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High Energy Near-Forward Scattering:

Regge Behavior
A ~ le_’_!} = 3“{0:' bt

-1 ° 1 2 3 L]

Total Cross Sections

Q

totl ™ S_lA(S,O) ~ Sjeffecti've(o)_l
jeffective(o) = Oz(O) > 1 2

[.Ya. Pomeranchuk

Experiments Suggest:

« Exchanging C=+1 color-
singlet “state” with
] e(f—f"-f)'ective >1

Exchanging C=-1 color-singlet
“state” with (22

je(t_}ective ~ 1

 Weak-coupling: BFKL, etc.

Non-Perturbative QCD?
Answer: AdS/CFT, or
Gauge/String Dua%Iity.




What is the (bare) Pomeron anyway?

Definition:

The Pomeron * the vacuum exchange

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

A(s,t) = g2 A1 (s,t,\) + gt Aa(s,t, \) + - - -

S

Where \=g?N, & g, =1/N,

Two gluon exchange
(Low-Nussinov Pomeron!)

Jat=2W-1)+1=1
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0000000000,

F.E. Low. Phys. Rev. D 12 (1975), p. 163.
S. Nussinov. Phys. Rev. Lett. 34 (1975), p. 1286.

Central exclusive Higgs: Motivation [[#s)

[A.de Roeck el al, EPJC 25(02)391)

m Higgs boson central exclusive production (CEP): pp—pHp

P ~____—>—»p leading proton m,, via “missing-mass” method:
4, H (rapidity gap)
Q H decay in central det. 2 _ ( +p-p'- ')2
§ my=\p+p=-p-p
q, (rapidity gap)
B - _D—»p leading proton Am, = 01 -2) GeV/c?

m Excellent physics motivations:

- Quantum numbers: central system mostly scalar & CP-even (J"¢ = 0+ rule)

- Reduced QCD (color-singlet bb) backgd. (J,~0 rule). H—> bbar accessible |

- Good mass resol. (even invisible-H): from protons independ. of H decay products

- CP violation in Higgs sector: directly measurable from protons ¢ asymmetry
- Discovery channel (bbar, 1't') in certain regions of MSSM

Martin, Khoze and Ryskin, “Diffractive Higgs production”

BFKL.: Balitsky & Lipatov; Fadin,Kuraev,Lipatov‘75

¢
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K
t=-(kj+ k> — [ Lk,

A=g2NCN0 I Ins 4

‘0 Sum diagrams 1storderin g2 N, & all orders (g2 N, logs)"

O BKFL equation for 2 “reggized” gluon ladderis L = 2
SL(2,C) spin chain to one loop order.

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




The QCD Pomeron

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 (BFKL)
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:
QCD at Strong Coupling

Pomeron Parameter Space

1IN,

Q»1/z
1/3 QCD
A= g°N,
0 | 222 | 0
BFKL BPST [
Low Nuissinov AdS Graviton

C=+1: Pomeron <=> Graviton:
oS =2—2/vVAX+0(1/N

(symmetric tensor : g,,)

C=-1: Odderon <=> Kalb-Ramond
a(()_) =1-—m2,,/2V A+ O0(1/))

(anti — symmetric tensor : b,,)

N =4 Strong vs Weak BFKL
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* New Questions: Unitarity,
Saturation, Confinement,
Froissart, etc.?




Froissart bound:

Ototal(p +p — X) < (m/m§)C(mp/mi) log®(s/s0)

Questions:

® Saturation? (equality) If so, can C be calculated?
® Events and/phase space responsible for C(my/mo) >0 ?

® Does AdS/CFT provide a generic mechanism for C(my/mg) >0 ?



Qutline

® Gauge/String Duality

® Pomeron/Odderon as “Fluctuations” in AdS space

® Graviton/Odderon in AdS becomes a fixed Regge Cut: (
)

® Pomeron/Odderon as a Reggeized Massive Graviton/Kalb-Ramond
fields: ( )

® Aspects of Analyticity, Unitarity and Confinement

¢ Conformal Invariance and Transverse Space,

¢ Phase of Eikonal, Saturation, Confinement.




