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1-1 Self introduction

[ have performed three search-for experiments
at KEK 12 GeV proton synchrotron.

E64 in1980’s “search for glue-ball”

E137in1990’s “search for lepton flavor
violation”

E301a in 2000’s “search for direct CP violation”
succeeded by KOTO at JPARC



Large solid angle for multi-tracks.
Charged and gamma spectrometer.
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We observed two pseudo-scalar resonances
which are consistent with radial excited states
of n and n’, and killed a possibility of the glue
ball assignment to the state of 1420 MeV.



High sensitivity (10-*BR) ~ heavy backgrounds
Double-arm spectrometer , two stage spectrometer
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High rate: thin material to reduce n, y interactions, He-bags, very e
thin vacuum window.

Wi: Drift Chamber X, X, Y, Y, no separation, Aluminum wire,

With a good mass resolution of 1.4 MeV,
the upper limit 9.4 x10-11 was set and it
was the world record for two years .

o cathode (Al) "SI \ostly ruled out the Technicolor Model.
» sense wire (W) o

Mye (Mev/c?)




High sensitivity (heavy background) and a little

kinematical constraint :
thin and sharp beam, detector in vacuum, tight veto.(full

coverage and low threshold).




Summary of three experiments

E64: multi-particle (track) measurements with the
charge-gamma spectrometer
Large aperture using superconducting magnet
Super-layer structure of position

E137: high resolution under high rate environment

'Two-arm spectrometer
Thin materials in the upstream part

E391a: super-sensitive vetoing
Sharply-collimated neutral beam
Detectors in vacuum



Introductory message

Even from examples of these few experiences,

“Detector is closely relate with physics, like as a
telescope for astronomer. Deep world can only be
explored with well polished detectors”



Classification

Medium Measurement (Application)

Gas chamber

Track measurement

(Spectrometer: momentum,
direction, vertex)

Scintillator

dE/dx measurement

(calorimeter, particle-ID)

Semi-conductor



1-2 Particle interaction with matter

Charged particle interaction with matter
(ionization) is utilized for particle
detector.

Neutral particles (n,y,v) have to be
converted to charged particle through
production interaction with matter.

Strong, Electromagnetic and Weak
interactions



Interactions to convert n,y ,v to charged particles

n . Strong interaction

N AL Tlames (&) A
Yy : Electro-magnetic interaction
y+te (A — + A’ ; Photo-electron emission
Al 2 e , Compton scattering
YytA — A , Pair creation

e+ A — e-+y+tA ;Bremstrahlung = Cascade shower]

v : Weak interaction

e b + A’ ; Charged current
e S TR n,t® (y) .) ; Neutral current
v,te — v,+ e ;Electron scattering



Strong interaction: Cross section of pp interaction
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threshold:
(Ep-'-rnp)z'pLab2 =S =(2mp+m1'r)2!

2=n2 2
Ep®=py~tm,

pp ~ pn ~ Nn: 0, ~ Agy
= Interaction rate <> thickness in the unit of gr/cm?
Energy-independent cross section

= can define nuclear-interaction-length
for E > 1 GeV reactions



{a) Carbon (Z =6)

o — experimental G E-M interaCtion

Cross section of photon

Photo-electron emission (p.e.) ¢ Z°

Cross section (barns/atom)

-t
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Compton scattering (Compton) ¢ Z

Pair creation (Knuc) < Z2

N - ) Lead (Z  82) Effect of Compton scattering is large for

¥ %  ~ experimental Gy light material around the energy of MeV.
G 2
P

:

LB,

0-Rayleigh

Pair creation is dominant for E>10MeV
and its cross section is energy
independent. = can define
radiation-length

Cross section (barns/atom)

pmt
=2
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PDG




More exactly, the definition of radiation length comes from the facts:

1. Pair-creation(y+A — e*Te~A)is dominant and the cross section is
constant with energy above 10MeV.

2. Pair creation from photon(y+A — ete—A) and bremsstrahlung of
electron (positron)(e+A — e+y+A ) are the same process.

Equal mean-free-path (~radiation length [X,]) for yand e* of
any energy.
Bremsstrahlung %

Pair Creatici4 \
=
Y Ty

LA When the thick medium (>10 X,) is a detector, it is
calorimeter.

