PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: May 31, 2022
REVISED: August 12, 2022
ACCEPTED: September 7, 2022
PUBLISHED: September 21, 2022

Distinctive signals of frustrated dark matter

Linda M. Carpenter,®’ Taylor Murphy®® and Tim M. P. Tait¢
@ Department of Physics, The Ohio State University,
191 West Woodruff Avenue, Columbus, OH 43210, U.S.A.

bCenter for Cosmology and Astroparticle Physics (CCAPP), The Ohio State University,
191 West Woodruff Avenue, Columbus, OH 43210, U.S.A.

¢ Department of Physics and Astronomy, University of California, Irvine,
Irvine, CA 92697, U.S.A.

E-mail: 1mc@physics.osu.edu, murphy.1573Qosu.edu, ttait@uci.edu

ABSTRACT: We study a renormalizable model of Dirac fermion dark matter (DM) that
communicates with the Standard Model (SM) through a pair of mediators — one scalar, one
fermion — in the representation (6,1, %) of the SM gauge group SU(3). x SU(2)r, x U(1)y.
While such assignments preclude direct coupling of the dark matter to the Standard Model
at tree level, we examine the many effective operators generated at one-loop order when
the mediators are heavy, and find that they are often phenomenologically relevant. We
reinterpret dijet and pair-produced resonance and jets + ERSS searches at the Large Hadron
Collider (LHC) in order to constrain the mediator sector, and we examine an array of
DM constraints ranging from the observed relic density €, h%,,, 4 to indirect and direct
searches for dark matter. Tree-level annihilation, available for DM masses starting at the
TeV scale, is required in order to produce QXh%lanck through freeze-out, but loops — led
by the dimension-five DM magnetic dipole moment — are nonetheless able to produce
signals large enough to be constrained, particularly by the XENONI1T experiment. In
some benchmarks, we find a fair amount of parameter space left open by experiment and
compatible with freeze-out. In other scenarios, however, the open space is quite small,
suggesting a need for further model-building and/or non-standard cosmologies.
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1 Introduction

Despite a wealth of evidence that it comprises around eighty-five percent of the matter in the
Universe [1-3], the nature of dark matter (DM) remains unknown. The hypothesis that dark
matter is composed of particles has generated an enormous body of work in an attempt to
characterize and discover those particles [4]. Experimentally, particle dark matter has been
targeted in a variety of ways, ranging from searches for DM produced invisibly at terrestrial
particle colliders [5] to direct searches for DM interacting with nuclei [6-8] and indirect
searches for visible signatures of cosmic DM annihilation [9-11]. In the absence of any



definitive signal of physics beyond the Standard Model (bSM), this large and multifaceted
experimental effort has excluded large swaths of parameter space for dark matter candidates
in many popular frameworks.

For their part, theorists have offered a plethora of extensions of the Standard Model (SM)
that include one or more DM candidates. Some of these models, including supersymmetric
models, are fairly complete — at least to scales far above the weak scale — but often
suffer from very high-dimensional parameter spaces. Effective field theories (EFTs), by
ignoring microscopic details, offer a more model-independent approach [12-15]. Models of
this class can parametrize a variety of DM couplings to the SM generated by heavy fields
that are integrated out, leaving behind a low-energy description in terms of a universal
set of non-renormalizable interactions. However, the large collision energies of the LHC
imply that for many theories of interest the mediators are directly accessible, requiring that
they be directly included. An increasingly popular compromise is furnished by simplified
models [16], which specify the microscopic interactions relevant to the DM candidate(s)
while remaining agnostic about any other bSM physics, including the full ultraviolet (UV)
completion. Such models trade the versatility of EFTs for superior detail and applicability
up to higher energy scales. As there naturally exists a large array of gauge-invariant and
renormalizable UV completions, even after decades of work there remains a vast landscape
ripe for theoretical and experimental exploration.

We examine a family of simplified models that generate a wide variety of couplings
between dark matter and the visible sector at one-loop order. In these models, the dark
matter is a Dirac fermion x transforming as a singlet under the SM gauge group, and all
mediator fields coupling both to x and to SM fields carry SM gauge charges that preclude
renormalizable gauge-invariant interactions between the dark matter and any SM fermion.
These models therefore require a pair of mediators, one scalar ¢ and one Dirac fermion 1,
in order to construct gauge- and Lorentz-invariant interactions between the dark matter
and the Standard Model. For a variety of gauge assignments, one or both of the mediators
may have renormalizable interactions with the SM, but the dark matter itself interacts
directly with the SM only at loop level. This simple framework captures a general class of
possibilities in which the mediator sector is charged under the SM, but the interactions
of the dark matter are frustrated in the sense that the specific mediator assignments
preclude its tree level interaction with the SM. It is a flexible framework, emblematic of a
situation that one can easily imagine descending from a more fundamental UV theory, and
produces phenomenology that is rich (able to be explored using the tools of astrophysics
and elementary particle physics) and highly sensitive to the details determining how each
mediator interacts with the SM. In this work, we consider one particular renormalizable
realization of this model framework wherein the mediators are SU(3). sextets and (only) the
scalar couples to SM quarks. We identify a multitude of important signatures of this model
and explore its parameter space in light of both terrestrial and astrophysical experiments.

This paper is organized as follows. In section 2, we introduce the model, giving
particular attention to the hypercharged color-sextet mediator sector. Our phenomenological
investigation begins in section 3 with a survey of LHC searches for dijet resonances, both
singly and pair produced, and for jets accompanied by missing transverse energy (EEFiSS); we



chiefly use these to find open parameter space for the mediators, though some constraints
can already be imposed on the dark matter here. After choosing several benchmark points
in the mediator parameter space, we explore in section 4 the characteristic sizes and
physical consequences of the many effective operators generated by integrating out the
heavy mediators. We finally turn to the dark matter in section 5, exploring cosmological
and astrophysical constraints to see what parameter space satisfies the traditional dark
matter observables. We draw conclusions and consider future work in section 6.

2 Dark matter with bipartite mediators

We consider a family of models featuring Dirac dark matter, which is a Standard Model
singlet, coupled to a pair of mediators, each carrying color and hypercharge, schematically
of the form

SM <— mediators {SO (sc?,lar)} +— DM ¥,
¥ (Dirac)

where the mediators carry both color and hypercharge. While this family of models includes
realizations with mediators carrying SU(2)y, (weak isospin), we set these aside and consider
weak singlets only. As discussed below, we specialize to the case of mediators transforming
in the six-dimensional (sextet, 6) representation of SU(3).. With this gauge assignment,
two mediators are necessary in order to construct renormalizable and Lorentz-invariant
interactions with the singlet fermion dark matter. The choice of their weak hypercharge Y,
meanwhile, crucially determines the allowed decays and experimental signatures; we also
discuss this further below. More concretely,

L= Lsm + Limed + Ly,
where Lgy is the Standard Model Lagrangian density;
Lued = (D) (DFp)s — mp™ s + 03 (1D — my)ibs + Laccay (2.1)
governs the mediators; and
Ly =X (i = my) X + vy (x5 + Hee.) (2.2)

describes the dark matter and its interaction with the mediator pair. In (2.1), the gauge-
covariant derivative D acting on a generic field O of hypercharge Y and SU(3). represen-
tation r with indices {s,t} is given by!

(D*0), = [DM, O = [(0" —ig1Y B*) 5, — igs [t£])," gl] O (2.3)

In order to guarantee that y is the only stable DM particle, we impose a Zo symmetry
under which x and one of the mediators is odd and everything else is even, and we insist
that the Zs-odd mediator be heavier than x.

'"Here g1 and g3 are the weak hypercharge and strong couplings, g is a gluon field, and [t¢],*, with
a€{l,...,8} and {s,t} € {1,..., N;}, are the generators of the NN,-dimensional representation r of SU(3).
We normalize weak hypercharge so that the Gell-Mann-Nishijima relation is Q = ¢> + Y.



Field Description SU(3). x SU(2)1, x U(1)y representation | Couples to SM?

X Dark matter (1,1,0)

© Scalar mediator v
(63 1a %)

P Dirac mediator

Table 1. Novel field content in renormalizable model of Dirac dark matter investigated in this work.
In this specific scheme, only ¢ couples directly to SM fields at tree level.

