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The charmed baryon family

Singly charmed baryons
€ Established ground states:
AL, 2., E.,Q,
€ Excited states are being explored
Doubly charmed baryons( /) observed
by LHCb experiment.

No observations of triply charmed
baryons.

A{ decays only weakly, much recent
experimental progress since 2014.

. BE. - A{n)~100%, B(E,. - A{y)?
E. : decays only weakly; no absolute BF
measured, most relative to £ w*(x*).

Q.: decays only weakly; no absolute BF

measured.
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Charmed baryon mass (GeV)
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AY: 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.

® Naive quark model picture: 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).

® A! may reveal more information of strong- and weak-interactions in charm region,
complementary to D/Ds

ll d > Charmed

. baryon

~

-  Charmed meson u - Strange

(D*[cd]) & baryons
Wd  (Auds)
my << m, 9 ‘

C k+h k S m,, mg = m, =

(Ac[udc])

m,, my << m, 2>
diquark + quark
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Production near threshold and tag technique

* E.,s-2M,.=26MeV only!

accompany hadrons.
¢ efe—y*— ATAL

* Clean backgrounds and well constrained
kinematics.

 Typically, two ways to study Al decays:
« Single Tag(ST): detect only one of the A} A_.

=>Relative higher backgrounds
=>Higher efficiencies
=>Full reconstruction only

 Double Tag(DT): detect both of A A,
=>Lower backgrounds.
=>Technique for missing particle.
=>Lower efficiencies.

=>Systematic in tag side are mostly cancelled.
2021/6/10

ATA; produced in pairs with no additional ...

0.8

. Belle: PRL 101, 172001 (2008)
BESIIL: PRL 120,132001(2018).




Studies on the AT measurments at BESIII

2014: 0.567 fb! at 4.6 GeV

e A{ hadronic decay

2021/6/10

OBF(AF - Anmtt) : PRD99, 032010 (2019)
OBF(Af - =+, =) : CPC43, 083002 (2019)
OBF(AL - pK¢n) . PLB 817, 136327 (2021)
OBF(A! —K2X) . EPJC 80, 935 (2020)

OA{ — BP decay asymmetries : PRD100, 072004 (2019)

OA{ spin determination : PRD 103, L091101 (2021)



BESII

Al - Anmt

PRD 99, 032010,(2019)

*  Current world result has large uncertainty
* potential to study intermediate states, such as ay(980) and A(1670)

Decay

CLEO in 1995

CLEO in 2003

PDG average

B(At - Aqm™)/B(A¢ - pK™mr™)

0.35+ 0.05 £ 0.06

041+ 0.17 £0.10

0.36 £ 0.07

B(At - Anm™)

(2.3 +0.5)%

U } - 100 |- —*— Data 12Indf=8.40115 i y2ndf=11.5/18 : ::hjr .
W:::v< (i ~ | — Iiitresult - : _______ THARY) 1 states
C S < [ Slg.,nal curve i 20— | A e Non I states
_ 7 _ é | Background curve i : mrm— Random background
Az_ (@u+dd+ 3s é E I
u (7 z 3 L
d d = 2 r
S I PP i, SR v s e G o
U 225 226 227 228 229 2.3 0 3 14 15
< i+ dd+ 5 My (GeV/e?) M(ATY) (GeV/c?)
uu 3s
W d * branching fraction B(AT — Anm™) measured to be
c . (1.84 + 0.21 + 0.15)%
A u U } A . .
¢ d d morepreClse than pre\/lous I”eSUItS
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B(Af — X*"n) measured as (0.91 + 0.08 + 0.09)%
more precise than the previous result (1.24 = 0.37)%



BESII

* Decay through internal W-emission and W-exchange.

A - Xtn, 2tn’

CPC 43, 083002, (2019)

 Both are non-factorable in theoretical calculation.

