Part 1/4

Phillip Urqullo )\ &
Bonn Umver51ty gaggs! ==

—— , ¥
BND S€hool, Fﬁ\
Wugust 29-30, 2013~
\ 4

’ 'UV.\ .

Thursday, 29 August 13



WhoamI?

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

BSc (Honours)

PhD

Maitre-Assistant

Research Assoc.

Junior Professor
Belle Il Physics
Coordinator,

Belle CKM Convenor

U. Melbourne

U. Melbourne

U. Geneva

U. Syracuse

U. Bonn

BND School, B physics & CP Violation

Experiment

o

YAILA)

EAFEKIMEN|

| =
T

Theoretical
Interpretation

HFAG

CKM
Fitter

T

Phillip URQUIJO

2

\xrm'er:utr_i:bonnl

Thursday, 29 August 13




Outline

Part 1: Introduction to Flavour Physics

Flavour problems in the SM

Brief history of discovery in flavour physics
*  CKM mechanism and Unitarity Triangle (UT)
B-physics Experiments

Part 2: CP violation & CKM measurements (Triumphs of the SM)
¢  Meson-antimeson oscillations

* Introduction to CP violation
*  Measurement of UT angles
*  Measurement of UT sides

Part 3: Searches for New Physics
* Radiative Decays
*  Tauonic Decays
*  Purely Leptonic Decays

Part 4. The future
*  Future B experiments
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Simplified Standard Model

leptons quarks @ strong E&M weak

- +
1st generation € u g Y W
Vg d Z0
2nd generation [
g ”_ C .
It turns out there
VvV S are two “‘extra”
3rd generation H copies of particles
T" t
V. b

e Why 3 sets (= generations) of particles?
e How do they differ?
® How do they interact with each other?
® Are there only 37
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Simplified Standard Model

leptons  quarks E&M  weak

1st generation e u g Y W=
V. d | 70
“The term flavor was first used in particle i b
2nd ge iCS | -
9€ physics in the context of the quark model of
hadrons. It was coined in 1971 by Murray WIS

Gell-Mann and his student at the time,

3rd ge Harald Fritzsch, at a Baskin-Robbins ice- % R
cream store in Pasadena. Just as ice cream , I B

has both color and flavor so do quarks.” - = —

RMP 81 (2009) 1887

e Why 3 sets (= generations) of particles?
e How do they differ?
® How do they interact with each other?
® Are there only 37
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The Generation Problem

Periodic Table:

End of 19th century Hadron Table:
ORI Mid 20th century
"ﬂ 0=-1 0= 0 0=+
B :
y HE : z
§ £ i-i
- ENEEEHHEHHHOHHE

Explained by atomic
structure (nucleus
+electrons, QM and
electromagnetic forces)

Explained by existence
of quarks and nature of
strong interactions

The SM of
Particle Physics

o T
105 ___e_ --------------------
104 ________ 1( _______________
MR

Q=-1 0 +273 -1/3

® The SM account of the 3 generations is merely a Periodic Table.

BND School, B physics & CP Violation
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Higgs discovery

Fermion masses arise from the Yukawa couplings of quarks and
charged leptons to the Higgs field.

2012: LHC found a Higgs, key to explain mass, but a complete
theory of mass must also explain flavour.

ﬁ ATLAS PLB 716 1-29 (2012). |

|FOUND A NEW PARTIGLE

e Wi
e s i L
. L\C‘L\ Bl 11
A | e s~
4 ‘l“ B ki

Leptons
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Beyond SM in the Lepton Sector

® No right-handed neutrinos
in the SM, implies they are
massless.

® Neutrino oscillations show
they have small but finite
masses.

® Where are the R-handed
Neutrinos?

® A mechanism beyond the
SM is needed.

BND School, B physics & CP Violation
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Equal amounts
of matter &
antimatter

18 deqrees i S
Matter Dominates !
+ CMB  3degmesx
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Matter-antimatter symmetry

e Vviolation is one of the three r, o,

NAnclRad: hecessary conditions for generating
eNElEd a global excess of matter in the

evolution of the universe (Sakharov
0o 1967)

1%

T, o -.
Matter Dominates !
+ CMB  3degmesk
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Matter-AntiMatter Asymmetry

® Abundance of matter over g q

antimatter, Why? ?
(Nbaryon—Nantibaryon)/ Ny ~10-10 =
® The Only CP violating phase in SM > 1
leads to 10-'7 ANg&/N,. (from O O
. . - us
Jarlskog invariant) Ty
® To create a larger asymmetry need Chaiee . ——
® new sources Of CP ViOIation Conjugation partic|e
® that occur at high energy scales P Parity X=X, Y-y, 2= -7

T Time Reversal t—-t
where do we find it?

® quark sector: discrepancies with KM predictions
® lepton sector: CP violation in neutrino oscillations
® gauge sector, extra dimensions, other new physics:

BND School, B physics & CP Violation Phillip URQUIJO 9 .,:],,,,‘.ifbc,'nln‘
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Key Aims of Flavour Physics Research

1. Search for new symmetries to explain the mass
spectrum of fundamental particles.

2. Search for sources of matter-antimatter (CP)
asymmetry in flavour to explain cosmological
observations.

3. Understand the interplay of mass and CP
asymmetries in a coherent theory of flavour &
mass generation.

-

|:)

History of Universe

Flavour phenomena & possible absence of new
physics at LHC point to existence of new
symmetries at energies beyond the LHC.

