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Nucleon Charge and Magnetic Distributions
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The Time-like Region
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Expected QCD scaling (q2)?
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The Time-like Region
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Expected QCD scaling (q2)?
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A.Bianconi, E. T-G. Phys. Rev. Lett. 114,232301 (2015)
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Oscillations in e*e— pp

« BaBar and BESIII data on the proton
time-like effective form factor show a
systematic sinusoidal modulation in terms
od the p-p relative 3-momentum in the
near-threshold region.

 ~ 10% size oscillations on the top of a
regular background (dipole x monopole)

« The periodicity and the simple shape of
the oscillations point to an interference of
2 mechanisms: scales 0.1-0.2 / ~1 fm.

 The hadronic matter is distributed in non-
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BaBar
BES-ISR

trivial way.
» High order radiative corrections are
applied (structure functions method)
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(1) (1-72)
Fie(p(s)) = Ae " cos(Cp + D)

A.Bianconi, E. T-G. Phys. Rev. Lett. 114,232301 (2015)
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Cross section from e*e- - pp

Novosibirsk 38pt

1.9<2E<4.5
PLB794,64 (2019)

Constant BaBar 85pt

1.9<2E<4.5
PRDS87,092005 (2013)

ISR-ISR-SA 30pt

2<2E<3.6
PRD99,092002 (2019)

ISR-Scan 22pt

2<2E<3.1
PRL124,042001 (2020)
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Generalized Form Factor

_ 27|Gum(s)]* + [GE(s)I?

2
Fp(s) 27 + 1

1 Fit PRL114,232301 (2015)
~  6-parameter Fit

Constant o

(1 g2/m2)[1 - ¢2/0.711]

= A exp(—Bp) cos(Cp + D).
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Form Factor Ratio R=|GE|/|GM|

= 2
=
O * Precise data from BESIII
0 1.5
s |  Dip at |g?|~5.8 GeV?

f « Comparison with SL (Jlab-GEp

031 data) — fitted by a monopole
O_n L L1 L1 L1 |
602 4 6 Iq2I8[GeV21]O . Oscillations on top of a monopole:
from GE or GM?
1
Frw(s)) = 7 w? /g [1+7re ™ sin (raw)], w = s —2m,,
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Sachs form factors: |Gg|, |Gy

From the fit on Fp and the fit on R,
the Sachs FFs (moduli) can be reconstructed

Co(s)l = S)\/ R2(s 1++23;R2
1+ 27
Cus)] = F”(S)\/RQ(s) +21°

Threshold constrain R=1 for t=1

The fit gives :
|Ge | =|Gu|=0.48
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Neutron time-like form factor

M. Ablikim et al. (BESIII Collaborgtion), Nature Phys. 17, 1200 (2021)

) BESIII

FENICE: Nucl. Phys. B, 517, 3 (1998) (8] R (n n/pp) <1

----------- Prediction: Phys. Rept. 112, 173 (1984) [10]
Prediction: Phys Rept. 550-551 (2015) [11] Same 6 parameter flt
Simultaneous fitp & n
Same parameters but

AHp=125° + 12°
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ol oo o0 oo o Lons fonolosalonelog 0.06:— v BaBar:pEylSR(2013)[12]_:
1.8 2 2.2 24 26 2.8 3 . e Simultaneous Fit: Proton -
\{g (GeV) 0.04 — / »i-l = = Simultaneous Fit: Neutron—
- Interfering amplitudes? $0.02 :_I/ :}'11‘ }\ -
A. Bianconi, E.T-G., PRL 114,232301 (2015) b O':I { lf#/{/ \—{\'11" I l ’Hﬁq
[ ] [T} “t " iy - it .L
- 1=0,1 channel mixing? "l:lL 1 7. ’f}- “H{}. T _f:
X. Cao, J.-P. Dai, and H. Lenske —0.02[3 1} (mﬂ -
PRD 105 (2022) L0O71503 0.04 i# -
- Resonances? N P S

H. Lin, H-W. Hammer, and U.-G. Meissner,
PR.L. 128, 052002 (2022)
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Proton & Neutron

