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The LHCb experiment at CERN
o Single arm spectrometer designed for study of b & c quarks, 

working in 𝜂 ∈ [2, 5]
o VELO provides very good IP resolution 

o 20 µm for high p, tracks
o Excellent primary and secondary vertex resolution

o RICH detectors allow highly efficient particle identification
o Kaon ID ~ 95% for 5% π → K misID

o Tracking efficiency is 96%, ⁄𝛿𝑝 𝑝 = 0.4%@ 5 GeV
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oTrigger efficiency:
o~ 90% for dimuon channels
o~ 30% for multi-body hadronic final states

oTotal recorded luminosity:
Run 1: 1 fb>? at 𝑠 = 7 TeV, 2 Eb>? at 𝑠 = 8 TeV
Run 2: 6 fb>? at 𝑠 = 13 TeV



Outline

o Isospin amplitudes in ΛJK and ΞJK decays

o First branching fraction measurement of ΞMK → ΛMNπ>

o First observation of excited ΩJ> states in ΞJ
K K>

o Other recent results
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Isospin amplitudes in ΛJK and ΞJK decays
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PRL 124, 111802
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.111802


Motivation
• ΔI = ⁄1 2 rule: ⁄Re(AK) Re(AV) ~ 22 in K → ππ

• Lattice ratio = 19.9 ± 2.3 ± 4.4
• Analytical calculation = 16.0 ± 1.5
• Long distance QCD dynamics largely responsible, but NP 

can't be excluded

• Consider ΛJ → J/ψ Λ,	ΛJ → J/ψ ΣK

• Quark model assigns I = 0 to ΛJ, not expt. confirmed
• ΛJ → J/ψ Λ is	ΔI = 0,	ΛJ → J/ψ ΣK is ΔI = 1

Λ(Σ )
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• If ΛJ consists of a isoscalar (ud) diquark, generic 1% isospin 
breaking will be suppressed
• Test of diquark model

• Λ − ΣK mixing is predicted to be ~1% in amplitude

• Isospin suppression commonly assumed in analyses
• Pentaquark search in ΛJ → J/ψ p K> assumed 

backgrounds from ΛJ → J/ψ Σ∗ were suppressed 
compared to ΛJ → J/ψ Λ∗.

RBC-UKQCD - Abbott. et. al.

Buras et. al.

Dery et. al
Kordov et. al

LHCb - Aaij et. al

Figure from Dery et. al

https://arxiv.org/abs/2004.09440
https://arxiv.org/abs/1401.1385
https://arxiv.org/pdf/2001.05397.pdf
https://dev.arxiv.org/pdf/1911.02186v2.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001
https://arxiv.org/pdf/2001.05397.pdf


• All Run 1 and Run 2 data is used
• ΛJ → J/ψ (ΣK → Λγ) reconstructed without 

photon
• J/ψ → µNµ>, Λ → pπ> form a detached 

vertex
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Reconstruction
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• R ≡ hi j

hk j =
l mn→o/p qk

l mn→o/p m
⋅ Φmn =

t mn→o/p qk

t mn→o/p m

• Key backgrounds:
• ΛJ → J/ψ Λ∗, Λ∗ → πK ΣK
• B → J/ψ + charged tracks
• ΞJ → J/ψ Ξ, Ξ → Λπ

• ΞJ> decay reconstructed fully to normalize
• Combinatorial background



Run 2
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ΛJ → J/ψ ΣK
(artificially scaled to upper limit)

Fit & Upper Limit
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First observation of 𝚵𝐛𝟎 → 𝐉/𝛙 𝚲
with 5.6 σ significance! ΞJ

K

𝜇N
𝜇>

Λ

p

π>
J/ψ

𝐑 < 𝟎. 𝟐𝟏%@ 𝟗𝟓% 𝐂. 𝐋.

Upper limit on R obtained using CLs method, 
fitting jointly to Run 1 and Run 2 data.
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Physics Implications
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• ΛJ isospin amplitude ratio ⁄A? AK < 4.6%@ 95% C. L.
• Non sighting of ΛJ → J/ψ ΣK strengthens

• Iso-scalar assignment of ΛJ in quark model
• b(ud) diquark structure of ΛJ
• Assumption of isospin suppression in past analyses
• Exclusion of I=1 NP amplitudes

• ΞJK → J/ψ Λ (ΔI = ⁄1 2) vs. ΞJK → J/ψ ΞK ΔI = 0
• First measurement l(�n

k→o/p m)
l(�n

k→o/p �k)
= 8.2 ± 2.1 ± 0.9 ⋅ 10>�

• Extract ⁄AK A ⁄? V = 0.37 ± 0.06 ± 0.02
• SU(3)F prediction : ⁄AK A ⁄? V = 0.41 ± 0.08

• Similar to isospin amplitudes for heavy flavour mesons 
(obtained from fits to data):
• D → ππ: ⁄AK AV ≈ 2.5 ( O(1) enhancement )
• B → ππ: ⁄AK AV ≈ 1.5 (Close to “no QCD” limit)

Dery et. al

Grinstein et. al.

