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1. Introduction

Charmed Baryon

= Charmed baryon

* Singly charmed baryon: One heavy charm quark and diquark structure
of light quarks - Heavy quark effective theory

* Suitable for studying the underlying baryon structure.

= Exotic charmed baryon
* Pentaquarks with charm quarks are observed.

* It seems that pentaquark is more stable with heavy antiquark than
light one. *rRpD 73, 014009 (2006)

» Charmed baryon decay
* Various weak-decay mechanisms.
* Effective channels to study hyperons.



1. Introduction

Recent Experiments for Charmed Baryon

= Belle

D
- ete™ collisions at 4/s= ~10.6 GeV (D

* From B meson decays
" eTe” - cc, direct production of charmed baryons
* Huge statistics, ~10° BB pairs, ~1 ab~lintegrated luminosity

= BESIII
- ete™ collisions at v/s= ~4.6 GeV B'GS]I[
- ete™ > ALAZ production

* Measurement of spin and several absolute branching fractions
of AL

= LHCb

* pp collisions at \/s= ~13 TeV ﬁ

From bottom baryons decays such as A} decays
" eTe” - ¢cX production
* In a wide mass range, charmed baryon spectroscopy




1. Introduction

Events / 3 MeV/c?

= Reconstructions of A7 - pK~n* decay,

Belle, in ete™ - c¢
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2. New Charmed Baryons

Pentaquarks %

= P.(4380)*" and P.(4450)" in 26 k AY - J /1 K~p decays
* In 2015, LHCb reported a new type of charmed baryons, pentaquarks.
* Amplitude analysis with 14 A* states shows clear two structures of pentaquark.

* Hadron models: “Tightly bound states of uudcc”, “molecular baryon-meson
pentaquarks” or “peaks from triangle-diagram process (?)"
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2. New Charmed Baryons

H
| Y
= Narrow pentaquarks states near meson-baryon thresholds %

* New analysis with 246 k A% - J/y K~p decays
* Backgrounds well suppressed, such as A* states
* Three narrow peak structures observed near meson-baryon thresholds

- molecular states of baryon-meson

- triangle-diagram process (?)

Resonance | Mass (MeV/c?) Width (MeV)
P.(4312)* 4312.9+0.7%5%8 9.8+2.7%31
P.(4440)* 44403+1.31%7 20.6+4.9_187
P.(4457)* 4457.3+0.61%1 6.4+2.0157
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LHCb, PRL 122, 222001 (2019) 9



2. New Charmed Baryons

New Excited States of Z?

= New analysis with 5.6 fb~! data of pp collisions

* Observation of three new narrow 22 states decaying to AfK~

* The results clean up 22 baryons in this mass area.

- Satisfy the equal spacing rule
m[Q.(3050)°] — m[E.(2923)°] = 125 MeV
m[Q.(3065)°] — m[E.(2939)°] = 125 MeV
m[Q.(3090)°] — m[E.(2965)°] = 125 MeV

2000
Resonance Mass (MeV/c?) Width (MeV) =
S 1500
£,(2923)° | 2923.04£025+£020£014 | 7.1:0.8+18 New -
£:(2939)° | 293855+0.21+0.17+0.14 | 10.2+0.8+1.1 New E 1000:
5 =
Different mass | =
. 'U _' -
£,(2965)° | 2964.88+026+0.14£0.14 | 141.:0.9+1.3 a”?r(‘)"’r;dth S 500 Pf‘\ h .
@) ]
=,(2970)° ”Xl \ / \\ ]
0 100 200 300

m(AZK™) - m(AL) - m(K™) [MeV]
LHCb, PRL 124, 222001 (2020) 19
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3. Charmed Baryon Decay

Absolute Branching Fractions of £ Decays

= Measurements of absolute branching fraction of Z¢ Decays by using
772 x 10° BB pairs events
= Inclusive analysis of B~ - AZE2 using a missing mass technique:
- B* tag using a neural network (full hadron reconstruction algorithm).
- A7 reconstruction from remaining tracks.
—> 'Recoil mass' calculation.
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Belle, PRL 122 082001 (2019)
> Absolute B(B~™ - AZE22) = (9.51+2.10 4+ 0.88) x 10~*.
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3. Charmed Baryon Decay

= Exclusive analysis of B~ —» AZE? decay & Z0 decays:

ex) 20 » E-wrt decay

_ 2D fitting
signal /
oF et (b1) e

Sideband
| —Generic MC

BKG
Sideband
=Generic MC

Events / (2 MeV/c?)
o =
™

-

== 78 E Y s ] el J.I[l].].[ - -
25 526 527 528 529 53 04 002 o o002 004

M, (GeV/c?) AE (GeV)
Belle, PRL 122 082001 (2019)
> B(B~ > A;E) XxBE? - E %) = (1.71 £ 0.28) x 107°

235 24 245 2.5 _ 255

4 2.5
M., (GeV/c?)

