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Weakly interacting K — zX° emission with nyo 2 m_o is out of sight of the current K+ — zvp study,

but it can be sensed by the K; — z°

vo search. This evades the usual Grossman-Nir bound of

B(K; — 7%0) < 1.4 x 107%; thus, the KOTO experiment is already starting to probe new physics. An
intriguing possibility is the Z" gauge boson of a weak leptonic force that couples to L, — L, (the difference

between the muon and tauon numbers), which may explain the long-standing “muon g — 2" anomaly, but is
constrained by v, N — v, Nu*u~ scattering to my < 400 MeV. An explicit model for K — zZ’ is given,

which illustrates the link between rare kaon and B — Ku"u~, K*)ui decays. Complementary to these

searches and future lepton experiments, the LHC might discover the scalar boson ¢ responsible for light

my generation via ¢ — Z'Z' — 2(utu7).

DOI: 10.1103/PhysRevLett.114.171802

Introduction.—Despite discovering a 126 GeV scalar
boson [1], there is anxiety at the Large Hadron Collider
(LHC): no sign of new physics (NP) has so far emerged.
But NP need not come from high energy. One long-
standing hint [1] is the “muon ¢g—2” anomaly, the
discrepancy between precision experimental measurement
and standard model (SM) calculations. A new experiment
[2], Muon g-2, is under preparation that aims for a factor of
4 improvement in precision, with theory efforts to match
[3]. One attractive NP possibility is a new force that couples
to the muon, for example, gauging [4] the difference
between the y and 7 numbers, L, — L, (much like gauging
electric charge), with an associated gauge boson Z'.
The scenario is well protected because, besides the muon,
the Z' boson interacts with only s and neutrinos.

The muon g — 2 anomaly maps out a band in (my, ¢')
space [5], where ¢ is the gauge coupling, and may also
explain the so-called “P% anomaly” [6] in B® - K*0uty~
angular variables. It was found [7], however, that the
neutrino trident production or v,N — v, Nu"u~ process
constrains the Z’ boson to be light,

my <400 MeV, (1)

and ¢ is far weaker than the weak coupling. If this Z’ boson
couples to quarks in some way, then rare K decays might
probe for the existence of this light Z’' boson. While
contemplating this link, we uncover a loophole in the
usual Grossman-Nir (GN) bound [8]

B(K;, — 2%0) < 1.4 x107°, (“GNbound”). (2)
Kinematic selection in the K — zvp search allows
K+ — n*Z' to go unnoticed, if my ~ mo, but K, -7’
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can be sensed by the K; — 7°

of Eq. (2) is evaded.

Besides pointing out this generic loophole, in this Letter
we give an explicit model (see Fig. 1) that also shows how
rare kaon and analogous rare B processes are interlinked.
We point out further that the LHC could search for the
scalar boson ¢ behind m, generation, via a pair of very
light dimuons, i.e., ¢ — Z'Z' - 2[u*pu~].

K — mvv search.—The E787/949 experiment [9] has
measured B(K* — zwp) = (1.73142) x 1071°, which is
consistent with SM expectations, and the NA62 [10]
experiment aims at collecting O(100) events in next three
years. In a similar time frame, the KOTO experiment [11]
aims at a 36 measurement of K; — z’vi assuming the SM
rate. KOTO has a better chance to uncover NP, because the
K; — 7% decay is intrinsically CP violating (CPV), and
the existing limit [12]

v search; thereby, the bound

B(K, — ") < 2.6 x 1078, (E391a)  (3)
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FIG. 1. Effective dsZ' (sbZ') coupling, with the Z’' boson
coupled to a vectorlike U quark that mixes with ¢, t (“x” flips
chirality) and connects with external d-type quarks via a
W boson loop.
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is weaker. Equation (3) is, however, far above the bound
of Eq. (2), which follows from inserting the E787/949
measurement into the relation [8]

B(K; — n°v) <43 x B(K* — nub), (4)

where the number 4.3 arises from isospin and g, /7¢+ [8].
This is the origin of the usually perceived GN bound, that
KOTO can only probe NP after Eq. (2) is reached. But
KOTO has suffered a few inadvertent setbacks, and
accumulated just 100 h of data in 2013. Though sensitivity
comparable to Eq. (3) is reached [13], there is one event in
the signal box, compared with zero events for the E391a
[12] experiment; hence, KOTO appears to be still far from
the bound of Eq. (2).

