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ABSTRACT: We introduce a new way of modeling the physics beyond the Standard Model
by considering fake, strictly off-shell degrees of freedom: the fakeons. To demonstrate the
approach and exemplify its reach, we re-analyze the phenomenology of the Inert Doublet
Model under the assumption that the second doublet is a fakeon. Remarkably, the fake
doublet avoids the most stringent Z-pole constraints regardless of the chosen mass scale,
thereby allowing for the presence of new effects well below the electroweak scale. Further-
more, the absence of on-shell propagation prevents fakeons from inducing missing energy
signatures in collider experiments. The distinguishing features of the model appear at the
loop level, where fakeons modify the Higgs boson h — =+ decay width and the Higgs
trilinear coupling. The running of Standard Model parameters proceeds as in the usual
Inert Doublet Model case. Therefore, the fake doublet can also ensure the stability of
the Standard Model vacuum. Our work shows that fakeons are a valid alternative to the
usual tools of particle physics model building, with the potential to shape a new paradigm,
where the significance of the existing experimental constraints towards new physics must
necessarily be reconsidered.
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1 Introduction

All experimental particle physics searches have not yet provided convincing evidence for
the existence of physics beyond the Standard Model (SM). If taken at their face value, the
current constraints indicate that new physics must appear far above the electroweak scale,
or that it must be too weakly coupled to the SM to yield significant effects at the energy
scales probed by experiments. In this work, we argue that this is not necessarily the case,
because all experimental constraints, so far, have been interpreted under the assumption
that new physics effects manifest in the form of conventional particles that, propagating
on-shell, leave a detectable signature.

We propose, instead, that new physics appears in the form of “fake”, strictly virtual
degrees of freedom — the fakeons [1, 2], which despite mediating new interactions very
much the same way as usual particles do, are prevented from being on-shell. This precludes
the possibility of observing the propagation of these “particles” on any distance scale and,
therefore, makes their direct observation unfeasible. This simple possibility forces a radical
change of the paradigm used for the interpretation of experimental results in terms of new
physics. In fact, many experimental constraints which invalidate most conventional models
of new physics simply do not apply to the case of fakeons. Notably, the bounds from the
precision Z-boson width measurements at LEP and all the direct LHC searches for new
physics do not directly constrain the properties of fakeons. Therefore, as we show in the
present work, new light electrically and weakly charged degrees of freedom may exist at
low energy scales without contradicting any experimental result. We stress that although
the direct observation of fake degrees of freedom is impossible, their presence can still be



inferred from their virtual contributions in both tree-level and higher order processes. For
the same reason, fakeons can be used to address the existing problems in particle physics
through new virtual contributions.

The fakeons were originally proposed to tame the fatal ghost degrees of freedom that
appear in quantum gravity [1] and in Lee-Wick theories [2-4] by making them strictly
virtual through a different quantization prescription. On general grounds, the same treat-
ment can be applied to any type of massive field, so that all massive particles that appear
in beyond-the-SM (BSM) theories can be changed into fakeons through the same pre-
scription.!

To-date, such a possibility is essentially unexplored, no fakeon model building has been
developed and, consequently, the phenomenology of fakeons remains largely unknown. As
a first step in this direction, the present work aims to begin the exploration of fakeon
phenomenology in the context of BSM physics and demonstrate the reach of model building
with fakeons.

Concretely, we extend the SM by adding an extra scalar doublet ®, as is done in any
two-Higgs-doublet model (2HDM) [6, 7], but assume that the new doublet is a fakeon.
For simplicity, we restrict ourselves to the simplest 2HDM setup, the Inert Doublet Model
(IDM) [8-11] (see ref. [12] for a recent review), where ® does not acquire a vacuum expec-
tation value (VEV) and does not couple to the SM quarks and leptons. To distinguish the
framework from the usual IDM, we name it the fake Inert Doublet Model (fIDM). As men-
tioned before, although ® is an SU(2);, doublet, the Z-pole constraints [13] do not apply
to @, because ® cannot be produced on-shell in the Z decays. For the same reason, the
conventional LHC searches that target BSM scalar bosons [14, 15] or Dark Matter through
missing energy signatures [16, 17] also fail to constrain the fIDM. These properties allow
fakeon mass scales well below the electroweak scale, despite constraints from experimental
searches especially sensitive to electrically charged degrees of freedom.