= From the inclusive and exclusive analyzes,
the absolute branching fractions are determined:
B(E? - 2 n") =1.80 + 0.50 + 0.14%
B(E? > Ak wt) =117+ 0.37 + 0.09%
B(E? » pK~K~n*) = 0.58 + 0.23 + 0.05%
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3. Charmed Baryon Decay

Absolute Branching Fraction of Af —» nAn BES]I[

= Measurement of absolute branching fraction of Af - nAn™ and
nx(1385)* via ete”™ - A A, production.
= Suitable for studying intermediate states;
%(1385)*, A(1670), and a(980)* states
- B(Af > nAn™) = (1.84 £ 0.21 + 0.15)%
B(A - n2(1385)*) = (0.91 + 0.18 + 0.09)%

100 — Data ¥2/ndf=8.4015 L y¥ndi=11.5/18 l?.ata |
- — Fitresult + + L — Fit result
a i Signal curve AC ~ 77A7T C L %(1385 + |t Z7(AR") m states
........ H 5
..;j_ I > 20 ( ) Non X" states
g T Background curve E : s Random background
n HE =
S s0- P = [
AR P BN
: P £ 10
Eo Ty ey ERd
0 [ U DU SO T SO T PO T J--‘l"‘\: Lo | .Il'-l---l ''''' 0 : TS --:1-I I I L ! L |"“T-'"
2.25 2.26 2.27 2.28 2.29 2.3 1.3 14 1.5
M, (GeV/c?) M(AT") (GeV/c?)

BESIII, PRD 99, 032010 (2019)
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3. Charmed Baryon Decay

Branching Fractions of A{ - nAnt and nXn? :

BELLE

= New branching fraction measurements of AY - nAn* and nX°rn?
with 980 fb~! data
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3. Charmed Baryon Decay

= In AY - nAn™ measurement, enough events for bin-by-bin efficiency

correction
- No effects of intermediate states

Yield extractions for each bin

Efficiencies for Af - nAr* .
%107 g 150
4.5 m_ ---------- ? ;
é o
Q4 .
: | K — -'3*
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w

L [ |
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bt L
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MnAT) [GeVic?]

+_, + Belle, PRD 103, 052005 (2021)
BUeonmAT) _ ()293+0.003+0.014,

B(Af>pK-m*)

BA-nXT") _ ) 120+0.006+0.010

B(Af>pK-m*) y




3. Charmed Baryon Decay

= Intermediate states of Af - nAn™ decay
= First study of a peak structure of A(1670)

Dalitz plot for At - nAn™

=
<O

BELLE

: ' ' s o %(1385)*]
4.5 ~ = = % 3
i ?.; 130 _——"'j'eoo—
:Z = ____.—-__..———-_ w5 _ §:Zz— w L
= 5 : — ! ' __j'______lu 5.- Wt o
s | 20 i;, R TR 155 R
S < 3 g M(AT') [GeV/c?]
£ 351 +H1s 2
= [ |
I 1=10
3 T
B R I "@ | tg——
15 2 2.5 3
M?(An") [GeV?/c’] M(nA) (Gev/c?
Belle, PRD 103, 052005 (2021)
- Resonance Mass (MeV/c?) Width (MeV)
A(1670) 1674.3+0.8+4.9 36.1+2.4+4.8
%(1385)* 1384.8+0.3+1.4 38.1+1.5+2.1
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3. Charmed Baryon Decay

Electromagnetic Decays of £.(2790) and £,.(2815)

D
<O

BELLE

= Observation of electromagnetic decays of Z7 baryons;

2:.(2790)° - 2%y and £,(2815)°% -

=0
SV

« Crucial information for charmed baryon models.

