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JENNIFER: Japan and Europe Network
for Neutrino and Intensity Frontier Experimental Research

Program of the 3 lectures

o How to study elementary particles

— direct searches and indirect searches
— experiments through history of particle/flavour physics

o Rare B decays

— quest for New Physics (beyond Standard Model)
— two approaches for the same quest (LHCb vs Belle)

o CP Violation

— matter and anti-matter
— fully exploiting our detector, precise measurements....
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ANTARCTICA

ALEPH (CERN) , Belle (KEK), LHCb (CERN), Belle 11 (KEK)
CPPM (France), Osaka U (Japan), U Hawaii (USA), KEK(Japan), EPFL (Switzerland), LAL (France)



KEK

High Energy Accelerator Research Organization

o Tsukuba, Japan
o Largest Accelerator Facility in Japan
o Institute for High Energy Physics
(Particle Physics)

o Various researches using
accelerators are being done
(Universe, Matter, Life)
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KEK

High Energy Accelerator Research Organization

Accelerator
circumference 3km
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start taking data this year..

DD

<O

keywords:

particle physics
flavor physics
beauty, charm, =...
intensity frontier
indirect search
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Standard Model in a nutshell

v
In the Standard Model (theory of the Particle Physics)b quark !
following particles are considered to be elementary pgrticles:

Fermions auge bosons

components of SM

Matter (fermions)
3 generations: quarks and leptons

Source of Force (Gauge bosons)

Electr(.)magnei.:lc Yy oo } Electro-weak (unified) SU(2)xU(1)
Weak interaction W-, Z
Strong interaction g (quark only) QCD SU(3)

Source of Mass

Higgs Boson H® (discovered by LHC in 2012)
(Spontaneous breakdown: vacuum expectation - mass)

Weinberg — Salam (1976) [gravity is not included ]
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Parameters of the Standard Model

@)

3 gauge couplings + QCD vacuum angle

O

2 Higgs parameters

Cabibbo-Kobayashi-Maskawa

Pontecorvo-Maki-Nakagawa-Sakata

o 6 quark masses

o 3 quark mixing angles + 1 phase
o 3 (+3) lepton masses

> (3 lepton mixing angles + 1 phase)

flavour parameters

() = with Dirac neutrino masses



importance of flavour physics, indirect searches...

SSl2018 « July 30 - August 10 ® 46TH SLAC Summer Institute o

The Origins of the Standard Model

Precision Electroweak Theory

Standard Model Probes in Atoms, Molecules & Nuclei
Evolution of Electroweak Theory

Low Energy Precision Measurements

Electroweak Precision Measurements at Colliders
The Development of QCD

Evolution of Accelerators & Technology

Precision QCD & the Standard Model

Nuclear Physics Measurements as Tests of the SM
QCD at the LHC

Astro-Cosmology Window on the SM-Theory & Experiment
QCD on the Lattice

Critical Experiments Establishing the SM
History of the Higgs

The Higgs in the SM

Properties of the Higgs at the LHC

0 z The Physics of Neutrinos

, r%‘utrmos What Will We Learn in the Next Decade
The Mysteries of Flavor-Theory & Experiment

STANDARD
MODEL at 50:

Successes & Challenges

The 2018 SLAC Summer Institute will provide a broad over-
view of the Standard Model. In addition to providing a survey
of the historical development of the different components of
the SM, both theoretical and experimental status reports of
all aspects of the SM framework will be given showing both
the successes and the various challenges that it faces.
Lectures will generally be given in the mornings during both
weeks. Afternoons include special lectures and topical talks
which alternate with discussion sessions, student project
sessions and tours. Evening events include poster sessions

The Baryon Asymmetry

What & Where is Dark Matter -Theory & Experiment
The Hierarchy & Fine-Tuning Problems

The Physics of Future Colliders-No Lose Theorem?
What Future Higgs Measurements Will Tell Us
The View Ahead
and sodial activities. SSI is especially targeted for graduate

students and young postdocs. CONTACT:

SS12018, SLAC, MS 81
2575 Sand Hill Road

Menlo Park, CA 94025
email: ssi@slac.stanford.edu

SPONSORSHIP:
The SLAC Summer Institute is hosted
by Stanford University and co-sponsored
by the US Department of Energy and

o1 AL /*Tm U.S. DEPARTMENT OF SLAC National Accelerator Laboratory.
SN\ @ v ENERGY i
https://conf.slac.stanford.edu/ssi2018



How to study Elementary Particles
= experiments !!

