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Outlines

* Motivation: Why study charm quarks and baryons?

* Theoretical Background: Transverse Polarization(EMFF phase
difference) and Decay Asymmetry Parameters(as CPV tests)

* Experiment: BESIII, correlated baryon pairs from ee collision
* Methods: Decay Chain Angular distribution + Max. Likelihood Fit

* Results and Discussion: first observation of transverse
polarization in charmed baryons; improved decay asymmetry
precision

* Conclusion: Implications for future research and theoretical
advancements.
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Motivation: QCD in intermediate region

» Charm quark (~1.27 GeV/c? ): a key role in understanding the
transition in the intermediate region of perturbative and non-
perturbative methods of QCD.

Asymptotic freedom

non-perturbative

|<_ non-pQCD e Perturbative? e pQCD

l M<<AQCD3 MNAQCD: :
A A A
TMeV u d ¢ Agcp~300 MeV % 1‘1\;" b t 1TeV

Log(M)

» Charm baryon: structure different from nucleus and hyperons by
replacing light quarks; Test of SM in charm baryons.

. U d

‘N‘ m(u)~m(d) < m(c)

A¢
mu)~m(d) € m(p) @ @ ‘ Quark(c) — diquark(ud)
© c

structure?

9/24/2026 Hao Sun, SPIN 2025



Decay Asymmetry: Penetrating CPV and QCD

>
>

Parity violation in non-leptonic weak decay A — B ( )P(O)

Described by Lee-Yang Parameters:
o 2Re(S*P) |B_1/2|* — |By)2|?
BF 1812 + |P|? |By,2|? + |B_1/2|?
+ +
= V1 — a? sinA/;j,,y =1 - azcosAg‘;,, a’+p*+y*=1

with their antiparticle counterparts: aA+ aAC AAér = —AKE
P P BP Bp»Bpp = BP

Observables for CP violation tests can be constructed:
At A7 AF At A7 At A7
Acp = (agp + agp)/(agp — “BP) Aﬁ = (Bgp + Bgp)/(Bgp — Bgp
Unluckily, CPV is shrouded by final state (strong) interaction between the

daughter baryon and meson; while in the semi-leptonic decay the strong
contribution can be separated into a global form factor.
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Decay Asymmetry: Separating Strong and Weak interaction
With full knowledge of the Lee-Yang parameters, CPV and FSI can be

distinguished.
» When S-wave and P-wave amplitudes are dominant by one term:
S, =15 |ef(5s +&s) P, = |P|ei(5p+5p)

and their antiparticle counterparts are:
S| = —|S|ei0s—Es) P, = |P|ei@rér)
* ¢ p: weak phases from CKM matrix in SM, change sign with charge;
* &g p: strong phases from FSI, remain the same as charge changes
» Consequently, CPV is modified by strong phase:

Acp = —tan(dp — 6s) tan(ép — &)
> Since &g p are relatively small values, the strong phase angle:

Op — O0g = arctan(B- /a ) + nn | Science Bulletin 2025;70(8):1183-1185

» And the shrouded CPV weak phases can be exposed.
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Decay Asymmetry: Improving QCD Prediction Ability

Combined with branch ratios, decay asymmetry oOnly C and T diagrams include factorizable components

parameters provide a full knowledge of the i"""""f""i R Y i

non-leptonic decay of the charmed baryons. : %C :i . ﬁc B ﬁ“C i
1 , 1 I r‘l i

Theories lacks ability of prediction due to A ii " e T

. . | g | q 1 q

complex inner structure and non-perturbative ! o ¥ T i

nature. i — 11 z |

The amplitudes can be divided into: L — — 1! i
I 5 11 q g

Factorizable components: i_ Tom i E i - E

: o N A R

Separable strong and weak interaction; AY > pK, A* D Amt

Well factorized by effective field theory; A - 20n?

Non-Factorizable components: Accurate and comprehensive experimental

Inseparable strong and weak interaction; measurements are crucial to improve

Global fit based on experimental input. theoretical prediction ability.
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Decay Asymmetry: Polarization Transition
> In weak decays like AY - B Z P(0), decay B |

asymmetry can be extracted ?rom polarization
transition between mother and daughter baryons:

(a+PA;|- ﬁ)ﬁ—f—ﬁ(PAi X M) + yi X (’PA;F X 1)
1+ aPs-n
» Ppg can be inferred from the helicity angular

distribution of B’s daughters in decays like B —
B;(1/2)P(0) with known decay asymmetry.

