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* Introduction of the charm baryon

- BESIII data taking at A} pair threshold
« BESIII results of At decay

* summary
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Introduction: Charm in 1974

Charm discovery in 1974

M2

e —— -

S

p+Be—>e +e +x

measuring m .,
e e

Jig: M=3.1GeV, '<1.3MeV
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FIG. 2. Mass spectrum showing the existence of J.

Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents, The run at reduced current was taken two
months later than the normal run,
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Renaissance on the charmed heavy baryon

(a) Charmed baryons

30— 7 D2
» Before 2014, the charmed baryons have been produced Lfeo o8
and studied at many experiments, notably fixed-target AR
experiments (such as FOCUS and SELEX) and ee” B- 7 ? = 2080 L
factories (ARGUS, CLEO, BABAR, and BELLE). . 2R (2940) /
20—1,) o+ = A Kx
’ 5/2 880) —0.6
» Large uncertainties in experiment=>Retarder ~ I 2 59gog) 52919
development in theory. S 1 20 gof-
2 N v
g 27 ”‘l 172+
g - —04
» Afterwards, more extensive measurements on charmed H 327 | YE,[2645)
baryons are performed at BESIII, BELLE and LHCb. z oy | = i
* The absolute BF measurements at BESIII and BELLE. A | ad
« The observation of the DCS mode A} — pK*m~ at BELLE. s ! l
* The observation of the doubly charmed baryon EJ: at LHCb. ‘ . LLO 02
— Spectroscopy is well
» These experimental progresses have evoked the uﬁi‘_:;'ibigr?(ynt:;i o
activities in the theoretical efforts . g q

D © — 0.0
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The charmed baryon family

* Singly charmed baryons
* Established ground states:
At Z, ED,Q,
» [Excited states are being explored
 Doubly charmed baryons( £};") observed recently.

* No observations of triply charmed baryons.

AF =ude, T}t = wue, T} = ude, X0 = ddc,

=+ = =0 — 0 _
=5 =usc, E; =dsc, 12, = ssc

Charmed baryon mass  (GeV)

v' A{ decay only weakly, many recent experimental progress
since 2014.

v 2. B2 = Afn)~100%, B(Z. » Afy)?
v E. : decay only weakly;
v Q.:decay only weakly;
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Weak interaction and CKM in Standard Model

R L BE 5] A\~ EL 37 A A5 T 550
dflls= v EALIR & 2 n g5 48 5AE H

I'As—o (n—)p—i—e‘—l—ﬂ) > ['Ag—1 (A—)p—l—e‘—i—z?)

d’ Via Vas Vi || @ d | HIE5IAN=MEZIT 52 Cabibbo [E1{K
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A} weak decays

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

: ) =43 &=

(M ©) (©)
color-favored tree color-suppressed tree color-commensurate
factorizable fac + nonfac non-factorizable
W
. L E" .ﬂ ", /7
(E) (B) (P)
W-exchange Bow tie penguin
non-factorizable non-factorizable neqglected

* Phenomenology aim at explain data and predict important observables.

* Calculate what they can (HQET, factorization)+parametrize what they cannot + some non-perturbations extracted
from data=> explain and predict.
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A7 : The lightest charmed baryon spectroscopy

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

* The A{ is (t)ne of important tagging hadrons in c-quark counting in the productions at high energy
experiment.
P 2016 4 LHCb £ BB d B » APK mHtnt B R KA TEH
* Also important input to A, (including EZ.") physics as A, decay preferentially to A, .
==>Important input to B physics and V;, calculations.

* Al may provide more powerful test on internal dynamics than D/Ds does !

* Naive quark model picture: a heavy quark (c) with an unexcited spin-zero diquark éu—gr’) Diquark
correlation 1s enhanced by weak Color Magnetic Interaction with a heavy @ark(H ET).

J -> Charmed - Strange q >  Charmed
meSOD u e baryons ‘\. M
{ (D*[cd]) dd (A[uds]) ‘ (Acfudc])
C Mg << Mg > “ my, Mg = Mg 2> n;‘;;::;in;::rk
quark + heavy quark S (gqq) uniform C (qq) Q)
(q) Q)
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"Typical” y(2S) Events % 882133
W(2S)Drl/Y, J/bDete W2S)DI/U, J/b>pty ] l Iy Sptw
S 100F ‘
:n || BESI
!
2 Aot TP
03" 305 31 315 82
M(u') (GeV/c?)
L 595:28
§100; & J/wee-re-
=

3 305 81 315 32
M(e'e) (GeV/c?)
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.IIInI

= {5l i

EREK, REET.
= BARARGFEE, RERSETHEELE.
W6 FH BB RATE B R T W LR R K K

Event selections for tagging A

charged track
® |Vr<1.0cm, [VZz|<10.0cm; [cos0[<0.93
PID
@ K : prob(K)>0 && prob(K)>prob(m)
@ 7 : prob(m)>0 && prob(m)>prob(K)
@ p: prob(p)>0 && prob(p)>prob(K) && prob(p)>prob(r)
B K (A
@ ¢ and 7 (p and n) with [Vz/<20.0 cm , |c0s6|<0.93, and no PID
@ Primary vertex fit, x><100
# Second vertex fit, L/c >2
@ 0487 <M(m°m) < 0.511 GeV/c? (1.111 <M(pr)<1.121 GeV/c?)
m
@ E,,..>0.025 GeV, (|c050/<0.8) E,y.,>0.05 GeV (0.86<c0s0<0.92)
€ 0<TDC<14
@ 0.115 <M(yy) <0.150 GeV/c?
@ 1C kinematic fit, 12<200
" X0
@ E,,..>0.025 GeV, (|c0s0|<0.8) E
€ 0<TDC<14
@ 1.179 < M(Ay) <1.203GeV/c?
H >+
¢ 1.176< M(pno) <1.200 GeV/c? 4

>0.05 GeV (0.86<c0s0<0.92)

endcap
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BESIII data taking at A} pair threshold

Measurement using the threshold pair-productions via e+e-
annihilations is unique: the most simple and straightforward.

