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Abstract Surprisingly enough, the ratio of elastic to inelas-
tic cross sections of proton interactions increases with energy
in the interval corresponding to ISR→LHC (i.e. from 10
to 104 GeV). That leads to special features of their spa-
tial interaction region at these and higher energies. Within
the framework of some phenomenological models, we show
how the particular ranges of the transferred momenta mea-
sured in elastic scattering experiments expose the spatial
features of the inelastic interaction region according to the
unitarity condition. The difference between their predictions
at higher energies is discussed. The notion of central and
peripheral collisions of hadrons is treated in terms of the
impact-parameter description. It is shown that the shape of
the differential cross section in the diffraction cone is mostly
determined by collisions with intermediate impact parame-
ters. Elastic scattering at very small transferred momenta is
sensitive to peripheral processes with large impact param-
eters. The role of central collisions in the formation of the
diffraction cone is less significant.

1 Introduction

Traditionally, hadron collisions were classified according
to our prejudices about hadron structure. From the earlier
days of Yukawa’s prediction of pions, the spatial extent of
hadrons was ascribed in pre-QCD times to the pion cloud
(of size of the inverse pion mass) surrounding their centers.
The very external shell was described as formed by single
virtual pions representing the lightest particle constituents.
The deeper shells were occupied by heavier objects (2π, ρ-
mesons etc.). In the quantum field theory, these objects con-
tribute to hadron scattering amplitudes by their propagators
polynomially damped for transferred momenta of the order
of the corresponding masses. Therefore, according to the
Heisenberg principle, the largest spatial extent is typical for
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the single-pion (smallest masses!) exchange. That is why
the one-pion exchange model was first proposed [1] for the
description of inelastic peripheral interactions of hadrons.
Later on, more central collisions with the exchange of ρ-
mesons and all other heavier Regge particles were considered
and included in the multiperipheral models.

Some knowledge about the spatial extent of inelastic
hadron interactions can also be gained from properties of
their elastic scattering connected with inelastic processes by
the unitarity condition. The spatial view of the collision pro-
cess of two hadrons is not directly observable because of
their extremely small sizes and its short time-duration. How-
ever, it is very important for our heuristic view. The interac-
tion region is characterized by the impact parameter b which
denotes the shortest transverse distance between the trajecto-
ries of the centers of the colliding hadrons. Different spatial
regions are responsible for the relation with different ranges
of the transferred momenta in the experimentally measured
differential cross section.

To analyze this relation we choose the particular QCD-
motivated model [2,3] which we call by the first letters of
the names of its coauthors as the kfk-model. This model has
described quite precisely the present experimental measure-
ments of the elastic scattering of protons from ISR to LHC
energies. The energy dependence imposed by the model is
used for predictions at higher energies. We compare its con-
clusions with other approaches to the problem.

The kfk-model provides analytically the shapes of the
elastic scattering amplitude in terms of both the transferred
momenta t measured experimentally and the impact parame-
ters b relevant for the spatial view of the process. That allows
one to study separately different regions of them and their
mutual influence, i.e. to reveal “the anatomy” of the model.

We consider both approaches and show:

1. How different t-regions represented by the measured
differential cross section contribute to the shape of the
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spatial interaction region and to the unitarity condition
(Sects. 5 and 6);

2. How different spatial b-regions contribute to the mea-
surable t-structure of the elastic scattering amplitude
(Sect. 7).

2 The kfk-model

The kfk-model [2,3] originates from the so-called Stochas-
tic Vacuum Model [4,5] which was initially formulated by
deriving the impact-parameter shape of the elastic scattering
amplitude using some QCD-motivated arguments. Apply-
ing the Fourier–Bessel transformation one gets the elastic
amplitude in terms of the transferred momenta. It has been
shown [2,6] that the resulting shape describes well the data
on dσ/dt, σel, σtot at energies from ISR (11–60 GeV in the
center of mass system) [7] through LHC (2.76–13 TeV) [8–
14] with the help of the definite set of the energy dependent
parameters.

The differential cross section is defined as

dσ/dt = | f (s, t)|2 = f 2
I + f 2

R, (1)

where the labels K = I, R denote correspondingly the
imaginary and real parts of the elastic amplitude f (s, t)
(of the dimension Ge V−2). The variables s and t are the
squared energy and transferred momentum of colliding pro-
tons in the center of mass system s = 4E2 = 4(p2 + m2),
−t = 2p2(1 − cos θ) at the scattering angle θ .

