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A little bit of history...

CP violation: difference in the properties of particles and their anti-particles
— first observed in 1964 in the decays of neutral kaons.

M. Kobayashi and T. Maskawa (1973): CP violation in the Standard
model — related to the weak interaction quark transition matrix

Their theory was formulated at a time when three quarks were known —
and they requested the existence of three more!

The last missing quark was found in 1994,
... and in 2001 two experiments — Belle and BaBar at two powerfull

accelerators (B factories) - have further investigated CP violation and

have indeed proven that it is tightly connected to the quark transition
matrix

Peter Krizan, Ljubljana



CKM - Cabibbo-Kobayashi-Maskawa (quark transition) matrix:

almost real and diagonal, but not completely! - y ~
q ‘IJ\ qJ)
~ \A

\ W

¢
\ Amplitude for
theb > u

transition

Amplitude for
theb 2> ¢
. / transition

CKM: unitary matrix
—relations of the type

a L]

Vuqub* + Vchcb* + thth* =0




CKM matrix: determines charged weak
interaction of quarks

Wolfenstein parametrisation: expand the CKM matrix in the parameter

A (=sin6.=0.22) 2
l—— A AX (p—in)
A, p and n: all of order one 2 i
V= ~A 1—’% A2 |+0(Y
AX (- p—in) —AX 1

determines probability of
b—->u transitions

) Unitarity condition:
A
nNF-—-—————--—- |
VudVib O VigVy * * *_
W| ) ﬁ| Vuqub "'Vchcb +thth =0
y ¢3 i (I)l B
0 i.} /g .
1 .
0 _ S Goal: measure sides and angles
determines CP violation in in several different ways, check
B>J/y Ks decays consistency >




Asymmetric B factories

High Enerpy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel

N v/s=10.58 Gev

e e B DU >
— Y(4S) <« Y (4S) /: 5
BaBar p(e™)=9 Gev p(e*)=3.1 GeVv By=0.56
Belle p(e™)=8 GeVv p(e*)=3.5 Gev By=0.42
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How to design the experimental
apparatus (‘spectrometer’)

To design a spectrometer with
e Tracking and vertexing systems
o Particle identification devices

e (Calorimeters (measurement of energy)

We have to understand what exactly we want to measure.

Peter Krizan, Ljubljana



Spectrometer design: what do we want to measure?
B factories: Time evolution in the B system

An arbitrary linear combination of the neutral B-meson flavor eigenstates,
B and anti-B 0 —,
a/B°)+b/B")

with a=a(t) and b=Db(t), is governed by a time-dependent Schroedinger

equation
d [ a a [ a
i—| |=H| |=(M-=T)
dt\ b b 2 \b

M and I" are 2x2 Hermitian matrices. CPT invariance >H;;=H,,

M M, I I,
M= . 1= .
M, M I, T

diagonalize, solve >
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Time evolution of B’s

Time evolution in the B? in B? basis:
B, () =g, (1) B")+(q/ p)g (1) B")
B),.())=(p/q)g (H)|B")+g.(1)B")

with g, (f) = o Mt 5112 cos(Amt/2)
g (H)=e™e " isin(Amt/2)

M = (My+M,)/2

Peter Krizan, Ljubljana



Pil-B)

If B mesons were stable (I'=0), the time
evolution would look like:

g.(t)=e™ cos(Amt/2)
g (t)=e™isin(Amt/2)

[
thauw

—>Probability that a B turns into its anti-particle >beat in classical mechanics

(B°[B.,,.()) “=lg/ ol @) =g/ p| sin*(Ame /2)
—>Probability that a B remains a B

(8°]B),,.0)

—>Expressions familiar from quantum mechanics of a two level system,
neutrino mixing etc

= g. (t)‘2 =cos’(Amt/2)




CP violation: decay rate difference

Decay rate asymmetry: P(EO N fcp,z‘)—P(B0 — fepst)
a, =—=
fer P(BO_)fCP,t)+P(BO—>fcpJ)

2
Decay rate:  P(B° — f,,,t) oc

(for |H| By, (D)
Decay amplitudes vs time:

(for|H| B (6)) = .0 fop |H| B°) +(q/ p)g_(){fp |H| B°)
=g, (04, +(q/ pP)g (A

<fCP ‘H‘E]?hys (t)> = (p/Q)g_(t)<fcp ‘H‘BO> T g+(t)<fcp ‘H‘ EO>

=(p/9g. )4, +g.(t)Ar.
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_P(B" > fup,t)=P(B° = fip,1) CP violation: asymmetry

a — — — . . .

fep 0 0 in time evolution of B
P(B™ = fop,t)+ P(B" = fp,1) and anti-B

2

(p/q)g. (A, +g.(O)As| —|g.()A4, +(q/p)g (DA,

2

2 2

(p/q)g. (A, +g.(O)As,| +\g.(O)A, +(q/p)g (DA,

(=14, [")cos(Amt)—21Im(4, )sin(Amt)
- 1+ 4, | P :g_fcp
= C cos(Amt) + S sin(Amt) e p A o
Non-zero effect if Im(A) = 0, even if
A = 1
If Al =1 > a, =-—Im(A)sin(Amr)

Detailed derivation => backup slides Peter Krizan, Ljubljana



CP violation: related to the angles of the
unitarity triangle

a, =-—Im(4)sin(Amt)

CP

Im(L) = sin2¢, in B>1/y K¢ decays!

Unitarity condition:

A
Np=—mmm-- | * * *
Vi & Via Vib VidVio VeV +ViaVy =0
Ve Ve | Ve Vel
|
|
I
3 i (I)l
Na | AR LN
0 P / 1

> determines CP violation in
B->J/v Ks decays



Typical measurement

+
. — M Fully reconstruct decay
B orv\B v . K i —>to CP eigenstate
B ‘‘‘‘‘‘‘ /Tt
CP 00 O00OC00oon00000
W KT | [ g Tag flavor
I el | 1 of other B
. o / K™ from
Brag o
~ V| At=Az/pyc e charges
determined«lz-=- - - —==: ST T, . of typical
BO(B?) _ U decay
Determine time between decays products
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Experimental considerations

What kind of vertex resolution do we need to measure the asymmetry?

P(B"(B') = f.p,1) =" (1T sin(24,)sin(Amt))

I—We are measuring this parameter

e Want to distinguish the
o | - decay rate of B

- i (dotted) from the decay
rate of anti-B (full).

-> the two curves should
not be smeared too much

Integrals are equal, time
information mandatory!

