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Dark matter that was once in thermal equilibrium with the Standard Model is generally prohibited
from obtaining all of its mass from the electroweak or QCD phase transitions. This implies a new
scale of physics and mediator particles needed to facilitate dark matter annihilations. In this work,
we consider scenarios where thermal dark matter annihilates via scalar mediators that are colored
and/or electrically charged. We show how partial wave unitarity places upper bounds on the masses
and couplings on both the dark matter and mediators. To do this, we employ effective field theories
with dark matter as well as three flavors of sleptons or squarks with minimum flavor violation. For
Dirac (Majorana) dark matter that annihilates via mediators charged as left-handed sleptons, we find
an upper bound around 45 TeV (7 TeV) for both the mediator and dark matter masses, respectively.
These bounds vary as the square root of the number of colors times the number of flavors involved.
Therefore the bounds diminish by root two for right handed selectrons. The bounds increase by root
three and root six for right and left handed squarks, respectively. Finally, because of the interest in
natural models, we also focus on an effective field theory with only stops. We find an upper bound
around 32 TeV (5 TeV) for both the Dirac (Majorana) dark matter and stop masses. In comparison
to traditional naturalness arguments, the stop bound gives a firmer, alternative expectation on when
new physics will appear. Similar to naturalness, all of the bounds quoted above are valid outside of
a defined fine-tuned regions where the dark matter can co-annihilate. The bounds in this region of
parameter space can exceed the well-known bounds from Griest and Kamionkowski [I]. We briefly
describe the impact on planned and existing direct detection experiments and colliders.

I. INTRODUCTION

Understanding the nature of dark matter is one of the most pressing, unresolved problems in particle physics. Dark
matter is needed to understand structure formation, the observed galactic rotation curves [2H4] and the acoustic peaks
in the cosmic microwave background [B]. Moreover, the dark matter relic abundance is measured to be [5]

h* Q. = 0.1199 + 0.0027. (1)

A compelling argument for the origin of this abundance is to assume dark matter was once in thermal contact with
the baryon-photon plasma during the early universe. Since all known forms of matter in the universe were once
in thermal equilibrium, this type of dark matter is theoretically persuasive. In this scenario, the measured relic
abundance is controlled by dark matter annihilations into Standard Model (SM) particles. Because of constraints
from the observed large scale structure in the universe, dark matter must be stable and non-relativistic (cold) when
departing thermal equilibrium [3].

The Standard Model (SM) alone cannot account for the missing matter in the universe [6]. Current experi-
mental constraints, however, provide some guidance on the structure of the underlying theory. For example, the
lack of large missing energy signatures at the Large Hadron Collider (LHC) [fHI7] and other colliders [I8-25]
suggests that the dark matter is either heavy or has very small couplings with the SM so that it is not produced in
high-energy collisions. Additionally, direct detection experiments [26H28], updated precision electroweak constraints,
and precision Z-pole experiments [20-31] all severely constrain the direct coupling of dark matter to the SM Higgs
and/or Z bosons. These constraints all imply that dark matter cannot obtain all of its mass from the SM Higgs
alone [30]. Mediator-facilitated interactions help to evade current experimental constraints by partially decoupling
the dark matter from the SM. Should these scenarios be realized in nature, the discovery of the mediator particles
would be an important step in understanding the nature of dark matter. It is therefore crucial to place bounds
on the masses and couplings of these mediators. The most popular ways for dark matter to annihilate via a
mediator particle are through scalars that are colored or charged, the Higgs boson [32], or via a new neutral gauge
boson. Some of us explored the perturbative unitarity constraints on the Higgs [33H35] and the gauge portals [36].
In this work we focus on constraining scenarios where fermionic dark matter annihilates via charged or colored scalars.

In supersymmetric (SUSY) models, the charged and colored scalars are sleptons and squarks, respectively.
We employ an effective field theory including these particles as a benchmark in our analysis. In addition, because of
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the intense focus on natural SUSY models, we particularly consider an effective field theory with dark matter and the
supersymmetric partner of the top quark (stop). The stop is the key for achieving natural, supersymmetric models of
new physics. Note naturalness [37] has been the dominant paradigm that has shaped models of new physics for the
last 35 years. It is minimally satisfied with a relatively light stop [38] which cancels the quadratic divergences to the
SM Higgs mass from the top quark. Moreover if the neutralino dark matter is only one component of the measured
relic abundance (e.g., axionic plus neutralino dark matter), then the constraint on the stop mass improves. Thus,
our bounds may be useful in shaping viable R-parity conserving supersymmetric models.

We apply unitarity constraints in a manner reminiscent of Griest and Kamiokowski [I]. However, there are
important differences: here we focus on perturbative unitarity constraints which determine, in particular, when the
dark matter couplings become strong. Importantly, weakly interacting, massive dark matter and perturbativity have
always had an intertwined conceptual association. In models that violate perturbative unitarity, the elementary dark
matter candidate is efficiently forming bound states as well as annihilating as the temperature decreases towards
the thermal decoupling temperature. The annihilation diagrams for the elementary dark matter candidate can be
easily altered (and often times dressed with lighter states) to form diagrams in which the bound state decays. The
bound state will therefore have a lifetime much shorter than the age of the universe. Thus, in models that violate
perturbative unitarity, the elementary dark matter candidate is not an asymptotic state and the bound state that it
forms is not a viable dark matter candidate. Note, it is well known that viable dark matter candidates exist that are
the result of strongly coupled or confining hidden sectors. However, in these models the dark matter annihilation
processes are still perturbative [39]. We show our perturbative unitarity constraints are improved in comparison to
the updated Griest and Kamiokowski bounds [40]. Of central importance is the fact that our methodology places
constraints on any particle associated with the dark matter annihilation. Our bounds on the masses and couplings
of the charged and colored scalars are novel.

