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The Size of Protons and Neutrons
The Size of Strangeness
— Electromagnetic Form Factors
— High ¢g°: Recent measurement by BESIII

— Low ¢°: Ongoing and future measurements
at HADES and PANDA.
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The Size of Protons
Strong interaction dynamics manifest in e.g.

— Charge distributions

— Charge radius

Proton radius:

Very rapidly progressing field!

Picture cred. Y-H Lin, U. Bonn
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Ways to measure proton size:

— Electron scattering

~0.88 fm

— Hydrogen spectroscopy

— Muonic hydrogen

-Y-H Lin, U. Bonn

2010 — 2019:
Unexplained discrepancies
=Proton radius puzzle*

spectroscopy

~0.84 fm

*Gao & Vanderhaegen Rev. Mod. Phys. 94, 015002 (2022)
Pictures from

- Rev. Mod. Phys. 94, 015002 (2022)

Pohl 2010 (uH spect.) . Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) l' A Zhan et al. (ep exp.)
Beyer 2017 (H spect.) b—o—i ———————i CODATA-2014 (ep scatt.)
CODATA-2018 HH @—1 = CODATA 014
Bezginov 2019 (H spect.) ——

| e e Fleurbaey 2018 (H spect.)
PRad exp. (ep scatt.) —_—

L o i Mihovilovic 2021

: (ep scatt.)
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Ways to measure proton size:

— Electron scattering

— Hydrogen spectroscopy

Recently:
Dispersive calculations
Respecting analyticity and
unitarity give consistent results.*

— Muonic hydrogen

spectroscopy

*Lin, Hammer & Meissner, Phys. Rev. Lett. 128, 052002 (2022).

Pictures from
-Y-H Lin, U. Bonn
- Gao & Vanderhaegen, Rev. Mod. Phys. 94, 015002 (2022)

Cui et al. 2021
Lin et al. 2021

1 1 | | | 1 1 i 1 1

Pohl 2010 (uH) o I Mainz 2010 (ep exp.)
Antognini 2013 (uH) = Hill and Paz 2010

———— Zhan et al. (ep exp.)
Lorenz et al. 2012 —

Higinbotham et al. 2016 —e— ———e—— Arrington and Sick 2015
Griffioen et al. 2016 ————————

e ————— i
Horbatsch et al. 2017 * Slek 2018
PRad (ep exp.) —_ e
Alarcon et al. 2019 —re—i

Atac et al. 2021 .

Graczyk and Juszczak 2014
e

———e— CODATA-2014 (ep scatt.)

Mihovil%i)cez)gg]
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Gramolin and Russell 2021
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The Size of Neutrons

Neutral and unstable (t ~ 15 min) when “free”:

— Atomic spectroscopy methods not suitable

— Electron scattering possible but difficult
 Often based on low-energy scattering of bound neutrons
* New calculation based on neutron EM form factor*.

<
-E B a
= 0 : — (r2) = —0.110 + 0.008 fm?
Q . .
02 —— neutron charge density Negative = asymmetric quark
distribution
-0.4
*Atac et al,,
0.6 Nature Com. 12, 1759 (2021)
T h A T T S S S |
0 0.5 1 15

b (fm) 6
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What happens if
we replace one of the light
quarks in the proton with
one - or many - heavier
quark(s)?

Picture cred. Lena Heijkenskjold
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The Size of Strangeness

« Hyperons are even less stable (t ~ 107° s) than neutrons.
* Many of them are neutral or decay into neutrals.

Q: How can we study their size?

Picture cred. Lena Heijkenskjold
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The Size of Strangeness

» Hyperons are even less stable (t ~ 107° s) than neutrons.
* Many of them are neutral or decay into neutrals.

Q: How can we study their size?

A: By electromagnetic form factors!
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Electromagnetic Form Factors

Probed in hadron - photon
interactions

Functions of momentum transfer g*

Quantify the deviation from point-
like behaviour.

Predictions from

— LatticeQCD

— ChPT

— Dyson-Schwinger

— Vector Meson Dominance

10



UPPSALA

Space-like vs. time-like FF’s

Space-like Time-like
g’ <o qg> >0

ete” - BB
BB - ete”
| -+ BESII [—
e B—->e B o dm? (m1 —mo)? (m1 +mo)  BELLE II !
e.g. JLAB PANDA

Cred. E. Perotti, PhD thesis (UU 2020) 11
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Space-like form factors

* Number of EMFFs = 2J+1 = spin %2 baryons have 2.

