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Baryon Structure Investigation

« Baryons possess a complex inner
structure and dynamic

« described by Quantum
Chromodynamics (QCD)
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Baryon Structure Investlgatlon

« Baryons possess a complex inner
structure and dynamic
« described by Quantum
Chromodynamics (QCD)
« Strong coupling constant a,(Q?)
large at
low momentum transfer Q2

3

large distances
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Non-perturbative regime of QCD

mm) Form factors as:

« Simplest observable of the
complex inner structure and
dynamics of baryons

« Testing ground for our
understanding of non
—perturbative QCD




Electromagnetic Form Factors

Baryon with spin s has (2s+1) Electromagnetic (EM) FFs:
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Electromagnetic Form Factors

Baryon with spin s has (2s+1) Electromagnetic (EM) FFs:
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Spacelike region: Scattering Timelike region: Annihilation

0?=-¢> FFs real

FFs complex Momentum
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transfer g2
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Asymptotic behaviour and
boundary conditions:

Formfactor definitions:
Dirac: FN(g?)
Pauli: P}ZN(qZ) |Gu,p(—00)| = |Gy g (+00))
Sachs FFs: GN = FN + FN |Gy (4M?)| = |Gg(4M?)|

2
Ge=FN + LLCIFFZN F,(0) = Q, F,(0) =0
N




Timelike Form Factors

TL FFs: Complex functions of momentum transfer:
Ge(q®) = |Gg (qP)] - e'PE, Gy (q?) = |Gy (gD - e'PM

« FF Modulus |Gg | and ratio R = |Gg/Gy| accessible
from baryon scattering angle

E=) angular analysis

« Phase A¢(q?)= ¢ (q?)- ¢dr(q?) between G (q?)
and Gy (q*)

« For hyperons: A¢p accessible in weak, parity
violating decays through polarization of final
state




eumg Electron P05|tron Colllder

& - start of
2% construction 2004
B¢ - Data taking

since 2009

4 ’% jgaz b ~’-

« CMS energy: 2.0 - 4.95 GeV

« Optimised for T-charm region

« Crossing angle: 11 mrad

« Design luminosity: 1033 cm=2 s-!
(Achieved in 2016)
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BESII| Detector

RPC: 9
layers Electro Magnetic Calorimeter

SC
Solenoid

Barrel
ToF

Endcap
ToF

SC
Quadrupole

Electromagnetic Calorimeter:
« CsI(Tl), Barrel + Endcap

. %<2.5% at 1 GeV/c
e o,<6mm at 1GeV/c




How to measure FFs at BESIII

Energy scan

{ 7*(q) 3
A TN

ISR technique

et N

do (s 2 4m? |
O-Pp( ) _ 2ra” iC p |GE (S)|2 sin? 0,

|:|GM (s)|2(1+ cos’6,)+ 5

d cos 0, 4s

| Cross section

9%, oy W (s, x,0,) (s)
= 1/ O-+ - = 1
dxdé, 7o ere o

"y

%( sin26?7

X2
_?)

Discrete energy scan points

Beam enerqgy

Fixed energy (resonance)

Good luminosity, but dedicated
data necessary

Luminosity

Low effective luminosity due to
radiator function
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BESIII Data Sets

EA"’?:TTT‘TTTYI — Tyrwrillll_llv_!_ 7.'1 T _[J_‘]
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tA" by initial state radiati ‘FFSCAN TA_;__LW'I
il C‘?e?sj}’f“['a???fal'?!of‘p Energy Scans26 pb 1 | 2 [~ b S
0.5 1 1.5 2 2.5 3.5 4 4.5
Vs [GeVT
- 160_ L . . .
2 40k « Rich physics programm: charm physics,
2 120F charmonium spectroscopy, light hadrons,
0 E . »
% 123;_ . Worlds largest dataset at resonances J/, y', y"
3 eof * « Dedicated scan data set taken in 2015, main
40F . purpose: determination of baryon FFs
r . .
EE;_ e Lo « 22 energy points between 2.0 and 3.08 GeV, total
2 22 24 26 28 3 32 luminosity: 651 pb-" = Worlds largest in this off-
Is (GeV) resonance region
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Proton form factor
measurements

p—
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Proton effective FF

AGel

Oborn =:€

3q?

