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The BESIII Experiment & Data Set
 Brief introduction to-Electromagnetic Form Factors of the Nucleow
- Status: Form Factors of the Protonw @BESIIL
« Status: Form Factors of the Neutrow @BESIII
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BEVPCIl & BESII
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Double ring electron-positron collider
Beam energy tunable (RECORD ECM 4.946 GeV in feb 2021)

Single beam current 0.91 A

Crossing angle: £11 mrad

Reached design luminosity @¥(3770)=1033 cm=2 s !
BEMS by Laser compton back

Scattering AE/E =5 *107

Energy spread :5.16 - 10*

About 500 members, 78 institution,
16 countries
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B=1T
93% 4m acceptance

MDC: main drift chamber (He 60%,propane

40%)) o(p)/p < 0.5 % @1 GeV, o(xy) =130 um,

6% dE/dx

TOF: time of flight (2 layers plastic scintillator):

o~ 68 ps (barrel) ): (MRPC) o~ 65ps @0.8 GeV(end-caps)
EMC(neutral &charged): Cs I(Tl), barrel+2 end caps:

o(E)/E < 2.5 %, o(x) < 6mm for 1 GeV e-, Position resolution:
6z~0.6/E

MUC: time of fllght (RPQ): a(xy) < 2 cm
Important upgrades in the next future: CGEM



- w TheBESILI Datowset

BESIII physics program: Charm physics, light hadrons, charmonium spectroscopy, ..., form factors measurement
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p . ’ 2.175: 108 pb~*

continuum data below open-charm
threshold

World largest dato set inv J /P P(2S) w.| 4.23+4.26:1.0 =5
Jy=2 -3.08 GeV Jhp:108 ¥(25): 0.5%10° TR b~ 0.6 fb-1
(Lda,t'a/"' 669 Pb'_l) Woois 8.1 ) 4.36 4.42
Nucleow FF -scounv method Varroi 29071 [Porm M L 0587 | 10m-
, Y :

1 s ~3 fb-! b 0

high statistics les | | % T P e
samp | it s ~5.7 b~ in total
at and above the peak b4t D - .
O]C 3 L|J(3770) " . t A% | | ‘ T .| ‘L. R scan data above open-charm threshold
(L >=7‘5]Cb. -1) g 1 +’ 3.85~4.59 GeV: 104 points, ~800 pb~!
3 I E 4 4.5 5

for ISR measurements FF-gean World lowgest dato soaumple

(protow FFs) for J/hb, ¥ (25) andp (3770) '



- - ElectroMagnetic Form Fackors

Hadrong are not point-like particles
o Internal atructure
o Interngl dynamiog — Mhadron # z Mq-valence

EMFF simplest structure observables

Form Factors (FFs) used to parametrize the
structure and internal dynamics:

2 FFs involved for nucleons

teat ground for our undergtanding of the gtrong interactiong

/smc_fg-chz FE ) / TIME-LIKE FF \

(Real functions) (Complex functions)
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Dirac FF: related to the charge

v 4 ‘(q) q2 <0 o) )”” 2 0 \v
€ > - v
() q LN L iokq
v " =~"F;(q") +
/ Annihilation processes 2M
N N

2
| >0 Pauli FF: related to the Magnetization

[ " Vertex contains the unknown structure,
parametrized by F; and F, (Dirac and Pauli FFs):

F5 (q”)

Unphysica
region

Electron scattering
q’<0




] L ElectvoMagnetic Form Factory |

. Sachs pawrameterigation: (One pho tAM:{i"d, \ange approx.) |
2
9% o 2 q 2

Gele’) = Ale) + p-F2(d) Gu(g®) = Fi(¢?) + Fa(g?) 2
Electric FF Magnetic FF %

. Differential cross sectionw 4

Annihilation
 do a232C 1 ‘ -
dQCM] = 4i2 [(1 + cos? ) |Gy |* + - sin? @, |Gg|? in the CM frame
= _1 - e o Yy _om
From differential cross sectionw > ratio-|Gel/1Gul = Y™’ Gy ¥~ 5
C=1 for neutral baryons
2ma’ BC
Total crosy section: | o(g?) = ’;‘;25 (2r|Gu® +1G5P)
From the total cross section the effective FF conv be measured: ]G ( )| o
eff \8)| = ' ;
dra?fC 2m?y
Gers| = \/2TIGMI2 +1Gsl A=)
27 +1
6

