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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



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

A

Transitions between members of the same family much
more probable (=thicker lines) than others
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CKM - Cabibbo-Kobayashi-Maskawa (quark transition) matrix:

unitary matrix, almost real and almost diagonal, but not completely!
Beta decay

Amplitude for
theb > u
. ¢ / transition

Q L]

Amplitude for
— the b > ¢
. & transition

e Area of each square
area: size of the
matrix element

e Angle: phase



CKM matrix: determines charged weak
interaction of quarks

Wolfenstein parametrisation: expand the CKM matrix in the parameter

A (=sin6.=0.22) pr
1-— A AL (p—in)
A, p and n: all of order one 2 ,
V = —2 1—’% AL +0(14)
AVA-p—in) —AX 1
determines probability of
b->u transitions
A Unitarity condition:
A
e ' * * *
Voo L1 VidVep VieVio TVeaVer +VigVp =0
\ﬁ\fem 5 VoaVeb|
(|)3 i ¢1 B

Y
0 ) >
0 ' 1

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

Goal: measure sides and angles
in several different ways, check
consistency -




Asymmetric B factories

High Enerpy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel

. Js=10.58 Gev

e e B 4 ........... . A
BaBar p(e™)=9 GeV p(e*)=3.1 GeVv EW=O.56
Belle p(e)=8 GeVv p(e*)=3.5 Gev By=0.42
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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

= u.n-

0.5

-1.0
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KM’s bold idea verified by experiment

Relations between parameters
as expected in the Standard
model >

- With essential experimental confirmations by BaBar and
Belle! (explicitly noted in the Nobel Prize citation)
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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, D1v)

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

Forward-backward asymmetry (Ags) in b—>sltl- has become a powerfull
tool to search for physics beyond SM.

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
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Are we done ? (Didn't the B factories accomplish their
mission, recognized by the 2008 Nobel Prize in Physics ?)

L
e V-F‘L““— b Gl i

HAPYUWEHWE ¢P-MHBAPHMAHTHOCTH, C-ACHMMETPHA
H BAPHOHHAR ACHMMMETPHH BCEJEHHOH

" Matter - anti-matter
~asymmetry of the Universe:
KM (Kobayashi-Maskawa)
o et e s o . M€CHANISM Stll short by 10

e m—— ™ orders of magnitude !!!




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)

( - ®  Luminosity frontier N
§ (Belle and BelleII) 2/
~ ~ o - -

- . Ly
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An example: Hunting the charged Higgs
in the decay B 2> 1t v,

In addition to the Standard Model Higgs — most probably just
discovered at the LHC - in New Physics (e.g., in supersymmetric
theories) there could also be a charged Higgs.

The rare decay B - 1~ v is in SM mediated
by the W boson

In some supersymmetric extensions it can also
proceed via a charged Higgs

The charged Higgs would influence the decay of a B meson to a

tau lepton and its neutrino, and modify the probability for this
decay.

Peter Krizan, Ljubljana



Missing Energy Decays: B 2> t v,

Exp 33 Run 678 Farm ¢ Event 1707483

Eher 0.00 Eler 0.0 Mon Feb G 17255246 2004
B EI I E TrglD QDetVer O MoglD 0 BField 1,50 Dspier 0
Ptot(g 0.0 Ftot{om} 0.0SVD-M OCOC—M OKLM—M_0

B* — D+t s
(— KTr_Tr+TF_) . ‘
BT — 1(— evi)v Ity = 3
A

By measuring the decay probability (branching fraction) and
comparing it to the SM expectation:

—> Properties of the charged Higgs (e.g. its mass) Peter Krizan, Ljublijana



Charged Higgs limits from B — 1~ v,

Measured value
BB m
" BF(B > 1)y, m?

- limit on charged Higgs mass vs. tanf
(for type II 2HDM)

tan® S

Super B factory: Discovery plot: very
much competitive with LHC!

B factories: Exclusion plot
100

1 1 | L 1 1 | L 1 1 | 1 1 1 | L 1 1 ]
200 400 600 300 1000
H* Mass (GeV/c™)




New Physics reach

energy frontier vs. intensity frontier

Belle 11

SuperKEKB

NP mass scale

(TeV) Belle
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Super B Factory Motivation 2

e Lessons from history: the top quark

Physics of top quark b yot~  d Vg Vo Vi
First estimate of mass: BB mixing > ARGUS _

. . . w— Xwt VCKM_ Vcd Vcs Vcb
Direct production, Mass, width etc. - CDF/D0O p - -
Off-diagonal couplings, phase - BaBar/Belle 7 @ Vs Vo

e Even before that: prediction of charm quark from the GIM mechanism, and
its mass from K° mixing

Peter Krizan, Ljubljana



(fb™")

1200 Fantastic performance far beyond design values!

Integrated luminosity at B factories

—KEKB  ——PEP-|

1000 |

400 |-

200 |

u-,

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

>1ab™!
On resonance :
Y(5S): 121 fb!
Y(4S): 711 b
Y(3S): 3fb!
Y(2S): 25 b "
Y(1S): 6 fb*
Off reson./scan:

~100 fb !

