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Experimental overview

g Experimental data support

0tor(s) ~ Blog?s

with universal B ~ 0.3 mb, inde-
pendent of the colliding hadrons
(up to /s =7TeV [TOTEM, 2011])

kil

(figure taken from [PDG, 2010])
Consistent with Froissart bound [Froissart, 1961] (unitarity + mass gap)
(hh) 4 2( 5
o 5)< —lo —
tot ( )_m72r g <50
Arguments supporting universality of B (eikonal unitarisation, Color Glass

Condensate, ...), but the situation is still unsettled ...
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Nonperturbative approach to soft high-energy scattering

@ Study of the problem of hadron-hadron soft high-energy elastic
scattering (y/|t| S 1GeV < /s) = oot via optical theorem:

1
o) ~ ;ImM(hh)(sa t=0)

e /|t| £1GeV = a nonperturbative (NP) approach is necessary
@ Nachtmann’s functional-integral approach [Nachtmann, 1991]

outgoing mesons

incoming mesons
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Nonperturbative approach to soft high-energy scattering

Meson-meson elastic scattering

@ Elastic meson-meson scattering amplitude from dipole-dipole
scattering [Dosch et al., 1994]

My (s, t) = (Maa)(s: t: 1,2)))

(F(1.2)) = / P Ros [ (RoL)? / o Ry o Ry )PF(RoL, Ry )

Magy(s, t = —|G1% Rii, Roi)
— 25/d22leial'ﬁCM(X ~ log (%) ;ZL, /:\51L, ﬁgl)

@ Wilson-loop correlation function

<WC1 WC2>

Gux; T2, Rit, Rot) = —1, Cy= lim Gu

We,)We,) T—o0
WelA] = AllctrPexp{—ig yi AL (X)dX")
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Nonperturbative approach to soft high-energy scattering

Wilson-loop correlator

@ Longitudinal sides = g — g
trajectories (7 € [T, T])

/ Cr — XE(7) = z+— LR

—~ 2

R
Cr — XF(7) = ;T + 72

CLE (cosh g,j:sinh%,ﬁl)

)

i
N

@ Closed at 7 = £+ T by straight
‘links” in the transverse plane

p1 - p2 = m” cosh x R;

s
X =~ Iog( )
S$—00
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Nonperturbative approach to soft high-energy scattering

Euclidean-Minkowskian duality: analytic-continuation relations

o Correlation functions in Minkowski space can be reconstructed from
Euclidean correlation functions by proper analytic-continuation
relations [EM, 1997-2007; Giordano, EM, 2006, 2009]:

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

where 6 € (0, ) is the angle formed by the two trajectories in
Euclidean space, i.e.:

P12 _ (cosg,j:sin Q,(_)l), PiE - P2 = m? cos ),

m 2 2
@ Opens the way to investigations with nonperturbative techniques:
Instanton Liquid Model [Shuryak, Zahed, 2000; Giordano, EM, 2010]
AdS/CFT Correspondence [Janik, Peschanski, 2000]
Stochastic Vacuum Model [Shoshi, Steffen, Dosch, Pirner, 2003]
Lattice Gauge Theory [Giordano, EM, 2008; 2010]

vV vy VvYy
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Lattice data: setup

- longitudinal plane @ Wilson action for SU(3) pure-gauge

theory (quenched QCD)

S= ﬂZn,,u<1/ {1 B %RGTI‘UMV(n)}
16* hypercubic lattice, periodic b.c.
3=6/g>=6.0=a~0.1fm

@ Parameters of the correlators:

angles: cotf =0,+1/2,4+1,+2
transverse side = la
- transverse plane transverse distance da, d =0, 1,2

@ Transverse-plane configurations:

“zzZ' i d) || AL | L
’ - ’ “zyy' id LA By

“ave’ : average over orientations
‘ ‘ (relevant to meson-meson scatt.)