0 5
I = (t2 —tl)/'r

T = time difference of the two decays Peter Krizan, Liubljana



Asymmetric B factories: two beams have different energies
so that c.m.s. is moving with velocity

By~0.5 : why?
. V/s=10.58 Gev 5 _
e e_ 54 ........... >§ AZ ~ C T
—— Y(4S) - Y(4S) / B i ~ Zg%:m
BaBar p(e’)=9 GeVv p(e*t)=3.1 GeVv By=0. 56
Belle p(e)=8 Gev p(e*)=3.5 GeVv By=0.42
- s
+ A
# 4
-.BI ______ E
| L, .f
A T &
Decay point of a B (a crossing of ft‘AZ/ VBy L
extrapolated particle tracks) is
measured with a finite precision ¢(z) * t
E 3
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Experimental considerations

B decay rate vs t for different vertex resolutions in units of typical B
flight length o(z)/Bytc

1

o(z)/Byrc=0 O_ o(z)/Bytc=0.5

-4 -2 2 4

o(z)/Bytc=2 ol

1.4

-4 -2 2 4

o(2)/Byrc=1

1.2+

0.8 t

0.6 t

0.4 +

Measured distribution: convolution of P(t) and the resolution function
(e.g., a Gaussian with o = o (2)/BytC)



asymmelry error

Experimental considerations

Error on sin2¢,=sin2p as a function of the vertex resolution in units of
typical B flight length o(z)/ByzcC

For 1 event for 1000 events
[ 1 nls
. ! error for T event :_E- error for 1000 events
;.. 02
including diluli E
e | E‘""s " including dilutio

=

fect taggi |
1 /ﬂqm perfect togging
s P

D 'l Il Il 'l 'l 'l Il 'l Il D 'l ] I 'l 'l 'l Il 'l Il
L] s s 078 1 125 L& LTS 1 15 LS5 1] s s 07s 1 125 LS L.7§% 1 15 LS
-
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Experimental considerations

U lab

P
Choice of boost fy: ‘/
Vertex resolution vs. path length 0 .
Byp*

Typical B flight length: z;=pyc

Typical two-body topology: decay products at 90° in cms; at 6=atan(1/py) in
the lab

Assume: vertex resolution determined by multiple scattering in the beam pipe

wall at r, (d: beam pipe thickness, X, radiation length of the material)
/ c,=15 MeV/p (d/X,sinB) 1/2
| = 1N o(z) = o,(dz/dO) = ryc,/siN%0

z A ‘ o(2) a ry(d/X,)Y2/sin>/26

Peter Krizan, Ljubljana



Experimental considerations

Choice of boost fy:

Maximize the ratio between the
average flight path pytc and the
vertex resolution o(z)

o(z) a ry/sin>/20 with
o=atan(1/By)

Bytc/o(z) a (1/ry) Bytc Sin>/20 =
= (1/ry) Byzc sin>2(atan(1/By))

Boost around By=0.8 seems optimal

Not the whole story....

Bytc/o(z)

- |

mean decay distance / o(z)

Peter Krizan, Ljubljana




Experimental considerations

Detector form: symmetric for symmetric energy beams; extended in

the boost direction for an asymmetric collider.
cms lab

Exaggerated plot: in

H‘ | EFC
!!HHMM
&l




Experimental considerations

Which boost...
Arguments for a smaller boost:

e Larger boost -> smaller acceptance

(particles escape detection in the boosted
direction in the region around the beam

pipe) >

e Larger boost -> it becomes hard tc
damp the betatron oscillations of
the low energy beam: less
synchrotron radiation at fixed ring
radius (same as the high energy
beam)

e More Touschek (intra-beam)
scattering for a lower energy beam

Five fold acceptance

0.3
. Snowmass 1988
& -

0.5

2.4 1

0.3 4
1
0.2 4

Belle BaBar

0.1+
0.0 . % % : _
L T T T
& 10 12 14 18

By=0.42 0.56

Positron seam momenium [GeVv/c)

J Figure 4. The acceptance of a detector covering -

lcos 61as| < 0.95 for five uncorrelated particles as
a function of the energy of the more energetic
beam in an asymmetric collider at the T{45).



Efficiency (%)

20

0.4
COSOmin

COSOmax

0 1 2 3m

Angular
coverage



How to understand what happened in a collision?
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Belle II Detector

KL and muon detector:

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps ,

Ju—

ginner 2 barrel layers)

~

EM Calorimeter: __
CsI(TI), waveform sampling (be .
Pure CsI + waveform sa \\\\\N\\\\\T\\ .

\\\\:: — ‘ ]

ification
gation counter (barrel)
Aerogel RICH (fwd)

A\

electrons (7GeV)

' '

p
Beryllium beam pipe
2cm diameter

Vertex Detector %/// -

2 layers DEPFET + 4 |a) S

.

g
el

Central Drift Chambe
He(50%):C2Hs(50%), sma
lever arm, fast electronics

= ' | _ positrons (4GeV)




Tracking and vertex systems in Belle II

KL and muon detector:

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps ,

Ju—

er 2 barrel layers)

EM Calorimeter: '
CsI(TI), waveform sampling (ba
pure Col + waveform sampling

e

o

ification

electrons (7GeV) gation counter (barrel)

) Aerogel RICH (fwd)

e ~J/ 14 {

Beryllium beam pipe 778

2cm diameter

7 .
letox et . R

— \;\ _ positrons (4GeV)
Central Drift Chambe \§

.

He(50%):C2Hs(50%), small ce \§
lever arm, fast electronics S




Vertexing, example:
BY > KO J/y

KO > mnt
Jy = ppt

B0 > KX




Vertexing

Measure very accurately
points on the track close to
the interaction point

Use a beam pipe with very thin walls
(and light material — long X,) to
reduce multiple scattering - Be

6(2) o ro(d/X,)H2/sin5120



6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1 Abridged from pdg.1bl.gov/AtomicNuclearProperties by D. E. Groom (2007). See web pages for more detail about entries in

this table including chemical formulae, and for several hundred other entries. Quantities in parentheses are for NTP (20° C and 1 atm), and

square brackets indicate quantities e\ealuated at STP. Boiling points are at 1 atm. Refractive indices n are evaluated at the sodium D line blend
(589.2 nm); values 1 in brackets are for (n — 1) x 106 (gases).

Material Z A (Z/A) Nucleoll. Nuclinter. Rad.len. dE/dz|,;, Density Melting Boiling Refract.
length A7 length Af Xp { MeV {g {3111_3} point point index
feem=?) {gem~?} {gem~?} glam?} ({27'}) (K)  (K) (@NaD)

Ho 1 1.00794(7) 0.99212 428 52.0 63.04 (4.103) 0.071(0.084) 13.81 20.28 1:11{132 ]

Do 1 2.01410177803(8) 0.49650 51.3 71.8 125.97 (2.053) 0.169(0.168) 18.7 23.65  1.11[138.]

He 2 4.002602(2) 0.49967 51.8 71.0 04.32 (1.937) 0.125(0.166) 4220  1.02[35.0]

Li 3 6.941(2) 0.43221 52.2 71.3 82,78 1.639 0.534 453.6 1615.

Be | 4 0.012182(3) 0.44384 55.3 77.8 1.595 1.848 1560. 2744.

C diamond G 12.0107(8) 0.49955 59.2 85.8 42.70 1.725 3.520 2.42

C graphite 6 12.0107(8) 0.49955 50.2 85.8 42.70 1.742 2.210

No 7 14.0067(2) 0.49976 61.1 80.7 37.99  (1.825) 0.807(1.165) 63.15  77.20  1.20[208]

09 8 15.0004(3) 0.50002 61.3 00.2 3424  (1.801) 1.141(1.332) 5436  00.20  1.22[271]

Fa 0 18.9984032(5) 0.47372 G5.0 97.4 32.93 (1.676) 1.507(1.580) 53.53 85.03 [195]

Ne 10 20.1797(6) 0.49555 65.7 99.0 28.93 (1.724) 1.204(0.839) 24.56 27.07  1.09[67.1]

Al 13 26.9815386(8) 0.48181 G6O.7 107.2 24.01 1.615 2.699 0933.5 2792.

Si 14 28.0855(3) 0.49848 70.2 108.4 21.82 1.664 2.320 1687. 3538. 3.95

Cly 17 35.453(2) 0.47951 73.8 115.7 10.28  (1.630) 1.574(2.980) 171.6  230.1  [773]

Ar 18 39.948(1) 0.45059 ™h.T 119.7 19.55 (1.519) 1.396(1.662) 83.81 B87.26 1.23[281.]