The nuclear part of the amplitude f in the kfk-model is

fK (s, t) = αK (s)e−βK |t | + λK (s)ΨK (γK (s), t), (2)

with the characteristic shape function

ΨK (γK (s), t) = 2eγK

[
e−γK

√
1+a0|t |

√
1 + a0|t | − eγK

e−γK
√

4+a0|t |
√

4 + a0|t |

]
.

(3)

In what follows, we use the explicit expressions for the energy
dependent parameters α, β, γ, λ shown in [2] which fitted the
data. In total, there are eight such parameters each of which
contains the energy independent terms and those increasing
with energy s as log

√
s and log2 √

s (see Eqs. (29)–(36)
in [3]). Thus eight coefficients have been determined from
comparison with experiment at a given energy and 24 for the
description of the energy dependence in a chosen interval.
The parameter a0 = 1.39 GeV−2 is proclaimed to be fixed.

Let us note that we have omitted the nuclear-Coulomb
interference term because of the extremely tiny region of
small transferred momenta where it becomes noticeable.

The corresponding dimensionless nuclear amplitude in the
b-representation is written as

f̃K (s, b) = αK

2βK
e−b2/4αK + λK Ψ̃K (s, b) (4)

with

Ψ̃K (s, b) = 2eγK−
√

γ 2
K+b2/a0

a0

√
γ 2
K + b2/a0

(1 − eγK−
√

γ 2
K+b2/a0). (5)

The two-dimensional Fourier transformation used is

f̃ (s, b) = 1

2π

∫
d2qe−iqb f (s, t = −q2). (6)

3 The unitarity condition

From the theoretical side, the most reliable (albeit rather lim-
ited) information as regards the relation between elastic and
inelastic processes comes from the unitarity condition. The
unitarity of the S-matrix SS+ = 1 relates the amplitude of
elastic scattering f (s, t) to the amplitudes of inelastic pro-
cesses Mn . In the s-channel they are subject to the integral
relation (for more details see, e.g., [15–18]) which can be
written symbolically as

f I (s, t) = I2(s, t) + g(s, t) =
∫

dΦ2 f (s, t1) f
∗(s, t2)

+
∑
n

∫
dΦnMnM

∗
n . (7)

The non-linear integral term represents the two-particle inter-
mediate states of the incoming particles integrated over trans-
ferred momenta t1 and t2 combining to final t . The sec-
ond term represents the shadowing contribution of inelas-
tic processes to the imaginary part of the elastic scattering
amplitude. Following [19] it is called the overlap function.
This terminology is ascribed to it because the integral there
defines the overlap within the corresponding phase space dΦn

between the matrix element Mn of the nth inelastic channel
and its conjugated counterpart with the collision axis of initial
particles deflected by an angle θ in proton elastic scattering.
It is positive at θ = 0 but can change sign at θ �= 0 due to
the relative phases of inelastic matrix elements Mn’s.

At t = 0 it leads to the optical theorem,

f I (s, 0) = σtot/4
√

π, (8)

and to the general statement that the total cross section is the
sum of cross sections of elastic and inelastic processes,

σtot = σel + σinel. (9)
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If divided by σtot this relation tells that the total probability
of all processes is equal to 1.

It is possible to study the space structure of the interac-
tion region of colliding protons using information as regards
their elastic scattering within the framework of the unitarity
condition. The whole procedure is simplified because in the
space representation one gets an algebraic relation between
the elastic and inelastic contributions to the unitarity con-
dition in place of the more complicated non-linear integral
term I2 in Eq. (7).

In what follows we prefer to use the different notation of
f̃ in (6) for clearer distinction from f :

iΓ (s, b) = 1

2
√

π

∫ ∞

0
d|t | f (s, t)J0(b

√|t |). (10)

Applying directly the transformation (10) to the relation (7)
one gets the unitarity condition in the b-representation

G(s, b) = 2ΓR(s, b) − |Γ (s, b)|2. (11)

The left-hand side (the overlap function in the
b-representation) describes the transverse impact-parameter
profile of inelastic collisions of protons. It is just the Fourier–
Bessel transform of the overlap function g. It satisfies the
inequalities 0 ≤ G(s, b) ≤ 1 and determines how absorptive
the interaction region is, depending on the impact parameter
(with larger G for larger absorption). The profile of elas-
tic processes is determined by the subtrahend in Eq. (11).
Thus Eq. (11) establishes the relation between the elas-
tic and inelastic impact-parameter distributions G(s, b =
d2σinel/db2 and |Γ (s, b)|2 = d2σel/db2 with 2ΓR(s, b) =
d2σtot/db2.

