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What is flavour physics?

◮ Three generations of

matter

◮ flavour physics:

physics of transistions

between fermions of

different generations

u

d

c

s

t

b

flavour-changing

charged/neutral currents



Why is flavour physics interesting?

◮ SM metrology:

many of the free SM parameters related

to flavour

◮ SM flavour puzzle:

hierarchy of fermion masses and mixing

parameters not understood

◮ CP violation:
in the SM related to flavour violation

needed to explain matter anti-matter asymmetry in the universe

◮ indirect searches for new physics (NP):
SM suppression renders flavour-changing neutral currents

(FCNCs) sensitive to NP
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Specific NP model
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Heff =
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i

CiQi

rare B decays:
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2

Which NP model

can account for this pattern?

fit effective coefficients

NP in certainCi

tensions in
rare B decay data
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H = Hfree e−︸ ︷︷ ︸
SO(3)

+ H ~B︸︷︷︸
SO(2)

external ~B field induces symmetry

breaking

SO(3)→ SO(2)

change point of view:

consider ~B field as internal part of system

→ ~B transforms under SO(3)
⇒ total system invariant under SO(3) symmetry

~B field → spurion:

non-dynamical (=constant) field which has been promoted to

an object transforming under a symmetry



Applications

1 Most general form of Hamilonian H ~B?



Applications

1 Most general form of Hamilonian H ~B?

◮ H ~B built from ~S = (σx, σy, σz) and ~B = (Bx, By, Bz)

◮ SO(3) invariance ⇒ H ~B built from ~S · ~B

(~S2 = 3/2 and ~B2 are constants)



Applications

1 Most general form of Hamilonian H ~B?

◮ H ~B built from ~S = (σx, σy, σz) and ~B = (Bx, By, Bz)

◮ SO(3) invariance ⇒ H ~B built from ~S · ~B

(~S2 = 3/2 and ~B2 are constants)

◮ H ~B linear in ~S · ~B because ( ~B · ~S)2 = ~B2/4 = const.

⇒ H ~B = µ ~S · ~B
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Applications

2 # free (physical) parameters in H ~B?

◮ naively: 3 → ~B = (Bx, By, Bz)

◮ but: broken symmetry reduces number of physical

parameters:

# generators

(
SO(3)

3

)
−→

(
SO(2)

1

)

broken generators (rotations about x- and y-axis) can be

used to rotate z-axis such that ~B||ẑ

⇒ only one physical parameter → ~B = (0, 0, | ~B|)



Gauge interactions
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◮ Dµ contains photons, gluons and weak gauge bosons

◮ QL : SU(2)L doublet, dR, uR : SU(2)L singlet

◮ three generations in

QL = (Q1
L, Q

2
L, Q

3
L), dR = (d1R, d

2
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3
R), uR = (u1R, u

2
R, u

3
R)

Lqgauge invariant under rotations

QL → RQQL, dR → RddR, uR → RuuR

⇒ gauge interactions cannot distinguish generations

Global flavour symmetry:

[U(3)]3 = U(3)Q × U(3)u × U(3)d
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Yukawa interactions

Lqy = −Q̄LΦy
ddR − Q̄LΦ

cyuuR + h.c.

Φ : Higgs field (SU(2)L doublet), Φc = σ2Φ
†

yd, yu : 3× 3 complex Yukawa matrices 6= 1

Lqy invariant under common phase transformation

QL → eiφBQL, dR → eiφBdR, uR → eiφBuR

Ly breaks symmetry of Lqgauge:

[U(3)]3 flavour −→ U(1) baryon number

spurion method:

promote yd, yu to spurions transforming as

yd → RQydRd†, yu → RQyuRu†

⇒ [U(3)]3 flavour symmetry restored
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Choice of basis

yd, yu : generic complex 3× 3 matrices

⇒ can be diagonalized by biunitary transformations

ŷd = S†
1y

dS2, ŷu = S†
3y

uS4

[U(3)]3 → U(1) :
broken generators can be used to choose a comfortable basis:

→ freeze RQ → S1, R
d → S2, R

u → S4

Lqy = −Q̄LΦŷ
ddR − Q̄LΦ

c S†
1S3︸ ︷︷ ︸
≡V †

ŷuuR + h.c.