~ 550 fb!
On resonance:
Y (4S): 433 fb '
Y(3S): 30 fb !
Y(2S): 14 b’
Off resonance:
~ 54 fb™!



What next?

To search for NP effects, need much more data (two orders!) >
Luminosity frontier experiment

- LHCb

- Super B factory

LHCb: well underway, doing excellent physics

An e*e machine running at (or near) Y(4s) will have considerable
advantages in several classes of measurements, and will be
complementary in many more

Peter Krizan, Ljubljana
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Bt - D'n*

(— Kna =nt

™)

BT — 1(— evi)v

Unique capabilities of B factories:

> Exactly two B mesons produced (at Y(4S)) -

- High flavour tagging efficiency
- Detection of gammas, %, K s

- Very clean detector environment (can observe decays with several neutrinos
in the final state!)

- Well understood apparatus, with known systematics, checked on control
channels

Peter Krizan, Ljubljana




(Super) B factory advantages:
Full Reconstruction Method
e Fully reconstruct one of the B’s to
— Tag B flavor/charge
— Determine B momentum
— Exclude decay products of one B from further analysis

Decays of interest

B 7 (| BIX v,

o e B>Kvv
(SGQVﬁégﬁk —e+(3.5GeV) [ B3Drv, tv
Y(4 -
B / (3 full reconstruction
s B->Dr etc. (0.1~0.3%)

- Offline B meson beam!

Powerful tool for B decays with neutrinos

Peter Krizan, Ljubljana



Missing Energy Decays: B 2> t v,

Exp 33 Run 678 Farm ¢ Event 1707483
Eher Q.00 Eler 0.0 Mon Feb 8 17z55z46 2004

B EI I E TrglD QDetVer O MoglD 0 BField 1,50 Dspier o
Ptot(c 0.0 Etot{gm) D.0SVD-M OCDBC—M OKLM—F_ 0

Bt — D%t
(—> KTr_Tr+TF_)

BT — 7(— evp)v d Ty = 3
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B-> vv decay

B> vv similar as B> p p a very sensitive channel to NP contributions

Even more strongly helicity suppressed by ~(m,/mg)?
- Any signal = NP

Unique feature at B factories: use tagged sample with fully reconstructed B
decays on one side, require no signal from the other B.

" Belle other B bkg Non-
;— Preliminary
-Signal Rare B +

-9

Use rest energy in the calorimeter and
angular distribution as the fit variables.

- ok omk
= Mk

Events/0.05 GeV

90% C.L.BR< 1.3 x10*
Belle Preliminary 657M BBbar

¢ Y c.f. (Babar) BR <2.2 x 104

Peter Krizan, Ljubljana



Physics at a Super B Factory

There is a good chance to see new phenomena;
— CPV in B decays from the new physics (non KM).
— Lepton flavor violations in t decays.

They will help to diagnose (if found) or constrain (if not found) new
physics models.

B->1v, Dtv can probe the charged Higgs in large tanp region.

Physics motivation is independent of LHC.
— If LHC finds NP, precision flavour physics is compulsory.

— If LHC finds no NP, high statistics B/t decays would be a unique way
to search for the >TeV scale physics (=TeV scale in case of MFV).

Physics reach with 50 ab1:
« Physics at Super B Factory (Belle II authors + guests)

hep-ex arXiv:1002.5012
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Accelerator

Peter Krizan, Ljubljana



The KEKB Collider

Fantastic performance far beyond design values!

- e (8 GeV) on e*(3.5 GeV)

+ Vs & My (as)

* Lorentz boost: By=0.425
- 22 mrad crossing angle

Belle detector
B

SCC RF(HER)

5L

Peak luminosity (WR!) :

Q\Qﬁ &% 4 2.1 x 1034 cm'2s°

ARES(LER) oLt =2X design value
' res RF cavity

Qg — et source , .
1 € First physics run on June 2, 1999

Last physics run on June 30, 2010
Lpeak = 2.1x10%%/cm?/s
L > 1ab

Peter Krizan, Ljubljana



SuperKEKB is the intensity frontier

8 103>

Peak luminosity trends (ete" colliders)

