
Update on DM t-channel signatures

Luca Panizzi

with embedded contributions by
C. Arina, M. Baker, A. Cornell, R. Costa Batalha Pedro and J. Heisig



Motivation

Joint effort TH-EXP to provide guidelines and benchmarks
for new analysis during Run 3 and future upgrades

Coordinators: B. Fuks, B. Maier and D. Yu
and 50+ authors

Study of scenarios based on the schematic interaction
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Depending on the possibilities:

Can we observe a signal? And how?

How does cosmology constrain the parameters?

How do we reinterpret results?

Can we define benchmarks for LHC to cover the widest range of possibilities?



Temporary structure

To be reorganized
once all contributions
are in advanced state



The models
Simplified models suitable for performing MC simulations at NLO in QCD

and testing against cosmological observables

Coloured mediators

http://feynrules.irmp.ucl.ac.be/wiki/DMsimpt

Spin

Mediator 0 1/2
Dark matter 1/2 0 or 1

DM real or complex

Couplings with any SM quark

Restrictions to select
representations or coupling
hierarchies (only one generation,
universal couplings. . . )

C. Arina, B. Fuks and L. Mantani, Eur. Phys. J. C 80 (2020) no.5, 409, [arXiv:2001.05024 [hep-ph]].

Other models will be used for specific problems
(leptophilic DM, multi-component DM. . . )

Mapping results from simplified models to theoretical scenarios

http://feynrules.irmp.ucl.ac.be/wiki/DMsimpt
doi:10.1140/epjc/s10052-020-7933-7
https://arxiv.org/abs/2001.05024


Cosmology
contribution by C. Arina



• Provide a general overview of the cosmology of t-channel models and point to the 
relevant literature  

• Give overview of production mechanisms 
• Give overview of main searches for: 
• Direct detection  
• Indirect detection  
• Illustrate cosmological bounds for the models selected in the t-channel paper (minimal 

model, universal couplings, flavored, leptophilic, …) 
• From parameter space available define viable benchmarks for collider searches 

Cosmology of t-channel DM models

Goals of the section

Contributors: C. Arina (section coordinator), M. Becker, E. Coppello, J. Harz, J. Heisig, A. Ibarra, S. Khalil, M. 
Kirtiman, M. Kraemer, L. Lopez-Honorez, L. Panizzi, D. Sengupta, Y. Sheng, S. Tentori

If you are interested in joining please contact Chiara Arina (Chiara.arina@uclouvain.be)

T-channel white paper - Cosmology section



Dark Matter production in the early universe

Planck experiment 
sets 𝛀h2 =0.12 
[arXiv:1807.06209]

Relic abundance via freeze-out  
Standard mechanism

LO processes 
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DM annihilation

coannihilation (compressed spectrum)
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T-channel white paper - Cosmology section

LO processes + non perturbative corrections (Sommerfeld enhancement + bound 
states)

Freeze-in, SuperWIMPs achieve relic density via decay of heavy species and provide 
LLPs signatures also detailed



Dark Matter direct and indirect searches

Y
X X

Direct detection LO and/or NLO/loop processes

T-channel white paper - Cosmology section

Indirect detection

• In many models LO annihilation is p-
wave suppressed 

• NLO processes uplift the suppression 
and produce a sharp feature in the 
gamma-ray energy spectrum

q

q
qY

X

X

Loop-induced 
diphotons

𝜸

𝜸

Y
X

X

q

q

Virtual internal bremsstrahlung (VIB)

𝜸



Example of benchmark model study*

T-channel white paper - Cosmology section

Majorana DM coupling to up-
right quark via scalar 
mediator (S3M_uR)

* from Arina et al. 2021, Phys. Lett. B 813

Gamma-ray bounds from lines and VIB

Viable parameter space compatible with 
relic density via freeze-out

Region with small couplings gives rise to 
LLP 

Region can be much bigger including 
freeze-in, not shown here
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Collider signatures



Which signatures
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Not all processes might be possible at tree-level

depending on coupling or mass splitting

Mediators
with prompt decay

MET+SM

Long-lived mediators

Bound states
Displaced vertices

Delayed jets/photons

depending on which SM particle

quark-philic



















1st generation
2st generation
3st generation

universal
. . .



















