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ØStudy of heavy-hadron spectroscopy 
helps to understand the hadronic 
structure and how QCD works

ØLHC observed 62 new hadrons
l 55 new hadrons at LHCb

Introduction
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[LHCb-FIGURE-2021-001]
[LHCb-PAPER-2021-025, in preparation]
[LHCb-PAPER-2021-031, in preparation]



Recent results of new heavy hadrons

ØObservation of a new excited 𝐷!" meson in 𝐵# → 𝐷$𝐷"𝐾"𝜋$

ØObservation of two new excited 𝛯%# states in Λ%#𝐾$𝜋"
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[LHCb-PAPER-2021-025, in preparation]

[PRL 126 (2021) 122002]



Observation of a new excited 𝑫𝒔" meson in 𝑩𝟎 → 𝑫$𝑫"𝑲"𝝅$
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[PRL 126 (2021) 122002]



Ø𝐷!" spectroscopy
l Nine states with spin-parity determined
l 𝐷!" 3040 # with unknow spin-parity
l Masses of 𝐷!$∗ 2317 # and 𝐷!& 2460 # are 

much smaller than predictions
l Six states missing below 3.1 GeV

• 2!𝑆" is expected to be the lightest

ØWhy 𝐵# → 𝐷$𝐷"𝐾"𝜋$?
l 𝐵-decays provide excellent potential for new 𝐷! states search

• 𝐷#!∗ (2700), 𝐷#!∗ (2860) , 𝐷#%∗ (2860) observed in 𝐷𝐾 system with natural spin-parity (𝐽& = 0', 1(, 2', …)
l Can access the unnatural spin-parity in 𝐷#𝐾#𝜋'

• When 𝑚)!*" is restricted below 𝐾∗(892), only 𝐷#' with unnatural spin-parity can decay to 𝐷'𝐾'𝜋(

Motivation
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Theoretical predictions: [PRD 93 (2016) 034035]
Experimental values: PDG
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ØCollected by LHCb experiment in 2016-2018
Ø𝐵# → 𝐷$𝐷"𝐾"𝜋$ with 𝐷" → 𝐾$𝜋"𝜋"

l 𝑚 𝐾#𝜋' < 0.75 GeV

ØCut-based selection

ØFit model
l Signal: sum of two Crystal Ball functions
l Background: an exponential function

ØSignal yield: 444 ± 27

Dataset
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ØAmplitude constructed using helicity formalism

ØThree components in 𝐷"𝐾"𝜋$ system
l New 𝐷!# state around 2.6 GeV: Relativistic Breit-Wigner (RBW) amplitude
l 𝐽( = 1# 𝐷!& 2536 # state: RBW amplitude
l 𝐽( = 0' non-resonant component: constant line shape

ØLine shape of 𝐾"𝜋$ system modelled by 𝐽% = 0" 𝐾#∗ 700 #: RBW amplitude
ØWidth parameterization

l 𝐾$∗ 700 $: Two-body mass-dependent width
l 𝐷!& 2536 #: constant width
l New 𝐷!# state:

ØCombinatorial background subtracted by sPlot method

Amplitude analysis
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Two-body mass-dependent width Constant width

[Nucl. Instrum. Meth. A 555 (2005) 356]



ØMass projections
l No significant 𝐷#𝐷' contribution

ØPole mass and width
l 𝑚) = 2591 ± 6 ± 7 MeV
l Γ* = 89 ± 16 ± 12 MeV

ØNull hypothesis is rejected by >10𝜎

Fit results with 𝑱𝑷 = 𝟎"
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ØAngular distributions (cos 𝜃+.) with different 𝐽( hypothesis 
l 𝐽! = 0": a constant function
l 𝐽! = 1#: ~cos$𝜃%!
l 𝐽! = 2": ~ 3cos$𝜃%! − 1

$

Ø𝐽( = 0' is most consistent with data
l 𝐽! = 1# and 2" are rejected by >10𝜎

ØA strong candidate to be the 𝐷! 2&𝑆$ # state

𝑱𝑷 measurement of new 𝑫𝒔$ state
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Theoretical predictions: [PRD 93 (2016) 034035]
Experimental values: PDG
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ØPrimary source: 𝐷!# 2590 " width model

Systematic uncertainties
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Observation of two new excited 𝜩𝒃𝟎 states in 𝚲𝒃𝟎𝑲$𝝅"
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[LHCb-PAPER-2021-025, in preparation]



Single heavy baryon
ØThe single heavy baryon can be modeled by Diquark-quark system

l Determined by 7 quantities
• 𝑙 *: angular momentum between the two light quarks (𝑞(, 𝑞&)

• 𝑙 +: angular momentum between the heavy quark (𝑄,) and the diquark system

• 𝐿: total angular momentum, 𝐿 = 𝑙 * + 𝑙 +
• 𝑠 --: diquark spin, 𝑠 -- = 𝑠 -! + 𝑠 -" (0 or 1)

• 𝑠 .: spin of heavy quark (1/2), 𝑄 = 𝑏, 𝑐

• 𝑗 --: total angular momentum of the diquark system, 𝑗 -- = 𝐿 + 𝑠 --
• 𝐽: total angular momentum of the heavy baryon, 𝐽 = 𝑗 -- + 𝑠 .

l 𝜆-model: system with 𝑙& = 0 and different 𝑙'
• Almost all observed states can be explained as 𝜆-model excited states 

l Beauty baryon contains one 𝑠 quark (𝑏𝑠𝑞)
• Ξ/ family: 𝑠-- = 0
• Ξ/0 family: 𝑠-- = 1

