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The LHC energies are those at which the asymptotic regime in hadron-hadron diffrac-
tive collisions (pp, 7p, wm) might be switched on. Based on results of the Dakhno-Nikonov
eikonal model which is a generalization of the Good-Walker eikonal approach for a con-

tinuous set of channels, we present a picture for transformation of the constituent quark
mode to the black disk one. In the black disk mode (y/s > 10 TeV) we have a growth of the
logarithm squared type for total and elastic cross sections, otot ~ In?s and oo ~ In? s,
and (7 = qi otot)-scaling for diffractive scattering and diffractive dissociation of hadrons.

arXiv

The diffractive dissociation cross section grows as op ~ Ins, opp ~ Ins, and their rela-
tive contribution tends to zero: op /oot — 0, cpp/otor — 0. Asymptotic characteristics
of diffractive and total cross sections are universal, and this results in the asymptotical
equality of cross sections for all types of hadrons (the Gribov’s universality). The energy
scale for switching on the asymptotic mode is estimated for different processes.

PACS numbers: 13.85.-t 13.75.Cs 14.20.Dh

The observation of the total cross section growth at pre-LHC energies, /s ~
0.2 — 1.8 TeV I initiates studies of corresponding models such as that with an in-
crease allowed by the Froissart bound® or exceeding it, for example, by the power-s
behavior 28 The necessity of the s-channel unitarization of scattering amplitudes
actualizes the use of the Glauber approach®19 On account of the s-channel rescat-
terings, the power-s growth of amplitudes is dampened to the (In? s)-type, see 1]
[T21[131 Still, let us emphasize, exceeding the Froissart bound does not violate general
constraints for the scattering amplitude

Recent measurements at LHC (ATLASIH CMSI8 TOTEM collaborations)
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and cosmic ray datald initiate further interest to s-channel unitarized amplitudes,

see, for example, 19 20, 21}, 22} 23, 24} 25} 26, 27, 28, 29, 30.

1. Diffractive Hadron-Hadron Scattering in the Dakhno-Nikonov
Eikonal Model

A model for high-energy 7p and p*p collisions with the eikonal unitarization of
scattering amplitudes was suggested by Dakhno and Nikonov! and successfully
used for the description of the pre-LHC data. The model takes into account the
quark structure of colliding hadrons, the gluon origin of the input pomeron and the
colour screening effects in collisions. The model can be considered as a version of
the Good-Walker eikonal approach® for a continuous set of channels.

The extension of the Dakhno-Nikonov model to LHC energies was carried out
in [33] for diffractive pp-scattering. The pp data were re-fitted taking into account
new results in the TeV-region T218 The region 5-50 TeV turns out to be that where
the asymptotics starts. It means that the asymptotic regime should reveal itself
definitely at 102 — 10* TeV; an analysis of the diffractive cross sections at ultrahigh
energies was carried out in 34l The total and elastic hadron-hadron cross sections
are approaching the asymptotic values (o7, (s) and o7;(s)) from bottom to top:

Ttot(8) ~ In? s, oei(8) ~ In%s,
|: Uel(s) :| l Utot(s) Uel(s)
UtOt(S) In s—o0 2 U;}t(s) ’ U(:j (S)

that gives the illusion of exceeding the Froissart bound (see, for example, the dis-

cussion in 35 [36).

Further, the model predicts that differential elastic cross sections depend asymp-

<1, (1)

)

totically on transverse momenta with a relation for 7-scaling:

L doa(r) = D(7), /dTD(T) = —Ual(s)

Utot(S) dr Utot(S) ’

0
T= qiotot o qi In%s, (2)

where 7 and D(7) are dimensionless variables. In pp collision the 7-scaling is working
for 1/01o1 X doey/dr within 10% accuracy for 0 < 7 < 4 at /s ~ 10 TeV, and for
/s 22 100 TeV this region is extended to 0 < 7 < 10.

The model points to the universal behaviour of all total cross sections (the
Gribov universalitym). It is the consequence of the universality of the colliding disk
structure (or the structure of parton clouds) at ultrahigh energies. The question is
at what energy range the asymptotic modes are switched on for different processes.

