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Gauge/String Duality (AdS/CFT) =3 2-GLUONS ~ GRAVITON

€ Establishing “Pomeron” in QCD non-perturbatively,

€ Unification of Soft and Hard Physics in High Energy Collision

€ New phenomenology based on “Large Pomeron intercept”, e.g.,
DIS at small-x: (DGLAP vs Pomeron), DVCS, Central

Diffractive Hiegos Production. etc.
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BASIC BUILDING BLOCK
» Elastic Vertex: _'_’

» Pomeron/Graviton Propagator:
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HERA vs LHeC region: dots are H|-ZEUS small-x data points
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|. Gauge-String Duality: AdS/CFT

Weak Coupling:
Gluons and Quarks: A% (z), ¥} (z)
Gauge Invariant Operators: v(x)Y(x), ¥(z)D,y(x)

L(z) = —TrF* + ]y
Strong Coupling:

Metric tensor: Grn(T) = 97(7% () + B ()
Anti-symmetric tensor (Kalb-Ramond fields): Uil L)
Dilaton, Axion, etc. o(x), a(x), etc
Other differential forms: Crnn... ()



N =4 SYM Scattering at High Energy

<efd x¢i(x)oi(x>>CFT = Zstring |0i (T, 2)| 20 — Qi(T)]

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

Supergravity limit

e metric tensor: Gy
Strong coupling

e Kalb-Ramond 2 Forms: Byn. Cun

e Dilaton and zero form: ¢ and € Conformal

Pomeron as Graviton in AdS

21



Conformal Inwariance and Poreron
TInteraction from HAdS/CFT7

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

.‘ M ® High Energy Dominated by Spin-2 Exchanges:
Tedhm‘f.«:{e : SMMMEng 3enera/r'2ed’ Litten }:‘agr—m& pl —|— p2 — p 3 —|— p 4

Freedman et a/., hep-tHh/ 9903196
Brower, Polchinski, Strassler, and Tan, hep-th/ 000315

One Graviton Exchange at High Energy

dz ~ ~ ~
M (p1.p2. p3.pa) = gsf fsz* @A (P, 2)@a(P3, 2)T D (pi, 2, 7' )@ (93, 2')Pa (1], =)

T (pi,2,2) = (222282 G oy __(q,2,7) = (22'5)°GR)4(q.2, 7))
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WHAI IS THE BARE POMERON ¢
LEADING |/N TERM CYLINDER EXCHANGE

WEAK: TWO GLUON <=> S5TRONG: ADS GRAVITON

J g
%2 S
11
S—L d*zdz/ — (z)(—R' .- MY O 90 gb)
- 2k2 i " RZae seha -

FE. Low. Phys.Rev. D 12 (1975), p. 163.
S. Nussinov. Phys. Rev. Lett. 34 (1975), p.
| 286.

AdS Witten Diagram: Adyv.
Theor. Math. Physics 2 (1998)253



® Spin-2 leads to too fast a rise for cross sections
eNeed to consider )\ = ¢°N. finite

e Graviton (Pomeron) becomes |-Plane sinqularity at

TR e SENE R T8N
e Comfinement: Particles and Reqgqge trajectories

® Brower, Polchinski, Strassler; and Tan: “The Pomeron and Gauge/String Duality,” hep-th/0631 |5




N = 4 Strong vs Weak g,
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lI: Pomeron in the conformal Limit,
OPE, and Anomalous Dimensions

Gmn T ggrm 5 hmn
Massless modes of a closed string theory:

Need to keep higher string modes

As CFT, equivalence to OPE in strong coupling: using AdS



CFT correlate function — coordinate representation

(O(x1)(22)P(23)P(T4)) ~ v - v - A(u,v)
OPE: A(ua U) — Z a(A7 J)G(A,J) (ua U)

A J
5 9 > 9
L12L34 - Lo3L14
xi. s, I !
13224 13224

U =

Minkowski Limit: u — 0, v— 1+ 0(Vu)
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QCD: EMERGENCE OF >-DIM: ADS

"FIfth” co-ordinate Is size z / z' of proj/target

2 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’)




Full O(4,2) Conformal Group

15 generators: 12, M,,,, D, K,

S0O(4,2) = SO(1,1) x SO(3,1)

