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ABSTRACT: We perform the analysis of quark—antiquark Reggeon exchange in meson—
meson scattering, in the framework of the gauge/gravity correspondence in a confining
background. On the gauge theory side, Reggeon exchange is described as quark—antiquark
exchange in the ¢ channel between fast projectiles. The corresponding amplitude is repre-
sented in terms of Wilson loops running along the trajectories of the constituent quarks
and antiquarks. The paths of the exchanged fermions are integrated over, while the “spec-
tator” fermions are dealt with in an eikonal approximation. On the gravity side, we follow
a previously proposed approach, and we evaluate the Wilson—loop expectation value by
making use of gauge/gravity duality for a generic confining gauge theory. The amplitude
is obtained in a saddle—point approximation through the determination near the confin-
ing horizon of a Euclidean “minimal surface with floating boundaries”, i.e., by fixing the
trajectories of the exchanged quark and antiquark by means of a minimisation procedure,
which involves both area and length terms. After discussing, as a warm-—up exercise, a
simpler problem on a plane involving a soap film with floating boundaries, we solve the
variational problem relevant to Reggeon exchange, in which the basic geometry is that of a
helicoid. A compact expression for the Reggeon—exchange amplitude, including the effects
of a small fermion mass, is then obtained through analytic continuation from Euclidean to
Minkowski space—time. We find in particular a linear Regge trajectory, corresponding to a
Regge—pole singularity supplemented by a logarithmic cut induced by the non—zero quark
mass. The analytic continuation leads also to companion contributions, corresponding to
the convolution of the same Reggeon—exchange amplitude with multiple elastic rescattering
interactions between the colliding mesons.
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1 Introduction and summary of results

The main difficulty in the study of hadronic soft scattering at high energy! in the frame-
work of Quantum Field Theory is due to the fact that it involves the nonperturbative,
strong—coupling regime of the microscopic theory underlying strong interactions, namely
Quantum Chromodynamics (QCD). In recent years, a remarkable achievement of the gen-
eral gauge/string theories relationship (see [1] and older relevant references therein), namely
the so—called gauge/gravity duality, has provided a new possible practical tool to deal with
strong—coupling physics in QCD, and this has raised the hope to obtain new insights in this
difficult and long—standing problem. Gauge/gravity duality, whose first precise realisation
has been provided by the AdS/CFT correspondence [2-4], relates a gauge field theory at
strong coupling with a dual gravity theory in the weak coupling regime, and has been
the subject of intense research work over the last decade. The AdS/CFT correspondence,
which is valid, strictly speaking, for the conformal N' = 4 SYM gauge field theory, appears
to be physically useful in the study of the high—temperature quark—gluon plasma in QCD,
where the confinement property is less relevant [5, 6] (for a recent review see [7]). The
extension of the gauge/gravity duality to non conformal confining theories is motivated
by the possibility to obtain a better understanding of those nonperturbative properties of
strong interactions which are sensitive to the confinement scale.

Although not yet completed, specifically for QCD, this program has shown a few
properties which the gravity theory dual to QCD should have, in order to reproduce the
main features of strong interactions. In particular, the presence of a confinement scale in
the gauge theory translates into a characteristic scale in the gravity theory, associated for
example to the horizon of a black hole [8], or to the position of a hard wall [9], or to the scale
associated to a soft wall [10]. Our aim is to formulate results which may be valid in a generic
confining case, independently of a specific realisation of the duality. Such an opportunity
is provided by the high—energy limit of soft two-body scattering amplitudes [11-15], for
which relatively general properties may be obtained where the confinement scale plays a
major role.

As it is well known, from the phenomenological point of view, soft high—energy hadron—
hadron scattering processes can be described, in the language of Regge theory, in terms
of the exchange of “families” of states between the interacting hadrons. These “families”
correspond to the singularities in the complex—angular—-momentum plane of the amplitude
in the crossed channel (see e.g. [16]). The leading contribution at high energy comes from
the so—called Pomeron, which carries the quantum numbers of the vacuum, while sub-
leading contributions are usually called Reggeons, and correspond to various non—vacuum
quantum—number exchanges. One of the aims of the theoretical study of soft high—energy
scattering is to obtain an explanation of these phenomenological concepts from the under-
lying microscopic field theory.

LA soft two-body high-energy scattering process is characterised by a large center-of-mass energy
squared s and a small momentum transfer ¢ with respect to the typical hadronic scale, i.e., /s > 1 GeV >

=



While a lot of work has been done in recent years regarding the Pomeron [17-28],
especially in the context of the gauge/gravity duality [11-13, 15, 29-43], the problem of
Reggeon exchange has received less attention.? In this paper we shall focus on the approach
to gG-Reggeon exchange in meson—meson scattering proposed in [14]. This approach elab-
orates on the formalism of [17-22], valid for soft high—energy processes, and on previous
work on the use of gauge/gravity duality for scattering amplitudes [11-13]. In particular,
it assumes gauge/gravity duality for a generic confining theory, and exploits the path—
integral representation for the fermion propagator [46-50] to provide an expression for the
Reggeon—exchange scattering amplitude in the energy regime under investigation.

In this approach, the Reggeon—exchange amplitude is put into a relation with the ex-
pectation value of certain Euclidean Wilson loops, describing the exchange of a (Reggeised)
quark—antiquark pair between the interacting hadrons. More precisely, the loop contours
are made up of a fixed part, corresponding to the eikonal trajectories of the “spectator”
fermions, and a “floating” part, corresponding to the trajectories of the exchanged fermions.
The Reggeon—exchange scattering amplitude is obtained by summing up the contributions
of these loops, through a path—integration over the trajectories of the exchanged fermions.
In turn, these Wilson loops are related via the gauge/gravity duality to minimal surfaces
in a curved confining metric, having the loop contour as boundary (Plateau problem),
which correspond to the exchange of an open string between the interacting hadrons. Fi-
nally, the physical amplitude in Minkowski space—time is recovered by means of analytic
continuation [51-57].

The determination of the relevant minimal surfaces is in general a difficult problem,
and depends on the specific choice for the confining background. The key idea is to observe
that an approximate solution to this problem can be found by solving a simpler Plateau
problem, namely by finding a minimal surface in a flat Euclidean 4-dimensional space near
the confinement scale (e.g., near a confining horizon) in the bulk. Since the precise form
of the metric does not enter the simplified problem, the corresponding solution is expected
to be a valid approximation independently of the specific realisation of the duality. To
leading order, the amplitude is then evaluated through a saddle—point approximation of
the Euclidean path—integral, which fixes the shape of the floating boundary.

The quantity to be minimised is the Euclidean “effective action” (see Section 3), which
consists of a linear combination of the area of the surface and of the length of its floating
boundaries, and which encodes the contribution to the (Euclidean) scattering amplitude
of a given shape of the floating boundary. For the sake of brevity, we will sometimes refer
to our variational problem as the minimal surface problem with floating boundaries, which
we will define precisely in Section 3.

It is worth noticing already at this stage an important practical aspect of this approach.
For large “spectator”—quark mass (and thus large meson mass) and small exchanged—quark
mass, it is argued that the relevant contributions to the path integral should come from
those configurations in which the floating part of the boundary lies on a specific surface,

2We mention however Ref. [44], where a unified treatment of the signature-odd partner of the Pomeron,
the so—called “Odderon”, and of the signature-odd Reggeons is proposed, and Ref. [45], where the Regge
behaviour of scattering amplitudes in QCD is obtained in an effective string approach.



namely the minimal surface having as boundaries two infinite straight lines. Such a surface
is a helicoid, which has been already encountered in the study of soft quark—quark scattering
at high energy [12].

In [14], this problem was solved using a null quark mass approximation, which simplifies
the minimisation procedure by reducing the effective action to the area term only, and leads
to a complex solution (thus not in Euclidean space) for the saddle-point equation.®> The
physical amplitude was finally obtained by means of analytic continuation of this complex
solution onto a physically admissible one in Minkowski space—time. Interestingly enough,
the resulting amplitude obtained in [14] was of Regge—pole type, with a linear Reggeon
trajectory. Our aim in this paper is to revisit this method in a more general minimisation
setting, including the length terms by considering a non—zero quark mass. In this way we
find real Euclidean solutions, from which we can obtain the physical scattering amplitude
in Minkowski space—time by means of a suitable analytic continuation.

In this paper, we investigate in detail and solve the FEuler-Lagrange equations corre-
sponding to the above-mentioned minimal surface problem with floating boundaries, and
we discuss the properties of the resulting Reggeon—exchange amplitudes. We summarise
here the main results.

e [t is shown how a real solution to the minimal surface problem with floating bound-
aries is obtained in Euclidean space, provided the quark mass is non—zero. The
minimal Euclidean “effective action” corresponding to the solution reads

b2 4mb

Seft, E = f(@) + 5 (B(¢o, p) —sinh @) , (1.1)

2mal g0
where 1/2malg is the string tension, b is the impact-parameter distance and 6 the
angle between the Euclidean trajectories of the two incoming particles, and ¢¢ and ¢
are geometric parameters of the solution of the minimisation problem for the bound-
aries (see further Section 5). The shape of the boundaries enters the effective action
through the functions f() and B(gg,$), which are obtained in an implicit form,
and can be easily evaluated numerically; an explicit analytic expression is obtained
in two specific regimes.

e The saddle—point equation in Euclidean space admits a real solution only in a finite
region for the impact parameter b, namely b < b, = 4malgzm, and this limitation
carries over to Minkowski space after analytic continuation. In order to investigate
the region b > b, and also in order to take the massless—quark limit, we show how
an analytic continuation of the result in Minkowski space to the region b > b. can
be performed, giving rise to a sensible scattering amplitude. Our main result for the
Minkowskian effective action then reads

b? b 2bm 1 <bc

2
S b) ~ ——— - = 2r?algm?® 1.2
off, M (S, 0) 27Toé’/aﬂrxarccos , . b> + 2% clggm” (1.2)

3 Quadratic fluctuations of the string around the corresponding minimal surface were also computed,
leading to a constant shift in the Reggeon “intercept”, i.e., the exponent of s at ¢ = 0 in the high—energy
behaviour of the amplitude [13].



where y ~ log s is substituted to 8 by the analytic continuation § — —iy, see Section

6.

e Expanding Eq. (1.2) for small quark mass, one finds a Gaussian-like Reggeon—
exchange amplitude in impact—parameter space (up to prefactors),

: 2 = . 2
a(b, x) = 2—28 / (;ZT?Q e Y An(s,t) o< exp {—4;{? + 4b7m - 2772agﬁcm2} , (1.3)
where Ag (s~eX,t=—¢?) is the Reggeon-exchange scattering amplitude in momen-
tum space. The result Eq. (1.3) leads to a linear Reggeon trajectory ag (t) = ag+a’t,
with slope oy = alg equal to the inverse string tension.* As discussed in Section
7, one is able to discuss modifications of the Regge singularity due to a small but
non—zero quark mass. We find the same Regge—pole singularity obtained at m = 0
n [14], plus a logarithmic singularity due to the non—zero quark mass. Although the
nature of the Reggeon singularity is changed, the Reggeon trajectory remains linear
after the inclusion of (small) quark—mass effects. Their main physical consequence
is that the slope of the amplitude 0.Ag/0t|t—¢ is increased, and its shrinkage with
energy is strengthened.

e The analytic continuation of the Euclidean action (1.1) leads to other contributions
in Minkowski space—time through the Riemann multi—sheet structure of the inverse
cosine function in Eq. (1.2). They take the form of a multiple convolution in mo-
mentum space of the Reggeon—exchange amplitude (1.3) with an integer number of
copies of the following amplitude,

o0 b2 al ot
Aa(s,t) = —42'773/ dbb Jo(gb) exp {— - } = —2imSs alyg X €Xp {e—ﬁx} , (1.4)
0 algX 4
which happens to be a Regge—pole amplitude with intercept one. The properties of
this amplitude allow one to interpret it as an elastic interaction between the inci-
dent mesons. Moreover, this interaction has the same features of the one obtained
some time ago for dipole-dipole elastic scattering amplitudes [12]. The multiple
convolution can be phenomenologically interpreted as the effect of the “rescattering
corrections” to the “bare” gg—Reggeon exchange.

As we have already remarked, our results for confining gauge theories are expected to
be quite general, and independent of the precise realisation of the gauge/gravity duality (as-
suming it exists), since they rely only on general features of the dual geometry, essentially
the (effective) cut—off provided by the confinement scale in the bulk. It is worth mentioning
that in recent years the holographic approach has been applied also to the issue of scat-
tering amplitudes in the context of N'=4 SYM theory, in particular using the AdS/CFT
correspondence and minimal surfaces to investigate gluon—gluon elastic scattering at high
energy [58]. It appears that in this case the resulting Regge trajectory is logarithmic rather

4Note that this equality is non trivial, since the string tension may be independently obtained by
evaluating the confining Q — (@ potential.



than linear [59, 60], which is a striking difference between the predictions for conformal
and confining gauge theories.

The plan of the paper is the following. In Section 2 we recall the relevant features
of the gauge/gravity duality used in the evaluation of Wilson—loop expectation values in
a confining theory. In Section 3 we review the approach of [14] to Reggeon exchange,
discussing in some detail the approximations involved and the Euler—Lagrange equations
for the relevant minimal surface with floating boundaries in the presence of a non—zero
quark mass. In Section 4 we solve explicitly the equations in a planar case, which happens
to be related to a classical problem involving a soap film with floating boundaries. In
Section 5 we solve the Fuler—Lagrange equations related to the Reggeon—exchange problem,
where the basic geometry is that of a helicoid. We discuss in particular the issue of
smoothness conditions, and we obtain an exact solution in implicit form for the general
case. We then investigate analytically two limits of the solution, in which we are able to
write it down explicitly and to uncover the dependence on the relevant variables. We also
compare them with some numerical results for the exact solution. In Section 6 we perform
the analytic continuation into Minkowski space-time, and discuss the properties of the
resulting Reggeon amplitude, in particular regarding the dependence on the energy and
on the impact parameter. In Section 7 we discuss the effect of a non-zero quark mass on
the nature of the Reggeon singularity and on the Reggeon trajectory. We also discuss the
other companion contributions to the amplitude coming from the multi—sheet structure of
the Minkowskian effective action. Finally, in Section 8 we draw our conclusions and show
some prospects for the future. A few technical details are given in the Appendices.

2 Wilson loops and gauge/gravity duality for confining theories

In this Section we recall the relevant aspects of the gauge/gravity duality which will be used
in the following. We begin with the now standard AdS/CFT correspondence [2-4|, which
relates type IIB string theory in AdSs x S° in the weak-coupling, supergravity limit, to
four—dimensional A’ = 4 SYM theory, which is a conformal and non confining field theory,
in the limit of large number of colours N, and strong 't Hooft coupling A = g2,;N., where
gyMm is the coupling constant in the gauge theory. Expectation values in the field theory
can be obtained from the dual gravity theory with the appropriate prescription; for further
convenience, we focus on the problem of the vacuum expectation value of Wilson loops.
Going over to Euclidean signature, the prescription for a Wilson loop running along the
path C is given by the following area law [61-64],

WIC]) ~ FC] e zmar Aminl€] (2.1)

Here Apin[C] is the area of a minimal surface in the Euclidean version of the AdSs metric,
which is obtained from the original metric

dz? N dxtdx”

dshias = 7 ) (2.2)

2
z
where 7, is the four-dimensional Minkowski metric (4, =0,...,3), by replacing 7,, —
duv- The minimal surface has as boundary the contour C at z = 0, i.e., on the four-



dimensional boundary of AdSs; moreover, F is a prefactor due to quantum fluctuations
around the minimal surface, and 1/2wa’ is the string tension.

