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Outline

§ Motivation
§ LHCb experiment
§ New beauty baryon to double open-charm decays
• Observation of 𝛯!

"($) → 𝛯&
"(')𝐷($ decays [arXiv:2310.13546]

• Measurement of the relative branching fractions of 𝛬!" → 𝛬&'%𝐷 ∗ "𝐾$ and 
𝛬!" → 𝛬&'𝐷(∗$ decays [LHCb-PAPER-2023-034]

§ Summary
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Motivation

§ Measurement of ℬ(𝐻! → 𝐻&𝐷(
(∗)$) and ℬ(𝛬!" → 𝛬&'%𝐷 ∗ "𝐾$) can test theory predictions

• Heavy quark effective theory (HQET)
• Decays dominated by 𝑏 → 𝑐, while light quarks serve as spectators. According to 

HQET, they should have approximately the same partial width.
• Numeric calcualtions

ℬ 𝛬!" → 𝛬#$𝐷%∗'

ℬ 𝛬!" → 𝛬#$𝐷%'
= 0.75~2.25 ('()

ℬ 𝛯!" → 𝛯#$𝐷%'

ℬ 𝛬!" → 𝛬#$𝐷%'
= 0.91~1.06 (*'(+

ℬ 𝛯!' → 𝛯#"𝐷%'

ℬ 𝛬!" → 𝛬#$𝐷%'
= 0.97~1.06 (*'(+
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Motivation for 𝛬!" → 𝛬#$#𝐷 ∗ "𝐾&

§ Pentaquark 𝑃!" seen in 𝛬#$ → 𝐽/𝜓𝑝𝐾% and 𝛬#$ → 𝐽/𝜓𝑝𝜋%

§ Decays to 𝛬!"*𝐷(∗)$ are open-charm equivalent of 𝐽/𝜓𝑝
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ℬ 𝑃!" → 𝛬!"*𝐷 ∗ $

ℬ 𝑃!" → 𝐽/𝜓𝑝
𝑓)!"*+ ∗ $ 𝑃!"

𝑓,/./ 𝑃!"
×
ℬ 𝛬#$ → 𝛬!"*𝐷 ∗ $𝐾%

ℬ 𝛬#$ → 𝐽/𝜓𝑝𝐾%

𝑓! 𝑃"#  denotes fraction of 𝛬$% → 𝑋𝐾& via 𝑃"#

Theory predictions vary 
significantly yet[17-28]

Measured by the new 
analysis covered here 
[LHCb-PAPER-2023-034]

Wait for future 
measurement to 
compare with models

Measured
[Phys. Rev. Lett. 122 
(2019) 222001]

ℬ(𝛬!" → 𝑃#$𝐾%) are same in 
𝛬!" → 𝐽/𝜓𝑝𝐾% and 𝛬!" → 𝛬#$3𝐷 ∗ "𝐾%



Where are we looking at ? —— LHCb!
§ Single-arm forward spectrometer, designed to study CP violation and rare decays 

within beauty and charm hadrons
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Excellent vertex resolution
𝜎%& = 20 µm

Precise particle identification
𝜖 𝐾 → 𝐾 ~ 95%
mis-ID 𝜖 𝜋 → 𝐾 ~ 5%

Tracking system
𝜀'()*+,-.~96%
Δ𝑝/𝑝 ≈ 0.7%

Calorimeters further help 
to identify the particles 
from the energy deposits.



