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Neutrino-induced charged-current coherent kaon production, v, A — pu~ K T A, is a rare, inelastic
electroweak process that brings a KT on shell and leaves the target nucleus intact in its ground
state. This process is significantly lower in rate than neutrino-induced charged-current coherent
pion production, because of Cabibbo suppression and a kinematic suppression due to the larger
kaon mass. We search for such events in the scintillator tracker of MINERvA by observing the
final state K+, u~ and no other detector activity, and by using the kinematics of the final state
particles to reconstruct the small momentum transfer to the nucleus, which is a model-independent
characteristic of coherent scattering. We find the first experimental evidence for the process at 3o

significance.

PACS numbers: 13.15.4g,25.30.Pt

Charged mesons may be produced in inelastic, coher-
ent charged-current reactions of neutrinos. This reaction
is believed to occur when an off-shell W boson fluctu-
ates to a meson. The meson is brought on the mass shell
by exchange of a particle carrying no quantum numbers
with the target nucleus, as illustrated in Fig.[I] Charged
pion production through this mechanism has been ob-
served and measured with O(10)% precision on nuclei
ranging from carbon to argon and across a range of neu-

trino (and antineutrino) energies from a few GeV to tens
of GeV [IH8]. If the mechanism described above is the
source of these events, then there should be an analo-
gous, Cabibbo-suppressed process in which a K+ meson
is produced. In this Letter, we report the first experi-
mental evidence of this process.

The exchange with the nucleus must leave the nucleus
in its ground state for the process to be coherent. This
requires that the four momentum transfer to the nucleus,



ApN = paf — pas, satisfy the relation |t| = ‘(ApN)2| <
h?/R?, where R is the radius of the nucleus. Adler’s
theorem [9] relates the coherent meson production cross
section at Q%2 = —¢®> = 0 to the meson-nucleus elastic
cross section [I0HIZ]. In the limit of muon and meson
masses m,, my < E,, where I, is the neutrino energy,
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where E) is the final state meson energy, y = Ey/E,,
and fys is the meson decay constant. The meson-nucleus
elastic cross section and its exponential decrease with in-
creasing |t| are parameterized from meson-nucleus scat-
tering data [TIHI7]. Models must be used to extrapo-
late away from Q2 = 0. The model most commonly
used in neutrino event generators [I4HI7] is that of Rein
and Sehgal [I2], which assumes no vector current and
extrapolates the axial-vector current using a multiplica-
tive dipole form factor Fj, ,,.(Q%) = 1/(1 + Q*/m?)?
to modify Eq. Other authors have proposed alter-
nate extrapolations away from Q2 = 0 [13, [18-20]. At
low energies, modifications to Eq. [ due to finite masses
become important, restricting the allowed kinematics to

Q%> m2 L and |¢t| > (Q2+mﬁ4)2 [21, 22]. This restric-
= 1y =\ 2yE, sl

tion on |t| removes more phase space for kaon production
than it does for pion production due to the larger meson
mass, mys. An alternate approach is to start with the
Cabibbo-suppressed single kaon production cross section
on nucleons [23] at low neutrino energies and calculate a
coherent sum [24].

Standard neutrino interaction generators [I4HI7] have
no model for coherent K+ production. Even in PCAC
models, the dearth of data on low energy K*-nucleus
elastic scattering at the relevant kaon energies [25] 20]
precludes a precise calculation. However, the rate in the
signal model does not affect the result, and in fact the
model is only needed to determine energy deposited near
the interaction point and the distribution of |¢|, and both
of those quantities are most affected by well-modeled
detector resolutions. Therefore, we generate coherent
pion production with GENIE 2.8.4 [14] and recalculate
hadronic kinematics while holding the lepton kinemat-
ics and magnitude of the four-momentum transfer to
the nucleus fixed. The larger kaon mass means there
is only a physical solution for 26% of pion events for
MINERvA’s neutrino flux. The rate is also reduced by
a factor of (fx/fr)? tan2 o = 0.077 £ 0.001 [27], where
Oc is the Cabibbo angle. The ratio of the KT to «+
elastic scattering cross sections on carbon is calculated
to be ~ 0.7 [28], consistent with measurements at higher
meson energies [25]. We therefore expect our flux- av-
eraged cross section for coherent K+ production to be
~ 4 x 10*' ¢cm? per carbon nucleus.

FIG. 1: Feynman diagram for coherent charged kaon produc-
tion. The square of the momentum transfer to the nucleus is
|Apn|? = |g — pr|* = It].

