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In this work we study an extension of the Standard Model (SM) by comparing two models which explain the
origin of the experimental hints of lepton flavor universality violation in b — sl™1~ decays, the long-standing muon
(g — 2) anomaly and the dark matter (DM) problem. The b decays and the muon (g — 2) anomalies are explained by
additional one-loop diagrams with DM candidates. Besides the Standard Model fields, the models have a colourless
fermion field, a colourless scalar field and a coloured scalar field. In one model, the fermion is an SU(2)r doublet
and the scalars are SU(2), singlets, while in the other the fermion is an SU(2)r singlet and the scalars are SU(2)r,
doublets. After studying the dark matter and flavour physics phenomenology of the models, we perform a parameter
scan and search for the parameter space of the models which explains all three new physics phenomena simultaneously.
We conclude that both models can explain all previously mentioned issues simultaneously while also satisfying other
flavour and DM constraints. However, there are crucial differences between how the DM constraints affect the two
models, leading to a noticeable difference in the allowed DM mass.
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1. Introduction

Although the SM is currently the best theory to describe
particle physics, it still leaves some aspects of the universe
to be explained (such as neutrino masses, baryon asym-
metry in the universe, among other problems), leading us
to believe that the theory is in fact incomplete and needs
to incorporate new physics (NP) to account for all these
observations. One of the main problems at the core of any
extension of the Standard Model (SM) is the existence of
dark matter (DM). Although it is not at all clear if DM
will manifest itself as a particle, this is certainly an avenue
of research that is worth exploring. However, there are no
restrictions regarding the nature of the DM particle. Not
only the allowed mass range is almost unconstrained, but
also its quantum numbers are unknown. Therefore, as long
as the experimental results are in agreement with the pro-
posed DM candidate in a given model, all possibilities are
valid in principle. It would be interesting to have a DM
candidate that could also solve discrepancies observed in
other and apparently unrelated experiments.

A recent hint of NP is the observed anomaly in the
semileptonic decay rate of the B meson, which suggests a
violation of lepton flavour universality: the measurement
of the ratios of the branching fractions
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was obtained by the LHCb Collaboration [1, 2, 3] with
values
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where ¢ is the dilepton mass squared in the process. How-
ever, the Standard model predictions [4, 5] are

R(K) = 1.0004(8), ¢ €[1,1,6]GeV? (4)

and:
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One should note that these experimental results are clean
probes of NP: the discrepancies in the values R(K*)) can-
not be due to unconsidered QCD effects since the hadronic
terms in the expression cancel out [4].

There are also other important hints of new physics like
the long-standing low energy flavour anomaly involving
the measurement of the anomalous magnetic moment of
the muon (g — 2),, [6, 7]. The most recent prediction of
this quantity in the SM [8] has a 4.2¢ discrepancy from
the experimental measurement [9, 10]. If we define Aa,
as the experimental difference between the experimental

measurement value a7;? and the SM prediction aﬁM , we
obtain
X SM —11
Aay = a;® —a,™ ~ (251 £59) x 107+, (6)

where the error results from a combination of the theoret-
ical and experimental uncertainties. It is expected in the
future that results from J-PARC [11] and Fermilab [12]
will be able to reduce this experimental uncertainty.

The goal of this work is to solve the problems mentioned
above while simultaneously providing an origin for a DM
candidate. In a previous work [13] a model was proposed
by extending the work [14] which added three new fields
to the SM: an SU(3). coloured scalar which is also an
SU(2)r, singlet, @3, one SU(2)y, singlet colourless scalar,
®,, and one SU(2); doublet vectorlike fermion, x, with
0, %1 electric charge. In this work we will discuss a new
model where instead the scalars are SU(2)r doublets and
the fermion is an SU(2), singlet. We wish to understand
what is the role played by the group representations in
providing a simultaneous solution to the three problems.
While the Yukawa Lagrangian has a similar structure, the
scalar potential is different in the two cases. More impor-
tantly, in this new model the scalars will couple to gauge



bosons giving rise to the possibility of a change in DM
related observables.

