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Abstract In this review we discuss and compare the usage
of simplified models and Effective Field Theory (EFT)
approaches in dark matter searches. We provide a state of the
art description on the subject of EFTs and simplified models,
especially in the context of collider searches for dark mat-
ter, but also with implications for direct and indirect detection
searches, with the aim of constituting a common language for
future comparisons between different strategies. The material
is presented in a form that is as self-contained as possible, so
that it may serve as an introductory review for the newcomer
as well as a reference guide for the practitioner.

Contents

1 Introduction
2 Effective field theories: virtues and drawbacks 2
2.1 Effective field theories for collider searches . . 3
2.2 Effective field theories for direct detection . . . 5
2.3 Effective field theories for indirect detection . . 8

3 A paradigm shift: simplified models . . . . . .. .. 9
3.1 General properties of simplified models . . . . 10
3.2 Scalar mediator . . .. .. ........... 10

3.2.1 Scalar DM, s-channel (OsO model) . . . . 11

3.2.2 Fermion DM, s-channel (Os% model) . . 12

3.2.3 Fermion DM, ¢-channel (Ot% model) . . 15

3.3 Fermion mediator . . . .. ... ... ..... 18
3.3.1 Scalar DM, z-channel (%IO model) . . . . 18

3.3.2 Fermion DM, ¢-channel (%t% model) . . 19

34 Vectormediator . . . ... ... ........ 20
3.4.1 Scalar DM, s-channel (150 model) . . . . 20

3.4.2 Fermion DM, s-channel (ls% model) . . 21

3.4.3 Fermion DM, ¢-channel (lt% model) . . . 23

4 Conclusions . . . .. ... ... ... ... ..., 23
References . . . . . ... . ... ... ... ...... 23

4 e-mail: andrea.desimone @sissa.it

b e-mail: thomas.jacques @sissa.it

1 Introduction

The existence of a Dark Matter (DM) component of the uni-
verse is now firmly established, receiving observational sup-
port from gravitational effects both on astrophysical scales
and on cosmological scales. The DM abundance is precisely
known and can be expressed in terms of the critical energy
density as 2pmh? = 0.1196 + 0.0031 [1], which corre-
sponds to about one quarter of the total energy content of our
universe. Besides this, almost no other experimental informa-
tion is available about the nature of Dark Matter and its inter-
actions with the Standard Model (SM) of particle physics.

The paradigm for the DM particle which has been most
thoroughly studied, especially motivated by the attempts to
solve the hierarchy problem such as Supersymmetry, is that of
a Weakly Interacting Massive Particles (WIMP), with weak-
scale interactions and masses in the range of about GeV-TeV.
In this review we will stick to the WIMP paradigm, so we
will use DM and WIMP interchangeably.

Experimental searches for WIMPs attack the problem
from very different angles, in an attempt to (directly or
indirectly) probe the nature of the DM particle. Broadly
speaking, the search strategies currently ongoing proceed
in three main directions: (1) collider searches, identifying
the traces of direct production of DM in particle colliders;
(2) direct searches, looking for the scattering events of DM
with heavy nuclei in a shielded underground laboratory; (3)
indirect searches, detecting the final products of DM annihi-
lations in the galaxy or in the Sun, such as gamma-rays or
neutrinos.

The benefit of exploiting the complementary interplay
among these different approaches is to improve the discov-
ery potential in a significant way. As this interplay is gain-
ing more and more importance in recent years, the need
for a common language into which to translate the results
of the different searches has become more pressing. The
efforts to develop more model-independent approaches to
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DM searches (especially for collider physics) stimulated a
vast literature on the subject [2—113].

The approach of using Effective Field Theory (EFT) is
based on describing the unknown DM interactions with the
SM in a very economical way. This has attracted significant
attention, especially because of its simplicity and flexibility
which allows it to be used in vastly different search con-
texts. Unfortunately, the validity of this approach, as far as
the collider searches for DM are concerned, has been ques-
tioned [42,46,72,79,93,114,115] and the limitations to the
use of EFTs are by now recognized by the theoretical and
experimental communities [116—120].

Certainly, one way out of this impasse is to resort to full-
fledged models of new physics, comprising a DM candidate.
For example, models connected to the solution of the hier-
archy problem, such as supersymmetric models or models
with a composite Higgs, are already being thoroughly stud-
ied. These kinds of searches for DM within more complete
frameworks of particle physics have been and are currently
the subject of a great deal of research. The results often play
the role of benchmarks to be used among different commu-
nities of DM hunters. On the other hand, more fundamental
frameworks necessarily involve many parameters. Therefore,
the inverse problem, i.e. using experimental results to under-
stand the theory space, necessarily involves a large number
of degeneracies. This is a particularly severe problem for
DM, for which the only precisely known property is the relic
abundance.

A “third-way” between these two extremes, the effective-
operator approximation and complete ultraviolet models, is
possible and is indeed convenient.

The logic behind the so-called simplified models [121—
123] is to expand the effective-operator interaction to include
the degrees of freedom of a “mediator” particle, which con-
nects the DM particle with the Standard Model sector. This
amounts to assuming that our “magnifying glass” (the LHC
or a future collider) is powerful enough to be able to go
beyond the coarse-grained picture provided by EFT and
resolve more microscopic — though not all — details which
were integrated out. In the limit of sufficiently heavy medi-
ators, the EFT situation is recovered.

This way of proceeding has appealing features as well as
limitations. Of course, despite being simple and effective, this
is not the only way to go. In fact one may look for alternative
scenarios which, while not fully committing to specific mod-
els, still offer diversified phenomenology, e.g. along the lines
of the benchmarks in Ref. [124]. Furthermore, the simplified
model approach may look rather academic, as these models
are unlikely to be a realistic fundamental theory.

On the other hand, simplified models retain some of the
virtues of the other extreme approaches: a small number of
manageable parameters for simpler search strategies, and
close contact with ultraviolet completions, which reduce to
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the simplified models in some particular low-energy limit.
Moreover, one can exploit the direct searches for the media-
tor as a complementary tool to explore the dark sector.

In this review, we summarize the state of the art of DM
searches using EFT and simplified models. Our focus will
be primarily on collider searches but we will also discuss
the connections with direct and indirect searches for DM. In
Sect. 2 we highlight the virtues and drawbacks of the EFT
approach, and provide the formulae which are necessary to
establish the links among collider/direct/indirect searches, so
that a unified picture emerges. In Sect. 3 we shift the atten-
tion to the simplified models. A classification of these models
according to the quantum numbers of the mediator and DM
particles and the tree-level mediation channel, is used as a
guideline for the discussion of the different kinds of model.
We also propose an easy-to-remember nomenclature for the
simplified models and point out which ones still need further
investigation.

2 Effective field theories: virtues and drawbacks

Given that the particle nature of DM and its interactions are
still unknown, it is important that analyses of experimental
data include constraints that cover as broad a range of DM
models as possible in a way that is as model-independent as
possible. Whilst the EFT approach does have limitations, it
remains a powerful tool to achieve this goal. This approach
should be complemented by both limits on the raw signal, and
constraints on models which capture the full phenomenol-
ogy of well-motivated UV-complete DM models, but none
of these approaches should stand in isolation.

The EFT approach involves reducing the interactions
between DM and the SM fields down to contact interactions,
described by a set of non-renormalisable operators, for exam-
ple,

1
LeFr = W(éq) xXx) - ey

In this case, a fermionic DM particle x and SM quark ¢ are
coupled via a scalar interaction. The strength of the interac-
tion is governed by an energy scale M,, taken to the appro-
priate power for this dimension-6 operator

The beauty of the EFT approach is that each operator and
energy scale describe a range of processes, depending on
the direction of the arrow of time in Fig. 1: DM annihi-
lation, scattering, and production can all described by the
same operator. As we will describe in more detail in the
following section, calculations using these operators corre-
spond to taking an expansion in powers of the energy scale
of the interaction, along the lines of E"/M}, and truncat-
ing. Therefore EFT calculations are a consistent description
of a higher-order process if and only if the energy scale of
the interaction is small compared to the energy scale M..
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Fig. 1 Schematic of an EFT interaction between DM and the SM

Therefore the EFT description is strongest when there is a
clear separation between the energy scales of the operator
and the interaction. In the context of DM searches, there
are several situations where the EFT approach is absolutely
solid. In indirect searches, for example, the energy scale for
the non-relativistic annihilation of DM particles in the halo
is of the order of the DM mass mpy; direct DM searches
probe the non-relativistic DM-nucleon operator, where the
energy transfer is of the order of MeV. Therefore, as long as
the mediator is heavier than 6(MeV) (0 (mpwm)), EFTs can
provide a consistent description of (in)direct detection, as we
outline in Sects. 2.2 and 2.3.

However, the situation is substantially different in LHC
searches for DM. In fact, effective operators are a tool to
describe the effects of heavy particles (or ‘mediators’) in
the low energy theory where these particles have been inte-
grated out. But the LHC machine delivers scattering events
at energies so high, that they may directly produce the medi-
ator itself. Of course, in this case the EFT description fails.
While EFT analyses remain a useful tool for LHC searches,
this simple point calls for a careful and consistent use of the
EFT, checking its range of validity, in the context of DM
searches at the LHC.

2.1 Effective field theories for collider searches

EFTs are useful at colliders as a parameterisation of missing
energy searches. If DM is produced alongside one or more
energetic SM particles, then the vector sum of the visible
transverse momentum will be non-zero, indicating the pres-
ence of particles invisible to the detector, such as neutrinos,
DM, or long-lived undetected particles.

The most relevant operators for collider searches are the
relativistic DM-quark and DM-gluon operators, shown in
Tables 1 and 2 for Dirac and Majorana fermionic DM, and
Tables 3 and 4 for complex and real scalar DM respectively,
where GV = ghvro G . The parameter M, is of course
independent for each operator, and in principle for each fla-
vor of quark, although M, is generally assumed to be flavor-
universal in collider studies, in order to avoid issues with
flavor constraints, such as flavor-changing neutral currents.

Table 1 Operators for Dirac DM

Label Operator Usual coefficient Dimension
Op) Xxdq mg /M3 6
O Xiysxdq mq /M3 6
ﬁ])3 XXqiysq mq/Mﬁ 6
Ops Xiysxdiysq mq /M3 6
Ops XV Xavuq 1/M; 6
Ops Xy vsxavua /M 6
O, X' XqYuysq 1/M; 6
Opg XY™ YsXqvuysq /M3 6
Opo XM xGoung 1/M? 6
Opro  Xio™ysxgouwq /M3 6
O A xGuyG™ og/AM; 7
Op1n #Ysx Gy GHY iog/AM 7
Op1s AxGuwGH as/4M? 7
Op1a Vs x GG iog/AM 7
Table 2 Operators for Majorana DM

Label Operator Usual coefficient Dimension
Omi XxX4qq mg /ZME 6
O Xivsxdq mg /2M;] 6
Oy XXaivsq mq /2M;] 6
Oy Xivsxdivsq mg [2M} 6
Oys XY Ysxqvuq 1/2M; 6
Ore XVPYsXGVuysq 1/2Mm} 6
Oy XX GuG* a5 /8M3 7
Ons Vs x GG iog/8M? 7
Oro AxG G as/8M3 7
m 1Vsx G uwGH iag/8M} 7
Table 3 Operators for Complex Scalar DM

Label Operator Usual coefficient Dimension
Oy ¢ pdq mq /M 5
O P pqivsq mq/M; 5
Oy 9% 0, 01" /M2 6
Oy i 0, by ysa 1/M; 6
Ocs ¢*$G 1y G as/4M? 6
Oce ¢*$ Gy G ag/AM? 6
Table 4 Operators for Real Scalar DM

Label Operator Usual coefficient Dimension
Ori $*dq my/2M? 5
Or> #Giysq mg/2M? 5
Ors $>G G as/8M? 6
Ora $2G G ag/8M? 6
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Generically, EFTs are a valid description of DM interac-
tions with the Standard Model if the interactions are mediated
by a heavy particle out of the kinematic reach of the collider.
At the energy scales and coupling strengths accessible to the
LHC, the validity of the EFT approximation can no longer
be guaranteed.

