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1 Introduction

Proposed extensions of the Standard Model (SM) aimed at explaining the abundance of
dark matter in the universe predict an additional U(1) gauge-symmetry sector with a
vector mediator field A, often called a “dark photon”. In a simple realization of such a
scenario [1, 2], the A;t field with mass My interacts with the gauge field B* associated
with the SM U(1) symmetry through a kinetic-mixing Lagrangian term:

£
— S Fl,B", (1.1)

where F), = 0,4, — 0,A),, B" = 0'B" — 0" B*, and ¢ < 1 is the coupling constant. The
mass M4 and the coupling constant ¢ are the free parameters of the model. The relevant
features of the dark photon phenomenology are:

e Dark photons can be produced in proton-nucleus interactions via bremsstrahlung
or decays of secondary mesons. The two mechanisms differ in terms of production
cross-section and distributions of the momenta and angles of the dark photons. At
the energy of SPS protons (400 GeV), the probability for production of a dark photon
with a momentum above 10 GeV /c is of the order of 1072 x £2 per proton.



o For ¢ in the range from 10~7 to 107® and M, in the range from MeV /c? to GeV/c?,
the decay lengths of dark photons with momenta above 10 GeV /¢ span from tens of
metres to tens of kilometres.

e Due to the feeble interaction with SM particles, dark photons can punch through tens
of metres of material before decaying.

« For My below 700 MeV /c?, the dark photon decay width is dominated by di-lepton
final states.

Other new-physics scenarios can lead to di-lepton final states. Proton beam-dump ex-
periments are a high-intensity source of secondary muons, providing an opportunity to
probe muon-specific dark sectors [4]. Another scenario, which is considered here, is the
proton-induced emission of axion-like particles (ALP) coupled to SM fermionic fields [5].
An ALP a can be emitted in the decays of charged or neutral B mesons produced in
proton-nucleus interactions:

pN — BX, followed by B — K®q. (1.2)

ALPs with masses below 700 MeV /c? and interacting only with SM fermionic fields decay
mainly to di-lepton modes. To address the general scenario in which the coupling of ALPs
to SM fermionic fields is not uniform (for example, the coupling to quarks differs from that
to leptons), a model-independent approach is adopted: the product of branching ratios

BR(B — K™a) x BR(a — ) (1.3)

is assumed to be independent of the a lifetime. The free parameters in this case are the a
mass and lifetime, and the product of the branching ratios of eq. (1.3).

The intense proton beam extracted from the CERN SPS and the NA62 setup have
been exploited to search for the production and decay of dark photons by taking data in
beam-dump mode: 1.4 x 10'7 protons were dumped in 10 days in 2021. The first NA62
search for dark photon decays to di-muon final states in beam-dump mode is presented.

2 Beam-dump operation of NA62

In the standard operation, dedicated to the study of the K+ — 7w decay, a 400 GeV
proton beam extracted from the CERN SPS is focused onto a 400 mm long, 2 mm diameter
beryllium rod to generate a secondary hadron beam. An achromat composed of two movable
collimators (TAX) located between two pairs of dipoles is used for momentum selection, as
sketched in the left panel of figure 1. The origin of the coordinate system is at the target
centre, the Z axis is directed downstream along the beam line, the Y axis points upwards,
the X-Y-Z axes form a right-handed coordinate system. The dipoles upstream of the TAX
(B1A, B1B) produce a downward translation of the beam axis, with a vertical shift inversely
proportional to the particle momentum. The TAX holes are used to select beam particles
in a narrow momentum range centred at 75 GeV /c. The dipoles downstream of the TAX
(B1C, B2) shift the beam back to the original axis.
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Figure 1. Schematic Y-Z view of the TAX achromat: standard (left) and beam-dump (right) setups.
The holes in the TAX movable parts are aligned (left) and misaligned (right). The beam enters
from the left. The trajectory of a proton with 400 GeV /¢ momentum along Z at the origin is drawn
in red. In the left panel, the trajectory of a particle with positive charge and 75 GeV /¢ momentum
along 7 at the origin is drawn in blue.

