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ABSTRACT: We investigate direct detection signatures of dark matter particles interacting
with quarks via a light spin-0 mediator with general CP phases. Since tree-level scattering
may be strongly suppressed in the non-relativistic limit, loop contributions play an im-
portant role and can lead to observable signals in near-future experiments. We study the
phenomenology of different mediator masses and CP phases with an emphasis on scenarios
with maximal CP violation and Higgs portal models. Intriguingly, the sum of the rates
obtained at tree- and loop-level can give a characteristic recoil spectrum not obtainable
from a single type of interaction. We furthermore develop a novel method for decomposing
the two-loop contribution to effective interactions between dark matter and gluons into
two separate one-loop diagrams, which in our case substantially simplifies the calculation
of the important top-quark contribution.
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1 Introduction

Experiments aiming to directly detect the interactions of dark matter (DM) particles in
underground laboratories have made tremendous progress over the past decades and place
some of the strongest bounds on the parameter space of many DM models [1]. Indeed,
these experiments have become so sensitive that they can be relevant even for DM models
where the leading order interactions are momentum- or velocity-suppressed [2]. As a result
there has been a rapidly growing interest in the general effective field theory (EFT) of
non-relativistic interactions between DM and nuclei [3-12]. In these models it becomes
essential to include loop effects, which may reintroduce spin-independent interactions and
thereby substantially boost the expected event rates [13-19].

Particular attention has been paid to models in which DM scattering is mediated by a
pseudoscalar exchange particle [19-23], motivated partially by the interesting implications
for collider [24-33] and flavour [34-39] physics. At leading order the resulting interac-
tions are so strongly suppressed in the non-relativistic limit that they are well below the



“neutrino floor” which indicates the ultimate reach of direct detection experiments [40].
However, several recent studies have shown that loop-induced spin-independent interac-
tions can change this picture dramatically, in particular when taking into account the in-
teractions between the pseudoscalar mediator and the SM Higgs boson required by gauge
invariance [41-44]. In fact, ref. [44] pointed out that for this particular model even two-
loop processes give a relevant contribution and need to be properly included for an accurate
estimate of experimental sensitivities.

In the present work we generalise these results by considering spin-0 mediators that
couple to DM and Standard Model (SM) quarks with arbitrary CP phases. We furthermore
treat the coupling between the mediator and SM Higgs bosons as a free parameter and
thus remain agnostic about the underlying ultraviolet (UV) completion. A particular
emphasis is placed on the impact of two-loop processes. We show that, at least for heavy
quarks, accurate results can be obtained by first integrating out the heavy quark and
then performing all further calculations in the resulting EFT. This approach substantially
simplifies and speeds up the evaluation of direct detection constraints.

We find that for general CP phases loop-induced spin-independent interactions may be
strong enough to lead to detectable signals in near-future direct detection experiments, such
as LZ [45] or XENONNT [46]. The importance of our results are illustrated for a number
of relevant scenarios. We show that for DM models with maximal CP violation (as studied
e.g. in the context of self-interacting DM [47]) loop effects can be comparable to the leading-
order contribution and change the shape of the recoil spectrum in important ways. Large
effects are also found in the CP-violating Higgs portal model, which has been the subject
of several recent studies [48-50]. In both cases loop-induced interactions enable direct
detection experiments to probe parameter regions that would otherwise be out of reach.

The paper is structured as follows. In section 2 we briefly introduce the general model
with free CP phases and then present our central results on how to perform the mapping
onto the low-energy EFT relevant for DM direct detection. We discuss in detail the im-
portance of two-loop processes and the matching onto non-relativistic effective operators.
Specific applications of the general results are presented in section 3, where we also cal-
culate the sensitivity of present and future direct detection experiments. We summarise
our findings and conclude in section 4. Detailed results from our one-loop and two-loop
calculations are presented in the appendices A and B, respectively. Finally, appendix C
provides details on nuclear form factors.

2 Loop effects in direct detection

We investigate a simplified model of a Dirac fermion DM particle y interacting with SM
fermions f through a general spin-0 mediator ¢ with mass m, greater than the bottom-
quark mass my:

. . m = . .
L = gy ax (cosdy + iyssingy) x + gsm E —Ufa f (cos psm + iys sin dsm) f (2.1)
f

where ¢, and ¢sv are CP phases, v = 246 GeV is the electroweak vacuum expectation
value, my are the SM fermion masses and g, as well as gsy denote the couplings of a to



DM and SM fermions, respectively. We have further assumed Yukawa-like couplings in
agreement with the hypothesis of minimal flavour violation (MFV) [51] such that flavour
physics constraints on the universal coupling gsy are weakened (see section 3.2).! For
oy = ¢sm = 0 we recover the well-known simplified model of a scalar mediator, whereas
for ¢, = ¢psm = m/2 we obtain a CP-conserving theory with a pseudoscalar mediator [52].
In the former case constraints on the model from direct detection experiments are very
strong, whereas in the latter case they are almost entirely absent [41, 42, 44]. Here we
will treat the CP phases as free parameters in order to study the impact of different phase
combinations on the predictions for direct detection experiments.

The simplified model in eq. (2.1) does not respect all gauge symmetries of the SM before
electroweak symmetry breaking. The interactions between a and SM fermions are therefore
expected not to appear in isolation but in combination with additional interactions between
a and the SM Higgs boson h. In the present work, we will not discuss how these different
interactions can be linked in specific UV completions. Instead, we introduce an additional
free parameter \,;, and supplement eq. (2.1) by the interaction term

Eiliitggs = %)\ahvha2. (2.2)
We will show that this interaction can play a relevant role in the phenomenology of this
model. Moreover, it will be of particular importance in section 3.3 where we will identify
a with the SM Higgs boson h itself. Note that we neglect additional interaction terms
involving two Higgs bosons. Although such terms are in general expected to be present,
they do not give any relevant contribution to the calculation of direct detection signatures.

We finally note that for ¢gy # /2 the mediator a can mix with the SM Higgs boson,
giving rise to direct interactions of the SM Higgs boson with DM particles. This mixing
is however required to be small given that the observed Higgs behaves SM-like in current
experiments. Furthermore, the Higgs boson mass is much larger than the values of m, that
we will consider, such that its contribution to direct detection is suppressed [42, 44]. We
will therefore not consider Higgs mixing within this work but emphasize that it would be
straightforward to include these contributions using the results presented below.

2.1 Low-energy effective Lagrangian

To calculate event rates in direct detection experiments, we need to determine the effective
interactions between DM and quarks that result from the three types of diagrams illustrated
in figure 1. For the discussion below it will be useful to distinguish between interactions that
lead to spin-independent (SI) and to spin-dependent (SD) scattering in the non-relativistic
limit.? Starting with the tree-level exchange of a illustrated in the left panel of figure 1,

Tn a generic MFV scenario a slightly more general Lagrangian than eq. (2.1) can be written down, as
different couplings to up- and down-type quarks are allowed. For the scope of this work, however, we will
focus on the case of one universal coupling.

2Note that here and below we use the term “spin-independent” to refer to all types of interactions that
do not depend on the nucleus spin, irrespective of whether or not they are suppressed in the non-relativistic
limit. Accordingly, the term “spin-dependent” refers to all interactions that are not spin-independent,
including momentum-suppressed interactions. Indeed, unsuppressed spin-dependent interactions are absent
in the model that we consider.



Figure 1. Tree-level, Higgs-induced triangle as well as box diagram contribution to the cross section
relevant for direct searches of DM. All Feynman diagrams are drawn with TikZ-Feynman [53].

we obtain
Lihe = mgC™(cos(¢y) cos(dsn) XX + sin(ey) cos(psm) Xivsx) 44, (2.3)
g=all
L3R, = mgC™°(cos(¢y) sin(¢sn) Xx + sin(by) sin(dsm) Xivsx) Tivsq (2.4)
g=all

where the sum runs over all quark species. Here we have defined the tree-level coefficient
9x 9sM
Ctree _ JX > (2'5)
vm2
and have kept the dependence on the two CP phases explicit.
Next we consider the Higgs-mediated exchange shown in the middle panel of figure 1,
which maps onto the purely spin-independent interaction

MgAah ( ptriangle — le .~
Ll ange = D s (Cs“a“ge XX Gq + Cpa®® Xinsx qq) , (2.6)
g=all h

where the sum again runs over all quarks. We have further introduced the triangle

coeflicients
2
triangle 9
Cg e :(KLTX)QmX [(14 cos(2¢y)) C (m m2, m )—I—Cg(m m2, mi)] , (2.7)
ciriangle _ % M,y sin(2¢ )Cg(m m2, m2), (2.8)
PS (47‘(’)2 X X X

in terms of the loop functions Co(m2, m2, m?) and Cy(m2, mZ, m3}), which are given in
appendix A.l.

