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Charmed baryon spectroscopy

Charmed baryons

* Before 2014, the charmed baryons have been produced
and studied at many experiments, notably fixed-target
experiments (such as FOCUS and SELEX) and e*e” B-
factories (ARGUS, CLEO, BABAR, and BELLE).

 Large uncertainties in experiment=>Retarder
development in theory.

» Afterwards, more extensive measurements on charmed
baryons are performed at BESIII, BELLE and LHCb.
e The absolute BF measurements at BESIII and BELLE.
 The observation of the DCS mode AF — pK*n~ at BELLE.
 The observation of the doubly charmed baryon Ef3 at LHCb.

Charmed baryon mass (GeV)

* These experimental progresses have evoked the
activities in the theoretical efforts
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A7 : The lightest charmed baryon spectroscopy

* Most of the charmed baryons will eventually decay to A{.

« The A{ is one of important tagging hadrons in c-quark counting in the productions at high energy experiment.

« Also important input to Ay, (including E7;") physics as A, decay preferentially to A, .
==>[mportant input to B physics and V, calculations.

« A} may provide more powerful test on internal dynamics than D/Ds does!

* Naive quark model é)icture: a heavy quark (c) with an unexcited spin-zero diquark (u-d). Diquark correlation is
enhanced by weak Color Magnetic Interaction with a heavy quark (HQET).
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A7 weak decays

* Contrary to charmed meson, W-exchange contribution is important. (No color suppression and helicity suppression)
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color-favored tree color-suppressed tree color-commensurate
factorizable fac + nonfac non-factorizable

: W
4
(E) (B) (P)
W-exchange Bow tie penguin
non-factorizable non-factorizable neglected

* Phenomenology aims to explain data and predict important observables.
* Calculate what they can (HQET, factorization) + parametrize what they cannot + some non-factorization processes
extracted from data => explain and predict.
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BESIII data taking at A7 pair threshold

Phys. Rev. Lett. 131191901 (2023)

ete” > AZA]
4 BESIII 2023
<-BESIII 2018

« Measurement using the threshold pair-productions via e*e~
annihilations 1s unique: the most simple and straightforward.

« In 2014, BESIII took data above A{ pair threshold and run
machine at 4.6 GeV with excellent performance! ~106x 103
AY A pairs make sensitivity to 1073, 200

400
~Belle

. i ‘H’M‘:;

o (pb)

* First time to systematically study Af at threshold.
* From December 2019 to June 2021, the BESIII experiment

o

:P

. _ Vs (GeV
collected approximately 5.85 fb~! of data at center-of-mass T - Ce )
energies between 4.61 and 4.95 GeV. gt Energs_f thresholds
G 1400 AYZ; 4.74 GeV
« Will allow to improve the precision of A{ decay rates to a level £ ol v NS 4.88 GeV
comparable to the charmed mesons. 3 k- v 2% 491 GeV
* Provide an opportunity to study many unexplored physics wof-
observables related to A decays. e 4. e : .
* Boost our understanding of the non-perturbative effects in the ::Z: = .
charmed baryon sector. Eoe
4.6 4.65 47 4.75 4.8 Ec:::g(ee \;)9 495

CPC 46, 113003 (2022)
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Production near threshold and tag technique

« AfA; produced in pairs with no additional accompany « Single Tag (ST)
hadrons (4.6~4.7 GeV). AE = Ep+ — Epeam
» Clean backgrounds and well constrained kinematics. .
Mpc = \/Elgeam - |ﬁAZ|

Example:

* Double Tags (DT)

Unmiss = Emiss — |ﬁmiss|

— 2 -
Mpiss = \/Emiss — |pmiss|2

« Branching Fraction (B)
Ngy,
Bs1 = Ntad x ¢
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Recent results on the charmed baryon physics at BESIII

> At semi-leptonic decays
® At - netv, Nat Commun 16, 681 (2025) Machine learning technique