V = S†
3S1 : CKM matrix (unitary!)

still: weak eigenbasis (Lqgauge unchanged)

QL, dR, uR eigenstates of Lqgauge

yu = V †ŷu ⇒ up-quark mass-terms non-diagonal
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diR diL
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2
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mass eigenbasis:

ūiLm
u
ij u

j
R = ūiL V

†
ij muj

ujR = ū′jLmuj
ujR with muj

= yuj
v

perform rotation: uiL → u′iL = Vij u
j
L

H, v

diR diL

ŷdi ,mdi

H, v

ui
R ui

L

ŷui
,mui

W

diL uj
L

g√
2
Vji

γ, Z

qiL,R qiL,R

g c
q,γ/Z
L,R
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# physical parameters in Lqy?

Yukawa matrices

yd, yu

36 parameters

(18 real, 18 phases)

flavour symmetry

[U(3)]3

27 generators

(9 real, 18 phases)

baryon symmetry

U(1)

1 generator

(1 phase)

26 broken generators

(9 real, 17 phases)

physical parameters

md,mu, VCKM

10 parameters

(9 real, 1 phase)



Yukawa-couplings and CKM matrix
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)

◮ 3 mixing angles in CKM matrix

1 phase

◮ phase in CKM matrix → source of CP-violation in SM



Yukawa-couplings and CKM matrix

9 real parameters

◮ 6 quark masses (=̂ diagonal Yukawa couplings ŷdi , ŷui
)

◮ 3 mixing angles in CKM matrix

1 phase

◮ phase in CKM matrix → source of CP-violation in SM

ŷd =



yd 0 0
0 ys 0
0 0 yb


 ∼ 0, ŷu =



yu 0 0
0 yc 0
0 0 yt


 ∼



0 0 0
0 0 0
0 0 1




V =



Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


 ∼ O(




1 λ λ3

λ 1 λ2

λ3 λ2 1


), λ ≈ 0.22

→ peculiar structure of measured quark masses and CKM

matrix leads to strong suppression of FCNCs (flavour-changing

neutral currents) in the SM
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example:

exclusive decay B → Xsγ (quark-level: b→ sγ)

b s

k

γ
µ

gauge invariance implies:

Mµ
b→sγ = AL [s̄Lσ

µνkνbR]︸ ︷︷ ︸
M

µ
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+ AR [s̄Rσ
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M
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[U(3)]3 transformations:

QL → RQQL, dR → RddR, uR → RuuR

yd → RQydRd†, yu → RQyuRu†

[U(3)]3 invariance implies: (yd = ŷd, yu = V †ŷu)
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(
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)
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∑
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)

23
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∑
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d̄2R ŷd2 V ∗
i2 ŷ

u
i ŷui Vi3 σ
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2

t V
∗
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FCNCs

Mµ
b→sγ = aL

(
mbm

2
tV

∗
tsVtb

)
[s̄Lσ

µνkνbR] + aR
(
msm

2
tV

∗
tsVtb

)
[s̄Rσ

µνkνbL]

Suppression of FCNCs in SM:

◮ loop-induced

◮ small CKM elements: V ∗
tsVtb ∼ λ

2

◮ GIM-suppression:

mass-independent terms cancel because of unitarity of

CKM matrix

◮ here in addition: helicity suppression mb/v
(suppression of right-handed current by ms/mb)



Unitarity triangle

Unitarity of CKM matrix:

∑

u

VudV
∗
ud′ = 0 for d 6= d′,

∑

d

VudV
∗
u′ = 0 for u 6= u′

◮ 6 different relations: 3 for up-, 3 for down-quarks

◮ each relation defines triangle in complex plane (unitarity
triangles)
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Unitarity triangle

Unitarity of CKM matrix:

∑

u

VudV
∗
ud′ = 0 for d 6= d′,

∑

d

VudV
∗
u′ = 0 for u 6= u′

◮ 6 different relations: 3 for up-, 3 for down-quarks

◮ each relation defines triangle in complex plane (unitarity

triangles)

VudV
∗
ub

VcdV ∗
cb

+ 1 +
VtdV

∗
tb

VcdV ∗
cb

= 0

→ THE unitarity triangle!



