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1

We report on a search for a new Z’ (L, — L;) vector boson performed at the NA64 experiment
employing a high energy muon beam and a missing energy-momentum technique. Muons from the
M2 beamline at the CERN Super Proton Synchrotron with a momentum of 160 GeV /c are directed
to an active target. A signal event is a single scattered muon with momentum < 80 GeV/c in the final
state, accompanied by missing energy, i.e. no detectable activity in the downstream calorimeters.
For a total statistic of (1.98 & 0.02) x 10'° muons on target, no event is observed in the expected
signal region. This allows us to set new limits on part of the remaining (mz/, gz/) parameter space
which could provide an explanation for the muon (g—2), anomaly. Additionally, our study excludes
part of the parameter space suggested by the thermal Dark Matter relic abundance. Our results
pave the way to explore Dark Sectors and light Dark Matter with muon beams in a unique and

complementary way to other experiments.

Dark Sectors (DS) are a promising paradigm to ad- ss
dress open questions of the Standard Model (SM) such s
as the Dark Matter (DM) origin [1]. In this framework, s
one postulates a new sector of particles below the elec- so
troweak scale that are not charged under the SM but e
could have a phenomenology of their own [2-7]. In ad- &
dition to gravity, the interactions between DS states and e
the SM could proceed through portal mediators [8-12]. e
If one assumes that DM is made by the lightest stable DS ¢
particles, the resulting feeble interaction between the two es
sectors is compatible with cosmological observations and, e
thus, would accommodate a solution to the DM problem. e

DS models became an extremely fertile domain of explo-
ration with many different techniques tackling the very
large parameter space of possible DM candidates (see e.g.
for recent reviews [13-16]). Models with lepton numbers
L, — L, gauging are very attractive to explain the origin
of DM and, at the same time, provide an explanation for
the long-standing g—2 muon anomaly [17]. The Z’ vector
boson originates from the broken U(1)r, 1, symmetry
and couples directly to the second and third lepton gen-
erations, and their corresponding left-handed neutrinos
through the coupling gz [18-23]. The extension of this
model to interactions with DM candidates, being consis-
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tent in predicting the observed DM relic density [24-27] e
, is achieved by adding to the Lagrangian a term of the s
type £ 2 —gyZ,J¢ with the current J¥ and the cou- s
pling g, of the ZL to the DM candidates. In the case ss
where mz > m, (away from the near on-shell resonant ss
enhancement myz =~ 2m,), the relic density is driven &
by xx(—= Z"' =)ff, f = u,7,v, with the relevant s
s—channel annihilation cross-section scaling as [21, 26] s
(ov) o (gygz')*m3/m%, = ym?. Below the resonance, s
myz: < 2m,, the t—channel annihilation is xx — Z'Z’, «
with (ov) o< gy /m?. 0

Within this framework, the discrepancy between the o3
experimental [28] and SM predicted [29-47] (g —2),, val- o
ues can also be explained through loop corrections [5, 48— o

96

J

82m

53]. The current bounds for mz: > 2m,, arise from direct
searches, sensitive to the kinematically allowed visible de-
cay channel Z' — p*p~ [54-57]. Neutrino scattering ex-
periments [58, 59] and missing energy searches through
Z'" — xx [60, 61] provide constraints for mz < 2m,,.
The lower bound is set through the Z’ contribution to
the radiation density of the Universe through A N.g, with
its value being defined from both the CMB spectrum [27]
and the Big Bang nucleosynthesis (BBN) [57, 62, 63] to
mz >3 —10 MeV [64] and gz ~ 1074 — 1073,

In this Letter, we report on the first results of the NA64
experiment muon program, dubbed NA64u, looking for
Dark Sectors weakly coupled to muons. The experimen-
tal set-up and working principle are schematically shown
in Fig. 1.

a) UPSTREAM SPECTROMETER MS1 QPLy,

QPLy,

BMS 5

b) DOWNSTREAM PART Hi»

GEM,;

yYe B = B

GEM: yycaL

QPL,, MMy, QPLaga e C) Z’ PRODUCTION

BMS3 6 BMS,

HCAL, ST

Figure 1. Schematic illustration of the NA64y set-up. a) The spectrometer in the upstream region is used for identifying
incoming muons with momentum pi, ~ 160 GeV/c. b) The downstream part composed of calorimeters and a second spec-
trometer measures the momentum of the scattered muons to search for the Z’ vector boson production. c¢) Sketch of the
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bremsstrahlung-like reaction uN — uN(Z' — invisible) of 160 GeV /c incident muons on the ECAL target.

