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Precision measurements:
- LEP
- Hadron Colliders
- Polarized Low Energy Electron Scattering 
- Atomic Parity Violation
- Anomalous Magnetic Moments

Flavor Physics and CP violation

Null tests: 
- Proton Stability
- Lepton Flavor Violation
- Electric Dipole Moments 



Precision Observables



Precision Physics

Standard Model has 18 free parameters:
- (3+3+3=9) Masses of quarks and leptons
- (3) Gauge couplings of SU(3)xSU(2)xU(1)
- (2) Higgs mass and vacuum expectation value
- (4) Angles + physical phase of CKM matrix 

But number of observables is infinite! 

We can measure all these 18 parameters in 
various processes, and then predict the outcome 
of all other processes. This is what we call 
precision tests of the Standard Model.



EWPT

In high-energy colliders fermion masses 
(except for the top quark) and CKM angles 
are typically too small to give observable 
effects 

In particular at LEP, 4 of the free 
parameters are most relevant: 3 gauge 
couplings of SU(3)xSU(2)xU(1) (which set the 
interaction strength of the electroweak 
gauge bosons with fermions) the vacuum 
expectation value of the Higgs field (which 
set the W and Z boson masses)

Also, indirect sensitivity to top quark and 
Higgs boson masses



Muon decay lifetime gives precise 
determination of Higgs 
expectation value v

Anomalous magnetic moment of 
electron gives a very precise 
measurement of electromagnetic 
coupling constant α

From LEP-1 collider we know very 
precisely  mass of Z boson mZ 
and strong coupling constant  αs 

EWPT - SM input parameters
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         Dark radiation? Wait for Planck. 



LEP



Large Electron–Positron Collider

Electron-Positron 
collider back in the 90s

First at energy 91.2 GeV 
at resonance with Z 

then going in steps up to 
209 GeV energy 



LEP-1 sensitive to Z boson couplings. Relative 
precision of order 0.1% for lepton couplings, 
and of order 1% for quark couplings. 

Direct Z width measurement hence 
constraints on number of neutrinos 

Also, indirect sensitivity to propagation of all 
electroweak gauge bosons

The latter further constrained in LEP-2

Cubic interactions of gauge bosons 
constrained in LEP-2 with precision 10% 

LEP constraints



From Gfitter 1209.2716

LEP Legacy
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LEP - number of neutrinos
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Figure 5.1: Measurements of the W-pair production cross-section, compared to the predictions
of RACOONWW [168] and YFSWW [161, 167]. The shaded area represents the uncertainty
on the theoretical predictions, estimated as ±2% for

√
s < 170 GeV and ranging from 0.7 to

0.4% above 170 GeV. The W mass is fixed at 80.35 GeV; its uncertainty is expected to give a
significant contribution only at threshold energies.91

LEP  - gauge boson self-interactions

Evidence for WWZ interactions == 
direct confirmation of non-abelian structure of SM



LEP constraints - oblique parameters



Hadron Colliders



Precision tests in hadron colliders



Precision tests in hadron colliders

Naively, not the best place for precision physics



Precision tests in hadron colliders

Naively, not the best place for precision physics



Testing QCD, but in most case it rather tests 
our ability to calculate in QCD  

So far only way to measure top quark mass, 
and best measurement of W boson mass

Precision tests of cubic and quartic self-
interactions of electroweak gauge bosons

Higgs couplings measurements

Precision tests in hadron colliders



Higgs Couplings
Measurements 

\



Simpler effective theory with 7 free parameters 

<ALL> these parameters are meaningfully constrained by current Higgs data

Limit of SM+SILH with constraints 

Standard Model limit: cV=cf=1, cgg=cγγ=cZγ=0

Simplified Effective Higgs Lagrangian  



Higgs: the story so far
Table 1: The LHC Higgs search results used in our fit.

ATLAS

Production Decay µ̂ Ref.

