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Abstract

We consider a model where the weak and the DM scale arise at one loop from the Coleman—Weinberg
mechanism. We perform a precision computation of the model predictions for the production cross section
of a new Higgs-like scalar and for the direct-detection cross section of the DM particle candidate.
© 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

One year ago, the first LHC run ended. Its most important result is the discovery of a particle,
with a mass of about 126 GeV, that is fully compatible with the Higgs boson of the Standard
Model (SM) [1,2]. This data confirms that the predictions on the SM spectrum were true, but the
success of the SM hides another result: the complete absence of new physics.

Though the SM explains a wide range of physical phenomena, it has still some unsatisfactory
aspects.

One of them is known with the name of “hierarchy problem” [3]. Why the dimensional param-
eter of the SM, that is the Higgs mass, has to get the value that we can measure experimentally?
The SM doesn’t explain the link between the Higgs mass and other fundamental energy scales,
e.g. the Planck mass. To describe our world, we need to “fine-tune” the parameters, that is, we
have to set precisely their bare value to reproduce the experimental value.
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A guideline for the physics beyond the SM may be naturalness [3]. Fundamentally we intro-
duce some new physics, such that the divergent parts of the correction to the Higgs mass given
by the SM are canceled by the new particles and interactions, while the remaining corrections are
smaller than M,%. In other words, naturalness suggests the existence of new physics at a certain
scale Apg. The corrections due to the SM are SM? ~ A2, so if we want small corrections with
respect to M2, the new physics has to be at low energies. Therefore, we hope that the new physics
could explain the origin of the unpredicted values of the parameters of the Standard Model.

Looking at the data of the last period, i.e. the absence of these particles around the weak scale,
the scale of the new physics had to move towards greater energy values. Maybe naturalness is a
wrong way, but we think that some aspects of it can be recovered.

The model we will consider in this article is not UV complete, so the new physics added to
the Standard Model doesn’t cancel automatically the divergences to the Higgs mass. The “finite
naturalness” is a way to explain how to deal with these divergences. We think that the unknown
physical cut-off behaves like in dimensional regularization computations: the divergent parts of
the correction are unphysical, so we can neglect them. The reliability of finite naturalness for the
SM has been studied in [4].

The fundamental idea is to start from a model with a lagrangian that doesn’t have any mass
terms for scalar particles: the Coleman—Weinberg mechanism provides us a method to explain a
non-zero value of the masses, also if the mass term is null, considering the radiative corrections
of the theory. In fact, Coleman and Weinberg explain that the Spontaneous Symmetry Breaking
(SSB) is not necessarily driven by a negative mass term for the scalar particle, but it can arise be-
cause of high-order processes involving virtual particles [5]. In fact, if we consider the one-loop
effective potential of our model, new minima arise and SSB occurs.

In this way we get rid of the presence of dimensional parameters that make the lagrangian not
scale invariant, and we prevent quadratic divergences. Some models with this peculiarity have
already been studied, for example in [6—19].

The SM doesn’t provide a description of the Dark Matter. Today we can “see” it only through
gravitational interactions. If we want to describe it as a particle, none of the particles we already
know are good candidates.

The model that we are going to study has been proposed in [20-22]: the stability of the DM
particle is not given by an ad hoc symmetry, but only because the gauge symmetry of the la-
grangian and because of the particle content of the theory. The same happens in the SM, where
the photon, the electron, the proton and the lightest neutrino are stable. In this model, the DM
particle is a multiplet of vector particles. Following this idea, we want to introduce a new hidden
sector of the lagrangian, that is connected to the SM only through a scalar quartic interaction with
the Higgs boson (Higgs portal). For this purpose, we have to introduce a new scalar particle.

In the following sections, we compute more precisely if this model can be confirmed by the
experimental data, maybe in the next phase of the work of LHC. We will analyze the general
properties of the model in Section 2, in Section 3 we show all the computations done in the most
general case, while in Section 4 we show the results and we discuss them.

2. The model

In this section we will briefly study the properties of this model. In particular we will explain
why should we study the one-loop effective potential of the theory.
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2.1. Lagrangian and particle content

We choose SU(2)x as the new gauge group of the lagrangian, so the entire model is symmet-
rical under U(1)y x SU2)L, x SU(3). x SU(2)x. The particle content is given by the SM particle
content; plus we introduce doublet S of the group SU(2)x, that is a Lorentz scalar and a singlet
under the SM symmetry group. We call X, the SU(2)x vectors. These particles are, according to
the model, the ones that constitute the Dark Matter. X, bosons can be described as X, = X Z T4,
where T“s are the generators of the new symmetry group, and they have a kinetic lagrangian
term —%Flfv Fy", where FX, =Dy, D,]. The kinetic term of the new scalar field is |D,S|%,
where D, =0, +1gx X, and gx is the new coupling constant of the SU(2)x gauge group. For
more details see [22].

