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BSM physics and Cosmology
• Important open questions:

2

dark matter
baryogenesis



recent & current work
• Theoretical understanding of Baryogenesis 

‣ Finite temperature scattering rates 

‣ Spectator effects 

• Collider dark matter searches 
‣ Monojet for Higgsinos, Winos 

• Non-WIMP dark matter 
‣ dark QCD 

‣ Emerging jets
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Leptogenesis}



Leptogenesis
• LG: Generates baryon asymmetry from CPV decays of heavy RH neutrinos 

‣ Consistent with observed neutrino masses → maybe the most convincing 
baryogenesis scenario we have 

‣ Solid understanding of LG dynamics desirable 

• Finite temperature scattering rates 

!

!

!

!
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Garbrecht, Glowna, PS, NPB 2013.  
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Figure 6: Feynman diagrams representing the relaxation rate of down-type quarks. Solid
lines correspond to quarks, dashed lines to Higgs bosons and wiggly lines to weak gauge
bosons W 0± or B0. The external lines correspond here to right-handed quarks d, until
they meet a vertex with a Higgs boson, where they turn into left-handed quarks Q.
Note that the first, second, fourth and fifth of the vertex diagrams only allow for the
exchange of B0 bosons, whereas the gauge-boson line in the third corresponds to either a
B0 or W 0,± boson. In the diagrams giving rise to �fl

1$2

, the gauge boson legs with a bar
represent the exchange of o↵-shell gauge bosons with the plasma, corresponding to the
Landau-Pomeranchuk-Migdal E↵ect. We have omitted here the contribution to �fl(�)�d

that is proportional to the top-quark Yukawa coupling.

While the results (28a,28b,28c) are accurate to leading order in the couplings fol-
lowing the calculation of Ref. [10], the contribution (28d) corresponds to an estimate,
because only processes that involve SU(2) gauge bosons W 0,± are included here, while
contributions from the U(1)Y bosn B0 are neglected, cf. the discussion in Ref. [10]. A
full calculation along the lines of Refs. [8, 38] may turn out to be somewhat involved,
but we expect that Eqs. (28) should be suitable for the present purposes, in particu-
lar because the dominating exchange of quarks in the t-channel is accurately captured
through Eq. (28b) to leading order. With the values for g

2

and g
3

that are stated in
Section 3 and g

1

= 0.41 for temperatures of order 1012 GeV, Eq. (27) yields �fl�d ⇡ 0.01.
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and of a massless scalar
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We express the spin-12 fermionic self energies as /Σ = γµΣµ. In the approximation of
massless particles in the loop, the spectral self energy for leptons ℓ or R is given by
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For the case of the Standard Model lepton doublet ℓ, G = 1
2(3g

2
2 + g21), whereas for

right-handed leptons R, G = 2g21. Notice that these values for G include a factor of
two that accounts for the polarisation states of the gauge bosons, as the spectral self
energies (32) are defined here for a single bosonic and a fermionic (with both spin states)
degree of freedom in the loop. Note as well that we distinguish between the lepton self
energy (32), that is flavour-diagonal and of order g2, and the flavour-sensitive self energy

i/Σ
fl
ℓ , for which the LO terms are ∼ h2g2 and ∼ h2g2 log g2.
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Figure 9: Individual contributions and total flavour equilibration rate γfl/T as function
of the temperature T . The temperature dependence emerges through the renormalisa-
tion group equation (RGE) evolution of the coupling constants which are renormalised
at the scale 2πT . Earlier times appear to the right (higher temperature) in this plot.
Contributions from gauge interactions are separated into linear and log enhanced scat-
terings as well as 1 → 2 processes. The g21 and g21(log g

−2
1 ) terms are included in the

corresponding solid and dotted blue lines and in the total rate.

