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Emergent new symmetry from the Higgs shadow
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We show how a new hidden gauge symmetry responsible for neutrino mass as well as dark matter in the
Universe can be discovered through scalar mediators responsible for breaking the new symmetry. The new
force mediator (Z’) may be lighter than the Standard Model gauge bosons but cannot be observed in
traditional searches for new gauge bosons. We highlight a novel way of discovering such a symmetry at the
Large Hadron Collider by incorporating an existing ATLAS analysis on four-lepton final states which
include the Higgs resonance. In addition, we show that the hidden sector also introduces flavor violation in

the lepton sector, which can become a significant channel of discovery for the new force.
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While the new century welcomed the discovery of a
125 GeV scalar [1,2] which completes the Standard Model
(SM) picture of the observed particle spectrum, it also
opened up the realm of the unknown structure beyond the
SM. Despite the remarkable success of the SM, several
unexplained observations from experiments, such as neu-
trino mass or the existence of dark matter (DM), have
always hinted at the possibility of new physics beyond the
SM (BSM). However, the sole discovery of the Higgs
boson at the Large Hadron Collider (LHC) has cast a
shadow on what that exact possibility may be. The non-
observation of any new physics signal could be due to the
presence of very weakly interacting particles (defined by a
symmetry that remains hidden in the LHC data) which may
emerge in channels yet to be looked at by the experiments.
In this paper, we highlight that such a new symmetry may
be lurking under the shadow of the most important
discovery of the current century in particle physics, viz.
the Higgs boson. We also show that this symmetry can
provide a solution to both the neutrino mass problem and
DM signals.

The importance of U(1) symmetries has been signifi-
cantly emphasized in new BSM ideas [3-11] spanning
neutrino physics, cosmology, DM, extra dimensions, and
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supersymmetry, to name a few. They not only provide
remedies to several outstanding issues in model building
but also manifest in our understanding of nature via several
conserved global symmetries [12,13]. The hope of observ-
ing such a symmetry in experiments has seen a continuous
effort over the last few decades at energy scales spanning a
few MeV to several TeV. We propose a hidden symmetry in
order to present a novelty to the natural extension of the SM
by a U(1) gauge symmetry, by connecting the visible world
with the missing one (neutrinos and DM) while simulta-
neously suggesting why new physics still remains elusive
to us at experiments like the LHC. We propose a neu-
trinophilic U(1)y extension [14,15] to the SM where any
direct signal of the new symmetry is dependent on its
overlap with SM particles. We have studied this model [14]
in an earlier work featuring multilepton signals at the LHC
through heavy neutrino production. A crucial part in that
analysis was played by the nonvanishing gauge kinetic
mixing (GKM) of the SM U(1), with the new U(l)y
symmetry. In the absence of any meaningful mixing of Z’
with the Z boson, we highlight an interesting signal that
would be able to probe the new Z' directly via Higgs
production and provide a robust signal in the current LHC
run. As the U(1)y symmetry is broken by a singlet scalar,
its admixture in the observed scalar at the LHC allows the
Z' to couple with the SM-like Higgs boson. A similar
production mechanism in the context of U(1),_, for Z’ was
considered in Refs. [16,17]. However, to obtain a light Z’
in that model and to avoid LHC constraints, the gauge
coupling gp_; is restricted to unnaturally small values. This
makes the contribution coming from the second scalar
insignificant. In our case, the new gauge coupling (g,)
remains naturally large with g, ~ g, ~ g;, where g;, ¢
are coupling strengths for U(1), and SU(2), gauge
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symmetries, respectively. We find that this gives a larger
production rate for the Z’ through an additional scalar.

An additional phenomenologically interesting scenario
occurs when the GKM vanishes completely. Then the Z' in
the model can become dominantly leptophilic. This hap-
pens when the decay of the Z' is driven by one-loop
contributions over the tree-level mode. An interesting
outcome of the one-loop driven decay of the Z’ is lepton
flavor violation (LFV), which could lead to interesting
signatures of the new symmetry. The lightest of the heavy
SM singlet neutrinos of the model can also contribute to the
cold dark matter (DM) since the light Z’ provides a new
channel for a sufficient amount of neutrino annihilation
into a Z’ pair. Thus, one can summarize several interesting
possibilities in a common framework:

(1) Alight sub-100 GeV Z’ signal at the LHC via Higgs

production.