The form of Lgecay, Which determines how the mediators decay into SM particles,
depends on the mediators’ SU(3). x U(1)y representations and Zs parities. We recently
undertook a comprehensive study of color-sextet Dirac fermion and scalar interactions
with Standard Model fields [17] in which we identified many Lorentz- and gauge-invariant
operators of mass dimension seven and below for both sextet species. Many of these are
non-renormalizable operators that are straightforwardly generated from minimal ultraviolet
completions and would be worthy candidates for the present investigation. But there is
only one dimension-four operator; namely,

Laccay = MK oG riqry; + He.  with g € {u,d}, (2.4)

which couples a color-sextet scalar to a pair of right-chiral quarks, and has been previously
studied in the literature [18-20]. Its size is controlled by couplings Ar; in generation
space (I,J € {1,2,3}), and gauge invariance is ensured by the presence of the generalized
Clebsch-Gordan coefficients K, where now (and going forward) s € {1,...,6} is an SU(3).
sextet index and 4,j € {1,2,3} are the quark color (SU(3). fundamental) indices.? It is
important to note that, in a model with a single type of sextet scalar, only one kind of
coupling — uu, ud, or dd — exists, as determined by the sextet hypercharge assignment.

The operator (2.4) offers an attractive building block to complete the mediator sector
by introducing renormalizable mediator couplings to quarks, which dramatically enriches
the phenomenology. We thus focus on models with a Zs-odd sextet fermion and a Zs-even
sextet scalar coupled to quarks by some variant of (2.4). For definiteness, we choose to
study mediators coupling to up-type quarks and therefore assign weak hypercharge Y = 4/3
to our sextet mediators. The quantum numbers of all novel fields in this particular model
are listed in table 1. In the interest of simplicity, we restrict the couplings A;; to be real,
but we remain agnostic at this stage about the specific texture of A;;. We discuss various
schemes in our phenomenological study below.

We implement this model in version 2.3.43 of the FEYNRULES [21, 22] package for
MATHEMATICA® version 12.0 [23], which we use to generate model files suitable for analytic
computations and Monte Carlo simulations at leading order (LO) in the gauge couplings.
In the former category, we employ version 3.11 of the MATHEMATICA package FEYNARTS
to construct a variety of amplitudes at one-loop order. We pass the resultant amplitudes to

2The Hermitian conjugates of these objects are denoted by K Sij. Compendia of technical details about
these group-theoretical objects are available [17, 19].



Figure 1. Tree-level diagram mediated by a color-sextet scalar contributing to D°-D® mixing.
(Diagram is drawn with external color-conjugate quarks to show correct flow of fermion number;
this process is equivalent to uc — uc).

FEYNCALC version 9.3.0 for symbolic evaluation including Passarino-Veltman reduction of
tensor loop integrals and algebraic simplification [24-26]. In some cases we use PACKAGE-X
version 2.1.1 [27] via FEYNHELPERS version 1.3.0 [28] to aid in these tasks. For Monte
Carlo event generation and to validate some analytic and semi-analytic results, we produce
a model in the Universal FeynRules Output (UFO) format [29] used as input for MAD-
GRAPHS5_AMC@NLO (MG5_AMC) version 3.3.1 [30, 31] and some tools based on that
framework (viz. section 5).

3 Constraints on mediators

In this section, we analyze the allowed parameter space for the color-sextet mediators
in light of constraints from the LHC. The color-sextet scalar is subject to important
constraints both from LHC searches for color-charged resonances and low-energy constraints
on neutral meson mixing associated with flavor-changing neutral currents. The color-sextet
fermion decays into the dark matter, resulting in collider signatures involving missing
transverse momentum.

3.1 Constraints on the color-sextet scalar

We begin with the scalar mediator, which (viz. section 2) is a close cousin to the Y =4/3
sextet diquark cataloged in [17] — albeit with different charge and couplings than the
sextets highlighted in the latter section of that work — and studied more intensely in [19].
The purpose of this discussion, relative to those works, is to summarize indirect constraints
on such sextets from searches for flavor-changing neutral currents, to significantly update
the direct limits from searches for light dijets by leveraging the LHC Run 2 dataset, and to
contrast those new bounds with limits from searches for dijet pairs, which naturally offer a
complementary probe of these scalars.

3.1.1 DY-D° mixing

The tightest limits on the couplings of the sextet scalar to quarks, A;y are from searches for
flavor-changing neutral currents (FCNCs), which are observed to be (consistent with SM
expectations) exceedingly small [32], but can be enhanced by a color-sextet scalar coupling
to up-type quarks [33]. The most important potential FCNC enhancement is at tree level for
DO-DO mixing as displayed in figure 1. There are additional box diagrams which contribute



at next-to-leading order, but these diagrams vanish for diagonal sextet-quark couplings.
The tree-level diagram, on the other hand, is proportional to Aj;A2s. A recent analysis
imposes a limit on this product of couplings [34]:

2 -7 [ My ?
()\11)\22) < 9.3 x 10 (Te\/) . (3.1)
This is an extraordinarily stringent constraint that applies to any scenario with non-vanishing
A1 and Agg. For example, this constraint forbids A1 = Aao > 5.8 x 107 for a 600 GeV
sextet scalar with democratic coupling to up and charm quarks, A1 = Aog. Couplings so
small would render single scalar production unobservable and obviate constraints from
dijet-resonance searches (see below).

Larger couplings can be viable if one assumes they have appropriate flavor structure.
For example, invoking minimal flavor violation (MFV) [35-37] by promoting the color-
sextet fields to a set of flavor bi-triplets under quark-flavor symmetry group SU(3)¢g, X
SU(3)ug % SU(3)4, forbids tree-level DO-D® mixing. Another option is to consider a flavor
texture with Aoo = 0; i.e., forbidding couplings to charm quarks, which removes the FCNC
constraint on Aj;. For the present purposes, we investigate this second option, and relegate
a comprehensive investigation of an MFV scenario to future work.

3.1.2 LHC searches

Color-sextet scalars can be copiously produced at hadron colliders both singly and in
pairs [17-20] (see figure 2). The rate for pair production, mostly due to gluon fusion
(99 — gngo), is dominantly controlled by the gauge coupling, and is thus independent of
the sextets’ hypercharge Y. Single production, on the other hand, proceeds purely via
quark-antiquark (¢q) annihilation due to (2.4), and is thus more model-dependent. Since
we choose Y = 4/3, only up-type quark annihilation contributes. Moreover, our simplifying
choice of a flavor-diagonal sextet-quark coupling A7y, I € {1,2,3}, restricts us further to uu
and cc initial states. Once produced and under the assumption that Aes = 0, they typically
decay into a pair of up- or top-quarks. We therefore focus on the four processes

pp — plp — wuuu () and pp — © — uu (tt).

Mixed processes such as pp — ' — wutt, are also possible, but have received less attention
from the LHC experimental collaborations.

Pair production followed by decays to light quarks [38, 39] is most stringently constrained
by the CMS search CMS-EXO-17-021, which looks for pair-produced resonances decaying to
pairs of light (non-top) quarks using 35.9 fb~! of pp collisions at /s = 13 TeV at the LHC [38)].
The search is divided into two regimes of putative resonance mass: myes € [80,400) GeV,
where the resonances are typically highly boosted, and their decay products reconstruct as
a single jet, and myes € (400, 1500] GeV, for which all four final-state quarks are typically
reconstructed separately. No excess is found relative to Standard Model expectations, and
CMS places bounds on a supersymmetric model in which pair-produced scalar top quarks
(stops) each decay to a like-sign quark pair (f — ¢¢’) via the R-parity-violating coupling
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Figure 2. (a) Pair and (b) single production of a color-sextet scalar at LHC. The scalar decays
to an up-type quark pair grqr (assuming Y = 4/3 for the sextet and flavor-diagonal A;; in (2.4))
if my > 2my,.
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Figure 3. Limits on sextet scalar pair production from CMS-EX0-17-021, a search at /s = 13 TeV
for pair-produced resonances decaying to light quarks. Displayed in purple is o(pp — ¢! — vuui)
for )\11 = 0.5, /\33 =0.1.

