STRING/GAUGE DUALITY (ADS/CFT)
AND

HIGH ENERGY SCATTERING IN QCD

S ot D L ot e U U e e e e R e s D e R s DR e e Bt L e s e @ A A @‘ e i e m & ey e X ey, 9y B = Y - 7 I G ot Lot o e R e R O R L R D e o Dt Rt i R e e e R L s s L e e D
T A R A M A A AT QDA s A A S M A A A DA N A A S M A R A DA s A A I M A R FREG T (Rl GRNR WEGNECNEGT ANES B Y RN Ee o W o EEENGINUENIEZENGOEN s e s e e e e e e e B b b Se bl e e B bt e B g e Se b e s b b e e b S e R e R b s

{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{

Chung-I Tan, Brown University

WE-Heraeus Physcics School
Physikzentrum, Bad Honnef, Germany
Sept. 24-30, 2017

I/
\~

’l

?

i

/BB
\BlE



Qutline

® Duality in Physics
® Gauge Theories and Scale Invaraince

® ADS/CFT (String-Gauge Duality)

® unification of hard and soft physics - “Pomeron/Graviton”
® Glueballs under AdS/CFT — masses and decays
® DIS - BFKL vs DGLAPP

® |nclusive and Exclusive Central Production



Outline

® Holographics Duality - Historical Perspectives
® Duality in Physics, Holographic Duality, etc.
® Gauge Theories, Massless Limit and Scale Invaraince
® Holographic Duality, ADS/CFT (String-Gauge Duality)
® Size and Shape of hadrons: QCD, High Energy Scattering
® unification of hard and soft physics - “Pomeron/Graviton™
® Glueballs under AdS/CFT — masses and decays
® DIS — BPST Pomeron vs BFKL and DGLAPP

® |nclusive and Exclusive Central Production

® QCD and Modern CFT/String Studies:



Duality:

“Particle-Wave Duality: [lustration: Compton Scattering
ot
— — oS,
/y _I_ € % ’y _I_ € :Dnhc OI Soennt %G@x&i Z’/}\H’Zp,
Aot
E,p = \\Ees Pe
Scattereg\x
electron
Particle: EZ = (pc)® + (moc?)? photon: massless & mg =0, FE =pc
1 1 1
BB m.o (1 — cosB)
1 1 h
Wave Length: A Al oic mec(l — cos 0)

Wave-Particle Duality: E = %, .
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Duality:

“Particle-Wave Duality: [lustration: Compton Scattering
T o : e\ GQK\OiO’
ytem = yte e S
Aot
Ep = \§es Pe
Sc:atterecj\A
electron
Particle: E? = (pc)? + (moc?)? photon: massless & mg =0, FE =pc
11 1
A 02(1 — cos )
1 1 K
Wave Length: A Al oic mec(l — cos 0)
Wave-Particle Duality: E = %, e % Klnema’[lcal




Duality:

;‘High-Low Temperature Duality:”

“Ising Model:” 7 (B) = Z o—Boioit

Z(B) <  Z(1/p)

Understanding of symmetry, etc.,

leading to changed description of ground state, Dyn am ICaI

new effective degrees of freedom.




Duality:

‘“Holographic Duality: | Illustration: Potential Scattering:

he do
7)o W = BV —
{ 2mv i V(T)} = df)

Given V() — Scattering S-Matrix: S = I + T

Given Scattering Matrix: T — Reconstruct V () — Inverse Scattering problem

Physics at D dimension < Equivalent Physics at (D — 1) dimension




Duality:

““Holographic Duality:

5-Dimensional
Anti-de Sitter
Spacetime

AdS/CFT Correspondence for Gauge Theories

Understanding of symmetry, etc., .
leading to changed description of ground state, ;‘.'3"3:22;%’,‘:;
new effective degrees of freedom. (hologram)

Physics at D dimension <«  Equivalent Physics at (D+1) dimension




® Symmetry: Lorentz Invariance.

® Unification: Quantum Physic.

.U 1cd VIaxwe , YYCC HCTC D11, all(, JAdULZC 1COTL1ICS.

® Quantum Gravity ?? (Geometrical)




Symmetry, Unification and Universality:

® Symmetry: Lorentz Invariance.

® Unification: Quantum Physic.

® Unified Maxwell, Weak Interaction, and, QCD — Gauge Theories.

® Quantum Gravity ?? (Geometrical)

Principle of equivalence = (General coordinate invariance.

Local isometry of metric: dx? = —dt? + dz*

Gravity = geometrical.




® Symmetry: Conformal Invariance:

® Unification: Geometrization




HIGH ENERGY SCATTERING AND SCALE INVARIANCE

Lagrangian for QED and QCD is scale invariant:

Oged, Qgeds €0C., are dimensionless.

exceptions: mass for fermions.

E_ vpo?+mget p — 00

pc pC

Modern approaches to fundamental physics begins with massless fermions, and
masses are generated dynamically.

Lorentz 4+ Scale invariance lead to large symmetry: Conformal Symmetry.

CFT: Conformal Invariant Field Theory



2

Small x : ¢ > 0
S




Geometry of High Energy Scattering and Scale Invariance

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 EMERGENCE OF 5-DIM

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

5 kinematical Parameters:

2-d Longitudinal p= = pP? & p? = exp[ £ log(s/A,,)]
2-d Transverse space: X, - X, =b,
1-d Resolution: z=1/Q (orz' =1/Q)




Scale Invariance and AdS

What is the curved space?

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

dr?

)
ds® = redax,, dxt :
2

Captures QCD s approximate UV conformal invariance
r

G

W

r— Cxr , r




Scale Invariance and AdS

What i1s the curved space?

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

dr?

)
ds? — r‘d:z:uda:“ | :
2

Captures QC'D’s approximate UV conformal invariance
r
r— Cx , r— (recall r ~ )

G

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

roe~ > Toin ~ NocD




5-Dimensional
Anti-de Sitter
Spacetime

4-Dimensional

Flat Spacetime
(hologram)




AdS Geometrization

D dim N=4 SYM
(boundarv)

The AdS/CFT is a holographic duality

that equates a string theory (gravity) in high dimension

with a conformal field theory (gauge) in 4 dimensions.
Specifically, compactified 10 dimensional super string theory

is conjectured to correspond to N/ = 4 Super Yang Mills theory
in 4 dimensions in the limit of large 't Hooft coupling:

A=gN=g, N.=R"/a"”>>1.

D+1 dim Anti-de Sitter
(bulk)

2
ds? = - d2? + dx - dz] + R?dQs — *A%) [d2? + dx - dv] + R*dQs5

2

principle of equivalence: allows changing
gravity into study of geometry!




Gauge-String Duality: AdS/CFT

Weak Coupling:
Gluons and Quarks: A% (), ¥} (z)

Gauge Invariant Operators: v(x)Y(x), Y(x)D,v(x)

S{x)i=— T?"Fi,/(ai), O(z) = TrF3(x)
0 #tr) — Trhostr 5 (1) et

L(z) = ~TrF? + Py
Strong Coupling:

Metric tensor: Gmn(T) = 97(7% (L) TPmn(T)
Anti-symmetric tensor (Kalb-Ramond fields): 0 (1)
Dilaton, Axion, etc. ¢(x), a(x), etc
Other differential forms: Cmn.-.(T)



N =4 SYM Scattering at High Energy

(e T2¢:(@)Oi(@)y o — Zstring |0i(Z, 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



Partial list of successes of AdS/CFT:

Address quark-gluon plasma non-perturbatively.

New perspectives for String theories.
Unified treatment for High Energy Scattering.

Strong coupling for condensed matter physics.

Topological insulators, fractional quantum Hall effect, etc.