If a Z' boson exists, it could be produced in thew
bremsstrahlung-like reaction of a high energy muon scat-us
tering off atomic nuclei in a target (N), followed by itsus
prompt invisible decay uN — uNZ'; Z' — invisible, withus
only Z' — pv in the wanilla model, and additionally,s
7' — xx for DM candidates [65-67]. For a value ofur
gy =5 x 1072 one can accommodate in the same param-us
eter space the muon g-2 and the DM relic prediction [68].11
In the region of interest (below m, <1 GeV) g, > gz 120
the branching ratio to DS invisible final states can be as-1z
sumed to be Br(Z' — ¥x) ~ 1, while the ones in visiblew»
states (2 — ptp~) and neutrinos can be neglected. 13

The search for signal events is based on a missingia
energy-momentum technique which consists of the de-is

(

tection of a primary beam muon with a momentum of
160 GeV/c in the initial state, and a single muon scat-
tered off an active target with missing momentum > 80
GeV/c in the final state, accompanied by missing energy,
i.e. no detectable electromagnetic or hadronic activity in
the downstream calorimeters.

The 160 GeV/c muons are delivered by the M2 beam-
line at the CERN Super Proton Synchrotron (SPS)[69].
The beam optics comprises a series of quadrupoles fo-
cusing the beam before the target with a divergency
oz ~ 0.9 and o, ~ 1.9 cm [70]. The incoming muon
momentum is reconstructed through a magnetic spec-
trometer (MS1) consisting of three 5 T-m bending mag-
nets (BENDG), together with four micro-mesh gas detec-
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tors (Micromegas, MM;_4), two straw tubes chambersis
(STs,4) and six scintillator hodoscopes, the beam mo-is
mentum stations (BMS;_g). The obtained resolution isiss
Opin/Pin = 3.8%. The target is an active electromagneticiss
calorimeter (ECAL) composed of Shashlik-type modulesiss
made of a lead-scintillator (Pb-Sc) resulting in 40 radi-isr
ation lengths (Xy). The ECAL is followed by a largeiss
55 x 55 cm? high-efficiency veto counter (VETO) andis
a b nuclear interaction lengths (i) copper-Sc (Cu-Sc)wo
hadronic calorimeter (VHCAL) with a hole in its middle.io
The outgoing muon momentum is reconstructed throughie
a second magnetic spectrometer consisting of a single 1.410
T-m bending magnet (MS2) together with four gaseousiss
electron multiplier trackers (GEM;_4), two additionalis
straw chambers (STz,1) and three 20x8 cm? Micromegastos
(MM5_7) yielding a resolution of oy, /Pout = 4.4%. Tow
identify and remove any residuals from interactions in theos
detectors upstream MS2 and ensure maximal hermetic-io
ity, two large 120x60 cm?, Az ~ 30 iron-Sc (Fe-Sc)aso
HCAL modules (HCAL; 5) are placed at the end of the
set-up together with a 120x60 cm? UV straw, ST1;. Theae
trigger system is defined by a veto counter with a holezs
(V1) and a set of Sc counters (So_1) before the target,so
together with two 20 x 20 cm? and 30 x 30 cm? Sc coun-zs
ters (S4 and S,,) sandwiching the HCAL modules, shiftedzos
from the undeflected beam axis (referred to as zero-line)aor
to detect the scattered muons. 208

The data were collected in two trigger configurationsaoo
(SpxS1 x Vi x SaxS,) with different S4 and S, distanceszio
to the zero-line along the deflection axis £, namely S,2 =
—152 mm and S, = —117 mm with a similar S4& = —65
mm. The corresponding measured rate is 0.04% and
0.07% of the calibration trigger (Sp1 x V1) coincidences
at a beam intensity of 2.8 x 10 p/spill. In each config-
uration, we recorded respectively (11.7 4+ 0.1) x 10° and
(8.1£0.1) x 10° muons on target (MOT) yielding a total
accumulated statistics of (1.98 4 0.02) x 101 MOT.