''it was as if you fired a 15-inch shell at a piece of tissue paper and it came back and hit you "'
— Rutherford

« In 1911, Rutherford performed an experiment to irradiate « particles to a gold foil.
v« particle : nucleus of He atom
v o particle from Radium (radioactive source)

: luminous
Pb luminous gold
. screen
screen foil
1’-__
- - @ b I E. Rutherford
Radium ‘
. |3|EII"[IE|EE ''Standard Model'' ''New Physics"
Pb (''Panettone'' atom model)

THOMSON MODEL RUTHERFORD MODEL

LY >

Most a particles passed through the gold foil. However,
surprisingly, a very small fraction of them were
deflected by much larger than 90 degrees.
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Particle physics experiments

see lectures from T.Wongjirad

Detectors and other electronic apparatus are required for various
purposes in every experiment. The tasks required for most experiments

include:

o tracking
o momentum analysis

o neutral particle detection

o particle identification
o triggering, and
o data acquisition

Hadron

calorimeter

huon
charmber

Tracking Electromagnetic
chamber

calorimeter

photons

et

Innermost Layer... P .. Outermost Layer
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Identifying particles

Tracking Electromagnetic Hadron Muon
chamber calorimeter  calorimeter chamber

Innerrnost Layer... P ...Cutermost Layer

A detector cross-section, showing particle paths

[ | Beam Fipe

(center)

B Tracking
Charnber

M Wagnet Coil [eutron !

Ehotan

WEM

Calorimeter

Electron
[ Hadron TN EROton
Calorimeter

[ Magnetized

[ron

Muon
= Charmbers



Main actors in B physics

_— e [ARGUS, CLEO)]
Belle N BaBar

e*e” collision g0 Mg e*e” collision
at 10.6 GeV | =" | |at10.6Gev

CDF -
pp collision — pp collision
at1.96 TeV 44—t at 7 TeV

- ] i R . .'_.. 8 Tev

fi o,

13 TeV

... and DO = ... and CMS L LHCD upgrade




logo designed by undergraduate student...

D

<O
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logo designed by undergraduate student...

D

</[O

asymmetric e" e collider
producing B mesons

but why running at 10.6 GeV ?
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Upsilon meson discoveries

""Observation of a Dimuon Resonance at 9.5 GeV in 400 GeV Proton-Nucleus Collisions '’

Summer of 1977, a team of physicists, led by Leon M.Lederman, working
on experiment 288 in the proton center beam line of the Fermilab fixed

target areas discovered the Upsilon Y

1970 proposal: study the rare events that occur when

a pair of muons or electrons is produced in a collision of
the proton beam from the acccelerator on a platinum target
Only one Upsilon is produced for every 100 billion protons
which strike the target

The Upsilon apparatus

STELL

TARGET
Bi)x

rargey SERTLLIM

TUNGSTEN
BE A
Dk

L ELECTROMC
ETECTORS

""The Upsilon fits very nicely into the picture of a super-atom
consisting of the bound state of a bottom quark and antiquark. "'

18
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Y(4S)=Y(10580) B-factory

25 T
= . * Y(1S)
S 207 I
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< 50t
CU !
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‘ S
+CD : v
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T(2S)

L)

qy threshold

for BB production

Y(4S)

-
b--'—o'-.i.""‘*-' il "-+l —1

oLt
9.44 9.46 10.00

Particle Data Group

10.02

Mass (GeV;’cz)

10.58 10.62

Y(1S) 19U =07 (177)

¥(15) MASS
¥(15) WIDTH

Mzeg.rgs— d anything)/T{ gzg . r g g — anything)

Y(25) 1Sy =07 (177)

9460.30 + 0.26 MeV (S = 3.3)
54.02 + 1.25 keV
(3.36 + 0.34) x 1077

¥i2s) MASS
Y35~ MY(2S8)

Y(2s) WIDTH

Y(35) 197y =07 (177)

10023.26 +0.31 MeV
331.50 + 0.13 MeV
31.98 + 2.63 keV

¥(35) MASS
MY(35— MYs)

¥(35) WIDTH

10355.2 + 0.5 MeV

331.50 +0.13 MeV
20.32 + 1.85 keV

(=)
(b)
b g §
(<)
b q 8t
b
b — E
(@ _ <
b d
b

Y(45) 19y =0"(17)

also known as ¥(10580)

ri45) MASS
Y(45) WIDTH

10579.4 + 1.2 MeV
20.5 + 2.5 MeV
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Y (4S) B-factory

\

25 —

Y Y(18)

]
o

energy threshold |
o for BB production

0 (e e — Hadrons)(nb)

10} 4 -~ Y(38) 7
S T .
= r - 1 x ¥ Dt 4

FoPy 5 ¥y Y(4S) ;

S | - + Li L] .
[t te ohw Eoties  ione et -

....... | TR N S I T O ST N T ) B | T S RN Y S
944 946 10.00 10.02 10.34 10.37

Mass (GeV/g

o 2 B's and nothing else !

o 2 B mesons are created simultaneously
in a L=1 coherent state

= before first decay, the final states
contains a Band a B

q i hadrons

— hadrons
-l--‘-'"l-l-.*

q

y > 24
.

o(e"e” - hadrons)
ole'e »uu)
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The naive parton model:

1 GeV <+vs<3GeV, u, d and s quarks

N 1,
R =30 10 - 2. - =2
9)=3402) r2.-1))
14 GeV <ys <45 GeV, u, d, s, c and b quarks
R(s)=3{2.(2) +3.(-1) =11
3 3 3



