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Abstract

The decays Kgj — invisible have never been experimentally tested. In the Standard Model (SM),
their branching ratios for the decay into two neutrinos are predicted to be extremely small, Br (K —
vv) < 10716, We consider several natural extensions of the SM, such as two-Higgs-doublet (2HDM),
2HDM and light scalar, and dark mirror sector models, that allow one to enhance the Br(Kg; —
invisible) up to a measurable level. We briefly discuss the possible search for K¢ — invisible decays
and Kg 1, oscillations into the dark sector at the NA64 experiment at CERN with the sensitivity to
Br (Kg 1 — invisible) < 1077—107°,

Keywords: kaon physics, search for kaon oscillations, search for new physics at fixed target
experiments

1. Introduction

Experimental studies of invisible decays, i.e., particle transitions to an experimentally un-
observable final state, played an important role both in the development of the Standard Model
(SM) and in testing its extensions [1]. It is worth remembering the precision measurements of
the Z — inwisible decay rate at LEP for the determination of the number of lepton families in
the SM. In recent years, experiments on invisible particle decays have received considerable at-
tention. Motivated by various models of physics beyond the SM, see, e.g., [2-14] and references
therein, these experiments include searches for invisible decays of 7° mesons at E949 [15] and
NAG62 [16], n and 1" mesons at BES [17] and NA64 [18], heavy B-meson decays at Belle [19],
BaBAR [20], and BES [21], and invisible decays of the YT (1S) resonance at CLEO [22], bary-
onic number violation with nucleon disappearance at SNO [23], BOREXINO [24], and Kam-
LAND [25], see also [26], electric charge-nonconserving electron decays e~ — invisible [27],
neutron—mirror-neutron oscillations at PSI [28, 29] and the ILL reactor [30], and the disappear-
ance of neutrons into another brane world [31]. One could also mention experiments looking
for extra dimensions and dark mirror matter through the invisible decays of positronium [32-
34], and plans for new experiments to search for muonium annihilation into two neutrinos,
pte” — vw [35], and electric charge nonconservation in the muon decay pu™ — invisible [36].
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The aim of this paper is to discuss an experiment with the NA64 detector at CERN modified
for the sensitive search for Kgj — invisible decays. The rest of the paper is organized as
follows. In Sections 2, 3 and 4, we briefly review the motivations to perform the search,
and several natural extensions of the SM, such as two-Higgs-doublet (2HDM), 2HDM and light
scalar, and mirror dark sector models, which allow one to enhance the Br (Kg  — invisible) up
to a measurable level. In Section 5 we discuss the search method and the NA64 setup modified
for the searching for Kg; — invisible decays, and K%-dark K oscillations. The background
sources and the expected sensitivity are also discussed. Section 6 contains concluding remarks.

2. Motivations

The decays Kg — invisible have never been experimentally tested despite the extensive
search program of new physics in kaon decays [1]. The first bound on Br (Kg — invisible) <
107*—1072 has been set assuming validity of unitarity in the K° sector from the existing
experimental data [4]. From the experimental viewpoint, the K mesons themselves have brought
to the SM so many surprises that all their still unknown properties deserve to be carefully
studied. Since long ago it was recognized that Kgj — invisible decays “would be interesting
to explore, but its detection looks essentially impossible. New ingenious experimental ideas are
required” [37].

One of the approaches proposed not long ago in [4] is based on the idea to use charge-
exchange reaction as a source of well-tagged neutral mesons. In this process, the Kg; —
1nwvistble events would exhibit themselves via a striking signature — the complete disappearance
of the incoming beam energy in the detector. The first results on the search for the n,n" —
invisible decay modes recently obtained by the NA64 Collaboration at the CERN SPS [18]
provide proof of concept and suggest the overall future direction for performing such kinds of
experiments with this approach.

2.1. General considerations

The Kg; — invisible decays are complementary to the Kt — 7" +invisible and K, — 7%+
invisible decays, whose branching ratios in the SM are predicted to be [39]

Br (K, — n’vp) = (26 +£0.4) - 107 (2.1)

Br(K* — ntvp) = (85+£0.7)- 10711, (2.2)

with the invisible final state represented by neutrino pairs. A powerful comparison between
experiment and theory is possible due to the accuracy of both the measurements and the SM
calculations of these observables. A discrepancy would signal the presence of physics beyond
the Standard Model (BSM), making the precision study of these decays an effective probe to
search for it, see, e.g., [39-44].

On the contrary, the searching for invisible decays of the K¢ and K, and other pseudoscalar
mesons (M?), such as 7° n, 7/, is particularly advantageous because in the SM the branching
fraction of their decay into a neutrino—antineutrino pair, Br (M° — vv), is predicted to be
extremely small [37]. For massless neutrinos, this transition is forbidden kinematically by
angular momentum conservation. Indeed, in the M? rest frame the neutrinos produced in the
decay fly away in opposite directions along the same line. Since the neutrinos and antineutrinos
are massless, the projection of the sum of their spins on this line equals +1. The projections
of the orbital angular momentum of the neutrino on this line are equal to zero. Since in the
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initial state we have a scalar, the process is forbidden. For the case of massive neutrinos, one
of them is forced to have the “wrong” helicity resulting in the suppression of Br (M° — v¥) by
a factor proportional to the neutrino mass squared,

2

_ m, _
Br(M° — vp) ~ — <1071, (2.3)

for m, < 10 eV and mypo ~ mg ~ 0.5 GeV [1]. In the SM the helicity suppression can be
overcome for the four-neutrino final state; however, in this case, Br (M°® — vovw) < 10718 [38].
Therefore, differently form the decays (2.1), (2.2), observation of the M° — invisible decay for
any of M° mesons would unambiguously signal the presence of BSM physics.

