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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!
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/ transition
. ‘

Q L]

Amplitude for

theb =2 ¢
. / transition

CKM: unitary
matrix




CKM matrix: determines charged weak
Interaction of quarks

Wolfenstein parametrisation: expand the CKM matrix in the parameter

A (=sin6.=0.22) 2
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Asymmetric B factories

BellefllE 2%
4

Hipgh Enerpy Ring
tupgraigt: of existing ringl

Both Rings Housed in Current PEP Tunnel

V/s=10.58 Gev _ _

~ e~ /B,¢ ........... soA
—— Y(4s) - Y(4s) — B
BaBar p(e)=9 GeV p(e")=3.1 GeV By=0.56
Belle p(e)=8 GeV 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
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KM’s bold idea verified by experiment

Relations between parameters R R

as expected in the Standard N -\ £
model -

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

[ Matter - anti-matter
~asymmetry of the Universe:
KM (Kobayashi-Maskawa)
T emmmstes s, e e w—— [Y1@CHANISM Still short by 10

" orders of magnitude !!
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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)

- | uminosity frontier N\
g (Belle and Belle 11) _ 7/

-
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An example: Hunting the charged Higgs
In the decay B- =2 17 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.
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Missing Energy Decays: B~ 2 1t v,

Exp 33 Run 678 Farm G Event 1707493

Eher 0.00 Eler 0.00 Mon Feb 9 17255248 2004
B EI I E TrgiD  QDetver 0 MoglD 0 BField 150 DspVer 0
Ptot(s, 0.0 Etot{gm}  0.0SYD-M OCDC—M OKLM—H_O

—
~

Bt — D%xT
(—> K‘rr_7'i‘+7l‘_)

BT — T(—> 81/17)1/

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

—> Properties of the charged Higgs (e.g. its mass)
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New Physics reach

energy frontier vs. intensity frontier

Belle 11

SuperKEKB

NP mass scale

(TeV) Belle

Iﬂ_ 1 1 [ R | L
1 10 10

NP coupling
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Super B Factory Motivation 2

Lessons from history: the top quark

Physics of top quark b yet  d Vi, Vi V,
First estimate of mass: BB mixing > ARGUS _

. . . W~ wt VCKM - Vcd Vcs Vcb
Direct production, Mass, width etc. - CDF/DO . Doz -
Off-diagonal couplings, phase - BaBar/Belle & w Ve Vo

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

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

Forward-backward asymmetry (Agg) in b—=>sl*l- has become a powerfull
tool to search for physics beyond SM.

Observation of D mixing
Searches for rare t decays

Observation of new hadrons
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(fb™)

1200

1000
800 |
400 |

200 |

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

Integrated luminosity at B factories

Fantastic performance far beyond design values!

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

L 1 i

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

~100 b

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



What next?

To search for NP effects, need much more data (two orders!) =
Luminosity frontier experiment = Super B factory

However: it will be a different world in four years, there will be
serious competition from LHCb and BESI|I|I

Still, e*e- machines 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 19



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

57 (| BIXlv,

o e B2>Kvv
(8GeVﬁ§;‘? «— e+(3.5GeV) B->Dtv, tv
Y(4 \ T
B / full reconstruction
"""" o (|B>Dretc (0.1~0.3%)

- Offline B meson beam!

Powerful tool for B decays with neutrinos
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Missing Energy Decays: B~ 2 1t v,

Exp 33 Run 678 Farm G Event 1707493
Eher 0.00 Eler 0.00 MMon Feb 9 17z55z46 2004

B EI I E TrglD ODetver 0O MoglD 0 BEield 150 Dspler 0
Ptotls 0.0 Etotfqm}  0.0SYD-M DCDC—M OKLM—F_ 0O

—
~
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B-> vv decay

B-> vv similar as B> ppu 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.