(i) A compatible fermionic DM with the correct relic
density ensured by the presence of the light Z'.

(iii) Neutrino mass generation via an inverse-seesaw
mechanism [14].]

(iv) LFV signal at one loop through Z' decay and
possible contribution to lepton anomalous magnetic
moments.

The model is an extension of the SM with an extra U(1)y
gauge group and four new fields, including two chiral
sterile neutrinos N;, N added for each generation, an
additional Higgs doublet H,, and a scalar singlet S, where
all the new fields are charged under U(1), while all SM
particles are neutral. The charge assignments of the new
particles along with the first Higgs doublet (H ) are listed in
Table I. The new scalar doublet ensures that a Dirac mass
term for the neutrinos, necessary for the inverse-seesaw
mechanism, is guaranteed. All the new fields are charged
under U(1)y while all SM particles are neutral. The new
charge-neutral fermions mix with the SM neutrinos after
symmetry breaking. With the assigned charges, the new
gauge invariant Lagrangian added to the SM is given by
(neglecting the kinetic terms)

L5 - H{H, — pyHSHy — 'S + {1 H{H, + Hae.}
— A (HH\)? = Ao (H3H,)? = Ao(STS)? = Ao |H Ho |
— AHH\H Hy — 2 ,H H\STS — 1, HJH,STS,

Ly D —{Y, I, H,Ng + YrSNgN$§ + Y, SN, N¢ + H.c.},

Ly D —My(N Ng+NgNp). (1)

We refer the readers to Ref. [14] for more details on the

model and its parameters, which lead to the masses
and mixings of the fermions, scalars, and gauge bosons.

'We ignore the possibility of generating neutrino mass
radiatively in this study.

TABLE 1. New scalars (H,,H,,S) and matter fields
(N N%L,i=1, 2, 3) and their charge assignments under the
SM gauge group and U(1)y.

Fields SU3). SU(2), U(l), U(l)y Spin
Hy 1 2 -1/2  0(=1) 0
S 1 1 0 2 0
N} 1 1 0 1 1/2

Note that i, is the coefficient of a soft-breaking term”
which breaks the U(1)y symmetry explicitly. Such a term
can have its origin in a larger symmetry sitting at a much
higher energy scale [18].

After spontaneous breaking of the electroweak (EW) and
U(1)y symmetries when H,/, and S acquire VEVs, we are
left with three physical CP-even neutral Higgs bosons, a
charged Higgs, and a pseudoscalar Higgs. The CP-even
scalar mass matrix in the (p; p, p3)7 basis [14] is

2 L)
200y + po gy A A1 010
2 _ 2 v
My = A 205 + oy, Aasavy |
2
j'lx CACH /IZs U2V 21& Us

(2)

where A, = (415 + 41,)v1 v, — py1, and vy () is the vacuum
expectation value (VEV) of H, ;). The three CP-even mass
eigenstates (%, h,, and h3) are linear combinations of the
flavor states (p;) via the mixing matrix Z", i.e., h; = Z};p;.
We identify h; as the 125 GeV Higgs boson observed in the
experiments and treat %, as the singlet-dominated scalar.
The other scalars (belonging primarily to the H, doublet)
are taken to be degenerate in mass and very heavy
(> 3 TeV). We work in the limit tanf = v,/v, < 1073
such that the only relevant admixture in h; is from
the singlet scalar which is parametrized by the mixing
component Z7.

A nonzero VEV to H, charged under U(1)y allows a
mixing between Z and Z'. Note that the presence of H, and
its participation in the symmetry breaking mechanism is
crucial in giving mass to light neutrinos and generating the
correct mixings in the neutrino sector [14]. We show in
Eq. (3) the resulting Z-Z' mixing angle as a function of the
gauge couplings and VEVs [14],

291(9;112 + 2ng%) (3)
G20 + 49,003 + 462 (03 + 402) — g#v?’

