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We compute the full one-loop radiative corrections for charged scalar pair production e™e™ — HTH™ in
the inert doublet model. The on-shell renormalization scheme has been used. We take into account both the
weak contributions as well as the soft and hard QED corrections. We compute both the real emission and
the one-loop virtual corrections using the Feynman diagrammatic method. The resummed cross section is
introduced to cure the Coulomb singularity which occurs in the QED corrections. We have analyzed the
parameter space of the inert doublet model in three scenarios after taking into account theoretical
constraints, the collider experimental bounds, and dark matter search bounds as well. It is found that the
weak interaction dominates the radiative corrections, and its size is determined by the triple Higgs coupling
App+p-- wWhich is further connected to the mass of the charged scalar. In the scenario where all the
constraints are taken into account, we find that for /s =250 GeV and /s = 500 GeV, the weak
corrections are around —6% ~ —5% and —10% ~ —3%, respectively. While for /s = 1000 GeV, the weak
corrections can reach —15% ~ +25%. The new feature is that the weak corrections can be positive near the
threshold when the charged scalar is heavier than 470 GeV. Six benchmark points for future collider

searches have been proposed.
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I. INTRODUCTION

The Standard Model (SM) particle spectrum has been
completed with the discovery of the Higgs boson on July 4,
2012, by the ATLAS and CMS experiments at CERN [1,2].
Furthermore, this discovery has confirmed that the SM of
particle physics is the underlying theoretical framework
valid at least for energies up to the electroweak (EW) scale.
The two collaborations also carried out several Higgs boson
couplings measurements at the Large Hadron Collider
(LHC) during run-1 and run-2 such as the couplings of
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the Higgs boson to top quarks [3,4], tau leptons [5,6], bottom
quarks [7,8], and all the electroweak gauge bosons, includ-
ing the decays to ZZ* [9,10], WW* [11-14], and yy [15]. In
addition, recently upper limits have been set on the h° — yZ
signal strength [16,17] and on the Higgs boson production
cross section times branching fraction to muons [18,19].

The aforementioned measurements will be improved
at future experiments such as the High-Luminosity LHC
[20,21], scheduled to operate from 2029, where the Higgs
boson couplings are projected to be improved to a precision
level of 5-10%. In addition, the experimental uncertainties
will be further reduced in the clean environment of the
future lepton colliders, such as the International Linear
Collider (ILC) [22,23], the Circular Electron Positron
Collider (CEPC) [24], the Compact Linear Collider
(CLIC) [25-27], and the Future Circular Collider [28]. For
example, at the ILC, with a c.m. energy of about 250 GeV and
a luminosity of 2 ab~!, some Higgs boson couplings will
most likely be measured at a precision level of 1% for
h® — bb and below 1% for h® - ZZ, WW [29].

Although new physics beyond the SM has not yet been
established by the current LHC dataset, it is necessary in
order to understand several puzzles of the SM and the
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observed Universe, such as what is the nature of dark
matter, what is the origin of neutrino masses, how to
stabilize the vacuum of the SM, and so on. From the
viewpoint of effective theory, the success of the SM can
only be understood as the low energy limit of a more
fundamental theory. In this more fundamental theory, there
must be extra sectors not included by the SM. For example,
the Higgs sector of the SM is assumed to be minimal and
composed of only one Higgs doublet. In order to solve the
problem of CP violation, it is well motivated to extend
the Higgs sector of the SM by introducing one more
doublet [30] and the Higgs potential sector can be
extended, such a theory model is called the two Higgs
doublet model (2HDM). A comprehensive review of the
2HDM can be found in the Ref. [31].

In order to offer a dark matter candidate, a Z, symmetry
is introduced into the 2HDM, which leads to the so-called
inert doublet model (IDM). In the IDM, the second doublet
does not develop a vacuum expectation value (VEV) nor
does it have a direct coupling to the SM fermions. In such a
Z, symmetry, the fermions, gauge bosons, and the SM
Higgs doublet are invariant, and the second doublet is odd,
ie. Hy - —H,. The Z, symmetry ensures that this extra
doublet has no direct coupling to the SM fermions at both
tree and loop levels, and its lightest stable neutral compo-
nent may play the role of a dark matter candidate. The IDM
was proposed by E. Ma et al. [32] and it was initially
suggested for studies on electroweak symmetry breaking.
This model is very appealing because it can generate small
neutrino masses [33], can provide a dark matter candidate
[34-40] and can solve the naturalness problem [41]. The
phenomenology of the IDM has been extensively studied in
the literature in the context of the LHC and at future Higgs
factories such as the ILC or CLIC [42-80].

After the electroweak symmetry breaking, the IDM
possesses five physical scalars: One Higgs boson h° which
is identified as the 125 GeV SM Higgs, two new neutral
physical scalars H, A? and two charged physical scalars H*.
Both H° and A° could be dark matter candidates. Obviously,
the discovery of a charged scalar boson would be a clear sign
of nonminimal Higgs sectors and precise knowledge of its
production properties would be useful to reconstruct the full
Higgs potential. Since all new IDM scalars are odd under the
Z, symmetry, they must be produced in pairs at the colliders.
Moreover, these new inert scalars only couple to the
electroweak gauge bosons and the Higgs boson of the
SM. Consequently, at the LHC they should be pair-produced
via processes of the Drell-Yan type: g¢’ — W* — AH*,
qq¢ — W* - H'H*, and qq — Z*(y) - H"H~, or from
99,qq — h° — H*H™ [53,72], where ¢’ represents a differ-
ent quark flavor. Furthermore, the charged scalars in the IDM
could also be produced in the same-sign pair production
process pp — HTH*jj [52,81,82] or from vector boson
fusion-like production pp — H*HTjj [53]. At lepton
colliders, charged scalars can be produced via the pair

production process eT e~ — HTH™ [43,49,50]. Future muon
colliders [83,84] may have better potential to cover a wide
range of the mass of charged scalars.

The discovery of a charged scalar would be clear
evidence of beyond the SM physics. In the case such a
discovery happens in e e~ collider, a subsequent precision
measurement of its properties will be crucial to determine
its nature. In order to obtain sufficient accuracy, one-loop
corrections to the various charged scalar production modes
and its couplings have to be considered. Recently, one loop
radiative corrections to ete™ — Zh0 [85-87] and eTe™ —
HYA? [85] in the IDM have been evaluated. In addition,
there are many other works dealing with radiative correc-
tions in the IDM either at one-loop order [85-96] or beyond
the one-loop level [97-99]. Full one-loop calculations to
eTe” — HH™ in nonsupersymmetric models such as the
2HDM and some supersymmetric models like the real
minimal supersymmetric standard model (MSSM) and
complex MSSM have been presented in Refs. [100-107].
For example, it has been found in the complex MSSM
[107] that radiative corrections to e™e™ — HTH™ can go
up to 20% or higher, hence a full one-loop contributions are
important for future linear colliders such as the ILC
or CLIC.

In this work, we present for the first time a full one-loop
analysis to eTe™ — HTH~ within the IDM. Besides the
full weak corrections, we include the soft and hard QED
radiation as well as the treatment of collinear divergences
and the Coulomb singularity. In our scan and numerical
analysis, we will take into account all the existing constraints
on the IDM including the theoretical ones, the experimental
constraints from the LHC, such as the Higgs data from the
decay of the Higgs boson into two photons, the invisible
Higgs decay, the electroweak precision tests, as well as the
constraints from dark matter relic density in the Universe
and the direct bounds from the monojet searches at the LHC.
It should be mentioned that we have included the recast
results from LEP II data [108] in our scan and analysis.
Additional LHC recast results, such as dilepton and multi-
lepton final states, as well as vector boson fusion final states,
can be found in Refs. [62,63,109,110]. These recasts might
bring new limits to the IDM parameter space. However, in
this work, they are not taken into consideration.

We perform a scan over the whole parameter space of the
IDM in three scenarios: Scenario I assumes that the inert
scalars are degenerate in mass and has taken into account all
the constraints except the invisible Higgs decay and dark
matter constraints, scenario II is defined by imposing all the
constraints without dark matter ones and with a nondegen-
erate spectrum for the new inert scalars, and scenario III is
the same as scenario II but with dark matter constraints. We
find that the dark matter constraints can greatly reduce the
number of points in the parameter space. Furthermore, it is
found that QED corrections are rather small and radiative
corrections are dominated by the weak interactions. The size
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of weak corrections depends on the coupling A0+ -, which
is further related to the mass of charged scalar. In scenario II1
we find that for /s = 250 and /s = 500 GeV, the weak
corrections are around —6% ~ —5% and —10% ~ —3%,
respectively. While for /s = 1000 GeV, the weak correc-
tions can reach —15% ~ +25%. The new feature is that the
weak corrections can be positive near the threshold when the
charged scalar mass is larger than 470 GeV. We have
proposed six benchmark points for future lepton collider
searches.

The outline of this paper is as follows: In Sec. II, we
briefly describe the model, including its mass spectra, key
trilinear and quartic scalar couplings, and list various
theoretical and experimental constraints that we will take
into account in this work. In Sec. III, we provide the leading-
order (LO) formula for the cross sections of the ete™ —
H*"H~ process, introduce the on-shell renormalization
scheme for the IDM, and set up basic notations and
conventions. Moving on, we study the one-loop contribu-
tions to the ete™ — HTH™ process and examine the
importance of soft and hard photon emission in order to
guarantee the cancellation of the infrared (IR) divergences at
the next-to-leading order (NLO) calculation. Furthermore,
we tackle the challenge posed by the Coulomb singularity
using efficient resummation techniques. We present our
numerical results in Sec. IV. In Sec. V, we propose some
benchmark points (BPs) and examine their radiative cor-
rections for future e*e™ colliders. We end this work with
discussions in Sec. VI.

II. REVIEW OF THE INERT DOUBLET MODEL

A. A brief introduction to IDM

The IDM is one of the simplest extensions beyond the
SM. This model has an extra doublet H, which is added to
the scalar sector of the SM. This doublet does not generate
any VEV and it does not have direct coupling to the
fermions of the SM. An unbroken Z, symmetry is imposed
such that fermions, gauge bosons, and the SM doublet are
invariant while the additional scalar doublet is odd i.e.
H, - —H, under this symmetry. The parametrization of
the two doublets is given by

G:I:
H, = ,
! (%(v—kho—kiGo))

Hy = (%(ngi iAO))’ m

where G° and G* are the Goldstone bosons gauged out,
after electroweak symmetry breaking, by the longitudinal
components of W* and Z, respectively. The v denotes the
VEV of the SM Higgs doublet H,.

