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Displaced Higgs decays as signals 
of Neutral Naturalness

•A radical approach to hierarchy problem is top 
partners not colored (or maybe not charged under 
SM at all)

•Twin Higgs is most well-known example

•SM gauge group doubled, twin sector related by 
Z2 symmetry to SM 

•Other examples: Folded SUSY, quirky little Higgs, 
orbifold Higgs

(Chacko, Goh, Harnik)



Twin Higgs Redux (Chacko, Goh, Harnik)

• Consider H to be a fundamental under a global SU(4)

• H develops a VEV and breaks SU(4)→SU(3): 7 GB’s

• Gauge SU(2)A x SU(2)B subgroup of SU(4): 
explicitly breaks the global symmetry & gives mass to GB’s:

• If      symmetry exchanging A and B, so                        then 
quadratic potential does not break SU(4)
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Displaced Higgs decays as signals 
of Neutral Naturalness

•Phenomenology depends strongly on details of 
mirror sector. 

•Interesting possibility: no light mirror quarks. In 
models with EW charged mirror this is a must. 

•``Fraternal twin Higgs”, only twin partner for 3rd 
generation

•Folded SUSY

•This case there will be light glueballs of QCD’ 
which can mix with SM Higgs

Glueball-Higgs Coupling
0903.0883 Juknevich, Melnikov, Strassler; 0911.5616 Juknevich

Glueballs mix with the Higgs 
via top partner loop. 

Will decay back to SM!

mirror
glueball

mirror
glueball

mirror
glueball top

partners

visible Higgs
SM

The Higgs can also decay to 
these glueballs: 

exotic displaced decays!

1501.05310 Craig, Katz, Strassler, Sundrum

Key signature of uncolored naturalness!

Top partners connect our Higgs sector to the mirror QCD:

13

(Craig, Katz, Strassler, Sundrum) 

(Burdman, Chacko, Goh, Harnik) 



Displaced Higgs decays as signals 
of Neutral Naturalness

•SM Higgs can decay to mirror glueballs

•Which can decay back to SM particles via mixing 
with Higgs 
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Displaced Higgs decays as signals 
of Neutral Naturalness

•Results in exotic Higgs decays which can be 
displaced depending on the lifetimes of the glueballs

•We will be looking for this decay, without assuming 
anything else about the model, leave glueball mass, 
lifetime free parameter. Assume decay according to 
Higgs couplings. 
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FIG. 1. The Higgs boson, once produced, decays to two long-

lived invisible scalars, πv, which then decay back to visible

particles via an off-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, πv, 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, πv, to SM
particles are proportional to the Higgs’ couplings. The
dominant final states are bb̄, τ+τ− and cc̄, with the ratios
85:8:5 for mπv � 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
efficiencies 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 efficiency. 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
efficiencies for the ATLAS and CMS detectors, excluding
tracking efficiency. 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 efficient for the πv → 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 efficiencies, does
have some sensitivity to displaced Higgs decays for the

mπν = 10, 25, 40 GeV



Properties of twin glueball/QCD

•Twin confinement scale 
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FIG. 3: The confinement scale Λ̂3 of the twin SU(3) coupling given fractional variations in ĝ3

and ŷb at the cutoff Λ for the minimal Twin Higgs (dependence on ŷt is negligible). Here we take

Λ = 10m̂t and f = 3v. The mild kinks are due to the b̂ threshold.

becomes more complex. We will not explore this regime carefully in this paper, leaving its

details for future study. However, the calculation of Λ̂3 and of glueball masses given below

still applies approximately.

The twin and SM SU(3) couplings are similar at the cutoff Λ, but the twin sector has

fewer quark flavors, faster running (i.e. a more negative beta function), and therefore a

modestly higher confinement scale. This is illustrated in Fig. 3, which shows the strong

coupling scale Λ̂3 of twin QCD as a function of the variation δg3 between SM and twin QCD

couplings at the cutoff as well as the value of ŷb relative to yb. Note that for g3 ≈ ĝ3, Λ̂3 is

typically one to two orders of magnitude above that of QCD, with weak dependence on ŷb

through its impact on the twin QCD beta function.
5

We may now estimate the mass scale of twin glueballs. Using lattice estimates of the

5
At two loops, we define the MS confinement scale Λ̂3 via

Λ̂MS
3

µ
= exp

�
− 1
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, (35)

where b0, b1 are the one-loop and two-loop twin QCD beta functions respectively, and ĝ3(µ) is understood

to be the MS coupling.

24

(Craig, Katz, Strassler, Sundrum)



Properties of twin glueball/QCD

•Glueball spectrum

•Glueball lifetime  

(Curtin, Verhaaren)

Figure 1. Spectrum of glueballs in pure SU(3) theory [32], arranged by JPC
quantum numbers. Plot taken

from [34]. Masses given in units of m0++ = m0 ≈ 7ΛQCD.

Folded SUSY

In Folded SUSY without soft masses or Yukawa terms, the KK-states of A-quarks (B-squarks) have

masses {0, 1/R, 2/R, . . .}, while the A-squarks (B-quarks) have masses of {1/(2R), 3/(2R), . . .}.

Both sectors have identical gauge-KK-towers, with no zero-mode gauginos. At each threshold n/(2R)

the A- and B-states have different spin but identical gauge quantum numbers and multiplicities. Their

contributions to the αA,B

s beta-functions are identical, so the two SU(3)A,B strong interactions have

identical couplings.
7

The introduction of soft masses and Yukawa terms results in very small shifts to the KK-towers,

assuming m2
KK � m2

soft,m
2
Yukawa. The most significant effect is the lifting of zero modes. Assuming

the largest B-squark soft mass to be larger than the top mass in the A-sector, the two strong couplings

track each other from some UV-completion scale µ = ΛUV down to µ = mZ2 , which we designate

as the scale (near the largest B-squark soft mass) where the Z2 symmetry between the two strong

couplings is broken.

