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perhaps new world(s) of SM replicas

Extra-dimensions
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Funny
Higgses

Typically supersymmetry, same couplings as the Standard Model
N Can generate uw —ey Z—ut anomalies in CKM measurements, etc. etc...
Al Dark Matter and BAU. High intensity and luminosity:
/ Many parameters but must be protected otherwise Higgs mass goes to infinity




SILICON TRACKERS
Pixel (100x150 um) ~16m* ~66M channels
Microstrips (80x180 um) ~200m?* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels
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CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbPWO, crystal

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

: hffps://oms.cern/detector



Detector

% We detector elementary particles

% gamma, electron, muon, pion, proton, neutron, ions

@ We measure kinematical variables
@ time, position, velocity, momentum, mass, energy
@ We reconstruct B2 — m2ct 4 p2c?
@ invariant mass, trajectory (B, B onl = (FL Py

@ |onization, Scintillation, Semiconductor, Cherenkov, ---




We measure physical variables as a result of
iInteraction between particle and material.

inelastic collisions with the atomic electrons

H D

elastic scattering from nuclei

emission of Cherenkov radiation

H P

bremsstrahlung

H

pair production

H

nuclear reaction (strong interaction)

H

Particle decay (weak interaction)




H’S’ i tille?tcl)r

_——

—_—

v wl
. b(éldriﬁm’et’erf

j Q) KOT'O 'ex'pe'riment




Energy Loss of (heavy)
charged particles by
atomic collision




H

£}

@ Electron obtains energy as AE(b) = =

Energy Loss

Charge ze, velocity v, mass M, Impact parameter b

Momentum lransfer

srr= [ Far= [ Frar- /

:/<x2+b2> mzw

2

2z€

bv

AP 2z%e?

21, M 02 b2
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Energy Loss (cont.)

@ Consider a bulk of electrons

@ Number of electrons

No = p-2mb - db dx

@ Energy loss becomes

Arz2e* db
E(b) = N, - AE(b) = d
4E (b (b) = T p T da
dE  4rz%e? db A7 22 e* bl ok
— 7 ? 9 P ln( )

dr ~ muv2 i MV Olind
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Bohr's Formula

bmin : head-on collision

ze
2mev2 =

bmin ==

biryini 29M V2

bmax ¢ adiabatic invariance

F.+= AP t :Periodof bound electron’s
orbital motion

ze’T 27T | w TUT [ U
b%naaz b’maajv 2 2V
dFE Az e / mu°>
< >—= —N A—In( 2)
dx MV Al “lyze
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33. PASSAGE OF PARTICLES THROUGH MATTER

Revised August 2015 by H. Bichsel (University of Washington), D.E. Groom (LBNL),
and S.R. Klein (LBNL).

Bethe Equation

dE 02 1
<‘%> Bty

K = 4t N rimec® = 0.307075 MeV mol ™' em?
re = e°/(4megmec?) = 2.8179403267(27) fm

_ Omec? 322
max Ty 4 29me /M + (me/M)?
dFE A7 2% et / mu>
< > = N 4 —ln( )

dx M V2 A M dyze?

14



Mean Excitation Energy

ICRU 37 (1984)
(interpolated values are
not marked with points)

Barkas & Berger 1964

Bichsel 1992\

10 20 30 40 50 60 70 80 90 100
Z

Figure 33.5: Mean excitation energies (divided by Z) as adopted by the ICRU [11].
Those based on experimental measurements are shown by symbols with error flags;
the interpolated values are simply joined. The grey point is for liquid Hg; the black
point at 19.2 eV is for Hy gas. The open circles show more recent determinations by
Bichsel [13]. The dash-dotted curve is from the approximate formula of Barkas [14]
used in early editions of this Review.




Atomic and nuclear properties of copper (Cu)

For muons, dE/dx = a(E) + b(E) E. Tables of b(E): PDF TEXT
Table of muon dE/dx and Range: PDF TEXT

Explanation of some entries

Table of isotopes Warning: may not be current

X ray mass attenuation coefficients

Quantity Value Units Value |Units

Atomic number 29 aterials

Atomic mass 63.546(3) [g mole™!
' |Specific gravity 8.960 g cm™ u)st,ag?lfssniﬁc t:::ginrgiZﬁmlﬁszt?;eﬁgni;;cgg:sgcﬁﬁﬁon
| Mean excitation energy [322.0 eV —

Minimum ionization 1.403 MeV g'lem? |12.57 |MeV cm'!

Nuclear collision length |84.2 g cm 2 3.393 |cm

Nuclear interaction length [137.3 g cm 2 15.32 [cm

Pion collision length 109.3 g cm2 12.20 [cm

Pion interaction length  |165.9 g cm2 18.51 |cm

Radiation length 12.86 g cm2 1.436 |cm

Critical energy 19.42 MeV (for ¢) [18.79 |MeV (for ™)

Moliére radius 14.05 g cm2 1.568 [cm

Plasma energy flw > 58.27 eV

Muon critical energy 317. GeV

Melting point 1358. K 1085. |C

Boiling point @ 1 atm 2835. K 2562. [C

2016/AtomicNuclearProperties/

~
~



33. PASSAGE OF PARTICLES THROUGH MATTER

Revised August 2015 by H. Bichsel (University of Washington), D.E. Groom (LBNL),
and S.R. Klein (LBNL).

Bethe Equation

@ charge square of incident particle ( z2)

@ charge of matter (2)
@ Inverse of mass of matter (1/A)

@ Unit of MeV - cm%/g

17




33. PASSAGE OF PARTICLES THROUGH MATTER

Revised August 2015 by H. Bichsel (University of Washington), D.E. Groom (LBNL),
and S.R. Klein (LBNL).

Bethe Equation

dE 57 1 [1. 2mec? B2y Winax
_ KZ —— ] = ln S
AB2 |2 12

2 0(B7)
A

- dx

charge square of incident particle ( z%)
charge of matter (2)
Inverse of mass of matter (1/A)

Mixture of different dependence on the velocity (B)

H H H H D

Maximum energy transfer in a single collision

__— 2mec? 22

P 4 29me /M + (me/M)?
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MIP energy deposit

Entries 100000
Mean 1.942
RMS 0.4488

15 2 25 3 35 4 45 5
Energy Deposit (MeV)
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6. Atomic and nuclear properties of materials 1

6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1 Abridged from pdg.1b1.gov/AteaichecloarProperties by D.E. Groom (2015). See web pages for more detall about entries in this
table and for several bundrod other substances. Parentheses in the dE /dr and dessity columns indicate gases at 20° C and 1 atm. Bolling polmts
are at 1 atm. Refractive indices n are evaluated at the sodium D line blend (5809.2 nm); values 31 in brackets indicate (n — 1) x 10% for gases at
0°C and 1 atm.

Material Z A (Z/A) Nucleoll. Nuclimter. Radlen. dE/drl,;, Density Melting Bolling Refract.
length Ay length Ay Xo { ' {gcm ‘} point point index

: [ )
{gem™?) {(gem™?} {gem~?} g~'ew®} ({g7')  (K) (K) @NaD ‘ P l l t l
1.008(7) 099212 428 520 a4 4. ) 0.071(0.084) 13.81 20.28 1.11[132] O yv l n y o u e n e

2.01410177803(8) 0.49650 51.3 718 12597  (2.053) 0.160(0.168) 18.7 2365 1.11(138)
4.002602(2) 0.49967 51.8 71.0 94.32 537) 0.125(0.166) 4220 1.02035.0]
6.94(2) 0.43221 52.2 71.3 £2.78 , 0.534 453.6 1618.
: 9.0121831(5) 0.44384 55.3 778 65.19 . 1.848 1560, 2744,

C diamond 6 12.0107(8) 0.49955 50.2 85.8 42.70 , 3.520 242

C graphite 12.0107(8) 0.49955 50.2 85.8 42.70 2.210

N 14.007(2) 0.49976 61.1 80.7 3700  (1.525) 0.807(1.165) €3.15 7720  1.20{298)
15.990(3) 0.50002 61.3 90.2 324 (1L801) 1.141(1.332) 54.36 9020 1.220271)
18.998403163(6) 047372 65.0 974 3203 (1.676) 1.507(1.580) 53.53 8503  [195)
20.1797(6) 0.49555 65.7 99.0 2803 (L.724) 1.204(0.K39) 24.56 2707 1.09(67.1)

26.9815385(7) 0.48181 69.7 107.2 24.01 1615 2699 9335 292 @ A — 5 7 3 2
28.0855(3) 049848 702 1084 2182  166( 2329 1687, 3538, 395 T = - g Cm
35.453(2) 0.47951 738 1157 1928  (1630) 1.574(2980) 1716 2391  [773)

30.945(1) 045050 757 1197 1955  (1.519) 1.306(1.662) 8381  87.26 1.230281)

47.867(1) 045961 T8E 1262 1616 1477 4540 1941, 3560,

55.843(2) 0.46557 81.7 1321 1384 1451 TAT 1811, 334

63.546(3) 045636 842 1373 1286 1403 8960 1358, \ 2
72.630(1) 044053 869 1430 1225 1370 5323 121l ey c m
50 118.710(7) 0.42119 982  166.7 852 1263 7310 5051 l - °

54 131.293(6) 041129 100.8 172.1 848 (1.255) 2.053(5483) 1614
7 183.84(1) 0.40252 1104 1919 6.76 1.145 19.300 3695.
78 195.084(9) 0.30083 112.2 195.7 6.54 1.128 21.450 2042,

