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Rare kaon decays are excellent probes of light, new weakly coupled particles. If such particles X couple
preferentially to muons, they can be produced in K — uvX decays. We evaluate the future sensitivity for
this process at NA62 assuming X decays either invisibly or to dimuons. Our main physics target is the
parameter space that resolves the (g —2), anomaly, where X is a gauged L, — L, vector or a muonphilic

scalar. The same parameter space can also accommodate dark matter freeze-out or reduce the tension
between cosmological and local measurements of H|, if the new force decays to dark matter or neutrinos,
respectively. We show that for invisible X decays, a dedicated single muon trigger analysis at NA62 could
probe much of the remaining (g — 2), favored parameter space. Alternatively, if X decays to muons, NA62

can perform a dimuon resonance search in K — 3uv events and greatly improve existing coverage for this
process. Independently of its sensitivity to new particles, we find that NA62 is also sensitive to the standard
model predicted rate for K — 3uv, which has never been measured.

DOI: 10.1103/PhysRevLett.124.041802

Introduction.—Light weakly coupled forces arise in
many compelling extensions of the standard model (SM)
and are the focus of a broad experimental effort [1-3]. If the
corresponding force carriers (we refer to force carriers as
“forces” throughout) couple preferentially to muons, they
offer the last viable opportunity to resolve the long-stand-
ing ~3.5¢ anomaly in (g—2), [4-6] with new physics
below the electroweak scale as proposed in Ref. [7]. (Light
new particles with appreciable couplings to the first
generation have been excluded in simple models, including
both visibly and invisibly decaying dark photons; see
Refs. [3,8]). Thus, there is strong motivation to improve
experimental sensitivity to these interactions.

Furthermore, there is abundant evidence for the existence
of dark matter (DM), whose microscopic properties remain
elusive [9]. One possible explanation for these null results
is that DM couples more strongly to the second and third
generation. Indeed, there are several consistent, viable, and
predictive dark forces which mediate DM freeze-out to
higher generation particles [10,11]. Since muonic
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forces do not couple directly to first generation particles,
these DM candidates are difficult to probe with direct
detection experiments, but can be efficiently produced at
accelerators.

It is known that muonic forces lead to new rare kaon
decays [12—-14]. However, there are several timely reasons
to revisit this subject.

(1) The NA62 experiment [15] is currently producing
unprecedented numbers of kaons, and is poised to
considerably improve sensitivity to muonic forces.

(2) The g—2 Collaboration [16] and the J-PARC
g — 2 experiment [17] will soon decisively test the
(9 —2), anomaly. If this discrepancy is due to new
physics, the particles responsible necessarily predict
SM deviations in other, complementary muonic
systems.

(3) Recently there has been great interest in new
proposals for dedicated experiments to probe
muonic forces [11,18-21]. To assess the merits of
these ideas, it is essential to know what existing
experiments can achieve.

In this Letter we show that existing kaon factories can
probe K — puvX decays, where X is a new particle that
couples preferentially to muons. Our main focus is the new
physics opportunities of the NA62 experiment at CERN
[22], which will produce 10'3 K+.
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If X decays invisibly, we find that, with a dedicated
single muon trigger, NA62 could have unprecedented
sensitivity to K — uvX(X — invisible) processes. Such a
search could probe nearly all the remaining parameter
space in which muonic forces reconcile the (g-—2),
anomaly. If the invisible particles are DM, this also enables
X-mediated thermal freeze-out [11]; if, instead, these
particles are neutrinos, this same parameter space can ease
the ~3.5¢ tension in Hubble constant measurements [23].

If X decays to muons, we find that an NA62 dimuon
resonance search in K — uvX (X — p*pu~) processes could
greatly improve the coverage for both scalar and vector
forces, thereby covering nearly all of the (g —2), favored
region for myg —m, > my > 2m,. The irreducible back-
ground for this search arises from K — 3uv decays which
have never been observed before; intriguingly, we find that
NAG62 can also measure this process in existing data.

