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We consider the generalized Yukawa model consisting of two Dirac fermions and two scalar fields. One

of the scalars is assumed to be much heavier than the other particles, so it decouples at low energies. Low­
energy effective Lagrangian (EL) of the model is derived. It describes the contributions of the heavy scalar
into observables in the limit when this particle is decoupled. We consider the cross­sections of s­ and t­channel
processes, obtained within the complete model and its low­energy approximation. The contributions of the
one­loop corrections in the cross­sections coming from light particles are analyzed. These are corrections to
the parameters of the heavy boson and the contributions of the one­loop mixing of light and heavy scalars. We
identify the ranges of Yukawa’s couplings where the corrections are significant. We find that if the interaction
between fermions and either light or heavy scalar is strong enough, the derived EL could not be applied for
the description of the analyzed cross­sections even if the heavy scalar decouples. Implications of our results
in searching for new particles beyond the Standard model are discussed.
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1. Introduction
There exist many models of physics, which introduce new heavy particles beyond the Stan­

dard model (SM). Signals of such new states could be parametrized either within a complete
model of new physics or its low­energy approximation. The latter consists of the effective La­
grangian (EL), which describes effects of interactions with heavy particles on the dynamics of
light fields when heavy states decouple. Parameters of this EL should be constrained in exper­
imental data analysis. These constraints, in turn, are translated into limits on parameters of a
corresponding complete model. This approach is employed in many researches, for example,
in [2, 5]. In our investigation we show that the EL considered in this treatment is valid only if
loop corrections coming from the light sector of a corresponding complete model are negligible
in the decoupling limit.

Our research is fulfilled for two scattering processes which take place in s­ and t­channel,
respectively. Transformational properties of fields and complex interactions within the SM are
inessential for our analysis. Hence, we consider generalized Yukawa model instead of a com­
plete SM extended with some new states, similarly to [1, 4]. Our model consists of scalars ϕ
and χ and fermions ψ1 and ψ2. We put χ boson to be much heavier than the other particles of
the model, so it decouples at low energies. We consider scattering processes ψ1ψ̄1 → ψ2ψ̄2 and
ψ1ψ2 → ψ1ψ2. We derive low­energy EL for this model. This EL approximates the contribu­
tions of the χ boson in observables when χ decouples. We work out the cross­sections of the
considered reactions within the complete and the effective models. Contributions of radiative
corrections in the cross­sections at low energies are analyzed. These are corrections to the χ
boson parameters and the contributions of the one­loop mixing of light and heavy scalars. We
identify the ranges of Yukawa’s couplings where the radiative corrections are significant. We
figure out that if it is so, the EL could not be applied for describing the reaction cross­sections at
low energies. In particular, the loop corrections might be significant in the scenarios of strong
couplings in new physics models discussed in the literature, for example, in [5, 6, 8]. We ar­
gue that the contributions of the loop corrections in observables should be estimated when the
constraints on EFT operator coefficients are derived from experimental data.

We consider only the dimension­6 effective operators in the EL of our model. As it is
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known, the effective operators of dimension 5 introduce a lepton­number violation [2], which is
strongly constrained by experiments. Low­energy EL investigated in our paper does not contain
such operators. So our model is aligned with the current experimental data.

According to [8], there are some scenarios when the contributions of effective operators
of dimensions > 6 in observables are non­negligible or even leading. In our treatment these
operators are significant at high energies just below the EFT UV cutoff, but at low energies they
are suppressed by heavy particle mass. Hence, in our analysis we neglect effective operators of
dimensions > 6.

There exist investigations of applicability ranges of low­energy effective field theories [8,
9]. However, up to our knowledge, no detailed studies of the loop corrections coming from light
particle loops in the decoupling regime have been carried out so far.

For example, it is suggested in [9] that the one­loop corrections should be taken into ac­
count in scattering amplitudes within a low­energy EFT to match precision of modern exper­
imental measurements. Authors of this investigation consider the scattering amplitudes in a
next­to­leading order in effective vertexes. In contrast below we derive a number of limits on
the parameters of the complete model, and do not consider the loops introduced by the effective
interactions.

Detailed analysis of EFT applicability range is performed in [8]. Particularly, it is stated
therein that if the interaction couplings are big, the loop corrections are to be significant at low
energies. However, it is not specified which values of couplings should be treated as big ones.
In our research, we provide the estimates of such values for considered model and also identify
the loop diagrams which are the most significant in various scenarios.

