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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%)
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Decay amplitudes in hyperon decays
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Measuring hyperon decay parameters

Py ar
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Accesible if daughter baryon polarization
measured eg in decay sequence:
E-> A, A - prw




Measuring a, B, y in the 20t century
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Measurement of the Decay Parameters of the A’ Particle*

et

.

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

7 Beam

The decay parameters of A’ — ="+ 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 y given below:

a=2Resp*/(|s]|2+]p|?) =+0.6240.07,
B=21Imsp*/(|s|2+|p|?)=+0.18+0.24,
v=1Is2=1p1%/(Is|*+]p]?)=+0.78:0.06,
where s and p are the s- and p-wave decay amplitudes in an effective Hamiltonian s+ pe-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};:;tst:fed\;;\é’_\igae?::l x;zgl(’lmlfcl;e result =0.1820.24 is consistent with the value 3=0.08 expected on the no H2 far\get, no magne-r:
use kinematics and proton's
range in carbon to infer E,
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Testing CP violation in hyperon decays

for c.c. decay modes _ - _
if CP conserved: a =-aand ¢ = —¢
a+a + ¢
CP-test : Acp = —, Bcgp = u

DO

Leading order (JAI| = 1/,):
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HyperCP: SM Ref. [13] BSM Ref. [21]
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Tandean,Valencia PRD67 (2003) 056001 0.5 < Bg <2and 0.2 < |k <1



ete” - y* > BB (spin 1/2)

e” (k1) A(p1)
— 2
s = (p1 + p2)
q = pP1— P2
et (k2) A(p2)
I Re = —i Fi(s)+1i o F
(P1,p2) = —ie |y Fi(s) o 2(5)
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)
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Baryon polarization in e*e”
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Unpolarized e+e- beams = transverse polarization
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Baryon-antibaryon spin density matrix
e+ e - BIEZ

General two spin %2 particle state: p, , 77 Z T ﬂ 2
(0o= 13,01 = 0y, 02 = 0y, 03 = 0y)
P Y
1 + v cos?0 0 By sin @ cos 0 0
0 sin“¢ 0 Yo Sin 0 cos 6
C,uV —| — 3y, sin 6 cos 6 0 Qe sin?0 0
0 —~ 8in 6 cos 6 0 — @y, — Cos20

By = /1 — ai, sin(A®)  yy = /1 — ai cos(AD)

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



Baryon FFs (continuum):

€

Baryons B, and B,
(spin 1/2,...)

et

Time like spin %2 baryon FFs: C
Dubnickova, Dubnicka, Rekalo

Nuovo Cim. A109 (1996) 241

Gakh, Tomasi-Gustafsson Nucl.Phys. A771 (2006) 169 ] 2
Czyz, Grzelinska, Kuhn PRD75 (2007) 074026 Charmonium decays:

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



ete” - J/Y,P(2S) » BB

#events at BESIII (estimate)

- - B = - BESIII
ecay mode units 10~ Qlojs e 10
107 /Y

ST .,
J/ — AN 19.43 + 0.03 £ 0.33| 0.469 &+ 0.026 40% 3200 x 10°
P(28) = AA 3.97+0.024+0.12| 0.824+0.074 40% 650 x 10°
J/p — =Z0=° 11.65 £ 0.04 0.66 £0.03 14% 670 x 10°
umqﬁé“ﬂ”ﬂ 273003 0652000  149% 160 % 10°
J/p - =27 =" 10.40 £ 0.06 0.58+0.04 19% 810 x 10°
P(28) - == 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) BESIII proposal: 3.2x10° ys(2S)

BESII B((2S) » 0-0*) = 5.85(28) x 10~5



Inclusive experiment (Single Tag - ST)

ete” > (A-pn)A My

ar
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d cos 8,d (),
S ,
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=Determine product: oy P,~ a, sin(4®)



Exclusive (Double Tag - DT)

A - pT[_: ﬁl

dr o W (§&;

1+ ay cos® Op poss section

+aAC_(A
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Spin correlation>

{sin2 Op(Ny Ny x — a,,,nl,ynz,y) + (cos? 8, + alp)nl’znz’z}

\/1 — afp cos(AD@) sin Oy cos Oy (ny Ny, + Ny ;N4 )

