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• Top-philic scalar DM models represent very simple, testable and viable 
models of WIMP DM: 
[S.W. Baek, P. Ko, P. Wu (2016)],[Colucci, Fuks, Giacchino etal. (2018)] 
- very few new particles and parameters  
   (one DM scalar S and a vector-like fermion mediator T), 
- renormalizable, 
- simple cosmology (thermal relic, standard evolution), 
- testable in DM direct detection, indirect detection (photons), and at 
colliders.

• VLQs which primarily couple to the SM top quark are common in many 
SM extensions (extra dimensions, little Higgs, twin Higgs,  
VLQ extensions of SUSY, Composite Higgs Models …. )

• If S and T are part of a UV completion with additional states/dynamics at 
typical scale Λ (of a few TeV), integrating out the additional states induces 
higher-dimensional operators in the top-philic scalar DM Lagrangian.

Top-philic composite dark matter 
Subsection 8.1

https://arxiv.org/pdf/1606.00072.pdf
https://arxiv.org/pdf/1804.05068.pdf
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Figure 1. Representative Feynman diagrams of processes which contribute to the annihilation
cross section of top-philic DM. Illustrative LO (left-most), QCD NLO (middle) and contact term
(right) contributions are displayed, where the second and third diagrams are referred to as final
state radiation (FSR) and the fourth diagram is virtual internal bremsstrahlung (VIB).

complement the SM with the Lagrangian

L= iT̄ /DT −mT T̄ T+1
2∂µS∂

µS− 1
2m

2
SS

2+
[
ỹtST̄PRt+h.c.

]
+1
2λS

2φ†φ+C

ΛSStt̄. (2.1)

In our notation, ỹt stands for the STt Yukawa coupling strength and λ for the strength of
the Higgs portal to the dark sector. The final term in this Lagrangian is a dimension-five
operator linking the DM particle S to the top sector via an effective contact interaction.
The unknown coefficient of the contact term operator cannot be determined within the
effective theory, and we parametrise it as C/Λ on dimensional grounds, where C is a
dimensionless coefficient and Λ parametrises the scale at which the model is embedded
into a more fundamental theory.1 In order to solely focus on the top-philic nature of the
model, we assume that the DM coupling λ to the Higgs field vanishes, departures from
this hypothesis being discussed in ref. [6]. Thus, the effective Lagrangian (2.1) yields a
four-dimensional parameter space with two masses, mS and mT , and two couplings, ỹt and
C/Λ. In this work we will parametrise the mass-splitting between S and T by introducing
the dimensionless quantity r = mT /mS − 1.

The DM and collider phenomenology of this top-philic DM model but without ad-
ditional contact interaction has been discussed in refs. [6, 7, 9]. The study in ref. [9]
demonstrated the importance of QCD radiative corrections, which have a major impact on
the parameter space which reproduces the observed DM relic density, as well as on direct
and indirect detection prospects. This shows that the DM phenomenology of the model is
potentially sensitive to a priori suppressed corrections, and motivates studying the impact
of the contact interaction parametrised by C/Λ.

Diagrams relevant for the calculation of the relic density through the SS → tt̄ channel
are shown in figure 1, where the first diagram contributes to the leading-order (LO) cross
section and the next three to its next-to-leading-order (NLO) corrections in the strong
coupling αs. To these diagrams we add the process which emerges as a result of the
dimension-five contact term (last diagram in the figure). Following ref. [10], the NLO
annihilation cross section is well approximated by

σvNLO ≈ σvtt̄ + σv(0)VIB , (2.2)
1As one example, if S and T are bound states in an underlying composite model with a compositeness

scale Λ̃ ∼ 1TeV, an operator of the form (c′/Λ̃2)S∂S t̄γ
µt would yield a contribution to the contact term

with C/Λ = c′mt/Λ̃2. For c′ ∼ 1, this gives C/Λ ∼ 0.2 TeV−1.
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Figure 7. Processes contributing to the collider signatures of our top-philic DM model. Diagrams
(1a) and (1b) yield a mono-jet signature (or a multi-jet plus missing energy one after accounting
for initial-state radiation) while diagrams (2a-c) contribute to the tt̄SS final state. Only diagrams
(1b) and (2c) depend on the dimension-five operator.

conclusions. We recall that annihilations into pairs of gluons are neglected, as they are
only relevant below threshold, for mS < mt (i.e. a region into which we do not venture).

