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Charmed Meson/Baryon formed by u, d, s, ¢ quarks
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Important input to theoretical calculation (especially for non-factorizable part)

Extend the knowledge to understand QCD
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Conventional Hadron Spectroscopy at LHCb

* The world’s largest samples of reconstructed conventional heavy flavour hadrons are collected
with LHCDb during LHC Runl and Run2
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 This report will focus on the recent observation of new hadron states and decay modes at LHCb
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https://gitlab.cern.ch/pkoppenb/LHC-Hadrons

Overview of selected results

e Baryons

v' Observation of CS two-body decays of Q2 & Precise mass measurement of Q2, arXiv:2308.08512

v Observation of new baryons in E;(O)nﬂt‘, PRL 131, 171901 (2023)

* Mesons

v' Observation of the decays BY., - D,;(2536)F K*, JHEP 10, 106 (2023)
(s) S

v Observation of the decay B* — J/ymn'K™, JHEP 08, 174 (2023)

 Brief through slightly older analysis

v' Observation of new Q2 states decaying to the £} K~ final state, PRL 131. 131902 (2023)

v' Study of the B~ - At A; K~ decay, PRD 108. 012020 (2023)

2023/10/26 LHCb Implication Workshop


https://arxiv.org/abs/2308.08512
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.171901
https://link.springer.com/article/10.1007/JHEP10(2023)106
https://link.springer.com/article/10.1007/JHEP08(2023)174
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.131902
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012020
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The quantum numbers have not been measured, but are simply assigned in
accord with the quark model, in which the Qg is the s s ¢ ground state. No
absolute branching fractions have been measured.

09 two-body decay & mass measurement
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Observation of Q0 - Q Kt and Q0 - - aniv230s.08512

« The uncertainty of Q2 mass is significantly larger than other charmed baryons

Mass PDG
Q0 26952 + 1.7 MeV
AL 2286.46 + 0.14 MeV
£2 2470.44 £ 0.28 MeV
=F 2467.71 + 0.23 MeV

» Measurement of hadronic decays is limited, especially for the two-body decays

« Can inspire the theoretical calculations Model (10%) B — @-7%) B - E-n*
* In this work Cheng [1] 36.6
0 N 0 N Xu et al. [2] 56.6
J E : _ ——
First observation of Q; - Q" K" and Q¢ - Z™m Gutsche et al. 3] )
v" Report the relative BFsto Q2 - Q~rt Huetal. [4] 9.34
Hsiao et al. [5] 51+0.7
Zhao [6] 0.174

B(20— 2 KY) ry B(20— = at) vy B2 — AK")

B(20— Q-7+)  r.' B(20— 2-7t) 1 B(E-— Ar)

[1] PRD 56, 2799 (2019) [3] PRD 98, 074011 (2018)  [5] EPJC 80, 11 (2020)
[2] PRD 46, 3836 (1992) [4] PRD 101, 094033 (2020) [6] CPC 42, 093101 (2018)

v' Precise mass measurement of Q2
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https://arxiv.org/abs/2308.08512
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.2799
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.46.3836
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.074011
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.094033
https://link.springer.com/article/10.1140/epjc/s10052-020-08619-y
https://iopscience.iop.org/article/10.1088/1674-1137/42/9/093101

Observation of Q0 - Q Kt and Q0 - - aniv230s.08512

e Using LHCDb 2016-2018 data at 13 TeV (5.4 fb~1)

C8F T T T T T 3 C400F ‘
3o A z |
- 54 i . )
= col g;gcla; . ’ = 300 v’ Signal shape:
=T u = I ]
g g Johnson + Gaussian
2 40 = 200§
51 3 v’ Background shape:
201]1%[#4. ] 100 ] Exponential
{ {H } i i ]
ol A B B | ISR N e e ]
2660 2680 2700 2720 2740 2660 2680 2700 2720 2740

MK [MeV] M(E %) [MeV]

B(Q2 > Q" K*)/B(Q2 - Q") = 0.0608 + 0.0051(stat) + 0.0040(syst)
B(Q2 - 2 nt)/B(Q2 » @ wt) = 0.1581 + 0.0087(stat) + 0.0043(syst) + 0.0016(ext)

» Consistent with the previous measurement from Belle pHer 01, 055 (2023)] IN 20

B2 - E nt)/B(QY - Q™) = 0.253 4 0.053(stat) + 0.030(syst)
« Significant discrepancy with various theoretical model (algebra, light-front quark mode...)