Longitudinal Boost: SO(1,1)

Maximal commuting subgroup: SO(3,1)

0 generators

1D -

n Y T S

:'iPQ,K]_:

— ZKQ




s L AT 1 2 e L0 4
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CFT correlate function — coordinate representation

(@(z1)d(w2)Pp(w3)P(T4)) ~ v o0 -+ A(u, )
OPE: A(ua U) — Z Q(Aa J)G(A,J) (uv U)

Amplitude — in mixed representation

SO(4,2) = SO(1,1) x SO(3,1)

100 AA 100 d] ey v
(s,b) / / (D)8 y(A,j)( )
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AdS/CFT ——=>  Symmetry < Isometry

Full O(4,2) Conformal Group as Isometries of AdS5 Space

de2 — —dzVdx™ +(dx | )*+dz”

2

SO(4,2) = SO(1,1) x SO(3,1)

S(3,1) ~ SL(2,C'): “Mobius group” -
as Isometries of the Euclidean (transverse) AdS3 Space
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AdS/CFT ———=—>  Symmetry < Isometry

Full O(4,2) Conformal Group as Isometries of AdS5 Space

) —dxTdx~ +(dx | )*+dz?
ds

— :/52

SO(4,2) = SO(1,1) x SO(3,1)

S(3,1) ~ SL(2,C): “Mobius group” -
as Isometries of the Euclidean (transverse) AdS3 Space

100 dA 100 d .
(s,b) /dz/dz / oy / Y (A, 7,2,2) 57 yA(L(b’Z,Z/))
g




100 dA 100 d .
sty = [ far [ 52 [ L A T YalLe)
%)

AdS/CET: | A(A, ], 2 2') = ®y(2)Bs(2)Bs ()B4 (2) x S % A(A, )

S1N 77

Dynamics: | A(&;3) ~ A—i(j,A)

A(S,b) — /dZdZ/ H(I)Z Z ﬁ(]) ’gj yA(j)(L(Z,Z/’b))

j:()727”°

Anomalous Dimension: Y9, A) = A, A) — g — 2

In the limit A — oo, only 7 = 2 survives.
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SR NNEY

String Theoretic Approach (BPST):

4 )

OPE ==> Pomeron Vertex Operator

- J

(Lo — 1)Vp = (Lo —1)Vp =0

® Brower, Polchinski, Strassler, and Tan: ““The Pomeron and Gauge/String Duality,” hep-th/0631 |5
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Sz“rong Coap//ng Porieron Propagaz‘or ——Conformal Lirut
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N =4 SYM Leading Twist A(J) vs J:

Anomalous Dimensions
J 3k

A =0 DGLAP
/ (DIS moments)

Tr(Fy, D)2 Fi]

) (092) Tuv bt =0




ANOMALOUS DIMENSIONS:




eNeed to consider )\ = ¢°N. finite

e Graviton (Pomeron) becomes |-Plane sinqularity at

TR e SENE R T8N
e Confinement: Particles and Regge trajectories

® Brower, Polchinski, Strassler; and Tan: “The Pomeron and Gauge/String Duality,” hep-th/0631 |5
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lll. Deep Inelastic Scattering (DIS) at small-x



Deep Inelastic Scattering (DIS)

HE scattering after AdS/CFT



HERA vs LHeC region: dots are H|-ZEUS small-x data points
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CLASTICVS DIS ADS BUILDING BLOCKS

A(s,z1 —2'|) = g /d3bd3b’<1>12( )G (s, 21 — 2y, 2,2 )P34(2) '

or(s) = 1ImA(S,O) R

S

for Fy(x, Q)

D13(2) = Py (2, Q) = [QZ) YK (Qz) + K (Q2)] .

d°b = dzd*x | \/—g(z) where g(z) = det[gnm]| = _HA(2)



~ DIS in String Theory

continued
Fy(x, Q%) from AdS/CFT
Q (QghH log? ()
\/log(Q%%%) plog(Qoor )

» This is the expression we will use later for comparing to data. Let's
make a few comments about this function.

» c Is a dimensionless normalization constant. | have grouped here all
the constants the multiply F5, including the coupling constant that
comes from 7, and only appears as product together with
normalization.