Our basic perturbative unitarity arguments are straightforward. Dark matter annihilating via the electrically
charged and/or colored scalars does so via t-channel diagrams. As one increases the mass of the mediator, the
annihilation cross section is diminished unless the Yukawa coupling (between the fermionic dark matter, SM fermions
and mediators) is raised. A sufficiently large annihilation cross section is needed to satisfy the relic abundance
constraint. This process also forces the dark matter mass to be raised as well. Eventually, the mediator mass is
sufficiently large that the couplings violate perturbative unitarity therefore setting an upper bound on both the dark
matter and mediator masses. The parameter space for this process is additionally constrained by requiring the dark
matter relic abundance to be less than or equal to equation . Conversely, small mediator masses are constrained
by collider searches and other measurements.

In the next section, we introduce simple models onto which we place our unitary and relic abundance bounds.
Section III. introduces our unitarity constraints. Section IV. computes the dark matter relic abundance and direct
detection cross sections. Section V. describes existing experimental constraints from the LHC. We implement all
of our constraints and perform a parameter scan in Section VI. The basic unitarity bounds appear here. Future
experimental signatures are in Section VII. Conclusions and Appendices follow.

II. REPRESENTATIVE SFERMION MODELS

Throughout we consider effective theories where the only relevant degrees of freedom are a SM singlet fermionic
dark matter particle (denoted by x and potentially having either a Dirac or Majorana mass), a scalar mediator, and
the SM particles. For this class of models, we consider scalar mediators that facilitates the following tree-level DM
annihilation processes,

X+x—=f+71 (2)

through a Yukawa-type coupling between the SM fermion f, the DM particle y, and the scalar mediator. As a result,
f must have the same SM quantum numbers as the scalar mediator. Because we consider all possible SM final states,
we consider scenarios with all possible SM quantum numbers for the scalar mediators. In order to stabilize the DM,
both it and the scalar mediator must be charged under the same dark matter stabilization symmetry. Because our
scalar mediators are similar to the sfermions in SUSY models, we will therefore employ the SUSY nomenclature to
describe them. However, the key difference with respect to SUSY theories is that we allow the DM-sfermion-fermion
coupling to take an arbitrary value up to the perturbative limit.



We consider an effective scenario in which the DM-sfermion-fermion coupling is the only non-gauge interac-
tion for the sfermion [4I]. The sfermions will either be purely left-handed, fr, or right-handed states fg. Calling
the DM-sfermion-fermion coupling A;, and considering a single set of sfermion quantum numbers, the interaction

Lagrangian is
L= »Cgauge + »Cmediators + EX (3)

where
1 pv 1 pv . _
»Cgauge = _EG/,U/ GH — ZFMV F *CX = ZX@X — My XX (4)

and the field strength tensors for the gluon and photon are G, and F),,, respectively. Also, depending on the effective
scenario the mediator lagrangian is

Emediators = (Dﬁ)*Dﬁ - Vz (5)
where i = L, R and the covariant derivative, D, depends on the quantum numbers of fL or fR. The potential is

Vi= %mfcy fifi+ (Ai f*)ZPif+h.c.) (6)
We remain agnostic about the mechanism that generates the y mass and assume it can be integrated out. Because
we chose the Yukawa-type coupling between the dark matter, mediator and fermion to be non-zero, our analysis
is generic and the derived bounds subsequently weaker in comparison to [42] which considers only the QCD gauge
coupling between those particles. Once the quantum numbers of the sfermion are chosen, our scenario then has three
basic independent parameters,

{)\,mfi,mx}. (7)

These parameters are constrained by direct detection experiments, collider searches (see the relevant direct detection
and collider citations in the Introduction) and unitarity constraints. Since we assume thermal dark matter and
require y to comprise some or all of the observed DM in the universe, our effective models are also constrained by
the DM relic abundance.

We consider scenarios with mediators that are color singlets as well as color triplets. The mediators may also
be electroweak doublets as well. Although the perturbative unitarity bounds do not depend on the sfermion quantum
numbers, the effects of these quantum numbers on the relic density can be reproduced through the following rescaling

MNAXPf— NYANF P f (8)

where the rescaling factor N depends on the representations of the groups f; is charged under. More details about how
to compute N are given in Sec.[[V] Here N encodes the dimensions of the representations of the gauge group under
which the mediator and SM fermions are charged. As N is increased, in general larger dark matter and mediator
masses are possible because the dark matter annihilation is more efficient. Thus, there are weaker constraints from
the relic abundance. As we show in Section [[V] our basic bounds scale accordingly. We briefly describe each scenario
below.

A. Colored Flavor Triplet Effective Model

The colored mediators can have the quantum numbers

(372)1/6 (371)—2/3 (371)1/3' (9)

We consider all three possible types of mediators separately and will call them G, g and dr respectively. In order
to prevent flavor violation, we will consider the case in which these mediators are degenerate flavor triplets,

~ - ~ fR bR
~ (UL Cr, éL | - I
qr = (dL> <§L> (bL> ug = | Cr drp= | Sr |- (10)
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with the DM-sfermion-fermion coupling matrix A proportional to the identity matrix. The collider, relic and direct
detection constraints (but not the perturbative unitarity constraints) have been previously studied in [41].

To make our work more comprehensive, in the Appendix we modify the above scenario to allow for non-
trivial couplings between the squark mediators and the SM Higgs. These couplings are analogous to the A-terms in
SUSY models. Thus after electroweak symmetry breaking (EWSB), left-right squark mixing is generated. We focus
on a model with one left-handed squark doublet G, and one right-handed up-type squark g, with the right-handed
down-type squark dr decoupled. Of note, this scenario has also been studied in the context of SUSY for the
squark-mediated annihilation of bino-like dark matter [43].