Luminosity

0% |

=
E

40 t|mes hlgher e
luminosity

=
B

=
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Super

How to increase the luminosity? KEKB

Beam-beam parameter
Lorentz Beam current

factor \ \

- o, 5“ R \ Lumi. reduction factor
y€+ '» €+ L
L= 1+ ¥ o (crossing angle)&
2€r Ux R ) "~~~ Tune shift reduction factor

(hour glass effect)
Classical electron 0.8 -1
radius (short bunch)

Beam size ratio@IP Vertical beta function@IP
2 % (flat beam)
(1) Smaller g, <— “Nano-Beam” scheme

(2) Increase beam currents «
(3) Increase &,

Collision with very small spot-size beams

Invented by Pantaleo Raimondi for SuperB — ‘spin-off' of linear collider studies



Super

How big is a nano-beam ? KEKE

o 3

How to go from an excellent accelerator with world record performance —
KEKB — to a 40x times better, more intense facility?

In KEKB, colliding electron and positron beams are much thinner than the
human hair...

c,~100um,c ~2um G~10um,c,~60Nm

... For a 40x increase in intensity you have to make the beam as thin
as a few 100 atomic layers!

Peter Krizan, Ljubljana



] _ Super
Machine design parameters @ﬂ

KEKB
parameters ER JER
Beam energy Eb 3.5 8
Half crossing angle ¢ 11
Horizontal emittance Ex 18 24
Emittance ratio K 0.88 0.66
Beta functions at IP | Bx'/By" 1200/5.9
Beam currents b 1.64 1.19
beam-beam parameter Cy 0.129 0.090
Luminosity L 2.1 x 1034
- Nano-beams and a factor of two more beam current to increase
luminosity
- Large crossing angle
« Change beam energies to solve the problem of short lifetime for the LER




T ——

Super
KeKkB

Colliding bunches

New superconductlng
/permanent final focusing
quads near the IP

" New beam pipe

Replace short dipoles
with longer ones (LER)

T

Add / modify RF systems g

' H%%@Fﬂfﬁhﬂﬁ '
R

Redesign the lattices of HER &
LER to squeeze the emittance

for higher beam current

Low emittance
positrons to inject

Damping ring ’—\\H_ -
=

Low emittance gun

Low emittance
electrons to inject

Positron source

New positron target /
capture section

TiN-coated beam pipe
with antechambers

To obtain x40 higher luminosity




Entirely new LER beam pipe with
ante-chamber and Ti-N coating

i Fabrication of tbe LER arc beam pipe section is completed




AIante-chamber before coating

-
I —
Ca—

-

> -
- /
A . ;
N

‘-.____/7‘

After TiN coating
before baking




Fraeeen LT Al 100 4 m long dipole
Wi AN magnets have been

successfully installed in

s = MW | the low energy ring

B8 | (LER)!

b

(« AP
4 8 Three magnets per day !

Installing the 4 m long LER
dipole over the 6 m long
HER dipole (remains in
place).




field measurement

Installation of 100 new LER
bending magnets done

Magnet installation

- .. ‘rrif’"""ﬂf;':;lfgl

move into tunnel

carry on an air-pallet

carry over existing
HER dipole

, Ljubljana 44



Experimental apparatus

Peter Krizan, Ljubljana



Typical measurement

+
. — = Fully reconstruct decay
B or_B AT o _:>to CP eigenstate
B.. | /TC
Ccp Pl e
= m v et | [ v Tag flavor
T e el B 1 of other B
= o / K™ from
Biag -
~ 1| At=Az/BycC e charges
determined ===tstnissk gl 1 * of typical
BO(B®) _ T decay
Determine time between decays products

Peter Krizan, Ljubljana



Components of an experimental
apparatus (‘spectrometer’)

e Tracking and vertexing systems
e Particle identification devices
e (Calorimeters (measurement of energy)

Peter Krizan, Ljubljana



How to understand what happened in a collision?