Finally, we have to take into account the box diagram in the right panel of figure 1.
We expand the amplitude in terms of the quark momentum, which is the smallest scale in
the diagram [44], and obtain

Loe= Y (chlq quq+qu2fo>2i75xqq)
q=u,d,s

(2.9)
> (i X O, R X0 i X O, + Ch Xinsidi0" X O, )
q=u,d,s,c,b
Lioe= Y (qubo"XXQZV5q+qu4q xzvsxqwf)q) (2.10)
q=u,d,s



Figure 2. Two-loop processes for the evaluation of the heavy quark (Q = ¢,b,t) contributions to
effective DM-gluon interactions.

Computational details and the expressions of the different box diagram coefficients CE;"
are given in appendix A.2. Note that all of these coefficients share a common factor of
gi ggM mg /v?, which also constitutes the only quark dependence. In eq. (2.9) we have also
introduced the twist-2 quark operator
_ (10PN + 90y 1

O, =7 <2 — Zg‘“’u? q. (2.11)
Since the corresponding form factors are evaluated at the scale of the Z boson mass mz,
we include the charm and bottom quark in the corresponding sums in eq. (2.9) [54, 55].
However, none of the heavy quarks have been included in the remaining terms of eqs. (2.9)
and (2.10), because they require a different treatment, which will be discussed next.

2.2 Effective description of two-loop processes

As the charm, bottom and top quark are heavier than the energy scale relevant for DM
direct detection experiments, they should be integrated out of the theory aiming to describe
interactions at the level of nuclei. For the tree-level and Higgs-induced triangle diagram
this can be done simply by replacing the heavy quarks by the corresponding effective gluon
interaction obtained from triangular heavy-quark loops [56]

Qs

0 — — G° o 2.12
mQQQ 1250 M ) ( )
~. s =~
mQQivsQ — 87GZ,,G“’“’, (2.13)
where G** is the gluon field strength tensor and Gaw = %e“”aﬁGgﬂ with the conven-
tion €123 = 1. This procedure is justified for these two diagrams since the two steps of

integrating out the mediator ¢ and integrating out the heavy quarks factorise.

The situation is however very different for the box diagram in the right panel of figure 1.
In this case one cannot make a simple factorization argument to integrate out heavy quarks.
This is visualised in figure 2, which shows the two-loop diagrams that need to be computed
to obtain the effective interactions between DM and gluons. Any attempt to simplify
this calculation by first integrating out the mediator a and then using eq. (2.12) would
neglect the contribution from the diagram on the right. For mg < mg, m, the two-
loop computation hence cannot be simplified in this way without introducing potentially



Figure 3. Illustration of the decomposition of the two-loop process for mqg > mq,, m,. After
first integrating out the heavy quark @ (first arrow) one can then match the resulting one-loop
diagram onto effective DM-gluon interactions (second arrow). The black dot represents an effective
interaction corresponding to a higher-dimensional operator.

large errors [44]. In the opposite case of mg > mg, m, it was argued in ref. [44] that
a simplification is not possible because one cannot expand the box diagram amplitude
in terms of the external quark momentum, which is no longer the smallest scale in the
diagram. It was in particular stressed that for the top quark a full two-loop computation
is mandatory.

As we are now going to demonstrate, however, for mg > m,, m, it is in fact possible
to decompose the underlying two-loop process into two separate one-loop diagrams by
integrating out the heavy quark @ first and the mediator a afterwards. This approach, in
which no diagrams are neglected, is illustrated in figure 3. Provided the mediator is light
compared to the heavy quark, it is thus possible to simplify the calculations significantly.

In the following we will be mostly interested in the case m, < my, such that the
approach outlined above can be applied to the top quark. Therefore, we first consider
the loop involving the top quark separately and integrate it out by performing a 1/my
expansion of the (in total six) corresponding amplitudes. We employ Package-X [57] for
the evaluation and expansion of the loop computations. This then yields the following
leading order effective Lagrangian coupling a to gluons

aaG __ eff
£23G = dG

1 T Oés =~
G+ 3 d% aa ngwG‘“‘” . (2.14)
Here we have included a symmetry factor of 1/2 and defined?
et = —gs—M cos(20sn),  dZT = gS—M sin(26sn) (2.15)
v2 v?

which are both independent of the top-quark mass. Now performing the second step

3Note that d&T vanishes for certain values of ¢sn such that one would need to include higher orders.
However, these specific cases are not of interest in the present work. While dgf also vanishes for specific
values of ¢gm, the same is true for the full expression dg“, see eq. (B.31) in appendix B.2, i.e. this is not a
result of the heavy quark expansion.
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Figure 4. Comparison of |Cg g| in the effective approach for the top quark (red), the two-loop
contribution of the top quark (dotted green) and the two-loop result including all heavy quarks
(dashed grey) as a function of m, (left panel) and m, (right panel). For both plots we set ¢,, =0

and ¢gy = /2.

visualised in figure 3, we obtain for the effective two-loop approach

— . —Q v
L5 oop = (CEs X0+ CEfps Xiax ) o GG (2.16)
a ~ 174
L5 op = (Ce S XX+ CE g XWsX) i CHRC (2.17)

where the effective two-loop coeflicients read

Cecﬁs _ dgff Cgriangle 7 CZ'HPS _ deff Ctrlangle 7 (218)
CG ¢ = _dc%ff Cgriangle ’ CZHPS _deﬂ Ctrlangle ) (219)

An analogous calculation for the bottom and charm quark only gives a useful approx-
imation if m, < m¢, mp. For heavier mediator masses it is in general unavoidable to
perform the full two-loop calculation to accurately estimate the corresponding contribu-
tions (see appendix B.2 for more details). However, for the specific coupling structure that
we are interested in, bottom and charm quark are found to give only a small contribu-
tion.* It is hence possible to obtain a very good approximate result of the total heavy
quark contribution to the effective DM-gluon interactions by including only the top-quark
contribution using our effective approach.

This is illustrated in figure 4, where we plot the absolute value of the coefficient Cq g
as a function of the mediator mass (left panel) and of the DM mass m,, (right panel). The
effective approach for the top quark (indicated by the solid red line) and the corresponding
two-loop calculation (dotted green) show very good agreement for m, < my; across the
whole range of DM masses. Including also bottom and charm quark in the two-loop

4This conclusion could change for example in models with extended Higgs sectors, where couplings to
down-type quarks may receive a substantial enhancement.



calculation has only slight influences for small values of m, (dashed grey). Similar results
can be obtained for the other coefficients.” We conclude that it is possible to simplify
the full two-loop calculation in the case of mg > mg, m,, which makes it possible to
circumvent the full two-loop calculation entirely if the top quark is expected to give the
dominant contribution. We will therefore use the effective approach for the remainder of
this work.

