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Agenda

Threshold behavior in e+e−→ pp

Other charged baryons cross sections

e+e−→ ΛΛ, Σ0Σ
0, ΛΣ

0 puzzle

Space and time-like Gp
E/Gp

M via DR’s
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Bruno Touschek (1921, 1978) was an Austrian physicist, initiator
of research on electron-positron colliders. He graduated from the
University of Göttingen in 1946. He worked at the Max Planck
Institute and at Glasgow. In 1952 he received the position of
researcher at the National Laboratories of the Istituto Nazionale
di Fisica Nucleare in Frascati.
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Institute and at Glasgow. In 1952 he received the position of
researcher at the National Laboratories of the Istituto Nazionale
di Fisica Nucleare in Frascati.

The first electron-positron collider
was the ”Anello di Accumulazione”
(AdA), built by Bruno Touschek in
Frascati (Rome) in 1960.
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Baryon Form Factors definition
Space-like region (q2 < 0)

time

B B

e− e−
γµ

Γµ(q)

γ(q)

Electromagnetic current (q = p′ − p)

Jµ = eu(p′)Γµu(p)=eu(p′)
»
γµF1(q2)+

iσµνqν

2M
F2(q2)

–
u(p)

Dirac and Pauli form factors F1 and F2 are real

In the Breit frame8<:
p = (E ,−~q/2)
p′= (E , ~q/2)
q = (0, ~q)

8<: ρq = J0 = e
h
F1 + q2

4M2 F2

i
~Jq = e u(p′)~γu(p) [F1 + F2]

2Mu(p′)γµu(p) = u(p′)[(p + p′)µ + iσµν qν ]u(p)

u(−~p)u(~p) = E/M u†(−~p)u(~p) = 1

Sachs form factors

GE = F1 +
q2

4M2 F2

GM = F1 + F2

Normalizations

F1(0) = QB GE(0) = QB
F2(0) = κB GM(0) = µB
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pQCD asymptotic behavior
Space-like region

γ

q
q
q g

g

pQCD: as q2 → −∞, asymptotic behaviors
of F1 and F2 must follow counting rules

Quarks exchange gluons to distribute
momentum

Dirac form factor F1

Non-spin flip

Two gluon propagators

F1(q2) ∼
q2→−∞

(−q2)−2

Pauli form factor F2

Spin flip

Two gluon propagators

F2(q2) ∼
q2→−∞

(−q2)−3

Sachs form factors GE and GM

GE,M(q2) ∼
q2→−∞

(−q2)−2

Ratio:
GE

GM
∼

q2→−∞
constant
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Baryon form factors
Time-like region (q2 > 0)

γ B

B
|n〉〈n|time

Crossing symmetry:

〈B(p′)|jµ|B(p)〉 → 〈B(p′)B(p)|jµ|0〉
Form factors are complex functions of q2

Optical theorem

Im〈B(p′)B(p)|jµ|0〉 ∼
X

n

〈B(p′)B(p)|jµ|n〉〈n|jµ|0〉 =⇒


ImF1,2 6= 0
for q2 > 4M2

π

|n〉 are on-shell intermediate states: 2π, 3π, 4π, . . .

Time-like asymptotic behavior

Phragmèn Lindelöf theorem:
If f (z) → a as |z| → ∞ along a straight line,
and f (z) → b as |z| → ∞ along another
straight line, and f (z) is regular and bounded in
the angle between, then a = b and f (z) → a
uniformly in this angle.

lim
q2→−∞

GE,M(q2)| {z }
space−like

= lim
q2→+∞

GE,M(q2)| {z }
time−like

GE,M ∼
q2→+∞

(q2)−2
real
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Cross sections and analyticity

Im[q2]

Re[q2]

Space-like region
eB → eB

FF’s are realFF’s are real

Time-like region
Unphysical region

No data
Data region
e+e−↔BB

FF’s are complexFF’s are complex

sth = 4M2
π sphy = 4M2

B

Time-like: had. helicity =

(
1 ⇒ |GE |

0 ⇒ |GM | GE (4M2
B) = GM(4M2

B)