where v = \/v? + v3 ~ 246 GeV, g, = \/g + ¢35, and ¢,

measures the strength of gauge kinetic mixing. A desirable

tan 20’ =

*This term can be generated dynamically by adding new
scalars to the model.
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and natural choice for the Z-Z' mixing angle would be to
choose a smaller one, such that it does not modify the Z
boson couplings with the SM fields. Precision data from
LEP experiments on the Z boson properties put an upper
bound of 1073 on @ [19]. The small value for ' consistent
with the LEP constraints can be easily achieved with tan f <
1073 and ¢, ~ 0, avoiding the need to fine-tune g, to any
unnatural value. We must note that kinetic mixing is
unavoidable and will be generated at one loop since H,
is charged under both U(1), and U(1)y. However, in a UV
complete setup, it is possible to cancel the one-loop
contribution to the kinetic mixing by introducing additional
fields without affecting the phenomenology of the model
[20]. Such cancellations can help in obtaining much smaller
values of ¢/, and the small GKM will make the Z’ interact
very weakly with all SM matter fields, making it practically
invisible and very difficult to observe. This would be akin to
the situation we faced in our search for the SM Higgs boson
which coupled very weakly to the light fermions and made
it very difficult to discover the (now observed) SM Higgs
boson at the LEP and Tevatron. The main purpose of this
work is to show the discovery channels for this invisible
mediator and the importance of the Higgs sector of the
model in producing the otherwise hidden Z’. We therefore
work in the limit of small GKM and tan f# values which help
in avoiding strong limits on the Z' mass and the gauge
coupling g, [14], leading to interesting signals for Z’ decay.

We now focus on the limits that may arise from the
Higgs sector. Note that the scalars belonging to the second
Higgs doublet are very heavy and satisfy the constraints
trivially. The constraints on the remaining scalars and their
mixing are established using the publicly available packages
HiggsBounds [21,22] and HiggsSignals [23]. These tools check for
theoretical constraints on the Higgs mass as well as exclusions
using the observed signal strength for the Higgs boson from
LHC experiments. The experimental values are compared
with expected deviations that may arise in any extended scalar
sector which modifies the Higgs composition and its cou-
plings. This allows us to obtain values for parameters in the
Lagrangian which would be compatible with the observed
Higgs boson and its decay probabilities [24,25] in our model.
More details of the constraints on the model parameters are
given in our earlier work [14].

Another interesting observation that we must highlight
in our minimal model is the possibility to accommodate a
DM candidate. We have three singlet left- and right-handed
neutrinos in the model, and one of them becomes the DM if
we appropriately choose one of the Yukawa couplings ¥,

[shown in Eq. (1)] to be very small. We find that a pair of
heavy neutrinos (v, and vs) degenerate in mass have a
decay lifetime larger than the age of the Universe for
Y, <1023 and Y,,=Y,, =0. This choice, however,

vy o~

3This provides an upper bound on the coupling strength and
could also be chosen as zero.

makes the DM coupling to any of the SM states very weak,
leading to the unwanted scenario of an overabundant DM
in the Universe. The viability of DM being a thermal relic
with the correct relic density is reenforced if the particle
spectrum has non-SM lighter states to which the DM
couples strongly enough, such that it can annihilate into
these. This motivates us to choose lighter singlet scalars
and Z' than the fermionic DM candidates (v, and vs). The
dominant annihilation channels for the DM then become
vuvs = hoZ' (t-channel via vy and vs), vuvy — Z'Z' (hohy),
vsvs — Z'Z'(hyh,), where h, is the singlet S-dominated
scalar. Here, all interactions proceed via the unsuppressed
g, coupling strength.

