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1 Introduction

The main legacy of the 7/8 and 13 TeV runs of the Large Hadron Collider (LHC) is the

discovery of a 125 GeV Higgs boson [1, 2] as well as the absence of any signals for other new

particles. This is in accordance with the measurements of electroweak precision observables

(EWPO) which agree very well with a Standard Model (SM) containing a light Higgs boson
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and no further degrees of freedom in the range up to a TeV. Besides the EWPO from the

pre-LHC era and flavor physics observables, both direct searches and the ever more precise

measurements of the properties of the Higgs boson (as well as the top quark and weak

gauge bosons) are the tools to search for physics beyond the Standard Model (BSM) at

the LHC. These are used to constrain any type of BSM model.

In this paper we study the Littlest Higgs Model with T -parity (LHT). This is an

attractive representative of Little Higgs models [3, 4] since fine tuning problems in the

Higgs potential can be avoided via a discrete global Z2 symmetry. Little Higgs models in

general regard a naturally light Higgs boson as a pseudo-Nambu-Goldstone boson (pNGB)

arising from a (new) global symmetry at high scale, see e.g. refs. [5, 6]. However, such

a mechanism would require new strong interactions to tie the constituents of the Higgs

boson together, which unavoidably would show up in electroweak precision observables. In

order to avoid such strong constraints from EWPO, the mechanism of so-called collective

symmetry breaking has been applied, i.e. interweaving several global symmetries which all

have to be broken in order to give mass to the pNGBs charged under them. This means

that the Higgs mass achieves only a logarithmic sensitivity to the cutoff scale at one-loop ,

while a quadratic sensitivity only arises at the two-loop level, thereby shifting the strongly-

interacting UV completion scale from the multi-TeV to the multi-10 TeV-region. Note,

however, that Little Higgs models are effective field theories (with new degrees of freedom

beyond the SM like heavy vectors, scalars and quarks) that not necessarily have a direct

strongly coupled UV completion, but could also have weakly-coupled sectors at the next

scale [7].

In this paper we consider the LHT model just as such an effective (low-energy) field

theory consisting of the SM degrees of freedom augmented by (T -odd) heavy vector bosons,

heavy quarks (and leptons) as well as additional heavy pNGBs (which turn out to be

irrelevant for the phenomenology of that model). All of these particles just have the SM

gauge interactions as well as generalizations of the SM Yukawa couplings, which reflect

the implementation of both the Little Higgs collective symmetries as well as T -parity.

We consider all phenomenologically relevant production mechanisms for the heavy new

particles, including all relevant decays in order to compare the predictions within the LHT

model with the LHC 13 TeV data from Run 2. The main objective of this paper is to

study how far the exclusion limit for the Little Higgs symmetry breaking scale f is pushed

compared to the 7 and 8 TeV data, and to investigate how this bound depends on the

spectrum and the rest of the parameter space. In addition, we reproduce the constraints

from the EWPO. For completeness, we review the status from the 8 TeV Run 1 data.

Because of the possibility of T -parity breaking in a strongly coupled UV completion of

the LHT, as well as tensions from dark matter (DM) constraints, we also take signatures

and limits from a scenario with T -parity breaking into account which is different than

the Littlest Higgs model without T -parity. We also give prospects for the upcoming high-

luminosity runs at the LHC at 14 TeV.

The outline of the paper is as follows: in order to make the paper self-contained, in

section 2 we briefly summarize the model-building setup of the Littlest Higgs model (with

T -parity) needed to understand the phenomenological analyses later on. In section 3 we

– 2 –



J
H
E
P
0
5
(
2
0
1
8
)
0
4
9

review the existing limits from EWPO on the LHT model. In the next section, section 4,

we discuss the tool chain for generating events and recasting the LHC analyses. We then

collect the relevant collider topologies along with cross sections and branching ratios for

different regions of parameter space in section 5. Our main collider results are collected

in section 6, and compared to the sensitivity from electroweak precision data in section 7.

Finally, we give a summary and outlook in section 8.

2 Little Higgs models with T -parity

The Littlest Higgs model [8] is based on a non-linear sigma model with a single field Σ

parameterizing a SU(5)/SO(5) symmetry breaking structure.1 The vacuum expectation

value (vev) causing the breaking from SU(5) to SO(5), Σ0, can be cast into the form of the

5× 5 matrix

Σ0 =

 12×2

1

12×2

 . (2.1)

The gauge group of the Littlest Higgs is G1×G2 = (SU(2)1×U(1)1)×(SU(2)2×U(1)2)

embedded in SU(5) as a subgroup such that the vev in eq. (2.1) above breaks it down into

the diagonal subgroup SU(2)L×U(1)Y which is identified with the SM electroweak group.

The kinetic term for the non-linear sigma model field is

Lkin =
f2

4
Tr|DµΣ|2 (2.2)

with

Σ = eiΠ/f Σ0 e
iΠT /f = e2iΠ/f Σ0 (2.3)

where f is the Nambu-Goldstone-Boson (NGB) decay constant of the model. At this scale

the symmetry breakings SU(5)→ SO(5) and G1 ×G2 → SU(2)L ×U(1)Y take place. The

covariant derivative in eq. (2.2) is given by

DµΣ = ∂µΣ− i
∑
j

[gjW
a
j (QajΣ + ΣQa

T

j ) + g′jBj(YjΣ + ΣYj)] (2.4)

with the generators

Qa1 =
1

2

(
σa 02×3

03×2 03×3

)
, Qa2 =

1

2

(
03×3 02×3

03×2 −(σa)∗

)
(2.5)

Y1 =
1

10
diag (−3,−3, 2, 2, 2) , Y2 =

1

10
diag (−2,−2,−2, 3, 3) , (2.6)

where σa are Pauli matrices. The SU(5) → SO(5) symmetry breaking generates a to-

tal of 14 NGBs Πa which decompose under the unbroken EW group SU(2)L × U(1)Y as

10 ⊕ 30 ⊕ 2±1
2
⊕ 3±1. Four of these NGBs are eaten by the extra gauge bosons, ZH , WH

1For different implementations of Little Higgs models in terms of product group and simple group models

and a way to distinguish them, cf. e.g. [9–11].
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and AH , which get masses of the order f . The remaining ten physical (p)NGBs decompose

into the complex Higgs doublet and a hypercharge one complex triplet. The latter is phe-

nomenologically irrelevant as the production cross section for these particles is negligibly

small, cf. ref. [12].

Like many other BSM models, the Littlest Higgs model suffers from constraints by

electroweak precision observables, particularly as the mass of the heavy hypercharge boson,

AH , has an accidentally small prefactor, cf. the right hand side of eq. (2.10). To alleviate

these constraints, a discrete symmetry, TeV- or short T -parity has been added [13, 14],

which phenomenologically plays a similar role as R-parity in supersymmetry (SUSY). T -

parity is an inner automorphism that exchanges the sets of the two different gauge algebras

G1 and G2, or alternatively, their gauge bosons:

W a
1µ

T←→ W a
2µ, B1µ

T←→ B2µ. (2.7)

This fixes the gauge coupling constants of the two different SU1,2(2) and U1,2(1) to be equal:

g1 = g2 =
√

2g, (2.8)

g′1 = g′2 =
√

2g′. (2.9)

The mass eigenstates are then just the (normalized) sum and difference of the two gauge

fields, respectively, with mixing angles of π/4. This results in the mass terms of the heavy

gauge bosons

mWH
= mZH

= gf, (2.10a)

mAH
=
g′f√

5
. (2.10b)

In order to implement collective symmetry breaking in the fermion fields, a partner

state to the third generation quark doublet has to be introduced, forming an incomplete

SU(5) multiplet Ψ and its T -parity partner Ψ′

Ψ =


ibL
−it1L
t2L

02×1

 =

 qL
t2L

02×1

 , Ψ′ =


02×1

t′2L
ib′L
−it′1L

 =

 02×1

t′2L
q′L

 , (2.11)

which are related via

Ψ
T←→ −Σ0Ψ′ (2.12)

Here, qL denotes the quark doublet of the SM following the conventions in [8], while q′L and

t′2 are the T -parity partner fermions needed to reconcile both T -parity and the collective

symmetry breaking mechanism. The T -parity invariant Lagrangian then reads as

LY ⊃
λ1f

2
√

2
εijkεxy(ΨiΣjxΣky − (Ψ′)iΣ̃jxΣ̃ky)t1R + λ2f(t2Lt2R + t′2Lt2R) + h.c., (2.13)

– 4 –



J
H
E
P
0
5
(
2
0
1
8
)
0
4
9

where λ1,2 denote the top-quark Yukawa couplings, respectively. The T -parity eigenstates

are now the (normalized) differences (even states) and sums (odd states) of the primed

and unprimed fermion fields t+ = (t1L,+, tR), t=(t1L,−, t1R,−), T− = (t2L,−, t2R,−) and

T ′+ = (t2L,+, t2R,+). Diagonalizing the left-handed T -even fermions yields the (SM) top

quark and the heavy T -even top quark, T+. The t− gets a mass with the help of the

so-called mirror fermions, cf. below for the first and second generation fermions, while the

masses for the SM top quark and the other top partners are given by,

mtSM = mt+ =
λ2R√
1 +R2

v, (2.14)

mT− = λ2f =
mt+

v

f
√

1 +R2

R
(2.15)

mT+ =
mt+

v

f(1 +R2)

R
= mT−

√
1 +R2 . (2.16)

R is defined as the ratio between the Yukawa coefficients of the two different possible

terms, R = λ1/λ2 and is one of the parameters used for investigating the parameter space

in this paper.

Up-type quarks for the first and second generations have a similar Lagrangian than

the top quark except for the vector-like quark, which is not present as there is no need to

cancel the contribution from light quarks to Higgs self energies:

LY ⊃
iλdf

2
√

2
εijεxyz(Ψ′xΣjyΣjzX − (ΨΣ0)xΣ̃iyΣ̃jzX̃)dR (2.17)

The SU(2)1,2 singlet X with U(1)1,2 charges (Y1, Y2) = (1/10,−1/10) renders the term

gauge invariant. There are two different X embeddings as (3, 3) component into the NGB

multiplet, namely X = (Σ33)−1/4 [Case A] and X = (Σ33)1/4 [Case B ]. These cases do not

differ in the context of BSM collider phenomenology which is why we choose Case A in

this study. Differences only arise in the discussion of constraints from the Higgs sector and

electroweak precision observables and more details can be found in ref. [12].

To give rise to mass terms for the T -odd fermions without introducing any anomalies,

another SO(5) multiplet Ψc is introduced as

Ψc =
(
idc, −iuc, χc, id̃c, −iũc

)T
= (qc, χc, q̃c)

T , Ψc
T←→ −Ψc . (2.18)

The qc fields are called mirror fermions.

The T -parity invariant Lagrangian for the light fermions is

Lκ = −κf(Ψ′ξΨc + ΨΣ0Ωξ†ΩΨc) + h.c.. (2.19)

This Lagrangian not only adds the T -odd mass terms but also imposes new interactions

between Higgs boson and up-type partners.

Lκ ⊃−
√

2κf(dL−d̃c +
1 + cξ

2
uL−ũc −

sξ√
2
uL−χc −

1− cξ
2

uL−uc) + h.c.+ · · · (2.20)

where cξ = cos((v + h)/
√

2f), sξ = sin((v + h)/
√

2f).
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The parameter κ characterizing the coupling between the Higgs and the T -odd fermions

is another degree of freedom in the model parameter space we investigated. We will dis-

tinguish between κq for the light quarks and κl for the leptons.

The mass spectrum for heavy T -odd fermions is given (at order O(v2/f2)) by

mu,− =
√

2κqf

(
1− 1

8

v2

f2

)
, (2.21)

md,− =
√

2κqf (2.22)

m`,− =
√

2κlf (2.23)

2.1 T -parity violation

For the phenomenology of the LHT model, we will also consider T -parity violation. There

are two reasons for that: first, in the context of strongly interacting UV completions T -

parity violation can naturally occur via an anomalous Wess-Zumino-Witten term, [15, 16],

secondly, there is a certain tension for the case that the lightest T -odd particle, the heavy

photon AH is absolutely stable from relic density calculations and direct detection dark

matter experiments [17, 18]. In order to avoid any constraints from dark matter bounds,

one can assume that the AH only has a microscopic lifetime and that dark matter instead

is made up of an axion-like particle in the strongly interacting UV completion of the Little

Higgs model or more generically from a completely different sector.