» At any Q° fixed, we see that at small = the term (%)(1_9) dominates.
This leads to a violation of the Froissart bound.




MOMENTS AND ANOMALOUS DIMENSION
M, (Q?) = [ dx z" 2 Fy(z,Q?) — Q™

Y2 =




MOMENTS AND ANOMALOUS DIMENSION
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IV: More on Pomeron and Odderon In
the conformal Limit

Massless modes of a closed string theory:

metric tensor, EHEET L
Kolb-Ramond anti-sym. tensor, brun = —bnm
dilaton, etc. BN



Gauge/String Duality: Conformal Limit

e C=+1: Pomeron <===> Graviton
i$ =2 _2/1VA+01/ ).

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

_}.(‘i—'! =] - o‘?li&;.x"z VA + O l-,\ ) .

Weak Coupling Strong Coupling
C = +1 jot =14 (In2) M/724+ 0N | 57 =2-2/VA+0(1/N)
C=-1 | igy ~1-024717 A7 +O0(N) | ooty =1 — 8/VA+O(1/A)
Jom = 1+0(N) Jom =14 0(1/A)

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

45




N =4 SYM Leading Twist A(J) vs J:

Anomalous Dimensions
J 3k

A =0 DGLAP
/ (DIS moments)

Tr(Fy, D)2 Fi]

) (092) Tuv bt =0




ANOMALOUS DIMENSION:
AG) =2+ VIVVENG —jo)  m =21+ VN (n—2)/2 —n Y2 =0

Energy-Momentum Conservation built-in automatically.

Connection to Spin Chain in N =4 YM:

~~

tr D° Z7 A(S)? =72 + ai (1, )8 + ag(1,\)S? + - -

Ve Y d

T=2, AS)=AS+2)—2

a1(2,\) =2V =14+ 0(1/V\)
a2(2,\) = 3/2 + O(1/V\)

~ B.B 1109.3154v2
S — (0 — BPS A(S)224+2\/XS asso, 1109.3154v

trF,uVDV I DV/FV’,LL’



POMERON AND ODDERON IN STRONG COUPLING:

~~

A(S)* =7°+ai(1,\)S + . B.Basso, 1109.3154v?2
2 (S -
POMERON op=2- .
7 A=A—2

Brower, Polchinski, Strassler, Tan

R - S e e e B S - = = R > e —— = i e e : : i e [ e e — e [ e = e > [




J vs Delta Curves

ABG) =24 V2 A48/ (G - 55)
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POMERON AND ODDERON IN STRONG COUPLING:

~~

A(S)? =12 4+ ai1(1,\)S + az(1,\)S* + - -- B.Basso, 1109.3154v2
2
POMERON op =2 11y
/

Brower, Polchinski, Strassler, Tan

ODDERON

Solution-a:




POMERON AND ODDERON IN STRONG COUPLING:

~~

A(S)? =12 4+ ai1(1,\)S + az(1,\)S* + - -- B.Basso, 1109.3154v2

POMERON g 211

B Pol {1 ki, Strassler, T \
rower, roiClninsxKi, rassier, lan
ODDERON  Kotikov. Lipatov. et al. @ = Costa, Goncalves, Penedones (1209.4355)

SN 8
20 =117

0

Solution-b: @0 =1 =975



POMERON AND ODDERON IN STRONG COUPLING:

~~

A(S)? =12 4+ ai1(1,\)S + az(1,\)S* + - -- B.Basso, 1109.3154v2
2 1 1
POMERON ap =2 o s

/
Brower, Polchinski, Strassler, Tan \
ODDERON ' kotikov, Lipatov, et al. Costa, Goncalves, Penedones (1209.4355)
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POMERON AND ODDERON IN STRONG COUPLING:

~~

A(S)? =12 4+ ai1(1,\)S + az(1,\)S* + - -- B.Basso, 1109.3154v2

POMERON wh—o_ 211

Brower, Polchinski, Strassler, Tan \
ODDERON Kotikov, Lipatov, et al. Costa, Goncalves, Penedones (1209.4355)
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V. Deep Inelastic Scattering (DIS) at small-x:

Confinement ?
Satuation ?



