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ON DIRECT SEARCH FOR DARK
MATTER IN SCATTERING PROCESSES
WITHIN YUKAWA MODEL

Nowadays, no dark matter candidates have been discovered. We consider two possible reasons
for that, both related to the approach of on-peak resonance searching for. As is believed usually,
a new particle suits the conditions that the ratio of the width to the mass is less than 1–3%
and a narrow-width approximation (NWA) is applicable to identify such type resonant peak in
the invariant mass spectrum of the collision products. In the present paper, in the framework
of a generalized Yukawa model, we find out the properties of the searched particle, when its
width is larger than a maximal one expected during experiments, and, so, this state could be
confused with a noise. We also ascertain the values of particle’s parameters, when the NWA is
not applicable and estimate the width value, when it happens. These estimations are relevant to
interactions between the Standard model and dark matter particles. Such approach is focused
on the role of couplings and mass values introduced in the model describing the interaction of
visible and dark matters.
K e yw o r d s: dark matter, resonance, narrow-width approximation, mixing of fields.

1. Introduction

Nowadays, no particles-candidates for dark matter
(DM) have been found yet. There is a long list of such
particles entering different models relevant to vari-
ous energy scales. In what follows, we consider why
it could be so within the standard treating of scat-
tering experiment data. It is usually assumed that
the resonances of the unknown particles are narrow
ones and their typical width Γ is about 1–3% of the
peak’s mass 𝑀 , so Γ ≪ 𝑀 . This assumption allows
one to apply the NWA to detect the resonances in
the total cross-section. In this approach, the interfer-
ence between visible and dark particles could be ne-
glected in the total cross-section. At the same time,
there are many models beyond the Standard model
(SM) present in the literature, which anticipate new
particles to have wide resonances. Consequently, such
signals can be confused with a noise, if they appear
in experimental data. In the present paper, we ana-
lyze how the widths of new-physics peaks depend on
masses and couplings introduced in some underlying
model of the DM.
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We will carry out our investigation in the frame-
work of a generalized Yukawa model. DM is repre-
sented there as the heavy Dirac fermion Ψ and scalar
𝜒 fields. The visible matter is described as a light
scalar field 𝜑 and the doublet of light fermion fields
𝜓1 and 𝜓2. Those fermion fields interact with bosons
𝜑 and 𝜒 through different Yukawa’s couplings. Using
this model, we obtain the width of a dark boson
𝜒 for certain values of the model parameters. Such
approach is different from that used in some non-
NWA peak investigations presented in, for instance,
[1–3]. In these papers, the width of a new particle is
adopted to be an arbitrary free parameter.

Nowadays, there exist numerous models of DM
such as SUSY particles (neutralinos) [4], neutral 𝑍 ′

bosons [5–7], sterile neutrinos [8], etc. In these mod-
els, it is assumed that a DM candidate has a cer-
tain symmetry group or specified couplings to other
fields. On the contrary, we consider all the parameters
of DM as free, and do not limit our treatment by a cer-
tain gauge group. In addition, in what follows we do
not consider the astrophysical limits on the couplings
between the visible and dark sectors. These couplings
affect the production and decay rates of DM and so its
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relic abundance in the Universe. Such problems could
be investigated in the context of the energy distribu-
tions of the dark and visible particles. All these topics
are left beyond the scope of the present paper.

Below, we are concentrating on the analysis of the
particle parameter values for which the dark reso-
nance does not satisfy the NWA bounds and be-
comes invisible in the direct search for it. Then we
derive the necessary constraints on the properties of
the DM sector.

The paper is organized as follows. In the follow-
ing section, we introduce our model and discuss the
mixing of scalar fields, which appears at the one-loop
level. We also define the corresponding mixing angle.
In Sect. 3, we consider the width of a dark particle
resonance in the context of a chosen 𝑠-channel scat-
tering process. Then we estimate the values of the
parameters, when this width exceeds the NWA lim-
its, and provide the limitations for the mixing an-
gle. We summarize and discuss our results in the con-
text of comparizons with a number of DM models in
the last section.

