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e Why Particle Identification?

 Belle Il and SuperKEKB

 Particle ldentification in the forward region of Belle |I: ARICH
e Particle Identification in the central region of Belle Il: TOP

e Expected performance of PID, estimated from MC
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Why Particle Identification?

Example 1 : B-factory

Searching for a D meson decays to Krt:
From measured kaon and pion tracks,

the invariant mass of the Kn system (i=
K,m) is calculated:

I Without DIRC -
x 10 2

1500

Me'=|(Z £+ B

The candidates for the D — Kt decay
show up as a peak in the invariant mass
distribution on a background of false
combinations (“combinatorial”).

entries per 5 MeV/c
=
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s00 | With DIRC |
Here, Particle identification
requirements reduces the fraction of
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Why Particle Identification?

Example 2 : LHCb

» Searching for a ® meson decays to K*K:

Invariant mass distribution of K*K-
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« The decay ® — K*K-only becomes visible after particle identification is taken into
account
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Particle Identification requirement & method

A reliable PID is essential for any high energy physics experiment and crucial for the
success of B factories.

» Required for tagging B-meson flavor and precision measurement of rare B/D decays.

« SuperKEKB will deliver 40 times higher event rates than KEKB at instantaneous
luminosity as high as 8 x 10% cm?s.

« To cope up with higher rates and stringent requirements for rare decay channels,
more efficient PID is needed.

 Particles are identified by their mass or by the way they interact.

« Determination of mass: from the relation between momentum and velocity, p= ymv (p
is known - radius of curvature in magnetic field)— Central Drift Chamber

« Measure velocity by:
* |onisation losses dE/dx — Central Drift Chamber
« Time of Flight — included in TOP measurement
« Cherenkov photon angle — TOP and ARICH
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Belle Il Detector

KL and muon detector

EM Calorimeter:
Csl(TI)

r_-tle Identification
e-of-Propagation counter (barrel)
oX. focusing Aerogel RICH (fwd)

" &

electron (7GeV)—=

[Beryllium beam pipe
2cm diameter

Vertex Detector
2 layers DEPFET + 4 |13

positron (4GeV)

[Central Drift Chamber
He(50%):C.Hs(50%),
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“One ring to bring them all”

==

/

Barrel: Time-Of-
Propagation (TOP)

In both region, PIDs at Belle Il are ring imaging Cherenkov devices.

A charged track with velocity (v = c) exceeding the speed of light (c/n) in a
medium (refractive index n) emits Cherenkov light at a characteristic angle,

cosO_= 1/n(A)B

\
Endcap: Aerogel
proximity focusing
RICH (ARICH)

dielectric

medium
charged parcl / \Hc Same momentum pions and kaons will have
- different velocities () and hence the angle of

Cherenkov photons.
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ARICH detector

* Provides particle identification system in the front-end endcap region.

* Good separation ( > 4c) between kaons and pions in the full kinematical region of
the experiment (~0.5 - 4.0 GeV/c).

* (Great importance not only for the reconstruction of decay modes but also for the
efficiency of flavor tagging algorithms.
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ARICH : principle of operation

* ARICH also relies on the relation between the emission angle of Cherenkov photons
and the charged particle velocity,
cosB_= 1/n.B (n = refractive index of the radiator)

* Aerogel tiles are used as a radiator. Photons, emitted in aerogel, then propagate
through ~20 cm of an expansion volume and hit the photon detectors (HAPDs).

(s T 03 for n = 1.045
K m80.25:—
0.2
0.15—
0.1—
- T
0.05:— i K
rajdiator phOton DDZIIID|5I IIJ]IIII1|5IIII2|IIII2|5IIII3|IIII3|5IIII‘|1IIII45
detector ' ' ' Momentum [GeV]
pions and kaons of equal momenta Cherenkov angle vs. particle momentum

* At 3.5 GeV the difference between the pion and kaon Cherenkov angle is ~30mrad.
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ARICH detector : principle of operation

* |tis desirable to have as thick aerogel layer as possible, as this L
iIncreases the number of emitted photons, but thicker aerogel d—EOCLSHl 0,
also increases the uncertainty in the photon emission point.

* Two aerogel layers with different refraction indices, are chosen so that the two
rings, overlap on the detector plane. Single 4cm aerogel layer
< ¥/ ndi 267 4 1e | 3 I
| gl e -
n, n ) ﬂ | 4P :
b f -
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ARICH : principle of operation

* As aradiator a 'silica aerogel' is used, which is an amorphous, highly porous solid
of silicon dioxide (SiO,).

