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Summary. —

Effective Field Theories (EFTSs) are a useful tool across a wide range of DM searches,
including LHC searches and direct detection. Given the current lack of indications
about the nature of the DM particle and its interactions, a model independent inter-
pretation of the collider bounds appears mandatory, especially in complementarity
with the reinterpretation of the exclusion limits within a choice of simplified mod-
els, which cannot exhaust the set of possible completions of an effective Lagrangian.
However EFTs must be used with caution at LHC energies, where the energy scale
of the interaction is at a scale where the EFT approximation can no longer be as-
sumed to be valid. Here we introduce some tools that allow the validity of the EFT
approximation to be quantified, and provide case studies for two operators. We also
show a technique that allows EFT constraints from collider searches to be made
substantially more robust, even at large center-of-mass energies. This allows EFT
constraints from different classes of experiment to be compared in a much more
robust manner.

PACS 95.35.+d — Dark matter.

1. — Introduction

The LHC is searching for direct DM production at unprecedented energies, yet it has
proven difficult to constrain the WIMP sector in a model-independent way. One potential
solution is the use of Effective Field Theories (EFTs), where a DM-SM interaction is
written as a single effective operator, integrating out the mediator. This has the satisfying
feature of reducing the parameter space to a single mass (mpy) and an energy scale (A,
also known as M, in the literature), and reducing the number of WIMP models down to
a small basis set.

Another advantage is that the EFT formalism makes it easy to compare the strength
of constraints placed on DM by different experiments. Since each operator is described
by just two parameters, it is easy to convert constraints on, say, the production cross
section at the LHC into constraints on the DM-nucleon cross section, with conversion
formulae given in e.g. Refs. [1, 2]. However, it is important to remember that collider
and direct searches for DM operate with completely different signals and energy scales,
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so that any comparison must be done carefully and bearing in mind the different range
of applicability of the constraints.

One crucial difference is that the operators relevant to direct detection are the non-
relativistic (NR) limits of the operators used for collider searches. There is not a one-to-
one correspondence between the two sets of operators; several collider operators reduce to
the same NR operator, and some collider operators correspond to a linear combination of
NR operators. One consequence of this is that constraints on the usual spin-independent
(SI) or spin-independent (SD) scattering cross sections apply to several collider operators,
and that no single collider constraint on an operator covers the same model-space as a
constraint on the SI or SD scattering rate. The translation between relativistic and
non-relativistic operators has been studied in detail, e.g. [3, 4].

EFTs are inherently an approximation to a full UV-complete theory, and hence must
be used with caution. Whilst the EFT approximation is clearly valid for the keV-scale
energy transfers of direct detection experiments, the LHC is operating at a much larger
energy scale where it is important to ensure that constraints on EFTs are internally
consistent and fall in a region where the EFT approximation is valid. This issue has been
known about since the early days of EFT studies. For example, Refs. [5, 6] have compared
constraints on some EFTs to those on simplified models, and found that constraints on
A using UV complete models can either be substantially stronger or substantially weaker
than those on EFTs, depending on the choice of parameters. This is especially important
when comparing LHC EFT constraints with those from direct or indirect detection, as
it can give a misleading impression of the relative strengths of the different classes of
experiment if the LHC EFT constraints are not robust and presented with clear caveats
on the range of validity.

Refs. [7, 8] have proposed a method to quantify the validity of the EFT approximation,
applying the approach to s-channel type operators. This has been extended to the t-
channel in Ref. [9] by considering a model where Dirac DM couples to SM quarks via
t-channel exchange of a coloured scalar mediator.

The goal here is to determine the regions of parameter space where the EFT approach
is a valid description of a given model. To do this, first we need to consider what the
EFT approximation physically means. The approximation is made by integrating out the
mediator, and combining the remaining free parameters into a single energy scale. For a
tree-level interaction between DM and the Standard Model (SM) via some mediator with
mass M, this corresponds to expanding the propagator in powers of Q% /M?, truncating
at lowest order, and combining the remaining parameters into a single parameter A. For
an example scenario with a Z’-type mediator this corresponds to setting

2 2 2 4 2
Yeft _ Yerr Qtr Qtr ~ Jeft _ 1
M [OFRSSTERR VE <1+M2+O(M4>)__M2:_A2’

where @y, is the momentum carried by the mediator, ggﬂ = gpMm 9q, and gpwm, gq are the
DM-mediator and quark-mediator couplings respectively. Similar expressions exist for
other operators.