-
-
o
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Searches for New Phenomena

SM

e Energy Frontier: Production of
new particles from collisions at
high-Energy (LHC)

e Limited by Beam Energy

e Flavour Frontier: virtual
production of new particles to
probe energies beyond the energy
frontier.

e Often first clues about new
phenomena, e.g. weak force,
c, b, t quarks, Higgs boson.

e High precision required: very
tiny effects

BND School, B physics & CP Violation Phillip URQUIJO
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Searches for New Phenomena

SM NP

e Energy Frontier: Production of
new particles from collisions at
high-Energy (LHC) = ¥

e Limited by Beam Energy ‘ B
Heisenberg’s Uncertaint ek
Principle | u‘__
AE At = h/238

e Flavour Frontier: virtual i e. Am At = /2
production of new particles to
probe energies beyond the energy
frontier.

e Often first clues about new
phenomena, e.g. weak force,
c, b, t quarks, Higgs boson.

e High precision required: very
tiny effects
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Searches for New Phenomena

SM NP

e Energy Frontier: Production of
new particles from collisions at - —-
high-Energy (LHC) = BN
e Limited by Beam Energy

4 a1 ,,_".‘-I:T*").
Heisenberg’s Uncertaint ‘ i

Principle |~1" Rk riet

AE At = h/2.
e Flavour Frontier: virtual i e. Am At = /2
production of new particles to

probe energies beyond the energy

.

frontier.
e Often first clues about new
phenomena, e.g. weak force, Highly virtual, thus
c, b, t quarks, Higgs boson. probabilities small ~ _
e High precision required: very -~

tiny effects SM /-\ SM

NP
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Searches for New Phenomena

e Energy Frontier: Production of
new particles from collisions at > |
high-Energy (LHC) ;2"1025
e Limited by Beam Energy 7

Belle Il

e Flavour Frontier: virtual
production of new particles to

IS
Q 0
£ E
O =
: c o .
probe energies beyond the energy o P _“"‘_;_
frontier. a -l Tevatron
e Often first clues about new ?, § @ [ R
phenomena, e.g. weak force, < = £, 10 10°
. 2
c, b, t quarks, Higgs boson. Strength of coupling to ©+/#
e High precision required: very New Phenomena
tiny effects
BND School, B physics & CP Violation Phillip URQUIJO 1 .,.vn-l,q;mx;:tm'n!
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Advancing the Energy Frontier

® Need data on CP violation,
Quark Flavour Transitions, Lepton
Flavour Violation, proton decay...

® Complemented by Direct searches
at LHC, Studying CMB in
Cosmology

Flavour
Frontier
(Belle,LHCDb)

® Maximum Energy/Mass Scale reach:

New

Symmetries

Origins of Mass

Phenomena

Cosmic
Frontier

Energy
Frontier
ATLAS,LHCDb)

Quark Lepton  Proton CPT, Lorentz
muy EWP  Flavour Flavour decay violation
—— ——N\\——
T | NN\
102 10% 108 101 1076 Mp GeV
Maut
BND School, B physics & CP Violation Phillip URQUIJO 12 ,,':1.‘:’ru‘.x‘.!x>.nl
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Flavour Physics

Brief history of discovery




Discovery of Anti-Matter (Anti-Particles)

Each particle has an anti-particle

eg. U< U, d<d, e et v, o,
Anti-particle concept: P. Dirac, 1928
Compared to its partner, an anti-particle has C + — et —e
* same mass
* opposite electric charge ) i
P ' : ‘ T — —T

* opposite additive quantum numbers

Track
left by a
positron

-~

Lead piéte

BND School, B physics & CP Violation

Discovery of e+ (positron) in
cosmic rays by C. Anderson, 1933

Anti-Hydrogen = e+p bound state
discovered 1995 (CERN)
._1n|‘u"r_‘r‘_>ltf_1‘\bo.n'.r!
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1947: Strangeness

New particle observed, produced in
strong interaction,
with long lifetime (decays only weakly)

- Observation of the “Kaon” in 1947
- M. Gell-Mann, K. Nishijima (1953)
Introduce new quantum number

Strangeness S

* S conserved in strong interactions
* S not conserved in weak interactions

BND School, B physics & CP Violation

p+7m1- = A+ K

iy
« assoclated » ;
production
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1950-56: The “O -t Puzzle”

Observation of two strange
mesons with

* Same mass
* same production rate
* same lifetime

0 —nta’; Prtr’) =41

T atrtr PlrtatnT) = ~1

But: decay into final states
with different parities

1956: Lee and Yang
“Is parity violated in the
weak interaction?”

BND School, B physics & CP Violation Phillip URQUIJO
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1956: Parity Violation

Magnetic
field

Parity
transformation

Magnetic
field

BNIL

|

atoms emitted

cold to avoid thermal

Beta rays(e-) from the Co®0

asymmetrically under parity
inversion (by magnetic field).
Co%0 atoms had to be kept

BETA RAYS

SPINNING
COBALY
NUCLEI '

' I BETA RAYS
vibrations. cecmonn 37 TPV §
J
v \ 4 MIRROR WORLD
THIS WORLD 7
T | 1 | 1 I 1
L20 B ASYMMETRY (AT PULSE -
| z HEIGHT 10V)
0 ] 1o - Hy backward rate EXCHMANGE
#Co =t FA R wrt. unpolarized rate G“Sl IN
| | &
© @ 1,00 . —8 o L
Z|Q !
. -z
e S|= osof- -
§ 3 forward rate
\ v 0.80 wrt. unpolarized rate n
(o
*- Co L { 11 L 1
Q7062 € B8 10 12 —a» 16 18

TIME IN MINUTES

%Co polarization decreases as a function of time

as the temperature increases

frsitatbonnl
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O -t Puzzle: The Solution

0 —ntn’; Prtr’) =41

T atr T PlntatrT) = —1

Parity is maximally violated in
weak interactions.
Its the same particle.

