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Hyperons

What happens if
we replace one of the
light quarks in the proton
with one - or many -
heavier quark(s)?
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Nonleptonic decays B — br Semileptonic decays B — bly,

U Internal W-boson emission O External W-boson emission

U Final-state: 2-body, fewer spin combinations Q Final-state: 3-body, more spin combinations

U Tests of symmetry laws (CPV) U Info on internal structure

Production framework

Spin-entangled hyperon-antihyperon pairs produced at e*e™ colliders (e.g. BESIII). J
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Hyperon Production
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BESIII @ BEPCII

QO Beijing Spectrometer (BESIII)

e Optimized for flavor physics

o Covering 93% of 4r solid angle

o 1.0 T super-conducting solenoid

o Momentum resolution: o(p)/p = 0.5% at 1 GeV/c
o Time resolution: 68(65) ps in the barrel (end cap)

Vi, BESIT

Q Beijing Electron-Positron Collider (BEPCII)
e ¢*e” collider: 1.85 GeV < Ecys < 4.95 GeV
e =107 cm=2. 5~
e Data taking since 2009

[Nucl. Instrum. Meth. A598 (2009) 7]
50 cm
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Hyperon Production
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Lowest-lying hyperons

Y=8+S

1 n p Y | Mass[GeV/c’] | AS = 1 decays (Br)

A (uds) 1.116 p ”0(64'1%)

nn°(35.9%)

o o S+ (uus) 1.189 pr°(51.5%)

nrt (48.4%)

X~ (dds) 1.197 nn(99.8%)

! c = 20 (uss) 1.315 A°(99.5%)

7 2~ (dss) 1.322 A7 (99.9%)

Y S AK~=(67.7%)

Q (sss) 1.672 207 (24.3%)

-1 -1/2 0 12 >I3 = 7°(8.55%)
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Hyperon Production
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Lowest-lying hyperons at BESIII

QO World’s largest charmonia sample — 1017 /y, 3 x 10° y/(25)
U Baryon-antibaryon pairs produced in spin-entangled, possibly polarized state.

Decay Br(x107%) (%) Nops X 103 Reference
B;\ 1 an A 19.43(33) 42.37(14) 441 PRD 95 (2017) 5, 052003
N 11.64(23)  17.83(06) 111 1
I"ﬁ ) Z 2 JI 10.61(36) 24.1(7) 87 JHEP 11 (2021) 226
e Y + 11.65(43) 14.05(04) 135 PLB 770 (2017) 217-225
P . o e; 10.40(74)  18.40(04) 43 PRD 93 (2016) 7, 072003
—_— 3.97(12) 42.83(34) 31 PRD 95 (2017) 5, 052003
2.44(11)  14.79(12) 6.6 1
2.52(10) 18.6(5) 54 JHEP 11 (2021) 226
w(2S) 2.82(09) 5.26(5) 6.6 JHEP 12 (2022) 016
2.73(13) 14.10(04) 11 PLB 770 (2017) 217-225
=) 2.78(15) 18.04(04) 53 PRD 95 (2017) 5, 052003
QO 0.585(28) 15.39(32) 4 PRL 126 (2021) 9. 092002
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Baryon polarization

Produced BB in ete™ — y* reaction can be polarized.
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[E. Perotti, PhD thesis, Uppsala Universitet]

(m1 —mg)? (my + my)
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Baryon polarization

Produced BB in ete™ — y* reaction can be polarized.

Ly

| |
Gl[/ 1 I 2
( s ” Am2 (m1 —mg)? (my +my)?

[E. Perotti, PhD thesis, Uppsala Universitet]
U Sachs form-factors GZ 1 barametrize the y — Y Y vertex.
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Hyperon Production
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Baryon polarization

Produced BB in ete™ — y* reaction can be polarized.

¢+ >0

J/w:::

(2, AD) & (G, G

[E. Perotti, PhD thesis, Uppsala Universitet]
U Sachs form-factors GZ 1 barametrize the y — Y Y vertex.

Q Annihilation process: time-like ¢g> > M2, i.e. complex form-factors.

_ CIOUP -GG Gy | Ok
@y = 21GY |2 4M2G¢2’ G’ =€ G
q°l M| + Y| EI M M
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Hyperon Production
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Baryon polarization

Produced BB in ete™ — y* reaction can be polarized.

