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Disclaimer 
•  This talk is not a conclusion for the white paper. 
•  I was not involved in any Atlas and CMS wide discussions of 

colored scalar mediator (t-channel) models. 
•  https://lpcc.web.cern.ch/sites/lpcc.web.cern.ch/files/wg_docs/

20160919-20_publicmeeting.pdf 
•  https://lpcc.web.cern.ch/sites/lpcc.web.cern.ch/files/wg_docs/

20160622_publicmeeting.pdf 
•  https://lpcc.web.cern.ch/sites/lpcc.web.cern.ch/files/wg_docs/

20151210-11_publicmeeting.pdf 
•  I know, for the 2HDM+pseudoscalar model, Atlas and CMS 

people met many times and detailed discussions were done 
about the contents of the white paper. 

•  But, as far as I know this was not the case for colored scalar 
mediator models. 
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Colored scalar mediator models 
•  Papucci model (1402.2285[hep-ph]): 

•  8 Mediators:     ,     ,     (i = flavor, only first two generations) 
•  MLV(Minimal Flavor Violation) è universal coupling, same mass. 

•  3 free parameters (mediator widths are given by minimal requirement): 
•  1 coupling, 1 mediator mass, 1 DM mass. 

•  Bell model (1209.0231[hep-ph]): 

•  6 Mediators (do not couple to right hand quarks, couple to all 3 
generations). 

•  3 free parameters (mediator widths are given by minimal requirement): 
•  1 coupling, 1 mediator mass, 1 DM mass. 

II. THE MODEL AND THE SEARCHES

The general class of models we are interested in is characterized by the presence of a DM

candidate, which we will denote �, with mass mDM , whose interactions with SM particles

are mediated by the exchange of a heavier state in the t-channel. A prototypical example of

such model is for instance the MSSM where only the squarks and the neutralino are light,

with the latter being the lightest one.

More concretely we will study a model defined by the Lagrangian
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R correspond to the respective “squarks”1,

and i represents an index running on the fist two flavor families, since we will look at signals

not involving the third generation. The fermion �, contrary to the SUSY case, is taken to

be Dirac. In order to maintain maximal flavor symmetry we took the squark masses and

the couplings with DM to be equal. In general, as is well known, consistent with flavor, Q̃
a
L,

ũ
a
R, d̃

a
R or any combination of them may be present with the matrices MQ,U,D being di↵erent

as long as they are proportional to the identity in flavor space. LHC limits are sensitive to

it [34]. For simplicity we will take the squark masses to be degenerate and focus on two dif-

ferent extreme cases: 1) all squarks are present or 2) only d̃
a
R are present. They respectively

maximize and minimize the squark production cross-section by multiplicity (and to a lesser

extent, given the absence of a “gluino”, parton distribution function e↵ects).

The above Lagrangian induces a minimal decay width for each squark given by the

expression
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where mM is the mediator mass. Clearly the squark width can be taken to be larger allowing

the presence of additional states to which they can decay. These additional states may be

constrained by other LHC searches than those considered here. We will be agnostic about the

contribution to the mediator decay width from additional states given its model dependence.

The standard procedure adopted until recently to constrain the model at a collider was

to extract limits on the e↵ective operator mediating the DM-SM interaction from its pre-

dominant signature, which is a monojet and missing energy. The constraints from monojet

1 We will use the terms squark and mediator interchangeably.
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Production of Z + jets can also contribute a /ET

background through jet mismeasurement in the hadronic
calorimeter. To test the importance of this background,
we used MadEvent to simulate the dominant contribu-
tion, Z plus a single jet. Hadronization was performed
in PYTHIA, and fast detector simulation was carried out
(for Z+jet background alone) in Delphes [39] (using AT-
LAS parameters), which simulates calorimeter smearing
and reconstructs /ET . As expected, this background was
found to be sub-dominant to the other backgrounds af-
ter the cuts described in Section III B. At leading order,
and in the absence of full detector simulation and pile-up
effects, the accuracy of our treatment of this background
is obviously limited. Our simulations should, however,
be accurate to within an order of magnitude of the true
background, which is adequate for our purposes.
As in the Z + jet case, mismeasurement of b jets will