= equivalent to- |Gyl for |Gel=IGul (anadyticity of FF implies it at thweshold)



wBperimental accessto- EMFF s of the Nucleow iwthe T{/ww/-LLké/Reg/Lcrw

Direct Scan:

continuous g2, from threshold to s
Relatively high integrated luminosity
@one beam energy

Fixed g2, single data point @ each beam energy
Relatively low integrated luminosity @ each
data point

i ~1/400
Born,1 2 g d;:da = W(s,,6, )05 suppression
da- 01‘11, ‘y a BC 2 4M . ) . ‘1
ds = 42 [(1+ cos”0 IGuml+ 2 sin”6 LO a (2-2x+2x% z?
: 1 W*“(s,z,0,) = — —c
mT sin“6., 2

r=1-q°/s=2E,/\/s 7

e —




- wStatus ofithe protow form factory @BESIII



VIA DIRECT SCAN:

FIRST:Phys.Rev.D 91 (2015) 11, 112004
~157 pb-1, Vs = 2.232 - 3.671 GeV (12 center-of-mass energies)

LAST:Phys.Rev.Lett. 124 (2020) 4, 042001
~669 pb-1, Vs = 2.0 - 3.08 GeV (22 energy points)



https://doi.org/10.1103/PhysRevD.91.112004
https://doi.org/10.1103/PhysRevLett.124.042001

- ISR METHOD

(Large polar Angle VL‘A-ISR) (Small polar Angle SA-ISR)
N ‘ 5 pait | B N é
ete” — ppy = .
R pp pair “/
4 Data sets: photon
: 3.773 - 4.600 GeV, - N
Z . ph°t°" = N 7.5 fo-1 2. N

Only way to access production threshold region
Wide range measurements

Measurement of proton helicity angle 6,

in the full M,; range

Production threshold region
not accessible (limited detector
acceptance), but larger statistics

Phys.Lett.B 817 (2021) 136328 Phys. Rev. D 99 (9) (2019) 092002
two oppositely charged tracks identified as (anti- two oppositely charged tracks, which

Jprotons and one high energetic photon (TAGGED have been identified as (anti)protons
photon)candidate are selected( -> 4C kinematic fit

2>missing momentum with small polar
to suppress bkg

Additional veto to successful 5C kinematic fit angle (undetected PhOtOH)'

with one additional photon to suppress dominant Large ihvartant mass range from 2 to
e+re— > pp° 3.8 GeV/c?.Angular analysis in 3 bins.



https://doi.org/10.1103/PhysRevD.99.092002
https://doi.org/10.1016/j.physletb.2021.136328

- Total cross section-and Effectiveform factor (ALL)

¥

® BESIII (LA-ISR)

BESIIN 2020

1 BESIII (SAISR)
- BESIII 2015

BABAR
Fenice

= DM1
v DM2

BES

v CLEO
~ ADONET73

CMD-3

Phys.Lett.B 817 (2021) 136328

e BESIII (LA-ISR)

BESIII 2020
BESIII (SA-ISR)

> BESIII 2015

BABAR
E835
Fenice
PS170
E760
DM1
DM2

<+ BES

CLEO
ADONE73

Sor: 3.0-12.0%

w1 | . I

9 101 8 8 10
q?[(GeV/cy] q2(GeV/cy]

Fair agreement with the previous ones in wide energy range from 2.0 — 3.08 GeV in scan (to 3.8 GeV
for SA-ISR). . In scan Method most accurate measurement of cross section.
Effective form factor (Gegre) is extracted with uncertainty ~ 1.7-11.8%

Modified dipole function well describes the data Phys. Lett. B 504, 291 (2001) H


https://doi.org/10.1016/j.physletb.2021.136328

- % OsCillating behaviowr

*Deriodic behavior in F, observed by BaBar experiment, confirmed by BESIII experiment

-Ogcillating behaviour observed in reduced form factor Flp), ag function of relative momentum of p and antiproton