2.2. Tree-level potential

The tree-level scalar potential Vj is
Vo=AulH H> = Apys|H H||ISTS| + As|STS|2. 1)

We observe that there is not a mass term for the Higgs field nor for the new scalar boson: as we
said before, they will get their mass through the Coleman—Weinberg mechanism, considering one
loop contributes to the theory. The SSB down to U(1)ey x SU(3). occurs, and so the degrees of
freedom represented by the six Goldstone bosons of the theory are absorbed into the longitudinal
polarizations of all the gauge bosons. We can expand the scalar field in components as

1 0 1 0
H(x)=ﬁ(v+h(x)>’ S<x)=ﬁ(w+s(x)>' &)

SU(2)x is broken by the VEV w of the doublet S, so every X, boson gets the same mass My =
gxw/2 from the interaction with the S field.
The new lagrangian parameters introduced are As, Ay, Ags and gx.

3. Precise computation

We aim to find the values of these parameters and of v and w in terms of some known exper-
imental data, so we compute some appropriate observables like the Higgs mass, the annihilation
and semiannihilation cross sections of the DM, the muon decay amplitude.

3.1. One-loop potential

To find a minimum point different from the origin we have to consider the one-loop contribu-
tions computing the one-loop potential. The result for this theory is

VP = v+ v 3)

1
= a2 [st/é(mzz) = f32(Ezm3) + 6 fs/6(miy) = 2 f3p(Ewmy)

+9fs/6(m%) = 3 f32(6xm%) — 12f300m7) + > fs/z(mi)}-
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The expression for the f function is

folx) =x* <1+ln%—c>, 4)
€ W
where p is the energy scale at which we are renormalizing the theory. We consider Z, W and
X loops (with longitudinal polarization for every vector), quark top loops (we suppose that this
quark is the only fermion that gives a contribution), scalar particles and Faddeev—Popov ghosts
loops. The sum is over all the scalar particles of the theory, that is the six Goldstone bosons and
the two scalars /& and s. In this expression, £z, &w and &x are the parameters that determine
the gauge fixing for the Z, W and X sectors, respectively. We will choose the Landau gauge, so
we will take &7 = &w = £x = 0. The three expressions for the masses of the Goldstone bosons
related to the H field are m > = viAg — wzkH5/2 and m3 = viay — wz)»HS/Z, while for the
three Goldston bosons of the S field we have m4 56 = wZAS — vzkHS/Z. Regarding the masses
of the two physical scalars, we observe that the tree-level mass matrix is not diagonal:
31)2)\]-1 — wZAHS/Z —VWAHS
Mo = < —VWAHS 3w2)»s — UZXH5/2> ’ )

Since we want to describe scalar fields using the eigenstates of this matrix, the eigenvalues are
their masses:

i 1
mia= g [Uz(ﬁ)»H —Ans) — w*(hgs — 6is)
+ <—2v2w2 (hrsOhg — Thas) + 6rs(6hm + Ams))

1/2
+ 0 O + 2ns)? + s +6)?) |

The interaction eigenstates don’t coincide with mass eigenstates. A mixing angle that correlates
the two bases will be introduced.

3.2. Minimum equations

We can choose freely the energy scale of the renormalized theory. Depending of the values
of the running parameter of the model, we can have a potential with a minimum in the origin if
4rgrs — A%, s > 0, or a saddle point in the other case. To simplify calculations, we choose the
critical scale where 4Ag\is — A%{ ¢=0.In this situation, the tree-level potential has minima on
two straight lines passing for the origin:

v Al 1/4
() ©

As a consequence, one of the two scalar masses is null. This choice is possible because, if we
study the running of the constants as a function of the energy [22], we can see that there is
an energy (. where this condition is satisfied. At this point, we can replace Ag by 4, so the
parameters of the theory become Ay, Ay and the critical scale energy i,.