In 2014, BESIII took data above A{ pair threshold and run
machine at 4.6GeV with excellent performance! ~106x103
At A; pairs make sensitivity to 1073,

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

collected approximately 5.85 fb~! of data at center-of-mass
energies between 4.61 and 4.95 GeV.

will allow to improve the precision of A¥ decay rates to a level
comparable to the charmed mesons,

Provide an opportunity to study many unexplored physics
observables related to AL decays

Boost our understanding of the non-perturbative effects in the
charmed baryon sector.

Yingchao Xu (YTU)
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BESIII result of A hadronic decay

Data 4.600 GeV
v hadronic decay

BF(A}Y - pK~n™) +11hadronic modes PRL 116, 052001 (2016)(update)

BF(AF — pK*K~,pm*n—) SCS PRL 117, 232002 (2016)(update)

BF(A}Y - nK¢m™*):PRL 118, 12001 (2017) (update)

BF(A} - pn,pr®) :PRD 95, 111102(R) (2017) (update)

BF(A}Y - X ntn*(n®)) PLB 772, 388 (2017) (update)

BF(AF —» 20K +) W-exchange only PLB 783,200 (2018) (update)

BF(A} - X%n,2%n") W-emission and W-exchange CPC 43, 083002, (2019) (update)
BF(Af - Ana™) BF(AY - *tn ) PRD 99, 032010,(2019)(update)

BF(A} - pKJn) PLB 817, 136327 (2021) (update)

ARSI ANl e
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BESIII result of Al decay

Data 4.600 GeV
v' semi-leptonic decay

1. BF(AY > Aetv,) PRL 115, 221805(2015)
2. BF(A} —» Ap+v,) PLB 767, 42 (2017)

v" inclusive decay

1. BF(A} - AX) PRL 121, 062003(2018)(update)
2. BF(AT - eX)PRL 121, 251801(2018)
3. BF(A} - KX) EPIC 80, 935 (2020)

v" Cross section of AYA¢ pair PRL 120,132001(2018) (update)
v' Decay parameters measurement AL PRD 100, 072004 (2019) (update)
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BESIII

result of A} decay

Data 4.600~ GeV

. BF(AY
. BF(AL
. BF(AY
. BF(AL
. BF(AT
. BF(A?
. BF(A}
9. BF(A}
10.BF (A}
11.BF(A}
12.BF(A}
13.BF(A}

O N L & W N =

. Partial wave analysis of A¥ - Ar*tm® JHEP 12, 033 (2022)

— AK*) PRD 106, L111101 (2022)

S AK*70, AK* ) PRD 109, 3, 032003 (2024)

— pn') PRD 106, 072002 (2022)

— pn, pw) JHEP11,137(2023)

— $"K*z*) PRD 109, 7, L071103 (2024)

- 2TKJ 29K +) PRD 106, 052003 (2022)

— pn,pr®) SCS  PRD 109 (2024) 9, L091101

— F9K*) W-exchange only PRL132 (2024) 3, 031801
— E9K+1%) PRD 109, 5, 052001 (2024)

> Aetv,, Autv,) PRL 129, 231803 (2022)

— pK~e*v,) PRD 106, 112010 (2023)

- Antn~etv,, A » pKsn~etv,) PLB 843, 137993 (2023)
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BESIII result of A decay

Data 4.600~ GeV
1. BF(A} - n™) PRL 128,142001 (2022)

2. BF(AY > notn® nontn nt,nK ntrnt) CPC47,023001 (2023)
3. BF(AY » nK{n*,nKJK*) PRD 109, 7, 072010 (2024)

4. BF(A; » nX) PRD 108,L031101(2023)

5. BF(Af - Xe*v,) PRD 107, 052005 (2023)

6. Cross section of AfA; PRL131,19,191901 (2023)
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A - pKm + 11 CF Modes 43143 32 L £

> BESIIEFIA 567pb"' @ 4.6 GeV ##E, HE~SE, ME A BN TXZEE.

® EX MMM E(L Af > pK ™ AH)? BERIBHE D K+
> B(A - pK—t) = N(A§—>pK‘f++c.c.) / i

2N(AE47) ¥rid w
*‘:
&

> N(AF - pK~nt +c.c.) —ﬂ , Ny >EE, ¢->MC &L,
> 2N(AAD)?

® K - NERIE 5 3E
> BURFERY— AR, —EFM—IMN TE.
> B(Ag- N pK_7T+) — N'(A¢-pK~mt) % Etag p /

Ntag Esig
» N'(Af - pK nt) AZEHA; WEIFRBERTAL - pK ot HEFIE.
» Npoy AFRICIEEEFEIRIA; 258

nul
(Em':
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A - pKm + 11 CF Modes 43143 32 L £

® AFA; XFFE, FIARRERSPHSHETR:

« EXZTEAE :
AE = E — Epeam

« BEIZERAEN|AEESEEREAR.
* ESL;E )ZE.QQEE}EEMBC H

MBC = \]Elgeam - |ﬁ|/2\6
« B BEMp N IFEEMRCERESEN
+ AMCHEIFRZEER N X .

