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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit



BEEN LOOKING…	

Mass scales [GeV]
0 200 400 600 800 1000 1200 1400 1600 1800

233
'λ  µ tbt→ 

R
t~

233
λt  ντµ → 

R
t~

123
λt  ντµ → 

R
t~

122
λt  νeµ → 

R
t~

112
''λ qqqq  → 

R
q~

233
'λ  µ qbt→ q~
231
'λ  µ qbt→ q~
233

λ  ν qll→ q~
123

λ  ν qll→ q~
122

λ  ν qll→ q~
112

''λ qqqq  → g~
323

''λ tbs  → g~
112

''λ qqq  → g~
113/223

''λ qqb  → g~
233
'λ  µ qbt→ g~
231
'λ  µ qbt→ g~
233

λ  ν qll→ g~
123

λ  ν qll→ g~
122

λ  ν qll→ g~

0
χ∼ l → l~

 
0

χ∼ 
0

χ∼ν τττ → ±χ∼ 
2

0
χ∼

 
0

χ∼ 
0

χ∼ν τ ll→ ±χ∼ 
2

0
χ∼

0
χ∼ 

0
χ∼ H W → 

2

0
χ∼ ±χ∼

0
χ∼ 

0
χ∼ H Z → 

2

0
χ∼ 

2

0
χ∼

0
χ∼ 

0
χ∼ W Z → 

2

0
χ∼ ±χ∼

0
χ∼ 

0
χ∼ Z Z → 

2

0
χ∼ 

2

0
χ∼

0
χ∼

0
χ∼νν-l

+
 l→ 

-
χ∼

+
χ∼

 
0

χ∼ 
0

χ∼ν lll → ±χ∼ 
2

0
χ∼

0
χ∼ bZ → b~

0
χ∼ tW → b~

0
χ∼ b → b~

) H 
1

0
χ∼  t → 

1
t~ (→ 

2
t~

) Z 
1

0
χ∼  t → 

1
t~ (→ 

2
t~

 H G)→ 
0

χ∼(
0

χ∼ t b → t~
)

0
χ∼ W→ 

+
χ∼ b(→ t~

0
χ∼ t → t~

0
χ∼ q → q~

))
0

χ∼ W→ 
±

χ∼ t(→ b~ b(→ g~
)

0
χ∼ W→

±
χ∼ qq(→ g~

)
0

χ∼ t→ t~ t(→ g~

0
χ∼ tt → g~

0
χ∼ bb → g~

0
χ∼ qq → g~

 

SUS-13-006 L=19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-011 L=19.5 /fb x = 0.25 x = 0.50
x = 0.75

SUS-14-002 L=19.5 /fb

SUS-13-006 L=19.5 /fb x = 0.05
x = 0.50

x = 0.95

SUS-13-006 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-007 SUS-13-013 L=19.4 19.5 /fb

SUS-12-027 L=9.2 /fb

SUS 13-019 L=19.5 /fb

SUS-14-002 L=19.5 /fb

SUS-12-027 L=9.2 /fb
SUS-13-003 L=19.5 9.2 /fb

SUS-13-006 L=19.5 /fb

SUS-12-027 L=9.2 /fb

EXO-12-049 L=19.5 /fb

SUS-14-011 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-008 L=19.5 /fb

SUS-12-027 L=9.2 /fb

EXO-12-049 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-12-027 L=9.2 /fb

SUS-13-024 SUS-13-004 L=19.5 /fb

SUS-13-003 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-019 L=19.5 /fb

SUS-13-018 L=19.4 /fb

SUS-13-014 L=19.5 /fb

SUS-14-011 SUS-13-019 L=19.3 19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-024 SUS-13-004 L=19.5 /fb

SUS-13-013 L=19.5 /fb x = 0.20x = 0.50

SUS-12-027 L=9.2 /fb

SUS-13-003 L=19.5 9.2 /fb

SUS-12-027 L=9.2 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-14-002 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-013 L=19.5 /fb

