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Conventional charmed baryons

e Charmed baryons are ideal laboratories for non- wl e
perturbative QCD P I
. . I it
» Together with thorough theory, provide lots of R Hardon size
knOWIedge for QCD 00.001 0.01 o GeV-10.1 1

QE:)O(SSC)

* Rich spectrum:
» Rich Ground states

» S/P/D-wave excitations, angular excitation

O ue)  =fude)  2%dde)
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Conventional charmed baryons

JP (nL) Exp. Mass (3]
Ae 1/2% (18) 2286.46 £ 0.14
2. 1/2t (19) 2467.947 037
e 172t (18) 2452.9 £ 0.4
2: 32t (1) 2517.5 £ 2.3
+ Charmed bary ideal lab jes f
darme aryons are ideal laboratories 1or non- = us oo 0
Qr  3/27 (18) 2765.9 + 2.0
A. 1/2- (1P) A.(2595) : 2592.25 + 0.28
b 4 CD 1=\c 3/2~ (1P) Ac(2625) : 2628.11 % 0.19
pertur atlve Q ;: ;ﬁ- EiJ}:; =.(2815) : 2816.747020
L Be Y27 (APW T ..
5. 127 (P
gc 2;2: ?i[fj T (2800) : 279214
L] c B
 Rich spectrum: B S
= 1/27 (P =.(2923) : 2923.04 + 0.35 [304]
=L 3/27 (1Pf  =.(2939) : 2938.55 + 0.30 [304]
= 3/2= (1P =.(2965) : 2964.88 + 0.33 [304]
. = 5/27 (1P -
» Rich Ground states T 74
Q 3/2= (1P 0(3050) : 3050.20 + 0.13
Qe 3/2° (1P 0.(3066) : 3065.46 + 0.28
o . o o Q. 5/2 (P §2:(3090) : 3090.0 + 0.5
» S/P/D-wave excitations, angular excitation v sl s
+ (28 - )
B /2t (a6 :
=/ + _
: : R S
» Together with thorough theory, provide lots of U i
Ae  3/2% (1D Ac(2860) : 2856.17 275
Ae  5/2F (1D Ao(2880) : 2881.63 + 0.24
E. 372t (D =.(3055) : 3055.9 + 0.4
knowledge for QCD Pl e
EZ 3/2% (1D -
e 3/2F7 (1D -
2. 5/2Y (1D -
2. 5/2t (1D -
Lots of states to be £ d :
e Lots of states to be found ~—— I B ,
= + -
2 ot O -
=A s5/2% (1D
. o vatam
« Quantum number, mass width to be measured o :
. + -
o %202\ [Rep. Prog. Phys,80 2017) 076201
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https://arxiv.org/pdf/2204.02649

LLHCb detector

LHCD is a dedicated flavor (specialize in charm and beauty) physics experiment at the LHC

> Single-arm forward spectrometer covering2 <n < 5

Charmed baryons:

» Prompt: Prompt production from pp collisions, large cross section, higher background

> B decay: Lower yield and lower background

[JINST 3 (2008) S08005]
[JMPA 30 (2015) 1530022]

M4 M3

SPDPS M3 — -250mrad
Magnet RICH2 np
T3

e e

Vertex Locator Tracking stations RICHs
op~20 um Etracking~96% € K - K ~95%
O'T~45 fs O-p/p~0'5% —1% (20 —200 GeV) mis-IDe T > K ~5%
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— 2025 (13.6 TeV): 2.22 fb ™' !
—2024{136TEV) 9.56 fb !
— 2023 (13.6 TeV): 0.37 fb”!
—20225136TeV) 0.82f"
— 2018 (13 TeV): 2.19 b
—2017$13T9V 171 1b"! Run 3
— 2016 (13 TeV): 167 "
2015 (13 TeV): 0.33 iy
—2012$8Tev )/ 2,08 fb
2011 (7 TeV) 1.1 fb-
2010 (7 TeV): 0.04 fb- LS2
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://arxiv.org/abs/1412.6352