2.2. The Bell-Steinberger unitary relation

Another important reason to look for Kg, K; — invisible decays is related to additional
tests of the KO~ K" system using the Bell-Steinberger relation [45]. This relation, obtained
by using the unitarity condition, connects CP and CPT violation in the mass matrix of the
kaon system, i.e., parameters describing T and CPT noninvariance, to CP and CPT violation
in all decay channels of neutral kaons, see, e.g., [46-50]. The CPT appears to be an exact
symmetry of nature, while C, P and T are known to be violated. Hence, testing the validity of
the CPT invariance probes the basis of the SM. The Bell-Steinberger relation remains one of
the most sensitive tests of CPT symmetry, resulting, for example, in the impressive sensitivity
of =5.3 107" GeV < mgo — mpo < 6.3 107" GeV at 95% C.L. for the neural kaon mass
difference [51, 52|. However, the question of how much the invisible decays of Kg or K can
influence the precision of the Bell-Steinberger analysis still remains open [53]. This makes the
future searches for these decay modes very interesting and complementary to the study of other
Kg 1, decays.

Briefly, within the Wigner—Weisskopf approximation, the time evolution of the neutral kaon
system is described by [51]

A0(1)
dt

= Ha(r) = (M - %F)@(t), (2.4)

where M and I" are 2 x 2 Hermitian matrices, which are time-independent, and ®(t) is a two-
component state vector in the K 0K’ space. Denoting by m;; and I';; the elements of M and I'
in the K° —Kobasis, CPT invariance implies

mip = Mgy (Or Mmpgo =myo) and (2.5)

FH = PQQ (OI' FKO = FFO) .
The eigenstates of Eq. (2.4) can be written as

1
2(1 + |€S,L’2)
+(1- eS,L)FO) (2.6)

Ksp = ((1 +esp) KO+
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with
1 [ () (27)
€ = —21m{m — .
S L —ms+i(Tg—T)/2 12
1 1 i
- §Im (Flg) + §(mFO — Mgo — 5(]_—‘?0 — FK0>i| =e+4.

The unitarity condition allows us to express the four elements of I' in terms of appropriate
combinations of the kaon decay amplitudes A;:
0

Ly = > ADA(f), ij=12=K" K, (2:8)
f

where the sum is over all the accessible final states:

(ﬂ —l—itangzﬁgw) ( Re() ip (5)) -

FS — PL 1+ |€|2
1
= o, 2 DA, (2:9)
F

where ¢pgw = arctan[2(my,—mg)/(I's—I'y)]. One can see that the Bell-Steinberger relation (2.9)

relates a possible violation of CPT invariance (myo = mzo and/or I'xo = I'20) in the K° — K
system to the observable CP-violating interference of K¢ and K decays into the same final
state f. If CPT invariance is not violated, then Im (0) = 0. We stress that any evidence for
Im (0) # 0 resulting from this relation can only manifest the violation of CPT or unitarity [47].

Generally, the advantage of the neutral kaon system is attributed to the fact that only a few
(hadronic) decay modes give significant contributions to the rhs of Eq. (2.9). However, what
are the contributions from Kg; — invisible decay modes and how much the errors on Re ()
and Im (§) would increase if these modes have maximal CP violation are still open questions,
see, e.g., [53|, which have to be answered experimentally.

Using the results of the most precise measurements of the branching fractions of the vis-
ible Kg, K decay modes from Particle Data Group (PDG) [1], the estimate of the allowed
extra contribution of Kg, K; — invisible decays to the total decay rate of Kg and K result,
respectively, in

Br (Kg — invisible) < 1.1-107* (95% C.L.), (2.10)

and
Br (K, — invisible) < 6.3-107* (95% C.L.), (2.11)

which would be interesting to check, see [4]| for more discussions.
3. Models with Kg; — tnvisible decays

Being motivated by the above considerations, we discuss in this section several natural
extensions of the SM predicting the existence of invisible Kg, K, decays [5, 6]. We show that,
taking into account the most stringent constraints from the measured K+ — 7t + invisible
decay rate, the decay Kg; — invisible could occur at the level of Br(Kg; — invisible) ~
1078—107°. The main feature of the considered models, which leads to the enhanced Br (Kg ; —
invisible) compared to th%se from Egs. (2.1), (2.2), is that they allow one to avoid the helicity

suppression factor (nTTV) of the SM, while profiting from its larger phase-space due to the
L

decay into two light weakly interacting particles. In addition, there might be the case when
K 1, — invisible could still be kinematically allowed, while K+ — 77 + invisible is forbidden.

