
Charm Physics at LHCb

Liang Sun
Wuhan University

HFCPV 2021

Nov. 12 2021, Guangzhou (Virtual), China



Outline

• Recent LHCb results on charm CPV:
• Mixing and time-dependent CPV in 𝑫𝟎 → 𝑲𝑺

𝟎𝝅+𝝅−(06.2021)
• Time-dependent CPV in 𝑫𝟎 → 𝑲+𝑲−, 𝝅+𝝅− (05.2021)
• Time-integrated CPV in 𝑫𝟎 → 𝑲𝑺

𝟎𝑲𝑺
𝟎 (05.2021)

• Time-integrated CPV in 𝑫(𝒔)
+ → 𝒉+𝝅𝟎 and  𝑫(𝒔)

+ → 𝒉+𝜼 (03.2021)
• Time-integrated CPV in 𝚵𝒄

+ → 𝒑𝑲−𝝅+ (06.2020)

• Recent results on rare charm decays:
• Search for 25 decays of 𝑫(𝒔)

+ → 𝒉±ℓ+ℓ(′)∓ (10.2020)
• CPV and angular analysis in 𝑫𝟎 → 𝒉𝒉𝝁+𝝁− (11.2021)

• Run3 and beyond

• Summary and discussions
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NB: For non-CPV & non-rare charm results from LHCb, please see here.

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_Charm.html


CP violation in charm

⚫ Only way to probe CP violation in up-
type quark

⚫ Complementary to K and B mesons with 
observed CPV

⚫ Difficult to calculate SM predictions, but 
small (10-3 – 10-4) CP asymmetry is 
expected → hints of NP if higher values 
are observed

⚫ CPV in charm sector eventually 
observed in 2019
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Expected CPV very small 

in charm

⚫ Effectively 2-generation 

system

⚫ Third generation and 

CPV enter through loopsPRL 122 (2019) 211803



Mixing and CPV in 𝐷0 – ഥ𝐷0

• Charm mixing – a well established fact
• Mass eigenstates are related to their flavor eigenstates via 
|D1,2> ≡ p|D0> ± q|D0>, with |q|2 + |p|2 ≡ 1

• Mixing parameters based on the mass and width differences:
x ≡ (m2 - m1)/Γ, y ≡ (Γ2 - Γ1)/2Γ, with Γ ≡ (Γ2 + Γ1)/2

• CP violation contributions

• In decays, amplitudes for a process and its conjugate differ

• In mixing: rates of 𝐷0 → ഥ𝐷0 and ഥ𝐷0 → 𝐷0 differ

• In interference between mixing and decays diagrams
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Direct CP 
violation

Indirect CP 
violation

ഥ𝐷0 𝐷0



LHCb as a Charm factory

⚫ LHCb acceptance: 2 < η < 5 (forward region)
⚫ Large 𝑐 ҧ𝑐 production cross-section

⚫ More than 1 billion D0→K-π+ collected by LHCb between 2011 and 2018
⚫ Run2: Turbo stream from online reconstruction

5
[Comput. Phys. Commun. 208 (2016) 35]



D0 production at LHCb
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NB: For ACP in D0, control channel needed to
cancel the production-level asymmetry 𝒪 1%



D0 flavor tagging at LHCb

7

NB: For ACP in D0, control channel needed to
cancel the tagging asymmetry 𝒪 1%



𝐷0 – ഥ𝐷0 oscillation in 𝐷0 → 𝐾𝑆
0𝜋+𝜋−
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𝐷0 – ഥ𝐷0 oscillation in 𝐷0 → 𝐾𝑆
0𝜋+𝜋−

• x determines the oscillation rate
• Very tiny for 𝐷0, but x and CPV can be 

enhanced by NP

• CPV can occur in the mixing → 
oscillation rates differ for 𝐷0 and ഥ𝐷0

• Run2 𝜋-tagged dataset

• Self-conjugate 𝐷0 → 𝐾𝑆
0𝜋+𝜋− has rich 

resonance structure

• Model-independent approach (bin-
flip method) [PRD 99 (2019) 012007]

• To avoid modeling of efficiency variation
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Δ𝑚 = 𝑚 𝐷∗+ −𝑚(𝐷0)

~31 M

PRL 127 (2021) 111801

5.4fb-1



Model-independent bin-flip method

• Use strong-phase info c
b
, s

b
from CLEO-c  [PRD 82 (2010) 112006]
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⚫ Use strong-phase info 𝑐𝑏, 𝑠𝑏 from CLEO-c 
and BESIII [PRD 101 (2020) 112002]

⚫ Bin Dalitz-plot into ±𝑏 about 𝑚+
2 = 𝑚+

2 with 
almost constant Δ𝛿(𝑚−

2 , 𝑚+
2 )

⚫ Measure ratio of signal in −𝑏 and +𝑏 in 𝐷0

decay time bin 𝑗 (13 in total)

PRL 127 (2021) 111801



𝐷0 → 𝐾𝑆
0𝜋+𝜋− bin-flip results
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PRL 127 (2021) 111801

Uncertainties statistically dominated!