Franco et. al.

https://arxiv.org/pdf/2001.05397.pdf
https://arxiv.org/pdf/1402.1164.pdf
https://arxiv.org/pdf/1203.3131.pdf


First branching fraction measurement of 
ΞMK → ΛMNπ>
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arxiv:2007.12096
Accepted for publication in PRD
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https://arxiv.org/abs/2007.12096


Motivation

• ΞMK usually decays via c quark to charmless final states
• Can also decay via s quark

• s → uud (SUUD)
• cs → dc (Weak Scattering - WS)

• B ΞMK → π>ΛMN depends on interference between these 
amplitudes

• Predictions with negative interference:
• B ΞMK → π>ΛMN > 0.025 ± 0.015 % - Voloshin
• B ΞMK → π>ΛMN < 0.03% - Gronau & Rosner
• B ΞMK → π>ΛMN ~ 0.0087% - Cheng et. al.

• Predictions with positive interference:
• B ΞMK → π>ΛMN = 0.14 ± 0.07 % - Gronau & Rosner
• B ΞMK → π>ΛMN < 0.3% - Faller & Mannel
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https://arxiv.org/abs/1911.05730
https://arxiv.org/abs/1603.07309
https://arxiv.org/abs/1512.01276
https://arxiv.org/abs/1603.07309
https://arxiv.org/abs/1503.06088


• 3.8 fb-1 of 13 TeV data – 2017, 2018
• Problem: Lack of accurately measured ΞMK modes for 

normalization. Two methods used. Require
• Prompt ΛMN → pK>πN

• Prompt ΞMN → pK>πN

• Prompt Λ�N combined with additional pion to form ΞMK
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Reconstruction
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• t ��k→m����

t m��→�����
=

���k

����
⋅ B ΞMK → ΛMNπ>

•
���k

����
= C ⋅

��n
�

��n
k

(assuming HQS, correcting for excited ΞJ feed-down)

•
��n
�

��n
k
= 8.2 ± 0.7 ± 2.6 % - LHCb - Aaij et. al.

• t ��k→m����

t ���→�����
=

���k

����
⋅ l m��→�����

l ���→�����
⋅ B ΞMK → ΛMNπ>

•
���k

����
= 1.00 ± 0.01 (assuming isospin symmetry)

• B ΞMN → pK>πN = 0.45 ± 0.21 ± 0.07 % - BELLE - Li et. al.

• t ���→�����

t m��→�����
=

����

����
⋅ l ���→�����

l m��→�����

• World average B ΛMN → pK>πN = 6.23 ± 0.33 %
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Framework

https://arxiv.org/abs/1901.07075
https://arxiv.org/abs/1904.12093
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Results

• Bm� ΞM
K → π>ΛMN = 0.98 ± 0.04 ± 0.35 %

• B�� ΞM
K → π>ΛMN = 0.41 ± 0.01 ± 0.21 %

• Weighted average of Bm� and B�� yields first measurement
• B ΞMK → π>ΛMN = 0.55 ± 0.02 ± 0.18 %

• B ΞMN → pK>πN = 1.135 ± 0.002 ± 0.387 %
• Compare w/ Belle measurement 0.45 ± 0.21 ± 0.07 %

• We favor predictions made assuming constructive interference 
between s → uud and weak scattering amplitudes



First observation of excited ΩJ> states
PRL:124.082002
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.082002
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Motivation

• Numerous peaking structures observed

• Provide valuable information to improve our understanding of QCD
• Renewed interest in hadronic structure

ΞJ 6227 > in ΛJK> ΣJ
(∗)± in ΛJπ>

ΛJ 6146, 6152 K in ΛJπNπ>

ΞJ 6227 > in ΞJKπ>

Confirmed by CMS!

https://www.sciencedirect.com/science/article/pii/S0370269320301490
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Motivation
• 5 narrow states observed by LHCb in ΞMNK>

in 2017
• Interpreted as excited Ω�K baryons
• Mostly confirmed by Belle in 2018

BELLE
LHCb - Aaij et. al.

