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HERA is the largest electron - proton collider ever built, and has
tremendously improved our knowledge of the structure of the proton. It
operated from 1992-2007, and collected a wealth of small z data. Two
crucial (related) discoveries:

Djuri¢ — Small-x in AdS Introduction 4/32



HERA is the largest electron - proton collider ever built, and has
tremendously improved our knowledge of the structure of the proton. It
operated from 1992-2007, and collected a wealth of small z data. Two
crucial (related) discoveries:

» Cross sections for many different processes (DIS, DVCS, VM
production...) show a power growth with 1/x.

Djuri¢ — Small-x in AdS Introduction 4/32



HERA is the largest electron - proton collider ever built, and has
tremendously improved our knowledge of the structure of the proton. It
operated from 1992-2007, and collected a wealth of small z data. Two
crucial (related) discoveries:

» Cross sections for many different processes (DIS, DVCS, VM
production...) show a power growth with 1/x.

» The same, universal gluon distribution functions describe these
processes, and gluons dominate at small x.

Djuri¢ — Small-x in AdS Introduction 4/32



HERA is the largest electron - proton collider ever built, and has
tremendously improved our knowledge of the structure of the proton. It
operated from 1992-2007, and collected a wealth of small z data. Two
crucial (related) discoveries:

» Cross sections for many different processes (DIS, DVCS, VM
production...) show a power growth with 1/x.

» The same, universal gluon distribution functions describe these
processes, and gluons dominate at small x.

» These point to a universal Pomeron exchange as the dominant
process.

Djuri¢ — Small-x in AdS Introduction 4/32



HERA is the largest electron - proton collider ever built, and has
tremendously improved our knowledge of the structure of the proton. It
operated from 1992-2007, and collected a wealth of small z data. Two
crucial (related) discoveries:

» Cross sections for many different processes (DIS, DVCS, VM
production...) show a power growth with 1/x.

» The same, universal gluon distribution functions describe these
processes, and gluons dominate at small x.

» These point to a universal Pomeron exchange as the dominant
process.

» The BFKL equation sums the leading 10g% diagrams for interaction

of gluon on gluon, and leads to power behaviour for the cross section
- QCD Pomeron.

Djuri¢ — Small-x in AdS Introduction 4/32



HERA is the largest electron - proton collider ever built, and has
tremendously improved our knowledge of the structure of the proton. It
operated from 1992-2007, and collected a wealth of small z data. Two
crucial (related) discoveries:

»

Cross sections for many different processes (DIS, DVCS, VM
production...) show a power growth with 1/x.

The same, universal gluon distribution functions describe these
processes, and gluons dominate at small x.

These point to a universal Pomeron exchange as the dominant
process.
The BFKL equation sums the leading 10g% diagrams for interaction

of gluon on gluon, and leads to power behaviour for the cross section
- QCD Pomeron.

This perturbative QCD approach works at high @2, and the goal is to
extend it as much as possible into the low Q? region, typically up to
somewhere of the order Q? = 1 — 4GeV?.
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> At very small x, non-linear effects also become important.

Djuri¢ — Small-x in AdS Introduction 5/32



» At very small z, non-linear effects also become important.

A

In 1/x

Y=

Djuri¢ — Small-x in AdS Introduction 5/32
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» Our goal is to apply an alternative method to study the
non-perturbative and saturation regions, and also see how much can
they be applied to the higher Q? region as well.
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The Pomeron

» The Pomeron is the leading order exchange in all total cross sections,
and in 2 — 2 amplitudes with the quantum numbers of the vacuum,
in the Regge limit

s>t
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The Pomeron

» The Pomeron is the leading order exchange in all total cross sections,
and in 2 — 2 amplitudes with the quantum numbers of the vacuum,
in the Regge limit

s>t

» It is the sum of an infinite number of states with the quantum
numbers of the vacuum.

» It leads to an amplitude that as s — co goes as

o't

A(s,t) ~ s®D | a(t) = a(0) + R

> In perturbative QCD, the propagation of the Pomeron is given by the
BFKL equation.
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The AdS/CFT Correspondence

» Conjectured exact duality between type IIB string theory on
AdS5 x S5, and N/ = 4 SYM, on the boundary.
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» The duality relates states in string theory to operators in the field
theory through the relation
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<6 >CFT string [¢Z (.Z', Z) ’ZNO]

» The metric we will use
ds? = 2A2) [—dztde™ + dvydr) + dzdz) + R2d*Qs.
» In the hard-wall model up to a sharp cutoff zy ~ 1/Agen

62A(z) _ R2/22
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The AdS/CFT Correspondence
» Conjectured exact duality between type IIB string theory on

AdS5 x S5, and N/ = 4 SYM, on the boundary.

