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Flavour physics

Sébastien Descotes-Genon (LPT-Orsay) The CKM matrix (1) 08/06/18 3



Particle physics

Central question of QFT-based particle physics

L =?

i.e. which degrees of freedom, symmetries, scales ?

H H
ig
gs

3 générations

SM best answer up to now, but
neutrino masses
dark matter
dark energy
baryon asymmetry of the
universe
hierarchy problem

=⇒3 generations playing a particular role in the SM
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Flavour in the SM

LSM = Lgauge(Aa,Ψj) + LHiggs(φ,Aa,Ψj)

Gauge part Lgauge(Aa,Ψj)

Highly symmetric (gauge symmetry, flavour symmetry)
Well-tested experimentally (electroweak precision tests)
Stable with respect to quantum corrections

Higgs part LHiggs(φ,Aa,Ψj)

Ad hoc potential
Dynamics not fully tested
Not stable w.r.t quantum corrections
Origin of flavour structure of the Standard Model
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Fermions in SM

SM: SUC(3)⊗ SUL(2)⊗ UY (1)

Colour (for quarks only)
Weak isospin (for left-handed fermions only)
Hypercharge (for everybody)

Standard Model is chiral: distinction between left- and right-chiralities
Helicity: Projection of spin on momentum

but notion which is frame dependent for massive particle
Chirality: Lorentz-invariant equivalent, identical for m = 0

PR = (1 + γ5)/2 PL = (1− γ5)/2

=⇒Left chirality with weak isospin, right chirality without
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SM fermion assignments

Covariant derivative for fermions, involving W 1,2,3 and B gauge bosons

Dµψ = (∂µ − igW a
µT a − ig′YBµ)ψ

Using the physical W +,W−,Z 0 weak bosons and Aµ photon

Dµ = ∂µ−
ig√
2

(W +
µ T + + W−

µ T−)− i
g2T 3 − g′2Y√

g2 + g′2
Zµ− i

gg′√
g2 + g′2

(T 3 + Y )Aµ

where Q = T3 + Y and e = gg′√
g2+g′2

Fields T3 Y Q = T3 + Y

EL

(
νe

e

)
L

1/2 -1/2
(

0
−1

)
eR eR 0 -1 -1
νR νR 0 0 0

QL

(
uL

dL

)
L

1/2 1/6
(

2/3
−1/3

)
uR uR 0 2/3 2/3
dR dR 0 -1/3 -1/3

W± couples only to
left-handed fermions in
doublets
νR no interactions
(needed only to provide
masses to neutrinos)
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Electroweak currents

Lagrangian for masless 1st generation ψ ∈ {EL,eR,QL,uR,dR}
in terms of mass-eigenstates for bosons

Lgauge,ψ =
∑
ψ

ψ̄D/ψ =
∑
ψ

ψ̄∂/ψ+g(W +
µ JµW + +W−

µ JµW−+ZµJµZ )+eAµJµem

Jµ
W + =

1√
2

(ν̄Lγ
µeL + ūLγ

µdL) Jµ

W− =
1√
2

(ēLγ
µνL + d̄Lγ

µuL)

Jµ
Z =

1
cW

{
1
2
ν̄LγµνL +

(
s2

W −
1
2

)
ēLγµeL + s2

W ēRγµeR

+

(
1
2
− 2

3
s2

W

)
ūLγ

µuL −
2
3

s2
W ūRγ

µuR +

(
1
3

s2
W −

1
2

)
d̄Lγ

µdL +
1
3

s2
W d̄Rγ

µdR

}

Jµ
em = −ēγµe +

2
3

ūγµu − 1
3

d̄γµd

cW = g/
√

g2 + g′2, sW =
√

1− c2
W weak mixing (W 3

µ ,Bµ)↔ (Z 0
µ ,Aµ)

charged-currents only left-handed ψL = [(1− γ5)/2]ψ

neutral currents both left- and right-handed (and vector for photon)
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From BEH to CKM

General Yukawa interaction between Higgs and (3 families of) quarks

LHiggs,quarks = Q̄i
LY ik

D dk
Rφ+ Q̄i

LY ik
U uk

Rφc + h.c.+ . . .