2D �� 1.55+0.33
�0.29 [5, 6]

ZZ 1.41+0.42
�0.33 [5, 7]

WW 0.98+0.33
�0.26 [5, 8]

⌧⌧ 1.4+0.4
�0.5 [9]

VH bb 0.2+0.7
�0.6 [10]

ttH bb 2.69± 5.53 [11]

�� �1.39± 3.18 [12]

inclusive Z� 2.96± 6.69 [13]

µµ 1.75± 4.26 [14]

CMS

Production Decay µ̂ Ref.

2D �� 0.77+0.29
�0.26 [15]

ZZ 0.92+0.29
�0.24 [16]

WW 0.68+0.21
�0.19 [16]

⌧⌧ 0.87± 0.29 [17]

VH bb 1.00± 0.49 [18]

VBF bb 0.7± 1.4 [19]

ttH bb 1.0+1.9
�2.0 [20]

�� �0.2+2.4
�1.9 [20]

⌧⌧ �1.4+6.3
�5.5 [20]

multi-` 3.7+1.6
�1.4 [21]

inclusive Z� �0.21± 4.86 [22]

µµ 2.9+2.8
�2.7 [23]

uncertainty on the prediction of the SM ggH production cross-section by introducing a nuisance

parameter with a Gaussian distribution around the central value. For the LHC at
p
s = 8 TeV

we take[25] the scale error (+7.2%, -7.8%) and the PDF error (+7.5%, -6.9%) and add those two

linearly. We obtain the following central values and 68% CL intervals for the parameters:

cV = 1.04+0.02
�0.02, cu = 1.27+0.35

�0.39, cd = 1.08+0.17
�0.26, cl = 1.06+0.20

�0.20,

cgg = �0.0012+0.0016
�0.0015, c�� = 0.00065+0.00093

�0.00066, cZ� = 0.007+0.014
�0.034. (9)

We find �2

SM

��2

min

= 3.1 which means that the SM gives a perfect fit to the Higgs and electroweak

precision data. When quoting the confidence regions above we ignored degenerate minima of the

likelihood function isolated from the SM point where a large 2-derivative Higgs coupling conspires

4



7 parameter fit

 ∆χ2=χ2SM  -  χ2min  ≈ 5.5, 
with  7 d.o.f.

SM hypothesis is 
a perfect fit 

using only Higgs data:



Overwhelming evidence it is a Higgs boson (particle 
coupled to mass of W and Z)

Statement independent of possible higher order 
couplings to W and Z 

Smells like the Higgs boson 

7 parameter fit



Anomalous 
Magnetic Moments



Magnetic Dipole Moments

Magnetic dipole moments arise in the 
Standard Model

For elementary Dirac fermions 
(electrons, muons, taus) 
renormalizability implies g=2 

Small corrections to g-2 from quantum 
effects, so that g= 2(1 +a)

One of best measured quantities in 
physics! 

M. Passera   ULB   Feb 7 2014

(i@µ � eAµ) �µ = m 

The beginning: g = 2

 Uhlenbeck and Goudsmit in 1925 proposed:

  Dirac 1928:

  A Pauli term in Dirac’s eq would give a deviation… 
!
!
!
...but there was no need for it! g=2 stood for ~20 yrs.

!5

a
e

2m
�µ⌫Fµ⌫ ! g = 2(1 + a)

~µ = g
e

2mc
~s

g = 2 (not 1!)



Magnetic Dipole Moments

Slides borrowed from M. Passera

For electron MDM, very precise predictions

M. Passera   ULB   Feb 7 2014

The SM prediction of  the electron g-2

!24

  The SM prediction is:   

                  
ae

SM (α) =    ae
QED (α)   +   ae

EW    +   ae
HAD 

!
  The EW  (1&2 loop) term is:  Czarnecki, Krause, Marciano ’96 [Codata 2012]           

!
ae

EW           =    0.2973 (52) x 10-13 
!