BELLE-Yelton et. al.

https://arxiv.org/abs/1703.04639
https://arxiv.org/pdf/1711.07927.pdf
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Reconstruction
• Yoshida et. al. use constituent quark model to predict 
?
V

N,>
, �V
N,>

, �V
N,>

ΩJ states and their masses

• Karliner & Rosner interpret ΩM states using quark-diquark 
model, propose 5 similar b(ss) states

• Huang et. al. analyze the ΩM 3119 K state as a molecular 
ΞD pentaquark, predict J  = ?

V

>
ΞB resonance in ΞJK

channel with mass 6560 MeV and width 0.2 MeV

• We reconstruct ΞJK → ΞMN → pK>πN π> using all Run 1 
and Run 2 data
• ΞJK decay vertex required to be displaced from 

primary vertex
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https://arxiv.org/abs/1510.01067
https://arxiv.org/pdf/1703.07774.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.034027
https://arxiv.org/abs/1510.01067
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Fits
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• RS (ΞJ
KK>) and WS (ΞJ

KKN) spectra fit simultaneously

• Signal peaks described by S-wave rel. BW function with a 
Blatt-Weisskopf barrier factor, convoluted with the 
resolution function

• ΞJ
K combined with K> originating from PV
• Cut on K> PID to suppress random combinations
• Common vertex constrained to coincide with PV
• Improves resolution on δM ≡ M ΞJKK> − M ΞJK by 

2x
• δM resolution obtained from simulation samples generated 

at several masses
• Described by sum of two Gaussians
• Smooth monotonic function used to parametrize 

resolution as function of mass
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Fits
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Right Sign • All peaks have natural width consistent with zero

• Global significances calculated using pseudo-
experiments, account for look-elsewhere effect

State Signal Yield 𝐌𝐚𝐬𝐬 [MeV] Width [MeV] 
(90% CL)

Global Significance

Ω­ 6316 > 15>�N® 6315.64 ± 0.31 ± 0.07 ± 0.50 < 2.8 2.1

Ω­ 6330 > 18>�N® 6330.30 ± 0.28 ± 0.07 ± 0.50 < 3.1 2.6

Ω­ 6340 > 47>?KN?? 6339.71 ± 0.26 ± 0.05 ± 0.50 < 1.5 6.7

Ω­ 6350 > 57>?�N?¯ 6349.88 ± 0.35 ± 0.05 ± 0.50 < 2.8
1.4>K.°N?.K ± 0.1

6.2



• Simplest interpretation of peaks is as excited Ω­> states
• L = 1 angular momentum excitations or n = 2 radial excitations

• Quark model calculations predict L = 1 states in this mass range
• 3P0 model predicts 5 states:

• ~8 MeV mass splitting
• 4 lightest have Γ ΞJKK> < 1 MeV, heaviest has Γ ΞJKK> = 1.49 MeV

• Chiral quark-diquark model says �
V

>
and �

V

>
are narrow, ?

V

>
is 50 − 100 MeVwide

• Alternate interpretation: Peaks arise from ΩJ∗∗> → ΞJ²K → ΞJKπK K>, missing πK
• ΞJ²K yet to be observed. 
• Works if ΩJ∗∗> states are narrow, m³n

∗∗� = m�n
´k + δM�µ¶· and

• m�n
k + m�k < m�n

´k < m�n
´�

• Doesn’t work if ΞJ
²K can only decay via ΞJKγ
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Interpretation

Wang et. al.

Yoshida et. al.

Santopinto et. al.

https://arxiv.org/pdf/1709.04268.pdf
https://arxiv.org/abs/1510.01067
https://arxiv.org/abs/1811.01799


Other recent results!!
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Observation of new excited B¸K states

0.5 < p, K < 1 GeV
1 < p, K < 2 GeV

p, K > 2 GeV

• Excess observed in BNK> spectrum, ~300 MeV above threshold
• Interpreted as two overlapping B¸∗∗K states

• Likely L = 2 orbitally excited mesons
• Significance of two peak structure w.r.t. single peak = 7σ

PRELIMINARY

• Structure resulting from B∗N → BNγ K>
disfavoured, but not impossible

• Masses and widths determined
• m? = 6063.5 ± 1.2 ± 0.8 MeV, Γ? = 26 ± 4 ± 4 MeV
• mV = 6114 ± 3 ± 5 MeV, ΓV = 66 ± 18 ± 21 MeV

• Total 18900 ± 2200 cands. across both peaks and all p, bins

• 𝑅 ≡ ∑¼ ½¾∗∗k ×½ ½¾∗∗k→½ ∗ �À�

¼ ½¾j∗k ×½ ½¾j∗k→½�À�
= 0.87 ± 0.15 ± 0.19

Preliminary Preliminary Preliminary
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Observation of new ΞJ state PRELIMINARY

