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Conventional hadrons

@ Conventional hadrons: color-singlet 035 |

[J Meson: qq
[ Baryon: qqq

® Lqcp isin principle expected to fully describe the spectrum
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Conventional Hadron Spectroscopy at LHCb

® The world’s largest samples of reconstructed conventional heavy flavour hadrons are collected with LHCb

during LHC Runl and RunlI

@ So far 75 hadrons have been discovered at the LHC, of which 67 by LHCb

@ The listis still growing...
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Conventional Hadron Spectroscopy at LHCb

@ This talk will focus on the selected topics of conventional hadron spectroscopy, includes:

[J Recent observations of new hadron
[J Recent measurements of hadron property
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[https://www.nikhef.nl/~pkoppenb/hadrons//Masses conventional hadrons.pdf]

O Observation of £2,(3185)° and £2,(3327)°
[Phys. Rev. Lett. 118, 182001]

O Observation of Z,(6100)~,5,(6087)° and Z,(6095)°
[Phys. Rev. Lett. 131 (2023) 171901]

O Study of hidden beauty spectroscopy
[arXiv:2408.05134]

O Determination of the spin-parities of £,(3055)*(®
[arXiv:2409.05440]
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The LHCb detector

@ A general purpose detector covering the forward region: 2 <7 <5

@ Unprecedented b and ¢ samples delivered by the LHC — designed for heavy flavor physics
@ Perfect conditions for both precision measurements & observations of new states
@ Successful operation in Runl and Runll with various collision systems (pp, p-Pb, Pb-Pb)

Calorimeters
energy measurement

RICH detectors e/ identification
K/m/p separation AE/E=1% ®10 %/VE (GeV)

£(K—K) ~ 95 %,
mis-ID g(m—=K) ~5 %

Vertex Detector
reconstruct vertices

decay time resolution: 45 fs
Impact Parameter
resolution: 20 um

Dipole Magnet ) Muon system
[J INST 3 (2 00 8) S0800 5] bending power: 4 Tm v Trackli:g Systlel't:'l w identification
momentum resolution e(u—>p) ~ 97 %,
[UIMPA 30 (2015) 1530022] Aplp=0SKL0L mis D (=) ~ 13 %
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The LHCb detector

Ingredients for good spectroscopy measurement

@ Excellent tracking — mass and lifetime resolutions
@ Particle identification — important when dealing with charged hadrons in the final states

@ Trigger system — give excellent efficiency

Calorimeters

energy measurement
RICH detectors e/ identification
K/m/p separation AE/E=1% ®10 %/VE (GeV)
e(K—K) ~ 95 %, L —

mis-ID e(n—=K) ~5 %

Vertex Detector
reconstruct vertices

decay time resolution: 45 fs
Impact Parameter
resolution: 20 um

Dipole Magnet Muon system

i : Trackin t I
INST 3 (2008) S08005] ezt I movenum motuin K97,
[UMPA 30 (2015) 1530022] (3 GRv 100 CeV ) i e < 1%
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Observation of new Q! states in £f K~ spectrum

[Phys. Rev. Lett. 118, 182001]

@ Study statusin2017:
O 0 >ErK", B 5 pKn?
3 The LHCb studied £ K~ spectrum up to 3450 MeV using Runl data
O There are 5 new states observed: Q,.(3000)%,Q.(3050)°,0.(3066)°, Q.(3090)°,0.(3119)°
[ There are 1 hint on another broad structure around 3200 and 3300 MeV

First observation of sss state —~
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Observation of new Q! states in £f K~ spectrum

® Newly added 2016-2018 data
@ Dedicated selection and BDT training per sample
@ In total 7 states are reported, including 2 broad new states €.(3185)° and Q.(3327)°

Candidates / (5 MeV)

Do

—

0.(3065)° = EHEIK memne 0.(3000)°
B 2.3090)° — EX(EK eee- £.(3050)°
02,3119)° 5 EH=EHK eee-- 0.(3065)"
B 2.(3185)° - Z'K-  eeeees 0.(3090)°
B 2.(3327)° - EfK eeeees 02.(3119)°
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[Phys. Rev. Lett. 131, 131902]
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(0)