419. As the kinematic structure of this process is identical to that of the sextet scalar pair
production, we translate these limits by appropriately rescaling the cross section.

The results of this simple reinterpretation are displayed in figure 3. Figure 3 displays
the leading order cross section for sextet scalar pair production followed by decays to
up quarks, o(pp — olo — uuuu), for \;3 = 0.5 and A3z = 0.1 using MG5_AMC with
NNPDF 2.3 LO parton distribution functions [40], and renormalization and factorization
scales set to the mass of the sextet scalar. For this benchmark, the sextet pair cross section
is about an order of magnitude larger than the stop pair — a consequence of the larger
sextet color factor. We find an observed (expected) 95% confidence level (CL) [41] lower
limit on m,, of 973 (981) GeV. This limit has some dependence on both A;; and Ag3 through
their impact on the total decay width and individual branching fractions. To illustrate this,
we show in the left panel of figure 4 the 95% CL upper limits in the (m.,, A1) plane® for
two representative choices of A33. Evident from the figure, the upper bound on Aq; relax as

¥We compute cross sections for A\1; € {0.01,0.05,0.1,0.5,1} in MG5_AMC, and interpolate between
these values.
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Figure 4. Limits on sextet scalar pair production from (left) CMS-EXO-17-021 and (right) CMS-
TOP-18-003. Left panel shows limits on \y; via o(pp — @' — uuiu) for two fixed values of Az3;
right panel displays the opposite via o(pp — ¢l — tttt).

A3 (and hence the branching fraction BF(¢ — tt)) rises. The feature at m, ~ 400 GeV for
Ag3 = 0.25 is due to the branching fraction to uu approaching unity below the tt threshold.
For masses above ~1TeV, essentially any perturbative value of A1; is allowed.

The right panel of figure 4 displays the allowed region of the (m, As3) plane derived
from the analogous CMS search CMS-TOP-18-003 for the production of four top quarks
(tttt) using 137fb~! at /s = 13TeV [42] (a similar ATLAS search [43] is currently less
constraining). This search performs both a cut-based and a boosted decision tree (BDT)
analysis on semi-leptonic (two or more leptons and jets) final states; the BDT analysis finds
evidence for the target process with observed (expected) significance of 2.6 (2.7) standard
deviations above background. A maximum-likelihood fit performed within the BDT analysis
produces a measured cross section of o (pp — tttt) = 12.6725 fb, which is consistent with
the Standard Model prediction of oy (pp — tttt) = 12.01’%% fb at next-to-leading order
(NLO) [44], allowing CMS to place a 95% CL upper limit on beyond-the-Standard Model
contributions greater than about 10 fb.

Since none of the model frameworks considered in CMS-TOP-18-003 are direct analogs
to pp — i@ — tttt, we derive bounds based on the limit on the inclusive cross section, using
the reimplementation [45] of the cut-based analysis of CMS-TOP-18-003 in MADANALYSIS 5
(MA5) version 1.9.20 [46], a framework designed to emulate LHC analyses for application
to (in principle) any bSM theory [47, 48]. This implementation of CMS-TOP-18-003
is available on the MADANALYSIS 5 Public Analysis Database (PAD) [49]. We supply
a set of eleven samples of 10* pp — ¢Tp — tttt events generated in MG5_AMC for
my € [600,...,1500] GeV in intervals of 100 GeV (including parton shower matching and
hadronization via PYTHIA 8 version 8.244 [50]) as input. These samples are passed by
MADANALYSIS 5 to DELPHES 3 version 3.4.2 [51, 52] and FASTJET version 3.3.3 [53], which
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Figure 5. Limits on single scalar sextet production from CMS-EX0-16-056, a search at /s = 13 TeV
for dijet resonances decaying to light quarks. Displayed in purple (pink) is o(pp — ¢ — wu) for
A11 = 0.125, A3 = 0.75 (A1 = A3z = 0.1).

respectively model the response of the CMS detector and perform object reconstruction.*
MAS5 computes the acceptances of the reconstructed events and determines the 95% CL
upper limit on the number of signal events, given the numbers of expected and observed
background events. We map these limits onto the right panel of figure 4, by computing a
range of o(pp — ¢ — tttt) in much the same way as described for pair-produced scalars
decaying to up quarks. We find that above about 1200 GeV, there is essentially no bound
on the coupling strengths.

Constraints on single production can be derived from searches for dijet resonances [54—
56]. The CMS search CMS-EXO-16-056 uses up to 36 b~ of \/s = 13 TeV data [54], with
a low-mass regime, myes € [0.6,1.6) TeV, relevant for resonances decaying into pairs of light
quarks which are reconstructed at the trigger level using data from the CMS calorimeter.
No excess is observed, and 95% CL upper limits on the production cross sections of narrow
resonances are interpreted in the context of a scalar diquark decaying to ¢qq [57] (among
others). This simplified model has kinematic structure identical to that of single sextet scalar
production, and constraints can be inferred by rescaling the cross section. In figure 5, we
contrast the 95% CL upper limit on the cross section for a dijet resonance from CMS-EXO-
16-056 with two predictions for o(pp — ¢ — wu) computed by MG5_AMC corresponding
to two choices of A1 and As3 selected to bracket the CMS bound.” Unsurprisingly, the
cross section is highly sensitive to A11, while more flat with respect to the scalar mass,
as single production probes the PDFs at significantly lower parton x. The role of Ass,
the coupling to top quarks, should not be overlooked: we see in figure 5 that the cross
section with A1; = 0.125 is smaller than for A1; = 0.1 because the larger \33 gives ¢ — tt a
much larger branching fraction. On that note, the top-quark process pp — ¢ — tt can in

4The public implementation of CMS-TOP-18-003 contains a DELPHES card optimized for this analysis.
5To be conservative, we do not include the K factor onro/oLo =~ 1.2 computed for the uw initial state
and m, ~TeV in [19].



Figure 6. Pair production of a Zs-odd color-sextet fermion (blue) at LHC. Each fermion can decay
to the dark matter and (through the sextet scalar) two quarks, generating a jets + ERS signature,
provided that my > m, + 2my,.

principle be bounded by searches for resonances decaying into same-sign top pairs. However,
CERN-PH-EP-2012-020, a search by the ATLAS Collaboration, is the only search on record
explicitly targeting this final state [58]. Because of its small luminosity and collision energy
(£ =1.04fb~1 at \/s = 7TeV), it is considerably less impactful than the Run 2 searches,
and does not impose additional constraints on the parameter space. An updated analysis
using similar techniques would likely provide useful bounds on Ass.

3.2 Constraints on the color-sextet fermion

The fermionic mediator 1 is Zs-odd and heavier than the dark matter x. It can be pair-
produced at colliders through its SU(3). gauge interaction, but is otherwise markedly
different from the color-sextet fermions cataloged in [17] since those couple directly to
Standard Model fields and this sextet does not. Instead, it decays into x plus two quarks
(via an intermediate on- or off-shell ¢), leading to LHC signatures containing hard jets and
missing transverse momentum (E%liss), as shown schematically in figure 6. This process is
reminiscent of gluino pair production followed by decays to an neutralino and quarks via
a (possibly off-shell) squark; e.g., pp — §g — 2 x (¢q + X°), which produces jets + EXss.
There exist a pair of Run 2 searches targeting gluinos: ATLAS-CONF-2019-040 [59] (for
light jets and EM based on 139 fb~') and CMS-SUS-16-033 [60] (for multijet events with
ErT]fliSS using 35.9 fb_l). Neither search finds a significant excess, and both thus place 95%
CL limits on the allowed parameter space of the gluino and neutralino masses, under the
assumption that the gluinos are pair-produced via the strong interaction. These searches can
be reinterpreted to place bounds on our model parameter space and have been implemented
in MADANALYSIS 5.

We simulate 10* sextet fermion pair-production events followed by decays to quarks
and dark matter, pp — ¥ — qqx + Gy, at LO, for each of about eighty points in the
(M, my) plane separated in 100 GeV intervals, for each ¢ € {u,t}. Additional points have
been added where finer detail is desired, such as at kinematic thresholds. We choose the
sextet scalar-quark couplings A;; = 0.125 and 33 = 0.75.6 Much as was done for the

SWe fix me = 1.15TeV, at the lower bound of the what is allowed, and y, = 1.0. The inclusive cross
sections are relatively insensitive to this choice, but the kinematic distributions are not.

