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Charm & CPV probes: two pathways
-
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• Null Hypothesis:

• Directly test the Standard Model

• Via direct CP asymmetry measurements

• e.g.  Belle [arXiv:1712.00619]

𝑎𝐶𝑃
𝑑𝑖𝑟(𝐷+ → 𝜋+𝜋0) = 0 𝑎𝐶𝑃

𝑑𝑖𝑟 𝐷+ → 𝜋+𝜋0 = 2.31 ± 1.24 ± 0.23 %
(isospin limit & experimental sensitivity) [arXiv:1712.00619]

• Over-constrain the Standard Model:

• Sum rules relating CP asymmetries in different channels 

• e.g. U spin sum rule (invariance under the interchange of d and s quarks)

• LHCb measured sum rules [arXiv:2209.03179] at level of 2.7σ

𝑎𝑑(𝐷0 → 𝐾−𝐾+) + 𝑎𝑑(𝐷0 → 𝜋−𝜋+) ≠ 0

• Needs to explore other modes to get the complete picture.
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CP asymmetries in charm baryons: Ξ𝑐
+ → Σ+ℎ+ℎ− and Λ𝑐

+ → 𝑝+ℎ+ℎ−

• LHCb studied the CP asymmetry difference in singly Cabibbo suppressed Λ𝑐
+ decay channels:

Δ𝐴𝐶𝑃
w = 𝐴𝐶𝑃(𝑝𝐾−𝐾+) − 𝐴𝐶𝑃

w (𝑝𝜋−𝜋+) = (0.30 ± 0.91 ± 0.61)% [JHEP 03, 182 (2018)]

• Direct CP asymmetries are more of a theoretical significance than asymmetry differences.

• Belle II has unique opportunities for such measurements

• Charm meson discovery modes (𝐷0 → 𝐾−𝐾+, 𝜋−𝜋+) are related by U spin sum rules. 

• suggest looking at Λ𝑐
+ and Ξ𝑐

+ decays. 

𝐴𝐶𝑃
𝑑𝑖𝑟 Λ𝑐

+ → 𝑝𝐾+𝐾− + 𝐴𝐶𝑃
𝑑𝑖𝑟 Ξ𝑐

+ → Σ+𝜋+𝜋− = 0

𝐴𝐶𝑃
𝑑𝑖𝑟(Λ𝑐

+ → 𝑝𝜋+𝜋−) + 𝐴𝐶𝑃
𝑑𝑖𝑟(Ξ𝑐

+ → Σ+𝐾+𝐾−) = 0
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Methodology

• Raw asymmetry from number counting,

𝐴𝑟𝑎𝑤
Ξ𝑐 =

𝑁(Ξ𝑐
+ → Σ+ℎ+ℎ−) − 𝑁(തΞ𝑐

− → തΣ−ℎ−ℎ+)

𝑁(Ξ𝑐
+ → Σ+𝜋+𝜋−) + 𝑁(തΞ𝑐

− → തΣ−ℎ−ℎ+)

• Raw asymmetry includes CPV, production (forward-backward), and detection asymmetries.

𝐴𝑟𝑎𝑤
Ξ𝑐 = 𝐴𝐶𝑃

Ξ𝑐 + 𝐴𝐹𝐵
Ξ𝑐 + 𝐴𝑝

• The forward-backward asymmetry is expected to be antisymmetric as a function of 𝑐𝑜𝑠(θ∗)

• cancel by averaging over bins in |𝑐𝑜𝑠(𝜃∗)|

• Take difference with CF control channel Λ𝑐
+ → Σ+ℎ+ℎ− to cancel the detection asymmetry

𝐴𝑟𝑎𝑤
Λ𝑐 = 𝐴𝐹𝐵

Λ𝑐 + 𝐴𝑝 (no CPV)

• Isolate CP asymmetry for signal mode

𝐴𝐶𝑃
Ξ𝑐 =

𝐴𝑟𝑎𝑤
Ξ𝑐 (𝑐𝑜𝑠𝜃Ξ𝑐

∗ )+𝐴𝑟𝑎𝑤
Ξ𝑐 (−𝑐𝑜𝑠𝜃Ξ𝑐

∗ )

2
−

𝐴𝑟𝑎𝑤
Λ𝑐 (𝑐𝑜𝑠𝜃Λ𝑐

∗ )+𝐴𝑟𝑎𝑤
Λ𝑐 (−𝑐𝑜𝑠𝜃Λ𝑐

∗ )
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Methodology (Λ𝑐
+ → 𝑝+ℎ+ℎ−)

• Raw asymmetry includes CPV, production (forward-backward), and detection asymmetries.

