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Motivation

P > >
S=(p1 +p2)2 -t=-(p1 _p3)2
P > >

» Understand near forward, high energy (s >> —t) hadronic
scattering amplitudes

» Small momentum transfer — non-pertrubative
» Large impact parameter — confinement

» Total cross section: oy (s) = s 1Im [T (s,t = 0)]
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Regge theory
Analyticity and crossing symmetry of the S matrix
s 4 (—g)2®)

Tls,t) ~ B(1) sin(ma(t))

Singularities of 7 in the complex angular momentum plane

)

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

i)

Regge trajectory: a(t)
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Regge theory

Analyticity and crossing symmetry of the S matrix

s 4 (—g)2®)

Tls,t) ~ B(1) sin(ma(t))

Singularities of 7 in the complex angular momentum plane

)

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

i)

Regge trajectory: a(t) = a(0) + o't

Re o)
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n"p —1°n /
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/}/} Ty .

== (Apel et al. 79)
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Pomeron

Ttot X Soe(O)— 1
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Pomeron

a(0)—1

Ctot X S Pomeron: Regge trajectory with ap(0) =~ 1
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Pomeron

a(0)—1

Ctot X S Pomeron: Regge trajectory with ap(0) =~ 1

g T T
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Pomeron

Ttot X Soe(O)— 1

Pomeron: Regge trajectory with ap(0) =~ 1
» (Donnachie, Landshoff), fit to experiment, «(0) ~ 1.08
» (Low-Nussinov), two gluon exchange, a(0) =1

» (BFKL), gluon ladder, (cylinder topology at large N.), «(0) ~ 1.3

> ...
g T T
(mb) | p : 21.7050-0508 4 98,395~ 0-4525

80 hp: 21.7050.005 4 56,085=0-4525 1 —_— >
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Idea

Calculate dipole-dipole amplitude through gauge/string duality

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

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

Dipole ~ Wilson loop
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Wilson lines

W(C) = ]\1ch1" [Pcexp (ig/c Ay (z) dxu)]
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Wilson lines

W(C) = ]\1ch1" [Pcexp (ig/c Ay (z) dxu)]

Static Wilson loop:

A -
Ll

e
Y

<W >r e VIDT V(L) : potential between 2 static charges

» Abelian gauge field: V(L) x 1/L = “Perimeter law”

» Confining potential: V(L) = o7 L = “Area law”
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Wilson lines

High energy scattering:

» Recoil of scatterers is negligible — follow fixed trajectories

» Gives rise to non-perturbative techniques
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» Gives rise to non-perturbative techniques

——T(0,q) ~ [d®b " 1-*(W — 1) (Nachtmann, '91)
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Wilson lines

High energy scattering:

» Recoil of scatterers is negligible — follow fixed trajectories

» Gives rise to non-perturbative techniques

LT(0,9) = [d? €W — 1) (Nachtmann, '91)

—2is

2

» Eikonal (eTe™): < W >= (b2u2)—ig7
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High energy scattering:
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» Gives rise to non-perturbative techniques
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Wilson lines

High energy scattering:

» Recoil of scatterers is negligible — follow fixed trajectories

» Gives rise to non-perturbative techniques

——T(0,q) ~ [d®b " 1-*(W — 1) (Nachtmann, '91)

. _ a2 . 2 iq-b
» Eikonal (eTe™): < W >= (b*u?) "4x = exp [ 2 g ‘)5’2 ﬁ}
» Dipole-dipole scattering

high energy hadron ~ gluon cloud

Gokge Basar Holographic Pomeron and Schwinger Mechanism



Wilson lines

High energy scattering:

» Recoil of scatterers is negligible — follow fixed trajectories

» Gives rise to non-perturbative techniques
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Wilson lines

High energy scattering:

» Recoil of scatterers is negligible — follow fixed trajectories

» Gives rise to non-perturbative techniques

——T(0,q) ~ [d®b " 1-*(W — 1) (Nachtmann, '91)

