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Outline
• Theoretical motivations for displaced Higgs decay:

• Hidden Naturalness: Twin Higgs (hidden valley)
• Cosmology at weak scale: baryogenesis (NEW)

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

• Summary, Suggestions for future development 
(discussion session!)
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Theoretical Motivations-1:
Hidden Naturalness

• Naturalness Puzzle
• (So far) No sign of conventional favorite solutions

 (SUSY, little Higgs, extra dim…)
•  Hidden naturalness? Twin Higgs (Chacko, Goh, Harnik, 2005)
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Twin Higgs (original version)

• (h,H) form a quartet of SU(4)
• H gets a vev f, SU(4)ÆSU(3) gives 7 Goldstone modes: W, Z, Wtwin, Ztwin, h

• SU(4) is broken to SU(2) x SU(2) by gauge and Yukawa couplings
• But Z2 assures that SU(4) in μ,μ is not broken at 1 loop

• Therefore Higgs remains pseudo-Goldstone at one loop
• Cutoff ~ 5-10 TeV
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Quadratic divergence 
canceled by  
SM-singlet twin top:

• SM higgs h is a portal to hidden, 
twin sector

Twin Sector

• Turns out f needs to be ~ (3-6) v ~ 750-1500 GeV
• Too small? Large Higgs-twin Higgs mixing, excluded
• Too large? Big correction to Higgs mass at two loops

• t’/ t mass ratio = b’ / b mass ratio = f/v
• Twin mt ~ 525 GeV
• Twin mb ~ 12 GeV

• Small tuning (1 in 5) in Higgs potential to get <H> = f » <h> = v

3/27/2015 M.J. Strassler 9

3
(More detail see M. Strassler’s talk at an earlier exotic-h decay meeting, refs.)



• Hidden valley type phenomenology (Strassler, Zurek 2006) 
• Dedicated LHC studies (Craig, Katz, Strassler, Sundrum 2015 ) Making Twin Hadrons
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Twin glueballs

0+

• Br (hÆ twin gluons) ~ 0.1% for f = 3 v 

• Enhanced by 60 (y’b/yb)2 if h Æ twin bb

0+ Glueball of Mass m0

How 0+ Twin Glueballs Decay

• 0+ Glueball mixes with H and therefore with h

• Can decay to anything that a Higgs of mass m0 would decay to:
• Mainly heavy flavor fermions
• Gauge bosons all suppressed at small m0

• All heavy glueballs decay 
• to light glueballs
• or twin bottomonium

• All other light glueballs have extremely long lifetimes – invisible 
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See also Juknevich, Melnikov
and MJS ‘09

‣  Unlucky case: twin glueball decay invisible or prompt visible 
(large bkg); LHC sensitivity only Br≈10% (possible), hope: future 
e+e- collider (invisible: e.g. Chacko, YC, Hong, 2013) 

‣  Lucky case: twin glueball decays into spectacular visible final 
states w/low bkg; few examples ∋ Displaced decay!  

    Displaced Higgs decay: Rare opportunity for LHC to    
probe generic param space of  Hidden Naturalness!

Making Twin Hadrons
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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 

• New opportunity: baryogenesis (ΩB , possibly + ΩB ~ ΩDM)
‣ New metastable particle, w/mass ~O(10-100) GeV
‣ Pair produced (approx. Z2), Higgs portal production in general
‣ Displaced decay to               by cosmological condition!            
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Theoretical Motivations-2:
Baryogenesis from Metastable Weak-scale New Particle
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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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Mini-Review of Baryogenesis
• Origin of ΩB ? = Where do we ourselves come from?
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Sakharov Conditions (cont.): 

 In thermal equilibrium: 

 CPT symmetry 
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Sakharov Conditions (cont.): 

 In thermal equilibrium: 

 CPT symmetry 

7

⌦� / 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

⌦� / 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

4

⌦� / 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

4

⌦� / 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

⌦� / h�
A

vi�1

(11)