Ø1D Ξ,$ (𝑏𝑠𝑢)
l 𝑙& = 0, 𝑙' = 2 (D wave), 𝑠(( = 0, 𝑠) =

*
$

l Spin: 𝐽 = +
$
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$
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ØLHCb observed two 𝛬:# states in 𝛬:#𝜋"𝜋$
l Consistent with 1D 𝛬,$ (𝐿 = 2)

ØTwo 1D 𝛯:# states are predicted
l Search for 1D 𝛯,$ states in 𝛬,$𝐾'𝜋#

Motivation
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ØCollected by LHCb experiment in 2015-2018
ØDecay modes

l 𝛬,$ → 𝛬-# → 𝑝𝐾'𝜋# 𝜋'

l 𝛬,$ → 𝛬-# → 𝑝𝐾'𝜋# 𝜋'𝜋#𝜋'

ØCut-based preselection + BDT
ØSignals within mass window: 966k (𝛬;"𝜋$) + 533k (𝛬;"𝜋$𝜋"𝜋$)

Dataset of 𝜦𝒃𝟎 candidates
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Ø𝛬,$ combined with kaon and pion
l Right-sign (RS)

• 𝛬"#𝐾$𝜋%
• Search for excited 𝛯"# states

l Wrong-sign (WS)
• 𝛬"#𝐾%𝜋$
• Background study

l Cut-based selection
• Especially optimize 𝑝& and PID cuts of prompt kaons and pions

l Redefine mass for better resolution
• 𝑚 𝛬"#𝐾𝜋 ≡ 𝑚'!

"() −𝑚'!
" + 5619.62 MeV

ØSimultaneous fit (RS+WS)
l Signal

• RBW with constant width
• Detector resolution determined from simulation

l Background
• A threshold function
• RS and WS samples share the same background parameters

𝜦𝒃𝟎𝑲𝝅 mass spectrum

2021/08/16 Hongjie Mu, Tsinghua University 15

6300 6320 6340 6360
) [MeV]+π−K0bΛ(m

0

10

20

30

40

50

60

70

80

90

C
an

di
da

te
s /

 (1
 M

eV
)

Data

Total fit
0(6327)bΞ
0(6333)bΞ

Combinatorial

LHCb
1−5.7 fb

preliminary

6300 6320 6340 6360
) [MeV]−π+K0bΛ(m

0

5

10

15

20

25

30

35

40

45

C
an

di
da

te
s /

 (1
 M

eV
)

LHCb
1−5.7 fbpreliminary

RS

WS

𝛬/1 mass [PRL 119 (2017) 062001]



ØMasses and widths

l Masses are consistent with 1D 𝛯,$

ØSignificance considering systematic uncertainty
l 9.9𝜎 for two-peak vs background-only hypothesis
l 5.8𝜎 for two-peak vs one-peak hypothesis

Results
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[Bing Chen et. al. PRD 100 (2019) 094032]

𝑚/2 0%+1 3 = 6327.28 (".+!'".+%(stat) ± 0.08(syst) ± 0.24(𝑚32
3) MeV

𝑚/2 0%%% 3 = 6332.69 (".!4'".!1(stat) ± 0.03(syst) ± 0.22(𝑚32
3) MeV

Δ𝑚 ≡ 𝑚/2 0%%% 3 −𝑚/2 0%+1 3 = 5.41 (".+1'".+0 stat ± 0.06 syst MeV

Γ/2 0%+1 3 < 2.20 2.56 MeV at 90% 95% CL

Γ/2 0%%% 3 < 1.55 1.85 MeV at 90% 95% CL
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Ø𝛯: 6327 # predominantly decays to 𝛴:"𝐾$

ØAbout half of 𝛯: 6333 # decays to 𝛴:∗"𝐾$, the rest decays without 𝛬:#𝜋"
resonances

ØConsistent with 1D 𝛯:# doublets

Resonant structure in 𝜦𝒃𝟎𝝅$ mass spectrum
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[Bing Chen et. al. PRD 100 (2019) 094032]
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ØSystematic uncertainties are smaller than 
statistical uncertainties 

Systematic uncertainties
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State Mass MeV Width MeV
Ξ5 6327 " 6327.28(".+!'".+% 0.93(".0"'".16

Ξ5 6333 " 6332.69(".!4'".!1 0.25(".+7'".74

Statistical uncertainties

Systematic uncertainties on mass (MeV) and width (MeV) 



ØNew heavy hadrons observed at LHCb
l Observation of a new excited 𝐷/# meson in 𝐵. → 𝐷"𝐷#𝐾#𝜋"

l Observation of two new excited 𝛯-. states in Λ-.𝐾"𝜋#

Summary
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Thank you!
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2.6 2.8 3 3.2 3.4
 [GeV]−π+K+Dm

0

10

20

30

40

50

60

70

C
an

di
da

te
s /

 (2
0 

M
eV

)

Data
Fit

+(2590)0sD
+(2536)1sD

NR

(a)LHCb

𝑚/2 0%+1 3 = 6327.28 (".+!'".+%(stat) ± 0.08(syst) ± 0.24(𝑚32
3) MeV

𝑚/2 0%%% 3 = 6332.69 (".!4'".!1(stat) ± 0.03(syst) ± 0.22(𝑚32
3) MeV

Δ𝑚 ≡ 𝑚/2 0%%% 3 −𝑚/2 0%+1 3 = 5.41 (".+1'".+0 stat ± 0.06 syst MeV

Γ/2 0%+1 3 < 2.20 2.56 MeV at 90% 95% CL

Γ/2 0%%% 3 < 1.55 1.85 MeV at 90% 95% CL

𝑚8 = 2591 ± 6 ± 7 MeV

Γ9 = 89 ± 16 ± 12 MeV