Outline

® Holographics Duality - Historical Perspectives

® Duality in Physics, Holographic Duality, etc.

® Gauge Theories, Massless Limit and Scale Invaraince

® Holographic Duality, ADS/CFT (String-Gauge Duality)
® Size and Shape of hadrons: QCD, High Energy Scattering

® “Pomeron/Graviton”

® Glueballs under AdS/CFT — masses and decays

® DIS — BPST Pomeron vs BFKL and DGLAPP

® |nclusive and Exclusive Central Production

® QCD and Modern CFT/String Studies:



Size and Shape of Hadrons

Rising of total cross sections with total energy
Shape of differential cross section
Scaling for DIS

Correlations in particle production

Dimensional scaling

Diffractive production at LHC
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Deep Inelastic Scattering (DIS)
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ross section (mb)

Total Cross Sections
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Total Cross Sections and Elastic Peaks
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Size and Shape of Hadrons

Rising of total cross sections with total energy
Shape of differential cross section
Scaling for DIS

Correlations in particle production

Dimensional scaling

Diffractive production at LHC
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Why does Total Cross Section increase with Energy!?
Brief Review of Yukawa Picture:

o , 1 # 0« “short — range”
2 € g
V(r) =g . ’ u2 —t =0« “long —range”

A=V 4+VsVHVsxVsV+...



— T
g g

1 # 0« “short — range”

Vir)=g

=0« “long —range”

A=V 4+VxV4+VxVxV4...

“Relativistic kinematics”

scalar exchange : V(s,t) ~ 2
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eview of Yukawa Picture:

— T
g g

V(r) =g 1 # 0« “short — range”

=0« “long —range”

A=V 4+VxV4+VxVxV4...

“Relativistic kinematics”

scalar exchange : V(s,t) ~

vector exchange: J,J! — V(s,t) ~
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ie eview of Yukawa Picture:

— T 2
e 9 1 # 0« “short — range”

V(r) = g¢° ,
( ) 7 r ,u2_t q 9
=0 “long — range

A=V 4+VxV4+VxVxV4...

“Relativistic kinematics”

A 1
scalar exchange : Vs, t) ~ 2
vector exchange: J,J* — V(s,t) ~ 28 )
M —
o2

tensor exchange : T, T* — V(s,t) ~ 2



S R R
Brief Review of Yukawa Picture:

e e —
e — —

— T
g g

V(r) =g 1 # 0« “short — range”

=0 < “long — range”

A=V 4+VsV+VxV*V 4.

“Relativistic kinematics”

A 1 1
scalar exchange : Vs, t) ~ — Ototal ™~ —
ue —t S
A S
vector exchange : J,J! — V(s,t) ~ 57 Ototal ™ constant
l—lf ——
o2

tensor exchange : 7,,,T"" — V(s,t) ~ Tiotal ~ S

T
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Total Cross Sections
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effective spin exchange:
vector ~ tensor



Need “Vector ~ Tensor” exchange:

Need “none-zero Mass”:

quarks and gluons ~ 2005

35



Need “Vector ~ Tensor” exchange:

Need “none-zero Mass”:

Size and Shape: Dynamics of QCD

Parton Interpretation

quarks and gluons

~ 2005

36



Gauge-String Duality: AdS/CFT

Weak Coupling:
Gluons and Quarks: A% (), ¥} (z)

Gauge Invariant Operators: v(x)Y(x), Y(x)D,v(x)

S{x)i=— T?"Fi,/(ai), O(z) = TrF3(x)
0 #tr) — Trhostr 5 (1) et

L(z) = ~TrF? + Py
Strong Coupling:

Metric tensor: Gmn(T) = 97(7% (L) TPmn(T)
Anti-symmetric tensor (Kalb-Ramond fields): 0 (1)
Dilaton, Axion, etc. ¢(x), a(x), etc
Other differential forms: Cmn.-.(T)



HIGH ENERGY SCATTERING <=> POMERON

WHAT IS THE POMERON ¢

WEAK: TWO-GLUON <=> STRONG: ADS GRAVITON

s —
qut:1—|—1—1:1
=53 rdz —g(z)(— " T 59 M@ N¢)
FE. Low. Phys.Rev. D 12 (1975), p. 163. AdS Witten Diagram:Adyv.

S. Nussinov. Phys. Rev. Lett. 34 (1975), p. 1286. Theor. Math. Physics 2 (1998)253



Challenge tor AdS/CFT tor QCD

€ Spin-2 leads to too rapid an increase for cross sections

Need to consider ) = ¢?N finite. (stringy corrections)

& Confinement:

Conformal, therefore no scale and no particles, etc.

@ Short-distance: ~ Running Coupling

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




“String Theory for QCD”

Need “Vector ~ Tensor” exchange:

Need “none-zero Mass”:

quarks and gluons

~ 2005

40



HIGH ENERGY SCATTERING <=> POMERON

WHAT IS THE POMERON ¢

WEAK: TWO-GLUON <=> STRONG: ADS GRAVITON

s —
qut:1—|—1—1:1
=53 rdz —g(z)(— " T 59 M@ N¢)
FE. Low. Phys.Rev. D 12 (1975), p. 163. AdS Witten Diagram:Adyv.

S. Nussinov. Phys. Rev. Lett. 34 (1975), p. 1286. Theor. Math. Physics 2 (1998)253



Conformal Inwariance and Poreron
TInteraction from HAdS/CFT7

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

.‘ — ® High Energy Dominated by Spin-2 Exchanges!
Techm'fz:(e : SMMM:'nﬁ 3&19&!‘62/5.2&5 Witten }:‘agrms pl p2 — p3 p4

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,z,2") = (222G~ _(q.2.7) = (22'5)°GNL (¢, 2, 7)

.




N = 4 Strong vs Weak g,

Jo

:// o j() — L2k
1 {/ \\ j() —
Jo =1 | \ .
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TWO \
Gluon 2 4 6 8




PHYSICS Al HIGH ENERGY

Confinement

Stringy Corrections



Pomeron as

Reggeized Graviton in AdS

Pomeron intercept due to diffusion

Diffusion takes place in both Impact space and in AdS
Diffusion in AdS relates anomalous dimension and to intercept
Diffusion in Impact space relates to expansion in transverse size



Asymptotic Freedom

perturbative

L | | T T F e T T T TrrT]|

o) |
0.3 -:

0.2 - -
- =
0.1
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|:|.|:||- 1 1 a3 s aal i T N A E |
1 = 5 10 2 B 1) 2

g [GeV]

Confinement

non-perturbative

- ¥ —

: — I

¥ == I frr

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




Outline

® Holographics Duality - Historical Perspectives
® Duality in Physics, Holographic Duality, etc.
® Gauge Theories, Massless Limit and Scale Invaraince
® Holographic Duality, ADS/CFT (String-Gauge Duality)
® Size and Shape of hadrons: QCD, High Energy Scattering
® “Pomeron/Graviton”
® Glueballs masses and unification of hard and soft physics
® DIS — BPST Pomeron vs BFKL and DGLAPP

® |nclusive and Exclusive Central Production

® QCD and Modern CFT/String Studies:



Comparison of strong vs weak coupling kernel at t=0

Strong Coupling: |
JO AV
Kir.r. _ S —(Inr—=Inr")</4DIn s
(.7, 8) VarDIn 5
Diffusion in “warped co-ordinate”
2 9. 1 2
jo =2 - +0(1/9°N) ~ D=—==+0(1/g°N)
V92N 2//9°N

s(0)—1

v o—[(INK —Ink;)?/4D1n s]
wins

Weak Coupling: K(s,k|,k') =~

T

24



& Confinement:

A

It strictly Conformal, therefore no scale and no particles,

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




5-Dimensional
Anti-de Sitter
Spacetime

4-Dimensional

Flat Spacetime
(hologram)




Cutoff AdS5




4-Dim Massive Graviton

5-Dim Massless Mode:

O=EZ2-(pi* + p* +p3 ° + p2)

If, due to Curvature 1n fifth-dim, p,2 = O,

Four-Dimensional Mass:




[IA Glueball Wave Equations

( «f
—E(r? — I)ZTA,(I) — ('m,2'r3 YT4(r) =0

o l 9 )
T=1) G Valr) (P e )Va(r) = 0

do7_ Gy o003 43200 Lo
— () Sa(n) =0 815084 (r) = 0

. . 9
—(—f(?“?—"r') i Na( -r)—(-‘:':':,2-7'3—277‘54- YNa(r) =0
dr el I
D
—i(-7‘7—?‘) ¢ Ma(r)—(n2r>=27r 97 YMa(r)y =20
dr el A |

1 {
—d(—(-r7 — -r)d(—L4('r) — (m2r® — 72r°)La(r) = O
r r



l|A Classification of QCD 4

States from 11-d Gyy

States from 11-d Ay

GM\’ GM,” G111

G C ®

D+ 1++( ) O+ 73059(N4)
Gh: CT

1+ 0-+ 5.6555 (V) 1) 1- 9.1129(M,)
G-, .
QiBsscripts to JPC refer tg P, = -1 States7034(S,) 0+ 10.7239(L4)




Bag Classification of States

Dimension Operator Supergravity
d=4 Tr(FF) = E* E*— Bo. Bo |
d=4 I; = E E2 + B B.*—trace
d=4 : Tr(F°F) = E*-B?

d=4 2T,, = E* E* + B B¢

d=4 E? Ef-B? B2 trace absent
d=6 Tr(F, AF ..F; 1] ~ d**F* F° F¢ B; C;

d=6 Tr(F, [F . F;, 1] ~ f*<F2 F® F¢ absent

These are all the local d=4 and d=6 operators:See Jaffe, Johnson, Ryzak (JJR),
“Qualitative Features of the Glueball Spectrum™, Ann. Phys. 168 334 (1986)




Comparison with MIT Bag Calculation

SU(3) Glueball Spectrum

Wilson action data and gluon modes

12 —
o+ 1
3"“.' (TM)3 2-
10 _
E

+
4000
3‘.'

(TE)2 | "
8 (TM)(TM) 2 -

TV (TM] ™) - | 3000;
o £
4| o**
PC i imi |
J" ™ continuum limit extrapolations _ 1000
2k
0 <0

s + - -

PC



Glueball Spectrum

12 -
12 = 0 I
4)*'* |
10 | e 2" —g; E j- 4
LLUE I i e 2 L 1 [r——
e Y ; ol 3 e " —
* 44 g —
i 8 |
ra
8 ot 17— 3
0 . ‘ S
A () — O
t 4 E 6 2.‘ e g
6k 2 O Lo
192 E
4 | ot —
4 - ==t
0
11
2 F
2
4d QCD
AdS Glueball Spectnum ) e ()}
0 ++ T = =
++ e ¥- -- PC
PC

The AdS’ glueball spectrum for QCD, in strong coupling (left) com-

pared with the Morningstar/Peardon lattice spectrum for pure SU(3)
QCD (right) with 1/rg = 410 Mev.

R. Brower, S. Mathur, and C-I Tan, hep-th/00031135, “Glueball Spectrum of QCD
from AdS Supergravity Duality”.



Approx. Scale Invariance and the 5t dimension

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

IR WALL

r 1

I T'hin

2
MR2/\/g2N, qR

Fixed-angle Scattering (Polchinski-Strassler) and also central inclusive production.

See also exhaustive work of Brodsky et al.



Quarks and Mesons

Holographic QCD

Glueballs to be identified through decay patterns, but not (yet) available from lattice
— seeking help from holographic (large-N.) QCD:

Witten-Sakai-Sugimoto model (Witten 1997, Sakai & Sugimoto 2004)
@ almost parameter-free top-down construction from type-llA superstrings:

e N. D4 branes provide nonconformal dual of 4+1-dim. super-Yang-Mills
e KK compactification on circle in x4

— nonsupersymmetric 3+1-dim. Yang-Mills theory at low energies
o Ny chiral quarks from Ny D8-D8 probe branes (Sakai & Sugimoto 2004ff)

@ reproduces many aspects of low-energy QCD

o chiral symmetry breaking U(Ny¢)r X U(Ns)r — U(Ny)v with
Witten-Veneziano mass® o< 1/N.

e effective Lagrangian: nonlinear o-model with Skyrme term plus vector and
axial-vector mesons similar to HLS models

e correct WZW terms

@ fitting Mkk and 't Hooft coupling A|nr . Yields
quantitative predictions, often with only 10-30% errors:

A. Rebhan Rencontres de Moriond 2016 3/17

Quantitative predictions

e Parameter-free: mass spectrum of vector and axial-vector mesons
m(p*)/m(p), m(ai)/m(p), m(ai)/m(p) correct within < 20%

e Other predictions, depending on value of 't Hooft coupling A\ at scale Mk with

Q@ m, = 776 MeV fixes

2 AN 2 .
e fﬂ- = —5471_2 MKK g|VeS

Mxk = 949 MeV

A = g2y Ne ~ 16.63

(matching instead large- N, lattice result for m,/+/o gives A =~ 12.55)

give (for N. =3 and A = 16.63...12.55):
@ LO decay rate of p meson ~ AN !

Tpon/m, = 0.1535...0.2034 | (exp.: 0.191(1))

@ decay rate for w — 37 (from Chern-Simons part of D8 action) ~ A\™*N_?

Tw—ssr/me = 0.0033...0.0102 | (exp.: 0.0097(1))

@ Witten-Veneziano mass m,, = -~ Ny /Ne AMkk ~ 967 ...730 MeV for Ny = 3;

with explicit quark mass terms and fitted m», mx — m,, m, s within 10%

A. Rebhan Rencontres de Moriond 2016

4 /17



Glueballs from AJS/CFT

Longstanding, still elusive prediction of QCD: Glueballs Glueballs from supergravity background

12

o I
e Spectrum of bare glueballs ol R 1 scalar and tensor glueballs corresponding to 5D dilaton ® and graviton Gj;
more or less known from lattice: g | ’
e — 3 Type-l1A supergravity compactified on x4-circle many more modes:
Mmo++ ~ 1.7 GeV e 6 2_0— 8 Constable & Myers 1999; Brower, Mathur & Tan 2000
Mo++ ~ 2.4 GeV = 1Py
mgo—+ ~ 2.6 GeV 4 | g — Mode S4 Ty V4 N4 My L4
!4 Sugra fields Gy4 D,Gyj C1 B;; Cija G&
Morningstar & Peardon hep-lat/9901004 2 JPC o++ o+t /2t 0o—+ 1+— 1—— o+t
n=0 7.30835 22.0966 31.9853 53.3758 83.0449 115.002
. 9 n=1 46.9855 55.5833 72.4793 109.446 143.581 189.632
PC n=2 94.4816 102.452 126.144  177.231 217.397 277.283
e Interactions, decays of glueballs and mixing with qg however largely unknown: n=3 154.963 162.699 193.133 257959~ 304.531  378.099
n=4 228.709 236.328 273.482 351.895 405.011 492.171

