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Quarks are not free in nature, they have fractional charges and always appear in bound 
states of integer charge (or zero charge) which are singlets of an SU(3) symmetry:

Mesons: combinations of one quark and one-anti-quark. For example: 

pions: u, d quark and anti-quark


kaons: s (anti)-quark with u or d quark or anti-quark


D mesons: c (anti)-quark with u, d or s quark or anti-quark


B mesons: b (anti)-quark with u, d, s, c quark or anti-quark


t quarks do not hadronise

Baryons: combinations of three quarks or three anti-quarks

e.g., proton: uud; neutron: udd

Exotics (not yet established):     e.g. Pentaquarks
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No FCNC in the SM!   

Muon Decay 1

LIFETIME OF THE MUON

Introduction
Muons are unstable particles; otherwise, they are rather like electrons but with much higher

masses, approximately 105 MeV. Radioactive nuclear decays do not release enough energy to
produce them; however, they are readily available in the laboratory as the dominant component of
the cosmic ray flux at the earth’s surface. There are two types of muons, with opposite charge, and
they decay into electrons or positrons and two neutrinos according to the rules

µ+
→ e+ νe ν̄µ

µ−

→ e− ν̄e νµ .

Themuon decay is a radioactive process which follows the usual exponential law for the probability
of survival for a given time t. Be sure that you understand the basis for this law.

The goal of the experiment is to measure the muon lifetime which is roughly 2 µs. With care
you can make the measurement with an accuracy of a few percent or better. In order to achieve
this goal in a conceptually simple way, we look only at those muons that happen to come to rest
inside our detector. That is, we first capture a muon and then measure the elapsed time until it
decays. Muons are rather penetrating particles, they can easily go through meters of concrete.
Nevertheless, a small fraction of the muons will be slowed down and stopped in the detector.

As shown in Figure 1, the apparatus consists of two types of detectors. There is a tank filled
with liquid scintillator (a big metal box) viewed by two photomultiplier tubes (Left and Right) and
two plastic scintillation counters (flat panels wrapped in black tape), each viewed by a photomul-
tiplier tube (Top and Bottom). Charged particles (muons and electrons) emit light when they pass
through scintillation material. This light is detected with photo-multiplier tubes. For more discus-
sion of scintillation and photo-multiplier tubes please read the write-up on detection of high-energy
particles. The experiment relies on co-incidence techniques. When a cosmic ray passes through all
detectors it should generate signals in all photomultiplier tubes at nearly the same time (how long
does it take the muon to travel from the top to the bottom of the detector?) Similarly, when the
muon decays in the tank of liquid scintillator, the resulting high energy electron or positron will
generate light in the left and right photomultiplier tubes.

General Experimental Approach
There are two approaches to measuring the lifetime of the muons stopped in the liquid scin-

tillator. In the first approach we try to make sure that the muon has in fact stopped in the liquid
scintillator box. For example, if the muon triggers the Top plastic scintillator and Left and Right
detectors, but not the Bottom plastic scintillator located under the liquid scintillator box (see Figure
1), then there is a good chance it has stopped inside the box. However, one also has to consider the
possibility that the muon travels at an angle through the apparatus or that the bottom detector has
a detection efficiency less than 1. If we are sure the muon has stopped inside the liquid scintillator
box, one just has to wait a few micro-second and a second pulse of light in Left and Right detectors
will indicate the decay of the muon.

In the second approach, we look at all events that trigger the Left and Right detectors of the
liquid scintillator. The majority of them would be penetrating muons, but a small fraction will

Pion decay
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Symmetries play a fundamental role in Particle Physics 

The structure of the vertices presented in the previous slide is fixed by symmetries 

Still: “There is a striking difference between the simplicity of the gauge sector, 

described by just three gauge couplings, and the complicated structure of the 

rest of the SM with over twenty Higgs related parameters describing the SM  
flavour structure. This suggests that flavour physics is a unique portal to a 

more fundamental organizing principle. “


Physics Briefing Book 
Input for the European Strategy for Particle Physics Update 2020 
arXiv:1910.11775

https://arxiv.org/abs/1910.11775
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Some of the properties of the SM