2.3 Matching onto effective operators

In this section we match the effective interactions of DM with quarks and gluons onto
non-relativistic DM-nucleon interactions in order to obtain predictions for direct detection
experiments. The first step is to perform the matching of quark and gluon fields onto
nucleon fields, which yields the following effective Lagrangian:

EXN = (CS&:N XX + Cesflfﬁpv )Zi’yg,x) NN + (Csf?]\(,jpv XX + Ceff N XWSX) NiysN, (2.20)

where N = p,n is a nucleon field and ‘CPV’ indicates terms that only arise when CP is
violated. The coefficients Ceg depend on the various coefficients we derived in the previous
two sections as well as on the nuclear form factors that parametrise the quark and gluon
contents of a nucleon. Note that in general the nuclear form factors and hence the effective
coefficients are different for protons and neutrons: Cegp # Cef -

For the SI coefficients, we find

)‘a riangle 0xX
Coin =D mnfy (cos<¢x>cos<¢SM>ctf%+mh cuiangle | b )
q=u,d,s h
)‘a riangle
i 27meG <COS(¢X)COS(¢SM)Ctree+gcg gl) (2.21)
mp,

+ Z ZmNmX <qN(2) + V(2 )) (Cbox Cbox) 227meG CGSa

q:u7d7s7c7b

as well as

)\a riangle X
CS&:]CVPV e Z meéV (sin(gbx) cos (s ) C™° + m—g Ct gle | Cbo )

q=u,d,s h
2 H tree )\ah triangle
+3- —mn f& ( sin(y) cos(¢sm) C"* + =3 Cpg (2.22)
27 m?
3 _ 2 ¢
> mam? (V@) + @) e+ ooma Clps

q=u,d,s,c,b

where the nuclear form factors ng, ¢ (2) and ¢V (2) are defined in appendix C.

5For specific parameter points cancellations might occur within the coefficients C¢ and Cg like in deft
for ¢sm = 7/4. In this parameter region the two-loop result and the effective approach differ. However,
this discrepancy does not affect any of the scenarios studied in detail below.



Likewise, we obtain for the SD coefficients

CeSﬂ];’)}\?PV = Z Fg/N (COS(¢X) Sln<¢SM) Ctree + Cé‘),?]x)
R (2.23)
+ FY (3cos(0y) sin(gsa) €7 4 )

and

effN _ Z FQ/ (SIII ¢X) Sln(¢SM)Ctree+Cbox)
g=ud,s (2.24)

+ Fg <3sin(¢x)Sin(¢SM)Ctree CZ'HPS>

The form factors Fg/ Nand F g are given in appendix C. Because of non-negligible contri-
butions from the 7 and 7 pole, these form factors depend on the momentum exchange ¢
between DM and nucleons.

In the non-relativistic limit the effective Lagrangian from eq. (2.20) can be matched
onto a basis of effective operators:

o = Z NOYN | (2.25)

where the operators OZN depend only on the spins gx and S v of DM and the nucleon,
respectively, as well as on the momentum transfer ¢ and the DM-nucleon relative velocity
U [3, 4, 58]. For the model that we consider, only four different operators are generated,

namely

. (2.26)
O{\{):z( N'q>7

The corresponding coefficients can be directly read off from E?gv [4]:

N
Cl = CeﬁN y  Cg CeffN ) eff,N o C11 off N
My my

_ (SD.CPV N SI,CPV (2.27)
Note that like the form factors F]%/ N and Fg the coefficients ¢} and ¢fY, also depend on the
momentum transfer. This final step completes the derivation of the effective interactions
relevant for DM direct detection from the general Lagrangian of a spin-0 mediator given
in eq. (2.1).



3 Phenomenological implication

In this section we use the results from above to predict the differential event rates in past
and future direct detection experiments and to calculate the resulting exclusion limits and
expected sensitivities. In models that predict dominantly spin-independent scattering, this
can be done by simply calculating the corresponding scattering cross section
o3 = w3 el P
T

) (3.1)
where uy = mympy/(m, +mpy) is the DM-nucleon reduced mass. For ¢ = ¢ the differ-

ential event rate with respect to recoil energy ER is then simply given by

dR  poopt A? F?(ER)
dEr 2 p2my

9(Vmin) , (3.2)

where pg is the local DM density, A is the mass number of the target nucleus and F?(ER)
denotes the nuclear form factor. The factor g(vmin) = ‘fvmin f(v)/vdv denotes the velocity
integral as a function of the minimum velocity vmin(ER) = \/maEr/(2 p?) with ma being
the mass of the target nucleus and p being the corresponding reduced mass. Direct de-
tection experiments typically assume this particular form of the differential cross section
in order to produce exclusion limits and quote expected sensitivities in terms of O'SI as a
function of m,.

In the presence of additional interactions, however, the calculation of the differential
event rate becomes much more involved. We do not review the corresponding formalism
here and instead refer to refs. [3, 4, 10]. Crucially, for momentum-dependent interactions
it is no longer possible to capture the model prediction in terms of a single cross section
at fixed momentum transfer which can then be compared to published exclusion limits.
To evaluate experimental sensitivity it thus becomes necessary to reproduce experimental
analyses for the appropriate recoil spectra and include information on detection efficiencies
and background levels in order to obtain approximate likelihood functions.

This process has been automated for the most general set of non-relativistic effective
operators in the public code DDCalc_v2.1 [49, 59], which includes an extensive database of
existing and planned direct detection experiments. Furthermore, DDCalc contains an auto-
mated interface with DirectDM [60], which we use for the matching of the spin-dependent
coefficients in eq. (2.27) and the evaluation of the corresponding nuclear form factors. We
can therefore simply pass the coefficients Ceg v calculated for our model to DDCalc and
obtain the likelihoods for existing direct detection experiments and the predicted number
of events in future experiments. In the following, we will indicate the regions of parameter
space that are excluded by the most recent XENONIT results [61] and the regions that
predict at least 5 events in the next-generation LZ experiment [45].% Similar exclusion lim-
its are obtained from the Panda-X [2, 62] and LUX [63, 64] experiments, while comparable
sensitivities are expected for the XENONnT experiment [46].

5This number of events corresponds approximately to the median expected sensitivity using a cut-and-
count analysis with a background expectation of 6.49 events. A better sensitivity may be achieved by
exploiting differences in the differential distributions between signal and background.
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Figure 5. Direct detection constraints as a function of the CP-violating phases ¢, and ¢sn. For
both panels we have fixed g, = gsm = 1 and A, = 0. The dotted lines indicate the ratio of
the predicted number of events in LZ when including both tree-level and loop-level diagrams and
when only including tree-level diagrams. This ratio can be smaller than unity due to destructive
interference.

3.1 General CP phases

We first visualize the general aspects of our model by considering in figure 5 the most
general case, in which ¢, and ¢gum can take arbitrary values between 0 (corresponding to
purely scalar couplings) and 7/2 (corresponding to purely pseudoscalar couplings). For the
purpose of this figure we have fixed gsm = g, = 1 and Ay, = 0 and consider two different
combinations of m, and m, in the two panels. Note that we assume that the correct relic
density is reproduced at each point in both plots without invoking a specific mechanism.
The blue shading indicates the parameter region excluded by XENONI1T, while the dashed
green line provides an estimate for the reach of LZ. The black dotted lines indicate the
ratio of the total number of predicted events in LZ to the number of events predicted at
tree-level.

For ¢y, ¢sm < /2 the tree-level exchange of a dominates the spin-independent co-
efficient Cesflﬂ y from eq. (2.20) and therefore also the whole scattering process. In such
a scenario current direct detection bounds rule out a large part of the parameter space
and constrain ggy to be very small [47, 65]. As the two phases approach 7/2, tree-level
scattering becomes more and more suppressed, leading to a reduced sensitivity of direct
detection experiments and a greater importance of loop effects.

For ¢, = 0 and ¢sm = 7/2, i.e. the top-left corner of figure 5, CP violation is maximal.
In this case the tree-level contribution maps onto the non-relativistic operator (9{\6, which is
suppressed in the non-relativistic limit and furthermore depends on the spin of the nucleus.
Existing direct detection constraints can thus be evaded even with O(1) couplings [21].
However, spin-independent contributions arise at loop-level and can dominate the event
rate and yield potentially observable signals. The importance of loop-effects can also be
seen for ¢, ~ 0 and 107 < 7/2 — psm < 1073, where the total event rate is smaller than
the one predicted at tree-level due to the destructive interference between spin-independent
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interactions present at tree-level and those induced at loop-level. We discuss the case of
maximal CP violation in more detail in section 3.2.