‘ ‘ @ The limit T — oo is performed using
the longest available loops
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Lattice data vs. analytical models

Analytical results

Stochastic Vacuum Model (SVM) Ce = gei%KSVM = %e%KSVM cotf g
Perturbation Theory (PT) Ce = Kpr cot? 0
Instanton Liquid Model (ILM) Ce = :Irf“;
ILM + PT (ILMp)  Cg = % + KiLmp2 cot® 0
AdS/CFT correspondence Ce = o BEF +Khas cot 04K {gg cosOcot0 g

Summary of the Xﬁ.o.f. for a best fit with the indicated function:

3ot d=0 d=1 d=2
ave zyy / zzz | ave zyy zzz | ave @ zyy @ zzZ
SVM — 51 - 12 16 | — 22 15

PT 34 53 13 13 16 | 45 22 15
ILM 94 114 45 15 14 |145 0.35 0.45
ILMp 9.4 20 1.8 092 054|019 0.12 0.13
AdS/CFT | — 40 - 063 1 — 0.065 0.14
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© Hadronic total cross sections from lattice QCD
@ A new analysis of Wilson-loop correlators
@ How a Froissart-like total cross section can be obtained
@ New analysis of the lattice data
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A new analysis of Wilson-loop correlators

Preliminary comments

None of the given models compares satisfactorily with the lattice data
Different predictions for total cross sections, not in agreement with
experiment

» SVM, PT, ILM, ILMp = oot e constant

» AdS/CFT = o4t ~ 3 (no mass gap in a CFT = no Froissart
bound) [Giordano, Peschanski, 2010]

o Fits to more general functions can be performed, but care is needed,
because of the analytic continuation: admissible fitting functions must
be constrained by physical requirements, first of all unitarity . ..
Therefore, we are going to introduce, and partially justify, new
parameterisations of the correlation function that, in order:

© fit well the data

@ satisfy the unitarity condition after analytic continuation

© lead to total cross sections rising as Blog® s in the high-energy limit
(as experimental data seem to suggest)
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Exponential form of the correlator and unitarity constraint

Assumption:
Ce =exp{Ke} -1
with Kg real (as Cg is real)

Well justified assumption:
o large-N,, Ce ~ O(1/N?) so Cg + 1 > 0 certainly true at large-N,
o satisfied by all the known models (SVM, ILM, AdS/CFT, PT, ...)

@ Ce+1—1 atlarge |Z, |, so certainly true at large impact parameter
@ confirmed by lattice data

Minkowskian correlator after analytic continuation :  Cp = exp{Kn} —1
Unitarity constraint: Mpny(s,t) = —i 25 [d?Z, e'TL 2L A(s, |Z.])
|A(s,|ZL])+ 1] <1, where: A(s,|ZL]) = (Cm(x;ZL,1,2))

Sufficient condition ((f(1,2)) = [ d?Ryy |[v1(RiL)? [ d?Roy |v2(Rot )PF(RiL, Ray)):

ICm(x:ZL, RiL, Rot) +1] <1, e, ReKy<0, VZ ,Rii,Rol
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Large-distance behaviour of K¢

In a confining theory such as QCD, one expects at large |Z| |

Ce ~ (Z) e HIZLl

with mass scales y related to the masses of the particles (glueballs?)
exchanged between the two loops:
o My++ >~ 1.7 GeV, My++ ~ 2.6 GeV, M- ~ 3 GeV, ...
[Morningstar & Peardon, 1999; Gregory et al., 2012]

Therefore, one also expects

Kg ~ (Z) e HIZL

Instead, for a non-confining (conformal) field theory, different behaviours
like powers of 1/|Z | are typical ...
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How a Froissart-like total cross section can be obtained

1. Assume that after analytic continuation the leading term of the
Minkowskian correlator is

Crm = exp{Km} — 1~ exp (i Bf(x) e #*1) —1 (%)

with ﬁ:ﬁ(ﬁu, K’QL) and f(x) = ") real function — 400 for y — +oo0.
The unitarity condition implies: ReKy <0< Img>0