4
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3.1. The model with additional Higgs isodoublet

Probably, the simplest model predicting K¢, K invisible decays is the model with addi-
tional Higgs isodoublet Hy = (H, , HY) [5]. The additional Higgs isodoublet with zero vacuum
expectation value (Hs) = 0 interacts with quarks generations, namely,

L, quarks = —hijQriHadg; + h.c., (3.1)

where dr1 = dg, dre = Sg, drs = br and Qr1 = (u,d)r, Q2 = (¢,5)r, Qrz = (t,0)r. We
discuss the physics of K mesons, so we omit the effects related with the third generations of
quarks. In general, for hioh3; # 0 the interaction (3.1) leads to flavour violating AS = 2
currents. The measured K — Kg mass difference and the CP-violation parameter ey strongly
restricts (as a review, see, for example, [54]) the effective AS = 2 interaction

1
Lag—o = AQ—dLSRdRSL + h.c., (32)
AS=2
namely [54],
|Re (Aas—a| > 1.8-107 GeV, (3.3)
ITm (Aag—2| = 3.2-10° GeV. (3.4)
For the considered model (3.1), we find that

= . (3.5)

Mis= M,
We shall assume that hiy and hgy; are real. As a consequence, the Yukawa interaction (3.1) is
CP-conserving and the most strongest bound (3.4) on the AS = 2 currents is avoided. For
CP-conserving interaction, as a consequence of formulae (3.3) and (3.5), the bound on the mass
of the second Higgs isodoublet reads

MH2 2 1.8|h21h12|1/2 . 107 GeV. (36)
In the considered model, the second Higgs isodoublet H, also interacts with leptons
L, teptons = —thzklfoVRk +h.c, (3.7)

where Ll = (VLea eL)? L2 = (VL,LMIU‘L)a L3 = (VLT7TL)7 [:[2 = (_(HS)*7(H;>*) and VRE (k =
1,2, 3) are right-handed neutrinos. We assume that the right-handed neutrino masses m,,,,, are
much smaller than the K°-meson mass. As a consequence of interactions (3.1) and (3.7), the
K1, Kg mesons will decay invisibly into K, Kg — ViiVrk, VreVrr With the decay width

My,

F 2 m2
(K (Ks) = VikUgk, VReVLk) = TSYE (2(md i - )) K (Mjgﬂ) ) (3.8)
X s K

where ) ) ) )
L |(haz+ (=)ho)|* - (1hea|* + o] + |hrsl) (3.9)
My Mg, |

and K (z) = (1 —x)? for Majorana neutrino with a mass mp; and massless neutrino vp;!. Here
F ~ 160 MeV is kaon lepton decay constant and mg, ms are the masses of d and s quarks.

w_»

n formula (3.9) the sign “+” corresponds to the K decay and the sign corresponds to the Kg decay.

5
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In our estimates we take (m, + my)(2 GeV) = 100 MeV and Ty (Kz) = 1.29 - 10717 GeV,
[t (Ks) = 7.35- 1071 GeV. Using formula (3.8), we find that for Br (K — vriVpe, VreVLk) =
107% we can test the values of My up to

My <0.74-10° GeV (1.5 - 10* GeV) (3.10)

for K1 (Ks) mesons.

It should be noted that the bound (3.6) strongly restricts, but not excludes, phenomeno-
logically interesting values of Mx and invisible neutral K-meson decays with the branching at
the level of O(107%). For instance, for hig = hyy = 2-107> (2-107%), hyy = hrs = hzz = 1 and
My, = 400 (4000) GeV, we find that Aps—s = 2 - 107 GeV and Br (K — wi) = 5.7-107°
(5.7-107%). For the case hia = 0 or hy; = 0, the bound (3.6) dissapears.

3.2. The model with additional scalar isodoublet and isosinglet

In this subsection we consider the modification of the previous model. Namely, in addition
to the second Higgs isodoublet Hy, we add neutral scalar isodoublet ¢ with the interaction

After electroweak symmetry breaking, the effective trilinear term
Lipygs = —MNH)(Hy + (Hy)")p¢ (3.12)

becomes responsible for the interaction of ¢ particles with quarks. Here (H) = 176 GeV. The
effective Lagrangian looks like

A(H)

L = =" [h1adrsg + ho151dg + h.c]¢’. (3.13)
M3,

The K decay width K; — ¢¢ is of the form

/\<H>)2 2M13< ( Fy )2 ( 7”35 )
T(K; — ¢¢) = iz + hay — By — Iy [Pt K (314
(K = ¢¢) (MQH2 [ho 2 12 21| 647 \ 2(mg + my) MQKL ( )

where K (z) = (1 — 42)"/2. The formula for Kg decay width has a similar form:

AH) o M ( Fx )2 (mi)
I'K; — = hio — hoy + hY, — A3 L K|——), (3.15
(K1, — ¢9) (MIQ{Q) |h12 — ha1 + hiy — b 6ar \ 2(mq + my) M2 (3.15)

Note that the model proposed in [6] also predicts the existence of K, Kg invisible decays.
The peculiarity of the model [6] is the use of nonrenormalizable Lagrangian

qu, quarks — _h'ijQLiHQRj¢ +h.c. (316)