70 196.966569(5) 040108 1125 196.3 6.46 LI 19.320 1337, 2
82 207.2(1) 0.39575 114.1 199.6 6.37 1122 11.350 600.6 2 -
0 [238.02891(3)) 0.358651 118.6 2000 6.00 1.081 18,950 1408, -— [}

Air (dry, 1 atm) 049919 61.3 90,1 36,62 (1L.815) (1.206)
Shiclding concrete 0.50274 65.1 975 26.57 1711 2.300
Borosilicate glass (Pyrex) 0.49707 64.6 96.5 2817 1.656 2.230

Lead glass 042101 959 1580 787 12585 6220
Standard rock 050000 668 1013 265( 1688 2650 d E / d x ey 1 9 6 5
Mothase (CHy) 0,62334 54.0 : 4647  (2417) (0667) 9068 [444 — ()

Exbane (CaHg) 059861 56.0 4566  (2304) (1.263) 90,36
Propane (CyHy) 0.58062 4537 (2.262) 0.493(1.868) 85.52
Butane (CqHyo) 0.50497 4523  (2278) (2.489) 1349
Octane (CsHis) 057778 45.00 2123 078 2144

Parafin (CHy(CHa)anasCHy) 0.5727 8. M85 2088  0.900 ’ ~ 2
Nyloa (type 6, 6/6) 0.54790 57.¢ 81, 41.92 . 118 e c m g

-
.. e
£

4
"

-l ow] ow] ol o

Polycarbonate (Lexan) 0.52057 . 83. 41.50 58 1.20

Polyethylene (([CH2CHz ) 0.57034 1 . 4477 .0 0.89

Polyethylese terephthalste (Mylar) 0.62037 58,9 9 39.95 S48 1.40

Polyimide Slm (Kapton) 0.51264 . ' 40.58 5 1.42
Polymethylmethaceyiste (acrylic) 0.63937 3 82 40.55

Polypropylene 0.55008 56. ' 4477

Polystyrene (([Cgl CHCH; 2) 0.53768 A . 4379

Polytetrafluorocthylene (Teflon) 047992 3.1 3484

Polyvinyltoluene 0.54141 / 43.90

Alumizum oxide (sapphire) 049038 a8, 2T 3. 2327,

Barium flouride (BaFj) 042207 .8 991 30 B 1641. 2533.
Bismuth germanate (BGO) 0.42065 . 7.97 1317.

Carbon dioxide gas (CO3) 0.49989 60.7 88.¢ 36.20

Solid carbon dioxide (dry ice) 0.49989 60.7 36.20 T8 . Sublimes at 154,
Cesium iodide (Csl) 0415669 100.6 839 504.2 1553,
Lithium flucride (LiF) 046262 61.0 . 39.26 1121, 196,
Lithium hydride (LiH) 0.50321 50.8 \ T9.62 965.

Lead tungstate (PHWO,) 041315 1006 7.39 ‘ : 1403,

Silicon dioxide (SiOz, fused quartz) 0.49930 656.2 1986, 3223,
Sodium chloride (NaCl) 047910 712 1075. 1738,
Sodium jodide (Nal) 042697 3.1 933.2 1577.
Water (H,0) 0.55509 58.5 ' : d 273.1 373.1

Silica acrogel 0.60003 656.0 (0.03 H20, 0.97 S:03)




In'case 0T 400 MeV/c muon entering the
plastic scintillator

— In

<_d_E> w2z 1 [1 2mec? 32y* Winax

dx A 32

@ K =0.307075 MeV - ecm? /mol

@ <Z/A> =0.54141

@ B =0.9668, By = 3.7858
® 1= 64.7¢V

® mec?=0.511 MeV

@ Winax = 14.109 MeV

22

2 0(B)
2 AR

Quantity Value ~ [Units Value [Units
I@b—ml—lil—
Spoc fic gravi [1.032 | em® [ |
exci 64 7 |
uclear collision length 57.3 | g cm‘2 @ cm
uclear interaction length 81 3 | cm™2 lmcm
ion collision len 84.8 | cm2 ’mcm

ion interaction len W’gcmz—,m,cm—
Radiation length 43.90 | em2 mcm
CﬂnmLcncrgy. 94.11 McV (for e) WM&:V (for e*)

Plasm nergy hw,, 21 cV | |
Muon critical ene
i




Cosmic ray momentum spectrum @ KEK

Entries 100000
Mean 2.983
RMS 2.2

2 3 4 5 6 7 8 9 10
Muon Momentum (GeV/c)
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h3
Entries 100000
Mean 1.974

RMS 0.4504

| | [ | | I

|llll|llll|llllll

15 2 25 3 35 4 45 5
Energy Deposit (MeV)
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Particle Energy Deposit

By > 3.5:

d_E N d_E C—ions ”
de /| do - ”

min 250 MeV/u -
300 MeV/u-

By < 3.5:

ap\ _ dE
dx dx

min

18 MeV
photons

relative dose

Applications:

Tumor therapy

i . 120keV
Possibility to precisely deposit dose : S TAYS

at well defined depth by Epeam Variation L TT—
[see Journal Club] 5 10

depth in water [cm]




Straggling
-Landau Distribution-

For a small energy loss, prob. of fluctuations

@ Let unknown function f(x,A) _l
>
8 o0
o A CICYN S ENNI -

Energy Loss

£}

+100+0
7, 8) = / P 3(p, x)dp

2l ol o

1 e oo —pe)de
f(I,A) | _/ epA—:I:fO w(e)(l—e dp

271 —100+0

2rNe’p> 7 1
w(e) = mv2z%1 = for co<e<enar
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Straggling
-Landau Distribution-

: : ~ 2nNe*p>.Z
With a variable ¢==x S A
1
jK$7A0:::E¢(A)
1 o i ey ENNE NN

A—¢ns +1-0C)
2 3

Ennn-nuEEEREREE
IIIIIIIIIIIIIIIEESII
II!’

Es
Most probable value of energy loss Jusss SERES |
L ||,|=|,35-====
JANEIVA = T

fla, A)dA = ¢(———)d(— .

§
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— h2
100008 ,1 Entries 100000

B 1 Mean 1.974

8000— | RMS 0.4506
B R ¥2/ndf  2012/87
B 1 Constant 5.45e+04

6000|— | MPV 1.719
- | Sigma 0.09255
B i ‘

4000— |

2000 _— | \
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h1
Entries 100000
Mean 26.99
RMS 18.41

30 40 50 60 70 80 90
Polar angle (degree)

OO




5 hi
10000— ] Entries 100000
B l Mean 2.596
B 1 RMS 0.7765
= Qma 0.08255
8000 — ‘ ‘
6000— |
i l
B I ‘
4000— 1
i \
2000 |
0_ llllIlllllllll | 1 | :___-_h_-'-_-'!l

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 o
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Energy 0SS of e+




Energy loss of e=

| Nl | Illlllll | il

Lead ( Z =82)

Bremsstrahlung

lonization

Positron >
anmlhllaltloln 1

lllllllll'llll

L 111

10 100
E (MeV)




Bremsstrahlung

k = hy

E(x) = Ege™ /%0

A

daN s Z?r2In Zlf/gg

Radiation Length Xo X0 =

35



Energy loss of e=

| Nl | Illlllll | il

Lead ( Z =82)

Bremsstrahlung

lonization

Positron >
anmlhllaltloln 1

lllllllll'llll

L 111

10 100
E (MeV)




H

H

Critical energy (Ec)

Energy at which a electron losses its energy as
same amount by bremsstrahlung and ionization.

Energy at which the ionization loss per Xo is
equal to the electron energy.

Copper
X, =12.86 g cm~2
E.=19.63 MeV

-3
o

Rossi:
Ionization per X
= electron energy

O W Ot
c O C

2
2]
1
x
3
=

Do
(o]

Brems = ionization

10 20 50 100 200
Electron energy (MeV)




" O
O 710 MeV
> - Co
S oL 610MeV 7 5. 4~ Z+092
c Z+1.24 \O\
mb
20 + Solids
O Gases
10 =
IIJI He Li BeB CNONe j I
5 | 1 1 L1 11 1 1 1 1 11
1 2 5 10 20 50 100

Figure 33.14: Electron critical energy forZ

definition [2].

the chemical elements, using Rossi’s

The fits shown are for solids and liquids (solid line) and gases

(dashed line). The rms deviation is 2.2% for the solids and 4.0% for the gases.

(Computed with code supplied by A. Fasso.)



Cherenkov radiation

@ 1In 1934, P.A. Cherenkov observe new type of luminescence

irradiating gamma rays into uranyl salt.

)

¢« Originated by charged particle

@ Not to be radiative origin
z

Observed at a certain angle along particle direction




Refractive indices, Cherenkov threshold values

“

Material n-—1 B-Schwelle ~-Schwelle

festes Natrium 3.22 0.24 1.029

Bleisulfit 2.91 0.26 1.034 _ _

Diamant 1.42 0.41 1.10 problematic: region between
Zinksulfid (ZnS(Ag)) 1.37 0.42 1.10 A

Silberchlorid 1.07 0.48 1.14 liquids and gases

Flintglas (SFS1) 0.92 0.52 1.17

Bleifluorid 0.80 0.55 1.20 ]

Clerici-Losung 0.69 0.59 1.24 Aerogel: mixture of

Bleiglas 0.67 0.60 1.25 .