Still, the fake doublet can manifest itself in its virtual contributions to SM processes,
targeted for instance by precision physics observables [18] or alter the renormalization evo-
lution of parameters. In regard of this, we show that the outstanding problem concerning
the SM vacuum instability [19, 20] due to the mass of the SM Higgs boson discovered at
the LHC [21, 22] being below the stability bound, is solved in the fIDM by the additional
Higgs portal couplings to the fakeon doublet. In order to pinpoint possible signatures of
the model, we also analyze the fake doublet contributions to the Higgs boson h — ~7vy
branching ratio, finding that it can be sizeable at low fakeon mass scales due to the ab-
sence of a tree-level contribution h — ®® to the total Higgs boson decay width. Similarly,
we compute the fakeon contribution to the yet unmeasured trilinear Higgs boson vertex.
Importantly, the fIDM loop contributions to both of these processes inherently differ from
those of the IDM by an imaginary part that, in the standard case, corresponds to the effect
of on-shell particles in the loop. This contribution identically vanishes in the fakeon case.

The paper is organized as follows. In section 3 we specify the Lagrangian of the model
and review the most important phenomenological implications of fakeons. Section 4 is

"'Within the context of the SM, the current constraints exclude the possibility that all particles be fakeons
with the exception of the Higgs boson [5].



dedicated to the study of the model and offers detailed computations of its electroweak
precision observables, as well as of the impact of the fake inert doublet on the Higgs
boson phenomenology. We present our conclusions in section 5 and in appendix A we
list the new contributions to the counterterms that renormalize the trilinear Higgs boson
vertex. Throughout the paper we present our results in terms of the relevant Passarino-
Veltman functions Ag, By, Bgo and Cy, where the subscripts refer to the irreducible and
reducible cases.

2 The fakeon prescription/projection

Fake degrees of freedom rely on a non-standard quantization prescription and a projection
that eliminates them from the Fock space of asymptotic states. The prescription ensures
that the projection is consistent with the optical theorem at every loop order [2] and can
be used alongside with the Feynman one without spoiling unitarity, renormalizability and
stability [23]. While in quantum gravity fakeons are necessary to have consistency [1, 24],
in BSM physics they represent an interesting possibility, because their unusual features
help evading some phenomenological constraints that apply to normal particles.
In more detail, the fakeon propagator formally reads

p? — m?

Z(pQ —m2)2 4 &4

(2.1)

where £ plays a role similar to that of the ¢ in the Feynman prescription. Inside loop
diagrams, the propagator (2.1) must be used together with a set of prescriptions on the
integration domains. A simpler, but equivalent formulation, at the level of the amplitude, is
to treat the branch cuts associated with fakeons by means of a non analytic Wick rotation,
which is defined by the so called “average continuation” [3]

A= % (As +A). (2.2)

Here A, and A_ are the amplitudes computed using the Feynman and anti-Feynman pre-
scriptions, respectively. Notice that using (2.1) without the other instructions amounts to
using the Cauchy principal value of 1/(p? —m?), which yields severe inconsistencies in loop
diagrams [23]. In this paper we compute the relevant amplitudes by using formula (2.2). In
all the situations we consider, the effect of the average continuation reduces to taking the
real part of the total amplitudes. However, we stress that in general the fakeon prescription
affects both the real and the imaginary parts of the amplitudes, since (2.2) is to be applied
to each fakeon threshold and not to the total amplitude.

As a result of the interplay between the prescription and the projection, fakeons always
remain purely virtual and are truly removed from the Fock space of the theory. This is
an intrinsic feature of fakeons, which radically differs from ordinary unstable particles, in
this respect. For instance, although the Z boson is virtual on the time scales probed in
present experiments, we can in principle think of a setup where it is long lived enough to
be detected as a final state (in the same way as muons are at the LHC). This is impossible
for fakeons.



