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Spin %2 baryon octet: A hyperon:

M, = 1.115 GeV/c?
n(udd) p(uud)

cT = 7.9 cm

T (uus)
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[f proton polarization could be measured
there is one more decay parameter ¢ ...
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. iments
Hyperon properties many expey e

hyperon | Mass cT decay (BF) o / 7
[GeV/c?] [cm]

A(uds) 1.116 7.9 | pn= (63.9%) || 0.642 £ 0.013] —6.5° +3.5°
nn’ (35.8%) | ’
A(ids) prt (63.9%) | —0.71 + 0.08 —

27 (ddys) 1.197 44 | nr (99.8%) | —0.068 £ 0.008  10° £ 15°
2 (uus) 1.189 2.4 | pn’ (51.6%) | —0.980 +0.017  36° + 34°
nrt (48.3%) | —0.068 + 0.013 167 + 20°
Z0(uss) 1.315 8.7 | An® (99.5%) | —0.406 + 0.085  21° + 12°
= (dss) 1.321 5.1 | Arm (99.8%) | —0.458 £ 0.012 -2.1° £ 0.8°
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Hyperons at BESIII

Thresholds: ~
AN 2.231 GeV Z+§_ 2.379 GeV
ZO§O 2.385 GeV Z_E_IJ’ 2.395 GeV
ESEO 2.630 GeV ETEY 2.643 GeV B
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Born amplitude for ete” -» y* - B, B,

e” (k1) A(p1)

¢ (k) A(p2)
. g
[*(p1, p2) = —ie |y Fi(s) + IMBI T g, F>(5)
s = (p1 + p2)’
F, (Dirac) helicity conserving, q = p1— P2

F, (Pauli) helicity violating Form Factors

Valid for any %2 baryon anti-baryon pair:
charged/neutral e.g.: pp,nn, AA, ...
B, B, could be different baryons e.g.: AX°
F,(s), F, (s) are complex for s > 4m2



Baryon Electromagnetic Form Factors
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Baryon Electromagnetic Form Factors

Y*BB vertex functions - Form Factors (FFs)

Baryon with spins = 2s+1 FFs
e Functions of photon virtuality g*

e Distribution of charge + magnetization
= radius is related to FFs slope at g?=0

B

e Connect to distribution, dynamics of quarks in hadrons

Considered to be well understood for nucleons (space-like)

Unexpected results + old paradigms falsified:

e Proton radius puzzle
e New type of experiments
e High statistics and precision
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e+e_ — y* — 31§2
Sachs Form Factors (FFs):
Gu(s) = Fi(s) + Fa(s), Gge(s) = Fi(s) + T7F(s)

do o 2 2 122
= — |Gyl | (1 + cos“6) + —R”sin“6
dcos6 45 T Gg
L ] R =
Gum

No G,; and Gg interference terms in
the cross section



Angular distribution given by just one
parameter:

dl’ 5
d—ﬂocl—l—a¢0089 -1 <oy <1 _T—R2
Cb’¢ — 5
T+ R
At threshold:

T=1 > Gy=Gg>R=1, a0, =0, AD=0

Full process at Born level described by two Form Factors
(two complex numbers) i.e. three real parameters:

o, o, and phase A®



Cross-section for e+te— — p+u-

At high energies annihilating e+e- have opposite helicities.

X 2
n j—g = %(1 + cos’6)
DL
R
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M Fi(0) =1, F20) =g,

28



Cross-section for ete™ = ptyu-
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Baryon FFs: (elastic and transition FFs)

e

Baryons B, and B,
(spin1/2,3/2,..)

et Bg

V=pwaeo,..,J/PP2S), ..

Polarization in 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 EPJ A51 (2015) 74; EP] A52 (2016)141



Baryon FFs: (elastic and transition FFs)

Baryons B, and B,
(spin1/2,3/2,..)

Processes described by two
Form Factors

(two complex numbers)

i.e. three real parameters:

BF,a,, and phase A®

Fildt, Kupsc PLB772 (2017) 16



J/¥, ¥(2S) > BB

Decay mode

Events

T/ — AA 110675
»(25) — AA 31119
J/ip = £0%° 111026
Y(28) - 1% 6612
J /1 — £(1385)"3(1385)" 3 |102762
J /) — =0=° oCe | 134846
$(28) — $(1385)°5(1385)° oAY¢ 2214

(28) — =0=° \ oY 10839
J/p - ==t 0(\\' 42811
J/1p — ¥(1385)7X(1385)" 42595
f/t’*—>E( 1385)+3(1385)~ 52523
»(2S) - 27 =7 B‘ES]]I 5337
(25) — $(1385)"2(1385)* 1375
¥(2S) — 2(1385)73(1385)~ 1470
Phys. Rev. D 93, 072003 (2016)

PLB770(2017)217

Phys. Rev. D 95, 052003 (2017)

J/W and (4.48)x108 ys(2S)

B(x10™%)

