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® Generalized PDF and HE Scattering in QCD

® Conformal Invariance and O(4,2) symmetry
® OPE and Conformal Block Expansion
® AdS/CFT and Holographic QCD
® Pomeron as Graviton in AdS
® Holographic Treatment of DIS
® TOTEM at LHC: Size and Shape of Proton
® Pion and Odderon

® Pomeron/Odderon Intercept in QCD



Outline

e (Generalized PDF as HE Scattering:
* Unification of UV and IR physics

* Non-Perturbative Treatment and Conformal Invariance

* 0(2,2) = 0(1,1) ® O(1,1) vs O(4,2) = O(3,1) ® O(1,1):

e(k')
e(k) / Q2

p ' XP %E(CI) , Fa(,(2) = A2 ey

\p'=xP+q 2

Small x : ¢ > ()
S

or(vV'p) +L (V)]

Optical T heorem
Utotal(sa QZ) — (1/3)Im A(Sa t = 0; QZ)

Partonic vs Confinement? UV vs IR?




v(1) 4 proton(2) — v(3) + proton(4)

T (p. ;') = (p'|T{T"(2).77(0)} )

Att=0; TH = Wl(x,Qz)(gW ng”) - Wg(x,QQ)(pM | q“) (py | q”).

2T 2T

DIS :  {p|[J*(x), J(0)][p) = Fi(z, @) (g

qv

L) e @+ )

21

)

Folx,q) =21 Im W, (x, q)

Falz,q) = (¢ /4m% 0t ) (07 + 0L




Application of Minkowski d > 1 CF'T for Scattering:

Lorentz boost and dilatation consist of O(1,1) x O(1,1) subgroup of the full

conformal transformations, O(4, 2).

It has long been known that approximate O(2,2) symmetry is an important
feature of QCD near-forward scattering at high energies

Treat the case of deep inelastic scattering (DIS) as a realization of O(2,2) in-

variance for near forward scattering.

v(1) 4 proton(2) — v(3) + proton(4)

" (p,q;p’sq') = (P'[T{J"(2)J"(0)}p)

qdu.49v

Att = O, THY = Wl (xy Qz) (g,ul/ q2

)+W2(5’37Q2)(pu | ;];)(py | ;];)

DIS : (pl[*(2). 7* (O)lp) = Fa(. Q) (g — 57) + Folw. Q%) (b + 5 ) (o |

qv
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Folx,q) =21 Im W, (x, q)

Falz,q) = (¢ /4m% 0t ) (07 + 0L
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For ¢t # 0,

v(q1) + proton(p;) — v(gz2) + proton(p2) : ; - o

TH (p1,p2,q1,q2) = F.T. (p2| T{J*(x2)J" (21)}|p1) b RGR U “

" (pir q5) = Vi(pi,45)9, " 95, + Va(pis @) (- 91)" (P - 2)"
+ V3(pi, 45)(q2 - 91)" (a1 - §2)” + Va(pi, ¢;)(p - 91)"(q1 - G2)”
+ V5(pi, q5)(q2 - 91)" (p - 92)” + A" (piy 45)q1pG20€7 P

WV
e 449 p=(p1+p2)/2
q
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For t # 0, Full conformal transformation O(4,2) ~ O(3,1) ® O(1, 1):

v(q1) + proton(p;) — v(gz2) + proton(p2) : ; - o

TH (p1,p2,q1,q2) = F.T. (p2| T{J*(x2)J" (21)}|p1) b RGR U c

" (pir q5) = Vi(pi,45)9, " 95, + Va(pis @) (- 91)" (P - 2)"
+ V3(pi, 45)(q2 - 91)" (a1 - §2)” + Va(pi, ¢;)(p - 91)"(q1 - G2)”
+ V5(pi, q5)(q2 - 91)" (p - 92)” + A" (piy 45)q1pG20€7 P
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e 449 p=(p1+p2)/2