Now we switch to the effective potential. We impose that the first derivatives of the potential
with respect to the fields cancel:
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Vv
a—:v(kyvz—w2AH3/2)+Th=O,
v
0 _ 2 .2 _
— =w(sw” —vigs/2) + T, =0,
ow

where T), and T represent the one loop tadpoles related to the two scalars.
3.3. Scalar masses

We have seen that the tree-level mass matrix is not diagonal and we call its eigenstates /1
and h,. At one-loop approximation, the pole masses of the two physical scalars are the values of
p for which

det<P2—ﬁ¢%—H11(P2) —M2(p?) )

- =0, 7
—T12(p?) p? — 3 — Mxn(p?) @

where 11 > represent the tree-level masses of the scalars, while IT;; ( p?) represents the one-loop
corrections to the propagator at the energy p2. If we want to consider only the one-loop approx-
imation, off-diagonal terms are not important, and can be neglected, so the pole masses are

M%:r?l%—i-nu(fﬁ%), M22="~1%+H22("~1%)- ®)

In the critical condition we have chosen, one of the tree-level masses of the two scalars can-
cels, so the correction to it wouldn’t be a small perturbation anymore, but it would constitute the
entire value of the observable. Because of this, we compute the one-loop correction of the masses
in two subsequent steps. We split IT(p?) in two parts:

(p?) = [1(0) + ATI(p?). 9

For both diagonal elements and off-diagonal ones, we can obtain IT(0) computing the second
derivatives of V with respect to the fields. ATI( p?) is the contribution due to the wavefunction
renormalization. Given that only I1(0) is proportional to the masses of the heaviest particles, and
so ATI(p?) <« T1(0), we can have a good approximation for the scalar masses computing again
the eigenvalues, but this time we neglect the wavefunction correction. We call these eigenvalues
m1 and m,. As we said before, the off-diagonal terms of these corrections are not important, so
the final expressions for the masses of the scalars are:

M? =m? 4 ATl (m?), M3 =m3 + ATl (m3). (10)

We observe that the one-loop potential doesn’t take into account the renormalization of the
wavefunction. To compute this correction we have to start from the one-loop correction to the
propagators of i1 and h;. More precisely, we can write ATI(p?) = I (p?) — T1(0), so we com-
pute the one-loop contributions to the two-point Green function of each mass eigenstate for a
generic p? and for p =0 and then we do the subtraction.

We introduce the mixing angle «, that is the rotation angle needed to diagonalize the one-loop
mass matrix. It is defined by the relations

hi=hcosa+ssina and hy=scosa —hsina. (11D

The expression for the Higgs one-loop propagator is
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M3k sx (Mx —2p’My + p*) Bo(p*. My, 0) . >
1672 64M3% 72

3Bo(p2,0,0 _
%(Zwks sina — vAgscosa)?
b1
3Bo(p?,0,0
%(21})@ cosa — whpyssina)?
b4
2 2 a2
By (P ,Mhl,Mhz) N . 5 . s
+ 3972 (UAHS cos” o — 2wA g s sinw cos“ o — 6wl g sin o cos” o

2
— 6viy sin® o cos o — 2uhgs sin® o cos o + WAHS sin’ oz)

2 2 2
Bo (p2. M}, M},)
3272

+ (vAHS cos’ o + 6vAy sina cos’a + 2vAgs Sina cos’ o

2

2
—2wAgs sin® a cosar — 6wlgsin” @ cosa — wiys sin’ 01)

980 (p? M7, M)
3272

’g

+ <2ka cos> o + wAgsin® o

2
— AHS (w sina cos® @ + vsin® cosa))

349 <M51> (hhcos*a — Ay sin? @ cos? o + Ag sin® a)
+

1672
Ag (Mﬁz) ((6Ap +4rps + 6hg) cos*asin®a — Ay (cos* o + sin* )
12
+ 92 (12)
In this formula Ag and By are the Passarino—Veltman functions:
1 1
Ao(m?) = dg? ——— 13
om”) inD/2f q g2 —m?+ie (13)
1 1

B z,mz,m2 =_—/dD . 14
o) = o | M oW+ PR —mi i (o

3.4. Dark matter abundance

We assume that DM is a thermal relic, so we are going to describe which processes are im-
portant during DM freeze-out. We have to consider the annihilation processes, i.e. XX — h;h;
(Fig. 1), XX - WW, XX — ZZ and XX — ¢t (Fig. 2). Moreover, we have to take into account
the semiannihilation processes X X — Xh; (Fig. 3). Since DM is cold, we considered only the
non-relativistic limit.

There are six contributions to the annihilation cross-section: the first one has two & particles
in the final state, the third one has two /i, particles, while the second one has one of each scalar.
The last three contributions are related respectively to the production of a couple of W, a couple
of Z or a couple of Top quarks.
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Fig. 3. Feynman diagrams for the semiannihilation process of the DM.
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The semiannihilation cross section is

32
gk (M, — 1007 M3 +9M% )" sin’(@)

OsemiannV =

1287 M, (M7, - 3M)2()2

3/2
gk (M, — 10M2 M3 + oM} )" cos?(@)

N (24)

2
1287 M}, (MZ, - 3M3 )

We observe that in the limit of small Agg, we get the same result of the approximated com-
putation of [22].