contribute to the /ET spectrum for the process tt →

bbW+W−. This contribution is expected to be small
compared to neutrinos from W± decay, and is therefore
neglected. Similarly, mismeasurement of initial state ra-
diation (ISR) in the form of gluon jets can contribue a /ET

background. Given the limited accuracy of PYTHIA in
simulating these higher order process, we do not consider
these effects. However, we expect their contributions to
/ET will be small, based on our simulations of the Z+ jet
background.
The relative contributions of various backgrounds be-

fore the implementation of the full set of cuts employed
in this work can be seen in Fig. 2. Cuts on the invariant
mass of the muon pairs ensure that NLO contibutions
from γ → µ+µ− are negligible in these processes. The
NNLO process gg → ZZ can modify the ZZ background
by up to 15% [40]; given the level of accuracy desired in
this work, we neglect these contributions. These back-
grounds are further reduced or eliminated through cuts
described in Section III B.
As evident from Fig. 2, the Z+ jet background is sub-

stantial. This same final state is also the dominant back-
ground for the related monojet DM search channel. How-
ever, we expect this background can be removed more
easily for mono-Z’s than for monojets. For a monojet
search the invisible decays Z → νν̄ provide a large /ET

background, with kinematics very similar to the χχ+ jet
signal searched for. In contrast, Z + jets contributes to
the mono-Z background through Z + jet → µ+µ− + jet,
with /ET arising only via jet mismeasurement. This is
kinematically very diferent from our χχ+ Z signal and,
as we will show below, can be removed relatively easily
with selection cuts. The sub-dominance of high cross sec-
tion QCD backgrounds relative to electroweak processes
is an appealing aspect of the mono-Z signal.

III. THE MODEL AND EVENT SELECTION

To illustrate the potential for observing a mono-Z dark
matter signal at the LHC, we introduce a toy model in
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FIG. 2. Modes contributing to full /ET spectrum for signal
and background for mχ = 30GeV and mη = 700GeV, after
inclusive pT and invariant mass cuts. The signal cross section
(→ χχZ) is calculated with a coupling that produces the
observed relic abundance.

which this process has a significant rate. We will then
detail event selection criteria that allow the backgrounds
to be largely removed.

A. An Example DM Model

We take the DM to be a gauge-singlet Majorana
fermion, χ, which couples to the quark doublet, Ql, via
the interaction term

Lint = fudQ̄lηχr + h.c

= fud
(

ηuul + ηddl
)

χr + h.c., (1)

where fud is a coupling constant and η is a scalar field
that that transforms as η ∼ (3, 2, 1/3) under the SM
gauge groups. (This model is a related to that of ref. [41],
modified such that the scalar is charged under SU(3)C .)
Such couplings are also present in supersymmetric

(SUSY) models, with χ identified as a neutralino and
η a squark doublet. An obvious difference, however, is
that we have no gluino analogue in our model. In some
sense this model is analogous to a SUSY model in which
the gluinos are too heavy to be kinematically accessible
at the LHC.
As a consequence, despite this model being substan-

tially simpler than many SUSY models, both in cou-
plings and free parameters, the LHC signatures presented
in this work may still be of relevance for some SUSY
searches (especially if the parameter space of more min-
imal SUSY models is increasingly ruled out), perhaps
providing a complementary signal to further constrain
models.
The interactions in Eq. 1 allow for direct annihilation

of quarks into χ pair via t-channel and u-channel η ex-
change. Of interest to this work are processes to the
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i
Rū
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ũ
a
R, d̃

a
R or any combination of them may be present with the matrices MQ,U,D being di↵erent

as long as they are proportional to the identity in flavor space. LHC limits are sensitive to

it [34]. For simplicity we will take the squark masses to be degenerate and focus on two dif-

ferent extreme cases: 1) all squarks are present or 2) only d̃
a
R are present. They respectively

maximize and minimize the squark production cross-section by multiplicity (and to a lesser

extent, given the absence of a “gluino”, parton distribution function e↵ects).

The above Lagrangian induces a minimal decay width for each squark given by the

expression

�min
M =

g
2

MmM

16⇡

✓
1 �

m
2

DM

m2

M

◆2

, (2)

where mM is the mediator mass. Clearly the squark width can be taken to be larger allowing

the presence of additional states to which they can decay. These additional states may be

constrained by other LHC searches than those considered here. We will be agnostic about the

contribution to the mediator decay width from additional states given its model dependence.

