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® Scales in QCD--brief history of “QCD string”

® QCD “Closed String” as Metric Fluctuations in AdS space

® Graviton is a Regge cut in AdS
® Pomeron as a Reggeized Massive Graviton
® Pomeron Vertex Operator

® Transverse AdS_3 and High Energy Scattering

® Anti-Symmetric Forms -- Odderon
® Beyond Graviton exchange -- Eikonalization

® Deep Inelastic Scattering at Small-x

® Summary
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HE scattering after AdS/CFT

Asymptotic Freedom Confinement

perturbative non-perturbative
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Force at Long Distance--Constant
Tension/Linear Potential, Coupling
increasing, Quarks and Gluons
strongly bound <==> “Stringy
Behavior”

r<0.1 fm

Regge Behavior and Regge
Trajectory
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Genesis of String Theory

Genesis of String Theory

» Duality between direct-channel resonances and Regge behavior at
high energies

7%75 I \o(t
Z S — (]\gfr(—) il')? ~ (t)(~as)™"

r

» Expressed mathematically (Veneziano)

_ T =0y ()DL~ ay(s))
Antr—nta(8,1) = 98 (1 — ap(t) — ap(s))

» Interpret as quantum theory of open string.




Genesis of String Theory

continued Regge o)

» This is not the end of the story. "] Closed suing

» Unitarity requires closed string. sravien

» Virasoro amplitude: /pensmng

-
/‘é t=0 t>0
Aot — 5 D(L— a(s)/2)0(1 — a(t)/2T(1 — a(u)/2)
- P(1 = (aft) + a(u))/2)T(1 = (afs) + a(u))/2)T(1 = (a(t) + als))/2)
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Death and Resurrection of QCD string

(i) ZERO MASS STATE (gauge/graviton)

(ii) SUPER SYMMETRY

(iii) EXTRA DIMENSION  4+6 = 10

(1v) NO HARD PROCESSES! (totally wrong
dynamics)

Stringy Rutherford Experiment

At Wide Angle: s,-t,-u>> 1/o’

1
Aipsed(s,t) = exp[ — 50/(8 Ins+tint + uinu)]




To get back to QCD: Need to give mass to

Graviton
Regge af(t)
J
Closed String
24+ .9
Graviton

Open String
1-
Photon/Gluon
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Total Cross Sections
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4-Dim Massive Graviton

5-Dim Massless Mode:

0=E*- (p>+p,°> +p3; > +p)

If, due to Curvature in fifth-dim, p? = 0,

Four-Dimensional Mass:

E’= (p® +p)’ +ps°) + M?

«— AdS?? Graviton??
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Open-string Scattering
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In this talk, will focus on “closed strings” only. For “open-string” in AdS/CFT, e.g., mesons and baryons,
see talks by Koji Hashimoto and others.




What is the (bare) Pomeron anyway?

o Total Cross Sections
Definition:

1

Pomeron ‘ T r

The Pomeron * the vacuum exchange

2

contribution to scattering at high energies
at leading order in 1/N, expansion.

A ~ SJ(t) _ Sa(OH—a’t

et ~ (s, 0)f s ~ S/ w5201
2 4 200 =
A(s,t) = g A1(s,t,\) + g Aa (s, t,N) + - - o a(0) > 1
Wl/,ﬁ{——’/

Where \=g2N, & g, =1/N, 0 : S -+ (IR) Pomeron as Closed String??

10° 10
Vs (GeV)

BFKL: Balitsky & Lipatov; Fadin,Kuraev,Lipatov‘75
Two gluon exchange

(Low-Nussinov Pomeron!)

Jou=2 (1) +1=1

t=-(kj + k) —

A=g¢g?’N.~0

0900000000,
000000QQ0Q

O Sum diagrams 1storderin g? N, & all orders (g? N, logs)"

U BKFL equation for 2 “reggized” gluon ladderis L = 2

F.E. Low. Phys. Rev. D 12 (1975), p. 163. SL(2,C) spin chain to one |00p order .

S. Nussinov. Phys. Rev. Lett. 34 (1975), p. 1286.

O Accidentally “planar” diagrams (e.g. N, = 1) and conformal.




2-GLUONS in 4d = GRAVITON in 5d

)

CFT =AdS

HE scattering after AdS/CFT




Emergence of 5-dim AdS-Space

Let z=1/r, 0<z< z, where zo~ 1/Nqu

“Fifth” co-ordinate is size z / Z’ of proj/target

1 t:}*I
5 kinematical Parameters:
2-d Longitudinal p= = pY & p* = exp[ & log(s/A ;)]
2-d Transverse space: X, - X =b,
1-d Resolution: z=1/Q (orz'=1/Q))




Trajectories are different in QCD:

BFKL

yz t

Notes:

« Particle poles at > 0.

e t large and positive 1s
nonperturbative (glueballs).
e t large and negative 1s
perturbative (BFKL).