lepto-philic

Interacting with SM gauge bosons (Z/W) or the Higgs boson



Prompt mediator decays
interaction with the up quark

goals and status

Go beyond existing results

C. Arina, B. Fuks, L. Mantani, H. Mies, LP and J. Salko,

Phys. Lett. B 813 (2021), 136038

C. Arina, B. Fuks, Jan Heisig, Michael Krämer, L. Mantani

and LP, in preparation

Combination of all channels, relevance of NLO corrections and interference effects

doi:10.1016/j.physletb.2020.136038


Prompt mediator decays
interaction with the up quark

goals and status

Go beyond existing results

Identify benchmarks allowed by LHC and cosmology observables

C. Arina, B. Fuks, Jan Heisig, Michael Krämer, L. Mantani

and LP, in preparation

MY MX λ

S3M_uR 3300 2700 4.79563
F3S_uR 3400 2500 4.88088
F3V_uR 3500 1500 1.0066
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Store event samples and kinematical distributions for subsequent analyses



Prompt mediator decays
interaction with the up quark

goals and status

Go beyond existing results

Identify benchmarks allowed by LHC and cosmology observables

MY MX λ

S3M_uR 3300 2700 4.79563
F3S_uR 3400 2500 4.88088
F3V_uR 3500 1500 1.0066

Store event samples and kinematical distributions for subsequent analyses

Repeat for mediators coupling to other flavours or having universal couplings to all flavours
We need people with access to computing resources to perform parameter scans



Flavoured dark matter
contribution by R. Costa Batalha Pedro



Top-philic Dark Matter

1

▪ Models of flavoured DM beyond Minimal Flavour Violation 

▪ 1702.08457  1702.08457  

▪ Flavour carried by the DM candidate and not by the mediator 

▪ DM is either a Dirac or Majorana fermion 

▪ Quark-flavoured DM coupling to the SM quarks 

▪ Lepton-flavoured models may link to the  anomaly 2212.08142  

▪ Constrains from LHC for top-philic scenario 

▪ Mainly on mediator pair production 

▪   and   final states (common to searches for SUSY squarks) 

▪ Majorana-specific phenomenology 

▪ t-channel -pair-production leading to same-sign  

▪ Enhanced cross-section at the LHC due to the up-quark PDF in the protons

(g − 2)μ

t j + ET t t̄ + ET

ϕ t t + ET
Majorana-specific

M. Blanke, G. Polesello, H. Acaroglu, M. Krämer

https://arxiv.org/pdf/1702.08457.pdf
https://arxiv.org/pdf/1702.08457.pdf
https://arxiv.org/abs/2212.08142


Single top signatures

2

▪ Simplified models of top-flavoured Dark Matter 

▪ 2010.10530  

▪ Within the framework of Minimal Flavour Violation 

▪  coloured mediator 

▪ Right-handed model: couplings to up-type quarks only 

▪ Left-handed model: couplings to up/down-type quarks 
(more constrained by flavour physics) 

▪ Single top signatures 

▪  

▪ ,  where   

▪

ϕ

t + ET

tq + ET q = {u, d, s, c}

tb + ET

M. Blanke, G. Polesello, H. Acaroglu, M. Krämer

https://arxiv.org/pdf/2010.10530.pdf


Boosted top probes 
for top-philic DM

3

▪ Recent ATLAS search in  final state, with boosted hadronic top 
ATLAS-CONF-2022-036 

▪ Probes Simplified Models of Dark Matter 1106.6199 

▪ Resonant production of coloured scalar  mediator 

▪ Current upper limits on the production cross-section 

▪  > 5 TeV,   > 2.8 TeV 

▪ Assuming specific couplings and  =10 GeV 

▪ HL-LHC sensitivity study drawn from this analysis

t + ET

ϕ

mϕ mV

mχ

N. Castro, M. Moreno Llacer, M.J.Costa 
Mezquita, J.E. Garcia , R.C. Batalha Pedro

https://cds.cern.ch/record/2815281/files/ATLAS-CONF-2022-036.pdf
https://arxiv.org/pdf/1106.6199.pdf


Charm/strange-philic DM

4

▪ Review/draw constrains on charm-flavoured DM 

▪ Limits for the charm-philic model using four jets+MET searches 

▪ Phenomenology investigations of charm tagging 

▪ Similar content for a strange-philic model?

F. Benoit, A. Diyar, B. Fuks, M. Godsell, F. 
Parraud, D. Tuckler



Leptophilic models
contribution by M. Baker



2

Physics Case

• The WIMP paradigm is being probed and no signal has yet been seen 

• A simple possibility that may explain the null result is that DM couples preferentially to 

leptons rather than quarks 

• In that case direct detection only happens at loop level, so is naturally suppressed 

• If two DM particles meet in the galaxy, the leptons produce fewer photons than quarks, 

so indirect detection limits are weaker 

• At hadron colliders, since there are no new coloured particles or direct couplings to 

quarks, production of the particles in these models is suppressed 

• However, there are still ways of probing these models at hadron colliders and beyond!