Model (1073) BW2->0n") BWQ?->En")
Hu et al. [1] (~9%) 9.34 —> B(Ent)/B(Q nt) =0.1038
Hsiao et al. [2] 51+0.7

Zhao [3] 0.174

Contributions from non-
factorizable are crucial!

} B(E_T[+)/B(.Q_T[+) = 0.0345 [1] PRD 101, 094033 (2020)
[2] EPJC 80, 11 (2020)
[3] CPC 42, 093101 (2018)

2023/10/26 LHCb Implication Workshop


https://arxiv.org/abs/2308.08512
https://link.springer.com/article/10.1007/JHEP01(2023)055
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.094033
https://link.springer.com/article/10.1140/epjc/s10052-020-08619-y
https://iopscience.iop.org/article/10.1088/1674-1137/42/9/093101

Precise mass measurement of 2

arXiv:2308.08512

« Using LHCb 2016-2018 data at 13 TeV (5.4 fb™1)
v Fitto 22 - 0~r* process with signal yield ~9.3k

LHCb
5.4 fb™!

-----

; _ I X "’-_1.‘ | I I : I * ; ki, _ -
2660 2680 2700 2720 2740

M(Q 7*) [MeV]

v Signal shape: Johnson + Gaussian

v’ Background shape: Exponential

Mass PDG

Y 2695.2 +1.7 MeV
Af 2286.46 + 0.14 MeV
=0 2470.44 + 0.28 MeV
gt 2467.71 £ 0.23 MeV

« Systematic uncertainties

Source 6M [MeV]
Momentum scale calib. 0.27
Energy loss correction 0.03
Fit model 0.01
Total 0.27
External input mass 0.30

M(2?) = 2695.28 + 0.07(stat) + 0.27(syst) + 0.30(ext) MeV

Improve the precision of the previous world-average value by a factor of four
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https://arxiv.org/abs/2308.08512
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https://cds.cern.ch/record/2783843
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252003

Observation of new baryons in £,

5=(0) 4+

PRL 131, 171901 (2023)

« Using LHCb data collected at center-of-mass energies of 7, 8, 13 TeV (9 fb™1)

v The ground state =,

v" Then combined with another 1 = =

5 ED) '-'*0 2,7 /E0) o
groundstate
T

m (")

T (

Ee (E)

—~ — ot

(Final states with up to nine track! Excellent performance of LHCb tracking/reconstruction/P1D systems!)
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(Ep) was firstly reconstructed by combining =2

r—u*O r-!*—

Q = mEbﬂ' - mEb
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-
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- Z,(6100) reflection
Z,(1P,1/2) reflection
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2019 £+ 58
1750 £ 50
3380 +£ 110
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.171901

()+

Observation of new baryons in £ 7T~ PRL131, 171901 (2023)
Q= Mgy — Mgy, — 2my,
— T T T T T T T — 60 - - - T - - - — T0 T T T T T T T
% F LHCb z F LHCb 1 =2 E LHCb
S o @ ~+ Data 9 157 = sf o @ — Data (9 ™) 1 =Sep © —~+ Data 0 )
S 5 FNsig =136+ 17 W =6100) — =% S F Nsig =147 +£19 E0(6087) = E (B2t ] < oFE Nsig = 69+ 14 B =26095) - = (2
: g Combinatorial : 40 Combinatorial = : - Combinatorial
.'-‘_.m-" 40 = ; . ;_ l‘ﬁ 40 -
% 30F EE . : g k] =
S zuz— 3”F S of
10 E— 10 ;— 10
05 o +,+ . ok ] S——
0 20 40 ] 0 0
Q-value (MeV) Q value (MeV) Q-value (MeV)
2, (6100) —» E;07 2)(6087) - E, mt 20(6095) - E; m*
« Confirm the £,(6100)~ charged state
. State Observ. Value (MeV)
v
Reported by CMS before [PRL 126, 252003 (2021)]: EXGUDRE) 6L 01002
- 1 o . r 0.944 0.30+ 0.08
M[E,(6100)7] = 6100.3 + 0.2(stat) £ 0.1(syst) + 0.6(Zp) confirm mo  6099.74+ 0.11+ 0.02 £ 0.6 ()
= _ . %0 =,(6087)" Qo 16.20+ 0.20 + 0.06
v Ep(6100)~decays mainly through the £, new T 5134 0.51 % 0.10
. Ci . - 0 0 mg 6087.244 0.20 £ 0.06 £ 0.5 (57
First observation of two baryons £5,(6087)" and £,(6095) A CEEM 5130151 0.03
- i =0+ . new r 0.50+ 0.33£0.11
v" With quark content bsu, reported in 2,7~ final state Mo 6095.36% 0.154 0.03 4 0.5 (=0

v" Hard to extract the spin-parity due to low statistics

v" Main decay process

E,(6087)° - 297~ and £,(6095)° - E;mt
.—*0

* Theoretical predictions [prD 84, 014025 (2011)]

