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Goals of this lecture

Get fascinated by and for
flavour physics!

Disclaimer: This is not a review talk...



outline of this lecture

> Introduction

> Direct CP violation

> Time-dependent CP violation

> Flavour Tagging and the Belle experiment
> Other topics at flavour factories

> Future of flavour physics

>3Summary
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Introduction
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A story of success: Standard Model (SM)

Three generations
of matter (fermions)
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> 2 types of fermions
(quarks and leptons)

mass —
charge -

spin—

name —

> 3 generations

> 3 gauge interactions
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electron muon tau
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> 4 gauge bosons
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electron muon tau

Leptons
Gauge bosons
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A story of success: Origin of mass in the SM

One of the fundamental question of the last
decade(s): o H

Higgs
boson

>How do (fundamental) particles acquire mass?

= SM: Higgs mechanism « Higgs particle
= Confirmed experimentally at LHC

>Why are the masses as they are?

= Higgs mechanism gives no answer!

= Understanding SM mass hierarchy requires new physics - we are
sure that there is more: new heavy particles?
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

[answers.com]



Where are we from: Light, matter, ...

Dark Matter
[ESA/Planck (2013)]

Dark Energy 68.3%

... and matter!

Torben Ferber | DESY Summer Student | 16.08.2013 | Page 8



... and antimatter!

> matter + antimatter = photons

>Iin other words:
the same amount of matter
and antimatter is created. Always.

= but wait...we are here...!

= and we are matter... only matter...!

>Where is the antimatter? E

" no (sizeable) amount of antimatter
in the universe

AR PRI IVET S
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" no annihilation radiation SignxRigidity

" no anti-nuclei in cosmic rays

>Some sort of mechanism favors matter!?!
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... and antimatter!

> There is hope:
matter + antimatter = photons + CP violation

Measured (Particle Data Group value):

a4

Nparyons — Nantibaryons - Nbaryons (5 5 40 5) v 10_10
Ty Ty

SM with maximal CP violation:

Nbaryons < 10_20
Ty
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> The Standard Model is great! But it cannot explain
the key features of our universe:

= Three generations of fermions

* Fermion mass values

= Gravity

= Dark matter requires new particles
= Dark energy is completely weird

= CP-violation in the SM is much too small
to explain matter/antimatter asymmetry in
the universe

> Solving one of these issues will
likely open the doors to the others...
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Why did you tell me that?

| thought this is a flavour physics lecture!
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Why did you tell me that?

| thought this is a flavour physics lecture!

Because flavour physics is a lab-prototype
of the entire universe - and a way to
measure CP violation
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Flavour physics is a prototype of the entire universe
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What has that to do with flavour physics?

>How to search for CP violation (CPV)?

Vs Vs
. f 5 . f
If CP is not violated, the two processes (for example),
should have the same decay rate:

B 5 Ktn~ B =K nt

common than the right one...)
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How to measure CP violation

>The amplitude for the process ¢« — [ is given by
M = | M|e*?e?? B - Ktn™

> The amplitude for the process i — f IS given by:
M = | M|ei®e B = Kot

> The difference between the two matrix elements is
subtile:

= 0 is a complex CKM phase (“weak phase”)

= @ is an ordinary phase (“strong phase” — no CP violation in strong
interactions observed yet)

— M and .//\\/l/ are equal, except the CKM matrix elements get

conjugated...
Torben Ferber | DESY Summer Student | 16.08.2013 | Page 16



How to measure CP violation

>But: Even if 0 is complex, there is no CP violation,
since the probability is proportional to the respective
matrix element squared | M|? = | M|?

>Huh? Why are the decay rates for B° and B°
different by 13%?

Please draw the Feynman
diagram for the decay B — K*mr
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Draw the Feynman diagram(s)
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Draw the Feynman diagram(s)

diagrams from [Giriffiths]

(K™

Torben Ferber | DESY Summer Student | 16.08.2013 | Page 19



Draw the Feynman diagram(s)

diagrams from [Giriffiths]

“pinguin”

Vi
{Bﬂ] _'__,_,...--'-"'-Tj—"'"‘-—-..._h‘ (1)

There are two routes to the same final state!
M = \Ml\ewlewl Mo
My = [ M |eire 4 Mo

M = M+ Mo
M|? = My + Mol # M + [ Mo

(analogue for CP conjugated)
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after some math (Yes, you can all do it!) and using e*=cos(x)+i*sin(x):

M2 — | M|? = —4| M, || Ma|sin(¢1 — ¢o) sin(f; — )

>Now, the rates are different, CP is violated!?
> Necessary conditions:

= two (or more) ways to the same final state
= a conjugated phase (different for the two ways!)
= an ordinary phase (also different for the two ways!)
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CPV by eye (CPV in decays, “direct CPV”)

[LHCD, http://Ihcb-public.web.cern.ch/]