𝐴𝑟𝑎𝑤
Λ𝑐 —𝑝 ℎ ℎ

= 𝐴𝐶𝑃
Λ𝑐 —𝑝 ℎ ℎ

+ 𝐴𝐹𝐵
Λ𝑐 —𝑝 ℎ ℎ

+ 𝐴𝑝

• The forward-backward asymmetry is expected to be antisymmetric as a function of 𝑐𝑜𝑠(θ∗)

• cancel by averaging over bins in |𝑐𝑜𝑠(𝜃∗)|

• Take difference with CF control channel Λ𝑐
+ → 𝑝+𝐾−π− to cancel the detection asymmetry

𝐴𝑟𝑎𝑤
Λ𝑐 —𝑝 𝐾 π

= 𝐴𝐹𝐵
Λ𝑐 —𝑝 𝐾 π

+ 𝐴𝑝 + 𝐴𝐾/𝜋 (no CPV)

• Take difference with CF control channel 𝐷0 → 𝐾−𝜋+𝜋+𝜋−to cancel the K/π detection asymmetry

𝐴𝑟𝑎𝑤
𝐷0→𝐾 𝜋𝜋𝜋 = 𝐴𝐹𝐵

𝐷0→𝐾 𝜋𝜋𝜋 + 𝐴 Τ𝐾 𝜋 (no CPV)

• Isolate CP asymmetry for signal mode

𝐴𝐶𝑃
𝛬𝑐 —𝑝 ℎ ℎ

=
𝐴𝑟𝑎𝑤

𝛬𝑐 —𝑝 ℎ ℎ
(𝑐𝑜𝑠(𝜃𝛬𝑐

∗ ))+𝐴𝑟𝑎𝑤
𝛬𝑐 —𝑝 ℎ ℎ

(−𝑐𝑜𝑠(𝜃Λ𝑐
∗ ))

2
−

𝐴𝑟𝑎𝑤
𝛬𝑐 —𝑝 𝐾 𝜋

𝑐𝑜𝑠 𝜃𝛬𝑐
∗ +𝐴𝑟𝑎𝑤

𝛬𝑐 —𝑝 𝐾 𝜋
− 𝑐𝑜𝑠 𝜃𝛬𝑐

∗

2
+

𝐴𝑟𝑎𝑤
𝐷0→𝐾 𝜋𝜋𝜋(𝑐𝑜𝑠(𝜃𝐷0

∗ ))+𝐴𝑟𝑎𝑤
𝐷0→𝐾 𝜋𝜋𝜋(−𝑐𝑜𝑠(𝜃𝐷0

∗ ))
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Reconstruction Criteria

Description Selection

charged tracks (𝐾, 𝜋, 𝑝) in CDC acceptance minimum number (> 0) of hits in CDC

proton (p) proton trinaryID > 0.2

Mass
2.35 < M(𝛯𝑐) < 2.60 Τ𝐺𝑒𝑉 𝑐2

2.15 < M(𝛬𝑐) < 2.40 Τ𝐺𝑒𝑉 𝑐2

1.75 < M(𝐷0) < 1.95 Τ𝐺𝑒𝑉 𝑐2

CM momentum (𝛯𝑐 , 𝛬𝑐 , 𝐷0) 𝐶𝑀 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 > 2.0 Τ𝐺𝑒𝑉 𝑐

treeFit (𝛯𝑐 , 𝛬𝑐 , 𝐷0) 𝑐ℎ𝑖𝑃𝑟𝑜𝑏 > 0.001

𝛯𝑐
+ → 𝛴+ℎ+ℎ−

photon (𝛾) 
Eforward > 0.080 GeV, Ebarrel > 0.030 GeV, Ebackward > 0.060 GeV,

clusterNHits > 1.5, 0.2967 < clusterTheta < 2.6180

𝜋0 0.125 < M(𝜋0) < 0.145 Τ𝐺𝑒𝑉 𝑐2

𝛴 1.159 < M(𝛴) < 1.219 Τ𝐺𝑒𝑉 𝑐2

𝐷0 → 𝐾−𝜋+𝜋+𝜋−

charged tracks (𝐾, 𝜋) dr < 1 [cm] and abs(dz) < 3 [cm]