2. Optical theorem
4 o0 . _
A ~ TR A)) . I 5)= /0 dy y[1 — exp(iBe"™)]

Expression (x) holds only for large |Z, | 2 zo, but can be extended to |Z, | = 0,
the difference being a constant in x due to the unitarity bound
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How a Froissart-like total cross section can be obtained

3. Setting z = —ipe"

0n0) _ ()

on = E1(z) + log(z) + v, for |arg(z)| <=

Ei(z): Schlémilch exponential integral, v: Euler-Mascheroni constant
Ei(z)~e %/z at large |z|, for Rez > 0 & ImB > 0
In the large-x limit, we have

1
ol {5+ nllog |81 +2) + )

4. Choosing f(x) = e" = xPe"™, i.e., n = ny + plog x [ ~ log(=2

)]

2mn?
at(gth)NBlogzs, B = 22

Giordano, EM, Moretti,. JHEP 09 (2012) 031
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How a Froissart-like total cross section can be obtained

Froissart-like behaviour

27mn? -
o) ~ Blog’s, B=""- if Ku~iBxPe™e H
L
@ B is universal, independent of the wave functions and of the masses
of the mesons: x ~ Iog(mlsmz) = Iog(%) + Iog(mf?m)
@ B is unaffected by the small-|Z| | behaviour

Extensions [Giordano, EM, work in progress]:
o for Ky ~ i >, BkxPre™X |z |*e~ 7Ll same behaviour with

2
B — 27 max (nk)
ko \ Mk

@ One expects that particles with mass M and spin J, exchanged
between the two loops, contribute with y =M and n=J -1
(e™ — s

-1y
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New analysis of the lattice data

Try to fit the data with functional forms that satisfy unitarity after analytic
continuation and that lead to rising total cross sections

o Use averaged correlators, that are “closer” to the meson-meson
amplitude in impact-parameter space

CEw =<Cem>=<exp{Kem} > —1=exp{KEy} -1
< e>= [d?R;, [d?R,, e is a positive and normalised measure

@ Ky and K2 related by analytic continuation:
Kie(x) = K2*(0 = ~ix)
@ Unitarity constraint: Re K¢ <0

@ By construction C2¢(m — 0) = C2"°(): only crossing symmetric
(i.e., C-even = Pomeron) contribution
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Parameterisation |

First strategy: combine known QCD results and variations thereof

Example: exponentiate two-gluon exchange and one-instanton contribution,
plus a term that can yield a rising cross section

K 020
Ke = .l +K2cot2€+K3cos€cot6’ @QJ ]

sin 6 & o

K 005
Ky =i— ! + iK3 cosh x coth x T TR

sinh x e

— Kj coth? X 008

006

@ Unitarity condition: Ko > 0

(satisfied within the errors) o
o Leading term: ows
. X - oo
K3 cosflcot ) — iK3 S § oo
(h=1—J=2) e
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Parameterisation |l

Second strategy: adapt to QCD results obtained in related models

Example: AdS/CFT expression, plus 6 cotf term to make the expression
crossing symmetric (i.e., C-even)

Ki 020
Kg = 2( — 0) cotf + Kz cosfcotd & o1
sin 9 Y o1p
KM =i + IKQE coth X e % wm w0 1 1e
smh ES)
d=1
+ iK3 cosh x coth x — x K> coth x oos
@ Unitarity condition: K > 0

(satisfied within the errors) .
o Leading term: s

K3 cosf cotld — iKg% o

(n=1-J=2) i
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Parameterisation Il|

Our best parameterisation:

Exponentiate one-instanton contribution, plus a term that can yield a rising
cross section

025

K- 020
Ke =—2 + Ka(% — 6)3 cos 6 o o1
sin & o
K 005
Ky =i— ! + iK> cosh X(%ﬂ'zx—x3) T w w0 m 1e
sinh x o1
3 d=1
+ Kz cosh x (% — %708) :Z:
o Unitarity condition: Ky > 0
(satisfied within the errors) ﬁﬂ
d=2
@ Leading term: o
™ 3 g 3eX = oo
Ko(5 —0)° cosf — —iKax>S5
(h=1—-J=2) o
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New analysis of the lattice data