)

3000~ < 3000[—
3 L LHCb 3 T LHCb
gzsooj ------------------------- Pre'imirmy ------------------------- g-lﬁ%:-; ------------------------ Preliminary
S; : \Ns=17 TeV Data 3 : \S= 7 TeV Data
52000/ 2000
= " £ -
S ¢ g N
“1500— * 1500/
1000— 1000
500— 500
OM&'I ) — mlll
5 5.1 5.2 5.3 5.4 5.5 5.6 5.7 25.8 S 5.1 5.2 5.3 5.4 5.5 5.6 5.7 ?.8
K'r invariant mass (GeV/c") K'n* invariant mass (GeV/c®)

(look at the red curves only)
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CP violation at flavour factories

> Experimentally, there is a cleaner way to measure
CP violation in the B system:

= select a final state, which is a CP eigenstate, a very famous
one is J/y+K° (b — ccs) c
—} JIp

13 \<
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CP violation at flavour factories

> Experimentally, there is a cleaner way to measure
CP violation in the B system:

= select a final state, which is a CP eigenstate, a very famous
one is J/y+K° (b — ccs) c
—} JIp

13 \<

Remember:
We need a different way to the same final state...
(i.e. we need “interference”)
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CP violation at flavour factories

> Experimentally, there is a cleaner way to measure
CP violation in the B system:

= select a final state, which is a CP eigenstate, a very famous
one is J/y+K° (b — ccs) c
—} JIp

o o W/< N

B mixing! E}J/w

_ h <= W
o) b—/=..¥
B g A2
d
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Indirect influence of the top quark - and/or all
other heavy, not yet discovered, particles!

B mixing!

RO

d(s) u,c@l b

: L Yok
S
i i BY
W
ko I
Vi 8 i ‘?d(s)

b uz@ d (s)
(and u,c,t (u,c,t) interchanged by W)
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>time evolution of a QM state:

‘X(Z‘)) _ e—er ‘X(O)) _ e(—iﬂi{H}+S{H})ﬁ‘X(O)>
>most general Hamiltonian (X is a state):

d o i
H\X)_zg X)_[MX 2FXJ\X>
d(|BY0) [ : ]” B)(1))’

dr| | B, (’)>/ A|B, @ )>/




>B—J/y K° and B—J/p K° have a different time
dependence (instead of a strong phase)

> The phase of the mixed process A2 depends mostly
on V_ — measure CP violation and @,

d(s). U,ct b

Vid( s) : W_I ‘;Z
0 : : RO
B Lo B
e Wy
b . v Jjd(s)
(0,0) (1,0)

b uwct d(s)
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The flavour factory way

>How to measure this quantity the flavour factory
way.
= collide electrons and positrons to produce a Y(4S) resonance (bb)
= Y(4S) always decays into B°B° or B*‘B- (BR ~50% each)

= The two B's are in coherent state: As long as the flavour is not B
measured (i.e. as long as it is not determined which B contains the b
and which the b), either both or none of the B's mix - this is
indistinguishable!

= As soon as the flavour of one B is determined, the other's flavour is
known - and it mixes...

>Huh? Sounds strange... lets look at a picture!
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tag and signal

“tag” (BR ~80%)
flavour eigenstate, i.e. a decay,
where B and B decay differently

“signal” (BR~0.1%)
B @Sl CP eigenstate
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>time measurement starts, if the first B decay is
measured

> At is expressed relative to the flavour tagged B, i.e.
At is negative if the CP eigenstate decay is the first

1 (B ) SM (b — CES)
q=+1 (B° :
=18 | [Sf = —&fsin2¢,
decay rate: L \

P(At) =

o= 1At /750 {

I + q- [Sf sin( AmgAt) ¢=*1 (CP odd)
47’30

¢=-1(CP even)

+ Ay cos(AmdAt)] }
SM (b — ccs)
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Perfect time resolution, perfect tagging

{1 + q- [Sf sin(AmgAt)

oAt /750

47’30

+ Ay cos(AmdAt)} }

Arbitrary scale

10
At (ps)

Phys. Rev. Lett. 108, 171802 (2012) Torben Ferber | DESY Summer Student | 16.08.2013 | Page 32



| did not mention an important detail:

How to produce an Y(4S):
What collider, what energies...?

Az=ByAt
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The Belle experiment at KEKB

>Belle is a so-called flavour factory at the KEK
accelerator in Japan (similar: BaBar at SLAC)

>1999-2010 P
>KEKB: g

= 3.1km circumfence
= crossing angle 11mrad

= electrons (8 GeV) 2
positrons (3.5 GeV) g
~, By=0.425 -+

= Luminosity (final):
~2x10%/cm?/s

N\

world record for colliders!

