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Abstract

The NA62 experiment at CERN has the capability to collect data in a beam-dump mode, where
400 GeV protons are dumped on an absorber. In this configuration, New Physics particles, including
dark photons, dark scalars, and axion-like particles, may be produced in the absorber and decay in
the instrumented volume beginning approximately 80 m downstream of the dump. A search for these
particles decaying in flight to hadronic final states is reported, based on an analysis of a sample of
1.4 x 10'7 protons on dump collected in 2021. No evidence of a New Physics signal is observed,
excluding new regions of parameter spaces of multiple models.
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1 Introduction

Fixed-target experiments present an opportunity to search for the production and decay of long-lived
New Physics (NP) particles X with masses, my, up to a few GeV/c?. These experiments can operate
at high intensities in a low-background environment, measuring coupling strengths Cy of NP particles
to Standard Model (SM) particles in the range 1078-10~*. This range of my and Cy is of particular
interest in models that describe hypothetical mediators between Dark Matter (DM) and SM particles,
collectively referred to as dark sector portals. These mediators enable interactions between the SM and
the DM sector and potentially explain various observations for which the SM does not account [1].

A classification of dark sector portal benchmark models proposed in [2] to facilitate the interpretation
of experimental results is summarized in table 1. The following benchmark cases (BCs) are considered
in this work:

e In BCI a new U(1) symmetry gauge boson A’, called the dark photon, interacts with the SM
through kinetic mixing: ¢ = —&/(2cos 6y ) F;;,B*", where F;,, and By, are the field strength
tensors of the dark photon and the SM hypercharge gauge boson, respectively, and Oy is the
Weinberg angle. The strength of the interaction is characterised by €, the mixing parameter with
the photon.

* In BC4-5 a new scalar singlet S, called the dark scalar, interacts with the SM Higgs doublet
H: £ = (uS+AS?)H'H, where u and A are the coupling constants. Below the electroweak
symmetry breaking scale the dark scalar mixes with the SM Higgs boson % in proportion to the
parameter 6 ~ v/ (mz — m%), where v is the vacuum expectation value of the Higgs field.

* In BC9-11 an axion-like particle a couples to the SM fermions f and gauge bosons V: ¥ =
Crr/(2A) duafy*y’ f and £ = (Cyv/A)aVyyVHY, where A is the NP energy scale and Cys and
Cyy are the coupling constants.

A search for hadronic decays of feebly-interacting particles using the NA62 beam-dump dataset
corresponding to 1.4 x 10'7 protons on dump collected in 2021 is reported here. A combination of
results with the previous NA62 searches for di-lepton decays [3, 4] is also presented.

Table 1: Summary of NP benchmark models, particle types, couplings, and decay channels relevant for
fixed-target experiments. Hadronic final states are highlighted; those containing exactly two oppositely
charged particles are studied in this work while BC6-8 (leptonic or semi-leptonic decays) and BC9 (di-
photon decay) are not considered.

benchmark | NP particle (X) type Cx decay (my < 0(1GeV /c?))

BCl1 dark photon (A”) vector € 74 nn,3n,4n, KK, KK®t
BC4-5 dark scalar (S) scalar 0 174 xr, 4n, KK

BC9-11 axion-like particle (a) pseudoscalar | Crryy | vy, 00 | wmy, 37, 47, mnn, KK=

BC6-8 heavy neutral lepton (N;) | fermion Uul wl, wnl, K¢, 614V

2 Beamline, detector and dataset

NAG62 is a multi-purpose fixed-target experiment at the CERN SPS covering a broad kaon and beam-
dump physics program with the main aim of measuring the ultra-rare K+ — 77vV decay [5]. In the
kaon operating mode, a 400 GeV /¢ proton beam from the SPS impinges on a beryllium target producing
a secondary unseparated hadron beam. The position of the target defines the origin of the coordinate



