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Ccontents

 Today

- Definitions of “flavour physics” and “the LHC era”
- Why is flavour physics interesting?
- What do we know about it as of today?

e Tomorrow

- What do we hope to learn from current and future
heavy flavour experiments?
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What is the LHC era?

LHC schedule

New rough draft 10 year plan

Probably already
out-of-date
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What is flavour physics?

Flavour (particle physics)

From Wikipedia, the free encyclopedia

In particle physics, flavour or flaver is a quantum number of elementary particles. In
= guantum chromodynamics, flavour is a global symmetry. In the electroweak theory, on the
A=l other hand, this symmetry is broken, and flavour-changing processes exist, such as quark

\X/ IKIPEDIA decay or neutring oscillations. | | |
The Free Encyclopedia Fravour in paricle physics

Flavour gquantum numbers:

« Baryon number: 8
Lepton number: L
Strangeness: &

. . . Charm: C
“The term flavor was first used in particle Bottomness: &'

physics in the context of the quark model of : Lufsnp?s-s.:;;
hadrons. It was coined in 1971 by Murray \ Weakisospin T o Ts
Gell-Mann and his student at the time, e Electic charge: @
Harald Fritzsch, at a Baskin-Robbins ice- © ehargE X
cream store in Pasadena. Just as ice cream

Combinations:

» Hypercharge: ¥

has both color and flavor so do quarks.” - veile G Sl T
s ¥=2(Q-l3)
RMP 81 (2009) 1887 e Weak hypercharge: Y

o Yyy=2(Q-T3)
o X+2¥w=58(B-L)

Flavour mixing

Tim_Gershon e CKM matrix
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What is flavour physics?
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Parameters of the Standard Model

» 3 gauge couplings
» 2 Higgs parameters
* 6 quark masses

» 3 guark mixing angles + 1 phase

* 3 (+3) lepton masses
* (3 lepton mixing angles + 1 phase)

( ) = with Dirac neutrino masses

Tim Gershon
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Parameters of the Standard Model

» 3 gauge couplings
» 2 Higgs parameters
* 6 quark masses

» 3 guark mixing angles + 1 phase
* 3 (+3) lepton masses
* (3 lepton mixing angles + 1 phasel

( ) = with Dirac neutrino masses
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Parameters of the Standard Model

» 3 gauge couplings

» 2 Higgs parameters

6 quar

e 3 quar

K masses
K mixing angles + 1 pha

e 3 (+3)

epton masses

* (3 lepton mixing angles + 1 phase‘

( ) = with Dirac neutrino masses

Tim Gershon
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Mysteries of flavour physics

 Why are there so many different fermions?

* What is responsible for their organisation into
generations / families?

 Why are there 3 generations / families each of quarks
and leptons?

e W
e W

ny are there flavour symmetries?

nat breaks the flavour symmetries?

 What causes matter—antimatter asymmetry?

Tim Gershon
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Mysteries of flavour physics

 Why are there so many different fermions?

* What is responsible for their organisation into
generations / families?

 Why are there 3 generations / families each of quarks
and leptons?

e W
e W

ny are there flavour symmetries?

nat breaks the flavour symmetries?

 What causes matter—antimatter asymmetry?

. Tim Gershon Maybe Gilad will answer these! 10
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Reducing the scope

* Flavour physics includes

- Neutrinos

- Charged leptons

- Kaon physics

- Charm & beauty physics

- (Some aspects of) top physics

* My focus will be on charm & beauty
— will touch on others when appropriate

Tim Gershon
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Heavy quark flavour physics

* Focus in these lectures will be on
- flavour-changing interactions of charm and beauty quarks

» But quarks feel the strong interaction and hence hadronise
- various different charmed and beauty hadrons
- many, many possible decays to different final states

 The hardest part of quark flavour physics is learning the
names of all the damned hadrons!

* On the other hand, hadronisation greatly increases the
observability of CP violation effects

- the strong interaction can be seen either as the “unsung

hero” or the “villain” in the story of quark flavour physics

| |. Bigi, hep-ph/0509153
Tim Gershon 9 PP 12
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Why Is heavy flavour physics
Interesting?

e CP violation and its connection to the matter—
antimatter asymmetry of the Universe

* Discovery potential far beyond the energy
frontier via searches for rare or SM forbidden

Processes

Tim Gershon 13
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What breaks the flavour symmetries?

* |n the Standard Model, the vacuum expectation value of
the Higgs field breaks the electroweak symmetry

* Fermion masses arise from the Yukawa couplings of the

quarks and charged leptons to the Higgs field (taking m =0)

 The CKM matrix arises from the relative misalignment of
the Yukawa matrices for the up- and down-type quarks

* Consequently, the only flavour-changing interactions are
the charged current weak interactions

- no flavour-changing neutral currents (GIM mechanism)
- not generically true in most extensions of the SM
- flavour-changing processes provide sensitive tests

Tim Gershon
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Lepton flavour violation

 Why do we not observe the decay y - ey?