Incident energy (E) ®»Sum of deposit energies of e* in the
detector «» Total track length of e* because of the energy
independent dE/dx «» The number of PC and B processes
(Nproc) because of equal mean-free-path

Fluctuation AE/E «» 1./+Nproc «» 1./E
Preference of heavy material :
1.Small size due to shorter radiation length.

2.More chance of PC and B processes because heavy
material is productive down to low energy.



Weak interaction: Charged-current cross section of v,p
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Charged-particle interaction with material

which basically determines detector response

Bethe-Bloch Radiative
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No particle dependence and single function of B and y (velocity) in Bethe-Bloch
region. The dE/dx is almost flat in the region of By=1~1000 with the minimum of
dE/dx~2 MeV/(g/cm?).



Bethe-Bloch formula : well-reproduce the dE/dx of the particle in the
velocity region of particle nuclear physics.

-dE/dx = Kz2(Z/A)(1/B?)[1/2In{zmc?>y*f*Tmax / I } - f2-8/2]

—/

. Rutherford scattering
QO electron

Number of target electrons in 1gr/cm?:. N,-Z /A

S)
Ap=]|Fdt=ze?/ (41rg,b2) -2b /v
Ap=p "6

b= ze?/(2me, vp)-1/0
db= ze?/ (2me, vp)-1/62d6
do=21b db

=21m{ze?/ (2me, vp) }? - 1/63d6
Te=( Ap)?/2m = (p?/2m) 62

b; impact parameter




Bethe-Bloch formula (continued)

-dE/dx = Kz2(Z/IA)(1/B2)[L/2In{2mc2y2B2Tmax / 1 } - B2-5/2]

Energy loss in 1 gr /cm?
—dE / dx=NAZ /Alemax . . T(8) (do/ d8)d8
=K z2(Z/A) (1/82) In (Bmax / Bmin)

K/A=4TINA re2mc/A=0.307075 MeV/(g/cm?) ICRU 37 (1984)

(interpolated values are
not marked with points)

for A=1 g/mol
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re=e?/(4me,2mc?) ; electron (classical) radius Barkas & Berger 1964

=2.817940325(28) fm . Bichsel 1992\

O=(2mT)¥2/p 10 20 30 40 50 60 70 80 90 100
In (BMax / BMin)=(1/2) In (Tmax / Tmin) z

Tmin; |1 =p?/2m-(p-Apmin)?/ 2M=(p / m) Apmin
Tmin=(Apmin)?/ 2m=(m2/ p?)( 1/ m)
p=Bymc

In (BMax / BMin)=(1/2) In (2mc?B2y? Tmax/|)
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Figure 30.4: Vertical fluxes of cosmic rays in the atmosphere with E = 1 GeV
estimated from the nucleon Aux of Eq. (30.2). The points show measurements of
negative muons with E, > 1 GeV [41-45].










Seed

Seed: electron-ion pairs in the gas.
The Number of seed =deposit energy in the gas / W

W is the required energy deposit for one pair: it is not so
varied with incident particles and gas. It isaround 30 eV.
Deposit energy in Argon gas of 1 cm thick

energy loss = 2 MeV/(gr/cm?)
material thickness : 40 g /(22.4 X103)cm3 X1 cm
= 1.8 X103 gr/cm?

=2 MeV/(gr/cm?) X1.8 X103 gr/cm>=

Then, the number of seed =
Capacitive readout with 100 pF 120 X1.6 X107"9/(100 X107?) =1.9 X107V
Current through o.1 psec propagation 120 X1.6 X109/(1X107) =1.9X107°A

Too small. Necessary for signal amplification



©
]
(57
2
©
o
w
c
2
e
=3
[
L
o
€
E}
z

Multiplication in gas

Region of limired
proportionalily

before collection

Tonization Proportionol
counter

o porticle

500
Voltage, volts

Geiger-Miiller

' counter )

|
Discharge }
region

Cathode




Giger-Muller counter

Incident particle

GM counter

Self quenching type



Choice of gas

Little recombination for inert gas or
nitrogen.

