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The extension of Standard Model made by inclusion of additional U(1) gauge L, — L, symmetry
can explain the difference between the measured and the predicted value of the muon magnetic
moment and solve the tension in B meson decays. This model predicts the existence of a new, light
Z' vector boson, predominantly coupled to second and third generation leptons, whose interaction
with electrons is due to a loop mechanism involving muons and taus. In this work, we present a
rigorous evaluation of the upper limits in the Z’ parameter space, obtained from the analysis of
the data collected by the NA64-e experiment at CERN SPS, that performed a search for light dark
matter with 2.84 x 10! electrons impinging with 100 GeV on an active thick target. The resulting
limits, despite being included in a region already investigated by neutrino experiments, touch the
muon g — 2 preferred band for values of the Z’ mass of order of 1 MeV. The sensitivity projections



for the future high-statistics NA64-e runs demonstrate the power of the electrons/positron beam

approach in this theoretical scenario.

I. INTRODUCTION

The Standard Model (SM) of particle physics works
remarkably well in describing and interpreting the ex-
perimental results provided by different, complementary
efforts, operating at different energy scales [I]. However,
recent years have been marked by observation of New
Physics phenomena, so-called “anomalies”, which can-
not be explained within the SM, and therefore call for
the development of extensions beyond SM providing a
more accurate description of Nature. Among these, a
remarkable example is provided by the recent measure-
ment of the muon magnetic moment a,, = (g, — 2)/2 re-
ported by the Fermilab E989 experiment [2], that, com-
bined with the original BNL result [3], leads to a 4.2¢
discrepancy with the most-updated theoretical predic-
tion computed by the Muon g — 2 Theory Initiative [4],
a,(Exp) — a,(SM) = (251 + 59) x 10711

In this work, we consider the SM extension in which the
anomaly-free combination L, — L is associated to a new
U(1) gauge symmetry, thus introducing a new massive
vector boson Z’ coupled to the difference between the
second and third generation leptonic currents [5, [6]. The
corresponding new lagrangian terms read [7]:

1 v 1
LC— ZZ/‘“’ZW + 5m?Z,Z’MZ”‘Jr (1)
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where 7, = 0,2, — 0,7, is the Z' field strength, my
is the Z’ mass, P, = (1 —v5)/2, and gz is the coupling
between the Z’ boson and the L, — L, SM current.

At leading order, the Z’ contributes to the muon mag-
netic moment as:

92 (g fmy) @

0, = 872

where F(z) = fol dz(lzfgi;f;z [SHT0]. This can explain
the observed muon magnetic moment discrepancy if the
parameter my and gz lie in a well defined area of the pa-
rameters space, roughly defined by gz € [3.2,5.5] x 1074
at 20 for mz < my, [11]. The lack of a tree-level coupling
with the SM electron also means that the model does not
contribute appreciably to the e magnetic moment, in
agreement with the experimental observation [12]. The
7' model, either in the “vanilla” form described before
or in association with more elaborated SM extensions,
has also been advocated to explain other SM anomalies,
such as the B decay anomaly [I3HI6] and the lepton-
flavor universality violation [I7HI9]. The Z’ model has
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also been connected to the Dark Matter (DM) [9], 20H25]
and to the neutrino mass phenomenology [26].

These arguments recently motivated a large number of
complementary efforts to search for the Z’, either by per-
forming a re-analysis of existing experimental datasets, or
proposing new, dedicated experiments. The BaBar [27]
and CMS [28] experiments investigated existence of the
Z' by exploiting the visible decay channel Z’/ — u*pu~,
searching for a resonance peak in the dimuon mass dis-
tribution, on top of the SM background. The Belle-IT ex-
periment focused instead on the Z’ invisible decay chan-
nel, exploiting the reaction eTe™ — pu*u~Z’, where the
Z' is radiated by one of the final state muons, searching
for a resonance peak in the recoil mass of the final state
muons [29]. Dedicated Z’ searches at Belle-II exploiting
mono-photon signatures have also been suggested [30-
32]. Stringent upper limits on the gz coupling have also
been obtained, for the “vanilla” scenario, by the CCFR
experiment [33] and by Borexino [34] 35].