— exact (but accidental) lepton flavou
the SM with m =0

— SM loop contributions suppressed

r conservation in

oy (m /m_)*

- but new physics models tend to Ind
contributions

e unsuppressed loop contributions

uce larger

e generic argument, also true in most common models

Tim Gershon
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The muon to electron gamma
(MEG) experiment at PSI

im
u ey | a.)
* positive muons — no muonic atoms COBRA Magnet
« continuous (DC) muon beam -
minimise accidental coincidences l—oon=
Mo ,__.I,:-':"/ #
|
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Scintllation Detector

MEG Beam Transport System
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Prospects for Lepton Flavour Violation

 MEG still taking data

 New generations of 4 — e conversion experiments
- COMET at J-PARC, followed by PRISM/PRIME
- mu2e at FNAL, followed by Project X
- Potential improvements of O(10%) — O(10°) in sensitivities!

* T LFV a priority for next generation e*e™ flavour factories
- SuperKEKB/Belle2 at KEK & SuperB in Italy
- 0O(100) improvements in luminosity — O(10) — O(100)
Improvements in sensitivity (depending on background)

[ [ * ) vl ' ]
= LIy P AN e Ol ihh © AR

— LHC experiments have 1 S NN T WL SR
some potential to ' AR | -
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What causes the difference between
matter and antimatter?

« The CKM matrix arises from the relative misalignment of
the Yukawa matrices for the up- and down-type quarks

Veanw = U, U:ir

* |tis a 3x3 complex unitary matrix
- described by 9 (real) parameters

U matrices from diagonalisation of mass matrices

- 5 can be absorbed as phase differences between the quark fields
- 3 can be expressed as (Euler) mixing angles
- the fourth makes the CKM matrix complex (i.e. gives it a phase)

e weak interaction couplings differ for quarks and antiquarks

 CP violation

Tim Gershon
Flavour/Rhysics
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The Cabibbo-Kobayashi-Maskawa
Quark Mixing Matrix

Vud Vus Vub
VCKM — Vcd Vcs Vcb
th VtS th

* A 3x3 unitary matrix

* Described by 4 real parameters — allows CP violation
- PDG (Chau-Keung) parametrisation: 6 _, 6_, 6_, 0

- Wolfenstein parametrisation: A, A, p, N
* Highly predictive
Tim Gershon 20
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Range of CKM phenomena

nuclear transitions

pion decays
kaons

hyperon decays
tau decays
neutrino interactions

WG 1K



A brief history of CP violation and Nobel Prizes

e 1964 — Discovery of CP violation in K° system

PRL 13 (1964) 138

44 < m* < Ag4 Lo
o g “||J W,

» 1973 — Kobayashi and Maskawa propose 3 generations | e
Prog.Theor.Phys. 49 (1973) 652 | )\Jr f
1980 — Nobel Prize to Cronin an(i EltCh I

" i iy dozancaiell,

MMMMMM
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FIG. 3. Anpular digtribastion in three mass Tanges
for events with cosg > 9, 204935,

. 2001 — Discovery of CP violation in B system

e 2008 — Nobel Prize to Kobayashi and Maskawa
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Sakharov conditions

* Proposed by A.Sakharov, 1967

* Necessary for evolution of matter dominated
universe, from symmetric initial state

(1) baryon number violation
(2) C & CP violation
(3) thermal inequilibrium
* No significant amounts of antimatter observed

. ANB/NY = (N(baryon) — N(antibaryon))/N ~ 10™°

Y

Tim Gershon 23
Flavour /Rhysics
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We need more CP violation!

* Widely accepted that SM CPV insufficient to explain
observed baryon asymmetry of the Universe
* To create a larger asymmetry, require
- new sources of CP violation
- that occur at high energy scales

* Where might we find it?
- lepton sector: CP violation in neutrino oscillations
- quark sector: discrepancies with KM predictions

- gauge sector, extra dimensions, other new physics:
precision measurements of flavour observables are
generically sensitive to additions to the Standard Model

Tim Gershon
Flavour /Rhysics
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The neutrino sector

» Enticing possibility that neutrinos may be Majorana
particles

 provides connection with high energy scale

» CP violation in leptons could be transferred to baryon
sector (via B-L conserving processes)

* Requires
e Determination of PMNS matrix
 All mixing angles and CP phase must be non-zero
* Experimental proof that neutrinos are Majorana

