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• Familiar/well-studied case: WIMP dark matter ( ΩDM )
‣Stable, mass ~O(10-100) GeV, can be produced within ELHC =14 TeV
‣Pair produced (Z2), 
‣ Invisible, MET + X        
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Could LHC shed light on prominent 
puzzles in modern cosmology? 
 ΩDM ≈23%, ΩB≈5% , ΩB ~ ΩDM
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• New opportunity: baryogenesis 
(address ΩB , possibly + ΩB ~ ΩDM)
‣ New metastable particle (baryon parent), 

w/mass ~O(10-100) GeV

‣ Pair produced (approx. Z2) 

‣ Displaced decay to               
by cosmological condition!            
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Figure 1: Schematic diagram showing the pair-production at the LHC of (a) dark matter in stable WIMP dark
matter searches, with associated initial state radiation (ISR); (b) the analogous production of the meta-stable
WIMP triggering baryogenesis, which decays at a displaced vertex to jets, leptons, and/or missing transverse
energy.

creation of a baryon asymmetry. The key stages of WIMP baryogenesis are summarized in Fig. 2. Since �
decays far out of equilibrium, WIMP baryogenesis automatically implies c⌧� & mm, while the reverse of the an-
nihilation processes responsible for freeze-out can give a portal for producing the long-lived WIMPs at colliders.

In addition to its role as a concrete implementation of a weak-scale baryogenesis model giving rise to
displaced vertices, WIMP baryogenesis is a unique baryogenesis mechanism that naturally gives a robust pre-
diction for the baryon abundance around the observed value, based on a generalized “WIMP miracle”. As a
low-scale mechanism, it o↵ers a viable path for baryogenesis in scenarios where a high-scale baryon asymmetry
would be diluted [37] or washed out [35]. We can compactly estimate the present-day baryon abundance
⌦

�B with a just few parameters: ⌦
�B = ✏CP ⌦1

� , where ✏CP is the baryon asymmetry produced per decay,
and ⌦1

� would be the � relic abundance if it were a stable WIMP. The baryon asymmetry therefore has a
WIMP-miracle-like abundance. Assuming DM is a di↵erent WIMP that is stable WIMP, this mechanism can
naturally address the similarity between the present-day DM and baryon abundances based on a shared WIMP
miracle, while intrinsically including a mechanism for generating a baryon asymmetry. There have been several
concrete implementations of WIMP baryogenesis, including in minimal, mini-split SUSY models [38], where
the bino is the meta-stable WIMP responsible for baryogenesis, as well as extended natural SUSY models [36]
and other examples [39, 40].

A review of the DV search status at LEP, the Tevatron, and earlier LHC runs can be found in [31]. Both
ATLAS and CMS have excellent tracker resolution and have recently made impressive progress on improving
DV search sensitivities in various channels3. The exclusion limits placed in the DV search channels by the LHC
analysis have surpassed any previous searches for particle masses &100 GeV for pair production, and these are
expected to improve in future runs. The LEP2 searches may have competitive sensitivity to particles within its
kinematically accessible range (below 100 GeV each for pair-produced particles), but are limited by the total

3
For instance, significant improvement in limits and sensitivities have been achieved in the past two years since the publication

of Ref. [31].

3

p p

MET

MET

ISR

g̃

g̃
q̃

q̃

q

q

q
q

q

q
�

�

DM

DM

(a)

j/`/MET

j/`/MET

p p

(c⌧� & 1 mm)

�
BG

�
BG

(b)

Figure 1: Schematic diagram showing the pair-production at the LHC of (a) dark matter in stable WIMP dark
matter searches, with associated initial state radiation (ISR); (b) the analogous production of the meta-stable
WIMP triggering baryogenesis, which decays at a displaced vertex to jets, leptons, and/or missing transverse
energy.

creation of a baryon asymmetry. The key stages of WIMP baryogenesis are summarized in Fig. 2. Since �
decays far out of equilibrium, WIMP baryogenesis automatically implies c⌧� & mm, while the reverse of the an-
nihilation processes responsible for freeze-out can give a portal for producing the long-lived WIMPs at colliders.

In addition to its role as a concrete implementation of a weak-scale baryogenesis model giving rise to
displaced vertices, WIMP baryogenesis is a unique baryogenesis mechanism that naturally gives a robust pre-
diction for the baryon abundance around the observed value, based on a generalized “WIMP miracle”. As a
low-scale mechanism, it o↵ers a viable path for baryogenesis in scenarios where a high-scale baryon asymmetry
would be diluted [40] or washed out [38]. We can compactly estimate the present-day baryon abundance
⌦

�B with a just few parameters: ⌦
�B = ✏CP ⌦1

� , where ✏CP is the baryon asymmetry produced per decay,
and ⌦1

� would be the � relic abundance if it were a stable WIMP. The baryon asymmetry therefore has a
WIMP-miracle-like abundance. Assuming DM is a di↵erent WIMP that is stable WIMP, this mechanism can
naturally address the similarity between the present-day DM and baryon abundances based on a shared WIMP
miracle, while intrinsically including a mechanism for generating a baryon asymmetry. There have been several
concrete implementations of WIMP baryogenesis, including in minimal, mini-split SUSY models [41], where
the bino is the meta-stable WIMP responsible for baryogenesis, as well as extended natural SUSY models [39]
and other examples [42, 43].

