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The weakly interacting massive particle (WIMP) paradigm is one of the most popular scenarios for dark
matter (DM) theories that, however, is strongly constrained, in particular by direct detection experiments. We
stick with the WIMP hypothesis and consider a Dirac fermion candidate for DM that interacts with the
Standard Model (SM) via a spin-1 Z, arising from the spontaneous breaking of an Abelian U(1);, gauge
symmetry, under which only second generation leptons and the DM are appropriately charged. Due to the
charge assignment, the model is gauge anomalous and can only be interpreted as an effective field theory
(EFT) at low energy. The Z’ couples at tree level only to the vector DM current, to the axial muon current, and
to left-handed muonic neutrinos, so the WIMP-nucleon cross section is beyond the experimental reach of spin-
independent (SI) direct detection searches. We focus on Z’ masses between 200 GeV and 500 GeV, and study
the current bounds on the model coming from direct and indirect detection of DM, collider searches,
contributions to (g — 2),,, and to neutrino trident production. We find that large regions of the parameter space
remains to be explored. In the context of LHC searches, we study the impact of a muon-exclusive signal region
for the 3 + ES channel with an invariant mass window around m,. We show that this search can
significantly improve the current collider bounds. Finally, from the anomalous nature of our EFT, there remain
at low energy triboson anomalous interactions between the Z’ and the electroweak (EW) SM gauge bosons.
We explore the possibilities of probing these interactions at the LHC and at a 100 TeV proton collider finding
it extremely challenging. On the other hand, for a muon collider the inclusive resonant channel y*u~ —

7' — ZZ could be probed in the most promising scenario with a luminosity of O(few 10) fb~!.
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I. INTRODUCTION

There exists an overwhelming gravitational evidence for
the existence of a new type of matter which is stable on
cosmological scales and neutral under electromagnetism.
Its origin and composition cannot be explained by the
Standard Model (SM) of particle physics, so it represents
one of the greatest puzzles of modern physics. Many
theoretical ideas beyond the SM attempt to explain the
nature of this dark matter (DM), and within the attempts to
describe DM as a particle, one of the most popular ones is
that of a weakly interacting massive particle (WIMP) that
introduces a new particle associated with the DM with a
mass and interactions to SM states that are of order as those
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expected for an electroweak (EW) state. In that case one
naturally obtains annihilation cross sections for the DM that
provide via the mechanism known as freeze-out a relic
density Qpyh? ~ 0.1, in accordance with measurements
done by several astrophysical probes.

Despite the great appealing of the WIMP paradigm, the
physics community would have naturally expected its
existence to be detected already by now. There are several
searches that probe the nongravitational interactions of the
DM with the SM states. Among them, direct detection
experiments that involve the scattering of DM particles
against heavy nuclei impose some of the most restrictive
constraints [1-3], in particular in the parameter space
regions in which WIMPS would tend to naturally lie. In
fact typical cross sections expected for WIMP scattering
against nuclei are already ruled out by several orders of
magnitude. As direct detection searches continue probing
smaller scattering cross sections and no sign of DM is
detected in them, the WIMP paradigm becomes further in
tension with data although it still remains as a viable
possibility [4-7]. Another probe of the nongravitational
interactions of the DM are what are known as indirect
detection experiments that measure the signals of DM
annihilation in high density regions of the Universe, such as
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the center of the Milky Way [8] or in DM dominated
galaxies such as dwarf spheroidals (dSph) [9,10]. Finally it
may also be possible to directly produce the DM in particle
accelerators, which would then be indirectly detected as
missing energy [11-15].

In regards to direct detection experiments and the WIMP
paradigm, given that the former test DM-nucleon cross
sections, one may think that one way to avoid them is to
propose a model in which DM is coupled to a leptophilic
mediator [16], leading to vanishing scattering tree-level
diagrams with nuclei. Direct detection searches have
become however so constraining in the allowed scattering
cross sections that even interactions with nuclei at 1-loop
order (with leptons running in the loop) are under pressure
[17-20]. In this work we propose to take the WIMP
paradigm all the way to the end and so we consider a
simple effective WIMP model that provides such small
contribution to the DM scattering cross sections probed by
direct detection experiments that they would naturally be
buried under what is known as the neutrino scattering floor.
We show that under simple assumptions about the nature of
the interactions of the DM and its mediator to SM particles
but sticking to masses and couplings of order EW, a model
emerges in which second generation leptons and a Dirac
fermion DM are charged vector-axially and vectorially
respectively under a new U(1); spontaneously broken
gauge symmetry. Under these conditions, the WIMP
miracle is still accomplished and at the same time we
are able to avoid any signal that could be measured by
direct detection experiments at present and in the future (all
the way up to the neutrino scattering floor). We find that
indirect detection signals from current searches done by the
Fermi-LAT collaboration from signals at the center of our
own galaxy and from dwarf spheroidal galaxies do not
currently provide strong constraints on the model. There
can be however interesting collider searches that probe
certain regions of the parameter space from current and
future measurements at the LHC. There are also potential
contributions to neutrino trident production and the mag-
netic dipole moment of the muon that, though they are
unrelated to the DM interactions, provide strong constraints
to the mediator mass and coupling strength to muons and
muonic neutrinos. Furthermore, our effective model in
particular being gauge anomalous provides a window into
the UV physics that is responsible for curing the anomalies
in the form of triple gauge boson couplings, as it has been
analyzed in theories with an anomalous U(1)" within
different contexts [21-23]. By studying these anomalous
interactions, we show that though it appears to be hopeless
probe them at the high luminosity LHC (even hard at a
100 TeV hadron collider), they may be able to be probed at
a future muon collider providing a clear signal and a great
opportunity as a window into the UV physics.

The paper is organized as follows. In Sec. II we introduce
the effective U(1),, DM model describing its interactions.

In Sec. III we discuss the experimental constraints on the
model coming from DM relic density calculations, direct
and indirect detection DM experiments, collider searches as
well as contributions to (g—2), and neutrino trident
production. In Sec. IV, we focus on the projections at
the 14 TeV LHC with luminosities of 300 fb~! and
3000 fb~! for the 3y + ET' channel and show that large
regions of parameter space can be probed if a window for
the invariant mass of the muon pair around the Z’ mass is
added, though there are still regions in which the model
remains elusive. Finally in Sec. V, we discuss a very
interesting feature of our model which is the presence of
anomaly induced triple gauge boson couplings and their
possible collider signatures at the LHC, and at a hypo-
thetical muon collider or a 100 TeV hadron collider. Our
conclusions are given in Sec. VL.

II. THE U(1), AXIAL MODEL

We decide to pursue the idea of obtaining a model in
which the WIMP miracle happens in a simple way, for
couplings and masses of order the EW scale (or not too far
from it). The lack of signal in direct detection experiments
leads us to consider a leptophilic DM model with a massive
vector mediator between the visible and dark sector, that
couples vector-axially (VA) to leptons and vectorially (V)
to the DM. These kind of interactions (VA with leptons and
V with DM) have been shown to provide vanishing
contributions at all loop-levels to the mixing between the
Z' and photons which tend to dominate spin independent
DM-nuclei scattering [18-20] and only provide contribu-
tions to spin independent DM scattering via mass mixing
between the Z’ and the Z gauge boson, proportional to the
lepton’s Yukawa couplings, which would put interaction
with third generation leptons in tension. There are also
ete™ — eTe™ processes known as compositeness bounds
at the Large Electron-Positron (LEP) collider that strongly
constrain interactions with first generation leptons implying
my 2 3 TeV in that case [20]. Thus we decide to consider
vector-axial interactions only with second generation lep-
tons and vector interactions with the DM, which further-
more we choose to be Dirac such that in the annihilation
process the s-wave contribution in the nonrelativistic limit
is nonvanishing.

Specifically, we introduce a new Abelian gauge sym-
metry U(1);, under which second generation leptons are
charged, such that the interaction in the mass basis for
muons are axial and we also introduce a Dirac fermion y
charged vectorially under U(1),, which we identify with
the DM; the rest of the SM fields including the Standard
Model Higgs remain neutral under U(1 );1 This new gauge

'A model with a muon-philic Z’ coupled to vectorlike leptons
has been recently studied in [24]. For muonphilic models in
relation to dark matter see Refs. [25,26].
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symmetry is assumed to be spontaneously broken at some
larger scale (possibly a la Higgs, via the vacuum expect-
ation value of a scalar field) and we work in the effective
theory of the SM matter and gauge field content, with the
addition of the Dirac DM y and a massive vector gauge Z’ ?