Without knowing the soft mass spectrum of the theory it is impossible to predict the mirror

glueball mass m0 precisely. However, it is possible to highlight the range m0 can take. Heavier

mirror sector soft masses lead to heavier glueballs, since less light matter causes the mirror-QCD to

confine more quickly as we approach the infrared (IR). Therefore, we find the most probable range of

glueball masses by considering opposite extremes of the possible particle masses.

Without loss of generality, t̃B

1 can be designated as the lightest B-squark zero mode. Its mass, mt̃1 ,

sets the bottom of the mirror sector matter spectrum. For a given mZ2 where αA

s (mZ2) = αB

s (mZ2),

we then compute αB

s (µ) at one-loop order for two scenarios: one where all the B-squarks except t̃1
have mass mZ2 , and one where all B-squarks are degenerate with t̃1. The resulting minimum and

maximum values of m0 for different mZ2 are shown in Fig. 2. For values of mZ2 up to 20 TeV,

7
Small differences are introduced at two-loop [71], but this should not affect our estimate of m0 in a significant way.
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Figure 4. Contours show log10 cτ/m, where cτ is the mean decay length of the lightest glueball state 0++
.

Computed with Eq. (3.13) in Folded SUSY Eq. (3.8) and Twin Higgs Eq. (3.12) theories. The blue bands

correspond to the shift of the contours resulting from the 25% uncertainty in the total 0++
width.

3.4 Exotic Higgs Decays

For m0 � mh/2, the inclusive exotic branching ratio of the Higgs to mirror-glue can be obtained

from the SM branching ratio to gluons via a simple rescaling:

Br(h → gBgB) ≈ Br(h → gg)SM ·
�
αB

s (mh)

αA
s (mh)

4v2
�
y2

M2

��2

(3.16)

where Br(h → gg)SM ≈ 8.6%.

The coupling ratio αB

s (mh)/αA

s (mh) depends on the mirror sector spectrum between m0 and mh.

Ignoring threshold effects below mh, it can be estimated by solving Eq. (3.2) for µB

pole and evolving

to µ = mh:

αB

s (mh)
−1 =

b

2π
log

mh

µB

pole

, where µB

pole = µA

pole · m0

a0(rSM0 )−1
. (3.17)

The minimal assumption is b = 11, corresponding to no mirror sector matter below mh. This is

almost required by LEP limits for Folded SUSY and Quirky Little Higgs. The resulting coupling ratio�
αB

s (mh)/αA

s (mh)
�2

is shown as the green band in Fig. 5 (left), ranging from about 1 to 2.5 for m0

from 10 to 60 GeV. For a likely Fraternal Twin Higgs scenario, with a single mirror bottom below mh

(assumed for illustrative purposes to be close to m0 in mass), the ratio is only about 10% higher due

to the negative contribution to b, as indicated by the purple band. If much more matter is present there

can be significant enhancement, as shown by the red band for all mirror quarks being close in mass to
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A displaced vertex at the LHC

•A vertex in the tracker not aligned with beam axis 
(tracks not pointing back to primary vertex)

pp

Primary 

Secondary 

All illustrations by
Eric Kuflik



A displaced vertex at the LHC

•Quantities characterizing displaced vertex

•Tracker sensitive to Lxy ~ 50 cm, IP ~ 0.5 mm to 
30 cm acceptance

pp

Primary 

Secondary 

impact
parameter

Lxy



Backgrounds for displaced vertices

•Crossing tracks
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Backgrounds for displaced vertices

•Interaction with detector material
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Backgrounds for displaced vertices

•b-jets

•cτ ~ 0.5 mm
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Experimental searches 
•Displaced vertex searches in tracker by ATLAS, 
CMS

•8 TeV, 20 fb-1, DV in inner tracker + (1) muon (2) 
electron (3) jets (4) MET
•All background free

•8 TeV, 18.6 fb -1, dijets originating from DV. Not 
restrictive to just models with jets. Isolated leptons 
treated as jets, three jets also have large efficiency 
to be captured

found in Appendix A. The LSP may decay promptly at the primary vertex (PV) or may

traverse a finite distance before decaying, depending on the size of the corresponding RPV

coupling []. While we mainly focus on displaced LSP decays due to RPV interactions, we

consider the limits obtained from prompt and HCSP studies as well. The various RPV

scenarios will be constrained by the following distinct families of searches.

3.1 Searches for Displaced Vertices

LSPs which decay in the inner detector can be reconstructed as displaced vertices by both

the ATLAS and CMS trackers. The SM background for these searches are negligible, al-

lowing long lifetimes - for which only a few of the produced LSPs decay within the tracker

- to be excluded, ranging from 1 to 10
7

mm proper lifetimes. [SL: For long lifetimes, the

number of LSP decays in the detector scales as L/cτ .] The searches presented in this pa-

per look for displaced vertices associated with one of several signatures used for triggering,

including jets, leptons, and MET. We recast displaced searches by both ATLAS and CMS,

which together place strong constraints on all of the final states considered in this paper.

The details of the simulation and procedure, including cuts, tracking efficiencies, and vertex

reconstruction, are given in Appendix A.

ATLAS DV + µ/e/jets/MET

The ATLAS search for long lived particles at
√
8 TeV [] considers four multitrack signatures

at a luminosity of 20.3 fb
−1

in which a displaced vertex (DV) reconstructed in the tracker

must be accompanied by one of the following: (1) a high pT muon (2) a high pT electron

(3) jets or (4) missing transverse energy (MET). All of these searches are background free.

The muon search has been improved from the previous study at 8 TeV [] by increasing the

detector volume used for reconstructing vertices.

CMS Displaced Dijet

The CMS collaboration has performed a search for dijets originating from displaced vertices

at
√
s = 8 TeV with 18.6 fb

−1
of data [25]. The analysis requires two hard jets consistent

with a dijet produced at a reconstructed secondary vertex. However, the constraints from

this search are not limited to models with dijets. Isolated leptons are treated as jets, and

three-jet final states have significant efficiency to be reconstructed as dijets giving sensitivity

to a variety of models.