There is a necessary kinematic condition for the validity of the EFT, derived in
Ref. [10], which has been used in the past as a guideline for the validity of the EFT
approximation. In the s-channel, the mediator must carry at least enough energy to
produce the DM at rest, Q. > 2mpy. For the EFT to be valid, M > Q4,, and so we
require M > 2mpy. Taking the couplings as large as possible while still remaining in

2
the perturbative regime, g%; ~ 4m, the relationship 2% = #y becomes A > P,
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Clearly this is not a sufficient condition for the approximation to be valid. Examining
eq. 1, we see that instead we must satisfy the condition

(2) Q% < M? = %A%,

Unfortunately this condition is impossible to test in the true EFT limit, since M has
been combined with geg to form A. Instead, an assumption about geg or choice of M
must be made. There is no lower limit to the coupling strength, so regardless of the scale
of A, it is always possible that M is small enough that the EFT approximation does not
apply.

Alternatively, the most optimistic choice is to assume that geg =~ 4w, the maximum
possible coupling strength such that the model could still lie in the perturbative regime.
As a middle ground, we test whether the EFT approximation is valid for values of gog > 1,
a natural scale for the coupling in the absence of any other information. In this case, the
condition for the validity of the EFT approximation becomes Q% < A%, which we will
adopt in the following to assess the validity of the use of EFT at LHC for DM searches.

2. — Measuring the Validity of the EFT approximation

The validity of the EFT approximation has been studied for a broad, representative
range of operators in Refs. [7, 8, 9]. Here we will show results for two examples. First
we consider the operator describing a vector coupling between Dirac DM x and quarks

q,

(3) Oy = % (Xvax) (@*q) -

This corresponds to the EFT limit of a simplified Z’ model with pure vector (i.e. no
axial-vector) couplings, described by the interaction Lagrangian

(4) Line ==Y _ Zgegoml@y™al — 2], [X7"X],
q

where the kinetic and gauge terms have been omitted, and the sum is over all quark
flavours of choice. We also consider the following effective operator describing the inter-
actions between Dirac dark matter and left-handed quarks,

1 _ _
() Or = 553 (XPra) (@Prx)-
For this operator, only the coupling between dark matter and the first generation of
quarks is considered. This operator can be viewed as the low-energy limit of a simplified
model describing a quark doublet @, coupling to DM, via t-channel exchange of a scalar
mediator Sg,

(6) Ling = 9XQ1SYH + h.c.

and integrating out the mediator. This model is popular as an example of a simple
DM model with ¢-channel couplings and a coloured mediator, which exist also in well-
motivated models such as supersymmetry where the mediator particle is identified as a
squark, although the DM is a Majorana particle in this case.
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Fig. 1. — Contours of the fraction of events for which the EFT approximation is valid, for the
effective operator with a vector-type coupling, at /s = 8 TeV (left) and 14 TeV (right). The
grey shaded region indicates where the EFT approximation has necessarily fully broken down
for kinematic reasons. From Ref. [8].
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Fig. 2. — Contours of the fraction of events for which the EFT approximation is valid, for the
O operator described in the text, at /s = 8 TeV (left) and 14 TeV (right). The black solid
curves indicates the correct relic abundance. From Ref. [9].

The standard search channel for these scenarios is missing energy plus one or more
jets, although there are other promising complementary search channels. The dominant
process contributing to the missing energy plus jet signal is ¢q§ — xXxg, for which the
differential cross section has been calculated.

To test whether the EFT approximation is valid in jet searches, a ratio is defined
of the cross section truncated so that all events pass the condition, to the total cross
section:

max

P d 2 d%c
w dpr ) o dn 5%
(7) Ra = 0lQu<a _ JPET o2 dn 32 Qu<A
- - max 2 2 .
o Pt d2o
pigin dpr [Z5 dng,

The integration limits on these quantities are chosen to be comparable to those used
in standard searches for WIMP DM by the LHC collaborations (see, for instance, Refs.
[11, 12, 13]).

Figures 1, 2 show isocontours of four fixed values of Rj as a function of both mpy
and A, for the Oy and O; operators respectively. Contrasted with Oy, the ratio for
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Fig. 3. — Contours for Ry for the O, operator at /s = 8 TeV (left) and 14 TeV (right), varying
the cutoff Q¢ < A and Qi < 4mwA. The grey shaded area shows A < mpwm/(27), often used as
a benchmark for the validity of the EFT. From Ref. [9].

the t-channel operator has less DM mass dependence, being even smaller than in the s-
channel case at low DM masses and larger at large DM masses, without becoming large
enough to save EFTs.

In fig. 2 we also see the curves corresponding to the correct DM relic density. For
given mpy, larger A leads to a smaller self-annihilation cross section and therefore to
larger relic abundance. It is evident that the large-A region where the EFT is valid
typically leads to an unacceptably large DM density.