Since the Z’ couples predominantly to second and third
generation leptons, the most effective experimental strat-
egy to investigate this model at accelerators is by exploit-
ing muon beams. Dedicated efforts have been proposed
at CERN (NA64-p [36H40]) and Fermilab (FNAL-y [37]
and M3 [24]), with NA64-p having already completed a
pilot run in October 2021. Nevertheless, thanks to the
presence of a loop-induced Z’-electron coupling, e~ beam
experiments can also probe a significant portion of the Z’
parameter space, somehow paving the road to next gen-
eration efforts.

In this work, we present the upper limits introduced
to the Z’ parameters space from a search performed with
the NAG64-e experiment at CERN [41], in the mass range
1 — 600 MeV. We consider two Z’ models, the “vanilla”
one and an “invisible” scenario in which the Z’ couples
predominantly to light dark sector particles. In the sec-
ond case, similarly to what was done in Refs. [21], [24] 42],
we introduce a dark scalar particle with mass m, and
coupling to Z’ defined by the following Lagrangian:

Lp=gpZ,J5 , (3)
where J7 is the dark vector current given by:
Jh =1 (x"0"x = x0"x") . (4)

We assume the mass hierarchy m, < mgz/ /2 and the
couplings ratio gp/gzs > 1. This choice results to a
preferred combination of the model parameters that can
reproduce the DM relic density observed at present, in
the hypothesis that x particles are responsible for it:

4
2 2 [ My —15( My )2

, ~f.3.1 X
Ip9z (mzl) f-3-10 1 MeV )

where f = 1-10 depends on the nature of the dark sector
particle (scalar, Dirac or Majorana fermion, ...) [24].
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FIG. 1. The loop diagram inducing a kinetic mixing between
the Z’' and the photon.

We observe that, since the L, — L, model considered
here is associated to a U(l) gauge symmetry, all the
Z' interactions should be proportional to the gauge
coupling gz/. Hence, gp should be decomposed into a
product gz - gy, where g, is the is the x field charge
associated to the new U(1) gauge group. The “invisible”
scenario considered in this work corresponds to the case
¢y > 1, already introduced in Ref. [24]. For convenience,
all the results reported below will be presented as a
function of gp.

The paper is organized as follows. In Sec. [[] we
introduce the phenomenology for Z’ production in fixed
target electron/positron beam experiments, with a focus
on missing-energy efforts. In Sec. [[T]| we briefly describe
the NA64-e experiment at CERN. In Sec. [[V] we present
our strategy to extend the existing NA64-e results to the
Z' model, for both the “vanilla” case and the “invisible”
one, and finally in Sec. [V] we show and discuss the
obtained results, including the sensitivity projections for
future NA64-¢ runs.

II. Z' PRODUCTION IN FIXED TARGET
ELECTRON-BEAM EXPERIMENTS

The Z’ model considered in this work does not include
explicitly a kinetic mixing term between the Z’ and the
SM photon, that would result in a tree-level coupling
with the SM electric charge. However, such a coupling
arises naturally from the one-loop diagrams reported in
Fig. [1] introducing an effective e* — Z’ interaction term
ell(¢*)Z',, (ey*e), where the complex function II(¢g?) de-
pends on the momentum ¢* carried by the 2’ [42-44]:

2

- (6)

1
egz mz —x(l — x)q
(g% = 5.2 /0 drz(l—z)ln mZ —a(l—2)f
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A plot of the TI(¢?) function is reported in Fig. As
already pointed out in Ref. [43], the dependence of the
et — 7' coupling on the momentum is a unique feature of
this model, and makes the phenomenology of Z’ searches
at electron/positron beam experiments significantly dif-
ferent than the dark photon case, where the coupling is
constant [45]. For very small values of the Z’ momentum,
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FIG. 2. The real and imaginary part of the function II(¢?).
For illustration purposes, the arbitrary coupling choice gz =
272 /e was made.

< mi, the I1(¢?) function assumes the constant value
I1(0) = <& In = =~ 0.0144 - g7/, and the 7' — e* inter-
action resembles that of the “traditional” dark-photon
model under the exchange € <> 0.0144 - g/, where ¢ is
the dark photon kinetic mixing parameter [45, 46]. At
larger momentum values, however, there is an enhance-
ment of II(¢®), with a maximum value for ¢* = 4m?,
where its magnitude is a factor ~ 1.5 larger than its
small-momentum value, resulting in a significant increase
of the Z' production yield in this kinematic region.