Oborn

|Gerr| = \/

Ama2BC 1+ 1/27

With selected events, efficiency,

luminosity

BESIII results both from direct scan:
- PRD 91, 112004 (2015): 157 pb'at 2.23- 3.67 GeV
« PRL 124, 042001 (2020): 669 pb-' at 2.0- 3.08 GeV

and initial state radiation:
«  PRD 99, 092002 (2019): 7.4 fb-' at 3.77- 4.60 GeV

« PLB 817, 136328 (2021): 7.4 fb-'at 3.77- 4.60 GeV
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Proton effective FF

e BESII (LA-ISR) + BESIII 2020

BESII (SAHISR)
BESIII 2015
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« BESIHI results both from direct scan: | | | ,

« PRD 91, 112004 (2015): 157 pb-'at 2.23- 3.67 GeV 6 8 10 12 14 16
« PRL 124, 042001 (2020): 669 pb-Tat 2.0- 3.08 GeV A[(GeV/cY]

and initial state radiation:

« PRD 99, 092002 (2019): 7.4 fb-'at 3.77- 4.60 GeV 1200/ e BESIII (LAISR)
« PLB 817, 136328 (2021): 7.4 fb-1'at 3.77- 4.60 GeV + BESIII 2020
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) ) ) ) BESII 2015
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Proton effective FF

e BESII (LAHSR) + BESIII 2020
BESII (SAHISR)
BESIII 2015

4 BABAR
+ EB835
Fenice
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< BES
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BESIII results both from direct scan: | D
« PRD 91, 112004 (2015): 157 pb-'at 2.23- 3.67 GeV 6 8 10 12 14 16
« PRL 124, 042001 (2020): 669 pb-' at 2.0- 3.08 GeV 92(GeV/cH]
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I i (o) ::: 800 e ey Fenice
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. . . . O > DM2
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Proton FF results

10000 (
s=2.125 GeV x%ndf = 0.904
do CKZ,BC 1 it :9000;—
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roton FF results

i [l BESII2020 i [l BESIII 2020
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2 2.5 3 0= 55 3
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« Uncertainty for |Gg|: 1.9% - 83.2%
« Uncertainty for |Gy|: 1.3% - 9.8%

« First measurements of |G| over wide kinematical range,
vastly improved accuracy

First separate extraction of |G| and |G|
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Neutron form factor
measurements

p—
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Neutron effective FF

og (pb)
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First measurement of oz(e*e™ - nn) over wide kinematical range

Lowest uncertainty: 8.1% at 2.396 GeV = unprecedented precision

Agreement with SND at low CM energies

Tension between BESIII and Fenice results (~20)
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Neutron effective FF

104 = 3
- o BESII E
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. BESIII

FENICE: Nucl. Phys. B, 517, 3 (1998) [8]
Prediction: Phys. Rept. 112, 173 (1984) [10]
Prediction: Phys Rept. 550-551 (2015) [11]

T IIllIIIl
1 IIIIIII|

T T T TTTT
I I |

* Unlike Fenice result: R, = agﬁ/agﬁd
- Coupling of virtual photon to proton stronger than neutron in

agreement with expectation

« Solves the 20 years old photon-nucleon interaction puzzle
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Neutron effective FF

104 = jum
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» Unlike Fenice result: R, = af" /o' <1
- Coupling of virtual photon to proton stronger than neutron in
agreement with expectation
« Solves the 20 years old photon-nucleon interaction puzzle

Measured for the first time: Form factor ratio and |G,,|?
to be published soon
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|Gerr| =

Periodic structures

* |Gerf| follows Dipole behaviour:
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Periodic structures N E——
o
|Gerr| follows Dipole behaviour: ' s DRoAR
y 0.3 + Eas_s
|Gerrl = 7 — 0% Y E760.
(1+57) [PW] O 02- + owH
a 0.15 + BES
Periodic structure in residuals, first seen b v ClEo
in BaBar data 0655_
_pose - U
Gose(p) = bg™e ™ 7 cos(By™p + 05) R S R T R R PR
q?(GeV/cy]