Here, ¢ is a neutral (¢* = ¢) scalar field with a mass my, and H = (H*, H°) is the SM
Higgs isodoublet. It is also assumed that the field ¢ couples with right-handed neutrino (dark
matter). The corresponding formulae for K, Kg invisible decay widths and the bounds on
the h;; coupling constants are contained in [6], and they are similar to formulae (3.6), (3.8).
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4. Oscillations of Kg, K into the dark mirror sector

Today the origin of dark matter (DM) in the Universe is still a great puzzle, see, e.g., [55, 56].
The possible existence of the dark mirror sector part of which is mirror DM with particle and
interaction content identical to a mirror copy of the SM has still received significant attention,
as the DM could be explained by the existing of the mirror baryons [57-60|. If the dark mirror
sector exists, the mixing between the SM neutral states, such as positronium (Ps)—mirror-
positronium (Ps™) [61], neutron (n) - mirror-neutron (n™) [62], and K% mirror-K°M [63] are
possible, resulting in oscillations of SM states into the corresponding mirror ons. The searches
for this effect have been performed for the Ps—Ps™ [34] and n—n™ [28-30| oscillations, but
not for the K°— K" gystem yet.

Probably, the simplest model predicting the K°— K% oscillations is the following [5]. In
the SM and mirror SM models, two additional Higgs isodoublets H, and H3? are introduced
and the interaction of Ho(H2") isodoublets with quarks (mirror quarks) is of the form (3.1).
The interaction of H,, HJ isodoublets with the standard H and H™ isodoublets takes the
form

Ly = —Au(Hy H)(H" H3") + hec. (4.1)
After electroweak symmetry breaking, we find that the effective interaction
Lot = —Aar ((H))2(HD)" (HS™) + hc. (4.2

is responsible for the mixing of K° and K°™ mesons. Namely, as a consequence of nonzero
mixing (4.2), the four-fermion interaction

1 7 7. * 7 * 7.
Lagermmix = 72~ [(hijdridgy) - (hidyidy)* + [(hijdridg;)* - (hidpady)) (4.3)
eff

leads to the oscillations between K° and K°™ mesons. Here,
1 (Am(H))

Te R v (4.4)
€ 2

As an example, consider the case of K;— KM oscillations. The mixing between K and KM
mesons is described by the effective Hamiltonian

Hypiy = 6K K. (4.5)

The states Ky = \%(KL + KM) have the masses my = (mg, + g) An ordinary K7 produced

in strong interactions would oscillate into mirror KM state with the probability determined by
1 .
P(Ky — Kp'|t) = [(K (KLt = 0))]* = 71— exp (=iot)[*exp (T, 1) (4.6)
The full probability at the time tqg >t > 0 is given by the formula
to
RulKe — K <to) = [ at|(KY 01K =0)) (1.7)
0

resulting in
52
= X
2FKL(F§(L +62)
Ik, (cos (0tg) — 1) — Asin (dtg)
2(T%, +02)

Pui(Kp — KXt < tg)

(4.8)

X(l — &Xp (_FKLtO)) + eXp (_FKLtO))'

7
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The integration over time gives the full probability for the K; — K conversion:
52
C Wk, (T%, +0%)

Py (KL — KMt < 00) (4.9)

The relative probability for K, to oscillate into K % state at the time ¢y > ¢ > 0 is determined
by the formula

Jo© dt|(EE ()| Kr(t = 0) ]

S dt (Ko ()| Kt = 0)2

Pa(Kp — K}t < to) = (4.10)

In particular,
52

Poa(K;, > KMt <o0)= —— |
(KL — K7 o) 2(F%(L+62>

(4.11)
assuming 'y, > 4.

Note that all previous formulae were derived for K mesons in the rest frame. For kaons
moving with the momentum p, we must have the replacements my = m + g —my =m=+ g —

irgL in formulae By = 4/ >+ m2 for kaon energies. For m > §, T we have to perform the

replacements I' — I - byt 0—0- T n formulae (4.6), (4.9), which take the form
1
P(Kp — K't) == [ 1~ cos 5+t exp | —I'g, - th (4.12)
- P+ m? P+ m?
and ) ) )
) pT+m
Put(Kp — K|t < 00) = : , (4.13)
L M, (%, +02) m?
respectively.

5. A search for Kg; — invisible decays and oscillations into dark sector

In this section, we discuss briefly an experiment on searching for Kg; — tnvisible decays
and Kg— K} oscillations within the NAG4 experimental program at CERN, see, e.g., [64, 65].
The signature of the latter would be the disappearance of the Kg, from the beam due to their
Kg 1 — invisible decays in flight into invisible dark final states. Searching for Kg; — invisible
decays is challenging, as it requires a combination of an intense source of K% and a well-defined
high-purity signature to tag their production. Currently, there is no experimental limits on
Kg, Kj, — invisible decay modes, apart from those, see (2.10) and (2.11), obtained assuming
that unitarity is the fundamental property of the Kg decays [4].

5.1. The search method and the experimental setup

The general method for searching for neutral meson M°(7° n, 7', Kg, K1 ...) — invisible
decays was proposed in [4]. Recently, the NA64 Collaboration at CERN obtained the first
proof-of-concept results on the search for 7,7’ — invisible decays based on this method [18],
which is briefly described below.

