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ete” - y* > BB (spin 1/2)
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s = (p1 + p2)°
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[*(p1, p2) = —ie|y'Fi(s) +1i
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F, (Dirac) and F, (Pauli) Form Factors
Sachs Form Factors (FFs) & helicity amplitudes:
Gu(s) = Fi(s) + Fa(s), Gg(s) = Fi(s) + 7F2(s)
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T =
2
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Baryon FFs (continuum):

e

Baryons B, and B,
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ete” - y* > BB

The process at Born level is described by two complex FFs:
Gy (5), Ge(5)
= at given energy +/s three real parameters (neglecting overall
phase):
d  cross section (o)
4 angular distribution parameter (a,) or R
d andrelative phase (A®)

— R? G i
(¥¢= T—-R R = ) GE :RGMelACD
T+ R? Gy
Baryon angular distribution: dl

2 —
(well known) a0 > 1 + vy, cos™0 l<ay=<1

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



For unpolarized e+e- beams = transverse polarization

\/1 — aw cos B sin O
P Ox) AP
\ Py (cos 04 ——T) sin( )
Pi<y /
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Weak decay A4 —» pmt™ -

Pra b
dir 1
40~ 4 - (1+a @ Py) A rest frame
\ 7T—
p=100 MeV/c

Polarization of A is determined using
this decay in all experiments.
Relies on:

a_=0.6421+0.013

World average based on
1963-75 experiments



Hyperon properties

hyperon | Mass cT decay (BF) a / ¢
[GeV/c?] [cm] r /
A(uds) 1.116 7.9 | pnr= (63.9%) || 0.642 £ 0.013] —-6.5°+3.5°
o @, nn’ (35.8%) | / a
A(uds) prt (63.9%) || —0.71 + 0.08 -
27 (dds) 1.197 44 | nr” (99.8%) | —0.068 £ 0.008  10° + 15°
2 (uus) 1.189 24 | pr°(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 | Am (99.8%) | -0.458 £0.012 -2.1° £ 0.8°

B =+1—a?sing

s ~
) . 5 asymmetri€ a+a
CP violating.2 Acp = —

| ]

o8]
+

Bep =

N
|
R

In sequential decays also ¢ (f) is accessible



Inclusive angular distributions

dI’
T X (1 + COSQQA) {1 4+ a1 Pr(0A) sinfy sin ¢ }

dcosfpdS )y
\ l
A —->prn: Q =(cosb,¢) 1= a_

Hyperon polarization determined from
angular distribution of the nucleon from the weak decay



Exclusive angular distributions
Two decay modes for A:
ete” - (A - pn)(A - prt) ete” - (A - pn)(A - and)
L, > AL L0y = Qg
A - prt(or am®): Q, = (cos0,, ¢P,)
A - pn: Q = (cosb,Pq) Loy = O
dl" o W(&)dE = W(E)dcos Opad )y dS 2y §:(cosb,,0q,Q,) 5DPhSp

W(E) = 1 + g cos?d,

N — .
+ o aa|(sin“fy sin By sin by cos 1 cos g + cos 0y cos B cos bs) Spm
+ ajaz)/1 — ay? cos(AP) {sinfx cos b (sin #y cos Bz cos @1 + cos By sin By cos d2) }

+ (1 Qg au,(("ua (1 cos B — sin“f sin f#q sin fs sin ¢q sin (,')2)

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

A® + 0 = independent determination of a; and a,!
Faldt, Kupsc PLB772 (2017) 16



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

10°
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Events / 0.5 MeV/c?

[
gJ 10
10 L
e e P e e e S o ey 1 7 I 5 Fire e i [ oS b st e e ol (g iyt Mgt Nyt i
11 12 113 1.14 1.08 1.1 .12 1.14
Mo (GeV/c?) M., (GeV/c?)
420593 events BES]]I rz17009 events
399 background 66 background

Global unbinned maximum log likelihood fit in 5D space 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 validation method

16 parameters for each 0:
1(0), polarizations (6)
Spin correlations (9)

1 ¥
P1/21/2 — 4 Z Cupop @ 05

[Ny

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

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

Spin correlations (9)

Cs. ()I(F) = — ary, + cos® @

~ cosfsiné

Py(6) = 1 - a? [T ay cos?d sin(A®) C,(8)Z(8) = — sin? @
P-(6) =P.(8). Cyy(0)Z(68) = — ary sin” @
Car (MVI(0) = E-"'f] a2 cos 8 sin 6 cos(A®)
7(6) =1+ aycos?b. Cn(0) =C:.(6)
N(#)
moments: Z 1‘1“11”

