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• Introduction

• Recent results on 𝜸 and 𝜷 measurements

• New physics probes

• Conclusions



New Physics

2023/11/25 3

Inflation

10-38 s 10-10 s

EW Era

10-3 s

Particle Era

3 mins

Nucleosynthesis Era

Today

• SM is successful, however, we know there are new physics

• Matter dominated universe

• SM model gives 10-17, not enough

• Need extra sources of CP violation
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CP violation in SM
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• Complex phases in CKM matrix and PMNS matrix

Interaction eigenstates Mass eigenstates

• CKM matrix：unitary matrix connecting interaction and mass eigenstates

matrix with maximum CPV

• Matrix pattern very different

• Jarlskog invariant:

• Related to mass hierarchy? Forth generation?

J!"# = 1/6 3~0.1J$#%~ 3x10-5

幺正矩阵，标准模型唯一限制条件
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Mysterious and suspicious
The more we know, the more 

we don’t know



Unitary test
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• Closure test of unitary triangle etc

• All measurements consistent with each other? Yes

• Is current precision enough? No
𝑉!"𝑉!"∗ + 𝑉!$𝑉!$∗ + 𝑉!%𝑉!%∗ − 1

= −0.00230&'.''')*+'.''),- 1𝜎
−0.00230&'.'''..+'.'')*/ 2𝜎
−0.00230&'.'''01+'.'').) 3𝜎
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𝜶 + 𝜷 + 𝜸 = (𝟏𝟕𝟗&𝟔+𝟕)°

𝜶 + 𝜷 + 𝜸 = (𝟏𝟕𝟗. 𝟗&𝟏.𝟕+𝟏.𝟗)°

Direct measurements:

Global fits:
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• Sensitive to New Physics scale much higher than direct search: 1-104 TeV

• Statistics or precision is key for flavor program: New Physics scale, i.e. Dim = 6, 

proportional to 𝟒 𝐬𝐭𝐚𝐭𝐢𝐬𝐭𝐢𝐜𝐬 or 𝟏/ 𝐔𝐧𝐜𝐞𝐫𝐭𝐚𝐢𝐧𝐭𝐲

• Also “tasteful”, not only can tell there is New Physics, but also tell properties of 

New Physics based on flavor it couples to

246 GeV. According to such an assumption of heavy NP, the amplitudes describing a flavour changing
transition of a fermion  i to a fermion  j can be cast into the following general form

A( i !  j + X) = A0

✓
cSM

v2
+

cNP

⇤
2

◆
. (1)

Since in many cases cSM ⌧ 1, NP effects can have a large impact even if ⇤ � v. For instance, in the
quark sector the reason that often cSM ⌧ 1 stems from the facts that:

(i) cSM can be proportional to small entries of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and/or
to small SM Yukawa couplings;

(ii) cSM may include a loop factor 1/(16⇡2
), if the corresponding transition is forbidden at tree level,

as is the case for flavour-changing neutral-current (FCNC) transitions or meson-antimeson mixing
transitions.

As a result, these low-energy processes can probe indirectly, via quantum effects, scales of order v/
p

cSM.
These can easily exceed those directly reachable via production of on-shell states in current and planned
accelerators. As an explicit example, in the case of B – B̄ mixing, p

cSM ⇠ |Vtd|/(4⇡) ⇠ 10
�3, hence

this observable can probe NP scales up to 10
3 TeV in models with cNP ⇠ 1.

The precise values of the NP scale probed at present vary over a wide range, depending on the
specific observable and the specific NP model (cNP can span a large range, too). However, the form of
Eq. (1) does allow us to predict how the bounds will improve with increasing datasets. For the observ-
ables that are SM dominated, are already observed, and whose uncertainties are dominated by statistics,
the corresponding bound on ⇤ scales as N1/4, where N is the relative increase in the number of events.
The same scaling occurs for forbidden or highly suppressed SM processes, i.e., in the limit cSM ⌧ cNP,
if the search is not background dominated. Thus, with two orders of magnitude increase in statistics
one can probe scales roughly 3 times higher than at present. This is well above the increase in NP scale
probed in on-shell heavy particle searches at high-pT that can be achieved at fixed collider energy by a
similar increase in statistics.

While theoretical uncertainties are often important, there are enough measurements which are
known not to be limited by theoretical uncertainties. Improved experimental results will therefore di-
rectly translate to better NP sensitivity. There are also several cases of observables sensitive to NP where
the theoretical uncertainties are mainly of parametric nature (e.g., our ability to precisely compute cSM

is dominated by the knowledge of CKM elements, quark masses, etc.). For such cases, we can expect
significant increase in precision with higher statistics thanks to the improvement in the reduction of para-
metric uncertainties. This also highlights the importance of a broad flavour physics programme where
the focus is not only on rare or CP violating processes “most likely” affected by NP but also on core SM
measurements which help to reduce the theoretical uncertainties.

