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ABSTRACT: The general strategy for dark matter (DM) searches at colliders currently relies
on simplified models. In this paper, we propose a new t-channel UV-complete simplified
model that improves the existing simplified DM models in two important respects: (i) we
impose the full SM gauge symmetry including the fact that the left-handed and the right-
handed fermions have two independent mediators with two independent couplings, and (ii)
we include the renormalization group evolution when we derive the effective Lagrangian
for DM-nucleon scattering from the underlying UV complete models by integrating out
the t-channel mediators. The first improvement will introduce a few more new param-
eters compared with the existing simplified DM models. In this study we look at the
effect this broader set of free parameters has on direct detection and the mono-X + MET
(X=jet,W, Z) signatures at 13 TeV LHC while maintaining gauge invariance of the simpli-
fied model under the full SM gauge group. We find that the direct detection constraints
require DM masses less than 10 GeV in order to produce phenomenologically interesting
collider signatures. Additionally, for a fixed mono-W cross section it is possible to see very
large differences in the mono-jet cross section when the usual simplified model assumptions
are loosened and isospin violation between RH and LH DM-SM quark couplings are allowed.
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1 Introduction

The astrophysical evidence for the existence of Dark Matter (DM) is convincing, but the
properties of DM remain largely unknown [1]. In an effort to elucidate the properties of DM
there are several predominant strategies: indirect detection experiments which search for
DM annihilation signals, direct detection via nuclear recoil experiments such as LUX, and
search strategies at colliders where DM is directly produced and observed via large missing
transverse momentum (#7). When investigating direct detection signals the effective field
theory (EFT) approach is a sensible way to describe the interaction of DM with the detector
while utilizing only two free parameters; the scale of the new physics that mediates this
DM-SM interaction (A; which is much larger than the hadronic energy scale) and the DM
mass (m, ). The lowest dimensional effective Lagrangian for DM direct detection (DD) can
be written schematically as

Lpp = Z % qliq xTix (—i—H.C.). (1.1)
i 7

Colliders searches for mono X+ Fr signatures (with X = W, g,~, Z) at the LHC have also

used this EFT approach during Run-I [2-6], but have also utilized UV-complete models

such as Supersymmetry [7].

However, at the center-of-mass energies at the LHC this EFT approach would break
down [8, 9], which warrants the use of UV-complete models at the expense of introducing
many more free parameters. An alternative approach is the utilization of so-called simpli-
fied DM models [10]. These simplified DM models generically satisfy a few criteria [11, 12]:
the simplified models should involve a particle stable enough so it may produces a large



Fr signature, the simplified model should respect the unbroken SM gauge group at min-
imum and it should not violate approximate and global symmetries of the SM, with the
ultimate goal of describing interesting collider phenomenology involving £ while keeping
the number of free parameters to a minimum. Then the above effective Lagrangian for DM
DD is modified as

5 T Xy - 25 gig T (12)

: mg — s

when we consider the s-channel UV completion for ¢g — ¢ — xx.

However this strategy with simplified DM models have ample room for improvement
in two important respects. First of all, the simplified models do not respect the full SM
gauge invariance, which may be problematic when they are adopted to DM search studies
at high energy colliders. At the LHC CM energy, one has to respect the full SM gauge
symmetry, and not just the unbroken subgroup of it. Recently, importance of the full SM
invariance, unitarity and gauge invariance with respect to the mediators was noticed in
a few independent studies [13-15], which will be detailed in the subsequent discussions.
When we impose the full SM gauge symmetry, we have to realize that the SM fermions
have two independent chiralities, left-handed (LH) and right-handed (RH), and SM gauge
interactions are chiral as well. Therefore the LH and the RH fermions (f;, and fr) would
have independent mediators, fL and fR, with independent masses (m A and m fR) and two
independent Yukawa couplings (Az and Ag) to the SM fermions.

Let us illustrate the main point with the ggYy opeartor [14]. The s-channel UV
completion of this operator involves an additional singlet scalar S and its mixing with the
SM Higgs field. The above operator would be generated from two gauge invariant and
renormalizable operators, Q;Hdp and Sxx followed by the h — s mixing after H and S
develop nonzero VEVs.! Then the amplitude for qg — xX UV completion involves two
scalar bosons in the intermediate states:

1 1
s —m% + imq1Iy s —m% + imol’y

(1.3)

where m; = 125 GeV is the observed 125 GeV SM Higgs-like scalar boson. Two scalar
propagators with a definite relative sign and magnitude leads to different collider signatures
both at the LHC (pp — monojet + missing Erp, tt+ missing Fr) [14, 17] and at the ILC
(eTe” — Z°+ missing E7) [18]. Note that the usual s-channel UV completion in terms
of a single propagator does not hold for the (scalar)x (scalar) operator, in sharp constrast
with naive expectation for a single propagator in eq. (1.2).

The same is true for the t-channel mediator case too. In this case, the LH quark and the
RH quark would couple to two different colored mediators, ¢z, and gr with two independent
couplings Az, and A (see section 2 for the t-channel UV complete Lagrangian and more
precise definitions of these parameters, and also Feynman diagrams in figures 4, 5 and 6 in
section 4). Then the UV completion generically calls for two independent propagators of qr,

Note that Sgq or hyy violate the SM gauge symmetry and renormalizability, and we have to consider
UV completions of these operators. Introducing an additional singlet scalar S as in refs. [14, 16] is a minimal
UV completion where DM y is a pure singlet fermion.



and ¢g, instead of a single propagator, eq. (1.2). Only the case of W + F7 would involve
a single propagator, because W couples only to the LH quark and its partner mediator.
This phenomena is due to the facts that (i) the SM fermions in 4-dim spacetime have
two independent chiralities, (ii) the SM gauge theory is chiral, and (iii) the full SM gauge
symmetry is imposed on the UV completions. Then the simplified DM models proposed
in this paper would not violate gauge invariance and unitarity. Otherwise one could get
physically nonsensible results.

