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IX. COHERENT AND DIFFRACTIVE SCATTERING

Coherent scattering refers to processes in which the final-state nucleus is left in its ground state,
rather than in an excited one. The simplest example is coherent elastic neutrino-nucleus scattering
(CE⌫NS), ⌫A ! ⌫A, which could be sensitive to non-standard neutrino interactions and is an
irreducible background for many direct dark matter searches. Several experiments [420–422] have
been proposed to observe for the first time and study this reaction. Lacking any direct impact on
oscillation measurements, we do not consider this process any further.

As discussed below, we focus on coherent production of mesons and photons, because they can
mimic signal events for neutrino oscillations. The same applies to di↵ractive scattering, which
has similar kinematics as the coherent one, but arise from forward scattering o↵ a nucleon, with
associated meson or photon emission.

A. Basics of Coherent and Di↵ractive Processes

In CC interactions, charged mesons can be coherently produced

⌫
l

A ! l�m+A, (9.1)

⌫̄
l

A ! l+m�A, (9.2)

with m± = ⇡±, K±, ⇢±, . . ., while in the NC case, one has

⌫
l

A ! ⌫
l

m0A, (9.3)

⌫̄
l

A ! ⌫̄
l

m0A, (9.4)

with m0 = �, ⇡0, ⇢0, . . .. The absence of tree-level flavor-changing NC suppresses production of
neutral (anti)kaons or any other strange particles below any observable rate. These processes and
the kinematic variables associates with them are shown in Fig. 20. The 4-momentum transferred by
the leptons is denoted q = k�k0 as usual, while the one transfered to the nucleus is p0�p = q�p

m

,
so that t = (p0 � p)2 = (q � p

m

)2 = �2M
A

T
A

, where M
A

is the mass of the nucleus and T
A

its
final-state kinetic energy in the laboratory frame.

Coherent reactions have smaller cross sections and are clearly more forwardly peaked than cor-
responding incoherent ones, where the final nucleus goes to any allowed excited state. Indeed,
at large absolute values of t, the cross section is significantly reduced by the nuclear form factor.
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FIG. 20. Left panel: generic diagram for coherent particle production by neutrino-nucleus scattering.
Four-momenta of the incoming neutrino (k) and nucleus (p), outgoing lepton (k0) and nucleus (p0), coher-
ently produced particle (p

m

), and the four-momentum transferred by the lepton (q) are indicated. Right
panel: diagram for coherent CC pion production highlighting t= (p0 � p)2 as the square of the 4-momentum
transferred to the nucleus.
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Figure 4.5: The 90% CL limits set for CC coherent pion production on 12C by the

K2K and SciBooNE experiments. Compared with Rein-Sehgal from NEUT and

GENIE. The width of the SciBooNE limits is the RMS of the interacting neutrinos

in the respective sample. The energy range of the K2K result is unpublished.

reported were a substantial reduction on the values expected from the Rein-

Sehgal implementations in NEUT and NUANCE.

Table 4.1 lists all experimental data on neutrino induced coherent pion

production. With measurements in multiple beamlines, on multiple targets,

and across a range of neutrino energies, the experimental evidence for the

existence of coherent pion production is clear and undeniable. But below

neutrino energies of ∼2 GeV the previously successful Rein-Sehgal model over-

predicts the NC cross-section, and there is no experimental evidence for CC

coherent production at all.

4.2. Rein-Sehgal Model

As mentioned above, the majority of data on coherent pion production, taken

at high neutrino-energies, is satisfactorily described by the model published by

Deiter Rein and Lalit Sehgal [36] and updated to account for a non-zero Önal-

state lepton mass [49].
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FIG. 21. Di↵erences in the cross section predictions of the Coh⇡ RS model within the NEUT and GENIE
simulation programs as a function of the neutrino energy (figure from Ref. [450]). The predictions are
compared to the 90% CL upper limits set for CC coherent pion production on 12C by the K2K [445–447]
and SciBooNE [448, 449] experiments.