Q==K

K* DECAY MODES
'.'n"l.
r‘.rf»'-'w’ r
Hadronic modes
| _.‘|7 (21.13 4014 )¢ S
Mo sta'x" (173 £004 )% Sl
TR AL 4F & ( 5.576£0.031) % S=11

Phillip URQUIJO
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1964: CP Violation - Cronin-Fitch Experiment

Both KO— 1t and anti-K°— ot occur

— KO may turn into its antiparticle, so are not mass
eigenstates.

- The eigenstates are:

Ks) = —=(K") + |K7))

7
b

‘KL> — \/’

CP operator gives:

(K7 = |K7))

CP|K") = |K"),CP|Ks) = +|Ks),CP|K.) = —|KL)
 Thus:
only K¢ — wmw, but K; — 3w

BND School, B physics & CP Violation Phillip URQUIJO 19 ﬁ,m.,,:_‘.,%lt‘ifbon.nl
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1964: CP Violation - Cronin-Fitch Experiment

ﬂ:i,n,KL,"’ Water
+ 0
JT 9JT 9Y9n9K59KL9°'°

n,KL Pl A:J—‘-.:zr
T

| foo!

p (30GeV) [ | Collimator-1 Collimator-2

sriciisr )
\ KS DIy
Target(Be) Pb Magnet

5? F' 'c‘__._-———d
internal target Scintillator-/

vacuum tank

A -0
K,
e e

BND School, B physics & CP Violation universititb
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1964: CP Violation - Cronin-Fitch Experiment

BND School, B physics & CP Violation

2 Variables: ittt inv. mass and cos(0)

(a)
|
| — DATA S22 EVENTS
o oo MONTE-CARLD CALCULATION
VECTOR L .08 €00
s

(=12}
1400
“300
1200

41100

—— -
(a) 300 350 400 450 500 550 €00 Mev

Mass (17 1T)
| Tw ]
| —w
..... MONTE - CARLO CALCULATION 120
VECTOR §) +0.8 1o
4100
f

Phillip URQUIJO

(c)

0.,999¢ 0.9997 0.9998

(e)

484 <m® < 494 l.o

K — T

~

494<m"< 504

504<m™<514

ALy 1

cos B

09999 1.0000

OF EVENTS

NUMBER

0
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1970: The GIM Mechanism

e QObserved branching ratio K= p*+pu-

BKp — ptu~
BK — all

= (7.2+£0.5) x 107° 0
\

¢ |n contradiction with theoretical
expectation in the 3 quark model

=Glashow, lliopoulos, Maiani

e Prediction of a 2" up type quark,

W

\

H

dd

Y

\

T u s P

"

"

additional Feynman graph cancels

the “u-box graph” K0

Amy + B(Kp, — ppu™)

— Prediction of m(c)=1.5GeV

BND School, B physics & CP Violation
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1973: The CKM Mechanism

Adding CPV to the picture led  **

to the prediction of a third e T
quark family before the charm BT i AN TS
was even discovered! Makoto Konay

Department of Phys Kyolo [Umiversily Kyoto

\SH] and Toshibide MASKAWA

Kecenve September ), 1902

In & framewors of the renormalie ¢ theary of weak interaction, problesss of CFPoviolation
wary
are stadied. It s concluded thay oo - models of CPviolaton exist in the quartet
! Lt [

More On CKM Iater ';h':'“:l::’;( introduceng any other new belds. Scane possilie models of CFoviclation are
[ Al80 dincy

When we apply the renormalizable theory of weak interaction™ to the hadror

system, we have some limitations oy the hadron model. It is well known that

Alternatives explanations...
VIOLATION OF CP INVARIANCE AND THE POSSIBILITY OF VERY WEAK INTERACTIONS*
L. Wollenstein
Carnegie Institute of Technology. Pittsburgh, Pennsylvania

(Recelved 31 August 1964)

“Superweak model”, CPV only in AF = 2 transitions

: g -
5 g | Wge d g WO P
S ——

Didn’t work because they didn’t predict CP violation in decay amplitudes.
BND School, B physics & CP Violation Phillip URQUIJO 23 universit a‘tb!n!
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1974: Discovery of the Charm Quark

Brookhaven (S. Ting) SLAC (B. Richter)

e'e — e'e »-

| .
p+Be—e'e +X e'e” — up ~
e u' e'e” — Hadronen C

- Hadrone

e” 1000 | L|J /[\ I' = 87 ke
| /

\
o \«.
80 J 100 } / e
> -
190 { . ¥: '

| 1
r j t,xl) - e*e !
J’\j 5 = o0 /\ ,
- 7 L 5 - LIRS :‘ -
3r 1’}'1,‘—: ﬂ"! IIJLPJ,__J L < ; ¥ -+ ) t,l ,
'.’..‘._......:'...I.t‘.‘...,.“‘,.._-M(_-_---------'., PRPo— e W o | 20 { e .