3.20

u < u
s>>:+
u

2.50 c
S [ (a) AF—3 Y 0 F(b) AT
: | J[ J[ J[ : AS w*
w 10 "
3 & 3 s5F AH
Z 5'J||| |J(Jr £ d .
SR il | 11t . )
U . RN
02 25 226 227 228 229 23 02 25 226 227 228 229 23 u > u
Mg (GeV/ie?) Mg (GeV/c?) "
A sifigle tag method d u>z
N§ 60 - N§ 100 __(d) A:—)Z+(D S
% % I A: +
S 40 a .|. w
3 3 ® )\ s\, .
g 20 g T+ + = c 3 s>(r\/n)
02.25 2.I26 2.‘27 2I28 2.‘29 23 02.25 2.‘26 2.I27 2.|28 2.I29 23 B(A+ + )
My (GeVic?) My (GeV/e) c 2> 1 — ()35 +0.16 £+ 0.03
® At — X*pnis smaller than CLEO but B(A —»E+x0)
; . o . et
still compa,tll?Ie within uncertalnty: i((/{\\i :zzl +n )) — 0.86+0.34+0.07
® A —> X*n' is measured for first time. c v
. . + 5t
®  Our measurement contradict with most BA;»2Tn)) 95191404
: : B(AE —»xtn)
theoretical calculations.
Decay mode Korner [5| Sharma [3] Zenczykowski [4] Ivanov [6] CLEO [12] This work
A} 55ty 0.16 0.57 0.94 0.11 0.70+0.23  0.4140.20 (<0.68)
A>Tty 1.28 0.10 0.12 0.12 - 1.3440.57 (<1.9)

2021/6/10



BGS]]I /12-_ — pKSn PLB 817, 136327 (2021)

¢ Previous CLEO result of B(A} - pK2n) = (0.8 + 0.2)%, while theoretical calculations based
on SU(3) symmetry give (0.35~0.45)%
* A potential channel to study a puzzling N(1535) which has nontrivial decay rate of nN and KA
* 2D fit to My and AE distributions is implemented
significance 5.3¢ : first observation

[ —+— Data - = = Background PDF 30 — Data - - - Background PDF

o~ 30 —— Totalfit WM Background MC [ — Totalfit W Background MC

N 3 —

E 20 i = 20 I

H . i Lo .
single tag method & > 42.0 + 8.5 candidates

P I ]
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8.25 226 227 228 229 2.3 -0.05 0 0.05
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| = Unweighted signal MC —4- Data
|l == Weighted signal MC

N
o

[ = Unweighted signal MC —4- Data
- = = Weighted signal MC
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B(AF — pKJn) = (0.414+0.084+0.028)%

compatible with CLEO result within 1.5 o
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BESI Inclusive decay Af —» KJX

« Sum BF for exclusive channels with K° or K° is evaluated to be

(22.4 + 0.9)% with inclusion of guessed modes EPJC 80, 935 (2020)
e Its difference from the inclusive rate B(AT —» K°/K°X) will help in

identifying unknown modes

« Eleven hadronic tag modes are used Mode Vil (8) Mok e @
Observed BF Extrapolated BF
pK?° 3.1840.16 nKOn+ 0 3.07+0.16
pKrn® 3.9440.26 pKO7070 1.36+0.07
im' o pKOntm— 3.204+0.24 nKontnta— 0.14+0.09
2 25 =, nKOx+t 3.64+0.50 pKOntm—n0 0.2240.14
%, % pROy 1604040  nRow*nOx0 0.10:0.06
SH T s AK*EKO 05740.11  pK°z%0x0 0.03:0.02
S T lfad instatistical isospin model (5 )+ zo 0.68--0.34
25 R st s PRD97, 116015 (2018)  gogor+ 0.62:£0.06
— Ml(“"")(fﬁ’lelv"“z’ B Total 16.1+0.8 Total 63404
1aof E Total 22.4+0.9
S e ()
p= E 100¢ E
® 3 sof -
3 3 “ B(Af - K2X) =(9.94+0.6 £ 0.4)%
m r 3
- 0 i i 1 B(A? » K°/K°X) = (19.8+ 1.2+ 0.8 + 1.0)%

e g P e 3
225 2.26 227 2.28 229 23

My (GeV/c)
e 2D fit * third error due to isospin breaking for AL
« Signal yields: 478 + 27 decaying to Ks or K| in final states