~10 -
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Figure 7. Limits on sextet fermion pair production from ATLAS-CONF-2019-040, a search at
Vs =13TeV (139 fb_l) for gluinos in final states with jets and missing transverse momentum; and
from CMS-SUS-16-033, a similar search (35.9 fb_l) for supersymmetry in multijet events with missing
transverse momentum. First search targets light jets; second search encompasses heavy-flavor jets
as seen from top quarks. Cross sections are computed for m,, = 1.15TeV, A1; = 0.125, A33 = 0.75.

scalar mediator, we pass the Monte Carlo samples to MADANALYSIS 5 to be analyzed in
the context of the publicly available reimplementations [61-63] of ATLAS-CONF-2019-040
and CMS-SUS-16-033.

The results of these reinterpretations are displayed in figure 7, which shows the strongest
observed and expected lower limits at 95% CL from the pair of analyses at each point
in the (my, my) plane, in addition to the observed upper limit at 95% CL on the cross
section imposed by whichever analysis is most stringent at each point. The 1 branching
fraction to tt + y rises quickly to almost unity once that channel is open, and thus ATLAS-
CONF-2019-040, which is sensitive to light quarks, provides the most stringent limit when
decays to top quarks are not open, whereas CMS-SUS-16-033 is more restrictive when it is.
At the interface, there is a cleft near the ¢t threshold where neither search can rule out a
~1.0 TeV sextet fermion, which could perhaps be filled in by a search targeting a mixed
scenario, pp — Y1 — uux + tty, etc. We observe that masses above my, = 1.65TeV are
unconstrained, with even lighter choices of m,, permitted for heavier dark matter.

While it is difficult to explore every scenario, these searches illustrate the allowed
regions of parameter space for the mediators, and suggest benchmarks not already excluded.
After synthesizing the bounds from FCNC constraints and the LHC, we conclude that
color-sextet scalars with masses my, ~ 1.0 TeV and couplings to quarks between 0.1 and 1
are allowed. Moderately heavier sextet scalars are viable for a wide variety of dark matter
masses. For the phenomenological investigation in the remainder of this work, we select the
set of benchmarks displayed in table 2. These benchmarks are distinguished principally by
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my range [GeV] | my, [GeV] | my [GeV] || Ain | As3
BP1 (0,1600) 1600
BP2 (0,2000) 1150 2000 || 0.125 | 0.75
BP3 (0, 5000) 5000

Table 2. Benchmark points for dark matter in models with color-sextet mediators consistent
with LHC and FCNC constraints. The sextet-DM Yukawa coupling y, is permitted to vary in
all benchmarks.

X 1% X c,rr’“'ﬁv X 1% X 1%
X v X etV X IR W X v

Figure 8. Representative diagrams for loop-induced dark matter annihilation to electrically neutral
SM gauge bosons, yx — VV.

-

the mass of the sextet fermion, which in turn controls the maximum DM mass. Our first
benchmark, BP1, approaches the edge of the current LHC limits on both the sextet scalar
and the fermion. The other two, BP2 and BP3, back away from the jets + EMS limits to
produce a larger parameter space for the dark matter.

4 Dark matter loop interactions with the Standard Model

The gauge assignments of the mediators forbid direct tree-level coupling between the dark
matter and the SM. Nevertheless, there are important interactions that arise at one loop,
which in the limit of heavy mediators can be described using effective field theory. In this
section we estimate the Wilson coefficients for potentially important DM-SM interactions
and discuss the physical processes to which they contribute.

4.1 Rayleigh operators

At one loop, the mediators induce effective interactions between pairs of the dark matter and
pairs of gluons and hypercharge bosons. Representative diagrams are displayed in figure 8.
In the limit in which the dark matter is far lighter than either mediator, the external energy
scales are all much smaller than the characteristic momenta inside the loop, and these
interactions map onto a variety of non-renormalizable operators. The most relevant for the
DM relic density, indirect detection, and direct detection are the Rayleigh operators,

Eg{ﬁ = As XX B B" +iXp )275X BW,B’“’ +rs XX tr G GMY +ikp 275)( tr GW@W (4.1)
with traces over SU(3). adjoint indices, and the twist-two gluon operators,

L = 01 010" Y G2 + 02 X 10410 x G2 (4.2)
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Figure 9. Unique diagram for loop-induced dark matter annihilation to quarks, xx — ¢q. Note
the color-conjugated quark ¢¢ in the loop.

with

1 a
g,(ﬁ,) =tr G/J,pGpV + Z"?;u/ GOZBG 8 > (43)

and where AILBY} = ALBY 4 AYBF.
We extract the Wilson coefficients Ag, Ap, ks, kp, 01, 02 in the limit of light DM by

evaluating the one loop amplitudes for xx — gg and xx — BB at the point in phase space

2 _
X

match onto the coefficients of the operators (4.1) and (4.2). To lowest non-vanishing order,

where the Mandelstam invariants” satisfy ¢t = v = m 5/2, and expand in s and m, to

aq Z/i
As = oo
Wmlz,mg)
dag yi
5 = 06 tmgm
memv
Ap = Fip = 0,
5a3 o 1 2 2 20 ™
—_ —— —_— 17
01 487Tyxma(m?0—m?p)2 lmw m¢+m¢nm?0 )
and ng%gfL 3(m4—m4)+(m4—|—4m2m2+m4>lnmgp (4.4)
127 7% (my, — my)® 2 ¥ ¥ e Y m2 ' :

The factor of five appearing in the Wilson coefficients for gluon operators can be traced to
the normalization of the generators t§ of the six-dimensional representation of SU(3) [17, 19]:

)
trdtl = iaab. (4.5)

While we have elected to include the twist-two coefficients for completeness, we find
their contributions to all relevant processes to be negligible, as expected based on naive

power-counting.

4.2 DM couplings to up-type quarks

There is an unavoidable coupling induced at one-loop order between the DM and up-type
quarks resulting from the diagram of figure 9 via the coupling of the scalar mediator in (2.4).
At low energies, the most important effective interactions are the dimension-six operators

£ = vir [0 (@ryeun) + (") (@) |, 1€ {1,3}, (4.6)

Ts = (k1 +k2)? t = (k1 —p1)?, and u = (k1 — p2)?, with k1, k2 incoming momenta and p;, pe outgoing.
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Figure 10. Diagrams generating a interaction between dark matter and a photon at one loop.

Dark matter magnetic dipole moment

0.001 . .
SM electron, (g, — 2)/2 = €2 /87>
o 107
=
5 -5 —
T} 10 Yx = VAT
g
2 -6
2 10 y, = 1.0
1 -7
0 y, = 0.3

200 400 600 800 1000 1200 1400
m,, [GeV]

Figure 11. One-loop dark matter magnetic dipole moment in benchmark BP1 (m, = 1.15 TeV and
my = 1.6 TeV) for y, € {0.3,1.0,v/4r}. The corresponding result for the electron [64, 65] is shown
for reference.

where we expand the projector PR o< 1 4+ ~°. We extract the Wilson coefficients ¢7; in much
the same way as the gauge-boson coefficients, expanding in small s, m, and m, (assuming
flavor diagonality in (2.4), so the final state is always a same-flavor pair) and matching onto
the amplitude associated with (4.6). To lowest order,

2 2
L = 10
2 (4m)2 mymy,

(4.7)

for each final state u;u;. While potentially suppressed for small A\;;, these dimension-six
operators may nonetheless dominate over the higher dimensional operators of (4.1), and
can play a relevant role in rate of dark matter annihilation to the ua and tt final states.