  The Hadronic contribution is: Nomura & Teubner ’12, Jegerlehner & Nyffeler ’09; Krause’97              
!

ae
HAD         =    16.82 (16) x 10-13 

!
  Which value of  α should we use to compute ae

SM and compare 
      it with ae

EXP ?? Not the PDG/Codata one (obtained equating 
      ae

SM(α) = ae
EXP)! Use atomic-physics measurements of  alpha.

M. Passera   ULB   Feb 7 2014

ae
QED   =  +  (1/2)(α/π)   -  0.328 478 444 002 55(33) (α/π)2  

                               Schwinger 1948     Sommerfield; Petermann; Suura&Wichmann ’57; Elend ’66; CODATA Mar ’12 !!
 A1

(4) = -0.328 478 965 579 193 78...                              
 A2

(4) (me/mμ) = 5.197 386 68 (26) x 10-7 

 A2
(4) (me/mτ) = 1.837 98 (33) x 10-9                                    

!!
               +  1.181 234 016 816 (11) (α/π)3 

                               Kinoshita; Barbieri; Laporta, Remiddi; … , Li, Samuel; MP '06; Giudice, Paradisi, MP 2012!!
 A1

(6) = 1.181 241 456 587...                              
 A2

(6) (me/mμ) = -7.373 941 62 (27) x 10-6 

 A2
(6) (me/mτ) = -6.5830 (11) x 10-8                                    

 A3
(6) (me/mμ, me/mτ) = 1.909 82 (34) x 10-13                                    

!
               -   1.9097 (20) (α/π)4 
                               Kinoshita & Lindquist ’81, … , Kinoshita & Nio ’05; Aoyama, Hayakawa, Kinoshita & Nio 2012!!
               +  9.16 (58) (α/π)5       COMPLETED! (12672 mass independent diagrams!) 

                                  Aoyama, Hayakawa, Kinoshita, Nio, PRL 109 (2012) 111807. 

The QED prediction of  the electron g-2

!21

M. Passera   ULB   Feb 7 2014

The electron g-2 gives the best determination of  alpha

α−1 = 137.036 000 0 (11)        [7.7 ppb]   PRA73 (2006) 032504 (Cs) 

α−1 = 137.035 999 049  (90)   [0.66 ppb] PRL106  (2011) 080801 (Rb)

Compare it with other determinations (independent of  ae):

Excellent agreement → beautiful test of  QED at 4-loop level! 

The 2008 measurement of  the electron g-2 is: 

        ae
EXP = 11596521807.3 (2.8) x 10-13   Hanneke et al, PRL100 (2008) 120801 

     vs. old (factor of  15 improvement, 1.8σ difference): 

        ae
EXP = 11596521883 (42)  x 10-13    Van Dyck et al, PRL59 (1987) 26 

Equate  ae
SM(α) = ae

EXP  → best determination of  alpha (2014):

α−1 = 137.035 999 184 (35)      [0.25 ppb]

!25

So precise, 
it is used to measure 
the electromagnetic 
coupling constant α



M. Passera   ULB   Feb 7 2014

The muon g-2: SM vs. Experiment

!16

[1]  Jegerlehner & Nyffeler, Phys. Rept. 477 (2009) 1 
[2]  Davier et al, EPJ C71 (2011) 1515 (includes BaBar & KLOE10 2π) 
[3]  Hagiwara et al, JPG38 (2011) 085003 (includes BaBar & KLOE10 2π)

 with the “conservative” aμHHO(lbl)  = 116 (39) x 10-11 and the LO hadronic from:

 aμEXP = 116592089 (63) x 10-11   

Adding up all contributions, we get the following SM 
predictions and comparisons with the measured value:                 

