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Al =1/2 rule in Kaon decay

* In K — mm decay, their amplitudes:

A(K+ - n+n0) = ;Aze% Al =% transition

. 1 . 1
A(K® - ttn~) = AjetXo + — A, etX2 Al = = transition
( ) 0 \/E 2 2

+ +-0
Re(4y) \/B(K - )T, \/0.21°0.1ns 1

Re(A1) - \/B(KS - THT™ )T+ -

0.69-12ns 22

 The AI = 1/2 rule means the weak transitions changing isospin by 1/2 are enhanced
over the 3/2 transitions in S-wave
Current precision w = Re(A,)/Re(A,) = 22.35 +0.06

« Direct CP violation in K — mrrr arises from interference between isospin amplitudes
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Al =1/2 rule in Kaon decay

Al = 1/2 rule: w= Re(Agy)/Re(As) =22.3540.06
A factor of 2 is provided by perturbative QCD correction to the 4-quark operators

Dual QCD approach (1/N expansion method, mainly long-distance contribution)

w = Re(Ay)/Re(4;) = 16.0 + 1.5 Eur.Phys.J.C 74 (2014) 2871
RBC-UKQCD Lattice QCD

w = Re(4y)/Re(4y) = 12 + 1.7 PRL110, 152001 (2012)

w = Re(4y)/Re(A;) =31.0%+11.1  pRrDI1, 074503, 054509 (2015)

w = Re(4,)/Re(4,) =199+ 23+44  PRD102, 054509 (2020)

QCD dynamics is dominantly responsible for the Al = 1/2 rule, but new physics
contributions at the level of 15% could still be present.



Al =1/2 rule in Hyperon decay

* The Al =1/2 rule is also applicable in the decay of hyperons, e.g. 4 — prr~ and A - nn®
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* |f there no AI =3/2 transition in A decay

ag/a_ =1

(A — nn?)/T(A = pr~) =1/2
* Why test Al =1/2 rule in A decay:
* Test the Al = 1/2 rule in both S-wave and P-wave: $1/53 and P1/P3
* Al =3/2 transition contributes in CPV of decay width

P1’1P3,3 sin (gil — ££3) sin (5{3— 5?{3) n 81’183:3 sin (618,1 — 63893) sin (518 — 53?)
P74+ 57, P?,+ 57,

=i

T —
A =
Cp T+



Al =1/2 rule in Hyperon decay

The Al =1/2 and AI =3/2 amplitudes in Hyperon is related with decay widths and decay asymmetries
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(1c)

I'A—pr~)—2T (A — nﬂ'o) A
DA—=prn )+ T (A= nm0)ry

Decay width T'(A — pm~) = (64.140.5)%; ' (A » n=’) = (35.9+ 0.5)%.

Phase-space volumes 7y = 0.965815(8).

Corrections Ajp ;1 = 0.007769(3); Ap,) =—0.023631(6) due to different masses in the kinematical factors.

N — m scattering Phase shifts: §7 = 6.52(9); 61" =-0.79(8); 65 = —4.60(7); 6}’ =-0.75(4). (|q| = 103 MeV/c)
PHYSICAL REVIEW D 105, 116022 (2022)



Hyperon Hadronic Weak Decay

« Effective Lagranian of the decay: * Observables: <5 .
@ P
_ eGr p wvp. e’Gz - Ra
L =—=B¢(P + Sys)a"'B;Fy, [ = n"" (112 + |P]?) <>/ 1
S = ZiSiei(5iS+€iS) o 2Re (S*P) _ 2Im(S*P) ISP =P
P = 3ip,ei(di +&) Y= seeee DT sEL e T sE Pp
* i runs the change in isospin Al By = /1 —aZsingy Yy = /1 — a2 cos ¢y
« §; Is the strong final-state interaction
phgse _ _  Anisotropic proton decay distribution
« ¢ Isthe weak interaction phase
dN Ny slope =, P,
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Hyperon Hadronic Weak Decay at e*e” collider

Typical reaction of ete™ - J/p - E~E7

F 3 * J/y produced almost at rest

e E7E7* produced back-to-back, spin-correlated
» Decay occurs within a few cm of IP