The source of M could be either the quasi-elastic charge-exchange reaction of high-energy
kaons on nuclei of an active target

K +AZ) > K +n+AZ-1), or
Kt +A(Z) - K +p+ A(Z) (5.1)

8
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or high-energy 7*-induced reactions

7+ AZ) =, +n+ AZ - 1),
T+ AZ) = KO+ A+ A(Z - 1), (5.2)
T+ A(Z) - K+ ST + A(Z).

The reactions with 7% are more interesting for the Kg ; — invisible search compared to (5.1),
due to the significantly higher intensity of #* beams and comparable cross sections of the
K° production in (5.1) and (5.2). In these quasi-elastic processes, e.g., the neutral kaon is
emitted mainly in the forward direction with the beam momentum and the recoil nucleon /nuclei
carries/carry away a small fraction of the beam energy. The term “quasi-elastic reaction” means
that, unlike elastic reactions of charge exchange with the proton (neutron), the transition can
occur for the target nucleus as a whole into an excited state followed by its fragmentation. Since
the binding energy in the nucleus is a few MeV /nucleon, the velocity v ~ ¢/mass of the daughter
particles, where ¢ < 0.05 GeV/c is the momentum transfer, is on average small. At high initial
energies, the nucleus does not have time to collapse during the interaction (the characteristic
transverse distances is [ ~ 1/q). After the collision, the nucleus disintegrates into fragments,
which are absorbed into the target. Hence the experimental signature of the M° production
in (5.1) or (5.2) is an event with full disappearance of the beam energy. The decay Kg, K —
tnwvisible is expected to be a very rare event that occurs with a much smaller frequency than
the Kg5 — tnvisible production rate. Hence, its observation presents a challenge for the
design and performance of the detector. However, despite a relatively small Kg; — invisible
production rate, the signature of the signal event is very powerful, allowing a strong background
rejection.

The detector designed to search for the Kg, K; — invisible decays is schematically shown
in Figure 1 and is complementary to the one proposed for the NA64 search for invisible decays
of dark photons at CERN [66, 67]. The experiment employs the T9 (or H4) 7% and K+
beams, which are produced in a target of the CERN PS (SPS) and transported to the detector

Straw tube |
chambers

Decay volume
Target

52

Vacuum vessel

ECAL Veto HCAL veto

Figure 1. Schematic illustration of the setup to search for the M° — invisible decays and K s—K gflL
oscillations (see text).
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by a beamline tuned to a freely adjustable beam momentum around ~15 GeV/c (see, for
example, [68]). The maximal T9 beam intensity is ~ 105 7% with the fraction of K* ~ a few
percent per PS spill. The typical PS cycle for fixed-target (FT) operation lasts 16.8 s, including
two spills of ~ 0.4 s duration. The maximal number of FT cycles is four per minute. The beam
has low purity — the admixture of the other charged particles is a few percent. It can be
focused onto a spot of the order of a few square centimeters. The incident charged particle
is defined by the scintillating counters S1, S2. The momentum of the beam is additionally
selected with a momentum spectrometer consisting of a dipole magnet and a low-density tracker,
made of a set of Micromegas detectors (MM) or Straw Tube chambers (ST). The setup is a
completely hermetic detector allowing for measuring accurately the full energy deposition from
reactions (5.1), (5.2). It is equipped with an active target T made of a segmented scintillator
counters, surrounded by a high-efficiency electromagnetic calorimeter (ECAL) serving as a veto
against photons and other secondaries emitted from the target at large angles and mimicking
reactions (5.1), (5.2), high-efficiency forward veto counter (Veto), a decay vacuum volume (DV)
surrounded by a thick veto hadronic calorimeter modules (HCAL veto), followed by a massive,
hermetic hadronic calorimeter (HCAL) located at the end of the setup and separated by a
large-size Straw Tube chambers. For searches at low energies, Cherenkov counters to tag the
incoming hadron and enhance it identification (ID) can be used.

Reactions (5.1) and (5.2) occur practically uniformly over the target length. The distribution
of the primary kaon (pion) energy deposited in the target can be used as a signature of the M°
production, see Subsection 5.2, and to determine the position of the interaction vertex along
the beam direction. The produced K° — composed of equal portions of Kg and K — either
decays quickly in the target T or penetrates the veto system without interactions, and either
decays in flight in the DV or interacts in the HCAL. If the K¢ and K decay invisibly, it is
assumed that the final-state particles in this case also penetrate the rest of the detector without
prompt decay into ordinary particles, which could deposit energy in the HCAL. The full HCAL
calorimetric system, surrounding the decay volume, is designed to detect with high efficiency
the energy deposited by secondaries from the primary interactions K*A — anything in the
target. In order to suppress background due to the detection inefficiency, the detector must be
longitudinally completely hermetic. To enhance detector hermeticity, the HCAL calorimeter
has a total thickness of ~ 28\, (nuclear interaction lengths) and has to have high light yield
to minimize background from the statistical fluctuations of the photoelectrons.