Observation of new baryonsin £, " "'m~m" spectrum

@ In 2021, the CMS collaboration has reported the observation of the new Z,(6100)~ state [Phys. Rev. Lett. 126, 252003]
0 Z,(6100)” » Eyntnm™
[ Using the final states containing J/y¥ — Di-muon trigger

Good example of complementarity :)
[ limited statistics
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(0)

Observation of new baryonsin £, " "'m~m" spectrum

@® The Z;, baryons form an isospin doublet (bsu, bsd) [Phys. Rev. Lett. 131 (2023) 171901]

@ Firstinvestigation in LHCb using E;m~n* and E)nr~n* final states Ep E) Ey She

[ Different decay modes were used to look for single or three pions .w

[J Most abundant b-baryon

[ Hadronic final states with topological trigger — Higher yields, S/B ,=1 rag “,A:%* # an
e New charged resonance (temporarily referred to as =" ): (0,(5)*), (1, (2)*) and (1, (3)*)
O Start with Z;, — E2[pK K n']n~ and =, — Z0[pK K 7t | nh- =0 =107 and 5700
O Z;° — E, 7 [one intermediate resonance known) |
O = = 50
O The final state is thu Charged final states
[] The yield is expected lower here due to the extra track in the final state

—xx0

e New neutral resonance (temporarily referred to as =;*°):

O Start with 20 — Zf[pK-ntt]m and =0 — =F [pK- 7t he

== ok

=, ,Z;” — 2l |(two intermediate resonances known)

— —

Ll

%0 ==t =xx0 = +
05" =5 1,5 =5, m
Ol

The final state is th .@ . .
e Neutral final states = Up to 9 tracks in the final states
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(0)

Observation of new baryonsin £, " "'m~m" spectrum

[Phys. Rev. Lett. 131 (2023) 171901]

@ The Q value(mass differences) is fitted to cancel out the resolution effect

@ The intermediate resonances presented nicely Q = mszs,r —ms, — M, T T
oM T T T T T T o80T T T T T ] / o
> ]
Chw (@) LHCb 2 700 (b) LHCb 3 /
g 180  Data @ 57 g 600 b Data (0 ) _; ‘; i Intermediate resonance
g ﬁ W= ‘E 500 z - = o \
% 2E 0 &’ Combinatorial *u-'; 400 - E: - B _E '\]
= 100 = 200 B =,6100) reflection 3 . )
g 80 5 E,(1P,1/2) reflection 3 /
© e el | Y | (— Combinatorial E -
;g o 100 -
o i : ey e 0 ek — L
0 10 20 30 40 50 0 10 20 30 40 50
Q-value (MeV) Q-value (MeV)

@ Combine the intermediate state with the second opposite-charged pion = Mgynr — Mz, — 2My
o~ 71 —— ~ 60 —— — —_— —~ 0 —T—— —_—— —
%> F @) LHCb >k ' LHCb ] > " T A E
S 60f —— Data (9 fb ) = s (b) —— Data (9 fv ) 3 = 0F (© —— Data (9 fb™) ~
g sof- Bl =6100) — =S S =(6087) — B (Bmimt ] 2 b Wl =6095) > =) (& ]
- - Combinatorial I - Combinatorial B ~ - Combinatorial ]
8 YF 3 ] 8 p
%’ 30 E— .'g ¥ 3 E .'.'3 30 f— i

o o o ] o o 3
§ [ g5 20F - 5 _F ]
o 20 F ) u ] O 20 _
10f- 10 - I 0E 3
ok A N: R - T3 ok . ]
0 20 40 60 0 20 40 60 0 20 40 60
Q-value (MeV) Q-value (MeV) Q-value (MeV)
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Candidates / (1.0 MeV)

(0)