‣ no photon mediated FCNC

‣ no Z mediated FCNC (which are possible in physics BSM)

‣ only one Higgs field (electrically neutral) (multi-Higgs may appear in physics BSM)

‣ no Higgs mediated FCNC (these are possible in physics BSM)

‣ VCKM (governs couplings of quarks to W) is a unitary matrix

           (VCKM has “small” off-diagonal entries and has complex entries with physical meaning) 

‣ CP violation in the quark sector

‣ neutrinos are strictly massless

‣ no leptonic mixing, i.e., the couplings of leptons to W are real diagonal, i.e. identity
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8 11. CKM quark-mixing matrix

BC

Aa)

VudV
*
ub

VtdV
*
tb

VcdV
*
cb

α

βγ

C = (0,0)

A = (ρ,η)

B = (1,0)

b)

α

βγ

Figure 11.1: (a) Representation in the complex plane of the triangle formed by
the CKM matrix elements Vud Vub

∗, Vtd Vtb
∗, and Vcd Vcb

∗. (b) Rescaled triangle
with vertices A, B, and C at (ρ, η), (1, 0), and (0, 0), respectively.

in this manner from, for example, B mixing or b → sγ, require an additional assumption
that the top-quark loop, rather than new physics, gives the dominant contribution to the
process in question. Conversely, when we find agreement between CKM matrix elements
extracted from loop diagrams and the values above based on direct measurements plus
the assumption of three generations, this can be used to place restrictions on new physics.

We first consider constraints from flavor-changing processes that are not CP -
violating. The measured value [41] of ∆MBd

= 0.502 ± 0.007 ps−1 from Bd
0 − Bd

0

mixing can be turned into information on |Vtb
∗Vtd|, assuming that the dominant

contribution to the mass difference arises from the matrix element between a Bd and
a Bd of an operator that corresponds to a box diagram with W bosons and top
quarks as sides. Using the characteristic hadronic matrix element that then occurs,
B̂Bd

· fBd
2 = (1.26 ± 0.10) · (196 ± 32 MeV)2 from lattice QCD calculations [42],

next-to-leading-order QCD corrections (ηQCD = 0.55) [43], and the running top-quark

September 8, 2004 15:22
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12. CKM Quark-Mixing Matrix

Revised March 2020 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).

12.1 Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM). They

arise from the Yukawa interactions with the Higgs condensate,

LY = ≠Y
d

ij Q
I
Li „ d

I
Rj ≠ Y

u
ij Q

I
Li ‘ „

ú
u

I
Rj + h.c., (12.1)

where Y
u,d are 3◊3 complex matrices, „ is the Higgs field, i, j are generation labels, and ‘ is the 2◊2

antisymmetric tensor. Q
I
L are left-handed quark doublets, and d

I
R and u

I
R are right-handed down-

and up-type quark singlets, respectively, in the weak-eigenstate basis. When „ acquires a vacuum
expectation value, È„Í = (0, v/

Ô
2), Eq. (12.1) yields mass terms for the quarks. The physical states

are obtained by diagonalizing Y
u,d by four unitary matrices, V

u,d
L,R, as M

f
diag = V

f
L Y

f
V

f†

R (v/
Ô

2),
f = u, d. As a result, the charged-current W

± interactions couple to the physical uLj and dLk

quarks with couplings given by

≠gÔ
2

(uL, cL, tL)“µ
W

+
µ VCKM

Q

ca
dL

sL

bL

R

db + h.c., VCKM © V
u

L V
d

L
† =

Q

ca
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

R

db . (12.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 ◊ 3 unitary matrix. It can be
parameterized by three mixing angles and the CP -violating KM phase [2]. Of the many possible
conventions, a standard choice has become [3]

VCKM =

Q

ca
1 0 0
0 c23 s23
0 ≠s23 c23

R

db

Q

ca
c13 0 s13e

≠i”

0 1 0
≠s13e

i” 0 c13

R

db

Q

ca
c12 s12 0

≠s12 c12 0
0 0 1

R

db

=

Q

ca
c12c13 s12c13 s13e

≠i”

≠s12c23 ≠ c12s23s13e
i”

c12c23 ≠ s12s23s13e
i”

s23c13
s12s23 ≠ c12c23s13e

i” ≠c12s23 ≠ s12c23s13e
i”

c23c13

R

db , (12.3)

where sij = sin ◊ij , cij = cos ◊ij , and ” is the phase responsible for all CP -violating phenomena in
flavor-changing processes in the SM. The angles ◊ij can be chosen to lie in the first quadrant, so
sij , cij Ø 0.