As an illustration of the range of validity of EFT operators,
we begin with a benchmark simplified model, where a pair
of Dirac DM fermions interact with the SM via s-channel
exchange of a Z’-like mediator with pure vector couplings

Lo D ~Z), (Z gdv"q + gx)h/“x) : )
q

which is going to be discussed in detail in Sect. 3.4.2. The
mediator has mass Mp,q and vector couplings to quarks and
DM with strength gq and g, respectively, and this model
reduces to the Op operator in the full EFT limit. At low
energies, much smaller than My,eq, the heavy mediator can
be integrated out and one is left with a theory without the
mediator, where the interactions between DM and quarks are
described by a tower of effective operators. The expansion
in terms of this tower can be viewed as the expansion of the
propagator of the mediator particle,

2 4
zgqu - — ngg)( 1+ Q2tr +ﬁ Q4II‘ , (3)
M q — Qn M M M

med med med

where Qy; is the transfer momentum of the process. Retaining
only the leading term 1/ Mr%led corresponds to truncating the
expansion to the lowest-dimensional operator. The parame-
ters of the high-energy theory and the scale M, associated
with the dimension-6 operators of the low-energy EFT are
then connected via

M,
M, = —omed 4)

898 '

which holds as long as

Qtr < Mmed~ (5)

In such an s-channel model, there is a condition defin-
ing the point where the approximation has inevitably broken
down. The mediator must carry at least enough energy to
produce DM at rest, therefore Q > 2mpy. Combining this
with Eqgs. (4) and (5), we see

M, > Ou _ o MDM ©)

/8a8x V848x
which in the extreme case in which couplings are as large
as possible while remaining in the perturbative regime,
8y 8q < 4m, gives
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Note that this condition is necessary but not sufficient for the
validity of the EFT approximation. A better measure of the
validity comes from drawing a comparison between Qy and
Med, which defines three regions [79]:

1. When Qtzr < Mr%lcd = gq8x Mf, the approximation in
Eq. (3) holds. This is clearly the only region where the
EFT approximation remains valid.

2. In the region where Qtzr ~ Méled the production cross-
section undergoes a resonant enhancement. The EFT
approximation misses this enhancement, and is therefore
conservative relative to the full theory.

3. When Q%r > Mﬁled, the expansion in Eq. (3) fails and

the signal cross section falls like Q. ! rather than MI;e]d.
In this region the EFT constraints will be stronger than

the actual ones.

Reference [119] has calculated the kinematic distribution of
events at 14 TeV for both this benchmark simplified model
at a range of mediator masses, and the &,5 operator. They
find that the spectra become equivalent at a mediator mass of
10 TeV, and so EFTs can be considered a valid description
of simplified models with mediators at or above this mass
scale. At such large mediator mass scales, it is possible that
a constraint on M, will correspond to very large values of
gy &q above the range where perturbative calculations are
valid. In this case it remains problematic to draw a clear
correspondence between a constraint on M, and a constraint
on simplified model parameters.

EFTs do not aim to capture the complex physics described
by UV-complete models, and so gauge invariance is often not
enforced. This can lead to issues if the phenomenology of the
operator no longer describes that of a UV complete operator
but rather is symptomatic of the violation of gauge invari-
ance. As an example, both ATLAS and CMS have included
searches [81,96,97] for a version of ﬁDs where the rela-
tive coupling strength to up and down quarks was allowed
to vary, leading to an enhancement of the cross section. Ref-
erence [106] pointed out that this enhancement is due to the
breaking of gauge invariance. In UV complete models that
satisfy gauge invariance, the enhancement is much smaller
[125,126].

Another issue that may arise when dealing with high-
energy collisions is to make sure that unitarity of the S-
matrix is not violated. When adopting an EFT description,
this means that the condition of unitarity preservation sets
an energy scale above which the contact interaction is not
reliable anymore and a UV completion of the operator must
be adopted instead. For instance, for the operator ﬁDS’ the
unitarity constraint gives [46]

a2 172
M, > 1— & sﬁ , (8)
K 4
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where /s is center-of-mass energy of the initial state of the
process gg — x x + j (see Ref. [127] for the constraints on
other operators). As a consistency check, the limits on M,
derived experimentally according with any of the two meth-
ods described below need to be compared with the unitarity
bound.

EFT truncation by comparison with a simplified model We
see from Eqgs. (3) and (4) that the validity of the EFT approxi-
mation as a description of some UV-complete model depends
on the unknown parameters of that model. By introducing
a minimum set of free parameters from such a model, one
can enforce EFT validity by restricting the signal so that only
events which pass the EFT validity condition Eq. (5) are used,
thereby removing events for which the high-mediator-mass
approximation made in the EFT limit is not a valid approx-
imation in a given model. In a typical s-channel model this
EFT validity condition is

Qb < Mg = 8q8x M:. )

Discarding events which do not pass this condition gives a
truncated signal cross section as a function of (my, gq&y,
M) or (my, Myeq). This can be solved to find a rescaled,
conservative limit on the energy scale, Mrescaled,

Note that if gqg, is fixed rather than Myeq, then the
truncated cross-section which is used to derive a rescaled
limit Mrescaled jg jself a function of the M ¥°d, There-
fore the M™*¢41ed j5 found via a scan or iterative procedure.
ATLAS has applied this procedure for a range of operators
in Ref. [105].

If instead Meq is fixed, then gq g, must increase to match
the new value of M, via the relation in Eq. (4). If a very large
value of Mpeq is chosen or assumed in order to guarantee
Qtzr < aned, then the derived constraint on M, may give
a large value of gqgy. If gqg, becomes sufficiently large,
then perturbation theory is no longer a reliable computation
technique.

EFT truncation using the center of mass energy The proce-
dure described above implicitly assumes some kind of knowl-
edge of the underlying UV completion of the EFT. The trun-
cation method relies on the transferred momentum Q¢ of the
process of interest.

Alternatively, it is possible to extract limits without
explicit assumptions about the UV completion, basing the
truncation upon the center of mass energy E.n of the pro-
cess of DM production [128,129]. The results will be more
model-independent, but necessarily weaker than those based
on the previous truncation method.

According to this method, the EFT approximation is reli-
able as long as

Ecm < My, (10)

where the cutoff scale M is what defines the range of valid-
ity of the EFT approximation. Such scale can be related
to the suppression scale M, of the effective operator by
Myt = g« M., where g, plays the role of an effective cou-
pling, inherited by an unknown UV completion. For instance,
in the case of a UV completion of the type Z’-type model of
Eq. 2, one has g, = V&x8q-

As said, the parameter M, is associated to the failure of
the EFT description and it can be identified by using a ratio
R, defined as the fraction of events satisfying the condition
§ < M2,. Large enough M, means all events are retained,
so R = 1. Small enough M, means all events are rejected,
so R = 0, which means no result can be extracted. A useful
methodology is to find the values of M., for which the trun-
cation provides values of R within 0.1 and 1, and then show
the corresponding limits for such values of M.

If a specific UV completion of the EFT is assumed (or
hinted by experiments), the parameters M, M, can be com-
puted in terms of the parameters of the simplified model and
the resulting bounds will be more conservative than those
obtained by using Q. However, if no UV completion is
known or assumed, the method described here becomes par-
ticularly helpful.

In Ref. [130] the reader can find the details of an explicit
application of these two truncation techniques.

2.2 Effective field theories for direct detection

Direct detection experiments search for the signature of DM
scattering with a terrestrial target. Currently the most sen-
sitive experiments use a noble liquid target material in a
two-phase time projection chamber. This design allows the
experiment to see two signals: the prompt photons from scin-
tillation events, and a delayed signal from ionisation events.
The ratio between these two signals allows the experiment
to distinguish between nuclear and electronic recoils, reduc-
ing the background from scattering due to cosmic rays and
background radiation. This gives a constraint on the energy
spectrum of DM-nucleus recoil events d R/d Eg, which is
in turn used to constrain the DM-nucleon scattering cross-
section via the relation (per unit target mass)

dR d
2 = ”—X/ d3VIv|f (v) XA (11
dER ~ mymy Jiy> v, dER

where p, is the local DM density, vmin = /maE'W /(2115 4)?
is the minimum DM velocity required to transfer a threshold
recoil kinetic energy E }? to the nucleus A, pi, 4 is the DM-
nucleus reduced mass, f (v) is the local DM velocity distribu-
tion, and doy o /d ER is the differential DM-nucleus scatter-
ing cross section. The energy dependence of doy 4 /d ER for
a given detector depends on the underlying DM model and
contains a nuclear form factor. This cross section can be com-
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Table 5 Non-relativistic DM-nucleon contact operators relevant to
describing the interactions listed in Sect. 2.1. The operator O3 =
(v1)? from Ref. [53] is not induced by any of the relativistic operators
considered in Sec. 2.1 and so is not discussed here

Label Operator

oR 1

f)%\IR isy - (qx vh)
o Sy - SN

ﬁé\“{ isy - (qx vh)

25 (CR VO
ﬁ%\m sy - vt

ofR Sy VT

o isy - (sy x q)

ﬁ%R isy - q

ﬁﬁR isy-q

oNR vl (s, x sy)

puted starting from a more basic quantity, the DM-nucleon
scattering cross section at zero momentum transfer o, y (with
N = n, p) which is the quantity commonly constrained by
the experimental collaborations and can be thought of as the
normalisation of the full cross-section doy 4 /d ER.

The scattering interactions involved in direct detection
experiments are at a vastly different energy scale than those at
the LHC. In a DM-nucleon scattering event, the DM veloc-
ity is of order 1073¢ and the momentum transfer is only
0 (10 MeV) [20], which leads to two main differences when
compared with the picture at colliders: (1) in direct detec-
tion experiments, the EFT approximations will be valid for
a much larger range of parameters, down to mediators at the
MeV mass scale [131]; and (2) the relevant operators are
not the usual DM-parton operators considered in Sect. 2.1,
but rather the non-relativistic limit of DM-nucleon opera-
tors. A partial list of these operators is given in Table 5,
in the language of [53,132]. The discussion in this section
is limited to the matching of operators at the lowest order.
For long-distance next-to-leading-order QCD corrections to
WIMP-nucleus cross section see e.g. Refs. [99,133-140].

