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ABSTRACT: We discuss an extension of the standard model with a real scalar triplet, T,
including non-renormalizable operators (NROs) up to d = 6. If T" is odd under a Z symmetry,
the neutral component of T" is a good candidate for the dark matter (DM) of the universe.
We calculate the relic density and constraints from direct and indirect detection on such a
setup, concentrating on the differences with respect to the simple model for a DM T with
only renormalizable interactions. Bosonic operators can change the relic density of the triplet
drastically, opening up new parameter space for the model. Indirect detection constraints, on
the other hand, rule out an interesting part of the allowed parameter space already today
and future CTA data will, very likely, provide a decisive test for this setup.
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1 Introduction

Among the long list of proposed explanations for the dark matter (DM) in the universe,
weakly interacting massive particles (WIMPs), are probably the solution which has been
studied most. For reviews on WIMPs see, for example [1-3]. WIMPs are attractive candidates
for a variety of reasons, not least among them the fact that their thermal production in the
early universe makes it possible — in principle — to calculate definite predictions for cross
sections for experiments searching for signals of DM today.

Any DM candidate must be able to reproduce the relic density (RD) as inferred from
PLANCK data [4] and also obey a number of search constraints. For WIMPs, the most
important bounds are those from two types of searches. First, there are the direct detection
(DD) experiments, like LUX-ZEPLIN (LZ) [5, 6], and XENON-nt [7]. Future DD experiments,
such as DARWIN [8], XLZD [9, 10] or also PandaX-xt [11] will improve existing limits by
(1-2) orders of magnitude. These constraints limit the list of possible WIMP candidates
already today to a finite number of candidates [12, 13|, and may exclude many more DM
candidates (or discover the correct one!) in the future. Second, also indirect detection (ID)
constraints' can be important. Existing data from H.E.S.S collaboration for 546 h [16, 17]
already rule out interesting portions of parameter space, while the future CTA data [18, 19]
is expected to lead to much stronger constraints.

The neutral component of a scalar triplet with hypercharge zero, T', can be a good WIMP
dark matter candidate [20, 21]. A real T couples at the renormalizable level only to the
standard model (SM) Higgs and this simple setup is quite predictive, since the relic DM density

'For a recent discussion see for example [14, 15].
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Figure 1. Co-annihilation diagram (left) for a model with dark matter triplet and an additional
heavy (inert) scalar, Sy 5 1/2. This scalar is Z> odd. s-channel annihilation of the dark matter triplet
(right) in a model with an additional vector, Z’ = V; 1 9. This vector is Z2 even. In this setup the Z,
could be a remnant of the symmetry breaking that gave the Z’ its mass.

and the direct detection cross section essentially depend only on two parameters: the mass of
T and the quartic coupling of T to the SM Higgs. This minimal, renormalizable setup is,
however, nowadays on the verge of being excluded by H.E.S.S data [16, 17] and will definitely
be either discovered (or excluded) in the not-too-distant future, see the discussion in section 5.

However, in many models beyond the SM (BSM), the dark matter candidate is just the
lightest particle of a possibly much more complicated “dark sector”.? These heavier dark
sector particles can have important effects on the DM properties. For example, the relic
density can change due to co-annihilation diagrams or s-channel resonances. One example
diagram for each is shown for a toy model in figure 1. Here, T is assumed to be to lightest
Z3 odd particle. On the left, we assume there is a second, heavier Higgs doublet, S5 /2,
also odd under Z,.> Here and elsewhere in this paper we use for fields the notation S, F'
and V for scalar, fermion and vector, with the indices indicating the representation and
hypercharge of the field under the SM gauge group, in the order SU(3)c x SU(2)r, x U(1)y.
On the right, we added a Z' = Vj 1 0. This could be the vector of an extended gauge group,
broken in the ultra-violet in such a way that a global Zs remains. Such an ansatz could
explain the origin of the Zs, otherwise introduced by hand.

On the other hand, both toy models generate the same effective dimension six (d = 6)
operator, O3 o< (H'D,H)(TD*T) in the limit where the scalar or vector mass are larger than
mp. In the case there is some hierarchy in the masses of the dark sector, effective field theories
are therefore a useful tool for model-independent studies of dark matter phenomenology.

Indeed, application of EFTs for dark matter calculations has already gained some
momentum in the past few years. For example, [23, 24] studied WIMP direct detection using
low-energy EFT. Recently, [25] has given the complete set of operators up to dimension six
(d = 6) for the case of models in which one dark matter particle (either scalar, fermion or
vector) is added to the SM particle content. The paper [25] then studies in detail the dark
matter phenomenology for a singlet scalar DM, Si 1,0, and for heavy neutral lepton DM,

2The best known example for such a case is supersymmetry: in the MSSM (“minimal supersymmetric
standard model”) all particles of the SM have a superpartner, odd under R-parity, the DM is just the lightest
particle in the SUSY spectrum.

31f S1,2,1/2 is the lightest odd particle, it can itself be the dark matter, the well-known inert doublet model
(IDM) [22].



