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Qutline

® QCD Pomeron as “metric fluctuations” in AdS space
® Graviton in AdS becomes a fixed Regge Cut: (

® Pomeron as a Reggeized Massive Graviton: ( )

® Aspects of Analyticity, Unitarity and Confinement
® Conformal Invariance and Transverse Space,

® Phase of Eikonal, Saturation, Confinement.

® Analyticity and Unitarity Constraints on Multi-gluon
amplitudes




Issues:
Eilkonal Sum in AdS3:

Ag_9(s,t) = —Q-isfdgb e~ibhaL

. e J_?TJH
X f dzdz' Pig(2) Pay(2') |eX®07#2) _q

Eikonal, y(s,b.2,2"), given by Pomeron Exchange in AdS.

Saturation:

v(s, rt — 3:"{3‘,3"} = O(1)

Questions:
Constraints due to Comformal Inv., Analyticity, Unitarity,

Confinement, etc.




7%, Sca/ e Dependende of @ @
and s Z‘ory of Yadron

Scat Z‘er/ng at %3/7 fnerﬁfeé




Asymptotic Freedom

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




Test of Perturbative QCD-- Deep Inelastic

Scattering (DIS)
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Regge Behavior and Regge
Trajectory
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Pomeron [ Tr

./4 ~ SJ(t) — 804(0)—|-O/t

Orotal ~ A(5,0)/s ~ §J0)-1 , g(0)-1

a(0) > 1

(IR) Pomeron as Closed String??




BFKL vs Soft Pomeron

« Perturbative QCD
« Short-Distance

« appg (0)~14

* Increasing Virtuality

« No Shrinkage of elastic
peak

 Fixed-cutint
 Diffusion in Virtuality

Non-Perturbative

Long-distance:
Confinement

op(0) ~ 1.08

Fixed trans. Momenta
Shrinkage of Elastic
Peak: <|t|> ~1/log s
o’(0) ~ 0.3 Gev-
Diffusion in impact
space

UV Pomeron (BFKL): Scale Invariance

IR Pomeron (Soft Pomeron): Confinement




The QCD Pomeron

We show that 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,

o Heterotic 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)
12




Emergence of 5-dim AdS-Space

Let z=1/r, 0<z< zo, where 20~ 1/ \qgcd

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

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))




II: Gawge/String Duality
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Duality

Degreeé of Freedorr: metlric lensor,

Kol/b—-Kamond ants —~SYm. Censor, etc.




Scale Invariance and AdS

What i1s the curved space?

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

5 ; dr? 5
ds® = r~dx, da" +~ — + ds5
I ,),,2 X

Captures QC'D’s approximate UV conformal imvariance

| r
r— (xr, r— — (recall r ~ p)

S

Confinement: IR (small r) is cut off in some way

roe~ b > Toin ~ NocD

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




Cutoff AdS,

Large Sizes

pt defectsat r=1/2=1/p — *
< Instanton radius p (\ x1,T2, T3, T4

O

r = oo (UV)

String/Glueball




Scale Invariance and AdS

What is the curved space?

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

2

4 (/s;z\

r2

dr

ds* = r’dx,dx" +
Captures QCD’s approximate UV conformal invariance
r
r—Cr, r— — (recall r ~ )
Confinement: IR (small r) is cut off in some way
e = T A"XQ('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,%0,T3,%4

r =oo (UV)

00

Add Confining IR wall!

5-Dimensional
Anti-de Sitter
Spacetime

Black Hole

4-Dimensional
Flat Spacetime
(hologram)

z=1/r,

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

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)




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

Flat-space String Confinement

Regge a(t)

" Closed String
2+ iy ?
Graviton .~

) Open String
-
’ Photon/Gluon

Conformal Invariance

Fixed cut in J-plane:

Weak coupling:
(BFKL)

Strong coupling:




Pomeron in QCD

Glueball

4:1

P e ey S

MR?)\@?N, R’

Running UV, Confining IR (large ) “Fifth” co-ordinate is size z / z’ of proj/target

Spin

BFKL POLES |

5 kinematical Parameters:
p* = p0 = pe ~ exp] + log(s/A,,,)]

The hadronic spectrum is little changed, as expected. 2-d Longitudinal
2-d Transverse space: X - %X =b,
1-d Resolution: z=1/Q (orz’ =1/Q)

The BFKL cut turns into a set of poles, as expected.
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4-Dim Massive Graviton

5-Dim Massless Mode:

0=E?-(p;* +p,* +p3 * +p;°)

If, due to Curvature in fiftth-dim, p > = O,

Four-Dimensional Mass:

E2= (p,2+ p,% + p;%) + M?




