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Introduction to Flavour Physics Al v

Gauge sector Higgs sector Flavour sector

e Describes gauge
interactions of
quarks and leptons

e Parametrized by 3
gauge couplings
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Introduction to Flavour Physics ATLAS

Gauge sector Higgs sector Flavour sector

e Breaks electro-weak
symmetry

e "Gives’ mass to
W= and Z bosons

¢ 2 free parameters:
Vacuum expectation
value (~ 246 GeV)
and Higgs mass
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Introduction to Flavour Physics ATLAS %
Gauge sector Higgs sector Flavour sector

e Quarks and leptons
masses and mixing

e 22 free
parameters = the
most puzzling part
of the Standard
Model
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Yukawa Lagrangian - before CKM Matrn(;\IBiitﬁ

* Yukawa coupling (for quarks here)

Ly = QY ¢ ug + QY ddr + h.c.
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Yukawa Lagrangian - before CKM Matrn(;\IBiitﬁ

* Yukawa coupling (for quarks here)
Ly = QL, if d p* UR; + QL -dqbde + h.c.

e From flavour eigenstates to mass eigenstates = diagonalizing Yd
and Y“

VqLYqVJR = Mgy au=(Va)ijall ar = (Ver)jak q=u.d
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Yukawa Lagrangian - before CKM Matrn(;\IBiitﬁ

* Yukawa coupling (for quarks here)

Ly = QY ¢ ug + QY ddr + h.c.

o Mass terms using ¢ = (v + Ho)/v/2:

v

V2

v

Ly = Eﬁj’Mf,’,-ag u%—i— \/567[\’/, Mg,-agd,gjlnLh.c. +quark Higgs interactio:
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CKM Matrix Birth in Gauge Sector ATLAS \/%n
e Charge current interaction
g _
Ll = —EUM”)/M(VUL Vi)l Wik
e The unitarity 3 x 3 matrix
Vud Vus Vub
VarVj = Vekm = [ Ves Vs Ve
Vie Vis Vi
s b

d
u.l-
c..-

...

t
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Parametrization of the CKM matrix S\;E%ﬂ

EXPERIMENT

e CKM is unitary matrix = 18 parameters (9 complex elements)
e Only 4 are free

1 0 0 C13 0 5136_“5 cip si2 O
Vekm = |0 3 s23 0 1 0 —s12 ¢2 0
0 —S23 (23 —513(:‘“5 0 C13 0 0 1

o s =sinbj;, s; = cos
e Wolfenstein parametrization

I— 32X — X A AX3(p — 1)
Vekm = —A — I - %)\4 (1+4A%) AN’ +0O(N°)
ANV(1—p—wm) AN +1AN(1-2(p+wm)) 1-1AN
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CP Violation in CKM Matrix ATLAS %%n

Parity: A
Py (r) =4 (—r)

Charge conjugation
Cop (r) =P ()
e Time reversal
Ty (r,t) =0 (r,—1)

CP violated - § parameter in CKM matrix:

1 0 0 c13 0 s13 e~ ci2 si2 O
Vekm = [0 3 523 0 1 0 —s12 c2 O
0 —S523 (23 —513 e“s 0 C13 0 0 1
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Unitarity Triangles ATLAS \/%n

e Unitarity of CKM matrix leads to relations between matrix
elements = unitarity triangles

> VaiVi =6, D VaiVgi =dap.
a=u,c,t i=d,s,b

e Example:

n V.,
(¥ vy
VMI/"; a cd” cb
ViV
¢ Y
o) Bloir.
0 o 1
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Measuring the CKM Matrix A3
s d s b N

e 0~ i

-5 a -~

V _46: _ée‘_ 5

= c U - v v

D [ E—— T D ——-\'K B GD

— _ w

t B"Bq B’ |B,B—d B, t‘\<\b
. J
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Before " True” B-Factories - b quark  ATH

e b quark prediction: 1973
Makoto Kobayashi and
Toshihide Maskawa (Nobel
Prize in 2008)
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e b quark prediction: 1973
Makoto Kobayashi and
Toshihide Maskawa (Nobel
Prize in 2008)

e b quark name bottom:
Haim Harari, 1975
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Before " True” B-Factories - b quark

2

e b quark prediction: 1973
Makoto Kobayashi and
Toshihide Maskawa (Nobel
Prize in 2008)

e b quark name bottom:
Haim Harari, 1975
e b quark discovery

o Fermilab E288 experiment -
Leon Lederman
o 1977
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PLUTO - Way to B-Factories S\;E%ﬂ