⇠ 0.1

✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

nB(p)
eq ⇠ exp

✓
�
q

p2 +m2

B + µ

◆
/T

�
, n

¯B(p)
eq ⇠ exp

h⇣
�
q

p2 +m2

¯B
� µ

⌘
/T

i

µ = 0 mB = m
¯B

neq

B = neq

¯B
, hBi

eq

= 0

m
WIMP

⇠ 100 GeV (⇠ G�1/2
Fermi

), �
WIMP

/ G2

Fermi

⌦

DM

0 < ⌦

DM

⌦ B / (G B)
�2 �scatt

 B
/ (G B)

2

� A�SM

6= 0

� ! ˜t

⌦� ⇠ 0.1

✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

(12)

✏
CP

⇠ 1%,m�B ⇠ 100 GeV

4

       Mini-Review of Baryogenesis



Sakharov Conditions (cont.): 

 In thermal equilibrium: 

 CPT symmetry 

7
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•  Require departure from equilibrium!
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Sakharov Conditions (cont.): 

 In thermal equilibrium: 

 CPT symmetry 

7

ΩB ≈5%:
Need beyond the 
Standard Model 
Physics!
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•  Require departure from equilibrium!
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Sakharov Conditions (cont.): 

 In thermal equilibrium: 

 CPT symmetry 

7

ΩB ≈5%:
Need beyond the 
Standard Model 
Physics!
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•  Require departure from equilibrium!
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❖ 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

14

Out-of-equilibrium decays

• Asymmetry is robustly preserved if the particle lifetime satisfies:
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✔ X

�� < H(M�)

• This is called the “weak washout” scenario
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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:
 Boltzmann suppressed
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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!
The universe around EW phase transition was just slightly 

bigger than LHC tracking resolution! 
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Displaced Vertices Motivated by 
Baryogenesis

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

• Production at the LHC?
No conflict between a small decay rate and a large 
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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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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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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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Example Theory Framework
• Baryogenesis from Meta-stable WIMP Decay

(YC and Sundrum, arxiv:1212.2973; YC arXiv:1309.2952)

���CP

��B(��L)

�

�

SM

SM

�

�

SM

SM

� SM

T

T

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.

4

(⌦

DM

/⌦
B

⇡ 5)

⌦� / h�
A

vi�1

(11)

⇠ 0.1

✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

nB(p)
eq ⇠ exp

✓
�
q
p2 +m2

B + µ

◆
/T

�
, n

¯B(p)
eq ⇠ exp

h⇣
�
q
p2 +m2

¯B
� µ

⌘
/T

i

µ = 0 mB = m
¯B

neq

B = neq

¯B
, hBi

eq

= 0

m
WIMP

⇠ 100 GeV (⇠ G�1/2
Fermi

), �
WIMP

/ G2

Fermi

⌦

DM

0 < ⌦

DM

⌦ B / (G B)
�2 �scatt

 B
/ (G B)

2

� A�SM

6= 0

� ! ˜t

⌦� ⇠ 0.1

✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

(12)

✏
CP

⇠ 1%,m�B ⇠ 100 GeV

Erecoil

N ⇠ mNv
2

DM,0 (13)

⇠ O(1� 10)keV

v ⇠ 10

�3c v
DM,0 ⇠ 10

�3c
L
dec

. 1 mm

�L† †!L < �XX! L m
˜B ⌧ mq̃,˜l

⌦

�B ⇡ 0.04 m
gauginos

⇠ TeV, m
sfermions

⇠ 100� 1000 TeV

�� < H(T = M�), H(T
EW

) & 10

�13

GeV

⌦B = ✏
CP

Mp

MWIMP
⌦

⌧!1
WIMP

4

(⌦

DM

/⌦
B

⇡ 5)

⌦� / h�
A

vi�1

(11)

⇠ 0.1

✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

m� ⇠ M
weak

, G� ⇠ G
Fermi

B

¯B

nB(p)
eq ⇠ exp

✓
�
q
p2 +m2

B + µ

◆
/T

�
, n

¯B(p)
eq ⇠ exp

h⇣
�
q
p2 +m2

¯B
� µ

⌘
/T

i

µ = 0 mB = m
¯B

neq

B = neq

¯B
, hBi

eq

= 0

m
WIMP

⇠ 100 GeV (⇠ G�1/2
Fermi

), �
WIMP

/ G2

Fermi

⌦

DM

0 < ⌦

DM

⌦ B / (G B)
�2 �scatt

 B
/ (G B)