(uncorrected for acceptance)



Fit results

AP=42.3°+0.6°+0.5°

0004 €Te” = (A - pn_)(/_\ - pm') oosf. eTe” - (A - Pﬂ_)(/_\ - 77”[0)
| L B
S o0.002[
o i
.-"-"\::: - - _
%—u.mz— @@@ X“
~0.004[- +
- - | E— 1
CUSGh 1 N(O,) CUSHﬁ
Moment: j(cosfx) = N Z sin 6} sin ¢} — sin @5 sin ¢%)
Parameters This work Previous results
e ) 0.461 4+ 0.006 + 0.007 0.469 + 0.027 BESIII
AP (rad)  0.740 4 0.010 % 0.008 -
o _ 0.750 + 0.009 1+ 0 4 0.642 1+ 0.013 PDG
o —0.758 ;[; 7 —0.71+0.08 PDG
X @ 6 + 0.006 —
B.ES]]I Acp — 6 + 0.012 4+ 0.007 0.006 + 0.021 PDG

Eliufﬂ_|_

0.913 4+ 0.028 4+ 0.012 —




Summary of the J/¥ — AA analysis

A > pr~: @=0.7500.0090.004

BESII

AST75

CLE72

DAUES

OVEE7

CROB3

S

)

05

0.55

0.6

0.65

— AD=42.3°40.6°+0.5°

0.7 0.75 0.8

—> Polarization:
max 20%

BESII

17(3)% larger than
PDG average
> 5 o difference

CPtest: A, = @ Ty

CZ_—C(_|_

| Acp=-0.006 + 0.012 0.007. &\ \

Previous result (using aP product):

Agp= 0.013%0.021
PS185 PRC54(96)1877
CKM Agp ~ 10




ete” > y* > AA (continuum)

~40
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Cross section(pb
==
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: —~— DM2
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-u—- BESII|
—+— BaBar

—— DM2
— pQCD fit

arg(G./G,,) (deg)

Haldenbauer Melﬁner PRL761( 16) 456

Predictions for A®

2

23

24 25 26
s (GeV)



150

100

Events / 1MeV

50

ete” > y* > AA (continuum: 2.396 GeV)

1501

nts / 1MeV

1 111

M(pr) GeV/c?

100

Cal

11 111 1

60—

400

Events/0.02

20l

a0 ot

Rre

- (a,’=0.13£0.16) L

o

o

0 | A 004f +
2 I
3t a0
N

| o
T

T

cose

cos6,

R=0.94 £0.16(stat.) £ 0.03(sys.) £ 0.02(a_)

0§ ‘@K\l
\r\XYS I I
g= i 0
& -0.02 L] o X 'X6
v -0.04} BG)
-

#e RS

M(pr+) GeV/c

3704120 + 6°
[BESIII o_]

The same fit as for J /iy —

(A - pn™)(A - prt) but a_ = a, and fixed




Hyperon-hyperon pair production at BESIII

2.0 GeV < /s < 4.6 GeV
Thresholds:
AA: 2.231GeV  XtX~2.379 GeV
¥0%0 2385GeV X2t 2.395GeV
2050 2630 GeV  E"E1 2.643 GeV

AX? 2.308 GeV (QQ  3.345 GeV)
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J/¥, ¥(2S) > BB

Decay mode

J/ — AA

»(2S) — AA

J/p — yoyl

P(289) = £

J /1 — 3(1385)"£(1385)"

J/p — 22"

P(28) — 2(1%85)02(1385)
(28) — ==

J/p — =7 0‘\\q

J/ — E(

JT/t"* o E(
¥(25) = E
¥(25) = (

¥(25) — (13

el
a2
C

Phys. Rev. D 93, 072003 (2016)
PLB770(2017)217

Phys. Rev. D 95, 052003 (2017)
J/g and (4.48)x108 Ys(25)

Events
440675
31119
111026
6612
102762
134846
2214

10839
42811
42595
52523
H337
1375
1470

B(x10™%)

0]19.43 +0.03 = 0.33
37| 3.97 £0.02 4 0.12
335(11.64 +0.04 £ 0.23
2.444+0.03 £ 0.11
10.71 == 0.09
11.65+ 0.04
0.69 = 0.05
2.73+=0.03
10.40 = 0.06
10.96 = 0.12
12.58 = 0.14
2.78 = 0.05
0.85 4+ 0.06
0.84 = 0.05

0T 0.47 + 0.10




J/¥,¥(2S) > BB

Number of Events

Number of Events

o
Ao

o
o

o
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40
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(a)

