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Peter Krizan
University of Ljubljana and J. Stefan Institute

D

Super
/O KEKB

Belle I - 3 )




Contents

e\What happened to the anti-matter?

Super
eHow to measure CP violation? R G
= —_—)

eThe SuperKEKB / Belle Il project D

<O

Belle IT

eStatus and outlook

Peter Krizan, Ljubljana



Open guestions of particle physics
(and cosmology)

 Why is the Universe predominantly made of matter, and
of very little anti-matter?

-> Measure violation of the CP symmetry between particles
and anti-particles

e What is the origin of mass?
- Higgs boson search

 Why do particles have different masses, why are there
several families of particles, what is dark matter?

—> Searches for new particles (e.g. supersymmetric partners
of known particles) and their interactions

Peter Krizan, Ljubljana



Difference between matter and anti-matter

Out of 10 billion particles and 10 billion anti-particles in the
early Universe

only 1 particle survived!

10.000.000.000 particles 10.000.000.000 anti-particles

1 particle 0 anti-particle

Peter Krizan, Ljubljana



CP symmetry and its violation

CP symmetry operation: turns a particle into its anti-particle

If particles and anti-particles behave differently — e.g. if there
are differences in their decays - violation of CP symmetry.

Since the early Universe contained the same numbers of
particles and anti-particles, while it is today composed only of
matter (=particles), and no anti-matter, this symmetry is
obviously broken!

) Very important to understand why and how this
symmetry Is broken.
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CP symmetry and its violation

1964: Fitch, Cronin and collaborators discover CP symmetry violation for
neutral kaons

1973: Kobayashi in Maskawa: formulate a theory on how this symmetry is
broken; the theory requires the existence of six quark types. A very
daring hypothesis since it was formulated when only three quark types
where known!

Their theory predicted that there are tight links between CP violation for
various particle types, and also tight links to transitions between quark

types.

1974, 1977, 1994: 21 years after their theory was published, all missing
guarks were found.

However, the decisive proof of CP symmetry violation for these heavier
particles only came in the last decade when we measured CP violation in
B meson decays.



1987: First important step, discovery of the
particle = anti-particle transitions for B® mesons

1987: ARGUS Collaboration discovers BB mixing: B° turns into anti-B°

Reconstructed event with one
B—>anti-B

Integrated Y(4S) luminosity 1983-87:
103 pb1 ~110,000 B pairs

(=1/7000 of the Belle data sample...)

Large mixing in the BY system >
- Top quark is very heavy
—> CP violation effects could be large in B decays - observable



Worldwide effort! many experiments proposed around
1990, some approved, 2 succeeded...

Primary Goal

Precision measurements of
charged weak interactions
as a fest of the CKM sector
of the Standard Model and a
probe of the origin of the
CP violation




Final winners: asymmetric B factories

BellefllE 2%
4

Hipgh Enerpy Ring
tupgraigt: of existing ringl

Both Rings Housed in Current PEP Tunnel

. Js=10.58 Gev

e e B ‘ ........... > Az ~ cBvt
—— Y(4s) - Y(4s) / B ~ Zg%ﬁm
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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Results of our measurements: CP symmetry
IS violated In the B meson system!

Blue: time dependence of _ 4 gE=+
the anti-B decays 0.20} 4 gE=-1
=
o
Red: same for B decays 2 -
= 0.10¢
0.00 -

5 25 0 25 5
time (ps)
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All experimental studies combined...
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Bold idea of Kobayashi and Maskawa verified
by experiment

Relations between parameters TR T 4 T e
as expected in the Standard Y e
model

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

05+

-1.0
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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 i1s made of stuff we do not understand...

matter

dark energy dark matter

Peter Krizan, Ljubljana



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)
o penmesnte et e s = [1€CNHANISM Still short by 10

" orders of magnitude !!!
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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)

g Luminosity frontier
£ (SuperkKEKB) _7

—’

=
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An example: Hunting the charged Higgs
In the decay B- 2 1t v,
In addition to the Standard Model Higgs that was discovered at the

LHC, in New Physics (e.g., in supersymmetric theories) there could
be another “God particle”— a charged Higgs.

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

In some supersymmetric extension 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> 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) Peter Krizan, Ljubljana



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 (| BIX 1y,

o e B2>Kvv
(SGQV)—ﬁg? <«— e+(3.5GeV) B>Dtv, TV
Y(4 \ n
B / full reconstruction
"""" o (|B>Dretc. (0.1~0.3%)

- Offline B meson beam!