As has been studied in [15, 19], T -parity violation generates decays of the heavy photon

partner AH into the electroweak gauge bosons WW and ZZ similar to the decay of the

pion into two photons. Above the kinematic threshold for these AH decays, the partial

width is given by:

Γ(AH → ZZ) =

(
Ng′

80
√

3π3

)2 M3
AH
m2
Z

f4

(
1− 4m2

Z

M2
AH

) 5
2

, (2.24)

Γ(AH →W+W−) =

(
Ng′

40
√

3π3

)2 M3
AH
m2
W

f4

(
1− 4m2

W

M2
AH

) 5
2

. (2.25)

Here, the integer N depends on the UV completion of the theory. As we are only interested

in branching ratios, shown in a later section, the precise choice of this number does not

matter for our analysis.

If the mass of AH is below the WW and ZZ thresholds, it will decay into the SM

fermions via WW - and ZZ-induced triangle loops leading to the partial widths:

Γ(AH → ff) =

(
NC,fMAH

48π

)[
c2
−

(
1−

4m2
f

M2
AH

)
+ c2

+

(
1 +

2m2
f

M2
AH

)](
1−

4m2
f

M2
AH

) 1
2

,

(2.26)

with c± := cR ± cL, and cL and cR being the left- and right-handed fermion couplings,

shown in table 1. NC,f is the number of colors of the final state fermions. For the range
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Particles cfL cfR

AHe
+e− 9N̂

160π2
v2

f2
g4g′(4 + (c−2

w − 2t2w)2) − 9N̂
40π2

v2

f2
g′5

AHνν
9N̂

160π2
v2

f2
g4g′(4 + c−4

w ) 0

AHuaub − N̂
160π2

v2

f2
g4g′(36 + (3c−2

w − 4t2w)2)δab − N̂
10π2

v2

f2
g′5δab

AHdadb − N̂
160π2

v2

f2
g4g′(36 + (3c−2

w − 2t2w)2)δab − N̂
40π2

v2

f2
g′5δab

Table 1. Coefficients for the AH TPV decays, cf. eq. (2.26). The indices a, b refer to the color of

the respective quarks and we use N̂ = N/48π2, cW = cos θW , tW = tan θW .

f ∼ 1− 10 TeV and N = O(1), the total AH width ΓAH
ranges between 0.01-1 eV which

corresponds to a lifetime of order 10−17 s. This excludes AH from being a viable dark

matter candidate. On the other hand, it leads to a mean free path of approximately 10 nm,

resulting in nearly prompt decays which do not produce observable displaced vertices in

the LHC detectors.

2.2 Naturalness and fine tuning

Together with the model setup, we discuss in this section the definition of fine tuning,

that is sometimes used as a guideline for the naturalness of a model or of certain regions

of parameter space. The naturalness is generally tied to the radiative corrections to the

scalar potential in quantum field theories. In order for a model to be considered natural,

those corrections should be of the same order as the scalar mass term from the mechanism

that originally created that mass term (the explicit breaking of the global symmetries in

Little Higgs models). A fine-tuning measure usually compares the size of the radiative

corrections to this bare mass term. In the absence of a special cancellation mechanism,

this measure depends quadratically on the typical scale of these corrections; cancellation

by means of a symmetry turns this into a logarithmic dependence.

In Little Higgs models, the cancellation comes from SM partner particles of like statis-

tics by means of nonlinearly realized global symmetries. The most severe SM radiative

corrections from the top quark are cancelled by the T -odd and even top partners, T±, fol-

lowed by the cancellations of the EW gauge bosons due to the heavy new gauge bosons, AH ,

ZH , and WH . In this paper, we adopt the fine-tuning measure defined in [8], which only

accounts for the top partners, and neglects the contributions from the gauge boson partners

as well as from the heavy pNGBs and the light fermion partners. The fine tuning is then

defined as the ratio of the experimentally measured Higgs mass squared and the absolute

value of the radiative corrections from the top partners to the Higgs quadratic operator:

∆ =
µ2
exp

|δµ2| , δµ2 = − 3λtM
2
T

8π2
log

Λ2

M2
T

. (2.27)

Here Λ = 4πf is the cut-off scale of the LHT model, i.e. the equivalent to ΛQCD in a

strongly-interacting embedding of the LHT, λt is the SM top Yukawa coupling and MT is
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a generic mass scale of the top partner sector. Note that this definition of the fine-tuning

measure leads to the fact that smaller values of that measure (provided in per cent in

general) constitute a higher amount of fine tuning, hence a more finely tuned point of

parameter space. While the LHC Run 1 datasets at 7 and 8 TeV together with electroweak

precision observables still allowed parameter space with O(1%) [12], we will see in this paper

that the fine tuning including LHC Run 2 data is now everywhere around one per cent or

even in the sub-per cent regime. This is still comparable with or better than the amount

of fine tuning in generic parameter regions of the minimal supersymmetric SM (MSSM),

and it is generically (much) better than the fine tuning for Composite Higgs models.

3 Electroweak precision constraints

Even before the start of data taking at the LHC, Little Higgs models were already grossly

constrained by comparing their predictions to precise measurements in the electroweak

sector, the so-called electroweak precision observables (EWPO) [20–23]. Additional con-

straints come from flavor data (in the K, D and B sector), as well as for the models with

T parity and stable massive particles from dark matter searches. We will not discuss the

first point here as this has been studied elsewhere [24, 25], and the second point has been

addressed in the last section.

EWPO mainly contain a list of measurements from e+e− colliders like LEP1, LEP2,

SLC, and TRISTAN, and a few selected measurements from hadron colliders where the

precision has superseded that from lepton colliders, like the W mass, or was only possible

there, like the Higgs mass and couplings. In refs. [12, 26, 27], both the EWPO as well as

the latest Higgs data have been scrutinized in order to give the then best constraints on

the parameter space of the LHT model.

We will not repeat the complete table of the EWPO fit of the LHT model from [12]

here, but just remind that the two main observables with the highest pull in the fit giving

the highest constraint are the total hadronic cross section at the Z pole as well as the left-

right asymmetry on the b quarks, A
(b)
LR. Higgs observables in general do not give any further

constraints beyond that as EWPO already drive the Little Higgs scale f in a region where

the deviations of the Higgs couplings are well within the LHC experimental uncertainties.

The only exception to this statement comes from the case when the decay H → AHAH
is possible which is ruled out by the LHC limits on Higgs invisible branching ratios and

excludes mAH
< 62.5 GeV, i.e. f < 480 GeV [12].

The first EWPO constraints that have been applied to Little Higgs models came from

oblique corrections, the so-called Peskin-Takeuchi ∆S, ∆T and ∆U parameters [28, 29].

These parameterize corrections to the self energies of EW gauge bosons, that are measured

in two-(and four-) fermion processes at lepton colliders. T -parity was specifically introduced

to minimize the contributions from Little Higgs heavy particles to the oblique parameters

as far as possible, as no T -odd particle can contribute to them at tree level. However,

at loop-level there are contributions from T -odd heavy quarks, the T -even top quark, the

mirror fermions and the heavy gauge bosons. These have been calculated in [30, 31].

– 8 –
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One interesting feature derived in [12, 26] from the contribution of the heavy top

partners to the ∆T parameter, is the exclusion limit from EWPO as a function of the

parameter R, the ratio of the two different Yukawa couplings λ1 and λ2 in the top sector.

There is an accidental cancellation to the EWPO in terms of R for the value of R=1. This

gives an only relatively weak exclusion limit for f & 405 GeV at 95% confidence level from

EWPO only. For R� 1 this bound goes up to roughly 750 GeV while for large R ∼ 3 the

bound from EWPO goes up to 1.3 TeV.

For our discussion in this paper and the motivation into which regions of parameter

space to look at, even more relevant are the contributions from the mirror fermions:

∆TqH ,`H = −
∑
qH ,`H

κ2
q,`

192π2αw

v2

f2
. (3.1)

These expressions come from box diagrams contributing to four-fermion operators with

heavy quark and lepton mirror fermions running in the loop:

O4−ferm. = −
κ2
q,`

128π2f2

(
ψLγ

µψL

)(
ψ
′
Lγµψ

′
L

)
(3.2)

Here, ψ and ψ′ are any combinations of different SM fermions. These four-fermion operators

can be reinterpreted in terms of a contribution to the oblique ∆T parameter. The peculiar

feature about them is that they increase with the mass of the mirror fermions for fixed scale

f . This is clear from the fact that in that case the Yukawa-type coupling which enters the

box diagrams has to be enlarged leading to a larger contribution from the box diagrams.

The κ is usually assumed to be a diagonal matrix in flavor space or even proportional to

the unit matrix. In this paper, we do not lift the degeneracy in generation space, however,

we investigate different values for the κ couplings for mirror quarks and mirror leptons.

As was shown in [12, 26, 27], the end of LHC Run 1 was sort of a turning point where

limits from direct searches of heavy particles in Little Higgs models started to become

competitive with EWPO, and now with Run 2 even superseded them. As the only relevant

EWPO result is eq. (3.2) and the R dependence from the top partner contributions to

the ∆T parameter, we do not discuss EWPO any further here, and take eq. (3.2) as a

motivation to look into different scenarios of combinations of all-light degenerate mirror

fermions, heavy mirror quarks, as well as split scenarios with light mirror leptons and

out-of-LHC-reach heavy quarks.

4 Tool framework and scan setup

The main goal of this paper is to derive limits on the LHT model from all available LHC

run 2 data. In this section we describe the framework that we used in order to derive

numerically the current LHC bounds on the LHT model.

4.1 Used software

To be able to generate Monte-Carlo events for our model, we make use of the FeynRules

implementation of the LHT model as in refs. [12, 26, 27]. We slightly extended the model

– 9 –
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definition such that the heavy fermion Yukawa couplings κ are transformed into inde-

pendent coupling constants κ` and κq. We then exported the LHT model to the event

generators MG5 aMC@NLO [32] and WHIZARD [33–36]2 via the UFO file format.3

The collider phenomenology of the LHT model studied in this paper depends on the

mass scale f , the two Yukawa coupling parameters κ` and κq, as well as the ratio of

top Yukawa couplings R. For these four parameters we derive the corresponding masses

according to eqs. (2.10), (2.16), (2.22) and store these in a spectrum file which follows

the definitions of the UFO model. The branching ratios and corresponding decay tables

for all LHT particles are calculated analytically using the formulae in the above linked

model file. These include all 2-body decays for all relevant particles. Note that within the

parameter space that we analyze, no 3-body decays need to be considered as there is always

a dominating 2-body final state. The only difference is the anomaly-mediated decay of AH
in the case of T -parity violation, see section 2.1. For this, we use the branching ratios as

functions of f taken from ref. [19] which will be shown later in this work. For decays into

gauge bosons, we assume that for m(AH) > 185 GeV, i.e. for f & 1080 GeV, AH decays

via 2-body decays into WW and ZZ. For smaller masses, we formulate 3-body decays for

the decay table as follows: we consider all possible decay modes of the W or Z, replace

one of the final state gauge bosons with the corresponding decay products and multiply

the branching ratio accordingly.

For the main tasks of this numerical study, we make use of the collider analysis tool

CheckMATE [43–45]. This program is useful to test a given BSM model in an automatized

way. It makes again use of the aforementioned generator MG5 aMC@NLO to simulate partonic

events. By making use of the UFO model description file format, MG5 aMC@NLO or WHIZARD

are able to simulate partonic events for a given BSM model which was implemented in

a model building framework like FeynRules [46, 47] or SARAH [48], e.g. via the WHIZARD-

FeynRules interface [49]. The showering and hadronization of these events is subsequently

performed by Pythia8 [50], followed by the fast detector simulation Delphes [51] which

considers the effect of measurement uncertainties, finite reconstruction efficiencies and the

jet clustering of the observed final state objects. These detector events are then quantified

by various analyses from both ATLAS and CMS at center-of-mass energies of 8 and 13 TeV

(more details below). Events are categorized in different signal regions and CheckMATE

determines which signal region provides the strongest expected limit. If the input model

predicts more signal events than are allowed by the observed limit of that signal region,

CheckMATE concludes that the model is excluded at the 95% confidence level, otherwise the

model is allowed. For more details on the inner functionality of CheckMATE, we refer to the

manual papers in refs. [43–45].

4.2 Details on event generation

For the event generation, we consider the production of all relevant two-body final states.

In the following, we use qH for all heavy fermion squarks {dH , uH , sH , cH , bH , tH}, `H
for all other heavy fermions {eH , µH , τH , νeH , νµH , ντH}, VH for all heavy gauge bosons

2WHIZARD recently also has been extended towards next-to-leading order functionality, cf. [37–42].
3The model file is available on demand from the authors.
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{WH , ZH and AH} and T± for the additional heavy T -even/odd top partner, respectively.

