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b Motivation
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BESII

We have known about CP violation (CPV) more than 50 years. Only confirmed

in meson decays

SM CPV not sufficient to explain observed

matter-antimatter asymmetry

Baryogenesis requires C and CP violating

processes™

Understanding CPV in flavour sector requires systematical mapping with
different hadronic systems and complementary methods

*A. D. Sakharov, J. Exp. Theor. Phys. Lett. 5, 24
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M Strangeness AS = 1
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MESONS:
In strange sector a precise probe is AS = 1 direct CPV (¢’)
relative to indirect CPV (¢) in K, — nm decays
(e'/e)gxp = (16.6 + 2.3)x107* *
(e'/)sy = (174 + 6.1)x107* + (¢'/e)psy = (—4 — +10)x10~***
SM calculation partial cancellation of QCD and EW penguins
BARYONS:

Hyperon non-leptonic two-body
weak decays tests AS = 1 CP

Recent methodological breakthrough

* Phys. Lett. B544 (2002) 97-112; 0909.2555 [hep-ex]

** Eur. Phys. J. C 80 (2020) 8, 705
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Asymmetry parameters and polarisation

Polarisation of hyperons experimentally accessible in
weak parity violating decays.

They are self analysing: daughter particles are emitted
according to polarisation of mother hyperon

Example: Angular distribution of A - prt~
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UNIVERSITET TeSt Of C P Via ACP

If CP conservation holds then a = -«

/ This test not limited only to A —» pmt™ but all
/ non-leptonic two-body weak decays
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SNl Beijing Electron Positron Collider BEPC li

BESIII at BEPC Il located in Beijing, China
Data taking since 2009, peak luminosity 1033 cm-2s-"
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BESII
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i BESII @ Hyperons

RPC: 9
Electro Magnetic
B X L7

SC
Solenoid

Barrel

KwimimZZ

IANF
S

Multipurpose detector with very good resolution, near 4mn angular coverage
Symmetric particle — anti-particle conditions
e*e” experiment low hadronic background

Controlled systematic uncertainties
World’s largest charmonia data sample and full baryon-antibaryon octet kin. accessible
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Polarisation

When initial state is unpolarised and process is parity conserving, final state
particles polarized perpendicular to production plane

Polarisation is production related, depending both on CMS energy and scattering
angle

A non-zero polarisation has important consequences for possibility to perform CP
tests in single weak decays

e
1+ a_Pycos 6y
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" W Formalismete - YY,Y - BM +c.c.

W($) = T5(8) + ayT5(8) —

NI
—~ o~ o~ o~ —~ —
e I U e e JUTe Ui

ok

Production parameters of spin %2 baryons:
- Angular distribution parameter ay,
- Phase A®
Decay parameters for 2-body decays: @ and «
Polarised part Spin correlated part

_|_

. . .
sin @ sin 6 sin 6, cos @ cos ¢ + cos”6 cos 6 cos 6,

sin @ cos 6 (sin 6 cos 6, cos ¢; + cos 6 sin 6> cos ¢ )

sin @ cos 6 sin B; sin ¢,
sin @ cos 6 sin 6> sin ¢

cos20

. D . . . .
cos B cos 8> — sin~ 6 sin O sin 6> sin @y sin ¢
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ete” > J/yp - AALA - p™ + c.c. BGS]]I
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pr~ pr*

_ /1 — ap?cosfysinfy |
Py (cosfp) = ] _;Z% —TH sin(A®)

First measurement of hyperon polarization at J /3 resonance

Non-zero A® allows for direct and precise measurements of asymmetry parameters
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The a(A - pn™)

a_ FORA - pn~

INSPIRE search

VALUE EVTS DOCUMENT ID
0.732 + 0.014 OUR AVERAGE Error includes scale factor of 2.3.
0.750 +0.009 +0.004 420k ABLIKIM 2019BJ
0.721 +0.006 +0.005 1 IRELAND 2019

« + + We do not use the following data for averages, fits, limits, etc. « « «
0.584 +0.046 8500 ASTBURY 1975
0.649 +0.023 10325 CLELAND 1972
0.67 +0.06 3520 DAUBER 1969
0.645 +0.017 10130 OVERSETH 1967
0.62 +0.07 1156 CRONIN 1963

1 This is a new analysis based on existing kaon photoproduction data of the CLAS collaboration and using spin algebra
constraints.