Summary of the best fits

Summary of the Xgl.o.f. for a best fit with the indicated function:

Cor | =0 a=1 a=2
ave zyy/zzz | ave zyy zzz | ave zyy @ zzz
SVM — 51 — 12 16 — 2.2 1.5

PT 34 53 13 13 16 | 45 22 15
ILM 94 114 45 15 14 | 145 035 0.45
ILMp 9.4 20 1.8 092 054|019 0.12 0.13
AdS/CFT | — 40 - 063 1 — 0.065 0.14

Corrl 281 129 |1.25 0.66 0.34|0.05 0.07 0.16
Corr2 055 7.88 |0.31 055 0.27|0.05 0.07 0.15
Corr3 10.17 389 |0.11 0.77 0.16|0.10 0.10 0.12
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New analysis of the lattice data

Fit Parameters

Corr 1 d=0 d=1 d=2
Ki 5.85(42) - 103 | 3.07(37) 1073 8.7(3.1)- 10~ *
K> 9.60(98) - 1072 | 2.44(49)-10~2 | —5.3(84.5)-10°
K3 —7.8(1.3)- 102 | —1.37(72)-1072 | 1.7(1.9)-1073
X3 o 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~ %
Ka 4.63(46) - 1071 1.33(25) - 107! | —1.2(54.2) - 10~*
Ks | —4.54(50)-10~! | —1.26(28)-10"' | 1.7(6.7) 103
X3 o 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
K> 1.29(5) - 1071 4.47(27) - 1072 2.11(73) - 1073
X3 o 0.17 0.11 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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New analysis of the lattice data

Remarks

@ In the three cases, the resulting total cross section is universal
(hh)

Ot ~ Blog®s

@ Estimate of B through a fit of the coefficient of the leading term with
an exponential: fair agreement with exp. value Bey, >~ 0.3 mb
u (GeV) A= i (fm) | B= i—’; (mb)
Corr 1 | 4.64(2.38) | 0.0427900 | 0.113797%7
Corr 2 | 3.79(1.46) | 0.05279%%2 | 0.170792%
Corr 3 | 3.18(98) | 0.062799% | 0.24570:203
@ Result applies directly to meson-meson scattering, experimental data
mainly available for baryon-baryon and meson-baryon
> prediction of universality for meson-meson scattering
» Wilson-loop approach can be extended to baryons by adopting a
quark-diquark picture: analysis carries over unchanged

@ “Quenched” data, but aggth) expected to depend on bosonic sector of
QCD = results should not change much with dynamical fermions
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© Conclusions and outlook
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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 the lattice data that yield a good
fit and at the same time a Froissart-like total cross section rising as
Blog? s in the high-energy limit, with a universal B

@ The comparison of our results with the experiments is rather good,
even if the errors are quite large

Open issues [Giordano, EM, work in progress]:

@ Which is the relation between the mass-scale u and Mg epaiis?
Analytical expression of the large impact-parameter behaviour of the
correlator . .. exp = /27 /Bexp =~ 2.85 GeV =~ Myit ?

@ Rigorous formulation in case of baryon-baryon scattering

e Of course, more precise lattice data (on larger lattices, at larger
distances, for more angles, ...), possibly including also dynamical
fermion effects, would be useful ...
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Experimental overview

» Froissart bound [1961] « Pomeranchuk theorem [1958]
Otot < i log? ( s ) Jab—3b _,
mﬂ_ S0 O ab s—00

« Current high-energy parameterisation [PDG, 2010]:

ab ab " ab [ S1 "
— 7% 4 Blog? LY _ypr(
S0 5 S
_ mn 2
O.ab —_ Zab + B|0g2 <$> Y <$1> + YQab (S1>
S0 s s