L, =0.469+0.026
" BF=(19.43+0.03)-10"

]/1/)—>/1/T
1””0'.5'”'{'3'”'0'5””1
cos0

x'H:l3
- (c)
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10

=10

| Y(2S) » AN
ZN\H.*4 M ’ ‘&5\)’(6()“‘
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(d)
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1

BESIIL,PRD 95, 052003 (2017)



Generalized formalism: motivation

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

=> e.g. cascades: EE* - Am An* - pnn prtrtt

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

and do more sensitive (10x) CP test:

Bep= (Bs- + Pet)/(Bz- - Pet)
=> Formalism for J=3/2 baryons:
efe” =y > By/; By
= B33 Byyz
— B3/, B3/

= Application to spectroscopy: polarization information
in quasi-two body production:

ete™ = ]/ - By Bp



Jacobs-Wicks helicity formalism:

Production density matrix ete™ - BB,

};1?52;;\; /"‘-.3 y A /\1—;’\? /\f
PB, B, Vo AN g A)vi,}f' P1 (91)

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

i,J g
pi(0) = Y D}%(0.6,0) D} (0,6,0) o
k=1 of W&
| » RS
1+cos?6 cos f sin @ sin<@ qa\ ﬁo(\l
2 NG) 2 396
. cos t sin f - 29 __cosfsind
sin- 6 __cosfsind 14cos=6
2 V2 2

D,;*(0,6.0) Dy, (0,6.0) = D" (6,6,0) Dy, (¢, 6,0)



Helicity reference frames

ete” - B,B, production



TWO SPIN % BARYONS: 31/21_31/2

Arjp12 =412 12 =In ( hy h )
1 12

441/2?—1/2 — 44—1/2,1/2 = hs ha Ny

hi = /1—ay/V2
ho — \/1 + vy exp(—1AD)

1 v
jn

CTDU — 2(1 -+ Qu,) C05291) ] hl — GM hz = \/Z_TGE

Cog = 24/1 — afb sin fy cos f sin(Ad) .

92
C,z = 2sinfy .

Cos=24/1— afb sin 61 cos 1 cos(AP) .

Cyo = —Cog .
CTyg — ﬂ;',llbcT:c.T, ’ \\eC\<»
Coz = —Cyz ) CYOSS &

C.z = —2(aqy + cos26y) .




SPIN > AND > BARYON: B ;B3

44,1.1~l2 — _44—.:5'..1~—}-.2 }1-3 }1.1 }1.2 U
0 —}1.2 —}1.1 —}1.3

TWO SPIN g BARYONS: B;,,Bj; hy ha 0 0
ha hi ho 0

‘4 — ‘4 3 1 2
ALsA2 AL A2 0 ho hy hs

0 0 ;1-3 }1.4

inclusive (single particle)
1 + cos?f

11 C192 C13 0 mi1 — 5 - “1-3‘2
* ' *
C "Moo Loy Cq:
%(9) = 2 | 13 5 . o,  l+cos?d
Cig —ma23 M2 —Cig maoo = |h1|* sin”6 + 5 | hal
0 C13 —Ci12 1111 =

maz = V2 I(h1h3) cosf sin 6
hshi cos @ sin @
C = —
4 complex FFs = 6 global . V2

1 . 9,




Polarization of a spin 3 /2 particle:

1 1 1
r,— P, rg— P, r; = P,

\ I

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,...

L

Y (k)
L

M=—L

]

d(PS/z) —
Qk > Q,,u=0,..,15 \

15

P3/2 — Z ",u(-gp.

=0

I
[



Two particle density matrices:

15

1
P3/2 = Z "uQu P12 =5 > _1uoy
i

p=0

15 15

1 T
p3nzm =D > CudQi®Qs Pr/213 = gzcaﬂ[%}@[”ﬂ]
[13Z

=0 =0
T
Respective helicity ref. frames
P1/2172 = 1 Z C,m?U,u ® o 4x4 matrix 6 non zero elements
v
P1/2372 = Z Z Cuooy @ Qp 4x16 matrix 30 non zero elements
' =0 rv=0
P3/23/2 — Z Z CupQu ® Qyp 16x16 matrix 66 non zero elements

pn=0vr=0



Decay chains:

Pr/2372 = 5 Z Z Cup 0 ® Qp

,uOr/O

1t 1t _
> _)E +0" eg A->p+m

1/2 3/2 Z Z(W (Z Apr0 ) ® Qp

,qu r=0

+ 4+

% - +0" eg. QO - A+K™

LA 3
’O{lj;?zm _ 5 Z Z Cup oy ® (Z bvﬁgﬁ)