The large splitting between the LHC and direct detection
energy scales makes it important to remember that the opera-
tor coefficients need to be RG-evoluted from the high energy
theory, including the matching conditions at the quark masses
thresholds [92,141].

The matrix element describing DM-nucleon contact inter-
actions is then given by a sum of the contributions from each
non-relativistic operator

12
///:X:cfv(mx)ﬁiNR. (12)

i=1

Next we show how to translate between the language of rela-
tivistic DM-quark operators discussed in Sect. 2.1 and direct
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detection constraints on the non-relativistic DM-nucleon
operators in Table 5 [20,53,132].

To do this, first we consider the intermediate-stage rela-
tivistic DM-nucleon operators, beginning with the Dirac DM
listed in Table 6 as a concrete example, with other cases dis-
cussed later. The effective Lagrangian at nucleon level gains
contributions from DM interactions with quarks and gluons
and can be written at either level as

%H:Zc?ﬁi‘]—l—Zcfﬁjg:ZcivﬁE, (13)
q.i 8 N,k

where i, j are summed over whichever operators are present
in the model of interest, and N = n, p. This will induce a
sum over some subset k of nucleonic operators. The value of
the coefficients c,’{v , given in the third column of Table 6, are a
function of the coefficients of the DM-quark and DM-gluon
operators, c? and cﬁ. These are dimensionful coefficients,
with the usual parameterisation given in the third column of
Table 1 for Dirac DM.

The coefficients c,’cv in Table 6 are also a function of sev-

eral other parameters. Note that féN ) =1- D gmuds q(N),

and C3 4 = (X, ¢4 4/mg)(Xy—ya.smy ") ~". There is some
uncertainty in the determination of fq(N), S;N) and A((]N). In
Table 7, we show the values used by micrOMEGASs [142].
Although they use a relatively old determination of these
parameters, they remain useful as a benchmark commonly
used by the community. Note that other, quite different sets of
values are also available in the literature. See Refs. [143—-152]
for fq(N), A,(IN) and Refs. [153—155] for other determinations
of 56V,

The next step is to establish relationships between rela-
tivistic and non-relativistic operators. At leading order in the
non-relativistic limit, the DM-nucleon operators in Table 6
reduce down to a combination of the operators from Table 5
according to the relations

(O8)) = (O8s) = dmymy OYR,
(ON,) = —4my ONR,
(ON3) = 4m, ONR,
(O8,) = 40%R,
(O8s) = 8my (my OFR + OFR),
(ON) = 8my (—my OYR + PR,
1
(ONg) = —EWSQ) = —16m,my O,
(OD10) = 8(my ONR — my ONR — dmymy ONR. (14)

Using these relationships, the matrix-element for the interac-
tions described by the Lagrangian in Eq. (13) can be rewritten
in terms of a sum of non-relativistic operators. Used in com-
bination with Eq. (12), the coefficients cfv of the NR operators
can be converted into those of the relativistic operators and
vice-versa.
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Table 6 DM-nucleon operators for Dirac fermion DM. For Majorana
DM, Ops, O, Opg and Oy, disappear. The coefficients c]q)lmDm,

Cl%ll»-»DB are the corresponding coefficients from the third column of

Table 1, e.g. Cqu = 1/M2. Recall that the coefficients are in principle
independent for each quark flavor

Label Operator DM-parton coefficient c,iv
-5 (N) (N) 1.8
ﬁgl XXNN Zq udsclq)lm (Zq cthDlﬁN ECIZ’)M’"N)
N s ) | <N> 1
ﬁDz Xiysx NN Zq udS(’DZ mN (Zq cbt“l]DZ’rrrl:N ﬁ‘ngsz)
o N
O3 XxNiysN Y amuds 7[(CD3 —-C3)+ HCDlsm]At(z )
Obs RivsxNiysN >y B [(cm Ca) + b A
ﬁgs X" x NV,LN 2cps + cD5 for DS, and cpys + 2cD5 for Ofs
o8¢ Xy ysx NyuN 2¢t o + ¢ for OF, and ¢l + 2c8 for OB
_ - N
oy Xy*xXNyuysN Y, chayd”
O Xy ysxNyuysN Y, chs Ay
ﬁg9 X" xNoy, N Z CD95(N)
—. o N
ﬁglo XiotysxNoy, N Zq CDIOEl(] )
Table 7 Quark-nucleon form factors as used by micrOMEGAs [142]. Note that fS(P) = fs("), Al(,p) = Afl"), Afip) = AL(,"), etc
fu(p) fd(p) fs(p) Az(f’) Aflp) Agp) 81517) aflp) 85(1))
0.0153 0.0191 0.0447 0.842 —0.427 —0.085 0.84 -0.23 —0.046
M(n) f(n) fs(n) Az(;l) A;n) Aﬁ.") 8,5”) ‘Sz(in) 8§")
0.011 0.0273 0.0447 —0.427 0.842 —0.085 —-0.23 0.84 —0.046
As an example, let us consider the &5 operator. If the 4 1 2 oNR
coupling to each flavor of quark is chosen to be independent, T dnmymy M2, + M2 J 1
. . ’ 3k,
ie. cD] = 1/M? > then the effective Lagrangian at the DM- _ (c Pimy) + & (m )) HNR (17
quark level is 1My 1Ty 1

15)

1
_ q 54 _
EDICLEDY M2
q q 4
Combining this with the information in Table 6, we see

that this operator contributes to ﬁgs, and so the effective
Lagrangian at DM-nucleon level is

_ N 5N
Leit = ZCDSﬁDS
N

= (2¢ps + cbys) Ops + (cbs + 2¢hs) Ops

_(_ 2 Slhy b
=3z, T ) e
1 2
+ 5=+ —— | xy" xnyun. (16)
M*,M M*d

Using Eq. (14), we see that (ﬁDS) =4dm,ymy ﬁ , therefore

the matrix element is

M chs(ﬁN
N

2 1

4m, m + ——
Mz, T M2,

Reference [132] provides a toolset to convert experimen-
tal data into a constraint on any combination of relativistic
or non-relativistic operators, by defining a benchmark con-
straint on an arbitrary operator and using the conversion for-
mula

12
L= Y M) mp N my)
i,j=1 N,N'=p,n

(18)

where @i’(jv’N/) are given as a set of interpolating functions
for each experiment.

To reiterate, in this section we have summarised how to
convert between the coefficients ¢ (m, ) of the NR operators
relevant for direct detection, and the coefficients c? or M,
of the fundamental underlying DM-parton operators. With
this information, Eq. (18) can be used to convert between
constraints on different operators using e.g. the code given
in Ref. [132].

Moving beyond Dirac DM, the relationships between
operators for Majorana DM are very similar to those given in

Table 6, the difference being that ﬁDS’ Opy> Opg and Op
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Table 8 DM-nucleon operators

. N
for complex scalar fermion DM Label Operator DM-parton coefficient ¢;;
N N (N) (N) n 1,
oy, P pNN Y gmuds 1 g Cymebi 15 = 5césmn)
_ N
7 P ¢NiysN 2 uds ?;1: [ty = C) + 57 Letgmlag”
oy, ¢*i 9, pNy*N 2cly + ¢l for Oy, and cly + 2cd for G0,
Y
6’& ¢*i 0, pNy"ysN Z CC4A(N)
disappear and so do not have a Majorana analogue. Therefore 3M§N N2 21
ﬁDS’ ﬁ b7 also do not have a Majorana version. osD = G @D
For complex scalar DM, the DM-nucleon operators are N o ) ) )
where ¢;" is given in Table 6 for Dirac fermion DM and

given in Table 8. Atleading order in the non-relativistic limit,
these reduce to

(OY)) = 2mNﬁNR

<ﬁg2> =20 10 ’

(ON;) = 4m,ymy OTR,

(ﬁc4) —8m mNﬁ7 (19)

For real scalar DM, = ¢ and ﬁgy ﬁ& vanish.

The final step to make contact with experimental results
is to draw a relationship between the coefficients of the DM-
parton operators and the notation used in the direct detec-
tion community, where constraints on the scattering rate are
usually given in terms of either spin-independent scattering
cross section ogj, or the spin-dependent scattering cross sec-
tion osp. These two parameterisations of the scattering rate
are induced by the lowest-order expansion of specific non-
relativistic operators.

The spin-independent scattering rate corresponds to a con-
straint on civ of ﬁ’i\m. This operator is the only one not
suppressed by either the momentum of the DM or a spin
coupling, and so is the most commonly studied interaction
in the community.

The spin-dependent rate osp corresponds to a constraint
on cf“] of ﬁ}l\m. This corresponds to an interaction of the
DM spin with the nuclear spin and therefore the scattering
rate is suppressed by the spin of the target nucleus. Not all
experiments are sensitive to this interaction.

From Eqgs. (14) and (19) we see that several DM-nucleon
operators lead to these two NR operators. Specifically: ﬁg 1
ﬁgs, ﬁCI, and ﬁ’ 5 lead to ﬁNR while 6’ ﬁ’g9 lead to
ﬁNR. At the DM- quark level, ﬁDl, Ops- ﬁD”, Oct1» Ocy
and 05 each lead to a spin-independent scattering cross
section, while Opg, O lead to a spin-dependent scattering
cross section. The formula for osp, osp for each of these
operators (] is

2
KN
(N2,

os1 = (20)

@ Springer

Table 8 for complex scalar DM, N = mymy /(m, +my)
is the DM-nucleon reduced mass, and the target nucleon is
either a neutron or a proton N = n, p.

The precise application of these formulae to convert
between osp, osp and the usual coefficients cl.q from Tables 1
and 3 is sensitive to the choice of the nuclear form factors
(see Table 7), and so we list here the usual conversion used
by the community [21],

oDl = 1.60 x 1077 cm? (I’Lég/)z (20GCV> (22)
oD3C = 138 x 107 cm? (lﬂég,)z (300 Gev) (23)
oD = 3.83 x 1074 cm? (1Mé£/)2 (1034ciev> (24)
osl =2.56 x 10730 cm? (1Mé£/)2 (IOA(;: )
X <10mﬂ>2 (25)
X
o =740 x 107¥¢ (lﬂég/)z <6OA(Z:V>4
X <10mﬂ>2 (26)
X
ooe®? = 470 x 107 em? (1““ ég] )2 (30(;;’6\')4
* (27)

It is possible to convert constraints on osy and osp into con-
straints on the parameters of any other operator or combina-
tion of operators using Eq. (18) with the code described in
Ref. [132].

2.3 Effective field theories for indirect detection
Indirect detection is the search for the Standard Model par-

ticles arising as a result of DM self-annihilations (see e.g.
Ref. [156] for a state-of-the-art review). DM annihilation
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takes place on many scales, from cosmological scales down
to annihilation within the solar system.

Most indirect detection studies search for the gamma-
ray signal from WIMP annihilation on the scale of Galac-
tic halos. Both direct production of photons and secondary
production from the decay of other SM particles are consid-
ered. For annihilation of DM of mass m, within the Galactic
halo, the gamma-ray flux observed at Earth along a line of
sight at angle ¥ from the Galactic center, with an initial
photon energy spectrum per annihilation given by dN,, /d E,
reads

d®, 1 (ov)oa dNy F () (28)
dE 2 4nm2 dE )
where
Z”lax
0
(29)

is the integrated DM density squared and Jo = 1/[8.5 kpc x
(0.3GeVem3)?] is an arbitrary normalization constant
used to make _¢# (1) dimensionless.