L' = Fy 5,1 /5. Ref. [26] used a sterile neutrino portal for a fermionic singlet DM, including
non-renormalizable operators (NROs). Ref. [27] adds singlets (either scalars, fermions or
vectors) with NRO up to d = 6, and discusses how models with two dark vectors can explain
dark matter via freeze-in. And there is the work of [28] which adds up to two DM particles
and writes down the low-energy EFT operators up to d = 7. The authors call this “DSEFT”,
dark sector effective field theory.

In our current work, we will study the phenomenology of a dark matter T" adding
NROs. We will call this framework TSMEFT, i.e. the “standard model effective field theory
supplemented by a scalar triplet”. In the next section, we will briefly introduce the model
lagrangian. Section 3 discusses, how the different, possible d = 6 operators affect the
relic density of the dark matter candidate. In section 4 we discuss, how operators are
constrained from direct and indirect detection experiments and discuss briefly, which data
will be important for us. Section 5 then shows the main resuls of this paper. There, we will
discuss our numerical results and show, which operators are most (and least) constrained at
present for a DM model with a hyperchargeless triplet. We then close with a short summary
and conclusion. For comepleteness, in appendix A we list for also operators odd in T, while
in B we discuss possible, additional operators for a complex T. Finally, in appendix C we
list possible tree-level UV completions for the operators studied in this paper.

2 Scalar triplet lagrangian up to d = 6

We add a scalar S130 =T to the SM particle content. We will consider the simpler case of
T being real. The renormalizable Lagrangian of the model consists of the SM Lagrangian,
plus the following new terms:

LTM — SM %mZTTQ + up(HYH)T + h.c. + %)\HTHTHTQ - %)\TT“. (2.1)
The term proportional to ur allows the field T to decay to SM particles. We will forbid
this term and all other terms odd in T by assuming a Zs symmetry under which the only
odd particle is T.

Apart from the renormalizable lagrangian, eq. (2.1), we will add non-renormalizable
operators up to dimension 6:

C;
_ p,TSM ?
L=LTM 43 50 (2.2)

Table 1 lists all possible effective operators (up to d = 6), which contain an even number
of T’s. We have checked all operators in this table with Sym2Int [29, 30]. We do not write
the Wilson coeflicients explicitly, for operators with standard model fermions the coefficients
are matrices in flavour space. The table defines the operators, gives the number of free
parameters in the Wilson coefficients and whether the operator is self-conjugate or not. For
completeness, in appendix A we also give operators odd in T up to d = 6.

Not all of the operators in table 1 will be important for dark matter phenomenology.
Operators 011 — O13 do not lead to any change in the number density of 7' in the early
universe and we have therefore not included them in our numerical studies. Also, Oyq is a



Name Operator # parameters +h.c.?

O1 (L, L)(TD*T) 9 no
O, (@1uQ)(TDHT) 9 no
Os (H'D,H)(TD*T) 2 no
oNn LerHTT 18 yes
Os QdrHTT 18 yes
Os QurH'TT 18 yes
Oy B* B, TT 1 no
Oxg WHW,, TT 2 no
Oy G"GLTT 1 no
O1o HIH'HHTT 2 no
Oy HTHTTTT 1 no
O (TD*T)(TD,T) 1 no
013 76 1 no

Table 1. Operators even in T in TSMEFT at d = 6. This set of operators is allowed for a T' odd
under Zs. Operators 019 — O13 are listed only for completeness, they are less important for the
phenomenology studied in this paper.

six-particle operator, sub-dominant to Qs in its effects on DM phenomenology. We do not
study this operator in detail either. Thus, in the following we will consider only 07 — Og.*

Numerically, we only calculate the effects of NROs. However, one should keep in mind
that there are special kinematic configurations, for which the use of EFTs is not well justified.
The best example for this is probably the s-channel diagram on the right of figure 1 in the
special case where mp =~ mys /2. In this case the cross section will be resonantly enhanced and
this effect is not captured by the EFT. It may therefore be of interest in some cases to go to
model-dependent studies. While this is beyond the scope of the present work, in appendix C,
we give all possible tree-level completions for operators O; — Qg for completeness. Recall, two
example diagrams for toy UV models for O3 were already discussed briefly in the introduction.

3 Relic density

In this section we study the effects of the operators O; — Og on the DM relic abundance,
Qh?. The operators are listed in table 1. We have implemented all nine operators in CalcHEP
format [31] using FeynRules [32] and calculated the relic density of DM numerically using
MicrOMEGAs [33-35]. Results for all operators will be discussed in section 5.