2

� A�SM

6= 0

� ! ˜t

⌦� ⇠ 0.1

✓
G

Fermi

G�

◆
2

✓
M

weak

m�

◆
2

(12)

✏
CP

⇠ 1%,m�B ⇠ 100 GeV

Erecoil

N ⇠ mNv
2

DM,0 (13)

⇠ O(1� 10)keV

v ⇠ 10

�3c v
DM,0 ⇠ 10

�3c
L
dec

. 1 mm

�L† †!L < �XX! L m
˜B ⌧ mq̃,˜l

⌦

�B ⇡ 0.04 m
gauginos

⇠ TeV, m
sfermions

⇠ 100� 1000 TeV

�� < H(T = M�), H(T
EW

) & 10

�13

GeV

⌦B = ✏
CP

Mp

MWIMP
⌦

⌧!1
WIMP

4

★ Thermal freezeout

★ Baryogenesis 
from decay

• WIMP miracle prediction for ΩB
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  Pair production of baryon parent 
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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

13

(in corporation with ATLAS displaced jets working group)



LHC Search Possibilities
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Experimental Searches
• Focus on displaced decay in tracking volume

- Near lower bound                  & better sensitivity, easier to model!c⌧� & mm

15



Experimental Searches
• Focus on displaced decay in tracking volume

- Near lower bound                  & better sensitivity, easier to model!

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

c⌧� & mm

15



Experimental Searches
• Focus on displaced decay in tracking volume

- Near lower bound                  & better sensitivity, easier to model!

• Two concrete examples (light-flavour only):

Baryon number violating:

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

� ! 3q

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

c⌧� & mm

15



Experimental Searches
• Focus on displaced decay in tracking volume

- Near lower bound                  & better sensitivity, easier to model!

• 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

15



Experimental Searches
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Monte Carlo Methods
• Backgrounds: hopeless to simulate - use (scaled) values from expt. paper

• Signal: MadGraph5 + Pythia 8 
‣     Draw location of displaced vertex from an exponential distribution, 
‣ Manually associate final-state particles with the vertex
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Monte Carlo Methods
• Backgrounds: hopeless to simulate - use (scaled) values from expt. paper

• Signal: MadGraph5 + Pythia 8 
‣     Draw location of displaced vertex from an exponential distribution, 
‣ Manually associate final-state particles with the vertex

Figure 3: The e�ciency as a function of rDV and zDV for vertices in the MH signal-MC sample. The blank
areas represent regions of dense material that are not considered when looking for DVs. It is evident that
some areas of this map su↵er from limited MC statistics, leading to large bin-to-bin fluctuations. This
is accounted for by recalculating this map many times, varying each bin content within its statistical
uncertainty.

Figure 4: The left plot shows the e�ciency for single vertex reconstruction as a function of c⌧ for the
three signal MC samples. The right plot shows the e�ciency for reconstructing at least one DV in the
event under the assumption that there are two signal neutralinos in the event. The dashed lines represent
the envelopes corresponding to statistical and systematic uncertainties on the e�ciency.
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Sample m

q̃

m�̃0
1

� h��i�̃0
1

c⌧MC �0211

[GeV] [GeV] [fb] [mm]
MH 700 494 124.3 1.0 175 0.2 ⇥ 10�5

ML 700 108 124.3 3.1 101 1.5 ⇥ 10�5

HL 1000 108 11.9 5.5 220 20.0 ⇥ 10�5

Table 1: The parameter values for the three signal MC samples used in this work: the assumed squark
mass, production cross-section (calculated at NLO+NLL as described in the text), neutralino mass, av-
erage value of the Lorentz boost factor (from Pythia [17]), average proper lifetime multiplied by c, and
value of �0211 coupling used in the generation of the signal MC samples.

is assumed. The masses of the gluino, sleptons and third generation squarks are set to a high value and
are thus not directly produced in the supersymmetry scenario that is simulated.