SUS-13-006 L=19.5 /fb x = 0.05x = 0.50
x = 0.95

SUS-13-006 L=19.5 /fb

R
PV

gl
ui

no
 p

ro
du

ct
io

n
sq

ua
rk

st
op

sb
ot

to
m

EW
K 

ga
ug

in
os

sl
ep

to
n

Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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OUTLINE	
Non-Standard Theories 

1. Dynamical R-Parity 
Violation 

2. Neutral Naturalness  

 Non-Standard Signatures 

3. Long lived particles

Hitoshi Murayama, 2003



C. Csaki, EK, T. Volansky, Phys.Rev.Lett. 112 (2014) 131801 
C. Csaki, EK, O. Slone, T. Volansky,  JHEP 1506 (2015) 045 

LONG LIVED PARTICLES	
!

FROM	
 	

DYNAMICAL R-PARITY VIOLATION
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WHERE IS SUPERSYMMETRY?	

LHC Bounds typically assume large missing-energy, 

muonelectron

jet

jet
MET

!

Assumption of R-parity 
conservation 

because the LSP is stable



Standard Operators

W = �
�
LLē+ LQd̄+ ūd̄d̄

�

R-PARITY VIOLATION	

Couplings have to be very small  



Instead of only considering 

Let’s also consider 

K =
1

M

�
ūēd̄† +QūL† +QQd̄†

�

W = �
�
LLē+ LQd̄+ ūd̄d̄

�

R-PARITY VIOLATION	

If we know R-parity violating operators are small, 
why do we only consider renormalizable ones?

C. Csaki, EK, T. Volansky, Phys.Rev.Lett. 112 (2014) 131801
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EXOTIC LSP DECAYS	

t̄⌫̃

t

b̃ t̄

b̄

t̃

b̄

b̄

t

t̃ ⌫̄

QūL⇤

QQd̄⇤ :

:



LONG LIVED LSP	
LSP decays to 3rd generation particles, and in 

much of the parameter space is displaced 

c⌧t̃!b̃b̃ ⇠ 10 cm

✓
300 GeV

mt̃

◆✓
M

109 GeV

◆

t̃

b̄

b̄



LONG LIVED PARTICLES	
!

FROM	
 	

NEUTRAL NATURALNESS



THE TWIN HIGGS	
• Introduce a full copy of the SM, with same 

interaction strengths 	

• The “Twin” fields play the role of canceling the 
quadratic divergence

SMSM`
Z2

Z. Chacko, H. Goh, R. Harnik, Phys.Rev.Lett. 96 (2006) 231802 [hep-ph/0506256]  
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NEUTRAL NATURALNESS
Naturalness models of top partner 	

that are neutral under QCD

Holographic  
Twin Higgs
M. Geller, O. Telem

SM
SM` Z2

Folded  
Supersymmetry

G. Burdman, Z. Chacko, 
 H. Goh, R. Harnik

S
SY

U

Orbifold Higgs

E

N. Craig, S. Knapen, P. Longhi
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DISPLACED HIGGS	
The SM Higgs can decay into Twin glueballs

Which then decay back to the SM

Twin Glueball

x
SM	

Higgs

Twin	
Higgs

Twin GlueballTwin	
Top

Twin	
Gluon

x
Twin	
Top

SM	
Higgs

Twin	
Higgs

Twin	
Gluon

SM	
ParticlesTwin Glueball



The search for displaced Higgs decays will be one of 
the most important tasks for Run II



DISPLACED SEARCHES 	
AT THE LHC



DISPLACED VERTEX	

pp

Primary Vertex

Secondary Vertex

impact	
parameter

Lxy

• Search for a vertex in the 
tracker that is not aligned 
with beam axis	

• Sensitive to  
Lxy ~ 50 cm 
IP ~ 0.5 mm to 30 cm	

• No Level 1 triggers  
 
Triggers require other 
hard objects



DISPLACED VERTEX	

• Search for a vertex in the 
tracker that is not aligned 
with beam axis	

• Backgrounds include:	

• Crossing tracks	

• Interactions with detector 
material	

• b-jets (cτ ~ 0.5 mm)

pp

Primary Vertex

Secondary Vertex

b



CMS DISPLACED DIJET	

pp

Primary Vertex

jet

jet

• Search for 2 displaced jets 
with pT > 60 GeV  
(Leptons also counted as jets)	