However, let us first discuss some basics of DM freeze-out which will allow us to understand
the numerical results qualitatively. The DM relic abundance Qh? generated within the
standard thermal WIMP paradigm depends of the thermal average of the DM annihilation

4Os has two possible contractions. In our numerical study we will concentrate on the singlet contraction,
(T'T)1, for simplicity. We expect that the 5-plet contraction, (T'T)s, will give qualitatively similar results.



cross section times the relative DM velocity, (ov). It can be written as [36]:

~1.09 x 10°GeV! 1 (o)

Qn? = 7 :/Oo dz. 3.1
9 Pmp J(wyp)’ (@) e a2 (3.1)

Here, mp; = 1.22 x 10" GeV is the Planck mass, g, denotes the total number of relativistic
degrees of freedom at freeze-out®. zy = mqo /Ty is the usual ratio of the DM mass to the
freeze-out temperature Ty and J(x) represents the efficiency of the post freeze-out annihilation.
In the non-relativistic limit, the thermal averaged cross section has a linear dependence with
the temperature as (ov) = a + 6b T/myo (here T is the temperature) , where a and b are
terms describing the non-relativistic cross section Taylor expansion in v? as o ~ a + bv? [36].

For the total annihilation cross section there will be two contributions in our case. First,
there is the contribution from gauge interactions. This case has been calculated in [20],
and for the case of a hypercharge zero electro-weak triplet, the result for the dominant
annihilation channel to gauge bosons is simply:

9%
(o) 47rm%0 (3.2)

This cross section has the typical m;g dependence for a thermal WIMP. Second, all nine
operators, listed in table 1, contribute to the DM annihilation. The cross section associated
to any d = 6 NRO can be written schematically as:

2

47rj\4 filmpo,s,...), (3.3)

g; ~

where f; represents a function, specific to each operator, that depends on kinematic variables,
such as the DM mass and the center of mass energy, /s, and so on.

We have used CalcHEP [37], to calculate fs and f3 (corresponding to Oz and O3 from
table 1). The result is:

(s —4m2)

(s —4m3,)

(s — 4m%)

) f3 = ass )
(s — 4m%0)

fo = aym

where ag 3 are dimensionless numerical factors. Since in the non-relativistic limit s is given
approximately as s ~ 4m2T0(1 +v2.)), with vy, the velocity of the DM particle, one can
approximate the o; in the limit where my, mj, < mqpo roughly as being oo mg /A% and
o3 o< Mag /AL

Let us first discuss the case of Oz, see figure 2. The figure shows the calculated relic
density, Qh?, as function of the mass of the dark matter candidate, for the case Agr = 0°, for
different choices of C3 (left) and for fixed C3 = 1 and different choices of A (right). The grey
band indicates the allowed range of the DM density, as determined by PLANCK [4], at 30 C.L.

One can understand the observed behaviour with the help of the equations given above.
For smaller DM masses the calculated relic density rises with increasing masses. This rise

5In the SM, g. ~ 120 at T ~ 1 TeV and g. ~ 65 at T ~ 1 GeV.
SWe focus on the case Agr = 0 in order to highlight the contribution of the effective operators. For the
effect of Agr # 0 in the pure gauge scenario, see refs. [38, 39].
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Figure 2. Relic density as a function of mro (the mass of the dark matter candidate) with only Cj,
the Wilson coefficient of O3, different from zero. To the left: for a fixed scale A = 15TeV and different
values of Cs3; to the right: for fixed C5 = 1 and different values of the scale A. For this figure, we fixed
)\HT =0.

continues for all values of mzo for the smallest Wilson coefficient shown, C3 = 0.1 (on the
left). Since Qh? o< 1/0, eq. (3.1), this behaviour directly reflects that for gauge interactions
ox1/ m%o, see eq. (3.2). For larger values of C3 the relic density starts to decrease again
for large values of mpo. This indicates the parameter region where o m%o /A% ie. where
the contribution from (O3 becomes dominant.

The plot on the right of figure 2 shows Qh? as function of mo for different choices of
A, for C'5 = 1. The lines in this plot stop at mgo ~ A, since we use EFT to calculate the
annihilation cross section. In fact, a consistent EFT requires myo < A, thus the calculation
becomes less reliable, when mqo approaches A.” For values of A larger than A ~ 15TeV the
contributions from the operator will become sub-dominant relative to the gauge interactions,
unless we take C3 larger than 1.

Figure 3 shows the relic density versus mo for the first nine operators listed in table 1.
The plots contain a black line labeled “PG”, for the case of pure gauge interactions (all
operators switched off). In this figure, we show to the left (right) the calculation without
(including) the Sommerfeld effect. In the calculation of the Sommerfeld effect, we follow the
description outlined in ref. [21]. These plots fix A = 15TeV and all C; at their maximum
value allowed by perturbativity C; = 4.

One can clearly distinguish two groups of curves. There are the operators 012456
involving fermions and the operators involving bosons, O37g9. The different behaviour
can be understood from eq. (3.4). Operators involving fermions in the final state are
chirally suppresed, i.e. 0 x m} These operators are therefore usually only a sub-dominant
contribution in the total annihilation cross section, compared to the gauge interactions. Note
that, operators involving fermions carry generation indices, i.e. Cj, — (Cy)¥, with i, j = 1,2, 3.
For this figure we switched on the coefficients for all family indices, but due to o x mfti the
3'd generation indices completely dominate the calculation.