EXPERIMENT

e Constructed 1973-1974

e First electromagnetic superconductive solenoid in the world
* Y(9.46 GeV) confirmation, first gluon evidence (not discovery)

(a) (b)
proportionalchambers  barrel shower counter
muonchambers superronducting iron yoke

ompensation nd cap
H <C:oil o shower counter
—
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ARGUS - Way to B-Factories ATLAS éi%ﬂ

e A Russian-German-United
States-Swedish
Collaboration

e DORIS
(Doppel-Ring-Speicher =
" double-ring storage”)
accelerator

e first place where the clrcumference 300m
conversion of a B-meson
into B was observed
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CLEO - Way to B-Factories

A

EXPERIMENT

Cornell Electron Storage Ring
(CESR)

Collision energy: from 3.5 GeV to

12 GeV at its peak

Initially measured the properties of

the T(13S)
o Below the threshold for the B
meson production

In 1980s: spent time at the T(4S)
energies
Early 2000s: no longer competitive

measurements of B mesons, back
to T(1-3S) resonances
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Storage ring

Synchrotron = _»"

East
transfer
line

West
transfer
line

Cornell Electron Storage Ring

@ Positron Bunch — Clockwise

@ Electron Bunch — Counter Clockwise




CLEO - Way to B-Factories

CLEO I: 1979-1988
o T(4S) discovery
CLEO I1: 1989-1999

o FCNC decays B*? — K**99 and B mesons to two charmless mesons
discovery

CLEO Il and CLEOc: 2000-2008

longest running experiment in the history of particle physics
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Requirements for a B Factory

e Usually, b — b created together (T(45))

(<4

25 T ()(4 T <§J
T(18) ’
g of
S
g 15 -
8
T w0k T(28)
l
%
T s
1 ((J l ((l

T(SS)

T—oX

. Justabove

BB threshold
BR(Y—BB) > 96%

\

T(48)

1 ((I

9.44 9.47 1000 10.03 1033 10.37 1053
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Requirements for a B Factory

e Usually, b — b created together (T(4S5))

o Both of them need to be detected and at least one reconstructed

asymmetric Az=At By ~200 pm @ Belle w
beam energies
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Requirements for a B Factory ATLAS

e Usually, b — b created together (T(4S5))

o Both of them need to be detected and at least one reconstructed

e Boosted B/B pairs: sufficiently long decay lengths to detect
daughter particles

asymmetric Az=AtBysc ~200 pm @ Belle w?
beam energies
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Requirements for a B Factory ATLAS

e Usually, b — b created together (T(4S5))

o Both of them need to be detected and at least one reconstructed

e Boosted B/B pairs: sufficiently long decay lengths to detect
daughter particles

o Asymmetric colliders (Epeam1 7 Ebeam2)

asymmetric Az=AtBysc ~200 pm @ Belle '
beam energies
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Requirements for a B Factory ATLAS

e Usually, b — b created together (T(4S5))

o Both of them need to be detected and at least one reconstructed

e Boosted B/B pairs: sufficiently long decay lengths to detect
daughter particles

o Asymmetric colliders (Epeam1 # Epeam2)
e High luminosity
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Requirements for a B Factory \F%ﬂ

EXPERIMENT

e Usually, b — b created together (T(4S5))
o Both of them need to be detected and at least one reconstructed

e Boosted B/B pairs: sufficiently long decay lengths to detect
daughter particles

o Asymmetric colliders (Epeam1 # Epeam2)
e High luminosity

o e.g.: Branching ratio of B — J/yK2 is 0.04% and J/¢p — [T1~
12%

is
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Requirements for a B Factory ATLAS \F%”

e Usually, b — b created together (T(4S5))
o Both of them need to be detected and at least one reconstructed

Boosted B/B pairs: sufficiently long decay lengths to detect
daughter particles

o Asymmetric colliders (Epeam1 # Epeam2)
e High luminosity

o e.g.: Branching ratio of B — J/yK2 is 0.04% and J/¢p — [T1~
12%

o Millions of BB pairs needed —: ~ 30 fb

S
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Requirements for a B Factory

EXPERIMENT

e Usually, b — b created together (T(4S5))
o Both of them need to be detected and at least one reconstructed

e Boosted B/B pairs: sufficiently long decay lengths to detect
daughter particles

o Asymmetric colliders (Epeam1 # Epeam2)
e High luminosity
o e.g.: Branching ratio of B — J/yK2 is 0.04% and J/¢p — [T1~
12% _
o Millions of BB pairs needed —: ~ 30 fb
e High-resolution and large-coverage detector
o Excellent resolution and PID

o CP asymmetry proportional to detectors ability to reconstruct and
flavour-tag the accompanying B meson

17 of 42
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Heroes of the age of flavour

e BaBar and Belle: asymmetric

Belle Detector

e Aerogel Cherenkov cnt.
SC solenoid (7 n=1.015-1.030
15T \
Csi(TI) 16X,
TOF counter

racking + ade
| small cell + He/C,H,

/K, detection

37, DSSD 14/15 lyr. RPC+Fe.

