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The need for CP violation

CP violation is one of the Sakharov conditions
needed to explain the matter-antimatter
asymmetry in our universe
In the Standard model the only currently known
source of CP violation comes from the
Kobayashi-Maskawa mechanism in the quark sector
Orders of magnitude inferior to what is needed to
explain observed matter-antimatter asymmetry

§ What about CPV in neutrino sector? See other talks
§ Room for New Physics!
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CP violation in the quark sector of the Standard Model
In the Standard Model the Higgs mechanism gives mass to quarks and fermions through
the Yukawa couplings
Eigenstates of the mass and weak interactions are not the same: after all possible field
redefinition a 3x3 unitary matrix remains in the charged current interactions
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3 angles + 1 CP violating phase
Tree-level coupling between up and down-type
quarks
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50 years since the Kobayashi-Maskawa paper

Predict third quark family one year before the discovery of the charm
quark!
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Strong hierarchy in couplings

Sign of an underlying mechanism?
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Quite different wrt neutrino sector

Giulio Dujany (IPHC - CNRS, Strasbourg) CPV within Standard Model and Beyond at Belle II and LHCb 4th July 2023 6 / 32



Determining the elements of the CMKmatrix
Overview of decay channels for CKM determination
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Also many strategies with hadronic B decays B → M1M2 [Figures from Lellouch 1104.5484]
16 / 32
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The unitarity triangles

From the unitaryty of the CKMmatrix
6 null sums: triangles in complex
planes

One particularly relevant for B decays:
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Evolution of the constraints on the unitarity triangle

1995

after LEP

2001

B-factories at work

2010

legacy B-factory +
CDF@Tevatron

Today

After 10 years of LHCb
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Tree vs loop
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History of CP violation in the quark sector
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Where to observe CP violation

CP violation caused by a complex phase: quantum interference
needed to observe it

Interference between different diagrams (e.g. tree and loop)
For neutral mesons possible interference between direct
decay and mixing
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Types of CP violation

CP violation in mixing
Unequal transition probabilities
between flavour eigenstates

P(BÑ B) ‰ P(BÑ B)

CP violation in decay
Unequal CP-conjugate decay rates

Γ(BÑ f) ‰ Γ(BÑ f)

CP violation in interference between mixing and decay
Time-dependent or time-integrated difference of decay rates of initial flavour eigenstates

Γ(B(ùB) Ñ f) ‰ Γ(B(ùB) Ñ f)
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Extract CP violation parameters

CP violation parameters enter the decay rate to specific final states

ΓB0Ñf =
1
2e
´Γ t|Af |2(1+ |λf |2)

"

cosh

(
∆Γ

2 t
)
+ A∆Γ sinh

(
∆Γ

2 t
)
+ C cos(∆m t)´ S sin(∆m t)

*

They can be extracted by measuring asymmetries (time integrated or time dependent)
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Typical performance drivers [I. Ripp-Baudot Moriond QCD ’23]
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Belle II @ SuperKEKB
General-purpose detector successor of Belle @ KEKB
Beams of electrons and positrons with asymmetric energy (7 and 4 GeV):
boost βγ = 0.28
Collisions at the Υ(4S)mass (10.58 GeV)
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LHCb @ LHC

General purpose detector in the forward region
proton-proton collisions at

?
s = 7´ 14 TeV
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Belle II vs LHCb [I. Ripp-Baudot Moriond QCD ’23]
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Recent results



CKM angles
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Toward CKM angle α @ Belle II [S. Raiz FPCP ’23]

∆E = E˚ ´ E˚beam
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Toward CKM angle α @ Belle II [S. Raiz FPCP ’23]
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CKM angle β @ LHCb [R.A.R. Fernandez FPCP ’23]
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CKM angle β @ LHCb [R.A.R. Fernandez FPCP ’23]
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CKM angle β @ Belle II [J Bennet FPCP ’23]
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Other time dependent CPV measurements @ Belle II [J Bennet FPCP ’23]
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Other time dependent CPV measurements @ Belle II [J Bennet FPCP ’23]
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Other time dependent CPV measurements @ Belle II [J Bennet FPCP ’23]
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CKM angle γ @ LHCb [arXiv:2209.03692 ]

B˘ Ñ D0K˘ with D0 Ñ K¯π˘π˘π¯
Binned approach based on Improved
sensitivity to phase γ through binning D decay
phase space [T. Evans et al. PLB 802 (2020)]
Maximise the sensitivity: on second bin largest
CPV ever observed!
D decay hadronic parameters from CLEO-C
and BESIII

γ =
(
54.8+6.0+0.6+6.7

´5.8´0.6´4.3

)˝
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CKM angle γ @ LHCb [CERN-LHCb-CONF-2022-003]

Update γ combination from LHCb
measurements

γ =
(
63.8+3.5

´3.7

)˝
Improvement of about 10%
Good compatibility with unitarity fits
γCKMFitter =

(
65.5+1.1

´2.7

)˝
Tension between different B categories remains
(„ 2σ)
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Other recent results I have not the time to cover

φs in B0s Ñ J/ψK+K´ at LHCb
[LHCb-Paper-2023-016]

§ Improves World average by 15%
φssss in B0s Ñ φφ at LHCb [LHCb-Paper-2023-001]

§ The most precise measurement of φssss in penguin
dominated decays

Combination of the measurement of CPV in
D0 Ñ K+K´ with the difference between
D0 Ñ K+K´ and D0 Ñ π+π´.

§ First charm CPV in a single channel D0 Ñ π+π´

§ Moving from discovery to precision measurements
§ adK+K´ = (7.7˘ 5.7)ˆ 10´4
§ ad

π+π´ = (23.2˘ 6.1)ˆ 10´4

...
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Conclusions

Study of CP violation and over-constraining of
unitary triangle formidable way to look for New
Physics
Abundant flux of new results by Belle II and LHCb
The future looks bright
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