Slow switching on of the asymptotic regime in the hadron diffractive collisions is
related both to the twofold structure of hadrons (hadrons are built by constituent
quarks and the latter are formed by clouds of partons) and the gluon origin of the
pomeron. In the impact parameter space the parton clouds fill first the intrinsic
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Fig. 1. Meson and proton pictures in the impact parameter space at moderately high energies
(a,d) and their transformations with increasing energy (b,e) to ultrahigh region where universal
black disks are created (c,f).

hadron domain, see Figs. [Ih,d for pion and proton. At ultra-high energies the situa-
tion is transformed to a one-disk picture, Figs. [Ik,f that manifests itself in two-step
asymptotics. The energy of this transformation is that of LHC, Figs. 0b,e.

The calculations we have carried out demonstrate a comparatively fast approach
of o4t(8) to the asymptotic behavior being in contrast to o¢(s). The slow increase
of 0.(s) means a slow approach of ginei(s) = otot(s) — 0e1(8) to the asymptotic
mode.

A fast approach to the asymptotic mode is observed for the sum of elastic and
quasi-elastic cross sections (elastic, single diffractive dissociations and double diffrac-
tive dissociation). That emphasizes the importance of the study of inelastic diffrac-
tive processes. We demonstrate that the diffractive dissociation cross sections are
increasing at asymptotic energies as (op « Ins, opp o In s) while their relative con-
tribution tends to zero (op/ctor — 0, cpp /oot — 0). Specifically, the cross section

for the diffractive production of N%+ (1440) is estimated as (15 + 3) - 0.6 In 5=

mb if this state is a radial excitation of a nucleon %
The effect for inclusive cross sections due to the change of the regime, from the
constituent quark collision picture to that with a united single disk, was discussed
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in 38 [39] [40 when definite indications about hadron cross section growth appeared.
It was emphasized that the approach to the single black disk regime should change
probabilities of the production of hadrons in the fragmentation region (hadrons with
x = p/pin ~ 1), for more details see also ref. [41L

The increase of the black disk radius, Rpjact x 24/Ac/pIns, is determined by
parameters of the leading t¢-channel singularity, that are the pomeron intercept
a(0) =1+ A (with A > 0) and the pomeron trajectory slope a/p. The s-channel
unitarization of the scattering amplitude damps the strong pomeron pole singularity
transforming it into a multipomeron one. Therefore, we face the intersection of
problems of the gluon content of the ¢-channel states at ultrahigh energies and the
physics of glueball states - at present the glueball states are subjects of intensive
investigations, see, for example (42| [43] 44| and references therein. Studies of
phenomenons related to glueballs and multigluon states at small |¢| (or at small
masses) are enlightening for understanding the confinement singularity - see the
discussion in ref. The large value of the mass of the soft effective gluon (and the
corresponding value of the low-lying glueballs) and the slow rate of the black disk
increase appear to be related phenomena.

The model is based on the hypothesis of the gluon origin of the ¢-channel
forces, and these gluons form pomerons. Mesons (two-quark composite systems)
and baryons (three-quark composite systems) scatter on the pomeron cloud. It is
supposed that the pomeron cloud is materialized as a low-density gas, and pomeron-
pomeron interactions, as well as t-channel transitions P — PP, P — PPP and so
on, can be neglected.

Consequently, the hadron-hadron scattering amplitude is determined by the set
of diagrams with multiple pomeron exchanges (for mp scattering it is shown in
Fig. Bh,b,c). Pion-pomeron and proton-pomeron coupling diagrams are shown in
Fig. Pd-g and Fig. Zh-1. Gluon structure of pomeron provides the colour screening
effect in couplings*?

The convergence of the coupling diagrams is guaranteed by vertices m — ¢g and
p — qqq, or quark wave functions of hadrons ¢2 (ry, re) and gpf, (r1,ra,r3), where r,
are the transverse coordinates of quarks. Quark wave functions can be determined
using the corresponding form factors, an example for such a determination is given
in [48]