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

5-Dimensional

B Anti-de Sitter
J Regge ap(t) ~ Spacetime
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Approx. Scale Invariance and the 5t dimension

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

IR WALL

2 r
r .r MRQ/\/ 92NC qft

==> Hard Scattering (Polchinski-Strassler)




1 7c: Pomeron as

Diffusion in AdS




Flat Space String Scattering -- Regge Behavior

Im.A ~ Z gJi(t)

J(t) = a(t) = ag + o't
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Diffusion in Impact Space




Regge in AdSs

Tm.A NSJ{t} _ SE—l—&’?gfﬁ

(flat space)

G(s;b,b) «—— (b|s>Vel2 |5

Im.A — s
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(curved space)
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D/‘f fusion in w=/ 03 ol (& Ffective >Z/a/)7// Coman o = 0>

where 7 o< In s is again a diffusion time, and for ¢ = 0O,

. 1
Hoc =V = —=—5Vs41 = Vi+0=—-0] +4

where

A Schrodinger operator with potential Vi (wu; ) = 4

t = Inr

VA

. P 2* . )
A ~ SQQ—HT ~ Sj()e—DT[—c)u_ : jo = 2~ D= /

s

Fixed cut in J-plane:

Jo 2
Weak coupling: 1
BFKL ,
(BFKL) =14 41n 2a-N Pomeron| Ty
m
2 P —
Strong coupling: ;. _ 9 _ 2
VA




Comparison of Diffusion in AdS and BFKL

BFKL:
dk L / dki o~ [(n[k k1) /4D In o]
4)) k gJo P /{,
/ (k) VAarD1n s 2(K)
41n 2 7¢(3
J()—1—|— H (1\7 D_ C( )(1\?

7T

7 /"

Pomeron in AdS:

_ [(111[-r’/.r])'2/4’D In S]

dr e
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Jo

N =4 Strong vs Weak BFKL

weak 1st

210 Strong

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




Main Lesson from AdS/CFT dual description of Diffraction

Here A = R*/a/? = g3,,N = 4maN in N = 4 supersym-
metric Yang-Mills theory — the numerical coefficient can
differ in other theories but the proportionality always holds
— so large X is large 't Hooft coupling.

The identification of r and k| has its source in the UV/IR
correspondence and has been suggested in numerous con-
texts, but here appears as a nontrivial and precise match.
T he effective diffusion time, In s, holds for both the BFKL
and the Regge diffusions, at both large and small \.

General form depends on Conformal Symmetry.




The QCD Pomeron and AdS/CFT

eHave 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.




I7T7T. Conformal Inariance at
Y/f and GGravitonr

K Keduction o AdS_ 3

X Conformal Irvariance

B® Conformal lirut:

B Confinerrent:




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

collinear group SL;(2. R) x SLr(2, R) used in DGLAP

generators: D+ M, ., Py, K¢

Mobius invariance SL(2,C)

cenerators: 1D+ My, Py £iFPs . K1 F ik

isometries of the Euclidean (transverse) AdS3 subspace of AdSs




Fs k3

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

Lorentz boost, exp|—yM, _|
. (@) —
vaxKAﬂo bj "
9 21 3.2 1.9 B
dS — R I:d-'z —I_ du}di-{}] /-‘Z s 2-d Longitudinal ﬁkmlematlcgyli E?fgfffexp[iIog(s/chd)]
. by T R P e iz = 1)
1

AdSj3 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, M4_ and as such plays the same

role as the little group which commutes with the energy operator F.

1
Jo = wdy, + 52'83 , Jo==0y , Jy= w20y, + wzd, — 2205

_ 1 _ _
Jo = wip+520: . To=-0p , Jy= W20 + 020, — 220y,
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Emergence of 5-dim AdS-Space

Let z=1/r, 0<z< zo, where 20~ 1/ \qgcd

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

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))




Remarks on AdS3 Propagator:

1
2V —2) + H, _

Gs(Jsot — a2, 2,2) ~ (27, 2| |2/, )

e Conformal Invariance, a function of a single AdS3 invariant.