The parameter settings for the samples of signal Monte Carlo (MC) files are summarised in Table 1.
The chosen values of squark and neutralino masses span a wide range in the quantities to which the signal
e�ciency is most sensitive, namely, the neutralino speed and the final-state multiplicities (see Section 5).
The signal MC samples are labeled in Table 1 according to the squark mass and neutralino mass, respec-
tively: MH (medium-mass squark, heavy neutralino), ML (medium-mass squark, light neutralino), and
HL (heavy squark, light neutralino). It is assumed that all RPV couplings other than �0211 are zero, so
that neutralino decays to µ�ud̄ (or the charge-conjugate state)2. The values of the �0211 coupling in the
various samples are selected such that a significant fraction of neutralino decays occur in the detector
volume considered in this analysis. Values for c multiplied by the average neutralino-proper-lifetimes
used in the generation of the samples, (c⌧MC) are provided in Table 1. The pT distributions for muons in
the MH and HL samples are shown in Fig. 2.

Figure 2: The transverse-momentum distributions of signal muons in the (left) MH sample and the (right)
HL sample (which is similar to the distribution for the ML sample).

Signal cross-sections are calculated to next-to-leading order in the strong coupling constant, adding
the resummation of soft gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [19, 20, 21,
22, 23]. The nominal cross-section and the uncertainty are taken from an envelope of cross-section pre-
dictions using di↵erent PDF sets and factorisation and renormalisation scales, as described in Ref. [24].
Cross-section values are listed in Table 1.

2In the SUSY scenario assumed here, a non-zero �0211 can also lead to the decay of a neutralino to a neutrino and jets final
state with the same branching fraction as for the muonic decay. For this reason, exclusion limits for a 50% branching ratio for
the neutralino to decay to a charged muon plus jets, will be presented alongside those for a 100% branching ratio.

3

• Our MC should do (reasonably) well at modelling the hard 
process kinematics & some aspects of showering/hadronization

• The detailed performance of displaced vertex tagging
• Performance expected to degrade with larger displacement (Lxy), 

since the final-state particles pass through fewer tracking layers
• Some dependence on boost (changes collimation of tracks)

Limitations:
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• HT > 325 GeV
• at least 2 “displaced jets” with pT > 60 GeV

Effective at high mass, but very inefficient at low mass (e.g. higgs decay!)
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Trigger:

• HT > 325 GeV
• at least 2 “displaced jets” with pT > 60 GeV

Effective at high mass, but very inefficient at low mass (e.g. higgs decay!)

• Require both jets to reconstruct one common DV, Lxy < 60 cm
• < 2 prompt tracks at vertex, carrying <10% energy
• Cut on likelihood variable, constructed assuming dijets reconstruct S 

momentum

Event Selection:
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Trigger:

• HT > 325 GeV
• at least 2 “displaced jets” with pT > 60 GeV

Effective at high mass, but very inefficient at low mass (e.g. higgs decay!)

• Require both jets to reconstruct one common DV, Lxy < 60 cm
• < 2 prompt tracks at vertex, carrying <10% energy
• Cut on likelihood variable, constructed assuming dijets reconstruct S 

momentum

Event Selection: Efficiency for 3-jet decay?
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• Dijet requirement mostly comes in from “track clustering”
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Figure 3: Schematic diagram showing the procedure for clustering tracks in the CMS displaced dijet analysis.
The point of intersection between the dijet momentum and each track is determined, with the distance from
the primary vertex defined as Ltrack

xy . Tracks are clustered if the distance between Ltrack

xy is less than 15% of
Lxy, the distance from primary vertex to DV.

drawn from the primary vertex in the direction of the dijet momentum, and each track intersects this line at a
particular point, which has transverse distance to the primary vertex Ltrack

xy ; the tracks are “clustered” together
if their intersection points are closer than 15% of the distance from the primary vertex to the secondary vertex
(see Fig. 3). When the dijet momentum coincides with the long-lived particle momentum, as in the case of
a dijet decay, then the tracks should all intersect the dijet momentum line at the position of the displaced
vertex, and should hence be clustered together. A multivariate discriminant is then formed from observables
related to the tracks:

1. The number of tracks at the displaced vertex;

2. The number of tracks in the largest cluster;

3. The root-mean-square (RMS) Ltrack

xy for each particle in a cluster, divided by the vertex Lxy;

4. The fraction of vertex tracks whose transverse impact parameter points in the same direction as the dijet
momentum vector (i.e. the projection of the transverse impact parameter onto the dijet momentum is
positive; see Fig. 4).