We analyzed the following processes for the LHC (cf. also [12, 26])

1. pp→ qHqH , qH q̄H , q̄H q̄H

2. pp→ qHVH

3. pp→ `H ¯̀
H

4. pp→ VHVH

5. pp→ T+T̄+, T−T̄−

6. pp→ T+q̄, T̄+q, T+W
±, T̄+W

±

(4.1)

At this stage we give some remarks on the choice of these final states.

• If T -parity is conserved, T -odd particles need to be produced in pairs. Therefore, the

T -even top partner T+ is the only LHT particle which can be produced in association

with Standard Model particles. This rule also holds in case of anomaly-triggered T -

parity violation as the corresponding TPV couplings AH − V − V are too small to

result in another T -odd final state with experimentally accessible cross section.

• We focus our discussion on certain benchmark scenarios and within these scenarios,

some processes are expected to be negligible compared to others. We give more

details on this when we discuss the individual scan setups below.

• While the production of color-charged objects is expected to be dominant at the

LHC in case qH and VH have similar masses, heavy gauge boson production can

become dominant in regions of parameter space where the heavy gauge bosons are

significantly lighter than the heavy quarks (i.e. for large κ). We discuss the parameter

dependence of the respective cross sections below.

• Processes with additional hard radiation in the final state, e.g. the process pp →
qHqHj, are not considered here. They are expected to be relevant in regions with

strong mass degeneracy between the produced particle and the stable particle it de-

cays into as in such a case the process pp → qHqH produces too soft jets to be

observed. By requiring an additional hard jet in the event, pp → qHqHj, the addi-

tional jet can boost the qHqH system and create a new, potentially observable multijet

topology (see e.g. ref. [52]). However, in our case the gauge bosons WH and ZH are al-

ways predicted to be at least 100 GeV heavier than the AH , cf. eqs. (2.10a), (2.10b).

Similarly, the qH − AH and T− − AH mass splittings are always large enough in

the studied parameter regions. Therefore, we do not need to look at these pecu-

liar topologies which have a significantly smaller cross section than our discussed

two-body final states.

• Another interesting final state is pp→ AHAHj whose analysis is motivated because

of the distinct and typical monojet signature as generally expected in models with a
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dark matter candidate (see e.g. ref. [53]). However, since our dark matter candidate

has a mass of the order of about 100 GeV and since it couples directly to quarks via the

AH−q−qH vertex, we do not expect LHC searches for dark matter final states to be

more constraining than existing bounds from direct detection searches. Furthermore,

the consideration of this final state is technically involved as double-counting with

the decay topology pp → qHAH , qH → qAH could occur in specific parts of the

parameter region and needs to be under precise control within the simulation. The

detailed discussion of such a decay topology is postponed to a forthcoming study.

All simulations have been done automatically by CheckMATE using the event generator

MG5 aMC@NLO and have been cross-checked with WHIZARD.

4.3 Scan benchmark scenarios

The LHT model —as already described earlier— depends on the following four parameters

1. the symmetry breaking scale f which affects the masses of all qH , `H , VH and T±.

2. the Yukawa parameter κq which affects the masses of the heavy quarks qH ,

3. the Yukawa parameter κ` which affects the masses of the color-neutral heavy fermions

`H and

4. the Yukawa parameter R which affects the masses of the heavy top partners T+, T−.

Furthermore we distinguish models in which a) T -parity is exactly conserved

and b) models where gauge anomalies introduce the T -parity violating couplings

AH −W −W and AH − Z − Z.

In order to reduce the number of free parameters we focus on particular benchmark

scenarios with different theoretical and/or phenomenological motivation and with different

assumptions on the fermion sector, the heavy top sector and the validity of T -parity. These

scenarios result in 3× 2× 2 = 12 different benchmark cases, summarized in table 2.

Heavy fermion sector: we first discuss the different assumptions on the heavy fermion

sector. In the Fermion Universality model we set the two coefficients κq = κl equal and

hence get a mass degeneracy in the heavy fermion sector. Due to their color charge, the

production cross sections for processes involving heavy quarks are significantly higher than

the respective cross sections for final states with color-neutral heavy fermions. Hence, we

do not consider process 3 of our list in 4.1.

The masses of the heavy fermions have two important consequences for the phe-

nomenology: they affect their production cross sections and they change the branching

ratios of the heavy gauge bosons VH → `
(∗)
H `′. To get an understanding which role this

plays when setting bounds on the model we choose two further benchmark cases, each

taking into account one of these effects.

In the Heavy qH model we decouple the heavy quarks from the model by fixing κq =

3.0. This raises the heavy quark masses to the multi-TeV scale and hence makes them

experimentally inaccessible. Therefore, we do not consider production modes which involve
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Sector Model Constraint Phenomenology Considered Topology

fH

Fermion Universality κl = κq

• mass degeneracy of qH , `H
Exclude process 3

• `H production negligible

Heavy qH κq = 3.0
• qH decoupled

Exclude processes 1, 2
• `H production relevant

Light `H κl = 0.2
• `H very light

Exclude process 3
• VH branching ratios

change

T± Light T± R = 1.0 • T± are light/accessible Include processes 4, 5

Heavy T± R = 0.2 • T± are heavy/inaccessible Exclude processes 4, 5

AH

TPC No TPV • AH is stable and invisible AH stable

TPV With TPV • AH is unstable AH → V V decays

Table 2. Definitions of the considered benchmark models of this study. In this work we consider

all 3× 2× 2 combinations of the options given in this table. The process numbers refer to the list

in eq. (4.1).

qH , i.e. processes 1 and 2 of 4.1, but take into account `H pair production, process 3,

instead. The results of this benchmark scenario should give insight to which degree the

LHC sensitivity relies on the presence of the color-charged objects and which limits can be

determined from searches looking for color-neutral particles only.

The Light `H benchmark is also designed to lift the degeneracy of the color-charged

and color-neutral objects. Here, by fixing κ` to a small value of 0.2, the latter are light

enough for the heavy gauge bosons to decay into them. We are interested to see how

this change in the expected decay patterns affects the bounds compared to the Fermion

Universality model. Note that even though the `H are light we do not take into account

the bounds from `H production as we are interested in how only a change in the decay

pattern affects the resulting bounds. The bounds resulting from direct `H production are

determined in the previously discussed Heavy qH benchmark.

The results of these three benchmark cases should be sufficient to qualitatively deter-

mine the resulting bounds for other κq−κ` combinations and to avoid a full 3D parameter

scan in the f − κq − κ` plane.

Heavy top partner sector: the main phenomenological difference between the heavy

top partners T± and the other heavy fermions qH is that their mass depends on R instead

of κ. We choose two benchmark values for this parameter in such a way that one results

in experimentally accessible top partners (R = 1.0) while the other (R = 0.2) does not.

The value R = 1.0 also corresponds to a case where minimal fine-tuning can be achieved,

see [12, 26], and thus this benchmark case tests the natural regions of parameter space of

the LHT model. In the Heavy T± scenario we ignore any processes which involve these

particles as they are too heavy to result in an LHC exclusion. The comparison of the two

bounds at R = 1.0 and R = 0.2 gives insight to which degree the masses of the particles in

this sector are relevant for the overall sensitivity.
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T -parity violation: as discussed in section 2.1, gauge anomalies in the heavy sector can

result in anomalous T -parity violating AH − W − W and AH − Z − Z couplings. The

presence of these operators may drastically change the expected collider phenomenology

as the final state not necessarily contains an invisible particle any more. Supersymmetry

motivated searches are however still expected to be sensitive as the leptonic decays of

the W and the invisible decays of the Z boson can still produce a significant amount of

missing energy. We are interested to see by how much the bounds derived for the T -parity

conserving case are changed due to these anomaly-mediated decays. For that reason we

analyze each of the above discussed benchmark scenarios once with a stable AH and once

with enabling AH → V V decays.

5 Collider topologies

For the discussion of the LHC results, it is useful to understand both the values of the

production cross sections for all the processes we listed in the last section and the dominant

branching ratios of the relevant final state BSM particles. Collider bounds are expected to

be set by processes with a large production cross section times a decay topology with only a

small Standard Model contamination. In this section we review the parameter dependence

of these observables in order to determine the theoretically expected collider topologies

of our LHT benchmark scenarios. Many of them are relevant for the discussion of the

exclusion bounds that we determine with CheckMATE in the upcoming section.

5.1 Cross sections

We start with a discussion of the production cross sections for all the process sets listed

in section 4.2. In figures 1, 2 we show the cross sections for
√
s = 13 TeV as a function of

the symmetry breaking parameter f with fixed κ and vice versa. As the benchmark case

Light `H does not affect any production mode, the cross sections are identical to those in

the Fermion Universality benchmark. In all cases we show the results in the Light T±

subscenario for which the T± are kinematically accessible and the cross sections would

nearly vanish in the case of Heavy T±. Note that κ refers to κq = κ` in the Fermion

Universality case and to κq( 6= κ`) in the Light `H scenario. T -parity violation does not

play a role in the discussion of LHT particle production which is why we do not distinguish

TPC and TPV here. Results for center-of-mass energies of 8 and 14 TeV are provided in

appendix A.

Since the mass of all heavy sector particles increases with f , the cross sections for all

processes drop with increasing f .4 Similarly, since the mass of the heavy fermions depends

linearly on κ, the cross sections for producing these particles become smaller for larger

values of this parameter. As both mass and couplings of the T± only depend on f and the

fixed parameter R, no dependence on κ can be seen.

Interestingly, even though the mass of the vector bosons VH also depends on f only,

their production cross sections show a small κ-dependence in the Fermion Universality

4Small fluctuations in the f -dependent qHqH production cross section are caused by numerical noise.
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Figure 1. LHC production cross sections (
√
s = 13 TeV) for benchmark models Fermion Univer-

sality/Light `H + Light T±. Left: dependence on f for fixed κ = 1.0 (solid), κ = 2.0 (dashed).

Right: dependence on κ for fixed f = 1 TeV (solid), f = 2 TeV (dashed). Labels in the legend

appear in decreasing order of the respective maximum value of the solid lines.
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Figure 2. Same as figure 1 for benchmark model Heavy qH + Light T±.

scenario. This is due to contributions of t-channel qH which interfere destructively with

the s-channel vector-boson diagrams. Since all masses scale linearly with f , this effect

appears nearly independently of f at the position κ ≈ 0.5. As a result, the cross section

for VH pair production is roughly a factor 5 smaller for small κ ≈ 0.5 than for large values

κ & 4 when the heavy fermions are decoupled. As the qH are by construction decoupled in

the Heavy qH benchmark scenario, the κ dependence of the VHVH production cross section

vanishes in the resulting distribution shown in figure 2.

The production cross sections can reach values up to 103 fb and we thus expect the√
s = 13 TeV LHC to be sensitive to large regions of the parameter space we considered.

Even for values of f ≈ 3 TeV, cross sections of order 10−1 fb and thus detectable event

rates can be expected which improves results from LHC Run 1 which were insensitive to

values of the symmetry breaking scale above 2 TeV [12, 26]. Comparing the results of

both the f -σ and the κ-σ planes, it becomes clear that there is no dominant process with

a universally largest cross section. The cross sections have very different dependencies

on κ and f and thus different regions in parameter space are expected to have different

dominating final states.

Generally, regions with small values of κ and thus with light qH , `H predict a large

rate of produced heavy fermions. As expected for a hadron collider, the qH production is

– 15 –



J
H
E
P
0
5
(
2
0
1
8
)
0
4
9

0.2 0.4 0.6 0.8 1.0
κq

0.0

0.2

0.4

0.6

0.8

1.0
q H

B
ra

n
ch

in
g

R
at

io

Fermion Universality/Light `H Scenarios

q,AH
q,WH

q,ZH

600 800 1000 1200 1400

f in GeV

0.0

0.2

0.4

0.6

0.8

1.0

q H
B

ra
n

ch
in

g
R

at
io

Fermion Universality/Light `H Scenarios

q,WH

q,ZH
q,AH

Figure 3. Branching ratios of dH in the Fermion Universality/Light `H model. Items in legend

appear in decreasing order of the maximum value of the respective curve. Left: fixed f = 1 TeV

(solid), f = 2 TeV (dashed). Right: fixed κ = 1 (solid), κ = 2 (dashed).
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Figure 4. Branching ratios of uH in the Fermion Universality/Light `H model. Parameters as in

figure 3.

about two to three orders of magnitude larger than the production of heavy leptons `H
and the latter appear only to be relevant for small values f . 1 TeV, κ . 0.5. In regions

with larger values of κ, the production of heavy vector bosons becomes more important as

their mass is independent of κ. If heavy top partners T± are accessible, they are produced

with comparable abundance as the heavy vector bosons.5 Since the T− is always lighter

than the T+, the production of the latter appears to be negligible in comparison.