3 A fake doublet extension of the SM
The fIDM is specified by the following Lagrangian

L= Lsv + (D,®)(D'®) — V, (3.1)
V =—m?|H? +m2 D>+ A\ |H[* + X |D[* (3.2)

2 1
+ g [HI” [0 + Ay | HT®|” + s ((Hf®)? + Hee.),
where H is the SM Higgs doublet and

¢+
S = ou+iga (3-3)
V2

is a fakeon doublet that transforms in the {1, 2,1/2} representation of the SU(3).xSU(2), x
U(1)y gauge group.

Egs. (3.1) and (3.2) are simply the Lagrangian of a 2HDM, where the Higgs doublet
is even under a Zo symmetry, while the fakeon doublet is odd under it, i.e., & — —.
Because of that, we have adopted the standard 2HDM conventions in denoting the scalar
couplings and labelling the new degrees of freedom. For the sake of simplicity, we assume
that the second doublet does not acquire a VEV and does not couple to the SM fermions.
As a result, our Lagrangian is formally identical to that of the IDM [8-11]. Nevertheless,
due to the different quantization prescription for the field ®, the fIDM gives rise to a
phenomenology radically different from that of the usual IDM.

The fakeon field (3.3) is specified by the masses m; of its components, their widths T';
and the interactions encoded in eq. (3.1) and (3.2). Accounting for the contributions of
electroweak symmetry breaking, the fakeon masses are given by

m? = m3 4+ A2, i = ¢, H, PA, (3.4)
Agt = As,

Aoy = A3+ A+ s,

Apa = A3+ A1 — As,

where v is the VEV of the Higgs doublet. The widths I';, as usual, are given by the
imaginary parts of the corresponding fakeon self-energy diagrams. In the present case, the
Zo symmetry therefore forces these quantities to identically vanish. However, we remark
that I';” L'in general cannot be interpreted as the fakeon lifetimes.

Because of the novel quantization prescription, fakeons cannot directly contribute to
the decay widths of the particles they couple to. Furthermore, the results of loop diagrams
involving fakeons are generally different from the results of loop diagrams made of usual
particles. The computation of physical processes may deviate from the usual one already at
the tree level, because the associated cut diagrams may have fakeons in loops. Importantly,
processes with the SM final states mediated by fakeons do not receive contributions from



the (on-shell) pair production and subsequent decays of the fakeon mediators. A way to
think about fakeon-mediated interactions is offered by the analogy with virtual pions that
mediate the interactions in atomic nuclei.

Another interesting effect of fakeons is the violation of microcausality [25, 26]. In the
static limit, the extension r of the fakeon mediated virtual interaction is encoded in the
Yukawa potential 1/r exp(—mgr), which is exponentially suppressed by the fakeon mass.
In the opposite limit, at high energies, /s > mg, the propagation of virtual particles is
restricted to small distances 1/4/s, similarly to, e.g., the propagation of virtual photons ~*.
Notice that the “lifetime” 7¢ = 1/T' of fakeons does not play any role (assuming I'¢ < mg),
because fakeons cannot be produced on-shell. Therefore, the causality violation is always
short-ranged [27] and practically, inconsequential at the classical physics level.

To conclude the discussion of fakeon properties, we remark that in principle there exist
two types of fakeons, distinguishable by the sign in front of their quadratic term [26]. If the
positive sign is chosen, the fakeon field has the quadratic term of a normal particle. When
the opposite choice is made, a normal particle turns into a ghost, which carries negative
energy and can be abundantly produced from the vacuum, leading to phenomenological
disasters. In the case of fakeons, the negative quadratic term is harmless, because the
fakeons cannot be produced on-shell. In the fIDM case the two options are physically
equivalent, since there exists a map that identifies the two emerging theories through a
simple redefinition of parameters. For this reason, we consider only the standard sign
in eq. (3.1).

4 Phenomenology of a fake inert doublet

The most important direct constraints on a generic 2HDM come from collider experi-
ments [7]. In particular, the Z-pole measurements exclude additional light particles of
masses m < my/2 that participate in electroweak interactions [13]. However, because
fakeons cannot be produced and propagate on-shell, our fake doublet components cannot
contribute to the Z width regardless of their mass scale and thus are perfectly allowed by
this constraint. Similarly, the direct searches for BSM scalar bosons at the ATLAS [14]
and the CMS [15] experiments are not applicable to the fIDM.