Powerful tool for B decays with neutrinos

Peter Krizan, Ljubljana
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http://www-acc.kek.jp/KEKB/pictures/KEKB_photo/KEKair2005/KEKair2004-04H.jpg

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\;ﬁ = 2 2.1 x 103 cm2s1

. =2x design value
ARES(LER) = [y
\. res RF cavity

>

Qg — e* source _ _
\ First physics run on June 2, 1999
Last physics run on June 30, 2010
Lpeak = 2.1x10%*/cm?/s

L > labl
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SuperKEKB is the intensity frontier

Peak Luminosity Trends (e'e collider) o ) i
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Super

How big Is a nano-beam ? <EKB
~ (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...

6,~10um,c, ~60Nm

o,~100pum,c ~2um

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

Peter Krizan, Ljubljana



Super
KEKB

New superconducting
/permanent final focusing
guads near the IP

New beam pipe
& bellows

Replace short dipoles
with longer ones (LER)

' H%%H#H '
P ovemaree

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

LER to squeeze the emittance ‘ 1

TiN-coated beam pipe Low emittance gun
with antechambers Low emittance

electrons to inject

Add / modify RF systems
for higher beam current

Positron source

New positron target /
capture section

[NEG Pump]

[Beam Channel]
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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 < spp recon. eff.
- hermeticity < v “reconstruction”

&) Need to build a new detector to

Have to employ and develop very
advanced technologies to build such
an appartus!

_)

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

handle higher backgrounds

Event 1
me 90351

BELLE

L.

1Wwem




Belle Il Detector

KL and muon detector:

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

3 g tification
3 agation counter (barrel)

“Prox. fo ng Aerogel RICH (fwd)

>

EM Calorimeter: E
Csl(TI), waveform samp \\ b
Pure Csl + waveform sam

electrons (7GeV)

-
Beryllium beam pipe
2cm diameter

Vertex Detector
k2 layers DEPFET + 4 |

positrons (4GeV)

Central Drift Chambe
He(50%):C2He(50%), Sm
lever arm, fast electronics




Determine the reaction point
position with a fantastic precision
- extremly delicate elements

Beryllium beam pipe ey
2cm diameter — U

Vertex Detector oy " —
2 layers DEPFET + 4 |



Tracking charged particles in magnetic
field — measure their momenta

S

\ \m \\ "ﬁ?’iiiiii\\_\x\. |

Z

He(50%): Csz(SO%) SmaII ceTf%Jo. _
lever arm, fast electronics



Use Cherenkov effect: light emitted by a particle faster than velocity of light in
a medium - like a shock wave from a supersonic airplane! ”

— [ RICH Hit Map, w.r.t. track | el

E-] z=zm
5o
33
Hog ko
&
& 2 2
2w gs
»
= s

ton
y’

Radiator

\ 4

Photon
detector




D
D Aerogel RICH (endcap PID)

Belle I

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

Entries 412448

Mean x -0.03929
Mean y  -0.4329
RMS x 43.24
RMS y

r||||||||||||||||||||II|II|-0

-100 -50 0 50 100

A Cherenkov angle distribution

i—— Entries 64801
~ Mean 0.3092
C RMS 0.07419
6000 — ¥* 1 ndf 143.5/28
C constant 6129 + 39.4
— mean 0.3067 + 0.0001
5000 sigma 0.01349 + 0.00007
: BG const -192.6 = 20.5
4000__ BG slope 1?15;—59.4
- # of tracks : 2700
. 3000— # Photons : 41339.7 +- 227.3
R I CH Wlth a novel - Photonitrack: 15.31 +- 0.08
“ . ” . 2000—_ BG / track :&004‘—003
focusing” radiator — -
. B run048
a two layer radiator -

: , 05“6.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.5 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 !




> Radlator with mulitiple
refractive indices

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

Lo

OELLE

- stack two tiles with different refractive

normal Indices: “focusing” configuration
n,=n, n1< n,
I /
<\ " ‘ << :
N N
- 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.