Secondly, there is a technical issue when one derives the effective Lagrangian suitable
for direct detection of DM. One can integrate out the mediator at the mediator mass
scale, obtaining 4-fermion operators. However the relevant energy scale for the DM di-
rect detection cross section is order of nuclear energy scale, and one has to include the
renormalization effects from the mediator mass scale down to the nuclear energy scale.?
This procedure was not included properly in the simplified DM models [21], and should
be performed before one derives the constraints on the simplified DM models from the
DM direct detection data. This can be included in a straightforward manner using the
renormalization-group analysis for the DM-nucleon scattering.? RG evolution can not only
change the effective coupling strengths at different energy scale, but also generate new
operators that were not present when the mediators were integrated out at the mediator
mass scales [23]. Due to this second effect, there would be more than one effective operator
at nucleon mass scale that are relevant to DM DD. In other words, It is not realistic at all
to assume that DM DD can be described by a single effective operator, in sharp contrast
to what earlier literatures did assume using the effective Lagrangian for the DM DD.

In this paper, we propose a minimal simplified DM model that respects the full SM
gauge symmetry, assuming the DM is a Dirac fermion y with negative dark Zs parity and
introducing t-channel colored mediators. Imposing the full SM gauge symmetry in the DM-
SM interaction Lagrangian is the new and the unique aspect of our proposal, and improves
the earlier attempts for simplified DM models for collider searches and direct detection of
DM. The number of new parameters in the simplified DM models with the full SM gauge
symmetry is usually “four”, one more than the simplified models in the literature [24].
One extra parameter is coming from the second mass scale, which often enters in the
Lagrangian when we impose the full SM gauge symmetry. This feature has not been
noticed in earlier literature, and the interpretation of DM search at colliders and in direct
detection experiments is modified when this is taken into account. In addition, we include
the RG running effects when we derive the effective Lagrangian for DM-nucleon scattering
and compare with the bounds from LUX and other DM direct detection experiments.

In the construction of simplified DM models with the full SM gauge symmetry, we
impose the following conditions to the model Lagrangian:

e Invariance under the full SM gauge symmetry: in many DM models, one often im-
poses the invariance of the model only under the unbroken SM gauge symmetry,

2This is well known from flavor physics (K, B physics, see ref. [19] for example) as well as top forward-
backward asymmetry [20].

3Recently, this issue has been pointed out in ref. [22] in the context of the DM simplified models with
s-channel vector mediators.



Hgy = SU(3)e X U(1)em- This may be acceptable for studying direct detection of
DM, but not for collider signatures of DM. However, at high energy colliders, one
has to impose the full SM gauge symmetry, Gsy = SU(3)¢ x SU(2)r, x U(1)y. The
importance of taking into account SU(2); gauge invariance when investigating DM
signatures at colliders has previously been pointed out in a recent paper [15], where a
potential enhancement to the mono-W signature was previously found when consid-
ering unequal mediator couplings to up and down quarks [25], but this enhancement
was found to result from spurious longitudinal W boson contributions [15]. The im-
portant point is that the EFT method can break down at a scale on order of the
VEV, well before the scale A as generally assumed [15].

e Issue of dark (gauge) symmetry responsible for absolute stability or longevity of DM
particle: from the previous discussion on the Gy vs. Hgw, it is also clear that the
model Lagrangian and phenomenology thereof would depend strongly on what dark
(gauge) symmetry we assume is responsible for the DM stability or longevity. Since
we don’t know anything about the dark sector at the moment, we will make the
simplest working assumption that DM in our model carries Zs-odd parity, whereas
all the SM particles are even under Zs.

It is natural to assume that DM may have some kind of (its own) gauge symme-
tries [26-38]. And then there could be other extra dark fields (such as dark Higgs
or dark gauge fields) which might be not that heavy and so we may have to include
them in our simplified models. This part will be highly model dependent, and we
make a simple assumption they are all heavy enough so that we can ignore them in
our simplified model.

e Renormalizability and unitarity: in EFT approaches to DM, it is common to consider
higher dimensional nonrenormalizable operators. This approach is a fine starting
point, especially for the DM direct detection. However one has to think about the
UV completions eventually, and there could be more than one UV completion that
leads to the same low energy EFT at a given order. Many DM simplified models
start from DM direct detection and then extrapolate to collider signatures at higher
energies. However, in a series of papers on Higgs portal DM models, it has been
shown that the EFT can give us completely misleading results compared with the full
renormalizable and unitary DM models, in the context of singlet fermion DM [16, 39]
and vector DM [27, 40, 41] with Higgs portal interactions. Since we can easily miss
important phenomenology within EFT which is nonrenormalizable and nonunitary
(see for example refs. [18, 42]), we will start from renormalizable and unitary DM
models.*

e Totalitarian principle: we will allow all possible interactions that are consistent with
the assumed symmetries. This is important for real phenomenology since we cannot

“In this paper, we consider the colored scalar mediators in the t-channel. If we consider the vector
mediators in the s-channel, we have to address the issue of gauge anomaly cancellation, which was discussed
in ref. [13].



control the chiralities of the initial partons at hadron colliders. Note that W+ Fr will
involve the LH fermions and their dark mediators, whereas g + Fr and v+ £p will
involve both the LH and the RH fermions in the initial states with equal strengths.
And Z + Fr also involves both chiralities but with different strengths. Therefore it
is not realistic to analyze W + Fr , g+ Fp , v+ Fr and Z + Fp within simplified
models with a single ¢-channel mediator. This condition is independent of unitarity
or gauge symmetry, and will allow us to analyze collider in more general contexts.

e Flavor physics: if the mediator carries nontrivial SM gauge charges (such as color
and/or electric charges), the one loop diagrams involving the DM and the mediators
may generate the nontrivial FCNC, which would be strongly constrained by various
data from the K, B meson systems. For the case of Dirac fermion DM, the constraints
are weaker than the case of the Majorana fermion DM, since there is no chirality flip
in the loop.