If G(s, b) is integrated over all impact parameters, it leads
to the cross section for inelastic processes. The terms on the
right-hand side would produce the total cross section and the
elastic cross section, correspondingly, as should be the case
according to Eq. (9). The overlap function is often discussed
in relation with the opacity (or the eikonal phase) Ω(s, b)
such that G(s, b) = 1−exp(−Ω(s, b)). Thus, larger absorp-
tion corresponds to larger Ω .

4 Brief review of the elastic scattering data

Equation (11) shows that the inelastic profile G is directly
expressed in terms of the elastic amplitude. Therefore let us
describe experimentally measured properties of elastic scat-
tering and discuss how they are reproduced by the kfk-model.

The bulk features of the differential cross section at high
energies with increase of the transferred momentum |t | can be

briefly stated as its fast decrease at low transferred momenta
within the diffraction cone and somewhat slower decrease
at larger momenta. The diffraction cone is usually approxi-
mated by the exponent exp(B(s)t) while further decrease in
the so-called Orear region is roughly fitted by a smaller than
B slope or by the dependence of the type exp(−c

√|t |). For
the recent data at 13 TeV see [20].

There are some special features to be noted. The increase
towards t = 0 in the very tiny region of extremely low
momenta becomes steeper. That is ascribed to the interfer-
ence of nuclear and Coulomb amplitudes. It serves to deter-
mine the ratio of the real and imaginary parts of the amplitude
ρ = fR/ f I at t = 0. In the transition region between the two
main regimes the differential cross section flattens somewhat
and/or shows some dip. It will be specially discussed below.
At transferred momenta larger than those of the Orear region
further flattening is observed. This tail is usually described
perturbatively by the three-gluon exchange with real ampli-
tude. However, the cross section is so small there that this
region is unimportant for our conclusions.

The optical theorem (8) ensures us that the imaginary part
of the amplitude in forward direction must be positive at all
energies. The real part at t = 0 has been measured also to
be positive at high energies and comparatively small (ρ ≈
0.1 − 0.14). For recent data at 13 TeV see [21]. This result
agrees with predictions of the dispersion relations. Thus it
only contributes about 1 or 2% to the forward differential
cross section (1).

In principle, both real and imaginary parts can be as posi-
tive as negative at other transferred momenta. Anyway, they
are bounded by the values ±√

dσ/dt and must be small
in those t-regions where the differential cross section is
small. Actually, these two bounds are used for two different
approaches considered below. They determine the difference
between their predictions about the shape of the interaction
region.

The further knowledge about the elastic amplitudes comes
either from some theoretical considerations or from general
guesses and the model building. It was shown in Refs. [22,23]
that the real part of the amplitude must change its sign some-
where in the diffraction cone. Therefore, its decrease with
increasing |t | inside the diffraction cone must be faster than
that of the imaginary part which then should mainly deter-
mine the value of the slope B(s). The dip between the two
main typical regimes of the diffraction cone and Orear behav-
ior inspires the speculation that the imaginary part also passes
through zero near the dip. Then the dip of the differential
cross section is filled in by the small real part of the ampli-
tude. These guesses are well supported by the results of the
kfk-model used by us.
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5 How different t-regions contribute to the b-shape of
the interaction region

At the outset we will not discuss the spatial extension of the
interaction region as a function of the impact parameter b.
It was carefully studied in several publications [7,24–28].
Instead, we limit ourselves by the simpler case of the energy
dependence of the intensity of interaction for central (head-
on) collisions of impinging protons at b = 0. That is the most
sensitive point of the whole picture demonstrating its crucial
features.

Let us introduce the variable ζ :

ζ(s) = ΓR(s, 0) = 1

2
√

π

∫ ∞

0
d|t | f I (s, t). (12)

To compute the integral, one must know the behavior of the
imaginary part of the amplitude for all transferred momenta
t at a given energy s. The choice of the sign of f I at large |t |
is important for model conclusions.