« Lowmomentumz~ and ™

« Clean topology, low background rate: 1:400

O The first reaction: J /¢ - E-E7

» Two helicity amplitudes |J; J,) = |1; +1), |1; —1)
* Interference between them produces a 8,,-dependent
production for = hyperons that are spin-polarized:

HARE ay, A, AR (%)
I dN 3 1+a¢00829ﬁ, —
N dcos by = An 3+ ay J/w — Az_\_ 0.475 £ 0.002 £ 0.003 0.752 4 0.004 £ 0.007 24.7
J/— 8T —0.508 + 0.006 + 0.004  —0.270 4 0.012 + 0.009 16.4
1— oz%) sin @, cos 8, sin A® J/p—ZE"ET 0.586 £ 0.012 + 0.010 1.213 + 0.046 4+ 0.016 30.1
P = , J /b — Z0Z° 0514+ 0.006 +0.015  1.168 + 0.019 + 0.018 32.1

1 4 vy cos? By,




Hyperon Hadronic Weak Decay at e*e” collider

O The next two reactions: £~ - A~ (E" - Anr™)

* InZ”and Z* restframes:  _ 9N 1.\ P coso,
d cos O
P — (az + Pz cos i)z + P=P=X + P=y=y
AT 1+ a=P=cosf,

« The decay angle 6,(6;) relative to Pz direction
« P, is polarization of A with %, 9, 2 oriented in helicity frame

* a, B,y are the Lee-Yang decay parameters of £ that can be determined with iﬁ 5 and P,
O The last two reactions: A — prr~ (4 - nn?)
* In A and A rest frames: o 1+ anPa cos b, o || 74

dcos 0, p
 The decay angle 6,,(6;) relative to P, direction

* Only a of A can be determined since proton polarization is not measured.



ete” = J/p - =7
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« Spin density matrix (J/yp - E~51):
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. For— —>% + 0~ decay (£~

a

=1

1 + ay cos? 6
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™ (neutron channel)

7" .(anti-neutron channel)
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A joint angular analysis of J/yp - E~E*

Events
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The fit yields 143973+414 signal events and a purity of 91.2%.

Good consistence between data and simulation .



A joint angular analysis of J/yp - E~E*

Production parameters are consistent with
previous results, verifying the polarization
and spin correlation.

Precision of ay and a are improved by
factor of 4 and 1.7.

Strong and weak-phase difference are
measured.

(6p—38g)sm = (1.9 +4.9) x 102 rad

(€p—Eg)gym = (1.8 £1.5) x 104 rad

(613_ 5S)HyperCP = (102 :l: 39) X 102 rad

Four CP observables are constructed from
decay parameters.

PRL 132, 101801(2024)

Parameters

This work

Previous result

X )ap
A@J/,qt) (rad)

0.611 + 0.007+9-013
1.30 + 0.0379-02

0.586 £ 0.012 £ 0.010
1.213 4+ 0.046 £+ 0.016

¢z (rad)

(EE (rad)

—0.367 + 0.00470-003
—0.016 + 0.012+9:994
0.374 + 0.004+9-002
0.010 + 0.012+9-002

—0.376 + 0.007 £+ 0.003
0.011 4+ 0.019 4 0.009
0.371 4+ 0.007 4 0.002

—0.021 £+ 0.019 £ 0.007

dp—3dg (rad)
£p—E&s (rad)

AqS%P (rad)

0.764 + 0.0087 000
—0.774 + 0.009+9:005
0.670 + 0.009+9:099
—0.668 -+ 0.00810-006
0.033 + 0.020+9-008
0.007 + 0.020+9-018
—0.009 + 0.008+9-007
—0.003 + 0.00879-002
—0.007 + 0.008 19902
0.001 + 0.009+9:993
—0.004 + 0.007+9:993

0.7519 + 0.0036 + 0.0024
—0.7559 + 0.0036 + 0.0030
0.75+0.05

—0.692 4+ 0.016 + 0.006
—0.040 + 0.033 £ 0.017
0.012 4+ 0.034 4 0.008
0.006 4+ 0.013 4+ 0.006
—0.005 4+ 0.014 + 0.003
—0.0025 + 0.0046 + 0.0012