. - —
Observation of new baryonsin £, " "'m~m" spectrum
@® The Z,(6100)~ is confirmed by LHCb with significance > 12 o [Phys. Rev Lett. 131 (2023) 171901
T The decay mainly through Z;°m~ state S;ai;oo __ Observ. — Uvili (()hg; ™ Confirmation
@ First observation of Z,(6087)° and Z,(6095)° =»(6100) 190 0.04+ 0.30+ 0.08
[ Significance > 100 (7 0 ) mg 6099.74 & 0.11 + 0.02 L.
O Main decay processes: 2, " and ;"™ Z,(6087)" Qo 16.20+ 0.20+ 0.06
I' 2.434+ 0.51 £ 0.10
@ The best measurement on the known E;,~ and Z;,” states Mo 6087.24 & 0.20 & 0.06 + 0.5 (5})
@ First observation of E) - Efmr~n*n~ (New decay) 55(6095) 16;20 23§gi gégi 8(1):;’
. | I s o (1370w my 6095.36 + 0.15 + 0.03
605_ @ ilgb . E _ 5, — JWE, 5, — JWAK” E’g‘o Qo 15.804 0.02 4 0.01
E B - ] S T t e T 0.87 = 0.06 =+ 0.05
405_ Combinatorial é 15[ — Signal myg 9952.37+ 0.02+ 0.01 £ 0.6 (Eb_)
o A s e ’ B Qo 3.66 £ 0.01+ 0.00
N ° 1 r 0.03+ 0.01+ 0.03
of o HH I mo  5935.13+ 0.0140.00 + 0.5 (59)
N I L I W AT T AR i Qo 24.27 + 0.03 £ 0.01
’ ? ® Q-value (Mth;0 ’ “ M(z, ::;O:rr) - M?GE;) - 2n$EDG [Mel?]o I 1.43+ 0.08 £+ 0.08
mo  5955.74+ 0.03+ 0.01 + 0.5 (£9)
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Study of hidden beauty spectroscopy

@® Y states [arXiv:2408.05134]
[J Masses measured in 1990s (CESR, DORIS, VEPP), relied on photon energy of Y(2S) and Y (3S)
— standing tensions between CESR and DORIS on Y(1S) mass
[J Shamov et al resolved by reanalysing the data with interference and radiative corrections considered correctly

3 Quoted error in PDG 2024 for Y(1S) decreased: 0.26 MeV — 0.1 MeV & [Phys. Lett. B839 (2023), 137766]
T DORIS data is removed for Y(2S), error increased: 0.31 MeV — 0.5 MeV @
@ y, states

[J Mass knowledge largely comes from study of photon energy in feed-down from Y decays
[ Measurement of mass splitting are dominated by BarBar experiment

Measured mass [ MeV/c?]

T R State PDG2024 PDG2022

e Y —— T(LS) | 94604£0.1 | 9460.30£0.26
Y(295) | 10023.4 + 0.5 | 10023.26 + 0.31

T B e o T(35) | 10355.2+0.5 | 10355.2+0.5

LEES 2014M PR D90 112010 Bottomonium Spectroscopy and Radiative Transitions Involving the x;(1P, 2P) States at BABAR
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Study of hidden beauty spectroscopy

@® Measurement of the mass and mass splittings using

O Di-muon mode: Y - u~u™

3 Di-pion mode: Y(2S) -» Y(1S)n~n*, Y(3S) » Y(2S)n~m™*

Agree with PDG. Most precise result for Y(2S)

[arXiv:2408.05134]

Similar precision to BaBar, 2 — 4 ¢ tension

M es) = 10023.25 £ 0.03 £ 0.12 & 0.09 MeV/¢”

mr@s) = 10355.28 & 0.03 £ 0.04 £ 0.48 MeV/c?

mry(28) — MMy (18)

Moy (38) — My (289)