» A{ hadronic decays

® Af - FOKT Phys.Rev.Lett. 132, 031801 (2024) Decay Asymmetry in the Pure W-Boson-Exchange
decay

® A - Antn Phys.Rev.Lett. 134, 021901 (2025) Partial wave analysis

® /! - pKPs,pK st~ , pKsn® JHEP 09,007(2024) Measurements of K¢ — K}’ asymmetries

® A 5 pr®,pn Phys.Rev.D 109, LO91101 (2024)

® Af - AKQKT, EOKIn™, SOKIK™ Phys. Rev. D 112, 032006(2025)

® A > XOK*tr0 XOK mtn™ 2502.11047 (CPC accepted)

® ANf - Xt ity 2505.18004 (JHEP accepted)

® /A > nKdntn® Phys.Rev.D 109, 053005 (2024)

® AN > AKtn’, AKtntn™ Phys.Rev.D 109, 032003 (2024)

® A} - EOK Y nK*n, XK +tn® AKn® Phys.Rev.D 109, 052001 (2024)

® /At > nKdnt, nK2K* Phys.Rev.D 109, 072010 (2024)

® Af > AKQK*, AKQnt, AK**  Phys.Rev.D 111, 012014 (2025)

® At 5 s Kt Phys.Rev.D 109, L0O71103 (2024)
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Recent results on the charmed baryon physics at BESIII

» At inclusive decay
® Af - KX JHEP06,194(2025)

»>A(2625)T A.(2595)7 decay
® A.(2595)% - Afn%n%, A.(2625)F —» Atn®n® JHEP 08,065 (2025)
® A.(2595)" - Afntrn,A.(2625)% = Atntn™ Phys.Rev.D 109, 112007 (2024)

» Cross section_ B
® ete” - AYA(2595)7,AfA.(2625) Phys. Rev. D 109, L071104(2024)
® cte” 5T 3, ATEC 2508.16871 (PRD Submitted)

» Transverse polarization
® The Production and Decay Dynamics of the Charmed Baryon A} in e*e™ Annihilations near Threshold

2508.11400 (PRX Submitted)
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Study of A7 — ne™v, decays

4.5 (b @E., = 4.600 — 4.700 GeV  Nat Commun 16, 681 (2025)

Important input for the implementing and calibrating the LQCD calculation. ot
Semi-leptonic decay of charm baryon AT — Ae™v, has been observed by BESIII.

Ve
B(Af - Aetv,) = 3.56 + 0.11 + 0.07 Phys. Rev. Lett. 129, 231803 (2022). Wt
> > d
B(AT - Xe*v,) = 4.06 + 0.10 + 0.09 Phys. Rev. D 107, 052005 (2023) . ’
U > ur M
The CS transition ¢ —» d#*v never been observed in A} decay. ¢ ] N ]
Challenges: Two missing particles; High background from A} — Ae*v,
35);1{1“3 — O o1 02 03 04 05 06
E 3[} LacD —o—
E 25 ) NRQM .
% 202— RQM —e—
?’ 15;‘ e cam *
i 10F Raw QCDSR -
= ---- QCDSR
5 5:_ === SU(3) Su(3) e
86 02 04 06 08 10 12 14 16 18 L

?(GeV?)
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Study of A7 — ne™v, decays