Flat space string

What can we learn from AdS/QCD?




Il: Gauge/String Duality

QCD Pomeron as “metric fluctuations” in AdS

@ Strong <==> Weak duality

@ Geometry of AAS/CFT and Scale Invariance
o High Energy Scattering

@ Confinement and Glueball Spectrum

@ Pomeron as Reggeized Massive Graviton




lla: Degrees of Freedom
Weak Coupling:

Gluons and Quarks:

Gauge Invariant Operators: V(z)w(z), P(z)D, p(x)

o TrFiV(J;), O(z) = TrF>(z)
Tl )P (), ete.
L(z)=-TrF?+ P+ ---

Strong Coupling:

Metric tensor: Gk ) = 95321(33) -

Anti-symmetric tensor (Kalb-Ramond fields):
Dilaton, Axion, efc.

Other differential forms:




N =4 SYM Scattering at High Energy in StrongCoupling

<6f d4x¢i(az>0i<x)> CFT = Zstring [0i (2, 2) |20 — Gi()]

Bulk Degrees of Freedom from
type-lIB Supergravity on AdSs:

e metric tensor: Gy
e Kalb-Ramond 2 Forms: Byn. Cun

e Dilaton and zero form: ¢ and Cj

A= ¢’N, — <

Supergravity limit

Strong coupling
Conformal

Pomeron as Graviton in AdS

21




Conforma Inwariance and Pormeron
TInteraction +rom AdS/CFT

Tec ﬁnw'fae-' Sdmm:lnj 331?8}‘&)/:'2&:3’ witten _-D:'djra/nS

Freedman et af ., Aep—th/ 9903196
Brower, Polahinski, Strassler, and Tan, hep—th/0003s

® Draw all “Witten-Feynman”
Diagrams in AdSs,

® High Energy Dominated by Spin-2
Exchanges:

P1+Dp2 — p3+ P4

One Graviton Exchange at High Energy

TW (p;,2,2") = (222"%5)° Gy __(q.2,7) = (ZZF.S)QGE):il(q, z,7)

Strong Coupling Pomeron has J =2

Need to consider A finite.

For QCD, needs confinement to introduce a scale.

A = gch — 0OC




Geometry of AdS/CFT and Scale Invariance

What is the curved space?

Maldacena: UV (large r) is (almost) an AdS5; x X space

2

dr

r2

ds* = r?dx, da" + + ds%

Captures QCD’s approximate UV conformal invariance
r
r—(r, r— — (recall r ~ p)
Confinement: IR (small r) is cut off in some way
Tl > T ™ 4'/\(.2("1—)

For Pomeron: string theory on cut-off AdS5 (X plays no role)

Cutoff AdS,

Large Sizes

pt defectsatr=1/z=1/p — x

& Instanton radius p T1,72,73,T4

Add Confining IR wall!

5-Dimensional
Anti-de Sitter
Spacetime

Black Hole

4-Dimensional
Flat Spacetime
(hologram)

z=11/r,

“Fifth” co-ordinate is size z / 2’ of proj/target

2-d Longitudinal

1-d Resolution:

2-d Transverse space: X - X =b

5 kinematical Parameters:
p*=p° + p?* = exp[ + log(s/4,,,)]

z=1/Q (orz' = 1/Q)




Confinement Deformation: Glueball Spectrum
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Four-Dimensional Mass: 5-Dim Massless Mode:

E?= (p?+p,? +py?) + M? 0=E*-(p)*+p,> +p; > +p°)




Confinement Deformation: Glueball Spectrum

12

M0 F i o

4d QCD
AdS Glueball Spectrum

- -+ +-

PC

12

10

Pomeron trajectory

Odderon trajectory

States from 11-d Gyn

Stalées from 11-d Ayny,

G / G G111 mo (Eq.) At / Auvp mo (Eq.)
Gij e’ ¢ Bi; C123

o+ 1 0t 4.7007 (Ty) 1= 05 7.3059 (Ny)
Gir Cr Bir Cijr

1 0+ 5.6555 (Va) 1 1 9.1129 (My)
Grr G State

ot 2.7034 () 0t 10.7239 ( Ly )

Table 1: ITA Classification for QCDy4. Subscripts to JF'¢ designate P, = —1 .