Now, have a look at the second term in the unitarity con-
dition (11):

|Γ (s, 0)|2 = ζ 2 + 1

4π

(∫ ∞

0
d|t | fR(s, t)

)2

. (13)

The last term here can be neglected compared to the first one.
That is easily seen from the inequalities

2
√

πΓI (s, 0) =
∫ ∞

0
d|t | fR ≤

∫ ∞

0
d|t || fR |

=
∫ ∞

0
d|t |

√
ρ2(s, t)dσ/dt

1 + ρ2(s, t)
	 2

√
πζ. (14)

Here ρ(s, t) = fR(s, t)/ f I (s, t). The factor ρ2(s, t)/(1 +
ρ2(s, t)) is very small in the diffraction cone because
ρ2(s, 0) ≤ 0.02 according to experimental results and ρ(s, t)
should possess zero inside the diffraction cone [22,23]. It can
become of the order 1 at large values of ρ2(s, t) (say, at the
dip) but the cross section dσ/dt is small there already [8,29].
The smallness of the contribution from the real part to |Γ |2
is strongly supported by the kfk-model as shown in Table 1
below.

Then the unitarity condition (11) for central collisions can
be written as

G(s, b = 0) = ζ(s)(2 − ζ(s)). (15)

Thus, according to the unitarity condition (15) the darkness
G(s, 0) of the inelastic interaction region for central colli-
sions (absorption) is defined by the single energy dependent
parameter ζ(s). It has the maximum G(s, 0) = 1 for ζ = 1.
Any decline of ζ from 1 (ζ = 1 ± ε) results in the parabolic
decrease of the absorption (G(s, 0) = 1− ε2), i.e. in an even

Fig. 1 The experimental data about the diffraction cone slope B(s)
[30]

much smaller decline from 1 for small ε. The elastic profile,
equal to ζ 2 in central collisions, also reaches the value 1 for
ζ = 1. Namely the point b = 0 happens to be most sensitive
to the variations of ζ in different models.

Formally, the unitarity condition (15) imposes the limit
ζ ≤ 2. It is required by the positivity of the inelastic profile.
This limit corresponds to the widely discussed “black disk”
picture which requires the relation

σel = σinel = σtot/2. (16)

Both real and imaginary parts of the amplitude are analyt-
ically prescribed by the kfk-model. That allows one to cal-
culate the experimental characteristics and get direct insight
into the validity of some approximations. Figure 1 repro-
duces the experimental data about the diffraction cone slope
B(s) [30] and Fig. 2 demonstrates how they are fitted by the
kfk-model from ISR to LHC energies. The fit is good in gen-
eral but one sees some discrepancy at low ISR energies and
at TOTEM 2.76 TeV data.

In Table 1 we show the energy dependence of several
characteristics of proton collisions with estimates of the role
of different regions of integration in (12) when computed
according to the prescriptions for f I and fR of the kfk-model.
This “anatomy” answers the question raised at the title of the
section.

The exact value of ζ(s) is crucial for our conclusions, espe-
cially if ζ closely approaches 1 as occurs at LHC energies.
Its values in the kfk-model at energies from 7 to 104 TeV are
shown in first line of Table 1. They approach 1 asymptotically
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Fig. 2 The fit of the B-data (Fig. 1) by the kfk-model (the dotted line).
The dashed line BI indicates that the slope is well accounted by the
imaginary part of the amplitude alone

Table 1 The energy behavior of main pp-characteristics of the kfk-
model (their detailed explanation is given in the text)

