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1 Introduction

The first indirect hints of the existence of Dark Matter (DM) were reported more than 80
years ago [1] (see [2] for a historical account). Over the years, confirmations from different

sources have established the existence of DM. Still, as of today, these are all indirect

evidences and all based on gravitational effects. Therefore, it may come as a surprise that

today the discussion on the properties of DM is about particles which is a consequence of

the findings from astronomy and cosmology. Direct, indirect and collider searches for DM



refer in most cases to particles belonging to some extension of the Standard Model (SM),
and all experimental data from the different sources favour a weakly interacting massive
particle (WIMP) with a velocity of the order of 200 km/s. That is, DM is non-relativistic.

Many experiments have been proposed for the direct detection of DM on Earth. It was
shown in ref. [3] that DM particles that undergo coherent scattering with nuclei, i.e. spin-
independent scattering, are the ones with larger scattering rates, and therefore they can be
detected more easily. The scattering rates depend on the material of the detector, on the
underlying cosmological model through the assumption of an approximately constant DM
density, pg = 0.3 GeV/cm?, on the DM velocity and finally on the DM-nucleon cross section.
Although there are uncertainties associated with the determination of all the parameters,
the need for an increased precision in the DM-nucleon cross section calculation has led
several groups to invest in the calculation of higher-order corrections, both strong and
electroweak, to the scattering cross section [4-13].

Although the hypothesis of DM as a particle is now the strongest and most intensely
studied conjecture to explain the data, there are no hints on the exact nature of the particle
itself. Among the several possibilities, in this study we will focus on a minimal model with
a vector DM candidate. The model is a very simple extension of the SM where a dark
vector x, with a gauged U(1), symmetry and a complex SM-gauge singlet S are added
to the SM field content. We end up with a vector DM (VDM) candidate x, and a new
CP-even scalar that mixes with the SM scalar field coming from the doublet.

The electroweak corrections to the coherent scattering of the DM candidate x,, first
require the renormalisation of the VDM model and second, the extraction of the spin-
independent contributions from the loop corrections to the effective couplings of the La-
grangian, Leg, which couple two DM particles and two quarks. These will then constitute
the corrections to the tree-level effective couplings from L.

The paper is organised as follows: in section 2 we present the VDM model and in
section 3 we describe its renormalisation. In section 4 we discuss the scattering of scalar DM
off nuclei at leading order (LO) while in section 5 we calculate the electroweak corrections
to the cross section. In section 6 we present and discuss our results. In the conclusions,
section 7, we summarise our findings. Feynman rules and technical details are left to
the appendices.

2 The vector dark matter model

The VDM model discussed in this work is an extension of the SM, where a complex SM-
gauge singlet S is added to the SM field content [14-21]. The model has a new U(1),
gauged symmetry, under which solely the gauge singlet S is charged. As the symmetry is
gauged, a new vector boson appears in the theory, which is denoted by x,.

In order to obtain a stable VDM candidate we assume a Zo symmetry. The dark gauge
boson x, and the scalar field S transform under the Zs symmetry as follows

Xp = —Xu and S — 5", (2.1)



and the SM particles are all even under Z,, which precludes kinetic mixing between the
gauge bosons from U(1), and the SM U(1)y. As the singlet S is charged under the dark
U(1)y, its covariant derivative reads

DS = (Ou + igxXu) S (2.2)

where g, is the gauge coupling of the dark gauge boson .
The most general Higgs potential invariant under the SM and the Zy symmetries can
be written as

V= —pg[HI* + A H[* = p3[S]” + As|S|" + w|SPH|?, (2:3)

in terms of the squared mass parameters u%], ,ug and the quartic couplings Ay, Ag and k.
The neutral component of the Higgs doublet H and the real part of the singlet field each
acquire a vacuum expectation value (VEV) v and vg, respectively. The expansions around
their VEVs can be written as

H = ¢ and S:i(v + &g +iog) (2.4)

%(v—l—@y—l—i(n{) V2 s s S/ '
where &y and g denote the CP-even field components of H and S. The CP-odd field
components oy and og do not acquire VEVs and are therefore identified with the neutral
SM-like Goldstone boson G and the Goldstone boson GX for the gauge boson Y/, respec-
tively, while G are the Goldstone bosons of the W bosons. The minimum conditions of
the potential yield the tadpole equations

=%1 _ (XS - 2.
<8<I>H> v ( 2 ARV 4 ) (25)
ov Tog Kv? 9 9

— )= = ——4+A — 2.
<8<I>5> o ( 5 T ASUs —H5 ) (2.6)
which allow the scalar mass matrix to be expressed as
Ty
2Agv? Kvvg Z 0
= v ) 2.7
Ma,o (mws 2Agv§> * ( 0 73;5) (2.7)

The treatment of the tadpole contributions in the mass matrix will be discussed in section 3
while describing the renormalisation of the tadpoles. The mass eigenstates hy and ho are
obtained through the rotation with the orthogonal matrix R, as

hy by cosa sino by
=R, = . 2.8
<h2> <<I>5> (— sin o cos a) (¢S> (2:8)

The diagonalisation of the mass matrix yields the mass values mj, and myp,, of the two scalar
mass eigenstates. The mass of the VDM particle will be denoted as m, . The parameters
of the potential equation (2.3) can then be expressed in terms of the physical parameters

mh17mh27mX7a7vagX7chHaT‘I’s) (29)



using the relations

2 2 2 2
My, cos a—i—thsm o

Al 502 , (2.10)
. (m%Zl — m,zm) Ccos v sin o (2 11)
Vg ’ '
Mg = m,%l sin? o 4+ m,%z cos? o (2.12)
2ug ’ '
vg = X (2.13)
9Ix

The SM VEV v =~ 246 GeV is fixed by the W boson mass. The mixing angle o can be
chosen without loss of generality to be
T
——, = . 2.14
@€ [ 2’ 2) (2.14)
The requirement of the potential to be bounded from below is translated into the follow-
ing conditions

Ag >0, Ag >0, &> —-2Ag)\s. (2.15)

3 Renormalisation of the VDM model

In order to calculate the electroweak (EW) corrections to the scattering process of the
VDM particle with a nucleon we need to renormalise the VDM model. There are four new
independent parameters relative to the SM that need to be renormalised. We choose them
to be the non-SM-like scalar mass, my,, the rotation angle «, the coupling g, and the
DM mass mX.1 In the following, we will present the renormalisation of the VDM model
including the gauge and Higgs sectors.

Having chosen the complete set of free parameters in the theory, we start by replacing
the bare parameters py with the renormalised ones p according to

po=p+p, (3.1)

where dp is the counterterm for the parameter p. Denoting a general scalar or vector field
by W, the renormalised field is expressed in terms of the field renormalisation constant
Zy as

Uy =+/ZyV, (3.2)

where W, stands for the bare and W for the renormalised field, respectively. In case of
mixing field components, /Zy is a matrix.