. g2 id-b
» Eikonal (eTe™): < W >= (112/3)_’4%r = exp [ 2 32()12 %}

» Dipole-dipole scattering

high energy hadron ~ gluon cloud ~ bunch of dipoles
gluon ~ color dipole at large N,
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Dipole-dipole kinematics
D1 (p1) + D2 (p2) — D1 (k1) + Do (ko)

x° p,/m = (cos(6/2), ~sin(6/2), 0*)
W(6/2, b/2) . n
p,/m = (cos(6/2), sin(6/2), 0~)
q=1(0,0,q%)
b=(0,0,b")
9 — -l){
x =log (s/2m?) >>1
(Meggiolaro, Giordano,
Janik, Peschanski,
Nowak, Shuryak, Zahed...)
XL

(Nachtmann, ‘91)

! T(0,q) ~ /d% e (W (0/2,b/2)W (—0/2,—b/2) — 1))

—2is
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Wilson lines in holography

< WW >= Zying|0B = (] (Maldacena, '98)

Deconfined Geometry

¢ W(C)

f

UVboundary
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Deconfined Geometry
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UVboundary
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Wilson lines in holography

<WW >= Zping0B = C]

Confining Geometry (Witten, 98)

W(C)

C >

UV boundary

IR end-point

Yz
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Wilson lines in holography

Confining Geometry (Witten,'98)

W(C)

C >

UV boundary

IR end-point
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Wilson lines in holography

<WW >= Zying|0B = C] ~ =5

Confining Geometry (Witten,98)

W(-0/2,-b/2) W(612,b/2)

/e N
/] b N

\

UVboundary

IR end-point

Yz
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String partition function

1-loop (cylinder) partition function:

% qT % 4T
<WW >= g§/ / d[z] ¢ Sleltghosts _ gz/ — K(T)

or [T 1
S = 2/0 dT/O do (iui‘“—i-.%/u.%lu)
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String partition function

1-loop (cylinder) partition function:

% qT % 4T
<WW >= g§/ / d[z] ¢ Sleltghosts _ gz/ — K(T)

ar T ! C L. T3]
S:2/O dT/O do (*i, + a2’ ),)
Boundary conditions:

time : (T, o) = 2#(0,0)

space : cos(8/2) 21 (r,0) 4 sin(/2) z°(7,0) = 0
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String partition function

_ mord® e —D, - sinh (7nT'/2)
K(T) = m e—oTb?T/2 n D (iT/2) ,]L;J;I_‘:[tSinh(Tr(n +s0/m)T/2)

Gokge Basar Holographic Pomeron and Schwinger Mechanism



String partition function

2 o0
_ Tora —orb?T/2 | D sinh (mnT'/2)
KT)=———¢€e° L(1T/2)
( sinh(07'/2) ¢ (iT/2) ]ll_[lH[smh (m(n+s0/m)T/2)

077’ b2T: classical worldsheet action
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String partition function

2 o0
_ mora o b?T)2 D sinh (7nT/2)
KT)=—"—+——¢7" L(1T/2)
( sinh(07'/2) ‘ (iT/2) ]ll_[lH[smh (m(n+s0/m)T/2)

07’ b2T: classical worldsheet action

n~P(iT/2): transverse fluctuations — string spectrum
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String partition function

2

K(T)= —0TC __ ~ort®T/2 ,=D1(;1/9) ﬁH sinh (mnT'/2)
sinh(67'/2) / 4 L sinh(m(n + s0/7)T/2)

o b?T': classical worldsheet action
n~PL(iT/2): transverse fluctuations — string spectrum

sinh (7mnT/2 . .
s1nh(9T/2 H H (e ng-se/{r))T/z): longitudinal modes
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Back to Minkowski space: 0 — —iyx

ia’g? [°°dT 1 2
WW >— s T - emorb T/2 =Dy /9 3
< 7T /0 T sin(xT/2) © n 76T/ [] )
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Back to Minkowski space: 0 — —iyx

ia’g? [°°dT 1 2
_ s —opb*T/2 —D, T /2 3
SWW == /0 T sin(xT/2) © P T/2) ] )

