\ETs\Y; Manifestations of Nonper
Cabury, Sdo Paolo 2018
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Hyperons are a laboratory for strong
interaction physics.

e Production

e Structure

* Spectroscopy
e Decay pattern
e |[nteraction
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Systems with strangeness
- Scale: ms = 100 MeV Aacp = 200 MeV.

- Probes QCD in the confinement domain.

Systems with charm
- Scale: m¢ = 1300 MeV
- Probes QCD approaching pQCD.

171200 3
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“How are baryons affected by replacing
light quarks by strange quarks?”

Hyperon
/ @ )
u

@ @<
Proton (p) Lambda (A) Xi ()

99 (%9 (20

) o &
Neutron (n) Sigma (2) Omega () J

“What is the role of spin?”




. The parity-violating weak hyperon decay
gives access to spin observables.

I(cos® )= N(1+a, P, cosb )

P = Polarisation,
o = decay asymmetry parameter

* Hyperon decays acts as a Polarimeter
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Ip = Otot

P, = Polarisation
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= Electromagnetic Form Factors

UNIVERSITET

 Electromagnetic Form Factors (EMFF) of hadrons are
among the most basic quantities containing information
about hadron internal structure. They provide access to
the spatial charge and magnetisation distributions.

2
Space-like region Im(q°) Time-like region
EMFFs are real EMFFs are complex
: : Data region
Unphysical region - —
e B<> e B — . e'e” < BB
-GEE [ -

2
S, =(2Mﬂ)2 Sphy=(2MB)2 Re(g)
—q° =0’ e 7

Dispersion relations



Not much is experimentally known about hyperon EM
structure. Basically only static properties.

Why?

The short hyperon life-times makes it impossible to measure

Space-Like (SL) FF’s.

=> Only hyperon Time-Like (TL) EMFF’s are accessible in
experiments. Small cross sections.

* ete--collisions are currently the best way to investigate
hyperon EMFF'’s.
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‘e~ <> BB
e €
e (k) PARN B(p,) B(p,)
7 (q)
e (k) B(p)) B(p,)

Vs =10.6 GeV

2

/0.1GeVic)

€dL/AM pp, (pb”!

Mpp (GeV/ic?)

Non-zero momentum of final state
particles at threshold.
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e (k) @\\ B(p,)

< Baryon vertex

e (k) B(p,)

K Ly
Baryon vertex matrix element: ' = FlB (612 )yH + WFzB (Clz)lo'u q,
B

The Dirac (Fi(g¢)) and Pauli (F2(q¢)) EMFF’s is related to the charge (Gg) and
magnetization (Gy) (Sachs) EMFF’s via the relations:

2

9 G,(0)=Z

’ ; G, 0)=Z =
=7Z+K=U
G, =F+F, u(©) 5 10

G,=F—-7F, ; 1=
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« Time-like FF’'s are complex due to inelasticity:

Re| G.(¢°)G, (%)

Im| G,(4°)G,, (")

G:(q")
G.(q")

G, (q*)cosAg
G (q*)[sinAg

A¢ = the relative phase between G, and G,,.

=» Three observables determine the Time-Like Form Factors.

- A relative phase between G, and G,, gives polarisation effects

on the final state even if the initial state is unpolarised.

11



i The differential cross section in the one-photon
exchange picture is given by:

do  a’fC
dcos@ 4q°

(|GM‘2 (1 +cos’ 0) + %|GE|2 sin’ 9) ;

2

r=-2_ B=Ji-1/t7, C=Coulomb factor = y/(1-e*),y = 7er / B

2 9
4my

The differential cross section at one energy is sufficient
to extract the modulii of |Gg| and |Gu| ©.

Increasingly difficult to measure |Gg| as ¢? increases due
to the 1/7r term &.