The standard procedure adopted until recently to constrain the model at a collider was

to extract limits on the e↵ective operator mediating the DM-SM interaction from its pre-

dominant signature, which is a monojet and missing energy. The constraints from monojet

1 We will use the terms squark and mediator interchangeably.

6

II. THE MODEL AND THE SEARCHES

The general class of models we are interested in is characterized by the presence of a DM

candidate, which we will denote �, with mass mDM , whose interactions with SM particles

are mediated by the exchange of a heavier state in the t-channel. A prototypical example of

such model is for instance the MSSM where only the squarks and the neutralino are light,

with the latter being the lightest one.

More concretely we will study a model defined by the Lagrangian

L = LSM + gM

X

i=1,2

⇣
eQi
LQ̄

i
L + ũ
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Diagrams 
• Mono-jet diagrams. 

•  Many variations. 

• Mono-Z diagrams. 
•  Only (a) ISR and (e) mediator emission are possible for mono-Z. 
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FIG. 1. Sample Feynman diagrams for monojet t-channel. In the EFT limit only the first row

dominates.

searches can be simply applied to DM DD in the limit that the mediator mass, mM , is well

above the typical production energies at the collider, mM � ŝ. The typical diagrams for

DM pair production in association with a single jet are shown in Fig. 1. By taking the

heavy mass mediator limit, only diagrams (a-c) contribute and are encoded in a dimension

six operator with a gluon attached to one of the external legs, while (d-e) contribute at

dimension eight. In this case, the collider DM production cross-section scales roughly as

�t ⇠
g4M
m4

M
⌘

1

⇤4
DD

. (3)

In this limit, ⇤DD maps uniquely to a constraint on the direct detection cross-section, �DD,

which scales precisely the same way, so that monojet constraints can be compared uniquely

to the results from direct detection experiments. However, as already explained in the intro-

duction, when the momentum transfer (i.e. the o↵-shellness of one of the quarks interacting

with the DM) in diagrams (a-c) becomes of the order of the squark mass, the cross-section

will be dependent on the full squark propagator structure. Since the momentum transfer is

controlled by the largest between the pT cut on the mono-jet and the MET cut, for the EFT

to be valid mM � max
�
p
j
T , /ET

�
. On the other hand current LHC searches happen to be

sensitive to values of ⇤DD not too far from the MET cut, so that the EFT limit requires

both gM and mM to be large.
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FIG. 3. t-channel processes contributing to electroweak bremsstrahlung in annihilations to dark matter. Not shown are the
three corresponding u-channel diagrams.
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FIG. 4. Cross section for process pp → χχZ at CoM of
14TeV as a function of DM mass. Red line (upper) corre-
sponds to mη = 700GeV, blue (lower) to mη = 1TeV. Both
cross sections calculated for fud = 1, and using CTEQ6L1
PDF’s.

A. Freezeout

We work in the context of the standard WIMP sce-
nario, in which the DM was in thermal equilibrium in
the early Universe up until the time of thermal freeze-
out, at which point the relic abundance was set. For a
given DM mass, we wish to choose values of the coupling
constant fud, and η mass, such that the DM freezes out
with the correct relic abundance.

The process which kept χ in equilibrium before thermal
freezeout was qq̄ → χχ. The relic density of χ was there-
fore determined by parameters fud, mχ and mη. Fol-
lowing [44, 45], we use a semi-analytic solution to the
co-moving Boltzmann equation, and the inferred value
ΩDMh2 ≃ 0.11 to place constraints on fud for given val-
ues of mχ and mη. Results are displayed in Fig. 6. If
the coupling were any smaller than the constraints in
Fig. 6, then the DM would have been overproduced in
the early universe, yielding an abundance greater than
that observed today. On the other hand, if it were any
larger, then the relic abundance would be smaller than
observed. If there are other DM species contributing to
the relic abundance, then the constraints on fud serve as
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FIG. 5. Ratio σχχZ/σZνν̄ at 14TeV CoM and for mχ =
30 GeV, as a function of the cut on maximum ∆R =
√

∆φ2 +∆η2 between muons in the final state. Red line
(lower) corresponds to mη = 700GeV, blue (upper) to mη =
1TeV.

lower limits, since the DM candidate under consideration
need not contribute the entire relic abundance.

