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Prospects for baryon spin physics:

a ete” - J/Y,yY’ - B{B, (ground state hyperons):
polarization, hyperon decay parameters

o ete” _>]/II),II)’ = 31§2V(P) :
spectroscopy

Methods:

1. G.Faldt, AKPLB772 (2017) 16

2. E.Perotti,G.Faldt,AK,S.Leupold,]].Song PRD99 (2019)056008
3. G. Faldt, K. Schonning arXiv:1908.04157

4. P.Adlarson, AK arXiv:1908.03102
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Baryon-antibaryon production in e"e™ collisions

continuum:

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

: 0
scribed by tW
rocesses des AD
Bo'chpil’eX CFs: relative phase
,, conl
:2: =70 Cabibbo, Gatto PR124 (1961)1577

B,

AD

Time like spin %2 baryon FFs:

Dubnickova, Dubnicka, Rekalo

Nuovo Cim. A109 (1996) 241

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

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




Hyperon-hyperon pair production at BESIII

2.0 GeV < /s < 4.6 GeV
Thresholds: _
AA: 2.231GeV  TtE~2379GeV (QQ 3.345 GeV)
$050 2385GeV X7t 2.395 GeV
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J/¥.¥(2S) > BB

Expected number of events at BESIII

B(J/Y - pp) = (21.21 + 0.29) x 10~*

decay mode

B(units 10~%) Qg eff events
proposal

J/ — AN
V(25) — AA
JJ4b — =0=0
Y(25) - = _“DHD
J/ — H_HJ“
P(25) - ==

19.43 +0.03 +0.33| 0.469 + 0.026 40% 3200 x 10°
3.97+0.02+0.12| 0.824 4+0.074 40% 650 x 10°

11.65 + 0.04 0.66 +0.03 14% 670 x 10°
2.73+0.03 0.65+0.09 14% 160 x 103
10.40 + 0.06 0.58+0.04 19% 810 x 10°
2.78 + 0.05 0.91+0.13 19% 210 x 10°

B’ - Q~Q%) = (0.52 + 0.04) X 10~*  CLEO-c: PRD 96, 092004

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

PRD 95, 052003 (2017)

BESIT

BESIII (Feb 2019): 101° ]/
BESIII proposal:3.2x10° {(2S)



Direct scan BESIII

hadrons

Ecm = +/s

O (very) high luminosity at selected c.m.
energies
Q better resolution: at J/y 0.9 MeV: 1010 J /y

\Vs~10 GeV

ISR Bellell

+

e

ISR hadrons

e
Ecm < +/s

0 many Ecm simultaneously

U reduced point-to-point systematics

0 mass resolution limited by detector

O boost of hadronic system may help efficiency
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Hyperon-antihyperon pairs from |/ and y(2S) decays

Motivations: CP violation, QM tests (entangled system) :

CP Asymmetries in Strange Baryon Decays crev® “‘a{\0“°
I. I. Bigi, Xian-Wei Kang, Hai-Bo Li CPC42 (2018) 013101 p‘e‘—fea‘s
arXiv:1704.04708 & BESIII Hai-Bo: arXiv:1612.01775 30

Hyperon decay parameters, hyperon FSI, charmonium decay mechanism,...

Ground state hyperons analyses: MLL fits of angular distributions:

AN yES— vyt .
¢ A/E, ) Z_ ) (Z 2 ) Covariant Jacob-Wick Helicity
e AY 0 ) 0 y 0 formalism formalism (1959)
—— Ref 1&3 r
¢ =X
. 00 |

Amplitudes for precision BESIII:
ete” >y (> Y)

Ref 2: Modular framework for entangled

= B1/2 Biyz exclusive (DT) distributions with modifiable
- B3/2 31/2 decay chains,

B B Use correct variables vs amplitudes
— D3/2 D3/2 Weak decays sensitive to the helicity rotation

definition



Baryon (spin ) polarization in e+e-

Unpolarized e+e- beams = transverse polarization:

\/1— cwa cos O sin Oy
sOp) = sin( AP
\ P, (cosfy) ——T) sin(A®P)
w :/‘_M

dT 5
d—rol—l—a¢0039 —1<a,=<1

Angular distribution:

Notation:

_ 3 T — R? _ IAD
T = <a1/)=T+R2> GE—RGMe



Baryon-antibaryon spin density matrix
e+ e - B'.lEZ

1 —
in 1 : . = B B;
General two spin %2 particle state: p. /2772 = 7 Z Cuv 0, Q0
uv
(0o= 13,01 = 0y, 0, = 0y, 03 = ) P
y
1 + v cos?0 0 By sin @ cos 0 0
C 0 sin“0 0 Yo Sin 0 cos 6
uv — | —By,sinfcosd 0 (v, Sin°6 0
0 —~ 8in 6 cos 6 0 — @y, — Cos20

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

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



Hyperon decay parameters

s wave parity violating

General Partial Wave Analysis of the
Decay of a Hyperon of Spin
T. Id. LEE* axp C. M. Yaxc
Institute for Advenced Niwdy, Princefon, New Tersey
Phys. Rev. 108 1645 (1957)

p wave parity conserving Y — BT: 1/ - 1/2 + 0

2Re(s™ p) _ 2Im(s*p) ) .
: = I — % sin
S+ P T SR e T VTS

ﬂ/// ’ P asymmelry

/ A ata
~0.71 + 0.08 _ cP= o

@y
|s1* — |pl*
v = = \J1-alcosdy
|52 + |pl?
a_ O (rp
hyperon | decay (BF)
Aluds) | pr— (63.9%) | 0.642£0.013 -65 =350, or @,
) _(ZO nn’ (35.8%) |
A@ds) | pr* (63.9%)
Y(dds) | nr (99.8%) | —0.068 £ 0.008  10° + 15°
S*uus) | pr® (51.6%) | —0.980 £ 0.017  36° + 340
1
nrt (48.3%) | —0.068 £0.013 167 + 20° Obsolete!
=(uss) | An’ (99.5%) | —0.406 + 0.085 | _ 21°4-12°
=" (dss) An” (99.8%)

-0.458 £ 0.012  -2.1°+0.8° PDG 2018




Polarization of daughter baryons:

Y - Bm

b (v + Py -n)n + 3(Py x N) 4+ ~N x (Py x Nn)
B —

1 +aPy -n PDG

Py —_ O = PB = ﬁ
Density matrix for a spin %2 particle 3
in the rest frame: 1 1 1+P, P —1iP
p1/2=_2’ﬂ“u:_10 P +iP, 1-P
Zﬂzo 2 x Ty z

gy = 1,,010 = 0y, 0, = 0y,03 = 0,

Transformation of base matrices: Decay matrices

1+ 1t
5 5 +0" e.g A>p+ ™

4 X 4 decay matrix: a,, ,,
E.Perotti, G.Faldt, AK, S.Leupold,]].Song PRD99 (2019)056008



Measuring a, B, v in the 20t century

Oliver Overseth
James Cronin 128-2008
1931-2016 oy

PHYSICAL REVIEW

Measurement of the Decay Parameters of the A’ Particle*

Jaues W. Cronm axp Oviver E. Oversernd
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received 26 September 1962)

The decay parameters of A® — x~+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 + given below :

=2 Resp*/(|s]*+| p|9)=+40.62£007,

A=2TImsp*/(|s|*+|p]|9=40.181£024,

v=15]"=p1*(|s]*+|p|*) = +0.7820.06,
where s and p are the s- and p-wave decay amplitudes in an effective Hamiltonian s+ po-p/| p|, where pis
the momentum of the decay proton in the center-of-mass system of the A% and e is the Pauli spin operator.
The helicity of the decay proton is positive. The ratio | #|/|#| is 0.36_0.06""% which supports the conclusion

that the KAN parity is odd. The result 8=0.1840.24 is consistent with the value 8=0.08 expected on the
basis of time-reversal invariance.