18 of 42

beams, clean environment

The BABAR Detector

15T solenold

Euc
6580 CSI(T) crystals
e(3.1GeV)

e (9 GeV) g

Siicon Vertex Trac

) 5 ayers, doutio-sided i
Instrumented Flux Retum * e
iron  RPGs (muan reura hadrons)



Heroes of the age of flavour

e CDF and DO: general purpose, b-phys in hadron collision

18 of 42

Outer Hadronic:
(Coarse)

(Fine & Coarse)

Inner Hadroric
(Fine & Coarse)



Heroes of the age of flavour ATLAS

e ATLAS and CMS: High pr experiments, b-phys with dilepton
final states
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Heroes of the age of flavour ATLAS

e LHCb: dedicated experiment for b- and c-physics at the LHC

Y M4 MS
M3

L L i L L
sm 10m 15m 20m
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The Asymmetric B Factories ATLAS

Belle

Positrons

e Experiment operation: 1999-2010

e The High Energy Accelerator
Research Organization (KEK) -

Tsukuba, Ibaraki Prefecture, Japan Gererstor
e e e" collisions (E.+ = 3.5 GeV, _
E.- = 8.0 GeV)

19 of 42
EEEEE————————————————————————



Belle Detector ATLAS \,%ﬂ

A world-record luminosity of 2.1 - 1034 cm=2s~!

More than 1 ab~—! of data over various bottomonium resonances
The world largest sample of T(2S), T(4S), T(5S)
From T(4S) — 772-10° of BB pairs

u and K, detection system - ’?Agmge! Cherenkov Counter
& 3
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The Asymmetric B Factories

BABAR

' SLAC/LBL/LLNL
- SLAC-Based B Factory:

e Experiment operation:
PEP-Il and BABAR

1999-2008 7 v
* Positron-Electron e

Project (PEP)

e e~ e" collisions (Eg+ =
3.1GeV, E,_ = 9.0
GeV)

i
.
Nlﬂh Energy Ring
(upgrs of existing ring) F,
Both Rings Housed in Current PEP Tunnel
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The Asymmetric B Factories

BABAR
e Experiment operation:
1999-2008

e Positron-Electron
Project (PEP)

e e~ e collisions (Eg+ =
3.1 GeV, E,- = 9.0
GeV)
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Positro

PEP-1I
Rings ™

Electrons

High Energy Ring
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Belle Detector TL

EXPERIMENT

Instrumented Flux Return
Identification of muons and -
neutral hadrons

u efficiency > 85%,

n misid ~ 4% at p > 1.5 GeV

Solenoid 1.5 T

Cherenkov Detector (DIRC)
Particle identification
WK separation > 3.40
atp < 3.5 GeV

6580 Csl(TI) crystals
Electron and photon energy
measurement

Silicon Vertex Tracker O(E)/E = 1.4% E'V4 @ 2.2%

5 layers of double-sided Si-strip detectors Drift chamber
Vertex reconstruction, tracking + dE/dx

40 layers, momentum measurement
Efficiency ~ 97%

for charged particles and dE/dx
o(pr)/ pr= 0.13% pr ® 0.45%

22 of 42

Electromagnetic Calorimeter



B-Physics Factories Luminosity

D
(\‘\@3
v

Total of
1240x106 BB pairs

fb_‘ . . .
(zooo ) Integrated Luminosity at B-Factories
——KEKB L'.k;v Id
—PEP-II
g /_/—’_IzEKB |
stopped
1000 - i@
~770M BB
Ve
~470M BB
500 /—/_Ef Dt ]
/ % PEP-II
0 ‘éfﬁ stopped

>1ab!
On resonance: Uj
Y(55): 121" (D
Y(4S): 711 fb! =t
Y(3S):3fb" (T
Y(2S): 24 b !
Y(1S): 6"
Off reson./scan:
~100 ™"