3

Goals
• Classify all leptophilic t-channel dark matter models 

• Summarise key phenomenology in motivated regions of parameter space 

• Define benchmark models 

• Muon-philic 

• Flavour universal 

• Present existing limits (and possibly up to HL-LHC projections) and relic surfaces for 

benchmark models for motivated mass scenarios 

• Decoupled  hard leptons + MET 

• Coannihilation  soft leptons (tagging challenges, can be ameliorated by ISR boost) 

• Quasi-degenerate + small couplings  long lived particles, disappearing tracks, 

displaced leptons, etc 

• Discuss Direct Detection and Indirect Detection, as well as future opportunities

⟹
⟹

⟹



Leptophilic Models: Classification

Leptophilic -channel models: 

DM only couples to SM leptons via a 
-channel diagram

t

t

7

• DM can couple to RH and/or LH ,  
and/or  

• DM is gauge singlet  charged 
mediator 

• Fermionic DM  bosonic mediator 
and vice versa 

• DM could be a real or complex scalar, a 
Majorana or Dirac fermion or a real or 
complex vector 

• The mediator must be complex/Dirac 

e μ
τ

⟹
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E.g.,

RH Model Parameters: 
•  

•  

•

mχ

Δ = (mϕ − mχ)/mχ

yi
R



Leptophilic Models: Phenomenology

8

Phenomenology depends on

Two (SF) OS leptons + MET

Main LHC channel:
Mass Regime 
• Decoupled:               

• Coannihilation:        

• Quasi-degenerate:     

0.3 ≲ Δ
0.02 ≲ Δ ≲ 0.3

Δ ≲ 0.02

DM Production Mechanism (3  2 parameters) 
• Freeze-out 
• Freeze-in 
• Other 
• Undefined (3 parameters)

→

DM Particle Identity 
• Real scalar and Majorana fermion has 

velocity suppressed freeze-out, direct 
detection and indirect detection processes 

• Not directly relevant at LHC, but important 
when comparing with other searches or 
using production as constraint

(Also one lepton + MET in LH models from )W± → ϕ0ϕ±

Mass Regimes: 
• Decoupled:               hard leptons 

• Coannihilation:          soft leptons (ISR boost?) 
• Quasi-degenerate and small couplings:           

 long-lived mediator

⟹
⟹

⟹



4

Status

• Classification complete 

• Benchmark models defined 

• Completing work on combining existing limits and relic surfaces



Long-lived mediators
contribution by J. Heisig



⇒ LLPs if:

 ▪     small or/and
 ▪ Small mass splitting, in particular:
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Long-lived particles!

Small mass splittings?
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LLP Signatures: small mass splitting

LLP Workshop | Karri Folan DiPetrillo | 18.10.2017

The ATLAS Detector 12

Many thanks to  
Heather Russell for the 
ATLAS and LLP figures!

__
(highly ionising, 
disappearing) track

soft jet/lepton
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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� (1). The central
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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Closing experimental gaps:

▪ How far do MET searches cover LLP regime? (transition prompt-LLP)

▪ How to tackle small mass splittings, i.e. softish displaced objects?
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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ventional freeze-out paradigm is preserved in the scenario
considered here.
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out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��
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relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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▪ Displaced jets+MET suffers from minv-cut!
Figure 3: The invariant mass distribution for candidate displaced vertices. The blue histogram shows
the distribution for a gluino simplified model with a large mass gap: (mg̃, m�̃

0
1
) = (625 GeV, 100 GeV).

The orange histogram shows the distribution for the model considered here with masses (m
b̃
, m�) =

(625 GeV, 100 GeV), while the green histogram shows the same distribution but for the compressed
scenario: (m

b̃
, m�) = (625 GeV, 600 GeV).

sections matching next-to-leading order calculations with the resummation of the next-to-next-
to-leading threshold logarithms, as obtained from NNLL-FAST [161, 162].

As expected, most of the events fail the mDV cut, suppressing the signal yield. The
resulting 95% CL exclusion is illustrated by the solid purple curve in Fig. 1 that shows that
only points with very large cross sections (small eb masses) and a mass gap larger than 15 GeV
are excluded. Since the main loss in sensitivity is due to the invariant mass requirement for the
displaced vertices, we try to estimate what could be the reach resulting from relaxing this cut.
In order to achieve this, we assume that the SM background remains unchanged and the DV
reconstruction efficiency for vertices with mDV < 10 GeV is the same as the one for mDV =

15 GeV. Although these certainly are optimistic assumptions, it allows us to use the efficiencies
provided by the ATLAS collaboration when smaller mass cuts are used. The result is shown
by the purple dashed line in Fig. 1, the excluded region being now significantly enhanced,
extending up to 1 TeV bottom partner masses for small lifetimes (large mass splittings within
the considered scenario).