system. A 75GeV /¢ momentum component containing 6% of K™ is selected using an achromat formed
by a set of movable copper-iron collimators called the TAX and four dipole magnets (B1A, B1B, B1C,
B2), as shown in figure 1-left. In the beam-dump operating mode, the target is removed, and the TAX
is moved into a position where the collimator holes do not overlap, effectively serving as a dump for the
proton beam, as shown in figure 1-right. Feebly-coupled NP particles can be produced either directly
in the interactions of the proton beam with the TAX, or in the interactions and decays of the secondary
SM particles produced in the primary interaction. The NP particles can traverse the TAX material and
reach a decay volume beginning approximately 80 m downstream. A residual flux of charged particles,
most notably muons, penetrates the TAX material. To suppress the rate of these particles reaching the
detector, the magnetic fields of the B1C and B2 magnets are optimised [6]. About 50% higher proton
beam intensity with respect to the kaon mode is used to maximise the NP particle production, limited by
radiation protection constraints. The beamline and detectors are schematically shown in figure 2. Further
details of the beam-dump operating mode are given in [3].
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Figure 1: Schematic side view of the NA62 achromat area in the standard (left) and beam-dump (right)
setups. The trajectory of a 75GeV /c positively charged particle is drawn in blue while the trajectory of
a 400GeV /c proton is drawn in red.

The NA62 detector [7] includes a 117 m long vacuum vessel beginning approximately 105 m down-
stream of the target, housing a magnetic spectrometer (STRAW) to measure the momenta of charged par-
ticles. A large aperture scintillator veto detector (ANTIO) is installed upstream of the vacuum vessel [5].
The vessel is followed by a ring-imaging Cherenkov counter (RICH), used for charged track timing and
particle identification (PID), and two scintillator hodoscopes (labelled CHOD in figure 2) comprising
a matrix of tiles (CHOD) and two planes of slabs (NA48-CHOD) used for charged track timing. Fur-
ther PID is performed using information from the liquid krypton electromagnetic calorimeter (LKr) and
iron-scintillator sandwich hadronic calorimeters (MUV1 and MUV?2). Additional muon identification is
provided by a muon detector (MUV3), located behind a 80 cm-thick iron wall. The calorimeters are com-
plemented by a small-angle veto system (SAV) and a large-angle veto system (LAV); the latter comprises
12 stations installed inside and downstream of the vacuum vessel.

Two trigger lines were implemented for the beam-dump operation in 2021: a minimum bias trigger
(Q1), requiring at least one signal in CHOD and downscaled by a factor of 20; and a two-track trigger
(H2), requiring two in-time signals in different CHOD tiles. These are complemented by a control trigger
requiring at least one LKr cluster with more than 1GeV deposited energy. This work describes the
analysis of 2021 beam-dump data collected during 10 days of operation and corresponding to Npot =
(1.440.3) x 10'7 protons on TAX (POT). The POT measurement is performed using a titanium-foil
secondary-emission monitor located upstream of the TAX. The uncertainty of Npgr is deduced from the
operational experience of these monitors and is validated using the number of selected K™ — nt g1~
decays in the kaon operating mode.



STRAW
LAV _\_‘—C‘—I-I|Oll?/|uv1,2
1 | Iron
RICH MUV3
Target SAC
0] = CHANTI m

IRC
, ] M L LKr
‘!—()I T T T T T T T T T T T T T T T T T T T T
0 100 150 200 250

Figure 2: Schematic side view of the NA62 setup in 2021. Information from KTAG, GTK, CHANTI
and VC is not used in this analysis. Not all beamline elements are shown.