The shape of the black disk is formed by the t-channel pomeron exchanges: in
[31L B3 it is a two-pole presentation of the QCD-motivated pomeron with intercepts
a(0) = 1 and «(0) = 1 + A. The two-pole pomeron exchange is popular from the
sixties till now, see for example ref. In the ultra-high energy region the leading
pomeron dominates, according to fit33 its trajectory reads:

ap(q]) 1+ A —abq] (3)
A =0273+0.011, o/ = 0.129 % 0.007(GeV /c)~2

Meson-pomeron and baryon-pomeron couplings vanish for squeezed configura-
tions of quarks: for mesons at |ri2| — 0 and for baryons at |ri2| — 0, [r13] — 0
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Fig. 2. Hadron-hardron collisions: (a)—(c) diagrammatic representation of the mp scattering am-
plitude as a set of s-channel pomeron (P) interactions; (d)—(g) pion-pomeron vertex and its deci-
phering: pomeron-quark terms and GG P term which describes interaction of gluons (G) of pomeron
with both quarks of pion; (h)-(1) proton-pomeron vertex and corresponding P and GG P exchanges.

where |r;;| = |r; —r;| that is a result of interplay of one-quark interaction couplings
and two-quark interaction®? Corresponding diagrams which guarantee the colour
screening are shown in Figs. Bd-g for mesons and Figs. Zh-1 for baryons.

Results of description of ultrahigh energy data, that are pp data including those
at LHC energied!? and cosmic ray ones 8 are demonstrated in Figs. BlEl

In Fig. Bl we show total and inelastic cross sections, the fit gives a good approx-
imation to data at v/s ~ 50 — 5 - 10* GeV; we also show predictions for the region
Vs < 10° GeV. The fit gives reasonably good level of description of o and the
differential cross section do.;/dq?, see Fig. [l

The fit curves for oiot, Oiner and o¢ look like as the LHC energy is a turning
point for the cross section growth regime. Definitely it is seen when considering the
scattering amplitude in the impact parameter space.
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Fig. 3. Total and inelastic cross section dataBIA08 514 fit in the Dakhno-Nikonov model.
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Fig. 4. Elastic cross section and differential cross sections doel/dqi at /s = 0.546, 1.8, 7.0 TeV
and their descriptions in the fit.

2. Scattering Amplitude in the Impact Parameter Space

In Fig. Bl we show profile functions T'(b) determined as

Otot = 2/d2b T(b) = 2/d2b[1 — e_%X(b)}’ (4)
dUel

4
T dqi

— A%q?), Alqy) = / @b T(h)

The profile functions T'(b) at energies 0.5 — 103 TeV are shown in Fig. Bh - it is seen
that the profile function saturation mode, T'(b) — 1, works at ultra-high energies
(100 — 1000 TeV), at LHC energies the saturation mode is only starting.
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Fig. 5. a) Profile functions T'(b) determined in Eq. @) at preLHC (0.546-1.8 TeV), LHC (8.0
TeV), Pierre Auger Collaboration (57 TeV) and ultra-high (100-1000 TeV) energies. b)Profile
functions T'(b) at a set of energies /s = 1,10, 100, ..., 107 TeV.

The profile functions at 0.546 — 1.8 TeV illustrate the two-fold structure of pro-
ton, corresponding to Fig. [[d. At that energies the absorption area is dominantly
inside the proper nucleon size, b < 4 GeV~!, and only the blackness level is increas-
ing with energy.
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Fig. 6. a) Differential cross sections dog;/dr, where 7 = O'totqi, at /s = 0.546, 1.8, 7.0 TeV
and their descriptions in the Dakhno-Nikonov model; b) Calculated differential cross sections

1/otot % dog/dr at /s = 1.8, 7, 100, 1000,...105 TeV and their approaching to the 7-scaling
limit.
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3. Diffractive Cross Section and the 7-Scaling Limit

In Fig.[Bh we show do;/dr with 7 = 04,tq* at ISR and LHC energies; the approach
of 1/t X doey/dr to the T-scaling limit is demonstrated in Fig. [Bb. The 7-scaling,
being inherent with the Dakhno-Nikonov model, works with a dimensionless ob-
ject, 1/04or X doej/dr, in terms of the variable 7. So the scaling regime works at
constrained region of non-large 7 (or 7 < 10), it is the region of the diffractive cone.

The region of large 7 attracts attention as well, see, for example, [14], 22| 50, 511
However, the large-7 region can be formed by next-to-leading ¢-channel singularities
which are related to other physics, not physics of the diffractive processes.

A variable similar to 7, which also can be used for the description of the discussed
diffractive distributions, ¢ = g2 In? s, was used in 14, 22 In 22 the diffractive
distribution was considered in terms of such a variable but with a dumping factor
at small £ that means strengthening the role of non-peripheral interactions of the
large-T region.