¢*>0

J/w:::

(@, AD) & (GY,GY)

e*te™ — J/y — AA process [BESIIIL, PRL 129 (2022) 131801]

p ) 5 sin(A®) cos O, sin Gy
=4l-«a
A 4 1 + @y cos? G y
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Starting point

Goal Tool J

Spin properties of e*e™ — BB J All info is encoded in the spin density matrix.

1 Production defines CM frame;

Q for subsequent decays, we need to go to B, B helicity frames = helicity formalism

Nora Salone (NCBJ) Spin-entanglement in ¥ decays November 12, 2024 8/24



Helicity formalism

[M. Jacob and G.C. Wick, Ann. Phys. 7, 404 (1959)]

U Spin quantization axis = flight direction = helicity is boost-invariant.

Before
Boost (L,) to rest frame of mother (B, B): J

1 Perform 3 rotations around the coordinate
axes:
@ ¢, around 2;
@ -0, around ;
@ +¢; around % (extra);

=<

After

P is aligned with Z. J
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A bit of theory

Helicity states:
P, 61,1, A1, A2) := R(¢1,01,0) |p, A1, A2)
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A bit of theory

Helicity states:
Ip, 61,1, 41, A2) = R(¢1,61,0) Ip, A1, A2)
Production spin-density matrix:

o o 3 (01,0, 0, 1810,0, 4, -2) (0,0, 4, =AIS 161, 0, 47, 43)

B,.B,
k=+1

P T
o Ay Ay 1, Py @)
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A bit of theory

Helicity states:
Ip, 61,1, 41, A2) = R(¢1,61,0) Ip, A1, A2)
Production spin-density matrix:

o o 3 (01,0, 0, 1810,0, 4, -2) (0,0, 4, =AIS 161, 0, 47, 43)

B,.B,
k=+1

. Li—Aa X,
™ A/lwle/l'l,/l; Oy L0

Transition amplitude matrix

h h
J=1/2: A =( h; h? )

1l -« )
hy = \/ 7 oohy = A1+ aye ™®
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A bit of theory

Helicity states:
Ip, 61,1, 41, A2) = R(¢1,61,0) Ip, A1, A2)
Production spin-density matrix:

o o 3 (01,0, 0, 1810,0, 4, -2) (0,0, 4, =AIS 161, 0, 47, 43)

B,.B,
k=+1

. L=, -2
{A”W‘MV ) 2(9)]

Transition amplitude matrix

e*e” spin-density matrix

- [ ij o
J = 1/2 5 A/ll,/lz - ( h2 hl ) pf](el) = Z[D]Ll(oa 0170)] D]L](Oa 9190)
k=%1
1- 7 j ., .
‘”w = Jl+ayet D),,,.(@.B,7) = (jm'IR(a, B, y)|jm)
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This is the result!

[E. Tabakin and R. A. Eisenstein, Phys. Rev. C 31, 1857 (1985)], [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]

Spin-density matrix for 1/2 + 1/2:
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This 1s the result!

[E. Tabakin and R. A. Eisenstein, Phys. Rev. C 31, 1857 (1985)], [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]

Spin-density matrix for 1/2 + 1/2:

3
R PICED LT

u,y=0
1+ay cos’d 0 Bysin 6 cos 6 0
0 sin’0 0 yysinécos 6
GO ‘ -
—fBysin @ cos 6§ 0 ay sin“f 0
0 —yysinfcos @ 0 —ay—cos*6

By = 1 —ay?sin(A®), vy, = /1 — ay? cos(AD)
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Hyperon Production
00000000000

This is the result!

[F. Tabakin and R. A. Eisenstein, Phys. Rev. C 31, 1857 (1985)], [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]

Spin-density matrix for 1/2 + 1/2:

3
O DICD AL

:1% 1,7=0 B polarization
1+ay cos’d [ 0 Bysin 6 cos 6 0 ]
0 sin®6 0 Yysinfcos 6
Co@)e|| -
—fBysin @ cos 6§ 0 ay sin“f 0
0 —yysin@cos @ 0 —ay—cos*d
B polarization spin-correlation terms

By = /1 — @y sin(A®), y, = /1 — 2 cos(AD)
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Hyperon Production
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Let’s go back to something simpler

Spin-density matrix for ete~ — 77 (also 1/2 + 1/2!):

