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Baryon, Dark Matter

Accurate measurements of
cosmic microwave background
) Cosmic pie chart!
Focus of this talk: Baryon
(atomic matter) & dark matter

Observations:
Baryon abundance ⌦B ⇡ 4.6%: ‘Asymmetric’ abundance
from excess of baryon over anti-baryon,
⌘B = (nB � nB̄)/n� ⇠ 10�10

Dark matter abundance ⌦DM ⇡ 23%, little is known about its
microscopic features...
“Coincidence”, Similarity: ⌦DM ⇠ ⌦B,
possible connection?...

Probing the Origin of Matter 
with the LHC?
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Probing the Origin of Matter 
with the LHC?

• 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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• Direct test for ΩB, ΩB〜～ΩDM @LHC? 
(challenges: high mass, high T (EWBG) involved) 
Indirect tests for EWBG: see David Morrissey’s talk
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‣Stable, mass ~O(10-100) GeV, can be produced within ELHC =14 TeV
‣Pair produced (Z2), 
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• New opportunity: baryogenesis 
(address ΩB , possibly + ΩB ~ ΩDM)
‣ New weak scale metastable particle (e.g. long-lived WIMP)

as baryon parent

‣ Pair produced (approx. Z2) 

‣ Displaced decay to               
by cosmological conditions!
Generic event topology 
(analogy to WIMP DM search!)           
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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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Displaced Vertices at the LHC
• Nearly all SM particles decay promptly
 ≲ 100 µm - 1 mm (= prompt) 

• Ubiquitous predictions from motivated new physics: 
 long-lived particles, displaced decay vertices from all part 
of the detector (Ldec ≳1 mm) (SUSY,twin-Higgs,hidden valley, sterile 𝛎…)

       

4

✦ Spectacular signal! low SM background, sensitive to 
rare signal events 
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of the detector (Ldec ≳1 mm) (SUSY,twin-Higgs,hidden valley, sterile 𝛎…)
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✦ Spectacular signal! low SM background, sensitive to 
rare signal events 

✦ But, we could easily miss it entirely!…
 Conventional LHC searches impose “prompt” cuts (reject 
cosmic ray/mis-reconstruction), may not be triggered on!

Impressive developments, dedicated studies in the 
past a few years (experimentalists + theorists)!



Baryogenesis 101
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                 Baryon
      — The Unknown Aspects of the Known

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

• Where does ΩB come from?
 = Where do we ourselves come from?
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Baryon Anti-baryon

       Initial            asymmetry 
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                 Baryon
      — The Unknown Aspects of the Known

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

• Where does ΩB come from?
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             Baryogenesis
- the Origin of the Baryon Asymmetry

The Universe starts with B = 0,            B ≠ 0 
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Extension to antihelium searches

baryon asymmetry in the universe:
• dynamically: large CP violation is needed
• separation of matter and antimatter in the early universe

antihelium is a natural extension of the antideuteron search:
• bound on antihelium gives constraint for the distance between galaxies and antigalaxies 
• because antihelium production in p-ISM interactions in the matter universe is extremely 

small
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           Baryogenesis
Sakharov Conditions (1967): 
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           Baryogenesis

• Require baryon number violation

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

4

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

4

Sakharov Conditions (1967): 

8



           Baryogenesis

• Require baryon number violation

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

4

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

4

Sakharov Conditions (1967): 

8

• Require C-, CP-symmetry violation

≠

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

4

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

4



           Baryogenesis

• Require baryon number violation

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

4

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

4

Sakharov Conditions (1967): 

8

• Require C-, CP-symmetry violation

≠

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

4

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

4

•  Require departure from equilibrium!

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

f eq

B ⇠ exp

✓
�
q
p2 +m2

B + µ

◆
/T

�
, f eq

¯B
⇠ exp

h⇣
�
q
p2 +m2

¯B
� µ

⌘
/T

i

µ = 0 mB = m
¯B

neq

B = neq

¯B
, hBi

eq

= 0

4

Thermal equilibrium + CPT symmetry

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

4

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

4

=



           Baryogenesis

• Require baryon number violation

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

4

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

4

Sakharov Conditions (1967): 

8

• Require C-, CP-symmetry violation

≠

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

4

⌦� / h�
ann

vi�1

(11)

⇠
✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

4

ΩB ≈5%:
Need beyond the 
Standard Model 
Particle Physics!
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Baryogenesis from 
Out-of-Equilibrium Decay

A general class of baryogenesis models (e.g. leptogenesis)
•   Consider an unstable massive neutral particle χ
• Baryon asymmetry produced in its decay (B-, C-, CP-violating)

•   Typically, the inverse processes efficiently erase the asymmetry 

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

�(� ! 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

� �
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

e�M�/Tdecay

e�M�/Tdecay

Inverse decay:
 Boltzmann suppressed

9



Out-of-equilibrium decay ➞  Sakharov conditions ✔
An intriguing observation (YC, Sundrum; YC, Shuve): 
 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!