• Important cuts	
• HT > 350 GeV (trigger)	
• mDV > 4 GeV (no b’s)	
• Ntracks > 4, 5	
• At most one prompt (IP 

<0.5 mm) track per jet 	
• Dijet consistent with DV

Search for long-lived neutral particles decaying to quark-
antiquark pairs in proton-proton collisions at sqrt(s) = 8 TeV

Secondary Vertex



ATLAS DV + muon/e/jets/MET

pp

• Search for displaced vertex 
with	
• Ntracks > 5	
• mDV > 10 GeV	

• Trigger/cut on associated 
object	
• muon,  pT > 55 GeV	
• electron,  pT > 125 GeV	
• MET > 180 GeV	
• Jets 4, 5 or 6, 

 pT > 65, 60, 55 GeV

Search for massive, long-lived particles using multitrack displaced vertices or 
displaced lepton pairs in pp collisions at sqrt(s) = 8 TeV with the ATLAS detector

jets / MET

μ/e

0.5 m
m

1.5 mm



LHC PROBES OF DRPV
C. Csaki, E. Kuflik, S. Lombardo, O. Slone, T. Volansky JHEP 1508 (2015) 016
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RPV SCENARIOS

• Looked at cases 
motivated by naturalness	

• Light stops, gluinos, and 
higgsinos	

• Only considered direct 
production of LSPs 



RECAST
• Feynrules→Madgraph→ 

Pythia→Delphes	

• Applied cuts and vertex 
reconstruction procedure for 
ATLAS+ CMS displaced vertex 
searches	

• Use displaced tracking efficiency	

• Recast HSCP at parton level 	

• Prompt searches applied 
directly



Search for pair-produced resonances decaying to jet 
pairs in proton-proton collisions at sqrt(s) = 8 TeV	

(CMS, 1412.7706)

CMS-dijet
ATLAS-jet
HSCP
HSCP: CS
Prompt
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p p � t̃ t̃*, t̃ � b b

EXAMPLE	

C. Csaki, EK,	
 S. Lombardo,  

O. Slone, 	
T. Volansky JHEP 
1508 (2015) 016
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PROBES OF 	
DISPLACED HIGGS

C. Csaki, EK, S. Lombardo, O. Slone Phys.Rev. D92 (2015) 073008
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DISPLACED HIGGS
2

H

�v

�v

p

p

f̄

f

f̄

f

FIG. 1. The Higgs boson, once produced, decays to two long-
lived invisible scalars, �v, which then decay back to visible
particles via an o�-shell Higgs.

Higgs branching ratios with an integrated luminosity of
20 fb�1.

MODELS AND THEIR SIGNAL

The phenomenology of Twin Higgs-type models is of
the hidden valley type [11, 12, 15, 21], where twin parti-
cles communicate with the SM only via a Higgs portal,
i.e. a mixing between the SM Higgs and its twin partner.
This mixing can allow for production of twin particles
following Higgs production at the LHC. If these parti-
cles are metastable on detector scales, they may traverse
a macroscopic distance and decay back to SM particles
within the detector, appearing as either a DV or as a
decay in the hadronic calorimeter or muon spectrome-
ter. The prototypical model we have in mind is that of
the “fraternal twin Higgs” [13] where the twin QCD has
no light quark generations, only a twin 3rd generation,
resulting in metastable twin glueballs and twin bottomo-
nia. Other models of neutral naturalness with top part-
ners charged under the electroweak group will necessar-
ily have similar phenomenology: the twin glueballs must
be the lightest states of the hidden sector, in order to
avoid direct constraints from LEP, resulting in the phe-
nomenology considered here. Typically, the mass of the
intermediate scalars in the Higgs decays (corresponding
to the twin glueballs or twin bottomonia) are expected
to be in the 10 � 60 GeV range [16], depending on the
details of the twin confining sector.