The light Z' and &, which allow the DM to be a thermal
relic can be observed at the LHC through the Higgs mediated
channel. To show how such a signal can be observed at the
LHC and the simultaneous possibility of the DM relic being
satisfied, we fix the scalar sector by choosing /h; to be
SM-like with mass m; =~125 GeV and keep the singlet
S-dominated 1, mass m,,, ~ 144.5 GeV, while the others are
very heavy. We choose the fixed values in Table II since any
other choice will not give any new characteristic features and
will only affect the overall production rate (through v,). The
most relevant parameters in our analysis become the gauge
coupling g, that affects the Z’ mass and its coupling, and the
quartic coupling A;, that would affect the scalar sector
mixing between the H; and S components. We therefore
scan over only these parameters and fix the other parameters
of the model. Note that varying 4,, would also vary the &,
and &, masses, constrained to be < 0.033 at the 3o level
by the measured Higgs boson mass of 125.25 £ 0.17 GeV
[19]. This constrains the h, mass to be in the range
144.5-145 GeV. We show the DM relic density in Fig. 1
for the choice of parameter values and the scalar masses
shown in Table II. Quite clearly, we can find a wide range
of values for the DM in the model to satisfy the relic density
requirements of Qh? =0.120 + 0.001 at 90% C.L. [26].
The points are also allowed with XENONI1T and PandaX-4T
[27-29] constraints on both spin-independent (ST) and spin-
dependent (SD) direct detection cross sections. They also
align with the indirect detection (annihilation of the
DM pair to SM particles that could produce distinctive
signatures in cosmic rays) constraints coming from the
FERMI-LAT [30], MAGIC [31], and PLANCK [26]
experiments in the given range due to the suppressed
couplings with SM particles. The compatible points which
give the correct relic density are found to have a typical

TABLE II. Scalar sector parameters consistent with all exper-
imental constraints, where (n, ,my,) = (125,144.5) GeV.

Hi2 Us
A] j’s 12 ﬂ]z j’/12 /12S (GeVz) (GCV) tanﬂ

0.12875 1.044 1.0 0.005 0.005 0.0 103 100 1074
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FIG. 1. Relic density Qh? as a function of the DM mass and the

gauge coupling g,.

—47 2

DM-nucleon cross section of <107’ cm*. However,
we must point out that the choice of parameters is not
limited, and the above is simply an example to show how
easily a DM candidate could be accommodated in the
model. As we show later, this can also play a crucial role
for the LHC signal of Z'. A much more detailed DM
analysis involving the full scan of the model parameter
space is left for future work [32].

We are now ready to analyze the light Z’ signal at the
LHC based on the choice of parameters given in Table II.
Note that the mixing Z”; plays a crucial role in the pair
production of Z’ at the LHC via scalar mediators. With this
mixing the scalar mediator can be produced via gluon-
gluon fusion and will subsequently decay to a Z’ pair due to
the gauge coupling g,, giving us a unique opportunity to
study the otherwise weakly coupled Z’ boson. The value
of the mixing parameter Z!, determines the cross section of
this process. The Z' would easily evade direct searches for
very small values of GKM and tan . As the SM particle
couplings with Z’ are proportional to &', the direct pro-
duction of Z’ via a fermion interaction is negligible for our
chosen value of ¢, and tanf. The scalar responsible for
giving a mass to the Z’ therefore becomes the mediator
which eventually helps in its production and its detection at
experiments. We focus on the process

pp = hi, > 72'7

and show the Z' pair production cross section at the LHC
in Fig. 2 for different values of the mixing parameter Z%;.
As expected, larger values of the mixing lead to significant
production cross sections which could give clear hints
of the Z'. The mixing Z"; also affects the observed Higgs
boson production and decay and is therefore constrained by
Higgs boson measurements at the LHC. We can estimate
the valid region of our signal cross section by scanning over

— Zj=01
— Zl=001

Zly = 0.005
—— Zy=0.001

Ul + ¢

\

o(pp = hip— Z'Z') [fb)]

0.0
2

0 30 40 50 60 70
My [GeV]

20 30 40 50 60 70
My [GeV]

FIG. 2. Pair production cross section of Z" at the LHC via A
and A, and its tree-level decay branching ratios along with current
limits.

the light Z' mass (70 GeV > M, > 20 GeV) and the
mixing parameter (0.12 > |Z¥,| > 0) in the Higgs sector.
The scan checks for the variation of Higgs signal strengths
in the observed final states within allowed experimental
bands at 95% C.L. and also uses a requirement on the
allowed deviations in the Higgs branching to new modes to
be less than 13% (including invisible Higgs boson decays
[33]). This gives us a corresponding upper bound on Z’ pair
production via the Higgs mediators, which is highlighted
as the hatched region obtained using HiggsSignals. The SM-
like h; is the major contributor to Z’ production when
My < my, /2, while the singlet-dominated &, becomes the
dominant contributor beyond this mass range. Note that
the contribution from the singlet-dominated 4, is more or
less constant for M, < my, /2 since the decay branching
fraction of hy, — Z'Z’ is 100%, a very specific feature of
this model different from other U(1) extensions considered
in the literature. The off-shell contributions to the produc-
tion fall rapidly for both /4, and £, as is evident from Fig. 2.
In the region my, /2 > Mz > 62.5 GeV, an increase in
7’7’ production is only achieved through an increase in %,
production and, correspondingly, an increase in Z};. This
parameter is constrained by the observed signal strengths
of the 125 GeV Higgs boson, so the total cross section in
this region is also constrained to be small (see the hashed
HiggsSignal zone in Fig. 2).

