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Hyperon decays and CP violation
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1 A Polarization of hyperon disentangled

A Most preciselecay parameterbtained
A More CPV observable constructed
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Hyperon decays andChPT

A Therearestill unsolved questionsn the domain ofow-q2 hyperon weak decaythe
origin of theqd=1/2 Rule; theS/P wavepuzzle in decay amplitudes; the violation of
theHara Theorem

A TheChiral perturbation theory provides a useful tool to systematically analyze the
Interplay of the strong, weak, and EM interactions

A The processes of interest includgeronhadronic decays®© = and ®° =7
andradiative decays# O =ah®© = sh O =
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A TheYE T rule: theweaktransitionschangingisospinby 1/2 areenhanceaverthe
3/2 transitionan S-wave 050 Years of Quantum Chromodynamics 6
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1 is the strong finaktate interaction phasge is the weak interaction phase
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A Three parameters fully describe thgeron hadronic weak decays
c2 AYD I
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AThe @&l =1/2 and @&l =3/ 2 a npchyiwidihsdreldecay n
asymmetries If therenosel =3/ 2 tQdecays— tplﬁ—(egn%i IDAC

AWhy test @eleodecayl 2 rul e i n
ATe st 'Gt1Reuledp botliYwave and)-wave "Y/¥ andd,/0,

A el =3/ 2 transition contri butes 1 n CPV of dec
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S/P wavepuzzlein Hyperon hadronic decay

A S/P wave puzzlethe S wave in hyperon decay follows SU(3) symmetry, while the P w

doesnot SciBull 67 (2022) 2292304

TABLE V. Experimental §- and P-wave hyperon non-leptonic decay amplitudes extracted from the most recent pdgLive [3], BESIII measure-
ments and CLAS data [53].

A Using theChPT approaches with updated v 5o onss sonm 7 o=i7mE

This work  [49] This work
Tt oar 0483130)  0.068(13) 167(20) 0.06(1)  0.06(1) 181(1)  181(1)
d e Cay param ete rS ] th e u pd atewg/e an d P X o nn 0.99848(5) —0.068(8) 10(15) 1.88(1) 1.88(1) -0.06(1) —0.06(1)
- : A — pr 0.639(5) 0.7462(88) -6.5(35) 1.38(1) 1.42(1) 062(1) 0352(2)
Wave arm btal n ed Wh e reth e P-Wave d Iﬁe rS =7 - Ar 0.99887(35) —-0.376(8) 0.6(12) -1.99(1) -1.98(1) 0.39(1) 0.48(2)
. . T oo 0515730)  —0.982(14) 36(34) -150(3)  -1.43(5) 129¢4)  L17(7)
from Previous calculations. Aonr  038G)  07465) 2 SL092)  -L0A(1) | -048(8)  -0.39(4)
205 A 099524(12)  —0356(11) 21(12) 162010)  1.522) | -03010) -0332)

The S/P wave puzzldimits the precision of SMpredictions of hyperon CPV
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Yo Sy |2+ | Py |2 A} (-3~3)% 107 (-25+46+12)x1073
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Hyperon Hadronic Weak Decay ate*e collider

A UIf produced almost at rest

A * * produced bacto-back, spircorrelated
A Decay occurs within a few cm of IP

A Low momentunf and*

A Clean topology, low background rate: 1:400

A The first reaction: &+ 0 ¢ ¢

A Two helicity amplitudessinNo & N p& N pd

A Interference between them produces-adependent TEAFIE o, Ad, B ML (%)
production for hyperons that are sppolarized: J/p = AN 0.475+0.002+0.003  0.752 £ 0.004 + 0.007 24.7
J/p — Z+§]‘ —0.508 £ 0.006 4+ 0.004 —0.270 4+ 0.012 4+ 0.009 16.4
1 dN 3 1+ aycos? 6, J/Y — E‘@’“ 0.586 + 0.012 4 0.010 1.213 + 0.046 + 0.016 30.1
N dcos By T 3+ ay J /vy — ZO=0 0.514 + 0.006 £+ 0.015 1.168 £ 0.019 + 0.018 32.1

