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Matter-antimatter asymmetry

More matter than anti-matter in the Universe -why?

* As much baryons as anti-baryons, should have been created in

the Big Bang.

Requires existence of processes
that violate charge conjugation
and parity

— established for K-, D- and
B-mesons

— No evidence in the baryon sector

Dynamically generated abundance: Baryogenesis?
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CP violation in hadron decays

* Hadrons decay through a complex
interplay between

— Strong
— EM
— Weak/BSM?

...Interactions

* Possible that strong interactions
dilute or hide CP violating weak

or BSM signals?

» Two-body decays of spin o
&g
mesons: — needs non-zero strong

contribution to reveal CP violation
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What can we learn from
spin-carrying hyperons?
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Spin accessible in decay, e.g. ;

I(cosB,) = N(1+a, P, cosB) /
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Precision CP tests

CP symmetry means...

Qualitatively: Hyperons and antihyperons have the same
decay patterns with inverted spatial coordinates.

Accessible in direct decays .
e.g. A - pm- Quantitatively:

b+
< Adpcp= >
~ T
A = ~ -~ \
P Accessible in sequential decays

e.qg. &2 > An,A - pr”
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Precision CP tests

Challenge: Hyperon decays interplay of strong

and weak processes!

— CP observable from direct decay
= function of strong and weak phases.

7 o+ .
D / Acp = — = —tan(5p — 5S)tan(<§p — &)
d e Strong phase diff. Wea]i, Eillabsl}e] diff.
_ CP conserving CPviolating

*Donogue, He and Pakvasa, PRD 34, 833 (1986) 8
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Precision CP tests

CP observable from sequential decay function of
weak phase difference only!

Apcp= ? ~ \/1(j—a2(Ep — &s)Lo

— More sensitive to CP violating effects*!

A ;
L]
- ! Pa
" 1
< N i >

| ﬁ P; ‘Q ! ’,2-‘:-* Z

:PE - 9 . . ""a’+ Pz cos b
L]

*Donogue, He and Pakvasa, PRD 34, 833 (1986) 9
Picture from BESIII: Nature 606, p. 64-69 (2022)
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Beijing Electron Positron Collider
(BEPC II):

 CMSrange 2.0 - 4.95 GeV.
* Optimised in the t-charm region.
* Hyperons fromete™ - J/¥ > YY

#  The present: BESIII @ BEPC II

N Beijing Spectrometer (BES III):

Near 4m coverage

» Tracking
« PID

Calorimetry




M Sequential hyperon decays

* Formalism by Perotti et al. *

* Exploits polarisation, entanglement and sequential decays

3
B @D

u,v=0 '—()
[0 0.
Cov = (1 + 0ty cos”0)
\ 0 © 0B/

* Phys. Rev. D 99, 056008 (2019) :



New results from BESIII

* Nature 606, p. 64-69 (2022): ~70 ooo E~E* events

— Apcp = —0.0037 X 0.0117 + 0.0090
— Azcp = —0.0060 * 0.0134 * 0.0056

— Adcp = —0.0048 + 0.0137 + 0.0029 radians

Weak phase (Ep — ES) = 0.012 * 0.034 *+ 0.008 radians

First measurement!

First measurement!

Strong phase (5p — §s) = -0.04 + 0.033 + 0.017 radians

SESII

More details in talk by Jianyu Zhang
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First measurement!
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Sequential versus direct decays

e g400000ete” - J/W - AA events*

- 0(Ap-pr) = 0.009

e« 70000ete” 5 J/W o> EETET - An~,Et > AnT events**

- 0(ap—pr) = 0.01

4 5
- ' P
o % 1 w
.y P IR
pP: Pyl — 2

. . a + Pz cos @
:‘\/ ®
® @ A
L ®
@ /
@

*BESIII, Nature Phys. 15, p 631-634 (2019)
**BESIII, Nature, 606, p. 64-69 (2022)
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* HyperCP
— 144 - 10° pCu - E7X,E~ — An~ events*
* 0(¢) ~ o.o1radians
— 17-10°pCu - 2~ X & 41-10° pCu — ETX events **