B. Color Singlet Flavor Triplets Effective Model

In this effective scenario, the color singlet mediators must have the quantum numbers
(1,2)_1/2 (1,1)1. (11)

We denote these mediators as [, and éx and call them sleptons. Once again, we consider them in degenerate flavor

triplets,
;o el T _
= ( e> (i}u> <DT) or=

with A again proportional to the identity. The annihilation cross-section for color singlet mediators is decreased
with respect to the colored mediator cross section. Thus, the relic density will play a larger role in constraining this
scenario. Direct detection experiments will not be able to constrain this scenario at tree-level.

™

t

(12)

N
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C. Stop Effective Model

Natural SUSY requires, at minimum, a light stop to cancel the SM Higgs mass quadratic divergences generated by
SM top loops [38]. Thus far, the LHC has not discovered the stop, and is setting increasingly stringent constraints
on the stop mass [IT} [I7]. Thus, because of its significance to natural theories of new physics, we also consider the
case where the right-handed (RH) stop, g, is much lighter than the other squark flavors. Although we only focus
on light RH stop, models where only the left-handed (LH) stops is light should be constrained in a similar way. The
LHC and, if necessary, a future hadronic collider is essential to discover/constrain this scenario.

III. UNITARITY CONSTRAINTS

We consider an effective theory where a charged/colored scalar (sfermion) mediates dark matter annihilation. The
only couplings allowed to vary freely are the DM-fermion-sfermion Yukawa couplings, A; where i = L, R from
equation @ These couplings drive all the DM scattering and annihilation processes and are directly constrained by
perturbative unitarity. As discussed in the Introduction, there has been a long understood conceptual dependence of
the WIMP dark matter paradigm on perturbativity.

It is well known [47H49] that any theory known to all orders in perturbation theory gives amplitudes which
lie on the Argand circle. However most perturbative unitarity computations are done at tree-level and the loop
corrections push the value of the scattering amplitudes toward the Argand circle. If the scattering amplitudes of
some processes in the theory are too large at tree-level, unitarity cannot be restored without violating perturbativity.
[35] [ 48] 49] have derived a simple geometric argument that allows the translation of a perturbativity bound into an
upper bound on the tree-level scattering amplitudes in any theory. This upper bound applies to the eigenvalues of
the partial wave components of the transition operator 7. This operator is defined such that

S=1+iT (13)



where S is the S-matrix. In this work, we require that the loop contributions to the scattering amplitudes amount to
less than 40% of the tree-level values. According to [48] [49], this amounts to enforcing

(14)

< =
2

where 7;{ is the j-th partial wave component of T. Since the lowest modes generally give the strongest constraints,
we only focus on the s-wave component of T' (j = 0).

In the following, we derive unitarity bounds for the scattering of the yx and ff pairs where f is any of the
fermions associated to the scalars decribed in Section [l We compute the bounds in the large c.o.m. energy limit

8>>MX7Mf7 v, (15)

where v is the electroweak vev. Yx — XX scattering is forbidden at tree level in our model. At the center of mass
energies considered here, both the electroweak and strong couplings can be neglected compared to A. The amplitude
associated to ff — ff can therefore be neglected. We are thus left with only one process to consider,

xXx — ff, (16)

which is entirely determined by Ay and/or Ag. If the DM is a Dirac particle, Yx — ff can only occur in the t-channel,
through the diagram shown in Figure [I} Using the results quoted in [50, 5I], the amplitude for this diagram in the
large s limit is

M = =A% (ay, ap)d(ag, o) (17)

where A\(*) is either A or Ag, ¢ is the Kronecker symbol and o ¢ is the sign of the helicity of a given fermion f. Here,
in the large s limit, we denote the helicity of the LH fermions as — and the one of the RH fermions as +. Since we
work at large s, we can operate in the interaction eigenstate basis. For generic sfermions f R, f 1., we then consider the
following fermlon pairs

XLXL» XrXR> Jrfrs FriR: (18)
and find
00 0 X
TO:% 8 AO% AOL 8 ' (19)
22,0 0 0

The eigenvalues of this matrix are :I:)\%{ and +£A2. For € [O, %], the unitarity bound equation then becomes
‘)\L|,|>\R| < V8m ~ 5. (20)
In the case of Majorana DM, both the t and u-channel diagrams contribute to the yx — ff process (see Figure .

These diagrams interfere constructively and the resulting amplitude is doubled with respect to the Dirac case. The
bounds quoted above then become

‘)\L| s |/\R| < VAm ~ 3.5. (21)

IV. DARK MATTER CONSTRAINTS

The DM constraints are effectively determined by the coupling A; associated to the DM-fermion-sfermion vertex.
See equation @ This vertex parameterizes DM annihilation and, for light flavor squarks, DM-nucleus scattering at
tree-level.
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FIG. 1: Diagrams contributing to the yx — ff amplitude for Dirac and Majorana DM. For Dirac DM, only the t-channel
(top) diagram contributes to the scattering amplitude.

A. Dark Matter Relic Abundance

Dark Matter can annihilate to fermions via the diagrams shown in Figure [I] for Dirac and Majorana DM. For Dirac
DM, annihilation occurs dominantly in the s-wave, with the s-wave term a being

A m?
a < NoNfavors gm (22)

where N¢ is the color factor. When the DM and sfermion masses increase, the coupling A also needs to increase to
ensure efficient DM annihilation, unless the DM and sfermion masses are nearly degenerate. The coannihilation region,
where the DM and mediator masses are within a few percent of each other, is however extremely narrow and can only
be obtained at the price of a significant fine-tuning. Throughout this paper, we will define this coannihilation region
as the region where the DM and sfermion masses are within at most 5% of each other. Outside the coannihilation
region, the s-wave component of the DM annihilation cross section is bounded by

/\4
—
mX

amax ~ 100 No Ngavors (23)

In a perturbative theory, unitarity sets an upper bound on A, as studied in Section [Tl When A reaches its maximum
value, ama.x will decrease as the Dark Matter mass increases. The unitarity constraints on A therefore translate into
an upper bound on m,. This upper bound scales as v/NoNgavors; independently on the other properties of the
mediators involved. A similar reasoning leads to a neighboring upper bound on the mediator masses.

