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OU3UKA BJIEMEHTAPHLIX YACTHUL U ATOMHOI'O AIPA. TEOPUA

ROLE OF ANOMALOUS CHROMOMAGNETIC

INTERACTION IN POMERON AND ODDERON

STRUCTURES AND IN GLUON DISTRIBUTION
N. Kochelev'

Joint Institute for Nuclear Research, Dubna

We calculate the contribution arising from nonperturbative quark—gluon chromomagnetic interaction
to the high-energy total quark—quark cross section and to gluon distributions in nucleon. The estimation
obtained within the instanton model of QCD vacuum leads to the conclusion that this type of interaction
gives the dominating contribution to the Pomeron coupling with the light quarks and to gluon distribution
in light hadrons at small virtualities of quarks and gluons. We argue that the Odderon, which is the
P = C = —1 partner of the Pomeron, is governed by the spin-flip component related to nonperturbative
three-gluon exchange induced by anomalous quark—gluon chromomagnetic interaction.

BeraucieH BKJI A HemepTypO TUBHOIO XpPOMOM THHUTHOTO KB PK-ITTIOOHHOTO B3 MMOJEHCTBHS B ION-
HOE CeyeHHe P ccesHUd KB PKOB IIPU BBICOKMX ®HEPIHdX U B P CIpeleseHUe LIIOOHOB B HYKJIOHE.
OneHK , MOMy4eHH S B MHCT HTOHHOM Mozmenu B KyyM KX]JI, IpHBOAUT K 3 KIIIOYEHMIO, YTO 3TO B3 H-
MojielicTBHE I €T OCHOBHOW BKJI ]| B KOHCT HTY B3 HUMOJIEHCTBHA IIOMEPOH C JIETKUMU KB DK MM U B
p CrpesiesieHHe IMI0OHOB B JIETKUX JPOH X HPH M JIBIX BHPTY JIBHOCTSIX KB PKOB U IM0OHOB. Ilpu-
BOZITCSL PTrYMEHTHI, YTO OJUIEpPOH, I pTHep moMepoH ¢ P = C' = —1, BO3HUK €T M3 MIUIUTYHABI C
MepeBOPOTOM CIIUH , CBA3 HHOU ¢ OOMEHOM TpeMms INIIOOH MH 3 CYET HOM JIBHOTO KB PK-IIIIOOHHOTO
XPOMOM THUTHOTO B3 UMOJAENCTBUA.

PACS: 24.85.4+p

INTRODUCTION

The gluon distribution in nucleon is one of the central quantities in particle physics
which determines the high-energy cross section values of the huge amount of important
processes. In spite of the tremendous achievements in the last years in the measurement
of this distribution, full understanding of the dynamics of gluons inside hadrons is absent
so far (see [1,2]). In the Regge theory the behaviour of the gluon distribution function at
small Bjorken x is controlled by the contribution coming from the Pomeron exchange which
may have the so-called «soft» and «hard» parts [3]. Usually, the hard Pomeron is associated
with the perturbative BFKL regime [4] and the soft part is assumed to be originated from
nonperturbative QCD dynamics [5]. Nonperturbative effects arise from the complex structure
of QCD vacuum. The instantons are one of the well-studied topological fluctuations of vacuum
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gluon fields which might be responsible for many nonperturbative phenomena observed in
particle physics (see [6,7]). Their possible importance in the structure of the Pomeron
and gluon distribution was considered in quite different approaches [7-11] for the different
approximations to the complicated quark—gluon dynamics in instanton vacuum. In particular,
it was shown [12] that instantons lead to the appearance of anomalous chromomagnetic quark—
gluon interaction (ACQGI). It was demonstrated that this new type of quark—gluon interaction
might be responsible for the observed large single-spin asymmetries in various high-energy
reactions [12, 13]. Furthermore, it gives a large contribution to the high-energy quark—quark
scattering cross section [14]. The first estimation of the effect of ACQGI on nucleon gluon
distribution was made in [8] and small x behavior g(z) o 1/x corresponding to the soft
Pomeron was found. It was clear from that study that anomalous chromomagnetic interaction
should also play an important role in the structure of the Pomeron. Indeed, recently the model
for the soft Pomeron based on this interaction has been suggested [7].

In this paper, we consider the detailed structure of the Pomeron and gluon distribution
with the special attention to the interplay between their perturbative and nonperturbative
components. We also discuss the possible manifestation of ACQGI in the Odderon exchange.

