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Outline
• A mini-review of long-lived particle (displaced vertex) 

searches at the LHC: motivation, status

• A general cosmological motivation: baryogenesis 
triggered by weak scale new particle decay

• A motivated example: WIMP baryogenesis
embed in natural/split SUSY

• Recast existing LHC analyses with theorists’ tools:
Baryogenesis as an example, easy to generalize!

•  Conclusion/Outlook
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Long-lived Particle Searches 
at the LHC

• Nearly all SM particles decay promptly or have small 
masses relative to the LHC partonic CM energy

• Energetic objects reconstructing a high mass can 
emerge from all parts of the detector, giving displaced 
vertices (DV)

 Displaced vertex signal is spectacular!
‣  low SM background, sensitive to rare signal events 

(new long-lived particles…)
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Long-lived Particle Searches at 
the LHC

Displaced vertex signal is spectacular!
‣  But, we could easily miss it entirely!…

•  Most LHC searches require that objects pass through the 
primary vertex (PV) to reject cosmics, mis-reconstructed 
objects, etc.

•  In most searches, the transverse impact parameter 
(distance of closest approach to the beam) has to be 
≲ 100 µm - 1 mm (= prompt)   (track quality cut)

Without dedicated efforts, DV signal events may fail to 
be even triggered on!

4



Long-lived Particle Searches at 
the LHC

Rising interests+ endeavours from both 
experimentalists and theorists in the recent years!

•  A (incomplete) list of related ATLAS/CMS publications 
based on 8 TeV data:
‣ ATLAS displaced dijets (arxiv:1504.03634)
‣  ATLAS displaced lepton pairs/multitrack (arxiv:1504.05162)
‣  ATLAS displaced muon+tracks (ATLAS-CONF-2013-092)
‣  CMS displaced dijets (arxiv:1411.6530)
‣  CMS displaced dilepton (CMS-PAS-B2G-12-024) …

•  Rising # of related papers by theorists…
•  Displaced higgs decay: A focus of the exotic Higgs 
decay working group of the LHC collaboration

•  Dedicated workshop: e.g. at UMass-Amherst, Nov 2015…
5



Theoretical Motivations
•  Naturalness: long lifetime from approximate Z2 symmetry

SUPERSYMMETRY
• Can evade MET searches with 

(small) R-parity violation
• ‘Displaced SUSY’

(Graham, Kaplan, Rajendran, Saraswat 2012…)

Figure 1: Feynman diagram of the signal model considered in this note, with squark pair production, and
the long-lived lightest neutralino �̃0

1 decaying into a muon and two quark jets via the lepton-number and
R-parity violating coupling �02i j

.

1100 mm and to |z| of about 2750 mm. It provides tracking and vertex information for charged particles
within the pseudorapidity region |⌘| < 2.5. At small radii, silicon pixel layers and stereo pairs of silicon
microstrip sensors provide high resolution pattern recognition. The pixel system consists of three barrel
layers, and three forward disks on either side of the interaction point. The barrel pixel layers, which are
positioned at radii of 50.5 mm, 88.5 mm, and 122.5 mm are of particular relevance to this work. The
silicon microstrip tracker (SCT) comprises four double layers in the barrel, and nine forward disks on
either side. A further tracking system, a transition-radiation tracker (TRT), is positioned at larger radii.
This device is made of straw-tube elements interleaved with transition-radiation material and provides
coverage within |⌘| < 2.0.

Muon identification and momentum measurement is provided by the MS. This device has a coverage
in pseudorapidity of |⌘| < 2.7 and is a 3-layer system of gas-filled precision-tracking chambers. The
pseudorapidity region |⌘| < 2.4 is additionally covered by separate trigger chambers, used by the level-1
hardware trigger. The MS is immersed in a magnetic field which is produced by a barrel toroid and two
end-cap toroids.

Online event selection is made with a three-level trigger system. This system comprises a hardware-
based level-1 trigger, which uses information from the MS trigger chambers and the calorimeters, fol-
lowed by two software-based trigger levels.

3 Data and simulation

The data used in this analysis were collected between April and December 2012. After the application
of beam, detector, and data-quality requirements, the total luminosity of the data is 20.3 fb�1. The
uncertainty on the integrated luminosity is ±2.8%. It is derived, following the same methodology as
that detailed in Ref. [15], from a preliminary calibration of the luminosity scale derived from beam-
separation scans performed in November 2012. It is required that the trigger identifies a muon candidate
with transverse momentum pT > 50 GeV and |⌘| < 1.05. The |⌘| selection is imposed due to the larger
fake-muon rate in the (higher |⌘|) end-cap region. This trigger algorithm identifies muons using the MS
only, not requiring a matching ID track.