The signal reaction produces events with a forward
Kt and p~ and no additional energy near the vertex.
Processes that produce the same final state, but often
with additional low energy particles at the interaction
vertex and with large [t|, are simulated using the GE-
NIE 2.8.4 neutrino event generator [I4]. Inelastic re-
actions for W < 1.7 GeV are simulated with a tuned
model of discrete baryon resonance production [29]. The
transition to deep inelastic scattering is simulated us-
ing the Bodek-Yang model [30]. Hadronization at higher
energies is simulated with the AGKY model [31] based
on the gradual transition from KNO scaling [32] to the
LUND string model of PYTHIA [33] with increasing fi-
nal state hadronic invariant mass, W. In GENIE, param-
eters that control the rate of strange particle produc-
tion in hadronization are tuned such that rates of A and
K (S) production on deuterium and neon agree with bubble
chamber measurements [34H39]. Final state interactions,
in which hadrons interact within the target nucleus, are
modeled using the INTRANUKE package [14]. GENIE
does not simulate FSI processes where K are produced
in 7t interactions, for example 7*n — KTA. However,
7w+ strong interactions can only produce pairs of strage
particles, and A or X baryons will cause events to be
rejected.

Cabibbo-suppressed AS = 1 reactions are an im-
portant background not modeled in GENIE 2.8.4. In
particular, single K+ production off a bound neutron,
vun — p~ K*n, has the same apparent signature as the
coherent reaction if the neutron does not interact near
the vertex and if the reaction happens to reconstruct to
low |¢|. To include the AS = 1 background, we simulate
the single kaon process using GENIE 2.10.0 [40] based on
the model described in Ref. [23]. To preserve the total
K™ production cross section, AS = 0 events are removed
using a parameterization of the AS =1 to AS = 0 cross
section ratio as a function of W 1.

This measurement uses data taken by MINERVA in
the NuMI beamline [41] at Fermilab. The data used in

oas=1(W) —0.016 + 0.28

1 An emperical fit gives Eyvm el W09



this analysis were taken between March 2010 and April
2012 and correspond to 3.33 x 10%° protons on target,
in a v,-enriched beam with a peak neutrino energy of
3.5 GeV. A Geantd-based model is used to simulate the
neutrino beam. This model is constrained to reproduce
thin-target hadron production measurements on carbon
by the NA49 [42] and MIPP [43] experiments. The 8.5%
uncertainty on the prediction of the neutrino flux is set
by the precision in these measurements, and the uncer-
tainties in the beamline focusing system [44].

The MINERvVA detector is described in Ref. [45]. For
this result, the interaction vertex is constrained to be
within a 5.57 metric ton volume of plastic scintillator,
consisting of 95% CH and 5% other materials by mass.
The MINOS near detector is a magnetized iron spectrom-
eter [46] located 2 m downstream of MINERvA and is
used to reconstruct the momentum and charge of p™.

We consider events with exactly two charged particle
tracks originating from the neutrino interaction point:
one p~ and one KT candidate. The u~ candidate must
exit the back of MINERvA and match to a negatively-
charged track entering the front of MINOS. Timing infor-
mation is used to identify delayed decay products near
the endpoint of the K+ candidate, consistent with the
12.4 ns Kt lifetime. The K identification algorithm is
described in detail in Ref. [47].

Events with evidence of nuclear break-up are rejected
by considering energy deposited in a region around the
interaction point. This “vertex region” extends 10 cm
in each direction along the detector axis (3.5° above the
beam direction), and 20 c¢m in the transverse direction.
In signal reactions, energy in this region is due to the
muon and kaon only. Additional charged hadrons deposit
more energy near the vertex. Events are selected when
the energy in the vertex region, F,,, is between 20 and
60 MeV, as shown in Fig. For the two-track sample,
75% of coherent events are retained by the vertex en-
ergy cut and 85% of two-track backgrounds are rejected.
The prediction from simulation exceeds the data at very
low vertex energy, consistent with previous MINERvA
results [7, [48] [49], which require additional events with
multiple nucleons beyond the GENIE prediction.