θe− B
e−

B

Elastic scattering

dσ

dΩ
=

α2E′
e cos2 θ

2

4E3
e sin4 θ

2

»
G2

E −τ

„
1+2(1−τ ) tan2 θ

2

«
G2

M

–
1

1−τ

τ =
q2

4M2
B

θ

e− e+

B

B

Annihilation

dσ

dΩ
=

α2βC
4q2

»
(1+cos2 θ)|GM |2+

1
τ

sin2 θ|GE |2
–���

Coulomb correction
β =

r
1 −

1
τ
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The Coulomb Factor

γ∗

B

B

pp Coulomb interaction as FSI
[Sommerfeld, Sakharov, Schwinger, Fadin, Khoze]

Distorted wave approximation

C = |ΨCoul(0)|2

S-wave: C =

πα
β

1−exp
“
− πα

β

” −→
β→0

πα

β

D-wave: C =1

No Coulomb factor for boson pairs (P-wave)

1

1.25

1.5

1.75

2

2 2.2 2.4p
q2 (GeV/c)

C
ou

lo
m

b
fa

ct
or

C
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Pointlike
Baryons?
R. Baldini Ferroli, SP, A. Zallo

and A. Zichichi
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e+e− → pp: the world data sample

0
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2 2.5

0
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3 4

σ
(e

+
e−

→
p

p
)

(p
b)

p
q2 (GeV/c)

p
q2 (GeV/c)

BABAR

BESII

DM2

DM1

ADONE73

FENICE

cbbCLEO

Are there structures
at 2.2 and 3 GeV/c ?

Threshold
value

October 1st, 2009 Time-like baryon form factors and dispersion relations



11

e+e− → ppγ (ISR)
The incredible threshold value BABAR

PRD73, 012005

σ(e+e−→ pp) =
4πα2βC

3q2

"
|Gp

M |2 +
2M2

p

q2 |Gp
E |2

#
−→√

q2→2Mp

πα2βC
2M2

p
|Gp|2

0

0.25

0.5

0.75

1

1.6 1.8 2 2.2 2.4

σ
(e

+
e−

→
p

p
)

(n
b)

p
p

th
re

sh
ol

d

p
q2 (GeV/c)

At threshold
σ(e+e− → pp) = 0.83± 0.05 nb

e+e− → pp is the only endothermic
process that shows this peculiarity

⇓
The factor C cancels the phase space

βC =

r
1 − 4M2

P
q2 C =


finite at
threshold
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Proton form factor at q2 = 4M2
p

σ(e+e− → pp)(4M2
p) = 0.83 ± 0.05 nb

σ(e+e− → pp)(4M2
p) =

π2α3

2M2
p

β

β
|Gp(4M2

p)|2 = 0.85 |Gp(4M2
p)|2 nb��

��

|Gp(4M2
p)| ≡ 1

|Gp(4M2
p)| = 0.99 ± 0.04(stat) ± 0.03(syst)
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Proton form factor at q2 = 4M2
p

|Gp(4M2
p)| ≡ 1

At q2 = 4M2
P protons behave

as pointlike fermions!
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Other charged baryon FF’s
at threshold
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Λ+
c form factor Belle

PRL101, 172001

0.2

0.4

0.6

0.8

4.5 4.75 5 5.25p
q2 (GeV/c)

σ
(e

+
e−
→

Λ
+ c
Λ
− c

)
(n

b)

0.5

1

1.5

4.5 4.75 5 5.25p
q2 (GeV/c)

|G
Λ

c
|

GΛc
E = GΛc

M ≡ GΛc

|GΛc(4M2
Λc

)| = 1.1 ± 0.3(stat) ± 0.4(syst)
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The neutral baryons puzzle
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Neutral Baryons puzzle (BABAR ) BABAR
PRD76, 092006

σ(e+e−→ B0B0
)=

4πα2βC0

3q2

"
|GB

0

M |2+
2M2

B0

q2
|GB

0

E |2
#

−→√
q2→2MB0

πα2β

2M2
B0

|GB
0
|2 → 0

No Coulomb correction at hadron level: C0 = 1

0

100

200

300

2.5 3 3.5p
q2 (GeV/c)

σ(e+e− → ΛΛ) (pb)