Then the renormalizable scalar potential can be given as

V =i |H\|* + w3 |Hy |* + 4 |H|* + 4| H, [*
+ A3 H, |*| H,|? +i4|H§H2|2

+%5{(HIH2)2 +H.c.}. (2)

Note that because of the exact Z, symmetry, the above
potential has no mixing terms like u},(H}H, + H.c.).
In addition, since the potential must be Hermitian, all
Aiyi =1, ...,4 are dimensionless and real whilst the phase
of A5 can be absorbed by a suitable redefinition of the fields
H, and H,. After spontaneous symmetry breaking of the
group SU(2), ® U(1), down to U(1),,,, we have five
physical scalars: h1° which is the SM 125 GeV Higgs boson
and four inert scalars: H, A, H*. Their masses are given by

m?, = =2ut = 24,07,

m?, = p3 + A 0%,

HO
mio = ﬂ% + /13”2,
1
My, = p5 + 5/13”27 (3)

where 1 ¢ are defined as

s == A3+ A4 £ 4s). (4)

SR

From above relations, one can easily find the expressions of
A; as a function of physical masses:

2

i,
A==
17 2y2
1 _Z(méi —43)
3 — 2 )

v

P (mi,0 + mio - 2”’1?#)
4 — Uz ’

(3 = 3,
s :%' (5)

The IDM involves eight independent parameters: five
,,,,, s, U1, M and the VEV. One parameter can be
eliminated by using the minimization condition, while
the VEV is fixed by the Z boson mass, fine-structure
constant and Fermi constant G. Finally, we are left with
six independent parameters, which we choose as follows

{13, Agy Mo, My Mo, mgo ). (6)

One alternative parametrization is to use 4; or Ag in place
of ,u%, as can be seen from Eq. (3). The advantage of such
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parametrization is that it is directly connected to the
evaluation of the relic density.

For completeness, we list below the triple and quartic
scalar couplings that are needed in our numerical analysis:

WHEHT = —vl3 = vl ye = vhjoss,
H*HTH*HT = —4),,

GiH¢HW:§M4+%L

GiH¥A0::t§@%4+zg. (7)

It is clear that the triple coupling "’ H*HT is propor-
tional to A3 which in turn is proportional to (m7,. — u3) as
given in Eq. (5).

B. The IDM parameter space and constraints

In this work, we study in the same parameter space as in
our previous work [85]. The parameter space is obtained by
scanning the whole space with certain theoretical and
experimental constraints. The constraints used are summa-
rized as follows:

1. Theoretical constraints

The parameters of the IDM are subject to several
theoretical constraints that we shall impose throughout
our numerical analysis.

(1) Perturbativity:

We require that each of the quartic couplings of
the scalar potential in Eq. (2) is perturbative:

(2) Vacuum stability:

In order to ensure vacuum stability, the potential V
should remain positive when the values of scalar
fields become extremely large [32]. From this
condition, we have the following set of constraints
on the IDM parameters (for a review, see [31]):

A2 >0 and A3+ 44 —|45] +2/414, >0 and
/13 + 2 /11/12 > 0. (9)

(3) Charge-breaking minima:
A neutral charge-conserving vacuum can be
guaranteed by demanding that [111]

Ay —2s| <0. (10)

(4) Inert vacuum:
We impose the following conditions in order to
insure that the inert vacuum is the global one [111]:

2 .2 .2 2 2 2
My, My, Mo, My >0 and v > —u5/\/ A Ay

(11)

(5) Unitarity:

As in the SM, the couplings of the IDM have to
satisfy certain relations in order to obey unitarity.
The tree-level perturbative unitarity is imposed on
the various scattering amplitudes of scalar bosons at
high energy. From the technique developed in [112],
we find the following set of eigenvalues:

e1p =43 £ Ay, €34 =43 % s, (12)

65,6 == 13 + 22,4 + 3/15,

e75 =—A —A £/ (A —Ah)*+4], (13)

€910 = =34 =3 £ \/9(/11 —)* + (203 + 24)7,
(14)

el =k -t (=) +4. (15
We impose perturbative unitarity constraint on all
es:e;<8m, Vi=1,...,12.
It is important to note that we did not take into account
higher-order corrections to the bounded from below, global
minimum, and perturbative unitarity constraints. We have
only included the constraints at lowest order. However, the
parameter space will change if we use those constraints at
NLO. For example, it has been shown in [113] that the
bounded from below conditions at one-loop level can
change the stability of the electroweak vacuum, and the
allowed parameter space for coexisting inert and inertlike
minima at NLO is larger compared to the one observed at
LO. Furthermore, for the unitarity constraints beyond the
lowest order that have been analyzed in the 2HDM [114], it
was found that perturbative NLO unitarity constraints are
stronger than the LO ones. Therefore, the allowed ranges of
the quartic 4; couplings, the inert scalar masses, and their
mass differences will change if we use the NLO unitarity
conditions.

2. Experimental constraints

The parameter space of the scalar potential of the IDM
should also satisfy experimental search constraints. We will
consider the following experimental constraints (for further
details about these constraints see our previous published
work [85]):
(1) Higgs data at the LHC [115,116].
(2) The bound on the invisible Higgs decay [117].
(3) The direct collider searches from the LEP
[44,62,108,118].

(4) The indirect searches from electroweak precision
tests [41,119,120].

(5) The data from dark matter searches [61,64,121-131].
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III. RADIATIVE CORRECTIONS
TO ete- - H*H™-

A.ete” - HYH~ at tree level

Due to the extremely small value of the electron mass
and the corresponding Yukawa couplings, it is numerically
justified to neglect the contributions proportional to the
mass of electron, such as Feynman diagrams involving
ete h?, ete G, e U,GT, and e*1v,G~ vertices. For this
reason, the Feynman diagrams contributing to e*e™ —
HTH~ at the tree level are mediated by the y and Z
s-channel exchange as shown in Fig. 1.

Using the covariant derivative of the Higgs doublet, one
can derive the scalar coupling to gauge bosons. We list
below a part of the Lagrangian needed for our study

(¢l —sw) <
Lypig-yvuig- = |—ieA! +ie————=>7Z' H" 0, ,H~
’ 2CWSW
2 2
+ {ezA"A,, 2wy Z"Aﬂ] HYH-,
CwSw

(16)

where e is the electric charge and cy = cosOy
(sw = sin@y) with @y, being the Weinberg mixing angle.
It is clear from above equation that the interactions
involving charged scalar depend only on the electric charge
and the Weinberg mixing angle 6y;,.

Let p;, and k; , be the momenta of incoming e* and
outgoing H™*, respectively, and define the Mandelstam
variables as

s = (p1+ p2)? = (k + k)%,
t=(p1—ki)? = (p2— k)%
u=(pr—k)*=(py—k) (17)

The matrix elements at tree level for the two contributions
have the following form:

2

M = _2%5(172)%1“(191)’ (18)
gy ~ .
MG =2 _gmz (gvo(p)kiu(py) = gav(p2) K17 u(py)).
(19)

FIG. 1.
shown.

Tree level Feynman diagrams for ete™ — HTH™ are

with
1 —4s?, 1 ct — ¥
gv = 4CWSW ’ gA_4CwSW’ 90 =~ ZCWSW ’
The total matrix element is then given by
My = M+ ME, (20)

and the total cross section can be written as

o0 — na* 1+ ¢ Ft g 29ugv (21)

3s B =m2/s)? 1—-md/s|

where f = /1 — 4m§1i /s is the velocity of outgoing H* in

the c.m. frame. Note that the first term comes from the
photon exchange, the second term comes from the Z boson
exchange while the third one is the interference between the
photon and Z boson exchange.

This cross section is only related to the mass of H* and it is
independent of the other four parameters u3, 1, myo, mo. It
should be reminded that, near the threshold regions, it drops
quickly due to the phase space suppression factor /.

Lastly, as the collision energy is assumed to be 250 GeV
or even higher, the intermediate Z boson is always far away
from its mass shell. Hence, we have neglected the effects of
decay width of Z boson in this work.

B.ete” — H*H~ at one loop

The ’t Hooft-Feynman gauge has been used to evaluate
both the weak corrections as well as the QED ones. The
generic Feynman diagrams for eTe™ — HYH™ are drawn
in Fig. 2, which can be put into six categories:

(1) One-loop corrections to the initial state vertices

ete”V (V =y, Z) which are purely SM, G, and G,.

(2) One-loop corrections to the vertices VHTH™
(V =7, Z), G3 to Gll'

(3) One-loop corrections to photon and Z boson propa-
gators as well as y—Z, G, to Gg. Note that the
mixing Z-G° and y-G? in the s-channel contribution
was not included. Due to Lorentz invariance, such
mixing would be proportional to (p; + p,)¥, which
after contracting with the initial state ete™ will be
proportional to m, and thereafter will vanish.

(4) Box contributions, Gg to Gy;.

(5) The various counterterms for initial and final states
and also the y and Z propagators, y — Z mixings are
also depicted in G, to Gyy.

Moreover, we also add real photon emission ete™ —
H™H~y which is depicted in diagrams G,5 to G,9. Note
that diagram G5 does not contain IR divergence but it is an
important piece for electromagnetic gauge invariance.
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>”< N < )] V \H

vH+

G10 G11

G12 G13 Gl4
.
VH+ H+ vV H
P, } j:
G18 G19 © G2()
+
I
v N
(&4
G2

T, >ﬁ< AV Faty SH+ UH+ VH
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V VvV AN 1% R - F 1 \ _ U 1 -V .

G17

>w>w

G23

et ‘\\ .+ H*
H+
.,
. >}f

G H™ G2 g

FIG. 2. Generic one-loop Feynman diagrams for ete™ — H™H™ are shown, where F stands for SM fermions; V stands for generic
vector bosons which could be y, Z, or W*; and S could be either a Goldstone G°% G* or a Higgs boson Ko, H, A9 or H™.

Let My, be the matrix element of all these diagrams, the
virtual corrections at NLO can be expressed as

doy « 2ReZ(MM3)).

Since we have omitted the decay width of the intermediate
Z boson in the leading order matrix element M, at fixed
order we can only take into account the real part of My, .
This also means that we can neglect the imaginary parts of
diagrams G, to Gg, which contribute to the decay width
of the Z boson at higher orders when both vector bosons V
attached to the loop are Z bosons.

Calculation of the one-loop corrections will lead to
ultraviolet (UV) as well as IR divergences. The UV
singularities are treated in the on-shell renormalization
scheme after being regularized using dimensional regulari-
zation while the IR divergences arising from the diagrams
involving a photon are regularized with a small fictitious
photon mass A and have to cancel with the ones from real
photon emissions.

The unbroken Z, symmetry prevents the mixing
between the SM doublet H; and the inert doublet H,
which significantly facilitates the renormalization of the
IDM. The full renormalization of this model has been

presented in [90]. In our work, we will use the on-shell
scheme developed first for the SM in [132—-134], completed
by the on-shell renormalization scheme for the inert scalar
fields and their masses.