6 Phenomenological Implications

6.1 Flavoured Leptogenesis

The full LO flavour equilibration rate has been calculated here for the first time. Adding
the individual contributions, it can be expressed as

γfl = γfl(φ)δℓ + γfl(ℓ)δℓ + γfl(R)δℓ + γflvertex (97)

= 1.32× 10−3 × h2
tT + 3.72× 10−3 ×GT + 8.31× 10−4 ×G(logG−1)T

+ 4.74× 10−3 × g21T + 1.67× 10−3 × g21(log g
−2
1 )T + 1.7× 10−3GT ,

where G = 1
2(3g

2
2 + g21). From Section 3.3 we have used the numerical fit (60) since it is

better behaved for small values of p0.
The running of the couplings let γfl depend non-trivially on the temperature. In

Figure 9 we show the individual contributions as well as the total flavour equilibration
rate as function of the temperature, in the region of T = 107 GeV to 1013 GeV. Note that
the tree-level 1 → 2 rate is zero in this temperature regime, since the thermal masses for
the Higgs and for the leptons leave no phase space for a decay process. Only once the
collinear emission contributions are included a finite γfl1↔2 is obtained.

We see that the rate is largely dominated by the terms linear in G, which in turn
receive their dominant contribution from the t-channel fermion exchange, as it is shown

31



Spectator effects
• Interactions that are in thermal 

equilibrium during leptogenesis, 
but don’t change L 

• What if they reach  
equilibrium during LG?  

!

!

!

!

!

!

!

!

• Spectator DoF “hide”  
asymmetry from washout 

• Up to 50% correction to  
final asymmetry
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Next:  
Dependence on initial conditions



Mono-jet searches for DM
• One way to observe  

invisible particles:  
‣ Sensitive to electroweakly 

produced states? 

‣ Close the gap in SUSY searches? 

!

!

!
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Figure 1. ATLAS (blue) and CMS (red) limits on electroweakly produced charginos and neutrali-
nos decaying via W - and Z-bosons, assuming m�±

1
= m�0

2
.

have reasonably low backgrounds, such that successful searches are possible even in the
busy environment of a hadron collider.

The most recent limits on directly produced charginos and neutralinos from the LHC
experiments were obtained using 20.7 fb�1 of 8 TeV data at ATLAS [13] and 19.5 fb�1 at
CMS [14]. The strongest constraints are obtained in the 3 lepton +Emiss

T channel, and the
interpretation of the limits in the neutralino-chargino mass plane, assuming m�0

2
= m�±

1
,

is reproduced in Fig. 1.
While the LHC experiments were able to constrain electroweakino masses up to 320 GeV

in the limit of massless LSP, the existing search techniques fail when the mass di↵erences
between the lightest and the heavier charginos and neutralinos become small, since then
the leptons from the decays become too soft to be detected. In this regime, the relevant
decays are essentially three body decays �0 ! ``0�0

1, such that the lepton energy, in the
rest frame of the decaying particle, is roughly bounded by (m�0 � m�0

1
)/2.

Standard searches for multi lepton plus Emiss
T signals rely on charged lepton triggers

that require pT,` & 20 GeV for the hardest lepton2. Therefore most of these searches
start loosing steam when the mass di↵erence drops below ⇠ 50 GeV, resulting in a loss of
sensitivity in the regime where m�2 � m�1 . 50 GeV. It is exactly in this region where
light charginos and neutralinos, or other weakly coupled new physics, might be hiding3.

In the next section, we will outline our strategy to search for new physics with almost
degenerate spectra, and compare it to other proposals. Before going there however, we
have to address the question of what happens to the lightest neutralino. While we do not
necessarily insist that �0

1 constitutes all of the dark matter in the universe4, it is rather
important to make sure that its relic density is not too large, since otherwise it would lead
to disagreement with the observed universe.

2The CMS trilepton search requires pT,` � 20 GeV for the hardest lepton, and pT,` � 10 GeV for all
other leptons. ATLAS is using several di↵erent triggers requiring a single lepton with pT � 25 GeV, a pair
of leptons with pT � 14 GeV or one lepton with pT � 18 GeV and a second lepton with pT � 10 GeV.

3For other strategies to search for charginos and neutralinos, see Ref. [15–17].
4For a recent discussion see e.g. [18].
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Figure 9. Significance at the 14 TeV LHC, with 3000 fb�1, considering a systematic error of (a)
5% and (b) 1%, for the gaugino case.
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Figure 10. Significance at the 14 TeV LHC, with 3000 fb�1, considering a systematic error of (a)
5% and (b) 1%, for the Higgsino case.