Signal events are generated with Pythia 6 [17], using the MRST LO** [18] set of parton distribu-
tion functions (PDFs). The simulated processes include production of a q̃q̃, q̃

⇤
q̃

⇤, or q̃q̃

⇤ pair in the pp

collision, with each squark (antisquark) decaying into a long-lived lightest neutralino and a quark (anti-
quark). Degeneracy of the first and second generations and of the left-handed and right-handed squarks

defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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• Long-lived LSPs can also arise 
with split spectra

TWIN HIGGS
• Approximate Z2 symmetry 

relates SM fields to `twin’ fields, 
cancelling the top divergence

• Breaking must be non-zero to 
obtain observed EWSB, but 
small to obtain a natural theory

(Craig, Katz, Strassler, Sundrum 2015…)

FIG. 1: Example of a Twin Higgs collider event. The SM-like Higgs decays through a loop of

the twin tops into a pair of twin gluons, which subsequently hadronize to produce various twin

glueballs. While some glueballs are stable at the collider scale, G0+ decay to Standard Model

particles is su�ciently fast to give LHC-observable e↵ects, including possible displaced vertices.

The hĝĝ coupling, indicated by a black dot, is generated by small mixing of the Higgs and the twin

Higgs.

the gluino. With large color charge and spin, the gluino is phenomenologically striking over

much of motivated parameter space, almost independent of its decay modes [12–14]. In Twin

Higgs models, the analogous two-loop role is played by twin gluons, which can again give rise

to striking signatures over a large part of parameter space, not because of large cross-sections

but because they, along with any light twin matter, are confined into bound states: twin

hadrons. Together with the Higgs portal connecting the SM and twin sectors, the presence

of metastable hadrons sets up classic “confining Hidden Valley” phenomenology [15–21],

now in a plot directly linked to naturalness.

A prototypical new physics event is illustrated in Fig. 1. The scalar line represents the

recently discovered 125 GeV Higgs scalar. This particle is primarily the SM Higgs with

a small admixture of twin Higgs; it is readily produced by gluon fusion. But because of

its twin Higgs content, it has at least one exotic decay mode into twin gluons, induced

by twin top loops, with a branching fraction of order 0.1%. The twin gluons ultimately

hadronize into twin glueballs, which have mass in the ⇠ 1 � 100 GeV range within the

minimal model. While most twin glueballs have very long lifetimes and escape the detector

as missing energy, the lightest 0++ twin glueball has the right quantum numbers to mix with
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•  General hidden valley type of 
  new physics (Strassler, Zurek 2006…)
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τ pairs may assist with triggering and event selection. If
the π0

v is light, the jet pairs may be soft, may often merge,
or be otherwise hard to identify, making triggering and
event selection subtle; displaced vertices may assist in
any discovery. If the π0

v is heavy, the jets will be harder,
but the number of b pairs may be smaller, decays will be
prompt, and both QCD and Z plus jets will be irreducible
backgrounds. However, in this case LEP constraints are
completely evaded and production cross-sections could
be much larger.
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FIG. 3: A possible event in the two-light-flavor regime; note
π±

v is electrically neutral and invisible.

The 1LF regime, with a greater variety of v-hadrons
and final states, produces more lepton pairs. The ωv

will appear as a ℓ+ℓ− resonance; this will be drowned
in Drell-Yan background unless events are required to
have many bs or an unusual displaced vertex. Especially
interesting are the final states from σv and σ′

v, where
f f̄ pair emission is followed by an η′

v decay. One may
observe σ′ → µ+µ−bb̄, with mbb̄ = mη′

v

and mµ+µ− <
mσ′

v

− mη′

v

. Even more spectacular decays are possible,
with several objects emanating from a displaced vertex
(or two), if the C is unstable. One challenge is that lepton
isolation may be subtle here; another is that displaced
vertices may appear in the beampipe, the tracker, or even
the calorimeter. Moreover, a given event may produce
several v-hadrons, which can combine these distinctive
signals into a busy and unusual event (as in Fig. 4), in
which identification of jets may be challenging. As in the
2LF regime, large Λv means fewer v-hadrons per event
and fewer displaced vertices, but any jets and leptons
are harder, and the LEP constraints on the total cross-
section are weaker or absent.
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FIG. 4: A possible event in the one-light-flavor regime.

Let us add a few assorted remarks.
• The model we have chosen is a bit pessimistic [7], in
that the Z ′ has large couplings to leptons (increasing
LEP constraints) and small couplings to u quarks (re-
ducing Tevatron and LHC production rates.) The con-
straints quoted here are conservative; many models can
have larger cross-sections at both LHC and the Tevatron.