* Properties of E,°, E, and £~ are measured with high precision

2023/10/26 LHCb Implication Workshop
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1P(3/27) 6097
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.014025
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.171901

br > br 4
B, BY
S < U S > s
K+ D¢1(2536)
5 S

Observation of B?S) — Dg;1(2536)TK=
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Observation of B(S) — D¢1(2536)TK* JHEP 10, 106 (2023)

* Motivation

v CKMangley = arg[ Yud “”] which is sensitive in B — B2 mixing and decay process
VedVep

v' The measured BFs of B® -» D®~K* and BY — DS( )=+ are smaller than the predictions

with QCD factorization - .
Similar decay dynamics
[PRD 83, 014017 (2011)]  [JHEP 10, 235 (2021)] Provide additional information
[EPJC 80, 951 (2020)] [JHEP 01, 147 (2022)]

B{,) > Ds1(2536)TK*
 Start from the branching fraction measurement

v/ Using LHCDb data collected at center-of-mass energies of 7, 8, 13 TeV (9 fb™1)

v' Partially reconstructed (y/m® missing)
BY; - DLK*, D} - DK™, D** > Dy /n”

v' Control channel: B® - DOK*K~

v Relative branching fraction:

B(BY,, - DI K*) x B(D3; - D*°K")
B(B® > D'K*K~)

R(BY;, » DLK*) =

_ N(B{;) » D5K*) €(B® > D°K*K- ) (1 1
0 0 X
~ N(B® > D°K*K~)" €(BY, - D} K+) fs/fa

2023/10/26 LHCb Implication Workshop 13
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https://link.springer.com/article/10.1007/JHEP10(2023)106
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.014017
https://link.springer.com/article/10.1140/epjc/s10052-020-08512-8
https://doi.org/10.1007/JHEP10(2021)235
https://doi.org/10.1007/JHEP01(2022)147

Observation of B?S) — D;(2536)T K+ JHEP 10, 106 (2023)

» Angular distribution of signal process

dT
dcosOp-dcosOpdy

& Wiong(Op+, Op)|Hol?
+wtran(X' OD*; 9D)|H+|2
+wint(X: BD*J GD)m(H:)H+)2

Y
D¢,(2536)" rest frame D*0 rest frame B rest frame
v’ Hy: longitudinal, H,: transverse, H, /Hy = ke'?
v Contributions are proportional as wjong: Weran: Wint = 1: k?: kcosg
 Fittom(D°K")

v" No interference contribution
v’ Extract Dy, signal with sPlot

a> i — 1 r . T T 1 450 — - T 1

RS, - 2 F

= 120 - LHCb Run 1 (3 b)) = 400F LHCb Run 2 (6 fb™)

= 100 b = 350F —~- Data

— B \ b — F [ ---y chain, L

g - i ] = 300 |’I'I --- y chain, T

g “F % 1 B 2soF & --- ¥ chain, L

S 60| | 3 S 200F ! Eg Cll:am’ Td

= : K II : '_5 F | I| ac gl’OLll’l

=) - 1 H . S 150F . — Total

S 40 . < o ¢

° A | AT &

i il Pl b e F ; a0 e
2350 2400 2480 2500 2350 2480 2500
m(D K™) [MeV/c?] m(D K") [MeV/c?]
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https://link.springer.com/article/10.1007/JHEP10(2023)106

Observation of B?S) — D;(2536)T K+ JHEP 10, 106 (2023)

« Fittom(D°K"K™")
v" Derive sWeight from fit to m(D°K ™)
v" Fit to sWeighted m(D°K~K ) distribution to determine B? yields

—
n
=]

LHCb Run 2 (6 fb7)
—4— Sweighted Data :
- Bd-DIKE ]

0 + -t
[]B —»:)_leM

0 + +
[ 1B—»D'K

0 _
W B)—D, n"
— Total

LHCbRun 1 (3 fb)

—
ol
=1

\

[ —

[y
(=]

50

Candidates / (5 MeV/c?)
|
Candidates / (5 MeV/c?)