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

eded

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1
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B-Physics Factories Observations ATLAS
1800 T T T | T T T T 7
C Nobel prize to KM / ]
1600 [— Decisive confirmation of CKM picture —]
= F Observation of direct S ]
1, 1400 — CP violation in B — i~ =
ha C ]
<1200 [ =
%‘ C Observation of 7
£1000 —  Observation of b—dy Evidence for -
§ = BCP violation in \ ~ DY mixing E
5 G0 | g S Evidence for B
% C Observation of B— v ]
S 600 — B— K& e —
% C Y~  Evidence for direct ]
= 400 — CPviolation in B— KTn~ ]
C ¥~ Measurements of mixing—i mduced_
r CP violation in B - ¢Kg.n’Kg, .. 7
C | | | | | | | |

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year
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B-Physics Factories Observations ~  ATLA3

Observation of CP violation in B-meson system
e Measuring time dependent CP asymmetry
r(B°—f)—r(B°—f)

Acp(At) = F (B> )+ T (B9 = f) = —nfsin(283) sin(Amgt)

e ns: CP-eigenvalue of f
o np = —1 for J/HK2, ¥(25)K?
o nf=+1 for J/YK}

e CKM unitarity triangle angle:

sin2 = 0.99 +0.14 £+ 0.06
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(a) Combined

sin2¢; - sin(AmgAt)

(b) (CE)Ks (&= -1)

(€) JIyKy (&= +1)

1/N-dN/d(At)

Asymmetry
L o
L ¢

-8 4

0
(d) Non-CP sample At (ps)

-8 4 4
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B-Physics Factories Observations ATLAS

Observation of b — d~
e SM: FCNC forbidden
¢ loop-induced FCNC possible (b — s, b — d) - penguin diagram
o Radiative penguin decays: charged particle emits an external real
photon

e Photon energy in T(4S) c.m.: 1.8 — 3.4 GeV

b ‘ \ sd
/

N

-
w-

B(B — (p;w)7)
B(B — K*v)

= 0.0284 £+ 0.0050

e First measurement of the direct CP-violating asymmetry for
adBF — pt




B-Physics Factories Observations ATLAS

Observation of b — d~

@
-

8

N
S

8

N
S

a
3

8

Entries/(2.5 MeVic?)  Entries/(5 MeVic?) Entries/(2.5 MeV/c?)
N
8

M, fiszeswé) )

G
Entries/(10 MeVic?)
N
8 8

B
=)

)

8  0.92 1.% 116
My, (GeVic’
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B-Physics Factories Observations ATLAS \/%n

EEEEEEEEEE

Evidence for D° mixing
e D system is the one that shows the smallest mixing

e Measuring the quantity

7(D° — K—7t)
7(D% — K+K—)

yep = -1

e Can be shown:

1
ycp =y cos¢ — §Astin 10)
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B-Physics Factories Observations ATLAS

Evidence for D° mixing

Events per 61.5 fs
Events per 61.5 fs

-2000 0 2000 4000

t(fs
@ 5016
wmw
2 g 0.15
© 103 [
g z
[ *40.14
g €on
g
]

2000 0 2000 4000
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B-Physics Factories Observations ATLAS \/%ﬂ

EEEEEEEEEE

Evidence for D° mixing

e D system is the one that shows the smallest mixing
e Measuring the quantity

7(D° — K—7t)

~1
(DO = KTK-)

yep =

Can be shown:

1
Ycp = y cos ¢ — EAstin 0]

Violation observed

ycp = 0.0131 + 0.0032 + 0.0025

Asymmetry also observed:

A = 0.0001 +£ 0.0030 + 0.0015
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Next Generation B factories

A G .
K] O ASuperKEKB
A S
S 10% &
> &
2 JKEKB Le
. £ 10 » PEP-I1 ‘L
@ E s
2 5 LHC(2012),
s - . LCESR
= 10 AFNE:
= BEPC-{1
* .
; 103 - LEP-II Tevatron
8 DORISe  TRISTAN
.
= BEPC, o (LEP
= 1030 vEPPaM: PETRA
3 o spEARYTM
10%
+ADONE
1 10 10° 10° 10°
CMS Energy (GeV)

Energy Frontier-
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Next Generation B factories L %ﬂ

e Why we need higher luminosity?

o target given by the physics community: 50 ab—!
e If old KEKB used:

0 21-10%* cm~ 257!

o 0.3 ab™!/year

o 167 years

e How to get higher luminosity?