 Dirac and Pauli FFs F, (spin non-flip) and F, (spin flip).

A~

* Sachs FFs Gy and G, . T o a
B GE (qd) - ‘Fl(qd)_ TFE (qd) QC—0. —— neutron charge density
- Gy (@) =£@)+F(Q)
-0.4 Atac et al,,
— T = qz/ 4M2B Nature Com. 12, 1759 (2021)
-0.6
o 05 1 15
b (fm)
. 2  _ 94Ge(@®)
— Chargeradius: <rg >= 6d—qz|qz=0
6  dGm(q?)

. . . . 2 —
Magnetic radius: < rj; > GRS l42=0

12



Time-like form factors
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* Related to space-like EMFFs via dispersion relations.
* Are complex:

— Gi(q?) = |Ge(q?)| - e'®E |, Gy,(q?) = c- e'PM
_ . |6e(q?)] . .
Ratio R =—>=; accessible from baryon scattering angle.
[6m(q?)|

— AD(q?) = D), (¢?) - P (q?) = phase between G and G,,
— Phase a reflection of intermediate fluctuations of the y* into e.g. rr.

— Polarises final state!

. .- . Picture credit:
Elisabetta Perotti, PhD Thesis,
. , UU (2020)

T 13
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08 Advantage of hyperons

Polarisation experimentally accessible
by the weak, parity violating decay:

I(cosb,) = N(1+a, P, cosf))

14
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Space-like vs. time-like FF’s

Space-like Time-like
g’ <o qg> >0

High-q*

ete” - BB
BB - ete”
| -+ BESII [—
e B—->e B o dm? (m1 —mo)? (m1 +mo)  BELLE II !
e.g. JLAB PANDA

Cred. E. Perotti, PhD thesis (UU 2020) b
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Space-like vs. time-like FF’s
Space-like Time-like
g’ <o qg> >0

ete” - BB
BB - ete”
i | BES III
eB-e™B 2 (m1 — mg)* (mft my BELLE II
e.g. JLAB PANDA

16

Cred. E. Perotti, PhD thesis (UU 2020)
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Nucleon versus hyperon EMFFs

Asymptotic behaviour as |g%| - oo: SL ~TL

— Nucleons: SL and TL accessible.

— Hyperons: Only TL accessible, but also phase!
SL=TL < A®(q?) = o as |g?| = oo (orat > q3s,)

—~—

Baryon charge radius: ‘:g
— Neutron: Found tobe ™
negative * =

— Neutral hyperons: Can be
calculated from g3, and

—.2

-0.4

Im(R(g?)) = Im(EEL)y ++ o

Gm(q?)

*Atac et al., Nature Com. 12, 1759 (2021)

Ji

a

—— neutron charge density

Atac et al,,

Nature Com. 12, 1759 (2021)

1

**Mangoni et al., Phys. Rev. D 104, 116016 (2021)
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~wn  Recent measurements by BESIII

Study the ete™ —» BB, where B=A, 3, &, Af

Beijing Electron Positron Collider (BEPC II):
— e*e” collider within CMS range 2.0 - 4.95 GeV.
— Optimised in the t-charm region.

Beijing Spectrometer (BES III):
— Near 41 coverage
— Tracking, PID, Calorimetry
— Broad physics scope
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Single-strange hyperons

Diquark correlations in baryons?

* The X° has isospin 1 whereas A has isospin o
— Strange quark has no isospin — difference is in the ud diquark.
— Different isospin structure — different spin structure.
— Difference in cross section and form factors expected.*

* In X, the uu should have same spin structure as the ud in A.

— Similar cross sections expected.*

* PLB 739 (2014) 90. 19
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Single-strange hyperons

« A/Z* effective FFs similar as expected from diquark correlations.”™

*kk

e X*/ ¥ crosssectionratio ~ 9, in disagreement with the expected
SU(3) symmetry breaking of 10-30% .