"For UV models which generate the operator via t-channel diagrams, departure from EFT is expected to
be of order (mqpo/A)2.
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Figure 3. Top panel: relic density as a function of mzo for the operators O; — Qg in table 1, ignoring
(left) and including (right) the Sommerfield effect.

Bosonic operators, on the other hand, lead to cross sections o m%o /A*. Thus, for
O3 78,9 the relic density calculation will be completely dominated by the operator contribution
at larger values of myo. In section 5 we will therefore concentrate the discussion on the
bosonic operators.

4 Constraints from direct and indirect detection

In this section, we discuss the constraints from both direct and indirect detection experiments
on the effective operators O7_g.

In the case of the direct detection, we derive the expression for the cross section analytically.
The expression for the case of a scalar SU(2) triplet (without NROs) can be found in ref. [38].
Here we add the contribution of the different higher dimensional operators.

The spin-independent direct detection cross section for a DM particle T9 scattering
off a nucleus N is given by [40]

Myl
167w (my + mqo)?’

osy = (4.1)

where my, mqo are the nucleus and dark matter particle masses, respectively, and M;
is the corresponding amplitude:

My = <NT0]£int\NT0>. (4.2)

The operators from our effective Lagrangian (see table 1) that contribute to this amplitude
at the tree level are those involving quark currents (Os and Og) and gluons (Og). Although
O also involves quarks, its contribution is negligible as it is proportional to the square of
the dark matter velocity (v%),,). The remaining operators, which do not involve quarks or
gluons, are all negligible at the tree level. Using the following expressions for the matrix



elements® [33, 41, 42]:
<N N eil
T M
(NlmqGq|N) = ffgmn, (4.4)

where m,, corresponds to the mass of the quark ¢, f& = 0.0153(0.011), f&, = 0.0191(0.0273),
fN, = 0.0447(0.0447) for the proton (neutron) [33] and consequently fX. = 0.921(0.917),
we find:

q:u7d78

cyoy cy cy 2w
0 o\ _ G5 0 5 Ns o2
<NT =S |NT > =5 (NT ’QZdR HTT‘NT )= A Vams NoyiomY,  (4.5)
cloy cy cY
<NT0 o NT°> =5 (NT ’QuRHTTT‘ NT) = Afgfifjjéij om%,  (4.6)
CoOy Co Cy 4
0 0 0 v 0 N 2
<NT | NT > © (NT®|G" G\ TT| NT®) = oo (—9 N sz>, (4.7)

Finally, the expression for the direct detection cross section including the effect of the
effective operators is

P Mm% | 2\ 5T Ny 2v c2 2 C 2v
% - + s A2 u
TON — 47TmT0 lmh f AQ\/‘ dde AQ\/’ fT \/’ fT
2
47 Cy 3rad moo
(s T5) gHa+ 2 szPDF] , (48)

where ppony = mpomn/(mpo + my), fN = 0.287(0.284), fihr = 0.526(0.526) for proton
(neutron), myy is the W-boson mass, and [38]

5madmoo

fi =

! } . (4.9)

9m%,[, 2(1 —i—mt/mW)Q

On the other hand, for the case of indirect detection bounds, we compute the gamma-
ray flux arising from the annihilation of dark matter particles into gamma-rays, by using
MicrOMEGAs. We will subsequently study the complementarity of these predictions with
direct detection searches, emphasizing the potential for detecting gamma-ray signals from
each operator within the effective Lagrangian.

In this way, we will obtain the excluded regions of the parameter space for each operator
by comparing the gamma-ray flux with the observational data from the H.E.S.S collaboration,
and also the corresponding CTA excluded prospects. In all of them an Einasto profile [43] for
the DM halo is assumed. Large uncertainties are expected when other profiles are assumed,
like the Navarro, Frenk and White (NFW) profile [44, 45], see ref. [16] and the discussion in
the results section, 5, page 11. Hence, the excluded and projected sensitivity regions in our
results, could increase or decrease if other profiles for the dark matter halo are used. For

8These expressions use the non-relativistic normalization for nucleon one-particle states, while eqs. (4.5)—(4.7)
use relativistic normalization, i.e., we have introduced the corresponding replacements |N) — v/2En |N) ~

V2mn |N) when writing eqgs. (4.5)—(4.7).



the excluded regions in the W+W =, ZZ and bb channels we will use the data for 546 h from
H.E.S.S [16], and the CTA prospects from [18]. While for v+, we use the data for 546 h from
H.E.S.S [17] and the CTA prospects from [19]. Fermi-LAT bounds [46] are slightly weaker than
H.E.S.S for the explored regions of the parameter space, and are not used at all in our analysis.

5 Numerical results

In this section we present our numerical results. We will study the impact of the effective
operators, see table 1, considering one operator at a time. As discussed above, see sections 2
and 3, we can divide the operators in table 1 in three groups. First there are the operators
that will be irrelevant for dark matter phenomenology, i.e. O19_13. The remaining operators
we divide into (purely) bosonic operators, O3 78 9, and operators with fermions, O12456. As
shown in section 3, the latter affect the relic density only mildly, thus from the fermionic
operators we will show only the results for one example operator, i.e. Og.