Vacuum expectation value for Higgs 〈φ〉 6= 0 yields mass matrices

LHiggs,quarks = d̄ i
LM ik

D dk
R + ūi

LM ik
U uk

R + . . .

Diagonalise the mass matrices to get mass eigenstates ψ′

mq =
yq〈φ〉√

2
MD = diag(md ,ms,mb) MU = diag(mu,mc ,mt )

which are different from weak-interaction eigenstates ψ

uL =

 u
c
t


L

= Vu

 u′

c′

t ′


L

dL =

 d
s
b


L

= Vd

 d ′

s′

b′


L

=⇒Potential misalignement between (unitary) rotations: Vu 6= Vd
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FCCC: flavour-changing charged currents

W bosons couple to charged currents JµW
which in mass eigenstate basis involve matrix V

JµW = ūi
Lγ

µd i
L → ū′LV †uγµVdd ′L = ū′LVγµd ′L

flavour-changing charged currents at tree level

W

dj

iu
g√
2

[ūi
LVijγ

µd j
L W +

µ + d̄ j
LV ∗ij γ

µui
L W−

µ ]

unitary Cabibbo-Kobayashi-Maskawa matrix
(linked to electroweak symmetry breaking)

NB: In SMmν 6=0, equivalent mixing matrix for leptons UPMNS
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FCNC: flavour-changing neutral currents
Neutral currents remain flavour-diagonal in mass eigenstates

ūi
Lγ

µui
L → ū′LV †uγµVuu′L = ū′Lγ

µu′L,

d̄ i
Lγ

µd i
L → d̄ ′LV †dγ

µVdd ′L = d̄ ′Lγ
µd ′L,

No flavour-changing neutral currents in SM
. . . but absent only at tree level ! They can occur in loops

However, SM FCNC heavily suppressed by two mechanisms
Loop: Higher order in pert. theory (powers of g,g′)
GIM: Vanish in degenerate case mu = mc = mt

(proportional to V ∗tbVts + V ∗cbVcs + V ∗ubVus = 0)
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CP-violation in the SM
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CP and CKM

C (Charge conjugation) and P (Parity) combined in CP

ψ̄1γµ(1− γ5)ψ2 → ψ̄2γµ(1− γ5)ψ1
ψ̄1γµ(1 + γ5)ψ2 → ψ̄2γµ(1 + γ5)ψ1

at (~x , t) at (−~x , t)
symmetry of QCD/QED, but
symmetry for weak interactions ?

W +
µ ūiVijγ

µ(1− γ5)dj + W−
µ d̄jV ∗ij γ

µ(1− γ5)ui

→ W−
µ d̄iVijγ

µ(1− γ5)uj + W +
µ ūjV ∗ij γ

µ(1− γ5)di

Weak interactions are CP-invariant if V is real

Arbitrariness in field redefs means that for Ng generations, V contains

(Ng−1)(Ng−2)
2 phases and Ng(Ng−1)

2 moduli
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Structure of CKM matrix

For two generations, 1 modulus, no
phase, no CP violation (Cabbibo)

V =

[
Vud Vus
Vcd Vcs

]
=

[
cos θ sin θ
− sin θ cos θ

]

For three generations, 3 moduli and 1 phase, a unique source of CP
violation in quark sector (Kobayashi-Maskawa)

V =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 '
 1− λ2

2 λ Aλ3(ρ̄− i η̄)

−λ 1− λ2

2 Aλ2

Aλ3(1− ρ̄− i η̄) −Aλ2 1

+ O(λ4)

where we have exploited the observed hierarchy of matrix elements
(V = 1 + O(λ), close to unity)

=⇒extremely predictive model for CP violation embedded in SM
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SM unitarity triangles

Many unitarity relations, e.g., related to 4 neutral mesons (no top)
Bd meson (bd) : VudV ∗ub + VcdV ∗cb + VtdV ∗tb = 0 (λ3, λ3, λ3)

Bs meson (bs) : VusV ∗ub + VcsV ∗cb + VtsV ∗tb = 0 (λ4, λ2, λ2)

K meson (sd) : VudV ∗us + VcdV ∗cs + VtdV ∗ts = 0 (λ, λ, λ5)

