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Quark Flavour Physics
* Theory

— Introduction of “strangeness” quantum number
Gelmann, Nishijima, and others (1955)

— Flavour mixing
Cabibbo (1963)

— GIM mechanism
Glashow, Iliopoulos, and Maiani (1970)

e Experiment
— Discovery of strange particles, their decay properties
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Quark Flavour Physics
* Theory

— Introduction of “strangeness” quantum number
Gelmann, Nishijima, and others (1955)

— Flavour mixing
Cabibbo (1963)

— GIM mechanism
Glashow, Iliopoulos, and Maiani (1970)

— Three family flavours and CP violation
Kobayashi and Maskawa (1973)
—77?

e Experiment
— Discovery of strange particles, their decay properties
= discovery of ¢, b and t and studies of their decays
— Discovery of CP violation in the kaon system (1964)
= further investigations in the K, D and B systems
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Quark Flavour Physics

* Also some less spectacular surprises
— long b-quark lifetime — [V [<IV
by MAC and Mark-II experiments (1983)

— large B-B oscillations — first indication of large m,
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Quark Flavour Physics

* Also some less spectacular surprises
— long b-quark lifetime — [V I<IV |
by MAC and Mark-II experiments (1983)

— large B-B oscillations — first indication of large m,
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e Unfortunately, no surprise from CPV 1n B so far...
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Recent Progress

 Many precise experimental tests on the decays of
u, ¢, s, and b hadrons and K-K and B-B oscillations

Tree level decays Penguin level decays Box level decays
b,s W
u A q’ l >
t A
c s\ w? al
S
b
V. 4l IV I, IV 4 VI, IVi4l, IV VI, V4l IV
WV LIV LIV, \ J

|
dominant contributions

Plus some other diagrams but less relevant for “flavour” physics
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Recent Progress

 Many precise experimental tests on the decays of
u, ¢, s, and b hadrons and K-K and B-B oscillations

e CP violation in K and B systems
________________ ~»  CPviolation in the
oscillations
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Recent Progress

 Many precise experimental tests on the decays of
u, ¢, s, and b hadrons and K-K and B-B oscillations

e CP violation in K and B systems
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Recent Progress

 Many precise experimental tests on the decays of
u, ¢, s, and b hadrons and K-K and B-B oscillations

e CP violation in K and B systems

________________ ~»  CPviolation in the
oscillations

arg th(s) (arg Vcs)
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interplay between
s - the oscillations and

decays.

%
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< R~ — > the decays.

CP violation in
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arg V., arg V4, arg V,
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Recent Progress

 Many precise experimental tests on the decays of
u, ¢, s, and b hadrons and K-K and B-B oscillations

e CP violation in K
For the kaon system
1) Oscillations: Ren,_, Ren,, (Reg) #0
11) Interplay decay-oscillations: Imn,_, Im#,, # 0
111) Decay amplitudes: |7, _| = In,| #0
have been well experimentally established

measured with ~5%o accuracy for 1) and 1)
~16% for 1)
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Recent Progress

 Many precise experimental tests on the decays of
u, ¢, s, and b hadrons and K-K and B-B oscillations

e CP violation in K
For the kaon system
1) Oscillations: Ren,_, Ren,, (Reg) #0
11) Interplay decay-oscillations: Imn, _, Im#,, # 0
111) Decay amplitudes: In,_| = In,| #0
have been well experimentally established
measured with ~5%o accuracy for i) and ii)
~16% for 1)
Results not fully exploited < hadronic uncertainties
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Recent Progress

 Many precise experimental tests on the decays of
u, ¢, s, and b hadrons and K-K and B-B oscillations

 CP violationin K
For the kaon system
1) Oscillations: Ren,_, Ren,, (Reg) #0
11) Interplay decay-oscillations: Imn, _, Im#,, # 0
111) Decay amplitudes: In,_| = In,| #0
have been well experimentally established
measured with ~5%o accuracy for i) and ii)
~16% for 1)
Future: K—mvv at CERN(K*) and JPARC(K,)
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CERN NAO62:

ANTI 1-12 M
’s‘ W u
[ TTT]
Korsgev L]
| vacuom
b L ]
GIGATRACKER #
ANTIO : ." :
P
Straw Chambers
s w1 20
JPARC E14: few K'—navv
CCol1 FB CC02 MB BCV CV CslI CC03 CC04 CCO5 CCo6 BHCV BHPV

