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CP symmetry in s-quark sector

CP violation due to quantum corrections
CPT restricts on CP violation

K° — K° (d5 — ds)mixing e: 1964
Direct CP violation in K® - nr : Re(e¢’/e) > 1988

Measurement of (CP) asymmetries uses quantum interference
1 » 1 2 *
Asym = - |Mgm + Apsm|® — > |Msy — Apsm|* = 2 Re(MspApsy)

( )
minimize o
eg 4X reduction implies 16Xxless data needed

o(Asym) ~ o (Asym)~10~* requires N~10%

2lS



Direct CP violation in K’decays
(DK > ttm (I K° - %0
C — —
AP + | A &= 1A + | Ay

K° 5>t  Ap = Agexp(i&y + idg) + A exp(i&; + i07)
K-> ntn~ 5{(1 = A exp(—ifg + 150) + A, 6Xp( &y + l52)

_ \“ (7)) ;= 0,2|
1 [A? = A

Re(€’) := 2 1AL £ AL ~ (&o — &2) sin(6p — 52)—0

1
3.7(5)x107° =~ (§; — &,) sin47.7° — >

(§o — &2) = 10™* rad
Re(e’/€) = (16.6 +2.3) - 10~

le| = (2.228 £0.011) x 107°



€' in SM and BSM

Re(e’/€) = (16.6 £2.3) - 10~* Exp.avg PDG

(21.7 + 8.2) x 10~* Lattice QCD PRD 102 (2020) 054509
(9.4 +3.5)x1074 EPJC 80 (2020)1
(14 4+ 5)x10~* EFT RPP 81 (2018) 076201, /JHEP 02 (2020) 032
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Hyperon decays

A(dsu) AN —»prn™)) o~
E_(dSS) A(:‘__)An_)}—sa-o‘l‘PO"n

Transitions:
P (parity even) final state in p-wave
S (parity odd) final state in s-wave

Measurable: BF and
two decay parameters

o 2 Re(S*P)
S]2 + P2
weak CP-odd phases 2Im(S*P)
/é RNVEEET
S = |S|exp(ifs)fxp(idg)——

P = |P| exp(ip)) exp(ic?p‘)ﬂ)ng phase: B = MSinqb

interaction of final
particles v=1/1- o2 cos b
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Hyperon decay parameter a

D A PA dl
dQ 41t

— (1 + apn PA)

A rest frame

A-pn\ TT
p=100 MeV/c

a, =0.750(10)
value before 2018: a, =0.642(13)

a= = —0.392(8)



Hyperon decay parameter ¢ E > AT, A > pr

Accesible if daughter baryon polarization A \ =|Pz|
is measured eg decay sequence: Pz . R H « Py
E-> Am,A - prm |y Nt R

P-=0 $PA=(X2

[

= rest frame
I _ A
P, = azZ
Py = |Pz| (B=X + y=¥)

= [Pz /1 — aZ(sin p=X + cos =)

Lee, Yang PhysRev.108(1957)1645



a, 3,y measurements for A

Oliver Overseth
James Cronin 1928-200
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Measurement of the Decay Parameters of the A° Particle*

JamEs W. CRONIN AND OLIVER E. OVERSETHT
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received 26 September 1962)

The decay parameters of A’ — n~+p have been measured by observing the polarization of the decay
protons by scattering in a carbon-plate spark chamber. The experimental procedure is discussed in some
detail. A total of 1156 decays with useful proton scatters was obtained. The results are expressed in terms
of polarization parameters, «, 8, and vy given below:

a=2 Resp*/(|s|2+|p|2) =~40.620.07,

8=2TImsp*/(|s|?+|p|?) =+0.18+0.24,

v=s]2=[p1*/ (Is[*+]p|*)=+0.78+0.06,
where s and p are the s- and p-wave decay amplitudes in an effective Hamiltonian s+ p@-p/|p|, where p is
the momentum of the decay proton in the center-of-mass system of the A% and ¢ is the Pauli spin operator.
The helicity of the decay proton is positive. The ratio |p|/|s]| is 0.36_0.06*°%® which supports the conclusion

that the KAN parity is odd. The result 8=0.18+0.24 is consistent with the value 3=0.08 expected on the
basis of time-reversal invariance.
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Testing CP violation in hyperon decays