Note that the th. error is now about the same as the exp. one                 

E821 – Final Report: PRD73 
(2006) 072 with latest value 
of  λ=μμ/μp  from CODATA’06

aSM
µ ⇥ 1011 �aµ = aEXP

µ � aSM
µ �

116 591 793 (66) 296 (91) ⇥ 10�11 3.2 [1]

116 591 813 (57) 276 (85) ⇥ 10�11 3.2 [2]

116 591 839 (58) 250 (86) ⇥ 10�11 2.9 [3]

Magnetic Dipole Moments

Slide borrowed from M. Passera

Intriguing discrepancy for muon MDM



Atomic Transitions
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Gabrielse, Hanneke, Kinoshita, Nio & Odom, PRL99 (2007) 039902!
Hanneke, Fogwell & Gabrielse, PRL100 (2008) 120801!

Bouchendira et al, PRL106 (2011) 080801

Old and new determinations of  alpha

!26

h/m(Rb) 2011h/m(Rb) 2011 ➡
⬅ New from electron g-2 (2012)

Atomic Transitions

Text

Can be used measure α



In the SM, exchange of the Z boson leads to 
effective force between electrons and quarks

At low energies, this becomes new effective 
force between electrons and protons/
neutrons 

Because couplings of Z boson violate parity, 
there will be a new parity violating spin-
momentum interaction in the quantum 
mechanical Hamiltonian 

Atomic Parity Violation

ATOMIC PARITY VIOLATION. EARLY DAYS, PRESENT RESULTS, PROSPECTS 3

Fig. 1. – Left: the two amplitudes Aw and Aem which interfere in atoms and give rise to APV;
Right: domains delimited in the C

1
u, C

1

d plane by APV results in Cs and SLAC results [5].

announced by two groups... though it did not deter the other groups’ efforts.
In September 1979 an important workshop was organized in Cargèse, by W. Williams,

who passed away far too early. This was the very first time that our two communities,
Atomic Physicists and High Energy Physicists involved in parity violating electron scat-
tering (PVES), met together [6]. Charles Prescott reported the first observation of a PV
asymmetry in inelastic polarized-electron scattering on deuterons at high energies, with
10% statistical accuracy and negligible systematics. Another event was the participation
of our Russian colleagues not allowed to travel before...The three Bi-groups presented
positive results, some of them still preliminary. From lively discussions it emerged that
the first observation of a manifestation of weak interaction in a purely atomic process
had been achieved. But there was still a disturbing factor of 2 of discrepancy between
the two groups in Seattle and Oxford and the Novosibirsk group. In Tl, a 2-σ effect was
reported, followed by a 3-σ one the following year [3], (see table 1 in [5]). Soon, our
efforts gained driving force with the arrival of Jocelyne Guéna, as PhD student but later
a mainstay of the group, and Larry Hunter, as Post-Doc from Pr. Commins’ group.

Our first Cs result came next in 1982 [4], but it arrived with a 6σ statistical accuracy
and a very detailed analysis of systematic uncertainties, obtained by recording during
data acquisition all the instrumental imperfections which may contribute to detrimental
effects [4]. Once this result combined with that of a second measurement obtained in 1983
on a different hyperfine component, and interpreted using atomic calculations, (then 12%
accurate), it was becoming possible to make a comparison with the SM model prediction.
This was the first quantitative test of this model at low energies. Its complementarity
with the SLAC experiment is illustrated on fig.1.

2. – Present results

In atomic physics, the Z0 electron-nucleon exchange is responsible for an additional
term in the atomic Hamiltonian, conveniently written in the non-relativistic limit as:

Vpv =
QWGF

4
√
2

δ3(re)
σe · pe
mec

+H.C.