Once again we stress that this is an optimistic and probably unrealistic projection. Nev-
ertheless, it illustrates the impact of the invariant mass cut on the sensitivity to models with
small mass gaps and reveals the potential gain of relaxing this cut. To achieve this, the back-
ground might be reduced by other means, e.g. by requiring a larger displacement. In fact, Fig. 1
shows a significant region where the displaced jets without a mDV cut would outperform the
disappearing track search (e.g. for c⌧ > 2.5 cm).

3.5 Delayed jets
Another option for distinguishing the long lifetime of some particles is to measure the timing
information of their decay products, and search for delays with respect to the collision time.
This method was exploited in a recent CMS analysis [147], where timing capabilities of the
CMS electromagnetic calorimeter (ECAL) were used to identify non-prompt or “delayed” jets.
The analysis is sensitive to long-lived particles decaying within the ECAL barrel volume ex-
tending up to 1.79 m and covering |⌘| < 1.48. The analysis uses only calorimetric information
to reconstruct jets and imposes a set of quality criteria on the ECAL cells and energy fractions.
Jet timing is calculated from the median of the times of ECAL cells associated with the jet,
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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Going beyond the minimal setup
contribution by A. Cornell



• 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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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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• Mesogenesis is a recent experimentally testable mechanism of 
baryogenesis and dark matter production which utilizes CP 
violation in Standard Model mesons 


• In the Mesogenesis mechanism, a scalar field Φ with a mass of 
10 to O(100 GeV) decays at a low temperature TR ∼O(MeV) to 
equal numbers quarks and anti-quarks pairs.


• Critical to the setup of these mechanisms is a t-channel coloured 
scalar mediator which mediates the decays of mesons in to dark 
sector baryons


• In neutral B mesogenesis, the CP violation of B0
s,d−B0

s,d is 
leveraged

B-mesogenesis models
Sub-section 8.3
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Y ⇤ūi,Rd
c
j,R �

X
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charged D± meson decays was leveraged to first generate a lepton asymmetry which was

then transferred to a baryon asymmetry through dark sector scatterings. We now explore

the possibility of B+ Mesogenesis leveraging the CPV in charged B± = ub̄ decays which is

much larger than charged D± decays. Namely, we will consider decays of the form
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•Low reheat temperature: 
The Inflaton decays into b and anti-b quarks 
in the early Universe

•b-quarks Hadronize

•Coherence in the early Universe is maintained for:
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�
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• Perhaps Olcyr can add something about measure-
ments prospects of B+

c decays and ACP?

• Also for Olcyr - current constraints and SM predic-
tions for ACP and Br of B+

c decays in the SM

• Adding an appendix deriving the Boltzmann equa-
tions. This will be very similar to the lepton asym-
metry of the D meso appendix [27] but note the
dark matter treatment is di↵erent.

• Plot beautification and final decisions: Gilly has
code to make ugly plots, Robert can make make
them pretty!

• general editing and organizational thoughts

]
We first discuss the scenario in which Mesogenesis in

which B+ mesons decay into a dark sector state carrying
SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

B�
c (3)

B� (4)

Y�B = �YB (5)

In B+
c Mesogenesis a baryon asymmetry is generated

as follows:

B+
c !B+ + M

0
SM , (6a)

B+
! B

+
SM +  B , (6b)

and, of course, the conjugate processes. Here SM
B+

c = |cb̄� (6.274 GeV) meson decays into a B+ =
|ub̄� (5.279 GeV) meson and various di↵erent SM neu-
tral mesons M

0
SM (see [] for a summary of decay modes).

This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f) � �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (7)

where f is some final state i.e. in this case f = B+
M

0
SM.

Next, for low enough temperatures T � 20 MeV [GE:
justify somewhere] the produced B+ will quickly decay
(rather than scatter) into a SM charged baryon B

±
SM and

a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the

generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B+

c and B+ de-
cays, schematically, and in terms of yield variables

YB �
nB � nB̄

s
�

�

f

ACP BrB+
c

� BrB+ (8)

where we have used the shorthand notation BrB+
c

�

Br
�
B+

c ! B+
M

0
SM

�
and BrB+ � Br

�
B+

! B
+
SM  B

�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector state M

+
SM ! B

+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �

�

i, j

yuidj�
�ūiRdc

jR �

�

k

y�Bdk�dc
kR ̄B + h.c. .(9)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y2

M2
�

 Buidjdk . (10)

Here y2
� yud y�d (where we have suppressed flavor in-

dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (6b). There are four possible flavorful variations of
Eq. (10) leading to di↵erent final state SM baryons from
the B+ decay. Table. I summarizes these four possible

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di�erent choices correspond
to models with slightly di�erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].