It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = ⁄ = |Vus|


|Vud|2 + |Vus|2
, s23 = A⁄

2 = ⁄

----
Vcb

Vus

---- ,

s13e
i” = V

ú

ub = A⁄
3(fl + i÷) = A⁄

3(fl̄ + i÷̄)
Ô

1 ≠ A2⁄4
Ô

1 ≠ ⁄2 [1 ≠ A2⁄4(fl̄ + i÷̄)]
. (12.4)

These relations ensure that fl̄ + i÷̄ = ≠(VudV
ú

ub)/(VcdV
ú

cb) is phase convention independent, and the
CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄

reproduce all approximate results in the literature; i.e., fl̄ = fl(1≠⁄
2
/2+. . .) and ÷̄ = ÷(1≠⁄

2
/2+. . .),

and one can write VCKM to O(⁄4) either in terms of fl̄, ÷̄ or, traditionally,

VCKM =

Q

ca
1 ≠ ⁄

2
/2 ⁄ A⁄

3(fl ≠ i÷)
≠⁄ 1 ≠ ⁄

2
/2 A⁄

2

A⁄
3(1 ≠ fl ≠ i÷) ≠A⁄

2 1

R

db + O(⁄4) . (12.5)

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
1st June, 2020 8:27am
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Figure 12.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise determination
is important. The unitarity of the CKM matrix imposes

q
i VijV

ú

ik = ”jk and
q

j VijV
ú

kj = ”ik. The
six vanishing combinations can be represented as triangles in a complex plane, of which those
obtained by taking scalar products of neighboring rows or columns are nearly degenerate. The
areas of all triangles are the same, half of the Jarlskog invariant, J [7], which is a phase-convention-
independent measure of CP violation, defined by Im

#
VijVklV

ú

il V
ú

kj

$
= J

q
m,n ÁikmÁjln.

The most commonly used unitarity triangle arises from

Vud V
ú

ub + Vcd V
ú

cb + Vtd V
ú

tb = 0 , (12.6)

by dividing each side by the best-known one, VcdV
ú

cb (see Fig. 12.1). Its vertices are exactly (0, 0),
(1, 0), and, due to the definition in Eq. (12.4), (fl̄, ÷̄). An important goal of flavor physics is
to overconstrain the CKM elements, and many measurements can be conveniently displayed and
compared in the fl̄, ÷̄ plane. While the Lagrangian in Eq. (12.1) is renormalized, and the CKM
matrix has a well known scale dependence above the weak scale [8], below µ = mW the CKM
elements can be treated as constants, with all µ-dependence contained in the running of quark
masses and higher-dimension operators.

Unless explicitly stated otherwise, we describe all measurements assuming the SM, to extract
magnitudes and phases of CKM elements in Sec. 12.2 and 12.3. Processes dominated by loop-level
contributions in the SM are particularly sensitive to new physics beyond the SM (BSM). We give
the global fit results for the CKM elements in Sec. 12.4, and discuss some implications for beyond
standard model physics in Sec. 12.5.

12.2 Magnitudes of CKM elements
12.2.1 |Vud|

The most precise determination of |Vud| comes from the study of superallowed 0+ æ 0+ nuclear
beta decays, which are pure vector transitions. Taking the average of the fourteen most precise
determinations [9] yields [10]

|Vud| = 0.97370 ± 0.00014 . (12.7)

1st June, 2020 8:27am
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11. THE CABIBBO-KOBAYASHI-MASKAWA
QUARK-MIXING MATRIX

Revised January 2004 by F.J. Gilman (Carnegie-Mellon University), K. Kleinknecht and
B. Renk (Johannes-Gutenberg Universität Mainz).