Experimental loophole.—The design of experiments has
“accidental” features that are akin to the factor of 4.3 in
Eq. (4) being not just a simple isospin factor. The E787/949
experiment observes the K™ decay at rest, and detects the
emitted z*, but nothing else. However, due to the “bright-
ness” of B(K* — ztz") = 21%, the region around m, i.e.,
the range of p,+ corresponding to 116 < m ;e < 152 MeV
is kinematically excluded. The region for m,;, > 261 MeV
is further excluded [14] due to the K™ — z* zz background.
Although NA62 measures the K+ decay in flight, the regions
of 100 < mp S 165 MeV and my,; = 260 MeV are sim-
ilarly excluded.

A K, — n°vp experiment, however, cannot do kinematic
reconstruction: besides detecting two photons (assumed to
be 7°), it measures “nothing to nothing.” The K; and “z°”
momenta are not known. The approach is thus to veto
everything, and to learn while pushing down the sensitivity.
However, the vv being the target, one cannot veto weakly
interacting light particles. Thus, for K — zX° where X? is
any weakly interacting light particle that falls into the
missing mass window, the K* experiment would be
oblivious, but the K; experiment can have a blunt feel.
Although the GN relation of Eq. (4) is in no way violated,
the perceived GN bound of Eq. (2) does not apply. This is
the main and rather simple point of this Letter, independent
of the model discussion. The X° need not be the leptonic
force, as it simply goes undetected.

The E949 experiment performed a tagged search for
7% — v [15] inside the kinematically excluded window
around 7°, giving the 90% C.L. bound [9]

B(K* - 7+X%) < 5.6 x 1078, (myo = myp), (5)
which is much weaker than their B(K" — zvp) bound.
Applying the analog of Eq. (4) would imply
B(K; — 7°X"%) <2.4x 1077, much weaker than the
E391a bound of Eq. (3). Hence Eq. (3) provides a direct
and more stringent bound on K; — 7°X° than implied by
Eq. (5), which illustrates our main point.

We now give an explicit Z' model to illustrate the
potential impact of a K; — 7z°X? discovery.

Explicit model—We were interested in the ¢ — c¢Z’
decay in the model of Ref. [5], where tree level sbZ’
and ctZ' couplings are generated through the mixing of
SM quarks with vectorlike doublet Q and singlet D, U
quarks. With the Z" boson of the gauged L, — L, solution to
the muon g — 2 anomaly constrained [7] by neutrino trident
production to be light, Eq. (1), one is motivated to study the
rare K decay, but the model can still be applied.

For s — d transitions, mixing in the down-type sector
would become too fine tuned; hence, setting them to zero is
reasonable, and we consider only the mixing of up-type
quarks with U, which is less constrained. This can be
achieved, e.g., by introducing a Z, symmetry under which
Q and D are odd while U and other fields are even [16].
Diagrams like Fig. 1 can start from a U and ¢, ¢ mixing core
where the Z' boson is emitted, and dressed up with
assistance from the SM into a loop-induced s — dZ’
(or b — sZ') transition. The loop is finite because tree level
down-type mixing is set to zero.

It is intriguing that with reasonable Uc and Ut mixing
parameters (but with Uu mixing set to zero), loop diagrams
as in Fig. 1 bring the s — d transition into current
experimental sensitivities. To introduce our subsequent
notation, note that the vectorlike quark U in Fig. 1 carries
the extra U(1)’ charge and hence emits the Z' boson, while
it mixes with up-type quarks i = c, ¢ (right handed) through
a ““Yukawa coupling” Y; to an exotic scalar field ¢ with
U(1) charge (and (®) = v,/ \/2 generates m ). For more
details, see Ref. [17].