A detailed GEANT4-based [71, 72] Monte Carlo (MC)
simulation is performed to study the main background
sources and the response of the detectors and the muon
propagation. In the latter case, the full beam optics de-
veloped by the CERN BE-EA beam department is en-
compassed in the simulation framework using separately
both the TRANSPORT, HALO and TURTLE programs [73-75],
as well the GEANT4 compatible beam delivery simulation
(BDSIM) program [76-78] to simulate secondaries interac-
tions in the beamline material. The signal acceptance is
carefully studied using the GEANT4 interface DMG4 package
[79], including light mediators production cross-sections
computations through muon bremsstrahlung [67]. The,,
placements of S4 and S,, are optimized to compensate for,,
the low signal yield at high masses, 0z ~ g%,aZ%/m%, ..,
with « the fine structure constant and Z the atomic num-,,,
ber of the target, through angular acceptance being max-,,,
imized for a scattered muon angle w; ~ 1072 rad after,,
ECAL. In addition, the trigger counters downstream of,,,

MS2 account for the expected 160 GeV /c mean deflected
position at the level of Sy, estimated at (dz) ~ —12.0
mm from a detailed GenFit-based [80, 81] Runge-Kutta
(RK) extrapolation scheme.

The signal box, pSit < 80 GeV/c and E&Y; < 12 GeV,
is optimized with signal simulations and data to maxi-
mize the sensitivity. The cut on the total energy deposit
in the calorimeters, EZY, , is obtained from the sum of
the minimum ionizing particle (MIP) peaks of the related
energy spectra.

To minimize the background, the following set of selec-
tion criteria is used. (i) The incoming momentum should
be in the momentum range 160 + 20 GeV/c. (ii) A sin-
gle track is reconstructed in each magnetic spectrometer
(MS1 and MS2) to ensure that a single muon traverses
the full set-up. (iii) At most one hit is reconstructed in
MM5_7 and STy (no multiple hits) and the correspond-
ing extrapolated track to the HCAL face is compatible
with a MIP energy deposit in the expected cell. This
cut verifies that no energetic enough secondaries from
interactions upstream MS2 arrive at the HCAL. (vi) The
energy deposit in the calorimeters and the veto should
be compatible with a MIP. This cut enforces the selec-
tion of events with no muon nuclear interactions in the
calorimeters. The aforementioned cut-flow is applied to
events distributed in the outgoing muon momentum and
total energy deposit plane, (pout, Ecar), as shown in
Fig. 2.

200

Eca GeV

150

100

50

A
50 100

OCD

150

Figure 2. Event distribution in the (pous, Fcar) plane before
the MIP-compatible requirement selection criterion. The sig-
nal box is defined as the shaded green rectangular area and
the controlled region labelled with A through D (see text).

Region A is inherent to events with MIP-compatible
energy deposits in all of the calorimeters, resulting in
Pin = Pout =~ 160 GeV /c. By design, most of unscattered
beam muons do not pass through the S; and S, coun-
ters, however, the trigger condition can be fulfilled by
sufficiently energetic residual ionization uN — uN + de
originating from the downstream trackers MMj5_7; or last
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HCAL, layers. The accumulation of events in regionses
C is associated with large energy deposition of the full-s
momentum scattered muon in the HCAL, while region Bas
corresponds to a hard scattering/bremsstrahlung in thesss
ECAL, with a soft outgoing muon and full energy de-z
position in either the active target or HCAL. The smalloss
number of events between pout > 50 GeV/c and pouy <aeo
100 GeV/c associated with hard muon bremsstrahlung:n
events, uN — pN + v, with ¢/, < 1072 rad, is a re-m
sult of the trigger optimization for signal events emit-or
ted at larger angles. The events in the region D arews
associated with muon nuclear interactions in the ECAL 27
uN — p+ X, with X containing any combination ofzs
w's, K, p, n..., with low-energy charged hadrons beingas
deflected away in MS2, going out of the detector accep-2r
tance (typically the HCAL modules). 218

279

280

Background source Background, ny

(I) Momentum mis-reconstruction 0.05+0.03
(II) K = pu+ v, ... in-flight decays  0.010 £ 0.001
(III) Calorimeter non-hermeticity < 0.01

0.07 +£0.03 281

282

Total np (conservatively)

Table I. Expected main background level within the signalsss
box, together with its statistical error, for the 2022 muon,,
pilot run corresponding to ~ 2 x 10*® MOT. 285
286