𝐾 kaon binaryID > 0.2
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Selection Criteria (Ξ𝑐
+ → Σ+ℎ+ℎ−)

7

• proton trinaryID

▪
proton ID

(proton ID +kaon ID +pion ID)

• kaon binaryID

▪
kaon ID

(kaon ID+pion ID)

Description Selection

Mass
2. 40< M(𝛯𝑐) < 2.54 Τ𝐺𝑒𝑉 𝑐2

2.24 < M(𝛬𝑐) < 2.34 Τ𝐺𝑒𝑉 𝑐2

kaon (𝐾) kaon binaryID > 0.2

proton (p) proton trinaryID > 0.8

MVA – Multi Variate Analysis

Ξ𝑐
+ → Σ+π+π− Ξ𝑐

+ → Σ+𝐾+𝐾−

fake photon suppression (fps) fps > 0.7 fps > 0.3

beam background suppression (bbs) bbs > 0.8 bbs > 0.8

MVA MVA > 0.1 MVA > 0.7

• Multi Variate Analysis (MVA) 

▪ Σ flight distance

▪ χ2 of vertex fit

▪ K dr or pi dr

▪ π0(Σ) CM momentum



Mass Distributions (Ξ𝑐
+ → Σ+ℎ+ℎ−)

• Mass distributions of Ξ𝑐
+ → Σ+π+π− and Λ𝑐

+ → Σ+π+π− after reconstruction and after applying selections. 

Ξ𝑐
+ Mass (Ξ𝑐

+ → Σ+π+π−) Ξ𝑐
+ Mass (Ξ𝑐

+ → Σ+π+π−)

8

signal efficiency – 49%

Λ𝑐
+ Mass (Λ𝑐

+ → Σ+π+π−) Λ𝑐
+ Mass (Λ𝑐

+ → Σ+π+π−)



Mass Distributions (Ξ𝑐
+ → Σ+ℎ+ℎ−)

• Mass distributions of Ξ𝑐
+ → Σ+𝐾+𝐾−and Λ𝑐

+ → Σ+𝐾+𝐾− , after reconstruction and after applying selections. 

Λ𝑐
+ Mass (Λ𝑐

+ → Σ+𝐾+𝐾−) Λ𝑐
+ Mass (Λ𝑐

+ → Σ+𝐾+𝐾−)
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Ξ𝑐
+ Mass (Ξ𝑐

+ → Σ+𝐾+𝐾−) Ξ𝑐
+ Mass (Ξ𝑐

+ → Σ+𝐾+𝐾−)

signal efficiency – 51%



Selection Criteria (Λ𝑐
+ → 𝑝+ℎ+ℎ−)
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• proton trinaryID

▪
proton ID

(proton ID +kaon ID +pion ID)

• kaon binaryID

▪
kaon ID

(kaon ID+pion ID)

Description Selection

Mass
2.24 < M(𝛬𝑐) < 2.34 Τ𝐺𝑒𝑉 𝑐2

1.80 < M(𝐷0) < 1.92 Τ𝐺𝑒𝑉 𝑐2

charged tracks (𝐾, 𝜋, 𝑝) dr < 1 [cm] and abs(dz) < 3 [cm]

𝛬𝑐

𝛬𝑐 flight distance > 0 𝑐𝑚

𝛬𝑐 CM momentum > 2.5 Τ𝐺𝑒𝑉 𝑐

kaon (𝐾) kaon binaryID > 0.7

proton (p) proton trinaryID > 0.9

Λ𝑐
+ → 𝑝+π+π−

𝛬𝑐 𝛬𝑐 significance of distance > 0.25 𝑐𝑚

pion (π) pion momentum > 0.30 Τ𝐺𝑒𝑉 𝑐

proton (p) proton momentum > 0.85 Τ𝐺𝑒𝑉 𝑐



Mass Distributions (Λ𝑐
+ → 𝑝+ℎ+ℎ−)

• Mass distributions of Λ𝑐
+ channels used in Acp calculations of Λ𝑐

+ → 𝑝+π+π− , after reconstruction and after 
applying square cut selections. 