</ Focusing configuration — data

0 0.1 0.2 0.3 04 0.5 -04 -0.2 0 0.2 04

= - ¥/ ndf 267, /16| 3
6000 | Pi 5095 2
P2 0.2965
i i . P3 0.2072E-01
4cm aerogel single index  } P4 85.32
4000 | P 796.0
Nyl N2 ny=ny
/ nf: 7.69
2000 F
L1
I~
\ 0 B R, A I IR ST

0 (rad) tx(rad)
theta cerenkov ring in cerenkov space
= o | X/ ndf 1095. 7 116 ‘g
Pl ﬂ 7289. | =
I P2 0.3074
2+2cm aerogel M P3
P4 74.49
P5 8584.4
niy| Nz ny<ng
4000 |
L nf=7.46
e oo | nb=0.83
0 Kd ...... | - Lﬁ.‘.V

>NIM A548 (2005) 383



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




Detect electrons and high energy gamma rays by leting
them produce a shower in a heavy crystal

EM Calorimeter:
Csl(Tl), waveform sampling (b
(T1) \\\\\

Pure Csl + waveform sa s in

X ¢

.'
|

' |

e — |

1="%

a0

=% z

c="% ¢




Detect muons: particles that penetrate 1m of iron

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

» = barrel)

Esp 2 Runm 52 Farm 2 Ewank 102687 fECL

] Eher A.00 Eler 350 Date/TIME Wed Jur 9 1723294 1995 Trk £ Trata ald
. 1 4me 147 #4494
- £ 903 158 F19F 0 J
4 d44 187 248 0 4
PN E TR IR e ———

hrg Trk ) 3 Q081 a0 523 4 4
hata P = taT M B d181 280 543 T 4
Bz Z28@ 1 1 3 7 400 MNTF OGO 4
q477 4% IBIE C 4
Sha 1532 2 a > R fa
a & B'E B 1
e jaam 1 4
FAT BE1 O A
i 14

E 41 -
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The Belle Il Collaboration

A very strong group of ~400 highly motivated scientists!



R Super
Schedule (Beam starts end of 2014) Qij

70
60
Goal of Belle 11/SuperKEKB
S0
o o A0 We witl reach 50 ab
2@ : in 2022
52~ 30
Q ' B
£58 200
105— 9-months/year
C 20 days/month
o P VPR S B
x10%° gf Commissioning
ﬁi_ starts in 2015.
> 4— Shutdown
o é :U, 2:_ for upgrade
CU _
o £ E -
o3& . I . | . I | |

D10 2012 2014 2016 2018 2020 2022
Year



(D . Super
/O Conclusion KEKB

Belle I 2L

® Understanding of CP violation has helped to shape our understanding
of Nature at small scales and in the early Universe

® A big step since its discovery in 1964, however there are many open
guestions left. One way how to proceed is to make very precise
measurements - intensity frontier of particle physics

® Major upgrade of the KEKB accelerator and Belle detector at KEK in
2010-15 - SuperKEKB+Belle 11, with 40x larger event rates,

construction started

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

Slovenian physicts have been playing an important role in flavour physics,
and it all started when Elko Kernel brought us young physicts into the
ARGUS collaboration.

Elko also had the bright idea that we should get involved in RICH detectors,
and we indeed became one of the leading labs in this challeging detection
method.




PET: positron emission tomography

Gamma ray

detector Read-out electronics

Data transfer

Annihilation of e*e Image reconstruction



PET with a new sensor type

Silicon photomultiplier (SIPM): a new light sensor type
—> considerably smaller than the existing light
sensors, does not need a high voltage supply, works
well magnetic fields (several T).

photocathode dynodes anode
— 7\ /
[ N\ A

silicon
photomultiplier

ray / |
/g /"

scintillator

electrical signal
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New sensor type > considerably smaller than exsisting
detectors, operates well in high magnetic field

PET

Y

Allows a simultaneous imaging with magnetic resonance
and PET — an important improvement in diagnostics!



More slides....

Peter Krizan, Ljubljana



All experimental studies combined...
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B Physics @ Y (4S)

Observable

B Factories (2 ab_l)

SuperB (75 eb™ 1)

