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We discuss two models that are part of a class providing a common explanation for lepton flavor
universality violation in b — s/~ decays, the dark matter (DM) problem and the muon (g — 2) anomaly.
The B meson decays and the muon (g — 2) anomalies are explained by additional one-loop diagrams with
DM candidates. The models have one extra fermion field and two extra scalar fields relative to the Standard
Model. The SU(3) quantum numbers are fixed by the interaction with the Standard Model fermions in a
new Yukawa Lagrangian that connects the dark and the visible sectors. We compare two models, one where
the fermion is a singlet and the scalars are doublets under SU(2), and another one where the fermion is a
doublet and the scalars are singlets under SU(2),. We conclude that both models can explain all of the
previously mentioned issues simultaneously, while satisfying all other flavor 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 range.

DOI: 10.1103/PhysRevD.106.095032

I. INTRODUCTION

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. In fact, a hypothetical DM particle
is able to explain all the experimental evidence gathered so
far (see [1] for a review). However, there are no restrictions
regarding the nature of the DM particle. Not only is the
allowed mass range almost unconstrained, but its quantum
numbers are also unknown. Therefore, as long as the
experimental results are in agreement with the proposed
DM candidate in a given model, all possibilities are
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possible in principle. It would be interesting to have a
DM candidate that could also solve other discrepancies
observed in other and apparently unrelated experiments.
There are other hints of new physics in the particle
physics realm. Such is the case of the observed anomalies
in the semileptonic B meson decay rates, suggesting a
violation of lepton flavor universality. The most recent
measurements of the ratios of the exclusive branching
fractions,
R(KW) =B(B - K utu~)/B(B = K¥ete™), are the
ones obtained by the LHCb Collaboration [2—4], yielding
(1.1)

R(K) = 0.8461 0050013, q*> € [1.1,6] GeV?,

and

R(K) = {0.660j8;5713 +0.024, ¢*> €[0.045,1.1] GeV?

1068570013 +£0.047, g2 €[1.1,6] GeV?
(1.2)

where ¢ is the dilepton mass squared in the processes.
The SM predictions for these observables are [5,6]
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R(K) =1.0004(8).  ¢*€[1.1,6] GeV2,  (1.3)
and
R(K") = {0.92010.007, q* €[0.045,1.1] GeV?
- 10996 +£0.002, ¢ €[1.1,6] GeV>
(1.4)

The Belle Collaboration has also measured these quantities
[7,8] but with larger error bars when compared with the
LHCb results. It is important to note that these observables
are clean probes of new physics (NP) since the uncertainties
stemming from the hadronic matrix elements cancel out [5]
(both the theoretical and the experimental ones). The
measurements of other observables in rare B meson decays
further support the existence of anomalies. These include
differential branching ratios [9—11] and angular distributions
[12-19] in the decays B — ¢pu*pu~ and B — K™ putpu~,
which also deviate from their SM predictions. These observ-
ables are all ultimately related with the b — sutu~ tran-
sition. Many proposals have been put forward to solve these
discrepancies. Some of the most popular solutions are to
introduce a Z' [20-24] or a leptoquark [25-31] (see, e.g.,
Ref. [32] for a review), or new exotic particles that generate
one-loop penguin and box diagrams [33-37].

Another very important and long-standing hint of NP is
related to the anomalous magnetic moment of the muon, (g —
2) . [38,39]. The most recent calculation of this quantity in the
framework of the SM [40] shows a 4.2¢ discrepancy from the
experimental measurement [41,42]. Let us define Aa,, as the
difference between the experimentally measured value, a;, 7,
and the SM prediction, a3™,

Aa, = a;® —aiM ~ (251 £59) x 10711, (1.5)
where the error is the combination of the theoretical and
experimental uncertainties. Future experiments such as the
ones planned for J-PARC [43] and Fermilab [44] aim at a
large reduction in this experimental uncertainty.

In this paper we propose to solve the three problems
described above simultaneously. Models that have
addressed at least two of those problems have been
proposed in the past. The DM problem has already been
investigated in various models [45] which also address (at
least) the B meson decay anomalies, such as, e.g.,
Refs. [46-60] for Z' models, Refs. [61-68] for leptoquark
models, in Ref. [69] for composite DM, and Refs. [70-77]
for models with one-loop solutions. In a previous work [78]
a set of models were proposed by extending the work
Ref. [73]. The model in question was built with the addition
of three new fields to the SM, an SU(3), colored scalar that
is also an SU(2), singlet, @3, one SU(2), singlet colorless
scalar, ®@,, and one SU(2); doublet vectorlike fermion, y,
with 0, £1 electric charge. In this work we will discuss a
new model where the scalars are SU(2), doublets and the

fermion is an SU(2), singlet. The aim is 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.

The paper is organized as follows. In Sec. II, we present the
two models with the focus on the new one. In Sec. III we
discuss the flavor constraints, and in Sec. IV we present the
DM constraints on the model. In Sec. V we present and
discuss our results. Finally, conclusions are given in Sec. VI.

II. THE MODELS

In a previous work [78], some of us have considered a
model where three new fields were added to the SM, one
SU(3), colored scalar, @3, one colorless scalar, ®,, and
one vectorlike fermion, y, with an integer electric charge of
0 or 1. In that work the scalars were SU(2), singlets
while the fermion was an SU(2), doublet. That model was
termed model 5. We will now compare it to the scenario
where the scalars are SU(2), doublets and the fermion is an
SU(2), singlet. This model will be called model 3 from
now on. The complete set of quantum numbers is shown in
Tables I and II for models 3 and 5, respectively.

