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Introduction: Direct CP violation in kaon decays

/

. % 0.0
ﬂ(KL_}ﬂﬂ)::E+E’ and Al L_!’yrﬂ)::e—ZE
A(Ks — ntn) A(Ks — n7Y)

Al =1/2 and 3/2 amplitudes
ﬁ(KO — JT+JT_) = \/§A3,2 exp(f‘_fg,g + f52)+\/g/-11,0 exp(ffl,g +1i00)

2 2 .
AK® — n°2%) = \/;A:a,z exp(iéz 2 + 552)—\/;41,0 exp(ié1,0 +idp)

Notation: Ap; Al1/2,3/2
CPV phases

\

i A3z
€ = ——exp (idy — idy) —=(&1.0 — £3.2)
5 p( Aot &3,




Ground-state strange baryons

Spin 2 baryon octet

hyperon Mass cT decay (BF)

n(udd) p(uud) [GeV/c*] [em]
A(uds) 1.116 79 | pr (63.9%)
_n;'r“ (35.8%)
27 (ddys) 1.197 4.4 | nr (99.8%)
2 (uus) 1.189 2.4 | pn’ (51.6%)
nn* (48.3%)
=0(uss) 1.315 8.7 | AnY (99.5%)
= (dss) 1.321 5.1 | An™ (99.8%)

27 ( >t (uus)
+ (07 (sss)
Spin °/,

=0
=~ (dss) = (uss)



Decay amplitudes in hyperon decays

A - pr™
=T > AT
P and S transitions Measurable: BF and
two decay parameters

A(E_—>A7T_):S+P0'fl 2 Re(S*P)

YT ISP+ PP

weak CP-odd phases 5 2Im(S* P)

PP +]S°

= |S]exp{i€s] /éxp(iég-)_ strong phases

= |P|expliép) explidr) 8= Vi—sing

Al =172 vy =1v1— a?cos ¢

Admixture of |AlI| = 3/2 (~1/22)



Measurement of hyperon decay parameters

~ Py dr
p n E:E(l-l_aAﬁPA)
A rest frame & A
: t Pa
A-pn\ T = \ bz 37
= BPs Wy ,g;:’z"
p=100 MeV/c ?E: é = o

a=0.750(10) n
@
C(E:-O.392(8) @® i

=-0.113(61 ~ ~ ~
b (61) P _ (a+ Ppcosl) Z+ BPpAX + yPAY
¢p==-0.042(16) P 1+ aPy cosf
Accesible if daughter baryon polarization 3
measured eg in decay sequence: A A p
E > Am,A > pn o, — Qs Oy
!

pn'=0




CP violation observables in hyperon decays

for c.c. decay modes = 7
a=—aandf = —
if CP conserved: B B B
a+ @ B+
CP-test : Acp = a— @ and Bop = a—
Leading order (|JAI| = 1/,):
1 —a?

Acp = —singtan({p — fS)T

Bep = tan(ép —/fi) :

weak P-S
phase diff.
§p—&s Cp Ch
(nA°A?)  [107% rad] [1072 rad] o . %,
SM ref * E BSM ref ** p —&s)Bsm = o= (—) + —Cepsm
P Ba \ €/ psmu

A—=pr— 02£16 0322 47+94| 1.14+£2204+£0.8
= - Arm 14412 -19+16 1.2+£35(-05£1.004£0.7

05 < Bg<2and 0.2 < |k| <1

* Tandean,Valencia PRD67 (2003) 056001
** Tandean Phys.Rev.D 69 (2004) 076008



ete” - y* > BB (spin 1/2)

e~ (k1) A(py)
_ 2
s =(p1+ p2)
q = pP1— P2
et (ks) A(ps)
ks = —j Fi(s)+i F
(p1, p2) = —ie |y F(s) leﬁq 2(s)

F, (Dirac) and F, (Pauli) Form Factors

Sachs Form Factors (FFs) < helicity amplitudes:

Gu(s) = Fi(s) + Fa(s), GEe(s) = Fi(s) + T7F2(s)
helicity non-flip helicity flip



Baryon polarization in e*e”