. 1 1
L = Loy +j(iy?0, —m,)y — ZZLVZ’”” + 5msz},Z’f’

+ 927" XZ) + 9,1y’ Y MZ)y = 9DV Vur Z), (1)

where Z},, = 0,7, —0,Z,, is the Z'-field strength, g, = O, ¢/,
gy = Q,9 are the coupling strengths for the DM and
charged muon interactions with respective charges Q,
and Q, under U(1),, ¢ the U(1), coupling, and m, and
my are the masses of the DM and the Z’ gauge boson. The
Z' — v, coupling is fixed to preserve the EW symmetry.
We assume a vanishing tree-level kinetic mixing term
between the Z’ and the SM EW gauge bosons. In addition,
we work in the scenario with my > 2m, in which the
phenomenology at the LHC is enriched. When m, < 2m,,
the only invisible decay channel is Z' — 1,7, so that the
invisible branching ratio is 1/3 irrespective of the values
of m, or g, and the phenomenology of the LHC searches is
disconnected from the DM parameters of the model. From
the interactions in Eq. (1) we obtain the following expres-
sions for the partial decay widths of the Z’ boson at leading
order:

G (| _ g o 2)

0(Z - utyu) =
(Z = ptpm) o

2
_ gumyz
INVARSMES 54;; (3)

2

N2 = 7) =22 T=H,(1+23). (@
where z, = m?/m2,. If the total width is saturated by the
channels in Egs. (2)—(4), then its branching ratio can be
obtained as BRy, =BR(Z — u'u~)+ BR;,, where
BR;,, =BR(Z' = v,,,) + BR(Z' — y¥) is the branching
ratio into states that appear at the LHC as missing trans-
verse energy and can be written as,

14281 -4z,)' 2 (1 + 2z,)
1nvf3+2§2(1 _4Z)()1/2(1 +2Z){)’

(5)

’In the following, we consider the Higgs field responsible for
the spontaneous breaking of the U(1),, to be heavy enough to be
integrated out from the EFT. Moreover, the Z' mass can also arise
from the Stiickelberg mechanism, and a new Higgs would not be
necessary.
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FIG. 1. Values of I'/my in the plane BRy,, — g, according to

Eq. (6). In our analysis, we restrict ourselves to the region
l—'Z//mZ/ < 0.3.

where we have used the definition ¢ =g,/g,. From
Egs. (2)-(5), the ratio between the total decay width,
'z, and the Z' mass, can be parametrized in terms of
the coupling g, and BR;,, as follows,

r, 1
mgy - g/% (877: +

In the analysis of the model we will restrict ourselves to
scenarios in which I'y//m, < 0.3. It follows then that this
expression is useful to translate this bound, for each value
of BR;y,, into a bound for the coupling g,. The requirement
I'y/my < 0.3 allows to have a not too wide Z' while
keeping available regions of the parameter space that are
interesting from a phenomenological standpoint.3 For
example, as can be seen from Fig. 1, for BR;,, as large
as 0.9 we can still probe g, values up to ~1.

Given that in particular the electromagnetically charged
muon is also charged under the new U(1), gauge sym-
metry, one cannot write the usual Yukawa interaction for
the muon responsible via EW symmetry breaking to
generate the muon mass since it would explicitly break
U(1),. This interaction can however arise from a higher-
dimensional operator involving the usual Yukawa inter-
action combined with a SM singlet Higgs field responsible
for the spontaneous breaking of the U(1),, gauge symmetry,
which we shall denote @, with charge Q¢ with respect to

U(1), and whose vacuum expectation value (vev) we

3BR;,, — | ) ©)

247(1 — BRyy,)

*Notice that in our analysis we will not rely on the narrow
width approximation.
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denote (®) = f > vy = 246 GeV sets the scale at which
u(l), is broken,”

D\ 205
LYuk = _/1# M LHMR + H.C., (7)

where 1, is a dimensionless coupling of order one and
M > f is the scale of the new physics that generates this
operator. It is then clear that once @ acquires a vev the low
energy muon Yukawa takes the value y, =2, (f/M) 2%/ %o,
that can naturally accommodate the measured muon mass
due to its smallness. We assume that this or a similar
mechanism is responsible for the generation of the muon
Yukawa and simply work with the low energy muonic
Yukawa interaction included in Lgy; in Eq. (1).

Notice also that the fact that we have chosen a VA gauge
interaction for which only the second generation leptons are
charged implies naively the appearance of gauge anomalies
which are known to lead to inconsistencies at the quantum
level either by the breaking of unitarity and/or gauge
invariance. Of course, the quantum field theory which
completes our effective theory cannot have these anomalies
in the UV and therefore there must exist additional fermions
which cancel the possible gauge anomalies present. The
effect of these additional fermions in the low energy effective
theory manifest itself via the presence of triple gauge bosons
couplings involving U(1), and the SM gauge bosons. We
shall comment more on this in Sec. V and its possible
phenomenological collider signatures in Secs. V B and V C.

III. EXPERIMENTAL CONSTRAINTS

In this section we study the conditions that must be met
in order to reproduce the correct relic density of DM in the
Universe today. Furthermore, we look into the possible DM
standard signatures in direct and indirect detection experi-
ments, as well as more specific signals that are particular of
our model such as neutrino trident production and the muon
anomalous magnetic moment. These latter affect indirectly
the DM predictions by constraining the Z’ interaction with
the second generation leptons. We also comment on the
current collider constraints in the form of final states with
muons and missing energy.

A. Relic density

The first main prediction we should satisfy is the DM
relic abundance as measured by the Planck collaboration,
Qpmh? = ppm/pe = 0.120 £ 0.001 [27], where ppy is the
DM density and p,. the critical density of the Universe. As it

*For the Z' gauge boson to remain in the low energy effective
theory, |Qg| < 1, since for an Abelian group that is sponta-
neously broken, m, ~ |Qe|f. Also notice that in order for Eq. (7)
to be truly a higher-order operator we must demand that Qg < 0
if 9, > 0.

is well known, the WIMP miracle occurs within the
standard freeze-out mechanism, where initial conditions
are washed out once the DM candidate enters in thermal
equilibrium with the early Universe plasma. Given that the
coupling strengths are assumed to be of order EW but not
much smaller, it is clear that at earlier times in the Universe,
the DM candidate y can easily reach equilibrium with the
thermal bath at temperature 7 via the process,

xx < C2, (8)

where £ = p,v,. The DM density then follows the thermal
equilibrium density and as the temperature in the Universe
drops due to the expansion it ends up following a Maxwell-
Boltzmann distribution which leads to an exponential
decrease in the DM density once the energy available is
not sufficient to produce DM pairs from the thermal bath.
However, once the annihilation rate is smaller than the
Hubble expansion of the Universe at some temperature
Tr~m,/25, the DM particles fall out of equilibrium and
decouple from the thermal bath, freezing at a density that
gets diluted only by the expansion of the Universe. We will
not demand that y makes up all of the DM (though we will
certainly consider this case as well), but instead we demand
that it does not lead to a closed Universe by requiring the
following condition to hold,

Q12 < Qpyh? = 0.120. (9)

which allows more freedom for our parameter space by
assuming that some other source completes the full DM
content of the Universe. All of this is done by integrating
Boltzmann equation numerically and computing thz for a
particular point in our parameter space. We perform this
automatically by using the publicly available MICROMEGAS
code [28].

B. Direct detection

Direct detection experiments aim to detect DM particles
present in the gravitationally bound halo of our galaxy.
Through scattering with subatomic particles, DM could
leave a signal in underground detectors, in the form of
recoil energy. The most stringent bounds on DM-nucleon
scattering cross sections come from these experiments, in
particular for spin independent (SI) interactions for which
the scattering cross sections are enhanced by a coherent
sum of the nucleons in the nucleus. This leads to strong
constraints for the possible effective interactions of WIMPS
with quarks as shown in [1-3,29]. In order to avoid these
bounds we have chosen as mentioned before a leptophilic
Z' mediator with axial couplings to muons, which guar-
antees that not only tree level diagrams are not present, but
also that Z'-photon mixing vanishes at all loop orders.’

>The largest contributions to the scattering cross section comes
from the Z’'-photon mixing.
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There remains however an effective operator that provides a
contribution to both spin independent and spin dependent
(SD) interactions and involves Z — Z’ mass mixing [20],

Ly = igyH'D,HZ, (10)

where gy is a loop-induced effective coupling proportional
to the Yukawa coupling of the leptons that run in the loop
and are charged under U(1);,, so its contribution is naturally
suppressed (however, notice that a model with the tau
charged under the U(1)" symmetry is significantly con-
strained [20]). One can calculate the corresponding quark-
DM contact interactions that provide contributions to SI
and SD interactions respectively,

L=pray [CVarq+ Clarviq. (1)
q

where the vector and axial coefficients Cg,q ) and Cff) can be
obtained from the renormalization group equations. We
apply to our model the results given in [20], where the
running of the coupling constants is performed from the
energy cutoff of the effective leptophilic model, Ayy ~ f,
down to the energy scale uy associated with nuclear
processes. These coefficients read,

2 A
cyy —%y—”ﬁé”—zs%qu)log( UV)’ (12)

m2, Ar? KN
2
A
CE;]) — _‘%(;ZM%TE;) 10g< UV>’ (13)
7z HN

where y, is the Yukawa coupling for the muon, Tgf) and Q,
are the weak isospin and charge of the quark g respectively,
and sy is the sine of the Weinberg angle 0y, .