2. The Model

As mentioned before, In the previous work [13] a model
was considered where three new fields were added to the
SM:

e A colourless scalar ¢o;
e A coloured scalar ¢s;

e A vectorlike fermion x which may have a charge 0 or
+1.

In that work (model 5), the scalars were SU(2), singlets
while the fermion was an SU(2), doublet. Our goal is to
compare it to the scenario where scalars are SU(2)r dou-
blets and the fermion is an SU(2), singlet: this model will
be called model 3. The complete set of quantum numbers
is shown in tables 2 and 2 for models 3 and 5, respectively:

| SU3). | SU(2)L | UQ1)y

XR 1 1 —1
o2 1 2 1/2
@3 3 2 7/6

Table 1: Charge assignment of the new fields for model 3.

| SU3). | SU(2)L | UQ1)y

X 1 2 12
b2 1 1 0
bs 3 1 273

Table 2: Charge assignment of the new fields for model 5.

where all fields are odd under a Z5 symmetry, meaning
that the allowed terms in the potential are formed by field
combinations where each field may only appear an even
number of times (and the allowed terms have at most mass

dimension 4). The Yukawa Lagrangean 7 connects the
dark sector with the SM one and is necessary to explain
the B anomalies via one-loop diagrams. The charge of the
new particles is defined by the interaction

LYY = y0iQrivsxr + yrilridax + hec., (7)

where yg; and yr,; are constants, Qr; and L, are the SM
left-handed doublets for quarks and leptons and y g is the
right-handed component of the new fermion. Therefore,
for model 3 we have

e A fermion singlet yr with charge —1;

e A coloured scalar doublet ¢35, with ¢f =
;‘2/3 ¢;5/3], where (;5;2/3 and ¢;5/3 are complex

scalar fields with electric charge +5/3 and +2/3 re-

spectively;

doublet ¢y, with ¢f =

}, where (;5; 1'is a complex scalar field

e A colourless scalar

1 S4id
o
with charge +1 and we separated the lower compo-
nent of the doublet in its real and imaginary parts S
and A, which are real scalar fields with no charge and
opposite CP parities;

while for model 5 we obtain

e A fermion doublet y, with x© = (x°,x~), where
X" and x~ are complex fermionic fields with electric
charge 0 and —1 respectively;

e A coloured scalar singlet (;5;2/ 3

+2/3;

with electric charge

e A colourless neutral scalar singlet ¢o, which can be
separated in its real and imaginary part as ¢o = (S +

iA)/V2.

The SM and DM sectors also interact via the scalar
potential. In model 3, where the scalars are SU(2)r dou-
blets, the scalar potential is given by (with all parameters
real)

V(H, ¢, ¢q) = — ma1|61]” + maaldal” + maslos|® + Milor|* + Aalda|* — /\3|¢3,a|2|¢3,b|2+
+ 2|61 P d2]? + Misldr s ]® + Aasld2?|al” + As[(6]62)? + (6561)%)

F N0 92) (0L - 1) + N3 (9] - 63) (05 - h1) + Nas (0 - 83) (8] - d2)p

+y3(B) - T 1) (B] - T - ba) + Yoz (PL - To - B2)(Ph - T2 - B3)

where ¢ is the usual Higgs field in unitary gauge ¢7 —

0 U’f/'gh}, with v being the vacuum expectation value

(vev) v &~ 246 GeV and h the SM Higgs field. Further-
more, oy is the second Pauli matrix. Note that usually
the colour indices in ¢3 are omitted and a summation over
colour is implied, except for the term proportional to A3
where the colour indices may be different. The remaining
terms include the possibilities invariant under all symme-
tries when ¢3 is present.

Since only the SM-Higgs-Doublet acquires a vev, we ob-
tain a minimization condition of m?; = v?)\; and thus the
scalar potential has 15 free parameters. We chose as the
free input parameters of the potential the masses of the
scalar fields and the quartic parameters As, Az, A\12, A13,
23, Abs, y13 and yo3 are fixed by the W mass. Therefore,



the following parameters were fixed
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where mg, ma, mg, are the masses of the colourless scalars

S, A and ¢; and Mts/s, Myta/s are the masses of the
q

coloured scalars ¢+5/ s, s /3 Model 5 could have a
fermionic candidate for DM. In model 3, the DM can-
didate can only be one of the neutral components of ¢o,
either S or A, similarly to what was done on the previous
work [13]. Since the two DM candidates are identical in
terms of DM and flavor phenomenology, we may assume
that Mg < M4 so that S comprises the whole DM den-
sity. This condition implies that Ajoui /A < 0.