3.2 Searches for Stable Particles

Long-lived colored particles, such as squarks or gluinos, form composite objects with SM

particles, called R-hadrons. For long enough lifetimes, the LSP may hadronize and tra-

verse the whole detector before decaying. Searches for such slowly moving charged particles

may then place interesting limits on the production rate of the LSP. These searches also

constrain unstable LSPs with lifetimes long enough for a significant fraction to escape the

detector before decaying.
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CMS displaced dijet search
•Two displaced jets pT> 60 GeV
•HT>350 GeV, mDV>4 GeV (no b’s), Ntracks>4,5
•At most one prompt (IP<0.5mm) track per jet
•Dijet consistent with DV

pp
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jet
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CMS displaced dijet search
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•Two displaced jets pT> 60 GeV
•HT>350 GeV, mDV>4 GeV (no b’s), Ntracks>4,5
•At most one prompt (IP<0.5mm) track per jet
•Dijet consistent with DV



CMS displaced dijet search
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•Two displaced jets pT> 60 GeV
•HT>350 GeV, mDV>4 GeV (no b’s), Ntracks>4,5
•At most one prompt (IP<0.5mm) track per jet
•Dijet consistent with DV



ATLAS DV+ muon/e/jets/MET
•DV with mDV>10 GeV, Ntracks>5
•Trigger on associated object muon pT>55 GeV, e 
pT>125 GeV, MET>180 GeV, jets 4,5,6

pp

jets / 
MET

μ/e

0.5 mm

1.5 mm



ATLAS DV+ muon/e/jets/MET



Displaced Higgs decays

•Run I analysis: assuming Higgs decays to 2 
invisible particles, which in turn decay with 
couplings set by the SM Higgs couplings (but 
branching ratios differ due to phase space)

•Existing ATLAS analysis: require two displaced 
decays in same event. Two possible signals

•Decays in muon chamber (solid line)

•Decays in hadronic calorimeter (dashed line)

•No sensitivity for smaller lifetimes - most 
unconstrained region for twin Higgs type models 

(Kuflik, Lombardo, Slone,  C.C.)



Bounds from Run I
•First bounds on short lifetimes ≤10 cm from CMS 
displaced dijet search 3

heavier range of the intermediate πv masses, for branch-
ing fractions as low as 5 percent in the 1 mm - 1 m proper
lifetime regime. The reason for the somewhat increased
sensitivity is that the CMS study takes advantage of a
dedicated displaced trigger which allows for lower jet pT

trigger thresholds by requiring two jets with pT > 60
GeV to have displaced tracks with transverse impact pa-
rameter (IP) larger than 0.5 mm. The trigger is seeded
by the level one requirement of scalar transverse energy,
HT > 325 GeV. However, the large HT requirement
of the trigger preferentially selects events containing a
boosted Higgs or large initial state radiation (ISR), which
also results in boosted πv’s, merging their decay products
into a single jet. For these reasons, this search, which re-
quires two jets associated to a DV, is not very efficient
for the signal we consider. Furthermore, the vertex re-
quirement, mDV > 4 GeV, and the background discrimi-
nant which prefers a large DV track multiplicity, decrease
the efficiency for signals with light πv. Nevertheless, we
still find that the search places bounds on signals with
mπv � 40 GeV for lifetimes complementary to those ob-
tained from the ATLAS searches. Our resulting bounds
on the Higgs branching fractions as a function of the πv

lifetime obtained from our recast of the CMS dijet search
(together with the previous ATLAS bounds) are pre-
sented in Fig. 2. We find limits for heavy πv and shorter
lifetimes, ranging from 1− 1000 mm, that are somewhat
weaker than the corresponding ATLAS bounds for longer
lifetimes, while signals with mπv � 40 GeV remain un-
constrained for lifetimes below 100 mm. We emphasize
that these constraints do not apply for signals which only
produce a single DV per event. For the case where one of
the hidden particles is stable, the CMS dijet search does
not have sensitivity since the events fail to pass the large
HT requirement.

SEARCH STRATEGIES AND PROJECTED
SENSITIVITY FOR RUN II

In this section, we propose new search strategies for
detecting displaced Higgs decays within the ATLAS
and CMS inner detectors. Lifetimes corresponding to
these decay lengths are mostly unconstrained by exist-
ing searches. For longer lifetimes, a search for decays in
the muon spectrometer would be more sensitive, and the
strategies considered here could be slightly altered and
applied in order to achieve sensitivity to events with a
single displaced decay.

There are major difficulties in detecting the signal
under consideration due to the relatively light mass of
the Higgs boson and of the hidden sector particles. To
make matters worse, the dominant production mecha-
nisms (ggF followed by VBF) tend to produce the Higgs
boson close to rest. Therefore, a search with sensitivity
to such a signal must either use a trigger with low pT re-
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FIG. 2. 95% CL exclusion curves for Run I of the LHC. The

ATLAS constraints are reproduced from the searches for long-

lived particles decaying in the muon spectrometer [18] (solid)

and the hadronic calorimeter [19] (dotted). The CMS recast

exlcusion curves are derived from the search for displaced di-

jets in the inner tracker [20] (dashed).

quirements, possibly by taking advantage of a dedicated
displaced trigger, or be restricted to boosted Higgs kine-
matics and pay the price of a relatively small production
rate. Furthermore, DV searches looking for single decays
in the tracker typically impose strict vertex requirements
designed to cut out background events. However, signals
with light intermediate particles often do not pass these
requirements and cannot be detected by a generic DV
search. For these reasons, model-specific searches are
required in order to detect such signals. Specifically, a
successful search strategy should be designed with weak
vertex requirements in order to enhance the number of
expected signal events while retaining as low background
as possible by imposing other event selection criteria.