EcY
TTTT

Use rest energy in the calorimeter and E::;:gzllfminary other Bbkg Non-
angular distribution as the fit variables. %m%ﬁignal Rare B } 1 $ {H}
@ 8 + L i H -
60\ | (L. __ : - + ++‘L

r
I
f
i
i
i

L
r

9[}(}{{5 C- L- B‘R 'c: 1-3 X 10_4 u_:";--*'""'ﬂ--...,_,_,_,..-....!"':__‘..._ T T A
Belle Preliminary 657M BBbar I LR R G

¢ Y c.f. (Babar) BR <2.2 x 104
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LFV and New Physics
>l S >3l ——

Xo /" h
~ ~(~ (e)
Z T x‘— e-z . \ _U(g)

2
B SUSY + Seasaw(M; )23(13) B Neutral Higgs mediated decay.
B Large LFV Br(t=>puy)=0(10-7~?) B |mportant when Msusy >> EW scale.
( ) Br(zr > 3u) =
& 1TeV ) . 2 5 4
Br(r — 417)£10 x( - ][mwj tan’ 4X107X[(m_[2)32](tanﬂj (1ooeevj
5 m; 60 m,
Upper limits
‘l - model Br(tz—uy)  Br(z—lll)
-6 A TP
algtoBrgegar) ' MSUGRA+seesaw 107 10-°
A 006 SUSY+SO(10) 108 10710
7 mE 2018 SM+seesaw 109 10-10
mswm“‘"’”“\) Non-Universal Z’ 10° 108
g o SUSY+Higgs 10-10 107
SM+seesaw
SUSY+Higgs Super ctory
_9 .
07> 107 Peter Krizan, Ljubljana
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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 Tt decays.

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

B—>tv, 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 ab:
e Physics at Super B Factory (Belle Il authors + guests)

hep-ex arXiv:1002.5012
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http://www-acc.kek.jp/KEKB/pictures/KEKB_photo/KEKair2005/KEKair2004-04H.jpg

Accelerator
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The KEKB Collider

Fantastic performance far beyond design values!

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

e Vs & My (4s)

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

SCC RF(HER) Belle detector

.8
ak .‘-l\i.‘

nn

Peak luminosity (WR!) :

‘Q\Lﬁw i 2.1x10% cm2s?
ARES(LER) * uliaias =2x design value
§

>

res RF cavity

Q@ — e* source - ;
1 € First physics run on June 2, 1999

Last physics run on June 30, 2010
Lpeak = 2.1x10%4/cm?/s
L > lab™
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SuperKEKB iIs the intensity frontier

Peak luminosity trends (e*e- colliders)

81035———3————?———5———a§.__

luminosity KEKB
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Super

How to increase the luminosity? KEKB

Beam-beam parameter
Lorentz Beam current

factor \ \

RL Lumi. reduction factor

i (crossing angle)&

Rgl, "~ Tune shift reduction factor
(hour glass effect)

Classical electron 0.8 -1
radius (short bunch)
Beam size ratio@IP Vertical beta function@IP
1 -2 % (flat beam)
(1) Smaller B~ <— “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 nhano-beam ? KEKB
~ (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...

o,~100pum,c, ~2um o,~10um, s, ~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 KEKB |

param eters
Beam energy Eb
Half crossing angle ()
Horizontal emittance €x
Emittance ratio K

Beta functions at IP | Bx"/By”

Beam currents I

beam-beam parameter Cy

Luminosity L

e Nano-beams and a factor of two more beam current to increase
luminosity

e Large crossing angle
 Change beam energies to solve the problem of short lifetime for the LER




Super
KEKB

New superconducting
/permanent final focusing
quads near the IP

New beam pipe
& bellows

Replace short dipoles
with longer ones (LER)

' H%%H#H '
P covemanee

Redesign the lattices of HER & M. # “\M-H <

LER to squeeze the emittance ‘ 1

TiN-coated beam pipe Low emittance gun

electrons to inject

Add / modify RF systems
for higher beam current

Positron source

New positron target /
capture section

[NEG Pump]

[Beam Channel]



1/3 of new dipole
magnets have been
installed in LER.
(July 9, 2012)

Three magnets per day !
Total ~100
e Installing the 4 m LER dipole

over the 6 m HER dipole
(remains in place).

