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Two strategies for new physics searches

(CP) asymmetries vs rare decays]|
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Al=1/2 law (violation)

lifetime=12 ns

Al=1/2 law: K*->7tn (Al=3/2 transition) : I'(K*>7n*n0)= |T,/,|%= Bf (K*>7n0)/ T+
K> ntn (Al=1/2 transition) :  T'(Ks>wrn)= | Ty, | %= Bf (KsD )/t
lifetime=0.21 ns
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Kaon direct CPV

AKyp — atn7) e and AKp, — 7'n%) .
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€' in SM and BSM

Re(e’/e) = (16.6 £2.3) - 107*  Experiment

Re(€'/€) = (21.7 £ 8.2) x 10~* Lattice QCD
Re(e'/e) = (14 + 5)x 10~* EFT




Strategies for new physics searches

(CP) asymmetries [vs Rare decays]|

a(4) = i E\/N o(A)~10"* requires N~108

Goal: minimize o,
eg 4 N\ 1 reduction implies 16Xless data needed



Spin %2 baryon octet: A hyperon:

M, = 1.115 GeV/c?

n(udd) p(uud)

cT = 7.9 cm




Decay amplitudes in hyperon decays

K — nrr interference |AI| = 1/2 and 3/2

Hyperons:
A - pm™ _
_— _ P and S amplitudes
=T > Am Measurable: BF and
two decay parameters
.A(E_—>A7T_):S—|—P0'-ﬁ 2 Re(S*P)
CT ISP+ 1PP
weak CP-odd phases 2Im(S* P)

y . ? = PP ST
D = |S| exXp ’Lgs\, XP(Z(SS')_ strong phases
P = |P|exp i{p)exp(icsp‘)/- B=+1-—a?sing

|AIl =1/2

vy =141—a?cos¢

For A -» prt~ |AlI| = 3/2 contribution ~5%



Measuring hyperon decay parameter a

Py Pa ar 1 A_
R p
a0 47_[(1+C¥A7’l A)

A rest frame

A-pn\ TT
p=100 MeV/c

a,=0.750(10) agtp = —0.994(4)



Measuring hyperon decay parameter ¢

ALl A
4 1 + a_:P_: i ’ : f :PA
o A A - z i '
A \/72 Sin ¢-‘:x + COS ¢-‘:y < BK‘* :Y?E o®
- —_— = — 5] Pe . — 2
PA x z Bl PE 1 as ]. + a:'P:' o i ‘ ?E = 6 y . .$"”"’: cos

$h=-0.113(61)
¢==-0.042(16)

4

Accesible if daughter baryon polarization

measured eg in decay sequence:
E—- Am, A - pr

= rest frame

Lee, Yang PhysRev.108(1957)1645



Olsen et al., a, parameter in A - nn’
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Measuring «, 8,y in the 20" century

Oliver Overseth
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protons by scattering in a carbon-plate spark chamber. The experimental procedure is discussed in some Polyethylene R ,;2: R kY :Z:. Q51 By kS b K
: . N : : d & ; B o d
detail. A total of 1156 decays with useful proton scatters was obtained. The results are expressed in terms :: 5 ,:‘: Wl i ks B4 ::c
. . . Y K Shngh) . ¢
of polarization parameters, «, 8, and v given below: SES R B RIS Y b 1
R R B R Ry BRI K3
SRRy XA B 154 IX]
- * — b B 2 Sl Bt R
a=2Resp*/(|s[>+]p|?)=+0.620.07, ¥4 —~SCINTILLATOR SRR SR LR
. Ry P B * 8.2
8=2TImsp*/(|s|?+|p|?) =+0.18+0.24, SESRS SRR
o
v=1[s]2=1p1%/(s]*4+]p|») =+40.7820.06, EZ -~ CARBON

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

{]l:;tstilfetﬁ;\gg]aeljsti ‘;32:13;26 result 8=0.18+0.24 is consistent with the value 8=0.08 expected on the no Hz Tarlge'r , no magne""'
use kinematics and proton's
range in carbon to infer E,

o+ P cos@)z’+ P x +yP )

P =
P 1+oP cosO

\se®
o oxeV® ©
£O

S\l



Polarization of daughter baryons:

Density matrix for a spin %2 particle 3
in the rest frame: 1 1 1+P, P —iP
2 =3 ), ow =31 )
©=0