Thalliumformiat-Lésung 0.59 0.63 1.29 m (SiO,) + 2m (H,0)

Szintillator 0.58 0.63 1.29

Plexiglas 0.48 0.66 1.33 - - . : :
Borsilikatgias 0.47 0.68 1.36 light structure with inclusions of air,
Wasser 0.33 0.75 1.52 - :

Aerogel 0.025 - 0.075 0.93-0.976 4.5-2.7 bubbles with diameter < }‘Licht
Pentan (STP) 1.7-1073 0.9983 17.2

CO, (STP) 4.3-107* 0.9996 34.1 — n:averaae from n... Ne:ns. N
Luft (STP) 2.93 - 104 0.9997 41.2 9 ain 17Si022 ©'H20
H, (STP) 1.4-10"4 0.99986 59.8

He (STP) 3.3-10°° 0.99997 123

Tabelle 6.2: Cherenkov-Radiatoren [94, 32, 313]. Der Brechungsindex
fiir Gase bezieht sich auf 0°C und 1atm (STP). Festes Natrium ist
fiir Wellenlangen unterhalb von 2000 A transparent [373, 209].
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primary p
(30GeV) 20m beam line

target

Sweeping magnet and collimator
BN
. Fmm 8 N
— 1N X
sss y
Charged

Trigger scintillator for calibration

Parameters

for each module
Module No.:
Thickness of lead sheets:

Thickness of aerogel:

(BHTS)

4+ 4> —>

1-5
1.5 mm
5.8 cm

6-10 11-12
3.0 mm -
5.8c¢cm 5.8 cm
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Q0
o

Measured
energy loss

[ALICE TPC, 2009]

PC Signal [a.u.]
5

o
o

'5# "’U uM.p,L 1"
P‘Cry..p e ;haf‘?iﬁ

:s,g, Mt» 1% S " Bethe-Bloch

Remember:
dE/dx depends on B!

100 F

0.1 0.2 1
Momentum [GeV]




Transition radiation (TRD)

Charged particle passes through materials with different dielectric properti
— particle forms dipole with the mirror charge
— dipole changes with time

- radiation

Air (Vacuum) Dielectric medium
Q— e ®

charged part. mirror charge

» radiated energy W proportional to the energy of particle!

1
W=§(xhwpy

- with w_Plasma frequency Energy spectrum for CH foil

2
Nee 16 [
w,= hw,=20eV <k
€ m,
*, 12r

« only important for highly relativistic particles

ro1or

* energy: keV (x-rays)

« B « 1/y : emission in very forward direction

2 4 6 8 10 12 14 16 18 20 22
E,KeV

» probability for photon emission very small -» many transitions (foils with gaps)

 # photons <N> ~ W /hv ~ O (a)=1/137 a fine structure constant

* energy loss due to TRD negligible for single transition

« important for particle ID at high energies, other effects used for PID « 3 (B=1)
Review article: B. Dolgoshein; NIM A 326 (1993) 434

Katharina Muller autumn 14







Photoelectriceffect| 11—+ 11— 11T 11
\‘;%o
light - \ o% (b) Lead (z - 82) -
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PHOTOCATHODE RADIANT SENSITIVITY (mA/W)

Transmission Mode Photocathodes
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Transmission mode photocathodes

Spectral Response
Curve Code | Photocathode Window SL:rTsI:R/l:tsy Spectral reak Wavelength
(S number) Material Material (Typ.) Range | Radiant Sensitivity | Quantum Efficiency
(LA/Im) (hm) | (MA/W) | (hm) | (%) | (nm)
100M Cs-l MgF2 - 115 to0 200 14 140 13 130
200S Cs-Te Quartz o 160 to 320 29 240 14 210
200M Cs-Te MgF2 S 115 to0 320 29 240 14 200
400K Bialkali Borosilicate 95 300 to 650 88 420 27 390
400U Bialkali uv 95 185 to 650 88 420 27 390
400S Bialkali Quartz 95 160 to 650 88 420 27 390
401K High temp. bialkali | Borosilicate 40 300 to 650 51 375 17 375
500K (S-20) Multialkali Borosilicate 150 300 to 850 64 420 20 375
500U Multialkali uv 150 185 to 850 64 420 25 280
500S Multialkali Quartz 150 160 to 850 64 420 25 280
501K (S-25) Multialkali Borosilicate 200 300 to 900 40 600 8 580
502K Multialkali Borosilicate 230 300 to 900 69 420 20 390
(prism)

700K (S-1) Ag-O-Cs Borosilicate 20 400 to 1200| 2.2 800 | 0.36 740

— GaAsP(Cs) — —_ 300 to 720 180 580 40 540

- GaAs(Cs) o — 380 to 890 85 800 14 760

- InP/InGaAsP(Cs) | — — 950 to 1400, 21 1300 | 2.0 |1000to 1300

- InP/InGaAs(Cs) — — 950to 1700 24 1500 | 2.0 |1000to 1550




Compton Scattering

hl/o

1+ (My) (1 —cos0)’

MeC

hv =

9 2(hvg)? cos? ¢
(hvg + mec?)? — (hg)? cos? ¢’

1 0
cot —,

1+ (etr) 2

E = hvy — hv = mec

tan ¢ =

We can also calculate the recoil kinetic energy (T) spectrum of the electron:

4 M 045+ S (s-2) withs=T/E,
dl  mcy' y(1-s5)’ (1-s5) i,

This cross section is strongly peaked around Trnax 18 known as the
T - Compton Edge

max*

max

Kinetic energy distribution
of Compton recoil electrons

Energy [Mev)



Pair Production
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H H H D

H

Scintillation counter

The energy loss produce scintillation light
Conversion should be linear

Light collection; Self-Transparency
Response time

Size to use in experiments



H D

H» H H DH D

H

Organic scintillator

Aromatic hydro-carbons, Bensen ring

Singlet states
Stokes shift

Triplet states

Absorption Absorption
or
emission

intensity Emission

Wavelength A ——>
—<—— Photon energy Av
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Organic scintillator

Ionization excitation of base plastic

base plastic pS, PVT

Forster energy transfer

primary ﬂuorppo PTP
emit UV, ~340 nm (~1% wt/wt)

absorb UV photon secondary fluor POPOP

, (~0.05% wt/wt )
emit blue, ~400 nm

absorb blue photon photodetector

Figure 34.1: Cartoon of scintillation “ladder” depicting the operating mechanism
of organic scintillator. Approximate fluor concentrations and energy transfer
distances for the separate sub-processes are shown.
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Light Output (% Anthracene)

Scintillation Efficiency (photons/1 MeV e") 10,000 10,400 9,200 10,000
Wavelength of Maximum Emission (nm) 425 408 435 423
Light Attenuation Length (cm) 380 160 400 250
Rise Time (ns) 0.9 0.7 1.0 0.9
Decay Time (ns) 2.1 1.8 3.3 2.4
Pulse Width, FWHM (ns) 2.5 2.2 4.2 2.7
No. of H Atoms per cm? (x10%?) 5.17 5.15 5.17 5.17
No. of C Atoms per cm? (x10%2)

EJ-200 EMISSION SPECTRUM

No. of Electrons per cm3 (x1023)

o

Density (g/cm3)

Polymer Base

o
0o

Refractive Index

o
»

Softening Point

Vapor Pressure

AMPLITUDE
o
&

Coefficient of Linear Expansion

-
N

Light Output vs. Temperature

0.0

Temperature Range 380 400 420 440 460 480

EJ-299-33A  PSD plastic, Fast neutron- WAVELENGTH (nm)

E)-299-34 PSD plastic, Fast neutron-gamma aiscriminauon, dmail par arrays - -

http://www.eljentechnology.com/products/plastic-scintillators



Saturated light output

& Light yield
L=AFE
il  dE

]
dx dx

@ Damaged molecules for
large dE(ionization)

dFE
BT
dx

u
&
o
E E
b
sE
o=
w
go
= g
(8]
£
>
(X
(&)

dt. /0

@ Birks' law

dL ALl
dr 1+ kB4
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Example of Quench

1 GeV/c pion incident

258 /module 25/8/module w/ and w/o quench
" ' and data

TI

i'.,T [

5
020406080100120140160180200

Energy deposit (MeV)
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Pulse shape discrimination

% Two components of scin.

“ slow component

@ nature of the exciting
particle

@ Large dE/dx

107

Alpha particies

>
-~
7
('™
@
—
£
—
X2
wd

o

@ Large Triplet excit.
Gamma rays

@ Bimolecule interaction
300

Time inns

(2 To ->So 0] g S1
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In organic scintillator

phonons
(CB)

GSO:Ce>*

Ce3*

activator

photon
~440 nm

ohonhons
(VB)
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Temperature dependency

Mal{Ti} {From Harshaw catalog)

5

80

_ ‘Cﬂ[i‘u]

-
o
&
)
=

c
@
-
T
a
d
a
3 f,
&
-
k]
[T
@

=60 =20 0 20 60 100 140
Crystal temperature -degrees centigrade
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1900 1920 1940 1960 1980 2000
I I T I I I

LaCI3:Ce;LaBr3:Ce
RbGd2Br7:Ce

LuAlO3:Ce

Lu2SiO5:Ce
PbwWO4
CeF3
(Y,Gd)203:Ce
Gd2Si05:Ce
BaF2 (fast)
YAIO3:Ce
Bi4Ge3012
BaF2 (slow)
Cs I(Na)_rl—
CdS:In
Zn0:Ga
CaF2:Eu
Silicate glass:Ce
Lil:Eu
Csl
CsF
Csi(T)
CdwoO4
Nal(TI)
ZnS
| cawos
| | | | | |
1900 1920 1940 1960 1980 2000

Fig. 1. History of the discovery of major inorganic scintillator materials.




Table 34.4: Properties of several inorganic crystals. Most of the notation is defined in
Sec. 6 of this Review.