An important point regarding the expected LHC phe-
nomenology of Twin Higgs models is that the πv particles
decay to the SM via a Higgs portal with final states which
are expected to often be bb̄. This has a few important
consequences. First, one can search for decay products of
the bb̄ in conjunction with a DV, for example a muon or a
dijet. It has been shown that requiring a muon within a
cone of a displaced jet significantly reduces the displaced
jet background [27, 28]. Requiring a displaced dijet as-
sociated to a DV was used as a background discriminant
in the CMS displaced dijet search [20]. Furthermore, de-
pending on mπv , the displaced dijet can become merged
into a single jet with many displaced tracks, resulting in
an “emerging jet” signature [29]. The merged jets typi-
cally exhibit a 2-prong substructure which can be used
to reconstruct the displaced dijet, thus extending the dis-
placed dijet search strategy to scenarios with light hidden
sector particles. Some percent of events may contain two
displaced vertices. This has been taken advantage of in
searches performed by ATLAS [18, 19]. These signatures,
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Results 

•Generated          events for 10, 25 and 40 GeV mπ and 
liftetimes from 0.1 mm to 10m

•Feynrules→Madgraph→Pythia→Delphes3 pipeline

•Applied all cuts and reconstruction procedure of all  
displaced searches 



Displaced Higgs decays
•Used existing tracker analysis to set bounds from 
existing Run I data on smaller lifetimes

•Used CMS displaced dijet search based on 
displaced jet trigger (requiring two displaced jets)

•ATLAS displaced tracker searches give no 
constraint - usually require higher momentum 
triggers, but Higgs 125 GeV, intermediate particles 
10-60 GeV mass, nothing really hard...

•Also light particles imply low track multiplicities, 
and typical DV searches require  ≥ 5 tracks.



Bounds from Run I
•First bounds on short lifetimes ≤10 cm from CMS 
displaced dijet search 3

heavier range of the intermediate πv masses, for branch-
ing fractions as low as 5 percent in the 1 mm - 1 m proper
lifetime regime. The reason for the somewhat increased
sensitivity is that the CMS study takes advantage of a
dedicated displaced trigger which allows for lower jet pT

trigger thresholds by requiring two jets with pT > 60
GeV to have displaced tracks with transverse impact pa-
rameter (IP) larger than 0.5 mm. The trigger is seeded
by the level one requirement of scalar transverse energy,
HT > 325 GeV. However, the large HT requirement
of the trigger preferentially selects events containing a
boosted Higgs or large initial state radiation (ISR), which
also results in boosted πv’s, merging their decay products
into a single jet. For these reasons, this search, which re-
quires two jets associated to a DV, is not very efficient
for the signal we consider. Furthermore, the vertex re-
quirement, mDV > 4 GeV, and the background discrimi-
nant which prefers a large DV track multiplicity, decrease
the efficiency for signals with light πv. Nevertheless, we
still find that the search places bounds on signals with
mπv � 40 GeV for lifetimes complementary to those ob-
tained from the ATLAS searches. Our resulting bounds
on the Higgs branching fractions as a function of the πv

lifetime obtained from our recast of the CMS dijet search
(together with the previous ATLAS bounds) are pre-
sented in Fig. 2. We find limits for heavy πv and shorter
lifetimes, ranging from 1− 1000 mm, that are somewhat
weaker than the corresponding ATLAS bounds for longer
lifetimes, while signals with mπv � 40 GeV remain un-
constrained for lifetimes below 100 mm. We emphasize
that these constraints do not apply for signals which only
produce a single DV per event. For the case where one of
the hidden particles is stable, the CMS dijet search does
not have sensitivity since the events fail to pass the large
HT requirement.

SEARCH STRATEGIES AND PROJECTED
SENSITIVITY FOR RUN II

In this section, we propose new search strategies for
detecting displaced Higgs decays within the ATLAS
and CMS inner detectors. Lifetimes corresponding to
these decay lengths are mostly unconstrained by exist-
ing searches. For longer lifetimes, a search for decays in
the muon spectrometer would be more sensitive, and the
strategies considered here could be slightly altered and
applied in order to achieve sensitivity to events with a
single displaced decay.

There are major difficulties in detecting the signal
under consideration due to the relatively light mass of
the Higgs boson and of the hidden sector particles. To
make matters worse, the dominant production mecha-
nisms (ggF followed by VBF) tend to produce the Higgs
boson close to rest. Therefore, a search with sensitivity
to such a signal must either use a trigger with low pT re-
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FIG. 2. 95% CL exclusion curves for Run I of the LHC. The

ATLAS constraints are reproduced from the searches for long-

lived particles decaying in the muon spectrometer [18] (solid)

and the hadronic calorimeter [19] (dotted). The CMS recast

exlcusion curves are derived from the search for displaced di-

jets in the inner tracker [20] (dashed).

quirements, possibly by taking advantage of a dedicated
displaced trigger, or be restricted to boosted Higgs kine-
matics and pay the price of a relatively small production
rate. Furthermore, DV searches looking for single decays
in the tracker typically impose strict vertex requirements
designed to cut out background events. However, signals
with light intermediate particles often do not pass these
requirements and cannot be detected by a generic DV
search. For these reasons, model-specific searches are
required in order to detect such signals. Specifically, a
successful search strategy should be designed with weak
vertex requirements in order to enhance the number of
expected signal events while retaining as low background
as possible by imposing other event selection criteria.

An important point regarding the expected LHC phe-
nomenology of Twin Higgs models is that the πv particles
decay to the SM via a Higgs portal with final states which
are expected to often be bb̄. This has a few important
consequences. First, one can search for decay products of
the bb̄ in conjunction with a DV, for example a muon or a
dijet. It has been shown that requiring a muon within a
cone of a displaced jet significantly reduces the displaced
jet background [27, 28]. Requiring a displaced dijet as-
sociated to a DV was used as a background discriminant
in the CMS displaced dijet search [20]. Furthermore, de-
pending on mπv , the displaced dijet can become merged
into a single jet with many displaced tracks, resulting in
an “emerging jet” signature [29]. The merged jets typi-
cally exhibit a 2-prong substructure which can be used
to reconstruct the displaced dijet, thus extending the dis-
placed dijet search strategy to scenarios with light hidden
sector particles. Some percent of events may contain two
displaced vertices. This has been taken advantage of in
searches performed by ATLAS [18, 19]. These signatures,



Displaced Higgs decays
•CMS displaced dijet trigger has track displacement 
requirement in the trigger

•ATLAS associated object trigger requirement is too 
high for a 125 GeV Higgs. None will pass.

•CMS trigger has lower momentum thresholds helping 
to pick up decay products from 125 GeV Higgs. Limiting 
factor still HT 350GeV trigger.