 All LER dipoles are scheduled
to be installed this year.




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

=gy -

-

-1
o ~ e

S
-

| Fabrication of the LER arc beam pipe section is completed




Damping ring construction started in Jan 2012

L
= =

? _EI_ 3.5Ge%_ 4

18/Jan/2012




TiN Coating Machine

Beam pipe with TiN coating reduces
emission of secondary photoelectrons.

TiN coating machine (1st vertical type) in Oho : I
experimental hall R ' Y Sl
— I .' TJAJ - | .-.

T
ol
s

Now we have two coating machines.

TIN coating has started — in a good shape



Experimental apparatus
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Typical measurement

H Fully reconstruct decay

BO Or\BO vy . H ::>to CP eilgenstate
“““““ T

Bep [
D e R | ofother &
o/ e e -
™ 5 o / K from
= g: At=Az/Byc | e charges
determined« ==z --=-=—" T T . of typical
BO(B®) -~ decay
Determine time between decays products
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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?

lllustration on an
example:

BO > KO J/y
Ko% 2> mnt

Iy >

BELLE
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D

Belle IT

] Need to build a new detector to handle higher backgrounds

BELLE

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 p identification < sup recon. eff. L.
- hermeticity < v “reconstruction”

BELLE Il &u

Have to employ and develop new
technologies to make such an
apparatus work!

TDR published arXiv:1011.0352v1 [physics.ins-det T 1




Belle Il Detector

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

" ~ er 2 barr layers)

EM Calorimeter:

Csl(TI), waveform samp \\\{\\\ ‘\\{‘

N\

Pure Csl + waveform sa \\ \\\\\\\})_

ification
\gation counter (barrel)
g Aerogel RICH (fwd)

electrons (7G

p
Beryllium beam pipe
2cm diameter

Vertex Detector
2 layers DEPFET + 4 la

.

positrons (4GeV)

Central Drift Chamber~ =
He(50%0):C2Hs(50%), small ce
lever arm, fast electronics
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Belle 11 Detector (in comparison with Belle)Rarig

1 I 2 | 3

4

5 | & | ! |

8 9

10

i

Belle IT

12

N BdckiWard

KLM

A H FA A AR A
L

CDC: small cell, long lever arm
ACC+TOF = TOP+A-RICH

TOP VIEW
| Foiiward N

5

s,

N} ]

SVD: 4 DSSD lyrs — 2 DEPFET lyrs + 4 DSSD Iyrs

ECL: waveform sampling (+pure Csl for endcaps)
KLM: RPC = Scintillator +MPPC (endcaps, barrel inner 2 lyrs)

1\ SVD L '8
IP Chamber L i (IS :
s | ocoen T\l T
| | ' "ﬁ'
Wiw
.1= -
||_.'_. = P G P R 4" g
‘h&l.|..ll, “’J‘\’f’f;‘g

""-\\\_\_‘_\_\\\-
Nl
—_ﬂ- M -'i‘
G
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KI Iu “_"m-nm mmﬂ‘m = —
A e o Al |“: |-II’| H
™ Belle & AT
Belle-li{Nano beam option) | i
Egters are prellmmary R | (60

10

[ 1
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Tracking and vertex systems in Belle 11

KL and muon detector:

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

er 2 barrel layers)

e

EM Calorimeter:

7

Csl(TI), waveform sampling (b - N
Pure Csl + waveform sa \\\\\\\‘\XQ}} [
N — o
_ artic tification
electrons (7GeV) = “ oo : igation counter (barrel)
B = S W Prox: focusing Aerogel RICH (fwd)

Beryllium beam pipe
2cm diameter

'k

.

positrons (4GeV)

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




Belle 1l Detector — vertex region

Beryllium beam pipe
2cm diameter




n substrate |

particle

Two coordinates

measured at the same
[ time;

strip pitch: 50um (75um);

resolution 15um (20um).