Based on these assumptions, we construct minimal simplified DM models with full SM
gauge symmetry. In this paper, we shall concentrate on the t-channel colored mediators in
qq9 — XX-

This paper is organized as follows. In section 2, we show the simplified DM models
with the full SM gauge invariance as well as renormalizability and unitarity. In section 3,
we derive the effective Lagrangian relevant for DM direct detection by integrating out the
colored scalar mediators and performing the RG evolution down to the nucleon mass scale,
and discuss that there appear a number of different operators appears simultanesouly. In
particular isospin violation would be generic because of two independent scalar mediators
originating from two different chirality of the SM fermions. In section 4, we derive the
amplitudes for mono X + Fr with X = W, g, and present the numerical analysis and the
releted phenomenogy in section 5. Then we summarize in section 6.

2 t-channel UV completion with colored scalar mediators

Let us consider the t-channel UV completion with scalars. We introduce 3 types of new
scalar bosons, QLZ, up; and dpd with negative Zy parity, which are partners of Qr; =
(uri,dri)T, ug; and dg; respectively.® Simplified models with colored scalar mediators
that couple to the quarks have been previously studied [24, 25, 43-47], however these
studies have assumed either just an up-like SU(2) singlet [45], a down-like singlet [44],
a doublet [46, 48], or a simplified model similar to our proposal however with universal
couplings to all generations and universal masses for up-like and down-like scalars [24, 49,
50]. The gauge invariant interaction Lagrangian between quarks and DM in our model is
given by:

Li—channel = — | XQ5 Mgy, Qri + X% Mur);” urj + Xy (May);’ drj + H.c. (2.1)

5In this paper, we consider only the scalar partners of the SM quarks. It would be straightforward to
introduce the scalar partners of the SM leptons.



We also show the Lagrangian for the newly introduced scalar fields:
S ~ j . ~
['scalar = DquL DuQLi - Z[]/L [(m%L 0) ) +2 (AQLH)i] HTH:| QLj
/g

N A j A N
—i—DuuwI;D“uRi - 171- [(m%R@) + 2 ()‘URH)Z'] HTH:| UR;

i

St T % J ; ~
+D,d D' dp; — 2} [(mZ},o)i +2 (Napn),” HTH] dr; (2.2)

- [~3:T (Au)z‘j ﬁaRj + ég (Ad)ij HJRj + H.c}
2, (QQ1)? —2MHTQLQLH
qrL (QLQL) 4 QLQL

where the covariant derivative contains all the SM gauge fields according to the SM gauge
quantum numbers of the fields upon which D), acts. At this level, all the fields are in the
interaction eigenstates.

The matrices m% AQLH> m%R, AupH, m?f and A\g, g are Hermitian matrices in flavor
space. We have suppressed the scalar partners of the SM leptons, for which there could be
similar terms.

Scalar quark masses are given by

2 2
mg, = mQL,O + )\QLHU
2 2 2 2 2
mg o=mg g + AQ HV" + AT =mg, + Aqv (2.3)
m%R = m%R’O + /\uRHv2 (2.4)
2 2 2
ng = mJR70+>\dRHU

Note that the A4 term induces the mass splitting between uy, and (IL:

2 2y .2
my - my, = A0,

thereby generating isospin violation effects at colliders and at DM direct detections. The
trilinear A, 4 terms generate the left-right mass mixing between u; and ugr (and also
between JL and JR). Throughout this paper we use the notation familiar from an EFT
description of our model where Aél = )\QL/m@L, Ayl = Xup/miy,, and A;; = )‘dR/mJR'
After EWSB, we have to rotate both quarks and their scalar partners to the mass
eigenstates. The resulting Lagrangian will be similar to the above one, except that

2
v h
H'H - —(1+-)%
2 (1+ v)
Note that the m? and A would not be simultaneously diagonalizable in general. Therefore
one would have flavor violation in the Higgs couplings to the scalar partners of Qr, ur and

dr, which would lead to rare Higgs decays into

H = G q; — (@ +X) + (¢ + X)-



Also the scalar partners of the SM quarks will modify H — gg, vy, Z through loop effects.
The deviations of the Higgs signal strengths from the SM values will depend on the ratio
of the Higgs contribution to the mass of the scalar partners of the SM fermions.

Basically this model for Ay = 0 is similar to the MSSM in the decoupling limit of the
Higgs sector and heavy gaugino/Higgsino limit, except that there is only one neutral Dirac
fermion in the dark sector (analogous to the lightest neutralino in the MSSM) and not four
neutral Majorana fermions in our model. The colored scalar mediators are the similar to
the scalar quarks in MSSM. Therefore the usual scalar quark search bounds from monojet
+ Fr and dijet + F7 could be reinterpreted in the framework of our model, after including
the correction factors for Dirac vs. Majorana DM.

