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QCD and the Quark Model S vt

¢ Quantumchromodynamic (QCD) describes (strong) interaction of quarks and gluons
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QCD and the Quark Model
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® Quark Model classifies hadrons according to their valence quarks
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Rev. Mod. Phys. 90, 015003

1. Conventional: meson (gg) or baryon (ggq)

2. Exotic states: tetraquark (¢gqqg), pentaquark(gqqqq), glueball,

Pentaquark H- dlbaryon Tetraquark
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Spectroscopy

Spectroscopy provides:

Theory: ‘

® [nter-quark potential
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What has LHCb measured?

Conventional spectroscopy:

® Branching fraction measurement of the decay B* — y(25)¢(1020)K™
PRD 111 (2025) 092008
o Precision measurement of the =) baryon lifetime

LHCb-PAPER-2025-023 PRELIMINARY
e Measurements of 77/1'mixing angles using B ; ;) — JIyn") decays
LHCb-PAPER-2025-025 PRELIMINARY

Exotic spectroscopy

e Observation of the open-charm tetraquark state 7* (2870)"in the B~ - D~D°K? decay

cs(

PRL 134 (2025) 101901

e Search for pentaquarks in A} > AD;K*K~ decay
LHCb-PAPER-2025-022 PRELIMINARY

e Amplitude analysis of BY — 7 .(15)K*7z~ decays
LHCb-PAPER-2025-027 PRELIMINARY


http://dx.doi.org/10.1103/PhysRevD.111.092008
http://dx.doi.org/10.1103/PhysRevLett.134.101901

What has LHCb measured?

Conventional spectroscopy:

A lot of other new results have been covered in

Studies of Bc mesons at LHCb by Y. Wang

and

LHCDb results on charmed hadrons by L. Dufour
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B — yw(25)®pK BF measurement
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B — yw(25)®pK BF measurement
‘PRD 111 (2025)1092008‘
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Hg lifetime measurement R L PN

| LHCb-PAPER-2025-023 |

e Measurement of b baryon lifetimes tests the spectator quark
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Hg lifetime measurement

| LHCb-PAPER-2025-023 |
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n/n’ mixing angles in By, — J/yn"

¢ Mixing measurements test non-perturbative regime of QCD
— minimal description with angle @
— glueball/7” mixing with angle @

e LHCb Run 1 results ®p = (43.5%19)° and @ = (0.0 = 24.6)°

Nucl.Phys. B867 (2013) 547 _JHEP 01 (2015) 024

| LHCb—PAPER—2025—025|
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n/n’ mixing angles in By, — J/yn"

— minimal description with angle @,
— glueball/n’ mixing with angle @
e LHCb Run 1 results ®p, = (43.571%)° and @ = (0.0 £ 24.6)°

—2.8

e Using the full Run 1+2 dataset and reconstruction of

two »/n’ final states 777 yy and n7 77y

e Selection optimised for Bg) mass resolution
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n/n’ mixing angles in By, — J/yn"

Mixing measurements test non-perturbative regime of QCD
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| LHCb—PAPER—2025—025|
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— minimal description with angle
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Mixing measurements test non-perturbative regime of QCD |LLHCb—PAW25—025|
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Tetraquark 7% (2870)" R o)

——

cs0

PRL 134 (2025) 101901 |
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Tetraquark T* (2870)" S v

SN NN

PRL 134 (2025) 101901 |

e Observation of a resonant J© = 07 structure, named T%* (2870)", in the DK system with
cs0 S
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Pentaquark search A} —» ATD KK~ R e
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| LHCb-PAPER-2025-022 |

e Pentaquark P.._ observed in B~ — J/wAp and evidence for in =, — JIwAK decays
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Pentaquark search A} —» ATD KK~ R e
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| LHCb-PAPER-2025-022 |

e Pentaquark P'._observed in B~ — J/wAp and evidence for in E;, — J/wAK decays

cCS
PRL 131 (2023) 031901 Sci. Bull. 66 (2021) 1278

° Ag — ATD_KTK™ interesting since

— ¢ provides larger phase space
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Amplitude analysis BY — 1 (1S)K*n™~

R v

——

[LHCb—PAPER—2025—027|

~ T

> 200,

é) 180 - Data
o 160~ Total PDF

140 .BO _)nCK+”_

Preliminary LHCb 9 fb™!

