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1. Introduction

The goal of the NA62 experiment at the CERN SPS [1] is to measure theHingnratio
(BR) for the decayK* — " vv with a precision of~10%. The Standard Model (SM) prediction
BR(K* — mfvv) = (7.8+£0.8) x 10~ [2] is quite precise, due in large part to the fact that the
hadronic matrix element for the decay can be obtained from the experimegetdiymined rate for
Kes decays. The value of BR* — mvv) is therefore a sensitive probe for physics beyond the
SM, but since this BR is so tiny, prodigious numbers of kaons are reqfordts measurement.
NA62 is expected to begin running in late 2014; about®1R+*s will decay inside the NAG2
fiducial volume in two years’ equivalent of data taking. Obviously, thisdasgmple of kaon
decays provides an opportunity to perform various searches fal piwenomena in addition to
K+ — mvv. In particular, NA62 should be well positioned to obtain competitive resulisamm
decays with explicit violation of the conservation of lepton flavor or numbh&NY), as well as
in related areas, such as the search for heavy neutrinos in deciyasi(je. In addition, since
the decay mod&+ — " i accounts for21% of K* decays, and since the detection of tie
monochromatic in th&* rest frame effectively tags the” in such decays, NA62 should also be
able to improve on searches for new physics in a numbaf diecays as well.

2. Violation of lepton flavor and/or number conservation in kaon decays

Many attempts to improve upon the SM introduce new interactions that may geveonso-
lation of lepton flavor and/or number conservation in specific processmsding supersymmetry
[3, 4], mechanisms for dynamical electroweak symmetry breaking with sttongling such as
extended technicolor [5], Little Higgs models [6], models that introduce yheautrinos into the
SM [7], models featuring large extra dimensions [8, 9], and more. In tht paarches for LFNV
in kaon decays have been able to place tight constraints on the paranaeteif@psome of these
models, for some very straightforward reasons. The availability of intkase beams has made
it possible to design high-statistics experiments, while the relative topologmoplisity of kaon
decays (relatively few decay channels, low final-state multiplicities) and elgeerimental signa-
tures for the LFNV decays make efficient background rejection possitde result, kaon decay
experiments have reached sensitivities to branching ratios as low a§ Which, by simple di-
mensional arguments, can provide access to mass scales upwardsTei/1idGhe search for new
physics at tree level (e.g., a new gauge boson mediating the treeslevelue transition) [10].
Precisely because the results from searches for LFNV kaon depaysaugh the 1990s posed
such stringent constraints on models such as technicolor, for the pasteder so, it appears to
have been tacitly assumed that it would be very difficult to make any furttogress with kaon
decays [11]. However, interest in searches for LFNV in chargadegecays has remained robust,
as witness the interest in experiments such as MEG and Mu2e as well asdhesefort — Ly,
for example, at next-generation flavor factories [12]. In part this abse supersymmetric SM
extensions that would explain the3o discrepancy between the measured and predicted values of
the muon anomalyg, = (g, — 2)/2, predict some degree of charged LFV [13, 14]. In any case,
there is certainly no lack of theories predicting observable LFNV phenamlerthis context, the
next-generation experiments planned to measure the BRs for decayas$uch- 1" vv represent
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Mode UL at90% CL  Experiment  Ref.
Kt — mtute 1.3x10° 1 BNL777/865 [15]
Kt — mtu-et 5.2x 10710 BNL 865 [16]
Kt —mutet 5.0x 10710 BNL 865 [16]
KT — meter 6.4x 10710 BNL 865 [16]
Kt —mutut 1.1x10° NA48/2 [17]
Kt — u vetet 20x10®  Geneva-Saclay [18]
Kt —evutut no data

K. — pe 47x10°1? BNL 871 [19]
K. — mfue 7.6x10°11 KTeV [20]

Table 1: Current status of searches for selected LFV and lWNVdecays for which limits can potentially
be improved by NA62. Two of the best results obtained Withdecays are also listed for comparison.

real opportunities to push down the limits on LFNV phenomena through the sfudiyarged kaon
decays. Table 1 lists some LFNK/* decays (mainly those with three charged particles in the final
state) and current limits on the corresponding BRs, as well as two of thedsedts obtained with

K. decays, for comparison. The NA62 experiment at the CERN SPS shealol®to significantly
improve on many, if not all, of the limits listed for th€" decays.