A discrete Z, symmetry is imposed such that the SM
fields are all even and the new fields are all odd under Z,.
The electric charges of the remaining fields can be
determined from the following Yukawa Lagrangian

L% = Y0,01Psxr + yi,L1iPorg + He., (2.1)
where y, and y; are constants, Q;; and L;; the SM left-
handed doublets for the quarks and leptons, respectively, and
xr 18 the right-handed component of the new fermion, an
SU(2), singlet (doublet) in model 3 (model 5). The scalar

TABLE I. SU(3)., SU(2),, and U(1), assignments for the
newly introduced fields in model 3.

SU(3), SU(2), U(l),
Tr 1 1 -1
@, 1 2 1/2
@, 3 2 7/6
TABLE II.  SU(3),, SU(2),, and U(1), assignments for the
newly introduced fields in model 5.

SUQB). SU@2), Uy
P 1 2 -1/2
®, 1 1 0
@, 3 1 2/3
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fields @, and @5 are SU(2), doublets (singlets) in model 3
(model 5). This new Yukawa Lagrangian connects the Z,-
odd dark sector with the Z,-even SM and is necessary to
explain the B anomalies via one-loop diagrams.

|

The two sectors also communicate via the Higgs poten-
tial. In model 3 where all scalar fields are SU(2), doublets
the potential can be written as (taking all parameters to
be real)

V = —m} | ®]®, + m3, @50, + mi;®i0; + 4y ([®))? + A (P302)” — 23(®F ,Ds,) (D3 , s )
+ /112(‘131@1 )(‘b;q)z) + /113(‘131‘1)1)(@;‘193) + /123(@;‘192)(‘1);‘1’3) + /15[(‘13;@2)2 + (‘qu)l)z]
+ X (@] 0) (PID) + 43(D] D) (DLD; ) + Ay (PJD3) (DI D)

+ y13(®] i, ®3) T (B i, @3) + y23(PF i, @) (DF ic, @),

with

+ +5/3
o= grn] @[] o[
Vol T (s Hia) ] T g

(2.3)

in the unitary gauge. The @, field is the SM Higgs doublet,
v its vacuum expectation value (VEV) and A the SM Higgs
field, with v =~ 246 GeV. Furthermore, o, is the second
Pauli matrix. We generally omit the @5 color indices (a
summation over color is implied), except for the term
proportional to A3, since the color indices @ and b may be
different. Notice that the potential in Eq. (2.2) is the same as
the one for the inert two-Higgs-doublet model (I2ZHDM) if
we just consider the fields @; and ®, [79]. The remaining
terms include all the possibilities that are invariant under all
symmetries when the ®; field is present, which include
terms of the type y;3(®1io,®3)" (P io,®;) [80]. For the
colorless doublets these terms are already present in the
I2HDM potential.

Since only the SM-Higgs doublet, ®;, acquires a VEV,
we have one minimization condition given by m?}, = v%4,,
allowing us to exchange one of the parameters by the
VEV. The Higgs potential has therefore 15 independent
(free) parameters. We have chosen as free input param-
eters of the potential all masses of the six physical Higgs
bosons, and the quartic parameters 4,, A3, 415, 413, 423, 455,
¥13, and y,3, together with the VEV that will be fixed by
the W mass. Note that the couplings of the SM-like Higgs
are exactly the same as in the SM. As we are choosing the
masses of the physical Higgs bosons to be free input
parameters, the following parameters of the scalar poten-
tial were fixed:

2 2 .2
/1 _ ﬂ m2 _ 2m¢l v /112
1 21}2 5 22 D) 5
2m2,; — vy13 — 073
mi, = — 5 , (2.4)

(2.2)
[
15 m% - mfx Vo= m% + mi _ 2m§’1
2,[]2 ’ 12 1}2 ’
) 2m2)2/3 - 2m{2/)5/3 + U2y13
q q
Xy = ;. : (2.5)

where mg and m, are the masses of the neutral scalars with

opposite CP parities S and A, m, the mass of the charged

scalar in the @, doublet, and m & and m P the masses of
q q

the colored scalars gbfs/ 3 and qbqﬂ/ 3, respectively, from the
@, field.

Both models could in principle have the new fermion
field as a DM candidate. However, as shown in [78] for
model 5 direct detection constraints exclude this possibility
due to the tree-level Z mediation. The only way to avoid
this limit would be to push the fermion mass to be of
O(TeV), which in turn would make the loop contributions
to b— su"u~ and Aa, negligible and therefore the
associated flavor anomalies would not be solved even
for large Yukawa couplings. In model 3 the vectorlike
fermion is charged and therefore cannot be the DM
candidate. As such, the DM candidate can only come from
the neutral components contained in the doublet scalar field
®,, S, and A. In the previous study of model 5 [78], the DM
candidate was also chosen to be in @,, so in both studies the
DM candidate comes from a scalar field. Although we
chose S to be the DM particle, assuming mg < m,, no
differences were found in the final results when A was
chosen to be the DM candidate.

The Dirac mass of y is given by the term m, y; yx + H.c..
The Yukawa interaction in Eq. (2.1) can be rewritten as
follows

_ _ L +5/3
L= ydi(uLjVji)(Rqﬁ; /

o er; _ .
+ Vi (vLi)(Rqﬁf + \/LE)(R (S+ zA)) +H.c., (2.6)

where y; is the new coupling when we write quarks in their
mass eigenstates, and the matrix V is the Cabibbo-
Kobayashi-Maskawa matrix. In order to suppress the strong

+ aLi)(l_e(ﬁ;zﬂ)
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flavor constraints on the first generation of quarks and
leptons and keep our analysis as simple as possible, we
only take y,, y,, and y, to be nonzero.