D meson (cu) : VudV ∗cd + VusV ∗cs + VubV ∗cb = 0 (λ, λ, λ5)

Representation of (ρ, η) through rescaled triangles

(small but non squashed)
BD-meson triangle (bd)

(large but squashed)
D-meson triangle (cu)

In practice, always Bd unitarity triangle (but only 2 parameters out of 4)

Sébastien Descotes-Genon (LPT-Orsay) The CKM matrix (1) 08/06/18 15



A handle on the CKM matrix

Measurements in terms of hadrons, not of quarks !

d → u: Nuclear physics (superallowed β decays)
s → u: Kaon physics (KLOE, KTeV, NA62)
c → d , s: Charm physics (CLEO-c, Babar, Belle, BESIII)
b → u, c and t → d , s: B physics (Babar, Belle, CDF, DØ, LHCb)
t → b: Top physics (CDF/DØ, ATLAS, CMS)

How to determine structure of CKM matrix ?
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Quark flavour, SM and NP

Gauge

Higgs

Fermions

γg

tbcs

W Z

udνi

φ

μ τe NP?

Important, unexplained hierarchy among 10 of 19 params of SMmν=0
Mass (6 params, a lot of small ratios of scales)
CP violation (4 params, strong hierarchy between generations)

With interesting phenomenological consequences
CP violation from a single parameter
Quantum sensitivity (via loops) to large range of scales
Suppression of Flavour-Changing Neutral Currents

Important to determine the CKM matrix accurately within the SM
. . . as a first step to constrain significantly any NP extension

Good track record: charm (no KL → µµ), 3rd family (εK ), mc (∆mK ), mt (∆mB)
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CP-violation as a tool to determine CKM
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CKM from rates and CP-asymmetries
Take processes conjugate under CP

b → u : A(B̄0 → π+`−ν̄) ∝ Vub × FB→π

b̄ → ū : A(B0 → π−`+ν) ∝ V ∗ub × FB→π

where FB→π form factor defined from 〈π+|ūγµ(1− γ5)b|B̄〉
encoding hadronisation of quarks into hadrons

General feature : flavour processes with
weak part : odd under CP (phase from CKM)
strong part : even under CP (phase from strong interaction)

|Vij | via CP-conserving quantity (|A|2)
from rates where hadronic quantities are crucial

arg Vij via CP-violating quantity (Re(A1A∗2), Im(A1A∗2))
from asymmetries where hadronic quantities may cancel out
CP-violation from relative phases between conjugate proc.
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CP violation in decay

CP-conjugate processes B → f and B̄ → f̄ (B charged or neutral)

Af =
∑

k

Akeiδk eiφk Āf̄ =
∑

k

Akeiδk e−iφk

δk : CP-even strong phases φk : CP-odd weak phases∣∣∣∣∣Af

Āf̄

∣∣∣∣∣ 6= 1 =⇒ CP violation in decay

Asymmetry of the form
Γ(B → f )− Γ(B̄ → f̄ )

Γ(B → f ) + Γ(B̄ → f̄ )
∝ sin(φi − φj)sin(δi − δj)

need two different contributions with different strong phases
strong and weak phases from decay

Observed in K -decays (ε′), B0 → K +π−, π+π−, ηK ∗0. . .
but weak phases do not only occur in decays. . .
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Neutral-meson mixing
Loops allow ∆F = 2 FCNC

=⇒neutral-meson mixing possible

i
d
dt

( |M(t)〉
|M̄(t)〉

)
=
(

M − i
2

Γ
)( |M(t)〉
|M̄(t)〉

)
Quantum-Mech. for M = K 0,D0,B0

d ,B
0
s , with M and Γ hermitian

Γ from restriction to 2 states
mixing due to non-diagonal terms M12 − iΓ12/2

Diagonalisation: physical |MH,L〉 of masses MH,L, widths ΓH,L

|ML〉 = p|M〉+ q|M̄〉, |MH〉 = p|M〉 − q|M̄〉 |p|2 + |q|2 = 1

In terms of M12, |Γ12| and φ = arg
(
−M12

Γ12

)
Mass difference ∆M = MH −ML = 2|M12|
Width difference ∆Γq = ΓL − ΓH = 2|Γ12| cos(φ)