Parameter: p MP Xg R}, dE*/dz A} Tgecay Amax nf Relativ;a Hygro- d(LY)/dT
Units: g/ecm® °C cm cm MeVim cm ns nm output’ scopic? %,/°C*
Nal(T1) 3.67 651 259 4.13 48 429 245 410 1.85 100 yes —0.2
BGO 7.13 1050 1.12 2.23 9.0 228 300 480  2.15 21 no —0.9
BaF, 4.89 1280 2.03 3.10 6.5 30.7 650° 300° 1.50 36° no -1.9°
0.97 2207 4.17 0.1/
CsI(T1) 451 621 1.86 3.57 5.6 393 1220 550 1.79 165 slight 0.4
CsI(Na) 451 621 1.86 357 56 393 690 420 1.84 88 yes 0.4
Csl(pure) 4.51 621 1.86 3.57 5.6 393 30° 310 1.95 3.6° slight —1.4
6/ 1.1
PbWO4 830 1123 0.89 2.00 10.1 20.7 30° 425° 220 0.3° no —2.9
107 4207 0.077¢
LSO(Ce) 7.40 2050 1.14 2.07 9.6 20.9 40 402 1.82 85 no —0.2
PbF2 7.77 824 093 2.21 94 21.0 - - - Cherenkov no -
CeF3 6.16 1460 1.70 2.41 842 23.2 30 340  1.62 7.3 no 0
LaBr3(Ce) 5.29 783 1.88 2.85 6.90 304 20 356 1.9 180 yes 0.2
CeBrj 5.23 722 196 297 6.65 31.5 17 371 1.9 165 yes —0.1




Liquid noble gases light generation

e Energy deposition leads to
> scintillation: time scale ~ 10ns and 130 < A < 180 nm

> ionisation: ~ 20 eV/pair
— in calorimeters the ionisation charge is measured (dominantly)

de-excitation and
excited dissociation
molecule

excitat E: @ - CQ‘:} @ (\N\lbﬁ\

~ i 150nm (K

Tk
ionization™ (a1 SR @ 175nm (Xe)
\ij L@E:f g

. ionized /
¢ Optlons molecule recombination
> Argon: cheap, ‘simple’ to purify e
> Krypton: expensive, smaller radiation length
> Xenon: very expensive

@ e collision 130nm (Ar)

= application in homogeneous and segmented calorimeters
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o e— . - .

L

o
Electromagnetlc shower

& Electromagnetlc calorimeter uses a successive

generation of secondaries - EM shower.

@ High energy photon occurs pair creation
dominantly.

@ High energy electron-positron pair loses its energy
by bremsstrahlung.

66




Radiation Length (Xo)

@ Characteristic amount for energy loss of (high

energy) photon and electron

% mean distance over which a electron loses its

energy as 1/e by bremsstrahlung
A

//9 of the mean free path for pair
production by a photon

67 foot notes



Longitudinal shower development

% Number of secondaries
N =2
@ Average Energy
E(t) = Ey/2"
@ Shower development stops at

E(t) — Fc t=0 i t=1 t=2§ t=3

Radiation Length(Xo)

68 foot notes



H

H

Critical energy (Ec)

Energy at which a electron losses its energy as
same amount by bremsstrahlung and ionization.

Energy at which the ionization loss per Xo is
equal to the electron energy.

Copper 8% (b) Lead (Z=82)
Xor')-plz.es g cm-2 %, ° - experiments] Cuo
E, = 19.63 MeV

Rossi:
Ionization per X
= electron energy

Cross section (barns/atom)

Brems = ionization

10 20 50 100 200 | MeV 1GeV 100 GeV
Electron energy (MeV) Photon Energy



Longitudinal shower development

% Number of secondaries
N =2
@ Average Energy
E(t) = Eq/2°
@ Shower development stops at

| |
t=0 | t=1 t=2 | t=3

E(t) = Ec

Radiation Length(Xo)
@ Maximum number of shower particles at which their
energy is critical energy ;

E
Ec = Ey/2'me=  t .. = In(

0
— ) /In2
7o/ 1n
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=
length iAL
< TZ(EO) >= /
(i—1)At
dE | |, [terig
o SE 2 L ['(a)
ma,az(% — (a’ kN 1)/b %
E =
C.=—0.5
C, =+0.5

Energy deposit

N (Eg, By, t)dt

EGS4 calculation

30 GeV electron
incident on iron

Eth = 1.5MeV

t = depth in radiation lengths

¢ Energy deposit « total integrated charged track

Qo
o

z
Number crossing plane




Longitudinal shower shape

Energy deposit of electrons as a function of depth in a
block of copper; integrals normalized to same value
[EGS4* calculation]

Depth of shower maximum increases
logarithmically with energy

tmax X In(Eo/E.)

X
=
O
e
o)
Q
=
n
o}
Q
o)
©
>
o
o}
-
LL]

Depth [cm]
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Lateral development of EM

Mainly due to multiple
scattering of low energy
electron.

Moirere Radius (Rm)

21MeV
Ry = E. X0

TA

e 7[g/cm ] a-RIR"‘

o
o
o
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Hadronic Shower

Heavy Nucleus (e.g. U)

Incoming
hadron

—
N J J
N

A
lonization loss - lonization loss

Intranuclear cascade
(Spallation 1022 s) Intranuclear cascade
iner- and (Spallation 1022 s)

/

intranuclear cascade AV
Internuclear cascade

B ( )Nuclear

Fission evaporation

foot notes




Hadronic shower

Longitudinal shower

development: Strong peek Near Are ...
followed by exponential decrease ....

Shower depth:
tmax = 0.2In(E/GeV) + 0.7
: S . LBS = {max + 2-5'\att
. Wml\“" a~ (E/GEV')U.Z{

A1 ~ 35 g/cm* - A3

ay

N(ZE) — N()e_ Al

Example: 300 GeV pion ...

trae = 1.85L95=185+55=~74
[95% within BN\-+; 59% within 11 A

Typical
Longitudinal size: 6 ... 9 Aint

k2
[=
-
P
£
£
S,
S
c
©
o
o]
0
=
>
=

[95% containment]

Longitudinal shower profie for 300 GeV ™ interactions in a block
of uranium measured from the induced Mo radicactivity ...

Typical

Transverse size: one Aint
[95% containment]

A Xo | R=(A/Xo) A Xo | R=(AdXo)
Fe 16.78 1.76 9.54 Scin. | 78.93 | 42.62 1.85
Cu 15.32 1.44 | 10.68 Csl 38.03 1.86 20.44
Pb 17.59 | 0.56 | 31.33 | Pbwo, | 20.28 | 0.89 22.77
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Comparison hadronic vs EM showers

250 GeV 250 GeV
| photon

—
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©

Simulated air showers

0 +5
lateral shower width [km] lateral shower width [km]
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Calorimeter

A detector to measure particle’s properties through
total absorption.

A

@ Destructive absorption process, shower development,
convert the particle energy into heat.:

@ Interaction of charged particles with matter.
Both charged and neutral particles.

Performance typically improves with increase energy.

H H D

Use for triggering. Quick decision for event taking.

78 foot notes



Tracker V.S. Calorimeter

E/p width

Momentum meas.
Better resolution
in Low energy

500 1000 1500 2000

Energy meas. E [MeV]
Better resolution

K. Sato Ph.D theses
2015, Osaka Univ.

in High energy foot notes



Calorimeter

¢« Homogeneous Calorimeter

@ Assembled by modules of dense (inorganic) scintillator

”~

« Crystals, Liquid

@ Nice energy resolution, but expensive

@ Sampling Calorimeter

H

Dense material generates shower particles

H

Detector (organic scintillator) detect shower particles

H

Worse energy resolution, however cheap

H

Large scale of calorimeter
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Energy Resolution

% Fluctuation
@ Shower development C YT & b D ¢
@ Number of photoelectrons 12 \/E 12
@ Shower leakage
@ Sampling fraction (for sampling calorimeter)
@ Path length (for sampling calorimeter)
@ Straggling (For sampling calorimeter)
@ Noise term
@ Constant Term

81



Energy Resolution

@ Fluctuation

Detected energy is proportional to number
of shower particles, N.

b

Ex N, N = W E: Incident energy
W: '
oo | oy | |EW Mean energy for signal
T NTV E F: Fano Factor
OF 1

— O< °
I \/N—pe Npe:Number of photoelectrons

82 foot notes



Energy Resolution

@ Path Length

@ Multiple scattering at the passive Absorber

absorber. l l

H

Effective energy at the =

allende Teilchen

detector. "

T T

Detektoren

i

¢ Straggling

Thin detector (scintillator)

H» D

Sum of asymmetric energy deposit
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Energy Resolution

H

Fluctuation

H

Noise term

H

Readout electronics

@ Import in low energy

H

Constant Term

H

Inhomogeneity
@ Calibration constant

@ linearity

H

Shower leakage

84
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‘ Energy Resolution
(hadron calorimeter)

41 S T LA
L i N i - C
Bl \VEE

@ Fluctuation
@ In addition:-:

@ Nuclear excitation, fission, binding energy fluctuation

@ Heavily ionizing particles
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3% Fermilab | Vet
TV * stacking # completed | &0%-pam

Csl calorimeter KOTO

dismantled b July 2010 )
Z'c"e‘,’,'lbirzéos . | Csl calorimete

201 1.Feb.08 16:3

2716 Crysta|s l.lll";::;




(in Feb.)

trigger scinti.

(in Jun.)
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magnet
end guard

study with charged particle

Csl
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m: seed
n: focused
m: linked

)
n

-
b
-
.

