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1. Introduction onances at the Large Hadron Collider (LHC), possibly from
new scalar particles, have added to the interest in these mod-
The Standard Model (SM) of particle physics has become &Is. Although the global significance of these excesses is
paradigm and is considered one of humanity’s greatest sciesmall, the vast amount of data yet to be collected and ana-
tific achievements. However, it still has several unansweredyzed at the LHC makes it an exciting prospect to study the
questions, such as the baryon asymmetry, the muon anomgossibility of an extended scalar sector and its phenomenol-
lous magnetic moment, the hierarchy and strong CP probegy.
lems, and the existence of dark matter. One proposed solu- In this letter, we briefly describe that it is also possible to
tion to these problems is the addition of discrete symmetriesonstrain discrete flavor symmetries by analysing the scalar
to the SM, which can have interesting consequences. sector phenomenology, where e.g. limits from experimental

In Beyond the Standard Model (BSM) theories, discreteScalar searches complement nicely othgr constraints from the
symmetries can be used to predict fermion masses. Thedaatter or dark matter sectors. For brevity, we shall foc_us on
symmetries can be spontaneously broken, resulting in realighe scalar and dark matter (DM) sectors of ¢esymmetric
tic fermion mass hierarchies and mixing patterns. In soménodel considered in Ref. [1], where a complete and detailed
models, light active neutrinos have tiny masses due to agnalysis can be found.
inverse seesaw mechanism mediated by three right-handed
Majorana neutrinos. These models successfully accomma, Q4 Model
date experimental values of SM fermion mass and mixing

parameters. Constraints on these models come from the majye present an analysis for a BSM model with non-abelian
ter sector, where fermion mass spectra and mixing patterngy4 discrete symmetry. The discrete symmetry denominated
as well as strong experimental limits from flavor changingby Dy is the symmetry of a regular polygon &f sides, and
neutral currents, limit these theories. occurs in naturee.g, in poly-atomic molecules. The dis-
Some BSM theories propose the addition of multiplecrete non-abelian grou@,, also known as the binary dihe-
scalar doublets, as well as scalar singlets or triplets. These egral group, can be seen as the group covebgf and has
tensions are partially motivated by top-down theoretical conpseudo-real representations which is advantageous for chi-
structions such as supersymmetric models, which require &l theories. In this model we propose a scalar sector with
minimum of two scalar doublets. Recent hints of new restwo Higgs doublet&;, =5, and one real scalar singletthat
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mixes with the CP-even scalar. The scalar singlet is furthewheretan 8 = vz, /vz, is the quotient of the vevs of the dou-
coupled to a right-handed heavy neutriiiavhich is the DM blets,v, andv are they and the SM vevs respectively. For
candidate. We proceed to briefly describe the scalar and DNhe CP-even neutral scalars, we can write the mass matrix as:
sectors phenomenology for this model.

Due to the mixing of the singlet with the real parts of the 9 a d f
neutral scalars, we have three CP-even physical scalars, one Mgcaiar= | d b e |, ®)
of which corresponds to an SM Higgs-like partidlewe take fe ¢

the other two scalars, denotéfy and H as heavier. For the
numerical analysis of this model, we mainly focus on collider

Iimits' for the new scalars predicted by the inclusion of the ex- a =m2ytan B + A v cos? 8,
tra Higgs doublet and the phenomenology from direct detec- ) o
tion (DD) and relic abundance limits. The low energy scalar b =mj,cot 3+ A v”sin” B,
potential is given by = V; + V5, where for the doublets; . 2

— ’ H : : H c= A(Iﬁ ’U¢n
and=, we’'ll take the simple CP-conserving potential given
by: d = —m?2y + X345 v* cos Bsin 3,

Vi = m3, 212 + m2,ElE, — m, (E{EQ n 5;51) e = Ao v, sin 3,
f=Arvvgcosf. (6)

The neutral scalar mass matrix is diagonalized by the mixing
e oot A5 (=i V2 (=te )2 matrix ZH
+ )\45152:;:1 + 22 |:(:J{.:2) + (:;:1) ] , (D) atrix 2™ such that

H 2 2 2 _ H 2 HT
with all parameters real while for the second part involving diag(mj,, mr, mys) = 27 Mscand " - Q)
the singletp we will take simply: We find for the masses [7]:

A
Vo = p2e® + 2ot

1
2 m%:g(a—&—b—i—c—2«/301005[55/3])7
+ M @?EIE) + Aop?ElE,. ) 1
! ? miy = 5 (a+b+ct 2/ cos[(E - m)/3),

