.4 shows Likelihood ratio R(7) for the momentum assumption of 3.5 GeV /c. The
solid line and dotted line represent the R(7) and R(K) respectively.

We define the 7 identification efficiency for pion €™ and kaon fake rate €x as the
fraction of the number of events above the value R and the number of total events. It
is equivalent to the following equation,

RE =1-R". (7.6)

. #Events(R™ > Reut)
" #Events(All)

o #Events(RE > Reus)
K 4Events(All)

When Ry is set at 0.2, we obtained e, and cx as 97.4% and 4.9%, respectively.

Fig. 7.5 and Fig. 7.6 show the log-Likelihood difference between pions and kaons at
2.2GeV/c and 3.5 GeV/¢, respectively. The log-Likelihoods are calculated Alog L™ =
log L™ — log LXK and Alog LK = log L& — log L™ for pions and kaons, respectively. From
Fig. 7.5, the distance between the mean of the distribution for pion and kaon at 2.2 GeV /¢
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Figure 7.2: Distribution of the number of detected photons per an event, which is consisted
with Fig.6.14. The region filled with a mesh indicates the selected event required the

single-track condition nyjs < Newy = o — 1.1705 = 17.08.

corresponds to 43.1, and the root mean square value (rms) of the distribution corresponds
to 8.86. These results indicate the /K separation of 4.87¢. In a similar manner, the
distance of log-Likelihood distributions and the rms value at 3.5GeV/c from Fig.7.6
are to be 25.1 and 6.24, respectively, and then correspond to the 7/K separation of
4.020. Therefore I confirm that the prototype ARICH counter satisfy the requirement

PID performance for the momentum up to 3.5 GeV/c.
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Figure 7.5: Distribution of the Likelihood difference between the pions (solid red line)
and kaons (dashed blue line) at 2.2 GeV/c.
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7.5 Discussion

To see the impact of the upgrade of the end-cap PID device from the ACC to the ARICH
counter, I discuss the reduction of statistical error of a rare B decay process by use of PID
information from ARICH. Assuming that the integrated luminosity of 50 ab™*! is delivered
by SuperKEKB, the statistical error that is associated in a measurement of B® — 77~
as a signal mode, against B — K*7~ as a background mode, was estimated using the
results of the beam test using the prototype ARICH counter. The BY — 7tn~ decay
is one of the mode that have the highest momentum pions among the B meson decays.
Therefore, if we estimate the statistical error of this decay process, it is sufficient because
the other decays, which are decaying into low momentum particles, should have better
7/ K identification and thus background suppression than of B® — 77,

I compared the statistical error without and with the 7/K identification provided
by the ARICH with assuming the pion efficiency obtained from the prototype counter

performance test. The statistical error can be estimate by the following equation:

vS+ B
Ostat = Ta (77)

where S and B are the number of reconstructed events for a signal mode (B® — 7+77)
and a background mode B® — K*7~, respectively. S or B for entering the (forward
end-cap) ARICH region corresponding to 17° < § < 35°, can estimate by the following
equation:

S = /Edt X 0gg X BR X €Rec X €Ace- (7.8)

Here, [ Ldt = 50ab™! is the target integrated luminosity of SuperKEKB. o5 = 1.1nb
is the cross section of a BB pair production. BR is a branching ratio for the decay
mode, which are found in Ref.[34]. €. is a reconstruction efficiency for B® — 777~ and
K*7~, and were estimated from the results of B — 777~ decays measurement using
the 772 x 10 BB pairs collected by the Belle detector [63]. €acc is the acceptance of the
ARICH region viewing from the center-of-mass system of Belle II, which corresponds to
12%. All parameters used for the calculation of the statistical errors are summarized in
Table 7.2.

Without ARICH, S and B are obtained to be 2.53 x 10* and 7.89 x 10%, respectively,
then the statistical error in the measurement of BY — 77~ at 50ab~! can be estimated
to be 1.3% by the Eq.(7.7). With ARICH the 7 identification efficiency e, of 97.4%
and the K fake rate ex of 4.9% by the prototype ARICH performance at 3.5GeV/c
are applied into the above numbers, then N and B are obtained to be 2.46 x 10* and
3.87 x 103, respectively. The result corresponds to the statistical error of 0.69%. Thus by
using the ARICH counter as the forward end-cap PID device of the Belle II detector, the
statistical error in the measurement of B® — 777~ can be reduce by about 60%. This
result indicates that if the ARICH were absent, we may need 2.8 times the BB collision
data to have the same statistical uncertainty with ARICH.
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Table 7.2: The summary of parameters used for the estimation of statistical error for
B — ntn,