5 Collider phenomenology

Finally, and in addition to modifying the astrophysical constraints, the additional vertex
due to the dimension-five operator may modify the collider constraints on the model.
Experimental searches for DM form an important part of the new physics search program at
the LHC, and there exist a number of previous physics searches which may be reinterpreted
to constrain the model examined in this article. The potential collider signatures of the
model include a mono-jet channel and a multi-jet plus missing transverse energy ( /ET )
channel, as well as a tt̄+ /ET mode. Figure 7 shows examples of diagrams contributing to
these signatures. For the mono-jet final state, diagram (1a) of figure 7 is independent of
the dimension-five operator, while diagram (1b) contains one ttSS vertex. The amplitude
of this latter diagram is thus proportional to C/Λ. Analogously, for the pp → tt̄SS process
(that leads to a multi-jet plus missing energy final state once top decays are accounted for),
diagrams (2a) and (2b) of figure 7 do not depend on the dimension-five operator, while
diagram (2c) contains one ttSS vertex. The full pp → jSS and pp → tt̄SS cross sections
can thus be expanded as

σjSS(mT ,mS) = ỹ4t σ̂
0
jSS(mT ,mS) +

Cỹ2t
Λ σ̂intjSS(mT ,mS) +

C2

Λ2 σ̂
dim5
jSS (mS),

σtt̄SS(mT ,mS) = σ0tt̄SS(mT ,mS) +
C

Λ σ̂
int
tt̄SS(mT ,mS) +

C2

Λ2 σ̂
dim5
tt̄SS (mS),

(5.1)

where σ0 stand for (‘bare’) cross sections in the top-philic DM model without the added
dimension-five operator, σ̂intjSS is the contribution from the interference of diagram (1a)
with diagram (1b), σ̂inttt̄SS is the contribution from the interference of diagram (2a) and (2b)
with diagram (2c), and σ̂dim5

jSS and σ̂dim5
tt̄SS are the ‘bare’ cross sections arising solely from the

amplitude described by diagrams (1b) and (2c). For all contributions we factored out the
BSM couplings ỹt and C/Λ, and indicated the dependence on the BSM particle masses mT

and mS .
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Figure 8. Collider constraints for the tt̄ + /ET channel for both analyses of interest, indicating
the 95 % CL (darker regions) and 68 % CL (lighter regions) exclusion contours. The left figure
indicates LHC run-2 exclusions with a luminosity of 139 fb−1, while the right figure presents the
extrapolation of the bounds to 3 ab−1. The dashed line featured in the left plot indicates the
exclusion obtained from the CMS-SUS-17-001 analysis featuring 35.9 fb−1 of data.

in the (mT ,mS) mass plane. In such a plane, the grey area is kinematically forbidden as
the DM candidate S is required to be lighter than the mediator T . The lighter and darker
orange regions correspond to the 68% and 95% confidence level (CL) excluded regions
respectively. As there is no information on the correlations between the different signal
regions of the ATLAS analysis, we derive our exclusion bounds by solely considering the
most constraining of all signal regions of the analysis. For light dark matter, mediator
masses ranging up to 1.25TeV are excluded. Such a strong bound originates from the asso-
ciated split spectrum configuration that gives rise to a fair number of hard final-state jets,
produced in association with a lot of missing transverse energy. Such a topology being the
primary target of the ATLAS_CONF_2019_040 analysis, we end up in a situation where
the sensitivity is maximised. With the dark matter mass increasing, the average transverse
momentum of the jet decreases once we enforce the mediator mass to be not too large so
that the NLO QCD production rate stays reachable at the LHC run 2 [39]. In addition, the
amount of missing transverse energy decreases accordingly, so that the sensitivity drops
when the mediator mass is relatively large (too small fiducial cross section when the pT
requirements on the jets are imposed) and small (too compressed spectrum) for a given
mS value. For instance, for mS ∼ 500GeV, we observe that mediator masses in the [800,
1100] GeV range are excluded at 95% CL. Furthermore, for mS ! 550GeV we lose all sen-
sitivity. Those bounds significantly improve previous collider limits on dark matter models
with a top-philic vector-like portal that are associated with the multi-jet plus /ET search
channel. The improvement corresponds to a factor of about 1.3 on the mediator mass, and
to a factor of about 2 on the dark matter mass after a comparison with the bounds derived
on the basis of early LHC run 2 results [9].

We now turn to bounds extracted from searches for the BSM production of top anti-
top pairs in association with missing transverse energy. Rescaling to the full LHC run 2
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… but since [Colucci, Fuks, Giacchino et al. (2018)], new searches are available so we at least update collider 
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https://arxiv.org/pdf/1804.05068.pdf


Bipartite Mediator Sector

• All mediator fields couple both to χ and to SM fields  
carry SM gauge charges that preclude renormalizable gauge-
invariant interactions between the DM and any SM fermion. 