1. ANOMALOUS CHROMOMAGNETIC QUARK-GLUON INTERACTION

In the general case, the interaction vertex of massive quark with gluon can be written in
the following form:

Ouvqy

Vi (K3, k3, )t = —gst® |y, Fu (K3, k3, %) —
12 1 2 12 1 2 2Mq

Fo(k3,k3,q%) | (1)

where the form factors F} o describe nonlocality of the interaction, k; o is the momentum
of incoming and outgoing quarks, respectively, and ¢ = ki — kg, M, is the quark mass,
and 0, = (YuYw — Y%Y)/2. In various applications to high-energy reactions based on
perturbative QCD (pQCD) it is usually assumed that only nonspin-flip first term in Eq. (1)
(Fig. 1, a) contributes and one can neglect the second term in this equation, Fig. 1, b, because in
the limit of the massless quark this term should be absent due to quark chirality conservation
in massless pQCD. However, it has recently been shown that such an assumption has no
justification in nonperturbative QCD and the second term might give in many cases even a
dominant contribution to high-energy reactions in comparison with the first one [12, 14].
The cornerstone of this phenomenon is the spontaneous chiral symmetry breaking (SCSB)
due to the complex topological structure of the QCD vacuum. Indeed, the instanton liquid
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Fig. 1. The quark—gluon coupling: a) perturbative; b) nonperturbative. Symbols R and L denote quark

chirality and symbol I(I) denotes instanton (antiinstanton)
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model for QCD vacuum [6,7] provides the mechanism for such a breaking. That mechanism
is related to the existence of quark-zero modes in the instanton field. As a result of SCSB, the
light quarks in nonperturbative QCD vacuum have the dynamical mass, M,. Additionally,
’t Hooft quark—quark interaction induced by quark-zero modes leads to the violation of U(1) 4
symmetry in strong interaction.

In high-energy reactions one might naively expect the smallness of SCSB effects because
of the energy /s > M,. Indeed, it might be correct for the reactions where the dominating
contribution comes from quark-exchange diagrams. Within the instanton model this type of
diagrams is originated from the ’t Hooft quark—quark interaction contribution. However, in-
stantons also lead to specific quark—gluon chromomagnetic interaction [12] which is presented
by the second term in Eq. (1) (Fig.1,b). It is evident that this term should lead to a non-
vanishing contribution to high-energy reactions because it induces ¢-channel nonperturbative
gluon exchange. The size of the contribution is determined by the value of anomalous quark
chromomagnetic moment (AQCM)'

ta = F»(0,0,0). 2

We should point out that within the instanton model the shape of form factor Fy(k?, k3, q?)
is fixed:

F2(k§v kS»QQ) = 11a®q([k1|p/2)Py(| k2| P/Q)Fg(m‘p)» 3

where

8y(2) = 2 (Io(2)Ko(2) ~ () (2), “
Fy(2) = =5 — 2Ks(2)

are the Fourier-transformed quark-zero mode and instanton fields, respectively, and I,(z),
K, (z) are the modified Bessel functions and p is the instanton size.

The value of AQCM is determined by the effective density of the instantons n(p) in
nonperturbative QCD vacuum [12]:

4
g = _W3/M. (5)
as(p)

The shape of instanton density in the form

n(p) = ncd(p — pe) (©)

leads to AQCM which is proportional to the packing fraction of instantons f = m2n.p? in
vacuum
mf

-4 7
O‘S(PC) @

Ha =

The definition of AQCM used in Eq.(2) differs by a factor of two from the corresponding quantity presented
in [12] and [7].
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By using the following relation between parameters of the instanton model [15]

3
[= Z(quC)Q’ (8)
we obtain 3r(M )2
m(Mgpe
@ = —"—"F""— 9
40‘8(PC) @

This formula coincides with the result for AQCM presented in Eq.(7.2) in the paper by
Diakonov [7] and shows the direct connection between AQCM and SCSB phenomena. The
dimensionless parameter § = (M,p.)? is one of the main parameters of the instanton model.
It is proportional to the packing fraction of instantons in QCD vacuum § x f < 1, Eq.(8),
and is rather small. For a fixed value of average instanton size p, ! = 0.6 GeV it changes
from $MF = 0.08 for M, = 170 MeV in the mean field approximation [6] to §PF = 0.33 for
M, = 345 MeV within Diakonov—Petrov model (DP) [16]. For the strong coupling constant
at the scale of instanton average size [6,7]

as(pe) ~ 0.5, (10)
we obtain the following values for AQCM:
pMF 0.4, PP~ —1.6 (11)

in the mean field approximation and in the DP approach, respectively. We would like to
emphasize that in spite of the strong dependence of AQCM on the value of the effective quark
mass in QCD vacuum, AQCM is very large in the wide interval of the possible changing of
instanton model parameters. The origin of this peculiarity is in the large numerical factor in
front of ¢ in Eq. (9) for AQCM. Indeed, this formula can be rewritten in the following form:

3
o = =3 500, (12)

where Sy = 2m/a;(p) is the Euclidean instanton action. The typical value of this action is
very large [6,7]
So ~ 10—-15, (13)

and leads to the compensation of the J smallness effect on AQCM.

