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Reading material and references
Lecture material based on several textbooks and online lectures/notes.
Credits for material and figures include:

Literature
Perkins, Donald H. (2000), Introduction to High Energy Physics.

Griffiths, David J. (2nd edition), Introduction to Elementary Particles.

Stone, Sheldon (2nd edition),B decays.

Online Resources
Belle/BaBar Collaborations, The Phyiscs of theB-Factories.
http://arxiv.org/abs/1406.6311

Bona, Marcella (University of London), CP Violation Lecture Notes,
http://pprc.qmul.ac.uk/ bona/ulpg/cpv/

Richman, Jeremy D. (UCSB), Heavy Quark Phyiscs and CP Violation.
http://physics.ucsd.edu/students/courses/winter2010/physics222/references/driver_houches12.pdf

Thomson, Mark (Cambridge University), Particle Physics Lecture Handouts,
http://www.hep.phy.cam.ac.uk/ thomson/partIIIparticles/welcome.html

Grossman, Yuval (Cornell University), Just a Taste. Lectures on Flavor Physics,
http://www.lepp.cornell.edu/ pt267/files/notes/FlavorNotes.pdf

Kooijman, P. & Tuning, N., CP Violation,
https://www.nikhef.nl/ h71/Lectures/2015/ppII-cpviolation-29012015.pdf
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Recap & outline

So far, we:

Derived an expression for the asymmetry due to CP violation in the
interference between mixing and decay.

Focused on the golden mode for measuring the angle β:
the b→ ccs decay B → J/ψK0

S .

Today, we’ll:

See how we can search for New Physics in alternative measurements of β.

Learn how to measure the angle α(= φ2) from B → ππ and B → ρρ decays

Study polarization in scalar→ vector vector decays and introduce the
“polarization puzzle.”
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CKM Fits

Some tensions exist, but overall there is very good agreement over
large sets of measurements.
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CKM
f i t t e r

What we observe in nature is Standard model + possible New Physics contributions.
To set constraints on NP

Assume tree level diagrams are dominated by SM and
loops could contain NP (needs precision CKM measurements)

We need to dig deeper...
Remember lesson from Kaon CPV !
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CKM Fits
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Global CKM fit: 68% CL.
CP conserving: |Vub|/|Vcb|, ∆md, ∆ms, B+ → τ+ντ .
CP violating: sin 2φ1, φ2, φ3, εk.
Tree: φ3(DK), φ2 from Isospin analysis.
Loop.
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CKM Fits
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CKM Fits
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CKM Fits
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CKM
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Global CKM fit: 68% CL.
CP conserving: |Vub|/|Vcb|, ∆md, ∆ms, B+ → τ+ντ .
CP violating: sin 2φ1, φ2, φ3, εk.
Tree: φ3(DK), φ2 from Isospin analysis.
Loop. ⇒ Still room for corrections from NP atO(0.1).
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Measurements of angle β = φ1
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Recap: Time-dependent CP asymmetry and β

Recall the asymmetry for CP violation in interference between mixing
and decay

ACP(t) =
|〈fCP |H|B0(t)〉|2−|〈fCP |H|B0(t)〉|2
|〈fCP |H|B0(t)〉|2+|〈fCP |H|B0(t)〉|2

= 1−|λ|2
1+|λ|2 cos (∆mt)− 2Imλ

1+|λ|2 sin (∆mt)

= Af cos (∆mt)− Sf sin (∆mt)

Af ≡
1− |λ|2
1 + |λ|2 Sf ≡

2Imλ

1 + |λ|2

sometimes called ACP and SCP , or just A and S
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The golden mode for β:B0 → J/ψK0
S (b → ccs)

Two important criteria:
The JψK0

S is a CP eigenstate accessible to both B0 and B0.
This is the only major diagram contributing to this decay, so there is only one
weak phase φ.

Here CPV manifests from interference between the decays B0 → J/ψK0
S and

B0 → B0 → J/ψK0
S in this single tree diagram.
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The golden mode for β:B0 → J/ψK0
S (b → ccs)

λJψK0
S

=
(
q
p

)
B0

(
ηJ/ψK0

S

A
J/ψK0

S
A
J/ψK0

S

)
= −

(
q
p

)
B0

(
AJ/ψK0

AJ/ψK0

)(
p
q

)
K

Recall why we need K0-K0 mixing:
B0 → JψK0 but B0 → JψK0, so the K0’s must mix in order to reach the same final state f
for the B0 and B0 decay (recall |KS〉 = p|K0〉 + q|K0〉) .
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The golden mode for β:B0 → J/ψK0
S (b → ccs)