In order to extend the duality to the confining case, one has to properly modify the
background metric in the dual gravity theory, taking into account that the theory is no
more conformal. Although the precise realisation of the duality (assuming it exists) is not
known yet, a common feature of various attempts to describe a confining theory in terms
of a gravity dual is the presence of a characteristic scale Ry in the metric, which separates
the small and large z regions. With the appropriate choice of coordinates, while for small
z the metric diverges as some inverse power of z, for z of the order of Ry it turns out to
be effectively flat. The interpretation in the dual confining field theory is that the scale
Ry provides the confinement scale. For example, in the case of the AdS/BH metric of [8],
such a scale is provided by the position in the fifth dimension of the black—hole horizon.
The relevant part of the metric reads

16 1 dz? nﬂyd:c“d:v”+

2 _
dsAqs B = 9 f(2) 22 3 . (2.3)
where f(z) = 22/3(1 — (2/Rp)*). The near-horizon geometry is effectively flat,
2 1 ..V
dSior ™~ ﬁn,wdx dz” . (2.4)
0

The prescription used to calculate a Wilson loop expectation value (in Euclidean signa-
ture) is the same as above, but substituting the AdS metric with an appropriate confin-
ing background [65-67]. Also, one has to replace 1/27a/ with an effective string tension
1/2mal g, which depends on the particular background metric: in the case of the AdS/BH

metric (2.3), for example, it is given by 1/2raly = 1/2¢3yNe/2mR%. Although it is not
possible to determine its explicit expression in the general case, alg can be determined
phenomenologically by comparison with the heavy quark—antiquark confining potential
Voo(R) = (1/2malg)R.

The analytic solution of the Plateau problem® is a highly non trivial task already
in flat Euclidean space, and it is even harder in a non—flat metric such as (2.3): some
approximations are then necessary in order to obtain an analytic expression. A reasonable
and manageable scheme is obtained by means of a near—horizon approximation, taking
into account the above—mentioned features which the dual gravity theory is expected to
have [12, 14] (see also [66, 67]). The small-z behaviour suggests that, in order to minimise
the area, it is convenient for the surface to rise almost vertically from the boundary, without
appreciable motion in the other directions, at least when the typical size b of the Wilson
loop is not too small,® see Fig. 1 (left). On the other hand, the geometry of the surface
is different for smaller values of b, see Fig. 1 (right). The presence of a horizon puts an
upper bound on this vertical rise; moreover, when z ~ Ry, the surface lives effectively in
flat space. As a result, the minimal surface is expected to be constituted by two parts: an

®An analytic solution is required for performing the continuation from Euclidean to Minkowski space.
5This approximation is expected to be valid when b is greater than Ry, which should correspond to the
distance at which the interquark potential becomes linear.
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Figure 1. Minimal surface in the confining black-hole geometry. For simplicity, the Wilson lines
are drawn here with vanishing angle of tilt § = 0. For large enough impact parameter (left), the
minimal surface rises as a vertical wall from the boundary, and is almost flat near the horizon. At
small impact parameter (right) the surface is more similar to a non confining case. The picture is
taken from [12].

almost vertical wall rising from the boundary up to the horizon, and transporting there
the boundary conditions, and a solution of the Plateau problem in flat space.

A schematic representation of this geometrical configuration in the bulk for parallel
Wilson lines, relevant to the determination of the confining potential, is displayed in Fig. 1
(left). The area of the vertical wall is divergent, but in the expression for scattering
amplitudes it is usually cancelled by appropriate normalisation factors.” The problem is
then reduced to a calculation in four—dimensional Euclidean space: this is reminiscent of
the old “QCD string” approach (see [68] for a comprehensive review), although in this case
it should be the result of an approximation to a higher—dimensional critical string theory,
and thus it should not suffer the problems of the old approach.

Due to the generality of the geometrical picture leading to the considered flat—space
approximation near the confinement scale, analogous to a near—horizon approximation, one
expects to get results valid for a gauge/gravity duality for a generic confining gauge field
theory, and hopefully for QCD assuming the existence of its yet unknown gravity dual. We
shall now turn to the determination of a Reggeon—exchange amplitude in this context.

3 Reggeon—exchange amplitude

In this Section we recall the method of Ref. [14] for the determination of the Reggeon—
exchange contribution to the meson—meson scattering amplitude in the soft high—energy
regime, developing on a few points which are relevant for our analysis and more briefly
discussed in that work.

"This is the case, for example, for the dipole-dipole scattering amplitude expressed in terms of Wilson—
loop correlation functions [12]: here the relevant size is the distance b between the two loops, which play
the role of disconnected boundary for the minimal surface, and the normalisation factor is the product of
the Wilson-loop expectation values.



The starting point is to adopt a description of the interacting hadrons in terms of
their constituent partons. Such an approach to soft high energy hadron-hadron scattering
has been introduced in [17], where it was used, together with an LSZ reduction scheme
and an eikonal approximation for the propagators, in order to derive approximate non-
perturbative formulas for the scattering amplitudes. The basic idea is that the leading
Pomeron—exchange contribution to the elastic amplitude comes from processes which are
elastic and soft at the level of the constituent partons, justifying an eikonal-like approach.
In a space-time picture of these processes, the partons travel along their classical, straight—
line trajectories, exchanging only soft gluons which leave these trajectories practically un-
perturbed. This approach to the Pomeron—exchange amplitude has been investigated and
extended in a number of papers [11-13, 15, 18-28].

In particular, in the case of meson—meson scattering, one can describe the mesons, in
a first approximation, in terms of a wave packet of transverse colourless quark—antiquark
dipoles [18, 20, 21, 24]. The mesonic scattering amplitude is reconstructed, after folding
with the appropriate wave functions, from the scattering amplitude of such dipoles. Since
here we are interested only in the Reggeon trajectory, which, being a universal quantity,
should not depend on the details of the meson wave function, we can focus on the dipole—
dipole amplitude, which is expected to encode the relevant features of the process. Stated
differently, invoking the universality of Reggeon exchange, one can consider mesons whose
wave function is strongly peaked around some average value |é| of the dipole size.

Using this simplified description for the mesons, Reggeon exchange is identified as an
inelastic process at the partonic level, involving the exchange of a quark—antiquark pair
between the colliding dipoles. More precisely, the corresponding space-time picture is the
following (see Fig. 2). Before and after the interaction time (which may be long for a soft
interaction), the partons inside the high—energy mesons travel approximately along their
classical, straight-line (eikonal) trajectories. During the interaction time, a pair of valence
partons is exchanged in the ¢ channel between the mesons, and thus their trajectories bend,
connecting the incoming and outgoing eikonal trajectories; the other partons exchange only
soft gluons, and their straight—line trajectories are left practically undisturbed. The softness
of the process requires that the exchanged fermions carry a small fraction of longitudinal
momentum of the mesons.®

In order to avoid inessential complications, we consider the scattering of two heavy—
light mesons Mj 5 of large mass my 9, i.e., My = Q7 and My = Q'q, where Q and Q' are
heavy and of different flavours, while ¢ and ¢ are light and of the same flavour. In this way
the total scattering amplitude amounts to a single type” of Reggeon-exchange process,
namely the one in which ¢ and ¢ are exchanged in the ¢ channel, plus the Pomeron—

8 A rigorous quantitative formulation of this statement is still lacking and requires a more detailed study
of Reggeon exchange from first principles [69].

For physical mesonic amplitudes, different Regge trajectories are introduced depending on the ex-
changed quantum numbers and the quark flavours. In the present case, we consider only the simplest case
with only light—quark exchange. For completion however, as we will discuss in Section 7, the Reggeon
exchange is not isolated. It is expected to be accompanied by contributions corresponding to the so—called
“rescattering corrections”, which we will also obtain from holography.



Figure 2. Space-time picture of the Reggeon—exchange process. Q,Q’' are heavy and fast quark
and antiquark, which follow straight-line trajectories in the eikonal approximation. ¢,q are the
exchanged light quark and antiquark, describing the Reggeon exchange between the incident Qq
and @'q mesons (see text).

exchange component, where there are no exchanged fermions. Moreover, the choice of
heavy mesons is made in order for the typical size of the dipoles to be small, since in this
case |é172| ~ mf% < AééD; the reasons for this choice will be explained later on.

3.1 Impact—parameter amplitude

At this point, let us describe in some detail the expression for the Reggeon—exchange
contribution Ag(s,t) to the scattering amplitude proposed in [14]. To this extent, let us
introduce the impact—parameter amplitude a(b, x),

Ar(s,t) = —2'23/de ei@ga(g, X), (3.1)

where y is the hyperbolic angle between the classical trajectories of the colliding mesons,
related to the center—of-mass energy squared s through x =~ logs/(mims) (for s — 00),

with m; 2 the masses of the mesons, and t = —¢ 2,

Here we do not write explicitly the
dependence on the orientation of the dipoles. According to the space-time picture of the
process given above, the eikonal approximation can no longer be used to describe the prop-
agation of the light quarks, and different techniques are required. Working in Euclidean
space, the authors of [14] exploit the path—integral representation for the fermion propa-
gator in an external non—Abelian gauge field [46-50], in order to write down a Euclidean

“amplitude” d(g, 0,T) in terms of a path—integral over the trajectories of the light quarks.

,10,
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Figure 3. Schematic representation of the Wilson loop contour relevant to Reggeon exchange. The
“tilted” contour (solid line) is projected on the (x4 — x3) plane for simplicity. The dashed lines
delimit the various regions of the corresponding minimal surface, to be discussed below. The dotted
lines correspond to the “virtual” eikonal trajectories of the light quarks, which together with C; 2
describe the free propagation of the mesons.

Here 6 is the angle between the Fuclidean trajectories of the mesons, and 7" is an IR cutoff,
which will be explained shortly. The physical Minkowskian amplitude a(g, x) in Eq.(3.1)
is finally recovered by means of the analytic continuation § — —iy, T'— iT [51-57], con-
tracting with the appropriate Dirac spinors for the quarks and antiquarks, and removing
the IR cutoff by taking the limit T — oc:

T . -~/ . . ,(3, ) s (t,‘/) 7(t ’/)
a(B,x) = Jim [a(B, i, 7T)owgrssans o ()us® (0Q)vg™ ()75 (ngy) 52)
_(ts S tL _ S/ ’
% 0 (pg)u§™ (pg ) () al” ()

Even in the simplified setting that we are considering here, in order to reconstruct the
mesonic amplitudes one has still to average over the orientation of the dipoles; moreover,
one should also contract the spin indices with the appropriate wave functions. As we have
already said, we are interested here only in the Reggeon trajectory, and so the detailed
dependence on spin should not be relevant, and it will not be discussed in this work. As
for the dependence on the orientation, the choice of large meson masses, or equivalently of
small dipole sizes, will make it negligible in a first approximation, as it will be discussed
further on.

All in all, the Euclidean “amplitude” &(g,H,T), which should encode the features of
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the Reggeon trajectory, can be written symbolically as
a(5.0,T) = 2! / DC,DC_ (WC]) e ™M 1]e) (3.3)

where the different terms (W|[C]), L[C], Z[C], Z are defined as follows.
e (WIC]) is the expectation value of the Euclidean Wilson loop running along the path
C (see Fig. 3), composed essentially of the Euclidean trajectories of the partons,

C=CoS8 oCioSy oCzoS;'oC_oSi"7

3.4
WIC] = tr {WI[CIWI[Sy [WI[C_]W[S, W [Co] WSS TWIC WS ]} o

where W|C;] is the Wilson line along the path C;.
More precisely, C; and Cs are the straight—line paths corresponding to the heavy partons
Q and @', respectively, which are fixed,!°

b R
Clin(V):u1V+§+7l7 ve[-T,T],
b Ry
Co: Xo(v)=—uov— - — —, vel|-T1T],
21 Xo(v) 2V =5~ [ ] (3.5)
= ( Q‘-Qﬁ) = (cos = ‘-Qﬁ)
up = 0082,51n2, , Uo = 0052, 51112, ,
b=(0,0,b), R; = (0,0, R;),

while C; _ are the curved paths corresponding to the exchanged light partons, which have
to be integrated over,

Ci: Xi(v), X2(v) =1, velo,Ly],
b R b R
X+(0)ZU1T _—_1, X+(L+):u2T——+—2,
22 202 (3.6)
C X (), X2w)=1,  wvelL],
b R2 b R1

and Sli,Q are straight-line paths in the transverse plane (see Fig. 3), connecting the four
pieces above, which are introduced in order to make the whole expression gauge—invariant.
The path—integration over the exchanged—quark trajectories C4 is denoted simbolically by
[DCs.

In the expressions above, the condition XZ? = 1 makes of v the natural parameter along
the curve: this condition comes from the integration over momenta in the path integral for
the Euclidean fermion propagator [49, 50]. As we have already said, the sizes |R;| of the
dipoles are of the order of the (small) inverse mass of the mesons, |R;| ~ m;?.

e L[C] is the length of the path traveled by the light quarks,

LIC)=LICy )+ LIC_] =Ly + L_, (3.7)

0Here and in the following we denote with ¥ a two-dimensional vector. The components of the Euclidean
vectors are chosen to be © = (x4, 21, %) with & = (z2, z3).
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and my is the (bare) mass of the light quark. As we will see below in more detail, the length—
term factor e 0Ll in Eq. (3.3) plays an important stabilisation role in the minimisation
procedure related to the saddle—point approximation of the path—integral.

¢ 7[C] = ®ij—{1,2,+,—} Li[Ci] is the product of the spin factors [49, 50] corresponding to
the various fermionic trajectories, and it comes from the integration over momenta in the
path—integral representation for the fermion propagator. Its subfactors are given by the
path—ordered products

zie)= [ S5 (3.8)

X;(v)EC;

where we have used the notation # = z,vg,, with vg, the Euclidean Dirac matrices (see
Appendix A), and where we understand that terms corresponding to larger values of the
parameter v appear on the left.

e Z is a normalisation constant, which was implicitly assumed in [14], whose role is to
make the amplitude IR-finite. In principle, one should be able to determine it from first
principles; at the present stage, we adopt a more pragmatic approach, fixing it “by hand”
in order to remove infrared divergences.

Before proceeding, a comment is in order. Although there are reasonable arguments
for the validity of Eq. (3.3) as a nonperturbative, approximate expression for the Reggeon—
exchange amplitude [14], a direct derivation of it from first principles is not yet known,
contrary to the Pomeron—exchange case. Also, the analytic continuation used to obtain the
Minkowskian amplitude has been proved to be the correct one in the case of the Pomeron—
exchange amplitude: there is not yet an explicit proof that it is the correct one also in
the case of Reggeon exchange, although it seems quite plausible. These two issues are
currently under investigation,'! and since the approach described in this Section appears
to be basically correct, we will use it as the starting point for our analysis.

3.2 Gauge/gravity correspondence and minimal surfaces

The following step is the application of the gauge/gravity correspondence, which, as dis-
cussed in Section 2, allows to write the Wilson—loop expectation value as

7;/Amin C
wic)) = Fle] e T (3.9)
where Anin[C] is the area of the minimal surface having the contour C as boundary, and
FIC] contains the contributions of fluctuations around this surface. In this work we stick

to the “quenched” approximation,'? while loop corrections will be considered in a future

work [71].

I A first analysis indicates that the basic formula is essentially correct, apart from minor modifications
which do not change the results on the intercept and the slope of the Reggeon trajectory; moreover, the
analytic continuation required to obtain the physical amplitude turns out to be essentially the same as in
the Pomeron—exchange case. A detailed study of these issues is delayed to a future publication [69].

2 Expression (3.9) does not contain the effect of dynamical fermions, which are subleading at large N..
A way to include such effects, going beyond the “quenched” approximation, has been suggested in [70],
making use of the world-line formalism to express the fermion—matrix determinant as a sum of Wilson
loops over all possible contours.
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At this point, one should in principle solve the Plateau problem in a curved background
for a general boundary, and then integrate over all possible boundaries: this is a formidable
task, which is currently out of reach. In order to simplify the problem, it is useful to recall
the physical picture of the process, already discussed above, and sketched in Fig. 2. Before
and after the interaction, the partons travel along their eikonal, straight-line trajectories,
and during the time of interaction the light quarks are exchanged between the two mesons.
Translating this picture to Euclidean space, we then expect that the main contributions
to the path integral come from those paths C+ which away from the central (interaction)
region are straight lines, coinciding with the eikonal trajectories of the light quarks. As
a consequence, the relevant minimal surfaces are essentially made up of a central strip
(corresponding to region ¥ in Fig. 3), bounded by the curved part of the light—quark
trajectories, which corresponds to the exchanged Reggeon, and four rectangles (regions
r1,2,34 in Fig. 3), corresponding to the free propagation of mesons before and after the
interaction.