BABAR

DM2

σth =200±50 pb

0

10

20

30

40

3 4 5

σ(e+e− → Σ0Σ0) (pb)

p
q2 (GeV/c)

σth =30±13 pb

0

20

40

60

80

3 4 5

σ(e+e− → ΛΣ0) (pb)

p
q2 (GeV/c)

σth =47±23 pb

Like a remnant of
Coulomb interactions

at quark level?
⇒ C0 ∝ β−1

as
p

q2 → 2MB0
⇒ For any neutral baryonp

σB0B0 ∝
|GB0 |
MB0
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Baryon octet and U-spin arXiv:0812.3283

Y

I3

pn

Σ− Σ+Σ0

Λ

Ξ− Ξ0

-1

1

1-1

(Y , I3) → (YU , U3)

U3 = − 1
2 I3 + 3

4 Y

YU = −Q

YU

U3

Σ−Ξ−

Ξ0

n

Σ̃0 =
√

3Σ0−Λ
2

Λ̃=
√

3Λ+Σ0
2

Σ+ p
-1

1

U-spin relation: GΣ0 − GΛ + 2√
3

GΛΣ0
= 0

MΣ0
p

σ
Σ0Σ0 − MΛ

√
σΛΛ +

2√
3

MΛΣ0
p

σ
ΛΣ0 = (−0.06 ± 6.0) × 10−4
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Dispersive analysis of the ratio R = µp
Gp

E

Gp
M

Eur. Phys. J. A32, 421
R. Baldini, S. Pacetti and A. Zallo

Re(q2)time-like

unphysical
region

unphysical
region

space-like
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Space-like Gp
E/Gp

M measurements

−q2 (GeV2/c2)

µ
p
G

p E
(q

2
)/

G
p M
(q

2
)

PRD50 5491

Gp
E = F p

1 +
q2

4M2
p

F p
2

Gp
M = F p

1 + F p
2

F1 / q2

4M2
p
F2 cancellation

Gp
E(q2)

Gp
M(q2)

< 1

S
pa

ce
-li

ke

F1 / q2

4M2
p
F2 enhancement˛̨̨̨

˛ Gp
E(q2)

Gp
M(q2)

˛̨̨̨
˛ > 1

Ti
m

e-
lik

e
Radiative corrections of
polarization technique << Radiative corrections in

Rosenbluth method
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Space-like Gp
E/Gp

M measurements

−q2 (GeV2/c2)

µ
p
G

p E
(q

2
)/

G
p M
(q

2
)

PRD50 5491

PRL84 1398
PRL88 092301

Gp
E = F p

1 +
q2

4M2
p

F p
2

Gp
M = F p

1 + F p
2

F1 / q2

4M2
p
F2 cancellation

Gp
E(q2)

Gp
M(q2)

< 1

S
pa

ce
-li

ke

F1 / q2

4M2
p
F2 enhancement˛̨̨̨

˛ Gp
E(q2)

Gp
M(q2)

˛̨̨̨
˛ > 1

Ti
m

e-
lik

e
Radiative corrections of
polarization technique << Radiative corrections in

Rosenbluth method
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Time-like |Gp
E/Gp

M | measurements

dσ

d cos θ
=

πα2βC
2q2 |Gp

M |2
"
(1+cos2 θ)+

4M2
p

q2µ2
p

sin2 θ|R|2
#

R(q2) = µp
Gp

E (q2)

Gp
M(q2)

0

0.5

1

1.5

2

2.5

4 5 6 7 8 9 10

|R
(q

2
)|

/
µ

p

p
q2 (GeV/c)

LEAR (pp → e+e−)
NPB411, 3

BABAR (ISR)
PRD73, 012005

FENICE+DM2
E835
EPJC46, 421

Scaling

γγ exchange

e

e p

p

γ

γ

C =+1

γγ exchange interferes
with the Born term

Asymmetry in
angular distributions

[PLB659, 197]
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γγ exchange from
e+e−→ ppγ BABAR data

E. Tomasi-Gustafsson,
E. A. Kuraev, S. Bakmaev, SP

PLB659, 197

A(cos θ, q2) =

dσ

dΩ
(cos θ, q2) −

dσ

dΩ
(− cos θ, q2)

dσ

dΩ
(cos θ, q2) +

dσ

dΩ
(− cos θ, q2)