References:

ABLIKIM 2019BJ NATP 15631

TECN

BES3
CLAS

SPEC
OSPK
HBC

OSPK
CNTR

IRELAND 2019 PRL 123 182301 Kaon Photoproduction and the A Decay Parameter a_

ASTBURY 1975 NP B99 30 Measurement of the Differential Cross Section and the Spin Correlation Parameters P, A,
and R in the Backward Peak of »~ p — k%A at 5 GeV/c

CLELAND 1972 NP B40221 AMeasurement of the -Parameter in the Charged Nonleptonic Decay of the A° Hyperon

DAUBER 1969 PR 179 1262 Production and Decay of Cascade Hyperons

OVERSETH 1967 PRL 19391 Time Reversal Invariance in A Decay

CRONIN 1963 PR 129 1795 of the Decay P of the A Particle

COMMENT

A, Polarization

Jhy 10 AA
K production |

From = decay
Afromz=p
Afromz—p

BESIIl @y = 0.750 £ 0.009,,, £ 0.004,*

Re-measurement using CLAS data, ap =0.721 + 0.0064,,, + 0.005,,,,**

ayppg = 0.732 + 0.014,,, based on the two mutually incompatible values

* BESIII, Nature Physics 15 (2019) 631
** Phys. Rev. Lett. 123 (2019) 18, 182301

More input needed!
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BESIII, Nature Physics 15 (2019) 631

azr+ a
Acp p=—"—"=—0.006 % 0.012,, +0.007,,
! A~ QA
—3x105<Ap gy <4 X 105" Acp nprev = 0.013 + 0.021,,,**

Most precise test of CP for A and compatible with SM expectations

*. Phys. Rev. D67, 056001 (2003)
** Phys Rev C54, 1877 (1996)
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J/Y - 22" - prnpr® BESIT
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—Fit

-1-08-06-04-02 0 0.2 04 0.6 08 1
cos0,.

First CP measurement for any X decay

Acpy = 2272 = —0.004 + 0.037,,, +0.010,,, *

ay— sy

Acpssy 3.6X1076 **

* Phys.Rev.Lett. 125 (2020) 5, 052004
** Phys. Rev. D67, 056001 (2003) DISCRETE Nov. 30, 2021 14




UPPSALA
UNIVERSITET

Weak phases and CP-symmetry tests in sequential decays of
entangled double-strange baryons

arXiv:2105.11155
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UPPSALA

Asymmetry parameters, continued BES]I[

From decay amplitudes one can construct CP-odd decay parameters az, Bz, v =

B.= /1 —aksingg; vz = /1 — a?cos ¢z
: b Pa
o 2 1
< i >
3P W 2
Pza_ g Tl @
|

Longitudinal polarization of A governed by az
¢z gives rotation of P, with respect to Pz




=M CP tests and phases BESII

= 04, + az= g
Acp= ——— % —tan(dp — 05) tan(sp — $s)

strong phase diff weak phase diff

* Phys. Rev Lett 55 162 (1985)
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CP and weak phase difference BESIL

- az+
A7p = ~ —SIn@P=
Zp = 2 ¢

Kl
[x]

[x]

—tan($p—<s) *

[x]
[x]

'S~

192 < cos s tan(s‘p $s) *

Adpcp =

N

}_\
[I] [x]
Q
[I] [\ [N

weak phase diff

A¢cp more sensitive to CP-violating effects compared to AZp.
Proposed more 35 years ago but not measured until now!