Ti 22 47.867(1) 0.45061 T8.8 126.2 16.16 1: 47T 4.540 1941. 3560.

Fe 26 55.845(2) 0.46557 81.7 1321 13.84 1.451 7.874 1811. 3134.

Cu 29 63.546(3) 0.45636 84.2 137.3 12.86 1.403 8.060 13568, 2835,

Ge 32 72.64(1) 0.44053 86.9 143.0 12.25 1.370 5.323 1211. 3106.

Sn 50 118.710(7) 0.42119 08.2 166.7 5.82 1.263 7.310 5056.1 ABTS.

Xe 54 131.293(6) 041120  100.8 172.1 848  (1.255) 2.953(5.483) 1614  165.1  1.39[701]

W 74 183.84(1) 0.40252 1104 191.9 6.76 1.145 19.300 3695, 5828.

Pt T8 195.084(9) 0.39083 112.2 195.7 6.54 1.128 21.450 2042. 4008.

Au 79 196.966569(4) 0.40108 112.5 196.3 G.46 1.134 19.320 1337. 3129,

Ph 82 207.2(1) 0.39575 114.1 199.6 6.37 1122 11.350 600.6 2022.

U 02 [238.02891(3)] 0.38651 118.6 200.0 6.00 1.081 18.950 1408. 4404.

Air (dry, 1 atm) 0.49919 61.3 90.1 36.62 (1.815) (1.205) T8.80

Shielding concrete 0.50274 65.1 7.5 26.57 1=l 2.300

Borosilicate glass (Pyrex) 0.49707 64.6 06.5 28.17 1.696 2.230



W T4 153.84(1) U. 40252 110.4 191.49 .76 1. 145 149,500 S6Y5. it ¥tu N

Pt T8 195.084(9) 0.39083 112.2 195.7 6.54 1.128 21.450 2042, 4008,

Au 79 196.966560(4) 0.40108 112.5 196.3 6.46 1.134 19.320 1337. 3129.

Pb 82 207.2(1) 0.30575 114.1 1990.6 6.37 1.122 11.350 600.6 2022,

U 92 [238.02801(3)] 0.38651 118.6 200.0 6.00 1.081 18.950 1408, 4404.

Air (dry, 1 atm) 0.49919 61.3 90.1 36.62 (1.815) (1.205) 78.80

Shielding concrete 0.50274 65.1 97.5 26.57 1.711 2.300

Borosilicate glass (Pyrex) 0.49707 64.6 96.5 28,17 1.696 2.230

Lead glass 0.42101 95.9 158.0 T.87 1.255 6.220

Standard rock 0.50000 66.8 101.3 26.54 1.688 2.650

Methane (CHy) 0.62334 54.0 T73.5 46.47 (2.417) (0.667) 090.68 111.7 [444.]
Ethane (CoHg) 0.50861 55.0 75.9 45.66 (2.304) (1.263) 090.36 184.5

Propane (CaHs) 0.58062 55.3 T6.7 45.37 (2.262) 0.493(1.868) 85.52 231.0

Butane (C4Hjg) 0.59497 55.5 7.1 45.23 (2.278) (2.489) 134.9 272.6

Octane (CgHig) 0.57778 55.8 T7.8 45.00 2.123 0.703 214.4 308.8

Paraffin (CH3(CHa),~923CHg) 0.57275 56.0 8.3 44.85 2.088 0.930

Nylon (type 6, 6/6) 0.54790 57.5 81.6 41.92 1.973 1.18

Polycarbonate (Lexan) 0.52607 58.3 83.6 41.50 1.886 1.20

Polyethylene ([CHoCHsl,) 0.57034 56.1 T8.5 44.77 2.079 0.89

Polyethylene terephthalate (Mylar) 0.52037 H8.9 54.9 30.95 1.848 1.40

Polyimide film (Kapton) 0.51264 50.2 85.5 40.58 1.820 1.42

Polymethylmethacrylate (acrylic) 0.53937 h8.1 82.8 40.55 1.929 1.19 1.49
Polypropylene 0.55008 56.1 TH.D 44.77 2.041 0.90

Polystyrene ([CgH5CHCHs],) 0.53768 57.5 81.7 43.79 1.936 1.06 1.59
Polytetrafluoroethylene (Teflon) 0.47992 63.5 094.4 34.84 1.671 2.20

Polyvinyltoluene 0.54141 7.3 81.3 43.90 1.956 1.03 1.58
Aluminum oxide (sapphire) 0.49038 65.5 08.4 27.94 1.647 3.970 2327. 3273. 1.77
Barium flouride (BaFs) 0.42207 90.8 149.0 09.01 1.303 4.803 1641. 2533. 1.47
Bismuth germanate (BGO) 0.42065 06.2 150.1 7.97 1.251 7.130 1317. 2.15
Carbon dioxide gas (CO2) 0.49989 60.7 88.9 36.20 1.819 (1.842) [449 ]
Solid earbom dioxide (dry ice) 0.49989 60.7 38.9 36.20 1.787 1.563 Sublimes at 194.7 K
Cesium iodide (Csl) 0.41569 100.6 171.5 8.30 1.243 4.510 804.2 1553. 1.79
Lithium fluoride (LiF) 0.46262 61.0 88.7 30.26 1.614 2.635 1121. 1946. 1.39
Lithium hydride (LiH) 0.50321 50.8 68.1 79.62 1.807 0.820 065.

Lead tungstate (PbWOy) 0.41315 100.6 168.3 7.39 1.229 8.300 1403. 2.20
Silicon dioxide (Si0q, fused quartz) 0.49930 65.2 07.8 27.05 1.699 2.200 1986. 3223. 1.46
Sodium chloride (NaCl) 0.55509 71.2 110.1 21.01 1.847 2.170 1075. 1738, 1.54
Sodinm iodide (Nal) 0.42697 093.1 154.6 0.49 1.305 3.667 033.2 1577. 1.77
Water (HaO) 0.55509 5H8.5 83.3 36.08 1.992 1.000(0.756) 273.1 373.1 1.33
Silica aerogel 0.50003 65.0 7.3 27.25 1.740 0.200 (0.03 HaO, 0.97 SiO9)




Belle II Detector — vertex region

Beryllium beam pipe

2cm diameter //
2 layers DEPFET + 4 w/ S
\,

s D
/

W
7 )
Vertex Detector ///
S




n substrate |

n+ electrode
particle

Two coordinates

measured at the same
NS strip pitch: 50um (75um);
resolution 15um (20um).