+\/1 — afp sin( Ad) sin 6 cos O, (aAnl,y + C_lAnz,y)

polarization

—_

AP # 0 = independent determination of a, and a,

Fildt, Kupsc PLB772 (2017) 16



DT - joint angular distribution (modular form)
ete” » (A - prn)(A- prch)

General two spin 2 particle state: p, 12172 Z Cuv O'A

(00= 13,01 = 0y, 0, = 0y, 03 = )

1 + v cos?0 0 By sin @ cos 0 0
0 sin“0 0 Yo Sin 0 cos 6

C,uV — | —Bysinfcosd 0 (v, Sin°6 0
0 —~ 8in 6 cos 6 0 — @y, — Cos20

By = /1 — ai, sin(A®)  yy = /1 — aij cos(AD)

Apply decay matrices:

A A D
Oy — 2 A, 9,
u'=0

Modular angular distribution:

_ _ A A
W =Trp,; = z Cuv @y 05 0
w,v=0

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



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

105%
% el
S 10°¢
g -
o) 1032_
S -
» 10%,
c 2
q>) -
T 10
109 11 111 112 113 1.14 T s T
M, (GeV/c?) cos0,
421Kk events
399 background based on 1.31x10° J /s
Parameters This work Previous results
oy 0.461 4+ 0.006 £+ 0.007 0.469 £+ 0.027 BESIII
A® (rad)  0.740 + 0.010 + 0.008 -
ax 0.750 4+ 0.009 4 0.004 0.642 +£0.013 PDG

L_{A —0.758 2 0.010 &£ 0.007 —0.711+0.08 PDG

BESII

05 1
4 fit
parameters

BESIII Nature Phys. 15 (2019) 631



Implications of the BESIII AA result BESII

Kl

— a —
AD=42.3940.6°+0.5° A= P () =——=0754(3)(2)
0.25— |
o.1§
2~ o s ¥ .
0.1 — Polarization: B PDG<2019
—0.2?— max 25% BESIII aA
L L L L L | L L L L | L L — L L L L I B
1 05 0 0.5 1 |
cosf, AST75 .
cLera | — Besm
G /o 0.913+0.028+0.012 |
AI = 2 rule violation OVE"”: B
2 CRO63
CPtest: A (ny = %+ a OB B TR R A )
' cp(N) = -
ap — Ap ap

| A,=-0.006%0.012+0.007

a, =0.721(6)(5)

Ay= 0.013+0.021 CLAS, PRL 123 (2019) 182301

PS185 PRC54(96)1877



ete” - J/Y, Y

0.1F
u.usf
R C
@ of
3 C
= 0.05F —Data -|—
- ---Phase Space
—0.4f —Fit
17080604020 02040608 1
cosby.
= - + +
0/, = -0.507£0.006+0.002

AD(J /Y ,¢P) =(-15.4+0.7£0.3)°
(a) = (o — @) /2 = —0.994(4)(2)

A =-0.004+£0.037+0.010

->XtE” > pnpmt

(same formalism as for J /{ —» AA)

---Phase Space

-0.15 e
1080604020 02040608 1
cosh,.
0.676+0.030+0.006

(21.5 + 0.4 £ 0.5)°
PRL 125 (2020) 052004



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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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



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

P
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&3; [
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08f
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ete” >y - QO

ete” - y* >y - BB (spin 3/2)

h, hy 0 0
A by by hy 0 Four (Complex) Form Factors
0 hy h; h;
0 0 hg hy
Using base 3/2 spin matrices Q: Nucl. Phys. B38, 477(1972)
15 15 a 0
— B B v P3/2 :Zr,u- 7
[):;/z.m — 2 2 C;.f..f? Q,u " QE =0
=0 r=(
DT Experiment ST Experiment

1 1 1
r,— Py rg— P ry = P,

\ I

1 . o
P3/2 = T0 (Q0+ 1 Z ruQar + 1 Z Qs + 1 Z "f'"if@ir)