The effective d, y*s 1Z, coupling [17] has the coefficient

)
gy

3271.22)2 (th + Cct)fct + Cttftt]7 (6)

Gas = [Cccfcc +

where cij = V“deYU,Y?ij,mj/m%j and
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with f. obtainable from f,, in the m? < m3, limit. These

expressions are in the large my limit, though we use exact

one-loop expressions (see Ref. [17]) in our numerics.

Note that ¢, # ¢, and ¢;; are complex, even for real Y ;.
The branching ratio for K+ — ntZ' is given by

B(K* - n+Z")

e |gds|
FK+ 647”/”

o A (L )[R (m3) . (7)
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FIG. 2 (color online).
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Left: for my = 135 MeV (Z' — v100%), bounds for B(K* — 27Z') < 5.6 x 1078 (dark gray exclusion

region) and B(K; — 7°Z') < 2.6 x 10~® (blue solid) on the Y,.-Yy, plane. Right: for mz, = 285 MeV (Z' — v54%), bounds
for B(K* = ztZ)B(Z' - p*p~) < 2.1 x 107 (dark gray exclusion region) and B(BT — K*Z)B(Z' — puu~) <2.0x 1078
(pink allowed region) on the Y.-Y, plane. In both panels, we give the usual GN bound of B(K; —#°Z")B(Z' —vp)<1.4x107°
(red dashed) and 20 range for B(B* — K*Z')B(Z' — vb) = (0.3510%;) x 107 (light green allowed region). The horizontal lines mark
the reasonable Y, range, and in the backdrop we plot B(t — ¢Z’) contours.

where A(x,y,2)=x>+y>+72=2(xy+yz+zx), m=m/mg-,
and fX7 is a form factor. The formula for K; — z°Z’ is
analogous, with |g,,| replaced by Img,,. Taking fX* values
from Ref. [18], we plot on the lhs of Fig. 2 the bound of
Eq. (5) for K™ — 7r+Z’|mZ,=m”0 in the Y. — Yy, (treated as
real) plane. We have taken ¢ ~ 1073 as fixed [7] by the
muon ¢g—2 excess and neutrino trident bound, and
my =2 TeV, vy =135 GeV. We also plot K, — 7°Z'
assuming the E391a bound of Eq. (3), which turns out
comparable. But if we apply Eq. (2) as a bound on
K, = 7°Z" (“GN” in Fig. 2), it would be much more
stringent than the direct bound of Eq. (3). We have argued,
however, that this application of the GN bound is incorrect
for the present case. Hence, the region between Egs. (3) and
(2) is fair game for discovery. Note that K, — z°Z’ is
sensitive to the imaginary part of dsZ’ coupling in Eq. (6),
and hence probes also extra CPV phases arising from Y,
and Y. Other curves and regions on the lhs of Fig. 2
would then be explained shortly.

For the m,;, > 260 MeV exclusion zone for K™ — zvp,
the Z' —» utu~ decay is allowed. We find [17] that the
Kt - atutu~ data by the NA48/2 experiment [19]
permits a “best possible spike” at m,, = 285 MeV, with
SB(K* — atuu) up to 2.1 x 107 in strength. This is
plotted (dark gray exclusion region) on the rhs of Fig. 2
and is as stringent as the GN bound of Eq. (2), hence much
more stringent than Eq. (3). The model parameters are
g =13x107%, my =2 TeV, and v, =219 GeV.

We have shown that KOTO is already starting to probe
NP. If a genuine excess appears above the perceived
GN bound of Eq. (2), the likely explanation would be
an unobserved recoil X° particle in the “z° exclusion
window” of the K* — zvb search. Note that the bound
of Eq. (2) cannot improve by much, even as NA62
accumulates data, unless B(K* — zvp) is found to be

below the SM expectation. If KOTO pushes down to this
bound of Eq. (2) without discovery, then NA62 should scan
above 260 MeV for dimuon peaks. It could also push the
bound on 7z° — v [15] in the m,o exclusion window, and
extend the study of E787/949 for K* — z* X° (see Fig. 18
of Ref. [9] and the discussion). With sufficient statistics,
one might still uncover peaking events in ;.