£.(2815)% n, =9.7

+ i

f}

t

-0
=cY

Belle, PRD 102, 071103 18



3. Charmed Baryon Decay

= Branching fractions,

Decay Mode Branching Fraction Ratio
T D) 0.41+0.05+0.03
NG it e 0.13£0.03£0.02
B(Ec(281583(+zi>(52§;24+5;031f'2/ —)>Eg'1t+n") <0.09
B <006

= Corresponding partial widths,

Decay Mode Partial Width [keV/c?]
£.(2815)% - 20y ~320
£.(2790)° - =20y ~800
£.(2815)" - Efy <80
£.(2790)" - Efy <350

= Consistent with charmed baryon model with orbital excitation between

charm quark and spin-0 light diquark system.



3. Charmed Baryon Decay

Observation of £2(1620)° in Ef - E n*n™ decays Pl

<o
HELLE
= Observation of £(1620)° structure in Ef - 2~ nTn*t decays,
Signal of ZF Sideband of £F
600_—'"I""I""I""I""I""I—_
F (a) ]
500 3(1620)0 .
© f ]
2 400 [ -
o t 3
(o0 ]
S 300~ +# !
4% 200f .
TN AP ]
o .
Ob bt Ry AT
Mz [GeV/c?] Mc. [GeV/C]  Belle, PRL 122 072501

» 5(1620)° Mass: 1610.4 + 6.01%1 MeV/c?, width: 59.9 + 4.81238
« Difficult to explain them by constituent quark models.
-Exotic hadron?
-Analogous to A(1405), two poles in S=-2 sector?

20
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4. Spin and Parity

Determination of A{ Spin

BESIT

= Measurements of the spin of the simplest charmed baryon, A}
= Vis a spin-1/2 baryon + a pseudoscalar meson decays;

pK?, An*t, 2%7z%, and 2*n® decays
= Joint angular distribution,

N
— s&‘\

AR
3 \

A

o I 1
0.01- Data
~ [
< i N3
2o
o 0.001
T et
— i & d
NN
- w\*
001 | |
1.0 0.5 0.0

« ] =1/2 is preferred over 3/2 with 60

0.5

1.0

BESIII, PRD 103, L091101 (2021)
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4. Spin and Parity

: : 1
Measurement of Spin and Parity of £.(2970)"

= First measurement of spin and parity of a Z. baryon
* Important information for hadron model selection
= £.(2970)* reconstruction,

2.(2970)" - E.(2645)°n* 2.(2970)" - EOxt
- EXntn~ decay - Edynt decay
* - 201+£33
60— -
) 577+34 _ |
50—
35
Ng 30 : "g 10 I\
. = " < . +
g “ \ L 4 “
% 20 '-‘ IL' :2 W eell — [+ - — — - _ e ]
@ il. ~ . 5 -
* I ) 20:—
Iy -
n 'l ; ol | l % -
y [l r [ -
;“ III!..---'E'Iluml:_.!L._ T SR !l II | ﬁll 10:
02'86. | IQ'E'E '2_' I '2_!92' I Ii%;l_l %’lgi{lez%; ); 3}]2 HSJM " 50m 9.3;' ' '2.|9' ' '2.:|az' ' Iz.slul ' '2,;'45' ! 'Q,L;g' : 3| = '3.[',2' : '3.!,4' Sy
=) (GeVic®

M(Z’r*) (GeVic?)

Belle, PRD accepted, arXiv: 2007.14700
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4. Spin and Parity

= Spin determination from angular analyzes
- Strongly favors | = 1/2 state

Helicity angle of Helicity angle of
2.(2970)* - £,(2645)°x* 2.(2645)° - Efm~
i 1/2%
- 3000 ) 5/2+
- :mn: 3/2—

1 05 0 0.5 1 03 05 0 05 1

ccseh cosh,

Belle, PRD accepted, arXiv: 2007.14700

= Parity determination from branching fraction ratio

B(Ec(2970) " >E(2645) ) _; ¢7.40.29%915 10.25(15)
B(E.(2970)*->ELtt) '

> Strongly favors JP = 1/2" state

24



5. Summary

Summary

New results of charmed baryons are reported from Belle, BESIII, and
LHCb collaborations.

