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What is flavour physics?

A4 R . :
7 TS Flavour (particle physics)
A I :
& Q(/\jl From Wikipedia, the free encyclopedia
1T ¢ //7(/ ‘/"
3‘&‘ ) ?B/() In particle physics, flavour or flavor is a quantum number of elementary particles. In
\\r?v > guantum chromodynamics, flavour is a global symmetry. In the electroweak theory, on the
' *’?t/% other hand, this symmetry is broken, and flavour-changing processes exist, such as quark
\X}IKIPEDIA decay or neutrino oscillations.
The Free Encyclopedia Flavour in particle physics

Flavour guantum numbers:

e« Baryon number: 8
Lepton numhber: L
Strangeness: &
Charm: C

“The term flavor was first used in particle e —
physics in the context of the quark model of X Lﬂnﬂﬁ?‘i;;
hadrons. It was coined in 1971 by Murray T TR T
Gell-Mann and his student at the time, > BrEB T E
Harald Fritzsch, at a Baskin-Robbins ice- | ehange X
cream store in Pasadena. Just as ice cream

Combinations:

« Hypercharge: ¥

has both color and flavor so do quarks.” L eiTe e Se e T
o ¥=20(0- 3}
RMP 81 (2009) 1887 « Weak hypercharge: Y

s V=2 (0~ Ta)
o X+2¥w=5(B-1)

Flavour mixing

Tim Gershon o CKM matrix
\ Heavy Flavour Physics o PMNS matrix
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What is flavour physics?

Fermions Bosons

(“matter”) (“forces”)

Quarks 99799999
uw, ccc ttt vy
| sss bbt 7+

ANTIMATTER
Leptons /
e w T

H

Ve I/IJJ UVt
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Parameters of the Standard Model

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

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

() = with Dirac neutrino masses

Tim Gershon
! Heavy Flavour Physics
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Parameters of the Standard Model

» 3 gauge couplings

» 2 Higgs parameters

6 quar

e 3 quar
*3(+3)

K masses
K mixing angles + 1 pha
lepton 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?

Why are there flavour symmetries?
What breaks the flavour symmetries?

What causes matter—antimatter asymmetry?

Tim Gershon
! Heavy Flavour Physics

\""-—.—-F'



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? < Will not address these >

Why are there flavour symmetries?

What breaks the flavour symmetries?
<_ Will briefly mention >

What causes matter—antimatter asymmetry?

Tim Gershon < A*“big science” question 9>
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What is heavy flavour physics?

See PDG reviews for more detailed values

m, ~ 3 MeV m, < 10° MeV
m; ~ 5 MeV m, < 10° MeV
m, ~ 100 MeV m, < 10° MeV
m. ~ 1300 MeV m, ~ 0.5 MeV
m, ~ 4200 MeV m, ~ 100 MeV
m, ~ 170000 MeV m_ ~ 1800 MeV
Tim Gershon 10
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What is heavy flavour physics?

m, ~ 3 MeV

m; =~ 5 MeV Light neutrinos
m, ~ 100 MeV

m, =~ 1300 MeV m, ~ 0.5 MeV
m, ~ 4200 MeV m, ~ 100 MeV
m, ~ 170000 MeV m. ~ 1800 MeV

The neutrinos have their own phenomenology
(see talk by Siliva Pascoli)

Tim Gershon
! Heavy Flavour Physics
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What is heavy flavour physics?

Light quarks

(m < /\QCD) Light neutrinos
m, =~ 1300 MeV m, ~ 0.5 MeV
m, ~ 4200 MeV m, ~ 100 MeV
m, ~ 170000 MeV m_ ~ 1800 MeV

Studies of the u and d quarks are the realm of nuclear physics
(does not mean uninteresting!)

Rare decays of kaons provide sensitive tests of the SM

Tim Gershon
! Heavy Flavour Physics
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What is heavy flavour physics?

Light quarks

(m<A Light neutrinos

QCD)

m. ~ 1300 MeV

C

m, ~ 4200 MeV Light charged leptons
m. ~ 170000 MeV m_ ~ 1800 MeV

t T

Studies of electric and magnetic dipole moments of the
leptons test the Standard Model

Searches for lepton flavour violation are another hot topic

Tim Gershon
! Heavy Flavour Physics
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What is heavy flavour physics?