�

��

�

Contents

1 Overview 1

2 CPV in Standard Model B± decays 2

3 Decays into Dark Leptons followed by Dark Sector Scattering 2

4 Decays into Dark Baryons 3

4.1 B+
c Decays 4

4.2 Visible Sector Scattering 5

4.3 Decays via higher order diagrams and CKM insertions 5

4.4 Dark states with fractional baryon number 6

5 Useful Stu� 6

5.1 Asymmetry in B± Meson Decays 7

Contents

1 Overview

B0
s (1.1)

B̄0
s (1.2)

In B-Mesogenesis [1] the baryon asymmetry was generated by leveraging the CPV in

charged B0
q particle/anti-particle oscillations. This required the addition of at least one

dark state charged under Standard Model (SM) baryon number. In [2] the CPV of SM

charged D± meson decays was leveraged to first generate a lepton asymmetry which was

then transferred to a baryon asymmetry through dark sector scatterings. We now explore

the possibility of B+ Mesogenesis leveraging the CPV in charged B± = ub̄ decays which is

much larger than charged D± decays. Namely, we will consider decays of the form

B+
! M

+ + M
0 , CPV in SM decays (1.3)

– 1 –

Contents

1 Overview 1

2 CPV in Standard Model B± decays 2

3 Decays into Dark Leptons followed by Dark Sector Scattering 2

4 Decays into Dark Baryons 3

4.1 B+
c Decays 4

4.2 Visible Sector Scattering 5

4.3 Decays via higher order diagrams and CKM insertions 5

4.4 Dark states with fractional baryon number 6

5 Useful Stu� 6

5.1 Asymmetry in B± Meson Decays 7

Contents

1 Overview

B0
s (1.1)

B̄0
s (1.2)

In B-Mesogenesis [1] the baryon asymmetry was generated by leveraging the CPV in

charged B0
q particle/anti-particle oscillations. This required the addition of at least one

dark state charged under Standard Model (SM) baryon number. In [2] the CPV of SM

charged D± meson decays was leveraged to first generate a lepton asymmetry which was

then transferred to a baryon asymmetry through dark sector scatterings. We now explore

the possibility of B+ Mesogenesis leveraging the CPV in charged B± = ub̄ decays which is

much larger than charged D± decays. Namely, we will consider decays of the form

B+
! M

+ + M
0 , CPV in SM decays (1.3)

– 1 –

Contents

1 Overview 1

2 CPV in Standard Model B± decays 2

3 Decays into Dark Leptons followed by Dark Sector Scattering 2

4 Decays into Dark Baryons 3

4.1 B+
c Decays 4

4.2 Visible Sector Scattering 5

4.3 Decays via higher order diagrams and CKM insertions 5

4.4 Dark states with fractional baryon number 6

5 Useful Stu� 6

5.1 Asymmetry in B± Meson Decays 7

Contents

1 Overview

B0
d (1.1)

B̄0
d (1.2)

In B-Mesogenesis [1] the baryon asymmetry was generated by leveraging the CPV in

charged B0
q particle/anti-particle oscillations. This required the addition of at least one

dark state charged under Standard Model (SM) baryon number. In [2] the CPV of SM

charged D± meson decays was leveraged to first generate a lepton asymmetry which was

then transferred to a baryon asymmetry through dark sector scatterings. We now explore

the possibility of B+ Mesogenesis leveraging the CPV in charged B± = ub̄ decays which is

much larger than charged D± decays. Namely, we will consider decays of the form

B+
! M

+ + M
0 , CPV in SM decays (1.3)

– 1 –

Contents

1 Overview 1

2 CPV in Standard Model B± decays 2

3 Decays into Dark Leptons followed by Dark Sector Scattering 2

4 Decays into Dark Baryons 3

4.1 B+
c Decays 4

4.2 Visible Sector Scattering 5

4.3 Decays via higher order diagrams and CKM insertions 5

4.4 Dark states with fractional baryon number 6

5 Useful Stu� 6

5.1 Asymmetry in B± Meson Decays 7

Contents

1 Overview

B0
d (1.1)

B̄0
d (1.2)

In B-Mesogenesis [1] the baryon asymmetry was generated by leveraging the CPV in

charged B0
q particle/anti-particle oscillations. This required the addition of at least one

dark state charged under Standard Model (SM) baryon number. In [2] the CPV of SM

charged D± meson decays was leveraged to first generate a lepton asymmetry which was

then transferred to a baryon asymmetry through dark sector scatterings. We now explore

the possibility of B+ Mesogenesis leveraging the CPV in charged B± = ub̄ decays which is

much larger than charged D± decays. Namely, we will consider decays of the form

B+
! M

+ + M
0 , CPV in SM decays (1.3)

– 1 –

d̄
b

c̄
s̄
b

Figure 1. Depiction of the mechanism of B-Mesogenesis for generating the baryon asymmetry and
dark matter of the Universe.