Only 3S1 and 3D1 waves are allowed in the final state.
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pQCD predicts:

C> Space-Like FF = Time-Like FF.

lim G, (0%)., =1lmG,  (q°
2 E,M(Q )Q2—><>o E’M(q ) o Time-Like FF become real.

q°—eo

G, ,(q)e=<q"

13



@ Proton EMFF features
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2 v Ciro I pQCD region reached
% A NU b

2 o maaraasy  at O = 6 Gev/c2?

& + B SRS

ﬁ'w + 4

q(GeV/c?)
arXiv:1311.751v1

R L e
BES
CLEO
NU
E835

EYA%)AR(LAISR; TL |Fp| = 2X SL |Fp| ?

BABAR (SA ISR)
SLAC 1993 3

p
e

|F
o
-
HOO[I<S» «r

- u
10

4

] Sign of a diquark-quark
- structure of the proton?

. e Kroll et al., PLB 316 (1993) 546

q(GeV/c?)



7 Data (so far) has not allowed for a statistically
S significant extraction of the modulii of |Ge| and |G|

for hyperons. One therefore defines an effective
Form Factor from the total cross section:

_4ra’BC

1

[ 2] 2 2
» |G 271G | +|G
|GM ‘ E‘ :>‘Geﬂ | M‘ ‘ E| :>‘Geff‘oc /O-mr
2T 27+1
| | | ! |
s e'e” = AA = BESIIl |
4 e BABAR 1
& E A DM2 ]
2 %
:&3_;10'1;— m’_._ E
5Of + ;
< T’ . 1 BESIII
b + . T T | PrRD94(2018) 032013
1070 1.2 14 16

M/\KlMlhreshold

15
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“Good” diquark (A)

“Bad” diquark (29) ?
Jaffe & Wilczek, PRL 91 (2003)

e'e” > YY @CLEO-c

Geg = 0 assumed

2 [
e [

G (pb), ¥(3770)

IG,| x 102, y(3770)

2
@ [

2 M
e [

IG,| x 10% (4170)

G (pb), ¥(4170)

L
L d

2 [
g [

o[w(3770)] / oly(4170)]

N & o

IG, [W(3770)]1 /1G, [y(4170)]!

PRD 96 (2017) 092004
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e (k)

e (k)

7 (q)

o
~

o
o

Proton form factor |G,

<o % D> OO0 e

—0—$—¢——"‘4’—0~0—0—

e

L
BABAR
FENICE
DM2

DM1 e

ADONE73
BES
PS170

E835 E
¥ E760

|

e

B(p,)

B(p,)

e'e — pp
N
for L0 4
e~
" Il "
225 25
q (GeV/c)

Production vertex

/

/

Go

/l\]

\N

/

Final State Interaction

(FSI)

3

0.8

The enhancement at
pp threshold can been
explained by pp FSI.

.. -
ee —>pp

O BABAR 2006
e BABAR 2013 7

: 9‘0 ‘17‘ 120
Haidenbauer et al., NPA 929 (2014) 102
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GRNET SR A BT, A s SO e PR S TR o S e

s Threshold enhancement in e*e—AA
0.7 .
0.6 e proton |Geff|*0.5 (BaBar)| PRD 87 (2013) 092005
I o N |Geff| (BaBar) | PRD 76 (2007) 092006
I o N |Geff| (BESIN) PRD 97 (2018) 032013
0.5? 7
5 | The enhancement at
£ 04 + AAthreshold can not
S i - be accounted by the FSI
z sl -+ of Haidenbauer & Meifner.
& + I
I 1 e S
0.2? ++ 7 05— E
e 1o *
- H"H’% 1 2o
0.1- . LU T
i e I
- 4*+ﬁ+++ i 0.1
[ | | | #ﬁfﬂk%kﬂ 095“”“““““‘
S 0.2 0.4 0.6 0.8 i ? 2 s *

Excess energy [GeV] PLB 761 (2016) 456 .



