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Flavour Structure of the Standard Model

u v cC V A %
e y7; T ,f,»
FE ) () SR

 Pattern of masses

Related to SSB

- Flavour Mixing — |
Scalar Sector (Higgs)
. cp
« Kaon Factories: u,d, s « LHC: t,b,c
e 7cF: C.7t « LC: t,...

* BF: b,c, * VF I v, v, v,
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Universality: Family-Independent Couplings

y NEUTRAL ‘
CURRENTS
f f f f
¢Q Flavour Conserving ~— (vimarrs)

CHARGED w
CURRENTS

dq dy

Flavour Changing
Left Handed

g

g
F(l_%) F(I_VS)
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ﬂ and ¢ In Weak Interactions

CP still a good symmetry (1 family)
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FERMION MASSES

Scalar - Fermion Couplings allowed by Gauge Symmetry

P o (6% w [ " 4 -
y (9u>94)1 | € (4)r + € g (g)z | — 1), ¢ yo | ln e

¢(0)
1 SSB

H B B _
L, = —(1+7j {qu Gpdq +m, 4,9, +m ll}

Fermion Masses are
[mq , m, mlJ = [c(d), " c(l)} v
New Free Parameters S J2

m, f

v : : m,

H \ Couplings Fixed: Eurr =7,
f
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FERMION GENERATIONS

N, =3 Identical Copies Masses are the only difference
0=0 (Vj Mj) Q=+2/3 (jzl’...’NG) WHY ?
0=-1 I d, Q=-1/3

L, = —(1+£j {Ji'M'd'd}e +u M up + M+ h.c.}
A%

Arbitrary Non-Diagonal Complex Mass Matrices

NG

Flavour Physics & CP A. Pich — Corfu 2016 7
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DIAGONALIZATION OF MASS MATRICES

M’d:Hd'Ud:SL'Md'Sd’Ud Hf:H}
M;t:HuUu:SLMuSuUu Uf'UJfr‘:UPUf:l
Sf-S} = S}-Sf =1

ro_ _ QT
M, =H,-U, =8 -M,S,-1,

L, = - (1+ﬁ) (d-M,-d+T-M,u+T-M,-1]

A%

m, ,m;)

M, = diag(m, ,m.,m;) ; M, = diag(m, ,mg,m,) ; M, = diag(m,,

Mass Eigenstates

GESiG s weSo 5 =S #
dp =8, Uydp 5 up =8, U, up 5 I =8,U; I Weak Eigenstates
oot r . £ r ’ =
fL fL = fL fL ’ fR fR _ fR fR ‘ LNC B LNC

QUARK MIXING
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Flavour Conserving Neutral Currents (GIM)

L. = — ¢ 7 fy“[v. —a f
Ne 2sin 9, cos G, * Zf: 7t ve—ac ]
S wt
Z
NO
d iy
Br(K, > ') = (6.84+0.11)x107 |,  Br(Kg—>u'u) <9x107

K, > 7" = (yy) » p'uw
K¢ (x'n7) > (yy) » p'u
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Flavour Changing Charged Currents

u c t
A / 1 \ A
v l v
d s b
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Weak Decays

V., v,
H s 7
w e W e, u,d,
7 V,, V.U
2 2 2
g q << M,
T(—v,I'7,) s =4J2G
L _Gemy P
— = f(m}imy) ry, wmmp Gp=(1.1663787+0.0000006)x10"° GeV
r, 192z
2
oy = {Ha(mﬂ) (g—ﬁ2j+C2 am,) } _ 0.9958 : F(x)=1-8x+8% —x* —12xlog x
27 4 Vi
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UNIVERSALITY

g1 Ve
T g, __n W W_m
T —_— <
gu 8u\vu Vi Vi
W ge (v
ge ,gT/VT T Ee e —
/ VC Ve
ge\ve
gr Vq
—
———
v
T %/e , gf,r/ ¢ ng’/‘f
g oSy, T Tl K v,
g gu/\/u W gl-l le
n — T, K = H ——
— -
wooTly e w\v SN .
ge\v H
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CHARGED CURRENT UNIVERSALITY

g./g,|

Bz—)@ T,u/z-r
Ff—)ﬂ/rﬂ—>,u
r—)K/FK—>,u

W—)r/BW—>,u

1.0011+£0.0015

0.9962 +0.0027

0.9858 +0.0070
1.034+0.013

‘glu /ge
B,,,/B. . | 1.0018+0.0014
B,,,/B:,. | 1.0021£0.0016
By /B e | 0.9978+0.0020
By s/ B s ze| 1.0010 £0.0025
By /By e | 0.996+0.010
8./ g
B, 7./t | 1.003040.0015
By_./By_.| 1.031£0.013

Flavour Physics & CP
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Flavour Changing /f\ 1
Charged Currents Xl)<

2

O <

I'(d, > uev,) «

We measure decays of hadrons (no free quarks)

Important QCD Uncertainties

Flavour Physics & CP A. Pich — Corfu 2016 14



V;; Determination (o)

Konlv, D—Klv ..

(P'(k")

y'd ;| P(k)) = Cpp {(k+ K" [ (q")+ (k=K (g7}

Vij |2 szp' | /.(0) |2 I (1+8¢) | f(q°) suppressed

(mul- _mdj’ml)

24755
I'(P— P'lv) = GF—]Mg |
192 7

2

fi(q%)
f,(0)

MM dg® 3 2 o o
I ~ j; o A ML M)

P

Measure the g distribution —=mmp 1
Measure T — J:(0) | Vyl
Get a theoretical prediction for /. (0) = |Vij|

Theory is always needed: Symmetries

Flavour Physics & CP A. Pich — Corfu 2016 15



|V

|Vud|

f(0) = 1+0[(m, —m,)"]

Superallowed Nuclear B Transitions (0*— 0%)

WETAEm (1460 S+ 60)

!