4'51~m __1|@Et,1n 41 600 — 4'7100 GeV 140 S)
120 - (a) ; i":ta ) — 120 (b) ; EE-“: o .
a3 100 F [ A;‘ — Ae'v, ] 3 100 B }-\; — Aev, E
% 80 _ Bl Other A} decays g % 80 B Other A] decays 1
% mf Eé: 60
e 40 | z 40
20 20
0 0
3 ] _ 3F 3
. E (3] .*.{.F}.;}.*.;.}i***ﬂ.ﬂ.i.ﬂ{}.u}..‘.&i{..}\}lﬂ.}.ﬁ.i.h.},,.“.431.]'.*{: E ;) 1.*?{\{.;4.*..}ﬁh*;hh;;;h}h{"%*”‘H*Hr{:iﬂ.*ﬁﬁ
A novel Gra ph Neui ra[ Network based technique 0 01 02 03 04 05 06 07 05 09 I COT 7 03 04 05 06 07 0% 09 1
0.3 0 2 01 0 102 0 3G 4 05 06 GNN output for n/A classification GNN output for #/A classification
NRQM Phy Rev. D4(](]989)2955 [ ] . . . . .
ROM Py Rev D369 348 . This article presents the first observation of the Cabibbo- suppressed decay Af - ne*v,.
](-:Igll\? th::R::iD‘)OEZDM))lMOB} [ ] ) B(Ag ﬁ ne+ve) = (3-57 i 0134 i 0-14) X 10_3
ROQM Eur. Phys. 1. C 76 (2016) 628 [
o, T |Veal = 0.208 £ 0.011 £ 0.007 + 0.001
SU3 JHEP 11 (2017) 147 —e—i
LF((QI\)/I Chin,Ph;s,C:z(ZO]S]O%IOI . B(A-CI- - A€+Ve) == 3.56 i 0-11 -I__ 0-07
SU(3) Phys. Lett. B 792 (2019) 214 ——
et e B(AY - XeTv,) = 4.06 £ 0.10 £ 0.09
SU(3) Phys. Lett. B 823 (2021) 136765 ——— . ] . . .
HBM s Rev D107 0025 05508 —— This work highlights a new approach to further understand fundamental interactions
QCDSR  Phys. Rev. D 108 (2023) 074017 ——
0D P Fer DT G 5 in the charmed baryon sector, and showcases the power of modern machine learning
BESIII exp. ——

s, techniques in experimental high-energy physics.

B(A! — ne*v, (%)
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Improved measurement of inclusive decay Af - K9X

4.5 b~ @E,, = 4.600 — 4.700 GeV JHEP06,194(2025)

The Cabibbo-favored (CF) decays are the dominant decay modes of A¥. According to the statistical isospin model,
the sum of the BFs of both observed and predicted CF decays of Al is (83.2 + 4.9)% , mainly involving
A2, = and K9 in the final state.

Mode Value Mode Value
Observed BF Predicted BF 1000 Signal PDF
K’ (3.18 £ 0.14)% nK ntn®  (3.07+0.16)% * e R o Lok ++
pK 10 (3.92 £ 0.20)% pK’rOr®  (1.36 £ 0.0M)% i;‘i $ hadron2 BKG PDF T; i M
pK ntn (318+022)%  nK wtrtr—  (0.14+0.09)% < B unmahEor < | ;
nK mt (3.64+£0500%  pK atm—n0 (0.22+0.14)% * so0k |+ < iR
pKy (0.88+0.06)%  aK'rn%® (0.10 % 0.06)% S | i S se0l N
AR'K+ (056 +0.11)%  pK n%70°  (0.03 +0.02)% 5 JInl% § Al
S, ¢ — KIKY (0.13 £ 0.02)% (EK)PEY (0.68+0.30)% 2 i e bty || e z I VARR:
STE* K0 5 KOr0  (116+033) x 103 ZOKOrt  (0.62+0.06)% e e ) T T, parretot et
PK°K? (9.40+0.72) x 10°* 056 228 23 2m 23 008 o5 o0s2
»tKO (9.40 + 2.80) x 104 My (GeV/ch) M) (GerCz)

P, — KIKY (3.59 +0.47) x 10~*
Sum (15.8+0.6)%
Total (22.0+0.71%

(6.2 4+ 0.4)%

B(AE - K2X) =(10.9+ 0.2+ 0.1)%

B(Af - K°/K%X) = (21.84+ 0.4+ 0.2)%

This result indicates that there are still undiscovered decay channels containing KSQ in the final state with a combined BF
of (3.0 £ 0.4)%.
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Measurements of K¢ — K, asymmetries