* Phys. Rev Lett 55 162 (1985)
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=l Formalism sequential weak decays BES]]I
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e The formalism exploits polarisation, entanglement and sequential decays * **

3
W(E o) = @vv’a 'o)

uv v’—

 Nine-dimensional phase space given by nine helicity angles

« Eight free parameters determined by maximum log likelihood method:
ay, A®, az, Uz, Pz, Pz, Ay, 0y

rrro

not measured before

* Phys. Rev. D 99, 056008 (2019)
** Phys. Rev. D 100, 114005 (2019) DISCRETE Nov. 30, 2021 19




=M Analysis summary BESII

arXiv:2105.11155
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Results based on 1.3 x 107 J /3 events

73 200 exclusively measured E"E* - A~ An* events
Very low level of background

Systematic uncertainties are small, mainly from selection criteria
DISCRETE Nov. 30, 2021 20




=l Results
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Parameter This work Previous result
Oy 0.586+0.012+0.010 0.58 +0.04 +0.08 *
AD 1.213+0.046 %+ 0.016 rad -
oz —0.376+0.007 +0.003 —0.40140.010 *k
0= 0.0110.019 +0.009 rad —0.037+£0.014 rad *%
Oz 0.371+0.007 + 0.002 -

| 0= —0.021+0.019 %+ 0.007 rad -
Oip 0.757+0.011 +0.008 0.7504+0.009 £0.004  *%*
OA —0.763+0.011 +0.007 —0.758 £0.010+0.007  *%*
Ep—Es (1.24+3.4+0.8)x 1072 rad =
8p — &g (—4.0+3.3+1.7) x 1072 rad (10.24£3.9) x 1072 rad %%%*
AZp (6.0£13.4+5.6) x 1073 -
AGZp (—4.8+£13.7£2.9) x 1073 rad ~
A (—=3.7£11.7+£9.0) x 1073 (—6£12+£7)x 1073 sxi
(0z) 0.016+0.014 +0.007 rad

arXiv:2105.11155 DISCRETE Nov. 30, 2021

First direct determination of all
£~ E* decay parameters

Previous experiments determined
product az a,

* PRD 93, 072003 (2018)
** PDG 2020

*** Nat. Ph. 15, 631 (2019)
**** PRL 93, 011802 (2004)
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Parameter This work Previous result

Oy 0.586+0.012+0.010 0.58+0.04 +£0.08 *
AD 1.213+0.046 +=0.016 rad -

o= —0.376 £ 0.007 £ 0.003 —0.401 +£0.010 kel
0= 0.011+0.019 £ 0.009 rad —0.037+0.014 rad sk
o= 0.371+0.007 £ 0.002 -

0= —0.021+0.019£0.007 rad -

oA 0.757+0.011 £0.008 0.750£0.009 £0.004 ***
Op —0.763+0.011 £ 0.007 —0.758 £0.010 £ 0.007  *%**
Ep—Es (1.24+3.4+0.8)x 1072 rad =

8p—8s  (—4.0£3.3+1.7)x 10 2rad (10.24£3.9) x 1072 rad %%%*

AZp (6.0£13.4+5.6) x 1073 -

AGZp (—4.8+£13.7£2.9) x 1073 rad ~

A (—=3.7£11.7+£9.0) x 1073 (—6£12+£7)x 1073 sxi
(0z) 0.016+0.014 +0.007 rad

arXiv:2105.11155 DISCRETE Nov. 30, 2021

First direct determination of all
£~ E* decay parameters

Previous experiments determined
product az a,

Independent measurement of
A decay parameters. Excellent
agreement with previous BESIII
results. Similar precision despite
6x smaller data sample

* PRD 93, 072003 (2018)
** PDG 2020

*x% Nat. Ph. 15, 631 (2019)
xxxx PRL 93011802 (2004) 22




LM Results BESIT
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First extraction of weak phase diff