Some of recent LHCDb results

e Z." states
> Prompt £.(2923)°, £.(2939)° and 5,(2965)° observed in AY K~ decays  [PhvsRevLett. 124 (2020) 222001]

> 5£.(2923)%, £.(2939)° confirmed in B~ - AF A, K~ [PhysRevD. 108 (2023) 012020]
> 5.(2923)* observed in prompt data, =,.(2645)°z* final state New! [2502.18987]
> First spin-parity determination of 5,.(3055)*(®) New! [PhysRevLett. 134 (2025) 081901]

e ()" states
*%0 . —_—t 1 — [PhysRevLett. 118 (2017) 182001],
» Seven new (2;*"states observed in prompt =7 K~ decays [PhysRevLett. 131 (2023) 131902]

» Confirming 02}*0 states in 2;, » £fK~n* channel and spin tests  [PhysRevD. 104. (2021) L091102]

> First observation of SCS decays -Q(c) - E7n, -Q(c) - 0"K" New! [Phys. Rev. Lett. 132 (2024) 081802]

* Doubly charmed baryons

[Sci.China-Phys.Mech.Astron. 64 (2021) 101062]
[Sci.China Phys.Mech.Astron. 63 (2020) 221062]
[JHEP12 (2021) 107]

> Observation of £ - 22ttt New!  [so4.0s063 [JHEP 05 (2022) 038]

» Search for doubly charmed baryons £}, and 0},
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012020
https://arxiv.org/pdf/2502.18987
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.081901
https://doi.org/10.1103/PhysRevLett.118.182001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.131902
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.081802
https://arxiv.org/abs/2504.05063
https://arxiv.org/abs/2105.06841
https://arxiv.org/abs/1909.12273
https://arxiv.org/abs/1909.12273
https://link.springer.com/article/10.1007/JHEP12(2021)107
http://arxiv.org/abs/2202.05648
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Prompt 5,(2923)°, £.(2939)° and Z.(2965)° observed in A} K~ decays

« With prompt £;*° decaying into A} K~
> New states 5,(2923)°, £.(2939)° observed
OReplace previous bump at 2930 MeV

MeV/c?
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w
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Eur. Phys. J. C (2018) 78:252
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[PhysRevLett. 124 (2020) 222001]



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222001
https://link.springer.com/article/10.1140/epjc/s10052-018-5720-5
https://link.springer.com/article/10.1140/epjc/s10052-018-6425-5

Prompt 5,(2923)°, £.(2939)° and Z.(2965)° observed in A} K~ decays

« With prompt £;*° decaying into A} K~
> New states 5,(2923)°, £.(2939)° observed

2000

&
OReplace previous bump at 2930 MeV = 1500
»New state £,(2965)° observed g 1000f-
= :
OIn the vicinity of previous state £,(2970)°, butonly g s
half of the width o AN
%o — igg-m i 1 200 300

m(ATK") - m(AD - m(K") [MeV]

1 1 :
N ‘o' E.(2965)°
2:(2923)° e )

2.(2939)°
[PhysRevLett. 124 (2020) 222001]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222001

Prompt 5,(2923)°, £.(2939)° and Z.(2965)° observed in A} K~ decays

Physics Letters B 665 (2008) 9-15

45 25 ¢

» With prompt Z¢*° decaying into ATK™ - v ®
> New states £.(2923)°, £.(2939)° observed ; " :
OReplace previous bump at 2930 MeV m o ° ’ |
> New state 5.(2965)° observed iPlabiah *W i »HH
OIn the vicinity of previous state £.(2970)%, but only =~ neesicve e e

half of the width 2000

=
2 1500
- Mass/MeV Width/MeV ;,:} 1000;
£.(2965)° 2964.88+ 026+ 0.14+0.14 141+ 0.9+ 1.3 T soof A
@) \/ \ i
£,(2970)° 2967.8%43 28.1%34 e et
0 100 200 300

m(ACK") - m(AQ) - m(K7) [MeV]
[PhysRevLett. 124 (2020) 222001]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222001
https://www.sciencedirect.com/science/article/pii/S0370269308006606?via%3Dihub