Vector  forces.—Gauged L,—L,;: A vector V
gauging a spontaneously broken L, — L, symmetry is a
minimal candidate to explain the (g —2), anomaly. The
Lagrangian contains

2
Lo % V,VE 4V, (gy ¥ + eedlyy), (1)

where gy is the gauge coupling, my is the mass, and J%, is
the L, — L, current [24]. Loops of taus and muons induce
kinetic mixing with the photon €~ gy,/67, which also
couples V to the electromagnetic (EM) current Ji,, in
Eq. (1). The widths for V — ff are
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where f = u, 7 and ay = g} /4x, and the width to neutrino
flavor vy is 'y, 5, = aymy /6. Decays through the EM

current are suppressed by additional factors of e’a/ay, so
we neglect these here. In all of the parameter space we
consider here, V decays promptly within the 65 m decay
region of NAG2.

Although we require my 2 1 MeV to avoid tension with
cosmology [25], for my~ few MeV, V — vi decays after
neutrino decoupling increase the effective number of
neutrino species by ANy ~ 0.2-0.5, which can ameliorate
the tension in Hubble rate measurements [23]; lighter
masses are disfavored [26,27].

As shown in Fig. 1 (left), the NA62 K — uvX reach with
X decaying invisibly could cover a large portion of the
parameter space, far beyond the reach of present experi-
ments. Conversely, the K — uvX search with X — up is
competitive with BABAR. The detailed study and the
experimental challenges of the invisible and dimuon
analyses are described in the two parts of the section on
rare kaon decays at NA62, respectively.

Adding L, — L, charged dark matter: If DM couples to
V.,V — DM decays can significantly change the V branch-
ing fraction above the dimuon threshold; below this
boundary, V always decays invisibly (either to neutrinos
or DM). Here we add a DM candidate y(my > 2m,)

Vector Model : L, — L. Gauge Boson + Dark Matter

107

CHARM-II

1077

Qy

10774

my [MeV]

Left: Parameter space for an L, — L, SM extension from the vector forces section. The light green band is the 26 region

accommodating the (g — 2) . anomaly, while the green vertical region increases AN = 0.2-0.5, ameliorating the H, tension [23]. We
show projections for an NA62 search for K* — x*v,V followed by a prompt invisible V — v decay (red curve) or a prompt visible
V — utu~ decay (blue curve). Both sensitivities assume the full NA62 luminosity to be recorded by the single muon and dimuon
trigger, respectively, and systematic errors comparable to the statistical uncertainty (see the section on rare kaon decays at NA62 and the
Supplemental Material [28] which contains Refs. [12,18,29-34] for details). We also show bounds from BABAR 4y, [35], (g —2) s and
CHARM-II v [36,37]; the dashed curve is the CCFR bound [38]. The dashed Borexino bound [19,39,40] assumes the mixing from SM
loops. Right: Same as left, only the V decays to dark matter y, with BR(V — yy) ~ 1; the purple bands yield the observed DM

abundance via freeze-out.
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charged under L, — L, and extend Eq. (1) to include a
coupling to the dark current £ D g, Vﬂlﬁ. We now have

ix* O +H.c. complex scalar
Jy =9 Yar'r’x Majorana (3)
r'y Dirac,

where g, = gyq, is the DM-V coupling and g, is the DM
L, — L, charger; we assume y, 7 and v,, . carry unit charge.
For m, < my, freeze-out proceeds via s-channel annihila-
tion to SM particles for each model in Eq. (3) [11,41].
Figure 1 shows DM production targets alongside various
constraints.
Scalar forces.—The minimal Lagrangian for a Yukawa
muonic force is
2
"y

1
£=; (0,)> — 7472 — yybip. (4)

where ¢ is a real scalar particle. The interaction in Eq. (4)
can arise, for instance, by integrating out a heavy, vector-
like lepton singlets whose mass mixes with the right-
handed muon as discussed in the Supplemental Material
[28]. In the absence of additional interactions, for
mgy > 2m,, the dominant decay is ¢ — u*u~, with partial
width