In the beam-dump operation, sketched in the right panel of figure 1, the target is
removed and the holes in the two movable sections of the TAX are misaligned with respect
to each other and the beam axis. The proton beam is dumped on 800 mm of copper
followed by 2400 mm of iron, corresponding to a total of 19.6 nuclear interaction lengths.
The currents of the dipoles preceding the TAX are set as in the standard operation. The
coordinates of the average proton impact point at the TAX front plane are

Py = (0,—-22,23070) mm, (2.1)

with standard deviations of 4.7 and 3.2 mm in X and Y, respectively [6]. The beam axis
at the impact point is parallel to the Z axis. In the beam-dump operation (unlike in the
standard mode) the currents of the B1C and B2 dipoles are set to produce magnetic fields in
the same direction. The magnetic field strength generated by B1C (B2) is —1.8 T (—0.6 T)
along X to minimise the flux of “halo” muons produced by pion decays within the TAX, as
predicted by simulations [7]. The measurement of the muon flux relative to the standard
operation as a function of the B2 current has confirmed the prediction (figure 2).

2.1 NAG62 beam line and detector

The beam line and detector [8] are sketched in figure 3. The elements relevant for the
beam-dump operation are discussed here.

In addition to the dipole pair B1C-B2, other elements increase the capability of the
beam line to sweep halo muons away from the detector acceptance. The elements with the
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Figure 2. Relative muon flux measured by the MUV3 detector (section 2.1) as a function of the B2
magnet current. The reference point for the standard operation is +770 A, corresponding to a field
strength of 1.8 T. The arrow indicates the working point for the beam-dump data taking, —250 A.
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Figure 3. Schematic layout in the Y-Z plane of the NA62 experiment for the 2021 data taking.
Certain elements of the beam line are not shown.

highest sweeping power are: a triplet of magnetization-saturated dipole magnets (B3); a
toroidally-magnetized iron collimator (SCR) and the return yokes of the B5 and B6 magnets
in the beam-tracker region (GTK, not used for this analysis). The cleaning collimator
preceding the most downstream GTK station (COL, a 1.2 m thick steel block with outer
dimensions 1.7 x 1.8 m?) and the newly-installed ANTIO scintillator hodoscope [9] are
used to intercept and detect particles outside the vacuum pipe, respectively. The most
downstream GTK station at Z = 102.4 m marks the beginning of a 117 m long vacuum
tank evacuated to a pressure of 1076 mbar.

Momenta and directions of charged particles are measured by a magnetic spectrometer
(STRAW). The STRAW, comprising two pairs of straw chamber stations on either side of a
dipole magnet, measures momentum-vectors. The resolution of the momentum p expressed



in GeV/c is 0,/p = (0.30 & 0.005 x p)%. The ring-imaging Cherenkov counter (RICH) is
not used in the present analysis. Two scintillator hodoscopes (CHOD and NA48-CHOD),
consisting of a matrix of tiles and two orthogonal planes of slabs, provide time measurements
with 600 and 200 ps resolution, respectively. Particle identification is provided by a quasi-
homogeneous liquid krypton electromagnetic calorimeter (LKr), two hadronic calorimeters
(MUV1,2), and a muon detector (MUV3) just downstream of a 80 cm thick iron absorber.
A photon veto system includes the LKr, twelve ring-shaped lead-glass detectors (LAV)
and small angle calorimeters (IRC and SAC). Synchronous energy deposits in nearby LKr
cells are grouped into clusters. The LKr resolution of the energy E expressed in GeV is
op/E = (4.8/VE ® 11/E & 0.9)%. The LKr spatial and time resolutions are 1 mm and
between 0.5 and 1 ns, respectively, depending on the amount and type of energy released.

2.2 Data sample

Three trigger lines are employed during beam-dump operation. Two of them are used to
identify charged particles: Q1, triggered by events with at least one signal in the CHOD
and downscaled by a factor of 20; H2, triggered by events with at least two in-time signals
in different tiles of the CHOD. The third trigger line, the Control trigger, is used to identify
both charged and neutral particles. The Control trigger requires a total energy above 1 GeV
in the LKr, with one or more reconstructed clusters. More details on the trigger can be
found in [10, 11].