In the Standard Model with SU(2)×U(1) as the gauge group of electroweak interactions,
both the quarks and leptons are assigned to be left-handed doublets and right-handed
singlets. The quark mass eigenstates are not the same as the weak eigenstates, and
the matrix relating these bases was defined for six quarks and given an explicit
parametrization by Kobayashi and Maskawa [1] in 1973. This generalizes the four-quark
case, where the matrix is described by a single parameter, the Cabibbo angle [2].

By convention, the mixing is often expressed in terms of a 3 × 3 unitary matrix V
operating on the charge −e/3 quark mass eigenstates (d, s, and b):

⎛

⎝
d ′

s ′

b ′

⎞

⎠ =

⎛

⎝
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎞

⎠

⎛

⎝
d
s
b

⎞

⎠ . (11.1)

The values of individual matrix elements can in principle all be determined from
weak decays of the relevant quarks, or, in some cases, from deep inelastic neutrino
scattering. Using the eight tree-level constraints discussed below together with unitarity,
and assuming only three generations, the 90% confidence limits on the magnitude of the
elements of the complete matrix are⎛

⎝
0.9739 to 0.9751 0.221 to 0.227 0.0029 to 0.0045
0.221 to 0.227 0.9730 to 0.9744 0.039 to 0.044
0.0048 to 0.014 0.037 to 0.043 0.9990 to 0.9992

⎞

⎠ . (11.2)

The ranges shown are for the individual matrix elements. The constraints of unitarity
connect different elements, so choosing a specific value for one element restricts the range
of others.

There are several parametrizations of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
We advocate a “standard” parametrization [3] of V that utilizes angles θ12, θ23, θ13, and
a phase, δ13

V =

(
c12c13 s12c13 s13e−iδ13

−s12c23−c12s23s13eiδ13 c12c23−s12s23s13eiδ13 s23c13
s12s23−c12c23s13eiδ13 −c12s23−s12c23s13eiδ13 c23c13

)

, (11.3)

with cij = cos θij and sij = sin θij for the “generation” labels i, j = 1, 2, 3. This has
distinct advantages of interpretation, for the rotation angles are defined and labeled in
a way which relate to the mixing of two specific generations and if one of these angles
vanishes, so does the mixing between those two generations; in the limit θ23 = θ13 = 0 the
third generation decouples, and the situation reduces to the usual Cabibbo mixing of the
first two generations with θ12 identified as the Cabibbo angle [2]. This parametrization is
exact to all orders, and has four parameters; the real angles θ12, θ23, θ13 can all be made
to lie in the first quadrant by an appropriate redefinition of quark field phases.

The matrix elements in the first row and third column, which have been directly
measured in decay processes, are all of a simple form, and, as c13 is known to deviate from

CITATION: S. Eidelman et al., Physics Letters B592, 1 (2004)

available on the PDG WWW pages (URL: http://pdg.lbl.gov/) September 8, 2004 15:22

2 12. CKM Quark-Mixing Matrix

Figure 12.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise determination
is important. The unitarity of the CKM matrix imposes

q
i VijV

ú

ik = ”jk and
q

j VijV
ú

kj = ”ik. The
six vanishing combinations can be represented as triangles in a complex plane, of which those
obtained by taking scalar products of neighboring rows or columns are nearly degenerate. The
areas of all triangles are the same, half of the Jarlskog invariant, J [7], which is a phase-convention-
independent measure of CP violation, defined by Im

#
VijVklV

ú

il V
ú

kj

$
= J

q
m,n ÁikmÁjln.

