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• Charm mixing and CPV
• direct CPV with 𝐷! → 𝐾!𝐾"𝜋!

• time-dependent CPV with 𝐷# → 𝐾"𝜋!

• CPV with Λ$! two-body decays

• Charm rare decay
• search for 𝐷0 → 𝐾+𝐾−𝑒+𝑒−

• search for Λc+ → 𝑝𝜇+𝜇−

• asymmetry around 𝜙 resonance in Λc+ → 𝑝𝜇+𝜇−

• Summary



Neutral D meson oscillation

3

CKM suppression: b 
GIM suppression: d, s

x mixing: Channel for New Physics.
y (long-distance) mixing: SM background.
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Charm CP violation

吕晓睿 第5届LHCb前沿物理研讨会 4

• CP Violation (CPV) highly suppressed in CKM hierarchy

• LHCb discovered charm direct CPV in 𝐷 → ℎ!ℎ" in 2019

3.8𝜎 first evidence of charm 
CPV in a single channel

PRL131, 091802 (2023) 

sensitive to NP effects

• Another type of mixing-induced CPV has not been observed yet



• The Cabibbo-favored mode 𝐷!" → 𝐾"𝐾#𝜋" is
taken as control channel (C)

• 𝐴$% around the 𝐾∗ and 𝜙 resonances is measured
as

Sign of CP asymmetry changes when acrossing
resonance vertically and horizontally [PRD78,
072003 (2008)]
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Local CPV in three-body decays 𝑫! → 𝑲!𝑲"𝝅!

• Variations of the strong phase across the Dalitz phase space may enhance the
local CP asymmetries, being considerably larger than the integrated value

𝑫𝒔"

Compatible with zero asymmetries.

PRL133, 251801(2024)



• 𝐴$% is measured in all Dalitz bins

• Δ𝐴'()
*+,-(+ is the global difference in asymmetries

averaged over all bins in the Dalitz plots. Any
global asymmetry difference between the Signal
and Control channels is cancelled.

• The significance is estimated with the 𝜒. test
statistic as
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Local CPV in three-body decays 𝑫! → 𝑲!𝑲"𝝅!

• Simultaneous model-independent search for any CPV across all Dalitz regions

𝜒$/𝑁𝐷𝐹=31.8/22, corresponding p value is 8.1%.
Consistent with CP symmetry.

PRL133, 251801(2024)
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Mixing and CPV parameters with 𝑫𝟎 → 𝑲"𝝅#
PRD111, 012001 (2025)

• Full RUN2 data are analyzed to select prompt
production of 𝐷∗" → 𝐷/𝜋"

• The ratio of the time-dependent decay rates
between the DCS (𝐾"𝜋#) and CF (𝐾#𝜋")
modes

• Two decay configurations are measured

• Up to 𝑥0.. and 𝑦0..

mixing parameters

strong phase difference Δ! = −10° ± 3°

CPV parameters
direct CPV

mixing CPV

interference CPV
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Mixing and CPV parameters with 𝑫𝟎 → 𝑲"𝝅#
PRD111, 012001 (2025)

• 𝑐!"
($) are improved from previous
LHCb measurement based on RUN1
data: stat. error down by 1.6 and
syst. error down by 2

• No CPV is seen
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Mixing and CPV in SL-tagged 𝑫𝟎 → 𝑲"𝝅!

Complementary measurement to the prompt one with higher 
sensitivity to lower decay time

RS: 5.2M WS: 20k

WS/RS ratio is measured as before (slightly different
parametrization)

%𝑩 → 𝑫∗ 𝟐𝟎𝟏𝟎 "𝝁$𝑿

JHEP03, 149 (2025)
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Mixing and CPV in SL-tagged 𝑫𝟎 → 𝑲"𝝅!

No CPV

Allow CPV

No direct CPV

consistent with CP symmetry

JHEP03, 149 (2025)
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Combinations of prompt and SL-tagged results

prompt SL-tagged

about a few percent
improvement

JHEP03, 149 (2025)
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Charm impact to 𝛾 measurement
• CKM angle 𝛾, Charm mixing and CPV parameters 

measurement included in a single fit
è improves precision on single observables exploiting full 
information

• 9 new LHCb measurements during 2023-2024 are included

LHCb-CONF-2024-004
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Global fits to constraint CPV

Assuming CPV for DCS within SM is 0, 𝑎-./0 =0, i.e, only one 
amplitude contributing to decay

LHCb-CONF-2024-004

Fit is repeated applying external constraint to 𝑎-./0 . Hence, it
improves sensitivity to charm CPV observables.
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CPV search in Λ%& two-body decays
• CP symmetry can be precisely tested in baryon weak decay by
studying the polarization of the produced daughter particles.