However, we underline the importance of the above
production channels as these might be the only relevant
modes of observation of a light Z’ characterizing a hidden
gauge symmetry.

The constraints on the production cross section do not
significantly affect the decay, as the sub-100 GeV Z’ has a
small total decay width, 'y ~ O(10™° — 1078) GeV, but
decays promptly (within the detector). The branching ratios
for Z' decay are shown in Fig. 2. Using the parameter space
of Fig. 2 as representative points for the model, we
highlight the prospect of observing the Z' signal at the
LHC in its most sensitive 47 channel, where £ = e, u.
Although the 47 channel is the most likely channel for
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TABLE IIL

Kinematic selection and various signal regions in the 3¢ + 4 and 4¢ channels in Electroweakino searches at CMS [35].

The subleading leptons must satisfy pr, w > 15(10) GeV. If the leading lepton is a muon and the other leptons are electrons, the muon
threshold is increased to py > 25 GeV. Signal acceptance for the 3£ + Er(4¢) channel is around 5.3% (17%) for M’, = 25 GeV and

around 2.6% (29%) for M!, = 50 GeV.

Search channel Signal region

Kinematic selection (GeV)

3¢+ FEr AQ01

4¢ (G01, G02, GO3) PT,

pr., > 25(20). pr, > 15(10), mp-pe <75, My < 100, F7:(50 - 100)
> 25(20), pTe(”)z

> 15(10), my-p+ < 75, Er:(0 = 50), (50 — 100), (100 — 150)

observing the Z’ signal, other final states comprised of
leptons and jets could also manifest as the channels of
discovery. This implies that a multichannel final state can
constrain the parameter space of the model. Many searches
extending over different multichannel final states have
been carried out by experiments at the LHC in the context
of different BSM models. It is therefore natural to put
our parameter region to the test by determining the
expected signal yields in search channels constrained by
the LHC experiments. We use a popular public code called
CheckMATE [34] to obtain limits on new BSM models from
such experimental searches. We obtain a weak bound from
CheckMATE, which arises mainly from the multilepton
searches for supersymmetric electroweakinos [35]. In the
aforementioned search, different signal regions are identi-
fied based on the supersymmetric mass spectrum. The basic
selection criteria employed for jets and leptons are as
follows: pr, > 25 GeV and py, > 10 GeV with the same

rapidity coverage of || < 2.4. The leptons and jets are
isolated by AR;, > 0.4, and events with at least one b-jet
are vetoed [35]. The dominant channel contributing to a
bound for our parameter space comes from the 47 final
state as the Z’ can decay to electrons and muons combined
with a probability of 18% to 20%. The 4¢ signal regions in
Ref. [35] are categorized using kinematic windows of F; as
G01, G02, and G03. Their kinematic selection is listed in
Table III, and the relevant constraint is shown in Fig. 2 as
the electroweakino search (47). Note that the Z’' in our
study is light, and therefore the jets and leptons from its
decay will have low p;. Hence, some of the soft leptons
may not satisfy the selection criteria. For a Z’ boson mass
less than 50 GeV, a larger fraction of events in Z'Z" — 4¢
do not the satisfy the selection criteria pr, > 10 GeV for
all leptons. We find that the signal region A01 in Ref. [35]
provides the strongest constraint in the 32 + £, channel.
We expect this constraint to be a bit stronger for lower M
values, whereas above 50 GeV of M, the constraint
from 37 + E; will get weaker. Note that the signal in
our model will not have large E;. So the exclusion cut of
Er < 50 GeV as defined in the CMS analysis on 37 + Er
reduces its sensitivity significantly, as seen in Fig. 2.
The above bounds come from the direct search and are
expectedly stronger than the HiggsSignal bounds for

Mz < 62.5 GeV, as shown by the corresponding electro-
weakino search exclusion curves in Fig. 2.

