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ABSTRACT: The ultraviolet structure of s-channel mediator dark matter simplified models at
hadron colliders is considered. In terms of commonly studied s-channel mediator simplified
models it is argued that at arbitrarily high energies the perturbative description of dark
matter production in high energy scattering can break down. This is analogous to the well
documented breakdown of an EFT description of dark matter collider production. With
this in mind, to diagnose whether or not the use of simplified models at the LHC is valid,
perturbative unitarity of the scattering amplitude in the processes relevant to LHC dark
matter searches is studied. The results are as one would expect: at the LHC and future
proton colliders the simplified model descriptions of dark matter production are in general
valid. As a result of the general discussion, a simple class of ‘Fermiophobic Scalar’ simplified
models is proposed, in which a scalar mediator couples to electroweak vector bosons. The
Fermiophobic simplified model is well motivated and exhibits interesting collider and direct
detection phenomenology.
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1 Introduction

Proposals to search for dark matter through missing energy signatures at colliders have been
considered for a long time. It is no surprise then that the LHC has begun to play an increas-
ingly prominent role in the multifaceted search for particle dark matter. Only experiments
sensitive to the cosmological abundance of dark matter, such as direct and indirect detection
experiments, can unequivocally provide evidence for the dark matter particles dominating
the matter abundance of the Universe. However, LHC searches for tell-tale missing energy
signatures can provide a powerful complementary probe by searching for evidence of neutral
particles that are stable, at the least, on collider timescales. In combination, the cornucopia
of different dark matter probes could allow in principle for a detailed characterisation of dark
matter interactions at high energies.

In order to search for dark matter at the LHC it is necessary to compare observed pro-
cesses involving missing energy against both background and signal predictions. Backgrounds
may be estimated in a number of ways, often by combining SM theory with data driven tech-
niques, such as using Z — uTpu~ observations to model the Z — vv contribution to missing



energy signatures. However, for signal predictions we require a microscopic description to
model missing energy signatures. The number of potential UV-complete models is enormous,
leading to an already large literature on the subject, and thus it is not feasible to study
every dark matter model independently. This has led to the consideration of effective the-
ory approaches to DM interactions [1-9]. In certain circumstances the interpretation of a
measurement using an effective theory approach may become invalid (see Sec. 5 of [9] for
a discussion, and in more detail [10-20]). As a result, the use of simplified models [21-
72, 80], has increasingly become a central component of collider dark matter searches. Most
early examples of simplified models were motivated by the consideration of specific scenarios,
however more recently they have become motivated by the desire for greater generality in
LHC searches and also to address the shortcomings of the effective theory approach whenever
they arise. The purpose of the simplified model approach is to characterise the dark matter
production processes present in UV-complete models without having to specify the entire
UV-completion (see e.g. [48] for a discussion). These simplified models often contain both
dark matter and mediator particles, where the latter provide the link between the visible SM
particles and dark matter.

As stated, by design these simplified models do not contain all of the ingredients present in
a UV-complete model of dark matter. In Sec. 2 we will argue, in an approach aimed at a non-
expert reader, that in some cases this essentially means that in some scattering processes at
high energy the simplified model description will break down. This breakdown may manifest
as a violation of unitarity. While this was briefly suggested for axial-vector mediators in [45],
it was explicitly demonstrated and systematically investigated in [58, 60].* This breakdown is
often due to the fact that, although a simplified model may contain apparently renormalisable
operators, in many cases in a fully electroweak gauge invariant theory these operators must
arise as a higher dimension operator or else they signal the need for additional particles or
couplings in order to respect gauge invariance [19, 45, 58, 60].

Taking the basic arguments of Sec. 2 as guidance, in Sec. 3 we propose that an additional
class of ‘fermiophobic’ simplified models coupling a scalar mediator to vector bosons should be
added to commonly studied simplified models, particularly in relation to VBF+MET collider
signatures which have not been considered for this model.! This model is as relevant for
dark matter phenomenology as other commonly considered scalar mediator models, including
scenarios which couple a scalar mediator to quarks. The fermiophobic model is interesting as
the strongest signals may emerge in MET+VBF channels, rather than monojets, and direct
detection is also greatly suppressed.

Since, as argued, some simplified models will break down in particular scattering pro-

*Perturbative unitarity has played an important role in physics beyond the standard model for some time,
including for dark matter [73-79].