« For proton: Confirmed independently by
three BESIII analyses
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0.021= + #
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0.04F
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0.08p | | | | | | |
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Periodic structures 008 e
ol e beh 0.06 BaBar: ppy ., (2013) [13]
G OolHOWS Dl ole pe aViour: L e Simultaneous Fit: Proton
| effl p p 0.04;— / L}l — — Simultaneous Fit: Neutron—;
Gegrl = 7 30020/ [ 171 | I .
(1+57) [1 - Wz’] @) - [T + ]
o o [T A g i
Periodic structure in residuals, first seen 0 02% %; ! }){)HMI 4 N
in BaBar data . 04111% T neutron E
Glose(p) = b3 e ™V cos(bg*p + b3) B R BT T T R S
For proton: Confirmed independently by s (GeV)
three BESIII analyses
0.06:— e BESIII (LAISR) ¢ BESIII 2020
. . . r BESIII (SA-ISR) A BABAR
First time seen in neutron data 0.04 1 T
(simultaneous fit), phase shift: (123+12)° ook $
Possible causes still debated, e. g.: w0y | { %wtkt
« Interference effects in final state 0.020 H%
PRC 103 3, 035203 (2021) ooak
* Resonant structures Il proton
PRD 92 3, 034018 (2015) 006
0 0.5 1 1.5 2 2.5 3 3.5
p [GeV/c]
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Hyperon Form factor
measurements

p—
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Hyperon Form Factors at BESIII

« Measurements of ete™ - BB with B = A, X, E, At at BESIII using the scan
technique

p—
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Hyperon Form Factors at BESIII

« Measurements of ete™ - BB with B = A, %, £, At at BESIII using the scan
technique

¢ ete” — XTI, 272F, 2989 cross section measured from 2.3864 to 3.02 GeV
« First measurement in off-resonance region

o) E | U L - DT T T
Z . | 4+ ete > 33 © [t +-3° Thiswork -
c 10°F k 3 T ook 2 -
5 f 43 1 X TF +x* BESIII :
mb102:— ‘} ’ —%15:_ + X BESII b
E N 1 O ¢ A 4 A BESII
C j. § -
0F " E I R SN + :
L ——— - Y . =
1E | f T _3 5: Y v * . g
E N T H T 0 - M MU T N SR M ’ 1|— . ]
2.4 2.6 2.8 - 3.0 2.4 2.6 2.8 3.0
\'s (GeV) /s (GeV)
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Hyperon Form Factors at BESIII

« Measurements of ete™ - BB with B = A, %, £, At at BESIII using the scan
technique

« ete” — XX, 272%, 2980 cross section measured from 2.3864 to 3.02 GeV

« First measurement in off-resonance region

« Eff. FF ratio of A/Z* as expected, but ¥ /X~ cross section ratio ~9,
significantly above expectation from SU(3) symmetry breaking (10%-30%)

3 = :I . . 1 . T T T T T T 4 &\25_' T v & I r & ¢ r &1
8:103'? } tee—-33 1 2 | ) +-3° Thiswork -
S f I b33 ] X 20 +5* BESIII .
el - j ete =22 1 ~ - ) -
I 1 = 4+ ¥ BESII ]
g A Y ':
C e T — ] L v y
1E f 3 5: Y : B ¥ s ]
3 1 EX
L T R R MO SPSEE EP P B i = 'L

2.4 2.6 2.8 30 2.4 2.6 2.8 3.0
\'s (GeV) /s (GeV)
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Hyperon Form Factors at BESIII

« Measurements of ete™ - BB with B = A, %, £, At at BESIII using the scan
technique

« ete” — XX, 272%, 2980 cross section measured from 2.3864 to 3.02 GeV

« First measurement in off-resonance region

« Eff. FF ratio of A/Z* as expected, but X*/X~ cross section ratio ~9,
significantly above expectation from SU(3) symmetry breaking (10%-30%)

« % |Gg/Gyl measured to be 1.83+0.26 at 2.396 GeV - significantly above 1

o 700 700
o
< 600 600
wn
§ 500 500
W 400 400

300 300

200 200

100 100

9 90
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do/dcos (a.u.)