The setup configuration shown in Figure 1 also allows one to search for Kg—K g{L oscilla-
tions. An ordinary K, produced in strong interactions, e.g., (5.2), would oscillate into mirror
K, state with the probability determined by Eq. (4.12). The occurrence of the Kg;—K§
transition would exhibit itself as the disappearance of the Kg’s from the beam, i.e., as the
Kg 1 — invisible decay, with the rate given by Eq. (4.13) as a function of the Kgj flight-
time ¢, assuming 7¢ < t < 7. The occurrence of Kg, K; — invisible decays produced in K+
interactions would appear as an excess of events with a signal in the T, see Figure 1 and zero
energy deposition in the rest of the detector (i.e., above that expected from the background
sources).

5.2. The K° tagging system

To reduce the counting rate and ensure the effective K° selection, one could use a system
surrounding the T target for the efficient tagging of the K° production. For reactions (5.1),
(5.2), the schematic illustration of the K tagging system is shown in Figure 2. For example,
the incoming 7~ or K~ defined by the scintillator counter S2 enters a segmented target (ST),
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\Y ECAL

] <

ECAL

Figure 2. Schematic illustration of the target equipped to search for the invisible decays of neutral
kaons in the proposed experiment and tagging the reaction (5.1). The incoming K~ is defined by
the counter S; SV is the scintillator veto counter; ECAL is a guard veto electromagnetic calorimeter
against the electromagnetic secondaries.

which consists of 12 scintillator cells numbered from i = 1 to 12, and produces the leading K°
accompanied by a low-energy recoil neutron or nuclear fragments.

The occurrence of Kg, K — invisible decays produced in K~ interactions would appear
as an event with a signal in the T, see Figure 2 and zero energy deposition in the rest of the
detector. Thus, the signal candidate events have the signature

SKO%invisible - T . SV . ECAL . V . HCAL (53)

and should satisfy the following selection criteria:
(i) The measured momentum of the incoming kaon should correspond to its selected value.

(ii) The kaon should enter the target and the interaction vertex should be localized within
the target cell T; with 1 < j < 12, with a MIP signal in cells with the number 7 < j, and
no signal in cells ¢ > J.

(iii) There should be no energy deposition in the ECAL veto, SV and V.

(iv) The fraction of the beam energy deposited in the veto HCAL modules and HCAL should
be consistent with zero.

In the case of using reaction (5.2) as the source of K°’s, one can additionally tag them via
the presence of the A decay products. The segmented SV counters surrounding the target T
can be used to detect 7~ + p pairs from the decay A — 7~ + p, while the v+ pair from the
decay chain A — 7% + n;7® — ~7 could be registered in the segmented ECAL calorimeter
surrounding the T, as shown in Figure 2. The development of such a tagging system, including
possible detection of recoil neutrons from reaction (5.1), is currently under consideration.

5.3. Background and expected sensitivity

The background processes resulting in the signature of the primary reaction (5.1), and
similarly of (5.2), can be classified as being due to physical and beam-related sources. To
perform a full detector simulation in order to investigate these backgrounds down to the level
< 107! would require a prohibitively large amount of computer time. Consequently, only the
following sources of background — identified as the most dangerous — are considered and
evaluated with reasonable statistics combined with numerical calculations:
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(i)

(i)

(iii)

(iv)

One of the main background sources is related to the low-energy tail in the distribution
of the energy of the primary hadronic beam. This tail is caused by the beam interactions
with a passive material, such as the entrance windows of the beam lines, residual gas,
etc. Another source of low-energy hadrons is due to beam 7%, K* decays in flight into
a low-energy secondary electron, pions or muons that mimic the signature (5.3) in the
detector. For example, the beam 7~ or K~ meson could decay into a backward e~ or
w1~ with a very low energy, < 50 MeV, that stops in the target mimicking the charge-
exchange signature. To improve the primary high-energy hadron selection and suppress
background from the possible admixture of low-energy particles, one can use a tagging
system utilizing the magnetic spectrometer installed upstream of the detector, shown in
Figure 1, and the K tagging system discussed in Subsection 5.2. Additionally, Cherenkov
counters can be used to identify kaons which are expected to be the main source of this
background.

The background events could also arise when the leading K, or neutron from the reaction
T+ A — K, n+ X that occurred in the target is not detected due to the incomplete
hermeticity of the HCAL. In this case, e.g., the K punches through the HCAL without
depositing energy above a certain threshold F;,. The punch-through probability is defined
roughly by ~ exp (—Lucar/Aint), where Lycar, is the HCAL thickness. Thus, by selecting
the total HCAL thickness about 28\, this background can be suppressed down to the
level ~ 10712,

Another type of background process is caused by 7w, K — u, e+ v decays in flight of pions
and kaons after they have passed the magnetic spectrometer. The background of the
low-energy muon admixture in the beam from the 7, K — v decays can be due to the
following event chain. The decay muon entering the detector decays in flight into a low-
energy electron and a neutrino pair, 4 — evv in the target. The electron then penetrates
Veto without being efficiently detected, and deposits all its energy in the HCAL, which is
below the threshold Ey, < 0.5 GeV. The probability for this event chain is found to be as
small as P < 10712—107!. Similar background caused by the decays of the beam pions
or kaons in the target was also found to be negligible.