Only the first contact term of Eq. (11) contributes to a
spin-independent signal, and thus we focus on this term
only. The amplitude for the scattering of y by a nucleon N is
then calculated as,

M = N> CY¥raartalen). (14)
q

When evaluating matrix elements of quarks in a nucleon N
at zero momentum transfer, only valence quarks amount for
the result [30],

6Loop-induced Z — 7' kinetic mixing is also possible, but it is
suppressed with respect to mass mixing by (q/My)?/y%~
(MeV/100 GeV)?/ys ~ O(107*), where ¢ is the momentum
transfer in the scattering [18].

(N|gr"q|N)
ZﬁN(k’)<Fi’(q2)Y”+ﬁF3(q2)6””qy) ux (k)

250

= n i, (15)

where the first form factor is approximated by the number
of valence quarks n, in the nucleon, and the second term is
dropped in the ¢> = 0 approximation. Also, in the non-
relativistic regime we can write for both nucleon and DM
parts,

ity u ~ ity'u ~ 2mé' &, (16)

where £ is a two-component spinor and s and s’ are the
initial and final spin states. Squaring the amplitude,
averaging over initial states, summing over final states
and integrating in the phase space we obtain the total cross
section,

1 (mNm)(>2
Oy = ="

(u) (d)\2
Cy,’ +n,C , 17
”( v ){)2 (nu \% ngCy ) ( )

and by setting n, = 2, n; = 1 we can obtain the y-proton

cross section. Finally, we evaluate the C gjj) coefficients at

the benchmark values g, = g, = 1, my =200 GeV. The
nuclear scale is set at yy = 1 GeV where the hadronic
matrix elements are evaluated, and since we expect heavier
states to appear at few TeV, we set for practical purposes
Ayv = 10 TeV, though the result only depends mildly on
the scale Ayy. For the range of y masses evaluated in this
work, this results in a y-proton cross section of,

o, ~1x107* em?, (18)

and thus it is unconstrained by current experimental
research, whose more restrictive upper bounds are around
10*7 cm? [31]. Moreover, this cross section value sits well
below the neutrino floor ~107° cm?, inside a region of the
parameter space which seems to be inaccessible by conven-
tional SI direct detection experiments.’

C. Indirect detection

In our Universe today, dark matter annihilation is heavily
suppressed by its low abundance. Thus it can only be
observed in high density regions, such as galactic centers or
DM-dominated dwarf galaxies. For our case, muon pairs
are produced from yjy annihilation, which then lead to a

"Directional DM direct detection experiments may be able
to distinguish coherent neutrino-nucleus scattering from DM-
nucleus scattering [32]. Probes below the neutrino floor could
also be available with the detection of gravitational waves
produced during the electroweak phase transition [33].
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continuum spectrum in the form of bremsstrahlung radi-
ation, whose differential flux per unit energy per unit solid
angle is given by,

d*®(E,n) _ (ov),dN
dEdQ  8zm’ dE

depi(¢im), (19)

where (ov), is the thermally averaged y-annihilation cross
section into muons, dN/dE is the radiation spectrum
generated by the muons, and p, is the y-density which
must be integrated along the line of sight.

The Fermi-LAT collaboration is able to measure the
y-ray sky via its satellite experiment with unprecedented
precision. In particular, it provides strong constraints on
possible DM annihilation coming from the center of our
Milky Way [8] and also from a series of dwarf spheroidal
galaxies [9,10], which are expected to be DM dominated.
Indirect detection experiments typically give constraints in
the (m,, (ov),) plane, assuming y accounts for all the DM
in the Universe. Since as mentioned before we relax such
assumption and only demand that the relic density should
not overclose the Universe, in order to translate the
constraints from the Fermi-LAT results to our particular
model, we rescale Py as [34],

Q0

= W,DDM, (20)

Py
where Qpyh? = 0.120 and ppy is the total DM density
used in the indirect detection analysis. If, for a given m,,
the cross section is bounded above by (6v),, then this
corresponds to the following limit in our model,

(Qi);f;)Z@WI < (60)jin- (21)

We use the values for (ov)y;,, as given in Fig. 10 of [35] at
95% Confidence Level (CL), taking the more restrictive
Bayesian limit. The relic abundance and cross section for
our candidate y are calculated using MICROMEGAS. For the
latter we assume it depends on the model parameters in a
straightforward manner, as we expect for the yy — pu™u~
tree level dominant process,

(o), = gagyF (my.mz). (22)

where F encapsulates the portion of the thermally averaged
cross section that does not depend on the coupling
parameters. It is also expected that the relic density is
inversely proportional to the annihilation cross section
(6V) 4o~ Since y can only annihilate to muons or muonic
neutrinos, which interact with the Z’ boson through the
same coupling strength g,, the annihilation cross section
will exhibit the same dependence on the couplings as in
Eq. (22). We assume then,

Q' (m,.mzy)h?

Q h? =
99

7 , (23)

where Q' (m,,, mz)h? is the relic density for given masses
and g, = g, = 1. Substituting Egs. (22) and (23) into (21)
and setting g, = &g,,,

Q'r? \2F(m,,mz)
QDMh2 Qﬁfz

By calculating the factors F and Q!4 for given masses and
g, = g, = 1 inside MICROMEGAS, using the experimental
limits extracted from [35], and setting Qpyh” = 0.120, we
can obtain the exclusion limits in the mz — g, plane as in
the plots below.

We make a brief comment regarding the constraints
coming from cosmic-ray positrons as measured in particular
by the PAMELA [36] and AMS-02 [37] experiments. It was
shown in [38,39] that DM models with annihilations into
utu~ which reproduce the DM thermal relic density via
freeze-out can be strongly constrained by these measure-
ments. In particular, in the recent study of [39], it is stated
that DM masses below ~150 GeV would be excluded for
this channel. There are however large uncertainties stem-
ming from the local dark matter density and local magnetic
field strength values used, as well as a full lack of knowl-
edge of the characterization of the galactic magnetic field
and its effects in the propagation of charged particles, all of
which can lead to softer constrains on the DM masses that
could potentially be excluded [40]. Due to these large
uncertainties, we will only consider for indirect detection
constraints the exclusion limits provided by the y-ray
observations from the annihilation of DM in dSph galaxies,
though there are certainly points of our parameter space that
could satisfy the cosmic positron constraints as well.

< (60)im- (24)

D. Muon anomalous magnetic moment

Recent measurements at Brookhaven National Laboratory
and at Fermilab [41,42] of the muon magnetic moment result
inacombined excess of 4.2¢ with respect to the SM predicted
value (see Ref. [43] and references therein). Due to the axial
nature of the Z’ coupling to charged muons, there is a
negative one loop contribution to the muon magnetic
moment [20] with respect to the SM contribution,

5 G (25)

which worsens the agreement with respect to the measured
value. This thus implies a constraint on the possible Z' mass
and coupling to the visible sector in our model and indirectly
a constraint on the DM as well. We demand that the new
physics contribution does not exceed the combined theo-
retical and experimental uncertainties at the 2o-level,
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Z[y Z

FIG. 2. Leading order diagrams corresponding to the production of the Z' boson at the LHC.

|5apz,’| <24/0%p + 0% (26)

where 6y, = 41 x 107! and o, = 43 x 107", Notice that
with this requirement the NP contribution of Eq. (25) is
hidden in the theoretical and experimental uncertainties,
keeping the disagreement with the measured value below the
5o level.

It is worth mentioning that lattice QCD calculations have
been shown to modify the SM theoretical predictions [44],
reducing the discrepancy with respect to the experimental
measurements to a 1.6 excess [45], which would also
reduce the tension within our model.

E. Trident diagrams

The Z' interaction with muonic neutrinos are con-
strained by what are known as neutrino trident experiments,
which probe lepton production by neutrino scattering with
nucleons. In our model, the process v, N — v,u"u~N takes
place with the contribution of Z’' exchange diagrams.
Measurements of the associated cross section at the
Columbia-Chicago-Fermilab-Rochester (CCFR) neutrino
experiment at the Fermilab Tevatron [46,47] imply the
following constraint,

2
u
m2,

20224 < 0.6, (27)

where v ~ 246 GeV is the EW breaking vacuum expectation
value. Interestingly enough, for the case of only axial
contributions as in our scenario, it is expected that future
Deep Underground Neutrino Experiment (DUNE) will have
similar sensitivity as CCFR and therefore no improvement of
this particular constraint is expected.