P L -" 1050 + e
A R N SL .l S | e ——— P —— ybieh
5000 5100 5200 0 5300 5400 5000 5100 5200 0 5300 5400
m(D K K") [MeV/c?] m(D K K") [MeV/c?]

» Branching fractions
B(BY - D1(2536)TK*) x B(D1(2536)" - D*(2007)°K~) = (2.494+0.11+ 0.12 + 0.25 + 0.06) x 1075

B(B°® - Dy4(2536)TK*) x B(D44(2536)~ - D*(2007)°K~) = (0.510 + 0.021 + 0.036 + 0.050) x 107>

« Decay of D4;(2536)” — D*(2007)°K~
v" Ratio of S-wave / D-wave = 1.11 + 0.15 + 0.06 = Fraction of S-wave: (55 +7 +3)%
v Agree with the result in isospin partner D, (2536)t - D**K%: (72 + 5+ 1)%

[Phys. Rev. D 77, 032001 (2008)]

2023/10/26 LHCb Implication Workshop
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.032001
https://link.springer.com/article/10.1007/JHEP10(2023)106

Observation of the B™ — J/Yn' K" decay

2023/10/26 LHCb Implication Workshop
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Observation of the B™ — J/Yn' K™ decay

JHEP 08, 174 (2023)

* Motivation

v’ Transitions of charmonium states to J /yn have been observed [pro 87, 051101 (2013)], but none to J /yn’

v Various theory modes predict the charmonium(-like) states decay into J /ym

/1 [PRD 57, 5653 (1998)]
[PRD 79, 077502 (2009)]

v' Belle reported the upper limit of B(B* - J/yn'K*) < 8.8 X 107°(90% CL) [prD 75, 017101 (2007)]

v Normalization channel: Bt - y(2S)K*

Using LHCDb data collected at center-of-mass energies of 7, 8, 13 TeV (9 fb™1)

1 v Signal shape:

Gaussian + Power-law tails

v" Background shape:

Second-order polynomial

—~400————— —— 80—
2 b 4+ Do LHCh | 2 70f + Data LHCH 7
2 [ EO s+ e+ S B N s RN Kt g
§ 300__ —_— gac;;;;](ftlbr?dK 91b 1 ] 20 60;_ —_— Eac;;;r‘]c{tlb:dK 91b :
w | Total b = ely | msop — Towl + n' =t
N i - F
“;03:‘200_— - E E
= 100[- ; E
=] [y}
< C O
o A i -
0 1 L I L N 1 ! C L L I L L
5.2 5.25 5.3 535 52 5.25 5.3 5,35
M K+ [GGV/CQ] Ty K+ [GGV/C }

B(B* - J/Yyn'K™)
B(B* - Pp(2S)K)

=(4.91+0.47+0.29 + 0.07) x 1072

= B(B* > J/Yn'K*) = (3.06 £ 0.29 + 0.18 + 0.04) x 107>

*only " — py process used in the subsequent studies.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.051101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.017101
https://link.springer.com/article/10.1007/JHEP08(2023)174
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.57.5653
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.077502

Observation of the B™ — J/Yn' K™ decay

JHEP 08, 174 (2023)

« Determination of the resonant structure of the B* — J/yn'K™ decay

v Background subtracted by sPlot technique

v

2023/10/26

PV constraint and Mass constraint of J /1, n’, and B* are applied

« Contribution from K;,(1430)*, K;(1430)" or K*(1680)+,

T ' ’I L B R T
v f(a) LHCb ] [ . (b)
'—1%6: D gfbfl ] “'% 6,
S o + Data 118 &
— —— Phase space 17— ¢
- E E
- 1 <5 3 + =
: < "t No significant 1/15 ;
: ]-= 2 N
| ]
F L ) ] :. L.\ . ‘ .:
?.4 1.57 1.74 1.91 2.08 225 9.9 4.1 4.3 4.5 4.7 4.9
myx+  [GeV/e? My [GeV/c?]
7 ey 225 ———— o
RS 65— (c) LHCDb 17y - (d) LHCD | s [~
== PF -1 4= - -1 ] Iz
% 0 fh = 2.08r O b 1 &
9. 5F 18 i 1 =
L4F « Agree with PHSP E L1 == 1l |z
= ,‘i :_ _: + * et B ] -;?
= E~3_ 1 1_74_ K*(1680) el WK
£ e e o | F
: 17 157k i - i P
1= 3 [ K*(1430)" =" 4 | £
0 o L S e S
5 38 4.1 5.4 4 4.2 4.4 4.6 4.28
myyk+  |GeV/cT] Mgy | GeV/c?]
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Quick look at other studies