A similar mechanism is at play for Majorana DM. In this case, however, DM annihilates through both the ¢
and the u-channels, as shown in Figure The two corresponding diagrams interfere destructively. The s-wave
component of the DM annihilation cross section to two fermions f is therefore suppressed by a factor of m?. Heavy
DM annihilation then occurs mostly in the p-wave [52]. As computed in [53], the annihilation cross section for
Majorana DM goes as

2 2
4 My 2 M
ram ~ S <m4 L) (24)

In the early universe, the velocity suppressed p-wave term dominates and, for degenerate sfermion masses, all the DM
annihilation channels contribute equally to the relic density. This cross section is in general much smaller than the
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FIG. 2: Example of coannihilation diagrams for the dark matter x and the sfermions f . Here, the wavy lines represent any
gauge boson, including the gluon.

annihilation cross section for Dirac DM. Outside the coannihilation region, the relic density constraints on Majorana
DM are then expected to be significantly tighter than the constraints on Dirac DM.

Inside the coannihilation region, Dark Matter can coannihilate with the sfermions through the diagrams shown in
Figure [2| [54H57]. This process can significantly decrease the DM relic density and will considerably loosen the bounds
obtained through the method described above. Note that the Griest and Kamionkowski bound [I] does not take
coannihilation into account so, in this region, DM can be much heavier than 120 TeV without overclosing.

B. Direct Detection

DM-nucleus scattering occurs in the s and ¢ (and u for Majorana DM) channels through intermediate squarks. In this
work, we consider only tree-level DM-nucleus scattering and therefore focus on the light flavor squark components of
UR dR and §r. The spin-independent (SI) direct detection (DD) cross sections for Dirac DM for 4r dr and ¢r, have
been computed in [41] and are approximately

2 4 2
iR H A Z
~— (14 = 25
751 ™ G4 (m2 —m?2 )2 < * A) (25)
. 2 4 2
dp M A 92 _ g 26
Osr1 6471 (mi _mzR)g ( A (26)
L %)‘74 (27)

Constraints from DD are in tension with relic density constraints since they prevent A from being too large.

For Majorana DM, the operator responsible for spin-independent DM-nucleon scattering is generated at higher order



in the effective operator expansion [53], [58460]. Outside the coannihilation region, the SI cross section is of the form

mim?

~ L X 28
(&S] mg ( )

f

The SI direct detection cross section for Majorana DM is therefore strongly suppressed for most of the parameter
space and will not lead to significant bounds. Although the spin-dependent (SD) cross section is not suppressed,
the current bounds from SD direct detection experiments [61] are too loose to lead to significant constraints on the
DM and mediator masses. For models involving both left and right-handed squarks, introducing a left-right mixing
generates a dimension six effective operator contributing to the spin-independent DD cross section. Obtaining this
left-right mixing in a natural way without inducing flavor mixing, however, leads to mixing angles that are strongly
suppressed for light squark flavors. We show in the Appendix that introducing these small mixing angles does not
significantly increase the spin-independent DD cross sections for models with Majorana DM.

V. RESULTS

In this section, we give the results when DM couples to the mediators: f ={ug, JR, qr, EL, f/R}. For each case, we
perform a uniform scan over

i € 10,5] my, mj, € [0,100] TeV (29)
where ¢ = L, R. We compute the DM relic density and direct detection cross section using MicrOmegas [62] and
generate the model files using FeynRules [63] interfaced with CalcHEP [64]. We require the relic density to be less
than the value measured by the Planck satellite [5] plus 30, i.e.,

h%Q, < 0.1226. (30)

We require the points in the model to pass the LUX bounds [28]. We also check whether or not the surviving points
are within the projected reach of XENONIT [26].

A. Results for Colored Flavor Triplet Effective Model

Figure [3|shows the points that pass the unitarity, relic density and direct detection constraints in the (m,,m fi) space

for g, dg and ¢;, with Dirac DM. The narrow region along the diagonal is the coannihilation region, in which the
relic density bounds are considerably loosened. Outside this region, the bounds on the DM and squark masses are
around 60 TeV for 4z and d;, and around 80 TeV for ¢ for which there exist six annihilation channels instead of
three. Note that these upper bounds vary as v/Naayors V¢, as explained in Section Figure 4 shows the points that
pass the unitarity, relic density and direct detection constraints in the (m,,mf) space for @g (top plot), dg (middle
plot) and ¢y, (lower plot) with Majorana DM. As expected, the relic density constraint leads to tighter bounds than in
the Dirac case. The bounds outside the coannihilation region are now around 10 TeV for all squark families. Figure
shows the direct detection cross section vs the DM mass for the points that pass the unitarity, relic density and the
LUX direct detection constraints. For each parameter point, we rescale the direct detection cross section by the ratio
of the relic density of x over the total DM relic density shown in equation . The points in red represent the points
not generated by co-annihilation that are outside the projected reach of XENONI1T. The yellow points are solely in
the co-annihilation region. There were select by requiring

‘mx - mf‘
< 5%. (31)
my
Direct detection experiments are extremely sensitive to the squark parameter space for dirac DM and the future
experiments will be able to exclude almost all of our models, even in the case of co-annihilation.

We also consider co-annihilating points in parameter space that satisfy equation . These points can sur-
pass the well known bound from Griest and Kamionkowski [1] since it is not valid in case of coannihilation. Figure [6]
shows the points that pass the unitarity, relic density and direct detection constraints in the (X, m,) plane for ug,
dr and Gr- Both Dirac and Majorana DM are considered. We find that these bounds are around 300 TeV for the
squarks.
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FIG. 3: Points that pass the unitarity, relic density and direct detection constraints in the (m,,mf) space for i (top plot),

dr (middle plot) and ¢ (bottom plot) with Dirac DM. The narrow region along the diagonal is the coannihilation region. The
colors denote the magnitude of the coupling of ;. See equations () and (29). (Color online.)
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The colors denote the magnitude of the coupling of ;. See equations @ and . (Color online.)
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FIG. 5: Spin-independent direct detection cross section vs m, for the points that pass the unitarity, relic density and direct
detection constraints for ug, dr (top left and right) and ¢r (bottom) with Dirac DM. For each parameter point, we rescale
the direct detection cross section by the ratio of the relic density of x over the total DM relic density shown in equation .
The yellow points are the points in the coannihilation region while the red point are the points that are outside the reach of
XENONIT. See equation . The black dashed line represents the projected XENONIT bound extrapolated for large DM

masses.



