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Diffractive neutrino production of pions on nuclei:
Adler relation within the color-dipole description
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Effects of coherence in neutrino production of pions off nuclei are studied employing the color-dipole
representation and path integral technique. If the nucleus remains intact, the process is controlled by the
interplay of two length scales. One is related to the pion mass and is quite long (at low Q?), while the
other, associated with heavy axial-vector states, is much shorter. The Adler relation is found to be broken
at all energies, but especially strongly at ¥ = 10 GeV, where the cross section is suppressed by a factor
~A~'3_On the contrary, in a process where the recoil nucleus breaks up into fragments, the Adler relation
turns out to be strongly broken at low energies, where the cross section is enhanced by a factor ~A'/3, but
has a reasonable accuracy at higher energies, where all the coherence length scales become long.
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L. INTRODUCTION

Because of the V — A structure of weak interactions,
high-energy neutrinos serve as a source of the axial current.
Unfortunately, because of the smallness of the neutrino-
hadron cross sections, experimental data have been quite
scarce until recently, mostly being limited to the total cross
sections. With the launch of the new high-statistics experi-
ments like MINERVA at Fermilab [1], now the neutrino-
hadron interactions may be studied with a better precision.

The properties of the vector current have been well
studied, mostly in collisions of charged leptons with pro-
tons and nuclei in processes of deep inelastic scattering
(DIS), deeply virtual Compton scattering, real Compton
scattering, and meson production. The structure of the
axial current is less known.

According to Adler relation (AR) [2,3], the cross section
of neutrino interaction at zero virtuality is proportional to
the cross section of pion interaction on the same target and
with the same final hadronic state,
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where Gp = 1.166 X 107> GeV ™2 is the electroweak
Fermi coupling; F denotes the final hadronic state; E,
and v are the energy of the neutrino and transferred energy
in the target rest frame, respectively.

Nuclear effects in diffractive neutrino production of
pions, coherent (vA — 7rA) and incoherent (vA — 7A™)
were calculated in [4] based on the AR and Glauber
eikonal approximation. The results were different from
previous calculations performed in [5], which contradicted
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the AR and which were based on an incorrect model for
nuclear effects (see critical discussion in [4]).

Recently, a large deviation from the AR predictions for
coherent and incoherent diffractive neutrino production of
pions at high energies was discovered in [6] using a simple
two-channel toy model that contains only axial meson and
pion. This deviation is caused by initial- and final-state
interactions, called absorptive corrections, which are very
strong for large rapidity gap processes like diffractive
production. The onset of these corrections is controlled
by the coherence length I, = 2v/m2, where v is the trans-
ferred energy (or the pion energy), and m, ~ 1 GeV. The
AR is at work only if the coherence length is short com-
pared to the nuclear size, [, << Ry, i.e. at low energies. At
higher energies the value of the cross section considerably
drops, by a factor ~A~'/3, compared to the AR prediction.
In this paper we extend the result obtained in [6] and
demonstrate that it is valid in a realistic color-dipole
model.

The nuclear shadowing effect for the total neutrino-
nucleus interaction at low Q? was first calculated in [7]
within a specific optical model, which was essentially
oversimplified. It was also calculated within the Glauber-
Gribov theory [8,9] in [10-12], and in this case it gave
good agreement with data from the WAS9 experiment [13].
This calculation was based on the AR, which in this case
has no absorptive corrections, and is expected to be rather
accurate.

In this paper we describe the neutrino-nucleus interac-
tions within the color-dipole approach that was proposed
in [14] for description of the high-energy scattering pro-
cesses. The dipole representation is especially simple
and effective at high energies, where the dipole separation
does not fluctuate during propagation through the nucleus,
being "frozen” by Lorentz time dilation. Besides, at high
energies, or small Bjorken x in DIS, gluonic exchanges
with the target dominate in the scattering amplitude. The
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phenomenological dipole cross section is usually fitted to
HERA data for the proton structure function at small x, and
it is risky to use at lower energies, where Reggeons, i.e.
quark-antiquark exchanges, become important, and should
be explicitly added to the dipole cross section. Eventually,
at energies as low as /s < 2 GeV the model is not valid
and one should refer to other models that contain explicit
contributions of resonances (see e.g. [15,16] and a recent
review in [17]) and/or Reggeon exchange in the crossed
channel [18,19]. We perform a more rigorous calculation
than was done in [6], where the different coherence lengths
were introduced by hand.