* Hope for answers to these questions within LHC era

Tim Gershon
Flavour /Rhysics
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Daya Bay measurement of 6 _#0
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EH3 ® L2
*“[thm Ling Ao NPP
ADS
AD1 AD2
EH1 '
s DI
200 m ®* D2
— Daya Bay NFP
2115
B L
Z nf
-
Z 105} ;
C R T T TR N R TN T
OO OR..L . S
| T
: iy
C EH1' EH2
095 ~——_
- —
r EH3
09—
_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 02 04 06 08 | 1.2 14 16 18 2

Weighted Baseline [km)|

Tim Gershon
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Entries / 0.25MeV

Far / Near (weighted)

800 —4— Far hall
. —}— Mear halls (weighted)
600
400
200}

I | ----- No oscillation
o .
L2r 1. — BestFit
1 '[
0.8 F
()

110}
Prompt energy (MeV)

sin®26 = 0.092 + 0.016 (stat) + 0.005 (syst)

PRL 108 (2012) 171803
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Flavour for new physics discoveries

Tim Gershon 27
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A lesson from history

* New physics shows up at precision frontier

before energy frontier
- GIM mechanism before discovery of charm

- CP violation / CKM before discovery of bottom & top
- Neutral currents before discovery of Z

* Particularly sensitive — loop processes
- Standard Model contributions suppressed / absent
- flavour changing neutral currents (rare decays)
— CP violation
- lepton flavour / number violation / lepton universality

Tim Gershon
Flavour /Rhysics
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Neutral meson oscillations

« We have flavour eigenstates M° and M°
- M° can be K° (sd), D° (cu), B ° (bd) or B ° (bs) :

* These can mix into each other ~ » = v

- via short-distance or Iong _distance processes

* Time-dependent Schrodmgm‘ K><dx

o\ M\— gy M\ ppLp| (M
ot\ M M 2 \M
- H i1s Hamiltonian; M and [ are 2x2 Hermitian matrices

e« CPT theorem:M =M &I =T
11 22 11 22

Tim Gershon particle and antiparticle have equal masses and lifetimes
Flavour Rhysics
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Solving the Schrodinger equation

» Physical states: eigenstates of effective Hamiltonian

p & g complex coefficients

— O_|_ A 710 .
— I that satisf 2 2=1
M ] pM C]M at satisfy |p|* + |q]

label as either S,L (short-, long-lived) or L,H (light, heavy) depending on values of Am &
ATl (labels 1,2 usually reserved for CP eigenstates)

- CP conserved if physical states = CP eigenstates (|g/p| =1)
* Eigenvalues
A, =mg - 1/2iFS’L =M, —%il ) x(@a/p)M -2l )
Am=m —m_ Al =T_-T,

(Am)? — (AT = 4(IM__|* + 4|7 _|°)
AmAT = 4Re(M12F12*)
2 _ k . . k . .
Tim_Gershon (q/p) B (M12 1/2|r12 )/(M12 1/2|r12) 30
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Simplistic picture of mixing parameters

 Am: value depends on rate of mixing diagram

- together with various other constants ...
2 B; W EW B,
F s <
Am,= mw’?bS( )’HB fs B|Vm[ |Vzd[
TT S ........... { .......... e—— b
— that can be made to cancel in ratios
R b obtained Amy, o _ f H | |
remaining ractors can be obtaine
from lattice QCD calculations &mS fr h IVM

« Al: value depends on widths of decays |nto common flnal
states (CP-eigenstates)
- large for K°, small for D° & BdO
a/p=1ifarg(C /M )=0 (ja/p| =1ifM_ << r _orM _>> r

— CP violation in mixing when |g/p| # 1
P—q

Tim Gershon (E = — #0
Flavour Rhysics p + q
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Simplistic picture of mixing parameters

Tim Gershon
Flavour/Rhysics

S

Am
(x =Am/T)

large
~ 500

small
(0.63 + 0.20)%

medium
0.770 + 0.008

large
26.49 + 0.29

Al
(y = AT/2I)

~ maximal
~1
small
(0.75 £ 0.12)%

small
0.008 + 0.009

medium
0.075 + 0.010

a/p
(e = (p-9)/(p+q))

small
2x10°3

small
0.06 + 0.09

small
—0.0008 + 0.0008

small
-0.0026 + 0.0016
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Simplistic picture of mixing parameters

Am
(x =Am/T)

large
~ 500

small
(0.63 + 0.20)%

medium
0.770 + 0.008

large
26.49 + 0.29

7

well-measured only
recently (see later)

Tim Gershon
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Al a/p
(y = Ar/2r) (e = (p-o)/(p+q))
~ maximal small
~1 2x10°
small small
(0.75 £ 0.12)% 0.06 + 0.09
small small <
0.008 + 0.009 —0.0008 + 0.0008
medium small |
0.075 + 0.010 -0.0026 + 0.0016

More precise
measurements needed
(SM prediction well known)

33



Like-sign dimuon asymmetry

Semileptonic decays are flavour-specific

B mesons are produced in BB pairs

Like-sign leptons arise if one of BB pair mixes before decaying
If no CP violation in mixing N(++) = N(—)

« Inclusive measurement « contributions from both B ” and B °

— relative contributions from production rates, mixing probabilities & SL decay rates
og 0.02 —— _—

PRD 84 (2011) 052007

A, = (- lalpl*)/(1+]a/pl)

- /SM

. Standard Model
-0.02 | [_| B Factory W.A.
[ D@ B —pDX

[ I DO A

| DO A%95% C.L.