0p = 13,01 = 0y,0, = 0,03 = 0, Decay matrices

Transformation of base matrices:

y L
> 75 +0" e.g. A>»p+ m™

4x4 decay matrix: a,, ,,
( 1 0 0 ap \

apsinfcosy ypcoshcosp — Bpsing —PBpcosbcosp —ypsiny sin b cos

apsinfsiny Bpcosp + ypcosfsiny ypcosp — Bpcosfsing sinfsinp

\ ap cos 6 —~p sin ¢ Bpsinf cos 6 )

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



Testing CP violation in hyperon decays

Acp =

Compare the two decay parameters for c.c. decay modes:

a+a B+ 6
= — and Bgp = —
a— a— Q

=+QP= A= =
®z =228 = T o5, BE,



Hyperon CPV in SM and BSM

\/7 weak P-S
1 —a? . hase diff.
Acp = — > sin ¢ tan(Ep — £s) i
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Connection between theory and experiment
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ete” - y* -> BB (spin 1/2)

e (k1) A(p1)

s = (p1 + p2)*
q = p1— P2
et (k) A(FZ)
. .ot
[*(p1, p2) = —ie|Y"F1(s) + i gy F2(s)
2Mp

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

Sachs Form Factors (FFs) < helicity amplitudes:
Gu(s) = F1(s) + Fa(s), Gg(s) = Fi(s) + 1F2(s)

. \)

- 4M?

T



ete™ - utu~

At high energies annihilating e+e- have opposite helicities.
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Baryon Electromagnetlc Form Factors
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BESIII Detector

Drift Chamber (MDC)
oP/P = 0.5%(1GeV)
o(dE/dx) = 6%

Superconducting
—magnet (1.0 Tesla)

Time Of Flight (TOF)
o(t): 90 ps Barrel Lanss - HCounter

0psendeap  gpc, GE/VE = 2.5 % (1 GeV) 8- 9 layers RPC
(CsI) o,,(cm)=05-0.7 cm/VE SR®=1.4 - 1.7 em




Hyperon-hyperon pair production at BESIII

Thresholds:

AA: 2.231 GeV
3030 2385 GeV
=020 2.630 GeV
AX? 2.308 GeV

2.0 GeV < +/s < 4.6 GeV

¥+~ 2.379 GeV
»~%* 2.395 GeV
ETE* 2.643 GeV

(QQ  3.345 GeV)
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Baryon FFs (continuum):

e B2
e By
~ — aies Baryons B, and B,
: : (spin1/2,..)
V . B,
et B

V= YV, P, 0, P, r]/l/}r l/)(ZS),
Cabibbo, Gatto PR124 (1961)1577

Time like spin %2 baryon FFs:

Dubnickova, Dubnicka, Rekalo

Nuovo Cim. A109 (1996) 241

Gakh, Tomasi-Gustafsson Nucl.Phys. A771 (2006) 169
Czyz, Grzelinska, Kuhn PRD75 (2007) 074026

Faldt EP] A51 (2015) 74; EP] A52 (2016)141



Baryon FFs (continuum):

e B - B
~ — z A Baryons B, and B,
- (spin1/2,..)
' Y(29), ...
vs ] /W decay ocesse escribed Zth
e FFs: relative phas
J/¢

Cabibbo, Gatto PR124 (1961)1577

et B, e \ , Bl

Time like spin %2 baryon FFs: et

Dubnickova, Dubnicka, Rekalo J / ¥ A CI) BZ
Nuovo Cim. A109 (1996) 241

Gakh, Tomasi-Gustafsson Nucl.Phys. A771 (2006) 169 _

Czyz, Grzelinska, Kuhn PRD75 (2007) 074026 Charmonia decays:

Fildt EP] A51 (2015) 74; EP] A52 (2016)141 Faldt, Kupsc PLB772 (2017) 16



ete” > J/Y,Y(2S) > BB

#events at BESIII (estimate)

decay mode B(units 107%) Oty eff BE:OSHI
o 10°]/0
J/1p — AA 19.43 +0.03 +0.33| 0.469 4+ 0.026 40% 3200 x 10°
V(28) = AA 3.97 £ 0.02 +0.12| 0.824 +0.074 40% 650 x 10°
J/p — =0=° 11.65 + 0.04 0.66 £0.03 14% 670 x 10°
h(28) — =°=Y 2.73 +0.03 0.65+0.09 14% 160 x 10°
J/p = Z" =T 10.40 £ 0.06 0.58 £0.04 19% 810 x 10°
p(28) - == 2.78 +0.05 0.91+0.13 19% 210 x 10°

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

PRD 95, 052003 (2017)

BESIT

BESIII proposal:3.2x107ys(2S)

B (2S) - 0~ OQ%) =5.2(5)x107°



ete” > J/Y - (A- prn)(A - pr*)
an event in BESIII detector
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efe" >y > BB