* Tunable (intermediate) refractive index and good optical transparency. Refractive
index depends on the silica-air volume ratio (typically 1:9)

* 3.5 m?radiator plane is covered by two layers of wedge-shaped aerogel tiles of size

(17 x 17 x 2) cm?2.
V«r - =

7

Planar mirror

Aerogel HAPDs

* To maintain good performance on the outer edge
of the detector, where Cherenkov photons would
miss the photo-sensitive area, 18 planar mirror
plates are placed.
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ARICH : HAPD (Photon Detector)

4qy|rements
sensitive to single-photons

* provide two-dimensional position information
~5mm pixel.

* should be immune to 1.5T Magnetic field

* tolerant to the high radiation environment
(1000Gy for y and 10'2cm? for neutron in

10yrs)

Hybrid Avalanche Photo-Detector

HAPD Working Principle

* Incident photon is converted into photo-electron
by a bi-alkali photo-cathode (peak quantum e iode
efficiency of ~30% at 400 nm.)

* electron accelerates in high electric field
towards the segmented avalanche photo-diode EL €
(144 pads of size 4.9 x 4.9 mm) ~ 300V reverse
bias voltage

* Avalanche gain ~40, bombardment gain ~1800. v pixel APD

* Detection of a single photon results in an
avalanche of about 70,000 electron.

phaton

quartz window
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ARICH : Geometry

photon detector plane sextant aerogel plane sextant

* 420 HAPD modules are arranged
In 7 concentric rings.
* 2 x 124 aerogel tiles

* 18 planar mirror plates on the outer 2 pion tracks with 3.5 GeV
edge hitting ARICH

HAPDs
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ARICH : Beam Test

* Prototype of ARICH is constructed, with two consecutive aerogel tiles and six
HAPD modules, arranged as in a part of actual detector layout — at DESY 4-5

GeV/c electron beam (2013)

< accumulated
distribution of
reconstructed

Cherenkov angle
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peak width: 13 mrad
20000— ~9 photons/track

Entries
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The single photon angle resolution is about 13
e mrad and on average 9 photons per track are
sonf— detected.
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ARICH : Beam Test

First Cosmic event seen by ARICH!
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ARICH : current status

IJ—IIIHIFII "I i EBELLLL1L]
. T 11 |
Al -
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ARICH : current status

<)

*

N

~L1 g, |
.\_wmu Q u ‘t!“_ J:] I ,;F

' ARICH is now installed to the Belle Il detector
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TOP : Introduction

Array of
fast PMT’s
Quartz bar
Focus mirror
MCP-PMT (sphere, r=7000)
_.'__,..-r""
l

Backward Forward
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TOP : Working Principle

Cherenkov photons emitted in the quartz radiator from the charged track — total
internal reflection — registered at the end of the bar by a fast position sensitive

detector of single photons.

4 track arrival time of photon vs. position (channel no.)
spherical mirror g2 — T .

expansion prism /6

/
/
/
\ ( {
/
/
!
7
/
/
!
/
!

time

quartz bar

K/mt different 6, — different path length — different
time of propagation.

Quartz bar

Array of

Jfast PMT's

e

6, is reconstructed from: hit position (x,y) in the . _
photo detector plane and time of propagation fagi i L DL B SR

Channel number
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TOP : need of mirror

* parallel rays get focused to a single
y point — removes bar thickness

iy ‘%

T * non-parallel rays are focused to
different points —
0 K/rt separation

‘““l.'lllﬂ'lln, -

0
T - _
g ; 4
E i NZE
3 3 1
- 6.)= °°5_1(n(/l )ﬂ)

allows to correct for chromatic
dispersion.
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TOP : Geometry

T~ mirror

TOP modules consists of:

* Two fused silica bars, (each 45 x 125
x 2 cm?®) — Radiator to generate
Cherenkov photons.

* Mirror (45 x 10 x 2 cm?3) — focus the
emitted photons to the sensor plane

* Prism (45.6 x10 x 2cm® — 45.6 x 10 x
5.1cm?3) to expand the image and
improving resolution.

* MCPPMT: At the exit window of the
prism, two rows of sixteen fast multi-
anode photon detectors (MCPPMT) are
mounted.