In terms of the CKM matrix elements

(a) B0-B0 mixing:(
q
p

)
B0

=
V ∗
tbVtd
VtbV

∗
td

(b) b→ c decay(
A
A

)
=

VcbV
∗
cs

V ∗
cbVcs

(c) K0-K0 mixing:(
p
q

)
K

=
VcsV

∗
cd

V ∗
csVcd
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The golden mode for β:B0 → J/ψK0
S (b → ccs)

Putting the pieces together

λJ/ψK0
S

= (−1)
V ∗tbVtd
VtbV

∗
td
· VcbV ∗csV ∗cbVcs

· VcsV ∗cdV ∗csVcd

= (−1)
V ∗tbVtd
VtbV

∗
td
· VcbV ∗cdV ∗cbVcd

= −e−2iβ

⇒ ImλJ/ψK0
S

= sin 2β

β = arg
[
−VcdV

∗
cb

VtdV
∗
tb

]
ACP(∆t) = − sin(2β) sin(∆m∆t)
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Combination of b→ ccs results for β from all experiments

sin(2β) ≡ sin(2φ
1
)
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JHEP 11 (2017) 170

0.76 ± 0.03

Belle5S
PRL 108 (2012) 171801

0.57 ± 0.58 ± 0.06
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PRELIMINARY

Large CPV in B0 → J/ψK0
S observed in 2001 by Belle and Babar.

⇒ First instance outside the Kaon system.
Confirms the mechanism of CPV by Kobayashi and Maskawa introduced in 1972.
Establishes technique for extracting ACP and SCP that can be used for other final states.
Measured sin(2β) provides a reference point to search for NP.

Is there somewhere we can look for hints of NP in measurements of β?
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sin 2β from b→ ss̄s decays (Charmless penguins)

What about in charmless decays?

Within the SM:

Several SM amplitudes⇒ measure sin 2βeff.
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sin 2β from b→ ss̄s decays (Charmless penguins)

∆S = Sss̄s − Scc̄s

NP in the loop may introduce new
source(s) of CPV

∆S 6= ∆SSM

∆SSM (mode dependent)
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sin 2β from b→ ss̄s decays (Charmless penguins)

sin(2β
eff

) ≡ sin(2φ
e
1
ff
)

b→ccs
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Summer 2016

Majority of results on the "wrong" side of the b→ cc̄s value.
Tension, but not significant ⇒ Need larger sample!
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sin 2β from b→ ss̄s decays at Belle II

B0 → φK0
S

@ 5 ab−1

@ 50 ab−1

Input: SφKS = +0.39 and AφKS = 0

Physics at Super B Factory [arXiv:1002.5012]

Belle II can provide precision measurements of
∆S, up to the limit of hadronic uncertainties,

which will be at a few percent level.
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Measurements of angle α = φ2

Teilchenphysik II NP in β; α determination;B → V V 13/1/2021 17 / 47



α = φ2 from b→ uud (e.g B0 → π+π−)

Tree diagram similar to measurement of β.

λπ+π− =

(
V ∗tbVtd
VtbV ∗td

)
︸ ︷︷ ︸

mixing

(
V ∗udVub
VudV ∗ub

)
︸ ︷︷ ︸

decay

Recall the Wolfenstein phase convention
|Vud| |Vus| |Vub|e

−iγ

−|Vcd| |Vcs| |Vcb|

|Vtd|e
−iβ −|Vts| |Vtb|



⇒ Im(λπ+π−) = sin(2π − 2β − 2γ) = sin 2α

Unfortunately not so easy... First results showed that penguin pollutions, which have
a different weak phase, are too large to be ignored
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α = φ2 from b→ uud (e.g B0 → π+π−)

Including penguin diagram

Weak phase in penguin term is arg(V ∗tdVtb) ⇒ different from tree

It modifies Im(λπ+π−) and |λπ+π− | depending on the relative strength
with respect to the tree.

λπ+π− = ei2α T+Pe+iγeiδ

T+Pe−iγeiδ

Measure an effective α:
Sπ+π− ∝ sin(2αeff) = sin(2(α+ ∆α))
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B0 → π+π− measurement from Belle
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Measure penguin pollution ∆α

Penguin pollution can be estimated using SU(2) Isospin analysis
Gronau, London PRL65, 3381 (1990)

B → ππ can have I = 0 and I = 2

Expansion of amplitudes for B0 → π+π−, B0 → π0π0 and B+ → π+π0 and
c.c. in terms of I = 0 and I = 2 leads to a relations of 2 complex triangles
sharing same base (B+ → π+π0 tree only amplitude).