Approx. Scale Invariance and the 5" dimension

d(r)

IR WALL

Hadron Glueball

Massive Onium

Current

I'min

MR?/+\/g°N¢

==> Hard Scattering (Polchinski-Strassler)

qR?




lIb: Pomeron as
Diffusion in AdS




Conformal Pomeron in Target Space:

Ultra-local approximation in AdS:

Tio  (3.0) ~ [ ('t)(5) s OFH2 o goxOkety (0072




Flat Space String Scattering -- Regge Behavior

ImA~ ) gJilt)

J(t) = a(t) = ag+ a't PN vo

G(s;5,b) «—— (b|s2+Vel2 |5

exp [—|7|*/a/ In s]

iy < | Diffusion in Impact Space

.Y




Diffusion in AdS

AdS, C=+1:

util-:’fR2

-2
< Vb T VALp

o't = o' Ap =

Vi d ) . ‘
G2+a't/2 _ / _].SJG(]) with G(j) = j—2—a'Ap/2

271

1

Effective Schrodinger Equation:

(1 —2—-d'Ap/2)G(j;2,2',t) = 6(z — 2)

Fixed cut in J-plane:

Weak coupling:

(BFKL)

41In2
—l— Fl'_l O:'J?\"T

Jo=1

: , 2
Strong coupling:  J0 = 2 — \/_X

At t=0 and z=¢

{—&i + 442V — 2)} =e"0(u —u')

30




Comparison of strong vs weak coupling kernel at t=0

Strong Coupling:

sJo
K(r,r',s) =

6_(In r—Inr)2/4DIn s
V4rDIn s

Diffusion in “warped co-ordinate”

2

Jjo=2-— 721\7

+0(1/g°N) D= + O(1/4°N)

21/g2N

a(0)—1 ) 5
Weak Coupling: Kls ki B )a® —[(Ink| —Ink1)?/4DIn s]
ca ouplng (Sa 1> _L) me L
14¢(3
jo =14 In(2)g?N/x? p=240) 2y 42
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Pomeron Propagator at Finite Coupling A :

Due to Diffusion in AdS

® Pomeron becomes cut at

jo=2—2/VA\

e Conformal: No scale and No Regge trajectory




Jo

N =4 Strong vs Weak BFKL

weak 1st

21 Strong

....................

33




Hardwall Spectrum:

solving an effective Schrodinger equation

=2

/’4 - r




Pomeron in QCD

Running UV, Confining IR (large V)

Spin

BFKL POLES

The hadronic spectrum is little changed, as expected.

The BFKL cut turns into a set of poles, as expected.




QCD Pomeron <===> Graviton (metric) in AdS

Flat-space String Confinement

Regge a(t)

J
" Closed String
2% 5 PR ?

Graviton -~

) Open String
o1
g Photon/Gluon

Conformal Invariance

Fixed cut in J-plane:

Weak coupling:
(BFKL)

Strong coupling:




llc: String Theoretic Approach:

OPE ==> Pomeron Vertex Operator

HE scattering after AdS/CFT




Pomeron Vertex Operator Approach:

work by Brower, Polchinski, Strassler and Tan. First we'll briefly describe
flat space scattering.

» At tree level, string theory scattering amplitude is given by an integral
over vertex operators

Ay ~ /d2w2d2w3 e dPwy e < ViVa e Vi >
» We will be interested in 2-2 scattering, where this is given by

A = /d% < Vi (0)Va(w, @) V(1) Via(00) >

HE scattering after AdS/CFT




Introduction to High Energy Scattering in String Theory
Flat Space

Using OPE, and imposing

(L=1)V, =L -1V, =0

A, = /de < Vi (0)Va(w, @) Va(1)Va(00) >

» BPST showed that in the Regge limit of s — oo and s > t we can
calculate the scattering amplitude by introducting a "Pomeron vertex

operator’
Ay ~< VIRV >< VEV3V, >

HE scattering after AdS/CFT




Introduction to High Energy Scattering in String Theory
Flat Space continued

» Here
2

vE (_anzéX:t)1+°‘T/t€:|:ik:X
P o
» This simplifies calculations, and leads to an interpretation of

scattering being mediated by Pomeron exchange.

» This was derived in light cone coordinates, where in the Regge limit
we can separate the states into the ones with a large + component
and the ones with a large — component.

HE scattering after AdS/CFT




Introduction to High Energy Scattering in String Theory
Flat Space continued

» Here
2

/
— o't .
—OXFTOXF)T eTRX
«

Vi = (

» However, flat space string theory is not enough for a connection with

QCD.

» This is where the AdS/CFT correspondence comes in.

HE scattering after AdS/CFT




The AdS/CFT Correspondence

The metric for AdS space is

2
ds* = d (nuydx“dx + dz%) + dQs

We can introduce a new coupling A, where

R4
A= o2
The correspondence relates A\ to the Yang-Mills coupling constant via the

relation
2
A= gYMNC7

therefore we see that A is the 't Hooft coupling.