562.84 £+ 0.02 £ 0.13 MeV/ %)
331.86 + 0.03 £ 0.05 MeV/c?|

6 x10°

&;‘ 5 i(l(]) | . . . . [ r " | T ] c(,:-)“ 80? T T T T ] T T T T W T T T T [ T T T T ] T L C’\I‘;\ 800 7 A|+_ T D\a'ra‘ T T T T | T T T T | T T T ]
- » 4 = L 4 Data 7 — C 2
= 4sp LHCH + Daa 2 ooF ) vas) s raspin LHCh - 3 200k B 1) Tes)min LHCH - 3
= -9 fb_l T ras)—= utu 3 = E ——— Background 9fb B = r —-— Background 9fh n
- 4E 0 res)—»pre o 0 r Total . e 0 u Total | -
S E ] v@s)»pre 1 2 00F y i E < 600 -
}g 3.5; ——=— Background 4 ? = - B 7 P E -
Z o B ERE R * g
= F 1 £ 35, F s

= — — = 40 - = —
S 2.5F 1 £ 40F . = 4001 +++“+++ :
Sk ERECE: 1 3 F T S
- - 301 = 300F o +++++++ 3
SE — B . . AR .
L3 ] 20 = 2000 ST E
1= " = E ] C ]
0.50 ) 3 E 100g s E
W’ _ e P/ .'-t‘. --_ - C = — T
0_ 1 | | |\ 1 1 [ 0 L L | L L . L L L . . . . | . . . . O_ 1 | 1 1 | | 1 1 1 L

9 10 11 12 10 10.01 10.02 10.03 10.04 10.05 10.34 10.36 1037 10.38
Myt [GeV/c?] MY (8) [GeV/c?] T (98) [GeV/e?]
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Study of hidden beauty spectroscopy

@ First observation of muonic Dalitz decay y;, —» Y(1S)u~u™*

[J Measured masses agree with PDG

9892.50 & 0.26 % 0.10 & 0.10 MeV/c?
9911.92 £ 0.29 + 0.11 £ 0.10 MeV/c?

10253.97 £ 0.75 £ 0.22 = 0.090 MeV/¢c?
10269.67 4 0.67 £ 0.22 4= 0.09 MeV/¢?

[arXiv:2408.05134]

World best value

Not so precise yet but competitive
statistics limited

,-/\]-\140* I ‘«'Tl:; 4(); [ T T T T | C(];\ 60_ T T T T T T T T
RS B ~Z E 4 Data LHChH ~Z_ - —+— Data 1
Z 120f £ 350 B w0 Tast oyl 1 % [ EE xu@P)— YUKt u- ng) 7
= T Xn(1P) = 0 xi2(1P) = T(1S)utp ) . = S0 B y,(2P)— TOS)utp 9tb™
% - gl 30; ——— Background — I - === Background -
= 100 2 C Total . ? N Total i
& B = C S 40 _
= - < 25— . = § ]
= P EN: ERN: :
ERE S 20 . = S 30
O 60 E .
B 15 — C
40F F ] 201~
- 10E- J = 1
201 ] 5 J k 10-+J(-4» HZH#JFJF
0: R B e N R B Cl T OTHL H’n lllll 11 \u 1#11LH'H I 0: ] + ,
9.6 9.8 10 10.2 10.4 10.6 9.85 9.95 10.2
MY (18)ptp- [GGV/CQ] mT(lS G<V/C } M8 utp- [GCV/CQ}
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Determination of the spin-parity of £.(3055)*(%

[arXiv:2409.05440]

® Z.(3055)%(® observed for the first time by Babar(Belle)

@® Excitation modes of Z.(3055)7(® extensively studied

- 37 1t 3t 5t 7t

: : : : 1
@ Many proposed interpretations, including J? =3 5 5

272 72
]