Note that after Electroweak Symmetry Breaking (EWSB), |
the above scalar potential induces a mixing between the neu- 2 =
tral scalar compo%ents af, and=, and théJ singletp. As Hs ™ 3 (a+b+et2yaicos|(E +m/3),  (8)
a result, the field content of the model arises from the threg ;oo
field mass eigenstates from this mixing; H and Hs, to-
gether with the pseudo scaldrand the electrically charged 5, — 42 4+ 52 4 2 — ab — ac — be + 3(d* + f2 + €%), (9)
scalarH ™.
From the minimization conditions we eliminate?,, and
m3y andui in terms of the remaining parameters, this how-
ever only means we would be sitting in an extreme of the arctan <M> 2y >0,
potential. To ensure that the values of the parameters corre- _ -
spond in fact to a minimum, we check numerically duringthe = = /2 vz =0, (10)
scan of parameter space the stability of the potential at a given arctan <V4“"31‘T3> + 7 29 <0,
point using the public todEVADE[2, 3], which features the
minimization of the scalar potential through polynomial ho- yith
motopy continuation [4] and an estimation of the decay rate
of a false vacuum [5,6]. We apply a hard cut on the parameter 5, = —(2a—b—¢)(2b—a —c)(2¢c —a—D)
points that do not satisfy the stability criteria.
From the scalar potential, we obtain the mass matrices for — 5ddef +9[(2c —a — b)d* + (2b —a — ¢) f*
the different scalar particles. The charged and pseudoscalar +(2a—b— ). (11)
cases contain the two SM massless Goldstone states (the lon-
gitudinal modes of the SM massive gauge bosons). The physyote that=, < [—7/2,3m/2] som?, is always grater than
ical particles have masses given by: m3 butm?, can be smaller tham,,, this is an attractive
3) feature of the model since there are some potential excesses
in searches for light Higgs bosons reported by CMS [8].
2 9 1, We take into account experimental constraints from scalar
Migs = miy cscfisec s — 2Y A+ 2s), “) searches at colliders using the public tétiggsBounds

M?% = m?2, csc fsec f — v2 s,
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[9, 10] and applying a hard cut on parameter space points We include the information from the measured values
not complying with these limits. For the numerical com- of the relic densityQ2h? ..« @and Higgs massn,, as basic
putations we implement the model 8ARAH[11-14] from  Gaussian likelihood<, and L,,, respectively. We also
which we generate corresponding model files for some of thinclude a likelihood functionpp based on results from
other tools using th&ARAH-SPheno framework [15-17]. the XENONALT Direct Detection Experiment, we then max-
When testing a given point of parameter space, for positivitimize over the model's parameter space the composite log-
and stability of the scalar potential we US¥ADE while ex-  likelihood

clusion limits from scalar searches at Tevatron, LEP and the

LHC are implemented with the aid ¢figgsBounds [10]. log £ = log Lpp + log L + log Ly, - 12)

We impose hard cuts discarding points not complying with i

these constraints. For points not filtered by the previous hard N Fig- 1 we present the low energy scalar mass spec-

cuts, we calculate numerically the model predicted obser/if@ Of the model, the regions of parameter space that better

ables that are used to construct a composite likelihood fund?atch high values of the composite log-likelihood are shown

tion. We calculate the couplings and decay branching ratio&S Pright zones, and the best fit point (BFP) i,S marked with a
of the 125 GeV SM Higgs-like and the rest of the scalars St&r- For the best fit point, we find thai Eq. (L1) is nega-

with the help of theSARAHgeneratePheno code. Forthe tVe and in turn=; is very close tor. We thus find that the
numerical calculation of the relic density, we use the capabilSc@lart! is markedly heavier thaf/s, which is around twice

ities of Micromegas [18-21]. Finally, we perform the scan 2S heavy as the SM-like Higds Note that preferred values

+
of the parameter space and construct the likelihood profile€f the charged scaldi™ mass are around 400 GeV, however
usingDiver [22,23] (in standalone mode). there are zones that also have high values of the likelihood

function below 200 GeV.
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FIGURE 1. Composite likelihoods as functions of the scalar massesang@. Contours of 68% and 95% of CL are drawn and the best fit
point is marked with a star.
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For this model, the DM candidat® couples to fermions here E; is the nucleon recoil energy, 5 the nucleon mass
thanks to the mixing between the scalars through a couplingndv the DM velocity. The scattering amplituti! (averaged
yaUWe. For simplicity, we will assume the DM Yukawa over initial spins and summed over final spins) receives the
couplingyg, to be real. In the left panel of Fig. 2 we present contribution of three diagrams (one for each scalar mediator)
the likelihood profile as a function of the mass of the DM can-of the form:
didate and its relic density (but not including the likelihood
from the relic density, the corresponding plot with the full My,
log-likelihood is just a slim horizontal bright band around the
Planck measured value). We infer from this figure that DM
candidate masses below?2.5 TeV predict relic abundances
greater than the observed Planck valu®.a which would
imply an overproduction of DM during the freeze out epoch,
ano_l thus are excluded despite having a bz_ind of pomt_s com- ok, = Z @Cijly, (19)
patible with other observables sucheg direct detection ?
limits. We observed also that, assuming the DM candidate
comprises 100% of the dark matter of the universe, its masaith m, the quark valence masses aﬁﬁfq expresses the
can only be around 2.5 and~ 20 TeV. quark-mass contributions to the nucleon mass. Numerical