Λ𝑐
+ Mass (Λ𝑐

+ → 𝑝+π+π−)
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signal efficiency – 100%
purity – 3.14%

signal efficiency – 44%
purity – 16.7%

Λ𝑐
+ Mass (Λ𝑐

+ → 𝑝+π+𝐾−)

Λ𝑐
+ Mass (Λ𝑐

+ → 𝑝+π+π−)

Λ𝑐
+ Mass (Λ𝑐

+ → 𝑝+π+𝐾−)



• Mass distributions of 𝐷0 → 𝐾−𝜋+𝜋+𝜋− channel used in Acp calculations of Λ𝑐
+ → 𝑝+π+π− after reconstruction and 

after applying square cut selections.

Mass Distributions (Λ𝑐
+ → 𝑝+ℎ+ℎ−)
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𝐷0 Mass (𝐷0 → 𝐾−π+π+π−) 𝐷0 Mass (𝐷0 → 𝐾−π+π+π−)



Mass Distributions (Λ𝑐
+ → 𝑝+ℎ+ℎ−)

• Mass distributions of Λ𝑐
+ channels used in Acp calculations of Λ𝑐

+ → 𝑝+𝐾+𝐾− , after reconstruction and after 
applying square cut selections. 
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signal efficiency – 100%
purity – 0.27%

signal efficiency – 49%
purity – 13.9%

Λ𝑐
+ Mass (Λ𝑐

+ → 𝑝+𝐾+𝐾−) Λ𝑐
+ Mass (Λ𝑐

+ → 𝑝+𝐾+𝐾−)

Λ𝑐
+ Mass (Λ𝑐

+ → 𝑝+π+𝐾−) Λ𝑐
+ Mass (Λ𝑐

+ → 𝑝+π+𝐾−)



• Mass distributions of 𝐷0 → 𝐾−𝜋+𝜋+𝜋− channel used in Acp calculations of Λ𝑐
+ → 𝑝+𝐾+𝐾− after reconstruction 

and after applying square cut selections.

Mass Distributions (Λ𝑐
+ → 𝑝+ℎ+ℎ−)
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𝐷0 Mass (𝐷0 → 𝐾−π+π+π−) 𝐷0 Mass (𝐷0 → 𝐾−π+π+π−)



proton detection asymmetry 

• Recall, raw asymmetries include effects from CPV, production (forward-backward), and detection asymmetries.

• For the modes, that the final states have a proton(Sigma),

𝐴𝑟𝑎𝑤 = 𝐴𝐶𝑃 + 𝐴𝐹𝐵 + 𝐴𝑝

• Proton in the final state of signal channel and control channel might cover different regions of phase space.

• Control channel proton was weighted to match the signal channel proton in phase space.

• Weights were taken as a combination of proton momentum and proton cosθ.

Λ𝑐
+ → 𝑝+π+π− & weighted Λ𝑐

+ → 𝑝+π+𝐾−Λ𝑐
+ → 𝑝+π+π− & Λ𝑐

+ → 𝑝+π+𝐾− Λ𝑐
+ → 𝑝+π+π− & Λ𝑐

+ → 𝑝+π+𝐾− Λ𝑐
+ → 𝑝+π+π− & weighted Λ𝑐

+ → 𝑝+π+𝐾−

15

Araw % (Truth-matched) Araw % (Fitted)

Λ𝑐
+ → 𝑝+π+𝐾−

2.89 ± 0.07 2.92 ± 0.13

weighted Λ𝑐
+ → 𝑝+π+𝐾−

2.80 ± 0.07 2.82 ± 0.11

proton momentum proton cosTheta



hh detection asymmetry 

• Recall, raw asymmetries should include ℎ+ℎ− detection asymmetry for channels with final state ℎ+ℎ− .

• We assume detection asymmetry of ℎ+ℎ− cancels out, as the final state contains both sign pions/kaons.

• ℎ+ and ℎ−might cover different regions of phase space.