0.877 + 0.01579-014
0.863 + 0.01479-012

1.01 £ 0.07
0.913 +£0.028 +£ 0.012




Disparity in A decay that reveals AI =1/2 rule

Test of CP violation

1+ ap agcost,

R(cos@ cos 0. ) - cosB—

Test of AI =1/2 rule

1+ apgagcost,
1+ ap _agcost,

R (cosb,,,cosb,) =

The average of the ratio

(apng) /{ap_) = 0.870 £ 0.01277 515
Consistent with kaon decay
S1/S3=28.4+1.3%1:3 +£3.9

P,/P; =-13.0+ 147753 +0.7

X

110~

1.05

1.00 |-

0.95 |-

1.10 -
1.05 F
1.00 [

095F

Observed for the first time, different from S-wave

PRL 132, 101801(2024)

[ —¢— R(cos0,, cosO_) — R, _.
Z —+— R(cos0, cosE)_) .

- —¢— R(cos6,, cosh)) — R,
- —4— R(cos0_, coseﬁ)

coso
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S/P wave puzzle

« Three parameters fully describe the hyperon hadronic weak decays:

e?Gz
= n"" (1SI? + |P|?) ay

2Re(S*P)

EENE

(py = sin~

1 IBY
Vi-a;

S/P wave puzzle: the S wave in hyperon decay follows SU(3) symmetry, while the P wave doesn’t.

In the ChPT, if the two low energy constants can describe well the experimental S-wave amplitudes, they

reproduce very poorly the P-wave amplitudes

It is the S/P wave puzzle that limits the precision of SM predictions of CPV!

_ 20S11Pylcos ((OF = 530) + (6 — &)

ay

Sy |2 + [Py |2
- _2|SY||PY‘ Cos ((6'577 - 6577) o (6}12 o é}g))
v |Sy [* + [Py |?
_ ay tay e S\ in(eP ¢S

AY = " — _¢in(6L —§° )sin —

CP ay — ay ( Yy yqr) (fY gY)

B= + B=

BEp = = tan(¢f —€8) m ¢f — €8

CPV observables

SM predictions

BESII| data

4. (—3~3)x 1073 (-25+46+12)x 107
A5 (0.5~6) X 10~° (6+134+56)x1073
B, (-38~-03)x 107 (12+34+08) x 1072
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S/P wave puzzle

« Using the ChPT approaches, with updated decay parameters, the updated S-wave and P-wave are
obtained (R.X. Shi, L.S. Geng, Sci.Bull. 68 (2023) 779-782).

« TheP-wavein A - prt~ and £~ — An~ differs a lot from E. E. Jenkins, NPB 375, 561 (1992)
« It could be improved with updated a, from A - nr®

TABLE V. Experimental S - and P-wave hyperon non-leptonic decay amplitudes extracted from the most recent pdgLive [3], BESIII measure-
ments [51,52] and CLAS data [53].

Decay modes B3] a, [351453] ¢, (°) [3L152] 5= Ag™ __ P = iﬁlfﬁpn"}” (Ey +my)
This work [49] This work [49]
St art 0.4831(30)  0.068(13) 167(20) 0.06(1)  0.06(1) 1.81(1)  1.81(1)
Y- > nr 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) 138(1)  1.42(1) 0.62(1)  0.52(2)
== — Ar 0.99887(35)  —0.376(8) 0.6(12) ~1.99(1) —1.98(1) 0.39(1)  0.48(2)
* o pr®  0515730) —0.982(14) 36(34) ~1.50(3) —1.43(5) 1.294)  1.17(7)
A — nn® 0.358(5) 0.74(5) ~1.092) —1.04(1) ~0.48(4) —0.39(4)
=0 5 Az0  0.99524(12) | —0.356(11) 21(12) 1.62(10)  1.52(2) ~0.30(10) —0.33(2)

Updated one:

0.670 + 0.00979:999
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Weak Radiative Hyperon Decay

» The radiative decay was thought to be a simple reaction since it is free of final-state interaction.