3. K* = mrptp®

The presence of the decky” — m u™ u™ in Tab. 1 is particularly interesting for two reasons.
On the theoretical side, as discussed in [21, 22], the lepton number violatibis decay would
imply that the virtual neutrino exchanged is a Majorana fermion, i.e., it is its owipaticle, as
illustrated in Fig. 1. This is similar to the case of neutrinoless nuclear doubledbety, and is
an intriguing possibility, because if the neutrino is a Majorana fermion, thesasemechanism
provides a natural explanation for the lightness of the obsewyed,, andv; flavor eigenstates.
In this scenario, the existence of heavy-neutrino mass eigenstates itth@pate in the neutrino
mixing to form sterile, right-handed neutrino flavor eigenstates would alpodukcted. On the ex-
perimental side, the dec&y" — m u*u™ is interesting because NA62’s prospects for measuring
it can be accurately evaluated.

Until recently, the most stringent limit on the branching ratio for this decaytheatsirom the
E865 decay-in-flight experiment at Brookhaven [16]. This resul wlatained from the analysis
of a few hundred candidate events reconstructed in the magnetic speetromest of these are
actuallyK 3 decays; analysis of the invariant-mass distribution with assigned particlificksion
M(rmr u*u™) gives 5 candidates in the signal window aroumg: with an expected background
(from sidebands) of 5.3 events. This is used to set the limitlBR— m ™) < 3.0 x 10°°
(90% CL).

More recently, NA48/2 performed a similar analysis. The primary purpésbeeoNA48/2
experiment, which took data in 2003-2004, was to study diZgcviolation in theK™ /K~ sys-
tem. The experimental configuration is shown in Fig. 2. Simultaneous 60KGedhdK~ beams
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Figure 1: Lowest-order diagrams contributing ko© — mm u*u™. The decay can proceed if the neutrino
exchanged can annihilate itself, i.e., if it is its own aatifcle.
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Figure 2: Schematic diagram of the NA48/2 experiment, showing dtifirabers (DC1-4), trigger ho-

doscope (Hodo), NA48 liquid-krypton electromagnetic cateter (LKr), hadronic calorimeter (HAC), and
muon vetoes (MUV).

entered a 114-m long vacuum decay tank, downstream of which, al@Bgnhelium-filled spec-
trometer consisting of four drift chambers (DC1-4) and an analyzing etagith ap, kick of
120 MeV was used to track and analyze charged secondaries. Deamstif the spectrometer
were located a scintillator hodoscope (Hodo) to provide a fast triggehigireperformance NA48
liquid-krypton electromagnetic calorimeter (LKr), an iron/scintillator hadraaiorimeter (HAC),
and a stack of muon-veto detectors (MUV). The- ruu (signal) andK — 7ot (normalization)
samples were both collected with the same two-level trigger for three-traglysleFor both signal
and normalization events, reconstruction of the three-track vertex with gtradity criteria was
required. For signal events, two tracks were further required to ldifigel as muons by hits in
the MUV. The experimental configuration and the analysis are furtherides in [17].

Figure 3 shows the NA48/2 invariant-mass distributionsor- mruu candidate events with
opposite-sign muons (left) and same-sign muons (right). The decay witbsid@sign muons
(K* — = u* u¥) conserves lepton number; it is a flavor-changing neutral-curresatyder which
there are form-factor predictions from chiral perturbation theory. 8124ees about 3000 signal
candidates, visible as the peak nbHmuu) = mk= in Fig. 3, left. Normalized Monte Carlo (MC)
distributions for signal and background are shown as the yellow- ageheghaded regions. In
the distribution for events with like-sign muons, which violate lepton numberezgaton, the
signal peak is largely absent (Fig. 3, right). There are 52 signalidates in the region near
M(rup) = mg+ and 526+ 19.8 background events expected from MC. This gives the upper limit
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Figure 3: NA48/2 invariant-mass distributions f&r — muu candidates.

BR(K* — mFu*u*) < 1.1x 10°° (90% CL), which improves upon the E865 result by about a
factor of three.