Il: Gauge/String Duality

QCD Pomeron as “metric fluctuations” in AdS

o Strong <==> Weak duality

o Geometry of AdAS/CFT and Scale Invariance
o High Energy Scattering

o Confinement and Glueball Spectrum

o Pomeron as Reggeized Massive Graviton



lla: Degrees of Freedom

Weak Coupling:
Gluons and Quarks: A% (z), ¥%(z)
Gauge Invariant Operators: V(z)(z), ¥(z)D,v(z)

L(z) = -TrF?+ P+ -
Strong Coupling:

Metric tensor: Gl ) = Gyt (@) F Prnn ()
Anti-symmetric tensor (Kalb-Ramond fields): Uil
Dilaton, Axion, etc. o(x), a(x), etc
Other differential forms: Crmn--(T)



llb: N =4 SYM Scattering at Higch Energy

4  \ L s\ L
<6fd 7¢i(2)Os( )>CFT — Zst'ring [¢i($az)|z~0 —7 sz(x)]

Bulk Degrees of Freedom from A= ¢’N, —
type-lIB Supergravity on AdSs: o
Supergravity limit

e metric tensor: Gy

e Kalb-Ramond 2 Forms: Byn. Cun Strong coupling
e Dilaton and zero form: ¢ and C) Conformal
Pomeron as Graviton in AdS

10



Conformal Imwariance and Poreron
Iiteraction fronr AdS/CFT

779c/zni§7ae-‘ Samming 3enera//Zec/ Witten Diagrams

Freedpan et dal., hep—th/ 990396
Brower, Polchinski, Strassler, and Tan, hep-th/00031s

Draw all “Witten-Feynman”
Diagrams in AdSs,

High Energy Dominated by Spin-2
Exchanges:

One Graviton Exchange at High Enerqy

P1+ P2 — D3+ P4

dz [ dz = ~ -
TW (p1, pa, p3, ps) = g / / A}, 2)@A (3, 2) T W (pi, 2, 2" ) DA (3, ) DA (3, 2)
5
T (p;,2,2) = (222725)2 Gy _(q.2.7) = (22'5)°GRL4 (¢, 2, 7))
® Strong Coupling Pomeron has J = 2
® Need to consider A finite.
o

For QCD, needs confinement to introduce a scale.




IIc: Geometry of AdS/CFT and Scale Invariance

What is the curved space?

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

2

A i
] )
ds® = rodx,dx" +

2
G + dsx

Captures QCD’s approxzimate UV conformal invariance

r—CQr, r— é (recall r ~ p)

Confinement: IR (small ) is cut off in some way
o~ > Vi N A"“\QC'D

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

Cutoff AdS,

Large Sizes <«

<

pt defectsat r=1/z=1/p — %
< Instanton radius p T1,22,%3,%4

r = oo (UV)

00

Add Confining IR wall!

5-Dimensional
Anti-de Sitter
Spacetime

Black Hole

4-Dimensional
Flat Spacetime
(hologram)

z=11r,

“Fifth” co-ordinate is size z / Z' 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/A,,,)]

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




ll-d: Pomeron Propagator at Finite Coupling A;

due to Diffusion in AdS (next section)

® Pomeron becomes cut at
jo=2-—2/VA

® Conformal: No scale and No Reqge
trajectory




ll-e: Confinement Deformation: Glueball Spectrum

12

12 = i ]
L . 5-Dimensional
" —_— 10 e o ! 2 —g 1l 4 Anti-de Sitter
[ i+ i 5" Y | - Spacetime
1 " —
L —_ -
—t 8 | ) g N Black Hole
B F 2 —1 3 ‘
p e o[ | >
6 i ___io — (—l'
el 20" E °|2 =
2 E
4 | o —
4F ++
LU
9 1
2 -
4d QCD 4-Dimensional
AdS Glueball Spectrum 0 0 Flat Spacetime
0 ++ —+ = hologram
g g O - PC (hologram)