For spin % BB production two complex FFs: Gy(s), Gg(s)

= process described by three parameters at fixed /s :
d  cross section (o)

d  FFsratio R or angular distribution parameter a,,
d relative phase between FFs (AD)

2
G _I7%) Gy = RGpe®
R=1a" (‘/’ T+R2> E M
S
T =
4AM;

Phase A® expected/predicted for continuum
but neglected /not expected for the decays



J/¥,¥(2S) > BB

Number of Events

Number of Events

=
no

0.15 }
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(a)
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1 05 0 05 1
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x10°
- (c)

/”

Jib = 2020

-1 0.5 0 l.'.'l.5 1
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BESIIL,PRD 95, 052003 (2017)




Connection between theory and experiment

Multidimensional link, exclusive angular distributions



Baryon-antibaryon spin density matrix
e+ e - B 1 Ez

General two spin 72 particle state:

(0o= 1,01 = 04,0, = 0y, 03 = )

/ 1 + vy, cos?0
0

CMV — | —pBysinfcost
0

By

P1/21/2 =

0

sin“¢
0
—Yy, Sin 6 cos

By = /1 — ag sin(A®)  yy = /1 — aj, cos(AdP)

0
(v, Sin“6
0

— Y

2
uvu

0
Vo SIn 0 cos 6
0
— cos?6 )

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



Baryon polarization in e*e”

<

Unpolarized e+e- beams = transverse polarization:

\/1 — a¢2 cos B sin O
s0)) = sin( AP
Ex.ete™ - J/1 - AA

§
/ AD # 0
—_1 — —0|5 — Clolgﬁl\ I OI.E — 1

ty, = 0.469



DT - joint angular distribution (modular form)
ete” - (A - prn)(A - prr?)

General two spin %z particle state: p, 12172 = 2 Cuv O'M A

(0o= 1,01 = 04,0, = 0y, 03 = )

( 1 + auy cos?0 0 By sin @ cos 6 0 \
C 0 sin“¢ 0 Yo SIN 6 cos 0
uv — | —pBysinfcosb 0 (v sin26 0
0 —y Sin 6 cos 0 0 —a, — 0820 )
By = /1 — ag sin(A®)  yy = /1 — aj, cos(AdP)
Apply decay matrices: The angular distribution:
3
A A p _ _ A A
Oy — 2 Ap,ur Opr W =Trppp z CLv Q03,0
= uw,v=0

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



Events / 0.5 MeV/c?

Events / 0.10 MeV/c?

10°
10*

10°

ete” - (A - pnT)(A - prt)

ete” > (A - pn ) (A - anY)

‘Pl.lbll| T IIIIIII| T IIIIIII| T TTTTI

—
o
T

—_
o
W

—_
o

Events / 1 MeV/c?
3,

1.09

200

150

100

N
o

IIIIIIIIIIIIIIIIIIIII

X

—_

o
w

1.1

111 1.12
M, (GeV/c?)

420593 events

1.13

1.14 1.08 1.1 1.12 1.14
M_, (GeV/c?)

BESII 47009 events

66 background

1.1

—_—
L
e

1.11 1.12
M, (GeV/c?)

Nature Phys. 15 (2019) 631

(1.31x10° J/¥)

arXiv:2204.11058

10105/



Fit results

AP=42.3°£0.6°+0.5°

efe” > (A - pr)(A - prr)

cos6,

1
moment: p(cos@,) = N 2 (

0.004 |-

N(Bp)

0.002|

ete™ = (A - pn™)(A - nn)

n® — @) BESII

=1
(uncorrected for acceptance)

Parameters This work

Previous results

Oty 0.461 £ 0.006 £ 0.007

A® (rad)  0.740 &+ 0.010 + 0.008

0.469 £ 0.027 BESIII

o 0.750 £ 0.009 + 0.004

0.642 £ 0.013 PDG

oy —0.758 2 0.010 £ 0.007 —0.71+0.08 PDG

Qo —0.692 + 0.016 & 0.006

Nature Phys. 15 (2019) 631



-~ N e .. Preliminary
~—_ BESIII 1.3 billion J/y(AR) | . -
L CLAS19 | Jyis .
——— BESIII 1.3 billion JAy(E =) | BESI[[ < ocek
2 BESIII 10 billion J/y(AR) | i

| | ) -
| PDG 2021 —¥ = 005 —
| W i
%, ~0.15( —
:4— PDG 2018 [ :
‘ 5
_5_ — . ,
| i 05 0 05 1
1 1 1 || | 1 1 1 1 ‘A l 2 LA COSGA
0.6 0.65 07 075 0.8 rXiv:2204.11058