Y(4S) B-facto

\ oLy Y(4S) BY, B
J

= ,b hras ‘ /‘ '
= o u,d
g 1sf g ’ energy threshold - ' \ Gid
S0 1@ for BB production / " —0
Taof [ o Y(@38) B: B
Iﬂ) || ' ¢+ ! . : ’
8 L1 iy 1 1 I l Y4 s/
o + ey AL Tavmae L ine. L ™S PR

IS Y T AT CA WY T (0 M|
10.34 10.37 10.54
Mass (GeV;’cz)

O...I... PR S T B N
9.44 946 10.00 10.02

(o)

'"on resonance'' production e+
e'e” > Y(4S)»>B,B,,B'B”

ole'e >BB)~1.1nb

o "'continuum'' production (qq =uu, dd, ss
(e"e"»>cc)=1.3nb

O

o(e'e »s5)=0.4nb

ole'e - ug) =1.6nb Spherical BB events
o(e'e »>dd)=0.4nb

o(e*e» 1’1t )~1nb

(0]

> u'u’)~ 1 nb (calibration)
bhabha: c(e*e” » e"e”) ~ 100 nb (luminosity)
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Jet-like qq events




Why high luminosity required?

High statistics to
search for slight
difference btw matter
and anti-matter

Only small fraction of
collision reaction is
useful for rare decays.

\ 4

Number of collision | : . cross-section of
— | Luminosity |X

events/sec reaction
(performance of accelerator) (subject to nature)
-2 -1 2
cim S cim

1 barn = 10 ** cm® = integrated luminosity: 1 fb™', cross -section = 1 nb (10° fb)
= 10° events

22



B factories: BaBar and Belle

= experiments designed for § extraction !

(fb_l) = but also charm, t factories

1200
——KEKB

1000 mtensﬂ:y _____ FESTHEE Versus _____ . nergy _____ . rontler __________ '

‘you sit at the same energy
goo [ Put cumulate as much stat as possgble

wl
400 { ...............................
200 |

°: — L

BaBar: 467 X 10°BB pairs
Belle: 772 x 10°BB pairs
23

final samples {

>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 b~'
Y (3S): 30 b’
Y (2S): 14 fb!
Off resonance:
~54 fb!



Belle in a nutshell

= 2 —HFPREKPEFREE

BEEVL /A FEEA
3.5 GeV e’

'.J 0= L

8.0 GeV e

BEHOVA—SF—
H '-= \ ﬁ “ T
N < fr
g k1 7 "f RTRERAD 5 —
FN SUHIFOY L)L
FxlLAT7HhoH9—

very stable detector, good particle identification, (kaon, pion, proton, electron, muon),

e'e is a clean environment: excellent tracking, triggering, tagging...
24



Belle in a nutshell

KLM (K, u) Detector: Sandwich
of 14 RPCs and 15 iron plates

D

<O

Silicon Vertex Detector: \%
3/4 detection layers b"
Vertex resolution ~100pm |

Solenoid: 1.5 T

g 3.5 GeV e*

j L_v_"_ﬂ' d .

8.0 GeV o — e i P
‘f#\[ =z & P Qs Electromagnetic Cal:
= -ﬁ 7 AN . | CsI(TI) crystal
T " 0 /E~1.6%@1GeV
b s N Time-of -Flight Counter:
Central Drift Chamber i K/m-ID of high p
8,400 sense wires
PID with dE/dx Aerogel Cerenkov Counter:

K/t of middle p

Refractive index n=1.01-1.03

very stable detector, good particle identification, (kaon, pion, electron, muon),

e’ e is a clean environment: exceldgnt tracking, triggering, tagging...



Belle in a nutshell

Silicon Vertex Detector:
3/4 detection layers

_________ i
o .

: ‘,‘L =N -:

Central Drift Chamber

Vertex resolution ~ 100Mm k

mrf ;-"-\:':: '_'.-.-;_ﬂ-,__ I‘
' ﬂ.gt e

KLM (K, u) Detector: Sandwich

of 14 RPCs and 15 iron plates

i

Electromagnetic Cal:

1'
L
] CsI(T1) crystal

N . o/E~1.6%@1GeV
4 0 = )
“'n';j-f = Time -of -Flight Counter:
. K/n-IDof high p

8,400 sense wires
PID with dE/dx

Aerogel Cerenkov Counter:
Refractive index n=1.01-1.03
K/t of middle p

very stable detector, good particle identification, (kaon, pion, electron, muon),

e’ e is a clean environment: excelgnt tracking, triggering, tagging...



How to detect particles in Belle

How to measure charged particles.

« Magnetic field (1.5 T at Belle) is applied in parallel to the beam axis.

v Charged particles curls in the plane perpendicular to the beam axis.
« Measure the trajectory of the charged particles.

v Momentum can be obtained by the relation p [GeV] =0.3 B [T] R [m].