3.5 m

12.5 m
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Recent Progress

e B-factories
— PEP-II closed down
— KEKB completed the Y(4S) run
BBABR 433 fb! Y(4S)=~500 M BB
Belle: 720 fb™1 Y(4S) = ~800 M BB

2010 Phynomenology Pymposium, Madison, 10-12.05.2010 T. Nakada
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Recent Progress

e Tevatron
CDF and DO taking data
~7 fb~!/experiment collected
~10 fb~!/experiment by the end of data taking

2010 Phynomenology Pymposium, Madison, 10-12.05.2010 T. Nakada
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Recent Progress

 Many precise experimental tests on the decays of
u, ¢, s, and b hadrons and K-K and B-B oscillations

e CP violation in K and B systems

* In the Standard Model, the nine V, are described
by four independent parameters: e.g. (A, A, P, M)
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Recent Progress

 Many precise experimental tests on the decays of
u, ¢, s, and b hadrons and K-K and B-B oscillations

e CP violation in K and B systems

* In the Standard Model, the nine V, are described
by four independent parameters: e.g

7

.(NA, P, M)
e
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A closer look...
 If there were Physics beyond the Standard model,

Tree level decays Penguin level decays Box level decays
b
e Swo
u = d g t q l Q9
c s, d ds . w Tl al
S u
b Cc,u
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A closer look...
 If there were Physics beyond the Standard model,

Tree level decays Penguin level decays Box level decays
b,s W
e W T s W d T .0
t A
s LYY e
b
unchanged + new particles

Phases il

-of the amplitude modified
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For example...

* (p, M) determination with loop diagrams
B-B oscillation frequency
and CPV(B—JpKg, €¢)
VErsus

(p, ) determination with tree diagrams
CPV(B—DK) and I'(b—ulv)

2010 Phynomenology Pymposium, Madison, 10-12.05.2010 T. Nakada 21
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For example...

* (p, M) determination with loop diagrams
B-B oscillation frequency
and CPV(B—JpKg, €¢)
VErsus

(p, ) determination with tree diagrams
CPV(B—DK) and I'(b—ulv)

Better low energy QCD theory for Bgfs?, By, ...

and

More statistics for CPV(B—DK) y determination
= LHCDb experiments
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Any hint of new physics?
e CPV in B—JpK¢ (tree) vs —=¢K, (penguin)
in 2006
sin(2") = sn(2¢eff)£§2§,6

PRELIMINARY
0.68 = 0 03

b—ccs World Average

QX BaBar 5'012 031+010

< Belle : 0.50=0.21 = 0.06

%  BaBar . 0.58x0.10+0.03

= Belle : 0.64=0.10=0.04

¥’ BaBar . 0.66+0.26 +0.08

im Belle : 0.30=0.320.08

& BaBar ! 0.33+0.26 + 0.04
o

Belle

B ‘ 0.33 £ 0.35 £ 0.08
p°Ks  BaBar

. 0.20+052+024

& BaBar : _ . 062 02 +0.02

3 Belle e © 0.11+0.46 = 0.07

e BaBar : I 0.62 £ 0.23

«° Belle : 0.18+0.23+0.11

©®n’Ks BeBar 0842071008

% BaBar Q2B 0.41:+ 0.18 + 0.07 + 0.11

; Belle o.és +0.15 = 0.03 14}

b—qqs Naive average 0.58 +0.05
-2 -1 0 1 2
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Any hint of new physics?
e CPV in B—JpK¢ (tree) vs —=¢K, (penguin)