(Marciano — Sirlin)

2 7 In2 ~(2984.48+£0.05) s

IV 4| = 0.97425 + 0.00022

V4| = 0.97377 £ 0.00027  (PDG 06)

Flavour Physics & CP

3090 |

3070

&

3060
3050

3040

3030

3090}
o\ 3080}
3070

3060

3080

Hardy-Towner ] 1

100 22Mg 38Km 46V
140 26A|m 34Ar SOMn 52Ga 74Rb |
34C| 4280 54C0

{{ L *}”}H ]

10 20 30 40

Z of daughter
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e Neutron Decay: Vo= (4908.7+1.9) s
u 7. (14 3)%)

(Czarnecki — Marciano — Sirlin)

PDG10: 1,=(885.7+0.8) s , A=g,/gy =-1.2694 + 0.0028

PDG14: 1,=(880.3+1.1) s , A=g,/gy =-1.2723 + 0.0023

0.982
0.98
ﬁ | |V 4| =0.9758 + 0.0016
0978  PDG 20081, -
0.976 Newt,
>g i O+% O+Vud |
o974 o o T,=(878.5+0.7+0.3) s
L | g—
0.972; O 2008 1 7 PDG14 (Serebrov et al, 2005)
s Je—— PDG10
1255 126 1285 127 1275 128
||
e Pion Decay: Br(z" — n’%"v,) =(1.036£0.006) x10™*

(PIBETA)

IV 4| = 0.9749 + 0.0026

Flavour Physics & CP A. Pich — Corfu 2016 17



Ko rlv

FLAG2016

Decays

f,(0) = 1+0[(mg—m, ;)]

FLAG average for Ne=2+1+1

ETM 15C
FNAL/MILC 13E
FNAL/MILC 13C

Ne,=24+141

Ne=2+1

FLAG average for Ny=2+1

RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 12|
JLQCD 12

JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

|

FLAG average for Ny=2

ETM 10D (stat. err. only)
ETM 09A

QCDSF 07 (stat. err. only)
RBC 06

JLQCD 05

JLQCD 05

——

Cirigliano 05 O(p6)

Kastner 08 Large yPT correction
Jamin 04 }
O(p?)

Bijnens 03
Leutwyler 84

non-lattice

094 096 0098 1.00

Flavianet,

arXiv:1005.2323 [hep-ph]

Moulson, arXiv:1411.5252 [hep-ph]
0.213 0.214 0.215 0.216 0.217
1 1 ! 1 ' 1 ! 1
K_e3 1 | .
K_u3 —
K e3 .
K e3 .
K13 .
1 1 1 1 1 1 1 1
0.213 0.214 0.215 0.216 0.217

[£,(0) Vyys|= 0.2165 +£0.0004

2012

2016:

£:(0)=0.959%0.005 m==p
f:(0)=0.970£0.003 =)

Vus| =

Vus| =

0.2255+0.0014

0.2232 +£0.0008

Flavour Physics & CP

A. Pich — Corfu 2016
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I(K*> p*v,)/T(n* > p*v,)

; £ || g | 0.2760-+0.0004 mm) - =02313+0.007
T " ud

<O‘a_7i/7”75”j‘P(k)> =i fp k"
foslfne

FLCAG2016
— T . . FLCAG2016
+ FLAG average for Ne=2+1+1 T :
- ETM 14E 0.230 :
+ FNAL/MILC 14A H
o~ ETM 13F H
HPQcD 13 e J
I MILC 13A |
= MILC 11 (stat. err. onl}l)
=z —{— ETM 10E (stat. err. only)
FLAG average for Ni=2+1
RBC/UKQCD 14B
—H RBC/UKQCD12 Meedop o | _— ™Y =T
Laiho 11
MiLcio 1 T ) S
— —L{— LQCD/TWQCD 10
+ — BC/UKQCD 10A "
™ BMW 10 N Ay T
I {\';,EE%QXVQCD 09A (stat. err. only)
e
= H MILC 1 lattice results for £,(0), Nr=2+1+1
e é}k’g'srlgss 08, 08A I iattice results for fi/fys, Np=2+1+1 T
' —— i EES%(/%EB@S o7 [ lattice results for £,(0), Nr=2+1
—— [ iattice results for fesl e, Ne=2+1
| '_—H:H—< Iltlll'lall'CQ%E 06 [ Ilattice results for £,(0), Nr=2
FLAG average for Nr—2 I iattice results for f-/f,., Ny=2
HH ETM 14D (stat. err fonl ) 1 lattice results for Ny=2+1+1 combined
c|\|l _ QIE;E{HlAl:LBA T Y 1 Iatt?ce results for Ny=2+1 combined ]
= {1 { BV 10D (stat. err. only) 1 lattice results for N;=2, combined
ETM 09 nuclear g decay
. . o — ) QCDSF/UKQCD 07 . ‘ L ‘ ‘ . |
1.14 1.18 1.22 1.26 0.96 0.97 0.98 0.99 1.00 1.01 1.02
vud

fi/f.=1.1933+£0.0029 (FLAG 2016)

Flavour Physics & CP A. Pich — Corfu 2016 19



(v+a)

T T T
—_ — 6 « T8V, ALEPH
R =I(v>v.S)/T(v>v.eV SRR |

T S ’c T ’c T e St mm K2n

’ = , = K3n + K™ (MC)

% 4 — Kd4n (MC)
o F — K5 (MC)

NN LA UL B UL BN B + 3
35 b 4+ OPAL = £

F + (K)from PDG § ¥
3 [] (Kn+Kn)~ E n:

s B (Knan+Knn)~ 1 r
25 B (Knnn)” L.
2 b -- naive parton model 0
15 [
] .
05 | . Rz- ud R m (m )

|- ~ 24 227 A(a)
0.5 1 L5 2 25 3 m
s (GeV? | | | | 4

m (2Gev) =94+ 6 MeV D

| | _ Gamiz-Jamin-Pich-Prades-Schwab

rud —5Rth
v,[ > mmp ||V,e|=0.217340.0020, +0.0010,

Replacing t—vK(n) by K—vu(r) data
gowsto |V | =0.2207+0.0025

With better data, could give a very precise V,. determination

Flavour Physics & CP A. Pich — Corfu 2016 20



G(1)[V_|[107]

. QCD Symmetries
Bo>DIlv a 1m o

N

o HQET
— Ay =1 CLEO b)
50 5
> Tew G(l) |Vcb | -
= 40r P —
= /) & (42.6541.53)-10°
. 40- = DELPHI
=t gétljr (part. reco. )
ERAGE
35 XBAR (Global Fit) F 1 V —
30 ALEPH BABAR (D*0) 77EW ( ) | Cb |
| i BELLEBABAR (excl.) (3581 + 045) . 10—3
HFAG 30 HEAG
- B = 1.00662
. | > 0 05 1 5 2 Tew = 4
P2 p

G(1) =1.1054+0.0009 (FNAL/MILC) == |V_ |=(40.85+0.98)-10"°
F(1) =0.906+0.013 (FNAL/MILC) wmp |V, |=(39.27+£0.74)-10°

=(39.9+0.6)-107

‘ ‘ Vcb

Flavour Physics & CP A. Pich — Corfu 2016 21
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B o

X, v

CLEO (E) :

4214049 +0.23 - 0.33 -

BELLE sim. ann. (mx. q?) a)

4504047+ 0.28-0.31 —

BELLE (E?)