Prompt 5,(2923)°, £.(2939)° and Z.(2965)° observed in A} K~ decays

« With prompt £;*° decaying into A} K~

> New states 5,(2923)°, £.(2939)° observed - 00or
OReplace previous bump at 2930 MeV % 200 i
> New state =.(2965)Y observed ?§J 100of " | |
O1In the vicinity of previous state Z.(2970)°, but only % sook. Y N E
half of the width M . *‘x’ &' ;
>Hint of £.(2880)° with alternative model : mATK) - ;,,(:Ag) EQ_O,?:(K—) MeV]

OCan be also described by feed-down components

1 1 :
~ ‘o' E.(2965)°
£.(2923)° e )

Z.(2939)°
[PhysRevLett. 124 (2020) 222001]

—



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222001

£.(2923)°, £.(2939)° confirmed in B~ - AYA, K~

+In B~ - A*A, K~ decays S S NN B S
i — | ——data | LHCb 3
> Z£.(2923)%, £.(2939)° confirmed 5 :

— total fit I 5fh~!
> Evidence of 5,(2880)°, significance 3.8¢
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—



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012020

£.(2923)" observed in prompt data =.(2645)°* final state

(_» E¢ (o pK )" =8 ot New! [2502.18987]
- Exploring prompt Z:*decaying to HC(Z 645)6 + % 6 i i gz;jﬁ;;)tmg SIZ%Cb -
« New state 5,.(2923)* found ( £,(2923)° isospin partner ) %4 S Gmor ke
 Four states observed £.(2815)", £.(2923)*, £.(2970)", :é
£.(3080)* !

0 1 ] ] L 1 1 1 L 1 1
2620 2640 2660 2680

m(Er) —m(EH + m;?G [MeV]

e 5.(3080)" first time in this final state, with 5.40

* Precise measurement of masses & widths (than current §1045 ———— T ————
averages) § LHCb + Data =,(2815)*
- . . _ 54~ —— Total fit e E2.(2923)*
e Z.(2970)" observed, width twice as 5,(2965)° cwe Background 2.(2970)*
g ” e =,(3080)*
5 100 £ A N T
8 [ ii
10 ' |
l0 - 100 200 300 400 SOO

m(Ef %) — m(EF) — 2mPC [MeV]

—


https://arxiv.org/pdf/2502.18987

5.(2923)* observed in prompt data =.(2645)°z* final state

(" EX(»pK nm~

\
« Exploring prompt Z:*decaying to iE'C (2 645)3’71+

« New state 5,(2923)* found ( 5,(2923)° isospin partner )

« Four states observed £,.(2815)%, &.
£.(3080)*

e £.(3080)" first time in this final state, with 5.40

*  Precise measurement of masses & widths (than current

averages)

e £.(2970)* observed, width twice as =.(2965)°

=

(2923)*, £.(2970)",

= = 3

— 3

— 3

New! [2502.18987]

[Z.(2815) "] = 4072 4 77,

[£.(2815)"] = 2816.65 & 0.03 £ 0.03 £+ 0.23 MeV,
[£.(2815)"] = 2.07 4 0.08 £ 0.12 MeV,
[£.(2923)F] = 738 + 76,

[£.(2923)"] = 2922.8 + 0.3 £ 0.5 + 0.2 MeV,
[£.(2923)"] = 5.3+ 0.9+ 1.4 MeV,
[£.(2970)"] = 6105 + 255,