.o Threshold enhancement due to AXAFSI ?
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0.77 T [ T
+ £=2 MeV
0.6- 5 12
« N |Geff| (BaBar)
L o N |Geff| (BESIII prel.)
0.5/ ] 10 - PS185 -
S
g 0.4 . + ]
e ] 12
g o3 : p
& + 0<e=<40MeV 1
o2 + ] 3/2
L+ ] ]
0.1F -t ] |
i — ] - 4
: + ° : 1 14 1 i ; 11 1 1 11 1 11 1 11 11 1 1 11 I 1 11 1
07 A T S s i S ? 0 1 2 3 4 5 6 7
0 200 400 600 800 1
e [MeV] =+/s —2m,
Excess energy [MeV]
PRC 62(2000) 055203

Difficult to reconcile BESIII and PS185 data.

* More data needed! (BESIII!)
19
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Threshold enhancementin e'e” = A A,

Strong influence from X(4630)

400 - I T T T T I T E T T T I T T T T I T T T T I _|
| efe = AN ]

0.6 - Belle [ -e- BESIIdata  : .

i 300 |~ =%~ Belle data _|

I [ - - PHSPmodel : 1

041 - oo Threshold 4 ]
. 200 + I

ol 1 ;
i + _ﬂ_%_ﬁ_Mﬂﬂﬁ@ W =

4.57 4.58 4.59 4.6

6(nb)
G (pb)

.
Ul—
ISy

45 46 47 48 49 5 51 52 53 54
M(AY AD) GeV/c? 's (GeV)
PRL 101 (2008) 172001 PRL 120 (2018) 111101

20
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0.8 . T . . : T . T 0.8 . T . . . T . T
with non-pole term . 450

e Belle e Belle
0.6 s BESIII - 0.6 1 s BESIII

0.4 { - Q9 0.4
[

B \6/ B
0.2 h * + i 0.2
0.0 T T T T T T — T 0.0 T T T T T
455 4.60 4.65 470 4.75 4.55 4.60 4.65 470 475
E(GeV) E(GeV)

Shape of theory curve primarily

given by X(4630)
Dai et al., PRD 96 (2017) 116001

* More data needed! (BESIII!) 21
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(‘\! I: T T T ] (\! = " " LT T ——] T = * ]
S 400 1 o i i
~~ N b ~ 6000 M
L 300 @ : :
S : 1§ 4000 ]
> 200p N > i i
s : 1 H u =
100 : 2000 : 1

0-'1 -d 5 6 015 1 0-1 | 0.5 0 0.5 1
cost, cosd,

First measurement of

(GE/Gul for A;

4574.5 1.10+0.14 £ 0.07
4599.5 1.23 £0.06 +£0.03

Besm PRL 120 (2018) 111101 22
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e What is known about apart from Effective FF's
for A hyperons?

BaBar = 200 events in total @ 20—
1.8

1.6 F
1.4¢

52 1.2F
|G | S 1.0;
0<—£<137 24=g<28GeV © o8
G 06k
-0.76 < sinA¢ < 0.98 0.4F
0.2F

0.0 =

T I T T T I T T T I T T T I T
e BESIII
< BaBar

PS170

1.16 <@<2.72 q<24 GeV

Gyl

I I3.0I
© Practically nothing.

Until now!

23



Recap
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The differential cross section in the one-photon
exchange picture is given by:
do _ o’BC
dcosd  4q°

UGM‘z (1+ cos’ 9)+ %|GE’2 sin’ 9) :

2

T= 4q B=+1-1/7, C=Coulomb factor=y/(1-e™),y=mo/ B

2 2
B

The polarisation arises from the interference between
the 3S1 and 3D1 waves in the final state.
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UNIVERSITET 1'\91,7 )?7 MEthOd Of mOmentSZ
Zx P :é<0050_ >
Yo P,
9
C_ = (—_j<cos@p cos6 >
aa z X
pP=_ sin201m[GEGL]/\/; _ sin20sinA¢/ T . R ‘GE‘
’ (‘GE‘ZSin29)/T+‘GM’2(1+COSZ 0) RSin29+(1+00529)/R’ |GM‘
=> gives modulus of the phase ¢
C —_ sin29Re[GEGL]/\/; _ sin260cosA¢/ 1T
B (‘GE‘2 sin29)/f+‘GM‘2 (l-i—(:os2 9) Rsin’ 0+(1+0052 9)/ R
=> gives the sign of the phase ¢ Nuov. Cim. A109(96)241