Parameter B —w nfr= BY — Ktn~ Ref.
Integrated luminosity [ Ldt 50 ab1
Cross section o5 1.1nb
Branching ratio BR 512 x107%  1.96 x 107° [34]
Reconstruction efficiency €gee 0.75 0.61 [63]
ARICH region acceptance € 0.12
Expected # events Expected statistical error
without ARICH 2.53 x 10 7.89 x 10* 1.3%
with ARICH 2.46 x 10* 3.87 x 103 0.69%
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Chapter 8

Conclusion

To search for physics beyond the standard model at the high-luminosity frontier, the con-
struction of the detector for the Belle II experiment at the Super KEK-B-factory started
in 2011. In the Belle II experiment, the particle identification (PID) of charged pions
and kaons for the wide-range of momenta up to 3.5 GeV/c is required. Since the forward
end-cap region of the Belle IT detectors is limited along the beam direction, the proximity
focusing type Ring Imaging Cherenkov (RICH) counter with silica aerogel radiator, which
is named ARICH counter, is adopted for the PID device of Belle II.

A silica aerogel radiator satisfy our requirements for the radiator; suitable refractive
index and high transmission length, thus it is a unique material as a radiator for the
ARICH counter. In order to improve the Cherenkov angle resolution gy without any loses
of detected photoelectrons, the dual radiator scheme that consists the combination of the
slightly different of refractive indices ny = 1.045 and ny = 1.055 for the upstream and the
downstream, respectively, is introduced in the ARICH counter.

A photon detector of the ARICH counter is required so that it can be operated in
a high magnetic field of 1.5T. It is also required to have large sensitive area with high
position resolution, and to have radiation hardness during the 10-year Belle IT opera-
tion. As the solution for that, the 144-ch multi-anode Hybrid Avalanche Photo Detectors
(HAPDs) were developed and studied by the ARICH development group cooperating with
Hamamatsu Photonics K.K. The remaining concern at the development of an HAPD had
been the radiation hardness. In the front of the end-cap region of Belle II, a one MeV-
equivalent neutron fluence of 1 x 102 cm =2 and a ~-ray dose of up to approximately 1 kGy
are expected in total of 10-year operation. We found that the solution for the neutron
damage is the choice of the avalanche photo-diode (APD) in an HAPD having a thinner
P-layer than N-layer. We also found that the readout electronics that has the shorter
shaping time of around 100 ns, can reduce a shot noise in increasing leakage current from
the irradiated HAPD. Therefore the readout ASIC (SA03) that has the optimal shaping
time of 100 ns, was developed. For damages by 7-ray, we found out that the protection
film on the APD surface was easily charged up by 7-ray. After the improvement of the
surface of the APD, we confirmed that the HAPD have sufficient v-ray dose tolerance.
To confirm the radiation hardness of the HAPD contained with the improved APD chips,
we carried out the series of neutron and 7-ray irradiation tests. As a results, we found
that the irradiated sample that was irradiated with one MeV-equivalent neutron fluence
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of 0.86 x 10'2cm~2 and with the y-ray dose of 1kGy, have sufficient performance. We
conclude that the HAPD is tolerable for neutron and v-ray radiation expected for 10-year
Belle II operation.

In order to confirm that the final design of the ARICH satisfy our requirement, we
performed the electron beam test using the prototype ARICH counter at DESY test
beam line T24. The prototype ARICH was observed the clear Cherenkov ring image
and measured the Cherenkov angle f¢ to be 305.3 mrad with the angular resolution oy
of 14.47mrad and the number of detected photoelectrons of 10.71 per an event. These
observed values are consistent to the prospects from the design of the ARICH system.

In order to estimate the PID performance of the ARICH counter at Belle II, an event-
by-event analysis based on the likelihood method for the beam test data are demonstrated.
As the result, I found that the ARICH counter can provide the 7/K separation with the
pion identification efficiency of above 99% with the kaon fake rate of 5% for the momentum
up to 2.5 GeV/e, which is the typical momentum range for the flavor tagging. At the
momentum of 3.5 GeV /¢, the pion identification efficiency of 97.4% with the kaon fake rate
of 4.9% was obtained. The distributions of log likelihood difference shows 4.02 o separation
between pions and kaons at momentum of 3.5GeV/c. We confirm that the developed
ARICH counter satisfy the requirement of the Belle II experiment. The performance at
the high momentum region is expected to be further improved by using the information in
the whole range of Cherenkov angle distribution such as the Cherenkov photon generated
in the quartz window and photoelectrons reflected on the APD surface.
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