The attenuation by the TAX allows the proton beam to be operated at a rate of
6.6 x 10'2 protons per spill of 4.8 seconds effective duration, equivalent to 1.7 times the
intensity of the standard operation. At this intensity, the rates of Control, downscaled Q1,
and H2 triggers are 4, 14, and 18 kHz, respectively.

3 Signal simulation

Monte Carlo (MC) simulations of particle interactions with the detector and its response
are performed using a software package based on the GEANT4 toolkit [12]. The response of
the trigger lines is also emulated.

After a proton interaction in the TAX, A’ emission can proceed via a bremsstrahlung
process or in a decay of secondary mesons. Bremsstrahlung production is understood in the
generalized Fermi-Weizsédcker-Williams approximation from the scattering process [13]

vp— A, (3.1)

where the virtual photon v* is exchanged between the incoming proton p and a nucleus (N),
leading to a scattered proton p’ and a dark photon A’ in the final state. The production
chain via meson decays can be summarized as

pN — M X, where M = 7%, 0", p, w, &, (3.2)
followed by
M — ~A" for M = 79, n);
M — 70A" for M =1/, p, w, ¢; (3.3)
M — nA' for M = p, w, ¢.



The PYTHIA 8.2 generator [14] is used to model meson production. The differential cross-
sections predicted by the simulation have been validated against available data [15] and
agree to within 20% or better in the full kinematic range.

Simulations of A’ production and decay are used to evaluate the acceptance, the
selection efficiency and other properties of the expected signal. For each production
mechanism, bremsstrahlung or meson decay, two decay modes, A" — eTe™ and A’ — putu~,
are considered, with A’ masses in the range 5-700 MeV/c? in 5-MeV/c? steps. The A’ is
constrained to decay in the volume 102 < Z < 180 m, with a decay path sampled from a
flat distribution. At least 1.2 x 10° events are simulated for each mass value, production
mechanism, and decay mode.

The expected dark photon yield for each value of the mass and coupling constant is
expressed as:

Nexp = Np x P(pN — A') x Pp x BR(A" = £707) x Agal, (3.4)
where
e Ny=14x 10'7 is the number of protons dumped on TAX;

o P(pN — A’)is the A’ production probability per proton: depending on the production
mechanism, it accounts for the bremsstrahlung cross-section or the multiplicity of
each meson type times the expected decay branching ratio quoted in eq. (3.3);

e Pp is the probability for the dark photon to decay within the range 102 < Z < 180 m,
which depends on the A’ lifetime and three-momentum distribution;

o BR(A’ — ¢*¢7) is the branching ratio of the A’ decay into a lepton pair;

e Agq is the combined selection and trigger efficiency defined as:

Asel = Z wj Z w;, (3.5)

selected simulated

where the sums run over the selected events and all simulated events. The weights
w; are used to correct for the flat distribution of the A’ decay paths D; sampled at
generation level, and depend on the A’ mean decay length \;:

1
wp=-e i (3.6)

A geometrical selection, which requires that the A’ decays in the range 105 < Z < 180 m
and its daughters are within the LKr active region, is used to compute Age in eq. (3.4).
The resulting 90% confidence level (CL) excluded region assuming zero events observed
in the absence of background is shown in figure 4. For masses above 215MeV/c?, the
expected exclusion region from pup~ decays is only marginally smaller than including both
di-lepton modes. The yield of bremsstrahlung events exceeds that from meson decays due
to the production cross-section and the hardness of the spectra. Therefore, the uncertainty
on the meson production cross section is a sub-leading contribution for the present analysis.
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Figure 4. Regions excluded at 90% CL assuming zero events observed in the absence of background
for meson decays or bremsstrahlung A’ production, separated by decay mode (left panel) and
by production mode (right panel). The grey underlying excluded regions are obtained using the
DarkCast package [16] and results from ref. [17].