"To our knowledge, the first consideration of this model in the literature is in [80], where higher-order
corrections to the Mono-Z signature are calculated. The recent work of [72] considered the Higgs mediator
scenario and a new model with DM directly coupled to SM gauge bosons, however a new (non-Higgs boson)
scalar mediator coupled to gauge bosons was not considered.



cesses at high energies, we ask whether this implies that the simplified model program should
be modified? To answer this question we take a pragmatic approach motivated by the spirit
of simplified models. The intended purpose of a simplified model is not as a UV-complete
theory of dark matter interactions (which would hopefully be fully unitary in every respect),
but is rather a tool by which to model the missing energy signatures at colliders. Based on
this we consider the most pertinent question with regard to unitarity of scattering amplitudes
in the context of dark matter simplified models to be: Is unitarity violated in the specific dark
matter production process under study? The reason is that if unitarity is violated in other pro-
cesses not relevant to missing energy collider signatures then it may be restored by additional
particles or fields which may or may not significantly impact the collider phenomenology.
Whether these new states or couplings will modify the dark matter phenomenology becomes
a model-dependent issue, clearly discussed in [58]. However, if unitarity is violated in the
specific collider process under consideration then additional particles and couplings will cer-
tainly be required to restore unitarity in that specific process and the dark matter collider
phenomenology must be altered.

To this end, in Sec. 4 we study the dominant 2 — 2 mediator production processes in
popular classes of s-channel mediator simplified models, as well as the model proposed in
Sec. 3. For each process we determine the coupling at which unitarity is violated at specific
center of mass energies. In every case this coupling is so large that unitarity violation is
simply a result of the breakdown of perturbation theory, rather than a structural breakdown
of the simplified model description itself. We offer conclusions in Sec. 5.

2 Modelling Dark Matter Production at the LHC

Now we present a broad discussion which aims to sketch potential issues in the ultraviolet
behaviour of some dark matter simplified models, providing examples where necessary. As
already discussed, in order to search for dark matter at the LHC it is necessary to have some
underlying microscopic description of dark matter interactions (a Lagrangian) in order to
predict dark matter production signatures at the LHC. A first step towards modelling dark
matter interactions would be to add only a dark matter species (let us call it x) to the Standard
Model particles. In more involved models we may also wish to add other particles, such as
a particle (let us call it ¢) which mediates interactions between the Standard Model and the
dark sector. This will capture a richer phenomenology. To model the interactions of these
particles with the SM particles we will construct a Lagrangian containing various operators.
These operators contain the relevant fields and may also involve spacetime derivatives, Dirac
matrices, and so on. The operators should also respect any symmetries, such as the SM gauge
symmetries, or a DM stabilization symmetry. We will write the operator containing SM fields
as Ogyr and the one containing dark sector states, such as the DM or a mediator, as Op.
More generally, we may use this recipe involving operators to consider broad classes of
interactions. Henceforth, we will assume that Op is completely neutral under QED and QCD.
This assumption is very well motivated if Op contains the DM, however if Op contains the
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Figure 1. A flowchart, starting with the red oval, detailing various possibilities for the structure of
a simplified model for dark matter interactions at colliders. In all cases A is used as a generic, model
dependent, high energy scale.

mediator particle then this is essentially implying that the mediator is not charged and does
not carry colour, thus the discussion contained here will not cover many t-channel mediator
models, which themselves have very interesting phenomenology [17, 81-88]. However it does
cover the s-channel class of models. Under these assumptions we see that whatever the
combination of fields in Ogj/, the total charge and total colour charge of Og;; must be zero.

2.1 Is Dlm[ODOSM] > 47

Let us now discuss the energy scales at which we will employ the prescription described above.
If we wish to consider probing the dark sector at very low energies, such as in direct detection,
then the theory need only be valid up to relatively low energy scales. In practice, validity
up to energies of a few MeV should certainly suffice for direct detection. However, if we
wish to study the dark sector at higher energies, in particular at the LHC, then the model
must be valid at LHC energy scales. This is an unavoidable constraint. Broadly speaking,
if the operator is not renormalizable, which in practise means that the operator dimension
satisfies Dim[OpOgp| = n > 4, then we must write the relevant term in the Lagrangian as
L = AOpOgpr /A", where A is the typical scale at which this description will breakdown
and cease to be appropriate. If this operator is being probed at the LHC at a comparable
energy E ~ A then this description should not be used. There are a number of reasons why
the validity of the theory is breaking down. First, the theory is no longer effectively capturing
the effects of the unknown physics as other higher dimension operators that have not been
included are likely to be equally, or even more, relevant. Second, other problems may arise,
such as the loss of unitarity in the scattering amplitudes. Essentially, the full microscopic
theory begins to be resolved in scattering processes and it is necessary to employ the full
microscopic theory to reliably predict cross sections. This potential issue in modelling dark
matter production at the LHC is the first step shown in Fig. 1.