Introduction to High Energy Scattering in String Theory
AdS space

The basic idea is the same as in flat space. (L-1)Vp=(L-1)Vp

=0

» We begin by introducing the AdS space Pomeron vertex operator
Ve(j. ) = (0XFIXE)2eFH g, (2)

» We see that we now have a wave function that depends on the AdS
coordinate z. For the Pomeron this function is

- 1
G4+ (2) ~ 22T Ko (t]2 2)

» With this in mind, we can express the amplitude as

) g7
A4~/ /dyz/smh%w II(5)s

™ j—Jo+pv?

X < ‘/1‘/2‘/]3(]7 V7k7_) >< VP(ja V7k7+)‘/3‘/4 >

where p = % and jo = 2 — p. V; are the state dependent vertex
operators.

HE scattering after AdS/CFT




[“2-Gluons” = “Graviton” ]

In gauge theories with string-theoretical dual
descriptions, the Pomeron emerges
unambiguously.

Pomeron can be associated with a Reggeized
Massive Graviton.

Both the IR (soft) Pomeron and the UV
(BEKL) Pomeron are dealt in a unified single
step.

R. Brower, J. Polchinski, M. Strassler, and C-| Tan,
“The Pomeron and Gauge/String Duality”, (hep-th/0603115.)




Gauge/String Duality: « C=+1: Pomeron <=> Graviton:
QCD at Strong Coupling
ol =2 -2/VA+0(1/))

Pomeron Parameter Space (symmetric tensor : g,,)
1IN,
Q»1/z
. s « C=-1: Odderon <=> Kalb-Ramond
— ] S ap ) =1=m2s/2V X+ O(1/))
BFKL spsT | (anti — symmetric tensor : b,,)
Low Nuissinov AdS Graviton
N =4 Strong vs Weak BFKL e New Questions: New
. realization of conformal inv.,
: Confinement, Unitarity,

Saturation, Confinement,
Froissart, etc.?

\
| weak 2nd




I7d. Conformra Invariance ad YE
and (ravidon

X Keduction 2o AdS__3

K New Kealizadion of Conforsral Iovariance

dConformal lirit:  A(J) curve

B Confinerent:

HE scattering after AdS/CFT




Symmetry < Isometry

full O(4,2) conformal group as isometries of AdSs
15 generators: F,. M,,,. D, K,

collinear group SLp(2, R) x SLg(2, R) used in DGLAP

generators: D=x M, , P, K¢

SL(2.C) Mobius nvariance

generators: 1D 4+ My, PL 1Py, Ki FiKy

isometries of the Euclidean (transverse) AdS; subspace of AdSs

HE scattering after AdS/CFT




propagator = (J — M, _)~*

ke k3

Lorentz boost, exp[—yM, _]
ds* = R?[d2? + dwdw]/=*

ky ka
AdS3 is the hyperbolic space Hs. Indeed SL(2,C) is the subgroup generated by all elements of

the conformal group that commute with the boost operator, My _ and as such plays the same
role as the little group which commutes with the energy operator Fy.

1
Jy = wo, + 5282 s Jo==0y , Jy= w20, + w20, — 220

_ 1 _ _
Jo = @0p+520. , Jo=-0a . Jp= W2 0g + 020, — 220,

M, =2—H, /@VN+0(1/)) Hi-=—2"0.2710. - 2*V2 +3.

[Hy— +2VA(j —2)]G3(j,v) = 2%6(2 = /)0 (x . — )

HE scattering after AdS/CFT




Finite Sz‘rong Co/,zp//ng Pormeron Propagaior-—-—

Conformal Lirut

- 5/0//7 2 and KReduction to AIS__3

" Spin 2 —m————- > J 5}/ é/sing Cormplex

anﬁa/ar rroment e repreSenZ‘aZ‘/on

HE scattering after AdS/CFT




One Graviton in Momentinm
Ke epresentation at %3/7 fnergy

J =2

d: [d - - - -
TOnpe ) = [ % [T 007 98208 T V0. ba (13 )82 04 )

TO(p, 2, 2) = (222G - (g,2,7) = (22/9)° G4 (0,2, 7))

p1r+p2—p3+pa

HE scattering after AdS/CFT

Keduction to AdS-3 ot %3/7 Ener 9Y
For Near Forward Scatter ""3

X sonentur Cranster 2 IS Cransverse:

iwtq G(5) ( i:U}qL,z’z’)

62 ) = [
* AdS-3 Propagator:
K(s.at 2. 2) = (22'8)(22)GP (ot

2, 2)

(~0,2710, — 27107, + 32 3}G(3)(ZCJ_,CC1_,Z,Z’) = 6(z— )P (xL — )