This paper is organized as follows. In section 2 we introduce our model and derive the
low­energy EL for it. In sections 3 and 4 we analyze the contributions of loop corrections in the
s­ and t­channels. Finally, we summarize our results and conclusions in section 5.

2. The model
Let us consider the generalized Yukawa model which consists of two Dirac fermions ψ1

and ψ2 and two scalar bosons ϕ and χ. Fermions and scalars of the model interact via Yukawa’s
couplings. We assume that χ is much heavier than the other particles. The Lagrangian of the
model reads:

L =
1

2
(∂µϕ)

2 − 1

2
µ2ϕ2 +

1

2
(∂µχ)

2 − 1

2
Λ2χ2 − λϕ4 − ρϕ2χ2 − ξχ4+

+
∑
a=1;2

ψ̄a

(
i∂̂ −ma − gϕϕ− gχχ

)
ψa. (1)

Here µ and Λ are masses of scalars ϕ and χ, while m1 and m2 are masses of fermions ψ1 and
ψ2, respectively. λ, ρ and ξ denote scalar self­interaction constants. gϕ and gχ are the Yukawa
couplings. All the parameters are real.

The scalar χ decouples when energies of scattering particles are much less than Λ. In the
model proposed here Λ ≫ µ; m1; m2, so interactions of ϕ, ψ1 and ψ2 could be described with
a low­energy effective Lagrangian when χ boson decouples. To derive this EL, we assume that
χ particles are absent in the initial and final states, and integrate out the heavy scalar:

exp
(
i

∫
d4xLeff

)
=

∫
Dχ exp

(
i

∫
d4xL

)
=

∫
DχeiS . (2)
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We calculate this functional integral in the Gaussian approximation, similarly to [3]. In this
approximation action S is expanded into Taylor series around some given χ0(x):

S = S[χ0] +

∫
d4x

δS

δχ(x)

∣∣∣
χ=χ0

(χ− χ0)(x)+

+
1

2

∫
d4x1d

4x2
δ2S

δχ(x1)δχ(x2)
(χ− χ0)(x1)(χ− χ0)(x2) +O

[
(χ− χ0)

3
]
. (3)

Then we put χ0(x) such that δS
δχ(x)

∣∣∣
χ=χ0

= 0. Thus, χ0(x) satisfies classical motion equation

for χ. Terms O
[
(χ− χ0)

3
]
in (3) are all proportional to scalar self­interaction couplings. We

assume that these constants are so small that terms O
[
(χ− χ0)

3
]
could be neglected. Finally,

S is approximated with the following expression:

S ≈ S[χ0] +
1

2

∫
d4x1d

4x2
δ2S

δχ(x1)δχ(x2)
(χ− χ0)(x1)(χ− χ0)(x2). (4)

Equation for χ0(x) reads:

(∂2 + Λ2)χ0 = −2ρϕ2χ0 − 4ξχ3
0 − Jχ, Jχ = gχ

∑
a=1;2

ψ̄aψa. (5)

We solve this equation employing the same approximations as in [3,7]. That is, we write down
χ0(x) as a series in growing powers of couplings:

χ0 = χ
(0)
0 + χ

(1)
0 + χ

(2)
0 + ...⇒


(∂2 + Λ2)χ

(0)
0 = −Jχ

(∂2 + Λ2)χ
(1)
0 = −2ρϕ2χ

(0)
0 − 4ξ

(
χ
(0)
0

)3

...

.

In the decoupling region we neglect the derivative term in (5), since |∂2χ| ≪ Λ2|χ|. Hence,
χ0(x) is approximately equal to the following expression:

χ0 ≈ χ
(0)
0 = − 1

Λ2
Jχ. (6)

Here we have omitted the other terms in the expansion for χ0(x), since they are suppressed by
higher powers of Λ−2. We derive EL for our model only up to terms O(Λ−4).

We put (6) to the expression for action S and get the first term in (4):

S[χ0] =

∫
d4x

1

2
(∂µϕ)

2 − 1

2
µ2ϕ2 − λϕ4 +

∑
a=1;2

ψ̄a(i∂̂ −ma − gϕϕ)ψa +
1

2Λ2
J2
χ

 .
(7)

For the second term in (4) we have:

δ2S

δχ(x1)δχ(x2)

∣∣∣
χ=χ0

= −
[
∂2 + Λ2 + 2ρϕ2(x1)

]
δ(x1 − x2).