Similar 6-parameter fit for p & n with a different phase
M. Ablikim et al. (BESIII Collaboration), Nature Phys. 17, 1200 (2021)

Depends on background
Gap between the points
Include Novosibirsk data




PHYSICAL REVIEW D 92, 034018 (2015)
New structures in the proton-antiproton system

I.T. Lorenz,"” H.-W. Hammer,>" and UIf-G. Mei8ner'**

| L $(2170)
| L AVAVAV

(a) (b) (c)
FSI-meson exchange *-excitation (A)  First flavorless vector meson

- Combined fit to SL and TL data, n & p (prior to BESIII)
- NA and AA thresholds (cusp efects)

- Dispersion relations

- Enhancement of FFs in the unphysical region

Selected data
Limited range for the fit
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PHYSICAL REVIEW D 105, L071503 (2022)

Timelike nucleon electromagnetic form factors:
All about interference of isospin amplitudes

Xu Cao ,1’2’* Jian-Ping Dai ,” and Horst Lenske**

- No multimeson rescattering processes
- Competing isospin-clean vector meson
intermediate states

& neutron $4(2170) (1=0) and p(2150) (I=1)
oo — Breit-Wigner - Sinusoidal modulation
ozl [ oo - Energy dependent relative phase

- Related to the imaginary part of FFs

-0.02

-0.04

Irsd Irsd A
| 1sd T gd| =_2 _0.88+0.35 Balanced isospin content
| -I3¢| A, Not depending on energy

Limited range for the fit
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.Ap6y3 Model of proton pLB712(2012)240

10 years ago a generalization of FFs in SL and TL was proposed

F(qz) — f d4xel“7p.\’up(x), q'ux/l — C]OI - q’ . .X_)
D

IJE RN EM3] space-time distribution of the

electric charge in the space-time volume [}

SL photon ‘sees’ a charge density

5 LT /[ photon can NOT test a space
S cistribtion

"ip o e\l How to connect and understand

fime wme = | the amplitudes?

E.A. Kuraev, A. Dbeyssi, E. T-G. Phys. Lett. 712, 240 (2012)
A.Bianconi, E. T-G. Phys. Rev. Lett. 114,232301 (2015),
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Photon-Charge coupling

...access projections of F(g?)

p i') SL: Fourier transform of a stationary charge and
current distribution (Breit frame)

R(t TL: Amplitude for creating charge-anticharge pairs at
( ) time t (CMS frame)

Charge distribution: distribution in time of
y* — charge-anticharge vertices

The simplest picture: qq pair +
compact di-quark

Unresolved representation
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The nucleon according to

E.A. Kuraev, A. Dbeyssi, E. T-G. Phys. Lett. 712, 240 (2012)

It is generally assumed that the nucleon is composed
by 3 valence quarks and a neutral sea of qq pairs

Nucleon: antisymmetric state of colored quarks
p >~ eijklz.tizljdk >

|I’l, >~ Gijk|L-lidjdk >

Main assumption of the ApHy3 model:

Does not hold in the spatial center of the nucleon: the center of
the nucleon is electrically neutral, due to the strong gluonic field

Inner region: gluonic condensate of clusters with randomly
oriented chromo-magnetic field (Vainshtein, 1982)

The color quantum number of quarks does not play any role, due
to stochastic averaging. Pauli principle applies.
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Model Apby3s

Additional suppression for the scalar part due to colorless internal
region: “charge screening in a plasma’:

i

A¢p = —4me ZZn,, n; = n,oexp[

Neutrality condition: ), Z;njy = 0

. 2
e X 471'822;'12,70

Ap-x"$p=0,¢=—, x =—

ngn ] 2 —_—

Additional suppression |G, (g?) = M2 )(1 +Q°/q) |
(Fourier transform) H q1(= x)

E.A. Kuraev, A. Dbeyssi, E. T-G. Phys. Lett. 712, 240 (2012) fitting parameter
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Time-like region  Ap6ys

e %P

Antisymmetric state olorless qua
of colored quarks Dauli p ple

The vacuum state transfers all the released energy to a state of
matter consistiﬂg at least of 6 massless valence quarks, a set of
gluons, sea of qq with qy>2M,, J=1, dimensions 7/(2Mp) ~ 0.1 fm