Since we have introduced several new particles in our
model, there can be corrections to the electroweak oblique
parameters S, 7, and U [81,82]. We recall that, in model 5,
the contribution to these parameters is zero. This is because
both scalar fields are SU(2), singlets in model 5, and both
components in the doublet vectorlike fermion y have the
same mass, leading to vanishing contributions to the
electroweak oblique parameters at the one-loop level. In
this paper, we only consider the limits on the most relevant
parameter, 7. The singlet vectorlike fermion, y, has a
vanishing contribution to 7, since the amplitude for the
vacuum polarization diagram induced by this fermion at the
one-loop level has a similar form to the one for the photon
self-energy in QED (which is zero as the momentum
transfer goes to zero). Thus, only the scalar fields can
induce nonzero contributions to 7. For this calculation, we
followed [83], where a general expression for the oblique
parameter 7 is derived in the SU(2), x U(1) electroweak
model with an arbitrary number of scalar doublets, with
hypercharges +£1/2, and also an arbitrary number of scalar
singlets. In model 3, if we just consider the fields ®; and
®,, this corresponds exactly to a 2HDM with a dark
doublet [79], where the NP contribution to 7 is given as
follows [83]:

g2

T=—5—5—
64> m¥,a

[F(m3,,m3) + F(mg, ,m3) = F(mg, m3)],
(2.7)

where my, is the mass of the W* gauge boson, « is the fine-
structure constant, g is the SU(2), coupling constant and
the function F(A, B) is defined as

AtB_ AB n A if A2 B
F(A,B)z{o2 A-B B g

(2.8)

In a similar way, it can be shown that the contribution of

the colored scalar fields to 7, T¢, is proportional to

F (mj)s/},m;z/}). Since we will always consider m s ~
q q gl

m >/ in our paper, this term will not contribute to 7" and
q

@
therefore the total NP contribution from model 3 to the

oblique parameter T is given by Eq. (2.7). Note that the
assumption of tree-level equality of the colored scalar
masses in model 3 would be spoiled by the radiative
corrections. Here the dominant contribution comes from
the one-loop effects involving the SM-like Higgs, which is
of order (A};v)?/(4x)* or (y;3v)?/(47)>. However, by
fixing the colored scalar masses to be around 1500 GeV
below, the mass differences from these corrections are
always smaller than the tree-level mass by at least two

orders of magnitude. The most up-to-date [84] value of this
parameter is 7 = 0.03 £ 0.12. This constraint will be
applied at the end of our scan, with the requirement that
every point in the allowed parameter space must be within
the 20 confidence interval experimentally observed.

III. FLAVOR CONSTRAINTS

In this section we will discuss the flavor constraints. Not
only have we to solve the discrepancies observed exper-
imentally but we also have to make sure that the observables
that are in agreement with the SM predictions are not
modified. Since models 3 and 5 have exactly the same NP
contributions to the several flavor observables that are
relevant, we will simply take the constraints and the analytic
expressions used in our previous study of Ref. [78].

We start by the anomalous magnetic moment of the
muon. Currently, the prediction of this quantity in the SM
[40] shows a 4.2¢ discrepancy from the experimental
measurement [41]. We define Aa, as the difference
between the experimental measurement, aﬁXp , and the
SM prediction, a3™, with

Aa, = a)” — aiM ~ (251 £59) x 1071,

(3.1)

In model 3, like in model 5, the leading-order contribution
to this quantity is given by the one-loop diagrams enclosed
by the fermion y and the neutral scalars S or A, with [85]

ra, = "l 2 32
and
- 1 —6x+3x2+2x3—6x2 Inx
Fi(x) = 20 =) . x=mi/m.
(3.3)

Regarding the anomalies in B meson decays, they can be
explained by using the effective Hamiltonian for b —
sutu~ [86,87]

4G
Hett = ——2 Vi Vi (CYP Oy + CYPO).

7 (3.4)

with
a ., _ a ., _
Oy =——(57"P1b)(fiyup),  Oro=7—(5r"PLb)(y,r’n).
4 4r
(3.3)
The main contribution to these operators comes from the

box diagram shown in Fig. 1, and the Wilson coefficients
are given by [78,85]
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|
=

FIG. 1. One-loop box diagrams representing the dominant
contribution to the operators Oy and O, that were introduced
to explain the flavor anomalies observed in B meson decays.

CNP:—CNP: \/i ysyz|yﬂ|2
? 104GV, V5 64ﬂam)2(
X (F(x(/)g/z,xs) +F(x¢§/3,xA>), (36)
with
Flx.y) 1 N x* Inx
xX,y) =
(I-x)1-y) (1-x?*x-y)
2
y~Iny
—— . (3.7)
(1=y)*(y—x)
Using the most recent experimental results, the best fitted
values of the Wilson coefficients are C)F = —-CNF =

[-0.59,-0.30] [88], at a confidence level (CL) of 2o.
Only points in the parameter space that generate CI;P within
the 20 range around its central value are considered in our
analysis.

The final constraint that was considered is related to the
B, — B, mixing. Once again, we introduce an effective
hamiltonian to explain the b — s transition involved in this
process,

HEE = Cpp(5a0"PLbo) Gy Prby).  (3.8)

The Wilson coefficient Cgj is given in our model by [85]

(y,y3)?
Con = gtz P50 39
with
1—=x2+2xInx
Flx,x)=—> "= 74 3.10
('x x) (1 _ x)3 ( )

The experimental limit is set by the mass difference, AM,
between B, and B,. Computing this difference in the SM,
AMM | and comparing it with its experimental counterpart,
AMS®, we can define the quantity [89]

AMS?

AM (3.11)

This last expression can be rewritten as a function of the
Wilson coefficients [89,90],

0.8Cpp(kn)
R SO BERH)| (3.12)
M C3M (uy)

s

:'1+

where Cpp(uy) is the Wilson coefficient in our model
defined at a high-energy scale of py =1 TeV, and
Coy(up) 72 x 107" GeV=? the corresponding SM
value at the scale u;, [91]. We will require Ry to lie in
its 20 range, thus constraining Cyp.