We put this expression to (2) and integrate over the fluctuations (χ − χ0)(x). Eventually, we
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omit infinite constants and get the following expression for Leff :

i

∫
d4xLeff = iS[χ0]−

1

2
Tr ln

(
∂2 + Λ2 + 2ρϕ2

)
.

The second term here could be expanded in powers of ρ:

Tr ln
(
∂2 + Λ2 + 2ρϕ2

)
= Tr ln (∂2 + Λ2) + 2ρ

∫
d4x(∂2 + Λ2)−1(x;x)ϕ2(x) +O(ρ2).

The first term here is constant so we omit it. The second term describes radiative corrections to
the ϕmass from the loop with χ boson. This correction is absorbed in the renormalized value of
ϕ mass. The other terms could be neglected, since they are suppressed either by higher powers
of ρ or Λ−2.

Finally, we get the following expression for Leff :

Leff =
1

2
(∂µϕ)

2− 1

2
µ2ϕ2−λϕ4+

∑
a=1;2

ψ̄a(i∂̂−ma−gϕϕ)ψa+
g2χ
2Λ2

(
ψ̄1ψ1 + ψ̄2ψ2

)2
. (8)

The last term here corresponds to non­renormalizable contact four­fermion interactions. Since
this term is suppressed by Λ−2, these interactions vanish if we put Λ → ∞.

The values of the parameters m1, m2 and µ are fixed in our analysis. These values are
shown in table 1.

Table 1. Values of the model parameters which are fixed in the analyzis

m1 m2 µ

0.511MeV 105.658MeV 5GeV

In the next two sections 3 and 4 we identify ranges of the model parameters where loop
corrections are significant when χ decouples. In these scenarios (8) could not be applied to
estimate cross­sections of the analyzed processes at low energies. In our discussion we provide
ranges of Λ values for which we investigated contributions of radiative corrections.

3. The s­channel scattering process
Let us consider the scattering process ψ1ψ̄1 → ψ2ψ̄2, which takes place in s­channel only.

The diagram of this process is shown in Fig. 1. We derive matrix element of this process in
the improved Born approximation. The latter implies that all one­loop radiative corrections
are taken into account except for box diagrams. It was shown in [4] that contribution of box
diagrams in the considered s­process cross­section within the model (1) is less than 1% of the
contribution of one­particle­reducible diagrams. Thus, we omit boxes in our treatment. Cross­

Fig. 1. Diagram of the reaction ψ1ψ̄1 → ψ2ψ̄2 within the UV­complete model described by the Lagrangian
(1)
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(a). δΓ(ϕ)
ϕ;χ(s;m12) (b). δΓ(χ)

ϕ;χ(s;m12)

Fig. 2. Diagrams of loop corrections to Yukawa vertexes in the model

section of this reaction within the UV­complete model (1) in the center­of­mass reference frame
reads:

σ(ψ1ψ̄1 → ψ2ψ̄2) = Φ(s)(s)

∣∣∣∣∣
(
−igϕΓϕ(s;m2)
−igχΓχ(s;m2)

)T

×

×
(
s− µ2 −Πϕϕ(s) −Πϕχ(s)

−Πϕχ(s) s− Λ2 −Πχχ(s)

)−1(−igϕΓϕ(s;m1)
−igχΓχ(s;m1)

)∣∣∣∣∣
2

, (9)

Φ(s)(s) =
s

16π

(
1− 4m2

2

s

) 3
2

√
1− 4m2

1

s
, s = (p1 + p2)

2,

Γϕ;χ(s;m12) = 1 + δΓ
(ϕ)
ϕ;χ(s;m12) + δΓ

(χ)
ϕ;χ(s;m12). (10)

Hereafter all cross­sections are averaged over spins of initial fermions and summed over spins of
fermions in a final state. Quantities δΓ(ϕ)

ϕ (s;m12), δΓ
(χ)
ϕ (s;m12) and δΓ

(ϕ)
χ (s;m12), δΓ

(χ)
χ (s;m12)

in (9) denote radiative corrections to Yukawa interaction with ϕ and χ, respectively. Second ar­
gument of these functions is a mass of the fermionic field involved in the corresponding vertex.
Diagrams of these corrections are displayed in Fig. 2. We impose the following renormalization
conditions on Γϕ(s;m12) and Γχ(s;m12):

Γϕ(µ
2;m12) = 1, Γχ(Λ

2;m12) = 1. (11)

Corrections δΓ(ϕ)
ϕ;χ(s;m12) and δΓ

(χ)
ϕ;χ(s;m12) are calculated numerically with LoopTools soft­

ware [10]. Function Φ(s)(s) in (9) is a kinematical factor. It is a product of contributions from
integration over the momentum space of final particles and averaging and summation over spins
orientations of initial and final particles.