(x| — 2/ )2+ (2 — 2')?
v = J‘
D2zl

e large A = |~ 2.

e A\ infinite, s large and fixed = j=2, and Graviton exchange

e Aand s infinite, logs=0(vA) = Pomeron exchange, in

order to resolve “fine structure”, with

o 2
}EJDZQ—E 37




Sz‘rong Co&(p//ng Porieron Propagaz‘or—-—-
Conformrial Lirnt

* AdS-3 propagator:

, {y—l-\/ﬁ}@_AJr(j))

KGjx, —2,2,2) = :
(] 1 1 ) A7tz y2_1

* BFKL Kernel:

b1 — by v+ (14n) /2 by — by ivt+(1—n)/2
P b1 = bo:b2 = bo) = 75— 55, )] & =) b0




One Caraviton 1n Morerntdein

( epreSenfaf ron o Y//g/’l fnergy

J=2, A=4

dz [ dz' = - - ~
T (p1. pa. p3. pa) 293/;/33 DA (pl. 2)@a (P5. 2)T W (ps. 2. 2" ) @A (93. 7' ) 2 (b1, 2)

P1+ P2 — P3 + P4

TO (py, 2, 2) = (25




Pomeron Propagator--Conformal Limit

Sp/n 2 ——————= > J Ay 74 5:‘/75 Com/?/ex

anga/ ar morenl i repres enladion

( edwction o 4 dS —3

Use T —-a/e/vena/enf Dipension

A: 4= AJ) =2+ 2VAJ = J)]2=2+5
BFKL—c et




sz‘n —D/‘Men\s ron Curve

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

-1 - 1 ,’2\\ 3 4 5
: SN A

A =0, BFKL

A = 0 Anomalous
Dim=0

inversion symmetry: A =>4 - A




All coupling form: A(j) in DGLAP
vs BFKL

(4.2) and (0.2) have zero anomalous dimension

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

A =0 Anomalous Dim=0 A =0, BFKL

inversion symmetry: A =» 4 - A




Complex j-Plane:

di (1 4+ e '™ PR
7(1)(;%&2'):/ 3 Ut )(5)‘} G (j.q,2.2")

21 SINTY

Integration Contour for Mellin Transform

J-Plane

) o 5. -3, 2,4 ~5) . :
2V —2) — 2°0.2720. — zzt}Gigj)(j?q? 2,2)=2"8(z — 2)

A

Reduction to AdS-3:




72" Eeyona/ Poretron:

D Eikonal Swurnicdion:
% Sﬁ{’ﬂ?ﬂ‘?;lﬁ = £ E&E}ex‘zea’ tWitten Ef{‘.’-ﬁﬂﬁdﬂ‘?ﬁ :

@ Black Disk Picture

@ Froissard Bocind

D Oﬁ/}/ £ollows Flron confinernient




IV. Beyond Pomeron: Saturation, etc.

 Sum over Pomeron Exchanges (string perturbative)

e Eikonal Sum in AdSs3: (derived both via Cheng-Wu and by Shock-wave method)

Ao_9(s,t) = —Qa'sfdgb e—ibraL /dzdz’Pla(z}Pgd(z’) [Eiﬂs*bl*z*ﬂ — 1}

Pi3(2) = (2/R)*\/g(2)®1(2)®3(2) Po(z) = (2//R)*\/g(2")®2(2) By (¥




Unitarity: O & &2

L ocal Scattering in AdS3 of “Strlng Blts” or “Partons”

Ao _9(8,t) = /dgb E—i‘bJ-qJ_ /dzdz!Plg(z}Pg;L[zI)E{S,E)J‘,z,z!]

A(s,bt, 2,2") = —2is [ ix(s:b2,7') 1}

—

Im A(s,bt, z,2") > (1/4s)|A(s, b*, 2, 2) 2.
*With | ~ 2, eikonal predominantly real:

|Re[x]| < |Im[x]|, 1<Jog<1.5
| Relx] |

v
=

=
=
A\
S
A\
o




e “Parton-Hadron Duality”: Local parton scattering in AdS3
is equiv to Multi-Channel eikonal for hadrons in 2-dim
Impact Space

Anmﬂa‘—nzaﬁl(i T-) — —Q'iS/dng_ibm' [Eii(s’b) — 1}

n4,M3:M2,701

X114ﬁ3;?‘12ﬂl(‘51 b} :f dz d'*z Pﬁgﬂl(z]ﬂuﬁg( ) ’(S'.- b*! oy zj)

* For real eikonal, quasi-elastic scattering only, and no
scattering into “long-string” states.