Ramsauer
effect:

Cross
section of e-
X+ reaction

Drift velocity

Gas mixture
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E_ikVien Drift velocity does not depend on the electric field
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Problems

Problems caused by slow movement of positive ions
1. Long tail of the signal
= Signal shaping is done with outside circuit
2. Electric shield effect which causes a rate effect
=TPC with grid is an answer to these problems of positive ions.

Problem caused by large size molecules of positive ions
3 . Aging : caused by adhering molecules to the cathode
= Thick wire or flat sheet for cathode (prevent local adherence)
= Mixing of quench gas: alcohol, ether, halogen-gas

Limit of position resolution
4 . Determined by diffusion during drift of electrons
Z 100 pm

inevitable effect because of gas filling



Fig. 3.19. Principle of track measurement by cathode pad readout in a

Fig. 3.18. Sketch of time projection chamber (TPC) for the PEP4 TPC [FA 79].
experiment [MA 78].

—PARTICLE TRAJECTORY

|
|« ELECTRON :
| DRIFT PATH !
’ ‘

Measure the track in three dimensions by using sense-wire position,
drift-time and cathode pads.  3d-readout

Avoid a large positive-ion problem by narrowing the avalanche region
near the sense wire. Reduce positive ion problem

Minimize a diffusion by winding drift-electrons around a magnetic line
of force. Reduce the diffusion effect

Ultimate gas chamber



TPC (cont)
Particle identification
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Semiconductor detector

Contents

Properties of semiconductor
p-n junction

Reverse biasing

Remarkable features



Properties of semiconductor

Incident particle
/

Depletion layer

P-type
Electrode |

Conduction
band

Same principle with a gas chamber

Electron
. . . energy Conduction
(ionization chamber). ]Eg . band
However, the carriers in solid state =
i - alence alence
are electron and hole pairs in stead oo band
of free electron and positive ion Knoll

palrs In gaS INSULATOR SEMICONDUCTOR

How we can get high resistance ???



TABLE 11-1.  Properties of Intrinsic Silicon and Germanium
Si Ge
Atomic number 14 32
Atomic weight 28.09 72.60

Stable isotope mass numbers 28-29-30 70-72-73-74-76 y b q
Density (300 K); g cm > 733 5133 A pair can be produced by

Atoms cm 3 4.96 % 1022 441 % 102 3-4 eV energy. The density
Dielectric constant of solid state is higher than
that of gas.

Seed will be much more
than that of gas chamber,
and amplification like gas

amplification won’t be

s 5 2
Electron mobility (77 K); cm*/V-s necessary.

Hole mobility (77 K); cm?/V-s
Energy per hole-electron pair (300 K); eV / Small difference between

Sl velocities of electrons and
Fano factor (77 K) 0.143 (Ref. 7)  0.129 (Ref. 9) e T 2
0.084 (Ref. 8) 0.08 (Ref. 10) ole unlike the gas case.

<0.11 (Ref. 11)

0'? N }(R f.12) 0057
(0] €l. 3
0.137 0.064 } (Ref. 12

0.058 (Ref. 13) Still, high carrier density. How

to realize no-carrier (higher
From G. Bertolini and A. Coche, Eds., “Semiconductor Detectors,” Elsevier-North Holland, | resist ance) world.
Amsterdam (1968), except where noted.

Knoll




y ; n - type p - type
p - N ]UHCUOH E , Hole rich

Electrons and
holes diffuse
across the
junction and are

' bound by p- and
+-type Impurities.

i
=z

Siési\group \'

Depletion W O carrier region.
region

.. V. = contact potential
i

However,

Phosphorus

V. = 1V and thin depletion layer due to
a space charge effect

p-type silicon f : .
Thin depletion layer —large capacitance

(C) —small signal due to q/C



Reverse Biasing

Conduction
band

Electron
energy

Conduction

Electron band
energy

Valence
band

Reverse biasing: supply of
external voltage, in the reverse
direction, which is the direction
to increase the contact potential,
expands the depletion layer.