Moreover, the Dirac mass of the fermion x is given by
the Lagrangean term m, Xz Xgr + h.c. and the Yukawa in-
teraction (7) can be rewritten as

L :ydi(uijVjiX_(b;S/g + diix_¢;2/3)+

f/L%x*(S + iA)) Y he.,
where y4; are the coupling constants for the quarks in
their mass eigenstates and V is the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. For simplicity, we only take ys,
ys and y, to be non-zero.

Finally, since we introduced new particles to the SM, for
model 3 we must also introduce the electroweak oblique
parameters S, T and U [15, 16], which are able to quantify
deviations from the SM due to corrections on the two-point
functions using electroweak data [17]. Therefore, one can
write for the total two point function

Hab(QZ) = Hasy(QQ) + 6Hab(q2) )

where a,b can be one of the gauge bosons v, Z and W=,
¢? is the external squared momentum and 811, is the new
physics contributions. In model 5, the contributions for
these parameters is zero because both fields are SU(2)y,
singlets and the two components in the doublet fermion
x have the same mass, leading to a vanishing to the elec-
troweak oblique parameters at one-loop level. In this work
we only considered the limits on the parameter T. The
fermion x has a vanishing contribution to T (because the
fermion vacuum polarization diagram at one-loop is zero
in the limit where the momentum goes to zero, similarly to
what happens in QED). Therefore, the only contributions
for the T parameter come from the scalar fields. Following
[18], we considered a general expression for the parameter
T with an arbitrary number of scalar doublets with hy-
percharge +1/2 and scalar singlets. In model 3, if we just
consider ¢1 and ¢5, this corresponds to a 2HDM with a
dark doublet [19] where the NP contribution is given by
[18]:

(9)

+YLi <V_LiX¢?_ +

(10)

T= [F(MF,, M§) + F(M§, M3) — F(M§, M3)],

(11)
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where myy is the mass of the W+ gauge boson, « is the fine
structure constant and g is the SU(2) 1, coupling constant.
The function F(A, B) is given by

A+B

A=B" (12)
Similarly for ¢3, one can prove that the T parameter is
proportional to F(miqu,mi{]d) and thus vanishes, since
the masses of these scalars are set to be equal. Therefore,
the T parameter contribution only comes from the expres-
sion (11), with the limit being used T' = 0.03+0.12, which
will be applied at the end of the scan.

3. Phenomenology

In this section we discuss the flavour constraints of the
model. We must verify that not only we solve the discrep-
ancies observed experimentally but also make sure that the
observables in agreement with the SM predictions are not
modified. Since the phenomenology is identical for both
models, that is, both model 3 and model 5 have the same
NP contributions to the relevant flavour observables, then
we can use the same constraints and analytic expressions
as in [13] for both models.

3.1. Anomalous moment of the muon (g — 2),

We start by analysing the anomalous magnetic moment
of the muon. In model 3, the leading order (LO) NP
contribution comes from one-loop diagrams containing the
fermion y and the scalars S or A and we can write [20]

20 12
Na, = 0L ) 4 Frea)]. (19
with
Foa) = 1—6x+ ?1x22(1—|—_2i;’4— 622 Lnx (14)
and zg(4) = m%(A)/mi.
3.2. B— K*u™pu~ decay
The effects of the loop transition b — syt~ illustrated

in figure 1 can be described using an effective field theory.
For that, we generate an effective Hamiltonian for this new
interaction given by [21, 22]

4G
Hepp = — NG

where Vj;, and V;% are CKM matrix elements, C{'" and
CHF are the Wilson coefficients and Og, Oy are the fol-
lowing operators:

—=Va Vi (Co'P Oy + CIiF O10), (15)

«

Oy = E[g'YVPLb] [ﬂ%M (16)
o, _

Oro = o [5v" Prbllivvsul. (17)

The main contribution to these operators comes from the
box diagram in figure 1 and the respective Wilson coefli-
cients are given by [20, 13]

bo:c N'ysyb lyul?