. R A C =l _
%4005_ - :s:":l“‘ 5.-;;400 . ﬂ fdil: @E.m = 4.600 — 4.700 GeV  JHEP 09 ,007(2024)
s TR Zae T [f e BOA > pKD) = (167 £0.06 £ 0.04)%
%m gmg_ B(AY - pKPntn™) = (1.69 + 0.10 + 0.05)%
2 L B(AY - pKPn®) = (2.02 £ 0.13 + 0,05)%
100 100 present the first measurements of K — K asymmetries
(b:l 0203 L0:4J . ‘b:{ — 042 0;3*‘ . ‘0i4L . R(A;"’Kg,LX) _ B(A;" - Kg«X) _ B(Ag“ — K‘EX)!
At - pK? M2, (GeV¥/ct) At - pKPmtn™ MR (GeVYeh) ’ B(AY — K2X) + B(Af — KYX)
;\200 o " Mode B(AF — K?X) (%) | B(AF — K3X) (%) [22] | R(AS, K gX)
E - indot = 061 e B OO A} = pK} g 1.67 £ 0.06 £ 0.04 1.59 +0.07 —0.02540.031
g0 R combiestorisl big A = pK) gntm~ | 1.6940.10+0.05 1.60+0.11 —0.027 +0.048
glﬂﬂ : Af = pKj} g 2.02+0.13+0.05 1.96 +0.12 —0.015 4 0.046
=

50 F

Taking into account the uncertainties, no obvious asymmetry is observed in any of the

three decays. The asymmetry is compatible with the prediction of (-0.010, 0.087) based
on SU(3) flavor symmetry

Y Sl PRIV - i a
0.1 0.2 0.3 0.
2 2
A-(i:- N pKL(,)T[O M, (GeV7/c?)
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Partial wave analysis of A - Anr™n

25)

6.1 b 1@E,, = 4.600 — 4.843 GeV

—+- sWeighted data
— Total fit
— Aay(980)*

ANR (7*n)
— 2(1385)'n
— A(1670)*

...................

Phys.Rev.Lett. 134, 021901 (20
200F ‘
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1-2 orders of magnitude.

B(Af - Aap(980)™) = (1.23 + 0.21)% which differs
significantly from the theoretical predictions evaluated in by

B(A} —» Antn) = (1.94 + 0.07 + 0.01)%

Process FF (%) S a
Aap(980)* 540+84+26 1316  —0.917018 1+0.08
>(1385)*y 304+£26+07 22506 —0.61+0.15+0.04
A(1670)zt 141+£28+12 11.76 0.21+£0.27 £0.33
ANR,+ 154 +523 6.7¢ -

The process At — Aay(980)* is observed for the first time, and evidence for the pentaquark candidate X(1380)*
decaying into AT is found with statistical significance larger than 3o with mass and width fixed to theoretical

predictions.
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Cross section measurement of e e~ — ZCZC v ATED

* Spin-1/2 baryons pairs (BB) at threshold production
 observe baryon’s internal structures indirectly.
* probe the understanding of strong interaction.

* The cross section of ete™ —» AfAg at threshold:
* Belle - peak
* BESIII - plateau

400 °

200 — %:

o (pb)

—191901 (2023)

- BESIII 2023
<-BESIII 2018
+Belle
» Threshold

2 ....%%%+%%% %%%++$

6

Vs (GeV)

We measure the production of eTe™ —» Z ZC\ A+Z at threshold based on BESIII data collected.

400 31 00 r T T
i — %’tﬁjgl\]p\io(ré((ng) & B I (a) ¢ Data
i —.— R BaB
~ N .
=9 k —#— BaBar m | - =
g DM2. e} Fo — pQCD fit c)
|§ b — - Fit w1tg Eq. (10) 60 | ol
- —— Fit with Eq. (11) - 18
7 ook Threshold C g
‘o : 40 | - 3
+ : C 2
L 100f i S
5 20 \.\ _
0 I 1 1 1 0 C L 1 L ' ' 1 s .\.;'.-.i— ]
2f+ H ; 24 2.6 2.8 3.0
b 1 ¥ L3 N v \@ (GBV)
x OF=1 'I‘-- b v :
2 g— : :
24 2.6 2.8 3 32
M, (GeVic?)

