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Rising Total Cross Sections

160

Experimental data support

o) (s) ~ Blog®s

140 -
120 -

= 100

with universal B ~ 0.3mb, inde-
pendent of the colliding hadrons
(fit from [PDG 2012])

60

10

e — /s=7,8TeV [TOTEM 2013]
R T talk by J. Kaspar

20
2

4 6 8 10

1‘»g;?ﬁ)
Consistent with Froissart bound [Froissart (1961)] (unitarity + mass gap)

T )
o) < T log? ()

mz S0

Derivation of aggf)(s) from first principles of QCD still lacking

Matteo Giordano (ATOMKI) Hadronic total cross sections Saariselka, 10/09/2013 1/16



Soft High-Energy Scattering and Non-Perturbative QCD

Two different energy scales, /s — oo and +/|t| < 1GeV: NP approach

@ Partonic scattering amplitudes from the correlation function of infinite
lightlike Wilson lines, hadronic amplitudes obtained after folding with
hadronic wave functions [Nachtmann (1991)]

@ Partonic amplitudes are IR divergent — hadronic amplitudes: mesons
as wave packets of transverse colourless dipoles [Dosch et al. (1996)]

outgoing mesons

incoming mesons
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Meson-Meson (Dipole-Dipole) Scattering

Elastic meson-meson from dipole-dipole scattering [Dosch et al. (1996)]

MUID(s, 1) = (MUD(s, t,01,05)))
vi = (f;, I_?',-L), f; longitudinal mom. frac., R;| transverse size

() = [y df [ d®Ruy [va(v)|? [y dfe [ d?Rol [iha(12) [ F (11, 12)

Dipole-dipole scattering amplitude
MI(s, 1, 09) = lim —i 25 / d?by @b Cpy (i b, v1, 12)

log >, ¢t g2
~ log—,t=—
Xs—>oo € m?2 a1

Wilson-loop correlation function (= M!(99) in impact-parameter space )

- We W, )
Gmx; T by, v,1n) = W -1, Cm = T|iﬂoo Om
1 2
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Analytic Continuation to Euclidean Space

NP techniques available in Euclidean space = Euclidean formulation
[Meggiolaro (1997), Meggiolaro (2005)]

We,We,) ~1, Ce= lim G

QE(H; T; BJ_>V17V2) = W +m
1 2

Analytic continuation relations
[Meggiolaro (2005), MG, Meggiolaro (2009)]

Cm(x) = Ce(0 — —ix)

B AC + Euclidean symmetries =
x crossing relations [MG, Meggiolaro (2006)]

Cu(im — x;v1,12) = Cul(x; vi, 2) =
By Cm(x; 71, 12)
i =(1-f,—RiL)
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Wilson Loop Correlator on the Lattice

Euclidean formulation opens the way to NP techniques:

@ Stochastic Vacuum Model [Berger, Nachtmann (1999), Shoshi et al. (2003)]

@ Instanton Liquid Model [Shuryak, Zahed (2000), MG, Meggiolaro (2010)]

e AdS/CFT Correspondence [Janik, Peschanski (2000a,b), MG, Peschanski (2010)]
o Lattice Gauge Theory [MG, Meggiolaro (2008), MG, Meggiolaro (2010)]

Lattice calculation of the correlator gives first-principles “true” prediction
of QCD (within errors) = analytic NP calculations have to be compared to
lattice results, in order to test the goodness of the approximations involved

@ Compare data with numerical predictions of the various models

o Fit lattice data with model functions
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Lattice Calculations: Setup and (Some) Results
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Simulations

@ Wilson action for SU(3) gauge theory
(quenched QCD)

@ 16* hypercubic lattice, periodic bc
@ 0=60—>a~01fm

@ 30000 measurements

Wilson loop configurations
@ longitudinal plane
angles: cotf =0,£1/2,£+1,+2
@ transverse plane
transverse size = la
transverse distance = 0,1, 2a
“222": d| | AL || o
“zyy': di LAY || By
"“ave”: average over orientations

(— meson-meson scattering)