The second important aspect of fakeon phenomenology concerns the missing energy
signatures in collider experiments, which are at the basis of Dark Matter searches [16, 17,
28-30]. In the fIDM, the Zy symmetry & — —® of eq. (3.1) implies that every interaction
vertex contains an even number of fakeon legs. Nevertheless, the fakeons cannot carry
energy away, as they cannot be assigned to the final states, even in a first approximation.
This statement is general and applies to any fakeon model. We also stress that in contrast
to the standard IDM, the new fake degrees of freedom included in the fIDM do not provide
a viable Dark Matter candidate, because they are necessarily virtual.

Thirdly, as long as the Zs symmetry is unbroken, the fake doublet cannot couple to
the SM fermions. Therefore, within the fIDM the new physics effects occur only at the
loop level. We now proceed to study the most relevant examples.



4.1 Electroweak precision observables

The electroweak precision tests (EWPT) put strong constraints on the physics beyond the
SM by targeting new contributions to the self-energies of electroweak gauge bosons. The
radiative shifts induced by new physics can be written as

qu4 qud
=) = 2(a) (g — 257 + 20 51 (@)

where a,b = Z,W,~. We list in appendix A the expressions obtained in the fIDM for
E“Tb(qz). In order to make contact with experiments, we consider the following precision

observables
m%v o aAS + 2012/VaAT aAU (4.2)
(miy)sm 2(cfy — siy) dsfy '
e _aAS+ 2c¢k,aAT oAU S aAW (4.3)
(Tioe)sm 2(cy — siy) Asiy 7 '
INZ — vv)
— 7 =1 AT A 4.4
T(Z = vi)su + aAT + aAV, (4.4)
2 2 2 2
sy (my) aAS + dsiy e aAT
e = (2 2 + aAX, (4.5)
(siy)sm siy (¢l — siy)

written here in terms of the Peskin-Takeuchi parameters S, T and U [31, 32|, as well as
the complementary V, W and X parameters [33]. The symbols «, ¢y and sy denote the
fine-structure constant and the cosine and sine of the Weinberg angle, respectively.
Within the present framework, the oblique parameters receive new contributions
sourced by the fake degrees of freedom appearing in the vacuum polarization diagrams
of the electroweak gauge bosons. In terms of the expressions presented in appendix A,

we have:
alAS — E%Z(Tn’QZ) — E%Z(O) _ 612/[/ - 5%/[/ Z/Z’Y 0) — ZI’Y’Y 0 4.6
48202 m? S T() T()> ()
w=w Z wCew
Ww ZZ
oap = SO #0) W)
My mz
oAU |\ SF W (miy) = 2FY(O0) |, [ BFE(m) — X27(0) (48)
452, mi, w m?, '
— s =77 (0) - 2swew S (0),
, EZZ(mQ ) _ EZZ(O)
aAV =X 7% (m3) - [ T Zm2 T , (4.9)
Z
, EWW 2\ _ EWW 0
aAW:ETWW(m%V)—[ I (mVZn)LQ r O] (4.10)
w
Ezv(m ) 'z
aAX = —syew Tm2 22 5270, (4.11)
Z
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Figure 1. The fake doublet masses allowed at the 3o level from EWPT for the cases mg, = mg=
(green) and my, = mgy, (purple). The hatched region is excluded as explained in the text.

where a prime indicates differentiation with respect to the squared four-momentum ¢? of
eq. (4.1). Notice that the above expressions of the Peskin-Takeuchi parameters differ from
the ones usually considered in the Literature, as the latter are often simplified under the
assumption that new physics be above the weak interaction mass scale. We also remark
that in the case of fIDM, all oblique parameters are necessarily real regardless of the fakeon
mass scale: vacuum polarization amplitudes containing circulating fakeons cannot give the
imaginary contributions that, in the standard case, are associated to particle production
via the cutting rules.