* compatible with the estimated exclusive rate
2021/6/10 10



BESII

single tag method

4(6)-fold angular analysis of the cascade decays of A} —

AL decay asymmetries

pK,, Ant, 2 0 and XOn*

PRD100, 072004 (2019)

at

W « 1 + aycos?8, + Prajp sin 6, sin ¢,

Pr(cosfy) = 1/1 — a3 cos b sin §, sin A

/

A rest frame

) e o
- =) [N [

e .
S

]
| sindg=—0.28 + 0.13 + 0.03
|

CM frame A/ rest frame A rest frame
= = -
] o D
2 & 3
40 -
dN S
dcos0, 1+ axf(}y”o)a,\(y) cos6,. | E"
ol_,_~_._—, 1= 1 . . \V)/
-1 -0.5 0 0.5 1
cos0,
AT = pKY AnT
—1.0[16], 0.51 [11J{—0.70 [10], —0.67 [11]| 0.71[16], 0.92 [L1]| 0.70 [10], 0.92 [1
—0.49 [10], —0.90 [10]§ —0.95 [10], —0.99 [10]| 0.79 [10] —0.49 [10]| 0.78 [10], —0.49 [10
9Re(sp) |Predicted | —0.49 [17], —0.97 [18]]—0.96 [17], —0.95 [18]| 0.83 [17], 0.43 [15]| 0.83[17], 043
OBP = [ —0.66 [19], —0.90 [30]] —0.99 [19], —0.86 [30]| 0.39 [19], —0.76 [30]| 0.39 [19], —0.76 [30
—0.99 [20], —0.91 [31]§ —0.99 [20], —0.94 [31]|—0.31 [20], —0.47 [31] |—0.31 [20], —0.47 [3]
PDG [7] —0.91£0.15 —0.45£0.32
This work] 0.18 +0.43 +0.14 —0.80 +0.11 +0.02 —0.57 £ 0.10 + 0.07 —0.73 £0.17£0.07
*  Best precisions on the hadronic weak decay asymmetries
*  No theoretical models fully describe the new BESIII results
*  The transverse polarization is firstly studied and found to be non-zero with 2.1¢
2021/6/10
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BESII AT spin determination

PRDI103, L0O91101(2021)

No spin-determination of the A, since first discovery more than 30 years ago
Currently, the spin half of the A, 1s inferred to be from the naive quark model

It would be crucial to test this spin assignment in experiment, to test the quark
model hadron classification

Multi-dimensional angular analysis on the ST samples of A, = pK,, Art, 2"
and X7t are carried out to test both hypotheses of J=1/2 and 3/2

0.01_' I I I I I
;“ 0.00—

-0'01—_. ] ] L ! ]

1.0 0.5 0.0 0.5 1.0

cos0,
e consistent with the expectation of the naive
J=1/2 is preferred over J=3/2 quark model.
with a significance of 60 * acornerstone in the extraction of the properties
of heavier charmed and beauty baryons
2021/6/10 12



BESII

?d ?S ?d
C @ C
A+ =+ =0

C -c —c
o'y o'y ¢y
c c @
&t D %0
S
¢
c‘ Energy thresholds
0+ v OARET 4.74 GeV
¢ v AI.m 4.88 GeV
v oI I, 491 GeV
v EcE. 4.95 GeV
v 0009 5.4 GeV

Heavier charmed baryons

Structure  J* Mass, MV~ Width MeV  Decay
Af ude  (1/2)% 228646+0.14 (200+6)fs  weak
= use  (1/2)f 2467.810¢  (442426) s weak
=0 dsc  (1/2)Y 47088753 112750 fs  weak
UH wue  (1/2)Y 2454024018 2234030 Afnt
ui ude  (1/2)7 24529404 < 4.6 W
X0 dde  (1/2)* 2453.764+0.18 22404  Alr-
g use  (1/2)t  2575.6+3.1 =49
=9 dsc  (1/2)Y  2577.9+29 =0y
0l ssc (1/2)F 26052417 (69+£12)fs  weak
U wue  (3/2)Y 25184406  149+19  Afqt
ret ude  (3/2)F 25175423 <17 A
e dde  (3/2)* 25180405  161+£21 Alr-
St use  (3/2)f 26459107 <31 .
O dsc  (3/2)F 26459405 <55 B
(20 ssc (3/2)f 27650420 0y