arXiv : 2303 07629

100

50

(a)

ete™ =5 AT +ec.
—s— This work
—=— BaBAR

AZ? threshold
—— Fit with pQCD

Fit with strong-interaction

Ecys (MeV)

BOSS Version Integral Luminosity (pb)

4750.05 £0.12 £ 0.29
4780.54 +0.12 £ 0.30
4843.07 +0.30 + 0.32

7.0.7

366.55 £ 0.10 £ 1.95
51147 +£0.12£2.72
52516 £ 0.12 £2.79

4918.02 £ 0.34 £ 0.34
4950.93 + 0.36 + 0.38

207.82 £ 0.08 = 1.10
159.28 £ 0.07 = 0.85

1
2.5

Vs (GeV)

Phys. Lett. B 831, 137187 (2022) Phys. Rev. D 109, 012002 (2024)
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Cross section measurement of ete™ - X 2.\ ALXZ

&
,_9_ -+ Data
> — Fit result Is = 4.918 GeV
g 23, (U.L.x 25)
O 100} AA:(259) (Acm'w)
o — AR, (2595) (i)
- — AZA;(2625) (Ajn') J[
a — AZR.(2625) (Aln%)
GCJ — AZ
> 50 Hadronic Bkg
H AR,
l T
2.54 2.56 2.58 2.6 2.62
RM(A7) + M(AJ) - m(A]) (GeV/c?)
&>
Q
S Is = 4.951 GeV
Q
5 100
o
~
i)
% 50
>
L

RM(A?) + M()\g) - m(A}) (GeV/c?d)

2508.16871 (PRD Submitted)
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The Born cross section of ete™ — X E,(24Zc, 2222 and {20 7).
AfX7 have been measurement, no significant signals are observed.

TABLE IV. Summary of the upper limits on Born cross sections of ete” = AFX, at 90% C.L.. The results of ogorm(e’e™ —
AF A7) are input from Ref. [20], where the first uncertainty represents statistical uncertainty and the second one represents
systematic uncertainty.

Vs 4.750 GeV 4.781 GeV 4.843 GeV 4.918 GeV 4.951 GeV
R(o) (%) <11 <06 <15 <34 <16

oBorn (€7 €™ — AZAZ) (pb) 1344+ 3+4 127+24+4 83+243 96 +3+4 88+4+3
oBorn(ete™ — ATE.) (pb) < 1.52 <0.76 < 1.26 < 3.26 < 1.38

TABLE III. Summary of fve, fisr and oBorn (ete™ — .X.), based on different assumptions of line shapes: 1. baseline model
adopting e"e”™ — AJA. measurements from Ref. [20]; 2. threshold-enhanced hypothesis (Hypothesis 1); 3. non-enhanced
scenario (Hypothesis 2). All upper limits are set at the 90% C.L., and do not include the systematic uncertainties.

N f baseline Hypothesis 1 Hypothesis 2
fve 1.06 1.06 1.06
4.918 GeV fisr 0.96 0.68 0.58
OBorn < 0.55 pb < 0.61 pb < 0.83 pb
fvp 1.06 1.06 1.06
4.951 GeV fisr 0.96 0.81 0.79
OBorn < 0.34 pb < 0.39 pb < 0.49 pb




Observation of the transverse polarization of A{

The study of the charmed baryons is crucial for investigating the strong and weak interactions in the Standard Model and for
gaining insights into the internal structure of baryons.

We present the first observation of the transverse polarization of Af in the reactionete™ = ATAL.