Ohservable B Factories (2 ab™Y)  SuperB (75 ab™%) |Vis| (exclusive] 4% () L.0% (%)
sin(23) (J/v K 0.018 0.005 () |Viy| (inclusive) 1% (%) 0.5% {#)
cos(28) (J/+ K"} 0.30 0.05 | Vis| (exclusive) 8% (%) 3.0% (#)
sin(24) (DA") 0.10 0.02 | Vis| (inclusive] 8% (*) 2.0% (*)
cos{23) (DR") 0.20 0.04
S/ =) 0.10 0.02 B(B — tv) 20% 4% (1)
S(DTDT) 0.20 0.03 B(B — pv) visible 5%
SIgK®) 013 002 () B(B — D) 10% 2%
SHE®) 0.05 0.01 (%)
SIKYROKY) 0.15 0.02 (#)
SUE %) 0.15 0.02 (+) BB = p) L5% 3% (1)
SlwKY) 0.17 0.03 (#) BB —wy) 30% 5%
S(fUKS) 0.12 0.02 (*) ACP(B — K*’)‘) 0.007 (T) 0.004 (T *)
Acp(B — p) ~ 0.20 0.05
v (B — DE, D — CP eigenstates) ~ 150 2.59 Acplb — s7) 0.012 (t) 0.004 (1)
v (B — DK, D — suppressed states) ~ 120 2.0° Acp(b — (s + d)y) 0.03 0.006 (1)
% (B — DK, D — multibody states) -~ O° 1.5° S{H Ix) 0.15 0.02 {#)
% (B — DK, combined) ~ B° 1-2¢ S{p%y) possible 0.10
a (B — #n) ~16° 3 Acp(B — K*e8) % 1%
a (B — pp) ~ 1=2° () AFB(B s K*e)s, 25% 9%
21 (B —* Pﬂ') ~ 120 2“ AFB(B . ngg)so 35% 5%
o {combised) ~ 8 120 (1) B(B — Ku7) visible 20%
2+ (DOERT, DEKO%T) 008 50 B(B — wvi) - possible
T Physics Sensitivity B, Physics @ Y(5S)
9 Observable Frror with 1 ab™  Frror with 30 ab™!
B(T — U ’}’) 2 x 10~ AT 0.16 ps— 0.03 ps~!
r 0.07 pe~! 0.01 ps~!
) _9 P p
B(T — € ’} ) 2 X ]‘0 s from angular analysis 20° &
—10 As 0.006 0.004
— 2
B(r — ppp) X 10 Acn 0.001 0.001
B(,}_ — 666) A 10—10 B(B, »ptp) - <Bx10°
[Via/ Vis| 0.08 0.017
B(r — un) 4% 10~1° B(B. > v7) 38% %
10 B from J/¢ 10° 3
B(T — 6?7) 6 x 10~ 8. from B, > K°K? 24° 11°
B(r = (KD) 2x1071°

Charm mixing and CP

Mode Observable  17(45) (3770)
(75 ab™) (300 ™Y
D' —K*r~ a’? 3% 107°
Y 7% 10~
D KtK~ yop 5% 107*
DO—'»ng'fr""rr_ x 4.9 % 1074
y 3.5 % 1074
q/p 3 %1072
¢ 2°
$(3770) = DD’ 22 (1-2) x 1075
y (1-2) x 1072
cos d (0.01-0.02)
Charm FCNC —
Sensitivity
DY —sete, D" — putp~ 11078
DY = g% te, DY = x%utpy— 2% 1078
DY — ne"‘ DD — nutu~ 3 %1078
D" — Klete , D" — Kutpu~ 3x10°8
Dt s gtete, DT — atptu~ 1x1078
DY s etpT 1x1078
DY — aretyt 1x10°8
D® = x%*uF 2x10°8
D® — netpT 3x 1078
DY K%t~ 3x 1078
Dt s g etet, DT — K ete’ 1x10°8
DY s qaptpt, DY 5 Kptpt  1x10°8
Dt s q—etpyt, DT - K-etpt  1x1078
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Relation between the Super B Factory
and the LHC

e 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 unigue way
to search for the >TeV scale physics (=TeV scale in case of MFV).

Peter Krizan, Ljubljana



Super

How big Is a hano-beam ? <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 .~ <— “Nano-Beam” scheme

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

Collision with very small spot-size beams

Invented by Pantaleo Raimondi for SuperB



CKM matrix: determines charged weak
Interaction of quarks

Wolfenstein parametrisation: expand the CKM matrix in the parameter

A (=sin6.=0.22) Jr
1-2- A AB(p-in)
A, p and n: all of order one 2 ,
V= iy 1—% A2 |+0(Y
AZA-p—in) —AX 1

from probability of
b—>u transitions

A Unitarity condition:
A
I ! * * *
Vudvgb l(i thvtb VUdVUb +VCdVCb +thvtb —_ 0
\Vﬁ\fcbl ) Ved Vebl
|
v (|)3 | (I)l B
O | [
0 P f 1 :
o Goal: measure sides and angles
from CP violation in in several different ways, check
B>J/y Ks decays consistency >
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