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Motivation - | -

« Why we do spectroscopy?

L=l

« Missing particles in hadron multiplets;
« Ground QQgq, QQQ states
 Excited Qqq states .. ., p-mode
« Complex inner structure of excited states; mode’s (@
« Molecular? Pentaquark? (hidden ¢g?) /R

 Radially mode? Orbital mode?
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Motivation - |l

« What can we do?

Mass, width (lifetime);
Production;
Branching ratio;

e

Searching for new decays.
Expanding known decays.

Quantum numbers (1¢]FC).

Cumulative number of new hadrons
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https://cds.cern.ch/record/2749030
https://www.nikhef.nl/~pkoppenb/particles.html

LHCb experiment - |

Int.J.Mod.Phys.A 30 (2015) 07, 1530022

HCAL
—_ JINST 3 (2008) S08005 ECAL M5
O-Ip — 20 l,lm 1200 SPD/PS M4
M2

o, = 45 fs [ RV

ap/p ~ 0.5% — 1.0%

op |E = 1&’;/” + 1%

e(K - K)~95%
Mis-ID e(r » K)~5%

« LHCb designed for study charmed and beauty hadron.
« Excellent vertex, tracking and PID performance.

e
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https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

LHCb experiment

« LHCb collected the largest samples of reconstructed heavy hadrons

during LHC Run 1 and Run 2.
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Excited 2?0 states - |

- Starting of the story...
 In 2017, LHCb observed five new excited 22 in m(EXK ™).

 Four of them confirmed by Belle.
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https://doi.org/10.1103/PhysRevLett.118.182001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.051102

Excited 2?0 states - |

- In 2021, LHCb observed four of them from 2; - 2™%x

 Spin test done, but no solid conclusion.

Candidates / (2.5 MeV)
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PHYS. REV. D 104 (2021) 9, 9.
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—6— Data
]?;Hfg—bl — Total fit
Background

40 60 80 100 120 140 160 180 200 220
m(ZK™) = mz. —m, [MeV]

State Observable Measurement
o0 m 60443 £ 1.2 +1.1755 MeV
N R 1.35 £ 0.11 £ 0.05
- illlii:ﬁ:ld Significance 45'}t gt. SYS:
Significance 620
AM 37.6 £0.9+ 0.9 MeV
0 m 2999.2 £ 0.9 £ 0.9773) MeV
£2:(3000) r 48+2.1+25McV
P 0.11 £0.024+0.04
J rejection | 0.50 (J =1/2),080 (J = 3/2),040(J =5/2)
Significance 990
AM 88.5 £0.3+£0.2MeV
. m 3050.1 £ 0.3 £0.2703 MeV
£2:(3050)° r < L6MeV, 95% CL
P 0.15 £ 0.02 & 0.02
J rejection | 220 (J =1/2).010(J =3/2),120(J =5/2)
Significance 1196
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P 0.23 £0.02 &+ 0.02
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Significance 780
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P 0.19 £ 0.024+0.04
J rejection | 030 (J =1/2),080 (J = 3/2),050(J =5/2)
2.(3120)° P < 0.03, 95% CL
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New excited 27 states - |

ARXIV: 2302.04733.

New states observed: 2.(3185)° and 2,.(3327)°
All previous states confirmed, and masses and widths measured with the highest precision.

Detailed study of the threshold enhancement.
Detailed study of the 2,(3185)° with alternative model.

as systematics
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New excited 29 states - |l
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https://arxiv.org/abs/2302.04733
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Excited =0 states - |

PHYS. REV. LETT. 124 (2020) 222001
 Three excited £? were observed in prompt m(A}YK™).

 Using LHCb 2016-2018 data, at 13 TeV and 5.4 fb~1.
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=.(2923)% 14291 £0.254+0.20 2923.04+£0.25+020+0.14 7.1+0.8+1.8
(
=.(2939)Y 15845 £0.21 £0.17  2938.55+£0.21 £0.17£0.14 10.2+ 0.8+ 1.1
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https://doi.org/10.1103/PhysRevLett.124.222001

Excited =2 states - Il

ARXIV: 2211.00812

« B~ -» AfA7K™ decay is studied.

« Confirmed £,(2923)° and £.(2939)°, consistent with prompt result.
- Evidence of £,.(2880)° - A K~ observed (3.8 o).

* No structure on m(Af A7) and m(AZK ™)

State Mass (MeV)  Width (MV) 5 o e} o 2
Z.(2880)" 2881.8+3.14+85 124+52+58 120 ?:::t:_:“ S ]

Z.(2923)° 292454044+11 48+09+15
Z.(2939)° 29385409423 11.0+£1.9+75
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Excited =, states

PHYS. REV. LETT. 126, 252003
« £,(6100)~ observed by CMS in m(&,n ™)

« Two channels used to reconstruct =,

m(£,(6100)7) = 6100 + 0.2(stat.) + 0.1(syst) £ 0.6 (£,) MeV
r'(z,(6100)7) < 1.9 MeV, C.L.95%
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252003
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> New excited = J states

LHCB-PAPER-2023-008 (IN PREPARATION)
Observation of two new excited =} baryons: £,(6087), £,(6095)°.

« One state is confirmed: . Qo (£,(6087))  16.20 % 0.20 = 0.06
. I (ZP(6087)) 2.43+ 0.51+ 0.10
First observation of 5, - Zfnmn mo (59(6087))  6087.24 4 0.20 4 0.06 + 0.5 ()
— — — =0
« Best measurement on known &~ and Z;~ states. Qo (%, (6095))  24.3240.15+ 0.03
T (Z9(6005)) 0.50 + 0.33 % 0.11
myo (53(6090)) 6095.36 == 0.15% 0.03 £ 0.5 (EE)
~ 10 T T T T T T T T T T T — 60 T T T T T T T T T T r —~ 10 T T T T T T T T T T r
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Sk - Dua O ) = *F £,(6087)° +pwew 7 S F  EL(6095)0 +pwos
= 50;— Bz 6100 > Enn = 20 - =%(6087) - Ennt E T SOF B =)6095) - =nrt
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% % 30 - %
E £ F &
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40 60 00;“ 40 — 60 0 40 60
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Tt observed with LHCb run-2 data.
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https://link.springer.com/article/10.1007/JHEP05(2022)038

Events / ( 10 MeV/c?)
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ARXIV:2204.09541

~Db

« First search for &/, - J/y EF, with 9 fb~1.

« Two peaking structures seen
« Mass: 6571 MeV. Local (global) significance: 4.3(2.8) o
« Mass: 6694 MeV. Local (global) significance: 4.1(2.4) o
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ARXIV:2204.09541
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https://arxiv.org/abs/2204.09541

Summary

- Heavy baryons
 Observation of excited z? baryons
« Observation of excited £, baryons
-« Observation of excited 2? baryons (recent)

- Observation of excited =) baryons (recent)

* Double Heavy baryons

N T £
Ecc DEC )

B
. Measurement of 2t r—

B(Ecc 2E¢ t)

« First search for &/, - J/y £}

e
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Future

»Higher luminosity
> Better detector
»Improved techniques

»More particles...
»More decays...
»Higher precision...

»Fulfill hadron picture

e

Max Luminosity [10*/cm?/ s]
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