F. Collider searches at the LHC

At the LHC the leptophilic Z' boson is mainly produced
through Drell-Yan processes with the Z’ radiated from one
of the final leptons, as shown in Fig. 2. The specific final
state depends on which is the exchanged EW gauge boson
and the decay mode of the Z'. For the muonic Z’ the
exchange of y and Z bosons lead to final states with 4u or
2u + EMss [48], while the exchange of W gives rise to
signals with 3y + EF or 1y + EPS, Note that the missing
transverse energy in the modes with one or two muons can

arise not only from the neutrinos but also from the DM
particles. According to the analyses in [49-51] the con-
straints coming from the modes with at least three leptons
are the most restrictive ones for the case of a leptophilic
vector boson. Moreover, it is also shown in [50] that in
general the 3y + EF* mode provides stronger bounds than
the 44 mode, except when the Z’ coupling to right-handed
muons (gg) is larger than to left-handed muons (g; ), with
the limits still being similar for gz /g, as large as 2. In our
case, since the Z' is VA coupled to muons, we have
gr = —gr., which translates to cross sections for the 3y +
EP channel that are ~3 times those of the 44 mode along
the parameter space explored here.

In order to obtain an estimation of the limits imposed by
the existing searches at the LHC, we confront the most
promising channel of the model, 3u + ETT“iSS, with the
collection of LHC analyses implemented in the Public
Analysis Database (PAD) of MADANALYSISS [52-54]. We
also include the limits coming from the 2y + EP** channel
since in the model we are considering its cross section
increases with g, and then it is interesting to test if there is
some regime in which it gives better exclusion bounds than
the 3u + EP* mode. The signals of both channels were
simulated with MADGRAPH3.1.1 [55] using an implementa-
tion of the model in UFO format obtained with FEYNRULES
[56]. The parton shower and hadronization were carried out
with PYTHIAS8.2 [57], while a fast detector simulation is
performed inside MADANALYSIS5 by DELPHES3 [58]. In
Fig. 3 we show the exclusion limits in the mass range
(200-500) GeV*® arising from the most restrictive search of
the PAD along with the bounds imposed by the CCFR
neutrino experiment and the latest measurements of the
muon magnetic moment at Fermilab. We show two
representative cases: g, = 0 (left panel) and g, # 0 with
BRj,, = 0.6 and z,, = 0.01. For the latter we also include
limits from indirect detection and relic density. The most

¥This range reflects the fact that Z’ masses lower than the Z
boson mass have been already studied in the literature (see, for
instance, Refs. [21,23]). In addition, we will show in Sec. VC
that the analysis of the decay Z' — ZZ (with both Z bosons
produced on shell) in a muon collider would be crucial in order to
probe the anomalous nature of the model. Accordingly, m, =
200 GeV is simply taken as a reference lower value. The upper
limit of 500 GeV is chosen a posteriori given that the collider
searches lose sensitivity.
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FIG. 3.

Exclusion limits derived from existing LHC searches (see the text for details), the CCFR neutrino experiment and the

measurement of the muon anomalous magnetic moment for g, = 0 (left panel) and g, # 0 with BR;,, = 0.6 and z, = 0.01 (right panel).
For the latter we also include the regions excluded by the relic density and the dSph galaxies bound from Fermi-LAT. We add for

reference the lines corresponding to I'y//m ratios 0.1 and 0.3.

restrictive limit for the 2u + E®* channel corresponds to
the inclusive signal region SR_SF _1J with mgp, >
160 GeV of the ATLAS search for electroweakinos and
sleptons in the 2Z + ETSS channel [59,60]. For the 3u +
EXss mode the most constraining bound is obtained with
the signal region A44 of the CMS search for electro-
weakinos in multileptons final states [61,62]. As can be
seen from Fig. 3, none of these bounds are competitive with
those arising from the trident diagrams and the muon
anomalous magnetic moment. Regarding the comparison
between the 2u + ETS and 3 + EFsS signatures, we see that
the latter provides the stronger limits as expected. However,
the opening of the DM decay mode of the Z’ slightly improves
the limit provided by the 2u + EsS and at the same time
worsens the 3u + EsS bound. This is also expected due to
the behavior of the corresponding cross sections when the
decay channel Z' — yj is available. Nevertheless, the gap
between the exclusion limits is still significant and we have
checked that they become comparable only when BR;,,, is as
large as 0.9. For this reason we will focus exclusively on the
3u + ERss signature in what follows.

The lack of sensitivity of the existing searches at the
LHC to exclude and/or discover the model studied here is in
part due to the fact that the signal regions mentioned above
select events with both electrons and muons in the final
state instead of only muons, which would be better suited to
probe a muonic Z'. Thus, in order to have a better sense of
the LHC potential to test the U(1), axial model it is
necessary to consider a dedicated search strategy. Here we
apply the one proposed in [50], which is based on the

ATLAS search [63]. In the following list we summarize the

cuts defining the search strategy:

(1) A setof basic cuts are applied to the muons and jets at
generator and detector level: pf.>50GeV, |5, | < 2.4,
AR;, > 0.4, p} > 20 GeV, and |5;| < 2.5.

(2) A b-jet veto is applied (N, = 0) and only events
with exactly three muons (N, = 3) with net charge
+1 are kept.

(3) Two more vetoes are applied in terms of require-
ments on the invariant mass of the opposite sign
muon pairs: m,+,~ > 12 GeV (low resonance veto)
and |m,+,- —my| > 10 GeV (Z veto).

(4) The missing transverse energy is required to be
above 100 GeV.

(5) The transverse mass of the muon not belonging to
the pair that better reconstructs the Z' mass must be
larger than 110 GeV.

(6) Finally, at least one opposite sign muon pair must
fulfill the requirement |m,+,- — mz| < 0.1my.

Asitis pointed outin [50], the last cut is crucial to enhance
the sensitivity and obtain significant limits. Notice that this
cut would not be suitable for the 2y + ET'S channel where
part of the signal events arises from the Z'u "~ production
followed by the Z' invisible decay, which makes impossible
the reconstruction of the Z’ boson. This is another reason to
prefer the 3u + EF* channel instead.

In order to obtain the prospects for discovery and
exclusion derived from this search strategy, we simulated
the dominant backgrounds using the same simulation setup
already described for the simulation of the signal. We
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considered the diboson processes leading to #£¢'v, and
£7'¢ final states, where £, ¢’ = u, 7, and, in addition, the
triboson processes WWW, WWZ, WZZ, and ZZZ that
produce final states with the same charged lepton content.
Since the search strategy described above is based on the
signal region SRnoZc of [63], we used the corresponding
background rates to validate our simulation procedure,
finding good agreement within the reported uncertainties.
The results obtained by applying the dedicated search
strategy to the most promising channel will be presented in
Sec. IV along with the experimental constraints discussed
previously in this section.

IV. LHC PROJECTIONS FOR RUN 3
AND HIGH LUMINOSITY

In order to estimate the exclusion/discovery prospects for
the U(1),, axial model at the LHC with the search strategy
described in Sec. III F, we will consider the four benchmarks
listed in Table I. Each benchmark is defined by its invisible
branching ratio BR;,, and squared mass ratio z, = m2/m?,
values, which also fix the coupling ratio ¢ = g,/g, in virtue
of Eq. (5). For each benchmark we generate pp — 3u + ErTniss
signal events varying the coupling g, and the mass m, while
adjusting g, and m, to the corresponding values that fix BR;;,
and z,,. We use the same UFO model as the one implemented
for the PAD recasting described in Sec. III F. Parton level
events are generated using MADGRAPH, parton shower and
hadronization are simulated by PYTHIAS.2, and fast detector
simulation is done by DELPHES3. Detector-level events are
then passed through the analysis described in Sec. IIIF,
which is implemented in MADANALYSIS5, where we define a
single signal region (SR) for the events that pass all cuts. We
obtain the detector-level number of events that pass the SR
cuts as

n=/LcA, (28)

where L is the total integrated luminosity, ¢ is the process
cross section and A is the selection acceptance. The latter is
calculated as the fraction of events that pass all the cuts over
the total number of generated events. Equation (28) is used
for both signal and background processes. The 95% CL
exclusion limits and the discovery prospects are obtained
[64] by demanding

TABLE 1. Parameters corresponding to the four benchmarks of
the U(1), axial model considered in this section.

Benchmark BR;,, Z, I
BMI 0.6 0.01 1
BMII 0.6 0.16 1.12
BMIII 0.9 0.01 2.92
BMIV 0.9 0.16 3.28

Sua= 2 (om (-2
Sdise = \/—2((s +b) ln<s j b) + s) =5, (30)

respectively, where s and b denote the number of signal and
background events that pass the SR cuts. We do not include
systematic uncertainties in our analysis.