2




e Moments, Dilatation, and Anomalous Dimensions:

MA@ = [ doa™ 2B, Q). MA@ (@)

“Anomalous dimension”

v, =A—3—T, dimension = A, “spin” =

for the twist-two, 7 = 2, operators, j§ even, appropriate for the DIS.

e r — 0 limit, Lorentz Boost and Effective Spin:

B(2,Q%) — 2%, d=1—joysy

for flavor-non-singlet, § ~ 1/2,

Ulepp = = Imicicee ez 1L/
for flavor-singlet, (gluon), § ~ —e < 0,

0.5

(jefsf = tensor — gluonball — intercept ~ 1 + ¢).

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

e r — 1 and/or @ — O(1) =1 | 1 N 3 4 5
IR physics — Confinement effects. | ; '\

e Unification:

A — j curve.

Theoretical Challenge: Calculate v(j) “non-perturbatively”.
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e (Generalized PDF as HE Scattering:
* Unification of UV and IR physics

* Non-Perturbative Treatment and Conformal Invariance
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e OPE and Conformal Block Expansion

¢ AdS/CFT and Holography QCD:
Pomeron as “Graviton” in AdS

e Holographic Treatment of DIS:
*Anomalous Dimension, DGLAP, etc.

* Confinement, Saturation, etc.

¢ Odderon, Pion, and TOTEM experiment at LHC

¢ Pomeron/Odderon intercept and AdS/CFT
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Dynamics
> dv
F(w,a):Z/ Q—a(f, )G, v;w, o)
g J—oo ST Single Trace Gauge Invariant Operators of N' =4 SYM,
B o () il o (f) 1 1

=Y R i ) TP, TR, Ea) TrR,DEE.), T, THDEZ

A=iv=A—d/2 Super-gravity in the A — oo:

Tr(F? — ¢, TrlFu,Fu] < G,
ZZ (12) (34) G(w,0; 4, A o) -
Symmetry of Spectral Curve:

G, v;w,0) =GP (L, v;w,0)+G ), v;w, o), where GP) (4, v;w,0) = G (4, —v;w, 0), : .
with G(Y) leading to convergence in the lower I/—f)l(:me and G(-) in the upper A(] ) —d- A(‘] )

ANOMALOUS DIMENSIONS:

_ v, A) = A, A) — 5 — 2
Euclidean CFT SO(5,1) = SO(1,1) x SO(4) (7, A) = A4, \)

d/2+ico gA

A(u,v) < a;(A)Ga i(u,v)

d/2—ico 2T F

Minkowski CFT: | 5§0(4,2) = SO(1,1) x SO(3,1)

AG) = 2+ V2y VEENL( — o)

3 =21+ V/@N(n - 2)/2—n

Unitary Representation of O(4,2)

/2+i00 —e+100
e / da A ) Gl A 0
d

/2—i00 271 — oD 271

Conformal Regge theory < meromorphic representation in the v — £ plane

o 0 & ra(f) 1 !
e 0 (v+iﬁa<€) " iR )
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* Unification of UV and IR physics
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¢ Odderon, Pion, and TOTEM experiment at LHC
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Il. Gauge-String Duality: AdS/CFT QCD EMERGENCE OF 5-DIM ADS

Weak Coupling: “Fifth” co-ordinate is size z / z' of proj/target
Gluons and Quarks: A% (z), ¥}(z)
Gauge Invariant Operators: W(z)Y(x), (x)Dy(z)
S(z) = TrF2,(z), O(z) = TrF(z) Q) —
) =Tk (a0 oetc.
Lx)=—TrF° + P+ - -- b, b,
Strong Coupling:
Meftric tensor: Gn(z) =
Anti-symmetric tensor (Kalb-Ramond fields): 5 kinematical Parameters:
Dilaiggei o o 2-d Longitudinal p= = p0 & p® = exp[ + log(s/A,,)]
Other differential forms: 2-d Transverse space: }('J_- }{J_ = bJ_
1-d Resolution: z=1/Q (orz’'=1/Q)

Background and Motivation

N =4 SYM Scattering at High Energy

D dim N=4 SYM
(bounda )

The AdS/CFT is a holographic duality

[ d*ze¢;(x)O;(x) _ . _ . that equates a string theory (gravity) in high dimension
<6 >CFT ZStmng [¢Z (ZIZ‘, Z) ’ZNO = ¢ (33)] with a conformal field theory (gauge) in 4 dimensions.