This analysis, however, was not fully optimized for the purposes oftiefgk ;3 background
to K* — mFu*u®. Subsequent analysis demonstrated thaktheevents withM (i) ~ my
are all of the type where two of the pions decay to muons, and one af theu decays occurs
downstream of the spectrometer magnet and upstream of the last dnifbehdn this topology, the
latter track (which is identified as a muon) is misreconstructed; this can ieciteaapparent value
of M(muu). Requiring that the pion track haye> 20 GeV decreases the acceptance for signal
events by 50%, but also eliminates lé}iz events withM (7T ) ~ my=. With the background thus
reduced by at least an order of magnitude, the NA48/2 sensitivity is isedda~1010.

4. NAG62 prospects for searches for LFNV kaon decays

NAG62 should be able to do better still. The experimental setup is illustrated sthaltyan
Fig. 4. The basic infrastructure of the NA62 experiment is inherited frémd\ including some of
the beamline elements, most of the vacuum tank, and most importantly, the LKingztker, which
will be used as a high-performance veto for forward photons in the merasmt of BRK™ —
" vv). Most of the other detectors are either new or have been rebuilt. Trentstatus of NA62
installation is summarized in [23].

The experiment makes use of an unseparated, 750-MHz, 75-GeWpds#am that is-6%
K*. The decay region, of fiducial length65 m for the study oK™ — m"vv, is evacuated to
108 mbar. Inside the fiducial volume, there ar& MHz of K+ decays. With 1 10° live seconds
per year (corresponding to 100 days of data taking, accountingféamtige duty factor, uptime effi-
ciency, etc.), in two years of data, there will be about?}0t decays in the NA62 fiducial volume.
In addition to a 60-fold increase in statistics relative to NA48/2, NA62 will He tdotake advantage
of several of the upgrades critical to the success okthe— 1" vv measurement in its program
to search for LFNV kaon decays. Among these, the improvement in kineneaboistruction for
charged tracks from fast and precise tracking of individual beanticfes (with the Gigatracker),
improved tracking for secondaries by four new straw chambers ople@rat@cuum, and a higher
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Figure 4: Schematic diagram of the NA62 experiment.

p. kick (270 MeV) from the spectrometer magnet will lead to improved invariargsmmasolu-
tion for three-track vertices (from 2—4 MeV to 1-2 MeV). Also importard BIA62’s redundant
particle-identification systems, including a new RICH and a completely ovith&lUV system,
which is highly segmented and included in the level-0 trigger.

In terms of the limit on BRK* — ™ u™), the better kinematic reconstruction in NA62
should enable significant improvements. In particular, simulations show ttiathe higher field
and better three-track invariant-mass resolution expected in NA62, thewailds higher values of
M () from K,z seen in NA48/2 data (Fig. 3) is essentially eliminated, even without cuts on the
momentum of the pion track. Thus it may be possible to reach the NA62 singig-sgnsitivity
for K* — m u*u*, which is 10°%2,

In a similar vein, preliminary studies have been performed for all of theyddisded in Tab. 1,
focused mainly on trigger strategies (including rate and efficiency eval)aimhacceptance sim-
ulations. The trigger criteria, particularly at level 0, are a natural aondsecause the use of a
generic three-track trigger as in NA48/2 would consume a large part A2 bandwidth (per-
haps~600 kHz, compared to thel MHz design rate). Several primitives for the level-0 decision
can be formed, including the following:

e Q- Hits in at leash hodoscope quadrants
e LKR>p(X): At leastn clusters with energy greater thaieV in the LKr
e MUV, Hits in at leash MUV pads
On the basis of these, triggers for lepton pairs can be implemented:
e eepairs: Q- LKR>2(15)

e e pairs: Q2-LKR>1(15)- MUV 54
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o uu pairs: Q2-MUV )

The exact criteria remain to be defined, of course, but studies indicat@ltbathe above triggers
could be included at level 0 at the cost of a few tens of kHz of rate. TW&2Ncceptance (including
the trigger efficiency) for each of tHé™ decays in Tab. 1 has been preliminarily evaluated by fast
MC simulation. As a general statement, the overall acceptances for fites stantainingee, ey,

and uu pairs are respectively a few percent, about 10%, and about 20% theithKr energy
threshold fore™ identification responsible for the lower efficiency for the channels congit .
Considering the expected flux ef10' K*s, the NA62 single-event sensitivities ard 012 for
theK™ decays. Assuming that the backgrounds can be tamed, NA62 is well pesitioimprove
significantly on the scenario in Tab. 1.