PC

Four-Dimensional Mass: 5-Dim Massless Mode:

0=E= - (p12 + p22 + P; 2 4 pr2)




Approx. Scale Invariance and the 5t dimension

(I)(I') Hadron Glueball Massive Onium Current

IR WALL

2
r .r MRQ/\/ 92NC qft

min

==> Hard Scattering (Polchinski-Strassler)




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

Flat-space String Confinement

Regge a(t)

J 4
" Closed String
2% ?
Graviton ~ g

Open String
N 1=
Photon/Gluon

Conformal Invariance

Fixed cut in |-plane:




lll: Pomeron as
Diffusion in AdS



Flat Space String Scattering -- Regge Behavior

ImA ~ Z gJi(t)

G(sibF) — (F|s#+=%82| )

o, €Xp [—]Z)?/a’ In s

~ 5 T < | Diffusion in Impact Space




Diffusion in AdS

12
AdS, C=+1 : (l",f — (l",Ap — (lr]; V,f + (l",A_]_p

'3 d; , 1
24a’t/2 __ J G ' G(j) =
S _/2777;8 G(7) with (4) i —2—o'Ap/2

Effective Schrodinger Equation:

(1 —2—-d'Ap/2)G(j;2,2',t) = 6(z — 2')

Fixed cut in |-plane:

At t=0 and z=¢ *

Weak couplii jo
(BFKL) °

o o aravaG - 9) = e

Jo=1
Strong coupling,

10 = 2 2 19
Jo N




Comparison of strong vs weak coupling kernel at t=0

Strong Coupling:

sJo
K(r,r',s) =

e—(Inr—In r")2/4DIn s
VAarDINn s

Diffusion in “warped co-ordinate”
2

Vg°N

+0(1/g°N) D= 4+ 0(1/¢°N)

2\/g°N

a(0)—1 ,
Weak Coupling: K(s, k| k)~ " — e~ [(INK, —Ink,)?/4DIn s]
s S
14((3)

jo =14 In(2)g°N/x> D= g°N/4n?.

20



N =4 Strong vs Weak BFKL

Jo

1.5}

0.5¢

weak 1st

- weak 2nd

21



Hardwall Regge Spectrum and Cut

A

J=2 |

L




Pomeron in QCD

Running UV, Confining IR (large V)

Spin

BFKL POLES_

e ——

e —

—

The hadronic spectrum is little changed, as expected.

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




Emergence of 5-dim AdS-Space

Let z=1/r, 0<z< z, wWhere zo~ 1/ Ng

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

Q) =»[ i
b, b,
5 kinematical Parameters:
2-d Longitudinal p= =p° + p? = exp[ £ log(s/A, )]

2-d Transverse space: X,- X, =b,
1-d Resolution: z=1/Q (orz’ =1/Q)




Summary: Pomeron in QCD

Glueball
J-2
f
TeXt MR2)\gN,  aR?
Running UV, Confining IR (large N) “Fifth” co-ordinate is size z / 2’ of proj/target
Spin
%12

. 7(Q) ——

BFKL POLES A [
b, b,

5 kinematical Parameters:
The hadronic spectrum is little changed, as expected. 2-d Longitudinal p* = p° £ p* = exp[ + log(s/4,,,)]
. 2-d Transverse space: X,- X, =b,
The BFKL cut turns into a set of poles, as expected. 1-d Resolution: z2=1/Q (orz = 1/Q)




The QCD Pomeron

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 (BFKL)
Pomeron are dealt in a unified single step.