√
s, TeV 7 100 104

ζ 0.95058 0.99531 0.99793

|t0|,GeV2 0.47566 0.28458 0.13978

ζ [0, |t0|] 0.99193 1.0769 1.1505

ζ [|t0|,∞] −0.041349 −0.081548 −0.15260

G(s, 0) 0.99756 0.99998 1.00000

ΓI [0, |t0|] 0.053928 0.054432 0.047289

ΓI [|t0|,∞] 0.003405 0.001024 −0.001311

Γ 2
I 0.003287 0.003075 0.002114

4σel/σtot 1.03 1.148 1.26

σinel/σel 2.89 2.48 2.17

B|t0| 9.4676 7.6956 6.2829

ζ(σ ) 1.0333 1.1584 1.3031

from below. The integrand f I in Eq. (12) changes sign for the
kfk-model as demonstrated at 7 and 104 TeV in Fig. 3. The
energy dependence of its zeros t = t0(s) has been computed
and shown in Table 1. The contributions to ζ from the pos-
itive and negative branches of the integrand are also shown
there as ζ [0, |t0|] and ζ [|t0|,∞]. The first of them exceeds
1 at high energies and would deplete the inelastic profile at
the center if not compensated by the second one. The numer-
ical contribution of the negative tail is very small but it is
decisive for the asymptotic behavior of ζ which approaches
1 and does not exceed it. Thus the central profile saturates
with G(s, 0) tending to 1 (see line 5 of Table 1). The whole
profile becomes more Black, Edgier and Larger (the BEL-

−5
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kfk s1/2=7TeV
kfk s1/2=104 TeV

Fig. 3 The t-dependence of f I at 7 and at 104 TeV (the kfk-model).
The positions of zeros are shown

regime [31]) similar to the tendency observed from ISR to
LHC energies (see Fig. 7 in [3]). Nothing drastic happens in
the asymptotic sense!

The share of elastic processes and their ratio to inelas-
tic collisions computed according to the kfk-model are also
shown in the Table 1 (lines 9 and 10). Let us stress again
that in the kfk-model the ratio r = 4σel/σtot becomes larger
than 1 with increasing energy (line 9) while ζ saturates at
1 as shown in Table 1 (line 1). This difference is crucial
for asymptotic predictions about the shape of the interaction
region.

To support our assumption that the real part can be
neglected according to estimates of Eq. (14), we have
directly computed ΓI [0, |t0|] = ∫ |t0|

0 d|t | fR(s, t)/2
√

π and
ΓI [|t0|,∞] = ∫ ∞

|t0| d|t | fR(s, t)/2
√

π for the kfk-model. In
accordance with Eq. (14) they happen to be negligibly small
as seen from Table 1 at ΓI [...]- and Γ 2

I -lines.
It is interesting to note, that, according to the kfk-model,

the contribution of the imaginary part to the differential cross
section dominates almost everywhere except the very narrow
region near the dip (see Fig. 3 in [3]). This is also true at those
transferred momenta where f I becomes negative. Surely, the
real part dominates in the narrow dip region of the differential
cross section near t0 but its integral contribution to |Γ |2 can
be neglected (compare line 1 and line 8 of Table 1).

We do not consider in detail the whole impact-parameter
shape of the interaction region here because, for our purposes,
it was enough to consider it at the most sensitive point of
central collisions at b = 0. Moreover, it has been done in
Refs. [7,24–28].

6 Comparison to some other models

There is no shortage of models of elastic scattering on the
market nowadays. We want just to stress that the kfk-model
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Fig. 4 The value of B|t0| decreases with energy (the kfk-model)

provides explicit analytical expressions for the amplitude
both in transferred momenta and in impact parameters.

The t-behavior of their amplitude was compared by the
authors with the predictions of the BSW-model [32] in Refs
[2,3] and with Selyugin-model [33] in Ref. [3] at ener-
gies 7 and 14 TeV. In the measured interval of the trans-
ferred momenta they almost coincide within the experimental
uncertainties. The results of the models are slightly different
in the shapes at larger transferred momenta due to the differ-
ent number of predicted zeros of the amplitude and can be
compared with newly measured data [20,21].

The two most important features of the experimental data
are well reproduced by the kfk-model. Those are the slope
of the diffraction cone and the dip position which coin-
cides practically with the zero of the imaginary part of the
amplitude. Therefore, to get the easier insight, one can over-
simplify the model leaving only these two parameters [34]
and writing f I ∝ (1 − (t/t0)2) exp(Bt/2) with the slope
B = (BI + ρ2BR)/(1 + ρ2) ≈ BI . This toy-model allows
one to calculate analytically the relation between r and ζ :

r

ζ
=

1 − 4
(Bt0)2 + 24

(Bt0)4

1 − 8
(Bt0)2

≈ 1+ 4

(Bt0)2 + 88

(Bt0)4 > 1. (17)

The value of r is always larger than ζ . It exceeds ζ by about
5% at 7 TeV. It is important that their ratio (17) depends
on a single quite large parameter Bt0. The dip near t0 shifts
(see Table 1) at higher energies inside the region which at
low energies traditionally belonged to the diffraction cone at
|t | < 0.4 GeV2. The excess of r over ζ becomes larger at
higher energies because (Bt0)2 decreases as seen from Table
1 and Fig. 4. It can be used as a guide in comparing further
results at higher energies.