The color-dipole approach was tested in a number of
photon-nucleon and photon-nucleus processes, such as
DIS [20-22], Drell-Yan reaction [23] heavy meson pro-
duction [24], as well as deeply virtual Compton scatter-
ing, real Compton scattering, and double deeply virtual
Compton scattering on the nucleons and nuclei (see e.g.
[25-31]) giving a reasonable description of the total and
differential cross sections. Also, the color-dipole model
has been applied to the description of the neutrino physics
in [32-39]. Single-pion production by neutrinos on a
proton target has been studied recently within the color-
dipole approach in [40].

Here we extend the results obtained for neutrino-proton
interactions in [40] to the nuclei using the Glauber-Gribov
approach [8,9]. While in the high-energy (‘“‘frozen’) re-
gime the shadowing corrections are given by the trivial
exponential attenuation factor, we use an approach that is
also valid at intermediate energies, where the dipole size
fluctuates during propagation through the nucleus. As was
discussed earlier, we do not consider the region of very low
energies (/s = 2 GeV) due to limitations of the model and
absence of explicit s-channel resonances in the model.

The paper is organized as follows. In Sec. II for the sake
of completeness we give the formulas that are used for
evaluation of the color-dipole amplitudes on the proton. In
Sec. III we discuss the framework that was used for evalu-
ation of nuclear corrections. In Sec. IV we present results
and draw conclusions.

I1. DIFFRACTIVE PION
PRODUCTION ON A PROTON

In this section we present a brief survey of the formulas
for evaluation of the neutrino cross section on a proton
target. More details can be found in [6]. The pion production
cross section in the neutrino-proton collisions has the form

POty _ Gaxy? LM,,(WQ_'”)*WA_"T @
dtdQ?dxy; 327 Q* i,
(=3 21+ 5
where L, is the axial lepton tensor, and WA= is the

amplitude of pion production by axial current on the proton
target. In the color-dipole model this amplitude has the form

PHYSICAL REVIEW D 85, 073003 (2012)
e B qqu
W (S A Q ) g/J,I/ dﬁldﬁZ

de2r1d2r2qj}7(32, 7"2)
X A4y, Fi; By, s A)WL(B1, Fy),  (B)

where ‘I’” and W, are the distribution amplitudes of the
pion and axial current respectively; A is the four-
momentum transfer in the dipole-proton scattering, and
A4(...) is the dipole scattering amplitude.

The distribution amplitudes are essentially nonpertur-
bative objects. We parametrize them in the form derived
in [41-45]. The accuracy of these distribution amplitudes
is controlled by 1/N,.., where N, is the number of colors,
and instanton packing fraction (p/R)* ~ 0.1. The dipole
scattering amplitude A9(...) in (3) is a universal object,
which depends only on the target, but not on the projectile
and final states. In addition to the axial current contribu-
tion, in (3) the contribution of the vector current should be
also present. This contribution involves a poorly known
helicity flip dipole amplitude led, which is small [46]
anyway, and therefore we neglect it. Moreover, at small
Q? the vector current contribution is suppressed by a
factor that goes as Q7.

At high energies in the small angle approximation,
A/\/s < 1, the quark separation and fractional momenta
B are preserved, so

‘Ad(ﬁl:;l;ﬁz’ ;2;Q2,A)
~8(By — B2)8(7y _72)(€+I)Smf (7 A, B.s), “4)

where € is the ratio of the real to imaginary parts, and for
the imaginary part of the elastic dipole amplitude we
employ the model developed in [25,47—49],
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and the phenomenological functions o(s), R3(s), B(s) are
fitted to DIS, real photoproduction, and 7 p scattering data.