D+1 dim Anti-de Sitter
(bulk)

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:

Bulk Degrees of Freedom from type- \ = g? N, — oo
lIB Supergravity on AdSs: N N U N IR i
Supergravity limit
2
e metric tensor: Gy ds® = % [d2? + dx - dz] + R2dQs — €*4) [d2? + dx - dz] + R*dQs

e Kalb-Ramond 2 Forms: By, Cun Strong coupling

e Dilaton and zero form: ¢ and C) Conformal

Pomeron as Graviton in AdS

21




HIGH ENERGY SCATTERING <=> POMERON

WHAT IS THE POMERON

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

Wi
%2 J
111
S—L d*zdz/— (z)(—R' e MY O 90 qb)
_21%2 g | R2 | 29 M N

FE. Low. Phys.Rev. D 12 (1975), p. 163.

S. Nussinov. Phys. Rev. Lett. 34 (1975), p. 1286. AdS Witten Diagram: Adv.

Theor. Math. Physics 2 (1998)253



® Weak-Strong Duality



® Gauge Dynamics — Geometry of Space-Time
® Weak-Strong Duality



Unification and Universality:

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

® Unification of Soft and Hard Physics in High Energy Collision
® Gauge Dynamics — Geometry of Space-Time

® Weak-Strong Duality

® [mproved phenomenology based on “Large Pomeron intercept”, e.g., DIS at
small-x: (DGLAP vs Pomeron), Elastic/Total Cross sections, DVCS, Central

Diffractive Hiegos Production. etc.




N -,ﬂ _(/:\'.‘ '\.‘.‘ ‘_’. -1 -

N = 4 Strong vs Weak g¢? N,

* Trajectory selected by exchanged quantum numbers. For elastic scattering jo

Soft Pomeron trajectory [Donnachie, Landshoff]

these are the vacuum quantum numbers.
(mbgo ] Jﬁ}»:21.705"-”808 +‘98.393:‘:57;’ ‘ (;,ﬁjs K~p:11.9350-0808 4 95 33504525 2 [
. : pp : 217000808 4 56 08g—0-4525 4 o4 | Ktp:11.93500%08 + 7.585~0-4525 [
jp(t) = 1.08 + 0.25t (GeV units) 70 | M .
o //‘/ 5 I //7
50 7 L b2 e o
| o St ot | 5 jo = 1.25'
Elastic cross sections in QCD A0 Moy o2 ‘ o . 1 ; \ o
30 S L L 16 L ] - L \
10 100 _ . 1000 10 100 ==t L
3 V3 (GeV) V5 (GeV) Jo \ :
o v SJP(O)_l ~Y 80'08 30 . ” ' / \ Gra\/lton
(mb) | 77p:13.6350080% 4 3602504525 P (mb) | pn : 2170500808 4 92.71570-4525 0 . 5 [ \
og | mtp:13.63500808 4 97 56504525 T 50 | pn:21.7050-0808 4 54 7750-4525 ] [ \
e Two | \
Exchange of even spin glueballs (J > 2) Gluon T 2 T 4 e 6 R 8
«
Oy ~ Fa[51D52 "'D/BJ—lF/BJ] | BFKL QCD? BPST
20 : —
10 - (e 100 100 I =] LB ) 2N 7'('2 )
o) jo (2)g° N/ o = 2= o/
Conformal Imariance and Porteron
Interaction From AdS/CFT
® Draw all “Witten-Feynman” Diagrams in AdSs, QCD Pomeron <===> Graviton (metric) in AdS
SR ® High Energy Dominated by Spin-2 Exchanges; Flat-space String Confinement
Regge a(t)
72(!/7,,,‘?/,(@-' Samml'ng 3enera/fzed' wWitten D,'ggrms pl —|— p2 — p3 —I— p 4 . / Closed S;[ring
Graviton .
z:::e;/rt:;‘rjn:;/):::i:z:fim Ten, hep—2h/ 0003s T T: /PEH String
.