(twice the design value)
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>finite beam crossing angle needed for efficient
beam separation and background reduction

> crab cavities to force head-on collisions (from 2007)
>beam sizes are tiny: ~2x100um

Electron Bunch Positron Bunch
f- ‘n—.

Cross Angle Crossing

-— —-—

Crab Crossing

o ) . -
i -, _.
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The Belle experiment at KEKB

KEK (similar size as DESY) in Tsukuba,
~100km northeast of Tokyo
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Event yields at flavour factories Belle and BaBar

Total cross-section and trigger rates with L = 10* /cm? /s from
various physics processes at Y(4S)

Physics process Cross section  Rate (Hz)
(nb)

Y(4S) — BB 1.2 12

Hadron production from 2.8 28

continuum

prp +th 1.6 16

Bhabha (0, =17°) 44 4.4*

vy Orap=17°) 2.4 0.24%

2y processes (O =177, ~15 ~35°

p:=0.1GeV/e)

Total ~67 ~96

#Indicates the values pre-scaled by a factor 1/100.
PIndicates the restricted condition of p,>0.3 GeV/c.

[INIM A479, 117]

| ——KEKB —

400 -

b e |

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

~100 fb!

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

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1
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Features of flavour factories

>about 800,000,000 BB pairs produced at Belle
>initial state very well known (unique feature of e*e")

= constraint event kinematics: each B/B has half beam energy
= no pile up: maximally one BB event per collision

>asymmetric beam energies

" Y(4S) is boosted in forward direction, decay products not at rest
= measure displaced decay vertices of tag and signal B
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Detector requirements

>Low particle energies (100MeV - 5GeV) require low
“material budget” (thin or gaseous detectors, no
passive material)

> Tiny lifetime differences require excellent vertex
resolution (~ some 10 um)

>“Flavour tagging” needs excellent charge
reconstruction (tracking in B field and particle
identification

>Very good energy resolution for photons (e.g. from
m°—yy) and electrons

>Very high beam backgrounds (mostly photons)
require radiation hardness
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Detector requirements - flavour tagging

>Remember: “tag side” reconstruction g,
requires to identify the B flavour “bgy

= in a nutshell: look in the PDG booklet, find decays that are different for B
and B, try to use as many of them as possible

>Fastleptons (eor ). b—clv (I* for B)
>Slow leptons (eor y): b - c[c —>slv] X (I* for B)
> Kaons: b—o>c[c—o>sX]X (K*forB)

> Slow pions: D* — D%D° —» K*X)m (Tr* for B)

slow

>Lambda (uds): b —-c¢c —s B
N — p*mr (\\ for B)
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The Belle detector

Belle C‘SI
150° CDC
[ wu

""IH [
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Vertex detector

>three layers of double sided silicon strip detectors
(DSSD)

= replaced after three years and 1MRad radiation dose
(S/N degraded by about 30%, IP resolution stable)

> Upgrade to four layers DSSD, smaller beam pipe
(only 15mm radius)

~ L : = ok <__H‘ N\ T . A »
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Vertex detector (new SVD)
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Vertex detector performance (old SVD)

xy Impact Parameter Resolution z Impact Parameter Resolution
250 - 250 -
225: 1.0...G Fa W p RV /r\\-/Z/ A 225 ] 2 WARP I Vo WEN b R0 /r\\~/2/ hY
: 1930/ PRSI )T () 3OO AZ P SEY) T ()
€ . -
3 + i- -
2005 Y-8 200 = W]
Ty - ¢ - cosmic ray -, ¢ - cosmic Eay
) -e € u )
175+% 175 &
- H N N
—_ 3 H \ N —_ ) Inc:l- CID(I
=150 ingl-CDE g 150 &
= 3 : 3 {
£ 125 2 125
= ) = 3
2 3 2 3 \
g 100~ & 100 - \
75+ ‘& 75 \
50+ i 50 & s
25+¢ it 25 &
) Tt S T e I T T T
o 1 2 3 4 5 6 71 8 o 1 2 3 4 5 6 71 8
. 3/2
pPB*sin(9)”" (GeVic) pPB*sin(0)™? (GeVie)
>

vertex reco better if:
- energy high
- theta — 90deg
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Particle identification

> Time-Of-Flight (TOF);
= more mass < longer flight time

> Aerogel Cerenkov Counters (ACC)

= more velocity <> more photons

>measure dE/dx (CDC)

= higher mass < more deposited energy

>measure shower parameters (ECL)

= exploit electron-like features

> penetration depth in iron (KLM)

= (almost) only muons reach that part of the detector
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TOF