Csl KLM  TOF | BELLE : = \
CDC. | e B ratiiiae. .
: _ACC i 3 o Wl More exactly, only
EFC transve;se
ey momentum (p)

can be obtained.

But, we also know
the direction of

the particle.
SoIenoid |- o Hence the
R gL momentum vector
i 1 a A=y o o e

can be calculated.

27



How to detect particles in Belle

Central Drift Chamber

Sense wire 30 micron diameter gold plated tungsten
Field wire 126 micron diameter aluminium

Gas mixture of Helium 50% and C,H; 50%

+ superconduction magnet
inner radius=170cm, B=1.5T

B 0L 1 i)

Perf see lectures from T.Wongjirad
Configuration FELIOTMANCES 2 wof T TFTT 7 wesn
52 layers Or_¢ = 130Mm g,moi— | - IALICETQPZ‘zooe]
8.4k anodes 0,=200-1400um g \\
radlus — 8.5'90 Cm Opt/pt — 0.3%<pt+1)1/2 60;: 4 S s " Bethe-Bloch
—77<z <160 cm O e = 6% 20 B

| " L | I
0.1 0.2 12
Momentum [GeV]
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How to detect particles in Belle

Silicon Vertex Detector

300um thick, 3—4 layer
radius = 2.0-8cm
Length =22-40 cm

SVD sideview
SVD endview \\ cDc : ‘
- e e —
T T —_—  e——————
~ =
R ———"

T 13
Be beam pipe

v
i
e
"..

gvza~

P

BN ribs with CFRP iV

readout: ¢ ~40k, 6 ~40k
resolution: o, ~ 30um

readout strips

;-H".’.._i._p_[::__._

i
preamglifier

00Um | volume{silicon) 7~
ol
1 } ik
/ ““ha:kmg electrode
particle




Belle in a nutshell

D

____-" n G,
= il
1 = 1
a7

"'\“

Silicon Vertex Detector:
3/4 detection layers

Vertex resolution ~ 100pum
—e

.
e

ol -
r
L

:
*

- Iiﬂl

8.0 GeV e

Central Drift Chamber *

v R LS R,
I -i- L o »
T 4b
1:}.' L .

KLM (K, n) Detector: Sandwich
of 14 RPCs and 15 iron plates

Solenoid: 1.5 T

3.5 GeV e’

-

o

Electromagnetic Cal:
CsI(T1) crystal
ox/E~1.6% @ 1 GeV

]-.;r Time - of -Flight Counter:
N p B K/x-ID of high p

8,400 sense wires
PID with dE/dx

Aerogel Cerenkov Counter:
Refractive index n=1.01-1.03
K/m of middle p

very stable detector, good particle identification, (kaon, pion, electron, muon),

e"e  is a clean environment: exceldgnt tracking, triggering, tagging...



examples of particle detectors

. o , see lectures from T.Wongjirad
Comparision different PID methods for K /7 separation

n /K - separation
RICH Cherenkov

threshold Cherenkov

Time-of-flight DISC Cherenkov
dE/dx multiple dE/dx transition radiation
| | | | | |
0.1 1 10 102 103 104

momentum p [FBEW::]

illustration of various particle identification methods for K /m separation along with characteristic
momentum ranges.

interan?tinn point radiator iron absorber
/
/ .:.__ I{"., "‘-, I“"-I l""-.l |
Fr W i i i i
| || |
<) |
&:? h"u. III | f |
|II II II
\ \ I/'UJ: ) /]
\
tlr"_IE- ! transition radiation ITILICHT
of flight threshold detector chamber
courters Cherenkov
"-., counters

!
!
5

3
multiple dE/dx

and momentum
measuremseant

a detector system for PID combines usually several methods
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How to detect particles in Belle

- We now know the momentum of the charged particles, but we don't know

what the particle is.
v" Candidates : electron (e*), muon (), pion (r*), kaon (K*), proton (p, p).
v Other charged particles decay before reachlng to the detector.

« Next step : Particle identification.

Example: TOF (time of flight)

| n B e « Measure the flight time from the interaction

oo |- ? (TOF) = 0tpe point to the detector.

- B v From the flight time, one can calculate the

= . velocity of the particle.

- b v" The mass of the particle can be obtained
0 || ° from the velocity and momentum (p =
fETTe w ow W mvy).

The low momentum (up to 1.2GeV)n"/K” is separated
by the timing of plastic scintillation counters with 100ps time resolution

32



How to detect particles in Belle
ACC = Aerogel Cherenkov Counter

n=1028 Barrel ACC n=1.013 TOF/TSC
60mod 60mod.

. N " n=1.020 n=1.015 n=1.010
’*'*'*-'=-%;;; 240mod. ﬁdﬂmnd ' 3Eumgd_

Endcap ACC

n=1.030
228mod.