6471'04m2

Chov = [F(g,,25) + F(z,, )],

(18)
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Figure 1: One-loop Feynman diagram to solve the R(K*))
anomalies.
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Considering the most recent experimental results, the
best fitted values of the Wilson coefficients are OV =
—CNP = [-0.59,-0.30] [23], with a 20 confidence level
and therefore in our scan we will consider the points in
the parameter space that generate values of C3'F within
the 20 range of its central value.

3.3. B — B; mixing
Another relevant constraint associated to the b — s transi-
tion comes from the B, — Bs mixing, which consists on the
phenomena where the Bs meson oscillates between its par-
ticle and antiparticle. Here, the only contribution arises
from the effective operator

HI} = Cpp(sar" Prba)(s57" Prbgs) , (20)
where o and 8 denote the coloured indices. The NP con-
tribution to the Wilson coefficient is given by [20]

oNP _ (ysy3)?

BB 1287727”‘?( F(:L’¢q ) $¢q) ) (21)
with ) l
1— 2%+ 2zinx
F(x, JE) = w (22)

The constraint is set on the mass difference AM, of the
two states B, and B,. We can represent this constraint in
terms of the ratio of the experimental and SM values for
the mass difference, defining the quantity [24]:

AME=P

= qper — 1= 0.094£008 af lo C.L.. (23)

Ram,

One can thus write RZI]\ZS in terms of the NP and SM
Wilson coefficients [24, 25]:

0.8CKE (nm)

Ram, = |1+ S
CBE

(Mb) - 1) (24>

with C’gg (1) being the NP Wilson coefficient at ppg =
1TeV and C5M (1) ~ 7.2 x 107" GeV =2 the correspond-
ing SM value at the scale p; [26].

4. Dark Matter phenomenology

In this section we discuss the constraints arising from DM
physics, taking into account DM relic density observa-
tions, constraints from DM direct detection and collider
searches. The particle S is the chosen DM candidate.
However, choosing A would lead to identical results since

both particles have identical quantum numbers. Since S
is a DM candidate, it must be able to reproduce the cur-
rent DM relic abundance Qparh? = 0.1199 £ 0.0022 [27].
We assume that the DM relic density is originated by a
freeze-out mechanism and thus the number density of S
ng can be obtained through the Boltzmann equation

d
% +3Hng = — (ov) (n% —n%eq)7

where ng,, is the number density of S at equilibrium, H
is the Hubble parameter and (ov) is the thermally aver-
aged DM annihilation cross section times its relative ve-
locity. The Boltzmann equation (25) can be solved nu-
merically using the software MICROMEGAS [28] which
takes into account all possible DM annihilation and co-
annihilation channels. The freeze-in mechanism, which
is also a well-known alternative mechanism that explains
DM abundance cannot be used in this case since our model
requires very weak couplings between the DM particle and
the visible sector O(10719 — 10712) [29].

An interesting aspect of model 3 is that, since the scalar
fields are doublets, they can couple to the gauge bosons,
unlike model 5 where the scalar fields are singlets. This
will drastically change the distribution of the DM relic
abundance. The relevant annihilation and co-annihilation
processes are present in figures 2, 3 for model 3 and 4, 5
for model 5:
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Figure 2: Diagrams for DM Annihilation in model 3; SM
represents all SM massive particles.
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Figure 3: Diagrams for DM Co-annihilation in model 3; f1,
f2 represent all possible SM final states of the s diagram.
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Figure 4: Diagrams for DM Annihilation in model 3; SM
represents all SM massive particles.
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Figure 5: Diagrams for DM Co-annihilation in model 3; fi,
fo represent all possible SM final states of the s diagram.