We show in Fig. 4 the exclusion and discovery limits in
dashed contours, along with the other experimental con-
straints described in Sec. III, for the Z’ mass range of (200—
500) GeV. We use £ = 300 fb~! as the LHC is expected to
reach this value in the near future, and £ = 3000 fb~! to
account for the full LHC lifetime. We also plot I'y//m
reference values, as we restrict our analysistoI', /m, < 0.3.
Note that, for every benchmark considered, there is a portion
of the parameter space that remains unconstrained by current
experimental data. These available regions are bounded
below by the relic density constraint, for which the gray
area in the plots represent points that predict a y relic density
that would overclose the Universe (i.e., Q, > Qpy), and
therefore cannot be allowed. On the other hand, upper
bounds can be taken up to the more restrictive magenta
lines, below which our model predicts a (g — 2),, correction
that lies within the 2¢ experimental uncertainty, as described
in Sec. [II D. Taking into account that there could be other
new physics sources for this quantity that cancel the Z’
exchange contribution, but more importantly that there are
lattice results [44,45] that show a smaller discrepancy
between the SM prediction and experimental values, we
could relax the muon anomalous magnetic moment bound in
the plots and consider the region below the trident constraint
to be explored by our collider analysis.

For the benchmark point BMI there is a region of the
parameter space above my ~ 350 GeV that is uncon-
strained by current experimental bounds. The 95% CL
exclusion limits we obtain for the collider analysis at
300 fb~! would exclude our model up to 450 GeV for
this benchmark. Moreover, the 3000 fb~! exclusion and
discovery prospects cover the available parameter space in
the range of masses considered. The current experimental
bounds evaluated at the benchmark point BMII allow for
my values along the whole span of masses considered. A
portion of this region could be explored at 300 fb~!,
improving the (g —2), limit in the (200-500) GeV range.
At 3000 fb~! for BMII it would be possible to completely
exclude our model for mz < 300 GeV, and most of the g,
range can be excluded for larger masses (for example, with
mz = 500 GeV, g, % 0.35 is excluded, which corresponds

to I'y/my = 8 x 1073). Discovery prospects at the LHC

) +s> =164  (29)

and
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FIG. 4. Summary of the constraints evaluated for the U(1), model at the four different benchmarks introduced in Table I. Current
available experimental bounds are represented by solid lines. The gray solid regions are excluded by relic density as we mention in
Sec. III A, and gray hashed regions are also excluded by dSph observations as we explain in Sec. III C. The upper bounds imposed by
(9—2) , correction and trident diagrams are described in Secs. III D and III E respectively. The LHC limits obtained with the analysis
described in Sec. III F are shown in dashed lines, namely 95% CL exclusion limits at luminosities of 300 fb=! and 3000 fb~! are
represented by red and brown dashed lines respectively, and 5¢ discovery limits at 3000 fb~! are shown in blue. Horizontal lines

represent reference values for 'y /m .

for this benchmark also cover a portion of the available
parameter space in the range of masses considered. At
benchmark point BMIII our 300 fb~! exclusion limit is
weaker than the (g—2), constraint. As we mentioned
before, this constraint can be relaxed, so our collider limit at
300 fb~! shows an improvement with respect to the trident
bound below 280 GeV, becoming no longer competitive for
larger masses. The discovery prospect also sits between
(9 —2), and trident limits for masses in the (230-320) GeV
range, while being slightly below (g — 2), bound for lower

masses. The 3000 fb~! exclusion limit we obtain fully

covers the available parameter space for m, < 300 GeV,
and improves the (g —2), limit for masses up to 430 GeV,
where it excludes g, 2 0.7 (I'y/my 2 0.13). Collider
limits in benchmark point BMIV show a similar behavior
to BMIIL. For example, at my =200 GeV, g, 2 0.17
Ty /my = 7.7 x 1073) is excluded at the HL-LHC, while
for my =430 GeV it excludes g, 2 0.7 as before.
However, since lower masses are allowed by the relic
density bound in comparison with BMIII, there is a larger
unconstrained region in this benchmark in the whole (200—
500) GeV mass range, even at 3000 b1
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Note that for benchmark points BMI and BMIII the
relic density lower bound is higher than in BMII and BMIV.
This is due to the fact that their z, value is lower, further
away from the resonant production, thus needing a larger
coupling to reproduce the annihilation cross section value
associated with the measured DM relic density. The same
reasoning applies to the dSph constraints, as they are also
related to the yjy annihilation to SM states via Z' (see
Sec. III C). Also, collider limits obtained for BMI and BMII
are stronger since the Z’ branching ratio to muons, i.e.
1 — BR,,,, is larger. In these scenarios it would be possible
to improve the bounds for our model in the near future at
the LHC. For a Z’ with larger BR;,,, (BMIII and BMIV) one
would need the estimated luminosity of the full LHC
lifetime to probe a significant portion of the available
parameter space, while still leaving some areas inaccessible
to the LHC. Finally, it is worth noting that collider limits
shown for BMIII and BMIV become steeper for higher
masses and couplings. This is due to the fact that '
becomes larger for these values, as we can see in Eq. (6).
Therefore, the mass window cut (cut 6 of the analysis in
Sec. IIIF) becomes less effective as the width of the
resonance increases and more signal events are left out
of the signal region. We tried to substitute the mass window
cut with other similar cuts that attempt to include more
signal muons, but we only observed a small improvement
in the limits for a “wider window,” using the condition
|my+,~ —mzy| < 0.3my instead of cut 6. Nonetheless, the
regions where the wider window limits are competitive with
the ones in Fig. 4 are above trident and/or (g — 2), bounds,
and thus are already excluded. It is also worth noting that in
all of the cases described the limits in which we include a
m,+,~ window around the my value are stronger than the
ones obtained without a mass window. We show some
examples of cutflows for this analysis in the Appendix B.

V. MIXED GAUGE ANOMALIES

In the model under consideration the axial (chiral)
coupling of the muon (muonic neutrino) to the Z’ boson
induce mixed anomalies between U(1);, and the EW gauge
symmetry group and gravity. Gauge symmetries of the
classical fields cannot be simultaneously satisfied in the
QFT and this is signaled by anomalous Ward identities
which imply the loss of unitarity and/or Lorentz invariance
in the first place and the nonrenormalizabilty of the theory
in second place [65]. By allowing the gauge field to acquire
mass (as we are doing via spontaneous symmetry breaking)
one naturally solves the problems of unitarity and Lorentz
invariance but the issue of renormalizability remains and
implies that the theory can only be regarded as an effective
theory with a cutoff that cannot be made arbitrarily large
without suffering a loss of calculability [65]. In a fully
consistent QFT all anomalies must be canceled and in fact,
anomalous theories can be regarded as effective models

where the anomaly cancellation fully happens at a higher
energy scale and in which part of the spectrum responsible
for anomaly cancellation has been integrated out in the
effective theory.9

In the case of our anomalous U(1),, symmetry, the Ward
identities involving the U(1), and EW gauge symmetry
groups in the EW unbroken phase can be accommodated
such that,

plﬂrl;\’:zibz/ =0, (31)
P, =0, (32)

A apbzl
(P14 P2), Uiy = %dﬂyﬁplwzm (33)

where the SU(2); x U(1), gauge bosons are labeled
collectively as A’ and p,;, p, are their momenta. The
vertex functions I"?", , corresponding to triangle diagrams
with Z/, A% and A? in the external legs are not invariant
under a shift of the momenta of the fermions running in the
loop. A particular shift to restore the Ward identities for
the SM gauge group can be always chosen leading to
Egs. (31), (32). However, there is no possible shift that
satisfies simultaneously the three Ward identities and thus
Eq. (33) remains nonvanishing. The coefficients of the
mixed anomalies between the Z’ and the SM gauge bosons
can be calculated as,

A =3 [Tr, QT 7)) ~Teg, (Q{T%. 7)) (34)

with Q', T' being the U(1), and EW gauge group

generators, respectively, and Trg, =~ standing for the sym-

metric part of the trace evaluated in the right-handed (left-
handed) chiral representation of the SM fermions running
in the loop. The anomalous coefficients A, 5, Az,
and Aypgy. are zero because the EW generators are
traceless and factor out in Eq. (34). The nonvanishing
anomalous coefficients are,

3 04
AZ’BB :EQ”’ AZ/WaWbZTbQM’ AZ’Z’Z/:?,Q;‘ (35)

The presence of 1-loop anomalous triple gauge couplings
[66], in particular the ones involving the Z’ and the EW
gauge bosons, renders the proposed model interesting from
a phenomenological perspective. Indeed, we can consider
these interactions as remnants at low energy of the UV
physics which completes our effective theory and thus, if

%For the case of an Abelian gauge group with charges covering
a vast range of values the validity of the effective model can be
pushed up to higher energies and the cutoff depends on the
anomaly [65].
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we were able to probe these couplings, we would be having
access through a window into this UV physics. We shall
discuss in Secs. V B and V C the potential reach of searches
for anomalous couplings at the LHC and at hypothetical
100 TeV proton and muon colliders.