Light quarks

(m<A Light neutrinos

QCD)

m. ~ 1300 MeV

c

m, ~ 4200 MeV Light charged leptons
Not THAT heavy! m. ~ 1800 MeV

T

The top quark has its own phenomenology (since

It does not hadronise)
(see other speakers)

Tim Gershon
! Heavy Flavour Physics
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What is heavy flavour physics?

Light quarks

(m<A Light neutrinos

QCD)

m. ~ 1300 MeV

c

m, ~ 4200 MeV Light charged leptons

Not THAT heavy! tau lepton

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

These processes are well-suited for study at hadron colliders

Tim Gershon
Y\ Héavy Flavour Physics but | cannot resist a few slides about lepton flavour violation ...

N
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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 91, hep-p 16
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Why Is heavy flavour physics
Interesting?

 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
! Heavy Flavour Physics
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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
! Heavy Flavour Physics
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but | cannot resist a few slides about lepton flavour violation ...

Lepton flavour violation

 Why do we not observe the decay U - ey?

— exact (but accidental) lepton flavour conservation Iin
the SM with m =0

- SM loop contributions suppressed by (m /m_)*

- but new physics models tend to induce larger
contributions
» unsuppressed loop contributions
e generic argument, also true in most common models

Tim Gershon 19
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The muon to electron gamma
(MEG) experiment at PSI

u+ — e+y a.) "

* positive muons — no muonic atoms COBRA Nasgriet

« continuous (DC) muon beam - .‘ v i
minimise accidental coincidences | ————0
MuonBeam ' 2 e 4|
mBeAm s

Stopping Target

Liguid Xengn s
Scintillation Detector

LCollimator
S¥siem +

ME{; Beam Transport Svstem
w J oo
P E.- steering
A ien il gl \.

i | |
I Teiplet I \ — T :
= . s
- i ——
ﬁ i oy Ta

Degrader | i ; '

Svslem o |0 ‘!ﬁ e

Lockerott-
Waullom

‘-.nle Im
avceleritor

Tim_Gershon First results published NPB 834 (2010) 1 20
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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)

— LHC experiments have PR T & TS N DA A
some potential to 30 AR S o AR ..
improve T 7]
p — ” l"”"l E 107l 20702, R R, e f',s;n"c? « CLEO
8 B8, eglen’e S0 "o go te T e T {oBaBar
e ' 0 L . e Belle
} = 1) RIS F08 S, S S RS TIE SUR
Tlm GerShon d il:l I |:|=|=:| ) O O I I:.I.I.I.I.I HEREREN I| 1 I‘ IIIIIII .I.I:‘I,I II:
1_ /Heavy Flavour Physics |< g PRI st §§j: ;EE b
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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

e |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 antiguarks

 CP violation

Tim Gershon
! Heavy Flavour Physics
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The Cabibbo-Kobayashi-Maskawa
Quark Mixing Matrix

Vud Vus Vub
VCKM — Vcd Vcs Vcb
th VtS th

e 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
e Highly predictive
Tim_Gershon

23
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\

aga < m* < 494 ‘.0

1964 — Discovery of CP violation in K° system

PRL 13 (1964) 138

1973 — Kobayashi and Maskawa propose 3 generations

Prog.Theor.Phys. 49 (1973) 652 |

494< m*< 504

30

|

A brief history of CP violation and Nobel Prizes

MMMMMM

Collimator /

Helium Bag

||||||||||||||

» 2001 — Discovery of CP violation in B system

2008 — Nobel Prize to Kobayashi and Maskawa

At (ps)
Belle PRL 87 (2001) 091802

Heavy Flavour Physics
VILVINYY i

1980 — Nobel Prize to Cronin and Fitch
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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%°

Tim Gershon 25
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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
— Cosmic rays from anti-stars i
» Best prospect: Anti-*He nuclei  |: e
* Searches ongoing ... uFor s 2 arssos
w= |/ Y/, | e  fa FLA (200472005 ) e

Tim Gershon
Heavy Flavour Physics
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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

launched 15" June 2006




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(1P) = (o-P) (N, = N_)
- ANTOT # O requires p # p & NA 7 NB

Tim Gershon 28
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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
n)’ n)’ M

J = cos(0,,)cos(0.,,)cos*(0,,)sin (0 ,)sin (0,,)sin(0 ;) sin (5)

P, = (m;—mg)(m;—m,)(m;—m,)

P, = (m;—m’)(m,—m2)(m’—m;
o = (my—m()(m, —my)(m;—mj) 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(107")

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

Tim Gershon 29
! Heavy Flavour Physics
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We need more CP violation!