2. The Model

We start with the Lagrangian

ℒ =
1

2

[︁
(𝜕𝜇𝜑)

2 − 𝜇2𝜑2
]︁
+

1

2

[︁
(𝜕𝜇𝜒)

2 − Λ2𝜒2
]︁
−

−𝜆𝜑4 − 𝜌𝜑2𝜒2 − 𝜉𝜒4 +

+
∑︁
𝑎=1;2

𝜓𝑎 (𝑖𝛾
𝜇𝜕𝜇 − 𝑔𝜑𝜑− 𝑔𝜒𝜒−𝑚𝑎)𝜓𝑎 +

+Ψ̄ (𝑖𝛾𝜇𝜕𝜇 −𝑀 −𝐺𝜒𝜒)Ψ. (1)

Dark fermions Ψ, having only the coupling 𝐺𝜒 to
scalars in the dark sector, do not interact with visi-
ble bosons 𝜑. Due to the presence of both couplings
𝑔𝜑 and 𝑔𝜒, the scalar fields are mixed at the one-
loop level, with the mixing angle 𝜃mix. The value of
𝜃mix regulates the intensity of the interaction between
the visible and dark sectors. In particular, this mixing
expresses itself as the non-diagonal loop corrections
coming from fermionic loops in the scalar two-point
Green functions depicted in Fig. 1. We introduce the
mixing angle as a 𝑂(2)-rotation, which diagonalizes
the mass matrix of scalar fields at the zero momen-
tum. This matrix emerges from the effective poten-
tial of bosons for constant fields 𝜑 and 𝜒. The total
effective potential 𝑉eff consists of the tree-level part
𝑉

(tree)
eff and a correction, which goes from Yukawa’s

Fig. 1. Fermion loop corrections to the two-point Green
functions ⟨0|𝑇𝜑(𝑥1)𝜑(𝑥2)|0⟩, ⟨0|𝑇𝜒(𝑥1)𝜒(𝑥2)|0⟩ and
⟨0|𝑇𝜑(𝑥1)𝜒(𝑥2)|0⟩, respectively. Fermion fields are listed
inside loops which they contribute to

interaction obtained after the integration over virtual
fermions,

𝑉
(tree)
eff =

1

2
𝜇2𝜑2 +

1

2
Λ2𝜒2 + 𝜆𝜑4 + 𝜌𝜑2𝜒2 + 𝜉𝜒4,

𝑉eff = 𝑉
(tree)
eff + lim

𝜖→0

𝜅2𝜖

8𝜋2

∞∫︁
0

𝑑𝑠

𝑠3−𝜖
×

×

{︃ ∑︁
𝑎=1;2

𝑒−𝑠(𝑚𝑎+𝑔𝜑𝜑+𝑔𝜒𝜒)
2

+ 𝑒−𝑠(𝑀+𝐺𝜒𝜒)
2

}︃
=

= 𝑉
(tree)
eff − 1

16𝜋2
×

×

{︃ ∑︁
𝑎=1;2

(𝑚𝑎 + 𝑔𝜑𝜑+ 𝑔𝜒𝜒)
4
ln

(𝑚𝑎 + 𝑔𝜑𝜑+ 𝑔𝜒𝜒)
2

𝜅2
+

+(𝑀 +𝐺𝜒𝜒)
4
ln

(𝑀 +𝐺𝜒𝜒)
2

𝜅2

}︃
+

+
Δ

16𝜋2

{︃ ∑︁
𝑎=1;2

(𝑚𝑎 + 𝑔𝜑𝜑+ 𝑔𝜒𝜒)
4
+ (𝑀 +𝐺𝜒𝜒)

4

}︃
,

Δ =
1

𝜖
− 𝛾𝐸 (𝜖→ 0). (2)

Here, 𝛾𝐸 is the Euler–Mascheroni number, Δ is a di-
vergent constant, and 𝜅 is a renormalization point.
We adopt 𝜅 arbitrarily and account for the effects of
the model couplings and masses, only. The integral
in (2) involves fermionic corrections to the bosonic
masses and the self-interaction constants 𝜆, 𝜌, and 𝜉.

The components of the bosonic mass matrix 𝑀2
𝑎𝑏

are given as the coefficients of the 𝑉eff Taylor’s series
expansion calculated at 𝜑0 and 𝜒0:

𝑀2
11 =

𝜕2𝑉eff
𝜕𝜑2

⃒⃒⃒
𝜑0;𝜒0

, 𝑀2
12 =

𝜕2𝑉eff
𝜕𝜑𝜕𝜒

⃒⃒⃒
𝜑0;𝜒0

,

𝑀2
22 =

𝜕2𝑉eff
𝜕𝜒2

⃒⃒⃒
𝜑0;𝜒0

.