Poles on real axis: Ty, = 2=k
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ia’g? [°°dT 1 2
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Back to Minkowski space: 0 — —iyx

ia’g? [°°dT 1 2
WW >— s T - emorb T/2 =Dy /9 3
< 7T /0 T sin(xT/2) © n 76T/ [] )

Poles on real axis: T, = % ‘Tunneling time

Tunneling amplitude:

2,2 -1 ko132 / _ .
< WW >poles: % Zzozl ( k) € R 2xe n b1 (lkﬂ-/X)
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Back to Minkowski space: 0 — —iyx

ia’g? [°°dT 1 2
_ s —opb*T/2 —D, T /2 3
SWW == /0 T sin(xT/2) © P T/2) ] )

Poles on real axis: T, = % ‘Tunneling time

Tunneling amplitude:

2,2 -1 ko132 / _ .
< WW >poles: % Zzozl ( k) € kb /2xa n Dy (lkﬂ-/X)
Multi-wrapping: k=“N-ality” , k > 1: N, suppressed

Leading pole:
Dy /2
<WW >= —a27rg§(47ro/)Dl_1 (2 L ) + e—b?/2a/x+D1x/12
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Diffusion term

, 1 Dyj2
<WW >= o rg’(4ra )P [ —— e~ b?/20/x+D 1 x/12
o 2mal x

Diffusion in transverse space (Gribov '75)

1 DJ_/Q b2 2 /
K(x,b) = <27TO/X> e /e
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Diffusion term

, 1 Dyj2
<WW >= o rg’(4ra )P [ —— e~ b?/20/x+D 1 x/12
o 2mal x

Diffusion in transverse space (Gribov '75)

1 DJ_/Q b2 2 /
K(X7 b) = <2ﬂ-a/X> e / X«

8X K(X7 b) = 0//2 Vﬁ_ K(X7 b)
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Diffusion term

, 1 Dyj2
<WW >= o rg’(4ra )P [ —— e~ b?/20/x+D 1 x/12
o 2mal x

Diffusion in transverse space (Gribov '75)

1 DJ_/Q b2 2 /
K(X7 b) = <2ﬂ-a/X> e / X«

8X K(X7 b) = 0//2 Vﬁ_ K(X7 b)

Rapidity x < “diffusion time” o/« diffusion constant
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Liischer term and the intercept

) 1 Dyj2
<WW >= —a’ng’(4ra/ )P+ 1 < e U7/20/x+D1x/12
. JS
2mal x

Liischer term (Casimir energy):

M:WDLEZb.V(T) ’ T:LWb
12 6 T X

D x
e iz = gPL/12 (intercept)
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Liischer term and the intercept

) 1 Dyj2
<WW >= —a’ng’(4ra/ )P+ 1 < e U7/20/x+D1x/12
. JS
2mal x

Liischer term (Casimir energy):

M:WDLEZb.V(T) ’ T:LWb
12 6 T X

D x
e iz = gPL/12 (intercept)

Fermions?

M
V(T)r ~ Dy \/ %efQMKKT (Sonnenschein et al., ’00)
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Scattering amplitude and cross section

T(s,t) = —2is /de el < (WW — 1) >

2.2 2

= ia"m4g; (i)DL/z_l 52

Ins

Regge trajectory: a(t) =1 _|_ L4 o Yy
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Scattering amplitude and cross section

T(s,t) = —2is /de el < (WW — 1) >

2.2 2

= ia"m4g; (i)DL/z_l 52

Ins

Regge trajectory: a(t) =1 _|_ L4 o Yy

. D, /2-1
Total cross section: oy = a277292 (lns) +/ sD1/12
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Scattering amplitude and cross section

T(s,t) = —2is /de el < (WW — 1) >

2.2 2

= ia’r%g? (i)DL/z_lsa(t)

Ins

Regge trajectory: a(t) =1 _|_ L4 o Yy

. D, /2-1
Total cross section: oy = a277292 (lns) +/ sD1/12

e if all the SUSY are broken: D} =2 — «(0) ~ 1.17
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Scattering amplitude and cross section