Concerning the renormalization of the SM parameters
and fields, we refer to [134,135]. For the renormalization of
charge, an a(m;) scheme is used, following the procedure
in Refs. [134,135]. The charge is first renormalized in the
Thomson limit and then switched effectively to m, by
resumming large logarithms from light fermions, which
gives

with

(Aa(myz)) ftop — Hf;etop (0) - Rer#lop(m%) (23)
and a(0) is the coupling constant renormalized in the
Thomson limit. More details about this renormalization
scheme can be found in Appendix A, where the uncer-
tainties from different schemes are also discussed.
Following the notation in PDG [120], Eq. (22) is regarded
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as an “on shell” definition of the running coupling constant
at the scale my.

For the renormalization of the inert scalar bosons, we use
a similar approach as in [134,135]. Because of the exact Z,
symmetry, there is no mixing between H* — WT and
H* — GT, this makes the renormalization of the scalar
fields easier. The Higgs wave function renormalization
constant and mass counterterm are fixed by the two
following on-shell conditions:

(1) The on-shell condition for the physical mass m-=.

(2) The propagator of the charged scalar must have

residue 1 at the pole mass.

These requirements will lead, respectively, to

ReiHiHi (m%_lt) - 0,
Re———+= =0, 24
¢ akz k2:m2 N ( )

6Zan
2

5’CAH+H7 = —le (526 =+ 5ZHi +

where 2,,: - is the one-loop renormalized charged scalar
self energy, i.e.

S (K2) =Spe e (K2) = 6m2 . + (K2 —m2 . )8Z = (25)

Here X+ 4+ is the one-loop unrenormalized charged scalar
self-energy.

All the SM renormalization constants defined above can
be found in [134,135]. Using the condition in Eq. (24) and
the relation in Eq. (25), one can prove that

Ty ()
akz k2:m2 ’

HE

6Z,: = —R (26)

The explicit expression for 6Z+ is presented in Appendix B.
For the counterterms, only two are new here comparing
with the SM. They are listed as follows:

5£ZH+H— = —iegH (526 + 5ZHi +

For the counterterms of the initial state vertices: e"e~y and
eTe”Z, counterterm of the Z boson, the photon propaga-
tors, and their mixing; they are exactly the same as in the
SM and can be found in [134,135].

With such a “completely on-shell” renormalization
scheme, our results are totally independent of the renorm-
alization scale y,. As an alternative, they now depend on
the new scale introduced during the renormalization of
charge (set to my in this work).

As mentioned before, Feynman gauge is used in our
calculation. Strictly speaking, to ensure our results are
gauge invariant, calculation with another gauge is needed.
However this will lead to a totally different model file and/
or modifications in the automatic package, which is beyond
our abilities at present. Hence, we can only believe that this
is automatically ensured by the theory, and only check
those within our abilities (such as current conservation in
real emissions).

On the other hand, as already known in the renormaliza-
tion of 2HDM, improper treatment of tadpole contributions
may lead to gauge-dependent results (see e.g. [136—138]).
Fortunately, compared with the general 2HDM, the IDM is
simple on this issue since there is no mixing between the two
doublets. Hence, we can apply the same treatment as in the
SM and avoid such an issue.

Let us now discuss the treatment of the IR divergences,
which includes two parts, one is from virtual corrections,
the other is from real emission. As mentioned before, IR
divergences in this work are regularized by introducing a

57 o
+ gy %) A*H*0,H",
57 5 57 o
22 O OCAZ) upt o H- (27)
2 (CW - SW)CWSW 29n

|

small fictitious photon mass, 1. The IR divergences in
virtual corrections are present in four sources: (i) wave
function renormalization of charged particles such as
electrons and charged scalars; (ii) vertex corrections to
etey and ete™Z, G, in Fig. 2 with V =y, where
incoming electron and positron exchange a virtual photon
with each other; (iii) in the case of eTe™ — HTH™ vertex
corrections to yHTH™ and ZHTH™: G4 in Fig. 2 with
V = y where the outgoing charged scalar pair exchanges a
virtual photon; and (iv) in case of ete™ - HTH™ box
corrections: G,y and G,; in Fig. 2 with (V,V) = (y,7) or
(V,V) = (y, Z) where incoming fermions exchange one or
two virtual photons with outgoing charged scalars.

IR divergence in real emission comes from phase space
integration. Besides A, two cutoffs AE and A@ are intro-
duced to deal with the IR singularities in real photon
emission based on the two cutoff phase space slicing
method [139]. AE = §,1/s/2 defines the soft photon
energy cutoff for the bremsstrahlung process. It can be
viewed as the photon energy cut that separates the soft and
hard regions. The angle A@ further separates the hard part
into hard-collinear and hard-noncollinear regions. The
NLO corrections are then decomposed into the virtual,
soft, hard-collinear, and hard-noncollinear parts as follows:

dUl = dﬁv(ﬁ) + dﬂs(i, AE) + dGHC+CT(AE’ AH)
+ doye(AE, AG), (28)
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Here S, HC, and HC denote the contributions of soft, hard-
collinear, and hard-noncollinear parts from real photon
emission, respectively. V denotes the virtual corrections
including loop and counterterm diagrams. CT in the third
term of rhs denotes the extra contribution arising from the
structure function of incoming electron and positron. More
details about the treatment of IR divergence are presented
in Appendix C, as well as the checks of our results for the
independence of cutoffs.

The total cross section at NLO 6O, is the sum of LO
cross section ¢” and NLO corrections o', namely

MO =6% + 6! =61 + A), (29)

where A is the relative correction.

As described in Sec. 3.1 of Ref. [140], the NLO
electroweak corrections can be safely grouped into two
gauge-invariant parts:

(1) The “QED” part, which includes all the diagrams
that contain an extra photon attached to the LO
diagrams. These diagrams can be easily found by
investigating the generic Feynman diagrams in Fig. 2
and we list them here:

(i) G, when the vector boson connected with the
incoming electron pair is a photon.

(ii) Gg when the vector boson connected with the
outgoing charged scalar pair is a photon.

(iii) Ggand G9 when the vector boson connected with
the outgoing charged scalar pair is a photon.

(iv) Gy9, Gog, and G,; when either vector boson is a
photon.

(v) Gos to Gyg: all real emission diagrams.

Meanwhile, the photonics contribution to the wave

function renormalization of the electron and charged

scalar is also grouped into this part.

(2) The “weak” part, which contains all the remaining
contributions.

It should be noted that the “QED” part here is only a gauge-
invariant subgroup of the whole QED corrections. There
are remaining QED corrections in the “weak” part.
Actually, it is very hard, if not impossible in this process,
to separate the whole QED part because of y — Z mixing.

The relative correction is then separated into two parts

correspondingly, i.e. we have

A= Aweak + AQED' (30)

Similar to the pair production of W bosons or top quarks,
the Coulomb singularity appears in one-loop corrections,
which is proportional to az/f [141,142]. It gives an
important enhancement to the cross section near the
threshold. This effect is already well known and can be
resummed to all orders. After the resummation, the LO
cross section becomes

0" = Oreum. = lw(0)[*°. (31)

where we have used the “resum.” as the abbreviation of
resummed in the subscript to label the quantities after the
resummation. The factor |y(0)|?>, which was originally
obtained by Sommerfeld [143] and Sakharov [144], is
given by

X X X
—1+5+5 4, (32
T—ex 'ttt (32)

w ()] =

where X = arn/p.

Beyond LO, we assume that the resummed cross section
can still be written into the product of two parts, similar to
Eq. (31). The first part is a factor that resums all the Coulomb
singularities. Here we use [y(0)|? as this factor since we only
resum the leading Coulomb singularities. The second com-
ponent represents a hard part which contains no more
Coulomb singularities and can be calculated order by order
perturbatively. Namely, we suppose

= y(0)Pou. (33)

Here the label “H” denotes the hard part. Expanding the rhs of
Eq. (33) to LO in a and then matching it with LO cross
section ¢*, it gives

Oresum.

o% = o. (34)

This means that the LO resummed cross section in Eq. (31) is
correctly reproduced. Now expanding the rhs of Eq. (33)
again to NLO in « and matching it with NLO cross section
N0 it gives

X
oY + 50% + oy = N0, (35)

Inserting Egs. (29) and (34) into Eq. (35) and solving 011{ from
it, it gives

X
ol =0 <A — E) =o'Ay. (36)

Here, Ay represents the ratio of o}; to 6. In our work,
numerical analysis has confirmed that Ay does not exhibit
any further Coulomb singularities. This implies that Eq. (33)
works at least up to one-loop order. Then, the resummed
cross section at NLO is derived as follows:

oresum. = [W(0)*(on + op) = [w(0)P0°(1 + Aw).  (37)

Expanding ohLO to even higher in a, it gives

X X? X
aﬁﬁhza%+(}%2+dﬁ%Q%lz+ah2>

+ 0. (38)
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The first three terms on the rhs are the contributions of O(a?),
O(a?), and O(a*), respectively. The third term stands for two
different cases of Coulomb singularity at next-to-next-to-
leading order. 6%, X?/12 corresponds to the exchange of two
soft photons in the final states, while ¢};X /2 corresponds to
the exchange of one soft photon in the final states. On the
other hand, Ay can also be separated into its QED and weak
parts, similar to what is done for A in Eq. (30). This
separation is expressed as

Ap = Apgep + Al weak- (39)
Due to the fact that Coulomb singularity is caused by soft
photon exchange in the final states, it should belong to the
QED part, namely we have

Mo =Bom =5+ Artwes = Aueu: (40)
It has also been confirmed numerically that Ay ggp remains
finite when the velocity of outgoing charged pair goes to zero.

Up to this point, we have effectively addressed the
treatment of Coulomb singularities and obtained resummed
cross sections. However, in this work, we are more
interested in relative corrections, not only the cross sec-
tions. Let A ., be the ratio of relative corrections after
resummation (oNQ /6% . —1). Due to the fact that
[y (0)]? acts as a global factor in both LO and NLO cross
sections, A..qm 1S always equal to the ratio of hard part,

Ay. Correspondingly, we also have

X
Aresum.,QED = AH,QED = AQED - E s

Aresum.,weak = AH.wea.k = Aweak' (41)

TABLE L.

In order to show the effect of this resummation tech-
nique, we present in a certain case the cross section and
relative corrections before and after the resummation in
Table I. There are a few comments on the results in
the table:

(1) Therelative weak corrections remain constant both be-
fore and after resummation, meaning that A eqym. weak
maintains its equality to A, throughout.

The resummation mostly affects the results near the
threshold, i.e. the region where f is small and close
to 0. When £ is varying from 0.9165 to 0.0283, it is
observed that the QED corrections can change from
1.628% to 42.143%.