Gauge Sector: Since we have an extended gauge sector compared to the SM we will
give all counterterms explicitly. Due to the imposed Zo symmetry under which only the
dark gauge boson Y, is odd, kinetic mixing between the gauge bosons of the U(1), and to
U(1)y is not possible. This means that there is no interaction between the gauge sector of

!Note that in our notation h; corresponds to the SM-like Higgs boson, while we attribute k2 to the
non-SM-like scalar.



the SM and the new dark gauge sector. Since this symmetry is only broken spontaneously,
gauge bosons from the two sectors will not mix at any order of perturbation theory and
therefore the field renormalisation constants are defined independently in each sector. We
choose to renormalise the theory in the mass basis. The replacement of the parameters in
the two gauge sectors reads

miy — miy +omdy (3.3a)
m% — m% + om%, (3.3b)
mi — mi + 5m>2< , (3.3¢)
e—e+dze, (3.3d)

g —g+dg, (3.3¢)
9y = Gx + 09y, (3.3f)

where myy and my are the masses of the electroweak charged and neutral gauge bosons
W+ and Z, respectively, e is the electric coupling constant, and g the weak SU(2) coupling.
The gauge boson fields are renormalised by their field renormalisation constants §Z,

1
X — <1 + 25Zxx> X, (3.4a)
1
Wt = <1 + 26ZWW> W*, (3.4b)
1 1
ol 20222 251ZZV 7. (3.4c)
~ 502z 1+ 502, ~y

The on-shell (OS) conditions yield the following expressions for the mass counterterms of
the gauge sector

57”‘2/1/ = Re E%{/W (m%v) , om% =ReXl, (mQZ) and 67713< = Re ng (mi) ,  (3.5)

where T' denotes the transverse part of the self-energies ¥;; (i = W, Z, x). Expressing the
electric charge in terms of the Weinberg angle 6y,

e = gsin Oy, with cos Oy = m—W, (3.6)
mz

and using OS conditions for the renormalisation of the electric charge allows for the deter-
mination of the counterterm g in terms of the mass counterterms dmyy, dmyz and 67,

_ 182%(]02) + Siwzzz(o)

0Z, 3.7
2 Op? p2e0 W m2Z (3.7)

og 1 1 2 2 2
=04+ ————5 (6 — ¢ 0 ) 3.8
g + SmL —mi, (9miy — cjyomy) (3-8)

2We use the shorthand notation sin #y = sw and cos 0w = cw .



The wave function renormalisation constants guaranteeing the correct OS properties are

given by
0x2 (p? 0x.? 2
82y = —Rengp) . 6 Zww = —ReVgWQ(p) ,(3.9)
p pZZmi p p2:m%/v
—Re 82522@2) ) 2572(0)
0277 8Z7y\ Py " (3.10)
627 07+ o _2257(0) R oxT (p?) . .
m2Z ¢ 8}72 2 0
p =

As for the gauge coupling from the dark sector, g,, since there is no obvious physical
quantity to fix the renormalisation constant, we will renormalise it using the MS scheme,
which will be described in detail in section 3.1.

Higgs Sector: In the VDM model we have two scalar fields which mix, namely the real
component @ of the Higgs doublet and the real component ®g of the singlet, yielding the
mass eigenstates h1 and he. This mixing has to be accounted for in the field renormalisation
constants (see equation (3.2)) so that the corresponding matrix reads

1 1

AN J[ 202 251Zh1h2 AN (3.11)

ho §6Zh2h1 1+ §5Zh2h2 ho

In the mass eigenbasis, the mass matrix in equation (2.7) yields

mi 0 Te,/v 0
My, = + R [ %H RT 3.12
huhz ( 0 miQ 0 Tog/vs (3.12)
=M?2 =0T

The tadpole terms in the tree-level mass matrix are bare parameters. At next-to-leading
order (NLO) they obtain a shift that corresponds to the change of the vacuum state of the
potential through electroweak corrections. To avoid such vacuum shifts at NLO, we renor-
malise the tadpoles such that the VEV remains at its tree-level value also at NLO. This
requires the introduction of tadpole counterterms ¢7; such that the one-loop renormalised
one-point TZ function vanishes

T, =T, — 0T, =0, i=®py,dg. (3.13)

Since we formulate all counterterms in the mass basis it is convenient to rotate the tadpole
parameters in their corresponding mass basis as well, using the same rotation matrix R,

T T
M) =Ry 0] (3.14)
Thy Tq’s
For the mass counterterms of the Higgs sector we replace the mass matrix as

Mh1h2 - Mh1h2 + 6Mh1h2 ) (315)



with the one-loop counterterm

0Ty
dm2 0 £ 0 sm2 0 0T hihy 0Thh
IMp,h, = ha + R, v R = h1 + 1hy the |
R < 0 omZ, “\ o ”% o 0 om3, 6Thohy 0Thyhs
(3.16)
In equation (3.16) we neglect all terms of order O (dadT;) since they are formally of two-

loop order. Using OS conditions and equation (3.16) finally yields the following relations
for the counterterms (i = 1,2)

S (p?
6 Znih; = —Re[W} : (3.18)
ﬁp pzzm%i
57n 1 :#Re[zhh(mQ)—dThh} i (3.19)
Tomp —mp S e ' '

3.1 Renormalisation of the dark gauge coupling g,

As previously mentioned, the dark gauge coupling g, cannot be linked to a physical ob-
servable, which prevents the usage of OS conditions for its renormalisation. Therefore the
coupling will be renormalised using the MS scheme. As the UV divergence is universal, we
just need a vertex involving g,. We choose the triple h1hihy vertex. First we write

NLO _ 4LO VvC CcT
Ahlhlhl - Ah1h1h1 + Ah1h1h1 =+ ‘Ahlhlhl ) (320)

where AVC stands for the amplitude for the virtual corrections to the vertex and ACT is
the amplitude for the vertex counterterm. We will henceforth drop the index hihih; for
better readability. The counterterm amplitude A®T consists of two contributions,

ACT = gmix 4 54CT (3.21)
with 3 3
5le - §Qh1h1h162h1h1 + §gh1h1h25zh2h1 (322)
and 3
hih1h
397 = 30Ty, p € (g g, v, 00 0 (3.23)
p

The trilinear Higgs self-coupling reads (expressing v through 2myy/g)

3gm}211 3ng}27,1

3 -3
=— - . 3.24
9hihihy 2mW COS™ «v - SN « ( )
The divergent part of dg, is then given by
09| = | 7 | (AYC+A%T], )| (3.25)
Xldiv 3mi1 sind o 0gx=0) ldiv " ’



hy hy hy hy
F={lq} S ={h;,G°,GF, G} U € {nz,nt,nx} 5,V ={G% GE, a\ ). {z,wE, X}
h h h
s/'_f_/— VA s/_,‘_,
----- s Hﬂjs S
h1 : h1 \\\1 h1
v h1 h1 v h1
5,V ={G% GE, Gy}, {Zz,WE, X} 5,V ={G°% GE, Gy}, {Zz,WwE, X} 5,V ={G% GE, Gy}, {Zz,WwE, X}
% M v . v .
fffff v 'S v
hy hy {: hy {E
hy v hy v hy
5,V ={G% G*, Gy}, {z, W, X} 5,V ={G% G*, Gy}, {z, W, X} v ={z,w* x}
hy
2 . s
,,,,, " K’ e . el //S
hy o < hy (: j h1 [
S s v . hy "
5={c% G*, Gy, n} vV ={z,w*, x} 5={c"% G*, Gy, hi}
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v o /’ZL,,»/\:\’S P -V
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Figure 1. Generic diagrams contributing to AXS“ n,- Here F' denotes fermions, S scalars, V' gauge
bosons, and U ghost fields.

