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1 Introduction

This document is the manual for a set of simplified models based on the Coannihilation
Codex [1], designed to describe resonance plus missing transverse energy signatures at
the Large Hadron Collider. The models are constructed by implementing their respec-
tive Lagrangians in FeynRules v2.3.18 [2, 3|, while using the UFO [4] format to provide
an interface with Monte Carlo generators. Specifically, we will focus on the MadGraph
v2.3.3 [5, 6] Monte Carlo generator, which is particularly suited to generate events for
BSM models. The models have been tested to work with Pythia v8.2 [7] and Delphes
v3.3 [8]. The latest versions of all the models presented in this manual can be found in
the FeynRules model database [9)].

For the calculation of the relic density we provide interfaces with MicrOMEGAs v4.1.8 [10]
through CalcHEP v3.6.25 [11] output! and with MadDM v2.0 [15] based on the UFO [4]
output. Both the programs MicrOMEGAs and MadDM can also calculate DM direct detection
rates.

In section 2 we discuss the models from the Coannihilation Codex we have implemented.
For each of the simplified models we specify the Lagrangian and the parameters of the new
vertex structures introduced on top of the Standard Model. Moreover, whenever possible
we provide connections between our simplified model and existing UV-complete models.

In section 3 we validate our models using standard tools provided by the FeynRules and
MadGraph programs. On top of that we reproduce known theoretical properties of these
models, like decay widths, scattering cross sections and relic density predictions.

We briefly summarize this manual in section 4. After that, in appendix A we discuss the
generation of Monte Carlo data using the MadGraph generator for the simplified models we
have presented. This discussion focusses on the generation of the new signatures relevant
to the LHC experiments. We supplement this with procedures to calculate the relic density
in these models, which serves as a guiding principle for LHC searches and parameter space.

2 Simplified Models

We discuss here a set of simplified models which are constructed from the Coannihilation
Codex [1]. In all the models the new field content will comprise DM (the dark matter candi-
date), X (the coannihilation partner) and M (the mediator). We denote a field with its Stan-
dard Model quantum numbers and its spin assignment as (SU(3)c, SU(2)L,U(1)y)gpins
where the spin can be S (scalar), F (Dirac fermion), M (Majorana fermion), V (vector).

!The FeynRules interface to CalcHEP [12] does not generate vertices with fields in the sextet represenation
of SU(3) for the CalcHEP interface. Therefore we provide a separate CalcHEP model for sextets constructed
using LanHEP v3.2.0 [13, 14].



For each of the simplified models we specify the parameters we use. For the masses of the
new field content we will adopt the notation mpy, mx and my;. Furthermore, we define
two quantities related to coannihilation and these masses, namely

2
_ MmxX — MDpM _ Mpm

A= ——— DM = —5 (2.1)
mpm myu

The fractional mass splitting A determines the relative strength of coannihilation and
allows to write simpler expressions for the widths of the particles.

The mediator, dark matter or the coannihilation partner can be scalar fields, which may
lead to complicated potentials including quartic interactions with the Higgs field [16, 17].
In the models we propose, these potentials do not provide interactions relevant to either
LHC phenomenology nor to the relic density computation. We therefore ignore them in
our FeynRules implementation. These potentials could also lead to mass splittings for the
components of the SU(2) multiplets when the Higgs field obtains its vacuum expectation
value. However, the potential can always be chosen in such a way this splitting is zero.
Another source for the mass splitting of the components are electromagnetic radiative cor-
rections, these cause tiny splittings and may allow for additional decays involving charged

pions.?

2.1 Leptoquark

The leptoquark model is based on ST11 in the codex, for which the following new fields
DM= (11,00 X=(3,2,9)r M=(3,2%)s (2.2)

are introduced. With this new field content the Lagrangian on top of the Standard Model
reads

mQDMWDM

Lx = iXPX —mxXX
Ly = (DM (DFM) — m2 MM
Lyis = —yge QLM g — yru LM up + h.c.
Laark = —ypX DMM + h.c. . (2.3)

i %W&DM _

Besides kinetic terms we have interactions between the mediator and leptons and quarks,
where the generation indices of the couplings (ygZ and y;,) have been suppressed. Fur-
thermore we have interactions between M, X and DM, the coupling strength of which is
given by yp. NLO corrections for pair production of leptoquarks are presented in [18, 19].