12

0 100 200 300 400 500 100 200 300 400 500

my, mg, (TeV) Moy Mg, (TeV)

0 100 200 300 400 500 100 200 300 400 500
my, my (TeV) My, My, (TeV)

0 100 200 300 400 500 100 200 300 400 500
m,, my (Tev) my, my (TeV)

FIG. 6: Points in the coannihilation region that pass the unitarity, relic and DD constraints for §r, (top), dg (middle), and @ir
(bottom) for Dirac (left) and Majorana (right) DM. The horizontal line is the unitarity bound on the coupling .

B. Results for Stop Effective Model

We plot the points that pass the unitarity, relic density and direct detection constraints in the (m,,m; ) space for
RH stops, for Dirac and Majorana DM in Appendix [B] Figure[9} For this model, we find bounds of 35 TeV for Dirac
DM and 5 TeV for Majorana DM. Since we consider only one flavor here, the bounds on the DM and stop masses
are tighter than the squark bounds by a factor of about /3. Since the top component in the nucleons is largely
subdominant, no significant DD bound can be obtained.
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FIG. 7. Important squark pair production modes. For the large coupling A considered here, the ¢-channel diagram at
the bottom of the figure can contribute significantly to the squark pair production cross section. Thus, if these models are
responsible for the measured relic abundance, the sensitivity of a 100 TeV hadron collider can be greatly enhanced.

C. Results for Colored Singlet Flavor Triplet Effective Model

We plot the points that pass the unitarity, relic density and direct detection constraints in the (m,,m f) space for

ér and [}, with Dirac and Majorana DM in Appendix |B| Here the bounds are tighter than for the squarks since the
slepton annihilation is not enhanced by the color factor. The mass bounds are therefore decreased by a factor of V3.
For Dirac DM, we find a bound of 35 TeV for e _and 50 TeV for ;. For Majorana DM, we find a bound 5 and 9
TeV for é and 1, respectively. Also Appendix Figure |10| has the slepton results for the co-annihiliating points
which satisfy equation .

D. Comments on Collider Constraints

Majorana DM models as well as all models with only stops or sleptons are not significantly constrained by direct
detection. However, both DM and sfermions can be searched for at colliders. In SUSY, the dominant production
mechanism for squarks is pair-production with an intermediate gluon. In our study, A is required by relic density
constraints to be large for heavy DM, and ¢-channel squark production through the diagram shown in Figure [7] starts
becoming significant. Bounds on the @i, dg and §r, models using the 8 TeV ATLAS and CMS data have been derived
in [4I]. These bounds are about a few hundreds of GeV and exclude only a tiny fraction of the parameter space
considered here. A 100 TeV hadron collider, however, could exclude squarks up to a few TeV, as shown in [65] 66].
Such a collider could exclude a sizeable part of the parameter space, especially for Majorana DM. For DM heavier
than a few TeV, the relic density requirement constrains the masses of the DM and the squarks to be close to each
other, and traditional squark searches start losing their power. Due to the size of the coupling A\, monojet searches
are a serious competitor to squark searches in these kinematically challenging regions.

VI. CONCLUSIONS

Understanding the nature of dark matter is one of the most compelling question in particle physics. Dark matter
that was once in thermal equilibrium with the SM is very well motivated. In this work we focus on scenarios
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where the thermal dark matter annihilates via new charged and/or colored scalars (sfermions). We have shown
here that combining unitarity arguments with relic density constraints allows to derive upper bounds on both the
masses of the DM and of the sfermion mediators. Using flavor arguments, we consider various possible sfermion
configurations, notably, degenerate sfermion flavor triplets and models where the stop is much lighter than the other
new particles. For Dirac DM, the upper bounds on the DM and sfermion masses vary between about 35 TeV for stops
and right-handed sleptons to 80 TeV for left-handed squark doublets outside the coannihilation region. The bounds
for Majorana DM are much tighter, varying from 5 TeV for stops and right-handed sleptons to about 10 TeV for
left-handed squark doublets. We also consider co-annihilation regions, in which the Griest and Kamionkowski bound
does not apply. In these regions, we derive upper bounds on the DM mass as high as 400 TeV. The upper bounds
derived in this work strongly depend on the number of scalar mediators driving the DM annihilation. This work,
however, spans a wide range of possible configurations and, within the MFV framework, can be readily adapted to
models involving different combinations of sfermions.

Exploiting the tension between unitarity and relic density constraints on DM and sfermions not only allows
us to derive upper bounds on the scales of new physics, but also to define goals for future experiments. For Dirac
DM, in particular, future direct detection experiments such as XENONIT could probe most of the parameter space
in models with light-flavor squarks, leaving only extremely narrow regions viable. For Majorana DM or models with
stops or sleptons, however, collider searches and indirect detection will provide the best constraints on new physics.
For Majorana DM, which is associated with particularly tight bounds, a future 100TeV collider would be able to
probe most of the parameter space for squark models. Since relic density constraints require the DM and sfermion
masses to be close to each other, however, developing and improving compressed spectrum searches will be crucial to
get a better understanding of scalar mediator models.
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Appendix A: Squark Flavor Triplets with Left-Right Mixing

