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Form factors of proton

* Understanding the inner structure of proton

]
Un-physical

region
pp—eern

0 4M?

* Form factors represent the charge distribution in momentum
space and are related to the cross sections directly

— Probe the size of the nucleus
— Test QCD scaling



Form factors for proton

* Space-like
— Many measurements via scattering

— At JLab, the ratio was measured precisely with an uncertainty of
~1%, based on which the proton electronic and magnetic radii
could be extracted

e Time-like

— Measurements via pp collision or ete™ - pp

—o(ete™ - pp) ) 23 a2
dg;gs) _ D‘4-5(:[|Gﬂ,;|2(1+ 05%6,) + 2| Ge*sin’6)]
— Lacking accurate data on the angular distributions. Most

experiments assume |Gg|= |Gy | = |G|

— Only two experiments measure |Gg /Gy, |, with inconsistent
results (Babar & PS170)



BESIII data: the largest et e~ collision samples in
T-charm region
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Proton form factors at BESIII
Both scan and ISR can be used at BESIII

* High-energy data sets (3.773 ~ 4.6 GeV)
—Untagged ISR technique
—Tagged ISR technique

* Low-energy scan data sets (2.0 ~ 3.08 Gev)

—Phys. Rev. D. 91, 112004 (2015), the first set
— Full set; expected to supersede the previous results



Proton form factors at BESIII
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Untagged ISR technique
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Proton form factors results at BESIII with un-
tag ISR method
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Total: 7.4 fb~1

ISR analysis: continuous g?

range

Untagged ISR analysis:
high statistic




Total cross section and effective FFs arxiv:1902.00665 [hep-ex]
in 30 intervals of the Mpﬁ between 2.0 and 3.8 GeV

2
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Oscillations arXiv:1902.00665 [hep-ex]
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R= |GE|/|GM] in 3 intervals of M,,; between 2.0 and 3.0 GeV

arXiv:1902.00665 [hep-ex]
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(Full) low-energy scan data sets
688.5 pb~1, 22 energies, 2.0 to 3.08 GeV



Cross section of eTe™ — pp and effective FF

m Strategy:
e In TL region:

] 2 4
“"Tdﬂ;z(s) = 2BC 1 GulP(1 + cos?6,) + ””"|G 2sin%6,]
e Assume |G| = |G| =

-
|G] = dnalBC . 2m?
3s (1 + _SE)

* In time-like region, BESIII result is an unprecedented accuracy.
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Oscillations has been confirmed, again
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Measurement of |G /Gy, | and magnetic FF

Events/[0.1]

m Strategy:

e Fit on the polar angular distribution of proton:
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:m: - Best acCUlaEsized 47 « cuos 3 A BESII (this w ork)
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* |Gg /Gy | providing an uncertainty comparable to the space-
like region for the first time.

* BESIII measurement of |G /Gy, | strongly favors BaBar’s
compared to that of PS170.
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A form factors
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Hyperon structure

J Electromagnetic From Factors (EMFFs)

> fundamental hadron structure observables
> describe the deviation from the point-like case
> related to the charge- and magnetization density

J EMFFs of nucleon can be studied in:

> elastic scattering, e N — e™ N, space-like
> annihilation, ete™ — NN, NN — ete, time-like

J Hyperons are difficult to study in the space-like region

> they are unstable — hyperon targets are unfeasible
> the quality of hyperon beams is in general not sufficient

| ete™ annihilation offers the best opportunity to study hyperon
structure

zhuk@phipsi2019
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Previous BESII| measurements
PHYSICAL REVIEW D 97, 032013 (2018)

Observation of a cross-section enhance_ment near
mass threshold in e*e™ — AA

Vs = 2.2324, 2.400, 2.800 and 3.080 GeV
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Results of the cross section and effective EMFFs

. _ Nﬁgna!
A The cross section 0 = (LT 5)Br (Ao pr ) Br (Ao ™)
> |SR and vacuum polarization factor 1 + ¢4 is from ConExc
> ¢ is the detection efficiency, L is the luminosity

> g = 119.0 + 5.3(stat.) + 7.3(sys.) pb?

Js = 2.396 GeV
) Effective form factors are related to o, |G(q2)| — \/ o(a)

(14+2)(*2%2)

> |G| = 0.123 + 0.003(stat.) + 0.004(sys.)

o~ % is the fine structure constant,

B =1/1— s the velocity, T = 3.

