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LHCb detector

Tracking System 

𝚫𝒑/𝒑 = 𝟎. 𝟓%@𝟓 𝐆𝐞𝐕/𝒄
to 𝟏%@𝟐𝟎𝟎 𝐆𝐞𝐕/𝒄

VELO

𝝈𝐈𝐏 ∼ 𝟐𝟎 𝛍𝐦
Decay time resolution: 
45 fs (𝝉)~1.5 p 

beam 2beam 1

3

Muon System

𝝐 𝝁 → 𝝁 ∼ 𝟗𝟕%
𝝅 → 𝝁 mis-id: 𝟏 ∼ 𝟑%

RICH1 & RICH2

𝝐 𝑲 → 𝑲 ∼ 𝟗𝟓%
𝝅 → 𝑲 mis-id: ∼ 𝟓%

Calorimeters

ECAL: 𝝈𝑬/𝑬 ∼ 𝟏%+ 𝟏𝟎%/ 𝑬[𝐆𝐞𝐕]

JINST 3 (2008) S08005

IJMPA 30 (2015) 1530022Pseudorapidity acceptance
2 < 𝜂 < 5
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LHCb data
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➢ All b hadrons:

𝑩𝟎, 𝑩±, 𝑩𝒔
𝟎, 𝑩𝒄

±…

𝑩𝟎 𝑩+ 𝑩𝐬
𝟎 b baryons (𝜦𝒃…) 𝑩𝒄

+

Fraction(%) 40 40 10 10 0.1

Component ത𝑏d ത𝑏u ത𝑏𝑠 bqq ഥ𝒃𝒄

PRD 85.032008

RUN-I 
1 fb-1 of pp collisions at 7 TeV
2 fb-1 of pp collisions at 8 TeV

RUN-II (2015~2018  13 TeV)

𝝈(RUN-II)≈ 2𝝈(RUN-I)



Two body charmless baryonic decays of 𝑩
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➢ Provides information on the dynamics of 𝐵 decays and tests QCD based models 
of the hadronization process

➢ Discriminate the available models and makes it possible to extract both tree 
and penguin amplitudes of charmless two body baryonic decays

➢ Baryonic 𝐵 decays are also 
interesting in the study of CP 
violation

tree penguin

W-exchange

annihilation

penguin annihilation
electroweak penguin

➢ Pure penguin modes are 
expected to be sensitive to 
new physics contributions

Phys. Rev. D 95, 096004 (2017)

➢ 𝐵0 → 𝑝 ҧ𝑝 and 𝐵+ → 𝑝 ҧ𝛬 as 
input to predict all other 𝐵 →
𝔅1𝔅2



First observation of 𝑩𝟎 → 𝒑ഥ𝒑 with RUN-I data
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➢ 𝐵0 → 𝐾+𝜋− as a normalization mode 

➢ ℬ 𝐵0 → 𝑝 ҧ𝑝 = 1.25 ± 0.27 ± 0.18 ×
10−8

➢ ℬ 𝐵𝑠
0 → 𝑝 ҧ𝑝 < 1.5 × 10−8@90% CL

➢ ℬ 𝐵0 → 𝑝 ҧ𝑝 is compatible with recent theoretical calculations
➢ ℬ 𝐵𝑠

0 → 𝑝 ҧ𝑝 measurement will make it possible to quantitatively compare the 
models
 Phys. Rev. D 91, 077501 (2015), Phys. Rev. D 95, 096004 (2017)

➢ 𝐵𝑠
0 → 𝑝 ҧ𝑝 would provide valuable information on whether contributions from 

the exchange (annihilation) processes
 JHEP 04(2020)035

PRL 119, 232001 (2017)

39 ± 8



Evidence for 𝑩+ → 𝒑ഥ𝚲 with RUN-I data
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➢ 𝐵+ → 𝐾𝑠
0𝜋+ as a normalization 

mode 

➢ ℬ 𝐵+ → 𝑝ഥΛ = 2.4−0.8
+1.0 ± 0.3 ×

10−7

➢ The first evidence for this decay 
process (4.1𝜎)

➢Compatible with the theoretical predictions
 Phys. Rev. D 66 (2002) 014020, , Phys. Rev. D 89 (2014) 056003

➢ In tension with calculations based on QCD sum rules (Nucl. Phys. B 345 

(1990) 137) and factorization (Phys. Rev. D 91 (2015) 077501)