Unification

* Soft Pomeron: Diffusion in Impact space,

Hard Pomeron: Diffusion in Virtuality,

 Heferofic Pomeron -- G. M. Levin and CIT
(ISMD--1993)

» After nearly15 years, Unification through
AdS/CFT Correspondence via AdSS

* Pomeron is the Graviton in Curved Space (AdS)

27




I\V: Odderon in AdS

Massless modes of a closed string theory:

metric tensor, T B R
Kolb-Ramond anti-sym. tensor, bmn = —bnm
dilaton, etc. 05 X s 3



12 :
0
10 . 2" m— 3
3 0 m—
8 |
2 —
B 1 e—
0 o
6 | i 0
4 | o —
2
0
++ - - _
PC

Confinement gives a discrete spectrum of Glueballs:
Lattice Data vs AdS IIA Gravity dual Gauge (a’=10)

12

10

-
0"
‘ 0* ' 1 '
*++
0
-t
0
++ 4
0
O‘T"?‘
4d QCD
AdS Glueball Spectrum

-

PC Odd



flat-space expectation

F=Ft+F~ or(ab) + op(ab)] ~ (2/s) Im FT
F=Ft_F- or(ab) — op(ab)] ~ (2/s) Im F~

FEb—)(‘Ld

Fab—wd

A e 2+a't/2 > 2+a’t/2
T (s.1) — fH(a't) [( a’s) + (as) ]

sin(2 4+ o't/2)

(_a{ls)l—i-a't/? o (a/8)1+a’t/2]

(e ) o £/
Ty '(s,t) = [« t)[ sinm(1+ o't/2)

ay(t) =2 —l—cs't/? fCl’._(t) =1+a't/2

\

Massless Modes at t=0 30




Massless Modes 1n Flat-Space String Theory

k) = )|/

N.S)r|k)

By =Y WIJik)y . |By=Y BY|LJ:k) . o)=Y u"|I.J;k L)
I1.J I1.J

I1.J

fluctuations of the metric Gysn

anti-symmetric Kalb-Ramond background By

dilaton. ¢

31



Diffusion in AdS

Flat Space: — V;

"'_(5—5')2/(20-’27)

— o o A o €
T = log(a’s) (b (o s)*xOFet/2 b ) — (a's)=® —(D—2)/2
_ . /s / (l,]—)z
AdS5, C=+1: a't — o Ap = > Vb +a'Alp

2+a'i/2 _ / dj 3
2mi j — 2 — (l‘f’AP/Q

AdS5s C='1

stz _ [ Y 5 o (j) = dj 59
271 V111 ]_J-_(l,AO/)

32



Gauge/String Duality: Conformal Limit

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

s =22/ VX+00/)N .

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

i =1 — mias/2VA 4+ O(1/A) .

Weak Coupling Strong Coupling

C=+1 [ 7 =1+m2)Nx2+003) [T =2-2/VA+00/)) ]
C=-1 [ g =1-024717 M7+ O\ | J5y =1 - 8/VA+O(1/))
ijtljn.?".;‘n =1+ 0(N) JOX_.i =14 O0(1/A)

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




V. Gauge/String Duality Beyond
Pomeron

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

o Eikonal summation in AdSs

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

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



E I ko n aI S u m : derived both via Cheng-Wu or by Shock-wave method

Ao_o(s,t) ~ —2is / d2p e—ttaL / dzdz’ Pi3(2) Poy(2') [eix(s’b*"”"’) - 1]

transverse AdS3 space !!
Pi3(z) = (2/R)*\/g(2)®1(2)®3(2) Pou(2) = (2'/R)/g(2))®o (2 )Ba (>

® Saturation:

x(s,zt —2'7,2,2) = O(1)

* Universality:




* Universality:

By choosing wave functions, ¥, can treat
DIS, Onium-Onium, Proton-Proton, etc., on equal footing.

d(r)  Hadron Glueball Massive Onium Current

IR WALL




Saturation: X(s,20 —2'7,2,2") = O(1)

s 1/x

 Phase space: ,
T | <> 1mpact space

z « 1/Q* & virtuality

» Conformal Invariance:
x(s,zt —z'", 2.2") — G(s,v) v= "

log(1/z)

Absorption & Saturation?