Peter Krizan, Ljubljana



e Sensors of the innermost layers:
Normal double sided Si detector
(DSSD) — DEPFET Pixel sensors

e Configuration: 4 layers — 6 layers
(outer radius = 8cm—14cm)

Belle II Vertex detector SVD+PXD

— More robust tracking

— Higher Ks vertex reconstruction efficiency

Inner radius: 1.5cm — 1.3cm

— Better vertex resolution

15 — Su EKBVTX(;ﬁL__\\
o / / ///—\\\\\
o 0N
o))
\\\\\i—///////
s | \\\ //
Slant layer to keep the
acceptance
[ Super KEKB VTX (r—z view)
]
o | :"—2 pixel layers
ol ? ,,,,,,, |
30. = .-2IO. = .1IO. = lIJ = .1I0. = .2I0. = .SIO. = .40

cm
reLer KriZdan, Ljubijdnd



Pixel vertex detector PXD principle: DEPFET

p-channel FET on a completely depleted bulk Depleted p-channel FET

A deep n-implant creates a potential minimum FET ore amplifier
for electrons under the gate P sdurce clear gate

(“internal gate”)

n Cl@C]r

p- drain

Signal electrons accumulate in the internal
gate and modulate the transistor current
(gq ~ 400 pA/e) - A=

Accumulated charge can be removed by a | 9e%P n-doping

clear contact (“reset”) s ‘internal gate’
N-Si bulk

Invented in MPI Munich P back contget

Fully depleted: | ~ Transistor on only during readout:
— large signal, fast signal collection |y power

Low capacitance, internal _
amplification —  low noise Complete clear ==p no reset noise

Peter Krizan, Ljubljana



DEPFET:

Ve rteX Dete Cto r http://aldebaran.hll.mpg.de/twiki/bin/view/DEPFET/WebHome

DEpleted P-channel FET

Beam Pipe r=10mm
DEPFET
Layer 1 r=14mm
Layer 2 r=22mm
DSSD
Layer 3 r= 38mm
Layer 4 r= 80mm
Layer 5 r=115mm
Layer 6 r = 140mm

Cluster 5x5 (Mod10)(RunNo6615) |

C HCluster2510
3000 — Entrias 27842
C Mean 321.3
- RMS 229.8
25007 ot [ ndf 105.2 / 44
E Constant 1.73Te+04 + 188
2000 — MPY 2103 =1.0
C Sigma 34.49 +0.39
1500
C t =50 pm
. 1000— S/N=21
DEPFET pixel sensor :
500 —
n-_f T P S aa L
[ 500 1000 1500 2000
[ADC value]

DEPFET sensor: very good S/N

36

Peter Krizan, Ljubljana



Expected performance

4 layers of silicons triop
detectors = 2 layers of
pixel detectors + 4 layers
of silicons strip detectors:
significant improvement
in vertex resolution!

S
®

Less Coulomb
scattering

Larger detector volume = significant
improvement in K. reconstruction
efficiency

b
o=a+

N' | Impact parameter resolution z0 |

=
(=]
©

_ Pixel detector close

% T to the beam pipe
s [ Belle
8 [\ Belelr
|\ Besle 17
\\ \\\\ 'S
< —_
T e
0 0.5 1 15 2 2.5 3
0 { O 20 pB*sin(e)®? [GeVic]
ppsin(6)2[GeV/c]
15 | super szavrx(v—wviewl \\
/ .
0 /// \\ N gl
[ / '\‘
’ \\\ —/ //
10 [ \ —— / /
" j1'5""1'0' B S S R T

reter Krizan, Ljubljana
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Main tracking device: small cell drift chamber

\\§

)

E/
Central Drift Chamb

He(50%):C,Hg(50%), small ce ~
lever arm, fast electronics




Search for unstable particles which
decayed close to the production point

How do we reconstruct final states that decayed to two
stable particles?

From the measured tracks calculate the invariant mass
of the system (i= 1,2):

M =X E) - (X B) e’

The candidates for the X-=>12 decay show up as a peak
in the distribution on (mostly combinatorial)
background.

Peter Krizan, Ljubljana



How do we know it was

30000 |- —

precisely this reaction? ; A
BY > K% J/y _
KOS 9 detect 10000:- |
vy > D !

0|1|/'I||||||||||||||

For Tt |n M— H+ palrs we Calculate 0.470 0.480 m{;éanmass{g;?%] 0.51{; | 0.520
the invariant mass:

M2ct=(E;+ E,)?- (P;+ P,)?

16000 ——— T ﬁ T
Mc2 must be for K close to 0.5 j Hout
GeV, 000 2
- '
for J/w close to 3.1 GeV. \\TJ \% -
Rest in the histrogram: random | 2.5 GeV 3.0 3.5

coincidences (‘combinatorial
background’)



Invariant mass resolution — momentum resolution

The name of the game: have as little background under the peak as
possible without loosing the events in the peak (=reduce background
and have a narrow peak).

Me* = | E) (X p)e’

To understand the impact of momentum resolution, simplify the
expression for the case where final state particles have a small mass
compared to their momenta.

Example J/y 2> p pu*
M2c* = (E; + E,)2- (B, + P,)? > M%c* = 2 p, p, (1 - c0sOy,)
N.B. mion mass of 104 MeV is much smaller than its momentum, 1.5 GeV/c

Peter Krizan, Ljubljana



Resolution in invariant mass

B° > K% J/y, K% > n~ T@\V 2 W MD
M2c* = (E, + E,)2- (B; + B,)?c? > M2c* = 2 p; p, 2 (1 - cos®,)

The J/y peak should be narrow to minimize the contribution of random
coincidences (‘combinatorial background’)

The required resolution in Mc2: about 10 MeV.

What is the corresponding momentum
resolution? e | R LR

For simplicity assume J/vy is at rest > sl K| i
0®,,=180°, p;=p,=p=1.5 GeV/c, Mc?=2pc ‘ '
->o(Mc?) = 2 o(pc) at p=1.5 GeV/c

- o(p)/p = 10 MeV/2/1.5GeV = 0.3%



Requirements: momentum spectrum

=00 Tagqing Koans Tagging Kaons

200

400
200

II|I1I|III|III|I

e e B ‘-I L1 Ll I 1 Ll L I Ll L1 I L L_r 1 I L= 1 1
3.5 4 4.4 5
Kaon Momenturn Gav o

=
[
Ln
in [
2
I3
in
A

200 B > nn
150 B—=mm
100
50
U L1 1 8 | 111 | L1 1 1 I 1 L1 I L1 11 I L1 11 I L1 1 | I L1 11 LI 1 I L1 1.1
& 05 i 15 2 15 ¥ 35 4 45 &5
PFion Momenturn GaV/c
30 E
- B K B —» DK
200 B
00
- |
D :I P 1§ | L | | L1 | I | | I L1111 I L1 11 I L1l | L1 1 I | I | I il g
a 05 1 1 2 25 3 385 & 45 5

Kaon Momenturn Gev/c
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From raw data to summary data
momentum measurement

Example of momentum determination:

gBR=>R =

qB

if s determined by
3 measurement points:

Data analysis, B. Golob http://www-f9.ijs.si/~krizan/sola/nddop/slides/anpod_1213.pdf




From raw data to summary data

Multiple scattering:

momentum measurement

13.6MeV

gol’

enid

op

&

_______

«

http://www-f9.ijs.si/~krizan/sola/nddop/slides/anpod_1213.pdf

Data analysis, B. Golob

' YN
v’ \—.‘L U UoS l]l \—_‘

SE() <)

psin Brys

. @ _
2p; sin = = it

alAps)
Apsy
p:sin bpnis  Prus
Y
13.6 MeV




Momentum resolution

Tracking system o, o.p, 720 eB = 0.3 (B/T) (1/m) GeV/c
T X

uncertainty = 5
pr eBL \N+4

o, 0.1x10"m 720 p, x0.0008
pr TT03(GeV imyx15xim*\ 54 GeV

For B=1-5T, L = ]_m, oy = 0.1 mm sigmalplip

For pT — 1 GeV: c oT /pT — 0080/0 - sigmai(p)/p=SORT(0.003**2+(0.0008%X)**2)
For pr = 2 GeV: 6 ,r /pr = 0.16%