in 2006

PRELIMINARY

sin(26°") = si n(zqfff) @

b—ccs World Average

L BaBar ; 012:0.31+0.10

< Belle : 0.50=0.21 = 0.06

¢  BaBar . 0.58x0.10+0.03

= Belle : 0.64=0.10=0.04

¥: BaBar ; 0.66+0.26 +0.08

im Belle : 0.30=0.320.08

®. BaBar ; 0.33+0.26 +0.04

e Belle : : 0.33+0.35 + 0.08

o’Ks  BaBar : | 0.20+052+0.24

& BaBar 0.62 195 = 0.02

3 Belle —_— : 0.11+0.46 +0.07

e BaBar : : 0.62 = 0.23

> Belle i 0.18+0.23 +0.11

©®n’Ks BeBar 0842071008

X BaBar Q2B 0.41:+ 0.18 + 0.07  0.11

3; Belle o.?p‘e +0.15 £ 0.03 4}

b—qgs Naive avéarage ' 0.58 + 0.05
-2 -1 0 2

In 2009

BABAR: full statistics
Belle: ~70% statistics

sin(2B°™) = sin(2¢;") FES

PRELIMINARY

b—-ccs  World Average 5 ‘I 0.67 + 0.02

- «:>< * BaBar """""" -—«-—« | ‘0A2'6A 0.26 + 0.03

< Belle : § _ o678

%  BaBar : § : 0.57£0.08 £0.02

=  Belle | § ' 0.64+0.10 +0.04

X  BaBar ! 0:90 28 o

X Belle | i———fl 03020322008

2 < BaBar | § } 0.55+0.20 +0.03

% Belle  0.67 +0.31+0.08

 BaBar : g 0.61922 + 0.09 = 0.08

°2 Belle ; 64*852:009 0.10

»  BaBar | L 0.55%035 +0.02

8 Belle —————— : 0.1+ 0.46 + 0.07

o BaBar : 0.64 313

«* Belle i : 0.60 315

o¥m BeBar———— 1-0.72 = 0.71 = 0.08

o Belle !r——m+—in *-0.43 + 0.49 + 0.09

q> ggﬁ Ks BaBar 097492

X BaBar ——: 0.86 = 0.08 = 0.03
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b—qqs Naive average - 0.64 + 0.04
-2 -1 0 1 2
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Any hint of new physics?
e CPV in B—JpK¢ (tree) vs —=¢K, (penguin)

In 2009 BABAR: full statistics

Statistically, no difference... Belle: ~/0% stanstics
K. = 0.44+0.17 sin(2f’ )_ 3 n(2¢1 )%
(I) S - * _018 b—>ccs World Average 7 7 f 0.67 + 0.02
N’ K =0.59+0.07 Y o P T e
L BaBar : : * 0.57 = 0.08 = 0.02
Average: 0.57+0.07 7o B | Kb
JpKg =0.67=0.02 3-8 B e
. . % Belle : '067 0.31 + 0.08
This 1s only 1.370 eftect... 2 sebar 6148009 008
Even with B factories full statistics ||¢ &= — 30
we need 0.3 difference for 50 of L e
= BeBar ;-0.72:0.71:0.08
discovery Be, Bada -
X BaBar ——: 0.86 = 0.08 = 003
b:}qus l?lzlll\?e a\;erage E .6 0150 64030 04

b—s penguin phas€ = stahdard °model phasé
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Any hint of new physics?
* An alternative channel for LHCb
B,=¢¢
(LHCDb 1s not too good at B, —¢Kj)

DN vield (2 fb1): 4600 events, B/S <2.4
With 10 fb™! data: 6(Sp__,,) = 0.06
cf.

O(Spyoks) = 0.17

O(Sp -y’ ks) = 0.06
with B factory full statistics
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Any hint of new physws‘?

° —_> - CDF
AEPV 1 B J/ﬂ)(l) __ 0.6 Do 281 dal;;a: 68% and 95% CL
X By CDF and DO %) E 5
K1.55 28 fbleach - £ 04F
= | T 4.0
Qg 0.2[
) B -
2 0.0 E
N - s
aleswor \ -0.21
-0.4F
_____ 68%CL _____\_ [ \_ ). i SM pred:iction
1] P AN -0.6[ i
-1510050051.01.5 11(1)%
g -
[rad] B (rad)

Pg v

Comparing with the SM prediction, the current errors are
too large to conclude anytting. CDF&DO experimental errors
will be reduced to a half.
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Any hint of new physics?

* CPVinB _’J/‘P(l) f"“ " CDF+DO0, 9fb™! EACH
§ 02 |
!
mm 0.1 —I" — Uncertaintiesoon bb cross-section
I A d BRvis(Be—J/y
LHCb should be able = || ane BRVISEEID
to exclude or discover %
: . e AV
still possible large T "IN\ Lhco
CPV due to new phys. £ sse [\
durlng the first years % 0.02 - i iy e i v
of data taking 2 I
I AL
I Integrated Luminosity (fb™')
anticipated 2010 anticipated final
LLHCD statistics LLHCD statistics
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Any hint of new physics?

* CPV in B —nn
in %906 7 Sepvs Cop A

PRELIMINARY
T T T T
0 [N I R S BaBar
Belle
Average
02 '
04

-06

-0.8

-0.8 -0.6 -0.4 -0.2 0

SCP
Contours give -2A(In L) = 1\7_2 =1, corresponding to 60.7% CL for 2 dof

2010 Phynomenology Pymposium, Madison, 10-12.05.2010

T. Nakada

31



Any hint of new physics?