-0.1

0

0.1

2 2.25 2.5 2.75 3p
q2 (GeV/c)

〈A
〉 c

os
θ

〈A〉cos θ,q2 = 0.01 ± 0.02

see J. Guttmann poster
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R(q2) in the complex plane

Re(q2)

Im(q2)

|R(q2)|

sth
sphy

physical sheet

unphysical sheet

experimental sheetGE , GM and also R, if GM has
no zeros, are analytic on the q2

plane with a cut (sth = 4M2
π, ∞)

[see e. g.: Eur. Phys. J. C 11, 709 (1999)]
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R(q2) in the complex plane

Re(q2)

Im(q2)

|R(q2)|

sth
sphy

physical sheet

path C R

unphysical sheet

experimental sheet

Dispersion relation for the imaginary part (q2 ≤ sth)

G(q2) = lim
R→∞

1
2πi

I
C

G(z)dz
z − q2 =

1
π

Z ∞

sth

ImG(s)ds
s − q2
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R(q2) in the complex plane

Re(q2)

Im(q2)

|R(q2)|

sth
sphy

physical sheet

path C R

unphysical sheet

experimental sheet
Dispersion relation for R with subtraction at q2 = 0

R(q2) = R(0) +
q2

π

Z ∞

sth

ImR(s)ds
s(s − q2)
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R(q2) EPJA32 421

R(0) +
q2

π

∫ ∞

4M2
π

ImR(s)

s(s − q2)
dsR(q2) =

Req2
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q2 (GeV2/c2)
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Asymptotic GP
E(q2)/Gp

M(q2) and phase
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Phragmèn Lindelöf
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pQCD prediction
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φ(q2) = −
p

q2 − s0

π
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Z ∞
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ln |R(s)|ds
√

s − s0(s − q2)
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Instead of Conclusions. . .

Highlights

Coulomb correction for BB
Charged baryons as pointlike fermions
Puzzling cross sections at threshold for neutral baryons

Time + space-like data for Gp
E/Gp

M predict:
a space-like zero, also from time-like phase
the space-like limit Gp

E/Gp
M → −1

Expectations

Theoretical space-like and time-like interpretations

New polarized and unpolarized, space and time data:
BESIII, VEPP2000, Belle2, Panda (M. Sudol-), SuperB (?)
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e+e−→ pN(1440) + pN(1440) BABAR
PRD73, 012005

σCoulomb =
16π2α3M3/2

p M3/2
N(1440)

(Mp + MN(1440))5

˛̨̨
GpN(1440)

˛̨̨2
=

˛̨̨
GpN(1440)

˛̨̨2
×0.49 nb

0

50
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Wpπ (GeV)

E
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nt
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1

G
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p
q2 (GeV/c)

σ
pN

(1
44

0)
(n

b)

|GpN(1440)| = 1.04 ± 0.09
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DR approach: advantages and drawbacks

Advantages
DR’s are based on unitarity and analyticity ⇒ model-independent approach

DR’s relate data from different processes in different energy regions24 space-like
form factor
eB→ eB

35=

∫ 24 Im(form factor) or ln|form factor|
over the time-like cut (sth,∞)

e+e−→ BB + theory

35
Normalizations and theoretical constraints can be directly implemented

Form factors can be computed in the whole q2-complex plane

Drawbacks
Very long range integration

Even though pQCD provides power rules
nobody knows at which energy the form
factors start to follow these behaviors

Subtracted dispersion relations help in
making the approach as less as possible
dependent on the asymptotic behavior

No data in the unphysical region
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Proton magnetic form factor
with unphysical-contribution suppression

Re(q2)

time-like

Unphysical
region

space-like
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Dispersion relations and sum rules
Geshkenbeı̆n, Ioffe, Shifman Yad. Fiz. 20, 128 (1974)

DR’s connect space and time values of a form factor G(q2)

G(q2) =
1
π

Z ∞

sth

ImG(s)ds
s − q2 Req2sth sphy0

e p → e p e+e−↔ ppno data

The imaginary part is not experimentally accessible

There are no data in the unhysical region [sth, sphy]