In the most optimistic scenario for EFTs, the coupling strength g takes the maximum
value (47) such that the model remains in the perturbative regime. To demonstrate how
these results depend on the coupling strength, fig. 3 shows isocontours for R = 50% for
O, for two cases: 1) the standard requirement that Q2, < A2, equivalent to requiring
g~ 1, and 2) requiring Q2. < (47A)?, equivalent to requiring g ~ 4.

The grey shaded area indicates the region where A < mpy/(27). As discussed, this
is sometimes used as a benchmark for the validity of the EFT approximation, since in
the s-channel, @, is kinematically forced to be greater than 2mpy.

3. — Rescaling EFT constraints

We have seen in the previous section that the EFT approximation is not generally
valid at LHC energies. In this section we discuss a technique that can make EFT con-
straints robust at the cost of a weakened constraint. Recall that for a tree-level interaction
between DM and the Standard Model (SM) via a Z’-type mediator, the EFT approxima-
tion corresponds to assuming eq. 1 holds. Similar expressions exist for other operators.
Clearly the condition that must be satisfied for this approximation to be valid is eq. 2.
The condition ‘<’ is poorly defined, and so we instead use Q7. < gZ;A? as a reason-
able criteria with which to measure the validity of the EFT approximation for a given
interaction.

We can use this condition to enforce the validity of the EFT approximation by re-
stricting the signal (after the imposition of the cuts of the analysis) to events for which
Q2. < M?. This truncated signal can then be used to derive the new, truncated limit on
A as a function of (mpm, gefr)-

For the operators we consider here, o oc A%, and so there is a simple rule for convert-
ing a rescaled cross section into a rescaled constraint on A if the original limit is based

on a simple cut-and-count procedure. Defining ogi . as the cross section truncated such
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Fig. 4. — Rescaled simulated missing energy + jet limits on the Oy operator at 8 TeV (left) and
14 TeV (right), from Ref. [13]. Note that M* is equivalent to A.

that all events pass the condition gegA™¢®°d > Q., we have

cut

1/4
(8) Arescaled — <JEFT) Aoriginad7
OEFT

which can be solved for A™s¢@led via either iteration or a scan (note that A™*ed appears
on both the LHS and RHS of the equation, via o). Similar relations exist for a given
UV completion of each operator. The details and application of this procedure by ATLAS
to their EFT constraints can be found in Refs. [12, 13] for a range of operators. Since this
method uses the physical couplings and energy scale Q,, it gives the strongest possible
constraints in the EFT limit while remaining robust by ensuring the validity of the EFT
approximation.

An example of this rescaling is shown in fig. 4, for the Oy operator, for simulated
missing energy + jet constraints at 8 and 14 TeV. We see that the EFT constraint
is substantially weaker than the ‘naive’ constraint except for relatively large coupling
strengths. One interesting feature is that the range of validity is larger at /s =14 TeV
than 8 TeV. This is slightly counter-intuitive, as we would expect the larger energy scale
to lead to a larger Q¢,, and hence less validity. However, this is balanced by the fact that
the baseline ‘naive’ constraint is also much larger at 14 TeV, and hence the fraction of
events passing the condition Q¢ < gesrA is greater at the larger energy scale for a given
Jeft -

This truncation procedure allows a much fairer comparison with other experimental
constraints. For a given geg, the collider EFT constraints are now robust and self-
consistent, allowing comparison with direct detection results using the usual translation
formulae [1, 2]. An example of this is given in fig. 5, from Ref. [12], which compares
ATLAS and CMS constraints on a range of operators with direct constraints on the SI
(left) and SD (right) scattering cross section from a variety of experiments. The ATLAS
constraints are shown for two values of the coupling strength: gz = 1 as a standard
benchmark, and the maximum coupling that remains in the perturbative regime as a
best-case-scenario for the ATLAS constraints.
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Fig. 5. — Comparison of direct detection constraints with rescaled ATLAS constraints, from
Ref. [12].

4. — Conclusions

Effective operators are a useful tool to constrain dark matter with as few free param-
eters as possible, however care must be taken with the assumptions involved, especially
when comparing with other experiments. In this article we have introduced some mea-
surements of the validity of the EFT approach for DM searches at colliders, by examining
two reference operators, Oy and O;. It is clear that even for relatively modest coupling
strengths and mediator masses, the validity of the EFT approximation at LHC energies
can not be assumed, reinforcing the need to go beyond the EFT at the LHC when looking
for DM signals.

However, it is not necessary to abandon the EFT approach entirely. We have reviewed
a technique that allows constraints on A to be rescaled such that only events for which
the EFT approximation is valid are utilised. This allows for a more robust compari-
son with other experimental constraints, for example direct detection, reinforcing the
complementarity of the two approaches to DM searches.
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