Peter Krizan, Ljubljana



Belle 11 Vertex detector SVD+PXD

Sensors of the innermost layers:

Normal double sided Si detector
(DSSD) — DEPFET Pixel sensors

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

— More robust tracking

— Higher Ks vertex reconstruction efficiency

Inner radius: 1.5cm — 1.3cm
— Better vertex resolution

Strip Readout chip: VA1TA — APV25

— Reduction of occupancy coming from ;,

beam background.

— Pipeline readout to reduce dead
time.

15 F
10 b

£ of

_5_

-10 F

45 k-

Slant layer to keep the
acceptance

N
: ";-_._l_.f!aer KEKB VTX (r—z view)
; —"
of C T2 pixel layers
-10 - :"ﬁ/p .......
-3'0- PR 2IO- PRI 1|0- PRI 6 PR -1|0- P -2|0- L -BIO- P -40

cm
Feter KriZan, 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 FET gate amplifier
for electrons under the gate P sdurce clear gate

(“internal gate”)

n Cleqr

p- drOin

Signal electrons accumulate in the internal
gate and modulate the transistor current
(g4 — 400 pA/e) e

\l\'\‘\\ deep n_dop.

Accumulated charge can be removed by a ing

clear contact (“reset”)

e
”TI'ernQI gq.l.e!

P back contact

Invented in MPI Munich

Fully deple’Fed: _ _ Transistor on only during readout:
— large signal, fast signal collection |5y power

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

Peter Krizan, Ljubljana



Vertex

Detector

DEPFET:
http://aldebaran.hll.mpg.de/twiki/bin/view/DEPFET/WebHome

DEpleted P-channel FET

Beam Pipe

DEPFET
Layer 1
Layer 2

DSSD
Layer 3
Layer 4
Layer 5
Layer 6

r=10mm
r=14mm
r=22mm
r= 38mm
r= 80mm
r=115mm
r=140mm

amplifi
clear gate L,IE‘/Y

P+drain

Cluster 5x5 (Mod10){RunNo6615) |

C HGlusterz510
3000 — Entries 27042
C Mean 3213
- RMS 220.8
25001 o [ ndf 105.2/ 44
u Gonstant 1.737e+04 + 188
2000 — MPY 2103 £ 1.0
C Sigma 34.49 +0.39
1500
C t = 50 pm
1000— S/N=21
500 —
0 ; K- ' . i L
0 500 1000 1500 2000
[ADC valug]

DEPFET sensor: very good S/N

49
Peter Krizan, Ljubljana



Expected performance o,_a._°"

Significant improvement
in vertex resolution!

Less Coulomb
scattering

Significant improvement in SS(KSn°y)

—=> |P profile

t‘.<

B ve rte>l.

....
....$

Y

B decay point reconstruction
with Kq trajectory

\ | Impact parameter resolution z0 |

pgsin” @

Pixel detector close

E-10° LN O L O . L O LI i
é a " Belle to the beam pipe
N E elle Ll
. \\\F elle /1
A} ‘\\ - .
—~ A
= H‘i -—_'——_
10 o o
0 05 1 15 2 "25'”53"
pPB*sin(0)”" [GeVlic]
0 1.0 2.0
ppsin(8)2 [GeV/c]
":f.".';:.,__zsamss

@ 535MBB

-1

Larger radial
coverage of SVD

10° 1

10
L(ab™)

recwel niizanl, Ljuuiana
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S

Main tracking device: small cell drift chamber

) —

Vi "'-.ﬂ"}/ 7% &
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Central Drift Chamber s
He(50%):C,H¢(50%), small cells, I
lever arm, fast electronics