For the opposite scenario of ¢, = /2 and ¢gm = 0, i.e. the bottom-right corner
of figure 5, the tree-level contribution to spin-independent scattering maps onto the non-
relativistic operator O, which depends on the DM spin and the momentum transfer.
While the scattering cross section does receive a coherent enhancement in this case, it is
suppressed by an additional factor of m?\, / mi We will therefore study the influence of
purely spin-independent contributions emerging at loop-level in the context of the CP-
violating Higgs-portal model in section 3.3.

Finally, in the top-right corner of figure 5, corresponding to almost purely pseudoscalar
interactions, the loop-induced event rate dominates over the tree-level prediction by many
orders of magnitude. However, as observed previously [44], the sensitivity of direct detec-
tion experiments is strongly suppressed in this limit, so that the case of pure pseudoscalar
interactions is out of reach for current direct detection experiments. A crucial conclusion
from figure 5 is that loop effects become increasingly important as experimental sensitivity
improves. For the couplings and masses considered, XENONI1T is only sensitive to those
regions in parameter space where loop-induced interactions give a sub-leading contribution.
LZ on the other hand will be sensitive to interactions that are more strongly suppressed at
tree-level, giving greater importance to an accurate calculation of loop-level contributions.

3.2 Maximal CP violation

Let us take a closer look at the case ¢, = 0 and ¢sm = 7/2, corresponding to the top-
left corner in figure 5. In this case spin-independent interactions are completely absent at
tree-level, making loop effects particularly important. Indeed, for the masses and couplings
considered in figure 5 this scenario is not excluded by the bounds from XENONIT but can
be tested with LZ. However, the loop contributions depend sensitively on the strength of
the couplings, which enter quadratically into the Wilson coefficients. In order to fully assess
the importance of loop effects, it is therefore important to consider alternative constraints
on the couplings gsm, g, and Agp.

For given values of m,, m, and gsu we can fix g, by the requirement that the observed
DM relic abundance can be explained in terms of thermal freeze-out via the annihilation
processes xX — ¢qq and xx — aa. If the latter process is kinematically allowed, i.e. for
me < my, it will typically give the dominant contribution for gsn < 1, such that the
required value for g, becomes independent of gsy. In this limit, we find g, o mi/ % with
gy = 1 for m, ~ 500 GeV. For larger gsv the calculation becomes more involved and we
use micrOmegas_v5.0.6 [66] to determine the required value for g, numerically.

The coupling of the light spin-0 boson to SM particles can be constrained through
a range of flavour physics observables. For m, < mp ~ 5.2GeV, these constraints are
very strong and effectively exclude the possibility of obtaining observable direct detection
signatures [37]. However, almost all of these constraints disappear for larger values of m,.
Bounds from radiative Y decays [67, 68] extend to slightly larger masses, but also disap-
pear for m, 2 7GeV. Provided the pseudoscalar couples also to leptons (with coupling

~

strength gsy me/v), another important constraint arises from Bs — p ™, which can arise
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from loop-induced flavour-changing interactions with an off-shell mediator. The resulting
branching ratio is given by [37, 69]
4.4

BR(BS — ,LL+//L7)NP ~ gélM mt mBs 10g2 A72 (3 3)
BR(Bs — ppu~)sm 16miy, sin(0w ) |CR 2 ((m%, —m2)2+T2m2) m?)’ '

where O = —4.103 and A is the scale of new physics (such as additional charged
Higgs bosons needed in a gauge-invariant UV completion). For A = 1TeV and assum-
ing mq > mp,, this expression simplifies to

BR(Bs = utp)xp <7.9 GeVgSM>4

~ 3.4
BR(Bs — ptp=)sm Ma (34)

The branching ratio of By — p*p~ has been measured with a precision of 20% [70] and is
found to be in agreement with the SM prediction [71]. To obtain an approximate bound on
gsm we therefore require the new-physics contribution not to exceed 40% of the SM value.
This gives

gsmr < 1.0 (1077(1;2\/) ' (3.5)

In other words, even for spin-0 bosons as light as 10 GeV the coupling strength gsy can
be of order unity. Constraints of comparable strength have been derived from LHCb dark
photon searches within a di-muon channel, see refs. [32, 72].7

The situation is quite different for the coupling A, between a and the SM Higgs boson.
This coupling induces the decay h — aa with partial width [48]

2 2 2\ 1/2
Thsaa = )\ah - 1- 4ma : (36)
32w my, m%

The presence of this decay mode gives rise to exotic Higgs decays and leads to a suppres-
sion of the Higgs signal strength in the conventional channels. While the former provide
a promising strategy for future searches [32], at present the strongest constraints come
from a global fit of the measured properties of the SM-like Higgs boson at ATLAS and
CMS [78]. These fits imply BR(h — aa) < 0.34, corresponding to I'y 40 S 2MeV, when
simultaneously allowing for modifications of the Higgs boson production cross section, or
BR(h — aa) < 0.13, corresponding to I'y_,4q < 0.6 MeV, when assuming the production
cross section to be given by the SM prediction. For m, < my, /2, these bounds translate
t0 A < 0.02 and Ay < 0.01, respectively. We will conservatively show the weaker bound
in the following.

Figure 6 summarises the constraints on ggy (left) and A,p (right) as a function of
m,. At each point in the two plots g, is determined by the relic density requirement and
we have set m, = 15GeV. Again the solid blue region is excluded by XENONIT and

the parameter points for which 5 events are predicted in LZ are indicated by the dashed

"For ¢sm different from /2 there would be additional constraints from observables sensitive to CP-
violation, in particular electric dipole moments of leptons [73, 74], nuclei [75] and atoms [76, 77]. However,
for ¢sm ~ /2 the spin-0 mediator behaves like a pure pseudoscalar in all observables involving only SM
particles, such that these constraints are absent.
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Figure 6. Constraints on gsu (left) and Aqp, (right) as a function of m,, in a model with maximal CP
violation (¢, = 0, ¢psm = 7/2). At each point the coupling g, is fixed in such a way that the observed
DM relic abundance is reproduced. The dotted lines indicate the ratio of the predicted number
of events in LZ from loop-induced spin-independent interactions and from tree-level momentum-
suppressed interactions.

green line. Dotted black lines in the left panel indicate the ratio of loop-induced spin-
independent interactions and tree-level momentum suppressed interactions in terms of the
number of predicted events in LZ. As expected, the importance of loop effects grows with
increasing gsy and with increasing m,, corresponding to increasing g,. The kinks for
m, ~ 175 GeV result from the fact that for larger DM masses annihilation into top quarks
becomes kinematically allowed and provides an efficient annihilation channel, reducing the
required value of g,.

Since direct constraints on ggy are quite weak, we find large regions of parameter space
where the model can be discovered by LZ. If the interactions of DM arise dominantly from
Aah, On the other hand, the strong constraints from Higgs measurements imply that there
remains only a small region of allowed parameter space that can be explored with LZ. We
note that the constraints in the right panel are completely independent of ¢gy and would
hence also apply to a pure pseudoscalar.

For parameter points close to the XENONI1T exclusion bound in the left panel loop
effects give a sizeable contribution to the total event rate in direct detection experiments.
This observation is illustrated further in figure 7, which compares the predicted differential
event rates at tree-level and loop-level in LZ for m, = 200GeV, m, = 15GeV and gsm =
0.6, corresponding to g, = 0.6. The tree-level interactions are momentum-suppressed and
therefore vanish in the limit Er — 0, leading to a maximum around ERr ~ 30keV. The dif-
ferential event rate from loop-induced spin-independent interactions, on the other hand, de-
creases monotonically with increasing recoil energy. Intriguingly, the two contributions con-
spire to give a total event rate that is approximately constant across the entire search region.
Such a spectrum cannot be obtained from any single non-relativistic operator and could
therefore, given enough statistics, be used to identify models like the one discussed here.
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Figure 7. Predicted differential event rate in LZ for a specific parameter point in the model with
maximal CP violation (¢, =0, ¢sm = 7/2) consistent with all current constraints.

A similar interplay between tree level and loop level can arise for ¢, = 7/2, ¢sm = 0,
in which case the tree-level process is coherently enhanced but suppressed by a factor
my/my in c11, see eq. (2.27). The two scenarios however differ in their dependence on the
target material. In particular, if tree-level scattering is spin-dependent, it will be absent
in target materials with no nuclear spin, leading to a monotonically falling recoil spectrum
from loop-induced spin-independent interactions.