In the case that we are considering, namely small dipole sizes corresponding to heavy
mesons, the part of the minimal surface corresponding to these rectangles is determined
by the near-boundary behaviour of the metric, reaching a maximal value zpax ~ O(!ﬁ172\)
in the z—direction, and thus not feeling the confinement scale, see Fig. 1 (right). On the
other hand, for large enough b, in the central region we can use the approximation scheme
discussed in Section 2. In this region the minimal surface is expected to be made up
of an almost vertical wall of area Ay, extending from the boundary of AdS up to the
region where the metric is effectively flat (e.g., the black-hole horizon of Ref. [8]), and a
minimal surface living in the effectively flat metric, bounded by the light—quark trajectories
transported from the boundary of AdS to the effectively flat region, see Fig. 1 (left).

Within this configuration, the geometry of the flat part of the Reggeon strip is governed
by the (almost) infinite straight lines corresponding to the eikonal trajectories of the heavy
quarks, transported to the effectively flat region. This suggests that the relevant contribu-
tions come from configurations in which the floating boundaries lie on the corresponding
helicoid. Indeed, the helicoid has been recognised as the minimal surface associated with
soft elastic quark—quark (and also quark—antiquark) scattering at high energy [12]. This
assumption is expected to be sensible only for small quark mass (more precisely for small
constituent quark mass, see footnote 20), as we will discuss further on. We then recover the
same basic geometry already found in the treatment of Pomeron exchange, the difference
being the presence of partially floating, instead of fully fixed boundaries.

Notice that since we are considering the case ]ﬁ172] < b, we can neglect the size of
the dipole in the interaction region, so that the eikonal trajectories of the light and heavy
quarks coincide at the given level of approximation. Therefore, to first order the flat part
of the “strip” X takes the form

0 0 b
Xhel(7 o) = | cos <—0> 7, sin <—J> 7,0,
b b b (3.10)

o€ [=b/2,b/2], Te[-1m (o), 77 (0)], 7F(c)>0.
The path—integral is then reduced to the integration over the curved part of the light—
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quark trajectories, constrained now to lie on the helicoid, i.e., over the “profiles” 7% (o)
which constitute the boundary of the relevant piece of helicoid; the remaining parts of the
paths Cy lie on the eikonal light—quark trajectories. Notice that for any choice of 7(o)
in Eq. (3.10), the resulting surface is automatically a minimal surface in flat space, i.e., a
surface with zero mean curvature.

The remaining part of the minimal surface is made up of the vertical wall and of the
four rectangles. In turn, the vertical wall is made of four pieces, corresponding to the paths
C+ and to those pieces of the paths C; > bounding the interaction region (i.e., between the
dashed lines in Fig. 3). The rectangles are deformed in the region where they connect to
the interaction region (near the dashed lines in Fig. 3), where the surface rises steeply to
the effectively flat region; nevertheless, the area of these regions is proportional to |§172|,
and can be neglected.

In this approximation, the dependence of the minimal surface on the orientation of
the dipoles is trivial, as anticipated. Moreover, in this case the spin factor simplifies
considerably, and it can be explicitly evaluated.'® The details of the calculation are given

in Appendix A, here we quote only the final result,

where the various quantities are defined as follows,

P(n) = Lt N; = <1 + Xi(vy) - Xz‘(’/z‘)>_2

2

U; = diag <e*%q’(cﬁi)’ e%‘ﬂ@n)j eécp(cai)’ e*%¢(cﬁi)> )

(3.12)

Here X;(v; ) are the initial and final points of C;, and the (real) phases ®(Cyz,), which
depend on the shape of the path, are given in Appendix A.

Since the paths X;o are fixed straight lines, and moreover, for the relevant paths,
X4 lie on the eikonal trajectories of the light quarks near the initial and final points,
it is possible to factor out of the path integral the quantities N = Hi:{1727+7_} N; and
Q6f) = ®i—{1,24,—} P(Xi(yi7f)). Denoting in short U = ®;—(1 2+ ) U, we have

d - 1/ Abel T+77—7 Arect+Awa
a(ba 07 T) ~ ZlNQ(f){ /DT+DT -F[T+7 7'7]6 QWQEH{ mln[ }Jr * ll}

w e~ Mo LP T+ LA T4+ AT — Lo[r 7]~ Lo[r ]} m#,ﬂ} Q@ (3.13)

where the appropriate contraction of indices among Q) ¢ and Q) is understood, and we
have made explicit the dependence of i on 7%. The area AP of the helicoidal “Reggeon

min
strip”, and the length L of the boundaries, can now be written explicitly as functionals

13The first calculation of Ref. [14] has been redone with a different result, see Appendix A.

,15,



of 7% (o),

% T+(O')
Age}n [T, 7~ \ da/ 1+ (p$)2,
fg B (3.14)
szwfi<o>]=:j/b2(hr\/l-%<pfi<oo>2—%(fi(a)P.
)
where we have used the notation
p=20/b. (3.15)

In (3.13), the contributions Ayect and Ay correspond to the four rectangles r1_4 (see
Fig. 3) and to the vertical wall, respectively. Moreover, 2T — Lo[r*] is the length of the
straight—line part of the light—quark trajectories, with Ly depending only on the endpoints,

Lo[t%] = 7% (b/2) + 75 (=b/2) . (3.16)

The expression Eq. (3.13) is almost the final answer, but we still have to deal with infrared
problems. It is immediate to see that there are two possible sources of infrared singularities,
which should be removed by the normalisation constant Z. The first one comes from the
area of the rectangles, and can be removed by including in Z the quantity

= Wi)(Wa), (3.17)

where W 5 are the rectangular Wilson loops describing the free propagation of the mesons
(see Fig. 3). Such a term plays the role of renormalisation constant for the dipoles in a
LSZ approach to dipole-dipole scattering [18], and in the gauge/gravity duality approach
it is given by
7;/‘4;6@

Zi~e , (3.18)
where A/
loops Wi 2. For almost vertical walls, the difference Ayan + Arect — Alect 1S approximately

rect 1s the sum of the areas of the minimal surfaces corresponding to the Wilson

of the form

1

W(Awall + Arect A,
eff

fect) = m (L[] + LY ¥] = Lo[r™] = Lo[r]) o)

+ bc (Lol + Lo[r™])

and so it is independent of T'. The UV divergencies coming from the part of the surface
near the boundary z = 0 are contained in dm which, as we will see in a moment, amounts
simply to a renormalisation of the (bare) mass parameter mg. The second term originates
from the incomplete cancellation between the area of the rectangles in the central region
(i.e., the region between dashed and dotted lines in Fig. 3). The quantity dc is a UV—
finite quantity, which at the present stage we are not able to compute explicitly. However,
this term would not affect the variational problem: indeed, it depends on the light—quark
trajectories only through Lg [Ti], which, as we will see in the next subsection, does not
enter the minimisation procedure. Therefore, the contribution of this term to the effective

action (in the saddle—point approximation considered in this paper) could be determined
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if 0c¢ were known. For this reason, we will discuss the possible role of this term in footnotes
21, 26 and 32, dropping it from the main derivation.

The second source of IR singularities is the length of the straight-line part of the
light—quark trajectories, which for the dominant paths is expected to be of order 47"+ O(1)
for large T, so that after analytic continuation 7" — T we would get an infinite phase

idmoT

~e . This phase corresponds to the self-interaction of the quarks, which plays no role

in the scattering process, and has therefore to be removed. We then insert a second factor
Zy = e 4moT (3.20)

which accomplishes this task already at the Euclidean level. The normalisation constant
is then taken to be Z = Z12Z5. All in all, we obtain for the Euclidean amplitude

1 Ahel [ +,T_}

d(l_;’ 05 T) ~ NQ(f){ /DT+DT_ f[7+, 7—_]6_ 27"0‘:33 minlT
o« o= mALP =4 LR ]~ Lofr=] ~ Lo[r ]} Uit T]}Q(i) (3.21)

where we have reabsorbed the contribution of the first term in Eq. (3.19) in a renormal-
isation of mg, namely m = mg + dm. As we show in Appendix B, the bispinors are
eigenvectors with eigenvalue 1 of the (analytic continuation of the) projectors P(X;(v; f))
acting on them, and so we can replace Q6 in Eq. (3.21) with the identity. On the other
+10(Cy,)

hand, the phase factors e contained in U (see Eq. (3.12)) do not cancel, and their

effect has to be properly taken into account.

3.3 Saddle—point approximation

As anticipated, the final step is a saddle—point approximation of (3.21): exploiting the
symmetry of the configuration in order to restrict to the case 77 (c) = 77 (0) = 7(0), one
has to solve the Euler-Lagrange equations dSeg, g[7s.p.(0)] = 0, to find the profile 75, (o)
which minimises the “effective action”,

S 2l (o) = 5oy Ahlr(@)) +2m (L ()] = Lol(@) (322)
€

where, with a slight abuse of notation, we have avoided the repetition of the argument in the
area functional. In the general case, the variational problem defined in Eq. (3.22) is aimed
at the determination of an “optimal” boundary, involving in the minimisation procedure
both the area of the resulting surface and the length of the boundary. This is what we
have called “minimal surface problem with floating boundaries” in the Introduction.'4
Substituting the solution 75, (0) in Eq. (3.21) we obtain for the Euclidean amplitude

1 Ahel

0(5,0,T) ~ N Ulrsp. (o)) Flrsp. (o)]e 7o ™o g2m{ihfrp. ()]=Lolrus ()} | (3.23)

1 Although somewhat similar, this problem must not be confused with the “minimal surface problem
with partially free boundary”, known in the mathematical literature (see e.g. [72]). In that case, part of the
boundary is not competely fixed, but only constrained to lie on a given surface, as in our problem; however,
only the area of the surface enters the minimisation procedure, and not the length of the boundary.

,17,



where we have avoided the repetition of the argument also in the fluctuation functional
and in U, and we have dropped the Q-f). The Reggeon trajectory is now encoded in the
solution 7 p,. of the saddle-point equation: a detailed study of this equation is the subject
of the rest of this paper. Since there is no possibility of confusion, in the following we will
drop the subscript “s.p.” to keep the notation simpler.

A few remarks are now in order. In [14] it was considered explicitly only the case
of massless light—fermions. It is immediate to see that in this case a real solution of the
Euler-Lagrange equations does not exist, and the minimal value of Seg g for real 7(o) is
obtained for 7(c) = 0, corresponding to a strip of vanishing width connecting the central
points of the eikonal trajectories, for which Seg r = 2mb. The reason for this can be
easily understood. The area term in the effective action is of “attractive” nature for the
boundaries, since it tends to bend inwards the boundaries in order to minimise the area in
between them. On the contrary, the length term is of “repulsive” nature, since it tends to
minimise the curvature of the boundaries, in order to minimise their lengths. The value of
the quark mass sets the rigidity of the boundaries, and if m = 0 there is nothing preventing
the boundaries to collapse to a strip of vanishing width. In order to start with a non trivial
real solution, before analytic continuation, we thus cannot ignore the effect of the length
term.

This qualitative argument applies also in a more general setting, with the floating
boundaries not constrained to lie on a specific surface. In this setting, we expect that when
the quark mass is large the minimisation procedure is dominated by the length term, so
that the floating boundaries tend to become straight lines, and the helicoid geometry is
lost. As a consequence, the approximation considered here is expected to be valid only for
small quark mass.

The solution of the saddle—point equations at m = 0, found in [14], is indeed a complex
solution; more precisely, it is a purely imaginary constant trajectory 7(o) = +i/p. Using
this solution, and choosing the minus sign for physical reasons, one obtains, after ana-
lytic continuation, a Gaussian impact—parameter amplitude, which in turn yields a linear
Reggeon trajectory. However, one can immediately check that this solution corresponds to
a singular point of the area functional, which reads explicitly

Ahel[T(J)] = 11)/_5 do [pT(J) 1+ (pT(O'))2 + arcsinhpT(a)] , (3.24)

b
2

so that the applicability of the saddle—point method is not guaranteed. In order to inves-
tigate this problem more rigorously, it is convenient to start from the case m # 0, where
regular real solutions can be found in Euclidean space: the limit m — 0 will be considered
only after the analytic continuation into Minkowski space—time has been performed.

In the next Sections we will study in details the variational problem at hand, which
involves the minimisation of a functional which contains both an area and a length term.
In particular, in the next Section we will study a simpler case, where we can determine
exactly and explicitly the solution, in order to obtain a few insights on this kind of problem.
The case relevant to Reggeon exchange is discussed in Section 5, where we provide an exact
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Figure 4. Soap film with partially floating boundary. The straight lines correspond to rigid rods,
the curved lines to flexible wires, attached to four equal masses (black balls).

solution in implicit form for the general case, and an approximate solution in explicit form
in two specific regimes.

4 Warm—up exercise: soap film with floating boundaries

Before attacking the minimisation problem relevant to Reggeon exchange in full generality,
we want to discuss a simpler case, namely the case in which the straight lines forming the
fixed part of the boundary are parallel, i.e., § = 0. This configuration is of limited interest
for our problem, since our purpose is to obtain an analytic dependence on 6; nevertheless,
the mathematical problem is similar, and moreover in this case the variational equations
can be solved explicitly, so that we can obtain a few indications in the study of the more
complicated “tilted” case 6 # 0. We consider then the minimisation of the functional

H = —A[C),C) + m(L[C1] + L[G]), (4.1)

2wa!

where A is the area of a surface bounded on two opposite sides by two parallel straight
lines of length 27" at a distance R, which are held fixed. On the other sides, the surface is
bounded by two a priori free lines following the paths C; 2, of length L[C; 2], which have to
be determined by the minimisation procedure.

For want of a physical interpretation, this functional corresponds to the energy of an
ideal soap film of vanishing mass and of surface tension 1/27é&’, extending between two
rigid rods (the straight lines) parallel to the ground, and between two flexible (massless)
wires (of length larger than 27"), each passing through two rings positioned at the endpoints
of the rods (see Fig. 4); moreover, two equal masses M are attached at the endpoints of
each wire, with Mg = m, and their potential energy in the gravitational field contributes
the length term.

Given the symmetries of the problem, the solution will be a planar surface, and the two
floating boundaries will be one the reflection of the other. The problem is thus effectively
two—dimensional, and we can parameterise the relevant surfaces in terms of a single function
7(0), i.e.,

Xplan[T(J);T',a] = (7,0), o€[-R/2,R/2], T €[-T(0),7(0)], T(0) >0. (4.2)
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The expression of the functionals simplifies therefore to

+2 +
L= / do/1+ (7(0))?, A= 2/ do 7(0). (4.3)

_ _R
2

vl

Notice that 7 must satisfy 7(c) = 7(—0) because of the symmetries of the problem. The
Euler-Lagrange equation is easily derived, and reads

7 —2R;! (1+¢2)% =0, (4.4)

where the combined parameter
R, = 4wé'm, (4.5)

will play an important role as a critical value for R in the minimisation problem. Notice
that for R, > 0 we have 7 > 0. This equation reflects the general expectation on the nature
of the two terms contributing to the energy functional, discussed in the previous Section.
For large R. the first “length” term in (4.4) dominates, so that the equation reduces to
that of a straight line; the second “area” term increases the curvature of the free boundary,
bending it inwards. This equation is solved in the standard way by setting!®

o(r) =V14+72, o= 3—: _ T (4.6)

do v

The equation becomes then

which is easily solved by

_ U(To) _ 1
1— 2R o(r)(r—7) 1—2R:' (1 —79)

u(T) , (4.8)
where 79 = 7(0), and we have taken into account that v(r9) = /1 + (7(0))2 = 1, since
7(0) = 0. Notice that, since 1 < v < oo, we have to satisfy 0 < (7 —79) < R./2. Proceeding
in the usual way, we write

(@) dr
w V02— 1

which can be inverted to give

V(7(0)=m0) [Re — (7(0) —m0)], (4.9)

o] =

R, 20\ 2
(o) —70 =5 [1- /1~ (%) , (4.10)

where the minus sign for the square root has been chosen since the left-hand side of the
equation vanishes at ¢ = 0. Finally, imposing the boundary condition 7(R/2) = T, we

5The equation could have been solved by direct integration, but the present approach generalises imme-
diately to non—constant R., which will be relevant in the next Section.
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Yr(o) = T)

c

2R,

Figure 5. Minimisation profile of the floating boundary. Half of the floating boundary is represented
after minimisation for various values of R/R.. The opposite half of the floating boundary is obtained
by reflection with respect to the horizontal axis.

obtain the complete solution'® (see Fig. 5)

Tmin(a):T_% \/1—<%i>2—\/1—<}%>2 . (4.11)

Notice that in order for 7(¢) to be real we need the following condition to be satisfied:

R<R.. (4.12)

This justifies the notation chosen for R, = 4wd’rh. The geometric meaning of this condition
is clarified by computing the derivative of 7(0) at o = R/2,

R/R.