Im Aﬁ.iﬂa ﬂzﬂl {1,/‘-1"? Z AT ?14113;?1??114(3'-' bJ_jﬂmmzﬂl

T,




e|nelastic Production

*Generalized Cutting Rules

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

jo=10: -1 = 1 — 2 — 2 4+ 2
jo=15: 0 = 1 — 1 — 1 + 1
jo=20: 1 = 1 — 0 — 0 + 0

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




Analyticity:

e Amplitude is crossing even.

K(s,bt, 2, 2y = — (zz'f/RdflGa (jo,v)

I di (14 eIy
x g0 g ( R ) sli=do) gip
e T Sin j

£y 2V Ao — 1) }

coshé =v+1 EE:1+1,+\/W
* With A large, the Amplitude has a Large Real Part.
Purely real at A — 0.

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

e |m [K] can be found more easily. Re [K] can be found
by Derivative Dispersion Relation.




e Im [K] can be evaluated analytically, exhibiting
Diffusion in AdS3, with diffusion time, T ~ log s .

Im[X]

(22 | RY)Gs (o, v) (VA /2m) Y/ 2 o7

—VAE2 2T

73/2

e With A large, derivative dispersion relation simplifies,

d-[e 7 RelK]] = —(2/7)e 2 Im[K]

 Re [K] can again be expressed simply as

Re[K]

—

(VA/m)Im[K] ~ &7

2.

m

(

= z.f

Rcl

e—VAE? /27
373 if
) G3(2,v) + O(eT) | if

3> (VA/2)¢
log§ < (VA/2) &




Absorption & Saturation?

Expected at low x and high QZ2, as number of
partons grows, and they overlap P

In 1/x

High Energy




|.Ya. Pomeranchuk

T T T 1
Pomeranchuk Part of Vacuum Exchange




Theory Parameters: N, & g% N,

log(s)
v8)

I

=

AdS BFKL

Tota

AdS Gravity

X
2

conformal  '09(1/Aga) gomfining




Unitarity, Confinement and Froissart Bound

. . ; 1 . .
Use the condition: x(s,zt — 27, 2,2y = 0O(1)

Scattering in Conformal Limit:

No Froissart
Elastic Ring: baigr ~ V22 (225 /N2)1/6

Inner Absorptive Disc:

— (22'5)l0—1)/2 —
bblack ~ V22— brlack ~ V 22/

(22'g)io—1 1/V 2V (G
)l.l-";"'l'i\'r )

Inner Core: “black hole” production !




tWith Confinernrent

® discrete spectrum

j—2
% t




Kernel for hardwall at z =1

k2 s* 2
Kpw(zy,22") ~ z5z’ Z Jo(mn2) Ko(my |z 1 |)J2(mp2")

Jg(Tnn)

K, /K

conf




del
Wall mo
for Hard

Born Term

S
i

T
e, 7

2777

)
- K, (2,2,X,
Kconf(z’z’x?)

Z,X5)

YK .oni(Z,

KhW(Z’Z’X?

conf(

=1
—[2?J2(2)] = 0 at 2
B.C.




Confinement and Froissart Bound

Mass of the lightest Glueball provides scale

—mmpb

e [/ mob

D Lo
Elastic Ring: baie =~ = log(s/N*A%) + ..

Absorptive Disc:

Inner Core:




Saturation of Froissart Bound

« The hardwall gives a cut-off so that
exponential fall off for b > log(s/s,)

« But there is shell of width ¢ b of
O(log(s/s;)) that is nearly conformal.

* Therefore Froissart is respected and
saturated.




QCD influence on UHE V detection
Importance of wee-x parton distributions
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V. Summary and Ot/ ook

D Provide Medn/‘nﬁ £or Poreron Pole non-—

perf aréaf /\/e/y £fronr £irst pr/nc//v/eé 3

B Kealizalion of conformal inwariance Aeyona/
perturbalive §CD

@ New start 1ng pornt for wmtarizatlion,
Saturalion, etc.

B Phernorieno/. ogfca/ COnSefaenCeS S




ﬁzrz‘/mr ){57 eStrictions:

@ Nonlinear effects: e.qg., fan diagrams,

@ Loops: e.g., AdS-3 Pomeron-Field Theory,

@ eftc.