A. Example of an anomaly-free UV completion

We briefly discuss now a possible anomaly-free UV
completion of our effective model. With this aim we
introduce new fermions in order to cancel all the gauge
and gravity anomalies in the high energy theory. Following
[67] it is possible to construct an anomaly-free extension by
introducing a minimum of four 2-dimensional Weyl fer-
mions that transform under SU(3), x SU(2), and have
charges under U(1)y x U(1), as,

yy:(1.2.-1/2,0,).

l,(/ﬁe (1,2 -1/2,0),

wi:(1,1,-1,0),

WR:( ’ ’_1’_Q,u)' (36)

After the U (1)1’4 symmetry is spontaneously broken at a
scale above the EW scale, the left-handed and right-handed
Weyl fermions that transform in the same way under the
SM gauge group combine to form a 4-dimensional Dirac
fermion with only vectorial couplings to the SM gauge
bosons, therefore avoiding the introduction of anomalies
associated with the SM gauge group. Furthermore, their
charges under U(1),, and their chiral nature allows them to
have masses generated by the spontaneous breaking of the
U(1), symmetry through the vev of the @ Higgs field (see
Sec. II). Under the assumption of Yukawa couplings of
order one, the spectrum of the new fermions naturally lies at
the U(1), breaking scale f. Notice that since the new
fermions are not charged under the color group they are not
strongly constrained by direct searches at the LHC and
could have masses of order ~ few TeV, which at the same
time implies that the U(1),, breaking scale f needs not to be
pushed up to values far above the TeV scale.

B. Hadron collider searches for anomalous
triple gauge boson couplings

As it has been discussed throughout the text, our model
represents an anomalous EFT which can be interpreted as a
UV complete theory in which part of the chiral fermion
spectrum charged under the U(1),, has been integrated out.
This implies in particular an enhancement with the energy
of the process in the coupling between the longitudinal
mode of the Z’ and two EW gauge bosons [21,23], as can
be seen from the anomalous Ward identities, signaling the
breaking of unitarity. Such behavior of course is tamed at
high energies by the appearance of the spectator fermions
and the restoration of a full unitary theory in the UV, though

at intermediate energies the enhancement remains and
could potentially soften the one-loop suppression of the
anomalous couplings, providing hope of probing these at
current and future particle accelerators.

In Fig. 5 we show two situations in which the anomalous
triple gauge coupling could enter in the production of a Z’
at hadron colliders. The first one corresponds to a vector
boson fusion process and as such, due to the t-channel
production of the Z’, we expect no enhancement with the
energy in the process. The second process on the other hand
is an s-channel Z’-strahlung production, where the Z' is
emitted from an EW gauge boson in the s-channel. In this
case, due to the s-channel production of the intermediate
EW gauge boson, the Z' can potentially be sufficiently
boosted such that the enhancement with energy in the
production of the longitudinal mode of the Z’' leads to
testable cross sections. Since we expect the longitudinal
mode of the Z’ to dominate the production cross sections in
the high energy regime and in order to avoid the compli-
cations from having to integrate over the anomalous
momentum-dependent couplings convoluted with the pro-
ton’s PDF, we can further simplify our calculations using
the Goldstone equivalence theorem to estimate the ampli-
tude of the process of interest,

M(Z,, )= M@P...)+ o(’%) (37)

where L here denotes the longitudinal polarization of the Z’
and ¢' is the corresponding eaten Goldstone boson. We can
obtain the anomalous coupling of the Goldstone boson to
the EW gauge bosons by replacing in the tree-level
Lagrangian Eq. (1) the interaction term between the Z’
and the fermionic currents,

Gy = f(a )7 (38)
where f is the Goldstone decay constant which coincides
with the vev of @. Integrating by parts, we can use that the
divergence of the anomalous fermion current is related to
the anomaly as [68],

_ Az

9ty = ZLAA qupo ph e

3272 po
where in our case the field strengths correspond to the EW
sector SU(2), x U(1)y. Replacing in Eq. (38) and using
the values of Eq. (35) we obtain,

(39)

3 ng 1 ng
/ Jli=p ehvpo JL=p eHvpPo e a
¢ <647r f ByuBpo +64 2 f WisWoo )

(40)
where ¢, and g, are the U(1), and SU(2), gauge

couplings. Rewriting the last expression in the EW broken
physical base (y, W*, Z) we get,
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(a) Anomalous Vector-boson fusion

FIG. 5.
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(b) Anomalous production in the s-channel.

Anomalous production diagrams at hadron colliders. The internal vector boson lines correspond to 7, Z, and W+ accordingly
and the full dot represents the anomalous triple gauge coupling.

[4e*F,, F* + (3tan®@y + cot’Oy)e’Z,, 7" + 2(cot Oy — 3 tan Oy ) > F,, 2

+2G3W L, W + disy 3(WHA,W; + WHWIA, + FW W)
+dicyB(WHZW; + WHWIZ, +ZW W), (41)

where sy y ¢y are the sine and cosine of the Weinberg
angle and for each vectorial field C, we define C,, =
d,C, —09,C, and its dual o = e"?C,,/2. Note that
effective vertices between ¢’ and two or three EW gauge
bosons are generated, while vertices between ¢’ and four
gauge bosons vanish as a consequence of pentagonal
diagrams being not anomalous [68].

The three and four boson anomalous couplings given in
Eq. (41) are then implemented in a UFO model via
FEYNRULES, which we use to calculate parton-level cross
sections using MADGRAPH. We simulate the pp — ¢'V
signals' as in diagram Fig. 5(b), with V =y, Z, W= and
the model parameters fixed at g, = 0.46, g, = 0.1, my =
200 GeV, m, = 30 GeV (that correspond to &= 0.22,
z, #0.06, BR;,, ~0.35), which satisfy Q,h*~0.1 and
sit at the trident bound described in Sec. III E, aiming to
maximize the anomalous couplings. We get the largest
cross section for the pp — ¢’y channel, resulting in
oy, =359 x 1073 fb, leading to an approximate of 20
events produced at the LHC at /s = 14 TeV and at
L = 3000 fb~!, which is estimated for its full lifetime.
The cross sections found for the Z and W channels are
smaller by a factor of at least 3, resulting in less than 10
events. For a dedicated search of this signal it is necessary
to impose cuts on the final state particles, further reducing
the number of expected events, so probing these anomalous
vertices is extremely challenging at the LHC. In a

"°Four-boson anomalous vertices lead to the possibility of
pp — ¢'VV' processes, but since these terms are suppressed by a
factor of g, we focus on the triboson vertices only.

hypothetical /s = 100 TeV hadron collider we obtain
o =7.6x 1072 fb, giving ~230 events by assuming an
integrated luminosity of 3000 fb~!. This might be a more
promising scenario for probing the anomalous vertices,
though the backgrounds are also expected to grow, but a
much more favorable experimental facility for our model
would be a muon collider, in which we focus the next
section.

C. Muon collider resonant searches for anomalous
triple gauge boson couplings

Muon colliders provide a great potential to explore
new physics in the sub-TeV to the multi-TeV energy range
[69-71]. The large mass of the muon in comparison with
the electron mass suppresses synchrotron radiation by
roughly a factor of 10° for beams of the same energy,
and therefore rings can be used to accelerate muon beams
efficiently and bring them repeatedly into collision.
Furthermore, the physics reach of a muon collider extends
that of a proton-proton collider of the same energy since all
of the beam energy is available for the hard collision,
whereas a fraction of the proton-beam energy is carried by
the colliding partons.ll A dedicated muon collider can scan
the Higgs resonance and precisely measure its mass and
width [72-74]. In fact, a muon collider is ideal to search for
new physics and for resolving narrow resonances both as a
precision and/or as an exploratory machine. There are
nonetheless challenges that arise from the short muon
lifetime and the difficulty of producing large numbers of

"In fact a 14 TeV muon collider provides an effective energy
similar to that of a 100 TeV proton-proton collider.
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FIG. 6. Luminosity required for the discovery of tree level processes at a muon collider with /s = 125 GeV, for selected points in the

parameter space of our model.

muons, which requires the development of demanding
technologies and new concepts. The beam background
from the muon’s decay has also consequences on both
machine and detector design.

An ambitious research and development program is
needed to assess the feasibility of a muon collider in the
tens of TeV range [75,76]. Therefore it will be important to
study the physics potential of smaller-scale machines in the
sub-TeV range that may be built along the way as
technology demonstrators. In this respect, a sub-TeV muon
collider becomes the ideal machine not only to measure
with stark precision by resonant production the main
decays of the U(1), Z' into muon pairs or into invisible
particles (muonic neutrinos or DM), but moreover, it may
even be possible to probe the triple gauge couplings
stemming from the mixed anomalies.

Before exploring the possibility of probing the triple
gauge couplings at a muon collider, we first provide an
estimation at Monte Carlo truth level of the discovery
prospects for our model given by processes at tree level. In
particular, we study two channels which would give the
most promising signals: the dimuon channel gy~ — p*u~
and the monophoton channel y*u~ — y + ETS. For each
of these processes we generate signal and background
events at parton level with MADGRAPH. As mentioned
before, it is expected that a sub-TeV muon collider starts
operating at center of mass energy values near the SM
Higgs mass, so we fix /s = 125 GeV in our simulations.
This implies that, for the range of Z' masses considered, the
channels studied are mediated by an off-shell Z'. We
estimate the luminosity required to achieve a 5o signal
significance for discovery [see Eq. (30)].