-0.04

Tim Gershon
Flavour /Rhysics
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What do we know about heavy
qguark flavour physics as of today?

- Tim Gershon
! Flavour /Rhysics
IVAUIRY VRGN
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CKM Matrix : parametrizations

 Many different possible choices of 4 parameters
 PDG: 3 mixing angles and 1 phase

PRL 53 (1984) 1802

) . X . . —if
ol Sia0g SN EL
. - R, 1. N 1 N
— —S120235 — C12533513¢€ 12023 S128235 3¢ S23015

R 7 J R | I
S12823 — C120235] 3¢ — 12523 — 51203235 3¢ Ca30C13

u——
el et
ot
= L ] =
— i
-_\_._lzl
i e v
et g p—
_— e T
=™~ = A
"

« Apparent hierarchy: s, ~02,s _~0.04,s ~0.004

- Wolfenstein parametrization (expansion parameter A ~ sin 6 ~ 0.22)
PRL 51 (1983) 1945

l — 22 A AN (p —in)
| = —A 1 — 1A% AN + O (A
AN {1 —p—in) —AM 1

e Other choices, eg. based on CP violating phases

Tim_Gershon PLB 680 (2009) 328 36
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Hierarchy in quark mixing

1 — 3A° A AN (p — in)
I = —A — 1)2 AN +O (N
AN —p—in) —AMN 1

Very suggestive pattern

No known underlying reason
. B Situation for leptons (vs) is
completely different

T Tim Gefshor 37
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CKM matrix to O(\°)

Vigw =

/ o tyz Ly A '\
2, ,-

1 1
1 — ;:F - :-.‘*LI + cmi;

31.3[1—[1——?\ o +igl] > — A:F} éfm [1—""[,-:|-I- *-'?J]) 1_L1 :Hj,
L
]

/\ |mag|nary part at O()\4)

imaginary part at O(\°)

Remember — only relative phases are observable

""" Tim Gershon
Heavy Flavour Physics
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Unitarity Tests

 The CKM matrix must be unitary
VgKMVCKM — VCKMVzKM =1

* Provides numerous tests of constraints
between independent observables, such as

2

Vi H| V[ +Ve =1
VudV:b_l_Vch:b_l_thV:I; =0

Tim_Gershon
! Heavy Flavour Physics

S
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CKM Matrix — Magnitudes

semileptonic / leptonic kaon decays PDG 2010

hadronic tau decays _ _ _
superallowed 0" - 0" 3 decays i semileptonic / leptonic B decays

R .

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)x10°
(8.4+0.6)x10™> (38.7+2. 1&10 08810.07
semileptonic charm decays \
charm production in neutrino beams semileptonic B decays

semileptonic / leptonic charm decays
B, oscillations

single top production
B_oscillations

theory inputs (eg., lattice calculations) required

Tim Gershon 40
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The Unitarity Triangle

* * *
ViVt VaVaetVeVy =
imaﬁinawm) [ v | W R
1:1=E|;g:— t{!tlf ﬁ-=arg—mnb ~If:a“,g_m:l u.b
I Y e e - | Vied l"'rub_ Vid Vib Ved Yoy |
. Three complex humbers add to zero " :
. . . . Vid Vi Vid Vi
= triangle in Argand plane ° Ry, = | | IR ‘
......................... 1'Ill:d Llll;:h V{:d vl:b
Ry
Axes are p and n where
o Vi
P = YL N
» real
Lin = V1= A2\ (5 +im) (0,0) (1.0 (p )
P = =1 - A2Ni(p+ )]
Still to come in today's lecture
, 0, R, R
Tim_Gershon B t u 41
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Predictive nature of KM mechanism
~ EPJC 41 (2005) 1
In the Standard Model the zsmy '";m TV
KM phase is the sole 5 |
origin of CP violation : sin2p 4
| XX
22