4 FEvent selection

Events triggered by the H2 condition are used for the signal search. A good quality track,
reconstructed by the STRAW spectrometer, must satisfy the following requirements: mo-
mentum in excess of 10 GeV /¢; downstream extrapolation within the geometrical acceptance
of the NA48-CHOD, CHOD, LKr, MUV1, MUV2, MUV3 detectors, and within the inner
aperture of the last LAV station; extrapolated positions at the front face of the first STRAW
chamber and the LKr isolated from the other tracks; upstream extrapolation within the
geometrical acceptance of the ANTIO; spatial association to an in-time CHOD signal. The
track time is defined as the time of the associated NA48-CHOD signal if present, otherwise
of the associated CHOD signal, and must be within 5 ns of the trigger time.

An LKr cluster located within 50 mm of the track impact point and within 6 ns of the
track time is associated to the STRAW track. A MUV3 signal found within a momentum-
dependent search radius around the track impact point and within 5 ns of the track time
is associated to the STRAW track. A signal from MUV3 must only be associated to one
STRAW track.

Particle identification (PID) relies on the ratio E/p of the LKr cluster energy associated
(E) to the STRAW track momentum (p):

o u PID: zero or one associated LKr cluster with E/p < 0.2 and exactly one associated
MUV3 signal;

o e PID: one associated LKr cluster with 0.95 < E//p < 1.05 and no associated MUV3
signal;
o 7 PID: one associated LKr cluster with 0.2 < E/p < 0.9 and no associated MUV3

signal.

Exactly one two-track vertex should be present in the event, reconstructed by extrapolating
STRAW tracks backwards accounting for the residual magnetic field in the vacuum tank.
The vertex Z coordinate must lie in the range 105-180 m. No requirement on the total
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Figure 5. Distance of closest approach CDAax vs longitudinal coordinate of the point of minimum
approach Zrax for simulated signal events. The signal region defined by eq. (4.1) is shown inside
the rectangular contour.

charge at the vertex is imposed. The mean time of the two tracks defines the reference time.
Vertices composed of oppositely charged tracks and p—p PID assignments are considered as
A" — ptp~ candidates. No signal from any LAV station must be present within 10 ns of
the reference time to reduce the background due to secondary interactions in the material.

The position of the A’ production point is evaluated as the point of closest approach,
Pcpa, between the dark photon line of flight (defined by the vertex position and the sum of
the three-momenta at the vertex) and the proton beam line (defined by the average impact
point on the dump, eq. (2.1), and parallel to the Z axis). The distance of closest approach
CDATax is shown in figure 5 as a function of the longitudinal coordinate Zmax of Popa for
simulated signal events. The Zpax distribution has a mean value of 23 m with a rms width
of 5.5 m. The rms width of the CDApax distribution is 7 mm. The signal region (SR) is
defined as

SR: 6 < Ztax < 40 m and CDATax < 20 mm, (4.1)

and the validation region (VR) is defined as
VR : —4 < Z7tax < 50 m and CDATax < 150 mm, excluding SR. (4.2)

The VR is used for validation of the background estimates with the data, allowing the
unmasking of the SR if a satisfactory agreement is found.

5 Background determination

The evaluation of the expected background would require the simulation of about N, = 107,
which is technically too demanding. A combination of data-driven and MC methods was
developed to overcome this difficulty.
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The distribution of the time difference between the two selected tracks, inverting some
of the selection criteria, is exploited to give indications about the origin of the expected
background. The following data side bands are considered:

e Opposite-charge vertices with e—e or pu—u PID, outside the signal and validation

regions;

e Same-charge vertices with pu—p PID, both outside and within the signal or validation

regions;

e Same- or opposite-charge vertices with e—u PID, both outside and within the signal
or validation regions.

The time difference distributions, shown in figure 6, indicate that vertices with at least one
electron or positron are formed mostly by in-time tracks: this “prompt” background can
be explained by secondary interactions of incoming muons within the material traversed.
In contrast, di-muon vertices formed by unrelated tracks randomly paired produce a
“combinatorial” background with a uniformly distributed time difference.