Once we include 3 generations of dark scalar partners, their mass matrices would not
be diagonal in the basis where quark masses are diagonal. This misalignment of mass
matrices in the flavor space would lead to flavor and CP violation induced by dark scalars,
similarly to the gluino-mediated FCNC and CP violation in the general MSSM. One crucial
difference exists in this model, since the DM is a Dirac fermion and not a Majorana fermion
there is no chirality flip inside the loops, and the usual FCNC constraints become weaker
in our model compared to the MSSM.

3 Direct detection

Let us derive the effective Lagrangian describing the direct detection cross section for
the DM-nucleon scattering. Note that there are a number of different effective operators
generated simultaneously if we integrate out the dark scalars, @ L, ug and JR. The Wilson
coefficient of the effective operators depend on a number of parameters, including three
different mass scales of dark scalars, and there is no single mass scale we can associate with
a single effective operator, in sharp contrast to the conventional wisdom. This is due to
the condition that the DM interactions with the SM fermions respects the full SM gauge
symmetry. Both collider searches and direct detection of x depend on at least two different
and independent mass scales.
The resulting effective Lagrangian for dark matter direct detection is given by

2 2 2
E o ‘(/\CIL)11’ — — ‘()\QL)ll‘ — 7 ‘(AUR)ll‘ — —
DD = — 5 ——XULULX — — 5 —XdrdLX — — 5 ——XURURX
mﬂL mci maR
L
2 2 2
Caxd' |, - Y )|
_[Can) 2 | XdrdrX — 7} — | XSLSLX — 7‘ B2 | XSRSRX (3.1)
m2 m2 m2
dr SL SR

After Fierz transformation, the above Lagrangian is cast into the following form:

[ I T (O V) I
Lpp = Tom2 | XRIRXRULYUL + 272XR’YMXRCZL’Y dr,
maL md~L
2 2
Cup)t'|” _ Napi'|” 5
+‘2UR21‘XLWXLUR’Y”UR + WXL'YpXLdR'YMdR
ms . ms
002w
+ o2 XRIuXRSLY sp+ o2 XLWXLSRY'SR (3.2)
St gR



Since the strange quark current does not contribute to the nucleon matrix element, we can
ignore the strange quark and concentrate only on the 1st generation quarks. Therefore we
shall suppress the generation indices on the matrices A’s, and make abbreviations: Ay, Ay
and Ay from now on for the DM direct detection.

We have worked in the leading order in QCD, ignoring the xxGj,G*" and twist-2
operators that could contribute to the DM direct detection. It would be straightforward to
include them in the analysis of DM direct detection, which have been calculated explicitly
for Majorana DM [51-53], and can be used without modification for Dirac DM [54].

Because new physics generates a number of effective operators simultaneously in gen-
eral, it is unrealistic to assume that, for example, new physics generates only (Xv.x)(47"q)
or (xx)(gq). Considering the effective operators suitable for describing DM direct detection
as starting points, one can miss important pieces of new physics at colliders regarding the
DM sector.

We have assumed that the couplings A and Ay, are flavor diagonal in the

qr> >‘UR
mass eigenstates in order to avoid the bounds from the FCNC. We also assume that the
d and 3 are degenerate in order to avoid the constraints from K° — KO mixing. These
assumptions are rather ad hoc, but do not violate the underlying gauge symmetry, and
thus are theoretically consistent assumptions. They could be somewhat relaxed within the
current constraints from the FCNC in the K and B meson systems compared with the
SUSY case, since we assume that the DM is a Dirac fermion, and not a Majorana fermion,
unlike the N =1 SUSY models.

Then the direct detection cross sections from DM-N scattering (with N = p,n) are

given by
2 2 2
S L My 3" | Pusl® | 2[Aanl”
N7 64r (my + my)? am% i 2ml
2
Z [Purl”  [Adnl®
z _ : 3.3
+ A <2mf~m 2m§ (3.3)
R

under the assumption that Ay = 0. As discussed numerous places in the literature [23,
52, 55-57], there are potentially important direct detection effects due to RGE running
from the UV to the nuclear scale. A user-friendly procedure for approximating these
effects is presented in ref. [23], and this process generically induces extra dependencies
on the mediator mass in the SI cross section and can induce isospin-violating effects and
different structures of operators than what occurs at the scale of the mediator mass. By
implementing the procedure outlined in ref. [23] to account for the running of the EFT
from the scale A to the hadronic scale, and taking into account the latest results from
LUX [58, 59|, it is found that for dark matter masses in the range 10GeV < m, <
1000 GeV, our simplified model is essentially excluded for any choice of A, and mg, that
would be phenomenologically interesting at colliders. Note that the relic density for GeV
scale DM is generically too large for TeV mass scalars [43], and too low when the DM is
TeV scale, however the tension with the relic density can potentially be alleviated with
couplings to the leptons and still evade the LUX constraints [54]. However, the direct



detection and relic density constraints were found assuming x is absolutely stable, and is
the only DM particle. In scenarios where x is only stable long enough to escape detection
at a collider, or where there are multiple particles responsible for the total DM energy
density in the universe, then the constraints from direct detection and the relic density of
DM can be relaxed. Specifically, in the case where there are two DM species, the direct
detection cross section will depend on the relative density of each DM species divided
by its mass times the relevant cross section [60]. Under such assumptions, it is possible
that the y which produces the interesting collider signatures is an order of 100s of GeV
while avoiding direct detection and relic density constraints, and in this case the earlier
assumption that the mediators which allow coupling to heavier quarks are much larger
than the other mediators, allows for the Fermi-LAT constraints on bb annhilation to be
satisfied [61]. Note that in the case where m, < 10 GeV, the indirect detection constraints
are important and would need to be considered in the case where interactions are added,
however for the purposes of the paper we do not specify any interactions beyond the ¢-
channel mediators. Additional contributions to the direct detection cross section can also
include contributions from gluons and the electric/magnetic dipole moments, however the
gluon contribution to direct detection found in ref. [52] is proportional to as%, thus in

the low DM mass region (m, < 10GeV) the gluon operator is suppressed, and (iclhe dipole
moment contributions to direct detection are small when there is a tree-level coupling to
up and down quarks [54] as is the case in our model. There is also a contribution to
the gluon operator from the heavy quarks, however our model has dirac fermions and our
assumptions about flavor structure means these heavy quark contributions to the gluon
operators depend on the ‘heavy’ quark flavored mediators, which can be safely taken to be
much more massive than the other mediators, so these contributions proportional to m;
can be suppressed.