=tan g, (4.13)
1 - (R/RC)2

7'—(0')‘0:}%/2 =

where the angle ¢ is shown in Fig. 6. It is then immediate to see that the condition
Eq. (4.12) simply means that ¢ < /2, and when the bound is reached the flexible wire
runs parallel to the rigid rod at the junction point. The physical interpretation of this
condition will be discussed in a moment.

We turn now to the computation of the energy corresponding to the solution 7,.
Making use of the properties of the minimal solution, it can be expressed in a simple form,

16 As we will discuss in detail in the next Section, this is not the boundary condition that we impose in
the 6 # 0 case, so this result does not give the & — 0 limit of the calculation relevant to Reggeon exchange.
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Figure 6. The angle ¢ formed by the fized and the floating boundaries at the soap film corner. The
angle is given by the tangent of 7(0) at 0 = R/2, cfr. Eq. (4.13).

which is readily evaluated:

R 2
2 2 R 2R o
Hmin:ﬂ_—a /2d0' T0 + 11+ ( < ) =
0

/\, =
2 1- (2R '0)
(4.14)
1 RR, R\*> R® R
—M 2TR+ 9 1_<R_c> +7&I’CSIHE

In the limit R. — oo, the weight of the masses attached to the wires wins over the surface
tension, so that the wires are kept straight, and we recover the result for a soap film with
a fixed rectangular boundary, i.e., T;in — 1, and

1
H,pin ~ —={2T e} 4.1
——{2TR+ RR.} (4.15)

At fixed R we cannot go to the limit R, — 0, since in this case Eq. (4.12) implies that R,
must be bounded from below. The meaning of Eq. (4.12) is the following: if R exceeds
the critical value R, at fixed & and rm (more precisely, at fixed &m), or equivalently if R,
becomes smaller than R (e.g. for too large surface tension or too small mass), the force
due to the surface tension is stronger than the gravitational force on the masses, and it
makes the soap film collapse. This is essentially a Gross—Ooguri transition [63], which we
expect to find also in the case 6 # 0, and R, appears to be the corresponding critical value
at which the transition takes place. Notice that rewriting the energy in terms of the angle
¢ as

Hopin, = mA{4T sin¢ + R (¢ +sinpcos o)} , (4.16)

we easily see that the maximal value is reached for ¢ = 7/2, i.e., right before the collapse,
so that the maximal energy that can be stored in this system is 7 {47 + 7/2 R.}.

As a final remark, we note in passing that identifying ﬁ with the string tension o
and 1 with the constituent quark mass m (the functional H having now the dimensions
of an action), the minimisation procedure reproduces the static Q — @ linear potential
Vog(R) = oR as Vog(R) = Hypin/2T for T — 0o, and moreover the bound R < R, gives
the well-known string—breaking condition o R < 2m.
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5 Variational problem for the Reggeon—exchange amplitude in Euclidean
space

In this Section we discuss the Euclidean variational problem relevant to the Reggeon—
exchange amplitude, i.e., for the “tilted” configuration of Fig. 2. As we have already said
in Section 3, the scattering amplitude is reconstructed through analytic continuation from
the solution of the minimal surface problem with floating boundaries, that involves the
“effective action” functional Eq. (3.22), which we rewrite here for convenience:

1 hel hel
et wlr(0)] = 5 Alihlr(0)] + 2m(LM[r(0)] — Lo[r(#)]). (51)
eff
Our aim is to find a smooth “profile” 7(o), bounding a piece of helicoid which connects
two straight lines at a transverse distance b, and forming an angle € in the longitudinal
(x4 — x1) plane. In order to do so, it is convenient to pass to dimensionless coordinates by
making the change of variables

t(s) =pr(o), s=po, pr=vy, with p=0/b. (5.2)

Note that ¢ = % = g—; = 7. In terms of these reduced variables, the expressions for the

area and length functionals Eq. (3.14) read

1 [+% +t(s)
Age}nzﬁ/ st/ dy/1+ 42,

J_ri —t(s) (5-3)
phel _ 119 /32 ds \/1 + [t(s)]? + [{(s)]?,
and moreover 1
Lo=2 [t(5)+t(=9)], (5.4)

for the subtraction term. This term will not enter the variational equations, since the
value of T(:l:%), and so that of t(:l:g), is determined by requiring a smooth transition to the
eikonal straight—line paths: in other words, we perform the variation of the effective action
at t(ig) fixed, we solve the equation and we subsequently determine the value which makes
the path smooth. In terms of our parameterisation, in order for the part of the path on
the helicoid to be smoothly connected with the incoming and outgoing straight lines, we
need that i(ig) = £00. We will discuss this point in more detail after solving the general
equation.

5.1 Exact solution in implicit form

It is straightforward to obtain the Euler—Lagrange equation corresponding to the minimi-
sation of the functional, which reads explicitly

2m 1 y ) - 1
-1+t -2 - 1+82=0. 5.5
e el L R o2 (5.5)
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After setting

0 1 b
t(s) = -+ = sinh A= = 5.6
() bT(U) sinh i (s) 2ralgmp  2malgmb’ (56)
the equation takes the simpler form
o — (1—|—gb2)tanhgo—)\(1—|—gb2)%coshgpz(). (5.7)

In some loose sense, the variable ¢ parameterises in a scale-invariant way the development
in “time” of the quark—exchange process in Euclidean space.
As shown in the previous Section, in order to solve this equation one sets

() =V1+¢2 — ' =¢, (5.8)
where the prime denotes differentiation with respect to ¢. The equation becomes then

v’ —vtanh o — v’ coshp =0, (5.9)
which has the general solution

- vg cosh ¢ o |
(Qp) - cosh wo + vO%(f(SDO) _ f(SD)) ’ 0 (900) ) (5 10)

where the function
f(x) =a + sinhx cosh x (5.11)

plays an important role in the following.

The symmetries of the problem imply ¢(—s) = ¢(s),!7

and as a consequence ¢(0) = 0;
in turn, we have v(pg) = 1. Notice that since ¢ > 0 (unless A = 0, in which case
the area term is absent) we have ¢(s) > ¢g for s # 0, as one expects for a minimum.
Moreover, the positivity of v and the monotonicity of f(z) imply that ¢(s) must satisfy
0 < £() — f(0) < (2/A) cosh o,

It is immediate at this point to write down the general solution of our variational

w(s) 1
|s| = / do ————— (5.12)
%)

0 v(x)? =1

To fully determine the solution of the variational problem we still have to impose the

equation, which reads

appropriate boundary conditions. In order to do so, it is convenient to define ¢ through
the equation

cosh o + 5 (7o) — F(#) =0, (513)

and so rewrite v as
cosh ¢

3(F(@) — fle)

17Strictly speaking, this is true only if the solution is unique. Since we are dealing with a boundary value

v(p) = (5.14)

problem for a nonlinear differential equation, as we will explain shortly, we are not guaranteed a priori
of the existence and unicity of the solution. Nevertheless, we have verified that the solution that we have
found is actually unique.
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7(4) = bsinh @

=
e

Figure 7. Sketch of the minimisation profile T(o) described by the trajectories of the exchanged
fermions on the helicoid. The solid line represents the trajectory of the exchanged fermion. The
dashed (vertical) lines are the eikonal trajectories, plotted for reference. The dotted (horizontal)
lines indicate the minimal and maximal values of 7(o), i.e., 7(0) = % sinh o and 7(+3) = % sinh @.

The value ¢ is the maximal allowed value for ¢(s) which respects the positivity of v, i.e.,
whatever is the boundary condition that we choose, we still need the inequality g <
©(s) < ¢ to be satisfied. Since we look for a path on the helicoid that at o = +b/2, or
equivalently at s = £6/2, joins smoothly the eikonal incoming and outgoing trajectories of
the exchanged light fermions, the derivative { = ¢ cosh ¢ has to diverge at s = +£6/2. As
the function v, and thus ¢, have a divergence at the point ¢, the appropriate boundary
condition is then precisely w(ig) = ¢.1% We will comment further on this point at the end
of this Section. Using Eq. (5.12), this boundary condition is expressed as

0 _ /% L [P UG- f@)
2 Jo TV =T oo T feosh? o - 13(£(8) - £

and the mathematical problem is now completely specified. Equations (5.13) and (5.15)

(5.15)

form a coupled set of equations, whose solution would give the explicit form of the profile
7(0). We have not yet been able to find an analytic solution in the general case. Some
approximate solutions will be discussed in the next subsection; here we discuss some general
properties of the result.

As a first observation, we notice that the values g and ¢ are related to the charac-
teristic time scales of the quark—exchange interaction in Euclidean space. Recall that in
the dual string picture the interaction is described by the exchange in the t—channel of
an open string with helicoidal world—sheet between the colliding mesons. The world—sheet
coordinates are o € [—=b/2,b/2] and T € [—7(0),7(0)] (see Eq. (3.10)), and they are related
to the Euclidean time tg = x4 by the relation tg = 7 cos(fo/b). The development of the

"®The other possibility would be p(£%) = oo, but since ¢(s) < @ this would again require co = p(£%) <

P = oo.
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interaction, seen as a process taking place in Euclidean time, passes through the following
three stages. In the first stage, at time tp; = —7 cos(0/2), with 7 = (b/0) sinh @, the strings
corresponding to the two scattering mesons in the initial state begin to expand; the expan-
sion continues until tp_ = —7), where 7y = (b/0) sinh o, when they join forming a single,
unstable string. The second stage corresponds to the existence of this unstable string,
which lasts until tg4 = 79, when it decays and splits in two. In the third stage, the decay
products shrink, returning to their initial size at ¢ty = 7 cos(#/2), thus reconstituting the
mesons in the final state.

An important remark is that the solution does not depend on the length variable 7:19
this guarantees that our result will be free of IR divergencies. This is actually expected,
since we are working with colourless objects, and it is in contrast with the divergencies
arising in quark—quark and gluon—gluon scattering [12, 58]. The only way in which T" could
have entered the solution is through the boundary conditions, since the equations do not
depend on it, but our choice for them is again independent of T. As a consequence, the
relevant analytic continuation from Euclidean to Minkowski space—time reduces simply to
0 — —ix.

It is easy to prove that a regular solution, for which 7(s) > 0, and thus ¢(s) > 0, can
exist only in a limited range for the impact parameter. From Eq. (5.7), using the fact that
©(s) > o, we derive the inequality

LS > Acosh o > Acosh g, (5.16)

(1+¢%)2
which, integrating between 0 and 6/2, and using ¢(0) = 0 and ¢(0/2) = oo, provides a
bound on b,

0 b 1
A < <1 (5.17)
2 dmalgm ~ coshg
This defines a critical value
be = dralgm , (5.18)

beyond which the Euclidean solution ceases to be a positive real quantity. The limitation
imposed by this bound is analogous to the one found in the case § = 0, Eq. (4.12), i.e., for
too large b the four-dimensional Euclidean “soap film” corresponding to the string world—
sheet collapses due to the attractive effect of the string tension.?? Moreover, the fact that
b. vanishes when m = 0 reflects the necessity of a “repulsive” boundary-length term to
compensate for the “attractive” area term in the minimisation procedure.
Another inequality can be obtained by multiplying by ¢ both sides of the first relation
in Eq. (5.16), and integrating between 0 and /2,
1

1 Z )\(Slﬂh@ — sinh QDO) = m
eff

IS

(7’( ) — 7'(0)) . (5.19)

19Strictly speaking, a solution exists only if T' > 7(4b/2), but since we are interested in the limit T — oo
this restriction is irrelevant.

20The interpretation of Eq. (5.17) as a string—breaking condition suggests that the mass parameter m
represents the constituent mass of the light quark. Together with the lower bound on b discussed previously,
this condition determines a window Ry < b < b., where the flat—space approximation is expected to be
valid.
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This result implies that the variation of 7 along the boundary of the helicoid is of order
O(algm): as a consequence, in the massless case the profile which minimises the effective
action should be a constant. However, no constant real solution of Eq. (5.7) exists; more-
over, even if it existed, it could not be smooth at the junction with the eikonal incoming
and outgoing trajectories. It is simple to derive from (5.19) an inequality for A = @ — o,

1> Acosh pgsinh A > \A | (5.20)

which will be useful in the next subsection.
We can now exploit the formal solution, and the relations Eq. (5.13) and (5.15) satisfied
by o and @, in order to rewrite the effective-action functional in a rather compact way,

namely?!
St e = 0 (@) + 2™ (B0, @) - sinh p) (5.21)
e =55 fP)+ @0, $) —sinh @) , :
where
_ S 5
B(<P0,¢>)Z/ dw\/(coshcp)Q— [§(f(<ﬁ)—f(<p))] ; (5.22)
%0

and we recall that
f(¢) = ¢+ sinhpcoshp. (5.23)

The last term in Eq. (5.21) is simply the subtraction term 2mLg, rewritten in terms of .
The other two terms are obtained by combining the expressions for the area of the piece
of helicoid and the length of its curved boundaries. Since the area of a portion of helicoid
with a constant profile 7(c) = 7 can be expressed as A(6,b,7) = (b%/0) f (arcsinh (67 /b)),
one recognises in the first term the area A of such a surface, with 7 = (b/6) sinh , times
a factor 1/2malg. Moreover, it is easily proved that B(yg, ) — sinh¢ < 0, so that the
effective action is actually smaller than A/2mal .

As anticipated in the Introduction, the minimal effective action Eq. (5.21), with the
functions B(pg, @) defined by (5.22) and f(p) by (5.23), represents the main result of
the variational problem discussed in the present Section, and it encodes the properties of
Reggeon exchange in a compact analytic form. In order to be of practical use, it requires
the explicit solution of the system of equations (5.13) and (5.15). Before moving on to
this issue, which is the subject of the next subsection, we want to comment briefly on two
points.

Although in this paper we have focussed only on positive real solutions of (5.13) and
(5.15), this system of equations admits also solutions for which g is negative. As long as
the equations for the boundary conditions give ¢ > 0, a profile can be formally defined,
which at a certain value +5 vanishes, and is negative for |s| < 5. This simply means that
the curves corresponding to the propagation of the light fermions cross at a certain point; as
a consequence, the profile obtained by replacing the piece between the two crossing points
with a straight line would yield a smaller value for the effective action. More precisely,

21 We note in passing that the term neglected in Eq. (3.19) would give to Eq. (5.21) the contribution
0Set, & = 0c(4b/0) sinh .
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if p(s) is a solution of the minimisation equations which vanishes at 4§, one substitutes
©(s) — p(s)0(s> — 52), resulting in a surface contracted to a vanishing strip in the central
region. Of course, the value which results for the effective action is no longer given by
formula (5.21), which has to be modified taking into account the different shape of the
central region. The resulting profile is continuous, but it has cusps at +8§, which require a
careful evaluation of the spin factor. Finally, when ¢ = 0, the surface becomes just a thin
strip of vanishing width connecting the eikonal trajectories; the cusps are found at +6/2,
and the cusp angle is 7/2. In the rest of this paper we will not discuss these configurations
anymore, focusing only on smooth solutions with 7(o) > 0.