In this expression the last factor is the axial-vector charge of the electron; the delta
function results from the large mass of the Z0, hence the short range of the interaction,
causing effects in atoms to be such small; GF is the Fermi constant and QW plays the

Weak
Charge



Atomic Parity Violation
“Forbidden” transitions in Cesium atoms



Low Energy 
Electron Scattering



In the SM, exchange of the Z boson leads to 
effective force between electrons and quarks 
that violates parity

Therefore left-handed and right handed 
electrons interact differently with nuclei

One can precisely measure left-right 
asymmetry for another measurement of 
weak charge

Atomic Parity Violation

ATOMIC PARITY VIOLATION. EARLY DAYS, PRESENT RESULTS, PROSPECTS 3
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Our first Cs result came next in 1982 [4], but it arrived with a 6σ statistical accuracy
and a very detailed analysis of systematic uncertainties, obtained by recording during
data acquisition all the instrumental imperfections which may contribute to detrimental
effects [4]. Once this result combined with that of a second measurement obtained in 1983
on a different hyperfine component, and interpreted using atomic calculations, (then 12%
accurate), it was becoming possible to make a comparison with the SM model prediction.
This was the first quantitative test of this model at low energies. Its complementarity
with the SLAC experiment is illustrated on fig.1.

2. – Present results

In atomic physics, the Z0 electron-nucleon exchange is responsible for an additional
term in the atomic Hamiltonian, conveniently written in the non-relativistic limit as:

Vpv =
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4
√
2

δ3(re)
σe · pe
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+H.C.

In this expression the last factor is the axial-vector charge of the electron; the delta
function results from the large mass of the Z0, hence the short range of the interaction,
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Weak
Charge



Atomic Parity Violation

EPJ Web of Conferences

where A

T

is the remnant transverse asymmetry explicitly measured with transversely polarized beam,
and the regression correction A

reg accounts for false asymmetries measured with natural and driven
beam motion for x, y, x0, y0, and beam energy. The charge asymmetry was driven to zero with a
feedback loop. Backgrounds were accounted for with explicit measurements of each of four back-
ground asymmetries A

i

and their dilutions f
i

. The backgrounds arose from the aluminum target cell
windows, the beamline, soft neutral background, and inelastic events. The largest background was
from the target cell windows, where the measured dilution was 3.2% and the measured asymmetry for
this background was 1.76 ppm. The final asymmetry was obtained from

A
ep

= R

tot

A

msr

/P �
4P

i=1
f

i

A

i

1 �P f

i

. (6)

Here R

tot

= 0.98 accounts for the combined e↵ects of radiative corrections, the non-uniform light and
Q2 distribution across the detectors, and corrections for the uncertainty in the determination of Q2. P
represents the measured beam polarization of 0.890 ± 0.018. The total dilution f

tot

=
P

f

i

= 3.6%.
The final corrected asymmetry from the commissioning data reported here [16], comprising only about
4% of the data obtained in the experiment, is A

ep

= �279 ± 35 (statistics) ± 31 (systematics) ppb.

5 Results

The result from the commissioning data reported here was combined with other PVES results [17–28]
on hydrogen, deuterium, and helium in a global fit following the prescription in [4]. All PVES data
up to 0.63 GeV2 were used. Five free parameters were varied in the fit: the weak charges C1u

and C1d

,
the strange charge radius ⇢

s

and magnetic moment µ
s

, and the isovector axial form factor G

Z (T=1)
A

.
The isoscalar G

Z (T=0)
A

was constrained by theory [29]. All the data were corrected for the energy
dependence of the �-Z box diagram calculated in Ref. [9]. The small Q

2 dependence of the �-Z box
diagram above Q

2=0.025 (GeV)2 was included using the prescription provided in Ref. [8] with EM
form factors from Ref. [30]. To illustrate the fit, the ✓ dependence of the data was removed using Eq. 2,
and the asymmetries were divided by A0 (defined in Eq. 3). The resulting plot conforms to Eq. 4 and
illustrates the quality of the global fit. The intercept of the fit at Q

2 = 0 is Q

p

W

(PVES)=0.064 ± 0.012.
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Figure 3. Global fit result (solid line)
presented in the forward angle limit
derived from this measurement as well as
other PVES experiments up to Q

2 = 0.63
(GeV)2, including proton, helium and
deuterium data. The additional
uncertainty arising from the rotation is
indicated by outer error bars on each
point, visible only for the more backward
angle data. The yellow shaded region
indicates the uncertainty in the fit. Q

p

W

is
the intercept of the fit. The SM
prediction [3] is also shown (arrow).