To prevent discharge,
E = 105—- 107 V/m



Simple model in one-dimension

Gauss's theorem: A¢=-p/&

/At = e/ (-a < x €0)
= el /g (0<x<h)

Boundary conditions

de¢/dx |,.., =0

¢p(-a) =V, ¢(b) =0

¢ for either side must match at

N,a = N,b

a+b=d a<b=b=d MNA=N

Thickness of depletion layer: d = [(2&V)/(eN)]"*
Capacitance: C= g/d = [(egN)/(2V)]"*

Field strength: E = V/d =[(eNV) /2 )]"*




Remarkable features of semiconductor detector

Extremely good resolution of energy for low energy particles
Number of seed: n =Ed /W, where Ed and W are energy deposit and energy produce +/- pair
Ed is larger than gas due to higher density of solid by one thousand.
W is 3.62 eV for Si. It is very small.
Number of seed
semiconductor: n = 108
gas . n =10?
plastic scintillator : 103
crystal scintilator: 10?
Best recode: Ge—0.054% for 8MeVy, 0.71% 122keV'y
For this purpose, the thicker depletion layer is the better. Si-Li etc.

Extremely good resolution of position for high energy particles
Large number of seeds with high density: RO from multi places

Small diffusion

Fine machining

Fig. 3.34. Cross-section of silicon microstrip detector with capacitive
charge division [HY 83].

A i |_r~_ Readout
-Voltage — ’_“'_L >= 77’Jﬂ%b 2 E\E[‘Y:-JJIH“
|

Moreover, response is fast, due to thin layer
of depletion and fast movement of hole.

Silicon Vertex detector is now a crucial
detector for flavor tagging.




Position is obtained from the measurement of induced current on the electrode
(strip, pixel) . Highly-dense seed of electron-holes is crucial .

Table 35.1: Typical resolutions and deadtimes of common charged particle
detectors. Revised November 2011.

Dead
Time

Intrinsine Spatial Time

Resolution (rms) Resolution

Detector Type

Resistive plate chamber
Streamer chamber

Liquid argon drift [7]
Scintillation tracker

Bubble chamber
Proportional chamber

Drift chamber
Micro-pattern gas detectors

Silicon strip
Silicon pixel
Emulsion

< 10 mm
300 pmb

~1T5—450 pm

~100 pm

10-150 prm
50-100 pem*®
50100 pm

3040 pm

pitch/(3 to 7)9

= 10 pm
1 pm

| ns (50 ps®)  —

2 ps
~ 200 ns
100 ps/n®
1 ms
2 ns

2 nsf

< 10 ns

few ]'LE-h

100 ms

~ D s
10 n=
50 mstd
20200 ns
20100 ns

10-100 ns
< 50 ns"

< 50 ns"

B meson tagging
CT~450 uym

1(B*)~1.6x1012sec, 1 (B ~1.5%x 1012 sec




Belle || Detector

KL and muon detector:

Resistive Plate Counter (barrel)
“SEintillator + WLSF + MPPC (end-caps)

EM Calorimeter:

Csl(T1), waveform samp
Pure Csl + waveform sa

gation counter (barrel)
electron (7GeV)

=
Beryllium beam pipe
&Zcm diameter

~ 7
Vertex Detectar y 7
) 't !

2 layers DEPFET +4 |2 ers
. .

positron (4GeV)

lever arm, fast electronics




LEHE=Nilas

LAr hadronic end-cap and

LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker







Plastic scintillator

Energy levels of an organic molecule
with 1r-electron structure (phenyl)

Singlet Triplet

S0-S1: 3-4eV

S00-S01: 0.15eV >0.025 eV
Most of electrons stays at SO0 (ground state)

Sij: vibrational states, transitions inside {S0} and
{S1}, Sij —Si0, are radiationless, and their decay
times are:

1{S10}:nsec, 1{T1}: msec

Another route to the ground state

/"fe,
T1+T1—-S1+S0 oy iz, - -

U N, e s s
This is useful for PID, n/y separation. T

luorescence

PVT,; poly-vinyl-toluene
PS; poly-styrene

1 Phosphorescence

Liquid scintillators; xylene, etc




Wave length shift to visible light for better transmission

Ionization excitation of base plastic

; , 89/10/05 15: 18
base plastic !