Exphds 1 Exp Z FRun 37 Farm & Event B2 fECL)
Eher 000 Eler D00 Deote/TIME Wad Jun 2 0Bz02z47 15949 Trk E Thets  Phlrvaotch elld
= - 1 Do48 147 100 0@
BELLE TrglD 0 Detver O MaglD D BField 0.00 Disver 210 1 opoa a7 ioloa 0
ustration on an I P oo e 805 0
T AT R S I N I I
[ cOe Chry Tric) E D146 3EZ 110 O O
Trk ah Ptot  Thata PRI nee tef kim & D830 455 1276 1 0
1 4+ 2207 B48 3BEE 1 1 1 7 DOBE 406 2030 0 0
2 — 1481 BBO 2382 2 1 2 5 g gg%;- t;»-g 2?;502 01 00
3 - 158 485 1057 3 3 3 : 8 .
4 + D579 BT 3138 4 4 4 \ 10 powd H3 2RO O 0
. 5 — DEB2 @DE P15 K B & l 11 DBE+ 482 1018 O 0
with the Belle B AN T ER Lt
7 — D4BB 1354 1881 7 : . X
8 + D359 475 3488 8 Y 15897 672 2827 1 0
9 4+ D47 327 1080 OBl B43 4T 0 oD
10— D237 BB 21D ) ) 1B 78.4 3035 1 E,
[ . 7 BALE 274 2.0
detector . ke
L] a1 0g4_ 1285 0 0
A 08, e 1983 0 0
; & [ 2 1171 0 0
. 4 260 O 0
Sy @ o ool ] 4 1830 0 0
B e o oo
1 2146 2 0O
@ - D 3 1143 2 0
o 1 W61 1 0
1 WAL 0 0
i ° " T 334 00
=]
o a
[ -
§ ""‘v &L%
e =] .
° Ed
% 2 ;
TOF ) o .
T Gty Taf o = — Q ﬁ_’o
1 48 d 3
2 1 440l G @ .
3 1G4 0l
4 4.1 0 Ju- ] Z
O O 1 40 004 ;
o1 41 000 B 4 KL
S ; Thata Phi Muld Match
- 20 08 ¢
. 240 o8 1 2
¥ 3 40 0o o 3
K Tc Tc [a00) . £ 0.0 o0 o 4
S Trke Sty fire ph—cl pid=F pid—Fbid— & )
1 [u] 1 o994 007 o A 7 \'.:I‘U U'O o7
2 o0 445 0¥ D05 0O ] 3 R
1 &7 051 006 005 s a0 oo o o4
J > 4 0 1 48 043 005 045 ol o e Y N
5 0 0 ZB 057 085 095
\|j M B 0 0 00 092 0% D94 o, 1
7 1 0 00 0do oD 0ao
4 0 0 0D 085 084+ 084
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=4 Belle II: Need to build a new detector to

@ L]
-
ExpMC 2 Exp 25 Run 1886 Event 1
.50 Date 1031120 Time 90351
1 MaglD 21 BField 1.50 DspVer 7.50
(ch) 0. t(gm) 0.0SVD-M OCDC-M 2KLM—M O

BELLE o
Critical issues at L= 8 x 103°/cm?/sec

» Higher background ( x10-20)

- radiation damage and occupancy

- fake hits and pile-up noise in the EM
» Higher event rate ( x10)

- higher rate trigger, DAQ and computing
» Require special features

- low p u identification <« sup recon. eff.
- hermeticity < v “reconstruction”

~ T T Exp 25 Run 1886 Event 1
Eler 350 Date 1031120 Time 90922
tver 1 MoglD 21 BField 1.50 DspVer 7.50
0.0 Etot(gm) 0.05VD-M 1CDC-M 2KLM-M O
<o . >
s e e

Have to employ and develop new
technologies to make such an

apparatus work!
9

b

[TDR published arXiv:1011.0352v1 [physics.ins-det] | Peter Krizan, Ljubljan;




Belle II Detector

KL and muon detector:
Resistive Plate Counter (barrel outer layers)

EM Calorimeter:
CsI(TI), waveform samplil
Pure CsI + waveform sa

tification
gation counter (barrel)

electrons (7GeV
( ) Aerogel RICH (fwd)

p
Beryllium beam pipe =,
2cm diameter , .

Vertex Detector
2 layers DEPFET + 4 la

\.

positrons (4GeV)

Central Drift Chamber~«
He(50%):C2Hs(50%), small ¢
lever arm, fast electronics




1 l 2 [ 3 4 5 l & I 7 ] ] 9 10 1 ] 12
TOP VIEW
. Heckward Barrel Forward .
#upar conducting coll . il
B | B
1] |I : E,?L / 50
o A
] o ﬁ-g
PXD(2 layers; o tErer
10 570 u — k=
D o § | 280 i
- Ijcell chamber | S —
\\ SVD
c IP Chamber
- , - 573(Cryostat) | 600(Cryostar) ==l
- s | coc NS -
O _/{_ i STTTTTTT] |—|II N \\ —| - 1 Ia
SVD: 4 DSSD lyrs = 2 DEPFET lyrs + 4 DSSD lyrs
CDC: small cell, long lever arm o
KEM T e [ g [
ACC+TOF = TOP+A-RICH Eemoack
- SN S ===
ECL: waveform sampling (+pure Csl for endcaps) gters are preliminary i
8 [ 9 [ 10 [ ==-m” 'r“ 12

KLM: RPC = Scintillator +tMPPC (endcaps, barrel inner 2 lyrs) 45




Tracking and vertex systems in Belle II

KL and muon detector:
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps ,

EM Calorimeter:
CsI(TI), waveform samp
Pure CsI + waveform sam

ation counter (barrel)

electrons (7GeV :
( ) ] Aerogel RICH (fwd)

p
Beryllium beam pipe
2cm diameter

Vertex Detector % (g
2 layers DEPFET + 4 laye| N

.

positrons (4GeV)

Central Drift Cham
He(50%):C2Hs(50%), small ce
lever arm, fast electronics




Belle IT Detector — vertex region

Beryllium beam pipe
2cm diameter

“}(/

Vertex Detector
2 layers DEPFET + 4 |
\_




charged
particle

Two coordinates

measured at the same
E gﬁ:ﬁ time;

Tﬂ strip pitch: 50um (75um);

resolution 15um (20um).