5.2 Branching ratios

We now continue with a discussion of the branching ratios for the relevant partner parti-

cles within the given benchmark cases. Note that we combine phenomenologically similar

branching ratios which involve q := u, d, c, s, (so we particularly do not distinguish heavy

up- and down-type quarks here) ` = e, µ, τ , ν := νe, νµ, ντ and their respective heavy part-

ner fermions.6 Also, we only discuss those decays with a branching ratio of at least 1 %

5Note that this statement in general depends on the specific value of the additional parameter R which

we fixed to 1.0 in our benchmark scenario.
6It is only in this section where we distinguish between the charged heavy fermion `H and the neutral

particle νH . In the rest of this work, `H refers to both heavy charged and heavy neutral leptons.
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Figure 5. Branching ratios of `H in the Fermion Universality model.
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Figure 6. Branching ratios of νe,H in the Fermion Universality model.
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Figure 7. Branching ratios of ZH (left) and WH (right) in the Fermion Universality (The Heavy

qH scenario is very similar, cf. text). Parameters as in figure 3. In both plots, curves corresponding

to decays with ν, ` or b are nearly identical.

anywhere in the discussed parameter space. Though we do not show it in the plots, we an-

alytically calculated all decay widths and considered all kinematically allowed 2-body final

states in the decay tables used in our scans in order to get correct values for the branching

ratios. We mainly discuss results for the Fermion Universality and the Light `H scenarios

as the Heavy qH scenario does not show any differences in the observable decay pattern —

except for one difference which we mention along the way. Obviously, it is only the decay
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Figure 10. Branching ratios of AH in the TPV benchmark.

of the AH which shows different behavior in the benchmark cases TPV and TPC. These

two benchmarks are hence not distinguished in the discussion regarding the decays for the

other particles.

Within the parameter ranges that we focus on, the particles T−, `H and νH each only

have one decay mode in some scenarios:

Light T−: BR(T− → tAH) = 1 (5.1)

Light `H : BR(`H/νH → `/νAH) = 1 (5.2)
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For other particles and/or other scenarios there is more than one decay mode and the

branching ratios depend on the values of f and/or κ. As these always show asymptotic

behavior for large values of κ or f , we focus on the behavior visible at lower parameter

ranges than analysed in our collider study. The behavior at larger values can easily be

extrapolated from the shown results.

In figures 3, 4 we show the dominating branching ratios of the heavy quark partners

dH , uH , respectively, in the Fermion Universality/Light `H models which show identical

results in this regard. As before, we show curves as functions of both κ and f . For both

up- and down-type heavy quark partners, the decay into a heavy WH boson and a quark

is the most important decay with a branching ratio of nearly 60 % — whenever it is

kinematically allowed. They are followed by decays into ZHq of order 30 % and to AHq of

order 10 %. A small variation with f becomes visible which is caused by a subdominant

dependence of the respective coupling constants on v/f (see e.g. [30]). This dependence

differs between up- and down-type quarks and thus the variation with f differs for these

two flavors. Note that very small values of κq . 0.5 lead to m(qH) < m(WH),m(ZH) and

thus forbids decays qH → (W/Z)H + X. All qH therefore decay to the light AH in this

region of parameter space.

Note that due to the overall mass degeneracy and the identical quantum numbers

within the Fermion Universality model, the decay signatures of all other heavy fermions,

except for the T±, are identical after replacing the corresponding up- and down-type com-

ponents of the respective SU(2) doublets. For example, the branching ratio for νeH →WHe

is identical to the branching ratio uH →WHd, see figures 3–5.

Next, we discuss the decays of the heavy gauge bosons WH and ZH for the Fermion

Universality model in figure 7 and for the Light `H model in figure 8. We only show

results depending on κ as there is no f dependence for the two standard benchmark values

κ = 1.0, 2.0 which we considered. In case of Fermion Universality, the decay VH → fHf
′

into a heavy fermion partner is only allowed for κ . 0.5 and in this region decays into

heavy quarks dominate. For larger values of κ, the only available decays are WH →WAH
and ZH → hAH . In the Light `H scenario, this picture changes by construction: the `H are

fixed to light masses and thus for κq & 0.5 both heavy gauge bosons decay to 50 % into `H`

and νHν. Again, for smaller values of κq decays into qH are kinematically accessible and

have a dominant branching ratio. The branching ratio curve for the benchmark scenario

Heavy qH corresponds to the one for Fermion Universality with the only exception that

the decay VH → qHq disappears for κ < 0.5 and the branching ratios for the other modes

scale up accordingly.

In figure 9 we show the branching ratios of the heavy top partner T+ (note that T−

always decays to tAH as listed above) in the Light Top benchmark, i.e. for R = 1.0. As

T+ is a T -parity even particle it must decay into pairs of T -odd particles or purely into

SM particles. This results in four main decay scenarios. The SM decays follow mainly the

pattern of a SU(2)L singlet top partner (cf. e.g. [54]) of 50 % branching ratio into bW+

and equally a quarter into th and tZ. This is only slightly modified by the only accessible

T -odd particle decay, namely roughly 15 % branching ratio into T−AH . This changes the

top-like decay into bW+ into nearly 45 % branching ratio, while th and tZ have roughly 20
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% branching ratio each. These branching ratios have no dependence on κ and only little

dependence on f which originates from the f -dependence of the T± and AH masses.

We finish the discussion with the branching ratios of the AH in the TPV scenario shown

in figure 10, which only depend on f . The information shown in this figure has been taken

from a detailed calculation performed in ref. [19]. One observes that for f > 1200 GeV,

decays into on-shell Standard Model gauge boson pairs dominate. For smaller values of f ,

the AH mass drops below 180 GeV, the partial decay widths into gauge bosons decrease due

to kinematic suppression and the loop-induced decays into Standard Model leptons become

equally relevant. For f . 900 GeV, AH decays predominantly into SM quark pairs.

5.3 Expected final state topologies and correspondence to supersymmetric

searches

In this section we combine the information of the preceding one with the list of dominant

production processes given in section 4.2 in order to find the following expected final state

signatures. Comparing them to the specialized analyses of the experimental collaborations

for supersymmetry, we can make the following classification of the signatures and their

applicability to the LHT model:

• In general — if T -parity is conserved — all T -odd particles produce decay chains with

a stable AH as the lightest T -odd particle at the end. This particle is experimentally

invisible and thus produces missing transverse momentum /ET in the event. This is

in close analogy to R-parity conserving supersymmetry which produces decay chains

with the lightest neutralino at the end which similarly produces /ET . Therefore, many

searches looking for R-parity conserving supersymmetry require /ET in the event and

thus are sensitive to our model.

• Final states with heavy gauge bosons WH , ZH behave differently in the main bench-

mark cases. In the Fermion Universality model, where WH decays produce W bosons

which either contribute with further jets in their hadronic decays or with further hard

leptons in their leptonic decays, the heavy ZH adds Higgs bosons in the final state

which mainly lead to additional b-jets in the event. This final state topology is thus

similar to supersymmetric electroweakino production χ̃±1 χ̃
0
2 + χ̃±1 χ̃

±
1 + χ̃0

2χ̃
0
2 with a

Wino-like chargino and a Higgsino-like neutralino.

In the Light Leptons model, the heavy gauge bosons almost always decay into a

lepton and the corresponding heavy lepton partner which itself always decays into a

lepton and AH . This behavior corresponds to a supersymmetry model with very light

scalar leptons for which there exist specific signal regions in experimental searches

for electroweakinos.

• Final states with heavy qH always produce quarks and AH in their decays and hence

result in final states with jets and missing transverse momentum. In most cases

these decays produce further heavy gauge bosons VH which, as explained above, add

more leptons, b-jets or normal jets to the event. This topology is very similar to

supersymmetric scalar quark production with either direct decays into the lightest
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Topologies Similar to Covered by CM analyses Ref.

pp→ VHVH ,

WH/ZH → ``H → ``AH or

WH →WAH ,

ZH → Z/hAH

pp→ `H`H ,

`H → `AH

AHAH →WlepVlep +X (TPV)

pp→ χ̃ (∈ χ̃±
1 , χ̃

0
2, χ̃

0
1),

χ̃±/χ̃0
2 → `˜̀→ ``χ0 or

χ̃±
1 →W±χ̃0

1,

χ̃0
2 → Z/hχ̃0

1

pp→ ˜̀̀̃ ,
˜̀→ `χ̃0

1

atlas 1402 7029 [57]

atlas 1404 2500 [58]

atlas 1501 07110 [59]

atlas conf 2013 049 [60]

atlas conf 2013 089 [61]

atlas conf 2013 035 [62]

cms exo 14 014 [63]

atlas conf 2016 096 [55]

atlas conf 2017 039 [56]

atlas conf 2017 040 [64]

atlas 2014 010 hl 3l [65]

dilepton hl* [66]

pp→ qHqH ,

qH → qAH or

qH → qWH/ZH → qAH +X

pp→ qHVH ,

qH and VH decaying as above,

AHAH →WlepVhadr +X (TPV)

pp→ q̃q̃,

q̃ → qχ̃0
1 or

q̃ → qχ̃0
2/χ

±
1 → qχ̃0

1 +X

atlas 1308 1841 [67]

atlas 1405 7875 [68]

atlas 1407 0608 [69]

atlas 1502 01518 [53]

atlas conf 2012 104 [70]

atlas conf 2012 147 [71]

atlas conf 2013 047 [72]

cms 1408 3583 [73]

atlas 1604 07773 [74]

atlas 1605 03814 [75]

atlas conf 2016 054 [76]

atlas conf 2016 078 [77]

atlas conf 2017 022 [78]

atlas phys 2014 010 sq hl [65]

atlas 14tev monojet* [79]

pp→ T±T±,

T± → tAH

pp→ t̃t̃,

t̃→ tχ̃0
1

atlas 1308 2631 [80]

atlas 1403 4853 [81]

atlas 1403 5222 [82]

atlas 1407 0583 [83]

atlas 1506 08616 [84]

atlas conf 2013 024 [85]

atlas conf 2013 037 [86]

cms 1303 2985 [87]

cms sus 13 016 [88]

atlas 1606 03903 [89]

atlas conf 2016 050 [90]

atlas conf 2016 076 [91]

atlas phys pub 2013 011 [92]

pp→ T+T+,

T+ → bW±/tZ/th

pp→ TVLQTVLQ,

TVLQ → bW±/tZ/th

—

atlas conf 2016 013 [93]

—

Table 3. Summary of expected topologies in the LHT model, their analogies in Supersymme-

try and the corresponding analyses implemented in CheckMATE that are sensitive to it. Analyses

are subdivided in
√
s = 8, 13 and 14 TeV, respectively. More details are provided in table 6 in

the appendix.
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supersymmetric particle or with decay chains producing further neutralinos and/or

charginos in the final state.

• Final states with the T -odd T− produce final states with SM tops and missing

transverse momentum, a typical signature of natural supersymmetry with a light

scalar top.

• Final states with the T -even T+ not necessarily produce missing transverse mo-

mentum but instead decay top-like into bW+, hence are expected to affect SM top

measurements, or decay into top + Higgs/gauge boson final states which is a typical

feature of models with an extended quark sector. Since processes involving T+ have

a reduced production cross section, see our earlier discussion, and since our searches

mostly focus on SUSY-like final states, we do not expect these particles to be of great

relevance for our results.

• If T -parity is violated by small couplings, we still expect the same production and

decay topologies as in the T -parity conserving case which typically produce 2 AH and

the same hard final state objects which we listed in the previous discussion. However,

as now each of these decays into pairs of Standard Model particles, many more final

state topologies appear. Especially if f & 1.2 TeV we expect four Standard Model

vector bosons in the final state and as each of these can decay hadronically or lepton-

ically, a plethora of possible final state exists with various combinations of additional

jets and leptons. These can be covered by analyses which target very large final state

multiplicities for which the Standard Model background is very small. Furthermore,

as both Z and W have sizable decay rates into final states with neutrinos, the fi-

nal states may even have a significant amount of missing transverse momentum and

thus may still be covered by the same supersymmetry-based analysis strategies as

mentioned for the T -parity conserving case.

All in all we expect various final states which are very similar to those expected in

typical supersymmetric models and we expect that this model can be strongly constrained

by applying LHC searches originally designed to find supersymmetric particles. Even

though theoretically expected, some of these topologies not necessarily will result in a

large enough signal event rate to produce a sensible bound and/or various topologies appear

simultaneously and it is difficult to say a priori which of these topologies is expected to

result in the strongest sensitivity. Fortunately, as many of these searches are implemented

in the tool CheckMATE, we expect this tool to perform very well in our scenarios and

determine the respectively strongest bounds for each benchmark case conveniently.