Tracking: Belle central drift chamber Q(B

*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)
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Drift chamber with small cells

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

wires
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Belle 11 CDC

Wire Configuration

Present CDC )

— 250 mm —

Upgrade CDC . . CL et

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

.
---------

Wire stringing in a clean
room

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

Peter Krizan, Ljubljana



Particle identification systems in Belle 11

KL and muon detector:

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

er 2 barrel layers)

EM Calorimeter:
CsI(Tl), waveform sampling
Pure Csl + waveform sa

ification
gation counter (barrel)

electrons

Aerogel RICH (fwd)

p
Beryllium beam pipe
2cm diameter

Vertex Detector
2 layers DEPFET + 4 layers

\

positrons (4GeV)

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




|ldentification 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

lonisation losses dE/dx

Cherenkov angle

transition radiation
Mainly used for the identification of hadrons.

Identification through interaction: electrons and muons

Peter Krizan, Ljubljana



PID coverage of kaon/pion spectra

Tagging Koons Tagging Kaons

DIRC

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

i 05 1 1.5 Z 2.5 3 3.9 4 4.4 5
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B > nn
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1E/dx
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Peter Krizan, Ljubljana



PID coverage of kaon/pion spectra

Tagging Kaans Tagging Kaons

E/dx
ACC barrel
|ACC endcap

i) 0.9 1 1.9 Z 24 3 3.9 4 4.4 5
Kaon Momenturm GV o

200

200 B -
150
100
o ACC endcap
Yo s 1 15 2 25 3 35 4 45 s
Fion Mementurn GsV/c
300
B —» DK
200
00 ACC barrel
Ij: 1 8 11 IIIIIA I aIPIIIIII‘IIIili
a e©5 1 18 2z 2% 3 35 4 45 5

Kann Momenturn Gev/e
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|dentification with the dE/dx measurement

g 4

a5

H, liquid

w
|

25

—dE/dx (MeV g_lcmz)
w
|

1.5

1 L1 1111l 1 L1 11111 1 1 IIIIII| 1 1 IIIIII| 1 L1 1111l
0.1 1.0 10 100 1000 10000
By = p/Mc

dE/dx is a function of velocity B

For particles with different mass the
Bethe-Bloch curve gets displaced
If plotted as a function of p

1k P}

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




Requirements: Particle Identification

Tagqing Koans Tagging Kaons

Relatively soft,
ms dominated

S — cmed 0 Ly i by v b e Py .
A bbbt b Lo Lo o for tracking

Kaon Momenturn Gav o

200

II|I1I|III|III|I

200 B o> nn
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
i 05 1 1.5 by 2.5 a 3.3 4 4.5 o
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© B K B —» DK
200 B
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o0 - .
: dedicated PID
D C1 1 | L | | | I I L& |1 I L1111 I L1 11 I L1l | L1l I | I | I L& 1§
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Kaon Momenturn Gev/c
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Endcap PID: Aerogel RICH (ARICH)

Cherenkov detectors

Barrel PID: Time of Propagation Counter (TOP)

MCP-PMT

Focus mirror
(sphere, r=7000)

—

Backward

Quartz radiator

Small expansion block

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

Forward
Focusing mirror

v

5 5% 55 5% 55 5

Aerogel radiator
n~1.05

Hamamatsu HAPD
+ new ASIC
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&
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cbe -
IDS(Inner detector support) and COC-SC{Support cylinder)t ’
- ,.LE:.% -
s I -':[ [ -
e
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a
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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,

cosf = c/nv = 1/Bn

Two cases:
- B < B; = 1/n: below threshold no Cherenkov light is e

=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

Idea: transform the

aeﬂel
direction into a coordinate >
Cherenkov photor}gu::; § . .
2 _ ring on the detection plane
partidle N ' - Ring Imaging Cherenkov
— - (RICH) counter
2& 20 cm photon detector T T R U I_dmi?{ i