— no conclusive identification of any glueball in meson spectrum

Lowest mode not from dilaton, but from “exotic polarization” - in 11D notation:
e most discussed scenario for lightest scalar glueball:

various phenomenological models describe fo(1500) or fo(1710) isoscalar 07" mesons Sgus = — T_sz(T)G(x% S = r_z FH(T)WV B (l N 63R6 6) H(r) aﬂ(‘zy} ()
alternatingly as ~50-70% or ~75-90% G(lueball) T L L2 |4 4 5 2R M
: _ _ - _ r? 1 L? [ 3R°H(r)G(r) 90r" R°H (r)0,G(x)
|G and two isoscalar g states u@ + dd and ss can be shared by fo(1370), fo(1500), fo(1710)] §g11.11 :ﬁZH(T)G(m)’ Sgrr = = f 1 et dan = S ! 536)2

A. Rebhan

Rencontres de Moriond 2016 2 /17 Rencontres de Moriond 2016 5/ 17

A. Rebhan



A. Rebhan

Quarks and Mesons and Glueball Production/

Decays in AdS/CFT

Glueball-gq couplings in Sakai-Sugimoto model

Gravitational modes stable in confined background, but
can calculate effective action for glueball-qq interactions

done for lowest (exotic) mode by
Hashimoto, Tan & Terashima, Phys.Rev. D77 (2008) 086001 [arXiv:0709.2208]

revisited and extended to other modes by
Briinner, Parganlija & AR, Phys.Rev. D91 (2015) 106002 [arXiv:1501.07906]

For example: Vertices of one glueball and two (massless) pions
for “exotic” mode:

1 v
SGprn :Tr/d4a:§(‘9u778y7r ant —

for “predominantly dilatonic” mode:

1
SGprr = Tr/d4:c§(‘9“7r O, 1 | ™" —

with {c1,¢1, 6} = {62.66,16.39,17.23} x \™YV2N ML

and many more: Sg,, x ATVYENT, Sqorr o< AT IN;3/2

Rencontres de Moriond 2016

Comparison with f,(1710)

decay I'/M (PDG) T /M|Gp] (chiral) T /M[Gp] (massive)

f0(1710) (total) 0.081(5) 0.059...0.076 0.083...0.106
fo(1710) — 2K (*) 0.029(10) 0.012...0.016 0.029...0.038
fo(1710) — 27 0.014(6) 0.003...0.004 0.009...0.011
fo(1710) — 27 0.012( %) 0.009...0.012 0.010...0.013
fo(1710) — 2p, pr — 47 ? 0.024...0.030 0.024...0.030
fo(1710) — 2w 0.010(*%) 0.011...0.014 0.011...0.014
fo(1710) — nn’ ? 0 if0: {
I'(rm)/T(KK) 0.41 011 3/4 0.35
T'(n)/T(KK) 0.4840.15 1/4 0.28

* PDG ratios for decay rates + Br(fo(1710) — KK) = 0.36(12) [Albaladejo&Oller 2008]

@ decays into 2 pseudoscalars: massive WSS perfectly compatible with PDG data!

@ significant decay into 4 pions (after extrapolation to beyond 2p threshold):
falsifiable prediction of this model!

(fo(1710) — 2p° forthcoming from CMS-TOTEM!)

A. Rebhan
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Summary — Glueballs in Witten-Sakai-Sugimoto model

After fitting just m, to fix Mxk = 949 MeV

@ good prediction of higher vector and axial vector mesons masses,

@ reasonable prediction of glueball masses if “exotic mode” discarded
after fitting fr or m,/+/o to also fix 't Hooft coupling at A = 16.63...12.55

@ good prediction of p and w decay rates

@ good prediction of anomalous m;, N;%)\MKK

Holographic glueball decay rates:

@ narrow partial width Gp — 7,

quite compatible with experimental data for | fo(1710) as nearly pure glueball

@ much stronger decay of fp(1710) into KK need not be indicative of s5 nature —
well reproduced if (so far unobserved) decay into 77’ small

@ predictions for decay to 4w, nn’ falsifiable by CMS-TOTEM, BESIII, ...
@ tensor glueball broad if at 2 2 GeV

@ pseudoscalar glueball again narrow (in prep.)

A. Rebhan
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Outline

® Holographics Duality:
® Duality in Physics
® Gauge Theories and Scale Invaraince
® ADS/CFT (String-Gauge Duality)
® QCD, High Energy Scattering:
® unification of hard and soft physics - “Pomeron/Graviton”
® Glueballs under AdS/CFT — masses and decays
e DIS - BFKL vs DGLAPP

® |nclusive and Exclusive Central Production

® QCD and Modern CFT/String Studies:
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VI. Synthesis of Hard (BFKL) & Soft (Regge) Pomeron

Analytic Structure of
Pomeron Propagator

Conformal UV, Confining IR (large V)

N

7 /4//
.

_

.

.
%/




Unified Hard (conformal) and Soft (confining) Pomeron

At finite A, due to Confinement in AdS. at ¢t > 0
aymptotical linear Regge trajectories

confiinement

HE scattering after AdS/CFT




(Strong) Running Coupling

A

\
N




BASIC BUILDING BLOCK
_'_,

e tlastic Vertex:

« Pomeron/Graviton Pro

(22')°

K(s,b,z,2") = —( iy

)/

271 S

dj <1 L]

Dagator:

]_ B(Z_A(]))€

> 57 Gj(z,a?L,z',a:"L;j)

il / /1
conformal: i SIE AR AL ) Rty opma tme vy 8
A(G) =2+ V2 A4/ (5 — jo)
confinement: G,(z, 2", 2 2" j) ———  discrete sum




ADS BUILDING BLOCKS BLOCKS

-or 2-to-2

A(s,t) = By3 % Kp * Poy

A(s,t) = g} /ddeSb’ 'L (XX § . (2) K(s,x — X', 2, 2) Poa(2)

d°b = dzd*x | \/—g(2) where ¢(2) = det[gnm] = _0A(2) . L

-or 2-to-3
A(S, S1 Sg,fl,fg) — (1313 K ]CP K V o ]CP X (1)24 9
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® Holographics Duality - Historical Perspectives
® Duality in Physics, Holographic Duality, etc.
® Gauge Theories, Massless Limit and Scale Invaraince
® Holographic Duality, ADS/CFT (String-Gauge Duality)
® Size and Shape of hadrons: QCD, High Energy Scattering
® “Pomeron/Graviton” — unification of hard and soft physics
® Glueballs under AdS/CFT — masses and decays
® DIS — BPST Pomeron vs BFKL and DGLAPP

® |nclusive and Exclusive Central Production

® QCD and Modern CFT/String Studies:



” / Fy(2,Q2) = — or(v'p) +1L (V'p).
PA' X V(a) 2
_Q
p'=xP+q b= g

Small x : ¢ > 0
S

Optical T heorem

Orotal (5, Q%) = (1/8)Im A(s,t = 0; Q%)




CLASTICVS DIS ADS BUILDING BLOCKS

A(s,z1 —2'|) = g /ddeSb/(I)12< )G (s, 21 — 2y, 2,2 )P34(2) '

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

S

for Fy(x, Q)

D13(2) = Pyryr (2, Q) = [QZ) HK(Qz) + K (Q2)] .

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



High Energy Scattering and DIS in String Theory

AdS space continued

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

Ttot = 2/d2b/dzdz’P13(z)P24(z’) Im x(s,b,z,72")

» 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.