4.3 Electroweak form factors

At one loop there are contributions to dimension-five and -six electroweak multipole-moment
operators (see figure 10), which can be important for phenomenology:

. 1 ) 1
L8 = A1 xv"Xx 0" By + 7 A2 X0 X Buy + As x99 x 0" By + 7 A4ixo"y°X B,
(4.8)
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Figure 12. Tree-level diagram for dark matter annihilation. Zs-odd fields are indicated by blue
lines and labels.

where o = %[fy“,yy |. The charge-radius operator coefficient A; and magnetic dipole
moment As are CP-even and generic (perhaps even unavoidable) in models with charged
mediators and Dirac dark matter. The anapole moment Az and electric dipole moment A4
are CP-odd, and are not generated by minimal implementations of this mediator sector
such as the one we consider.

The Wilson coefficients A; and Ay are computed for arbitrary momentum transfer
in (A.6) and (A.7) of appendix A. In the limit my, ~ my = M > m, and ¢* ~ 4mi,
relevant for dark matter annihilation with heavy mediators,

g1y 1
(4m)* M-
(4.9

g1yy 1 2 2
X — A5 —
(4)? — and As (q — 4mx) = A5 =

A (q2—>4m§<>zA§:i i

)

For non-relativistic scattering with nuclei, the limit p; ~ pa (¢> — 0) is more appropriate:

lim A; <q2> =0 and Ag <q2 — O) = Al = glyi 1 (4.10)

1
20 CAn)? M

Note that Aj and A coincide to O(m, /M) but differ at higher orders. In figure 11, we
display the exact value of one-loop magnetic dipole moment of the DM,

1 1 )
S = g4mx cos Oy, X As (q — 0) , (4.11)

in our first benchmark (BP1, m, = 1.15 TeV and my, = 1.6 TeV) for three illustrative values
of y,. We reiterate that the full results displayed in figure 11 can be found in appendix A.

5 Dark matter phenomenology

In this section, we explore the parameter space of m, and y,, the mass and coupling to the
mediators of the dark matter, in light of current constraints and future prospects for its
detection in direct and indirect searches. We also identify the regions of parameter space
for which the relic density Qxh2 matches observations, assuming a standard cosmological
history during its freeze out.
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Figure 13. Loop-level contributions to dark matter annihilation into (a) SM fermions f (depending
on the mediating boson), and (b) annihilation directly to pairs of bosons.

5.1 Non-relativistic annihilation

Dark matter annihilation is a key process that controls both its freeze out in the early
Universe and potential indirect signals. At tree level, pairs of dark matter particles
can annihilate into pairs of the scalar mediator, which will predominantly be on-shell if
my < m,. The scalar mediators each result in a pair of right-chiral up-type quarks, leading
to a four-quark final state as displayed in figure 12. These tree-level process(es) dominate
annihilation for m, 2 mg, and also for a sizable range of m, below m,. Below the ¢
threshold, contributions to annihilation from loop-level processes enabled by the interactions
discussed in section 4 can be very significant, and allow for annihilation into a pair of fermion
or a pair of gauge bosons vy, vZ, ZZ, and gg (see representative diagrams in figure 13).

Both the relic density from freeze out and the rate of dark matter annihilation relevant
for indirect searches hinge on the annihilation cross sections (owvy)(xx — X) into the
various possible final states X averaged over the distribution of dark matter velocities v,. In
both cases, the velocities of interest are typically non-relativistic, v, ~ 0.1 (1073-107) for
freeze-out (typical observational targets for indirect searches), and it is sufficient to consider
the leading terms in an expansion in v,. Approximate analytic expressions for the leading
terms of all of the important annihilation channels, in the limit of heavy dark matter (and
mediators) such that the masses of the SM particles in the final state can be neglected, are
shown in table 3, and a semi-analytic treatment of tree-level annihilation through a pair
of mediators in qqqq is presented in appendix B.2. These approximate analytical results
provide a useful guide to understand the relative importance of various channels, but in all
numerical results we reinstate full dependence on SM particle masses. We first use these
results to compute the annihilation fraction,

Ry = <0"UX><(;<’3_(>—> X) with <0”UX> = Z<UUX>(X>E — X) (5.1)
X X

for each final state. The annihilation fractions are displayed in figure 14 as functions of
the DM mass m,, in the third benchmark BP3 of table 2 with m, < m, = 5.0TeV. Every
channel considered has the same dependence on y,, and thus the individual Rx are not
sensitive to it. Quark channels typically dominate (pairs of up-type quarks for m, < m.,/2
or four quarks above threshold), except for a small region of DM masses around the Z
funnel, where annihilations to neutrinos take over.
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Figure 14. Fraction Ry of total dark matter annihilation rate as a function of m, < m,, for
nineteen SM final states, in benchmark BP3 (m, = 1.15TeV, my = 5.0TeV, A\;; = 0.125, and
A3z = 0.75). Annihilation fractions are not meaningfully different in BP1 and BP2.

Thermally averaged DM annihilation rate (ov,)

Yy = VAm
= 10°%| APPROXIMATE RATE
|
o FOR Q,h% = 0.12
g
§ 10728 — BP1
- BP2
o — BP3
10 50 100 500 1000 5000

my, [GeV]

Figure 15. Total dark matter annihilation rate as a function of m, < m, in all three benchmarks.
Results are displayed for y, = V4w, at the upper limit of perturbativity. The line at (ov,) ~
4.4x 10726 cm3s! estimates the annihilation rate producing the observed relic density in a standard

cosmological history [66].
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Channel X (ovy) (xx = X)
r 1704@ 2 s s\12
ff7f€{€7Q7é{u7t}} WNCQ]‘ [f(AlvAZ)]
~ 1704@ N, 2 AS. A8 2 1 N. AS. A3 2
qrqr, qr € {u,t} @ ch [F (AL, A3)]° + m o [H(A], A3, urr)]
_ o S S
Vyly 162%, [f(AlvAZ)]Z
WHW=, hZ 2(00, ) (XX = Vi)
4
2 4 5 (4
Y 7 Cwllx ( 4
Sw 2
vZ 2 <c> (oo ) (XX = 77)
Sw 4 _
7z (C) {(ovy) (XX = 77)
64 4 59
qg ?mxmsvx
9994, q € {u,t} See appendix B

[F(Ar, A))? = [i‘f +m, Al} i

Aourr

[H (A1, A2, 0r1)]? = 2eQpmy,

+ 2€Qfmi A + miL%I

Table 3. Analytic expressions for leading contributions to (ov)(xx — X) for a variety of SM final
states X, in the limit of negligible SM masses.

5.1.1 Relic density

If the dark matter x evolves according to a standard cosmological history, then the inclusive
annihilation rate (ov,) determines the DM relic abundance. It depends very strongly
on the coupling of the dark matter to the mediators y,. The annihilation rates in the
three benchmarks of table 2 are displayed in figure 15 for y, = V4, at the upper limit
of perturbativity. This figure compares the benchmark annihilation rates to (ovy) ~
4.4 x 10726 cm®s~!, the rate producing (approximately) the relic density inferred from fits
to the Planck data [3],

Oy hdjana = 0.120 + 0.001, 5.2
X

in a standard cosmology [66]. Figure 15 shows that it is impossible to produce the correct
relic density via freeze out through loop-level annihilations. For m,, 2 900 GeV, tree-level
annihilations dominate, and a particular value of y, (depending on the mass) will produce
the observed relic density. In figure 16, we show the values of y, required to reproduce the
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Achieving the observed relic density with y,
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Figure 16. Values of y, producing the observed relic density as a function of m, in all
three benchmarks.

observed relic density in each benchmark (assuming a standard cosmology) as a function of
DM mass.

5.1.2 Indirect searches

Indirect searches for dark matter seek its visible annihilation products (such as ~ rays,
cosmic rays (e', p), and neutrinos) originating from local over-densities such as the Galactic
Center or Milky Way dwarf spheroidal galaxies (dSphs) [67, 68]. As demonstrated in
figure 14, annihilation is mostly into quarks and charged leptons for a wide range of m,,
for which the strongest indirect limits are derived from continuum ~-ray spectra [69].