We would also remark that the choice gp(:l:g) = @, dictated by the smoothness condi-
tion, corresponds actually to the minimal value of the effective action among the solutions
of Eq. (5.7). Indeed, one can consider the most general choice go(:l:g) = ¢ < ¢ (larger val-
ues are not allowed, see the comment after Eq. (5.14)), thus introducing cusps at s = :I:g.
This yields for the effective action

b2 4mb

f(@) + —— (B(o, ¢, ) —sinh @) , (5.24)

Seft, E(P) )

- 2ralq0

where

Bloo.5.9) = [ "o \/ (cosh )? — [%ﬂ(@ - f(w))] | (5.25)

0 2

and ¢ is again defined by Eq. (5.13). The boundary condition Eq. (5.15) becomes

(5.26)

Equations (5.13) and (5.26) define implicitly the dependence of ¢y and @ on the boundary
value @. In order to find the value of ¢ which minimises the effective action, one has to
compute the derivative

dSefﬂE o @65637]3 @65637]5] + aSeﬂ",E X

= 5.27
o dp 0 Tdp 95 T 0 27
however, one easily sees that &ge% = 0 upon use of Eq. (5.13), and moreover 855% =0
upon use of Eq. (5.26). One is thus left with
dSeg,E ({9561{,}3 4mb 92 _ A - _ _
> - 0 — 6 \/cosh ¢ = [5(f(?) = f(@)]? —coshp | , (5.28)
and so dsjg’E < 0 for ¢ < ¢. Therefore, Seg, g is minimal for the maximal allowed value of
7 ie, p=9.

5.2 Explicit solutions: analytical and numerical results

In order to perform correctly the analytic continuation, one should obtain the exact depen-
dence on 6 by solving the equations Eq. (5.13) and (5.15) for ¢y and ¢, and inserting them
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in the formula for the effective action. This is a hard problem, which we have not been
able to solve in the general case, and so, in order to investigate the analytic dependence
on 6, and on the impact parameter b, we have to focus on some specific regimes where the
relevant expressions simplify, and the equations become manageable.

One possibility is to consider the case of large o (and therefore also large ¢): in this
case we can approximate f(x) ~ €2*/4 in (5.23), and solve explicitly equations Eq. (5.13)
and (5.15). From Eq. (5.20), we see that this approximation holds in the region where
Asinh A < 1, which corresponds to small b, as we will show. As we will see, this region is
of limited physical interest; moreover, it is not possible to calculate higher—order corrections
straightforwardly.

Another possibility is to consider the case of large A, which, according to the inequality
Eq. (5.20), implies A < 1. Since b is limited, this regime corresponds essentially to small
values of #.22 In this case we can perform an expansion in powers of A of the various
quantities, and then solve explicitly the equations. This can be done in a systematic way,
but here we focus on the lowest order approximation only, briefly commenting on higher—
order corrections. As we will see, this case turns out to be physically relevant after analytic
continuation to Minkowski space—time.

In order to obtain an overview of the general features of the solution, and of the
corresponding value of the effective action, in a wider range of values of b and 6, we
have solved the equations numerically. Although we cannot determine the analytic form
of the solution for ¢g and @, and therefore that of the effective action, nevertheless the
numerical results can help in understanding better the various regimes of the solution for the
minimisation problem, and the range of validity of our approximate analytic expressions.
Moreover, the numerical investigation of the solution reveals a few features which are not
captured by the available analytic results. Our numerical results are shown in Figs. 8-10,
and compared with the analytic approximations.

5.2.1 Case ¢ >1

We consider first the case of large ¢o. As we will see, this corresponds to a region where
b/Ammalg = b/b. is small. We begin by solving the equations (5.13) and (5.15) for the
boundary values ¢y and ¢. Retaining only the leading terms in Eq. (5.13), i.e., approxi-
mating f(x) ~ e?*/4 and coshz ~ €% /2, we find

1~ %e“z’ sinh A . (5.29)

It is easy to see that if this equation has a solution with large @, then Asinh A must be
small, as expected from (5.20). Making the same approximation in Eq. (5.15) we obtain

A sinh x

~

~ dx
0 \/ sinh? A — sinh? z

N D

= arcsintanh A | (5.30)

22Notice that there is a partial overlap with the range of validity of the approximation discussed above.
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where we have used (5.29) and the change of variables

_ 1o coshz \ 2 (5.31)
y= coshA ) ’

We can then write down the solution as

be 0
~ 1 < i
© og<6900t2>,

.0 1 1+sing (5:32)
A ~arctanhsin 5 = Slog | ———5 | -
2 2 1 —sing
Explicitly, we have for g
5 Ao [ Ypeor b, [ (5.33)
Yo =¥ = log b co 2 1-{—511’1% ) .

and the condition g > 1 implies then

1 1-—
Asinh A = b1 tan - < S0 5 2 (5.34)
b. 0 1+ sm

Moreover, in order to have 0 < A < oo, Eq. (5.32) implies that the angle 6 has to lie in
the range 0 < 6 < m: this implies that b/b. has to be much smaller than a function of 6
bounded by 2, and thus small, as anticipated. We can now obtain the profile ¢(s) as

/ A sinh x
s~ =
—(s) \/ sinh? A — sinh? x

, sinh($ — ¢(s)) | *
arcsin | tanh A\/l — <SIHT ,

(5.35)

which inverted gives

sinh(p — ¢(s)) = (5.36)

In order to obtain the effective action we still need to evaluate the integral B(¢o,¢), which
in the given approximation reads

1 (2 dx sinh 2
B p) ~ — 1 - ) .
(0, %) )\/0 sinh A \/ <sinhA> (5:37)

Setting cos ¢ = sinhz/sinh A the integral is easily evaluated, and gives

ol -mb 0
B(po, §) ~ —— [

0

2sin
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Figure 8. Curves of constant pg in the 0 —b plane. The solid lines represent the numerical results,
the dotted lines represent the analytical result obtained in the case ¢ > 1, and the dashed lines
represent the analytical result obtained in the case A > 1.

In conclusion, we have for the effective action

0
—— —2cot = | ,
siDQg 2

Seft, Bl po>1 = 2malgm? |0 cot? g +7— (5.39)
which at this level of approximation turns out to be independent of b, and of order O(m?).
This is of course due to the fact that we are neglecting important subleading contributions:
indeed, a logarithmic term o< log algm /b would appear if we naively included the contri-
bution coming from the ¢ term in f() (see Eq. (5.21)). This term is of the same order of
contributions neglected in the approximation above, and thus it is not consistent to include
it; nevertheless, it shows how a non trivial dependence on b could appear at subleading
order.

5.2.2 Case A > 1

We determine now the explicit form of the solution in the case of large A, which is expected
to describe the small-6 region, § < b/(2ralgm) = 2b/b. < 2. According to Eq. (5.20),
A = $ — g is of order O(A71),2 and so we can perform an expansion in powers of A of
the relevant quantities.

We begin again by solving the equations (5.13) and (5.15) for the boundary values.
Expanding Eq. (5.13) as

1
cosh  — Asinh ¢ + §A2 cosh p + O(A3?)
= A cosh @ [coshgé — Asinh ¢ + (’)(AQ)] , (5.40)

23 Actually, from Eq. (5.20), we can infer that A is of order O(A™'7¢), with € > 0. The actual value € = 0
comes out of the calculation.
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Figure 9. Curves of constant ¢ in the 8 — b plane. The key is as in Fig. 8. The dotted line with
sparse dots corresponds to the limiting case pg = 0, i.e., 7(0) = 0, and is plotted for reference.

we see that up to O(A?) we have

(1 — M cosh ¢)(cosh @ — Asinh @) = O(A?).

(5.41)

The term in the second pair of brackets is positive for A < 1, and of order O(A®), and so

we infer

1
cosh p = A +O(A?).

Expanding now Eq. (5.15) we obtain

Q_ A/ z(cosh @ — Asinh @) + O(A?)
2 V1 — 22(cosh p — Asinh p) + O(A2)

—A/dx +O@% A+0(A%).

Summarising, we have the solution®*

dra’ .m b
hg = et ' ~¢
cosh ¢ 3 p
N
2

and thus ; 0
=p—A= h-=<— 2.
0o =@ arccos , 9

(5.42)

(5.43)

(5.44)

(5.45)

(5.46)

Since the left-hand side of Eq. (5.44) is larger than one, in order to have a real solution

2Due to the different boundary conditions, this solution is not expected to reduce to the one obtained

in the previous Section in the limit 6 — 0.
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Figure 10. Effective action as a function of b for various values of 0: small 6. The action is
plotted in units of 2b.m = 8malgm?. The key is as in figure Fig. 8. The values 0 and 7/4 are
plotted for reference with a dotted line with sparse dots.

we must satisfy
§g1, (5.47)

which is exactly the general bound derived in the previous Section, Eq. (5.17). A more

restrictive requirement is expected from ¢y > 0, which however yields

=1+ 0(6?), (5.48)

that at the given level of approximation is the same constraint found above. Of course,
higher—order corrections are expected to modify this result. For completeness, we give also
the explicit form of the profile, which is obtained by integrating

1
s=A
P—p(s
A

inverting this relation we obtain

x 5—o(s)\?
: dxﬁ =Ay/1— (%) ; (5.49)

¢_¢g:g 1_<%>% (5.50)

It is now easy to obtain the effective action, after we have computed one last integral,

namely

1
0
B(po, p) = A/ dzy\/1— x?[cosh g + O(0)] = % cosh p + O(6?). (5.51)
0
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Figure 11. Effective action as a function of b for various values of 0: “large” 0. The key is as in
figure Fig. 8. The values 0 and 7 /4 are plotted for reference with a dotted line with sparse dots.

Substituting ¢ into the other two terms of (5.21) we finally obtain

2 2
Seff E|as>1 = #’gﬂearccosh% + 2n2algm? — %Tm (%) -1, (5.52)
up to order O(6°).

The advantage of this approximation over the other one is that it extends up to “large”
values of b, i.e., up to b, = 4wa.gzm. As we will discuss in detail in the next Section, the
physically interesting region in Minkowski space lies at large impact—parameter values, and
an appropriate extension in b beyond b. will be required: the expression obtained at large
o, which is valid only at small b, is not reliable for this purpose. Indeed, we see from
Eq. (5.44) that in order to perform this extension we have to pass through the value ¢ = 0,
which is clearly inconsistent with the assumption that g is large.

5.2.3 Numerical results

We discuss now briefly our numerical results. It is convenient to perform the numerical
calculation by taking ¢g and ¢ as independent variables, and then calculate b and 0 as
functions of ¢ and ¢ through Egs. (5.13) and (5.15). A minor drawback of this approach
is that the space of parameters (i.e., b and ) is not scanned uniformly. In all the figures b
is measured in units of b, = 47Tagﬂfm.

In Fig. 8 we show the curves of constant ¢q in the 8 — b plane, for various values of ¢,
and we compare the numerical results with the available analytic expressions. It is clear
from this figure that the analytic results cover only a small portion of the region of 8 — b
plane where a real positive solution for ¢(s) exists. In the bulk of this region none of the two
conditions A > 1 and g > 1 apply, so that we cannot use the approximations discussed
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above. Moreover, it turns out that for small enough b there are solutions with 6 > 2,
or even larger: this means that there are several branches for the solution, corresponding
to multiple “twists” of the helicoid. It is evident that the expression obtained for g > 1
is already a good approximation at ¢y = 2, being practically indistinguishable from the
numerical results. However, large values of ¢y correspond to small values of b, and the
approximation does not work in the region b ~ b., which will turn out to be physically
relevant. On the other hand, in the region of small 6 the expression obtained for A > 1 is
a good approximation in the whole range for b, up to b = b,..

In Fig. 9 we show the curves of constant . Again, the large—pg approximation works
well only at small b, were it describes rather accurately the numerical results. The large-\
approximation gives a constant value for ¢ as a function of 8, which however coincides with
the small-@ limit of the numerical results in the whole b-range.

In Figs. 10 and 11 we show the results for the effective action, plotted as a function of
b for various values of . The action is plotted in units of 87ra'eﬁm2 = 2b.m. The numerical
results show that it is a monotonic function of b and 6, which moreover is bounded by the
value Seg g = 27r2a'eﬂm2 = Zbem. It turns out that, at fixed 6, Seg g vanishes at some
point b = b(f), and it is positive for b > b(#). This simply means that, while for b < b(6)
a connected helicoidal surface is more convenient, for b > b(f) it is less convenient than
a disconnected configuration. As for the comparison with the analytic results, the large—
o approximation, which gives for the effective action a b—independent function, correctly
describes the b — 0 limit. On the other hand, the large-\ approximation is a very good
approximation for Seg g in the whole b-range for 6 < 0.5.

6 Analytic continuation into Minkowski space—time

In this Section we want to discuss the physical predictions that can be obtained after ana-
lytic continuation of the Fuclidean effective action. As already remarked, an approximate
solution as the ones discussed in the previous Section is not expected to capture the exact
analytic form of the effective action. Although this is not rigorous from a mathemati-
cal point of view, we can nevertheless perform the analytic continuation into Minkowski
space—time of our approximate expressions, and use physical arguments as a guide in order
to judge the validity of the results obtained for the Reggeon—exchange amplitude. For
instance, the expression obtained at large g becomes, after analytic continuation,

imb, 2 X X X .
Seﬁ,E’goo>>1 — 5 (X coth 5~ sinhzg — 2coth 5~ i, (6.1)

which is essentially an energy—dependent phase, so that the resulting impact—parameter
amplitude is an oscillating function of energy. However, as we have explained in the previous
Section, this result corresponds to a region in which the impact parameter b is very small,
namely b < b, = dmalgm, and since b, — 0 when m — 0, its contribution to the scattering
amplitude would vanish as m? at fixed x, thus not allowing for a suitable limit of zero
quark mass. Moreover, the flat—space approximation, described in Section 2, which we are
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using for the calculation of the minimal surface, is not expected to be reliable in the region
of small b.

As we discuss below, relevant contributions to the physical scattering amplitude, i.e.,
after analytic continuation to Minkowski space, come from the region of b > b., in such a
way that the result has a non—zero limit when m — 0. Hence, a more significant result
is obtained starting from the solution obtained at large A, which as we have explained
describes the whole b < b, region at small 6, and which is therefore more suitable for an
extension to larger values of b. This is supported by the comparison with our numerical
results for the Euclidean effective action (Figs. 10 and 11), which shows a fairly good agree-
ment with the large-\ analytic expression as regards the dependence on b. In particular,
the agreement improves as b tends towards b..

6.1 Subcritical Region b < b,

Making then the substitution § — —ix in Eq. (5.52), we obtain

b2 b 2bm be
Seff E|as>1 = Set, M = (—

C
arccosh — — i—— 2

2
i27ro/ S 2 . > —1427%lgm?.  (6.2)
eff

The real part of expression Eq. (6.2) consists simply of a b, y—independent term, while
the whole b, y—dependence is contained in terms which are purely imaginary for b < b,
and which moreover are vanishing in the limit y — oco. As we show in Appendix C,
the phases ®(Cyz,) in the contribution of the spin factor remain real in this region after
analytic continuation, and they are independent of energy. Therefore, in the region b < b,
corresponding to the region where a real solution exists in Euclidean space, the impact—
parameter amplitude is an oscillating function. However, this region —which we can call
the core region— has an energy—independent size, so that its contribution at small quark

mass m is of the order of%

= 0O(m?), (6.3)

l\"|n®1\‘3

be
. 5 5 .
|Acore| . ‘/ dbbjo(bq)e—zImSeff,Me—Qn algm ¢'Pspin <
0

and thus vanishing in the limit m — 0. Therefore, as anticipated, the relevant contributions
to the amplitude come from the region b > b.: in the remaining part of this Section we
discuss how this region can be reached, and how expression Eq. (6.2) is modified.