T(s,t) = —2is /de el < (WW — 1) >

Dy /2-1

Regge trajectory: a(t) =1+ 12L 4o Yy

. D, /2-1
Total cross section: oy = a?n2g? (lns) L/2=1 (D, /12

e if all the SUSY are broken: D} =2 — «(0) ~ 1.17

e in between BFKL (~1.3) and Donnachie-Landshoff (x1.08)
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Froissart bound

e Sum over non-interacting Pomeron exchanges:
Otot = 2/ d?b (1 — exp<ww>)

o < WW >~ —eDix/12-0%/2a'x

RUE

FROISSART

( °) _.——[y
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Froissart bound

e Sum over non-interacting Pomeron exchanges:
Otot = 2/ d?b (1 — exp<ww>)

o < WW >~ —eDix/12-0%/2a'x

b < b = /D1 %y " RUE
FROISSART

( °) _.——[y
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Froissart bound

e Sum over non-interacting Pomeron exchanges:
Otot = 2/ d?b (1 — exp<ww>)

o < WW >~ —eDix/12-0%/2a'x

— b < bmax = \/ DJ_%/X
FROISSART

( °) _.——[y

b /
'max TI'DJ_Oz
Tron(s) 2 / 2 = L2

e Saturates the Froissart bound
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Schwinger mechanism and Regge trajectory

b2 _ 7rm§

scattering amplitude ~< WW >~ e 2a/x = ¢ 77X
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Schwinger mechanism and Regge trajectory

b2 _ 7rm§

scattering amplitude ~< WW >~ e 2a/x = ¢ 77X

‘rr'rn2

Schwinger pair production rate : T'pp ~ €™ ¢&
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Schwinger mechanism and Regge trajectory

b2 _ 7rm§

scattering amplitude ~< WW >~ e 2a/x = ¢ 77X

‘rr'rn2

Schwinger pair production rate : T'pp ~ €™ ¢&

is opx an “effective electric field”?
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Schwinger mechanism and Regge trajectory

b2 _ 7rm§

scattering amplitude ~< WW >~ e 2a/x = ¢ 77X

‘rr'rn2

Schwinger pair production rate : T'pp ~ €™ ¢&

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

Worldline formalism (Dunne,Schubert):

0 JT T -2
Al = / Te_mQT/ d[z] exp [—/ dT(%—i—iA-:ic)
0 PBC 0
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Intermezzo: Schwinger pair production
Worldline formalism (Dunne,Schubert):

0 JT T -2
Al = / Te_mQT/ d[z] exp [—/ dT(%—i—iA-:ic)
0 PBC 0

Z e~ Sa(Ti)

T;

Q
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Intermezzo: Schwinger pair production
Worldline formalism (Dunne,Schubert):

0 JT T -2
Al = / Te_mQT/ d[z] exp [—/ dT(%—i—iA-:ic)
0 PBC 0

Z e %a(Ti) _, “worldline instantons”
T;

Q
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Intermezzo: Schwinger pair production
Worldline formalism (Dunne,Schubert):

0 JT T -2
Al = / Te_mQT/ d[z] exp [—/ dT(%—i—iA-:ic)
0 PBC 0

Z e %a(Ti) _, “worldline instantons”
T;

Q

constant electric field: (Ag =5z, 41 = —iZm)
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Intermezzo: Schwinger pair production

Worldline formalism (Dunne,Schubert):

0 JT T -2
Al = / Te_mQT/ d[z] exp [—/ dT(%—i—iA-:ic)
0 PBC 0

Z e %a(Ti) _, “worldline instantons”

Q

T;
constant electric field: (Ag =5z, 41 = —iZm)
ro(u) = 5 cos(2mku) , w1(u) = 7% sin(27k u)
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Intermezzo: Schwinger pair production

Worldline formalism (Dunne,Schubert):

0 JT T -2
Al = / e_mQT/ d[z] exp [—/ dT(x— +iA- @)
o T PBC 0 4
~ Ze‘sd(Ti) — “worldline instantons”
T;
constant electric field: (Ag =5z, 41 = —iZm)
ro(u) = 5 cos(2mku) , w1(u) = 7% sin(27k u)

(euclidean) radius: R = 2 < acceleration a = £ (Minkowski)
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Intermezzo: Schwinger pair production