The fake doublet masses allowed by the 30 confidence intervals of the considered ob-
servables [13] are shown in figure 1. The light purple region refers to a setup where the
fake doublet neutral components are held degenerate in mass. In the area rendered in
light green, instead, the mass of the pseudoscalar component is set to that of the charged
one. The overlap of the two regions is rendered in a darker purple and the dashed line
indicates a completely degenerate mass spectrum. All the considered mass splittings are
obtained for perturbative values of the quartic couplings in eq. (3.4). As we can see, the
oblique parameters do not forbid the presence of new fake degrees of freedom well below
the electroweak scale. Possible mass hierarchies characterised by sub-GeV charged fakeons
are partially excluded by the precise measurements of the fine-structure constant at the
electron and muon mass scales. The corresponding bound is shown by the hatched region
in the plot.

4.2 Stability of the electroweak vacuum

In the SM, the self-coupling of the Higgs boson runs through zero to negative values at
around 1010 GeV [19, 20]. This generates, via the Coleman-Weinberg mechanism, a global
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Figure 2. The running scalar couplings as functions of the renormalization scale p for the initial
conditions Ao = A5 = 0, A3 = Ay = 0.1 given at the scale m;.

minimum at field values much above the electroweak scale, thereby destabilizing the SM
vacuum. Models with new scalar degrees of freedom can address this potential vacuum
instability problem thanks to the positive contributions to the Higgs boson quartic coupling
p-function coming from the new portal couplings [34, 35].

We use the PyROTE 3 code [36] to derive the two-loop renormalization group equations
of the couplings and take into account the dominant corrections from the top Yukawa
coupling and the strong gauge coupling [20]. Setting all but one \;~; to zero at the top
2> 0.26 or A3 = 0.19 or \y = 0.16 or

~ ~ ~

quark mass scale, it is sufficient to have either Ao
A5 = 0.28 to keep the running Higgs self-coupling A1 positive and perturbative up to the
Planck scale. With two non-zero new quartic couplings, values of order 0.1 are sufficient
to ensure the stability of the electroweak vacuum. As an example, we show the running
scalar couplings for A3 = Ay = 0.1 in figure 2. We stress that the RGEs for the fake doublet
coincide with those of the usual IDM.

4.3 Modified couplings of the Higgs boson

Although the present experimental data have irrefutably shown the presence of a scalar
CP-even particle of electroweak scale mass [21, 22], the presence of new physics in the
dynamics of electroweak symmetry breaking and fermion mass generation has not been
yet excluded. In regard of this, the couplings of the SM Higgs boson h have been the
main target of recent analyzes and future experimental probes [37, 38], which aim at their
complete and precise profiling.

While some of the properties of our model match those of the traditional IDM, the
absence of fake scalars among the final states gives different predictions, which allow us
to distinguish between the two cases. This is particularly evident for the h~vy~y effective
coupling, which is responsible for the radiative decay h — ~~y. This vertex is visible at the
LHC as the final stage of pp — h — 77, and the experimental result is usually compared



with the corresponding SM expectation through the diphoton rate

o (pp — h‘ — ’YfY)signal

R, = .
T o (pp = h = YY)

(4.12)

The latest ATLAS measurements report R, = 1.031+0.11 [39, 40], whereas the CMS finds
R,, =1.1240.09 [41, 42]. In the present framework, the previous ratio translates into the
measurement of the relative branching ratios

_BR (h = YY) apum
T BR(h = vY)ey

(4.13)

which are sensitive both to a modification of the partial width I';_..,, as well as to a
change in the total width of the Higgs boson that normalizes the ratios. In the usual IDM
models, the latter includes new tree-level contributions from h — ¢gdy, h — dyoda and
h — ¢T¢~, which, when kinematically allowed, suppress the resulting branching ratio.
Within the fIDM, instead, the corresponding processes are always forbidden regardless of
kinematics, because the scalars are fakeons.