Hence: 05 | ere. . Kisruy R~ /
all measurements must : N/

K'-»n'vy ]

agree on the p_osi.tion c_)f the = ° AT o V) “ el
apex of the Unitarity Triangle | v ‘ .
(lllustration shown assumes no A sz |
experimental or theoretical ; KW
uncertainties) L . !
-2—2 1‘.5 | ‘1 0‘5 (; 0‘5 1‘ H‘ ‘1.‘5 2
P
Tim_Gershon Area of (all of) the Unitarity Triangle(s) is given by the Jarlskog invariant 42
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Time-Dependent CP Violation in the

B°-B° System

« For a B meson known to be 1) B° or 2) B®at time t=0,
then at later time t:

( phys = feplt)) o rt(1_<55in<Amt>_CC05(Amt)))

[(B)—fcp(t))oce [1+(Ssin(Amt)—Ccos(Amt)),
BOHHR here assume Al negligible — will see full expressions tomorrow
i _230) L lPal . _ g4
p T~ 1+ A2 1+p2, ¢ pA

i f,,f*:f CcP
A_— . |
ﬁo s ForB™ - JWW K, S =sin(2p), C=0

Tim Gershon
Flavour Rhysics
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Categories of CP violation

» Consider decay of
neutral particle to a CP
eigenstate

9|1
A — :
|Z |#1 ation in decay (dlr
orsm %on in interference
pA mixing and decay
Tim_Gershon 44
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Asymmetric B factory principle

To measure t require B meson to be moving
- e'e” at threshold with asymmetric collisions (Oddone)
Other possibilities considered

- fixed target production? 0
_. hadron collider? / 0w
- e’e” at high energy? t=|0 tft/y

| | T
electron . | \
(8GeV) | | T
— = -

Dositron?& _—-->W DO _
(3.5GeV) N

AZ~200um

Tim Gershon
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Asymmetric B Factories

PEPII at SLAC KEKB at KEK
0.0 GeV e on3lGeVe' 8.0GeVe on35GeVe’

q‘}'\ TSUKUBA Area (Belle)

¥ | ' 2%
& e %3
& — <

HER LER |

Interaction Region

"
{
r
O@ -
| é’\;@@f
\

A,
PEP-II £
Rings .
. — e —1
P'ns:’n;‘c:ns : E ] w x "
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Integrated Luminosity [fb™]

B factories

world record luminosities

As of 2008/04/09 00:00

BaBar

500

PEP Il Delivered Luminosity: 553.48/fb
BaBar Recorded Luminosity: 531.43/fb
BaBar Recorded Y(4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/fb
BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 53.85/fb
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~ 433/fb on Y(4S)

~ 711/fb on Y(4S)

Total over 10° BB pairs recorded 47



World record luminosities (2)
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BaBar Detector

1.5 T solenoid

DIRC (PID)
144 quartz bars
11000 PMs

Instrumented Flux Return
iron / RPCs (muon / neutral hadrons)

2/6 replaced by LST in 2004
Rest of replacement in 2006

W Ak 1K

EMC
6580 CsI(T1) crystals

Drift Chamber
40 stereo layers

Silicon Vertex Tracker
5 layers, double sided strips
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Belle Detector

SC solenoid n=1.015~1.030

1.5T
CsI(T]) v
168(0 LlH*:W
TOF counte .

Si vtx. det. ,
- 3 lyr. DSSD K / K, detection
- 4 lyr. since summer 2003 14/15 lyr. RPC+Fe

Tim Gershon
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Aerogel Cherenkov cnt.
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Results for the golden mode
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Everything
IS here

Tim Gershon

Flavour /Rhysics
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Compilation of results

sin(2p) = sin(2¢,) FEAD

PRELIMINARY
BaBar : : ; 0.69 +0.03 + 0.01
PRD 79 (2009) :072009 ; :
BaBar ¥ P . 0.69+0.52+0.04+0.07
PRD 80 (%boe?‘j 112001 i —
BaBar J/y (hadronic) Ky E 1,56 +0.42 +0.21
PRD 69 (2004) 052001 ] :
Belle 0.67 +0.02 + 0.01
PRL 108 (2::112; 171802
ALEPH : 0.84 152+ 0.16
PLB 492, 259 (2000)
OPAL : 3.20 500+ 0.50,
EPJ C5. 379 (1998)
CDF - 0.79 ‘o4
PRD 61, D?ED&S (2000)
LHCb 0.53 *535 + 0.05
LHCb-CONF- 2@11 -004 , :
Belle5S i H . . 0.57 +0.58 + 0.06
PRL 108 (2012) 171801 ! !
Average | | 0.68 +0.02
HFAG : - :
-2 -1 0 1 2 3
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Compilation of results
sin(2p) =sin(2¢,) e

Y K_

YK,

W(2S) K,

Xcl KS

Tim Gershon
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PRELIMINARY
Average = - 0.679 £0.020
HFAG ,