3
1 5 B o
PBE =7 Z C(0) ®ab, pointlike 7 : A® = 0, Glf_’M -1

1,v=0
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Hyperon Production

00000000800

Let’s go back to something simpler

Spin-density matrix for ete™ — v+7~ (also 1/2 + 1/2!):

3
1 2 o
Pi= Y Cw® ook, pointiker: AD =0, Gy, — 1

wn,y=0
1+ay cos?d 0 Bysincos 6 0
0 sin’6 0 Yysinfcos 6
Cyv(e) O . )
—Bysinf cos 6 0 ay sin“0 0
0 —yysinfcos 0 —ay —cos*6

By = 71— ay?sin(AD), vy, = /1 —a@y?cos(AD)
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Hyperon Production

00000000800

Let’s go back to something simpler

Spin-density matrix for ete~ — 77 (also 1/2 + 1/2!):

3
1 5 B o
PBE =7 Z C(0) ®ab, pointlike 7 : A® = 0, Glf_’M -1

wn,y=0
1+1cos?6 0 0 0
0 sin’6 0 \1 —n%sinfcosd
Cu(0) o -
0 0 nsin“6 0
0 —+/1 —n%sinfcos @ 0 —n—cos?6

q2 —4]’}13 ﬁ 0 1 2
Qy - n=-—-I, -0, — /1 -
v n q2 +4m% 1 Yv n
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Hyperon Production
00000000800

Let’s go back to something simpler

Spin-density matrix for e*e~ — 77 (also 1/2 + 1/2!):

3
1 . P ..
PBE =7 z Cus0) [y ® 05, pointlike 7 : A® =0, GZM =1
w.7=0 7+ polarization

1+77c0s%0 (o 0 0 )
0 sin’6 0 \1 —n%sinfcosd
Cu(0) o 5
0 0 nsin“6 0

0 —+/1 —n%sinfcos @ 0 —n—cos?6

spin-correlation terms

7~ polarization

2 2
—4m
aw—>f7=q—T By =0, yy— l-1

q* +4m?’

November 12, 2024 12/24
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Production spin-density matrix

[F. Tabakin and R. A. Eisenstein, Phys. Rev. C 31, 1857 (1985)], [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]

BB spin-density matrix for 1/2 + 12

3

1

=1 E C(0) 0' ®0‘-
1,9=0

Goal
Derive the production spin-density matrix pp 3 with e~ beam polarization. J
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Production spin-density matrix

[F. Tabakin and R. A. Eisenstein, Phys. Rev. C 31, 1857 (1985)], [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]

BB spin-density matrix for 1/2 + 12

1

3
=3 > Cult) ot @ o
1,7=0

Goal
Derive the production spin-density matrix pp 3 with e~ beam polarization. J

Longitudinally polarized electron beam:

QO Envisioned improvement @ next-generation e*e™ colliders (e.g. Super Tau-Charm Factory in
China).
Q At J/y energies, P, = 0.8 — 0.9 is achievable.
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Production spin-density matrix

At current e*e” colliders, e~ beam is not polarized:

1+ay cos’d 0 Bysinfcos 6 0
0 sin®6 0 Yysin@cos 6
Cun(0) p , -
—Bysinfcos 6§ 0 ay sin“6 0
0 —yysinfcos 6 0 —a,,,—cosZH

By = /1 — @y?sin(AD), 7y, = /1 —ay?cos(AD)
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Hyperon Production
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Production spin-density matrix

If e~ beam is polarized [NS, A. Kups¢, V. Batozskaya et al., PRD 105, 116022 (2022)]:

1+ay cos26 YyPesing  Bysinfcosd (1 + ay)P,cosb
Yyl siné sin®6 0 Yysinfcos
Cuv(0) o ) . .
—Bysinfcos 6 0 ay sin“6 —By P, siné
—(1 +ay)P,cosf —y,sinfcosd —L,P,siné —ay —cos?6

By = /1 — @y?sin(AD), 7y, = /1 —ay?cos(AD)

Nora Salone (NCBJ) Spin-entanglement in ¥ decays November 12, 2024
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Production spin-density matrix

If e~ beam is polarized [NS, A. Kups¢, V. Batozskaya et al., PRD 105, 116022 (2022)]:

B polarization

1+ay cos26 [ YyPesing  Bysinfcosd (1 + ay)P, cos 9]