CKM metrology

Overconstraining measurements:

◮ |Vud|, |Vus|, |Vub|, |Vcb| at tree-level from

semi-leptonic decays

◮ |Vtd|, |Vts| only at loop-level via FCNCs

∆md from B −B mixing → |Vtd|
ℓ−

d, s u
b u, c

ν̄ℓ

W
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mixing

box diagrams mediate B0 −B
0

transitions:

iM12 = +

b

d

d

b
W

W

u, c, t u, c, t

b

d

d

b

W W

u, c, t

u, c, t

time evolution:

i
d

dt

(
B0(t)

B
0
(t)

)
= H

(
B0(t)

B
0
(t)

)
, H =M+ iΓ

◮ M,Γ hermitian 2× 2 matrices:

M : transition within B0-B
0

system, Γ : decay of B0, B
0

◮ empirically: Γij ≪Mij , CPT-invariance: M11 =M22

⇒ H ≈

(
M11 M12

M∗
12 M11

)
→ eigenvalues: M11 ± |M12|

⇒ mass difference ∆md = 2|M12|
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VudV
∗
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∗
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≈(VudV
∗
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∗
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∗
tb g(xt) ≈ VtdV

∗
tb [g(xt)− g(0)]
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mixing

iM12 = +

b

d

d

b
W

W

u, c, t u, c, t

b

d

d

b

W W

u, c, t

u, c, t

M12 =
∑

ij

(VidV
∗
ib)(VjdV

∗
jb) f(xi, xj), xi = m2
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/M2

W

GIM mechanism (xu ≈ xc ≈ 0):

VudV
∗
ub g(xu) + VcdV

∗
cb g(xc)︸ ︷︷ ︸

≈(VudV
∗
ub + VcdV

∗
cb)︸ ︷︷ ︸

−VtdV ∗
tb

g(0)

+VtdV
∗
tb g(xt) ≈ VtdV

∗
tb [g(xt)− g(0)]

⇒ M12 ≈ (VtdV
∗
tb)

2 [f(xt, xt)− 2f(xt, 0) + f(0, 0)]

VtdV
∗
tb = Vtd +O(λ

4) ⇒ ∆md = 2|M12| measures |Vtd|
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CKM metrology

Overconstraining measurements:

angles of unitarity triangle related to CP violation, e.g.

◮ mixing-induced CP asymmetry in B → J/ψKs → β

◮ direct CP asymmetry in B → DK → γ
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Flavour beyond the SM

generic extension of SM
→ new sources of flavour (= [U(3)]3) violation

example: MSSM → soft SUSY-breaking terms

−LSUSY
soft ⊃ Q̃∗

Lm̃
2
QQ̃L + ũ∗Rm̃

2
uũR + d̃∗Rm̃

2
dd̃R +

ũ∗RHua
uQ̃L + d̃∗RHda

dQ̃L + h.c.

m̃2
Q, m̃

2
u, m̃

2
d : 3× 3 hermitian mass matrices

au, ad : 3× 3 trilinear coupling matrices

need further spurions to restore flavour symmetry:

m̃2
Q → RQm̃2

QR
Q†, m̃2

u → Rum̃2
uR

u†, m̃2
d → Rdm̃2

dR
d†

au → RuauRQ†, ad → RdadRQ†

⇒ new contributions to FCNCs
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Minimal Flavour Violation

MFV hypothesis: (Minimal Flavour Violation)

yu, yd are the only spurions of the [U(3)]3 flavour symmetry

parametrisation of flavoured NP parameters in terms of yd, yu

e.g. SUSY-breacking terms:

m̃2
Q = m2

0

[
a1 + b1y

uyu† + b2y
dyd† + (b3y

dyd†yuyu† + h.c.) + ...
]

ad = A0y
d
[
a2 + b4y

uyu† + ...
]

All possible Yukawa structures form basis of 3× 3 matrices

but: nearly aligned ⇒ generic flavour structure needs large ai, bi
⇒ require naturality for ai, bi

“more minimal” definition bi ≡ 0?
not RGE invariant: if imposed at one scale, bi 6= 0 induced at others