•This issue is also relevant for Run II



Bounds from Run I
•First bounds on short lifetimes ≤10 cm from CMS 
displaced dijet search 3

heavier range of the intermediate πv masses, for branch-
ing fractions as low as 5 percent in the 1 mm - 1 m proper
lifetime regime. The reason for the somewhat increased
sensitivity is that the CMS study takes advantage of a
dedicated displaced trigger which allows for lower jet pT

trigger thresholds by requiring two jets with pT > 60
GeV to have displaced tracks with transverse impact pa-
rameter (IP) larger than 0.5 mm. The trigger is seeded
by the level one requirement of scalar transverse energy,
HT > 325 GeV. However, the large HT requirement
of the trigger preferentially selects events containing a
boosted Higgs or large initial state radiation (ISR), which
also results in boosted πv’s, merging their decay products
into a single jet. For these reasons, this search, which re-
quires two jets associated to a DV, is not very efficient
for the signal we consider. Furthermore, the vertex re-
quirement, mDV > 4 GeV, and the background discrimi-
nant which prefers a large DV track multiplicity, decrease
the efficiency for signals with light πv. Nevertheless, we
still find that the search places bounds on signals with
mπv � 40 GeV for lifetimes complementary to those ob-
tained from the ATLAS searches. Our resulting bounds
on the Higgs branching fractions as a function of the πv

lifetime obtained from our recast of the CMS dijet search
(together with the previous ATLAS bounds) are pre-
sented in Fig. 2. We find limits for heavy πv and shorter
lifetimes, ranging from 1− 1000 mm, that are somewhat
weaker than the corresponding ATLAS bounds for longer
lifetimes, while signals with mπv � 40 GeV remain un-
constrained for lifetimes below 100 mm. We emphasize
that these constraints do not apply for signals which only
produce a single DV per event. For the case where one of
the hidden particles is stable, the CMS dijet search does
not have sensitivity since the events fail to pass the large
HT requirement.

SEARCH STRATEGIES AND PROJECTED
SENSITIVITY FOR RUN II

In this section, we propose new search strategies for
detecting displaced Higgs decays within the ATLAS
and CMS inner detectors. Lifetimes corresponding to
these decay lengths are mostly unconstrained by exist-
ing searches. For longer lifetimes, a search for decays in
the muon spectrometer would be more sensitive, and the
strategies considered here could be slightly altered and
applied in order to achieve sensitivity to events with a
single displaced decay.

There are major difficulties in detecting the signal
under consideration due to the relatively light mass of
the Higgs boson and of the hidden sector particles. To
make matters worse, the dominant production mecha-
nisms (ggF followed by VBF) tend to produce the Higgs
boson close to rest. Therefore, a search with sensitivity
to such a signal must either use a trigger with low pT re-
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FIG. 2. 95% CL exclusion curves for Run I of the LHC. The

ATLAS constraints are reproduced from the searches for long-

lived particles decaying in the muon spectrometer [18] (solid)

and the hadronic calorimeter [19] (dotted). The CMS recast

exlcusion curves are derived from the search for displaced di-

jets in the inner tracker [20] (dashed).

quirements, possibly by taking advantage of a dedicated
displaced trigger, or be restricted to boosted Higgs kine-
matics and pay the price of a relatively small production
rate. Furthermore, DV searches looking for single decays
in the tracker typically impose strict vertex requirements
designed to cut out background events. However, signals
with light intermediate particles often do not pass these
requirements and cannot be detected by a generic DV
search. For these reasons, model-specific searches are
required in order to detect such signals. Specifically, a
successful search strategy should be designed with weak
vertex requirements in order to enhance the number of
expected signal events while retaining as low background
as possible by imposing other event selection criteria.

An important point regarding the expected LHC phe-
nomenology of Twin Higgs models is that the πv particles
decay to the SM via a Higgs portal with final states which
are expected to often be bb̄. This has a few important
consequences. First, one can search for decay products of
the bb̄ in conjunction with a DV, for example a muon or a
dijet. It has been shown that requiring a muon within a
cone of a displaced jet significantly reduces the displaced
jet background [27, 28]. Requiring a displaced dijet as-
sociated to a DV was used as a background discriminant
in the CMS displaced dijet search [20]. Furthermore, de-
pending on mπv , the displaced dijet can become merged
into a single jet with many displaced tracks, resulting in
an “emerging jet” signature [29]. The merged jets typi-
cally exhibit a 2-prong substructure which can be used
to reconstruct the displaced dijet, thus extending the dis-
placed dijet search strategy to scenarios with light hidden
sector particles. Some percent of events may contain two
displaced vertices. This has been taken advantage of in
searches performed by ATLAS [18, 19]. These signatures,
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together with a requirement of reconstructing the orig-
inal Higgs mass and/or the πv 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 πv

particles and may be useful for probing all lifetimes, in
particular short lifetimes not picked up by displaced trig-
gers. 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 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 efficient for
all production processes of the Higgs, provided cτπv � 2
mm. For short lifetimes, this trigger’s efficiency 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 ineffi-
cient for the signal considered in this study.

For short lifetimes of O(10 mm), non-displaced trig-
gers are more efficient. VBF or lepton triggers may be
useful for a DV search in this scenario. One possibility
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 possibility is
a trigger designed to pick up VBF production with the
Higgs decaying into a bb̄ pair. Such a trigger, which re-
quires three jets with varying pT and η, is denoted as the
“VBF, h→ bb̄” trigger in Table I. Yet another possibility
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

Trigger Trigger Requirement
Displaced jet a

HT > 175 GeV or three jets with p
j1,2,3
T >

(92, 76, 64) GeV, |ηj1,2,3 | < (5.2, 5.2, 2.6)
with |ηj1 | or |ηj2 | < 2.6, and two jets sat-
isfying mjj > 500 GeV and ∆η > 3.0. A
displaced jet satisfying pT > 40 GeV, at
most 1 prompt track (2D IP < 2.0 mm),
and at least 2 displaced tracks.

