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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.
* The absolute BF measurements at BESIII and BELLE.
* The observation of the DCS mode A} — pK*n~ at BELLE.
* The observation of the doubly charmed baryon Ef} 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 Af.
« The A{ is one of important tagging hadrons in c-quark counting in the productions at high energy experiment.

« Also important input to A, (including E/) physics as A, decay preferentially to A, .
==>Important input to B physics and V, calculations.

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

* Naive quark model gicture: 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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AT weak decays

* Contrary to charmed meson, W-exchange contribution is important. (No color suppression and helicity suppression)
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* 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

« Measurement using the threshold pair-productions via ete~

annihilations 1s unique: the most simple and straightforward. E ol ERETOR PO0S) 2000
 In 2014, BESIII took data above A{ pair threshold and run s Wl BELLE

machine at 4.6 GeV with excellent performance! ~106x103 O Pl

AY A¢ pairs make sensitivity to 1073, 0.2 ﬂﬂ J{H ﬂ m HJ[ J( + J( |
« First time to systematically study A{ at threshold. 0 HJf*HHJf*HH{HHH

. 45 46 47 48 49 5 51 52 53 54

* From December 2019 to June 2021, the BESIII experiment MAT AQ) GeV/c®

collected approximately 5.85 fb~! of data at center-of-mass

energies between 4.61 and 4.95 GeV. e .

&1600

 Will allow to improve the precision of Af decay rates to a level |2,

y

comparable to the charmed mesons. g mé CPC 46, 113003 (2022)
* Provide an opportunity to study many unexplored physics = oo
observables related to AL decays. s00F-
* Boost our understanding of the non-perturbative effects in the j:::' ste ¢ . .
charmed baryon sector. E . .
4.6 4.65 4.7 4.75 4.8 Ec?rf;(ee V4)9 4.95
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Production near threshold and tag technique

« AtA; produced in pairs with no additional accompany « Single Tag (ST)
hadrons (4.6~4.7 GeV). AE = Eps —
» Clean backgrounds and well constrained kinematics. .
Mpc = \/Elgeam - |ﬁA'C"|

Example:

* Double Tags (DT)

Unmiss = Emiss — |ﬁmiss|

— 2 — |l . 2
Mmiss - \/Emiss |pmlss|

« Branching Fraction (B)
NSL
Bs1 = Ntag x ¢
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Study of AL - Ae*v, decays

 The measurement is done with 4.4 fb~! data from +/s = 4.6 — 4.7 GeV.

* The precision of the BF 1s improved by threefold [Phys. Rev. Lett. 115, 221805 (2015)],
providing necessary inputs for testing various theoretical models.

e The first determination of form factors in Af - Ae™v, decays.

Phys Rev. Lett. 129, 231803 (2022)

B(Al — AeTve) [%)]
/ 7 / - Constituent quark model (HONR) [8] 4.25
1.14 S 300F Light-front approach [9] 1.63
m L . Covariant quark model [10] 2.78
2 / O mesAc Ap'y, Relativistic quark model [11] 3.25
% ____________________________ S 200f L] == Ac> Ax™x Non-relativistic quark model [12] 3.84
g L12F . e d Gl ,,;:;,? “ w % --- other bkgs Light-cone sum rule [13] 3.04+0.3
B ,»,, ':' ___________ = Lattice QCD [14] 3.80 + 0.22
= 2 100 SU(3) [15] 3.6+ 0.4
1.1 / // / M Light-front constituent quark model [16] 3.36 +0.87
// W /,/ / | MIT bag model [16] 3.48
-02 a3 _()‘] 0 61 982 Light-front quark model [17] 4.04 +0.75
U .. (GeV) U_. (GeV) This work 3.56 +0.11 & 0.07
B[A* - Ae*v,]=(3.56 = 0.11 * 0.07)% Com!oarisons between measurement and theoretical
predictions.
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Study of the kinematics in AL - Ae*v, decay

e Helicity amplitude and form factors

dd 245 Oody (lezv)f ' 251&22 x HY, =V2Q-f1(@*), Hf =V2Q+9.(2),
q?dcosf.dcosf,dx T A
5 HY,=/Q_/q* f+(a°) (My, + My),
{—(1 — cose)?|H1,|*(1 + aacosty) Z / 2
8 2 H%O =V Q+/4?9+(q7) (Ma, — Ma),

+ g(l + cos96)2|H_%_1|2(1 — ancosbfy)

n %sinz 0 H%0|2 (1+ ancosty) + | H_%0|2 (1 — ancosby)] Phys. Rev. Lett. 129, 231803 (2022)
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Comparisons between data and LQCD prediction

1.This analysis provides the first direct comparisons on the differential decay rates and form factors

with LQCD calculations.