B (a+ Fj’\cosﬂ)z;+ﬂax;+yﬁ"y.
P 1+aP, cosd

VOLUME 129, NUMBER 4 15 FEBRUARY 1963
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Olsen et al., a, parameter in A°>nn® decays

Phys. Rev. Lett. 24, 843 (1970)

EXPERIMENTAL
LAYQUT
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Inclusive decay angular distributions

ete” > (A-pr)A e
: =
e A
] &
A e~
dr

o (1 + oy cos? 6,)

\ d cos 0,d ()4

-|-\/1 — afp sin(A®)sin 6, cosb, a_n,,,

A ->prn:n; > Q) =(cosb,py) :a_

=Determine product: a_P,~ a_ sin(4®)



Exclusive j

%\((A > pn_j% 1_91t+)J

oint angular distribution

A —-pn:n; > (cosbi,¢1) ta_- A - prnt:n, - (cosh,,P,) :a.

dr o< W (&;

1+ ay cos® Op ¢poss section

+a_a,

+a_a,

§:(cosf,,nq,nNy) 5DPhSp
ay, AP, a_,a,) =

Spin correlations

{sin® 0, (ny Ny y — oyng yNay) + (COS% O + “¢)n1,zn2,z}

\/1 — afp CoS(AD) sin Oy cos Oy (ny Ny, +Nq ;N9 )

+]1-

ag, sin(A®@) sin 6 cos O (a_nq,, + a,n, )

—_

polarizatiol

A® + 0 = independent determination of a_ and a,

Faldt, AK PLB772 (2017) 16



Exclusive joint angular distribution (modular form)
ete” » (A - pr)(A- prh)
General t in 2 particle state: ___1 AR
eneral two spin %2 particle state: p, 77 =7 Cuv 0, ®0y

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

1 + v cos?0 0 By sin @ cos 0 0
C 0 sin“¢ 0 Yo Sin 0 cos 6
uv — | —pBysinfcosd 0 (v, Sin°6 0
0 —~ 8in 6 cos 6 0 — @y, — Cos20
By = /1 — aj sin(A®) yy = /1 — aj, cos(AD)
Apply decay matrices: The angular distribution:
3 3 -
A A D — _ = _al gA
H’:O l’tlv=0 |

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



BESHIresults: o+o- _, j/1p >4

ADP=42.3°+0.6°+0.5°

1 /0

01 — Polarization:
02 max 25%
—1| — —'D|5 - lll - I0.5| - !I
cos,
(1{]/0'.+ 0.913+0.028+0.012

Al = % rule violation

CPtest: A, = @ Ty

a_ — C(_|_
A, =-0.006 + 0.012+ 0.007

A= 0.013+0.021
PS185 PRC54(96)1877

BESII

BESIII Nature Phys. 15,631(2019)
A = pm™: a_=0.750+0.009+0.004

i PDG<2019
BESII a_ @

e BESTI

CLE72 —_——

DAUES

OVEEB7 -

CROB3

05 055 06 065 07 075 08

a_
17(3)% larger

Liang's talk J /¥,y - 2T X~



2)

from: Kiyoshi Tanida
JAEA Japan

Why the big change in a?
Why different?

* Multiple scattering:

* E.g., at 95 MeV with 3 cm scatterer (target),
0, becomes as large as 1.5 degree.
— 5 degree multiple scattering occurs with a probability
of 1 % order and dominates over single scattering

* Actual scatterer thickness is even larger
* Of course, analyzing power for multiple Coulomb
scattering is almost O
— Can explain the difference
* Note: effective A, depends on target thickness
* This is why target thickness is explicit in the new data.
* We have to be careful!!

Also: in PDG< 2018 syst uncertainty was not included

X\
onoe e

cxev®

ove"



How to verify the result?

yp - KTA
a_ =0.721(6)(5)

D. Ireland et al arxXiv:1904.07616

Measure proton polarization?