Besides the relic density constraint, we must take into
account DM direct detection (DD) results which may also
place several constraints on the parameter space of model
3. Currently, the best experimental upper bounds on the
DM direct detection cross section for a mass above 6 GeV
are provided by the PandaX-4T [30] and the XENONI1T
[31] experiments. We will show the three limits in our
plots which will allow to understand the effect of future
DD bounds. In model 3, the dominant DM DD channel
is a tree-level t-channel with a Higgs-like mediation cor-
responding to the scattering process SN — SN (with N
representing a nucleon), which has a cross section

A2+ N 4+ 2X05)2 fam%udy

4 )

o(SN — SN) = ( = -
S

(26)

where fn = 0.3 is an effective Higgs-nucleon coupling, m
is the nucleon mass and pgy is the DM-nucleon reduced
mass [32, 33, 34, 35].

Another source of constraints to the model is the result
of collider searches on DM at LHC, in particular the con-
straint of a SM-Higgs boson decaying into an S pair. For
this decay, which is allowed when mg < my /2, the width
is given by

A N 225202 4m?2
r(h—>55):(”+ 12 ¥ D)7 ) TS @
32mmy, my,

and currently has an upper bound of 0.11 [36]. These are
the DM searches constraints considered in this study. As
we will see, the DM DD limit gives rise to a much stricter
limit than the Higgs invisible width.

5. Results

5.1. Initial scan setup
In this section, we discuss the results obtained for model 3
by performing a multi parameter scan taking into account

the flavour and DM constraints mentioned before, in order
to obtain the allowed parameter space for the model. The
relevant parameters for Model 3 are

yb>ys7y/umx7m¢;5/37m¢q+2/37m57m147m(blv)‘hS> >\2 )

with Aps = A2+ 5+2)5 being the Higgs portal coupling.
It would be expected that the quartic parameters A2z, Abs
and yo3 were also relevant, since they have an impact in
the DM abundance through co-annihilation channels in-
volving the coloured scalar fields. However, since there
is a huge difference between the DM mass and masses of
the coloured scalars, the contribution of these processes to
the relic density will be very small. The values chosen for
these parameters were Aog = A3 = 923 = 1072, The pa-
rameters A3, A1z and y;3 are irrelevant for the discussion
since they have no contribution for the DM and flavour
physics.

The results are divided in two scans: In scan I (figures 6
and 7) our goal was to get a feel for the allowed parameter
space of model 3 by varying its input parameters, while in
scan II we fine-tuned the parameters taking into account
the results from scan I in order to find points that satisfy
all previously mentioned constraints. Therefore, the re-
sults from scan II are our final results. It is necessary to
explain the meaning of each color of the points present in
our figures: all points in the parameter space explain the
B meson data within a 20 confidence interval. The blue
points furthermore explain the DM relic density value, the
green points also satisfy XENONI1T DM DD and collider
searches constraints and the red points additionally satisfy
the muon (g — 2) data within 3o (that is, all constraints
simultaneously).

Before analysing the results, we need to discuss some
simplifications made and the allowed values considered for
the parameter scan: following the reasoning of [13], in the
flavour phenomenology expressions of the B meson decay
and B, — B, mixing, the coupling constants y, and 1
appear exclusively in the combination ysy; and therefore
one may assume they are real and proportional to each
other, with ys = —y,/4. The minus sign appears because
the product must be negative in order to solve the mea-
surements of R(K). Moreover we set |y < 1 for both
scans, 0 < y,, < 47 (scan I) and 1 < y, < 47 (scan II),
where the condition 1 < y,, appears for optimization pur-
poses. We also fix the masses of the coloured scalars at
1.5 TeV, similarly to model 5, and force all other dark sec-
tor particles to be heavier than the DM candidate S by at
least 10 GeV (and at most 1 TeV) in both scans, consid-
ering 5 GeV< Mg < 1 TeV (scan I) which is the average
WIMP mass range, and 5 GeV< Mg < 100 GeV (scan
IT), where the upper limit mg < 100 GeV appears to opti-
mize the scan, since for reasons we will explain ahead mg
is restricted to be below 80 GeV to satisfy the DM con-
straints. For the masses of the remaining scalars, we take
15 GeV< ma,my, < 2 TeV (scan I). In scan II however,
we consider constraints from the precision data and LEP
experiments of the W and Z boson widths. Additionally,
for the decays W+ — S(;Sli,AqSli and Z — SA,ququ to
be kinematically forbidden, the following relations must
be verified

ms +mg, > mw ma + me, > My

mg+myg > mg 2mg, > Mmg .