QQ%I\HW@%* T &@&ﬁ*';m
€ [ g e, T
AN TR e oo
3 EM-PMT |

e

2.5" FM-PMT
2" FM-PMT

AR
o= 1 . |

;:j'e_;:f”tf :::;f'ifj

FM-Phototube
Base & P';-“mplif‘mr/ Counter Box (L2 mmt Al)

'-,\./ _/’)/ , Aerogels
i i d _Goretex Reflector
r’f 5 12 x 12 x 12 cm” blocks

i 960 barrel / 228 endcap
mm] N7 - . FM - PMT readout, 1788ch |

.
.
"

120mm h"--h}.

20 photoelectrons
per pion detected
at 3.5 GeV

33
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How to detect particles

in Belle 12 x 12 x 12 c¢m® blocks

960 barrel / 228 endcap
FM - PMT readout, 1788ch

Another Example: ACC (Aerogel Cherenkov Counter)

-'.-..

|selecied by ToF and dEdx) o

Finemesh PMT -'5'-Il.-'1'||l'-un|'|-J ey iy . . . ; - - 2
/ ¢ Ih Aerogel : refractive index - 21 Bk &3
s 1.01-1.03 - ;_ _
Gornghia . o ﬁi‘
/,/’ * Cherenkov light whenv=>c/n _}f ¢/ . Beam Data |
Y Fuemesh PuT v" For certain momentum, ., S T e
e | only light particles can - :
- emit Cherenkov light. o T,
h""\-\. i 8 ii i M 3 nd g8 i &
T R Pulse Height (pe.)
] Col KM _TOF
= K/m separation: 1.2 to 3.5 GeV _. s
' oRCE
= = = EFC 7
« Electron : low mass + interaction at calorimeter. , e 1'w
* Muon N EE———— W
v" little interaction with matter, go through the | '
detector.

v detected by the outermost detector (KLM)
34



How to detect particles

Now, we know the momenta of charged particles, and their masses
(form the particle species) = 4-momentum is known

How about neutral particles”

« ¥ decays (n%—yy). K also decays (K%—n*n, nPn® with ct = 2.7cm).
« The most important neutral particle is the photon (y).
v" Not detected inside the tracking device (CDC etc.).
v" But, photons lose all the energy in the calorimeter (i.e. energy of a
photon is measured in the calonmeter).
v" Direction is known from the measured position
= 4-momentum is measured.

Long-lived neutral particles (neutrons, K, ? ...) are not easy to measure
(hadronic interaction). Neutrino is impossible to detect.
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Belle II detector

successor of the Belle experiment (1999—2010), goal: collect 100 X larger data sample
started in May 2018 (phase 2, without vertex detectors)

EM Calorimeter: CsI(Tl) "ﬂl K, and muon detector
waveform sampling =& ™ Resistive Plate Counter (barrel )

77 Scintillator + WLSF + MPPC

—

Vertex Detector
2 layers DEPFET +
4 layers DSSD
(phase 3)

‘ (endcaps)
Particle Identification

. Y - Time_()f-PropagatiOD
z = counter (barrel )

! \' | Prox. focusing Aerogel RICH
> T —

He (50%):C,H, (50 %)
small cells, long level arm,
fast electronics
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SuperKEKB accelerator complex

Interaction

Region Belle |l detector

3 m——
* 7 GeV i
electron ring

4 GeV
positron ring

sl

asymmetric energy

electron / positron
linear injector

positron damping ring

N
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/

Beam col

>
L0
o
@
L
-
o
o
—
ju
L5
L
=
t
m
o

the collision are

Electron and positron
Very small probability of

bunches collide.

collision for each particle.

Most particles pass
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The bunch collisions repeat
during storage in the ring.

After one turn around the ring,

the bunches collide again.

through without collision.



Luminosity Icm_ls"l

Luminosity frontier of e*e- colliders

SuperKEKB aims at
40 times higher

0% History of Peak Luminosity (e+/e- colliders) SuperkEK
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More electrons and
positrons in a bunch

Squeeze beams at the
collision point

More bunches in both rings

— -_—
l'-.l.-""-.l . E




Upgrade for Nano-Beam collision scheme

New superconducting
final-focusing magnets

4GeV e+ ring (LER) to squeeze beam the IP
1 ___.....

~ 7 GeV e-ring (HER)
L3 SuperKEKB

' ] g
.,

Redesign the |attice to squeeze
the emittance (replace short
dipoles with longer ones,
increase wiggler cycles)

Belle Il detector

Replace beam pipes
with TiN-coated e

antechamber -type ‘.:ﬂ b

Improve manitors and
[ ‘ control system

ones ] .
Injector Linac upgrade

RF electron gun
upgrade e+ source

New positron
damping ring
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F ir st C 0”151 on Apr. 26, 2018

Belle Il control room
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Redlscoverlng charm D -)D:n: DK a*',K n*'n’, K n*a xn
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Rediscovering beauty: B> D" h + B> J/¢y K"

Gaussian width of signal in M, is consistent with MC !