Let us consider two simple examples to illustrate the point. In the first, we may include
a new contribution to the Lagrangian which is the renormalizable Higgs portal interaction
for a scalar DM particle: £ = A\x?|H|%. In this case we have £ = \OpOgys, where Op = x2,
Osy = |H|? and the theory will remain classically valid up to high energies. For a second
example, we could write a nonrenormalizable operator £ = OpOgas/A, where again Op = x?
and now Ogyr = Gq is a SM quark pair combination. As this theory is nonrenormalizable it
will only be valid up to energy scales £ ~ A.

It should be noted that it is still possible to set limits in this case, by truncating the
energies considered as suggested in [18]. Furthermore, perturbative unitarity constraints may
also be considered to understand the energies at which the effective theory breaks down

(16, 18].

2.2 Is Ogp Gauge Invariant?

If the operator Ogjy is invariant under QED and QCD, and satisfies Dim[{OpQOgps] < 4, is it
safe to assume that the theory is valid at LHC energy scales? It is commonly assumed within
the context of simplified dark matter models that this is true, however we will see that this
is not necessarily the case. The reason is that the LHC operates at energies at, or above, the
weak scale. As a result the full EW gauge symmetry must be considered in addition to QED
and QCD. This section covers the second step in Fig. 1.

Let us consider the most innocuous possibility, where Dim[{OpQOgy| < 4 and Ogyy is
invariant under the full SM gauge group SU(3)¢ x SU(2)z x U(1)y. In this case the theory is
renormalizable and gauge invariant thus it will not break down at the classical level at LHC
energies.t Theories of this class are clearly very attractive, however this option is unfortu-
nately too limiting. Well known examples of fully gauge-invariant couplings include the Higgs
portal and hypercharge kinetic mixing scenarios, as well as vector mediators corresponding
to new U(1) gauge forces. If we wish to consider a wider range of possibilities it is necessary
to consider the case where Ogys is not invariant under the full EW gauge group.

2.3 Is Op EW-charged?

If Ogpr is not invariant under the full EW gauge group we are lead to a bifurcation in the
logical possibilities for a DM model. The two possibilities are

e a) Op is also charged under the EW gauge group and is essentially the conjugate of
Ogum, such that the combination OpOg)y is gauge invariant.

e b) Op is completely uncharged under the EW gauge group. This implies that the
operator Ogyy initially arose as a gauge-invariant operator OOy, where in the EW-
breaking vacuum (H) — vgy and Oy — constant.®

#We are intentionally not considering quantum effects which may cause a description to breakdown, such
as RG running into strong coupling, or anomalous violation of a classical symmetry.
80f course it could also be the case that Op is charged under the EW gauge group, but is not the conjugate



We will now consider each possibility in turn. The outcome is shown in the final step of
Fig. 1.

a) If we assume that Op is also charged under the full EW gauge group then there must
exist new charged states. The maximum mass splitting between states contained within an
SU(2)z multiplet is in general not large since it can only come from electroweak symmetry
breaking. Any mass splitting should be at most O(few x vgy ). Ignoring these extra charged
states corresponds to assuming they are decoupled from the theory. For this to be the case
very large couplings between these extra states and the SM Higgs are required. Similarly,
an EW charge for Op also implies couplings of the states in Op to the EW gauge bosons.
The absence of the extra states and the EW couplings will generally lead to a breakdown of
unitarity at some scale A. A clear early treatment of the required couplings to EW gauge
bosons was presented some time ago in [76].

b) If Op is completely uncharged under the EW gauge group then, as described in the
bullet points, Ogps must have initially come from a gauge-invariant operator of the form

f.; wOn /A"HH which became OHOZ.; v — Osum when the vacuum expectation value for the
Higgs is included. Thus it must have come from a higher dimension operator combination
OpOY,On/A}f and once again this description will break down at energies of Ay, where
Ajr may be at energies probed by the LHC.