* There are seven WRHD processes:

B; - yBy BF(107%) @y y
A —yn 1.75+0.15 -
Xt yp 123+ 0.05 | —0.76 +0.08
20— yn i - S \it’ ¢, EW d
20 - yA 1.17+0.07 | =0.70 +0.07 " = U
20— 430 3.33 +0.10 -0.69 + 0.06 d - d
B yx- 1.27 +0.23 1.0+ 1.3
Q" — yE" | <0.46(90%C.L.) =

 Observables:
_ e%Gf 2 2 “"3
F——n (|a| +|b|) k| ,
__ 2Re(ab")
Y T az+n)?

« [Effective Lagrangian
eGp _
L= TFBf(aPC + bPVys)o*VBiE,,



“Hara theorem” for WRHD

» Most attempts study the single quark transition operator for s — dy. The remaining two quarks are

assumed to be spectators. t frw fﬁ
* The “Hara theorem”: ‘” 0o
« The U-spin properties of the weak and EM Hamiltonian ] w o
imply that the PV part of the radiative weak decay W ” Y

c) u L d d)

vanishes in U-spin symmetry

* If one assumes that m, != m,, the ratio of PV amplitude
to PC is (m;-m)/(m+my) implying small but positive
asymmetry parameter.

« For a U-spin doublet such as p, 2%, or ¥~, 7, Hara theorem
requires the PV amplitudes vanish

17



“Hara theorem” for WRHD

PHYSICAL REVIEW VOLUME 188, NUMBER 5 25 DECEMBER 1969

Asymmetry Parameter and Branching Ratio of =+ — py*

LAWRENCE K. GERSHWIN,T MARGARET ALSTON-GARNJOST, ROGER O. BANGERTER, ANGELA BARBARO-GALTIERI,
TeErrY S. Mast, FRANK T. Sormirz, AND RoBErT D. TrIPP

Lawrence Radiation Laboratory, University of California, Berkeley, California 94720
(Received 25 August 1969)

An experiment to study the decay Z* — py was performed in the Berkeley 25-in. hydrogen bubble
chamber. An analysis was made of 48 000 events of the type K"p—>2+ ~, 2% — p+neutral w1th K-
momenta near 400 MeV/¢. The 2’s produced in this momentum region are pola.rl.aed becausg.g
ference of the ¥¢* (1520) amplitude with the background amplitudes. We have measuregshe proton asyn
metry parameter « for 61 Z+ — py events with an average polarization of 0.4. We foundg = —1.03_,, 42’“’-"2
SU3) predlcts a value a=0. A more restricted sample of events was used to determine the's
ing ratio. From 31 Z* — py events and 11 670 Z* — px® events, we found (E*— py)/(E+— jb-;r“)
= (2.7640.51) 1072, The result is in agreement with the previous measurements.

A single quark transition model is inadequate in describing the baryon radiative weak decays

18



“Hara theorem” for WRHD

* Non-pQCD effect plays a essential role, low energy effective

theories needed

« A symphony of strong, weak and EM interaction

« The WRHD provide low-energy constants constraints, that

will bring inputs for Semi-leptonic decay and weak hadronic § /'

However, there is no one unified model to describe all

Decay modes Data [6, 7, 211 23] Broken SU(3) model [11]] QM [12] NRCQM
Bx 107
A — ny 0.832(38)(54) 0.77 1.84 1.83(96)
It > py 0.996(21)(18) 0.72 1.30 1.06(59)
20— ny 43x107° 10710
=0 Ay 1.17(7) 1.02 0.93 0.96(32)
=0 50y 3.33(10) 4.42 3.82 9.75(418)
E -1y 0.127(23) 0.16 0.13
@y

A - ny —0.16(10)(5) -0.93 -0.94 —0.67(6)
It - py —0.652(56)(20) -0.67 -0.74 —0.58(6)
20— ny e e 0.01 0.37(4)
=05 Ay —0.704(19)(64) -0.97 -0.64 0.72(11)
20 320y —0.69(6) -0.92 -0.52 0.33(4)
E Xy 1.0(13) 0.8 0.76 .