• The high multiplicity of v-hadrons, especially for small
Λv, has many implications. In events where most parti-
cles decay in the detector, jets and isolated leptons can be
difficult to identify. Conversely, in models where the av-
erage v-hadron decays promptly, or in models with most
decays outside the detector, the multiplicity increases the
odds of seeing a straggler that decays with a visible ver-
tex. It also enhances the possibility of detecting decays
of long-lived v-hadrons (as might occur for unstable C,
and would occur in the model mentioned below) by in-
strumenting the detector hall or a nearby cavern.
• Given (6), a GigaZ machine would likely be able to
observe Z decays to light v-hadrons. A high-luminosity
e+e− collider could also study vector v-meson resonances
and their v-hadronic decay products.
• There has been interest in Higgs decays to multiple
scalars, which in turn decay to heavy-flavor pairs [2, 4].
Our v-model may initially mimic this scenario, since the
2LF and 1LF regimes both have a (possibly light) pseu-
doscalar with Br(πv , η′

v → f f̄) ∼ m2
f .

• We have taken the Ni to be stable, but this need not
be the case. Their striking decays in usual Z ′ models [7]
would be further augmented by v-hadronic final states.

Higgs Mixing: Potentially of great importance is the
effect of the mixing of H with φ, via a |H |2|φ|2 coupling,
along the same lines as [3]. This allows gg → h → QQ̄,
which is unaffected by LEP constraints and can poten-
tially increase the v-hadron production rate at the LHC
and especially at the Tevatron. Decay modes for some
v-hadrons may be affected. Kinematics permitting, the
Higgs can even decay to v-hadrons. Though rare, these
exotic Higgs decays could be so distinctive, if they have
displaced vertices and/or leptons, as to possibly allow
the Tevatron to discover the Higgs with its present data.
This requires asking the right analysis questions, such
as [16], though in a more systematic and comprehensive
fashion. The masses, mixings and branching fractions of
the H and φ are very model-dependent; a separate study
of these phenomena will be required.

Other Models: Other regimes of this theory, models
with more v-quarks, and other Z ′ models will typically
have similar phenomenology but differ in important de-
tails. (For instance, if mU , mC ≫ Λv, the many sta-
ble glueballs will have longer lifetimes; many will de-
cay outside the detector, and displaced vertices will be
common.) Z ′ models with supersymmetry, a little higgs,
extra dimensions, etc., would have additional diverse v-
phenomenology that we will not discuss here. Instead, to
provide a wider perspective, we conclude with a class of
models that generate qualitatively different phenomena.

Consider adding to the SM an SU(nv) gauge group,
and particles X, X̄ charged under both color and SU(nv),
with mX ∼ 0.5−3 TeV. The v-spectrum includes several
metastable v-glueballs of mass ∼ Λv and various spins
[17]. A loop of X particles induces dimension-eight op-
erators including O8 ≡ tr G2 tr G2

v, where G (Gv) is the
field strengths for gluons g (v-gluons gv.) All v-glueball
states can decay through these operators; those that
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Could LHC shed light on prominent 
puzzles in modern cosmology? 
 ΩDM ≈23%, ΩB≈5% , ΩB ~ ΩDM

• Familiar/well-studied case: WIMP dark matter ( ΩDM )
‣Mass ~O(10-100) GeV, can be produced within ELHC =14 TeV
‣ Pair produced (Z2), 

invisible, MET + X        

p p

χBG

χBG(cτ > 1 mm)

j/ℓ/MET

j/ℓ/MET

p p

MET

MET

χDM

χDM

ISR

Theoretical Motivations (new)
Baryogenesis from Metastable

 Weak-scale New Particle
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Theoretical Motivations (new)
Baryogenesis from Metastable

 Weak-scale New Particle
• New opportunity: baryogenesis 

(address ΩB , possibly + ΩB ~ ΩDM)
‣ New metastable particle (baryon parent), 
w/mass ~O(10-100) GeV

‣ Pair produced (approx. Z2), via Z/Z’, or Higgs portal  
‣ Cosmological condition        

typical decay final states: 
Displaced decay , to            
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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].
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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
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For instance, significant improvement in limits and sensitivities have been achieved in the past two years since the publication
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Mini-Review of Baryogenesis
• Origin of ΩB ? = Where do we ourselves come from?

     We do not know!
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• Require baryon number violation
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Sakharov Conditions (1967): 
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Sakharov Conditions (cont.): 

 In thermal equilibrium: 

 CPT symmetry 

10

ΩB ≈5%:
Need beyond the 
Standard Model 
Physics!
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•  Require departure from equilibrium!
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       Mini-Review of Baryogenesis

❖ Existing baryogenesis mechanisms: (leptogenesis, EWBG…)
Most involve high M or/and T, direct experimental test 
impossible (c.f. WIMP DM for ΩDM)



Baryogenesis from 
Out-of-Equilibrium Decay

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

•   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
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Out-of-equilibrium decays

• Asymmetry is robustly preserved if the particle lifetime satisfies:

� �
f

f f

f

✔ X

�� < H(M�)