(3)
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Fig. 2. Feynman diagram of the investigated process. Bold
points denote the vertices calculated in the one-loop aproxi-
mation. Bold dashed line corresponds to the two-point Green
function of a scalar doublet with the one-loop corrections

In what follows, we choose 𝜑0 = 0 and 𝜒0 = 0
that sets the renormalization point of bosonic masses.
Hence, the mass matrix components are

𝑀2
11 = 𝜇2 −

3𝑔2𝜑
4𝜋2

𝐹 +
3𝑔2𝜑
4𝜋2

(︀
𝑚2

1 +𝑚2
2

)︀
Δ,

𝑀2
12 = −3𝑔𝜑𝑔𝜒

4𝜋2
𝐹 +

3𝑔𝜑𝑔𝜒
4𝜋2

(︀
𝑚2

1 +𝑚2
2

)︀
Δ,

𝑀2
22 = Λ2 − 3

4𝜋2

(︂
𝑔2𝜒𝐹 +𝐺2

𝜒𝑀
2 ln

𝑀2

𝜅2

)︂
+

+
3

4𝜋2

[︀
𝑔2𝜒

(︀
𝑚2

1 +𝑚2
2

)︀
+𝐺2

𝜒𝑀
2
]︀
Δ,

𝐹 = 𝑚2
1 ln

𝑚2
1

𝜅2
+𝑚2

2 ln
𝑚2

2

𝜅2
.

(4)

In these equalities, we do not account for the terms
coming from the scalar self-interaction. This is be-
cause such terms are proportional to 𝜑20, 𝜑0𝜒0 or 𝜒2

0.
But since 𝜑0 and 𝜒0 are zeroes, their contributions
vanish. The mass matrix components, accounting for
the fermionic loop corrections, become divergent, and
a mass renormalization is required. To do this, we add
such counter-terms to 𝑉eff that the divergent parts
proportional to Δ in (4) vanish 1.

Having the angle 𝜃mix, we rotate the scalar fields 𝜑
and 𝜒, turning them to the basis of “physical” states
𝜑′ and 𝜒′:(︁
𝜑
𝜒

)︁
=

(︂
cos 𝜃mix − sin 𝜃mix

sin 𝜃mix cos 𝜃mix

)︂(︂
𝜑′

𝜒′

)︂
.

1 To perform such renormalization, we use counter-terms
− 1

2
𝛿𝜇2𝜑(ren)2 and − 1

2
𝛿Λ𝜒(ren)2, where 𝜑(ren) and 𝜒(ren) are

fields rotated by the angle 𝜃ren with respect to 𝜑 and 𝜒.
Hence, the renormalization procedure in our model consists
of the 𝑂(2)-rotation and subtraction of divergent terms. The
angle 𝜃ren is defined as follows:

tan 2𝜃ren =
2𝑔𝜑𝑔𝜒

𝑔2𝜑 − 𝑔2𝜒 −𝐺2
𝜒

𝑀2

𝑚2
1+𝑚2

2

.

We pick 𝜃mix requiring the non-diagonal term 𝑀2
12 of

the mass matrix to vanish for the rotated fields 𝜑′ and
𝜒′. It happens, when 𝜃mix is equal to

tan 2𝜃mix =
2𝑀2

12

𝑀2
11 −𝑀2

22

= 2𝑔𝜑𝑔𝜒𝐹

[︂
4𝜋2

3

(︀
Λ2 − 𝜇2

)︀
+

+
(︀
𝑔2𝜑 − 𝑔2𝜒

)︀
𝐹 −𝐺2

𝜒𝑀
2 ln

𝑀2

𝜅2

]︂−1

. (5)

In our model, the field mixing phenomenon appears
starting from the one-loop level. Hence, we have that
tan 2𝜃mix ∼ 𝑔𝜑𝑔𝜒, sin 2𝜃mix ∼ 𝑔𝜑𝑔𝜒 and cos 2𝜃mix ∼ 1.
Therefore, the sine and tangent of the 2𝜃mix are
quantities of the second order in the expansion se-
ries in the Yukawa couplings. Because of this, we
omit, in what follows, such quantities as 𝑔2𝜑 tan 2𝜃mix,
𝑔𝜑𝑔𝜒 sin 2𝜃mix, etc., which correspond to the next-to-
leading corrections.

Moreover, the mixing angle roughly is proportional
to (Λ − 𝜇)−1. So, if one of the bosons is much heav-
ier than another one, i.e., if 𝜇 ≪ Λ or 𝜇 ≫ Λ, then
𝜃mix becomes very small. In this case, two particle
resonances are located far from each other. As a re-
sult, the properties of the dark boson 𝜒 do not affect
the mass or width of the visible particle 𝜑, and the
dark matter remains invisible. Alternatively, if we put
𝑔𝜒 ≪ 𝑔𝜑, then 𝜃mix may be very small, and the dark
matter signal will be indistinguishable from the back-
ground of visible particles. Thus, the weak interplay
of two sectors in the model corresponds to small val-
ues of the mixing angle between the 𝜑 and 𝜒 states.

