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Soft High Energy Scattering

@ Soft high energy scattering is one of the oldest unsolved problems of
strong interactions (energy regime: s — 0o, v/—t < 1GeV)

o Optical theorem: imaginary part of the amplitude at t = 0  total
cross section — rising total cross section problem

@ Pomeron intercept must respect the Froissart bound (unitarity +
mass gap) [Froissart (1961)]

T 2 S
Ttot(s) < m—% log (5)

@ QCD is believed to be the fundamental theory of strong interactions

> nonperturbative regime of the theory involved [Nachtmann (1991)]
» satisfactory explanation from first principles still lacking
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Gauge/Gravity Duality

o N =4 SYM: “laboratory” for further developments in QCD, provided
with a powerful nonperturbative technique

o AdS/CFT correspondence: duality between N' =4 SYM at large N,
and strong 't Hooft coupling, and type |IB superstring theory on
AdSs x S° at weak coupling (~ supergravity) [Maldacena (1998a)]

@ Conformal theory, no mass gap, no Froissart bound: what about
high-energy behaviour of total cross sections?
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Onium—-Onium Scattering from Dipole—Dipole Scattering

@ Elastic onium-onium scattering from dipole—dipole scattering
Mz)(s, t) = /dzﬁldzl‘%Wl(ﬁl)\zWz(ﬁz)\zM(dd)(S, t: R, Ro)
@ Dipole-dipole scattering amplitude [Dosch et al. (1996)]
M da)(s, t; Ry, .‘52) et —i 2s/d25ei‘7'BCM(x; b, Ry, :52) [t =—1d?]

o Wilson—loop correlation function in Minkowski spacetime

(WC1W02>
<WC1><W02>
@ (i1 dipole classical trajectories, at a hyperbolic angle x ~ log -> in

the longitudinal plane, closed by straight “links” in the transverse
planeat T =+£T

Gm(x; T; by, Riy, Roy) = -1, Cu= T|E>1r1Oo Gm
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Euclidean Correlation Functions

o Nonperturbative techniques available in Euclidean space = Euclidean
correlation functions

L :<Wcl_wcz>_1, Ce= lim Ge
> T—oo

Ci: XO(r,0) = b+ wmr+ Rio

: Co: XO(1,0) = T + Roo

” uy = (cos,sin0,0), uy = (1,0,0)
' R; = (0,0,R;), b= (0,0,b)
Te[-T,T], o€][0,1]
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Euclidean—Minkowskian Duality

o Correlation functions in Minkowski space can be reconstructed from
Euclidean correlation functions [Meggiolaro (2005), MG, Meggiolaro (2009)]

Gum(x;T) = Ge(0@ = —ix; T —iT)
Cu(x) = Ce(0— —ix)

@ Combined with the symmetries of the Euclidean theory = crossing
symmetry relations [MG, Meggiolaro (2006)]

Cm(im—x; R1, f:\"z) =Cm(x; R1, —ﬁz) =Cm(x; —Ry, ﬁz)

@ Opens the way to investigations with nonperturbative techniques:
> Instanton Liquid Model [Shuryak, Zahed (2000), MG, Meggiolaro (2010)]
» AdS/CFT [Janik, Peschanski (2000a,b), MG, Peschanski (2010)]
» Stochastic Vacuum Model [Shoshi et al. (2003)]
> Lattice Gauge Theory [MG, Meggiolaro (2008), MG, Meggiolaro (2010)]
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© High Energy A/ = 4 SYM Amplitudes from AdS/CFT
@ Wilson Loop Correlator and AdS/CFT
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AdS/CFT Correspondence

. . 1 a4
@ Wilson loop expectation value: (W) = e Fra? Amin [Maldacena (1998b)]

@ Wilson loop correlation function at large distance: disconnected
minimal surface, connected by supergravity interaction
[Berenstein et al. (1999)]

o Large distance L > Ry, R», weak gravitational field domain
[L = |B|, R = |f§,|] [Janik, Peschanski (2000a), MG, Peschanski (2010)]

Euclidean correlation function
Ce(h) = exp [Z&p(e)] -1 dy : contribution of field 1
P
Minkowskian correlation function
Cm(x) = exp [iZ%(x)] — 1, i6(x) = 00 — —ix)
P
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Wilson Loop Correlator and AdS/CFT

@ AdSs with Euclidean signature, large distance L > Ry, R, weak
gravitational field domain [Janik, Peschanski (2000a), MG, Peschanski (2010)]

0SNG
o

0SNG
o

»= e (X)Gu(X, X') 2 (x')

Sy = L/dAldAz

d4: contribution from the
oo exchange of field ¢
between the two
world-sheets

- - — X = (X(l)(T,o),zl(U))
’ : ’ X' = (XO)(1,0), 2(0))
Matteo Giordano (IPhT-Saclay) High Energy Bounds in ' =4 SYM Low x Meeting 12 /28