While the Twin Higgs is our motivation, we focus on
a simplified signal of the SM Higgs boson decaying to a
degenerate pair of hidden scalars, �v, which travel a fi-
nite distance before decaying to SM particles (see Fig. 1).
We assume that the decay occurs via mixing with the
Higgs. Therefore, the couplings of the scalars, �v, to SM
particles are proportional to the Higgs’ couplings. The
dominant final states are bb̄, ⇥+⇥� and cc̄, with the ratios
85:8:5 for m�v � 20 GeV.

We also present results for the scenario where the Higgs

boson decays to a pair of degenerate hidden scalars, one
of which is stable and escapes the detector. This signal
could be realized if the branching ratio of the twin gluon
to the metastable 0++ glueball is very small, in which
case most twin glueballs produced will be stable since
they do not have the have the right quantum numbers to
mix with the SM Higgs.

BOUNDS FROM RUN I

Several searches for displaced decays within the
ATLAS and CMS detectors have been performed on Run
I data. In particular, two searches at

⇤
s = 8 TeV with

the ATLAS detector have been interpreted for signals of
the type studied here. The first of these is an ATLAS
search [18] for two DVs either within the tracker or the
muon spectrometer. This search is mostly sensitive to
lifetimes of O(1m). The reason for this is that the trigger
e�ciencies are enhanced for DVs occurring in the muon
spectrometer, while the trigger thresholds and strict ver-
tex requirements applied for decays within the tracker
are rarely satisfied by this signal. The second ATLAS
search [19] looks for low electromagnetic fraction jets in-
dicative of decays within the hadronic calorimeter or at
the edge of the electromagnetic calorimeter. This search
is sensitive to similar lifetimes, but is not as powerful as
the former search in constraining the branching ratio for
all except the lightest intermediate scalar masses. This
is due to a weaker trigger e�ciency. These ATLAS ex-
clusion curves are reproduced in Fig. 2.

The CMS search for displaced dijets [20] and ATLAS
multitrack DV searches [17] look for decays within the
tracker and constrain lifetimes ranging from 1 mm to
1 m. We have fully recast these searches and interpreted
the results in terms of displaced Higgs decays. We simu-
late the three largest production modes for the Higgs:
gluon-gluon fusion (ggF), vector boson fusion (VBF),
and vector associated production (VH). Hard processes
are simulated in Madgraph 5 [22] followed by hadroniza-
tion and parton showering using Pythia 8 [23]. We use
Delphes 3 [24] for the detector simulation with default
e�ciencies for the ATLAS and CMS detectors, excluding
tracking e�ciency. FastJet [25] is used to cluster jets and
apply jet substructure algorithms. Additional details of
the simulations can be found in [26].

For the ATLAS multitrack DV searches, we find that
the trigger thresholds for leptons, jets, and MET are
too strong for this search to be sensitive to a 125 GeV
Higgs, including all Higgs production modes, and thus
no further bound is established. The dilepton DV search
performed in this study is e�cient for the �v ⇥ µ+µ�

decays but gives no bound due to the small expected
branching ratio of this decay mode. However, the CMS
displaced dijet search, while having low e�ciencies, does
have some sensitivity to displaced Higgs decays for the

m⇡⌫ = 10, 25, 40 GeV

• Look for Higgs decay to 
two light particles 	

• Light particles decay to 
SM pairs	

• Assume branching ratios 
proportional to Higgs 
couplings.



EXISTING CONSTRAINTS

• ATLAS search for 
decays in the HCAL	

• ATLAS search for 
decays in the muon 
system	

• LHCB search for 
displaced vertices  
(0.26 fb-1)

Twin Higgs: BR~10-4
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(Bartlomiej Rachwal @ 17:20)
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ATLAS
s = 8 TeV

CMS
s = 8 TeV (recast)

EXISTING CONSTRAINTS
• ATLAS DV search is not 

sensitive due to strong 
triggers for leptons, jets 
and MET 	

• Recast CMS dijet analysis 
- dedicated displaced 
trigger allows some 
coverage, but HT > 350 
GeV decreases efficiency.	

• Picks up boosted Higgs 
or w/ISR

8 TeV

Twin Higgs: BR~10-4

Recast: C. Csaki, EK, S. Lombardo, O. Slone
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RUN I SHORTCOMINGS	
• Run I strategies not sufficient:	

-Triggers were too strong - required more energy than a typical Higgs 
event	

-Cuts on the displaced vertex too strong for light objects	

• Need a more model-dependent search for lighter objects



Propose new search strategies.