In table 3, we summarize our above discussion of the expected topologies and their

SUSY analogues in cases where an analysis exists in CheckMATE which, according to its

respective target signatures, should be sensitive to one or more production times decay

patterns of the given topology. Note that even though each analysis only appears once

in the table, some analyses may cover more than one topology. For example, an analysis

focussing on final states with hard jets and missing transverse momentum may cover both

qH and T± initiated topologies.
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CM identifier Final State Designed for Ref.

atlas conf 2016 096 /ET + 2-3 ` χ̃±, χ̃0, ˜̀ [55]

atlas conf 2016 054 /ET + 1 ` + (b)-j q̃, g̃ [76]

atlas conf 2017 022 /ET + 0 ` + 2-6 j q̃, g̃ [78]

atlas conf 2017 039 /ET + 2-3 ` χ̃±, χ̃0, ˜̀ [56]

Table 4. Small summary of all
√
s = 13 TeV analyses which appear in the discussion of our results.

More details, also on other tested analyses, are given in table 6 in the appendix.

As can be seen, the number of possible topologies is very large, especially in T -parity

violating scenarios with all their possible combinations of the two final state AH decaying

into pairs of leptonically or hadronically decaying vector bosons. Though most of the main

decay scenarios are covered by the list of analyses provided in table 3 there still exist

conceivable topologies which are not covered by our study, for example:

1. T -parity violating decay chains with no missing transverse momentum, e.g. the all-

hadronic final state with two qH each decaying via qAH → qVhadrVhadr into a ≥ 10 jet

final state. Such a scenario would be covered experimentally by e.g. the correspond-

ing multijet analysis motivated to search for R-parity violating Supersymmetry, see

refs. [94, 95]

2. Singly produced T+ which decay into Standard Model final states which may be

covered by complementary searches for vector-like quarks e.g. via the production

mode pp→ bT±q analysed in refs. [96, 97].

3. Some topologies with final state Higgs bosons, e.g. the topology pp→ ZHAH , ZH →
hAH . These are in general covered by our used multijet + /ET searches which observe

two jets from the h → bb̄ decay but the sensitivity could be significantly improved

if studies focussing on the “Higgs + /ET ” final state, e.g. refs. [98, 99], were taken

into account.

Within the scenarios that we analyze, we do not expect these missing topologies to yield

stronger bounds than the ones we derive as either the production cross section (cases 2

and 3) or the branching ratio (case 1) is significantly smaller than those of the topologies

we take into account.

6 Collider results from CheckMATE

We now discuss the results of our collider analysis performed with CheckMATE. Exclusion

lines in the κ-f -plane for all 3× 2× 2 scenarios are shown in figures 11–22. For each case,

we choose two ways to present our results. On the respective plots in the left column we

show the total exclusion line determined by CheckMATE from LHC analyses at 8 TeV and

13 TeV, respectively. The 8 TeV results allow direct comparison to earlier studies, e.g. in [12,

26]. Drawing them in the same plot with the updated 13 TeV results illustrates how the

increased energy and the higher integrated luminosities significantly improve the sensitivity

on the Little Higgs Model with fully or nearly conserved T -parity. In the discussion in the
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main text of this section we focus on the update from the current results at
√
s = 13 TeV

and will not discuss the outdated results at 8 TeV center-of-mass energy. In the same set of

plots we also show mass contours of the most relevant particles to understand the bounds.

These are

• the heavy gauge boson mass ZH (= WH),

• the heavy quarks qH for all models except Heavy qH ,

• the heavy leptons `H for the model Heavy qH ,

• the T -odd heavy top partner T− mass for Light T± benchmarks and

• the heavy photon mass AH for TPV models.

To keep the plots readable we do not show all contours in all plots. With the exception of

T± whose mass values are only meaningful in the Light T± scenario, all plots with same

heavy fermion sector scenario (see table 2) have the same particle spectrum and therefore,

each iso-mass contour can be understood to appear in all other plots of the same main

benchmark scenario.

Alongside the above results we show a second plot each for all benchmark scenarios

where we focus on the experimental signature(s) which lead to the overall bound. For each

benchmark study, we show the respective CheckMATE analyses which cover the excluded

region at
√
s = 13 TeV. The names in the legend correspond to the CheckMATE analysis

identifiers and we provide a small summary of their respective covered topologies in table 4

for convenience. Note that regions with small κ and small f are typically covered by many

more LHC analyses but we only show the minimal set of analyses sufficient to cover the

entire excluded region. A full list of all CheckMATE analyses that we considered for this

study can be found in table 6 in the appendix B.

6.1 Fermion universality

We start with a discussion of the Fermion Universality model in which the heavy fermion

Yukawa couplings are set to be equal, κq = κ`, and thus features a degenerate spectrum of

heavy quarks and heavy leptons.

T -parity conserved and heavy T±. In figure 11 we start with the subscenario of

conserved T -parity and with the heavy top sector decoupled. The excluded parameter

spaces can be separated into two main regions:

• For large f ≥ 1 TeV, the exclusion line depends both on κ and f and runs nearly

parallel to the iso-mass contours of the heavy quarks. It thus nearly follows the

inequality f × κ < fκmax with fκmax ≈ 1.5 TeV at
√
s = 8 TeV and ≈ 2 TeV at√

s = 13 TeV. The most sensitive analysis looks for at least two hard jets and a large

amount of missing transverse momentum, a topology which in this region appears

through heavy quark pair production with each heavy quark decaying into a quark,

an invisible heavy photon and possible additional particles via more complicated
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Figure 11. Results for scenario (Fermion Universality)×(Heavy T±)×(TPC ).
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Figure 12. Results for scenario (Fermion Universality)×(Light T±)×(TPC ).
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Figure 13. Results for scenario (Fermion Universality)×(Heavy T±)×(TPV ).

500 1000 1500 2000 2500 3000

f in GeV

1

2

3

4

5

κ
q

m
(A
H

)
=

1
0
0

G
eV

m
(A
H

)
=

2
0
0

G
eV

m
(A
H

)
=

3
0
0

G
eV

m(qH ) = 1 TeV

m
(q
H ) =

2
TeV

m
(q
H

)
=

2
T

eV

m
(q
H
)
=

3
T
eV

m
(T
−

)
=

1
T

eV

m
(T
−

)
=

1
.5

T
eV

m
(T
−

)
=

2
T

eV

Covered by 8 TeV

Covered by 13 TeV

500 1000 1500 2000 2500 3000

f in GeV

1

2

3

4

5

κ
q

Covered by ′atlas conf 2016 054′

Covered by ′atlas conf 2016 096′

Covered by ′atlas conf 2017 022′

Covered by ′atlas conf 2017 039′

Figure 14. Results for scenario (Fermion Universality)×(Light T±)×(TPV ).
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casscades in the decay, qhqH → qqAHAH + X. The expected event rate for this

QCD-induced process mainly depends on the mass of the heavy quarks and thus

explains why the bound runs nearly parallel to the qH iso-mass contours. Still, t-

channel heavy vector bosons also have a small effect on the production cross section

and thus the bound drops slightly faster with higher f , i.e. with larger m(VH), than

the m(qH) iso-mass contour. The results translate into a bound on mqH of ≥ 3 TeV

for f ≈ 1 TeV which decreases to mqH > 2 TeV for f & 3 TeV.

• For smaller values of f , the bound becomes nearly independent of the specific values

of f or κq and absolutely excludes f > 900 GeV. For large enough values of κ, the

heavy quarks are not created abundantly enough and hence we are only sensitive to

the electroweak production of heavy gauge bosons VH whose mass is indepedent of κq.

The given limit can then be interpreted as an absolute mass bound mZH
= mWH

&
600 GeV. Even though their mass is κ-independent, the bound still becomes stronger

for increasing value of κq. This is — see our discussion in section 5.1 — due to κq
affecting the mass of the heavy quarks who in turn interfere destructively with their

contribution to the total VHVH production cross section. Thus the weakest bound

f > 800 GeV appears for κq ≈ 2.5 and improves to f & 950 GeV for κ & 5.0.

Interestingly, even though the main production channel has changed, the most sen-

sitive study is the same multijet analysis as before. The required topology is created

from hadronically decaying W -bosons in WH → WAH and from b-jets in the decay

to a Higgs boson of ZH → hAH .

T -parity conserved and light T±. To see how the sensitivity to the heavy top partners

compares to the previous bound, we show below in figure 12 the results of the same model,

but now with R = 1.0 and thus including processes which involve the production of heavy

T±. Note that for fixed R, the mass of the T± only depends on f which is why for large f

these particles are not experimentally accessible. Thus, we get the same bound on (fκmax)

as explained for the previous benchmark.

However, if the T± are kinematically accessible they play an important role for the

overall bound. For our special case with R = 1.0, we observe that the absolute bound on f

increases to f ≥ 1.3 TeV and becomes entirely κ independent as the T± production modes,

as opposed to the VH modes discussed before, do not depend on the heavy quark sector.

Again, we observe the search for multijets plus missing transverse momentum to be most

sensitive for the bound.7

Clearly, the precise value of the lower limit on f depends on the mass of the heavy top

partner particles which implicitly depends on the value of R. We emphasize here that the

choice R = 1.0 just serves as a benchmark case and any other R value would directly affect

the bound, see eq. (2.16), in either direction. We chose R = 1 here for the reason that it

7Note that by the time this work was completed, the restricted set of analyses implemented in CheckMATE

contained the updated multijet results with an integrated luminosity of 36 fb−1, but had only searches for

scalar tops implemented which use data from 13.3 fb−1. This may explain why we observe multijet final

states to be most sensitive even though in section 5.3 we expected heavy top partners to produce distinct

decay signatures which mimic scalar top decays in natural supersymmetry.
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is rather special as it minimizes the LHT contributions to the EWPO, cf. section 3. Our

more general conclusion from this benchmark study is thus that searches for VH and for

T± can yield competitive absolute lower bounds on f , and while the bound derived from

VH production is nearly independent of the chosen benchmark, the presence of light top

partners may put further constraints on the model.

T -parity violated. In figures 13, 14 we show the results in case we include the anomaly-

mediated decays of the heavy photon AH into vector boson or lepton pairs, both without

(figure 13) and including (figure 14) the heavy top sector. We again split the discussion

into the two main parameter regions already discussed before:

• We again observe a κ-dependent bound for large values of f which follows the iso-mass

contour of the heavy quarks. However, compared to the T -parity conserving case the

bound is now slightly weaker, mqh ≥ 2.5 TeV for f ≈ 1 TeV and mqh ≥ 1.5 TeV for

f ≈ 3 TeV. There are two analyses with nearly identical sensitivity in this region,

namely the already discussed zero-lepton-multijet plus /ET analysis and the related

multijet analysis which requires one lepton in the final state. The fact that their

sensitivity is fairly similar can be qualitatively understood from the fact that we

expect many additional final state gauge bosons which produce additional leptons

and/or jets. Thus, both multijet studies with and without leptons become sensitive

and we get an overall similar signal event rate in the respective signal regions of

these two studies. In fact, as the branching ratio to WW increases for smaller f , see

figure 10, and as W -bosons produce on average more charged leptons than Z-bosons,

we expect analyses which require a final state lepton to become slightly more sensitive

for smaller f — a feature which we exactly observe in our results in figure 13, on the

right hand side.

At first, it appears unexpected that the bound is not significantly weakened, even

though the originally invisible AH now decays into Standard Model particles and thus

appears to remove crucial missing transverse momentum from the event. However,

one should bear in mind that we expect four additional boosted gauge bosons, two

from each AH , in the final state. Thus we expect to pass the /ET constraints if at

least one of these decays into neutrinos. Even though on average the branching ratio

V → ν+X is only around 25 %, as we have four gauge bosons the probability of having

an AHAH pair decaying into at least one neutrino and thus producing /ET is above

70 %. This reduces the /ET cut acceptance slightly but not drastically compared to

the T -parity conserving case. Furthermore, we get the same visible final state objects

as in the T -parity conserving case, together with additional boosted particles from

the gauge boson decays which may even improve the final state acceptance. It thus

can be understood why the sensitivity does not drop significantly if T -parity violation

is considered.

