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Hadron Ele
tromagneti
 Form fa
tors

An extension of the QED 'return to resonan
e' me
hanism to

light meson emission (π, ρ) in (anti)proton 
ollisions with a

hadroni
 target (nu
leon or nu
leus) is proposed. The 
ross

se
tion and the multipli
ity distributions are 
al
ulated. The


ollinear emission (along the beam dire
tion) of a 
harged

meson may be used to produ
e high energy (anti)neutron

beams.

Possible appli
ations at existing and planned fa
ilities are


onsidered.

◮
Produ
tion of anti-neutron beams (PANDA,Fair)

◮
Explanation of high hadron multipli
ities in pp 
ollisions

(Protvino)
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"Return to resonan
e" me
hanism

◮
The emission of a hard real photons by ele
tron

(positron) beams at e

+
e

−

olliders enhan
es the 
ross

se
tion when the energy loss from one of the in
ident

parti
les lowers the total energy up to the mass of a

resonan
e.

◮
In the 
ase of 
reation of a narrow resonan
e this

me
hanism appears through a radiative tail : it is the


hara
teristi
 behavior of the 
ross se
tion whi
h

gradually de
reases for energies ex
eeding the resonan
e

mass (e�e
tive method for studying narrow resonan
es

like J/Ψ).

◮
For emission along the dire
tions of the initial (�nal)

parti
les, the emission probability has a logarithmi


enhan
ement, in
reasing with the energy of the "parent"


harged parti
le.

◮
In frame of QED this me
hanism is 
alled as "quasi-real

ele
tron" me
hanism (QRE).
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Motivation

◮
First indi
ation of 
harge-ex
hange rea
tions in π−

p and

in pp s
attering from 
osmi
 rays dete
ted with

proportional 
hambers :

p + p → n + π+ + p + Nπ,

◮
QRE me
hanism is applied to the 
ollinear emission of a

light meson from a (anti)proton beam and the 
ross

se
tion for single and multi pion produ
tion (neutral or


harged) is 
al
ulated.

Emission of a 
harged light meson-(π, ρ) in pp or p̄p


ollisions → 
onversion of high energy (anti)proton beam

into (anti)neutron

This e�e
t is observed in a

elerator physi
s (V. Nikitin).
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High energy antineutron beams at PANDA?

◮
In PANDA good dete
tion of hard pion and ρ mesons,

produ
ed by the antiproton beam.

◮
Deviation of 
harged meson by 2T magnet,

◮
Large produ
tion of anti-neutrons, → se
ondary high

energy beam?
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Quasi-real ele
tron method

e(p
1

) + T (p
2

) → e(p
1

− k) + γ(k) + X

)
2

T(p)
1

e(p

(k)γ

-k)
1

e(p

X

◮
The virtual ele
tron after the hard (
ollinear) photon

emission is almost on mass shell.

Mγ(p1, p2) = eT (p
2

)
p̂

1

− k̂ +m

−2p

1

k

ε̂(k)u(p
1

).

◮
Fa
torization of the matrix element

∑

|Mγ |2 = e

2

[

E

2

p

+ E

2

~
p−

~
k

ω(E
p

− ω)(kp)
− m

2

(kp)2

]

∑

|T̄ (p
2

)u(p
1

−k)|2.

∑

|T̄ (p
2

)u(p
1

− k)|2 : Born matrix element squared with

shifted argument.
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Quasi-real ele
tron method

◮
The unpolarized 
ross se
tion for

e(p
1

) + T (p
2

) → e + γ + T 
an be fa
torized (CMS), :

dσeT→eTγ
γ (s, x) = dσ(x̄ s)dWγ(x), s = (p

1

+p

2

)2, x̄ = 1−x ,

dWγ(x) =
α

π

dx

x

[

(1− x +
1

2

x

2) ln
E

2θ2
0

m

2

e

− (1− x)

]

,

x = ω
E

, θ < θ
0

≪ 1, Eθ
0

m

e

≫ 1,

◮
The initial ele
tron transforms into an ele
tron (energy

fra
tion 1− x) and a hard photon(x), emitted at θ < θ
0

◮
x̄ s > s

thr

, where s

thr

is the threshold energy of pro
ess

without photon emission.

◮
Logarithmi
 enhan
ement originates from the small

values of the mass of the intermediate ele
tron, whi
h is

almost on mass shell.

This justi�es also the name of Quasi Real Ele
tron

(QRE) method.
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QRE method in hadron physi
s

p + T → n + T + h

+; p̄ + T → n̄ + T + h

−

)
2

T(p)
1

p(p

(k)+ρ,+π

-k)
1

n(p

X

)
2

T(p)
1

p(p

(k)-ρ,-π

-k)
1

n(p

X

(a)

(b)

h = ρ or π, T any target (p, n, nu
leus..).