A complete determination of the A Time-Like Form Factor

from e'e” — AA is possible! 25
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P =—— szin29sinA¢£T . R= ‘GE| C o—_ sin28cosA¢/ T
Rsin’ 0+ (1+cos”6)/ R G| " Rsin’9+(1+cos’6)/ R
Js =2.386 GeV
R=1 R=1
|Ad|= 15, 45, 60 |Ad|= +15, +45, +60

Need statistics to determine Cy i.e the sign of Ap @,
sufficient to add the data for -1<cos8<0 and 0<cosB6<1 (&), 26
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A multivariate parameterisation have been derived

mert - by G.Faldt & A.Kupsc* to make maximum use of

e'e” - AA exclusive data:
W (&)=F,(¢)+nF (&)
117 sin(A®) (at, F (&) + o F, (£)

+ 0,0, | F (&) + 1= 1 cos(A®)F, (&) +1F, (£)): £=(6,6,0,,6,.9,). 0=

R(©=1

F, (&) =sin’ Bsin 6, sin B, cos @, cos@, + cos” O cosh, cos b,
F, (&)= sianosO(sin 0, cos O, cos@, +cos B, sin6, cos¢2)
F,(&)=sinOcosBsinb, sing,

F,(&)=sinBcosOsin0, sing,

F.(§)=cos’0

F, (&)= cosO, cos@, —sin” @sin 6, sinH, sing, sing,
e Allows for an unbinned ML fit.«&

* No need for acceptance corrections. & &
(except for an overall normalisation factor)

T+

*p|B 772(2017) 16 27



Energy scan 2014-2015

« World leading data sample between 2.0 and 3.08 GeV.

—

) 7L
Nucleon 9107 e BESIII 2015 e BESII 2012
° ~in6L_
ucieo 5 107 e BESIII 2014 e BESIII 2011
and strange 10°= SND (2011 +2012) —=— BES (1999 + 2004)
hyperons 104 FENICE (1991 + 1993)—e— DM2 (1984)
EMFF’s 100 _
_ 2::NN AA:ZZ == . :QQ A,
available. 10050 *1 e 0 0 o
105 eom®? 1 e oo .
- eeq » 1 i e ’
1k - efee o 1f |
GE od 0 | |
10708 % g | 20 | i
Cuf 10w N I N T [ Ry
2 25 3 3.5 4 45
q (GeV/c)
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 |nvariant mass cut;
|M(prt) — M,| < 0.006 GeV/c?

¢ Nsignal = 555 i 24

* Ngidebanas = 14+ 4

200

Events / 1MeV
> o
o o

)]
o

+- Data

— Monte Carlo

oW

=
—
a
-
]
>
L

112 113

M(pr) GeV/c?

150

100

50

]
.

Exclusive measurement of ¢'¢” — AA @ 2.386 GeV

..........

112 1.13 1.14
M(pr) GeV/c?

—+— Data

— Monte Carlo

111

M(prt) GeV/c?
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Exclusive measurement of ¢'¢” — AA @ 2.386 GeV

Cross section:

Nsignal

® T Le(1 + 6)BR(A = pn-)BR(A — pr*)

Effective

e=17.7%

L =669 0.02+05pb~! @60
BR(A - pn~) = BR(A - prnt) = ()_\KQ/Q

: S
form factor e

2T 3q2

L 4
1G(g®)| = |———==|0.123 + 0.003 + 0.002
1442 By

*PRD 75 (2007) 074026

22



wmws  Exclusive measurement of ¢'e” - AA @ 2.386 GeV |
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Data fitted with an unbinned ML fit using the PDF from Faldt & Kupsc.

w (€)= F,(&)+nF, (&)
+ Msin(ACP)(%Fs (£)+ 0, (£))

+0¢AaK(Fl(éj)+\/1—n2 cos(Ad))172(§)+nF’6(§)); £=(6,6,,9,,0,,9,), N= TR

T+R?