== —— je_|_

: E - Silicon detectors,
Ninkovi¢, Tuesday



Belle II Vertex detector SVD+PXD

Sensors of the innermost layers: i //>_\_\
Normal double sided Si detector ok S ///—“\\\

(DSSD) — DEPFET Pixel sensors // / ///j\\\\ \\\\

Configuration: 4 layers — 6 layers 5 of ) | } |

(outer radius = 8cm—14cm) — .} \ \ \\\¥ // / //
— More robust tracking ol \\\\_—/// /
— Higher Ks vertex reconstruction efficiency . \\ -

Inner radius: 1.5cm — 1.3¢cm

— Better vertex resolution Slant layer to keep the

: : acceptance
Strip Readout chip: VAITA — APV25 b e
— Reduction of occupancy coming from o | e §> .....
beam background. : —— ——
— Pipeline readout to reduce dead or ,.._<—2p|xel layers
Hme. I =
3-0....2|0....1|0....6....1|0....2|0....3|0....40

reLer KriZzan, Ljupijana



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 EET 5 it amplifier
for electrons under the gate B sStircs clear gate

(“internal gate”)

N clear

p. erin

Signal electrons accumulate in the internal
gate and modulate the transistor current
(g, ~ 400 pA/e) AR5

\ d |
Accumulated charge can be removed by a \ "°°P n-doping
clear contact (“reset”)

r e
In’rerng| gate’

Invented in MPI Munich

Fully depleted: | ~ Transistor on only during readout:
— large signal, fast signal collection |5y power

P back contact

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

Peter Krizan, Ljubljana



DEPFET:

Ve rtex Dete Cto r http://aldebaran.hil.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
J000— Entries 27842

C Mean 321.3

o RMS 229.8
25001 1t nlf 105.2/ 44

- Constant 1.737e+04 + 183
2000 — MPV 2103 =1.0

C Sigma 34.49 +0.39
1500

C t =50 pm
1000— S/N=21

500 —
n'_[ T ik o i ek 1 I i i i
0 500 1000 1500 2000
[ADC walue]

DEPFET sensor: very good S/N

51
Peter Krizan, Ljubljana



Expected performance

Significant improvement
in vertex resolution!

Less Coulomb
scattering

Significant improvement in SS(Kcnoy) 21 LT

B verte)l.

| z —=> IP profile

....
....A

Y

B decay point reconstruction
with K trajectory

o=a-+

\ | Impact parameter resolution z0 |

E —w——— _ Pixel detector close
£ .
S : s to the beam pipe

% é l\ BOCTTG
g Belle Il
: \\ Belle IT
\ \\\ -

. a4
< e

10 s — IS T S——

IZIIH‘O.SH“1HH1.5HH2HH2HHHH

0 1 O 2 O pR*sin(6)*? [GeVic]

ppsin(6)2[GeV/c]

_'-:';"-:.'__zsoMBB

-1
10 -

Larger radial
coverage of SVD

10" 1 10

L(ab™)

rcuwcl nizaii, |_Jumjana

_b
pgsin” 6
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Main tracking device: small cell drift chamber
777,

. ——— N

% B
A '-.I-: \ !
v II:I: :|I |
\ S e/
@OO
7

7

P

He(50%):C,H¢(50%), small cells, S

Central Drift Chamber™
lever arm, fast electronics




Tracking: Belle central drift chamber CD

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)

o
2204 U(p’;—) o 0.30 /o
D 702.2 e 1501.8 - I 019 /o X pT (‘D ﬁ
: r
700.0 e 1589.6 3
150U‘~.‘ - 747.0 - g
- 1T 1 y 19 layers:
F
N | alf X \ . 8.8-22.4
— —— 2 —o > .
B S e e cm radius
e- e+t SEX
Interaction Point
i
y -_Backward __Forward ,
L. L.

100mm 100mm



Drift chamber with small cells

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

- Gaseous detectors, Titov, Friday



Belle IT CDC

Wire stringing in a clean
room

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

e Done!