> Discovered charmonium in 1974 : J/W (Nobel Prize 1976)
—> Discovery of open charm in 1976: DO — K+
BND School, B physics & CP Violation Phillip URQUIJO 24
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1974: Discovery of the Charm Quark

SLAC (B. Richter)

Brookhaven (S. Ting)

p+Be—e'e +X

D

i
é'_f__\?‘_-;f‘_?;f”"'151""'JJ 17‘. L < 2t " M.Peri VB, Rchter G. Goldhaber
—> Discovered charmonium in 1974 : J/W (Nobel Prize 1976)
—> Discovery of open charm in 1976: DO — K+ ,
BND School, B physics & CP Violation Phillip URQUIJO 24 ﬁ‘”l.u.:_;,(‘:ltlifw'n!
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1977: Discovery of the Bottom Quark

Are there really 3 generations? Leon

Lederman,,

Fermilab E288 Experiment observed
excess of di-muon events at a mass of
around 9-10 GeV (3 resonances)

p+Cu—putpu +X

- September “77:
~30000 pu-pairs
f
.' \‘T Discovery of
0 / -
: ; T bottomonium!
e 8 f \ /’o p
Y/ Q KT
abalod *'.5" \’ A TR TTY
L
e B | e T §2 @86 930 234 98 0z 08 10 T4
Mo BV wass (Geov :
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The Standard Model
& CP Violation

CKM mechanism




The Flavour Sector of the Standard Model

Basis of the Standard Model

L =

1 a a v .
— G F F i Dy

wz)\ww]h + h.c.

[Dyh|* =V (h)

Gauge Sector

Flavour Sector

Electroweak Symmetry
Breaking Sector

e Quark Sector contains the majority of the free parameters of the
Standard Model!

There is a lot to study!

BND School, B physics & CP Violation
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The (Flavour) Parameters of the SM

3 Gauge couplings: Aem, Qweak, Ostrong
2 Electroweak symmetry breaking: v, my

3(+3 neutrino) lepton masses: me, My, M-
(3 lepton mixing angles + 1 phase) PMNS
: : matrix
()=with neutrino masses

6 quark masses: muy, My, Ms, Me, Mp, M CKM
4 quark mixing: A, A, p, 11 (from Vug, Vus...) IEUT

sla)aweled
JNOAE[]

e
&.ﬁ‘;‘

BND School, B physics & CP Violation Phillip URQUIJO
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Weak Interaction

w+ Q=+1 W
Ui: Vvij > dj ¢ s o :d ((j) VA i$
w W
W d s
V: CKM matrix t ,;r‘ : i”’
d
g Oij g
> > ,
d Vud ‘/us ub
/ S
Z~ | =| Ve Ves V.
/
0: unit matrix b V;,d ‘/ts V;b

Flavour eigenstates
unitary !

4 independent parameters
(3 Euler angles, 1 phase):

18 (complex 3x3 matrix) — 5 (relative
quark phases) - 9 (unitarity conditions)

BND School, B physics & CP Violation

Quark-mixing matrix

(gi| Vij lgs) —
‘/l] — el((pl_él)‘/!]

Phillip URQUIJO

Mass eigenstate

(gi| €791 V;;€%5 |g;)
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Hierarchy of the CKM Matrix

- Wolfenstein Parametrization: Expansion in A =sin 6, = 0.22
(4 parameters: A= 0.22, A< 1, p, n)

‘;yd 1"} ‘{}b Parameterisation
cd cs ch .
Vie Vie Vi good to Asin real
o part & \sin
— -2 1 0| +00? Imaginary part
0 0 1
1—2%2/2 A AN3(p —in)
— )\ 1—A2/2 AN? + O\
AN (1—p—in) —AN? 1
1—A2/2—)/8 ) AX¥(p - in)
= | A+ (1-20p+im) A2 1-XJ2-(1+44%N/8 AN + O(X%)
AN(1-p—in) AN £ (1-2(p—in))AXY/2 1-A2MY)2
BND School, B physics & CP Violation Phillip URQUIJO 30 ;1ni»'er5itatw!n
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Hierarchy of the CKM Matrix

1-X/2 A AN(p—iin)?
Vs = -x 1= X2 AN +0()Y)
AN(1-p~in): —AN 1
Complex number
Source of CP violation
in the Standard Model
magnitudes phases
» d s b . - d s b
ol = . M
c B . o Cc
t - = t B 3 '
\ . / g % 7
BND School, B physics & CP Violation Phillip URQUIJO
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CKM Matrix — Magnitude

semileptonic / leptonic kaon decays PDG 2010

hadronic tau decays _ _ _
superallowed 0* - 0* B decays i semileptonic / leptonic B decays

a .

0.97425+0.00022  0.2252+0.0009 (3.89+0.44 ) x 10°°

0.230+0.011 1.023+0.036 (40.6+1.3)x 10"
(8.4+0.6) x 107 (38.7+2.1 x10 "7 088J_r0.07
semileptonic charm decays \
charm production in neutrino beams semlleptonlc B decays

semileptonic / leptonic charm decays
B, oscillations

single top production
B_ oscillations

theory inputs (eg., lattice calculations) required

BND School, B physics & CP Violation Phillip URQUIJO 32 __.’H'-,‘:ffs]"i‘.boninl
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Why is b-quark physics interesting?