’p WJJ1- 0%2,{; sin @, cos 8, sin A®

== 1 4 vy cos? By,




Hyperon Hadronic Weak Decay ate*e collider

A The next two reactions:e © & ¢ O &

A In' and" restframes: _ N . 5 o
d cos O
(= + P=cosOx)z + P=f=X + P==¥

Pr =
A 1 4+ a=P= cos b,

A The decay angle-(—) relative tod direction
A 0 is polarization ofQwith ahchdtdriented in helicity frame

A » hnhsare theLee Yang decay parameters ethat can be determined with— and0

A The last two reactions: ®° wd, @®° =7Z

x 1 4+ aprPa cosb,. 6 Py

A In ¥ andy rest frames: ]

dcos 0,

A The decay angle-(—y relative tod direction

A Only » of @can be determinedsince proton polarization is not measured.




A joint angular analysis of i+ © ¢ ¢

ete™ = J/ih - 2 = A(— nn)n" A(— p~xt)w", (neutron channel)

ete = J/ip — 2 = = A(— pTa)n~ A(— nn®)7".(anti-neutron channel)

3 3
) — = 2 A _A
W(f,w)— ZOCHU Z a,up’a'vv’ap’()avfo
pyv=

A Spin density matrixi@@ © © ° ):

1 + ay cos? 6 0 By sinfcos 0
0 sin® § 0 Yy Sinfcos 6 . : . 15
Cow=2X| g sinfcosd 0 aysin® 0 0 |
0 —yy sin@cos @ 0 —(ay + cos” 6)
o kel

By = f1- a@ SI(AD)  yy = |[1 - afy cos(AD) © osh

A For —_ O —_ T[ decay 0 O 'x‘ A ) -1.0 0.5 . (l:.soe . 0.5 1.0 0% 05 . Do;% ] 0.5 1.0
1 0 0 @
= acos¢sinfd ycosfcosd —Bsing —Lcosfcosd—ysingd sindcosd U ] T = ]
k asinflsing pcosg+ycosfsing ycos¢—[cosflsing sinfsing © ol ] v 1..,A
@ cosd —ysinf psinf cos#

-1.0

0.5

0.0
cosb:z

0.5

1.0

1
—0.5

1
0.0
cosb=

1
0.5 1.0




A joint angular analysis of i+ © ¢ ¢

Events
Events
Events
Events

— — i ¥ i
A decav lenath (cm) cosfE
9000
16000f 900 i ¢ E 900 * §
7000 14000 800 y 800 Wﬁ‘
12000 700 700, )
£ cooo 2 2 600 @
5 so0 5t 5 g = £ ol £
@ G @ e S g
3000 6000 400 ] g m
2000 300
1000, 200 200
" 100 100,
e n
x jﬁ AR = | e ——— i ; I
A by N T T e ¢ 4 e e =
M(E ZTZGQ\} M(A) GeV/c? 5 0F 06 04 ﬂzmgg TM T4 0t 08 19 S0 08 05 04 47%:0508[)112 04 06 05 10

Events
Events
Events

Events
Events
Events

™15 18

1440 )
rE Semn(inarv'\ﬁ'ertex Fit

The fit yields 143973414 signal events and a purity of 91.2%.
Good consistence between data and simulation




A joint angular analysis of i+ © ¢ ¢

A Production parametersare consistent with
previous results, verifying the polarization
and spin correlation.

A Precision oft and ) are improved by
factor of 4 and 1.7.

A Strong and weakphasedifference are
measured.

(6p—85)sn = (1.9 + 4.9) x 102 rad

(Ep—&g)gm = (1.8 £1.5) x 10% rad

(6]3_ 5S)HyperCP = (102 4 39) X 102 rad

A Four CP observablesare constructed from
decay parameters.