>about 1.2m away from IP
> Plastic scintillator and PMTs
> 100ps time resolution

— PID for p<1.2GeV (covers
about 90% of all particles)

m/p separation at 2.5 GeV/c 2000 |-

1000 — — —— — T -
L [ | [ [ i -
i _ 1750 |- p<1.2 GeV
L Z=150cm t(m) = 11.750 ns ] -
a L o(t)=90 ps ) s
o 800 t(p) = 12.200 ns | 500 -
N o(t)=91 ps -
~ 7T 1250
4 [ A L
= 600 |— | !
S C roto i 1000 |
> N
() C
IS i 780
400 |— — N
[ L B
2 500 |-
e _ :
Z 200 — — 250
0:|......|...|...
L | N -0.2 0 0.2 0.4 0.6 0.8 1 1.2
0 - Cy Cy "
11.5 12 125 13 Mass(Gev)

ToF = (CT1+CT2)/2 in ns 0 ®
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ACC (“PID” in the detector drawing)

>number of emitted Cerenkov
photons depends on the refraction
iIndex n and the particle speed

> Aerogel can be produced with
different n

> pion/kaon separation in the range 1.2 GeV - 3.5 GeV

| =1.013
n=1.028 Barrel ACC :0 iy i
" n=1.020 n=1.015 =110 _ //"’,
240mud immnd 360mad 550"
¥ ;v.\; \w T— % \ﬁm S m\mm/Endcap ACC
? I: 1] 1t L )
6 \\&ﬁ‘?{jl‘i“:ﬁ QLY Ps ;E n=1.030
‘ e | | 3" FM-PMT 1 228mod
\. | 25" FM-PMT y.—
N }W—PMT P
Nt I ¢ Pt
: \<| f”if—r"if
mez={
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CDC

>main CDC task:
tracking and charge determination —_—

>measure energy loss in gas
— very efficient at low energies
(typical below 0.6 GeV)

4

dE/dx

m_K 1o

[dE/dx of n

[ 7.84 % resolution
150 [

7 tracks

. [ T PP I IR AP B
. os ° 03 1og,4) 05 06 07 08 08 1 14 12 13 14 15

dE/dx vs log,,(p) (dE/dx )/ (d Efdxmﬂ}

Torben Ferber | DESY Summer Student | 16.08.2013 | Page 48




ECL

>main task:
measure energy of electrons
and photons

> PID for electrons:

= ratio of energy deposited in ECL and o
track momentum measured by CDC
(~1 for electrons)

—— electron

= transverse shower shape s
g w0’ i-._.-,

= matching between a cluster at ECL Q
and charged track position
extrapolated to ECL

-3
10

— construct likelihood from these variables

eid likelihood
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KLM (“K, and muon detector”)

> The only particles that reach that
part of the detector are muons
and K

> Extrapolate tracks from CDC and check muon

hypothesis (hits close to track, multiple scattering...)
g 05 | ; ++
? i + | - 0.02 + ++ + |
0.25: | | H+++ <‘>
| : - ++++ JM(JH

P(GeV/c) P(GeV/c)
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>We have the theory
>We have the experimental idea
>We have the accelerator

>\We have the detector

Lets take a look at a real analysis from

Belle and see if we can understand it!
(Spoiler alert: We can!)
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Precise measurement of the C' P violation parameter sin 2¢; in B? — (c¢) K" decays

1. Adachi,” H. Aihara.*® D. M. Asner.?” V. Aulchenko,! T. Aushev,'* T. Aziz.** A. M. Bakich.*®* A. Bay,?!
V. Bhardwaj.?? B. Bhuyan,!© M. Bischotberger,?® A. Bondar,! A. Bozek,?? M. Bracko,?® T. E. Browder.®
P. Chen,?! B. G. Cheon,” K. Chilikin,** R. Chistov,'* K. Cho,'® S-K. Choi.’ Y. Choi,*? J. Dalseno,?5 4°
M. Danilov.'* Z. Dolezal.? Z. Drdsal.? S. Eidelman.! D. Epifanov.! J. E. Fast,>” V. Gaur.** N. Gabyshev,!
A. Garmash.! Y. M. Goh.” B. Golob.??1® J. Haba.? K. Hara,’ T. Hara.” K. Hayasaka,?® H. Hayashii,?’

T. Higuchi,” Y. Horii,?® Y. Hoshi.*” W.-S. Hou,*! Y. B. Hsiung,®! H. J. Hyun,?° T. Iijima,?® 27 A. Ishikawa,*®
R. Itoh.” M. Iwabuchi,®® Y. Iwasaki.? T. Iwashita,?’ T. Julius.?® P. Kapusta.?? N. Katayama.” T. Kawasaki,?*
H. Kichimi.” C. Kiesling,?® H. J. Kim.,?° H. O. Kim.?° J. B. Kim.," J. H. Kim.™® K. T. Kim."™ Y. J. Kim,'®
K. Kinoshita,? B. R. Ko.'® S. Koblitz,?® P. Kodys.? S. Korpar.?*'® P. Krizan,??'> P. Krokovny,! T. Kuhr,'”
R. Kumar.®® T. Kumita,®! A. Kuzmin,! Y.-J. Kwon,”® J. S. Lange.* S-H. Lee.'® J. Li*! Y. Li.%® C. Liu.%°
Y. Liu3t Z. Q. Liu,*t D. Liventsev,'* R. Louvot,?! D. Matvienko,! S. McOnie,*® K. Miyabayashi,?® H. Mivata,3?
Y. Miyazaki,?” R. Mizuk,'* G. B. Mohanty,** T. Mori,?” N. Muramatsu,?® E. Nakano,>® M. Nakao,*