2These splittings can be introduced by hand as the masses of the components can be set individually in
the parameter card.



Given this Lagrangian we can calculate the decay widths of the new unstable particles X
and M, these are (with neglected lepton masses)
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(2.4)
2.2 Diquark (Triplet)

The triplet diquark model is based on ST6 in the codex, we have
DM=(1,1,00m X=(3,1,-3)p M=(3,1,-2)s. (2.5)

The Lagrangian reads

Loy = %W&DM = szMWDM
Lx = iXPX — mxXX
Ly = (DM)T (D*M) — miMT M
Lois = €M dj (yiqPr + yiyPr) (u)x +hoc.
Liark = —ypXDMM + h.c.. (2.6)
As in all models the couplings between the mediator and the Standard Model fields have

generation indices (yfdij and yfdij ). NLO QCD corrections for single production of scalar

triplet diquarks are presented in [20, 21] (scalar) and [22] (vector). For pair production
of the mediator NLO corrections are calculated in [23, 24] and can be obtained using
NLL-fast v3.1 [25]. NLO corrections for pair production of X can be obtained running
Top++ v2.0 [26] with replacing the top mass value. Given this Lagrangian we can calculate
the decay widths of the new unstable particles X and M, these are

L' (M — a;d;) :% [ ((3/5d)2 + (yfd)Q) (1 — 7w, — 74;)
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2.3 Diquark (Sextet)

The sextet diquark model is based on SE1 in the codex, we have

DM = (1,1,0)ym X=(6,1,%)r M= (6,1, 3)s. (2.8)



The Lagrangian reads

mpwm
2
Lx = iXPX —mxXX
Ly = (D,M)T (D*M) — m3MTM
Evis = yuuK:;Mu '(_LiPL(UC)j + h.c.

Laark = —yDXDMM + h.c.. (2.9)

DM DM

Lon = %W&?DM _

As in all models the couplings between the mediator and the Standard Model fields have
generation indices (yifu) NLO QCD corrections for single production of scalar sextet
diquarks are presented in [20, 21] (scalar) and [22] (vector). Given this Lagrangian we can
calculate the decay widths of the new unstable particles X and M, these are
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(1 - (24 A)*mpum) (2.10)

2.4 Scalar Octet

The scalar octet model is based on SO4 in the codex, we have the following new fields
DM = (1,1,0)m X=(8,2,1)p M=(8,2,1)s. (2.11)

The Lagrangian reads

mpwm
2
Lx = iXDPX —mxXX
Lyt = (D, M) DEM® — m2M*M®
Lyis = —yQud\/IaJr @TauR = deMa @Tad}z + h.c.

ﬁdark = —yDﬁDM M? + h.c.. (2.12)

DM DM

Lon = %W&DM _

As in all models the couplings between the mediator and the Standard Model fields have
generation indices (ygu and yg 2)- The dark sector Yukawa yp couples M with DM and X.
NLO QCD corrections for pair production of scalar octets are presented in [27]. See [16, 17]
for flavor story and SM side implementation. Given this Lagrangian we can calculate the



decay widths of the new unstable particles X and M, these are
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2.5 Remarks

Note that in all the models the dark matter is a Majorana field. This is chosen such because

the correct relic density would be obtained for lower dark matter masses.?

3 Model Validation

Model validation is an essential part and we have performed several checks to test our
models. Naturally, the internal FeynRules checks have been used and all models satisfy
these.* Furthermore, since the models are primarily designed to be used with MadGraph,
we also run its implemented checks. In terms of MadGraph commands we run check full
process, where process is replaced by several processes relevant for the phenomenology in
our model. These processes are:

e Double mediator production (p p > m m)

e X X + jet production (p p > x x j)

X decay (x > dm sm; smp)

Single mediator production (p p > m [if sm; /5 € p])

Associated mediator production (p p > m sm; /2)

On top of the basic checks from FeynRules and MadGraph we also reproduce known results
in the literature like production cross sections and decay rates. The are detailed on a process
by process basis in the next sections. The chosen processes are based on the new signatures
we propose. First we have pair production of the mediator with one mediator decaying to
visible particles and the other mediator decaying to invisibale particles. To validate this
process we reproduce the cross sections for pair production of the mediator. Secondly, a
monojet plus missing transverse energy plus soft particles final state is considered. This

3Model files with Dirac dark matter can be provided on request.