+ Universal asymptotic behaviour:
[COMPETE collab., 2002; Igi, Ishida, 2002-2011; Block, Halzen, 2005-2011]

oror ~ Blog? <S) with B~ 0.3 mb
S—00
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Total cross section (mb)
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Figure: Summary of hadron-hadron, py and ~~ total cross sections as functions

of /s with the corresponding plots obtained from a best fit [PDG, 2010]
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Nonperturbative approach to soft high-energy scattering

Euclidean formulation of the Wilson-loop correlator

@ Nonperturbative techniques available in Euclidean space = Euclidean
correlation functions
S o Wz Wz )e
QE(Q; T;ZJ_,R]_J_,sz_): %—1, CEE Iim QE
W eWg,)E T—o0

WCT[AE] = 7N trPexp{—/g]gAEM(XE)dXEM}
c

@ Paths in Euclidean space (taking Xgo to be the “Euclidean time")

- R ~ R

Cr1: Xéil)(T) =zE+ —prlnET + —;E, Co: XéiZ)(T) = L,anT + —;E
0 0 )

Pi2e _ (cos5.&sinz.00), Re=(0,0.Ri1), ze=(0,0,2)

m

piE - poe = m>cosf, 0 € (0,7)
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Wilson-loop construction on the lattice

@ Rotation invariance breaking =
approximation for tilted Wilson loops

@ Bresenham prescription [Bresenham, 1965]:
lattice path that minimizes the distance
from the continuum path

° WL(TH,FL; n): center in n, sides / (|| plane)
and r (L plane)

e Lattice Wilson-loop correlators [d = (0,0,d )]
Wiy, s YWy, P15 0)) e B
Wby s d)) WLy, 215 0)) e

Gi(hys by di, Ay, Br) =

@ Rotation invariance restored in the continuum limit [2L; = \7;‘||]

Gu(hy, by dL P, Poy) = Ge(0;al,als; ady,afy1,af)) + O(a)
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Wilson-loop construction on the lattice

@ Rotation invariance breaking =
approximation for tilted Wilson loops

= @ Bresenham prescription [Bresenham, 1965]:
E lattice path that minimizes the distance

from the continuum path

Wi

Wo

° WL(TH,FL; n): center in n, sides / (|| plane)
and r (L plane)

e Lattice Wilson-loop correlators [d = (0,0,d )]
Wiy, s YWy, P15 0)) e B
Wby s d)) WLy, 215 0)) e

Gi(hys by di, Ay, Br) =

@ Rotation invariance restored in the continuum limit [2L; = \7;‘||]

Gu(hy, by dL P, Poy) = Ge(0;al,als; ady,afy1,af)) + O(a)
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A new analysis of Wilson-loop correlators

Unitarity constraint: Argand circle

Re Afs.2)

Figure: The Argand plot for A(s, |Z1|) = ((Cm(x,Z1; 1,2)))

[Block, Cahn, 1985; Berger, Nachtmann, 1999; Shoshi, Steffen, Pirner, 2002]
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A nontrivial example: onium scattering in A/ = 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

Ce at large z=|Z| | from a supergravity calculation [Janik, Peschanski, 2000]

sind

0
C,(:-AdS/CFT) = exp {[Ks + KD]— + Kpcotf + Kg——— (cos0)” } -1

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

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

K- eX
C,(V,Ads/CFT) Nexp{l 6G 62 }—1:>atotocs§

Rising oot for “onium-onium” scattering [Giordano, Peschanski, 2010]

Enrico Meggiolaro (Pisa University) Total Cross Sections from Lattice QCD La Thuile, March 10th, 2013

34 /34



	Hadronic scattering: theory and experiment
	Experimental overview
	Nonperturbative approach to soft high-energy scattering: the Wilson-loop correlator
	Lattice data vs. analytical models

	Hadronic total cross sections from lattice QCD
	A new analysis of Wilson-loop correlators
	How a Froissart-like total cross section can be obtained
	New analysis of the lattice data

	Conclusions and outlook