493+046+0.17-022 I e —
BABAR (Ee‘: '

4504026 +0.18 - 0.25 e

BELLE multivariate (p*) 1

4,60 £0.27 +0.10- 0.11 ——

BABAR (m,<1.55)

4294020+0.21-022 —_——

BABAR (m_\: 1.7)

4094023 +0.18-0.19 ——

BABAR (m<1.7. ¢*>8)

432£023+0.27-0.30 -

BABAR (P"<0.66) |

424£026£0.32 ——

BABAR (m_. ¢ fit, p*>1GeV) |
442£0.24+0.09-0.11 —r—

BABAR (p*>1.3GeV)

441£0.27+0.10- 0.12 e

Average +/- exp + theory - theory

451+0.16+0.12-0.15 =

fgglf@fmg%oé%cﬁﬁg OC(I) 08)5&013 N. Uraltsev ]

JHEP 0710:058 2007 (GGOU)

! \ ! ! \ i L_PDG14
2 4 6
V| [x107]
ub

Framework [Vip|[1077]
BLNP 445+0.157537
DGE 4.52 £ 0.16717
CGOU 4.51 4 0.167)12
ADFR 4.05 4013718

BLL (mx/q* only)
LLR (BABAR) |486]
LLR (BABAR) [487]
LNP (BABAR) [487]

4.62 £0.20 £0.29
443 £0.45+£0.29

HFAG 2014: |V,

Flavour Physics

600 0
* B  data
Belle BoX.ev
500 B — X, ev
[F]Secondaries
£JCombinatorial 2

t

Entries per 0.1 GeV/c
8
=]

—
=]
=
'//4///'//“ LB L s [ L s e LA Y B
"’

FlContinuum

= Large backgrounds from B — X_lv

= Strong experimental cuts

= Large theoretical uncertainties

498+ 0.29 + 0.20 + 0.26 + 0.98 12F
4.40 +0.30 4 0.41 + 0.23 Lob
B
5 08
506

incl

= (4.62£0.20+£0.29)-107 o4

| Vun | Differential Models
"|BLNP:NP B699, 335 (2004)

DGE: JHEP 0601, 096 (2006)
GGOU: JHEP 0710, 058 (2007)
ADFR: Eur. Phys. ). C59, 831 (2009)

& CP

10 15 20 25
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IV plx 103

FTAG2016
+
T = . B—tv (BaBar)
cﬁl — . B—1v (BE”E)
z
| | FLAG estimate for Ne=2+1

E‘ - B—nfv
] - B—tv (BaBar)
zZ

B—1v (Belle)

)——T—

> - . B—1v (BaBar)
4 — B—tv (Belle)
n — e~ HFAG Inclusive
5

3.0 35 4.0 45 50 55 6.0

Vip .., =(3.62£0.14)-107
Vi, =(4.62+0.35)-107
Vp| = (3.7620.34)x10°

Flavour Physics & CP

Ne=2+1

Ni=2

w hon — lattice

FIAG2016 | Veblx10° |
—— B—D¢fv
H— B—D"¢v
B— Dfv
—e— HFAG inclusive
6 38 40 42 44 46
. -3
V|, =(39.9£0.6)-10
_ . -3
Vep|. | =(42.5£0.9) 10

Vol = (40.7£1.2)x107

A. Pich — Corfu 2016
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CKM entry Value Source
1) V.l 0.97425+0.00022 |  Nuclear f decay
== 0.9758 £0.0016 n— pev,
_— 0.9749 +0.0026 > nlev,
- | Vil 0.2232+0.0008 K—>rme v,
0.2253£0.0007 K /7 — uv, Lattice, V.,
_— 0.2207 £0.0025 7 decays
_— Val 0.230£0.011 vd - cX
L " g | 0.216 +0.005 D — zlv, Lattice
] \'A 0.995 +0.014 D—Klv,D,—lv, Lattice
i~ Vo 0.0399 +0.0006 B—D'/DIyv,
D S 0.0425+0.0009 b—cly,
0.0407 £0.0012
L =
| Vip| 0.00362 +0.00014 B—rly,
- 0.00462 +0.00035 b—>ulv,
= 0.00376 +0.00034
= Vol NE [ | >0.92 (95% cL) t—>bW/it—>qW
C — | Ve 1.007 +0.036 pp—oth+ X

‘Vlld‘z + ‘Vus‘z + ‘Vub‘z = 0.9990 +£0.0008
= 1.038 £ 0.030

‘Vcd‘z + ‘Vcs‘z + ‘Vcb

Flavour Physics & CP

‘2

2
* Vg

A. Pich — Corfu 2016

‘Vllb‘z + ‘Vcb‘z +‘th‘2 = 1.016+:0.073

v,

2) = 2.00240.027 (LEP)
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Hierarchical

<
U

1-2°%/2
—A

A =sin 6. ~0.223

Flavour Physics & CP

A AN (p-in)

1—A%/2

AX A—p—in) —-AN°

; A~0.82

AN’

5

1

Structure

P +n° ~0.41

A. Pich — Corfu 2016

+ 0(2%)
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QUARK MIXING MATRIX

® Unitary N, x N, Matrix: NZ parameters
V-Vi=V.V =1
® 2N.-1 arbitrary phases:

4. 0. (60—,
u — e’u dy > e’d, wmmp V e v

Physical Parameters:

V

1]

%NG (N;— 1) Moduli ; %(NG - 1) (Ng—- 2) phases

Flavour Physics & CP A. Pich — Corfu 2016 26



e N.=2: 1 angle, 0 phases (Cabibbo)

v { cos 6. sin@c} — No C/S

—sin 6. cos 0.