The DM candidate couples to fermions thanks to the mix-values for the latter can be founelg, in Ref. [24] and refer-
ing between the scalars. For simplicity, we will assume thesnces therein. The momentum transfer is related to the recoill
DM Yukawa couplingy, to be real, then the only parity energy througly?> = 2my ER, so that the total DM-nucleon
conserving effective DM-quark interactions mediated by thespin independent cross section reads:
physical scalars take the general form:

dO’N

wC : Sl _

Let = Y WGck W hy+ Y qckq hy, (13) oN = /O B dER, (20)
k k.q

= ———5CyCp OssrOppr, 18
wheres, s’ andr, r’ denote DM and nucleon spin indices re-
spectively,g is the momentum transfem;,, the mass of the
scalar mediators and; is defined as

q

with the maximum recoil ener iven b
where the sums are over the quark fieldand the phys- 99 y

ical scalarsh, = h,H, Hs. The effective couplings?, max | 2022
and ¢} are functions of the free parameters and can be ob- Ep™ = my (21)
tained explicitly from the Feynman rules of the model, we

find (k, ¢ = 1,2, 3 and no summation over repeated indices):# being the DM-nucleon reduced mass. _ _
We now present a likelihood analysis involving publicly

ch = Zit ya, (14)  available data from the direct dectection XENON1T experi-
ment [25]. We make use of the capabilities of the numerical
tool DDCalc to compute the Poisson likelihood given by

and ford, s andb type quarks:

1 d) 3 (d
ch =528 (ol USR U + N ol U U (b+ 5)e—+9)

Lpp = o , (22)
Uk [A5 2D Uil 4 36 £ UdLD +cc, (15 _ ' ,
e 22 T 12l (13) whereo is the number of observed events in the detector and
while for u, c andt quarks we have: b is the expected background count. From the model’s pre-
dicted DM-nucleon cross sections E&0) as inputDDCalc
1 . .
k_ 8 .(u) rruRs yruls H | \4  (4) rruRs pruls o H computes the number of expected signal everitsr given
=— (A U, U™ Z: 1+ U, Us™*Z
‘=3 ( i Y Ut 2 tA ray Uga Ug2™ 2 DM local halo and velocity distribution models (we use the

tool's default models, for specific details on the implementa-
UL { {)\2 2 Uk + A1 AP UéﬁL*} zh tion such as simulation of the detector efficiencies and accep-
tance rates, possible binning etc. see [27, 28]). In the right
panel of Fig. 2, we present the profile likelihood normalized
+ 2 U Z,le +c.c, (16)  to the value of£ at the best fit point (signaled by a star) as-
suming the DM candidate constitutes 100% of the DM in the
where we have denoted the quark mixing matrices b)}Jniverse. The plot shows the depender)cg of the likelihood
U#(L.R) to avoid index cluttering and is the Wolfenstein N the DM mass and the DM-proton spin independent (Sl)
parameter. The quark Yukawa couplingé/® are listed in ~ Cr0SS section; contours of 68% and 95% of confidence level

Ref. [1], from which we obtain the DM-nucleon differential (CL) aré drawn. We also depict the 90% CL upper limit on

scattering cross section (in the non-relativistic limit): the SI cross section from the XENONIT (&tyr) experi-
ment [25], alongside with the multi ton-scale time projection
don _ 1 |ﬂ 2 (17) to 200 tx yr of reference [29] and an estimation of the neu-
dER 3277Mq,va2 ’

trino floor [30]. We note that almost all the region consistent
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FIGURE 2. Left panel: Composite likelihood (hot including the relic density likelihood) as a function of the DM candidate mass and its relic
density. The Planck measured value [26] is marked by the dashed horizontal line. Right panel: Composite likelihood as a function of the DM
candidate mass and S| DM-proton cross section for the case that the candidate represents 100% of the DM in the Universe. Contours of 689
and 95% of CL are drawn, and also shown are the 90% CL upper limit from thieyttXENON1T experiment, the multi ton projection to

200tx 1yr and the neutrino floor. The best fit point is marked with a star.

with the constraints including the BFP (at a mass~of bility of the scalar potentials, the dark matter relic density and

6.66TeV corresponding to a cross section of 1.14 x current and future direct detection experiments sets stringent

10~%5 cn?) lies below the zone currently excluded by the limits on the parameter space of the model. In particular,

XENONI1T experiment. However, the figure also makes itin this kind of models where the discrete symmetry is also

evident that the multi ton projection to 200tyr will be ca-  present in the scalar sector, the analysis of the characteristics

pable of probing zones well below the BFP of the model.  and phenomenology gives rise to constraints that enlarge the
set of usual ones from the matter sector sucleag,FCNC.
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