The kaon energy is measured calorimetrically by sum-
ming all energy in MINERvVA not associated with the
muon track. For coherent events, there are no other fi-
nal state particles and this energy is due to the K and
the products of its interactions in the detector. A calori-
metric factor of 1.2 is applied so that the kaon energy
residual in the signal simulation is peaked at zero. The
reconstructed neutrino energy, E,, is the sum of the re-
constructed muon and kaon energies, E,, + Ex. The KT
and p~ four-vectors are used to calculate the squared
four-momentum transferred to the nucleus:
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FIG. 2: (a) The distribution of vertex energy before sideband
tuning. The signal simulation is enhanced by a factor of 5.
(b) The distribution of |¢| after selection on vertex energy and
tuning of the background components, but before the removal
of events with prompt 7°s. In both figures, data points have
statistical uncertainties only.

t| = —Q? —2(E% — E,px cos Ok + pupx cos 0, +m%),

(2)
where Q2 is the magnitude of the four-momentum trans-
fer to the hadronic system, E,, (Eg) is the muon (kaon)
energy, p, (px) is the magnitude of the muon (kaon)
three-momentum, 0k is the kaon angle with respect to
the neutrino beam, 6,k is the angle between the outgoing
kaon and muon, and my is the kaon mass.

The |¢| distributions for data and simulation are shown
in Fig.[d The signal simulation is normalized to the best-
fit extracted from data. For simulated coherent events,
77% have reconstructed [t| < 0.1 GeV? and 94% have
reconstructed [¢t| < 0.2 GeV?. In simulated signal events
where the kaon energy is underestimated, |t| is overesti-
mated. Typically this is due to a KT inelastic interaction
in the detector. The shape in |¢| for background events is
due to available phase space; according to the simulation
83% of background events have [t| > 0.2 GeVZ.

The background prediction is constrained by a side-
band of events with reconstructed [t| between 0.2 and
1.8 GeV?. In the simulation, 99.5% of the events in this
region are backgrounds. Prior to the background tuning,
the simulation overpredicts the background rate, with
23.45 simulated events compared to 13 observed in data.
The simulated background is scaled by a factor of 0.55
at all |¢|. The kaon energy distributions in simulated
background events in the sideband and signal regions are
consistent.

Events that satisfy 20 < E,;, < 60 MeV typically have
exactly two charged particles emerging from the neutrino
interaction point, one u~ and one KT. Background
events that pass this cut may also have neutral parti-
cles that are not observed inside the vertex region. The
largest single background is v,n — p~ Kt A followed by
A = nn%. Low vertex energy events are visually scanned



Low Euiq |t] < 1.8 |t| < 0.2 No 7° (scan)
Best-fit signal 4.05 3.80 3.77
AS =0 8.88 £ 2.58 2.16 £0.65 0.58 +0.20
AS =1 incoherent 3.34 £0.97 0.87 £0.26 0.69 £0.21
K71 in detector 2.90 £ 0.84 0.78 £0.23 0.36 £0.12
No KT 1.89 £ 0.55 0.30 £0.09 0.14 £+ 0.05
Total sim. bkg. 17.01 £4.94 4.114+£1.20 1.77+£0.53
Data 21 8 6

TABLE I: Counts for events with one = and one K1 can-
didate after each step in the coherent selection. The 20 <
FEyiz < 60 MeV cut is applied for all categories. These num-
bers include the scale factor of 0.55 + 0.15 derived from the
high-|t| sideband. The signal is scaled to the best-fit of the
unbinned likelihood fit described in the text. Backgrounds
due to “K7 in detector” arise when 7 or K° interact and
produce K.
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FIG. 3: (a) An event candidate in the data that is not rejected
in the scan as having a 7° candidate, compared to (b) an
event that is rejected. The rejected event clearly has a photon
candidate, the widest angle track in the displayed view that
is detatched from the neutrino interaction point and points
back to the 4~ KT vertex and not to a point of an inelastic
interaction along the K™ track. In this event display of hits
in the vertically oriented scintillator strips of the detector, the
neutrino beam enters from the left, and the tracks that exit
out the right of the detector are ™.
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to remove events with an electromagnetic shower which
clearly points back to the neutrino interaction point. The
shower is due to the pair conversion of a photon from the
decay 7 — ~v. Examples of low vertex energy events
with and without showers are shown in Fig. Events
are rejected only if the direction of the shower can be
determined in order to avoid removing events where the
K7 interacts inside the detector and produces a 7% or

photon.