e N.=3: 3 angles, 1 phase (CKM) ¢j=cosd; ; s;=sin9

Cr C3 NPESE S;;€
— S1pCy3 T Cp 8383 € CipCr3 — 858383 € S3Cp3
S1p 833 = € G383 € —Cp Sy T 81,6385 € Cr3 Ci3
[ 2 3 « N
1-41°/2 A AL (p—in)
2 2 4
~ ) 1—-2%/2 AA G, (ﬂ, )
3 : 2
AL (I1-p—in) —-AA 1

Axsin€, ~0223 ; A~082 ; Jp*+n° ~0.41 0,70 (n#0) mmp C]S

Flavour Physics & CP A. Pich — Corfu 2016 27
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® C,P: Violated maximally in weak interactions
® CP: Symmetry of nearly all observed phenomena
® Slight (~0.2%) ¢P in K° decays (1964)

® Sizeable CP in B° decays (2001)

® Huge Matter— Antimatter Asymmetry
in our Universe w=mp  Baryogenesis

CPT Theorem: (,’/ﬁ @ 7

Thus, C;{‘ requires: = Complex Phases

» |nterferences

Flavour Physics & CP A. Pich — Corfu 2016
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Standard Model C/D: 3 fermion families needed

CP 4=y H(M) HM;) -J =0
H(M?) = (m] —m?) (m>—m) (m} —m)
H(M}) = (m; —m?) (m} —m}) (m; —m))

_ 2 ; _ 216 —4
J =c,c; ¢ 8, 858, SN0, = ‘A A 77‘ < 10

- Low-Energy Phenomena

« Small Effects ~ J

—> _ |
- Big Asymmetries @)  Suppressed Decays

- B Decays are an optimal place for (7f7 signals

Flavour Physics & CP A. Pich — Corfu 2016 30



DIRECT (P T(P>f)| # |[T(P>T)]

-2 T, T, sin(¢, —¢,) sin(0, —0,)
T°+T,°+2T, T, cos(¢, —#,) cos(S,—3,)

One needs:
» 2 Interfering Amplitudes
» 2 Different Weak Phases [sin(4,—¢)=#0]
= 2 Different FSI Phases | sin(8,-8))# 0]

Flavour Physics & CP A. Pich — Corfu 2016
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INDIRECT (P : K°— K° MIXING

. § uot § 3 AT K2,) ~ p|K%) ¥ ¢ |R)
W W u,c,ty Au,c,t
B I q/p = (I_EK)/(“'EK)

<IZO|H|K0> ~ Z/\l‘/\j S(r,1;) 1 <0AS:2>
ij

<OAS=2> = as(ﬂ)_2/9 <IZO‘(§L yadL)(EL yadL)‘KO> (ngz( fl?j BK

/\iEV;d Vl* rl.Eml.z/Mpzy (i=u,c,t)

Ky 9

= GIM Mechanism: A, +A.+A, =0

(M, —M, ) /MKO = (7.00£0.0)x10"°
« CP: Im)A = —Im), ~ pA’A°
= Hard GIM Breaking: S(7,,7,) ~r == t quark

Flavour Physics & CP A. Pich — Corfu 2016 32



INDIRECT (P : K°— K° MIXING

[K5.) ~ P |K°) % ¢ |K")

q/p = (1-8¢)/(1+&)

uc,ty Au,c,t

<OAS=2> = G ()" <IZO ‘(EL yadL)(EL yadL)‘KO>

<IZO|H|K0> ~ Z/\l‘/\j S(r,1;) 1 <0AS:2>
ij

(4u3 12 B,

/\iEV;d Vl* rl.Eml.z/Mpzy (i=u,c,t)

Ky 9

C ‘KO> —

K72) =

Flavour Physics & CP

[Ks) = |K0)+ 5 |K3)

&)
L

V2

. P K%)= —|K%)

[[&") % [&°))

- op k%) = -[R)
CP \K{{2> — + \Kﬁ2>
K7) = [K2)+ 5 |K7)

A. Pich — Corfu 2016 33



INDIRECT (P : K°— K° MIXING

d u,c,t s d w S —

> § > § > —— NN ‘K§9L> ~ p ‘KO> =l ‘K0>

W W u,c,ty Au,c,t

L SR N A3
K0—>7z_l+vl (s >u) ; IZO—HHZ_VZ (s > u)

DK} > l'v)-T(K; > 7' 17)  |pP-|qf _ 2Re(5)
D(K) > x ')+ (K} > ') [pF+lqf  1+]&[

= (0.332+0.006)%

- Re(g,) = (1.66 £0.03) - 10°

_TK, »>rn'n) _
CT(Ky—>7x'n)

T(K, > n'n°)
00y ~ %k
T(K¢—>nmr')

77—}—— EK ]700 =

—(2.22840.011)-107 ¢'% )
o : T mm g (1-p) 42+0.22 | 4* By =0.143
¢g = (4352 + 005)0 Buras et al

Flavour Physics & CP A. Pich — Corfu 2016 34



DIRECT (P in Ko nm

_ T, ->r'r) . 220 U
T A S TRy T
1 ’ NA48, NA31
Re (e ~— 41— [Tl L= (16.8+1.4)-10 |
e(ek/ex) 6 n (168 )10 KTeV, E731
+_

= Short-distance OPE

Ciuchini et al, Buras et al

G \WY%
d u q_7"T\_1 = Long-distance yPT
Pallante-Pich-Scimemi
Re(gk /gK )Th — (19 J_r191) . 10_4 Cirigliano-Ecker-Neufeld-Pich
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B — B MIXING

q u,c,t b q w b * 3
s Sum VAVAVAVAVAVS e o Vud Vub ~ Vd I/cb I/td I/tb A/\
w W u,cty AU, C,t
0 0 2
< —<— < —<— NN <B ‘H‘B>N‘ d‘ S( 72)[ M fB]
b u,c, t q b W q