The main Z’ production processes in the collision of a
high energy electron or positron beam with a fixed thin
target are shown in Fig. Diagram (a) corresponds
to the so-called Z’-strahlung process, in which a Z’ is
radiatively emitted by the lepton interacting with the EM
field of a nucleus in the target. Diagrams (b) and (c),
relevant only for an impinging positron, correspond to
the non-resonant (b) and resonant (c) e*e™ annihilation.
The corresponding production cross-section op(E,mz)
formulas, considering an on-shell Z’ and a beam energy
E, can be obtained from the corresponding expressions
for a dark photon model (see, e.g., [47H49]) with the
substitution € <+ II(m%,). Depending on the model and
on the specific parameter values, the produced Z’ can
decay to different final states. For the “invisible” case, in
the mass range 2m, < mz < 2m,, the following decay
channels are possible (neglecting the strongly suppressed
7' — eTe™ decay):

F(Z/ — y?) = my: (7)
7
0(Z = ptp) = 32 mz (L+2r2) \/1—4r2  (8)
3
D(Z' = xx) =Tomz (L-43)* (9)
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FIG. 3. The three main Z’ production processes for an elec-
tron/positron beam impinging on a fixed target: (a) radiative
Z' production; (b) non-resonant ete” annihilation; (c) reso-
nant Z’ production in eTe” annihilation.
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where ayz = 947, ap = %7 Ty = my/mg, vy =
my/mz:, and the neutrino channel refers to the summed
contributions from v, and v,.. The “vanilla” scenario
results can be simply obtained by setting gp = 0. We
observe that, for mz < 2m,, only the invisible decay
channels to neutrinos, and eventually to dark sector par-
ticles, are allowed.

For a thin target electron-beam experiment, with ¢ <
X, where t is the target thickness and X the radiation
length, only diagram (a) contributes to the Z’ event yield,
scaling as:

_doraqa(Z
Ng mt/dx%() , (10)

where Z denotes a set of kinematic variables to describe
the final state phase space.

In the case of a thin target electron-beam experiment
with ¢ > Xy, all the aforementioned production chan-
nels contribute to the Z’ yield due to the presence of the
secondary electrons and positrons in the electromagnetic
shower induced by the primary electron. For the specific

case of a missing-energy experiment, in which the signal
is associated to the production of invisibly-decaying Z’
particles with energy greater than a threshold EMs* the
event yield scales as [48] [50]:

dorad(E, Er)

Ng oc/dEdEF Te(E)—""02
F

- (11)
+Z-/dET+(E)URes(E) ’

where T_ (1) is the secondary electrons (positrons) dif-
ferential track-length distribution [51l, 52] as a function

of their energy F, and T4 = T_ + T'y. The quantity
dorad(E+,EF)
dEp

for radiative Z’ production with respect to the final state
invisible particles total energy Er, while opes is the to-
tal cross section per electron for the resonant production
process. Z is the atomic number of the target materiaﬂ
The two integrals in the radiative contribution term are
performed over the Erp > Ei% range. For the resonant
production the kinematic constraint Fr = E reduces the
dimensions of the integral region. We did not include the
non-resonant Z' production mechanism in this computa-
tion, since for a primary electron beam the contribution
to the total yield due to the annihilation with secondary
positrons (see e.g. Fig. [3[b)) is negligible [48].

is the differential cross section per nucleus

III. THE NA64-¢e EXPERIMENT

The NA64-e experiment at CERN is devoted to the
search for dark sector particles feebly interacting with
electrons. NA64-e exploits the 100 GeV high-purity, low-
current electron beam from the H4 beamline to perform
the search, by measuring event-by-event the energy de-
posited in a thick active target, looking for events with
large missing energy (see Refs. [41] 53H55] for a complete
description of the detector and of the missing-energy ap-
proach). A schematic view of the detector is shown in
Fig. The NA64-¢ active thick target is an inhomoge-
neous electromagnetic calorimeter (ECAL), with energy
resolution og/E ~ 10%/v/E(GeV) + 4%. The ECAL
is made by 150 alternated layers of 1.5-mm thick lead
plates and 1.5-mm thick plastic scintillator tiles, for a to-
tal length of about 40 Xy; the detector is segmented into
a 6x6 matrix of independent transverse cells, with each
cell further divided into a 4 X pre-shower section and a
main section.