Πϕϕ(s), Πϕχ(s) and Πχχ(s) in (9) denote radiative corrections in propagators of scalar
fields. They are contributed by the diagrams shown in Fig. 3. Πϕϕ(s) and Πχχ(s) describe
loop corrections to the masses of ϕ and χ bosons, accordingly. Πϕχ(s) corresponds to one­
loop mixing of ϕ and χ. We calculate these corrections analytically and impose the following
renormalization conditions on them:

ReΠϕϕ(µ
2) = 0, ReΠχχ(Λ

2) = 0, ReΠϕχ(κ
2) = 0,

∂ReΠϕϕ(s)

∂s

∣∣∣
s=µ2

= 0,
∂ReΠχχ(s)

∂s

∣∣∣
s=Λ2

= 0,
∂ReΠϕχ(s)

∂s

∣∣∣
s=κ2

= 0. (12)
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(a). Πϕϕ(s) (b). Πχχ(s) (c). Πϕχ(s)

Fig. 3. Radiative corrections in the two­point Green functions of scalar fields

Here κ2 is an arbitrary renormalization scale. We put κ = 1GeV . One­loop contributions from
scalar self­interactions in Πϕϕ(s) and Πχχ(s) are absorbed in renormalized values of ϕ and χ
masses.

Example graph of σ(s) dependency on the center­of­mass energy
√
s is shown in Fig. 4. As

Fig. 4. σ as a function of the center­of­mass energy of ψ1 and ψ̄1. Hereafter red solid line and black dashed
line in the plots mark values of masses of ϕ and χ bosons, respectively

could be seen in Fig. 4, σ(s) develops two maximums, which correspond to the masses of ϕ and
χ. Dip between these maximums is introduced by interference of ϕ and χ exchange amplitudes
in the expression of σ(s) and one­loop mixing of these two fields.

It is worth noting that in this section we provide cross­sections plots in the logarithmic
scale, so particles resonances shapes are distorted by the scale transformation.

We derive approximate expression for (9) in the limit Λ2 ≫ s. If χ boson is very heavy,
then we neglect its loop corrections to Yukawa vertexes, so the diagram in Fig. 2b is omitted and
lim
s≪Λ2

δΓ
(χ)
ϕ;χ(s;m12) → 0. σ(s) in the limit of large Λ reads:

σ(ψ1ψ̄1 → ψ2ψ̄2)
∣∣∣
Λ2≫s

≈ Φ(s)(s)

∣∣∣∣∣∣(−igϕ)
2Γ

(eff)
ϕ (s;m2)Γ

(eff)
ϕ (s;m1)

s− µ2 −Πϕϕ(s)
+

+ δM(mix)(s) + δM(4−ferm)(s)
∣∣∣2 = σapprox(s), (13)

Γ
(eff)
ϕ;χ (s;m12) = 1 + δΓ

(ϕ)
ϕ;χ(s;m12), δM(4−ferm)(s) =

g2χΓ
(eff)
χ (s;m1)Γ

(eff)
χ (s;m2)

Λ2 +Πχχ(s)
,

δM(mix)(s) =
2gϕgχΠϕχ(s)

(Λ2 +Πχχ(s)) (s− µ2 −Πϕϕ(s))
.

Here we omitted terms of higher orders in Yukawa couplings. There are three terms in the
squared modulus factor in (13). The first one corresponds to the s­channel reaction involving
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Fig. 5. Diagrams which contribute cross­section of the s­channel reaction in the low­energy effective theory

only light particles of the model. The second term δM(mix)(s) is proportional to Πϕχ(s) and
it describes contribution of one­loop mixing of scalar fields in σ(s). Finally, the third term
δM(4−ferm) corresponds to the four­fermion interaction in the low­energy EFT. Unlike four­
fermion vertex in (8), δM(4−ferm)(s) contains polarization operator of χ bosonΠχχ(s). Since
Πχχ(s) ∼ g2χ, |Πχχ(s)| is significant if |gχ| is big. Loop corrections to the Yukawa vertexes
of χ boson also enter δM(4−ferm)(s) in functions Γ

(eff)
χ (s;m1) and Γ

(eff)
χ (s;m2). These

corrections emerge only from loops of light boson ϕ and their contributions are proportional to
g2ϕ. Hence, we should take them into account if interactions within light sector of the model are
powerful enough.