670]19.43 = 0.03 = 0.33
3.97+0.02 £0.12
335(11.64 +0.04 £ 0.23

82| 2.44 £ 0.03 £ 0.11

852 10.71 == 0.09
437 11.65+ 0.04
148 0.69 = 0.05
123 2.73+=0.03
231 10.40 = 0.06
467 10.96 = 0.12
596 12.58 = 0.14

83 2.78 = 0.05
98 0.85 £ 0.06
95 0.84 4= 0.05

B(x10™%)
T/ — Z(1530)"=Z7| 59 £ 1.5
T/ — Z(1530)°=° | 33 + 14
J/v — £(1385)"SF| 3.1 £ 0.5
)(25) = QO 0.47 4+ 0.10




J/¥,¥(2S) > BB
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efe” - J/Pp - (A - pn)(A - pr™)
event in BESIII detector
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For unpolarized e+e- beams

1 — Oy, COSO, sinéd
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dI’
T X (1 + COSQQA) {1 4+ a1 Pr(0A) sinfy sin ¢ }

dcosfpdS )y
\ l
A —->pn: Qy =(cosb;,¢q) a1 = Oa_

Hyperon polarization determined using
angular distribution of the baryon from the weak decay



Exclusive decay distributions
ete” > (A-pn)(A-prnt) ete” - (A - pn)(A - anv)

dl" W(tf)dtf — W(ﬁ)d(ﬁ:OS fgﬁdQldQQ f : (COS HA:'Q'LQZ)

A - pn: Q; = (cosb,Pq) Py > O

A - prt(or anY): Q, = (cos B, P,)

O, >a, A-opntia, - a,

A - nm

W(€) = 1 + g cos?,
; - 10NS
+ g Qo (Hin‘2 B sin By sin B cos iy cos oy + cos B cos By cos by) Spm Coﬂ'e\auon

+ ajaz)/1 — ay? cos(AP) {sinfx cos b (sin#y cos b cos @1 + cos #q sin by cos d2) }

v = L . - . .
+ xp g ad,((-ua 1 cos o — sin“H sin 4 sin fo sin @1 sin (.')3)

+ 1/1 — ay? sin(AP) sinflp cos b (aq sin by sin ¢y + oo sin by sin )

Fildt, Kupsc PLB772 (2017) 16



General two spin %2 particle state

16 parameters for each 0:

1
plﬁ:l—ﬁ — 1 Z C",u,:? o7 X op 1(0), polarizations (6)

v Spin correlations (9)

W(E) =Z(0)31+ary
K

olarizations (6
QAR E I]_;‘L.Il;t. P (6)
kk

Spin correlations (9)

- — cos#sind Cz2(0)L(0) vy + cos®
Py(#) = ‘u” —a; |+ a, cos20 sin(A®D) s (0)I(8) = — sin® 6
P5(6) =Py(6). Cyy(0)Z(0) = — ay sin” 0
C:-(0)Z(0) = R":' a2 cos 0sin f cos(AD)
7(6) =1+ aycos?é. . (0) =C.(6)
N(8)
moments: M(0) = Z HLHL

i (uncorrected for acceptance)



Events / 0.5 MeV/c?

ete” - (A - prn)(A - prt) ete” - (A - pr ) (A - nnd)

5
10 § 104 E_
10° £ I
- > 107 ¢
- (4b] C
10° £ =0 Q@
i *
10 e ;% = -
C e 10 =
10 o
11.09 1.1 1.11 1.12 1.13 1.14 1.8{::: 1.1 1.122 1.14
M. (GeV/c?) M_, (GeV/c?)
p T
420593Revents BES]]I r217009 events
399 background 66 background

Global unbinned maximum log likelihood fit to the two data sets with the
likelihood function constructed from probability function:

C({Iw? A(I)‘ x_, az)w(gi* Qo) s A(I)., a_, "-(IZ)

Where C(ay, A®, o, a3) js the normalization factor obtained from
W(&;i; ay, AD, o, o) weighted sum for flat phase space model MC events after
detector reconstruction.



Fit results

AD=42.3°+(0.6°%+(0.5°
oodl eTe” > (A- pn_)(/_\ - pm') 004 €7 e” = (A- Pﬂ_)(/_\ - 77”[0)
| L B
S o0.002[
=) i
.-"-"::: - - _
%—u.mz— @@@ X“
-0.004f- +
g - — 1 )
cos6 ;| NOw - | ~ cos6,
j(cosfy) = N Z (sin #] sin @] — sin @5 sin ¢5) Besm
Parameters This work Previous results
QL) 0.461 4+ 0.006 + 0.007 0.469 + 0.027 BESIII
A® (rad)  0.740 % 0.010 + 0.008 -
o _ 0.750 +0.009 1+ 0 4 0.642+0.013 PDG
oy —0. 758¢ 007 —0.71+008  ppg  CPasymmetry:
&o @ 6 + 0.006 - A 2% T
Acp ~\0.006 + 0.012 + 0.007 0.006 + 0.021 PDG P a—a,