Scanning samples contained a mixture of simulated sig-
nal and background, and data events such that the scan-
ner had no knowledge of whether any given event was
from data or simulation. After scanning, 99% of signal
events are accepted. The small inefficiency is due to 7°
produced by KT interactions very near the neutrino in-
teraction point. Only 27% of AS = 0 background events
are accepted, along with 80% of AS = 1 and 46% of other
backgrounds. At low vertex energy, AS = 1 events are
dominated by v,n — p~ K*n. These events are rejected
when the products of a neutron interaction in the detec-
tor point back to the neutrino interaction point. More
often, the neutron interaction produces a low-energy pro-
ton for which a direction cannot be determined, and the
event is accepted. The scan acceptance is consistent with
no |t| dependence. Two independent scanners agreed on
signal efficiency, but differed on AS = 0 background ef-
ficiencies. However, the differences applied to both data
and simulation, and in the end, the two scan results give
the same sensitivity to a coherent K signal.

A summary of selection cuts is given in Table [ The
28% statistical uncertainty on the data in the sideband
region and the 8.5% uncertainty on the integrated flux
prediction [50] are fully correlated between the event cat-
egories. An uncertainty on the shape of the |¢| distribu-
tion is evaluated separately for each category by varying
parameters in GENIE by their uncertainties [14] and com-
puting the ratio of the prediction in the sideband and
signal regions. The statistical uncertainty on the scan
acceptance probability is 15% for AS = 0 backgrounds,
6% for AS = 1 incoherent, and 17% for the other cate-
gories.

Diffractive production of KT from the free protons,
vyp — p~ K'tp, would also produce KT at low |t].
These events have a recoiling proton with kinetic en-
ergy T, > mf;/(8E%m,), which will most likely leave
sufficient energy to fail the vertex energy cut. Thus the
events are more likely coherent scattering from carbon.

We perform an unbinned maximum likelihood fit [51]
to the signal candidates with [t| < 0.2 GeV?2. The back-
ground normalization is fixed within uncertainties by the
high-|t| sideband constraint. The only free parameter
in the fit is the expected number of signal events for
t| < 0.2 GeVZ. Figure 4| shows the distribution of |¢| for
these candidate events. The integrated number of sig-
nal events with |t| < 0.2 GeV? from this fit is 3.777%53
events, where the uncertainty is the change to the num-
ber of signal events required to increase the quantity of
twice the log-likelihood by one unit. The log-likelihood
ratio is shown as a function of the number of coherent
events in Fig. @ We compare the ratio of likelihoods of
the null hypothesis of zero signal events to the best fit
of 3.77, and find a p-value of 0.28% including system-
atic uncertainties, equivalent to a 3.0 standard deviation
exclusion of the null hypothesis of no coherent kaon pro-
duction. The integrated number of predicted background
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[t| < 0.2 GeV? compared to expected distributions for the
signal and background. The normalization of the background
is fixed by tuning to the high-|t| sideband, while the normal-
ization of the signal is the output of the fit. The data follow
the sum of the signal and background. (Right) Twice the log
of the ratio of the likelihood at best fit, Lpest, to the likeli-
hood, L, as a function of the estimated number of coherent
events. This quantity is determined by summing over the six
data events and does not include systematic uncertainties.
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FIG. 5: The reconstructed kaon kinetic energy distribution
for all accepted events in the |t| < 0.2 GeV? signal region.
Event numbers correspond to the same events in Fig. El The
vertical scale on the right side corresponds to the blue curve,
which represents the reconstruction efficiency as a function of
true kaon kinetic energy.

events with [t| < 0.2 GeV? is 1.77 & 0.53. Even without
considering the shape, the observation of six events in
data disfavors the null hypothesis.

The number of observed events predicted on the (1.52+
0.03) x 10%® carbon nuclei in the fiducial volume of the
detector can be compared with a model prediction of the
cross section using information about the neutrino flux
and the acceptance for coherent K+ events, where the
latter is almost completely determined by the energy of
the final state kaon. The KT kinetic energy distribution

of selected events with reconstructed |t| < 0.2 GeV? is
shown in Fig. 5] The distribution of the six data events
is harder than what would be expected for background
events. This information is not used in the extraction of
the p-value of 0.28% for the background-only hypothe-
sis. A total cross section cannot be derived from these
data because the total acceptance depends strongly on
the true kaon energy distribution, which may not be cor-
rect in our signal model.

In conclusion, evidence for coherent neutrino produc-
tion of K+ on carbon nuclei has been observed for the
first time at 3.00 significance by selecting events with
a pu~ KT final state, low momentum transfer to the nu-
cleus, and no evidence of nuclear breakup. This evidence
is consistent with the Cabibbo-suppressed analog of co-
herent pion production, arising from an off-shell W boson
converting in the vacuum to a pseudoscalar meson, and
very inconsistent with any other mechanism that does
not have a Cabibbo-suppressed analog.
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