[Z.(2970)"] = 2968.6 + 0.5 4 0.5 £+ 0.2 MeV,
[Z.(2970)7] = 31.7 £ 1.7 + 1.9 MeV,
[£.(3080) "] = 344 + 77,

[Z.(3080) ] = 3076.8 + 0.7 + 1.3 + 0.2 MeV,
[Z.(3080)"] = 6.8 £2.3 = 0.9 MeV,

I Mass/MeV Width/MeV

£.(2965)°
£.(2970)°

2025/6/30

2964.88 + 0.26 + 0.14 + 0.14
2967.8792

141+ 09+1.3

28.113¢


https://arxiv.org/pdf/2502.18987

First spin-parity determination of Z.(3055)*(%)

L 1s0F E
> l6of 54 —+ Data E
~*¥*+(0) . ~0(— = E
£+ i :,b( ) 5 D+ A+ process = 140 — Towlft
~ 120 =
g T b E.(3055) E
. . - g 100 - N E
e 5.(3055)" and 5,(3055)" observed first time in =, decays 5 sof - E3080)"
;g 60 -~ Nonresonant =
. — . g S 40F E
« Evidence of Z,.(3080)*(), significance 4.4(3.6)c S b E
5 O e
> Mass width =,(3080)7(® /z.(3055)*(® relative branching fraction B 3000 3050 3100 3150
measured = my, [MeV/c?]
& 60F" Lhcy S
Quantity =,.(3055)" =.(3055)° E s0f 541 ~} Data 3
m [MV/] 3054.52+ 0.36 £0.17  3061.00 = 0.80 £ 0.23 o wf I
I [MeV/c?] 8.01+ 0.76 =+ 0.34 1244 2.0 £1.1 g 0 = = (3080)
Ry 0.045+0.023 £0.006  0.14+ 0.06 + 0.04 T S N R Nonresonant -
S 10F E
g 3000 3050 3100 3150

my,  [MeV/c?]
New! [PhysRevLett. 134 (2025) 081901]

m———



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.081901

First spin-parity determination of Z.(3055)*(%

—+(0)
(_’ =c New! [PhysRevLett. 134 (2025) 081901]
o 570 in 52 5 p+O An+ process
e £.(3055)* and Z,.(3055)° observed first time in =, decays
C C b y

« Evidence of Z,.(3080)*(), significance 4.4(3.6)c

> Mass width =,(3080)*(® /=.(3055)"(® relative branching fraction measured

 Full chain amplitude analysis done for spin-parity

> 5,(3055)*(® as (3/2% with 6.5(3.5)0 ) D wave 1 mode excitation of 35

LHCb p

3
>
2
1

LHCb

L os0f ] 3 & Mg 1 21997 e T .. [ LHCGH E
Z leof SAfb “} Data 3 T p sew? 1 = [ sam! It 1208 54 ]
= 140F _ 4 8 ¢ i 8 8 1 S 100f ]
W e Tﬁtﬁl ﬁt a *{E lw — 3 [ . | R — -

cwf T AN I B 3 g Ll _ S -

= ooE 5.(3055) ERR-EN = g 60 | S

Y T I R zosy 1§ | § | | ________ 4

T’% 60 - Nonresonant —-E E E 40 B T -] 'g

= 1 = = L

§ 40f 13 B 0t =

= 0F t i = w ) : 5 20 [T T s s s ] D i o

_ﬁ () freetatr s e e et = - o 1 = r h - o

bﬂu E_1 1 1 1 3 0 e i o e e g s s g mananmsss T 0 [ SR | R M- i T e et et ‘D 0 ot = I L 1

w 3000 3050 3100 3150 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 g -2 0 2

= m,,. , [MeV/c?] cosf . cosfs ¢, [rad]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.081901
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Seven new 2:*states observed in prompt = K~ decays

[PhysRevLett. 118 (2017) 182001],
[PhysRevLett. 131 (2023) 131902]