IV. DARK MATTER CONSTRAINTS

In this section, we discuss the constraints from DM
physics. We have taken into account in our study the DM
relic density observations, the constraints from DM direct
detection and the collider searches. As previously stated there
are two scalars that could be the DM candidates. We have
chosen the particle S but we have checked that choosing A
would lead to exactly the same results. This is because
particles S and A have exactly the same quantum numbers
except for their CP parities. Since these particles are in the
dark sector (Z, odd) their CP is not determined and we can
only say that they have opposite CP parities. This has no
bearing in the interactions with the SM particles.

Being a DM candidate S should reproduce the observed
DM relic abundance, whose value is provided by the Planck
Collaboration with QpyA® = 0.120 +0.001 [92]. We
assume that the ordinary freeze-out mechanism is respon-
sible for the generation of the DM relic density. Thus, the
number density of S, ng, can be determined by solving the
following Boltzmann equation

dns + 3Hng = —(ow)(nk — 1),

- (4.1)

where n‘;q corresponds to the value of ng at equilibrium, H

is the Hubble parameter and (ov) is the thermal average of
the DM annihilation cross section times its relative velocity
v. The Boltzmann Eq. (4.1) is numerically solved using
MICROMEGAS [93] which takes all possible annihilation and
coannihilation channels into account. The freeze-in mecha-
nism, a well-known alternative to explain the observed DM
abundance, cannot be used in our model as it requires
extremely weak couplings between the DM particle and the
visible sector, of the order O(107'9 — 10~!2) [94]. Consider
for instance the contributing process for freeze-in SS —
pp~ with a cross section proportional to |y,[>. A very
small |y,| would be allowed by the DM physics but it
would not solve the muon g — 2 discrepancy.

In Figs. 2 and 3, we show the relevant Feynman diagrams
that contribute to the main processes of DM annihilation
and coannihilation, respectively, in model 3. The corre-
sponding set of diagrams for model 5 is shown in Figs. 4

095032-5
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S 777777 ———— M+ S —————— ‘(\/\/\/\/\/\/\/ W+ S —————— ANANANNNAN Z
X~ o A
S - —>— S -me- ‘ W S - ‘ Z
SM h7A7¢l+’Z’ W+
s 5
\\\\ h \\
R 7
S SM S hy A, by Z W™

FIG. 2. Feynman diagrams for DM annihilation in model 3. The solid lines without arrows represent scalars, gauge bosons, or
fermions. Different initial and final states are separated by a comma. The notation x/y means that both particles can exist in the final
state, for a given initial state. “SM” represents all massive SM particles.

S------ u*
-
A ¢, x* W v/ Z
S ------ AN A
A
A, ¢ xE : hWE, it

FIG. 3.

S 777777 AANNANANAN W:t
o
A7¢[i7xi ‘ W:F,’}//Z/h,I/u
fi
S
N Za Wiv/‘i
Aaqsli)Xi f2
V/Z
W:t

Feynman diagrams for DM coannihilation in model 3. The solid lines without arrows represent scalars, gauge bosons, or

fermions. Different initial and final states are separated by a comma. The notation x/y means that both particles can exist in the final
state, for a given initial state. f, and f, represent the final states from the s diagram with a Z, W*, or u* as mediators.

and 5. A key aspect shown in these diagrams is that, since
the scalar fields are doublets in model 3, they can couple to
gauge bosons, unlike what happens in model 5 where the
scalar fields are singlets. This will drastically change the
distribution of the DM relic abundance, as will be shown
further ahead.

Besides the DM relic abundance, DM direct detection
may also place severe 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 [95] and by the
XENONIT [96] experiments. Very recently the LuxZeplin
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S ------ ——
-
S ——
S
L
[

S ------ ——— 1
\D e
S - —— Yy
h, A
SM g p
\/\x:/
SM S h A

FIG. 4. Feynman diagrams for DM annihilation in model 5. The solid lines without arrows represent scalars, gauge bosons, or
fermions. Different initial and final states are separated by a comma. The notation x/y means that both particles can exist in the final
state, for a given initial state. “SM” represents all massive SM particles. In model 5, y is a fermion doublet with

J1

x=0"x).
S ------ ui
-
A xE XY w2, W
S
=, x°
FIG. 5.

Jo

Feynman diagrams for DM coannihilation in model 5. The solid lines without arrows represent scalars, gauge bosons, or

fermions. Different initial and final states are separated by a comma. The notation x/y means that both particles can exist in the final
state, for a given initial state. In model 5, y is a fermion doublet with y = (¥, ¥7). £, and f, represent the final states from the s diagram

with a v, or ut as mediators.

(LZ) experiment has also released their bounds on the spin
independent cross section, the best so far [97,98]. We will
show the three limits in our plots. This will allow to
understand the effect of future direct detection bounds.

In model 3, the tree-level t-channel diagram correspond-
ing to the process SN — SN (where N is a nucleon),
mediated by the SM Higgs boson, represents the main
contribution to the DM-nucleon scattering cross section,
given by

(Ao + Ay +225)* fRmiudy

4 )

SN — SN) =
o(SN — 5N) 4n mim}

(4.2)

where m,; is the nucleon mass, pgy is the reduced mass of
the DM-nucleon pair, and fy =~ 0.3 is the effective Higgs-
nucleon coupling [99-102]. Furthermore, we also consider
the limits coming from collider searches at the LHC. In
particular, we take the constraint from the SM-like Higgs
boson invisible decay into an S pair. The invisible decay
width in our model, valid for mg < m,,/2, is given by

(/112 -+ ﬂllz -+ 215)21}2
32zxmy,

I(h - SS) = (4.3)

The upper limit for the Higgs to invisible branching ratio
is provided by the LHC, with B(h — SS) <0.11 [84].
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With the present constraints, DM direct detection experi-
ments give rise to much tighter bounds than the Higgs
invisible width. We will come back to this point later.