decay

WRHDs in a satisfied way.

j.ppnp.2016.07.001

Weak Hadronic Decay

e

Weak Radiative\Decay

j.scib.2022.10.026 Baryon Magnetic Moment
19
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Joint angular analysis for WRHD at e*e- collider

3 3
_ = =E 31X A A
W= > > Cubhdbh,abdy
us v=0 u’, v', p=0
For J/y — 505~
1 + ay cos? Oz 0 By sin =0 cos Oz=o 0
co 0 sin’ f=o 0 Yy $in B0 COS O=o
" =By $in Bzo cos O=zo 0 @y sin’ O=0 0
0 —7y sin fz0 cos Bzo 0 —(ay + cos? f=)
1t a1t _ —~
For> -2 + 0 decay (E0 > An?)

1 0
acos¢sinfd  ycos¢cosl— Bsing

asingsinf Scos¢+ ycosdsin g

a cos f —vysin @

0 a
—Bcos¢pcosf —ysing cos¢gsiné
ycos¢ —fcosfsing  singsinf

Bsind cosf

+

1
For 2

bw’ =

+

1
@ cos ¢ sin
a sin 6sin ¢

@ cos 6

0
0
0
0

0
0
0
0

- % + 1~ decay (E? - =%)

-
—cos¢sinf
—siné@sin¢

—cos @
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WRHD process 2™ - py

” PRL130, 211901 (2023)

x103 x103
140 i 600 : 4 600
_ T 120 T _ < | H 000
' > s @ [ SR ORI
+ y 100 e f 200} o | + 1 200}
e 5- 14 E 30 = X i > = ? -
p\‘]ﬁ/\ g 60 g 2:" 0021 023 0.23 0.24 ? 2:‘ ' i 0270227023 024
‘\zj»’ = 10 2 l: il[");:; Fit Z 0 ! . iggg‘ Fit
10 e & o lp { o —-Sig g lr J i —-Sim
20 m : b\ =*pn’ BKG oo 4 1 T —pn’ BKG
e T ok R, Other BKG ol Z A\ OomerBKG
yor O 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 X" — py
NST = NJM_)ZJFE_ X 32__)}371,0 XEST ST Yield 2177771 £ 2285 2509380 + 2301
ST Eff (%) 39.02 44 .31
NDT = NJ/;lf—>E+i— X 82__,15”0 X BE+—>py X EP7 DT Eft (%) 21.16 23.20
Individual BF | (1.007 £ 0.032) x 1072 | (0.994 + 0.030) x 1073
Npr _ é&st Simultaneous BF (0.997 + 0.022) x 1073
By+_, py = X
Nst  éepr
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N

g

i=1

WRHD process X+ — py

Nmc

1
W= W )
Nuc =

W;: differential cross section

N : normalization factor based on PHSP MC

H = (aj/lp, ACDLP, a2+_)py, af—_)ﬁn())

Ny
PR

M (cosfy+) = N Z cos % cos 0),.

i=1
N

M (cosOs-) = % Z sin @), sin ¢,

i=1

Parameter value
Qy, —0.508 + 0.006
AD —-0.270 £ 0.012
s+, prd —0.980 += 0.017
s+ py Iterated from this analysis

PRL130, 211901 (2023)

0.2F ~Da 0.2p
[ — Signal MC xz/ndf = 1.82 [ _I_ Xz/ndf = 0.78
e 01_ -- Phase Space MC P Ol_
X O e A O '+— =
D [ 3 T ok [
2.0} = £ .01
02f @ _02f ®
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cos0y. cos0y.
0.2F 02F
[ x2/ndf = 1.63 Z x2/ndf = 1.38
<& 0.1F &0 |
g 0 — —+ % 0 L 1
N Pl e = e g I ] T g S N N
g -0.1F —+ Z-0.1F _I_
02p © 02p @ +
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cosOy. cosBy.
Processes X — py ‘ X" > py
Individual fit —0.587 + 0.082 ‘ 0.710 = 0.076
Simultaneous fit —0.651 £0.056
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WRHD process X+ — py