If we allow for a non-trivial coupling between the sfermion mediators and the SM Higgs that is analogous to the
A-terms in SUSY, we can generate left-right (L-R) mixing after electroweak symmetry breaking (EWSB). This can
be important for models with flavor triplet squarks and Majorana DM. In this case, the spin-independent direct
detection cross section is suppressed due to its twist-2 origin. The direct detection constraints could in principle
become stronger if the left and right-handed squarks are allowed to mix. This scenario has been most recently studied
in the context of SUSY for sneutrino-mediated DM annihilation [43]. To explore this possibility, we consider a model
with one left-handed squark doublet ¢y and one right-handed up-type squark @%g, with the right-handed down-type
squark dp decoupled. Since mixing between different squark flavors is strongly constrained by kaon oscillations [67],
we only allow mixing between left and right-handed squarks of the same flavor. Such a scenario can be obtained
naturally by requiring the minimum flavor violation (MFV) [44] [45], and requiring the left-right squark mixing terms
in the Lagrangian to be proportional to the masses of the corresponding quarks. The mass and interaction terms for
the squarks are then taken to be

1 e~ 1 .
Vinass = im?h qr4r + §mq23RuRuR (Al)
Vint = ALqpXPLq + ArurXPru + h.c. (A2)
VYukawa = ALRYuquaR + h.c. (AS)

where Y, is the matrix of the SM up-type Yukawa couplings, H is the SM Higgs, Ay is an A-term-like parameter
with dimensions of energy, and the squark mass matrices mg, and mg, are proportional to the identity. The Yukawa
potential in equation (A3]) induces a mass mixing between the up-type component of ¢y, and ugr after EWSB. The
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FIG. 8: os1 vs my for points with 63 < 0.1 (blue) and 63 > 7 —0.1 (green). The points displayed here have passed the unitarity,
relic density and LUX constraints.

mass eigenstates %1 and s are then such that

1y, = cosOuy +sinf iy (A4)
Up = —sinf 4y + cos O us. (A5)

Since the L-R mixing term from the squark-Higgs interaction is proportional to the SM Yukawa couplings, the mixing
angle 0 is flavor-dependent, with the stops mixing much more strongly than the charm and up squarks. Since we have
decoupled dR, the LH down squarks do not mix with anything. The DM interaction terms with @, 4y and dy, are
then

Vint = 47 X ()\L cos Pr, — Agsin 9PR)u + a5 X(AL sin @ Pr, + \g cos OPR) u+ JL)ZPLd +h.c. (A6)
Unlike the previous effective scenarios, the resulting effective model has six free parameters,
{mx,qu,maR,ALR,/\L,)\R}. (A7)

For Majorana DM, introducing left-right mixing generates dimension six effective operators that contribute to the
spin-independent Dark Matter direct detection cross section. For a given squark flavor i, the lowest order mixing
contribution to the SI cross section is of the form [43]

2

1 1
M2 sin? 26, - . A8
TSI XX ALAR S m2;, —m2  m2, —m? (48)

Due to the hierarchy of the SM Yukawa couplings, sizeable mixing will occur only in the stop sector. For light flavor
squarks, the enhancement of the DD cross section due to introducing left-right mixing is therefore expected to be
negligible. Fig.|8|shows the points that pass the unitarity, relic and LUX constraints in the (m,, os1) plane. The blue
points are points for which the stop left-right mixing is low

65 < 0.1 (A9)

while the yellow points are points for which the stop left-right mixing is large

05 > % —0.L (A10)
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Top plots: Points that pass the unitarity, relic density and direct detection constraints in the (my,m;, ) pace for
tr with Dirac (left) and Majorana (right) DM. Middle plots: Points that pass the unitarity, relic density and direct detection

constraints in the (my,mj) space for ér (left) and I1, (right) with Dirac DM. Bottom plots: Points that pass the unitarity,

relic density and direct detection constraints in the (my,mj) space for ér (left) and I1, (right) with Majorana DM. For each

plot, the narrow regions along the diagonal is the co-annihilation region.
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FIG. 10: Points in the coannihilation region that pass the unitarity, relic and DD constraints for éx (top) and Iz, (bottom) for
Dirac (left) and Majorana (right) DM. The horizontal line is the unitarity bound on the coupling A.

We removed the points belonging to the coannihilation region by requiring

‘mx — maii

> 10%, (A11)

My

m%l being the mass of the lightest stop, which is also the lightest squark in our model. As expected, introducing left-
right mixing does not lead to a significant global improvement of the spin-independent DD cross section for Majorana

DM.

Appendix B: Additional Results for Various Effective Models

Considering the effective field theory with only stops and dark matter, we plots all of the points that pass the
unitarity, relic density and direct detection constraints in Figure The plots are in the (m,,m;,) space for RH
stops, for Dirac and Majorana DM. Because there is only one squark flavor, the bounds on the DM and stop masses
are tighter than the squark bounds by a factor of about v/3.

Figure [0 also shows the unitarity, relic density and direct detection constraints for the effective field theory
with flavor triplet sleptons. Again, the plot is in the (mx,mf) space for ég and [, with Dirac and Marjorana DM.
Again, the bounds are tighter than for the squarks bounds shown in the text since the slepton annihilation is not
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enhanced by the color factor. The mass bounds are therefore decreased by a factor of v/3. Since Ngavor Ne is the
same for the ég model (reminder, three flavors) and the stop-only model, the bounds on the DM and squark masses
are the same in both cases.

Finally, we consider the parameter space points in the co-annhilation regime for the slepton effective theories.
Figures [6] and [I0] shows the points that pass the unitarity, relic density and direct detection constraints in the
(A, my) plane for I, and ég. We consider both Dirac and Majorana DM. As emphasized before, since Griest and
Kamionkowski [I] is not valid in case of coannihilation, these bounds can be well beyond 120 TeV. We find 200 TeV
for RH sleptons for both Dirac and Majorana DM.

[1] K. Griest and M. Kamionkowski, Phys. Rev. Lett. 64, 615 (1990).