Wilson Loop Correlator and AdS/CFT

@ AdSs with Euclidean signature, large distance L > Ry, R, weak
gravitational field domain [Janik, Peschanski (2000a), MG, Peschanski (2010)]
~ 1

dSnG dSnG

_ / /
o= o [ dAid s 006X X))
ll‘,”’——__..
’ , 11
VargsNe /2
2
g9y = 2mgs A= _gYAI,\erC
R. L R,
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Wilson Loop Correlator and AdS/CFT

@ AdSs with Euclidean signature, large distance L > Ry, R, weak
gravitational field domain [Janik, Peschanski (2000a), MG, Peschanski (2010)]

~ 1 0Sneg dSnG
5¢:W/dA1dA2 006X, X) S (X)

dA;: area element on
- world-sheet |

- dA; = dT&
7= () 1 (a)

Zimax = Ri (27)3/2
[Maldacena (1998b)]
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Wilson Loop Correlator and AdS/CFT

@ AdSs with Euclidean signature, large distance L > Ry, R, weak
gravitational field domain [Janik, Peschanski (2000a), MG, Peschanski (2010)]
~ 1

55/\/(; 55NG

= —— X N—"(X
o= s [ s ()60 X) 2 ()
Y - - T
5§ZG: coupling of world-sheets
to supergravity field ¢
R. L R,
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Wilson Loop Correlator and AdS/CFT

@ AdSs with Euclidean signature, large distance L > Ry, R, weak
gravitational field domain [Janik, Peschanski (2000a), MG, Peschanski (2010)]

- 1 0SNG

55

oY

(X’)

Gy (X, X'): Green function for
field 4
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Supergravity Contributions

o Contributions from lowest-lying states in the spectrum,
case Ry | R2 || b

o Leading dependence on ¥, L and R; after analytic continuation

KK scalar: d0s = Ks 1 (Rle)

smhx
RiR
dilaton: ép = ( 1 2)
smhx
: coshX RiR>
a.s. tensor: o = sth B )
2
graviton: S = kg (cosh x) (Rle)
sinh x

® Ky = (’)( ) dependence on N, as expected from topology
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Supergravity Contributions

o Contributions from lowest-lying states in the spectrum,
case Ry | R2 || b

o Leading dependence on ¥, L and R; after analytic continuation
at high energy (s = s/2m?)

1 RiR
KK scalar: ds = ks ( 1 2) ol
smhx
RiR:
dilaton: Sp = ( 1 2) ol
smhx
_ coshX RiR> 0
a.s. tensor: o = B Ginhy \ L2 ) ~¢
hx)? (RiR
graviton: 5 = kg (cosh x) ( 1 2) .
sinh x

® Ky = (’)( ) dependence on N, as expected from topology
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© High Energy A/ = 4 SYM Amplitudes from AdS/CFT

@ Eikonal Amplitude in Impact-Parameter Space

Matteo Giordano (IPhT-Saclay) High Energy Bounds in N'=4 SYM Low x Meeting 14 / 28



AdS/CFT Domain of Validity

Impact-parameter partial amplitude a(x;, B) = —iCm(x, B)
At large L the AdS/CFT contribution reads

amit(x, b) =i [1—exp i25¢
¥

Purely elastic amplitude, in agreement with the planar limit N, — oo

Reliable as long as the minimal surface is disconnected and the
gravitational field is weak
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Weak Field Constraint

o Gravitational perturbation 0 G+ generated by each of the string
world-sheets on the other one smaller than the background metric G

1 0Sneg

—_ !/ !
5000 = = [ dA G(x.X') ()
@ For the graviton
e 1
G Sh eE2

@ Lower limit in impact parameter space
4
R1Roc7

min (/& VR
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S-Matrix Constraint

—.

@ Form of at,(x, b) typical of a resummation of independent colorless
exchanges (on the gauge theory side), suggesting the possibility to
enlarge the domain of validity up to some L;,j

@ Minimal request: small graviton-induced phase shift ¢ (and
Im a¢ai(x, b) not oscillating with L)

2> (2. =RiR, (%G c)

Wi
D—

@ Weaker constraint, strong gravitational field begins to appear in the
bulk near the relevant minimal surfaces, signaling the opening of
inelastic channels
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Characteristic Impact-Parameter Scales

; Large distances (L > Lp,ax): weak
¢ gravitational field in the bulk,
holographic determination of the
impact-parameter tail of the
scattering amplitude from the
Rara - contribution of the disconnected
minimal surface.
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Characteristic Impact-Parameter Scales
ﬁ, --mTTTT ﬂ ﬁ’: ;{:‘z’,:—_‘tﬂ ﬂ’: o :rj:&‘ﬂ @