0.004

Uncertainty from multiple

scattering o
o 13.6MeV
Pr _ / 2 2
Dy eB LXO 0.002 O'pr_\/(%/j +(i/)
P T P T tracking P T msc
(o2
. 13.6MeV 000 o

pr 0.3(GeV /m)x1.5y1mx100m




Tracking: Belle central drift chamber —Ffad

50 layers of wires (8400 cells) in 1.5 Tesla magnetic field

eHelium:Ethane 50:50 gas, W anode wires, Al field wires, CF inner wall
with cathodes, and preamp only on endplates

eParticle identification from ionization loss (5.6-7% resolution)

(]

- — 2204 __ O(Pr) _ 0'199/0>< p;— @ O?Jﬁo /o

790.0 . 1589.6 o

150&_\ - ‘747-0 R 17 2
| | == ‘ , 15 layers:
I P i\ 88224
TS B S CHNI / \, ___________________ em radius

e- e+ ,

Interaction Point

Cathode part

. ,
L L«

100mm 100mm



Drift chamber with small cells

One big gas volume, small cells defined by
the anode and field shaping (potential)

wires

anode wire

1al

potent

X oOX0OX OX OX




Belle IT CDC

Wire Configuration

Present CDC I
e E
N A

\%".'-_'.'-_‘.'.'..'._.;.;.;.;.:.:i;:;l:i:::.:.:.:.:.:.:. |
1200 mm
Upgrade €DC R TP U PPLE TR PLTR SR f
R T L E R L T RS RL Lielieiiels .
=)
&
}

Wire stringing in a clean
room

e thousands of wires,
e 1 year of work...

Peter Krizan, Ljubljana



Particle identification systems in Belle II

KL and muon detector:

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps ,

Ju—

er 2 barrel layers)

EM Calorimeter: _
CsI(TI), waveform sampling (b
Pure CsI + waveform sa

ification

electrons (7GeV) gation counter (barrel)

Aerogel RICH (fwd)

4 =

Beryllium beam pipe 77 z

2cm diameter ‘”4/ //’ 4 F L
Vertex Detector ’ //////// ‘ \:‘*

2 layers DEPFET + 4 laye SSD |

= %&\L ; positrons (4GeV)

.

Central Drift Chambe %

He(50%):C2Hs(50%), sn_1a|| ce \§
lever arm, fast electronics




Identification of charged particles

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

Determination of mass: from the relation between momentum
and velocity, p=ymv.

Momentum known (radius of curvature in magnetic field)
—~>Measure velocity:

time of flight

jonisation losses dE/dx

Cherenkov angle

transition radiation
Mainly used for the identification of hadrons.

Identification through interaction: electrons and muons

Peter Krizan, Ljubljana



Reminder: where do we need identification?

Fully reconstruct decay

BO orv\EO Iy . /X0 s —:> to CP eigenstate
/

“ BCP...'; .................... ool Tag flavor
S—J ........................ S 0 f Other B
i

S Brag! [ from
~ charges

determined* of typical

BO(B?) _ _ decay
Determine time between decays products

Peter Krizan, Ljubljana



Requirements: Particle Identification

200

Tagqing Koans Tagging Kaons

200

400
200

Relatively soft,

ms dominated

P T I EN TR IT AP R 1

b b b for tracking
Kaon Momentum Gevy o

II|I1I|III|III|I

=
.
tn
in
]
ra
in

200 B -
150 B —
100 Requires
50 dedicated PID
U L1 1 8 | 111 | L1 1 1 I 1 L1 I L1 11 I L1 11 I L1 1 | I L1 11 LI 1 I L1 1.1
¢ o5 {1 15 2 25 3 35 4 45 5
PFion Momenturn GaV/c
30 F
- B K B —» DK
200 B
C Requires
ioo E )
: dedicated PID
D C1 1 | L | | | I I | | I L1111 I L1 11 I L1l L1l I | I | I L& 1§
a (BN 1 1.5 2 25 K] LR 4 4.5 ]

Kaon Momenturn Gev/c
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PID coverage of kaon/pion spectra

Tagging kKaons

1 I ||||||rl-|l|

0 oo 1 1.0 Z 2.0 3 S0 4 4.4 5
Kagn Momentum GV o

Tagging Kaons

B > nn

UIIII|II|I|IIIIIIII|IIII|IIIIIIIIIIIIII II‘IIIII1
L 1 15 2 25 3 35 4 45 &

Fion Mcmenturn Ga¥/c
@0 £
- B K B —» DK
200 B
JE/dx

III|I|1III|III IIFIIlIIIIIIIIIIIIII IIIIIII‘IIIili

a G5 1 1.5 2 25 3 3.5 4 4.5 o
Kaon Momenturn Gev/e

Peter Krizan, Ljubljana



PID coverage of kaon/pion spectra

200

Tagging Kaons

Tagging Kaons

200

400
- ACC barrel
ACC endcap
D LI 1 ] L | L_1_1 1 LI 1 L= L L1 Ll 1 1 L L 1 L L1 L LI L L= 11
0 05 1 1.5 7 Z5 3 3.5 4 4.4 5

Kaon Momenturm Gsve o

200 B -
150
100
o ACC endcap
Yo s 1 15 2 25 3 35 ¢ 45 s
Fion Mementum GsV/c
o0
© B K B —» DK
00 = ACC barrel
D:Illililll L1 | || IIIIIAIIGIIII alpllllll‘lllili
a o5 1 15 =2 2% 3 35 4 45 5

Kaon Momenturn Gev /e

Peter Krizan, Ljubljana



Identification with the dE/dx measurement

CDC-dE/dx distribution and predictions

m IP tracks

H, liquid

dE/dx

10

—dE/dx (MeV g~ lem?)
w
I

1 11 11111 1 L1 1111l 1 IIIIIII| 1
0.1 1.0 10 100

Py = p/Mc

IIIIII| 1 11 1 111]
1000 10000 1

dE/dx is a function of velocity B

For particles with different mass the ST " vy iggql 5
Bethe-Bloch curve gets displaced L ' b [GeVicl
if plotted as a function of p

For good separation: resolution should be ~5%

Peter Krizan, Ljubljana



Identification with dE/dx measurement

Problem: long tails (Landau distribution, not Gaussian) of
a single measurement (one drift chamber cell)

B. Ad t al., NIM A 290 (1990
" Events | o . 115 Events r [ '
1 VY,E rA€ : ’ L 4 wires b ]
L: most likely a) ] 25 ) 7
60 - l l energy loss B [ \L
A: average 20 90<8<100 deg A
; energy loss ‘ q 4 wires averaged
40 90<®<100 deg - 15 1
r 10k al
ol ¥ Cut y t
l Pulse 5 v
height i Pulse height
1 N, ‘ { n -
% 200 400 800 [mV] % 200 400 800 [mV)

Measure in each of the 50 drift chamber layers — use truncated
mean (discard 30% largest values — from the tail).

Peter Krizan, Ljubljana



Identification with dE/dx measurement

Optimisation of the counter: length L, number of samples N, resolution (FWHM)

If the distribution of individual
measurements were Gaussian, only  o————————— e
the total detector length L would be £ o7 Ay
relevant.