• For simple case of Λ)* decaying into
+
,

*
baryon and a 0- meson,

decay asymmetries can be defined as

• This study takes advantage of nearly 100% longitudinal
polarization of the Λ.* from Λ/0 → Λ.*ℎ-

� =
|S|2 � |P |2

|S|2 + |P |2

<latexit sha1_base64="ksLfYnESRNwSEMGLEdtkp/HerCM="></latexit>
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CPV search in Λ%& two-body decays
PRL133 (2024) 26, 261804

Simultaneous fit to five decay
modes: Λ12 → Λ3! → 𝑝𝐾/ 𝜋",
Λ3! → 𝑝𝐾/ 𝐾", Λ3! → Λ𝜋! 𝜋",
Λ3! → Λ𝜋! 𝐾", Λ3! → Λ𝐾! 𝜋"

RUN1+2 data

no CPV is seen

consistent with BESIII

most precise

first measurement
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CPV search in Λ%& two-body decays
PRL133 (2024) 26, 261804

The parameters 𝛽, 𝛾, and Δ are measured for the first time

Δ𝜙 = 0.01 ± 0.02
Δ𝛿 = 2.693 ± 0.017

Δ𝜙 = −0.03 ± 0.15
Δ𝛿 = 2.57 ± 0.19

𝜦𝒄" → 𝚲𝝅" 𝜦𝒄" → 𝚲𝑲"
no CPV is seen
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Charm Rare Decays 
Rainbow of the Charm decays:

from forbidden to not-so-rare decays 

FCNC
• short distance contributions to effective c → u transitions 

are tiny (< 10"4)
• Short	distance	:	interested,	computable		by	pQCD,	directly	
test	SM



FCNC suppressed in SM 
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Short Distance
contributions

Long Distance 
contributions

Sensitive to new physics

contributions in c → uγ and c → ul+l− transitions are described by:

LSD
eff =

GF√
2
V ∗cbVub

∑

i=7,9,10

CiQi, (1)

The operators are then:

Q7 =
e

8π2
mcFµν ūσµν(1 + γ5)c, Q9 =

e2

16π2
ūLγµcL l̄γ

µl, Q10 =
e2

16π2
ūLγµcL l̄γ

µγ5l. (2)

In (1) Ci denote, as usual, effective Wilson coefficients (they are determined at the scale µ = mc),
Fµν is the electromagnetic field strenght and qL = 1

2(1− γ5)q. In the case of the c → uγ decay
only C7 contributes, while in the case of c → ul+l− all three Wilson coefficents are present. At
the one-loop level contributions coming from penguin diagrams are strongly GIM suppressed
giving a branching ratio ∼ 10−18 [5, 6, 7, 8, 9]. The QCD corrections enhance this rate to
BR(c → uγ)SM = 2.5× 10−8 [10, 11]. Within SM the short distance contribution coming from
Q7,9 leads to the branching ratio [8, 12, 13, 14]

BR(D → Xue
+e−)SDSM ≃ 3.7× 10−9. (3)

However, this short distance contribution is overshadowed by long distance contributions, which
are the result of the nonleptonic D decays [8, 12]. The branching ratio for the inclusive decay is:

BR(D → Xue
+e−)LDSM ∼ O(10−6). (4)

The amplitude for the D → V γ decay can be most generally written as:

A[D(p) → V (p′, ϵ′)γ(q, ϵ)] = −iACP ϵµναβq
µϵ∗νpαϵ∗′,β

+ APV [(ϵ
∗′,β · q)(ϵ∗ν · q)− (p · q)(ϵ∗ν ϵ∗ν)] . (5)

The authors of [15] have reinvestigated long distance dynamics. Using the QCD sum rules result
for the tensor form factors (T ρ ≃ Tω ≃ 0.7± 0.2 ) they found that parity conserving (violating)
amplitudes are (Aρ,ω