BESIT New data samples in 2020 and 2021

Two major changes in BEPCII machine:
e max beam energy: 2.30=2.35(2018)=> 2.48 GeV(2020)
* top-up injection: data taking efficiency increased by 20~30%

—_Ac/_\c R Belle data for A A,
0.6 - + PRL 101, 172001 (2008)
o |
0.2
_ it
A A 1) W
45 4o 51 52 53 5.4

Available data for charmed baryons
v 0.567 bl at 4.6 GeV (35 days in 2014)
v’ 3.8 fb! scan at 4.61, 4.63, 4.64, 4.66, 4.68, 4.7 GeV (186 days in 2020)
v’ 2 fblscan at4.74,4.78,4.84,4.91, 4.95 GeV (99 days in 2021)
o 10x A, data that those at 4.6GeV.

e accessible to X./=. prod. & decays
2021/6/10 14



BESII

=
°
- <
< +
= 3 4
A
Lo 3
O O
T T
Il 2
s
1
1x10°

T S50

Peak luminosity (cm™

2x10%

2021/6/10

6x10%F

4x10%}

Proposal of the BEPCII upgrade

* optimized energy at 2.35 GeV with luminosity 3 times higher than the current
BEPCIL.

e BES o Markl

NW_—;JH CoTTToooooTo

Nearly blank at 5-7GeV

1:5 2.0 2:5
Beam energy (GeV)

495 ~ 5.6 GeV: new energy
coverage of BEPCIlI-upgrade

More details about the
upgrade please check the
talk from Zhang Yuan
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BESII

™
-

* No absolute BFs have been measured/calculated until 2019

* Belle measured abs. BFs in 2019, but uncertainties are large: 6B~30%

Zt: relative to the decay of 2 2w+

Mode

No absolute branching fractions have been measured.The following are branching

Fraction (T'; /T")

to E~ n7 .Cabibbo-favored (S = —2) decays — relativeto £~ 7~

I
I
I3
Ty
Is
T's
I7
Iy
Iy
To
'
T2
1K
I'a
Iis
Tis
Cabibbo-s!
Ty
Ig
T
T2
I

p2 K}
AEOIr+
(1385 K
AK2xt
AK (892)°z*
(1385 K n*
ZtKat
=K (892)°
Do) ar¥ o
Eox+
E2xt
5(1530)°z*
B0t
-2zt
.E'Oe’ue

QK n™

0.087 + 0.021

1.0£0.5
0.323 + 0.033
<0.16
<023

0.94 +0.10
0.81 +0.15
0.27 +0.12
0.55 +0.16
DEFINEDAS1
<0.10
23+07
17405
2.3701

0.07 £ 0.04

Decay Modes E(C)

Mode

Cabibbo-favored (S = —2) decays
I pK K n*

I, KK 8920, K — Kt
I; pK Kzt (no E*O)

| AK}

Is AK

Te AEOII -

I, AK ntntn~

I'g

Ty E-ntntn

Tio Q Kt

'y E"ety,
Cabibbo-suppressed decays

I E°K*

I3 AKTK™ (no ¢)

T4 Ad

E. (usc/dsc): decay information 1s limited

Fraction (T; /T)

48+12)x107°
(2.0 +0.6) x 1073
(3.0+0.9)x 1073
(3.0 +£0.8) x 1073
(145 £0.33)%
seen

seen

(143 £ 0.32)%
(4.8 £2.3)%
42+1.0)x1073
(1.8 +1.2)%

3B9+12)x107™*
41+14)x10™*
49+15x10™*

KK~

0.15 + 0.06

Very limited knowledge on their decays
We have opportunity to systematically study more decays

16



S
sl Studies on the Q2

Mode Fraction (T'; /T)

» No absolute branching fractions have been measured. The following are branching ratios relative to Q7z* .
Cabibbo-favored (S = -3) decays - relative to Q" z*

I Q rt DEFINED AS 1
I Q rtn° 1.80 + 0.33
| Q pt > 1.3

Iy Q n2xnt 0.31 + 0.05
Is Q ety, 24+ 1.2
Ts =K 1.64 + 0.29
I; K-t 1.20 +0.18
Ts 2% K S Kt 0.68 + 0.16
6 =K at 2.12 +0.28
Tio EK2nt 0.63 + 0.09
' 2(1530)°Kkzt , 50 > Ent 0.21 +0.06
T =K gt 0.34 +0.11
T3 StK Kot <032