Baryogenesis from 
Out-of-Equilibrium Decay
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• A generic connection between cosmological slow
 rates at T ~100 GeV  and displaced vertices at colliders!

Baryogenesis from 
Out-of-Equilibrium Decay

Our universe around EW 
phase transition was just 
slightly bigger than LHC 
tracking resolution! 
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Baryogenesis from WIMPs
— A New Proposal to Address ΩB, ΩB〜～ΩDM

•     YC and Raman Sundrum, Phys.Rev. D87 (2013) 11

•      YC, JHEP 1312 (2013) 067
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• Relic abundance:

    WIMP Miracle!
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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...)

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

Thus for a WIMP DM �
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different WIMP parameters)

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

u
d
d

• Novel baryogenesis 
             ΩB ✅

• Generalized WIMP miracle 
(+ stable WIMP DM  ΩDM ✅ )
        ΩB ∼ ΩDM ✅
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A Minimal Model Example 
    (Phys.Rev. D87 (2013) 11, YC w/Sundrum)
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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.

• BSM CP-, B-violating Lagrangian:

𝜙: di-quark scalar w/same charges as SM u-quark;
𝜒, 𝜓: SM singlet Majorana fermions; 
𝜀: small breaking of a 𝜒-parity ➞ long-lived 𝜒 (baryon parent)

• Easy embedding in RPV natural SUSY (+ singlet)! (           ) 
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•  Late-time baryogenesis; a remedy for a potential cosmological 
crisis with RPV SUSY: RPV washout of existing ΩB
(e.g. Barry, Graham, Rajendran 2013)



Embedding in Mini-split SUSY
                                   (YC, JHEP 1312 (2013) 067)
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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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Baryogenesis with Minimal SUSY model (MSSM+RPV)! 
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� ! udd ��CP , ◆B (◆L)
mscalar ⇠ O(100 � 1000)TeV B̃B̃ ! �B !

Cosmological motivation for mini-split SUSY!

interfere w/

Bino
• Sakharov#1: out-of equilibrium ✔

 Split spectrum➞ automatic late decay of gauginos

• Sakharov#2, 3: CP-, B-(L-)violations, rich sources in RPV SUSY ✔

• Bino as baryon parent (“would-be” over-abundance desirable for ΩB)

• Nanopoulos-Weinberg theorem➞ extra BV source in loop:     ,    !

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
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� ! udd ��CP , ◆B (◆L)
mscalar ⇠ O(100 � 1000)TeV B̃B̃ ! �B ! W̃ , g̃
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Baryogenesis from 
Out-of-equlibrium Decays

— Collider Phenomenology 
                                      YC and Shuve, JHEP 1502 (2015) 049 

(YC and Okui, Yunesi, Phys.Rev. D94 (2016))

★Strategies/results generally applicable to other new physics 
searches via displaced vertices
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Reproduce Baryogenesis at the LHC!
(YC w/Sundrum; w/Shuve)

•  WIMP m𝜒 〜～O(100 GeV) can be produced within ELHC=14 TeV!
•  Cosmological condition for baryogenesis: 
𝜒 lives beyond its 
thermal freeze out time
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LHC tracking
 resolution!

• Distinctive signal: displaced decay vertex inside detectors
—not well-covered, low bkg search channel, rising interest!

Stable WIMP DM@LHC:
missing energy (analogy)

Metastable WIMP baryon parent@LHC:
displaced vertex
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Simplified Model Approach for LHC Pheno
(YC and Shuve  arxiv:1409.6729, JHEP)

18

• Classify production modes (analogy to DM search @LHC!)

• Classify decay modes (unlike DM search)



wino/gluino-like (state in interference loop) 

Charged under SM gauge interactions:

g/W/Z
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LHC DV Search Possibilities
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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!)

c⌧� & mm
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Fully hadronic displaced vertices
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Displaced muon + Tracks
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• 13 TeV: 𝞂S~50 ab for Lxy~1 cm
                   (Tag 1 DV)
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• 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 (cooperation with ATLAS displaced jets group, officially 
approved as a new benchmark for Run-2 analysis)

• Further pheno explorations: 
‣ Other signal channels: diphoton resonance, multi-b/t events        

(YC and Okui, Yunesi arxiv:1605.08736, JHEP)
‣ Challenging case for DV search: Light WIMP ( ≲100 GeV ), longer 

lifetime, hadronic decay (sphaleron turned off)… ?