PC,PV )
SD ≃ 0.6(2) × 10−9/mD|C7(mc)/0.4 · 10−2| where superscripts ρ,ω

denote the appropriate vector meson state V . For the determination of short distance
contribution one has to know the matrix element of the Q7 operator. In the calculations of it the
tensor form-factors are present [15]. The long distance contribution was estimated by knowing
that the relation BR(D0 → K∗0γ)/BR(D0 → K∗0ρ0) = BR(D0 → φγ)/BR(D0 → φρ0) is

a consequence of vector meson dominance [15] |(AV
PC,PV )

LD| = [32π/2m3
D(1 − m2

V
m2

D
)−3Γ(D →

V γ)]1/2, what gives, for V = φ, |(Aφ
PC,PV )

LD| = 5.9(4)× 10−8/mD. These estimations are close
to the previously determined ones in [5, 6].

The SM short distance contributions to D0 → γγ and D0 → µ+µ− can be determined using
the effective Lagrangian (1), while in both decay modes the dominant contribution comes from
long distance effects [12, 9]. Recently D0 → γγ and D0 → l+l− were reconsidered in [13]. The
branching ratio coming from long and short distance contributions are BRSM

LD (D0 → γγ) ≃
(1 − 3) × 10−8, BR2−loops

SD (D0 → γγ) ≃ (3.6 − 8.1) × 10−12. In the D0 → l+l− decay also the
SM long distance contribution dominates over the short distance ones. The authors of [13]
considered contributions coming from γγ intermediate states due to long distance dynamics in
D0 → γγ arriving at the value BR(D0 → µ+µ−) ∼ (2.7−8.0)×10−13. Recently LHCb improved
the bound on the branching ratio BR(D0 → µ+µ−) ≤ 6.2× 10−9 [17].

Among all exclusive decay modes containing lepton pair in the final state, the simplest one
for experimental searches are D+ → π+ℓ+ℓ− and D+

s → K+ℓ+ℓ−. Close to the φ resonant peak

2

𝑫 → 𝒉𝒍"𝒍$

𝒄 → 𝒖𝒍"𝒍$:
Stronger	diagram	cancellation	than	down-types

• Long	distance	effect	can	enhance	the	
rate	to	10-6	~10-7,	dominantly,
such as 𝐷 → 𝑋2𝑌, 𝑌 → 𝑙"𝑙# (Y=𝜌/, 𝜔,
𝜂, 𝑜𝑟 𝜙)

• Allow	with	sizeable	decay	rate	in	NP



World-wide searches until 2021
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𝐷%

𝐷" 𝐷&"

Λ'"
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Search for 𝑫𝟎 → 𝒉&𝒉(𝒆&𝒆( decays
• LHCb firstly observed the FCNC processes 𝐷/ → 𝜋"𝜋#𝜇"𝜇# and
𝐾"𝐾#𝜇"𝜇# [PRL119, 181805(2017)]
𝐵 𝐷# → 𝜋$𝜋%𝜇$𝜇% = (9.64 ± 0.48 ± 1.10)×10%&

𝐵 𝐷# → 𝐾$𝐾%𝜇$𝜇% = (1.54 ± 0.27 ± 0.18)×10%&

• It is well motivated to search for the di-electron mode, to probe the
universality of the electroweak interaction couplings to leptons of different 
generations

• Previous best upper limits (ULs) on branching fractions (BFs) are from BESIII
(×𝟏𝟎!𝟔)
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Search for 𝑫𝟎 → 𝝅"𝝅#𝒆"𝒆#

• Observation of 𝐷/ → 𝜋"𝜋#𝑒"𝑒# in 𝜌/𝜔
and 𝜙 mass regions

• The current best upper limits on BF in 
other regions have been established.

• The BF in the di-electron mode is 
compatible with the one of the di-muon 
mode.