2.4 Checking the validity of the description.

While UV-complete models are certainly amongst the best motivated scenarios to search for,
restricting to only UV-complete models is not pragmatic as it would be seemingly excessive to
construct numerous different UV-complete models, including DM and messenger fields with
varieties of EW gauge charges and couplings, simply to study the tell-tale missing energy
signatures at the LHC. Thus the only reasonable choice seems to be the continued use of
simplified models. However we have just argued that in many cases they break down at high
energies unless new states or couplings are introduced. In this work, to address these potential
inconsistencies, we will take an approach inspired by the simplified models paradigm.

Essentially, the most immediate constraint to impose is that the simplified model descrip-
tion does not break down in the specific process being studied at the LHC. In Sec. 4.1 we will
study a variety of simplified models and check, on a case-by-case basis, whether perturba-
tive unitarity is violated at the level of the scattering amplitude in the specific DM searches
performed at the LHC. This is a necessary condition for the validity of the simplified model
description of dark matter production.

of O%,;. In this instance you also need an additional operator Oy and the conclusions of both a) and b) will
apply.

YA mixing with gauge neutral states after EW symmetry breaking, which is also proportional to vgw, may
enhance mass splittings, however in this case the additional neutral states should also be included in collider
processes.



3 A New Fermiophobic Scalar Mediator Simplified Model

Let us consider the commonly studied scalar mediator model: A;¢gq. This coupling explicitly
violates electroweak gauge invariance, thus it can only be embedded in a gauge invariant
structure at the weak scale if additional structure is invoked. For example, it could arise as
a higher dimension operator

L= %AqHQUC ) (3.1)
or, in a renormalizable model, if ¢ belongs, at least in some admixture, to a multiplet with
the same quantum numbers as the Higgs. This latter possibility could arise if ¢ is the heavy
Higgs of a two Higgs doublet model or if ¢ is a singlet scalar mixed with the Higgs. Both
possibilities predict new states or modified couplings that can also be searched for.

Since the coupling \,¢gq violates gauge invariance, why do we not also consider the

coupling
M2 M2
L=cyp <UWW+“W; + 2UZZ#Z,L) ? (3.2)

In writing this we are violating gauge invariance in the same manner as with the couplings to
quarks. Let us now consider embedding this within a gauge invariant structure at the weak
scale. It could arise as a higher dimension operator, such as

L= ?\D H|? — ¢ <M2 W 4+ 22z > (3.3)

ATTH AW D

in exactly the same manner as the coupling of a scalar mediator to quarks, or in a renormal-
isable model if ¢ belongs, at least in some admixture, to a multiplet with the same quantum
numbers as the Higgs.

Let us consider a simple UV-complete model to illustrate these points and further inves-
tigate the nature of the couplings. We will consider a scalar mediator coupled to dark matter
as ¢x2. This scalar mediator can obtain couplings to SM states via a Higgs portal mixing
with the Higgs. Due to this mixing it inherits all of the SM Higgs couplings, suppressed by
a factor sin #, where 6 is the mixing angle. This model thus has couplings to quarks, leptons,
and vector bosons

_ M2 M2
L =sindo (mqqq + 240 <WW+“WN n ZZ“ZH>) . (3.4)
v v ) 2v

First of all, this demonstrates that in UV-complete models realising the A\;¢qq interaction, the
interaction of Eq. (3.2) also typically arises. Second, the results of [72, 89, 90] demonstrate
that when a mediator has these couplings the strongest collider bounds will arise from VBF
production of the DM, shown in Fig. 2. Since the monojet bounds arise from the mediator
couplings to quarks, and the VBF bounds from the mediator couplings to vectors, it is clear



Figure 2. Monojets in association with DM production at the LHC (left), which leads to weaker
constraints than from VBF production (right) in simple Higgs portal models.

that it may be possible to overlook the strongest probes of DM for scalar mediators at the
LHC if one only considers the A\;¢qq interaction for scalar mediators.