CMSSM (constrained MSSM): bi ≡ 0 at Planck scale
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→ approximate flavour symmetry of Yukawa sector

exact symmetry limit: only top quark massive and V = 1



Radiative flavour violation

◮ origin of NP flavour problem:

→ approximate flavour symmetry of Yukawa sector

exact symmetry limit: only top quark massive and V = 1

◮ assume exact flavour symmetry in Yukawa sector

use flavour structure of NP model to generate small quark

masses and V 6= 1 radiatively

Radiative Flavour Violation (RFV) [Weinberg’72]

from soft-susy breaking terms
[Buchmüller,Wyler’83, Banks’88, Borzumati,Farrar,Polonsky’98’99,

Ferrandis,Haba’04]

today: strong constraints from FCNCs

but: RFV from trilinear A-terms still viable
[Crivellin,LH,Nierste,Scherer’11]
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gauge sector Yukawa sector SUSY breaking

MFV U(3)3 U(1)B
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RFV U(3)3 U(2)3
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=


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0 0 0

0 0 0

0 0 yq


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mt,mb, V = 1

U(1)B
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A
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Radiative Flavour Violation

U(2)3 symmetry of Yukawa sector

◮ obeyed by bilinear squark mass terms M̃2
QL,uR,dR

◮ broken by trilinear Au,d-terms

This scenario of RFV

◮ links the breaking of flavour-symmetries to SUSY-breaking

◮ explains overall smallness of quark-masses mu,md,ms,mc and

CKM-elements Vti, Vib (i = 1, 2) by loop suppression

◮ softens the SUSY flavour problem by linking most of the flavour

off-diagonal SUSY-breaking terms to measured CKM elements

◮ allows to split the third squark generation from the first two in

order have

◮ light stops as favoured by the hierarchy problem
◮ heavy squarks of first two generations avoiding bounds

from direct searches



A-terms

perform U(2)-rotations on left- and righthanded superfields such that

Aq=u,d =


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11 0 Aq

13
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
 , V (0) =




cos θC sin θC 0
− sin θC cos θC 0

0 0 1




θC =exp. measured Cabbibo-angle

◮ minimal flavour violation with respect to the first two generations

◮ avoid tight contraints from Kaon physics
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θC =exp. measured Cabbibo-angle

radiative CKM generation (example: Vts):

vu

t c sg̃

t̃R c̃L

Au
23

W

vd

t b sg̃

b̃R s̃L

Ad
23

W

t s

V ∗
ts

W

V ∗
ts = buA

u
23

vu
mt

− bdA
d
23

vd
mb

smallness of CKM elements Vti, Vib (i = 1, 2) ←→ bq ∼
αs

4π
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loop-functions in radiative mass and CKM generation do not decouple

for MSUSY →∞

⇒ RFV works also for high SUSY mass scale



A-terms

perform U(2)-rotations on left- and righthanded superfields such that

Aq=u,d =




Aq
11 0 Aq

13

0 Aq
22 Aq

23
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31 Aq

32 Aq
33


 , V (0) =




cos θC sin θC 0
− sin θC cos θC 0
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
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θC =exp. measured Cabbibo-angle

contribution of Aq
31, A

q
32 to CKM elements helicity-suppressed

(small quark mass ratios ms/mb, mc/mt,...)

◮ Aq
31, A

q
32 not constrained from measured CKM elements

◮ Aq
31, A

q
32 act as sources of non-minimal flavour violation

⇒ different phenomenology than MFV scenarios



Higgs (double) penguins

bR

sL

ΓLR
sb

h0,H0, A0

µ−

µ+

bR

sL

ΓLR
sb

h0,H0, A0

sR

bL

ΓLR ∗
bs

◮ MFV:

ΓLR
sb ∝ yb y

2
t V

∗
tsVtb , ΓLR∗

bs ∝ ys y
2
t V

∗
tsVtb

⇒ Experimental bounds on Bs → µ+µ− render Higgs double

penguin effects in Bs − B̄s mixing negligible because of

ΓLR∗
bs /ΓLR

sb ∝ ms/mb

◮ RFV:

ΓLR
sb ∝ Ad

23 ∝ V ∗
ts , ΓLR∗

bs ∝ Ad∗
32

⇒ ΓLR∗
bs not suppressed with respect to ΓLR

sb