6.2 Analytic continuation towards b > b,

As we have already pointed out, a real solution of the saddle—point equation in Euclidean
space exists only in a limited range of impact—parameter values. The limitation to real
solutions is dictated by the fact that the path—integral Eq. (3.3) is over real paths Cy in
Euclidean space, leading in turn to an integral over real 7=. The limitation b < b, can be
seen also in the effective action, since b, is a branch point for this quantity, beyond which

#TFor b < Ry one should also include corrections due to the curvature, which cannot be neglected for small
impact parameter. The corresponding contribution to the amplitude is however limited by the unitarity
bound on the impact—parameter amplitude, and it is subleading with respect to contributions from the
“tail”, i.e., from b > b., discussed below.
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it acquires an imaginary component. Nevertheless, since we are mainly interested in the
impact—parameter amplitude in Minkowski space, which is generally a complex quantity, we
can think of extending the result beyond b., leaving aside the limitations coming from the
requirement of reality, by making use of an appropriate analytic continuation. To justify
this procedure from a mathematical point of view we can invoke analyticity in the impact
parameter, which allows us to determine the value of the impact—parameter amplitude for
b > b. up to fixing the ambiguity in the choice of the Riemann sheet.

As we have said above, b. is a branch point for Seg v, and so we need to specify a
prescription in order to go from b < b. to b > b.. To this extent, we choose the usual

“_je” prescription, making the substitution m? — m?

— g, or equivalently b. — b. — ig,
in Eq. (6.2). Defining y = b./b, this prescription amounts to going from y > 1 to y < 1
passing in the lower half of the complex y—plane, so that the phase of y — 1 goes from —¢
to —m + . We have then

Vyi—ie—1 —  —iy/1—y2,

y>1—-y<l

(6.4)
arccoshy —  —iarccosy,
y>1—-y<l
and therefore the effective action becomes for b > b,
b2 b.  2bm b\
Seff M — ————arccos — — —4/1— <—c> + 2n%algm?. (6.5)
o 2mal g X b X b off

The effective action is then real at b > b.; moreover, for very large b > b. the expression
simplifies to

— —— 4+ 21%aggm”, (6.6)

which yields then a Gaussian-like impact—parameter amplitude. The results Egs. (6.5)
and (6.6) represent the main physical output of our calculation of the Reggeon—exchange
amplitude, as anticipated in the Introduction.?®

Equations (6.5) and (6.6) call for comments. The large—b expansion of Eq. (6.6) can be
equivalently seen as a small-m expansion, up to order (’)(m2).27 In particular, taking m to
zero we obtain the same result of [14], which corresponds to a complex constant Euclidean
profile 7(0) = —ib/0, i.e., ¢(s) = —im/2. As we will show in the next Section, taking the
Fourier transform with respect to b one obtains for the amplitude a Regge—pole behaviour
Ar o s*"(®) with a linear Reggeon trajectory ag (t) = o ¢t with intercept g = 0.2% In [14]
also the effect of quadratic fluctuations of the world—sheet around the classical solution were
considered, which yielded a contribution day = n, /24 to the Reggeon intercept, with n

the number of transverse directions in which the string could fluctuate. In this paper we do

26 The term neglected in Eq. (3.19) would give an extra contribution §Ses, m = d¢(4b/x)~/1 — (be/b)? to
Eq. (6.5). For large b this contribution is approximately 0Sem, m =~ dc(4b/X).

Z"More precisely, up to order O(algm?).

Z80ur expression for the spin factor is enhanced by a factor of s with respect to the one found in [14],
which would apparently raise the intercept by 1. However, an extra suppressing factor s~! appears when
taking properly into account the fact that the quarks and antiquarks are partons inside of mesons [69].

,37,



Euclidean space e Minkowski space

vy vy

curved flat curved flat
space space space space
real solution imaginary Seg,m

analytic continydtion in b

no real solution real Se M

TN WL [[ews

K bAqep K Ky bAqcp

Figure 12. Analytic continuation in the (b,m) plane (in dimensionless units).

Euclidean space (left). Vertical line at b = Ry = /ﬁAach: separates the region where the relevant
geometry is essentially flat (bDAqcp > k) from the one where the curvature cannot be neglected.
Tilted straight line bAqcp = mAééD: a real solution to the variational problem exists above this
line. Together with the vertical line it defines the “wedge” where our approximation is valid.
Minkowski spacetime (right). After analytic continuation 6 — —ix, which connects the black dots,
it is possible to perform a further analytic continuation in b, which allows then to take the small-m
limit. The region of bAqcp relevant to Reggeon exchange extends (approximately) up to the value

Fx = /X

not have computed quantum fluctuations, which require more work due to the non trivial
form of the classical solution.

The possibility to take the small-m limit seems to be in contradiction with our previous
remarks on the domain of applicability of our approximation. We recall that the flat—space
approximation is expected to be valid for b > Ry, which is the scale at which the linear
potential sets in, and that a real solution in Euclidean space exists for b < b, = 4walgm.
Setting AééD = 4dnals, and Ry = /ﬁAéch, with x of order 1, we have then that b has to
be in the window x < bAgep < mAééD, which disappears when mAéch < K (see Fig. 12
left). However, we have shown that, after analytic continuation § — —ix to Minkowski
space, it is possible to further extend the Reggeon-exchange amplitude to larger values of
b, i.e., to b > mAEQICD’ by means of analytic continuation in b (see Fig. 12 right). In this
region, which is connected to the axis m = 0, the Minkowskian effective action becomes
real, and there is no further obstruction (at least at the given level of approximation) to
take the limit m — 0.

We have then shown that in order to obtain rigorously a non-zero result in the singular
m = 0 case, one needs to start from m # 0 and then perform an analytic continuation
in the impact parameter b beyond the branch point b.: indeed, the contribution from the
region b < b, o< m is proportional to m? at high energy and in the limit m — 0, and thus
the amplitude would vanish.?? Following Eq. (6.6), the impact-parameter region giving the

29More precisely, it would reduce to the “curved” contribution from the region b < Ry, which is how-
ever not under control at the present stage, but which is subleading in energy with respect to the “tail”

,38,



major contribution to the Regge amplitude extends to b — \/@ > algm (cfr. Ky > K
in Fig. 12 right).

The result obtained through analytic continuation in 6 of the small-6 solution (which
is, strictly speaking, a large—\ solution), and the successive analytic continuation in b past
the branch—point b., is then sensible from the physical point of view. Nevertheless, two
important analyticity issues are present.

e The terms that we have neglected contain higher positive powers of #, and so, al-
though small in Euclidean space, could give important, and in principle also dominant
contributions to the amplitude after analytic continuation. Indeed, terms of order
O(0™) would give larger and larger O(x") terms as n increases, which could possi-
bly lead to violations of the Froissart bound [73-75]. However, to correctly perform
the analytic continuation one should first resum all orders in 6, which amounts to
obtain the exact solution in explicit form, and only after that take § — —ix. This
could easily lead to modifications of the Minkowskian effective action which at large
X become irrelevant.3°

e In order to fix the ambiguity of the analytic continuation in b, we have chosen the
“—ie” prescription, passing from b./b > 1 to b./b < 1 with a clockwise half-turn
in the complex b./b—plane. The correctness of this choice is clear from a physical
point of view: indeed, if we had chosen the opposite prescription, i.e., if we had
passed from b./b > 1 to b./b < 1 moving in the upper half of the complex plane, we
would have obtained an unphysical, divergent impact—parameter amplitude at large
b. However, a completely satisfactory explanation from a mathematical point of view

“—ge” prescription would turn out

is lacking at the moment. It is possible that the
naturally by taking into account the exact dependence on 6 in the Euclidean effective
action.3! Another interesting possibility, which we consider in the next Section, is
that the whole multi—sheet structure of the Minkowskian effective action has physical

relevance.

These delicate analyticity problems are currently open, and require further work to be
solved. Nevertheless, although the results cannot be taken too “literally”, it is interesting
to investigate the possible physical consequences of Eq. (6.5), in particular the effects of a
small fermion mass on the Reggeon singularity.

contribution.

30As an illustrative example, one could find that the 1/6 factor in Eq. (5.52) is modified to g(0) =
1/0[1 + 6%/(2 + cos 0)]. While the small-§ expansion gives g(0) ~ 1/0 + 0/3 + O(6?), which is compatible
with our result, the analytic continuation § — —iy would lead to g(—ix) = i/x — ix/(2 + cosh x), which
reduces to g(—ix) ~ i/x for x — oo, and thus would not change our result for the Regge trajectory.

3Tn order to have this prescription built in the exact expression for the Euclidean effective action, b
should appear multiplied by an appropriate function of §: such a function must tend to 1 as § — 0, and it
should have a small negative imaginary component when 0 — —iy + €.
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7 The Reggeon amplitude

It is interesting to investigate the effects of a small fermion mass on the Reggeon singularity,
computing the Reggeon—exchange amplitude Eq. (3.1) by performing the Fourier transform
of the impact—parameter amplitude, namely

o0

Ar(s,t = —¢°) = —2is/d2b eith a(b, x) = —4z'7rs/ dbb Jy(gb) a(b, x) , (7.1)
0
where in the last passage we have used azimuthal invariance, and with a small abuse of
notation we have denoted a(b, x) = a(b, x).
The impact—parameter amplitude is given by the product of several factors. The first
factor is the contribution e™ <M of the saddle point, which up to order O(m) reads (see
also Fig. 13)

__v 4bm
Sl M — o dalgx <1 + —> + (’)(m2). (7.2)
X

A second factor is the contribution of the spin factors, evaluated at the saddle point and
contracted with the bispinors corresponding to the interacting quarks and antiquarks. As
we show in Appendix C, the calculation of this contribution can be performed exactly, but
the result contains an implicit dependence on y and b which we have not been able to
determine explicitly in the general case. We have obtained an explicit expression in the
large—\ approximation, as we have done for the effective action, but a comparison with
numerical results shows that in this case the extrapolation of the analytic result to the
region b > b, cannot be trusted. Nevertheless, spin effects are not expected to affect the
behaviour of the Reggeon trajectory. For this reason, we have preferred not to include the
spin factor in our analysis, delaying a detailed study to a future publication.

Two other factors should in principle be included, namely the contributions from the
string fluctuations around the minimal surface, i.e., the factor F in Eq. (3.9), and the
contribution of quadratic fluctuations of the floating boundary around the saddle—point.
At the present stage these contributions are not known (except for F in the case m = 0,
where it is F|;,—0 s%), and they could easily introduce further dependence on b and ¥,
thus modifying the form of the impact—parameter amplitude.

However, an implicit assumption of the saddle—point approximation was that these

—Set. M will not change if the

contributions are not of exponential type, and so the term e
approximation method works. On the other hand, power-like factors are not completely
under control; the same happens for the overall power of s, and for logarithmic prefactors
x ~ logs. It is therefore sensible, in a first approximation, to consider only the contri-
bution Eq. (7.2) from the saddle-point, ignoring all the other factors, and to determine
the Reggeon trajectory in this case. Clearly, an overall factor s°® would simply change
the value of the intercept of an amount da. Moreover, the presence of factors ™ in the
impact-parameter amplitude, or logarithmic x"x prefactors (with ny, n, positive integers),
would modify the nature of the singularity but not the Reggeon trajectory. We will discuss
this issue in detail in subsection 7.2. As a final remark, notice that the extra factor of s

in front of the Fourier transform in Egs. (3.1) and (7.1) is cancelled by a compensating
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factor s~1, which appears when taking properly into account the fact that the quarks and
antiquarks are partons inside of mesons [69], as already mentioned in the previous Section.
7.1 The Reggeon singularity and small quark—mass effects

In a first approximation, we therefore consider the following expression for the Reggeon—
exchange amplitude,

Q

R
An(sit) 5 [ dbbe i (1+—’”> Jolah) + O(m?)

= Tolx.t) + mTi(x. 1) + O(m?),

where we are ignoring all numerical prefactors and the dependence on spin, which are
actually irrelevant for the following discussion. Moreover, in Eq. (7.3) we have introduced

the quantities

To(x:t) = e X",
aal o (- ¢ B ¢ 5 2
Tl t) =4/ —= {Io (aéﬂx5> — apxq” [Io (%gX; - I e (7.4)
0 - q°
=8 ﬂaleﬁa—x |:\/¥IO <a/eﬂ'X5>:| 5

where I,,(2) = e #1,,(2), with I,(z) the modified Bessel functions. The factor (2a/¢x)~"
has been inserted “by hand” in order to remove an extra logarithmic prefactor, and to fix

(arbitrarily) the normalisation. As explained above, such prefactors are not completely
under control, but they do not change the Reggeon trajectory. It is therefore sensible to
start from the simpler “basic” expression without any extra power of x; the extension to
the more general case is discussed in the next subsection.

As a first remark, notice that the slope of the amplitude at ¢ = 0, given by

0AR
ot

is increased by the effect of the quark mass. Moreover, the dependence of the slope on

(s,t =0) = g <X +6m ﬂa’eﬂx) , (7.5)

energy is stronger when m # 0. These effects are related to the effective increase of the
width of the impact—parameter amplitude, which can be seen in Fig. 13.

To uncover the nature of the Reggeon singularity we compute the Mellin transform of
the amplitude. If we write the amplitude as Ag(s,t) = A(x,t), with x >~ log(s/mim2) at
large energy, we can conveniently express the Mellin transform as an integral over Yy, i.e.,

AWM (w,t) = /OOO dxe “XA(x,t). (7.6)

The Mellin transform is clearly linear, and moreover it has the following properties,

(X)) = - O ),

(%f) M) = 0 0).
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e~ Sett, m(b)

Figure 13. Impact—parameter amplitude at small m. Plot of the full saddle—point contribution
e~ M in Eq. (7.2) to the impact—parameter amplitude (upper curves) and of the mass—dependent
term alone (lower curves) for different values of © = 8m/alg/x.

which will be useful in the following. We thus write, discarding the subleading O(m?)

terms,

AM . 1) = T (w, 1) + m T (w,1). (7.8)

The first term is easily evaluated, and yields

1 1

%(M)(w,t) =T e = ol (7.9)
This is the only term when m = 0, and it clearly corresponds to a simple pole at w = a/gt;
the corresponding Reggeon trajectory is linear, as found in [14]. Partially anticipating the
discussion of the next subsection, we easily determine the effect of logarithmic prefactors
on this term: exploiting the first property in Eq. (7.7), an overall prefactor x" would
simply transform the simple pole in Eq. (7.9) into an n—th order pole, without changing
its position.