Flavorful Initial Final

Operator State State

Bd  + n (udd)

Oud =  b u d Bs  + ⇤ (uds)

B+  + p (duu)

Bd  + ⇤ (usd)

Ous =  b u s Bs  + ⌅0 (uss)

B+  + ⌃+ (uus)

Bd  + ⇤c + ⇡� (cdd)

Ocd =  b c d Bs  + ⌅0
c (cds)

B+  + ⇤+
c (dcu)

Bd  + ⌅0
c (csd)

Ocs =  b c s Bs  + ⌦c (css)

B+  + ⌅+
c (csu)

Table 1. We summarize the possible final states corresponding to each of the operators mediating
the new decay mode of the b̄ quark within the B meson which generates the baryon asymmetry
in B-Mesogenesis. Note that this model would also give rise to the decay of a baryon into light
mesons and missing energy e.g. ⇤b !  ̄ + ⇡0 through the Oud. Such decays serve as an indirect
probe of Mesogenesis. Note that one can compute the form factors and corresponding branching
fractions of such new b-flavored baryon decay modes using three point correlators in the framework
of the LC QCD sum rules. For simplicity we focus in the present work on B meson decays, as their
branching fraction directly feeds into the baryon asymmetry, deferring a more detailed study of
indirect signals to future work. [GE: Note LHCb can search for such channels.] [GE: Add figure
showing example decay(s)] [GE: can merge this table with results table as well, especially if we
include the figure with example channel]

flavor constraints. So we can choose them appropriately to maximize the allowed branching

fraction (when the time comes)]

[GE: comment here on implications for [11]]
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[GE, M. Escudero, A. E. Nelson PRD arXiv:1810.00880]
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11 � 100 GeV

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)

TABLE I. Summary of the additional fields (both in the UV
and e↵ective theory), their charges and properties required in
our model.

The renormalizable couplings between  and Y allowed
by the symmetries include2:

L � � yub Y
⇤
ū b

c � y s Y  ̄ s
c + h.c . (2)

We take the mass of the colored scalar to be mY ⇠
O(TeV) and integrate out the field Y for energies less
than its mass, resulting in the following four fermion op-
erator in the e↵ective theory:

Heff =
yuby s

m
2

Y

u s b . (3)

Other flavor structures may also be present but for sim-
plicity we consider only the e↵ects of the above couplings
(see Appendix 4 for other possible operators). Assuming
 is su�ciently light, the operator of Equation (3) allows
the b̄-quark within Bq = |b̄ qi to decay; b̄ !  u s, or
equivalently Bq !  +Baryon+X, where X parametrizes
mesons or other additional SM particles. Critically, note
that O = u s b in Equation (3) is a �B = 1 operator,
so that the operator in Equation (3) is baryon number
conserving since  carries a baryon number �1.

In this way our model allows for the symmetric out of
thermal equilibrium production of B mesons and anti-
mesons in the early Universe, which subsequently un-
dergo CP violating oscillations i.e. the rate for B

0 ! B̄
0

will di↵er from that of B̄
0 ! B

0. After oscillating the
mesons and anti-mesons decay via Equation (3) gener-
ating an asymmetry in visible baryon/anti-baryon and
dark  / ̄ particles (the decays themselves do not intro-
duce additional sources of CPV), so that the total baryon
asymmetry of the Universe is zero.

2 We have suppressed fermion indices for simplicity as there is a
unique Lorentz and gauge invariant way to contract fields. In
particular, the sc and bc are SU(2) singlet right handed Weyl
fields. Under SU(3)c, the first term of Equation (2) is the fully
anti-symmetric combination of three 3̄ fields, which is gauge in-
variant. While the second term is a 3̄ ⇥ 3 = 1 singlet.

⇠

b̄

d

B
0

d

u

d

s

⇤

 

Y

�

FIG. 2. An example diagram of the B meson decay process
as mediated by the heavy colored scalar Y that results in DM
and a visible baryon, through the interactions of Equation (2)
and Equation (4).

Since, no net baryon number is produced, this asym-
metry could be erased if the  particles decay back into
visible anti-baryons. Such decays may proceed via a
combination of the coupling in Equation (3) and weak
loop interactions, and are kinematically allowed since
m > 1.2 GeV to ensure the stability of neutron stars
[31]. To preserve the produced visible/dark baryon asym-
metry, the  particles should mainly decay into stable
DM particles. This is easily achieved by minimally in-
troducing a dark scalar baryon � with baryon number
�1, and a dark Majorana fermion ⇠. We further assume
a discrete Z2 symmetry under which the dark particles
transform as  !  , � ! �� and ⇠ ! �⇠. Then the
 decay can be mediated by a renormalizable Yukawa
operator:

L � �yd  ̄ � ⇠ , (4)

which is allowed by the symmetries of our model. And in
particular, the Z2 (in combination with kinematic con-
straints), will make the two dark particles, ⇠ and �, stable
DM candidates.