= determination of JF is an important information for charm baryon spectroscopy Se
@ Strategy "
~*x+(0)
~0(— ~*x+(0) _ ~**%+(0 =
T In zb( ) 5 2797~ decay, where . 7% - D040 a0 ¥ %
3 The A° can be both Long Long and Down-Down tracks o D R
& ' ' 1 & 60F A = “p T
§ 120 LHCb +Data ~ i - LHCb + Data .
2 100 P 54 b — Total Fit b o S0F  54fp — Total Fit . o
E C e BV BT ] E 40 : e BB . Tracker
< 80F o B D R 1 I F oo ED 2 ] JENERE
§ 60 :_ ww Comb. Background _: § K10] S 3 | : | R Comb. Background ]
5 C 1 3 o . uT -
3 40 _ S 20F - VELO Long track
=) L N = u ] I
2] L . < - _ R
o 20k _: &) 1()'_:— T - VELO track Downstream track
- B . L : Ttrack
™ FPPPIT UL T L " 0 L Massadszsitt S BT LA AL AT L
5700 5800 5900 5700 5800 5900
My, o [MeV/c?] b IMeV/c?]
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Determination of the spin-parity of £.(3055)*(%

@ Amplitude analysis [arXiv:2409.05440]
[ Helicity formalism 0
. . . . Sc _ pto
[J Free parameters: mass, width, helicity couplings o =
p_ 3" = \ ““““ =+ A"
® Best fit corresponds to J* =7 500 -
TR §140:—'LQCE"""""""'_:
% 160 - 54 fb —E N 120:_ 541fb _:
= 140E —+ Data 3 % : ]
v ]20%_ — Full fit _g :‘é 100 |
E o il RS Z,(3055)" ERN- ;
5 80F e Z(3080)° 3 8
g 603— ----- Non-resonant —E -03
1%
= 20F 3 5}
‘o 3000 3050 3100 3150
=

mp. o [MeV/c?]

& 100F ' ' 4 2 F
S 'Or LHeb 1 £ 0
Z 54 b 1 & ¥
:q:} 80_— ] = i
5 - 1 i
5 60 g E—— & C
8§ [ + 1 =
S [ L el L 12 i
-8 40__ b o vg .
- r J <
= Q [
N 1 = g
> 20_-—- ---------------- s ] L i
£l , | ] & poo . .
5 3 ok e
o 05 0 0.5 I = -2 0
cos ¢ [rad]
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Determination of the spin-parity of £.(3055)*(%

[arXiv:2409.05440]

@ Amplitude analysis
[ Helicity formalism ++(0)

(%

[

o
o
_|_

[J Free parameters: mass, width, helicity couplings .

3t 7\;‘\“‘~—‘"“‘—>/l()

@ Best fit corresponds to J¥ = . =z0(=) _
@ With rejection significance of other hypothesesn; > 6.5 ¢

P
J =.(3055)+ o

:‘E 70 = -
a R B 2 o, N Pseudoexperiments J© = 5/2~ . —
= 60 — LHCb_ | Gaussian fit — ]. / 2 12 90_
3 - 5467 . Pseudoexperiments J* = 3/2% : +
S S0fF e Data = 1/2 11.00
T wf = 3/2- 730
‘5 30F E 5/2~ 6.50
Q. o .
g 20 E 5/2F 9.80
= = =
3 O : 7/2=  10.70
Qf 0 F ) - il o

-100 100 200 7/2F 10.90

Test statistic ¢
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Determination of the spin-parity of £.(3055)*(%

[arXiv:2409.05440]

@ Amplitude analysis
[ Helicity formalism —+#+(0)

(%

: . : | “c _ p+(0)
[J Free parameters: mass, width, helicity couplings = _ B

3t 7\;‘\“‘~—‘"“‘—>/l()

@ Best fit corresponds to J¥ = . =z0(=) _

T
@ With rejection significance of other hypotheses n, > 6.5 o
@ Measured the up-down asymmetries a of Eg(_) — £.(3055) "7~ decays |H/\58_+1/2|2 - |HAEB_—1/2|2
[J Consistent with a complete parity violation “= |HA582+1/2|2 + |H)‘sg=—1/2|2
[ First measurement for the transition of the =, to Z. baryon with a pseudoscalar meson
® Measured the relative branching fraction Bz _(3050)+/Bz,(3055)*
Quantity =,(3055)t =,.(3055)"
m [l\v“’IeV/(_?] 3054.52 £+ 0.36 £0.17 3061.00 & 0.80 £ 0.23
['[MeV] 8.01 & 0.76 £0.34 1244+ 2.0 £ 1.1
Qv —0.92 1+ 0.10 =0.05 —0.92 £0.16 £ 0.22
Rp 0.045 £ 0.023 £ 0.006 0.14 4 0.06 4+ 0.04
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Summary and prospect