A further difference between the two models arises in the computation of the relevant
partial width, where the fakeon prescription prevents resonant loop contributions. In more
detail, the general structure of the on-shell amplitude for A — v+, as determined by Lorentz
and gauge invariance, is given by

sty 2
My = WFhw X (6 (p1) - €(p2) — mf%pl ~€(p2)p2 - €(pl)> ; (4.14)

where € (p;) are the polarization vectors of the final state photons with momenta p;, g is
the weak coupling and sy is the sine of the Weinberg angle. The SM contribution to the
form factor Fj,, is dominated by the W= and top loops, given by

2
8my

F}i’Y’Y = m ((m}Qz - 4m?)00 [anam%;m%amfvm?] - 2) ) (4.15)
w m% 2 2 2, 2 2 2
Fpyy =mw |6+ p (mjy — 2miy) x Cy [0,0,mh;mw,mw,mw} . (4.16)
w

The new charged scalar states ¢ result in the additional term

F¢:l: B Agmws%v

oy = T X <2m§>iRe (Co {0, 0, m3; mii,mii,méi]) + 1) 7 (4.17)

which differs from the IDM case by the absence of the imaginary part associated with the
cuts of the three-point function shown in figure 3. The discrepancy is due to the on-shell
contribution of the particles in the loops, which identically vanishes in the fakeon case
because of the quantization prescription of these fields. Note that the Passarino-Veltman
scalar two-point functions By cancel out from the expression of the effective hy~y vertex.
In figure 4 we present numerical results for the predictions of R,, as functions of
the degenerate doublet mass mg = mgy+ = mgy, = mgy,. The blue and gray regions are
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Figure 3. Fakeon-mediated contributions to h — ~~y. The blue vertical lines denote the cuts that
vanish for the fakeon prescription regardless of the kinematics.

obtained by varying As in the range [0.02,0.1] within the fIDM and IDM, respectively.
As we can see, in the fIDM case, the predicted values of R, lie within the 20 region
selected by the current data on most of the considered parameter space. Importantly, the
fIDM contribution (corresponding to the blue region) increases the diphoton rate for fakeon
masses below my, /2. The reason for this enhancement is that the total Higgs decay width
is not suppressed by the tree-level production of new particles, which, instead, suppresses
the corresponding IDM contribution (gray area). As for the absence of the imaginary part
in eq. (4.17), we find that it does not affect the model prediction significantly. In fact,
in either model, new physics effects enter I';,_,,, mainly through the interference with the
dominant SM contribution, which is predominantly real.

That the fake doublet contribution to h — -~ differs from that of an ordinary doublet
with same mass and couplings is also demonstrated in figure 5, where we show R, as a
function of the coupling A\3. The fakeon result is again measurable over the full range of
parameters, whereas the IDM result is sizeable only for vanishing values of the A3 coupling.
The two models are thus clearly distinguishable. In particular, within the usual IDM,
obtaining R,, > 1 requires A3 < 0 and mp,/2 < my < 154 GeV, and is never achievable for
mg < mp/2. On the contrary, figures 4 and 5 show that the enhancement of the diphoton
rate is certainly possible in the case of the fIDM. We expect that the forthcoming high
luminosity LHC measurements and the future e*e™ [37] and/or pp [38] colliders will reach
enough precision to discriminate between the two models.

Another observable of interest for future collider experiments is the Higgs trilinear
vertex Apnh, probed by 4b, 47 or 2b27 final states. Clearly, the kinematic conditions over
the three Higgs bosons involved in the vertex depend on the process under investigation.
As a paradigmatic case, we compute the one loop diagrams shown in figure 6 for an off-
shell incoming Higgs boson and two outgoing on-shell particles, targeting the planned
collider measurements. Because deviations as large as 100% of the SM prediction for the
trilinear vertex are still experimentally allowed, we compute once again the new doublet
contributions for both the fIDM and IDM. To this purpose, we define the quantity

(f)IDM

ADIDM 53
Phin = —2Rb oM Bhh (4.18)
hhh

which measures the new physics loop contribution, in either the IDM or fIDM, normalized
to the SM tree-level value )\%/Ih = —12\ymwsw/e. As we show below, the prediction

~10 -
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Figure 4. Predictions for R, as functions of the degenerate doublet mass mg in the fIDM (solid
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for the fakeon quantization prescription.

for pppn is highly sensitive to potential imaginary parts sourced by the resonant loop
contributions, corresponding to the thresholds indicated by the colored dashed lines in
figure 6. Because the latter identically vanish within the fIDM, the observable can be used
to distinguish between the two frameworks. We remark that the fakeon prescription can
also affect the real part of the amplitude if kinematics allows all the internal lines to be
simultaneously on-shell. This possibility is, however, precluded in our setup.