Generic isospin violation is also present (even when Ay = 0) due to the unbalanced
Aup and Mg, which is consistent with the underlying SM gauge symmetry. Due to the
generic isospin violation, and the mixing of different operators due to running effects noted
earlier, it is not legitimate to consider only one mediator mass, and in general we have
to allow all three different mediators for direct detection (and generally non-zero values
for Ag). That is, even if a particular set of EFT operators at the EW or TeV scale is
assumed, the running effects generically produce a mixture of the EFT operators [23, 55].
As discussed in refs. [23, 55], these running effects are important for two main reasons:
(1) they are found to have a quantitatively significant effect on the resulting cross section,
(2) not only can they introduce new operators that are missing from the UV (for instance
generating spin independent operators in a model that only has a UV spin dependent
operator), but depending on the EW structure of the mediators these running effects will
produce Wilson coefficients at the nucleon energy that are a non-trivial mixture of the
mediators. In figure 1 the direction detection cross section, with full RGE running effects
taken into account through the procedure outlined in ref. [23], is shown versus the m,. The
dark scalar couplings are assumed to be Ao, = Ay, = 1 and A\g, = Ay = 0. CDMS Lite
Run 1 and Lux direct detection constraints are plotted, along with the coherent neutrino
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Figure 1. Low DM mass spin-independent WIMP-Nucleon scattering constraints for Ag, = A, =
1 and A4, = 0. Effects from running are accounted for using the procedure outlined in ref. [23].

scattering background, which severely constrain m,, if we assume x is absolutely stable and
the major source of the DM energy density. Let us define effective new physics scales for
this model:

mx ~ my
U A= Ay =
AQy

Ao, = =
Q R A’LLR )‘dR
These three scales can independently take different values without violating the SM gauge

L

symmetry. Then it is important to note that for a fixed Ag, variations in A,, change the
direct detection cross-section by almost four orders of magnitude in this low m, region.
Even in the simplifying assumption where the doublet is mostly decoupled (i.e., Ag, >
10TeV) and Ay, = Ag, = 1TeV, the SI cross section is close to the limit from Run 1
CDMSlite [62]. Importantly, the generic isospin violating effect leads to a potentially large

material dependence, for instance using eq. (3.3), and the Z and A values for Xenon and
Xe_ ~Ge

Germanium, the relative difference in the cross sections (US—IU#> is given by:

S

e
I

2 2 2 2 2 2 2 2
N 763, (A3, — A2, ) (168403, A3 +7074A3 +18530%) A2 )

; . (34)
17161 (1303, A%, + 5403 A2, + 1443 A2, )

where Ay, = mg /A,. This equation becomes zero if A,, = Ag,, or if both singlet
EFT scales are taken to infinity (i.e., the singlets are entirely decoupled). However, in
the limit where Ag,, Ay, — 00, eq. (3.4) yields a positive value of 0.0419 (oaf > 05¥),
where as Ag,, A4, — oo produces a value on order of —0.0441 (02f < 0§¥). The exact

~ 10 —
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Figure 2. Ao /o with running effects with one mediator scale entirely decoupled, A;; = Adp/Mmg,;
and \g.

expression for the isospin violating effects is modified from running effects, which can be
significant [23]. In figure 2 a contour plot of Ao /o is shown in the limit where ug, dp
and @L are decoupled respectively, and the coupling constants (J);) are assumed to be
equal to unity. The maximum positive value is found to be greater than 0.05 for Ao /o,
which is larger than the limiting case, but this is due to the running effects which induce
a small isospin violating effect on otherwise non-isospin violating simplified models [23].
Thus, if it was found that there was no relative difference between Xe and Ge DM cross
sections, this could potentially indicate some underlying isospin violation and the existence
of coupling to left-handed (LH) and right-handed (RH) quarks, as the slight miss-match
in scalar masses is actually required to cancel the isospin violating effects found in [23].
Figure 3 shows the case for finite fixed values of Ag,, and \;’s are again set to unity for
simplicity. Note the generally non-linear relationship between A, and A4, that is required
to entirely eliminate isospin violating effects in direct detection.

4 Collider signatures

The direct detection experiments probe the mediators in combination of A2 / mfnediamr, with

some additional A dependence from the running effects [23], whereas colliders can probe
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Figure 3. Ao /o with running effects for fixed Ag, and Ay = 0.

Mmediator directly if the mediators can be pair-produced and decay into dijet + Fr . While
the flavor structure in this model is more general than the MSSM, the simplified SUSY
searches for squark pair-production and subsequent decay to jets and missing energy will
provide direct constraints to our model. By choosing the minimum mediator mass to be
above the limits set from the simplified model searches at the LHC, these constraints can be
taken into account and the differences between our model and existing simplified models can
be emphasized. If the scalars cannot be pair-produced, then the mono-X + Fr signatures
(X = g, W,Z, etc.) will constrain A2/ mfnediator as direct detection experiments do. In the
following, we will see that mono-W+ Fr is unique in that it probes only one mass scale
Q 1, because of the LH interactions of W with the SM fermions. Other cases always involve
both the LH and the RH fermions and their dark scalar partners, and thus depend on at
least two independent mass scales. Therefore it is important to study mono-W + FEr ,
since it can separately probe the LH sector only.