Distributions of these observables are shown in Fig. 5. For each event, all four observables are constructed
from the displaced vertex and associated tracks. The probability that each observable value would come from
the signal and background distributions, denoted as pi

S

and pi
B

, are calculated for each observable i. Finally,
the multivariable discriminant p is defined as follows:

p =

Qn
obs

i=1

pi
SQn

obs

i=1

pi
S

+
Qn

obs

i=1

pi
B

. (6)

The discriminant peaks towards 1 for signal events and zero for background. Note that this discriminant is
close to 1 for events where only one observable i gives pi

S

� pi
B

. Thus, this discriminant p has strong
discriminating power even when only one of the observables exhibits a strong di↵erence between
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• Likelihood observable includes
• Vertex track multiplicity
• Cluster track multiplicity
• Relative RMS for track Lxy

CMS displaced dijet, arXiv:1411.6530
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• Likelihood observable includes
• Vertex track multiplicity
• Cluster track multiplicity
• Relative RMS for track Lxy

CMS displaced dijet, arXiv:1411.6530

• Likelihood observable retains sensitivity if at least one observable still 
has significant signal/background discrimination (vertex multiplicity)
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Figure 6: Multivariable discriminant p of the CMS displaced dijet analysis. The symbols are the same as
Fig. 5. For all plots, hLxyi = 29 cm. The CMS note cuts on p > 0.8 (0.9) for the “high” (“low”) selections
of [42].

multiplicity, cluster track multiplicity, cluster RMS, and fraction of tracks with transverse impact parameter
pointing in same direction as dijet momentum. We find that the track clustering algorithm using particle-level
tracks most closely reproduces the CMS analysis when the clustering criterion is tightened to 1% of the distance
from the primary to secondary vertex. We show in Fig. 5 the distributions of the four observables, comparing
the results of our particle-level MC simulation to the CMS results. While our simulations reasonably repro-
duce the cluster track multiplicity, cluster RMS, and impact parameter direction observables, it significantly
overestimates the vertex track multiplicity; this is not surprising given that we are not including any detector
e↵ects from track reconstruction. However, we find that the multivariable observable is su�ciently robust
such that these di↵erences are relatively insignificant for the signal distribution of p. In Fig. 6, we show the
multivariable discriminant p, and we find that our simulation agrees with the observed CMS value to within
10%4 For both 2- and 3-jet signals, the overwhelming majority of events is peaked at very high values of p, and
therefore the signal e�ciency of the CMS cut on p is between 90-95%. Therefore, our MC method adequately
reproduces the multivariable discriminant to within an accuracy of 10% for the purposes of recasting the CMS
analysis.

4 Limits from 8 TeV LHC

4.1 CMS displaced dijet analysis

We now study the bounds on the simplified models of Section 2.3 from the CMS search for displaced vertices
with dijets. The CMS search is relevant for all-hadronic final states originating from the displaced vertex, which
is expected from � decaying through operators such as ucdcdc and QQ(dc)†. A key di↵erence between our
models and the models directly constrained by CMS is that CMS targets decays into exactly two jets, whereas
our final states have three or more jets. Thus, one might näıvely suspect that our signal models would not have
a high e�ciency of passing the CMS cut on these observables [69]. However, as we showed in the distribution
of the multivariable discriminant p in Fig. 6, there is no reduction in discriminatory power for the 3-jet final
state compared to the 2-jet final state, even if some of the observables in the multivariate discriminant are no
longer powerful. Therefore, one of our key results is that the CMS analysis strongly constrains final-
state topologies beyond the intended displaced dijet analysis; in particular, long-lived particles

4
To determine the CMS value of the distribution of p, which is not shown in the paper, we generate many pseudo-events

containing the four observables based on the CMS probability distributions in 5 and assuming that the observables are uncorrelated;

we then use Eq. 6 to determine the p distribution. Correlations will, if anything, tend to give larger values of p for the CMS

results, giving better agreement with our particle-level MC.
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•3-jet signal still peaked towards 
p = 1 (high signal likelihood)