PRL 132, 101801(2024

Parameters This work Previous result
Oy 0.611 4+ 0.00773 053 0.586 &+ 0.012 £ 0.010
A®,,, (rad) 1.30 +£0.037903 1.213 +0.046 & 0.016
az —0.367 + 0.00475 504 —0.376 + 0.007 + 0.003
¢= (rad) —0.016 + 0.01279-992 0.011 + 0.019 + 0.009
A= 0.374 + 0.0049:992 0.371 + 0.007 £ 0.002
¢= (rad) 0.010 +0.01279-593 —0.021 + 0.019 + 0.007
A 0. 76T £ 0.00877 6o 0-75T9 £ 0-0036 + 0-0022
apl —0.774 £ 0.00979°992  —0.7559 4 0.0036 + 0.0030
Qpg 0.670 + 0.00979-552 0.75 4+ 0.05
A po —0.668 + 0.00819-996 —0.692 + 0.016 + 0.006
§p—dg (rad) 0.033 + 0.020%3-995 —0.040 + 0.033 + 0.017
Ep—E&g (rad)  0.007 £ 0.02079-988 0.012 + 0.034 + 0.008
Az —0.009 + 0.008 g 007 0.006 + 0.013 £ 0.006
A¢Zp (rad)  —0.003 +0.008"9-002 —0.005 + 0.014 + 0.003
Agp —0.007 + 0.008%9°995  —0.0025 4 0.0046 + 0.0012
AL 0.001 + 0.00973-995

Al —0.004 + 0.00779-953

Qpp/ A 0.877 +0.0157 015 1.01 +0.07
Apo/Cas 0.863 + 0.01473-932 0.913 + 0.028 + 0.012




Disparityins decay that reve

Test of CP violation PRL 132, 101801(2024)
1+ ap azcosf 1.10 _ ——— R(cos0,, cosO.) —R .
R ) — = P [ ' n? il 1
(cos 0, cos 9p) 1+ ay,azcosb, [ R(cosB,, cost,) ]
1.05 N -
Test of AI =1/2 rule ~
1.00 |
1 —
R (cosb,,,cosb,) = T apog cos Oy, i ]
1 —I— aA_aE COS gp 0.95 [ L M i " 1 M L M " 1 M + i " 1 M + M 1 _
10| _'
The average of the ratio r —+ R(cosH,, cosh,)  —R, ]
S R(cosO_, coseﬁ)
1.05
(ap0) / (p—) = 0.870 £ 0.01275-515 z f _
Consistent with kaon decay e e et S LU L L L CEE L LR ]
S1/S3 =28.4+1.3%1-1 +£3.9 ol
i 0 05 00 0.5 1.0
Pl/Pg =—13.04+1.4 1:2:t0.7 cos0

X

Observed for the first time, different fromviave



Weak Radiative Hyperon Decay

AThe radiative decay was thought to be a simple reaction since it is free ftéitel

Interaction.
A o A Observables:
Effective Lagrangian . wN el -
o s — (I 1@ ) ¢Q A
fl — 9 (G wr ), 60 | Z

AThe fiHara theoremo:

A Focusing orsingle quark transition operator for vO Mg we e I e )
while the remainingwo quarksareassumed to be spectators.« il R p—“ a
A The Uspin properties of the weak and EM Hamiltonian .
imply that the PV part of the radiative weak decay vanishes in.— ’ TN ¢
U-spin symmetry o v— ¢ :
Ty

A For a Uspin doublet such agt+ , ort ,f , Haratheorem
requires thd>VV amplitudes vanish




Theoretical development for WRHD

S

A Non-pQCD effect plays an essential roldow energ

effective theories needed {\%ﬁ g
Decay modes Data [19-21, 32, 33] NRCQM [12] LFQM [13] EOMS xPT [14]

A — ny —0.16(10)(5) —0.67(6) —0.25 [—0.43, 0.15]

=y —0.652(56)(20) —0.58(6) —0.1 [~0.32, —0.27] Prog.Part.Nucl.Phys91 (2016) 4100
20 — ny ce 0.37(4) —0.22 [—0.70, 0.70]

=0 & Ay —0.741(62)(19) 0.72(11) 0.23 [—0.83, —0.59]

=0 20 —0.69(6) 0.33(4) —0.15 [—0.74, — 0.63]

ET 5 Xy 1.0(13) e [—0.18, 0.38]