The computation of loop contributions to the trilinear Higgs boson vertex is par-
ticularly involved due to the workings of SM renormalization and constitutes, per se, a
non-trivial check of the consistency of the theory. Indeed, the coupling of the h trilinear
vertex is not independent, so its renormalization is determined by the renormalization of
the other parameters. To determine the one-loop unrenormalized amplitude of the pro-
cess, we obtain the basic vertices of the theory by using FeynRules [43] and generate the
relevant diagram topologies with FeynArts [44, 45]. The resulting amplitude, as evaluated
by FormCalc [46], then is

\(DIDM _ s miy sy
hhh - 2
8mee T

(2XiColm3, m3, g%, m3s, m3s, m.]
+>‘2ACO [m}%, m}zl’ q2’ mgﬁA’ mgﬁA’ méA]
+ /\3H00[m,2l, m%, 7, méH,méH,méH])

1
v (Aol e me) + Buf e )

1
8, (Sl Bl nd )
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where )\¢A = A3+ Aq4— As, )\¢H = A3+ A+ As.

In the on-shell renormalization scheme used in the SM, the Lagrangian parameters
are related to the input parameters directly measured in precision experiments [47]. The
consistency of the theory requires that similar relations hold for the corresponding coun-
terterms that subtract the UV-divergent parts of the loop corrections. In the case of the
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Higgs boson trilinear vertex, the dependence of the parameter on the Higgs boson quar-
tic coupling, A1 = (m3e?) / (8m¥,s?,), forces the corresponding counterterm to have the
form [47]

3em? Ssw om? e ot 1 6m? 3
SAIIDM 2T (57, — h WL Sy 4.20
hhh 23WmW ¢ SW + m% + 28W me% 2 m%/v + 2 bl ( )

determined by a set of radiative shifts received by the indicated SM couplings and masses.
The above relation still holds true within the fIDM and IDM, provided that the additional
radiative corrections sourced by the models are accounted for in the renormalization of
the quantities appearing on the right-hand side. In appendix A, we present the explicit
expressions of these radiative corrections, which are shared by the two models, because
they are unaffected by the fakeon prescription.

The predictions obtained for the deviation of the trilinear Higgs boson vertex from
the SM value are presented in figure 7, which shows the dependence of ppnn on the new
scalar masses in the degenerate limit. The plot was obtained for an example center-of-
mass energy of /s = 500 GeV by varying the quartic couplings in eq. (4.19) within the
indicated range and evaluating the involved loop function with LoopTools [48]. The blue
region indicates the results of the fIDM, which are given only by real contributions of the
involved loop functions. The gray region, instead, represents the effect of the imaginary
part of the amplitude that arises below the threshold my = /s/2 and generally enters the
IDM prediction. Given the sizeable difference between real and imaginary contributions,
the trilinear vertex can be used to discriminate between the fIDM and IDM.

To conclude the discussion, we briefly comment on the consequences of possible viola-
tions of the Zg symmetry imposed on the Lagrangian (3.1). The simplest way to induce a
Zs violation in this model is to add Yukawa couplings between the fake doublet and the SM
fermions, while keeping the Zs charge assignments of all fermions positive. This would al-
low for fakeon-mediated processes resulting in the production of SM quarks and leptons. In
the context of Higgs phenomenology, the Zs violation would then yield multi-fermion final
states via tree-level processes such as H — ¢*¢* — 44, 4q, 202q, where q and ¢ denote the
SM quarks and leptons, respectively. The assessment of these peculiar signatures, which
could help to constrain the properties of the Zs-violating fIDM, requires further analysis
beyond the scope of this work.

5 Summary

We have presented a new way of modelling physics beyond the SM based on strictly off-shell
degrees of freedom: the fakeons.