Events/0.02

UNIVERSITET

Exclusive measurement of ¢'e” > AA @ 2.386 GeV |

Data fitted with an unbinned ML fit using the PDF from Faldt & Kupsc.

Result:

—{R=0.94+0.16 + 0.03 (£0.02 a)
| AD = 42° + 16° + 8° (+6° ay)

—BES Ill PRELIMINARY

Most precise result on R

(BaBar: R = 1.73102% in 2.23 < q < 2.40 GeV*)

First conclusive result on A®

(BaBar: —0.76 < sinA® < 0.98 in 2.23 < g < 2.80 GeV*)

100E A, 004 @‘ +

© e | e BNt

60_— o@ 0:| r—l—‘

ﬂij’?' T N

- \ X o0l | =]

20 \\ = 1

-, @66 V o0l

T e, ¢ T T e, ¥ *PRD76/(2007) 092006.
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The polarisation is induced by the interference between

UPPSALA

SR 3S1 and 3D+ waves between the final state hyperons.
e’ e — YY are perfect reactions to learn about the
hyperon-antihyperon interaction.
Predictions have
been made for R ot - vesiore.
0ol Prap = 10950 MeV/c and the phase :22,
R EAmN using potentials
i S = _ employed for the 5 ,
e e ] pp — AAreaction ha e s
I e by Haidenbauer & T
gV > . MeiRner. 3
_1:3 0 =05 0.0 05 1.0 | ]_?p—>A/_\ | éﬂ
cos® PS185 1.918 GeV/c g
| H++++

PRC 45 (1992) 931

Polarisation

PLB 761 (2016) 456
33

cosO PRC 54 (1996) 1877



UNUI;\ET The formalism of Faldt & Kupsc has also been applied to
BESIII data on

el =y s J/y— AA

x10
“ A 02 F
2 : (a)
A § 0.5 1, =0469£0.026
- BF =(19.43+0.03)-10™
et A S 01 __
(¢b) R
-g jw
£ 005
pd :
O-....I....I....I....
dl’ i 29 1 05 0 05 1
—— o 1+171] Ccos cosH
dcosO v A

PRD 95 (2017) 052003

34
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105e+e‘ — (A N pn‘)(z_\ — pn*)

1042

1032

10% 5

Events / 0.5 MeV/c?

10 &t

11_09 1.1 1.11 1.12 1.13 1.14 18

M, (GeV/c?)

Ig —
= -
—

1.12 1.14
0 (GeV/Cz)

W (&)= F,(&)+nF,(¢)
i s 5 o, 4]

+05A057\m (E(§)+\/1_772 cos(A(I))Fz(f)+nF6(§)); E=(6,6,,0,0,,0,), 1= T—R

T+ R*
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A®=

42 .3°4+0.6°+0.b°

oon4 €7e” - (A*P"T_)(/_\_’ﬁ“-k) o004 eTe” - (A_’p“_)(/_\_’fmo)
B * B
+ i
& 0002 g 0.002}
o
;'-‘« 0 S M - -
[72]
S Q Kﬁ@ ;
= -0.002- + @ @ @ ~0.002-
~0.004 + -0.004}
a7 I XS | R SE— g
coso N(B4)
p(cosfy) = Z (sin B} sin ¢} — sin @ sin @)
o =
- A—pr
Parameters This work Previous results o, =0
n'lf 0.461 4 0.006 4 0.007 0.469 £+ 0.027 BESIII &0 =0,
A® (rad)  0.740 £ 0.010 =+ 0.008 -
o 0.750 +0.009 £ 0,004 0.642+£0.013 PG p b
o —0.758 ¢ 7 —0.7140.08  PDG asymmertry-
&o @g@ 6 + 0.006 - A% T
Acp 4 0.0124+0.007 0.006%0021 PDG T a —ay
&o /oy 0.913 + 0.028 + 0.012 -