• This is called the “weak washout” scenario

� �
f

f f

f

• Typically, the inverse processes wipe out the baryon asymmetry
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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

e�M�/Tdecay

e�M�/Tdecay

Inverse decay:
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Baryogenesis from 
Out-of-Equilibrium Decay

• Asymmetry is robustly preserved if (H: Hubble expansion rate)

                                    Weak washout scenario

 An intriguing observation (YC, Sundrum 2012; YC, Shuve, 2014)

• If χ has mass at weak scale (the new energy frontier LHC 
is exploring!), numerology gives  

• Converting to decay length:                  
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Out-of-equilibrium decays

• Asymmetry is robustly preserved if the particle lifetime satisfies:
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• This is called the “weak washout” scenario
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• Typically, the inverse processes wipe out the baryon asymmetry
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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

e�M�/Tdecay

c⌧� & mm Displaced vertex regime @LHC!
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c⌧� & mm

• A generic connection between cosmological slow
 rates at T ~100 GeV  and displaced vertices at colliders

Displaced Vertices Motivated by 
Baryogenesis

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

H(100 GeV) ⇠ 10�14 GeV ⇠ (1.3 cm)�1

10 GeV ! (1.3 m)�1

1 TeV ! (0.13 mm)�1

also see: Chang, Luty, 2009



Displaced Vertices Motivated by 
Baryogenesis

• Production at the LHC?
No conflict between a small decay rate and a large 
production rate

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 [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

parity-preserving 
vertex parity-violating 

vertex

•  Long lifetime due to 
approximate symmetry 
(e.g. Z2 parity) 

• Recover MET signal for 
DM in the limit of exact 
symmetry!

14

Concrete, motivated baryogenesis models as example?



Baryogenesis from WIMPs
•       YC and Raman Sundrum, Phys.Rev.D,11603 (2012)

•      YC, JHEP 1312 (2013) 067
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WIMP Miracle for DM
— ΩDM by weak scale new physics

• Cosmic Evolution of a stable WIMP    :

WIMP

SM

SM

WIMP
Equilibrium

WIMP

WIMP

SM

SM

Universe expands, cools, T 

Thermal freezeout

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

General Formulation-1: WIMP freeze-out
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WIMP DM Miracle
• Neat prediction for the absolute amount of ΩDM :

• Robust, insensitive to cosmic initial condition

• Miracle: Predicts the right location of a needle in a haystack!

17

With                               , readily gives                   !
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Vast possible range of a cosmological
 quantity: 
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WIMP DM 𝜒

WIMP DM 𝜒  

X

X

ΩDM

•   The familiar story of a stable WIMP

thermal freeze out

out-of-equilibrium

•   A different story of a (general) WIMP?
WIMP 𝜒

WIMP 𝜒  

X

X

thermal freeze out
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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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Baryogenesis from 
Metastable WIMP Decay



    Consider a stable WIMP         as DM;
In addition,  a metastable WIMP      as baryon parent     

• Cosmic evolution of the two WIMPs:
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We consider a meta-stable WIMP �B, in time order undergoes:
1 Thermal freeze-out: establishes a “would-be” relic

abundance (if no later decay), set by WIMP miracle
2 Later out-of equilibrium decay with ◆B,��CP: triggers

baryogenesis (all Sakharov conditions satisfied)

)
⌦B inherits “would-be” miracle abundance from WIMP
parent �B (up to ✏CP ,mB/m�B )

Thus for a WIMP DM �
DM

, ⌦B ⇠ ⌦
DM

(by O(1) adjustment of
different WIMP parameters)

— Robustness: insensitive to precise WIMP lifetime, washout
parameters (detail later...)
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We consider a meta-stable WIMP �B, in time order undergoes:
1 Thermal freeze-out: establishes a “would-be” relic

abundance (if no later decay), set by WIMP miracle
2 Later out-of equilibrium decay with ◆B,��CP: triggers

baryogenesis (all Sakharov conditions satisfied)

)
⌦B inherits “would-be” miracle abundance from WIMP
parent �B (up to ✏CP ,mB/m�B )

Thus for a WIMP DM �
DM

, ⌦B ⇠ ⌦
DM

(by O(1) adjustment of
different WIMP parameters)

— Robustness: insensitive to precise WIMP lifetime, washout
parameters (detail later...)
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Central Result:
Generalized WIMP Miracle

• Robust: insensitive to model details (weak washout typical )

• Novel low scale baryogenesis (independent of WIMP DM)

• Extra factor          (                          ), compensated by   
                   — accommodated by O(1) different masses/  
couplings associated w/                 (     : a “weaker” WIMP)   
          Recall: WIMP miracle is not precise!      
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A Minimal Model Example

• We add to the Standard Model Lagrangian (          ):

     di-quark scalar w/same charges as SM u-quark;

          SM singlet Majorana fermions; 
            small breaking of a    -parity       long-lived
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Minimal Model: Setup

We add to the Standard Model (SM) Lagrangian:

�L = �ij�didj + "i�ūi�+ M2
��

2 + yi ūi�+ M2
  

2

+ ↵�2S + �|H|2S + M2
SS2 + h.c.