The most commonly used unitarity triangle arises from

Vud V
ú

ub + Vcd V
ú

cb + Vtd V
ú

tb = 0 , (12.6)

by dividing each side by the best-known one, VcdV
ú

cb (see Fig. 12.1). Its vertices are exactly (0, 0),
(1, 0), and, due to the definition in Eq. (12.4), (fl̄, ÷̄). An important goal of flavor physics is
to overconstrain the CKM elements, and many measurements can be conveniently displayed and
compared in the fl̄, ÷̄ plane. While the Lagrangian in Eq. (12.1) is renormalized, and the CKM
matrix has a well known scale dependence above the weak scale [8], below µ = mW the CKM
elements can be treated as constants, with all µ-dependence contained in the running of quark
masses and higher-dimension operators.

Unless explicitly stated otherwise, we describe all measurements assuming the SM, to extract
magnitudes and phases of CKM elements in Sec. 12.2 and 12.3. Processes dominated by loop-level
contributions in the SM are particularly sensitive to new physics beyond the SM (BSM). We give
the global fit results for the CKM elements in Sec. 12.4, and discuss some implications for beyond
standard model physics in Sec. 12.5.

12.2 Magnitudes of CKM elements
12.2.1 |Vud|

The most precise determination of |Vud| comes from the study of superallowed 0+ æ 0+ nuclear
beta decays, which are pure vector transitions. Taking the average of the fourteen most precise
determinations [9] yields [10]

|Vud| = 0.97370 ± 0.00014 . (12.7)
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A complication is that the ratio of the interfering amplitudes is very small, rDfi = A(B0 æ
D

+
fi

≠)/A(B0 æ D
+

fi
≠) = O(0.01) (and similarly for rDúfi and rDfl), and therefore it has not

been possible to measure it. To obtain 2— + “, SU(3) flavor symmetry and dynamical assump-
tions have been used to relate A(B0 æ D

≠
fi

+) to A(B0 æ D
≠
s fi

+), so this measurement is not
model independent at present. Combining the D

±
fi

û, D
ú±

fi
û and D

±
fl

û measurements [126] gives
sin(2— + “) > 0.68 at 68% CL [112], consistent with the previously discussed results for — and “.

12.4 Global fit in the Standard Model
Using the independently measured CKM elements mentioned in the previous sections, the uni-

tarity of the CKM matrix can be checked. We obtain |Vud|2 + |Vus|2 + |Vub|2 = 0.9985 ± 0.0005 (1st
row), |Vcd|2 + |Vcs|2 + |Vcb|2 = 1.025 ± 0.022 (2nd row), |Vud|2 + |Vcd|2 + |Vtd|2 = 0.9970 ± 0.0018 (1st
column), and |Vus|2+|Vcs|2+|Vts|2 = 1.026±0.022 (2nd column), respectively. Due to the recent re-
duction of the value of |Vud|, there is a 3‡ tension with unitarity in the 1st row, leading also to poor
consistency of the SM fit below. The uncertainties in the second row and column are dominated by
that of |Vcs|. For the second row, another check is obtained from the measurement of

q
u,c,d,s,b |Vij |2

in Sec. 12.2.4, minus the sum in the first row above: |Vcd|2 + |Vcs|2 + |Vcb|2 = 1.002 ± 0.027. These
provide strong tests of the unitarity of the CKM matrix. With the significantly improved direct
determination of |Vtb|, the unitarity checks for the third row and column have also become fairly
precise, leaving decreasing room for mixing with other states. The sum of the three angles of the
unitarity triangle, – + — + “ =

!
179+7

≠6
"¶, is also consistent with the SM expectation.

The CKM matrix elements can be most precisely determined using a global fit to all available
measurements and imposing the SM constraints (i.e., three generation unitarity). The fit must also
use theory predictions for hadronic matrix elements, which sometimes have significant uncertainties.
There are several approaches to combining the experimental data. CKMfitter [6,112] and Ref. [127]
(which develops [128,129] further) use frequentist statistics, while UTfit [113,130] uses a Bayesian
approach. These approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix significantly
reduce the allowed range of some of the CKM elements. The fit for the Wolfenstein parameters
defined in Eq. (12.4) gives

⁄ = 0.22650 ± 0.00048 , A = 0.790+0.017
≠0.012 ,

fl̄ = 0.141+0.016
≠0.017 , ÷̄ = 0.357 ± 0.011 . (12.26)