3. Width of DM Particles

Let us consider the scattering process shown in Fig. 2.
In this reaction, a pair of visible fermions 𝜓1 and

𝜓1 annihilates into other visible fermion pair 𝜓2 and
𝜓2. As an intermediate state, we have both 𝜑 and 𝜒
bosons. Besides the diagrams in Fig. 1, we consider
the contributions coming from the one-loop vertex
corrections arising from the diagrams such as that in
Fig. 3. The matrix element of the process in Fig. 2 in
the improved Born approximation has the following
expression:

𝑖ℳ(imp.Born) = 𝑖

⎛⎝𝑔𝜑
(︁
1 + 𝛿Γ

(fin)
𝜑 (𝑝3; 𝑝4)

)︁
𝑔𝜒

(︁
1 + 𝛿Γ

(fin)
𝜒 (𝑝3; 𝑝4)

)︁
⎞⎠𝑇

×

×
(︂
𝑝2 − 𝜇2 −Π𝜑𝜑(𝑝

2) −Π𝜑𝜒(𝑝
2)

−Π𝜑𝜒(𝑝
2) 𝑝2 − Λ2 −Π𝜒𝜒(𝑝

2)

)︂−1

×
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×

⎛⎝𝑔𝜑 (︁1 + 𝛿Γ
(fin)
𝜑 (𝑝1; 𝑝2)

)︁
𝑔𝜒

(︁
1 + 𝛿Γ

(fin)
𝜒 (𝑝1; 𝑝2)

)︁⎞⎠. (6)

Here, 𝛿Γ(fin)
𝜑 and 𝛿Γ(fin)

𝜒 denote the renormalized loop
corrections depicted in the diagram 3, which we cal-
culate numerically 2. Π𝜑𝜑(𝑝

2), Π𝜑𝜒(𝑝
2), and Π𝜒𝜒(𝑝

2)
are the renormalized components of the scalar field
polarization operators. They comprise the contribu-
tions from the diagrams in Fig. 1 and those from the
self-interaction of 𝜑 and 𝜒 shown in Fig. 4.

The scalar polarization operator components have
been renormalized by using the following conditions:

ℜΠ𝜑𝜑(𝑝
2 = 𝜇2) = 0, ℜΠ𝜒𝜒(𝑝

2 = Λ2) = 0,

ℜΠ𝜑𝜒(𝑝
2 = 𝜅2) = 0.

(7)

Here, the diagonal terms Π𝜑𝜑(𝑝
2) and Π𝜒𝜒(𝑝

2) were
renormalized on the mass shells of the correspond-
ing bosons. For the non-diagonal component Π𝜑𝜒(𝑝

2),
an arbitrary renormalization point 𝜅2 was used. It is
worth noting that, in the one-loop approximation,
we would have to consider the box diagrams of the
process in Fig. 2. However, the numerical simulations
show that their contribution to the squared modu-
lus of the total matrix element is less than 1% of
the |ℳ(imp.Born)|2. So, we neglect the box diagrams
in the 𝜒 boson width analysis. We also found that
the loop corrections |𝛿Γ𝜑| ≪ 1 and |𝛿Γ𝜒| ≪ 1 for
the considered area of the model parameter space, as
well as the order of their absolute values do not ex-
ceed 10−2. Due to this, the matrix element (6) can be
simplified to the following form:

𝑖ℳ(imp.Born) ≈ 𝑖
(︁𝑔𝜑
𝑔𝜒

)︁𝑇
×

×
(︂
𝑝2 − 𝜇2 −Π𝜑𝜑(𝑝

2) −Π𝜑𝜒(𝑝
2)

−Π𝜑𝜒(𝑝
2) 𝑝2 − Λ2 −Π𝜒𝜒(𝑝

2)

)︂−1(︁𝑔𝜑
𝑔𝜒

)︁
.

(8)

The matrix between the coupling constant vectors
is the two-point bosonic Green function in the mo-
mentum representation. Its diagonal elements cor-
respond to the functions ⟨0 |𝑇𝜑(𝑥1)𝜑(𝑥2)| 0⟩ and
⟨0 |𝑇𝜒(𝑥1)𝜒(𝑥2)| 0⟩, while the off-diagonal element
corresponds to ⟨0 |𝑇𝜑(𝑥1)𝜒(𝑥2)| 0⟩. We then express

2 Hereafter, all numerical simulation results were obtained by
means of the LoopTools [13] software.

Fig. 3. General view of the loop correction to the Yukawa
interaction constants 𝑔𝜑 or 𝑔𝜒. All lines and vertices are taken
in the tree-approximation