» [he wave function, in the conformal limit, is

Pial2) = Pus(2,Q) = (@) (K3(Q2) + K3(Q2)

» For the proton, one for now treats it as a glueball of mass

~A=1/Q"




Longitudinal Boost: 7= IOg(ﬂZZ/S/Q) K(s,g,z,z’) = / dj, (6_7:m + ! )ejT/C(j, 5,2’,2’)

21\ SINTY
Conformal Invariance in Transverse AdSs: ¢=sinh™ (b2+é;_, Z/)2)
L dv / es
IC .7 b7 9 ) = _( )G .7
(J: 6,2, 2) / 27 \sinh & (V)
| 1
Pomeron as a pole in AdS: GOV = T

Full Contormal Invariance:
I ]C 637‘ & G |
¥2 / 271 / smhf s )

A(G) =242/ —jo)/p

(2—A(4))€ &
. 7 AN & / o f eXp(_p_q-)
]C(J7b7Z7Z ) Sinhé. IC(S?b”Z?Z)NeJ (Slnh§ 7-3/2 )



Fi(2, Q) ~ (Lfa)ecsre

0.5

. Déta l
0.451 — Conformal ) - [
0 4/ —Hardwall Eeff(Q ) yal

----- Hardwall Eikonal P




Q° = 0.1 GeV® Q° = 0.15 GeV® Q° = 0.2 GeV® Q° = 0.25 GeV® Q° = 0.35 GeV®
‘l 1 1 1 1 s
= Q° = 0.4 GeV® = 0. 5 GeV? Q° = 0.65 GeV® Q° = 0.85 GeV® Q*=1.2GeV*

'%»«-_,_

Q= 1.5 GeV?
Q- 1RgeV- Q= 20%e V- Q= 27 BeV? Q7 = 35 ORY- Q7 = 45 GOV
1 o o - o F
Q= 70 Ge\z\\ Q% = 90 Ge\Z\Q Q% = 120 Geh{\ Q% = 150 Ge\w
Q? = 250 Ge\’\‘ Q7 = 300 GeV\ Q7 = 400 GeV\ T

Q° -BOG

/

Q° = 20.0 Ge

e

1
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H1 + ZEUS DATA

Fz(X,Q)

— Q%= 400 GeV?
—— Q%= 250 GeV?
—— %= 150 GeV?
— Q%= 90 GeV?
— &%= 60GeV?
— @%= 35GeV?
— %= 22GeV?
— Q%= 15GeV?
—— %= 10 GeV?
— Q%= 6.5GeV?
—— Q°= 3.5GeV?
— Q%= 2GeV?

—— Q@%= 1.2 GeV?
—— & =0.65 GeV?
— Q%= 04 GeV?
T @%=0.25GeV?
— @%=0.15 GeV?

The structure function F>(x, Q%) plotted for farious values of Q%. The data points are from the

H1-Zeus collaboration and the solid lines are the soft wall fit values.

=
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Questions on HERA DIS small-x data:

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

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

Pomeron as Reggeized Grviton in AdS vs BFKL and DGLAPP




Nice Features of BPST Pomeron

e A\ controls the strength of the soft wall and in the limit A — 0 one recovers
the conformal solution
s [ p3 ell=p)7 —(Logz — Logz’)?
| conformal t—0) = g_O /0_ / o
mXP ( ) ].6 T (ZZ ) 7_1/2 Xp IOT
where 7 = Log(pzz's/2) and p = 2 — jo. Note: this has a similar behavior to

the weak coupling BFKL solution where
SJO

Imx(p1,p,s) ~ 7 exp(—(Logp’, — Logp. )?/DLogs)

mDLogs

o If we look at the energy dependence of the pomeron propagator, we can see a
softened behavior in the forward regge limit.

X conformal ™ —50 I—Og—l/z(s) — XHW ~~ _Sao/l—og_3/2(5)

Analytically, this corresponded to the softening of a j-plane singularity from
1/\/j — jo = v/J — jo. Again, we see this same softened behavior in the soft
wall model.

e (Possibly) interesting limit: conformal quantum mechanics. Here the EO
simplifies and takes the form of a model with 1+1 dimensional conformy
symmetry[Fubini]

Brower, Costa, Djuric, Nally, TR, Tan (KU) | 9/15/17 17 / 19
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Contour plots of Im[x] as a function of
1/x vs Q° (Gev) for conformal, hard-
wall, and softwall models. These plots
are all in the forward limit, but the
Impact parameter representation can
tell us about the onset of non-linear
eikonal effects. The similar behavior for
the softwall implies a similar conc

about confinement vs saturation
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Pomeron as Reggeized Grviton in AdS vs BFKL and DGLAPP

full conformal iInvariance

1
My, = / dr 22" 72 Fy(x, Q%) ~ Q73
0

T = AN = 0 et v(2)=A(2)—2-2=4—-4=0




MOMENTS AND ANOMALOUS DIMENSION
Mn(QQ) — fol dx :E”_QFg(x, QQ) — ) In
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ADS BUILDING BLOCKS BLOCKS

-or 2-to-2

A(s,t) = By3 % Kp * Poy

A(s,t) = g} /ddeSb’ 'L (XX § . (2) K(s,x — X', 2, 2) Poa(2)

d°b = dzd*x | \/—g(2) where ¢(2) = det[gnm] = _0A(2) . L

-or 2-to-3
A(S, S1 Sg,fl,fg) — (1313 K ]CP K V o ]CP X (1)24 9




Central Inclusive and Exclusive Production:
Conformal Invariance?

Confinement?
Satuation?

R. Nally, T. Raben, C-I Tan, (to appear).



Total Cross Section and Optical Theorem in AdS/CF'T

Orotat (5, Q%) ~ (1)) }  (X[p, a)|* ~ Z/da?e_iq'x@\ﬁ(ﬁ)XU<XJ(0)\1?> ~ (1/s)ImT(s,t = 0;Q7)

X

be




Single-Particle Inclusive Distribution and AdS/CFT




Two-particle Correlation and AdS/CFT; Energy Correlations, etc.

e (1/s) E (q1,q2, X|p1,p2)|” ~ Discprz(p1, 025 q1, Q2|p1P2, 4105) P — —
X I

VProids = VpPPeVrre, + AVPpe, s,




ALICE Data at \/s,, = 5.02 TeV

c(,‘\103
2 10 gt $ Mi<03
) o g b -0.8<1<-0.3 x 4
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% ] 1 -1.3<n<-0.8 x 16
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ayy3
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8 \Q\
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1 10 pT/1GeV

Figure 5.2: Fit of inclusive double-differential charged hadron production cross sections ob-
tained in proton-lead collisions at center of mass energy /s = 5.02 by the ALICE Collaboration,
presented in [93]. Two of the datasets are rescaled by factors of four and sixteen for visual clarity.
The data are displayed alongside fits to the model in Eq. (5.2).

1 d20' - Az
2mpT dpTdn ~ (pr +C

5

1
Ototal dp%_ dy

p(pJ_ayv 3) —

arXiv:1702.05502v1

ATLAS Data at \s=8 and (s =13 TeV

+ Vs=8TeV

dndp_(GeV™)

—
Q
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p.N,,) 2N/
3 3

107
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Figure 5.3: Fit of inclusive double-differential charged hadron production cross sections ob-
tained in proton-proton collisions at center of mass energy /s = 8 and /s = 13 TeV by the
ATLAS Collaboration, presented in [94] and [91], respectively. The 13 TeV dataset is rescaled
by a factor of four for visual clarity. The data are displayed alongside fits to the model in Eq.
(5.2)

Dataset A/10 (GeV~—2) B C/(1 GeV)

ALICE 5.02 TeV, |n| < 0.3 [93] 38.48 + 8.26 7.23 £0.09 | 1.32 &£ 0.04
ALICE 5.02 TeV, —0.8 <n < —0.3 [93] | 37.60 &+ 7.97 7.22 £ 0.08 | 1.30 £ 0.04
ALICE 5.02 TeV, —1.3 <n < —0.8 [93] | 43.00 4+ 9.29 7.30 £ 0.09 | 1.31 £ 0.04
ATLAS 8 TeV [94] 4.46 £+ 2.60 7.03 £ 0.264 | 1.07 £ 0.123

ATLAS 13 TeV [91] 5.77 £ 3.38 6.96 £ 0.265 | 1.12 £ 0.126

Table 1: Fitted values of parameters in Eq. (5.2) for three data sets. Both central values and

statistical errors are quoted.