2.Discrepancies can be seen at high g2 and low g2 regions. The measurement result tends to have
steeper slope than those from LQCD calculations.
2. The results provide important inputs in understanding the SL decays of charmed baryons and help
to calibrate the theoretical calculation.
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Observation of AL - pK~ ey,

The data we used is about 4.4 fb~1 data from

Vs =4.6—-4.7 GeV.

The new observed SL decay mode

B(AY - pK~ e*v,) = (0.88+0.15+ 0.07)x1073

Significance : 8.20

This work provides a clear confirmation that

the SL A{ decays are not saturated by the
ALy, final state.

Study of pK ™~ mass spectrum can be used to

understand the nature of excited A* states.
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112010 (2023)

20} +data

—total fit
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B(AF — A(1520)e* v,)

B(AF — A(1405)e* ve)

Constituent quark model 8]
Molecular state [9]
Nonrelativistic quark model [10]
Lattice QCD [12, 13|
Measurement

1.01
0.60
0.512 £ 0.082
1.02 £0.52 £ 0.11

3.04
0.02
2.43

0.42+40.1940.04
B(A(1405)—>pK )




Evidence of A - A*(—» pK™)e™v

Phys. Rev. D 106, 112010 (2023)

oL mm e 00, e B(Al — A(1520)e"v.) [B(AF — A(1405)e™ 1)

_ A~ A(1405)e’y, — total ft Constituent quark model [8] 1.01 3.04

‘§ e Molecular state [9] — 0.02

— pK'n*n®

3 S — Nonrelativistic quark model [10] 0.60 2.43

= .| | == N B, Lattice QCD [12, 13] 0.512 £ 0.082 _—

S Measurement 1.02 £ 0.52 + 0.11 Bl aios i

2

i

*
Al iy e o T e P

1.4 L5 1.6 Lt 1.8
M - (GeVic?)

B(AT - A (1520)[- pK~]eTv,) = (0.23 + 0.12 + 0.02)x103 significance : 3.30
B(Af —» A (1405)[- pK~]etv,) = (0.42 + 0.19 + 0.04)x10~3 significance : 3.20

* The measured B(A¥ —» A (1520)[— pK~]e*v,) is consistent with these
theoretical calculations within two standard deviations.
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Inclusive SL decay AL - e™X

e Further A{ SL decays may exist.

* Comparing with the charge-averaged

non-strange D SL decay width is helpful
for testing current theoretical predictions.

* Unfolding method to obtain true signal
yields. The matrix can be obtained using
selected control samples.
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Phys. Rev. D 107, 052005 (2023)
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Inclusive SL decay A{ — e™X

Phys. Rev. D 107, 052005 (2023)

—&— RS PID-corr yield 600
—e— WS PID-corr yield —_
&) - >
= 400l + _%:k:_%_‘:%: —+— RS-WS PID-corr yield %
S Mg © 400}
s [Frh £ S
S ooy 2 S
2 ol e :
200 |- 5 B
2 _L e 2 200
| +I—§—'—§—| 8 oo | ;_@—“_"“_'l % | | | | | | | | |
02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 0.7 08 09 1
p (GeV/c) p (GeV/c)
« B(Af - Xe*v,) =(4.06+0.10 + 0.09)%
The precision is improved by threefold [Phys. Rev. Lett. 121, 251801 (2018)].
Correction (see text) RS yields WS yields
Observed yields 3706 +71 304+31 ¢ L(AT — Xetv,) 1.98 4 0.05
PID unfolding yields 3865 +80 376 + 33 f( D — Xetv,) - T
WS subtraction 3489 + 87 N +
Tracking unfolding yields 4333 + 107 B(Ac - Xe ve) — (4 06 +0.10 + 0. 09)% Unk d . 0.5%
Extrapolation 4692 + 117 B(At - Ae*v,) =(3.561+0.11 £ 0.07)% nknow decay: U.o%o

B(Af - pK e*v,) = (0.88+0.15+ 0.07)x1073
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Search for A - An*n~etv, and At - pKdn~etv,