We need to know the asymptotic behaviorD
ra

w
ba

ck
s

They applied the DR for the imaginary part to the function

φ(z) = f (z)
ln G(z)

z
√

sth − z
with

Z sphy

0
f 2(z)dz << 1

The DR integral contains
the modulus |G(s)|

The unhysical region
contribution is suppressedA

dv
an

ta
ge

s

Zeros of G(z) are poles for φ(z)

D
ra

w
ba

ck
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Attenuation of the unphysical region

Strategy

Use the function φ(z) = f (z)
ln G(z)

z
√

sth − z

f (z), is analytic with the cut (−∞, 0)

f (z)= fL(w)=
LX

l=0

2l+1
(L+1)2

Pl (1−2w), w =

√
sphy−

√
z√

sphy+
√

z Re(q2)

Im(q2)

sth

sphy

0

This function, with fL(0)=1, minimizes:

Z 1

0
f 2
L (w)dw

and suppresses the contribution in the unphysical region
-0.2

0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
w

f L
(w

)

L = 0, 1, 2, . . . . . . . . . . , 50
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Attenuated DR and sum rule

New DR with variable suppressed region [0, sphy] [G(q2) has no zeros]

I
C

φ(z)dz = 0

⇓
−

Z 0

−∞

Im[f (t)] ln G(t)
t
√

sth − t
dt| {z }

Space-like

=

Z ∞

sth

f (s) ln |G(s)|
s
√

s − sth
ds| {z }

Time-like

Re(q2)

Im(q2)

sth

sphy0

C

Convergence relation to test asymptotic power behaviour of Gp
M

−
Z 0

−∞

Im[f (t)] ln G(t)
t
√

sth − t
dt| {z }

Space-like data + (−t)−n

=

Z ∞

sth

f (s) ln |G(s)|
s
√

s − sth
ds ≈

Z ∞

sphy

f (s) ln |G(s)|
s
√

s − sth
ds

| {z }
Time-like data + s−n

n is the free parameter
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Sum rule: result

Gp
M(q2) ∝

|q2|→∞
(q2)−(2.27±0.36)

10
-3

10
-2

10
-1

1

-20 0 20

(q2)−n

(−q2)−n

q2 (GeV2/c2)

|G
p M

(q
2
)|

−
Z 0

−∞

Im[f (t)] ln G(t)
t
√

sth − t
dt

Z ∞

sphy

f (s) ln |G(s)|
s
√

s − sth
ds
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Phases from DR: |Bp
S(q2)| and |Bp

D(q2)|

0

0.25

0.5

0.75

1

1.25

2 2.2 2.4p
q2 (GeV/c)

|Bp
S(q2)| =

|2
√

τGp
M + Gp

E |
3

0

0.02

0.04

0.06

0.08

0.1

2 2.2 2.4p
q2 (GeV/c)

|Bp
D(q2)| =

|
√

τGp
M − Gp

E |
3
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Initial State Radiation

γ(Eγ , θγ)e+

e−

γ∗(q)

Xhad

H
ad

ro
ns

e+e−→ γXhad

d2σ

dEγdθγ

= W (Eγ , θγ) · σe+e−→Xhad
(s)

s = q2, q . .Xhad momentum

Eγ . . . . . . . . . . . . CM γ energy

θγ . . . CM γ scattering angle

ECM . . . . . . CM e+e− energy

Radiator function in Born approximation

W (Eγ , θγ) =
α

πx

(
2 − 2x + x2

sin2 θγ

)
, x =

Eγ

2ECM

θγ �
me

ECM

For 20o < θγ < 160o ISR angular acceptance ∼ 17%
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ISR versus CM scan
Advantages

All energies (q2) at the same time
⇓

Better control on systematics
(e.g. greatly reduced point to point)

Detected ISR ⇒ full Xhad ang. coverage

CM boost ⇒


at threshold ε 6= 0
energy res. ∼ 1 MeV 0

5

10

15

20

2 3 4√
s (GeV)

pp
en

er
gy

re
s.