T ARK 1.72 + 0.35

2021/6/10



BESII Studies on most of the £, /Q,. weak
decays are missing in experiment (I)

BFs of CF decays

RQM Pole Pole RQM Pole Pole (in units of %)

Decay Korner, Xu, Cheng, Ivanov |Zenczykowski| Sharma, Expt.
Kramer (’92) |Kamal (’92) [Tseng (’93) et al. (’98) (’94) Verma (’99)
=F - otKO 6.45 0.44 0.84 3.08 1.56 0.04
2F — 20t 3.54 3.36 3.93 4.40 1.59 0.53  [0.55 £ 0.16¢
20— AK? 0.12 0.37 0.27 0.42 0.35 0.54 seen
20— ROK? 1.18 0.11 0.13 0.20 0.11 0.07 &~ Y
205 BtK- 0.12 0.12 0.27 0.36 0.12 [
20— =0x0 0.03 0.56 0.28 0.04 0.69 0.87
20— 20 0.24 0.28 0.01 0.22
20— =0y 0.85 0.31 0.09 0.06
BV En 1.04 1.74 1.25 1.22 0.61 2.46 seen
Q0 —» =0K0 1.21 0.09 0.02




BESIT Studies on most of the £, /Q? weak

decays are missing in experiment (lI)

Decay asymmetry o for CF decays

Longitudinal pol. of daughter baryon from unpol. parent baryon

= information on the relative sign between s- and p-waves

Decay Korner, Xu, Cheng, Ivanov |Zenczykowski| Sharma, Expt.
Kramer (’92) |Kamal (’92) | Tseng ("93) [et al. (’98) (’94) Verma (’99)
=F - 2tKO —1.0 0.24 —0.09 —0.99 1.00 0.54
2f — 20t —0.78 —0.81 —0.77 -1.0 1.00 —0.27
20— AK? —0.76 1.0 —0.73 —0.75 —0.29 —0.79
20— »O0KO —0.96 —0.99 —0.59 —0.55 —0.50 0.48
20 5 BtK- 0 0 0 0 0
=20 — 5040 0.92 0.92 —0.54 0.94 0.21 —0.80
=20 =0 —0.92 -1.0 —0.04 0.21
=0 — =20y —0.38 —0.32 —1.00 0.80
B0 En —0.38 —0.38 —0.99 —0.84 —0.79 —0.97 —0.6+04
Q0 — =0K0 0.51 —0.93 —0.81
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BESIHT Studies on most of the =, /Q2 weak
decays are missing in experiment (l11)

Charm-flavor-conserving weak decays

» Light quarks undergo weak transitions, while ¢ quark behaves as a “spectator” e.g
H.—> At (s » W u). Can be studied using HHChPT.

Br(Z2 - Afn~)=2.9x104 Br(2Y - Afm~)=(0.554+0.02 + 0.18)%  Larger than
[LHCb, PRD 102, 071101 (2020)] theoretical
predictions

Br(Z} - Afn%)=6.7x104
Cheng, Cheung, Lin, Lin, Yan, Yu ('92)

Semileptonic decays

These can be further tested at BESII|I

|— NRQM <| rRaM LFQM QSR QSR
Process Pérez-Marcial |Singleton | Cheng, Ivanov | Luo |Marques de Carvalho| Huang, Expt.
et al. [85] [86] |Tseng [81] |et al. [87]| [88] et al. [89] Wang [90] [3]
20 5> E-etr. | 18.1 (12.5) 8.5 7.4 8.16 9.7 seen
2+ 5 Z0ety, | 18.4 (12.7) 8.5 7.4 8.16 9.7 seen

in units of 1010 g1

B(20 — E-e*ve) = (1.72 £ 0.10 + 0.12 £ 0.50)% ,
B(E) - E-ptw,) = (L71+0.17+0.13 + 0.50)% LBelle, arXiv:2103.06496]
- [ALICE, PoS ICHEP 2020, 524(2021)]

Bexp(E2 — et v,) = 2.43(0.25)(0.35)(0.72)%
20


https://arxiv.org/abs/2103.06496

BESII

Summary

* BESIII has been playing significant role in studying A. decays
* Many new results of A. decays have been published