13−4.3
+5.1

JHEP 04(2017)162



Multibody charmless baryonic decays of 𝑩
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➢ The decays of 𝐵 mesons into multiple baryon final states are still far from being 
fully understood

Charmless baryonic 𝐵+and 𝐵𝟎 modes branching fractions 
reported by HFLAV

➢ ℬ 𝐵 → 𝔅1𝔅2𝑋 ≫ ℬ 𝐵 → 𝔅1𝔅2 , where 𝔅 represents a generic baryon

➢ ℬ 𝐵 → 𝔅1𝔅2𝑋 = 6.8 ± 0.5 ± 0.3 %, sum of all 
measurements lest than 1%（PDG）
 Z. Phys. C56, 1–6(1992)

➢ 𝐵 → 𝔅1𝔅2𝔅3𝔅4 decay 
mode never be oberved
 𝐵 → 𝑝𝑝𝑝𝑝 (2.9𝜎)

Phys. Rev. D 98, 071102 (2018)



Threshold enhancement and CP asymmetry
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➢ Many channels have the special feature: baryon-antibaryon pair 
peaks near threshold PRD 88, 052015 (2013)

Phase space Phase space

𝑩+ → 𝒑ഥ𝒑𝑲+
𝑩+ → 𝒑ഥ𝒑𝝅+

➢ 4𝜎 CP asymmetry effect near-
threshold with sign-flip near the 
zero crossing of the cosine of 
the light meson angle in 𝑝 ҧ𝑝
frame (∆𝐴𝑐𝑝~4.7𝜎), pointing to 

interfering J=0 and J=1 type 
waves

PRL 113, 141801 (2014)



First observation of 𝑩𝒔
𝟎 → 𝒑ഥ𝚲𝑲− with RUN-I data 
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➢ 𝑚(𝑝 ҧ𝛬) are already efficiency-
corrected and background-subtracted

𝑩𝒔
𝟎 → 𝒑ഥ𝜦𝑲−

𝑩𝟎 → 𝒑ഥ𝜦𝝅−

Phys. Rev. Lett. 119 (2017) 041802

➢Theoretical prediction: ~10−6

➢Theorey predict a large CPV
asymmetry: 10% in 𝐵0 → 𝑝 ҧ𝛬𝜋−
 Int. J. Mod. Phys. A23 (2008) 3290

➢ 𝐵0 → 𝑝 ҧ𝛬𝜋− as a normalization 
mode 

ℬ 𝐵𝑠
0 → 𝑝 ҧ𝛬𝐾− + ℬ 𝐵𝑠

0 → ҧ𝑝Λ𝐾+

= [5.46 ± 0.61 ± 0.57 ± 050 ℬ ± 0.32(𝑓𝑠/𝑓𝑑)]

× 10−6

➢ Observed the 𝑝 ҧ𝛬 threshold 
enhancement



First observation of 𝑩(𝒔)
𝟎 → 𝒑ഥ𝒑𝒉+𝒉− with RUN-I data 

2021/11/11 11

Phys. Rev. D 96 (2017) 051103

➢ 𝑚 𝑝 ҧ𝑝 < 2.85 G𝑒V/𝑐2

➢ 𝐵0 → 𝐽/𝜓(→
𝑝 ҧ𝑝)𝐾∗(892) as a 
normalization mode



The 𝒑ഥ𝒑 threshold enhancement
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Phys. Rev. D 96 (2017) 051103

➢ 𝑚(𝑝 ҧ𝑝) are already 
efficiency-corrected and 
background-subtracted

➢ Vetoed 𝐷0

➢ Confirmed the threshold 
enhancement of 𝐵𝑠

0 →
𝑝ഥΛ𝐾−

𝑩𝟎 → 𝒑ഥ𝒑𝑲+𝝅−

𝑩𝟎 → 𝒑ഥ𝒑𝝅+𝝅−

𝑩𝒔
𝟎 → 𝒑ഥ𝒑𝑲+𝑲−



➢ Unique state that contains two heavy quarks of different flavors

➢ Rich decay modes
1. b quark decay ~20%

2. c quark decay  ~70%

3. annihilation decay ~10%

Charmless baryonic decay of 𝑩𝒄
+
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➢ Charmless baryonic decay provide a good test-bed for the study of 
the W-exchange topology



Search for 𝑩𝒄
+ → 𝒑ഥ𝒑𝝅+ with Run-I data
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➢ Any significant enhancement could 
indicate the particles beyond the SM 
(like 𝐻+)