Within the instanton model approach the first term in Eq. (1) is related to the nonzero
mode contribution to quark propagator in the instanton field. The nonzero modes contribution
to quark propagator can be approximated with high accuracy by perturbative propagator [6].
Due to zero mode dominance for the light quarks [6], we can expect that for the light quarks
this sort of contribution should be suppressed in comparison with the second term in Eq. (1).
However, for heavy quark the first term should dominate because there are no zero modes
for heavy quark in the instanton field. Furthermore, instanton induced form factors in the
chromomagnetic part of interaction suppress the contribution of the second term for highly
virtual quark and/or gluon. Therefore, form factor in the first term in Eq. (1) might be chosen
in the form

Fy(kf, k3, %) = O(kY | —1*)O( k3 | —1*)O(* | —1n?), (14)
where p is the factorization scale between perturbative and nonperturbative regimes. In our
estimation below we will use u ~ 1/p. ~ 0.6 GeV.
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2. FINE POMERON STRUCTURE

Let us estimate the contribution of the vertex, Eq. (1), to the total high-energy quark—quark
scattering cross section. The leading diagrams contributing to the nonspin-flip amplitude of
g—q scattering are shown in Fig.2 and for colorless ¢-channel exchange present the model
of the Pomeron. The imaginary part of the total forward scattering amplitude gives the total
quark—quark cross section.

So, in our model the Pomeron includes the pure perturbative exchange (Fig. 2, a), nonper-
turbative (Fig.2, ¢) diagrams and the mixed graph (Fig. 2, b).

By using the relation, Eq. (9), the total contribution to quark—quark cross section for the
quarks with small virtualities is

o_tot _ apert + O_mix + anonpert’ (15)
where
i do'(t) . o
g = —d 1
o / Pl (16)
Thin
do(t)rert _ 8ma?(q?) do (t)™m> _ as(¢*)7 | pa \P?Ff(lfﬂpc)
dt 9¢* dt 3q? ’
(17)
do.(t)nonpert - 7T3Mgp3Fg4(\q|pp)
dt B 32 ’
where ¢ = —t and ¢2,, ~ 1/p? for perturbative and mixed contributions, and ¢2, = 0 for

pure nonperturbative (Fig.2, c) contribution.
For the strong coupling constant, the following parametrization was used for the case
Nf =3:
B 47
9In((¢ +mg)/Adcp)’

where Aqcp = 0.280 GeV and the value my = 0.88 GeV was fixed from the requirement
as(¢? = 1/p?) ~ 7/6 [7]. This form describes the frozen coupling constant in the infrared
region, as(g?) — const as ¢2 — 0.

as(q?) (18)

Fig. 2. The fine Pomeron structure in the model with perturbative interaction and nonperturbative
ACQGI: a) perturbative contribution; b) interference perturbative and nonperturbative vertices; ¢) non-
perturbative contribution. The symbol I (I) denotes instanton (antiinstanton)



Role of Anomalous Chromomagnetic Interaction in Pomeron 541

The result of calculation of the different contributions to the total quark—quark scattering
cross section is presented in Fig.3 as a function of AQCM. It is evident that within the
interval 0.4 < |, | < 1.6 the main contribution comes from the terms related to the anomalous
quark—gluon chromomagnetic interaction. Recently, the effects of nonzero AQCM in hadron
spectroscopy have been considered (see [17] and references therein). It was shown that the
value of

fta = —1 (19)

is favoring to describe the fine structure of hadron spectrum. This value of AQCM corresponds
to dynamical quark mass M, = 280 MeV. This mass is in agreement with recent result of
analysis of dressed-quark propagator within DSE approach involving the lattice-QCD data
from [21]. We will adopt this value in our estimations below. For that set of parameters
the total quark—quark cross section Uf]?]t = 3.05 mb is the sum of the following partial cross
sections:

obet = 0.63 mb, ohe* =1.22mb, op"P" =1.21 mb, (20)