=(0.5065£0.0019)ps”  wmmp |V,

" AM, [T, = 0.770£0.004 AM /T, = 26.73£0.09
® AM,, =(17.757£0.021) ps”’ |Vm|2 > \th\z
o AT, /AM , ~m im} <1 ATy | Ty ==0.124%0.009
5 Re(ng) = —0.0004 + 0.0004 Re(ng) =-0.0019+0.0011
% very small 9/ p| =1 ~ m/m]
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q u,c,t q W b
> > > i ann VAVAVAVAVAVA ey o
M M, j r r,
W W u,cty AU, c,t M= _5
M, M r, T
_{ __{_ 5 —S—J\/\f\/\/\f‘—(—
b u, c, t q b W q
; 1/2
M, —=T
1 _ g l—¢ 12 12
B2) = ——(r[8") 74|} ) » P
lpl+lq] p B M12_§F12

AT/AM =T\, /M, ~my/m] <1 ‘

AMEMB+—MB_ , AFEFB+—I‘B

Cos

q _IarlE
‘Bo(t)> g,(?) ;gz(t) [AM 2AP] 2]

\EO(r))

g, (1)
g,(1)

_ _ eiMt -T2

—i sin

Lo g
q

[aw-ar)3
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Time Scales: Oscillation ~ sin| (x—iy)r'¢/2]

= KO: x~y~1
= DO: x~y~0.01
= By: x~1, y~0.01

s: X~25, y=<0.01

Flavour Physics & CP

0.8
0.6} +
odf A
0% 500 1000 1500
|AZ] (1m)

Slow oscillation (decays faster)

Fast oscillation (averages out to 0)
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Time Scales:

Oscillation ~ sin| (x—iy)I'¢/2]|

xEAMﬂT , szVﬂf
DO BU
- Prob[D°](t) o Prob[B2](t)

04 ¢

almost zero?

0.3
0.2

02
o Proper Lifetimes B I;?opef' Lifetimes —— K:;n " Proper Lifetimes
= KO: x~y~1
= DO: x~y~0.01 Slow oscillation (decays faster)
= By: x~1, y~0.01
= B,: x~25, y<0.01 Fast oscillation (averages out to 0)

Flavour Physics & CP
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B°— B° MIXING AND DIRECT (f

0 _ — —
B’ T, >T[B" >f] ; T, >-T[B'>f] ; p,=T,/T,
0 ra .7 o0 ra . _ T
\ / T >T[B">F] ; T.>-T[B'>F] ; p. =T./T.
B’ C _
cP B’ =-B . CPf=T
T[B(1) — f] ~ %e“ (|Tf 2 +|T, |2) {1+ C; cos(AM 1) — S, sin(AM 1)}
_ _ 1 (= .
T[B°(r) — ] ~ e (|T¥ P 4|T, |2) {1—cf cos(AM 1) + S sm(AMt)}
_ 2Im(q,5fj B ) —2Im(ppfj
CfEI_‘/if ‘2 ) S = f 2 ) CfE_l |pf|2 ) S¢= qz
1+ p; | 1+ p¢ | 1+ p; | 1+ oz |
Al < AM ‘ q \Z Vi _ o kb . 5 z{ﬂ (8))
)4 Vi th ' _'Bsz_;{zn (Bf)
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B°— B° MIXING AND DIRECT (f

B T, >T[B' >f] ; T, >-T[B">f] ; p,=T,/T,
\ / T. >T[B’ >f] ; T.>-T[B">f] ; p:=T./T;
DO
cpB°=-B" ; CPf=f
1 .
T[B(t) —f] ~ X el (|Tf| +|Tf|) {1+ C; cos(AM 1) — S, sin(AM 1)}
_ _ 1 (= .
T[B°(r) — ] ~ e (|T? P 4|T, |2) {1—cf cos(AM 1) + S sm(AMt)}
21 95 -721 P j
_-p P S. m[ppfj . CE_I—Ipr g m(qpf
R TP S ) e Y

Tr=nT ; Tf:Ufo ; pr =1 p;

C,=C, ; S;=§

CP self-conjugate: f =5, f m=p
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B°— B? MIXING AND DIRECT C/f?

L ——" CP self-conjugate: f=#n,f
\ / q _ V;Z; th _ Digy . N p (Bc(l))
B’ p v, v, ¢ R WP RN (87)
pP th "tg S Ji s

Assumption: Only 1 decay amplitude

A Vv, V..

b—qqq’ _ _ e—2i¢D
Mg Vb Var
= —n; sin2¢) sin(AM ¢) ;5 ¢=4¢,+4,

Direct information on the CKM matrix
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B) > JYK,

o=0

Vi Vg ~ AN (1=p+in)

*%k%k *% BAD
43



I'(B' > JwK)-T'(B’ > JwK,)
I'(B' > JwK)+T(B" > JwK,)

= -7 sin(2f3) sin(AM 1)

g 400f g8 |
ZSSOE 2250E HFAG:
P 223 @ 200|
c - c X
Q . Qo - .
G 200 £ 15| sin(2B) = 0. 679 + 0.020
g 100}
100} i
o . 0 B> JlwKg, ,w(2S)Ks, x. K, 1. Ky
% 0.6} % 0.6
E 04? E 04 ﬁ BEq)l Moriond 2015
> [ + ++ > . . IPRELIMINARY
2 o.2;|, 2 02
Of 0
0.2} ) 0.2
O.4§ + -0.4
0.627 -0.6

6 -4 2 0 2 4 6
BELLE 2012 At (ps)

CZS Slgnal 032 Cl) 02 04 06 08 1 6
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sin(2B") = sin(205") vs Cer= -ACP!Moriond 2014

Ccp =-Acp PRELIMINARY

%

{

* 2 .
b VZS ~ — A4\ -
, ﬁg
: w%

Sensitive to
New Physics in ™
-0.6
Penguin diagram

04 02 0 02 04 06 08 1 .
sin(2B™) = sin(2¢5")

Contours give -2A(In L) = sz = 1, corresponding to 60.7% CL for 2 dof

sin(2B )—S (2¢ Hlitas Ci=-A¢ e

PRELIMINARY PRELIMINARY

b—sccs  Warld Average ! 0.68+0.02 0K IAve!eraglge S L S .