In all cases discused in this section, the relic abundance of dark matter and the indirect
detection cross section calculation for each operator was performed using MicrOMEGAs [33-35],
while the direct detection cross section was obtained using the analytically calculated cross
sections given in section 4, see eq. (4.8). We use the limits on direct detection cross sections
from LUX-ZEPLIN (LZ) experiment from ref. [6]. Limits from XENON-nt are similar, but
currently slightly weaker [7]. The projected future bounds for DD were taken from the recent
XLZD white paper [10]. Note that the proposed DARWIN experiment was expected to have
a sensitivity very similar to XLZD (in its 40 ton baseline configuration), see the projected
DARWIN limits in [47]. For the indirect detection bounds we use H.E.S.S. data from [16, 17],
while the future projections for CTA were taken from refs. [18, 19].

All figures in this section show the numerical results in the plane Wilson coefficient,
C;, versus dark matter mass, mpo. As in figure 4, we always set A = 15TeV and Agr = 0.
We decided to plot C; instead of C; /A2, since then the cutoff C; = 47, the maximum value
allowed by perturbativity, becomes clearer. Since we deal with d = 6 operators, one can
always rescale A to a different value, say by a factor v/f and if the C; are rescaled by f one
obtains the exact same result as shown in the figures below. The region that reproduces
correctly the relic density, as determined by PLANCK [4], is shown by a solid black band.
The grey area to the right and below the black band indicates the excluded parameter regions
with an overabundant dark matter density. Direct detection constraints and prospects are
shown as dash-dotted (LZ) or dotted (XLZD) lines respectively, while indirect detection
limits and prospects are marked with dashed lines. The most dominant channels for indirect
detection were considered for each operator in the construction of the limits. These channels
are indicated in the label of each plot as a subscript under the experiment name. In the
figures, regions shown to the left or above the limit curves are either excluded by current direct
or indirect detection experiments,” or are projected to be within experimental sensitivity for
the case of future experiments. Additionally, for figures 4 (right) and 8 (left), for clarity we

9Note that some regions with masses below 500 GeV could be allowed by some specific experiment since
both, direct and indirect detection bounds get weaker for small masses. However, this mass range is not
relevant for us since it does not reproduce the observed relic abundance and is therefore not shown in the plots.
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Figure 4. Operator Og: relic abundance, direct detection and indirect detection bounds and prospects
in the Wilson coefficient vs. DM mass plane. Left: for positive values of the Wilson coefficient. Right:
for negative values of the Wilson coefficient. In this figure (left panel), as well as other figures below,
regions shown to the left or above the limit curves are either excluded by current direct or indirect
detection experiments, or are projected to be within experimental sensitivity for the case of future
experiments. For the cases, where interference effects are important (see right figure in this plot),
we have coloured the regions which are excluded (or within expected sensitivity in case of future
experiments). In these plots, the white regions (towards the middle of the plots) are the regions that
can not be tested even with future experiments. One can see, for example, that the dashed green line
(the current H.E.S.S. constraint) excludes the region prefered by the fit to the relic density, except for
Cg very close to +4m. Note, however, that this constraint is obtained using the Einasto profile. More
pessimistic DM profiles will shift this line towards the left and the region prefered by the fit to the
relic density becomes allowed again.

have shaded the excluded (or within future experimental sensitivity) areas, as the exclusion
regions are more complex.

Let us discuss now the individual results in turn. We start with Og, our example fermionic
operator. Figure 4 shows two plots for Og, to the left the case of Cg > 0, to the right Cg < 0.
As expected, the mass region which fits correctly the relic density is independent of the
operator, except for Cg very close to the non-perturbative limit, where a slight increase in
mass is seen. Since this is the same for all fermionic operators, here we show only results for
Og. For effective operators involving quarks, the direct detection cross section is dominated
by operators involving light quarks, while DM annihilation (indirect detection) is dominated
by heavy-quark operators. In figure 4, we consider the sum over all three generations of
quarks for all flavor-conserving Wilson coefficients.

As the figure shows, ID constraints from H.E.S.S. already significantly constrain the
model. Taken at face value, W W™ data seem to exclude the mass region with the correct
relic density. However, recall that the constraints from H.E.S.S. use the Einasto profile
and as the collaboration states in [16] other profiles could weaken the limits by up to two

,10,
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Figure 5. Operator Os: relic abundance, direct detection bounds, and indirect detection bounds in
the Wilson coefficient vs. DM mass plane. For the indirect detection bounds (CTAww and HESSy )
we have included both W+W ™ and ZZ annihilation modes since both are relevant for this operator
and have similar gamma-ray spectra.