However, when considering non-DM observables, the situation is not as clear-cut. As
has been pointed out previously,! in many UV-complete models that lead to the coupling
in Eq. (3.2), the Higgs couplings to vector bosons will also be modified. There are already
strong constraints on such modifications from precision electroweak measurements and also
from LHC Higgs measurements, whereas constraints on modifications of the Higgs couplings to
fermions are weaker. Thus it has been argued that for the purposes of simplified scalar models,
couplings to fermions are better motivated than Eq. (3.2). This point of view also has some
theoretical support. On one hand, the Higgs portal model shows that both Higgs-vector and
Higgs-fermion couplings scale in the same way, making them equally well motivated. However,
an obvious counterexample is a type-II 2HDM. If we take the usual parameterisation 5 —a —
0 + m/2, where ¢ is small for a SM-like Higgs, then the Higgs-vector coupling modification
scales as (1 —02/2), whereas the Higgs-top coupling modification scales as (1 —d cot 3), which
decouples much less rapidly. Moreover, if the heavy Higgs of a type-11 2HDM is the mediator,
then its coupling to vector bosons decouples as J, whereas its coupling to top quarks may
persist as —cot 8 even when § — 0. Thus there are clearly well motivated UV-complete
scenarios in which a) a mediator coupling to vectors is as well motivated as a coupling to top
quarks, and b) a mediator coupling mostly to top quarks is well motivated.

It is also worth mentioning that in scenarios with partial electroweak symmetry breaking
from non-doublet SU(2), gauge representations [91, 92|, the tight correlation of electroweak
precision observables with the VBF phenomenology can be relaxed [93]. This is again directly
related to new unitarity-related exotics in the particle spectrum [94]. Thus in even more exotic
scenarios there can be significant modifications of the electroweak sector, involving new scalar
mediator candidates with large couplings to vector bosons, that are consistent with current
bounds.

In summary, it is clear that, as the relative importance of the two couplings is model-
dependent, it is important to consider a complete set of couplings between the SM and
mediators, with the aim of covering as many processes as possible to ensure that channels

ISee [72] for a recent discussion.



which may be the most constraining when limits are projected onto specific UV-complete
models are not overlooked. The fermiophobic model adds to this set of couplings and can be
searched for in mono-boson+MET and VBF+MET searches.

4 Unitarity constraints on dark matter production at hadron colliders

In order to investigate perturbative unitarity in s-channel mediator simplified models we
will consider four simplified models which are commonly studied. The models include scalar
(¢ = 5), pseudoscalar (¢ = P), vector (¢ = V'), and axial-vector (¢ = A) mediators with the
interactions

1
LsD =) eshngSaq— §m12\/IED52 + L(S,X:X) » (4.1)
q
. _ 1 _
Lp D — ZZCP)\;WP av°q — §m12\4EDP2 + L(P,x,X), (4.2)
q
1
Ly D — Z evVuay'q — §m12\/[EDVMVH + LV, X X) 5 (4.3)
q
s Loy u _
LA =) cadudyy g — smimp Aud” + L(A, X X). (4.4)

q

where we have assumed the scalar and pseudoscalar couplings are proportional to the Higgs
Yukawa couplings, such that ¢g = 1 corresponds to a scalar coupling to fermions which is
identical to the Higgs boson coupling. For the most part we will consider the case where
the mediator may decay to dark matter mygp > 2mpwm, thus for our study the dark matter
coupling and the nature of the dark matter particle, contained in £(P, ¥, x), is largely irrele-
vant. As long as the mediator decays into the invisible sector we may study unitarity in dark
matter production processes by considering 2 — 2 scattering where the mediator is produced
on shell.

In addition to the commonly studied simplified models shown above we will also consider
the couplings proposed in Sec. 3 for a scalar mediator, again normalized to the coupling of
the SM Higgs boson

L 2 S MVQVW*“W’ M%Z“Z L a2 S? 4+ L£(S, ¥ 4.5
S,VV D —2CS vV Y u+% u —§mMED + L(S,X: X) - (4.5)

where, as with the scalar coupling to quarks, cg vy — 1 reproduces a mediator coupling equal
to the usual Higgs boson coupling. This completes the list of simplified models studied here.
In all cases we will assume a DM mass of Mpy; = 50 GeV and we will compute the mediator
decay width into SM states and DM using the formula of [62], also with a DM coupling
gpm =1, as in [62]. Cases will also be shown with My < 2Mp)s, where the unitarity bounds
from mediator production still apply in the same way, however dark matter production occurs
in this case only through an off-shell mediator.
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Figure 3. Feynman diagrams for the relevant monojet production processes in commonly studied
simplified models of s-channel mediators.
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Figure 4. Feynman diagram for mono-W, Z processes, including mediator production whenever Higgs-
like couplings of scalar mediators to massive vector bosons are also included (right).

