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! Understand near forward, high energy (s >> −t) hadronic
scattering amplitudes

! Small momentum transfer → non-pertrubative

! Large impact parameter → confinement

! Total cross section: σtot(s) = s−1Im [A(s, t = 0)]
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Regge theory
Analyticity and crossing symmetry of the S matrix

T (s, t) ≈ β(t)
sα(t) ± (−s)α(t)

sin(πα(t))

Singularities of T in the complex angular momentum plane
m

Exchange of families of states in t-channel (“Reggeons”)
m

Regge trajectory: α(t)

= α(0) + α′ t

(Apel et al. 79)
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Pomeron

σtot ∝ sα(0)−1

Pomeron: Regge trajectory with αP(0) ≈ 1

I (Donnachie, Landshoff), fit to experiment, α(0) ≈ 1.08

I (Low-Nussinov), two gluon exchange, α(0) = 1

I (BFKL), gluon ladder, (cylinder topology at large Nc), α(0) ≈ 1.3

I ...

with αP(0) = 1 + ε1 the pomeron intercept and α′
P the slope of the pomeron trajectory. The

ppP vertex, or Regge residue factor, is assumed to have the form

−i3βPF1(t)γ
µ (2.5)

where F1(t) is the isoscalar Dirac electromagnetic form factor of the nucleons and βP the P-quark
coupling constant. A good representation of the form factor is given by the dipole formula

F1(t) =
4m2

p − 2.79t

(4m2
p − t)(1− t/m2

D)2
,

m2
D = 0.71 GeV2. (2.6)

Putting everything together we find from these rules the following expression for the scattering
amplitude at large s

〈p(p3, s3), p(p4, s4)|T |p(p1, s1), p(p2, s2)〉 ∼ 2s
(
3βPF1(t)

)2
δs3s1δs4s2i(−isα′

P)αP(t)−1 (2.7)

Here s1, . . . , s4 are the spin indices. This formula (2.7) describes the data surprisingly well and
from the fits one gets the following values for the DL-pomeron parameters:

ε1 = 0.0808, α′
P = 0.25 GeV−2, βP = 1.87 GeV−1. (2.8)

Examples of the fits are shown in figures 4 and 5 where in addition to the pomeron also
non-leading Regge exchanges are taken into account. Note in figure 4 that the Tevatron
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Figure 4: Total pp and pp̄ cross sections as function of
√

s (from [1])

measurements of σtot(pp̄) at
√

s & 1.8 TeV give two incompatible values. A resolution of this

4

(Donnaschie et al.)

?
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Idea

Calculate dipole-dipole amplitude through gauge/string duality

I (Janik, Peschanski): classical string worldsheet by variation

I (Brower, Polchinski, Strassler, Tan) : diffusion of string in curved
space

Dipole ∼ Wilson loop
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Wilson lines

W(C) =
1
Nc

Tr
[
Pcexp

(
ig

∫

C
Aµ(x) dxµ

)]

Static Wilson loop:

T L

< W >≈ e−V (L)T V (L) : potential between 2 static charges

I Abelian gauge field: V (L) ∝ 1/L ⇒ “Perimeter law”

I Confining potential: V (L) = σT L ⇒ “Area law”
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Wilson lines

High energy scattering:

I Recoil of scatterers is negligible → follow fixed trajectories

I Gives rise to non-perturbative techniques

1
−2isT (θ, q) ≈

∫
d2b eiq⊥·b〈W − 1〉 (Nachtmann, ’91)

I Eikonal (e+e−): < W >= (b2µ2)−i
g2

4π = exp
[
ig2
∫ d2q

(2π)2
ei~q·

~b

q2+µ2

]

I Dipole-dipole scattering

high energy hadron ∼ gluon cloud ∼ bunch of dipoles
gluon ∼ color dipole at large Nc
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Gökçe Başar Holographic Pomeron and Schwinger Mechanism



Wilson lines

High energy scattering:

I Recoil of scatterers is negligible → follow fixed trajectories

I Gives rise to non-perturbative techniques

1
−2isT (θ, q) ≈

∫
d2b eiq⊥·b〈W − 1〉 (Nachtmann, ’91)

I Eikonal (e+e−): < W >= (b2µ2)−i
g2

4π

= exp
[
ig2
∫ d2q

(2π)2
ei~q·

~b

q2+µ2

]

I Dipole-dipole scattering

high energy hadron ∼ gluon cloud ∼ bunch of dipoles
gluon ∼ color dipole at large Nc
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Gökçe Başar Holographic Pomeron and Schwinger Mechanism



Wilson lines

High energy scattering:

I Recoil of scatterers is negligible → follow fixed trajectories

I Gives rise to non-perturbative techniques

1
−2isT (θ, q) ≈

∫
d2b eiq⊥·b〈W − 1〉 (Nachtmann, ’91)

I Eikonal (e+e−): < W >= (b2µ2)−i
g2

4π = exp
[
ig2
∫ d2q

(2π)2
ei~q·

~b

q2+µ2

]