The duality relates states in string theory to operators in the field
theory through the relation

fd4a:¢¢(x)0i(x) _ . .
<6 >CFT string [¢Z (.Z', Z) ’ZNO]

\4

The metric we will use

v

ds? = 2A2) [—dztde™ + dvydr) + dzdz) + R2d*Qs.

» In the hard-wall model up to a sharp cutoff zy ~ 1/Agen
62A(z) _ R2/22
» Correspondence works in the limit

Ne — 00, A= g?’Ng = RY/o/? > 1, fixed
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» It hasn't been proven, but there is evidence for it (for example 2 and
3 point functions).
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> It hasn't been proven, but there is evidence for it (for example 2 and
3 point functions).

» We can calculate scattering amplitudes by using Witten diagrams.

* Weak coupling e Strong coupling
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Pomeron in AdS string theory

» What is the Pomeron in AdS String theory? (Brower, Polchinski,
Strassler, Tan 2006)
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Pomeron in AdS string theory

» What is the Pomeron in AdS String theory? (Brower, Polchinski,
Strassler, Tan 2006)
» It is the Regge trajectory of the graviton.
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Pomeron in AdS string theory

» What is the Pomeron in AdS String theory? (Brower, Polchinski,
Strassler, Tan 2006)

» It is the Regge trajectory of the graviton.

» In flat space, the Pomeron vertex operator

o't

9 _ el
vp & (,3X+8X+> e kX
[0
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Pomeron in AdS string theory

» What is the Pomeron in AdS String theory? (Brower, Polchinski,
Strassler, Tan 2006)

» It is the Regge trajectory of the graviton.
» In flat space, the Pomeron vertex operator

o't

9 _ el
vp & (,3X+8X+> e kX
[0

» The Pomeron exchange propagator in AdS is given by
2(z2")2s

=220 72
g R*

X(57 b) 2, Z/)
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Pomeron in AdS string theory

» What is the Pomeron in AdS String theory? (Brower, Polchinski,

Strassler, Tan 2006)
» It is the Regge trajectory of the graviton.
» In flat space, the Pomeron vertex operator

o't

def [ 2 o\ ik-X
vp & <,3X+8X > e~ik
(0%

» The Pomeron exchange propagator in AdS is given by

2(z2")2s
K==""L"x(s,b,2 7
R x( )
where
_I2
_ T\ oo gy L eXP(50)
L) = (cot(— p
X(T7 ) (CO ( 9 )+Z)g(]6 sinh L (pT)3/2
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Pomeron in AdS string theory

» What is the Pomeron in AdS String theory? (Brower, Polchinski,
Strassler, Tan 2006)

» It is the Regge trajectory of the graviton.

» In flat space, the Pomeron vertex operator

o't

def [ 2 o\ ik-X
vp & <,3X+8X > e~ik
(0%

» The Pomeron exchange propagator in AdS is given by
2(z2")2s

=220 72
g R*

X(va)zvz/)
where

72
L ew(=L)
sinh L (p7)3/2

™ ) o)
x(r, L) = (cot(5) + i)gye

» Similar procedure can be applied for other trajectories (e.g. for the
Odderon [Brower, MD, Tan, 2008])
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» The weak and strong coupling Pomeron exchange kernels have a
remarkably similar form.
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» The weak and strong coupling Pomeron exchange kernels have a
remarkably similar form.

» Att=0
Weak coupling:

S.j() o
Kk ,I{Z/ s - - _(IngJ_—IngJ_) /4Dlog s
(kL) 47 Dlog s
log 2 14
Jjo=1+ 0g2 A, D= 4( ))\/4 2
T

Strong coupling:
SjO

vanDlog s

_ _ 7\2
K:(Z,Z/,S) _ e (log z—log z')#/4Dlog s

2
g =2——, D=—+
Jo \f)\ 2\5\
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Pomeron and the Eikonal Approximation
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Pomeron and the Eikonal Approximation

» According to the Froissart bound

S
Otot < Wclog2(;)
0
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Pomeron and the Eikonal Approximation

» According to the Froissart bound

S
Otot < Wclog2(%)

» Hence the Pomeron exchange violates this bound.
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Pomeron and the Eikonal Approximation

» According to the Froissart bound

S
Otor < melog? (=)
S0
» Hence the Pomeron exchange violates this bound.