« Observation of new Q2 states decaying to the £ K~ final state, PRL 131. 131902 (2023)

- Study of the B~ > At Az K~ decay, PRD 108. 012020 (2023)

2023/10/26 LHCb Implication Workshop
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.131902
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012020

« Observation of new Q2 states decaying to the £} K~ final state, PRL 131. 131902 (2023)

2.3065) = TH=EIPK™  memeen 023000 — =K —F— Data
. 2.(3090)° - ENE[ K mmmees Qr(3050)0 — Z}K == === Combinatorial background
2,3119) = ZH=E K memees 0203065 — =K~ Total fit
20185 - ZTK e 02030900 — =K~
Q03327 - KT e 2031190 — =K~
o 1Ol3 T T T T 14 _1(23 T T T T
2 2 m (MeV) ' (MeV)
s S —102,(3327)°
<o Coo + 0.(3185)° 1 ( -_— \l
E E : 3185.1+1.7'7440.2 50+ 771 | |
2 E - 0,(3327)° |
S S ¢ | —n,(3185)°
i i L o 3327.1+1.2701+0.2 20+5%}3 | . |
3000 3100 3200 3300 3400 3500 3000 3100 3200 3300 3400 3500
m(Z:K7) [MeV] m(Z:K") [MeV] l I
T — —
_ 31— —_— 1.8
 Study of the B~ - ATA; K~ decay, PRD 108. 012020 (2023) — =
o T T T o
2 140 i s
—*— @ala W 16
E 120 — total fit :; g1
= - excited =.° p - )
g 100 non-resonant Resonance m (MeV) I' (MeV) E 112 = m
S B - background £.(2923)° 2924.5+04+11 48+09%15 2 1+
:'U 80 = ! O 1.4
-é 60 ) £.(2939)° 2938.5+0.9+23 11.0+1.9+7.5 E: i ' .
S £.(2880)° (3.8¢) 2881.8+3.1+85 12.4+53+5.8 = - e
40 - o = - —0
£.(2790)° (3.70) - - -
20 M 25 "
270 ST . 12+ !
0 Baqaaspesuprzggifjee ,-l:'-...,.:\-(rt?“-'-,----,-"'.“':"T"-.---,'.*...,..‘ —
2800 2850 2900 2950
M(AIK™) [MeV]
1 1 1+1 2.3 _I A 0.0
» With more data sets in LHCb Run 3, good opportunities to search for .
Ae ¢ E¢ 9

more high excited charmed baryons!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.131902
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012020

Summary and prospect

* Recent interesting results presented

v" First measurement of BFs of Q2 - Q~K* and Q2 —» Z~r* decays, arXiv:2308.08512

v' Precise mass measurement of Q2, arXiv:2308.08512

v’ Confirm £,(6100)~ & first observation of £,(6087)° and £,(6095)°, PRL 131, 171901 (2023)

v First observation of B,y — Ds;(2536)TK*, JHEP 10, 106 (2023)

v" First observation of Bt — J/yn'K™*, JHEP 08, 174 (2023)

» Higher statistics in Run 3 boosts hadron spectroscopy studies at LHCb
v" Today’s discovery, tomorrow’s precision tool to test our knowledge of QCD

v" We are only one more conventional hadron away from completing the spectroscopy puzzle
1C | HL-LHC ERA

T
3fb? +6 fb? 23 fb? 50 fb? 300 fb?
2011-2012 2015-2018 2022-2025 2029-2032 2035-...
Run1 Run 2 Run 3 Run 4 Run5..
Current LHCb LHCb Upgrade 1 LHCb Upgrade 1 LHCb Upgrade 2
> -

Thanks for your attention~
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https://arxiv.org/abs/2308.08512
https://arxiv.org/abs/2308.08512
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.171901
https://link.springer.com/article/10.1007/JHEP10(2023)106
https://link.springer.com/article/10.1007/JHEP08(2023)174
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B(Q? - 2 t)/B(Q2 - Q)

arXiv:2308.08512

* Negligible non-factorizable contributions
« Relevant form factor is similar to Q2 - Q- m*

B(Q - Q7K*Y)  [Vyl?

= R
B(Q? > 0 xt)  [Vual? *

phsp = 0.0467 + 0.0003

This work
B(Q? > Q°K*)/B(Q2 - @ nt) = 0.0608 + 0.0051(stat) + 0.0040(syst)
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