➢ In the SM, theoretical prediction 
𝐵𝑐
+ annihilation decays :10−8~10−6

𝑅𝑓 ≡
𝜎(𝐵𝑐

+)

𝜎(𝐵+)
× ℬ 𝐵𝑐

+ → 𝑓

➢ 𝐵+ → 𝑝 ҧ𝑝𝜋+as a normalization mode

𝑯+

𝑩𝑫𝑻 ∈ (𝟎. 𝟎𝟒~𝟎. 𝟏𝟐)

𝑩𝑫𝑻 ∈ (𝟎. 𝟏𝟐~𝟎. 𝟏𝟖)

𝑩𝑫𝑻 > 𝟎. 𝟏𝟖

𝑹𝒑 < 𝟑. 𝟔 × 𝟏𝟎−𝟖

Phys. Lett. B 759 (2016) 313

➢𝑚 𝑝 ҧ𝑝 < 2.85 G𝑒V/𝑐2
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➢ CPV never observed in baryon decays to now

➢ LHCb has the unique possibility to search for CPV in 𝑏 baryon 
decays where sizeable CPV effects are expected in the Standard 
Model

➢ Triple product asymmetries (TPA) used in search for CPV in Λ𝑏 →
𝑝ℎ−ℎ+ℎ−𝑎𝑛𝑑 Ξb → 𝑝𝜋+𝐾−𝐾−

 The first evidence of CPV in the baryon sector(3.3𝜎 in 𝛬𝑏 → 𝑝𝜋−𝜋+𝜋−)
 Nature Phys. 13 (2017) 391-396(detail in back up)

➢ Perform measurements in regions of phase space for increased 
sensitivity to localised CP violation effects. Different strong 
phases at play

Search for CPV in charmless decay of 𝒃 baryon



Search for direct CPV in 𝚲𝒃
𝟎 → 𝒑𝒉−

2021/11/11

➢Predictions for the CP asymmetries in 𝛬𝑏
0 → 𝑝ℎ− about 30%

 A. Ali, G. Kramer, and C.-D. L, Phys. Rev. D58 (1998) 094009
 Y. K. Hsiao and C. Q. Geng, Phys. Rev. D91(2015) 116007
 𝐴𝑐𝑝 𝛬𝑏 → 𝑝𝜋− − 𝐴𝑐𝑝 𝛬𝑏 → 𝑝𝐾− ≈ −0.26

➢ The first measurements of these by CDF

 The asymmetries were found to be 
compatible with zero within an 
uncertainty of 8 to 9%

 𝐴𝑐𝑝 𝛬𝑏
0 → 𝑝𝜋− − 𝐴𝑐𝑝 𝛬𝑏

0 → 𝑝𝐾− =

0.16 ± 0.12

Phys. Rev. Lett. 113 (2014)242001

𝐴𝐶𝑃 =
𝑁Λ𝑏 − 𝑁ഥΛ𝑏

𝑁Λ𝑏 + 𝑁ഥΛ𝑏

16



Search for direct CPV in 𝚲𝒃
𝟎 → 𝒑𝒉− with RUN-I data

2021/11/11 Phys. Lett. B 787 (2018) 124-133

𝐴𝑐𝑝
𝑝𝜋−

= −0.035 ± 0.017 ± 0.020

𝐴𝑐𝑝
𝑝𝐾−

= −0.020 ± 0.013 ± 0.019

𝐴𝑐𝑝
𝑝𝜋−

− 𝐴𝑐𝑝
𝑝𝐾−

= 0.014 ± 0.022 ± 0.010

➢No CP-violation

➢Much improved 
precision with CDF

17



Search for CPV using TPA
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➢ Triple products in Λ𝑏 rest frame
෠𝑇 =motion reversal operator

➢ ෠𝑇 − odd asymmetries:

CP-violating observable:

P-violating observable:

∝ sinΦ

∝ sinഥΦ

𝑎𝑃
෠𝑇−odd =

1

2
(𝐴 ෠𝑇 + 𝐴 ത෠𝑇)

𝑎𝐶𝑃
෠𝑇−odd =

1

2
(𝐴 ෠𝑇 − 𝐴 ത෠𝑇)

18



Sensitivity to CPV
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➢ 𝐴 ෠𝑇 , 𝐴 ത෠𝑇 , 𝑎𝐶𝑃
෠𝑇−odd and 𝑎𝑃

෠𝑇−odd are insensitive to
 particle/antiparticle production asymmetries
 detector-induced charge asymmetries
 reduced systematic uncertainties