Weak Hadronic Decay

A The WRHD provide lowenergy constants constraints, EIW 'k o 5
that will bring inputs for Serdieptonic decay and ea a 'a“Ve:jay@

weak hadronic decay

Sem+lepton|c Decay
Scl.Bull 67 (2022) 2292304 Baryon Magnetic Moment

14



Joint angular analysis for WRHD at e*e collider

3 3
_ E EZ3X A A
W = Z Z Cuvby, as, by ,a,00,
w,v=0 u’, v, p=0
For i 0 ¢ ¢
1 + ay cos? Oz 0 By sin =0 cos Oz=o 0
co 0 sin’ f=o 0 Yy $in B0 COS O=o
" —fBy sin B=o cos H=o 0 @y sin’ O=0 0
0 —y sin Bz cOS Ozo 0 —(avy + cos? O=0)
For- O - decay( © ) For- O - decay( © )
acos¢sing ycosgcosd—Lsing —Lcospcost —ysing cos¢@sinf b = acos¢psing 0 0 —cos¢sind
Qe = w = . . . .
e asingsingd pcos¢g+ycosfsing ycos¢—pLcosfsing singsind asinffsing 0 0 -—sinfsing
@ cosf —ysind Bsind cos f acos6 0 0 —cosé




WRHD process# O wmf

PRL130, 211901 (2023)

x10°

x103 x103
140 i 600 : 4 600,
. 120 S : A ! H 00}
p % 100 % 3 g (a) 400 ; 3__ (b) ’ ! 400
pw g 60 c2 ¥ 00.2]! 0227025 0.4 < 2:‘ ' 0cn.:uI 022023024
e~ S 40 g | [ — Total Fit 2 1: ; {  — Total Fit
0 e~ LE g B 3 — = Signal CI;:') B f '9 —-§i_gn3]
20 m : b\ =*pn’ BKG oo 4 1 T —pn’ BKG
e e s S P R < P W 0 r A Other BKG 0‘,,_,&", . :&f\ cherBKG
yor R 1.15 1.2 1.25 1.3 0.15 0.2 0.25 0.3 0.15 0.2 0.25 0.3
M ... (GeV/c?) Py (GeV/o) P5 (GeV/o)
Double-tag method: =
J Modes X — py 2T — py
NST = NJ/l,b—>Z+z_ X 32__)}3”0 XEST ST Yield 2177771 £ 2285 2509380 + 2301
ST Eff (%) 39.02 44 .31
NDT = NJ/;II—>Z+2— X Bg__,ﬁ,ro X BZ+_,W X EP7 DT Eft (%) 21.16 23.20
Individual BF | (1.007 +0.032) x 1072 | (0.994 + 0.030) x 1073
Npr  &sr Simultaneous BF (0.997 + 0.022) x 1073

Breopy = NsT % EDT




WRHD processtl © mmf

N PRL130, 211901 (2023)
. Wi (5» H) MC 0.2F 0.2F
L= W (5 H) i :sDiagtsamc 2 fndf = 1.82 : 2 /ndf = 0.78
=1 N NMC o= 0. ]_ -- Phase Space MC x __+_ &8 01_ __—I_ x o
®W;: differential cross section EL O*i. —— = '2& O:FI_ '=‘=- =
® V': normalization factor based on PHSP MC §-0.1p P 701k
202f @ , | | -0.2F (b) . . .
OH = (a] N,,ACDW, U5+ pys ag—_,ﬁno) -1 05 0 0.5 1 -1 =05 0 0.5 1
cos0y. cos0y.
0.2F 02F
" N, . 01; x2 /ndf = 1.63 &01; x2/ndf = 1.38
M (cosOx-) Z—ZCOSQ%COSQL, ?85 b 4+ R
N i=1 % 0 —:h e 'S’()Dﬁ 0" _:I_H_
Ny Z oil I —+ I E 01:_*_ 1 _I_
m . P i Qo Y. 3 @ =0. 2
M, (cosfys-) = ﬁ;sm &), sin ¢, 0al (©) | | | P (d) | <|—
- -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cosfy cosBy
Parameter value
@y | —0.508 < 0.006 Processes Stopy | X oy
AD —-0.270 + 0.012 ..
Individual fit —0.587 + 0.082 ‘ 0.710 = 0.076
Ozt 0 | —0.980 £ 0.017 )
_ _ Simultaneous fit —0.651 £ 0.056
s+ py Iterated from this analysis




WRHD process# O wmf

PRL130, 211901 (2023)