H: the SM Higgs; d , u: RH SM quarks, with family indices j = 1, 2, 3;
�: a di-quark scalar with same SM gauge charge as u; �, : SM
singlet Majorana fermions, and S is a singlet scalar. Complex
couplings.

� ⌘ �B, the WIMP parent for baryogenesis. "i ⌧ 1: formal small
parameters leading to long-lived �, can represent a naturally
small breaking of a �-parity symmetry under which only � is odd.

S mediates thermal annihilation of �� into SM states.

The first 3 terms of �L ) collective breaking of U(1)B.
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H: the SM Higgs; d , u: RH SM quarks, with family indices j = 1, 2, 3;
�: a di-quark scalar with same SM gauge charge as u; �, : SM
singlet Majorana fermions, and S is a singlet scalar. Complex
couplings.

� ⌘ �B, the WIMP parent for baryogenesis. "i ⌧ 1: formal small
parameters leading to long-lived �, can represent a naturally
small breaking of a �-parity symmetry under which only � is odd.

S mediates thermal annihilation of �� into SM states.

The first 3 terms of �L ) collective breaking of U(1)B.
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A Minimal Model Example
• Out-of-equilibrium decay 

of 𝜒       ΩB 

•  Interference of tree- & loop-level decay  
CP asymmetry

• Check other constraints (          oscillation, neutron EDM…)
  With weak scale masses, new particles couple mostly 
to heaviest quarks (b, t)  (just like the Higgs boson!) 
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• Our mechanism: generic low scale baryogenesis 
      Embed in motivated theory framework, e.g. SUSY?

Favored viable SUSY models after LHC runs:

• “Natural” SUSY: light stop                 and/or B-(L-) violation

• (Mini-)Split SUSY (mgauginos ≪ msfermions)
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Meeting Particle Physics Frontier
—Embedding in Supersymmetry (SUSY)

�m2

H(SM) =

y2t
8⇡2

⇤

2

UV

+ ... (7)

�m2

H(SUSY) = �3y2t
4⇡2

m2

˜t ln

✓
⇤

UV

m
˜t

◆
+ ...

mH ⇡ 125 GeV ⇤

UV

! M
pl

= 10

19

GeV ! m
˜t ⇠ O(100 GeV) m

˜t ⌧ mq̃1,2

3



Embedding in Natural SUSY: Model 
Our minimal model: direct “blueprint”

• Promote singlets         to chiral superfields, add to the MSSM.      
superpotential:

• Assume           pattern: scalar     and       heavy, decoupled,
as in “natural SUSY” 

• Mapping:  (minimal model         SUSY model)       
• Diquark             light       in superfield   
• Baryon parent singlet           fermion singlet 
• Majorana              MSSM gaugino   
• Singlet scalar            singlet   , mixes with      , enables    

annihilation

• Small parameter               , enables late decay            via          
mixing         
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Natural SUSY

Embed in ��B Natural SUSY (arXiv:1212.2973)

– Direct “blueprint”: our minimal model as presented earlier
Promote singlets �, S to chiral superfields, add to the
MSSM. Relevant superpotential terms:

W � �ijTDiDj + "0�HuHd + ytQHuT ++µ��
2

+ µHuHd + µSS2 + ↵�2S + �SHuHd .

Assume ⇠⇠⇠⇠SUSY pattern: scalar component of � and q̃1,2
are heavy, decoupled at low energy)as in “natural SUSY”.
Diquark � ! light t̃R in superfield T , Majorana  !
gaugino. 1st line of super potential ensures ◆B and ��CP �
decay, µ-terms ) fermion masses + S � Hu mixing, the
last two trilinear terms involving S ) WIMP annihilation of
�.
"0: a reflection of the small parameter " in our minimal
model, enabling late decay � ! ˜̄tt via �� H̃u mixing.
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Embedding in Natural SUSY 
 - Also a remedy!

Potential cosmological crisis of     natural SUSY:
•  An important channel of natural SUSY search at the LHC: 

light stop with B-violating prompt decay                     

• Cosmological problem: 
Assume conventional baryogenesis at                     pre-
existing     , can be efficiently washed out by    scattering 
e.g.                with                !                    

• Our model in Natural SUSY: Baryon asymmetry 
regenerated below weak scale when all washout decouple                                          
A robust cure to this problem!

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

Natural SUSY

The Embedding is also a “Remedy”

Potential cosmological crisis of ◆B natural SUSY:
Assuming an otherwise successful conventional baryogenesis
at T & mEW , RPV strong enough for prompt decays within the
LHC would typically wash out any primordial B-asymmetry.