This form of the expression is useful as it factorizes 7,
which depends on astrophysics, from the rest of the expres-
sion which depends on particles physics. With knowledge
of ¢ for the studied annihilation region and the gamma-
ray spectrum per annihilation d N, /d E, a constraint can be
placed on the thermally averaged self-annihilation cross-
section, (0 v)ral- A constraint on this parameter depends
only on the spectrum of SM particles per annihilation,
not on the underlying particle physics model. The numer-
ical tool introduced in Ref. [157] is helpful to get the
spectrum of SM particles in the final state of DM anni-
hilations. Since this spectrum is unknown, searches typ-
ically present constraints on individual channels assum-
ing 100 % branching ratio to that channel. For exam-
ple, a search may present a constraint assuming anni-
hilation purely to WTW~. This is equivalent to a con-
straint on the total cross section scaled by the branch-
ing ratio to that final state, (CV)y+w- = (0V)iotal X
BR(WTW™).

This means that an EFT analysis is not strictly necessary
for indirect detection studies, since the calculation of the
branching ratios within a specific model only adds model-
dependence to the constraints.

There are specific cases where EFT can be useful, such as
if one is interested in the spectrum of gamma-rays from DM
annihilation taking into account all final states. For example,
Ref. [158] used effective operators to study whether DM can
produce the spectrum of a potential gamma-ray excess from
the galactic center, and Refs. [23,159-162] uses the EFT
formalism to calculate the DM annihilation rate to the yy
final state. This is a very clean signature with few astrophys-

ical backgrounds, and so determining an accurate branching
ratio to this final state can give very strong constraints on DM
models.

Effective operators are also useful as a way to compare
the strength of indirect detection constraints with constraints
from other searches such as direct detection experiments and
colliders [25,31,48,163-165].

Galactic  WIMPs at the electroweak scale are
non-relativistic, and so the energy scale of the interaction
is of order 2m, . Hence the EFT approximation is valid for
indirect detection experiments as long as the DM mass is
much lighter than the mediator mass.

The operators describing DM interactions with the SM can
be organized in the non-relativistic limit as an expansion in
their mass dimension and in their velocity dependence (e.g.
s-wave, p-wave, etc. annihilations). For self-conjugate DM
(a Majorana fermion or a real scalar field), DM annihilation
to light fermions suffers from helicity suppression which can
be lifted by including extra gauge boson radiation. This effect
is of particular relevance for indirect detection, as it can sig-
nificantly change the energy spectra of stable particles origi-
nating from DM annihilations [31,166—179]. Sticking to the
EFT framework, this effect is encoded by higher-dimensional
operators [66,165].

Indirect detection can also be used to constrain the WIMP-
nucleon scattering rate via neutrinos from the sun. As the
solar system passes through the Galactic DM halo, DM will
scatter with the sun and become gravitationally bound. The
DM annihilation rate depends on the square of the DM num-
ber density, and therefore after a sufficient amount of time has
passed, the DM annihilation rate will increase until it reaches
equilibrium with the scattering rate. Therefore the size of the
scattering rate will control the flux of particles from the sun
from DM annihilation. Due to the opacity of the sun, neutri-
nos are the only observable DM annihilation product from the
sun, and so IceCube and other neutrino observatories can use
limits on the neutrino flux from the sun to place constraints
on the DM scattering cross-section [180]. This means that
indirect detection is in the unique position of being able to
probe both the relativistic and non-relativistic DM-SM effec-
tive operators.

3 A paradigm shift: simplified models

In the previous section we have spelled out the virtues and
drawbacks of the EFT approach for DM searches. Whilst
the EFT remains a useful tool if used consistently, it is now
clear that we must also look beyond the effective operator
approximation.

As anticipated in the Introduction to this review, a pos-
sible alternative approach consists of expanding the contact
interaction of DM with the SM and include the “mediator” as
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Table 9 Simplified models for scalar and fermion DM

Mediator spin  Channel DM spin  Model name Discussed in
section

0 K 0 0s0 3.2.1

0 s 3 05 322
1 1

0 t 7 015 323

1 1

3 t 0 510 3.3.1

1 1 1.1

3 t 3 5t5 332

1 Ky 0 150 3.4.1

1 s 1 Is1 342
1 1

1 t 3 lt5 343

propagating degrees of freedom of the theory. By increasing
the number of parameters necessary to specify the unknown
DM interactions one gains a more complete theoretical con-
trol.

In this section we will summarize the phenomenology
of the simplified models for DM and, wherever available,
provide the most important results concerning the collider
searches, the DM self-annihilation cross sections and the
cross sections for DM scattering with nucleons.

So far, as is customary when discussing EFTs, we have
followed a bottom-up approach: the list of effective opera-
tors comes purely from symmetry and dimensional analyses.
The shift to simplified models now makes it more advan-
tageous to reverse the logic and use a top-down approach
from here on. We will categorize the models according to
the quantum numbers of the DM particle and the mediator,
and to the mediator type (s- or t-channel); see Table 9. This
classification refers to 2 — 2 tree-level processes and the
model names we choose are designed as an easy-to-recall
nomenclature.

We have decided to limit the discussion to scalar and
fermion DM only, and not to include in the list the cases
where the DM is a massive vector particle. In the spirit of the
simplified models, the smallest possible number of degrees of
freedom should be added to the SM. Also, the model build-
ing with vector DM is necessarily more involved. Further-
more, many DM searches at the LHC are based on count-
ing analyses, for which the DM spin is typically not very
relevant. Event topologies more complex than the Er + j
can be constructed, along with angular variables [87,104],
which would also allow the exploration of the spin of the
DM particle, to some extent. However, we believe that at
the present stage of LHC searches for DM, the simplified
models discussed in this review already capture a very rich
phenomenology.

Before reviewing the features and the phenomenology of
all the cases listed in Table 9, we first point out some general
properties of simplified models.

@ Springer

3.1 General properties of simplified models

As discussed above, when building a simplified model for
DM one wants to extend the SM by adding new degrees of
freedom: not too many, otherwise simplicity is lost; not too
few, otherwise the relevant physics is not described com-
pletely. To this end, one builds simplified models according
to the following general prescriptions:

(i) The SM is extended by the addition of a DM particle,
which is absolutely stable (or, at least, stable on collider
scale).

(i) The new Lagrangian operators of the models are renor-
malizable and consistent with the symmetries: Lorentz
invariance, SM gauge invariance, DM stability.

In addition to these exact symmetries, the SM has other
important global symmetries. Baryon and lepton number are
anomalous, but they can be treated as exact symmetries at the
renormalizable level. So, we require that simplified models
respect baryon and lepton number.

On the other hand, the flavor symmetry of the SM can be
broken by new physics, but we need to ensure this break-
ing is sufficiently small to agree with high-precision flavor
experiments. One very convenient approach to deal with this
is to impose that new physics either respect the SM flavor
symmetry or the breaking of it is associated with the quark
Yukawa matrices.

This idea is known as Minimal Flavor Violation (MFV)
[181]. It also allows us to keep small the amount of CP vio-
lating effects which are possibly induced by new physics.
Throughout this paper we will adopt MFV, although it would
be interesting to have results for simplified models also in the
very constrained situations where this assumption is relaxed.

Following the guidelines outlined above, we now proceed
to build and discuss the phenomenology of simplified mod-
els.

3.2 Scalar mediator

The simplest type of simplified model is the one where a
scalar particle mediates the interaction between DM and the
SM. Their interaction can occur via s-channel or t- channel
diagrams. The scalar mediator could be real or complex. In
the complex case, it has both scalar and pseudoscalar compo-
nents. We will separately discuss the cases where the medi-
ator is a purely scalar or a purely pseudoscalar particle.

As for the DM, it may either be a scalar (0sO model) or a
Dirac or Majorana fermion (Os% model). The more complex
possibility of a fermion DM being a mixture of an EW singlet
and doublet will be discussed later, as it leads to a hybrid
0s%/1s% model.
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The primary focus will be on the tree-level mediator cou-
plings to SM fermions (and the couplings to gluons arising at
one loop), being the most important for LHC phenomenol-
ogy.

An important aspect to keep in mind when dealing with
scalar mediators is that they generically mix with the neutral
Higgs. In turn, this would affect the Yukawa couplings and the
tree-level vertices of the Higgs with two gauge bosons. Such
deviations with respect to SM Higgs couplings are severely
constrained by Higgs production and decay measurements,
although not excluded completely. A common approach in
the literature is to simply set the mixing of the scalar mediator
with the Higgs to zero, thus keeping the minimal possible set
of parameters.

On the other hand one must also consider the possibil-
ity that the Higgs boson itself can serve as a scalar medi-
ator between the DM and the rest of the SM, thus provid-
ing a rather economical scenario in terms of new degrees of
freedom, and sometimes a richer phenomenology. Connect-
ing the DM sector to the SM via the Higgs field may have
also interesting consequences for the electroweak symmetry
breaking and the Higgs vacuum stability, and it is possible
to link the solutions of the hierarchy problem and of the DM
problem in a unified framework [182—-189].

3.2.1 Scalar DM, s-channel (0s0 model)

In the case where DM is a real scalar singlet ¢, the mediation
is via s-channel and the mediator is a neutral scalar. The
most minimal choice is to consider the Higgs boson & as a
mediator, rather than a speculative dark sector particle [2,45,
55,183,190-195].

Such a model is described by the Lagrangian
Foo = 50— sm3e z%vhqsz (30)
with v = 246 GeV. The DM coupling term of the form ¢*
does not play a relevant role for LHC phenomenology and it
will be neglected.

The low-energy Lagrangian (30) needs to be completed,
at energies larger than my, in a gauge-invariant way, using
the Higgs doublet H

1 1 A
Loso = 5 @u9) — mgd? — LY H'H (31)

Note that this model is described by renormalizable interac-
tions. A discrete Z> symmetry under which H is even and ¢
is odd would make ¢ stable and prevent ¢ — H mixing.
The model parameters are simply {mg, Ay} and one can
distinguish two main regimes: mg < mp/2, mgy > my /2.

Collider For DM lighter than half of the Higgs mass (mgy <
mp/2), the Higgs can decay on-shell to a DM pair. The
main collider constraint comes from the invisible width of

the Higgs, say I iny/Ih S 20 %. The Higgs to DM decay
responsible for the invisible width is

)\.2 U2 4m2
Fh—¢¢) = 2 — [1-—L. (32)
32 my, my,

Taking I, = 4.2 MeV for m;, = 125.6 GeV, the 20 %
constraint gives A4 < 1072,

In the opposite regime (mgy > my,/2), the invisible width
constraint does not apply anymore. The cross-section for DM
production at the LHC is further suppressed by Aé and phase
space, thus making mono-jet search strategies irrelevant. The
most important constraint for this region of parameter space
is on the spin-independent (SI) scattering cross-section from
direct detection experiments.

DM self-annihilation Using (30), the DM self-annihilation
cross section to SM fermions of mass m ¢ is
r2m?