* Intotal 16 TOP modules, are
arranged in a barrel shaped array with
inner radius ~1.2m
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TOP : requirements on quartz bars

S1 peak-to-peak: 5.3 ym (< 6.3 uym)
S2 peak-to-peak: 4.6 um (< 6.3 um)
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TOP : preparing a module

3 types: Laser displacement sensor
* bar to bar auto- l J,
e barto prism collimator B
« bar to mirror [ Quartz bar
_,--r;;“""_'—i’:
Alignment and Gluing: ' -

 adjust surfaces positions using laser displacement sensor and micrometers
adjust surfaces angles using autocollimator and micrometers

insert shims, tape joint and repeat steps 1, 2

apply epoxy (EPOTEK 301-2) to joint
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TOP : MCPPMTs

* A micro-channel plate (MCP) photomultiplier tube (PMT)
provides a good time response.

* Transit time spread ~30 - 35 ps (required is <50ps)
Characterstics

Overall size : 27.5 x 27.5 x 15.6 mm3

Photo cathode : Multi-alkali (23 x 23 mm?)

MCP width: 400 um, pore: 10 um and bias angle: 13 degrees

Anode 22 x 22 mm? (divided into 4 x 4 pads)

Dimensions of each pad: 5.275 x 5.275 mm? with gap 0.3mm

”||| ||H Electrons
|

W/

| ARNALAAATAA TN

Quantum efficiency : >24% at 350-400nm
Gain : 2 x 108 at ~3kV
Dark-rate : 5kHz for 16 anodes
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TOP : MCPPMTs

Vacuum chuck to align the PMT faces
 ean RTV silicon rubber to hold the PMTs

.._' Silicon rubber TSE3032 (before —
curing) to be filled between the _
PMTs and the wavele cut filter =8

3 = __ PMT module completed

2 PMT modules mounted to
prism with a “cookie” (+oil):
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TOP : Beam Test

* Beam test in June 2013 at the LEPS beamline at SPring-8 in Japan.

Trigger counterse - Sacondary positron beam ~2.1GeV.

Drift chambers  SciFi trackers

SPring. g Pb target i * Prototype TOP module was placed

: / A/ :
| (\)],@s;@l m) 0T /\ ¢ inLEPS beam - and LEPS
‘ vic24cev) |\ NEM BE7/ 43 subdetectors used to provide
Back Compton N | B hy .
scattering e ’[I‘aCklng and momentum
Dipole magnet \ information.
(0.77T)

TOP counter

Perpendicular impact of a narrow 2.1 GeV/c positron beam

Time distribution in a single channel .. testbeamdata MC simulation
350 ¢ g2 2,0
w00 _ I data :3 0 W w v W | ‘:" S0 - W W .
250} I mC = fv-ra-r : S T e
200 — l: ' 40 ‘

; - o S T T [
oy Mam - et
1002— 30 ; —"‘:-,-E“*'-::’ ot
ol A AN oo and

O e i M " M A 2 nho N N . h TNy ] ¥ 4 tindl 3
5 10 15 20 25 30 35 40 45 50 55 v
time (ns) I5 :
I i : : 10 -
PDF in a single channel described with a | N R
. . . . . o 20 40 60) 80 10 120 "0 20 40 60 80 100 120
Serles Of GaUSSIan d|Str| but|0nS row-wise channel number row-wise channel number
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TOP : Beam Test

* Beam test in June 2013 at the LEPS beamline at SPring-8 in Japan.

Trigger counterse - Sacondary positron beam ~2.1GeV.

Drift chambers  SciFi trackers

SPring. g Pb target i * Prototype TOP module was placed

: /A :
| (\)],@s;@l m) 0T /\ ¢ inLEPS beam - and LEPS
b vic24cev) |\ NEM BE7/ 43 subdetectors used to provide
Back Compton N | B hy .
scattering e ’[I‘aCklng and momentum
Dipole magnet \ information.
(0.77T)

TOP counter

Perpendicular impact of a narrow 2.1 GeV/c positron beam

Time distribution in a single channel - test beam data , analytic PDF
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i = 45 b | £ 4
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TOP : Already in Belle Il (more than a year now!)

Finished installing all the 16 TOP modules on May 20", 2016.
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TOP : Global Cosmic Ray Tests

* Global cosmic ray data taking
started since July 3, 2017

* Quter detectors including
TOP joined the data taking

* Number of photon hits
per events agrees with MC
* More detailed analyses are
ongoing
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PID Performance

« K/nt PID efficiency and fake-rate can be studied from the decay D** — D° (K'n*) mt*.
« Slow pions (t*) can be used to tag D°, which is finally used to identify K and .

« This can be helpful in getting K/xt PID efficiency/fake rate without using MC truth in-
formation (also valid for data case).