A

Unpolarized e+e- beams = transverse polarization

\ P, (cosfy) =

;
Ex.ete” —>]/1/J—>AA/\
0.1

&2&\\\\-—";//////;3(1)::lez.E;O

1 05 0 05

cosO,
ay = 0.469

\/1 — cw, COS Qﬁ sin 6

AD + 0

Angular distribution:

sin( A®)

ar’
dQ

o 1+ vy cos®

—1Sa¢S1




Baryon-antibaryon spin density matrix
e+ e - BIEZ

General two spin %2 particle state: p. 12173 z " u 2
(00= 13,01 = 0y, 0, 0y, 03 ) X Py
1 + v cos?0 0 3, sin 6 cos 0 0
0 sin~6 0 Yy Sin 0 cos 0
C,uV — — 3y sin @ cos 0 0 Qe sin?6 0
0 —~ 8in 6 cos 6 0 — @y, — Cos20

By = |1 —a?sin(A®) yy, = [1—a? cos(AD)
¥ ¥ ¥ k4

E.Perotti, G.Faldt, AK, S.Leupold,]].Song PRD99 (2019)056008



ete” - J/Y,P(2S) » BB

#events at BESIII (estimate)

. . - = _ BESII]
ecay mode units 10~ Oty e 10
o 1010]/y

J/ — AA _ 19.43 + 0.03 £ 0.33| 0.469 &+ 0.026 40% 3200 x 10°
P(25) = AA 3.97+0.024+0.12| 0.824+0.074 40% 650 x 10°
J /[ — ZO=° 11.65 4 0.04 0.66 £0.03 14% 670 x 10°
(28 _y =920 273003 0652000  149% 160 % 10°
J/p - ZE"=T 10.40 £ 0.06 0.58+0.04 19% 810 x 10°
Y(2S) - =7=7 78 +£0.05 0.91£0.13 19% 210 x 10°

B(J /Y »pp) = (21.21 +£0.29) x 10~*

PRD 93, 072003 (2016)
PLB770,217 (2017)

PRD 95, 052003 (2017)

BESIT



Exclusive (Double Tag - DT)

ete” o)A - pn‘j

A - pn:f; > (cosBy,¢9q) i@y A - prt:n, o (cosbh,,py) @y
f: (COS HAlﬁll ﬁz) 5D PhSp

_ ction
dT’ W(f; ay, AP, ay, aA) = 1+ aycos?f, Cross se

Modular angular distribution:

3
_ _ A A
W = T’rpp,ﬁ — z Cwa 050
u,v=0

Fildt, Kupsc PLB772 (2017) 16



BESIII measurement ete™ - (A - p~)(A - prrt)

10°

% el
s 10°¢
% -
3 [
o 10°F
o -
» 10%,
t P
3 §
o 10
109 11 111 112 113 1.14 s 0 o5
M, (GeV/c?) cos6,
421Kk events
399 background based on 1.31x10° J /s
Parameters This work Previous results
L)y 0.461 4+ 0.006 £+ 0.007 0.469 + 0.027 BESIII 4 fit
AP (rad)  0.740 + 0.010 + 0.008 - Arameters
| ay 0.750 & 0.009 + 0.004 0.642 + 0.013 | PDG P
L_{A —0.758 =0.010 = 0.007 —0.71+£0.08 PDG

¢ (-]

BESIII Nature Phys. 15 (2019) 631



ete” > J/PY oE"ET 5> Am Ant - prn o pntnt

dl <« W (& w) ¢ 9 kinematical variables, 9D PhSp

Parameters: 2 production + 6 for decay chains

l_lf\

W = (all)’ Aq), Az, ¢E; U, C_IE; ¢El C_IA)

Modular angular distribution:

3 3
_ E E A A
W= Z Cuv Z Ay 5 Apr,0 o
u,v=0

w'v'=0 ,TM’

E.Perotti, G.Faldt, AK, S.Leupold,]J].Song PRD99 (2019)056008
P.Adlarson, AK PRD100 (2019) 114005