* BEPCII energy upgrade during 2020-2021 has improved the
BESIII capability in A; physics by accumulating more statistics
at different energy points and pose opportunity to study Z./Z.
physics

* Proposal of BEPCII upgrade (3x luminosity and energy up to

5.6 GeV) will greatly extend the physics opportunities in c-
baryon sector

2021/6/10
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Thanks
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Studies on the A7 decays at BESIII

o A-(I; hadronic decay 2014: 0.567 tb! at 4.6 GeV

O BF(A{—pK=") +11hadronic modes : PRL 116, 052001 (2016)
O BF(A{—pK'K-, pr'r) : PRL 117, 232002 (2016)

O BF(Af—nK ) : PRL 118, 12001 (2017)

O BF(Af—pn, pn) : PRD 95, 111102(R) (2017)
O BF(AY— X~ n'ntnf) : PLB 772, 388 (2017)

O BF(Af —» E ®O0K™H) : PLB 783,200 (2018)

O BF(Af - Anm™) : PRD99, 032010 (2019)

O BF(AL - 2™, 2% : CPC43, 083002 (2019)
O A{ - BP decay asymmetries : PRD100, 072004 (2019)

O BF(A! — pK,n) . PLB 817, 136327 (2021)

O A{ spin determination : PRD 103, L091101 (2021)
o At semi-leptonic decay

O BF(Af—Ae™v,) . PRL 115, 221805 (2015)

O BF(Af —Au'v,) . PLB 767, 42 (2017)
o Al inclusive decay Af>A+X

O BF(AL—AX) - PRL 121, 062003 (2018)

O BF(Af—eX) . PRL 121 251801 (2018)

O BF(A? —K°X) . EPJC 80, 935 (2020)

o ALAT pair cross section : PRL 120,132001(2018).

2021/6/10
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Prospect Charm Baryons data sample at BESIII

Energy physics highlight Current data Expected final data
# of events # of events
or integrated luminosity or integrated luminosity
1.8 - 2.0 GeV R values N/A Scan: 3 energy points
cross-sections
2.0 - 3.1 GeV R values Scan: 20 energy points No requirement
cross-sections
J /¢ peak Light Hadron & Glueball 5.0 billion 10.0 billion
Charmonium decay
1 (3686) peak Light hadron& Glueball 0.5 billion 3.0 billion
Charmonium decay
¥%(3770) peak D°/D¥* decays 29 ! 20.0 fb~?

Form-factor/CKM
decay constant

3.8-4.6 GeV R value Scan: 105 energy points No requirement
XYZ/Open charm
4.180 GeV D, decay 3.1f! 6.0 fb—!
XYZ/Open charm
XYZ/Open charm Scan: 30.0 fb—!
4.0 - 4.6 GeV Higher charmonia Scan: 12.0 fb~! 10 MeV step/0.5 fb~! /point
cross-sections 30 energy points

TFA; 4.74 GeV Charm Baryons
T2 4.91 GeV Charm Baryons
ZEcZc 4.95 GeV Charm Baryons

2021/6/10 24



BGS]]I First Measurements of absolute BFs for Z,. at Belle

* Large errors

Belle, Phys.Rev.Lett. 122, 082001 (2019)
Belle, Phys. Rev. D 100, 031101 (2019)

= (1.80 =+ 0.50 = 0.14)%,
= (1.17 £ 0.37 = 0.09)%,
= (0.58 £ 0.23 % 0.05)%,
= (2.86 &= 1.21 =+ 0.38)%,
= (0.45 £ 0.21 % 0.07)%.

~~ A~ A~~~ N

* Belle IT will improve these to ~10%
* BESIII has potential to improve them

10

5L
11

Events / (5 MeV/c?)

[ e Data
20 _ AnlFit

[ --- BKG
15 - Sideband

 — Generic MC

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

olk
24 242 244 246 2.48 25 2.52
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= 40.9 + 9.0

[
™

o Data

- Total Fit

---Background
Sideband

—Generic MC

u)

a —
-

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

0
24 242 244 246 248 25 2.52
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Nz: =18.8+6.8.
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