1.1.3 Current anomalies and historical comments
Due to the generic sensitivity to high scales, flavour physics has historically played a major role in
developing and understanding the Standard Model. Flavour physics measurements signalled the presence
of “new” particles well before these were directly observed (this was the case for charm and top quarks
from KL ! µ+µ� decays and K-meson mixing, and from B-meson mixing, respectively). With the
completion of the SM, and the increasingly precise tests that the SM predictions have successfully passed,
one may draw the naive conclusion that the discovery potential of precision experiments has declined in
the last decades. However, the opposite is true. First of all, a qualitative change in our understanding
has been achieved during that time. Before the asymmetric B factory experiments, BaBar and Belle, it
was not known whether the SM accounted for the dominant or just a small part of CP violation observed
in kaon mixing. We now know that the bulk of it is due to the SM Kobayashi-Maskawa mechanism.
However, even after decades of progress, for most FCNC amplitudes the NP is still allowed to contribute
at ⇠ 20% of the SM contribution.
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Energy scale

Tevatron

LHC

Flavor (quark)

log(
Energy
GeV )

2 3 4 5 6 7

Energy scale for SM: 𝑣 ~100 GeV

NP scale: Λ



CKM angle 𝜸
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• Measured through 𝒃 → 𝒄 and 𝒃 → 𝒖 interference 

• Tree level processes → SM candle, NP normally enters loop diagrams

• Loop level processes suppressed, theoretically clean, 𝛅𝛄/𝛄 ~ 10-7

• All QCD parameters (hard to calculate) obtained from experimental 

measurements (global fit)

2023/11/25



Global combination results
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LHCb-CONF-2022-003

• Compatible with indirect determination

𝛾 = (63.8&*./+*.1)°

𝛾 = (65.5&)./+,.,)°

• Dominant by 𝑩+ decays

• Different decays contribute differently, 
global combination gives best sensitivity

CKMfitter
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CKM angle 𝜸 : results
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LHCb-PAPER-2023-012

• Binned method (BPGGSZ) for 𝑩+ → 𝑫∗𝑲+, 𝑫∗ → 𝑫𝝅𝟎, 𝑫𝜸，𝑫 → 𝑲𝑺
𝟎𝒉+𝒉&

• Uncertainties from BaBar and Belle around 26°

• First measurements from LHCb, using fully reconstructed method 

𝑫∗ → 𝑫𝝅𝟎, 𝑫𝜸: 𝜹𝑩 differ by 180°

𝑠! sin

2023/11/25



CKM angle 𝜸 : results
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LHCb-PAPER-2023-012

𝐷∗ → 𝐷𝜋' 𝐷∗ → 𝐷𝛾

• CKM angle 𝜸 extracted using number of events in each D Dalitz bins

CPV in each bin

𝜸 vs 𝒓𝑩

2023/11/25



𝑩(𝒔)𝟎 → 𝑫𝝓 measurements
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LHCb-CONF-2023-004
CPC 45 (2021) 023003

•  Important to understand the difference of angle 𝜸 from 

𝑩𝒔𝟎 and 𝑩+

• Recently, LHCb updates its measurement from 𝑩𝒔𝟎 →

𝑫𝒔∓𝑲± and gives 𝜸 = 𝟕𝟒 ± 𝟏𝟏 ∘ 

• Important to measure in 𝑩𝒔𝟎 decays, not depending on flavor tagging

• 𝑩𝒔𝟎 → 𝑫∗𝝓: untagged, time-integrated measurements, predicted to have 

sensitivity with LHCb Run 1 and 2 data around 𝟖 − 𝟏𝟗∘

2023/11/25



𝑩(𝒔)𝟎 → 𝑫𝝓 measurements
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LHCb-PAPER-2023-003

• First step: precise measurements of the branching fractions

• Sweights to extract 𝝓 signals and then extract 𝑩𝒔𝟎 yields

stat. sys. control

2023/11/25



𝑩(𝒔)𝟎 → 𝑫𝝓 measurements
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LHCb-PAPER-2023-003

• 𝑩𝟎 → 𝑫(∗)𝝓: OZI suppressed, but can happen through 𝝎−𝝓 mixing

• Predictions: 𝑩𝟎 → 𝑫𝟎𝝓, 𝟐. 𝟏 ± 𝟎. 𝟑 ×𝟏𝟎&𝟔, 𝑩𝟎 → 𝑫𝟎∗𝝓, 𝟏. 𝟖 ± 𝟎. 𝟓 ×𝟏𝟎&𝟔

stat. sys. control

Phys. Lett. B666 (2008) 185

• Mixing angle extracted to be:

3.1, 3.8 ∘	@	68.3%	C. L.