* If A} processes polarization :PA}LI a, B,y can be
obtained by polarization of the daughter Pp.

 Even if mother baryon is unpolarized, the daughter
baryon B has Pg = an, which lead to linear angular
distribution in B’s daughter baryon.

P =

Sci. Bul. 68(6) 583-592(2023)

cosé + cos6,

> Only a can be measured with non-polarized A} dN/dcos 6, « 1+ o}, al

+0py-COS 0,
? How to get polarized A} in current experiments Linear distribution observed
without the help of polarized beam?? in Af » Ah*(h = K,m) at Belle
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Transverse Polarization: a Spin-Correlation Effect

> Inete™ — y* - Af A7 with unpolarized beams,
A% and A7 are polarized in the direction
perpendicular to the reaction plane (V).

P,(cosby) = 203 i o) \/1 — a3 sin 6y cos Oy sin AP
ap = {R?(1 — v?)— 1}/{1 + R?(1 — v?)},R = |Gg/Gy
A® = arg(Gy) — arg(Gg)

e Spin correlation between A} A7 from a single y*; \
Nature 606, 64—69 (2022)

 Generated from non-zero phase angle difference

(interference) between EMFFs Gy and Gg, which we o5 _
have even less knowledge about than their modules. oz /V-\

[1]

p(cosd,)

* Unigue phenomena in pair production near threshold ”\u/

-0.25

> AY processes non-zero Py depending on the specific .

polar angle 6, but shows no P, with 6 integrated. s 0080 T T
Transverse polarization has

> Accessto Ad®, A" decay asymmetry and
g y a3y y been observed in hyperons!

corresponding CPV tests at BESIII!
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BESIII: T-Charm Factory on BEPCII

» Operating on Beijing Electron-Positron
Collider(BEPCII);

» Currently the only high-luminosity,
dedicated experiment operating directly in
the t—charm region.

» Unique advantages as an ee collider
experiment on charm physics thresholds:

* tunable beam energy
* clean backgrounds
* well-defined kinematic constraints

» Upgraded recently for pair production
near threshold of charmed baryons;
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Method: Conjoint Max.-Likelihood Analvsis

Conjoint Max.-Likelihood Fit with 5 decay
chains and 13 energy points;

Decay chains are reconstructed from A to the final-

level baryons, angular distribution functions of all decay

chains are used to construct likelihood:

1. At - pKg: ApK, (ho Ak, Without secondary decay)

2. AL > AT, Ao P @y Apgts

3. A'(l:_ — Z+T[0, Z+ - pT[O: az+“o\ AZ+1IO;

4 At - 201t 205 yA Ao pre: ago o+ Ao+,

5. A - pK™7t*:3-body golden channel for Py determination.

>
>

13 ags and 13 APs, for 13 energy points;
13 + 13 + 7 = 33 parameters for CP conservation;
13+ 13 + 7*2 = 40 parameters for CP violation;

13 energy points from 4.60 to 4.95 GeV,
QMthsa data set Of Llnt - 64 fb-:hao Sun, SPIN 2025

P+Q— A+ X
A—-B+C+D Zproc

A rest frame

3-body Af —» pK~nt's angular
distribution is constructed according to

partial wave analysis results from LHCb
JHEP, 2023(7): 228(2023)
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Method: Angular Distribution of Complete Chains

Machine deduction with the language of

CM frame

A rest frame

helicity amplitudes and helicity coordinate system.

/

AT rest frame 390 rest frame

A rest frame

39 rest frame

dr ) . .
d cos Ood cos 01 ddy x 1+ ag cos” by + PTang sin 6 sin ¢y,
A_CI-_ - pKg Pr= \/1—76¥(2)c0390 sin 6 sin A,
dr
Ac - A

d cos Oyd cos 01d cos Oxdpdps
x 2+ 2a9 cos? 6o

+4/1- aga/\ sin A sin(26y) sin 0; cos 0 sin ¢,
+1/1 — adap sin Ag sin(26)) cos 6; sin 05 sin ¢,

X 1/1— (O‘Xﬁ)z cos(A’lx"+ + )
+1/1 — adana sin Ag sin(26) sin 02 cos ¢y
— (a2 5@ + )

+ /1 — a sin Ag sin(26p) sin 6y sin 10y,

+ 2apap cos? 6 cos 920‘/\ .+ 2ap cosBraf

Af > 20

d cos Oyd cos 01d cos Oyd cos O3dp, doo

x 2 + 2ag cos® A+ N z()n_+
(4

— /1 — adax sin(26,) sin 6 cosBz cos B3 sim o7 SinAg
— /1 — adaysin(26))
. 0+
x y/1 = (0o, )2 sin(AT"™ + 2)

1 — aday sin(260) cos ¢y sin B2 cos 3 sin Ay

X ﬂ+ bln@ 02)
+1/1 — a3 sin(26,) sin 6 sin ¢, sin Aoazo "

— 2apaip cos? O cos O3 cos 03a207r+

cos 6 sin 05 cos 03 sin A

— 2a, cos B cos Ozaf, . .