2 . Run 1
g 120F-B"~(pp) K'n
O 100 NR
LT?] 20 ---Comb. bkg.
60
40
20 d .............
0
5250 5300
- [MeV]
a B ' | T T T T =
1000 | . L
> - Preliminary LHCb 9 fb™ -
> [
\O 800_— -
2 600 Run 2
Q n
> "
M 400 -
200
o

5250 5300
M on IMeV]

o
S

Events / (6 MeV)
3

400

Events / (6 MeV)

300

2950

3000

LHCb 9 fb'l_é

Run 2

3050
m _ [MeV]
pp

e Update of the 4.7 fb~! analysis

using the full Run 1+2 dataset

e Inclusive B - n.(18)K™ 7z~ BF measured

e Normalised by B — J/wK*z~ and inclusive BF

extracted with world average of J/y BF

With the world average of B® — J/wK*n~ BF

stat.

B(BY — 5 (1S)K*7n™)
= (5.82+0.20+0.23 +0.55) x 10~

Syst.

ext.

Compatible with world average
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e Update of the 4.7 fb~! analysis
using the full Run 1+2 dataset

e Inclusive B' — n.(18)K™ 7~ BF measured
e Normalised by B — J/wK*7™ and inclusive BF

extracted with world average of J/y BF

With the world average of B® — J/wK*n~ BF
B(BY — 5 (1S)K*7n™)
= (5.82£0.20+0.23 £0.55) x 107*

stat. Syst. ext.
Decay Branching ratio [10- Compatible with world average
BY = n.(19)K*(892)(— K+m~) 28.69+1.21 +£1.137%52 £ 2.71
B® — n,(18)K*(1410)(— K*7n~)  2.62+0.82+0.10718 +0.25
B® — 1.(18)K;(1430)(— K*tn~) 17.924+2.80 £ 0.717326 + 1.69 . : : : : :
B s (1) (K*+1-)our 8.06 + 142 + 0,351 & 0,84 ® Scaling inclusive BF with fit fractions from
B® — n.(18)K3(1430)(— K*n~)  2.154 0.53 & 0.087%7¢ + 0.20
B’ = n(LS)K*(1680)(— K*r™) 1.2+ 0.52 4 0.05535 % 0.12 amplitude analysis to access exclusive K* BF
B° — n,(18)K(1950)(— K+tn~)  1.40 4 2.56 4 0.061137 +0.13
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e | HCb analysis with 4.7 tb™

evidence of T,..(4100)~

e extended amplitude fit with 9 fb~! dataset
T..(4100)"

including

R v

——

lreported

e Improved data description with fit fraction of

1.1£05%
Parameter Value
mTca(4100)— 4106 1 23 MeV
FTcE(4100)_ 514 £+ 166 MeV

® No significant access found when including

systematic uncertainties

® This results supersedes previous measurement

EP] C/8 (2018) 1019



https://link.springer.com/article/10.1140/epjc/s10052-018-6447-z

Conclusion

® Great potential for understanding QCD with spectroscopy

e 70 of 79 new hadrons discovered at LHCb

11.5 | | | | | | | | | | | | |
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® Several preliminary and new results hadron spectroscopy
® New measurement and more results using the Run 1+2 and new Run 3 data with large trigger

improvements on the way! Stay tuned!
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Additional recent measurements Mﬂ%%ﬂ%m

SN

Conventional spectroscopy:

® Measurement of the mass difference and relative production rate of the €2, and E; baryons PRD 108 (2023)
052008
—_— - —0_+

e Observation of New Baryons in the Z, 777~ and E, 772~ Systems PRL 137 (2023) 171901

e Observation of Eg — ZYD and Z; — EPD; decays £P) C 84 (2024) 237
® Precision measurement of the =;° baryon lifetime PRD 170 (2024) 072002

® Observation of muonic Dalitz decays of y,mesons and precise spectroscopy of hidden-beauty states /HEP 2410
(2024) 122

o Study of the rare decay J/yw — pu = = JHEP 2412 (2024) 062

Exotic spectroscopy

® Probing the nature of the y,(3872) state using radiative decays /HEP 2411 (2024) 121
e Amplitude analysis of BT — w(2S)K 27z~ decays JHEP 2501 (2025) 054
o Study of D,(2460)* — DFz*z~ in B » DD} ntx~ decays Sci. Bull. 70 (2025) 1432-1444



http://dx.doi.org/10.1103/PhysRevD.108.052008
http://dx.doi.org/10.1103/PhysRevD.108.052008
http://dx.doi.org/10.1103/PhysRevLett.131.171901
http://dx.doi.org/10.1140/epjc/s10052-024-12443-z
http://dx.doi.org/10.1103/PhysRevD.110.072002
http://dx.doi.org/10.1007/JHEP10(2024)122
http://dx.doi.org/10.1007/JHEP10(2024)122
http://dx.doi.org/10.1007/JHEP12(2024)062
http://dx.doi.org/10.1007/JHEP11(2024)121
http://dx.doi.org/10.1007/JHEP01(2025)054
http://dx.doi.org/10.1016/j.scib.2025.02.025
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Nature of y,.,(3872)

JHEP 11 (2024) 121\

® v.,(3872) discovered in 2003 in BT — J/wn"n~ K™ decays

3872

. 120———————————————— 12— .)(.Cll(. . ) ———
= :EI B (3872)K LI;Ibe: N§100: IEI gm (3872)K LD o H d i tat | th h Id
> 100 Bt — Xa + -1 - - T — Xe1 * — I
% = g_}g(czi)mlx 9 __ % 3= g_}ﬁzi)wlx 0 fb T_ adronic state appears very close to thresho
g +H e g 1 — potential sign for hadronic molecule
%‘4([1//(25)++ +++ S T :
CREUSIR & 38 ® Prediction of radio of partial radiative decay width largely

STTS1 52 53 s4 37 384 393 4

. My [GeV/el . masy G/ depend on model

2 4 Dam 0 LHObI X P 4§ Dam | LHCH -
= z;—% g+?xc§(3872>1<+ 9fb~! E 1}% g*ixc)l((%??)K* T F)( (3872 —> l//(ZS)]/
31.63— — x01_(>38/;b2)K+ = \E/ 0.8 __ xcl—(>38/;b2)K+ 9 fb - %31}91 p— - << 1
% F —— Combinatorial ~. [ —— Combinatorial .
O - q4 8 ‘_ | —>
é 125’ Total J/l/j g § 06E Total +++++ FXC1(3872 J/W}/
< 0.8 = 04 " + ]
5 5 T /' \
O 04F S 02F N .

0T Y R —



https://link.springer.com/article/10.1007/JHEP11(2024)121

Nature of y,.;(3872)

]|IHEP 11 .(2024) 121 \
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® v.,(3872) discovered in 2003 in BT — J/wn*a~ K™ decays
e Hadronic state appears very close to threshold
— potential sign for hadronic molecule
® Prediction of radio of partial radiative decay width largely
depend on model
') 3872 = w(25)y

A < 1
372 = Jlyy

mol __
géllf?’ o I
Xecl

® 4D simultaneous unbinned maximum likelihood fit with the

two decay modes and the Run 1 and Run 2 data taking periods

First observation with 4.8 (6.0)c of y,.(3872) — w(2S)y
= 1.67x0.21 £0.12 £ 0.04

R

wY

Disfavours a hadronic molecule

stat. Syst. ext.

J
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