Let us finally revisit the discussion of how to approximate two-loop effects in our
model. We compare in figure 8 the spin-independent scattering cross section obtained with
our approach (outlined in section 2.2) with the result of a full two-loop calculation including
all heavy quarks. The left panel corresponds to the case of maximal CP violation (¢, = 0,
¢sm = m/2), the right panel corresponds to the pure pseudoscalar case (¢, = ¢sm = 7/2).
In both cases we fix g, by the relic density requirement and set gsy = 0.6, consistent with
the bounds discussed above (which are independent of ¢,). We find very good agreement
between the two approaches, confirming our approach for integrating out top quarks and
neglecting the contribution from bottom and charm quarks. In the right panel we also show
the cross section obtained if the pseudoscalar is integrated out before all heavy quarks, as
previously suggested in refs. [41, 42].® As pointed out previously [44], this approach leads
to a vast overestimation of the loop contribution.

3.3 CP-violating Higgs portal

As a final example for the importance of loop-effects we consider the fermionic Higgs portal
model [48-50]:

. A _ L
L= Lsm +X(id — p)x — % (cos X + siny Xivsx) HUH , (3.7)

where H denotes the SM Higgs doublet and A parametrises the unknown scale of new
physics. At first sight, this Lagrangian bears little resemblance to the simplified model

8Here we have used the coefficient Css,, from ref. [41] for the top quark and have fixed the overall sign
following ref. [44].
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Figure 8. Comparison of the effective approach and the full two-loop result for two benchmark
points in my — o5’ —plane. In the left panel we consider maximal CP violation with ¢y = 7/2
and ¢, = 0, whereas in the right panel we fix ¢sm = ¢, = 7/2, i.e. pure pseudoscalar phases, and
also show the curve corresponding to previous calculational approaches of the two-loop diagram. In
both panels Ay, is set to zero and g, is fixed such that the correct relic density is reproduced. Note
that additional contributions to the differential event rate from momentum-dependent interactions
at tree-level may lead to stronger exclusion limits than the ones shown in this plot.

discussed so far. After electroweak symmetry breaking, however, the following interactions
are generated:

h Ahy U S
LD —-\vh?— " Zm(ﬁq - hTXh (cos p XX + sin dXivsX) , (3.8)
q

where A denotes the quartic Higgs self-coupling and

Y 1Ay v?
cos ¢ = My (COSQH 2 A p)’ 39
with
1A 2 1) 2
my = J (w3 Rewteose ) o+ (57 (310

We can therefore directly apply all the results from section 2 with the replacements

Ay U m?
Mo =mp, gy= ’X‘ gsM=1, dsm=0, ¢y=0, /\ah:—ﬁ)\:—Sv—Qh. (3.11)

The factor of 6 in the last expression is necessary to ensure that the correct Feynman rule
is obtained in spite of different combinatorial factors. The free parameters of this model
are hence m,, Ap, /A and ¢.

~16 —



M/ A [GeV 1]

7| = relic density

— XENONLT excluded

- - LZ (5 events)
h—inv excluded

200 500
my

Figure 9. Constraints and preferred parameter regions for the CP-violating Higgs portal model
with ¢ = m/2. The dotted lines indicate the ratio of loop-induced spin-independent interactions
and tree-level momentum-suppressed interactions in terms of the predicted number of events in LZ.

Note that, since we study loop processes within this model, one should in principle
include all operators involving DM particles and SM fields that contribute at the order of
1/A2?, in particular dimension six operators coupling the DM vector and axial-vector current
to the corresponding SM quark currents. Here we implicitly assume the absence of new spin-
1 particles at the high energy scale A that would induce such operators. Operators including
scalar, pseudoscalar or tensor couplings between DM and quarks would generally be accom-
panied with a factor of m, and would therefore only contribute at higher order, i.e. 1/ A3,

For ¢ # 0 the model violates CP and spin-independent scattering is suppressed propor-
tional to cos? ¢. As ¢ approaches /2, loop effects are therefore expected to become increas-
ingly important. We confirm this expectation in figure 9, which shows constraints on Ay, /A
as a function of m,. Dotted lines indicate the ratio of loop-induced spin-independent inter-
actions to tree-level momentum-suppressed interactions (in terms of the expected number
of events in LZ). In the parameter range that can be probed by direct detection experi-
ments, this ratio is significantly larger than unity, implying that the sensitivity of direct

detection experiments stems almost exclusively from loop-induced interactions.”

In figure 9 we also indicate the parameter regions excluded by the constraint BR(h —
inv) < 0.26 [79, 80] as well as the combinations of Ay, /A and m, for which the observed
DM relic abundance can be reproduced via annihilations into SM particles [48]. The re-
quirement of EFT validity, Ap, /A < 27/m, [49], is satisfied in the entire parameter region
shown in figure 9. We find that for ¢ = w/2 constraints from direct detection experiments
are rather weak and only probe parameter regions where the standard freeze-out calcu-
lation predicts x to be a sub-dominant DM component. For these parameter regions we

9We note that our effective description of top-quark loops overestimates the contribution to the Wilson
coefficient for spin-independent scattering by up to a factor of 3 compared to the full two-loop result.
However, by far the dominant contribution to this coefficient arises from triangle diagrams, making the
difference between the effective description and the full two-loop calculation irrelevant.
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implicitly assume that the abundance of x is set by a non-standard mechanism (e.g. a
particle-antiparticle asymmetry) such that x accounts for all of the DM. If, on the other
hand, bounds from direct detection experiments are rescaled based on the abundance of x
obtained from standard freeze-out, as done e.g. in ref. [49], loop-induced direct detection
signals do not provide relevant constraints on the CP-violating Higgs portal model for the
foreseeable future.

We point out that within this model two additional loop diagrams with one insertion
each of hyivysy and h%yivysy contribute to the amplitudes relevant for direct detection.
These diagrams are however UV divergent, which indicates a dependence on the specific
UV completion of the effective Higgs portal operator. Replacing the UV divergence with
log (A2/ mi) and setting A = 1 TeV, we find that these loops can be numerically important
and increase the predicted event rates (see appendix D for additional details). Nevertheless,
these additional contributions are still not large enough for near-future direct detection
experiments to reach the relic density line shown in figure 9. To make this statement more
precise would require the choice of a specific UV completion.

4 Conclusions

Future direct detection experiments will reach such a high level of sensitivity to the inter-
actions between DM and quarks that loop effects become increasingly important. This is
particularly true in models where tree-level scattering is suppressed, such that loop-induced
interactions may give the dominant contribution and yield potentially observable signals.
In the present work we have studied such a set-up in the context of a spin-0 particle ¢ me-
diating the interaction between DM and SM fermions. In contrast to previous studies, we
allow general CP phases and therefore cover scalar, pseudoscalar and CP-violating interac-
tions. Moreover, we include a trilinear coupling between a and the SM Higgs boson which
generally arises in UV completions of this model and can have important phenomenological
consequences.

For certain combinations of CP phases standard spin-independent contributions are
strongly suppressed or even fully absent at tree-level, such that a proper calculation of the
interactions induced at loop-level is crucial. In our model, these arise from Higgs-induced
triangle diagrams, box diagrams for light quarks (both shown in figure 1) as well as the two-
loop process involving heavy quarks shown in figure 3. In particular the two-loop process
gives an important contribution, which is difficult to estimate without performing the full
calculation. To address this challenge, we have presented a novel approach for simplifying
the two-loop calculation significantly for heavy quark masses (schematically illustrated in
figure 3). Provided the top quark gives the dominant contribution and the mediator is light
compared to the top quark, this approach makes it possible to circumvent the two-loop
calculation entirely and obtain an accurate estimate that is much easier to calculate and
implement. A comparison between the two approaches is provided in figure 4.

As illustrated in figure 5, loop effects are most important when at least one of the
CP phases is close to m/2 (corresponding to pseudoscalar interactions). Moreover, they
gain in importance as the sensitivity of direct detection experiments improves. A particu-
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larly interesting observation is that the recoil rates induced at tree- and loop-level can be
comparable, resulting in a roughly constant event rate over the whole energy window (see
figure 7). Since such a spectrum cannot be generated from a single type of interaction, it
will be very interesting to perform a detailed statistical analysis of how to discriminate the
model studied here from alternative hypotheses.