4.1 Mono-W + missing Er

As stated earlier, the mono-W mode is nice in that it probes the LH quark sector only,
since only Qr1 = (ur,dr), Qre = (¢r,sr) and Q3 = (?L,bL) contribute (the top contri-
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Figure 4. Feynman diagrams for mono-W that produce O(6) EFT operators.

bution would be negligible for the 13 TeV LHC). At parton level, there are three Feynman
diagrams that contribute to the processes ud — W+ + y¥, however as pointed out in the
literature the internal Bremsstrahlung occurs at a higher order in an EFT [15], and large
isospin violating effects between @ Ly and @ 14 due to Ay # 0 provide only a very small en-
hancement of the mono-W relative to mono-jet [63], so for the purposes of this paper only
the processes depicted in figure 4 were analyzed after verifying the internal Bremsstrahlung
and isospin violation, due to the \y mass-splitting, were small.
In our simplified model, the parton level amplitude is given by

M = (ME + My + Mb)e) (q), (4.1)
where 2 o y B B
M = 9 U(p2)v" Pr(d ¢2)U(k2)u(k1)PLu(P1)’ (4.2)
V2 =) (- k) -l )
GG, U(p2)Pro(ke)u(k:) PrL(p, — )7 u(p1)
V2 (1 —q) (pz—/fz —m2~) 7 )
QL
and
M = Julp, 0(p2) Pro(k2)u(k1) Pru(p:) (2 — 2p1 — q)* (4.4)
3 (i) (o -3,
After suitable Fierz transformation [64, 65 these amplitudes can be written as:
“_ 9wy, D(D2)v" Pr(d — py)vau(pr)a(k:) Pry®v(ks) (4.5)
Lo g (k)P emd )
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Figure 5. Feynman diagrams for mono gluon that produce O(6) EFT operators.

gw)\éL E(]D)’VozPL(pl - ﬁ)’}/‘uU(pl)ﬁ(kl)PL’yav(kz)

My = : (4.6)
2\/5 N2 . 2_ 2
(b1 =) ((p2 = k2)* =2 )
and
w)\2 [ u Pr~y*v(k
M = 92\/%L v(pz)’zaPLUQ(m)u(k:l) LY ;1( 2) 2 (2k1 — 2p1 — )" (4.7)
((pl — k)" — m@L) ((Pz —k2)” — m@)
In the limit meg, — 0, the above amplitude is simplified as
MegrT = Mgpre,(9), (4.8)
where
M — 9w, (U(m)V“PL(g—%)%U(m)u(kl)PLV%(kQ)
. 2\@”% (p2 — q)
L
N v(p2)vaPL(p, — f)v“u(ﬁz)u(kl)fgmav(b)) (4.9)
b1 —4q

which can be derived from the effective Lagrangian from eq. (3.2) only the LH quark terms.

Hence, this process depends only one mass scale mg, and one Yukawa coupling )‘@L'

4.2 Mono-jet + missing Er

Since it is very difficult determining a quark-jet from a gluon-jet, the mono-jet channel
includes both mono-g + Fr and mono-q¢ + Fr channels. The Feynman diagrams that
contribute to the lowest order in the EFT theory for each separate channel are illustrated
in figure 5 and figure 6.

In this channel both the LH and the RH quarks contribute with equal weights.

The parton level amplitude for

99 — g+ XX
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(with ¢ = u,d, s,¢,b) is given by

M= (M + My + ML+ My g+ My + M e (), (4.10)
M~ 9s7o, U(p2)V* Prd vou(pr)a(ki) Pry®v(ks) (411)
’ 2 (p2 — q)° <(p1 —k1)® — m%)
957y, T(p2)vaPrd, v u(p1)u(ky) PLy*v(ks)
My, = =5 i’) PRTR (4.12)
(1= ) (o2~ k) = %)
gs A 0(p2)vaPru(py)u(k ) Py (k
Miy = =5 (p]:)z Lutp i) L]Z 002 (oky — 2y - g (113)
(1= 0" =3y ) (2 = h)* = )
i, = 9 T2 Pl au(pTk) Prry o (ke) (4.14)
T2 - (k) - m)
Mo, = gshe,, U(p2)Va Pri, v u(p1)a(ky) PRy*v(k2) (4.15)
T2 - (- k) - mE)
sA2 (p2)Va P u(ky ) Pry®
M = 200 v(pmz Ruipl)u(kl) AN (]”)2 (2k1 —2p1 — )" (4.16)
((pl —k1)” — mq}) ((pQ —ka)” — mq})

In the limit mg, = 00, the above amplitude is simplifed as

[AéL (v(pa)wPLgfawau(pl)u(koPm%(kQ)
m%L (p2 — q)°
U(p2)’YaPLgb7“u(p1)u(k‘l)PL’YaU(lfz))
+ 2
(p1—q)
N A2 <U(PZ)W“PR%%U(POU(M)PRvaU(k‘z)
mZ (p2 —q)°

dRrR

N 0(p2)YaPré, Y u(p1)ulky) Py v(ks) ) ]

MEgpT = _éqs

o1~ q)2 (4.17)
which can be derived from the effective Lagrangian in eq. (3.2).