Mixing coefficients p and q
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Time evolution

Evolution of mass eigenstates in terms of CP-eigenstates

|M(t)〉 = g+(t)|M〉+
q
p

g−(t)|M̄〉 , |M̄(t)〉 =
p
q

g−(t)|M〉+ g+(t)|M̄〉

with time dependences [g+(0) = 1,g−(0) = 1]

g+(t) = e−iMte−Γt/2
[
cosh

∆Γt
4

cos
∆Mt

2
− i sinh

∆Γt
4

sin
∆Mt

2

]
g−(t) = e−iMte−Γt/2

[
− sinh

∆Γt
4

cos
∆Mt

2
+ i cosh

∆Γt
4

sin
∆Mt

2

]
with average masses and widths M, Γ, as well as differences ∆Γ, ∆M
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Four very different mesons

1 2 3 4 5
t�G

0.2

0.4

0.6

0.8

1.0
PHtL

K

1 2 3 4 5 6
t�G

0.2

0.4

0.6

0.8

1.0
PHtL

D

1 2 3 4 5
t�G

0.2

0.4

0.6

0.8

1.0
PHtL

Bd

1 2 3 4 5
t�G

0.2

0.4

0.6

0.8

1.0
PHtL

Bs
K : ∆m ∼ ∆Γ ∼ Γ: KL (long) and KS (short) rather than heavy-light
D: very little D̄ before decay
B: ∆Γ ' 0
Bs: ∆m� Γ: very rapid oscillations
no top-mesons (t decays before being bound into a meson)
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Oscillations

B-factories (Babar/Belle (II))
Coherent production
Υ(4S)→ Bd B̄d [idem with
Bs at Υ(5S)]
Flavour tagged through one
decay, which fixes the
flavour of the other B and
starts the clock for its
evolution t = 0
Low statistics, but very
good control of kinematics

Hadronic machines
(Tevatron/LHC(b))

Incoherent production of
b-hadrons from pp
collisions
Possibility of oscillations for
both tagging and signal
b-hadrons (40% Bd , 10%
Bs)
High statistics, but less
good control of kinematics
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Time-dependent decay rates

Γ(M(t)→ f ) = N2
f |Af |2e−Γt

{
1 + |λf |2

2
cosh

∆Γt
2

+
1− |λf |2

2
cos(∆Mt)

−Re λf sinh
∆Γt

2
− Im λf sin(∆Mt)

}

Γ(M̄(t)→ f ) = N2
f |Af |2

∣∣∣∣pq
∣∣∣∣2 e−Γt

{
1 + |λf |2

2
cosh

∆Γt
2
− 1− |λf |2

2
cos(∆Mt)

−Re λf sinh
∆Γt

2
+ Im λf sin(∆Mt)

}

Decay amplitudes Af = A(M → f ), Āf = A(M̄ → f )

Ratio of mixing and decay amplitude parameters

λf =
q
p

Āf

Af

Similar equations with f replaced by CP-conjugate f̄
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CP violation in mixing

Neutral mass eigenstates not necessarily CP-eigenstates

|ML〉 = p|M〉+ q|M̄〉 |MH〉 = p|M〉 − q|M̄〉∣∣∣∣qp
∣∣∣∣ 6= 1 =⇒ CP violation in mixing

flavour-specific decays (Āf = Af̄ = 0)
with no CP-violation in decay (|Af | = |Āf̄ |)
weak phase from mixing only

“Wrong-sign” semileptonic decays (`− ← B̄(bd̄)↔ B(b̄d)→ `+)

aSL =
Γ(B̄0(t)→ `+νX )− Γ(B0(t)→ `−ν̄X )

Γ(B̄0(t)→ `+νX ) + Γ(B0(t)→ `−ν̄X )
=
|p|4 − |q|4

|p|4 + |q|4

Seen for K meson (εK ),
but tiny asymmetry in SM for Bd ,s mesons, q/p almost a pure phase
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CPV in interf. between decay with & w/o mixing

For decays into CP-eigenstate: M → fCP and M → M̄ → fCP interfere

λf =
q
p

Āf

Af
6= ±1 =⇒ CP-violation in interference. . .