Fp — |G|—GD' pose i .
F, = bj*e="1"P cos(b5*p + b5*°),
/ 0.06F e BESII (LAIISR) ¢ BESIII 2020
Modified dopole function, that reproduce eff FF behaviour E - BESIIl (SA-ISR) 4 BABAR
.A 0.04:"*““"'
Gols) )| = Y [
(1+ E)[l - O.7l(GeV/c)2] 0.02/—3. 1% :*:
Phys. Lett. B 504, 291 (2001) a L[ ‘(1§ - + m*&
(I 0__ ‘:_-_ 'g_%,'_; o i z
n ". + .
More complex dynamics. WHY? 0.02F
Interference effects in final state 0 04:_ ..-‘
re-scattering at moderate kinetic energies and T
separation around 1 fm? -0.06
Phys.Rev.C 103 (2021) 3, 035203, PRL 114 (2015) 232301 i = ! Eoowe e Boyege g Biuienyendl | |
0 0.5 1 1.5 2 2:5 3 3.5
Resonant structures in data (i.e. $(1020), A(1232), ...)? p [GeV/c]

Phys.Rev.D 92 (2015) 3, 034018 .



- Suwmmany.for R, measwwrements (ALL)

Rem helps to compare the TL and SL regions

2.5

e BESIII (LA-ISR)
A BABAR > BESIII 2015
= PS170 - BESIII (SA-ISR)
v CMD-3 + BESIII 2020
] '_’—.
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In the TL region, we bring new
information with comparable precision

as in the scattering region towards
unified view of the scattering and
annihilation regions

|Gel/|Gum| ratio from the study of cos 6y
distribution, with high accuracy

pQCD prediction
(asymptotic)

Before:
|Rem| inconsistentency between
BaBar and PS170(<2.1 GeV)

Babar confirmed

Nucleons’FSI as explanation of the steep

10 deviation from 1

13



- Suwmmany.for R, measwwrements (ALL)

: In the TL region, we bring new
Rem helps to compare the TL and SL regions information with comparable precision
as in the scattering region towards
g 2_ BESIII-ES | unified view of the scattering and
0] - annihilation regions
= : BABAR
(Ué 1.5
o | |Gel/|Gum| ratio from the study of cos 6y
o B distribution, with high accuracy
1 ¢
B A
I AR pQCD prediction
: e ¥ N (asymptotic)
J o . ymp
= ',' N N
; A
0.51 AT 7 Yo Before:
ey |Rem| inconsistentency between
I Ty ——— BaBar and PS170(<2.1 GeV)
1 1 1 I | 1 1 | | | | | | | | I |
00 2 4 6 8 10 Babar confirmed
SL-JLab-GEp Collaboration |q2| [Gevz:

Phys. Rev. C96, 055203 (2017) Nucleons’FSI as explanation of the steep

) . . . deviation from 1
Tomasi-Gustafson, Bianconi, Pacetti

Phys.Rev.C 103 (2021) 3, 035203 H



-  w Protovwformvfactors: scowvvmethod

dN Lhca?fC 4m? |G |2
— ¢ 2 1 2 p 1 — 2
e(1 + &)xdcosb, 2s G [( + cos?6,) + G (1 - cos?6y)

S

I BESIII 2020 i BESIII 2020
BESIII 2015

BaBar(unTagged)
PS170

. first EVER measwrement of independent values of |Gel_and |Gyl_invv TL regiow
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wmStoskins of thee neutivon form fooctors @BESTII

Why ig g0 important to study the procese ete™ — nn

1) Only little data available (incongistenciee/R,,>! for FENICE)
2) Comparigon with proton FF

3) Comparicon time-like region&d epace-like region

16



"N ev®rons reconstruction event olomyuﬁcat’ww)

AIM:maximige the reconstruction efficiency and produce statistically independent samples

No charged tracks and one or two EMC showers

anti-neutron signhal in EMC (most energetic)
n -
TOF signal correponding NO > Type “C”
TOF To EMC shower? EMC for n e nbar
l YES
TOF signal it NO Type "B"
Y >1gha opp05|?e > TOF and EMC for nbar
To nbar EMC one? EMC for n
Type "A”
TOF and EMC for nbar VERY challenging recon. of
FIRST HIGH LUMINOSITY OFF-RESONANCE TOF for n two neutral particles w/o
ENERGY SCAN Hadronic calorimeter