We remark that, for both cases of discussion, we have
checked that the benchmark parameters satisfy the kaon
mixing constraint of Eq. (11) in Ref. [20].

Further model implications.—We have kept Uc and Ut
mixings but set the mixing of heavy vectorlike quarks
with down-type quarks (as well as u) to zero. But Fig. 1
generates sbZ’ couplings alongside dsZ’ couplings by W
exchange in the loop. This brings in rare B decays, where
the LHCb experiment has demonstrated its prowess
recently, while Belle II is under construction. The formulas
are analogous to Egs. (6) and (7).

For the m, = 285 MeV case that we have just illus-
trated, Z' — ptu~ and vo rates are comparable, and the
decay is prompt. Thus, it can show up in the B — K™ uu
decay with very low m,, The LHCb experiment has
updated differential rates [21] for B — K+%uu and
K**uu decays to 3 fb~!, or the full run 1 data set. The
B° — K*%uu decay, relevant for the P’ anomaly, has yet to
be updated from the 1 fb~! data [6]. But perhaps influenced
by the latter, Ref. [21] starts at ¢g* = m?, > 0.1 GeV?, or
my, 2 316 MeV, which covers only half the region of m,,
allowed by Eq. (1) above the dimuon threshold.

The 1 fb~! paper for B¥ — K*puu [22], however, does go
down to ¢* = 0.05 GeV?, or m,, =224 MeV, hence can
be compared with our m, = 285 MeV case. Interestingly,
in the lowest 0.05 < g> < 2.00 GeV? bin, there is a mild
excess above the mean for 1.00 < ¢ < 6.00 GeV?2.
Treating experimental error at the 2o level, our estimate [17]
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for this excess is ~2 x 1078, If we attribute this all to
the presence of B™ — K*Z'[— utu~| then, scaling by
B(Z' - ptyu~) =46%, this implies BT — KtZ' at
4.4 x 1078 level. Using the form factors of Ref. [23], we plot
this constraint on the rhs of Fig. 2, which is stronger than
our estimate of the NA48/2 bound. Actually, there also seems
to be some excess in the first 0.1 < ¢> < 0.98 GeV? bin
for B — K*puu in the full 3 fb~! data set [6]; hence. the
Z' boson could be above 316 MeV. We urge LHCb to refine
their analysis, optimize binning to ¢ resolution, and extend
a spike search down to 0.045 GeV>.

The B° — K°uu modes have less statistics, while the
B — K*uu modes would have a low g> photon peak,
making interpretation more difficult. Note that our estimate
based on LHCb data is stronger than that based on NA48/2
data, even though the former is only based on the 1 fb~!
data set. However, s — d and b — s processes may or may
not be correlated as in our model. So, when KOTO reaches
the usual GN bound, NA62 should still conduct a spike
search above m,, > 260 MeV. We note in passing that the
Belle experiment has conducted a B — K*0X° search [24]
for light X° — p*u~, and the bound is roughly 5 x 1078
for myo = 285 MeV. We suggest that Belle (and BABAR),
however, conduct the search for B — K + X°[— u*u~] to
avoid the photon peak.

Like our illustration on the lhs of Fig. 2, if m falls into
the “z° blind spot,” NA62 would be oblivious, and so would
LHCb. Fortunately, because B(B — Kn°) < B(K — =),
the (super-)B factories can cross-check in the B — K *yp
modes, where there is no photon peak. The BABAR experi-
ment has led the way by conducting a binned m?2; search
[25], where the lowest sz = m2;/m% < 0.1 bin for both the
Bt — K*vp and B — K*%% modes shows some excess,
which drives a lower bound for the K*vo mode. From
Fig. 6 of Ref. [25], we estimate B(B™ — K'Tuvp) =
(0.35%99) x 1075 in this bin, and plot the 26 range on
the lhs of Fig. 2. The result is stronger than the kaon modes,
and the allowed region extends to the usual GN bound. On
the other hand, for the my = 285 MeV example where
7' — utyu is also allowed, plotting the BABAR result on the
rhs of Fig. 2 shows some tension with our LHCb 1 fb~!
estimate for B — K" Z'[— pu"pu~], with the latter most
stringent. Our estimates are, however, rudimentary and for
illustration only. It would be better done by the experiments.