Heaviest quark that forms hadronic bound states (mp~4.7 GeV)

» GO e O 5 O
© (b

Must decay to 2d or 1st Generation
- All decays are CKM suppressed, Long lifetime (~1.6 ps)
High mass: many accessible final states (all Br’s are small)

Dominant: “tree” b—c At_L'L
Very suppressed “tree” b—u \#A — 0(1)
FCNC: “penguin” b—s,d C—i— ’N\‘ -I* - - 8((25)
Flavour oscillations (b—t “box” diagram) \/\.ﬂ ¥ ................... O(3)
Expect large CP asymmetries in some B VM{/!“ e FCNC
decays

BND School, B physics & CP Violation Phillip URQUIJO 33 ..,‘]."'t_:{t_l.‘itw'n.n‘
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Decays of the B Meson

BOTTOM MESONS
(B= +1)

B = ub, B® = db, BY = db, B~ = b, similarly for B*'s

B° DECAY MODES Fraction (/T Confidesce level [NeV&)

£" veanything [#nn | 10.33%+ 028)% -
et v X, {101 + 04 )% -
D57 vy anything { 83 &£ 05 )¢
[P I Ty [aonl [ 2374 012)% 2305
[P T { 1.1 &£ 04)% 1505
0D°(2010) 17 sl { 5014+ D.12)% 2257
0°(2010) "+ & { 1% £ 05 )% $=1.3 1537
(FPa " { 43 & 08 =103 2208
O5(2400) 17 vy = { 30 +£12)x1073 S8
B( D} » D)
D3(2450) €7 1y x { 2.2 + 05 )x1073 2067
B(D; » D¥x7)
D:"n’v'.-',-tjﬁ > 1) [ 23 + 05 )% -
o x & ERY 0 ) 25
0, (2420) 0+ 028 3 -

D(2430) €% vy o 0 ) -
B(0] D0%)
uf.( 2450) 1ty ) 103 e
8( 03
AR ¢ 13 104 2581
= iy wnl { LML 008)x 107 2638

HTTP //POGLSL GOV Page 79 Created: 10/15/2010 14.48

BND School, B physics & CP Violation

fills 25 pages in the PDG
“Review of Particle Physics”

+ more on Bs, B¢, b-baryons....

- ——
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The Six Unitarity Triangles

Ve vE VEN (Ve Vs Vi 1 00
Viv=1[ve vr V||V Vs Vool =10 1 0
7/ A Vik Vie Vis Vib 001
@VaVutVaVorVeVy=0 [T vayg Yo% ™y v
(b)V V. ,+V_ V. +V_ V., =0 Vove VubVeh v
ocA oA %A’ sbh . ct o
() VotV VotV , V=0 *Q/ . VeaVid —
(d)V VotV Vo+V, V=0 VeVap 7 VusVub Vo Vi
oA’ oA’ oA’ bd VeV tu VeV
(e)V V., ,+V V., ,+V, V,=0
(IV VAV V_+V, V=0 |v,Ve ViVe VgVl ViVl
A’ A’ A’
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Unitarity Triangles for B

The Unitarity Triangle
(“By4 Triangle”)

* * * Vig = [Vl €F
Im 4 IVuqub + Ve Vep + VgV =0
— : — |
Vub |Vub| e
a = arg (— VipVia )
o *
Vu.bVUd
3 Ve
> ch cd
Re f = arg (_ )
VipVid
Vi
Y = arg (—
V2 Vg
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Unitarity Triangles for B; and B,

The Unitarity Triangle The “Other” Unitarity Triangle
(“By4 Triangle”) (“Bg Triangle”)

Bs triangle contains very small TARY
At . — __“¢bcs )LZ ~1°
angle, any deviation from this  |B, = arg vy |
would be a sign of NP! ih " 1
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Over-constraining the Unitarity Triangle

Five observables (a,[3,y,Ru,Rt) for 2 degrees of freedom (p,n)

The Unitarity Triangle can be Y
fully determined by 2 precise |
measurements.
Ri
Measure more and the UT can
be over-constrained, e.g. Ru
2 p
0 I

We observe SM+new physics (must exist), so making the
constraints disagree with each other would mean discovery.

Need at least 3 precise measurements
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The B Experiments

Colliders & Detectors




Where are B Mesons Produced?

p anti-p \X
2001-2011 I pp

w CMS

=) m % 2009- |

ﬁ»BaBar LCh Belle
1999-2008 [3RASay] 1999-2010

ete “B-factory” e*e “B-factory”
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The B Factories

PEP-Il @ SLAC
Energy: 9.0 GeV e + 3.1 GeV e*
Design luminosity : 3 x 1033 cm—2s-’
Peak luminosity :1.207 x 103 cm#2 s’
B mesons: rate ~ 13 Hz, 470 M BB

Low Energy Ring

BABAK Detector

“ Electrons

High Energy Ring

BND School, B physics & CP Violation

KEK-B @ KEK
Energy: 8.0 GeV e +3.5 GeV e*
Design luminosity : 1 x 1034 cm—2s-!
Peak luminosity :2.11 x 103 cm2 s
B mesons: rate ~ 19 Hz, 780 M BB
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1999 - 2°1b‘ Belle'B factory at KEK_ *_

3.5 GeV posit 8 GeV elect | I —
e 3. eV positrons on eVv electrons : R
T8 Geb B0 llllll "mnmmmv |
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Production of B Mesons

et e-
3.5 GeV > < 8.0 GeV

25 |
- Y(1S)
= [ b
E20f
) '
= S
S 15F \
g P Off-Peak (q=u,d,s,c) On-Peak
= b i Y(2S)
Top ~Y(3S)
o F ) 3 ,’ ‘§ g
L oL /iy ;o SN,
© ! * LICEN she farm, m}am
0 P I T T I T L s a .* ........... L s
944 946 10.00 10.02 1034 1037 1054 | 10.58 10.62

Mass (GeV/c?) 2Mg
- Centre-of-mass energy = mass of Y(4S)
- Y(4S) is bound bb-state that decays to ~100% to B+B- or BOBC pairs
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Asymmetric Beam Energies