Hence we find a nice complementarity between the monojet+soft lepton search and the
work of Ref. [22], which becomes ine�cient for smaller mass gaps. Eventually the few
points in between could be tested (or even discovered) by combining both strategies.

7 Conclusions

Monojet searches have been used by the LHC experiments to probe and constrain simplified
dark matter models, where the DM candidate is coupled to the SM via e↵ective operators
or through very heavy mediators. Here we apply a monojet inspired search to a more
complex scenario with light charginos and neutralinos. Using the MSSM as an example,
we evaluate the sensitivity of the existing monojet searches to light degenerate gaugino and
Higgsino scenarios, and propose improved search strategies to probe these scenarios at the
14 TeV LHC.

– 16 –

PS, Zurita, JHEP 2014.  

Important: 
Soft leptons!
Relax vetoes

Currently:  
Optimize for 100 TeV



Composite (asymmetric) Dark Matter
• Dark QCD: DM is “proton” of QCD like 

dark sector 

‣ Explain DM mass, stability 

‣ Efficient annihilation of symmetric relic density 

• New collider signature of DM: Emerging Jets

7

αs

ΛUVMΛQCD ΛdQCD

αd

Bai, PS, PRD 2014

PS, Stolarski, Weiler!
almost done!

Model A Model B QCD 4-jet Modified PYTHIA
Tree level 14.6 14.6 410,000 410,000

� 4 jets, |⌘| < 2.5
p
T

(jet) > 200 GeV 7.1 9.2 48,000 48,000
H

T

> 1000 GeV

E(1GeV, 0, 10mm) � 1 5.9 4.1 41 49
E(1GeV, 0, 10mm) � 2 2.6 0.7 ⇠ 0.08 ⇠ 0.08

E(1GeV, 0, 100mm) � 1 2.8 0.3 10 14
E(1GeV, 0, 100mm) � 2 0.4 . 0.01 . 0.08 . 0.08

Table 3: Cut flow of the four jet analysis. Numbers in columns are cross sections in fb at LHC14.
For the signal we take the mass of the bifundamental M

X

= 1 TeV. The two right most columns are
di↵erent background estimates, the first using the standard PYTHIA tune, while the second uses the
modified tune [14]. The tree level cross section for the background is with the generator level cuts
discussed in the text.

4.5 Alternative Strategy: p
T

Weighting

In this section we present an alternative based on using the p
T

fraction of the jet which is emerging

rather than counting tracks. As before, this requires reconstruction of displaced charged tracks in

order to determine L
xy

, how far from the origin in the x � y plane they originate. This strategy,

however, is more robust to pileup because while a pile up event can produced tracks above the 1 GeV

threshold from the previous section, they are much more unlikely to make a substantial contribution

to the p
T

of a jet.

For this section we define the p
T

fraction F (r) for a jet as a function of radius as:

F (r) =
1

pjet
T

X

L

xy

>r

pi
T

(8)

where pi
T

is the p
T

of charged tracks with L
xy

> r. This variable goes from 0 to 1 for a given jet. For

QCD jets it tends to take values near zero since most of the energy is in prompt tracks. A jet can only

have F = 1 if it is composed entirely of charged tracks which originate further away than r. This is

because neutral particles contribute to the denominator in the prefactor but do not contribute to the

sum. By isospin conservation, we expect approximately half of the decay products of the dark mesons

to be neutral, so we expect the F distribution for signal jets to be peaked around 0.5 for r less than

the lifetime of the dark pions.

We now analyze this variable more quantitatively. Looking first at the QCD background, in Fig. 8

we plot F for the jet with the highest and second highest value of F in an event. We see that it is

indeed peaked at zero and steeply falling. We also see that it is much more steeply falling for r = 100
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Other stuff/Outlook
• Higgs and BSM (2011-2013) 

‣ Higgs portal DM 

‣ Probing Higgs CP violation 

‣ Vector-like leptons 

• Electroweak Baryogenesis 

• Aspects of composite DM 
‣ self interactions 

‣ bound states 

‣ model building 

• Production of self-interacting sterile neutrinos 

• Strong coupling measurements to constrain new physics
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