In figure 1 we present the set of diagrams used to calculate AVC. The one-loop di-
agrams were generated with FeynArts [22] for which the model file was obtained with
SARAH [23-26] and the program package FeynCalc [27, 28] was used to reduce the ampli-
tudes to Passarino-Veltmann integrals [29]. The numerical evaluation of the integrals was
done by Collier [30-33]. The counterterm g, in the MS scheme is then obtained as

P
_ I
59)(‘5 = 96n2 A, (3.26)
with 1
A, = - e + Indr, (3.27)

where vg denotes the Euler-Mascheroni constant.

3.2 Renormalisation of the scalar mixing angle o

The final parameter that needs to be renormalised is the mixing angle a. Again, this
is a quantity that cannot be related directly to an observable, except if we would use a
process-dependent renormalisation scheme which is known to lead to unphysically large



counterterms [34]. The renormalisation of the mixing angles in SM extensions was thor-
oughly discussed in [34—45]. In this work we will use the KOSY scheme, proposed in [46, 47],
which connects for the derivation of the angle counterterm the usual OS conditions of the
scalar field with the relations between the gauge basis and the mass basis. The bare
parameter expressed through the renormalised one and the counterterm reads

ap = a+da. (3.28)

Considering the field strength renormalisation before the rotation,

<Z;> — R(a+da)/Za (Q’H) , (3.20)

dg

and expanding it to strict one-loop order,

R(a+6a)\/Zs (‘I)H) = R(6a)R(a)\/ZsR(a)" R(a) (¢H> + 0602 =/ Zy <h1) ;

Qg Qg ha

LVZn

(3.30)
yields the field strength renormalisation matrix /Zg connecting the bare and renormalised
fields in the mass basis. Using the rotation matrix expanded at one-loop order results in

6Zh1h1

0Znpyh
1= 50y, 1+ =8 50y, + o
VZy = R(d« 2 ~ 2 . 3.31
H =R )< 5Ch, 1+‘§Z’;2h2> <5Ch—(5a 1+5222h2> (331)

Demanding that the field mixing vanishes on the mass shell is equivalent to identifying the
off-diagonal elements of /Zx with those in equation (3.11),

0Zh hy 0Znyh,y

: L5C, +0a  and : L 6C) — da. (3.32)

With equation (3.19) the mixing angle counterterm reads
Sa = i (6Znms — 67 ) (3.33)
o Re(Shm(m2,) + Sun(m,) — 20T, - (3.34)

2(my, —mg,)

In our numerical analysis we will use two more renormalisation schemes for da: the
MS scheme and a process-dependent scheme. In the MS scheme we only take the countert-
erm da into account in the divergent parts in D = 4 dimensions. Applying dimensional
regularisation [48, 49], these are the terms proportional to 1/e, where D = 4 — 2¢. Both
the KOSY scheme and the MS scheme lead to a gauge-parameter dependent definition of
da This is avoided if da is defined through a physical process.

In our process-dependent renormalisation scheme for «, discussed in the numerical
results, we define the counterterm da through the process h — 77, where h denotes the
SM-like scalar of the two h; (i = 1,2). The counterterm is defined by requiring the
NLO decay width to be equal to the LO one. The NLO corrections involve infrared (IR)



divergences stemming from the QED corrections. Since they form a UV-finite subset, this

allows us to apply the renormalisation condition solely on the weak sector thus avoiding

the IR divergences, i.e. we require for the NLO and LO amplitudes of the decay process
ANLO,Weak ; .ALO (3 35)

h—T1T h—T1T >

where ‘weak’ refers to the weak part of the NLO amplitude. The h coupling to 77 depends

on the mixing angle a as

gm. Cos &
=2 7T - 3.36
9hrr 2mW ) ( )
and the LO amplitude reads
_ gm CoS v _
Akg‘r‘r = ghTTu(pT>u(pT) = 27— u(pT)u(pT) ) (337)
mw

with u(p;) (a(pr)) denoting the spinor (anti-spinor) of the 7 with four-momentum p;.
Dividing the weak NLO amplitude into the LO amplitude, the weak virtual corrections to
the amplitude, and the corresponding counterterm part,

ANLO7weak :ALO+AVirt7weak+ACt7 (338)

h—TT

the condition eq. (3.35) translates into
Avirt,weak + Act — 0’ (3‘39)

and we get the mixing angle counterterm in the process-dependent scheme as

9 .

So — ( mw ) [Avlrt,weak+ ‘ACtla _0:| . (340)
gm; COS & a=

Here ACt‘ sa—o denotes the complete counterterm amplitude but without the contribution

from da.

4 Dark matter direct detection at tree level

In the following we want to set our notation and conventions used in the calculation of
the spin-independent (SI) cross section of DM-nucleon scattering. The interaction between
the DM and the nucleon is described in terms of effective coupling constants. The major
contribution to the cross section comes from the light quarks ¢ = u, d, s and gluons. For
the VDM model the effective operator basis contributing to the SI cross section is given
by [50]

£of= 3" Lt (4.1)
q=u,d,s
with
_ g . AL - Ay
£ZH = foxux"mqqq + m—%x”z@“z@ XpOh 5 (4.2a)
X
LA = faxpx*Gs,G* (4.2b)

~10 -



where G, (a = 1,...,8) denotes the gluon field strength tensor and Oy, the quark twist-2
operator corresponding to the traceless part of the energy-momentum tensor of the nu-
cleon [51, 52],

1_. 1
OZZ/ = iql <au’YV =+ al/)/u - 23) q- (4.3)

Operators suppressed by the DM velocities and the momentum transfer of the DM particle
to the nucleon are neglected in the analysis. Furthermore, we neglect contributions intro-
duced by the gluon twist-2 operator 0, since these contributions are one order higher in
the strong coupling constant a [50].

For vanishing momentum transfer and on-shell nucleon states, the nucleon matrix
elements are given by

(N|mqqq|N) = my f7) (4.4a)
S0 NG, Ny = (1= S0 fY | = m £ (4.4D)
87 j% - Ty N = MNJT, .
q=u,d,s
1 1 _
IO IV = 2 (o~ ko) @+ @) )
where N denotes a nucleon, N = p,n, and my is the nucleon mass. Furthermore,

¢V (2),¢"(2) are the second moments of the parton distribution functions of the quark
g(z) and the antiquark g(z), respectively. The four-momentum of the nucleon is denoted
by p. The numerical values for the matrix elements fﬁ , fj]}é and the second moments ¢" (2)
and gV (2) are given in appendix A. The SI effective coupling of the VDM particle with
the nucleons is obtained from the nucleon expectation value of the effective Lagrangian,
eq. (4.1), by applying eqgs. (4.4), which yields

fnimy = Y fift+ >

q:u7d78 q:u7d787c7b

=~ o

(V@) +7(2)) g - Ei;fq]{;fc . 45

In the contribution from the quark twist-2 operator all quarks below the energy scale
~ 1GeV have to be included, i.e. all quarks but the top quark. The SI scattering cross
section between the VDM particle and a nucleon, proton or neutron (N = p,n), is given by

aN=1(7“’)ﬂmF. (46)

™ \My + My

Note that the sum in the first term of eq. (4.5) only extends over the light quarks. The
leading-order gluon interaction with two VDM particles is mediated by one of the two
Higgs bosons which couple to the external gluons through a heavy quark triangle diagram,
cf. figure 2. The charm, bottom and top quark masses are larger than the energy scale
relevant for DM direct detection and should therefore be integrated out for the description
of the interaction at the level of the nucleon. By calculating the heavy quark triangle
diagrams and then integrating out the heavy quarks we obtain the related operator in the
heavy quark limit. This is equivalent to calculating the diagram in figure 3 with heavy

- 11 -



Figure 2. Higgs bosons h; mediating the coupling of two gluons to two VDM particles through a
heavy quark loop.

quarks QQ = ¢, b,t, and replacing the resulting tensor structure mQQQ with the effective
gluon operator as follows [12, 13, 53]

) as a [Ny
mQQQ — —mG‘uyG H y (47)

corresponding to the effective leading-order VDM-gluon interaction in equation (4.2).