4.1 Unitarity constraints on mediator production

We will study the mediator production process shown in Fig. 3 and Fig. 4. Throughout we
will only consider the parton-level CM energy v/3.

We evaluate unitarity constraints with helicity amplitudes of MadGraph 5 [95] using the
UFO interface [96] provided by Feynrules [97] for all tree-level processes involving ¢g; the
most constraining colour combinations are considered. This implementation has been cross
checked both analytically and numerically against independent codes based on FeynArts,
FormCalc and LoopTools [98]. These tools are also used to numerically compute all gg-
initiated processes. For axial-vector production at one loop there arises a subtlety, related to
nested anomaly diagrams that give rise to residual UV divergencies unless a coupling relation
between left and right chiral top and bottom quarks is enforced: gbL — gf = gf'—gl'. Note that
this coupling relation is fulfilled by the SM Z boson interaction, which is directly related to
the renormalizability (and hence unitarity) in the SM. In the axial vector cases we therefore
have to include the bottom quark as a propagating degree of freedom, while we only consider
the top quark in the loop in the vectorial case. However, as the tree-level constraints are
strongest for the axial-vector model, the loop-level subtleties of the axial-vector model turn
out to be unimportant and are not presented here.

The partial wave projection is performed by integrating the matrix element over the
scattering angle in the two-to-two processes which only depends on two partonic Mandelstam
variables §,f, or equivalently v/3,cos@, as well as Wigner functions [99]. In this work we

,10,



consider massless initial state partons. For s-wave processes the relevant amplitude is
. 1
ap(V3) = k4 (V3, m¢,mf)3;/ M(V3,cos0) dcos, (4.6)
TJ-1

where

S +mi +mfc — 2(m¢\/§+mf\/§+m¢mf)

K,(\/g, Mg, myg) = Z

(4.7)

is a kinematic factor important whenever the mediator is produced non-relativistically, with
my the mass of the observable SM final state particle (See e.g. [100] for a discussion.).”* A
much more significant factor is the running of the QCD coupling, which is also included. For
p-wave processes an integration over the relevant Wigner function is employed. We loop over
helicities to find the maximally contributing helicity combination instead of calculating the
unpolarised matrix element.

We adopt |Re(ag)| > 1/2 as the constraint on the parameter region where unitarity is
violated.!! In practice, the critical coupling strength at a given centre-of-mass energy can be
extracted from a single integration as the matrix elements scale linearly with the coupling
strength. We adopt finite light flavor quark masses throughout, in particular to avoid the
massless (and hence divergent) ¢ channels.

Perturbative unitarity may thus break down in two ways. It may be that kinematic
quantities in the amplitude grow uncontrollably, signaling that the underlying structure is
incomplete and calls for new interactions or fields. Alternatively, even in a theory which
is not pathological, if the relevant couplings become very large perturbation theory may
break down. In this case it is necessary to include non-perturbative effects, including moving
to a description of bound states, wherein the relevant amplitudes will respect perturbative
unitarity. In practice, when a coupling becomes so large as to violate unitarity we must
abandon the use of perturbation theory to calculate scattering amplitudes.

4.2 Results

The main results of this section are shown in Fig. 5, Fig. 6 and Fig. 7.

4.2.1 Tree Level Monojets

Let us first discuss Fig. 5. In this figure the tree-level monojet signature (gg — g + ¢,
¢ =V, A) is considered. Scalar and Pseudoscalar mediators are not shown as their couplings

**This factor was not included in the first version of this draft and we thank J Kamenik, L Luzio, and M
Nardecchia for bringing this to our attention.

1t should be noted that considerations of loop corrections are likely to yield more stringent constraints.
This can be seen from the case of the SM where longitudinal WW scattering sets a constraint mg ~ TeV.
However, even for masses below the WW threshold the decay H — 4¢ is bigger than H — 2f and since
these decay widths are related to the imaginary parts of the Higgs boson self-energy, perturbation theory is
challenged at a much lower scale than suggested by investigating tree-level unitarity alone, see [101].

— 11 —
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Figure 5. Contours of couplings which violate perturbative unitarity at various fixed CM energies
for varying mediator mass mg. Vector (V) and axial-vector (A) mediators are shown, where the limits
are identical, although the widths are not quite. Contours of fixed width-to-mass ratio are also shown.

to light quarks are typically taken to be proportional to the Higgs Yukawas, in which case
the dominant production mechanism is at one-loop. This is discussed in the next section.