Two main types of backgrounds, resulting to missing
energy events, affect the NA64-e experiment. The first
type is associated to the production of one or more pen-
etrating particles in the ECAL by the primary beam. To

dorad(E+,Ep)
dEp
dependence on the atomic number.

1 The cross section contains an implicit quadratic
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FIG. 4. Schematic view of the NA64-e detector in the nominal, invisible mode configuration. See text for further details.

suppress this contribution, a massive hadronic calorime-
ter (HCAL) is installed downstream of the ECAL. A
high-efficiency plastic scintillator detector (VETO) is
also located between the two calorimeters, to identify
events in which penetrating charged particles are pro-
duced. The second type of background events is due to
residual ~ 1% hadron contaminants in the primary beam.
To suppress these, a syncrotron radiation beam-tagging
system (SRD) is installed upstream of the ECAL [56].
The NA64-e detector assembly also includes a magnetic
spectrometer to measure the momentum of impinging
particles. This consists of two successive dipole mag-
nets (total magnetic strength [ Bdl 7 T- m) and
a set of upstream and downstream tracking detectors,
Micromegas (MM), Strawtubes (ST) and Gaseous Elec-
tron Multipliers (GEM). Finally, a set of beam-defining
plastic-scintillator counters (SC) is present. During oper-
ations, the majority of the primary electrons gives rise to
an electromagnetic shower in the ECAL, with full energy
release in the detector. To suppress the rate of events
processed and written to disk, the experiment trigger re-
quires, other than a coincidence signal between the SCs,
that the total energy sum signal from the ECAL corre-
sponds to an energy deposition of less than 80 GeV.

~

NA64-e already completed data-taking campaigns in
2016, 2017, 2018 with a total accumulated charge of
about Npor = 2.84 - 10! electrons-on-target (EOT).
The selection criteria adopted in the analysis were iden-
tified by optimizing the experiment sensitivity, adopt-
ing a blind-analysis approach [41] (55, 57]. These in-
clude the requirement to have a well reconstructed track
in the upstream spectrometer, with momentum in the
range (100 £ 3) GeV, an in-time cluster in the SRD de-
tector, and a shower signal in the ECAL with the longi-
tudinal and transverse shape of a missing-energy event.
The latter selection also included a 0.5 GeV energy cut
for the ECAL pre-shower section. After applying all se-
lection cuts, no events were observed in the signal region,
defined by the two requirements Epcar < 50 GeV and
FErycar <1 GeV; this observation is compatible with the
estimate of (0.53 & 0.17) background events, mostly due
to the interaction of electrons with upstream beamline el-
ements, producing a soft electron hitting the ECAL and

one or more hadrons at large angle missing the NA64-¢
detector. This result was used to set an exclusion limit
for the production of an invisibly decaying dark photon
(A’), taking into account both the radiative and resonant
production [57].

IV. METHODOLOGY

The analysis presented in this work is based on the
dataset already scrutinized by the NA64 collaboration
to set limits for an invisible decaying dark photon, pre-
venting us to adopt a blind approach. For this work, we
decided to follow a strategy based on the same selection
criteria adopted in the aforementioned analysis, includ-
ing the signal region definition.

We considered first the simpler case in which only the
radiative Z’ production channel is included. The 90%
C.L. upper limit ¢“P for the dark photon kinetic mix-
ing parameter reported by NA64-e in Ref. [41], given the
negligible number of expected background events, corre-
sponds to an expected number of signal events equal to
Nyp >~ 2.3 via the relation:

0
dUA/,Rad

dEr (12)

Nup = (€up)2/\/' /dEdEF Ti(E) na: ,

do A’ Rad
dEF

tion per nucleus divided by €2, na/ is the corresponding
signal acceptance and detection efficiency, and A is the
overall normalization factor, accounting for the total ac-
cumulated number of EOT and for the detector material
composition. Due to the detector geometry, T'(F) is al-
most the same for the plastic scintillator and the lead,
while a Z2 dependence is included in the cross section:
since A scales as the material density over the atomic
mass, in the following we will consider only the contribu-
tion from the lead (the same approximation was made in
the analysis presented in Ref. [41}[57]). A similar relation
holds for the Z’ case:

where is the differential A’ production cross sec-

dUOZ’ Rad

— (g9 N / dEdEr Ty (E)