For the tree-level contribution to the SI cross section the ¢-channel diagrams depicted
in figure 3 have to be calculated for vanishing momentum transfer. The respective Wilson
coefficient for the effective operator in equation (4.1) is extracted by projecting onto the
corresponding tensor structure, mqqq. Accounting for the additional symmetry factor of
the amplitude, this yields finally the following f, factor for the quarks,

. (90 M2 — m2
fo=- 99 sin(2a) ’“2 5 h My, q=u,d,s,cbt. (4.8)
2myy 2 my, mp,

As explained above, the heavy quarks Q = b,c,t contribute to the effective gluon inter-
action. By using eq. (4.7), the Wilson coefficient for the gluon interaction, fg, can be
expressed in terms of f, for ¢ = ¢, b, t,

fo= Y —2f (4.9)

127797
q=c,b,t
resulting in the SI LO cross section
2
LO sin® 2av ( mymn )2 (m;%l - m,%z)2 mim?\, Z P 2 N (4.10)
A7 my +my mﬁlm%Q U2’U% s Tq 27”1

The twist-2 operator does not contribute at LO. The obtained result is in agreement with
ref. [20].3

5 Dark matter direct detection at one-loop order

As a next step, we want to include the NLO EW corrections in the calculation of the SI
cross section. For this, we evaluate the one-loop contributions to the Wilson coefficients f,

3The authors of ref. [20] introduced an effective coupling fy = 0.3 between the nucleon and the DM
particle, which corresponds to |>Z _, ;. fT,;V + %ng ‘

- 12 —



Figure 3. Generic tree-level diagram contribution to the SI cross section. The mediator S
corresponds to the two Higgs bosons hy and hs. The quark line g corresponds to all quarks
q=u,d,s,cb,t.

X X X X % X

WWVW\NVW

[ Ly

K O

[ [ hj
q q q q q q
(a) Vertex Corrections (b) Mediator Corrections (c) Box Corrections

Figure 4. Generic one-loop corrections to the scattering of VDM with the nucleon. The grey blob
corresponds to the renormalized one-loop corrections. The corrections can be separated into vertex
(a), mediator (b) and box corrections (c).

and fg in front of the operators in equation (4.2). At this order, also the Wilson coefficient
gq is non-zero. The additional topologies contributing at NLO EW are depicted in figure 4.
Note that we do not include vertex corrections to the h;qq vertex. They are partly given
by the nuclear matrix elements and beyond the scope of our study. For the purpose of
our investigation, we assume them to be encoded in the effective coupling factors of the
respective nuclear matrix elements. In the following, we present the calculation of each
topology separately.

5.1 Vertex corrections xxh;

The effective one-loop coupling xxh; is extracted by considering loop corrections to the
coupling xxh;, where we take the DM particles to be on-shell and assume a vanishing
momentum for the Higgs boson h;. The amplitude for the NLO vertex including the
polarisation vectors e™®) of the external VDM particles, is given by

. NLO __ . 4LO . A VC . 1CT
ZAXXhi - ZAXXhi + ZAXXhi + ZAXXhi ) (5-1)

with the leading-order amplitude iA;Shi, the virtual vertex corrections iA}(/)?hi and the

CT
xxhi*
particle, the tree-level amplitude is given by

vertex counterterm 3.4 Denoting by p the four-momentum of the incoming VDM

AR = Gocnie(®) - €5 (p) = 20,mye(p) - €*(p) { (5.2)

cosa, 1=
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Figure 5. Generic diagrams contributing to the virtual corrections to the vertex yxh;. The generic
symbols denote F' fermions, S scalars and V' gauge bosons.

The vertex counterterm amplitudes for ¢ = 1,2 read

. 1
Z‘ASEX/H = [2 (gXXhQ(SZthl + Grxha 5Zh1h1) + Gxxha (5Zxx + 5gxxh1:| 5(p) e (p) (533‘)

) 1 N
l'A)(chxhz = [2 (9xxh10Znyhy + Gxxha0Zhsns) + Gxxns 0 Zxx + 5gXXh2:| e(p)-€*(p), (5.3b)

with the counterterms dgy,n, (i = 1,2) for the couplings

Gxxhi = 29y sin o (5.4)
Gxxha = 29xM COS ¢

derived from

OGyxh; = Z agggm . p € {my, gy} (5.6)
P

In figure 5 all contributing NLO diagrams are shown, where S denotes scalars, F' fermions
and V vector bosons. At NLO an additional tensor structure arises in the amplitude. Let
Pin be the incoming momentum and poyt the outgoing momentum of the DM vector gauge
boson. Assuming zero momentum transfer is equivalent to assuming pi, = pout. Note that
this assumption is stricter than simply assuming p?n = p2,, since this only implies the
same masses for the incoming and outgoing particles. The additional new tensor structure
(denoted by ~ NLO) is given by

iANLO = ( .. ) 5(pin) : 5*(pout) + ( .. ) (pin : 6*(pout)) (pout : 5(pin)) . (57)
—_— <~
~LO ~NLO

The additional NLO tensor structure vanishes by assuming pin = pout, and because for
freely propagating gauge bosons we have ¢(p) - p = 0. The counterterms in equation (5.3)
cancel all UV-poles of the virtual vertex corrections in figure 5 which has been checked
both analytically and numerically. Accounting for the symmetry factor of the amplitude
and projecting onto the corresponding tensor structure, the vertex corrections are plugged
in the generic diagram in figure 4(a) which contributes to the operator x,x*mq,qq. We will
refer to the resulting contribution as f;’ertex. Since the expression it quite lengthy, we do
not give the explicit formula here.
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Figure 6. Generic diagrams of the box topology contributing to the SI cross section. The symbol
S denotes scalars, F' fermions and V' vector bosons. The flavour of the fermion F' and the external
quark ¢ are the same as we set the CKM matrix equal to the unit matrix.

5.2 Mediator corrections

We proceed in a similar way for the mediator corrections. We calculate the self-energy
corrections to the two-point functions with all possible combinations of external Higgs
fields and plug these into the one-loop propagator in the generic amplitude in figure 4(b).
The self-energy contribution to the h;h; propagator (i,j = 1,2) reads

App = —=tih P =7 (5.8)

with the renormalised self-energy matrix

@’“’“ ?l’”) = $0%) = ()~ bm? 5T + 25 (2~ M?) + (7~ M?) 7 (5.9)
hoh1 “~hoha

where the mass matrix M and the tadpole counterterm matrix 07" are defined in equa-
tion (3.12). The Z-factor matrix 6Z corresponds to the matrix with the components 62, h;
defined in equation (3.19). Projecting the resulting one-loop correction on the correspond-
ing tensor structure, we obtain the effective one-loop correction to the Wilson coefficient
of the operator x,x*mqqq induced by the mediator corrections as

d _ 99x™Mx ‘
med _ T Zj: Rai2Raj1Ann, » (5.10)

with the rotation matrix R, defined in equation (2.8).