Fig. 4. Loop corrections from the self-interaction of scalar
fields

(8) in terms of the fields 𝜑′ and 𝜒′, which are rotated
by the angle 𝜃mix with respect to the 𝜑 and 𝜒, and
obtain the diagonalized matrix element

𝑖ℳ(diag.) =
𝑖 (𝑔𝜑 cos 𝜃mix + 𝑔𝜒 sin 𝜃mix)

2

(𝑝2 − 𝜇2 −Π𝜑𝜑(𝑝2))
(︁
1− Π𝜒𝜒(𝑝2)

𝑝2−Λ2

)︁ +

+
𝑖 (−𝑔𝜑 sin 𝜃mix + 𝑔𝜒 cos 𝜃mix)

2

(𝑝2 − Λ2 −Π𝜒𝜒(𝑝2))
(︁
1− Π𝜑𝜑(𝑝2)

𝑝2−𝜇2

)︁ +𝑂(𝑔4). (9)

In this expression, all contributions having higher or-
ders in powers of the Yukawa couplings are denoted
as 𝑂(𝑔4). This term also depends on the external mo-
mentum. Hence, the rotation of the scalar fields by
the angle 𝜃mix diagonalizes the matrix element (8)
in the second order in the Yukawa couplings, whereas
the non-diagonal terms are proportional to the higher
powers of the couplings.

The matrix element (9) corresponds to the scat-
tering process, where the interaction is mediated
through the “physical” bosons 𝜑′ and 𝜒′, instead of
the initial particles 𝜑 and 𝜒. That is, the resonances in
the corresponding cross-section are formed out the 𝜑′
and 𝜒′ for 𝑝2 = 𝜇2 and 𝑝2 = Λ2. The first and second
terms in (9) correspond to the 𝜑′ and 𝜒′ exchanges,
respectively. Thus, the width Γ of the 𝜒′ resonance is
determined by the imaginary part of the polarization
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Fig. 5. Invariant mass spectra for the reaction products in
Fig. 2 for various Λ. Λ values are given as fractions of the fixed
𝜇 mass. Peak positions are denoted as solid line – visible 𝜑,
dashed line – dark 𝜒

operator component Π𝜒𝜒(𝑝
2) and reads

Γ ≈ ℑΠ𝜒𝜒(𝑝
2 = Λ2)

Λ
=
𝐺2

𝜒Λ

8𝜋

(︂
1− 4𝑀2

Λ2

)︂3/2
+

+
𝑔2𝜒Λ

8𝜋

[︃(︂
1− 4𝑚2

1

Λ2

)︂3/2
+

(︂
1− 4𝑚2

2

Λ2

)︂3/2]︃
+𝑂(𝑔4). (10)

As free parameters, we have the dark boson mass
Λ, couplings 𝑔𝜒 and 𝐺𝜒, mixing angle 𝜃mix, and dark

Fig. 6. Invariant mass spectra for the reaction products in
Fig. 2 for various 𝑀 . Here, Λ > 𝜇 and 𝐺𝜒 ≈ 3𝑔𝜑. Peak
positions are denoted as solid line – visible 𝜑, dashed line –
dark 𝜒

fermion mass 𝑀 . These quantities are the most in-
teresting, since they contain the information about
properties of the dark sector and its interaction with
the visible matter. These values affect the width of
the dark boson. In the model, we have such ranges
of these parameters, where the resonance of 𝜒 be-
comes too wide to be described by the NWA. The
invariant mass spectra for some values of the parame-
ters and corresponding dark peak widths are depicted
in Fig. 5, 6. In these figures, the width of a visible
particle is always small and lies in the interval ∼1–
2%. The vertical axis in the figures denotes the differ-
ential cross-section 𝑑𝜎

𝑑𝑧 value, where 𝑧 = 2𝜋 cos 𝜃 and
𝜃 is an angle between the directions of the initial 𝜓1

and final 𝜓2. The differential cross-section is given in
GeV−2 in all figures of this paper.

We make conclusion about the validity of the NWA,
by applying it to the DM resonances having different
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parameter values 3. Generally, the NWA-estimated
contribution 𝜎

(NWA)
𝑑 of the dark resonance into the

total cross-section deviates significantly from its value
𝜎𝑑 numerically integrated over 𝑝2, when the 𝜒 width
rises beyond 6–7%. This value has to be considered
as the upper width limit for the NWA applicability
in our model. This bound is in addition to the 3%-
limit, introduced by the experimental data treatment
techniques.