T

Tails: eliminate the largest 30% L 3

values - the optimum depends =

also on the number of samples. Es* :
I

At about 1m path length: optimal
number of samples: 50 2t

FWHM: full width at half maximum =
2.35 sigma for a Gaussian distribution

Peter Krizan, Ljubljana
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D

Belle I

Cherenkov detectors

_{

Barrel PID: Time of Propagation Counter (TOP)

Focus mirror
(sphere, r=7000)

—

Forward
Focusing mirror

MCP-PMT

Backward .
WSS Quartz radiator

Small expansion block
Hamamatsu MCP-PMT (measure t, x and y)

Endcap PID: Aerogel

RICH (ARICH)

200mm

C\'\ere“\‘o\' i

ool

/\

Aerogel radiator
n~1.05

Hamamatsu HAPD
+ new ASIC

\

A 4

5 5% 55 5% 55 5

A \.':{".\:x'.‘
e 7 -3

#

ffffffffffff

116 |

LA .-"::__ .."z-.__ - /<\ ™ .-"'K \ - ", ,’{-. .-/‘\. - "“‘-. A

P
S

=
i
2
-
LA

\ TOP QBB{Quartz bar box)
1590
1650

]'l TOF support brackst
777min. / BOOmax.
1000

cDC

IDS{Inner detector support) and COC-SC{Suppornt cylinder):t

\\ Rtaseacc | 5 T T T ¥

Hamamatsu HAPD + readout

Peter Krizan, Ljubljana



Cherenkov radiation

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

cosO = c/nv = 1/Bn

Two cases:
2 B < B¢ = 1/n: below threshold no Cherenkov light is eni

-2 B > B¢ : the number of Cherenkov photons emitted over uni
energy E=hv in a radiator of length L:

dN _ a Lsin> @ =370(cm) ' (eV) ' Lsin” 6

dE T

—->Few detected photons

Peter Krizan, Ljubljana



Measuring the Cherenkov angle

aegel Idea: tl'anSfOI'm the
£ direction into a coordinate >
Cherenkov photog_s.—::; -§ . .
e o . ring on the detection plane
particls N ' - Ring Imaging Cherenkov
— : (RICH) counter
23 i 20 em photon detector Vs w0 w010 w3 .t IJ i)
Proximity focusing RICH ,. Corenkoy gngle

RICH with a 1

focusing mirror

velocity



Cherenkovangle

=
=

0.3

0.2

0.1

Measuring Cherenkov angle

thresholds

L e, ,— — —,—, —,—,— ,—, ,——-"
0.5 1.5 2 2.5 3 3.5 4
p (GeV/c)

n K

Radiator:
aerogel, n=1.06

Peter Krizan, Ljubljana



Cherenkovangle

Measuring Cherenkov angle

0.8

05

04

02 F

Radiator:

1 quartz, n=1.46

thresholds

| | i i i i I i I i
1.5 2 25 k! a5 4

p (GeV/c)

Peter Krizan, Ljubljana



Efficiency and purity in particle identification

Efficiency and purity are tightly coupled!

Two examples:

particle type 1 type 2 eff. vs fake probability
E | e

! = S = i z.;w./ 50 separafi

. , =
P — fal A
0.25 P %: 7\7

0 e’ |

2 ol | 2 4 o 8 3 / /
h Em*‘“i’f?} L

i [
/ “‘\\ /mﬁ‘ﬁ% i

0.5

0.25 \

1] ;
=2 0 2 4 L B

any discriminating variable, e.q.
Cherenkov angle




Measuring Cherenkov angle

g 08 :
f=) Radiator:
= quartz, n=1.06
=
S st
G K/m overlap
2
Jogat
02
D i i i i (] i i 1 i I i I i
0 0.5 1 1.5 2 25 3 15 —+
p (GeV/c)
P, for K/m separation P,... for K/m separation

Peter Krizan, Ljubljana



D
<D
Belle IT

RICH with a novel
“focusing” radiator —
a two layer radiator

Employ multiple layers with
different refractive indices=>
Cherenkov images from
individual layers overlap on the
photon detector.

Aerogel RICH (endcap PID): larger particle momenta

v

| RICH Hit Map, w.r.t. track |

rich_2d_1
Entries 412449

Mean x -0.09929
Meany -0.4329
RMS x 43.24
RMS y

Clear Cherenkov image observed
[ AN I T e
-100 -50 0 50 100
Cherenkov angle distribution
A— Entries 64801
— Mean 0.3092
C RMS 0.07419
6000 — %2 I ndf 143.5/ 28
- & | constant 6129 1 39.4
— mean 0.3067 + 0.0001
5000 sigma 0.01349 £ 0.00007
= BG const -192.6+ 20.5
4000 — BG slope 1715+ 69.4
C |
C # of tracks : 2700
3000 — # Photons : 41339.7 +- 227.3
C Photon/track: 15.31 +- 0.08
2000 } BG /track : 2.00 +-0.03
1000 run048
0: |||||||I7I(|||||||||| ||||||||||I|||||||||
0 01 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1

6.6 0 t/K at 4GeV/c!

Peter Krizan, Ljubljana



>
wamd  Radiator with multiple refractive indices

OHELLE

How to increase the number of photons without
degrading the resolution?

- stack two tiles with different refractive indices:

normal “focusing” configuration
n1= nz n1< n2
Vg

I”

- focusing

Such a configuration is only possible with aerogel (a form of Si,0,)
— material with a tunable refractive index between 1.01 and 1.13.




D>

/> Focusing configuration — data

OHELLE

Increases the number of photons without degrading the resolution

. . = X/ ndf 2467. / 116 | 3
4cm aerogel single index i sws | £
P2 02965 |

P3 0.2072E-01

L (k2 Ll P4 85.32

4000 | PS5 796.0

|
I~

2000

M

0 0.1 0.2 0.3 04 0.5 -0.4 -0.2 [ 0.2 0.4

0 (rad) tx(rad)
theta cerenkov ring in cerenkov space
2+20m aerogel = w0 k ¥/ ndf 1095. /116 | ¥ e T L e
PI 7289. | %
P2 0.3074
nq | Nz ny<n; o P3 0.1428E-01
P4 74.49
P5 884.4
— 4000 |
~
nf=7.46

2000 F nb=0.83 02 kE

9 N I M A548 (200 5) 383 0 0.1 0.2 0.3 0.4 et‘(raafj._i -0.4 -0.2 0 0.2 I;iad)
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Belle I

Cherenkov detectors

_{

Barrel PID: Time of Propagation Counter (TOP)

Focus mirror
(sphere, r=7000)

—

Forward
Focusing mirror

MCP-PMT

Backward .
WSS Quartz radiator

Small expansion block
Hamamatsu MCP-PMT (measure t, x and y)

Endcap PID: Aerogel

RICH (ARICH)

200mm

C\'\ere“\‘o\' i

ool

/\

Aerogel radiator
n~1.05

Hamamatsu HAPD
+ new ASIC

\

A 4

5 5% 55 5% 55 5

A \.':{".\:x'.‘
e 7 -3

#

ffffffffffff

116 |

LA .-"::__ .."z-.__ - /<\ ™ .-"'K \ - ", ,’{-. .-/‘\. - "“‘-. A

P
S

=
i
2
-
LA

\ TOP QBB{Quartz bar box)
1590
1650

]'l TOF support brackst
777min. / BOOmax.
1000

cDC

IDS{Inner detector support) and COC-SC{Suppornt cylinder):t

\\ Rtaseacc | 5 T T T ¥

Hamamatsu HAPD + readout
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Belle IT Barrel PID: Time of propagation (TOP) counter

y

Linear—array type z X T ' I‘

photon detector

if Quartz bar

Array of

fast PMT's sl

. éherenkov ring imaging with g

e Device uses internal reflection of Cerenkov ring images from s}
quartz like the BaBar DIRC.

e Reconstruct Cherenkov angle from two hit coordinates and
the time of propagation of the photon
— Quartz radiator (2cm)
— Photon detector (MCP-PMT)
o Excellent time resolution ~ 40 ps
e Single photon sensitivity in 1.5

E.'I|I||||I||||I||||I||||I||||I||||I||||I||||I
S B R I j(j 20
x (cm)



X (cm)

TOP image

50
t (ns)
b)
M l I'L h 1 - |
0 10 20 30 40 50

t (ns)

Pattern in the coordinate-time
space (‘ring’) of a pion hitting a
quartz bar with ~80 MAPMT
channels

Time distribution of signals
recorded by one of the PMT
channels: different for = and K
(~shifted in time)

trop (nS)
—~
o o <

0
I
1€
£
<
9

(ud) x
0 ST or ¢ 0 < oI SI-0C-
u




Muon (and K,) detector

Separate muons from hadrons (pions and kaons): exploit the fact that
muons interact only e.m., while hadrons interact strongly = need a few
interaction lengths (about 10x radiation length in iron, 20x in CsI)

Detect K| interaction (cluster): again

need a few interaction lengths.