Figure 3.5: Illustration of the clustering process. (a) The CsI crystals with energy
deposits more than 3 MeV are shown in red. They are defined as cluster seeds. The
black block represents the seed with the maximum energy deposit. First we focused
on the black block. (b) The 14x14 cm? square, drawn with blue line, is placed around
the focused block. The seeds which were located in the square are linked with the
focused seed. The linked crystals are filled with green. (c) We then move the focus
to one of the linked crystals and seek the seed in the square centered on the focused
block. (d) The process in (c) is iterated until no more seeds can be linked. The group
of the linked crystals is defined as “cluster”. (e) The processes (a)~(d) are iterated
for the remaining seeds. (f) In this example, three clusters are finally found (Each of
them are shown in magenta, purple and blue, respectively).
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—+— B500<EYS, <550 MeV
—+— 1000<Eg,,,<1050 MeV
—+— 1500<E"S_<1550 MeV

VIS
spec

# events
o

width of E_/E

| | | | | | | | | | | | | | | | |
500 1000 1500 2000
Vis vis
ECSl/ Espec EspeC[MeV]

P2 o ps3
E[GeV]  E[GeV]

p1 = (0.66£0.12+0.51)%, ps = (1.81+0.04 £0.02)%, ps = (04+0.15+0.00)% large Crystal

pr = (1.71+£0.11 +£0.13)%, ps = (1.31 £0.10 £ 0.01)%, p3 = (0+£0.44+£0.00)% small Crystal




From January run

Calorimeter calibration 1 - cosmic ray

e F calibration before beam run

using cosmic ray Cosmic ray event display
e |nitial calibration Run14200 Event33320  energy [MeV]
e Also used for gain adjustment 800| -
of each crystal 00| 1 e
(to use in trigger) ao0f | {11 .
200
0 20
® [ calibrations of other detectors 200
were also done with cosmic ray 400} : N
data. 00} f & 0
(Except for detectors that are only s00f R |
sensitive to particles in the beam B0 60 400 200 0 0 40 60 600
direction.)



KL9 o1 al ALz nl

1 2651

Momentum : 2604

Energy
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Run11160 Event13414 Energy display (>3 MeV)
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) reconstruction

@ EM calorimeter provides energies and incident positions of two
photons

@ With an assumption that 7’ decays at beam center and =’ rest
mass, we can obtain a distance between calorimeter and decaying

vertex.
@ Pair of neutrinos take away transverse momentum (Pr)
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From January run

Calorimeter calibration 3 - K{ =37

(Eo+ E1)? — (Py + P;)? = Myo®
(Ez + E3)? — (P + P3)? = Mo?
(E4 + Es5)? — (Py + Ps)? = Mpo?

e Relative calibration using parameters:

5 2 [ 2
® decay vertex: vx,Vy,Vz S 5
0 VY - B . _ "
6y from K. =3z o E of i-th photon (; l") (:'E:o: P.) Mg,

constraints: 5 5
e (onstraint fitting with ® mass of 3 pairs = Mo Z;x,--f:,- =’”x'§Ei

4 parameters and
6 constraints

® mass of 6y = Mk, . .
® vertex x,y correlate with COE Y v -Ei=v,-Y E
1=0 1=0

[teration O
| {lteration]
________ S {|teration 9

o
A
2 &

5

Ill]llil!llll|llll[iillllllllllll]lili'liil

8

Ndrmaliied by area'

# of events / 0.5 MeV/c? [a.u ]
o
(=]
N
n

...............................................................

- -
- -
- -
- -
-
-
......
-
- -
.
-
- -
-

Calibration
using K —3="

4 1 lllllllllillllillll;llll[llll 2 L 1 ]

$60 485 490 495 500 505 510 515 520
6y invariant mass [MeV/c?]

e




From January run

Calorimeter calibration 2 - Al target

N |
Upstream Al target
(removable; driven by a motor)

|
Bsoo 5mm Al target inserted in the neutral beam
o e 7¥ production at known z position
15001 Absolute energy scale can be obtained.
1000} (If tO mass is assumed, a peak can be
i observed at corresponding z position.)
00—

MZSOOSOO0350040004500§00055006000

Rec. m° vertex [mm] 17




Results of
May 2013

¢ Removed B.G. events
learned from the E391a.

(7 production at the

't_ ................... G
1070121 6:0383

.
.
'

detectors)
@ We found two new sources  7.2440.52
of the B.G.
@ Upgraded detector for run

2015

SES=129x%x 108




M.C. for gamma with
High statistics

Csl Crystal

gamma
(point source)

Csl Crystal

Front View \ / Side View

Veto Counters
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Neutron oniy
Gamma only

Neutron + Gamma
Neutron + Others
Gamma + Others

No secondaries

| I IIIIIII| | IIIIIIII I llllllll I llllllll I IIIIIIII IR

0.8 1

Ratio (Edep/Ein)




Election Incident

Neutron oflly
Gamma only

Neutron +_Gamma
Neutron +:Others
Gamma + Others
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Location of J-PARC

5 J-PARC site
JAEA

To get to JAEA f\i*om"Tdi{ai Stati
it takes about 10 minutes

KEK

To get to KEK from
Tsukuba Station of TX Line,
it takes 20 minutes by car
and costs about 3,000 yen
when a taxi is taken.

s | The Pacific Ocean

Tsukuba

®  Airport
—— Japan Railways (JR)
—— Tsukuba Express(TX) Line
—,,.Pn/vate Railroad
7"‘{' Bus

http://j-parc.jp/index-e.html




J-PARC Facility

S —————— Hadron Beam Facility
| Materials and Life Science ——
S Experimental Facility s, - f& K=

N

3 GeV Synchrotron 88 30 GeV Synchrotron
(25Hz, ) (0.75MW)




J-PARC Facility
(KEK/JAEA)

:

CY2007 Beams
JFY2008 Beams
JFY2009 Beams

e

Bird’s eye photo in January of 2008




EXPERIMENTS

Pion (m)

Target Nucleus T,

90 Neutrino (v)

) Kaon (K)

= Anti Prown (p)

Proton (p)
Neutron (n)

Proton (p)
3 GeV, 50 GeV

ENEMENTARY
b ARTICLES
Neutron (n)

To study various phenomena with high intensity secondary particles.
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Hadron Hall

Production Target

' K1.1BR
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30 GeV Proton beam
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adron Hall after 2017




Searching for the K, — 7°vi decay
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Rare precess : At-AE~h



Studies on Kaon decays
- Cornerstone of the SM -

DATA
MONTE-CARLO CALCULATION

World Average
Re(e'/e) = (16.3+ 2.2) - 104

d|s|b| WS -
— B A7 & (14.742.2)10

KTaV
{20.7+2.8)107

NA31
(23.0.6.5)107

E731
(7.416.0y10"

Leptons

0.004



perhaps new world(s) of SM replicas

Extra-dimensions

\_ 4
2.4 MoV ST :
-
4.8 MeV ] 104 MoV : '
pEIE
<22 oV <02 MeV =16 MoV

-

80 G I

05 MeV | 16 MeV |
e ‘

Higgses

Typically supersymmetry, same couplings as the Standard Model
Can generate uw —ey Z—ut anomalies in CKM measurements, etc. etc...
Dark Matter and BAU. High intensity and luminosity:
Many parameters but must be protected otherwise Higgs mass goes to infinity

HINT2016




Br(K*T — mletp) = (5.07+0.04) X 10 *



T’he most suppressed FCNC

VisVia) ~5-107% < [VipVia| ~ 107 < [ViVis| ~4-1077,
~— ~—— ~——

K system B, system B system

The largest deviations from the SM prediction
in Kaon sector.

LHT : Littlest Higgs model with T-parity

RSc : Randall-Sundrum model
LR : General left-right model

M. Blanke, arXiv:1305.5671v1
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“Did vou see it?"
“No nothing.”
“Then 1t was a neutrino!™

|.Dumanoglu,Calorimeters in HEP,
Bodrum Accelerator School 2006

| IS N TP SRS R —— - | P

1990 1995 2000 2005 2015 2020
Year




Experimental Method

primary p ‘f,
(30GeV) 20m beam line ’

Sweeping magnet and collimator
y

4
’
I' y
4
DR . I Bk
= >
sﬂ
I =\ 2 yn
‘S
s

Charged

2vy+ Nothing
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List of KL decay modes

Scale factor/  p Other modes with photons or £Z pairs

K9 DECAY MODES Fraction (;/T) Confidence level(MeV/c) ‘ ( 5.47 +0.04 ) x 10~4
< 74 x 10~8
Semileptonic modes ~ (9.4 +04 )x1070

- -

n~eFy, [p] (40.55 +0.11 )% : - (359 +0.11 ) x10~7

. falled K9, e~y [s] (595 +0.33 )x10~7

TP Yy, o [p) (27.04 £0.07 )% : [s] (1.0 igg )xlo—s
Called KO,

(7 patom)v ( 1.05 £0.11 ) x10~7 188

OrteFy [p) (520 +£0.11 ) x10~5 207 .

efrvete [Pl (126 +0.04 )x 107> 229 - S1 (6.84 £0.11 ) x 10~

Charge conjugation x Parity (CP) or Lepton Family number (LF)
violating modes, or AS = 1 weak neutral current (S1) modes

ax

Hadronic modes, including Charge conjugationxParity Violating (CPV) modes — S1 (9 +6 ) x 10— 12
(19.52 +0.12 )% S=16 139 —4

(1254 +0.05 ) % - - S1 [(] (3.11 £0.19 )x 10~

CPV [r] ( 1.967+0.010) x 10~3 =1. - S1 < 6.6 % 10~9

(864 +0.06)x10"4 $=18 — S7 < 99 % 10—11

Semileptonic modes with photons - - S1 (269 £0.27 ) x 1072
[g.p.s] ( 3.79 +£0.06 ) x 10~3

—8
( 5.65 +0.23 ) x 10~4 S1 ( 3.56 +£0.21 ) x 10

CP,S1 [s] < 3.8 x 10—10
Hadronic modes with photons or £Z pairs
< 243 x 10~7
(g.s] ( 4.15 +0.15 ) x 107>
(2.84 +0.11 ) x 1072
[s] ( 1.273+0.033) x 10~©
( 1.62 +0.17 ) x 108




Ki>n- o E MJ!J”

"
Hermetic veto A B Hermetic veto /

@ When we miss 2 gammas among 4 gammas generated at the
K, >n° n® decay.