In Fig. 5 contours for partonic center of mass energies v = 0.5,1, 7,100 TeV are shown.
We choose partonic CM energies of 7 and 100 TeV because the former is representative of a
very high energy event at the LHC, and the latter of the highest partonic energy that could
be imagined in a future collider. In practise, we will see that already Vs = 1 TeV is sufficient
to understand the (un)importance of the unitarity bounds on mediator production. Each
contour describes the simplified model coupling at which perturbative unitarity breaks down
according to the prescription of Sec. 4.1. In addition, for each model a contour shows the
coupling value at which the mediator width becomes as large as half the mediator mass, in
which case a simple particle description begins to break down.

For each mediator scenario as v/§ is increased, the coupling which will lead to unitarity
violation becomes larger, however this effect is negligible between v/ = 7 TeV and v/§ = 100
TeV. This is due to a combination of factors. First, the QCD gauge coupling is decreasing
at higher energies, allowing for larger couplings to the mediator, and also at low energies the
amplitude grows due to soft divergences which, although mostly compensated by the factor
in Eq. (4.7), are not completely removed. Interestingly, for all mediators the coupling which
leads to unitarity violation is approximately the same for the larger CM energies v/§ = 7,100
TeV. This results from the fact that the amplitude has lost its memory of the mediator mass
when evaluated at much larger energies and also the fact that the amplitude is well-behaved as
all potentially dangerous contributions are suppressed by the small quark mass. We truncate

the contours early at my = NEv - 2Ej/\/§ where we take E; = 150 GeV. The motivation
for this choice is that as the final-state jet energy falls below 150 GeV the jet pr would fall
below typical cuts in any case and these events would instead contribute to the inclusive
mediator production cross section instead.

Limits for both mediators are identical, up to negligible differences proportional to the
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light quark masses, and we see that perturbative unitarity does not become a relevant con-
straint unless the couplings are large, unsurprisingly around ¢ ~ O(4m). Also, the couplings
which do violate unitarity are typically so large that the particle interpretation of the medi-
ator is called into question by the large mediator width. This result is not surprising. For
example, the vector mediator model is in principle already UV-complete™ and thus we do not
expect to see perturbative unitarity violation unless the relevant couplings have themselves
become nonperturbative. For the axial vector case it was shown in [58] that in the absence of
additional Higgs-like fields processes such as g¢ — A* — gq may violate perturbative unitarity
whenever m < mg. This is essentially because for a gauge coupling ga ~ O(1), in the limit
ma < my an axial-vector interaction essentially implies a large non-perturbative coupling
between the longitudinal (Goldstone) component of the massive axial vector and the quarks.
However, in the case considered here, since production is from initial state light quarks, such
effects are highly suppressed by powers of the small quark Yukawas, rendering the vector and
axial vector cases equivalent.®$ Thus although potential issues with unitarity may arise, they
are so small that the picture for the axial vector is qualitatively similar to the vector case.

To summarize, for the tree-level monojet processes we see that at the LHC and potential
future colliders the vector and axial vector mediator models are unlikely to suffer from prob-
lems relating to perturbative unitarity in the DM production processes considered, unless
large couplings are invoked.

4.2.2 Loop Level Monojets

Let us now consider the one-loop gluon induced monojet processes shown in Fig. 6, relevant
for scalar and pseudoscalar mediators. In this case, due to the additional loop factor and
suppression by ag in the matrix element relative to the tree-level case, perturbative unitarity
is satisfied up to much larger couplings, unsurprisingly around ¢ ~ O(1672).99

Keeping in mind the fact that cg and cp are the factors rescaling the top quark Yukawas,
for scalar and pseudoscalar mediators perturbative unitarity is preserved up to couplings so
large that they would be considered non-perturbative in any case. Interestingly, we do see a
difference between the limits at v/s = 7,100 TeV, however since the loop factor is small this
is irrelevant in any case.

To conclude, in gluon-initiated one-loop monojet processes perturbative unitarity is un-
likely to become an important consideration in parameter regions considered for dark matter
processes unless very large couplings are considered.

HFor example, for a vector mediator model one could imagine a gauged U(1)p—r symmetry with a Stuck-
elberg mechanism providing the longitudinal degree of freedom for the massive gauge boson.