aq aq
and it is not far away from «experimental» quark constituent model value ogiP ~ 4 mb,
which is needed to describe the inelastic proton—proton and proton—antiproton cross sections;
a}r}P( P = 36 mb in the energy range where they are approximately constant. One may
expect also an additional contribution to the total cross section arises from the multigluon
and multiquark emission induced by the quark—gluon—instanton vertex. It will bring our
estimation to the experimental value. It follows from Eq.(20) that the contribution to the
quark—quark cross section due to nonperturbative chromomagnetic quark—gluon interaction
is about 80% and the contribution from pure perturbative exchange is about 20% and quite
small. Therefore, within our model the dynamics of the soft Pomeron is determined not by the
vu-like quark—gluon vertex (Fig.1,a) as in most conventional models for the Pomeron, but
by the o, vertex pictured in Fig.1,b. The widely assuming statement is that the difference
in the dynamics of soft and hard Pomerons comes from the difference in their dependence
on such kinematic variables as total energy and transfer momenta. From our point of view,
the main source of difference between two exchanges arises from a completely different spin
structure of quark—gluon interaction inside the Pomeron exchange.

o, mb
6 [

50

4

Fig. 3. The contribution to the total quark—quark cross section as a function of AQCM: perturbative
(dashed line), mixed (dotted line), nonperturbative (dash-dotted line) and their sum (solid line)
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Fig. 4. The example of the diagrams which give the contribution to energy-dependent part of the
Pomeron exchange

In the above estimation only the simplest contributions to the Pomeron exchange presented
in Fig. 2 were considered. Due to pure spin-one ¢-channel exchange they lead to cross section
independent of the energy. Therefore, the effective Pomeron intercepts ap = 1 in this
approximation. It is well known that the experimental data show that the value of the soft
Pomeron intercepts ap(0) = 1.08 [22]. In spite of the fact that empirically the soft Pomeron
intercepts close to one, its deviation from one leads to visible energy dependence of the total
and diffractive cross sections and to a large subleading contributions at very high energies.
Some of diagrams which provide such subleading contributions in our model are presented
in Fig.4. It is evident that at low energy such contributions should be suppressed by even
powers of small packing fraction of instantons in QCD vacuum, " < 1/4" n = 2,4...
However, due to their logarithmic growth with increasing of energy they might give the
dominant contribution at very large energy. The calculation of these contributions is beyond
this paper and will be the subject of the separate publication [23].

3. CHROMOMAGNETIC ODDERON

Within the conventional approach, the Odderon P = C' = —1 partner of the Pomeron,
originates from three-gluon exchange (Fig.5,a) with nonspin-flip perturbative-like quark—
gluon vertex [24-28]. The experimental support of the existence of such an exchange comes
from high-energy ISR data on the difference in the dip structure around ||~ 1.4 GeV between
the proton—proton and proton—antiproton differential cross sections [18]. However, there is
no any signal for the Odderon at very small transfer momentum ¢ [19].

According to our model, the perturbative part of the Odderon, Fig. 5, a, in the region of
momentum transfer |¢| /9 < 1/p? is expected to be much smaller in comparison with the
nonperturbative part presented by the graphs, Fig.5,b,c!.

The detailed calculation will be published elsewhere.
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Fig. 5. The structure of the Odderon exchange: a) nonspin-flip perturbative three-gluon exchange;
b, ¢) nonperturbative spin-flip contributions

I

Fig. 6. The example of the diagrams which give the contribution to spin-flip component of the Pomeron

It is clear that the first diagram gives rise to the nonspin-flip amplitude of quark—quark
scattering, the diagram in Fig. 5, b leads to single spin-flip and the diagram in Fig. 5, ¢ presents
double spin-flip (see helicity structure of vertices in Fig.1). By using the conventional
notation for helicity amplitudes ®,, = (A\;, Ai, | Ap, Ag,) (see, e.g., [20]), where n =1,...,5
and A;, ,(y, ) are helicities of initial (final) quarks, respectively, one can see that the graph
in Fig. 5, a gives the contribution to the ®; and ®3 amplitudes, diagram in Fig. 5, b contributes
to the ®5 amplitude, and Fig. 5, ¢ gives rise to the ®, amplitude. Our conjecture is that the
spin-flip amplitude dominates in the Odderon exchange. Therefore, one might expect that
the Odderon should strongly interfere with the spin-flip part of the Pomeron. Some of the
diagrams which give rise to the spin-flip part of the Pomeron are presented in Fig. 6.

We would like to mention that in [29-31] an alternative mechanism for the spin-flip
component of the Pomeron and the Odderon [29] was discussed. This mechanism is based
on the existence of the quark—diquark component in the nucleon wave function.