1. New charmed baryons are observed; P, states and excited states of E;
2. Branching fractions of charmed baryon decays are measured,;

absolute branching fractions of 22" decays and A} — nAn*,
braching fractions of AY - nAn* and nzz* decays,
and electromagnetic decays of E?.

3. AL spin is determined to be Y2 and spin and parity of £.(2970)" are
also determined.

4. 2(1620)Y is observed in . decay.

In addition to these, there have been many interesting results, and active
researches will continue.
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* Hyperon Spectroscopy in Charmed Baryon Decay

Evidence of ©(2012)~ Structure in Q0 - nt(KE)~ z:

= Evidence of Q(2012)~ structure in QY » 7*K~Z% and n*K°Z~ decays
= 0(2012)” - (KZE)~ observed but no evidence of Q(2012)™ —
(KE(1530))~

= Q0 » 1t (KE)~ is suggested to study Q(2012)~ *PRD 102, 076009 (2020)

= 2D fit to M(KZ)~™ and M(*Q(2012)7) distributions,

i <+Data —Signal 60— +Data —Signal
RS (a) —All Fit -BKG o I (b) —All Fit - BKG
S o S
© . )
= s 40
o) To)
2 . § o
PO g
L {, i 3 w [
: Q(2012) -
%o 2 2.1 2.2 0 26 2.7 2.8
M((K=)) GeV/c? M(r*Q(2012)) GeV/c?

Belle, arXiv: 2106.00892
2> 0 > 7tQ(2012)" - n*t(KE)~ evdidence with ~4.50 significance

27



*» Backup

Excited Q™ baryon

= Y(1S5), Y(25), and Y(3S) resonances data sample which contains
enhanced baryon fraction.

= Large gap (~600 MeV/c?) between Q™ and Q*~ because Q*~ - Q™ n® is
highly suppressed.

= Search Q*~ by Q" — EK decay (analogous to Qf - EfK ")

160
140
120
100

80
60 #%
40
20

i
—
-
4
—

Combinations/2.5 MeV/c?
[}

20K

Combinations/2.5 MeV/c?

*PRL 121 052003

M(Z K) GeV/c?

= ) (2212):
M=2012.4%+0.7+=0.6 MeV,
[=6.41%223 + 1.6 MeV

state in quark model?

2

28



*» Backup

£:(2930)° and £.(2930)"

= 772 x 10° BB pairs.

£.(2930)° > K~At in B~ - K~ AfA;

30

15

Events / 10 MeV/c?

5

25F
20F

10 F

—e— Data

- —— Total Fit

----- Total non=.(2930) Bkg
Phase Space
Sideband

~  ---- Generic MC

.......
L.
.
u

Events/ 10 MeV/c?

0 1

2.8

My, (GeV/c?)

285 29 295

3

*EPJC 78:928 and 78:252

£.(2930)* - KOAt in B - KOATA:

20

15

10

-Illllll'l]lll]lllllllllllll,l]lll‘lll

—— Data

—— Reflection+PHSP+Sideband
PHSP + Sideband

----- Sideband

— Total Fit
Sideband

2
MKg N (GeV/c?)

= 5.(2930)°%: 5.10 significance, M = 2928.9 + 3.0 197, MeV
= £.(2930)*: larger than 3.50 significance, M = 2942.3 + 4.4 MeV -



*» Backup

Excited Q0 Baryons

= LHCb reported 5 narrow Qf resonances in Qi - ZfK~.
*LHCb Collaboration, PRL 118 182001

400 F .
LHCb -

|8
-
-

200

Candidates / (1 MeV)

100 HigF

3000 3100 3200 3300
m(=ZK ) [MeV]

- We can confirm them. 30



*» Backup

= 980 fb~! data sample.  Q.(3066)
0. (3050 *PRD 97 051102(R)
GES T2 S

TN iﬁ(”%) Qc(31919()31‘28*)PRD 97 051102(R)
25 |

QC(3OOO) = | !"I| I' (+ C
o=l + J Wt Nt » b I u'h

) ‘.!l':;'..."-'r--e : lu; By f o T “.T“ "L“' L

1l 'i§ | b T
L LB

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

(b) wrong-sign %
0 | } ,I]M”uﬂ"m'h“ |II| il.l.l I! ++

=

&

g bl

] - |

= 20 . " ll |I ; I | !lH'I [ 1§ ke i)
p= i Al ‘
= )

8

(C) sidebands of Ez._ 16 ‘ ] l (c)

E || |
) ", |"I|1 || ll'il 5 "'I'J| Hlul! ”I'lmﬂi':ll |I|| !""I'I !Lu“ iy

3 3.05' — 33.1 3.15 3.2 3.25 3.3
M(E:K) (GeV/c?)