= (143 e (R)
2ere ox) By \Ry

[¢]

o Beam size ratio, stored current, beam-beam parameter, 3, geom.
corrections (crossing angle)
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Next Generation B factories ATLAS |

et/e- KEKB SuperKEKB

E [GeV] 35/8.0 40/7.0

I{A] 16/1.2 36/26
3 0.13/0.09 0.09/0.09
B~y [mm] 59/5.9 0.27/0.30

B™x [mm] 120 /120 32/25

angle [mrad] B 22\- )
L [cm2s1] k 21 XE1034
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Next Generation B factories @~ AlL

SuperKEKB
Japan

Super
KEKB

uest for BSM
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SuperKEKB /Belle 11 A

EXPERIMENT

SuperKEKB

e New e™ source and e~ gun, powerful final quadrupoles
Belle 11

e Reuse of the KEKB hardware as much as possible

e Minimum requirements: sustain Belle | performance

e Important improvements:

o IP and secondary vertex resolution
o Ks and 70 reconstruction efficiency
o PID in the encaps
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SuperKEKB /Belle 11 A

EXPERIMENT

SuperKEKB

e New e™ source and e~ gun, powerful final quadrupoles
Belle 11

e Reuse of the KEKB hardware as much as possible

e Minimum requirements: sustain Belle | performance
e Challenges:

o Higher occupancy, fake hits, noise
o Radiation damage

o Higher trigger rates: 0.5 — 20 kHz
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SuperKEKB/Belle 11

Collision with nano-beam

(without crab)

f 5;";\\§:.‘22mrad 100um

crossing angle [

Belle case 1999 data

20000
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w
8
3
3

5 2500

N
3
3
3

1500

Entries /[0.01 cm]

1000

500

83 mrad -
crossing angle

Belle Il 2018 (preliminary)

Median=-0.015cm
f
06g=0.055cm R
'
© v+ Runs1869-2047
[rdt=24ppt =
—04  -02 00 0.2 0.4
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SuperKEKB/Belle 11

Belle 11
Phase 1 Phase 2 Phase 3
w/o QCS/Belle Il BEAST II, no VXD Physics run w/ VXD
. 60p
50
— 40f-
B 30
> 20F-
£ 10F- 9 months/year
E 20 days/month
g 2 1 | L A
o F Reached d
T S ~ atBelle K
S LF 40x Belle
ag F
e f
§T 2 .
e ok 1 I /1 1 I I I
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Calendar Year
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Summary ATLAS
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o
Summary  AIAS v

Role of flavour physics is important

What properties B factories need?

Belle and BABAR detectors and successes presented
LHCb, ATLAS, CMS active, Bellell ramping up

Still need to improve precision - NP?
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EXPERIMENT V

THE CONFERENCE MORNING SESSION

Thanks Yor attending.

(Awkward silence) | couldn't ©ind an
. earlier tlight. /
a J

Sorvy, | haven't had
wy coffee yet..

Welcome, everyone!

DAY 2 LAST DAY
F:00am F:00am
WWW.PHDCOMICS. COM JORGE CHAM © 2017
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Back-up
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CP Violation ATLAS ™"

Parity violated - is combination of P and C violated?

Strong and EM interactions: CP conserved
Weak interactions: CP violated:

o Christenson, Cronin, Fitch and Turlay 1964
o study of two neutral K mesons in the kaon decays, K2 and K}
o if CP conserved:

K2 — 2r K — 3m
o K — 2 observed!!
o KOPK? oscilation, CP violated
Three types of CP violation:
o in decay
o in mixing
o in interference of mixing and decay
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CP Violation in Mixing ATLAS

e probability of oscillation from meson to anti-meson is different
from the probability of oscillation from anti-meson to meson

Prob(P® — P%) # Prob(P° — P9)

e Mass eigenstates are not CP eigenstates

e Charged-current semileptonic neutral meson decays M, M — [=X

Fote (L of o 7
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CP Violation in Decay

e decay amplitude of particle into the final state is different from the
decay amplitude of its antiparticle into its final anti-state

F(M = f)#T(M—f)

¢ In charged meson (and all baryon) decays, where mixing effects are
absent, this is the only possible source of CPP asymmetries
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Decay

e occurs in case both meson and antimeson decay into the same final
state
M— f M—-M—f

e ¢ P g
oo Lol o
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CP Violation in Interference of Mixing arfdAs /ﬂi/%n

Decay

e occurs in case both meson and antimeson decay into the same final

state
M—f M—M-—f
o G0 oy wei gs
B ——J/v¢ < <
B, ow'w B, 0
S -
ety d,s u,c,t " b
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