Ant>

T angular distribution

< helicity angles
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Method: Background Subtraction

The massive likelihood fit requires backgrounds to be properly dealt with,
especially the peak backgrounds and events wrongly reconstructed.

» Peak Backgrounds: » Wrongly Reconstructed Events:
* Contributed by non-signal channels; * Signal channel events with a random y;
e Studied with cocktail MC; * Similar in spectrums but has different
. Sufficiently suppressed by optimized cuts angular distribution: hard to suppress;
such as PID, u chamber/EMC information,  Modeled by corresponding components
AE = E — Ey,,m and invariant mass. from signal MC after truth-matching.
Backgrounds are subtracted from likelihood according to:
a0 M+@)+6) (3)/BGy) Gy, )
—InL) =K X {(—ln Lzlfta ) — scale 1 X (—ln L‘S,\l,gRMC )
— scale, x [(—In i ) — scale 3x (—In B e )]}
\_ (5)/(4) Q)+  (2)/(2y) (240) )
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Method

The numbers of the components are
obtained by fitting the My, spectrums

3000

M oA+
rAc—> pKr? —}— Data@4600 MeV
2000 Fit
| Signal
1000 Background
r ZZ .
! ____ Mis-reconstructed
225 226 221 228 229 23
p— L 300 -
N [Ai—~ pK} LAY > Ax?
- I
> 400
[-P] L
p= I 200 -
LS
]
- 200 ;
= 100 -
> [
b
=1
@ r L
> | K . o | .
K zas 226 227 228 229 23 225 226 227 228 229 23
150 F
EAF 2 o[ AT 0
100
50
229

2.26  2.27

0
2.26 2.25

227 228 2.29 2.3

M, (GeV/c?)
9/24/2026

Events

» Signal MC is obtained by reweighting PHSP MC
according to the fit results:

- 0 -+ 0 - 0
sook Ac— pK¢ cosf, sk Ac— pK( cos6, 1000 Ac— pKg ¢1
600 600 . + Data
400 400 500
200F 200 e Fit
.................................................
0— 0.5 0 0.5 0—1 -0.5 0 0.5 : 2 4 6
4000 A;— pKnt* cosfy | 4000 A;— pKT cos6, A}— pKn* 9, A;— pKT* 9, Background
L] S -.—_-‘- 1000} 1000 ;'-—-—'l
2000 2000F Mis-reconstructed
2000 2000} D
1000 | 1000
i i i i : ;
0— -0.5 0 0.5 0—1 -0.5 0 0.5 : 2 4 [] B 2 4 6
600 Ai— AT cosfy | goof Ai— A cosé, | goof Ae—> AT cos6, | 600F A‘ A’ 9, 6001 A* 5 Ar* 9,
00} 100f 400F 400 L M
% M
200 200 200 2001 200
PRPRENCE IESTTRrT ISR AT ar e R Sy Looe oo be o on b oo P P RPN B PR SO R T S 1 i)
0— -0.5 0 0.5 0—1 -0.5 0 0.5 1 0—[ -0.5 0 0.5 B 2 4 6 : 4 6
150 F A; 53 n? cos6, | 150F A; 3 n? cosf, | 150 A7 >3'n® cosd, Ai—-z'n? 9, A;—zn® o,
150 150
100 100 100
hghe, b e ! o ok
i + L]
50 50 50 + 50 50k
0 0 0 2 0 . < 0 .
- 0.5 0 0.5 - -0.5 0 0.5 - -0.5 0 0.5 2 4 6 4 6
Al I cos, A I cosd, A= Inr cosd, A I cosdy | 300F A%y 507+ ¢ 300F Ar s =07+ 9,
200F 200 F 200F + 200F
150 M 200F 200 *
100
100 100
50F
0—1 0.5 0 0.5 1 0—1 -0.5 0 0.5 1 0—[ -0.5 0 0.5 1 0—1 -0.5 0 0.5 1 Ol) 4 6 00 2 4 6
Helicity angles

» The fit results are consistent with data in all the

helicity angle distribution.
Hao Sun, SPIN 2025
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Systematic Uncertainty