#K ISomeZ‘ry of Ewclidean AdS-3 is SI(2C) ——-
the same Syr»melry group as BFKL kernel/ ( Spin-
él‘d\/lz‘on

chans): 2-(F/ttons =




AdS-3 Propagator in Conformal Lisnt Complex ]'Plane:
N —img
s no_ dj (1+e ) . g ~(5) /
o) = g TV (pi,z,2) = - — (5) G )(jaQazaZ )
y+ /P - DV -1 2mi Sin 77
I T
=2 = eyl = VR D) Integration Contour for Mellin Transform
. oy X X ; % J-Plane
GB (ZL,Z,Z): T m[[#’a] X, - j@ :2—2/\/} \:}t(t)\l
r+ r. Ii .........
(Z,0) @.0) . 5 3 2 (5) . ! 5 !
Kardal/~Seendrecr with vanishing B {Qﬁ(] —2) = 2°0:2770: ~ 2 t}GA(J')(]’ 0.%,7) =270z = &)
Direchlet bdry condition a z=0

Reduction to AdS-3:

5) ;. 3 .
G(A)(qui = 07 qL,Z,Z,) — (ZZI)GEA),l)(]v QL7zvz,)

K(j,at —a', 2, 2) = (22 /R)G3(j, v)

AdSs Green’s function which has a simple closed form,

' ) [1+v+\/v(2+v)](
Ga(% U) = In v(? T U)

2-A4()

HE scattering after AdS/CFT




Impact Representation:

TW (530 —yy) = (1/27)? f d*q 'Lyl (s, —g7)

dzdz' - ~ -
T (521 ~y1) = 6 f 5 2a(pl ) 2a W3, 2 )K (s 21~y 2,2 ) a (7B, )P (P, 2

j-plane Representation:

dj (14 e
}C(Sjﬂ_’;’J_—yJ_,ZTZF):(ZZI)/ 3 ( —|_€ )

2T SInTy

Reduction to AdS-3:

3),. ; — : =3, .
GE&S(J:IL —yl.z,2) = 22 /dgt]u_ez'zrl yqulgiﬂi{j,—qi,fj’}

D.E. for Propagator:

(5Y GG, 2L —yi,z2")

; - 309 —1¢ 2 o ¥(3 \
{2V — 2) — 2%0.2 ldz—zzdiLJrB}G&() 1)(1‘L,xbz 2 = 26(z—




St rong Co&(p/ "’7\9 Poreron Propaﬁaz‘or—-—-

Conte or/)?d/ /./‘M/‘Z‘

e Use T- —dependent DimensSion

A 4= AJ) =24 2VAJ = T2 =2+/5

2
* BFKL-cut: h=2-—




Sp/r) *D/‘Menﬁ ron Curve

(4,2) and (0,2) have zero anomalous dimension

A = 0 Anomalous
Dim=0

inversion symmetry: A =» 4 -A




tWith Confinernent

® discrete spectrum

-2
% t




Cutoff at large b:

Conformal:

- 5 F ~ .\f . ' .f ':3 _1_ T
’I\’(J"FJ_ - ;f'J__.,,__; )*"‘-f [(JJ_ —_[J_J ] \,-'”ﬁ[_} 70)

. 1
K(jo.xy —a',2,2") ~ — —
(@1 _-fJ_}'

Confining:

|dn|9Jv/?{m.nz}Jv,—(mnz;}

K‘[J r, o — ;;f’_.z. 3’) ~ o J I{D[:NJ.D|;1_=J_ _;3_-1|::|
dol?T ~(me2)J ~(mo2'
N [do[*T =(1m02)J ~(mo ){_? mofuy 2,
27
2 - ",
K:(,j{l--f'J_ - 11:1‘;‘;!} ~ |”TU‘ '}U“”U--)']U“”U-f }f.—mn|j.l_TL|

-}___I:_
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AdS Graviton Propagator in Confined Background

* Infinite number of Images charges

* Easier using spectral representation in
momentum

(zx)

(-2',0) (z',0)

Wall at
2=z,

HE scattering after AdS/CFT

Pormeron Propagaz‘or In morent
repreéenz‘/on

——e01th or woilhoed Confinernent

5-Dimensional
<— Anti-de Sitter
\_Spacetime

Specira/ Iy ep. in Conformal lirnt:

~— Black Hole

00 J =(k2)J =(k2'
G(j,lt,z,z')z/0 dk k \/;( )\/;( :

4-Dimensional
— Flat Spacetime
(hologram)

Specz‘/‘a/ Ke ep. eith Confinerient

j-2
. (I’n(z)@n(zf)
G(j,q,z,7) = -
D T t
Kot Browoer, Polchinski, Strassler, Tan,

hel-06031s




lll: Odderon in AdS

Massless modes of a closed string theory:

metric tensor, G =97, + Do
Kolb-Ramond anti-sym. tensor, b,,,, = —b.,,,
dilaton, etc. Dy X,




N =4 SYM Scattering at High Energy

AdSy boundary, 2 — 0,

(ef F2HEOMN o — Z (B, 2)| 20 — Pu(2)]