Before the resummation, the LO cross section can be
changed drastically by the QED corrections, espe-
cially near the threshold region. After the resumma-
tion, the QED corrections are small and well
controlled within a size around 1%. The LO cross
section is enhanced directly by the factor [y (0)]?
during the resummation, which varies from 1.0134
to 1.4918 as f decreases. While the NLO cross
section is much more stable in this process. From the
data before and after the resummation we can see the
ratio is always around 1 (from 0.999 to 1.039 as g
decreases).

Throughout the entire region, the QED corrections
decrease by at least one order of magnitude after
resummation. This observation strongly suggests
that the dominant factor contributing to the QED
corrections is the Coulomb singularity term.

All of this demonstrates that the resummation is necessary
and effective. In the following discussion, we will use ¢ or
A to refer to the resummed values, and for convenience, we
will omit the subscript “resum.”

2

3

“

Cross section and relative corrections before (second block) and after (third block) the resummation of the Coulomb

singularity with /s = 500 GeV are demonstrated. The remaining IDM parameters are chosen as myo = mg = my+, A, = 2, and
#3 = 0. Quantities before resummation, 6, 6™-C, Aggp, and A, are obtained with Egs. (21), (29), and (30). Quantities after
IeSUMMAtion, Goegum.» Cronim.s Aresum. QED> ANA Ajegum weak» are obtained with Egs. (31), (36), (37), and (41).

my= (GeV) 100 150 200 225 245 249 249.9
Y 0.9165 0.8000 0.6000 0.4359 0.1990 0.0894 0.0283
[y (0)]? 1.0134 1.0153 1.0204 1.0282 1.0625 1.1425 1.4918
Before resummation
a° (fb) 95.320 63.392 26.744 10.254 0.976 0.0883 0.00280
oNLO (fb) 90.344 60.288 25.783 10.085 1.004 0.0970 0.00389
Agep X (%) 1.628 1.711 2.101 2.731 5.738 12911 42.143
Ayeax X (%) —6.859 —6.609 —5.695 —4.379 —2.869 —3.058 -3.175
After resummation
6Oum. (fb) 96.593 64.362 27.291 10.543 1.037 0.1009 0.00418
oNEO - (fb) 90.256 60.230 25.756 10.075 1.003 0.0971 0.00401
Aresum. QEp X (%) 0.299 0.189 0.071 —0.064 —-0.384 —0.723 —0.933
Aresum. weak X (%) —6.859 —6.609 —5.695 —4.379 —-2.869 —3.058 -3.175
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IV. NUMERICAL RESULTS

In the present work, the computation of all the one-loop
matrix elements and counter-terms is performed with the
help of FeynArts and FormCale [145—-147] packages. The scalar
integrals are numerically evaluated using LoopTools
[148,149]. The other parts are obtained with the help of FDC
[150] and BASES [151]. The cancellation of UV divergen-
ces are obtained both analytically and numerically. It should
be noted that the model file of IDM, including all needed
renormalization counter terms and renormalization con-
stants, is obtained by manually modifying the SM model
file. We have checked this model file with the output from
FeynRules and confirmed their agreement. Recently, an
automatic tool NLOCT [152], which can automatically
generate counter terms and calculate renormalization con-
stants, became available. It provides a model for 2HDM that
can be used in one-loop QCD and EW calculation. However,
compared with the general 2HDM, IDM is simple because
there is no mixing between the two doublets. Hence, we use
our own model file mentioned above.

(3) The fermion masses:

m, = 0.511 MeV
m, = 0.106 GeV
m, = 1.777 GeV

The masses of u and d are taken as effective

parameters to reproduce Aaﬁghon(mz) with a(my).

They are obtained as m, = m,; = 0.134 GeV.

In the IDM, the CP even Higgs boson A is the only SM-
like Higgs boson observed by the LHC collaborations, and
we use my = 125.18 GeV. For the other IDM parameters,
we perform a scan over the whole parameter space, which
includes the physical masses m 4o, myo, and my., y%, and
A, parameters. We take into account all the experimental
constraints as well as the theoretical requirements given in
the Sec. II B.

It is found that our numerical results are almost inde-
pendent of the 1, parameter. Consequently, we will fix
A, = 2 in the next part.

In the following, we will use the a(my) scheme
described before to present our results.

B. Weak corrections in three scenarios

In our numerical analysis, we will consider three
scenarios, which are tabulated in Table II. They are
categorized in terms of degenerate/nondegenerate between
inert scalar boson masses, with/without invisible Higgs
decay, and with/without DM constraints. It is thought that

m, = 0.134 GeV
my = 0.134 GeV
m, = 0.095 GeV

In this section, we present our numerical results for our
process ete™ — H"H™. It has been pointed out that the
triple Higgs couplings can cause a large (can go up to 30%)
radiative correction to the process eTe” — HTH™
[102,105] in the 2HDM. Below we examine the radiative
corrections to our process in the IDM and we expect that
the electroweak radiative corrections to eTe™ — HTH™
would have some similarities with eTe~ — H°A° [85]. For
the QED corrections, we will study both soft photon
emission as well as the hard one.

A. Numerical input

We adopt the following numerical values of the physical
parameters from PDG [120]:
(1) The fine structure constant: «(0) = 1/137.036,

a(my) = 1/128.943 with Aal), (my) = 0.02764.
(2) The gauge boson masses: my = 80.379 GeV and
myz = 91.188 GeV.

m, = 173.2 GeV,
my, = 4.660 GeV,
m, = 1.275 GeV.

scenario [ is the simplest one with only three free
parameters and is the easiest one to demonstrate the
one-loop corrections, while scenario III might be more
realistic after taking into account collider experimental
bounds and dark matter constraints and six benchmark
points are chosen from this scenario for the LHC and future
collider searches.

TABLE II.  Scenarios and their conditions are tabulated. Sce-
nario I where all the inert scalars are degenerate is described by
three parameters which are (mg = myo = myo = My, 43, %),
scenarios II and III with a nondegenerate spectrum for the
inert scalars are described by five parameters, which are

(Mg, mpo, My, 43, As).

Scenario I Scenario II Scenario IIT

v 4

Theoretical constraints
Degenerate spectrum
Higgs data

Higgs invisible decay open
Direct searches from LEP
Electroweak precision tests
Dark matter constraints

NN NN
NANENEN
AANENENEN
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TABLE III. In scenario I, five cases with typical values of M%
labeled as IDM1-5 are given.

IDM1
40000

IDM2  IDM3
6000 0

IDM4
—10000

IDM5
—30000

#3(GeV?)

Our numerical analysis begins with scenario I, which has
only three free parameters to consider. When 4, is fixed,
there are only two free parameters (,u% and mg = mpyo =
myo = mpyy) to vary. Three typical collision energies
of future ete™ colliders, namely: /s = 250 GeV, /s =
500 GeV, and /s = 1000 GeV are chosen to expose the
effects of new physics.

It should be mentioned that when the charged scalar
mass is fixed, the "H+H~ coupling is simply determined
by the parameter u3, as given in Eq. (5). Therefore, in
order to examine how the theoretical parameters like x5 and
my+ can affect the cross section and how theoretical
constraints and experimental bounds can affect allowed
parameter space, we introduce five cases with different
values of u3 given in Table IIl. These values of 3
corresponding to five cases are chosen in the allowed
parameter space which have passed all theoretical and
experimental bounds and constraints, and we have labeled
these results by the labels IDMI1-5 in Fig. 3. We have
deliberately introduced two with positive values and two
with negative values of 3.

In Fig. 3, total cross section and relative corrections to
eTe” — HVYH™ as a function of the inert scalar masses mg
are shown in scenario I. It is observed that the allowed
ranges of myg are different when y% takes different

values. More explicitly, it is found that in the range of
100-500 GeV, the lower bounds of myg in the cases of
IDM1, IDM4, and IDMS5 are constrained by the signal
strength of 2% — yy at the LHC, whereas the upper bound
of mg in the case of IDMS5 is constrained by the unitarity
condition. For example, in the IDMS5 case, mg shall not be
smaller than 340 GeV, which explains why there is no
IDMS5 in the plot with /s = 500 GeV and there are no
IDM4 and IDMS in the plot with /s = 250 GeV.

Obviously, since the process et e~ — HH™ is s-channel
dominant, when the mass of charged scalar is fixed, the
cross section becomes smaller and smaller when the c.m.
energy increases from 250 GeV to 1 TeV. For a fixed c.m.
energy, the cross section drops quickly when the mass of
charged scalar increases to the kinematic end points. It is
noteworthy that a pair of light charged scalar (say 100 GeV
or so) can be copiously produced and the total cross
sections could be of the order of 100 fb which would lead
to more than 2 x 10° events at LC machines with /s =
250 GeV which can deliver about 2 ab™! luminosity.

It can be read from the lower panel of Fig. 3 that the
ratio of weak corrections in the IDM can reach —6% at
/s = 250 GeV, which is almost independent of the mass
mg. In contrast, at the c.m. energy /s = 1 TeV, the ratio
starts from —10% and can go up to 30% or higher. Such a
behavior can be attributed to the large corrections of the
h°H*H~ coupling. For the degenerate scenario with 3
fixed, when the parameter mg = m- increases from 100 to
500 GeV or so, the '’ H*H~ coupling proportional to A;
also increases almost monotonically, especially near the
end point region (say 350 GeV < mg < 500 GeV). Such a
h°H*H~ coupling can contribute to the EW corrections