5.3 Box corrections

We now turn to the box corrections. The generic set of diagrams representative of the
box topology is depicted in figure 6. In the following, we present the treatment of box
diagrams contributing to the SI cross section. In order to extract for the spin-independent
cross section the relevant tensor structures from the box diagram, we expand the loop
diagrams in terms of the momenta p, of the external quark that is not relativistic [12].
Since we are considering zero momentum transfer, the incoming and outgoing momenta of
the quark are the same,

i t
Py =0y (5.11)
Note that as in the case of the vertex corrections this requirement is stricter than requiring
that the squared momenta are the same, since this only implies same masses for incoming
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and outgoing particles. Assuming small quark momenta, and because the mass of the light
quarks is much smaller than the energy scale of the interaction, allows for the simplification
of the propagator terms arising in the box diagrams through the expansion,

! 1 __2pg-1 2 /74
(Itp)?—m2 27 0 +0(pg/1%), (5.12)

where [ is the loop momentum of the box diagram, m, the mass of the quark and where
we use mg = pg. After applying this expansion to the box diagrams, the result has to
be projected onto the required tensor structures contributing to the operators in equa-
tion (4.2). The box diagrams contribute to X, X*mygq and the twist-2 operators. By
rewriting [13, 51, 52]

. _i0yyy — 10,y 1 _

qi0u g = Oy + G54+ J9wmqd4 (5.13)
the parts of the loop amplitude that correspond to the twist-2 and the X, X*m,Gq operator
can be extracted. The asymmetric part in equation (5.13) does not contribute to the SI

cross section and therefore can be dropped. We refer to these one-loop contributions to

box
q

As discussed in refs. [12, 13] the box diagrams also induce additional contributions to

the corresponding tree-level Wilson coefficients as f;’o" and g

the effective gluon interaction with the VDM particle that have to be taken into account in
the Wilson coefficient fg in eq. (4.2b). The naive approach of using the same replacement as
in equation (4.7) to obtain the gluon interaction induces large errors [12]. To circumvent the
over-estimation of the gluon interaction without performing the full two-loop calculation,
we adopt the ansatz proposed in ref. [13]. For heavy quarks compared to the mediator
mass, it is possible to derive an effective coupling between two Higgs bosons and the gluon
fields. Using the Fock-Schwinger gauge allows us to express the gluon fields in terms of the
field strength tensor Gy, simplifying the extraction of the effective two-loop contribution
to fg. Integrating out the top-quark yields the following effective two-Higgs-two-gluon
coupling [13]4

1 ags v
[hhGG _ §deGHhihijzyG““ ’ (5.14)

where the effective coupling d&if of ref. [13] has to be adopted to our model. First of all we
only have scalar-type mediators, given by the Higgs bosons h;, so that the mixing angle
¢sm of ref. [13] which quantifies the CP-odd admixture, is set to

psm = 0. (5.15)

Second, the coupling of the Higgs bosons h; to the top quark differs depending on which
Higgs boson is coupled, so that the effective coupling in equation (5.14) becomes

(S} € 1
aff — (@), = (Ra)u(Ra)ii— (5.16)

ij
with the rotation matrix R, defined in equation (2.8). The effective coupling allows for
the calculation of the box-type diagram in figure 7 (right).

“The authors of ref. [13] found that the bottom and charm quark contributions are small. This may
not be the case if the Higgs couplings to down-type quarks are enhanced. This does not apply for our
model, however.
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Figure 7. The full two-loop gluon interaction with the DM candidate (left) and the effective
two-loop interaction after integration out the heavy quarks (right).

In ref. [13], the full two-loop calculation was performed. The comparison with the
complete two-loop result showed very good agreement between the approximate and the
exact result for mediator masses below m;. Our model is structurally not different in the
sense that the mediator coupling to the DM particle (a fermion in ref. [13]) is also a scalar
particle so that the results obtained in ref. [13] should be applicable to our model as well.
Moreover, the box contribution to the NLO SI direct detection cross section is only minor
as we verified explicitly.

The diagram in figure 7 (right) yields the following contribution to the Lagrangian

Lot D (dgff)ij Cxpux —Ga Gom (5.17)

where CZ denotes the contribution from the triangle loop built up by h;, h; and the
VDM particle. It has to be extracted from the calculated amplitude of figure 7 (right).
Using equation (4.2b) the contributions by the box topology to the gluon-DM interaction

are given by
—ag

—. 1
127 (5 8)

ft0p ( deff) i} Cg

5.4 The SI one-loop cross section

In the last sections we discussed the extraction of the one-loop effective form factors for
the operators in equation (4.2). The NLO EW SI cross section can then be obtained by
using the effective one-loop form factor

NLO

3 _
;V,LN = > O Y (@@ +a2)gtC - fTGfNLO (5.19)
q:U,d,S q:U,d,S,C,b

with the Wilson coefficients at one-loop level given by

fNLO fvertex f;ned + f{?OX (5.20&)
gqNLO _ g};ox (520b)
fNLO f;S Z (fvertex+fmed) +ft0p_ (520C)
T
q=c,b,t
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Like at LO, the heavy quark contributions of f;’ertex and f;ned have to be attributed to the
effective gluon interaction. With the LO form factor given by

N o N 2 N
B _poly mey 2| 2
N q=u,d,s q=c,bt

where f;o has been given in eq. (4.8), we have for the NLO EW SI cross section at leading
order in ag,

1 2 i}
on == (&) [1£5C1% + 2Re (FROFNEO1)] . (5.22)

6 Numerical analysis

In our numerical analysis we use parameter points that are compatible with current the-
oretical and experimental constraints. These are obtained by performing a scan in the
parameter space of the model and by checking each data set for compatibility with the con-
straints. In order to do so, the VDM model was implemented in the code ScannersS [54, 55]
which automatises the parameter scan. We require the SM-like Higgs boson (denoted by
h in the following) to have a mass of m; = 125.09 GeV [56]. With ScannerS, we check if
the minimum of the potential is the global one and if the generated points satisfy the theo-
retical constraints of boundedness from below and perturbative unitarity. We furthermore
impose the perturbativity constraint gi < 4r. Furthermore, the model has to comply with
the experimental Higgs data. In the VDM model, the Higgs couplings to the SM parti-
cles are modified by a common factor given in terms of the mixing angle «, that is hence
constrained by the combined values for the signal strengths [56]. Through an interface
with HiggsBounds [57-59] we additionally check for collider bounds from LEP, Tevatron
and the LHC. We require agreement with the exclusion limits derived for the non-SM-like
Higgs boson at 95% confidence level. Among these searches the most stringent bound arises
from the search for heavy ZZ resonances [60]. Still, the bounds for the mixing angle «
derived from the measurement of the Higgs couplings are by far the most relevant. In order
to check for the constraints from the Higgs data, the Higgs decay widths and branching
ratios were calculated with sHDECAY [55],° which includes the state-of-the-art higher-order
QCD corrections. The code sHDECAY is based on the implementation of the models in
HDECAY [61, 62].