’>"‘ \\\I|\\\I|\\\I|\\\I‘II\\‘II\\‘II\\‘II\\_C\T(:)" 7\I\\‘I\I\|\I\\‘I\I\|\II\‘II\\|\\I\‘\I\\|I\I\7
g 30 B> D (K, K37, Kl KK, K 0] ] S 50 Bi*>D(KTt,KSIE,KTITIU,KK,KSKO)T[i
© B*->D(Kr, K3m)p* : 1 g B'->D(Kn, K3n)p*
o — B->D °(Kr, K3m)rt
= B*->D (K, K3mn* 4 = 0 (K, Ko 0y %
~ " — B ->D, (Kn, K3n, Knnt')n
@ 25 B%->D (K, K3r, Knnd)n™ 1 % B%->D (K, K3n)p"
s _ — i
= B%->D "(Kn, K3m)p* 1 @40l [B>D(Knny’
5 B%-> D (Kamjr 4 £ B"->D'(Knm)p™
20 B%->D (Knm)p™ 1w B->Jiy(e'e, pp) K-
B->Jiy(ee, ptu) K"

Belle Il 2018 (preliminary)
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Belle Il 2018 (preliminary)

1 I L dt = 250 b
Ldt =250 pb
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20
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g.2 521 522 523 524 525

-0.15 -0.1 =005 0 0.05 0.1 0.15 0z

AE (GeV) M,, (GeV/c?)

Show capacity for charm physics in e" e = cc
- D, D", D
o Cabibbo favoured and suppressed modes

... for B-physics

o hadronic modes from b->c
o semileptonic decay modes from b->c

49

Candidates in signal box
(M, >5.27 GeV/c*,
|AE| < 0.050 GeV)

Mode yield

BT — Dr*T 51
B — Dp* 16
B+ — D*r* 3
BY — D**xF 7
BY — D**)pF 3
B — DExF 13
BY - D*p¥F 8
B — J/ypK() 8

5.26 5.27 5.28 5.29



But you said ''rare B decays''...
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What are rare decays ?

Dominant decays: Not rare
Phase space suppressed decays: Not that rare
Cabibbo-suppressed decays: Some call them rare

B(D’»K =«*) versus B(D°»x n*)  B(b->cl'v) versus B(b>ul'v)

-
-

-
-

-~
L ==

- -
~< -
T=-< --"

- -~
- -
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What are rare decays ?

Dominant decays: Not rare
Phase space suppressed decays: Not that rare
Cabibbo-suppressed decays: Some call them rare

B(D*»K n') _ o B(bacl'v)

—- =135
B(D’»a o) B(b>ul"v)
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What are rare decays ?

Dominant decays: Not rare

Phase space suppressed decays: Not that rare
Cabibbo-suppressed decays: Some call them rare
Colour-suppressed decays: Not really rare

B(B’»D a*)=(3.5+0.9) 107",
B(B’»D’x”)=(2.9+0.3) 107%,

while they are both b > ¢W and W - ud transitions.
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What are rare decays ?

Dominant decays: Not rare

Phase space suppressed decays: Not that rare
Cabibbo-suppressed decays: Some call them rare
Colour-suppressed decays: Not really rare
Hadronic FCNC decays: Not the topic of the lecture

- For instance B»¢K3, or B>K2K...
> Or B’ » ¢K2, or the penguin contribution to B » J/yKg
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What are rare decays ?

Dominant decays: Not rare

Phase space suppressed decays: Not that rare
Cabibbo-suppressed decays: Some call them rare
Colour-suppressed decays: Not really rare
Hadronic FCNC decays: Not the topic of this talk

- For instance B»¢K?, or B»K.K...

> Or B’ » ¢K2, or the penguin contribution to B » J/yKQ
Electroweak FCNC penguins: That's rare !

o b=»sy

o b=sll

o And friends...
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Rare B decays

! a! - ‘!u
- -
~ < -
=~a -
- S~ ~
- S~a
- -
-

o FCNC: Flavour Changing Neutral Current
o FCNC are strongly suppressed in the SM: only loops + GIM mechanism

56



Motivations for NP
SM . are we done Py see lectures of Filippo Sala
No. Open questions

D.Tonelli
|

|

Ll —_

- ‘T -. L?l I-:i.
,I-...‘

Matter domimnarice in Universe?

Gravity at Planck scale?

m‘:ﬁh !
i #
, Dark energy? x-.ni*

These and many other questions fuel the strong and wide-spread prejudice that
the SM is completed at high-energy by new particles and interactions
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How do you we search for new particles ?
Direct vs Indirect Searches

comnlementaritv with LHC Why flavor physics ?
A:I'I;_AS ?Hﬁ‘l’ Searches® - 95% CL Lower Limits I TEV ﬂn\gi ?1’;::
i energy frontier intensity frontier
== su y
= > _ _/ NP
———— “ - — L3M

= N

= limited by beam energy limited by statistics

i

HHIHIHHE
[]

- NP beyond the direct
reach of the LHC

1]