In this way an equal and opposite baryon asymmetry to
the visible sector is transferred to the dark sector, while
simultaneously generating an abundance of stable DM
particles. The fact that our mechanism proceeds through
an operator that conserves baryon number alleviates the
majority of current bounds that would otherwise be very
constraining (and would require less than elegant model
building tricks to evade). Furthermore, the decay of a B-
meson (both neutral and charged) into baryons, mesons
and missing energy would yield a distinctive signal of our
mechanism at B-factories and hadron colliders. An ex-
ample of a B meson decay process allowed by our model
is illustrated in Figure 2.

Note that, as in neutrino systems, neutral B meson
oscillations will only occur in a coherent system. Addi-
tional interactions with the mesons can act to “measure”

Qb = − 1

Qb = 0
Dark Fermion

Dark scalar anti-baryon

Dark fermion must quickly decay within the dark sector.

YB � YB̄ = � (Y� � Y�?) (1)

Y obs

B
⌘

nB � nB̄

s
⇠ 8⇥ 10�11 (2)

1MeV < m� < 10MeV (3)

m� > 10 MeV (4)

m� < 1MeV (5)

1

⇤2

⇥
�̄�µe

⇤ ⇥
n̄�µp

⇤
+ h.c. (6)

n ! p+ e� + ⌫̄ (7)

� + n ! p+ e� ) �+ AN

Z
!

�
AN�1

Z+1

�+
⇤
+ e� (8)

dR

dER

/

Z
dv v f(v) (9)

dR

dER

/ �

✓
ER �

m2

�

2MN

◆
(10)

� (11)

1

⇤2

⇥
�̄�µPR⌫

⇤ ⇥
n̄�µn

⇤
(12)

1

Generated asymmetry: 

4

The Lagrangian term

Ld = yd  ̄B �B � , (9)

is allowed by all the symmetries and mediates the decay
Eq. (7).

Since the  ̄B decay occurs quickly, its dark anti-baryon
asymmetry is simply transferred to �⇤B. This fixed asym-
metry in �⇤B (and �̄) then comprises up to ⇠ 80% of dark
matter. The symmetric components of �B and � tend
to be overproduced, but may be su�ciently depleted by
dark sector annihilations. We assume this and don’t com-
ment further since it has no bearing on the Mesogenesis
mechanism6.

However, the asymmetries in �⇤B and �̄ cannot account
for the entirety of dark matter since B+ doesn’t have
enough mass to decay to both ⇠ 5 GeV of asymmetric
dark matter and a SM baryon simultaneously. Thus, be-
tween ⇠ 20 � 80% of dark matter has to be outside of
the asymmetric components of � and �B . The precise
amount of other dark matter is solely a function of m�B

and m�, since their asymmetries are just opposite the
BAU. There are two simple possibilities: 1) the rest of
dark matter is from a symmetric amount of �s and �Bs
or 2) the rest of dark matter is just some other dark sec-
tor state(s), unrelated a priori to the B+

c Mesogenesis
scenario.

Since either of these dark matter choices is not essen-
tial to B+

c Mesogenesis, we relegate further discussion to
App. A 3. Fig. 1 summarizes the mechanism. With this
bird’s eye view, we proceed to detail a simple UV model.

A. UV Model

The decay in Eq. (3b) proceeds through a dimension
six, four fermion operator. Following the UV model of
[30], we add a colored triplet scalar � with electric charge
assignment QEM = �1/3 and baryon number B = �2/3.
The following Lagrangian is then allowed by all the sym-
metries:

L� = �

X

i,j

yij�
⇤ūiRd

c
jR �

X

k

y Bk�d
c
kR B + h.c., (10)

where the flavor indices i, j, k account for all flavorful
variations of this model, as there is no a priori reason to
assume a specific flavor structure. Such a model has a
simple Supersymmetric realization [48] where the medi-
ator � can be identified with a right handed squark. As
such, � is constrained by collider searches for Supersym-
metric particles and must be heavier than about 1 TeV
(see [36] for detailed bounds from colliders and flavor ob-
servables).