Moreover, the process ete™ — qSlJrqu also sets the limit
me, > 70 GeV [37]. We also exclude the region where
simultaneously mg < 80 GeV, m4 < 100 GeV and m4 —
mg > 8 GeV, since they would allow a visible di-jet or di-
lepton signal [38]. Thus we have 100 GeV< my < 1.1 TeV
and 70 GeV< mg, < 1.1 TeV in scan II. We also imposed
my > 100 GeV since in scan I we concluded that mg <
80 GeV (and m4—mg > 8 GeV is immediately satisfied by
design). Furthermore, the masses mg, ma and mg, should
be such that A}, and A5 are smaller than the perturbative
limit 47 (in both scans). For the vectorlike fermion x,
we set the lower limit 101.2 GeV< m, < 2 TeV (scan
I) and 101.2 GeV< m, < 1.1 TeV (scan II), where the
lower limit comes from LEP searches for unstable heavy
vectorlike charged leptons [39]. More recent constraints
from the LHC exist for vectorlike leptons, but they do not
apply to our model since those searches assume that the
vectorlike leptons couple to tau leptons [40], or have very
small amounts of missing transverse energy, J,, in the
final states [41]. Regarding the Higgs portal coupling, we
impose |[Aps| < 1 (scan I), which is achieved by setting
107° < A2 < 0.5 and rejecting points where A5 < —0.2
and |Aj5] > 0.1.

As for scan II, we used 1077 < |A\ps| < 1072, and
A12,|As], | Aj2] < 4w, Unlike in model 5 where the Higgs
portal coupling is a completely free parameter, here it de-
pends on the masses of S and ¢; and thus needs to be
fine-tuned in order to be very small (this will be discussed
in more detail ahead). Finally, we consider A2, whose only
contribution is to the DM relic density through the chan-
nels SS — AA,(;S?'(bl_. We take Ay = 107° in order to
suppress the channel contribution to the relic abundance.
A summary of the values used for each parameter in scans
I and II is shown in Tables 3 and 4, respectively:

Yo Ys Yy my (GeV) M /8, M v2/a (GeV)
11 /4 1,47 | [101.2,1100] 1500
[ ms(GeV) [ ma(GeV) [ mg, (GeV) | A2 [ A2 ‘

| 5,1000] | [15,2000] | [15,2000] | [10~°,03] | 0-° |

Table 3: Input values for model 3 scan I. Additionally,
we impose |[Apg| < 1, which is achieved by considering
A5 < —0.2 and |Mj5| > 0.1

Yo Ys Y my (GeV) Mys/s, M2/ (GeV)
[-1,1] —y/4 L 4r [101.2, 1100] 1500
[ ms(GeV) [ ma(GeV) [ mg,(GeV) | 12 [ Ao ‘
[ [5,100] [ [100,1100] | [70,1100] |  <d4x | 10°° \

Table 4: Input values for model 3 scan II. Additionally,
we impose 1077 < |A\ns| < 1072, which is achieved by
considering As, |\]5| < 4.

5.2. Model parameter space

In both models it was possible to find a region of the pa-
rameter space which satisfies all constraints. However, this
region is different for both models, with the main differ-
ence being related to the DM relic density as a function
of its mass, as it can be observed in figure 6:

" 50 0o 500 1000

ms (GeV)

"0 0o 500 1000 510

ms (GeV)
Figure 6: Scan I - DM relic density as a function of the
DM mass for model 3 (left) and model 5 (right). The
cyan points satisfy the B meson anomalies within a 20
confidence value. The red line represents the observed
DM relic density. For model 3, we also take |A4] < 0.2,
[A7] < 0.1 and |A19| < 0.5. For model 5, the parameter
values are the ones used in [13].