The mono-quark channel Feynman diagrams are shown in figure 6, where higher order
EFT terms are neglected. In this channel, the width of the mediator potentially becomes
important, and has been included when calculating the full mono-jet cross section. While
higher multiplicity jet events are included in LHC jet searches, these were not calculated
for this paper. Because both the mono-gluon and mono-quark channels depend on all three
mediators, and their couplings, certain assumptions must be made in order to make LHC
predictions.

5 Collider results & discussion

In this section, we present collider phenomenology of mono-X+ missing Fr based on the
simplified models with SM gauge symmetry, where X = W/Z, or jet. Contributions to
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Figure 6. Feynman diagrams for g ¢ — q xx process at O(6) in an EFT.

the mono-Z + Fr signature includes both the LH and RH quarks, which contribute with
different weights as determined by the SU(2);, x U(1)y charges of ur g and dr g, thus it
does not probe a single scale and has been included in the collider signature analysis as it
may provide complementary information to the mono-W and mono-jet signatures. In order
to perform the collider signature analysis our model is implemented in Feynrules [66], where
the hadronic level cross section is calculated in Madgraph 5 [67] utilizing the NNPDF23
parton distribution function set [68]. Kinematic plots are then produced through the
Pythia and Delphes interfaces [67, 69, 70] and analyzed in Root [71]. For the mono-jet
search, a minimum jet pr of 100 GeV is used with a pseudo-rapidity cut of |n| <5, where
both the mono-g and mono-quark channels are included. The minimum scalar mass is
taken to be 1TeV to account for the dijet + Fr searches at the 13 TeV LHC [72]. The
hadronic level cross section for the mono-W™ channel is plotted in figure 7 for varying
mg, and fixed values of Ag, with m, = 5GeV, and the cross section for the mono-jet
channel (including both gluon and quark jets) is plotted in figure 8 with the assumption
that \g, =0, Ay, = 10TeV, m, = 5GeV, and Ay = 0 for varying mg, and fixed values of
Ag,. We find that the mono-W cross sections are almost flat, and thus are well described
by the EFT with the cut-off parameter A except when mg, is close to the dijet limit, where
the cross section is lower than the EFT prediction. This is because the correspondence
of A & mg, /fr is violated in the scattering amplitudes due to the typical virtuality of
an order of a few TeV of the t-channel mediator. We find a similar tendency in the low
mediator mass regions in the mono-Z cross sections, which are shown in figure 9 with the
assumptions made for mono-jet channel in figure 8. On the other hand, for the mono-jet
channel the cross section is enhanced in small mg, due to the s-channel pole. By setting
A4 = 0 the parameter space we scan over would be equivalent to MSSM models where the
@y, and dj, are degenerate, up and dp are allowed to independently vary, while the chargino
spectrum is such that the squarks decay almost entirely to a light quark and the LSP, but
where the third-generation squarks are largely decoupled.

Note that the mono-W signature is generically small at the 13 TeV LHC, and so while
it provides a weaker constraint on A compared to the mono-jet, it does uniquely provide a
constraint on Ag,. The contour plot in figure 10 shows the mono-W, mono-Z and mono-
jet cross sections infb for mg, Versus myp where A\g, = Aup = 1, Agy = A4 = 0, and
m, = 5GeV.
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The dependence on the mediator masses, and the mono-X cross sections infb are
illustrated in the contour plot of figure 10 which shows Mg, Versus myg for the case
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when A\g, = Ay = 1, Agp = M4 = 0 and m, = 5GeV. Note that the simplified model
case of universal mediator mass and coupling to RH and LH up-quarks is found along
the diagonal line starting from the origin, and the case when only one kind of mediator
exists is approximated along the lines when either me, OF Mig is 10 TeV. Previous studies
have shown that failing to account for SU(2); gauge invariance has lead to an apparent
enhancement of the mono-W signature compared to the mono-jet [15, 63], and while our
model is SU(2) gauge invariant and avoids this problem, the isospin violation from the
LH and RH couplings leads to certain choices of the parameter space where the mono-jet
to mono-W ratio is enhanced by nearly three orders of magnitude as seen in the contour
plot of figure 10. Thus, while no large enhancement of the mono-W signature can be seen,
there is a potentially very large effect in the ratio of the mono-W and mono-jet signatures
which originates in these generic isospin violating terms and is only visible when the free
parameters of the simplified model are loosened from the usual assumptions for the ¢-
channel model. Specifically, take a point along the diagonal where mg, R Mi, = 2TeV
and shift this point along a line where one of the mg, = 2TeV and mg, > 2TeV, and
the mono-jet goes through one order of magnitude change, mono-W goes through two
orders of magnitude, and mono-Z varies by a factor of roughly two. Thus the parameter
space between the case where mediators are treated near universally, compared to the case
where all but the mg, is too heavy to find at a collider, has a wide range of intermediate
predictions that significantly complicate the interpretation of a simplified model constraint
derived from LHC data. Despite the increased number of free parameters these large
deviations in mono-X signature for different assumptions occurs even when the number of
free parameters are restricted such that Ay = 0, ug is the lightest ¢-channel scalar, Ag, ~ 1,
and JR can be entirely integrated out. Figure 11 shows the case where EZVR contribution is
added with fixed Ay, = 1 and mg. = 3TeV. For heavier ug, the mono-jet cross sections is
modified, but the mono-Z cross sections are ostensibly the same as the previous case. Note
that the point where mg, = mg, in figure 11 is equivalent to the simplified model found in
ref. [24] where Mediator = 3 TeV. Again, notice that deviations from this point do lead to
significant variation in mono-X cross sections. Importantly, the contour plots of our model
allow a practitioner to determine specifically which parameter spaces have overlapping
mono-X predictions, to within a factor of 2, simply by looking at which regions overlap.
Figure 12 shows the case where m, = 300 GeV, while other parameters are the same as
those in figure 10. As discussed in the section on direct detection, the 10 GeV < m, < 1TeV
mass range is ruled out for myediator < 10 TeV. However, as described previously, these
constraints can be lifted if we change our assumptions about the nature of x. That is, if
X is a small component of the cosmological DM, or if it is merely stable for long enough
to escape detection at a collider the mass of x can be changed. For example, we find
that if m, = 300GeV and if we assume that there is another species of DM that makes
up the majority of the cosmological DM, this mass region is no longer excluded by direct
detection. This different DM mass range has notable effects on the mono-X cross sections
as shown in figure 12.