I Dipole-dipole scattering

high energy hadron ∼ gluon cloud ∼ bunch of dipoles
gluon ∼ color dipole at large Nc
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Dipole-dipole kinematics
D1 (p1) +D2 (p2)→ D1 (k1) +D2 (k2)

x

x

x

a

a

b/2
T

L

θ/2
W(-θ/2, -b/2) W(θ/2, b/2)

-b/2

0

-θ/2

2χ ≈ log (s/2m  ) >>1

p  /m = (cos(θ/2) , −sin(θ/2), 0   )1

T

p  /m = (cos(θ/2) , sin(θ/2), 0   )2

T

q= (0,0, q   )
T

b= (0,0, b  )
T

θ -i χ 

(Meggiolaro, Giordano, 
Janik, Peschanski,
Nowak, Shuryak, Zahed...)

(Nachtmann, ‘91)
1
−2is

T (θ, q) ≈
∫
d2b eiq⊥·b〈(W(θ/2, b/2)W(−θ/2,−b/2)− 1)〉
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Wilson lines in holography

< WW >= Zstring[∂B = C]

≈ e−Scl

(Maldacena, ’98)

z

UV boundary

Decon!ned Geometry

W(C)C
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Wilson lines in holography

< WW >= Zstring[∂B = C] ≈ e−Scl

z

UV boundary

W(-θ/2, -b/2) W(θ/2, b/2)

b

Con!ning Geometry  (Witten, ‘98)

IR end-point
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String partition function

1-loop (cylinder) partition function:

< WW >= g2
s

∫ ∞

0

dT

2T

∫

T
d[x] e−S[x]+ghosts = g2

s

∫ ∞

0

dT

2T
K(T )

S =
σT
2

∫ T

0
dτ

∫ 1

0
dσ
(
ẋµẋµ + x′µx′µ

)

Boundary conditions:

time : xµ(T, σ) = xµ(0, σ)

space : cos(θ/2)x1(τ, 0) + sin(θ/2)x0(τ, 0) = 0
cos(θ/2)x1(τ, 1)− sin(θ/2)x0(τ, 1) = 0

Gökçe Başar Holographic Pomeron and Schwinger Mechanism



String partition function

1-loop (cylinder) partition function:

< WW >= g2
s

∫ ∞

0

dT

2T

∫

T
d[x] e−S[x]+ghosts = g2

s

∫ ∞

0

dT

2T
K(T )

S =
σT
2

∫ T

0
dτ

∫ 1

0
dσ
(
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String partition function

K(T ) =
πσT a

2

sinh(θT/2)
e−σT b

2T/2 η−D⊥(iT/2)
∞∏

n=1

∏

s=±

sinh (πnT/2)
sinh(π(n+ sθ/π)T/2)

σT
2 b2T : classical worldsheet action

η−D⊥(iT/2): transverse fluctuations → string spectrum

∞∏
n=1

∏
s=±

sinh (πnT/2)
sinh(π(n+sθ/π)T/2) : longitudinal modes
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Back to Minkowski space: θ → −iχ

< WW >=
ia2g2

s

4α′

∫ ∞

0

dT

T

1
sin(χT/2)

e−σT b
2T/2 η−D⊥(iT/2)

∏
(..)

Poles on real axis: Tk = 2πk
χ :Tunneling time

Tunneling amplitude:

< WW >poles=
g2
sa

2

4α′
∑∞

k=1
(−1)k

k e−kb
2/2χα′ η−D⊥(ikπ/χ)

Multi-wrapping: k≡“N-ality” , k > 1: Nc suppressed

Leading pole:

< WW >= −a2πg2
s(4πα

′)D⊥−1
(

1
2πα′ χ

)D⊥/2
e−b

2/2α′χ+D⊥χ/12
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Diffusion term

< WW >= −a2πg2
s(4πα

′)D⊥−1

(
1

2πα′ χ

)D⊥/2
e−b

2/2α′χ+D⊥χ/12

• Diffusion in transverse space (Gribov ’75)

K(χ, b) =
(

1
2πα′ χ

)D⊥/2
e−b

2/2χα′

∂χK(χ, b) = α′/2∇2
⊥K(χ, b)

Rapidity χ ↔ “diffusion time” α′↔ diffusion constant
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Lüscher term and the intercept

< WW >= −a2πg2
s(4πα

′)D⊥−1

(
1

2πα′ χ

)D⊥/2
e−b

2/2α′χ+D⊥χ/12

Lüscher term (Casimir energy):

D⊥χ
12

=
πD⊥

6
b

T
= b · V (T ) , T =

2πb
χ

e
D⊥χ

12 = sD⊥/12 (intercept)

Fermions?