Worldline formalism (Dunne,Schubert):

0 JT T -2
Al = / e_mQT/ d[z] exp [—/ dT(x— +iA- @)
o T PBC 0 4
~ Ze‘sd(Ti) — “worldline instantons”
T;
constant electric field: (Ag =5z, 41 = —iZm)
ro(u) = 5 cos(2mku) , w1(u) = 7% sin(27k u)

(euclidean) radius: R = 2 < acceleration a = £ (Minkowski)

7k77m2

rate: I' ~ e7 " eE

™

. 2
action: Sy = k75

Gokge Basar Holographic Pomeron and Schwinger Mechanism



Schwinger string production

[es) dT T 1
r, = gg/ / d[x] exp {—/ dT/ dd(i‘2+l’/2):|
o 2T Jppc 0 0
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Schwinger string production

[es) dT T 1
r, = gg/ / d[x] exp {—/ dT/ dd(i‘2+l’/2):|
o 2T Jppc 0 0

electric field?
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Schwinger string production

[es) dT T 1
r, = gg/ / d[x] exp {—/ dT/ dd(i‘2+l’/2):|
o 2T Jppc 0 0

electric field?

D1

E=o;tanh(y)
—>
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Schwinger string production

© T T 1
r, = gg/ / d[x] exp {—/ dT/ do(i2+m'2)}
o 2T Jppc 0 0

electric field?

D1

E=o;tanh(y)
—>

twisted b.c. < % [dr (2'0-2° — 290.3")
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Schwinger string production

[es) dT T 1
r, = gg/ / d[x] exp {—/ dT/ dd(i‘2+l’/2):|
o 2T Jppc 0 0

electric field?

D1

E=o;tanh(y)
—>
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Schwinger string production

P, = gg/ooo;lg:/d[az]emp {/OTdT (/Olda(i:2+x’2)> +(¢A-:é)]

“Worldsheet instantons” (Schubert):
2% = R(0)cos(2mku) , &' = R(o)sin(2rku) , 27 =b(c —1/2)

R(o) = %cosh (x(0 = 1/2)) = ;¥ cosh (x(o — 1/2))

Gokge Basar Holographic Pomeron and Schwinger Mechanism



Schwinger string production

P, = gg/ooo;lg:/d[az]emp {/OTdT (/Olda(i:2+x’2)> +(¢A-:é)]

“Worldsheet instantons” (Schubert):
2% = R(0)cos(2mku) , &' = R(o)sin(2rku) , 27 =b(c —1/2)

R(o) = %cosh (x(0 = 1/2)) = ;¥ cosh (x(o — 1/2))
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s _ g.owb2or _ 1. mm
action: Sy =k =T = k o
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Schwinger string production

P, = gg/ooo;lg:/d[az]emp {/OTdT (/Olda(i:2+x’2)> +(¢A-:é)]

“Worldsheet instantons” (Schubert):
2% = R(0)cos(2mku) , &' = R(o)sin(2rku) , 27 =b(c —1/2)

R(o) = %cosh (x(0 = 1/2)) = ;¥ cosh (x(o — 1/2))

2
T™mg

. 2 2 - TMs
aCthIl: SCZ = k‘ ﬂ-b% = k % rate: Fs ~ e optanh l(E/oT)
(Bachas, Porrati '92)
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Schwinger mechanism and Regge trajectories

b2 _ ng wm%

<WW >~ 20/x =¢ orx = ortanh™1(E/op) =T,

Electric field < Acceleration < Unruh effect

——— "]

R(o)=b/xcosh(x(c-1/2))

~_
| Rebi

T,=a/2n=y/2nb>T,

t
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Schwinger mechanism and Regge trajectories

b2 ng wm%

<WW >~ 20/x =¢ orx = ortanh™1(E/op) =T,

Thermal spectrum
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Conclusions:

» nonperturbative approach to soft pomeron (slope and intercept)
» inelasticity & Regge behavior < string creation a la Schwinger
» fireball in the center of the collision with thermal radiation

» relative rapidity x < electric field E;, = optanhy
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