• Similarly to before, for a symmetry breaking scale f of the order 1 TeV we observe

a κ independent bound. Interestingly, the bound has even improved after turning

on T -parity violation and excludes f & 1 TeV for κ ≈ 1.5 and f & 1100 GeV for

κ ≈ 4.0. To understand why the limit becomes stronger one needs to look at the
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analysis coverage map on the right of figure 13. We see that the bound derived

from the multijet analysis, which was most sensitive in the T -parity conserving case,

slightly weakened. This can be understood with the same arguments as given before

for the large-f region. However, we also observe that the sensitivity is now dominated

by electroweakino-motivated searches, more specifically by analyses which look for

final state leptons and missing transverse momentum. A more detailed look in the

results of that analysis reveals that it is in fact the signal region SR-Slep-e which

produces the bound. This signal region requires 3 high-pT charged leptons which

do not originate from a leptonically decaying W -Z-pair and a significant amount of

missing transverse momentum. Interestingly, such a signature could not be reached

in the previous T -parity conserving benchmark case, because the most important

topology pp → WHWH → WWAHAH only produces two leptons. Including T -

parity violation, we can get a third, highly energetic lepton if one of the four final

state gauge bosons is a leptonically decaying W . Furthermore, since this signal region

has no constraints on the final state jet multiplicity, the decays of the other three

gauge bosons is irrelevant. As such, a large signal event rate is expected for this

analysis if T -parity is violated.

If the top partners are kinematically accessible, see figure 14, the absolute bound on

f only increases slightly by about 100 GeV. The electroweak search stays the most

sensitive analysis for this model. The resulting bounds increase as more events from

the topology pp > T−T̄− → (bW )(bW )WWV V are expected. Again, the impact on

the bound depends on the precise value of R and we only show one example here

which illustrates that the details of the heavy top partner sector are relevant for the

overall LHC limit.

Interestingly, the multijet analysis does not seem to get a significant contribution from

the presence of the T± even though it did in the previous case when T -parity was

conserved, cf. figures 15, 16. To understand this behavior one needs to consider the

details of the experimental search: this analysis tries to cover various hierarchies and

decay topologies that can appear in the supersymmetric squark-gluino g̃, q̃ sector and

defines many signal regions which target different jet multiplicities. Different mass

scales in the supersymmetric sector are taken into account by gradually increasing

the requirements on the sum of jet pT in the event as well as the total amount of /ET ,

more specifically by using cuts which require minimum values for the ratio /ET /
∑

(jet

pT ). In supersymmetry, jet multiplicity, total hadronic energy and missing transverse

momentum increase simultaneously as heavier particles on average produce longer

decay chains and give more momentum to the visible jets and the invisible neutralino

and thus a cut on /ET /
∑

(jet pT ) has a good signal acceptance in supersymmetry.

However, such a cut is disadvantageous for our most important topology T± → tAH
if AH decays via TPV: the additional decay of AH into gauge bosons is expected to

produce a significantly larger amout of jets and hadronic energy while reducing the

amount of missing transverse momentum, resulting in a large drop in the signal ac-

ceptance. Therefore adding the T± to the experimentally accessible spectrum hardly

increases the amount of signal events in this case and the bound only improves little.
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6.2 Heavy qH

We continue with the discussion of the results for the Heavy qH scenario which fixes κq
to 3.0 and thus effectively decouples the qH from the experimental reach. The results for

all subscenarios (with/without T -parity violation and ex-/including the heavy top partner

sector) are shown in figures 15–18. The plots show the same information as in the previous

section 6.1, however note that the ordinate is now chosen to be the free parameter κ` and

the iso-mass contours are given for the `H instead of the qH now.8

To understand how the bounds change compared to the previous benchmark scenario,

it is worth repeating the two main phenomenological consequences of this benchmark case:

1. qH → qVH topologies are replaced by `H → `VH . Multijet final states are thus

replaced by multilepton final states. As the production cross section for `H`H is 2

to 3 orders of magnitude smaller than the corresponding cross section for qHqH , we

expect a far weaker sensitivity in the heavy fermion dominated region (i.e. large f ,

small κ).

2. σ(pp→ VHVH) was dependent on κ but is independent of κ` as no contributions from

t-channel qH exist in this benchmark case. Thus we expect the bounds produced from

VH pair production to be entirely κ` independent and very similar to the case κ = 3.0

of the previous benchmark.

With these pieces of information in mind, the results in figures 15–18 compare straight-

forwardly to the bounds of the earlier benchmark scenario in figures 11–14:

• For f ≈ 1 TeV, vector boson production and potential heavy top partner production

are the most sensitive channels and they produce κ` independent bounds of f &
950 GeV (TPC, no T±), f & 1350 GeV (TPC, with T±), f & 1100 GeV (TPV, no

T±) and f & 1200 GeV (TPC, with T±). The bounds correspond to those for the

previous benchmark for large values of κ & 4.0. The most dominant topologies also

do not change: we observe multijet final states to be the most sensitive ones in case T -

parity is conserved while multilepton final states become more important if T -parity

is violated.

• For κ` . 0.5, the mass of the `H drops below the mass of the heavy vector bosons

and thus decays of type VH → `H` can happen, see figure 7. The boosted final-state

leptons of this decay can be observed via a multilepton analysis as can be seen in the

right of figure 15. This significantly improves the sensitivity and improves the bound

on f to up to 1.9 TeV. As the branching ratios depend on κ, this bound is now slighly

dependent on κ.

• The “fκmax”-bound which we were able to set in the previous benchmark almost

disappears for this scenario where the qH are decoupled. The expected event rates

from `H`H pair production are so small that no feasible bound can be set from this

8As the mass of the `H and qH are identical for κq = κ`, see eq. (2.22), the iso-mass contours for `H
appear at the same position as those for qH in the previous benchmark.
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Figure 15. Results for scenario (Heavy qH)×(Heavy T±)×(TPC ).
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Figure 16. Results for scenario (Heavy qH)×(Light T±)×(TPC ).
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Figure 17. Results for scenario (Heavy qH)×(Heavy T±)×(TPV ).

500 1000 1500 2000 2500 3000

f in GeV

1

2

3

4

5

κ
`

m
(A
H

)
=

1
0
0

G
eV

m
(A
H

)
=

2
0
0

G
eV

m
(A
H

)
=

3
0
0

G
eV

m(lH ) = 1 TeV

m
(lH ) =

2
TeV

m
(lH

)
=

3
T
eV

m
(T
−

)
=

1
T

eV

m
(T
−

)
=

1
.5

T
eV

m
(T
−

)
=

2
T

eV

Covered by 8 TeV

Covered by 13 TeV

500 1000 1500 2000 2500 3000

f in GeV

1

2

3

4

5

κ
`

Covered by ′atlas conf 2017 039′

Covered by ′atlas conf 2016 096′

Figure 18. Results for scenario (Heavy qH)×(Light T±)×(TPV ).
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topology in case of T -parity conservation, even with the newest
√
s = 13 TeV results.

It is only in the case of T -parity violation that we can observe an exclusion for very

small values of κ which follows the m(`H) = 1 TeV mass contour, caused by a slight

increase of the expected multilepton event rates from leptonic gauge boson decays,

see our discussion above.

All in all we observe that the presence or absence of the qH partner particles plays a

very important role for determining the LHC limits in the low κ region, i.e. for κ . 1.5.

However, the heavy gauge boson sector also puts very important constraints on f and as

the collider phenomenology of this sector is almost, but not completely, independent of

the heavy fermion sector, the absolute bounds on f are very robust against choices for

the heavy quark sector. In fact, they tend to become stronger as the presence of light qH
decreases the VHVH production cross section.

6.3 Light `H

In our third main benchmark scenario we again scan κq and thereby the mass of the heavy

quarks. However, the degeneracy with the heavy lepton sector is now lifted by fixing

κ` = 0.2. Since we know from the results of the previous benchmark that no bound can be

set if we search for the direct production of `H alone, we only consider the effects of the

light `H with respect to the branching ratio of the heavy gauge bosons. Note again from

our results in section 5.3 that while in the Fermion Universality model we dominantly

expect bosonic decays ZH → hAH ,WH → WAH , the Light Leptons benchmark mainly

produces leptonic decays ZH → `H`,WH → `Hν/νH` with subsequent `H/νH → `/νAH .

In figures 19–22 we show the results of this benchmark, again for all four subscenarios.

• As in the Fermion Universality scenario, we observe two main regions of exclusion

which intersect at f ≈ 1.6 TeV and κq ≈ 1.2.

• For small κq and large f , we again observe a qH dominated bound similar to the one

seen in the Fermion Universality scenario. The analysis coverage map reveals that for

κq > 0.5, the bound is set by a multilepton analysis. The already mentioned 3` signal

region is very sensitive to the final state topology qHqH → qqWHWH → qq````AHAH
with one of the leptons not being identified and the other three leptons being highly

boosted due to the large qH −WH mass splitting. For κq < 0.5, the heavy vector

bosons start predominantly decaying into hadronic final states — see figure 8 — in

which case multijet final states start becoming more sensitive and reproduce the same

bound as in the Fermion Universality scenario.

• The qH dominated bound is again insensitive to the presence of the heavy top part-

ners. Furthermore, it again slightly weakens in the presence of T -parity violation as

the most sensitive final state stays identical but the /ET cut efficiency drops due to

the AH decaying.

• For larger values of κq, we again observe a nearly κq-independent absolute bound on

f . This bound is again produced from direct production of heavy vector bosons and
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Figure 19. Results for scenario (Light `H)×(Heavy T±)×(TPC ).
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Figure 20. Results for scenario (Light `H)×(Light T±)×(TPC ).
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Figure 21. Results for scenario (Light `H)×(Heavy T±)×(TPV ).

500 1000 1500 2000 2500 3000

f in GeV

1

2

3

4

5

κ
q

m
(A
H

)
=

1
0
0

G
eV

m
(A
H

)
=

2
0
0

G
eV

m
(A
H

)
=

3
0
0

G
eV

m(qH ) = 1 TeV

m
(q
H ) =

2
TeV

m
(q
H
)
=

3
T
eV

m
(T
−

)
=

1
T

eV

m
(T
−

)
=

1
.5

T
eV

m
(T
−

)
=

2
T

eV

Covered by 8 TeV

Covered by 13 TeV

500 1000 1500 2000 2500 3000

f in GeV

1

2

3

4

5

κ
q

Covered by ′atlas conf 2016 054′

Covered by ′atlas conf 2017 039′

Covered by ′atlas conf 2016 096′

Figure 22. Results for scenario (Light `H)×(Light T±)×(TPV ).
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shows a small κq dependence due to the cross section dependence of this parameter,

see our discussion before. Compared to the Fermion Universality scenario, the limit

has become tremendously stronger due to the presence of light `H and improves to

f & 1.6 TeV for κq ≈ 1.5 and to f & 2 TeV for κq & 5.0. As the analysis coverage map

on the right of figure 19 shows, the vector-boson dominated region is now tested by

the multilepton analysis which identifies the boosted leptons from the VH → ``/νAH
decays. As this final state has small Standard Model background contamination

— most importantly since the leptons do not originate from W or Z decays — it

produces a very clean signal and thus leads to a very strong exclusion.

• In this scenario, the presence of the heavy top partners does not improve the bound

derived from heavy vector boson production at all: the bound derived from T−

production — see the Fermion Universality benchmark discussion — is only sensitive

to scales f . 1350 GeV and thus cannot compete with the much stronger bound set

from the vector boson sector. Furthermore, the multilepton final state produced from

the VH decays do not get any contributions from any of the expected T− decays. The

limit is therefore unaffected.

• As the final state leptons from the VH decays already produce a very clean signal, a

possible decay of the AH induced by T -parity violation only results in a smaller /ET
cut efficiency as explained before. Thus, we only observe that the bound is slightly

weakened in models with T -parity violation.

To summarize the results of this benchmark, we observe that a lighter `H sector changes

the decay patterns of the heavy vector bosons and this globally leads to a significant

improvement on the bounds. This improvement even overcomes possible contributions

from the heavy top partner sector and is only slightly weakened by the presence of T -

parity violation. Therefore we again conclude that the lower limits on f derived in the

Fermion Universality benchmark from searches for heavy vector bosons are very robust

regarding changes in the heavy fermion sector.

Note that for this benchmark we chose a specific value of κ` and thus in fact only

analyzed the impact of light `H for a particular assumption for their masses. It is thus

worthwhile discussing how changing κ` would affect our results:

• In our benchmark, the branching ratio VH → `H` was nearly 100 %. Clearly, the par-

tial decay width VH → `H` depends on the `H mass and thus the leptonic branching

ratio may drop if we increase the heavy lepton mass. The resulting bounds would

then gradually shift from those derived in the Light `H to those in the Fermion

Universality benchmark.

• The kinematic configuration of the VH → ``(′)AH decay depends on the mass of

the intermediate on-shell `H . Changing the mass results in different expected energy

distributions for the signal leptons and can therefore affect the signal acceptance after

applying the cuts in analysis atlas conf 2017 039. However, as the mass splitting

VH − AH is of order 750 GeV for f ≈ 1.5 TeV and is independent of the benchmark

model, the final state leptons are always expected to be high-energetic enough to pass

the constraints.
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CM identifier Final State Designed for Ref.

atlas 2014 010 hl 3l /ET + 3 ` χ̃±, χ̃0 [65]

atlas phys 2014 010 sq hl /ET + 0 ` + 2-6 j q̃, g̃ [65]

dilepton hl /ET + 2 ` χ̃±, ˜̀ [66]

Table 5. Small summary of all
√
s = 14 TeV analyses which appear in the discussion of our results.