0.2 ——— . .
—0.4 Mode >t = py > = pr
= NZbs 2177771 £ 2285 2509380 + 2301
? 0.6 ! est (%) 39.00 + 0.04 4431 4 0.04
0 . Nobs 1189 + 38 1306 + 39
e e enr (%) 21.16 + 0.03 23.20 £ 0.03
S 08} A ?;’%"fl Individual BF (1073) 1.005 + 0.032 0.993 + 0.030
I _ A _ o gggg\/l Simultaneous BF (1073) 0.996 £ 0.021 £ 0.018
Lk + 2 dEferon Individual ~0.587 +£0.082  0.710 £ 0.076
B L Simultaneous a, —0.651 £ 0.056 £ 0.020
0.5 1 1.5 2

BF ("= py) (x107)

A Theaccuracieso f t h e ,@dimpawedby UB% and 34%
A The measuredBFIsower than the world average V:
A The accurate result will provideput and constraints for ChPT



WRHD process# O wmf

PRL130, 211901 (2023)

Input for new physics in O =& m CP observables:
A Smoke screen of new physicsn+ 1\ + T decay Acp = ? lg‘ = 0.006 =& 0.0115¢a¢. & 0.004 4yt
PRL94 (2005) 021801, PRL120 (2018) 22, 22180 o +as
Acp = — = 0.095 &= 0.087g¢at. &= 0.018gyst. .

A Experiment results of WRHDs provide SM expectations o
(PRL109 (2012, 171801 JHEPO1 (2013 027, JHEP 04

(2017 027, JHEPO8 (2017 09
A Extensive experimentalstudieson 0, ‘O and 6 meson
radiativedecays

SMon 0w |} | =}

PhysRevD.51.2271 Pt P

Weighted candidates / ( 2 MeV/c?)

Commun Theor Phys. 19.475

. . 0l e . = ]
220 230 240 250 260 20 220 230 240 250 p Tt p Tt
m,.,- [MeV/c?] My, (MeV)

arxiv:2312.17568 C PTI




WRHD process ®© = 7

PRL 129, 212002 (2022)

» Dominant background: X21c <10 IMtyy) - Mo | >0.02 GeV
16000 32 t = ﬁ\icﬁsive MC 10000 } [:. = :f:Esivg MmC
A —nn® S 140000 tL e I )
+ 3 1 7 A-nr® (bkgB)| L 8000 L A—nn’ (bkgB)
e = 12000 o, £ Ao pr = r ff" L B2 Ao pr
S 10000 :'EFWL' ':Er Others z 6000 :_ JIF \ ;‘[E:.:.h‘ﬂ Others
n S 8000F - 5 F N
_'_"_'—". ‘é 6000 i LL s 5 N Y
/ @ 4000 ﬁf k @ ao0f 4 T
¥ 2000F " 4 e > g Y i
, E f ! s .:‘I bt e l
x10 808 0.1 0.12 0.14 0.16 0.18 0.2 0.22 02 808 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.4
350+ J/y data O BKG A: photon candidate is from E, in A rest frame (GeV) E, in A rest frame (GeV)
& E ) : i i
O 300 Total fit 0
= E 7" decay. o
%.) 250 o Signal O BKG By hot didate i t 9000 = 00 > 20 ——Data 4000 By >0.15 GeV o
o . E Ly —— Inclusive E — i
< : photon candidate is no R e G wDam
------ Background 0 . 8000& A = Awny (Signal)| . 3500F A (Siona)
o 200F fl‘()m mw decay. % 7000 1 A—nn® (bkgA) > E 1 A—snm? (bkgA)
= - = 6000F ﬁ:rg';(bkga) © 3000 %kar;:Q(bkgs)
= 150F 2 50001 Others o 2500F () Otners
] E al B o
‘q&; 100F » Sources of noise photons: 2 4000 '?“1‘\%( % ?232
g 3000 . =
u>_| d O (Anti-)neutron-related secondary shower; :>j 20005 : j £ 1000
50¢ : 5 w [
- O Mis-identification of photons and 1000¢ ) 5 500E ' %
0= = e neutron showers; §08 0.1 0.12 0.14 0.16 018 02 022 0.24 R EORFRE 5 :
1.04 1.06 1.08 1.1 1.12 1.14 1.16 1.18 ’ . 1 012 0. -16 0. 2 0. - .08 0.1 0.12 0.14 0.16 0.18 0.2 022 0.24
M (GeV/c?) O Noise showers from beam-BKG. Eyin A rest frame (GeV) E, in A rest frame (GeV)
recoil(A)
After further BDT selection
1800F - 250
_ ~ E 1000
Decay mode A= ny A = iy _ se00f- (2) %, - _toop (b) ﬁ, b
2 % 1400F + ! % 800 Mt P L
Ngr (x107) 6853.2 £ 2.6 7036.2 £ 2.7 = 1200F I = f | 33 O
[=) E it ) r b T A S
EST (%) 51 '13 j: 0'01 52‘53 :t 0‘01 $ 1223:_ it 0.145 0.5 0155 0.16 0185 017 E 600: ?‘ | "u.'ms 0.15 0155 0.16 we: 0.17
® E t o+ =z r /
Npr 723 £40 498 + 41 S 600f — Total PDFs £ 400 f — Total PDFs
= E FEE --- Signal PDF > C -« Signal PDF
enr (%) 6.58 + 0.04 4.32 +0.03 5ok sgwpor |2 b Signa PO
BF (x107)  0.820 & 0.045 £ 0.066 0.862 £ 0.071 4 0.084 2008 7 7% - BG B PDF o “"%_- - BG B PDF
0 : 0 bt |
0.832 +0.038 + 0.054 0.08 0.1 0.120.14 0.16 0.18 0.2 0.22 0.24 008 0.1 012014 0.16 0.18 0.2 0.220.24
a, —0.13+0.13 +0.03 021 +0.15+0.06 EM in A rest frame(GeV) E2 in A rest frame(GeV)