Inclusive VBF Two jets with |ηj1,j2 | > 2, ηj1 · ηj2 < 0,
|ηj1 − ηj2 | > 3.6 and mj1,j2 > 1000 GeV.

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

and |ηj1,2,3 | < (5.2, 5.2, 2.6) and at least
one of the two first jets with |ηj1 | or |ηj2 | <
2.6.

Isolated Lepton One lepton with pT > 25 GeV, |η| < 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 |η| < 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 ∆φ×∆η 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 paper had incorrectly stated and

used the trigger requirement 2D IP < 2.0 cm and did not apply
the mjj requirement to events passing the HT requirement.

VBF efficiency for which the leptons typically arise from
bb̄ decays and are not isolated. As a conservative esti-
mate 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 lo-
cated at r = 10.2 cm). This trigger is denoted the “track-
less jet” trigger in Table I. Tracks originating beyond 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 reconstructed
tracks. We find that this trigger is inefficient for recon-
structing displaced vertices within the tracker. The trig-
ger has small efficiency due to the requirement of a muon
matched to the jet. Also, the trigger preferentially selects
events in which the displaced decay is outside the pixel
layers where track reconstruction efficiencies are lower,
making vertex reconstruction more difficult. For search
strategies which require a muon matched to a displaced
jet, this trigger is more competitive with a single dedi-
cated displaced jet trigger, but again preferentially selects
longer lifetimes.

By triggering on the production process and not re-
quiring displaced tracks at the trigger level, the VBF



Triggers for Run II

•CMS displaced jet trigger: weak VBF signature 
trigger plus one displaced jet (but 4 x larger Impact 
Parameter than Run I displaced dijet)  

•VBF: usual VBF trigger - forward and backward 
jet, large invariant mass

•Isolated lepton: isolated from jets (to exclude 
decays from heavy quarks), for Vh production

•Trackless jets (ATLAS only): jets w/o tracks in 
pixel detector, only good for longer lifetimes



Acceptances

•VBF with additional bbbar is best

•Displaced jet competitive for larger lifetimes, likely 
has less background

5

Trigger mπv (GeV) cτ = 1 mm cτ = 10 mm cτ = 100 mm
�ggF �VBF �VH �Total �ggF �VBF �VH �Total �ggF �VBF �VH �Total

Displaced jet

10 0.03% 1.3% 1.1% 0.2% 1.0 % 30.0% 25.1% 3.9% 1.0% 42.0% 34.7% 5.1%
25 0.01% 0.8% 0.7% 0.09% 0.7% 20.4% 16.9% 2.7% 1.5% 45.3% 37.3% 5.9%
40 0.02% 1.0 % 0.9% 0.1% 0.6% 19.7% 16.4% 2.5% 1.4% 44.6% 36.3% 5.7%

Inclusive VBF

10 1.9% 15.5% 0.8% 2.8% 1.8% 15.5% 0.7% 2.8% 1.6% 15.1% 0.6% 2.6%
25 1.7% 15.3% 0.7% 2.7% 1.7% 15.3% 0.7% 2.7% 1.6% 15.2% 0.6% 2.6%
40 1.6% 15.2% 0.7% 2.6% 1.6% 15.2% 0.7% 2.6% 1.6% 15.2% 0.6% 2.6%

VBF, h → bb̄
10 5.8% 20.3% 13.1% 7.2% 5.8% 20.2% 13.0% 7.2% 3.5% 13.3% 8.1% 4.4%
25 4.6% 16.6% 10.9% 5.8% 4.7% 16.7% 10.9% 5.9% 4.2% 15.2% 9.7% 5.3%
40 4.0% 14.2% 9.2% 5.0% 4.0% 14.2% 9.2% 5.0% 3.8% 13.9% 8.9% 4.8%

Isolated Lepton

10 3.6% 3.7% 14.7% 4.1% 1.0% 1.0% 12.5% 1.5% 0.1% 0.2% 11.8% 0.6%
25 1.0% 1.5% 13.0% 1.6% 0.3% 0.4% 11.9% 0.8% 0.05% 0.07% 11.7% 0.6%
40 1.0% 1.4% 12.6% 1.6% 0.3% 0.4% 11.9% 0.8% 0.05% 0.07% 11.6% 0.6%

Trackless jet

10 0.02% 0.04% 0.04% 0.02% 0.8% 1.5% 1.3% 0.9% 2.0% 2.4% 2.2% 2.0%
25 0.02% 0.04% 0.06% 0.02% 0.5% 1.0% 0.8% 0.6% 3.6% 5.9% 5.0% 3.8%
40 0.01% 0.02% 0.03% 0.01% 0.1% 0.2% 0.2% 0.1% 2.1% 4.1% 3.3% 2.3%

TABLE II. A comparison of trigger acceptances for mπv = 10, 25, 40 GeV and cτ = 1, 10, 100 mm. The acceptance is given

for Higgs production via ggF, VBF and VH. The rightmost column for each lifetime is the total acceptance, �Total, weighted

by the cross sections for the various production mechanisms.

and lepton triggers are sensitive to all lifetimes. How-

ever, the displaced jet trigger may have significantly less

background than a pure VBF trigger due to the dis-

placed requirement. In this study, we present results for

each of two such triggers separately. We utilize the “dis-

placed jet” trigger and the “VBF h→ bb̄” trigger. We

find this combination provides the best sensitivity over

a wide range of lifetimes, however background consider-

ations may lead to the use of alternative triggers.

The acceptance of each of the triggers described above

is given in Table II for signal events which follow Higgs

production via ggF, VBF and VH. For jet clustering, we

use the anti-kt algorithm with ∆R = 0.5. The vertex

reconstruction efficiency is expected to be approximately

independent of the trigger acceptance for a given decay

length and choice of vertex selection cuts. However, the

displaced jet and trackless jet triggers preferentially ac-

cept events with longer decay lengths which have lower

vertex reconstruction efficiency. It may be possible to

reduce vertex requirements as a result of using a lower

background trigger, e.g. a lepton trigger together with

reconstructing the W/Z boson in VH events is known to

cut down on multijet background [31].