=0 =0




PhD students’ helicity rotations:

cOS 0, COS Oy
— SN O,
COS Oy, SIN B,

cos 0,,, sin O,
COS O,

sinf,,, sin o,,,

—sinf,,

D,8, 0. M1, Ag) i= R(,6,0)|p, A1, A2)

0

cosf,,

7
0 a rotation
| “round the ».
axis by ;
()

D .‘.
N . 7%
7A zN
7Y arotation 7Y
around the
y’-axis by 0 _
5 V- 5 v
® o
XI




Decay matrices:

e 4 X 4 decay matrix: a,, ,,
a'f-"'b" — _1 Z B)\B}\f
AN =—1/2
1/2 ap = —2R(A5Ap) = |B, 2|* — |B_y 0|’
S (00" ()N DYF QDY (). p = —23(A5Ap) = 23(BijaBt )
fok/'=—1/2 70 = |As|® = [Ap|* = 2R(B1 2 BL )») .
D% () = D;5(0,6,0)
;b2 16 X 4 decay matrix: b, ,,
bow == Y BB
AN =—1/2
3/2 ap = —2R(ApAp) = |Byja|® = |B_1 2|

> (@) (@) ADIY(QDYA (@), o = 23(AAD) = 25(B1aB )
KoK/ =—3/2 vp = [Ap|* = |Ap|* = 2R(B1 /2B~ )5) .



Decay matrix a;; ,,

@00
ap3 =
10
a11 =
a12 =
13 =
a20 =
a1 =
a22
a23 —
a3p =
a31 =
a32 —

a3z =

Py

1

ap

ap cos @ sin 6

vp cosf cos o — Bp sing
—:..:'3’ D COS 6 cos g") — DS in (;"3
sin @ cos ¢

ap sinfsin ¢

Bp cosd+ yp cosfsing
YD cos © — [Bp cos f sin ¢
sin @ sin ¢

ap cos b

—~p sin @

Bpsinf

cos B .

(ay + Py -p)p+ By Py xp+9vp X Py X p

1—|—O£}/Py-f)

29



Example:ete™ - Q™ Q1

ete” >0~ Q7

with O™ = AK™
and A - prt™ Single tag
/ hy, hy 0 0 \ (Complex) Form Factors
h; h; hy, 0 .
A= 03 h; h? hy h;, — hy exp(i¢x)
\ 0 0 h; hy )
;;;,2.';7)\21!)\2’ - Z Dfl:)\l—)\ﬂ (O’ 99’ O)D.}i,f\lf—)\gf (O? 99? O)Ah)\z A;lrkgf

k==11



Single tag angular distributions

ro = (1 + cos®0q)(hs + 2h3) + 2sin*0q(hi + h3)

Single 3/2-spin baryon density 2%(hyh) + V33 (ki (hy + hy))
1y 3\ 4

matrix is r = 2sin26q

15 15 V30
P32 =D 1uQu =) CoQ, o 25i%00(ht = I}) + hi(cos” 0 + 1)
p=0 = V3
Angular distribution (using decay P ﬁsinggﬂmh?)(hﬁl —hy))
matrices in helicity frames): R(h h*)‘/g
rg = 2sin“fq \/% 2
S(hsh3)
ro = 2sin’fq
W = ) ) C bt la V3
’ , S (v/3hoht + hi(h; + hy))
pu=0 r=0 ri; = 2sin 260q 3
V15
decay 1/2->1/2+0
decay 3/2->1/2+0 (A->p) dI’ 1+ 2p
] = Q) COS
(Q->AK) d cos Hq v °

B2 - B+ )
VR34 2(h3 + hE+h)) 31




Example: sequential decays

15 15

p3/2 = ZT‘#Q# po = Z ru(0a:hi, ha, hg, ha)Q,

p=0 p=0
+ 1+ . —
15 3
pa =Y 1 b (0r.6a5 00, Ba.a)oh
=0 k=0 Yo =cos(dgy/ (1 — o)’

Bq =5in(¢n)\/(1 — )2

2 2 2 _ 3
ag+po+vsa=1
1t 1t _ _ Ju—>2 a !,ad
- ->=- 40 A-p+nm e
2 2 v=>0

Y 5: Ty can ,(0p, &p; an, B, YA )OE
TT"DF __erﬂb;?m HD

=0 =0 32




FFs vs helicity amplitudes for

ete” - Bg/z Eg/z

2 2 o} qu
Pa;ﬁ’,u = Jap (Fl(gz)"}'p + F5(q ) ;ﬂ? )