M=-1 M=-2 M=-3

1 3
Qo=11 ZQ,%/,—>QM,/,L=1,...,15



Single tagete™ - Q™ Q1

Single 3/2-spin baryon density

matrix is
15

15
P3/2 = Z TuQ,u — Z C;L,UQ,U

=0 p=0

ST angular distribution:

15 3
— Q A
W = Z Cu0 bu,ul ‘aw,
pu=0 =0
decay 1/, - 1/, + 0

decay 3/, -1/, +0 (A= pr”)
Q™ - A7)

Degree of polarization

- p
d(p3/2) _\ . L (rr)

L=1 M=—1

At threshold: d(3/2)=23%

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



Single tagete™ - ¢’ - 2~ 01

‘—: Frrrrrrrrprrr e E\ﬂ",“4 [ T T T ] Eﬁn i T L T T T ] g 80 """"""

% 3“0 L ] 0 “3 _ ——— J=3/2 + backgrounds (b} _ “-03 - —— J=3/2 + backgrounds {C) E '4% +MC (d) J=1)“2

= § . [ —— J=1/2 + backgrounds ] i —— J=1/2 + backgrounds E 60 . Data ]
o

S f : 0.02 | z

—=+— Data

: 0.01}
0.01 :

100 :_ —— J=3/2 + backgrounds ;
r —— J=1/2 + backgrounds ] 0 _ 0 - - J[
0 E . 1 N N s | N | L .
-1 0.5 0 0.5 1 -1 -0.5 0 0.5 - +1 -1 -0.5 0 0.5 - +1 =300 -200 -100 0O
cosO of A/A cosO of Q/Q cosO of Q/Q t

Data: 4.48 x 108y(2S) BGS]]I ,,,,, S

Model independent (2 spin determination
Four production form-factors
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ST analysis: 2507Q~ + 2238 Q*

multipole operators

Phys.Rev.Lett. 126 (2021) 092002 L



Conclusions 1

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 =

(az) = 0.373(5)(2)

three independent CP tests
measurement of ¢z, =
first direct measurement of weak phase difference: (ép — &5)



Outlook: high luminosity (HL) J /1y factory
AK, Hai-Bo Li, and Steve Olsen

CP test:

A +C_¥A

Acp(N) =

ap — ap

A,=-0.006%0.012+0.007
A,=-0.004£0.012%+ 0.009

BESIT
J/Y - AA EE

Events Stat error A,
BESII(2018) 4.2x10°| 1.2x102 1.31 10° /s
BESIII(full stat) 3.2 106 4.4 -103 1010 Iy
L=0.47-10% cm2st
SCTF 45-108| 3.1-10% 2:10%2 JP L=10%° cm2s?t
|Ap| <4 x 107 CKM

Tandean,Valencia PRD67 (2003) 056001




Polarized e beam
ete” > J/Y - AA

+ 80% longitudinal e~ polarization

Bondar et al. JHEP 03 (2020) 076 Py
14y, cos®6 Yo P.sin®  Bysinfcosf (1+ ay)P,cosb
C _ Yo Py sin 6 si-=¢ 0 ~Sin 0 cos 0
Hv — —Bysin 6 cos 6 0 (v, sin”6 — By P, sin@

—(1+ ay)P.cos@ —yysinfcos® —pB,P,sinf  —ay—cos?6
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. ’,,-""_
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i ‘\\ /./
08w N Ple)=10 7 8
i e 7
B L] \.‘h_‘/ *
0.6} 6
1P| § Pl 08 ;
0.4} 4
| 3
021 Ple)=0 2
1
, | . , | . =
0.0 05 0.0 05 10 %

cosf




+ monochromator

b) i | |
OE, =0 keV | g,,,=90 ub
80000 I
o
=
= 60000
<
1 8E,. =57 keV || 0/y=41pb
! 400001 i
Q
+
3 L
D 20000
- OE,_=1.1 MeV a;,e,p=3.4ub(BEsm]
I I__-u’ [T |

Y051 30% 3098 Eem(GEV)
V.Telenov arXiv:2008.13668

Goal for HL Factory: >1013]/¢
+ polarization (equivalentto 16 X more J/y — AA data)

Potential to test CPV in hyperon decays A, = < 10™* using
]/ — BB decays CKM estimate: (1-5) -10°°