𝐷0 → 𝐾𝑆
0𝜋+𝜋− bin-flip results
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PRL 127 (2021) 111801

First observation of 
non-zero x (>7σ)

World Averages significantly improved!



Time-dependent CPV in SCS 𝐷0 → ℎ+ℎ−

• ACP of SCS as one of the most sensitive CPV test: 

• SM expectation for 𝑓 = 𝐾+𝐾−, 𝜋+𝜋−:  Δ𝑌𝑓~𝒪 10−5 − 10−4

• Run2 𝜋-tagged dataset
• Binned ML mass fits in 21 bins of decay time
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Kagan & Silvestrini, PRD 103 (2021) 053008

Li & Umeeda, PLB 810 (2020) 135802

PRD 104 (2021) 072010

Δ𝑌𝑓 ≈ −𝐴Γ ≈ 𝑥𝜙𝜆𝑓 − 𝑦(
𝑞

𝑝
− 1)



Time-dependent CPV in SCS 𝐷0 → ℎ+ℎ−

• Time-dependent 
detector/production effects 
are corrected for → will 
slightly dilute Δ𝑌𝑓

• Linear fits to extract Δ𝑌𝑓 as 
slope parameters 

• Statistically dominated 
uncertainty
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Compatible with being zero

Mutually compatible

Neglecting final-state dependent
contributions

PRD 104 (2021) 072010

𝐴𝑟𝑎𝑤 𝑡 ≈ 𝑎𝑓
𝑑 + Δ𝑌𝑓

𝑡

𝜏𝐷0
+ 𝑨𝑫

𝝅𝒔
+

𝒕 + 𝑨𝑷
𝑫∗+

(𝒕)



Time-dependent CPV in SCS 𝐷0 → ℎ+ℎ−

• Time-dependent 
detector/production effects 
are corrected for → will 
slightly dilute Δ𝑌𝑓

• Linear fits to extract Δ𝑌𝑓 as 
slope parameters 

• Statistically dominated 
uncertainty
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Neglecting final-state dependent
contributions

PRD 104 (2021) 072010

Δ𝑌𝑓 ≈ −𝐴Γ ≈ 𝑥𝜙𝜆𝑓 − 𝑦(
𝑞

𝑝
− 1)



LHCb 𝜸+charm combination
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arXiv:2110.02350

Most precise determination from a single
experiment

• Inclusion of most recent LHCb beauty & charm measurements

• Auxiliary inputs from experiments near charm threshold including BESIII

Also mentioned in Wenbin’s talk yesterday



ACP in 𝐷0 → 𝐾𝑆
0𝐾𝑆

0

• Contributions of penguin annihilation diagrams, CPV could be 
greatly enhanced (𝒪(1%)) [PRD 92 (2015) 054036]

• Run2 data, 𝜋-tagged + 𝜇-tagged

• Raw asymmetry:

• Control channel 𝐷0 → 𝐾+𝐾− to remove production & tagging 
asymmetries:
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PRD 104 (2021) L031102



ACP in 𝐷0 → 𝐾𝑆
0𝐾𝑆

0

18

PRD 104 (2021) L031102

KS
0 reconstruction types

Separation of data also based on compatibility with 
originating in the Interaction Point or not

LL LL

LD DD



ACP in 𝐷(𝑠)
+ → ℎ+𝜋0 and 𝐷(𝑠)

+ → ℎ+𝜂

• SCS decays w/ loop: 𝐷+ → 𝜋+𝜂 , 𝐷𝑠
+ → 𝐾+(𝜋0, 𝜂) (ACP ~10-4 – 10-3)

and w/o loop: 𝐷+ → 𝜋+𝜋0 (no CPV in SM!)