More details, also on other tested analyses, are given in table 6 in the appendix.

6.4 Prospects for
√
s = 14 TeV

As we observed in our results, the update from a center-of-mass energy of
√
s = 8 TeV

to
√
s = 13 TeV and the increase of integrated luminosity between LHC Run 1 and Run

2 yielded significantly stronger bounds for all of the considered benchmark scenarios. In

that context, the interesting question arises to which extent the sensitivity is expected to

further improve at a high luminosity LHC running at
√
s = 14 TeV. For that purpose,

we used the ATLAS high luminosity studies implemented in CheckMATE to determine the

expected bounds at very high statistics,
∫
L = 3000 fb−1. This gives a rough estimate for

the overall sensitivity range of the Large Hadron Collider to the Littlest Higgs Model in

general. The corresponding cross sections are shown in figures 31, 32 in the appendix A.

Again, all analyses which have been used by this study are listed in table 6 in the

appendix and we provide a shortened version in table 5 which only lists those analyses

which appear in our discussion of the most sensitive analyses. As one can see in the

full table in table 6, at this stage the list of high luminosity analyses is very limited

as only few official experimental and some phenomenological high performance studies

have been implemented so far. These cover the most important topologies, i.e. missing

transverse momentum with either a monojet, multijet or multileptons final state, however

these old experimental studies use far fewer, less optimized signal regions compared to

their counterparts at lower center-of-mass energies. Hence, our results should only be

understood as rough approximations and much more sophisticated studies, especially on

the experimental side, would be required to get results which are qualitatively at the same

level as our earlier, detailed re-interpretation of existing experimental data.

Since the number of tested topologies is fairly small and is not expected to cover all

the various final states we discussed before, we do not consider the full set of benchmark

models introduced previously at this stage. Instead, we concentrate on the results for TPC

× Heavy T± for the three scenarios Fermion Universality, Heavy qH and Light `H . These

give a good overview to the general expected sensitivity at high statistics. As can be seen

from the results discussed above, the macroscopic structure of the excluded parameter

areas are very similar for cases with and without T -parity violation and with the heavy top

partners included or not. Hence, one can apply the phenomenological discussions of the

previous sections to appoximately determine the excluded areas for the other benchmark

cases which we do not explicitly discuss in the following.

The results of our scans are shown in figures 23–25. Note the extended f -axis range

compared to figures 11–22 to better illustrate the even higher f -reach at high center-of-mass

energies. The figures on the left column again show the overall expected experimental reach
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Figure 23. Expected results at
√
s = 14 TeV,

∫
L = 3000 fb−1 for scenario (Fermion Universal-

ity)×(Heavy T±)×(TPC ).
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Figure 24. Expected results at
√
s = 14 TeV,

∫
L = 3000 fb−1 for scenario (Heavy qH)×(Heavy

T±)×(TPC ).
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Figure 25. Expected results at
√
s = 14 TeV,

∫
L = 3000 fb−1 for scenario (Light `H)×(Heavy

T±)×(TPC ).

at 14 TeV and compare to current results from 13 TeV data which corresponds to the results

discussed in the previous sections. The figures in the right column, similarly to before, show

the most sensitive analyses in different regions of parameter space. Fluctuations in the

contours originate from sizable statistical uncertainties in our Monte Carlo description,9

however do not affect the qualitative description of the overall bound.

9We use the same sample size as in our previous studies, however due to the 100-fold integrated luminosity

the statistical uncertainty near the boundary increases approximately by a factor of 10.
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In general, the structure of the bounds is kept, i.e. there is a (nearly) κ-independent

bound for small f and larger values of κ while there is a bound which follows the iso-mass

contours for large values of f .

• In the Fermion Universality scenario, the qH mass bound for large values of f in-

creases by 1 to 1.5 TeV and excludes heavy quarks with masses m(qH) & 4 TeV for

f ≈ 2 TeV and m(qH) & 3 TeV for f ≈ 4 TeV. As before, this bound originates

from the high luminosity version of a multijet plus /ET search designed to find heavy

squarks or gluinos in supersymmetry. The VH dominated bound for large values of κ

probes heavy vector boson masses of order 1 TeV. Compared to the previous result

determined at 13 TeV, the most sensitive analysis is now quoted to be the multi-

lepton instead of the multijet final state. To reduce the contamination from pileup

which is expected to become an important issue for the high luminosity LHC, the

multijet final states require the scalar sum of the transverse momenta of all recon-

structed objects to exceed 3 TeV. In the VH dominated region, the expected signal

VH → AHV, V → hadrons withm(VH) ≈ 1 TeV typically does not pass this constraint

and for example requires a boosted final state due to a high pT jet from initial-state

radiation (ISR) whose requirement significantly reduces the expected event rate.

• The Heavy qH scenario at
√
s = 14 TeV does not significantly improve the `H -induced

bound for small values of κ. We expect a weak bound which follows the `H mass con-

tour and excludes masses of order m(`H) ≈ 1− 1.5 TeV. This bound originates from

an extrapolated search for dilepton final states. This is however only a minor improve-

ment to the bound which can be set already from today’s result. As in the previous

benchmark scenario, the VH produces a κ-independent bound of m(VH) & 1 TeV.

• Lastly, the bound in the Light `H scenario only improves little compared to the current

13 TeV results. In the large f region, the most sensitive analysis channel at LHC Run

2 is a multijet final state with one additional lepton which has a particularly small

Standard Model contamination. Unfortunately, we do not have a high luminosity

version of this analysis available and can only consider final states with many jets

but no final state lepton. As the characteristic feature of the Light `H scenario is

the appearance of at least one lepton in all relevant final state decay chains, we lose

sensitivity due to our restricted amount of available analyses. For larger values of

κ, the bound on m(VH) only increases by about 100 GeV, determined from a search

which requires two leptons in the final state. This analysis is designed to target either

of the two supersymmetric topologies ˜̀̀̃ → ``χ̃χ̃ or χ̃+χ̃− → WWχ̃χ followed by

leptonic W decays. Though some of the final states produced by our benchmark

scenario pass the constraints set for these particular topologies, none of the signal

regions are specifically designed for our topology. Thus, again our bound does not

represent the full sensitivity which can be expected from the high luminosity LHC but

significant aditional effort would be required to determine the necessary experimental

predictions for our desired topologies.
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Figure 26. Combined results for scenario (Fermion Universality)×(TPC ), left: Heavy T±, right:

×(Light T±).
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Figure 27. Combined results for scenario (Heavy qH)×(TPC ), left: Heavy T±, right: ×(Light T±).
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Figure 28. Combined results for scenario (Light `H)×(TPC ), left: Heavy T±, right: ×(Light T±).

7 Comparison of LHC limits with bounds from electroweak precision

observables

In the previous section we discussed the bounds which can be put on various benchmark

scenarios of the Littlest Higgs Model with T -parity (and its possible violation). As ex-

plained in section 2, an appealing property of this model is its considerably small amount

of fine tuning in the Higgs sector. Moreover, not only do the null results of searches for

these new T -odd particles set bounds on this model but also, see section 3, electroweak
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precision observables (EWPO) put tight constraints on f and κ. In the following we want

to combine these three pieces of information, putting a particular focus on the relevance

of the newest LHC results for the total combined bound on the model. Note that bounds

derived from the 4-fermion operators summarized here as being part of the EWPO cannot

be considered as stringent as those from direct LHC searches. There could be different op-

erators depending on the details of the UV completion (partially) cancelling each other, or

the operators could have accidentally small Wilson coefficients making the bounds derived

on them marginal.

In figures 26–28 we show compilations of bounds from electroweak precision observ-

ables, see section 3, the amount of fine tuning in the Higgs sector according to eq. (2.27)

and the 8 and 13 TeV LHC bounds discussed in section 6. We only show results for the

case of T -parity conservation as electroweak precision observables are not affected by the

presence of T -parity violating operators and the respective TPV collider bounds are very

similar, see our results of the previous section. In each figure we show the results for Heavy

T± scenario, i.e. R = 0.2, and Light T± scenario, i.e. R = 1.0. Note that the choice of this

parameter has an important impact on the fine tuning measure ∆.

In general, we observe that LHC results produce an absolute lower bound on f for

large κ and a lower bound which approximately follows f · κ for small κ. Electroweak

precision data, however, tend to produce upper bounds which approximately follow the

ratio f/κ. Therefore, we have two very complementary bounds which together exclude a

considerably large region of parameter space. This complementarity mostly originates from

the opposite dependence of the respective bounds on κ and R: the collider data produce

stronger bounds for lighter particles and therefore show their largest sensitivity for small

values of κ and/or R = 1.0. Loop corrections to precision observables, however, increase

if the corresponding coupling constants increase and therefore show their strictest bounds

for large values of κ and R = 0.2.10

We now move the general discussion to some indiviual results of particular bench-

mark models:

• In the case of Lepton Universality, we observe that the updated collider results

from 13 TeV are only relevant in the regions dominated by qH and T± produc-

tion. Most importantly, bounds derived from VHVH production only cover the region

f < 1 TeV, κ > 2 and are not competitive with the limits from electroweak precision

data which cover the same region in the Light T± scenario and an even much larger

region f < 1.3 TeV, κ > 1.5 in the case of Heavy T±.

In the case of Heavy T±, the combined bound from electroweak precision observables

and qH production excludes symmetry breaking scales f below 1.3 TeV, independent

of κ, and by that requires a fine tuning below 0.5 %. If the heavy top partners

T± are lighter, the EWPO bounds weaken. However, at the same time the collider

bounds increase, resulting in approximately the same bound of f > 1.3 TeV as before

which however corresponds to a slightly smaller fine tuning of approximately 0.6 %.

10Note that the free parameter R defines the Yukawa coupling λ2 via eq. (2.14) which increases if R

decreases.
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Judging from the two benchmark scenarios for T±, we conclude that the combination

of electroweak precision data and newest LHC results does not allow for values of

f < 1.3 TeV for values of R ∈ [0.2, 1.0]. As the EWPO bounds become stronger for

heavier T± and the collider result becomes stricter for lighter T±, the lower bound

on f should become even stricter for any value of R outside this range.

• The combined results of the Heavy qH scenario show a similar complementarity ef-

fect as in the previous model: whilst the LHC results are significantly weakened if

the heavy quarks are decoupled, the bounds from electroweak precision observables

become even stricter due to their dependence on κ2, see section 3, and thus become

stronger if κq = 3.0 is fixed. Here, the bounds implicitly depend on the value of

R and exclude values of f below 1.5 TeV for R = 1.0 (Light T±), and values below

2 TeV for R = 0.2 (Heavy T±). Even in the case of Light T± the LHC result cannot

compete. Still, the bounds are already very close to the EWPO limit such that we

again conclude that any other value of R should not produce a significantly weaker

but potentially an even stronger bound on f if the mass of the T± is chosen even

lighter. Note that for very small values of κ`, the LHC bound derived from VH → `H`

pushes the lower bound on f by a few hundred GeV, but not considerably. The min-

imal allowed fine tuning is around 0.5 % for the Light T± scenario and reduces to

approximately 0.25 % for the Heavy T± scenario.

• For the Light `H scenario, the complementarity between LHC and EWPO results

appears in the opposite direction as before: due to the small value of κ`, electroweak

precision observables are slightly weaker than in the previous benchmark cases. How-

ever, at the same time the collider bounds improve significantly due to the very dis-

tinctive decay topology which produces sevaral hard leptons, see our discussion in the

previous section. In this benchmark, the lower bound f > 1.7 TeV originates solely

from the collider result and is independent of the details of the heavy top partner

sector. It is only the region with large values of f & 1.8 TeV, κ & 2.5 where the

EWPO bound may become more relevant — depending on the chosen value of R.

The minimal allowed fine tuning is around 0.35 % in the Heavy T± and 0.4 % in the

Light T± scenario, respectively.