° O-(AEA) ~10™

« BESII[***
— 70000ete” - /W 5 ETEYET > An~,EY - An™ events

* o(d) ~ o.01radians
* 06(4z) ~107

Proton probe versus eTe~

Sensitive measurements thanks to

- well-known production process
- spin correlations in YY final state

*HyperCP, Phys. Rev. Lett. 93, 011802 (2004)
**HyperCP, Phys. Rev. Lett. 93, 262001 (2004)
***BESIII, Nature, 606, p. 64-69 (2022)
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The future: PANDA at FAIR

Al ,
“'r L o 8,
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B Dipole magnet

I Cuadrupole magnet
Sextupole magnet
Saolanoid
spacer for skew quad
spacer for snake solenod
MBCTon eguipment

(from SIS1E)

« Hyperons from pp —» YY '
* Anti-protons within e - HESR

The High Energy Storage Ring (HESR)
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1.5 < Ppeam <15 GeV/c : *, : Version 9.1.1
* Luminosity: = PANDA
— Design ~2*1032 cm™s™! | . y 4 |
— Phase One ~103! cm™s™ : P 2
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e The future: PANDA at FAIR
-
il —iJ
. N
|\1 . 1
\ : 2=
* Precise tracking + Modular design
« PID

 Software trigger

« (Calorimetry 16
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Hyperons from pp — YY

1000 fl AN I N I N N N I B == ET T 1 | [ [ | [T T | [ | T T | Ii
- T. Johansson, AIP Conf. Proc. of LEAP 2003, p. 95. ° .,55' S AA -
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Measured cross sections of ground-state hyperons in pp — YY 1-100 pb.

— Large expected production rates!

Sar cda

* E. Klempt et al., Phys. Rept. 368 (2002) 119-316
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ete™ - AA

pp = AA*

0.4 PR S R I T T R T T A T T R S S
. + _
02 |
s LT T
.E 0_+ + ++_
E —02 _+‘ + +++ + L
S oa] Hu o |
_ e S . |
o] AT © |
_0'-31.0' ' '-:0.'5' - 'o.lu' - 'o.ls' - '1.0
cos(@%)

J¥ = 17 dominates — 2 amplitudes
— 2 global observables n and A®.

Cross section, polarization and
spin correlations well-defined
functions of scattering angle.

*PS185, Phys. Rev. C 54 1877 (1996)

Several initial J© contribute — complicated
final state.

>g5 parameters at each 0:
Cross section, polarization and spin
correlations have unknown
dependence on scattering angle.

18




eTe” versus pp

e  PS185 @LEAR: AA produced in a triplet state*
— Spin correlations prerequisite for precise CP tests!
— (P test with pp > AA: 6(4,)~0.02 for 96000 AA events**
— C(Ptestwithete™ - AA: 6(4,)~0.01 for 400000 AA events***
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Excess energy [MeV] o+ 0.8 0.4 O 0.4 0.8
*T. Johansson, LEAP 2003 A= a-a cos BK

**PS185, Phys. Rev. C 54, 1877 (1996) 19

***BESIII, Nature Phys. 15, p. 631-634 (2019)
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Hyperons @PANDA:

Future: CP tests with PANDA

« Two-body production of spin correlated YY pairs

* High production rate

» High efficiency

Low background

1.64 pp = AA 64.0
1.77 pp — XA 10.9
6.0 pp — X°A 20

4.6 pp > ETE ~1

7.0 pp - EtE~ ~0.3
4.6 pp » AKtE "+ c.c. ~1

7.0 pp - QYO 0.002-0.06

 panda

*PANDA: Eur. Phys. ] A57, 4, 154 (2021)
**PANDA: Eur. Phys. ] A 57:184 (2021)
*** PANDA: Eur. Phys. ] A57, 4, 149 (2021)

Pbeam Reaction o (ub) | €(%)
(GeV/c) @1
16.0*

5.3
6.1**
8.2*
7.9"