Need to measure 6 physical observables:
B(B0 → π+π−), B(B0 → π0π0), B(B+ → π+π0), Aπ+π− , Sπ+π− , Aπ0π0
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Long and complicated history of B0 → π0π0 decays

The Belle 2005 measurement does not include this ECL trigger time cut.
Caused a lot of confusion since QCDF predicts B ≤ 1× 10−6.
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Out of time ECL background
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Out of time ECL background
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Out of time ECL background
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Data with timing cuts

Teilchenphysik II NP in β; α determination;B → V V 13/1/2021 26 / 47



Out of time data
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B0 → π0π0 out of time background
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B0 → π0π0 decays

Final result from Belle after removing the out of time background:

B = (1.31± 0.19± 0.19)× 10−6 ACP = 0.14± 0.36± 0.10
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Constraint on φ2 by Belle

The dashed red curve shows the previous constraint from Belle data [7].
The solid blue curve includes the new results.
The updated result for B0 → π0π0 exclude 9.5◦ < φ2 < 81.6◦ at the
68% CL and 15.5◦ < φ2 < 75.0◦ at the 95% CL
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α = φ2 from B0 → ρ+ρ− decays

Also accessible via B0 → ρ+ρ− decays (b→ uud)
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B0 → ρ+ρ− decays

Scalar→ Vector Vector decay (S → V V )

Need to perform an angular analysis to determine the CP -even (-odd) fractions.

dΓ

d cos θ1d cos θ2
∝ 4fL cos θ2

1 cos θ2
2 + (1− fL) sin θ2

1 sin θ2
2

fL =
|A0|2

|A0|2 + |A−1|2 + |A+1|2
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B0 → ρ+ρ− measurement by Belle

Almost pure CP -even eigenstate
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α = φ2 from B → ρρ, ππ, and ρπ

B → ρρ decays turned out to provide best way to measure α
B0 → ρ+ρ− has 6× larger branching ratio compared to B0 → π+π−

branching ratio of B0 → ρ0ρ0 much smaller then B+,0 → ρ+,0ρ0

⇒ much better constraint on ∆α

100% longitudinally polarized⇒ pure CP eigenstate

α = (91.6+1.7
−1.1)

◦
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The future: α = φ2 with Belle II
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Polarization Puzzle in
B → V V Decays
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Interlude: B → V V

We saw that the pseudoscalar-pseudoscalar (ππ) and vector-vector (ρρ)
final states have the same quark composition.

How does the spin-1 nature of the vector resonances complicate things?
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Spin configurations in B → V V decays
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Why the “expected” hierarchy?

Follows from the V −A structure of the weak interactions in the SM.

Dictates that the W boson only couples to left-handed quarks (qL) and
right-handed anti-quarks (qR).

Lets look at the b→ s penguin decay B0 → ωK∗0 as an example.

The leading operator in the B0 → ωK∗0 channel generates decays of the form
b→ sRdLdR.
This configuration is clearly manifest in the A0 state: the s and d (d and d)
quark constituents of the K∗0 (ω) meson are right- and left-handed,
respectively. [see next slide]
To achieve the A+1 configuration, the collinear d quark (produced from the
gluon) must undergo a ‘helicity-flip’ to make the K∗0 positively polarized. The
spectator d quark does not undergo a weak interaction, and thus it can be left- or
right-handed

In the A−1 state, both the s quark from the K∗0 and the d from the ω must
undergo helicity flips for the mesons to be negatively polarized.

⇒ Each helicity flip reduces the amplitude by a factor of 1/mB
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Spin flips

Teilchenphysik II NP in β; α determination;B → V V 13/1/2021 40 / 47



Angular dependence

In general, the angular dependence for B → V1V2 decays, where the
vector mesons decay to spinless particles, can be expressed in terms of
the spherical harmonics as

d3Γ
d cos θ1d cos θ2dφ

∝
∣∣∣∑1

λ=−1Aλ × Y λ
1 (θ1, φ)× Y −λ1 (π − θ2, 0)

∣∣∣2
Making the substitutions θ1 → θω and θ2 → θK∗0 , and expanding the
right hand side, we obtain the full angular distribution of B0 → ωK∗0

decays in the helicity basis
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Full angular distribution

Teilchenphysik II NP in β; α determination;B → V V 13/1/2021 42 / 47



Integrate over Φ (angle between the decay planes)
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fL � 1 for b→ s penguin decays (first observed in φK∗)
Longitudinal Polarization Fraction in Charmless B Decays

LHCb
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HFLAV

August 2017
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∓
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Possible explanations within the SM

Teilchenphysik II NP in β; α determination;B → V V 13/1/2021 45 / 47



+ some NP scenarios
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Extra reading

Griffiths, David J. (2nd edition), Introduction to Elementary Particles

Flavour Symmetries (Section 4.5, page 116)

Isospin Analysis of CP Asymmetries in B Decays

Gronau, London PRL65, 3381 (1990)
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