5.1 Prompt background

In the available data set, 5 x 10 halo muons are in the acceptance of the CHOD, LKr,
and MUV3 detectors. The prompt background originates from interactions of halo muons
in the material traversed upstream of or within the decay volume. The main prompt
background mechanism is muon-nucleus inelastic production of a hadron, usually a charged
pion, followed by an in-flight decay to a muon. Two in-time muons are then present in
the event.

Two approaches to the simulation of the muon flux after proton interactions in the
TAX have been exploited. The first method consists of the simulation of a limited number



of proton interactions and the parameterisation of the muon kinematics at the TAX exit
plane. This parameterisation is then used for simulation [7]. The second method enhances
the proton-induced muon production to increase the simulation efficiency [18]. However,
neither approach led to satisfactory results due to: the limited knowledge of the pion/kaon
cross-sections for forward production and for quasi-elastic scattering in TAX nuclei; the
uncertainties in the multiple scattering treatment, particularly within the iron yokes of
the beam line magnets. Moreover, both methods require an oversampling of the resulting
halo muons of the order of a thousand times to achieve a number of events equivalent to
N, = 10'7, potentially inducing non-physical correlations.

To overcome these issues, a backward MC simulation (BMC) fed with real data is used.
The input consists of a set of distributions from single tracks with p PID: XY coordinates
and three-momentum components measured at a reference plane (Z = 180 m) upstream of
the STRAW spectrometer. PUMAS [19], a standalone tool used in muography studies and
interfaced with GEANT4, propagates each muon backward, increasing its energy according to
the amount of material traversed, until reaching the upstream face of the B5 magnet at
Z = 92 m. The result is a sample of muons, which is expected to reproduce the experimental
distributions. To validate the method, the sample of muons from BMC is input into the
NA62 standard MC simulation based on GEANT4 and the results at the reference plane are
compared to the original data. Disagreements can be explained by the different treatments
of multiple scattering in PUMAS and GEANT4 and the asymmetric distribution of the energy
loss, which induces tails at high momenta. To correct for such biases, a weight depending
on the track momentum and its radial position at the B5 magnet plane is assigned to each
muon track. A systematic uncertainty of 50% in results obtained using these simulations is
derived from the comparison between data and MC distributions of angles and positions in
the transverse plane.

Technical limitations for the full halo muon simulation remain, particularly because
of muon-induced showers downstream of the LKr, Zjk, = 241 m. Therefore, the MC
simulation is split into two stages. All particles are propagated from the B5 magnet to
the STRAW spectrometer downstream plane (Zgtraw = 219 m). Events are then kept
for further propagation if either (a) one e*/v/7n*/p/n/K* /K with a momentum above
1GeV/c or (b) at least two muons, regardless of their charge, reach ZgTraw.

A number of events equivalent to N, = 0.67 x 107 (8.37 x 10'%) is generated using
the condition a (b). Pions produced by muon interaction can decay at Z < Zstraw (“p-p”
background) or at Zgrraw < Z < Zpkr (“p-7" background). To increase the statistics of the
-7 component, events are oversampled forcing the pion decay to a muon before reaching the
LKr. An additional background component (“Other”) is due to: K* production followed
by a decay to muons; muon hard ionisation with emission of e* interacting before reaching
the LKr. In the latter case, the emitted particles can be accidentally associated to a MUV3
in-time signal from the original muon.

The expected and observed numbers of events satisfying the selection without the LAV
veto condition are compared, excluding the signal and validation regions. The distribution
of the two-track time difference for u+u~ data events is shown in figure 7. The expected
combinatorial background is evaluated from the side bands (1 < |AT| < 4.5 ns) assuming a

~10 -
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i =T Other Total
0.235 + 0.177 | 0.038 &+ 0.019 | 0.004 £+ 0.003 | 0.28 + 0.19 &+ 0.20

Table 1. Expected numbers of prompt-background events for N, = 1.4 x 10'7 obtained from
simulations. The signal selection is applied, and events in the SR or VR are excluded. The
uncertainties quoted are statistical; the second uncertainty in the last column is systematic.

uniform distribution and it is subtracted to obtain the prompt component (JAT| < 1 ns). The
prompt component amounts to 270 4= 274, events. From the simulation, 141 £ 66tat 3= 71gyst
prompt-background events are expected. The data/MC ratio, 1.91 &= 0.91tat £ 0.956yt, is
used to scale the predictions from the MC simulation.