5.4***

14

Rate

03! cm

448"
2.4 8™
5.0 8™
0.3s™
0.18™

0.2 s

S/B | Events
2g71 /day

14 3.8-10°

>11*

207 000
21 432 000

274 26000

65 8600
>19* 17000
50 -1300




« Two-body production of spin correlated YY pairs

* High production rate
» High efficiency
Low background

s Future: CP tests with PANDA
Hyperons @PANDA:

 panda

*PANDA: Eur. Phys. ] A57, 4, 154 (2021)
**PANDA: Eur. Phys. ] A 57:184 (2021)
*** PANDA: Eur. Phys. ] A57, 4, 149 (2021)

Pbeam Reaction o (ub) £ (%) Rate S/B | Events
(GeV/c) @ 103' cm2s’! /day

1.64 3.8 10°
77 207 000
p PANDA - a strangeness factory!

.0 432 000
4.6 Phase 1: 26000
7.0 « AA : World record in < 1 day 8600
4.6 ml © ETET :0(§, — &) ~o0.01in < 3 days 17000
7.0 pp - QYO 0.002-0.06 14 50 -1300
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Summary

 Polarised and entangled YY pairs enable
— Complete determination of hyperon time-like structure

— (P tests in hyperon decays

* Sequentially decaying hyperons enable
— Separation of strong and weak decay phases
— More sensitive CP tests!

* New results from BESIII very precise even with modest sample sizes

* The antiproton beam at PANDA will yield unprecedented samples
of YY pairs — New level of precision possible!

BESTI  Panda |




Thanks for your attention!

Special thanks to Goran Faldt

%5) Research
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Backup
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Event selection

BE S m arXiv[hep-ex]:2105.11155

3 negative and 3 positive tracks in the MDC, i.e. cos6;,, < 0.93

Protons fulfill p, > 0.32 GeV/c, pions p; < 0.30 GeV/c

Successful vertex fits for Z and A decay vertices

. . . . . 2 2
Combination must minimise (Mygy — Mg)* + (Mpy + My)

|myn —map| < 11.5 MeV/c?
|mpr — m=| < 11.0 MeV/c?
Positive decay length AL—L >0
4C fitof ete™ » J/¥W - E~
|cosfz| < 0.84

+

03]

AR New results from BESIII




Event selection

BE S m arXiv[hep-ex]:2105.11155

AR New results from BESIII

3 negative and 3 positive tracks in the MDC, i.e. cos6;,, < 0.93
Protons fulfill p, > 0.32 GeV/c, pions p; < 0.30 GeV/c

Successful vertex fits for Z and A decay vertices

. . . . . 2 2
Combination must minimise (Mygy — Mg)* + (Mpy + My)

|myn —map| < 11.5 MeV/c?
|mpr — m=| < 11.0 MeV/c?
Positive decay length AL—L >0
4C fitof ete™ » J/¥W - E~
|cosfz| < 0.84
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Result:

~73200 event candidates
Negligible background
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Hyperon pairsinete™ - YY

[nitial state has JP¢ = 17~

— spin of hyperon and antihyperon entangled

Decay parameters for 2-body decays: @ and & extracted from the
joint angular distribution™*

W($) = Fo(§) + nFs(§) — aa (F1($) + 1 —n? cos(AD) F,(§) + nFs($))
+y/1 —n?sin(A®) (aF3(§) — aFy($))

This formalism
— Is model independent
— Takes full process (production and decay) into account.

— Maximizes information — larger precision for a given sample size

27
I *Faldt & Kupsc, PLB 772 (2017) 16. I
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o Recent progress by BESIII

 Nature Phys. 15, p. 631-634 (2019): ~400 000 AA events
— Acp = —0.006 £ 0.012 + 0.007

 Phys. Rev. Lett. 125, 052004 (2020): ~90 000 27X~ events
— Acp = —0.004 * 0.0037 £ 0.0010

 Phys. Rev. Lett. 129, 131801 (2022): ~3000 000 AA events
— Acp = —0.0025 + 0.0046 + 0.0012

More details in talk by Jianyu Zhang

Nature Phys. 15, p 631-634 (2019). Picture credit P. Kupsc.