* 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
- guark 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 30
! Heavy Flavour Physics
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Flavour for new physics discoveries

Tim Gershon 31
! Heavy Flavour Physics
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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
! Heavy Flavour Physics
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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) i

» These can mix into each other ~ » = i i
- via short-distance or Iong _distance processes

* Time-dependent Schrodlnger eqn. > ><

M0 110 =~
ot\ M M 2 \M

- H i1s Hamiltonian; M and I 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 33
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Solving the Schrodinger equation

* Physical states: eigenstates of effective Hamiltonian

p & g complex coefficients

M ] =P M° + g I\_/lo that satisfy |p|® + |g|> = 1

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

- CP conserved if physical states = CP eigenstates (|g/p| =1)
* Eigenvalues
)\S,L =mg - 1/2iFS,L =(M_ - 1/2iF11) + (a/p)M_, — 1/2iF12)
Am=m —m_ Al =T _-T,
(Am)? — L4(AT)* = 4(M_|* + 24| _|°)
AMAl = 4Re(M T )

12 12

(@/pP = (M, =il ")/(M, — %l )

Tim Gershon 34

derivations left
as exercise for
the student!
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! Heavy Flavour Physics

Simplistic picture of mixing parameters

 Am: value depends on rate of mixing diagram

- together with various other constants ...
G B, W § EW B,
Am, —— mw-’?bS( )ma fs B, |Vrb[ |er[ ' '
6.n,- § —len t .......... b
- that can be made to cancel in ratios X
= = Am, f-.;!£| .|
remaining ractors can pe obtalne
from lattice QCD calculations .ﬂmS 7 h W |

« Al: value depends on widths of decays mto common flnal

states (CP-eigenstates)
— large for K°, small for D° & B 0
gp=1if arg(rlz/M12) =0 (lalpl=1ifM << F ,orM__>> F

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

Tim Gershon (E = — %0

p+q »
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Calculations of M and '
12 12

. For qu—qu system
- neglecting long-distance contribution from virtual intermediate states

3 2 2
G Mgy pm By ng hi B

Myz =— 53 So(mi /iy |:L';;L':!b:|i.
-f_'r"%mf-r;l“gnragqﬁgq f?g.q
[Ma = 5
o
'L.'i-'l;_.’ 2 'L.’-I"l;_.' 'L.'i-'l;_.’ e | ;Ii'z_f
3'* |:|!-;It£~:| + tg "t th¥ og b & HE.
cevr 43 m! ['1a T ms 1 mi
+ EL.‘-"{'L.C‘I-'"I-. C-.:' (m)] . — | ._-l'!" - 55 el |f:| (—'!;)
2 M2 2 gy Solmg Smg ) my
Expect
* negligible CP violation in mixing
_ e Al << Am
Tim Gershon 36
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Constraints on NP from mixing