Secondary
scattering of
polarized proton

Independent verifications at BESIII:

J/ = )énc — YAA

BF =1.7% x 1.1 x 1073

w

120
+— PDG Value
BES III Value ———»

100
80
60
404

T
1
1
1
1
1
I
1
1
1
1
1
1
1
1
. . I
204 Gaussian prior i
1
1

ad_—a4

(@_)BEsiI = = 0.754(3)(2)
Since p(stat) = 0.82 and using

quoted syst uncertainties for a_, a,, A,
to deduce p(syst) = 0.835

ie 4% difference with 3.8 o
new puzzle?...

n. = AA

= (1 —a_a; cosby;)



ete” - J/P - I°Z% > AyAy - pnypnty

L,

30 30 A A
au wav v/ aw Oavr 0

—sinf cos ¢,

—sinfsin ¢,

—cosf,

. Faldt, K. Schonning arXiv:1908.04157

0.12

01

Errors in ay and ag
T T !

Errors ona,,a_
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N NP A\\ A\'\ A\\ 4\'\ o SN
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IupAl A]E;

Annele Heikkila MSc Thesis UU




Comparison of AA and AA (simplified)

ete™ - J/U - AA ete" > /Y -oE"Et > An An?

02 P ax=25% A from £~ = Am™ is polarized
O even if ¥~ unpolarized:
& U Fa = lazg| = 39%
02_ . Woc1+aAa5c059p

3 05 0o 05 1

Question: Can one determine
a, in unique way?



ete” > J/PY->EZE" 5 AmAnt - pn n pntwt

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

Parameters: 2 production + 6 for decay chains

l_‘f\

w = (all)’ Aq); Az, ¢El A\, C_IE’ ¢E’ C_{A)

W = z Cuv z aﬁ,ﬂ,a%, aﬁ,,oa%_‘,,o A® +# 01is not needed!
wv u' v
| ETEY AA
Variables and parameters AD+=0: M=72 (7)
factorize: M
WE) =Y fil@l@®  A®=0: M=56 (5
k=1

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



Asymptotic likelihood method

0%In L 1 9P OP : .

-1 _ | — = N/ — I/..,; — covariance matrix
Via ( kaﬁwl) P Owy. Ow; : kel

éiaw)

N N W(
m . Lw) = P i) = .
[ool to determine: ) Hl &) EIW(&w)dé

e Best possible (ultimate) sensitivity and correlations for

parameters
e Structure of complicated angular distribution:
e.g. V,;; singular - parameters cannot be determined separately

Validation of the method
ete” > J/P- AA

7
NENRERNE  oen-L= oo
a, 0.87 —0.05 —0.07 VN
B 9
a, 0.05 0.07 a(Ap) = ﬁ (0.014)
ay 0.28

Consistent with BESIII Nature Phys. 15,631(2019)



ete” - J/ - ZE Correlation matrix:

0.03 037 0.11

[:]

o(az) =

= s 011 037 00 00 00 0.0
6 a, 043 00 00 —01 0.0
o(ps) = 7= 7, 00 00 01 0.0
3 b= AP =0 00 00 00
olan) = 7= b 0.0 00
Ay 0.0

a(Ay) = 3—;

P.Adlarson, AK arXiv:1908.03102



ete” - J/ - ZE Correlation matrix:

0.03 037 0.11

[:]

o(az) =

= s 011 037 00 00 00 0.0
6 a, 043 00 00 —01 0.0
o(ps) = 7= 7, 00 00 01 0.0
] b Ad =0 00 00 00
olan) = == b 0.0 00
VN Y & a u 0
v az 0.01 031 0.07 '
s 0.07 031 23
T o(Ap) = —=
a, 0.39 TN
ACI) — E

P.Adlarson, AK arXiv:1908.03102



p)u/\z,)\y/\zr _ Z Di:i‘)ll_)lg (U} 99? O)D.}L,z\lf—)\gf (0:I eﬁj O)A)\IAEAilf/\QF

3/2,3/2
r==11
h, hs 0 0
4— | bs b hy 0 (Complex) Form Factors
0 hy, h; hs |
0 0 hy hy h, — hi exp(ior)

Using base 3/2 spin matrices Q:

M.G.Doncel, L.Michel, PMinnaert Nucl. Phys. B38, 477(1972)

15 15
P30575 =D D Cui Qu®Qy

=0 =0



Single tag angular distribution

ro = (1 + cos®fq)(h3 + 2h3) + 2sin®0q(h3 + h3)