•dijet search has good sensitivity 
to 3-jet signal!
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Figure 1: Dijet variables employed in the likelihood discriminant for signal MC, background
MC (QCD) and data candidates after pre-selection. Data and MC events are selected using a
trigger that requires HT > 300 GeV. The signal and background MC distributions are scaled
to the data integrated luminosity of 17 pb�1. For visual purposes the signal process H0 ! 2X0

is given a 10 µb cross section for each signal model, while the differences between the models
arise mainly from differences in kinematic acceptance. Error bands shown for the data, QCD
MC, and data/QCD ratio distributions correspond to statistical uncertainties.
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Figure 9: Luminosity required at 13 TeV for a 2� limit on wino pair production decaying to three
displaced jets each, requiring 1 DV tag.
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Figure 10: Luminosity required at 13 TeV for a 2� limit on singlet pair production through the Higgs
portal decaying to three displaced jets each, requiring 1 DV tag (m� = 150 GeV). hLxyi = 300 cm
cannot be constrained.

TeV analysis uses a 50 GeV muon trigger; this is not expected to rise substantially at 13 TeV [73], so we keep
all kinematic thresholds the same for the 13 TeV analysis.

Because the significance of any observed signal depends on the precise background estimate, which we
cannot do in a realistic way, we instead take as our benchmark the observation of 3 signal events. This is
useful in a number of ways: there is a 95% probability that one or more events will actually be seen at the
LHC, and any background estimate predicting  0.01 events allows for & 5� discovery with 3 signal events for
Poisson statistics. Therefore, this is a reasonable benchmark to use for comparing to the 2� reach of a search
with large backgrounds, and we apply it to all analyses that are expected to be essentially free of backgrounds.

MSSM wino with RPV couplings: We show in Fig. 11 the luminosity needed for three signal events at
LHC13 as a function of the wino mass. We see that, depending on the lifetime, wino masses up to the range
2.1 � 2.5 TeV can be probed. This is an extremely high mass reach for a weakly charged state, and it is en-
tirely the result of the highly distinctive displaced nature of the final state, which allows for a background-free
analysis. The main limiting factor for high mass winos is the e�ciency of reconstructing the displaced vertices;
one strategy for enhancing the sensitivity in this range is to tighten kinematic cuts while relaxing some of
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cannot be constrained.

TeV analysis uses a 50 GeV muon trigger; this is not expected to rise substantially at 13 TeV [73], so we keep
all kinematic thresholds the same for the 13 TeV analysis.

Because the significance of any observed signal depends on the precise background estimate, which we
cannot do in a realistic way, we instead take as our benchmark the observation of 3 signal events. This is
useful in a number of ways: there is a 95% probability that one or more events will actually be seen at the
LHC, and any background estimate predicting  0.01 events allows for & 5� discovery with 3 signal events for
Poisson statistics. Therefore, this is a reasonable benchmark to use for comparing to the 2� reach of a search
with large backgrounds, and we apply it to all analyses that are expected to be essentially free of backgrounds.

MSSM wino with RPV couplings: We show in Fig. 11 the luminosity needed for three signal events at
LHC13 as a function of the wino mass. We see that, depending on the lifetime, wino masses up to the range
2.1 � 2.5 TeV can be probed. This is an extremely high mass reach for a weakly charged state, and it is en-
tirely the result of the highly distinctive displaced nature of the final state, which allows for a background-free
analysis. The main limiting factor for high mass winos is the e�ciency of reconstructing the displaced vertices;
one strategy for enhancing the sensitivity in this range is to tighten kinematic cuts while relaxing some of
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TeV analysis uses a 50 GeV muon trigger; this is not expected to rise substantially at 13 TeV [73], so we keep
all kinematic thresholds the same for the 13 TeV analysis.

Because the significance of any observed signal depends on the precise background estimate, which we
cannot do in a realistic way, we instead take as our benchmark the observation of 3 signal events. This is
useful in a number of ways: there is a 95% probability that one or more events will actually be seen at the
LHC, and any background estimate predicting  0.01 events allows for & 5� discovery with 3 signal events for
Poisson statistics. Therefore, this is a reasonable benchmark to use for comparing to the 2� reach of a search
with large backgrounds, and we apply it to all analyses that are expected to be essentially free of backgrounds.