Allows for B decay time measurement

Ecvus =10.58 GeV

Symmetric:

~ 5.3GeV 5.3GeV
e — «— ¢

Asymmetric:

9GeV 3.1GeV

e > +—

Boost = 0.56 (PEPII)
BND School, B physics & CP Violation

B: B l',"" B

B=B%/B-

B mesons at rest
= decay lengthz=0

—————— | ,é, decay length
- - EiS Z ~ 250IJm
«— —
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KEKB and PEP-II Luminosities

1fb-1 Y(4S) data =
(fb ') 1.1 million BB events
2000 — e

——KEKB | >1ab™’
On resonance:
, Y (5S): 121 fb™*
1500 - - 1 i 1 I¥(4S): 711 ib!
[ Y(3S): 3fb"
Y(2S): 24 fb!
Y(1S): 6 fb'
Off reson./scan:
~100 fb™!

1000

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

200

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1
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The B-Factory Experiments

BaBar: 580 M BB “ — e i ';_ ‘.;

7
7

-

o A

1

@
N

,
1% s

o~
t xé'ﬂ‘ & e

\k‘

Belle: ~ 990 M BB

-

-1"‘.— b

~ - -
- L. ”n

~ |\ PRE—

- ' =)

- o

TN

5
Arde
[ A

"f

>
-

;
o
‘l

:
Sy

&
%
9GeVe

Aerogel Cherenkov cnt
SC solenoid : P n=1.015~1.030
1.5T \ o l

Csl(Tl) 16X, —

TOF counter

8GeV ¢ ""'
44/ il ; xﬁ:""? Tracking + dEldx
=\ " small cell + He/C,H.
- ' N

u/ K, detection

Si vtx. det. 14/15 lyr. RPC+Fe

3 lyr. DSSD
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b Production at Hadron Colliders

e+e- (PEPIIl, KEKB) p anti-p—b anti-bX |pp—b anti-bX
(Vs=2TeV) Tevatron |(Vs=7TeV) LHC

Prod. obb 1 nb ~100 ub ~300ub
typ. bb rate 10 Hz ~100 kHz ~300kHz
purity ~1/4 ~0.2% ~0.6%
pile-up 0 1.7 0.5—25
B content B+(50%),B°(50%) B+(40%),B(40%),Bs(10%),Bc(<1%),b-baryon(10%)
B boost small, By~0.5 large, decay vertices are displaced

event structure

BB pair alone

many particles not associated to b

Prod. vertex

not reconstructed

reconstructed with many tracks

BO anti-B2 mixing

coherent

incoherent—flavour tagging dilution

bb production
at hadron
colliders

quark . flavour gluon
e gluon fusion o .
annihilation excitation splittin
Phillip URQUIJO
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b Production at Hadron Colliders

e+e- (PEPIIl, KEKB) p anti-p—b anti-bX |pp—b anti-bX
(Vs=2TeV) Tevatron |(Vs=7TeV)LHC

T(5S) ZO, pD, PP

/\ B b /\ 7
b /\ b g S
S S q g
bb production >m< “j;( wjg
at hadron SN “ “
colliders | o - |
quark luon fusion flavour gluon
annihilation J excitation splittin
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‘More than._b-anti- b‘pa!rs (10°
factorles)produced already and grpwmg .
. dedicated B-physics el‘é‘ﬁctb SR,
._*B-physics_programs. at-=__GZM» fand. ="
S RTERS. e

& F, iy — -__-' -
- - .

— i
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LHCD

- Study beauty, and charm in forward region

49>n>1.9

« Designed for time dependent analyses with

fast mixing frequencies

— Vertex reconstruction with
VELO Si detector

— Hadron identification with
RICH (K/mtidentification
using Cherenkov light
emission angle)

— ECAL for electron, photon,
hadron energy
measurement

- Trigger is 2 phase, hardware
+software for enormous rate
reduction

— triggers on high pT tracks,
leptons, displaced vertices

BND School, B physics & CP Violation

Pythla productlon cross section

pT of B-hadron
111

©
—

10

-2

1 I|III|III|III|III

4 6
T] eta of B-hadron |

SPD + Preshower o—\ =

BEAM

RICH1

Magneto—/

Tracking

Phillip URQUIJO

ull S S —
RICH2'JECAL'J LHCAL KMUON
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Luminosity profiles at LHC

Instantaneous Luminosity

Updated: 21:04:50

-
1
v
o
1
E
=)
=
e
a
-
—
g
v
o
=
E
=
3

0 T T 1 T
10:00 12:00 14:00 16:00

— ATLAS — AUCE — CM5 — LHCb

Beam 1 Beam 2

> €

HIGHER LUMINOSITY
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1 I
18:00 20:00

Beam 1

Beam 2

LOWER LUMINOSITY

Phillip URQUIJO
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Running in 2010 (when I was on shift)
LHCb Event Display

Average minimum distance between:
2 PV: 56.0 mm
3 PV:23.5 mm
4 PV: 12.9 mm
5PV: 8.3 mm
Compared to average B decay length of O(10mm)

L s LS

31.10. 2010 7:09:58
Run 81811 Event 161252639 bld 1845
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VErtex LOcator

Vertex Locator (Velo)

Silicon strip detector with

~ 5 um hit resolution

= 30 um IP resolution

R sensors
¢ Sensors

cross section at y=0

Z
VETO q
stations view ¢
most upstream
VELO station

VELO fully closed
(stable beam)