CUBABAR T e T T T es T Y0636 £ 0,018
PRD 79 (2009) 072009 :

Belle 0.670 £ 0.029 + 0.013
PRL 108 (2012) 171802 ,
Average 0.665 + 0.024
HFAG 5 ;

“BaBar i ] 0.694+0.0614£0.031

PRD 79 (2009) 072009 " :
Belle T 0.642 + 0.047 £ 0.021
PRL 108 (2012) 171802 "™ :
Average ? 0.663 £ 0.041
HF.E'-.G':“:1 '_*_ _ :

“BaBar T T ",,'é'ﬂ'.ﬁé'?}'o'.'1'{}'@'1'5.{3'3’5"
PRD 79 (2009) 072009 " H
Belle + . 0.73B + 0.079 +0.036
PRL 108 (2012) 171802 - ;
Average * 0.807 £ 0.067
HFAG -

“BaBar T T 0614 £0.160 + 0.040
PRD 79 (2009) t72008 ™
Belle n.mtn.n?in.mn
PRL 108 (2012) 1?18.‘[12—"f—é — ,
Average : 0.632 £ 0.099
HFAG ° * ;

BaBar "'ﬂﬁé’z’ﬁ"ﬁ'@r’. 160+ 0.057
PRD 79 {EDDQ]I 072009 ; -
BaBar 0,601 + 0.239 + 0.087
PRD ?9'12009)‘072%9—*. . : AR :

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
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Measurement of a

- Similar analysis using b - uud decays (e.g. B’ - 1'1T)
probes —([3+y) = a

- but b - duu penguin transitions contribute to same final
states = “penguin pollution”

- C #0 < direct CP violation can occur
- S#+n_, sin(20)

 Two approaches (optimal approach combines both)

- try to use modes with small penguin contribution

— correct for penguin effect (isospin analysis)
PRL 65 (1990) 3381

Tim Gershon 54
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Experimental Situation

P* P Scp vs Cep E

PRELIMINARY

+ -
T T SCvaC

CP Moriond 2012
CCF’ PRELIMINARY
I T
e Ao - BaBar -
77 Belle
| LHCD :

large CP violation
large penguin effect

“7 Average |

-0.8

-0.6

-0.4

|
-0.2 0

Contours give -2A(In L) = Ax® =1, corresponding to 80.7% CL for 2 dof
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CP

Cep

04

0.2

T T T T T
.  BaBar

| Belle

2 Average

small CP violation
small penguin effect

-0.4 -0.2 0 0.2 0.4

Contours give -2A(In L) = Ax® = 1, corresponding to 60.7% CL for 2 dot

Improved measurements needed!

CP
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Measurement of a

m --+ B — nn/pp/pr (BABAR)

fitter

Moriond 09 =TT B — TCTC/pp/pTC (Be”e)
3 B — na/pp/pn (WA)

L L I I LN LN L DL LA LN LN

— +4.4 o T
a=(89.0",)° }

0.8
- CKM fit
o 06 [ . .
O B no o meas. in the fit
T 04

20 40 60
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Is there any physical significance in the fact that a = 90°?

U U—sd NI NOILV10IA 4O 103dId 40
NOILVAL3ISAO A9 1NO d3'1Nd SNOILNT10S 4SdHL



World average based on

R side from B’-B” mixing

many measurements
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|At](ps)

Am_ =(0.511 + 0.005 £ 0.006) ps*

PRD 71, 072003 (2005)

|th/Vts
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P
* + D y
R = th th & Ma _ ?”'f‘_,. jf’*_ b E, Kd |
t * o 2N 2
Vcd Vcb ‘ﬂm'er ”"E__. jf‘__. B B II/”
CDF Run Il Preliminary L=1.0fb"
P(AY) = (1tcos(AmA)e’/2T =30 — combined
8) —— hadronic
:] 20 — semileptonic

19 20

Am, [ps’]
Am_=(17.77 £0.10 £ 0.07) ps*

—
Cnlllllllllll
—
(o))
N
~J
—
o

PRL 97, 242003 (20006)

0.211+0.001+0.005
: :

experimental theoretical
uncertainty  uncertainty
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A
* “ 7 V)
_ | VuVe| o Amy _ M fn By |V
World average based on t V.V, Am m, [’ F) v, :
many measurements B.JE Dn |Mts
o = 0.4
0.4 P(At) = (1iCOS(AmAt))e-|N|/2T E LHCb preliminary
03 < {s=7TeV, 340 pb ' OST+SSKT
| 0.2
. 0.2
% 0.1
> o 0|
@ i
L(!_)l_ -0.1
T 02 -0.21- _+_
-0.3 s
-0.4 -0. - . L —
05 | 40 0.1 0.2 0.3
ST Claes t modulo (21 / Amg) [ ps ]
Am, =(0.511 £ 0.005 + 0.006) ps™ Am_= (17.725 + 0.041 + 0.026) ps"
PRD 71, 072003 (2005) LHCb-CONF-2011-050
ValVi| = 0.211+£0.001+0.005
Tim Gershon A A