Bulk Degrees of Freedom from Supergravity:

e metric tensor: Gy
e Kalb-Ramond 2 Forms: Byn., Cun

e Dilaton and zero form: ¢ and Cj

Born-Infeld Action

S= [ d'zdet[Gy + e (B + Fu )|+ | d*2(CoF AF 4 Cy A F 4 Cy))

Operator Supergravity
Tr(FF)= E*.E* — B*. B*

T; = E}-E; + B} - B} —trace
Tr(FF)=E=.B*

Tr(Fo {F,., Fo\p}) ~ doFoF*Fc
Tr(Fo{ Fpe, Fan}) ~ d*®F°F*F<
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10

Confinement gives a discrete spectrum of Glueballs:
Lattice Data vs AdS IIA Gravity dual Gauge (o’ =0)

o
fy

0 I
T —

o

-n’l\)w
[

++ —+ +—

Pom

12

10

1
O—{- -
2::—4‘0 F 4 1 4
0o "
-+
0
St ot
+—+
0
4d QCD
AdS Glueball Spectrum
+4 -+ +- -
PC

Odd




flat-space expectation

) Im B
) Im £

F=Ft+F~ or(ab) + orp(ab)] ~ (2
F=Ft—F" lor(ab) — or(ab)] ~ (2

FEb—fad

/s
/s

Fop—ed

a H)Q—l—a t/2 i ((.1’.;8)24_&!”2]

(F) e +y . £ 4/ (=
Ty (s, t) — [T« f)[ sin (2 4+ o’t/2)

. (—a/s)i+e /2 _ (a's)ite "t/2
Tio '(s,t) = fO( )[ sinm(1+ a't/2) ]

ﬂ+(t):2+(.\.t’t/2 /m:_(t): 1+ a't/2
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Massless Modes at t=0




Massless Modes in Flat-Space String

1. k) = ”1 I”lj

'S)i

NS)rl|k)

hy =Y W\LJcky By =Y BYILJk) . o)=Y oM Tk L)
I,J

I.J I.J

fluctuations of the metric Gy

anti-symmetric Kalb-Ramond background Gy

dilaton, ¢
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Flat-Space String Theory

a(t)=24at/2.

T (s, t) — fH(t) [(—a’s)“*""":’2 n (als)2+dt/2]

sinw(2 4 a't/2)

|1, J: k) = a} ja} ;|NS)L|NS)g|k)

|h}=;h.”|1,.l;k} : |B)=;B”|I,J;k} , |¢)=Izjn”|1,.l;k.L}.

Tio (s.8) — f)('t) [

(-a’s)“"“"-’* _ (a’s) l+dt/2]

sinm(1 4 a't/2) a_(t)=1+at/2.
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Conformal Pomeron and Odderon in Target Space:

Ultra-local approximation:

| l
-Iz 0 ; /2 0 2
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Diffusion in AdS

Flat Space:

7 = log(a’s)

AdSS5, C=+1:

AdS5’ C='1

—(B-b)2/(2a'%r)

L/

—

(D] (a's)=@Fat/2 | gy (4 g)ax0) 2

7(D-2)/2

(lﬁ’RQ

r2

-~ .. “:j
2raip _ [ 4 5
2mi J— 2 — (li'Ap/fZ

Y’lZ) -+ O'.,AJ_P

glta't/2 i 5 G(_)(j) _ dj s7
27” 27” ] — 1 — (I'Ao/iz




Diffusion in AdS

Flat Space: — V;

e—(b=¥)2/(20'°7)

L 7o — o 't/ — o
- — 1{ }g(f.lﬂ ‘!J { b | (“__J"H) i(ﬂj—F ﬁg/z | bi } N (“__J'HJ :I:(D:l T(D-ij?
AdS5, C=+1: a't — o' Ap = Vb +a'Ajp

.},.2

2+a'f/2 _ / dj 5’
2mi j— 2 —a’Ap/2

AdS5, C=-1:

A aali) dj . . dj g7
Fl+a’t/2 _ — el }(J) _ — - - ‘
271 2mi j—1—a’'Ap /2

vz




B 7 —1-— ((tﬁ’/?R"Z)(Dg\jax.well — 77‘)..;24(15’_2.')

(Df\-"fa:rwell - (k + 4)2)31%) =0 : (Df\ifaa.‘well — ]i72)B§'2J) = ()

2 1 2 _
Mpgs1 = 16, migeo =70

39




(1/2\/X) 20,20, + 22t + m3. ()} GF (2,25 4,t) = 2 5(2 — 2)
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Gauge/String Duality: Conformal Limit

e C=+1: Pomeron <===> Graviton

=2 -2/VA4001/N .

e C=-1: Odderon <===> Kalb-Ramond Field

j.;[.'] =1- ;-r:!.ﬁ,is_.-"ﬂv'ﬁ+ C{L/A).