The phenomenological implications of this approach strongly diverge from those of
more conventional model building. The different quantization prescription used for fakeons,
in fact, forces the quanta of these fields to be purely virtual. Fakeons can thus mediate new
interactions, just like ordinary particles, but cannot leave any direct signature in collider
experiments. For this reason fakeons invalidate many constraints used to exclude ordinary
models of new physics and clear the way for interesting and unexpected effects.
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Figure 7. ppny as a function of the fake doublet mass mg in the degenerate limit. The blue areas
indicate the values of pppp, obtained for real contributions of the loop function in both the fIDM
and IDM. Differently, the gray area shows the result of the imaginary part corresponding to the
thresholds indicated in figure 6. This contribution vanishes within the fIDM but is generally present
in the standard IDM. Notice the threshold m, = /s/2, above which the two models give the same
results.

As a concrete example, we have introduced the fake IDM extension of the SM — the
fIDM. Although the Lagrangian of the model is formally the same as that of the IDM,
its phenomenology is radically different. A first outstanding distinction is that the new
fake doublet components can have masses well below the electroweak scale, in spite of the
Z-pole precision measurements and other collider constraints. In fact, because the specific
quantization prescription prevents fakeons from being on-shell, fakeons cannot be produced
in Z-boson decays even if the new decay channel seems to be allowed by the kinematics.
Furthermore, as in the case of the usual IDM, the Zy symmetry at the basis of the model
forbids Yukawa couplings between the new doublet and the SM fermions. Therefore, no
processes with SM quark and lepton final states can be mediated at the tree level by the
fake doublet. These properties ensure the absence of additional contributions to the Z-
boson decay width and, similarly, allow fakeons to evade the typical collider constraints
on new degrees of freedom. For instance, the virtual nature of fakeons prevents them also
from carrying away energy at collider experiments and inducing missing energy signatures.

Due to the Zs symmetry and the impossibility of assigning fakeons to initial and final
states, all new physics effects sourced by the fIDM occur necessarily at the loop level.
To characterize the model, we have computed the electroweak precision constraints and
found bounds on the mass splittings of the doublet components, while their absolute mass
scale is unconstrained. We have also shown that the fake doublet interactions with the
Higgs boson ensure the stability of the electroweak vacuum for perturbative values of the
involved couplings. The distinguishing feature of the model is in its prediction for the
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h — ~~ branching ratio, which is generally enhanced owing to the lack of new tree-level
contributions to the total decay width of the Higgs boson. Another observable of interest
is the trilinear Higgs boson coupling, sensitive to the resonant loop contributions which are
predicted to vanish identically within the fIDM. Both observables can be used to clearly
distinguish the fIDM from the standard IDM.

In conclusion, the introduction of fakeons into model building can yield a rich phe-
nomenology at scales not necessarily larger than the electroweak one, without contradicting
the available experimental results. The investigation of this paper is a first exploration of
these scenarios and motivates further studies of this possibility for new physics.
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A  One-loop renormalization of the trilinear Higgs boson vertex in
the fIDM

In this appendix we list the additional contributions to the self-energy diagrams ¥ and
tadpole T that determine the oblique parameters in section 4.1 and the counterterm in
eq. (4.20) for the Higgs boson trilinear coupling. In the on-shell renormalization scheme,
following ref. [47], the explicit expressions of the counterterms 67, 5m‘2,V, dsw, 5mz, 07y,
and 0t are given by

VYV (2 4y
67, = 1057 gq ) _swXp 2(0),’ (A1)
2 0Oq =0 cw  my
dmiy = Re [ (miy)] (A.2)
2 EZZ 2 EWW 2
53W — ‘w Re [ T (;nZ) _Zr ng)‘| , (A3)
2sm my miyy,
omi = Re [(m3)] (A.4)
Eh 2
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The self-energies ¥(¢?) due to the additional scalars are given by
o 1
SP() = £ (Boold e, ) — 5 Aol ) (A7)
Zy oy (L=2sf)a 2 2 2 1 2
() = orewsw x | Boolg 7m¢iam¢i] - §A0[m¢i] ) (A.8)
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New physics also shift the tree-level vacuum via the one-point diagrams T, entering
the definition of dt in the on-shell renormalization scheme, given by
myy Sw

7= (QASAO [m3=] + Mgy Aolm3,, ] + Mg, Ao [miA]) . (A.12)
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