)

3
TTTT T
-

s oos varer <000
 Charged track selection and ‘::"2 A
* |M(D0) - 1'86484-| < 12 MeV/Cz. a5 183 1.84:‘1?:;5:-.1.-8:’5--1..';7.;1‘.’;';“1.89 1.9 191 192
* |IM(D*) - M(D?) - 0.14543| < i o)

0.75 MeV/c>.

$
i

s = -

> ) cs = 0.5052 + 0.0067
3@)[}0 - f_sig = 0.5156 + 0.0

g F frac = 0.8418 = 0.001
28D00|— m = 0.1454565 + 0.00000112

= E 81 = 0.0012013 = 0.0000971
2@00 = s2= 0.0003972 = 0.0000026

&k
15000(—
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rep 18 sl ol g
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A M (GeV/e?)
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PID Performance

« K/nt PID efficiency and fake-rate can be studied from the decay D** — D° (K'n*) mt*.
« Slow pions (t*) can be used to tag D°, which is finally used to identify K and .

« This can be helpful in getting K/xt PID efficiency/fake rate without using MC truth in-

formation (also valid for data case).
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PID (combined) performance

Phase 3 : generic cc-bar sample (with bkg) at 1 (4S)

jgo_g;— Wk E-n_g
LIJ0-8—{ ’ ﬁ% lﬁlml I'un.ag—
o.j | K (truth) } n.eé— - K{(truth)
05 E_ 7 (truth) 05 E_ 7 (truth)
04 0.4f- Combined PID
i | performance (K-
N efficiency) is
Pty % expected to be
P [GeViE) peve more than 93%
Phase 3 : generic cc-bar sample (with bkg) at Y(4S) with ( fake
rate) to be
3 Eof smaller than
Eo.a_i— E0.8 — 70/ 0.
U-ﬁf—l | K (truth) | nﬁ%— K (truth)
05 _ | m (truth) 05 _ | 7 (truth)
0.2 — 0:2 — %%I@:
0'1; U"? I WM"_;I
3508 04 05 0 02 04 08 05 O 08 o4 0a 0 b2 04 0e 0e
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* Inorder to achieve physics goals at Belle |I, an efficient K/t separation is needed for
the momentum range up to 4 Gev/c.

* Two different subdetectors developed for the “barrel” and “endcap” regions, both
are Ring Imaging CHerenkov detectors.

* Allthe 16 TOP modules are installed successfully in the Belle |l and cosmic
ray/laser testing is ongoing.

* Installation of ARICH is finished and looking forward to Phase Il collisions, summer
next year .

* Excellent Kaon identification efficiency of 93% at a rather low 7% pion
misidentification probability (88%,9% respectively at Belle) over the wide
momentum range is expected.

13 Dec 2017 S.Sandilya | Department of High Energy Physics Talk | TIFR, Mumbai



Thank you!

‘Photons from ice and sea under the shy,
‘Photons from vast water tanks in halls of stone,
‘Photons from the atmoaphere in an insect’s eye,

‘Photony from aerogels, light, clear, blown,
‘Photory from liquida, gases, crystals flying by,
‘Photons from fused silica expanding on a cone.

In ‘RICH detectors where PI1D truths lie.

‘One Ring to rule them all, One ‘Ring to find them,
‘One Ring to bring them all, correlate, and bind them
In ‘RICH detectors where PI1D truths lie.

Blair N. Ratcliff
NIMA 502 (2003) 211-221
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TOF method ()

The time a relativistic particle, traveling at velocity v, covers a path of
length L is:

LB IIE

[ =—=

p
v fBc pc”

where E and pc are the particle energy and momentum

}

9 1
. 2}° 2
L\/(,m ) +(mr ] I (mr ]
[ = : =— |]l4—
pc C (pr']
2 f ForL=1m 4
(mc'“] [ =1 mi(3x 10° m/s) )
=1l ]+ —— ( il \
2 \ = 3.3 ns /]
——_e
Q:I.-'

where t,=L/c is the time taken by a particle traveling at the speed of light

13 Dec 2017 S.Sandilya | Department of High Energy Physics Talk | TIFR, Mumbai



TOF method (ll)

Distinguishing particles with ToF: Particle 1 :  velocity vi, B1; mass my, energy E
[particles have same momentum p] Particle 2 :  velocity vz, B2; mass me, energy Ez