R side from B’-B” mixing
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experimental theoretical
uncertainty  uncertainty
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R side from semileptonic decays

Parton level 2
_ Vud Vub W v
- b

Vcdvcb IZ{?,KN

u,c

* Approaches:

- exclusive semileptonic B decays, eg. B -~ me*v
 require knowledge of form factors
— can be calculated in lattice QCD at kinematical limit

- inclusive semileptonic B decays, eg. B - X e" Vv

e clean theory, based on Operator Product Expansion

« experimentally challenging:
* need to reject b - ¢ background
Tim Gershon,  « cuts re-introduce theoretical uncertainties 59
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|V | from exclusive semileptonic decays

Current best measurements use B° - 1t ' v

BaBar experiment
PRD 83 (2011) 052011
PRD 83 (2011) 032007

s
ﬁ§1ﬁ'
w -
o 14f —
;’ E BO — TT |V
w12
3
&~ 10 3
=
@ 8 =7 e LGSR
E T s FNAL/MILC %'
y — — HPQCD %
a1 —— BGL fitto data \
; BKfittodata  \i
_ : * data
b5 1o 15 20 25
Unfolded ¢ (GeV?)
. -3
V.| = (3.09+0.08+0.12(;3,)x 10
Tim Gershon _ _
/~Flavour Physics lattice uncertainty

N

Belle experiment
PRD 83 (2011) 071101(R)

« M.
220 E
& 480, 3
o - ]
=16 —
Y F .
& 14 -]
=] r N
1205 =
10 —
8 -
6F -
af ~FMAL i
- -LCSR
2 epaa i
1 L I B A A B R | I il el
00 5 10 15 20 25

Unfolded g° (GeV?/c?)

(3.43+£0.33)x10"°

“/ub
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|V | from inclusive semileptonic decays

- Main difficulty to measure inclusive B - X 1" v

- background fromB - X_I"v

* Approaches

- cuton E (lepton endpoint), g° (Iv invariant mass squared),
M(X ), or some combination thereof

10°

* Example: endpoint analysis

non BB background subtracted

=

Nbmber of Eledtrons / (50 MeV/c)
2
= o o

X, I v background subtracted

=

Tim Gershon

Flavour/Physics 1] EII-S 1.9M 23 E.TG xf,f-l s
I ectron Momentum (GeV/c)



|V _[inclusive - compilation

Different theoretical approaches (2 of 4 used by HFAG)

CLEO (E)

3.83 £0.45+0.32-033 —_——

BELLE sim. ann. (my, (f‘ ) E

423 £045+0.29-0.30 e

BELLE (E,)

464 £043+0.29-0.31 =

BABAR (E,) :

418 £0.24+0.29 - 0.31 ——

BABAR (E,, {*) 5

428 £0.29+0.36 - 0.37 —

BELLE (m.)

390 +0.26+024-026 .

BABAR (my) E

402 £0194+027-0.29 ———

BABAR (mx-qj) E

432 £0.28+0.29 - 0.31 "

BABAR (P")

3.65 £0.24+0.25-0.27 —

Average +/- exp + theory - theo :

N %

¥/dof = 13.9/ 5 (CL = 9.00 %) :

P R b T P i HFAG
L : [ winteros|

CLEO (E.)

358 +042+028-025
BELLE sim. ann. (m, qz)
420 £044+023-018
BELLE (E,)

456 £042+028-024
BABAR (E,)

406 £027+027-0.26
BABAR (E,, §%)

404 £027+0.28-030
BELLE my

403 £027+026-020
BABAR m,,
423£0204+021-016
BABAR 111:{-cf

426 £028+023-0.19
BABAR P’
370£024+031-024
Average +/- exp + theory - theory
425 +£015+021-0.17
1hdof=7.1/ 8 (CL = 52.00 %)
Andersen and Gardi (DGE)

JHEP 0601:097,2008
E. Gardi arXiv0806.4524

——{—

2

Tim Gershon
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_36
|Vub| [x 1077]

2

A4

ub‘

.‘ WinterQ2 \
6

[x 107]
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|V [ average

» Averages on [V | from both exclusive and inclusive
approaches
— exclusive: |V |=(3.38+0.36) x107°

ub

— inclusive: |V |=(4.27 £0.38) x 10°°

ub

- slight tension between these results
- In both cases theoretical errors are dominant
* but some “theory” errors can be improved with more data

- PDG2010 does naive average rescaling due to
Inconsistency to obtain [V _|=(3.89 £ 0.44) x 10°°

Tim Gershon
Flavour /Rhysics

S

63



=l O

0.132+0.020
0.358£0.012

Tim Gershon
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Summary for today

‘Vub/ Vo
1= F
1
0f
: [l
c- cb
0.5:
1
........................
1 05 05 T
p

e some “tensions”

Consistent with Standard Model fit

Still plenty of room for new physics

64



Back up
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Digression: Are there antimatter
dominated regions of the Universe?