The employed FeynRules checks are: CheckHermiticity, CheckDiagonalKineticTerms,
CheckDiagonalMassTerms, CheckDiagonalQuadraticTerms, CheckKineticTermNormalisation and
CheckMassSpectrum.



process is generated by either ISR or FSR from the process of pair production of X.
We therefore validate pair production of X by comparing to theoretical results in the
literature. Finally in section 3.4 we validate the relic density calculations in these models by
reproducing basic features as well as cross sections for the annihilation and coannihilation
processes.

3.1 Mediator Pair-Production

We compare the pair production cross sections of the mediator in our models to the liter-
ature. The latest computations for LHC cross sections can be found in references [19, 28]
(leptoquark), [] (diquark-triplet), [|] (diquark-sextet) and [27] (scalar octet). In figure 1
we show the leading-order QCD pair production cross sections at 8 TeV for the different
models we present here.
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Figure 1. Production cross sections for M pairs at the 13 TeV LHC for the simplified models with
a strong interaction via their kinetic terms. For the mediators in a non-trivial representation of
SU(2), the production of all components is considered.

The pair-production cross section for a pair of colored complex scalars equals from gluon



gluon and quark anti-quark annihilation equals [16, 29, 30]

2
o«gg—>55):2235dm3¥59 éﬁ(mprXMng+s)+<5(Ax1mng—sn
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F

where = 4/1 — 4m% /s and the color factors from the quarks and the gluons are dp = 3,

dy =8, C(F) = % and C3(A) = 3. For the representation of the scalar R, we have dgp

representing the dimension of that representation and the Casimirs C(R) = %, %,3 and
Ca(R) = %, 12,3 for the 3, the 6 and the 8 of SU(3) respectively. For the models we check
that simulations of these parton level processes with MadGraph reproduce the analytic cross

sections in equation (3.1) within a margin of 1% for several choices of mg and s.

3.2 X Pair-Production

Since in all of the models X is a Dirac fermion we would expect the double production of
X in the different models to be equal up to color factors.

10000}

LHC 13: pp = XX
leptoquark

1000}

100k
10

1 . scalar octet

T

0.1

g pp->XX [pb]

0.01F
0.001

T

L

0.0001

0.00001

200 400 600 800 1000 1200 1400 1600 1800 2000
my [GeV]

Figure 2. Production cross sections for X pairs at the 13 TeV LHC for the simplified models
with a strong interaction via their kinetic terms. For the coannihilation partners in a non-trivial
representation of SU(2)y, the production of all components is considered.



The pair-production cross section of two Dirac fermions from gluon gluon and quark anti-
quark annihilation equals [31, 32]

o 4maZ dpCy(R) 2 2 4, 1+0
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F

where now § = /1 — 4mi /s. The color factors are the same as those defines in defined in
section 3.2. For the models we check that simulations of these parton level processes with
MadGraph reproduce the analytic cross-setions in equation (3.2) within a margin of 1% for
several choices of my, and s.

3.3 Mediator Single Production

The mediator can be singly produced and then decay to visible states through the M-
SM;—SM3 interaction. The cross sections for these processes we checked are (using the
narrow-width approximation)

4
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Simulations of these parton level processes with MadGraph reproduce the analytic cross
sections in equation (3.3) within a margin of 1% for several choices of m and s and the
couplings.