_SF 4 v amtreet| o sLAE o pKImTety, +ms PLB 843,137993(2023) |
> [signamc Z I []signal MC * Many theoretical calculations concerning
2 gL [ momaibke = i non-A: bkg A% — A* form factors and Branching fractions.
S | F S 2F | Albkg
s g XK
~ i -~
2,0 2 * No ssignificant signals are observed, and the
é’ - é’ upper limits on the decay branching fractions
- g B are obtained.
-0.2 -0.1 0 0.1 0.2
U piss(GEV) U 1iss(G€V) « Assuming all the Arm combinations come
from A* :

B(Ag - A7T+T[_8+Ve) < 39x107* B(A-g - ngﬂ_8+Ve) < 3.3x107* > B(A-(I; N A(1520)€+Ve) < 4.3%1073
> B(AY - A(1600)etv,) < 9.0x1073
>

Due to the limitation of statistics, the

A™ state CQM [8] NRQM [9] LFQM [10] LQCD [11]

A(1520) 10.00 5.94 — 5.12 + 0.82 results are consistent with all theoretical
—2
ﬁ(1890) — 3.16 X 10_2 — — > B(At - A(1520)e™v,) is consistent with
(1820) — 1.32 X 10 — — the one measured via A{ — A (1520)][

— pK~]e*v, [Phys. Rev. D 106, 112010
The predicted Branching fractions of AY — A*e*v, in units of 107%. (2023)].
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Measurement of AL - nm™

Internal W emission W exchange

U > U u | > u
_+_ N
_ (T (T S
d ?Z%};‘{ d E
AHS 2_f< u AT d S
c > > d in & > > d m 5
W 4

d > d d > > u

M, (GeV/c?)
Phys. Rev. Lett. 128, 142001 (2022)

Experimental input

. i L Mﬁec = (Epeam — En+)2/C4 —|p-po — ﬁrﬁlz/cz
e Studies of nonfactorizable components are critical to

understanding the underlining dynamics of charmed
baryon decays.

— 2 2 _m2 2
p = \/Ebeam/c mAg-C

* Do = —Paz/IPaz| is the unit direction
opposite to the ST A;
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Measurement of AL » nm™

* The branching fraction and R value disagrees with the most predictions of
phenomenological models, implying that the non-factorization contributions are
overestimated.

* The results from this analysis provide an essential input for the phenomenological studies
on the underlying dynamics of charmed baryon decays.

Phys. Rev. Lett. 128, 142001 (2022)
B¢ >nm)x10*] R | Reference

e B(Af > nrt) =(66+1.24+0.4)x107*

4 2 PRD 55, 7067 (1997)
* B(Af - An*) = (1.3140.08 + 0.05)x107* 9 2 PRD 93, 056008 (2016)
« B(AY - 2%2%) = (1.22 £ 0.08 £ 0.07)x1072 11.3 + 2.9 2 PRD 97, 073006 (2018)
. R — B(AZJ:—W’UT*) > 7.2 at 90% C. L. 8 or 9 450r8.0  PRD 49,3417 (1994)
B(A¢ —p1°) 2.66 3.5 PRD 97, 074028 (2018)
« Use B(Af » pr?) < 8.0x107° at 90% C.L. of 6.1+ 2.0 4.7 PLB 790, 225 (2019)
Belle from PRD 103, 072004 (2021) 7.7 £2.0 9.6 JHEP 02 (2020) 165
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Measurement of Az - 11X

arXiv 2210.09561
oz - S boma
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* Data-driven technique to model 7 behavior in the detector.

* The deposited energy in EMC (Ej) is used to identify 7.

« B(A; »7nX)= (335 +0.7 +1.2)%

* The branching fraction of the inclusive decay is greater than the sum of the known exclusive
decays, that is about 25%, which means that about one-fourth of the A¥ decays with a neutron in
the final state remain to be explored in experiments.

 The result indicates the existence of an asymmetry in B(A¥ — nX) and B(At - pX).
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Partial wave analysis of AT - An*r?