3/2
()

¢ f "¢

87 (mj —4m3)? +my I}

+OW2) (33)

(ovrel) (P — ff) =

where vr is the relative velocity of DM particles.
Using the high-energy completion Eq. (31), the annihila-
tion to hh final states also opens up,
)»2
(o vrer) (@ — hh) = —*

2 9
5127tm¢

(mp = 0). (34)

DM scattering on nucleons The effective Lagrangian at the
DM-quark level is
YgheV

Loip = 2g 35
off g 4m%¢qq (35)

where the Yukawa coupling y, is defined by m, = y,v/ V2.
The DM-nucleon scattering cross section is given by Eq. (20),
with coefficient (cf. Table 8)

Ygrpv My
No 3 iy

gonds 4my mg 1
iy Ygr$V MN
2

27 q=c,b,t 4mh Mq

Apmn W, 0 )
_ R . !

(e =),

2’«/zmh q=u,d,s 27 q=u,d,s

(36)

where fq(N) are given in Table 7, and recalling that féN) =
1— Z (N)
gq=u,d,s /4
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3.2.2 Fermion DM, s-channel (Os% model)

B GENERIC CASE
The next case we would like to consider is a spin-1/2 DM
particle, taken to be a Dirac fermion. The Majorana case only
involves some minor straightforward changes.

We consider two benchmark models where the gauge-
singlet mediator is either a scalar S or a pseudoscalar A,
described by the Lagrangians [196,197]

Fyosr = 50— Im3S 4 R —m)x — 8 SEx
—gsmS Y yjf_ff (37)
7
Loust = l(a,LA)2 —~ %mﬁAz + 5 Gd —my)x
—ig, AXY X _lgSMAZ ffy f. (38)

where the sum runs over SM fermions f. The DM particle
is unlikely to receive its mass from electroweak symmetry
breaking, so its interaction with the mediator has not been
set proportional to a Yukawa coupling.

As for the operators connecting the mediators to SM
fermions, the MFV hypothesis requires the coupling to be
proportional to the Yukawas yy. However, in full general-
ity it is possible to have non-universal gsy couplings, e.g.
gé’fv)l # g(d) #* gSM, for up-type quarks, down- type quarks
and leptons. Notably, the situation where g(") * gSM arises
in Two-Higgs-Doublet Models. In the following we will
focus on the universal couplings, but the reader should keep
in mind that this is not the most general situation.

Another caveat concerns the mixing of the scalar mediator
with the Higgs. In general, Lagrangian operators mixing a
gauge singlet scalar with a Higgs doublet (e.g. S?|H|?) are
allowed. As discussed in the introduction of Sect. 3.2 we will
follow the common assumption by neglecting these mixings.
However, we will later discuss an example of these when
discussing the Scalar-Higgs Portal.

So, the simplified models described by Eqgs. (37) and (38)
have a minimal parameter count:

{my,mssa, gy, gsm}- (39)

Collider The mediators have decay channels to SM fermions,
DM particles or to gluons (via a fermion loop dominated by
the top-quark). The corresponding partial widths are

yzgéMmsM am2 \"?
F(S/A = [f) =3 Ne(tH =0 (1— 2f>
7 T Mg
(40)
2 2\ /2
_ g5ms/A 4m
F(S/A— 70 =5 (1— /) (1)
T mg;
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2
2.2 3
o5 8sm s /A
3273 2

I'(S/A — gg) = (42)

4mt2
Isja| —
M)A

where N.(f) is the number of colors of fermion f (3 for
quarks, 1 for leptons), and n = 1 for pseudoscalars, 3 for
scalars. The loop functions are

fs(t) =7 [1 + (1 — 1) arctan’ 1] (43)
—
fa(t) = 7 arctan® «/r;_—l (44)

fort > 1.

Other loop-induced decay channels, such as decay to y y,
are sub-dominant. Of course, in the presence of additional
(possibly invisible) decay modes of the mediators, the total
width will be larger than the sum of the partial widths written
above.

Typically, the decay to DM particles dominates, unless the
mediator is heavy enough to kinematically open the decay
to top-quarks. Also notice the different scaling with respect
to DM velocity (1 — 4m2f/m§/A)”/2 for scalars and pseu-
doscalars. In the region close to the kinematic boundary, the
decay width of A is larger and therefore one expects stronger
constraints on pseudoscalars than on scalars.

There are three main strategies to search for this kind of
simplified model at colliders: missing energy (MET) with
1 jet (E7 + j), MET with 2 top-quarks (E7 + tf), MET
with 2 bottom-quarks (E7 + bb), see Fig. 2. Much recent
and ongoing effort has gone into improving predictions for
these signals by including next-to-leading-order (NLO) QCD
effects in simulations of the signals from these and other
simplified models [82,198-200].

The E 1 + j searches are expected to provide the strongest
discovery potential, but the channels with heavy quarks
tagged can have much lower backgrounds, and they can get
more and more relevant as the energy and the luminosity of
LHC is increasing.

DM self-annihilation The self-annihilations of two DM parti-
cles are the key processes to consider when studying the relic
abundance (freeze-out mechanism in the early universe) or
the indirect detection constraints (constraints from observa-
tions of DM annihilation products, usually studying annihi-
lation in the halo or galactic center today).

The thermally averaged self-annihilation cross sections of
Dirac DM y, via a scalar or pseudoscalar mediator, to SM
fermions f are

(ovrel)(pp — S — ff)

3/2
2
m2 (1= ny
X m?
X 2

gngMyf w2,
T

16w (m

= Nc(f) (45)
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\ &

tA Y

~A
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Fig. 2 Diagrams contributing to £7 + j, E7 +t7 and E1 + bb signals. The £ + j diagrams involve loop of top-quarks. while £ +17, E1 + bb
involve tree-level emission of mediator from a t-channel top-quark exchange. Most Feynman diagrams were generated using TikZ-Feynman [201]

(OVeel) (pp — A — f )

5 mzf 1/2
1— 2L
83 83uYF mx( mi)

4 (mi—4m§)2+milf'

= Ne(f) (46)

For Majorana DM, the above cross-sections get multiplied
by 2. Notice that the annihilation via scalar mediator is in
p-wave (v2-suppressed) even for my #0.

DM scattering on nucleons In the low-energy regime at which
DM-nucleon scattering is taking place, it is possible to inte-
grate out the mediator and recover the EFT description, with
the operators

8x8SMYq , _ _ 8x8SMYq
Os = = —=(xx)(qq) = ~—=—0, 47)
ﬁm% XxX)\q9q \/Emé D1
8x8SMY 8x8SMY
ﬁA — X q X q ﬁD4 (48)

ST iy x)(@Giyq) = 2
ﬁmi Xty x)\qiy-q ‘/5’"124

describing the DM-quarks fundamental scattering, and
expressed in terms of the operators in Table 1. Remember
that the operator coefficients must be evaluated at the scale
where scattering is occurring [92,141], by performing RG
evolution from the high energy theory as well as matching
conditions at the quark mass thresholds.

The scalar exchange gives rise to spin-independent DM-
nucleon scattering, while the pseudoscalar gives a spin and
momentum suppressed cross-section. The latter case does not

provide significant constraints from direct detection exper-
iments. As for the SI case, the elastic DM-nucleon cross
section (for Dirac DM) is given by Eq. (20), with effective
coupling (cf. Table 6)

my [ 8x8SMY,
N = Z fq(N)_< X q)

2

q=u.d,s Mg ﬁms
2 v my [ &x8sMYq
2y (s
27 g=c,b,t Mg ﬁms

2 4"

_ (gngM>
vm’g

q=u.,d,s
PN SN (49)
27 i
q=u.d,s
where we have again used that f((;N) =1=3uds q(N)

and that ggm was assumed to be flavor-universal, otherwise
one cannot take that factor out of the sum over quarks. Sample
numerical values of the couplings fq(N) are listed in Table 7.

B CASE STUDY 1: HIGGS AS MEDIATOR

As a first case study, we consider one specific realisation
of the Os% model outlined earlier, where the Higgs itself
serves as the scalar mediator particle. We already considered
this possibility in Sect. 3.2.1 for the case of scalar DM (0s0
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model), and we will consider another scenario involving both
Higgs and vector mediators in Case Study 4 on Page 36. Here
we want to outline the main features of this “Higgs portal”
model for Dirac fermion DM [52,89,114,202-205].

The Lagrangian of the model at low energies is

z5- Yovifr+x0x+ivEyx (50)
V2 f

which can be matched to the Lagrangians Eqs. (37) and (38)

of Sect. 3.2.2, provided that y, = g, V2, or y)f = gy V2,

gsm = L.

Notice, however, that here the Higgs 4 is a real scalar
field (not a pseudoscalar, like the generic mediator A); so
the pseudoscalar coupling in Eq. (50) only affects the #1-DM
interaction and not the usual Yukawa interactions between the
Higgs and the SM fermions f. So the generic pseudoscalar
model 0 As% cannot be completely matched with the model
in Eq. (50) since the Higgs is a real scalar.

At energies larger than the Higgs mass, the effective
Lagrangian in Eq. (50) is completed in a gauge-invariant way
as

¥

HYH _ )
LD ==X+ iy vx (51)

which is described by a dimension-5 operator.

The model parameters are simply {m ., y,} or {m,, yf },
if one considers the scalar and pseudoscalar couplings sepa-
rately.

Collider For DM lighter than half of the Higgs mass (m, <
mp, /2), the on-shell decays of the Higgs into a DM pair con-
tribute to the Higgs invisible width

2 2\3/2
mp 4m
[h— jix) =X (1——;‘) (52)
167 my,
or
1/2
_ ) 2my 4m?
I'h— xx) = )16 11— — (53)
T mh

The experimental constraint [, /I S 20 % gives
Yo ¥E S 1072, for I}, = 4.2 MeV and mj, = 125.6 GeV
[124].

The opposite mass regime m, > my /2 is not significantly
constrained by collider data, for couplings within the pertur-

bative domain.

DM self-annihilation The thermally-averaged annihilation
cross sections for Dirac fermion DM are

5 m? 3/2

{0 vrer)( Ff) = Ne( )yiy} mx(l_mi) g
—_— = 3

O Urel ) (X X Ir c(f 307 (m%—4m%()2+H1%Fh2vrel

(54)
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2832
P22 m2(1-2L
(yx)yf X m%(

8 (m%—4m§)2+m%F}12‘
(55)

(ovrel) (XX — ff) = Nc(f)

For Majorana DM one needs to include an extra factor of 2.

The scalar coupling does not produce s-wave cross sec-
tions. For DM masses above the Higgs mass, the Lagrangian
operator Eq. (51) opens up self-annihilations to two Higgses
or longitudinal gauge bosons

(ovrel)(xx — HH) =

2
v
o [(y)‘f)2 + f‘yi] (56)

DM scattering on nucleons At low energies, after integrating
out the Higgs field, we end up with the effective Lagrangian

YE o= (= 5P
Zefr D %(qq) [x(yx +iyTyy )x] : (57

The coupling y, multiplies the &p; operator while y)f is
in front of a &py operator. Therefore, the scalar coupling
is responsible for spin-independent cross section, while the
pseudoscalar coupling drives a spin and momentum depen-
dent cross-section, as described in Sect. 2.2. The spin-
independent cross section can be found via Eq. (20) with
coefficient

N _ Yx™MN

B ﬁvm%

c

6
Y eg(i- ¥

q:u,d,s q:u,d’s
(58)

The current best limits on spin-independent cross-section
from LUX [206] rule out a fermion DM coupling to Higgs
with the correct thermal relic abundance for m, < 10° GeV.
However, unknown particles/interactions may reduce the
abundance of DM coupled to Higgs and relax the tension
with DD data.