Confinement Deformation: Glueball Spectrum
(A = 00)

12

12 = L]
—0 10 | L e
M0 F 44 eyt : 2 2.'----~ .1? i 4+
- N i 3 we— —
T e il 3" e—
g - -.._....2'—1 — <3A
S, [ o -_;o = =
g L2 E: O [ m— <
{2FE
4 | o —
af
AR - {1
P
2 +
4d QCD
AdS Glueball Spectrum 0 0
0 e - +- —
T PC
P
[ ] [ ] (]
Four-Dimensional Mass: 5-Dim Massless Mode:

E2= (p,? + p,% + p;?) + M2 O=E=2-(p,* +py* + p3 2 + p;?)




Unified Hard (conformal) and Soft (confining) Pomeron

At finite .

/

confinement

due to Confinement in AdS. att > 0

/

aymptotical linear Regge trajectories

HE scattering after AdS/CFT




* Universality and Holographic:

By choosing wave functions, ®, can treat

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

D(1)

IR WALL

Hadron Glueball Massive Onium Current

1A

I'main p)
MR2/\/g2N, qR

rl1
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DIS in String Theory
The Hard-wall Model continued

We will take over the structure function formula we had before, and just
replace the Pomeron exchange kernel with the new version.

Fy(x, Q%) from hard-wall AdS/CFT

ng/% 1—p log?( <L 1 Q%/ 2
Fz_cg, Selle >Q (exp(———0 <§Q)1 )+ F exp( Og(Q%l )
\/log(Q%@%) plog(QO@E) ,0108“(@0@5)

we see that this part is the same as before, while this part is new. The
function F is given by

1. 2
F(r,Q.Q) "=1- 4\/ rlog(Qh 1 e erfeln)
where . 10g(&(@%%%)1_p)




° E I kO n a I S u m : derived both via Cheng-Wu or by Shock-wave metho

d

Ao_9(s,t) =~ —2is / d2b e~ 0L / dzdz’' P3(2)Poy(2')

- S -
er(Sab Ny ) ey 1

Pi3(z) = (2/R)*V/g(2)®1(2) ®3(2) Pau(2) = (2 /R)*V/g(2")2(2") Pa(2")

transverse AdS3 space !!

e Saturation:

e Universality: e.g., Choose ®; and ®3 for DIS.
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D I — - - - SR S S N S —

~——Q%=400 GeV?
— Q=250 GeV?
—Q%=150 GeV?
—Q%=90 GeV?
—Q%=60 GeV?
—Q%=35 GeV?
—Q%=22 GeV?
~——Q%=15 GeV?
——Q%=10 GeV?
—Q%=6.5 GeV?
—Q%=3.5 GeV?
—Q%=2 GeV?
—Q%=1.2 GeV?
—Q°%=0.65 GeV?
——Q%=0.4 GeV?
——Q%=0.25 GeV?
—Q%=0.15 GeV?
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Effective Pomeron Intercept from HERA data:

Fo

R

C(Q7) z™ !

Uibim ® HERA Data

Puzzles”
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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?)




Fi(2,Q?) ~ (Lfa)ecsre
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Scattering in Conformal Limit:

Use the condition: x(s,zt —2'7,2,2) = O(1)
Elastic Ri ng. baiff ~ Vzz! (2 3'3;’4\7 £ ) e
' 1/3
No Froissart Tiota] ~ S /

Inner Absorptive Disc:

O —

 — ( v ‘,*‘, Q ) (.JD —1 ) 2 b : ( s .3',8 )JO 1 \ JO )
bblack ~ V22 i black ~ XTI
’ 4 S L | 4

Inner Core: “black hole” production !




Saturation of Froissart Bound

Disk picture

® The Confinement deformation
gives an exponential cutoff for b
> bmax ~¢ log (s/so),

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

® Froissart is respected and bmax determined by confinement.

saturated.

Ab ~ log(s/so)




VI. Beyond Pomeron

@Sum over all Pomeron graph (string perturbative, 1/N?)
@Eikonal summation in AdSs

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

dFroissart Bound?

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



VIIl. Summary and Outlook

aProvide meaning for Pomeron non-perturbatively from first principles.
aRealization of conformal invariance beyond perturbative QCD
aNew starting point for unitarization, saturation, etc.

aPhenomenological consequences, DIS at small-x, Diffractive Higgs
production at LHC, etc.



(STRONG) RUNNING