All in all, we observe that without taking the LHC data into account, fine tuning

above 1 % would still be allowed in regions with light qH and light T±. These regions,

however, are nowadays testable at collider experiments and results from the first LHC

run at 8 TeV already pushed the fine-tuning to the sub-percent level. Using the updated

results acquired during the
√
s = 13 TeV period, limits derived from the Large Hadron

Collider become more and more severe. Though the precise position of the total bound

depends on the details of the heavy fermion sector, the heavy top partner masses, and

the presence or absence of T -parity violation, we observe that due to their complementary

behavior regarding the EWPO bounds, values of f below 1.3 TeV and fine-tuning above

0.6 % seem to be excluded by now. Within our considered benchmark scenarios we observe

that Fermion Universality is the most weakly constrained model. However, the newest
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13 TeV results show a significant improvement already when put in comparison with the

earlier 8 TeV bounds. Furthermore, our approximate future sensitivity study in section 6.4

gives us reason to expect an even further improvement by LHC results in the near and far

future, putting the Littlest Higgs Model with T parity more and more to the test.

8 Summary

In this study we reinterpreted null results from LHC searches for physics beyond the Stan-

dard Model in the context of the Littest Higgs Model with conserved and broken T -parity.

This model is an elegant implementation of global collective symmetry breaking com-

bined with a discrete symmetry to explain the natural lightness of the Higgs boson as a

(pseudo-)Nambu-Goldstone boson. Bounds on the symmetry-breaking scale f from data

until 2013 were still as low as roughly 600 GeV. This model predicts heavy partners for the

Standard Model quarks qH , leptons `H , gauge bosons WH , ZH , AH and special partners for

the top quark T±. The mass hierarchies and the presence of the discrete T -parity result in

a model which shares many phenomenlogical similarities with supersymmetric extensions

of the Standard Model, most importantly it features a stable, invisible AH if T -parity is

conserved, similar to the lightest neutralino in supersymmetry with conserved R-parity.

Using the degrees of freedom for the full theory, we defined a set of benchmark scenarios

which make different assumptions about the mass hierarchies in the heavy fermion sector,

the masses of the heavy top partners and the possible presence of small T -parity violating

operators. By making use of the collider phenomenology tool CheckMATE, we systemati-

cally analyzed all relevant topologies at the LHC and derived bounds for all benchmark

scenarios, excluding those regions which would have predicted a signal in any of the many

considered search channels. We also give rough estimates for the bounds expected from a

high luminosity LHC running with
√
s = 14 TeV and 3 ab−1 of integrated luminosity.

Our results show that qH pair production, VH pair production and T− pair production,

respectively, produce strong bounds in the model parameter space due to null results in

searches dedicated for squarks and electroweakinos in supersymmetry. Most importantly,

searches which require a large amount of hard jets and a significant amount of missing

transverse momentum produce the strongest results in regions where qH and T− production

is important whilst searches for final states with multilepton and missing energy become

more relevant as soon as heavy vector boson production is the dominant channel. Color-

neutral heavy leptons are mostly irrelevant for the LHC, unless they are light enough to

appear in decay topologies like VH → `H` in which case they are again largely constrained

by searches for multileptons and missing energy. Allowing for a small amount of T -parity

violation surprisingly only has a minor impact on the result if compared to the case where

T -parity is exactly conserved. This can by explained by the fact that in the case of T -

parity violation via anomalous WZW-terms, AH decays predominantly into the Standard

Model gauge bosons whose leptonic decays can produce the required missing energy plus

additional hard particles which improve the signal-to-background ratio.

As the masses of the particles qH , `H , VH and T± depend differently on the Yukawa-

like parameters κq, κ` and R, precise LHC bounds depend on the particular values of these
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three parameters. On the other hand, all particle masses grow linearly with the symmetry

breaking scale f and we conclude that LHC results from the
√
s = 13 TeV run exclude

any value of f below 950 GeV at 95% confidence level. The weakest bound appears in a

scenario where only the heavy gauge bosons are kinematically accessible and all Yukawa

parameters are such that the other particles are too heavy for LHC observability.

Altogether, this constitutes an improvement of almost 400 GeV compared to the LHC

run 1 data as a constraint on the symmetry breaking scale f in the Littlest Higgs model

with T-parity. Even stronger bounds are possible if more details about the heavy fermion

sector are known and these limits can easily be derived from our exhaustive set of results

for the various benchmark scenarios. For parameter regions where either heavy quarks or

heavy leptons are accessible, the symmetry breaking scale f must be larger than 1.3 TeV

and the fine tuning cannot be better than 0.4 %. The LHC direct search limits are com-

plementary to those derived from four-fermion operator contact interactions as the former

only constrain light particles with small Yukawa couplings while the latter put limits on

sizable contributions from large Yukawa couplings. The bounds from these operators are

however not as tight as those from direct LHC searches as they depend on the details of the

UV completion, i.e. there could be cancellations among different operators or accidentally

small Wilson coefficients.

Though the Littlest Higgs model with T -parity has been constrained much stronger by

LHC run 2 data, it is still a rather natural solution to the shortcomings of the electroweak

and scalar sector, and we will need full high-luminosity data from the LHC to decide

whether naturalness is actually an issue of the electroweak sector or not. A qualitative

improvement of all bounds on the model, particularly in the Higgs sector and the heavy

lepton sector, might need the running of a high-energy lepton collider (or a hadron collider

at much higher energy).
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A Supplementary figures for the collider analysis

In this section we provide additional figures which are useful to better understand and/or re-

produce our results but which are not necessarily needed for the discussion of the main text.

This includes the cross sections for a center-of-mass energy of 8 TeV in figure 29 for

the Fermion Universality/Light `H + Light T± scenario as a function of the Little Higgs

scale f and κq, respectively. In figure 30 we show the 8 TeV cross sections for the Heavy

qH + Light T± scenario. The lower figures, figure 31 and figure 32, show the cross sections

for the same scenarios, but now for 14 TeV full LHC center-of-mass energies.
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Figure 29. Same as figure 1 for
√
s = 8 TeV.
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Figure 30. Same as figure 29 for benchmark model Heavy qH+Light T±.
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Figure 31. Same as figure 1 for
√
s = 14 TeV.
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Figure 32. Same as figure 31 for benchmark model Heavy qH+Light T±.
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B Full list of CheckMATE analyses

CheckMATE identifier Search designed for #SR Lint Ref.√
s = 8 TeV

atlas 1308 1841 New phenomena in final states with large jet multiplicities and /ET 13 20.3 [67]

atlas 1308 2631 Direct t̃/b̃ pair production in final states with /ET and two b-jets 6 20.1 [80]

atlas 1402 7029 Direct production of χ̃±/χ̃0 in events with 3 ` and /ET 20 20.3 [57]

atlas 1403 4853 Direct t̃ pair production in final states with 2` 12 20.3 [81]

atlas 1403 5222 Direct t̃ pair production in events with a Z, b-jets and /ET 5 20.3 [82]

atlas 1404 2500 Supersymmetry in final states with jets and 2 SS ` or 3` 5 20.3 [58]

atlas 1405 7875 Search for q̃ and g̃ in final states with jets and /ET 15 20.3 [68]

atlas 1407 0583 t̃ pair production in final states with 1 isol. `, jets and /ET 27 20.3 [83]

atlas 1407 0608 Pair produced 3rd gen. squarks decaying via c or compressed scenarios 3 20.3 [69]

atlas 1411 1559 New phenomena in events with a photon and /ET 1 20.3 [100]

atlas 1501 07110 Direct production of χ̃±/χ̃0 decaying into a Higgs boson 12 20.3 [59]

atlas 1502 01518 New phenena in final states with an energetic jet and large /ET 9 20.3 [53]

atlas 1503 03290 Supersymmetry in events with an SFOS ` pair, jets and large /ET 1 20.3 [101]

atlas 1506 08616 Direct Pair production third generation squarks 12 20.0 [84]

atlas conf 2012 104 Supersymmetry in final states with jets, 1 isolated lepton and /ET 2 5.8 [70]

atlas conf 2013 024 Directo t̃ pair production in the all-hadronic tt̄ + /ET final state 3 20.5 [85]

atlas conf 2013 049 Direct ˜̀/χ̃± production in final states with 2 OS `, no jets and /ET 9 20.3 [60]

atlas conf 2013 061 Strongly produced Supersymmetric particles with ≥ 3 b-jets and /ET 9 20.1 [102]

atlas conf 2013 089 Strongly produced Supersymmetric particles decaying into 2 leptons 12 20.3 [61]

atlas conf 2015 004 Invisibly decaying Higgs bosons produced in vector boson fusion 1 20.3 [103]

atlas conf 2012 147 New phenomena in monojets plus /ET 4 10.0 [71]

atlas conf 2013 035 Direct production of χ̃±/χ̃0 in events with 3 leptons and /ET 6 20.7 [62]

atlas conf 2013 037 Direct t̃ pair production in final states with 1 isolated `, jets and /ET 6 20.7 [86]

atlas conf 2013 047 q̃ and g̃ in final states with jets and /ET 10 20.3 [72]

cms 1303 2985 Supersymmetry in hadronic final states with b-jets and /ET using αT 59 11.7 [87]

cms 1408 3583 Dark Matter, Extra Dimensions and Unparticles in monojet events 7 19.7 [73]

cms 1502 06031 New Physics in events with 2`, jets and /ET 6 19.4 [104]

cms 1504 03198 Dark Matter produced in association with tt̄ in final states with 1` 1 19.7 [105]

cms sus 13 016 Supersymmetry in events with 2 OS `, many jets, b-jets and large /ET 1 19.5 [88]

cms exo 14 014 Heavy Majorana neutrinos in events with SS dileptons and jets 16 19.7 [63]√
s = 13 TeV

atlas 1602 09058 Supersymmetry in final states with jets and two SS leptons or 3 leptons 4 3.2 [106]

atlas 1604 01306 New phenomena in events with a photon and /ET 1 3.2 [107]

atlas 1604 07773 New phenomena in final states with an energetic jet and large /ET 13 3.2 [74]

atlas 1605 03814 q̃ and g̃ in final states with jets and /ET 7 3.2 [75]

atlas 1605 04285 Gluinos in events with an isolated lepton, jets and /ET 7 3.3 [108]

atlas 1605 09318 Pair production of g̃ decaying via t̃ or b̃ in events with b-jets and /ET 8 3.3 [109]

atlas 1606 03903 t̃ in final states with one isolated lepton, jets and /ET 3 3.2 [89]

atlas 1609 01599 Measurement of ttV cross sections in multilepton final states 9 3.2 [110]

atlas conf 2015 082 Supersymmety in events with leptonically decaying Z, jets and /ET 1 3.2 [111]

atlas conf 2016 013 Vector-like t pairs or 4 t in final states with leptons and jets 10 3.2 [93]

atlas conf 2016 050 t̃ in final states with one isolated lepton, jets and /ET 5 13.3 [90]

atlas conf 2016 054 q̃, g̃ in events with an isolated lepton, jets and /ET 10 14.8 [76]

atlas conf 2016 076 Direct t̃ pair production and DM production in final states with 2` 6 13.3 [91]

atlas conf 2016 078 Further searches for q̃ and g̃ in final states with jets and /ET 13 13.3 [77]

atlas conf 2016 096 Supersymmetry in events with 2` or 3` and /ET 8 13.3 [55]

atlas conf 2017 022 q̃, g̃ in final states with jets and /ET 24 36.1 [78]

atlas conf 2017 039 Electroweakino production in final states with 2 or 3 leptons 37 36.1 [56]

atlas conf 2017 040 Dark Matter or invisibly decaying h, produced in associated with a Z 2 36.1 [64]

cms pas sus 15 011 New physics in final states with an OSSF lepton pair, jets and /ET 47 2.2 [112]√
s = 14 TeV

atlas phys pub 2013 011 Search for Supersymmetry at the high luminosity LHC (t̃ sector) 4 3000 [92]

atlas 2014 010 hl 3l Search for Supersymmetry at the high luminosity LHC (χ̃±/χ̃0 sector) 1 3000 [65]

atlas phys 2014 010 sq hl Search for Supersymmetry at the high luminosity LHC (q̃/g̃ sector) 10 3000 [65]

dilepton hl* Custom Search for ˜̀/χ̃± in final states with 2 leptons and /ET 9 3000 [66]

atlas 14tev monojet* Custom Search for DM in final states with an energetic jet and /ET 5 3000 [79]

Table 6. Full list of all CheckMATE analyses used for this study. The column labelled #SR yields

the number of signal regions. Entries for the integrated luminosities Lint are given in fb−1.

Table 6 gives the full list of used CheckMATE analyses. The first column shows

the CheckMATE idenitifer, the second the purpose for which the analysis was designed

for. The last three columns show the number of signal regions in the corresponding
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analysis (marked #SR), the integrated luminosity for that analysis and the reference

to the publication or conference notes from the experimental collaborations. More de-

tails on the respective analyses and corresponding validation material can be found on

http://checkmate.hepforge.org. High luminosity analyses marked with * do not cor-

respond to official experimental studies but have been implemented by the CheckMATE

collaboration. More information can be found in the respective references.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.
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