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.

aFirst principle description of elastic/total cross sections, DIS at small-x,
Central Diffractive Glueball production at LHC, etc.

a|nclusive Production and Dimensional Scalings.
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Pomeron, OPE and Anomalous
Dimensions

Gmn ~aT, ggzn e hmn
Massless modes of a closed string theory:

Need to keep higher string modes

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

Anomalous Dimensions for leading twist operators



Conformal Inwariance and Poreron
TInteraction from HAdS/CFT7

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

.‘ — ® High Energy Dominated by Spin-2 Exchanges!
Techm'fz:(e : SMMM:'nﬁ 3&19&!‘62/5.2&5 Witten }:‘agrms pl p2 — p3 p4

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,z,2") = (222G~ _(q.2.7) = (22'5)°GNL (¢, 2, 7)

.




4 )
s—>oo,t=—qi<()
- J

Ay(s,1) ~ /d%e—ibm /d,u(z) / dp()

X  ¢$1(z,b)d3(2,b)K(s,b—b’, 2,2 ) (2", b")ps(2', b")



Als,t) = g3 [ dz [ d2' (V/=g(2)e 241 (2)65(2) ) x (('5)° GO (2, 2'51) ) (V=9()e 24 5 ()pu ("))

Scalar Bulk-Bulk Propagator: ° 71
4 2 N
1\ — [ 22 o Jo(kz)Ja(kz")

GO (z, 2/;t): limit 2’ — 0

\_ J

Scalar Bulk-Boundary Propagator:




Als,t) = g3 [ dz [ d2' (V/=g(2)e 241 (2)65(2) ) x (('5)° GO (2, 2'51) ) (V=9()e 24 5 ()pu ("))

Scalar Bulk-Bulk Propagator: oo t=a <0
i GO (z,2/:t) = (%’)Qfooo kdk JZ(kZ%‘Z(kZ/) :
Scalar Bulk-Boundary Propagator: GOz, 2/;1): limit 2" — 0
Discrete Spectrum
: G(O)(z, Zit) = R} > ¢n(zi%¢f£Z/’2):

V=9 (2/R)? >, ¢n(2,2)¢n(2',2) = 6(2 — &) [F17 dzy/—ge 22 0n(2)m(2) = mn

0
- J




ELASTIC, DIS, 2-TO-3, ETC. ADS BUILDING BLOCKS

A(s, t) = g} /dgbd3b’ ! (X=X o (2) K(s,x — X, 2, 2") ®ay(2')

or(s) = %]mA(s, 0)

d°b = dzd*x | \/—g(2) where ¢(2) = det[gnm] = _0A(2)

for Fy(x, Q)

B13(2) — Dy (2,Q) = ~[Q2) (K3(Q2) + K3(Q2)

For Double Difiractive Higgs

A(Sl, S92, S,tl,tQ) — (1313 > /Cl > VH > ]CQ >X (:[324

Vi — Vi &g = Vg (mHZ)sz(mHZ)



Comparison of strong vs weak coupling kernel at t=0

Soz(O)—l

vrilns

- (Ink/, —Ink;)?/4DIn s




Impact Representation:

Ws;zl —y1) = (lfﬂﬂﬁfdﬂq T H T (s, —q])

dzdz" - ~
TW (s;z1—y1) —Hsf 58 D (pl.2)Pa(p3, 2 )K(s, 21—y 1, 2,2 )Pa(p3, 2" )P (p], 2)

j-plane Representation:

di (1+e ) . _
K:(S:lﬂ:J_ _‘yJ_:'z:'Zf) — (ZZJ’)/ _j Q (S)j Gg;(jpxl _yJ_?Z:Ef)

21 SINTY

Reduction to AdS-3:

3) ..
G{ﬂi{.}:ml _yJ_v""j!:'jlr::l — {Eﬂ']ﬂ deQLE{ ol yl}gJ'G{ ]I{ _Qﬁ_:-?w.-.-?’::l

D.E. for Propagator:

: — 3
(2VA(j —2) — 2302710, — zgai —~ 3}(}'8( N 1)(:11 2 ,2,2) = 230(z—2)6® (x, — )




MOMENTS AND ANOMALOUS DIMENSION
n Q2 — dx ajn_QFZ xaQZ — Q7"

Simultaneous compatible large Q¢ and small z evolutions!

-

n:2\/1+ g?N(n—2)/2—n




Balitsky, Fadin, Kuraev, Lipatov
(BFKL): perturbative Pomeron. Large
logs get in the way of usual perturabtion

theory: resum «; log(s) to all orders. Bfkl |
equation — integral equation for Green's T O

function in Mellin space

—+loo

dy Eyn(k)ESn(K)

dw Yw Yw
G(k k, ,Y) / foo (k k' q) — / 271'[ Z / 2 W_O_[SX(’)@ n)

"CEL oo

—ioco —ico

where in Leading Log (LL)
4
2% In(2)

() = 20(0) 9y + 2 91—y + ) and wn =

Surprising conformal symmetry greatly simplifies things in coordinate space
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Brower, Costa, Djuric, Nally, TR, Tan (KU)

DGLAPP

BFKL
BPST Pomeron

Full O(4,2) Conformal Group

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

Anomalous dimensions

v(7) = Ay

— ] — Ttwist

Graviton/Pomeron Regge trajectory [Brower, Polchinski, Strassler, Tan 06]

e Operators that contribute are the twist 2
operators J ~1nJ
OJ Y Fa[61D132 "°Dﬁj_1FﬂJ]a | <—>/
e Dual to string theory spin J field in leading 4 1 E;QEK'- o,
Regge trajectory '
(D2 7 m2) hal...aJ =0 ,':
2 -t
m?=AA—-4)—J, A=A ;
« Diffusion limit -
4 J _
J(A)=Jy+D(A-2)? = mQZJ(J_z)_ﬁ 2 1 A—2




Pomeron and Odderon Intercepts in
the conformal Limit

Massless modes of a closed string theory:

metric tensor, Grimiat Gagiset Ry,
Kolb-Ramond anti-sym. tensor, by = —byyy
dilaton, etc. B Xt



Gauge-String Duality: AdS/CFT

Weak Coupling:
Gluons and Quarks: A% (), ¥} (z)

Gauge Invariant Operators: v(x)Y(x), Y(x)D,v(x)

S{x)i=— T?"Fi,/(ai), O(z) = TrF3(x)
0 #tr) — Trhostr 5 (1) et

L(z) = ~TrF? + Py
Strong Coupling:

Metric tensor: Gmn(T) = 97(7% (L) TPmn(T)
Anti-symmetric tensor (Kalb-Ramond fields): 0 (1)
Dilaton, Axion, etc. ¢(x), a(x), etc
Other differential forms: Cmn.-.(T)



MOMENTS AND ANOMALOUS DIMENSION
n Q2 — dx ajn_QFZ xaQZ m— Q—W’n

Simultaneous compatible large Q¢ and small z evolutions!