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

3000 |
2000
1000 £

7602024 BESIIRETREMR

pKm*

pK mt+°

2.3 2.26 2.28 2.3

2.26 2.28 2.3 226 2.28
My (GeV/c?)

FRICIE
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A - pKm + 11 CF Modes 43143 32 L £

o EEURICMIM (EESEAES], FER KtrackshERE
SidtE:

> BABES MM A BB S ERHNGT = ¥, NIT, Heh

NET St BRI T RURIZ . ol
> MCIEINEEIEIR B AR A0S 2 8 el
> MMSSEimsT s X B, AT .

ST 10F
NPT = B; - z,-(? . &PT) st

=2,

=>Smaller backgrounds.

=>Missing technique.

=>Lower efficiencies.

=>Systematic in tag side are mostly cancelled.

100 -

50F

20F

15F
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A - pKm + 11 CF Modes 43143 32 L £

Mode This work (%) PDG (%)  BELLEB

K 1.524.0.08 £0.03__1.154.0.30

pK~nt 58440274023 50+13  6.84+0247%2%
pKr® 1.87£0.13£0.05 1.65+0.50

pKor*n~ 153+0.11+0.09 1.30+0.35

pK~ntn® 45340234030 34+10 567pb! @ 4.6 GeV
Art 1.2440.07+£0.03 1.0740.28

Artr° 7.01+£037+£0.19 36+1.3

Artr~nt  3.814£024+018 26+0.7

PRL 116, 052001 (2016)

Yort 1.27 £0.08£0.03 1.05+0.28
y 70 1.18 £0.10£0.03 1.00£0.34
YrrtrT 42540244020 3.6+1.0
Yw 1.56+0.20£0.07 27+1.0
® No absolute measurement (Model independently) on A} BFs at threshold after A discovered(30 years ago).
® A least square global fit taking into account correlations over different modes are performed to improve the
precision.
® The precision of B(pK'n") are comparable with Belle’s
®  The precisions of A, decay rates is reaching to the level of charmed mesons!
[

N,:,. as a byproduct determined to be (105.91+:4.8+0.5) X103

Yingchao Xu (YTU) 74012024 BESIIREFRTHR




A - pKm + 11 CF Modes 43143 32 L £

Experimental precision reaches of the charmed hadrons

Table 5.5. Measured or projected precision of charmed hadrons, with the relative precision in parenthesis. For the future A} precision, it is estimated

for 5 fb ' of data at /5 = 4.64 GeV.

CPC 44,040001 (2020)

Leading hadronic decay Typical two-body decay Leading SL decay
B(K prt) = B(KIp) = B(Aetv,) =
" 2014: (5.0£1.3)% (26%) 2014: (1.2+0.3)% (26%) 2014: (2.120.6)% (29%)
c
2017(w/ BESIII): (6.35+0.33)% (5.2%) BESIIL: (1.520.08)% (5.6%) BESIIL: (3.63+0.43)% (12%)
Sfb 98 <2% S 98 <2% 5fb': 98 ~33% BlAc — Aetv,]=(3.56 £ 0.11 £ 0.07)%
DO B(K ) =(3.89+0.04)% (1.0%) BKIn") =(1.19+0.04)% (3.4%) B(K~e*ve) =(3.53+0.03)% (0.8%)
D* BKntn*) =(8.98+£0.28)% (3.1%) BKIn*) =(1.47+0.08)% (5.4%) B(K2e*v,) =(4.4120.07)% (1.5%)
Dy BK K*n*) =(5.45£0.17)% (3.8%) B(KIK*) =(1.40+0.05)% (3.6%) B(peve) =(2.39+0.23)% (9.6%)

« The precisions of A} decay rates is reaching to the level

of charmed mesons!

* More data input will further constrain the HFLAV fit.

 However, search for more unknown modes are important

Yingchao Xu 7612024 BESIIRETFTRETHER




A - pKm + 11 CF Modes 43143 32 L £

» stringent Fragmentation Function of b/c quark to baryon

- [Eur. Phys. J. C12, 225 (2000); Eur. Phys. J. C 16, 597 (2000); Phys. Rev. D 85, 032008
(2012), Phys. Rev.D 66, 091101 (2002).]

* Fragmentation Function (FF) is an important probe in experiment to test and calibrate QCD theory.

PhysRevD.85.032008
1 a 1 1
TABLE IV. Systematic uncertainties on the absolute scale of ®_e', p.. : - 7 N :
fj\,,/(f’u + fd) 1 ll \\ r”” el Tr*
Oem Ugm L
Source Error (%) : l‘ : : ® K+
Bin-dependent errors 2.2 v :'J_c,;’\ \ ,’ r\> Y p*
B(A) — DpXpu~p) 2.0 é ' g NS
Monte Carlo modelling 1.0 €', Pe- (IQCD PRI 1 i
Backgrounds 3.0 1) QED QCD-non-calculable
Tracking efficiency 2.0 2) Hadronization/Fragmentation
g :
Iy 2.0 3) Detection
Lifetime ratio 2.6
PID efficiency 2.5
Subtotal 6.3 +
BN — pK-7) 260  mmmm)3 7 ® Now B(pK m™) are still dominated
Total 26.8
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A - pKm + 11 CF Modes 43143 32 L £