For dark matter lighter than a few TeV, the strongest bounds on continuum -~ rays
from dark matter annihilation are generally from the null results of Fermi-LAT searches
for v rays from nearby dSphs [70, 71]. We impose such limits on our model in two stages,
reflecting the two final-state regimes exhibited by our DM candidate. As discussed above, for
m, S 1TeV, tree-level annihilation through scalar mediators is not kinematically accessible
in our benchmarks and all annihilation is at loop level to two-body states. To constrain this
regime, we use DARKFLUX version 1.0 [72], a tool that combines a set of 2 — 2 annihilation
processes (derived from a UFO model) at leading order and convolves them with the
PPPC4DMID tables [73], weighted by the appropriate annihilation fractions according
to the method developed in [74, 75], to generate a model-specific y-ray spectrum. These
spectra are fed into the published LAT likelihood functions and statistical methodology to
perform a joint-likelihood analysis for the fifteen dSphs considered in the six-year Fermi-LAT
analysis [71], deriving the 95% CL upper limit on the total annihilation rate (ovy). We
implement the one-loop processes as tree-level effective vertices, which we expect to be a
good approximation for this mass range. When the dark matter becomes heavier than this,
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Indirect detection in two regimes
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Figure 17. Limits on DM annihilation from ~-ray emissions from Local Group dwarf spheroidal
galaxies (dSphs) observed by the Fermi-LAT collaboration. Annihilation rates are displayed for all
benchmarks with maximal coupling y, = V4.

it instead annihilates chiefly to four quarks through on-shell sextet scalars (viz. figure 12).
We constrain this 2 — 4 regime with the help of MADDM version 3.2.1 [76], a plugin for
MADGRAPH5_AMC@NLO. MADDM internally uses PYTHIA 8 version 8.306 to simulate the
decays of the color-sextet scalars to quarks and then compute the resulting energy spectra.
It then computes the upper limit on (ov,) in much the same way as DARKFLUX. The
results of our two-part analysis are displayed in figure 17, with the y, = V/4r annihilation
rates from figure 15 overlaid to find the limit corresponding to the maximal coupling in
each benchmark. For masses below the threshold for annihilation into pairs of mediators,
the Fermi-LAT limits, while strong, only constrain a very narrow window around the Z
funnel. For heavier dark matter, meanwhile, Fermi-LAT rules out parts of the four-body
annihilation region in benchmarks BP1 and BP2 where DM is significantly underabundant,
and just barely impinges upon similar space in BP3. Before we move on, we note that
there are also important indirect searches for high-energy neutrinos [77] and monochromatic
~-ray lines [78, 79]. These are both predominantly generated by the electroweak moment
operators of (4.8), and EFT analyses of such operators [80-82] provide an indication that
they are expected to impose limits that are two to three orders of magnitude weaker than
the Fermi-LAT dSph limits in this mass range.

5.2 Direct searches

There are also important searches for ambient dark matter scattering with nuclei via
spin-independent (SI) or spin-dependent (SD) interactions. For the low momentum transfer
typical of dark matter local to the Solar System, the SI interactions are typically coherently
enhanced for heavy nuclei, and thus are more constraining for generic models [83-85]. The
leading diagrams for dark matter to scatter with quarks or gluons are shown in figure 18.
Notably, there are no tree-level processes, and the leading diagrams are at one-loop order.®

8Even for loop-suppressed interactions, direct searches often provide relevant constraints [86, 87].
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Figure 18. Loop-induced scattering off quarks or gluons, leading to scattering with nuclei. The small
blob in first diagram denotes an insertion of the electromagnetic moment (one-loop) effective vertex.

Because of the small characteristic momentum transfer, higher-order terms in the EFT are
typically very subdominant, with the most important one typically being the dimension-five
magnetic dipole moment encapsulated by As.

Currently, the best direct-detection limits derive from the 1 ton-year exposure of
XENONIT (7, 88], which in the absence of a significant excess over background excludes
spin-independent cross sections of dark matter with nucleons as low as ogr = 4.1 x 10747 cm?
for mpy = 30 GeV at 90% CL. These bounds have been mapped onto the parameter space
of the dark matter mass and its magnetic moment [81, 82], and we adopt these limits
and translate them into the parameter space of (m,,,), for each of our three benchmark
scenarios, in figure 19. This figure also shows the Fermi-LAT dwarf spheroidal limits and
the curves indicating the values of y, that result in the observed relic density through
freeze-out. The main features of the Fermi-LAT limits are the spikes at the Z funnel and
the strengthening for m, > m,, (the four-body annihilation regime). The latter can be
understood from figure 17: for fixed y,, (ovy) increases much faster than the Fermi-LAT
limits on the annihilation cross section, so the y-ray limits on y, effectively become stronger
in this region. Meanwhile, XENONIT notably disfavors values of y, an order of magnitude
smaller than the strongest dSph limits. In benchmark BP1, XENONIT further excludes the
necessary ¥, for the relic density for all masses except for a small sliver roughly 200 GeV
wide, where the dark matter becomes close to degenerate with m,, (indicated in the inset
figure). Given this narrow range, it is possible that the neglected higher-dimensional
operators or higher-order effects could prove decisive. At any rate, this window is expected
to be excluded by XENONNT, which is underway at the time of writing and projected to
improve upon the sensitivity of XENONIT for og; by more than an order of magnitude [89].
On the other hand, in benchmarks BP2 and BP3, the heavier sextet fermion grants the
dark matter significantly more open parameter space with the correct relic density. These
results suggest that XENONNT and other future direct searches will probe scenarios such
as ours in the multi-TeV range.
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Limits on Yukawa coupling [BP1, my = 1.6 TeV]
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Figure 19. Limits on y, as a function of m, in each benchmark, including direct-detection bounds
from XENONI1T and the Fermi-LAT limits from dSphs.
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On the other hand, reopening some parameter space for lighter mediators and dark
matter could be desirable. More dramatic modifications introducing additional physics, such
as introducing a Majorana mass term to split the dark matter into two pseudo-Dirac states
(which would only scatter inelastically via the magnetic dipole moment) or introducing new
production mechanisms, could prove helpful. Alternatively, modifying the early cosmology
by e.g. introducing a period of early QCD confinement [90, 91] could enhance the chiral
interactions with quarks during freeze-out, allowing for the observed relic density to be
realized for smaller y, .

6 Conclusions

In this work we have explored a renormalizable model in which dark matter communicates
with the Standard Model through a pair of mediators in the six-dimensional (sextet)
representation of the Standard Model SU(3).. This model prohibits tree-level couplings
of DM pairs to pairs of SM particles, thus frustrating the dark matter in its attempts to
communicate with the Standard Model, but it generates myriad such couplings at one-loop
order. It boasts rich phenomenology relevant both for the Large Hadron Collider (LHC) and
for independent searches for dark matter. We have thoroughly explored its parameter space
— which consists of the DM mass, its coupling to the mediators, the mediator masses, and
the couplings of the Zs-even color-sextet mediator to SM quarks — in several benchmark
scenarios via a number of up-to-date terrestrial and astrophysical experiments.

LHC searches for dijet resonances and dijet pairs place limits on sextet-quark couplings
of O(107!) and on the scalar mass around the TeV scale, whereas searches for events with
multiple jets and significant missing transverse energy constrain the Zs-odd sextet fermion
in combination with the dark matter itself. DM annihilation through a variety of channels
determines the parameter space resulting in the correct relic abundance Qxh%lanck through
freeze out in a standard cosmology. We contrast this parameter space with constraints
from indirect and direct searches, and find space supporting Qxh%Iamk while surviving
all experimental constraints — though the size of this region varies significantly between
benchmark scenarios. In a scenario with a light sextet fermion, only a relatively narrow
window close to the threshold for annihilation of the dark matter into pairs of mediators
survives the strong constraints from XENONIT (which require y, < O(1071) across most of
the available DM mass range), despite the fact that the leading contributions to scattering
with nuclei are one-loop suppressed. On the other hand, scenarios with heavier fermions,
which in turn accommodate heavier dark matter, produce much broader regions with viable
thermal relics.