-

n:2\/1+ g?N(n—2)/2—n




Balitsky, Fadin, Kuraev, Lipatov
(BFKL): perturbative Pomeron. Large
logs get in the way of usual perturabtion

theory: resum «; log(s) to all orders. Bfkl |
equation — integral equation for Green's T O

function in Mellin space

—+loo

dy Eyn(k)ESn(K)

dw Yw Yw
G(k k, ,Y) / foo (k k' q) — / 271'[ Z / 2 W_O_[SX(’)@ n)

"CEL oo

—ioco —ico

where in Leading Log (LL)
4
2% In(2)

() = 20(0) 9y + 2 91—y + ) and wn =

Surprising conformal symmetry greatly simplifies things in coordinate space

9/15/17 4/19

Brower, Costa, Djuric, Nally, TR, Tan (KU)

DGLAPP

BFKL
BPST Pomeron

Full O(4,2) Conformal Group

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

Anomalous dimensions

v(7) = Ay

— ] — Ttwist

Graviton/Pomeron Regge trajectory [Brower, Polchinski, Strassler, Tan 06]

e Operators that contribute are the twist 2
operators J ~1nJ
OJ Y Fa[61D132 "°Dﬁj_1FﬂJ]a | <—>/
e Dual to string theory spin J field in leading 4 1 E;QEK'- o,
Regge trajectory '
(D2 7 m2) hal...aJ =0 ,':
2 -t
m?=AA—-4)—J, A=A ;
« Diffusion limit -
4 J _
J(A)=Jy+D(A-2)? = mQZJ(J_z)_ﬁ 2 1 A—2




POMERON AND ODDERON IN STRONG COUPLING:

~~~

A(S)? =71° +a1(r,\)S +az(1,\)S* + - - B.Basso, 1109.3154v2

POMERON @ =2~ 117
T

Brower, Polchinski, Strassler, Tan

O D D E RO N Kotikov, Lipatov, et al.

3
2\1/2

Solution-a: ao =1

. 0
Solution-b: a0 =1 i/2

Brower, Djuric, Tan /
Avsar, Hatta, Matsuo



POMERON AND ODDERON IN STRONG COUPLING:

~~~

A(S) =774+ a1 (1, \)S + az (1, \)S% + - - - B.Basso, 1109.3154v?2
2 11 6¢(3)+2 18((3)+ 38 39¢(3)+ %
POMERON »=2-yz ytoert a2 +t—wr T w1
b \
Brower, Polchinski, Strassler, Tan Gromov et al.

ODDERON Kotikov, Lipatov, et al. Costa, Goncalves, Penedones (1209.4355)
Kotikov, Lipatov (1301.0882)

8

Solution-a: ao =1~ 157

. 0
Solution-b: a0 =1 i/2

Brower, Djuric, Tan / \
Avsar, Hatta, Matsuo Brower, Costa, Djuric, Raben, Tan



POMERON AND ODDERON IN STRONG COUPLING:

~~~

A(S)? =7° + a1 (1,\)S + as(1,\)S* + - - B.Basso, 1109.3154v2
% 11 6¢(3)+2 18((3)+ 38 39¢(3)+ %
POMERON =2~y 3T pee ™ e | \5/2 o A3 e
b \
Brower, Polchinski, Strassler, Tan Gromov et al.

ODDERON Kotikov, Lipatov, et al. Costa, Goncalves, Penedones (1209.4355)
Kotikov, Lipatov (1301.0882)

8 4 13 96¢(3)+41  288((3) + G5 | 720((5) + 1344((3) — >

Solution-a: ao =1

A\1/2 \ \3/2 | )\ 2 | \5/2 | e

. 0
Solution-b: a0 =1 i/2

Brower, Djuric, Tan / \
Avsar, Hatta, Matsuo Brower, Costa, Djuric, Raben, Tan



POMERON AND ODDERON IN STRONG COUPLING:

~~~

A(S)? =7° + a1 (1,\)S + as(1,\)S* + - - B.Basso, 1109.3154v2
% 11 6¢(3)+2 18((3)+ 38 39¢(3)+ %
POMERON =2~y 3T pee ™ e | \5/2 o A3 e
b \
Brower, Polchinski, Strassler, Tan Gromov et al.

ODDERON Kotikov, Lipatov, et al. Costa, Goncalves, Penedones (1209.4355)
Kotikov, Lipatov (1301.0882)

8 4 13 96¢(3)+41  288((3) + G5 | 720((5) + 1344((3) — >

Solution-a: ao =1

A\1/2 \ \3/2 | )\ 2 | \5/2 | e

. B 0 o o o0 0 0
SOlUthﬂ-b: O = 1 )\1/2 )\ | )\3/2 | \2 | )\5/2 | e ..

Brower, Djuric, Tan / \
Avsar, Hatta, Matsuo Brower, Costa, Djuric, Raben, Tan



N = 4 Strong vs Weak ¢g*N.

Graviton >  BPST

Jo =1

—05

-1.0"



Formal Treatment via World-Sheet OPE

(Lo — 1)Vp = (Lo —1)Vp =0

» Flat Space Pomeron Vertex Operator

1‘}:} — ' 2 t."\’: .t—.'".\' = ..,' a.' :. l+a t“."*: =k X .

» Flat Space Odderon Vertex Operator

SXEBX+ o) (20X *BX* [y 4eTihx

 Pomeron Vertex Operator in AdS

l.'-ﬁ

Ve(g, vk, £) ~ (OXEOXE)2eT5X 02K, (t|¥2e)

» Odderon Vertex Operator in AdS

-~ (9 | BYESYvE VAN VvE s avETR vE L Tk X -1y g~ / 2 _=—u
Vol(j, vk, £) ~ (8XT0X™ - 8X70X7)(0XT8X _‘."‘:-e X 0 1'"11:2g-0,_|t|1' e~ -




CFT, OPE, and Regge
Limit



Symmetry < [sometry

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

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

generators: D= M, . Py, Kg

SL(2.C) Mobius mvariance

cenerators: 1D+ My, P 1P . K{F ik

isometries of the Euclidean (transverse) AdSs subspace of AdSs




CF'T correlate function — coordinate representation

(P1(21)P2(x2)P3(x3)Pa(24))
OPE: O(x1)P2(x2) ch 2;k (12,01)Ok (1)

Bootstrap: s-channel OPE = t-channel OPE

unitarity, positivity, locality, analyticity, etc.

Dynamics: O( A,j)k (ZU) Conformal Dimension, Spin




Conformal Partial-Wave Expansion

(6(21)0(@2)o(wa)0(ws))e = g Al

L=
(%2%4

. . 55%233%4 5’3%&%3
Conformal inv. cross-ratios u= 322t p= 2
L7349y L3l oy

t-Channel partial—wave A(u,v) = Z Z C(lQ,(Ak,j))C(34,A(k,j))g(Ak,j)(ua v)
k Ag,j

Conformal Block Ga,j)(u,v)

Dynamics; ((AL(G), N}, kE=1,2,---,7=0,1,-- Conformal Data




Conformal Partial-Wave Expansion

(6(21)0(@2)o(wa)0(ws))e = g Al

L=
(%2%4

. . 55%233%4 fl?%ﬂ%?)
Conformal inv. cross-ratios u= 322t p= 2
L7349y L3l oy

t-Channel partial—wave A(u,v) = Z Z C(lQ,(Ak,j))c(34,A(k,j))g(Ak,j)(ua v)
k Ag,j

Conformal Block G, (u,v)

Dynamics; ((AL(G), N}, kE=1,2,---,7=0,1,-- Conformal Data

N — 4 SYM Integrabzlzty AdS-Dual, Large-N, etc.