Calling oyny and ogemiann the non-relativistic cross sections of these processes, we can say the
experimental Dark Matter abundance is reproduced if [22,23]

1 —26 3 -9 -2
OannV + Easemiannv =22x10 cm’/s=1.83 x 1077 GeV™ -, 25)

where v is the relative velocity between the initial particles. We added a factor 1/2 for the semi-
annihilations because the number of DM particles drops only by one unit, so their contribution
to the total annihilation of the DM is just one half of the contribution of the annihilations. We
averaged these cross sections over the polarizations of the vectors and over their SU(2)x indices.

3.5. Corrections to the VEV of the Higgs

The VEV of the Higgs is fixed by the amplitude of the muon decay process. The relation
between the Higgs VEV and the Fermi constant G is

G 1
7‘2": Sz (1A, (26)

where Ar encloses all the contributions given by the corrections to the W boson propagator.
In tree-level approximation we have Ar = 0. The experimental value of the Fermi constant is
1.16637 x 107> GeV~2, so, considering only tree-level diagrams we obtain v ~~ 246.22 GeV
from the previous relation.

We include one-loop corrections: Ar is given by

ArooP) = APSM(My, — My, ) cos® a + ArSM (M, — My,) sin’a, @7)

where ArSM is the known SM result [24] in the Landau gauge &y = &7 = &x = 0.
4. Results

Now we have to write a system of equations, imposing that our observables agree with the
experimental data. We introduced six parameters in this model, but the presently available ob-
servables that we computed give us only five conditions, so we choose gx as the only free
parameter. We find the values of Ay, Ay, ,u*2, v and w:
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avlluop
o =0

avlloop _
s =0

M} =mj + ATI(p?) = (125.6 GeV)? (28)
1 - -2

S50+ ArooP)y — G =1.16637 x 107> GeV

Oann¥ + $0semiann? = 2.2 x 10726 cm? /s = 1.83 x 10~ GeV~>

This system has to be solved in two cases, because we don’t know which of the eigenvalues
of the one-loop mass matrix corresponds to the Higgs. Then, we have to compute the solution for
every value of gx. We have a set of solutions showing us the values of the parameters of the model
as a function of gx. With these data we plot the predicted cross section for the production of the
new scalar as a function of the mass of the scalar itself, and a diagram of the spin-independent
cross section for direct detection of the Dark Matter as a function of the mass of the DM particle
and of the free parameter.

In the limit where we are taking into account only gauge interactions, our results reproduce
those of [22].

The plots report the bounds given by LEP experiments for energies lower than the Higgs mass
and by ATLAS and CMS experiments for greater energies. The bounds of the LEP experiments
are the 95% confidence level of the ratio o/oSM, where o is the measured production cross
section of the Higgs, while oM is its theoretical value for the SM [25]. The bounds given by
ATLAS and CMS at large mass are the 95% CL upper limits on the production cross section
of a Higgs boson: h — WW searches are plotted as dashed curves and 7 — WW searches as
dot-dashed curves [1,26,27]. In Fig. 4, we present the spin independent cross section for direct
detection in the complete case. The bounds are the 90% confidence level of spin-independent
DM-nucleon scattering cross section. The model is not excluded by XENON2012 and LUX2013
data for gx = 0.8 [28,29].

5. RGE analysis

After finding the values of the parameters of the model around the weak scale, now we have
to explore the behavior of these parameters at high energy. To do this, first we must find the
renormalization group equations (RGEs) for the theory. We can get these equations starting from
those of the Standard Model. In particular, the scalar quartic coupling has an extra term due to
the interaction between the Higgs boson and the new scalar boson:

diy 9 27 9 9
4yt = (12g7 —9gD)An — 6 gt + 3
(4m) dinp (12g; — 581 82) H— g, + — 200 208281 + ng
+ 2405 +22% ¢ 29)
The new coupling constants RGEs are
ng 43 4 1 259 5
47)? =—— 30
( 7T) 68)( (47_[)2 6 —8x (30)
2d HS 2 9., 2 9., 2
(4m) M_AHS(6gt ~58x T o8 —§g2+12ky+12ks)—4AHS (31)
2 d As

(@)

9
= —9g%As + 3 gy + 203 ¢+ 2423 (32)
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Fig. 4. Our final result: above, the prediction of the complete model for the production cross section of the new scalar.
Below we report the prediction for the cross section for DM direct detection. These quantities are plotted as a function of
the parameter gy, that varies accordingly to the colors on the legend. For a comparison, in these diagrams we leave the
data of the approximated case as smaller points. The grey areas are excluded by LEP or CMS and ATLAS experiments
for the diagram above, while the bounds come from XENON2012 and from LUX2013 experiments for the diagram
below (see Section 4 for more detail on the bounds). (For interpretation of the colors in this figure legend, the reader is
referred to the web version of this article.)