A review of the DV search status at LEP, the Tevatron, and earlier LHC runs can be found in [34]. Both
ATLAS and CMS have excellent tracker resolution and have recently made impressive progress on improving
DV search sensitivities in various channels3. The exclusion limits placed in the DV search channels by the LHC
analysis have surpassed any previous searches for particle masses &100 GeV for pair production, and these are
expected to improve in future runs. The LEP2 searches may have competitive sensitivity to particles within its
kinematically accessible range (below 100 GeV each for pair-produced particles), but are limited by the total

3
For instance, significant improvement in limits and sensitivities have been achieved in the past two years since the publication

of Ref. [34].

3

Cosmological Motivation for LLP Searches 
- Baryogenesis from Metastable

 Weak-scale New Particle



                 Baryon
      — The Unknown Aspects of the Known

• Baryon: proton, neutron      atoms, stars, ourselves!

• Where does ΩB come from?
 = Where do we ourselves come from?

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions
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Sakharov Conditions (1967): 
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• Require C-, CP-symmetry violation
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•  Require departure from equilibrium!
Thermal equilibrium + CPT symmetry
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❖ Most existing BG mechanisms: high M or/and T, direct 
experimental test impossible (contrast: WIMP DM for ΩDM)



Baryogenesis from 
Out-of-Equilibrium Decay

A general class of baryogenesis models
•   Assume a massive neutral particle χ
• Baryon asymmetry can be produced in its decay (B-, CP-violation)

•   Typically, the inverse processes efficiently erase the asymmetry 

•   But, if χ is long-lived, and decays only after Tf < Mχ: 

   Out-of-equilibrium decay           Sakharov conditions 

�(� ! f) 6= �(� ! f̄)

nf � nf̄ 6= 0

14

Out-of-equilibrium decays

• Asymmetry is robustly preserved if the particle lifetime satisfies:
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f

f f
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✔ X

�� < H(M�)

• This is called the “weak washout” scenario
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f

f f

f

• Typically, the inverse processes wipe out the baryon asymmetry

13

Out-of-equilibrium decays
• Suppose we have some heavy, neutral (self-conjugate) particle "
• Asymmetry can be produced in its decay 

+
�(� ! f) 6= �(� ! f̄)

nf � nf̄ 6= 0

• But, if " is very long-lived, it decays only after the f have cooled down to 
energies below M"

✔ X Boltzmann-suppressed by
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Inverse decay:
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An intriguing observation (YC, Sundrum 2012; YC, Shuve, 2014) 

• If χ has weak scale mass:
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• A generic connection between cosmological slow
 rates at T ~100 GeV  and displaced vertices at colliders!
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• A generic connection between cosmological slow
 rates at T ~100 GeV  and displaced vertices at colliders!

Our universe around EW phase 
transition was just slightly 
bigger than LHC tracking 
resolution! 



Baryogenesis from Meta-stable WIMP Decay
- concrete, motivated model examples

                      (YC and Sundrum 2012; YC 2014; YC and Okui, Yunesi, in prep)

���CP

��B(��L)
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In thermal equilibrium

Thermal freezeout at Tf

Decay at Td

� �⌧!�
�

� ��B = �CP�⌧!�
�

Figure 1: Illustration of the key processes in WIMP baryogenesis via the out-of-equilibrium decay of metastable
WIMP �. Dashed double arrow indicates the arrow of time, along which the temperature drops.

2 Models of WIMP Baryogenesis at Colliders

2.1 Review of WIMP Baryogenesis: Idea, Example Models

The original paper [3] demonstrated an embedding of the general idea of WIMP baryogenesis in the context
of natural SUSY with RPV and how it can naturally resolve the issue that RPV interactions may erase ⌦B

generated by high scale baryogenesis. An interesting realization of the general idea in the minimal SUSY
model, MSSM, with mini-split spectrum was later presented in [6], where bino is shown to be a suitable
WIMP parent for baryons. Other model examples of “WIMP baryogeneis” have also been shown in e.g., [7, 8].
Here we summarize the general idea and key processes in Fig.1.[YC: I move the figure from intro to here,
better choice or no?]