H. Nakazawa,® S. Neubauer,!” S. Nishida.? K. Nishimura,® O. Nitoh.?? S. Ogawa,*% T. Ohshima,?”

S. Okuno.'® S. L. Olsen,*">® Y. Onuki,*® H. Ozaki.? P. Pakhlov,** G. Pakhlova,'* H. K. Park.?° K. S. Park.*?
T. K. Pedlar,?® R. Pestotnik.' M. Petri¢.'® L. E. Piilonen.?® A. Poluektov,! M. Réhrken.'” M. Rozanska,*?
H. Sahoo.® K. Sakai.,” Y. Sakai.” T. Sanuki,*® Y. Sato.*® O. Schneider,?! C. Schwanda,'® A. J. Schwartz.?
K. Senyo.?* V. Shebalin.! C. P. Shen.?” T-A. Shibata.®® J.-G. Shiu,*! B. Shwartz.! A. Sibidanov,*

F. Simon.?>4% J. B. Singh.®® P. Smerkol,'® Y.-S. Sohn.’® A. Sokolov,'? E. Solovieva,'* S. Stani¢,?® M. Staric,1?
M. Sumihama.® K. Sumisawa.? T. Sumiyoshi,”! S. Tanaka.? G. Tatishvili.3” Y. Teramoto.?% 1. Tikhomirov,14
K. Trabelsi.,? T. Tsuboyama.? M. Uchida,’® S. Uehara,” T. Uglov.* Y. Unno.” S. Uno,? Y. Ushiroda,?

S. E. Vahsen,® G. Varner,® K. E. Varvell.** A. Vinokurova.! V. Vorobyev,! C. H. Wang.3? M.-Z. Wang,3!
P. Wang, ! M. Watanabe,?* Y. Watanabe.'6 K. M. Williams.?® E. Won.'? B. D. Yabsley,*® H. Yamamoto,*
Y. Yamashita,?® M. Yamauchi,® Y. Yusa,?* Z. P. Zhang.*® V. Zhilich.! A. Zupanc,!” and O. Zyukoval!

(The Belle Collaboration)

Phys. Rev. Lett. 108, 171802 (2012)
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>dataset: 772x10° BB pairs (full dataset @Y (4S))
>b—>ccs

= CP even:
> JIy K

> C | Jy,p(2S)
> / 6 or Xc1
= CP odd: b W<

BO{_ ...........
d

> JIYK
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> Step 1: Search signal events: J/yp K°

= 1a) J/y — ee or J/y — pp: invariant mass of the two leptons must
result in J/yp mass (within some 30-100 MeV)

= 1b) K, — m*mr (careful, the decay length of the K, is some cm)

or
K cluster is found in ECL or KLM and no other charged track is

nearby

— 4 charged tracks, two of them leptons (opposite charge), two of
them pions (opposite charge)
or
2 charged tracks from leptons and one cluster
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>Step 2: Make a signal B (we call it “candidate”)

= Use the reconstructed J/y and the reconstructed K, (or K ) to make a
B, use the fact, that you already know its energy (E*, . =10.58GeV/2)

MbC — \/El;keamz _p*B2

= For the K , you have to calculate the four-momentum p_* assuming
two body decay kinematics

~, 3K - o5k
S t All combined (@ |> + Data (b)
2 [ — B-JiyKs = 4 1 B SJiyK,
= | — BZ—>\V(23)KS 3 [ real Jly, real K,
;2k- — B oy Ks - = real J/y, fake K
£ [ — Fitresult ‘2 3k Bl fake J/y
g | :

: Wk

1kf
1k

52 522 524 526 528 5.3 0.4 12 16 2
M, (GeV/c?) pg (GeV/c)
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>3) “tag” the other B by using the leftover tracks

= you dont need to reconstruct everything here, just tag the flavour via
one of the possible ways discussed before

= you have to reconstruct the vertex, though...

TABLE I: C'P eigenvalue (£¢), signal yield (Nsig) and purity
for each B — fop mode.