• Interactions of the DM are frustrated in the sense that the 
specific mediator assignments preclude its tree level interaction 
with the SM 

Frustrated dark matter models
Sub-section 8.2
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• Baryogenesis and DM are linked with baryon asymmetry directly 
related to B-meson observables


• This relates the CP violation in the B0 system to Baryogenesis


• DM is then an anti-Baryon and generates an asymmetry between 
the two sectors thanks to the CP violating oscillations and 
subsequents decays of B-mesons. 


• This requires a new decay mode of the B-meson into DM and a 
visible baryon! 


• A t-channel model without a Z2 symmetry which yields a diquark 
coupling in the Lagrangian 

B-mesogenesis models
Sub-section 8.3
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An Explicit Model
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11� 100GeV

Y 0 �1/3 �2/3 +1 O(TeV)

 1/2 0 �1 +1 O(GeV)

⇠ 1/2 0 0 �1 O(GeV)

� 0 0 �1 �1 O(GeV)

Minimal Particle Content

The Dark Sector:

B-mesons decay into DM (missing energy) and a Baryon

⇠

�

b̄

d
B0

d u

d

s
⇤

 

b̄

d

u

s

 

Y

<latexit sha1_base64="OMheFPC8yMJOyYEjB+fBj171h/E=">AAACDHicdVBLTsMwFHTKr4RfgSUbi7YSqyipQMCugg3LIugHtVHlOE5r1XEi26mooh4BlnARdogtd+AeHACnDVJBMJKl0cx79ni8mFGpbPvDKCwtr6yuFdfNjc2t7Z3S7l5LRonApIkjFomOhyRhlJOmooqRTiwICj1G2t7oMvPbYyIkjfitmsTEDdGA04BipLR0U7mr9Etl2zqxM0Dbsr9Jrji5UgY5Gv3SZ8+PcBISrjBDUnYdO1ZuioSimJGp2UskiREeoQHpaspRSKSbzqJOYVUrPgwioQ9XcKYubqQolHISenoyRGoof3uZ+JfXTVRw5qaUx4kiHM8fChIGVQSzf0OfCoIVm2iCsKA6K8RDJBBWuh2zuniVP6axzGPfz3Obpq7puwv4P2nVLOfYOr+ulesXeWFFcAAOwRFwwCmogyvQAE2AwQA8gCfwbDwaL8ar8TYfLRj5zj74AeP9C667m0g=</latexit>

b̄

d

u

s

 

φ : Charged Stable Scalar anti-Baryon 

L � �yd  ̄ � ⇠

ξ : Dark Stable Majorana Fermion

•Minimal Dark sector interaction  with Z2 symmetry

• Constraints:

• ψ → φξ Decay:

• DM Stability: |m⇠ �m�| < mp +me

m� +m⇠ < m < 4.3GeV

• Proton Stability:
<latexit sha1_base64="0bxWbtkl33zWf0JKJxLAlpLxZ04=">AAACGnicbZC7SgNBFIZn4z3eopY2g0Gw0LAritpI0ELLCCYK2bDMTk6SITO768xZMSx5DhtfxcZCETux8W2cXApvPwx8/Occzpw/TKQw6LqfTm5icmp6ZnYuP7+wuLRcWFmtmTjVHKo8lrG+DpkBKSKookAJ14kGpkIJV2H3dFC/ugVtRBxdYi+BhmLtSLQEZ2itoOCpwE+MoMd0AJ0RJDsqAOoboeCGuqWjPX/bR7jD7Axq/aBQdEvuUPQveGMokrEqQeHdb8Y8VRAhl8yYuucm2MiYRsEl9PN+aiBhvMvaULcYMQWmkQ1P69NN6zRpK9b2RUiH7veJjCljeiq0nYphx/yuDcz/avUUW4eNTERJihDx0aJWKinGdJATbQoNHGXPAuNa2L9S3mGacbRp5m0I3u+T/0Jtt+Ttl9yLvWL5ZBzHLFknG2SLeOSAlMk5qZAq4eSePJJn8uI8OE/Oq/M2as0545k18kPOxxdZNJ81</latexit>

m > m� > mp �me ' 0.94GeV



B-Mesogenesis Flavourful Universe 22-09-2021Miguel Escudero (TUM)

New Force Carrier
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Y: Colored Triplet Scalar

Y ⇠ (3, 1,�1/3)

Same Quantum Numbers 
as a SUSY squark!
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MY < 10TeVPerturbativity requires:
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Y ⇠ (3, 1, 2/3)