Finally, we discuss DM indirect detection bounds [103].
It was shown in Ref. [104] that, for the model parameter
space of interest, the strongest upper bound for DM indirect
searches is provided by the Fermi-LAT observations of
gamma-ray signal in the dwarf spheroidal galaxies of the
Milky Way [105]. However, the annihilation of scalar DM
pairs at the present time in both models is dominated by the
processes mediated by the SM Higgs via the Higgs portal
coupling, since the annihilation into gy~ through the 7/u-
channel y exchange is d-wave suppressed. Thus, most DM
indirect detection experiments only provide additional
constraints on the Higgs portal coupling 4,5, which is also
directly constrained by the DM direct detections. By
scanning the parameter space for model 5 in Ref. [78],
we have found that the DM direct searches like XENONIT,
PandaX-4T, and the latest LZ always give much more
stringent upper bound on the Higgs portal coupling than the
present DM indirect searches, so that we have not shown
the Fermi-LAT upper bounds in our work. Moreover,
provided that the Yukawa coupling of the DM scalar with
the muon is quite large y, > 1, it is generically expected in
Refs. [106,107] that the two-to-three process SS — puy and
the loop-induced one SS — yy should be visible by
observing the sharp spectral features in the gamma-ray
sky by Fermi-LAT [108] and HESS [109]. As shown in
Figs. 11 and 12 of Ref. [107], except for the narrow regions
near the Higgs resonance where the Higgs portal coupling
dominates the DM freeze-out and around mg ~ 200 GeV
where the constraint becomes weaker, most benchmark
parameters in model 5 would be well constrained since the
correct DM relic abundance requires large Yukawa cou-
pling y, to increase the cross section of S — u*u~. These
linelike gamma-ray spectral constraints also apply to model
3 where the S annihilation by the y-exchange channel to
w i~ during freeze-out also exists. However, in view of the
large astrophysical and systematic uncertainties when
looking for these DM indirect detection constraints, we
do not use them in our numerical scanning of the models
parameter space.

V. RESULTS

A. Initial scan setup

In this section we discuss the results obtained for model
3 when taking into account the previously mentioned flavor
and DM constraints by performing multiparameter scans to
identify the allowed parameter space.

The relevant input parameters for model 3 are

Vs Vs Yyur My M5/, M 275, g, MMy M Az (01 Aps), A,

(5.1)

where 4,5 = 41, + 4}, + 245 is the Higgs portal coupling.
In principle, the free input quartic parameters from the
Higgs potential in Eq. (2.2), 4,3, 155, and y,3 could also be
relevant for the discussion, since they contribute to the DM
abundance via coannihilation channels involving the col-
ored scalar fields. However, since the mass difference

between S and d);t 33 (or qﬁfz/ %) is very large, the con-
tribution of these channels to the total relic density is
greatly suppressed. We set do; = A5y = yo3 = 1073, but we
could have chosen much larger values. The parameters A5,
A1z, and y;3 are also irrelevant for the discussion that
follows, since they do not contribute to any of the flavor
and DM physics that we wish to explain.

The results we will show next consist of two different
scans. In scan I (Figs. 6 and 7), we tried to get a feel for the
allowed parameter space of model 3, by naively varying its
relevant input parameters in a very similar fashion as what
was done for model 5. In the second scan, scan II, we fine-
tuned the parameters using what we learned from scan I, in
order to make sure that we had points satisfying all the
previously mentioned constraints. The results from scan 11
are our final and main results. In our figures, all points of
the parameter space explain the B meson data within its 2o
confidence intervals. The cyan points are excluded when
taking into account the observed DM relic abundance in the
20 range. The blue points do not satisfy the constraints
from DM direct detection (from XENONIT) and collider
searches. The green points are not allowed by the muon
(g — 2) data within its 3¢ range, and finally, the red points
represent the parameter space which can explain all the
flavor and DM constraints simultaneously. The ranges
considered for the input parameters in model 3 are shown
in Table III for scan I and in Table IV for scan IL

Before we move on to the actual results, we need to state
and explain first the values considered for the parameters in
Eq. (5.1), for both scans. Following the arguments in [78],
since only the combination y,y; appears in the equations
related to the B meson decays and B, — B, mixing, which
should be negative to solve the deficit in the measurements
of R(K*), both y, and y; are real and proportional to each
other, with y, = —y, /4. We set |y,| < 1 (both scans), 0 <
y, <4rx (scanI) and 1 <y, < 4x (scan II). We stress that
the flavor physics is the same in models 3 and 5, thus it is
reasonable to vary in a similar way these parameters. The
condition 1 <y, in scan Il is just for optimization purposes.

The masses of the colored scalars are fixed and equal to
1.5 TeV like in model 5. The remaining particles in the dark
sector are forced to be heavier than the DM particle S by at
least 10 GeV (and at most 1 TeV) in both scans, with
5 GeV <mg <1TeV, the standard weakly interacting
massive particle (WIMP) range (scan I), and 5 GeV <
mg < 100 GeV (scan II). The lower upper limit for the DM
mass in scan Il is to optimize the scan, since for reasons we
will explain ahead mg is constrained to be below roughly
80 GeV to satisfy the DM constraints. For the masses of the
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FIG. 6. DM relic density as a function of its mass for model 3 (left) and model 5 (right). The solid red line represents the 2¢ region for
the observed DM relic abundance. The cyan points satisfy the B meson data within its 26 confidence intervals, but are excluded when
considering the observed DM relic density within the 26 CL range. The plot on the left was obtained from scan I. On the right, the values

used for every model 5 parameter are the same as in [78].
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FIG. 7. Scan I—Higgs portal couplings |4,s| as a function of the DM mass for model 3 (left) and model 5 (right). The solid black,
brown, and orange lines represent the experimental upper bounds provided by XENONI1T, PandaX-4T and LZ, respectively. The blue
points satisfy the B meson data within its 2¢ confidence intervals, the observed DM relic density within its 26 CL range, but are excluded
when considering DM direct detection and Higgs decays to invisible constraints. The green points satisfy all constraints except for the
(g — 2) of the muon, and the red points satisfy all constraints. The values used for the different model 3 and 5 parameters are the same as

in Fig. 6.