Peter Krizan, Ljubljana



Particle identification systems in Belle II

KL and muon detector:
Resistive Plate Counter (barrel outer layers)
S ntlllator + WLSF + MPPC (end-caps ,

EM Calorimeter: %
CsI(TI), waveform samp
Pure CsI + waveform sa

tification
gation counter (barrel)
Aerogel RICH (fwd)

electrons (7GeV)

p
Beryllium beam pipe
2cm diameter

Vertex Detector
2 layers DEPFET + 4 la!

\.

positrons (4GeV)

Central Drift Chamb
He(50%):C2Hs(50%), smaII
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

ionisation losses dE/dx

Cherenkov angle

transition radiation
Mainly used for the identification of hadrons.

Identification through interaction: electrons and muons

- Particle identification, Korpar, Thursday



Particle identification: pions and kaons

00

Tagging Kaans Tagging Kaons
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Identification with the dE/dx measurement

10g i s ;
8- o wf e KRS P
i i G a R
cﬁé“ 2: H, liquid I a
TQD 4
Z
2 3F 28
: L
3 2f k
> 2f
1_ v v vl vl .
0.1 1.0 10 100 1000 10000
By = p/Mc :
dE/dx is a function of velocity |
For particles with different mass the ™ ' Y it e

Bethe-Bloch curve gets displaced
if plotted as a function of p

For good separation: resolution should be ~5%
Measure in each drift chamber layer — use truncated mean




Cherenkov detectors

Barrel PID: Time of Propagation Counter (TOP)
B
i

MCP-PRAT
J
o

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

Forward

Quartz radiator . :
Focusing mirror

Endcap PID: Aerogel RICH (ARICH)

200mm

rov
C(\eren\@“ e

\

Aerogel radiator
n~1.05

/\

5 55 55155 55 5

Hamamatsu HAPD
+ new ASIC

ra
e e

/- Y Y Y N
- 7 -

___________

118

\ TOP QBB{Quartz bar box)
1590
1650

P
S

]'l TOF support brackst
777min. / B00max.
1000

cDC

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

\\ R1aseacc | T N T T S

Hamamatsu HAPD + readout

Aerogel radiator ‘ l
+—>

200
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Cherenkov radiation

A charged track with velocity v=Bc exceeding the speed of light ¢/n in 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 emi

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

N _ @ Lsin® @ =370(cm)™*(eV)*Lsin* 6
dE 7cC

—->Few detected photons

Peter Krizan, Ljubljana



Measuring the Cherenkov angle

aerogel

Idea: transform the

v coordinate (cm)

Cherenkov photons. ,::;

particle

=

\“-.:‘“-‘&
B

direction into a coordinate =
ring on the detection plane

- Ring Imaging Cherenkov
(RICH) counter

za 20 cm photon detector

Proximity focusing RICH

RICH with a

focusing mirror

Cerenkov angle

velocity



Aerogel RICH (endcap PID)

[ RICH Hit Map, w.r.t. track | rich_2d_1
Entries 412449

Mean x -0.09929
Meany -0.4320

RMSx 4324
RMS y

.,..|....|..|.0
-100 -50 0 50 100

Cherenkov angle distribution

Entries 64801
Mean 0.3092
= ) RMS 0.07419
6000 1 *2 I 143.5/28
E constant 6129+ 39.4
5000 = @ean 0.3067 = 0.0001
B sigma 0.01349 = 0.00007
C BG const -192.6 = 20.5
4000 ot BG slope 1715+ 60.4
C 1
o # of tracks : 2700
. 3000 # Photons : 41339.7 +- 227.3
RICH Wlth a novel - Photon/track: 15.31 +- 0.08

- BG / track : 2.00 +-0.03
2000

i =rorE o A L o P el i e o et aal ey
DO 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1

“focusing” radiator —
a two layer radiator

v

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

6.6 0 /K at 4GeV/c!

Peter Krizan, Ljubljana




>
wamy  Radiator with multiple refractive indices

BELLE

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

- stack two tiles with different refractive indices:

normal “focusing” configuration
I"I1= n2 n1< n2
Iy

Ve
>~—<< >

- 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.




I

</ D Focusing configuration — data

BELLE

Increases the number of photons without degrading the resolution

. . = ndf 2467. 7/ 116 | =
4cm aerogel single index 4 oz | &
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P3 0.2072E-01
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2000

M
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theta cerenkov ring in cerenkov space
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Pl 7280. | = 04
P2 0.3074
ny| N2 ny<ny - P3 0.1428E-01
P4 74.49 0
PS5 884.4
= 4000 |-
=
nf=7.46
02 F
oo b mb=0.83 |
L\ -0.4
0 1 1 1 .I.