Concerning the DM constraints, information on the DM particle from LHC searches
through the invisible width of the SM Higgs boson were taken into account [57-59]. Fur-
thermore, the DM relic abundance has been calculated with MicrOMEGAs [63-66], and
compared with the current experimental result from the Planck Collaboration [67],

(QR?)2h5 = 0.1186 =+ 0.002. (6.1)

We do not force the DM relic abundance to be in this interval, but rather require the
calculated abundance to be equal to or smaller than the observed one. Hence, we allow

®The program sHDECAY can be downloaded from the url: http://www.itp.kit.edu/~maggic/sHDECAY.
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the DM to not saturate the relic density and therefore define a DM fraction

Qn?

o= gy .
where (Qh?), stands for the calculated DM relic abundance of the VDM model. DM
indirect detection also provides constraints on the VDM model. The annihilation into
visible states, mainly into ZZ, WHW—, bb and light quark pairs, can be measured by
Planck [67], if it manifests itself in anisotropies of the cosmic microwave background (CMB),
by Fermi-LAT [68] if it comes form the ~-ray signals in the spheroidal dwarf galaxies, and
by AMS-02 [69, 70] if it originates from e* excesses in the Milky Way. As shown in ref. [71],
the Fermi-LAT upper bound on the DM annihilations is the most stringent one. In order to
obtain the bound, we follow ref. [68] in their claim that all final states give approximately
the same upper bound on the DM annihilation cross sections. Hence we use the Fermi-
LAT bound from ref. [68] on bb when my = my, and on light quarks for m, < my. In the
comparison with the data, the DM fraction in eq. (6.2) has to be taken into account, and
an effective DM annihilation cross section is defined by

iy 2
U;X = fixTxx s (6.3)

with fy, and oy, computed by MicrOMEGASs.

The sample was generated taking into account the experimental bounds on the DM
nucleon SI cross section at LO. The most stringent bound on this cross section is the
one from the XENONIT ([72, 73] experiment. We apply the latest XENONI1T upper
bounds [73] for a DM mass above 6 GeV and the combined limits from CRESST-II [74]
and CDMSlite [75] are used for lighter DM particles. Note that the experimental limits
on DM-nucleon scattering were derived by assuming that the DM candidate makes up
for all of the DM abundance. Hence, the correct quantity to be directly compared with
experimental limits is the effective DM-nucleon cross-section defined by

U;fzfv = fix o (6.4)
where yN stands for the scattering VDM x with the nucleon N, and f,, denotes the
respective DM fraction, defined in eq. (6.2). The formula for the LO direct detection cross
section oy in our VDM model has been given in eq. (4.10) and the NLO contributions
have been discussed in section 5. For our numerical analysis, we use the LO and NLO
results for N = p.

The ranges of the input parameters of the scan performed to generate viable parameter
sets are listed in table 1. From here on, we denote the non-SM-like of the two CP-even
Higgs bosons my, (i = 1,2) by mg, the SM-like Higgs boson is called my,. Note, that in
Scanner$ the scan is performed over m, and vg instead of m, and g,. The corresponding
gy Vvalues are given by g, = m, /vg. Only points with gi < 47 are retained. Note that we
vary « in the range [—m/4, /4] to optimize the scan. This is possible due to the bound on
sin a that comes from the combined signal strength measurements of the production and
decay of the SM-like Higgs boson [56]. The remaining input parameters, gauge, lepton and
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mg [GeV] my [GeV] wvg [GeV] «
min 1 1 1 —7
max | 1000 1000 107 z

Table 1. Input parameters for the VDM model scan, all parameters varied independently between
the given minimum and maximum values. The SM-like Higgs boson mass is set mj;, = 125.09 GeV
and the SM VEV v = 246.22 GeV.

quark masses, electric coupling, Weinberg angle and weak SU(2) coupling, are set to

my = 80.398 GeV my = 91.1876 GeV , sin fy = 0.4719,
me = 0.511-1073GeV,  m, = 0.1057GeV,, my, = 1.777 GeV, (65)
my, = 0.19MeV mg = 0.19MeV , ms = 0.19MeV ,
me = 1.4GeV, my = 4.75GeV | my = 172.5GeV .
For the proton mass we take
my, = 0.93827 GeV . (6.6)

6.1 Results

In the following we present the LO and NLO results for the spin-independent direct de-
tection cross section of the VDM model. We investigate the size of the NLO corrections
and their phenomenological impact. We furthermore discuss the gauge dependence of the
results and the influence of the renormalisation scheme on the NLO results. If not stated
otherwise, results are presented for the Feynman gauge, i.e. the gauge parameter &9 is set
equal to one, £ = 1. In the NLO results, the default renormalisation scheme for the mixing
angle « is the KOSY scheme, cf. subsection 3.2.

6.1.1 The SI direct detection cross section at leading order

In figure 8 we show in grey the LO results of the direct detection cross section for all points
of the VDM model that are compatible with our applied constraints, as a function of the
DM mass m,. Note, that we also include the perturbativity limit on g,, gi < 4m. The
result is compared to the Xenon limit shown in blue. Note that, in order to be able to
compare with the Xenon limit, we applied the correction factor fy, to the LO and NLO
direct detection cross section, cf. eq. (6.4). Since the compatibility with the Xenon limit
is already included in the selection of valid parameter points, all cross section values lie
below the blue line (modulo the size of the grey points). As can be inferred from figure 8,
the LO cross section can be substantially smaller than the present sensitivity of the Xenon

experiment, by more than 10 orders of magnitude.

6.1.2 Results for my < my

We now investigate the dependence of the LO and NLO direct detection cross section
on g, and the size of the NLO corrections for the parameter sets featuring a non-SM-
like Higgs boson with a mass mg < my. For these, the approximate treatment of the

SWe commonly denote by & the gauge parameter for all gauge bosons.
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Figure 8. Grey: The tree-level SI cross section o™ versus the DM mass m, in GeV for the
complete parameter sample compatible with the applied constraints. The blue line denotes the
Xenon Limit.
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Figure 9. Spin-independent direct detection LO cross section (left) and NLO cross section (right)
versus the mass m, for the parameter sample passing all constraints and mg < m;. The color code
denotes the size of the dark gauge coupling g, .

NLO box contributions discussed in subsection 5.3 can be applied. In figure 9 we display
for all parameter sets passing our constraints that additionally feature my < m; the LO
direct detection cross section in the left panel and the NLO result in the right panel, as
a function of mg. The color code quantifies the coupling g, < V/4r. Note, that here and
in the following we do not apply the correction factor fy, eq. (6.2) on the direct detection
limit, as long as we do not directly compare with the Xenon limit. This is why the LO
cross section in figure 9 is larger than in figure 8.

Both the LO and the NLO contribution to the SI direct detection cross section are pro-
portional to f}o and therefore proportional to g,, sin2a and (m,%1 — m,212) = (mj — m?b)
This behaviour is reflected in figure 9. We observe that the LO cross section increases
with g,, more specifically gi (yellow points) and drops for mg = mj = 125.09 GeV. The

NLO corrections on the other hand increase with gf’(. The reason is that, as we explicitly
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Figure 10. K-factor versus the Higgs mass my (left) and o© (right) for the parameter sample
passing all constraints and mg < m. The color code denotes the size of the dark gauge coupling g,,.

verified, the NLO corrections are dominated by the vertex corrections. The vertex correc-
tions are proportional to gi, so that the NLO contribution to the cross section scales as
2 Re( fc}o f(}’ertex*) x gi, in contrast to the LO contribution that is proportional to gi. In
total the K-factor, i.e. the ratio between NLO and LO cross section, therefore increases
with g,.