5T - Am™ E

S = |S| exp(i&s |+ i8s) S=|Slexp(—i&s

P = |P| exg(i&p|+ i8p) P =—|P| exp|(—i€p

+i85)
+i6p)

d Bep i= ' =
P al CP T (DCP 2
1—a? |

Acp = — \/7 sin ¢ tan(&p — &)

= —tan(dp — dg) tan(&p — &g)
Bep = tan(ép —&5)

o

dop = cos ptan(&p — &)

V-
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Hyperon CPV in SM and BSM

weak P-S phase difference

$p—Ss

Cs cr
(nA°A?)
BSM
A — pr™ —0.1+£1.5 09+138 0.4+0.9
E = An ~1.5+1.2 0.5+ 1.0 0.4+0.7
C €/ CB :
(p —€g)Bsm = =2 | — b ey Kaon bounds for CPV in hyperon decays
Ba \€/)psu K assuming chromomagnetic penguin
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ete” - y* -> BB (spin 1/2)

e” (k1) A(p1)

s = (p1 + p2)?
q = pP1— P2
et (k) f&(pz)
. N oald
[*(p1, p2) = —ie|Y'F1(s) + i gvF2(s)
2Mp

F, (Dirac) and F, (Pauli) Form Factors ~ complex for s > 4m?A

Sachs Form Factors (FFs) & helicity amplitudes:

Gu(s) = Fi(s) + Fa(s), GEg(s) = Fi(s) + 17F2(s)

\)
_T|GM|2—|GE|2 T =

= 6y + (G52 4M,

13



Hyperon-hyperon pair production at BESIII

Thresholds:
AA: 2.231 GeV
E-E* 2.643 GeV
(QQ  3.345 GeV)
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J/¥,¥(2S) > BB

x10

=
no

(a)

0.15 ;
- oy, =0.46910.026
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ete” > J/Y - (A- prn)(A - pr*)
event in BESIII detector
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c.c. symmetric detection
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Baryon polarization in e*e”

<

Unpolarized e+e- beams = transverse polarization:

\/1 — a¢2 cos B sin O
500) = sin( AP
Ex.ete™ - J/Y — AA

of / AD + 0
N s AD = Arg(Gz/Gy)
° cogE}A > 1 1

ty, = 0.469



Baryon-antibaryon spin density matrix

e*e” > BB .
P1/2172 = Zz Cuv 051@)052
General two spin %2 particle state: v
(0o= 15,01 = 0y, 0, = 0y, 03 = 0z) (P%)
1 [0 P, 0
0 |C 0 C
Cv = (1 + @y cos® 6 - .
w = (L+ay Nl-p, | 0 ¢, o©
y Yy
(Sh)

18
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Joint angular distribution ee™ —» (4 - pt™)(4 - prr™)

1 _
P1/2172 = 12 Cuv Gﬁ@O‘gA Angular distribution:

3

_ _ A A

W =Trppp = Z Cuv@y,0a5,0
w,v=0

4x4 decay matrix: a,, ,,

dl « W(& w ) ¢ 5 Kkinematical variables

Parameters: 2 production + 2 decays

—

w=(a, AD a,, «
Ad =0 (¢ A A)

19
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ete”™ - (A - pn ) (A - prt)

= x10°
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Results of multidimensional fit

Preliminary

0.004]- efe”™ -» (A- pn7)(A —1151T+)

—— Data
—— Signal MC
— PHSP MC

N
3 05 0 05 1
I T T S COSG
4 05 0 0.5 1
cosH N (6
Moment p: u(cos6,) = Z ng‘; ngl; BGS]]I
i=1
Par. This work Nature Phys. 15 (2019) 631  arXiv:2204.11058

oy 0.4748 = 0.0022 = 0.0024  0.461 = 0.006 &= 0.007
A® 0.7521 £ 0.0042 £ 0.0080 0.740 £ 0.010 £ 0.009
a—  0.7519 = 0.0036 = 0.0019  0.750 %= 0.009 £ 0.004
ar —0.7559 £+ 0.0036 + 0.0029 —0.758 &= 0.010 &= 0.007

0.006 = 0.012 £ 0.007

21




T T
~ BESIII 1.3 billion JAy(AR)
2~ CLAS19
BESIII 1.3 billion JAy(E )
~zz2 BESII 10 billion JAy(AR)

|

|

|

|

|

|

PDG 2021 —
|

|

|

a_ — (X_|_
2
0.7542 £ 0.0010 £ 0.002

(ap) =

|
|
I PDG 2018 | 7

|
|
0.6 0.65 0.7 0.75 0.8

o _ (A—pn) BESIII
1019] /@
arXiv:2204.11058
_a_ tay

CP test: Ap = Ap=—-0.0025(46)