RUN II - TRIGGERS

• New CMS dijet trigger 
best for 1 mm to 10 
cm. But new 4 x larger 
impact parameter 
than Run I	

• For lifetimes smaller 
than 1 mm, use 
prompt triggers

4

Trigger Trigger Requirement
Displaced jet HT > 175 GeV or three jets with p

j1,2,3
T >

(92, 76, 64) GeV, |�j1,2,3 | < (5.2, 5.2, 2.6)
with |�j1 | or |�j2 | < 2.6, and two of the
three jets satisfying mjj > 500 GeV, and
�� > 3.0. A displaced jet satisfying pT >
40 GeV, at most 1 prompt track (2D IP <
2.0 mm) a, and at least 2 displaced tracks.

Inclusive VBF Two jets with |�j1,j2 | > 2, �j1 · �j2 < 0,
|�j1 � �j2 | > 3.6 and mj1,j2 > 1000 GeV.

VBF, h ⇤ bb̄ Three jets with p
j1,2,3
T > (112, 80, 56) GeV

and |�j1,2,3 | < (5.2, 5.2, 2.6) and at least
one of the two first jets with |�j1 | or |�j2 | <
2.6.

Isolated Lepton One lepton with pT > 25 GeV, |�| < 2.4,
and 3D IP < 1 mm. Isolation requires the
summed pT of all tracks with pT > 1 and
within �R < 0.2 of the lepton is less than
10% of the lepton pT .

Trackless jets A jet with pT > 40 GeV and |�| < 2.5
matched with a muon with pT > 10 GeV
within �R = 0.4. No tracks with pT > 0.8
GeV in the ID within a �⇥⇥�� region of
0.2⇥ 0.2.

TABLE I. Triggers for Run II which may be sensitive to
displaced Higgs decays.
a A previous version of this letter had incorrectly stated and used

the trigger requirement, 2D IP < 2.0 cm.

together with a requirement of reconstructing the orig-
inal Higgs mass and/or the ⇥v masses in the displaced
jets of the event, could be used to remove background
events. In what follows, we present the details of the
search strategies considered in this work.

Triggers

For Run I, triggers were a major limitation on plac-
ing constraints on O(cm) lifetimes. This situation may
significantly improve for Run II due to the possible im-
plementation of improved dedicated displaced triggers.
These allow for lower pT thresholds, giving better sen-
sitivity to Higgs events with displaced decays. Triggers
based on the production process of the Higgs, either VBF
or VH, do not strongly depend on the lifetime of the ⇥v

particles and may be useful for probing lifetimes which
are not picked up by displaced triggers. The five triggers
which have been considered in this study are detailed in
Table I.

CMS has several displaced triggers implemented for
Run II, including a dedicated displaced trigger with
thresholds designed to pick up Higgs events with dis-
placed jets, which we will refer to as the “displaced jet”
trigger. This trigger requires either large HT or three
jets with a VBF signature, along with a displaced jet
containing tracks with IP > 2 mm.

The full trigger requirements for this “displaced jet”
trigger are detailed in Table I. The trigger is e�cient for
all production processes of the Higgs, provided c⇤�v � 2
mm. For short lifetimes, this trigger’s e�ciency drops
since the displacement requirement is often no longer
satisfied. CMS has other dedicated displaced triggers
on their Run II trigger menu. The trigger with second
lowest thresholds requires two displaced jets with tracks
satisfying IP > 0.5 mm (analogous to the Run I triggers
used in [20]) at the cost of higher HT and jet pT require-
ments. A search with this trigger could be sensitive to
shorter lifetimes, however the search would be restricted
to events with boosted Higgs events, rendering it ine�-
cient for the signal considered in this study.