• New state, ΞJ 6227 K, observed in ΞJ>πN with 10σ significance
• ΞJ> → ΞMKπ>πNπ>
• ΞJ> → ΞMKπ>

• m = 6227.1>?.�N?.¯ ± 0.5 MeV, Γ = 18.6>¯.?N�.K ± 1.4 MeV

• BONUS: New precision measurement of 
• m(ΞJ>) = 5797.33 ± 0.27 ± 0.29 MeV
• m ΞJ 6227 > = 6227.9 ± 0.8 ± 0.5 MeV

•
��n ÁjjÂ k

��n
�

B ΞJ 6227 K → ΞJ>πN = 0.045 ± 0.008 ± 0.004

• Consistent with value for ΞJ 6227 >

Preliminary Preliminary

ΞJ 6227 K consistent with being isospin partner of 
previously observed ΞJ 6227 > → ΞJKπ>, ΛJK>

Preliminary Preliminary
ΞJ 6227 > ΞJ 6227 >

ΞJ 6227 K ΞJ 6227 K

Preliminary



• Observation of 3 new 𝚵𝐜𝟎 states in 𝚲𝐜N𝐊>

• Precision measurement of 𝐁𝐜N meson mass
• 6274.47 ± 0.27 ± 0.17 MeV
• 2x improvement in precision compared to world avg.

• Search for doubly heavy 𝚵𝐛𝐜𝟎 → 𝐃𝟎𝐩𝐊>
• No significant excess observed
• Upper limits set w.r.t. ΛJ → DKpK>
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PRL:124.222001

JHEP07(2020)123

arxiv:2009.02481, Submitted to JHEP
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Other recent results

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222001
https://link.springer.com/article/10.1007/JHEP07(2020)123
https://arxiv.org/abs/2009.02481


• Observation of 3 new 𝚵𝐜𝟎 states in 𝚲𝐜N𝐊>

• Precision measurement of 𝐁𝐜N meson mass
• 6274.47 ± 0.27 ± 0.17 MeV
• 2x improvement in precision compared to world avg.

• Search for doubly heavy 𝚵𝐛𝐜𝟎 → 𝐃𝟎𝐩𝐊>
• No significant excess observed
• Upper limits set w.r.t. ΛJ → DKpK>
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PRL:124.222001

JHEP07(2020)123

arxiv:2009.02481, submitted to JHEP
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Other recent results

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222001
https://link.springer.com/article/10.1007/JHEP07(2020)123
https://arxiv.org/abs/2009.02481


• New results in spectroscopy continue to come from LHCb
• Insight into baryon physics provided by studying isospin amplitudes in ΛJ

and ΞJ decays
• Structure and isospin of ΛJ understood

• Suppressed ΞMK → ΛMNπ> decay observed for the first time
• Constructive interference between SUUD and WS amplitudes favoured

• Excited ΩJ> states observed in ΞJ
KK>

• More to follow from Run 3 datasets after upgrade -> 23 fb>? by 2025/6 
• 5x instantaneous luminosity
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THANK YOU!

Conclusions

LHCb Upgrade:1709.04709

Lorenzo’s talk on exotic spectroscopy@LHCb

https://arxiv.org/abs/1709.04709
https://indico.ipmu.jp/event/320/contributions/5139/


BACKUP SLIDES
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Isospin amplitudes in Λ­K and Ξ­K decays
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Ξc0 → π−Λc+ Systematics

Correlation matrix for measured branching fractions

External - LHCb
Uncertainty from feed-downs

External - BELLE

Feed-downs of excited Ξ­ baryons are not symmetric b/w Ξ­> and Ξ­K, 
primarily because Ξ­² 5935 K always decays to πK or γ ΞJK, since the 
ΞJ>πN decay is kinematically forbidden to it.

Both Ξ­²> and Ξ­∗> states are seen to decay to both 𝜋>Ξ­K and 𝜋KΞ­>.

Any as yet unobserved higher mass would be isospin symmetric in their 
decays.

𝐶 = 1.18 ± 0.04
Uncertainty arises from errors on rel. BF measurements.
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Excited Ω­> states - Systematics
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Systematic uncertainties on measured peak positions 
in 𝛿𝑀. The peaks are numbered in order of mass.

The primary source of systematic uncertainty on the widths is 
from an imperfect knowledge of the resolution on 𝛿𝑀. Based 
on previous studies of 𝐷∗N → 𝐷K𝜋N, the resolution in 
simulation is found to agree with that in data within ±10%

Deviations of ±0.1 MeV relative to the true value are found 
from pseudo-experiments. 

This is taken into account while calculating upper limits on 
the widths. 