4. GLUON DISTRIBUTION
AND CHROMOMAGNETIC QUARK-GLUON INTERACTION

It was shown above that the Pomeron structure is rather complicated. It includes pertur-
bative, «hard», and nonperturbative, «soft», parts and their interference, «soft-hard» part.

Therefore, this structure should also manifest itself in the structure of gluon distribution
in nucleon. One of the ways to show it is in the use of a DGLAP-like approach [32,33] with
the modified quark splitting function Pg, according to the vertex, Eq. (1) [8]. The diagrams
giving the contribution to nucleon gluon distribution in our model are presented in Fig. 7.
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g g a

Fig. 7. The diagrams contributing to nucleon gluon distribution: a) «hard»-perturbative; b) «hard-soft»
interference perturbative and nonperturbative exchanges; c) «soft»-nonperturbative part

At present, unintegrated gluon distribution is widely used in different applications (see,
for example, [34,35]). To calculate this distribution, we use the convolution model formula

d
fla, k) = Nk ;PGqG,ki)qv(y), @1

where IV, = 3 is the number of valence quarks in nucleon; gy is the valence quark distribution
function in nucleon; Pg, is the quark splitting function as defined in [33], and we neglect
possible intrinsic momentum dependence of gy related to the confinement scale.

The splitting function for the general vertex Eq. (1) is given by the formula

CFZ(
(kQ +M2

Pag(2 k2) = ZTr{ e+ My)Up (8) (ka + Mo)Uy (1) } eu(Nep(V),

(22)
where U, (t) = V,(0,0,t), ka (kc) is momentum of initial (final) quark, t = ¢* = (ka—kc)?,
U= vUTy T Yo and A is gluon helicity. In the infinite momentum frame

M2
— q
ka= PP+ 550,

k3 + M?

ke=|(1-2)P+-——-L (1-2)P, -k 23

c (( z) +2(1—z)P’( z)P, k. |, (23)
k% + M2z

=|2P- ——-L 2Pk
q (Z 2(1—Z)P’Z ) J_>7
the result for splitting function is
Paq(z, k3 Crky (v (|t]—A?%) 1/p2
Gq(2, k1) = (k2 +M2 2) as([t)O([t| =A%) + Vas(1/p2)pax

Fg<|t>>2z2+2<<1—z)as<|t>@<t|—A2>+%F2<tD)], 24

where || = (k1 4+ MZ22%)/(1 — z) is the gluon virtuality in Fig.7.
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The integrated distribution is given by

2

9(z,Q%) = dky

—=f(z, k7). (25)
kJ_
0

For estimation we use a simple form for valence quark distribution

(1—2)°

=1.09 26

with the normalization .
/qv (z)dx = 1. (27)

0

The result of calculation of unintegrated gluon distribution at z = 102 is presented in Fig. 8
as a function of k2. The result for integrated gluon distribution at small Q* = 1 GeV?
is pictured in Fig.9. It is evident that the nonperturbative contribution dominates in both
unintegrated and integrated gluon distributions. For the large Q% perturbative contribution
starts to dominate due to its stronger Q% dependence. Such a difference in the Q? dependence
is directly related to the difference in the k% behavior between perturbative and nonperturba-
tive contributions coming from the nonspin-flip and spin-flip part of the general quark—gluon
vertex, Eq.(1). In Fig.9 we also present the comparison of our result with some available
phenomenological parametrizations. By taking into account the uncertainties in the extrac-
tion of gluon distribution from the data and our simple parametrization for valence quark
distribution we may say that agreement is rather good.
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Fig. 8. The unintegrated gluon distribution at  Fig. 9. Perturbative (dashed line) and total (solid

x = 1072 solid (dashed) line is total (pertur-  line) contributions to gluon distribution at Q* =

bative) contribution 1 GeV? in comparison with some of the phenom-
enological fits: dotted line is ALEKHINO2LO set
and dash-dotted line is MSTW2008LO fit [36]
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CONCLUSION

In summary, we suggest a new approach to the Pomeron and Odderon structures and
gluon distribution in hadrons. It is based on the modified quark—gluon vertex which includes
the nonperturbative spin-flip part related to anomalous chromomagnetic interaction. It is
shown that this interaction gives the main contribution to the Pomeron coupling to small
virtuality light quarks and to the gluon distribution in nucleon. Our conjecture is that the
origin of the difference between «soft» and «hard» Pomerons is related to the difference in
the spin structure of quark—gluon interaction governing these effective exchanges. We give
the arguments in favor of the spin-flip dominance in the Odderon exchange.
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