Decay mode 3 Nsig Purity (%)
J/pKg —1 12649+114 97
Y(28) (LT 0T)KS —1 904+ 31 92
Y(28)(J/yYm T ) K —1 10674 33 90
Xe1 K2 —1 940+ 33 86
J/WKS +1 100404154 63
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Remember: Perfect time resolution in reality

perfect including resolution and “dilusion” (wrong tag)

Arbitrary scale

l Arbitrary scale

—|At|/Tg0
P(A1) = — {1 +q- [sfsm(AmdAt)

TRBo

+ Afcos(AmdAt)]}. T
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Asymmetry

Entries / 0.5 ps

Asymmetry

At (ps)

6 4 2 0 2

4 6

tag B
tag B°

red - blue
red + blue
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e~ |At]/Tgo
P(At) = T {1 + q- {Sf sin(AmgAt)
+ Ay cos(AmdAt)} }
Decay mode  sin2¢1 = —&+Sy Ay
J/WKY +0.670 = 0.029 £+ 0.013 —0.015 + 0.02179-0%
W(29)KS  4+0.738 £ 0.079 £ 0.036  +0.104 £ 0.05572-47
Ye1 K2 +0.640 + 0.117 £ 0.040 —0.017 + 0.08379-946
J/pKY +0.642 + 0.047 £+ 0.021  40.019 + 0.02679-017
All modes  +0.667 & 0.023 = 0.012 +0.006 £ 0.016 + 0.012
the fitted asymmetry \
has a negative sign! systematic error
(previous slide) (in this analysis mostly vertexing)

statistical error
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10 years of flavour factories (+LHCDb)

2003

e e
[ excluded area has <0.05 CL| |

2013

1.5IIII|IIII|III\_I

| excluded area has CL = 0.85 .

1.0

0.5

IS 0.0 oo

%

FPCP 13

5

LY
\

- i '-.- E-K
E (exel. at CL = 0.95)
P S Lo v o b v b Ly iy ]

%

UL L L
I‘-
)

-1.0 -0.5 0.0

0.5 1.0 1.5 2.0
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Other topics at flavour factories (1)

> Lepton Flavour Violation (LFV)

90% C.L. upper limits for LFV 1 decays

s & 3§ 3

» .0 x| = Delleupdatle large cross section for tau pair
- L ]

i ° . production (~1nb)

%
=]

[ X5 RS

PP
LW
]

N
a
(1]

AR AAHATOEF OO g2 e»e?EPsl AR

FTTTTTTT T T T T T T T T T T T T T T T I T T T T T T T T T T T T TT T TTTTTH

. - — tau factory
S ° 7 SM: (~2,000,000,000 t at Belle)
BR<10-°°

o
Foeco U Eoror®eo

-:umu -,:uou

=

o

SUSY+Higgs U
R ® B RzO( 1 0-9) .-.-"'".:::"“""c-

ik

A

. HHy o
= ARAH NN BT EE 00 T o

LA

o
Py

o

v
A yvV
A
LY
°
..,g:
...s:

"'

“ . Belle
BaBar
| 3 -
:T\IH‘ i \PHI‘:\‘ i |I|\IH‘ L1 \IHH‘ [ Cleo

PTEP 04D001 (2012), HFAG 2012
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Other topics at flavour factories (2)

>Rare decays (example: B* — Tiu)

PRL 110, 131801 (2013) J.Phys, G29, 2311 (2003)

EG%mB 2 mi\ o0 g2 tan’3  mp 2
Br(B — (v) : mg | L= —5 | 5[V TBX L= 1 + € tan 3 m¥%

T b vy

b ve P

charged Higgs, SUSY

201 2 word average 201 3 mg[l(jfu?;/ Bell cata

-3 -3
030 {0 10 030 10 ‘ n

025 — ~2 . 80 _: o:s n2e ; ~ 1 . 60 é 08

0.15 -

0.15 i i - r : -
1 Hoa . + 1 Hoa
0.10 :— —: 03 0.10 ; / —: 03
F p 0.2 F ] 0.2
0.0!

0.05 - 05
[ e 1 HBoa - EEm 1 o
0.00

BR(B — tv)
T \
L
& &
BR(B — tv)
T
L
g o

winter 12 1 FSummeria

PR ISR BRI 0.0 0.00 L I 1 | 1 | 0.0
0.

0.7 08 0.9 1.0 .5 0.6 0.7 0.8 0.9 1.0
sin 23 sin 23
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Other topics at flavour factories (3)

> Spectroscopy and exotica (tetraquarks?)
Zlf[, Zg inT(55) — T(2)7 XC(3872) in X (4260).J/ ¥

PRL 108, 122001(2012), BELLE-CONF-1271 (2012) Phys. Rev. Lett. 110, 252002 (2013)
70
—+— data
60 — Fit
— Background
20
-=-- PHSP MC

40
30
20
10

(Events/5 MeV/c?)

Events / 0.02 GeV/c?

3.7 3.8 3.9 4 41 4.
M, (RIAY) (GeV/c?)

(Events/10 MeV/cz)

of

10.4 1045 10.5 10.55 10.6 10.65 10.7 10.75
2

M(Y(28)m) ., (GeV/c?)