Now we turn to the cross­section of the process ψ1ψ̄1 → ψ2ψ̄2 within the effective theory
(8). Diagrams which are taken into account in this case are shown in Fig. 5. Left diagram in
Fig. 5 emerges from interactions of light fields only. We derive matrix element of this diagram
in the improved Born approximation. Right diagram in Fig. 5 corresponds to the four­fermion
contact interaction, which is specific to the low­energy EL (8). Cross­section of the reaction
ψ1ψ̄1 → ψ2ψ̄2 within the low­energy effective theory is as follows:

σeff (ψ1ψ̄1 →ψ2ψ̄2) = Φ(s)(s)

∣∣∣∣∣∣(−igϕ)
2Γ

(eff)
ϕ (s;m1)Γ

(eff)
ϕ (s;m2)

s− µ2 −Πϕϕ(s)
+
g2χ
Λ2

∣∣∣∣∣∣
2

. (14)

Here we also take into account term g4χΛ
−4 despite the assumptions used in section 2. This term

ensures that σeff (s) ≥ 0. It could be observed that, contrary to (13), radiative corrections to gχ
and Λ, as well as contribution of bosons one­loop mixing, are absent in (14).

Example of σeff (s) dependency on the center­of­mass energy
√
s is shown in Fig. 6. Sim­

ilarly to σ(s), σeff (s) develops a maximum which corresponds to the mass of light ϕ boson.
There is also a dip in σeff (s) at s > µ2, which is introduced by interference between amplitudes
of two diagrams in Fig. 5.

We plot σ(s), σapprox(s) and σeff (s) at different values of Λ, gϕ and gχ as functions of√
s in Fig. 7. We also plot contribution of polarization operator of χ boson, contribution of

radiative corrections to Yukawa vertexes of the latter and relative contribution of the one­loop
mixing term in σapprox(s) in Fig. 9. Magnitudes of the first two corrections are also shown in
the plots in Fig. 8. We analyze magnitudes and contributions of various radiative corrections at
low energies and describe regions in the model parameters space where they are significant.

We begin with the scenario when both |gϕ| and |gχ| are small. If it is so, then Πχχ(s)
and one­loop mixing of scalar fields could be neglected in the reaction cross­section within
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Fig. 6. σeff as a function of the center­of­mass energy of ψ1 and ψ̄1

Fig. 7. σ(s), σeff (s) and σapprox(s) at Λ = 200µ and different values of gϕ and gχ, s­channel process
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Fig. 8. Values of loop corrections relative to corresponding parameters of the model at Λ = 200µ and
different values of gϕ and gχ, s­channel process
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Fig. 9. Contributions of loop corrections to Yukawa vertexes and mass of χ boson and one­loop mixing
contribution in σapprox(s) at Λ = 200µ and different values of gϕ and gχ, s­channel process
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the low­energy EFT, while Γ(eff)
χ (s;m12) could be considered equal to 1. For the model pa­

rameters values in table 1 we have that |δΓ(ϕ)
χ (s;m12)| ≲ 0.01, |ReΠχχ(s)| ≲ 0.01Λ2 and

|ImΠχχ(s)| ≲ 0.01Λ2 if |gϕ| < 0.4 and |gχ| < 0.4. These radiative corrections and one­loop
mixing term contribute less than 1% in σapprox(s) at s ≪ Λ2 for 20µ ≤ Λ ≤ 200µ. Hence, if
couplings of the model fermions to light and heavy scalars are small, then (8) is applicable for
the description of the reaction cross­section at low energies.

Now we proceed to the scenarios when loop corrections in σ(s) are significant and should
be taken into account at low energies.