Single 3/2-spin baryon density g, 2 (h) ¢ VIS (i(h 1 h)
matrix is V/30
15 15 I _28'111299(]1% — h2) + h2(cos* 0 + 1)
i V3
P3/2 = Z TuQu = Z CroQyu 20 R(hi(hy —h,))
11=0 11=0 7 Q 3
| I I i .5, R(hzh3)
Angular distribution (using decay -2 =—2
matrices in helicity frames): o Qsinzgg%(?}h;)
3
11 = 28in 260 %(ﬁlhhi—l_h;(hl—'—h‘&))
11 Q \/B
A
W = > > Cu o . _ h3 —=2(h} = hj + h3)
p=0 K=0 U 2003+ B+ )
decay 1/2->1/20
A Al 1+ %0
->pT1t = vy, COS“ 0
decay 3/2->1/20 (A->pm) d cos Oq v

(Q->AK)

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



Polarization of a spin 3 /2 particle:

1 1 1
r,— P, rg—> P, ry =P

\ ]
g | g 2 g 3
p3/2 =T (QD T Z T Q@+ 1 Z Qi + 1 Z Tif@?‘d)

M=-1 M=-2 M=-3
M.G.Doncel, L.Michel, PMinnaert Nucl. Phys. B38,477(1972)

real coefficients, Degree of polarization
scalable J=1/2,3/2,...
3 L
3
~ Nl — d(p3/2) =
4QM—>Q#'/"_1""’15 3/2 \Ly‘y‘
1

QO o —I 15 ] _ 0
4 o Z vl At threshold: d(3/2)=23%

=0



Light baryon spectroscopy

+ - , —
\ M (n, o, ¢, p, K ...) € e _)]/¢;¢ _)BleM
o

If there are (anti)hyperons one can determine
spin density matrix for free

Picture: Beijiang LIU



ee” - J/Y,y' > B1B,V(P)

Feynman Diagram Calculation: FDC-PWA Nucl.Instrum.Meth. A534 (2004) 241
Package used for baryon PWA at BESIII

mesons and baryons
J=(0,1/2,1,3/2,2,5/2,3,7/2,4,9/2)

Automatically generated

Feynman diagrams in Y’ = n%pp

B, P
i

A
o

)m?\/ PP
/ Mn]

Duagram 2

P2, F

Duagr

P

Dhagram 11

P
/

PM
0-3)

M

P

am

)

eornd BB
/o Nk

P P/
Fy p_\i'//
e P
/TR
] I
6l p,
Diagram 3
Pa
N P
Psz’/? P
ol :
7/ gl
P/
W,
Dhagram §
P
P_.\ P/z
A i S
) Sy
Hysdo-3)
P 0
Jm\rh
[hagram |3

B p "
'\\ . /
ey, psls
-y PP
Y gk
B ‘_\B;.
8, p.
Diagram 4
P
p.\ P/
e pui”
A PP
/" e
P Qﬁ"},
Diagram 9
/P
N4
M pe
:\\F\I// F_p
4 ks
p/ % pe
Diagram 14

F/

}\ ps’ /
e )‘f‘g&;ﬁ‘
/s
R
Diagram 5
P

P/

>
A P,
Y
e,
Duagram 10
P/.F

A e/
E'r\h“‘/ P R
VA
. e
Dragram 135

From effective Lagrangian Feynman rules
are generated and angular distribution is
calculated. Fit parameters are:

* Resonance parameters

e Coupling constants (complex)
However hyperons are treated as stable
particles...



Conclusions:

BESIII Hyperon group: goal to develop and verify formalism and
methods for precision hyperon production and decay studies at
BESIIlin e*e™ - B;B,(M) including spin degrees of freedom.

J]/W and y’ decays into hyperon-antihyperon:

unique spin entangled system for CP tests and for determination of
(anti-)hyperon decay parameters.

BESIII in progress: analyses using collected 101° ] /{s

Plan: more |’ data ...

Prospects for a CP violation signal at Super Tau Charm Factories.
Methods can be extended for analyses at Bellell and PANDA

™
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