A natural t̃ that dominantly decays by ◆B couplings, �ij & 10�7 is
required to have prompt decay at collider, i.e. decay length L . 1mm

Meanwhile, �ij & 10�7 is the range where ◆B scattering e.g. H̃ut ! didj

can efficiently destroy pre-existing B-asymmetry Y init

B . Estimate of

washout: exponential reduction YB(T ⇡ 0) ⇠ Y init

B e
�

�2
ij y2

t

g1/2
⇤

M
pl

m
EW .

Our model in Natural SUSY: Baryogenesis below weak scale
when all washout effects decouple ) A robust cure to this
problem!
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"i ⌧ yi ⇠ 1 b, µ T > T
QCD

T
BBN

< T < T
QCD

T < T
BBN

�X
W ' H,

T X
W T < T X

W T X
W , � T < m , m� Tf . TW

The splitting �E ⌘ En � En̄: 0 in n, n̄–symmetric medium, e.g.
thermal bath at T � TBBN ; �E � �m in asymmetric medium,
Pn!n̄ by ( �m�E )

2

Pn!n̄(t) =
4�m2

�E2 + 4�m2 sin2(

p
�E2 + 4�m2

2
· t)

, �n!n̄
W ' Pn!n̄(⌧)/⌧.

�(̃t) �ij & 10�7

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

Natural SUSY

Embed in ��B Natural SUSY (arXiv:1212.2973)

– Direct “blueprint”: our minimal model as presented earlier
Promote singlets �, S to chiral superfields, add to the
MSSM. Relevant superpotential terms:

W � �ijTDiDj + "0�HuHd + ytQHuT ++µ��
2

+ µHuHd + µSS2 + ↵�2S + �SHuHd .

Assume ⇠⇠⇠⇠SUSY pattern: scalar component of � and q̃1,2
are heavy, decoupled at low energy)as in “natural SUSY”.
Diquark � ! light t̃R in superfield T , Majorana  !
gaugino. 1st line of super potential ensures ◆B and ��CP �
decay, µ-terms ) fermion masses + S � Hu mixing, the
last two trilinear terms involving S ) WIMP annihilation of
�.
"0: a reflection of the small parameter " in our minimal
model, enabling late decay � ! ˜̄tt via �� H̃u mixing.

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

� ! �⇤u (�⇤ ! dd)

✏
CP

⌘ �(� ! �⇤u) � �(� ! �ū)
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Embedding in Mini-Split SUSY 
(Cui, JHEP 1312 (2013) 067)

Sakharov#1: out-of equilibrium       
Split SUSY+ O(1) RPV: Natural long life-time of gauginos
Split spectrum 

Late decay automatic! e.g.               (heavy mediator, 3-
body...)
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Interesting (surprising) finding: successful baryogenesis
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Figure 2: Tree-level decays of B̃ in the direct baryogenesis model. (a): ��B decay that triggers baryogenesis;
(b): B-conserving decay.
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Figure 3: ��B loop diagrams in the direct baryogenesis model. (a): does not lead to a CP asymmetry in ��B
B̃ decay. (b): contributes to CP asymmetry when the flavor and CP violation in squark mass matrices are
sizable. (c): produces a CP asymmetry by interfering with Fig.2(a) even in absence of flavor and CP violation
in squark mass matrices.
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★Sakharov #2, #3 (CP-, B/L-violation)                                          
rich CPV sources in SUSY (e.g. Majorana gaugino 
masses),         from RPV couplings (safer w/heavy scalars)

★WIMP parent     for baryons with “would-be” over-
abundance     :   Bino    !  (not desirable if it is DM in RPC 
SUSY...)

★Nanopoulos-Weinberg Theorem for Baryogenesis:  
  additional     source in the interference loop         
Another Majorana fermion in MSSM?         ,     !

28
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Figure 2: Tree-level decays of B̃ in the direct baryogenesis model. (a): ��B decay that triggers baryogenesis;
(b): B-conserving decay.
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Figure 3: ��B loop diagrams in the direct baryogenesis model. (a): does not lead to a CP asymmetry in ��B
B̃ decay. (b): contributes to CP asymmetry when the flavor and CP violation in squark mass matrices are
sizable. (c): produces a CP asymmetry by interfering with Fig.2(a) even in absence of flavor and CP violation
in squark mass matrices.
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ūk

d̃

(a)

B̃

B̃

H

H�

H̃

B̃

B̃

d̃

di

d̄j

B̃

Di

d̄j

ūk
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Figure 6: (a): Leading annihilation process of B̃; (b), (c): examples of other annihilation channels.