For short lifetimes of O(1 mm) or less, other non-
displaced triggers become more e�cient, and one must
consider other trigger options. VBF or lepton triggers
may be useful for a DV search in this scenario. One pos-
sibility is to search for a VBF signature, picking out two
jets with large invariant mass. This has been denoted as
the “Inclusive VBF” trigger in Table I. Another possibil-
ity is a trigger designed to pick up VBF production with
the Higgs decaying into a bb̄ pair. Such a trigger, which
requires three jets with varying pT and �, is denoted as
the “VBF, h� bb̄” trigger in Table I. Yet another possi-
bility is to trigger on prompt leptons from the leptonic
decay of W or Z in VH events or on displaced leptons
from the bb̄ meson decays. Such a trigger, with a low
lepton pT threshold, would likely require isolation cuts
under Run II conditions, giving a significant reduction in
ggF and VBF e�ciency for which the leptons typically
arise from bb̄ decays and are not isolated. As a conserva-
tive estimate for such a trigger we impose track isolation
cuts from [30] and impose a cut on the 3D IP of the
lepton as detailed in Table I.

ATLAS has implemented a trackless jets trigger [28]
which may be used to pick up decays occurring beyond
the pixel layers of the tracker (the outermost layer is
located at r = 10.2 cm). This trigger is denoted the
“trackless jet” trigger in Table I. Tracks originating be-
yond the pixel layer are not reconstructed by the level
two trigger. Decays occurring outside of the pixel layers
thus give a signature of a jet which is isolated from recon-
structed tracks. We find that this trigger is ine�cient for
reconstructing displaced vertices within the tracker. The
trigger preferentially selects events in which the displaced
decay is outside the pixel layers where track reconstruc-
tion e�ciencies are lower, making vertex reconstruction
more di�cult. For long lifetimes and for search strate-
gies which require a muon matched to a displaced jet, this
trigger is more competitive with a single dedicated dis-
placed jet trigger, but again preferentially selects longer
decay lengths.

By triggering on the production process without re-
quiring displaced tracks at the trigger level, the VBF and
lepton triggers are sensitive to all lifetimes. However,



PROPOSED SEARCH STRATEGIES 	
• Search I: Single DV with mDV  ≥10 GeV and Ntracks ≥5 tracks based on ATLAS 

search. Good for high mass ≥40 GeV	

• Search II: One DV with Ntracks ≥5, no mass requirement (allow softer 
objects), but reproduce Higgs and intermediate particle masses

• Search III: Single DV with mDV  ≥4 GeV and Ntracks ≥4 tracks based on CMS 
search.	

• Search IV: Same DV requirements as III but within a displaced jet with 2-
prong substructure.

• Search V: Search for 2 DVs (Ntracks ≥ 5) in the same event, comparable to an 
ATLAS search. 
 
 



COMBINED PROJECTIONS 	

m�v = 10 GeV
m�v = 25 GeV
m�v = 40 GeV
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SINGLE DV 	

m�v = 10 GeV
m�v = 25 GeV
m�v = 40 GeV
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• Combined Search III and IV: sensitivity for case with just one displaced 
vertex, assuming the second particle just escapes the detector.   
                         Unconstrained by existing DV searches  
 



WHAT CAN WE DO?
• Look for a third  

vertex from  
the B-decay.	

• Improve triggers	

• Robust model independent searches are excellent, but designed search 
could improve the reach.	

• “LHCb has a unique coverage for long-lived particles with relatively small 
mass and lifetime, because its trigger makes only modest requirements on 
transverse momentum.” - LHCb-PAPER-2014-062

Secondary Vertex

Third Vertex
B

twin gluball



SUMMARY	
Non-Standard Theories 

1. Dynamical R-Parity 
Violation 

2. The Twin Higgs  

 Non-Standard Signatures 

3. Long lived particles
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FIG. 1. The Higgs boson, once produced, decays to two long-
lived invisible scalars, �v, which then decay back to visible
particles via an o�-shell Higgs.

Higgs branching ratios with an integrated luminosity of
20 fb�1.