B. Direct Detection

In the model under discussion, quarks couple to the
beyond-SM sector via a qχη vertex with strength fud.
Consequently, care is required to avoid direct detection
constraints. The operator in Eq. 1 allows for χ-quark
scattering via the s and u-channel η exchange graphs in
Fig. 7, which can in turn be related to χ-nucleon scatter-
ing.
The couplings in Eq. 1 Fierz transform into couplings

to nucleons that have both spin-dependent (SD) and
spin-independent (SI) contributions. The strongest con-
straints on our model come from the spin-independent
limits from the XENON100 experiment [46], which looks
for excitations in ultra-cold liquid Xe resulting from DM
scattering events. We performed the calculation of the SI
χ-nucleon cross section in the current model using the mi-
crOMEGAs [47] software package, taking the Lagrangian
in Eq. 1 as input. The calculation was done for values
of fud that produce the correct relic abundance (Fig. 6)
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(Mono-jet) Model Implementation 
The mono-jet group uses the Bell Model with a set of simplifying assumptions:

❏ MFV and therefore mφ= M 

❏ Leave fTB = 0 and omit φ(3),L from hard scatter processes 

➔ Model aligns better with DMF model

➔ Inclusion of b- and t-quarks requires significant additional work

➔ Already performed some preliminary studies towards future inclusion [link]

❏ Require mχ < M
➔ Ensures stability of DM particle

❏ Require                                     and 

➔ Ensures mediator width is always defined

The t-channel Model: Mono-jet Implementation

M. McDonald, University of Melbourne Exotics Plenary July 20, 2017 6
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ATLAS mono-jet group 

DMF report model:

➔ Adaptation of model by Papucci et al. in arXiv:1402.2285 (MSSM where only the squarks and 

the neutralino are light)

➔ Q(i),L, u(i),R, and d(i),R are the SM quarks

➔ φ(i),L, φ(i),u,R, and φ(i),d,R are the corresponding mediators

➔ DM-mediator-quark couplings, g

➔ SM singlet Dirac fermion DM particle, χ
➔ Minimal decay widths:

Additional models studied in the literature:

➔ Coupling to φ(i),u,R (arXiv:1308.2679) and φ(i),d,R (arXiv:1402.2285, arXiv:1409.2893)

➔ LH coupling only by Bell et al. in arXiv:1307.8120 (also in arXiv:1405.3101)

The t-channel Model: Introduction (2/3)

M. McDonald, University of Melbourne Exotics Plenary July 20, 2017 4

(No 3rd generation) 



(Mono-jet) Split Sample Generation 
Procedure 

Considerations:
1. DM-mediator-quark vertices allow for simultaneous FS partons with different hard scales

Events with pT(FS parton) < matching scale vetoed

➔ Problematic when M ≈ mχ and φ produced on-shell

2. Without including any additional jets, ISR is suppressed for the inclusive process pp > χχ + {0, 1, 2}j

➔ Hard ISR important when Δm = M - mχ is small

Split Sample Generation Procedure (1/2)

M. McDonald, University of Melbourne Exotics Plenary July 20, 2017 7
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(Mono-jet) Split Sample Generation 
Procedure 

Treatment: 
Split sample generation for each mass and coupling point according to the number of on-shell mediators 

in the MadGraph process:

1. φφ + {0, 1, 2}j 

2. φχ + {0, 1, 2}j $ med

3. χχ + {0, 1, 2}j $ med

↪ Decay of mediators performed by Pythia (assume 100% BR for φ → qχ)

Note: Following Papucci et al, interference is neglected

Split Sample Generation Procedure (2/2)

M. McDonald, University of Melbourne Exotics Plenary July 20, 2017 8

Adapted from Papucci et al., ref. 
arXiv:1402.2285

MadGraph MadGraphPythia Internal s-channel 
mediators off-shell

Sub-sample 1 Sub-sample 2 Sub-sample 3

φ

φ

φ

φ

φ

φ

φ

φ

MadGraph Pythia

18 December 2017 LHC Dark Matter WG meeting 7 

ATLAS mono-jet group 

Note: Excludes photons and EW/Higgs bosons in the hard scatter.  