108m | | Forster energy transfer

primary fluor
~1% wt/wt
emit UV, ~340 nm -1%w )

1074m

absorb UV photon secondary fluor
(~0.05% wt/wt )

W

1

emit blue, ~400 nm e (
absorb blue photon photodetector / /

500.¢

Pre.

> : EX 3
Absorption Absorption > . 5! . POPOP 0.045%

: 12000 na/min
or £ 230.0 nm X

emission Emission :158008 s
intensity g v

Fig. 2.4: UM LR TRIE L7 MSBiflE Y v F v —4— (PTP 1.5% + POPOP
0.045) DIHEFEIART bV, Fluorescence Spectrometer HITACHI F-4500 % v
THE LT, ERIT 2 RIEOBERLARS T, BENIRLER, BEETR
(i) HETHA, FLEITEALBER 410nm (R KR AXS by, HTFH
b R 340nm (2% 2 RHWER AT M THD,

Wavelength A —>
—<—— Photon energy Av




Readout method

Clad
structure

Through
Through 350 400 450 500 550 600 650 :’: WLS—ﬂberS
light guide

(direct RO)



[norganic (Crystal) scintillators

Conduction band

—— Activator

T excited states
Scintillation

photon _
Activator

ground state

Valence band

Table 28.2: Properties of several inorganic crystal scintillators. Most
of the notation is defined in Sec. 6 of this Review.

Parameter: p MP Xo Ry dE/dz A  Tgecay Amax n* Relative Hygro- d(LY)/dT

Units: g/em® °C ecm cm MeVem c¢cm ns nm gukpul’ seopich %/°C?
Nal(TI) 3.67 651 48 48 414 100 yes
" BGO  7.13 1050 23 9.0 218 9 no
BaF 4.89 1280 3.4 6.6 29.9 21° no
2.7f
CsI(T1) 4.51 621 3.5 5.6  37.0 45
CsI(pure) 4.561 621 3.5 56  37.0
2.3f
PbWO4 8.3 1123 0. 2.0 10.2 18

LSO(Ce) 7.40 2070 23 96
GSO(Ce) 6.71 1950 24 89




Other source of light : Cherenkov light

Lo
¢ 1

A particle cause polarization
and the polarization returns to
the state before. Very tiny, but
coherence enhance the
emission of light.

Critical energy (E., MeV) Emission
material Refracti S ) A Eron angle 6,
veindex | P - (degree,
(n) for B=1)
aViy 1.000284 | 38.5X103 | 43X103 | 61 1.4
water 1.34 450 50 0.25 42
Lucite 1.50 310 35 0.17 48
Lead glass | 1.68 220 26 0.13 54
c=c/n
cosB.= v/c’ Light yield : d>N/dxdA=2maz?sin?0/A2
=1/nB Wheﬁl elecﬁrons andhproto.ns.of p) GelV/ crun
e : through water, the emission angles are
Critical energy: 41.250?’33.84°,resp¢ctive;ly. We cgn
ng>1,B.=1/n measure the particle direction
E.= (vc-1)m, dN/dx = 99.6, 71.0cm™ ; A= 400-500 nm
Emission angle
eEeeh Transition radiation
6.< 6

= cos (1/n)

Noc vy




Photo-sensor
Photo-Multiplier-Tube (PMT)

Incident light

Semitransparent
photocathode

Typical
Photocathode photoelectron
o dynode No. 1 trajectories
electron optics

=

2 —
4
7‘§3

7 5

6,

7
Electron 8
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9
D
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3
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Various photodetectors

Table 35.2: Representative characteristics of some photodetectors commonly used in

particle physics. The time resolution of the devices listed here vary in the 10-2000 ps
Tange.