V (T )F ∼ D⊥
√
MKK

T
e−2MKKT (Sonnenschein et al., ’00)
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Scattering amplitude and cross section

T (s, t) = −2is
∫
d2b eiq⊥b < (WW − 1) >

= ia2π2g2
s

( π

ln s

)D⊥/2−1
sα(t)

Regge trajectory: α(t) = 1 + D⊥
12 + α′

2 t

Total cross section: σtot = a2π2g2
s

(
π

ln s

)D⊥/2−1
sD⊥/12

• if all the SUSY are broken: D⊥ = 2 → α(0) ≈ 1.17

• in between BFKL (≈1.3) and Donnachie-Landshoff (≈1.08)
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Froissart bound

• Sum over non-interacting Pomeron exchanges:

σtot = 2
∫

d2b
(
1− exp<WW>

)

• < WW >∼ −eD⊥χ/12−b2/2α′χ

→ b ≤ bmax =
√
D⊥ α

′

6 χ

σtot(s) ≈ 2
∫ bmax

d2b =
πD⊥α′

3
χ2

• Saturates the Froissart bound
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Schwinger mechanism and Regge trajectory

scattering amplitude ∼< WW >∼ e
− b2

2α′χ = e
−πm

2
s

σT χ

Schwinger pair production rate : ΓPP ∼ e−
πm2

eE

is σTχ an “effective electric field”? almost!
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Intermezzo: Schwinger pair production

Worldline formalism (Dunne,Schubert):

Γ[A] =
∫ ∞

0

dT

T
e−m

2 T

∫

PBC
d[x] exp

[
−
∫ T

0
dτ(

ẋ2

4
+ iA · ẋ)

]

≈
∑

Ti

e−Scl(Ti) → “worldline instantons”

constant electric field: (A0 = iE2 x1 , A1 = −iE2 x0)

x0(u) = m
eE cos(2πk u) , x1(u) = m

eE sin(2πk u)

(euclidean) radius: R = m
eE ⇔ acceleration a = eE

m (Minkowski)

action: Scl = k πm
2

eE , rate: Γ ∼ e−k πm
2

eE
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Schwinger string production

Γs = g2
s

∫ ∞

0

dT

2T

∫

PBC
d[x] exp

[
−
∫ T

0
dτ

∫ 1

0
dσ(ẋ2 + x′2)

]

electric field?

 χ

E= σ  tanh(χ)T

T-Duality

t

xL

D0

D1

twisted b.c. ⇔ E
2

∫
dτ
(
x̃1∂τx

0 − x0∂τ x̃
1
) ∣∣∣∣
σ=0,1
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 χ

E= σ  tanh(χ)T

T-Duality

t

xL

D0

D1

twisted b.c. ⇔
∫
dτ
(
iA · ˙̃x

) ∣∣∣∣
σ=0,1

Gökçe Başar Holographic Pomeron and Schwinger Mechanism



Schwinger string production

Γs = g2
s

∫ ∞

0

dT

2T

∫
d[x] exp

[
−
∫ T

0
dτ

(∫ 1

0
dσ(ẋ2 + x′2)

)
+ (iA · ˙̃x)

]

“Worldsheet instantons” (Schubert):

x0 = R(σ) cos(2πku) , x̃1 = R(σ) sin(2πku) , xT = b (σ − 1/2)

R(σ) = b
χ cosh (χ(σ − 1/2)) = m

σT χ
cosh (χ(σ − 1/2))

action: Scl = k πb2σT
χ = k πm2

σT χ
rate: Γs ∼ e

− πm2
s

σT tanh−1(E/σT )

(Bachas, Porrati ’92)
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dσ(ẋ2 + x′2)

)
+ (iA · ˙̃x)

]

“Worldsheet instantons” (Schubert):

x0 = R(σ) cos(2πku) , x̃1 = R(σ) sin(2πku) , xT = b (σ − 1/2)

R(σ) = b
χ cosh (χ(σ − 1/2)) = m

σT χ
cosh (χ(σ − 1/2))

action: Scl = k πb2σT
χ = k πm2

σT χ
rate: Γs ∼ e

− πm2
s

σT tanh−1(E/σT )

(Bachas, Porrati ’92)
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Schwinger mechanism and Regge trajectories

< WW >∼ e−
b2

2α′χ = e
−πm

2
s

σT χ = e
− πm2

s
σT tanh−1(E/σT ) = Γs

Electric field ↔ Acceleration ↔ Unruh effect

R(σ)=b/χcosh(χ(σ-1/2))

R=b/χ
T =a/2π=χ/2πb>TU D

t

bxL
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Schwinger mechanism and Regge trajectories

< WW >∼ e−
b2

2α′χ = e
−πm

2
s

σT χ = e
− πm2

s
σT tanh−1(E/σT ) = Γs

U D

t

bxL

T  >T

Thermal spectrum
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Conclusions:

I nonperturbative approach to soft pomeron (slope and intercept)

I inelasticity & Regge behavior ⇔ string creation à la Schwinger

I fireball in the center of the collision with thermal radiation

I relative rapidity χ⇔ electric field EL = σT tanhχ
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