QWEAK,
1311.6437

Measured Predicted

Measuring the weak charge of the proton



Flavor Physics
and

CP violation



Flavor Physics = transition between different 
quarks (more precisely, between hadrons 
built of different quarks)  

In the Standard Model, all flavor transitions 
are described by 3x3 unitary matrix called 
the CKM matrix. 

3 angles + 1 CP violating phase account for 
all flavor transitions observed so far!  

Flavor Tests



M.Bona – CP violation  – lecture 1 26

CKM matrix parameterisations

Cabibbo's angle

M.Bona – CP violation  – lecture 1 22

CKM matrix in the Standard Model

CP violation and quark mixing

Graphics borrowed from Marcela Bona’s lectures
M.Bona – CP violation  – lecture 1 22

CKM matrix in the Standard Model

CKM matrix



CP violation and quark mixing

Graphics borrowed from Marcela Bona’s lectures
M.Bona – CP violation  – lecture 1 22

CKM matrix in the Standard Model

M.Bona – CP violation  – lecture 1 25

CKM matrix parameterisations

we'll talk about
the fit at the end

CKM matrix



C, P, and CP symmetries

Parity changes sign of spatial 
coordinates, and all vectors (not 
pseudo-vectors). For spin 1 and 1/2 
relates opposite helicities  

Charge conjugation changes particle 
into anti-particle with the same helicity

What really makes difference between 
matter and anti-matter is the CP 
symmetry 

Graphics borrowed from Quantum Diaries, and Marcela 
Bona’s lectures

M.Bona – CP violation  – lecture 1 6

Charge Conjugation: C

◈ Change a quantum field φ into φ†, where φ† has opposite U(1) 
charges:
◆  baryon number, electric charge, lepton number, flavour 

quantum numbers like strangeness & beauty etc.
◈ Change particle into antiparticle.

◆ the choice of particle and antiparticle 
    is just a convention.

◈ C is violated in weak interactions, so matter and antimatter 
behave differently, and:

◈ C is a unitary operator: C 2=1.

[C, HW] π 0



For fermions P and C 
interchange spinor with 
its conjugate spinor

P and C broken when 
couplings are axial, 
gVL ≠ gVR

Breaking CP requires 
complex coupling 
constants 

CP violation and quark mixing



CP violation and quark mixing

M.Bona – CP violation  – lecture 1 22

CKM matrix in the Standard Model
V V V V V Vud cd us cs ub cb 0+ + =∗ ∗ ∗

cd td cs ts cb tb

ud us cd cs td ts

ud ub cd cb td tb

us ub cs cb ts tb

V V V V V V

V V V V V V

V V V V V V

V V V V V V

+ + =

+ + =
+ + =

+ + =

∗ ∗ ∗

∗ ∗ ∗

∗ ∗ ∗

∗ ∗ ∗

V ud
∗

tdtd us ts ub tbV V V V V+ + =∗ ∗ 0

0

0

0

0

λ, λ, λ5

λ3, λ3, λ3

λ4, λ2, λ2

λ, λ, λ5

λ3, λ3, λ3

λ4, λ2, λ2

( ) ( )
( ) ( ) ( ) ( ) ( )

1 1 0
2 1

2
4 2 1

2
4 4

− − − + + =
+ − + + − − + +

ρ η ρ η
λ ρ η λ λ ρ η λ λ

i i
i O i O O

( ) ( )
( ) ( ) ( ) ( ) ( )