0 011 | [T T T T Tt T T T T T T, i T ‘: 777777777
o0 Avmge e e g - s, Agreement with
7 K° Avérage 0.63+0.06 :

© 0.72+0.19

n“ K0 Average

" - J K, (b cts)

L 0574017
p°Ks  Average

oKs Average L 0.71£0.21

f,Ks  Average - 069 012

LKy Average  H———l— 0482050 NO Signal Of
fy Kg Average ——————f 0204053 ;

Pk Average———— || o7esont

o mme T e | direct (P

' n Kg NRverage —— 0.01+033 :

KKK Average M o068l | |K'KK Average e 1 006+008

16 14 1.2 1 08 06 04 02 0 02 04 06 08 1 12 14 16 -16 -14 12 1 -08 -06 04 -02 0 02 04 06 08 1 12 14 16
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[(B'—f)-I(B"—>f)

0 = = —C, cos(AM 1)+ S, sin(AM ¢
B — nr r(B°>f)+I(B° > f) y cos(AMT)+ 3, sm(AM 1)
+ -
Vvl T Scpvs Cop AT
a = arg —’d—’f CP . | PRElLIMINARY
ud Vb . “ - BaBar- 1_15 P
7 Belle | C.=__ | Pr | £0
' LHCb 1+ 1
© Average f

!

Direct C]S

. Penguins

0.6 -0.4 0.2 0

* 3 .
th th ~ A /\ (1 - p + ! 77) Contours give -2A(In L) = sz = 1, corresponding to 60.7% CL for 2 dof

m) S, ~ —sin(2a)
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O

B? — nrw,pp,pm

+ -
T T Scp V8 Cep E

p P Scp V8 Cep E

0.05

CP PRELIMINARY CcP PRELIMINARY
T T T T T T T
//‘ Belle : 0.4 F Belle -
1_ | /[—) ’2 | LHCD Average
_ f ““]  Average
fET— 5 #0 g? 1 .
1+ p¢ |
06 = |
Direct ( | '
08 . :
1 1 1 1 I L Il 1 1 1
-0.8 -0.6 -0.4 -0.2 0 -0.4 -0.2 0 0.2 0.4
et Contours give -2A(In L)=sz=1 corresponding to 60.7% CL for 2 dof SCP Contours give -2A(In L):Ax2=1 corresponding to 60.7% CL for 2 dof SCP
Penguins
2 [
: -~ n/pplpn (BABAR) | = " [UTfi
ersi5s . --- T/pp/pm (Belle) o= CKM fit 5 summerid
3 nn/pp/pr (WA) - 01" _
1-0 T T I L | I TrTrT I LI | I l- T I LI ) I L I T I LI | ;I 3 SM flt
0.8 E
®
Q2
o
S
o

p-value
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MEASURING HADRONIC CONTAMINATIONS

* Time Evolution

» Transversity Analysis: B—>VYV

» |sospin Relations (Gronau-London)

= D'-D° Mixing (Gronau-London-Wyler, Atwood-Dunietz-Soni)
V2T(B" - D'K") = T(B* > D' K")+T(B* - D'K")
J2 T(B) - D)K,) = T(B* - D’ K) + T(B® — D" Ky)

= Dalitz Analysis

» SU(3) Relations: B-ornK,nmw, ..

1 _
— TB > 7n'r)

NG

T(B* > n'n") T(B’ - z°z°)

T(B" > rn'ny=T(B > ")
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El) b) 0_—0 M. .n
}D D" -D" Mixing

A._Qb b Q =0
—1\ }K u < D Gronau-London-Wyler

} K Atwood-Dunietz-Soni

V2T(B" - D)K")=T(B"->D'K")+T(B" - D’K")

J2 T(B) - D) K¢) = T(B* - D’ K,) + T(B* - D" Ky)

\Y V o
_— ud "ub o + 8.0
— 7 = arg|— M| = (68.0 7§
cd
=
[ UTgit HE VM --- GLW+ADS
c CKM 14 --- GGSZ
[ 0.1~ summeri4 )
o] ) 3 Combined
> SMilt 1.0 _I T T T T T | T T T | I.!! T | T T T | T T T
= L X
) N
(1]
S o 1
E 0.05— g
o —
i C il L IS | |\'\¢ | I
940 ; : 100 o 20 40 60 80 100 120 140 160 180
Y
7]
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UNITARITY
TRIANGLES

V. V.=
_ds ViaVis
Vudvuﬂfs
ct .
N Vcsvts
O\ ——
Vcbvtﬁ)
V = A
AA° (1

Flavour Physics & CP

VuiVuj+Vcchj+Vtinj =0

1-2°/2

(i#])

uc sb

Vuchﬁ Vtth;g
bV b\.,// \/
ubne Vu SV C’g Vcchb VusVub

%k
CbVCd Vt sVus

uquMth Vi dVMthub

A AN (p—in)
1—2%/2 AN n (9(/14)
—p—in) —-AA° 1
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0.7 .
- (8
| ©

06 — A
£

[72]
&

0.5 _ig
— | ©
— B

04 —S
— [&]

1= - 3

03 —

02

0.1

(1,.0)

Flavour Physics & CP

sol.w/'cos 2p < 0
(excl. at, CL > 0.95)

| IIII|IIII|IIIIIIIIIIIIIIIIII

a=88.6+3.3°; =22.03£0.86° ; y=69.2+3.4°

0/
N
] ] ]
0.4 0.6 0.8 1.0
p
n=n (1—%/12j = 0.352+0.014
UTie
p=p (1—%,12j = 0.132+0.023
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Loop processes

Tree-level determinations
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B, Asymmetries

Hn
e »_«Q

E) g PR
q}ﬂf*ﬂ:'orK K

5o =2(g" + )

0.14}

| [CDF 9.6 fb™"

0.06} ATLAS 19.2b™"

HFAG B

-1 68% CL contours
(Alog £ = 1.15)

_(')_4 —6.2

¢c€s

N

= (—0.033i 0.033) rad

SM

0.2 0.4
¢ £ [rad]
(HFAG 2016)

aq

sl

[%0]

N

sl

Ab — N:+_Ni)__
TN N,
b b

(B = p'X)—T(Bg = n X) Al

_ = —L tan ¢,
[(BY — ptX) +T(BY = u=X)  AM,

2
m
¢, = arg(—M, [T, ) ~ =%
my,
2 'I' Standard Model | L]
B | ]
» 32 : T
ks : B
[ ,Q N -
L (@] 1 T
- T | -
[ 3 LHCb D®uvX : i
S DO D®Ouvx P
o BaBar D*Iv : -
L A BaBar // ——t i
- Belle // - -
PR [N T TR TR TR NN TN TR T M | 1
-3 -2 -1 0 1
a4 [%)