Event Reconstruction

Provided events pass the triggers, the next difficulty

in detecting displaced πv decays is to reconstruct the DV

and apply event selection requirements to remove back-

ground events. The details of DV reconstruction and

selection will be very important for signals with long-

lived particles with masses below ∼ 20 GeV for which

tracker vertex reconstruction efficiencies depend strongly

on mπv . Due to the light mass of the πv particles, the

signal vertices have characteristically low invariant mass,

mDV , and track multiplicity, Ntracks, even with perfect

tracking efficiency. Combining the low track multiplicity

of the signal with reduced tracking efficiency for displaced

tracks makes displaced vertex reconstruction within the

tracker difficult. For example, with mπv � 20 GeV, a 5-

track, mDV > 10 GeV single multitrack DV search would

have very limited sensitivity. A search which requires two

reconstructed 5-track DVs within the tracker would also

have weak sensitivity due to the low probability to re-

construct multiple 5 (or more) track vertices in the same

event. A primary goal of this paper is to weaken the ver-

tex mass and track requirements by requiring additional

objects associated to the DV or other event selection cri-

teria in order to achieve sensitivity to light signals. If

these selection criteria are not able to reduce backgrounds

to zero, it may be necessary to search for the signal as

an excess in background events.

Background vertices can arise from heavy flavor de-

cays, interactions with material in the detector, and ac-

cidental crossing of tracks. Background DVs typically

have small invariant mass and low track multiplicity [32].

Heavy flavor decays have low mDV and are associated

to tracks with small impact parameters (IP � 0.5 mm).

Requiring displaced tracks significantly suppresses SM

backgrounds. However, for sub-mm lifetimes and for

searches with low mDV requirements, SM backgrounds

can be important. We follow the procedure in [17] and

only vertex tracks which are significantly displaced with



Vertex requirements

•Not only trigger issue - also difficult to reconstruct a high 
quality vertex from light long-lived particles

•Boxed regions: signal regions (# of tracks vs. mass of 
displaced vertex) - detector backgrounds outside

•Top right: existing single DV searches, bottom right existing 
two DV searches. Ideal: middle

•Low track multiplicity and mass! Need to modify tracker 
searches for light intermed. particles!
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FIG. 3. Expected number of signal displaced vertices as a function of vertex track multiplicity and invariant mass in events

passing the “VBF, h→ bb̄” trigger at
√
s = 13 TeV, with an integrated luminosity of 20 fb

−1
, and assuming a Higgs branching

ratio of 1%. The two sample signals correspond to mπV = 10 GeV (left), 40 GeV (right) with cτ = 100 mm. The signal regions

considered in this study are boxed and labeled with an overall efficiency for an event to satisfy the trigger requirement and

contain at least one vertex in the signal region.

IP > 2 mm and impose mDV requirements such that

SM backgrounds are not the dominant source of back-

ground. Detector material interactions can be reduced

by mapping out regions of detector material as was done

by ATLAS [17] and removing vertices which are within

or close to regions of dense material. It will be crucial

for CMS to perform such a detector study in order to be

sensitive to light πv signals. In our projected searches, we

remove DVs which occur in material areas of the detec-

tor using the ATLAS maps from [17]. Since the overall

signal efficiency is not very sensitive to the exact details

of the material region, the same map has been used for

the purpose of projecting searches for the CMS detector.

As mentioned above, standard selection criteria de-

signed to remove background DVs also remove most, or

in some cases all of the signal considered in this paper.

Given the incomplete detector simulations performed in

this study, we are not able to simulate background events

which are dominated by the full detector response and de-

tails of the track and vertex reconstruction procedures.

We try to retain vertex requirements similar to those in

existing searches and assume one background event as a

benchmark for projecting sensitivities. This assumption

may not be valid for new triggers and search strategies

with weaker selection requirements. However, as men-

tioned above, it may be possible to search for an excess

in background events, in which case the results would be

weakened according to the number of background events

expected.

The signal has several features which can be used as a

background discriminant. Two long-lived πv particles are

produced in each event. The search for DVs in the tracker

and MS by ATLAS [18] (their tracker search did not have

appropriate triggers for this signal) and tracker searches

performed by CDF [33] and D0 [27] avoided an mDV

requirement by selecting events with two vertices. While

this strategy is sensitive to the main signal considered

in this paper, we also consider strategies which require

only one DV per event in order to retain sensitivity to

a more general class of models, some of which predict

one DV together with MET or additional hadronic jets.

Additionally, the πv decay mostly to bb̄. Searches can

take advantage of this fact by looking for a dijet emerging

from a DV or muons from the b decays pointing back to

the DV.

Most of the displaced decays are to B-mesons which

are then further displaced from the vertex of the πv de-

cay causing a degradation in efficiency in cases where the

two B-meson vertices reconstruct as separate vertices.

This can occur in central parts of the tracker with higher

vertex resolution and could be used to detect the signal

by searching for two nearby DVs, perhaps in the same

displaced jet if the πv is boosted. We do not explore

this option since we cannot estimate the displaced ver-

tex resolution without the full detector simulation and

procedure. A search of this kind, looking for emerging

jets with multiple DVs within the same jet, has not been

performed yet.

In order to maximize the signal efficiency for light πv

signals, it is important to merge nearby vertices for the

scenario where both B-meson decays reconstruct as sep-

arate, nearby vertices. Merging nearby vertices intro-

duces a new source of background: two nearby back-

ground vertices with low track multiplicity can become

merged and pass the selection requirements. Motivated

by ATLAS [17], we merge all vertices within 1 mm of

each other and merge two vertices with Ntracks ≥ 3 and

Ntracks ≥ 2, respectively, if the vertices are within 5 mm

of each other in order to retain sensitivity to events where

the πv decay reconstructs as two separate vertices.