* Possible signals:

- Photons produced by matter-antimatter annihilation
at domain boundaries — not seen

* Nearby anti-galaxies ruled out

E T T T IIIII| T
F(95%C.L)

- Cosmic rays from anti-stars L

nnnnnnnnn

 Best prospect: Anti-*He nuclei
e Searches

Tim_Gershon
! Heavy Flavour Physics

S
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Searches for astrophysical antimatter

Alpha Magnetic Spectrometer Experiment Payload for AntiMatter Exploration and
on board the International Space Station Light-nuclei Astrophysics Experiment
S on board the Resurs-DK1 satellite

launch planned soon

67
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Dynamic generation of BAU

Suppose equal amounts of matter (X) and antimatter (X)
X decays to
— A (baryon number N ) with probability p

- B (baryon number N_) with probability (1-p)

X decays to
- A (baryon number -N ) with probability p

- B (baryon number -N_) with probability (1-p)

Generated baryon asymmetry:
- AN_=Np+N_(1p)-Np-N(1-) = (0-P) (N, = N)
- ANTOT # O requires p # p & NA # NB

Tim_Gershon 68
! Heavy Flavour Physics
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CP violation and the BAU

 We can estimate the magnitude of the baryon asymmetry
of the Universe caused by KM CP violation

ng—ng n JXP,XP
B B~ B~ u’>"d <4 N.B. Vanishes for degenerate masses

12
ny nY M

J = cos(0,,)cos(0.,,)cos*(0,,)sin (0 ,)sin (0,,)sin(0 ;) sin ()

P, = (m/=m.)(m—m)(m;—m})

P, = (m,—m’)(m,—m?3)(m>—m;
o = (my=mg)(m,—m,)(m; —m;) PRL 55 (1985) 1039

 The Jarlskog parameter J is a parametrization invariant
measure of CP violation in the quark sector: J ~ O(10™)

e The mass scale M can be taken to be the electroweak
scale O(100 GeV)

 This gives an asymmetry O(10™")

- much much below the observed value of O(10™°)

Tim_Gershon 69
! Heavy Flavour Physics
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Constraints on NP from mixing

K° D°, Bd0 and BSO

arxiv:1002.0900

Tim Gershon
Flavour /Rhysics

TV

This means |A_ | <|A
NP S

2

\poy _ Gi M2,
| where A8~ ~ =E5- viavy)® x (7@ Quy)? nmlr(_ﬁ;)
M

A
Lo = £51~.1+Z 1;

All measurements of Am & Al consistent with SM

m;

Express NP as perturbation to the SM Lagrangian
- couplings ¢ and scale A >m_

)
f}"d"LEM fields )

For example, SM like (left-handed) operators ace"= =3y 4@, aw)*

i#j
Operator  [Bounds on A in TeV (c;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im

(5py*dp)® 0.8 % 10° 1.6 = 104 90 =107 34x107" Ampe: ex
(Spdp)(5dpr)| 1.8 x 104 3.2 x 108 6.9 %107 26 x 10-11 Amg; ex

(Fp~v*urp)® | 1.2 = 102 2.0 % 108 56 = 10-7  10x10-" |Amp; |g/pl,¢p
(Frup)(crugr)| 6.2 = 10° 1.5 = 104 57x107%  1.1x107% |Amp; |g/p|.¢D

(bpo*dr)® | 5.1 % 102 0.3 = 10° 33=x107" 1.0 % 10~° Ampy; Suke
(brpdp)(brdg)| 1.9 x 102 3.6 =100 .6 =107 1.7 =107 Amp,; Sk s

(bry#sp)? 1.1 % 102 T6 % 10-5 Amp, 70
(brs.)(brsg) 3.7 x 102 1.3 x 10-° Amp,




New Physics Flavour Problem

Limits on NP scale at least 100 TeV for generic couplings
- model-independent argument, also for rare decays

 But we need NP at the TeV scale to solve the hierarchy
problem (and to provide DM candidate, etc.)

So we need NP flavour-changing couplings to be small
« Why?
- minimal flavour violation? NP3 G5 (2002 15
 perfect alignment of flavour violation in NP and SM
— some other approximate symmetry?
— flavour structure tells us about physics at very high scales
* There are still important observables that are not yet well-tested

Tim_Gershon 71
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