➢ Complementary approach to 𝐴𝐶𝑃 analysis

➢ Sensitive to potential new physics effects:
W. Bensalem, A. Datta, and D. London, New physics effects on triple 

product correlations in Λb decays, Phys. Rev. D66 (2002) 094004, 
arXiv:hep-ph/0208054

𝐴𝐶𝑃 =
𝑁Λ𝑏 − 𝑁ഥΛ𝑏

𝑁Λ𝑏 + 𝑁ഥΛ𝑏

19



CPV measurements in 𝚲𝒃 → 𝒑𝝅−𝝅+𝝅−
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𝑎𝐶𝑃
෠𝑇−odd = (−0.7 ± 0.7 ± 0.2)%

𝑎𝑃
෠𝑇−odd = (−4.0 ± 0.7 ± 0.2")%

Phys. Rev. D 102 (2020) 051101

(2011,2012,2015,2016,2017) 𝟔. 𝟔 𝐟𝐛−𝟏

➢ Signal Yield: 27687
➢ RUN-I signal yield: 6636



Measurement asymmetries in phase space regions

21

Scheme A: on dominant resonances: 
∆++, 𝑁∗, 𝜌(770)

Scheme B: on Φ angle between
decay planes 𝜋+𝜋𝑠𝑙𝑜𝑤

− and 𝑝𝜋𝑓𝑎𝑠𝑡
−

➢ No CP-violation
➢ Violation of P symmetry is observed

Phys. Rev. D 102 (2020) 051101

2021/11/11



Conclusions and Outlook

➢Many results on 𝑏 hardon charmless baryonic decay by 
LHCb
 First observation of 𝐵0 → 𝑝 ҧ𝑝, evidence for 𝐵+ → 𝑝ഥΛ

 First observation of 𝐵(𝑠)
0 → 𝑝 ҧ𝑝ℎ+ℎ−

 ℬ 𝐵𝑐
+ → 𝑝 ҧ𝑝𝜋+ < 3.6 × 10−8 @90% CL

 No direct CPV in Λ𝑏
0 → 𝑝ℎ−

 No CPV in Λ𝑏 → 𝑝𝜋−𝜋+𝜋−

➢More analyses based on RUN-I and RUN-II data are still 
under way
 Search for 𝐵𝑠

0 → 𝑝 ҧ𝑝, 𝐵+ → 𝑝 ҧ𝛬

 Search for 𝐵(𝑠)
0 → 𝑝 ҧ𝑝𝑝 ҧ𝑝, 𝐵+ → ҧ𝛬𝑝𝑝 ҧ𝑝

 CPV of 𝐵(𝑠)
0 → 𝑝 ҧ𝑝ℎ+ℎ−

 Search for 𝛬𝑏
0 → Λ𝑝 ҧ𝑝 ……
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Thank you!
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Back up
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CPV measurements in 𝚲𝒃 → 𝒑𝝅−𝝅+𝝅−, 𝚲𝐛 → 𝒑𝝅−𝑲+𝑲−
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For 𝛬𝑏 → 𝑝𝜋−𝜋+𝜋−

Phase space integrated
results consistent with P
or CP symmetry

𝑎𝐶𝑃
෠𝑇−odd = (1.15 ± 1.45 ± 0.32)%

𝑎𝑃
෠𝑇−odd = (−3.71 ± 1.45 ± 0.32)%

For 𝛬𝑏 → 𝑝𝜋−𝐾+𝐾−

𝑎𝐶𝑃
෠𝑇−odd = (−0.93 ± 4.54 ± 0.42)%

𝑎𝑃
෠𝑇−odd = (3.62 ± 4.54 ± 0.42)%

Nature Phys. 13 (2017) 391-396

Run-I, 3 fb−1



Measurement asymmetries in phase space regions
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Scheme A: on dominant resonances: 
∆++, 𝑁∗, 𝜌(770)

Scheme B: on Φ angle between
decay planes 𝜋+𝜋𝑠𝑙𝑜𝑤

− and 𝑝𝜋𝑓𝑎𝑠𝑡
−

➢ Combined 3.3𝜎 deviation from CP symmetry
 The first evidence of CPV in the baryon sector

Nature Phys. 13 (2017) 391-396
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Multivariate analysis
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➢ IPS(Bc
+), IPS(J/y), IPS(H), IPS(𝜇

±
), PT(J/y), PT(H), PT(𝜇

±
) ,Bc_t, Bc_L, c2

DTF(Bc
+) 