e All measurements of Am & Al' consistent with SM
_ K° D°, BdO and BS0

. Ap_y GEm? 9 . M,
.:‘;.F:j - [ A Vi Foha A7 i o 2 7 k'
» Thismeans |A | <[A_ | where ASi=~ =& (Vivy) x (M@ Quy)*1M) x F (,—ji—)
 Express NP as perturbation to the SM Lagrangian
(e
- L] ] lr'f.‘: - Idl i ] [
- couplings ¢ and scale A>m_ Lot = Lo+ ) sr=p Oi (SM fields)
I 4
- iy i l:'j:li — i .
* For example, SM like (left-handed) operators ac*==%" 4@, Qw,)
i#i
arXiv:1002.0900 Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
(5L “r.",[]: 0.8 x 102 1.6 = 10* 0.0 % 10~ 3.4 % 107" Ampe: ex
(Frdp)(ardr)| 1.8 = 104 3.2 x 10° 6.9x 107 2.6 x 10~ Ampe: ex
(Er*ur) 1.2 % 10° 2.9 x 10° 56 = 10-7  10x10-" |Amp; |g/pl,¢p
(Frup)(frur)] 6.2 = 10° 1.5 x 104 5.7 % 107% 1.1 % 10~ Amps |a/pl.dp
(bpo*dr)® | 5.1 % 102 0.3 % 10? 33%x107%  1.0x107" Ampy; Suke
Tim 'Gershon |:E_:R_¢!£j|:f:£r.’Rj 1.9 % 10° 3.6 x10° 56 x10-7 1.7 \ 10-7 Amp,; Sk s 37
\ /\ Heavy Flavour Physics (bry*sL)? L1 x 107 7.6x 107" Amag,
s (bgsy)(brsg) 3.7 % 102 1.3 % 105 Ampg,




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? MBS B4 (A002) 155
 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 38
! Heavy Flavour Physics
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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 do and BSO

- relative contributions from production rates, mixing probabilities & SL decay rates

Ul“m
arxXiv:1005.2757 & arXiv:1007.0395 0.01
0
-0.01F
EDo X,
'0‘02:_ » Standard Model
-0.03 :_;E;al:torly; W.;.
I C s— s U
Tim Gershon TS PURTT SR o

1_ _ I-_|eayy_ F|aV_OU_I‘ PbySi_CS_ . -0.04-0.03-0.02-0.01 0 0.01
- agl

39



What do we know about heavy
quark flavour physics as of today?

Tim Gershon
! Heavy Flavour Physics
FVAUINDY Y RGN

40



CKM Matrix : parametrizations

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

PRL 53 (1984) 1802

W W 5 w = _._:i':q
CraClg S12Cg S1at
. - R, 1. N 1. -
— —S120z2; — C1aS823513¢ 12023 S12823513¢ S23013

R 7. K | E,
S|a833 — C20935] 3¢ — 12823 — S|2092355€ Ca3C 3

]
e — .
-
] L ] =
—
-_\.|—I=|
= e ¥
g
— e Ty
E
> & o

« Apparent hierarchy: s,~02s ~0.045s ~0.004

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

l — 22 A AN (p —in)
| = —A 1—4)2 AN + O (A
AN {1 —p—in) —AN 1

e Other choices, eg. based on CP violating phases

Tim Gershon PLB 680 (2009) 328 41
1_ _I—_|ea}/¥ Flav_ou_r Pt\ysi_cs_ N
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Vi

Hierarchy in quark mixing

— 2\ A AN (p—in)
—A 1 — 1A AN +O (N
AN —p—in) —AMN 1

Very suggestive pattern

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

Gershon 42
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CKM matrix to O(A\°)

: AN in))
1 | I
1 — =A% — 14.1+4A2 AN
vz, 1, . l 2,4
m +2.~H L - .p+ in)] /1 — =A% )l

imaginary part at O(\°)

Remember — only relative phases are observable

Tim Gershon 43
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CKM matrix to O(A%)

1 2 ]- d 1 i -~ 42 2 2 ]- = 2, 2 27
1,! — _ _ I ; = o Eo__ a9, .
d L= A% = oA = A% (L4847 (0" 4 ) = (5 —824%(p" +4°)
Ve = A— é_f,ﬁ[pz I
Ve = AXN(p—in),
Vaa = —A+4 %.42}'&5 (1 —2(p+1m)) + é_ilz,}a?[p+élj:] :
1 2 ]- d 2 ]- G 2 2, . 1 = - 2 4"
1"":-3 e —_ — _ — A 4 L — — 4. 3. 1 - — E_ y = 3 .
L= 5A% = oA (1 44%) — 22 (1 —4A% 4 164%(p +in)) S (5— 84" +164")
. 1
Vi = _AAE—E_AEAS {p2+;;2:}| .
I 1. .- G
Vie = AN(1—p—in)+ SAN (p+in) + 2 AN +4A%) (p + in) |
. 1 , ol e 1L e
Vie = __4,:a2+§_4,:a4 (1= 2(p + in)) + AN + 7o AN (1+8A%p+1in)) .
- 1 2,4 ]- 24,6 2 2 1 44 8
Vi = 1-5A2" — A% (,u:?+r})—g_il}i .