@ limit T — co — longest loops
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NP models and Lattice Results
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Lattice Results and Rising Total Cross Sections

Are the lattice results compatible with rising total cross sections?

e Fits to more general functions can be performed, but care is needed
because of the analytic continuation

@ Admissible fitting functions are constrained by physical requirements
(unitarity, crossing symmetry,. .. )

Look for a parameterisation of the lattice data that

@ fits well the numerical results

@ satisfies unitarity after analytic continuation

unitarity constraint: |A(s, |b.|) + 1| = [(Cm(x; by, v1,v2) + 1) < 1
sufficient condition:  |Cp(x; b, v, n)+1 <1 Vb, 11,10

© leads to rising total cross sections at high energy
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Exponential Form of the Correlator

Assumption: Ce=exp{Ke} —1
Kg € R since Cg € R

Well justified assumption: true at large-N,, satisfied by known models,
true at large impact parameter, confirmed by lattice data

In QCD we expect Cg ~ (Z)e*““;LI at large |b | = Kg ~ (Z)e*“‘gﬂ

Various “natural” possibilities for the mass scale p: glueball masses,
inverse vacuum correlation length. ..

After AC, Cp = exp{Km} — 1 = unitarity condition Re Ky <0

Does |Ky| — oo for x — 0o lead to rising oor? Ky ~ s™ e #IP1]

MG, Meggiolaro, Moretti, JHEP 1209 (2012) 031
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How a Froissart-like Total Cross Section Can Be Obtained

Assume for x, |b. | — oo

CM = exp{KM} — 1~ exp (,5 el e—M|BJ_|)

B=pB(v1,v2), ImB >0, n(x) € R, n(x = o0) = o0

Using the optical theorem

(hh) /OO igen—ub 2 21 o
Oior . =~ 41 dbb [l — (e ~ —{n —n
tot A [1 =« ) 2 ((n*) = e
(hh) 27 n?
For e = xPe™ ~ (logs)Ps" = oy ~ Blog®s B=—;
L

@ B is universal, independent of mesonic wave functions and masses

e B is unaffected by the small-|b, | behaviour due to unitarity
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New Analysis of the Lattice Data

Fit the data with functional forms that
@ satisfy unitarity after analytic continuation

@ lead to rising total cross sections

Use averaged correlators, “closer” to meson-meson amplitude in b-space

CEm=<Cem>= <ep{Kem} > —1=exp{Kgly} —1

< e>= [d?R;, [d?R,, e is a positive and normalised measure
Kt () = KE=(0 = —i)
Constraints:
© Unitarity: Re K§/¢ <0

Q@ C2°(m — 0) = C2°(#) by construction: only C-even (Pomeron)
contributions to A (hh)
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Parameterisation |

First strategy: combine known QCD results and variations thereof

d=0
025
Example: exponentiate two-gluon ex- o
change and one-instanton contribution, S o
0.05
plus a term that can yield a rising gtot D T .
8]
d=1
K 0.08
Kg = — L +K2cot20+K3 cosf cot 8 _ 006
sin 6 S oo
Kl 0.02
K = ’Sinh b% + iKs cosh x coth x TS 0w e w0
ol
— Kz coth? x 42
0.005
0.004
% 0.003
Unitarity condition: K> > 0 (satisfied within errors) o
Leading term: K3 cos6f cotf — iK3% T T N TR Y
ol
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Parameterisation |l

Second strategy: adapt to QCD results obtained in related models

d=0
025
Example: AdS/CFT expression, plus o
fcotf term to make the expression <o
0.05
CrOSSIng_even 000 30 50 70 90 110 130 150
8]
d=1
K 0.08
Keg = — E + Ka(5 — 0) cot 0 + Kz cos 0 cot 0 _ e
sin 6 S oo
Ky o 0.02
KM = Isinh X + ’K25 COthX YOS S 0w 1m0 0 130
o°)
+ iK3 cosh x coth xy — x Kz coth x =
0.005
0.004
% 0.003
Unitarity condition: Ky > 0 (satisfied within errors) o
Leading term: K3 cosfcotf — iK3% T w0 e w0 o