We immediately identify the same lower peak on both fig-
ures, around 60 GeV, which corresponds to the region of
SM Higgs resonance mg ~ mp/2. In model 3, the DM
mass has an upper limit of 80 GeV, while for model 5 no
limit is observed. This result can be easily explained since
the scalar fields in model 3 and model 5 have different
SU(2)r, representations: in model 5 the scalar fields are
singlets while in model 3 they are doublets and allowed
to couple to gauge bosons. Therefore, in model 3 the DM
annihilation processes SS — WTW ™ and SS — ZZ are
allowed, which does not happen in model 5. Thus in model
3 the DM relic density is smaller than the value given by
the Planck observation when mg > myy, similarly to what
was observed for the i2HDM [42]. Another distinction be-
tween the models comes from the Higgs portal coupling:
while in model 5 the A\yg parameter can be as small as
desired, in model 3 one has the relation

M2 — M?
Ans =)\12+)\,12+2)\5=)\12+2¥.

(30)
Therefore, to have small values of A5 (of O(1072)), which
is a constraint required by the experimental upper bounds
of the LZ, PandaX-4T and XENONI1T experiment, the
difference between the masses of S and ¢; must be small
or else we must verify that \io is very close to —2(m2s -
m7,)/v®. This condition is shown in figure 7:

1
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Az + Avg' + 2As|
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Figure 7: Scan I - Higgs portal coupling |[Agss| as a func-
tion of the DM mass. The solid black, brown and orange
lines represent an experimental upper bound provided by
the XENONI1T, PANDAX-4T and LZ experiments respec-
tively. The values used for the parameters in the models
are the same as in figure 6.

As opposed to what we see in model 5, all points in



model 3 are excluded due to DM DD and Higgs decay
constraints. Since mg varies between [5,1000] GeV and
the minimum mass difference between S and other new
particle is 10 GeV, then the quantity |2 (m% —m3,)/v*
can only be as small as ~ 0.0066 and therefore the con-
dition Apg < 1072 is extremely unlikely to occur without
forcing A1p & =2 (mg—m3)/v* or ms—mg, to be smaller.
We chose to keep Apg small since the other option would
make the co-annihilation processes more efficient and af-
fect the DM relic density. The main results for model 3
are present in figures 8, 9 and 10 (scan II):

100 200 500 1000

my (GeV) my (GeV)

Figure 8: Scan II - Model 3 parameter space for
(lys|, M,y )(left) and (y,,, m, )(right) considering the param-
eter values 1 < y,, < 4m, 1077 < |Agss| < 1072 and
[Adl; [A7], [Aro] < 4.

ma (GeV)

01 02 03 04 05 06 07 08
Iyl ms (GeV)

Figure 9: Scan II - Model 3 parameter space for
(Y, lys]) (left) and (ma, mg)(right).
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Figure 10: Scan II - Model 3 parameter space for
(|IAmss|, ms)(left) and (mg,, mg)(right). The solid black,
brown and orange lines represent an experimental upper

bound provided by the XENONI1T, PANDAX-4T and LZ
experiments respectively.

We see that the obtained results for the Yukawa cou-
plings are similar to the ones in model 5, which was al-
ready expected since the flavour physics in both mod-
els is the same and the DM constraint do not have a
big impact in the parameter space of these values. We

obtained |y,| > 1.3 and 0.11 < |y,| < 0.65 when all
constraints are satisfied. We also note that, as we al-
ready saw in figure 6, the DM relic density limits the
allowed value for the DM mass at mg < 80 GeV. By
further taking into account the (g — 2) constraint, we ob-
tain 42 GeV< mg < 76 GeV, whereas in model 5 the
allowed mass range was 30 GeV< mg < 350 GeV. This
is a significant change in the allowed parameter space of
the models: in model 3 the DM mass is limited in a very
narrow range, while for model 5 the range is much wider.
For the remaining parameters, we can observe in figure 9
that M4 < 1076 GeV. In figure 10, we present the bounds
from the XENONIT, PandaX-4T and LZ and conclude
that mg, < 621 GeV. The lower limit on mg, was already
expected since it is necessary to keep Ao < 4.