SR ) ZH e W
Goas0  —0.226+0.030 +0.004 | Agyep —0.100 £0.069 +0.009 220
Toser2  —0.160 +0.083 £0.004 | Ayye, —0.146+0.162+0.030 lLlo
Hoas  —0.181 £0.038 £0.001 | Ayus —0.371£0.082+0.012 680
Toaen  —0.060 +0.039 +0.003 | Ayue —0398+0.073+0015 760
Toaeer  0.008+£0.044+£0.003 | Ay —0.496+0.088+0.021 850
Goaes2  0.102+£0.029+0.003 | Agyer —0.502+0.054+0.021 1410
Goa9  0.305£0.055+0.010 | Agyee —0.545+0.114+£0.028 710
G0 0358 £0.126 +0.008 | Ay —0.097 £0.190£0.016 040
TG0 0347 £0.079£0.004 | Ayppsy —0316+0.142+0019 3.lo
Gour  0.157 £0.062+£0.007 | Aypg —0395+0.126+0.028 5.lo
Toass  0282+0.089+0.019 | Ay —0385+0.153+£0.034 360
Toaors  0.612+£0.150+£0.019 | Ay —0423+0272+0.024 190
Goaos1  0.744+£0.179 £0.007 | Agss; —0.700+£0392+0.058 180

X 09181543 +0.031

aff’ —0.790£0.032+£0.009 | A 0.36570 31 +0.010
AN 0.637+0444+0014 | yiT 0.493%070) +0.011
@ 05020080 £0.009 | AL 0704705 +0.015
ATF 2190£0730£0029 | y5~  -0.502:33% +0.021

2r-0.590+£0.049£0.022 | frF 076450 +0018

AV 1.901+0.603£0.040 | yX7  —0.26270% +0.031

About 3x precision of BESIII previous work(2019)

9/24/2026
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Parameters SEL TMP  SIG BKG PAR Total
o7 <02<01 <01 01-19<0101-19
Ad <03 <0104-5806—-25<0.609—5.8
K 0.1 1.1 2.9 0.1 3.1
gt 0.8 0.3 0.3 0.9
Apn+ 0.9 0.8 0.8 0.1 1.4
50+ 0.3 0.1 0.8 0.2 0.9
Aso,t 1.5 1.0 22 0.3 29
st 0 1.1 1.2 14 22
Asi o 1.2 1.2 3.7 03 4.0

> Modeling of A —» pK™7t" is the dominant source of
systematic uncertainty, but the golden channel lowers
the statistic uncertainty significantly, especially for
the transverse polarization parameter Ad®;

» Statistic Uncertainty is ~10x systematic uncertainty;
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Results: Transverse Polarization

+ Data

Transverse Polarization measured at 13 energy
points from 4.60 to 4.95 GeV,;

First measurement except 4.60 GeV!

(sign(aBP)SiHG,Sin(Pl)

—1 A{ transverse polarization

Significance of A® exceeds 50 at 11 energy

B . N SN BRI
-1 0.5 0 0.5 1

points, with a maximum of 14.1 o (4.68 GeV) | cosd),

First confirmation in charm baryon! SInAe

Large P, around 4.64 to 4.68 GeV | - EPJP, 2021, 136(9): 949

Optimized region for A{ decay asymmetry; :: H;"‘Z“ h ;+ } *

Combined with AY EMFF modules, a complete o P /D l
101

+ : : :
measurement of A¢ EMFF is achieved: 4600 4650 4700 4750 4800 4850 4900 4950

. . Vs (MeV
New and comprehensive experimental s (MeV)

constraint for theories about structure and
behavior of charmed baryons. with theory predictions based on results of EMIFF modules.

sinA® line shape shows complicated behavior, inconsistent
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Results: Decay Asymmetry Parameters

> o KO~ — 1, consistent with LHCb

%
results. Previous BESIII result with

4.60 GeV data(2019) gives

positive a K0 with large

p
uncertainty.

The discrepancy comes from small P, at
4.60 GeV and BOSS software version.

ay+-0 and ayo_+ are consistent
within uncertainty as predicted
by SU(3) flavor symmetry

9/24/2026

Pred. and Exp.