Γ(M̄(t)→ f )− Γ(M(t)→ f )

Γ(M̄(t)→ f ) + Γ(M(t)→ f )
= − Adir

CP cos(∆Mt) + Amix
CP sin(∆Mt)

cosh(∆Γt/2) + A∆Γ
CP sinh(∆Γt/2)

+ O

(
1−

∣∣∣∣qp
∣∣∣∣2
)

Adir
CP =

1− |λf |2

1 + |λf |2
Amix

CP = − 2Im λf

1 + λf |2
A∆Γ

CP = − 2Re λf

1 + λf |2
|Adir

CP |2 + |Amix
CP |2 + |A∆Γ

CP |2 = 1

weak phases from both mixing (q/p) and decay (Ā/A)
if one weak phase dominates decay amplitudes [“golden modes”]

|Af | = |Āf | and Adir
CP = 0

λf pure weak phase (no QCD), Amix
CP = Im λf

Bd → J/ψKS,Bs → J/ψφ
if A has comparable amplitudes with different weak phases,
QCD⊗weak and interpretation more difficult B → πK . . .

Sébastien Descotes-Genon (LPT-Orsay) The CKM matrix (1) 08/06/18 27



CPV in interf. between decay with & w/o mixing

For decays into CP-eigenstate: M → fCP and M → M̄ → fCP interfere

λf =
q
p

Āf
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= − Adir

CP cos(∆Mt) + Amix
CP sin(∆Mt)

cosh(∆Γt/2) + A∆Γ
CP sinh(∆Γt/2)

+ O

(
1−

∣∣∣∣qp
∣∣∣∣2
)

Adir
CP =

1− |λf |2

1 + |λf |2
Amix

CP = − 2Im λf

1 + λf |2
A∆Γ

CP = − 2Re λf

1 + λf |2
|Adir

CP |2 + |Amix
CP |2 + |A∆Γ

CP |2 = 1

weak phases from both mixing (q/p) and decay (Ā/A)
if one weak phase dominates decay amplitudes [“golden modes”]

|Af | = |Āf | and Adir
CP = 0

λf pure weak phase (no QCD), Amix
CP = Im λf

Bd → J/ψKS,Bs → J/ψφ
if A has comparable amplitudes with different weak phases,
QCD⊗weak and interpretation more difficult B → πK . . .
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A first overview of the CKM matrix
determination
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Different processes of interest

Semi/leptonic Penguins Mixing Radiative

Semi/leptonic Penguins Mixing Radiative
Process ∆F = 1 FCCC ∆F = 1 FCCC ∆F = 2 FCNC ∆F = 1 FCNC

B B → D`ν, B → τν B → ππ ∆md ,∆ms B → K∗µµ,Bs → µµ
D D → K `ν, Ds → µν D → Kπ x , y , φ D → Xu``
K K → π`ν, τ → Kν K → ππ εK K → πνν,K → µµ

NP sensitiv. Small Large ? Large Large

Select processes which are
well-controlled theoretically for hadronic uncertainties
accessible experimentally with good statistics
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A few modes of interest

Exp. uncertainties (Controlled) th. uncertainties
B → ππ, ρρ α B(b)→ D(c)`ν |Vcb| vs form factor (OPE)
B → DK γ B(b)→ π(u)`ν |Vub| vs form factor (OPE)

M → `ν(γ) |VUD| vs fM (decay cst)
B → J/ΨKs β εK (ρ̄, η̄) vs BK (bag parameter)
Bs → J/Ψφ βs Bd B̄d ,BsB̄s mix |VtbVtq | vs f 2

B BB (bag param)
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Two decades of CKM
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The current status of CKM
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ICHEP 16

CKM
f i t t e r

|Vud |, |Vus|, |Vcb|, |Vub|SL

B → τν

∆md , ∆ms, εK

α, sin 2β, γ

A = 0.825+0.007
−0.011

λ = 0.2251+0.0003
−0.0003

ρ̄ = 0.160+0.008
−0.007

η̄ = 0.350+0.006
−0.006

(68% CL)
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Any questions ?
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