Conformal Partial-Wave Expansion and Regge Limit:

(6(21)0(@2)o(wa)0(ws))e = g Al

L=
(5‘712%4

. . 513%233?)4 33%433%3
Conformal inv. cross-ratios u= 322 p= 2
L7349y L1349y

t-Channel partial—wave A(u,v) = Z Z C(lQ,(Ak,j))c(34,A(k,j))g(Ak,j)(ua v)
k Ag,j

Conformal Block G, (u,v)

Dynamics; ((AL(G), N}, kE=1,2,---,7=0,1,-- Conformal Data

N — 4 SYM ]niegrabzlzty AdS-Dual, Large-N, etc.

Regge Limit: «—0, v—1, with u/(1—-v) fixed




Conformal Partial-Wave Expansion and Regge Limit:

(6(21)0(@2)o(wa)0(ws))e = g Al

L=
(5‘712%4

. . 513%233?)4 33%433%3
Conformal inv. cross-ratios u= 322 p= 2
L7349y L1349y

t-Channel partial—wave A(u,v) = Z Z C(lQ,(Ak,j))c(34,A(k,j))g(Ak,j)(ua v)
k Ag,j

Conformal Block G, (u,v)

Dynamics; ((AL(G), N}, kE=1,2,---,7=0,1,-- Conformal Data

N — 4 SYM ]niegrabzlzty AdS-Dual, Large-N, etc.

Regge Limit: ©v—0, v—1, with u/(1—v) fixed

FEuclidean vs Minkowski?




Conformal Partial-Wave Expansion and Regge Limit:

1 5132 5132 5132 LI32
(@(x1)p(22)d(x3)d(24))e = T35 AU, v) u=3"o8, v=52
($1251334) 0 g8 LT85
A, 0) = ) Y 2,80, €634, 5.5) G, ) (1 V) Conformal Block G (u,v)
k Ag,g
Regge Limit: w—0, v—1, with u/(l—v) fixed
Fuclidean Regge limit:
Q(A,j)(u, v) ~ us/? 9(52) b2 ~ 1\;,2} ~ cos 0
u
Minkowski Regge limit:
Giaj(u,v) ~ u1=9)/2 Y (p?)
\/ﬂ ~ st V(b?) ~ b 22~ b? ~ Ty large




|
|

Full O(4,2) Conformal Group Awe =33 cusawmceammGia

k Aka.]

S50(4,2) = 50(1,1) x SO(3,1)




Full O(4,2) Conformal Group
SO(4,2) = SO(1,1) x SO(3,1)

Euclidean CFT A(u,v) = 5};; C(12,(Ak)) C(34,8k,5)) G (A 5) (U, V)
S50(4,2) = S0O(1,1) x SO(4)




Full O(4,2) Conformal Group
SO(4,2) = SO(1,1) x SO(3,1)

Fuclidean CFT

50(4,2) = S50(1,1) x SO(4)
d/24100 AN

A(u,v) <

Z @ (A) Ga,j (u, v)

J

d/2—ioo 2Tt




Full O(4,2) Conformal Group
SO(4,2) = SO(1,1) x SO(3,1)

Fuclidean CFT
S0O(5,1) = 50(1,1) x SO(4)

A(u,v) <

DyﬂamiCS a;(B) ~ A—A,




Full O(4,2) Conformal Group
SO(4,2) = SO(1,1) x SO(3,1)

d/Q—I—iOO dA —1/2—|—ioo d
A(u,v) < — Ll

Fuclidean CFT

50(4,2) = S50(1,1) x SO(4)
d/24100 AN

a(A,7)G(u,v; A7)

d/2—100 21 —1/2—1400 271

A(u,v) <

Z @ (A) Ga,j (u, v)

d/2—ioo 21

Dynamics 0;(A) ~




Full O(4,2) Conformal Group
SO(4,2) = SO(1,1) x SO(3,1)

d/Q—I—iOO dA —1/2—|—ioo d
A(u,v) < — Ll

Fuclidean CFT
S50(4,2) = S0O(1,1) x SO(4)

a(A,7)G(u,v; A7)

d/2—100 21 —1/2—1400 271

d/Q—I—iOO dA
A(u,v) < , a;i(A)GA i(u,v
( ) A 9 zj: J( ) A,J( )
Dynamics Gal Ao




Conformal Partial-Wave Expansion and Regge Limit:

((1)0(2) () d(a))e = g Alu,0) B T
C (CE%Z:C%‘DAO | 37%3%4 | $%3ﬂ734
Al ) = 2 2 e o @it T (s Conformal Block  G(a,j(u,v)

k Aka]

Regge Limit: u—0, v—1, with +u/(1—-v) fixed

Minkowskl Regge limit:

“Sommerfeld-Watson resummation” A(u,v) = Z / 271 /
g__

dj 14 eI

21 SINTY

a’f(Aa j)g(A,j) (ua U)

Conformal Data: | .
d 1+ &e "™

a:'NZA A:(j) Al Z:L/zm sinrg U89t (Y




Dynamics (M)~ xR

Single Trace Gauge Invariant Operators of NV =4 SYM,

Tr(F?, TrlF,,Fy], Tr[F,,DiF,), TrlZ"), TrD5Z],--

Super-gravity in the A\ — oo:

Tr(F?] < ¢, Tr[F,,F,] < G,

Symmetry of Spectral Curve:

A(J) = 4= A()




Conformal Partial-Wave Expansion and Regge Limit:

((1)0(2) () d(a))e = g Alu,0) B T
C (x%2$§4)AO | 37%3%4 | $%3ﬂ7%4
Al ) = 2 2 e o @it T (s Conformal Block  G(a,j(u,v)

k Aka]

Regge Limit: u—0, v—1, with +u/(1—-v) fixed

Minkowskl Regge limit:

“Sommerfeld-Watson resummation” A(u,v) = Z / 271 /
E=+

dj 1+ e

2wy SInTY

a’ﬁ(Aa ])g(A,j) (’LL, U)

Conformal Data:

ck(J) dj 1+&e™
== zk: A — A (5) Al v) LL/ Omi  sinTy ck(J;£)G (a8 (j),5) (4 V)

Regge Limit:

A ~ 2 (1—30)/2

jo is the leading singularity of “anomalous dimensions”, A(j) — 7 — 7o.




MOMENTS AND ANOMALOUS DIMENSION
n Q2 — dx ajn_QFZ xaQZ m— Q—W’n

Simultaneous compatible large Q¢ and small z evolutions!

-

n:2\/1+ g?N(n—2)/2—n




VII. Summary and Outlook

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

aFirst principle description of elastic/total cross sections, DIS at small-x,
Central Diffractive Glueball production at LHC, etc.

a|nclusive Production and Dimensional Scalings.

@"non-perturbative” (e.g., blackhole physics, locality in the bulk).



Partial list of successes of AdS/CFT:

Address quark-gluon plasma non-perturbatively.

New perspectives for String theories.
Unified treatment for High Energy Scattering.

Strong coupling for condensed matter physics.

Topological insulators, fractional quantum Hall effect, etc.
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SYK Model for Chaos Bound and
Falling into Black Holes

Stephen H. Shenker and Douglas Stanford. Stringy effects in scrambling. JHEP, 05:132,
532 2015.

Jeftf Murugan, Douglas Stanford, and Edward Witten. More on Supersymmetric and 2d
Analogs of the SYK Model. JHEP, 08:146, 2017.







according to . Polchinski




AdS == CFT according to J. Polchinski
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For High Energy Collisions

What is AdS/CFT in the context of High Energy Scattering?

From perturbative QCD, dominance of two gluon exchange at HE.

CFT =AdS




ALY DEPRA "
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For High Energy Collisions

2-GLUONS in 4d = GRAVITON in 5d

CFT =AdS




2-GLUONS in 4d = GRAVITON in 5d

CFT =AdS

Dominant “Quasi-particle” exchange for High Energy is
Graviton propagating in AdS