4. The Black Disk Radius and In? s-Growth of Total and Elastic
Cross Sections
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Fig. 7. Values for aiot(pp)/ In? s/s0 and oo (pp)/ In? s/s0 (where /s, = 1 GeV) in the Dakhno-
Nikonov model versus dataTHBIZIE The straight line is the asymptotic limit for the elastic cross
section: 07 (s)/ In?s = %ofot/ In? s.

At Ins >> 1, when the asymptotic regime works, there are two clear regions
in the b-space (Fig. B): with T'(b) ~ 1 (black disk area) and T'(b) ~ 0 (transparent
area). Conventionally we determine these areas by the constraints: 7'(b) > 0.97 and
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T'(b) < 0.03. Then
b? < 4Adp In® i . with 7(b) > 0.97,
b? > 4Ad/ In? i . with T(b) <0.03, (5)
which gives the black disk radius:
Ritack = 2/ A/, In i . SR ~80GeV, (6)

with s_ < sp < s4. The black disk radius depends on parameters of the leading
pomeron only (factor 2,/Aa/, ~ 0.08 fm) that results in Gribov’s universality of
hadronic total cross sections at asymptotic energies 37

An approach of g4+(s) and o;(s) to asymptotic values is shown on Fig. [7- the
calculations demonstrate a relatively fast appearance of asymptotics in o¢0t(s) in
contrast to o¢(s). A slow increase of o¢(s) means a slow approach of gjpne(s) =
otot(8) — 0e(8) to the asymptotic behaviour.

5. Diffractive dissociation cross sections

The relative weight of quasi-elastic processes falls with energy growth as 1/Ins ;
this is in agreement with o4t /0e — 2. In Fig. B we demonstrate the ratio

IX ()X (p)(PP) = 0et(PP) _ 2000 (PP) + oD@ (PP) 1 )
Ttot (PP) B ot (PP) Ins’
it tends to zero at Ins — oo. In Fig. Bb we show the sum of the quasi-elastic cross
sections 20 p(,)(PP) + O p(p)D(p) (PP) (solid line) and the single diffractive dissocia-
tion cross section op(p)(pp) (dashed line). Calculations show that the diffractive
dissociation cross sections increase as follows:

)

S
20p(p) (PP) + D (p)D(p) (PP) = Ox(p)x (p) (PP) — et (pp) == 0.58 In 102 Gov2 @

)

s

o =0 — O¢ ~0.25ln ——— = m
() (PP) = 0x () (PP) = Ter (PP) 007 GV

TD(p)D(p) (pp) =~ (008 Ins + 05) mb. (8)

s is given in GeV? units. At 7 TeV calculations give 20 p(p) (PP) +0 D) D(p) (PP) = 7.6

mb op ) (pp) =~ 2.7 mb. The values tell us that the single diffraction dissociation

gives the main contribution to the quasi-elastic diffractive processes, while the dou-

ble diffraction increases more slowly. The corresponding cross sections are related
to semitransparent disk rim:

20D (p) (PP) + 0 D) D(p) (PP) = 2T Rplack O R(2D + D D),

SR(2D + DD) = 0.16 % 0.04 fin,

oD(p) (PP) = 27 Rptack OR(D),

SR(D) = 0.06 + 0.01 fm, 9)
Recall, Rpjack =~ 0.16In(4/s/80GeV) fm.
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Fig. 8. Diffractive processes: a) the ratio (2UD(p) () + D (p)D(p) (pp)) /otot(pp) determined

accoding to Eq. (@) and b) differences Ux(p)X(p)(pp) — oei(pp) = 20’D(p)(pp) + O'D(p)D(p)(pp)
(solid line) and o x () (pp) — oe1(PP) = T p(p) (PP) (dashed line), presented in Eq. &).

6. Contribution of u-Channel and the Real Part of the Scattering
Amplitude

The ratio Re Ae;/Im Ae at g3 ~ 0 at asymptotic energies is determined by the
analyticity of the scattering amplitude. Taking into account contributions of s and
u channels we write:

Re Ay N T

Ag oc i [In®(s/s0) + In®(—s/s0)], ImAeg — In(s/sor)

(10)

with —s = se™*™ and In*(se™'") = (lns - iw)z ~1In®s—2milns .