derivations left
as exercise for

Tim Gershon the student!
! 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 V[ +Ve =1
VudV:b_l_Vch:b_l_thV:l; =0

Tim Gershon
! Heavy Flavour Physics
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CKM Matrix — Magnitudes

semileptonic / leptonic kaon decays PDG 2010

hadronic tau decays _ . .
superallowed 0" - 0* B 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)x10°° 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

Tim Gershon 46
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The Unitarity Triangle

* * *
Vud Vub+ Vcd Vcb+ th Vib T
imaginary ( :
| ( n) Vi Vi Ved Yeb Vud Vub
o= arg |- | B =arg |- -
......................... | Il"rud Uuh- V‘ld lll'rnlh th |r'r¢b
Three complex numbers add to zero oA
= triangle in Argan Ry f-' vﬂf |
.................... cd Yeb
Axes are p and n where
_ o ViV
R Y
> feg| (ﬁ)
tin = V1 — AZN(7 4 im) (0,0) (1,0)
poetn = V1= A2 [1 — A2)\4P + i7)]
Still to come In today's lecture
, o, R, R
Tim Gershon B vt 47
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Predictive nature of KM mechanism

In the Standard Model the

KM phase is the sole 15
origin of CP violation

Hence:

05

all measurements must

agree on the position of the = °|
apex of the Unitarity Triangle

-0.5
(lllustration shown assumes no als
experimental or theoretical *
. . -1.5
uncertainties)

Tim Gershon
! Heavy Flavour Physics
FVAUINDY Y RGN

B . ‘ .
K’ —>n'vv v R
B |Vub/Vcb| ‘ 2

sin 2q,

K'—>7n*vv

€ i
L1 \ Ll 1 IR R SRR
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

P

Area of (all of) the Unitarity Triangle(s) is given by the Jarlskog invariant

siny

sin 2P

L 0 .0
- ele, Ki=smvy

K
\‘//v

R

Amd

Tontvy ]

EPJC 41 (2005) 1

A—-Ifi"l h‘r

v
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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 “(1_<SSin<Amt)_CCOS(Amt>>)

I' (B, —fep(t)) oce [1+(Ssin(Amt)—Ccos(Amt))|
BO_HH here assume Al negligible — will see full expressions tomorrow
N T 2 _
23(A 1—-|A
4q A RHH”HH_% S = \S( ZCP) C = ZCP ACP — q A
p 1+ ‘2\ CP‘ 1+(A%, pA
)
~ H,,,;;-f CP
A O |
v ForB” = J/Y K, S =sin(2p), C=0
50— S
B~
NPB 193 (1981) 85
Tim_Gershon
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Categories of CP violation

. BO
» Consider decay of
neutral particle to a CP 4
eigenstate gA fo
ACP:_Z A
P R
BO
=]#1 EP Violation in mixing
A — -
|Z|¢ 1 @B Violation in decay (direct CPVj)
~ QE 20 ‘< in interferenc
pA 2n mixing and deca

""" Tim Gershon
\ Heavy Flavour Physics

______
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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
! Heavy Flavour Physics
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Asymmetric B Factories

PEPIlI at SLAC KEKB at KEK
9.0GeVeon3lGeVe 8.0GeVe on35GeVe’

q‘}'\ TSUKUBA Area (Belle)

¥ | ' 2%
& e %3
& — <

HER LER |

Interaction Region

"
{
r
O@ -
| é’\;@@f
\

A,
PEP-II £
Rings ™
N == - e —1
P'nst:gns . E ]& ﬁ "
- | i
"z Low Energy Ring Sl NIKKO Area S OHO A
— [T —
BABAR Detector = ] o = o
r T - (TRISTAN Accumulation Ring ) -
2 “ Electrons
Hich E Ri % Electron ositro%‘\ﬁ’;'
igh Energy Ring | / \ |
st .
| | &)
| RF EuJl Area o
Tim Gershon 52
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Integrated Luminosity [fb™]