Observation of 
𝛯!
"($) → 𝛯&

'(")𝐷($ decays

[arXiv:2310.13546]
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Analysis strategy

§ Data samples
• 5.1 fb-1 proton-proton collisions collected at 𝑠 = 13TeV by LHCb in 2016-2018

§ Measurement of cross-section ratio times branching fraction ratio

• 𝑅 5+
$

6+
$ ≡

7,+
$

7-+
$
× ℬ 5+

$→5!"8./

ℬ 6+
$→6!"8./

= 9 5+
$→5!"8./

9 6+
$→6!"8./

× : 6+
$→6!"8./

: 5+
$→5!"8./

× ℬ 6!"→;</="

ℬ 5!"→;</="

• 𝑅 /'
(

0'
)  and 𝑅 /'

)

/'
(  defined similarly

§ 𝛯! mass measurement 
• Energy release 𝑄 in 𝛯! → 𝛯#𝐷%' are small, so the momentum scale induced uncertainty is 

small. 
§ Charm hadron reconstruction: 𝛯&'(𝛬&') → 𝑝𝐾$𝜋', 𝛯&" → 𝑝𝐾$𝐾$𝜋', 𝐷($ → 𝐾'𝐾$𝜋$
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Mass fit Simulation Input from PDG



Signal yield determination

§ Selections suppress backgrounds 
§ Fit to the invariant mass of 𝐻!

Yiduo Shang, Peking University CLHCP 2023 8

𝑁 𝛬$# = 26090 ± 170 stat. , 𝑁 𝛯$# = 462 ± 29 stat. , 𝑁 𝛯$/ = 175 ± 14 stat.

First observation of 𝛯!" → 𝛯#$𝐷%' and 𝛯!' → 𝛯#"𝐷%' decays

𝛬!" 𝛯!" 𝛯!'

Partially reconstructed background 
𝐻$ → 𝐻! (𝐷0∗/ → 𝐷0/𝛾) with missing 𝛾



Efficiencies and systematic uncertainties
§ Effiencies taken from simulation

• Data-driven corrections to: PID responses, track reconstruction efficiency, production- and 
decay-kinematics, track multiplicity
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𝜀 𝛯!"

𝜀 𝛬!"
= 1.101 ± 0.010 MC stat. ,

𝜀 𝛯!'

𝜀 𝛬!"
= 0.515 ± 0.005 MC stat. ,

𝜀 𝛯!" ≈ 𝜀 𝛬!"  due to similar kinematics

𝜀 𝛯!' ≈ 0.5𝜀 𝛯!"  due to 
reconstruction efficiency of an additional 𝐾'

§ Systmatic uncertainties

on signal yields

on efficiencies



Results of branching fraction ratios
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LHCb measurement of 

𝑅 1'
*

1'
+ ≡ 2(1'

*)
2(1'

+)
× ℬ 1'

*→1,*7-(

ℬ 1'
+→1,+7-(

 
LHCb measurement of
branching fraction ℬ ratios

Theory predictions
of ℬ ratios

𝑅
𝛯!"

𝛬!"
= 15.8 ± 1.1 ± 0.6 ± 7.7 %

ℬ 𝛯!" → 𝛯#$𝐷%'

ℬ 𝛬!" → 𝛬#$𝐷%'
= 1.92 ± 1.15 0.91~1.06 (*'(+

𝑅
𝛯!'

𝛬!"
= 16.9 ± 1.3 ± 0.9 ± 4.3 %

ℬ 𝛯!' → 𝛯#"𝐷%'

ℬ 𝛬!" → 𝛬#$𝐷%'
= 2.06 ± 0.88 0.97~1.06 (*'(+

𝑅
𝛯!'

𝛯!"
= 93.6 ± 9.6 ± 6.1 ± 51.0 %

stat syst ℬ 𝐻#

Input fragmentation ratio
𝑓 𝛯!' /𝑓 𝛬!" = 8.2 ± 2.7 % 
measured with 𝛯!% → 𝐽/𝜓𝛯% and 𝛬!% → 𝐽/𝜓𝛬 
assuming SU(3) symmetry [PRD99(2019)050026]

Assume 𝑓 𝛯!' /𝑓 𝛯!" = 1

• 𝑅 𝛯!'/𝛯!"  consistent with isospin symmetry
• 𝑅	are valuable input for 𝑓 𝛯! /𝑓 𝛬!"