On the other hand, because of much weaker constraints
on spin and momentum suppressed cross sections, there are
currently no limits on perturbative values of y)f from direct
detection, thus leaving this case as still viable.

B CASE STUDY 2: SCALAR-HIGGS PORTAL

Another specific realization of the Os % model arises by allow-
ing mixing between a real scalar mediator S and the Higgs
boson. In this case, to keep the model as minimal as possible,
the mediator S is not allowed to have couplings directly to the
SM fermions, but only through the “Higgs portal”. Therefore,
this kind of model looks like a Two-Higgs-Doublet Model
(2ZHDM) extension of the SM Higgs sector (see Ref. [207]
for areview and Refs. [208,209] for some recent work on the
pseudoscalar mediator case). The DM is again assumed to be
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a Dirac fermion and the Lagrangian describing the model is
h _
—= > v ff

V25

(59)

1 1 _
Z > E(aMS)2 - zmgs2 + X T —my)x —

—yySxx — usSIHI* — AsS?|H|*.

The cubic and quartic self-couplings of the mediator S do
not play any role for LHC phenomenology and they have not
been considered in the Lagrangian. Another simplification
is to forbid the S mediator from developing a VEV, (S) =
0. The generalization where this assumption is relaxed is
straightforward.

This model is described by the 4 parameters: {m,, mg,
As, is}. The mediator-Higgs mixing driven by g leads us
to diagonalize the mass matrix and find the physical mass
eigenstates i1 and h;

hi\ ([ cos6 sin 6 h
hy)  \—sin® cosd/)\S/)’

where the mixing angle is defined by tan(260) = 2vus/ (m% —
m% + Asv?), insuch a way that & = 0 (us = 0) corresponds
to a dark sector decoupled from the SM, and the physical
masses are approximately given by

(60)

mp, >~ mp (61)

mpy, >~ ‘/mé + A%vz,

so that h corresponds to the physical Higgs boson of mass
~125 GeV.
In the mass-eigenstate basis, the Lagrangian (59) reads

(62)

% > — (hicosb —h251n9)Z
f

— (hlsinO—l—hzcosG)yxxx. (63)

This Lagrangian is of the same form as the generic one .,2”0

of Eq. (37), where we can identify 4, with S and read the
corresponding couplings

(64)
(65)

8y = Yy cosf

gsMm = —sinf,

while the Higgs Yukawa couplings to fermions are reduced
as yrcos6.

Collider In addition to the Yukawa couplings, the cos 0 sup-
pression also appears in the trilinear couplings of the Higgs
with two gauge bosons, and therefore 6 is constrained by
Higgs physics measurements as well as EW precision tests.
The limits from LHC Run I Higgs physics are the most strin-
gent ones and give sin6 < 0.4 [210,211].

The invisible width of the Higgs decaying to DM particles
is

_ y)z( sin” Omy,, 4mi 32
I'(hy — xx) 1 ) ’
8 mj,

(66)

W=z

Fig. 3 Diagram of the process contributing to mono-W/Z signals in
Scalar-Higgs Portal

and for a light enough mediator, the 1 — hyhy decay can
also open up. The calculation of the invisible BR of the Higgs
should also take into account that the Higgs decays to SM
fermions receive a cos? 6 suppression.

On top of the usual £7 + j signal, this 2HDM-like sim-
plified model possesses other interesting channels that may
distinguish it from the generic scalar mediator case. For
instance, mono-W/Z signals can arise at tree level as in Fig. 3.

An important feature is the destructive interference
between the exchange of &1 and k7, which has an impact
on both LHC and DD phenomenology.

Furthermore, the hlh% trilinear vertex is likely to change
the phenomenology of mono-Higgs signals by adding to the
usual diagram (Fig. 4 left), and the diagram with triangle
top-loop (Fig. 4 right).

DM self-annihilation and scattering on nucleons The DM
self-annihilation rate and scattering rate are identical to the
generic case with scalar mediator described by Egs. (45) and
(49) respectively, with the couplings g, , gsm replaced with
the expressions in Egs. (64) and (65).

3.2.3 Fermion DM, t-channel (Ot% model)

Let us now turn to consider the most common situation of this
kind, where the DM is a spin-% (Dirac or Majorana) fermion
x and the mediator is a scalar particle . The interaction of
interest is the one connecting x and 7 to a quark field g:
nxq-+h.c. Since DM cannot have color charge, n has to be
colored. As for flavor, in order to comply with MFV, either
n or x should carry a flavor index. Although models with
flavored DM has been considered [38,212,213], we consider
here the situation of unflavored DM where 7 carries flavor
index [61,75-78,78,115,125,173,214-216]. In this case the
mediator closely resembles the squarks of the MSSM, for
which extensive searches already exist (see e.g. [123]).
Having decided that 5 carries both color and flavor indices,
itremains to be seen whether it couples to right-handed quark
singlets (up-type or down-type) or to left-handed quark dou-
blets. The choice made here is to couple 7 to right-handed
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Fig. 4 Diagrams contributing to mono-Higgs signals in Scalar-Higgs Portal

up-type quarks u; = {ur, cg, tg}, so that the Lagrangian for
the 3 mediator species 7, reads

1 1 B}
Lyt D > [E(a,m,-)2 - 5M}r;,-2+ (ginf xui + h.c.):|.
i=1,2,3
(67)

Other choices for mediator-quark interactions can be worked
out similarly.

The MFV hypothesis imposes universal masses and cou-
plings M| = M, = M3 = M and g; = g» = g3 = g, thus
resulting in a three-dimensional parameter space

{m)(va g} (68)

However, the breaking of this universality is possible, result-
ing in a splitting of the third-generation mediator (i = 3)
from the first two (i = 1, 2).

Stability of DM against decays is ensured by considering
my < my, so that DM decays are not kinematically open.

Collider Given the similarity of the mediator to squarks, col-
lider searches for this class of model can fruitfully combine
usual mono-jet with strategies for squark detection. The main
contributions to the £7 + j process come from the dia-
grams in Fig. 5, relative to the processes uu — xx + g,
ug — xx +u,ug — xx +u.

Typically, the diagram on the right of Fig. 5 tends to dom-
inate because of larger parton luminosity of the gluon. The
gluon radiation from the #-channel mediator is also possi-
ble (last diagram of Fig. 5), but it is suppressed by a further
1/M? (it would correspond to a dimension-8 operator in the
low-energy EFT).

Mono-jet searches allow the possibility of a second jet:
ET + 2j. These processes are mainly sourced by mediator
pair production (pp — n1n7) followed by mediator splitting
(n1 — xu), as in Fig. 6, relative to processes gg — x xuu,
uu — x xuu.If the DM is a Majorana particle, further medi-
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ator pair production processes are possible, initiated by uu
or i states.

Unlike squark searches, where the squark-neutralino cou-
pling is fixed by supersymmetry to be weak, in the simplified
models g is a free parameter. Depending on its magnitude,
the relative weights of the diagrams change. For instance, if
g1 is weak (g1 < gs) the QCD pair production dominates
over the production through DM exchange.

Comprehensive analyses of collider constraints on ?-
channel mediator models with fermion DM have been pre-
sented in Refs. [76-78,216]. The combination of mono-jet
and squark searches leads to complementary limits. The
mono-jet searches are usually stronger in the case where the
DM and the mediator are very close in mass.

Before closing this part, it is useful to quote here the result
for the mediator width, in the model of Eq. (67)

I'(ni — xuj) = ~—

><\/(Ml.2 —m2 —m2)? —dm2m2,. (69)

DM  self-annihilation The main process for DM
self-annihilations is x x — u;u;, via t-channel exchange
of the mediator n;. This is the relevant process for indirect
DM searches.

However, the situation is different for freeze-out calcu-
lations. If the DM and the mediator are sufficiently close
in mass (M; — my < Treeze-out), coannihilations become
relevant and one should also take into account the media-
tor self-annihilations and the x 7 scatterings. The details of
these processes are strongly dependent on whether the DM
is a Dirac or Majorana fermion.

For Dirac x (Ot% p model)

o 37 my
(ovret) G = dhitti) = = 2 + M2 (my; =0)
(70)
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Fig. 6 Diagrams contributing to £7 + 2j signals in Ot% model

828} 1
* SO
(oveel) (X1; — Ui g) 247 Mi(m, + M;) (my, )
(71
7g4 1
(ove) min; — gg) = 216; W (72)

while the process n;n} — ii;u; is p-wave suppressed.

Us X

|
|
|
|
)
|
|
|

i g

U

n;
X [
i ,/’< _ X
-7 Uq
\\‘\\ U;
T]: \\\< § §I7§ \
X U
: 1
For Majorana x (075 Iy model)
g mymy M

(Ovrel) (X X —> Uju;) = 647 erel

is p-wave suppressed, and

Ui

=

(my; =0)

(73)
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g2g? 1
* : = S o1 . :0
(ovel) (X1; — Ui g) 24 My, + M) (my, )
(74)
g4 mi
¥ gy — =248 A —
(ovre) (nimi — tiui) = 2 1 M2 (my; = 0)
(75)
7g4 1
(ovel) min; — g8) = ﬁw (76)

The p-wave suppressed self-annihilation cross section for
Majorana DM bas been thought to be an issue for study-
ing this model with indirect detection. However, it has been
noted that the radiation of an EW gauge boson is able to lift
the suppression and open up phenomenologically interesting
channels for indirect detection [170-173]. This has interest-
ing implications, as the decay of a radiated massive gauge
bosons into hadronic final states means that even if the medi-
ator only couples the DM to leptons, photons and antiprotons
will inevitably be produced. Electroweak radiation is in gen-
eral important to take into account when attempting to explain
an observed signal such as the apparent excess in the positron
flux [217,218] without overproducing other standard model
particles such as antiprotons [219]. This is especially impor-
tant in the O¢ % 1 model when the DM and mediator are near
degenerate in mass, as the 2 — 3 process x x — f f'V can
even dominate over the 2 — 2 process ¥ x — f f.

DM scattering on nucleons As before, the phenomenology is
quite different for Dirac and Majorana DM. The DM-nucleon
scattering in the low-energy is driven by the effective operator
(xu;i)(u;ix), which can be expanded using Fierz identities
into a sum of s-channel operators in the chiral basis [173]

1
(xui)(uix) = E(XV“PLX)(ﬁiVuPRMi)

~ Ops — Opg + Op7 — Opg, )
where P;, = 1771’5 and P = 1+2V5 are the usual chiral pro-

jection operators. If x is a Dirac fermion, the D5 operator is
non-vanishing and provides the spin-independent contribu-
tion to the DM-nucleon cross section

4 2
SI 81 My n

2
=8N 2 (N =, p), 78
TN = Gax (Mf—m§)2fN W=np 79

where f, = 1, f, = 2 because in the Lagrangian Eq. (67),
X scatters only with up-quarks.