- uu (dd) quarks are repulsed from the inner region

- The 3 quark u (p) or d (n) is attracted by one of the identical
quarks, forming a compact di-quark: competition between
attraction force and stochastic force of the gluon field

- The color state is restored: the ‘point-like’ hadron expands
and cools down: the current quarks and antiquarks absorb
gluons and transform into constituent quarks
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TL - np-correlation : 3 steps

Experimental points at
06 the same P_L

I Tlnreshold regjon Proton values calculatgd
h 1 2 from the 6-parameter fit
0.4r 2 A -
- = i 7 1 1) pQCD applies
-
- F ] /)I( 2) di-quark phase
O.2F; FD 1 ﬁ/i ll charge redistributed
A .
A form
S o 3 3) The hadron is formed
L '(
]{ Lo L1 Lo v v b by gy
® 01 02 03 04 05
Large g2 Fo

S.Pacetti, E. T-G. ArXiv-Nucl-th (2022)
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npA-correlation

< 1e =
TR
107'¢
ol Quark pairs created by
107 quantum vacuum
% fluctuations: all quark
5| flavors are equally
107 | probable, but, due to
- | ; Heisenberg principle, the
1074 M ool 0] associated time depends
1072 107" 1 on the energy (baryon
S.Pacetti, E. T-G., ArXiv:Nucl-th (2022) P maSS)
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Conclusions

« BESIIl new dataon TL n & p FFs, their ratio and first
determination of individual proton TL FFs (|Gg| and |Gy|)
show a very rich structure probably related to the complex
nature of FFs

 Origin of oscillatory phenomena :

Di-quark as a necessary step towards hadron creation?

 Main features of the SL and TL FFs data qualitatively
explained by the Apb6ys model:
> The monopole-like decrease of the FF ratio
»  The formation of a di-quark component in the nucleon
»  The npA correlation

* Predicts
 similarities between n&p, SL & TL, non zero crossing in SL

— Deepen the quantitative aspects
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Thank you for your attention
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SL- the most precise ruler

DL U S R R A AR B 50
G“% Q2-Monopole fit
0.4_ . GEp _ ( Q2>1‘
! P Gy Zero crossing?
] Prediction: NO
0.2
i The photon ‘sees’ the
Q2 -linear fit neutral, screened region
W Ggpy~ 0 forr< 0.1 fm
01 0.0 0.3

r [fm]
r[fm| = X = Aic/v/Q2? = 0.197 [GeV fm]/+/Q2[GéV],
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SL Form Factors Ratio

Large Q?-> Small r

“pGEp/GMp

0.5 (<0.15 GeV?) — linear fit
Monopole fit
0001 02 03
r [fm]

r[fm| = X = Aic/v/Q2? = 0.197 [GeV fm]/+/Q2[GéV],
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SL- the most precise ruler

*? = - PR - n -
fry oot ] U L L L | | ' [ | Il [rjiry? | !
£ F 3§ 4 % B T & " OB owToWM oW ¥ N B DN y B D

@ N 1 ! 4 % ] ! .
PR P VPRI N NIV USRS Y labiidabinda il 15 ) i

o | Q2 (<0.15 GeV?) -linear fit
0.4 )
- Zero crossing?
i Prediction: NO zero crossing
0.2\
i The photon ‘sees’ the
neutral, screened, central
00‘ region
- 0.1 0.2 0.3 G =0
r [fm] =P
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TL- the most precise clock

he  0.0658 - 10~2|GeV sl‘ﬁ

t [sec] = — =

§ ’ D qo |GeV]
8 F
-
107
10‘2; 1023 s is the time for
; light to cross a proton

Di-quark phase dominant

10°4.|
3 O A at t~0.02-0.03 [1023 ]

1048 | —F
001 002  0.03
Time [10° sec]
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Fourier Transform