A1 00 [l ! ! ! | ! ! ! I ! |
O | 1
e | (a) -¢-Data i
c 80F | -+ BaBar _
2 C —Threshold 1
© — pQCD fit _
I I __ Z
40 -
I N ]
20r | ]
oL R

2.4 2.6 2.8 3.0

s (GeV)

* BESIII: Phys. Lett. B 831, 137187 (2022)
** BESIII: Phys. Lett. B 814, 136110 (2021)
*** BESIII: Phys. Rev. D 97, 032013 (2018)

c}l/\25'

20

15

G| (x10

10

(b)

| ! ! ' |
4-1° Thiswork -
—+x* BESIII E
43 BESIII :
+ A BESII

—h—
| 1 Y 1 |

3.0
/s (GeV)
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Single-strange hyperons

2.+ Form Factor Ratio:

R = |GE(q2)|

= measured at 2.396 GeV to be 1.83+0.26
lGm(q?)] 39 =

700
600
500
400
300
200 :

Events /0.2

80 o5 o0 05 10 Y005 o0 o5 70

BESIII: Phys. Lett. B 814, 136110 (2021)

cosoH(X) cosO(X)
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 AA production near S
vector charmonia*,** g |
s
* BR(¥ - AA) > 10 times t;
larger than assumed in %
previous studies by
CLEO-¢*** _
5

* BESIII: Phys. Rev. D 104, Log1104 (2021)
** BESIII: Phys. Rev. D 105, Lo11o1 (2022)

—8= Data
— - P

P+ BW[y(3770)]

-U-J-}J——l|III|II\|III|HI|III‘\II|III|III \

_L{_L_L.I_l._\_.l liJ l_I__|

---.—---p-' --- .-.- -‘.----

—mes -*%-'—‘ u-'r----;------#-*:

34

3.5

5637 38 39 40 41 43 43 44 45 46

Is (GeV)
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*** CLEO-c: Phys. Rev. D 96, 092004 (2017); Phys. Lett. B 739, 90 (2014)
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Double-strange hyperons

e ete™ - E7E% studied for the first time.

* Possible resonance around 3 GeV.

25

20

—
n

S

GBorn (pb)

BESIII: Phys. Rev. D 103, 012005 (2021)

I —4— BESIII data
| — . Fit (Eq. (6))
VRN — Fit (Eq. (7))
I N — — Fit (Eq. (9))

— = Threshold

-
1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1

27 28 29 3 3.1
(s (GeV)
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Spin Analysis

Considerete™ - YY,Y - BM + c.c

=
N>

(61, 91)

/(92; ®2)

i~

24



Formalism forete™ - YY,Y - BM + c.c.
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Production parameters of spin %2 baryons:
- Angular distribution parameter n
- Phase A®
Decay parameters for 2-body decays: a; and «,.

W(§) = Fo(§) + nFs(§) — araz(F1(§) + /1 —n? cos(AP) F,($) + nFa(s‘))

+y/1 = n%sin(A®) (a1 F5(§) — azFu(§)) BZ
%(5)21 p( 1 91)
F1(&) —sin 6 sin 6, sin 6, cos 01 cos ¢y + cos>6 cos 6 cos 6,
5 (&) =sin 6 cos O (sin B; cos 6, cos ¢y + cos O sin 6> cos P> )
F3(&) =sin B cos O sin O sin ¢,
F4(&) =sin B cos O sin B2 sin o
75(&) =cos’6
5(G) =cos B cos 6 —sin” O'sin 6; sin 6, sin @ sin ¢, | *Faldt & Kupsc, PLB 772 (2017) 16. |




do/dcos6 (a.u.)

o
(&)
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New BESIII data at 2.396 GeV with 555 exclusive AA events in sample.

Most precise result on R and o
First conclusive result on A®

First complete measurement of A EMFF

— AD =
— 0=118.7+ 53+ 51pb

37°+12° £ 6°

-
(%))
L———

—

e

12

R B
1 -0.5

BESIT

coso

BESIII:

0.5

Ar—#

Phys. Rev. Lett. 123, 122003 (2019)
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s, The A Charge Radius

Mangoni, Pacetti & Gustafsson™: - * . { _
. dGE(CI ) g e
_ Neutrals: 8@ _ 1sre>? / | S
cutrals: - 9 6 g (Nt ’ asy) ( 1 O) 1 g 2 asy) ( 1 1) ]

q |\(m.\'] r} ._(.t‘\-"_.