(M
eV

)

Drawbacks

ISR L ∝ energy bin width

More background: non-ISR events

dL
d
√

s
=

2
√

s
E2

CM
Lee

Z cos θmax
γ

cos θmin
γ

d cos θγW (Eγ , θγ)

1

10

10 2

10 3

10 4

0 2.5 5 7.5 10√
s (GeV)

dL
/
√

s
(n

b−
1
M

eV
−

1
)

ECM = MΥ(4S)

Lee = 400 fb−1

θmin,max
γ = 20o, 160o
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e+e− → pp angular distribution (BABAR ) BABAR
PRD73, 012005

cos θp distributions form threshold up to 3 GeV [intervals in ECM ≡ q (GeV)]

1.877÷1.950 1.950÷2.025 2.025÷2.100 2.100÷2.200 2.200÷2.400 2.400÷3.000

Events/0.2 vs. cos θp

dσ

d cos θp
= A

24HE (cos θp, q2)

˛̨̨̨
˛ Gp

E (q2)

Gp
M(q2)

˛̨̨̨
˛
2

+ HM(cos θp, q2)

35 HE and HM from MC

Histograms show
contributions from

GE

GM

At low q

sin2 θp > 1 + cos2 θp
⇒

First observation!

|Gp
E | > |Gp

M |

At higher q, |Gp
E | → |Gp

M |
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Parameterization and constraints

The imaginary part of R is parameterized by two series of orthogonal polynomials Ti (x)

ImR(q2) ≡ I(q2) =

8>><>>:
P

i Ci Ti (x) x =
2q2−sphy−sth

sphy−sth
sth ≤ q2 ≤ sphy

P
j Dj Tj (x ′) x ′ =

2sphy
q2 − 1 q2 > sphy

sth = 4M2
π

sphy = 4M2
N

Theoretical conditions on ImR(q2)

R(4M2
π) is real =⇒ I(4M2

π) = 0
R(4M2

N) is real =⇒ I(4M2
N) = 0

R(∞) is real =⇒ I(∞) = 0

Theoretical conditions on R(q2)

Continuity at q2 = 4M2
π

R(4M2
N) is real and ReR(4M2

N) = µp

Experimental conditions on R(q2) and |R(q2)|

Space-like region (q2 < 0) data for R from TJNAF and MIT-Bates
Time-like region (q2 ≥ 4M2

N) data for |R| from FENICE+DM2, BABAR , E835 and LEAR
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Asymptotic value and space-like zero EPJA32, 421

Real asymptotic values for R

RBABAR(∞) = −(1.0 ± 0.2)µp

BABAR is in agreement with the
scaling law |GE (q2)| ' |GM(q2)|

as q2 → ∞

Asymptotic behaviour of F2/F1

lim
q2→∞

q2

4M2
N

˛̨̨̨
F2

F1

˛̨̨̨
=

˛̨̨̨
R(∞)

µp
−1

˛̨̨̨
=2.0 ± 0.2 (BABAR )

∣∣∣∣F2

F1

∣∣∣∣ ∝
q2→∞

1
q2

Space-like zero

tBABAR
0 = (−10 ± 1) GeV2/c2

Phragmèn-Lindelöff theorem

ρ(q2) −→
q2→∞

π with

R(q2) = |R(q2)|eiρ(q2)

0

1

2

3

0 2 4 6 8p
q2 (GeV/c)

ρ
(q

2
)
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U-spin prediction for neutrons at threshold

σ(e+e−→nn)=(3√σΛΛMΛ−
√

σ
Σ0Σ0MΣ)2 1

4M2
n

= 0.5± 0.2 nb

0

0.5

1

1.5

2

1.8 2 2.2 2.4p
q2 (GeV/c)

σ
(e

+
e−

→
nn

)
(n

b)
e+e− → nn

FENICE@ADONE
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Polarization formulae in the time-like region

The ratio R(q2) is complex for q2 ≥ sth

R(q2) = µp
Gp

E (q2)

Gp
M(q2)

= |R(q2)|eiρ(q2)

The polarization depends on the phase ρ

x

y

z
~pscattering plane

Nucleon

Py = −
sin(2θ)|R| sin(ρ)

D
√

τ

Px = − Pe
2 sin(2θ)|R| cos(ρ)