• Neutral hadrons difficult in hadron colliders, reco’ed via 𝑒+𝑒−𝛾

• Runs 1+2 for 𝜋0 modes and only Run2 for 𝜂 modes

• Nuisances asymmetries removed using 𝐷(𝑠)
+ → 𝐾𝑆

0ℎ+
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JHEP 06 (2021) 019

𝜋0

𝜂



ACP in 𝐷(𝑠)
+ → ℎ+𝜋0 and 𝐷(𝑠)

+ → ℎ+𝜂
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JHEP 06 (2021) 019

All results compatible with zero

most precise 
measurements to 
date



ACP in Ξ𝑐
+ → 𝑝𝐾−𝜋+

• Based on Run1 3 fb-1 data

• Direct comparison for compatibility 
between Ξ𝑐

+ and Ξ𝑐
− Dalitz plots (total yield 

~ 190k) using two model-independent 
techniques

• Divided into bins
• Divided into regions around expected 

resonances

• Procedures tested on control channel 
Λ𝑐
+ → 𝑝𝐾−𝜋+ (total yield ~ 1.9M) before 

applied to the signal
21

EPJC 80 (2020) 986

Control 
channel

Signal 
channel



ACP in Ξ𝑐
+ → 𝑝𝐾−𝜋+
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No evidence of 
CP violation

EPJC 80 (2020) 986



Overview of rare charm decays @ LHCb
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𝜈𝑚



Search for 𝐷(𝑠)
+ → ℎ±ℓ+ℓ(′)∓ decays

• 25 decays

LFV & LNV included

• Normalized with 𝐷(𝑠)
+ → 𝜙 ℓℓ 𝜋+

• Analysis based on 2016 dataset (1.7 fb-1)

JHEP 06 (2021) 44 
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Search for 𝐷(𝑠)
+ → ℎ±ℓ+ℓ(′)∓ decays

• No signal observed, BF limits are set down to 𝒪(10−8)

• Results improve the prior world's best by up to a 
factor of 500

JHEP 06 (2021) 44 

Regions dominated by 

resonances in dilepton 

mass spectrum are 

vetoed
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CPV and angular analysis in 𝐷0 → ℎℎ𝜇+𝜇−

• Rarest charm meson decays observed, 
dominated by resonant contributions

• First full angular analysis with 9 fb-1 data

• 𝐷0 selected from flavor specific 𝐷∗+ →
𝐷0𝜋+
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arXiv:2111.03327



Differential decay rate in 𝐷0 → ℎℎ𝜇+𝜇−

• Measure 𝑝2, cos 𝜃ℎ integrated 𝐼𝑖 separately for 𝐷0/ഥ𝐷0 in q2 bins
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arXiv:2111.03327

𝑰𝟐,𝟑,𝟒,𝟕 𝑰𝟓,𝟔,𝟖,𝟗



Flavor-averaged observables 𝑆𝑖
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arXiv:2111.03327

Angular observables measured 
via yield asymmetries



𝐶𝑃 asymmetries 𝐴𝑖 From D. Mitzel’s talk @ 11th workshop on "Implications of 
LHCb measurements and future prospects"

arXiv:2111.03327
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Run3 and beyond for LHCb

• A new LHCb detector for 
Run3 with much higher 
instantaneous luminosity

• Real time trigger with 
GPUs

• Goals for Runs 3-4: 
collect 10x in hadronic 
channels

• Reaching for sub-10-4

precision

Ready for HL-LHC
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Summary
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⚫ LHCb is in fact a charm factory and has the world’s largest sample of charm 
decays

⚫ High statistics and superb detector performance allow for high precision 
measurements on charm CP, rare decays, etc.

⚫ Observations of charm CPV, difference in D0 mass eigenstates, etc.

⚫ Still more charm results in the pipeline with full Run1+2 data, stay tuned!

− For example, semileptonic D decays (D0→h(hh)lν), CF charm decays involving a KS, charm baryons, ...

⚫ Longer term: LHCb will start taking data next year

⚫ Synergy with BESIII important for CPV searches in the charm sector
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LHCb detector in a nutshell
By design: study CP-violating processes and rare b-hadron decays

• Particle detection in the forward region (down to the beam-pipe)

• Excellent resolution for  localization of decay vertices (Vertex Locator) → 

Excellent time resolution, enough to resolve B
s

– B
s

oscillation

• Excellent momentum resolution (σ(m
B
)∼25 MeV for 2-body decays)

• Excellent particle identification to distinguish p, K±, π±, μ±

• Excellent leptonic and hadronic triggers
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LHCb trigger scheme
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LHCb data samples
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Current experimental status on SCS decays
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From A. Carbone’s talk @ CHARM 2021



Prospects for rare charm sensitivity
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