Cerenkov angle

Proximity focusing RICH

RICH with a B

focusing mirror

velocity



Cherenkov angle (mrad)

25

20

Measuring Cherenkov angle

T particle momentum (GeV/c)
K P
thresholds

Radiator:
C,Fio 9as

Peter Krizan, Ljubljana



D

<D Aerogel RICH (endcap PID)

Belle I

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

Clear Cherenkov image observed
L Allnn- L. Il

PRI (ST T T P I W R
-100 -50 0 50 100

Cherenkov angle distribution

Entries 64801
Mean 0.3092
C RMS 0.07419
6000 — ¥* 1 ndf 143.5/28
- 7171 | constant 6129+ 39.4
= mean 0.3067 = 0.0001
50001~ sigma 0.01349 = 0.00007
= BG const =192.6 + 20.5
4000 — BG slope 1?15;' 69.4
- # of tracks : 2700
. 3000— # Photons : 41339.7 +- 227.3
R I CH Wlth a novel - Photonitrack: 15.31 +- 0.08
@ . ” . 2000—_ BG /track :2.00 +-0.03
focusing” radiator — :
. B run048
a two layer radiator -

: : 0561 0.2 0.3 0.4 0.5 0.6 0.7 08 09 1
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




D>

a4  Radiator with multiple refractive indices

OELLE

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

- stack two tiles with different refractive indices:

normal “focusing” configuration
n,=n, < ny,
e

v

AN

<

- focusing radiator

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




D>

/> Focusing configuration — data

OELLE

Increases the number of photons without degrading the resolution

4cm aerogel single index

Ny | N2 ni=nNs

I\

il

2+2cm aerogel

Ny | Nz ny<ng

/i

>NIM A548 (2005) 383
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4000
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X/ ndf 2467. / 116
: Pl 5495.
P2 0.2965
P3 0.2072E-01
P4 85.32
i PS5 796.0
nf=7.69
nb=1.09
1 1 1
0 0.1 0.2 0.3 04 0.5
0 (rad)
theta cerenkov
i X'/ ndf 1095. / 116
Pl 7289,
P2 0.3074
P3 0.1428E-01
P4 74.49
P5 884.4
nf=7.46
nb= 0.83

ty(rad)

tv(rad)

-04 0.2 0 0.2 04
tx(rad)
ring in cerenkov space

-0.4 -0.2 0 0.2 0.4
tx(rad)



Another candidate: SIPM

Another sensor candidate: SiPMs (G-PAD), easy to
handle, but never before used for single photon
detection (high dark count rate with single photon

pulse height) - use a narrow time window and light
concentrators




Cherenkov ring with SIPMs

First successful use of
SIPMs as single photon
detectors in a RICH
counter!

NIM A594 (2008) 13

Peter Krizan, Ljubljana



Endcap PID: Aerogel RICH (ARICH)

Cherenkov detectors

Barrel PID: Time of Propagation Counter (TOP)

MCP-PMT

Focus mirror
(sphere, r=7000)

—

Backward

Quartz radiator

Small expansion block

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

Forward
Focusing mirror

v

5 5% 55 5% 55 5

Aerogel radiator
n~1.05

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

Support tube (Al)

PMT + Base
~11,000
PMT's

Quartz Barbox -

Compensating coil

Assembly flange
Water

Standoff box

Light

17.25 mm Ar Catcher

(35.00 mm rAd)

I"n.