1 1 0
1
2

2 4 4 2 4

+ − − − =
− + + + + + +

ρ η ρ η
λ ρ η λ λ λ ρ η λ

i i
i O O i O

V ud
∗

tdtd us ts ub tbV V V V V+ + =∗ ∗ 0

ud ub cd cb td tbV V V V V V+ + =∗ ∗ ∗ 0

Im

Re
1ρ(1-λ2/2)

η(1-λ2/2)

(1-λ2/2+ρλ2)ρ

ηλ2

η

γ

α

β

δγ

γ′

1
2

td tbV V ∗

cd cbV V ∗

ud ubV V ∗

ub tbV V∗ V ud
∗

tdtdV

us tsV V∗





















� 1-λ2/2� λ� Aλ3(ρ-iη)
� -λ� 1-λ2/2� Aλ2

�Aλ3(1-ρ-iη)� -Aλ2� 1

Triangle borrowed from Hans of Nikhef



CP violation and quark mixing
Physics with the Unitary Triangles:

Sides:
Vud� β-decay� (A,Z) → (A,Z+1) + e- + νe� cos ϑC
Vus� K-decay� K+ → π0 + l+ + νl� sin ϑC
� � K0 → π- + l+ + νl

Vcd� ν-production of c's� νl + d → l- + c� cos ϑC
Vcs� � D± → K0 + l± + νl� sin ϑC

Vub� B-decay� b → u + l- + νl

Vcb� � b → c + l- + νl

Vtd� ∆m in B0-B0

Is the triangle a triangle?� Check on Standard Model/ New Physics!

B0
d → J/Ψ KS� sin 2β

B0
d → π+π-� sin 2α

B0
s → Ds

± K+� sin 2γ

LHCb: Measure asymmetries in B-decay:

VtbVtdVcbVcd = |VtbVtdVcdVcb| e-iβ∗ ∗

Other interesting angles: (In almost degenerate unitary triangle)

βS = arg (-VcsVcd /VtsVtb)

-βK = arg (VudVus /VcdVcs)

_

_

_

_
_
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Strong bounds on flavor violating higher-dimensional operators

from  Isidori et al. 1002.0900

CP violation and quark mixing

http://arxiv.org/abs/1002.0900
http://arxiv.org/abs/1002.0900
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Figure 4.1: The diagrams that enter in the phase of the decay B0 → J/ψK0
S. (a) B0

mixing, (b) B0 decay and (c) K mixing.
.

For the ratio of the decay amplitudes we find on inspection of the diagram in Fig. 4.1b)
that

(

Ā

A

)

=
VcbV ∗

cs

V ∗
cbVcs

At this point we have however not produced a K0
S but either a K0 or a K̄0 to finally make

a prediction of the CP violation in the decay B0 → J/ψK0
S we also have to take into

account the K0 ↔ K̄0 mixing. This adds a factor in analogy to Eq. (4.4) (see Fig. 4.1c):

(

p

q

)

K

=

√

M12

M∗
12

=
VcsV ∗

cd

V ∗
csVcd

Taking everything together we find for the parameter λJ/ψK0
S
:

λJ/ψK0
S

= −
(V ∗

tbVtd

VtbV ∗
td

) (VcbV ∗
cs

V ∗
cbVcs

) (VcsV ∗
cd

V ∗
csVcd

)

= −
V ∗

tbVtd

VtbV ∗
td

VcbV ∗
cd

V ∗
cbVcd

(4.5)

and for its imaginary part

$λJ/ψK0
S

= − sin

{

arg

(

V ∗
tbVtdVcbV ∗

cd

VtbV ∗
tdV

∗
cbVcd

)}

= − sin

{

2 arg

(

VcbV ∗
cd

VtbV ∗
td

)}

≡ sin 2β, (4.6)

where β is defined as in Eq. (2.15). In short we can also write λJ/ψK0
S

= −e−2iβ .