3.4 Relic Density

Since these models are not only designed for LHC searches we also validate the calculation
of the relic density of dark matter. We use the programs MicrOMEGAs [10] and MadDM
v2.0 [15] to reproduce the basic features of these coannihilation models. In the models
where the mediator and the coannihilation partner are charged under QCD we expect
large annihilation cross sections from the process X X — gg. We therefore set A = 0.1 to
have access to this cross section in the relic density computations. Furthermore we would



expect the resonance coannihilation diagram to dominate around mpy(2 + A) = my, for
non-zero Yyp = Yvis = 0.5. Additional channels open up when mpyr, mx > my;, where there
is annihilation to the mediator, which further decays to Standard Model particles.” The
relic density in our models is shown as a function of the dark matter mass in figure 3 and
the described features are all present. Note that the relic density of all models would be
higher if DM would be of Dirac nature.
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Figure 3. Relic density as a function of mpy for the simplified models with a strong interaction
via their kinetic terms. For the mediator to visible only the first generation couplings are non-zero.

We check the implementation of our models against the coannihilation diagrams occuring in
processes relevant for the calculation of the relic density. These processes are X-annihilation
(X X — gg), the coannihilation channel (DM X — M — SM; SMs) and DM and X
annihilation to four SM particles (X X — M M, DM DM — M M). For all the models we
check that simulations of these parton level processes with MadGraph reproduce the analytic
cross sections within a margin of 1% for several choices of the relevant parameters.

4 Summary

In this note we have presented a set of simplified models of coannihilating dark matter
implemented in FeynRules leading to resonance plus missing transverse energy signatures

5To enable this feature in MadDM be sure to generate the initial diagrams with model masses which
kinematically allow these diagrams, which is ensured when mpn, mx > mu, msm. Additionally X X — M
M with subdominant mediation via a t-channel DM must be included explicitly into the calculation if yp
is comparable to gs.

~10 -



at the Large Hadron Collider. These models have been validated against several theoretical
results and using available tools. The simplified models can thus be used by the experi-
mental collaborations to as benchmarks to design novel searches with resonance signatures
scattering of missing transverse energy.

A Model Usage

In this appendix we briefly detail how to use the different models within the programs for
generating Monte Carlo events and calculating the relic density.

A.1 MadGraph

The different signatures can be generated using MadGraph, here we will detail which
parameter values are needed and which generation steps need to be taken. The first
step when MadGraph has been started consists of loading the model using the command
import model 1q_met/dq3_met/dq6_met/so_met for the various models in this note.

This assumes that the simplified model has been added to the models folder of MadGraph.
The new fields in the models in MadGraph notation are “dm and ~“dm~ for the dark matter
candidate, "x and "x~ for the coannihilation partner and m and m~ for the mediator. If
any of the new fields is an SU(2); N-plet the different components are denoted by an
additional index ¢ = 1,--- , N, for example m2~ for the second component of a triplet.
As a reminder, the field with the lowest index will have the highest electric charge. The
new couplings introduced in these models are given an interaction order equal to QED in
FeynRules. This implies that if a topology can be mediated by QCD interactions as well
as NP interactions, these new interactions are not considered in the diagram generation in
MadGraph and have to be explicitly included.

The new physics couplings in these models have been assigned a new interaction order in
FeynRules named NP. It has been given importance equal to QCD interactions, so that
when generating process with MadGraph contribution from the new particles are included
by default.

In order to make the use of our models as simple as possible we provide a separate text file
with the commands to generate the most important processes in MadGraph for all of our
models. These processes are

e Paired mediator production: pp — MM with:
— Visible decays: both mediators decay to SM particles M — SM; SMs.

— Mixed decays: one mediator decays as M — SM; SMy and the other as M —
DM X.

— Invisible decays: both mediators decay to the dark sector M — DM X.

- 11 -



e Paired X production: pp — XX + (n jets) with:
— X has only the decay mode X — DM SM; SMs.

e Single mediator production: pp — M — SM; SMs.

A.2 MadDM

The relic density in these models can be computed using MadDM based on the UFO output.
We refer to the MadDM manual [15] for more details.

A.3 MicrOMEGAs

An alternative program for performing relic density computations is MircOMEGAs which is
based on the CalcHEP output. In conjunction with the UFO output for each model we also
provide CalcHEP model files. We refer to the MircOMEGAs manual [10] for more details.
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