Results of 𝛯! mass

§ New LHCb measurements are consistent with PDG values[29]
• Dominant systematic uncertainty comes from momentum scale calibration
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Measurement of 
the relative branching fractions of 
𝛬!" → 𝛬#$#𝐷 ∗ "𝐾& and 𝛬!" → 𝛬#$𝐷'∗& decays

[LHCb-PAPER-2023-034]
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Analysis strategy

§ Data samples
• 5.4 fb-1 proton-proton collisions collected at 𝑠 = 13 TeV by LHCb in 2015-2018

§ Relative branching fraction
ℬ H0

1→H23IJ ∗ 1K4

ℬ H0
1→H23J54

= L H0
1→H23IJ ∗ 1K4

L H0
1→H23J54

× M H0
1→H23J54

M H0
1→H23IJ ∗ 1K4

× ℬ J54→K4K3N4

ℬ IJ1→K3N4
 

ℬ H0
1→H23J5∗4

ℬ H0
1→H23J54

= L H0
1→H23J5∗4

L H0
1→H23J54

× M H0
1→H23J54

M H0
1→H23J5∗4

 

§ Charm hadron reconstruction
• Λ&' → 𝑝𝐾$𝜋', %𝐷" → 𝐾'𝜋$, 𝐷($ → 𝐾'𝐾$𝜋$
• 𝐷(∗$ and %𝐷∗" reconstructed partially in 𝐾'𝐾$𝜋$ and 𝐾'𝜋$ respectively
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Mass fit Simulation Input from PDG



Signal yield determination

§ Measure 𝑁 𝛬!" → 𝛬&'%𝐷∗"𝐾$  and 𝑁;
<

𝛬!" →
𝛬&'𝐷(∗$  through partial reconstruction. 𝜋" or 
𝛾 from %𝐷∗" or 𝐷(∗$ not reconstructed.

§ Invariant mass distribution of partially 
reconstructed decays determined by 
kinematics and dynamics i.e. amplitude composition

Yiduo Shang, Peking University CLHCP 2023 14

𝑁 Λ$# → Λ!"𝐷0∗/ = 46400 ± 500 stat.
𝑁 Λ$# → Λ!"𝐷0/ = 35450/23#"2## stat.  

𝑁 Λ$# → Λ!"0𝐷∗#𝐾/ = 10560/24#"53# stat.  
𝑁 Λ$# → Λ!"0𝐷#𝐾/ = 4010 ± 70 stat.  



Efficiencies and systematic uncertainties
§ Effficiency taken from simulation

• Data-driven corrections to: production and decay kinematics, track multiplicity, BDT response 
for Λ#$ → 𝑝𝐾'𝜋$
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𝜀 𝛬!" → 𝛬#$M𝐷"𝐾' /𝜀 𝛬!" → 𝛬#$𝐷%' = 0.809 ± 0.006 MC stat
𝜀 𝛬!" → 𝛬#$M𝐷∗"𝐾' /𝜀 𝛬!" → 𝛬#$𝐷%' = 0.680 ± 0.005(MC stat) 

𝜀 𝛬!" → 𝛬#$𝐷%∗' /𝜀 𝛬!" → 𝛬#$𝐷%' = 0.785 ± 0.005 MC stat  

§ Systematic uncertainties

Efficiency of partially reconstructed 
𝛬!"  is lower, because its track does not 
point to PV



Results
ℬ 𝛬$# → 𝛬!"I𝐷#𝐾/

ℬ 𝛬$# → 𝛬!"𝐷0/
= 0.1908/#.##57"#.##58 stat /#.##39"#.##38 syst ± 0.0038 ℬ

ℬ 𝛬$# → 𝛬!"I𝐷∗#𝐾/

ℬ 𝛬$# → 𝛬!"𝐷0/
= 0.589/#.#3:"#.#39 stat /#.#39"#.#3: syst ± 0.012 ℬ

ℬ 𝛬$# → 𝛬!"𝐷0∗/

ℬ 𝛬$# → 𝛬!"𝐷0/
= 1.668 ± 0.022 stat /#.#;;"#.#83 syst
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Prefer the following theories (1.45~1.84)
• factorization approximation, using the quark 

model, treating ξ=1/Nc as a free parameter [4]