Moderately large distances

- (Lmin < L < Lpmax): minimal surface
still disconnected, gravitational field
begins to become strong in some
region in the bulk. Elastic eikonal

- - expression approximately valid up to

Liair, with Lyin < Liait < Limax
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Characteristic Impact-Parameter Scales
ﬁ, --mTTTT ﬂ ﬁ’: ;{:‘z’,:—_‘tﬂ ﬂ’: o :rj:&‘ﬂ @

- Moderately small distances

(Leonnect < L < Lpmin): minimal
surface still made of disconnected
surfaces joined by supergravity fields,
but elastic eikonal expression no
- -— more reliable (even from the
S-matrix point-of-view)
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Characteristic Impact-Parameter Scales

Small distances (L < Lconnect):
connected minimal surface
(Gross-Ooguri transition), AdS/CFT
description goes beyond the
interaction through exchange

D - supergravity fields
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Characteristic Impact-Parameter Scales
ﬁ, e ﬂ ﬁ;{;—;{,:{tﬂ ﬁ’f{ ,_;_;{:,::Vﬂ @

@ Region 1 and (possibly) part of Region 2: tail region (L > L)
@ Regions 3 and 4: core region (L < Lyaj)
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Characteristic Impact-Parameter Scales

Py P

@ Region 1 and (possibly) part of Region 2: tail region (L > L)
@ Regions 3 and 4: core region (L < Lyaj)
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Unitarity Bound

@ To incorporate Regions 3 and 4: unitarity constraint
Im a(y, b) <2

o FU” amphtude A = Acore + Atai[
» Tail region: large impact-parameter contribution A;.j,

Aeair(s, t; 1‘31, ﬁz) = 2is/ d?b eiF"E {1 — e(izw )
L>Lpan
» Core region: Acore constrained by the unitarity bound

2
Im Acore < 47T5Ltal'l

@ We will be able to set a lower and an upper bound on the large-s
behavior of the full amplitude depending on the s-dependence of L;j
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© High Energy A/ = 4 SYM Amplitudes from AdS/CFT

e High Energy Amplitudes in NV = 4 SYM
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Total Cross Section |

@ Contribution o4 to the total cross section as obtained from
AdS/CFT (optical theorem)

et = Am(sinh Y)3RIR | dAAx
Atail

KS 1 KD 1 kg cothy KG )
X|l—cos| =——+—F——— +—-——">+ —(cothy)
[ (Az (sinhy)s A (sinhx)? © X% (sinhy)5  A°

@ Hierarchy between the different contributions

L
VR1R»

@ Rescaling with sinh y allows to keep manifest the symmetry under
crossing (x — im — x) of the various phase shifts

L — )\ = (sinhy) s
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Total Cross Section |

@ Contribution o4 to the total cross section as obtained from
AdS/CFT (optical theorem)

et = Am(sinh Y)3RIR | dAAx

>‘tail
KS 1 kp 1 kg cothy KG )
X|l-cos| S>——+ —F+—— +~—F———5 + —(cothx)
[ (Az (sinhy)s A (sinhx)? © X% (sinhy)5  A°
@ Hierarchy between the different contributions
L— A= (sinhy)s L
= (sinhx
VRiR:

@ Rescaling with sinh y allows to keep manifest the symmetry under
crossing (x — im — x) of the various phase shifts
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Total Cross Section |

@ Contribution o4 to the total cross section as obtained from
AdS/CFT (optical theorem)

et = Am(sinh Y)3RIR | dAAx

>‘tail
KS 1 KD 1 kg cothy ke )
X|l—cos| =——+ —F——— +———">+ —(cothy)
[ (Az (sinhy)s A (sinhx)? © X% (sinhy)5  A°

o Leading term from graviton exchange,
crossing-symmetric (Pomeron)

@ Subleading term from antisymmetric-tensor exchange,
crossing-antisymmetric (Odderon)
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Total Cross Section |

@ Contribution o4 to the total cross section as obtained from
AdS/CFT (optical theorem)

et = Am(sinh Y)3RIR | dAAx
Atail

KS 1 KD 1 kg cothy KG )
X|l—cos| =——+—F——— +—-——">+ —(cothy)
[ (Az (sinhy)s A (sinhx)? © X% (sinhy)5  A°
o At large energy the graviton dominates

oo

1
Otail =~ 47TR1R2<3/
S—00 by

tail

a1 (5] J
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Total Cross Section I

@ We parameterise the dependence of L;,; on s

Leait = o/ RiR2 % = Aait = Mo P

@ Total cross section

T = T NRR / x~$ 1= cos (1 g Ot %% )]
( 1
L 3k 1
< —
© r(1/3) B 6
27
N = 1
s—oo 3 RiRe §3)\0/ dx x3 [1 - cos (kMg °x)] 6:6
1 1
2-106 7 ;2 ) ~10 1
S > 8> 5 |
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Total Cross Section I