CKM matrix element V,;, Voa Voo Viw ) PRz [ 0:02% 03% 12%
Voekm = | Vea Ves Vb S Ve ~ 4% 2% 2%
CKM
Via Vis  Vib 7% 7% 3%
B(A - | Vb | G(A -
(A, — pp Vu) ub X (Ap, — pp !/,,)
B(Ab — A(+Il» Vu.) |\/cl)|2 G(A[, — A(+[L l/,‘)
Measure this experimentally Get this from theory
Nature Physics 11 (2015) 743
Source Relative uncegismesbiiml?)
B(A} - pKtn™) m ) 3 7/
Trigger
Tracking 3.0
A} selection efficiency 3.0
A) — N*p~v, shapes 2.3
A} lifetime 1.5 _ . . : .
Isolation 1.4 B(pK ™~ ©™) are dominated systematic uncertainty
Form factor 1.0
AY kinematics 0.5
¢*> migration 0.4
PID 0.2
Total +;:§
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Decay asymmetry parameter in AY - 29K+

Theory or experiment B(A} - ZKY)  azok+ |A] | B Op — 0
(x1073) (x1072Gp GeV?) (x1072Gx GeV?) (rad)
Korner (1992), CCQM [7] 2.6 0 - - -
- Xu (1992), Pole 8] 1.0 0 0 7.94 - PRL 132’ 031801 (2024)
Zencaykowski (1994), Pole [9] 3.6 0 - - -
Ivanov (1998), CCQM [10] 3.1 0 - - -
Sharma (1999), CA [11] 1.3 0 - - -
Geng (2019), SU(3) [12] 5.7+0.9 0.9470%% 2.7+0.6 16.1 + 2.6 -
Zou (2020), CA [5] 7.1 0.90 4.48 12.10 -
Zhong (2022), SU(3)* [13] 3.8104 0917093 32402 8.7106 -
Zhong (2022), SU(3)" [13] 5.070% 0.99 4 0.01 3.3702 12.3%]2 -
BESIII (2018) [14] 590+0.86+039 - - - -
PDG Fit (2022) [3] 5.5+ 0.7 : - . -
* At - EOK* is pure W-exchange process which have significant € - S s
contributions in charmed baryon decay. Add A u (=’
c (:.E
° Nonfactorizable W-exchange diagram cannot be calculated using lu - WK
theoretical approaches. (u - u}
=0
(& —> > o
Long-standing puzzle on how large the S-wave amplitude. A §W+ §}
-2, ufK*
° Experimental measurement of decay asymmetry is crucial and
urgent. FIG. 1. Feynman diagrams for A} — Z°K™*
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Decay asymmetry parameter in AY - 29K+

ar
dcosfg dcosfy dcosby dcosls dopi doo dos
2Re(s*p) 5 2Im(s*p) 5|2 — |p|? ety ol
YBP =121 p2 PEP T s+ 27 PP T [s2+ [pf2 # (1+ 00605%60) Qg0 et o088
+(1+ aocoszeo) Q20 gt Oy cosfacosfz
+ (1+ aocoszoo) p 0 ap"vc0503
Level Decay Helicity angle Helicity amplitude — (1+ agcos0o) azo+4/1 — a2 g @, —sindysinfzcos(A, 0 + ¢3)
- 2 A—

0 cve +_> A:O(Al) Ac£A2) (60) Axia +1/1 — a2 sinAgsinfocosfoazo y + sinb1sing,

1 AC e =) (As)K (91,¢1) B)‘3 i Bk i 3 - "

2 =0 A\ 70 (62,02) Chs a3 sinAgsinfycosbyor ,, 0sinf;sing, cosd,

3 A — p(As) 7™ (63,03) D, +4/1 — o sinAgsinfocosfoazo x+ ) 0 @, — sinf1sing; cosds

+

1-— a% sinAgsinOocosﬁoapﬂ,_sin015in¢1cos0gcosl93
2 i 2 2 2 5 : :

sinAosinfocosfo /1 — af . —sinfisingsinfasinfzcos(A 0 + ¢3)

2 . ) . .

1 — a? sinAgsinfgcosfp /1 — 20 e+ XAxO cosgisinfasin(Aco o+ + ¢2)
1-— ozg sinAgsinfpcosfp /1 — a";OK+ a, 0cosOisingsinfacos(Ago gt + ¢2)
1 — a2 sinAgsinfpcosbp /1 — a2 K+ Opr—C0sO15ind1sinf2cos(Azo g+ + p2)costs
1 — aj sinAgsinfocosfo/1 — a2y o &, —cospisinfasin(Ago i+ + p2)cosds

2 sinAgsinfocosfo \/ 1-a2; . \/ 1-a2 , a,. costisingisin(Ago+ + ¢2)sinfgsin(A, o + ¢3)

+

+

CM frame A} rest frame

+

AEPREERERE

ﬁ

1 — a2 sinAgsinfpcosby \/1 — aiox_,_ \/1 — ai,‘-O O cosfysing; cosfacos(Ago x4 + P2)sinfzcos(A, 0 + ¢3)

+

il

1 — a2 sinAgsinfgcosby \/1 - a§0K+ \/1 - ai,‘.o @, — cosp1co8(Ago g+ + $2)sindssin(A, 0 + ¢3)

+4/1 — o sinAgsinfocosbo \/1 - aiOK_'_ \/1 - aiwo Q. — cosp1cosf28in(Azo e+ + ¢2)sinfzcos(Ay 0 + ¢3)

The joint angular distribution for AY —» E°K* is derived based
on helicity amplitude

=0 rest frame A rest frame
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Decay asymmetry parameter in AY - 29K+

cosy T ° From the fit, we obtain azog+ = 0.01 + 0.16,,, +
; t T t \:lm.«; O'OBSySt and BEOK+ = _0.64‘ -l__ 0.695tat i 0-13syst
B and ygog+ = —0.77 £ 0.5854, + 0.114,,5,
b cosl9+1 ak 4 9,
2 1ttt m °* agog+is in good agreement with zero=>strong
: Pt A ea ] identification for theoretical predictions.
b cosf, ¢2
R oLy - - 2 2 2 2
" +++ : i T'= B(Al = EPK™) = [Pe| [(mAj +Mizo)” — My 1A% + (mAc+ —mzg0)® — My, |B|2]
=il Tp+ 8 m2 mi s
p cosb,| w t 9, c Al Ag
. Wm _ 2k|A||B]cos(8, — )
ey T AR R
Polar angle Azimuth angle 2[§ A B Sin 6 _ 68
p