It could be observed in the top right plot in Fig. 9 that if |gχ| is big, then contribution of
radiative correction to Λ in σapprox(s) is significant. For |gϕ| ≈ 0.01 and 2.5 ≤ |gχ| ≤ 3
Πχχ(s) changes value of σapprox(s) on more than 10% even at s = O(µ2). In this limit all
the other loop corrections are negligible, since they are proportional to g2ϕ. |Πχχ(s)| ≳ 0.1Λ2

for almost the whole range of energies 2m2 <
√
s ≤ Λ at gϕ ∈ [0.01; 0.05] and gχ ∈ [2.5; 3]

for a wide range of Λ variation. Real and imaginary parts of Πχχ(s) become dominant at low
and high energies, respectively. We find out that for 0.01 ≤ |gϕ| ≤ 0.05 and 2.5 ≤ |gχ| ≤ 3
at low energies

√
s ≲ 0.5Λ |ReΠχχ(s)| > |ImΠχχ(s)| and at higher energies

√
s ≳ 0.5Λ

|ImΠχχ(s)| dominates over |ReΠχχ(s)|. If |gϕ| ≪ |gχ| and |gχ| is big, then contribution of
heavy scalar in σ(s) within the UV­complete theory (1) is significantly suppressed by Πχχ(s).
Thus, it is considerably overestimated in σeff (s). According to the cross­sections plots in Fig. 7,
σeff (s) provides under­ or overestimation of σ(s) at different s. Hence, in the considered limit
of couplings values and at s = O(µ2) loop corrections to χ boson mass should be taken into
account in the process cross­section at low energies.

Contributions of loop corrections to Yukawa vertexes and one­loop mixing term in the
process cross­section are small in the limit when |gϕ| ≪ |gχ| and Yukawa couplings of χ are
big. It follows from the top right plot in Fig. 9 that if gϕ ∈ [0.01; 0.05] and gχ ∈ [2.5; 3], then
both contributions consist less than 1% of σapprox(s) for most values of energies in the range
4m2

2 < s ≤ Λ2. According to the top right plot in Fig. 8, |δΓ(ϕ)
χ (s;m12)| < 10−3 for such

values of gϕ. We also recognize that difference between σeff (s) and σ(s) at s≪ Λ2 decreases
for higher values of Λ in the discussed limit of couplings magnitudes. This fact is explained by
the Appelquist­Carazzone decoupling theorem.

If |gϕ| is not small, then one­loop mixing term in σapprox(s) is significant with respect to
the four­fermion interaction contribution there. Relation of these two terms absolute values is
as follows:

|δM(mix)(s)|
|δM(4−ferm)(s)|

=
2g2ϕ|P (s)|∣∣∣[s− µ2 −Πϕϕ(s)] Γ

(eff)
χ (s;m1)Γ

(eff)
χ (s;m2)

∣∣∣ , Πϕχ(s) = gϕgχP (s).

Here P (s) does not depend on any Yukawa couplings. It could be seen from this expression that
the relation between |δM(mix)(s)| and |δM(4−ferm)(s)| does not depend on gχ and is propor­
tional to g2ϕ. |δM(mix)(s)| consists significant fraction of |δM(4−ferm)(s)| near s = µ2 or if
|gϕ| is big. For the model discussed here we have that

∣∣δM(mix)(s)
∣∣ ≳ 0.5

∣∣δM(4−ferm)(s)
∣∣

for µ2 < s ≤ Λ2, 20µ ≤ Λ ≤ 200µ if |gϕ| ≳ 1. Hence, if Yukawa coupling in the light sector
of the model is strong enough, then one­loop mixing of light and heavy scalars should not be
neglected in the process cross­section in the decoupling limit of the heavy boson.

Since one­loop corrections in Γ(eff)
χ (s;m12) are proportional to g2ϕ, then they also should
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be taken into account if |gϕ| is big. In our model we have that |δΓ
(ϕ)
χ (s;m12)| ≳ 0.1 if |gϕ| > 1.

4. The t­channel scattering process
We now consider a process ψ1ψ2 → ψ1ψ2, which takes place in t­channel only. Feynman

diagram of this process is displayed in Fig. 10. Cross­section of this reaction within the UV­

Fig. 10. Diagram of the reaction ψ1ψ2 → ψ1ψ2 within the UV­complete model described by the Lagrangian
(1)

complete theory in the improved Born approximation is as follows:

dσ(ψ1ψ2 → ψ1ψ2)

dΩ
= Φ(t)(t)

∣∣∣∣∣
(
−igϕΓϕ(t;m2)
−igχΓχ(t;m2)

)T

×

×
(
t− µ2 −Πϕϕ(t) −Πϕχ(t)

−Πϕχ(t) t− Λ2 −Πχχ(t)

)−1(−igϕΓϕ(t;m1)
−igχΓχ(t;m1)

)∣∣∣∣∣
2

,

(15)

Φ(t)(t) =
(4m2

1 − t)(4m2
2 − t)

64π2(E1 + E2)2
, t = (p1 − p3)

2 = 2
(
m2

1 − E1E3 + |p1||p3| cos θ
)
,

dΩ = 2π sin θdθ, E1 =
√
p21 +m2

1, E2 =
√
p22 +m2

2, E3 =
√
p23 +m2

1.