Measuring the differential cross section, we get no infor-
mation about the signs of real and imaginary parts of the
amplitude. The kfk-model predicts that the imaginary part
changes its sign near the dip of the differential cross sec-

tion. In principle, one can imagine another possibility to fit
the differential cross section ascribing positive f I (s, t) ∝
+√

dσ/dt , i.e. considering the positive tail of f I . Unfortu-
nately, it lacks any explanation of the dip in the differential
cross section as a zero of the imaginary part. This assumption
was used in papers [7,24–28]. Since the kfk-model claims to
describe the tail of the differential cross section quite well,
the proposal of positive f I would mean that one should just
subtract ζ [|t0|,∞] from ζ [0, |t0|]. The result is shown at the
line ζ(σ ). One concludes that, for the case of the positive tail
of the imaginary part, ζ in the unitarity condition (7) can be
well approximated by r shown in Table 1. The asymptotic
predictions drastically change if ζ increases at higher than
LHC energies and exceeds 1. The darkness of central colli-
sions diminishes, the maximum absorption (G = 1) moves
to more peripheral values of the impact parameters b, and
the interaction region looks like a toroid (see the figure in
[25–27]).

One reaches similar conclusions if just the exponential
fit of the diffraction cone is used where the tail of f I is also
positive but lower than for the +√

dσ/dt-case. The predicted
increase of ζ is somewhat slower than in the previous case
but the asymptotic depletion of the inelastic profile at b = 0
is confirmed.

At present energies the values of ζ and r differ by about
5%. Thus, the quadratically small decline of G(s, 0) from
1 claimed in [28] cannot be noticed within the accuracy of
experimental data. The choice between different possibil-
ities could be done if the drastic change of the exponen-
tial shape of the diffraction cone at higher energies will be
observed at higher energies. Some guide to that is provided
in the kfk-model by the rapid motion of the positions of zeros
to smaller values of |t0| inside the former cone region with
energy increase as seen from Table 1 and from the simplified
treatment [34]. It is interesting to note that a slight decline
from the exponentially falling t-shape of the diffraction peak
was shown by the extremely precise data of the TOTEM col-
laboration [10] already at 8 TeV. Is that the very first signature
or can be trivially explained as a combination of two different
slopes for real and imaginary parts in the kfk-model?

It was proposed [35] to explain this decline as an effect of
t-channel unitarity with the pion loop inserted in the Pomeron
exchange graph. The s-channel “Cutkosky cut” of such a
graph (its imaginary part) reproduces exactly the inelastic
one-pion exchange graph first considered in [1]. Thus the
external one-pion shell ascribed to inelastic peripheral inter-
actions almost 60 years ago becomes observable at small t
of the elastic amplitude at 8 TeV.

Moreover, the energy behavior of the slope B(s) looks
somewhat different from the logarithmic one prescribed to
it by the Regge-poles. The transition between 2.76 and 8
TeV data would ask for steeper dependence (see Fig. 1) and,
therefore, for a non-pole nature of the Pomeron singularity.
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7 How different b-regions contribute to the t-structure
of the elastic amplitude

Here we can only rely on the kfk-model where the analytical
expression for the amplitude in the b-representation (4) is
written. We demonstrate the evolution with energy increase
of the imaginary part of the amplitude as a function of the
transferred momentum in Fig. 5 for the presently available
energy 7 TeV (upper part) and for “asymptotically” high
energy 104 TeV (lower part) by the dash-dotted lines. It is
clearly seen that the diffraction cone becomes much steeper
and the zero moves to smaller transferred momenta at higher
energies.