In Fig. 6(a) we show the required luminosity for the
discovery of the dimuon production process at different g,
and my values.'> We impose the MADGRAPH default
transverse momentum cut for leptons, p% > 10 GeV,
which is consistent with pre-selection cuts applied on full
simulations of muon colliders [77]. On the plot we only
show points with (m, g,) values that are unconstrained by
(9 —2), measurements. For integrated luminosities of the

order of a few tens of fb~!, discovery would be possible for
gy = 0.6 in the available region of the my range consid-
ered. Furthermore, at £ ~ 300 fb~!, discovery can be
achieved for: g, = 0.5 in the available my range, g, =
04 with my <440 GeV, or even g,=03 and
my < 325 GeV. Note that for £ ~ O(few) ab~! one could
even probe couplings as small as g, = 0.2 up to masses of
order my <250 GeV.

For the case of the monophoton channel, we show in
Fig. 6(b) the target luminosities for the benchmark points
provided in Table 1. For each of these benchmarks we fix g,
in order to maximize the my range that is unconstrained by
the relic density and (g — 2), bounds from Fig. 4. Since the
dominant background of this channel is the on-shell yZ
production with invisible Z decay, and therefore the photon
energy is fixed at £, ~# 29 GeV, we impose a cut in the
transverse photon momentum p% > 30 GeV in order to
suppress this background contribution. We find that the
only realistic scenario for discovery of this channel is

We find that the signal cross section is approximately
independent of the g, and m, values, due to the off-shell nature
of Z' in this diagram.
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BMIIIL, where the z, value is low enough to keep the yy
production open at mz < 450 GeV (m, <45 GeV), and at
the same time the relic density and (g —2), bounds allow
for a wide my range to be probed. Even in this case,
only Z' masses below 350 GeV can be discovered with
L <10 ab~!. Note that the BMI curve would show a
similar behavior as BMIII, with a considerable decrease in
the target luminosity at lower masses, but since (g —2),
excludes my < 400 GeV at g, = 0.65 these points are not
shown. On the other hand, BMII and BMIV have
m,, > 80 GeV, which does not allow DM in the final state
at /s = 125 GeV, and therefore the signal cross section is
significantly reduced, depending only on my and g,. In
fact, this effect can be seen by comparing the BMII and
BMIII curves, both at g, = 0.4: when the DM channel
opens for masses my < 450 GeV in BMIII the required
luminosity rapidly drops for lower masses in comparison to
BMII, in which only neutrinos contribute to the invisible
decay channel. The luminosities required for discovery at
benchmarks I, TI, and IV are above 60 ab~!, which is
considered to be too large for a muon collider, in particular
for one with the fixed energy value of /s = 125 GeV.

Comparing both channels it is clear that the sensitivity
for the monophoton channel is significantly lower than the
dimuon channel. If a hypothetical sub-TeV muon collider is
able to perform a collision energy scan, it could eventually
probe energies that allow on-shell Z' production, which
would significantly improve the discovery prospects for
both channels in the mass range considered above. A muon
collider is also ideal to probe my values higher than
500 GeV, where the hadronic collider searches at the
14 TeV LHC lose sensitivity.

In the following, we work in a region of parameter space
under the assumption that the Z' gauge boson has been
already discovered at any of the possible experiments in
which it can be searched for and focus on probing the triple
gauge couplings stemming from the mixed anomalies,
showing that indeed this could be achievable by resonantly
producing the Z’ at a future muon collider."

Close to the resonance, the cross section corresponding
to the s-channel production of a Z’' boson decaying into a
two-body final state consisting of particles C and D, can be
written as

127ms,

2 _ 2 2 _ _ 2

(m3, — (m¢ +mp)*)(m3, — (me —mp)?*)

[(Z' -y )I'(Z' - CD)
(3‘ - m%;)z + m%/ré/

GZ’(\/§) =

, (42)

YNote that, from a practical point of view, an already
discovered Z' makes the aimed center of mass energy for the
muon collider known and therefore its construction easier,
avoiding having to scan over the energy of the colliding muons.

[ v/ Z|/W*

wt v/ Z/WF

FIG. 7. s-channel diagram for the production of a Z’ boson at
muon colliders. The black blob represents the triple gauge
couplings arising from the mixed anomalies.

where § = (p,+ + p,-)* is the center-of-mass (c.m.)
energy squared for a given p*u~ annihilation and I'y is
the total decay width of the Z’. Here we are interested in
analyzing the sensitivity to the anomalous decay channels
so that in principle CD can be yy, Zy, ZZ, or WHW=" see
Fig. 7. However, since we are interested in the resonant
production of the Z’, by virtue of the Landau-Yang
theorem, the width of the yy channel is zero, and so the
resonant cross section vanishes for this channel. On the
other hand, we expect the prospects of the W W~ channel
to be similar to those of the ZZ channel, so that we focus in
what follows on the Zy and ZZ final states.

By approximating the energy spectrum of each beam by
Gaussian shapes, the effective cross section at the muon
collider, 5, (/s), can be computed by convoluting 5 (v/5)
with the Gaussian distribution in \/§ centered at \/E and
with a standard deviation given by [73],

o5 =RVs/V2, (43)

where R is the resolution in the energy of the muon beams.
For a proton driver muon facility this resolution is around
0.004% for c.m. energy of 126 GeV and increases up to
0.1% in the multi-TeV range [75]. Since we explore Z’
masses between 200 and 500 GeV, we will take the former
as reference value. The ratio I',/ /m is at least one order of
magnitude larger than & =y /my except for couplings g,
as small as 0.08."° Therefore, it is reasonable to use the
approximation I'y > ¢ J5=m, tO compute the resonant

effective cross section at \/E = my. In addition, in the
regime I'z > o /5, , the effective cross section turns out

to be independent of the resolution R. The corresponding
expression is given by,

“Note that in contrast with the anomalous production at
hadron colliders, the resonant production of the Z' at a muon
collider and its subsequent anomalous decay lead to the sim-
plification of not having to integrate the momentum dependent
couplings convoluted with the proton’s PDF.

“Note that such small coupling would be excluded by relic
density and dSph constraints if the DM decay channel is open.
For the four benchmarks in Table I, this is easily observed in
Fig. 4.

075018-15



MEDINA, MILEO, SZYNKMAN, and TANCO

PHYS. REV. D 106, 075018 (2022)

B 127rm%,
Oy =
2=y = e+ mp) %y = (e —mp))
x BR(Z' - utu™)BR(Z' - CD), (44)

where CD =Zy or ZZ, with mc =my,, mp =0, or
me = mp = my, respectively.

From Eq. (44) we see that the effective cross section
depends on the branching ratios of Z' — uTu~ and
7' — Zy/ZZ. The former can be approximated by
1 — BR,,,, with BR;,,, given in Eq. (5), due to the smallness
of the anomalous decays, while the latter can be obtained
by computing the partial width corresponding to the
anomalous decay channel and approximating the total decay
width by Eq. (6). Therefore, in contrast to the processes
studied in the previous section for the hadron collider, in this
case we do not need to rely on the Goldstone equivalence
theorem to estimate the cross sections.

The decay rate for the process Z' — Zy is

N(Z ~ ) = 35 2 . / My Q. (45)

where p = (m2,

— m%)/2my is the momentum of the final
state vectors in the center-of-mass frame and |M|? is the
spin-averaged squared of the matrix element which, fol-

lowing the procedure described in [78-81], is given by

M = g2gger Mz =12V (nz + )
zar z 967*m2,m?%
/ 2
X [IZ Zy(13/4 + ISM)mZ} ’ (46)

where e = g,¢:/\/g7 + g3 and g, = \/g} + g3, with g,

and g, the SM gauge coupling constants of U(1) and
SU(2), respectively, and 7% = (1 — 4sin? Oy)Q,. The
expressions of the integrals /;, can be read from the general

formulas provided in the Appendix A.
For the process Z' — ZZ the momentum of the outgoing

Z bosons is p = \/mz, 4m%/2 and the spin-averaged

squared of the matrix element is in this case given by
[78,79],

/24(

|/\/lz’zz|2 =499z [(f;%/zz(lw +1s,)

+ £ (I, + Is,,) )m3), (47)
where
! 1 . 2 1
[5 7z = (2 <— z + 2 Sll’l2 aw> + 5) QM’ (48)

i =Q,, (49)

and we have neglected terms that are suppressed by
(m,/ my)?. Again, the expressions of the integrals appear-
ing in Eq. (47) can be easily derived from the formulas in
the Appendix A.