- Put the detector outside the magnet caill,

and integrate into the return yoke

Some numbers: 3.9 interaction lengths (iron) + 0.8 interaction length (CsI)
Interaction length: iron 132 g/cm?, CsI 167 g/cm?

(dE/dx),,;,: iron 1.45 MeV/(g/cm?), Csl 1.24 MeV/(g/cm?) > AE ., =
(0.36+0.11) GeV = 0.47 GeV - identification of muons above ~600 MeV



Muon and K, detector

Example:

event with

two muons and a
.KL

and a pion that
partly penetrated




Muon and K, detector performance

Muon identification >800 MeV/c
efficiency fake probability

I | BE |
| ,
_ R S e S A i
L ++H++
0.04
0.75 v
. i L .+.
2. g(u) p s 8(7‘5)
b 0.5 2
L k ] -
i + ] 0.02 o+ ++ |
[ : | Hytt | + _
0 0.5 1 1.5 2 2.5 3
P(GeV/c)
P(GeV/c)

Fig. 110. Fake rate vs. momentum in KLM.
Fig. 109. Muon detection efficiency vs. momentum in KLM.
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K, detector performance

K, detection: resolution in
direction >

K, detection: also with possible
with electromagnetic calorimeter
(0.8 interactin lengths)

60 b

50

40 —

sof
10 — —LU

I T B R B
v 1500 -100  -50 ]

dd(deg)

clusters

30 1o 150

Fig. 107. Difference between the neutral cluster and the
direction of missing momentum in KLM.

Peter Krizan, Ljubljana



Belle II, detection of muons and K;s: Parts of the present RPC
system have to be replaced to handle higher backgrounds
(mainly from neutrons).

K, and muon detector:
Resistive Plate Counter (barrel)
Scintillator +_“\|L_VLSF + MPPC (end-caps + barrel 2 inner layers)

E:ip 2 Runm 52 Farm 2 Ewankt 10257 fEoL)

L] Eher 8.00 Eler 380 Oote/TIME Wed Jur 9 S1z23704 109% Trk E Trata  Pelrogtsh
L] 1 9 147 #1141 9 47
2 QB 158 5397 0 q
4 d4H 187 HA 9 4
4+ 403 18r MWFE O A
shrg Tk 5 a8 RO E23 4 4
hats  Phi gec taf mud B 9181 280 S83 T 4
Bz8 288 1 1 3 a05d a7 Mmoo L4
9477 405 WMIE L 4
ks 1532 1 2 Q N 13 &I E B 4
; 1Z9 £33 &7E B 4
2piA =3 48ED 204
031 FAT H51 0 4
221 @AE &=L 14
. 24 INE 4 1
SEE EO2 24
g B4 L od




Muon detection system upgrade in the endcaps

Scintillator-based KLM (endcap and two layers in the barrel part)

Mirror 3M (above
groove & at fiber end)

—(—‘

Two independent (x and y) layers in one superlayer made of
orthogonal strips with WLS read out

Photo-detector = avalanche photodiode in Gelger mode (SiPM)
~120 strips in one 90° sector

(max L=280cm, w=25mm) h y-strip
~30000 read out channels plage
Geometrical acceptance > 99%
P 0 Iron plate . x-strip
plane

Optical glue increases the o :
light yield by ~ 1.2-1.4) Aluminium frame

WLS: Kurarai Y11 1.2 mm GAPD

Diffusion reflector (TiO,) Strips: polystyrene with 1.5% PTP & 0.01% POPOP




Calorimetry in Belle II

KL and muon detector:

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps ,

er 2 barrel layers)

EM Calorimeter:
CsI(TI), waveform sampl

NQ (k
N
Pure CsI + waveform sa \

ification

electrons (7GeV) gation counter (barrel)

) Aerogel RICH (fwd)

p
Beryllium beam pipe
2cm diameter

Vertex Detector
2 layers DEPFET + 4 |a)

.

: positrons (4GeV)
Central Drift Chambe
He(50%):C2Hs(50%), smal
lever arm, fast electronics




Requirements: Photons

20000 { 4 2
1 - O i [©]

; Generic B” decay | §
15000 || 1.9
I 1w

i 1%
10000 o
N 1 .©

i 1 F

5000 | 1 9
i .

+

800 4 8
Q

o

L 1 L 1 L 1 L 1 1 1 L 1
600 To 50 100 150 200

: Minimum photon energy [MeV]

400

200 |

Photon energy [GeV]
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Requirements: Photons

n® =2 yy Need to reconstruct neutral pions from gamma pairs

« Should also work for low energy gammas (photons)
« Excellent energy resolution

Detection of photons: scintillator crystal + photosensor

scintillation photons
are detected in the
photo sensor

gamma ray Shower: electrons and
» positrons produce —
scintillation light

How does a shower develop? Gamma - e+e- pair production -
bremstrahlung gammas - e+e- pair production - ....

Peter Krizan, Ljubljana



Electromaagnetic Cascades (showers)

Electron
shower in a
cloud
chamber
with lead
absorbers

Simple qualitative model

| | Consider only
>z Bremsstrahlung :
%f; and pair BEBC , MelH [Fo/30%) B=3T
LT production
) e e P D ' ELECTRONAGN ETIC JSHOWER DEVEL.
H‘"‘%L_-‘E\_‘"—‘-H |
s —
BN Assume:
— l..- — J){D = .I"l.-F:Ialr
Eorp, oy oy Eong

] 1 2 3

Fod
L

s 1 8 *Eo]
N()=2"  E(t)/ particle=E,-2""

Process continues until E(?)<E,

InE,/E = E
e = c ‘hﬂm‘ai — r_ :{f:u.nr."'l} —71 = 2 L Himax 2_0 . .
In2 ;2 =22 E. - Calorimeter size depends

_ only logarithmically on £,

Compton effect and photo effect — absorption. Peter Krizan, Ljubljana

After r = the dominating processes are ionization.