3 Computation of ⌦�B, Constraints

In this section we compute ⌦
�B in detail, and present numerical results taking into account of all of the

cosmological constraints. We start with analyzing the thermal annihilation of a TeV B̃ and its would-be relic
abundance ⌦⌧!1

˜B
. In the case of the leptogenesis the decay needs to occur after thermal freezeout time Tf

while before electroweak phase transition (EWPT) around Tc ⇡ 100 GeV, so that the sphaleron process is still
e�cient to transfer the asymmetry to baryons. In the case of baryogenesis, in principle the decay can happen
well after EWPT. However, as we will show in the numerical results, due to the suppressed ✏CP the requirement
of obtaining su�cient ⌦

�B typically push Tf higher, before EWPT. Even when B̃ decay after EWPT, the
process we discuss here remains the leading contribution, and the change in results is expected to be O(1) or
less. Before EWPT B̃ is a pure bino without mixing with wino or higgsino. Higgsinos at this stage are pure
Dirac: H̃ = (H̃u, H̃d). The requirement of µ � m

0

implies µ2 ⇡ Bµ in order to have realistic electroweak
symmetry breaking. Consequently, the rotation angle ↵ rotating from gauge basis (Hu, H⇤

d ) to mass basis
(H, H 0) is ↵ ⇡ ⇡/4, where the very light mode H relates to the SM higgs boson after EW symmetry breaking.
The hierarchical spectrum 100 GeV⇠ mH ⌧ mH0 results from the split mass scales and fine cancelation. The
major diagram that contributes to B̃ annihilation before EWPT is B̃B̃ ! HH⇤ as shown in Fig.6(a). At
this stage the light Higgs spectrum consists of a complex doublet H with four real degrees of freedom. The
annihilation cross section is given by:

�HH⇤(s) =
g4
1

32⇡

s � 4M2

1

s
p

1 � 4M2

1

/s

1

µ2

. (15)

The thermally averaged cross-section is:

h�HH⇤vi =
1

8M4

1

TK2

2

(M
1

/T )

Z 1

4M2
1

ds�HH⇤(s)(s � 4M2

1

)
p

sK
1

(

p
s

T
) (16)

In a large range of (µ, ms) parameter space including part of the µ � ms region of our interest, the above
process B̃B̃ ! HH⇤ is the dominant annihilation channel. However, with ms fixed at a finite value while
keep increasing µ, at some point other annihilation processes such as those shown in Fig.6(b,c) can become
comparable or dominate over the channel of B̃B̃ ! HH⇤. In particular, in the limit µ ! 1 the process
B̃B̃ ! HH⇤ would decouple. Therefore, to cover the most general parameter space, we should include the
other annihilation channels in our analysis as well. Among these other annihilation channels we expect the

��B(◆L) channel of type B̃d ! ūd̄ (B̃L ! Q̄d) to be dominant due to its large multiplicity factor and the lack
of p-wave suppression. The analogy of these additional annihilation channels are discussed in [13, 23] where
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Tree-level RPV decay: Interference loop:

Thermal annihilation:

• Key processes:
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sizable. (c): produces a CP asymmetry by interfering with Fig.2(a) even in absence of flavor and CP violation
in squark mass matrices.
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(RPC decays also included in 
analysis)



Numerical Results, examples
Include cosmological constraints:        …
mini-split:                                    !                    

!
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Figure 7: Cosmologically allowed regions of parameter space for (a) baryogenesis and (b) leptogenesis models.
We set RPV couplings �

00
= �

0
= 0.2, � = ⇡

2

. Cyan region provides baryon abundance 10�2 < ⌦
�B < 4 ·10�2.

In the case of leptogenesis the brown region is excluded by decay after EWPT at Tc ⇡ 100 GeV. The pink
region is excluded by our simple basic assumption that bino decays after freezeout. Yellow region is excluded
by requiring that washout processes are suppressed (Td < M

˜B). Yellow region is in fact all included in the
pink region (so appear to be orange in the overlapped region).

12

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

� ! udd ��CP , ◆B (◆L)
mscalar ⇠ O(100 � 1000)TeV B̃B̃ ! �B ! W̃ , g̃ ��CP
Mi , (n(i) � 2) (m2

L/R,↵)ij M1 > M3 M3 > M1 > M2, ūd̄ d̄ , LQd̄
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Figure 4: Tree-level decays of B̃ in leptogenesis model. (a): ◆L decay that triggers leptogenesis; (b), (c):
L-conserving decay.