AT T

sl
Blaneedb

" 1]
MTEHIH]
LR H

=~ Three classes of SM processes (M . Endo)
> ~100GeV (1 TeV), if interaction is weak (strong) Oobs = Osm + Onp
New particle via quantum effects SM
SM miSS
new intermediate NP SMINP NP
SM «
— SM
off-shell n \
(virtual) SM fin SM tree loop forbidden

extremel recision good but...
No sharp cutoff for energy scale (cf. LHC search) 7 P g

— suppressed by (E/A)" 58 precise



Rare B decays

o FCNC are strongly suppressed in the SM: only loops + GIM mechanism

o Any new particle generating new diagrams can change the amplitudes

energy frontier intensity frontier - NP beyond the direct
SM NP . reach of the LHC
L SM
limited by beam energy limited by statistics

New particles can for example contribute to loop or tree level diagrams
by enhancing/suppressing decay rates, introducing new sources of CP
violation or modifying the angular distribution of the final-state particles




Why rare decays ?

We want to find new physics indirectly !

No new physics at tree level: we would have noticed ?

Interference of tree interactions and new physics: this is
what CP violation does

Interference of loop induced decays and new physics:

o Only allowed in loops
o Could be SM Z and W, or anything else that is heavy

Experimental aspects:

o You want to measure a 50% effect on a rare decay, nota 1%
effect on the neutron lifetime. That's very hard.

= Statistic versus systematic error

Theoretical clean: There are many rare decays that are
theoretically clean. This is needed as in the end you will
compare a measured effect to an SM prediction.
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Indirect searches

Sensitive to New Physics effects
o When was the Z discovered ?
o 1973 from Nv > Nv ?
o 1983 at SpS ?
o ¢ quark postulated by GIM, third family by KM

Estimate masses
o t quark from BB mixing
Get phases of couplings
o Half of new parameters
o Needed for a full understanding

Look in lepton and flavour sectors

- CP asymmetry in the Universe
61



Illustration of indirect search: K; & pp

K, 2»u"u” decay can be generated by the box diagram:

Sinfc - oo K? - uu was not observed though expected
Now BF is measured to be (6.84 +0.11)107°
K u Vi [Ambrose et al, 2000]
B . (i)
d cosf, W e |

L

Seents LT MaVie

in a renormalisable gauge theory, is expected
to give a branching ratio of g* ~a* ~ 107,

Fwent
-_-fl:m;e_;-_;
TT
L

with a the fine structure constant. o e wm o w aw
g —COSb. W — oo M, (MeVie™)
GIM observed that, with a fourth quark, there is
K0 c Yy a second diagram, with c replacing u. In the limit of
exact flavour symmetry, the two diagrams cancel.
4 sine, WY G |Glashow, Iliopoulos and Maiani, 1970]

The breaking of flavour symmetry induces a mass difference between the quarks,
so the sum of the two diagrams is of order g*(m? - m?)/m{, ~ o°m?/m3,.

With the measured charm quark mass m_, ~ 1.27 GeV, the predicted rates

are in agreement with observation.
= but no experimental evidence of a fourth quark...
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Proton beam

Fixed target experiment _
v & =25 GeV>>3GeV

m, My
o - @ « In proton collision, other particles (than
(p+.Ey) (0, m,) J/y) are also produced.
Electron beam

Collider experiment
Vs =3GeV

T Im
O . o « CM energy is efficiently used to produce
Jhy .
(P.E) (-p.E) !
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Proton beam m, = 0.938 GeV

Fixed target experiment ~1 GeV - proton
m, m; m, ~ 9 GeV : Beryllium
® e E, = 30 GeV
(P1:E4) (0, m,) EMIB0ogy ! s = \f{r] Ll ”-’EJE — |1 .
(center-of-mass) = %.-"Efi‘l ma -+ H:]'l T FHE

=25 GeV == 3 GeV

Electron beam
Collider experiment
m =0.511 keV
m m E = 1.5 GeV
y CM
(p.E) (—p.E) eNergy /s = 2E=3GeV
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How to detect particles

Most short-lived particles generated by the collision (, in which we are
interested), decay inside the detector, but we can reconstruct them if we know

the 4-momentum of decay products.

Simple case: 2-body decay.

o™
(Ps.E4)

M
{FE’EE}
energy and momentum conservation
E=E, +E,

P=p, +p,
M2 = E2-[PJ2 = (E,+E,)2-Ip, P,

65

reconstructed
particle

random
combination

In reality, there are many particles
in a final state: we don't know
which is the correct combination.