In the forward limit, A — 0, the imaginary part of the
amplitude (4) reduces to the saturated form [20] of the
dipole cross section,

Smfl (7, A, B,s)
= a'o(s)<1 - exp(—

o, s) =

2
— 6
R3<s>>) ©
The calculation of the differential cross section also in-

volves the real part of scattering amplitude, which accord-
ing to [50] is related to the imaginary part as

073003-2



DIFFRACTIVE NEUTRINO PRODUCTION OF PIONS ON ...
P )] Imf(A = 0)

JIns s

Ref(A = 0) = 5 tan[g(a 1+
7)

In the model under consideration the imaginary part of the
forward dipole amplitude indeed has a power dependence
on energy, Imf(A = 0;5) ~ 5%, so (7) simplifies to

ReA (77'
= tan

o e 1)) — e )

This fixes the phase of the forward scattering amplitude,
which we retain for nonzero momentum transfers, assum-
ing similar dependences for the real and imaginary parts.

III. NUCLEAR EFFECTS
A. Quark shadowing

Nuclear shadowing in hard reactions originates mainly
from the contribution of soft interactions (if any). In the
color-dipole model, the soft contribution arises from the
so-called aligned jet configurations [51], corresponding
to gq fluctuations very asymmetric in sharing the photon
momentum, 8 < 1. Such fluctuations, having large trans-
verse separation, are the source of quark shadowing [52].
They are suppressed for longitudinally polarized currents,
and do not exist if the hard scale is imposed by the heavy
quark mass rather than by virtuality Q2. This clearly shows
that quark shadowing is a higher twist effect. The leading
twist shadowing effects arise from the higher Fock com-
ponents containing gluons, |Ggg). Indeed, the gluon carries
a small fraction of the total momentum; therefore, the
mean transverse separation of the gg and gluon is large
even at high Q>. We provide more details on gluon
shadowing in the next section.

As was discussed in [6], neutrino production of pions on
nuclei is controlled by two characteristic length scales, the
coherence length for pion production,

2v

I == 2
0 + my

©))
and the coherence length related to excitation in the inter-
mediate state of axial-vector states, like the a; meson or a
p pair. The latter has an invariant mass distribution,

which peaks close to the a; mass and can be treated as
an effective a pole [4,6,53-55],

2v
Q>+ mi

4= (10)
For large virtuality Q% > m? the nuclear effects depend on
one coherence length [7 = [¢. However, for m2 < Q? <
m?2 we have I7 > %, so there are three different regimes

for the coherence effects.
(1) For /¢ < IT < R, the coherence length is small and
there is no shadowing. The cross section of coherent
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pion production (the nucleus remains intact) van-
ishes, and the incoherent cross section (the nucleus
decays to fragments) is a simple sum of the cross
sections on separate nucleons.

(i1) Inthe intermediate regime of [7 > R,, [¢ << R, the
gq dipole is produced instantaneously inside the
nucleus and then evolves into the pion wave func-
tion. For the distribution amplitude of the dipole,
we may use the distribution amplitude evaluated in
the IVM

(i) If [T > I¢ > R, the axial current fluctuates into a
gq dipole long before the production of the pion,
and this meson may scatter on the nucleons. In this
regime one can treat the dipole size as frozen by
Lorentz time dilation, what considerably simplifies
the calculations. As was discussed in detail in [6],
the Adler theorem (1) is severely broken in this
regime, even for Q% = 0, due to large absorptive
corrections.

The theoretical description of the transition region, where
the lifetime of a gg fluctuation cannot be either neglected
or considered to be sufficiently long to apply the frozen
size approximation, is the most difficult task. In this regime
a gq dipole propagates through the nuclear medium with a
varying size. In this paper we employ the description of
shadowing developed in [22] and based on the light-cone
Green function technique [56]. The propagation of a color
dipole in the nuclear medium is described as a motion in an
absorptive potential,
Ay(r,) — €

Jd
i— +
[lé)zz 2va(l — a)
= i8(zy — 2)8P (7, — 7y),

+ U, Z2>]G<Z2, 72120, 1)
(11)

where the Green function G(z,, 7,;z;, ;) describes the
probability amplitude for the propagation of a dipole state
with size ry at the light-cone starting point z; to the dipole
state with size r, at the light-cone point z,; €> = a(1 —
a)Q* + m2, and the imaginary part of the light-cone
potential describes absorption in the nuclear medium,
SmU(r, z) = =5044(r)pa(b, 2). (12)
In this paper we assume that the real part of the scattering
potential is zero. This approximation is justified for large
072, and for small Q? the real part should be added, as was
done in [57].
Then the shadowing correction to the amplitude of the
coherent pion production gets the form