» Eventually effects beyond one Pomeron exchange become important.
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Pomeron and the Eikonal Approximation

» According to the Froissart bound
S
Otor < melog? (=)
S0
» Hence the Pomeron exchange violates this bound.
» Eventually effects beyond one Pomeron exchange become important.

» Eikonal approximation in AdS space (Brower, Strassler, Tan;
Cornalba,Costa,Penedones)

A(s,t) = 2z's/al2le“¢'OlL /dzdz Pi3(2) Poy(2) (1 — eX(3:6:22))
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Pomeron and the Eikonal Approximation

» According to the Froissart bound

S
Otot < 7761032(;)
0

v

Hence the Pomeron exchange violates this bound.

\4

Eventually effects beyond one Pomeron exchange become important.

v

Eikonal approximation in AdS space (Brower, Strassler, Tan;
Cornalba,Costa,Penedones)

A(s,t) = 2z's/al2le“¢'OlL /dzdz Pi3(2) Poy(2) (1 — eX(3:6:22))

v

We can study different scattering processes by supplying P35 and Poy.
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Pomeron and the Eikonal Approximation

» According to the Froissart bound

s
Otot < WCIOgQ(;)
0

v

Hence the Pomeron exchange violates this bound.

\4

Eventually effects beyond one Pomeron exchange become important.

v

Eikonal approximation in AdS space (Brower, Strassler, Tan;
Cornalba,Costa,Penedones)

A(s,t) = 21's/al2le“¢'OlL /dzdz Pi3(2) Poy(2) (1 — eX(3:6:22))

v

We can study different scattering processes by supplying P35 and Poy.

v

For example, already applied to DIS [Brower, MD, Sar&evi¢, Tan;
Cornalba, Costa, Penedones|, and DVCS [Costa, MD].
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What is Vector Meson Production?

Vector meson production occurs in the scattering between an offshell
photon and a proton.
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What is Vector Meson Production?

Vector meson production occurs in the scattering between an offshell
photon and a proton.

The vector mesons consist of a quark-antiquark pair, and have the same
quantum numbers as the photon, JP¢ = 17~ The production of the
p°,w, ¢ and J/U was measured at HERA.
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» We are interested in calculating the differential and exclusive cross

sections
do

dt

WP
16782’

(z,Q% )

and

 167s2

oz, Q%) = — /dt\W\z.
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» We are interested in calculating the differential and exclusive cross

sections p \W|2
el 2 4\ _
dt (x7Q 7t) - 167'('82 )
and .
2\ _ 2
o, Q%) = 167T82/dt\W\ |

» Here W is the scattering amplitude

w=2sQq' [aients [ L Lue)ae) [1-exon).

23 Z3
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» We are interested in calculating the differential and exclusive cross

sections
do

dt

WP
16782’

(z,Q% )

and

1
2 2
= dt |W|*.
7. Q) = 1 [ AW
» Here W is the scattering amplitude

, dz dz .
W = 2isQQ' / dl e 1L / ZZu)a() [1 - ezx(S@} .
23 Z
» This has the previously mentioned form, we just need to supply the
wavefunctions ¥(z) and ®(z) for the photon and the proton.
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» We are interested in calculating the differential and exclusive cross

sections p \W|2
o 2
( Q@51 = 16ms2’
and
2\ _ 2
o(x,Q7) = 16 dt|W|*.

» Here W is the scattering amplitude

, dz dz .
WzZisQQ’/dlL e“ﬂ'll/’; Z o) a(z) {1—e’X<SvL>} .
23 Z
» This has the previously mentioned form, we just need to supply the
wavefunctions ¥(z) and ®(z) for the photon and the proton.

» In this analysis we use

71'2 V2

Wn(2) =~ € 7 2 KalQ@2)) (g o2 n(m2), 9(2) = 2652
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Conformal Pomeron

» We start with the conformal pomeron, with

_I2
1—p)7 L eXp( pT )
sinh L (pT)P’/?

1—eXm —iy= —i(cot(%p) +i)gel
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Conformal Pomeron

» We start with the conformal pomeron, with

_I2
1—p)7 L eXp( pT )
sinh L (p7—)3/2

1—eXm —iy= —i(cot(%p) +i)gel

» Depends on 3 parameters:
Zx
p=2—jo=
C’gg .