5. Searches for heavy neutrinos irK ;> decay

A related topic is the direct search for heavy-neutrino mass eigenstateaong the decay
products of dominank* decays with final-state neutrinos. There are two types of searches. In
production searches, one analyzes the momentum spectrum of a debagskly, for kinematic
evidence of the presence of a heavy particle. In decay searchesttempts to exclusively re-
construct decays of the heavy neutrino itself in one or more hypothetieainels. Since decay
searches focus on a particular topology, they usually obtain greatsitiggn but only for the
decay modes assumed. In addition, decay searches assume that the lifékiembeavy neutrino
is short enough so that the acceptance of the experiment for the detggrest is not signifi-
cantly affected. Since production searches are inclusive, the partaggamption on the lifetime
is weaker, but it is generally assumed that the heavy neutrino will noydesie the acceptance
leaving signals that complicate the recognition of the parent decayKgz)., The current status of
searches for heavy neutrinoskii and ™ decays is summarized in Fig. 5, which presents limits
on the squared PMNS matrix elem¢lxjph|2 that couples the heavy-neutrino mass eigensiate
the flavor eigenstate, as a function ofn,, the mass oby,.

NAG62 has investigated the possibility of performing a production searcheavy neutrinos
in K,;» decay with 40% of the 200K ;> sample used for the measuremenRgf= I (Ke2) /T (Ky2),
as in [29], corresponding to 18M,,> events. In the absence of backgrounds, this would allow
upper limits to be set ofiJ,n|? of 107 for 100 < m, < 400 MeV. The main backgrounds are
from events with muons from beam pions and the beam hglp,and K3 decays with missed
photons andt — u decays or at wrongly identified as at, K2, andKy3 decays with missed
photons, and >, decays with misreconstructed tracks. In the preliminary analysis, a single
cleanly reconstructed track, identified agtan the basis o (LKr)/p(track) and confirmed by
the MUV! is required. A veto is placed on the presence of any other photons in theahl
halo cuts (in the plane of track momentum vs. vertex position) are used to elirhalatenuons.
Systematics are still under evaluation, but the preliminary results indicate ithatihve 2007 data
alone, NA62 should be able to improve on the limits from production seartiosgsin Fig. 5 in
the high-mass region (308 m, < 350 MeV). With the data fronK™ — 7" vv running, precise

IWhere possible—not all NA48 detectors were available during 2007ngnas described in [29].
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Figure 5: Searches for heavy neutrinos ki decays. Limits in green are from production searches: 1)
PSI 198112, [24]; 2) KEK 1982,K;2, [25]; 3) LBL 1973, calculated from limits ol — pv +inv, [26].
Limits in red are from decay searches: 4) ISTRA+ 2042, with v, — vy, 1, =109 1010, and 10! s

and Majorana statistics assumed [27]; 5) PS191 1B88with v, — pFe*v (above) v, — pT ™ (below)
[28]. The gray shaded region indicatekoaver limit obtained from models for big-bang nucleosynthesis.

tracking (including beam tracking), and muon identification from the RIC# MV in all data,
NAG62 should be able to improve on these results by orders of magnitude.

6. Searches for new physics im® decays

The use of kaon decays as a source¥$ to search for rare® decays is well established.
For example, KTeV usel; — 31 decays to search for several ratédecays, while E787/E949
at Brookhaven useld™ — " i° decays at rest as a source of tagg@s in searches for® — yX
[30] andm® — vv (see below). With 18 K+ decays in its fiducial volume from two years of data,
NA62 will have ~2.5 x 10 taggedr® decays fromK* — mrt 7® with which to conduct various
searches.

For example, NAG2 should be able to improve on limits for the decilys 3y andi® — 4y.
The former violate€-parity conservation and cannot be accommodated in the SM at any ebserv
able level. The latter has an SM branching ratio on the order of1due mainly to higher-order
electromagnetic contributions (light-by-light scattering) [31]; deviationmfthis prediction might
provide evidence for new light scalars weakly coupled to the electrontiagnerent. Current ex-
perimental limits for both BRs are at the level of f0 At NA62, the primary challenge will be
rejection of background frolk* — mtn%(y) andK* — PO, starting at the lowest trigger
level. Studies indicate that a dedicated level-0 trigger such_as KKR_3(1) - MUV can keep
rates down to acceptable levels while maintaining reasonable efficientigupanty if the trigger
logic can exclude thert cluster from the LKr cluster count. At level-1, the trigger would have to
make kinematic cuts on the LKr clusters (e.g., in the spadd (@fyy) vs. p;). In the analysis (or
possibly even at trigger level) the full complement of large- and small-arigitop veto detectors
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Figure 6: Amplitudes involving theJ boson contributing tay, (left) and to the decay® — etey (right).

can be used to reject events with additional photons, and a kinematic fit tortif@ete event can
provide a background rejection factor of 70 Then, NA62 should be able to obtain BR limits at
the level of 1019, about two orders of magnitude better than present limits.