The matrix element for 
ollinear π(ρ) emission is :

Mh+

pT

(p
1

, p
2

)) = M
nT

(p
1

− k , p
2

)T pn

h+
(p

1

, p
1

− k);

Mh

−

p̄T

(p
1

, p
2

)) = M
n̄T

(p
1

− k , p
2

)T p̄n̄

h

−

(p
1

, p
1

− k).

T

pn

h

=
g

m

2

h

− 2p

1

k

ū

n

(p
1

− k)γ
5

(ǫ̂)u
p

(p
1

).
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QRE method in hadron physi
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◮
The 
ross se
tions are :

dσpT→h+X (s, x) = σnT→X (x̄ s)dW h+ (x),

dσp̄T→h+X (s, x) = σn̄T→X (x̄ s)dW h

− (x),

dσpT→h

0

X (s, x) = σpT→X (x̄ s)dW h

0(x).

◮
Following the QED result :

dW

i

ρ(x)

dx

=
g

2

4π2
1

x

√

1−
m

2

ρ

x

2

E

2

[(

1− x +
1

2

x

2

)

L− (1− x)

]

, x

E

E

m

E

L = ln

(

1+
E

2θ2
0

M

2

)

, ρi = ρ+, ρ−, ρ0, (1)
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Pion hard photon emission

dW

π

dx

=
∑

|M
pn

(p
1

, p
1

− k)|2 d

3

k

16ωπ3
,

with

∑

|M
pn

(p
1

, p
1

−k)|2 = g

2

[m2

π − 2(p
1

k)]2
Tr(p̂

1

−k̂+M)γ
5

(p̂
1

+M)γ
5

=
4(p

1

k)g2

[m2

π − 2(p
1

k)]
2

,

.

p

1

k) = Eω(1− b
), 1− b

2 ≈ m

2

π

ω2

+
M

2

E

2

Angular integration for 1− (θ2
0

/2) < 
 < 1, 
 = 
os(~k,~p
1

) :

dW

i

π(x)

dx

=
g

2

8π2

√

1− m

2

π

x

2

E

2

[

L+ ln

1

d(x)
+

m

2

π

xd(x)M2

]

,

x =
Eπ

E

>
mπ

E

, d(x) = 1+
m

2

π x̄

M

2

x

2

, x̄ = 1− x ,

g = gρpp = gπpp ≈ 6 is the strong 
oupling 
onstant.



Le
ture

E.A. Kuraev,

E.S. Kokoulina

and Egle Tomasi-

Gustafsson

Introdu
tion

QRE ele
tron

method

QRE method in

hadron physi
s

Pion hard photon

emission

Annihilation into

two pions

Annihilation into

three pions

Con
lusion

dW

h

/dx for ρ- and π-meson produ
tion- not

normalized probability

/E hx=E
0.2 0.4 0.6 0.8 1

/d
x

h
dW

5

10

15

20

θ
0

= 10

◦
for ρ- meson

θ
0

= 10

◦
for π-meson

θ
0

= 20

◦
for ρ- meson

θ
0

= 20

◦
for π-meson
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Integrated probabilities

W

i

=

1

∫

x

i

t

dW

i

dx

dx

x

i

t

= E

i

th

/E , E
th

is the threshold value of the energy of the

dete
ted parti
le, i = ρ, π :

W

i

=
g

2

4π2
(Ai

L+ B

i ),

A

ρ = I

0

(xρ
t

)− I

1

(xρ
t

) +
1

2

I

2

(xρ
t

), B

ρ = −I

0

(xρ
t

) + I

1

(xρ
t

),

A

π =
1

2

I

1

(xπ
t

); B

π = I

1

(xπ
t

),

with I

n

(z) =
1

∫

z

dx

x

x

n

√

1−
(

z

x

)

2

I

0

(z) =
1

2

ln

1+ r

1− r

− r , I

1

(z) = r + z ar
sin(z);

I

2

(z) =
1

2

r − z

2

4

ln

1+ r

1− r

;

r =
√
1− z

2

.
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Integrated probabilities

E [GeV]
10 20 30

ρ,π
W

2

4

6

8

10

θ
0

= 10

◦
for ρ- meson

θ
0

= 10

◦
for π-meson

θ
0

= 20

◦
for ρ- meson

θ
0

= 20

◦
for π-meson

◮
The integrated quantities W

i

, i = ρ, π may ex
eed unity,

violating unitarity.

◮
Virtual 
orre
tion for the probability of emission of n

"soft" photons (emission and absorption of the o�-mass

shell meson).