Bar Box
Track [ Photon Path \
Trajectory ] \ \
Wedge '.
Mirror 'H )/ ! PMT F'Iane/'. \
\ \ _-~1 Water |
T R - L1
Quariz, Bars P SONL - Stand off B {SGB}/'J"
! 7 . and off Box
| 7 | : -
A . -—91 mm-—+ ~10mm |
—5m 117 m -

4 x 1.225 m Bars
glued end-to-end



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

y

Linea['_array type =z X =K ii

photon detector

| Quartz bar

Array of

fast PMT's sl

. C“herenkov ring imaging with o

e Device uses internal reflection of Cerenkov ring images from s}
guartz 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)
e Excellent time resolution ~ 40 ps
e Single photon sensitivity in 1.5

E.'I|I||||I||||I||||I||||I||||I||||I||||I||||I
e T /O R/ R 11(5 20
x (cm)



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 Csl)

Detect K, interaction (cluster): again

need a few interaction lengths.

—> Put the detector outside the magnet caoill,

\ gy

and integrate into the return yoke

L.

Some numbers: 3.9 interaction lengths (iron) -

Interaction length: iron 132 g/cm?, Csl 167 g/cm?

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



Muon and K, detector

Example:

event with

twoO muons and a

.KL

and a pion that
partly penetrated




efficiency

0.75

0.25

Muon and K, detector
performance

Muon identification >800 MeV/c

efficiency fake probability
++H+ 0.04
+ ’ +
g +
e(p) .| &(m)
+ ] ) 0.02 e ++ |
T
e +k
"05""1""1;""7 7;' 3 0{] 0.5 1 1.5 2 2.5 3
\ ) ) o P(GeV/c)
P(GeV/e)

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
direction >

K, detection: also with poss
with electromagnetic calori
(0.8 interactin lengths)

6l

S0

40 —

clusters

30

20k

10

) L Ly v by b e ey by by by
-130 =100  -30 { 50 100 150
d O (deg)

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

Peter Krizan, Ljubljana



Belle 11, 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)
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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 Geiger mode (SIPM)
e ~120 strips in one 90° sector |

(max L=280cm, w=25mm) h y-strip
e ~30000 read out channels ) plzie
e Geometrical acceptance > 99%
Iron plate X-strip
Mirror 3M (above plane

groove & at fiber end)

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

WLS: Kuraral Y11 J1.2 mm

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




Calorimetry in Belle 11

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

i @inifér 2 barrel layers)

EM Calorimeter: N\ .
Csl(Tl), waveform sampling ( /

Pure Csl + waveform sa 4
ification

(VREDX- 10 g Aerogel RICH (fwd)

- artic
electrons (7GeV) = “ gg igation counter (barrel)

e -/

Beryllium beam pipe
2cm diameter

Vertex Detector
2 layers DEPFET + 4 la

.

positrons (4GeV)

Central Drift Chamber~ =
He(50%0):C2Hs(50%), small ce
lever arm, fast electronics




Requirements: Photons

20000 { 4 2
1 . O § O

; Generic B decay | §
15000 || 1 .9
I 1w

I 1%
10000 { 1 <
" 1 .©

[ 1 F

5000 | 1 9
i .

+—

0 F — 3 E
80O 4 8
Y]

o

1 1 1 1 1 1 1 1 1 1 1 1
600 0 50 100 150 200

400 : Minimum photon energy [MeV]

200 |

Photon energy [GeV]
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Belle 11 Detector (in comparison with Belle)Rarig
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CDC: small cell, long lever arm
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SVD: 4 DSSD lyrs — 2 DEPFET lyrs + 4 DSSD Iyrs

ECL: waveform sampling (+pure Csl for endcaps)
KLM: RPC = Scintillator +MPPC (endcaps, barrel inner 2 lyrs)
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J ——
77 STEL