By computing the effective cross sections of the ZZ and
Zy channel from Eq. (44), we found that the former is
between one and two orders of magnitude larger within the
range of Z' masses considered here. For example, with
BR;,, = 0.34 we obtain cross sections in the range of (7.5—
25.8) fb for the ZZ channel, while for the Zy channel these
values are within (0.07-0.59) fb. In addition, the cross
section we obtain for the irreducible ZZ background is in the
range of (0.41-1.31) pb for the /s values considered, which
is significantly lower than the Zy cross section values of
(10.6-79.0) pb. Then, the detection of the Zy channel
appears to be very challenging in comparison with the
ZZ channel. For this reason in the following we concentrate
only in this channel. In order to provide an estimation of the
discovery prospects we compute the luminosity required for
the significance s/ /b to be 5, with the number of back-
ground events obtained from the cross section of the
irreducible background simulated with MADGRAPH.'® The
results are shown in Fig. 8 for BR,,, 0f0.34,0.6,and 0.7. Itis
clear that the required luminosity increases with BR;,. This
behavior is expected: on the one hand, the effective cross
section is proportional to BR(Z' — u"u~) = 1 — BRy,,,
and on top of this the total width of the Z' used to
compute BR(Z' — ZZ) increases with BR;, as can be seen
by rewriting Eq. (6) as I'y = g2my/(122(1 — BRy,)).
Therefore, the most promising scenario corresponds to a
invisible decay rate dominated by the neutrino final state.

For each value of BR;,,, the minimum required lumi-
nosity is reached at mz = 300 GeV which is consistent
with the fact that the anomalous partial decay width
['(Z' — ZZ) exhibits a peak around that mass. For the
most promising scenario, luminosities between ~30 fb~!
and ~60 fb~! would be enough to detect the anomalous
decay channel for Z' masses above 250 GeV. Assuming a
total integrated luminosity of 20 fb=!' per year [73], this
would correspond to 1.5-3 years of data taking. For
scenarios in which the DM channel contributes signifi-
cantly to the invisible decay rate the situation worsens
dramatically, with the required luminosity being pushed to
values above 200 fb~! (BR;,, = 0.6) or even close to
1 ab-! (BR;,, = 0.7). It is important to emphasize that
these are preliminary results and that the development of a
dedicated search strategy with a thorough treatment of
the backgrounds is needed to obtain conclusive results.
We leave the implementation of such search strategy for
future work.

"“Note that for this estimation we are considering both the
signal and the irreducible background inclusively. For a dis-
cussion of the potential final states arising from the ZZ decay see
for example the case (b) in the Appendix B of Ref. [73].
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FIG. 8. Luminosity required to reach a signal significance of 5¢

for three different values of BR;,,.

VI. CONCLUSIONS

Guided by the current null findings of DM signals,
beyond its gravitational influence, which exert strong
constraints on WIMP DM models, we embarked on the
construction of a DM theory in which second generation
leptons and the DM are suitably charged under a new
spontaneously broken Abelian U(1), gauge group such
that the WIMP paradigm is attainable and at the same time
all current direct detection, indirect detection and collider
experimental constraints are satisfied. In fact, by construc-
tion due to the axial nature of the interaction between the
DM and the muon, the theory predicts such small con-
tributions to spin independent DM-nuclei scattering cross
sections that they are buried under what is known as the
neutrino floor. The strongest current constraints on the
model are indirectly related to DM and, in those regions of
parameter space where the relic density does not overclose
the Universe, they come from contributions beyond the SM
to the muon anomalous magnetic moment (g —2), and to
neutrino trident production.

We studied all these experimental constraints, focusing
in particular on the current searches done at the LHC
involving leptons and missing energy and showed that there
remain large regions of parameter space that evade all of

them and for which the DM content can satisfy the latest
|

DM relic density measurements. We also showed that parts
of these unconstrained regions could be probed by future
collider measurements at the /s =14 TeV LHC for
luminosities of 300 fb~! and 3000 fb~' (even reaching a
discovery level in some regions in this case) with a muon-
specific search strategy using an invariant mass window
around the Z' mass in the more sensitive 3u + EP
channel, though some unconstrained regions would remain
leading still to an elusive WIMP.

Another very interesting feature of the model is that due to
the new Abelian charges of the SM second generation leptons,
crucial to suppress the spin-independent direct detection cross
sections, the model is gauge anomalous and can only be
interpreted as a low energy effective theory of a nonanom-
alous UV theory in which part of the fermion spectrum
responsible for anomaly cancellation has been integrated out.
An implication of this anomalous nature are triple gauge
couplings in the low energy effective theory between the
anomalous Z’ and the EW gauge bosons of the SM, which due
to their loop-nature tend to be suppressed, but if able to be
probed lead to a window into the UV physics responsible for
the anomaly cancellation. We showed that attempts to probe
these anomalous couplings at the LHC even at very high
luminosities £ = 3000 fb~! are extremely challenging.
However, should a muon collider be built in the future, we
have demonstrated that due to the large on-shell Z’ production
cross section it would be feasible with relatively low
luminosities to probe the anomalous couplings, in particular
in the utu~ — Z' — ZZ resonant search. Specifically, for
this signal we showed that in scenarios where the invisible
branching ratio of the Z' is dominated by the decay into
neutrinos, luminosities in the range (30-60) fb~! would be
enough to detect the anomalous decay channel, provided that
the Z’ mass is between 250 and 500 GeV.
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APPENDIX A: EXPRESSIONS OF LOOP
INTEGRALS APPEARING IN ANOMALOUS
TRIPLE GAUGE COUPLINGS

Here we provide general expressions of loop integrals
necessary to compute the decay rates of Z’ into Zy and
ZZ [78]:

1 1—x Xy
L(p.qimy) = — dx/ d
3(p.aimy) /) o A= a(l—x)g + 2x00p-qg—m3

(A1)
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y(y—1)

1 1—x
Is(p.q:m ——/ dx/ dy
sl 2 o Jo y(1=y)p* +x(1 = x)g* + 2xyp - g — m}

(A2)

1

1 1—x
Io(p,q;ms) = — dx d )
olP-4:my) A /0 YU =3)p Fa(l-x)g + 2ayp-q—m]

where p and ¢ are the four momenta of the outgoing gauge
bosons and f is the fermion running in the loop. The integrals
appearing in Eqgs. (46)—(47) are easily obtained from
Egs. (A1)~(A3). For example, the expression for I3, in
Eq. (46) can be read from Eq. (A1) through the replacements
my = m,, p>=m% ¢*=0,and p-q= (m%, -m%)/2.
Similarly, the integral I3, in the case of the decay rate into
ZZ corresponds to Eq. (A1) with the replacements m; = m,,,
pP=q¢*=mZ and p-q= (m% —2m%)/2.

TABLE II. Cutflow of signal events generated for a particular
point of BMIIL, with my = 350 GeV and g, = 0.46. The number
of generated events is rescaled here to a total integrated
luminosity of 300 fb=!. The selection cuts are constituted by:
Ph>50GeV, |n,| < 2.4, p} > 20 GeV, || < 2.4, AR, > 0.4,
Ny, =0, N, = 3 with net charge = +1. The my > 110 GeV cut
is applied to the muon that is not included in the pair which better
reconstructs the Z' mass. For more details regarding the cut
definitions see Sec. III F.

(A3)

APPENDIX B: EXAMPLE OF CUTFLOWS
FOR THE LHC ANALYSIS

By way of illustration, we provide some cutflows in
Tables 11 and I1I for the dedicated search of the 3y + Eiss
signal described in Sec. IIIF and whose results are
presented in Sec. IV. The total integrated luminosity is
set at 300 fb~!. Selection cuts include points 1 and 2 of the
search strategy in Sec. III F.

TABLE III.  Cutflow of signal events generated for a particular
point of BMIIL, with mz = 200 GeV and g, = 0.35. The number
of generated events is rescaled here to a total integrated
luminosity of 300 fb~!. The selection cuts are constituted by:
Ph>50GeV, [n,| < 2.4, p} > 20 GeV, || < 2.4, AR, > 0.4,
Ny =0, and N, = 3 with net charge = +1. The m; > 110 GeV
cut is applied to the muon that is not included in the pair which
better reconstructs the Z’' mass. For more details regarding the cut
definitions see Sec. III F.

Signal Background Signal Background
Expected 11.9 12897 Expected 14.5 12897
Selection cuts 6.64 1470 Selection cuts 8.05 1470
EPsS > 100 GeV 5.11 268.9 EFS > 100 GeV 4.93 268.9
my+,- > 12 GeV 5.11 268.4 my+,- > 12 GeV 4.93 268.4
|m, - —mz| > 10 GeV 4.99 36.1 |m,+ - —mz| > 10 GeV 4.63 36.1
my > 110 GeV 4.49 14.6 my > 110 GeV 4.15 14.6
|mﬂ+”- — mz/\ < 0.1mzr 4.26 1.52 |mﬂ+”— — er| < O.Ier 3.75 2.30
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