We omit box diagrams from our treatment of the t­channel process, too. It is assumed that their
contributions are negligible, as it is for the s­process considered in section 3.

Expression (15) is also derived in the initial particles center­of­mass reference frame.
Functions Γϕ(t;m12) and Γχ(t;m12) represent Yukawa vertexes of ϕ and χ bosons with one­
loop corrections. Diagrams of the latter are displayed in Fig. 2. Function Φ(t)(t) in (15) is a
kinematical factor. It is a product of two contributions. The first is introduced by integrations
over the momentums of final particles. The second corresponds to averaging and summation
over spins orientations of initial and final particles.

As it could be seen from the expression (15), matrix element of the t­channel process has
similar analytical structure as that of the s­channel process. That is, squared modulus factors
in (9) and (15) are analytically similar and depend on Mandelstam invariants s and t, accord­
ingly. The same holds for the cross­section of this reaction dσeff (ψ1ψ2 → ψ1ψ2)/dΩ within
the low­energy EFT (8) and approximate expression of the cross­section dσapprox(ψ1ψ2 →
ψ1ψ2)/dΩ derived from (15) in the limit |t| ≪ Λ2. Hence, we do not provide expressions for
dσeff (ψ1ψ2 → ψ1ψ2)/dΩ and dσapprox(ψ1ψ2 → ψ1ψ2)/dΩ in this section. Examples of the
t­channel process cross­sections are shown in Fig. 11.

We carry out similar analysis for the scattering process ψ1ψ2 → ψ1ψ2 as it was established
out for the process ψ1ψ̄1 → ψ2ψ̄2 in section 3. Corresponding plots are shown in Fig. 12, 13
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(a). UV­complete theory (b). Low­energy EFT

Fig. 11. Example cross­sections of the process ψ1ψ2 → ψ1ψ2

and 14.
Similarly to section 3, we first identify a scenario when radiative corrections to couplings

and mass of χ boson, as well as one­loop mixing contribution, are negligible at |t| ≪ Λ2. It
could be seen in the graphs in Fig. 13 that it is so if both |gϕ| and |gχ| are small. In our model we
have that if |gϕ| ≲ 0.4 and |gχ| ≲ 0.4, then |ReΠχχ(t)| < 0.05Λ2 and |δΓ(ϕ)

χ (t;m12)| < 0.05
for −1.5Λ2 ≤ t < 0 and 20µ ≤ Λ ≤ 200µ. δM(mix) is also small, such that |δM(mix)| <
0.15|δM(4−ferm)| in the same ranges of t and Λ. All these corrections contribute less than 6%
of dσapprox/dΩ for −0.3Λ2 ≤ t < 0 and 20µ ≤ Λ ≤ 200µ. This could be observed in Fig. 14
for Λ = 200µ.

Now we proceed to scenarios when radiative corrections are considerable.
If |gχ| is big, then |Πχχ(t)| is significant with respect to Λ2. In our model we have that

|Πχχ(t)| ≳ 0.1Λ2 at |t| ≪ Λ2 if 2 ≤ |gχ| ≤ 3. According to plots in Fig. 14, this correction
contributes more than 10% of dσapprox(t)/dΩ for −0.3Λ2 ≤ t < 0 if 0.01 ≤ |gϕ| ≤ 0.05 – in
this limit all other corrections are negligible. This takes place for 20µ ≤ Λ ≤ 200µ. Thus, for
such choice of the model parameters loop correction to heavy boson mass becomes significant
even at low |t|.

If |gϕ| is big, then loop corrections toχ boson Yukawa vertexes are considerable. In present
model we have that if |gϕ| ≳ 1.5 then |δΓ(ϕ)

χ (t;m12)| ≥ 0.1 at |t| ≪ Λ2. This is so for
20µ ≤ Λ ≤ 200µ. The one­loop mixing term is also significant in the discussed limit. Namely,
we have that |δM(mix)| ≥ 0.1|δM(4−ferm)| if |gϕ| ≥ 0.8 and |t| ≪ Λ2. If |gϕ| is very big,
then |δM(mix)| > |δM(4−ferm)| even at small |t|. We find out that it is so if |gϕ| ≥ 1.5 and
100µ ≤ Λ ≤ 200µ. If Λ = 20µ, then |δM(mix)| is bigger than |δM(4−ferm)| at small |t| if
|gϕ| ≥ 2. Thus, if Yukawa interaction in the light sector of the model is strong enough, then
one­loop mixing of light and heavy scalars is significant even at low |t|.