By taking the ratio of these expressions, the following
expression is obtained:

do®, o
e [ dEdEp Ty (B)~aehed p

(97)% = (e o = ("")°R .
[ dEdEy Te(E) =255 )
(14)

In this ratio, any absolute normalization factor appearing
in the predicted signal yield, such as the EOT number,
cancels out, drastically simplifying the calculation. The
same is true for all contributions to the signal efficiency
terms 14/ and 1z that are almost independent from the
signal model, as discussed in Sec. [[VB] We also observe
that this procedure does not depend on the specific value
of Nyp, that can be actually slightly different from the
“nominal” setting (2.3 events) due to the inclusion of
the non-zero number of expected background events and
of the systematic uncertainty factors in the statistical
procedure.

To also include the Z’ resonant production channel in
the upper limit calculation, we modified the denominator
appearing in the definition of R adding the ete™ — 2’ —
invisible event yield to the total:

0
dUZ/,Rad

d
dEp Nz

/ dEdEp Ty (E)

dUO/
— / dEdEF Ti(E)dZT’?‘“i Nz Raa+  (19)

+Z / dE T (E)0Y: pes Nz’ Res -

To solve Eq. we observe that R still contains a
residual dependence on g7 due to the total Z’ width '/
and the additional factor g%, for the ete™ — 2/ — vv
channel (see also the Appendix). To account for this we
proceeded by iteration, starting from the ansatz g/ =
(9%)) o> where (g37), was obtained from the narrow-width
approximation (“vanilla” case) or considering the decay
to dark sector particles only (“invisible” case). At each
n—th iteration, we used the value (g;7), | to compute
I'z: and obtain (g37), via Eq. Convergence was ob-
served already after two iterations.

A. Electrons and positrons track-length

We computed the electrons and positrons track-length
in the NA64-e ECAL through a Monte Carlo simulation,
exploiting the NA64-e GEANT4-based framework [58].
The full NA64-¢ detector geometry and material compo-
sition were implemented in the simulation, including the
magnetic field bending the impinging 100 GeV electron
beam. Primary electrons were generated just before the
upstream tracking stations, with a beam spot size of 1.5
cm and an angular divergence of 0.1 mrad. For all elec-
trons and positrons propagating in the ECAL volume, we
sampled the particle energy at each discrete step the tra-
jectory is divided into by GEANT4. We then constructed
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FIG. 5. The electrons and positrons differential track length
in the NA64-e ECAL as a function of the energy. For
positrons, the two distributions for lead and plastic scintil-
lator are almost identical.

the corresponding e~ and et energy distributions in the
lead and in the plastic scintillator, by assigning to each
sampled value a weight given by the step length. The
electrons (positrons) track length T_(E) (T4 (E)) was fi-
nally obtained by normalizing by the total number of sim-
ulated events. The obtained result is reported in Fig. [5]
displaying the electrons and positrons track length in the
lead and in the plastic scintillator. We observe that, due
to the ECAL segmentation into equally-sized layers of
these materials, the track lengths are almost identical.
The factor ~ 2 difference for the high-energy part of the
e~ distribution is due to the fact that in each layer, in-
cluding the first, the lead is located in front of the scintil-
lator. Therefore, the energy of the electrons propagating
into the first scintillator tile is systematically smaller than
that in the first lead layer.

Since, by default, GEANT4 forces a new trajectory
step every time a particle crosses the boundary between
two regions, we exploited the intrinsic 1.5-mm longitu-
dinal segmentation of the NA64-e ECAL cells to ensure
a proper track-length evaluation, without imposing any
further subdivision of the particles trajectory. The con-
sistency of the result regarding this choice was checked by
repeating the computation of T'(E) enforcing a maximum
step length of 0.50-mm in the simulation. We observed
no significant variations for T4 (E). For the T_(E), in-
stead, the two distributions are almost equivalent up to
E ~ 80 GeV, while a difference of up to 20% is observed
for 80 < F < 99.5 GeV with larger values predicted
by the 0.5-mm maximum step-length simulation. For
E > 99.5 GeV the difference is even higher, reaching
a factor up to 5. The overall normalization of the two
distributions is equivalent. We explained this as being



related to the aforementioned ECAL geometry. A sin-
gle 1.5-mm primary electron step in the first lead layer
would contribute to the T_(FE) sampling with an inter-
mediate E value, whereas if the same step was divided
into three 0.5-mm segments, the first would increment
the high-energy portion of T_(F). The same effect also
applies, in general, for the first ECAL thicknesses, with
a reduced intensity. In conclusion, considering that the
track-length normalization is not affected by the choice
of the stepping size, and that the radiative Z’ emission
has a smooth dependence on the beam energy, in the fol-
lowing we will use the T4 (E) result obtained from the
nominal GEANT4 simulation.