Flavour Physics & CP
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DIRECT (P

—  Br(B) > 7K )-Br(B) > 7 K")
AB] > 1K) = —— - = —0.082+0.006
Br(B, >7n°'K")+Br(B, > 7 K")

(13.7 6)

AB! > 77 K") = 0.263+0.035 (7.5 6)

Large & Interesting Signals

Big challenge: Get reliable Standard Model predictions

Severe hadronic uncertainties
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Loop & CKM suppression

Rare Decays mmp NP sensitivity

0.6

I d' l b
Bs,d —> LY
0.8 T T T 1T V17 17T 17T 717 17T 177 I T T T I T I‘ T | T T T T | T T T T W W
\ATLAS
\s=7TeV, 4.9’ .

\s=8TeV, 20 fb’

0.4

B(B” — u* u)[107]

0.2

Illllllllllllll

Contours for -2 Aln(L) = 2.3,
6.2, 11.8 from maximum of L =~ _|

AP R VI PR \
0 1 2 3 4 5 6 7

B(Bs — u* u)[10°°]

¢ ¢
d w b d ¢ b

¢ t w w

Z Z
¢ Y, ¢ ¢
d t b d i b
w 1%
Z A

) Y ¢ ¢

W[ Ht , Z[ HOA?°

Sensitive to (pseudo) scalar contributions

Li-Lu-A.P. 1404.5865
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Bs,d — !~l+!~l"

Li-Lu-A.P. 1404.5865

ISd. | ~ISul=2
3.0 - - -
: — M,2=80GeV
25 — M,-=200GeV

— My-=500GeV

_________

Rs = B(BY — ptu™)/B(BY — ptu™)sm

CMS & LHCb:

Flavour Physics & CP

B(Bg — p1 )t Jexp. = (3.977%) x 107

V2

B(BY — j1"p Jexp. = (2.8 4£0.7) x 107°

+ =T B
7 H™ @ [@d VCKM MyPr — <u M:r; VCKMPd d
1'5: | lo
I 20
1.0t L A
| 30 oy 1
05—
s 00
-05/
-1.0} I
-1.5¢, . . - . J
100 200 300 400 500
MHt[GEV]

[SM: (3.65 + 0.23) x 107 7]
[SM: (1.06 4 0.09) x 1019
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B > K*utu~ - K ptu-

1

dI'/dg? d cos 8, d cos O do dg? ~ 327

i=4,5,6,8 — \/ﬁ:

d‘r 9 |3
4

1
(1 — Fy)sin? 0 + Fcos® Ok + Z(l — F1)sin? Oy cos 260,

— F} cos? O cos 20, + Sy sin® Oy sin® 6, cos 20

Sicasrs

+ Sy sin 20 sin 26, cos ¢ + S; sin 20 sin 6, cos ¢
+ S sin? O cos By + Srsin 20 sin 6 sin ¢

+ Sgsin 20 sin 26, sin ¢ + Sg sin® O sin’ 0, sin 2¢

Belle 1604.04042

1.0 ‘ 15 . ‘
Belle preliminary Belle preliminary i This Analysis
05| 1 1ol LHCb 2013
i LHCb 2015
0.0 [ _ os F B SM from DHMV |
sl —t—
__os| = e | L.
A + 0.0 r
-1.0}| 1 R SE—
-05 | L 1
-15} 44 This Analysis | I —
LHCb 2013 ] T
20} LHCb 2015 -10F T
I s™ from DHMV
-5 s s . 15 . s s
0 5 10 15 20 0 5 10 15 20
q* (GeV?/c*) q* (GeV? /)
1.5 : : T 1u T
Belle preliminary®  This Analysis Belle preliminary
1ol LHCb 2013 |
LHCb 2015 051 1
05 L I sM from DHMV |
. PR
0.0 —_———
o - —o
AP 00— — i [a
—05 | |
05| = |
1 H+ 4 This Analysis
10 LHCh 2013 |
—10 ] LHCb 2015
mmm SM from DHMV
15 s s . 15 . s s
0 5 10 15 20 0 5 10 15 20
q* (GeV?/ch) q* (GeV?/ct)
Flavour Physics & CP

Descotes-Genon et al

[ {7 BR(B-Kus + BR(B~Kee) within [1,6]

[ [] Allb-spuand bosee

T A

NP
Cg.‘"

a
O, = —m
9 4 b
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Br(B —» D" r1,)
Br(B — D“ ¢~ )

y )

0.25F o ] 15

RV _PRINA2 0545100015)

R(D*), PRD85,094025(2012)
'l 1 I 'l 1 'l ']

o OS2 BaBar, PRL109,1018022012) . o 1

= BaBar, , - C

e = Belle, PRD92,072014(2015) sz =1.0 1 L Belle 1608.06391
o 0.45 LHCb, PRL115,111803(2015) - 0.5
—— Belle, arXiv:1603.06711 . T C
= HFAG Average, P(y?) = 67% N -
0.4 == SM prediction - 0 —
035- r ~0.5F
| 5 - L

- L L [ S TR TR SR T W T T
2 0.3 0.4 0.5 0.6

RO, ; . . 3 o

0.

o
X
el L
(6]
o_
(N
-o_
o
(6218
oL
w
o
o
o
o
N

LHCb: (a% € [1,6] GeV?)
Br(B* K it i) _ oo oo Violation of
Br(B+—K+eter) —oo Lepton Flavour

2.6 o0 below the SM
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Ko>ntvyv

T Vg ity ) (7, ,0) (af5, 2, |K) gt
Br(K* — 77vw) = (1.8+£08)x 107" ~ 4* | + (14— p)*|
Buras et al

Br(K, —» n'v7) = 24£04)x107"" ~ 4% 5

Long-distance contributions are negligible

T(K, > z°vv) £ 0 E— (7f)

" BNL-E949: few events! mmmp Br(K™ —z'vir) =(1.73%113) .10

= KEK-E391a: Br(K, > 7’vv) < 26x10°  (90%C.L)