These values are obtained using the method of Refs. [6,112]. Using the prescription of Refs. [113,130]
gives ⁄ = 0.22658 ± 0.00044, A = 0.818 ± 0.012, fl̄ = 0.139 ± 0.014, ÷̄ = 0.356 ± 0.010 [131]. The fit
results for the magnitudes of all nine CKM elements are

VCKM =

Q

ca
0.97401 ± 0.00011 0.22650 ± 0.00048 0.00361+0.00011

≠0.00009
0.22636 ± 0.00048 0.97320 ± 0.00011 0.04053+0.00083

≠0.00061
0.00854+0.00023

≠0.00016 0.03978+0.00082
≠0.00060 0.999172+0.000024

≠0.000035

R

db , (12.27)

and the Jarlskog invariant is J =
!
3.00+0.15

≠0.09
"

◊ 10≠5. The parameters in Eq. (12.3) are

sin ◊12 = 0.22650 ± 0.00048 , sin ◊13 = 0.00361+0.00011
≠0.00009 ,

sin ◊23 = 0.04053+0.00083
≠0.00061 , ” = 1.196+0.045

≠0.043 . (12.28)

Fig. 12.2 illustrates the constraints on the fl̄, ÷̄ plane from various measurements, and the global
fit result. The CL of each of the shaded regions was increased from 95% to 99% for this edition,
because the reduction in |Vud| discussed above leads to poor consistency between the fit result (for
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The inclusive branching ratio B(B æ Xs“) = (3.32 ± 0.15) ◊ 10≠4 extrapolated to E“ > E0 =
1.6 GeV [24] is also sensitive to |VtbVts|. In addition to t-quark penguins, a substantial part of
the rate comes from charm contributions proportional to VcbV

ú
cs via the application of 3 ◊ 3 CKM

unitarity (which is used here). With the NNLO calculation of B(B æ Xs“)E“>E0/B(B æ Xce‹̄)
[74], we obtain |Vts/Vcb| = 0.98 ± 0.04. The Bs æ µ

+
µ

≠ rate is also proportional to |VtbVts|2 in the
SM, and the world average, B(Bs æ µ

+
µ

≠) = (3.1 ± 0.6) ◊ 10≠9 [24], is consistent with the SM,
with sizable uncertainties.

A complementary determination of |Vtd/Vts| is possible from the ratio of B æ fl“ and K
ú
“ rates.

The ratio of the neutral modes is theoretically cleaner than that of the charged ones, because
the poorly known spectator-interaction contribution is expected to be smaller (W -exchange vs.
weak annihilation). For now, because of low statistics, we average the charged and neutral rates
assuming the isospin symmetry and heavy-quark limit motivated relation, |Vtd/Vts|2/›

2
“ = [≈ (B+ æ

fl
+

“)+2≈ (B0 æ fl
0
“)]/[≈ (B+ æ K

ú+
“)+≈ (B0 æ K

ú0
“)] = (3.37±0.49)% [24]. Here ›“ contains

the poorly known hadronic physics. Using ›“ = 1.2±0.2 [75] gives |Vtd/Vts| = 0.220±0.016±0.037,
where the first uncertainty is experimental and the second is theoretical.

A theoretically clean determination of |VtdV
ú

ts| is possible from K
+ æ fi

+
‹‹̄ decay [76]. Exper-

imentally, only a handful of events have been observed [77, 78] and the rate is consistent with the
SM with large uncertainties. Much more data are needed for a precision measurement.
12.2.8 |Vtb|

The determination of |Vtb| from top decays uses the ratio of branching fractions R = B(t æ
Wb)/B(t æ Wq) = |Vtb|2/(

q
q |Vtq|2) = |Vtb|2, where q = b, s, d. The CDF and DØ measurements

performed on data collected during Run II of the Tevatron give |Vtb| > 0.78 [79] and 0.99 >

|Vtb| > 0.90 [80], respectively, at 95% CL. CMS measured the same quantity at 8 TeV and obtained
|Vtb| > 0.975 [81] at 95% CL.