! Heavy Flavour Physics

B factories — world record luminosities

As of 2008/04/09 00:00
L _ Offline+Online Lumineosity (pb'f) (/day) 2608/12/23 1401
- B@Bar Bl  on resorance, I effresenance, [ energy scan
[ Un - .-g‘ Iwo : T T T T T T T T T T T T T T T T T T T T
500(—  PEP Il Delivered LUminosity: 553,48/l vvweveeeesisssisininississsinssce s 3 b N
- BaBar Recorded Luminosity: 531.43/fb . “‘% 1260
L BaBar Recorded Y(4s): 432.89/fb . < 1000 F
L BaBar Recorded Y(3s): 30.23/fb _ ‘§‘ L
| BaBar Recorded Y(2s): 14.45/fb | E 800
400! — Off Peak Luminosity: 53.85/b = | P i
= c
— Delivered Luminosi ity — é 00 ¢ |
Recorded Luminosity % L
- Recorded Luminosity Y{4s) N = L
— Recorded Luminosity Y{3s) ] % F
Recorded Luminosity Y{2s) L
300|— RocordedLuminosy Yz oL _ 0
| | x 102 — alldata, ——  on reserance, —  gff resenance, energy scan
- . 9000
= — < a0 ©
iz e
[Ty g mm—" ] § 6000 | -
£ so00 ¢
i | 3 000 J=.
L i s ,_,f/
o E //—/
100 | — 5 om0 : e
— — 1000 L e
- | ] E . I L i T T 1 I | I L L L | L
| l 4/16/1999 11/2/2001 572172004 12/8/2006 &26/2009
L T T AR Bell log total - 895011 pb” o
0 rerwiafs vord 55 Ewd Rand - Exot7 Ranld25 BELLE LEVEL lutast: dav is et 24 hoars
O N Q$ & > H o A D>
N ) Q' N O N N O N)
R S S R

~ 433/fb on Y(4S) ~ 711 /b on Y(4S)

Tim Gershon 53
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World record luminosities (2)

~10%, ; ; | |
T - Peak Luminosity trends in last 40 years KEKB
p | | _ e
E 10 e
< ¢ PP
.g 10 33 e S A R (B T, /j;;- """""""""""" ﬂ}‘@&%:“%% """""""
E 4 TEVATR@N'
Z 10 ISR, ¢** .%L%Pﬁ /- BEP LZ
e i PEP® I s |
= | A9 TRISTANSS™ ¢ ’
A 1031 JORIS ~ th.g.\I. ----- it S
o _ o — ¢ ¢
ol ® H BEPC
R Wi SppS |
. DCI | sees | | _
1029 e e - .. ..... .................. T A— _—
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Year
Tim Gershon
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BaBar Detector

EMC
6580 CsI(T1) crystals

1.5 T solenoid

DIRC (PID)
144 quartz bars
11000 PMs

Drift Chamber
40 stereo layers

Silicon Vertex Tracker

Instrumented Flux Return 5 layers, double sided strips

iron / RPCs (muon / neutral hadrons)

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

V\ e R
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Belle Detector

SC solenoid

1.5T .
‘ =
-

Aerogel Cherenkov cnt.
> n=1.015~1.030

| GeV e"
oAl
L g
TOF counte «“—"‘—‘tg
&/'E L PA

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

Tim Gershon
! Heavy Flavour Physics
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Results for the golden mode

BY J/¢KO
BABAR BELLE

.
=)
=3

|

v © v B
T T
e f
HH '_."“
P, )
|
Lo}
|

(]
S
<]

|

c o

Raw Asymmetry Events/ (0.4 ps) Raw Asymmetry Events/ (0.4 ps)

jg'jf 75 5 25 0 25 5 75
h E 0 5 At (ps-) —éfAt(ps)
PRD 79 (2009) 072009 PRL 98 (2007) 031802

Tim Gershon
! Heavy Flavour Physics
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Compilation of results
sin(2B) = sin(29,) HEAS

FRELIMINARY

BaBar : : | 0.69 + 0.03 + 0.01
PRD 79 (2@@9) 072009 : T

BaBar y P | !  069+052+0.04+0.07
PRD 80 (‘émgj 1112001 P |

BaBar Jiy {hadmmcj Kg i : L, 1.56+0.42+0.21
PRD 69 (2004);052001 : | ;