Being proportional to fl}o the NLO corrected cross section also drops for mg = my,
so that the sensitivity of the direct detection experiment is not increased after inclusion
of the NLO corrections; the blind spots remain also at NLO. In our scan we furthermore
did not find any parameter points where a specific parameter combination leads to an
accidental suppression at LO that is removed at NLO. There is a further blind spot when
o = 0. However, in this case the SM-like Higgs boson has exactly SM-like couplings and
the new scalar decouples from all SM particles except for the coupling with the SM-like
Higgs boson. In this scenario the SM-like Higgs decouples from the vector dark matter
particle, and, depending on the mass of the second scalar and its coupling strength with
the SM-like Higgs boson, we may end up with two dark matter candidates with the second
scalar being metastable. The study of such a scenario is beyond the scope of this paper
and we do not consider this case further here.

The K-factor is depicted in figure 10, as a function of my (left) and o0 (right). The
colour code indicates the size of g,. The K-factor is mostly positive and the bulk of K-
facture values ranges between 1 and about 2.3. As mentioned above, the K-factor increases
with gy, as can also be inferred from the figure, in particular from figure 10 (right).

In this and all other plots, we excluded points with mg ~ m; and K-factors where
|K| > 2.5. We found that for my =~ my, the interference effects between the h and ¢
contributions, that become relevant here, largely increase the (dominant) vertex contri-
bution fqverteX to the effective NLO form factor. It exceeds by far the LO form factor
f;JO. Depending on the sign of fg’cmx, the NLO cross section, which is proportional to
2 Re( f}o f;’ertex*), is largely increased or suppressed, inducing for large negative NLO am-
plitudes negative NLO cross sections. In these regions, the NLO results are therefore no
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Figure 11. K-factor as function of the LO direct detection cross section with the color code
indicating the size of sin? 2 (left) and m, (right).

longer reliable. T'wo-loop contributions might lead to a better perturbative convergence,
but are beyond the scope of this paper. We deliberately did not take into account one-loop
squared terms to remove the negative cross sections. Such an approach would only include
parts of the two-loop contributions. Whether or not they approximate the total two-loop
results well enough can only be judged after performing the complete two-loop calculation.
This is why we chose the conservative approach to exclude these points from our analysis.

In figure 11, we show the K-factor as function of ¢“©, but with the colour code
indicating the size of sin? 2« (left) and m,, right. There is no clear correlation between the
K-factor and sin® 2« or m,. These plots furthermore show, that there is no correlation

LO LO

between the maximum size of 0% and m, or sin? 2, while the maximum o"© values

require large g, values, cf. figure 10 (right).

6.1.3 Results for my > my

We now turn to the parameter region of our sample of valid points where the approximation
described in subsection 5.3 is a priori not valid. We cannot judge the goodness of the
approximation in this parameter region without doing the full two-loop calculation which
is beyond the scope of this paper. We can check, however, if we see some unusual behaviour
compared to the results for parameter sets with mg < my, where the approximation can
be applied.

Figure 12 shows the K-factor as a function of the LO SI direct detection cross section.
The size of g, is indicated by the color code. We only take into account parameter samples
compatible with all constraints and where mg > m;. As already observed and discussed for
the parameter sample with my < mg, also here the K-factor increases with g,. Overall, the
bulk of points reaches larger K-factors than for mg < m; but remains below 2.5. So, the
behaviour of the K-factor does not substantially differ from the results for my < m;. The
comparison of the approximate and exact result in ref. [13] showed that the difference in
the box contribution between the two results does not exceed one order of magnitude for a
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Figure 12. K-factor versus the LO SI cross section. The color code denotes the size of the dark
gauge coupling g, for the parameter sample passing all constraints and mg > my.

pseudoscalar mediator with mass 1 TeV7 and remains small even for scalar mediator masses
up to 1 TeV (cf. figure 4 in ref. [13]). Together with the fact that the box contribution
makes up only for a small part of the NLO SI direct detection cross section,® we conclude
that our approximate NLO results for parameter sets with larger mediator masses should
also be applicable in this parameter region.

6.1.4 Gauge dependence

As has been discussed in ref. [34] for the 2HDM and in ref. [38] for the N2HDM the
renormalisation of the mixing angle « in the KOSY scheme leads to gauge parameter
dependent results. We therefore check here the gauge dependence of our NLO results by
performing the calculation in the general R, gauge and comparing it with our default result
in the Feynman gauge £ = 1.

We introduce the relative gauge dependence AgaNLO, defined as

AeoNO = <JNLO‘£ _ UNLO}§:1) /JNLO|£:1, (6.7)

where oNLO ! ¢

denotes the NLO SI direct detection cross section calculated in the general

NLO } =1 the result in the Feynman gauge. In figure 13 we show AgJNLO asa

R¢ gauge and o
function of the gauge parameter &, for two sample parameter points of our valid parameter
set, called point 5 and 6, respectively. They are given by the following input parameters.

For the parameter point 5 we have

Point 5:  mg = 283.44GeV, m, = 914.76 GeV ,

(6.8)
gy = 7.67, a=0.07312.

"We estimate this by extrapolating figure 4 (left) in ref. [13] to 1 TeV.

8We explicitly verified that the box form factor J;Ox remains below the vertex correction form factor

q ertex In particular, for K-factors above 1, the box form factor remains more than two orders of magnitude

below the vertex form factor.

— 24 —



es®
et
.t
«r*

AeoN0 [%]
[N
U\LO [((]

0 5 10 15 20 0 5 10 15 20
3 3

Figure 13. Relative gauge dependence A¢o versus the gauge parameter £ for parameter point
number 5 (left) and 6 (right). See text, for their definitions.

The parameter point 6 is given by

Point 6:  mg = 119.84GeV, m, = 766.82GeV ,

(6.9)
gy = 1.555, a = 0.425943

As can be inferred from figure 13, we clearly see a gauge dependence of the NLO results.
The relative gauge dependence is, however, small with values below the few per cent level
for a rather large range of & variation. Note also, that a gauge parameter dependence a
priori is no problem as long as it is made sure that the explicit value of the gauge parameter
is accounted for when interpreting the results.

6.1.5 Renormalisation scheme dependence

We now investigate the influence of the renormalisation scheme and scale on the NLO
result. For this, we show in figure 14 the K-factor for the whole data sample passing our
constraints for three different renormalisation schemes of the mixing angle « as a function
of the LO cross section. The chosen schemes have been described in subsection 3.2 and
are the KOSY scheme (yellow points), the process-dependent scheme (green) and the MS
scheme (violet). The scale applied in the MS scheme is jg = 1 GeV. The KOSY scheme
has been shown to lead to a gauge-parameter dependent definition of the counterterm
Sa [34, 38]. This is also the case for the MS scheme. As can be inferred from the plot, the
MS scheme additionally leads to unnaturally large NLO corrections with K-factor values
up to about 108 for our data sample (not shown in the plot). This has been known already
from previous investigations in the 2HDM [34] and N2HDM [38]. The process-dependent
scheme has the virtue of implying a manifestly gauge-independent definition of the mixing
angle counterterm. However, also here the NLO corrections are unacceptably large with
values up to about 10, so that also this scheme turns out to be unsuitable for practical use.
This behaviour has also been observed in our previous works [34, 38]. We therefore conclude
that the KOSY scheme should be used in the computation of the NLO corrections. The
fact that it is gauge dependent is no problem as long as the chosen gauge is clearly stated
when presenting results. Moreover, by applying a pinched scheme, the gauge dependence
can be avoided, cf. ref. [34]. This is left for future work.
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Figure 14. The K-factor versus the LO SI direct detection cross section for the whole data sample
passing all constraints and for three different renormalisation schemes of a: the KOSY scheme
(yellow), the process-dependent scheme (green), the MS scheme (violet).