2] M. Kowalski et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 686, 749 (2008) |arXiv:0804.4142 [astro-

ph]].

C. P. Ahn et al. [SDSS Collaboration], arXiv:1307.7735| [astro-ph.IM].

. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86, 010001 (2012).

. A. R. Ade et al. [ Planck Collaboration], arXiv:1303.5076| [astro-ph.CO].

. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005) |hep-ph/0404175].

ad et al. [ ATLAS Collaboration], arXiv:1411.1559 [hep-ex].

ad et al. [ATLAS Collaboration], JHEP 1409, 037 (2014) [arXiv:1407.7494 [hep-ex]].

ad et al. [ATLAS Collaboration], Phys. Rev. Lett. 112, no. 4, 041802 (2014) |arXiv:1309.4017| [hep-ex]].
[
[

ad et al. [ATLAS Collaboration], Phys. Rev. D 90, no. 1, 012004 (2014) |arXiv:1404.0051| [hep-ex]].
ad et al. [ATLAS Collaboration], JHEP 1411, 118 (2014) [arXiv:1407.0583 [hep-ex]].
hatrchyan et al. [CMS Collaboration], JHEP 1406 055 (2014) [arXiv:1402.4770 [hep-ex]].
hachatryan et al. [CMS Collaboration], arXiv: 1408.2745 [hep-ex].
hachatryan et al. [CMS Collaboration], arXiv:1410.8812 [hep-ex].
hachatryan et al. [CMS Collaboration], arXiv:1408.3583 [hep-ex].
hatrchyan et al. [CMS Collaboration], Eur. Phys. J. C 73, no. 9, 2568 (2013) [arXiv:1303.2985 [hep-ex]].
hatrchyan et al. [CMS Collaboration], Eur. Phys. J. C 73, no. 12, 2677 (2013) [arXiv:1308.1586 [hep-ex]].
altonen et al. [CDF Collaboration], Phys. Rev. Lett. 108, 211804 (2012) [arXiv:1203.0742| [hep-ex]].
altonen et al. [CDF Collaboration], Phys. Rev. D 88, no. 3, 031103 (2013) |arXiv:1307.0474 [hep-ex]].
altonen et al. [CDF Collaboration], Phys. Rev. D 85, 011104 (2012) |arXiv:1112.1577| [hep-ex]].
bachi et al. [DO Collaboration], Phys. Rev. Lett. 78, 2070 (1997) |hep-ex/9612011].
. Abazov et al. [DO Collaboration], Phys. Rev. D 86, 071701 (2012) [arXiv:1203.5311| [hep-ex]].
Abdallah et al. [DELPHI Collaboration], Eur. Phys. J. C 38, 395 (2005) |hep-ex/0406019].
. Acciarri et al. [L3 Collaboration], Phys. Lett. B 415, 299 (1997).
Abbiendi et al. [OPAL Collaboration], Phys. Lett. B 602, 167 (2004) [hep-ex/0412011].
Apnle et al. [XENON100 Collaboration], Phys. Rev. Lett. 109, 181301 (2012).
. Ahmed et al. [CDMS and EDELWEISS Collaborations|, Phys. Rev. D 84, 011102 (2011).
. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett. 112, 091303 (2014) |[arXiv:1310.8214] [astro-ph.CO]].
M. Baak, M. Goebel, J. Haller, A. Hoecker, D. Kennedy, R. Kogler K. Moenig and M. Schott et al., Eur. Phys. J. C 72,
2205 (2012).
[30] R. Cotta, J. Hewett, T. Tait and D. G. E. Walker, to appear.
[31] S. Schael et al. [ALEPH and DELPHI and L3 and OPAL and SLD and LEP Electroweak Working Group and SLD
Electroweak Group and SLD Heavy Flavour Group Collaborations]|, Phys. Rept. 427, 257 (2006) [hep-ex/0509008].
B. Patt and F. Wilczek, hep-ph/0605188.
D. G. E. Walker, jarXiv:1310.1083 [hep-ph)].
Betre, S. E. Hedri and D. G. E. Walker, arXiv:1407.0395| [hep-ph].
Betre, S. E. Hedri and D. G. E. Walker, arXiv:1410.1534] [hep-ph].
E Hedri, W. Shepherd and D. G. E. Walker, arXiv:1412.5660 [hep-ph].
Susskmd Phys. Rev. D 20, 2619 (1979).
. G. Cohen, D. B. Kaplan andA E. Nelson, Phys. Lett. B 388, 588 (1996) [hep-ph/9607394].
. Shepherd, T. M. P. Tait and G. Zaharijas, Phys. Rev. D 79, 055022 (2009) |arXiv:0901.2125| [hep-ph]].
Profumo arXiv:1301.0952 [hep-ph].
. DiFranzo, K. I. Nagao, A. Rajaraman and T. M. P. Tait, JHEP 1311, 014 (2013) [Erratum-ibid. 1401, 162 (2014)]
erv 1308. 2679 [hep-ph]].
. De Simone, G. F. Giudice and A. Strumia, JHEP 1406, 081 (2014) |arXiv:1402.6287 [hep-ph]].
. Kelso, J. Kumar, P. Sandick and P. Stengel, arXiv:1411.2634 [hep-ph].
. S. Chlvukula andH Georgi, Phys. Lett. B 188, 99 (1987).
. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645, 155 (2002) [hep-ph/0207036].
. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992).