« 2:%rom prompt pp - EX (pK~nt)K~X processes,

where 27 - EFK~ T
400 .
* 5 new states (in 2017) 2.(3000)", 2.(3050)°,

2.(3065)°,2.(3090)°, 2.(3119)° firstly observed
(With LHCb 3.3 fb-1 Run 1 + (partly) 2 dataset)

(2
o
o

T T

200}

Candidates / (1 MeV)

k.
(=]
=)

3000 3100 3200 3300
m(Z.K ) [MeV]

—


https://doi.org/10.1103/PhysRevLett.118.182001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.131902

Seven new 2:*states observed in prompt = K~ decays

[PhysRevLett. 118 (2017) 182001],
[PhysRevLett. 131 (2023) 131902]

« 2:%rom prompt pp - EX (pK~nt)K~X processes,
where 2} - EXK~

. 3
* 5 new states (in 2017) 2.(3000)°, 2.(3050)°, L 0065 = B
. i LHCb 1 mm 2.3090) - 5}( 3} K~
0.(3065)%, 02.(3090)°, 2.(3119)° firstly observed o< 26119 — FHSE -
_ [ B 23185 — =ik
(With LHCb 3.3 fb-1 Run 1 + (partly) 2 dataset) > - 9(53337;“ - EK
A !
= 8
2 new states 2.(3185)° (120), 2,(3327)" (100) 5 |
< orF |\ q 0 R
later observed (with updated 9fb-% Run 1+2 dataset) g W 2k R o030 o ik
£ e 7/ T, (— Q3065 — EK
------ 02,3090 — =K
Resonance m (MeV) I' MeV) @) ) 1 N R 03119 — K
Q.(3000)" 3000.44 +0.07107 £0.23  3.83+0.23%57 R s e s s
©.(3050)" 3050.18 +0.0470% +£0.23  0.67 +0.1710% 0 3000 3100 3200 3300 3400 3500

< 1.8 MeV, 95% CL —t g
©.(3065)° 3065.63 +0.06:0% £023 379 & 020703 m(Z.K") [MeV]
©.(3090) 3090.16 +0.1170% +0.23  8.48 4+ 0.447)

Q.(3119)% 311898 £ 0.1270% +0.23  0.60 £ 0.631050

< 2.5 MeV, 95% CL
Q.(3185)° 318514 1.74]4 £ 02 50 £ 740
Q.(3327)°  3327.1 + 12701 +0.2 20 +£51°
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https://doi.org/10.1103/PhysRevLett.118.182001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.131902

Confirming 2;*° states in 2, - £XK~n* channel and spin tests

« 070 from 2, - Q70— EFK )t

* Four states observed
>_(2C(3000)0, QC(SOSO)O, .QC(3065)0, .QC(3O9O)O
> Absence of 2.(3120)°

 Angular analysis for spin:
> Reject J=1/2 for 2,(3050)°, 2,.(3065)° with 2.20 and
3.60
» Theory proposed spin order J=1/2, 3/2, 3/2, 3/2
rejected 3.50

2025/6/30

Candidates / (2.5 MeV)
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LéHfg_'f{ — Total fit -
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Confirming 2;*° states in 2, - £XK~n* channel and spin tests

« 070 from 2, - Q70— EFK )t

—
L]

2,(3000) - 5| £2:(3050) s
ik ];HCﬁl: j 15;‘ u;(?ll} ; 1;2>
» Four states observed 2, R ‘{_ |
> 0,(3000)°, 2.(3050)°, 2,(3065)°, £2.(3090)° 2 | 4_ +
> Absence of 2,(3120)" 2 \I“ = "L%.J';L’H ’H—‘# "l" 4»
. . E1 0 -0.5 009 0.5 1.0 21.0 -0.5 c[())?g 0.5 1.0
 Angular analysis for spin: — ) :
| 2:(3065) L D 2.(3090) Lt
> Reject J=1/2 for 2,(3050)°, 2,.(3065)° with 2.20 and., | it S | s
:; 15} Background o 10f Background
3.60 JF + + % '
= % v ”E st |\ | '
» Theory proposed spin order J=1/2, 3/2, 3/2, 3/2 S s ;\_Hﬁ ‘}‘}’% S 4‘?}1}’4‘%&/%
rejeCted 3050- —01.0 -0.5 O;l_‘ 0.5 1.0 9l.l‘.] -0.5 0.0 0.5 _1_\ 1.0
cost cosf
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First observation of SCS decays 22 - Z~n ™, 2