Scintillgtur Density |Radiation Fte_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 x10¢4
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 x104
BisSiz012 BiSO 6.8) 1.15cm 2.06 480 nm 100 ns 0.2 x104
BisGe3z02 BGO 7.1 1.12cm 2.15 480 nm 300 ns 0.9 x10¢4
CdWO, 7.9 1.1 cm 2.25 495 nm 2000 ns 2.0 x10¢4
YAIO; (Ce) YAP 55| 29cm 1.94 350 nm 30 ns 2.1 x104
LusAlsO;7 (CelJuAG 7.4 1.4 cm 1.84 420 nm 40 ns 2.6 x104
Gd:SiOs (Ce)5SO 6.7 1.4cm 1.87 440 nm 60 ns 0.8 x10¢4
PbWO4 8.3| 0.89cm 1.82 425 nm 25 ns 0.05 x104

Introduction to Particle Detectors,
H. Tajima, EDIT2013, MAR 12, 2013
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EM calorimeter: upgrade needed because of higher rates
(barrel: electronics, endcap: electronics and Csl(Tl) = pure
Csl), and radiation load (endcap: Csl(Tl) = pure Csl)

EM Calorimeter:
CsI(TI), waveform sampl \v
Pure Csl + waveform sa \\

\\\\*\
\

g
M- K=




EM calorimeter: upgrade needed because of

* higher rates (barrel: electronics, endcap: electronics and
CsI(Tl) - pure Csl), and

 radiation load (endcap: CsI(Tl) - pure Csl)

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
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The Belle Il Collaboration
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A very strong group of ~480 highly motivated scientists!



Super

KeKB
Schedule >
70
60[
: Goal of Belle 11/SuperKEKB
T > 5“:
L7 -
© O 40—
o.E -
2ES LE We will reach:50 ab
=2= in 2022
20
10 E_ 9 months/year
N 20 days/month
- . . .1 . . . | e L
x10%° 3-_
- Commissioning
6 starts.in.2015.
> -
‘® o~ 4 Shutdown
2 . for upgrade
&) R
o2& PP RPN RV R R SR
f%1ﬂ 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.



(D . Super
/O Conclusion KEKB

Belle I

® 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 11, with 40x
larger event rates, construction well under way

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

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

Peter Krizan, Ljubljana



More slides...
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Search for particles which decayed
close to the production point

How do we reconstruct final states which decayed to
several stable particles (e.g., 1,2,3)?

From the measured tracks calculate the invariant mass
of the system (i=1,2,3):

Mc® = (X E)* - (X )’e’

The candidates for the X->123 decay show up as a
peak in the distribution on (mostly combinatorial)
background.

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 small
peak width).

Peter Krizan, Ljubljana



How do we Know it Was ... :
precisely this reaction?

20000

B > KO% J/y _
KOS 2 detect 10000:-
Jy = DA !

,Dl‘ll/'llllll

For T TC+ in H_ H+ pairs we Calculate 0.470 0.480 Di(;;ﬁt}mass{gﬁiz) 0.510 0.520
the invariant mass:

Mzct=(E,+ E,)*- (p1+ P,)?

16000 ——— T ﬁ T
Mc2 must be for KO close to 0.5 j A
Gev’ 8000 | —
- 1
for J/y close to 3.1 GeV. \\_T) \%
Rest in the histrogram: random | 2.5 GeV 3.0 3.5

coincidences (‘combinatorial
background’)



|dentification with dE/dx measurement 2

Problem: long tails (Landau distribution, not Gaussian)

Events (B. Adevaetal., NIM A 290 (1990)
a0 -

T S i | T
1 wire
V\{, a L: most likely a)
6o l energy loss "
' A: average
[ energy loss
40 - 90<8<100 deg 9
20 -
Cut
Pulse
l height
% 200 400 800 [mV]

115)Events
30

¥ I

L 4wir[es B |

25:' &

20 - 90<8<100 deg

4 wires averaged

1

15
10 -

Pulse height |

PO} 1
0 200 400 600 [mV]
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|dentification with dE/dx measurement 3

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

If the distribution of individual
measurements were Gaussian,
only the total sample thickness
would be relevant.

Tails: eliminate the largest 30%
values - the optimumm
depends also on the number of
samples.

Peter Krizan, Ljubljana
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