orders of magnitude. The future CTA experiment will improve sensitivity and very likely,
provide a decisive test for Og.
Also DD constraints rule out part of the available parameter space already. Here, however,
the discussion depends on the sign of the Wilson coefficient. Consider first the case Cg > 0.
Here, existing DD constraints from LZ already rule out large values of Cg in the mass region,
which correctly fits the relic density. XLZD will test all the mass region that fits the relic
density. For Cg < 0 the situation is more complicated. Note that here we have coloured
the region excluded (or to be tested) by LZ (XLZD), for an easier comprehension of the
constraints: the white region in the middle of the plot will be left unconstrained even after
XLZD. The rather strange shape of the DD constraint for Cg < 0 can be traced back to a
cancellation between the operator and the gauge contributions to the DD cross section.
Figure 5 shows the results for operator Q3. Here, we show only one plot, because results
for positive and negative Wilson coefficients are identical. For large values of C3 there is a
new solution for explaining the correct relic density that extends to quite large dark matter
masses. In fact, we cut the plot at myo = 15TeV, since myo > A is not allowed in an EFT
calculation, but solutions to fitting Qh? exist for even larger masses (and larger values of A).
DD constraints on this operator are currently rather weak, but XLZD will probe masses up
to myo = 9.5 TeV in the future. H.E.S.S. results formally rule out the low-mass region again,
but allow myo > 7TeV even for the optimistic Einasto profile. CTA will probe all mass regions,
for which Qh? can be correctly fitted, at least for the more favorable dark matter profiles.
Results for O7 are shown in figure 6. Results are independent of the sign of C7, as in
the case of O3, and also the parameter space for fitting the relic density is similar to the one
discussed above for O3. The main difference between O7 and Og is that O7 is also constrained
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Figure 6. Operator O7: relic abundance, direct detection bounds, and indirect detection bounds in
the Wilson coefficient vs. DM mass plane.

by searches of gamma-ray lines (HESS,, in the figure), which excludes the region where the
operator has an impact on the relic abundance (C7 > 7 x 10~!). Considering, additionally,
the bounds from HESSyyy, for this operator the whole region that fits the relic abundance is
excluded by indirect detection (for the case of the Einasto profile). Thus, for Oy a sizeable
contribution of the operator to DM phenomenology is already now disfavoured.

All the figures so far discussed include the effect of Sommerfeld enhancement on the relic
abundance and indirect detection bounds. In figure 7, upper panel, we show for illustration
purposes both results, with and without Sommerfeld effect, for the case Cg > 0. Note that,
the calculation of the Sommerfeld enhancement for our specific case of scalar triplet DM with
zero hypercharge, was done in ref. [21], from where we extracted the enhancement factor. The
plot in the bottom panel of figure 7 shows the case Cg < 0. Note that constraints from H.E.S.S.
again allow only particular mass and Cg ranges (for the Einasto profile). We can see that for
positive Wilson coefficients, there is a region that fits the relic density and is consistent with
current constraints for relatively low DM masses (1.7 TeV < mpo < 2.5TeV and 2 < Cg < 4).
This region is allowed due to interference of this operator with pure gauge interactions and is
not present for negative values of the Wilson coefficient (as can be seen in the bottom panel
in figure 7). Note also that large values of mzo 2 8 TeV remain allowed for both signs of Cg.

Finally, for Oy, figure 8, we can see that the region 2.6 TeV < mqo < 3.5TeV (with
Co ~ 47 x 107!) is consistent with the observed relic density and current constraints. This
region will be probed in the future by CTA and XLZD experiments. Annihilation into pairs
of u or d quarks yields a gamma-ray spectrum similar to that of annihilation into gluon
pairs, while ¢¢ resembles ss, and ZZ is analogous to W~ W™ [48]. For this reason, and
just to give an example, in figure 8, we show also indirect detection limits from CTA; and
HESS,;;, because the gamma-ray spectrum of the bb channel is similar to gg [48], which is
one of the dominant channels in this case.
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Figure 7. Operator Og: relic abundance, direct detection bounds, and indirect detection bounds in
the Wilson coefficient vs. DM mass plane. For the indirect detection bounds (CTAww and HESSyw )
we have included both W™W ™ and ZZ annihilation modes since both are relevant in different mass
ranges and have similar gamma-ray spectra (ZZ becomes important when the contribution of the
operator interferes destructively with the pure gauge interactions.) Upper left: without Sommerfeld
effect. Upper right: including Sommerfeld effect. Bottom: for negative values of the Wilson coefficient.
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Figure 8. Operator Oy: relic abundance, direct detection bounds, and indirect detection bounds in
the Wilson coefficient vs. DM mass plane. Left: for positive values of the Wilson coefficient. Note that
for both XLZD and LZ experiments here are two curves. The allowed region in each case corresponds
to the area between these two curves. Right: for negative values of the Wilson coefficient.

In summary, in this section we have discussed the impact of a set of NRO d = 6 operators
on the relic density of 70, as well as the direct and indirect detection constraints on these
operators. Future indirect detection searches by CTA will provide an important test for
these operators.

6 Conclusions

In this work we explored an extension of the standard model with a scalar triplet dark matter
candidate within an effective field theory, which we denote as TSMEFT, i.e. the “standard
model effective field theory supplemented by a scalar triplet”. We analyzed the effect of
non-renormalizable dimension-6 operators on the DM relic abundance, the constraints on
the parameter space from both direct and indirect detection bounds and the prospects of
testing the model with future experiments.