A= = arctan
=ORT A2 - k2|B]2

¢ e+ ° Especially, cos(8, — 85) is measured to close to

Korner(1992), CCQM

LR zero.=>not considered in previous literature.

g o =0 e via i { ¥ mo w0

* Fills the long-standing puzzle on how to model azoy+
R and B(Af - E°K*) simultaneously.
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Decay asymmetry parameter in AY - 29K+

(c > = S
PRL 132, 031801 (2024) §W+ .
® Mg . AT d > > “ur
Helicity frame: W-boson-exchange decay: s
L > U
r > U
. , =0
S » :
g W s
Ld > > Z K~
1 [ CSCRI BOMREY, e e e
- ¥ 0o (BESID & BF(PD.;?— I
[ @  Korner(1992), CCQM
0.5 _: )Z(:ls::glz«);wl’sﬂie(l994) Pole
'y E v lvano\.‘/,(1998), CCQI\”I e el
gl] 0__ m O e Vv (A ¥ :‘;In :
I ©  Sharma(1999), CA g ‘
osfy S
s z::ﬁg(zo)z'z), SUGY
TV Zhong(2022), su@y
R .

Branching Fraction(x10'3)

Decay asymmetry parameter: a = 0.01 + 0.16 + 0.03

=0 rest frame A rest frame

Phase between S and P wave: §p — §s = —1.55 + 0.25 + 0.05,0r 1.59 + 0.25 4+ 0.05
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Partial wave analysis of AY - Artr!

Events / (0.033 GeV/c?)

BF of decay A} - Amr*m® has been measured by BESIII with high precision
[Phys. Rev. Lett. 116, 052001 (2016)], but no previous study on intermediate
structure.
Perform Partial Wave Analysis to obtain the information of intermediate
resonances p*, 2(1385)*,%(1385)° and the decay asymmetry.

400

200

JHEP 12 (2022), 033

16 18 2 2.
M,,.(GeV/c)

Yingchao Xu (YTU)

Events / (0.033 GeV/c?)

Signal purity > 80%

e
M, (GeV/c?)

#16)2024 BESIIREFEZTLTHR

2
S

W
S
(=]

Events / (0.033 GeV/c2)

~ 4001 4,600 GeV
§ . ~—Data
o 300 —Fit result
=" - Signal
e L -- Background
— 200
= B
= i
g
5 100{-
s A
Col e L A

925 226 227 228 22
M, (GeVic?)

— Ap(770)*
- — NR(m*n0)A
| — n0%(1385)"
| 7°%(1670)
— 70%(1750)*
T wE(1385)°
- — w*X(1670)°
- — m(1750)°

T 04 06 08 1 12
M., (GeVic?)
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Partial wave analysis of AT - AnrT7°
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 is 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)T) 4.81 £+ 0.58 [13] 4.0 [14, 15] 4.06 £ 0.52 <6
10% x B(AF — %(1385)*7%) | 2.840.4 [16] 2.2 +0.4 [17] 5.86 & 0.80 —
102 x B(AF — 3(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 | —
Q5 (1385)+ 70 —0.9115-10 [17] —0.917 +£0.089 | —
Q52 (1385) 0+ —0.9115-10 [17] —0.794+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.101.053002
https://doi.org/10.1103/PhysRevD.46.1042
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

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. < n
Mp; = \/El%eam - |ﬁAZ|
Example: DT « Double Tags (DT)
v =~ Unmiss = Emiss — |ﬁmiss|
F @ .
// R A'—/—‘i\ ﬂ"l: Mmiss = \/Erzniss - Ipmisslz
’ e:_,’

=

Branching Fraction (B)

NSL
Y 'W/ Bsi, = Ntad 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 is improved by threefold [Phys. Rev. Lett. 115, 221805 (2015)],
providing necessary inputs for testing various theoretical models.

* The first determination of form factors in A¥ - Ae*v, decays.

Phys. Rev. Lett. 129, 231803 (2022) B(AL — Aetve) (%)
/ Constituent quark model (HONR) [8] 4.25
1.14 / / / // /// > i s Light-front approach [9] 1.63
= ) . Covariant quark model [10] 2.78
= // O s A Ay, Relativistic quark model [11] 3.25
% 5 200f « Ag— An'*n® Non-relativistic quark model [12] 3.84
g L12F % - other bkgs Light-cone sum rule [13] 3.0+0.3
E = Lattice QCD [14] 3.80 4 0.22
= 2 100F SU(3) [15] 3.6 + 0.4
1.1 / - Light-front constituent quark model [16] 3.36 +0.87
// W /,/ / s, MIT bag model [16] 3.48
202 -0 1 02 -(),1 0 61 D2 Light-front quark model [17] 4.04 £0.75
(GeV) mlss (GeV) This work 3.56 £0.11 £ 0.07

mISS

Comparisons between measurement and theoretical

B[AL - Aetv,]=(3.56 £ 0.11 £ 0.07)% D
predictions.
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Study of the kinematics in AT — Ae*v, decay