120 T T T T 100y T 40 r
S, Lo 90| “ees e LO sk T Lo
=100  LOMWEAK IDMH = 8 — LO+WEAK IDM1 = — LO+WEAK IDM1
=) =k —— LO+WEAK IDM2 = SR — LO+WEAK IDM2
I o — LO+WEAK IDM2 T b — LO+WEAK IDM3 T oasp~" — LO+WEAK IDM3
T o — LO+WEAK IDM3 T LO+WEAK IDM4 T Lk LO+WEAK IDM5
0 T T
. . 40F E .
0 4of © K 15 E
o o SOF 1 o E
© 2} V5=250GeV © 20b {5=500GeV 1 ° I [s=1000GeV
10F E 3 E
L L L L L L L s s L e s s L s L L \»
0 105 110 115 120 00~ "T20 T40 760 180 200 220 240 P06 "150 " H00 550 500 850 400 450 500
mg[GeV] mg[GeV] mg[GeV]
L ---- QED a0k -+ QED b <+ QED
% — WEAK IDM1 — WEAKIDM1 % — WEAK IDM1
- o — WEAK IDM2 - — WEAK IDM2
3, 20F — WEAK IDM2 &, 20f — WEAK IDM3 &, 20F — WEAK IDM3
T — WEAK IDM3 T WEAK IDM4 T WEAK IDM5
I 10f (5=250GeV T 1of Vs=500GeV 1  * 10f Ys=1000GeV ]
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L L — L /
< iof < yof E <o ]
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FIG. 3. The total cross section and the ratio of EW corrections to ete™ — H™H™ as a function of the inert scalar masses mg with three
collision energies /s = 250, 500, and 1000 GeV are shown in scenario I in the upper and lower panels, respectively. The corresponding

values of y3 are given in Table IIL
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both linearly via the virtual corrections to (y,Z)H*H~
vertices and quadratically via the wave function renorm-
alization of the charged scalar. When mi ¢ increases, the total
cross sections decrease due to the suppression of phase
space, while the ratio of EW corrections becomes larger
and larger, as shown in the last plot of the lower panel.
With these crucial lessons on weak corrections learned
from scenario I, we are ready to further explore the whole
parameter spaces of the IDM and illustrate the behavior of
weak corrections for all three scenarios, as shown in Fig. 4.
The upper panel of Fig. 4 is devoted to scenario I, where
the ratio of EW corrections to eTe~ — HTH™ as a function
of the inert scalar masses mg are shown, while the
Apss/v = —A3 coupling is labeled as a color bar. For the
c.m. energy /s =250 GeV, the parameter mg can be

measured in the range [80, 125] GeV, and the ratio Ao can
change in the range [—-5.9%, —3.8%]; for the c.m. energy
/s =500 GeV, the parameter mg is kinematically acces-
sible up to 250 GeV and Ac can change in the range
[~7.8%, 1%]|. For these two cases, the ratio of EW
corrections is not very significant, which is due to the fact
that the range of A; is limited to [-3.5, 1.5]. In contrast, for
the c.m. energy /s = 1 TeV, the parameter mg is kine-
matically accessible up to 500 GeV, which in turn implies a
larger range for A3 € [-9,2]. Then the ratio of EW correc-
tions can be in the range [—13%,38%)]. In this case, the
relative corrections become substantial for mg close to the
threshold production, where the absolute values of A3 can
be quite large (say |43 ~ 9). Consequently, the relative size
of loop corrections increases and can reach 40%.
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FIG. 4. Electroweak corrections to ete™ — HYH™

my+[GeV]

my+[GeV]

for /s = 250, 500, and 1000 GeV as a function of myg and the 4,55 coupling

normalized to the VEV of the SM Higgs are shown. Plots in the upper panel show scenario I, and the middle and lower panels show the
nondegenerate scenario before (scenario II) and after applying dark matter constraints (scenario III), respectively.
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For scenario 11, the theoretical parameters 4,5 are non-
vanishing and could contribute to the vacuum stability and
unitarity constraints. Therefore, when compared with
scenario I, two more dimensions are added to the theo-
retical parameter space. Similar to scenario I, the parameter
A3 should be constrained by the Higgs data, like the
branching fraction measurement of h° — yy, since a light
charged scalar can have a significant contribution to this
branching fraction. In the case with /s = 250 GeV, as
shown by the plots of the middle row of Fig. 4, due to
kinematics, the range of charged scalar mass that the
machine can measure is [80, 125] GeV. It is found that
the diphoton signal strength puts a severe constraint on the
parameter A3, which can only be within the range [—1, 1].
Thus, the effect of the "’ H* H~ coupling is as small as the
scenario I where the allowed ratio of radiative corrections
can spread from —6.5% to —3%. At /s = 500 GeV, the
allowed parameter A3 can be in the range [—1.5, 3.5] and the
radiative corrections start from —10% and can go up to 2%
near the end point region of my=. In contrast, in the case
with the c.m. energy /s = 1 TeV, the allowed range of 13
becomes wider, it can change from —10 to 2, which leads to
a significant enhancement for the ratio of EW corrections as
shown in the plot. The "’ HH~ coupling can contribute
through the charged scalar wave function renormalization
and the triangle diagrams. The ratio of EW corrections is
large and can even go up to 50% near the end point (for a
charged scalar mass around my+ = 500 GeV).

For scenario III, we show the ratio of EW corrections in
the lower panel of Fig. 4, where we have taken into account
all existing constraints on the parameter space of the IDM,
especially the dark matter relic density, direct search
constraints, and collider search of dark matter candidates.
We can see that at /s =250 GeV the dark matter con-
straints shrink the allowed range of A5 and the ratio of EW

corrections can only vary between —6% and —4.8%. At
/s = 500 GeV, the ratio of EW corrections can only be
negative, and it can only change from —9% to —3%. At
/s =1 TeV, a larger theoretical parameter space can be
probed. Accordingly, a wider range of 15 leads to a larger
ratio of EW corrections, which can spread from —15% to
30% near the end point region.

When the allowed points in the parameter space are
compared for scenarios II and III, it is noteworthy that the
dark matter constraints can kill almost 99% points, as
demonstrated in the lowest panels of Fig. 4, only sporadic
points are allowed for scenario III.

It should be pointed out that the ratio of EW corrections
could be large and can reach 20% or higher near the end
point region, like in the /s = 1 TeV case, due to the small
cross section, the production rate might also be small. For
example, in the IDMS case, when my: = 465 GeV, the
cross section is 2 fb or so. Nonetheless, when the integrated
luminosity is large enough (in the case of 2/ab, we can have
4000 signal events), there is a chance to examine this loop
induced effect if we could know the model parameters
precisely from other measurements. Finally, we would like
to point out that the EW corrections are rather significant
for high c.m. energy /s = 1 TeV than they are for low
energy cases /s = 250 TeV or 500 GeV. This is because
the contributions from the boxes are rather important for
high energy.

V. BENCHMARK POINTS

In Table IV we propose six benchmark points from
scenario III that are consistent with current collider experi-
ments and dark matter searches. It is important to mention
that several constraints from current long-lived particles
searches on the IDM exist in the literature [153,154].

TABLE IV. Benchmark points consistent with collider experiments and dark matter constraints on the relic density are proposed.

Decay information of H°, A?, and H* are also given.

BP BPI BP2 BP3 BP4 BP5 BP6
my= (GeV) 116.8 123.4 209.5 243.7 295.4 472.9
myo (GeV) 57.0 121.9 122.9 59.3 204.1 181.4
myo (GeV) 102.3 200.0 125.2 238.3 205.7 473.5
43 (GeV?) 3159.5 14723.8 15037.5 3558.6 41195.9 32220.8
A, (1073) 1.537 2.416 1.151 -0.798 7.847 11.819
As 0.124 0.427 0.011 0.900 0.019 3.246
Qh%(x1072) 10.028 0.340 0.203 5.428 0.185 0.028
Iy- (GeV) 5.87 x 1074 5.48 x 10712 6.77 x 1072 2.58 2.18 x 107! 1.86 x 10!
'y (GeV) 1.06 x 10~ 1.23 x 1072 5.19 x 1071 2.00 8.85 x 10712 1.79 x 10!
Bl‘(ho HOHO) 0.47% . . 0.10% . e
BI’(AO—>Wi ) ~76.5% ~0%
Br(A° — Z*)HO) 100% ~23.5% 100% 100% 100% ~100%
Br(H* — W*(*)A9) ~0% e ~41.6% ~0% ~43.8% e
Br(H* — W) H0) ~100% 100% ~58.4% ~100% ~56.2% 100%
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However, we did not take them into account in the present
analysis. But as it has been discussed in [53], limits from
quasistable charged particle searches can be evaded if we
set an upper bound on the charged scalar lifetime of
7 <1077 s, this implies a lower bound on the total decay
width of the charged scalar of '+ > 6.582 x 1071% GeV,
which is respected by our BPs.

It should be mentioned that we assume that IDM alone is
not sufficient to accommodate the whole dark matter
content of the Universe, therefore, we only demand that
the relic density of IDM is smaller than the one required by
experiments. As a matter of fact, there might be other extra
sectors that can contribute to the relic density of the
Universe but have not been taken into account in this
work. One example is the right-handed neutrino sector,
another possible candidate for dark matter are the axion or
axionlike particles, and there could be others as well.
Coupling constants and decay information are also pre-
sented in the table. In order to examine the radiative effects
of weak interactions, we have deliberately proposed three
BPs, i.e. BP2, BP4, and BP6, which are close to the
threshold region of certain c.m. energies of 250 GeV,
500 GeV, and 1 TeV, respectively.

There are a few comments on the features of these
benchmark points. (1) According to our previous findings
given in [85], it is found that both A° and H° can be the dark
matter candidates. For the sake of simplicity, in these BPs,
we assume that the dark matter candidate is H. (2) For
BP2, the charged scalar has a long life time, which can
trigger the signature of a displaced vertex caused by a
massive charged particle. For BP3 and BP5, the A? has a
long life time, which can trigger the signature of a displaced
vertex caused by a neutral heavy particle. While for the rest
of BPs, both A° and H* can promptly decay when
produced. (3) For BP1 and BP4, the extra invisible decay
mode h° — H°H" can be open, which will lead to a larger
invisible decay branching for the SM-like Higgs boson.
According to the CDR of CEPC [155] and a recent
Monte Carlo study [156], the future Higgs factory of
CEPC with /s =250 GeV could have the potential to
determine the branching fraction of the invisible decay of
h° down to 0.3%. Therefore, it is possible to probe BP1 at
the CEPC with /s = 250 GeV not only through e"et —
H*H~ but also via the process e"e™ — Zh0.

Another comment is on the decay widths of charged
scalars. When decay widths are tiny, the narrow width
approximation is appropriate, as benchmark points 1-4 and
5 are narrow enough since decay widths are only 1% of
masses. For the case where decay widths are not tiny, as
benchmark point 6 demonstrated, where decay width is
around 4% of its mass, then the narrow width approxima-
tion might not be precise enough to describe the production
H' H™ and the consequent decay products. A better method
to describe ete” - HTH™ — WtW~H'HO is to include
the decay widths of H + in the matrix elements, instead of

producing ete” — HTH~ and then decaying H* to
W=HO. Nonetheless, when its decay width is 10% smaller
than its mass, our numerical calculation demonstrate, the
difference is acceptable. Only when its decay width is too
big, say larger than 20%, the cross section in this case
should be computed carefully. Furthermore, we have
explored the dependence of the decay width on the charged
scalar mass, and we have found that the total decay width of
the charged scalar over its mass in scenario III cannot
exceed 5%.

In Table V, weak corrections, QED corrections, the LO
and full one-loop cross sections of these BPs are provided.
Generally speaking, at /s =250GeV and /s = 500 GeV,
the weak corrections are negative since the size (absolute
value) of the 4,05+y- coupling is small (say from —1.5 to
1.5), as shown in Fig. 4. Only when the charged scalar is
heavy enough (say 450 to 500 GeV) and the absolute value
of the 4,0+ - coupling can be large (say from —10 to 2 for
scenario II and from —8 to 1 for scenario III), the weak
corrections Ay, can be positive when the masses of
charged scalar are close to the threshold region when
\/E = 1000 GeV, as demonstrated by BP6. It should be
mentioned that the positive contribution comes from
diagrams with charged scalars in the loop.