MSSM wino with RPV couplings: We show in Fig. 11 the luminosity needed for three signal events at
LHC13 as a function of the wino mass. We see that, depending on the lifetime, wino masses up to the range
2.1 � 2.5 TeV can be probed. This is an extremely high mass reach for a weakly charged state, and it is en-
tirely the result of the highly distinctive displaced nature of the final state, which allows for a background-free
analysis. The main limiting factor for high mass winos is the e�ciency of reconstructing the displaced vertices;
one strategy for enhancing the sensitivity in this range is to tighten kinematic cuts while relaxing some of
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TeV analysis uses a 50 GeV muon trigger; this is not expected to rise substantially at 13 TeV [73], so we keep
all kinematic thresholds the same for the 13 TeV analysis.

Because the significance of any observed signal depends on the precise background estimate, which we
cannot do in a realistic way, we instead take as our benchmark the observation of 3 signal events. This is
useful in a number of ways: there is a 95% probability that one or more events will actually be seen at the
LHC, and any background estimate predicting  0.01 events allows for & 5� discovery with 3 signal events for
Poisson statistics. Therefore, this is a reasonable benchmark to use for comparing to the 2� reach of a search
with large backgrounds, and we apply it to all analyses that are expected to be essentially free of backgrounds.

MSSM wino with RPV couplings: We show in Fig. 11 the luminosity needed for three signal events at
LHC13 as a function of the wino mass. We see that, depending on the lifetime, wino masses up to the range
2.1 � 2.5 TeV can be probed. This is an extremely high mass reach for a weakly charged state, and it is en-
tirely the result of the highly distinctive displaced nature of the final state, which allows for a background-free
analysis. The main limiting factor for high mass winos is the e�ciency of reconstructing the displaced vertices;
one strategy for enhancing the sensitivity in this range is to tighten kinematic cuts while relaxing some of
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TeV analysis uses a 50 GeV muon trigger; this is not expected to rise substantially at 13 TeV [73], so we keep
all kinematic thresholds the same for the 13 TeV analysis.

Because the significance of any observed signal depends on the precise background estimate, which we
cannot do in a realistic way, we instead take as our benchmark the observation of 3 signal events. This is
useful in a number of ways: there is a 95% probability that one or more events will actually be seen at the
LHC, and any background estimate predicting  0.01 events allows for & 5� discovery with 3 signal events for
Poisson statistics. Therefore, this is a reasonable benchmark to use for comparing to the 2� reach of a search
with large backgrounds, and we apply it to all analyses that are expected to be essentially free of backgrounds.

MSSM wino with RPV couplings: We show in Fig. 11 the luminosity needed for three signal events at
LHC13 as a function of the wino mass. We see that, depending on the lifetime, wino masses up to the range
2.1 � 2.5 TeV can be probed. This is an extremely high mass reach for a weakly charged state, and it is en-
tirely the result of the highly distinctive displaced nature of the final state, which allows for a background-free
analysis. The main limiting factor for high mass winos is the e�ciency of reconstructing the displaced vertices;
one strategy for enhancing the sensitivity in this range is to tighten kinematic cuts while relaxing some of
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TeV analysis uses a 50 GeV muon trigger; this is not expected to rise substantially at 13 TeV [73], so we keep
all kinematic thresholds the same for the 13 TeV analysis.

Because the significance of any observed signal depends on the precise background estimate, which we
cannot do in a realistic way, we instead take as our benchmark the observation of 3 signal events. This is
useful in a number of ways: there is a 95% probability that one or more events will actually be seen at the
LHC, and any background estimate predicting  0.01 events allows for & 5� discovery with 3 signal events for
Poisson statistics. Therefore, this is a reasonable benchmark to use for comparing to the 2� reach of a search
with large backgrounds, and we apply it to all analyses that are expected to be essentially free of backgrounds.