APS/Alan Stonebraker
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And even more topics...

> Charm physics: Mixing and CP violation

> Inclusive decays: Full reconstruction, CKM matrix
elements, ...

> Precision electroweak physics (Weinberg angle)
> Hadronization

> Tau physics (LFV, precision tests)

>2 Photon physics

>Physics at Y(5S), involving B,

>...
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the next 10 years

oos 201 Belle I, 50ab"
| BaBar. 062t eanQe“ed SuperB, 75ab""
2.2 LHCDb, 5fb’
LS1 LS2

upgraded
LHCb, 50fb

| | | LS3 | |

| 4 | | | | >

2010 2015 2020 2025 2030
tOday % LHC shutdown

strong interplay with other intensity frontier fields, e.g.:

e rare kaon decays (NA62, KLOEZ2, KOTO,...)

e lepton flavor violation (Mu2e, COMET, MEG,...)

e light quark factories (BESIII, VEPP-2000,CLEO-c, ...)
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LHCb

> At the LHC, bb pairs are be produced in pp collisions
>large pile up (i.e. several bb pairs per event)

>huge cross section (~300 ub @ 8 TeV)

>bb in extreme forward(or backward) direction

>rule of thumb:

= statistically superior to Belle/BaBar for simple
event kinematics (e.g. B — K, B, — pp, ...) P

= but: not able to reconstruct events with
missing energy (neutrinos) and difficulties
with photons

= covers B_ physics (i.e. bs mesons) as well

= complementary production and experimental methods
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LHCDb detector

Tracker

Vertex A
Locator ‘

HCAL Muon
Detectors
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Belle 2 at SuperKEKB

70¢
8 Plan toreach 50 ab™ by 2023
P == SuperKEKB
Eo : :
Vel + luminosity 50xKEKB
g /gf/th (using nano beam scheme)
o o~ montns/year . .
S S /" 20 daysimonty - less asymmetric energies
§ Commissioning - larger crossing angle
Lo TeenenEn g - higher backgrounds
FIN o
2?)12 2014 2016 2018 2020 2022
K, and muon detector: J
Resistive Plate Counter (barrel outer layers)
intillator + LSF + MPPC (end-caps, inner 2 barrel layers)

. —_—
[EM Calorimeter: \ //W' Be"e "

Csl(TI) + waveform sam
i + DEPFET pixel vertex detector

Pure Csl + waveform sa

Sa ‘: ication .
M EE ation counter (barrel) } (Vertex reSO|ut|On X ~2)
electrons (7GeV) = ‘ Prox. focu Aerogel RICH (fwd)
= / > + new PID
[ ryllium beam pipe == ,'- . ey
24cmdometer i + new ECL+Waveform Digitizer

o,
/ + scintillator KLM

[Ve rtex Detector

2 layers DEPFET + 4 layer positrons (4GeV)
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Central Drift Chamber
He(50%):C2Hs(50%), small cells,
long lever arm, fast electronics




>SM is a poor description of the universe
>SM works surprisingly well in particle physics

>No physics beyond SM found in flavour physics (or
the LHC) yet (take a look in the PDG booklet)

> There must be physics beyond the SM, and this
physics must violate CP

> Precision experiments like Belle probe energy
scales via loops and boxes direct searches can not

> Two very big players (upgraded LHCb and Belle 2)
are getting ready to challenge the SM even further
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more information:

belle2.desy.de (Belle and Belle 2 at DESY)
belle.kek.jp (Belle)

belle2.kek.jp (Belle 2)
slac.stanford.edu/BF/ (BaBar)
lhcb-public.web.cern.ch/lhcb-public (LHCD)
pdg.lbl.gov (Particle Data Group)
ckmfitter.in2p3.fr (global CKM fits)
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Backup
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B — 1T 1 (phi1)
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CKM, unitary triangle
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Belle Il Vertex Detectors

> 2 layers of DEPFET pixel detectors (PXD)
>4 layers of double-sided silicon strip detectors (SVD)

i ‘\r\\ | —-
\ I se'le 1t (PXDO50um)
\ \ I e e 1| (PXDO75um)
: (U X
NN
~
PXD SVD PXD + SVD = VXD
0.21% X /layer 0.55% X /layer
Z vertex resolution two
pixel: 50x55/85um shaping time: 20ns times better than Belle
thickness: 75um hit time resolution: 3ns

Improved K_ efficiency
hit time resolution: 20us (e.9.B—-KKK, ..)
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Belle Il Schedule

Calendar 2010 2011 2012 2013 2014 2015 2016 2017

Japan FY 2010 2011 2012 2013 2014 2015 2016 2017
Mar. Jan.

i i
K SuperKEKB construction :