_ Gy
Cpopi = 1

Am2\ 3/2
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where a, = yé /4x. For my < 2m,,, the dominant channel
is ¢ — yy through a muon loop with width

2

. (6)

2 3
_ Oem%py

2 .
Tyoyy = A | [x + (x — 1)arcsin?+/x]

where x = mj/4mj and the lab frame decay length is

3% 1070 /50 MeV\*/ E,
Z ~ 60 7
(SR (o

where the m(f scaling accounts for the boost factor. In this

minimal “visibly decaying” scenario, most of our favored
parameter space is below the dimuon threshold, so the
diphoton channel dominates and, for the maximum ¢
energy ~75 GeV, nearly all decays occur outside the
NAG62 detector to mimic a missing energy signature.
However, a dedicated study is required to identify the
distance beyond which these decays are invisible given
NAG62 kinematics and acceptance; we also note that it may
be possible to perform a ¢ — yy resonance search if this
occurs inside the decay region.

Alternatively, ¢ may decay predominantly to undetected
particles (e.g., DM) in the “invisibly decaying” scenario.
In both cases, the scalar is produced via K — uvg
processes whose width is computed in the Supplemental
Material [28].

Figure 2 shows the NA62 projections for visible (left)
and invisible (right) decays assuming 100% branching ratio
in both channels. The main difference relative to the vector
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FIG. 2. Parameter space and NA62 projection for a muonphilic scalar particle ¢ described in the scalar forces section. Here we define
ap = yé /4x, where y, is the Yukawa coupling to muons from Eq. (4) and the light green band accommodates the (g — 2) ,, anomaly.
Left: Projections for an NA62 search for K™ — yu*v,¢, where ¢ decays visibly into ¢ — u*u~ or yy where kinematically allowed. On
the left of the dashed gray line the lifetime of the muonphilic scalar is long enough to give an invisible signal at NA62. Also shown are
E137 constraints from Ref. [42]. Right: Same as the left, but ¢ decays invisibly. Both assume the full NA62 luminosity and the searches
to be statistics dominated (see the section on rare kaon decays at NA62 and Supplemental Material [28] for details).

041802-3



PHYSICAL REVIEW LETTERS 124, 041802 (2020)

case is that the K — 3uv search improves considerably
beyond the BABAR 4u bounds; here the ete™ — utu~¢
cross section is much smaller than V production. We also
show the E137 bound for visible decays from Ref. [42] (see
also Ref. [43]). There are additional constraints from
supernovae [42,44] not included in the figure due to their
large astrophysical uncertainties and significant model
dependence in the invisible decaying scenario.

Rare kaon decays at NA62.—The electroweak coupling
governing SM K — uv decays is

C ) (2GFfKVuS)8aK_l_/”]/aPLﬂ + H.C., (8)

where G is the Fermi constant, V,, = 0.223 is the us
Cabibbo Kobayashi Maskawa (CKM) element, and fx =
160 MeV is the kaon decay constant. We are interested in
three-body corrections to this process: K* — u*v,X,
where X =V or ¢ is emitted from a final state 4 and/or
v, line. The differential decay distribution is

dr(K* = ptuX)

dm? 2567: / 2 MPdmy ()

miss

where m,y is the uX invariant mass and

mmms:(PX_FPl/ﬂ) _< K_PM)Z' (10)
The matrix element | M |? for both scenarios is calculated in
the Supplemental Material [28]. Below we describe two
different search strategies depending on whether X decays
invisibly or to muons.

Invisible analysis:If X is produced in K* — u*v,X
events and decays invisibly, the mfniss distribution in
K — p+ invisible decays differs from the SM prediction
(see Supplemental Material [28]). The sensitivity of an

m?2. . search in single muon events is computed using the
log-likelihood ratio

S N _Li(S)
721: 210gLi(S:O>, (11)

where L;, the likelihood in each bin i, is constructed from a
Poisson distribution [45], and S = Ng+ABR(K"T —
utvX) is the signal yield with acceptance A ~ 0.35. We
require A(S) < 4 to define the 20 sensitivity.