3 Search for hadronic final states

3.1 Signal selection

The signal selection is applied to a sample satisfying the H2 trigger line. Exactly two good quality
STRAW tracks are required; the tracks must be oppositely-charged and form a secondary vertex inside
a fiducial volume (FV) with longitudinal coordinate Zytx within [105m, 180m]| and radial transverse
shape defined in [4]. The extrapolated position of each track must be in the geometrical acceptance of
LKr, MUV 1-3, hodoscopes and inner aperture of the last LAV station. The positions of the two tracks
extrapolated to the first STRAW station and to the LKr front plane must be spatially separated by at
least 20mm and 200 mm, respectively. The time of each track is defined as the time of the geometrically
associated NA48-CHOD signal if present, otherwise of the CHOD signal. The time of each track must
be within Sns of the trigger time. The event time is defined as the average of the two track times.
No MUV3 signals are allowed within Sns and geometrically associated to either track. The two tracks
must be identified as hadrons with a probability above 80% by a boosted decision tree classifier using
information from LKr, MUV1 and MUV2. This condition optimises the acceptance for hadronic final
states and the probability of mistagging a lepton as a hadron. The RICH acceptance is optimised for the
identification of positively charged particles. Therefore, if a positive hadron is identified by the RICH
as a K™, the final state is classified as KT K, otherwise as 7+ 7~. As this selection is based only on
charged particles, it includes final states containing additional photons.

To reconstruct neutral decay products, a search is performed for LKr clusters with energy exceeding
5GeV within 4 ns from both track times and not spatially associated with any of the charged tracks. The
selected clusters are assumed to belong to photons originating from the secondary vertex. If two photons
are within 5ns from each other, their invariant mass is used to identify 7° or 1) mesons. This enables the
reconstruction of all hadronic final states from table 1.

To suppress backgrounds and to avoid event misreconstruction, no in-time LAV or SAV signals are
allowed. In addition, no in-time ANTIO signals are allowed that are geometrically compatible with the
extrapolated vertex tracks.

The three-momentum of the NP particle candidate is calculated as the sum of the three-momenta
of the reconstructed decay products and is used to extrapolate the particle trajectory backward from
the secondary vertex to the closest approach to the primary proton beam axis. The mid-point of the
minimum-distance segment between the two lines defines the primary vertex where the NP particle is
produced. The distributions of simulated A’ — 77~ and A’ — nt 7w~ 7%7° decays in the plane (Zrax,



CDATax) are shown in figure 3, where Zyax is the Z coordinate of the primary vertex and CDATax
is the closest distance of approach between the two lines. The other NP decays considered in table 1
show similar properties. The signal region (SR) is the area inside a half-ellipse centred at (23 m, 0 mm),
corresponding to the mean proton beam impact point on TAX, with semi-axes 23 m and 40 mm, re-
spectively. The control region (CR) is a rectangle surrounding the SR defined as —7m < Ztax < 53m
and CDATax < 150mm. Both regions are kept masked in the data sample until the validation of the
background estimates.
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Figure 3: Distribution of fully reconstructed simulated A’ — n* 7~ (left) and A’ — 77~ 7%7° (right)
decays in the plane (Ztax, CDATax). The ellipse and box define the signal and control regions, respec-
tively. The expected number of events is shown for BC/ model with my = 908 MeV/c?, € =7 x 1077
and Npor = 1.4 x 10'7.

The mass of the candidate NP particle my is computed using the masses and three-momenta of the
reconstructed particles at the secondary vertex. For the signal, a Gaussian distribution of my is expected
with the standard deviation 0,,, varying with the NP particle mass.

3.2 Background estimation

The background sources are studied and their estimates are validated outside the masked SR and CR
using simulations and data-driven methods. With the number of expected £/~ background events at the
level of 1072 [3, 4] and the probability to misidentify a charged lepton as a hadron below 1072, only
direct hadron production can lead to sizeable backgrounds. Four types of processes resulting in hadron
production are identified:

* Kaon decays: Hadrons escaping the TAX can interact upstream of the FV and produce secondary
particles including kaons. Figure 4 shows the distribution of reconstructed 77~ () data events
in the plane (Zyrx, Mgz (y) when inverting the ANTIO veto condition and removing the LAV
veto condition. The distribution consists of three components: interactions in the collimator pre-
ceding the FV; Kg — ntn~ decays; K+ — wtn*n~ decays with a pion escaping detection or
mis-reconstructed as a photon. The upstream interactions do not enter the signal sample as they
are not reconstructed in the FV. A 3¢ window in the NP mass around the Kg mass is ignored for
all final states. To evaluate the K background, single tracks, collected by the Q1 trigger and iden-
tified as Kt using the RICH, are used as an input for the K™ — 7t 777~ decay simulations in the
FV. The resulting 777~ and 7 7~y mass distributions are empirically fitted using Gaussian func-
tions with mean values of 340MeV /c? and 450MeV /c?, and standard deviations of 10MeV /c?
and 40MeV/ 2, respectively. The simulated distribution of the background events in the (Zrax,
CDATAx) plane obtained without applying LAV and ANTIO veto conditions is shown in figure 5.
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Figure 4: Distributions of 777~ (black) and 7" 7~y (red) data events in the plane (ZyTx, Myz(y) When
inverting the ANTIO veto condition and removing the LAV veto condition. Vertical solid lines indicate
the FV. The excluded 3¢ window around the K mass is indicated by horizontal dashed lines.

* Prompt: The prompt background produced by muons traversing the material upstream of or within
the vacuum vessel is evaluated with a data-driven Monte Carlo (MC) simulation. Single tracks,
collected by the QI trigger and identified as muons by LKr and MUV3, are used as an input for
a standalone code (PUMAS [8]) interfaced with GEANT4 [9]. Muons are propagated backwards ac-
counting for the expected energy loss and bending induced by magnetic fields. The muon energy
and geometrical distribution obtained in a plane upstream of the FV is used as an input for a for-
ward GEANT4-based simulation of the muon interactions in the detector material. The background
mechanism identified with the simulation is inelastic muon-nucleus interaction. The prompt back-
ground is found to contribute to each final state but at the level of 10~ events or less.

Combinatorial: The combinatorial background originates from the pairing of interaction products
of uncorrelated beam protons. This contribution is evaluated using single tracks collected by the
QI trigger identified as hadrons, overlaid in time to simulate accidental superposition. While this
component is responsible for the dominant background for the pu analysis [3], with approximately
0.02 hadron tracks per muon track it results in a 777~ background of the order of 10> events,
and therefore it is negligible for the hadronic final states.

‘\\\\‘\\\\‘\\\\‘\\\\‘
¢ =

o

=

5

920 0 20 40 60 80 100 120 140 160 180

Zrpx [M]

Figure 5: Distribution of simulated K™ — 777" 7~ decay events in the plane (Zrax, CDATax) Without
the LAV and ANTIO veto conditions, scaled to the observed number of data events.



* Neutrino-induced: The flux of v, and Vv, corresponding to 10'8 proton interactions in the TAX
is determined using GEANT4. Charged and neutral current interactions are simulated in the pas-
sive material using the GENIE framework [10], effectively enhancing the interaction cross section,
interfaced with GEANT4. No two-track events are reconstructed. The background is found to be
negligible.

The background estimates are summarized in table 2. The K™ — n" 27~ decay constitutes the
dominant background process and contributes to the 717~ and 77 7~y final states only.

Table 2: Summary of expected background counts Nex, in CR and SR after full selection, with errors
corresponding to a 68% coverage, and the minimum number of events Ngfl’n to be observed to claima 5o
discovery, separately for SR and the union of SR and CR.