It could be observed in the cross­sections plots in Fig. 12 that if |gϕ| is big, then dσ(t)/dΩ
develops a peak at some t = t0. This peak corresponds to the point where determinant of the
matrix in (15) is zero and dσ(t)/dΩ apparently diverges. That is, t0 satisfies the following
equation: [

t0 − µ2 −Πϕϕ(t0)
] [
t0 − Λ2 −Πχχ(t0)

]
−Π2

ϕχ(t0) = 0.

This equation contains terms of the fourth order in Yukawa couplings. Two­loop radiative cor­
rections enter perturbative expansions at this order, too. Hence, the behaviour of dσ(t)/dΩ near
the point t = t0 could be studied only when two­loop diagrams are taken into account in the
expressions for Πϕϕ(t), Πϕχ(t) and Πχχ(t). Such analyzis is beyond the scope of this paper, so
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Fig. 12. dσ(t)
dΩ

, dσeff (t)

dΩ
and dσapprox(t)

dΩ
at Λ = 200µ, t­channel process
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Fig. 13. Magnitudes of loop corrections to Yukawa vertexes and mass of χ boson, t­channel process
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Fig. 14. Relative contributions of various loop corrections in dσapprox(t)

dt
, t­channel process
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we omit it for now.
5. Discussion and conclusion

In this paper we derived the low­energy effective Lagrangian of generalized Yukawamodel
in the limit when the heaviest scalar field of the model decouples. There are two scalars in the
model – ϕ and χ, which are light and heavy, respectively.

We analyzed contributions of corrections from loopswith light particles in the cross­sections
of scattering processes within the model in the limit when χ decouples. Two reactions were con­
sidered – ψ1ψ̄1 → ψ2ψ̄2 and ψ1ψ2 → ψ1ψ2. These processes take place in s­ and t­channel,
respectively. We identified values of the model Yukawa couplings when radiative corrections
are insignificant at low energies and effective Lagrangian (8) is valid.

We found out that if |gϕ| and |gχ| are small the loop corrections are negligible and the
EL (8) is applicable for description of the scattering processes at low energies. For the model
parameters values in table 1 it is so if |gϕ| < 0.4 and |gχ| < 0.4.

If |gχ| is big, then loop corrections to χ boson mass are to be considerable even at low
energies. In our model, we have that if |gχ| > 2.5 then corrections displayed in Fig. 3b consist
more than 10% of the χ boson mass. These corrections suppress the contribution of the heavy
scalar in a reaction cross­section. Hence, if |gχ| is big, then (8) significantly overestimates χ
boson contribution in a cross­section when χ decouples.

If |gϕ| is not small, then contribution of the scalar fields one­loop mixing is significant in
both s­ and t­channels. One­loop mixing of ϕ and χ is introduced by the diagram in Fig. 3c.
In our model, we get that if |gϕ| ≳ 1.5, then modulus of the contribution of scalars one­loop
mixing in the matrix elements of the considered reactions is bigger than 50%of the four­fermion
interaction termmodulus at s ≳ µ2 and |t| ≳ µ2. This was observed in the limit when |Πχχ(p

2)|
is negligible. Radiative corrections to the Yukawa vertexes of χ boson are also significant in
this limit, since they are proportional to g2ϕ. These corrections are shown in Fig. 2a.

To conclude, in our investigation we have derived the conditions when the radiative correc­
tions are negligible in the decoupling limit for the cross­sections of reactions within the gener­
alized Yukawa model. According to these conditions, radiative corrections become significant
if the interactions between light fermions and either light or decoupled scalar are not feeble. In
such scenarios, expression (8) should not be used as the low­energy approximation of the model
(1). The results obtained in this investigation could be applied to some models of new physics
which extend the SM, such as the two­Higgs­doublet model (2HDM). The latter has a limit when
new heavy particles decouple. So, low­energy EL could be derived for it [3]. Contributions of
radiative corrections into cross­sections within the 2HDM should be estimated in the limit when
heavy fields beyond the SM decouple. This is the problem left for the future.
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