Yyl siné sin®6 0 Yysinfcos
Cuv(0) . . .
—Bysinfcos 6 0 ay sin“6 —By P, siné
—(1 +ay)P,cosf || —yysinfcos@ —L,P,sinf —ay —cos?6
B polarization spin-correlation terms

By = /1 — @y?sin(AD), 7y, = /1 —ay?cos(AD)
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Production spin-density matrix

If e~ beam is polarized [NS, A. Kups¢, V. Batozskaya et al., PRD 105, 116022 (2022)]:

B polarization

1+ay cos26 [ YyPesing  Bysinfcosd (1 + ay)P, cos 9]

Yyl siné sin®6 0 Yysinfcos
Cuv(0) . . .
—Bysinfcos 6 0 ay sin“6 —By P, siné
—(1 +ay)P,cosf || —yysinfcos@ —L,P,sinf —ay —cos?6
B polarization spin-correlation terms

By = /1 — @y?sin(AD), 7y, = /1 —ay?cos(AD)

Beam polarization P, # 0 introduces additional components in the P 5 polarization vectors and in the
spin-correlation terms. J
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Nonleptonic
€000

Nonleptonic decays

The e*e™-produced YY pairs decay further, e.g.

Tl J =S, + S5+ Lin
. S B(1/2) — b(1/2) n(0)
‘ Ly, =0 = S-wave, parity-violating

Ly, =1 = P-wave, parity-conserving

Moy, (S + Pys)ug

Nora Salone (NCBJ) Spin-entanglement in Y decays November 12, 2024 15/24



Nonleptonic decay parameters

From partial waves to observables:

A — pr~ decay
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Nonleptonic decay parameters

From partial waves to observables:

U Angular distribution % cl+aPy-n

2R(S*P)
= —"
ISP+ PP ,
O Spin sy — s, rotation ‘,’
23(S*P -y
,8=¥= V1 — a?sin¢ Ty
ISI> + 1P

measurable with Py, P),. A — pn~ decay
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Nonleptonic decay parameters
From partial waves to observables:

U Angular distribution % cl+aPy-n

2R(S*P)
¥= ———=
S| + |P?
O Spin sy — s, rotation ‘,’
23(5*P ] _’,’
,8:%: V1 — a?sin¢ Ty
IS|= + |P|
measurable with Py, P),. A = pr- decay
CP tests [P. Adlarson, A. Kup$é, PRD 100 (2019) 114005]
a+a B+p O+
Acp = —, Bcp = =, ®cp =
a—a 2

Nora Salone (NCBJ)
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Motivation: new data landscape

nature
physics LETTERS

https://doi.org/10.1038/541567-019-0494-8

Polarization and entanglement in baryon-
antibaryon pair production in electron-positron
annihilation

The BESIII Collaboration*

[Nature Phys. 15 (2019) 631]

Article ‘ Open Access ‘ Published: 01 June 2022

Probing CP symmetry and weak phases with entangled
double-strange baryons

The BESIII Collaboration

Nature 606, 64-69 (2022) ‘ Cite this article

11k Accesses | 7 Citations | 96 Altmetric | Metrics

[Nature 606, 64-69 (2022)]
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Nonleptonic
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PHYSICAL REVIEW LETTERS

Highlights ~ Recent ~ Accepted  Collections ~ Authors ~ Referees ~ Search  Press  About

Precise Measurements of Decay Parameters and CP Asymmetry
with Entangled A-A Pairs

M. Ablikim et a. (BESIII Collaboration)
Phys. Rev. Lett. 129, 131801 - Published 22 September 2022

[Phys.Rev.Lett. 129 (2022) 131801]

‘ T T
2222 BESIII 1.3 billion Jy(AR)
#++ CLAS19
BESIII 1.3 billion J/y(= =
#4422 BESII 10 billion JAy(AR)

A
«—— PDG 2018 2
| /
Ly 2
0.6 0.65 0.7 0.75 0.8
(A = pr)
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Nonleptonic
0000

Two—step decays [NS, A. Kupsé, V. Batozskaya et al., PRD 105, 116022 (2022)]

For 2= — A(— pn™)n~, simultaneous Ail), (sz measurements are possible.

Pr.s a= +Pz-17
ANL=
1 *'(YE]?E i/

PAX % = |P:|1/1 _ (,Ezw

1 *—(YE]?E -Z

27 — A(— pn)n~ decay [Nature 606 (2022) 64—69]
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Nonleptonic
0000

Two—step decays [NS, A. Kupsé, V. Batozskaya et al., PRD 105, 116022 (2022)]
For 2~ — A(— pn~)n~, simultaneous AE,P, (DiP measurements are possible.