Parameter This work Previous result

Oty 0.586+0.012%0.010 0.58 +0.04 +0.08 x for any weakly decaying baryon
AD 1.213 4 0.046 £ 0.016 rad 3

oz —0.3760.007 £ 0.003 —0.401+0.010 *ok (Ep - ‘Es) =

oz 0.011+0.019+0.009rad  —0.037+0.014 rad o (1.2 + 3.4+ 0.8)x107% rad
Gz 0.371 £0.007 £ 0.002 -

5 0,021 < 0.019+0.007 rad : Consistent with SM expectation
ota 0.757+0.011 % 0.008 0.750£0.009+0.004 *** (8, — & )sm =

Oip —0.763+0.011 £0.007 —0.758 £0.010£0.007  *%* (1.8 +1.5)x10™* rad
Ep—Es (1.2+3.4+0.8) x 102 rad =

Sp—8s  (—4.0+33+£17)x102rad  (1024£3.9) x 102 rad x#x+ New method for direct
AZ, (6.0% 13.4£5.6) x 10-3 ) weak phase extraction!
AGZp (—4.8+£13.7£2.9) x 1073 rad ~

AN (—3.7£11.7+£9.0) x 1073 (—6£12£7)x 1072 wxx

(0z) 0.016+0.014 £ 0.007 rad PRD 93, 072003 2018)

** PDG 2020

. *** Nat. Ph. 15, 631 (2019)
arXiv:2105.11155 DISCRETE Nov. 30, 2021 | s+ pR 93. 011802 (2004) 23
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Results
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Parameter This work Previous result

Oy 0.586+0.012+0.010 0.58 +0.04 +0.08 *
AD 1.213+0.046 +0.016 rad ~

oz —0.376+0.007 £+ 0.003 —0.40140.010 *k
0= 0.0110.019 +0.009 rad —0.037+£0.014 rad *%
Oz 0.371+0.007 + 0.002 -

0= —0.021£0.019£0.007 rad -

Oip 0.757+0.011 +0.008 0.7504+0.009 £0.004  *%*
A —0.763+0.011 £ 0.007 —0.758 £0.010+0.007 *%*
Ep—Es (1.2+3.4+0.8) x 102 rad =

Sp — 8 (—4.0+3.3+1.7) x 1072 rad (10.243.9) x 1072 rad #*%*
AZp (6.0£13.4+5.6) x 1073 -

AGZp (—4.8+£13.7£2.9) x 1073 rad ~

AN (—3.7£11.7+£9.0) x 1073 (—6£12£7)x 1072 wxx

0.016£+0.014£0.007 rad

arXiv:2105.11155 DISCRETE Nov. 30, 2021

First extraction of weak phase diff
for any weakly decaying baryon

(Ep - ‘Es) =
(1.2 + 3.4+ 0.8)x1072 rad

Consistent with SM expectation

(Ep . ES)SM -
(1.8 +1.5)x10™* rad

New method for direct
weak phase extraction!

Three independent CP-tests
in single measurement

* PRD 93, 072003 (2018)
** PDG 2020

*** Nat. Ph. 15, 631 (2019)
**** PRL 93, 011802 (2004)
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Parameter This work Previous result

Oy 0.586+0.012+0.010 0.58£0.044+0.08 * We obtain the same precision for
o 2lalne 00 Orad - ¢ as HyperCP with three orders
oz —0.376+0.007 £ 0.003 —0.401+0.010 *k of magnitude smaller data

0= 0.011+0.019£0.009 rad —0.037+0.014 rad *k Sample!

o= 0.371£0.007 £0.002 -

0= —0.021£0.019 £0.007 rad - ®znyperce = —0.042 +0.011 + 0.011
oA 0.757+0.011 +0.008 0.7504+0.009 £0.004  *%* (¢pz) =0.016 + 0.014 + 0.007