Events
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Unbinned MLL fit
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0O 01 0.2 03 04 05 06 0.7 0.8 0. 1

plGeV/el
R\
73K events \'\(ﬂ\\
190 bkg ~ Q$°
9D PhSp

8 parameters

arXiv:2105.11155



BES]]I : Preliminary Previous result

Oy 0.586+0.012+0.010 0.58+0.04+0.08 %

AD 1.213+0.046 4+ 0.016 rad -

Oz —0.376+0.007 +0.003 —0.401 +0.010 8 fit

0z 0.01140.019+0.009 rad —0.037+0.014 rad parameters
Oz 0.37140.007 £ 0.002 -

Oz —0.02140.01940.007 rad =

Oip 0.757+0.011 £ 0.008 0.75040.009 £0.004, *

OiA —0.763+0.01140.007 —0.758 +0.010+0.007 *

Ep—Es (1.24+3.44+0.8) x 1072 rad = o

Sp — 8 (—4.04£3.3+1.7) x 102 rad (10.24+£3.9) x 102 rad®

(6.04+13.4+5.6) x 103

3 CP

—4.84+13.7+2.9)x 10~ rad -
( ) x 107 ra tests

(=3.74£11.7£9.0) x 1072 (—6£124+7)x 1073

(0z) 0.016 £0.014 =0.007 rad

arXiv:2105.11155



Conclusions

J/W and y’ decays into hyperon-antihyperon unique spin Results using:
entangled system: 1.3 x10° J/y

* determination of (anti-)hyperon decay parameters 4.5 % 10°(28)
e (P tests - ) -
« polarization observed for J/y,(y') - AA XTI, ETET, Q°QY

BESI (@) =\0.754(3)(2)
More data: 10%° J/W 8 (4 /Y = AA
3x109 §s(2S) RESTT
! (@)= 0.760(6)(3)
N 20 0,721(6)(5) CLAS brel) /i > E5
J/¢ — EE (prel.) f =

(a=) = 0.373(5)(2)
three independent CP tests
first direct measurement of weak phase difference: (ép — &5)



Outlook I:Polarized e~ beam
ete” > J/Y - AA

+ 80% longitudinal e~ polarization

P

1+, cos<6 Yo P:sin®  Bysinfcosf (1+ ay,)Ps cosf
C _ Yo P, sin @ SIS 0 YorSIN 6 cos 0
A ’ - o) . .
nv —By8in 0 cos 0 vy, SIN“0 — By P sin 6
—(1 4 ay)P,cosd —~ysinfcos® —pBy,P,sinf  —ay,—cos?6
/ ! My Y
a) 1.0p—= —
TN /,ﬂ oF
_ ‘\\ /./
08w N Ple)=10 7 8
N 7 7
B L] \""In..__./ *
06k 6
|P | : I T 5
Al F Ple)=0.8
04f 4
| 3
02r Ple)=0 2
1
! | . ! | . =
0975 05 0.0 05 10 %
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Outlook II: Sequential decays of charmed baryons at LHCb

—— s |
] } -
\—Jb sl

ARl A

g# VX / a
g / T
Bp,.~ B Tt A __—
e __
p P T~ P
Uy ™, _—
=0 5=t 5 Arnt - praat (Cabibbo favoured)
20 5 2Kt 5 A KT = pram Kt (Cabibbo suppressed)
Qc = Ot 5 AK 7T = prm K ot (Cabibbo favoured)
Q> 27t 5> A at = pra ot (Cabibbo suppressed)
Qe > E KT 5> A Kt 5 pra KT (doubly Cabibbo suppressed)

Precision values of hyperon decay parameters fixed from
our BESIII measurements.



Polarization and C;; forete™ - J/ip > E"E? BESII

P

; y 1.2r Cxx
0.3:- [
02FAD=(69.5+2.6+0.
0.1F

080604 02 0 02 04 06 08 g ﬂ 604 02 0 02 04 06 08 1
coso . zbﬁ coso
- N\
*
1.2p C \(0 O
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0.4} 8}
0.2 :
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