𝐷% are selected from the decays of 𝐷∗" → 𝐷%𝜋"
arXiv:2412.09414
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Search for 𝑫𝟎 → 𝑲"𝑲#𝒆"𝒆#
arXiv:2412.09414

• No evidences with the current precision.
• The current best upper limits on the BFs

have been established.
• Observation of 𝐷/ → 𝜋"𝜋#𝑒"𝑒# in 𝜌/𝜔

and 𝜙 mass regions

𝐷% are selected from the decays of 𝐷∗" → 𝐷%𝜋"
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Comparison for 𝑫𝟎 → 𝒉"𝒉#𝒍"𝒍#

no evidence for lepton flavour universality violation
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Search for 𝚲𝐜" → 𝒑𝝁"𝝁#

• LHCb searched for Λ3" → 𝑝𝜇"𝜇# based on RUN1 data and place the best UL
in 2018

• LHCb searched for Λ3" → 𝑝𝜇"𝜇# in the resonant and non-resonant di-muon
mass regions with LHCb RUN2 (5.4 fb−1) data
ü Determine the branching fractions in the 𝜌, 𝜔 and 𝜂 resonant regions;
ü Search the FCNC process in the non-resonant region;
ü uses the 𝜙 resonant region as normalization.

PRD110, 052007 (2024)
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Search for 𝚲𝐜" → 𝒑𝝁"𝝁#

No signal evidence for the FCNC process in the non-resonant region

The best upper limit:

PRD110, 052007 (2024)
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Search for 𝚲𝐜" → 𝒑𝝁"𝝁#
PRD110, 052007 (2024)

consistent with those measurements from BESIII and BELLE via non-leptonic decays

BF(×𝟏𝟎!𝟑)



• Angular distributions and CP asymmetries on Λ3" → 𝑝𝜇"𝜇# in the resonant
regions can be used to separate the short and long-distance contributions.

• Interference effects between SM resonant and beyond-SM amplitudes can 
produce asymmetries as large as O(%)

Two asymmetries are probed:
• CP asymmetry

In real practice, raw asymmetry 𝐴()*+, is measured directly and 𝐴() is determined after
correcting the production and detection asymmetries

Λ,$ → pK-#, K-# → π$π% is used as control sample to estimate the nuisance asymmetries
• Forward-backward asymmetry

吕晓睿 第5届LHCb前沿物理研讨会 27

Resonance enhanced asymmetries in
𝚲𝐜" → 𝒑𝝁"𝝁#

arXiv:2502.04013

CP-average and CP asymmetry can enhance sensitivity to real and imaginary parts of
NP couplings
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Resonance enhanced asymmetries in
𝚲𝐜" → 𝒑𝝁"𝝁#

arXiv:2502.04013

• confirm the SM prediction
• help to constrain the parameter space of NP models

[Hiller et al, arXiv 2410.00115]



Summary
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• Charm physics is a unique probe to test the SM and
search for new physics

• Many new measurement in the charm physics with 
many different observables
ü improved precisions on mixing and CPV parameters
ü except 𝐷2 → ℎ!ℎ" , no evidence of CP violation seen yet
ü best precisons in constraining the rates of the charmed

FCNC decays

• Great prospects from LHCb 
with Run 3 dataset
ü new precision measurement will 

be possible
ü record luminosity of > 9.5 fb−1
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Backup Slides
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𝐷) → ℎ"ℎ#𝜇"𝜇#
Run I (2/fb) PRL 119, 181805 (2017)
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𝐷# → ℎ!ℎ"𝜇!𝜇": angular and CP asymmetries
PRL 121, 091801 (2018)

• All asym. consistent with zero
• No dependency on dimuon mass 
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Observation of the decay 
𝐷) → 𝐾(𝜋&𝑒&𝑒( at BaBar

[PRL 122 081802 (2019)] 

LHCb BaBar
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Search for Λ*" → 𝑝𝜇"𝜇#



Acceptance corrections

吕晓睿 第5届LHCb前沿物理研讨会 36



Alternative parametrization
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Formula
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v Hadron colliders (huge cross-section, energy boost)
�LHCb: 9fb-1 until now; world’s largest sample of c-hadron 

decays in charged modes (x40 current B factories)
�B-factories (Belle (II), BaBar): ~e+e- Colliders (more 

kinematic constrains, clean environment, ~100% trigger 
efficiency)

�Threshold production (BESIII)
v Pair production and double tag technique
v Low backgrounds and high efficiency
v Quantum correlations and CP-tagging are unique
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Current facilities for charm study
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Charm samples



LHCb prospects for future measurements
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