Our background sample is extracted from public NA62
data from the 2015 run in which 2.4 x 107 events passing
the single muon trigger were recorded [31]. These data
yield Ng+ ~10® kaons after dividing out the detector
acceptance and SM branching ratio BR(K" — u*v,) =
0.63; all events in this sample are binned in missing mass
intervals of 4 x 1073 GeV?.

One of the main backgrounds for this search is
K — uv(y), in which a radiated y is not detected and

contributes to the missing energy. This process peaks at

m?. . = 0 and its contribution to the large missing mass tail

miss
depends on NA62’s photon rejection efficiency. Because of
this large background, including missing mass bins
below m2. =23 x 1072 GeV? does not change the
log-likelihood ratio defined in Eq. (11).

In the 2015 data sample, other backgrounds are present
at large m2, . and exceed the K — uv(y) tail for

m?.. > 0.1 GeV2. These events are largely due to the
muon halo and we expect their contribution to be sub-
stantially reduced in the 2017 dataset where NA62 utilizes a
silicon pixel detector (GTK) to measure the timing and
momentum of upstream kaons [22]. To approximately
account for this existing improvement we rescale the
background yield above m?2. > 2.3 x 1072 GeV? by an
additional factor of 2 to estimate our sensitivity. For more
details regarding our analysis and the challenges of
maximizing signal sensitivity, see Supplemental Material
[28], where we show how our results vary under different
assumptions regarding systematic errors.

Dimuon analysis:If X is produced in K" — u"v,X
events and decays visibly to dimuons, NA62 can improve
upon previous experiments in the K* — 2u" v channel.
The SM prediction is BR(K™ — 2utuv)g = 1.3 x 1078
[46] and currently has not been observed; the best limit
comes from E787 BR(K™ = 2u" p~v) s < 4.1 x 1077 in
1989 [47]. With current luminosity (~10"' K+ [30]), NA62
should already have recorded at least 100 such events
passing the dimuon trigger. Here we propose a dimuon
resonance search in K — y*vX(u"p~) events with oppo-
site sign dimuon pairs.

Since these data have not been released yet by NA62, we
estimate the sensitivity of the search from our MC
simulation. We implement the effective weak interaction
of Eq. (8), the electromagnetic interactions of K+ decays,
and the new physics couplings from Egs. (1) and (4) in
MadGraph 5 v2 LO [48,49]. We neglect a subdominant
contribution from a contact interaction of K*u"vy. Both
the background and the signal in 2u*u~v final state are
simulated. In Figs. 1 (left) and 2 (left) we present the results
of this analysis in blue curves labeled NA62 K — 3uF.
Systematic uncertainties on the background will affect less
the result compared to the invisible channel because
a data-driven background estimate would be possible.
For more details about our projection, see supplementary
material [28].

Conclusion.—In this Letter we have shown that rare
kaon decay searches at NA62 can probe most of the
remaining parameter space for which muonic-philic par-
ticles resolve the ~3.56(g — 2),, anomaly; these are the only
viable explanations involving particles below the weak
scale. The same parameter space can also accommodate
thermal DM production or reduce the H, tension if the new
particle decays to DM or neutrinos, respectively.
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If this new particle decays invisibly, achieving this
sensitivity requires a dedicated single muon trigger to
record all K* — u* +invisible events with m2, >
0.05 GeV? during run 3. The ultimate reach in this channel
depends crucially on the systematic uncertainties on events
with these kinematics; a dedicated experimental study is
needed to assess the feasibility of this requirement.

We note that if the (g — 2),, anomaly is confirmed, NA62
can play a key role in deciphering the new physics
responsible for the discrepancy. However, even if future
measurements are consistent with the SM, the searches we
propose can still constrain models for which muonic forces
mediate dark matter freeze-out. Such measurements can
also inform future decisions about proposed dedicated
experiments including NA64u [21], M3 [11], BDX
[50,51], and LDMX [52,53].
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