The expected numbers of events due to the prompt background with the LAV veto
condition applied are given in table 1. The distribution of the prompt background before the
LAV veto condition in the (Zpax, CDArax) plane is exploited to evaluate the fraction of
background events in the VR (nyr). As shown in figure 8, no simulated events are observed
in the VR. At 90% CL, nyr < 1.6%. The corresponding upper limit on the number of
expected events in the VR is 0.004.

A possible prompt-background contribution produced by secondary interactions in
the collimators or magnets preceding the decay volume is also investigated. In the
(Zrax, CDATax) plane, the distribution of the upstream-produced prompt background
does not significantly differ from that of figure 8. A conservative estimate establishes an
upper limit of 0.069 expected events in the VR at 90% CL.

5.2 Combinatorial background

A control data sample is used to evaluate the combinatorial background. The control sample
consists of events satisfying the Q1 but not the H2 trigger conditions, to avoid any overlap
with the signal selection. Events with a single STRAW track in time with the trigger are

- 11 -
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Figure 9. Distributions of CDATax vs Zrax for u™u® (left) and u~p~ (right) events: expected
combinatorial background (colour-scale plot) and data events (black dots). Data events in the SR
and VR are not masked.

selected. The requirements of track quality, association with downstream detectors, and p
PID are applied as in the signal selection.

The selected single tracks are paired, simulating a random coincidence within 10 ns in
the same event. The vertex reconstruction is performed as in the signal selection. Each
simulated track pair is weighted to account for the time window required by the signal
selection, the spill duration, the downscale factor of the Q1 trigger and the efficiency for the
H2 trigger given two tracks fulfilling the Q1 condition. The relative systematic uncertainty
in the event weight is 15% and significantly outweighs the statistical uncertainty.

After weighting events, the distributions of CDATax vs Zrax for ptpt and pup~
events are shown in figure 9. Data events are superimposed as full dots. In figure 10, u*pu~
events are shown. Three control regions closer and closer to the VR and labelled as CR3 21
are considered. A comparison between observed and expected numbers of events is shown
in table 2 and a good agreement is observed.

- 12 —



PID Region Nexp Nobs PLSLobs

Outside VR 62.5+9.4 53 0.46

ptpt VR 0.46 4+ 0.07 0 1.0
SR 0.040 £+ 0.006 0 1.0
Outside VR 91+14 8 0.88

wop VR 0.050 4+ 0.007 0 1.0
SR 0.0050 + 0.0007 0 1.0

Outside VR 30.9+4.6 28 0.78

CRj3 2.00 +0.30 2 1.0

CRa 0.68 +0.10 1 0.48

w T CR4 0.34 £0.05 1 0.29
CR1i4+2+3 3.02+0.45 4 0.56

VR 0.20 +0.04 — —

SR 0.019 £+ 0.004 — —

Table 2. Numbers of expected di-muon events from combinatorial background (Nexp), numbers of
observed data events (Nops), and probabilities to obtain a likelihood L for data-MC compatibility
equal or smaller than that corresponding to Nops (Pr<r.,,,). The dominant uncertainty in Nep
is systematic.

CDA Ay [mm]

Events /[1 m x 2 mm]

0

200 250
Zypx [m]

Figure 10. Distribution of CDAax vs Zrax for up~ events: expected combinatorial background
(colour-scale plot) and data events (black dots). Validation and signal regions are masked for data.
Additional regions, CR3 2 1, are not masked.