To reveal the substructure, the contributions from different
intervals of the impact parameter are also shown. We inte-
grate over the three different regions of the impact parame-
ters. They are quite naturally dictated by the b-space shape
of the amplitude (4). The region of small impact parameters
is up to values of b ≤ 2.5 GeV−1 ≈ 0.5 fm. Here the expo-
nential term is at least twice higher than ΨK (see Fig. 7b in
[2]). Its contribution to f I is shown by the solid line in Fig-
ure 5. The region of large impact parameters (dotted line) is
considered at distances above 1 fm. The intermediate region
(dashed line) lies in between them (2.5–6 GeV−1).

The most intriguing pattern is formed inside the diffrac-
tion cone. The intermediate region of impact parameters
b (2.5–6 GeV−1) contributes mainly there (especially for
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Fig. 5 The shapes of the imaginary part as a function of the transferred
momentum at 7 TeV (up) and 104 TeV (below) are shown by the dash-
dotted lines. The contributions to them from different impact parameters
are also shown

0.15 < |t | < 0.4 GeV2) at 7 TeV. However, quite siz-
able contributions appear from small impact parameters at
0.07 < |t | < 0.15 GeV2 and, especially, from large impact
parameters at very small |t | < 0.07 GeV2.

At 104 TeV the peripheral region of large impact param-
eters strongly dominates at very small |t | while the role of
central interactions is diminished.

The remarkable feature of the kfk-model, its zero of f I ,
appears due to compensations from small and medium impact
parameters at 7 TeV for |t | ≈ 0.5 GeV2. The peripheral
region does not play an important role in its existence. In
contrast to it, namely peripheral contribution is crucial at 104

TeV. It is compensated by the sum from the intermediate and
central regions of the impact parameters at |t | ≈ 0.1 GeV2.

At larger |t | the damped oscillatory pattern of contribu-
tions from intermediate and peripheral regions of b domi-
nates at all energies while the steadily decreasing (with |t |)
share of central interactions is rather unimportant.

Let us remark that some special features of the elastic
amplitude as a function of the impact parameters were dis-
cussed in [36]. In the framework of the holographic approach,
it was speculated that they can be ascribed at intermediate
values of b to the exchange by the black hole tubes (BH)
and at larger b to the string holes (SH) (see Fig. 4 in [36]).
It is tempting to relate it to the substructure seen in Fig. 5.
Namely these two regions contribute mainly to the diffrac-
tion cone at 7 TeV while lower impact parameters provide
slowly changing background. Thus SH-tubes are in charge of
the peripheral processes and therefore have larger sizes than
BH. The steep behavior of the peripheral contribution at very
low transferred momenta can lead to the non-exponential cur-
vature of the diffraction cone noticed in experiment already
at 8 TeV [10,12] and interpreted as a direct impact of the
long-range one-pion exchange forces (see [35]). The role of
peripheral processes (i.e. the long SH-tubes) increases with
energy according to Fig. 5.

8 Conclusions

Elastic scattering of protons continues to surprise us through
new experimental findings. The implications of the peculiar
shape of the differential cross section and the increase of
the ratio of the elastic to total cross sections with increasing
energy are discussed above. These facts determine the spatial
interaction region of protons. Its shape can be found from
the unitarity condition within definite assumptions about the
behavior of the elastic scattering amplitude. The inelastic
interaction region becomes more Black, Edgier and Larger
(BEL) in the energy range from ISR to LHC. Its further fate
at higher energies is especially interesting.

There are two possibilities discussed in the paper. The pre-
vious tendency is conserved within the kfk-model. However,
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the shape of the inelastic interaction region can evolve to the
so-called TEH (Toroidal Elastic Hollow) regime with more
gray region of central collisions. The sign of the imaginary
part of the amplitude at rather large transferred momenta is
responsible for the difference between these two possibili-
ties. It is negative in the kfk-model and positive for a dif-
ferent prescription. That cannot be found from present-day
experiments and asks for phenomenological models. Prob-
ably, experiments with polarized protons scattered at rather
large angles of the Orear region can help. The energy behav-
ior of the ratio of elastic to total cross sections plays a crucial
role. If observed, its rapid increase at higher energies would
give some arguments in favor of the second possibility.

More surprises could be in store for us from the evolu-
tion of the shape of the diffraction cone with the dip position
moving to smaller transverse momenta and a drastic change
of its slope as shown above. First signatures of the shape evo-
lution can be guessed even at present energies from TOTEM-
findings at 2.76 and 8 TeV.
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