6 6f . 6
“ind. ST
5 5 ... DT
—~ 4 comb
3
<3
b
2
1 1 1

) ) )l
8.() 02 04 06 08 10 8.() 02 04 06 08 10 8.() 02 04 06 08 10
P, P, P,
Results
QO CP tests statistical uncertainties are reduced with a polarized e~ beam.
Q Impact differs btw methods of event reconstruction: highest on Single Tag.
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Semileptonic

[ Je]ele)

Semileptonic decays

The e*e”-produced YY pairs can also decay semileptonically:
B(1/2) — b(1/2) W= (1)(— Iv))

¢ \ Ve Y+ IB) = )|y (P = Pl ys)
W™ % owqg” (v > A 2
L - F, q) - F7 )
S My (F)(q 1@ ys)
® I (FV(g?) - Fig? ]
@ | + MB< 3(q) - F5(q )75) u(pp)

Form factors

Q analytic functions of transferred momentum ¢>

Q related to baryon internal structure
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Semileptonic
0@00

Semileptonic decay matrix

The produced BB pair can decay via nonleptonically or semileptonically, e.g. AA — pe™v, pr™.

How to extract the angular distributions of the BB chains, keeping track of spin-correlation? J

Change of basis [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]:

3 3 .
insert o — Z a0t into pgpp = Z C.iv(0) p 5 ®ot
v=0

=0
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Semileptonic
0@00

Semileptonic decay matrix

The produced BB pair can decay via nonleptonically or semileptonically, e.g. AA — pe™v, pr™.

How to extract the angular distributions of the BB chains, keeping track of spin-correlation? J

Change of basis [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]:

3 3
insert o — Z a0t into ppp = Z Civ(0) p 5 ®0t
v=0 wu,v=0
3 —
AA Ap AD <
Tr ppp < Y [CONO) B as Feature
m,7=0 This is a modular approach!
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Semileptonic
0@00

Semileptonic decay matrix

The produced BB pair can decay via nonleptonically or semileptonically, e.g. AA — pe™v, pr™.

How to extract the angular distributions of the BB chains, keeping track of spin-correlation? )

Change of basis [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]:

3 3
. d - B B
insert o — Z a0, into  ppp = Z Cw(0) pr, ® b
v=0 w,v=0
3 3 3 Feature
Tr ppp < Z[C;E(H)E afﬁ[B%]Z a%’,\a;\,‘z This is a modular approach!
©,v=0 o= v'=0

. Gy — By
SL decay matrix
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[e]e] Je}
Aligned decay matrix (v. Bawzskaya, A. Kupsé, NS et al., Phys. Rev. D 108, 016011 (2023)]

Full semileptonic transition amplitude can be factorized into

m — d rotation dependence
1/2

AB — blv)) = % Z (Z)Il(’/;*(Qb)J[WA/,Ab(Ql, q2,/11,/ly)}

r=—1/2

decay info
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Semileptonic

[e]e] o)

Aligned decay matrix (v. Bawzskaya, A. Kupsé, NS et al., Phys. Rev. D 108, 016011 (2023)]

Full semileptonic transition amplitude can be factorized into

m — d rotation dependence
1/2

- 1 1/2%
AB = b = 3= 3" (DU @) Hra (@0 q’ )
r=—1/2 .
decay info
SL decay matrix
3
B = 3 (R bole’. ) with ROQ) = diag (1.RE))
k=0
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Semileptonic

[e]e] o)

Aligned decay matrix (v. Bawzskaya, A. Kupsé, NS et al., Phys. Rev. D 108, 016011 (2023)]

Full semileptonic transition amplitude can be factorized into

m — d rotation dependence
1/2

_ 1 12+
AB = b = 3= 3" (DU @) Hra (@0 q’ )
p Gy ) :
decay info
SL decay matrix
3
B = 3 (R bole’. ) with ROQ) = diag (1.RE))

k=0

Features

a b,(v(qz, ;) SL decay matrix when m — d frames are aligned, i.e. Q, = {0, 0, 0}.
U The decomposition applies to any transition between spin-1/2 baryons.
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Semileptonic

[e]e]e] )