other colorless scalars, we have, in scan I, 15 GeV < my, <
2 TeV and 15 GeV <my <2 TeV. In scan II, we con-
sidered additional constraints coming from precision data
and LEP experiments from the measurements of the
W and Z boson widths. In order for the decay channels
W* =S¢, Ag7, and Z — SA, ¢ ¢7 to be kinematically
forbidden, the following lower limits must be obeyed

mg +mgy, > my, my +my, > my,

mg + my > nmy, 2my, > my. (5.2)
Additionally, e*e™ — ¢ ¢y at LEP sets the limit m,, >
70 GeV [110], and the regions defined by the conditions

mg < 80 GeV, my < 100 GeV and my — mg > 8 GeV are
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TABLEIII. Values assigned to the relevant model 3 input parameters in scan I. We further impose |4,¢| < 1, which
is achieved by rejecting points where A5 < —0.2 and |4,| > 0.1.

Vp Vs Yy m, (GeV) mﬁ/a and m¢3/3 (GeV)
[-1,1] -y, /4 [0, 47x] [101.2, 2000] 1500

mg (GeV) my (GeV) my, (GeV) Aa A

[5, 1000] [15, 2000] [15, 2000] [1073, 0.5] 1073

TABLE IV. Values assigned to the relevant model 3 input parameters in scan II. We further impose 1077 <

|Ans] < 1072 and |4s| and |4},] < 4.

Vp Vs yﬂ m)( (GGV) m(bz/a and m¢5/3 (GeV)
-1.1] —y,/4 [1, 4x] [101.2, 1100] 1500

mg (GeV) my (GCV) My, (GCV) /112 /’{2

[5, 100] [100, 1100] [70, 1100] <4r 1073

also excluded by LEP since they would result in a visible
dijet or dilepton signal [111]. Thus, we have 100 GeV <
my < 1.1TeV and 70 GeV < my, < 1.1 TeV in scan IL. It
turned out that the constraints from Eq. (5.2) do not need to
be imposed because they are automatically satisfied for the
points that verify all constraints (red points). Also, we
impose m, > 100 GeV initially since we found from scan I
that in the allowed parameter region we must have mg <
80 GeV (and m, — mg > 8 GeV is satisfied by design).
Furthermore, the masses of S, A, and ¢; must be such that
the dimensionless couplings 4}, and As are smaller than
their perturbative limit of 4z (both scans). For the vectorlike
fermion, we set 101.2 GeV <m, <2 TeV (scan I) and
101.2 GeV <m, < 1.1 TeV (scan II). The lower limit on
m,, comes from LEP searches for unstable heavy vectorlike
charged leptons [112]. 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 [113], or very small amounts
of missing transverse energy, £, in the final states [114].
Regarding the Higgs portal coupling, we impose |45 < 1
in scan I, like we did in model 5, which is achieved by
setting 107 < 1;, < 0.5 and rejecting points where 15 <
—0.2 and |A},| > 0.1. In scan II, 1077 < |4,5| < 1072, and
A12, |4s| and |2},| < 4x. Since the Higgs portal coupling
depends on the masses of S and ¢, in model 3, unlike model
5 where it is a completely free parameter, 4;, needs to be
fine-tuned for ;5 to be very small. This will be discussed
further ahead. Finally we have 1,, whose only contribution
is to the DM relic abundance, through the channels
SS — AA, ¢ ¢p7. We set A, =107 in both scans, to
suppress its contribution to the relic density. We did not
vary 4, in any of the scans, but we checked that we can have
points satisfying the Planck observations for much larger
values of 1,. A summary of the values used for each

relevant parameter in scans I and II is shown in Tables III
and IV, respectively.

B. Model 3 vs model 5

In both models, there are regions of the parameter
space satisfying all the constraints that were considered.
However, there are differences in the allowed parameter
space. The main difference between models 3 and 5 is
related to the DM’s relic density distribution as a function
of its mass. That can be seen in Fig. 6 (scan I), where for
model 3 (left) we must have mg < 80 GeV, roughly, to be
close to the Planck observations. For model 5 (right), no
such limit is observed. The scalar fields have different
SU(2), representations: they are doublets in model 3 and
singlets in model 5. This difference allows the scalar fields
in model 3 to couple to gauge bosons, and in particular for
the annihilation processes SS — WTW~ and SS — ZZ to
exist, which does not happen in model 5 (see Figs. 2 and
4). This results in a DM relic abundance for model 3 that is
always smaller than the one given by the Planck obser-
vations when mg > my, which is similar to what we
observe for the I2HDM [115].

Another distinction between models 3 and 5 is associated
to the Higgs portal coupling. In model 3, that coupling is
not a free input parameter like in model 5, where it can be
as small as needed. Since A5 = Aj5 + A}, + 245 = A1+
2(mg —my )/v*, in order to have small values of 4, in
model 3, the difference between mg and m,, must also be
small, or 2, must be close to —2(mg —mj )/v*. The

reason for 4,5 to be small (in the order of 1072 or lower), is
imposed by the experimental upper bound of the LZ,
PandaX-4T, and XENONIT experiments. This is shown
in Fig. 7 (scan I). As opposed to what we see on the plot on
the right (model 5), all points on the left plot (model 3) are
excluded due to the DM direct detection and Higgs
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FIG. 8. Model 3 allowed parameter space in the (m,, |y,|) (top left), (m,,y,) (top right), (|y,|,y,) (middle left), (mg, m,) (middle
right), (mg., |A4s|) (bottom left), and (mg, m,, ) (bottom right) planes. The values used for the parameters are the ones from scan II. The
solid black, brown, and orange lines represent the experimental upper bounds provided by XENONIT, PandaX-4T, and LZ,

respectively.

invisible decays constraints. Given that mg varies between
[5, 1000] GeV, and the minimum mass difference between
the DM candidate and any other new particle is 10 GeV,
|2(m3 — mg, )/v?| can only be as small as #0.0066. Thus,

the necessary condition 4,5 < 1072 will be extremely

unlikely to occur without forcing Ay, & —2(m§ — mj )/ v*
or mg — my, to be smaller. From these two possibilities to
keep 4,5 small, we chose the former, since decreasing the
mass difference between particles of the dark sector makes
the coannihilation processes more efficient.
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FIG.9. Model 3 allowed parameter space in the (4, m,;, ) plane, before applying the limits for the oblique parameter 7 (left) and after,
as a function of the values of T (right). Only the points which verify all the previously mentioned constraints are shown.