Belle Jiw K° : A 0.64 + 0.03 + 0.02
PRL 98 (2007) 031802 ; 1

Belle w(2S) K : ey 0.72 +0.09 + 0.03
PRD 77 (2005)%91 103(R) ™

ALEPH : , I, , 0847957+ 0.16
PLB 492, 259 (2000) — el '

OPAL § . 3.20 350 + 0.50, |
EPJ C5, 379 (1998) : | "

CDF : S R 0.79 ‘gl
PRD 61, 072005 (2000) L A

Average : : { 0.67 + 0.02
HFAG : : I

-2 -1 0 1 2 3

Tim Gershon
Heavy Flavour Physics
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Measurement of a

» Similar analysis using b - uud decays (e.g. B " - 11'1)
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(2a)

 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 59
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Experimental Situation

+ -
T T SCPVS CCP

ICHEP 2008
CCP PRELIMINARY
T T T T T
0 [ BaBar
| Belle :
© Average
02+ .
0.4 - -
0.6 | 4
large CP violation
large penguin effect
-0.8 .
1 1 1 1

-0.8

-0.6 -0.4 -0.2

Contours give -2A(ln L) = 5;{2 =1, corresponding to 60.7% CL for 2 dof

Additional input from Tevatron or LHC
would be very welcome

Tim Gershon

Heavy Flavour Physics
VIVINYY !

CP

p+ P SCP Vs CCP

LP 2007
CGP PRELIMINARY
T T I T T
§ . BaBar
04 - | | Belle
| ©Z  Average
0.2 - |
R N S -
o"’q‘;.: 't
&
-0.2 - ; 2
o4l small CP violation |
' small penguin effect
| 1 i 1

|
0.4

-0.4 -0.2 0 0.2

Contours give -2A(In L) = -_".xa =1, corresponding to 60.7% CL for 2 dof

CP
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M

easurement of a

pﬂﬂ. --- B = nn/pp/pn (BABAR)

fitter

Moriond 09 === B—)?UE/pp/pTC (Be”e)
3 B — nn/pp/pn (WA)
[ AL AL B IR BIL (-0 IR N BRI NS
i _ +4.4 o
0.8 [ a = (89'0 —4.2)
06l CKM fit
E') ' - no o meas. in the fit
T 0.4:—

Tim Gershon
! Heavy Flavour Physics
FVAUINDY Y RGN

20

| 1 1 I L g

40 60 80 100 120 140

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

U U—sgd NI NOILVTOIA 4O 103dId 40
NOILVALISd0O A9 LNO d3a'1Nd SNOILNTOS 4SdHL
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R side from B°-B” mixing

A )
* 3 2 L
— th th & Mf-d _ mn "I..- fj !)) B, |L;d
World average based on t V.V, Am_ m. f. }} ‘Vp :
many measurements et e Bp T
0.5 30CDF Run Il Preliminary L=1.0f"
0. | PAY) = (1tcos(AmAt))e'™ /2T = K — combined
8) —— hadronic
0.3 E 20 —— semileptonic
. 0.2 E
L"I?: 0.1 10~
6 B
5 0
2 0.1 o
o -
0.2 i
03 -101-
-0.4 - —
B | | | | 11 | 11 1 1 | 11 | | | | 11 |
0.5 ST — 15 16 17 18 19 20
1At](pS) Am, [ps’]
Am_ = (0.511 + 0.005 + 0.006) ps* Am_= (17.77 £0.10 £ 0.07) ps*
PRD 71, 072003 (2005) PRL 97, 242003 (20006)
ValVis| = 0.211£0.001+0.005
Tim Gershon 4 A
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experimental theoretical
uncertainty  uncertainty
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R side from semileptonic decays

Parton level 2
R = Vudvub W~ Vv
wo b

Vcdvcb IZL,},I/:\

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

 clean theory, based on Operator Product Expansion

« experimentally challenging:
* need to reject b - ¢ background
Tim Gershon.  « cyts re-introduce theoretical uncertainties 63
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|V | from exclusive semileptonic decays

AB(¢f) 1 2 GeV?