Channel ‘ Nexp.cR ‘ Nexp.sR ‘ Nrsnciyn,SR Nrsn(iyn,SR+CR
e 0.013+£0.007 0.007 +0.005 3 4
A 0.031+£0.016 0.007 £0.004 3 5
rta—nl (1.371) x 1077 | (1.2713) x 1077 1 1
rta—a’n | (1.677%) x 1078 | (1.6774) x 1078 1 1
mtaTn (7.37270) x 1078 | (7.072%*) x 1078 1 1
KK~ (477857 x 1077 | (4.671%%) x 1077 1 2
Ktk 2 | (1.6732)x 1077 | (1.575)) x 1077 1 1

3.3 Expected number of signal events

The numbers of expected signal events Né{;p as a function of the particle mass my and lifetime Ty are
estimated for each combination of production process i and final state j using GEANT4-based simulations.
To allow a model-independent interpretation of the analysis result, the coupling Cx is kept at a reference
value, considered as a multiplicative constant, and the decay branching ratio BR} is assumed to be
unity for each channel j. The hadronic decay channels j are highlighted in table 1 for each NP particle.
Including the di-lepton decay channels studied in [4], 61 combinations of production processes and decay
channels are studied. The values of Né{(p are evaluated as

ng(mX7TX) = Npor X %[iaan(mX) X PléD(mX7TX) XAQJ:;C(mefX) ) (D

where the probablhty for the NP particle to reach the FV and decay therein, PRD, and the signal selection
acceptance, Aacc, for NP particles that reach the FV and decay therein, including trlgger efficiency, are
functions of my and Tyx. The probability of NP particle production in the dump, is evaluated for
several production processes:

XPP%X ’

* B-meson decays for dark scalars and axion-like particles: B mesons are produced by interactions
of the primary beam protons in the TAX. The B, B~, B and B® production kinematic spectra are
simulated with PYTHIA8.3 [11] under the conservative assumption that B mesons are produced
only by primary interactions of the beam protons with the TAX. The production cross section
derived in [12] is used. The B — KX decays, where K stands for both charged and neutral kaons
and their resonances, are simulated, using the decay widths from [13] and [14] for the model-
dependent interpretation for axion-like particles and dark scalars, respectively.

s Light-meson decays for dark photons: Light pseudoscalar P = {7°, 1, n’} and vector V = {p°, @,
¢} mesons are produced by interactions of the primary beam protons in the TAX. The light meson
spectra are simulated using PYTHIAS. 3, validated in [15]. The P — A’y and V — AP decays are
considered.



* Meson mixing for dark photons and axion-like particles: The light mesons produced as in the
previous production process can mix with the NP particles carrying the same quantum numbers.
The kinematics of the emitted NP particles is modified with respect to the light mesons by P —a
and V — A’ mixing, but there is no complete treatment of this effect available in the literature.
Therefore, the NP particle kinematics is approximately evaluated as discussed in [16].

* Bremsstrahlung production for dark scalars and dark photons: NP particles can be produced
through quasi-elastic scattering of the beam proton on the TAX nuclei. The dark scalar brems-
strahlung is simulated using the quasi-real approximation from [17]. A time-like form factor ac-
counts for the resonant production enhancement. An off-shell form factor effectively decreases
the particle production when the energy transfer approaches a cutoff scale of 1.5GeV. The dark
photon bremsstrahlung is simulated using the modified Weizsacker-Williams approximation as
in [3, 4]. For comparison, results using this approximation, not accounting for the off-shell form
factor but including the time-like form factor are also derived.

» Primakoff production for axion-like particles: Axion-like particles can be resonantly produced
through the Primakoff effect. This can be mediated by both off-shell photons from primary protons
and on-shell photons from light meson decays. The differential cross section from [18] is used.

Figure 6 summarises the information obtained using equation 1 and mass resolution for a dark photon
produced via bremsstrahlung and decaying to a 777~ pair.

The systematic uncertainty in the expected number of events, computed from equation (1), is domi-
nated by the 20% relative uncertainty in the measured Npor. The theory uncertainties entering Prp and
Xpp—x are not considered. The systematic uncertainty in A, is estimated to be 3.3%, dominated by the
limited simulation statistics and the simulation of PID efficiencies.
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Figure 6: Top left: Number of expected A’ — m 7~ events in the plane (my, Ty = h/Ty) after full
selection, assuming € = 1 and BR(A" — 77w~ ) = 1. Top right: Acceptance of the A’ — 7" 7~ decay for
particles that reach the FV and decay therein shown in the plane (my/, I'4/). Bottom: Mass resolution of
the reconstructed NP particle in the decay A’ — 77~ as a function of its mass.