MSSM wino with RPV couplings: We show in Fig. 11 the luminosity needed for three signal events at
LHC13 as a function of the wino mass. We see that, depending on the lifetime, wino masses up to the range
2.1 � 2.5 TeV can be probed. This is an extremely high mass reach for a weakly charged state, and it is en-
tirely the result of the highly distinctive displaced nature of the final state, which allows for a background-free
analysis. The main limiting factor for high mass winos is the e�ciency of reconstructing the displaced vertices;
one strategy for enhancing the sensitivity in this range is to tighten kinematic cuts while relaxing some of
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• Two limiting factors:
‣ For both signals: the large displaced vertex fake rate at high luminosity
‣ For the low-mass states: the low efficiency of passing the HT trigger
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• Two limiting factors:
‣ For both signals: the large displaced vertex fake rate at high luminosity
‣ For the low-mass states: the low efficiency of passing the HT trigger

• Both can be addressed using a property of signal: the approximate 
parity symmetry

‣ Long-lived particles are produced in pairs (2 DVs!)
‣ The fake rate for 2 displaced vertices is completely negligible
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• Lowering the kinematic threshold and requiring 2 displaced vertices,   
Significant gain!  To estimate:

‣ We choose as a trigger threshold: the ATLAS L1 4-jet, 20 GeV trigger

• Two limiting factors:
‣ For both signals: the large displaced vertex fake rate at high luminosity
‣ For the low-mass states: the low efficiency of passing the HT trigger

• Both can be addressed using a property of signal: the approximate 
parity symmetry

‣ Long-lived particles are produced in pairs (2 DVs!)
‣ The fake rate for 2 displaced vertices is completely negligible

CMS displaced dijet, arXiv:1411.6530
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• We look for a mean of 3 events             95% probability observing ≥1 event

• Assume: hadronic DVs are uncorrelated          the 2-DV search is bkg-free

CMS displaced dijet, arXiv:1411.6530
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• We look for a mean of 3 events             95% probability observing ≥1 event
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• Excellent prospects for EW production (M~2.5 TeV)!
• Significant improvement for Higgs portal singlets! (𝞂S~10 ab for Lxy~1 cm!)

• Assume: hadronic DVs are uncorrelated          the 2-DV search is bkg-free

CMS displaced dijet, arXiv:1411.6530
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ATLAS-CONF-2013-092

Example model in ATLAS paper We want to look for:

h/W/Z

�

�

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
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the long-lived lightest neutralino �̃0
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Example model in ATLAS paper We want to look for:
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Trigger:
• Single pT > 50 GeV muon (does not need associated track)

• Find displaced vertex with > 4 tracks, mtracks @ DV > 10 GeV, Lxy < 20 cm
• Reject vertices with prompt tracks
• Muon associated with displaced vertex (< 0.5 mm away)

Event Selection:
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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.
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of beam, detector, and data-quality requirements, the total luminosity of the data is 20.3 fb�1. The
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• 13 TeV: 𝞂S~10 ab for Lxy~1 cm!



Summary/Outlook - 1
• Strong theoretical motivations for displaced vertex signals 

through the Higgs portal, e.g.
‣ Hidden naturalness (twin Higgs): prominent puzzle in particle 

physics frontier!
‣ Baryogenesis from out-of-equilibrium decay (metastable 

WIMP): the cosmic origin of ourselves!
— Not a mere (“why not?”) exotic!
     Great opportunities, Worth our efforts!

• Three-fold possibility of production: different triggers/strategies…
‣ On-shell Higgs decay
‣ Off-shell Higgs decay
‣ Heavy singlet S (mixed w/Higgs) resonance decay

(Qs: How well can we reconstruct total invariant mass w/DVs?)
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   Looking ahead…
• How to present results in a generic way?

   Simplified models approach:
‣  Production channels (3-fold for h-portal)
‣  Final state topology (number/combo of j, l, 𝛾, MET…)
‣  Lifetime (Lxy ,where in the detector it decays), boost factor

 — peculiarity for DV searches

• How to further improve sensitivity?
‣  Dedicated triggers (e.g. lower HT/pT threshold for all hadronic)
‣  Exploit signal properties: reduce bkg, increase 𝜀s (e.g. 

double DV tagging for long-lifetime due to parity)
More brainstorm in discussion session!