A form factors at BESIII

* First complete measurement of A form factors at 2.396 GeV by BESIII

i
\
|
y

I <
05 05| %

— R=|Gg/Gy| = 0.96 + 0.14 + 0.02

— AD =37°+12° + 6°
— 0=1187+ 53+ 51pb

« Most precise result on |G¢/Gy| and gprn
« First conclusive result on phase

between Gg and Gy,
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A form factors at BESIII

* First complete measurement of A form factors at 2.396 GeV by BESIII
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— R=|Gg/Gy| =0.96 + 0.14 + 0.02 ST e —
— A® =37°+12°+ 6° E"k * L
— 0=1187+ 53+ 51pb 10 * Q\_‘- B | _

« Most precise result on |G¢/Gy| and gprn
* First conclusive result on phase
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between Gg and Gy,
« Anomalous behaviour of g;,,, near 1.0 1.2 I\}I4_/ 1.6
threshold compared to pQCD 7 Minreshoid

prediction
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A¢ form factors at BESIII

ECM = 4.5745, 4.58, 4,59, 4.5995
GeV

Just 1.6 MeV over threshold

First direct measurement of Af
form factors

G (pb)

300

200

100

ete’ — AIAL
_ -~ BESIII data

— -¥= Belle data ——

- — BESII fit ]

= PHSP model -

" .ssx Threshold . * i 4+__

N * N T

4.56 4.57 4.58 4.59 4.6
Vs (GeV)
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A¢ form factors at BESIII

T T —
ete” —= AR, ]
[ -@- BESIII data ]
« ECM = 4.5745, 4.58, 4,59, 4.5995 300 [~ =% Belle data -
| = BESIII fit i
GeV . s PHSP model & . 4+ -
e ™ wees Thr b | 1
« Just 1.6 MeV over threshold & 00 [ Mhesheld T ¢ | -
© B ]
« First direct measurement of Af 100 |- -]
form factors - ]
0 1 N N B B
. |G /G | extracted at tWO energy 4.56 4.57 4.58 4.59 4.6
Ef =M Vs (GeV)
points
Vs (MeV) ay, Gr/Gul
4574.5 —0.13£0.12 = 0.08 1.14 £ 0.14 = 0.07
4599.5 —-0.20 £0.04 =£0.02 1.23 £0.05 = 0.03
_ i e | S 6000 - .
<300 WW = I
2200 [ 1 E 4000 F 1
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O%\\\: OT|||7
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= form factors at BESIII

»
25 |
| —$— BESIII data
S VAN —— Fit (Eq. (7))
= LB | \ — — Fit (Eq. (9))
= [ |l :
£ N — = Threshold
mb 10 —
5
0 L 1 1 L 1 1 1 L 1 1 1 1 1 1 1 1 1 1
2.7 2.8 2.9 3 3.1
{s (GeV)

« First measurement of the process ete™ - Z7E%
« Cross section and eff. FF measured from close to
threshold (2.644 GeV) up to 3.08 GeV
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= form factors at BESIII

25

20

—_
n

[a—
o
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GBorn (pb)

L/

/' KN — Fit (Eq. (7))
|

ﬂ

—¢— BESIII data
— . Fit (Eq. (6))

RN — — Fit (Eq. (9))
— = Threshold

—— —— E— —

2.8 29 3 3.1
(s (GeV)

« First measurement of the process ete™ - Z7E%
« Cross section and eff. FF measured from close to
threshold (2.644 GeV) up to 3.08 GeV

Further hyperon analysis in pipeline, e.q.

ete” - Q0 QOF. Stay tuned!
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Summary

BESIII: excellent facility to study baryon EM FFs in the TL region
Both direct scan and ISR technique employed
Nucleon FFs: high precision results from scan measurement:

° 0, |Gesrly Rey, and |Gyl extracted for both proton and neutron over
wide range of g2, unprecedented accuracy

> First separate extraction of |G¢| and |G,,| of proton and neutron in
time-like region

Observation of new, unexpected periodic structures in nucleon FFs

First time results for many hyperon final states such as A, %, 5, A?:

» First complete measurement of A FFs at 2.396 GeV, including
phase between G; and G,

* First direct measurement of = and A} FFs
* First measurement of |G./Gy| for Z* and Af
- More results yet to come
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