Photon/Gluon

One Graviton Exchange at High Energy

Conformal Invariance

: dz [ dZ - - - }
T(l](f)lz P2.pP3. })4} — (}3 / ; / ; ‘1’5(3)%._ Z}‘I’i(})g, ,Z)T{l}(}}i z, z’}@i{p%__ z’)(Ilﬁ (f‘% z") Fixed cut in |-plane:
(1) Dr2 A2 9 (f") Regge ap(t)
FYy . I 2 1 Iy ! ) vl D ! | ling:
T (p.a.azpz ) = (Z Z ,5) Gr_|__|_}__(q,Z‘_Z ) = (ZZ S) Gr&:;l(qu‘_z ) :g\llztla(all_)(couplng

Strong coupling:
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ADS BUILDING BLOCKS BLOCKS
B 51E BUILDING BlE@ES o

el -to-)

« Elastic Vertex: ' e A(37 t) — (1)13 x KP X (I)24 .

>
» Pomeron/Graviton Propagator:
A(s,t) = gg/ded3b' e =X) P (2) K(s,x — X', 2,2") Pou(2)) .
: (ZZ’)2>/ dj <1+6‘”~7> ~ Wy i
]CS,b,Z,Z :_( : 5 : ?GZ,ZU 2L 5]
. Ri-) ) 2mi \sin i | @b = dzdw.\/=g() where g(2) = detlgnm] = —>4() 5
el For 2-to-3 £
conformal: Gj(z,a, 72" =

g B Tl -

A(f) =2+ V2 A4/ (5 — jo)

A(s, s1,82,t1,t2) = D13 * ]Ep x V % I%p * Doy | :—>

D ST A L T T r
R s ;

B HC VS DIS ADS BUILDING BEG G " =

nelastic Scattering as Minkowski CFT

—> Reduction to d = 2:
A(s,z, —2'\) = g5 /d3bd3b’(1>12(z)G(s,a:L — 2|, 2,2 ) P34(2") Discontinuity: _
Mellon Representation:
1 g _ :
0‘T<8) == —ImA(S’ 0) W2<w7a2) = Za ZE even aOf(E)ICa(w?O-Q’g)
S
Lo+to0 —iml
W(w,o2) = Wo(w,02) — Z/ dé. ! + - al{? V(O Ko (w, 00;0)
Lo—ico 2mi sinml
IO (7 0) o
Lo+ic0 vl
1 ImW (w, o2) :Z/ | Q—ia82)’(34)(f)Ka(w,02;€)
D13(2) = By2qye(2,Q) = ;[Qz)4(K§(Qz) + K7(Qz)] e
. Dilatation: — 4471722 ~ _(A(2n) — 2) A(02,2n) - DGLAP
R ~ qbesrs—1 Effecti i
&b = ded®s) \/—g(z) where g(z) = det[gnm] = _BA(z) Lorentz Boost — Fy(w,0) >~ w — Effective Spin, (.