The direct determination of |Vtb|, without assuming unitarity, is possible from the single top
quark production cross section. The (3.30+0.52

≠0.40) pb combined cross section [82] of DØ and CDF
measurements implies |Vtb| = 1.02+0.06

≠0.05. The LHC experiments, ATLAS and CMS, have measured
single top quark production cross sections (and extracted |Vtb|) in t-channel, Wt-channel, and s-
channel at 7 TeV, 8 TeV, and 13 TeV [83]. The average of these |Vtb| values is calculated to be
|Vtb| = 1.010 ± 0.036, where all systematic errors and theoretical errors are treated to be fully
correlated. The average of Tevatron and LHC values gives

|Vtb| = 1.013 ± 0.030 . (12.15)

The experimental systematic uncertainties dominate, and a dedicated combination would be wel-
come.

A weak constraint on |Vtb| can be obtained from precision electroweak data, where top quarks
enter in loops. The sensitivity is best in ≈ (Z æ bb̄) and yields |Vtb| = 0.77+0.18

≠0.24 [84].

12.3 Phases of CKM elements
As can be seen from Fig. 12.1, the angles of the unitarity triangle are

— = „1 = arg
3

≠ VcdV
ú

cb

VtdV
ú

tb

4
,

– = „2 = arg
3

≠ VtdV
ú

tb

VudV
ú

ub

4
,

“ = „3 = arg
3

≠ VudV
ú

ub

VcdV
ú

cb

4
. (12.16)
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use theory predictions for hadronic matrix elements, which sometimes have significant uncertainties.
There are several approaches to combining the experimental data. CKMfitter [6,112] and Ref. [127]
(which develops [128,129] further) use frequentist statistics, while UTfit [113,130] uses a Bayesian
approach. These approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix significantly
reduce the allowed range of some of the CKM elements. The fit for the Wolfenstein parameters
defined in Eq. (12.4) gives

⁄ = 0.22650 ± 0.00048 , A = 0.790+0.017
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Why Physics Beyond the SM?

• The SM leaves many unanswered questions and cannot 
accommodate all data!

‣ in the SM neutrinos are strictly  massless

‣ what is the nature of Dark Matter? No viable DM candidates in the SM

‣ SM cannot account for the baryon asymmetry of the Universe

• Furthermore, there is the:

‣ Electroweak hierarchy problem. Why is the Higgs so light?

‣ Strong CP problem

‣ Flavour puzzle:  Origin of fermion masses, mixing and CP violation 
(Neutrino Physics is Physics Beyond the SM)
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SM Tree SM Loop Require Leptonic Mixing (BSM), Loop
M ! `⌫,M 0`⌫ X X
B0 ! `+1 `

�
2 X(1 =2) X(1 6= 2)

M0 � M0 X
`�1 ! `�2 `

+
3 `

�
4 X

`j ! `i� X
B ! Xs� (b ! s �) X

B ! K `+`� (b ! s `+`�) X

1
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H
E
P
0
7
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2
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1
4
)
0
7
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H−
M

ℓ−

ν̄

(a) M → ℓν

H−

M ′

M
ℓ−

ν̄

(b) M → M ′ℓν

H−
M

ν

τ−

(c) τ → Mν

Figure 1. Tree level H± mediated NP contributions to semileptonic process.

3.2.2 Semileptonic processes

Semileptonic processes may also receive tree level contributions from virtual H±; the rele-

vant effective Lagrangian for these processes is:

Leff = −4GF√
2

∑

ui=u,c,t

∑

dj=d,s,b

∑

ℓa=e,µ,τ

∑

νb=ν1,ν2,ν3

Vuidj Uℓaνb

{
[ūiγ

µγLdj ]
[
ℓ̄aγµγLνb

]
+
[
ūi
(
g
uidjνbℓa
L γL + g

uidjνbℓa
R γR

)
dj
] [

ℓ̄aγLνb
]}

+ h.c. , (3.8)

where

g
uidjνbℓa
L =

muimℓa

m2
H+

CuidjCℓaνb , g
uidjνbℓa
R = −

mdjmℓa

m2
H+

CuidjCνbℓa , (3.9)

and, Cuidj = −1/ tanβ for models of types ui and dj , Cuidj = tanβ otherwise, while

Cνbℓa = −1/ tanβ for models of types ℓa and νb, Cνbℓa = tanβ otherwise.