B. Signal acceptance and detection efficiency

The NA64-¢ signal efficiency for the A’-strahlung chan-
nel nas, the Z'-strahlung channel 1z roq and the Z’ res-
onant production 7z res can be factorized into two dif-
ferent terms. The first, n“?, is associated to the response
of all detector components installed upstream the NA64-
e ECAL. This term thus include the tracking efficiency,
the efficiency of the SRD cut to reject beam contami-
nants, as well as the efficiency of the SC counters in-
cluded in the trigger condition. Global effects such as
the overall DAQ efficiency can also be included in this
term. The second term 7% instead, is associated to
the ECAL, the VETO, and the HCAL detector responses
- the main contribution being the 50 GeV ECAL missing
energy threshold. By definition, n"P is the same for all
reaction channels and thus cancels out in the definition
of R. Since these channels are characterized by a differ-
ent signal kinematics, instead, 7%°“™ has to be computed
specifically for each of them.

We evaluated 79" for the different reaction channels
and parameter models through a GEANT4 simulation of
the full NA64-e detector setup using the DMG4 package
for events generation [59] and adopting an ad-hoc cross-
section biasing mechanism to enhance signal production
without distorting the corresponding kinematics, simi-
larly to what was performed in Ref. [57]. The DMG4
package does not offer the possibility to consider off-shell
Z' production, therefore we used the on-shell approxi-
mation I1(¢?) — II(m%,) in the calculation of n@°*"; this
does not significantly affect the kinematics of the pro-
duced Z’ and of the invisible decay particles. The Monte
Carlo event samples were processed through the same
NAG64-e reconstruction code used for the data analysis,
and 7%°*" was determined from the fraction of these sat-
isfying all the selection cuts associated to the ECAL, the
VETO, and the HCAL, possibly as a function of one or
more kinematic observables.

The signal efficiency n°*™ as a function of the Z’ en-
ergy Er is shown in Fig. [6] for the resonant process at
myz = 200 MeV, 250 MeV, and 300 MeV, and for the
radiative process at mz = 3 MeV, 30 MeV, and 300
MeV — these values are representative of the Z’ mass
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FIG. 6. The “downstream” NA64-e signal detection efficiency
n%°"™ as a function of the emitted Z’ energy Er, for different

models and corresponding parameters.

range explored in this work. We observe that, at fixed
Er, all results are compatible with each other within
the errors, thus suggesting that kinematic dependence
of nd°vn can be effectively taken into account consid-
ering its shape as a function of Fp. We also checked

that the ndown ~ 77%9% 4- Therefore, in the following we

will use a common expression of %" (Ey) for all reac-
tion channels. The smooth transition observed around
Er = 50 GeV is due to the convolution between the 50
GeV threshold on the energy deposited in the ECAL and
its finite resolution. Therefore, by including the energy
dependence of n9°"™ in R, we effectively take into ac-
count the modification to the Z’ line shape due to the de-
tector effects, particularly important in case of resonant
production with resonant energy close to the threshold

value, i.e. for mz ~ 2m.Ecyr ~ 225 MeV.

C. Z' events yield

We used the MADDUMP event generator to simulate the
Z' production in the NA64-¢ ECAL [60]. MADDUMP is a
plugin for the MadGraph5_aMC@NLO program [61], 62] de-
veloped for fixed thick-target setups that allows to com-
pute the differential yield of Z’ particles in the lead mate-
rial of the NA64-e ECAL from the knowledge of electrons
and positrons differential track length. For the radiative
emission process, we adopted the nuclear form-factor pa-
rameterization reported in Ref. [47]. We also explicitly
included the factor II(¢?) in the e —e — Z’ vertex, setting
gz = 1 as justified before. For simplicity, we used an



effective polynomial interpolation of the full calculation
result presented in Sec. [[] - to account for the cusp at
q*> = 4m?, this was implemented separately for the low
and high momentum region. Further details are provided
in the Appendix.