*  Extract (r§) from

ACED g
- Nth—_a (Gi(zh)) and E=—

1 G (qCZlS )
Crrs )

arg (GG
o
5
S
‘<
v
L~
,_
o
N—"
I I
arg(GR/GY)
o n
L IS A
L P> il
T~
S
Q‘: Ti
g i
N 1
|
N
Ui
-
[§¥]
N
1

N, = —
asy Gl\j/\I(Qasy)
\SM7E
0 5 q < t\z 15 0 5 q; I:( o) 10 15
Picture credit and results: | 3
Mangoni, Pacetti & Tomasi Gustafsson, ; T * F {
Phys. Rev. D 104, 116016 (2021) g , h g! ~
Data: Ig_: — ————t— _ Iﬁ— ; ————t— :__
BESIII: Phys. Rev. Lett. 123, 122003 (2019) u” ' 4 u 3 ’
BaBar: Phys. Rev. D 76, 092006 (2007) Ol ! ) (. 3) E ) (1 3)
3 th» asy s 4 th’ asy '

0 5 ID 15 o ID 15

7 (GeV?) 7 (CGeV?)

tn



=t The A Charge Radius

Mangoni, Pacetti & Tomasi-Gustafsson*:
* Fit of different data from ** and *** to different scenarios

— pinpointing the radius requires data at more energies

"Snapshot — Movie”

0
uﬁ s
2
)

(0, 37) —e—

(7, 3) o

(é(Stheo) P(5asy))  —0.3 =02 =01 0 01 02 03 04

] ] 7r (Im
Picture credit and results: g (fm)

Mangoni, Pacetti & Tomasi Gustafsson, Phys. Rev. D 104, 116016 (2021)
Data:

BESIII: Phys. Rev. Lett. 123, 122003 (2019)

BaBar: Phys. Rev. D 76, 092006 (2007)
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Space-like vs. time-like FF’s

Space-like Time-like
g’ <o qg> >0

High-q*

ete” - BB
BB - ete~
-+ BESII [—
e B—->e B (mf— mo)? (m1+my]  BELLE 11 !
e.g. JLAB PANDA

Cred. E. Perotti, PhD thesis (UU 2020) 29
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Low-g?: Hyperon transition FF

* (Can be measured in Dalitz decay with HADES and PANDA.

* Dispersive + ChPT framework* developed for ZYA

_ e’
— < 15 > from the G,, dependence on the e*e™ mass.
.
 Framework extended to other /© hyperons ** *** y*
23 la. ha, sm. b;o, sm. cut. ' ' '
sm. ﬁA, sm. byq. la. cut. ——
2 tla. hy, av. by, sm. cut.
sm. ﬁA, av. byg, la. cut. --eeeee
la. hyp, la. byg, sm. cut. <
1.5 F sm. ﬁA’ la. b-lo, la. Cltlt_', _7__, ".":." ]
1Ty .
o5t e N
N ........ "..“ i
_05 | R e i
.................. Leupold et al.:
P | | | | , * Eur. Phys. ] A 53, 117 (2017)
-1 -0.8 -0.6 -0.4 -0.2 0 ** Phys. Rev. C 101, 015206 (2020)

o [GeV?] *** Eur. Phys. ] A 57,183 (2021)
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Low-g? Structure with HADES

* HADES + PANDA: Eur. Phys. ] A 57, 138 (2021)

** Rafal Lalik, see dedicated EMMI presentation

***Jenny Regina, PhD Thesis Uppsala U and EMMI poster (2022)
**** Jana Rieger, FAIRNESS talk (2022)

Hyperons from pp collisions™".

Part of FAIR Phase o
— Forward trackers from PANDA

Excellent for e* e~ tagging.

Hyperon reconstruction

refined”™ > .

First beam time February 202.2.



M Low-g> Structure with PANDA

* Large expected X%hyperon yields
in pp annihilations!

. Beam momenta up to 15 GeV/c
— e*e” from antihyperon decay boosted
— better chance to be detected? -

* Hyperon reconstruction in PANDA: @

Poster by A. Akram.
IUUU Tl II | IR | | |I L II T I T II LI LI L [ L | L |_| T T I I?
» pp— AA 3
100 F ek LT '-ii- . . . ¢ SAZ+ccs
s’ . —SIy 3
E_ 0 o* . ; ’ + e oI I
— * f - + T - S5I'% E
o 1 n L3 T
0.1 ] _ . S5 : H o B
AA : 3
III L1 || | 1 I~LIIIII | I¢IIII | IIIIII 1 I L 11 | 1 I&l L 1 1 *I L1 | | I | I I-

001373

16 1.7 18 19 20 2.1 2
Momentum [GeV/c] Momentum [Gerc]

14
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Summary

* The strong interaction manifest in the structure and size of
hadrons.

» Hyperon polarisation accessible by their self-analysing decays
— New angle to structure and size!
* Recent progress from BESIII.

* Pioneering measurements possible at experiments world-wide.

SESII

 Panda

33
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Thanks for your attention!
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