@ Recentinteresting results presented in this talk

v' Observation of Z,(6100)~,Z,(6087)° and Z,,(6095)° Just one more conventional hadron away
v' Observation of Q.(3185)° and Q.(3327)Y from completing the spectroscopy puzzle ......

v' New decay modes: y, - Y(1S)u~u*, E) » Efnntn~
Today’s discovery, tomorrow’s
v' Mass measurement: Y, y;

ision tool to test QCD!
v’ Spin-parity determination: £.(3055)*, Z.(3055)° precision too' to test Q

@ In Runlll, the LHCb experiment will keep making important contributions to heavy hadron spectroscopy with
[ Higher luminosity

3 r r p———— LHCb Upgrade | ===» == LHCb Upgrade Il ==»
Upgraded detecto )i .
[ Improved techniques 2019 2022 2025 2027 2031 2032
ad ..
Z=4x10"cm’s™! ¥ =2x10"3cm?s™! Z=15x10%cm?s™!
9fb~! 50fb~! 300 fb~!

Thanks a lot for your attention!
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LHCb dataset

. _1 . .
® Runl: 3 fb pp collision @ 7,8 TeV LHCb Integrated Recorded Luminosity in pp by years 2010-2024

— . . 3

@® Runll: 6 fb 1 pp collision @ 13 TeV — 0 D.-|><1U _ _ : ® 202458 7ev) 8030
le) ) i : ; ; . 2023 (6.8 TeV): 0.37 /b

= ® 2022 (6.8 TeV) 0.82 /b

:ﬁnog R I TR frevsens . 2018 (5.5 TeV): 2.18 /it

- . 2017 (6.5+2.51 TeV): 1.71 b + 010 /b

=0.008 E S L . 2016 {6.5 TaV). 1.67 /fb

wY- : 2015 (8.5 TeV): 0.33 /b

o ] 2012 (4.0 TeV): 2.08 /b

c 0.007 _ ................................... ....................................... ..... 2011 (3.5 TeV): 1.11 /o

e 5 = 2010 (3.5 TeV): 0.04 /b

Month of year

https://Ibgroups.cern.ch/online/OperationsPlots/index.htm
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Helicity amplitude

@ Helicity couplings inthe & - Z.m

° -

> DA

C

L ]
(1]

, =o. = DA, A — pm decay chain

Ep—EBE.mT Ep—EBEomT
AP e =H ) -
Azp e hn Az, gy Az,

Ec—DA HC—>DA
AEanD!A’A o H /1"‘ /‘lA(B)

A-pn™
Andpin = ,1A Ap(d) 5,0)

/3 A0
Aot e

Ny

A rest frame

¢A<)

Zp rest frame

Floated for each resonance

Strong decay, only phase term:

nPEC (_1)JEC+1/2
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Theoretical interpretations of £.(3055)

@ Summarized in Rept.Prog.Phys. 80 (2017) no.7, 076201

References Theoretical model JP of £.(3055)
Eur. Phys. J. A 37 (2008) 217-225 Faddeev method 5/2% (1D)
Phys. Rev. D 78 (2008) 056005 Regge phenomenology 5/2% (1D)
Phys. Rev. D 84 (2011) 014025 QCD-motivated relativistic quark model 3/2% (1D)
Phys. Rev. D 86 (2012) 034024 Chiral quark model 3/2% (1D)
Eur. Phys. J. A 82 (2015) 51 Relativistic flux tube model 3/2% (1D)
Phys. Rev. D 94 (2016) 114016 QCD sum rules within HQET 3/2% (1D)
Phys. Rev. D 96 (2017) 114003 3P0 model 1/2%(3g), 3/2%(6r) (25)
Eur. Phys. J. C 79 (2019)167 Hadron molecular state 1/27,3/2™ (molecular)
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