(Mono-jet) Split Sample Recombination 
Procedure 

Split Sample Recombination Procedure

Omitting on-shell mediators in samples 2 and 3 removes the phase space  M ± Γ∗BWcutoff
➔ Require Γ∗BWcutoff ≤ O(50 GeV)

For broad Γ, a narrow BWcutoff leads to event duplication among the samples - accounted for as 

follows:

1. Assume mediator is well-modelled by a Breit-Wigner propagator:

2. Scale samples 1 and 2 by the factors w2 and w respectively, where:

with

3. Weight samples by cross-sections and add together

M. McDonald, University of Melbourne Exotics Plenary July 20, 2017 9

w

❏ For narrow Γ, BWcutoff = 15
❏ For points with 50/Γ < 1, BWcutoff capped at 1

Adapted from ref. 
arXiv:1402.2285

Additional 
documentation in 
Section 3.2.1 and 
Appendix C of 

mono-jet internal 
note 

18 December 2017 LHC Dark Matter WG meeting 8 
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(Mono-jet) Limits for g=1 

18 December 2017 LHC Dark Matter WG meeting 9 
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Mediator masses of 
~1.65 TeV are excluded 
for light DM. 

DM masses up to 600 
GeV are excluded. 

2015+2016 data. 
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1711.03301[hep-ex] 

Setting g=1: 
à Distinguish the t-

channel model from 
SUSY squark 
production 

à  Interesting in terms 
of relic density. 



Less Simplified model 
• Simplified DM models with the full SM gauge symmetry 

(1605.07058[hep-ph]). 

•  Left handed mediator masses relation: 

• Different couplings and masses for QL, uR and dR. 
•  The mediators have SU(2) charges like quarks. 

• Parameters: 
•  1 DM mass 
•  3 couplings: λQL, λuR, λdR 
•  12 mediator masses: 4 kind (mQLu, mQLd, muR, mdR) * 3 generations 
•  Mediator widths are given by minimal requirements. 

• Sleptons are not included in this model. 

(uLi, dLi)T , uRi and dRi respectively 4. Simplified models with colored scalar mediators

that couple to the quarks have been previously studied [21, 22, 39–43], however these

studies have assumed either just an up-like SU(2) singlet [41], a down-like singlet [40],

a doublet [42, 44], or a simplified model similar to our proposal however with universal

couplings to all generations and universal masses for up-like and down-like scalars [21].

The gauge invariant interaction Lagrangian between quarks and DM in our model is given

by:

Lt�channel = �

h
� eQi†

L
(�QL) j

i
QLj + �eui†

R
(�uR) j

i
uRj + �edi†

R
(�dR) j

i
dRj + H.c.

i
(2.1)

We also show the Lagrangian for the newly introduced scalar fields:

Lscalar = Dµ
eQi

†
LD

µ eQLi � eQi†
L

⇣
m

2
eQL,0

⌘
j

i

+ 2 (�QLH) j

i
H

†
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eQLj

+ Dµeui†
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R
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m
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euR,0
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j
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H

†
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euRj

+ Dµ
edi†
R
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µ edRi � edi†
R
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2
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+ 2 (�dRH) j
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†
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�
edRj (2.2)

�

h
eQi†
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(Au)
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eHeuRj + eQi†

L
(Ad)

j

i
H edRj + H.c

i

� �eqL( eQ†
L
eQL)2 � 2�4H

† eQL
eQ†
L
H

where the covariant derivative contains all the SM gauge fields according to the SM gauge

quantum numbers of the fields upon which Dµ acts. At this level, all the fields are in the

interaction eigenstates.

The matrices m
2
eQL

, �QLH , m
2
euR

, �uRH , m
2
edR

and �dRH are Hermitian matrices in flavor

space. We have suppressed the scalar partners of the SM leptons, for which there could be

similar terms.