* CPV in B ,—nxn
1n %906 T Scp VS Cep M 11 %909 T Scp VS Cep M

PRELIMINARY PRELIMINARY
T T T T T T T
Bl s BaBar 0 [Eevssmament i e BaBar
Belle Belle
Average Average
0.2 = -0.2 |
04 | P 04 |
-06 - -0.6 @
0.8 - . -0.8 -
1 1 1 L 1 1 1 1 1 1
-0.8 -0.6 -0.4 -0.2 0 -0.8 -0.6 -0.4 -0.2 0
SCP SCP
Contours give -2A(In L) = A7_2 =1, corresponding to 60.7% CL for 2 dof Contours give -2A(In L) = A‘/_2 =1, corresponding to 60.7% CL for 2 dof
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Any hint of new physics?

* CPV in B,—nxn
in 2006 in 2009

Is there CP violation in the decay amplitudes?
BABAR full statistics, Belle ~70%: —no clear answer
Belle: ~1500 B—=rtn~  LHCb: 36k/2 b7 ! eD?*=~6%

Combine with Bs—K*K™ a la R. Fleischer
2010 Phynomenology Pymposium, Madison, 10-12.05.2010 T. Nakada 33



Any hint of new physics?
 Experimentally established effects, 1.e. >50 effect,

which 1s not well understood:
Acp difference between B* and B'—Ku

 LHCb will have high statistics samples for Kp or B,
equivalent.
= Will theory be able to digest, 1.e. hadronic effect?
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Any hint of new physics?
 What remarkable is that €, agrees with the
measurements from the B system
€k s—t—d,
B(cc)(sd)CP: b—t—d
ﬁ(ss)(sd)CP: b—t—=s
and
Y: b—u
U
No real hit of new physics in the phases so far

= May be new physics phases are very close to the
Standard Model phase...
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Back to a closer look...
 If there were Physics beyond the Standard model,

Tree level decays Penguin level decays Box level decays
b,s W
e W T s W d T .0
t A
s LYY e
b
unchanged + new particles

Lorentz structure rof the amplitude modified
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Any hint of new physics?
e B—K*u*tu™ angular distribution of the decay
products: proving the Lorentz structure in b—s

1.2F

1F
0.8"
0.6
0.4F
025

0
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—0.2F =
—0.4F
-0.6"

17
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I | | sl =
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} |
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2010 Phynomenology Pymposium, Madison, 10-12.05.2010

rer e e -1
4 16 18 20 0

8 10 12 14 16 18 20

q%(GeV?/c?)
T. Nakada

37



Babar(75% of d

1.2

15

0.8
0.6
g‘—_-{

L 0.4
<

I

ata) and Belle(80% Qf data

| , | | Il I l: 1 1 I l T 1 T
' 1

0.2
0
-0.2
-0.4

*{)’IU1|III|

T TTTTLF]
i 24

-
.
-
—
-~ -

“a
g e
----------
- - X
......................................
----------------------

[ L L4k |

-----------------------------------------

‘.
<.
¢

. 3

/
II'VI|III|III|Ill|lll|lll|ll

ok

ll|lll

I

—060

2

6 8 1 12 1

) gy 8 gey oy
4 16 18 20

CDF preliminary result, compatible with Babar/Belle q2 (G eV2 /CZ)

2010 Phynomenology Pymposium, Madison, 10-12.05.2010 T. Nakada

38



Babar(75% of data) and Belle(80% Qf data

— | | I | ¥ I TR B B .

iE E
! Lay T &) T
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CDF preliminary result, compatible with Babar/Belle q2(G eV2 /C2)
LHCb with 2 fb™! (nominal one year)

2010 Phynomenology Pymposium, Madison, 10-12.05.2010 T. Nakada 39



Along the same line...

* Time dependent CP violation in B—1py only
through “wrongly” polarised photon: probing the

[Lorentz structure in b—s
B, —K*(Kn")y at B factories, B,—¢y for LHCb

Aen(?) = CcosAmt+ Ssin Amt
F AA sinh AT #/2 — cosh AT #/2
S = sin2y sing P = tan™! JA(b—sv;, )
A = sin2y cosd IA(b—syp)!