@ We parameterise the dependence of L;,; on s

Leait = o/ RiR2 % = Aait = Mo P

@ Total cross section

Otail = —>\2R1R2§26/ % 1 — cos (HJG)\ Ot ﬂ
( 1
L 3mkg 1
< —
© r(1/3) B 6
2m
N = 1
s—oo 3 RiRe §3)\0/ dx x3 [1 - cos (kMg °x)] 6:6
1 1
2-105 2,2 \~10 1
S > 8> 5 |
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Total Cross Section I

@ We parameterise the dependence of L;,; on s

Leait = o/ RiR2 % = Aait = Mo P

@ Total cross section

Otai] = _>\2R]_R2§ / % 1 — cos (K'G)\ 6 _1-653 >i|
( 1
L 3k 1
< —_
o’ r(1/3) p 6
21T
~ oS 1
s—oo 3 RiRe §3)\0/ dx x3 [1 - cos (kMg °x)] 5:6
1l 1
2-108 + 2)\—10 1
S 2 8> 5 |
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Total Cross Section I

@ We parameterise the dependence of L;,; on s
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High Energy Bounds |

@ Since g0t > 01, the previous equation provides a lower bound

@ The unitarity constraint gives an upper bound on the contribution
from the “core” region and thus on the whole total cross section

Otot = Ocoret Otail
1 1
< 47r/\(2)R1R2g2ﬁ {1 + 5 / dxx_% [1 — cos (nc)\g%l_wx)] }
0

@ More rigorously

1 log o 1
min (2,2 - 108 ) < lim ~27% < max ( =, 23
3 s—oo  log¢ 3
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High Energy Bounds Il

47

s oo

. Leait o s°

N ‘ O'tof_-O(S’y

1

[~

Q For B < % (Ltait < Lmin) the total cross section would become purely
elastic at high energy

Q At = % (Ltait = Lmin) the tail and core contributions have the same
high-energy behavior

Q For % <p< % (Lmin < Ltail < Lmax) the core region gives the
dominant contribution

Q For 8= % (Ltait = Lmax) rigorous AdS/CFT bound
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High Energy Bounds Il

Leis o s°

- ‘ Otot X s7
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. Leait o s°

> ‘ Otot X s7

[~
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High Energy Bounds Il

Leis o s°

Otot X S’y

Q For 5 < % (Ltait < Lmin) the total cross section would become purely
elastic at high energy unphysical

Q At = % (Ltait = Lmin) the tail and core contributions have the same
high-energy behavior oo+ s3

Q For % <p< % (Lmin < Ltail < Lmax) the core region gives the
dominant contribution window of possible power-law behaviors

Q For 8= % (Ltait = Lmax) rigorous AdS/CFT bound
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High Energy Bounds Il

Leis o s°

Otot X S’y

Q For 5 < % (Ltait < Lmin) the total cross section would become purely
elastic at high energy unphysical

Q At = % (Ltait = Lmin) the tail and core contributions have the same
high-energy behavior oo+ s3

Q For % <p< % (Lmin < Ltail < Lmax) the core region gives the
dominant contribution window of possible power-law behaviors

Q For 8= % (Ltait = Lmax) rigorous AdS/CFT bound oot < s7
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Subleading Contributions

@ Subleading part of the total cross section at large s (keeping only the
leading contribution from each field)

[e.9]

subleading ~ 43Ry Ry [ dAA sin (K_G> et Rateg
O tail = ATSS K12 - ! 26 22 §% + )6 §2 + 24 §%

@ Bare secondary contributions are shielded by graviton exchanges

e For 5 > %, in which case )\t_a}, -0
graviton N 2108
antisymmetric tensor — 1-883
KK scalar — -6
dilaton N —108
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Subleading Contributions

@ Subleading part of the total cross section at large s (keeping only the
leading contribution from each field)

o0

subleading 1 . (kG ks 1 kpl kgl
Oai ~ 413 R Ry d\ )\ sin (—) (——+——+—_
tail Ao )6 )2 g% \6 §2 2\4 g%
@ Bare secondary contributions are shielded by graviton exchanges

o For = %, in which case A}, — const.

tail
graviton (tail and core) — 2103 = 3
antisymmetric tensor — 1-8p = _%
KK scalar SN —68 -1
dilaton — — 108 =-3
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Outline

© Conclusions and Outlook
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Conclusions and Outlook

e N =4 SYM: laboratory for QCD in the gauge/gravity duality
approach

@ High energy bounds on the total cross section in A/ = 4 SYM
obtained using unitarity and the AdS/CFT result for the tail

» at § = 1/6 prediction oot ~ s3 (see also [Levin, Potashnikova (2009)])
» absolute holographic bound oy < s7

o Open issues:

> grey and black disk model
for the core

» subleading contributions

» nonconformal, confining case
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