The rate of the leptonic decay M → ℓν̄ of a pseudoscalar meson M , with quark content

ūidj , obtained from the effective Lagrangian in eq. (3.8), is given by4

Γ0(M → ℓν̄) = G2
Fm

2
ℓf

2
M |Vuidj |2

mM

8π

(
1−

m2
ℓ

m2
M

)2 ∑

n=1,2,3

|Uℓνn |2|1−∆νnℓ
uidj

|2 . (3.10)

The scalar mediated new contribution is given by,

∆νnℓ
uidj

= CuidjCνnℓ m
2
M

m2
H±

. (3.11)

Since the process is helicity suppressed and receives NP contributions proportional to

m2
M/m2

H± , interesting channels are expected to involve heavy mesons and the τ lepton, as

for example in B+ → τ+ν, D+
s → τ+ν. Taking into account the different possible values

of Cuidj and Cνnℓ, we must have

CuidjCνnℓ ∈
{
−1, tan2 β,

1

tan2 β

}
.

4Including electromagnetic radiative corrections [42], Γ(M → ℓν̄) = (1 + δem)Γ0(M → ℓν̄).
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Direct 

‣ searching for the decay products of 
NP particles produced in collision

Indirect

‣ searching for effects of NP particles 
running in quantum loops (virtual)

Precision 
Rare 
Forbidden

�12

SMData

Searching for BSM
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Direct searches: heavy NP particles

�13

The LHC has granted us access to the TeV scale. 
Current upper limits on NP mass scale: 1-10TeV
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beyond SM beyond LHC

�14

@HL-LHC 
extend sensitivity by x2

- innovative analysis methods

- explore tails of distributions


@FC 
further large gains in sensitivityZ’

H

SUSY
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Feebly Interacting Particles

SHiP

Explore the exotic & unconventional 
New trigger strategies

New experimental signatures 

New dedicated detectors

At LHC and beyond 

LHC 
FCC



                         

Indirect searches: fuelled by Quantum Mechanics

Quark Mixing & CP Lepton Flavour EDM Higgs-LFV

direct  
searches

top-FCNC EWK
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Heavy flavour

�17

CKM ➡ ultra precision tests  
of SM flavour structure (⬅Higgs)

theory (lattice QCD) precision critical!
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mixing decay

B μμ

Nature 522 (2015) 68PRL 97 (2006) 242003, NL thesis

“fast and rare” “doubly sensitive to NP”
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rare decay: b→sμμ

�19
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vs SM

vs BSM HL-LHC
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Bs→μμ, B0→K*μμ,…

FCNC
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b→sμμ  |  global fits 
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SM - Effective Field Theory
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Flavour Anomalies
LFUV b→sll

LFUV b→clν

Clarification being actively pursued  
experimentally by LHCb,ATLAS,CMS, and BelleII 

+ theory calculations and model building 

HL-LHC

b→sμμ
e vs μ

τ vs μ

!21
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Light flavour sector
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K→πνν

Kaon rare decays Tau LFV

Muon LFV

(+KLEVER)
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top & Higgs FCNC

�23

top FCNC

LFV

Higgs flavour couplings
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Summary
• BSM physics is actively searched at LHC & beyond

‣ Direct searches: novel trigger/analysis strategies, unconventional signatures 

‣ Precision measurements: flavour mixing & CPV, particle properties/couplings

‣ Indirect searches: rare and forbidden decays, FCNC, LFV, LFUV

• Flavour provides sensitivity to BSM well beyond collision energy 

‣ light quarks — heavy quarks — leptons

• Perspectives are bright 

‣ HL-LHC and other mid-term new projects (@CERN and elsewhere) shall  
facilitate large increases in sensitivity to New Physics

‣ Also through exploration of new ideas and novel approaches 

‣ Europe, and Portugal, well positioned to (continue to) play leading role

�24