—->NIM A548 (2005) 383 MY Y S



Cherenkov detectors

Barrel PID: Time of Propagation Counter (TOP)
B
i

MCP-PRAT
J
o

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

Forward

Quartz radiator . :
Focusing mirror

Endcap PID: Aerogel RICH (ARICH)

200mm

rov
C(\eren\@“ e

\

Aerogel radiator
n~1.05

/\

5 55 55155 55 5

Hamamatsu HAPD
+ new ASIC
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DIRC (@BaBar) - detector of internally
reflected Cherenkov light

Support tube (Al) - ! :
PMT + Base
~11,000
PMT's

Quartz Barbox - —

Compensating coil

Assembly flange
Water

Standoff box

Light
Catcher

I"l.

R

17.25 mm Ar
(35.00 mm rAd)

Bar Box
Track /
Trajectory [

Wedge .
)/ | PMT Plane P, \
_--8 Water \
=" 4

|
v Stand off Box (SOB /
7 ! y (SOB)

—91 mm-— 10mm

l—5&m — 117 m -

4 x 1.225 m Bars
glued end-to-end



Belle IT Barrel PID: Time of propagation (TOP) counter

y

| =k S
Linear-array type z X , I"

photon detector

ff Quartz bar

Array of

fast PMT's st

. C“herenkov ring imaging with d

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
¢ Single photon sensitivity in 1.5

IL-llI””I””I“”I””IIIIII””I””I”“I
20-1s-lo -5 00§ 10 11(5 20
x (cm)



b)

TOP image

0

10

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
n and K (~shifted in
time)

Peter Krizan, Ljubljana



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 coil,

and integrate into the return yoke

Some numbers: 3.9 interaction lengths (iron) -

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:

Ex 5 Run 40 Event EBE13B3
Eher 800 Eler 3.50 Sun 2 13225251 1989
- mLE T(g”:) Oetiisr il ldﬂgln 0 HFjald .80 nep'. sy 510
event Wlth Ptot 8.0 Etotlgm) 1.4SWD—M 0CDC—M 0 KLM—M_Q

etwO muons and a
oK L

and a pion that partly
penetrated.

Detector: resistive plate
chambers (RPC) in the
slits between ion plates




Muon and K, detector performance

Muon identification >800 MeV/c
efficiency fake probability

;-’- 0.75: - | 9 0.04 .
e(1) Yl e(n)
E i - ] : 0.02 . |
[ _ | it + * _
e EREDEM
- - | b ﬁ +

0||||||||||||||||||||||||||||| [} O-S l l.S 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.

Peter Krizan, Ljubljana



Muon and K, detector performance

K, detection: resolution in ol
direction >
S0
ol
: L
20} 3 /_
K, detection: also possible with — uﬁm Mt
electromagnetic calorimeter (0.8 1t
interactin lengths) _
() | P T ST R T S T P | |

L - [ L L | -
-150  -100 -50 ( 30 1o 150
d(deg)

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 Chamber (barrel)

+) LSF + MPPC (end-caps + barrel 2 inner layers)

J

i g

Eap I Run 52 Farm 2 Event 10267 ECL)
Eher A.00 Eler 350 Oote/TIME Wed Jur 9 1723204 1999 E P PriTteh
DA ;1101 q 1

LLE %%

Trk Traka
1 1 14.7
2 1 15,0 T RA
4 1 8.7 =88 49 4
+ a3 16k HMHAE @ 9
shrg Trk ) 4 40 180 =23 9 4
hata  Phi ace taf mud B a181 280 S83 T 4
HzA 2B 1 1 3 7 &3 M7 mas 0 4
a 477 403 1®3IE C 4
Fii 3 9434 53 s1E O 4
1533 S33 EFE B 1
20i8 53 442> 1 4
33 787 3451 0 4
21 3, =L 1 d 8
THE Ght EIE 4 0 [
3, parid B | —
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Muon detection system upgrade in the endcaps

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

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

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

(max L=280cm, w=25mm) . y-strip
e ~30000 read out channels pla\ne
e Geometrical acceptance > 99%
P 0 Iron plate _ x-strip
Mirror 3M (above plane

groove & at fiber end)

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

I WLS: Kurarai Y11 &1.2 mm GAPD
I

polystyrene with 1.5% PTP &
0.01% POPOP - Photo-detectors, Korpar, Thursday



Calorimetry in Belle II

KL and muon detector:

Resistive Plate Counter (barrel outer layers)

Scintillator + WLSF + MPPC (end-caps ,
ginneér 2 barrel layers)

EM Calorimeter:
CsI(TI), waveform samp
Pure CsI + waveform sa

igation counter (barrel)

electrons (7GeV ,
( ) ] Aerogel RICH (fwd)

r =
Beryllium beam pipe 7 g
2cm diameter -

Vertex Detector ;/% 7/ : | A

2 layers DEPFET + 4 laye

\.