* Helicity amplitude and form factors

a‘r G%|Ves|? Pg? Ve o 2 A o 2
dq?dcosf.dcosl,dx - 2F(|27'r)4| . 241\312\C X Hffl 2Q- f1(g )’2 H%l 2Q+91(a°);
{—(1 — c0s0.)?|H1,|?(1 + aacosfy) 4 5
8 2 Hiy=vVQ+/¢? 9+(q°) (Ma, — My),

+ g(l + cosOe)2|H_%_1|2(1 — aacosbtp)

+ %Sin206[|H%0|2(1 + aACOSOP) + |H_%0|2(1 _ aACOSQP)] PhyS. ReV. Lett- 129, 231803 (2022)

<
3 a
4+ ——apcosysind.sinf, X 2 « 200
92 X o 3 150 S 150
X 100 2
(1~ cosf)H_30Hy, + (1+ cosGe)H%OH_%_l]} (2) s 5 100
z 0 R 50
5
R

05 1
2 (GeVYcH)

' 1501 '

W
=]

—
[}
(=]

50f

Events/0.2
S
Events/(0.2m)
¥,
S

05 0 05 2 0 2
cosf, X (radians)
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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.
Phys. Rev. Lett. 129, 231803 (2022)

3= DATA: A;— Ae'v,

= =='LQCD: A{—> Ae'v, ~ 08l 2
& 2f 2 R o™ _—| e DATA: Al— Ae'y,
== | — — — -7‘/‘?.‘:.-‘--"7"""‘»'_",' i |
a s = 06m_""_f','ffff,.f‘——-“""’" . o2~ L. LQCD: Al— Ace'v,
>
[}
©
'
&
&
<
Q 5 N
S 0.05
Ty
0 1 | | | 1 |
' : 4 ~ : . . . 0.8 1 1.2
0 0.5 1 . 40 0.5 1 0 02 0.4 0.6 )
¢ (GeV?/c*) g2 (GeV?/c*) q? (GeV7/c*)
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Observation of A7 —» pK~etv,

Phys. Rev. D 106, 112010 (2023)

The data we used is about 4.4 fb~1 data from 20 $oeta
Js=4.6-4.7 GeV. g

| B pKety,
The new observed SL decay mode :
B(AY - pK~e*v,) =(0.88+0.15+0.07)x1073

Significance : 8.20

T

NPT=33.5 + 6.3 0.1
15

= Ag— pK'n*n®

[~ = other bkgs

Events/0.01 GeV
S

14 15 16 17 18 19
M, (GeV/c?)

This work provides a clear confirmation that
the SL A{ decays are not saturated by the

+
A7 v, final state. B(AL — A(1520)e* )| B(AF — A(1405)e " 1)

Study of pK ~ mass spectrum can be used to
understand the nature of excited A* states.

Yingchao Xu (YTU)

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

B(A(1405)—>pK )
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Evidence of A —» A*(—» pK™)e™v

Phys. Rev. D 106, 112010 (2023)

10 [l A A(1520)€’y, — data
A¢— A(1405)e’v, — total fit
a .\ .
c | v e A pKNRe‘ve
S
% A~ pKrn®
1) == other bkgs
~ -
— === Ag— pKuty,
S s
S
<)
=
]
>
84
Lo Un AL e ot A E A R e ) T T LN X SRRk K 0 L
1.4 155 1.6 1.7 1.8

M (GeVic?)

B(AY — A(1520)etv.)

B(AF — A(1405)e"v,)

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

0.4240.1940.04
B(A(1405)—>pK )

B(A} - A (1520)[- pK~le*v,) = (0.23 + 0.12 + 0.02)x1073 significance : 3.3¢
B(AL - A (1405)[- pK~]etv,) = (0.42 + 0.19 + 0.04)x 103 significance : 3.20

* The measured B(Af - A (1520)[— pK~]e*v,) is consistent with these
theoretical calculations within two standard deviations.

Yingchao Xu (YTU)
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Search for A} - Artn~etv, and A} - pKdn~etv,

— 6__ -4~ data A-é- - A7T+7T_e+ve —_ 3:—A1'- - pKS(,)n'_e'l've -4~ data PLB 843,137993(2023) .
= | [signamce = L [ ]signatmc * Many theoretical calculations concerning
S [ momAivke = Bl oA big At — A* form factors and Branching fractions.
I—} | [—) 2_ ..... A:bkg
S S
% ,L g i * No significant signals are observed, and the
S 2 1r upper limits on the decay branching fractions
. = [ , ) are obtained.
0 =55 22 a n 1 0 R e 272
-0.2 -0.1 0 0.1 0.2 0.2 -0.1 0 0.1 0.2
U iss(GEV) U,..(GeV) « Assuming all the Arm combinations come
from A™ :

B(AL » Antn~e*v,) < 3.9x107* B(Af - pKdm~etv,) < 3.3x107* 3 B(AY - A(1520)e*v,) < 4.3x1073

- » B(A{ - A(1600)e™v,) < 9.0x1073
A" state  CQM [8] NRQM [9] LFQM [10] LQCD [11] > Due to the limitation of statistics, the

A(1520) 10.00 5.94 o 5.12 + 0.82 results are consistent with all theoretical
A(1600) 4.00 1.26 (0.7 £ 0.2) o calculations.

A(1890) — 3.16 X 10:2 — — > B(AT - A(1520)e™v,) is consistent with
A(1820) — 1.32 x 10 — — the one measured via Af —» A (1520)]

— pK~]e*v, [Phys. Rev. D 106, 112010
The predicted Branching fractions of AT —» A*e*v, in units of 107%. (2023)].
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Measurement of A7 — nm™

Internal W emission W exchange

u > U u > > u "
bt — [ iH0 N\"
E " %{ d E
AT W u AT d S
c - > d c > > d mn g
W .

d > d d > > u

M, (GeV/c?)