◮
Poisson formula for n soft photons : W

n

= (an/n!)e−a

(a : probability of emission of a single soft photon).
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Renormalization fa
tor

A general fa
tor Pπ = e

−Wπ
, takes into a

ount virtual


orre
tions.

σ(s) → σ(s) × Pπ

k=n
∑

k=0

W

k

π

k!
,Wπ =

g

2

8π2
L,

E [GeV] 
5 10 15 20 25 30

 π
P

0

0.2

0.4

0.6

0.8

Probability of emission

of 2, 3, 4 pions,

for θ
0

= 10

◦

From experiment Pπ ≈ 0.5 : the fra
tion of protons in the

�nal state of proton-proton 
ollisions is approximately 1/2.

→ 
harge ex
hange rea
tions 
hange protons into neutrons.
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Annihilation into two pions p̄+ p → π+
+π−

+X

dσpp̄→ρ0X = 2

dWρ(x)

dx

σpp̄→X (x̄ s)× Pρ,

Pρ = e

−Wρ ; Wρ =

∫

1

x

t

dWρ

dx

; (2)

◮
The fa
tor of two takes into a

ount the emission along

ea
h of the initial parti
les.

◮
Pρ is a survival fa
tor whi
h takes into a

ount virtual

radiative 
orre
tions.
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Annihilation into two pions p̄+ p → π+
+π−

+X

/E ρx=E
0.2 0.4 0.6 0.8 1

X
) 

[m
b]

0 ρ 
→

(p
p

σd

0

20

40

60

80

100

E = 10 GeV and θ
0

= 10

◦

E = 10 GeV and θ
0

= 20

◦

E = 20 GeV and θ
0

= 10

◦

E = 20 GeV and θ
0

= 20

◦

The 
hara
teristi
 peak at x = x

max

is known in QED :

e

+ + e

− → µ+ + µ− + γ : threshold e�e
t, 
orresponding to the


reation of a muon pair, where x

max

= 1− 4M

2

µ/s, Mµ is the

muon mass.
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Annihilation into three pions

p̄ + p → π+
+ π−

+ π0

+ X

Three pion produ
tion,assuming that the pro
ess o

urs

through a π0ρ0 initial state emission :

dσ(p, p̄)pp̄→πρX =

dW

0

ρ
(xρ)dW

0

π
(xπ)[dσ(p − pρ, p̄ − pπ)

pp̄→X+

dσ(p − pπ, p̄ − pρ)
pp̄→X ]PπPρ,

implying the subsequent de
ay ρ0 → π+π−
.
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Predi
tions for 
ross se
tions

[GeV/c]
p

p1 10

[m
b]

σ

-310

-210

-110

1

10

0π-π2+π2
0π2-π2+π2

-π2+π2

0π-π+π
0π3-π2+π2

ω-π+π
0ρ-π+π

0π-π3+π3
-π3+π3

0π5-π2+π2

0π4-π2+π2
-π+π
-k+k
0π0π

[GeV/c]
p

p
1 10 210

[m
b]

σ

-310

-210

-110

1

10

nn

-π+πpp

0πpp

0π-π+πpp

+πnp

-πnp

-π+πn2p

-π2+πp2p

-π3+π3pp

-k+kpp

0π-π2+πp2p

-π2+πnp

-π4+π4pp

◮
The 
ross se
tions for the intera
tion of high energy

(anti)neutron beams with hadrons 
an be derived by

(anti)proton, with the emission of the 
harged meson.

σnT→X (x̄ s) =
dσpT→h

+
X/dx

dW+(x)/dx
,

◮
Total 
ross se
tion for n̄p → X from the total 
ross

se
tion of p̄p → n̄h−p ≈ 1 mb,

Wπ(E1, θ0)σ
n̄p→X (E − E

1

) = σp̄p→X (E ),
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Con
lusion

◮
The QRE method has been extended to light meson

emission from an (anti)proton beam. Cross se
tion for

multi-pion emission have been predi
ted for present and

planned hadron fa
ilities.

◮
Collinear light meson emission for produ
ing se
ondary

(anti)neutron beams, at a high energy (anti)proton

a

elerator.

◮
The gluon dominan
e model predi
ts the ratio of inelasti


CE to total inelasti
 
ross se
tion in pp s
attering ≈ 40%, in

reasonable agreement with the experimental data.

◮
Collinear light meson emission in (anti)proton-proton


ollisions is a sour
e of high multipli
ities pion events. The

emission of hadrons in initial as well as in �nal states must be

taken into a

ount.

◮
Probabilities to 
reate a π or ρ-meson by a proton, in in�nite

momentum referen
e frame (Altarelli,1977).

◮
Emission of (polarized) ρ-meson by quark and the ρ meson

produ
tion in quark-antiquark annihilation (Teryaev, 1982).
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