1
At=1 (__L) ZE(L__L)
B o e\ s

L

. L — ; .
_ ﬁfl? [EI .E‘E | = M:.E (v-"f]ua.r.l | ”J%'Iu-l 1IILIII.'P,Elr.ﬂ .I”_%.r-*)

Distance | : distance between ToF counters

Relativistic particles, FF ~ pec = m;c”

At == L {. - m?r*’] e 4 .mgr't
= |lpet )~ (pet+ ") ForL=2m:
e 2pc 2pc
Lo Requiring At = 40y K/t separation possible
4 )
At 97,2 ':”“1 HJEJ uptop=1GeVitow=200ps ...
Cherankoy counter, BPG -aor=40ps ...
EKEH"IDE' scmntillator counter ot = 80 ps ..
Hion/Kaon separation ... 3. .
[ = 500 MeV, min = 140 MaV] > Al (5007 — 140%) MeV?/!
s 2 (1000)* MeV = /2 '
SUMme:
p=1GeV, L=2m... = B0ps .
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ARICH : Read out and Geometry

Electronics:

a dedicated high gain and low noise electronics was
developed, a digitizer ASIC which consists of a preamplifier,
a shaper and a comparator is followed by an FPGA (Xilinx
Spartan-6 XC6SLX45), where the hit information is recorded
and communicated to further stages of the experiment data
acquisition.

f

o {2
= EESERE
% ‘ 4

Geometr y :_ photon detector plane sextant aerogel plane sextant

\

. : | 2 pion tracks with 3.5 GeV
420 HAPD modules are arranged in 7 panar mrer__ hitting ARICH

concentric rings.
* 2 x 124 aerogel tiles
* 18 planar mirror plates on the outer edge

HAPDs
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TOP : Testing Bars (transmission, internal reflection)

Step a:
Measurement of bulk
transmission of bars and

coefficient of total internal
reflection. (R,, R, calculated via

Fresnel equations)

Iy(I =Ry t(I =Ry =1,

Step b:
Measurement of coefficient of total internal reflection of bars [SLAC-PUB-9735 (2003)]
PD e of | Laser
‘\ Rl 0 / angle of

i reflection
Il N, | /< incidence
(/\/\./\D/\/\/ﬁ _______

R

(I, - R,) = (I, — R,) - -exp (_i.‘hﬂwwmz)

N is the number of reflections inside bar, A is the attenuation length of quartz (=1000m @ A=530 nm),
L is bar length (125 cm), h is bar height (2.0 cm). R, and R, are measured or calc. via Fresnel eqs.
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PID (TOP) performance

13 Dec 2017

Phase 3 : generic cc-bar sample (with bkg) at 1 (4S)

-

Efficiency
w0
I

= (truth)

L Ll

L1 L 111 | |
1 2 3 4 5
p [GeV/c?]

mf‘.m’”‘.‘w.f.l....l.l.]

K (truth)
7 (truth)

|

‘_ﬁm&g@%ﬁ%ﬂﬁﬂ%

1 2 3 4 5
p [GeV/c?]

Phase 3 : generic cc-bar sample (with bkg) at Y (4S)

e
T

Efficiency
w0
I

-1

P P RN BN

| K (truth)
| m (truth)

T T b b by e
—08—06 04 02 0 02 04 06 08 1
cose

LL_J\|

K (truth)
| 7 (truth)

fwm%

-08 -0.6 04—02 U [12 04 06 08 1
cosb

TOP only K-
efficiency is
expected to be
89% on average
in the p=[0.5,
2.5]1 GeV/c
region of typical
momentums,
with pi fake rate
3%
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PID Performance

Phase 3 : generic cc-bar sample (with bkg) at Y(4S)
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Phase 3 : generic cc-bar sample (with bkg) at Y(4S)
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Low photon statistics
good dEdx PID
performance in that
area, combined
efficiency will still be
high
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PID (combined) performance (Phase-2)

Phase 2 : generic cc-bar sample (with bkg) at Y(4S)
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Phase 2 : generic cc-bar sample (with bkg) at ¥ (4S)
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PID (TOP) performance (Phase-2)

Phase 2 : generic cc-bar sample (with bkg) at Y (4S)
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Expected events in 5ab™

Belle 1l PID example
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Fig. 1: Distributions of M. and AFE for correctly identified B — p%v signal events (blue)

overlaid with misidentified B — K*~ where the kaon from the K*° decay is misreconstructed

as a pion (red). With no PID selection cut the background swamps the signal.
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Fig. 2: Same as Figure 1 but employing PID information. After a simple optimization the

background is reduced significantly.
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