8 We have confirmed that whenever the initial state quark masses are large, as for e.g. top quarks, this effect
does become relevant and lead to a breakdown of perturbative unitarity for the axial vector case. However,
this is not relevant for colliders as the light quarks dominate the production.

Y91t has been emphasised to us by Felix Kahlhoefer that associated production of the mediator with top
quark pairs may also lead to interesting bounds, although a consideration of perturbative unitarity in 2 — 3
processes would be required.
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Figure 6. As in Fig. 5 however for the one-loop gluon-induced monojet process.
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Figure 7. As in Fig. 5 however in this case mono-W signatures are considered.

4.2.3 Mono-W

The mono-boson constraints are perhaps most interesting as they directly probe the elec-

troweak symmetry breaking structure of the SM and hence at high energies are sensitive to

the gauge structure of the simplified model couplings. Here we will consider mono-W signa-

tures, which are similar to the mono-Z signatures in respect of perturbative unitarity. Once

again, we only consider the vector and axial vector mediators as the scalar and pseudoscalar

couplings to light quarks are suppressed by the small Yukawas.
As shown in Fig. 7, the couplings for
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. . V5 =105 TeV 1 TeV -~ 7 TeV
are all very large, showing once again that |~ — - . 100 TeV
unitarity is only violated as a result of the 100}
breakdown of perturbativity. Furthermore, -
as long as the mediator width is less than o 10 /S
half of its mass, perturbative unitarity is >~w\
satisfied. Ty > Mg/2

w

200 400 600 800 1000
Mg

Figure 8. Asin Fig. 5 however in this case mono-W
— dignatures are considered.



4.2.4 Fermiophobic Mediator

Finally we consider the new fermiophobic

scalar mediator simplified model proposed

in Sec. 3. This model only contains a scalar

mediator. We show the perturbative uni-

tarity constraints in Fig. 8, where we have considered the mono-W process. The coupling
cs,vy rescales the Higgs coupling, which is determined by the weak couplings, thus a weak
coupling enters in the fermion coupling to the W-boson. Due to this suppression, perturbative
unitarity is preserved up to very large values of cg vy and it is likely that the width constraint
is violated before perturbative unitarity becomes an issue. As before, the work of [76] showed
that perturbative unitarity will in general be violated if an additional coupling of S to the
initial state fermions, proportional to their mass, is not included. However, as in the axial
vector case, for the light quarks this effect is negligible.

5 Conclusions

As LHC searches for DM resume at 13 TeV, the simplified model approach has emerged as
a popular option for studying missing energy signatures. In this work we have argued that
in principle many of the simplified model descriptions will break down at some high energy
scale. This presents an opportunity to consider the precise role that simplified models are
expected to play in the search for DM at colliders. A prime diagnostic for the health of a
theoretical description of a process is perturbative unitarity, and this has already emerged
as an interesting consideration with respect to simplified DM models [19, 45, 58, 60]. We
have argued that since simplified models are introduced to model missing energy signatures,
it is pragmatic to require that perturbative unitarity is observed in the collider process under
question.

We quantified the couplings in popular simplified models that will lead to perturbative
unitarity violation in the specific processes used to search for DM at the LHC. We have found,
unsurprisingly, that once a coupling is chosen small enough that the mediator width is less
than half the mediator mass, perturbative unitarity constraints will be satisfied. Moreover,
the couplings for which perturbative unitarity breaks down are as large as would be expected
from naive estimates for the breakdown of perturbation theory. Any potential structural
issues that may lead to violation of unitarity at high energies are typically suppressed by
powers of the incoming quark masses, which are very small for light quark initial states at
the LHC. Hence, the presented analysis encourages to keep calm and carry on with the use
of simplified models in searches for Dark Matter at the LHC.

We also sketched a broad discussion of the underlying issues that may cause a UV-
incomplete simplified model description to break down at high energies. This was aimed at
a non-expert reader. This discussion also highlights the need to consider a complete set of
simplified models in order to effectively capture the full collider phenomenology possible in
UV-complete models. In the process of considering various possible structures in the UV, we
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have proposed a ‘Fermiophobic’ scalar mediator simplified model as an interesting addition to

the models already under consideration. This model enlarges the coupling structures possible

for scalar mediators and also highlights the importance of VBF-motivated missing energy

searches alongside the usual mono-object processes.
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