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




Unitarity:

®*Local Scattering in AdS; of “String Bits” or “Partons”
Ag_o(s,t) ~ / d2h e~ oL / dzdz’ Pis(2)Poy(2)A(s, bt 2,2")
g(s,bl,z,z’) — _94g [ ix(s b-L z,2") ]

Im A(s, bt 2,2") > (1/4s)|A(s, b*, 2,2))|*

* “Parton-Hadron Duality”: Equiv to Multi-Channel eikonal

for hadrons in 2-dim Impact Space

Angingengny (8:1) = —2is /dzbe ibq | [eii(s,b) _ 1]

A . N2 1o 11

Xngngingny (S* b) - / az d‘/' ’23'11( )P714712( )\(S‘b‘ 2 2 )

® For eikonal real, quasi-elastic scattering only, and no
scattering into “long-string” states, (i.e., no soft
multiperipheral jets.)




*With | ~ 2, eikonal predominantly real:

Rex . | Re[x] |
= tan(jo — 1)m/2
Imy ~ fnbo = U/ | Rely] |

IV IA
=
=
=,

*|helastic Production

*Generalized Cutting Rules

cos(jom)|x|* = [1 — 2sin®(jom/2) — 2sin®(jom/2) + 2sin®(jorr/2)] |x|*

jo=10: -1 = 1 — 2 — 2 4+ 2
jo=15: 0 = 1 — 1 — 1 + 1
jo = 2.0 I = 1 — 0 — 0 + 0

*Real World: jo~ 1.5 and A ~ O(l)




Analyticity:

* Amplitude is crossing even.

K(s,bt,2,2") = —(22//RY)Gs(jo,v)
(0 di (14+e~tmy
X §J°/ 3 ( ;;ne"j )37(-}_]0) sin [5(1’)\/‘2&(3'0—]')]

o0

* With A large, Amplitude has a Large Real Part. Purely
real at A — 00,

* Need to know both Re [K] and Im [K] for all s>0.

* Im [K] can be found more easily. Re [K] can be found
by Derivative Dispersion Relation.




* Im [K] can be evaluated analytically, exhibiting
Diffusion in AdS;, with diffusion time, T ~ log s .

—VAE2 /27
-~ 4 < : j0T € |
Im[K] = (2'2"/34)6?3(]0’ )/ \/X/QW)UZ{ e’? 3/2

* With A large, derivative dispersion relation simplifies,

Irle " Re[K]] = —(2/7)e~?"Im[K]

* Re [K] can again be expressed simply as

e—\/X§2 /2T

Re[K] — (VA/mImK]~ T —7pm— . if log% > (VA/2)¢

"ot

2,\- Py n . ~
- Iz ( ) G3(2,v) + O(elo7) | if logS < (VA/2)¢

RA




Scattering in Conformal Limit:

Use the condition:  x(s,z* —2'",2,2) = O(1)
Elastic Ring: baig ~ V22! (22's/N%)1/6
No Froissart Ttotal ™ s1/3
Inner Absorptive Disc: _
Inner Core: “black hole” production ?




Unitarity, Confinement and Froissart Bound

With Confinement:

discrete spectrum

=2

— e . .t

W — —

Kernel for hardwall at z =1

. k2 s? 2 . . ,
Kpw(xy,22") ~ — Z J2(m )~/-_>(m,,:)1\()(m,,|.1'L|)./2(m,,,:)

Khw/ I'(conf

Mass of the lightest tensor
Glueball provides scale

e~/ /mob

Elastic Ring:

1 o,
baig ~ — log(s/N?A?%) + ...
mo

Absorptive Disc:

Inner Core:




Saturation of Froissart Bound

® The Confinement
deformation gives an

exponential cutoff for
b > bmax ~c log (s/so), b

Disk picture

Coefficient ¢ ~ |/mo,

mo being the mass of bmax determined by confinement.
lichtest tensor glueball.