The other RGEs of the SM are not affected by the new sector of this model, so they remain
exactly the same. In our computation we set the mass of the Higgs boson equal to 125.9 GeV
and the Top quark mass equal to 173 GeV.

The results are represented in Fig. 5. First, we considered the case in which gy = 1 at the
weak scale. We observe that for this value the problem of the vacuum instability of the SM is not
solved yet. Since in this article we considered gy as a free parameter of the theory, we studied
if there is an interval for which the quartic coupling of the Higgs boson never becomes negative,
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for every energy scale. In the second diagram we see the running of the quartic scalar coupling
from the weak scale to the Planck scale for a restricted range of values for the parameter gy. We
can say that the minimum is stable for gx < 0.695 that corresponds to a mass of the new scalar
lower than 53 GeV.

6. Conclusions

We considered an extension of the SM that describes the Dark Matter and proposes a reinter-
pretation to the hierarchy problem.

In the context of “finite naturalness”, we introduced a model without a mass term for the
Higgs. The masses of the particles arise from a Coleman—Weinberg mechanism, so spontaneous
symmetry breaking does not occur at tree-level, but is generated by the radiative corrections to the
theory. We supposed that there is a new particle S, scalar doublet under an extra group SU(2)x,
and new vector bosons X of the same gauge group. The only communication between this new
sector and the SM is through the so-called “Higgs portal”, that is the quartic vertex between two
Higgs fields and two S fields. The VEVs of the two scalars are fixed by the one-loop potential;
the interactions with the scalars give mass to all the particles of the model.

We introduced the vector boson X of SU(2)y, that is a good candidate to represent the Dark
Matter. It has a mass of about 1 TeV, and if we make a rough estimate, this is the order of mag-
nitude of the scale where the mass of the DM particle is expected, assuming it is a thermal relict.
Furthermore, this particle has to be stable. Some theories have to introduce special symmetries
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with the specific purpose of keeping the DM particle stable. In our model, X vectors are au-
tomatically stable, because of the gauge symmetry and because of the particle content of the
theory.

Another peculiarity of this simple model is the presence of only one free parameter. The other
parameters introduced in the model are fixed by the experimental values of the DM cosmological
abundance, of the Fermi constant and of the Higgs mass.

The original work presented in this article consisted in performing for the first time a precise
computation of the predictions of the model for the LHC and for direct detection experiments.
The new computation includes for the first time a full one-loop computation of the scalar masses
and of the effective potential, and a full tree-level computation of the DM annihilations and
semi-annihilations relevant for the thermal DM abundance.

In our computation the numerical solving algorithm of the system converges to an acceptable
solution for a bigger number of values of the free parameter than in the previous works on this
model. For example, in the diagram of the direct detection cross section of the DM of [22], there
were no points for the values gx &~ 0.9, that correspond to a mass of the new scalar almost equal
to the Higgs mass.

Given the mass M, of the extra scalar, the cross section for its production for LHC increases
by a factor &1.3 with respect to the approximated computation. This cross section is compatible
with the experiments in a small range around gx ~ 0.9 when the new scalar is lighter than Higgs,
and for gx = 1.0 when it is heavier.

From the LUX2013 and XENON2012 we get a constrain on the free parameter: the prediction
for the DM direct detection is compatible with the bounds for gx = 0.8, that corresponds to a
mass of the DM particle 2 700 GeV.

We considered also the behavior of the coupling constant at high energy, studying their run-
ning through the RGEs. We can see that there are some values of the free parameter, that is
the gauge coupling gx, the Higgs quartic coupling stays automatically positive at all the energy
scales: this case occurs for gx < 0.695, that is for a new scalar lighter than 53 GeV. Obviously
this case has already been disfavored by the other analysis done in this article, so the question
about the instability of the vacuum remains open, and more new physics is needed to solve this
problem.

The collaborations of the new experiments LZ and XENONIT claim that their detectors will
probe spin independent cross sections of the DM direct detection almost 2 or 3 orders of magni-
tude lower than the actual values reached by LUX and XENON100. This sensitivity will surely
be enough to directly detect the new DM particle of this model in a mass range around 1 TeV.
Considering the substantial increase in luminosity of LHC and simulations made by ATLAS and
CMS (for example see [30]), we expect that the new run of the LHC will see the new scalar
boson if it has a mass < 200 GeV.
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