If x is a Majorana fermion, the D5 and D7 operators van-
ish identically and the others only contribute to the spin-
suppressed scattering operators ﬁ}‘\IR, ﬁgR and ﬁij, listed
in Table 5. For Dirac DM (Ot% p)» limits from the LHC and
direct detection turn out to be incompatible with full relic den-
sity abundance from thermal freeze-out. On the other hand,
the O¢ %  model withm, 2 100 GeV is still viable. Of course
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one should keep in mind that bounds from the relic density
are not robust, as the DM may not be thermally produced, or
thermal production may make only a fraction of the present
DM density.

3.3 Fermion mediator

When the mediator is a fermion, the 2 — 2 scattering process
of a pair of colorless DM particles with two SM particles
occurs in the 7-channel. The DM can either be a scalar (%IO
model) or a fermion (%t% model).

3.3.1 Scalar DM, t-channel (%IO model)

If the DM is a SM-singlet scalar ¢, it is possible for the medi-
ator to be a vector-like fermion v exchanged in the #-channel.
Following Ref. [220], we will consider the Lagrangian

1 1 -
L1102 5O = Smed +IED = My)y
+(v¢vgr + he. (79)

One can choose to couple the DM and the mediator to any
SM right-handed or left-handed fermion. The choice made
in Eq. (79) consists of focusing on couplings to right-handed
quarks, which plays the major role for LHC and direct detec-
tion phenomenology (see Refs. [221,222] for the lepton
case). The discussion for the case of couplings to g; would
be straightforward. This model has also been mentioned in
Ref. [76].

Of course, a singlet scalar DM can also have interactions
with the Higgs boson, of the kind discussed in Sect. 3.2.1.
However, in the spirit of the simplified model one usually
ignores such interactions when studying the model described
by Eq. (79).

By putting together the limits from the LHC, direct detec-
tion, indirect detection, thermal relic abundance, and pertur-
bativity of the coupling constant y, one finds that this model is
rather constrained, but still some parameter space is available,
formg 2 1 TeV and my /my < 2 (see Refs. [220,223,224]
for more details).

Collider At the LHC, it is possible to produce a pair of
DM particles starting from two quarks with the mediator
exchanged in the #-channel, and associated initial-state radi-
ation. This would give the usual mono-jet (£7+j) signal. In
addition, if the mediator is light enough, a pair of mediators
can be produced, with each of them subsequently decaying
into DM and a quark, thus producing an £ signal in asso-
ciation with 2 or more jets. One can therefore combine these
two kinds of strategies to improve the discovery potential.
Notice that, since the mediator carries color and EW
charges, the mediator pair-production can proceed either by
DM exchange or by direct QCD and EW Drell-Yan produc-
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tion (see Refs. [225,226] for experimental results on vector-
like quark searches).

For mediator masses My, of the same order as mg, the
current LHC constraints imply mg 2 1 TeV, but the bounds
gets weaker as the mediator mass gets higher [220].

DM self-annihilation The main tree-level process for DM

self-annihilations is ¢¢p — ¢gq, via t-channel exchange of

the mediator . This is the relevant process to be consid-

ered for indirect DM searches. The thermally-averaged self-
annihilation cross section reads [220,222]

_ 3y* 1
(ovrel) (P9 — qq) = —
2 1422

4 w3 (1+r2)°
x m—‘3<1—-—v2)+L (80)
mé 3(1+72)2 15(1 + r2)2

withr = my, /mgy > 1. Notice the d-wave suppression v*, in
the case of massless final state particles m, = 0, peculiar to
real scalar annihilations, and in contrast with the well-known
p-wave suppression at work when the annihilating particles
are Majorana fermions.

The processes of Virtual Internal Bremsstrahlung (radi-
ation of a gluon from the #-channel mediator line), or the
loop-induced annihilation of ¢¢p — gg are able to lift the
velocity suppression and open up potentially sizeable contri-
butions to the annihilation cross sections. In particular, the
one-loop process contributes as ov ~ r~* (but without my
suppression) while the internal Bremsstrahlung contributes
asov ~ r8.

So, for mediator masses sufficiently close to the DM par-
ticle (r close to 1) these higher-order contributions are able
to overcome the tree-level process and dominate the annihi-
lation cross section. However, when the mediator and DM
mass are very close, it is also necessary to take into account
the effects of co-annihilations (e.g. ¥ — §q) in the early
universe.

As for the general treatment of the annihilations of two
particles carrying color, the non-perturbative Sommerfeld
effects may play an important role, see Refs. [124,214,220].

DM scattering on nucleons In this model, the DM scattering
on nucleons can proceed by tree-level fundamental interac-
tions of DM with quarks (via exchange of 1), or by loop-
induced interactions of DM with gluons. In the former case,
integrating out the heavy mediator i leads to effective inter-
actions proportional to the quark mass operator and a twist-2
operator

Lgr 1 o mgd*dq, (81)

Lugt §<au¢)<av¢> [Gy"0"q +Gv"o"q — (1/2"Gdq, ]
(82)

g X

Ya

9 X
Fig. 7 Diagram for DM pair production in %l% model

while in the latter case,
Lt 3 o 2 G2TH[G y GV, (83)
T

The corresponding spin-independent DM-nucleon scattering
cross section can be found using Eq. (20), with coefficient
[220,227]

2 2
N_ Y[ 2=l a3
C T m [4(r2—1)2f‘1 Tyt
8y’ )
_° 84
92402 — 1)’ ®4)

where qéN), ééN) are the second moments of the PDFs of
the parton ¢ in the nucleon N, the first term comes from
Zefr 1, the second term from Zigr » and the last term from the
perturbative short-distance contribution from % 3, where
loop momenta are of the order of the DM mass.

3.3.2 Fermion DM, t-channel (%t% model)

In the case of fermionic DM with a fermion mediator
exchanged in the ¢#-channel, the LHC production can be ini-
tiated by two gluons (see tree-level diagram in Fig. 7). The
fermion DM cannot be colored, so the mediator needs to be
a fermion octet (gluino-like) particle ¥¢ of mass M.

The operators appearing at the lowest order in the
Lagrangian of the model are

_ 1 _
L1,y DG = M + — Gl (0 x + he) (89)

[~}

where D,, is the covariant derivative involving the gluon field
and the dimension-5 operator is of the form of a chromo-
magnetic dipole operator (resembling the gluino—gluon—bino
interaction in SUSY).

@ Springer



367 Page 20 of 27

Eur. Phys. J. C (2016) 76:367

Extensive searches are performed for this kind of medi-
ator, driven by the interest in SUSY models. Limits from
direct QCD production of gluino-like mediators decaying to
two gluons and two DM particles tell us that the mediator
must be heavier than about 1150 GeV (95 % CL) for DM
masses below 100 GeV [228].

However, apart from the direct mediator searches, no anal-
yses have been performed to study the fermion octet in
the context of a simplified model with a DM particle, to
our knowledge. Of course, the dimension-5 interaction in
Eq. (85) would lead to rather weak signals at LHC. But a
careful study of this model, also in view of possible future
colliders, would be interesting.

3.4 Vector mediator

With a vector mediator, often labelled Z’, it is possible to
produce a DM pair from an initial state of two quarks by
exchanging the mediator in the s-channel, with DM being
a scalar (150 model) or a fermion (ls% model), or in the
t-channel, with fermion DM (lt% model).

We will consider the vector mediator as having an explicit
mass, without trying to justify it from a more complete UV
theory, following the philosophy behind simplified models.
It is assumed that there exists some UV completion that can
avoid problems of gauge invariance, anomaly cancellation
and mass generation; and importantly, that the phenomenol-
ogy is independent of the UV completion. However, care
must be taken, since this is not always the case. Some choices
of parameters within simplified models can be pathological,
such that no fully consistent UV completion exists. This is
the case for a fully axial-vector model, where the model vio-
lates gauge invariance unless the SM particles also couple
to the mediator via a vector coupling [229]. This can lead
to unphysical signals in regions where the model violates
perturbative unitarity [125,230-232].

3.4.1 Scalar DM, s-channel (150 model)

For a complex scalar DM ¢ of mass m coupled to the vector
mediator V), (often labelled Z’) of mass My, the Lagrangian
of the model is given by

L0 D V" | g4 [¢"((8u9) — D(18,07)]

+> fruef + ety f | (86)
-

where the sum over f extends to all SM fermions.
The couplings g A heed to be flavor independent in order
to respect MFV hypothe31s. It is customary in the literature
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to reduce the number of free parameters by considering only
the limiting cases of a “purely vector” (gl.A = 0) or a “purely
axial” (giv = () mediator.

Collider The collider phenomenology of this class of models
is crucially dependent on the leading decay channels of the
vector mediator, provided they are kinematically accessible.
The decay width of V to SM fermions f, with color number
Nc(f), is given by

_ My
F(V—>ff)=Nc(f)E

2m? 4m?
x [|g¥|2 (1 + M—{) +lgf1? ( - M—;’)} 1)
\%4 \%

while the (invisible) decay width to DM particles is

gé My ( 4m§) )3/ 2
1— . (88)
48w m%/

Roughly speaking, if invisible decays dominate (V — ¢¢),
we expect the collider phenomenology to be driven by MET
searches (e.g. mono-jet); conversely, if the mediator predom-
inantly decays to SM fermions, the best search strategy would
be the heavy resonances (e.g. di-jets [230] or di-leptons,
although the latter case is highly constrained [91,233]).

Further constraints arise from requiring a particle inter-
pretation of the mediator (narrow-width approximation):
I \% / M v < 1.

'V — ¢¢) =

DM self-annihilation The DM self-annihilation cross sec-
tion, to be used for relic density calculations or for indirect
detection, is

2 my
2 m - =

(ovee)) (99 — f ) = N(f)6 @
14

2 2
1my m

[|g, ? (1+2 )+| HE (1——’”)})@1, (89)
mg mg

which is in p-wave.

DM scattering on nucleons Atlow-energies, the DM-nucleon
scattering is described by the effective operator

Lt = 3 [ (0,9) — 9(i0,0")]

q |4

x [éy“(gqv + gg‘ys)q]
q

where the axial contribution has been neglected. Notice, how-
ever, that the operator mixing due to the RGE flow would
generate a vector contribution even starting from a purely

[¢*(0.¢) — #0900 ] [ar"q]  (90)



Eur. Phys. J. C (2016) 76:367

Page 21 of 27 367

axial term [234]. The spin-independent component of the
cross section can be found using Eq. (20), with coefficients
(cf. Table 8)

n

1 1
el = W&p(Zg,Y +g)), "= Wg¢(2g){+g;/). (91)
%4 \%4

3.4.2 Fermion DM, s-channel (ls% model)

This class of models has been studied extensively; For a
non-exhaustive list, see Refs. [7,10,34,46,50,54,64,90,91,
125,229-231,233,235-245]. The Lagrangian of the model
is given by

L1 D =VE | Xyl +85vx

N

Nl—=

+> fvuef + ety f |, 92)
7

where the sum over f extends to all SM fermions. If y is
Majorana, the vector bilinears vanish identically, so g )‘(/ =0.