The main results for model 3, which were obtained using
scan II, are shown in Fig. 8. In the first three plots of Fig. 8,
we see that we have sizeable Yukawa couplings with
similar limits as the ones in model 5, as expected since
the flavor physics in both models is the same and the DM
constraints do not have a major impact on the parameter
space shown in these plots, with y, > 1.3and 0.11 < |y, | <
0.65 when all constraints are taken into account. In the next
three plots of the same figure, we show the data points of our
model as a function of the variables most relevant to the DM
physics. As we had already seen in Fig. 6, the DM relic
density limits in a significant way the allowed values for the
DM mass, imposing mg < 80 GeV. By further taking into
account the g — 2 constraint, 42 GeV < mg < 76 GeV (in
model 5, 30 GeV < mg < 350 GeV). This is a significant
distinction in the allowed parameter space of both models:
the DM mass is limited in a very narrow range in model 3,
while for model 5 its range is much broader. For the
remaining parameters we observe m, < 1076 GeV (middle
right plot), the bounds on | ;5| from XENON 1T, PandaX-4T,
and LZ are in the bottom left plot, and my < 621 GeV
(bottom right plot). The lower limit on m,, was expected, as
this is necessary to keep 4, < 4x.

Finally, after applying the limits for the oblique parameter
T to the allowed parameter space of model 3 (see the end of
Sec. IT), we observe two main differences: the upper limit for
the pseudoscalar Higgs mass goes down, from my <
1076 GeV to m, < 877 GeV, and for heavier masses
(mgy, > 200 GeV and m, > 300 GeV), the vast majority
of the previously allowed parameter space is now excluded.
This is shown in Fig. 9. The points shown are the ones that
verify all previous constraints. The effect of the T parameter
is to preferably select regions where m, — m,4 ~ 0, since this
leads to 7'~ 0. This is particularly true for m,y > 200 GeV,
as we can see on the right side of Fig. 9. Nevertheless,
because we can make the approximation T o (m, —
my)(my, — mg) [116], significant mass splits can still exist

for small values of m,, , where m, ~ mg. For larger values of
my,, the only way to keep T in its experimental bounds is to
have my, ~m,, which is why a significant part of the
parameter space is excluded in this region. Although only
the 7 variable was used, the S variable is not expected to be as
sensitive to mass splits, since it depends on the scalar particle
masses only logarithmically [115,116]. For completeness,
we show in Fig. 10 the main results of this paper again, but
now all the points are within the 26 experimental bounds for
the oblique parameter 7.

C. Limits on y,

In this section we discuss the constraints on the y,
coupling. The results of the previous sections have shown
the need for a sizeable Yukawa coupling (y, > 1) of the
dark-sector particles with the left-handed muons in order
to explain the new physics results. Therefore, both models
could be further constrained by the measurement of muon-
related observables sensitive to the new physics. For
example, the Z,-odd particles would shift the Z-boson
coupling to the left-handed muons at one-loop level (a
representative diagram is shown in the left plot of Fig. 11),
so that it would potentially generate deviations in the
decay width, in the left-right polarization asymmetry and
in the forward-backward asymmetry of Z — u"yu~ at the Z
pole [84], which should be confronted with the precise
measurements of these observables at LEP [117], Tevatron
[118], and LHC [119-122]. Furthermore, similar one-loop
diagrams would produce new corrections to the W-boson
coupling with the muon-related charged current, which
could potentially be detected by measuring the general-
ized Michel parameters [123,124] in the radiative muon
decay u~ — e7yy, b, [84] or the associated tau decay
T~ = u~yv,v,, with the latter process measured already
precisely by ALEPH [125], CLEO [126], BABAR [127],
and Belle [128]. Finally, both models would give rise to
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FIG. 10. Model 3 allowed parameter space in the (m,, |y,|) (top left), (m,,y,) (top right), (|ys|.y,) (middle left), (mg, m,) (middle
right), (mg, |A4s|) (bottom left), and (mg,m,,) (bottom right) planes. All points verify the 2¢ experimental bounds for the oblique
parameter 7. The solid black, brown, and orange lines represent the experimental upper bounds provided by XENONI1T, PandaX-4T,
and LZ, respectively.

the new contributions to the muon neutrino trident  shown in the right plot of Fig. 11). In the case Z —
production v,N — yﬂ/ﬁ/fN [129,130], which would be ~ utu~ and in the muon and tau decays, the one-loop
constrained by the data from CHARM-II [131], CCFR  amplitudes are at most proportional to |y,|*/(16z?) while
[132], and NuTeV [133] (a representative diagram is in the case of neutrino trident production they are
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FIG. 11. Left: representative diagram for the decay Z — u*pu~
where it can be seen that the amplitude is proportional to
[v,[?/(1677); right: representative diagram for neutrino trident
production with an amplitude proportional to |y, |*/(167).

proportional to |y,|*/(16z?). In the neutrino trident case
2

the diagrams are of the order |y,|*/(162% max (m2,
m3)) < |y,|*/(162°m3). Hence, although the amplitude
is enhanced by the fourth power of the Yukawa inter-
action, it is also suppressed by mZ; as Y, approaches
4z, m, tends to be closer to 1 TeV as can be seen in our fit.
Given the large error bars in the associated experiments in
the neutrino trident production, the constraint on this one-
loop correction should be rather weak. Therefore, in most
of the parameter space of interest, the constraints from
these p-related experiments are expected to be rather weak
for both models.