[ o

Br(K, > 1° n%/Br(K, >n°vv) =2.6X10’

We have to detect gamma with inefficiency less than 10™
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Why we miss the gamma ?

@ Punch-through

—
g

—h
<
n

Y

i -

()]

=

o

O

i -

T

N 4
o 10
c
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Q
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Q
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| .

Q

10°°
108 | .
0 2 4 6 8 10 12 14 16 18 20
Thickness of Calorimeter (Xo)
Detailed study using M.C.
@ Photo-nuclear an
Energy dependent
) /4 (GDR and Delta resonate)

Doubtable M.C. calculation
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Inefficiency measurement

Electron beam from INS 1.3-GeV ES
Photon tagging system,

Counter
#1-#8

32 +8 (backing) counters,

Counter

Vacuum

detects recoil electrons after Chamber
bremsstrahlung.)

Samples were placed behind a shield

S5
" % ,:,@&502‘@?

through active collimation. ik -
: ” SRREEUEES

Still not so perfect photon-tagging to
make a direct measurement of
inefhiciency. 1~0.1% mis-tagging

exists
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Csl Calorimeter Lead-Scin. Sampling calorimeter
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Why we miss the gamma ?

Al A4 .

05

Jl,lJAl....lllA,l

125 15 175 2
Incident Energy (GeV)

Inefficiency

e

'y
o

m"'l]#lillv'ul

T

Yy

—

® (0<b<10

H

® 20<0<30

30<6<40

. 50<8<60

-

v 70<6<80

80<6<90

+ Datat




Detector

CsI calorimeter
CC04 CC05 CC06 BHCV

&
— Decay l‘egion\ A=
Vacuum chamber

10m

HINEMOS BCV LCV OEV CC03







Beamline
construction [
finished |
(2009 Aug)

) S 4PN
NCC installation

(2012 Nov)
- I

calorimeter
stacking
finished

b (2011 Feb)

Closing vacuum chamber

Sub detectors (CC04 etc.) / (2012 Dec)
Installation (2012 Dec) KL—3Meventdisplay /|

W
Y
"19

; 15t physics run

FB installation (2012 Nov) § . A = Hi m i1 LR 2013 May

I T I I A
-800 -600 -400 -200 0 200 400 600 S00

2013 Jan engineering run




Detector

CsI calorimeter
CC04 CC05 CC06 BHCV

&
— Decay l‘egion\ A=
Vacuum chamber

10m

HINEMOS BCV LCV OEV CC03




Detector

CsI calorimeter
CC04 CC05 CC06 BHCV

&
— Decay l‘egion\ A=
Vacuum chamber

10m

HINEMOS BCV LCV OEV CC03
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Position dependence of the Cosmlc MIP peak (1 5MeV)
5000

4500 *,ﬂwhwjuuw_wvuuwim”
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2500
2000
1500

|~ upstream PMT |
— downstream PMT

[ADC count]
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-3000 -2000 -1000 0 1000 2000 3000
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lnner Barrel

Additional reduction for detection inefficiency due to
punch-through as a factor of 50

Increase better visible ration portion

Reduction of Kpi2 background as a factor of three
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3. set the WLS fibers
on th scintillator

Gluelng Process

2. inject glue |nto grooving




TJ77—ANEI1—)LD%E(H

X EE&/\ RifFEsD - EE~IBGA)
C VY Mﬁ&b~4ﬂ%‘=ﬁaﬂ(2)\)




ro wd }
i

: e ol
s oo

@ Alternation lead sheet (1mm) and plastic scintillator(5mm)

® Wave length shifting fiber read-out (BCF-92, ¢>1.5mm)
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K — 77’7’ Reconstruction
Using 5y on Csl and 1Yy on Barrel

Barrel

L R
) _~ 6 2E.(1-cosb)

.

gth
ertex = -
vertex%,¥=0 \ My, = (i‘,Ei)z-(i‘ﬁi)2

=1 =1

)/

e Ky — 7m%797° decay samples with 5ys on Csl and 1Y on Barrel
. Reconstruction of 27t% from 4ys on Csl

* 1y Reconstruction from hit information of Barrel (timing and
Module ID)

« 17 Réconstruction of the last 7t0 from 1y on Csl and 1Yy on Barrel ’




Run74 1Module

Run74 All Modules

Run74 All Modules Corrected

1B MC
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Data : Run65 Min. bias trigger (Black)
M.C. : KL3piO with Run65 Acc. (Red)

Deposited energy, Incident energy
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Detector

CsI calorimeter
CC04 CC05 CC06 BHCV

&
— Decay l‘egion\ A=
Vacuum chamber

10m

HINEMOS BCV LCV OEV CC03




Neutron Meas.

15cm 20cm 10cm

Csl : Xo=1.86¢cm, A1=39.3cm hadronic shower

Front halon measuremen Rear
veto part ¢ veto part Y

-
E.M. shower

CIusterTotalEnerg_U

4000
3500
3000
2500

2000

lllIIIlllllllllllllllllllllllllllllllll
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- Data
MC+acc.(TMON rate x 1.00)

MC+acc.(TMON rate x 1.26)

100 200 300 400 500 600 700 800 900

energy(MeV)

TMON rate

1000

| e
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|
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1500 2000 2500 3000
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Results of
May 2013

¢ Removed B.G. events
learned from the E391a.

(7 production at the

't_ ................... G
1070121 6:0383

.
.
'

detectors)
@ We found two new sources  7.2440.52
of the B.G.
@ Upgraded detector for run

2015

SES=129x%x 108




From Now

Single Event Sensitivity




Halo neutron events

i

z 1 7.24+0.52 |
2000 3000 4000 5000 6000
Rec.z [mm|]

@ Single neutron produce two clusters

Newly founded background source

H» P

Studied by using aluminum target data
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Reduction of the Halo
neutron events

< 500
% 450
>
— 400
=
~
2 350
2300
~
250
200

150

100 -
50 '
0
1%00 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Rec. pi0 Z [mm]
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H D

Halo neutron events

To reduce scattering source

To

take data for enhanced neutron events

Movable Target . -l." —5 i m/
@

Beam Llne

8 £ &

Gate Valve

Polyimide
vacuum window

Membrane to separate high vacuum Beam
region from low vacuum region \

Tungsten Target Aluminum Target
150 (2mmg X 8mm) (BOX80X10mm3)




Enhanced neutron events

PiOPt:278.5, PiORecZ:2865.6 ‘ -|-|-O event

Rec. z [mm]

@ 70-hour data taking with Al-target
(>15 times more than May 2013)

@ To study cluster and pulse shape in
the calorimeter

@ To develop a method to discriminate
neutron induced events from the m° events
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Shower Shape analysis

 Compare cluster energy & timing to library from MC

Template of Gamma Cluster from MC

Distribution =
£400

Neutron samples
Ki->37m0 & KL->2r samples

1/1500 BG reduction &
90% signal acceptance

02 04 06 08 1 NN output
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Pulse Shape analysis

2

Signal waveform of calorimeter A(t) = |Alexp (— (?; (z)ﬂg );
o

Zos0f

0900? CT[}] t — tg)

o, Vs Log,,(PulseHeight) | | a vs Log;,(PulseHeight)

37E Neutron 50112 Neutron
3.65F E

T 36k Photon Photon
0 E E

1/ 3.55E g —
S 3.5E L E£0.072 | =
S E £ E !