The inclusion of d = 6 operators can significantly affect the DM phenomenology compared
to the minimal model where only the renormalizable interactions for scalar triplet are
included [20, 21]. d = 6 operators can be classified into two groups: (i) purely bosonic
operators and (ii) operators with fermions. For the bosonic operators we find that the
relic density of the triplet can be changed drastically. Since for these operators the DM
annihilation cross section is proportional to o ~ m2T0 /A*, the operators can completely
dominate the relic density calculation at large values of myo. This allows to reproduce the
experimental value of Qh3%,,, for values of myo in excess of 10 TeV, compared to mqgo ~ 2 TeV
(2.8 TeV) without (including) the Sommerfeld effect in the case of the renormalizable model.
In contrast, operators involving fermions are chirally suppresed, i.e o ~ mfc, and thus
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contribute only subdominantly to the total annihilation cross section, when compared with
the gauge interactions. Fermionic operators therefore are mostly irrelevant for fixing the
relic density of the triplet.

Our main results are summarized in figures 5-8. These figures show the viable parameter
space in the plane DM mass vs Wilson coefficient, C;, for the different operators. The plots
show the parameter combinations that reproduce the observed relic abundance and add
contours for current and future experimental constraints from direct (LZ [6], XLZD [10]) and
indirect detection (H.E.S.S [16, 17], CTA [18, 19]) experiments. All the figures include the
Sommerfeld effect for the relic abundance and the indirect detection bounds.

Current DD bounds from LZ do not yet constrain the parameter space, where the relic
density is correctly fitted, with the exception of Og, for which LZ data provides a significant
upper limit on Cg already. XLZD,!° on the other hand, will provide lower limits on mqo of the
order of nearly O(10) TeV, thus either ruling out large junks of the allowed parameter space or

— formulated more optimistically — find dark matter, if TSMEFT is indeed the correct model.

In contrast, indirect detection provides some important constraints on the model already
with current data. Searches by H.E.S.S in the W+W~, ZZ and bb channels [16] are on the
verge of ruling out the pure renormalizable triplet model for masses that fit Qh? correctly.
Depending on the operator under consideration, H.E.S.S allows still to fit Qh? correctly for
several operators, but mostly for larger triplet masses. The improvements expected in the
not-so-distant future from CTA data, however, especially when combining WTW~/ZZ and
~v channels, should lead to either a discovery of a DM signal or would rule out TSMEFT
as the correct explanation for dark matter.

Let us add a disclaimer. We need to stress again, that we have taken both, the current
ID data and the predictions for future experiments, at face value. Our optimistic conclusions
depend strongly on the assumption that the astrophysics (in particular the assumed dark
matter profiles) that went into the derivation of these limits are correct. Nevertheless, we
think TSMEFT is an attractive framework to explain the observed dark matter, since —
different from many other proposals — it should be possible for future experiments such as
CTA and also XLZD to either discover DM signals or rule out the model completely.
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Name Operator # real parameters -+h.c.?

Ow BT w*B,,T 1 no
Orenr LeprHT 18 yes
OganT QdrHT 18 yes
OquuT @uRHTT 18 yes

Oysyr  HIHTHHT 1 no
Oyers  HYHTTT 1 no
Or2ger  LLHHT 18 yes

Table 2. Operators odd in T in TSMEFT. All operators in this table are d = 5, except the last one
which is d = 6. These operators need to be eliminated, if T" is to be a good DM candidate.

A T-odd operators

In this appendix we give for completeness also the operators that are odd in 7" up to d = 6.
All operators are given in table 2. As in table 1, we specify the fields involved in the operator
and give the parameter counting, without spelling out the generation indices explicitly. If
any of these operators is present in the theory, T" will be unstable.

B Operators for complex T

In this appendix we discuss for completeness also operators up to d = 6 that are non-zero only
if T is assumed to be a complex field. Since T" has hypercharge zero, it can be a self-conjugate
field. We work with this assumption throughout the paper.

However, one could also assume that T' is complex and for that case more Lagrangian
terms are allowed. For example, there are two types of mass terms for a complex 71"

1
mé&|T|? + 577123(T2 +h.c.) (B.1)

Similarly, for the non-renormalizable operators for complex 7" there are many more independent
contractions. For example, the single 70 will become 4 different terms: 76, TTT5 (T]L)2T4
and (TT)3T3. Most of the time, these new operators do not play any significant role for the
dark matter phenomenology of T', but there are three possible exceptions:

Ours = (@uer)(T'D'T),  Opr2 = (dryudr)(TTDPT),  Oyara = (Wiyur)(T1DMT).
(B.2)
These operators, vanishing for real T', do have a non-zero effect on the relic density similar
to Opa2p2 and Ogere2, that we discuss in the main text.