4 Results

After unmasking the CRs and SRs, no events are observed for the hadronic decays studied. The pub-
lic framework ALPINIST [16] is used for the model-dependent interpretation of the result for each BC
scenario, calculating the total expected number of events as a function of the X mass and coupling,
Nexp(myx,Cx ), by combining the individual values of Ng(p (my,Tx) according to table 1 including the di-
lepton channels studied in [4]. The decay widths of the hadronic channels are calculated from [19-22].

The exclusion limits are derived using the CL; method [23] performing a likelihood fit on a grid of
Cx and my values. The results for BCI (dark photon) and BC4 (dark scalar) are shown in figures 7 and
8, respectively. The result for BCS is equivalent to BC4 as the exclusion limit does not extend to the
low coupling region, in which the dark scalar pair production in B meson decays becomes relevant. The
axion-like particle exclusion bounds shown in figure 9 are evaluated assuming a UV scale A = 1TeV.
Due to small hadronic decay widths for BC10 (fermion-coupled axion-like particle), only the di-lepton
decays are considered. Similarly for BCI1 (gluon-coupled axion-like particle), only hadronic decay
channels are considered. Mass windows around 7°, 7,71/, p, ®, ¢ masses are not displayed in figures 7-
9 as the theory estimate of the expected signal is not reliable for NP particles quasi-degenerate with
respect to the SM particles. The Npor and the background estimate probability distribution functions
are modelled as log-normal distributions. The expected signal and background mass distributions are
included in the likelihood evaluation. The likelihood also accounts for observed events, expected signal
and background counts. The expected di-lepton signal counts are updated with respect to the evaluation
used in [4] by extending to the full momentum range of the light mesons. For completeness, a comparison
between the updated di-lepton exclusion bound with the one published in [4] is shown in figure 10.

In all studied benchmark cases the exclusion contours extend beyond the previous limits: the proton
beam-dump experiments CHARM and NuCal [16, 24-27], the electron beam-dump experiments E137,
E141 and NA64 [28-32], the forward collider experiment FASER [33] and the kaon-decay measurements
by NA62 and E949 [34-40].
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Figure 7: Observed 90% CL exclusion contours in the plane (my, Cx) in dark photon BCI benchmark
case combining hadronic and di-lepton channels compared to the updated NA62 di-lepton result. Left:
Result using bremsstrahlung production without the time-like form factor. Right: Result including mix-
ing production and bremsstrahlung production with a time-like form factor. Expected 16 and +20
bands correspond to the uncertainty in the number of protons on TAX (theory uncertainty not included).
In both panels, the exclusion contours for past proton beam-dump experiments assume a bremsstrahlung
production including a time-like form factor.
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Figure 9: The observed 90% CL exclusion contours in the plane (my, Cx) in the fermion-coupled axion-
like particle BCI0 (left) and gluon-coupled axion-like particle BC11 (right) benchmark cases, evaluated
assuming A = 1TeV. Expected 10 and +20 bands correspond to the uncertainty in the number of
protons on TAX (theory uncertainty not included).
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blue line.
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5 Conclusions and prospects

The NA62 2021 beam-dump data sample equivalent to Npor = 1.4 X 10'7 has been investigated for de-
cays of New Physics particles into ztn~, ntn~y, atn~ 7, ntn=22° ztn—n, K*K~ and K*K~ 7"
final states, with no signal observed. Combining this result with the previous searches for the di-lepton
final states, e"e™ and ut ", using the same dataset, new regions of dark scalar, dark photon and axion-
like particle parameter spaces are excluded, improving on previous experimental searches. An additional
NA62 beam-dump dataset equivalent to Npor = 4.9 x 10'7 is being analysed. The analysis has demon-
strated no background limitation for statistics of Npor = 108,
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