Ap=-0.002510.0046+0.0011

BESIII
Agp = 012 (§p = &5)

CPtest: A, = @- T a+ I

a_ — (X_|_
A,=-0.006+£0.012+ 0.007

A,= 0.013+0.021
PS185 PRC54(96)1877



ete” > J/Y->EEt 5 An Ant - pn prntwt

Al « W (& w) ¢ 9 kinematical variables 9D PhSp

Parameters: 2 production + 6 for decay chains

l_‘f\

w = (ay, A®, az, ¢z, @y, @z, Pz, Ty)

— E 4E A _A
W _ z CHV z aﬂr”’avﬂ_/’ a”’roavlio V
D

wv u'vr

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



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

P

: y 1.2r Cll
03F A®=(69.5+2.6+0.9)4
0.2f
0.1F

12080604 02 0 02 04 06 08 1 )17-08 -06 04 02 0 02 04 06 08 1
coso coso
"2 C,- of C33
1F ~0.2F
0.8 -0.4f

0.6}

0.4

0.2}

O 5 0604 0 b 02 04 06 05 B R Yy Ty Wy

COSG 0089

Nature 606 (2022) 64-69



BES]]I r 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 22
fit | ¢= 0.011 %+ 0.019 4 0.009 rad —0.0374+0.014rad | 22 AZp =27 (&5 — &)
d= 0.37140.007 +0.002 -
o= —0.02140.019+0.007 rad - dgp = 0.40 (&5 — &5)
on 0.757+0.011+0.008 0.750+0.009+0.004
da —0.763+0.011 +0.007 0.758+0.010+0.007 *
=& (1.2£34208)x 107" rad First measurement for any baryon!

8p—8s  (—4.0+33+1.7)x 1072 rad (10.2+3.9) x 102 rad®

(6.0£13.4+5.6) x 1073

3 CP
tests

(—4.84+13.74£2.9) x 10 rad -

(=3.7£11.74£9.0) x 1073 (—6+12+7)x 1073

(0=) 0.016 =0.014 £=0.007 rad

Nature 606 (2022) 64-69
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Super Tau-Charm Facility (STCF)
in China

Peaking luminosity >0.5x1035 cm-2s-1 at 4 GeV
Energy range E.,, = 2-7 GeV
Potential to increase luminosity and realize beam polarization

A nature extension and a viable option for China accelerator project in
the post BEPCII/BESIII era
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BESIII 1.0x 1072 @ 1.3 x 1072 3.5 x 1072 1.3 x 10% J/4 [28, 29]
BESIII 3.6 x 1073 4.8 x 1073 1.3 x 1072 1.0 x 10 J/4 (projection)
SCTF 2.0 x 1074 2.6 x 1074 6.8 x 1074 3.4 x 1012 J/+ (projection)
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Polarized e~ beam

ete”™ > J/YP - AAEE

+ 80% longitudinal e™ polarization = Bondar et al. JHEP 03 (2020) 076
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Optimizing future measurements
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Connection between theory and experiment

Finding sensitive observables




Asymptotic maximum likelihood method
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* Best possible (ultimate) sensitivity and correlations for

parameters
* Structure of complicated angular distribution:
e.g. Vi ' singular - parameters cannot be determined separately

Validation of the method Error correlation
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Consistent with BESIII Nature Phys. 15,631(2019)



Analytic approximations for uncertainties

Information = (covariance matrix) 1

I(wk,wl) = N/la—Pa—Pdg
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Analytic approximations
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A Terms
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Double tag: polarization + spin correlations ...

signal-side

Rare hyperon decays at BESIII and STCF run at J/y, "

10® + 10° BB data samples: rare decays,
decay parameters



Conclusions:

* J/U¥ and U’ decays into hyperon-antihyperon:
unique spin entangled system for CP tests and
for determination of (anti-)hyperon decay parameters
e Polarization observed for J/y,(y') - AAZTET, 2752, Q70

J/p - AR (& —&8) = (—2.0£3.8)x1072

J/ - EE BESIII 1010 ]/ys

Polarization vs spin correlations
b by =012 (€0 — &)

three independent CP tests

measurement of ¢z
. S O -2
direct measurement of weak phase:  (§ =&) = (12 £3.5)x10

BESIII 1.3x109 ]/

Experiments:
BESIII super tau-charm factory
PANDA

HyperCP  LHCb
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HyperCP —» LHCb?
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<+——HESR Range ——>
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pp—AA ete” > y* > /P - AA
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