&)
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Parameterisation Il|

Our best parameterisation (out of ~ 70):

d=0
025
Exponentiate one-instanton contribu- o
tion, plus a term that can yield a rising S o
0.05
cross seCtlon 000 30 50 70 90 110 130 150
8]
d=1
K 0.08
Ke = —= + Ka(% — 6)3 cos b _ oo
sin 6 S oo
Kl 3 0.02
= ; 3.2, .3
KM - Isinhx + IK2 cosh X(47T X X ) 00 30 50 70 90 1o 130 150
ol
3 =
+ K> cosh x(% - %sz) =2
0.005
0.004
% 0.003
Unitarity condition: Ky > 0 (satisfied within errors) o
1 - T _ 9)3 7 3eX 000 50 70 9 110 130 150
Leading term: Ka(5 — 0)° cos0 — —iKax> S

&)
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. . hh .
@ Universal total cross section at(ot) ~ Blog? s in the three cases

e Estimate of B through a fit of the coefficient of the leading term with
an exponential: fair agreement with experimental value By, ~ 0.3mb

u (GeV) A= i (fm) B= i—’; (mb)

0.045 0.364
Corr 1 4.64(2.38) 0.042799%  0.1137936%
Corr 2 3.79(1.46)  0.052799%2  0.17079277
Corr 3 3.18(0.98) 0.06279%%  0.24519:203

@ Experimental data available for baryon-baryon and meson-baryon:
Wilson-loop approach extends to baryons adopting a quark-diquark
picture, analysis carries over unchanged

@ “Quenched” data: does U,Egth) change including dynamical fermions?
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Conclusions and Outlook

@ We have provided a framework to investigate the issue of total cross
sections on the lattice by means of numerical simulations

@ We have found parameterisations of lattice data yielding rising oot

@ Rather good comparison of our results with experiments, even though
errors are quite large

Open issues:

@ Analytical: better understanding of the
parameterisations, identification of the
relevant mass scale y from QCD?

@ Numerical: inclusion of fermion effects,
larger distances, more angles,. ..
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How a Froissart-like Total Cross Section Can Be Obtained

Assume for x, |b, | — oo
Cv =exp{Km} —1~exp (,‘5 e’ e—uIBLI) 1

B=p(v1,v2), ImB >0, n(x) € R, n(x — o0) o0

Optical theorem Ut(:th) ~ —Re (JI(n, BY)~ 27T 2

J(n, B) = u? /Ooo dbb[1 — efe" "] :/ gz |og< > _ 7]
— %772 B /le" dz Iog< ) iBz | / %2 log (e> [1— ]

O(n) O(n)
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Fit Parameters

Corr 1 d=0 d=1 d=2
Ki 5.85(42) - 103 | 3.07(37)- 1073 8.7(3.1)- 10— *
Ka 9.60(98) - 1072 | 2.44(49)-1072 | —5.3(84.5)-107°

K3 —7.8(1.3)-1072 | —-1.37(72)-1072 | 1.7(1.9) 1073
X3 o5 2.81 1.25 0.05
Corr 2 d=0 d=1 d=2

Ki 6.03(42) - 10—3 | 3.26(38) - 103 8.7(3.2) - 10~ %
K> 4.63(46) - 1071 1.33(25) - 107! | —1.2(54.2) -10~*

K3 | —4.54(50)-107! | —1.26(28)-10"1 | 1.7(6.7) 1073
X3 ot 0.55 0.31 0.05
Corr 3 d=0 d=1 d=2

Ki 6.02(36) - 10~ 3 3.46(29) - 103 1.07(20) - 1073

K2 1.29(5) - 101 4.47(27) - 1072 2.11(73) - 1073
X3of 0.17 0.1 0.10

Table: Parameters (with their errors) for the Correlators 1, 2, and 3, obtained
from best fits to the averaged lattice data, and the corresponding X3 ; , for the

transverse distances d = 0,1, 2.
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Loop Construction

Rotation invariance breaking — approximation for tilted Wilson loops

Bresenham prescription: lattice
path that minimizes the dis-
tance from the continuum path