A(A) = f dzdbp (b, 2)e N (Fy (b, 2) — Fy(b, 7)), (13)

where
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Fi(b,z) = [dadzrldzrzq’f(a, r)G(+00, Fy5 7, 7)o gy (r) Wil 1),

Fy(b, z) = [Z dzydad®rid?ryd®rs W p(a, r3)G(+00, 75; 2, 72) 074, (r2) Gz, Fas 2, F1)palza, b) o5y (r)Wila, 1y).

In our evaluations of G(z,, r5; z;, r;) we used a numerical
procedure discussed in detail in [58]. We would like to
emphasize that in contrast to our previous evaluation of the
pion production on a proton [6], in this paper we do not
introduce by hand the coherence lengths of the pion and
effective axial meson state. They appear effectively after
convolution with proper distribution amplitudes. In the
chosen framework these coherence lengths have effec-
tively the same values as in [6].

In addition to the coherent processes that leave the recoil
nucleus intact, a large contribution to pion production
comes from incoherent pion production, where the target
nucleus breaks up to fragments without particle produc-
tion, like in quasielastic scattering. In this case one can
employ completeness of the final states, which greatly
simplifies the calculations. The analysis of such processes
for the electroproduction of vector mesons was done in
[59]. Its extension to the neutrino production is straightfor-
ward and yields

da-VA—’lﬂA*

— 22T = | @?bdze™™ A1 p (b, 2)|F (b, ) — F,(b, 2)|*
ot = [ pdze s, N 0.2) ~ Pl 2)

(14)

Differently from the coherent case, the energy dependence
of the cross section is controlled only by the coherence
length /¢, related to the heavy axial state.

B. Gluon shadowing

As was mentioned above, the presence of higher Fock
components containing gluons leads to an additional sup-
pression caused by multiple interactions of the gluons. This
suppression is called gluon shadowing. It is controlled by a
new length scale 4, which turns out to be much shorter
than the coherence length for quarks. As a result, no gluon
shadowing is possible at Bjorken x > 1072, Notice that at
small Q% Bjorken x is not a proper variable, and one should
switch to the energy dependence. In this case the analog of
gluon shadowing is the Gribov inelastic shadowing correc-
tion [60] related to triple-Pomeron diffraction.

In terms of the parton model one can interpret gluon
shadowing as fusion of gluons originated from different
bound nucleons in the nucleus. Such a nonlinear effect
leads to a reduction of the gluon density at small x com-
pared with an additive density [60-62]. While the quark
distribution is directly measured in DIS, gluons can be
probed only via evolution, and this is why measurement
of gluon shadowing is still a challenge. The leading order
analysis [63] based on the DGLAP evolution was found to
be insensitive to gluon shadowing. Inclusion of data on

hadronic collisions made the analyses [64,65] dependent
on debatable theoretical models, and led to such a strong
gluon shadowing that the unitarity bound [66] was severely
broken. The next-to-leading order fit [67] succeeded to
constrain the gluon shadowing correction at a rather small
magnitude.

The theoretical predictions for gluon shadowing
strongly depend on the implemented model—while for
x = 1072 they all predict that the gluon shadowing is small
or absent, for x = 1072 the predictions vary in a wide
range (see the review [68] and references therein).
Evaluation of the gluon shadowing within the color-dipole
model was performed in [57,69]. In Fig. 1 the ratio of gluon
distribution functions

gA(x) QZ)

R, (v, Q%) =
¢ AgN(x’ Qz) x=0%/2myv

is plotted as function of energy v for lead (A = 208). We
see that in the energy range v < 100 GeV gluon shadow-
ing gives a small correction of the order of few percent, so
it can be safely neglected. A next-to-leading order fit to
DIS data performed in [70] resulted in a weak gluon
shadowing, shown in Fig. 1 by dotted-dashed lines. The
magnitude of the effect is similar to the results of the
dipole model. Noticed that most recent analyses, including
one in [71], extracting the gluon parton distribution