The results on the dark boson width calculation
are collected in Figs. 7 and 8. The widths presented
there were calculated analytically, according to for-
mula (10) 4. They are presented as the contour maps
of the 𝜒 widths with two specific contours correspond-
ing to 3 and 7% shown as black solid lines. There
are areas which contain the peaks having the ratio
𝜌 ≡ Γ/Λ less than 3%. So, they are potentially visi-
ble in experiments. The areas where 𝜌 > 7% contain
wide states and show the widths beyond the applica-
bility of the NWA. The last areas in the graphs con-
tain widths which can still be captured through the
NWA, although they are wider than 3%. Moreover,
the values of the mixing angle are present there. In
all these figures, the parameter 𝑀 is taken to be the
same (𝑀 ≈ 2× 103𝑚1).

As we can see from the second graph in Fig. 7, if
a new boson interacts sufficiently strongly with other
particles inside the dark sector, the formation of new
narrow resonance is rather exclusive than typical. Na-
mely, this is so, when a new particle is lighter than the
known one. Such boson is easily detectable, so this
case could be rejected. For 𝐺𝜒 ≫ 𝑔𝜑, we found that if
a new particle is heavier than the visible one, its peak
has to be wide. Contrary to this, if 𝜒 and Ψ interact
weakly, the new peak is narrow in a wide interval of its
mass and for the coupling 𝑔𝜒 ≈ 𝑔𝜑. In the last case, if
Λ ≤ 𝜇, the NWA is applicable to the dark peak for the
almost whole 𝐺𝜒 variation interval (Fig. 8). But if the

3 Detailed data behind such estimate are given in Appendix B
and in Tables 1 2, 3, and 4.

4 The validity of the analytic approximation (10) was assessed
via the numerical calculation of the dark resonance width,
from the expression for the cross-section of the process in
Fig. 2. The Yukawa vertex corrections (Fig. 3) were taken
into account in this calculation. It was found that the widths
values from (10) differ from the numerical results by less
than 2% of the mass Λ. Hence, formula (10) provides the
approximation of the 𝜒 width, which is good enough in the
considered intervals of model parameters.

Fig. 7. Countour maps of dark boson widths and 𝜃mix mag-
nitude levels in the parametric space Λ − 𝑔𝜒 with fixed 𝐺𝜒.
Contours corresponding to the different 𝜌 are subscribed with
black labels, while the 𝜃mix magnitude levels are subscribed
with white labels

coupling 𝑔𝜒 ≫ 𝑔𝜑, the detection of a dark resonance
with the use of NWA is impossible. As we can see
from the last graph in Fig. 8, the narrow peaks do
not exist in that case. Thus, to keep the wide dark
resonance, there has to be Λ > 𝜇 and either 𝑔𝜒 ≫ 𝑔𝜑
or 𝐺𝜒 ≫ 𝑔𝜑.

According to the results of modern experiments,
new hypothetical bosons beyond the Standard model
do not change the properties of known resonances [5].
It is so, if the masses of two resonances are far enough
from each other, and they do not overlap. This con-
dition is satisfied, in particular, when the mixing an-
gle 𝜃mix is small enough. For our model, we find that
the necessary condition has to be 𝜃mix ≤ 10−5. The
mixing angle levels are also shown in Figs. 7 and 8
as black dashed lines. As it is depicted in the first

ISSN 2071-0186. Ukr. J. Phys. 2021. Vol. 66, No. 11 941



V.V. Skalozub, M.S. Dmytriiev

Fig. 8. Contour maps of dark boson widths and 𝜃mix mag-
nitude levels in the parametric space Λ − 𝐺𝜒 with fixed 𝑔𝜒.
Contours corresponding to the different 𝜌 are subscribed with
black labels, while 𝜃mix magnitude levels are subscribed with
white labels

plot of Fig. 8, the region 𝜃mix > 10−5 corresponds to
Λ = 𝑂(𝜇). If it is so, the effects of the new physics
could be detected either in the direct on-resonance
searching for a narrow dark peak or through its influ-
ence on the properties of visible particles, if it is wide.

To summarize, we have investigated the influence
of the dark fermion mass 𝑀 on the 𝜒-particle width.
It is worth noting that the existence of additional
fermions beyond the visible sector is not obligatory.
This is because only the properties of the dark bo-
son particle are under consideration. Nevertheless,
the condition of wide 𝜒 resonance leads to certain re-
strictions on the Ψ-field mass. As we can see from the
plots in Fig. 6, when the mass𝑀 is increased, the DM
peak is narrowing. Hence, to keep the width of 𝜒 big-
ger than 3%, we anticipate dark fermions to have the
mass values on the scale of visibles ones. The estimate
of the 𝑀 upper bound is 𝑀 ≤ (103–104)𝑚1. Recall
also that we have considered the contribution of light
enough visible fermions to the boson widths, so that
2𝑚1;2 ≪ Λ.