New Experiments Needed: NA62, KOTO (ORKA, Project-X)
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Bounds on New Flavour Physics

q u,c,t b q W b
> > > I VAVAVAVAVAVS oy ol (D)
c
Z E : k (D)
w W = 4
u,cty Au,c,t Leff - LSM + AD_4 Ok
D>4  k NP
—~— << Y AYAVAVAVAY A
b u,ct q b W q

Isidori, 1302.0661

Operator Bounds on A in TeV (exp = 1) | Bounds on exp (A = 1 TeV) Observables
Re Im Re Im

BREE 9.8 x 10? 1.6 x 10% 9.0 x 1077 3.4 x107° Amp; e
(5rdr)(51dr) | 1.8 x 10* 3.2 x 10° 6.9x 1077  2.6x 101 Amp; e

(epy*ur)? | 1.2 x 103 2.9 x 103 56 x 1077 1.0x 1077 | Amp; |q/pl, ép
(rug)(érug) | 6.2 x 103 1.5 x 10* 57x107% 1.1 x107% | Amp;|q/pl, ép

(bpy*dp)? | 6.6 x 10 9.3 x 107 23x107%  1.1x107° Amp,; Syrcs
(bpdy)(brdg) | 2.5 x 103 3.6 x 10° 39x1077  1.9x 1077 Amp,; Syks

(brysp)? 1.4 x 10? 2.5 x 10? 50x 107°  1.7x107° Amp.; Spe
(br s1,)(brsg) | 4.8 x 10? 8.3 x 102 88x107¢  29x107¢ Amp_; Sy

= Generic flavour structure [c,,~O(1)] ruled out at the TeV scale

* Ayp ~ 1 TeV requires cyp to inherit the strong SM suppressions (GIM)

Minimal Flavour Violation: The up and down Yukawa matrices are the
only source of quark-flavour symmetry breaking D’Ambrosio et al, Buras et al
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Two-Higgs Doublet Models

5 scalar fields: H*, ¢ =(h,H,A) [3x3 mixing R, v=yVi+v: , tanf=v,/v,

2
2 2 2 _ (.SM
Env T8 8 gy = (ghVV)

cosa sina 0
CP-conserving potential: R = |-sing cosa 0 g(,,gw/gf,,tfw = R; = cosa = sin(f-a)
0 0 1
Yukawas: Ly = —0, (0,6 +T,6,)d" V2 500 . .
- Yy — — L 1¢1+ 2¢2> R+"' - LY: QL(Md®1+Yd¢2)dR+”.

EWSB v

M’; & Y’; unrelated (notsimultaneously diagonal) # FCNCs

Solutions: (same for ug and / Yukawas)

= Natural Flavour Conservation: T';=0 or I, =0 (Z, models) ciashow-weinberg..
= Alignment: I,«I, ® Y, =¢, M, , Y, =¢, M,  aptuzn
= BGL Models: “controlled” FCNC (symmetries) Branco et al
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Aligned 2HDM

Pich-Tuzon, 0908.1554

Yukawa alignment in Flavour Space: Ya.1 =<d.1 Mg, Y, =< M,
V2 _ _
Ly = _T H™ {U [*'d cxm MdPr — <y M CKI\I‘PL} d + < (V M Pr I)}

__Zy

~0
i

O (F M¢ Prf)

° )
vy = Rii+ (Rio +iRiz)<d,

+

h.c.

0
Yo' = Rin + (RQ — "R:?:) “u

of

Z> models:

Flavour Physics & CP

Model Sd Sy S
Type | cot 3 cot 3 cot 3
Type lI — tan 3 cot 3 — tan 3
Type X cot 3 cot 3 — tan 3
Type Y —tan 3 cot 3 cot 3
Inert 0 0 0

mp New sources of CP violation without tree-level FCNCs
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Flavour Alignment

Celis-llisie-AP, 1302.4022, 1310.7941
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AP-Tuzén

(Aligned 2HDM)

General setting without FCNCs
& new sources of CP violation

*

Yd,l =Ga Md,l , Y, =¢, M,

* Rich phenomenology @ LHC

Altmannshofer et al, Barger et al, Celis et al,
Cervero-Gerard, Lopez-Val et al...

Many allowed possibilities
Search for light H*, H, A
CP violation

= Flavour constraints fulfilled

Celis et al, Jung et al, Li et al

= EDMs

= Usual Z, models recovered in
particular (CP-conserving) limits

Jung-AP, 1308.6283
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My+ (GeV) Br(t — cv) Br(t — cZ) Br(t — ch)

100 <2x10712 | <2x10718 | <6x10°
200 <1010 <3x1071 | <3x10°%8
300 <1011 <b5x10712 | <2x10°%8
400 <2x10712 | <2x10712 | <5x10°°
500 < 10712 <1012 <2x107°

Exp. limit <18x1073 [ «<5x10% | <56 x103

Abbas-Celis-Li-Lu-Pich, 1503.06423
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Standard Model Mechanism of C’/P

Complex phases in Yukawa couplings only:

_ @ ¢(+) w ¢(0)T
L, = E (ui,d)), | cj 4O dp + € PRt u, | + hec.
ik -

: SSB [ (¢”)=vi2]

H g7 ' — u '
L, =- (1+7j % {djL c}f) dp + Uy c§k) U, + h.c.}
D g lizati
ik lagonalization
H) (= _
L, = - (1+—j {djL my dig + Uy m, Uy + h.c.}
Vv ] J

__& i —
Lo = 35 W, Zj: 7" (1-y5) V,d. + hec.

The CKM matrix V; is the only source of C/f)
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SUMMARY

» Flavour Structure and C]fD are major pending questions
» Relatedto SSB ™)  Scalar Sector (Higgs)

» Important cosmological implications (Baryogenesis)

= Sensitive to New Physics

E Cﬂ’ IS highly constrained in the SM: 1 phase only

= Many interesting C7f7 signals within experimental reach

» Better control of QCD effects urgently needed

= Challenging future ahead:
BES-III, LHCb, NA62, J-Parc, Super-Belle, tcF, ...
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Quarks Leptons
06 =\ {
U e | Ty
| L A\
up down electron neutrino e
Y
3
=)
>
-
charm strange muon heutrino p
®

2>

top

heutrino T
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