Tm

mleraction region
ag=53cm

BND School, B physics & CP Violation

84cm

6cm

VELO fully open

&0 mra
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LHCb VELO Preliminary
50 T T

Sign(Vertex x) * Vertex r (mm)

0TI L (PR IR T
-500 0 500 1000

Vertex z (mm)

LHCb VELO Preliminary
= 207

15E

Sign(Vertex x) * Vertex r (mm

I IO PR PR NI
100 120 140 160 180
Vertex z (mm)

13

universit JfbonnI

Thursday, 29 August 13



B vertex measurement

Example: B, - D, K

800 Bouble Gaussian fit L 6,=33%11s
i G,= 6713 fs (31%)
144 o G(T) ~40 fs
47 pm M- ~
,/ K+ 400-
D —
_ S \ _ 200+
- - - - n [~
«-7 dvlcm -
440Mm H _#l--l-.|||||||||| |-||_
| —900 —-200 -100 0 100 200 300
H H — rec e [fS]
Decay time resolution = 40 fs  pgesomtionvs 1lp,| e
E\s=7TeV
90E" —— 2011 Data
393 —*— Simulation
70f-
60—
£ s0-
a0
30f-
20 LHCb VELO Preliminary
= 2011 Data: 6 =13.2 + 24. 7!p Lm
10 Slmulatlon c=11.2+21. Ufp pm
I R VS
1fp [cheV]
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[LHCDb Particle Identification

LHChH E
LHCb data Preliminary -
(preliminary) 450 GeV Data 3
Photon E
Detectors (I) 9 I<I< ? -
Magnetic ' a
Shield 3 :
a =]
\ 250 ™ 2
Aerogel - /\E‘;\ =T B Spherical No PID b
S Mirror =
P J:ﬂ Beam pipe A S T B B S R S h
@:’\\\\\ — &—:Dl::ﬂ 1000 1050 1100
/;,\ \ﬂ\, \ my, [MeV/c?]
L
VELO y > Track LHCb data ~ 140 s
exit window . /,/ A o~ al ! ' ' '
cl [ ~Carbon Fiber J{UGIILETRY] L o LHChH
e Exit Window - 120 - with PID Preliminary
Plane ) X\ ; 100: ) o —??fﬂf‘; E:;t‘i\lle‘v'
M. ? L TAUSE i . -
irror = = a0k () 9 KK ! m = 1019.61 + 0.22 MeV
-E.; " Nsignas = 574.4 + 35.5
E 60
4 -
! ! w40
0 100 200 z (cm) 20:
ok
280 1000 1020 1040 1060

M.... (MeV/c?)

BND School, B physics & CP Violation Phillip URQUIJO 54

'w;w~hrbonn|

Thursday, 29 August 13



LHCD integrated luminosity

‘rl 2_5 T
1
2 2012: 4+ 4 TeV 2012
T N Delivered Luminosity 2.21 fb™ .
@ o Recorded Luminosity 2.08 fb’’
QO 2011: 3.5+ 3.5 TeV o
> e Delivered Luminosity 1.21 o™’ E
= Recorded Luminosity 1.10 fb™’ e
L 2010: 3.5+ 3.5 TeV _ e
= 1.5F---] e Delivered Luminosity 0.04 b~ -
= Recorded Luminosity 0.04 fb A
® 2011
Q | T oA L
=
e I e -
=
J lllllllllllllllllllll
o
@ 05F -
e
o .
o 2010
.E D ] ] = X
— Apr Jun Aug Oct Dec
Date

Instantaneous luminosity (2012) ~ 4 10*/cm?/s
LHCb design luminosity: 2 10°*/cm?/s
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What does [Ldt = 1/fb mean?

® Measured cross-section, in LHCb acceptance
® o(pp—bbX) = (75.3 + 5.4 + 13.0) ub, PLB 694 (2010) 209
® So, number of bb pairs produced in 1/fb (2011 sample)
® 10°x 75.3 x 106 ~ 10"

® Compare to combined data sample of ete™ “B
factories”’BaBar and Belle of ~10° BB pairs

® for any channel where the (trigger, reconstruction, offline)
efficiency not too small, LHCb has largest data sample

®p.s.: for charm, o(pp—ccX) = (6.10 += 0.93) mb
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Heavy flavour production @ LHC

‘Prompt charm production in pp “Measurement of J/Y production in
collisions at Vs = 7 TeV” pp collisions at Vs = 7 TeV
Nucl. Phys B 871 (2013) 1 Eur. Phys. J. C 71 (2011) 1645
3 ‘ < rom \Fs— e LHCb ]
(\%mﬁ— E m%f:*;:!:T—,— - 3
510 = = |
2" — ;
Lo Bl =N i
=0k © 'OE_ A 20<y<25 :.":f&EF__ 3
F F m25<y<30 ’ e 4
08 s [ e 30<y<3s5 T e+ ]
I ——FONLL E v 35<y<40 3
107 e GUEN It charm 3 F o 40<y<4s ;
S s IPT [GeIWL:] P
"Measurement of a(pp — bbX) at Vs = 7 TeV in the forward region"
Physics Letters B 694 (2010) 209
50 — - -
--- MCFM
40t
— FONLL
do 30
dn
(ub) 20
10t
LHCb
0 1
2 3 4 5 6
n
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End of Part 1




CP Violation and the BAU

® We can estimate the magnitude of the
baryon asymmetry of the Universe caused

by KM CP violation

@® Introduce parameterisation invariant
measure of CP in quark sector, J.

ng, JXP,XP,

U

M12

Y Y

FyF;J#0

(m3 —m2)(m2 — m?)(mZ — m32)
(m3 = m2)(m3 — m§)(mf — m)
Inq[vhsLédIQ;‘QZJ
c12¢23¢335125235135IN 3

A2>\677

Mass scale M can be taken to be EW scale O(100 GeV)
This gives an asymmetry O(10-17) much below observed O(10 -19)

BND School, B physics & CP Violation
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1956-57: Parity Violation

Quick verification
using modified
cyclotron

Tt — uty

ut = et +2v

Leon Lederman

parity violation in the decay of the
+ve pion leads to a polarisation of
the muon along direction of travel.
Similarly for the electron.