Op —0.763+0.011 £ 0.007 —0.758 £0.0104+0.007  H**

Ep—Es (1.24+3.4+0.8)x 1072 rad =

8p—8s  (—4.0£3.3+1.7)x 10 2rad (10.243.9) x 1072 rad #*%*

AT (6.0£13.4+5.6) x 1073 -

AGZp (—4.8+£13.7£2.9) x 1073 rad ~

AN (—3.7£11.7+£9.0) x 1073 (—6£12£7)x 1072 wxx

(0z) 0.016+0.014 £ 0.007 rad *PRD 93, 072003 (2018)

** PDG 2020
. *** Nat. Ph. 15, 631 (2019)
arXiv:2105.11155 DISCRETE Nov. 30, 2021 | s pri. 93. 011802 (200) 25
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Parameter This work Previous result

Oy 0.586+0.012+0.010 0.58+0.04 +£0.08 * We obtain the same precision for
AD 1.213+0.046 £ 0.016 rad - ¢ as HyperCP with three orders
o= —0.376 +£0.007 £ 0.003 —0.401 +£0.010 kel of magnitude smaller data

0= 0.011+£0.019£0.009 rad —0.037+0.014 rad sk Sample!

o= 0.371+0.007 £ 0.002 -

o= —0.021+0.019 %+ 0.007 rad - ®z Hyperce = —0.042 +0.011 + 0.011
oip 0.757+0.011 +0.008 0.750 £ 0.009 £0.004 *** (¢pz) =0.016 + 0.014 + 0.007

Op —0.763+0.011 £ 0.007 —0.758 £0.010 £ 0.007  *%**

Ep—Es (1.24+3.44+0.8) x 1072 rad =

8p—8s  (—4.0£3.3+1.7)x 10 2rad (10.243.9) x 1072 rad #*%*

Our strong phase measurement

AE (6.0+£13.4+5.6) x 1073 - s . :
o B compatible with SM. In tension
AOGp (—4.8+13.7+29) x 107 rad - .
. | ,‘ . with HyperCP
Agp (—3.7+11.7+9.0) x 107 (—6+£12+7) x 107 *kk
(0z) 0.016+0.014 £ 0.007 rad * PRD 93, 072003 (2018)

** PDG 2020
. *** Nat. Ph. 15, 631 (2019)
arXiv:2105.11155 DISCRETE Nov. 30, 2021 | s pri. 93. 011802 (200 26




b8 Summary & Outlook BESII
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BESIII has rich program of testing CP from comparing hyperon and anti-
hyperon decays

We have presented a novel model-independent method that exploits spin
entanglement in the sequential weak decay chain = - An~,A - pn~

First measurement of weak phase difference for any baryon decay

Agcp tests CP without (the strong phase) suppression factor present in Acp
tests.

The benefits of using entangled pairs can be adopted by other experiments
BELLE-Il and Super-charm T factories

Thank you for your attention!
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Spare slide
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M Analysis steps BESII
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L I L L I I I I I I
o 10000; E at least one proton, one anti-proton,
> 8000 7 two positively and two negatively charged pion
O - - candidates
& 6000[ -
< ! ] momentum criteria used to select proton (p > 0.32 GeV/c)
4000 [ - = : .
€ B : ; and pion (p < 0.30 GeV/c) candidates
L?>j 2000f | 7 P .
0; L ] A and E candidates formed with succesful vertex fits

NN AN AT A I AT AR
0 01 02 03 04 05 0.6 07 08 09 1
p (GeV/c)

Mass windows | m(pm) — m,| < 11.5 MeV/c?) and | m(Ar) — m3z| < 12.0 MeV/c?
4C-kinematic fit on the hypothesis ete™ - J/E - E~E" is used as veto
The decay lengths of A and E candidates greater than O.

For improved data-MC consistency only events with |lcosBl< 0.84
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