Scalar quark masses are given by

m
2
euL

= m
2
eQL,0

+ �QLHv
2

m
2
edL

= m
2
eQL,0

+ �QLHv
2 + �4v

2 = m
2
euL

+ �4v
2 (2.3)

m
2
euR

= m
2
euR,0 + �uRHv

2 (2.4)

m
2
edR

= m
2
edR,0

+ �dRHv
2

Note that the �4 term induces the mass splitting between euL and edL:

m
2
edL

� m
2
euL

= �4v
2
,

thereby generating isospin violation e↵ects at colliders and at DM direct detections. The

trilinear Au,d terms generate the left-right mass mixing between euL and euR (and also

between edL and edR).

4In this paper, we consider only the scalar partners of the SM quarks. It would be straightforward to

introduce the scalar partners of the SM leptons.
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Benchmark point (LS model) 
• Only the first generation is relevant to collider search. 

•  Set second and third generation mediator mass heavy. 

•  8 free parameters: 
•  1 DM mass 
•  4 couplings: λQL, λuR, λdR, λ4 

•  3 mediator masses in the 1st genaration: mQLu, muR, mdR 

•  The mQLd is given by mQLu and λ4 

• Benchmark values 
•  λ4 = 0 è mQLd = mQLu 

•  λdR = 0 è mdR is not relevant. 
•  This leaves with 5 free parameters. 

18 December 2017 LHC Dark Matter WG meeting 11 



Benchmark point (LS model)  
• Mono-Z cross section 
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Figure 8: Hadron level cross section for pp! J + 6ET at 13 TeV.
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Figure 9: Hadron level cross section for pp! Z + 6ET at 13 TeV.

values of ⇤QL with m� = 5 GeV, and the cross section for the mono-jet channel (including

– 16 –

the DM energy density. It is important to note that for a fixed ⇤QL variations in �uR

change the direct detection cross-section by almost four orders of magnitude in this low

m� region. Even in the simplifying assumption where the doublet is mostly decoupled (i.e.,

Coherent Neutrino Scattering

⇤uR
= 1TeV

LUX

CDMSlite
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]
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⇤QL = 10TeV

Figure 1: Low DM mass spin-independent WIMP-Nucleon scattering constraints for �QL =
�uR = 1 and �dR = 0. E↵ects from running are accounted for using the procedure outlined in
Ref. [20].

⇤QL > 10 TeV) and ⇤uR = ⇤dR = 1 TeV, the SI cross section is close to the limit from Run

1 CDMSlite [56]. Importantly, the generic isospin violating e↵ect leads to a potentially

large material dependence, for instance using Eq. 3.3, and the Z and A values for Xenon

and Germanium, the relative di↵erence in the cross sections (
�
Xe
SI ��

Ge
SI

�
Ge
SI

) is given by:

��/� =
�76⇤2

QL
(⇤2

dR
� ⇤2

uR
)(1684⇤2

dR
⇤2
QL

+ 7074⇤2
dR

+ 1853⇤2
QL

⇤2
uR

)

17161(13⇤2
dR

⇤2
QL

+ 54⇤2
dR

⇤2
uR

+ 14⇤2
QL

⇤2
uR

)2
, (3.4)

where ⇤qi = meqi/�qi . This equation becomes zero if ⇤uR = ⇤dR , or if both singlet

EFT scales are taken to infinity (i.e., the singlets are entirely decoupled). However, in

the limit where ⇤QL , ⇤uR ! 1, Eq. 3.4 yields a positive value of 0.0419 (�Xe

SI
> �

Ge

SI
),

where as ⇤QL , ⇤dR ! 1 produces a value on order of �0.0441 (�Xe

SI
< �

Ge

SI
). The exact

expression for the isospin violating e↵ects is modified from running e↵ects, which can be

significant [20]. In Fig. 2 a contour plot of ��/� is shown in the limit where euR, edR and
eQL are decoupled respectively, and the coupling constants (�i) are assumed to be equal to

unity. The maximum positive value is found to be greater than 0.05 for ��/�, which is

larger than the limiting case, but this is due to the running e↵ects which induce a small

isospin violating e↵ect on otherwise non-isospin violating simplified models [20]. Thus, if it

– 9 –

fqi = λqi 

18 December 2017 LHC Dark Matter WG meeting 12 

1605.07058[hep-ph] 



Benchmark point (LS model)  
• Cross sections with various final states. 

both gluon and quark jets) is plotted in Fig. 8 with the assumption that �dR = 0, ⇤uR = 10