4. Conclusions

In the previous sections within a generalized Yukawa
model, we have analyzed the role of particle coupling
values and masses resulting in the creation of wide
resonances in scattering processes. Such resonances
could not be detected by the standard methods of di-
rect searches under the assumption of the applicabil-
ity of the NWA. To realize that, we divided the fields
of the model into two classes – “visible” and “dark”
ones – and have considered a number of scenarios en-
suring the DM boson gains a large resonance width in
the invariant mass spectrum of final states. It turns
out that the limit of 3% can be exceeded in many
cases. In the framework of our model, the conditions
for that are the following:

∙ DM particle is heavier than the visible one –
Λ > 𝜇;

∙ mixing angle |𝜃mix| ≤ 10−5;
∙ interactions in the visible sector are weaker than

those between the dark and visible particles or be-
tween the particles in the dark sector only. That is, if
either 𝑔𝜒 ≫ 𝑔𝜑 or 𝐺𝜒 ≫ 𝑔𝜑.

In certain cases where the width of a dark boson
≥7%, the NWA is not applicable to the resonance.
Hence, such peaks are potentially invisible in direct
on-resonance searches. Moreover, if the NWA is nev-
ertheless used for calculations of the dark resonance
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contribution to the total cross-section, it could result
in the incorrect estimate of the particle mass and its
couplings. Hence, the correct estimate of the maxi-
mal DM width is important for the processing of ex-
perimental data. This does not depend on a specific
model of the DM.

In the present paper, the 𝑠-channel process 𝜓1𝜓1 →
→ 𝜓2𝜓2 was considered. It is similar to the process
𝑙1 �̄�1 → 𝑙2 �̄�2, where 𝑙𝑖 is the SM lepton of generation 𝑖.
For example, this can be the one 𝑒+𝑒− → 𝜇+𝜇−. In
this reaction, a hypothetical 𝑍 ′ boson could appear
as a virtual state, additionally to the SM photon and
𝑍 boson. In this context, the physical meaning of the
𝜃mix limit is similar to that introduced in the phe-
nomenology of a 𝑍 ′ boson. This particle is presum-
ably mixed with the SM 𝑍 boson. The correspond-
ing mixing angle 𝜃0 is experimentally bounded to the
range 10−4–10−3 [5]. Simultaneously, 𝑍 ′ has to be
much heavier than 𝑍 [9]. This corresponds to other
condition derived above. Hence, we can conclude that
the parameters of a visible particle resonance are in-
dependent of the characteristics of the dark sector.
This is so until the mixing between visible and dark
bosons is small, and two resonances are located far
enough from each other, avoiding the interference be-
tween them. The presence of the upper limit on 𝜃mix

is qualitatively important.
The considered Yukawa model gave us a possibility

for analyzing the role of the masses and couplings of
particles. Other aspects of the problem such as the
group symmetry of the extended model and, hence,
the content of the states are left behind it by us. In
this approach, we have obtained the set of condi-
tions which should be taken into consideration, when
the searches for the DM particles are performed. As
general conclusion, to overcome the problem of wide
resonance states, it is reasonable to apply addition-
ally some non-resonant methods to detect these new
states of matter. Among them, the interference of
dark and visible states should be taken into considera-
tion at energies far from the resonance peak. Different
effective Lagrangians could be derived to describe the
interactions between two worlds. These are problems
which we left for the future.

APPENDIX A

Consider the one-loop matrix element of the process 𝜓1𝜓1 →
→ 𝜓2𝜓2:

𝑖ℳ(𝑝1; 𝑝2 → 𝑝3; 𝑝4) = 𝑖ℳ(imp. Born)(𝑝1; 𝑝2 → 𝑝3; 𝑝4)+

+ 𝑖ℳ(box)(𝑝1; 𝑝2 → 𝑝3; 𝑝4).

In this equation, 𝑖ℳ(imp. Born) stands for the improved Born
approximation contribution, while 𝑖ℳ(box) comes from the box
diagrams. The squared modulus of 𝑖ℳ is given as follows:

|ℳ|2 = |ℳ(imp. Born)|2 +

+ 2ℜ
{︁(︁

ℳimp. Born
)︁*

ℳ(box)
}︁
+ |ℳ(box)|2.