R ARALL =TT
- N ~
N
L N
L N
- \
N\
0.95 ’ -
— L '
& | |
z %r ]
j=2}
s r - QZ:I GeV? color dipole
0.85 [T 0?=4 GeV? color dipole
r == Q=1 GeV? DS'04
[~ ~ 0?=4GeV? DS'04
1ol ol 1l 1l L
1 10’ 10° 10°
v, GeV
FIG. 1. Solid and dashed lines: gluon shadowing as function of

energy. See [57,69] for details of evaluation. Dotted-dashed
lines: gluon parton distribution functions from the next-to-
leading order fit to DIS data [70].
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functions essentially rely on data for p# collisions, what
makes the results model dependent (see discussion in [72]).

IV. RESULTS AND DISCUSSION

In this section we present the results of numerical
calculations. In this paper we make predictions in the
kinematics of the ongoing MINERVA experiment at
Fermilab [1,73]. While there are other experiments with
energies even higher than for MINERVA, they have much
worse statistics [74,75].

In Fig. 2 the ratio of the cross sections on nuclei and
nucleon,

do—VA—'l’JTA/dthdQZ
A2do o/ dtdvdQ?’

RN (1, v, Q%) = (15)

is plotted as function of transferred energy v. In the same
figure we plotted with dashed lines predictions of the Adler
relation. As was discussed in Sec. III, diffractive pion
production on nuclei is characterized by three physically
distinct energy intervals, controlled by the coherence
lengths related to the masses of pion and heavy axial states.
Indeed, one can see in the left panel that the cross section
has three different regimes. The low-energy region, v <
1 GeV, is controlled by the pion coherence length, and the
cross section is suppressed if [7 is short. Notice, however,
that at these low energies the dipole description is rather
formal, because one should take into account the reso-
nances like was done in [15,16].

Intheregion 1 = v < 10 GeV the final ¢ dipole (pion)
is produced momentarily, and the absorptive corrections
suppress the cross section of neutrino production of pions
qualitatively in the same way as shadowing does in the
pion-nucleus elastic cross section. However, as will be

N

coh
RA/N

A=12, A =0
A=55, A =0

A=208, A =0
Ll il 1

1 10
v, GeV

0.1

FIG. 2 (color online).
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discussed below, due to the fact that in the color-dipole
model there is no explicit axial meson states, the cross
section is up to 30 percent less than the prediction given by
the Adler relation (1). This issue will be discussed in detail
below.

In the region » = 10 GeV all the coherence time scales
become long, so the g¢ dipole is produced long in advance
of the interaction and propagates through the whole
nucleus. In this case the absorptive corrections reach the
maximal strength and suppress the cross section consider-
ably. One can see that in the right panel of Fig. 2. The
plotted results also show that the plateau contracts when
Q? increases, in agreement with coherence lengths’ depen-
dence on Q7 given in (9) and (10).

In the Fig. 3 we compare the results for the ratio

coh o1 d*oy/dvdQ?
R, 29 A d*oy/dvdQ* (16)
plotted by solid curves vs energy v, with the expectations
based on the Adler relation shown by dashed lines. Our
results are below the Adler relation predictions at all
energies. As was explained in [6], at low energy the
amplitudes of pion production on different nucleons are
out of coherence, because the longitudinal momentum
transfer is large. At high energies, according to [6], the
lifetime of the intermediate heavy states (a; meson, p,
etc.) is long, and absorptive corrections suppress the
coherent cross section.

There is, however, a wide energy interval from few
hundreds MeV up to about 10 GeV, where the Adler
relation was predicted to be at work [6]. Now we see that
even at these energies the Adler relation is broken. To
understand why this happens notice that an effective two-
channel model used in [6] assumed dominance of two