In order to evaluate the second term,

0 _ 2
Tl(M)(w,t) = 8\/7To/eﬂpw/0 dxe “*\/x1o (aéﬂcx%> , (7.10)

we exploit the integral representation for the modified Bessel functions, which allows to

write for I,

_ 2 (2 :
() = = [ dgezesite, (7.11)
™ Jo
and thus
2 jus o0
Tl(M) (w,t) = Wa'eﬂw; /2 do(w + algq® sin® QS)*% / dx/xe *. (7.12)
0 0
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The x integral is now easily evaluated, and yields fooo dx/xe X = @, and so
(1) R A
T (w,t) =—16 et 5~ 2 do 1+Tsm 1) =
5 0 S (7.13)
_1 )
— 16 agﬂw%w 2K<—GT> ,

where K(z) is the complete elliptic integral of the first kind (evaluated at a negative
argument; see e.g. [76]). All in all, we have

/
AM) (1) = w%a,ﬁt — 16 agﬁmw%wéK (O‘efft> . (7.14)
Since t < 0 in the physical s—channel, this function is regular for all w > 0, and it has
a branch—point singularity at w = 0. Analytically continuing in ¢ to ¢t > 0, i.e., to the
physical t—channel, the Reggeon singularity moves on the positive real half-axis. As we
have already said, the first term is a pole at o/ gt. Also the second term is singular at alqt,
the singularity being governed by the behaviour of the elliptic integral near 1,

1 16
K ~ —log—. 1
(Z) z—12 o8 1—=z (7 5)
Explicitly,
/ /
wiaF%K egr? ~  — lw*% llog 16w, + aEfff
Ow w Jwsalgt 2 2 Twoagt w—agt
p / (7.16)
1 1 1604t ol
~ — —— ¢ -log et 4 S ,
woalgt 2o t)% 2 Tw—adgt w—algt
so that putting everything together we have
1
1+ 8alomt2 160/ ot
AM (g~ LTOCAMIE L h g (0% (7.17)
w—algt W — Ckeﬂ»t w — Oéefft

The leading singularity of A is then a pole at w = algt, with residue (up to numerical
factors)
Res =1+ 8af3ﬂct%m. (7.18)

Moreover, there is a logarithmic branch-point singularity at w = al4t due to the second
term of AM). At ¢ = 0 this singularity becomes an algebraic one, since in that case
AM) 573 near w = 0. Nevertheless, although the nature of the singularity seems more
complicated than in the massless case, involving also Regge cuts, the Reggeon trajectory
is still linear after the inclusion of terms of order O(m). Of course, this result is based
on a certain number of approximations and assumptions; nevertheless, it shows how a non

trivial Regge singularity can emerge from quark—mass effects.
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7.2 Prefactors

Moreover, we show now that the linearity of the trajectory is a quite robust result, which
does not change under the inclusion of the factor 2a/gx removed “by hand” in Eq. (7.3);
more generally, we show that it does not change under the inclusion of possible extra
factors of the form s°*y™b™, which could come from the string ﬂuctuations and from
the quadratic fluctuations around the saddle point. Clearly, a factor s°¢ simply shifts the
trajectory, changing the intercept of an amount da. According to the properties of the
Mellin transform given in Eq. (7.7), factors of the type x"x (with n, > 0) require n,
derivatives with respect to w, so increasing the order of poles, but leaving the linearity
of the trajectory unaltered. Finally, factors of the type b™ (with n, > 0) can be of two
types, namely ny;, even or nj odd. Notice that the term 7y in Eq. (7.4) comes from a two—
dimensional integral of the type Gaussian times an even power of b, namely b°, while for
the term 7; the integral is of the type Gaussian times an odd power of b, namely b'. Let
us indicate with 76(7?”) the modified integrals obtained including an extra 6™ factor in the

integrand. In the case of n; even, n;, = 2k, the type of integral of 76(771”’) is the same as that
of To,1, and the extra factors are taken into account by performing k derivatives as follows,

o k
T(Zk) [49(0%1{ (1 + aeffa / >} To,1 (7.19)

which are again seen not to change the linear trajectory. For n; odd, nb =2k + 1, 76""

np)

becomes of the type Gaussian times an odd power of b, and similarly Tl becomes of the

type Gaussian times an even power of b. More precisely,

76(7% 762k+1 _ _7—12k ,
,Tl(nb) _ 7—1(2k+1) _ —762k+2 (720)

and the result above in Eq. (7.19) for even n; can be applied. In conclusion, the linearity
of the Regge trajectory is not affected by the class of modifications considered here; in
particular, the slope of the trajectory does not change.??

7.3 Multi—sheet structure of the effective action: convolution of Regge am-
plitudes

“—ge” prescription for the analytic

The results discussed so far are based on the use of the
continuation of Eq. (6.2) from b < b. to b > b, leading to Eq. (6.5) for the Minkowskian
effective action. As we have mentioned in the previous Section, it is possible that the whole
multi-sheet structure of the Minkowskian effective action is physically relevant. A careful

analysis shows that in the most general case the analytic continuation of Eq. (6.2) from

32 It can be shown that the term neglected in Eq. (3.19) would not change the Reggeon trajectory. At
the order O(m) considered here, its effect could be taken into account by replacing m — m — dc in the
formulas of this Section.
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b < b, to b > b, leads to

:l:v
Seft, Mlb<b, — Séff771€/}‘b>bc =
b be  2b be\ pr (T:21)
——arccos e M- <—c> + 277204,'3ffm2 + T/L— ,
2o g X b b g X

with n € Z, depending on the specific prescription chosen for the analytic continuation, i.e.,
on the path in the complex plane along which the analytic continuation is performed. Here
arccos x denotes the principal determination of the inverse cosine function, i.e., arccos x €
[0,7]. The last term in Eq. (7.21) comes from the analytic continuation of this function,
arccos x — tarccos x+2nmi, along paths in the complex plane which wind a certain number
of times around —1.

As we have already said, we do not have a precise mathematical argument which would
select a specific prescription, and so one of the possibilities Sé;ft ’KZ lb>b, for the Minkowskian
effective action. As a consequence, we have to use physical aréuments in order to discrim-
inate among the various possibilities. A first requirement, related to the unitarity bound
on the impact—parameter amplitude, is that the resulting amplitude vanishes for b — oo.

[13

The simplest choice satisfying this requirement is the “—ic” prescription, i.e., S,g;:g/)[‘bbw
but it is clearly not the only one. A second reasonable requirement is that the last term
in Eq. (7.21) may be interpreted as a correction to a given basic amplitude for Reggeon
exchange. Stated differently, we ask that setting n = 0 we obtain a physically acceptable
quantity. These two requirements restrict the possibilities to Sé;fr’ﬁ\bbc with n € N.

We will make now the following working hypothesis: we will assume that all the phys-
ically sensible choices Sé;fr 771\L/}|b>bc’ n € N, contribute to the Reggeon—exchange amplitude.
The determination of the full contribution of each of the admissible terms to the scattering
amplitude appears to be a difficult task, which would require the knowledge of their rela-
tive weights in the functional integral Eq. (3.3) (after analytic continuation to Minkowski
space—time). However, from their analytical structure and formal properties, the new con-
tributions can be put into a relation with physical processes which are expected to take
place in meson-meson scattering at high energy.

Indeed, one finds that each contribution to the impact—parameter amplitude is pro-
portional to the following factorised expression,

2 n
+, b
exp{—Séﬁ?/% = exp{—Ses, M} X [exp {— - }] , (7.22)
’ Fefr X
where Seg v = Sé;;’g/)l is the effective action given explicitly in Eq. (6.5), corresponding
to the Reggeon—exchange amplitude discussed in the previous Section, and where for no-
tational simplicity we have dropped the subscript |p~p.. Going from impact—parameter
to transverse momentum space via Fourier transform, and ignoring possible b—dependent
prefactors, which can be treated as discussed in the previous subsection, one obtains for
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each component
A (st = —3%) = /de e exp{—SiH i}

= / d%b €T exp{—Set, m} [exp{— i Hn (7.23)

/
Aor X

= " AT (5,1) ® AZ"(s,1),
where ® is the sign of a convolution, defined here as

f(t)®g(t)52—i/%f(—(q*— K)g( -k, t=-¢%, (7.24)

and where the amplitudes A% and A, are given by

A(J“O)(s,t) = /dzb elab exp{—Ses, M},
b2 v (7.25)
Aei(s,t) = —i23/d2b T exp {_o/ X} = —2ims aLgxe * X.
eff

The physical interpretation of the resulting convolution (7.23) becomes quite clear when
remarking that the amplitude A (s,t) given by Eq. (7.25) is equal (up to prefactors) to
the one obtained for elastic dipole-dipole scattering within the same formalism in Ref. [12].
This means that the various components A(+’")(S, t) represent the contribution of multiple
elastic rescattering interaction between the colliding mesons, occuring together with the
qqReggeon exchange previously discussed, which corresponds to the amplitude A% (s,t).
We find that such elastic contributions are independent of the quark mass, as it is expected,
and moreover of Regge—pole type, with Regge trajectory e (t) = age + o;t. As already
noticed in [14], the “Regge slope” o, = alg /4 of the elastic amplitude (7.25) is one—fourth
of the one obtained in the case of g—g exchange, and the “Regge intercept” is age; = 1 (up
to fluctuations, see [13]).

From a phenomenological point of view, such contributions are expected to come from
the long interaction time allowed by the softness of the interactions at strong coupling
in QCD (although a complete theoretical derivation is not yet available). We see here
that they may appear in the gauge/gravity framework in relation with the multi-sheet
structure of the effective action, if one assumes that all the sheets which are physically
sensible (in the sense discussed above) contribute to the scattering amplitude. Although
a satisfactory mathematical justification of this assumption is lacking at the moment, a
possible origin of these extra contributions is the following. When formulated in terms of the
variable ¢(s), the Euclidean variational problem is invariant under the reparameterisation
©(s) = o(s)+2nmi. On the other hand, the expression Eq. (5.21) for the Euclidean effective
action is not: while it is obviously possible to write it in an explicit reparameterisation—
invariant form, in doing so one would lose analyticity in ¢. Since an analytic expression
is required in order to go from Euclidean to Minkowski space, one has to impose a “gauge
choice” (e.g., Im p(s) = 0), and use the corresponding expression for the Euclidean effective
action (which in this case would be Eq. (5.21)). As aresult, it is possible that the completely
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equivalent choices ¢(s) + 2nmi in Euclidean space are mapped into different solutions of
the corresponding variational problem in Minkowski space, each one contributing to the
path integral a quantity proportional to expression Eq. (7.22). This possibility is currently
under investigation.

8 Conclusions and outlook

In this paper we have investigated the problem of ¢G—Reggeon exchange in soft high—energy
meson—meson scattering, in the framework of the gauge/gravity duality in a generic confin-
ing background, along the lines of [14]. Reggeon exchange is described as quark—antiquark
exchange in the ¢ channel between the two mesons, represented as wave packets of colour-
less quark—antiquark dipoles. After Wick rotation to Euclidean space, the corresponding
impact—parameter amplitude is represented in terms of a path—integral of Wilson loops,
running along the trajectories of the constituent partons. While the trajectories of the
“spectator” quark and antiquark can be dealt with in an eikonal approximation, the tra-
jectories of the exchanged fermions have to be integrated over, with a weight depending on
their length. In the dual gravity picture, where a Wilson loop corresponds to a minimal
surface having the loop contour as boundary, the exchanged—fermion trajectories become
therefore what we have called floating boundaries, which should in principle be integrated
over. In the case of heavy mesons, corresponding to small dipole sizes, the floating bound-
aries which give the dominant contribution to the Euclidean path—integral are expected to
lie on a helicoid, determined by the eikonal trajectories of the partons, and they can be
determined in a saddle—point approximation by solving what we have called a “minimal
surface problem with floating boundary”, involving both the area of the surface and the
length of the boundary in the minimisation procedure. The properties of the Reggeon
trajectory are therefore related to the properties of the solution of this problem, which we
have investigated in detail. Including the effects of a small but non—zero constituent quark
mass m, we have found a real solution to such an equation, in a limited interval of values of
the impact—parameter b < b. o< m. After analytic continuation into Minkowski space-time,
and a subsequent analytic continuation in b to extend the result to the region b > b., we
have derived an expression for the amplitude in the case of non—zero quark mass, which
reduces to the result for massless quarks discussed in [14] in the limit m — 0.

The advantage of keeping the quark mass different from zero is twofold: on one side,
it regularises the calculation, allowing a rigorous analysis of the solution of the saddle—
point equation in Euclidean space, and of the physical amplitude obtained after analytic
continuation. On the other side, it allows to compute mass—dependent corrections to the
amplitude, and to investigate the modifications of the Reggeon singularity due to the quark
mass. To first order in m, it turns out that the Reggeon singularity is more complicated
than a Regge pole, but that nevertheless the Reggeon trajectory is the same found in the
massless case, namely ag(t) = o/4t, if we neglect string fluctuations around the minimal
surface, and quadratic fluctuations of the boundary around the saddle—point solution. We
have discussed a quite large class of possible modifications of the amplitude due to these
effects, and we have shown that while the nature of the singularity can change, the linearity
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of the Reggeon trajectory is not affected; in particular, the slope of the trajectory does not
change.

Let us now discuss the outlook on possible future directions of investigation. As dis-
cussed in Section 6, in order to perform correctly the analytic continuation from Euclidean
to Minkowski space—time one should know the exact dependence on the Euclidean an-
gle #. Although we have been able to write down the exact solution to the saddle—point
equation, nevertheless we could not obtain it in a sufficiently explicit form, displaying the
exact dependence on the relevant variables. Our conclusions regarding the Reggeon tra-
jectory rely on an approximate explicit expression, analytically continued to Minkowski
space-time, and require therefore further investigation to be consolidated. However, the
qualitative agreement with the phenomenology let us hope that more precise calculations
of the #—dependence would not change too much the result.

In the Appendix we have computed the contribution of the spin factor in Euclidean
space in exact implicit form, and in an approximate explicit form suitable for the analytic
continuation to Minkowski space—time. However, we are unable for the moment to perform
reliably the analytic continuation to b > b., and so we have preferred not to include the
spin factor in our analysis. Although spin effects are not expected to change the Reggeon
trajectory, a detailed study is needed to clarify this issue.

The corrections due to string fluctuations have been computed in [14] in the massless
case, where they have been shown to give a contribution day = ny /24 to the Reggeon
intercept, but we have not performed the corresponding computation in the massive case
considered in this paper. Moreover, at the present stage the effect of fluctuations around
the saddle—point solution are not known. This point deserves further investigation.

Another open issue is that of the origin of the companion contributions, discussed
in Section 7. These contributions, identified with the effect of rescattering interactions
between the colliding mesons, have been obtained from the multi—sheet structure of the
Minkowskian effective action, and it has been suggested that they are due to the non—
uniqueness of the solution of the variational problem when formulated in Minkowski space.
A detailed investigation of this problem is needed in order to better substantiate this
suggestion.

As we have already remarked in Section 3, the basic formula for the Reggeon—exchange
amplitude has been suggested in [14], rather than having been directly derived from QCD
first principles. Such a derivation is in progress, and it seems to confirm essentially the ex-
pression used in [14] and in this paper: a detailed report will be published in a forthcoming
paper [69].

Another interesting issue is that of corrections related to the inclusion of dynamical—
fermion effects, which are subleading in a 1/N, expansion but which could be relevant for
the dependence on energy of the Reggeon—exchange amplitude. Using a path—integral rep-
resentation for the fermion—matrix determinant, such corrections can be computed with the
same minimal-surface formalism employed here (see for example [70]). This computation
is in progress, and will be discussed in a separate publication [71].