Theory Parameters: N, & g2 N,

® There is a shell of os) 1/
¢¢ . X VA § c.
conformal region” of o =
width o
Ab ~ log(s/so) S
. . AdS Gravity &y
Froissart is respected and § log(b)

conformal  109(1/Awea) gonfining

saturated.




QCD influence on UHE V detection
Importance of wee-x parton distributions

BLY WTWIWWWWWW
e | :
- E Berger, Block, Tan unitarized
- F é
A /"?’:
(? CTEQG ;.'7"
S £ ;
5 o ,,,/,-' ............
e T R )
®)
o /. EHLQ, unevolved
8 ' HER.A
wn //
S| 47
o ¥
- E/
©
T
r . . |
= 0% 102168 1054 0% 10° 10510167

45
E, [GeV]



VI. Summary and Outlook

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

o Realization of conformal invariance beyond
perturbative QCD

o New starting point for unitarization, saturation, etc.

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



Diffractive Higgs Production (Building Blocks)

Martin, Khoze and Ryskin,
BFKL pp scattering | “Diffractive Higgs production”

Impact factor

— =

Do _ _ - o Low-Nussinov “Two

Gluon Pomeron”




Double Regge (Pomeron) exchange

AN
Ps I (|1 P4
oF

P2

L New issues:
e Pomeron-Pomeron Glueball vertex: V(¢i,q5,q",2,2")
* Top quark loop: F?(x) source at z = 0;
* Bulk to boundary prop from Pomeron-Pomeron vertex to F2(x)
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Pomeron and Odderon

‘T'rPa [ezf doz), (0)Au(z) + e—if dox; (0)Au (a:)]

C = +1
(P (., y)Pu (2. )) P (2, y) = tr( A (2) A, (1)) = (1/2)0 A2 () AL (y)
C=—1

(Ouvp(, Y, 2) O (2,4 21)) Oy ) = tr({Au(2). A1)} Ayl(2)) = (1/2)dupe A2 () AL (1) AS(2)

AdS/CFT Dictionary

<€,f d4a:q52-(:r)(’)i(a:)> — Zst-ring M)i(xa z)|z~0 — ¢2(I)]

S = /d4$ det[G ., + e %2(B,, + F,.,)] + /d4:l?(CoF ANF4+CyANF 4 CY))




Remarks on AdS3 Propagator:

1
2VA(j —2)+H, _

Gs(j;xt — 2™, 2,2") ~ (2t 2| |2/, )

* Conformal Invariance, a function of a single AdSs invariant.

(xp — 2/ )%+ (2 — 2')?
222/

1 =

* LargeA = |~ 2.

* Ainfinite, s large and fixed = j=2, and Graviton exchange

°* Aand s infinite, logs=0(vA) = Pomeron exchange, in
order to resolve “fine structure”, with

51

SE

J=Jjo=2—



S rong Coap/ "”3 Poreron propaﬁaz‘or ——
Conformral Linrut

AHdS-3 ,pro,pagaior :

1 [y+m](2—tﬁ+(j))

Amrz2’ y2 —1

K:(]a Tl — x’La z,z') —

bl

(zF2) + (2L~ 2))’

+1=
Y 222’

* BFKL kernel:

bl — b2 iv4(14n)/2 51 - 52 iwv+(l-n)/2
®,. . (by — by, by — by) = S —
(b1 = bo, b2 = bo) [(bl — bo)(ba — bo)] (b1 — bo)(be — bo)]
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(4,2) and (0,2) have zero anomalous dimension
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/ A =0, BFKL

A = 0 Anomalous Dim=0

inversion symmetry: A =» 4 - A



J vs DGLAPP Curves
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