C Tree-level UV completions for TSMEFT operators

In this appendix we give the tree-level decomposition for d = 6 TSMEFT operators with
even number of T. From the 9 operators studied in detail in this paper only the first six
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Name Operator Fields
01 (LyuL)(TD'T)  Viaoa, Vigor Fioie—1, Fiai/e, -1
0o (Q@uQ)(TDIT) Vi, Vizor Fsa1/6-1, Fsa1/6-1
O3  (H'D,H)(TD'T) S1101, 51301, S121/2-1> S1,41/2,-11

Vi1,01s Vigo1 Vigiz, -1, Vigi/e, -1

Table 3. Tree-level decompositions for operators even in T in TSMEFT at d = 6. Fields are given
with their transformation properties under SU(3). x SU(2)r x U(1)y x Z3. The last index indicates
even or odd under Zs. This table gives operators that can be decomposed with one BSM field.

Name  Operator Fields

Oy LegHTT (S1,2,1/2,1551,2,1/2,-1)> (S1,21/2,1551,4,1/2,-1)5 (S1,21/2,1,51,1,01), (S1,2,1/21551,30,1)5
(Firo1/21, Fi21/2,-1)s (Fi21/21, Franye,—1), (Fis1-1,Fi111), (Fi1,-1, Fi311),
(Fi31,-1,Fio1/2,-1)s (F131,-1, Fra1/2,-1), (Fl2,12,1,591,101)s (F1,2,1/2,1,51,3,01),
(F131,-1,512,1/2,-1)s (F1,31,-1,514,1/2,-1)s (F1,1,1,1,51,1.01), (F13.1.1, S1,30,1)s
(Fio1/2,-1:512,172.-1):(Fran/2,-1:S141/2,-1)s S12,1/2.1
Os  QdrHTT (S1,2,1/2,1,51,2,1/2,-1)5 (S1,2,1/2,15 S1.4,1/2,-1)5 (S1,2,1/2,1,51,1,0.1) (S1,2,1/2,1,51,3,0,1)5
(Fs2,1/6,15 F32,1/6,-1), (F32,176,1, F3.4,1/6,-1), (F33,173,-1, F3,1,1/31)s (F33,173, -1, F3.3,1/3,1)s
(F33,173,-1: F321/6,-1)s (F33,1/3,-1, 34,176, 1), (F32,1/6,1551,1,0,1)s (F32,1/6,15 51,3,0,1);
(F33,1/3,-1:51,2,1/2,-1)s (F33,1/3,-1:S1,41/2,-1)s (F3,1,1/3,1:51,1,01)s (F3.3,1/3,1,51,3,0,1)
(F3,2,1/6,-1:51,2,1/2,-1)+(F3.4,1/6,-1, S1.4,1/2,-1)s S1,21/2,1
Os  QupH'TT (S1,2,1/2,1551,2,1/2,-1)> (S1,21/2,1551,4,1/2,-1)5 (S1,21/2,1,51,1,01), (S1,2,1/21551,30,1)5
(F32,1/6,15 F3.2,176,-1)s (F2,1/6,15 F34,1/6,-1)s (F3.3.2/3,-1, F312/3.1)s (F3,3,2/3,-1, F3.3.2/3,1),
(F332/3-1,F32.1/6-1)s (F332/3,-1, F3.4,176-1)s (F3,1,2/3,1,51,1,0,1), (F3,1,2/3,1, 51,3,0,1)s
(F32,1/6-1,51,21/2,—1)> (F32,1/6,—1,S1,41/2,—1)> (F3.2,1/6,1,51,1,01)s (F3,4,1/6,1,51,30,1),
(Fs32/3,-1551,21/2,—1)5(F3.3,2/3,-1,S1,4,1/2,—1)> S1,2,1/2,1

Table 4. Tree-level decompositions for operators even in 7" in TSMEFT at d = 6: Yukawa-like
operators. This table gives operators that need two BSM fields, except for the last decomposition
corresponding to diagram in the bottom right of figure 9.

operators given in table 1 can be decomposed at tree-level. The remaining three operators,
O7 — Oy, can be decomposed only at 1-loop.

Table 3 gives the decompositions for O; — Q3. These operators can be decomposed
adding only one additional BSM field. The table indicates whether the internal field in the
diagram is a vector (V') or fermion (F') and the transformation properties under the SM
gauge group. Also, depending on the decomposition the internal particle needs to be either
odd or even under a Zo, this is given as —1 or 1 in the last index of the field.

Table 4 gives the decompositions for operators Oy — Og. As can be seen from figure 9,
there are four possible diagrams for these “Yukawa-like” operators and all except the last
diagram need two BSM fields to generate the operator.

Data Availability Statement. This article has no associated data or the data will not
be deposited.
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Figure 9. Diagrams for the decomposition of operators O; — Og. Top line: O 2; 2nd line: Os. The
bottom two lines are for O4 — Og. Here, three diagrams need two different BSM fields.

Code Availability Statement. This article has no associated code or the code will not
be deposited.

Open Access. This article is distributed under the terms of the Creative Commons Attri-
bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.
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