« BF of decay A} —» An" 7 has been measured by BESIII with high precision @400;‘ 4.600 GeV
[Phys. Rev. Lett. 116, 052001 (2016)], but no previous study on intermediate > 300k :Ili)i?:esun
structure. =" | - Signal
e Perform Partial Wave Analysis to obtain the information of intermediate < 200F i Dackgronnd
resonances p*,X(1385)", 2(1385)° and the decay asymmetry. £ 1005
> — g 3
/M i :'
Signal purity > 80% ' g s

25 206 227 228 229
JHEP 12 (2022), 033 M. (GeVIc?)
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Partial wave analysis of At - Antr?
C

1. The first PWA of the charmed baryon hadronic decay at BESIII.

2. The decay asymmetry parameters for the resonant components are determined for
the first time.

3. Consistent with some theoretical predictions. None of them 1s able to explain
both the BFs and the decay asymmetries.

JHEP 12 (2022), 033 Theoretical calculation This work PDG

102 x B(AF — Ap(770)1) 4.81 +0.58 [13] 4.0 [14, 15] 4.06 + 0.52 <6
10% x B(AF — ¥(1385)*7%) | 2.84+0.4 [16] 2.2+0.4 [17] 5.86 + 0.80 —
103 x B(AF — (1385)%7) 2.8+ 0.4 [16] 2.2+0.4 [17] 6.47 + 0.96 —

QA p(770)+ —0.27+0.04 [13] —0.32 [14, 15] | —0.763 £0.070 | —
0t (1385) + 0 —0.9115-48 [17] —0.917+0.089 | —
053 (1385)0n+ —0.917015 [17] —0.79+£0.11 | —

[13] C. Q. Geng, C. W. Liu and T. H. Tsai, Phys. Rev. D 101 (2020) 053002.
[14] H. Y. Cheng and B. Tseng, Phys. Rev. D 46(1992) 1042.
[15] H. Y. Cheng and B. Tseng, Phys. Rev. D 55 (1997) 1697.

[16] Y. K. Hsiao, Q. Yi, S. T. Cai and H. J. Zhao, Eur. Phys. J. C 80 (2020) 1067.
[17] C. Q. Geng, C. W. Liu, T. H. Tsai and Y. Yu, Phys. Rev. D 99 (2019) 114022.
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https://doi.org/10.1103/PhysRevD.46.1042
https://doi.org/10.1140/epjc/s10052-020-08659-4
https://doi.org/10.1103/PhysRevD.99.114022

Energy-Dependent Electromagnetic Form Factors of AL

400

o (pb)

200

1.5

Tl

g

T T T I T T T I T T T

ete” = AlA;
- BESIII 2023
<-BESIII 2018
<+ Belle
----- Threshold

Y .
Vs (GeV)
arXiv:2307.07316

ﬂ{f ittt

---- Threshold

.~
~.

~

ete — AA;

-4-BESIII 2023 — Combined fit
<-BESIII 2018 -:-Monopole decrease

--Damped oscillation

N~

Yingchao Xu (YTU)

The Born cross sections and effective form factors (|Gegf|)
are determined.

(0}
Gett| = o A
Getl = [

* No indication of the resonant structure Y (4630), as reported
by Belle [Phys. Rev. Lett. 101, 172001 (2008)].

* No oscillatory behavior is discerned in the |Gq¢ | energy-
dependence of A¥, in contrast to what is seen for the proton
and neutron cases.

* Form factor ratio |Gg/Gy,| is observed, which can be well
described by an oscillatory function.

1
1+w?/ro

IGe/Gum|(s) =

11+ rie” " sin(raw)],
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Summary

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

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

 BESIII collected approximately 5.85 fb~1 threshold data. More results of A} will be reported
in the future.

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

Thanks for your attention!
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Formula of a, and interference

Ir
dc;T@A o 1+ app(770)+ - up - cOS Op
— 2’ 2° 2? 2’
HaeTOr T EE P HY, P+ H, P H, P
21 2 2 -2
|
g 2R (93% T1=9s 'gg,g) —/5 2R (95,% G139 'gg,g)
B 196,11 +197 1 12 + 197 5[ + 195 5 2
LF. A+ NR,- ¥(1385)%7+  (1385)tx"  X(1670)°z7T  XL(1670)Tx"  X(1750)°z7T  X(1750)F 7
¥(1385)%+ | —0.50 + 0.38
¥(1385) 7" | —0.76 £0.36 —0.05 £ 0.04
¥(1670)7F | —0.36 £0.17 —0.00 £0.00 —0.66 +0.09
¥(1670) 7% | —0.34 +=0.15 —0.58 +0.12  0.00 + 0.00 0.04 +0.02
¥(1750)%7+ —8.1 £3.1 —0.03+0.00 043007 —0.01 +0.00 0.08+0.05
¥(1750) 70 —-7.2+3.1 0354008 —0.02+£0.00 023+0.05 —0.00+£0.00 —6.23+0.92
Ap(770)* —2.7+44 —5.94+056 —-6.01+046 0.721+0.29 1.29 +0.26 —21+1.3 —3.1+1.3
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