Our work highlights the fact that straightforward generalizations of the standard
simplified model paradigm, in this case invoking coupling to a pair of mediators that
themselves connect to the Standard Model, can produce well motivated dark matter models
with dramatically expanded phenomenology. Our specific renormalizable scheme allows the
dark matter to annihilate to pairs of virtually every known particle, many at appreciable
rates. It further illustrates the broad impact that many searches which by themselves
are not motivated directly by popular theories of dark matter — e.g., in this work, the
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large collection of LHC searches for singly and pair-produced color-charged resonances
— can have on our understanding of the viable territories of dark matter theory space.
In summary, we have introduced a simple but extendable framework that can support
viable dark matter candidates despite introducing a second degree of separation between
the dark and visible sectors. This framework can stand on its own if the mediator-SM
couplings are renormalizable, or it can be considered a low-energy remnant of a fuller
theory if higher-dimensional couplings are invoked (which we leave for possible future work).
Most importantly, the particular model we have scrutinized in this work places its DM
candidate in parameter space well suited to be probed by multiple experiments currently or
imminently underway.
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A Electroweak form factors

Here we provide complete results for the loop-induced coupling of dark matter pairs to a
single photon or Z boson as discussed in section 4. The couplings of dark matter to the
weak-hypercharge B boson are written as

) .
LEM = Ay X' x 0" B, + 1 Ay xo"'x By, — with o = %[w,w]. (A1)

The amplitude associated with these operators can be written as

IM =ieu(q) u(p2)I* (p1, p2)ulp1), (A.2)

with
itV

7, A3
2qu (A.3)

1
T*(p1,p2) = A1(q*)q? (’Y“ 2 gq“) + 4m, As(q?)
where p1, p2 are the incoming and outgoing DM momenta, ¢ = ps — p; is the momentum
transferred to the B boson, and £(q) is the B polarization vector. We write the second term
to evoke the Standard Model lepton magnetic dipole moment form factor; for the purposes
of our discussion in section 4.3, we define the DM magnetic dipole moment at one-loop

order as’

1 ] 1 1
3 (7 = 9y*) = 390 = dmycos b x Az (¢ 0) (A4)

with 6, the weak mixing angle.'”

9Clearly, gy = 0; the well known corresponding expression for the electron is (gloor — glreey /2 =

(gl — 2)/2 = ¢ /87 [64],
10A factor of cos by relates the amplitude with a photon to the B-boson amplitude.

— 24 —



We write the coeflicients A7, As in terms of the scalar two- and three-point Passarino-

Veltman functions [92]

d 1
B (p2:m2. m2 E/
R e e
dte 1
2 2,2, 2 2 2\_ [dF
and  Co (b (p1-p2)” whimd, md, m3) = 2 [(2—m3] [ (€+p1)*—m3] [(€—p2)* —m3|
(A.5)
In particular, we obtain
1 g19; 1

Aq (qQ) == X 3 {—Zq2 (q2—4mi) +12miq230 (mi;mfo,mi)

2 (4mr)? 7 <q2—4m>2<)
+B1Y (¢%my,me,my) Bo (¢%md,m3 ) = BSY (¢%my,me,me) Bo (¢%m2,m?2)

—2651) (qz;mx,m@,md,) Cy (mi,mi,q%mi,mi,mi)

—2C£1) (qQ;mX,m@,m@ Co <mi,mi,q2;m3},mi,mi>] (A.6)
and
As (qQ) = L gly% ! 3 [—2m2 <q2—4m2> +2m? <q2+2m2) By (m2;m2 ,mi)
24" o (g —am)? LR Bo (i
_852) (q2§mx7m@amw) By (q2§m12p7m12p) —852) (qQ;mX,mw,mw) By (q%mé,mi)
+2C£2) <q2;mx,m@,mw> Co (mi’mi’QQ;mi,mgp7mi)
+2c8? (qz;mx,m@,md,) Co (mi,mi,q%mfb,mfo,mi)] (A.7)
with

S (fmg ) 10 o ] 2 )
1
Bé : <q2;mx,m¢,m¢) = 16m)2< [(mx‘szﬁ)Q—m?@} —2¢° (mi+mi+4mxm¢—m?p) +q*,
C%l) <q2;mx,m<p,mw) = —8mf< (M +my+mg) (My +my —my) (mi""m?@_m?p)
+ [mi —Zmi (Smi —2mymy, +mi)
) (70— )|
_mw (2mX_m”¢1)q4)
1
C5") (% s 1) =82 (g ) (my -+ =) (2 —m)
+ 2 (5m 4 2mym i)
—(my+ )2 3m2 46 2 2
My My )\ ST Oy Mgy =My | 1 G

+(mx+m¢)2q4 (A.8)
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and
B (¢ mmp,my) = my | 2my (3 4 3mf, — dmymy, = 3m3 ) + (my +2my) )

2

Bg ) (qQ; mx,mw,mw) =my [me (mi — 3mi + 4mymy + 3mfb) + (my — 2my) QQ] ’
2

Ci ) <q2; mmmw,mw) = mi (M + my + mg) (my +my —my)

X [(mx + 3my) (my — my) + SmZ}

—my [mf’< + 3mim¢ + Zmei - mf’p - mi (my — mqp)} ¢

1

+ §mxm¢,q4,
C(Q) 2, — _3mim2 _ 2(m2 13
2 (@75 my, My, My, | = —3mm) + my (my = my) (Mmy + my) My + STy My,
+ Qmimi (m?< + 2mymy + 3m12/))

= my [(my = ma) (my +my)” + (2my +my)m2| ¢ (A9)

The two kinematic limits of interest are ¢ — 4mi, relevant for s-channel annihilation; and
¢*> — 0, appropriate for DM-nucleon scattering, ¢-channel annihilation to on-shell photons,
and the DM magnetic dipole moment. In sections 4 and 5, we present the limiting results
to first order in ¢? and to all orders in the mediator masses. Since my <K My, My in all
of the parameter space in which these loops are important, we report the results to third
order in an expansion in m, /my, = my/my. In the first limit, we have

A (gt amt) = Lo L [(m) + O((mx/w)] ,

4 (4m)2m2 |\ M
1g1y2 1 [my 1 /my\2 1 /my\3
2 2) _ L9y L onmye Ly S X 4
45 (g —>4mx>—4(4ﬂ_)2mx M+3<M) +2(M> +0 ((my/M)*) [, (A10)

and in the second limit, we find

A1<q2%0>zlglyi : [” 1 (mx)gwumx/M)‘*)],

4 (47)2 3M2 10\ M
2
w0 -2 L L (o )]

The leading terms of these results appear in the body of the paper as (4.9) and (4.10),
where we introduce the shorthand

Ay, (q2 — 4m>2<) = Aj and Apg <q2 — O) = Al (A.12)

for k = 1,2, which is compact and suggestive of the diagram topology for which each set of

limiting results is relevant.

B Tree-level four-body DM annihilation rate

In renormalizable models with a Zs-even color-sextet scalar ¢, the dominant tree level DM
annihilation channel is to four quarks via a pair of ¢. While the largest cross sections
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are obtained for m, > m,, for which the DM annihilates to approximately on-shell sextet
scalars, there is also a sizable parameter space in which dark matter annihilates to quarks
through off-shell sextets, o(xX — ¢°147¢°xqr) (with I,J, K, L € {1,2,3} labeling quark
flavors), at a non-negligible rate. This appendix contains technical details related to the
tree-level calculation of the thermally averaged rate of dark matter annihilation (ov,) in
the scenario where the sextet-quark couplings are flavor diagonal.

B.1 Amplitude and kinematics

We compute cross sections of the form o(xx — q1qr ¢73s)-'' The amplitude for this process
can be written as

IM(XX—qr9131q7) =
— iy Aprhgg K Ko
[V (k2) (P3+patmy+my) u (k)] [u(p1) Pro (p2)] [u (p3) PLv (pa)]

(oo pa)? —m2 ] [(p1tpa) = tim, T (m2) | (s +pa)? =m2tim, T (m2 )|
(B.1)

X

In this expression, ,j,k,l € {1,2,3} are SU(3). fundamental indices and s is an SU(3).
sextet index. We label the (incoming) dark matter momenta as ki, k2 and the (outgoing)
quark momenta as p1, p2, p3, pa. The propagators of the sextet scalars have been promoted
to their full Breit-Wigner forms, including the energy-dependent sextet decay width

3 2

PL,D(S/) = Z 8777]/7% /BQI (S/ — 2m21) with 6%( =1—4
I=1

mx
-

B.2
& (B.2)
Pr and Py, are the right- and left-chiral projectors, and quark spin indices are implied. The
on-shell conditions (%) for the external particles are

k2, k3 = mi and pips = mgl and P2, pi = ng. (B.3)

There are eight kinematic degrees of freedom in a 2 — 4 process, evident from the
four-body differential Lorentz-invariant phase space:

1 d®py d®py d3ps d3py
M= o2 90 20 25 21 (2m) 6" (k1 + k2 — p1 — p2 — 3 — pa).- (B.4)

We find it convenient to use a parametrization in which the incoming momenta are written as
1
k1o = (k°, +ksp,0,Fkcg)  with k¥ = 5\/5 and k= B,k°, (B.5)

with 8, the dark matter velocity, and the outgoing momenta are written as

P12 = (7?2]7(1)2 =+ Y12P12€4, 55 ip1259126¢123 :l:p1259123¢127 i7?2p120912 + 712D 2

)
y
(B.