TeV, m� = 5 GeV, and �4 = 0 for varying mQL and fixed values of ⇤QL . We find that the

mono-W cross sections are almost flat, and thus are well described by the EFT with the

cut-o↵ parameter ⇤ except when mQL is close to the dijet limit, where the cross section is

lower than the EFT prediction. This is because the correspondence of ⇤L $ m eQL
/fL is

violated in the scattering amplitudes due to the typical virtuality of an order of a few TeV

of the t-channel mediator. We find a similar tendency in the low mediator mass regions

in the mono-Z cross sections, which are shown in Fig. 9 with the assumptions made for

mono-jet channel in Fig. 8. On the other hand, for the mono-jet channel the cross section

is enhanced in small m eQL
due to the s-channel pole.

Note that the mono-W signature is generically small at the 13 TeV LHC, and so while

it provides a weaker constraint on ⇤ compared to the mono-jet, it does uniquely provide a

constraint on ⇤QL . The contour plot in Fig. 10 shows the mono-W , mono-Z and mono-jet

cross sections in fb for m eQL
versus meuR

where �QL = �uR = 1, �dR = �4 = 0, and m� = 5

GeV.
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Figure 10: Contour plot of m eQL
vs meuR

displaying mono-W , mono-Z, and mono-jet cross

sections in fb for �QL = �uR = 1, �dR = �4 = 0, and m� = 5 GeV.
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At lower mQL, the 
cross section is 
almost independent 
from muR 
è Fix muR = 10 TeV 
è Left with 4 

parameters. 
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Benchmark point (LS model) 
•  Fix λdR = λ4 =0 and muR = 10 TeV. 
•  4 free parameters: 

•  2 couplings: λQL and λuR 

•  2 masses: mediator mass mQL = mQLu = mQLd and DM mass 
•  For given couplings like λQL = λuR = 1, we can give 2d mass 

exclusion limit with DM mass vs mediator mass (mQL). 
•  (Mono-Z) Cross section 

•  Mediator mass > 1 TeV by Atlas squark search (2j+MET)? 

DM 
mass 

mQL Xsection [fb] Xsec*BF(Z->ll) 
[fb] 

Bell model [fb] 
(coupling = 3) 

1 GeV 50 GeV 649.0 42.3 90.2 
50 GeV 300 GeV 24.3 1.6 2.9 
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Bell model vs Less Simplified model 
•  (Mono-Z) Lepton pT 
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Bell model vs Less Simplified model 
•  (Mono-Z) Lepton pair 
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Bell model vs Less Simplified model 
•  (Mono-Z) Dark matter pair 
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Conclusions 
• Various t-channel models were explained. 
• Bell model was used in Atlas with 2015+2016 data. 

•  Mono-jet set limits on mass-mass plane. 
•  Mono-Z did not have enough sensitivity. 
  à Enough sensitivity with full Run2 (2015+2016+2017+2018) data. 

•  Less Simplified Model was introduced. 
•  Comparison with Bell model in the context of mono-Z was done. 
•  Do we want to use this model with entire Run data? Or do we stick 

to Bell model? 
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Back up: Comparison with SUSY Strong 
Production  

Sub-sample 1 resembles closely direct squark production with RH squarks switched off

➔ DM ⇔ neutralino ­

➔ Mediator ⇔ squark

➔ Squarks couple to 1 flavor of quark

Performed a comparison of cross-sections/

kinematics for different values of g [link]

➔ Sub-sample 1 recovers MSSM cross-

sections for g=0.1

➔ MSSM kinematics recovered for a 

range of couplings

➔ For larger g, the other sub-samples 
become more important 

Comparison with SUSY Strong Production

M. McDonald, University of Melbourne Exotics Plenary July 20, 2017             11

Setting g = 1:
➔ Distinguishes the t-channel model from 

SUSY squark production

➔ Interesting in terms of relic density

mχ = 450 GeV, M = 500 GeV

Process 0-j 1-j 2-j sum{0-j,1-j,2-j}

Sp1,
g = 0.1

pp > sq 
sq 1.4e+00 4.9e-01 1.1e-01 2.0e+00

SUSY 
sample

pp > sq 
sq 1.4e+00 4.9e-01 1.1e-01 2.0e+00
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