= Significant signals for Q.(3066) and Q.(3090). Less significant for
Q.(3000) and Q.(3050). We cannot confirm Q.(3119). g




*» Backup

Doubly Cabibbo-Suppressed Decay, A » pK'n

= Doubly Cabibbo-suppressed decay: ¢ » d and W* — us at the same

time.
B(Af->pK*tn™) .
B(Af—pK—nt)

is expected to be lower than tan*6.(= 0.00285).

Doubly Cabibbo-Suppressed Cabibbo-Favored (CF) Decay,
(DCS) Decay, Af » pK*n~ At > pK—n*

{/E:I}p {u%é}li)
& MUK
HE< ke 51§‘< e
The W-exchange decay _ {/ }

channel is forbidden in DCS. W d}n

}K

= The contribution of W-exchange channel can be extracted. 32




*» Backup

= Using the full data sample of Belle, 980 fb~!, we clearly observed the
DCS decay.

DCS Decay AJr - pKJr
CF Decay, A{ > pK™n™ Ty

15000

5000

Events / 3 MeV/c?
g 5 g
| | T
| I | | I | | |
Events / 3 MeV/c?
g g 8

L | i
>t H E o
|| 800
GOOE

;k 90 (stat. S|gp|f|cance)

100— —

,/////////////// g; %ﬁ; ﬁ{%tﬂﬁw{mﬂm"'{MW WH* *{{ﬂ}tﬂﬁﬂﬁwﬁ

|
215 2.25 2-4 215 22 2.25 2.3 2.35 24

M(pK ) [GeWcZ] M(pK'T) [GeV/cT] *PRL117, 011801

[=]

Events - Bkg

B Ag'—> Ktm™ )
] BEAgHzK—;; = (2.35 £ 0.27(Stat.) + 0.21(Syst.)) x 1073

= Comparing with the theoretical expectation (0.28%), the contribution
of W-exchange channel is not large. 33




*» Backup

= The most precise measurement.

*PRD 98, 112006

Decay Ratio Branching Fraction Ratio
B(A: » EXfm ) 0.719+0.003+0.024
B(Af » pK—nt) *First measurement

B(AY - 207t7?)

+ +
B(AE S pK-1) 0.575x£0.005+£0.036

B(Af - 2tn1?)

+ +
B S pK-m%) 0.247+0.006£0.019




*» Backup

A > K K*pr® and A - pK ntn”

= Hidden-strangeness pentaquark, P;* (uudss), search.
= 915 fb~! data sample at or near the Y(4S) and Y(5S).

+ — 7+ 0 + —t0
Ac > K K'pr AY > pK ntn
[ 1 1 T T I T T T T I T
3000 F 80000
[ 70000
S 2500 )
2 ;-f 60000
& 2000k S
o . 50000
£ - =
S 1500 F < 40000
— : o
- X ~ 30000
= 1000 2
= 1 % 20000
m - ] >
500 F jJ =
- ] 10000 .
0' . - 1 . . PPLL LS TP | . . . . ] ol \ L ] .--.-"‘-‘. \ A I‘."-... . A A ]
2.25 2.3 2.35 295 23 2.35
m(K*Kpr? (GeV/c?) m(Ktpn®) (GeV/c?)

*PRD 96, 051102(R)
* B(At > K- Ktpn®)yr < 6.3 x 107>, first upper limit report (less than 30
significance).
. B(Af-»pK~ntn®)
B(Af-pK~mt)

=0.685%£0.007+0.018, the most precise measurement. e



*+ Belle Experiment

Belle Experiment

Aerogel Cherenkov cnt.

SC solenoid n=1.015~1.030

1.3T
CsI(T) ET s Gy o
16X, | o
TOF counter — -
8 GeV e_/,Fjl if’f* " Neg ‘ Ceﬁt%LDrift Chamber
N r\ 77 /N &H cell +He/C,H,

l/‘ \\\.(\ \ \ ‘ I\ | . -" -
(| N ﬁA

Si vtx. det.
3/4 lyr. DSSD

n /'K, detection
14/15 lyr. RPC+Fe

= Physics beamtime: 1999~2010 years

* /s= ~10.6 GeV

= Huge statistics, ~10° BB pairs, ~1 ab~lintegrated luminosity
= Charmed baryon production at Belle

- B meson decay.