HKeeping track of charge conjugated fields, in the flavor-diagonal scenario the final state contains two

wo ~HO

and  p34 = (730,41934 F V34D34C054 , TD345034 Crga> TP345054 5650 £V34D34Co5, — V34D
6)

pairs of identical particles. There are factors of two throughout reflecting this fact.
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with [93]

0 15:‘:51243834 0_1

V12,34 = 5
2 /512,345

1/2 2 2
B })\1/2 (s, 12, S34) 1A / (sab7mq117mq1/)

ab = d ab = = , B.
Yab = 5 5as an Pab = 5 ors (B.7)
where ab € {12,34} and I’ = I for ab =12 and J for ab = 34, and where

Ma, b, ¢) = a®> + b? + ¢ — 2(ab + ac + be) (B.8)

is the triangle function. In these expressions, s, and cy denote sin «, cos « for angle a.
These variables can be interpreted as follows [94]:

1. s;0 = v% = (p1 +p2)2: invariant mass of ¢qrqr pair,

2. s34 = v5 = (p3 + p4)%: invariant mass of ¢sq; pair,

3. 0: scattering angle between v and /22 in xx rest frame,
4. 19: decay angle of p; in v; rest frame,

5. ¢19: azimuthal angle about vy,

6. 034: decay angle of p; in vy rest frame,

7. ¢34: azimuthal angle about vs.

The missing eighth degree of freedom is ¢, the azimuthal angle about 152, over which we
can integrate trivially. With this parametrization, the differential Lorentz-invariant phase
space (B.4) becomes

1
dIly = W ds12 dsgs deg dpra deg,, dgpza degs, T (55 512, S34), (B.9)

where T (s; s12, $34) is given by

1/2 2 2 \1/2 2 2
AL/2 (s,512,534) A (312’ Mgy mQI) A (834’ Mgy mt]J)

; 519, = B.10
T(S 512 834) 8s 8512 8834 ( )
When integrating over the complete phase space, the limits of integration are
2
S12 € {4m31, (\/5— 2mgj) } ,
2
ss1 € [4m2,, (V5 — van)?].
Cp € [_17 1] 3
(Z)ab € [0, 271'] R
and co,, € [—1,1]. (B.11)
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B.2 Cross section

The squared amplitude can then be written as

. 1 |
(IM(xX = arar 4sa41%) = —7 X6 (1633 (ArrAs)] X )

x 8(p1+p2)(p3-pa) [23(1)3 P4+ ng) — (s — 4mi)(mx + mw)2 + ]—"} , (B.12)
with (suppressing the argument of the sextet scalar width)

F =4dm, (my +my) (k1 — k2) - (p3 +pa) — 8[k1+ (p3 + pa)] [k2+ (p3 + p4)]
2
and D= {mi — mfp — 2m2J + 2p3-ps — 2k (p3 +p4)}

X [2]91 “p2 + 2m§1 — m?a + imwfw} [2]01 *p2 + 2m3[ — mi — im¢F¢}
2
©

X |:2p3 'p4 —|— 2m(2U — m?o —|— imwf‘@} |:2p3 'p4 —|— ngJ — — imipl—lp} . (Blg)
These expressions are the result of a sum over quark colors and spins, and the prefactor of
1/4 reflects an average over DM spins. The color factor is evaluated according to

2

B o _ o Lo oo
IM(XX = q191 3735)]* o< KiF KKKy = '2 (5 107, +0 k5jz) =6,

where in passing to the second step we have invoked the completeness relation [19] for a
conventional normalization of this set of Clebsch-Gordan coefficients. Expressed in terms
of (B.5)-(B.7), (B.12) yields a function of s and only three other kinematic variables:

(IM (XX = a191 @1@7) *) (53 812, 530, c0) = —24ys (A1 Asg)?

f
X 2 (812 — 2m(211) (834 — ngJ) X ﬁ (B14)
with
/ 2 2 1/2
F' = =8my (my +my) Byco s {s — 25 (812 + $34) + (S12 — S34) }
+ cz (s — 4mi) {52 — 25 (s12 + 8534) + (512 — 834)2}
- {4mi (s — 4m12p) + 8mymys — 32mimw — 16mi + 4m12ps
— 2534 (5 + 512) + (5 — 512)2 + 334} (B.15)
and

D=s {(312 - m?p)z + m?pI‘i} [(334 — mi)z + m?ol“i}

1/2 2
X [—6X09 [52 — 25(812 + 834) + (812 — 334)2} — s+ 512+ 534+ 2 (mi — mi)} .
(B.16)
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The inclusive cross section is
(¥ — D 1 1 1
o\XX—41919597) = 5 -
2 9 1/2
(27) {s (s—4m§<>]
></d812d834d697'(3;312,834) (IM (XX — qrar 314s)1?) (s; 512,834, ¢o)
(B.17)

with 7 (s;s12, s34) as in (B.10) and limits of integration given by (B.11). This expression
includes a factor of 1/4 for two pairs of identical final-state quarks and factors of 47 from the
now-trivial angular phase space integrals. The ¢y integral can be done analytically (and we
evaluated it in practice to produce faster numerical results) but this intermediate expression is
not illuminating. The remaining integrals in (B.17) are performed numerically, and we check
these results for several benchmark points against the output of MADGRAPHS_AMCQNLO
(MG5_AMC) version 3.2.0 [30, 31], finding excellent agreement.

The thermally averaged cross section of annihilation to a final state X can be written
in terms of an integral over center-of-mass energy as [95]

1

(0000 = X) = e [, 45 VE (s = 4m) 0k = X) Ka(V3/T)

(B.18)

where T' denotes the temperature at which the annihilation takes place and K, () is the
n'"-order modified Bessel function of the second kind. The formula (B.18) is valid for
T < 3m,y, and is an attractive alternative to expanding ov, in v, in cases where a cross
section cannot be expressed analytically. The freeze-out temperature typically occupies a
relatively narrow range, T' € [m, /25, m, /20] [96]; for definiteness, we choose T' = m, /22 in
our analysis, but our results are not very sensitive to this choice.

B.3 On-shell limit

When the dark matter is heavier than the scalar mediator, on-shell mediator production
becomes possible (and indeed accounts for the bulk of the cross section). For m, > my,
the cross section is well-approximated by the 2 — 2 process xx — ¢! with cross section

1 1 fn
Y T - _ dt c T 2
o (xx = ¢'o) 167 (Bys)? o (IM (xx = o) )
N (B.19)
Y (BXS)Q 1 0/ .
where
3| [md = (mrmy)?] . t—m?
h(t)=—-2|t— 2 —2m?2|1 B.2
(t) = m?ﬁ + [S + 2(my + my) mw] n w2 (B.20)
and
1
to,tr = m; +m3 — 55 (1F BBe) (B.21)
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We find agreement of 15% or better between the on-shell result (B.19) for m, > m, and
the full result (B.17) that allows the intermediate sextets to go off shell. We finally note
that the leading-order contribution to the thermally averaged cross section in the on-shell
limit can be written as

y m2 — m?2 m2 1/2
(o) (¥ = ¢le) = e, e (1 - mij) , (B.22)
(mx + my, — mso) X

demonstrating that the tree-level annihilation processes are not p-wave suppressed.

Open Access. This article is distributed under the terms of the Creative Commons
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