• Initial checks suggest no significant effect of this.
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Λ𝑐
+ → 𝑝+π+π− Λ𝑐

+ → 𝑝+π+π−

pion momentum pion cosTheta



K and π detection asymmetry (Λ𝑐
+ → 𝑝+ℎ+ℎ−)

• Recall, raw asymmetries of Λ𝑐
+ → 𝑝+𝐾−π− and 𝐷0 → 𝐾−𝜋+𝜋+𝜋− includes effects from, production (forward-

backward), and detection asymmetries

𝐴𝑟𝑎𝑤
Λ𝑐 —𝑝 𝐾 π

= 𝐴𝐹𝐵
Λ𝑐 —𝑝 𝐾 π

+ 𝐴𝑝 + 𝐴𝐾/𝜋

𝐴𝑟𝑎𝑤
𝐷0→𝐾 𝜋𝜋𝜋 = 𝐴𝐹𝐵

𝐷0→𝐾 𝜋𝜋𝜋 + 𝐴 Τ𝐾 𝜋

• K and π in the final state of these channels might cover different regions of phase space.
• D0 channel K andπ  was weighted to match the weighted Λ𝑐

+ → 𝑝+𝐾−π− channel K andπ in phase space.
• Weights were taken as a 2D combination of K andπ momentum and K and π cosθ.

x axis – π momentum
y axis – K momentum 

x axis – π cosTheta
y axis – K cosTheta
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Araw % 
(Truth-matched)

Araw % 
(Fitted)

𝐷0 → 𝐾−π+π+π− -0.83 ± 0.06 -0.94 ± 0.16

weighted 
𝐷0 → 𝐾−π+π+π− -0.86 ± 0.07 -0.95 ± 0.19

Λ𝑐
+→ 𝑝+𝐾−π+ 𝐷0 → 𝐾−π+π+π− weighted 𝐷0 → 𝐾−π+π+π−

Λ𝑐
+→ 𝑝+𝐾−π+ 𝐷0 → 𝐾−π+π+π− weighted 𝐷0 → 𝐾−π+π+π−



Fitting Strategy

• Invariant mass fits were modeled.
▪ Double Gaussian function for the signal
▪ 2nd order polynomial function for the background

𝑓𝑔 𝑥 μ, σ =
1

σ 2π
𝑒

−
𝑥−𝜇
2σ2

𝑓𝑠𝑖𝑔 𝑥 μ, σ1, σ2, 𝑓𝑔 = 𝑓𝑔. 𝑓 𝑥 μ, σ1 + 1 − 𝑓𝑔 . 𝑓 𝑥 μ, σ2

𝑓𝑏𝑘𝑔 𝑥 𝑎, 𝑏 = 𝑎𝑥 + 𝑏𝑥2

• Invariant mass distribution fit for the truth matched events in the signal channel 
▪ extract signal channel parameters

• Invariant mass distribution fit for all events in the control channel 
▪ extract control channel parameters

• Fits of invariant mass distribution are performed in bins of 𝑐𝑜𝑠(𝜃∗)
• Simultaneously for the both signal and control channels
▪ μ + δμ , σ1 × δσ1, and σ2 × δσ2 are fixed from extracted parameters

signal parameters 
(Λ𝑐

+ → 𝑝+π+π−)

control parameters 
(Λ𝑐

+ → 𝑝+π+𝐾−)

𝑐𝑜𝑠(𝜃∗) bin1 parameters 
(Λ𝑐

+ → 𝑝+π+π−)
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Results for Ξ𝑐
+ → Σ+π+π− using MC15rd default MC 

• Truth-matching was used to extract the raw asymmetries and compare them with results from the 
invariant mass fits.

• Results are consistent with the Acp= 0

• 𝑐𝑜𝑠(𝜃∗) bin 1 matter distributions of Ξ𝑐
+ → Σ+π+π−, and weighted Λ𝑐

+ → Σ+π+π−

MC (~1680 /fb) Araw % (Ξ𝑐
+ → Σ+π+π− ) Araw % (Λ𝑐

+ → Σ+π+π− ) Acp % (Ξ𝑐
+ → Σ+π+π− )

Truth-matched  6.27 ± 0.59 6.33 ± 0.15 -0.05 ± 0.61

Fitted 6.22 ± 2.08 6.60 ± 0.44 -0.38 ± 2.13
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Results for Ξ𝑐
+ → Σ+𝐾+𝐾− using MC15rd default MC 

• Truth-matching was used to extract the raw asymmetries and compare them with results from the 
invariant mass fits.