Afterwards, we applied the oblique T parameter to the
allowed parameter space and obtained the following re-
sults, within a 20 confidence value for the T parameter
experimental bound:
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Figure 11: Model 3 parameter space for (|ys|, M, )(left)
and (y,, M, )(right) after applying the T parameter limit.
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Figure 12: Model 3 parameter space for (y,,, |ys|)(left) and
(M4, Mg)(right) after applying the T parameter limit.
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Figure 13: Model 3 parameter space for (Agss, Ms)(left)
and (My,, Mg)(right) after applying the T parameter
limit.

We observe two major changes: the maximum allowed



mass for A goes from 1076 GeV to 877 GeV, and for heav-
ier masses (mgy, > 200 GeV and m4 > 300 GeV), the vast
majority of the allowed parameter space is now excluded.
This is shown on figure 14, where now all points satisfy all
previously mentioned constraints:

1000

200
s (GeV)

Figure 14: Model 3 parameter space for (My,, My) be-
fore applying the oblique parameter T limit(left) and
after(right); The points presented here satisfy all con-
straints. The point color scheme on the right image de-
scribes different values for the T parameter.

As one can see on the right image in figure 14, the effects
of the T parameter is to select regions close to the limit
mg, = ma4, since this leads to T' ~ 0. This is particularly
true for large mass values my, > 200 GeV. However, one
can make the approximation T  (mg, —ma4)/(mg, —ms)
[43] and thus significant mass splits can still be observed
for small values of mg,, where mg, ~ mg. For larger
values of My, , the only way to keep T in its experimental
bound is to have M4 ~ My,, which excludes a significant
part of the parameter space in this region. Although only
the T parameter was considered, the S parameter is not
expected to affect greatly the model, since it only has a
logarithmic dependence on the mass split [43, 42].

6. Conclusions

We studied a model which provides a solution to the
SM problem of lepton universality flavour violation in the
b — sutpu~ decay brought up by the LHCb and Belle col-
laborations. Additionally, this model also solves the muon
(g — 2) anomaly and provides a DM candidate. In a pre-
vious work [13], a similar model was studied which differs
from the present work in the group representation of the
new dark sector scalar and fermion fields: in the previous
model, the vector-like fermion x was an SU(2), doublet
while the complex scalar fields ¢; and ¢, were SU(2), sin-
glets, with ¢4 being an SU(3). triplet. In this model, x is
an SU(2)y, singlet while ¢; and ¢, are doublets.

We wanted to analyse how the different group represen-
tations affect the allowed parameter space of the models.
The Yukawa Lagrangean for both models is such that the
vertices present in the loop process which provides the
NP results are identical, meaning that the contributions
to the flavour observables and (g — 2) are the same. How-
ever, there are two major differences related to the DM
observables: first, in order to explain the DM relic den-
sity value obtained by the Planck Collaboration, the DM
mass must be lower than 80 GeV for model 3, whereas
in model 5, this restriction does not exist. This is due to
the fact that in model 3, the DM scalar field can couple
to the gauge bosons, which allows the annihilation pro-
cesses SS — WTW™ and SS — ZZ to occur, leading
to a small relic density contribution. Second, there is a

huge difference regarding the Higgs portal coupling. While
in Model 5 this parameter is free, in Model 3 it is con-
strained and written as Aggs = Mg + 2(M2 — Mél)/v?
To obtain a small constant, one must either choose Ao
and 2(M32 — M(?,l)/’u2 to be simultaneously small or A\js =
—2(M3 — M, )/v?, with the latter one being the most vi-
able option and the portal coupling values allowed to vary
between 10~7 and 10~2. The constraints coming from g
related experiments are expected to be weak for both mod-
els but could affect the parameter space for points close
to the perturbative limit y,, ~ 4.

In conclusion, the DM constraints are the ones acting
on the models in a dramatically different manner. This
difference is shown in the DM allowed mass range: while
for model 5 the mass range was 30 GeV< mg < 350 GeV,
here in model 3 the range is more restricted at 42 GeV<
Mg < 76 GeV. Over the last year, two new bounds from
the DM direct detection experiments PANDAX-4T and
LZ were released [44, 45]. Although by taking this into ac-
count the value of the portal coupling constant decreased,
there were no changes on the allowed DM mass range.
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