In this vein, although Belle led the way in the Bt —
K v search [26], its follow-up paper [27] just added 40%
more data but followed the same analysis, including a
cut on high pg+ for the sake of rejecting B — K*y, which
precisely cuts out the B — K*)Z' possibility. We urge Belle
to conduct a binned m?2, study and optimize the binning
according to resolution. It should also practice optimizing
the m2, or recoil mass resolution with the full B-tag
method, towards a future Belle II search.

Discussion and conclusion.—We have given the branch-
ing ratio B(t — ¢Z') in the backdrop of Fig. 2, and have
drawn |Y.| < 0.2 (arbitrarily chosen) bands to indicate
that |Y .| should not be too large, while |Yy.| < |Yy
should hold in general (further discussion is given in
Ref. [17]). We find B(t = ¢Z') <1077 for |Yy.| < 0.2,
but the rate can certainly be larger if one considers general
|Yy.| values. Thus, given that Z' — pu*u~ at ~50% for Z'
above the dimuon threshold, + — ¢Z’ should be searched
for at the LHC, while the rare r — ¢Z’ case could perhaps
drive a 100 TeV pp collider study for a future “top factory.”

With spontaneous L, — L, symmetry breaking but Z’
light because of very weak gauge coupling, the v scale is
not too different from v of the SM. The mass of the exotic
scalar ¢ is quite arbitrary as the self-coupling is unknown,
but should be at the weak scale. However, the U quark
mixes with the ¢ and ¢ quarks, which generates effective
gg¢ coupling, while ¢ predominantly decays via a Z'Z’
pair. This motivates a search for the light Z’ boson at the
LHC, which can potentially uncover the associated ¢
boson, independent of rare K and B studies.

Our investigation [17] shows that a ¢ search is accessible
at the LHC for the example of a 285 MeV Z’ boson decay,
where the signature is (g9 =) = Z'Z' - [pu"p~|pu7]
with the brackets indicating low dimuon mass. The Z’
decay is prompt. Interestingly, the CMS experiment con-
ducted a search [28] with 2012 data that can be applied to
¢ —> 27 — (utu)(utp~), where one event was found at
low dimuon pair mass. The two dimuon pairs have masses
~200 and 300 MeV, respectively, which is right on the spot.
It is too early to tell, but with run 2 to start in 2015, this
study should be carefully watched, and vigorously pursued.
Note that the U quark, with a mass in the TeV range, can
also be searched for.

For the original motivation, the muon g — 2 anomaly is
pursued by the E989 or Muon g¢-2 experiment [2], while
neutrino trident production can [7] be covered by the
LBNE experiment [29]. Although the schedule is yet
uncertain for these two pursuits at Fermilab, we have
shown that the next few years could see major progress on
related issues, ranging from rare kaon decays (KOTO/
NAG62) to rare B decays (LHCb/Belle(Il)), and perhaps at
the LHC.

In conclusion, we point out a loophole in the exper-
imental setup when comparing the K* — ztvp and
K, — n°ub searches, and find that the KOTO experiment
is already starting to explore new physics territory, while
the commonly perceived “Grossman-Nir bound” may not
apply. Although the mass range for weakly interacting light
particle emission is a bit restricted, our explicit model
illustrates the potential wide-ranging impact of discovering
B(K; — n%p) 2 1.4 x 107, Conversely, many measure-
ments at B factories and the LHC could uncover correlated
phenomena, which could shed light on what may be behind
the muon g — 2 anomaly.
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