Normalized event distributions of pr for the mono-jet and mono-W signatures are
plotted in figure 13 and figure 14. For the pr distribution of the mono-W events, the
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Figure 12. The same as figure 10, but with m, = 300 GeV.

— 920 —



107

Normalized distribution

102

Mono-W1 @LHC 13TeV
my, =5 GeV, \g =0

— Mg = 1.2 TeV

1 I\HH‘

| | | | | PR
200 400 600 800 1000

o

1200

p,(W) [GeV]

Figure 13. Normalized distributions for mono-W pr when Ag, = 1,4

parton-level.

Normalized distribution

=0, and m, = 5GeV at

Mono-J QLHC 13TeV
m, =5 GeV, \g =0,

T T

Aqp =Aug =1, Aag =0

—— mg =m, =1.2TeV
mq =muR=2TeV

Ug
mg =m, =5TeV

mg =m, =10 TeV !
A R Y NN ENUNUNEN EPRNINEN RPN B O

1 :\HH‘

200 400 600 800 1000 1200 1400 1600 1800

2000

p,(J) [GeV]
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level.

UV theory has a broader tail in the very high py (> 500 GeV) region, because the small

squark virtuality configurations become relatively important. On the other hand, the mono-

jet events have significant peaks centered at around meg, /2 due to the Jacobian peak in

the scalar decays into a quark and DM. In figure 15, we show distributions of letponic

observables in mono-W events after Delphes detector simulation. The leptonic observables

that are plotted are, moving left-to-right in figure 15: lepton pr, missing Er (MET), and

the transverse mass MY, = \/ 2p% Fr (1 — cos Ag) where A¢ is an opening angle of the
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Figure 15. Leptonic observables in mono-W with Delphes simulation for Ay = 0 and m, = 5GeV.

lepton and missing momentum in the transverse plane. We find the pp distribution of the
charged lepton and Fp distribution are similar with the pr distribution of W. In addition,
MYQ distributions are also different for different scalar mediator masses. Thus, these leptonic
observables can be used to determine the internal parameters of the UV-complete theory,
if enough events are collected at the LHC Run-II.

6 Summary

The typical approach to investigating DM at colliders, particularly the colored ¢-channel
scalars, is to make basic assumptions about the particle content and the coupling. Namely,
doublet-only, up-like signlet only, down-like singlet only, or universal coupling and mass
for all t-channel scalars. Direct detection strongly constrains the mass of dark matter
such that any mass within the range of 10 GeV < m, < 1000 GeV for a wide range of
colored scalars is ruled out, and there is a tension between the relic density and direct
detection for simplified models that do not include information about the coupling to
leptons. Additionally, both the relic denisty and direct detection constraints can be changed
if there are other species of DM, or if the x particle is stable enough to escape a detector if
it is produced at a collider, and thus a m, within the range where it is ruled out by direct
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detection may be observed at the LHC in such a scenario, particularly we have looked at
the case when m, = 300 GeV.

For many of the parameter choices presented in this study the usual assumptions used
for simplified models are justified, however for particular choices of parameters there are
striking variations in the experimental predictions. In general, running effects make it
inappropriate to restrict the model to a single direct detection operator defined at high
energy [23]. Generically, even if the UV-complete model produced a single set of operators,
such as D5 or D7 as defined in ref. [73], these running effects would mix the operators
making the direct comparison of LHC Run-I searches to direct detection inappropriate even
under the assumption that DM is a single species and x is absolutely stable. Moreover,
a UV-complete model that respects the full SM gauge symmetry, and properly accounts
for SU(2)y, invariance could have multiple relevant operators, as discussed in this paper.
These running effects generically generate isospin violating effects in direct detection, but
additional effects can be seen in detectors when A, , # Ag,, as is generally the case in a UV-
complete model and, in fact, \,, # A4, is required in our model to counter-act the generic
isospin violating effects seen in ref. [23], thus a seeming null result in isospin violation at
a direct detection experiment may actually imply such isospin violation exists at higher
energies. Of particular note is the large effect these different assumptions can have on
collider signatures, where for a given mg, and Ag, the mono-W signature is the same,
but the mono-jet signature can vary by as much as three orders of magnitude. In fact, as
parameters are varied from a previously considered simplified model to a parameter space
that approximates another simplified model, these mono-X signatures generically change
by significant amounts. From a practitioner’s perspective, using a simplified model with a
design philosophy similar to ours yields contour plots of the various mono- X cross sections
which allow the efficient determination of where in the parameter space simplified models
have overlapping or distinct predictions, and thus where an LHC signature could, or could
not, uniquely determine the properties of the dark sector. Thus, while simplified models
are still an important tool to understand DM physics at colliders, the broader framework
of using the full SM gauge symmetry as discussed above, and allowing for more parameters
to vary independently, allows the investigation of parameter space of mono-X signatures
that are otherwise ignored.
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