The MFV hypothesis imposes the couplings g‘;’A to be
flavor independent. In the most general case, there are several
model parameters, therefore a “purely vector” (giA = 0) or
a “purely axial” (gl.v = 0) mediator is often assumed in the
literature.

Collider The collider phenomenology of the mediator is the
same as the one already discussed for the 150 model, except
that the invisible width of the mediator is now given by the
same expression as the decay to SM fermions Eq. (87) with
the index f replaced by the index y and N.(x) = 1.

DM self-annihilation The dominant (s-wave) contribution to
the DM self annihilation cross-section is

m

o

Ne(p) My L

m2
2 (4m3 — M3)?

2 2
m= m<.
x L 1g) P [|g1¥|2 <2+ —m;) +20g4 1 (1 — —mg)}
X

2 2\ 2

m 4m

+1g; Plgfl — (1—m—;<> : (93)
X \4

(ove)(Xx = ff) =

where the term proportional to | g)‘?|2| g}/l2 is absent here

because it appears only at the level of p-wave.

DM scattering on nucleons In the low-energy limit, the effec-
tive interactions relevant for DM-nucleon scatterings are

Lot =y Ml

— [Xm(g)‘(/ - gQVS)X] [q'y“(g,}/ + g;‘ys)q]
q |4

(94)

The gy g,/ terms lead to a SI cross section, while the purely
axial terms proportional to gAgg‘ lead to SD scattering. The

X
cross terms g)‘(/ g;?, g)‘? gc)/ give cross sections suppressed by

either the DM velocity or the momentum, so they are sub-
dominant and can be neglected. Again, it should be noted
that, because of operator mixing induced by the RGE flow,
the axial and vector quark currents mix and the term propor-

tional to g )‘(/ qu would also contribute to the dominant term

g)‘(/ 8:)/ . The spin-independent component of the cross-section
is given by Eq. (20) with coefficients (cf. Table 6)

n

1 1
o’ = WgX(ZgXJrgX), = WgX(ZgXJrgX),
\%4 \%4

(95)

and the spin-dependent component by Eq. (21) with coeffi-
cient (cf. Table 6)

1
N_ 1 A_A A(N)
¢ T M Z 858 4q - (96)
qg=u,d,s

where sample values for AEIN) are given in Table 7.

B CASE STUDY 3: Z AS MEDIATOR

The SM Z boson itself may serve as a vector mediator,
rather than a speculative particle. In this case, the couplings
g:f’A of the Z boson to SM fermions are well-known: gy =
(g2/ cos Ow)(1/4 — (2/3) sin* ), ga = —ga/(4cos O)
for up-type quarks, and gy = (g2/cosbw)(—1/4 +
(1/3) sin? Ow), g4 = g2/(4cosOy) for down-type quarks,
where g7 is the SU (2) gauge coupling and Ay is the weak
mixing angle.

The Lagrangian has the same form as that of a generic vec-
tor mediator Eq. (86) for scalar DM or Eq. (92) for fermion
DM, therefore all the results listed in Sects. 3.4.1 and 3.4.2
apply, except that the Z couplings to fermions g}/’A are
known.

Let us summarize the main points of the analysis car-
ried out in Ref. [124], to which we refer the reader for
further details. In the mass regime where Z-decays to DM
are kinematically allowed (m, < Mz/2), the experimental
constraint on the Z invisible width I'z ;,, < 2 MeV gives
8¢ < 0.08(g2/ cos by ) and g¥* < 0.04(g2/ cos Oyy).

The opposite massregimem, > Mz/2isnotsignificantly
constrained by collider data with respect to the much stronger
constraints coming from direct detection.

Indeed, direct detection experiments (currently dominated
by LUX results), place quite strong limits on g)\(/ 86 S
1073(g» / cos By ) for DM masses around 100 GeV, while
the spin-dependent interactions lead to a milder bound on
g)‘? < 0.3(g2/ cos By) for DM mass around 100 GeV.

As far as the thermal relic density is concerned, a scalar
thermal DM candidate accounting for 100 % of the DM abun-
dance is ruled out, for mg < TeV. As for fermion DM, the
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pure vector case (g;‘ = 0) is still compatible with direct
detection and relic abundance for DM masses above about
1 TeV (and near the resonance region m, >~ Myz/2), while
a thermal DM candidate with pure axial couplings to the Z
(g)‘(/ = 0) is still viable in most of the parameter space with
my > Mz/2.

However, It should be kept in mind that the conclusions
drawn above are only valid within the simple model described
by the SM plus the DM particle; new physics particles and
interactions at the weak scale can have a big impact on the
bounds from relic density.

B CASE STUDY 4: A SUSY-INSPIRED EXAMPLE,
SINGLET-DOUBLET DM

A different possibility is to allow mixing between an EW
singlet and an EW doublet as a mechanism to generate inter-
actions between the dark and the visible sectors [246—250]
(see also Refs. [251,252] for alternative electroweak repre-
sentations). Such a situation is also interesting because it
can be realized in SUSY with a bino-higgsino mixing, in the
decoupling limit where the masses of the scalar superpartners
and of the wino are much larger than M7 and |u|.

The particle content of the model consists of a fermion
singlet x and two fermion doublets ¥ = (l1/10, Llll_)T and
U = (&, lIIZO)T, with opposite hypercharges. There is a
discrete Z, symmetry under which y, ¥, ¥, are odd while
the SM particles are even. The Lagrangian describing the
interactions is given by

- 1
L =3+ Y GGD)W — SO ¥, )M (x  9)T
i=1,2

o7

where D, is the covariant derivative and the mass matrix is

ms yl% yz%
M=y 0 mp (98)
m% mp 0

withmg, m p the mass parameters for the singlet and doublet,
respectively. The off-diagonal singlet-doublet mixing terms
arise from interaction terms with the Higgs (after EW sym-
metry breaking) of the kind — x (yi H¥1 + y» H ) + he.

The diagonalization of the mass matrix via the unitary
matrix U performs the shift to the mass-eigenstates basis
where the physical spectrum of the model becomes apparent:
2 charged states x & and 3 neutral states x 2.3 such as

X1 X
x| =U|¥% (99)
X3 v,

with the lightest neutral state y playing the role of the DM
particle.

@ Springer

In the language of SUSY, the lightest neutralino coming
from the mixing with bino-higgsino states is the DM. One
can recover the SUSY situation with the following identi-
fications: mg = M, mp = |u|, y1 = —cosﬂg1/\/§ and
yo = sin Bg1/+/2, where g is the U(1)y gauge coupling
and B is the misalignment angle between the VEVs of H,
and Hy: tan 8 = v, /vg.

In the mass-eigenstates basis it is also easy to read the
interactions between the new states and the SM bosons (phys-
ical Higgs h and Z, W¥)

LD —hgi(R(c]) + 3Dy )X
— ZuXiv" (3(cf) = R(Hy K
82y, VW= 7oy T
- m((Uﬂ — U)W, xiv"x

— (Uis + U)W, vy xt +he), (100)

with i, j = 1, 3 and where the couplings to 4 and Z are

1
cf’,- - ﬁ(yl UinUji + »Ui3Uj1),

z 82

— . * _ . *
Cij = m(UﬂUﬁ UzZsz)

(101)
Notice that the DM coupling to Z boson clz1 has no imaginary
part, leading to a purely axial-vector interaction, and there-
fore to a spin-suppressed cross section of DM with nucleons,
arising from a mix of operators ﬁfR, ﬁyR and ﬁé\m.

As we see, this model generates a somewhat hybrid situ-
ation given by a combination of OS% and ls% models, where
the mediation from the dark to the visible sector is provided
by both the Higgs and the W, Z bosons.

The self-annihilations of DM proceed via s-channel
exchange of a Higgs or a Z boson, to a fermion—antifermion
final state. But it is also possible for DM to exchange a y; or
a xi in the ¢-channel to lead to hh, ZZ, W W final states.

If kinematically open, the interactions in Eq. (100) con-
tribute to the invisible width of & and Z, as

|ch |2 4m? 32

rth— xix) = ——my (1 - —5* (102)
4 mj,
EAE am2 \

rz-— xix)=——mz(1-— (103)
6 ms,

and the limits on these widths can be used to place bounds
on the parameter space

At the LHC, there is a richer phenomenology due to the
presence of more (also charged) states. Indeed, in addition to
a top-loop-induced gluon fusion process gg — x; x; there
is also a Drell-Yan-type production via EW bosons which
opens production modes of the kind ¢g — xix;, x " x~ (Z-
exchange) or gg — x; x* (W-exchange). The further decay
of the heavier part of the spectrum x ¥, X2.,3 to the lightest
DM particle x; involves further gauge boson radiation with
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the possibility of lepton-rich final states (such as 2¢ + E7 or
3¢ + E ), offering clean handles for searches.

3.4.3 Fermion DM, t-channel (lt% model)

At tree-level, it is possible to produce a pair of fermion-
DM particles by two initial-state quarks exchanging a vector
mediator in the #-channel. In order to preserve the color-,
flavor- and charge-neutrality of DM, the mediator should
carry flavor, color and electric charge. In particular, it must
be a color-triplet.

The corresponding LHC phenomenology has some sim-
ilarities with that of the Ot% model (squark-like mediator),
as similar diagrams contribute to the mono-jet signal. But on
the other hand, the direct production of the mediator would
be different, because of its quantum numbers under SU (3),
and Lorentz.

As for the %t% model, to our knowledge there have been
no analyses of the phenomenology of a color-triplet mediator
in the context of a simplified model with a DM patrticle.

4 Conclusions

In this review we have discussed and compared two impor-
tant frameworks to describe the phenomenology of particle
(WIMP) DM and simultaneously keep the number of param-
eters as minimal as possible: the EFT approach and simplified
models.

Both of these approaches have virtues and drawbacks, but
it is now clear that the use of EFTs in collider searches for
DM suffers from important limitations. Therefore, simplified
models are a compelling candidate for providing a simple
common language to describe the different aspects of DM
phenomenology (collider, direct and indirect searches).

Of course, this does not mean that alternative approaches
are not possible or not interesting, and by no means this state-
of-the-art review should be regarded as exhaustive. The sub-
jectis currently rapidly changing and expanding, in response
to an ever-increasing interest in the problem of the identifi-
cation of DM.

We have provided an overview of the subject of EFTs for
DM searches, spelling out the theoretical issues involved in
its use but also its advantages. For each effective operator,
we also highlighted how to make the connection among the
different search strategies.

In the section dedicated to simplified models, we provided
a general classification of the models, and proposed a simple
nomenclature system for them (cf. Table 9). Wherever avail-
able, we collected the main results regarding the application
of the simplified model to describe the phenomenology of
DM production at collider, DM self-annihilations and DM
scattering with nuclei. We also emphasized, to the best of

our knowledge, which models have been least addressed in
the literature, encouraging work to fill these gaps.

By interpreting the results of the different DM searches
within a single theoretical framework, such as the one pro-
vided by simplified models, it is possible to dramatically
increase the discovery potential and make the discovery of
DM more accessible.
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