From the above table, one can see that at the eTe™
colliders, in BP1, BP2, BP4, and BP6, ete~ - H H™
would lead to WHW~HOH? final state, which in turn could
lead to a final state with dileptons and missing energy. While
for BP3 and BP5 one could have the following final states:
H™H - W"W-HH® or HTH - W W HA’ >
WW-Z°HHO, which could give dilepton events as well
as multileptons.

At the LHC, the situation is slightly different because we
have the following production mechanisms for charged
scalar: pp - H*H~, pp - HTH°, and pp — H*A°. For
the charged scalar pair production, similar final states as
for ete™ - H"H~ can be obtained. While the process

TABLE V. Weak corrections, QED corrections, the LO and full
one-loop cross sections of BPs are provided.

V5 (GeV) BP ¥ (1) Aven(%) Aoen(%) oM (fb)
250 BP1 23940 —-5.941 —-0.138 22.484
BP2 2300 —4.825 —-0.475 2.178
500 BP1 86.733 —-7.267 0.261 80.655
BP2 82.604 —6.373 0.247 77.543
BP3 20.593 -9.213 0.033 18.703
BP4 1.446 —2.842 -0.332 1.400
1000 BP1 28563 —-10.631 0.421 25.647
BP2 28280 —9.360 0.409 25.749
BP3 23.284 —13.896 0.286 20.115
BP4 20.715 -10.987 0.249 18.491
BP5 16.365 —-14.023 0.194 14.102
BP6 1.092 11.543 -0.174 1.216
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pp = HYH® (respectively, pp — HTA®) would give
WHHOHY  (respectively, WHHA? - WTZ°HOHY), or
WHAH? - W+ZO0HOH?  (respectively, =~ WTA%A? —
W+Z9ZH°H), which leads to final states with single/
multileptons and missing energy. At the LHC, it should be
pointed out that in order to pinpoint the electroweak
corrections, the QCD corrections should first be reliably
calculated, which are typically quite large.

Moreover, there are two more comments on our BPs:
(1) We have checked our BPs in Table IV and confirmed
that they can survive even in light of the new direct
detection results from the LUX-ZEPLIN Experiment
[157]. (2) For multicomponent dark matter situations, a
scaling factor is included in Ref. [56]; however, this factor
is not taken into account in our work. Such a factor will
ease the restrictions from direct search because we require
that the relic density from IDM is not greater than the one
from Planck data. Based on the fact that our BPs have
already passed all the constraints in our analysis, it is easy
to conclude that they will all survive if the factor is
included.

VI. CONCLUSIONS AND DISCUSSIONS

IDM is a simple model that can solve the problem of dark
matter. Such a model predicts a charged scalar in its
spectrum. The observation of such charged scalar either
at LHC or at the future ete™ colliders would be a
conclusive evidence of physics beyond SM.

Future e e~ colliders would provide an opportunity to
measure the charged scalar cross section and its properties
precisely. Following the standard renormalization scheme
of the SM, in this work, we study the radiative corrections
of the new physics process e"e™ — HTH™ in the IDM.
The dimensional regularization is used to evaluate the one-
loop Feynman amplitudes in the Feynman—"t Hooft gauge.
We employed comprehensive on-shell scheme renormali-
zation, which means that not only the particle masses and
fields, but also the coupling constant, were renormalized
using on-shell conditions. As a consequence, our predic-
tions are totally independent of the renormalization scale
u,. Nevertheless, a new scale m is introduced via Eq. (22)
where the large logarithms from light fermions are
absorbed into the redefinition of the running coupling
constant. The running coupling constant is changed from
1/137.036 to 1/128.943 correspondingly. This yields a
13% difference in the LO predictions. But this new scale
dependence is greatly reduced at the NLO.

We have considered the QED corrections and checked
that the IR divergences cancel when we add the virtual and
real photon emissions. We have also used the resummed
cross section to cure the well known Coulomb singularity.
In addition, collinear divergences in our calculation appear
as terms proportional to log(m,). After including the
counter term from the structure function of an electron,
such divergent terms should vanish in the final result.

In order to check this, we vary the mass of the electron
by a factor of k from 27 to 2°, namely m, is taken
kx0.511 MeV. It is found that the result remains
unchanged when k varies.

We have examined the size of the weak corrections for
three representative c.m. energies: /s = 250, /s = 500,
and /s = 1000 GeV. After taking into account the theo-
retical constraints and experimental bounds for the scenario
III, we have found that the weak corrections are still sizable;
i.e. the weak corrections are around —6% ~ —5% for
Vs =250 GeV, —10% ~ —3% for /s = 500 GeV, and
—15% ~ 4+25% for /s = 1000 GeV, as shown in Fig. 4.
The origin of those sizable corrections is the hW’H™H~
coupling which could become large for some configuration
of the parameters. We have shown that the size of the
radiative corrections, are typically of the order 5-25%,
which makes their proper inclusion in any phenomenologi-
cal studies and analyses for eTe™ colliders indispensable.

From those allowed parameter points, we have proposed
six benchmark points as given in Table IV for future lepton
collider searches. We provide the parameters, the total
decay width, as well as the branching fractions of the
neutral and charged scalars. According to those BPs, we
have also discussed the signature of ete™ — HTH™
followed by the charged scalar decays and show that it
would lead to a final state with multileptons and missing
energy. At the LHC, one can get similar signatures through
pp — HTHF; H* A% H* H° production.

It was noteworthy that initial state radiation can reduce
the production rate of the process eTe™ — Zh® for /s =
240/250 GeV by a factor of 10% or so [158], according to
the simulation done with the public code WHIZARD [159].
For the process eTe™ — HTH~, the NLO cross section o'
satisfies ¢! = |M° + M'|? ~ |M°|? 4+ 2Re(M°M"*), hence
the initial state and final state radiations are simply linearly
summed in the matrix element of M!. Therefore, at the
O(a) order, the initial state radiation of the process ete™ —
H'H~ is just the same as that of the process ete™ — Zh0,
i.e. such a reduction in the production rate also holds for
the process e*e™ - H"H~ for \/s = 240/250 GeV. The
reduction can be around —10% in the M ; scheme, as shown
in Ref. [160] for \/s = 240 GeV. While for the cases /s =
500 GeV and /s = 1 TeV, due to the effects of radiative
return [161-163], it is expected that the initial state
radiation can enhance the cross section of ete™ —
H"H~ when my is small, as in the cases of BP1 and BP2.

Meanwhile, at the O(a) order, the initial state radiation
and final state radiation can be treated individually. In order
to cure the Coulomb singularity arising from the final state
interaction, the final state radiations can be partially
resumed, and the cross section can be modified as given
in Eq. (37). In terms of our numerical results given in
Table I, the Coulomb singularity can be reliably removed.
And the resummation effect is represented by the factor
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|$(0)|>. Thus the final state radiation can be correctly
evaluated, which can increase the total cross section by a
factor from 1% to 49%. It reaches its maximum when
the invariant mass of the pair of charged scalar approaches
the total collision energy, as shown in Table I for
Vs =500 GeV.

For higher order O(a) corrections, there exist interfer-
ence terms between initial state radiation and final state
radiation, appropriate treatment of these two radiations is
beyond the scope of current work.
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APPENDIX A: DETAILS ABOUT THE
RENORMALIZATION OF CHARGE

As mentioned in the main text, we have used an “on-
shell” renormalization scheme not only for the masses and
fields of particles but also for the charge. By adopting this
approach, our results are independent of the renormaliza-
tion scale u,. However, in order to resum the large
logarithms arising from light fermions vacuum polariza-
tion, a new scale Q = my is introduced. Further details are
presented below.

The electric charge renormalization is carried out follow-
ing Refs. [134,135]. The renormalization constant is
obtained in the Thomson limit with the condition by
imposing the condition

a(p)T5 (p, p)u(p)l pene = ieu(p)ru(p). (A1)
which gives
1 syl
6Z,(0) = _E‘SZAA - %55ZZA
1 22(0
= —T1(0) _S_WLZ()’ (A2)
2 cwy my

where the renormalization constants are defined as follows
(bare quantities are denoted by a subscript “0”):

e’ = Zoep; = (14 0Z,)eps,

<z> (1 +36Z7, X674 > <Z) (A3)
A)o \ 16z, 141sz,4/\A)

Here ¢ = (4 — D)/2 with D being the space-time dimen-
sion, p is the arbitrary mass parameter introduced for bare
charge, u, is the renormalization scale of charge, ¢ is the

bare dimensionless charge and e is the renormalized one.
For the remaining quantities in Eq. (A2), “IT” is defined as

> 7 (k)
k2

(k) = =5—=,
K)oy (k)

k=0 k? ok> 2=0

. (A4)

and Z?A(AZ) denotes the transverse part of the AA(AZ)
self-energy. This is just the “zero-momentum” scheme in
Ref. [152].

It should be noted that in the calculation of II(0),
nonperturbative strong interaction effects cannot be
neglected. In order to treat them properly, we first introduce
a universal quantity:

Aa(Q) = T1(0) - Rel1(Q?) (A3)
to denote the difference of IIs when the external photon is
on shell and off shell, respectively. Here Q satisfies
0? = k? where k is the momentum of an off-shell external
photon. At the one-loop level, it is easy to separate this Aa
into several parts according to the particles inside the
photon’s self energy, i.e.

Aa = (Aa); + (Aa),, (A6)
where the labels “f” and “b” are used to denote the
contributions from fermions and bosons. For the conven-
ience of discussion below, the (Aa), part can further be
expressed as

(Aa), = (Aa), + (Aa)]) + (Aa),, (A7)

and the labels “#,” “q,” and “top” are used to denote the
contributions from leptons, light quarks and top quarks,
respectively. Here “5” in (Aa)és) refers to the number of
quark flavors. IT can also be separated in the same way, so
we will also apply the labels to II.

Since we are trying to treat the nonperturbative effects
in T1(0), we focus on the “q” part here, which can be
expressed as

5 5 5
(8a)”(Q) = 11(0) ~ Relly (0%).  (A8)
Although Hés)(O) can be calculated perturbatively, it is
unreliable due to its nonperturbative nature at low energy
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regions. Hence we try to exact it from data. At the scale
Q = my4, the lhs of Eq. (A8) can be obtained from
experiment measurements using the dispersion relation, i.e.

(8a){) (mz) = (Aa)oh o (mz). (A9)

Here (Aa) ©)

hadron

can be found from PDG [120] as Aaﬁ?

dron

(my) is the experimental data and its value
(my) = 0.02764.