18 data sets at center-of-mass energies

between 2.0 and 3.08 GeV, 647.9 pb-! Accepted by Nature Physics

17

https://arxiv.org/abs/2103.12486



= Cress Section.ond Effective Formv Factor

https://arxiv.org

o L Ndata 5
Born — “pic 3 1
€n,—7 >< Cdm >< Ctrg X (]. _|_ 5] >< Elnt | Geff| — 2 q 2m2 )5 A /O'Born
Radiative corrections Ama”B(1 + e

Data/MC
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Agree with FENICE and SND at 2.0 GeV .
Quetematically lower above 2.0 Ge\ (Gt precigion lower than (0% @ 2.396 GeV/

differ by 2 with FENICE around 2.4 Ge/ competifive with seattering recuits
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Born Cross Section (pb)

= RBROTON cud NEUTRON -comparison

Long standing pusgszle from FENICE resudty Rp >17

2, 042001(20

BESIII e'e’— nn (this work)
BESIIl e'e'— pp (preliminary)
BESIIl e'e — ppy oq (2019)

Prediction: Phys. Rept. 112, 173 (198

.
t}hE? N,

lIIIIIllI’I‘;?:mT-‘;.Illll |

—lllllllllllllllllllllllllllllllllllllllllllllll[\

;
.8

(8]
4) [10]

Prediction: Phys Rept. 550-551 (2015)[11]
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1 Lt 1 Illll
22 24 26 28 3 32 34 36 38

s (GeV)
Similow above 2.4 GeV

N

https://arxiv.org/abs/2103.12486
E>24GeV  (Ryp~1 as Bospinsymwmelry prediction)

E<24GeV  (Ryp~194/94%~ 0.25 as quark charges model)

EM interaction?
photon-proton stronger than the
corresponding photon-neutron interaction

19



- W Oscillating behaviowr ofeffective FF

https://arxiv.org/abs/2103.12486
counterpart to-that observed for protons pei/f B/abs/

Fit to-the deviatiow of the effective form
factor |Gl of the nucleon from the dipole low.

BaBar: ppy ., (2013) [12] —: G 2\ _ Gl —G
Simultaneous Fit: Proton ] o3¢ (q ) | | =
— = Simultaneous Fit: Neutron—] ,d
2% n
Gp(q~) = 2 5
(1= )
0.71(GeV?)
dipole law

sm = A - exp(—B|p|) - cos(Cshared|P| + D)

The oscillatiow iy observed > Simulfaneous fit of protonw and neuwtrow datw, shawed frequency
wéﬂvwrelafwe/phaée/é}wftof~125¢ilzoto~tha/tf§v the protow.

20



- - R, &Magnetic form facter extiroction

do 5o B dN /dcosOr
dcostn  €MC X Cym X Crg X (14 8) X Lt

FIRST meas. from angulow distributionw inTL region!!!

R = /GE///GM/ ~ 1

e  BESIII: this work

lllllllllllllllllll
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-l.-E-l_-J-_].--L-J_-l--l._J_-l-_L-J-_l_-L-_l-_J-- — e

2 2.2 2.4 2.6

s (GeV

best precisionvat = 2.125 GeV and 2.396 GeV withv
28.1% and 41.5%

—_
(0 ¢]

4M
= A X |GM|2 [(1 -+ c0529;,) -+ Rsm

2
n

. (1— coszef,)]

FIRST divect measuwement

e  BESIII: this work

n

Magnetic Form Factor IG

-lllllllllllllllllllIlllIlllIIIlIlllIlll
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The statistical precision of the |GY, | i awound 10%(9.5%
ond 7.1% @/5= 2.125 and /5= 2.394 GeV)

Alows comparison spacess time 21



- - Suwmumany

The BESIIl experiment provides an ideal environment to measure the nucleon FFs.
The cross section of the ete ~ — ppbar and ete™ —nn bar processes measured in a wide

range of g2 (with both SCAN and ISR methods (thr.accessible) for the first)

The effective form factor of the proton measured in wider range and improved
precision and for neutron is determined at 18 c.m. energies.

The proton form factors (Gu and R..) measured with unprecedented precision,
Independent Gy and Ge measurements with uncertainties comparable with SL.

First measurement of R..and first direct one of Gm for nnbar process

An oscillating behaviour in the effective form factor of both the proton and of the
heutron is observed.

A step further towards unified view of the scattering and annihilation regions
(phenomenological VDM and dispersion relations)

STAY TUNED for further results with larger luminosity!
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