b O ROR- O

>

UNEOZL‘<UJH%HU)UJ<<<C’JQQQOQQ’U“
UZ

F>m§>r‘wWN

EEEEE
O, OV s o N
zamQp


http://arxiv.org/abs/0804.4142
http://arxiv.org/abs/1307.7735
http://arxiv.org/abs/1303.5076
http://arxiv.org/abs/hep-ph/0404175
http://arxiv.org/abs/1411.1559
http://arxiv.org/abs/1407.7494
http://arxiv.org/abs/1309.4017
http://arxiv.org/abs/1404.0051
http://arxiv.org/abs/1407.0583
http://arxiv.org/abs/1402.4770
http://arxiv.org/abs/1408.2745
http://arxiv.org/abs/1410.8812
http://arxiv.org/abs/1408.3583
http://arxiv.org/abs/1303.2985
http://arxiv.org/abs/1308.1586
http://arxiv.org/abs/1203.0742
http://arxiv.org/abs/1307.0474
http://arxiv.org/abs/1112.1577
http://arxiv.org/abs/hep-ex/9612011
http://arxiv.org/abs/1203.5311
http://arxiv.org/abs/hep-ex/0406019
http://arxiv.org/abs/hep-ex/0412011
http://arxiv.org/abs/1310.8214
http://arxiv.org/abs/hep-ex/0509008
http://arxiv.org/abs/hep-ph/0605188
http://arxiv.org/abs/1310.1083
http://arxiv.org/abs/1407.0395
http://arxiv.org/abs/1410.1534
http://arxiv.org/abs/1412.5660
http://arxiv.org/abs/hep-ph/9607394
http://arxiv.org/abs/0901.2125
http://arxiv.org/abs/1301.0952
http://arxiv.org/abs/1308.2679
http://arxiv.org/abs/1402.6287
http://arxiv.org/abs/1411.2634
http://arxiv.org/abs/hep-ph/0207036

19

. Aydemir, M. M. Anber and J. F. Donoghue, Phys. Rev. D 86, 014025 (2012) |arXiv:1203.5153 [hep-ph]].
. Schuessler and D. Zeppenfeld, In *Karlsruhe 2007, SUSY 2007* 236-239 |arXiv:0710.5175 [hep-ph]].
Schuessler, Diplomarbeit, Institut fiir Theoretische Physik, Universitiat Karlsruhe (2005).

S. Chanowitz, M. A. Furman and I. Hinchliffe, Phys. Lett. B 78, 285 (1978).

S. Chanowitz, M. A. Furman and I. Hinchliffe, Nucl. Phys. B 153, 402 (1979).

Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267, 195 (1996) |hep-ph/9506380].

Chang, R. Edezhath, J. Hutchinson and M. Luty, Phys. Rev. D 89, 015011 (2014) |arXiv:1307.8120 [hep-ph]].
. Griest and D. Seckel, Phys. Rev. D 43, 3191 (1991).

. Edsjo and P. Gondolo, Phys. Rev. D 56, 1879 (1997) |hep-ph/9704361].

. R. Ellis, T. Falk and K. A. Olive, Phys. Lett. B 444, 367 (1998) [hep-ph/9810360].

. E

LA

>

227

dsjo, M. Schelke, P. Ullio and P. Gondolo, JCAP 0304, 001 (2003) |hep-ph/0301106].
n, L. T. Wang and H. Zhang, Phys. Rev. D 89, 115014 (2014) [arXiv:1308.0592 [hep-ph]].
. Garny, A. Ibarra, S. Rydbeck and S. Vogl, JHEP 1406, 169 (2014) |arXiv:1403.4634/ [hep-ph]].
. Drees and M. Nojiri, Phys. Rev. D 48, 3483 (1993) |hep-ph/9307208].
. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett. 111, no. 2, 021301 (2013) [arXiv:1301.6620 [astro-ph.CO]].
G. Belanger, F. Boudjema, A. Pukhov and A. Semenov, Comput. Phys. Commun. 185, 960 (2014) [arXiv:1305.0237
[hep-ph]].
[63] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr and B. Fuks, Comput. Phys. Commun. 185, 2250 (2014)
|arXiv:1310.1921 [hep-ph]].
[64] A. Belyaev, N. D. Christensen and A. Pukhov, Comput. Phys. Commun. 184, 1729 (2013) |arXiv:1207.6082 [hep-ph]].
[65] T. Cohen, T. Golling, M. Hance, A. Henrichs, K. Howe, J. Loyal, S. Padhi and J. G. Wacker, JHEP 1404, 117 (2014)
|arXiv:1311.6480 [hep-ph]].
[66] T. Cohen, R. T. D’Agnolo, M. Hance, H. K. Lou and J. G. Wacker, JHEP 1411, 021 (2014) |arXiv:1406.4512| [hep-ph]].
[67] W. Altmannshofer, R. Harnik and J. Zupan, JHEP 1311, 202 (2013) |arXiv:1308.3653| [hep-ph]].

asE LS s N

E=

=


http://arxiv.org/abs/1203.5153
http://arxiv.org/abs/0710.5175
http://arxiv.org/abs/hep-ph/9506380
http://arxiv.org/abs/1307.8120
http://arxiv.org/abs/hep-ph/9704361
http://arxiv.org/abs/hep-ph/9810360
http://arxiv.org/abs/hep-ph/0301106
http://arxiv.org/abs/1308.0592
http://arxiv.org/abs/1403.4634
http://arxiv.org/abs/hep-ph/9307208
http://arxiv.org/abs/1301.6620
http://arxiv.org/abs/1305.0237
http://arxiv.org/abs/1310.1921
http://arxiv.org/abs/1207.6082
http://arxiv.org/abs/1311.6480
http://arxiv.org/abs/1406.4512
http://arxiv.org/abs/1308.3653

	I Introduction
	II Representative Sfermion Models
	A Colored Flavor Triplet Effective Model
	B Color Singlet Flavor Triplets Effective Model
	C Stop Effective Model

	III Unitarity Constraints
	IV Dark Matter Constraints
	A Dark Matter Relic Abundance
	B Direct Detection

	V Results
	A Results for Colored Flavor Triplet Effective Model
	B Results for Stop Effective Model
	C Results for Colored Singlet Flavor Triplet Effective Model
	D Comments on Collider Constraints

	VI Conclusions
	A Squark Flavor Triplets with Left-Right Mixing
	B Additional Results for Various Effective Models
	 References