Meanwhile at this scale Hgs) (m%), the second term on the
rhs of Eq. (A8), can be reliably computed by the perturba-
tion expansion. Combing these with Eq. (A8), we have

5 5 5
157(0) = Relly” (m3) + Aayiyn (7). (A10)
in which the nonperturbative effects have been properly
included. Then TI(0) is obtained as

I1(0) = I (0) + ey (0)

= Rl (m2) + Aal)..(mz) + e (0). (A1)
Here “rest” denotes the contribution of “Z,” “top,” and
“b” parts.

Once I1(0) is determined by Eq. (A11), the renormal-
ization of charge defined by Eq. (A2) corresponds to the
electromagnetic fine-structure constant obtained in the
Thomson limit: a(0) = 1/137.036.

As pointed out in Sec. 8.2.1 of Ref. [134], the above
renormalization of charge [labeled as a(0) scheme for
convenience] is carried out at zero momentum transfer,
where the relevant scale is set by the masses of fermions.
They are much smaller than the relevant scales in high
energy experiments. Hence, when working on processes in
high energy experiments, such as this work, the large ratio
of these different scales will cause large logarithms. These
large logarithms can be summarized in the universal
quantity introduced above, Aa(Q).

The leading logarithms in A« arise from fermionic
contributions and can be correctly resummed to all orders
in perturbative theory by the replacement:

1

1 A _,

(A12)

where a label “LL” is used to denotes the leading
logarithms.

Meanwhile, since not only the leading logarithms but
also the whole fermionic contributions are gauge invariant,
we can resum the latter, i.e.

1+ Aa =1+ (Aa); + (Aa),
1

> 1= (Aa). (), + (Aa),.

(A13)

On the other hand, the large logarithms in Aa originate
from the renormalization constant 6Z,(0) given in
Eq. (A2); hence they will appear wherever a appears in
lowest order and can be taken into account by replacing the
lowest order « by a running a(Q) as

(0)

Aowest — a(O) - OJ(Q) = m

(A14)

Here a subscript “lowest” is used to denote the lowest order
a. This replacement can be taken as an effective renorm-
alization of a at momentum transfer Q% More details about
this part can be found in Refs. [134,135]. In our work, we
set the relevant scale Q to my and resum over the
contribution from light fermions, namely the running
coupling constant is defined as

B a(0)
a(myz) = 1— (Aa(mz))f#top,

(A15)

Here the label “f # top” denotes the contributions from

light fermions, which are just the sum of (Aa)yy,, and

(Aa)és) in Eq. (A7). This is how our a(my) scheme is
introduced. And it is regarded as an “on-shell” definition of
the running coupling constant at the scale m following the
notation in PDG [120]. Corresponding renormalization
constants can be derived easily with Eq. (A15), which is

62.(mz) = 62,(0) 3 (Aa(my)) y.  (AI6)

The above discussion is based on our choice of physical
parametrization, {a, my,my}. Sometimes people use the
Fermi constant Gy as an input. Here we try to discuss
the uncertainties arising from different input schemes. The
relationship between G and above parameters is already
well known, which is

1+ A
Gy = rel+an (A7)
ok (1)

Ar can be calculated perturbatively. It vanishes at LO and
its expression at NLO can be found in Ref. [134]. Here we
take G as an observable, which is used to extract the value
of certain renormalized physical parameter(s). The renorm-
alization scheme in this case is exactly the same as the (0)
scheme.

If the input scheme is {a, G, mz}, then this means the
mass of W boson has to be extracted with Eq. (A17).
However, there are some difficulties in this extraction:

(1) There are new physics contributions in Ar, which

make it vary in the IDM parameter space.

(2) Ar itself also depends on my.
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TABLE VI. Several cases with different input and renormalization schemes are defined.

Case 1 2 3 4 5

Input {a,my.mz} {a,my.mz} {a.Gr,mz} {Gr.my,mz} {Gp.my.mz}
Renormalization a(0) a(my) a(0) a(0) ag,
TABLE VII. Cross sections and relative corrections in different renormalization schemes are presented. The unit

of cross sections is fb. IDM parameters are chosen as my = m, = my= = 200 GeV, 4, = 2, and ,u% = 0. Values of

the four inputs are taken as «(0)=1/137.036, my = 80.379 GeV, m, =91.1876 GeV, and
Gp = 1.1663787 x 107 GeV~2.

Case Scheme a’! o OOED OhEAK o! oML A(%)
1 a(0) 137.036 23.678 0.468 1.528 1.996 25.674 8.43
2 a(my) 128.943 26.744 0.562 —1.523 —-0.961 25.783 -3.59
5 ag, 132.184 25.448 0.522 0.128 0.650 26.098 2.55

Hence, we use its SM value Ar = 0.03652 [120] as an
approximation to estimate my,, which leads to

1 1 ma(l+4Ar)

—4 =24 80.382 Ge V.
2 4 V2Gpml

It is very close to the value of my we use in the
{a,my,m;} scheme, which means the four inputs are
precisely consistent. This indicates that the difference
between these two schemes is negligible.

If the input scheme is {Gp, my, m,}, then the situation
is similar, since we have verified the consistency of the four
inputs. However, in this case, similar to what we have done
in Eq. (A14), we can introduce another effective coupling
constant, which is

a
ag, = I_Arza(lJrAr). (A19)
The value of ag, can be obtained directly from Eq. (A17),
with no more approximation. We replace all the a with this
ag, inour calculation. This can also be taken as an effective
renormalization of «, with the renormalzation constant

1
——Ar.

5 (A20)

ézele =6Z,(0)
Since Ar also contains I1(0), it will cancel with the one in
6Z,(0). Hence 6Z,|;, no longer contains I1(0), and the
large logarithms discussed above are also resummed in this
ag, scheme.

We list all the cases discussed above in Table VI. Cases 3
and 4 are very similar to case 1 due to the precise
consistency among the four inputs. Hence, we skip them
and consider the others. We choose a certain point in the
IDM parameter space and calculate the cross section in
three renormalization schemes. The results are shown in
Table VII. It can be observed that scheme dependence is
greatly reduced at the NLO. However, it should be pointed
out that the difference in the relative corrections is quite
large, which originates from the difference in the LO
results. Hence, when focusing on relative corrections,
the difference in the LO results should be considered.
And this can be easily estimated by the values of a in the
table. For example, the relative correction in a(my) scheme
can be converted to a(0) (ag,) scheme approximately by
adding an extra piece of 12.9% (5.1%). After this, it can be
seen that the difference in the remaining parts is around 1%,
and is consistent with the difference in the NLO cross
sections.

APPENDIX B: WAVE FUNCTION
RENORMALIZATION

At the end of this section, we provide the explicit
expression for 0Zy+, the only needed renormalization
constant from the inert section in this work. It can be
separated into four parts according to the boson inside the
self-energy, namely

5Zys = 6Zy0 + 6221C

e 62y + 670 + 62, (Bl)

Hi’

with
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w/iG _ @
5z = X0 %V{(Bo[ 2 m2o,my] + Bo[m2..m2.m¥y]) = 2(By[m2,..m2y. m¥y| + By[m.,m2o, m3))
iy (By[m iyiv 40 miy] + B [ my., %10’ m%v]) + [(mio + m%#) - (mio - mzi)z/m%V}B{)[mzi, mio’ m%v]
+ [(mHO +mHi) (m?-p) m ) /mW]B/[ Hi”/nHO’n/l%[/]}7
a
6278 = 1 A Bolmpy s miyomZ) = 2By [ miy. m)| - 2mi Bo[mi . mi.m7| = 2mi, By g mi. 3]}
a
87" . =2 % {Bolm?,..0,m3.] —2B,[m?..m> . 0] 4+ 2m? Bj[m?..0,m? .| = 2m7 Bj[m? . m?, O},
2
a —(m}.—u3)?
5ZZi = E WB/ [ HE> mlzlo, mzi], (B2)
and
OB.[k%, m?, m?
Bi[m3,.,mi, m3] = % (B3)
kZ:mzi
H
Here the two-point functions By and B are defined as
(27p,)*P 1
By[p3, m},mj] = —— dP ,
e in’ (¢* = m})((g + p1)* = m3)
B[pt.mi.m3] = {AO[ml] Aog[m3] = [pt + m? — m3]By[pt. mi. m3]} (B4)

with u, being the renormalization scale and A, being the
one-point function given by

(27p,)*P 1
=2 d?q— 2"

Ao(m%)
i

In our work, as shown in Eq. (A3), the mass parameter y in
bare charge is replaced by u, after the renormalization.
Consequently, p, appears instead of u in above one- and
two-point functions.

APPENDIX C: MORE DETAILS ABOUT
TREATMENT ON IR DIVERGENCES

As mentioned in the main text, IR divergences in this
work are regularized with a small fictitious photon mass 4.
Meanwhile, two cutoffs, AE and A&, are introduced to deal
with the IR singularities in real correction processes based
on the two cutoff phase space slicing method [139]. The
three-body phase space of the real correction process
eTe” — HYH™y is then divided into three parts:

(1) Soft (S) part: Where the energy of photon E, is

smaller than AE.

(2) Hard collinear (HC) part: Where E, > AE and the
angle between photon and the beam 6, is smaller
than AQ.

(iii) Hard noncollinear (HC) part: The remaining, which
is finite.

The full NLO corrections are then separated into four parts,
as given in Eq. (C1):

dGl = dﬂv(/’{) + dﬁs(/’{, AE) + dO-HC+CT(AE7 Ag)

+ doye(AE, AD). (C1)

Here doy denotes the virtual correction, including loop
diagrams and counter terms from renormalization. And CT
in the third term of rhs denotes the extra contribution
arising from the structure function of the incoming electron
and positron.

In our work, the first two parts, doy and dog, are
obtained using FeynArts and FormCale [145—-147] packages,
in which numerical evaluations of the scalar integrals are
done with LoopTools [148,149]. The other two parts,
doycicr and doye, are obtained with the help of FDC
[150] and BASES [151].
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The soft part is calculated in the soft limit. After the phase space integration of the soft photon, it can be expressed as the
product of a factor and the LO result. The result of this part can be found in the literature [102,106]. For completeness, we give

the analytical expressions here:

2AE 2AE 2 o221 2
dO’sI—gdUOX 410g——210g—logiz+log%+ﬂ—+—log2%
n A A m; s 3 2 s
1+4. 2AE (1—ﬁ> 1 <1—ﬁ> 1+ﬁ2[ . ( 2B > 2(1—ﬁ>]
+ lo lo +-=1lo + Li + log“ | ——
g 8 B\irp) T B\1 g s | 2\avp) T g
QAE. m%. —u . s(1-p) . s(1+5)
+41lo log—22 +2[L1 <1——) +Li (1—7
SR 2\ T2 ) TP T 2(me -
1- 1
_L12(1_7s(2 h) )—Li2(1—7s(2+ﬂ> )H (C2)
2(mz. —u) 2(mz. —u)

where Li, represents the known dilogarithm function.
FormCale has the option to include soft bremsstrahlung
automatically when calculating the virtual corrections. We
have confirmed that the results from FormCalc are consistent
with the above expression. Meanwhile, by varying the value
of 1 inside FormCale, we confirm the 4 independence of our
results.