Experimental data ( Re Ag;/Im Ae = 0.14Jj8:8§15 ) require a small value of sgr.
For 7 TeV Eq. (IQ) gives us Re A¢;/Im Aoy = 0.15 at /sor = 200 MeV that is
an inverse value of the radius of a black disk at such an energy, ~ 1 fm. So, the
Re Ac;/Im Ag is determined by the size of the disk while the rate of its growth by
the leading pomeron characteristics.

The real part of the scattering amplitude at qﬁ_ > 0 can be also determined by
analyticity requirement. We write

Aar = 5| P(s/50) A(r) + I (—s/s0) A7) | (11)
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Here 7 = o10t(s)q% and 7 = oy (—s)q? ~ (1 — %)atot(s)qi =(1- fni;)r
Therefore the scattering amplitude within account of the real part terms reads:
i dA(T)
A 21'11128[/17'—— AlT) +71——= } 12
el ( ) Ins ( ) dr ( )
B 14 \
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Fig. 9. a) Ratio of proton-proton and pion-proton total cross sections, o¢ot(pp)/ctot(mp) — 1,
and b) its difference oot (pp) — tot(mp) o Ins.

7. The wp and 7w Total Cross Sections and the Gribov
Universality

The Dakhno-Nikonov model made it possible to extend conventionally the scheme
on 7p collisions - for that additionally the quark distribution to the pion is needed
only. The distribution of quarks to a pion is known, see, for example, ref. [48 that
allows to give predictions.

The ratio otot(pp)/otot (7p) is shown in Fig. [k, it asymptotically tends to 1. The
difference of proton-proton and pion-proton total cross sections is increasing with
energy, Fig. @b, and can be described at /s > 10% GeV as

Ttot (DP) — Ttot(mp) =~ 1.9 In si mb, 50 = 0.8 GeV?. (13)
0

The universality of the total cross sections means the equality of the leading terms
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Fig. 10. a) Total cross sections: o¢ot(pp) (solid line), o¢ot (7p) (dashed line) and oot (wm) (dotted
line). Squares (pp) are from™@ circles (mp) are from? triangles (77) are from®3 b) Proton-

proton collisions: %omt(pp) (solid line), oc;(pp) + 20pp(pp) (dotted line) and oc;(pp) (dashed

line). DataZ BIITLIE stand for %Utot (pp) and o (pp).

( In?s) only, and it is demonstrated in Fig. DTh where oo (pp), oror(mp) and
oot (mm) are shown.

8. Conclusion

The twofold structure of hadrons — hadrons are built by constituent quarks and
the latter are formed by clouds of partons — manifests itself in hadron collisions.
At moderately high energies colliding protons reveal themselves in the impact pa-
rameter space as three disks corresponding to three constituent quarks, Fig. [h. At
ultra-high energies the situation is transformed to a one-disk picture, Fig. Ik, and
the energy of this transformation is that of LHC. The radius of the black disk at
asymptotic energies is increasing, Rplack ™~ 24/Ad’p In s, that provides a In? s growth
of total and elastic cross sections o4t ~ 27 RE,. , and oo ~ 7R%,. ... Diffractive dis-
sociation cross sections are increasing as Ins being related to the black disk rim
effect: op x 2w Rplack and opp X 27 Rpjack-

A steady increase of the black disk radius Rpjack, is determined by parameters of
the leading ¢-channel singularity only: that are the pomeron intercept «(0) = 1+ A
(A > 0) and the pomeron trajectory slope a/p. The s-channel unitarization of the
scattering amplitude damps the strong pomeron pole singularity transforming it into
a multipomeron one. Therefore, we face the intersection of problems of the gluon
content of the t-channel states at ultrahigh energies and the physics of gluonic states,
glueballs. At present the glueball states are subjects of intensive investigations, see,
for example 42| [43] and references therein. Studies of phenomena related to
glueballs and multigluon states at small |¢t| are enlightening for the confinement
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singularity problem - see discussion in ref. The large value of mass of the soft
effective gluon (and the corresponding values of the low-lying glueballs) and the
slow rate of the black disk increase appear to be closely related phenomena.

The change of the regime, from the constituent quark collision picture to that
with a united single disk, was discussed in 38| [39] [40) when definite indications about
the hadron cross section growth appears. It was emphasized that the single black
disk regime should change probabilities of productions of hadrons in the fragmen-
tation region (hadrons with = p/p;, ~ 1), for more detailed discussion see 41l
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