3455
S 3.4
3.35F

ADCc

o

co
[ ) I e T &
o o o

TTTTTTTTTTTT

Pulse Heigh

h )
Sosbags®’ Seee *etetete

DI 11 |5| | |1| (I}I I-II 5|| ||2{|)| ||2.5|| Ié{:lll ||35|| |4I-t|}| |4|-5|| ||5(|)| |5|5|| Ié[l}l IéSII L1 -
Time [Clock = 8ns] 3-?: L R

s 3 35 .—.‘..2‘.‘.2-5”.‘3‘...3-5.‘.‘4
log10( Pulse Height ) [ADC count] 5 Log10( Pulse Height ) [ADC count]

_ <— Summing up in all the crystals

o]

i

- Likelihood Ratio

b RZCEHSI&ET _
_ MH v L%cfuster 1 L%ﬂiuster

N

LQCJ uster

[ TTTI T TTTIT T TTTIT T TTIT [ TTTTTH
LB

10-5‘ 11

' Likelihood —— Likelihood T
0 02 03 04 05 06 07 08

L.
6/1r21/<3utr0ns Racluster >2y for gamma clusters  for neutron clusters




Reduction Neutron background

Reduction Factor

Shape x2 &&
Cluster Shape Discrimination
+0.4

Pulse Shape Likelihood 11.1757

Total Reduction Factor = 3.8777 x 10°

34755 x 10°

Al Target Data (before neutron cut) Physics Data (before neutron cut)

5 500¢ . — = 500¢

2450; Z 450F

—400F R | = 4005
m - ¢ e = * m —
= ~ L - a ] -
2 350 - e 2 350F
5300% - " Pl ;.2}300;
2508 OV.s T - o B 250F
200F . el T g 200F
- . ] '_. (= 8 '-.'I =
150¢ Pl Tt~ ] Y 150f
100} 100F
50F ) : S0F
%:Ilwlllllll\lllllll|llll|ll|||||||||||||"'I"" 0 :||\|||||||\|||||||||||||||||||||||||||||\|||||| 0
1000 1500 2000 2500 3000 3500 4000 4500 50(!0 5500 6000 1%00 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Rec. pi0 Z [mm] Rec. pi0 Z [mm]

Normalized with the number of events in red box




For further X10 reductio
- Csl Both-End read-out

Sudy on going

0 @ Biarrereeton, O
5 4 3 -2 -1 1 2 3 4 ¢ Q5_4_3_2_1012

T1m1ng dlfference (ns) Cut position n
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Hadron Hall Extension

e <2.0GeV/c

« 1.8x108 pion/spill 5 deg extraction

« x10 better Dp/p ~5.2 GeV/c K9

¢ ~106 K/spill

«  ~108 K/spill

« <1.1GeV/c
~10° K-/spill

<10 GeV/c separated
pion, kaon, pbar
~107/spill K-, pbars

GeV proton Muon
<31 GeV/c unseparated 2ndary
beams (mostly pions), ~107/spill




In near future

@ To perform precise measurement of the branching

ratio (KOTO II)

@ It is worth to design an experiment to determine

branching ratio with comparable uncertainty to that
of the theoretical calculation

@ For the experiment

Correct understanding all background sources

Higher beam intensity

H» H D

Larger detector acceptance

(Y4



Summary

@ The J-PARC is providing high intensity proton
beam to study variety fields of science.

@ KOTO aims at the precise measurement of
branching ratio of the K, >n%v decay

@ Important role to understand new physics
effects

@ Step-by-step approach to determine its
branching ratio precisely.

® With the hadron hall extension

@ KOTO-II will be performed
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Rare Isotope Beams
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10° 102 107

A Design
@ Achieved

Materials, Life
Science, ADS

Beam Power

oA High Energy,

R Nuglear Physics
{m:nmu
EAIR J-PARC/MR.

AGS . NuMI
CNGS

10° 10 107 10°

Beam Kinetic Energy(E/ A) [GeV/u]

Jie Wei / Y.Yamazaki
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High intensity

Precision Meas.
Rare phenomena

New Science



E391a : 2600 |

// Z /////

Grossman-Nir bound

~1

&
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o
—
od
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S
S 5838
A
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Y

NZ Gz /4/
%///%
o

//////// / 4

////////////

T 58 80 102 124 146 168 190 212 234 25.6 27.8
B(K ->TT W) X 10

http://www.lnf.infn.it/wg/vus/content/Krare.html
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Operator Production Expansion

Gr
V2

Operator Product Expansion, Renormalization Group
and

Weak Decays *

AM — F) = (F|Hesf| M) =

> Ve Cilp) (FQi ()| M)

Andrzej J. Buras
arXiv:hep-ph/9901409v1 26 Jan 1999

PHYSICAL REVIEW VOLUME 179, NUMBER 5§ 25 MARCH 1969

Non-Lagrangian Models of Current Algebra*

Kennern G. WiLsont
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14850
(Received 25 November 1968)

An alternative is proposed to specific Lagrangian models of current algebra. In this alternative there are
no explicit canonical fields, and operator products at the same point [say, j.(x)7*(x)] have no meaning.
Instead, it is assumed that scale invariance is a broken symmetry of strong interactions, as proposed by
Kastrup and Mack. Also, a generalization of equal-time commutators is assumed: Operator products at
short distances have expansions involving local fields multiplying singular functions. It is assumed that the
dominant fields are the SU (3) X.SU (3) currents and the SU (3) X SU (3) multiplet containing the pion field.
It is assumed that the pion field scales like a field of dimension A, where A is unspecified within the range
1<A<4; the value of A is a consequence of renormalization. These hypotheses imply several qualitative
predictions: The second Weinberg sum rule does not hold for the difference of the K* and axial-K* propa-
gators, even for exact SU(2) X.SU (2); electromagnetic corrections require one subtraction proportional to
the /=1, I,=0 ¢ field;  — 37 and mo — 2v are allowed by current algebra. Octet dominance of nonleptonic
weak processes can be understood, and a new form of superconvergence relation is deduced as a consequence.
A generalization of the Bjorken limit is proposed.
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Amplitude for a decay of a given meson M
into a final state F is given as

AM — F) = (F[H. ;5| M) = (\;/EZV(A Vi) (F1Qu ()| M)

G Fermi Constant : Universal gauge coupling of the Weak int.

Ve, CKM Matrix Element @ Quark mixing

Ci (1) Wilson Coefficient : Short distance (perturbative) contribution

Hadronic matrix elements : Long distance (non-perturbative)
< F|Qi(pn)| M >

[M:KL — FZT('OVﬂ]
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A

0.225

Frmn'rn-le}astjfed—va{ues '

0.2252(9) Precise measured Cabibbo angle
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Branching ratio

Im)\t
\°

Xt = V. Viqg <—— From measured values

Br(K; — 7'vi) = Kk X (z4))*

A = 0.2252(9) Precise measured Cabibbo angle
A

To get the matrix-elements of these

kp = 2.231 +0.013 - 1071

] operators, and to carry out the phase-sp:
O . 2 2 5 integration. parametrization with Ke3 dec

Long distance contribution

X(z¢) Lim-lnami function
Short distance contribution
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Progress of Theoretical Physics, Vol. 65, No. 1, January 1981

Effects of Superheavy Quarks and Leptons
in Low-Energy Weak Processes K> pi, K" > vy and K~ K

TAKEO INAMI and C. S. LM

Institute of Phvsics, University of Tokyvo, Komaba, Tokvo 153

{Received October 13, 1980}

We investigate potentially important effects due to the existence of superheavy quarks and
leptons of the sequential type in higher-order weak processes at low energies. The second-order
A48 *£0 neutral-current processes K, upp, K —r'vy and K:-Ks mass difference are analysed
allowing for fermions of masses comparable to or larger than the weak-boson mass in the
Kobayashi-Maskawa scheme and in the general sequential scheme with an arbitrary number of
generations. Possible connection between heavy-quark masses and light-heavy quark mixing
are also examined. The requirement that the rare decay processes such as K.~ ug and K™ —
7 v be absent up to order a¢ Gy vields a rather stringent bound on the magnitude of light-heavy
quark mixing: Such mixing has to be less than mw/mquark times a factor much smaller than unity.




The K,—n*u~ decay and the naZ-vertex in the
Weinberg-Salam model

M. B. Voloshin

Mascow Physico-Techmical Instirure
(Submitied November 19, 1975)
Yad Fiz. 24, £10-819 (October 1976)

The alZ vertex in the Weinberg-Salam model is calculated wsing two independent methods in the one-
kop approximation for free quarks. The results of these calculations are used 10 estimate the K;— " g
decay amplitude and the mass of the ¢ quark

PACS sumbers: 13.20.Eb, 12.30.Cx
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Determination of the Br.
- Using loop-level observables -

{lex|, AMa/AMg, Syrstsm  {AMg, AMs, Syrstsm  {lex|, AMa, AM;, Sy bsm

B(Kp — wvi) [10711]

B(Bs — ptp~) [1079)]

B(Ba — ptp~) [1071]
Im(\;) [1074]
Re()\;) [1077]

42597198
3.621510
8.9610 5%
41.7971-33
9.187073
3.01105
3.6910 50
1.091908

1431008

_3.46+018

3.517021
8.687005
40.521269
8.39117
2.6670 %5
3.46704
1.0240 1

1.35%530

41.3075%

—3.2510:40

4235112
3.61151°
8.951031
41557127
9.08"0 8
2.98"5-32
3.647021
1.09+9:98
1424007

—3.437047

A. Buras, arXiv:1503.02693




Grossman-Nir Limit

K; — 7m’vv beyond the Standard Model *

Yuval Grossman?, Yosef Nir®

4 Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA
M Depariment of Particle Physics, Weizmann Institute of Science, Rehovor 76100, israel

Received 29 January 1997
Editor: M. Dine

Abstract
(

We analyze the decay K; — #'v# in a model independent way. if lepton flavor is conserved the final state is (to a
good approximation) purely CP even. In that case this decay mode goes mainly through CP violating interference between

mixing and decay. Consequently, a theoretically clean relation between the measured rate and electroweak parameters holds
in any given model. Specifically, I'(K; — 7’v#) /T (K" — 7" v¥) = sin* @ (up to known isospin corrections), where @ is
the relative CP violating phase between the K — K mixing amplitude and the s — dvv decay amplitude. The experimental
bound on BR(K" — 7" v#) provides a model independent upper bound: BR(K, — 7 »») < 1.1 x 107", In models with
lepton flavor violation, the final state is not necessarily a CP eigenstate. Then CP conserving contributions can dominate
the decay rate. (¢©) 1997 Published by Elsevier Science B.V.