The most relevant and strongest bound, however,
comes from a 47 signal which was recently studied by
ATLAS [36]. The analysis gives a differential cross section
measurement of the four-lepton final state in the SM. This
also happens to be the discovery channel for our Z’, and one
expects to see resonant bumps in the dilepton invariant
mass distributions. We can therefore use this analysis
directly to test for hints of a Z’ boson. The ATLAS analysis
has been included in the RIVET3.1.4 [37,38] package,
allowing a direct comparison of the experimental result
with predictions of our signal. We include our model output
for the aforementioned final state and use the package
CONTUR [39] to evaluate robust limits on the parameter
space shown in Fig. 2. To put the bounds into perspective,
we note that in the h; — 47 signal region applicable to
20 GeV < M, <62.5 GeV, the dilepton invariant mass
variable m344 [Fig. 7(b)] in Ref. [36] has a larger bin-wise
SM cross section than m, [Fig. 6(b)] in the 0-60 GeV bin.
This is expected as the second pair of leptons arise from an
off-shell Z in the SM background events. Although m, has
a coarser bin in 0-50 GeV, most of the SM events have
values of this variable near the Z peak, and the total cross
section in the 0-50 GeV bin is O(1072) fb. Hence, m,
constrains our parameter space the most because our
model results in a Z' peak in this region. For M, >
62.5 GeV the relevant measurement region is m; /2 <
mgy < my, /2 [36] in our analysis, where the SM predicts
the first and the second lepton pairs to come from on-shell
and off-shell Z bosons, respectively. Hence, the second
lepton pair invariant mass ms, distribution gives a tail
above 60 GeV, whereas for m, the cross section above
60 GeV is higher compared to ms, due to the presence of
the SM Z peak. In our model the relevant Z’' boson mass
range is 75 > M, > 62.5 GeV, and we expect a stronger
constraint from ms, where the SM background yields
are smaller. The other kinematic variables including the
full 47 invariant mass give weaker limits as the bin-wise
background cross section is much higher than in the
relevant bins of the dilepton invariant mass, but the 47
invariant mass contributes in the final chi-square fit of

4Subscn'pts represent the pr ordered lepton numbers.
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FIG. 3. Feynman diagrams for the one-loop decays of the Z’
boson to neutrinos and charged leptons.

CONTUR. Note the specific bumps in the exclusion plots
at M, ~62, 72 GeV where the sensitivity decreases
suddenly. These points correspond to kinematic thresholds
where hy, — Z'Z' become off shell, leading to a drop in
signal yields. The measurement strategy in the ATLAS
analysis employs 50 distributions in kinematic variables,
which can also be used to propose search sensitivity for
our hypothesized Z’ boson for given values of Z, for high
integrated luminosity options of the LHC. We show in
Fig. 2 the sensitivity curves with 300 fb~! and 3000 fb~!
integrated luminosity at the LHC, assuming a rather
pessimistic view that similar efficiencies of the 13 TeV
analysis could be applicable to the 14 TeV run. The events
for the analysis were generated using MadGraph5@aMCNLO
[40,41] and showered using PYTHIA 8 [42]. The HepMC [43]
output was then included in RIVET [37,38] and run for
the ATLAS analysis of Ref. [36]. The resulting YODA file
was then input to CONTUR [39,44] to evaluate a likelihood
fit and determine the exclusions on the model parameter
space. We propose that h; — 47 is the most sensitive
channel to search for a light Z’' symbolizing a hidden
symmetry that couples weakly to SM particles and can lie
hidden in the LHC data.