Qi:O GeVZ,Z A, =0
_____ 0°=0.2 GeV*, A =0
04l —————- 0?=0.5 GeV?, A =0
—_————— Q’=1GeV?, A =0
............ 0’=2GeV?, A =0
0.3 |-
8%
o
0.2 |
0.1 |
/ s 3
IR A ||‘/1L|J.|' RN
1 10

v, GeV

v dependence of the ratio of the coherent forward neutrino-pion production cross sections on nuclear and

proton targets. (Left) v dependence of the ratio for different nuclei at Q> = 0. Solid curves correspond to the color-dipole model;
dashed lines show the predictions of the Adler relation. (Right) » dependence of the nuclear ratio vs Q2 for lead (A = 208).
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10 . 1 . 10 . 10
v (GeV)

FIG. 3 (color online). Comparison of the nuclear effects pre-
dicted in [6] (dashed curves) and in this paper (solid curves).

states in the dispersion relation for the axial current, the
pion, and an effective axial-vector pole a with the mass of
the order of 1 GeV. The condition of validity of the Adler
relation was shortness of the coherence length related to
the mass of the a state compared to the nuclear size,

2y
l? :m<< RA' (21)
In contrast to the simple model, the invariant mass of a ¢
dipole is not fixed, m}, = (m} + k})/a(l — a), where «
is the fractional light-cone momentum of the quark.
Correspondingly, the related coherence length 27 is

09} —0°=0 ——-0%=1GeV? - -0?=2 GeV*
08}
0.7}
0.6}
0.5

inc
RA/N

0.1 1

1 10" 102
v, GeV

FIG. 4 (color online). » dependence of the ratio of the inco-
herent forward pion neutrino production cross sections on nu-
clear and proton targets at different virtualities Q2.
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distributed over a wide mass range, and while the center
of the distribution and large masses lead to a short /¢, the
low-mass tail of this distribution results in a long /{9 >
R,. For this reason the absorption corrections suppress the
cross section, as we see in Fig. 3, even at moderate
energies.

In Fig. 4 the ratio of the incoherent nuclear-to-nucleon
cross sections

do iz /dtdvd Q*
Ado gy Jdidvd 0P

ine (1, v, Q%) = (18)

is plotted versus energy v. As was discussed in Sec. III, the
energy dependence of the incoherent cross section is con-
trolled only by the shortest coherence length /¢, related to
the heavy axial states, so there are only two regimes: [¢ =
R, and [¢ > R,. Our numerical calculations confirm such a
behavior.

Interesting that in this case of incoherent pion produc-
tion the Adler relation turns out to be severely broken at
low energy, but it is restored at high energies when /& >
R,, i.e. demonstrating a trend opposite to coherent produc-
tion. Indeed, according to the Adler relation the cross
section of incoherent pion production is proportional to
the cross section of quasielastic pion-nucleus scattering
mA — mA*, where the projectile pion must propagate
and survive through the whole nuclear thickness. The
same occurs with the gg dipole in the case of /¢4 > R,.

Comparison of Figs. 2 and 4 shows that in the forward
kinematics (A = 0) the coherent cross section is much
higher than the incoherent one. However, for the off-
forward case the coherent cross section is suppressed by
the nuclear form factor, whereas the incoherent cross sec-
tion is controlled by the proton form factor. For this reason,
for sufficiently large values of t = A? the incoherent cross
section surpasses the coherent one.

V. SUMMARY

We performed calculations for the nuclear effects in
diffractive neutrino production of pions based on the color
dipole description. The nonzero phase shifts between the
production amplitudes on different bound nucleons are
taken into account applying the path integral technique.
The results confirmed the presence of prominent structures
in the energy dependence of coherent and incoherent pro-
cesses on nuclei. Although the general pattern of nuclear
effects agrees with what was predicted in [6] within a
simple two-channel model, the new important features
are observed based on the more detailed dynamics of the
dipole description. Namely, while the effective two-
channel model predicted validity of the Adler relation in
the wide energy interval from few hundreds MeV up to
about 10 GeV [6], with the dipole approach we found a
considerable suppression of the nuclear cross section com-
pared to the result of the Adler relation within the same
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energy interval. This happens due to a contribution of light
dipoles possessing a longer coherence length compared to
the fixed mass heavy intermediate state assumed in the two-
channel model. The contribution of such light dipoles is
subject to strong absorptive corrections reducing the cross
section. At the same time, at high energies both models
predict a similar strong breakdown of the Adler relation.

PHYSICAL REVIEW D 85, 073003 (2012)
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