ﬁiu/‘ﬂ_|_

0.913 4+ 0.028 4+ 0.012




Observation of the spin polarization of A hyperons in the J/¢¥ — AA decay

A — pT[_; a._

sesii| @ BESE 17% larger than

B PDG avg
ast7s | . (C(_) prel > 5 o difference
CLE72 B —_——
DAUES B -
OVEGT B —
CROB3 B .
o CP test
0.5 0.55 0.6 0.65 0.7 0.75 0.8
a_ a_ + CZ_|_
- Acp = —
oooek AD=472.3°+(0.6°+(0.5° d_ —ay
i e, b
g 0.002:— 3 Ap=-0.006+0.012+£0.007 5\
2 i §o ' ‘égSZ_J
{ T \Y’i\?\"\‘\"" ) A= 0.013+0.021
S 5002 (G _ _ PS185 PRC54(96)1877
= L Polarization: CKM Agp ~ 104
o004 ™ max 25%
-1. — —O|5 — Cll — ’015' — 1

cos6,



Prospects of the method

What if phase is non-zero also for other hyperon antihyperon
in ] /Y or Y(2S) decays?

=> measure simultaneously for two body weak decays a and &
and test CP:  Ap=(a + a)/(a -a)

=> For cascades: EE* » A An* - pntt pn*nt

could also measure ¢z-, G-+ (B =V1—a’sing)

and do more sensitive (10x) CP test:

Bep= (Bg- + Pet)/(Bz- - Bet)
= For J=3/2 baryons:

eTe” >y > By ]?1/2
- B3/; ?1/2
— B3/ B3/



Initial state (e+e-) spin density matrix
for single y* processes:

po’(0) = > D ;(0,6,0)D%(0,6,0)

o ==bal
l—f—cos:)‘b" cos 0 sin @ sinZ0
2 V2 2
Do = cos 0 sin 0 %1112 __cosfsinf
0 — ; : :
sin<é __cosfsind 1+cos“6

2 V2 2



<+——HESR Range =

C ﬁ:.a nd a

p Momentum 0 2 4 6 8 10 12 15 [GeV/c]
I I )\ T P
AN QO DD AN Q8.
22 DD, Zc2c
== = Reaction Efficiency (%)
- - —| Molecules = =~
qqq ')"-.Lq:| 4-quark5 CCCICI
- AA
ng ... $8g | Hybrids ccg pp
pp — A0 ~40 30
g9gg ... gg = =
= pp === =7 20
] cc Conventional = —
: Y e Stte pp—QQ  ~0.002 30
| | | | L pp — A 0 | 35
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p momentum [GeV/c]

Nuclear Physics News, Vol. 27, No. 3, 2017
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p;—r_-i_i €+€_ _)Y* —>]/l|1—>A/_\

cos(0%)
-1, ) : : . :
lual u. P .ﬂlﬁ. Fa— .Dlu. — .DJE-. P l'} {:IJE f-lﬂ
3 ’ a | (a)
do. * - I
dn . | 2045
b /ar] 1.642 GeV/c 43 430 ev’ Ll - a,0.469+/-0.026
04 1,918 GeV/c 36 97%v | B o4F BR(19.43+/-0.03)10-4
5 e ] E. I
o - J—
 Jipporens gttt £ 0.05 j\ T
T (a) | = - PRD95,052003 (2017)
—r— T D-""l""l""l""
P N DR S 4 05 0 0.5 1
' + - cosb,
0.2+ e o :
%-U'E- +++ T S 0002:_ PmaX=25 /0 \ :
sl T + ' S I
~0.4 + L = -
] +—{-+‘+‘ +++‘ +++.+. L %< 0 o= e -
-0.8 - 4 (c) T S : o@@
- : = -0.002|- 4 Om“
08— —————r—r— [ @%“
-1.0  -05 0.0 0.5 1.0 _o.004f-
CDS{E"]‘ I T N T
PS185, PRC54 (1996) 1877 ! T e, ¢
5 parameters at each 0, 2 global parameters

Can’t determine A decay param. extract A decay par. a



ete” > y* > AA (continuum)
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Events / 1MeV

Events/0.02

200 -
150 > -
L GJ _
i = -
100 ~ B
L w L
i £ © i
o L
07 111 ' 0 1.13
M(pr) GeV/c?
100 i
i a) AC\I '
80 — ; g
B F% } It ) =
- @N
601 Y\O (@ A
a0l @' \V\XYX [
i @Yi c‘.fvfo.oi
20| =
= s {V 004
07. | | | ‘ L ] |
—1 -0.5 0 0.5 1 -1 -05 0 0.5 1
coseA CosﬁlA

R=0.94+0.16(stat.) £ 0.03(sys.) £ 0.02(a_)  (a;=0.13+0.16)
AP =42°+ 16°(stat.) £ 8°(sys.) £ 6°(a_)



Conclusions:

Polarization in ete™ — AA observed both at resonance (unexpected)
and for continuum (expected)

Phase in both processes close to 45° (given by AA final state
interaction)

Same formalism but large hyperon yields at | /i and {s(2S)
Unique and simple spin entangled quantum system could be used for

CP tests and for determination of (anti-)hyperon decay parameters
(polarization is essential!)

armeter -
pe value of the A deca;,e% hyperons s from
A puzl®: S o for other POIAT
. searchity W(25) Thank you!
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