MODELS AND THEIR SIGNAL

The phenomenology of Twin Higgs-type models is of
the hidden valley type [11, 12, 15, 21], where twin parti-
cles communicate with the SM only via a Higgs portal,
i.e. a mixing between the SM Higgs and its twin partner.
This mixing can allow for production of twin particles
following Higgs production at the LHC. If these parti-
cles are metastable on detector scales, they may traverse
a macroscopic distance and decay back to SM particles
within the detector, appearing as either a DV or as a
decay in the hadronic calorimeter or muon spectrome-
ter. The prototypical model we have in mind is that of
the “fraternal twin Higgs” [13] where the twin QCD has
no light quark generations, only a twin 3rd generation,
resulting in metastable twin glueballs and twin bottomo-
nia. Other models of neutral naturalness with top part-
ners charged under the electroweak group will necessar-
ily have similar phenomenology: the twin glueballs must
be the lightest states of the hidden sector, in order to
avoid direct constraints from LEP, resulting in the phe-
nomenology considered here. Typically, the mass of the
intermediate scalars in the Higgs decays (corresponding
to the twin glueballs or twin bottomonia) are expected
to be in the 10 � 60 GeV range [16], depending on the
details of the twin confining sector.

While the Twin Higgs is our motivation, we focus on
a simplified signal of the SM Higgs boson decaying to a
degenerate pair of hidden scalars, �v, which travel a fi-
nite distance before decaying to SM particles (see Fig. 1).
We assume that the decay occurs via mixing with the
Higgs. Therefore, the couplings of the scalars, �v, to SM
particles are proportional to the Higgs’ couplings. The
dominant final states are bb̄, ⇥+⇥� and cc̄, with the ratios
85:8:5 for m�v � 20 GeV.

We also present results for the scenario where the Higgs

boson decays to a pair of degenerate hidden scalars, one
of which is stable and escapes the detector. This signal
could be realized if the branching ratio of the twin gluon
to the metastable 0++ glueball is very small, in which
case most twin glueballs produced will be stable since
they do not have the have the right quantum numbers to
mix with the SM Higgs.

BOUNDS FROM RUN I

Several searches for displaced decays within the
ATLAS and CMS detectors have been performed on Run
I data. In particular, two searches at

⇤
s = 8 TeV with

the ATLAS detector have been interpreted for signals of
the type studied here. The first of these is an ATLAS
search [18] for two DVs either within the tracker or the
muon spectrometer. This search is mostly sensitive to
lifetimes of O(1m). The reason for this is that the trigger
e�ciencies are enhanced for DVs occurring in the muon
spectrometer, while the trigger thresholds and strict ver-
tex requirements applied for decays within the tracker
are rarely satisfied by this signal. The second ATLAS
search [19] looks for low electromagnetic fraction jets in-
dicative of decays within the hadronic calorimeter or at
the edge of the electromagnetic calorimeter. This search
is sensitive to similar lifetimes, but is not as powerful as
the former search in constraining the branching ratio for
all except the lightest intermediate scalar masses. This
is due to a weaker trigger e�ciency. These ATLAS ex-
clusion curves are reproduced in Fig. 2.

The CMS search for displaced dijets [20] and ATLAS
multitrack DV searches [17] look for decays within the
tracker and constrain lifetimes ranging from 1 mm to
1 m. We have fully recast these searches and interpreted
the results in terms of displaced Higgs decays. We simu-
late the three largest production modes for the Higgs:
gluon-gluon fusion (ggF), vector boson fusion (VBF),
and vector associated production (VH). Hard processes
are simulated in Madgraph 5 [22] followed by hadroniza-
tion and parton showering using Pythia 8 [23]. We use
Delphes 3 [24] for the detector simulation with default
e�ciencies for the ATLAS and CMS detectors, excluding
tracking e�ciency. FastJet [25] is used to cluster jets and
apply jet substructure algorithms. Additional details of
the simulations can be found in [26].

For the ATLAS multitrack DV searches, we find that
the trigger thresholds for leptons, jets, and MET are
too strong for this search to be sensitive to a 125 GeV
Higgs, including all Higgs production modes, and thus
no further bound is established. The dilepton DV search
performed in this study is e�cient for the �v ⇥ µ+µ�

decays but gives no bound due to the small expected
branching ratio of this decay mode. However, the CMS
displaced dijet search, while having low e�ciencies, does
have some sensitivity to displaced Higgs decays for the

t̃

b̄

b̄

pp