J/v (1974)

\ /

Experiment carried out by S.Ting group at Brookhaven National Laboratory

— fixed target experiment:

Q

Energetic proton _ 00 242 Eventsed || b—
Beryllium target . Pl
accelerated by an

accelerator

70| SPECTROMETER

B At nermal curregnt
&0 F [ -I10% current

p+Be — (e +e )+x (x...anything

50 F

— particle found at 3.0 GeV/c? “l

|

— They coined name of '"'J'' to the particle

. ‘ me+e-[GBV]
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J/y (1974)

Experiment carried out by B.Richter group

—e" e collider experiment

Contrarily to the S. Ting’s group, B. Richter’s
group tried to find out a new particle by scanning

the e e~ collision energy from 2.4 GeV by 0.2 GeV step

> 3Cl -‘
MARK-I detector at SLAC
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J/y (1974)

Experiment carried out by B.Richter group

— They observed a bump at 3 GeV/c”

]

— Event display

(nb

The particle name was taken from its event displaycc

1Q
o0
-
Lo
10
b
i
200
=2 819
|-
B

>0)

e'+e >(e"+e )+a+n
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J/y (1974)

Discovery of the 4 th quark

Finally, the J/vy particles were identified as cCc mesons
4 )
©0 -

\. J

Two names for the same particle

As both groups published the discoveries of J and y on the same
day (11th Nov 1974), the particle was given 2 names: J/y

November revolution

= Nobel Prize 1976 rewa6r9ded Richter and Ting



indirect search: K} - pp

direct search: J/¢y = ee

K;»u'u” decay can be generated
by the box diagram:

s W
K ) U Vi
d wtoout

in a renormalisable gauge theory, is expected
to give a branching ratio of g* ~ a®> ~ 107%,
with o the fine structure constant.

s W
I([) < c > Vi
d wtoout

K? » uu was not observed though expected
Now BF is measured to be (6.84 +0.11)10°

E @ | [Ambrose et al, 2000]
2 =] A
L
e 'l___ _'_'_l o |
HS E R :'III- l\q: \F._Il::\:l 5 1

- c quark eventually observed in 1974
[Ting |, [Richter]

Tl

BGr 1
242 Events-i
L i |
20| SPECTROMETER et =
- 41
- 2 At normal current 1000 | _,'1:1 :
60 - [J-I0% current 2 ) \ 3
Y il
L b oo E g W -
E f T 3
b e ad
50 ! [ v 9_:" _J
1 0 Hiw—1 ! i [ s
B ete” —u", lcos@1< 0.6 1
00 -
|' 1 2 F Py ]
£ [4 L | I
| 7 0k F Rhee
I %0l | # F 'm_!_ﬂ.- ! r == 43
o ' ? 1 :l e ! )
‘/, 200 | ete” —e*e”  Icosfl<0.6 .
20 ; = 100 A -
L / = - )f*?—o* 3
‘O :|-LI. % ° 20 [ (- N — | H .j
’ / 3050 3.09C 3100 3010 3020 3J3C
’ > Ecm. (GeV]
2.5 2.75 3.0 3.25 3.5

With the measured charm quark mass m,~ 1.27 GeV,
the predicted rates are in agreement with observation.
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W and 7Z bosons discoveries

The weak force is essentially as strong as the electromagnetic force, but it appears
weak because its influence is limited by the large mass of the Z and W bosons.
Their mass limits the range of the weak force to about 10 '° meters, and it vanishes
altogether beyond the radius of a single proton.

Sheldon Glashow, Abdus Salam and Steven Weinberg developed in the 1960s the
theory in its present form, when they proposed that the weak and electromagnetic
forces are actually different manifestations of one electroweak force.

First, in 1973, came the observation of neutral current interactions as predicted
by electroweak theory at Gargamelle bubble chamber (Andre Lagarrigue et al)

Neutrinos are particles that interact only via the weak interaction, and when
the physicists shot neutrinos through the bubble chamber they were able to
detect evidence of the weak neutral current,

and hence indirect evidence for the Z boson.

neutrino beam
Vu Vu
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W and 7Z bosons discoveries

I &— Outgoing

neutrino

Shower of
particles due to
bremstrahlung

&— Collision

point

€— Incoming

neutrino

|
|
!
|
I
|
[
!
|




W and Z bosons dlscoverles

Super Proton Synchrotron, proton-antiproton collider, where
unambiguous signals of W bosons were seen in January 1983
during a series of experiments made possible by Carlo Rubbia
and Simon van der Meer. Experiments are UA1 and UAZ2.

270 GeV per beam, enough energy to produce W and Z particles
first general purpose 4 experiment in high energy physics

the Central Detector,
a big drift chamber to
track charged particles
n the 0.7 T field of the the instrumented return
dipole magnet yoke of the dipole magnet

used as hadron calorimeter

the fine grain sampling e.m.
calorimeter (the Gondolas)
readout by wave shifter
bars (BBQ)

large muon chambers

end cap detectors
(the bouchons) —

forward and very forward
detectors (up to 1° from
the beams)




W and Z bosons discoveries

VERY PRELIMINARY

HERLIN-UR1 VERS. 509 URT VERY PRELININARY RERLIN-LA) YERS . D3 it
RUN NO= BOEBS. EVT NO 228 LN ” E Ew ” H
CRMAC DRATE 30- 4-B% CRAMRC TINE 2115 :

A0C0 - background
P

“LJ

NVARIANT MASS M e « | ..'-'.',-.‘fl

EVENTS PER L Ge

Rubbia and van der Meer were promp%awarded the 1984 Nobel Prize in Physics.
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