The fake signature could be due to the physical background: a muon scattering on a nu-
cleon, e.g., u~p — v,n, accompanied by a poorly detected neutron. Taking into account
the corresponding cross section and the probability for the recoil neutron to escape detec-
tion in the HCAL results in an overall level of this background of <107!2 per incoming
hadron.

In Table 1, contributions from all the background processes are summarized for the primary
7~ beams with energy 15 GeV. The total background is expected to be at the level < 107!
per incoming pion. Therefore, the search accumulated up to a few 10! events is expected
to be background free. The expected sensitivity in branching fractions is summarized below.
assuming the background free search.

To estimate the sensitivity of the proposed experiment, a simplified feasibility study based
on GEANT4 [69] Monte Carlo simulations has been performed for 15 GeV pions and kaons.
The ECAL is an array of the lead-scintillator counters allowing for accurate measurements
of the lateral energy leak from the target. The target is a set of plastic scintillator cells of
thickness ~ 0.04\;,; viewed by a SiPM photodetector. The SV veto counters are 1-2 cm thick,
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Table 1. Expected contributions to the total level of background from different background sources
estimated per incident 7~ (see text for details).

Source of background Expected level
HCAL nonhermeticity <1012
Punch-through K9 ~ 10712

7, K~ — p~ v+ X decays in flight <1074

7, K~ = e v+ X decays in flight <1012

1~ induced reactions on target nuclei <1072

Very low-energy tail of the beam <1071

Total (conservative) < 107! per incoming pion

high-sensitivity Sc arrays with a high light yield of ~ 103 photoelectrons per 1 MeV of deposited
energy. It is also assumed that the veto’s inefficiency for the MIP detection is, conservatively,
<107*. The hadronic calorimeter is a set of four modules. Each module is a sandwich of
alternating layers of iron and scintillator with thicknesses of 25 mm and 4 mm, respectively,
and with a lateral size of 60 x 60 cm. Each module consists of 48 such layers and has a total
thickness of ~ 7\;;. The number of photoelectrons produced by a MIP crossing the module
is in the range ~ 200-300 ph.e. The probability for an event with the MIP energy deposited
in the HCAL to mimic the signal due to fluctuations of npye is negligible. The hadronic
energy resolution of the HCAL calorimeters as a function of the beam energy is taken to be
5~ %’ [70]. The energy threshold for the zero energy in the HCAL is 0.1 GeV. The reported
further analysis also takes into account passive materials from the DV vessel walls. To estimate
the expected sensitivities, we used simulations of the process shown in Figure 1 to calculate
fluxes and energy distributions of mesons produced in the target by taking into account the
relative normalization of the yield of K from the original publications |71, 72]. For the purpose
of this work, the total K° production cross sections in the 7, K~ charge-exchange reactions in
the target were calculated from their extrapolation to the target atomic number as described
in [13]. Note that the yield of K° is also supposed to be measured in situ (see discussion
below). Typically, the branching fractions of the charge-exchange reactions are in the range

o(K~ —>F0n) ~ o(@ po7rn) —4 -3
U(K?p—nﬂl) - a(rpp—>a11) ~ 107°-10

The calculated fluxes and energy distributions of mesons produced in the target are used to
predict the number of signal events in the detector. For a given number of primary pions N,-,
the expected total number of Kg; — invisible decays occurring within the decay length L of
the detector is given by

and depend on the beam energy [71, 72].

np = nigl + g (5.4)
with
. "+ A KO
niy, = kNy-Br (Kg 1 — invisible) - / ol + pn o) X
x [1 — exp (—PKL;Z—QL)] Cetag dt = CerugBr (K5 — invisible)ndes (5.5)

where the coefficient k is a normalization factor that was tuned to obtain the total cross section
of the meson production; Pgo and 7xo are the K° momentum and the lifetime of either Kg
or K, at rest, respectively; ( is the signal reconstruction efficiency; €, is the tagging efficiency
of the final state; and n??;L is the total number of K decays occurring in the decay volume of
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length L. In this estimate we neglect the K interactions in the target: the average momentum
of the incoming kaons is in the range (pg-) ~ 15 GeV, the decay length is L ~ 5 m, and the
efficiency is ¢ ~ 0.9. The tagging efficiency e, is typically 2 90% |71-73].

In the case of no signal observation, the obtained results can be used to impose upper limits
on the decays of K into invisible final states; by using the relation ng¥ = n}¥ +niy < ngy,,
where ng, (= 2.3 events) is the 90% C.L. upper limit for the number of signal events, and
Eq. (5.5), one can determine the expected 90% C.L. upper limits from the results of the proposed
experiment summarized in Table 2 for the total number of 3 - 10! pions on target. Here we
also assume that the exposure to the /K beam with the nominal rate is a few months and
that the invisible final states do not decay promptly into the ordinary particles, which would
deposit energy in the veto system or HCAL.

Table 2. Expected upper limits on the branching ratios of different decays into invisible final states
calculated for the total number of 3 - 10* incident pions and reaction (5.2) as the source of Kg s, (see
text for details).