« First observation of the Cabibbo-suppressed decays 22 - = 7%, 22 - 0"K*

B(Q2-z"nt) B(QY - QK+

) _
B(20on-nt) 0.1581 £+ 0.0087(stat.) + 0.0041(syst.) £ 0.0016(ext.) B(ggﬂg_f; =
)

B(22-n"K*
) = 0.0608 £ 0.0051(stat.) £ 0.0039(syst.)

* 2 mass measured with better precision Previous: 2695 + 1.7 MeV
> m(0Y) = 2695.28 + 0.07(stat.) + 0.27(syst.) + 0.30(ext.)[MeV]

SOF 1.+ .~ 1 T ° ] MOF T+ 1 1 SO0F T T — T T [ T *r T 7T
- +Data LHCb . i ] - LHCb
; i —TDfd] flt 54 fh‘_l S : ;‘\ | 54 ﬂj_]
Qo[ - Signal 4 2 300 2 600 f -
= Background = - = i i
2 40 $ 200 B 2 a0} - ]
o 3 o3 - : 4
2 =2 2
= = L J = L v ) 4
g 20 S 100fF 4 £ 200} \ -
o ] i 1 © - : ' .
D i 1 1 I L i J--'.-I' L L 1 ‘-I.'--l 1 1 I I 1 | U [ I Lo ---i--'l“"l 1 L 1 1 L ;“'1----'- Ll I ] (‘J " | —_— .|.--|-"]‘ i 1 L | 1 .‘;-"-l-- *1 L L
2660 2680 2700 2720 2740 2660 2680 2700 2720 2740 2660 2680 2700 2720 2740
M(QK*) [MeV] M(Z 7%) [MeV] M(Q 1) [MeV]

—


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.081802

Doubly charmed baryons




Doubly charmed baryons

[Phys.Rev.Lett. 119 (2017) 11, 112001]

« 21 has been observed in three modes previously

. +
Eoet > AfK"n et 3621.40 + 0.72(stat.) & 0.27(syst.) + 0.14(A}) MeV/c?

180 v ia o ~
c LHCb 13 TeV .
160 |- AFK mtat =
RS - ]
S 140F i r[[?‘“a 3
O i otal i
E 120 = - Signal =
E 100 - --- Background + ]
2 C [ ]

o - .
= - q---7" ]
s wf bt LR O
=3 - . +‘H’ P .
O 40 + P —
20 I -
i | L i L 1 . "; L --'l- s i i | L S

3500 3600 3700
m_, (=) (MeV/c?)
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https://inspirehep.net/literature/1608879
https://inspirehep.net/literature/1608879
https://inspirehep.net/literature/1608879
https://inspirehep.net/literature/1608879
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Doubly charmed baryons

— . . [Phys.Rev.Lett. 121 (2018) 16, 162002]
« ZX* has been observed in three modes previously
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« ZX* has been observed in three modes previously LLTHEPUS (2022) 038]
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[Phys.Rev.Lett. 119 (2017) 11, 112001]

[Phys.Rev.Lett. 121 (2018) 5, 052002]

[Phys.Rev.Lett. 121 (2018) 16, 162002]
« ZX* has been observed in three modes previously LJHEP 05 (2022) 038]

« A new LHCD analysis has observed Xt - Z%ztnt  New! [2504.05063]
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