3. Di↵ractive contribution to meson production

When small momentum is transferred to the nucleon in a neutrino-nucleon collision, the wave-
length is large enough to see the nucleon as a whole. Such a kinematic scenario, which closely
resembles coherent pion production on nuclei, is called di↵ractive or peripheral meson production.
Unlike the Coh⇡ case, the relatively small nucleon mass makes the outgoing nucleon experimentally
detectable as it has been the case in MINER⌫A (see Sec. IX F). Di↵ractive meson production is
present for all available invariant masses of the final meson-nucleon system, W

⇡N

. Actually, for
pion production at threshold W

⇡N

= m
N

+ m
⇡

, the amplitude is fully determined by chiral sym-
metry (see Sec. VII). However, for W

⇡N

< 2 GeV, the di↵ractive contribution will be masked by
the dominant resonance excitation so it is more easily identifiable at high W

⇡N

. In the q2 ! 0
limit, the nucleon version of the soft-pion theorem [Eq. (9.5)] can be used to relate di↵ractive meson
production to meson-nucleon elastic scattering [444].

D. Coherent and di↵ractive scattering in event generators

At present, neutrino event generators simulate only coherent pion production but not other
coherent and di↵ractive processes. Owing to its simplicity, generators have implemented the RS
model. Comparisons reveal, however, that the RS model has been interpreted di↵erently within the
particular neutrino event generators used by di↵erent experiments. Figure 21 shows results from the
GENIE and NEUT generators, together with upper limits from K2K [445–447] and SciBooNE [448,
449]. As a way to remove this ambiguity, the model of Berger-Sehgal [435] using pion-nucleus
elastic scattering data has been implemented in GENIE and NuWRO. However, such data are not
available for all the targets of interest, particularly argon. The nuclear target dependence of the
Coh⇡ cross section is presently not well understood. Albeit slow, a version of the microscopic model
of Ref. [440] has recently become available in GENIE.8 Such implementation has been used by T2K
to compare to their Coh⇡ data [451]. A more complete comparison of experimental results with
various theoretical descriptions of Coh⇡ is presented below in Sec. IX G.

8
For simplicity, the pion wave function is obtained in the eikonal approximation rather than by solving the Klein-
Gordon equation as in the original paper.
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FIG. 22. An example of an experimental |t| distribution from Ref. [465] showing the signal distribution
peaking near zero and the relative size of the (GENIE) predicted background.

The MINER⌫A experiment identified coherent ⇡± candidates from ⌫
µ

and ⌫
µ

beams on a scintilla-

tor (primarily CH) target by reconstructing the final state µ⌥ and ⇡±, requiring minimal additional
energy near the neutrino interaction vertex and small |t| as a signature of the coherent reaction.
As an example of the strength these criteria, the reconstructed |t| distribution presented in Fig. 22
displays a significant excess of low |t| events over the background after employing the vertex en-
ergy constrain. A further cut of |t|  0.12 (GeV/c)2 provided an enriched sample of coherent pion
production candidates.

4. Charged-Current Coherent Kaon Production

Neutrino-induced CC coherent kaon production, ⌫
µ

A ! µ�K+A, is a process yielding a µ�

with a single K+ and no other (observable) detector activity around the interaction vertex. In
comparison to coherent pion production, this process has a much lower rate due to both Cabibbo
suppression and a kinematic suppression caused by the larger kaon mass.

The MINERvA experiment isolated this rare channel [467] by using the minimal vertex energy
requirement and the kinematics of the µ� and K+ to reconstruct |t| that was required to be small.
After background subtraction, the the evidence for this signal is of 3.0 � significance.