L-conserving decay channels open up: B̃ ! LL̄W̃ , B̃ ! H⇤HW̃ , as shown in Fig.4(b),(c). Assuming m
˜B and

m
˜W are well separated, the decay rates are as follows:

�
˜B!L¯L ˜W =

(YLg
1

g
2

)2

3072⇡3

m5

˜B

m4

0

(11)

�
˜B!H⇤H ˜W =

(YHg
1

g
2

)2

384⇡3

m3

˜B

µ2

(12)

Analogous to the baryogenesis case, the channel B̃ ! LL̄W̃ is subleading compared to the B̃ channel provided
that �0 & O(0.1). The rate of the channel B̃ ! H⇤HW̃ can be subdominant if µ � m

0

. This is consistent
with the already existing requirement of µ � m

0

for getting enough ⌦
�B as discussed earlier. With ◆L decay

dominating, the ✏CP from the interference with diagram Fig.5(a) is:

��
˜B,�L

⌘ �
˜B!LQ ¯d � �

˜B!¯L ¯Qd =
Im

⇥
(
p

2YLg
1

g
2

�0)2ei�
⇤

10240⇡4

m7

˜B

m6

0

(13)

✏CP ⌘
��

˜B,�L
�

˜B

=
g2
2

Im[ei�]

20⇡

m2

˜B

m2

0

. (14)

The 2nd line in eq.(14) assumes �
˜B ⇡ �

˜B,�L
. We include the contribution to the total width from other decay

channels (eq.(11,12)) when exploring parameter space in our numerical study.

3 Computation of ⌦�B, Constraints

In this section we compute ⌦
�B in detail, and present numerical results taking into account of all of the

cosmological constraints. We start with analyzing the thermal annihilation of a TeV B̃ and its would-be relic
abundance ⌦⌧!1

˜B
. In the case of the leptogenesis the decay needs to occur after thermal freezeout time Tf

while before electroweak phase transition (EWPT) around Tc ⇡ 100 GeV, so that the sphaleron process is still
e�cient to transfer the asymmetry to baryons. In the case of baryogenesis, in principle the decay can happen
well after EWPT. However, as we will show in the numerical results, due to the suppressed ✏CP the requirement

8

Loss of full 
naturalness: a 
compromise 

with anthropic/
environmental 

selection? 
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Baryogenesis from 
Out-of-equlibrium Decays

— Collider Phenomenology 
                                   YC and Shuve, arxiv:1409.6729, JHEP

★ Strategy/results generally applicable to other new physics 
search via displaced vertices
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• Classify parity-invariant production modes (analogy to DM 
search @LHC!), e.g.

• Classify decay modes (unlike DM search), e.g.

wino/gluino-like (state in interference loop) 

Charged under SM gauge interactions:

g/W/Z

�

�

Simplified Models

Higgs portal:
singlet-like (e.g. Mχ = 150 GeV)

�

�

h S

sin↵
�S��

fixed coupling,  
study mass reach

fix mass, study 
coupling reach

Baryon number violating:

� ! uidjdk

Lepton number violating:

� ! LiQj d̄k

� ! LiLjĒk
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Later comprehensive analyses in RPV SUSY: Liu, Tweedie 2015; Csaki et.al 2015;
                                                                         Zwanne 2015 



LHC Search Possibilities

?

100 µm

1 mm

50 cm

1.5 m

4.5 m

10 m

L
xy

prompt analyses

heavy flavour decays

disappearing 
tracks

vertices from displaced 
tracks

non-pointing 
photons

displaced 
lepton 
jets

stopped 
gluinosdecays in 

HCAL

decays in 
muon system

stable charged particles

14

5
missing energy searches
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Experimental Searches
• Focus on displaced decay in tracking volume
- Near lower bound                  & better sensitivity, easier to model!

(decay in other parts of detector important too…)

• Goal of our analysis:
‣ What is the coverage for our simplified models based on 

benchmarks chosen by the collaborations?
‣ What advice can we provide for general experimental improvement?  

• Two concrete examples (light-flavour only):

Baryon number violating:

displaced jets (all-hadronic)
CMS, arXiv:1411.6530

� ! 3q

Lepton number violating:

displaced muon + hadrons
ATLAS-CONF-2013-092

� ! `+ 2q

• Do recasts and reasonable variations of existing analyses 
due to modelling difficulties (for theorists!)

c⌧� & mm
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Fully hadronic displaced vertices
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8 TeV:
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(we study a challenging case: 
Mχ = 150 GeV, moderately off-shell!)

CMS displaced dijet, arXiv:1411.6530
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Displaced muon + hadrons
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• 13 TeV: 𝞂S~10 ab for Lxy~1 cm!



Conclusion/Outlook
• Search for long-lived particles/DV at the LHC: 
‣ Spectacular channel, exciting developing field
‣ Theoretically motivated, not mere “exotic”!
‣ Challenges: e.g. trigger on low mass all hadronic states

• Baryogenesis from metastable weak scale particle decay:
‣ A robust cosmological motivation for DV searches @ LHC 
‣ Exciting opportunity to reproduce the early universe BG @LHC!

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

• w/ATLAS displaced jets working group: working on 
implementing simplified models of WIMP BG as a 
benchmark example in official analysis w/LHC Run 2 data…
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Thank you !
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