SL FF uncertainties [v. Batozskaya, A. Kupsé, NS et al., PRD 108, 016011 (2023)]

FA(0) FY(0)
TR0 T RO 0 o O < o N i
—= E A=y
Decay o) VW _ o) VN |- e
A — pe v, 1.8 12 S R
E™ > [A > pe v ]n 1.8 12 % N T~ ~
E 5 [A > prle v, 0.6 9 D By e S
E o525 [A-prlylev. 5.0 29 5 -
20 5 [ - prlle 7, 4.0 28
L' > [A o prlety, 0.5 19 %0 02 04 0.6 08 10
PU
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Conclusions and Outlook

Conclusions and Outlook

Conclusions

@ YV pairs produced at e*e™ colliders feature relevant spin-correlation and polarization properties. Modular
framework to keep track of the spin-correlation properties within the produced pairs in their subsequent
decays.

@ CP tests can be built on nonleptonic decay observables; significant improvement in their statistical
uncertainties expected for a longitudinally polarized e~ beam.

© Spin-correlation terms are also employed to improve statistical uncertainties of semileptonic form factors
(unpolarized beam). Factorize and generalize the angular dependence on the mother-daughter helicity
rotation.

Outlook

@ This modular framework describes general spin-1/2 baryons: directly applicable to e.g. charm baryons.

© Extraction of the hyperon SL FFs from the data collected by the BESIII collaboration (currently).
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you run)
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Backup
@000

Approximate maximum likelihood method

Fisher information matrix
1 OP oP

I(wk,wl) = Nf;a—wka—wldf

To compute e.g. J((Acp) assume

v o
P_C()()1+

—Clz(;( -G) with fgdfzo,gz—l

1

a V@)

N 3
To(Acp) = =—a* (P}) = o(Acp) ~ \/;
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CPV in hyperon decays

Introducing CP-odd and final-state interaction phases [PRD 105 (2022) 116022], [PRD 34 (1986) 833]:

S=18 exp (lf_s + i6s) Acp = —tan(6p — Js) tan('fP - S_S)
P = |P|exp (iép + idp) Dcp = \/%7 cos ¢ tan(ép — &)

New results in E decays:

U CP-odd phase difference [Nature 606, 64-69 (2022)]

Ep—Eg=(12+34+08)x102rad  SM: & — & = (2.1 £ 1.7) x 10~*rad |

U E~ polarization and decay parameters

az = —-0.376 £ 0.007 + 0.003, ¢= = 0.011 +£0.019 + 0.009 rad

= _ -3 . AE _(_ -5
AL, =0£13+£6)x10 SM: AC, = (=0.6+1.6) x 10 J
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Nonleptonic decay matrix
1 3 3 3
s 2 Gl LZ ] [Z ]
uv=0 v'=0

P.d.f. for two-step decay E — A(— Nm)w
Pz wz) =
=0
Nonleptonic decay matrix: [E. Perotti et al, Phys. Rev. D 99 (2019) 056008]
d polarization I"I./ for P =0
1 0 0 7
asinfcos¢||ycosfcosp —Bsing —Bcosfcosy —ysing sinfcos
Bcosp+ycosfsing ycosp—Bcoshsing  sinfsing
Bsinf cosf
lation m — d

a .
i a sin@sin ¢
—ysin0d
spin-corre

0/2+,82+72=1

November 12, 2024

_2R(S'P)
ISP+ 1P
Spin-entanglement in ¥ decays

wcosf
m polarization P for P‘,./ =0
B = V1-a?sing,
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Backup
[e]e]e] ]

Examples of aligned matrices (v. Batozskaya, A. Kupsé, NS et al., Phys. Rev. D 108, 016011 (2023)]

Ayy

B — br:

1 0 O
0 v -B
0 B8 v
a 0 O

Nora Salone (NCBJ)

-~
~

— O O

B — bW gen(— V1)

b -R(Iy)
pif = -RIY)  REY+EN
wTSdT) 9y -
b30 _%(131)
bf —‘R(If )
¢ ?&(I i ?&(Sfo
by = Z“°l I(Eyy + 8f1
‘R(I )

_gnf f
buy = by, + €by,

S(Inf) bnf
—J (& + £ ?{(I

R(EN _ gnt —S(Ifs
S(I D bnf
S(If ) bf

~3(&, - &) %(If

9%(8f +8l Z“‘l
S(I D

Spin-entanglement in ¥ decays
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