To recapitulate, the CP-asymmetry of the decay B0 → J/ψK0
S is given by the imaginary

part of λJ/ψK0
S
:

ACP, B0→J/ψK0
S
(t) = − sin 2β sin(∆mt) (4.7)

Using the Wolfenstein parameterization we see that the CKM-element Vtd is the only
component with a non-vanishing imaginary part, leading to Eq. (4.6). We conclude that
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4.4 Direct CP violation: the B0 → π−K+ decay

An example of direct CP violation is given by the decay B0 → π−K+. A CP-asymmetry
has been observed in the processes B0 → π−K+ and its CP-conjugate B̄0 → π+K−,
|Af | #= |Āf | [21]:

ACP =
ΓB0→π−K+ − ΓB̄0(t)→π+K−

ΓB0(t)→π−K+ + ΓB̄0(t)→π+K−

= −0.098 ± 0.012 (4.17)

As before, a different magnitude of the total amplitude between a decay and its CP-
conjugate only appears if the total amplitude AB0→π−K+ consists of two interfering am-
plitudes with a phase difference. In addition, as before, this phase difference needs to
have two components of which one part is CP-odd and flips sign under the CP-operation,
and one part that is CP-even and does not change sign under the CP-operation (often
denoted as the strong phase, since this phase often arises from final state gluon exchange).

In the decays described in the previous sections, the second amplitude originated from the
possibility that the B-meson oscillated before its decay. That is not possible this time,
because the decay B0 → B̄0 → π+K− results in a different final state.

The second amplitude is now given by the a so-called penguin-diagram, as shown in
Fig. 4.7. These penguin diagrams are notoriously difficult to calculate, and therefore it
is difficult to interpret this results in terms of the CKM-angles. However, from Fig. 4.7
it is clear that there is a weak phase difference between the tree (∼ V ∗

ubVus) and penguin
amplitude (∼ V ∗

tbVts), and in general a different strong phase is expected. Intriguingly,
no CP-asymmetry has been observed in the analogous decay B+ → π0K+, where the
spectator d-quark is “simply” replaced by a u-quark, ACP = 0.050 ± 0.025 [21].
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Figure 4.7: (a-b) The two interfering diagrams of the decay B0 → π−K+.
.
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FCNC suppressed in the SM



Null Tests



SM has several accidental symmetries: 
baryon and 3 lepton number conservation 

Certain processes predicted not to occur at 
all, or occur with a negligible branching 
fraction

Very clean tests of the Standard Model, and 
opportunity to pinpoint the nature of new 
physics

Null Tests



Proton Decay



In SM baryon number is perturbatively  
conserved (up to non-perturbative effects)

This implies that the lightest particle 
carrying the baryon number = the proton, 
must be stable

Observing proton decay would mean a 
discovery of new physics beyond the 
standard model

Null Tests - Proton Decay



Null Tests - proton decay



Lepton Flavor Violation



In SM lepton number is  conserved (up to 
small non-perturbative effects) for each 
generation separately

This implies that muon cannot decay into 
electron without emitting two anti-neutrinos 
(muon and electron one)

Observing neutrinoless decay of muon into 
electron would be a discovery of new physics 
beyond the Standard Model

Null Tests - LFV



μ→eγ

• Violates lepton 
flavor

• Lepton flavor is 
violated in 
neutrino mixings

Null Tests - LFV

Hoecker, 1201.5093

MEG (2013):

http://arxiv.org/abs/arXiv:1201.5093
http://arxiv.org/abs/arXiv:1201.5093


Electric Dipole Moments



Electric Dipole Moments violate CP 
symmetry

At zeroth order, EDMs of elementary 
particles in the Standard Model are 
forbidden by renormalizability

They are generated by quantum effects 
but because CP violation is small, they 
are predicted to be unobservably small

Null Tests -EDMs

Wikipedia



Null Tests - EDMs
Neutron EDM

Electron EDM: 
ACME, 1310.7534

Wikipedia