positrons (4GeV)

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




Requirements: Photons

20000

15000 ||

10000

5000 |

800 f

Reconstruction efficiency

600

1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200

400 3 Minimum photon energy [MeV]

200 |

Photon energy [GeV]
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EM calorimeter: upgrade needed because of higher rates and
radiation load

EM Calorimeter: \
CsI(TI), waveform samp in
Pure CsI + waveform sam|

-

U

Present calorimeter:

 Scintillator: CsI(TI)

« Photosensor: photodiode

... by far the most expensive single component

- Calorimeters,
Paramatti, Thursday



EM calorimeter: upgrade needed because of

ehigher rates (barrel: electronics, endcap: electronics and

CsI(Tl) = pure CsI), and
eradiation load (endcap: CsI(Tl) = pure CsI)

Pure Csl is faster, but has a smaller light yield...
—>replace photodiodes with a special kind of PMT
(photopentode) that can be operated in magnetic field

Peter Krizan, Ljubljana




Status of the project

Peter Krizan, Ljubljana



The Belle Il Collaboration

A very strong group of ~600 highly motivated scientists!



Super

Schedule 0 e

70
60
Goal of Belle II/SuperKEKB
5 = 50
23
®© 0O 40
o.c )
Q£ o 30 We:will reachi50 ab*
£=22 in 2022
20
10 9. months/year
20 days/month
PR P T PR
x103% 3
Commissioning
6 starts in 2015.
>
AN 4 Shutdown
(‘2]
x E N,E 9 for upgrade
(O] 5 &
o == | | | | |

Do 2012 2014 2016 2018 2020 2022
Year

The schedule is likely to shift by a few months because of a new
construction/commissioning strategy for the final quads.



The competition: LHCb

Ma M5 250 mrad

M3

\ mrad

v

pcar HCAL
SPD/PS
Magnet RICH2 M1 M2
T3
T2
Tl
RICHI
AN TT
rte
ocato
P
© o) -
il
Vertex Trigger: PID:
reconstruction: Muon Chambers RICHes
VELO Calorimeters Calorimeters
Tracker Muon Chambers

5

Kinematics:
Magnet
Tracker
Calorimeters
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The LHCb RICH counters

AL, HOAE w4 MS 250 mrad
SPD/PS M3
Magnet RICH2 M1 M2 i
T3
T2
Tl
RICHI
4, TT
rte
Oy mrad
I M >
9 0 -
il | | !
Vertex Trigger: PID: Kinematics:
reconstruction: Muon Chambers RICHes Magnet
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Muon Chambers
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LHCb RICHes

Need:
Particle identification for momentum range ~2-100 GeV/c

eGranularity 2.5x2.5mm?
eLarge area (2.8m?2) with high active area fraction

eFast compared to the 25ns bunch crossing time

- . 0. max
eHave to operate in a small B field 250 | I oo e
I ’ Aerogel
200
-3 radiators ; -
eAerogel g |
.C4F10 < 100 -
oCF4 | C4F109as
50 |- - 53 mrad
_ 32 mrad
0 I . N .:,I .

1 ‘v . . 0
Pter éggﬁa, Ljubljang

Momentum (



LHCb RICHes

Photon detector: hybrid PMT (R+D with DEP) with 5x demagnification
(electrostatic focusing).

Hybrid PMT: accelerate photoelectrons in electric field (~20kV), detect it in a
pixelated silicon detector.

Si pixel array
(1024 elements)

\ Ceramic carrier

Photocathode i I:-f-:-:i.iz'_-'f-'_-: \
(-20kv) \
VACUUM

L

S C N NIM AS553 (2005) 333
T N Solder -
\
chip

T D -
Optical input CERN/EP-TA2

window Peter Krizan, Ljubljana



LHCb RICHes: performance
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LHCb PID upgrade: TORCH

A special type of Time-of-Propagation
counter for the LHCb upgrade

Track

LHCb + TORCH

15cm

SPD/PS

5m 10m 15m 20m

M3 :
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/ y wl il ‘ .
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Sides are instrumented too (not shown)
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LHCb PID upgrade: TORCH
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(D - Super
/O Conclusion KEKB

Belle IT

® KEKB has proven to be an excellent tool for flavour physics, with
reliable long term operation, breaking world records, and surpassing
its design perfomance by a factor of two.

® Major upgrade at KEK in 2010-15 - SuperKEKB+Belle II, with 40x
larger event rates, construction well under way

® [Expect a new, exciting era of discoveries, complementary to the LHC

® There is still a lot of work to be done — if you are interested, join us!

Peter Krizan, Ljubljana