We now comment on some interesting possibilities for
our model which can have a major impact on the search
strategies for the Z’ boson when radiative decays of the Z’
boson become very important. The term Y,1; H,Ny in the
Lagrangian determines how large the radiative decay is. We
find that for Y, ~ 10! the loop induced decays shown in
Fig. 3 have amplitudes which are proportional to Y? and
start becoming comparable to the tree-level modes driven
by Z-Z' mixing. An immediate and interesting consequence
of this result is that the Z’ boson behaves as a leptophilic
boson with no decay to quarks. Note that the mixing of

0.4 4 .
-1 —— SM
. ---- 50GeV
-

60GeV

0.3

Normalized events

0 50 100
M (eFut) (GeV)

FIG. 4. Illustrating the invariant mass peaks in the wrong flavor
mode, due to one-loop decay of the Z’ boson.

the light neutrino with heavy neutrinos is still very small,
unlike the typical inverse-seesaw mechanism, due to the
choice of very small tan # values. We evaluate the one-loop
decays of the Z' boson and show a comparison of the decay
branching ratios in Table IV for two choices of the Yukawa
couplings. The loop diagrams have been calculated analyti-
cally with the help of PACKAGE-X [45], and numerical results
were obtained with the help of LoopTools [46]. The branching
fraction of the Z’' boson to the exotic LFV modes could be
arranged at the level of 15%—-25% by suitably varying the Y,
values. In a likely scenario of radiative decays dominating,
the Z’ boson decays dominantly (50%) to light neutrinos
contributing to the invisible decay mode of the Higgs when
Mz < my, /2. The invisible mode would render the search
for such a Z’ at the LHC very challenging. The most likely
place of discovery in such a scenario would be at future
lepton colliders. The leptophilic nature also leads to an
increase in the charged lepton decay branching fraction of
the Z’ boson to 50%, giving a stronger limit than what is
obtained in Fig. 2. In addition, it opens up a more interesting
possibility of observing LFV decays of the Z' in the
h; — 4¢ signal [47-49]. The ATLAS analysis [36] only
looks at the invariant mass distributions of opposite-sign—
same-flavor leptons, while in our case we have a substantial
decay mode of Z’' — ey, which will show up as an invariant
mass peak in the wrong flavor mode (see Fig. 4). We find
that an improvement of up to 60% is achieved for signal
sensitivity when this variable is included in the analysis.
Therefore, this would provide a clear new signal and huge
improvement over the existing search for our model. A more
unique possibility with very little SM background arises if

TABLE IV. Decay probabilities of Z' at tree level (one loop) for different Y, . Here, £, =y, 7, and
M, =60 GeV, g, = 0.3, Y!! =0 and Y/ = 0 with & ~ 10-5.

7' decay > Valp Yt S Caly > Ji I'z (GeV)
Y7 =0, vii 21073 0.23(107%) 0.16(107%) 0(107%) 0.61(0) 2x107°
7 ~032, Y~ 08 1073(0.50) 1073(0.340) 0(0.16) 1073(0) 1.130 x 1076

015026-6



EMERGENT NEW SYMMETRY FROM THE HIGGS SHADOW

PHYS. REV. D 107, 015026 (2023)

we consider only the LFV decay of Z' — e¥u*. This would
give two pairs of same-flavor—same-sign charged leptons.

These LFV modes of the Z’ boson could then clearly be
observed at the LHC by focusing on the LFV searches in
the Higgs decay, which are of great current interest [50]. A
more promising search scenario would be in machines
designated as Higgs factories [51-54] where the i, — Z'Z’
mode can be looked at with more precision. A close
examination of the parameter space that could lead to such
possibilities is interesting but beyond the scope of this
work, and we leave it for future studies.

To conclude, throughout this work, we have highlighted
how alight Z’ in a popular and well-motivated U (1) extension
of the SM can easily stay hidden in the LHC data if the new
symmetry does not speak to the SM sector directly. We
motivated such a scenario through the neutrino sector by
introducing a neutrinophilic U(1), which can also provide a
DM candidate. The weakly interacting DM candidate gives
the correct relic density when the Z’ boson is lighter than the

DM candidate. We then highlighted how such alight Z’ can be
produced at the LHC via the Higgs channel. The existing
LHC searches for such modes in the Higgs channel could be
sensitive to a significant parameter space of our model, which
is explicitly shown by considering independent search
channels and analyzing their effect on our parameter space.
A very interesting consequence of the model is the decay of
the Z' boson via a loop when it does not directly couple with
SM fields, giving the possibility of it being a leptophilic gauge
boson. The typically nondiagonal mixing in the light and
heavy neutrino states and the structure of the Y, Yukawa
coupling matrix can lead to LFV decays of Z’ which will open
up more interesting signatures of the model at the LHC and
future lepton colliders.
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