For By AI' =0, sin¢ = Sy, k= 0.67 with absence of new phase
For B; AI" # 0, sing = §j,,,, = 0.04 with absence of new phase
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Photon polarisation from CP violation

* Belle
o(8)=*00_, ., with 253 b1 — +0.3 with full statistics

c BABAR
o(5)==0.3 with almost full statistics

O (sin2y) =0.3
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Photon polarisation from CP violation

* Belle
o(8)=*00_, ., with 253 b1 — +0.3 with full statistics

c BABAR
o(5)==0.3 with almost full statistics

O (sin2y) =0.3

e LHCD
o(AY=0.22 and o(S) = 0.11 with 2 fb™!

o (sin2y) = 0.1 with 10 fb™
1.e. fraction of wrongly polarised photon with ~5% error
Also B,—K*e*e™ (m, = 0)

2010 Phynomenology Pymposium, Madison, 10-12.05.2010 T. Nakada
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Another possibility...
 If there were Physics beyond the Standard model,

Tree level decays Penguin level decays Box level decays
, b,s
W .~ < S W d :':w:':':ﬁ’

u L d ¢ gl q
C s,d ds Vw7 gl
S un Y
b c,u

unchanged + new particles

-of the amplitude modified

Absolute values
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B,—utu”

100 e e e e e e
~ 90%CL upper limit
8 I R R
o : | | ] .
2 pected final CDF+DO limit Exclusion @ 90% CL
& P——— — e reach SM prediction:
‘ N - i 1 l L]
= \{"'-I-.?__ | ""-i-"‘ N \1__ —-__ - . ]
TP AT SR Observation if SM:
SM prediction 7177 eEvidence (30): 3fb’!
NN | eDiscovery (50): 10fb7!
0.0 ' 0:2 ‘ 0!4 l 0:6 l OEB ' 1!0 l 1.2 ' 1 [4 ' 1 !6 1.8 l ZTO
S Ldt (fb—1)

LHCb expected

e ATLAS < 10-8 (2 fb1)
2010 stauistics CMS  <1.4x10-8 (10fb™)
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Charm physics

 Evidence of D-D oscillations have been seen by
BABAR, Belle and CDF

Compatible with the SM expectation but large hadronic
uncertainties

* The next step 1s toward CP violation

LHCDb D physics statistical error with 10 fb~! data
0(x’?)=6.4%x107

o(y")=8.7x10™

O0(Yep)=5x1073

CP asymmetries for K*K™ and ttn™ <O(1073)
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LHCDb already sees charm decays

with less than
1 nb™! of data
for example...
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Coming several years

e 2010 data; hopefully ~100 pb™

overtake Tevatron for B,—J/1ip¢ and p*u” studies
overtake B factories for B,—K*utu"

e« 2011  ~1 fb~! data
Sinpe @and Br(B;—utuo) to the level of the SM, excluding the
large New Physics effects which are still possible now

e 2014  >2 fb ! data
Start of comprehensive studies, y, D, ¢y, K*utu~ full

angular analysis, etc.

e ~2016 ~10 fb7! data
Phase I of LHCb competed, move to SLHCb, SB-factory, or
something else?
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A quick history of flavour physics

Leptons Hadrons
1897 Discovery of e 1932 Discovery of n
1930 Postulation of v 1947 Discovery of K
1936 Discovery of u 1956 Discovery of
1956 Discovery of v / KO-K° oscillations
1957 Postulation of ~1960 “quark” model
v-v oscillations (P) 1963 Cabibbo mixing
1962 Discovery of v, 1964 Discovery of CP violation
1962 Postulation of 1970 GIM mechanism (c)
V-V, mixing (NMS) 1973 Postulation of 3rd family (KM)
1975 Discovery of © 1974 Discovery of ¢
2000 Discovery of v. 1977 Discovery of b
Now v mixing well 1995 Discovery of t

established Now CKM picture well established
How are they related? Where do we find the next surprise?
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Conclusions

e Flavour physics was instrumental for establishing
the Standard Model. Many clear indirect indications
before the direct discovery by the energy frontier
experiments.
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Conclusions

e Flavour physics was instrumental for establishing
the Standard Model. Many clear indirect indications
before the direct discovery by the energy frontier
experiments.

e We all hope that within the coming five years to see
clear signs for Physics Beyond the Standard Model,
both directly and indirectly...
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We see B’s at LHC

B*—J/¥ K*

[mm] .. XY Projection

Tracks from PV are forced to come from PV
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