A'{ | BESIII
PDG
A %
|

+

VMD
PM1
PMII
NRCOM

BSU
+3 Gt

PRL130, 211901 (2023)

Mode >t = py X7 = py
N3 2177771 £2285 2509 380 £ 2301
est (%) 39.00 4+ 0.04 44.31 + 0.04
N 1189 4 38 1306 £ 39
ept (%) 21.16 = 0.03 23.20 = 0.03

Individual BF (1073)

Simultaneous BF (1073)

Individual a,
Simultaneous a,

1.005 £+ 0.032 0.993 + 0.030
0.996 £ 0.021 £ 0.018

—0.587 = 0.082 0.710 = 0.076
—0.651 £ 0.056 £ 0.020

0.5

1

1.5

BF (Z*— py) (x107)

The accuracies of the BF and o, are improved by 78% and 34%
The measured BF is lower than the world average value by 4.2¢
The accurate result will provide input and constraints for ChPT
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WRHD process X+ — py

Weighted candidates / ( 2 MeV/c?)

Input for new physicsin 2 - pl*Il~

» Smoke screen of new physics in *+ — pu+u— decay

PRL94 (2005) 021801, PRL120 (2018) 22, 22180

« Experiment results of WRHDs provide SM expectations

on such decays — narrowing the range for NP!

—— X' putu” PS Model ]

220

230 240
My MeV/c?)

250

260

230
Mw (MeV)

240 250

”(a)j

PRL130, 211901 (2023)
CP observables:

By —B_
ACP — B_|_ _|_ B_ — 0.006 :l: O'Ollstat. :l: O‘OO4SySt.1
Aop = S22 0,005 + 0.087.cr. = 0.01840 .
ad_ — O+

 May be significantly enhanced by NP up to O 10 %
(PRL109 (2012), 171801, JHEP 01 (2013) 027, JHEP 04

(2017) 027, JHEP 08 (2017) 09
» Extensive experimental studies on K, D and B meson

radiative decays

SM on E+ — pY ACP ACP

PhysRevD.51.2271 10-5 — 10-4

Commun. Theor. Phys. 19.475 105 — 1074

arxiv:2312.17568 2% 107>
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WRHD process A - ny

PRL 129, 212002 (2022)
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WRHD process A - ny

PRL 129, 212002 (2022)
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WRHD process A4 - ny

Unitarity Bounds: *  For the WRHD processes, I'm M(Y — By) can be
- Rests expressed in terms of the amplitudes of the ¥ - Bx®
/ NN and of those of pion photoproduction on nucleons
)‘B: (yB - mB’)

 However, the updated BF of A-ny, (0.832+
B B¢ 0.038 + 0.054) x 1073, is close to the lower bounds.

Table 4.1 Comparison of estimates of #B contributions to the branching fractions of WRHD.
(in units of 10°3)

Zakharovszi Farrar - | I(ogans4 Reid>” 0
lower | lower full j lower full full |
Process bound . bound estimate | bound estimate | estimate i'
; : 5
! . : v - |
5 5 py 10.0720.04 | 0007 0312 0.77 i(l)'lg f
. +0.46
A= 1 0.83 i 0.85 1.9+0.8 v ‘
SO | 1205504 |
=T o2y 003 0.10  0.17 f
Q >z 7y 5 | 0.008 0.0l f
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WRHD process

Ay
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WRHD process E
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HWRD at fix-target experiments

 Fixed target experiments govern the
results in 1965-2010 (~23 papers from

over 5 experiments)
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HWRD at fix-target and e*e™ and Experiments
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« Hyperonsat e*e™ : less statistics compare with large flux hyperon beam with polarization,
but with better precision, charge-conjugate channels

« The power of quantum correction and joint angular analysis! .



sSummary

* The precision of hyperons decays are limited by the non-pQCD issues: the Al =1/2
rule, S/P wave puzzle and Hara theorem are reported.

« Experimental measurement of hadronic weak decay and weak radiative decay of
Hyperon are improved at BESIII with its unique data, and more attempts are
ongoing.

A unified picture of theoretical description for these decays is needed to understand
the non-pQCD at these extreme low g regions.
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