Previous measurements

aipb) [ & Reference
BESII /s =2.40GeY 126819418 0.12740.009-£0.009 Phys, Reyv, D 97, 032013 (2018)
BaBar./s =2.35-2.40 GeV 176434 3152 =0.016 Phys, Rev. D 76, 092006 (2007)

1The systematic uncertainty is dominated by a conservative estimate of the
2019-2-28 :untributic-n Df |ﬁ'| (.I"'i} zhuk@phipsi2019
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Joint decay distribution

) Space-like region: W(E) =T +nTe
> e B — e B scattering _a? (,},_1 VT2 cos(AD) T, + Tﬂé)
P 2 — . 2 0 !
g~ = (pie — pre)” < .
> Gg and Gy real numbers +oaa V1 =7 sin(A®) (T3 — Ta) ,

A Time-like region: /

> ete” + BB, ¢> > 4M3 >0

> Ge(q?) = |Ge(q?)| €', Gm(a?) = |Gum(g®)|e™*™
> Relative phase: A® = & — Oy

—sin?0 sin Ay sin fs cos @y cos o + cos>f cos 01 cos Oa,
=sin 6 cos @ (sin #; cos Oz cos ¢y + cos B sin H5 cos @) ,

=sin f# cos # sin #1 sin @1,
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|Gr /G| and relative phase

ap Is determined to be 0.75+0.01

Fit by maximal likelihood by preliminary BESIII result
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The statistical significance of A® is 4.30. First measurement of A
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A, form factors near threshold
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ete” — A'é'/_\z near threshold phys. Rev. Lett. 120, 132001 (2018)
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ete” — A'é'/_\z near threshold phys. Rev. Lett. 120, 132001 (2018)
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Summary and outlook ()

* Proton form factors have been measured at BESIII with ISR
and scan technique
— Result in significantly improved precision
— Some novel/unexpected features observed/confirmed

* A form factors with relative phase between G and G, first
time

* A, effective form factors and |G /Gy, | near threshold



Summary and outlook (ll)

S & - |+ BESN2015 * BESII2012 BESIII data up to 4.9 GeV expected.
g [ g 10 e BESII 2014 e BESII 2011 0
D15 10° SND (2011 +2012) —=— BES (1999 + 2004) . ”:”‘”'e term
i ° !
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* Will come
— Proton form factors with varied technique (Ecm<2GeV)

— Form factors of other baryons, such as neutron (will be
released soon), (), X, =, as well as polarizations

— A, form factors at higher energy
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Thanks for your attention!
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> Angular distributions of the missing momentum (@ 4.226 GeV): Un-tag ISR
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> Distributions of the missing mass squared (@ 4.226 GeV):
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Scan data (selection |)

m Particle identification
e At (2.0~2.15) GeV, use normalized pulse height,
o At (2.175~3.08) GeV, use dE/dx and TOF.

. 15 15
< | 5=2 GeV |0 L
N S 30 E
S [ 250 2 qof
- 200 B
. 150 B
5 L 5
C 100 -
f =
o[= 0 0
(b) MC
m Use E/p criteria. m Vertex fit.
—_— 3 —_—
E_ 10 < ‘”JL’ [==3.08 GeV EE.;‘EE
%’ Iﬂ] E-:':_:."u': E
= ' w
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*The red line is pp signal events selected from the-gg samples.
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Scan data (selection Il)

m Require angle between p and 5 in

m Require TOF information.

—— Data
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Electromagnetic Form Factors

eN — eN ete™ — NN, ANA, ...
Time-like:
Space-like:
°F real FF complex

Vector current, two form factnrs (F,and F)

. = eu(p')[Fi(q®)y, J” —Fs(q” )fn{,,;f;”]-r{(;u]f*m:r
Dirac Pauli
FP(¢° =0) =1 FJ(¢*) =1
Fi'(g? =0)=0 Fi'(g%) =1
Sachs
Grp=F + 1,‘:!!‘! ) Gy =F1 + kF;

Ge(4M2) = Gy (4M2
2018, Tsukuba G5 ﬁ..e-'E{E:a':-E-'JF _"M!I[ F]
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& BESII

Baryon-pair production near threshold

» The Born cross section for ete™ — y* — BB, can be expressed in terms of
electromagnetic form factor Gg and Gy .

[1Gr (m)]? + —TIGE(?H)IZ]

1. . .
a@ = — 1is fine structure constant, f = \/ 1 — 4m%/m? is the velocity.
137 B

4T Lﬁ

opg(m) = ———

T = m?/4m3

T 1 ) L 5 -
- exp(—E) for a charged BB pai

» The Coulomb factor C= =

1 for a neutral BB pair

~ For the neutral pair production, the cross section should be 0 at threshold. and
is expected to increase with the velocity near the threshold.

- - _ . S — %
Mow.16, 2018, Tsukuba =.5. Huang: Baryon FF @BESI 24
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