5. Coherent Photon Production

As mentioned in Sec. IXB, this process is a background for ⌫
e

appearance experiments. It has
also been mentioned that this process can become a background for the study of ⌫

µ

e ! ⌫
µ

e. Since
⌫
µ

e scattering is being proposed to constrain the energy-dependent neutrino flux, neglecting this
background could result in a false flux constraint. The current study of ⌫

µ

e scattering in the medium
energy configuration of the MINERvA experiment is addressing this coherent reaction. Although
there has been no explicit search for coherent gamma production in recent experiments, it is worth
noting that the high energy, hE

⌫

i ⇡ 25 GeV, NOMAD experiment found no significant single-�
signal in the forward direction, setting an upper limit of

�(NC�, forward)

�(⌫
µ

A ! µ�X)
< 1.6 ⇥ 10�4 (9.7)

at 90% confidence level [468].
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FIG. 23. Coh⇡+ MINERvA data [465] confronted with di↵erent theoretical models (also in Ref. [471]).
Left: microscopic model of Ref. [440]. Right: implementations of Rein-Sehgal [433] and Berger-Sehgal [435]
models. For the Rein-Sehgal model, input as in GENIE [472] and from SAID [473] have been used.

of Ref. [465]. A good description is found at low pion energies, where the model is applicable, while
the high energy tail is missed. Coh⇡ is dominated by low q2. In this limit the predicted cross section
strongly depends on the value of the leading N� axial coupling, denoted CA

5

(0). The results in
Fig. 23 (left) are obtained using CA

5

(0) = 1.2, which is consistent with pion-nucleon scattering via
the o↵-diagonal Goldberger-Treiman relation; see, for instance, Sec. 2.1 of Ref. [471].

Other comparisons have been performed by the T2K collaboration in Ref. [451]. Using the
GENIE 2.6.4 implementations of the RS model and the one of Alvarez-Ruso et al. [440] for selection
e�ciency and to extrapolate to the full phase space, T2K finds a Coh⇡+ flux averaged cross section
of 3.9±1.0(stat)+1.5

�1.4

(sys)⇥10�40 cm2 and 3.3±0.8(stat)+1.3

�1.2

(sys)⇥10�40 cm2, respectively. These

results should be compared to the predictions of 6.4 ⇥ 10�40 cm2 and 5.3 ⇥ 10�40 cm2 by the
correspondent model implementations [451]. In addition it is worth stressing that the standard
untuned NEUT predicts a much larger value of 15.3 ⇥ 10�40 cm2 [451].

Although coherent and di↵ractive meson production have been addressed by several recent exper-
iments, there are still several outstanding open experimental questions that need to be addressed
by the community. The most inclusive recent experimental investigation of this topic has been per-
formed by MINERvA in the so-called “low-energy” configuration of the NuMI beam. MINERvA
is addressing these channels again in the current “medium-energy” NuMI configuration that will
allow a study with significantly increased statistics over a wider range of neutrino energies. Most
importantly, this new configuration will also provide su�cient statistics to study the variety of
MINERvA nuclear targets (C, CH, Fe and Pb) and provide a measurement of the A-dependence of
CC Coh⇡. Such data will permit tests of the di↵erent theoretical predictions available in the liter-
ature for the A dependence. To reliably predict a possible background to upcoming LAr oscillation
experiments, we need an experimental measurement of the A dependence of these processes in order
to extrapolate to 40Ar. Finally, it is always preferable to have a second experimental method to
check the available results. However, there is currently no second experiment to check MINERvA
measurements over a comparable neutrino energy range.

From the theoretical perspective, microscopic models, which can and should be validated with
other coherent reactions, need to be extended to higher energies to cover the kinematic range
probed by MINERvA. Although the microscopic model of Ref. [440] is available in GENIE, more
e�cient implementations of this and other microscopic models are needed. Regarding PCAC pion
production models, in spite of the limitations spelled out in Sec. IXC 1, their simplicity makes them
valuable. Indeed, in the case of meson production, it is important to understand if the accuracy
goals justify the need for models better than the simple and fast PCAC based ones. The presence
of multiple and inconsistent implementations of a given model is however harmful and should be
avoided: pion-nucleus elastic scattering data might be used for validation purposes. From this
perspective, the more phenomenological approach of Refs. [435, 436] that rely on pion-nucleus
scattering data may be preferable but it should be understood how to reliably estimate its errors
and extrapolate results to di↵erent nuclear targets.
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