Korer(1992). C( QM
Xu(1992), Pole

Cheng, Tseng(1992), Pole
Cheng, Tseng(1993), Pole
Zencaykowski(1994), Pole
Zencaykowski(1994), Pole
Alakabha Datta(1995), CA
Ivanov(1998), CCQM
Sharma(1999), CA
Geng(2019), SU(3)
Zou(2020), CA
Zhong(2022), SU(3)“
Zhong(2022), SU(3)°
Liu(2023), Pole
Liu(2023), LP
Geng(2023), SU(3)
Zhong(2024), TDA
Zhong(2024), IRA
Zhong(2024), TDA
Zhong(2024), IRA
CLEO(1990)
ARGUS(1992)
CLEO(1995)
FOCUS(2006)
BESIII(2019)

Belle(2022)

Belle(2022)

LHCb(2024)

PDG Fit

This work

Hao Sun, SPIN 2025

[l L] ® ¢
® ] o
] ol @ ¢
® o @ ]
[ ] el [ ®
o] o] ]
8] o O ¢
[} ® [
¢ B B ¢
to— —o— —eo— —eo—
[ o) e} [
—o— o sl ]
—eo— 8] [l o
L] [ ] o o
e} [s) @ o
F—e—— &) 8! ]
—o— * [ ] o
—0— a [ ] o
] 8] ol ®
o ] o [
*
o—— —eo—
—e——
—e— I—Q‘—| I—H. (n gl
]
s] [ ]
—e— [ [ ] ]
e o lof =
-1 0 -1.0 -05 -1 0 1 -1 0 1
Apk? QApan+ Q3o+ Qz+po
16




Results: Decay Asymmetry Parameters and CPV Phases

Limited by statistics, the precision of the decay
asymmetry measurement at BESIII is far inferior to the
results of Belle and LHCb.

But clean background and well-defined kinematic
constraints at BESIII enable:

Comprehensive measurement of decay asymmetry
with more challenging decay chains;

This work determine the parameters f and y of A} —
07 +and £+ with unprecedented precision and
provide results of AT — Am™ consistent with LHCb.

A comprehensive knowledge of «,f# and y, i.e. s and
p amplitudes, enables experimental test on theories

Xu(1992), Pole
Cheng, Tseng(1992), Pole

* Cheng, Tseng(1993), Pole

® Ivanov(1998), CCQM
Zou(2020), CA
Liu(2023), LP
Geng(2019), SU@3)

4+ Zhong(2022), SU(3)*

4 Zhong(2022), SU(3)®

#  Zhong(2024)-1, TDA

+  Zhong(2024)-11, IRA
Zhong(2024), TDA®
Zhong(2024), IRA*
Zhong (2024), TDA?
Zhong(2024), IRAY
CLEO(1995)

25
Af = A
r:; 20
L"?JL s +
7 Ny
| WA
— ARVERN
@ 5 ]
0
0 2 4 6 8

and extract of strong phases and CPV weak phases.

\\'\ \ \
\\t:
2 4 6 8 2 4
|A] (x1072GrGeV?)
Parameter A — pK?, Af — Arnt Al — X0 F AY = utq0

{app)
First CPV test with A7 — Z%Tand 27, no (App)
significant CPV is observed as SM predicted o

by — s
But unlike hyperon, relatively large strong phases light 4

hope in CPV search with charmed baryons.

tanAg

—0.918T953% + 0.031 —0.790 £ 0.032 = 0.009 —0.502 = 0.080 = 0.009 —0.590 == 0.049 = 0.022

0.07913-187 £0.019

tangep -

0.637 4 0.444 £ 0.014  2.190 £ 0.730 = 0.029
0‘7041’8‘%‘;;3; 0.015
—0.5027 305 + 0.021
2197015 +0.02
0.20670 155 4 0.028
0.393 £ 0.651 £ 0.042

0.3650 378 & 0.010
0.6371 0505 +0.011
R.7170:3% £ 0.02
0.002 + 0.047 + 0.017
0.232 £ 0.242 + 0.025

1.901 £ 0.603 £ 0.040
0.76410931 £0.018
—0.2621047% 4 0.031
2.2310:02 4+ 0.03
—0.086 4 0.081 + 0.085
—0.007 + 0.474 + 0.034

—0.475+£0.242 £ 0.029 —1.411+£0.672 £ 0.062 —1.297 £ 0.478 £ 0.068
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>

Summary:

Simultaneous determination across 13 Ecms
between 4.60 and 4.95 GeV of transverse
polarization and the decay-asymmetry for four
two-body weak decay modes.

First observation of transverse polarization in
charmed baryons.

CPV tests in the lightest charmed baryons;

Comprehensive information essential for
understanding the production and weak decay of
the lightest charmed baryon.

The results enhances the understanding of CP

violation and flavor physics in the charm sector.
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