For a given reaction channel, MADDUMP provides both
an unweighted set of Njy;c Monte Carlo events and the
value of the energy-dependent total cross section inte-
grated over the track-length distribution. To include the
downstream signal acceptance and detection efficiency,
and to account for the ECAL resolution, for each event
we computed €goun(Fz), summed all these values, and
normalized the sum to Ny, finally multiplying the in-
tegrated cross section by the result. We repeated the cal-
culation independently for the Z’-strahlung on the lead
nucleus target and for the Z’ resonant annihilation on
atomic electrons. By fixing II(¢%) = 1, we also simulated
the radiative dark photon emission on the lead material,
necessary to compute the R numerator in Eq.

V. RESULTS

The 90% CL exclusion limits in the mz vs gz pa-
rameter space obtained from the NA64-e¢ experiment are
shown in Fig. [7] for the “vanilla” model (left panel) and
for the “invisible” one (right panel). In the latter case,
to check the effect of changing the Z’' width, we con-
sidered the dark coupling values ap = 0.1 (gp = 1.1)
and ap = 0.02 (gp = 0.5), with the fixed mass ratio
myz//m, = 3. Since, for these values of ap, the miss-
ing energy resolution of the ECAL is larger than the Z’
width, no significant differences are observed between the
two cases. Due to tension with perturbative unitarity
bound, larger ap values were not considered [24]. We un-
derline that our procedure guarantees that the obtained
limit accounts for the effect of all systematic uncertain-
ties that were included in the NA64-¢ A’ search analysis
(see Ref. [41]). We evaluated the effect of using a global
function for n?°“™ (Er) by repeating the calculation of R
using separately the expressions for ndzo,%s, n%?f”}%lad, and
ni?f‘j{”ad for the mass value mz, = 250 MeV, where the
resonant contribution is dominant. The obtained result
is compatible within 1% with the previous one.

We report in the same figure the constraints from other
accelerator-based experiments, namely the BaBar search
through the visible decay Z’ — p*p~ [27] and the Belle-
IT invisible search result [29]. For the invisible scenario
the BaBar limit, obtained from a search exploiting the
Z' — uTp~ decay, does not apply, since for gp > gz
the Z’ decays mostly to the invisible yx channel. In the
same plots, together with the preferred “band” from the
muon g—2 anomaly, we also show results obtained by dif-
ferent authors through a re-analysis of data reported by
neutrino experiments, namely the CCFR result for the
trident vN — vNutpu~ production and the Borexino
measurement of solar "Be v, scattering on atomic elec-
trons — however, we point out that these results should

be somehow considered cum grano salis, since in both
cases not all the experimental details of the original mea-
surement where taken into account in the re-analysis, for
example the detector energy resolution; also, the theoret-
ical assumptions for the Borexino limit were questioned
in Ref. [35], and a 30% discrepancy was found. We in-
cluded the sensitivity projection for NA64-u, a parallel
effort of the NA64 collaboration. NA64-u is a missing-
momentum experiment at the CERN M2 beamline, em-
ploying the 160 GeV muon beam from SPS to search
for the Z’ via the reaction uN — uNZ' and the subse-
quent invisible Z’ decay. As discussed in Ref. [39], the
sensitivity curve has been computed for an accumulated
statistics of 10! muons-on-target (MOT), for which zero
background events are expected. We also report the sen-
sitivity projection for NA64-e for a future high statistics
run of 10'® EOQT, assuming the same run conditions of
the current e~ -beam dataset and considering zero back-
ground events. The NA64 collaboration is also investi-
gating the possibility to perform a missing energy exper-
iment with a positron beam, to maximize the signal yield
induced by the eTe™ channel: we thus show the sensitiv-
ity projection for a 10'3 positrons-on-target experiment,
again considering zero background events. This result
has been obtained following the same procedure used for
the electron beam analysis. The track-length and the ef-
ficiency were evaluated via GEANT4 and the cross section
was numerically integrated with MADDUMP.

The continuous and dashed black curves represent the
“thermal target”, i.e. the preferred combination of the
parameters to explain the observed dark matter relic den-
sity, calculated through Eq. [5| by re-scaling the results
from Ref. [24].