Type A €0 £ Gain  Risetime Area  l-p.e noise HV Price
(nm) (ns)  (mm?)  (Ha) (V) (UsD)

PMT* 115-1700 0.15-0.25 10°-10° 0.5-10 10°-10° 10100  500-3000 100-5000

MCP* 0.01-0.10 10°-107 0.15-03 10°-10" 0.1-200 500-3500 10-6000
HPFD* 115-850 0.1-0.3 10°-10? 7 10210°  10-10°7 ~2 % 100 ~600

GPM* 115-500 0.15-0.3 108-108  ©(0.1)  ©O(10) 10-107  300-2000 O(10)

APD 3001700  ~0.7 10-10% (1) 10107 1-10%  400-1400 O(100)
PPD 320900 0.15-0.3 10°-10°  ~1 1-10 o 10%) 3060  O(100)
VLPC ~00  ~5x 10 ~10 1 o104 - ~1

PMT: Photomultiplier tube, MCP: Microchannel plate, HPD: Hybrid photon detector
GPM: Gaseous photon detector, APD: Avalanche photo diode,
PPD: Pixelized photon detector, VLPC: Visible light photon couter



R&D in the E391a experiment

Among three method to make plastic sheet, cast, injection-mold, and extrusion,

extrusion is only method which has no limit in length, possible to use MS, which is mechanically
strong, cheap for mass-production.

Optimized for green light (WLSF)

improved quantum efficiency at 500 nm.
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Electromagnetic calorimeters
foran energy measurement of photons and electrons

Table 28.5: Resolution of typical electromagnetic calorimeters.
E is in GeV. '

Technology (Experiment) Depth  Energy resolution Date

Nal(Tl) (Crystal Ball) 20X,  2.7%/El/4 1983
BisGe3O1p (BGO) (L3) 22Xy  2%/vVE @ 0.7% 1993
CsI (KTeV) 27Xo  2%/VE @ 0.45% 1996
CsI(T1) (BaBar) 16-18Xy 2.3%/EY* @ 1.4% 1999
CsI(T1) (BELLE) 16Xo  1.7% for Ey > 3.5 GeV 1998
PbWO4 (PWO) (CMS) 25Xy  3%/VE®05% & 0.2/E 1997
Lead glass (OPAL) 20.5Xg 5%/VE 1990
Liquid Kr (NA48) 27Xo  3.2%/VE® 0.42% & 0.09/E 1998

Scintillator/depleted U 20-30X, 18%/vE 1988
(ZEUS)
Scintillator/Pb (CDF) 18Xy,  13.5%/VE 1988

Scintillator fiber/Pb 15Xg  5.7%/VE @ 0.6% 1995 Similar features for
spaghetti (KLOE) hadron calorimeter

Liquid Ar/Pb (NA31) 27X  7.5%/VE®0.5%®0.1/E 1988
Liquid Ar/Pb (SLD) 21Xy  8%/VE 1993
Liquid Ar/Pb (H1) 20-30Xy 12%/VE & 1% 1998
Liquid Ar/depl. U (D@) 20.5Xy 16%/vE &0.3% @ 0.3/E 1993

Liquid Ar/Pb accordion 25X,  10%/vVE ©0.4% @ 0.3/E 1996
(ATLAS)

:FP




Decomposition of energy resolution
AE/E = C,/\E + C, + C;/ E ; just an empirical formula, but convinient

S: signal from the calorimeter
Total absorption type detector =S o E; E =a*S ; proportionality

C, term: main term of resolution.

A particle looses its energy through an ionization process along charged tracks, and the
ionization energy will be converted to an electronic signal. In the case of PMT readout, the
smallest number, which makes the largest statistical fluctuation through this processing, is
number of photo-electron, N, before the large electron multiplication in PMT tube. E is
proportional to N, and the error AE fluctuates as N, then AE/E o0 1/ \/ﬁpe o 1/VE.

It is similar with other readout . In the case of sampling calorimeter, consisting of active and
non-active layers, the fluctuation of the sampling is also proportional '[O‘\/E .

C,term: AE oo E ; Just as an ambiguity of calibration of the coefficient of a linear function.

C; term ; AE is energy-independent like a fluctuation given by electoric noise at the
measurement.

For the ideal condition, noiseless operation and perfect calibration, the resolution is uniquely
determined by C, term.



5. Examples and discussions

5.1 Spectrometer

Momentum measurement by a magnetic
spectrometer is better for low energy particles,
while at high energy a calorimeter can measure
the particle energy with a better resolution than
at low energy.