Ap = —tan(8p — 65') (55 —&5)

Known strong p t~ s and p — wave phases: = ().12 (fl{)\ — gé\) 22
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ete” > J/Y->EEt 5 An Ant - pn prntwt

dl x W(& w) ¢ 9 kinematical variables

Parameters: 2 production + 6 for decay chains

l_‘f\

w = (ay, A®, az, ¢z, @y, @z, Pz, Ty)

_ E 42 ,A A

u’v MIJV’

PRD99 (2019)056008
PRD100 (2019) 114005



Polarization and C;; forete™ - J/3p - E"E* BCSIT

P

r y 1.2_ Cxx
osf AD=(69.5+2.6£0.9) :
0.2F

0.1F

12080604 02 0 02 04 06 08 1 02080604 02 0 02 04 06 08 1
cos9 cosf
12 0
[ ny [ CZZ
1F -0.2f
0.8 4L
0.6} !
0.4} 8f
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BESIT Nature 606 (2022) 64-69

Previous result

-0.037+0.014rad | parameters

Oy 0.58640.012+0.010 0.584+0.0440.08 %

AD 1.21340.046 £ 0.016 rad -

oz —0.376 40.007 +0.003 —0.401£0.010 8 fit
0= 0.01140.019+0.009 rad

Oz 0.371+0.007 £0.002 -

0= —0.021+0.019+0.007 rad =

A 0.75740.011+0.008 0.75040.009 £0.004, *

Oz —0.7634+0.0114+0.007 —0.758 +0.010+0.007 *
Ep—Es (1243.440.8) x 1072 rad - -

8p — O (—4.0£3.3+1.7) x 1072 rad (10.243.9) x 1072 rad®

(6.0£13.4+5.6) x 1073

(—4.8+£13.7+£2.9)x 10 rad

(=3.7+11.7£9.0) x 1073

3 CP
tests

(=6+£12+7)x 1073

0.016£0.014£0.007 rad
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Hyperon weak phases

0.04F | | /T BESIII projection

).02}

).00f _
1.2x10% E7 4.1x107E™

~0.04} /’./‘ BESIII

BES]]I . Nature 606 (2022) 64-69

004 -002 000 002 004 arXiv:2204.11058
(Ep—Es)=

A (6p — 65)
thzoryp ’ — /‘ HyperCP

*+ and 3.2x106 AA

(1]

7.3X10% 2~
26
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Conclusions

* J/U¥ and Y’ decays into hyperon-antihyperon are unique spin
entangled system for CP tests and for determination of
(anti-)hyperon decay parameters

e Polarization observed for J/Y,(y") - AAZTE7,27EF,Q7Q1 ...

]/1/)—>A/_\

(&8 — &8) = (—2.023.8)x1072 BESIII 1010 J/y
]/ - EZ
Equivalence of polarization and spin correlation terms:
1,(P2),(S55) PRD 105 (2022) 116022

Three independent CP tests

measurement of ¢z: (Ppz) = % = A (6p — bs)

(65 — &%) = (1.2 £ 3.5)x1072 BESIII 1.3x10° ]/

Future studies: super-charm-tau factories with a polarized electron beam >10'2 ] /{s
Bellell, LHCb, PANDA ... 27



28



Polarization and spin correlation terms in Aqp, ®-p measurements

covariance matrix = 1 2 2
1(®z) = N (1 - af)a}[3.08(PZ) + 1.30(SZs)]

2
I(Ax) = Ngaéa,z\(l + 1.05(P%) + 0.38(SZz))

2
I(Ay) = N§a§a§(1 + 3.28(IP2) + 0.30(S3z))

1
_<§%E>)

2 1
[(Ag, Ap) = NS adaf(1 — 3 (PE) - 3

I(Ap) = N%a,z\ (P2) 3 3

(s2)

J/ > EE //Iipm corr. terms |

A Terms

0.0 " M M M 0.0 M M M "
00 02 04 0.6 08 1.0 00 02 04 0.6 08 1.0

P, P, 29
PRD 105 (2022) 116022