Experimental input Phys. Rev. Lett. 128, 142001 (2022)

] ] o Mzec = (Epeam — En+)2/c4 —|p Do — ﬁn+|2/cz
e Studies of nonfactorizable components are critical to

understanding the underlining dynamics of charmed
baryon decays.

— 2 2 2 .2
P = \/Ebeam/c _mAjC

* Do = —Paz /1P| is the unit direction
opposite to the ST A7
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Measurement of AT —» nr™

e 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(:onr)x 10| R | Reference

. ‘B(AE - nni) = (6.6 +1.2+0.4)x10™* . . ) BRD 55, 7067 (1997)
* B(AY{ » Ar™) = (1.31+£0.08 £ 0.05)x10 9 2 PRD 93, 056008 (2016)
« B(AY - 2%t) = (1.22 4+ 0.08 +£ 0.07)x10~2 113429 2 PRD 97, 073006 (2018)
e R = B(Aé’r—ﬂmﬂ > 7.2 at 90% C. L.E S st 5 8or9 450r80  PRD 49,3417 (1994)
B(A¢ ~pm®) 2.66 3.5 PRD 97, 074028 (2018)
« Use B(Af - prr®) < 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 A= —» nX

PRD 108, L031101(20

L I L L L B B |

23)

¢ Data ]
&3 A, — X .
A!A, background
£2 qq background

500

N

S

=)
|

300}

/
o
+ ¢ 200}

4 \ 100F
%
Data-driven technique to model 72 behavior in the detector.
The deposited energy in EMC (Ej) is used to identify 7.
(A; »7aX) = (32.5 £0.7 +1.5)%
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(AL — pX).

Events / 100 MeV
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The inclusive channel A7 —A+X

* The inclusive process mediated by the c-s transition.
« Essential input in the calculation of the A/ life time.

. gseful in understanding the heavier charmed baryons, esp. the less known double- or triple-charm
aryons.

« Current PDG: BF(Af —A+X)=(35£11)% with large uncertainty.

» The sum of know exclusive modes only accounts for (24.5+2.1)% => need better understanding of the gap
between exclusive and inclusive rates.

u

« Comparison with K+X will shed light on the A} internal dynamics. ue q
od
» Search for the CPV by measuring the asymmetry. ()
S C
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The inclusive channel A7 —A+X

PRL 121, 062003(2018) * In the ST modes of A} - pK~m*rand pK?, to measure the
probability of find a A in the final states.

2.3
2.295
pngcys « Extract yields from 2D distributions in bins of p—|cos0|
N§ 2.28
& 2.275
B 227 » Data-driven 2D efficiency correction using several 4 control
2.265 samples.
2.26
2.255 : .
2925 bl Ll e LOLAQIW(ZTJ[:IAIO.LIJ R
1.1 1.105 1.1“;I 1.(1&5\/1/.122) 1.125 1.13 1.135 o B(A‘lc' - A +X) — (38_2t%:g i 0_8)%
T ev/c . .
’ (excl. rate (24.5 + 2.1)% observed, indicates ~1/3 BFs are
unknown)
, NA + NB N€ + NE
NSlg:NS—+—f'(ND— —; )

© Ay, = (21172 £1.4)%
(No CPV is observed.)
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First measurement A} — KJX

EPJC 80, 935 (2020

e The A} Cabibbo-favored (CF) decay dominantly

includes A} — AX and A} —» KX (K*,K% K9).

« Measuring the BF of A - KO ¢ X can provide an important
information for understanding the missing CF decay modes.
 Comparing the BF of A — KJX with that of the charmed
mesons provides some information about the nature of these
charmed particles.

Cabibbo-favored decay

v Inclusive modes
T100 et anything 4.06 +0.13)%

PDG result

(
I p anything (50 +16)%
B(D° - K9 + X) = (20.75 + 0.23)% Fu  manphing (26 2 LO%
B(D+ - K(S) + X) =(33.1+0.49)% Tyos A anything (38.2129)%
B(Df > K2+X) = (19.0 £ 1.1)% Piu K anyhing (0.9+07)%
(

Tyg5 3prongs 24 +8)%
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First measurement Af — KoX coice0,055 eom

M (GeV/c?)

el Loy

My(GeV/c2)

N

N
2

N
I

Ind
o

N
Ny

ILII}I"(‘II‘ (Y o |
048 049

,05 e I0.5 ]I
M )(GeV/e?)

80—

40

Events/(0.58 MeV/c?)

Events/(0.55 MeV/c?)

140F

@ ® o
S S S S
TT[TTT[TTT[TTT

S
S

20F

B(Af > K°/K°+X)=(19.8+1.2+0.8+1.0)%
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The relative deviation between the branching fractions for the
inclusive decay and the observed exclusive decays is (18.7 =

8.3)%.

There may be some unobserved decay modes with a neutron or

excited baryons in the final state.