VI. CONCLUSIONS

The L, — L, gauge symmetry extension of the Stan-
dard Model provides an elegant explanation to observed
“anomalies” between data and SM predictions, such as
the muon magnetic moment puzzle. In the “invisible”
flavour, the corresponding Z’ gauge boson acts as a por-
tal between SM and a “dark sector”, possibly connected
with the DM phenomenology. In this work, we pre-
sented the exclusion limits for the Z’ parameters space
obtained from the analysis of the existing NA64-e ex-
periment dataset, based on a rigorous treatment of the
momentum-dependent coupling between the Z’ and the
first-generation leptons induced by a loop mechanism.
These are the first limits set by a direct experimental
search for Z’ that exclude the region up to the muon g—2
preferred band for mz ~ 1 MeV, confirming the results
already reported by the re-interpretation of neutrino ex-
periments data. Our work demonstrates the potential of
the NA64—e experiment, also regarding the complemen-
tarity to the future searches with NA64—p. Future high-
statistics NA64-e runs will explore even larger regions
in the parameters space, with the positron-beam mea-
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FIG. 7. The NA64-e exclusion limit for the L, — L, model, for the “vanilla” (left) and “invisible” (right) flavour (red curve).
The red (orange) dashed curves represent the sensitivity projections for a future high-statistics NA64-e run with an electron
(positron) beam, for a total accumulated charge of 10*® EOT, while the green dashed curve is the sensitivity projection of
NAG64-p [39]. The gray areas are the regions excluded by phenomenological re-analysis of neutrino experiments [33] [34], while
the blue region is the area excluded by BaBar [27] for the “vanilla” case. Finally, the black curves represent the so-called
“thermal target” for the two values of ap = 0.1 and ap = 0.02, i.e. the preferred combination of the parameters to explain
the observed dark matter relic density. These have been calculated through Eq. [5| by re-scaling the results from Ref. [24].

surement playing a significant role due to the electron-
positron annihilation production mechanism.
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Appendix: Explicit formulas for 11(¢*), 02/ ges, and
497/ Rad
dEp

In this brief appendix, we report the formulas we im-
plemented in MADDUMP in order to correctly account for
the v — Z’ mixing, described in Sec. This effective
mixing, arising from one-loop diagrams involving p and
7, results in a e* — Z’ interaction term eIl(¢?)Z’,, (ey"e);
the functional form of I1(¢?) is reported in Eq. 6| In or-
der to allow for Z’ production via electron and positrons,
the e* — Z’ interaction vertex was added in MADDUMP.
Since the real part of I1(¢?) can’t be calculated analyt-
ically, we used an approximated parameterization, here
denoted by Fy(q?). Fig. |8 shows a comparison between
Fr(g?) and R(I1(¢?)), numerically evaluated: the relative
error remains below 5% and R(I1(¢%)) > Fr(g?) over the
considered ¢ range, resulting in conservative limits on
97
ZUnlike R(I(¢?)), the imaginary part of II(¢?) can be
evaluated analytically, and reads:

(A1)

otherwise
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FIG. 8. The real part of the II(¢?) function, comparing the
numerical result obtained from Eq. [f] with the numerical pa-
rameterization Fr adopted in this work. For illustration pur-
poses, the arbitrary coupling choice gz = 27% /e was made.

Similarly, we report below the cross-section formulas
for Z' production and invisible decay. The total cross
section for Z’ production via eTe™ annihilation and sub-
sequent decay to a pair of scalar dark sector y particles
reads:

10

3

magyop M) s (1—4r7)°
3 (s —m%,)? +T%,m%,
(A.2)
where s is the e™ e~ system invariant mass squared,
rs =m,/s, and 'z is the total Z’ width. Similarly, the
total cross section for the annihilation process, consider-

ing the decay to v, or v, is:

07’ Res,x — )

_Amapyuoaz TI(s)[? s
7% Reswytvr = 3 (s — m%)? + TZ,m2,
(A.3)
Finally, the cross section %‘fj‘“" for the production

of a Z’ via radiative emission and subsequent invisible

decay can be obtained starting from the expression for
L do s
the emission of an on-shell dark photon (T(;‘T’If’“i (see e.g.

Ref. [63] for the exact tree-level formula), via the relation:

dUZ’,Rad

_ doA Rad \H(SF)\Q_
dEFdSF dEF 62
1 \/SF FZ/BF ’

7 (sp —m%,)? + m%, %,

(A.4)

where sp is the Z’ daughter particles invariant mass
squared and Bp is the branching fraction for the invisible
decay channel.
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