—0.16 = 0.10 £ 0.05




WRHD process @© = 7

_IULsig ==InLjua +ln£bkgA +1n-£bkgB

;/”____._—-'

O [Contributions of BKG A / B|

should be subtracted .

O BKG A and BKG B contributions are estimated by DI'Y MC with same numbers
in data

ay, (J/p decay parameter) = 0.461, A® (helicity phase) = 0.74, a;(A - pn’) =0.75, ¢, (Ao yh )="?

0.2

u(cosﬂx)

u(cosBA)
o

0.1F

-0.1F

-0.2F

=+ Data
— Total fit
== Signal

=+ Data
— Total fit
== Signal

(a) A — pr
17 05 0 05 1
cosBK

- PHSP
| I

A ~05 B

p(cosE}A)

u(cosﬁx)

i=N
—111.[: — _ ; lnw({;%) 1
0.5
3 =
Fr
< 0
<3
-0.5
- (b)) A = ny
T
cos6,
1

PRL

129, 212002 (2022)

>

BESIII
PDG
VDM
PMI
PM II
NRCQM
QM
ChPT
ChPTII

1 2
BE(A—ny)(x107)

world average value

A First measurement gn
A 5 . @eviation of BF from




S = W B N

—— Data

-~ Z°SAy x 10

=0 5An?
Other Bkg
- AxnO+cc.

tone,

S geld 05

Sci.Bull 70 (2025) 454159

x10°
RO -~ i’;!SZITFn ~
%1 00F (a) . ggltshfrln(i(;al BKG ;
S I Iv—RRon’ 0
L Jy—>X X E
o | Self BKG
=l 3
= 50 <
2 | 12
= o
9 5
U—] T T ) [ o] [N T SO B B T T O L T RO 1
9.2 1.25 1.3 135 14 1.45
M, .(GeV/c?)
Modes 20 5 Ay | 20 5 Ay
ST Yield 1400541 + 1989 1611216 +2111
est (%) 17.61 + 0.01 19.77 + 0.01
et (%) 4.43 +0.02 4.77 +0.02
Individual BF (1.391 £ 0.093) x 1073 | (1.344 + 0.099) x 1073

Simultaneous BF

(1.379 + 0.068) x 1073
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Correction factor
Corrected individual BF
Corrected simultaneous BF

1.032

(1.348 + 0.090) x 1072 | (1.326 + 0.098) x 1073

1.014

(1.347 + 0.066) x 1073
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