Weak Coupling sStrong Coupling

|| = +1 |] i =1 (Inz) M2 0 | Y =22/ 00N
“ 0= _1 Il iy = 1—0.24717 Afm + O | 4 1 — &/ + O(1/A)

jg;[;] — 14+ O(A%) doom = 14+ O{1/A)

+]
-1
(1)
-1
(2

Table 1: Pomeron and Odderon intercepts at weak and strong conpling.




J-Plane Structure

(1/24/A) {—20,20; + 22t 4 mi(j)} GHE(z, 2;5,t) = 28(2 - 2)

. 2 0 Kow (126K oo (|£]1/2e—"
(_-1'"*](2', E/Zj, t) = — / dl/ v Slﬂh IV QW(I | ' l Qw(' | )
Va2 J_ . J—Jo + D2
2 AlZ) ol _ 2L\ 4 ()2
GH (2,2, 7, 2t ) = 1 el U1 o — (- —z") + (2 - 2)
e 47z2 sinhé 222

e rn o v1/ . ()
AB(G) =24+ V2N (- 55 )
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Formal Treatment via OPE

Flat Space Pomeron Vertex Operator

V

= (20X*8X* o )1+ 14THX

u it

Flat Space Odderon Vertex Operator

)% = (262 OXFOX* [o) (20X EHX* [ o) 4eThX

Pomeron Vertex Operator in AdS

1}-“_) ./‘. iowl“l\ t}\-ﬂ Fik X, '—-lu[\‘q |z|l. —u'

Odderon Vertex Operator in AdS

- L LT e =1 =ak X -1Y% - P M2 —uy
Vol v, k,+) ~ (BX*TX* — 8XBX5)(OXFTXH)T T X 0 K (181 2e™)
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IV. Beyond Pomeron

@ Sum over all Pomeron graph (string perturbative,
1/N?)

@ Eikonal summation in AdSs

@ Constraints from Conformal Invariance, Unitarity,
Analyticity, Confinement, Universality, etc.

@ Froissart Bound?

@ “non-perturbative” (e.g., blackhole production)




Eikonal Expansion

Aq(s,t = —q1) ~ 28/d2b6_iqu(8, b) = 2sx(s,q1)
Born term
PR s I
L
IMI o
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E I kO n a I S u m : derived both via Cheng-Wu or by Shock-wave method

Ao _9(s,t) =~ —QiS/dzb e—ib-Lq_L /dzdz’Plg(z)P24(z') [ ix(s:bhz,2") _ 1]

transverse AdS3 space !!

P13 = (Z/R VvV g(2)Pq( z)(I>3 Py (z /R )V g(2")Pa(2
2 4
i L / go R i 1 /
s, r— —x'—,2,2 K(s,z— —x2'—,2,2
x( ) 2(22')%s ( )

e Universality:




e Universality:
By choosing wave functions, ¢, can treat

DIS, Higgs Production, Proton-Proton, etc., on equal
footing.

®d(r)  Hadron Glueball Massive Onium Current

IR WALL

o 5
mn MRQ/ /92Nc qR




Saturation: x(s, 2t — 2", 2,2) = O(1)

- Phase space: s 1/z
T | < 1mpact space

. 2« 1/0% < virtualit
« Conformal Invariance: /@ 4

EaY: _ )2
x(s,z+t —:v"l',z.z') — G(s,v) I G0 i Gl

log(1/z)

b k- Expected at low x and high Q2, as number of
| partons grows, and they overlap




Scattering in Conformal Limit:

. 1
Use the condition:  x(s,z+ —2',2,2") = O(1)

Elastic Ring: baist ~ V22! (22's/N2)V/6

No Froissart Ttotal ~ S

Inner Absorptive Disc:

)]o 1)1/\/ VA(jo—1)

55! g)(Jo—1)/2 o
bbl'l(‘l\ ~ \/MJ ( ) bbhd\ ~ - /\1/4 N

/\1-’ 41\'

Inner Core: “black hole” production ?




Unitarity, Confinement and Froissart Bound

With Confinement:

discrete spectrum

-2

Kernel for hardwall at z =1

. k2s? 2 i
Kpo(xy,22") ~ = - Z > Jo(mp2)Ko(my, |z 1 |)Jo(mnz")
Z . J5(my,)

K2s? 2
lima—oKpw(zi /N, 2/A 2" JA) ~ =2
0 J./ / 2o ; y + \/I/'z——l

Mass of the lightest tensor
Glueball provides scale

e~"0% [\ /mob

Elastic Ring:
1

baiff =~ —
mo

Absorptive Disc:

log(s/N2A%) + ...

Inner Core:




Saturation of Froissart Bound

® The Confinement

deformation gives an
exponential cutoff for b

> bmax ~c log (s/so),

® Coefficient c ~ |/mo, mo
being the mass of
lightest tensor glueball.