-eTe” - cc, direct production of charmed baryons.
36



*+ Belle Experiment

= Reconstruction of A¥ - pK~n* decay, huge statistics, ~1.5 M events
= Very high S/N ratio

300 —

Events / 3 MeV/c?

200— o

100

—
-

o

2.15

J 23
M(pK'n*) [GeV/c?]

- Suitable and powerful data sample for charmed baryon study .



*» Recent Charmed Baryon Studies at Belle

= After 2019, several research results of charmed baryons are also reported.

Af Study

A A + + 0+ +
xiizugsﬁent of branching fractions of A; - nAn*,n2°n*, A(1670)n*, and Phys. Rev. D 103, 052005 (2021)

Measurements of the branching fractions of A} —» pn and Af - pn® decays at Belle Phys. Rev. D 103, 072004 (2021)
=) Study

First Measurements of Absolute Branching Fractions of the £2 Baryon at Belle Phys. Rev. Lett. 122, 082001 (2019)
First Measurements of absolute branching fractions of the £ baryon at Belle Phys. Rev. D 100, 031101(R) (2019)
First determination of the spin and parity of a charmed-strange baryon, To appear in PRD,
2.(2970)* arXiv: 2007.14700
Study of Electromagnetic Decays of Orbitally Excited £, Baryons Phys. Rev. D 102, 071103(R) (2020)

. D - _ To appear in PRD,
m - =0 =0 1+
Measurement of the Resonant and Non-Resonant Branching Ratios in E¢ to E°K¥K™ . "5005 5cc07

Measurements of the branching fractions of semileptonic decays 22 - Z~1*v; and Submitted to PRL,
asymmetry parameter of Z2 - Z- " decay arXiv: 2103.06496
Measurements of branching fractions and asymmetry parameters of £2 - AK*°, £2 -  To appear in JHEP,
20K*0, and 2 - XtK*~ decays at Belle arXiv: 2104.10361

Hyperon Study in Charmed Baryon Decay
Observation of £(1620)° and evidence for £(1690)° in £; - £ n*n* decays Phys. Rev. Lett. 122, 072501 (2019)
Charmed Baryon in B Decays

Measurements of the branching fractions B(B~ - A;E[), B(B™ - A;E.(2645)°), and

B(B~ — Az5.(2790)°) Phys. Rev. D 100, 112010 (2019)



» Study of A{ - nAm* and nX°rmt

= Branching fraction measurements

b Mod B(Decay Mode)
ecay Mode B(Ar —» pK-r%)
AL - nAn™ 0.293+0.003+0.014
Af - nxOrnt 0.120+£0.006+0.010

AL - A(1670)c*
;A(1670) - nA

At - n3(1385)* 0.192+0.006+0.016

(5.54 + 0.29 + 0.73) X 102




» Electromagnetic Decays of Excited Z,. Baryons

Events/0.2

Electromagnetic Decays of £.(2790) and £,.(2815)

= . reconstruction from various decay modes
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» Electromagnetic Decays of Excited Z,. Baryons

= Sum of all . modes and E. selection range for E.y

Pull distributions of Z,
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*» Backup

Branching Fractions of Q2 Decays

= Precise measurements of QY decay branching fractions.
= Using 980 fb~! data sample.

*PRD 97 032001(R)

Decay Ratio (/B(Q? —» 2 nM)) Branching Fraction Ratio
B(Q? -» QO ntrY) 2.00+0.17+0.11
B(Q0 > Q ntrm) 0.32+0.05+0.02
B(Q? - E-mtK-nt) 0.68+0.07+0.03
B(QO - K1) 120+0.16+0.08
B(QY - K1) 2.12+0.24+0.14
B(Q° - E°K9) 164+0.26+0.12
B(Q9 - ARKY) 172+0.32+0.14
B(Q? - X*K~K~1™") <0.32




*» Backup

= Definition of helicity angles for A% spin

CM frame A7 rest frame

BESIII, PRD 103, L091101 (2021)
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