Momentum measurement

Particle motion in the magnetic field

Lorentz force dp/dt=q(vXB) ;MKSA (Coulomb. Volt. Tesla) e
; just change the direction no gain of energy R
ForBLl v pd6/dt=qvB
Cyclotron frequency
Non-relativistic Relativistic
p=mv p = mvy
do/dt = w =qgB/m w = qB/ my
(Energy independent) (Energy dependent) .
p=v/w=mv/gB=p/gB p=v/w=mvy/qB=p/gB » Same
equation !!
p=03Bp, forqg=e, where [p]=GeV/c, [B] =Teslaand [p] = m
Magnet depth: L psinf =L o P

p = 0.3BL / sin@
dp/p=(p/0.3BL)d0:
= 3X103p ;for BL=1Tm, d6=1 mradian
Resolution is proportional to momentum; worse at the higher energy!!

Clear contrast with calorimeter: resolution shows

1 NE dependence



Magnetic spectrometer of E137

MUON B p=0.3BL/sinB

W4 W5 GAS CHERENKOV ~ IDENTIFIER

l=lll-§ — H

- ll Il!ll | I

41 PsinG:PT:O.BBL , magnet gives P+ kick

By setting magnetic field around 220
MeV/c kick, we can remove most of

DECAT three-body decays and select four

gmgﬁ — I [T 1 ?':f.' two-body decays with almost equal
- [ | ;':_: efficiency by the parallel trigger at
o % downstream. The four modes were
2o ] HeLum Bag 5 HELIUM 4G GEAN PlPE Bl collected simultaneously.
HELIM BAS SineneT Hl  H2 SHOWER COUNTER e .
e’ N | This is true for KL decay at beam axis
of any energy.
Two body decay In laboratory frame
in KL rest frame 5 Such a simple trigger is possible due to
Pew low energy of larger opening angle.
We also achieved similar mass
resolution with the BNL competitor
P with less DC position resolution of 300
L um. They have to operate DC at 150
P pm.
Pew (KL—TTTT, pu, pe, ee) We can operate DC at low voltage. It

brought us a big margin in high-rate

=206, 225, 238, 249 MeV/c enviroment.
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Figure 30.3: The positron fraction (ratio of the flux of e™ to the total flux
of et and e™) [26,24,30]. The heavy black line is a model of pure secondary
production [28] and the three thin lines show three representative attempts to model
the positron excess with different phenomena: green: dark matter decay [29]; blue:
propagation physics [32]; red: production in pulsars [40]. The ratio below 10
GeV 1s dependent on the polarity of the solar magnetic field.
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SK use electron scattering and see the
Cerenkov light, and measure v direction
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Neutrino oscillation using

nuclear reactors

Daya Bay Experiment: Layout

RPCs=

Relative measurement to cancel Corr. Syst. Err.
= 2 near sites, 1 far site

Multiple AD modules at each site to reduce Uncorr. Syst. Err.
= Far: 4 modules, near: 2 modules

Multiple muon detectors to reduce veto eff. uncertainties

= Water Cherenkov: 2 lavers

= RPC: 4layers atthe top + telescopes




Two ADs Installed in Hall 1




Final comments

Simulations for detector response as well as for physics
results is quite important, although I haven’t included

them in the present lecture.
[ would really recommend and ask you to train you easily

carry these simulations.



An example of a simulation
of physics results

In E137, invariant mass distribution of two
tracks assumed to mm, for the event sample of
the summed momentum directing to the
production target.

Simulation well reproduced shape of the tail,
even for a small structure around 600 MeV,

This got us confirm that we were doing a real
KL measurement.

This provided us pure m, |, e samples by
taking a specific mass region, and the
sample s were quite useful for calibrations of
PID detectors.

The peak is on the KL mass, and was used for
the normalization of other modes.
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Simulation is also
crucial for a detector
design

Spectrum obtained from a
5.62 cm-squared Nal(T1)
crystal using 2.167 MeV
photons from 3°K.

Not simple, but can be
perfectly reproduced by
Giant.

Training for a simulation code such as Giant must be
fruitful for your future.