¢ Energy resolution of a calorimeter (intrinsic limit)

E
Nl o Z0 total number of track segments
c

o

4 o _
E N VN JE, calorimeters

o(E) o o (N) 1 1 holds also for hadron

Also spatial and angular resolution scale like 1AE

Relative energy resolution of a calorimeter improves
with Eg

More general:

olE)_ 2 gpel
E E \ E
Stochastic Constant term Noise term
term
Inhomogenities Electronic noise
Bad cell inter- radioactivity
calibration pile up

Non-linearities

l

Quality factor |

<rizan, Ljubljana



Requirements: Photons

2> vy Need to reconstruct neutral pions from gamma pairs

« Also gammas (photons) with low energy
« Excellent energy resolution

Detection of photons: scintillator crystal + photosensor

scintillation photons
are detected in the

photo sensor
shower, electrons

gamma ray and positrons :
> produce
scintillation light

Need:
 High light yield (many scintillation photons) € o(E)/E o N-1/2
« photo-sensor with low noise (noise spoils resolution)




‘77STEL
Scintillgtur Density |Radiation Fie:fractive Wavelength Decay time Light yield
material (g/cm3) | length index at peak (Y/MeV)

Nal (TD 3.67| 2.59cm 1.78 410 nm 230 ns 4.1 X104
Csl(TD 451 1.86cm 1.85 550 nm | 800-6000 ns 6.6 x104
Csl (Na) 451 1.86cm 1.80 420 nm 630 ns 4.0 x104
LaBrs (Ce) 53| 1.88cm 1.9 358 nm 35 ns 6.1 x10¢4
BisSiz012 BSO 6.8 1.15cm 2.06 480 nm 100 ns 0.2 x10¢
BisGe:02 BGO 7.1| 1.12cm 2.15 480 nm 300 ns 0.9 x10¢4
CdWO, 7.9 1.1 cm 225 495 nm 5000 ns 2.0 x104
YAIO; (Ce) YAP 55| 29cm 1.94 350 nm 30 ns 2.1 x104
LuzAlsO7 (CelluAG 7.4 1.4 cm 1.84 420 nm 40 ns 2.6 X104
Gd:SiOs (CeX550 6.7 1.4 cm 1.87 440 nm 60 ns 0.8 x10¢
PbWO4 8.3| 0.89cm 1.82 425 nm 25 nNs 0.05 x104

Introduction to Particle Detectors,
H. Tajima, EDIT2013, MAR 12, 2013
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Calorimeter with CsI(TI) crystals

Doping with tallium improves the light yield

BELLE Csl ELECTROMAGNETIC GCALORIMETER

Backward Endcap

Calorimeter }—\\

1021.6 1961.6
3825
unit tmm?
i.ll.LLlllJ.ll.A..A.A......A.L‘l.lll.l....LI.\..\iJ.J..I.L.l..t..l.J.Jl.JJ..A.A.A..A...\
20 m 1.0 m 0.0 m 1O m 2.0 m 30m
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B factories, main result:
CP violation in the B system

CP violation in B system: from
the discovery (2001) to a
precision measurement

sin2¢,/sin2p from B> J/psi K¢

EPS 2011
1‘5_IIL€L‘1I|III;:‘!III |IIII| IIIIIIII
DY
- 5 Amg& Am,
Fsin2p

0.5_

= 0.0 :

-0.5

© sin2¢,/sin2p o

Entries /0.5 ps

100}

-
- 0.5
-
-
-

-

Asymmetry
@)

o
0

E B% — JiyK®

0]

-§At(ps)
Constraints from many different measurements of
angles and sides of the unitarity triangle >
Remarkable agreement

Peter Krizan, Ljubljana



Unitarity triangle — 2011 vs 2001

CP violation in the B system: from the discovery (2001) to a precision
measurement (2011).

EPS 2001 EPS 2011

0.5

= o0}
0.5

-1.0

Peter Krizan, Ljubljana



KM’s bold idea verified by experiment

Relations between parameters VETTTTT 4
as expected in the Standard Y

- With essential experimental confirmations by BaBar and
Belle! (explicitly noted in the Nobel Prize citation)

Peter Krizan, Ljubljana



B factories: a success story

Measurements of CKM matrix elements and angles of the unitarity
triangle

Observation of direct CP violation in B decays

Measurements of rare decay modes (e.g., B=>tv, Dtv)

b->s transitions: probe for new sources of CPV and constraints from the
b->sy branching fraction

Study forward-backward asymmetry (Agg) in b>sl*I

First look at the possible violation of lepton flavour universality
Observation of D mixing

Searches for rare t decays

Observation of new hadrons

Peter Krizan, Ljubljana



The KM scheme is now part of the
Standard Model of Particle Physics

eHowever, the CP violation of the KM mechanism is too small
to account for the asymmetry between matter and anti-matter
in the Universe (falls short by 10 orders of magnitude !)

*SM does not contain the fourth fundamental interaction,
gravitation

eMost of the Universe is made of stuff we do not understand...

matter

dark energy  dark matter

Peter Krizan, Ljubljana



Two frontiers

Two complementary approaches to study shortcomings of
the Standard Model and to search for the so far unobserved
processes and particles (so called New Physics, NP). These
are the energy frontier and the intensity frontier .

Energy frontier : direct search for production of unknown
particles at the highest achievable energies.

Intensity frontier : search for rare processes, deviations
between theory predictions and experiments with the
ultimate precision.

—>for this kind of studies, one has to investigate a very
large number of reactions events = need accelerators with
ultimate intensity (= luminosity)



Comparison of energy /intensity frontiers

To observe a large ship far away one can either use strong
binoculars or observe carefully the direction and the speed
of waves produced by the vessel.

Energy frontier (LHC)

- . o~
/ B Luminosity frontier N
S § (Belle and BelleII)
=~ o R - -

-
m— wm == "Pater Krizan, Ljubljana



Standard Model: Lepton Flavour Universality

One of the cornerstones of the Standard model (verified by experiments):
Lepton Flavour Universality (LFU) - interactions of leptons do not depend
on their flavour

= e, u, v~ should behave in the same way

Peter Krizan, Ljubljana



Anomalies in B — D*rv

Diagrams for the transition, mediated " ;,/— -
by the charged SM weak interaction B B0 @ < ]

u, d g, d Do) [

LFU - the rate for the transition (corrected for available phase space)
should not depend on the lepton flavour

- Same for electrons, muons and tau leptons

Compare the final state with a t to the one with e or p

Check the ratio of branching fractions R(D*) = Br(B — D*Tv) / Br(B — D*Iv)
SM: R(D*) = 0.258+0.005 vs. Experiment: R(D*)= 0.295+0.011+0.087

(combined value of measurements of BaBar, Belle and LHCb collaborations)

Peter Krizan, Ljubljana 94



Anomalies in B — D(*)r v decays

% L& | & & & & [ % & & ! /RN T I
B ' @ HFLAV average Ay*=1.0 contours ]
%04 - Measurements of R(D) and
L LHCb15 4
B S 7 R(D*) compared to the SM
0.35 s - predictions
I LHCb18 ]
03 ' ]
B | @k) 1 Measurements of BaBar, Belle
il e _ Bellels 4 and LHCb collaborations
= Bellel7 3
- verage o redictions HFLAV i
021 +§R(D)Eo.2f9§1:_-4(foogl t
B | lR{D*)=0.2584_r0.005 | lp(xz):ﬂ% 7
0.2 0.3 0.4 0.5
R(D)

Similarly, for a D meson in the final state R(D) = Br(B — Dt1v) / Br(B — DIv)
SM: R(D) = 0.299+0.003 vs. Experiment: R(D)=0.340+£0.027+0.013

Need more data!
Peter Krizan, Ljubljana 95



If not a statistical fluctuation, what are
possible interpretations?

/-
Diagrams for the B — D(*)1v transition: / ,
- il /7
b el
mediated by the charged SM weak B, B° § c
interaction a,d o3 DO.() D*()
" I
In addition: /
-~ Ve
b
: : e e LQ .-
a non-SM decay process involving B,B° Q@ __ ’ c
leptoquarks L T Do), P4

Other possibilities: an additional charged Higgs boson, and others

Need more data for any further conclusions! - the ball is on the
experimental side.

Peter Krizan, Ljubljana 96