Physics Letters B 398 (1997) 163-168




BNL E787 : Search for KT — n v

PHOTON
VETO—=

PHOTON
VETO ——=

CHAMBER
RANGE STACK TARGET

@ Stopped Kaon (800 MeV/c) in target

@ Main Backgrounds: K+ — 7T+7TO Kt — ,u+u

@ K*incident, only one charged particle, s
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BNL E787 Experiment

9 100 110 120 130 140 150

E (MeV)

PRL 76, 1421 (1996) PRL 79, 2204 (1997)

Br(KT — i) < 2.4 x 107° Br(K* — ntvp) = 4.2197 x 10710
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Decay amplitude

= (7°v»|H|K%), A= (7v»|H|K).
|[A/A| =1 CP Limit (CP symmetry is exact)

1 1 —
- KO 0
V2 V2 (BT > +ET>

CP EVEN CP ODD

K1 >=——(|K'> —|K°>) |K2>=

= (1K) + €l 2)), K5y = pIK°) F q|K°)

0 T, —
HIK = pA A
= ) + ek (mvP|H|KL5) = pAFq
(K, — 7vp) 1

lq/p] # 1 ['(Ks — 7%vp) 1
Indirect CP Violation
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PHYSICAL REVIEW D VOLUME 39, NUMBER 11 : 1 JUNE 1989

CP-violating decay K — 7%v
Laurence S. Littenberg

Department of Physics, Brookhaven National Laboratory, Upton, New York 11 973
(Received 6 January 1989)

The process K — 7°vv offers perhaps the clearest window yet proposed into the origin of CP
violation. The largest expected contribution to this decay is a direct CP-violating term at
~few X 1072, The indirect CP-violating contribution is some 3 orders of magnitude smaller, and
CP-conserving contributions are also estimated to be extremely small. Although this decay has nev-
er been directly probed, a branching ratio upper limit of ~ 1% can be extracted from previous data
on K?—27° This leaves an enormous range in which to search for new physics. If the
Kobayashi-Maskawa (KM) model prediction can be reached a theoretically clean determination of
the KM product sinf,sinf;sind can be made.

Direct CP-violation

Welcome to the KLOE Experiment at the DAENE accelerator of the INFN LNF

" | * Rl INFN
NA3| | LA \ & g -

T

di Finica Nucleare

; Laborator! Nazionall & Frascatl

NA4s  PDG: (1.68 40.20) x 103

1 E731

1995 2000 2005 2010
Published year

T. Yamanaka , 50 Years of CP Violation

174




Al = 1 to O(10~7) accuracy

Leading CP Violation effect : Phase
Arbitrary phase between Direct and Indirect CP Violation

= tan* 6

(K¢ — 7ovp) "1 4+ cos 26

(K, — 7vD)
rlSF(K'*' — D) A(KO —> Wovﬂ) 1

acp =

AK+ = ntvp) /9

B | —cos 26
B 2

= sin’ .

BR(K; — 7°v9) < 4.4 x BR(Kt — 7t vi)

T, [T+ = 4.17
ris = 0.954
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CP-violating decay K — 7%v
Laurence S. Littenberg

Department of Physics, Brookhaven National Laboratory, Upton, New York 11 973
(Received 6 January 1989)

The process K — 7°vv offers perhaps the clearest window yet proposed into the origin of CP
violation. The largest expected contribution to this decay is a direct CP-violating term at
~few X 1072, The indirect CP-violating contribution is some 3 orders of magnitude smaller, and
CP-conserving contributions are also estimated to be extremely small. Although this decay has nev-
er been directly probed, a branching ratio upper limit of ~ 1% can be extracted from previous data
on K?—27° This leaves an enormous range in which to search for new physics. If the
Kobayashi-Maskawa (KM) model prediction can be reached a theoretically clean determination of
the KM product sinf,sinf;sind can be made.

Searching for Direct CP-violation

NA3|] * o KTeV

Ey3|} | N ][KTeV KTeV |

NA4g  PDG:(1.68 £0.20) x 1073

1988 1989 1990 1991 1992 1993 1994 ) [ s s \ \ !
Published year 1995 2000 2005 2010

T. Yamanaka , 50 Years of CP Violation
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Kaon Physics

To understand building blocks
of our universe and interaction

among them by using various K-
meson decays

Kaon rare decay K; >avv



What 1s K-meason ?

Matter made of quark-antiquark including s-quark

Baryon

Oroton - Neutron - Lambda gorces

(uud)  (ddu)  (ude)

Megon $e

Pion + Kaon - B-Megon
(ud)...  (eu)..  (bd)...
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Grossman-Nir bound
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http://www.lnf.infn.it/wg/vus/content/Krare.html
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3 years from now

Up-graded detector System
Higher beam intensity of J-PARC
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Experimental Status

[
# Camerini

® Klems
n Cable

1970 1980 1990 2000
Publication year

2010

2020

Upper limit and expected sensitivity of K, — n°vv

Ite Littenberg

KLQTCO'V'V

e« E731
e E799

o KTeV
o KTeV
e E3910~first

® £3091a-final
Limit from K* = n*»0 \
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Standard Model expectation
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2015 2020
Year
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Still far from the goal ...




Decay

Transition from a (unstable) state to other (stable) state
Conservation : Energy-momentum, charge, CPT

Key observation : decay probability
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Unitarily Triangles and
New physics beyond SM

G. Buchalla arXiv:0110313
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Highly suppressed process (in SM)

Kt — ntuw
Kl — 70w K2—>7TOVP

My My

(Im V, Vg ~ %)

(Re V[ Vig ~ %)

C. Smith, arXiv:1409.6162
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Hadronic matrix elements

C. Smith, arXiv:1409.6162
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Standard Model

@ Materials are made of fermions (Quarks and Leptons).
% We need three generation of fermions (flavor).
® Interactions are mediated by gauge bosons.

@ Mass of particles are realized as a result of interaction
with Higgs boson.

e

virtual photon

Electromagnetic
Interaction Interaction

blue green

areen-
green antiblue blue
gluon

187 between quarks between nucleons

Strong Interaction




N HIISEEISEE—S—SSS RS,

‘ K, > n°vv versus K' - n'vv \

AJB, Buttazzo, Knegjens, 1507.08672
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M. Blanke et. al., arXiv:1507.06316v2 M. Blanke et. al., arXiv:0812.3803
K. Axixi et. al., arXiv:1508.03980v2
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In the MFV

MFV relation — present constraints MFV relation — future constraints (c. 2025)

|Viblinel/|Vep|ina central value 95% CL using central |Vip|ave/|Vep|aveg £ 1%, v £ 1°
|Viblexct/|Vesexal central value 95% CL using central 3 4 0.25°

95% CL using |Vip|ave/|Veb|ave Example measurement : 10% precision relative to SM

95% CL using Syxs =~ sin 23 Example measurement : non-MFV NP scenario (same precision)

68% CL Kt — 7t measurement

BR(K}, — 7lvi) [1071]

o
=
N
A
()
(S
T
—
<
x
M

15 20 25 ) 15 20

25
BR(Kt — ntvw) [1071] BR(KT — ntvw) [1071]

A. Buras et. al., arXiv:1503.02693v2
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Higher energy SUSY

M, =1 (6) TeV, p=15~25(63~78) TeV,
my;, = 10 TeV, mg, = 11 TeV. Mg, = 2 (15) TeV.
At =03 sit =54 = 0.1 ~ 0.3

4.x107°-

w
X
-
(=
N
=)

BR(K,_—>71'0 vv)

>
>
o
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T
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14
11]

.?:"'""""""' ————————

AL
3

. 4
R —— (R —— Y
D
3%,

%1010 2.%10-0 3.x10-10 4% 10-10 T 1.%10"1° 2.x10-1° 3.x10-10 4.x10-10
BR(K*=>rt"vv) BR(K*=>1t"vv)

M. Tanimoto and K. Yamamoto, arXiv:1603.07960V2




Energy Resolution of Csl Calorimeter

E resolution

~ 5eA3/3
00086998 00003809
Q88363 - 0.00035%9
-3.356e-09 + 0.001387

| | | | | | | | | | | | | | | | |
500 1000 1500 2000
Vis
Espec[MeV]




Search for new physics

Rare precess : At-AFE ~h
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Stopping Power S

2mc? 32?2

B = In 7

—ﬂzzf(ﬂ)_lnI’

B(z) = By + zLy + La(2) + |G(2,8) — 6(B)]/2
with

Bo(8) = £(8) ~lnI - =,

AB?
B.(8) = 5:(0) i

and an “experimental I value” I, defined by

inl, = £(8) - Ba(B) — <

+(G(2,8) — 6(B)]/2.

+ 2Ly + Lo(2)
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STOPPING POWER VALUES OF C, Al, Si, Ni, Ag AND Au FOR *He IONS

D.C. SANTRY and R.D. WERNER

plotting data in Figs. 3-8.

Symbol

Atomic Energy of Canada Limited Research Company, Chalk River Nuclear Laboratories,

Chalk River, Ontario, Canada, KOJ 1JO
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1900 1920 1940 1960 1980 2000
I I T I I I

LaCI3:Ce;LaBr3:Ce
RbGd2Br7:Ce

LuAlO3:Ce

Lu2SiO5:Ce
PbwWO4
CeF3
(Y,Gd)203:Ce
Gd2Si05:Ce
BaF2 (fast)
YAIO3:Ce
Bi4Ge3012
BaF2 (slow)
Cs I(Na)_rl—
CdS:In
Zn0:Ga
CaF2:Eu
Silicate glass:Ce
Lil:Eu
Csl
CsF
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CdwoO4
Nal(TI)
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Fig. 1. History of the discovery of major inorganic scintillator materials.