For the putu~ final state, an alternative evaluation of the combinatorial background
is obtained by determining the data/MC scaling from same-sign events outside the VR:
61 events are observed in data, while 71.6 & 9.5 are expected. The scale factor is lower
than that used in the previous approach by 15%, although consistent within the systematic
error. Using same-sign events for scaling allows a relative statistical uncertainty of 13% and
a negligible systematic contribution. The final estimate of the combinatorial background
employs this alternative approach and is shown in table 3.
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Region Nexp Nobs PLSLobs

Outside VR 26.3£34 28 0.74
CRs 1.70 £ 0.22 2 0.68
CRy 0.58 £0.07 1 0.44
CRy 0.29 £0.04 1 0.25
CRi4243 2.57 +0.33 4 0.34
VR 0.17 +0.02 — —

SR 0.016 £0.002 | — —

Table 3. Numbers of expected ptpu™ events from combinatorial background (Nexp), numbers of
data events (Nopbs), and probabilities to obtain a likelihood L for data-MC compatibility equal or
smaller than that corresponding to Nops (Pr<L.,.). The data/MC ratio for same-sign events is used
to determine the MC scaling factor. The dominant uncertainty in Nexp is statistical.

Region | Combinatorial | Prompt | Upstream-prompt
VR 0.174+0.02 < 0.004 < 0.069
SR 0.016 +0.002 | < 0.0004 < 0.007

Table 4. Summary of expected numbers of background events for the search of A’ — uu~ with
the related uncertainty. The limits reported are defined with a 90% CL.

5.3 Background summary

The estimates of the prompt and combinatorial backgrounds are displayed in table 4.
The fraction of events within the SR is expected to be ten times smaller than within the
VR, assuming a flat distribution in these regions. The evaluations of the combinatorial
background support this assumption, which is used for the prompt and upstream-prompt
components. The total expected number of background events is 0.016 4 0.002, dominated
by the combinatorial component. Assuming a 90% CL coverage and no signal, no observed
events are expected in the data SR. A five-sigma signal discovery for any mass M 4 would
correspond to the observation of three or more signal candidates in the data SR in a window
of £3 standard deviations of the mass.

6 Expected signal yield

The signal yield is obtained using eq. (3.4). The number of protons on TAX (NN)) is
evaluated for each spill from the measurement of the beam flux which is provided by a
titanium-foil secondary-emission monitor placed at the target location. The uncertainty in
the N, measurement is derived from the operational experience of the secondary-emission
monitors in various beam-line setups and is estimated conservatively to be 20%. This figure
is confirmed using data from the standard setup: the number of selected K+ — w7 tr™
decays agrees with the number expected from the measured proton flux to within 20%.
The selection and trigger efficiencies are determined by simulation as a function of
the assumed dark photon mass and coupling constant, separately for the bremsstrahlung
and for the meson-decay production processes. The mass is varied from 215MeV /c? to
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Figure 11. Selection and trigger efficiency for the A’ — u™u~ signal, as a function of the
A’ mass and coupling constant. Left (right) panel refers to the bremsstrahlung (meson-decay)
production mode.

Source Uncertainty
Track and vertex reconstruction < 0.1%
CHOD association 0.6%
PID 1.0%
LAV veto condition 0.1%
Extrapolation to the impact point 1.5%
Trigger 0.5%
Simulation 2.1%
Total 2.8%

Table 5. Relative uncertainties of the signal selection efficiency from the contributions considered.

700 MeV /c. The resulting efficiencies are shown in figure 11. The trigger inefficiency is 2%.
For any value of M 4/, the maximum efficiency occurs at a given value of €, because of two
competing effects: for larger values of the coupling constant e, the average A" momentum is
higher to compensate for the lower A’ lifetime at rest, leading to reduced di-muon opening
angles and therefore lower reconstruction efficiency for tracks and vertices; for lower values
of €, the A’ lifetime at rest is longer and softer dark photons are selected, leading to a
reduced acceptance of the A’ decay products.

A summary of the relative systematic uncertainties in the signal selection efficiency
is given in table 5. Each entry is determined independently using a combination of data
control samples and simulation. The simulation entry is of statistical origin and represents
a typical value, since it varies with the A’ mass and coupling constant. The total relative
uncertainty in the efficiency is below 3%.