Spectral Curve:

Graviton Spectral Curve:| (&)~ 3—x A AG)

Lo+100
ImF(w,o) :I:Z/ d€ a12:BY (0 AL (O)G(w, 054, Ap(£))
Lg—100

Single Trace Gauge Invariant Operators of N' =4 SYM,

A()(A(E) = d) = mqs(0) d=4, mjas(t Z Bn(€—2)"

TrlFy  D’72F 4], j=2,4,--

B.Basso, 1109.3154v2

Super-gravity in the A\ — oo:

Ap(f) ~ 2+ B(f)\/f — feff

A2)=4; A@G) =00V -0, j>2

J
15| N\

e

BEE

Symmetry of Spectral Curve: Im F(w, o) ~

A(J) < 4= A0)

MOMENTS AND ANOMALOUS DIMENSION
Graviton Spectral Curve:| (&)~ x—x A_AQD) M, (Q?) = [} dz 22 Fy(z, Q%) — Q'

Single Trace Gauge Invariant Operators of NV =4 SYM, Yo = ()

Tr(Fy D?F 4], =24, AG) = 2+ V2 V@ — jo)

Super-gravity in the A — oo: Yo = 24/1+ VgN(n — 2)/2 - n

A2) =4; A®G)=0N*) =00, j>2

AAAAAAAAAAAAAAAAAAAAAAA

Symmetry of Spectral Curve:

A(J) < 4= A3)




dots are HI-ZEUS small-x data points

Fal, Q) ~ (1/)"r1eet

0.5 ——
+ Data
0.45). 5 -
0.4f Geff(Q ) .
0.35- _ :[ =
0.3- i i =
> £0.25- I I E
g 5 B
St teiit e sasnnn w% 0.2+ 7
©00 0000000000 000 & 2
© 00 000000000000,  ONO O e e [ ] L=
° © 000000000 000 00 000, 015~ [ |l | t 1 t=F _
° 000000 000 00 000 O - Fmmme "
0.1+ i =
0.05 1 -
Or i
L L L L | L L | | | L L L |
10™ 10° 10' 10°

Saturation of Froissart Bound

Disk picture
— ® The Confinement deformation
|=aey gives an exponential cutoff for b
|| —ceoon > bmax ~c log (s/so),
——Q2=35 GeV?
\ ([T ® Coefficient ¢ ~ |/mo, mo being
| et-roee the mass of lightest tensor
—Q°=6.5GeV
Y [—Q3=3.5 GeV?
| a?=2 Gev? gueba *
o .,~ ’ _02=1.2 GeV2 . .
el Tat0ss cov? ® Froissart is respected and bmax determined by confinement.
] | Q°=0.4 GeV
| o025 cev? saturated.
0 . . . —Q?=0.15 GeV?
10 10 10 10 10 Ab ~ log(s/so)
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Size and Shape of Hadrons

TOTEM Elastic cross section at LHC

e new structure at —0.05 <t <0

Importance of “two-Pion shadow”.

L. Jenkovszky, I. Szany and C-I Tan, “Shape of Hadron and Pion Cloud”,
Eur. Phys. J. A (2018) 54:116, arXiv 1710.10594PJ-C,

e cstablishing dip structure at —¢t ~ 1 — 2

Strong evidence of Odderon.

do(t)/dt

exponential

0 0.1

[t] (GeV?)

h(b)

absorptions
result in a dip

"tail”, seen
as a”break” int

Gaussian
(exponential in t)

1.0 b (Fermi)

Fig. 1 Schematic (qualitative) view of the "break", followed by the diffraction minimum ("dip"), shown both as function in ¢ and its Fourier
transform (impact parameter representation), in ». While the "break" reflects the presence of the pion cloud around the nucleon at the outer edge

of an expanding disk in b, the dip results from absorption corrections, suppressing the impact parameter amplitude at small b.

A

Expect sharp-structure at £ — 1. B

F(z) ~2°(1 —x)”
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Outline

e (Generalized PDF as HE Scattering:
* Unification of UV and IR physics
* Non-Perturbative Treatment and Conformal Invariance
*0(2,2)=0(1,1)®0(1,1) vs O(4,2) =0(3,1) ® O(1,1):
e OPE and Conformal Block Expansion
¢ AdS/CFT and Holography QCD:
Pomeron as “Graviton” in AdS
e Holographic Treatment of DIS:
*Anomalous Dimension, DGLAP, etc.