She

» (C is the aforementioned normalization, and g(Q) is related to the
coupling of the external states to the pomeron.
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Hard wall pomeron

» Obtained by placing a sharp cut-off on the radial AdS coordinate at
zZ = Z0.
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Hard wall pomeron

» Obtained by placing a sharp cut-off on the radial AdS coordinate at
zZ = Z0.

» First notice that at ¢ = 0 x for conformal pomeron exchange can be
integrated in impact parameter

_(n(z/=))?
pT
Xt =0,2,2) = ingf (cot () +1) (z2) el =
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Hard

wall pomeron

Obtained by placing a sharp cut-off on the radial AdS coordinate at
zZ = Z0.

First notice that at ¢ = 0 x for conformal pomeron exchange can be
integrated in impact parameter

_ (n(5/2))2
pT

x(1,t=0,2,2) =in g (cot ( 5 ) + Z) (zz)e ()12

Similarly, the ¢t = 0 result for the hard-wall model can also be written
explicitly

Xhw(Tyt = 0,2, 2) = x(1,0,2,2) + F(1,2,2) X(7,0, 2, 25 | Z) .
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Hard wall pomeron

» Obtained by placing a sharp cut-off on the radial AdS coordinate at
zZ = Z0.

» First notice that at ¢ = 0 x for conformal pomeron exchange can be
integrated in impact parameter

_ (n(z/2))
pT
x(1,t =0,2,2) = i g (cot (%p) + Z) (2z) e1=P)T 6(107)1/2
» Similarly, the ¢ = 0 result for the hard-wall model can also be written

explicitly
Xno(T,6 = 0,2,2) = x(7,0,2,2) + F(7,2,2) X(1,0, 2,2 /2) .
» When t # 0, we will use an approximation

X (751, 2,2) = C(7,2,2) D(1, 1) X\ (7,1, 2, %)
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» The function

_ 5 /52
F(r,2,2) =1 —4y/mr e erfe(n),  n= log(z\jfrj)) +47

is set by the boundary conditions at the wall and represents the
relative importance of the two terms
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» The function
~1 5/22) 4 4
F(r,2,2) =1— 477 e’ erfe(n) = Og(z\jl/rzo) + 47
T

is set by the boundary conditions at the wall and represents the
relative importance of the two terms

» Varies between —1 and 1, approaching —1 at either large z, which
roughly corresponds to small Q?, or at large T corresponding to small
x.
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» The function

_ 5 /52
F(r,2,2) =1 —4y/mr e erfe(n),  n= log(z\jfrj)) +47

is set by the boundary conditions at the wall and represents the
relative importance of the two terms

» Varies between —1 and 1, approaching —1 at either large z, which
roughly corresponds to small Q?, or at large T corresponding to small
x.

» It is therefore in these regions that confinement is important!
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The Data

Let us now discuss the data we will use later on in the talk.
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The Data

Let us now discuss the data we will use later on in the talk.

» We will use data collected at the HERA particle accelerator, by the
H1 experiment, taken from their latest publications.

» All the data is at small z (z < 0.01).

» In this region pomeron exchange is the dominant process.

» We will look at both the differential and total exclusive cross sections.
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DIS

» Note that the same formalism has been applied before to DIS with
good results (x? = 1.04 for the best model) [Brower, MD, Sar&evi¢,
Tan, 2010, Cornalba, Costa, Penedones, 2010], and DVCS (x? = 1.00
and x? = 0.51 for the best models of the cross section and differential

cross section respectively) [Costa, MD, 2012].
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DIS

» Note that the same formalism has been applied before to DIS with
good results (x? = 1.04 for the best model) [Brower, MD, Sar&evi¢,
Tan, 2010, Cornalba, Costa, Penedones, 2010], and DVCS (x? = 1.00
and x? = 0.51 for the best models of the cross section and differential
cross section respectively) [Costa, MD, 2012].