2023/11/25



Observation of 𝑩 𝒔
𝟎 → 𝑫𝒔𝟏 𝟐𝟓𝟑𝟔 ∓𝑲±
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LHCb-PAPER-2023-014

• Offers another possibility to measure CKM angle 𝜸 using TD measurement

• Also add additional channel to study 

recent anomalies found in 𝑩𝟎 →

𝑫 ∗ &𝑲+, 𝑩𝒔𝟎 → 𝑫𝒔
∗ &𝝅+

• Understanding orbitally excited 𝑫𝒔∗ mesons 

(𝑫𝒔𝟎∗ 𝟐𝟑𝟏𝟕 +, 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 +, 𝑫𝒔𝟏 𝟐𝟓𝟑𝟔 +

etc.), where 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 + may possibly 

have exotic nature

𝑫𝒔𝟎∗ 𝟐𝟑𝟏𝟕 )

𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 )

2023/11/25

EPJC80 (2020) 951, 
JHEP10 (2021) 235, 
JHEP01 (2022) 147, 
PRD106 (2022) 056004
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LHCb-PAPER-2023-014

• Under HQSS, m⃗ = 𝒔𝑸 + (𝑳 + 𝒔𝒒 ) = 𝒔𝑸 + 𝒔𝒍, 𝑸 = 𝒄, 𝒃 , 𝒒 = 𝒖, 𝒅, 𝒔

𝑳
𝒔𝑸

𝒔𝒒 𝑳
𝒔𝑸

𝒔𝒒

𝒔𝒍
𝟏/𝟐

𝟏/𝟐

𝟑/𝟐

• Possible mixing between two 1+ states 𝐷$, 2536 + → 𝐷∗'𝐾+:

|,/)𝐸, > :  S wave

|*/)𝐸, > :  D wave

2023/11/25



Observation of 𝑩 𝒔
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LHCb-PAPER-2023-014

𝐷$, 2536 + → 𝐷∗'𝐾+, 𝐷∗' → 𝐷'𝜋'/𝐷'𝛾

Neutral particles not reconstructed

𝐵' → 𝐷$,∓𝐾±:~1500 𝐵$' → 𝐷$,∓𝐾±:~2000

stat. sys. control

fs/fd

2023/11/25



Observation of 𝑩 𝑺
𝟎 → 𝑫𝒔𝟏 𝟐𝟓𝟑𝟔 ∓𝑲±
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LHCb-PAPER-2023-014

• Angular information reflects on the invariant mass distributions

𝑘𝑒CD = 𝐻+/𝐻'

• S-wave fraction: 𝟓𝟓 ± 𝟕 ± 𝟑 %， allows to calculate mixing angle and 

understand the nature of these orbitally excited states

2023/11/25



CKM angle 𝜷
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LHCb-PAPER-2023-013

• Most precise measurement

2023/11/25



Global fit 2023
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• With all these measurements and theoretical inputs from Lattice QCD, new 

updates on global fit performed

2023/11/25

CKMFitter

• Better constrain due to improved measurements of CKM angle 𝜸 and 𝜷

• Global consistency looks good 

• Offers precise predictions on New Physics sensitive processes



CKM angle 𝝓𝒔
𝒄&𝒄𝒔
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LHCb-PAPER-2023-001

• Using predictions with CKM parameters, probe new physics in sensitive decays

LHCb-PAPER-2023-001

𝐵~�

+𝐵~�

𝐽/𝜓𝜙

+2𝛽$ Penguin pollution: Data-driven 
method 

Very small value Very small value

+2𝛽$

Global combination



CKM angle 𝝓𝒔
𝒔&𝒔𝒔
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LHCb-PAPER-2023-001

• Very sensitive to new physics in 𝑩𝒔 mixing and in penguin

𝐵~�

+𝐵~�

𝜙𝜙

+2𝛽$

+𝛽$

−𝛽$

𝝓𝒔
𝒔)𝒔𝒔~ 𝟎 (SM)



CKM angle 𝝓𝒔
𝒔&𝒔𝒔
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LHCb-PAPER-2023-001

• Very sensitive to new physics in 𝑩𝒔 mixing and in penguin

• Time-dependent angular analysis to probe CP violation：distinguish flavor, 

resonant contributions

Mixing angle: Direct CP violation parameter:



CKM status over years
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Conclusion
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Thank You for Your Attention