The intriguing feature that is generic to these WIMP baryogenesis model is that, the decay of the WIMP
baryon parent can hardly be prompt, it either generates a displaced vertex within detector, or late enough so
that the final states would be e↵ectively missing energy. To see this, recall that the metastable WIMP needs
to live beyond its thermal freezeout time which is around weak scale, in order to satisfy the Sakharov out-
of-equilibrium condition for baryogenesis, and suppress wash-out rates. That is to require the lifetime of the

WIMP ⌧D & tfo = 0.3g�1/2
⇤

M
pl

T 2

fo

⇠
⇣

T
fo

100GeV

⌘�2

10�8sec, a robust, sharp prediction that the typical decay length

at colliders LD & 1 cm. In certain models other weak scale states that enter the interference loop generating
CP asymmetry also naturally have long lifetime and can lead to displaced vertex signatures at colliders, for
instance, wino in the mini-split SUSY model in [6]. Note that WIMP baryogenesis mechanism naturally
predicts collider DV signatures from Sakharov condition, thus provides a strong cosmological motivation
for improving DV triggers and searches at colliders. It is also worth mentioning that an exciting yet more
challenging further step would be to measure the ��CP e↵ect responsible for baryogenesis from the charge
asymmetry in the final states system. This further step typically demands high luminosity and particular
strategies, and is beyond the scope of this work.
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★ Thermal freezeout

★ Baryogenesis 
from decay

• WIMP miracle prediction for ΩB
+ new path addressing ΩB ~ ΩDM 

• General mechanism, easy to embed 
in RPV SUSY (natural or split)

• Thermal annihilation of WIMP 
through a singlet scalar S 
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Predict 
diphoton 
resonance!
(YC and Okui, 
Yunesi)
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Recast Existing LHC Searches
• Focus on displaced decay in tracking volume

Near lower bound                  , better sensitivity to wide lifetime 
range, easier to model with theorists’ tools!

  (decay in other parts of detector important too!)
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Recast Existing LHC Searches
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Fully hadronic displaced vertices
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Tag 2 DVs:
M~2.5 TeV, 𝞂~1 ab

Tag 2 DVs:
𝞂~50 ab 



Displaced muon + Tracks

12

wino

200 400 600 800

0.5
1.0

5.0
10.0

50.0
100.0

Mc HGeVL

s
cc
95
%
C
L
HfbL

wino Æ m + tracks, s = 8 TeV

scc HNLOL<Lxy> = 30 cm
<Lxy> = 3 cm
<Lxy> = 0.3 cm

500 1000 1500 2000 25000.001

0.01

0.1

1

10

100

1000

Mc HGeVL

lu
m
in
os
ity
Hfb-

1 L

wino Æ m + tracks, 1 DV, luminosity for 3 events, s = 13 TeV

<Lxy> = 30 cm
<Lxy> = 3 cm
<Lxy> = 0.3 cm

8 TeV

13 TeV:
Tag 1 DV 
M~2.5 TeV
(lower bkg 
than all-
hadronic)

ATLAS-CONF-2013-092



Displaced muon + Tracks

12

wino

200 400 600 800

0.5
1.0

5.0
10.0

50.0
100.0

Mc HGeVL

s
cc
95
%
C
L
HfbL

wino Æ m + tracks, s = 8 TeV

scc HNLOL<Lxy> = 30 cm
<Lxy> = 3 cm
<Lxy> = 0.3 cm

500 1000 1500 2000 25000.001

0.01

0.1

1

10

100

1000

Mc HGeVL

lu
m
in
os
ity
Hfb-

1 L

wino Æ m + tracks, 1 DV, luminosity for 3 events, s = 13 TeV

<Lxy> = 30 cm
<Lxy> = 3 cm
<Lxy> = 0.3 cm

8 TeV

13 TeV:
Tag 1 DV 
M~2.5 TeV
(lower bkg 
than all-
hadronic)

singlet (Higgs portal)

No bound @ 8 TeV 20 fb-1

0.0 0.5 1.0 1.5 2.0
5
10

50
100

500
1000

lScc sinH2aL

lu
m
in
os
ity
Hfb-

1 L

Higgs portal c Æ m + tracks, 1DV, luminosity for 3 events, s = 13 TeV

mc = 150 GeV

<Lxy> = 30 cm
<Lxy> = 3 cm
<Lxy> = 0.3 cm

(singlet-like, Mχ = 150 GeV)

ATLAS-CONF-2013-092

• 13 TeV: 𝞂S~50 ab for Lxy~1 cm
                   (Tag 1 DV)



Summary/Outlook
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• Baryogenesis from metastable weak scale particle decay:
‣ A robust cosmological motivation for DV searches 
‣ Exciting opportunity to reproduce and study the early 

universe BG @ LHC!  (cf. WIMP DM search) 

• WIMP baryogenesis: a motivated example, new mechanism 
addressing ΩB (+) ΩB ~ ΩDM, natural embedding in SUSY

• Simplified models for LHC pheno: signal generator for general 
DV searches (corporation with ATLAS displaced jets group)



Some Food for Thought

• Two-DV tagging can significantly increase sensitivity 
to rare all-hadronic events at Run-2/High Lum LHC

• Best trigger/search strategy for low mass (low HT) 
all-hadronic DV events (e.g. on-shell Higgs decay) ?

• DV reconstruction efficiency table helpful for 
theorists’ recasting …
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