An exhaustive discussion of background sources isssr
given in [70, 82]. The main processes are summarisedass
in Table I, with the dominant background contributionzse
being associated with (I) momentum mis-reconstructionaso
of the scattered muon in MS2. An incoming muon withoo
160 GeV/c is reconstructed after the target with momen-a.
tum < 80 GeV/c, whereas it truly is 160 GeV/c. Thisxs
background is evaluated from data by selecting a sampless
of incoming muons within a ~ 20, window around itsass
nominal momentum (pip,) = 160 GeV/c and extrapolat-xs
ing the tails of the corresponding downstream momen-zo
tum distribution pout towards 80 GeV/c. The secondas
most important background process is (II) kaons decaysaso
to (semi-)leptonic final states with muons, K — pv, ...,0
before the ECAL target. Because of the level of hadronsn
contamination in the M2 beamline, P, ~ 5 x 1075 [69],302
incoming kaons could be reconstructed through MS1 withsos
a momentum passing the selection criterion (i) and sub-so
sequently decaying to muons with energy < 80 GeV, withsos
the neutrino carrying away the remaining energy. Thisses
contribution is estimated from MC with the hadron con-so
tamination being extracted from existing data [69]. Pionsoes
decays do not contribute to this background since duesow
to kinematics the muon momentum is always > 80 GeV .30
Another background source is associated with (IIT) non-su
hermeticity in the calorimeters due to muon nuclear in-sn
teractions in the target. As such, a leading hadron withss
energy Fp > 80 GeV could be produced and escape thesu

ECAL with lesser energetic charged secondaries and the
scattered muon. Because of the non-zero charge of the
particles and the trigger acceptance, low-energy secon-
daries are deflected away through MS2 resulting in miss-
ing energy events. This background is extrapolated to
the signal region from region D of Fig. 2. After ap-
plying all selection criteria (i-iv) and summing up the
processes contributing to the background, the expected
background level is found to be 0.07 = 0.03 for the total
statistics of ~ 2 x 1019 MOT.

The upper limits on the coupling gz as a function of its
mass my are estimated at 90% confidence level (CL) fol-
lowing the modified frequentist approach. In particular,
the RooFit/RooStats-based [83-85] profile likelihood ra-
tio statistical test is used in the asymptotic approxima-
tion [86]. The total number of signal events falling within
the signal box is given by the sum of the two trigger con-
figurations ¢

Nz =Y Np =
t=1,2

t t t
Z Nyor % €20 X Ngi(mz,gz7),

t=1,2
(1)
where Nf;op is the number of MOT for trigger configu-
ration ¢, N the number of signals per MOT produced
in the ECAL target, depending on the mass/coupling
parameters mz and gz, and €}, the trigger-dependent
signal efficiency.

The main systematic effects contributing to the sig-
nal yield defined in Eq. (1) are studied in detail. The
uncertainty on N{ o is conservatively set to 1%. The
systematics associated with the Z’ production cross-
section are extracted from the uncertainty introduced by
the Weiszdcker-Williams (WW) approximation and from
QED corrections to the exact tree-level (ETL) expres-
sion. In the former case, the relative error in assess-
ing the number of produced Z’ (N%,) is found to be 2%
[66, 67]. In the latter case, both the running of o at the
upper bound Q% ~ myz ~ O(1) GeV and higher order
corrections from soft photon emissions are estimated to
contribute through respectively ANz ~ a?g%,Z? and
through the Sudakov factor ANg.g ~ exp(—a/7) at the
level of 2.4% and 1.4%. Uncertainties relative to the Pb
purity of the ECAL target are addressed at the level of
1%. The systematics on €%, are evaluated by comparing
the detector responses in MC and data around the MIP-
compatible peak, in particular in the ECAL and HCAL.
Through spectra integration and peak ratio, it is found
that the related cumulative uncertainty does not exceed
4%. Because of the strong dependence of the efficiency
€', on the trigger configuration ¢, in particular on the dis-
tance from the zero-line, additional uncertainties due to
S4 and S, misalignment are studied through the change
in efficiency as a response to small displacements of the
Sc counters. Because of the mz mass-dependence of the
trigger rate [70], the resulting uncertainty reaches up to
< 5%. As such the total systematic in the signal yield of
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Eq. (1) is < 8% . The acceptance loss due to accidentalsus
(pile-up events, ~ 13%) entering the trigger time windows«
is taken into account in the final efficiency computations.ss
The signal efficiency peaks at its maximum of ~ 12% forss
the mass range O(100 MeV — 1 GeV). 350