WL(TH, F1;n): center in n, sides
I (|| plane) and r (L plane)

Lattice Wilson-loop correlators
We(hyp, Aes d)Wi(by), 215 0))

WL(hy, Fes ) Wby, Fois 0)) -

d = (0,0, JJ_): transverse distance

Gu(hy, byidL, Ay, Boy) =

Rotation invariance restored in the continuum limit
Gulhys by dis i, 1) = Ge(0:alisalo;adi,afy, ar21) + O(a)
2L = |Ti‘||: length
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NP models and Lattice Results

Analytic results

Stochastic Vacuum Model (SVM) Ce = gef% cotOKsvm le% cotOKsvm _ 1
Perturbation Theory (PT) Ce = Kpr cot? 0

Instanton Liquid Model (ILM) Ce = };?rfg“

ILM + PT (ILMp) Ce = f;l‘gp + K{pyp (cot 0)?

AdS/CFT correspondence Ce = o % +KAas cot0+K g cosfcot0 _

Are the analytic NP calculations compatible with the lattice results?
@ Comparison of SVM and ILM to lattice data is not satisfactory

@ SVM, ILM do not lead to rising total cross sections: o, — const.
5$§—00

@ |ILMp gives improved best fits, but still does not give a rising oot

e AdS/CFT: oot s3 for onium-onium scattering in N’ = 4 SYM
[MG, Peschanski (2010)]
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A Nontrivial Example: Onium Scattering in N’ = 4 SYM

N = 4 SYM: replace mesons with “onia”, wave packets of colourless
dipoles, and describe “onium-onium” scattering in terms of dipoles

Large N, strong coupling: AdS/CFT correspondence [Maldacena (1998)]

Ce at large b= |EL\ from a supergravity calculation [Janik, Peschanski (2000a)]

C(EAdS/CFT) = exp {[Ks -+ Kp]i + Kgcotf + K¢ (COE%) } -1

Kx = Kx(b) ~ exchange of supergravity field X between the string worldsheets

At large b, Kg(b) ~ %; after 0 — —ix, x — oo,

C,(\?dS/CFT) ~ exp {IbGG(Z} —1 = opor x s3

Rising total cross section for “onium-onium” scattering [MG, Peschanski (2010)]
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Analytic Continuation to Euclidean Space

Analyticity domain of Cyy

Euclidean space

D / physical region

physical crossed region

0

-0 0 +oc
X

Analytic continuation relations [Meggiolaro (2005), MG, Meggiolaro (2009)]
g/\//(X; T) = QE(Q — —iX; T — iT), C/\//(X) = CE(9 — —iX)
AC + Euclidean symmetries = crossing relations [MG, Meggiolaro (2006)]

Gm(im —x; Rit, Rot) = Gmx; Ris, —Roi) = Gulx; =R, Ro1)
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Ge(t)

()

= ooif
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Angular Dependence

[
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90
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0.08

0.07
006 X

0.05 -

0.03
002

0.01

-

90
o

e G, against 0[°] for various

L1, L and for the various
configurations at d =1

Stable vs. loop lengths,
stabilisation slower near

0 = 0,7 due to the relation
with the static d—d potential
[Appelquist, Fischler (1978)]

G{"®¢ symmetric with respect
to /2 — sensitive only to
C—even contributions

C-odd component (Odderon)
in “zzz" /"zyy" (possibly
relevant to baryon-baryon
scattering)
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o

e C; against d (lattice units)
for 6 = 45°,90° for the
various configurations
(logarithmic scale)

Cy: correlator for the largest
loops available

(= limg, 00 G1)

Rapid (exponential) decrease
with distance

Errors become large at d = 2
— “brute force” approach
not viable at larger distances
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Work in Progress

Cm = exp{Km} — 1

1 fOI’ KM = Z KI(VII() = iZBkkae"kX ’BJ_‘Olk e*,uk|BJ_| =
k k

2
at(gth) ~ Blog®s, B —2n max <nk>

Mk

@ particle of mass M and spin J expected to contribute to the sum with

KW~ s/ teMBl =M, =1
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