Finally, we have studied the impact of spin-independent loop-induced interactions on
the CP-violating fermionic Higgs portal model. Our results show that loop-level effects
allow future direct detection experiments to probe parameter regions that would be other-
wise inaccessible. Nevertheless, loop-level contributions are still too small to enable direct
detection experiments to reach the parameter regions preferred by thermal freeze-out if the
CP phase is close to /2.

Based on the results presented in this work, we conclude that a general spin-0 mediator
offers an interesting possibility to evade current direct detection bounds even with O(1) cou-
plings while still maintaining promising detection prospects for future years. It will there-
fore be important to investigate how such a simplified model can arise from a more complete
theory, such as an extended Higgs sector with spontaneous CP breaking. Such an embed-
ding will provide new insights on the relations between the different couplings and allow for
a more accurate analysis of the constraints from flavour physics and precision observables.
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A One-loop Wilson coefficients
In this appendix we provide details on the one-loop calculations relevant for section 2.1.

A.1 Loop functions

We define the Passarino-Veltman functions C; that appear in our one-loop calculations
according to the standard notation [81]

d4k 1 i 2 2 2

/ @) [(p+ k)2 — M2 [K2 —m2]2 ~ (4n)? Co(p?, m*, M?), (A.1)
&k ul U~ 2 2 ar2

/(27r)4 [(p+ k)2 — M2 [k2 —m22 _ (dm)2 P Co(p®, m*, M7). (A.2)

The X5 and Y> functions are given by [82]

o'k 1 i 2 2 2
/ e [+ R MR — 2P (@m) 2@ M 0 ), (A.3)

d*k jam ;
/ () [ 4 R~ MR 2 = P (e P Y205 M 0 m), (A1)

~19 —



which will reappear in the full two-loop approach in appendix B.1. Finally, we define the
Z functions

d*k Ktk
/ 2m)* [(p+ k)2 — M?] k* [k2 — m?2]?

; (A.5)
2
= e (P 0, M )+ o T 0%, )
/ d*k KV ko
()" [(p+ K = MPIRER — 2P (A.6)
2
= (477)2 <pupupoc Z111(p2, M2, m2) + (gm/pa +gaupu _|_guo¢pl,n) Z001(p2, M2, m2)) )

All of these functions can be calculated readily with Package-X [57]. As examples, we
quote the expression for Co(p?, m?, M?),

log (A”}—Qg) (m2—M2—p2)
+
2p? P2/ mA—2m2 M2 —2m2p? + M*—2M2p? +p*
. <m2+\/m4—2m2M2—2m2p2+M4—2M2p2+p4+M2—p2>
0g

Co(p?, m?, M?) = — (A7)

i

2mM

and Z11(M?, M?, m?) evaluated using the on-shell condition p? = M?,
2
1 log (%)

T 3m2MA T 6MP
— 2
m?2 (m?—4M?) (m*—2m2M?—2M*)log ( mQ(msm;MQHm >

Z11(M?, M?, m?) (A.8)

* 3mANO (m2 —4012)

The remaining coefficients can be computed analogously.

A.2 Box diagram computation and coefficients

For the computation of the box and its crossed diagram shown in figure 10 we follow the
procedure from ref. [44], which allows us to derive the coefficients for the twist-2 operators.
We first start with the amplitude, which can be expressed as

2

iMBOX = 932( g%M %
_ d*k ¥ 2my, [cos?(py) + 075 sin(¢y) cos(dy )]
<o) [ Gt (e * CETNETE )t
1 - —k 2my [cos?(dsm) + 15 sin(psm ) cos(dsn )]
X (kQ_mg)Q Uq(pq) <(k_pq)2_m2 q (k_pq)Q_mg ) uq(pq)
+ crossed diagram, (A.9)

where the crossed diagram is obtained by the replacement k — —k within 4(pg) . . . uq(pg)
and we have suppressed the sum over the quark species. Now we expand the amplitude in
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Figure 10. Box and corresponding crossed diagram including visualization of the momentum flow
in the limit of no momentum transfer.

terms of p,, as this is the smallest scale involved in the diagram:

- Al
(k —pg)? —m2 TS m2 i T O(pg)7), (A.10)

= o Al
G—pf—m2  hrpt—mZ K ((g)?), (A.11)

where we have employed the on-shell condition (p,)? = mg. The amplitude then reads

m2

iMBOX = 992( ggM qu
B dk ¥ 2m, [COSQ(gf)X) + 5 sin( ¢y ) cos(dy )]
u (px)/( (( + >ux(px)

2m)4 \ (k +py)? — mi (k4 py)? — mi
— . my [cos? 175 sin cos
X <k2 _1mg)2 ﬂq(pq) ( %ti pq + 1 4 [ (¢SM) s Zg ((Z)SM) (d)SM)]) UfI(pQ)
+0((pg)?) - (A.12)

We can now identify the loop functions defined in appendix A.1, construct the correspond-
ing effective Lagrangian and use the following decomposition:
1OM Y — 0¥ M 1

qi0"Y'q = Of + §————5———a+ 79"'mqaq. (A.13)

This then yields the effective box diagram Lagrangian given in egs. (2.9) and (2.10) with
the coefficients given by

Cbox

/iqu( my Z111(m2 mi, m )—62001(m mia m;)

+ 4 cos®(psm) Yg(m m ,0,m )—2m cos?(¢y) Zn(m2 mi, m2) (A.14)

— 8 cos?(¢y) Zoo(m mi, m2) + 8 cos?(¢y) cos®(dsn) Xg(m m , 0, m ))

CbOX = Rq mX< —2m? Y Cos(y) sin(ey) Zn(m2 mi, m2)
— 8 cos(¢y ) sin(¢y) Zoo(m mi, m2) (A.15)

+ 8 cos(¢y) sin(¢y) cos (¢SM)X2(m m ,0,m ))
CE’ZX = Kq My (4 cos(qﬁSM)sm(d)SM)Yg(m m , 0, m2)

(A.16)
+ 8 cos®(¢y) cos(psm) sin(dsm) Xa(m?, m3, 0, m2))
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Cbox 8 kg My, co8(py ) sin(epy ) cos(pgm) sin(psm) Xo (m m , 0, m2), (A.17)
CboX = —8rq Zoo1(my, m3, m7), (A.18)
ngx = Kyq mx( 4Z111(m mi, m2) — 8 cos (gzﬁx) Z11(m mi, mz)) (A.19)
CbOX = —8 kg my cos(Py) sin(py) Zn(m2 mi, m2), (A.20)
where we have used the shorthand notation
2 2 2
_ Ix9sm My
Kg = ~po2n2 (A.21)

B Details on two-loop calculations
In this appendix we provide details on the two-loop calculations relevant for section 2.2.