6
For details on depleting the symmetric abundances, see [30].

Interaction Parton decay B+ decay

 ̄B b ūc d b̄ !  ̄B u d B+
!  ̄B + p+ (uud)

 ̄B b ūc s b̄ !  ̄B u s B+
!  ̄B + ⌃+ (uus)

 ̄B b c̄c d b̄ !  ̄B c d B+
!  ̄B + ⇤+

c (ucd)

 ̄B b c̄c s b̄ !  ̄B c s B+
!  ̄B + ⌅+

c (ucs)

TABLE I. Here we present the four di↵erent flavorful varia-
tions of the operator Eq. (11), and the corresponding parton-
level decays and final state hadron decay products. Con-
straints on the branching fraction for each operator can be
found in [36].

Integrating out the heavy �, we arrive at the following
operator which mediates meson decays:

O =
y2

M2
�

 ̄Bbū
c
idj + h.c. , (11)

where y2 ⌘ yij y B3. This particular flavor structure is
all that is necessary for B+

c Mesogenesis, but could be
part of a larger UV model with other non-zero Yukawas
as in Eq. (10). Note that this operator conserves baryon
number. It mediates the parton level decay b̄ !  ̄Buidj
within the meson decay Eq. (3b). There are four possible
flavorful variations of Eq. (11) leading to di↵erent final
state SM baryons from the B+ decay. Table I summarizes
these four possible decay modes. Eq. (11) also gives rise
to decays of neutral B0

s,d mesons and b-flavored baryons
which can be used to indirectly probe the mechanism (see
Table I of [36]).

B. Results

The Boltzmann equations for the BAU are greatly sim-
plified since all the decays in Eq. (3) occur very quickly at
MeV temperatures. The evolution of the baryon asym-
metry is then governed by

d

dt
(nB � nB̄)+3H (nB � nB̄) = (12)

� 2�B
�n�

X

B+

BrB
+

B+

X

f

afCPBr
f

B+
c
,

where we have defined �B
� ⌘ ��Br(� ! q)Br(q ! Bc).

See App. A for details (as well as [31]).
We numerically integrate Eq. (12) while tracking �,

Hubble (see Eq. (2)), and the particles in the decays of
Eqs. (3) and (7). We allow the values of the experimen-

tal observables
P

B+ BrB
+

B+ and
P

f a
f
CPBr

f

B+
c

to be free

parameters and find:

YB

Y obs
B

'

P
B+ BrB

+

B+

10�3

P
f a

f
CPBr

f

B+
c

6.45⇥ 10�5

TR

20 MeV

2mB+
c

m�
, (13)

where Y obs
B = 8.69⇥ 10�11 is the observed baryon asym-

metry today [49].

TeV scale colored 
mediator

DM stability/asymmetry preserved if : 

Leptogenesis and Dark Matter from Mesons

m� < mp +me +m⇠ (0.1)

� (baryon number violating) 6= � (anti-baryon number violating)

d

ū

d̄

q̄ q̄ q̃
⇤

q q q̃

q̄q̃

qq̃
⇤

m > 1.2GeV

1.2GeV < m < mB �m⇤ ⇠ 2.9GeV

YB =
nB � nB̄

s
= �

n� � n�̄

s
/

X

q=s,d

A
q
ll ⇥ Br

�
B

0
! ⇠�+ Baryon + ...

�
(0.2)

= 8.7⇥ 10�11 (0.3)

mq̃ > 1TeV

m < mB0
q
⇠ 5GeV

mp = 938MeV me = 0.5MeV

m > m� > 1.2GeV

�
⇤

! [ Allowed? ] p+ + e
� + ⌫̄e + ⇠

Y = n⇠

s , Y =
n�+n�⇤

s

This would be a mechanism of low scale Leptogenesis and Dark Matter production

utilizing Mesons, that does not involve Lepton or Baryon number violation and does not

require sphalerons. Meanwhile this mechanism could have multiple testable signals at:

colliders, B-factories, maybe Kaon factories, dark matter direct detection experiments and

neutrino experiments.

The mechanism of [? ] achieved baryogenesis by making use of the CPV in neutral B0
q

mesons anti-meson oscillations. In [? ], the dark matter was charged under baryon number

and coupled to B-mesons through a higher dimensional operator, so that the B-mesons

could decay into a dark sector leading to an equal and opposite baryon asymmerty between

the dark and visible sector (but no net baryon number violation in the Universe). Critical to

1
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Y: Colored Triplet Scalar

Y ⇠ (3, 1,�1/3)

Same Quantum Numbers 
as a SUSY squark!

b̄ ! us 

b̄

Y

u

s

 

Br (B !  + Baryon +M) ' 10�3

✓
mB �m 

2GeV

◆4 ✓1.6TeV

MY

p
yuby s
0.6

◆4
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Conclusion

Intensive work in progress on multiple fronts

Person-power (especially from the EXP side) would be appreciated

Contact the coordinators if anyone can help with any section