In conclusion, we hope that the renewed interest in the study of soft high energy scat-

tering in the modern framework of gauge/gravity duality will lead to a better understanding

,48,



of the old but nevertheless still open problem of Regge amplitudes.
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A Evaluation of the spin factor

In this Appendix we critically repeat the calculation of [14] for the spin factor Ip|[z(v)] [48—
50] in D = 4 Euclidean space, for the special case of a path contained in a 3D hyperplane.
Here #(v) is the derivative of the path x(v) with respect to the natural parameter v, so
that (#(v))? = 1. The spin factor is defined as

o HN 1+ #(kr)
EI= i e 2 (A.1)
L
TSN

where L is the length of the path, so that v € [0, L]. We have denoted j = n,vg, with vg,
the Euclidean Dirac matrices, satisfying the Euclidean Clifford algebra {vgu, ve,} = 20,0,
which in four dimensions read

1, 0 , 0 —iol
_ A0 2 = ) = ) A2
YE4 =7 (0 _12> s YE; vy (Z.Jj 0 > > ( )

where 1p is the D—dimensional identity matrix, v* are the Minkowskian gamma—matrices,

and o7 are the Pauli matrices

A=) = (09) () (43

It is immediate to see that for n? = 1 the quantity

L+
P(n) = — (A4)
is a projector, i.e., [P(n)]?> = [P(n)]' = P(n). Let us consider now the case of interest,
namely D =4
(V) = (4,81, @9, 83), @5 +a7 +a3+ai=1, (A.5)
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and a path contained in the 3D hyperplane x3 = const., i.e., @3 = 0. The projector (A.4)
has therefore the form

1+ 24 0 0 —1iT] — To
P(i(v)) = = O Tode st 0 : (A.6)
2 0 1T +To 1 —ay 0
1T] — T 0 0 1— 2y

which is easily recognised as the direct sum of two two—dimensional projectors. To see this
explicitly, the matrix P(#) can be brought to block—diagonal form,

P(i(v) = MTP(:(v))M , Pi(v)) = (%%) ,

(A.7)
_ 1 1+24 —ix1 — 29 = . 1 1424 —izq + 22
P = — P - =
1(#0) 2<Mrﬂh -y )’ 20w 2<myam 1y )’
where the matrix M is given by
1 for (i,5) = (1,1),(2,4),(3,2),(4,3),
- ()= (L0,20,6.2,08), o
0 otherwise
and one can easily verify that PﬁQ = PITQ =Po. Moreover,33
_ 14+u-6 =, - L _,
P=T paw). @) = (i), =1
1+, 6 (8.9
Py= 2T S BibW), W)= (), =1,

and since in three dimensions the gamma—matrices are equal to the Pauli matrices, 15172
are exactly the projectors entering the definition of the three—dimensional spin factor. One
can thus write

Is|u 0
L] = a7 (B0 (A.10)
0 [I3[us]
and exploit the explicit expression for the three-dimensional spin factor [77],
_1
L] = 1+ uj2(L) 0 —5e(Ca)) 1+ u]2(0) i (1 + u]([é) . uj(0)> 2 | (A1)

where @(Cﬁj) is the area of the portion of sphere delimited by the closed path Cz; made
up of the path @;(v) and by the segment of great circle connecting the points ;(L) and
@;(0) (see Fig. 14). Explicitly,

®(Cqz;) = 7{ dt(1 — cosw),
Ca; (A.12)

Uj(v) = (sinw cos ¢, sin wsin ¢, cos w) .

33Here and in the rest of the Appendices, we denote with ¥ a three-dimensional vector, while two—
dimensional vectors are denoted as ¥ .
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It is immediate to see that this quantity changes sign under inversion of the orientation of
the path; moreover, it is invariant under rotations of the path, and it changes sign under
parity.?* As a consequence, since iy = PRil;, where P is parity and R an appropriate
rotation, and @; = R/« with

U= (Zq,21,22) (A.13)

for an appropriately chosen rotation R’, we can write
®(Cqy) =2(Ca),  2(Cq,) = —2(Cqy) = —2(Ca). (A.14)

This form will be useful when applying the general expression to our specific case in the
Reggeon—exchange calculation. Finally, noting that (L) - @1(0) = ta(L) - @2(0) = (L) -
#(0), and setting

g < 6*%@’(5&)
0

we can write the final expression

) W (RO

L[] = NP(&(L)) U P(i(0)), (A.16)

where

U=M"UM = diag (e*%q’(cﬁ), e%q)(cﬂ), e%q)(cﬂ), eiiq)(cﬂ)> (A.17)

is a diagonal matrix which commutes with the four—dimensional projectors P(i(L)) and
P(2(0)), and which is easily seen to induce opposite rotations on the two two-spinor
components of a Dirac four—spinor. Defining

¥ = (%’%) (A.18)

U = cos (@) 1y — isin (@) 70 %3 (A.19)

where for future utility we have made use of the Minkowskian gamma-matrix ~°.

we can write U as

B Application to the Reggeon—exchange amplitude

We apply now the results of Appendix A to the case of the Reggeon—exchange amplitude.
We begin with the contraction of the spin factor, after analytic continuation to Minkowski
space, with the bispinors associated to the scattering quarks and antiquarks. In the follow-
ing Subsection we will evaluate the phase factors corresponding to the relevant saddle—point
solution.

34Possible extra contributions coming from a non-trivial winding of the path around the sphere are
proportional to 4w, and thus irrelevant in the phase factor.
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B.1 Contraction with the bispinors

We are interested in the two following quantities,

Q) = u N (pLX.| o),
0——ix (Bl)
0 =W pLX-]| (),
0——ix
where X are given in Eq. (3.6), and, taking into account the softness of the process,*
p/quq:(EapaﬁL):mﬁla p/quq:(Ea_ZL(_jJ_):maZa (BQ)

U = <cosh§,sinh§,0L) , = <Cosh%,—sinh§,0l> ,

with m the mass of the light quarks. Since we expect that the relevant paths deviate from
the eikonal trajectory only near the interaction region, we have that

X+(0) = —ui, X+(L) = Uz,
X_(0) = ug, X (L) = —ui, (B.3)
U] = <Cosg,sing,6l> , Uy = (COS%,—SiDg,6l> ,

and moreover

N

N = (#)é _ (“T“’Sa> . (B.4)

Since the straight—line parts of the paths do not contribute to the phase factors, as we will
show below, the spin factor should be independent of T', and therefore only the analytic
continuation in the angular variable has to be performed. This is actually the case for
the solution of the saddle—point equation. Performing now the analytic continuation, we

X+(O):_ﬁ1—>_ﬁ1:__q7 X+(L):ﬁ2_>ﬁ2:]é_q7
m m (B.5)

Xf(o):l/@%ﬂz:% Xf(L):—l/L1—>—ﬂ1:—¢q,

g -4
m’ m
where it is understood that ilj = 1uj,y". In the high-energy, low momentum transfer limit

obtain

we are interested in, the bispinors can be approximated as

(s) (s)
MWm:¢EIE<p§ >ﬁ E+m< 4 ),

S 01 S
. BT G(t) pot 30 ’
v (p) =VE +m Sy ) o VELm )

where qﬁ(s) and <5<t> are two—component spinors. As a consequence, the bispinors are eigen-

states of the projectors acting on them, so that
Q. = Nal* (pl o' (pl),

v . B.7
Q= No'® (pg)-u®? (p,), o

35In a more rigorous treatment of meson-meson scattering, the mass of the quark m in Eq. (B.2) should
be substituted with the meson—mass fraction carried by the constituent quarks [69].
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where

[
N

~ 1 —coshx) B
N :,/\/‘ = LT CoshX ~ (12 7 (B.8)
——ix 2 X—»00 4dmims
and _ _ , _
Uy = diag <e_%q>(M)(cﬂi), e%(b(M)(C’Ii), e%q)(M)(C’Ii), e_%CD(M)(C’Ii)) )
(B.9)
o) (Cﬁ;t) = qD(Cﬁi)’@Hfix-
It is now straightforward to evaluate these quantities, obtaining
Qy = NQPQS(S;)T (6%¢(M>(cﬁ+)07 + e_%q)(M)(cﬁJr)UwL) ¢l |
. . B.10
Q_ = Nopglta)i <e%<1><”’)<ca_>0+ +e—%<1><M><ca_>U_) plsa) (B.10)
where o4 are the usual raising and lowering operators,
14 ;.2
+
op =1 =7 2” (B.11)

The spinor base which gives the simplest representation is that of the eigenvectors of 3,

39 =5 s =41, U =Y =41,
¢(1) _ 1 ¢(71) _ 0 (B.12)
0/’ 1/’
and for this choice

¢l 3 =65 16, 1, ¢CVo V) =6, 18y i,

<0 . (B.13)
¢(tq)fgf¢(8q) = 05, 1065.1 ¢(tq)fg+¢(8q) = 05y~ 10t5,-1 -

The evaluation of the other two terms contributing to the complete spin factor is trivial:
since in that case © = wup2 is constant along the trajectory, the path C; contracts to a
point and the corresponding phase vanishes. Since the bispinors are again eigenstates of
the projectors, one obtains simply (p’Q ~ pQ, p’Q, >~ pgor)

Q1 = a") (p) [ X1]ul@ (pg) = 5 (pg)ul*® (pg) = 2mady .,

Q; = '@ (pg ) Lu[Xa]o" ) (vly) = =512 ()o@ (pgy) = 2z, ur,

(B.14)

where mg and mg are the masses of the heavy quark and antiquark, respectively.36
B.2 Evaluation of the phase factor on the solution of the saddle—point equation
We evaluate now the phase factor

d(Cy) = }'({ dvg(1 — cosw), (B.15)

U = (&4,%1,22) = (sinw cos ¢, sinwsin ¢, cosw) ,

36The minus sign in the contribution of the heavy antiquark compensates for an extra minus sign included
in the eikonal approximation for the antiquark propagator.
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for the solution of the saddle—point equation. The paths which we are interested in are

given by

x51+) = 7(—0) cos (—%) ) x§+) = 7(—0)sin (‘9{) ) xé—#) =0, (B.16)

and 9 9
xfl_) = —7(0) cos <Ta> ; mﬁ‘) = —7(0)sin (70) 1 xg_) =9 (B-17)

with o € [=b/2,b/2] in both cases, and 7(c) being the solution of the saddle-point equation
Eq. (3.22). The minus signs are due to the orientation of the path, which is in principle
relevant in this calculation, while it was not in the saddle—point equation. Although o is
not the natural parameter, so that in the expression above it stands for o = o(v), we find
convenient for notational simplicity to not show explicitly its dependence on v. Notice that
the symmetry of the path implies that o(L — v) = —o(v), i.e., reversing the orientation is

equivalent to flip the sign of 0. Moreover, since 7(0) = 7(—0c) we can write

x51+) = 7(0) cos <HTU> ) mﬁ” = —7(0)sin <6%U> ) x§+) =9, (B.18)

and thus both paths are seen to be connected by a rotation to the path

N P B

and so are their derivatives with respect to the natural parameter. As a consequence the
phases ®(Cz, ) are both equal to the phase ®(Cy) for the path z,37 so that the spin factor

Q=0,09 99 reduces to
Q f— ’C(SS,QvSQ(StQ/vth?/(Ssqtq

i (M) Ca — i p(M) Ca
X |:5Sq8&5tqt:1 (el ( )55(17—1 +e ! ( )58q,1> + 5Sq,*s/ 5tq,t;:| ’

q
_ \/)2 =~ _
K = 42pN)*mgmeg = —16mimamgmyy .
(B.20)
We turn now to the computation of ®(Cz). Using the dimensionless variables ¢(s) = p7(0),

s = po, with p = /b, the derivatives &, = dx,/dv with respect to the natural parameter

v are written as 1

Y —
V1424172

1
i1 = ————(t'sins +tcoss), (B.21)

V142 + 7
1

V141242’

3TThis can be seen even more directly for Xy. By definition the path X is the path z with its orientation
reversed, X4 (v) = z(L —v), so that X (v) = —&(L —v) = Pz(L — v). Since the phase ®(Cz) changes sign
under parity and when reversing the path, the desired equality follows.

(t' coss — tsins),

Ty =
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Figure 14. Phase factor for the saddle—point solution. Schematic representation of the path u(v),

see Egs. (B.15) and (B.19). The phase ®(Cz) is given by the area enclosed by the path.

where s € [—60/2,6/2] and the prime denotes derivative with respect to s, and

s _6_ 1  _9.
v bt e2 b %

Changing variables to ¢t = sinh ¢ we have

sh g cos s —sinh psins) = @ofy,

. 1 /
Ty = ¢ co
cosh /1 + ap’?(

1

. / . . .
Ty = ' cosh psin s + sinh ¢ cos s) = &o 1,
coshgo\/l—i—ap’?( )
1

Tog = .
cosh /1 + 2

Recalling now the properties of the solution ¢(s),

lim ¢'(s) =400, @(=s) =¢(s) 20, ¢'(5)=0, ¢'(0)=0,

S_):ti
one finds?®
m(tg) :icosg, gbl(ig) :sing, J%Q(ig) =0,
1
£4(0) =0 £1(0) = tanh r2(0) =
1’4( ) ) .%'1( ) ann o, xQ( ) cosh ©0 ’
so that 1
oy _ T 0y T
w(-%) = 5 w(0) = arccos cosh g’ w(§) = 5
0 T 0
o 0
o(=3)=m—5, ¢0)=3, 0(3) =3

%1n Egs. (B.25) and (B.26) the arguments of the various functions refer to the variable s.
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One can prove that ¢ # 0,7, w # 0,7, so that the path lies in the sector 0 < ¢ < m,
0 < w < 7/2 of the sphere and so does not wind around it; also, the sign of w is the same
as the sign of /. A schematic representation of the path is given in Fig. 14. Note that the
segment of great circle closing the path lies at w = 7/2. We have therefore

B(Cy) = ﬁ

Using now tan ¢ = @1 /44 and cos ¢ = i4/+/1 — @2, we can show that

. L .
dv ¢(1 — cosw) = —/ dv ¢ cosw. (B.27)
0

u

.2
=B B mhr), (B.28)

_d_ul—x2

¢
and a straightforward calculation gives

fifi— fifi= 230/2 + (sinh 30)2(1 + 30/2) — sinh ¢ cosh "

\ (B.29)
= 20 — Asinh p(cosh ©)*(1 + ¢%)2

where in the last passage we have substituted the equations of motion in ¢”. All in all, we
get
3
ds 2™ — Asinh p(cosh p)?(1 + )2

"= (coshp)2(1 + ) — 1 ' e

Plugging this in Eq. (B.27) and exploiting the symmetries of ¢(s) we obtain

[N

7 1 29?2 —Asinh h)?(1 4 ¢
O(Cy) = _2/ dot ¢"* — Asinh p(cosh p)*(1 + ¢'#)
po ¢ [coshy/1+¢”][(cosh)?(1 + ) — 1]

and substituting the exact solution Eq. (5.14)

7y _ cosh ¢ _ cosh ¢ ‘
VI =10 = S 1)~ o) (B2

(B.31)

)

we finally obtain

(B.33)

B(Cy) = —2 /“Z’ 7(¢p) [2r(¢)((cosh ¢)? — (r(¢))?) — Asinh p(cosh ¢)?] |
” s (coshg)[(cosh @)t — (r())2]/(cosh o — (r(9))?

C Spin—factor contribution in the large—\ case

The calculations of the previous Appendix are exact, but in order to obtain an analytic
expression for the spin—factor contribution we have to make some approximation. We
consider therefore the case of large—)\, corresponding to small A = ¢ — ¢q, in which case
the calculation of the phase Eq. (B.33) can be explicitly performed. Up to order O(A?)
we have

0

0
A:a, )\Acosh@:%coshaﬁzl, (C.1)
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so that setting x = (¢ — ¢)/A, and expanding

cosh ¢ = cosh p — Azsinh @ + O(A?),

i o 2 (C.2)
r(¢) = x(cosh ¢ — Az sinh @) + O(A?),

we obtain to leading order

x sinh @
V1 — 22 (cosh @)% — 22

Consistently with what we have done in the calculation of the effective action, we neglect

1
®(Cq) = 2/ dx + O(A) = 7 — 2arctansinh + O(0).  (C.3)
0

higher—order terms when performing the analytic continuation to Minkowski space-time,
and since ¢ does not depend on 6 in the given approximation, sinh ¢ = /(b./b)? — 1, we
have

2(0(Cz) = 2(Ca)

v 0——ix

b 2
= 7 — 2arctan (f) -1]. (C.4)

Therefore, the quantity &) (Cz) remains real in the region b < b, after the analytic
continuation to Minkowski space.
At this point, in order to go to b > b. we have to perform a second analytic continuation,

13

which according to the “—ie” prescription leads to

(I>(M)(C~) — :77—210 E 14+4/1— % : (C.5)
“ b>be it b b ’ '
where we have used the representation
1 14
t = —1 C.6
arctanz = - log -——— (C.6)
for the arctangent. Exponentiating this expression we obtain
2 2 2
+iot0(Cy) _, _ (b 1 1— be C.7
€ b>be be - b ' (C.7)

However, a comparison of the analytic result Eq. (C.4) with numerical calculations for the
exact expression Eq. (B.33) shows that, although there is good agreement for small values
of b/b., the distance between analytic and numerical results increases as b tends to b.. In
contrast, the same comparison for the Euclidean effective action shows that the distance
between analytic and numerical results decreases as b tends to b.. For this reason, the
extrapolation Eq. (C.5) of ®M)(C;) to b > b, cannot be used, and have thus preferred
not to include this result in the main analysis of the present work, delaying a more careful
study to a future publication.
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