• the light-front approach under the diquark 
picture[11, 15]

• the light-front quark model [10]

• HQET with 1/mQ corrections and factorization 
approximation [3]

• the covariant confined quark model [9]

• the covariant oscillator quark model [5]

Do not prefer the following theories (0.75~1.29, 2.25)
• HQET and factorization [1]

• the nonrelativistic quark model [2]

• a covariant light-front quark model, diquark approximation, 
QCD factorization approach[6]

• a detailed angular momentum formulation[8]

• a model based on Cornell potential plus logarithmic term in 
the hyperspherical coordinates [12]

• the contact-range effective field theory approach, the 
pentaquark molecules are produced in the 𝛬!" decay via the 
triangle diagrams[13]



Results

ℬ 𝑃!" → 𝛬!"+𝐷 ∗ $

ℬ 𝑃!" → 𝐽/𝜓𝑝
=
𝑓%89&' ∗ : 𝑃!"

𝑓(/*+ 𝑃!"
×
ℬ 𝛬,$ → 𝛬!"+𝐷 ∗ $𝐾-

ℬ 𝛬,$ → 𝐽/𝜓𝑝𝐾-
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ℬ 𝛬,$ → 𝐽/𝜓𝑝𝐾-

ℬ 𝛬,$ → 𝛬!"+𝐷$𝐾-
= 0.152-$.$/0"$.$1/

ℬ 𝛬,$ → 𝐽/𝜓𝑝𝐾-

ℬ 𝛬,$ → 𝛬!"+𝐷∗$𝐾-
= 0.049-$.$$2"$.$33

Theory prediction vary 
significantly yet[17-28]

Measured
[Phys. Rev. Lett. 122 
(2019) 222001]

Wait for future 
measurement to test 
models

𝑓! 𝑃"#  denotes fraction of 𝛬$% → 𝑋𝐾& via 𝑃"#



Results
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§ Comparing ℬ 𝛬!" → 𝛬&'%𝐷 ∗ "𝐾$ to mesonic counterpart allows to estimate strength 
of color-suppressed amplitudes, which are absent for meson decays

• Define 𝒟ℛ ∗ 𝑀! ≡ ℬ 0'
)→0,. ;7 ∗ )<(

ℬ 0'
)→0,.7-(

/ ℬ ='→=,;7 ∗ )<(

ℬ ='→=,7-(
𝑀! or 𝑀# is a beauty or charm meson.
𝒟ℛ ∗ denotes ;𝐷" ground state or ;𝐷∗ 2007 "

vector state.

• 𝒟ℛ of decays via M𝐷" hint towards larger baryonic branching ratio, while those 
corresponding to the M𝐷∗" are inconclusive. 

• Larger baryonic branching fractions are expected, due to an additional color-suppressed 
amplitude in the 𝛬!" decay, which does not exist for mesons.



Summary

§ LHCb is capable of reconstructing fully hadronic beauty to double open-charm decays 
with 6 and 7 particles in the final state, reaching down to percent-level precision!

§ The presented branching fractions show sensitivity to test models.

§ ℬ 𝛯!" → 𝛯&'𝐷($  and ℬ 𝛯!$ → 𝛯&"𝐷($  are valuable input to Ξ!/Λ!" fragmentation 
ratios.

§ Ξ! mass measurements consistent with and will improve the world averages.
§ ℬ 𝛬!" → 𝛬&'%𝐷"𝐾$ needs for upcoming pentaquark searches in these channels to test 

predictions of ℬ 𝑃&' → 𝛬&'%𝐷 ∗ " /ℬ 𝑃&' → 𝐽/𝜓𝑝 .
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