Detector upgrade to Belle Il
Belle Il roll in | VXD install
Belle roll out 1
~ 1
- . 1
KEKEB Dismantling KEKB I : Acceleratogt;fg_?_
frBEmey Fabrication and tests of ring components Physics run
SuperKEKB operation
Install and set up
Electricity and
cooling facility
MR & DR
buildings
DR tunnel
. - .
Linac Linac upgrade / operation for PF&PF-AR el BILse o To
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Belle Il physics reach compared to LHCb

Observable /mode Current LHCD Belle I | LHCb upgrade theory
now (2017) (2021) (10 years of now
5t 50ab™!  |running) 50 fb~!
7 Docays
= py (x1079) < 44 < 5.0
T = ey (x1079) <33 < 3.7 (est.)
T — 000 (x10719) <150 —270 ||< 244 @ ///;/( <10 <4t
B
BR(B — 7v) (x107%) 1.64 4+ 0.34 0.04 1.1+40.2
BR(B — uv) (x1079) < 1.0 0.03 0.47 4 0.08
BR(B — K™ um) (x107°) < 80 2.0 6.8+ 1.1
BR(B — KTuvw) (x1075) < 160 0.7 1.6 3.6 +0.5
BR(B = X.) (x107%) 3.55+0.26 lf:' 0.13 0.23 3.15+0.23
Acp(B = Xora7) 0.060 = 0.060 @D 0.02 ~ 1076
B — K"u"p~ (events) 250° 8000 fomnae 7-10k 100,000 -
BR(B — K*putp~) (x107%) || 1.1540.16 Q@ 0.07 1.19 4 0.39
B = K*eTe™ (events) 165 400 f'é-} 7-10k 5,000 ;
BR(B — K*e¢Te™) (x107%) || 1.0940.17 (o 0.07 1.19+0.39
Apg(B — K*¢t07) 0.27 £ 0.14° f OgR0) 0.03 —0.089 £ 0.020
B — X T~ (events) 280 SOy 7,000 -
BR(B — Xti7) (x107%)9 || 3.66 +0.77" !/a 0.10 1.59 +0.11
Sin B — K9n% —0.15+0.20 0 0.03 -0.1to 0.1
Sin B—y/K° 0.59 4 0.07 0.02 +0.015
Sin B — ¢K° 0.56+0.17 | 0.15 0.03 0.03 +0.02
B Decays
BR(B? = v7) (x1079) < 8.7 0.2-0.3 0.4-1.0
S (x107%) 787196 7 /// 5. (est.) 0.02 £ 0.01
D Decays
x (0.63 £+ 0.20% || 0.06% 0.04% 0.02% ~ 1072 F
y (0.75+£0.12)% 0.03% 0.03% 0.01% ~ 1072 (see above).
yop (1.11+0.22)% 0.02% 0.05% 0.01% ~ 1072 (see above).
la/p| (0.91+0.17)% || 8.5% 3.0% 3% ~ 107% (see above).
arg{q/p} (°) —10.24£9.2 4.4 1.4 2.0 ~ 1072 (see above).

arXiv:1109.5028v2
Torben Ferber | DESY Summer Student | 16.08.2013 | Page 76



Belle detector performance

Detector Type Configuration Readout Performance
Beam pipe  Beryllium double wall Cylindrical, r =20 mm He gas cooled
0.5/2.5/0.5 (mm) = Be/He/Be
EFC BGO Photodiode readout segmentation: 160 x 2 RMS energy resolution:
32in¢:5in 0 7.3 % at 8 GeV
5.8% at 3.5 GeV
SVD Double-sided Si strip Chip size: 57.5 x 33.5 mm? ¢: 4096k a4, ~80 pm
Strip pitch: 25 (p)/50 (n) pm z: 40.90k
3 layers: 8/10/14 ladders
CDC Small cell drift chamber Anode: 50 layers A: 8.4k Gy = 130 um
Cathode: 3 layers C: 1.8k g, = 200-1400 pm
r=283863cm ap, [P = 0.3%/p2 11
—77<z<160 cm Oag/dy = 0%
ACC Silica aerogel 960 barrel/228 end-cap Npe =6
FM-PMT readout K/m separation: 1.2 <p<3.5 GeV/c
TOF Scintillator 128 ¢ segmentation 128 % 2 a; = 100 ps
r= 120 cm, 3-m long K/m separation: up to 1.2 GeV/¢
TSC 64 ¢ segmentation 64
ECL Csl Barrel: r = 125-162 cm 6624 o /E=13%/\E
(towered structure) End-cap: z= —102 cm and +196 cm 1152 (F) Gpos = 0.5 cm/\/f
960 (B) (E in GeV)
KLM Resistive plate counters 14 layers 0: 16k A= Al =30 mr
(5 cm Fe + 4 cm gap) ¢ 16k for Kp
2 RPCs in each gap ~ 1% hadron fake
Magnet Supercon. Inner radius = 170 cm B=15T

NIMA479 (2002), 117-232
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