Ja 4p 2 2\ L0 q”
+ 5 (Fs(qz)-’:--p + Fu(q®) =5 )

m2 2m
J. G. Korner and M. Kuroda
Phys. Rev. D 16, 2165 (1977)

At threshold:
ha~ —3h = gh;;:&—%hg
Only 35,20 butd(ps,,) = [X1°n2 = _Z

K 5v3

hy=2m(Fy +7F),
hi=2m (1 — E’r) (F1 + 7 F5)

4
- 2m§’r(1 —71)(F5+71Fy),

2
ha = \/;qu (F + F3)
9

by = =3 V2 [= (1= 27) (Fy + F)
—27(1 —7)(F35+ Fy)]

1 .
re = (1 — 3cos?6,)
5v/3
1.
re = = sin26
|
rg = —— sin’6.

)

23% => spin filtering



Outlook: hyperon-hyperon pair from pp

Reaction Efficiency (%) Rate
(with 1031 cms?)

pp = AA 30 st
pp — AZ0 ~40 30 30st
pp= == = 20 25! D
il = Panda
pp = QQ ~0.002 30 ~4 h1
pp = A ~0.1 35 ~2 day’?
1000§1I1I IIlI]I]I]]IIIll][]]]]I]I]Illl T 1 T T T T T ]11 | I,_III |I?
- ® pp—AA ]
100 |- ® %oty Wt e SAT+cc 3
§ g - ¥ * * ’ 3 ; e I ]
Qg ,° o "t ; ¢ ST 3
3 E ! * ? #. + T ] BN E
O 1 E m == =
0.1 :_ 0 'Y —h == _;
= ¢ — A 22 = Q0 i'\ E
— AN , —
0‘01_1 1I]II]I]I1I1#IIII|][Ll]ll]l]l]]l [III¢I|III|I] ¢]] lllllll_
1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2 4 6 10 12 14

p momentum [GeV/c]

Nuclear Physics News, Vol. 27, No. 3, 2017



pp—AA ete” >y > /P - AA

cos(0%) .
-1.0 -0.5 0.0 0.5 1.0 w10
lua PR T T [T T TR ST TR~ S| N TR TR ELE _
3 ’ a | (a)
dg. - e [
o =4 Q045 F
b /ar] 1.642 GeV/c 43 430 ev Ll - a,0.469+/-0.026
01 1,918 GeV/c 36 97Z%v | B o4F BR(19.43+/-0.03)10-4
5 e ] E. I
0 —_ P
e E 005 j\ e
Y T (a) | = PRD 95, 052003 (2017)
- — T D-""l""l""l""
*5\\\“/3......1.“-.--- 41 05 0 0.5 1
A% _
® + cosb.
9%6 0.2 - + - f A
* § + + H’ T+ Al
-g D-++ + ++ " N 0.004 j , )
%-uz- +++ + L - Pmax 2094 +
S _0ad T - ! S
o4 +—{-+‘+‘ +_+_'+' +++++ ;;< 0 M
~0.8 o v
+ (c) %-0002— 4 %O“m“K%@
0.8 F———— e ——r——r—r—r— i
-1.0 ~0.5 0.0 0.5 1.0 o00ak- @
cos(0%) e S
PS185, PRC54 (1996) 1877 ! T e,
5 parameters at each 0, 2 global parameters

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



Conclusions: BESIII results

Polarization in ete™ —» AA observed both at ]/{ (unexpected) and
continuum: 2.396 GeV (predicted) [phase close to 40°]

J]/W and Y’ decays into hyperon-antihyperon:
unique spin entangled system for CP tests and for determination of
(anti-)hyperon decay parameters (polarization is essential!)

Presented results use 1.31:10° ] /{r but 101° J /{r are being collected

larger Va\ue f

1A
for reinterpre tatlon of a

17(3) %
— calls

a_:0.642+0.012 (PDG) = 0.750%0.009+0.004

BESIT BESIII Prel.



Conclusions: general framework

Helicity frames density matrices for ete~ — BB, with scalable
(for higher spins) bases

Decay matrices allowing a modular approach for sequential decays:
BB, spin correlations are preserved

Uses two angle helicity rotation convention
=> simpler rotations and simpler expressions

Multi-dimensional unbinned MLL fits with systematic method of fit
verification

|[Baryons with spin ] > 2 are produced polarized => spin filtering]
y 2

Application: spectroscopy 2,3,... body final states with
hyperons: e*e™ - J /¢ - X(1350)2(1350),pK A, AX "™ ... qo\\‘

™
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