NAG2 is also well positioned to use® decays to search for a new, light vector gauge boson
with weak couplings to charged SM fermions, a so-calledoson, or “dark photon”. A hypo-
theticalU boson could mediate the interactions of dark-matter constituents, as swadtiny@x-
planations for various unexpected astrophysical observations aneisthiés of certain dark-matter
searches, and could also explain th8c discrepancy between the measured and predicted values
for the muon anomaly,, (see [32, 33] and references therein)UAoson with a mass of less than
m;0/2 might be directly observable in® — e*e~y decays, as illustrated in Fig. 6. The current
upper limit on BR® — Uy) with U — ete™ is from the WASA-at-COSY experiment, and de-
creases from-1x 102 atmy = 30 MeV to a little over 2« 10-8 at 100 MeV [34]. This result was
obtained with~5 x 10° ° — e*e~ y events. At NA62, with ame pair trigger like that described in
Sec. 4~10° ° — etey decays can be collected per year, with a mass resolution faetpair
of ~1 MeV (which can be improved by kinematic fitting), compared to several Mekdrcase of
WASA-at-COSY. As a result, NA62 should be able to improve on the culirittby at least two
orders of magntiude.

As a final example, NA62 should be able to improve on limits for the invisible detay
the 1°. The least exotic decay to an invisible final staterfs— vv. This is forbidden by
angular-momentum conservation if neutrinos are massless; for a massiremav of a given
flavor and massn, < m/2 with standard coupling to th&, the calculation of the decay rate
is straightforward. The experimental signatur®— invisible could also arise fronm® decays
to other weakly interacting neutral states. The best direct experimental limiétéois BR° —
invisible) < 2.7 x 10~ (90% CL), from E949 at Brookhaven [35]. Neutrino-mass limits translate
into limits on BR'® — vv) (though not on BRs to other invisible final states). The best limit
on my, (the neutrino mass for which the limits are least stringemt), < 18.2 MeV [36], im-
plies BR® — vv) < 5x 10719 (95% CL), while limits from astrophysics and cosmology imply
BR(® — vv) < 3x 1071337, 38].

Experimentally, the processt — ™ i® with ° — invisible is very similar toK ™ — mvv,
with the important difference that in the former case, theis monochromatic in the rest frame
of theK*. This means that there is no help from kinematics in identiffirig— " °, ® — yy
with two lost photons—the limit on BR®® — invisible) essentially depends on the performance
of the photon vetoes. At level 0, NA62 could use the same trigger critediardé™ — mrvv.
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Inclusion at level 0 of information from the photon vetoes (in particular théd) is already under
consideration; for® — invisible it might be important to keep the level-1 rate under control as
kinematic cuts to exclud&® — " 70 events are loosened. The dominant contribution to the
trigger rate is from events with one photon overlapping with tHeon the LKr calorimeter and
one photon lost. With stringent track-quality cuts for thie and additional cuts in thep,-, 6+ )
plane to deselect events with low-energy, large-angle photonsPtregection can be increased by
perhaps a factor of ten with respect to the NA62 baseline rejection df. Ihhen, NA62 would
have the potential to set a limit on BR? — invisible) of ~10-°, which is about 100 times better
than present limits.

7. Conclusions

Next-generation experiments to measire — " vv will be well adapted to carry out a
rich program to search for very rare or forbiddén and ° decays, because intenie sources
and robust background rejection (through precise tracking and lpadentification and hermetic
photon vetoes) are the defining features of such experiments. WItA® K+ and ~2.5 x 1012
m° decays in its fiducial volume after two years’ worth of data taking, NA62 walé single-
event sensitivities 0f-10~12 for a number oK* decays that violate lepton flavor and/or number
conservation, as well as the potential to improve existing limits in a variety oflsesufor related
phenomena.
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