B.1 Loop functions

For the two-loop computation presented in appendix B.2, we will need further loop func-
tions. The Passarino-Veltman functions D; read in their standard notation [81]

d'k 1 ;
/ ) o5 17 = 3P 2P~ @@mp oW 5 M), (B.1)

d*k kM i
/ @) [ 4 F7 = ][ 2P~ (amp2 P Do % M), (B.2)

We further define the X,, and Y, functions by [82]

d'k 1 ; L
/(2@4 mz ST Xy (px, m2, m2, x(li_qx)), (B.3)
[k o(1— m)] [(px+k) —mx} [kj —ma]
d*k kM i ,
= M 2 2 m
/ (271')4 [k2_(gn72)]n[(px+k)2_mi} [k2—mg] - (477)2 pXY (px, m ma, x(ljm)) . (B4)

Using partial fraction decomposition, we can derive the following relations for X,
2 _my
Xl (px7 m ma7 x(l_qx))

1 2 9 9 9 m2 2 (B.5)
= 3 (BO (px7 Mg, mx) _BO (px7 z(li_qx)7 mx)) ’

2 2 92 mg
X2 (px7 mx? ma7 a;(l_qx))
1 2 2 2 m2 m 2 (B6)
= 5 m2 (Xl <pX7 My My, x(l_q )) —Co (pX’ (1_(1 R m)()) )
mg z(l—x)
2 2 o mg
X3 (px7 mx? m(w x(l_qx))
1 2 9 2 mg 2 myg 2 (B.7)
= ﬁ (X2 <va mx7 ma7 Wj@) _DO (pxa I(lifx), mx)) )
md_a}(l—z)
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as well as for Y,, [44]

2 1 2
Y (px, m?, m, x(fo>> - (Bl (2, m3, m2) =By (pi, Ty mi)) , (B9)
mg— z(1—2x)
v 2 mg \ _ 1 v 2 2 mg N (2 M 2
2<pX’m My, (1—a:)>_ 9 m2 ( 1(pX’m » Mg, ac(l—x)) 2<pX’ z(l—ac)’mx)>’
mg— z(1—2x)
(B.9)
Ys 2 2 _mg ) _ 1 2 _mg 2 _mj 2
<pX7m Mg, z(1— x)) - m2 (YVQ (pxam mg m>_D3 (pxa m’m){)>’

2 _
ma, z(1—x)

(B.10)

where the loop functions denoted by Bg(p?, m?, M?) and By(p?, m?, M?) are implemented

in LoopTools [83].1° We further need the derivatives of these functions with respect to m2

0 2
Xl (anm2 m2 L)

ama a g(l—x)
B 1 ) ,  m? (B.11)
e ) ()
a z(l-z)
9 2 2 2 mg
8m3X2 (pxﬂ mx7 ma? x(l_qx))
1 0 m2 m2
= 5 5 X1 (px,m2 m2, (1—q;c)) —Xo (px,m m2, (1—q;c)) ,  (B.12)
mg_ (Tq ) om2

9 2 2 _mj
om 2X3(pxam mavx(li_qz)>

I
—
3

™)
RN

)
Q

ISYN)

- X5 (px,m2 m2 %) —X3 (px,m m2 (T_‘le)>>, (B.13)

as well as [44]

0 ozt (s i )

om?2 a’ z(l—x)
1 2 2 9 2 5 m? (B.14)
= m (CQ(pX? mg, mX) -Y (px, m , My, x(lfz))>7
a  z(l-z)
9 2 2 2 mg
1 9 2 2 2 mg 9 9 m2
:mz_ mg <amgyl Py M Mas m) Y (px’m Mq x(l—qm)> , (B.15)
a  z(l-z)
0 5 o m2
oz s (7 s it )
1 9 2 2 m2 9 9 m2
:m2— m2 <3 2Y2<px’m Mg (1_‘23)> Ys(px,m m; w—jx)) . (B.16)
a z(l-z)

1OWe could in principle evaluate the functions X,, and Y;, directly with Package-X [57] and then perform
the numerical integration appearing in the two-loop calculation using their explicit expressions. Numerical
stability improves, however, when the functions are decomposed as presented here.
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B.2 Review of the two-loop computation

The two-loop computation was recently presented for a purely pseudoscalar mediator in
the context of a 2HDM [44]. For our model, however, we have to generalise the results
to arbitrary CP phases in the SM and dark sector. We use the opportunity to present
intermediate calculational steps of the derivation not explicitly shown in ref. [44]. Our
starting point is the calculation of the leading order effective vertices between the spin-0
mediator a and gluons, which we treat as background. To simplify the computation we
employ the Fock-Schwinger gauge, in which the gluon field can directly be expressed in
terms of the field strength [54, 84].

The general amplitude can thus be written as

: 2
q=c,bt
d4p Dirac . . . . . -
X/W‘Trcmour{[COS(%M)—H%SIHWSM)] iS(p) [cos(psm)+ivssin(psm)] iS(p—q) | ,

where two different coloured fermion propagators, S(p) and S (p — q), occur, as the Fock-
Schwinger gauge breaks translational invariance. Since we are interested in the effec-
tive vertices aa G}, G** and aa waé‘“‘”, we have to consider the following terms in the
propagators11
. . . 1 0
iS(p) = iSO (p) + / d*k1iS9 (p) gsfyaGW(
2 Ok,
0
Oky,,

(k) ) 150 )

1
+ / Aty d*ky iSO (p) gsvazGW<

_9
akQV

5(4)(k1)> iSO (p— k) (B.18)

1 .
X QSVBQGVB( 5(4)(k2)) iSO —ki — ko) + ...,

0
Ok1y

3 1
iS(p) = iSO (p) + /d4k:1 iSO (p+ k) 957626’1,5( 5(4)(1:1)) iSO (p)

1
+ / A4k d* k2 iSO (p + k1 + k2) 957° = Ca 0 6@ (ko) (B.19)
2 ks,
)

1
: ¢(0) 8- 7
x 1S\ (p+ k1) gsy QGVB(akly

5(4)(k:1)> iSOm) +...,

where terms with derivatives acting on G, are neglected since they are not relevant for
the present work. Further we have used iS5 (p) = i(p+m)/(p* —m?) and GH = G
with % being an SU(3) generator fulfilling Tr[t?¢?] = §%°/2. Inserting these expressions into
eq. (B.17), we identify three terms relevant for the computation of vertices involving two
gluon field strength tensors. These terms are visualised in figure 11. We will present the
various calculational steps for the term involving a gluon field strength tensor each from

"Our expressions for S(p) and S(p) differ from ref. [54] by the replacement G, — G%,. The resulting
minus sign drops out, however, as we are only interested in terms involving two gluon field strength tensors.
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P+ ki + ko

Figure 11. Visualization of the first step in the two-loop calculation where we compute the heavy
quark loop contribution to the effective vertices between a and gluons [84]. Here p’ is given by

p=p—gq.

S(p) and S(p — q), illustrated in the left panel in figure 11. The corresponding term reads

. 2
G 19SM Mg
iMSG Z -
2- Loop v

q=c,b,t
d'p 0 0 _ iy i e
G“ a /( P ”ﬁDHae[[cos(¢SM)+275SID(¢SM)]pIg_ 27

27T)4 8]{}1# 61{2,, m
p—d-+ky+m . p—q+m
p—q+tke)?—m? " (p—q)*—m? k1=ko=0

p_kl +m
(p_k1)2_m2

. (B.20)

X [COS(¢SM) +17s5 Sin(¢SM)] (

where we performed the trace over colour indices as well as partial integration regarding
k1 and ko and switched the indices of the gluon field strengths. After performing the
derivatives with respect to k1, and ko, setting k1 = ky = 0 afterwards and evaluating the
trace using Package-X [57], we now have to project out the leading spin-independent and
spin-dependent term. The spin-independent term can be obtained by rewriting'?

1 G
chu o = 12G30Gap (9apYuv — Gawgpu) + 99 O B.21
1 o 1 o 1 (B.21)
+ 59/;1/ @ 8 59041/ Oﬁ/ﬁ gﬁu O y T Oa,uﬂy )

where we have introduced the twist-2 gluon operator (’) ", and a higher spin operator o< By

1

Opy = GG, = 0w Gie G (B.22)
1 1
Oauﬁv = GouGhy — 99 GGy = 59““GapaGapB
1 1
+ igWG“” G+ 595uG" 0 G, (B.23)

+ GGZUGGP (goz,Bg,uu - gauggu) .

2The signs in front of OF, and OF 5 differ from eq. (50) in ref. [54]. As we are not including the terms
containing the twist-2 operator, this dlfference will not play a role.
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These operators do not contribute to G, G?? and give sub-leading SI interactions such that
they are neglected in the present work. We therefore only have to consider the replacement

Ga a v 12GZaGap (ga,@guv - gowQﬂu)a (B-24)

for the spin-independent term. The spin-dependent term involving Gy, G can be ob-
tained straightforwardly by isolating the term in the trace containing the e-tensor. Putting
both contributions together, we then obtain

MaaG Z ZgSl\/I Mg ? ig Ga Gapa/ d4p —48 [2 mg COS(2¢SM) +p- (p - Q)]
sloon 27 20 T 96~ @mt [ = mi? [(p — @) —mi)
d*p m? sin(2¢sm)
+ g2 Go, G / 4 : (B.25)
@m)t [p? = mg [(p — ) — m{]?