The hard noncollinear part, doy ¢, needs no more special
treatment. It is obtained using traditional Monte Carlo
integration techniques with the FDC package, in which
BASES [151] is used for multidimensional numerical
integration.

The hard collinear part is obtained in the collinear
limit as

2z AG?
1—zAQ +4m?/s
(C3)

a 1+z20 AQ? +4m?2 /s
2n|1-z 4m2/s

xdo"(zpy)dz+ (p1 < pa).

dGHC:

Here z denotes the energy fraction of the electron (positron)
after the emission of collinear a photon; hence, 0 < z <
1 —6,. We have used a dimensionless parameter J;
2AE/\/s to rteplace AE. We have used do’=
do’(py, pa), do®(zpy) =de’(zpy, pa), and do’(zp,) =
de®(p,, zp,) for convenience.

It is found that in the limit A&” > m2/s, the hard
collinear part given in Eq. (C3) can be expressed in a
simpler form as given below

d AP>m2)s a |1+ Z2 A62s 27
_) —_— f—
oHC 2n | 1—z2 4m2  1-z

x [de®(zpy) + do°(zp,)]dz.

log

(C4)

We will use the form given in Eq. (C4) as our default
formula to compute the full cross section given in Eq. (C1).
It is interesting to explore the difference between the results

of Egs. (C3) and (C4), and we will explore this issue near
the end of this section.

One-loop radiation correction includes collinear singu-
larities, which lead to terms proportional to log(m, ). Some
of them are canceled when summing up virtual and real
corrections. Some of them are absorbed into the redefini-
tion of the running coupling constant, as shown in
Eq. (A15). But there are still some remaining. To deal
with this, the structure function approach [164] is applied.
According to the approach, the cross section of ete~
annihilation can be expressed as

d6e+-(p1.P2) = deldxzfie+ (x1, Qz)fje‘ (x2, 0%)
ij

x dojj(x1p1,X2P2)- (Cs5)
Here f;,(x, Q%) is the so-called structure function, which
denotes the possibility to find parton i with energy faction x
from particle a at scale Q. In Eq. (C5), all remaining
collinear singularities are absorbed into the structure
functions and resummed there. The parton-level cross
section do;; is then free of those large logarithms. The
particle-level cross section dé,+,- is obtained by convolut-
ing the partonic cross section with the structure functions.
This factorization theorem is extended from QCD with
i,ae{et, e ,y}. Strictly speaking, what we are studying
in this work is the parton-level cross section of HTH~
production only. Since we are interested in the NLO
corrections in the whole parameter space, this is sufficient.
But if we want to study the exact cross section of
production, convolution with the structure functions is
needed.

In QED, all the structure functions f;,(x, Q%) are
perturbatively calculable. They can be expanded into a
series of @, namely

fia(x,0%) = fl(x. Q%) + fia(x. Q%) + O(?).  (CO)
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Meanwhile it is obvious that the first term in above
expansion always takes the form

ta(x. 0%) = 8(1 = x)8j,. (C7)

Based on this, in this work up to one-loop level, Eq. (C5)
can be rewritten into (USIng f,, = fo-o- = feter)

dG, - (P1, P2) = dxydxy foo(x1. %) f e (%2, O7)

X do - (X1 P1. X2 P2). (C8)

Expanding both sides of Eq. (C8) to NLO and applying
Eq. (C7), it is easy to find

d‘_72+g— (PI»PZ) = d68+e— (P1,P2),
d6i»+ef (P1.p2) = d0'2+e— (p1.p2)
+dxlfée(xl’ Q2)d58+g— (x1p1,P2)

+dxo fle (%2, QQ)d08+e— (P1,X2p2),  (C9)
which leads to
do)., (p1,p2) = ds). - (p1, p2)
—dzfi.(z.0*)[do?. , (zpy. )
+de). , (p1.zp2)]- (C10)

The latter term on the rhs is just the counterterm men-
tioned above.
On the other hand, f,, satisfies following equation [164]:

o
fee(xan)_5(1—x)—|—/Q @&/I%P;’e(z)

: 2 O
Xfeee,Q%>, (C11)
with
SRS SR o
Pee(z) - (] _Z)Jr +26(1 Z)’ (Clz)

being the regularized Altarelli-Parisi splitting function.
This equation can be solved recursively according to the
power of @, which leads to

o a.
FLi(.0%) = 5 og 5 PL ().

(C13)

In this work, the scale Q is taken as the energy of beam in
the center-of-mass frame, Q = \/s/2. The CT parts are
finally obtained via Eqgs. (C10) and (C13) as [after same
notations as in Eq. (C3) are taken]

a S
docr = —=—log— P}, (2)[do"(zp) + do°(zp,)]dz.

2 4m?2
(C14)

with 0 <z < 1.

The combination of doy - and do -7 can be separated into
two parts according to the range of z, doycicr =
doyc,cr + dogc. In the range 0 <z < 1 -4, it gives

. a 1477
doycicr = Py

2
log AG? — —Z}
b4 1

-z -z
x [do®(zpy) + do°(zpy)]dz, (C15)
while in the range 1 -0, <z <1, it gives (only docr
contributes to this part)

doge = —glog 3 +2log 53] de®. (C16)
n

4m? {2
Now all the parts in Eq. (C1) are available.

It should be stressed that AE (d) and A@ are unphysical
cutoffs we introduced to deal with IR and collinear
singularities. Our final results should not depend on them.
In order to check this, we choose a certain point (same as
the one used in Table VII) in the IHDM parameter space
and compare the NLO corrections ¢' obtained with differ-
ent cutoffs. The results are shown in Fig. 5, with corre-
sponding data in Tables VIII and IX.

From the first subfigure, it can be seen that the
independence on &, is found in a wide range and §, =
1073 is used as our default choice.

Collinear divergences in our calculation appear as terms
proportional to log(m,). After including the counterterm
from the structure function of an electron, such divergent
terms should vanish in the final result. In order to check
this, we vary the mass of the electron by a factor of k from
276 to 2° namely m, is taken kx 0.511 MeV. The
cancellation is shown in the second subfigure of Fig. 5,
from which we can see that the result remains unchanged as
k varies. Furthermore, singular terms appear only in the
oy,s and ogc parts.

In the third subfigure, we can see that the result becomes
cut dependent when A@ is smaller than 10~*. It can be
attributed to the fact that Eq. (C4) can only hold when
AO>m,/\/s ~2x 1075,

It is interesting to compare the results computed by using
Egs. (C3) and (C4), which are provided in Table IX. It is
clear that the result which is labeled by a superscript
“origin.” is almost independent of the values of Af (when
A@ is small enough), and the difference between the results
calculated by using Egs. (C3) and (C4) is tiny when A@ is
chosen appropriately (say A@~ 1073 or larger). In our
practical computation, we choose A = 1073 in this work.
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FIG. 5. One-loop corrections of eTe™ — HTH™ as functions of §;, k, and Af are demonstrated.

In addition to the above checks for independence on A, (2) The soft part dog has been calculated individually and
8,, AG, and log(m,), our results also passed many other checked with analytic results, as mentioned before.
self-checks: (3) The other parts of real emission, doy ¢, cr and doye,

(1) The IDM model used in FDC is generated with its obtained with FDC are also tree-level calculations.

own code. We have confirmed that both FDC and This part of FDC has been used in many other
FormCale give the same results at LO. calculations (see e.g. [165,160]).

TABLE VIII. Data used in the checks on the independence of §; and m,, in unit of fb are shown. The third column is obtained by using
Eq. (C4). Numbers in the brackets are integration errors to the last digits of the data.

53 Gv+s O-;]C+CT Osc oyc SUM

10-! ~6.364(0) ~1.047(0) 5.371(0) 1.118(0) ~0.922(0)
102 ~14.621(0) —5.074(1) 13.338(1) 5.399(0) ~0.958(1)
1073 ~22.878(0) ~9.531(1) 21.304(1) 10.144(1) ~0.961(2)
1074 —31.135(0) —14.031(2) 29.270(2) 14.935(1) —0.961(3)
1075 ~39.392(0) ~18.536(3) 37.237(2) 19.730(2) ~0.961(4)
k Ovys CHcicr Osc one SUM

2-6 —29.641(0) —9.531(1) 28.067(2) 10.144(1) —0.961(2)
2-4 —27.387(0) —9.531(1) 25.813(1) 10.144(1) ~0.961(2)
22 ~25.132(0) ~9.531(1) 23.558(1) 10.144(1) ~0.961(2)
21 —24.005(0) —9.531(1) 22.431(1) 10.144(1) —0.961(2)
20 ~22.878(0) ~9.531(1) 21.304(1) 10.144(1) ~0.961(2)
2! —21.751(0) -9.531(1) 20.177(1) 10.144(1) —-0.961(2)
22 —20.624(0) —9.531(1) 19.050(1) 10.144(1) —0.961(2)
24 ~18.370(0) —9.531(1) 16.795(1) 10.144(1) ~0.962(2)
26 ~16.115(0) —9.531(1) 14.541(1) 10.144(1) ~0.961(2)

TABLE IX. Data used in the checks on the independence of A# in unit of fb are shown. The seventh column and the eighth column
with the superscript “origin.” denote the results by using Eq. (C3). In contrast, the third column and the sixth column denote the results
by using Eq. (C4). Numbers in the brackets are integration errors to the last digits of the data.

*,0rigin.

A Ovis Cherer osc o SUM oo, SUMrisin-
10-! —22.878(0) —3.605(0) 21.304(1) 4.214(0) —0.965(1) —3.605(0) —0.965(1)
102 -22.878(0) —6.568(1) 21.304(1) 7.180(1) —0.962(2) —6.568(1) —0.962(2)
1073 —22.878(0) -9.531(1) 21.304(1) 10.144(1) —0.961(2) —9.531(1) —0.961(2)
10~ -22.878(0) —12.495(2) 21.304(1) 13.107(1) —0.962(2) —12.494(2) —0.961(2)
10- —22.878(0) —15.458(2) 21.304(1) 16.019(1) ~1.013(2) —15.406(2) —0.961(2)
106 —22.878(0) ~18.421(2) 21.304(1) 17.459(2) ~2.536(3) ~16.845(2) —0.960(3)
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(4) FormCale is a public package that has been
used in many one-loop EW calculations (see e.g.
[167,168]) as well as in our previous works
[85,160].

(5) We have also checked our model file using the
output from FeynRules.

However, it should be noted that further cross-checks are
still important and welcome.
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