After unblinding, no event compatible with Z’ pro-s
duction is found in the signal box. This allows usss
to set the 90% CL exclusion limits on gz which are
plotted in Fig. 3 in the (my/, gz/) parameter space,
together with the values of Aa, compatible with the
muon g — 2 anomaly, within +2¢. The band is com-
puted using the latest results of the Muon g — 2 col-
laboration for the combined Runs 2 and 3 (2019-2020),
a,,(Exp) = 116 592 059(22) x 10! [28] and the SM pre-
diction of a,(SM) = 116 591 810(43) x 10~ from the
Muon g—2 Theory Initiative (TT) [29-47, 87]. It is worth
noticing that the latest results from the CMD-3 collab-
oration [88, 89] on the 77~ disagree within the 2.5-50
level with the TI value and recent lattice QCD computa-
tions from the BMW collaboration [90] are in tension by
2.10. Our results, excluding masses mz = 40 MeV and
coupling gz 2> 6 x 1074, are the first search for a light
Z' (vanilla L, — Ly model) with a muon beam using the
missing energy-momentum technique (see Fig. 3).

L, — L "vanilla” model

107!

1072

1073
Y)‘{\Bm'
NAG4u
353
— { \Q

104 ’0@»\‘ 354

A% Aa,, favoured
(£+20) 395
356
107° T T 357

102 10! 10°

my [Ge\/} %8

359

360
Figure 3. NA64y 90% CL exclusion limits on the couplingse
gz as a function of the Z’ mass, myz, for the vanilla L, — L5,
model. The +20 band for the Z’ contribution to the (g —2),,,
discrepancy is also shown. Existing constraints from BaBar
[91, 92] and from neutrino experiments such as BOREXINO™
[57, 93, 94] and CCFR [58, 95] are plotted. %

366

367

Figure 4 shows the obtained limits at 90% CL in theses
target parameter space (mX, y) with freeze-out param-ss
eter y = (g9x92/)*(my/mz)* for accelerator-based ex-sno
periments probing thermal DM for mz = 3m,, awaysmn
from the resonant enhancement mz: ~ 2m,, and g, =
5 x 1072, The thermal targets for favored y values aress
plotted for scalar, pseudo-Dirac, and Majorana DM can-sz

didate scenarios, and obtained from the integration of
the underlying Boltzmann equation [96]. The results in-
dicate that NA64u excludes a portion of the (m,, y)
parameter space, below the current CCFR [58, 95] lim-
its, constraining for a choice of masses m, < 40 MeV the
dimensionless parameter to y < 6 x 10712,

Thermal Dark Matter, g, = 5- 1072, my = 3m,

> \ Aay, favoured
(£20)

102 10!

my [GeV]

Figure 4. The 90% CL exclusion limits obtained by the
NA64p experiment in the (m,, y) parameters space for ther-
mal Dark Matter charged under U(1)z, -, with mz = 3m,
and the coupling g, = 5 x 1072 for 2 x 10'® MOT. The
branching ratio to invisible final states is assumed to be
Br(Z' — invisible) ~ 1 (see text for details). Existing bounds
obtained through the CCFR experiment [58, 95] are shown for
completeness. The thermal targets for the different scenarios
are taken from [96].

In summary, for a total statistics of (1.9840.02) x 10*°
MOT, no event falling within the expected signal region
is observed. Therefore, 90% CL upper limits are set in the
(mz/, gz') parameter space of the L, — L, vanilla model,
constraining viable mass values for the explanation of the
(9 —2), anomaly to 6 — 7 MeV < my < 40 MeV, with
gz < 6x107%. New constraints on light thermal DM for
values y 2 6 x 10712 for m,, > 40 MeV are also obtained.
With improvements in the experimental set-up, such as
an additional magnetic spectrometer to reduce by more
than an order of magnitude the background from mo-
mentum mis-recontruction, and an increase in statistics,
NAG64p is expected to fully cover the (g —2), compatible
parameter space and to boost its coverage in the search
for thermal Dark Matter complementing the world wide
effort for DS searches [13-16]. The use of a muon beam
demonstrated in this work opens a new window to ex-
plore other well-motivated New Physics scenarios such
as benchmark dark photon models in the mass region
(0.1 — 1) GeV [97], scalar portals [67], millicharged par-
ticles [98] or p — e or p — T processes involving Lepton
Flavour Conversion [99-101].
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