36
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a8 Parameters This work Previous results

n, 0.461 £ 0.006 £ 0.007  0.469 + 0.027 BESIII
A® (rad)  0.740 + 0.010 + 0.008

o 0.750 + 0.009 +0.004 0.642 +0.013 PDG
oy —0.758 ¢ @@gﬁ7 —0.714+0.08 PDG
&o g@ 6 =+ 0.006

Acp @ + 0.012 £ 0.007 0.006 +0.021 PDG
&o/oy 0.913 £+ 0.028 &+ 0.012 -

First: Phase measurement between G}, and G},
0, decay asymmetry parameter

&, decay parameter is measured to be
(17%£3)% larger than the PDG value (> 50)

Improved upper limit on Acp

AYVNININ3Yd

o,/ o, deviates 30 from isospin symmetry prediction
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No theoretical predictions exist for the phase and
and R (n,) for

+

e'e >y = J/y—=AA

* The floor is open for theorists!

38



_
Prospects and conclusions
BESIII has taken data at 10 energies from AA threshold to 2.9 GeV.

To come: Effective FF's for X, X% = + transition FF for AY?

Published data on J /v,y (2S)— YY have, so far, focused on
Branching Ratios and hyperon angular distributions based on
1.3x109 J/ and 0.45x109 J/y(2S) events from BESIII.

There is a lot more to be analysed here!

A non-zero phase between spin 1/2 hyperons allows for a determination
of their decay parameters and CP violation tests in the baryon sector.

39



Prospects and conclusions

The multivariate formalism has now been extended in Uppsala to handle
J/y decays to spin 3/2 + 3/2, 3/2 + 1/2 hyperons and 1/2 + 1/2 including
decay chains.

Available data samples from BESIII

Decay mode

Events B(x10 %)

J/ — AA
(25) - AA
J/p — X°%°
¥(28) —» B0

J/p — £(1385)°£(1385)°

J/p — =020

$(25) — £(1385)°%(1385)°

h(28) —» =0=°
Jp = =" =F

J/ap — 3(1385)75(1385)
J/ — ¥(1385)T5(1385)
¥(2S) - Z7=F

¥(25) — £(1385)
¥(2S) — X(1385)

440675 + 670 19.43 +£0.03 £0.33
31119 £+ 187 3.97+0.02+0.12
111026 £ 335 11.64 £0.04 £ 0.23
6612 + 82 2.44+0.03+0.11
102762 + 852 10.71 £ 0.09
134846 + 437 11.65 £ 0.04
2214 + 148 0.69 £ 0.05
10839 + 123 2.73+0.03
42811 £ 231 10.40 4+ 0.06
42595 + 467 10.96 +0.12
52523 £ 596 12.58 £ 0.14
5337 £ 83 278 +£0.05
1375 £ 98 0.85 4 0.06
1470 £ 95 0.84 &+ 0.05

Potential data samples from BESIII

B(x10™%)

J/ — Z(1530)"=F
J /v — Z(1530)°=°
J/p — %(1385)" L
$(29) - QO

59 £ 1.5
33+ 14
3.1 £ 05
0.47 £ 0.10

= 5x10° J/y events are now collected @ BESIII
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There iIs a lot more to come!

Stay posted!!
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Antiproton-proton reactions are a hyperon factory
via pp — YY reactions, both for ground state and
excited hyperon.
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@ A )
[: - Strong interaction processes @ High cross sections.

- Baryon number = 0 © No extra kaons needed.
78 =o W Low energy threshold.

@ _, -Same patternin Yand Y channels @ Consistency.

* |:lEI_I ca

s—J |=—°] @ Antihyperons/hyperon-pairs are accessible up to < 2740 MeV/c?,
l.e.up to Jg‘i

wn| v

(%]

(%