In the present research, we assess the difference between
|ℳ|2 and |ℳ(imp. Born)|2, omitting the term |ℳ(box)|2. We
do so because of the technical difficulties in the calculation of
|ℳ(box)|2. Hence, |ℳ(imp. Born)|2 is compared with the fol-

Table 1. Λ variation

𝜌, % Λ
|𝜎𝑣−𝜎

(NWA)
𝑣 |
𝜎𝑣

, %
|𝜎𝑑−𝜎

(NWA)
𝑑

|
𝜎𝑑

, %

1.26 0.25𝜇 4.839 2.077
6.3 0.9𝜇 4.955 5.63
7.867 3𝜇 4.232 5.898
7.983 6𝜇 3.468 5.921

Table 2. 𝑀 variation

𝜌, % 𝑀
|𝜎𝑣−𝜎

(NWA)
𝑣 |
𝜎𝑣

, %
|𝜎𝑑−𝜎

(NWA)
𝑑

|
𝜎𝑑

, %

8.033 0 3.468 6.004
8.1 𝑚1 3.468 7.703
7.983 ≈ 2000 𝑚1 3.468 5.921

Table 3. 𝑔𝜒 variation

𝜌, % 𝑔𝜒
|𝜎𝑣−𝜎

(NWA)
𝑣 |
𝜎𝑣

, %
|𝜎𝑑−𝜎

(NWA)
𝑑

|
𝜎𝑑

, %

7.975 1.𝑔𝜑 3.468 5.921
13.81 2.438𝑔𝜑 3.678 9.283
19.41 3.25𝑔𝜑 3.856 14.81
26.23 4.𝑔𝜑 3.945 22.38
56.95 5.9𝑔𝜑 3.353 51.94

Table 4. 𝐺𝜒 variation

𝜌, % 𝐺𝜒
|𝜎𝑣−𝜎

(NWA)
𝑣 |
𝜎𝑣

, %
|𝜎𝑑−𝜎

(NWA)
𝑑

|
𝜎𝑑

, %

1.231 0.01𝑔𝜑 3.482 2.429
1.378 0.5𝑔𝜑 3.482 1.59
3.765 2.𝑔𝜑 3.483 3.259
7.99 3.25𝑔𝜑 3.484 5.955

17.78 5.𝑔𝜑 3.485 11.26
40.96 7.5𝑔𝜑 3.489 15.91
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lowing approximation:

|ℳ|2 ≈ |ℳ(imp. Born)|2 + 2ℜ
{︁(︁

ℳimp. Born
)︁*

ℳ(box)
}︁
.

We found that, for various intervals of the model parameters,
|ℳ|2 differs from |ℳ(imp. Born)|2 by the fraction less than 1%

of |ℳ(imp. Born)|2. Thus, the |ℳ(box)|2 contribution would be
even less, and the neglection of this term is valid. Eventually,
we ignore the contribution of box diagrams ℳ(box) as a whole,
since its effect on particles’ widths is negligibly small.

APPENDIX B

The error of the NWA is estimated as a deviation of 𝜎𝑑 from
𝜎
(NWA)
𝑑 as a fraction of 𝜎𝑑. We consider such error as insignif-

icant, if its absolute value is less than or equal to the cor-
responding deviation for a visible resonance described by the
contribution 𝜎𝑣 and its approximation 𝜎

(NWA)
𝑣 . The estima-

tions were performed for the different model parameters (see
Tables 1–4).
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В.В.Скалозуб, М.С.Дмитрiєв

ДО ПРЯМИХ ПОШУКIВ
ТЕМНОЇ МАТЕРIЇ У ПРОЦЕСАХ
РОЗСIЮВАННЯ В МОДЕЛI ЮКАВИ

До теперiшнього часу не було виявлено жодної частинки-
кандидата на роль темної матерiї. Ми розглядаємо двi мо-
жливi причини цього, якi пов’язанi iз методом on-peak по-
шуку резонансiв. Як зазвичай припускається, ширина ре-
зонансу нової частинки менша, нiж 1–3% вiд її маси, i для
пошуку цього резонансу у спектрi iнварiантної маси проду-
ктiв зiткнення можна використовувати наближення вузь-
кого пiка (narrow width approximation, NWA). У цiй статтi
на прикладi узагальненої моделi Юкави ми отримуємо вла-
стивостi шуканої частинки, за яких ширина її резонансу є
бiльшою, нiж та, що максимально припустима для застосу-
вання NWA в аналiзi результатiв експерименту. В такому
випадку цей стан може бути невiрно трактований як шум.
Ми також отримуємо значення параметрiв частинки та ши-
рини її резонансу, за яких NWA не може бути застосований.
Цi оцiнки актуальнi також для взаємодiї мiж частинками
Стандартної моделi та темної матерiї. У застосованому пiд-
ходi увага зосереджена на ролi величин констант зв’язку
та мас, що вводяться у моделi взаємодiї видимої та темної
матерiї.

Ключ о в i с л о в а: темна матерiя, резонанс, наближення
вузького пiка, змiшування полiв.
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