® There is a shell of
“conformal region” of

width
Ab ~ log(s/so)

Froissart is respected and
saturated.

Disk picture

bm

bmax determined by confinement.

Theory Parameters: N, & g2 N,

log(s) |
VA

AdS BFKL

8 Gmensiin

Sk

AdS Gravity

Black Hole™

log(b)
conformal  109(1/A) gonfining




V. Deep Inelastic Scattering (DIS)

@ Provide meaning for Pomeron non-perturbatively from
first principles.

@ Realization of conformal invariance beyond perturbative
QCD

@ New starting point for unitarization, saturation, etc.

@ Phenomenological consequences, Diffractive Higgs
production at LHC (in progress).




DIS

General Setup
Let us look in a little more detail at DIS.

e(k"
e(k)

) <P %yfq)

—

\p’=xP+q

The basic kinematical variables we need for describing this process are

» the center of mass energy
s=—(P+q)*>0
» the virtual photon mass squared:
~Q*=q¢* =q"q. = (k—K)* <0
» the scaling variable
Q2

O<zr~—<1
S




General Setup
The cross section

We can write the cross section for this process in the form

do? 2w’
d.fUdQQ — xQ4 (Y+F2 o )

Y_|_:1—|—(1—33)2,

In parton model, it is customary to introduce quark and gluon distribution
functions:

> Ih(r,Q7) =23, egla(z, Q%) + qlz, Q)]
> ~ F — zg(z, Q%)

» F5 is what we get from most experiments, since vanishes at LO in

pQCD.

» It is also customary to express F5 as, 0 = o + oy,

| B@,Q) = oz, Q)|




2

Small x : — — 0
S

Optical T'heorem

Tooral 5, @G0 = (LB 2Ys. 0w = 0507

HE scattering after AdS/CFT
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Questions on HERA DIS small-x data:

» Why Qeff = 1+ Eeff(QQ)?
» Confinement? (Perturbative vs. Non-perturbative?)

» Saturation? (evolution vs. non-linear evolution?)




7 b I SR

Review of High Energy Scattering in String Theory
DIS in AdS

Recall that, for two-to-two scattering involving on-shell hadrons, the
amplitude in an eikonal sum can be expressed as

A(s, ) = 2is / 2beiTh / dzdz' Pia(z) Poa(2){1 — X022,

where, for scalar glueball states,

P;j(2) = \/—9(2)(2/R)*¢i(2)$;(2)

involves a product of two external normalizable wave functions. To first
order in the eikonal,

Ay(s,t) /d2be_ibc“ /dzdzlpls(Z)PM(Z/) (2s5x) ;

where

IC is the BPST Pomeron kernel.




High Energy Scattering and DIS in String Theory

AdS space continued

» We are interested in calculating the structure function Fh(z, Q?),
which is simply the cross section for an off-shell photon. Using the

optical theorem we obtain
Otor ™ 2/d2b/dzdz’P13(z)P24(z’) Im x

» For DIS, P;3 should present a photon on the boundary that couples
to a spin 1 current in the bulk. This current then propagates through

the bulk, and scatters off the target.
» The wave function, in the conformal limit, is

Pia(2) = 2(Q2)'(K3(Q2) + K3(Q2)

» For the proton, one for now treats it as a glueball of mass
~ A =1 /Q, which in string theory appears as a Kaluza-Klein mode

of the massless dilaton, after the compactification of S°.




Moments and Anomalous Dimension

0

M, (Q?) :/da: " 2 Fy(x, Q%) — Q4—A(+)(n)

...............................

R

LYy s ‘ F— ) { . A£)
AB(G)y =24 V2 A (1 -0 )
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F,x,Q)

IS
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N

o

DIS after AAS/CFT
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Standard expectation
(from ltakura’s RIKEN lectures)

‘Phase diagram” as a summary
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VI. Summary and Outlook

@ Provide meaning for Pomeron non-perturbatively from
first principles.

@ Realization of conformal invariance beyond perturbative
QCD

@ New starting point for unitarization, saturation, etc.

@ Phenomenological consequences, DIS at small-x,
Diffractive Higgs production at LHC (in progress), etc.




The QCD Pomeron

Have shown that in gauge theories with
string-theoretical dual descriptions, the
Pomeron emerges unambiguously.

Pomeron can be identified as Reggeized
Massive Graviton.

Both the IR Pomeron and the UV Pomeron
are dealt in a unified single step.

Both conceptual and practical advantages.




Diffractive Production of Higgs at LHC

1/N,
A Pomern Parameter Space
73 acD
A= go NC

1/N, =20 >

N | T T

- BFKL BPST AdS Graviton
Low-Nuissinov
66

Q ~ 1/z
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