• Results are consistent with the Acp= 0

• 𝑐𝑜𝑠(𝜃∗) bin 1 matter distributions of Ξ𝑐
+ → Σ+𝐾+𝐾−, and weighted Λ𝑐

+ → Σ+𝐾+𝐾−

MC (~1680 /fb) Araw % (Ξ𝑐
+ → Σ+𝐾+𝐾− ) Araw % (Λ𝑐

+ → Σ+𝐾+𝐾− ) Acp % (Ξ𝑐
+ → Σ+𝐾+𝐾− )

Truth-matched 5.46 ± 1.08 6.07 ± 0.79 -0.61 ± 1.34

Fitted 5.91 ± 1.68 6.46 ± 0.73 -0.55 ± 1.83
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Results for Λ𝑐
+ → 𝑝+π+π− using MC15rd default MC 

• 𝑐𝑜𝑠(𝜃∗) bin 1 matter distributions of Λ𝑐
+ → 𝑝+π+π−, weighted Λ𝑐

+ → 𝑝+π+𝐾−, and weighted 𝐷0 → 𝐾−π+π+π−
21

• Truth-matching was used to extract the raw asymmetries and compare them with results from the 
invariant mass fits.

• *Subset of the full MC sample corresponding to 105 /fb was  used for 𝐷0 → 𝐾−𝜋+𝜋+𝜋− mode.

• Results are consistent with the Acp= 0

MC (~1680 /fb) Araw % (Λ𝑐
+ → p+π+π− ) Araw % (Λ𝑐

+ → p+π+𝐾− ) Araw% (𝐷0 → 𝐾−π+π+π− )* Acp % (Λ𝑐
+ → p+π+π− )

Truth-matched 3.23 ± 0.17 2.80 ± 0.07 -0.86 ± 0.07 -0.39 ± 0.20

Fitted 3.79 ± 0.53 2.82 ± 0.11 -0.95 ± 0.19 0.02 ± 0.57



Results for Λ𝑐
+ → 𝑝+𝐾+𝐾− using MC15rd default MC 

• 𝑐𝑜𝑠(𝜃∗) bin 1 matter distributions of Λ𝑐
+ → 𝑝+𝐾+𝐾−, weighted Λ𝑐

+ → 𝑝+π+𝐾−, and weighted 𝐷0 → 𝐾−π+π+π−
22

• Truth-matching was used to extract the raw asymmetries and compare them with results from the 
invariant mass fits.

• *Subset of the full MC sample corresponding to 105 /fb was  used for 𝐷0 → 𝐾−𝜋+𝜋+𝜋− mode.

• Results are consistent with the Acp= 0

MC (~1680 /fb) Araw % (Λ𝑐
+ → p+𝐾+𝐾− ) Araw % (Λ𝑐

+ → p+π+𝐾− ) Araw% (𝐷0 → 𝐾−π+π+π− )* Acp % (Λ𝑐
+ → p+𝐾+𝐾− )

Truth-matched 3.69 ± 0.52 3.22 ± 0.06 -0.63 ± 0.05 -0.16 ± 0.53

Fitted 3.33 ± 1.20 3.19 ± 0.13 -0.74 ± 0.19 0.60 ± 1.22



Remarks

23

• We are looking into detection asymmetry of hh more closely.

• We are bootstrapping on a subset of the full Monte Carlo sample, corresponding to the integrated luminosity of 
the available data sample (426.6 /fb).

• We are investigating the potential reasons for the difference between the truth-matched and fitted ACP values of 
Λ𝑐

+ → 𝑝+π+π− mode. 

• We are in the final phase of completing the first version of Belle2Note.

• We hope to ask for a working group review soon.
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Araw % (Truth-matched) Araw % (Fitted)

Λ𝑐
+ → 𝑝+π+𝐾−

2.8868 ± 0.0694 2.9217 ± 0.1296

weighted Λ𝑐
+ → 𝑝+π+𝐾−

2.7978 ± 0.0698 2.8219 ± 0.1098

initial

weighted
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Araw % (Truth-matched) Araw % (Fitted)

Λ𝑐
+ → 𝑝+π+𝐾−

2.8868 ± 0.0694 2.9217 ± 0.1296

weighted Λ𝑐
+ → 𝑝+π+𝐾−

2.7978 ± 0.0698 2.8219 ± 0.1098

initial

weighted