Q=400 GeV?
——Q?=250 GeV?
—Q?%=150 GeV?
——Q%-90 GeV?
Q=60 GeV? 05
—Q?=35 GeV? * Data
o2z oV 0.45|— Conformal
A " 0.4 — Hardwall
Q%15 GeV' -~ Hardwall Eikonal
Q%10 GeV? 035
—Q%6.5GeV? 03
—Q%=35GeV? 2025
: fﬂ 0.2
——Q%=0.65 GeV?| 015
Q?=0.4 GeV? o1
——Q%=0.25 GeV?| 0.05
—Q%=0.15 GeV 0
5 s s } z
10 10 1 2 10 10 1 °.|
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o [nb] do/dt [nb/GeV?]
p 0 Q Jy P 0

m [GeV] 0.77549 1.019445 0.78265  3.096916 0.77549 1.019445  3.096916}

N 48 27 6 38| 35 21 84
C
0 o 0.92 0.60, 0.0099 0.28] 1.7 1.3 2.9
n
f 2
o 9% 4.6 1.8 0.53 0.62) 1.6 0.25 0.56}
r
m p 0.76 0.73 0.64 0.70] 0.65 0.54 0.72
a
I z* [GeV7] 3.4 3.0 18 0.98 2.1 2.5 2.2
H 2

X 0.88 0.61 0.015 0.30) 1.7 1.4 1.8
a

2

r 9% 4.1 1.8 0.67 0.75] 2.2 0.38 0.69)
d
W p 0.76 0.73 0.66 0.71] 0.69 0.59 0.75)
a -1
| z* [GeV™] 3.6 3.6 1.5 0.87 2.2 2.5 2.4
I 1

z,[GeVv] 48 4.4 7.3 5.3 7.7 8.6 4.




Differential cross section for the p meson:
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Differential cross section for the ¢ meson (hardwall model):

W =45 GeV o, W=75GeV

i — Q=5 GeV?
2

— @ =33 GeV?
— @ =6.6 GeV?
— @ =158 GeV?

0 0.2 0.4 0.6 0.8 1
t

W =102 GeV

[—@ =506

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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Differential cross section for the J/¥ meson (hardwall model):

5 I, G = 0.05 GeV? I, Q%= 8.9 GeV?
10
i — W =65 GeV ) — W =57 GeV
10° — W = 98 GeV/
— W = 251 GeV
103
8= =10’
10' i
10°
1 0|
%% 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
-t -t
. I, G =0.05 GeV? I, Q%= 8.9 GeV?
10
107 N
W = 140 GeV.

— W =251 GeV

0|
104 no na nAa ng 1 10
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Cross sections for the conformal model:

3 J o [0}
10 10
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250
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Cross sections for the hardwall model:
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Outline

Conclusions
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We thus conclude today's talk. We have seen some interesting methods
for applying gauge/gravity duality to study small x physics. In particular
we can study a wide range of HERA processes, and in kinematical regions
not accessible by traditional methods.
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We thus conclude today's talk. We have seen some interesting methods
for applying gauge/gravity duality to study small x physics. In particular
we can study a wide range of HERA processes, and in kinematical regions
not accessible by traditional methods. We saw that we need our theory to
include confinement if we want it to be realistic

Saturation
Confinement

The above order of lines is the opposite of what is generally thought. Is it
an artifact of our model?
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Summary:

» We now have 3 processes (DIS, DVCS and vector meson production)
where the AdS (BPST) pomeron exchange gives excellent agreement
with experiment in the strong coupling region, and even up to
relatively high Q2
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Summary:

>

We now have 3 processes (DIS, DVCS and vector meson production)
where the AdS (BPST) pomeron exchange gives excellent agreement
with experiment in the strong coupling region, and even up to
relatively high Q2

Hence string theory on AdS is giving us interesting insights into
non-perturbative scattering.

The value of the pomeron intercept is in the region 1.2 — 1.4 which is
in the crossover region between strong and weak coupling, and a lot
of the equations have a form which is very similar both at weak and
at strong coupling (but x is different).

It might therefore be possible to extend some of the insights we gain
even into the weak coupling regime.

The hard wall model, although a simple modification of AdS, seems
to capture effects of confinement well. Interesting to repeat some of
the calculations using a different confinement model to identify
precisely what features are model independent.
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Future work

Some more work that is under way

» We should apply these methods to other processes where pomeron
exchange is dominant. Next step is to study proton-proton total cross
section.

» It is also interesting to extend these methods beyond 2 — 2 scattering
(e.g. for 2 — 3 scattering recent paper by Brower, MD and Tan
[JHEP 1209 (2012) 097] )

» Eventually it would be good to have a single set of parameters that
fits several different processes.

» We can also try to use a different AdS model of confinement (for
example the soft wall model [Brower, MD, Raben, Tan, in
preparation]) and combine our methods with work by others (for
example on the vector meson wavefunctions).
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