Mode Value (%) Mode Value (%)
Observed BF Extrapolated BF
pK© 3.1840.16 nKOm+ 0 3.0740.16
pKOr0 3.9440.26 pKO7070 1.364-0.07
pKOnta~ 3.2040.24 nKontmntn— 0.144-0.09
nKOor+t 3.6440.50 pKntn—n0 0.2240.14
pK% 1.604-0.40 nKOn+t70xn0 0.1040.06
AKTKO 0.57+0.11 pKO707070 0.0340.02
(ZK)TKO 0.68+0.34
B0KO0x+ 0.62+0.06
Total 16.140.8 Total 6.3+ 0.4
Total 22.440.9




Inclusive SL decay AL - XeTv,

Phys. Rev. D 107, 052005 (2023)

 Further Af SL decays may exist. Pa— oo BT—
e yields O~ n yields
: . P L S o
* Comparing with the charge-averaged ST 4t T g .
. . = % S s000 e -
non-strange D SL decay width is helpful o e R
for testing current theoretical predictions. ke - ) T,
e T P PN
° Unfoldlng method to Obtaln true S|gna| 02 03 04 0.; ((‘?éi//c(;j 08 09 1 %2 03 o4 0.; ((?:V/c(;j 08 09 1
yields. The matrix can be obtained using : ,
o003 i svss?;fiﬁfs 4000 070720 i svssl;rro;:;ay;:ﬁiss
selected control samples. ST o % - ot
> > O
S 3m 8 30001 O
8 o o bS o -

) ) % 500} e %2000:}- "O‘_O_
Ngvs Pese Proe Proe Ppoe 1 [NI7 4 [, o £ o] > |
N;-)bs Pe—>7r P7r—>7r PK—)'/r Pp—)'/r N;;_rue L .* T"‘-‘Q'-T"-t L 1aie aig ale alieoole.olene
N?(bs - Pe—)K P7r—>K PK—)K Pp—)K N;gue %2 03 04 0; ((?:V/c(;j 08 09 1 %2 03 04 0; (C(}):V/ng 08 09 1

i Ngbs i Pe—)p P'/r—)p PK—)p Pp—)p Nzt)rue

RS (WS) :the charge of the track is required to be
opposite (equal) to the ST A, candidate.

Yingchao Xu (YTU) 7612024 BESIIRETFTRETHER




Inclusive SL decay AY — Xetv,

Phys. Rev. D 107, 052005 (2023)

—&— RS PID-corr yield 600
—eo— WS PID-corr yield —_ u g
< — —— -corr yie N ‘J\g
% 400 _\{)_—%—_%_‘_%: RS-WS PID-corr yield E ‘ i )
O 400 - e s
5 ++ + g : '
S == S
2 s00H 3 £ s
5 i 2 200 L@ Ve :
> : - m v F9d +
M = e
& o ° s,'ﬂ
— g u
] +r§—'—§—| 0t ol _A;(;H‘*AH ] ] ] ] ] ] ] ]
02 03 04 05 06 07 08 09 1 0 01 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 o L(AY - Xetv,) 1.98 4 0.05

PID unfolding yields 3865 +80 376 + 33 (D - Xetve) e

WS subtraction 3489 + 87 + +

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,) =(3.56+0.11+0.07)% nKnow decay. U.o%

B(At - pK e*v,) = (0.88+0.15 + 0.07)x1073
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Energy-Dependent Electromagnetic Form Factors of A{

:B‘; S;I’;B‘;; » The Born cross sections and effective form factors (|Gege|)
400 /BESIII2018 are determined.
= 0 = Threshold +
g rp= g Gotl = /51
9 e -
200 «%» <FH» + egrJ1sRSvP Lint B+ 7 (1 + g) ’
0 A 4|;H’ A * No indication of the resonant structure Y (4630), as reported
' by Belle [Phys. Rev. Lett. 101, 172001 (2008)].
PRL131, 19, 191901 (2023) * No oscillatory behavior is discerned in the |G | energy-
15 et — AIA: dependence of Af, in contrast to what is seen for the proton
B -4-BESIII 2023 — Combined fit
: <-BESIII 2018 -:-Monopole decrease and neutron cases.
~ 1y N Threshold -~ Damped oscillation * Form factor ratio |Gy /G| 1s observed, which can be well
Ol ARSI : : .
S0 F TN described by an oscillatory function.
O [ N e
05| IR 1
L . . IGe/Guml(s) = ———7— |1 +rie” ¥ sin(rsw)],
46 47 a8 49 1+w?/ro [ ]
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Summary

e Studying the A decays allows a deeper understanding
charmed baryon.

 Threshold data at BESIII opens a new door to direct
measurements of the decays : precise study of A} decays

* The knowledge of Al decays is still very limited in
comparison with charmed mesons.

u Leading hadronic decay Typical two-body decay
d B(K~ pr*) = BKIp) =
N A 2014: (5.0£1.3)% (26%) 2014: (1.240.3)% (26%)
2017(w/ BESIII): (6.35+0.33)% (5.2%) BESIII: (1.5240.08)% (5.6%)
5fb ' 92 <2% 5fb 92 <2%

D B(K-n)  =(3.89£0.04)% (1.0%) BKIn®) =(1.19£0.04)% (3.4%)
C D* B(K ntn*) =(8.98+0.28)% (3.1%) BKIn™) =(1.47+0.08)% (5.4%)
Dy B(K~K*n*) =(5.45+0.17)% (3.8%) B(KIK*) =(1.40£0.05)% (3.6%)

CPC 44,040001 (2020)

Yingchao Xu (YTU) 74012024 BESIIREFRTHR



PrOSpeCtS in /12._ phySics CPC 44,040001 (2020)

» Amplitude analyses

e The multi-body final states. such as A} - pK~n*,pKJn°. From these analyses,
additional two-body decay patterns can be extracted.

* Provide a good opportunity to study the light hadron spectroscopy, such as the study
of A*and scalar meson.

» The EM form factor of charmed baryons

>
s
T

» Asymmetry parameter

I
=
[T

CPC 46, 113003 (2022)
> CP violation

Cuminosity(pb )|

E
C = -
Bl v b b b b b by

4.6 4.65 4.7 4.75 4.8 4.85 449 485

Ecms(GeV)
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