A.Bianconi, E. T-G., Phys. Rev. Lett. 114, 232301 (2015 )} 3 .
Fo(p) = d°r exp(ip - T7) Mo(r)

p: relative momentum

][(:)rclrir;si’:qagnﬁzcll)gtl\ql\/seen the center of the F(p) = Fy(p) + F,ec(p) = /d3F exp(ip - 7)M (r).
(p,r) conjugate variables, r < ¢ . Mo(r) (1m) 0 15 (1m)
" (g2 /m2) [L - ¢2/0T1) |
Fouelp) = A exp(—Bp) cos(Cp + D).| ™
105"'b.'s""%""ﬁs"'x”z :bfé'b.'é"Q"H.'z"Hl{'H.e

r (fm) r (fm)

Rescattering processes

Large imaginary part

Related to the time evolution of the charge density?
(E.A. Kuraev, E. T-G., A. Dbeyssi, PLB712 (2012) 240)

Consequences for the SL region?
Data from BESIII, expected from PANDA
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Data from Mainz,
PRC 90, 015206 (2014)

(5 1/'___, P —
0.5
T T S T Y S
0 5 10

r [fm]1 >
Large r -> Small O’
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Data from Mainz, CLAS...

GLU 1+ O,

Vel How can a photon with
! / wavelength ~ 15 fm
--" distinguish between
- a proton size

0.50 of 0.84 or 0.87 fm?

ooy

0 5 10

r [fm]1 >
Large r -> Small O’
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Symmetry Relations(annihilation)

* Differential cross section at complementary angles:

The SUM cancels the 2y contribution:

The DIFFERENCE enhances the 2y contribution:

do_ do do B 9 .
Fi —(0) = dQ( )—d—Q('H‘—H) —4N[(1+x JReG  AG +
1—:1:

ReGpAGy, + Jr(r = 1)z(l — 2z )Re( Gg — GM)F:;]

2
4m?2’

T

T = T = cost
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Neutron time-like form factor

M. Ablikim et al. (BESIII Collaboration), Nature Phys. 17, 1200 (2021)

Cross section e*e- - nn Form factor
(a) 104§ e BESIII = (b) 0'75 i e BESII
C o = DM2 (1991) 7 - = DM2 (1991)
[ v FENICE (1998) | Ly v FENICE (1998)
iy SND (2014) | - SND (2014) ]
10°F ,g i 1 +  SND (2019) = 055 s SND (2019) =
~ ‘s} *l - s
= I i 04 3
e B CHEN
[ $ ] 0.2F | l{ -
£ ] 01— " oo o -
- : } = E ' ° o oote ,
| |:| 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 Or I| 1 [ 1 1 1 | 1 1 1 | 1 | 1 1 | 1 | .l _|
1.8 2 22 24 26 28 3 1.8 2 22 24 26 28 3
s (GeV) s (GeV)
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Time-like observables:. | G¢|? and | G,|?

-The cross section for p+p — e™ + e~ (1 y-exchange):

2
do - - [r|Gs (1 + cos?6) + |G sin? €]

d(cost) T 8mAyT —

(: angle between e~ and p in cms.

A. Zichichi, S. M. Berman, N. Cabibbo, R. Gatto, Il Nuovo Cimento XXIV, 170 (1962)
B. Bilenkii, C. Giunti, V. Wataghin, Z. Phys. C 59, 475 (1993).
G. Gakh, E.T-G., Nucl. Phys. A761,120 (2005).

As in SL region:

- Dependence on g2 contained in FFs

- Even dependence on cos?0 (1y exchange)
- No dependence on sign of FFs

- Enhancement of magnetic term

but TL form factors are complex!
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Unpolarized cross section

-The cross section for p+ p — e* + e~ (1 y-exchange):

do o2

d(cosf) T 8m2/T — 1

(: angle between e~ and p in cms.

[7|Gae[*(1 + cos? ) + |G g|*sin® ]

Two Photon Exchange:

* Induces four new terms
D. « Odd function of 6:
 Does not contribute at §=90°

2 o) ]. . ~ ~
D= (1+ cos” 0)(|Gur|* |+ 2ReGyfAGY,) + — sin” §(|Ge|” + 2ReGgAGE|) +
T
! 1
2/7(T—1)cos@sin” @Re(—Gg — G F5
T

do a?

dQ ~ 4q° VT—l

M.P. Rekalo and E. T.-G., EPJA 22, 331 (2004)
G.I. Gakh and E. T.-G., NPA761, 120 (2005)
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