* Confinement, Saturation, etc.

¢ Odderon, Pion, and TOTEM experiment at LHC

¢ Pomeron/Odderon intercept and AdS/CFT




I\V: Pomeron in the conformal Limit,
OPE, and Anomalous Dimensions

2w ()
Gmn = 9mn = h“mn

Massless modes of a closed string theory:

Need to keep higher string modes

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

BFKL

Balitsky, Fadin, Kuraev, Lipatov

(BFKL): perturbative Pomeron. Large ~§3—g é ‘ é oy S :
[ G% =

logs get in the way of usual perturabtion

nnnnn
g:

theory: resum «s log(s) to all orders. Bfkl "
equation — integral equation for Green's
function in Mellin space

270 w— asx(v, n)

where in Leading Log (LL)

x(y,n) = 29(1) = (v + %) —Y(l—y+ %) and wo = 4a;NC In(2)

Surprising conformal symmetry greatly simplifies things in coordinate space ﬁ

DGLAPP
BFKL
BPST Pomeron

Full O(4,2) Conformal Group

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

Anomalous dimensions

Y(7) = A(J) — J — Tewist

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

* Operators that contribute are the twist 2
operators J ~lnJ

Oy~ Fa[ﬁ1D52 s Dﬁ‘lleB.]]a 7
« Dual to string theory spin J field in leading 4 | BFKL
Regge trajectory i

(D2 i m2) hul.”a_r =0

m?=AA-4)—J, A=A()

o Diffusion limit

) 2 J >, z
JB) =R+ D@2 = m =S (-2 - v 4 A-2

DGR IS N RS AN R AN G A o) sl SR M EINIS LGN
M,,(Q2) = [ dw 2™ 2Fy(x,Q%) — Q7

Y2 =0

AG) =2+ V2 VNG — o)

'yn:2\/1—|- P?N(n—-2)/2—n

Formal Treatment via World-Sheet OPE

(Lo — 1)Vp = (Lo — 1)Vp = 0

Flat Space Pomeron Vertex Operator

VE = (20X*5X* o )+ 4eTHX

Flat Space Odderon Vertex Operator

VE = (262, OX8X* ja’) (20X 25X ') 4 eTikX

Pomeron Vertex Operator in AdS

Ve(g, v, k, £) ~ (OXETX*)2eT kX G-, (|t }2e~)

Odderon Vertex Operator in AdS

Volj,v,k,£) ~ (BX*TX* — 8X TX*)(OX*BX*)'T ™ X 0P Kan (|2 2e™) |5




POMERON AND ODDERON IN STRONG COUPLING:

~

A(S)* =7+ ai(1,\)S + az(1,\)S* + - - B.Basso, 1109.3154v?2
2 11 6¢(3)+2  18C(3)+3E  39¢(3) + %
POMERON ®=2-3pm ytpent a2 +t—wr +t— @
b \
Brower, Polchinski, Strassler, Tan Gromov et al.

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

3

Solution-a: ao =1~ 157

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

Brower, Djuric, Tan / \
Avsar, Hatta, Matsuo Brower, Costa, Djuric, Raben, Tan
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Solution-a: ao =1

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

0 0 0 0 0 0

Solution-b: a0 =1— 375 — v+ 55+ 5+ 55 + 131

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



N = 4 Strong vs Weak ¢g*N.

Graviton =0 BPST

-035r

~1.0



Summary and Outlook
for AdS-CFT for QCD

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

@ Realization of conformal invariance beyond perturbative QCD

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

aNew starting point for unitarization, saturation, etc.

a|nclusive Production and Dimensional Scalings.

@0ther "non-perturbative” physics, (e.g., blackhole physics, locality in
the bulk).

@"Discrete Approach to AdS/CFT".
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