Since the momentum ¢ corresponds to the second loop momentum of the full two-loop
diagram it is not helpful to simply perform the loop integral over p, as one has to perform
a second loop integral afterwards. It is more advantageous to use a Feynman parameter

x instead:
I 6x(1—x)
A2 B2 _/0 W AT =B (B-26)
2((p—q)? —m?*) + (1 —2)(p* —m?) = (p—qz)’ —m® — ¢*x(~1 + ). (B.27)

Shifting p — p + gz and performing the loop integral over p, we obtain finally

m 2
iMy D0y (gShf) q) sos Ghr GO

1 —2m? [cos(2psm) — 3] (1 — z) z(1—x)
X /0 dx { [ +

q=c,b,t

mg — ¢*z(1 —z)]? [m§ — ¢*x(1 — x)]

2 .
. gsM Mg\ 2 o Fapo /1 my sin(2¢sm) z(1 — )
+i ( ) 167T2G G e . (B.28)

2 _ 2,01 — )2
) v [mz — ¢*r(1 — z)]

One can proceed in a similar fashion for the remaining two terms in eq. (B.17), which
contribute equally to the amplitude, such that the full amplitude reads

<A gaq u Qs apo . gfu Xs ~a ANapo
M5, =148 (4%) 15 GG +idg " (') g GG (B.29)
with
full (2 — gsmmg)? [ fr(l-)
d& (q)-q%t( ) /de{[mg_q%(l_x)] (B.30)
m73(1 x)x—l—Q( 1—z+2?)co s(2¢sm) 41 3z+32%—(1—2)x cos(2¢sm)
2 [mg —q?z(1—x)]? M [mg —q?z(1—x)? ’
full [ 2y _ gsmmg\2 [* m2 sin(2psn)
de ()= Z ( v ) /0 de [m2—q2x(1-2)]?’ (B-31)

q=c,b;t
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where we have made the integral over the Feynman parameter symmetric under z — 1 —x.
This result agrees with eq. (B.73) from ref. [44] for ¢gm = 7/2. Moreover, when performing
a heavy quark expansion on eq. (B.29), we recover the effective Lagrangian from eq. (2.14).

It is now straightforward to perform the integration from the remaining triangle dia-
gram of the full two-loop approach, visualised after the first arrow in figure 3, for which
the amplitude can be written as

. _ + 2my [cos?(¢y) + 075 sin(ehy, ) cos(ey,
M =) [ e [(pi+q(>2zmiﬁq2—(m)a12 —

[dfull( )

In terms of the various loop functions defined in appendix B.1, we can map this amplitude

(B.32)

full, 2y %s =~
15 CreG™ +dg (@) o GG

onto
L5 oo = (CE% 0+ Clbs Xiax ) ITO: Go, G (B.33)
£2 L oop = (Cfull X +Cfull SXWsX) é%sr quéauy’ (B.34)
with
CES = e 2 (ot (B.35)
q=c,b,t

X {mX Fy(px, m2 m2, m )+ 2m, cos (ng)FX(pX, m , m2, mg)} ,

Cqu,lllDS @ )2 Z (W) 2mxsm(¢x)cos(¢X)FX(px,m m2, mg) (B.36)

v

q=c,b,t
full gx gsM Mg\ 2

s =y > (M5 (B:37)
q=c,b,t
X {mx Ey(px, mi, m2, m )+ 2m, cos (gbx) EX(pX, m ,m2, mg)},

Ix gsMm M
cf@u};S:_( =3 (%) 2. sin(gy) cos(dy) Ex (p2, m2, m2, m2). (B.38)

g=c,bt

Here we have introduced the shorthand notation

Fa(p? m2 m2,m2) = 1de‘ 3.9 A (p m2 m? Lg)
X q 0 m2 L\Pxo a’ g(1—x)

m2 3(1—z)z+2(—1—z4122) cos(2¢sm) 0 9 o m2
+7 22(1—xz)? om2 = (px, o Mas x(l_x)>
1-32+32%—(1—2)x cos(2psm) O m?
ml 2 .2
q x3(1 $)3 a A3 (pxa m y Mg, $(1f$)> ’ (B39)
1 .
2 2 9 2 8in(2¢sm) 0 2 2 mg
E (px7 My Mg, M) :/0 dx [mq 2(1—2)2 om A (px, my, Mg, z(l_qw)) , (B.40)

with A = X, Y.
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C Nuclear form factors

In this appendix we define the nuclear form factors required to calculate the effective
interactions between DM and nucleons. For the spin-independent interactions we need the
following nuclear form factors [56, 85]:

qg=1u,d,s: (N|mgqq|N) = meéV, (C.1)
A s a apv 2
Q=cbt: (NImQQQIN) = (N| = =G, G |N) = 277meé,V, (C.2)
1 1
_ . q _ N N - 2 N ~N
g=uwdseb:  (NOLIN) = - (plp) = gmigw) (V@ +7"@).  (©3)

where fév and fJ are form factors, my is the nucleon mass, ¢’V (2) and g” (2) are the second
moments of the quark parton distribution functions and pfy is the nucleon four-momentum.
The values of the form factors for light quarks are taken from micrOmegas [66]'3

#P =0.01513 /2 =0.0191, £7 =0.0447 (C.4)
#7 =0.0110, £ =0.0273, F7 =0.0447, (C.5)

which are related to the gluon form factor via [85]
fl=1- > fr=092107, fa=1- > fr=00917. (C.6)
q=u,d,s q=u,d,s

The second moments are calculated at the scale 4 = myz by using CTEQ PDFs [44, 87].
For the proton, one finds

uP(2) = 0.22, uf(2) = 0.034, (C.7)
dP(2) =0.11, d?(2) = 0.036, (C.8)
sP(2) = 0.026, 5”(2) = 0.026, (C.9)
?(2) = 0.019, & (2) = 0.019, (C.10)
bP(2) = 0.012, b(2) = 0.012, (C.11)

whereas for the neutron the up- and down-quark values have to be interchanged.
For the spin-dependent interactions we need the following form factors:

q=u,d,s: (N|mygivsq|N) = FYN (¢?), (C.12)
~ - Us <o Sauv
Q=c,bt: (N'lmQQinsQIN) = (N'| =G, G |N) = FS (¢%),  (C.13)

where N’ refers to a change of nucleon momentum. This explicit dependence on the
momentum transfer g arises from non-negligible m and n pole contributions. The corre-
sponding expressions are given in eqs. (A30) and (A42) of ref. [88] and are implemented in
DirectDM [60].

13We refer to ref. [86] for a discussion of the uncertainties of these form factors, in particular regarding
the strange quark matrix element.
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Figure 12. Additional loop diagrams within the CP-violating Higgs portal model which also induce
purely spin-independent interactions for ¢ = 7/2.

. Zes " leg .
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Figure 13. Same as figure 9 but including the UV-divergent diagrams shown in figure 12 for
A =1TeV.

D UV-divergent loops in CP-violating Higgs portal

In this appendix we provide further details on the additional loop diagrams occurring in
the CP-violating Higgs portal model, which are shown in figure 12. Like the diagrams
considered in the main text, these diagrams contribute at the order 1/A? and induce spin-
independent interactions for ¢ = w/2. The contribution of these diagrams to the triangle
coefficients defined in egs. (2.7) and (2.8) are given by

2
: ; g. 2m
cimnse e 2 (1 o) B e i) + Bl i )]
2
iangl iangl 9y 2my . D.1
Cg?nge - Cg?nge + (4;{)2 3mj21< Sln(2¢) Bo(mzo m}2w mi) ) ( )

where we have used the replacements from eq. (3.11). The loop integrals By and Bj are
UV divergent and we replace the divergences by a logarithmic dependence on the new
physics scale A from eq. (3.7) according to 1/€ +In(p?/m?) — In(A?/m3) [13]. We study
the impact of this additional contribution in figure 13 for A = 1TeV. We observe that,
while the additional diagrams make the loop-contributions more important, the general
conclusions drawn from figure 9 are not changed.
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