The uncertainty due to missing higher-order corrections can be estimated by varying
the renormalisation scheme or by varying the renormalisation scale. The comparison of
the KOSY with the other two renormalisation schemes makes no sense as the latter lead
to unacceptably large corrections. The KOSY scheme does not allow us to vary the renor-
malisation scale, so that we cannot provide an estimate of the uncertainty due to missing
higher order corrections. We conclude with the remark that the variation of the renormal-
isation scale between 1/2 and 2 times the scale o in the MS scheme leads to a variation
of the NLO cross section of about 16% — in contrast to the unphysically large corrections
that are to be traced back to the blowing-up of the MS counterterm of a.

6.1.6 Phenomenological impact of the NLO corrections on the xenon limit

We now turn to the discussion of the phenomenological impact of our NLO results. In
figure 15 (left) we show the LO direct detection cross section (blue points) and the NLO
result (orange) compared to the Xenon limit (blue-dashed), as a function of the DM particle
mass. For the consistent comparison with the Xenon limit we applied the correction factor
Fxx (eq. (6.4)) to the LO and NLO cross section in both plots of figure 15. In the left figure
we plot all parameter points where the LO cross section does not exceed the Xenon limit
but the NLO result does. This plot shows that for a sizeable number of parameter points,
the compatibility with the experimental constraints would not hold at NLO any more.
This demonstrates that the NLO corrections are important and need to be accounted for
in order to make reliable predictions about the viable parameter space of the VDM model.

In the right plot we display the same quantities, but only for parameter points of our
data sample where

|oxe(my) — 0]

e > 1 (6.10)
and NLO
’Uxe(mo_xlnga <1 (6.11)
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Figure 15. The SI cross section including the correction factor f,, at LO (blue) and NLO (orange)
compared to the Xenon limit (blue-dashed) versus the DM mass m,. The definition of the parameter
sample included in the left and right plots is described in the text.

This implies we only consider parameter points where the LO cross section is much smaller
than the Xenon limit, but the NLO cross section is of the order of the Xenon limit. We
learn from this figure that although LO results might suggest that the Xenon experiment
is not sensitive to the model, this statement does not hold any more when NLO corrections
are taken into account. These results confirm the importance of the NLO corrections when
interpreting the data.

7 Conclusions

In this paper, we investigated a minimal model with a VDM particle. We computed
the NLO corrections to the direct detection cross section for the scattering of the VDM
particle off a nucleon. We developed the renormalisation of the model, proposing several
renormalisation schemes for the mixing angle o of the two physical scalars of the model.
We computed the leading corrections, including relevant two-loop box contributions to the
effective gluon interaction in the heavy quark approximation. With the box contributions to
the NLO cross section being two orders of magnitude below the leading vertex corrections,
we estimated the error induced by the approximation to be small. Interference effects of the
two scalar particles that become important for degenerate mass values on the other hand,
were found to be large and require further investigations beyond the scope of this paper,
namely the computation of the complete two-loop contributions. Outside this region, the
perturbative series is well-behaved and K-factors of up to about 2.5 were found.

We further investigated the impact of the chosen renormalisation scheme for a. While
the process-dependent renormalisation of « is manifestly gauge-parameter independent,
it was found to lead to unphysically large corrections. This did not improve by choos-
ing the gauge-parameter dependent MS scheme. A renormalisation scheme exploiting the
OS conditions of the scalar fields on the other hand, leads to moderate K-factors, while
being manifestly gauge-parameter dependent. For the proper interpretation of the data,
therefore, the choice of the gauge parameter has to be specified here.
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We found that the NLO corrections can either enhance or suppress the cross section.
With K-factors of up to about 2.5, they are important for the correct interpretation of
the viability of the VDM model based on the experimental limits on the direct detection
cross section. The NLO corrections can increase the LO results to values where the Xenon
experiment becomes sensitive to the model, or to values where the model is even excluded
due to cross sections above the Xenon limit. In case of suppression, parameter points that
might be rejected at LO may render the model viable when NLO corrections are included.

The next steps would be to investigate in greater detail the interesting region of de-
generate scalar masses and study its implication on phenomenology in order to further be
able to delineate the viability of this simple SM extension in providing a VDM candidate.
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A Nuclear form factors

We here present the numerical values for the nuclear form factors defined in equation (4.4).
The values of the form factors for light quarks are taken from micrOmegas [76]

2 =001513, f2 =0.0.0191, f2 =0.0447, (A.la)
fRo=0.0110, fp =0.0273,  fi =0.0447, (A.1b)

which can be related to the gluon form factors as

fho=1=">" fo,  fh=1- Y % (A.2)

q=u,d,s q=u,d,s

The needed second momenta in equation (4.4) are defined at the scale u = myz by using
the CTEQ parton distribution functions [77],

uP(2) = 0.22, uP(2) = 0.034, (A.3a)
dP(2) = 0.11, P(2) = 0.036, (A.3b)
sP(2) =0.026,  3°(2) =0.026, (A.3c)
(2) =0.019, & (2) =0.019, (A.3d)
W (2) = 0.012, b’ (2) = 0.012, (A.3e)

where the respective second momenta for the neutron can be obtained by interchanging
up- and down-quark values.
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B Feynman rules

In the following we list the Feynman rules needed to perform the one-loop calculation. The
Feynman rules are derived by using the program package SARAH [23-26]. All momentum
conventions are adopted from the FeynArts conventions. The trilinear Higgs couplings read

X V4
2
________ . ) o _.gmy ‘
h’. < = Z2ngXROc,7,2 s hi = ZWROCJZ s (Bla)
X 4

w F
.gmp
———————— = R -t - - = R ] B].b
h/ gmw Lig,1i, hi 1 om a,li ( )
w F
Go/,// ) GX//// )
e my s my .
———————— < :—igx M Rt TTTTTTTE :—igx " Raio s (B.1c)
h; S My ’ h; N My ’
GO \\\ GX \\\
.. n
f;-\\ X Xv
I//’W:_gx(pGX_phi)Ra,lia ____l_;'___':n__ =igxymyRa 28y s (B.1d)
.- GX i rlx““

h{// i [k (Ra1iRa2jRa ok + Ra2iRa,1jRa 2k +Ra2iRa 2 Ro k)
““““ «_ =  +kvg(Ra2iRa1jRaik+Ra1iRa2jRa1k+Ra1iRa1jRa2k) (B.le)
he ™~ +6Apv (Ra1iRa,1jRa1k) +6Asvs (Ra2iRa2i Ra k)] -

The quartic couplings yield

GX/,/’ hk/,/’
X 7> Gy =i2¢2gu, X 7. h =i guRapRar2, (B.2a)
X X
\\\\\\\ /fZK/,/’/ imRa,klRa,ll (TTl%L2 - m;%l)
,X//:‘:\\IZI - 93 2 2 2 2 (B.25)
P GX ~. — ZmiiRa’mRa’lQ (mh2ca + mh15a) .
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