Still, in order to understand how these constraints would
affect the results if they were much larger than expected we
will present the plots that are modified when the perturba-
tivity bounds are changed. We have considered two
scenarios besides the 47 bound, the conservative scenario,

where we take |y,| < v/4z and the ultra conservative one,
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FIG. 13. Comparison of DM direct detection experiments with
the measurement of the Higgs invisible width, with the portal
coupling shown as a function of the DM mass.

with |yﬂ| < V4r. In Fig. 12 we present, for model 3, the
allowed parameter space in the ((|y,|.y,) (left) and
(m,.y,) (right) planes. All points verify all the previously
imposed constraints with the red points having |y,| < 4z,
yellow points with |y,| < V47 and green points
[y, < V/4r. The remaining plots are left unchanged. The
main conclusion is that the ranges of y;, and of the y mass
are reduced but even in the very conservative scenario they
are still allowed in a non-negligible slice of the param-
eter space.

Yu

100 200 500 1000
my (GeV)

.y,) (left) and (m,,y,) (right) planes. All points verify all the previously

imposed constraints with the red points having |y,| < 4z, yellow points with |y,| < v/4z and green points |y,| < v/4z.
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D. Direct detection and the effect
of future collider bounds

We end this section with a comparison between direct
detections and collider bounds for future experiments. First,
remember that the two observables are proportional to
exactly the same portal coupling. Therefore the constraints
obtained are on the portal coupling as a function of the DM
mass. In Fig. 13 we show the most recent DM direct
detection bounds together with the latest LHC measure-
ment of the Higgs invisible width. There is already more
than one order of magnitude difference between the LZ
experiment and the LHC measurement. Therefore it is not
expected that future measurements of the Higgs invisible
width would be able to compete with direct detection
experiments.

VI. CONCLUSIONS

We have explored a model belonging to a class that
provides a solution to the lepton flavor universality viola-
tion observed in b — suTu~ by the LHCb and Belle
Collaborations. The model also provides a DM candidate
and solves the muon (g — 2) anomaly. In a previous work
[78] a model was discussed where the main difference with
the present work was in the group representation of the new
scalars and of the new fermion fields, from the dark sector.
In the previous model, model 5, we have introduced an
SU(2), doublet vectorlike fermion y and two complex
scalar singlets, @, and ®,, the former is an SU(3),. triplet
while the latter is colorless. The model discussed here,
model 3, is built such that the vectorlike fermion y is a
singlet, while ®, and @, are SU(2), doublets. Here @, is
still an SU(3), triplet. We have thoroughly studied the
flavor and DM phenomenology in the two models.

The question we wanted to answer was how different
group representations affected the allowed parameter space
of the models. First of all the structure of the new Yukawa
Lagrangian is such that the actual vertices contributing to
the loop processes are the same. This in turn means that
both the contributions to flavor observables and to the
muon g — 2 do not change. There are however two crucial
differences in what concerns the DM observables. First, in
order to comply with the experimentally observed relic
density by the Planck Collaboration the DM mass has to be
below about 80 GeV in model 3, while in the previously
studied model 5 such a restriction did not exist. This
difference is related to the different group representations.
In fact since in model 3 the scalar fields couple to gauge
bosons, the very efficient annihilation processes SS —
WTW~ and SS — ZZ lead to a very small relic density
contribution, similarly to what happens in the inert doublet
model. Second, there is a striking difference in the Higgs
portal coupling. Again, due to the group representation,
while in model 5 the portal coupling is a free input
parameter, in model 3 it is constrained and is defined as

Aps = Az +2(m5 —mg )/v*. A small portal coupling can
be attained by choosing 4, and (mg —my )/v* simulta-
neously small or 4, & =2(mg —my )/v*. Owing to the
bound coming from the relic density measurement the latter
is the only viable option. In practice we have varied the
portal coupling from 1077 to 1072,

Both models have a large coupling between the new
particles and the muons. The results obtained show that
further constraints on the models can be obtained by
combining the limits on the y, coupling with the ones
on the vectorlike lepton mass. The constraints coming from
u-related experiments are expected to be weak for both
models but could affect the parameter space for points close
to the perturbativity limit. Due to all other constraints, the
bounds y, restrict the values of mass of the vectorlike
leptons such that a decrease in the y, allowed values imply
smaller values for m,,.

We have also discussed the limit on vectorlike leptons
which are still weak at this moment. There are also limits
from searches for electroweak production of charginos and
sleptons decaying into final states with two leptons [134]. If
it is true that the corresponding cross sections in our models
are of the same order of magnitude and the branching ratios
for final states with muons are also large, the number of
diagrams contributing to the same final states is much
larger. The experimental analysis was performed for a small
set of diagrams (for the signal) and it is not at all clear if
including all the diagrams would lead to similar exclusion
limits. However, if indeed approximate results were
obtained for our models, small values of y, would be
discarded. Therefore, repeating these analysis for the new
signal while at the same time finding the exact bounds on
y, from p-related experiments should be a priority for
studying these type of models in the future.

In conclusion, the DM constraints act on the two
models in a dramatically different manner. This difference
is translated into distinct allowed mass regions for the
DM particle. While in model 5 the allowed range is
30 GeV < mg < 350GeV, in model 3 this range is reduced
to 42 GeV < mg < 76 GeV. Over the last year we have
seen two new released bounds on the DM direct detection
from PandaX-4T and from LZ [97,98]. It is clear that these
bounds have decreased the allowed value of the portal
coupling but the allowed mass region did not change.
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