BND School, B physics & CP Violation

!ém — v

s [ pt ’H\ )
R

< ¥y } :
N 1.0 [ ] { .
O

2 | /
IR A
; \it4 i
§ B3 —20 — ¢ —Z @0

Amperes- Precession Field Current

POSSIBLE P IMPOSSIBLE
+ +
+ [} w t
7 Y Uy L
4—‘-—‘—«9»—>
. T _ _— mw .
L . A g . L
IMPOSSIBLE POSSIBLE
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1995: Discovery of the Top Quark

o, 140

Q Dda 0 ! 0

§ @ o AL~ A GIM+CKM+ b-decay
] e@(o\\\(\ A COF - prediction

g e’ 4028 m(t)~150GeV (1980)
o 504 c)’\,\((\ AlAl

T ood OO UAla  ASLOLEP

= PETRA  TRISTANA Z0 decays@LEP

g -0 ‘FE:RA T T T T T (1 994)

__Q 1978 1980 1982 1984 1936 19%%  I®M0 1992 1% m(t)=1 79+1 2/_9Gev

Year

3
, - Top quark discovery@CDF (1995)
- R:u'n\u.:: ted \‘1.:\\ (('vc"\"/; ‘) - m(t)=1 781811 OGeV
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Are there more than three Generationse<

* We do not know why there are 3 families (not predicted by Standard Model)
 But we know that there are 3 families with light neutrinos (m, < 45 GeV/c?)

measurement of Z-boson width at LEP

ete” — hadrons Width: ' = A/t (T: I|fet|me)
L ALEPH v
- DELPHI - .
13 . =T, + Fu+ [+ q+n-T,
30 - OPAL ™\
/4\'\ > n = 3 neutrino families
< / \ Potential 4th family in simple SM
— ) - .
2% / \ extension would have to have
O " ot bars increasod ] heavy neutrino (m, > m,/2)
by factor 10 /
10 o .
Breit-Wigner e o
' resonance curve \ 22/ V¢ kT K O, W
! e / = ‘<_
0 R 1 e e p v VoV W
86 88 90 92 99 A N T
EonlGeV]
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New Phenomena DNA

® Different models predict different sets of quantum numbers/masses/
couplings.

Analyse meson (bound g anti-q pair) & lepton decays in a variety of
signatures. e.q.

Precision tests of quark New Physics Flavour Changing Neutral
interactions l=e, “DNA Chip” Current Interactions

b ™
t/t 2/2"
w+/|.|+:
d/ s

T_pu_;e_

W+/H+ ~ Vv
/
Ll Vub' > ’

New Phenomena in rare
decay processes Test Analyses

Search for lepton flavour
violation (neutrino mass...)

b 'L:e,u,'[ N Y
oW/ Yo >
/ \

u v t ‘»_' e
\V
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b Production at Hadron Colliders

At LHC Gluon-gluon fusion is prominent production mechanism. If gluons do
not have equal momenta, b anti-b system can have significant momentum and

go forward in the CM.

Primary Vertex Secondary _ J/v
¢
proton

—>

Opposite side

—<

Vertex
Same side \ I—/V
proton signal

b-hadron

vertex charge tagger
>~ frominclusive vertexing

Decay length L typically ~ 7 mm

momentum of decay products: |
epton taggers
1-60 GeV (@, /1) from b quark

Requirements same as at all heavy flavour experiments:
Good vertex resolution to identify PV & SV
Good momentum resolution to measure proper time
Particle ID to select decay products

BND School, B physics & CP Violation Phillip URQUIJO

opposite kaon

tagger (K7)
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Unitarity of the CKM Matrix

Vig Vi
viv= vy Vi
Viy Vi

rows 1 x 1, uu
rows 2 x 2, cc
rows 3 x 3, tt
columns 1 x 1, dd
columns 2 x 2, ss
columns 3 x 3, bb
rows 1 x 2, cu
rows 1 x 3, tu
rows 2 x 3, te
columns 1 x 2, sd
columns 1 x 3, bd
columns 2 x 3, bs
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VEN (Ve Vis Vs 10 0

Vt’; Ved  Ves Vcb) =10 1 0

Vi) \Veg Vs Vi 0 0 1
Ivud " + ‘/ua o + ‘/ub 2 =
'Vcd a + Vc, 2 + Vcb B —
I‘/fd 5 + |Vis ’ + |V ¢ =
Vud . + Vrd ¢ + [Via 2 =
‘/us . + ‘/('3 . + ‘/fs . —
Vb B + |V 4 + |V 2 _ |
wdVod + VieVeo + V3V =0

VudVed + ViaVis + Vi Vip =0

r':ivld TP vr:lv!.s T Vr‘bvtb =0

‘/ml‘,u‘n 0 ‘/cd‘/(‘:! hp ‘/((l‘/l; =0
VadVaub + VedVep + VigVip =0
Vua‘/t:b + v('s v('.b 2 ) Vtavt;) = ()
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