D
√

τ

Pz =Pe
2 cos(θ)

D

�
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�

Does not depend on Pe

Does not depend on ρ

D =
1 + cos2 θ + 1

τ
|R|2 sin2 θ

µp
τ =

q2

4M2
N

Pe = electron polarization
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Single Polarization

-1

-0.5

0

0.5

3.53 40

-0.4

-0.2

0

0.2

0.4

3.53 40
0

0.2

0.4

0.6

0.8

1

3.53 40

q2 (GeV2/c2)q2 (GeV2/c2)q2 (GeV2/c2)

Px (Pe=1, θ=45o) Py (θ=45o) Pz(Pe=1, θ=45o)

DR Approach
1/Q
log2 Q2/Q2

Impr. log2Q2/Q2

IJL
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Dispersion relations

Re(q2)

Im(q2)

q2

R
sth

C

space-like time-like

The form factors are analytic on the
q2-plane with a multiple cut (sth =4M2

π, ∞)

Dispersion relation for the imaginary part (q2 <0)

G(q2)= lim
R→∞

1
2πi

I
C

G(z)dz
z − q2

=
1
π

Z ∞

sth

ImG(s)ds
s − q2

Dispersion relation for the logarithm (q2 <0)
B.V. Geshkenbein, Yad. Fiz. 9 (1969) 1232.

ln G(q2) =

p
sth − q2

π

Z ∞

sth

ln |G(s)|ds
(s − q2)

√
s − sth

Experimental inputs

Space-like data on the real values of
FF’s from: e−B → e−B and
e−↑B → e−B↑, with polarization

Time-like data on moduli of FF’s
from: e+e− → BB
Time-like data on GE -GM relative
phase from: e+e− → B↑B (pol.)

Theoretical ingredients

Analyticity ⇒ dispersion relations

Normalization and threshold values

Asymptotic behavior ⇒
super-convergence relations
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. . . a non trivial nucleon structure EPJA39, 315 [arXiv:0711.1725]

10
-3

10
-2

10
-1

1

10

2 2.25 2.5 2.75 3

Wpp (GeV)

σ
(e

+
e−

→
p

p
)(

nb
)

BABAR data

point-like proton

|Gp
M,E | ∝ 1/W 4

pp

Simple models for FF’s
Point-like proton (red curve)

Gp
E = Gp

M ≡ 1

Counting rule (dashed curve)

|Gp
M,E | ∝ 1/W 4

pp
⇓

σ(e+e− → pp) ∝ 1/W 10
pp

Additional factors related to β
and non-trivially structured
electric and magnetic FF’s

must be included to reproduce
the flat behavior of the data
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|Gp
E(q2)| and |Gp

M(q2)| from σpp and DR EPJA32, 421

0

2

4

6

8

10

2 2.2 2.4p
q2 (GeV/c)

|Gp
eff(q

2)| · q4

|GE |= |GM | |Geff(q
2)|2 =

σpp(q2)

4πα2βC
3s

„
1 +

1
2τ

«−1

Usually what is extracted from the
cross section σ(e+e−→ pp) is the
effective time-like form factor |Gp

eff|
obtained assuming |Gp

E | = |Gp
M |

i.e. |R| = µp

Using our parametrization for R and
the BABAR data on σ(e+e−↔ pp),
|Gp

E | and |Gp
M | may be disentangled
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|Gp
E(q2)| and |Gp

M(q2)| from σpp and DR EPJA32, 421

0

2

4

6

8

10

2 2.2 2.4p
q2 (GeV/c)

|Gp
E,M(q2)| · q4

|GE |= |GM |
|GE | (|R|6=µp )

|GM | (|R|6=µp )

|GM(q2)|2 =
σpp(q2)

4πα2βC
3s

„
1 +

|R(q2)|
2µpτ

«−1

Usually what is extracted from the
cross section σ(e+e−→ pp) is the
effective time-like form factor |Gp

eff|
obtained assuming |Gp

E | = |Gp
M |

i.e. |R| = µp

Using our parametrization for R and
the BABAR data on σ(e+e−↔ pp),
|Gp

E | and |Gp
M | may be disentangled
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