Expected limits Present limit
Br (Kg — invisible) < 1077 No
r (K, — invisible) < 1075 No
Br (n — invisible) <2.7-1077 < 1.0-107% [17, 18]
r(n — invisible) <5.6-1077 < 2.1-107 [1§]

By taking Eqs. (4.12), (4.13) into account, the expected limits of Table 2 can be transformed
in the bound on the probability of the K;—K# oscillation and the mixing strength §. For
numerical estimates, we shall take the energy of kaons equal to Ex = 15 GeV and the decay
length of the detector for Kg, K decays equal to Ly = 5 m. For Kg mesons with the energy Ej,
Lx — 0.8 m <« Ly. Here ¢ = 3-10% m/s is the velocity of

the decay length is g, = c7ky - e

light. It means that we can use formula (4.13) for the estimate of the transition probability
P(Ks —» K g” ) of the Kg meson into the dark Kg meson. Taking the bound on the invisible
Kg decay, Br (Kg — invisible) = 1077 and using Eq. (4.13), we can obtain the bound

OKs < 451074, (5.6)

Kg

For K mesons the situation is different. Indeed, for K mesons the decay length is lx, =
CTK, * E—K = 466 m > Ly. It means that only a small fraction of the produced K ’s decay
inside the detector. As a consequence, Eq. (4.8) takes the form

2

Po(Kp — KMt <t K 5243 ,
t( L - L | ) 12E2 0 (5 7)
where ¢y &~ £2. The use of formula (5.7) gives
Mi o
Pu(K, — KM 5242 ,
1( L - L ) 12E2 0 (5 8)

Taking the bound Br (K — invisible) = 107° from Table 2 and Eq. (5.8) into account, one
can obtain for K the bound

Sk,
<1, 5.9
Tr (5.9)
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which is, as discussed above, rather weak due to the fact that the fraction of K’s decaying
at the length 0 <[ < 5 m is just 1 — exp (_FKL%tO) = 0.01. However, due to the fact that
'k, < I'kg, the expected limits for 0k, and dx, don’t differ strongly, namely,

0K
OK

<1.3-107Y GeV,
<0.33-107'7 GeV.

L

(5.10)

S

In the case of a signal observation, several methods could be used to cross-check the result.
For instance, to test whether the signal is due to the HCAL non-hermeticity or not, one could
perform measurements with different HCAL thicknesses, i.e., with one, two, three, and four
consecutive HCAL modules. In this case, the expected background level could be obtained
by extrapolating the results to an infinite HCAL thickness. The evaluation of the signal and
background could also be obtained from the results of measurements at different beam energies.

The signal from Kg;—K§, oscillations can be cross-checked by

e modifying the length of the K° decay volume,
e changing the air pressure in the decay volume,

e changing the energy of the beam.
6. Conclusion

Due to their specific properties, neutral kaons are one of the most interesting probes of
physics beyond the Standard Model from both theoretical and experimental viewpoints. The
decays Kgj — invisible have never been experimentally tested. In the Standard Model
their branching ratios for the decay into two neutrinos are predicted to be extremely small,
Br (K — vi), < 10716 Thus, observation of Kg; — invisible decays would unambiguously
signal the presence of new physics.

We consider the K, — invisible decay in several natural extensions of the SM, such as the
2HDM, 2HDM and light neutral scalar field ¢, and dark mirror matter model. Using constraints
from the experimental value for the Br (K+ — nfvw), we find that the Kg; — invisible
decay branching ratio could be in the region Br(Kg; — invisible) ~ 1078—1075 which is
experimentally accessible, allowing one to test new-physics scales well above 100 TeV. In some
scenarios, the bound Br (K — v7) < 1071% can be avoided, as in the model with the massive
right-handed neutrino and scalar ¢ particle. All this makes these decays a powerful clean probe
of new physics, which is complementary to other rare K-decay channels. Additionally, in the
case of observation, Kgj — invisible decays could influence the Bell-Steinberger analysis of
the KO~ system.

The results obtained provide a strong motivation for a sensitive search for these decay
modes in a near future experiment similar to the one proposed in [4]. We briefly discussed such
a search with the pion and kaon beams available at the CERN PS and SPS, which would also
be capable of improving sensitivity for invisible decays of , 7" and other neutral mesons. If such
decays exist, they could be observed by looking for events with a striking signature: the total
disappearance of the beam energy in a fully hermetic hadronic calorimeter. A feasibility study
of the experimental setup shows that this unique signature allows for searches of K¢, K —
invisible decays with a sensitivity in the branching ratio Br (Ks — invisible) < 1077—107°,
and 71,1’ — invisible decays with a sensitivity a few orders of magnitude beyond the present
experimental limits.
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These results could be obtained with a detector that is optimized for several of properties;
namely, i) the intensity and purity of the primary pion and kaon beams, ii) high-efficiency tag-
ging of the K production, and iii) a high level of hermeticity in the hadronic calorimeter system
are of importance. Large amounts of high-energy hadrons and high background suppression
are crucial to improving the sensitivity of the search. To obtain the best limits, a compromise
should be found between the background level and the energy and intensity of the beam.

Finally, we note that the presented analysis gives an illustrative order of magnitude for the
sensitivity of the proposed experiment and may be strengthened by more detailed simulations
of the experimental setup.
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