Tim Gershon
! Heavy Flavour Physics

Current best measurements use B° - 11|

=+

Different lattice calculations

~ AB(¢P) / 2 GeV?

«10°
20F
18F T -
161 -
et i
14F e b
:“ '----'_-_-' e
126 :
10F i
3:_ —memm |SGW2 ¢ -
e LCSR
6 ----- FNAL . T I
af —— HPQCD
- BK Fit to DATA
2C o DATA
OEI_IIII|IIII‘1||:}IIII|IIII2|[]IIII2|5

Unfolded ¢ (GeV?)

BF(B® - ') = (1.46 + 0.07 + 0.08) x 10

BaBar: PRL 98 (2007) 091801

= =t
]
LI T

V

]
o
|||

-t -t -t
& o o
T T[T T

8
6 \
af
|
0

0

BF(B® - m1*v) = (1.49 + 0.04 + 0.07) x 10"

5 10 15
Unfolded g2 (GeV?)

25

Belle: ICHEP2010 preliminary
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|V | from inclusive semileptonic decays

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

- background from B - 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

o]

5000
L]

Nhmber of Elerlrmnr; /(50 MeV/c)

X, I v background subtracted

Tim Gershon 0k

) Heavy Flavour Physics I 519 22T ,j'l -
FYIUVINTY i Electron 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, (12 ) i

423 £045+0.29-0.30 ——————

BELLE (E,)

464 £043+0.29-0.31 =

BABAR (E,) :

418 £0.24+0.29-0.31 ————

BABAR (E,, {) |

428 £0.29+0.36 - 0.37 s

BELLE (mn.)

390 +026+024-026 .

BABAR (my) i

402 £0194027-0.29 ———

BABAR (mx-qj) i

432 £0.28+0.29 - 0.31 T

BABAR (P")

3.65 £0.24+0.25-0.27 |

Average +/- exp + theory - theo :

e e ]

¥/dof = 13.9/ 5 (CL=9.00 %) i

Pos RO P i HFAG
A BT ! L Winterog |

CLEO (.

358 £0424+028-0.25
BELLE sim. ann. (1, q2)
420 £0444+023-0.18
BELLE (E,)

456 £0424+028-024
BABAR (E)

406 £027+027-026
BABAR (E,. §™)

404 £0274+0.28-030
BELLE my

403 £0274+026-0.20
BABAR my,

423 £0204+021-0.16
BABAR 1112(-({“

426 £0284+023-019
BABAR P"

370 £0244+031-024
Average +/- exp + theory - theory
425 £015+021-0.17
1dof=7.1/ 8 (CL = 52.00 %)
Andersen and Gardi (DGE)

JHEP 0601:097,2004
E. Gardi ar¥iv0806.4524

——{———

2

Tim Gershon
Heavy Flavour Physics

\"'--_—-f' R

_36
\Vub\ [x 1077]

2

4

.‘ Winter09 \
6

V.| [x 107
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|V | average

» Averages on [V | from both exclusive and inclusive
approaches
— exclusive: |V |=(3.38+0.36) x10°°

ub

— inclusive: |V |=(4.27 +£0.38) x 10°°

ub

- slight tension between these results

- In both cases theoretical errors are dominant
e 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
! Heavy Flavour Physics

\"'--_—-f'

67



Summary for today

o [Am, V!V
= 0T k=3 i 1= i UTie
1_ 1_— 1_—
K E 0.52 0.5 0.55—
: o o I
0.55— X -0.52 0.55— -0.55—
1_ 1: -1;UTfif‘ “
--|10|500|5‘|| I-I1I 0|.5” 00|51I ..-1”H-0|.5””0 IOIS‘ ;_ -”-I'I“IIOI.SHHOHHOISHH1IH
P P P P
Adding a few other constraints we find

0.132+0.020
0.358+0.012

S| O
I

Tim Gershon
Heavy Flavour Physics

N

><

/

of
sin(2p y/
-0.5— AN /ﬁ
//
A1
1 1 l 1 1 1 1 I 1 1 /l ' 1 1
-1 0 0.5 1

Consistent with Standard Model fit
e some “tensions”

Still plenty of room for new physics

68



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68