Eares —+ Data@4600 Mev 2508.11400 (PRX Submitted) 6.4fb ' @E,;, = 4.600 — 4.951 GeV
2000[ - Fit

B Signal ar
1000 Background

dcosfp dcosf dcostla de doa

o 1+ apcos? By

+ /1 — afay,,— sinf cos By sin AP sin 01 sin ¢; cos Oz

+4/1— agarpw_ sin By cos #p sin AP cos f1 sin ¢ sin H2
X y/1—ak | cos(Apr+ + ¢2)

CM frame A} rest frame

+ 4/1 — afa,, - sin B cos bo sin A® cos ¢1 sin Oz

x /1= a2, sin(Apgt + 62)

+ 4/1 — o+ sinby cos Op sin AP sin 61 sin ¢

2
+ Qo p -+ COS™ o cOS B2

Mis-reconstructed

?.25 226 227 228 229 23
[ A{— pK§
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£

100]
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?.25 226 227 228 229 23 25 226 227 228 229 23
150
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100 |

sof

A A TT Tk A A 4

D e TR 229 33 325 226 221 238 229 -
M (GeV/c?) A} rest frame A rest frame
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Observation of the transverse polarization of A{

2508.11400 (PRX Submitted)
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Observation of the transverse polarization of A{

Pred, and Exp. Decay asymmetry parameters

2508.11400 (PRX Submitted)

Komer (1992), CCQM [}
Xu(1992), Pole [
Cheng, Tseng(1992), Pole ®
Cheng, Tseng(1993), Pole )
Zencaykowski (1994), Pole L4
Zencaykowski (1994), Pole L]
Alakabha Datta(1995), CA [ ]
Ivanov(1998), CCQM o]
Sharma(1999), CA [}
Geng(2019), SU(3) lo—
Zou(2020), CA °
Zhong(2022), SU(3)* —a—
Zhong(2022), SU(3)” —o—
Liu(2023), Pole s
Liu(2023), LP 'Y
Geng(2023), SU(3) 0
Zhong(2024), TDA —o—|
e
L]
L]
f—e—

. . * The value of a,k, is now consistent with most
. o theoretical calculations.

: : * The aso+ and as+,0 support the prediction under
° ° SU(3) flavor symmetry.
* ay+g0 ismore than 20 different than the
measurements from Belle.

Zhong(2024), IRA
Zhong(2024), TDA
Zhong(2024), IRA
CLEO(1990)
ARGUS(1992)
CLEO(1995)
FOCUS(2006)
BESIII(2019) o
Belle(2022) ] [ ]

*
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LE E X B B K F & 3
L B B & ¥

* The result contributing to our understanding of its
production properties.

——

Belle(2022)
LHCb(2024) 8]
PDG Fit ¢
This work e

e
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Coming soon stay tunned

Af semi-leptonic decays

AE —» pr~etv,

At - SEgtety,

A? hadronic decays

Absolute measurements of hadronic branching fractions of A} baryon
At 5 pK*K— (PWA)

A - pK—nt (PWA)

At - pKn®  (PWA)

Af - nKgnt  (PWA)

AL - pntn~ (PWA)

AL - Xt (PWA)

AL - I ntnt (PWA)

Af - nn*tn  (Deep Learning)

AL - pn’ (Deep Learning)

At - pntn—n®(Deep Learning)

At - XOKomtand At - 2YKqK twith ST method
Af > 20ntn nt, ¥t nntnl , AntnOn®

A? inclusive decay

AL > AX

Yingchao Xu (YTU) HFCPV2025
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Summary

« Recent results on AL SL and hadronic decays at BESIII are reported.

* These measurements provide important inputs for understanding the decay property of
charmed baryons.

« BESIII collected approximately 6.4 fb~! threshold data. More results of A} will be reported in
the future.

* An upgrade of BEPCII (BEPCII-U) has been approved in July 2021:
The optimized energy 1s 2.35 GeV with luminosity 3 times higher than current BEPCII and
extend the maximum center-of-mass energy to 5.6 GeV.

Energy thresholds
v OALEZ 4.74 GeV
v AE.m 4.88 GeV
° I C _C
Thanks for your attention! v 3.5 491 GeV
v E E, 4.95 GeV
v 000 5.4 GeV
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