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What is flavour?

Three generations of quarks and leptons

identical gauge quantum numbers

different masses

â flavour physics describes interactions that
distinguish between flavours

here: only quark flavour physics
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Quarks in the SM

Recall: parity violation of electroweak interactions

â left-handed quarks are introduced as SU(2)L doublets

Qj =

(
uL
dL

)
,

(
cL
sL

)
,

(
tL
bL

)
and right-handed quarks as SU(2)L singlets

Uj = uR, cR, tR Dj = dR, sR, bR
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Gauge couplings of the quarks

Lfermion =

3∑
j=1

Q̄ji /DQQj + Ūji /DUUj + D̄J i /DDDj

with the covariant derivatives (YQ = 1/6, YU = 2/3, YD = −1/3)

DQ,µ = ∂µ + igsT
aGaµ + igτaW a

µ + iYQg
′Bµ

DU,µ = ∂µ + igsT
aGaµ + iYUg

′Bµ

DD,µ = ∂µ + igsT
aGaµ + iYDg

′Bµ

â flavour universality: gauge couplings are equal for all three generations
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Yukawa couplings

flavour non-universality introduced by Yukawa couplings between the
Higgs field and the quarks:

LYuk =

3∑
i,j=1

(−YU,ijQ̄LiH̃URj − YD,ijQ̄LiHDRj + h.c.)

where i, j are generation indices and H̃ = εH∗ = (H0∗,−H−)T

â replacing H by its vacuum expectation value 〈H〉 = (0, v)T , we obtain
the quark mass terms

3∑
i,j=1

(−mU,ij ūLiuRj −mD,ij d̄LidRj + h.c.)

with the quark mass matrices given by mA = vYA (A = U,D,E).
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Diagonalising the fermion mass matrices

quark mass matrices mU ,mD,mL are 3× 3 complex matrices in the
generation space (“flavour” space) with a priori arbitrary entries

can be diagonalised by bi-unitary field redefinitions

uL = ÛLu
m
L uR = ÛRu

m
R dL = D̂Ld

m
L dR = D̂Rd

m
R

with m denoting quarks in the mass eigenstate basis

in this basis

mdiag
U = Û †LmU ÛR mdiag

D = D̂†LmDD̂R

are diagonal

â Is the SM Lagrangian invariant under these field redefinitions?
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The CKM matrix

transformations of the right-handed quarks are indeed unphysical, i. e.
they leave the rest of the Lagrangian invariant

however, uLi and dLi form the SU(2)L doublets QLi
â kinetic term gives rise to the interaction

g√
2
ūLiγµW

µ+dLi

transforming to the mass eigenstate basis, we obtain

g√
2
ūLiÛ

†
L,ijD̂L,jkγµW

µ+dLk

â The combination V̂CKM = Û †LD̂L is physical and is called the CKM
matrix. It leads to flavour violating charged current interactions.
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Present status

CKM matrix is found to be close to the unit matrix

|VCKM| ∼

0.974 0.225 0.0036
0.225 0.973 0.041
0.0089 0.041 0.999


also quark masses exhibit strong hierarchy

u

d

c

s

t

b

10-3 10-2 10-1 1 10 102
mq @GeVD

Where does this hierarchical structure come from?

â flavour hierarchy problem
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Flavour changing neutral currents

What about flavour changing neutral currents (FCNCs)?

absent at the tree level, because

gZ d̄LiD̂
†
L,ijD̂L,jkγµZ

µdLk ≡ gZ d̄LiγµZµdLi

generated however by loop diagrams with W± boson exchanges

Example: neutral K meson mixing
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GIM mechanism

M∝
∑

i,j=u,c,t

V ∗idVisV
∗
jdVjsF (xi, xj)

F (xi, xj): loop function that depends on mass square ratios xi = m2
i /M

2
W

CKM unitarity:
∑
i=u,c,t

V ∗idVis = 0

â
GIM mechanism Glashow, Iliopoulos, Maiani (1970)
FCNCs are suppressed by quark mass differences xi − xj
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SM suppression of FCNCs

Flavour changing neutral currents in the SM strongly suppressed by

loop suppression ∝ g2/(16π2)

CKM hierarchy

V ∗tsVtd︸ ︷︷ ︸
K system

∼ 5 · 10−4 � V ∗tbVtd︸ ︷︷ ︸
Bd system

∼ 10−2 < V ∗tbVts︸ ︷︷ ︸
Bs system

∼ 4 · 10−2

â K decays in general most sensitive to BSM physics

GIM mechanism

chirality of weak interactions: purely left-handed
â no strong RGE enhancements

Any of these could be absent in the presence of new physics!
â strong sensitivity!
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New physics in the effective theory language

SM is renormalisable
â all terms in the Lagrangian have mass dimension ≤ 4

parametrise NP in a model-independent way by including higher
dimensional effective operators consistent with SM symmetries

â effective theory

L = LSM +
∑
i

Ci
Λ
Odim 5
i +

∑
i

Ci
Λ2
Odim 6
i + · · ·

dimension 5: Weinberg operator â neutrino masses
dimension 6: e. g. four fermion interactions mediating FCNCs
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Effective Hamiltonian for ∆F = 2 transitions

H∆F=2
eff =

1

Λ2

5∑
i=1

CiOi +

3∑
i+1

C̃iÕi

with the four fermion operators for Bd,s − B̄d,s mixing (q = d, s)

O1 = (q̄αγµPLb
α)(q̄βγµPLb

β) (SM operator)

O2 = (q̄αPLb
α)(q̄βPLb

β) O3 = (q̄αPLb
β)(q̄βPLb

α)

O4 = (q̄αPLb
α)(q̄βPRb

β) O5 = (q̄αPLb
β)(q̄βPRb

α)

Õ1 = (q̄αγµPRb
α)(q̄βγµPRb

β)

Õ2 = (q̄αPRb
α)(q̄βPRb

β) Õ3 = (q̄αPRb
β)(q̄βPRb

α)

and analogous expressions for K0 − K̄0 mixing
α, β: colour indices
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Constraints on the NP scale

generic NP flavour structure:

|Ci| ∼ O(1) argC ∼ O(1)

strong constraints on
Λ > 100 TeV

CP violation in K0 − K̄0

mixing most constraining

â scale of scalar LR operator
C4 restricted to Λ ∼> 105 TeV

UTfit (2017)
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The flavour of the TeV scale

electroweak naturalness requires NP at the TeV scale

â apparenyly incompatible with FCNC constraints

NP flavour problem

Can NP conserve flavour?

â no! - flavour already violated in the SM

Can NP conserve flavour approximately?

â yes!
invoke approximate flavour symmetry
. . . or a dynamical explanation of flavour hierarchies
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Summary

Study goal: flavour puzzle

â Yukawa sector and CKM matrix

â flavour hierarchies in the SM

â FCNCs and GIM mechanism

â flavour probes of NP

Reading assignment

chapters 1 and 3.1, 3.2 of M. Blanke, Introduction to Flavour Physics
and CP Violation, arXiv:1704.03753
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