Bremsstrahlung and meson-decay production are characterised by different A’ mass
resolution, oy ,,, with the former larger than the latter for most of the parameter space (fig-
ure 12). The expected signal yields for the two production mechanisms are shown as functions
of the A’ coupling constant and mass in figure 13. The bremsstrahlung process dominates for
most of the parameter space. Both the A’ mass resolution and the expected signal yield are
parameterised as two-dimensional functions of the dark photon coupling constant and mass.
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Figure 12. Mass resolution as a function of the A’ mass and coupling constant. Left (right) panel
refers to bremsstrahlung (meson-decay) production.
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Figure 13. Expected number of events for the A’ decay to u™p~ as a function of the A’ mass and
coupling constant. Left (right) panel refers to bremsstrahlung (meson-decay) production. The black
contours correspond to 2.3 events.

7 Results

After unmasking, no events were observed in the validation region. The probability of
a non-zero observation is 15%. After unmasking, one event was observed in the signal
region. In the absence of a dark photon signal, the probability of a non-zero observation is
1.6%. The two-track invariant mass of the observed event is 411 MeV /c?. A limit on the
number of signal event counts is obtained using Poisson statistics with negligible background,
accounting for the uncertainty on the number of protons on target (POT) using a Bayesian
nuisance parameter. The corresponding observed 90% CL upper limit is represented by the
region enclosed within the black contour in figure 14. In the same figure, the colour-filled
area represents the expected uncertainty in the exclusion contour in the absence of an A’
signal with a one-sigma (green) and two-sigma (yellow) statistical coverage.

The single observed event would correspond to a 2.4 ¢ global significance. The event
observed could be interpreted as combinatorial background, since the time difference between
the two tracks is 1.69 ns, which is two standard deviations away from the mean for signal
events. In the (Ztax, CDATax) plane, the event observed is close to the border of the SR,
consistent with the extreme tails of the expected signal (figure 15). Note that the distribution
of the expected signal within the SR is not used to determine the statistical significance.
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Figure 14. The region of the parameter space within the solid line is excluded at 90% CL. The
colour-filled area represents the expected uncertainty in the exclusion contour in the absence of a
signal: green (yellow) corresponds to a statistical coverage of 68% (95%).
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Figure 15. Distributions of CDArax vs ZTax. Left: data (dots) and expected background (colour-
scale plot). Right: data (dots) and expected signal density (colour scale). Bins of 2 mm X 1 m size
are used for the colour scale.

The results are also interpreted in terms of the emission of axion-like particles. In a
model-independent approach [5], the ALP lifetime 7,, the ALP mass M,, and the product of
the branching ratios of eq. (1.3) are free parameters. The NA62 result is shown in figure 16
for selected values of M,. For ALP masses below 280 MeV /c?, the NA62 result extends the
exclusion limits from previous experiments (LHCb [20, 21], CHARM [22, 23]).

8 Conclusions

The search for production and decay of dark photons to a di-muon final state is the first
result obtained using NA62 data taken in beam-dump mode. A counting experiment is
performed through a cut-based, blind analysis of a data sample equivalent to 1.4 x 10'7
dumped protons. One event is found, with a possible interpretation as a combinatorial
background. No evidence of a dark photon signal is established. A region of the dark photon
parameter space (coupling constant, mass) is excluded at 90% CL, extending the limits of
previous experiments in the mass range 215-550 MeV /c? for coupling constants of the order
of 1076, In addition, the result is interpreted in terms of the emission of axion-like particles
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Figure 16. Search for an axion-like particle a produced from decay of B mesons. Four values of
the ALP mass are considered. The region of the parameter space above the black line is excluded
at 90% CL. The excluded regions from LHCb [20, 21] and CHARM [22, 23] measurements are
superimposed as grey-filled areas [24].

in a model-independent approach. The result is found to improve on previous limits for
masses below 280 MeV /c?.
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