In Fig. 3 we show the number of expected DVs for

a signal sample of mπv = 10 and 40 GeV both with



Projected Sensitivities Run II 20 1/fb

•Search I: one high mass (≥10 GeV) and ≥5 tracks 
single DV based on ATLAS search. Good for high 
mass ≥40 GeV (dashed: VBFbb, solid: displaced jet)

•Search II: One DV with high track multiplicity, no 
mass requirement to allow softer objects, but 
reproduce Higgs and intermed. particle masses
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FIG. 4. Projected sensitivity for Search I (a), Search II (b), Search III (c), Search IV (d) and Search V (e) with the the “VBF,

h → bb” trigger (dashed) and the “displaced jet” trigger (solid). Figure (f) shows the overall best sensitivity of all five proposed

tracker searches (dashed) together with projected ATLAS search results, rescaled for
√
s = 13 TeV Higgs production.



Projected Sensitivities Run II 20 1/fb

•Search III: one high mass (≥4 GeV), ≥4 tracks, pT≥ 
8 GeV single DV with displaced dijet, similar to CMS 
dijet search

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

8

(a) (b)

! ! ! !" #$%
! ! ! &' #$%
! ! ! (" #$%

!

!

!

!

! " # $

!
"

% !

(c)

! ! ! !" #$%
! ! ! &' #$%
! ! ! (" #$%

!

!

!

!

! " # $

!
"

% !

(d)

(e) (f)

FIG. 4. Projected sensitivity for Search I (a), Search II (b), Search III (c), Search IV (d) and Search V (e) with the the “VBF,

h → bb” trigger (dashed) and the “displaced jet” trigger (solid). Figure (f) shows the overall best sensitivity of all five proposed

tracker searches (dashed) together with projected ATLAS search results, rescaled for
√
s = 13 TeV Higgs production.



Projected Sensitivities Run II 20 1/fb

•Search V: two DV’s with ≥5 tracks, as in ATLAS 
searches.
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FIG. 4. Projected sensitivity for Search I (a), Search II (b), Search III (c), Search IV (d) and Search V (e) with the the “VBF,

h → bb” trigger (dashed) and the “displaced jet” trigger (solid). Figure (f) shows the overall best sensitivity of all five proposed

tracker searches (dashed) together with projected ATLAS search results, rescaled for
√
s = 13 TeV Higgs production.



Projected Sensitivities Run II 20 1/fb

•Combined best sensitivities for five tracker searches 
and projected ATLAS result based on rescaling cross 
sections (10 GeV Search IV, 40 GeV: all reasonably 
effective)
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FIG. 4. Projected sensitivity for Search I (a), Search II (b), Search III (c), Search IV (d) and Search V (e) with the the “VBF,

h → bb” trigger (dashed) and the “displaced jet” trigger (solid). Figure (f) shows the overall best sensitivity of all five proposed

tracker searches (dashed) together with projected ATLAS search results, rescaled for
√
s = 13 TeV Higgs production.



Typical branching ratios

•Folded SUSY example (Curtin & Verhaaren)
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Figure 5. Left: The overall
�
αB
s (mh)/αA

s (mh)
�2 factor in Eq. (3.16), using one-loop RGE extrapolation

from m0, assuming either pure gauge (green, b = 11), one mirror bottom (purple, b = 31/3) or five light
mirror quarks (red, b = 23/3). The pure gauge and one mirror bottom case closely resemble typical Folded
SUSY and Fraternal Twin Higgs scenarios, respectively. The width of the band represents the range obtained
by letting a0 and rSM0 vary independently within their uncertainties. Right: Estimate of Br(h → 0++0++) for
κ = κmax = 1 from Eq. (3.18) for Folded SUSY Eq. (3.8).

m0 except the mirror top. However, as illustrated by Fig. 3 (bottom), in Twin Higgs scenarios this is
only compatible with glueball masses below 25 GeV.

3.5 Estimating 0++ production

Owing to the vastly different lifetimes of the glueball states, we need to estimate the exclusive pro-
duction rate of 0++ from exotic Higgs decays, since it will likely be the only glueball state that
decays observably (though there can be exceptions). This requires detailed knowledge of pure-glue
hadronization, which is not available. However, progress can be made by parameterizing our igno-
rance, as well as being pessimistic about signal rates for the purpose of a conservative sensitivity
analysis.

First, we assume 0++ glueballs are produced in symmetric two-body Higgs decays only. For very
light glueballs (m0 � mh/2) this might seem to be a poor approximation, since mirror hadronization
likely leads to final states with more than two glueballs. Nevertheless, the two-body assumption is
suitable for a conservative signal estimate in displaced vertex searches. Compared to a realistic mod-
eling of mirror hadronization, which would be challenging to do reliably, it underestimates glueball
multiplicity and overestimates the pT of the resulting glueballs. The former trivially reduces the de-
rived signal, but so does the latter, since the increased boost makes it more likely for the glueballs
to escape the detector in this low-mass long-lifetime regime (see Fig. 4). We can then bootstrap an
estimate for the exclusive Higgs branching fraction:

Br(h → 0++0++) ≈ Br(h → gg)SM ·
�
αB
s (mh)

αA
s (mh)

4v2
�
y2

M2

��2

·

�

1− 4m2
0

m2
h

· κ(m0) (3.18)

For our benchmark models of Folded SUSY and Fraternal Twin Higgs we can use the lower green
curve in Fig. 5 (left) as a conservative estimate of αB

s (mh)/αA
s (mh). The third phase-space factor

– 17 –



Projected Sensitivities Run II 20 1/fb

•Combined sensitivity for case with just one 
displaced vertex, assuming the second particle just 
escapes the detector. 

9

! ! ! !" #$%
! ! ! &' #$%
! ! ! (" #$%

!

!

!

!

! " # $

!
"

% !

FIG. 5. Projected sensitivity of Search III with the “displaced

jet” trigger (solid) and Search IV with the “VBF, h → bb” trig-

ger (dashed) for the signal where only one πv is metastable,

the other is stable and escapes the detector, contributing to

MET.

πv decay scales as ∆R ≈ 2mπv/pT , where pT is the trans-

verse momentum of the πv particle. The displaced dijet

strategy is sensitive for mπv � 20 GeV at which point

the 2 displaced jets from the πv decay typically become

merged into a single ∆R = 0.5 jet resulting in stronger

bounds from the single displaced jet search.

In Fig. 4e the projected sensitivities for Search V are

presented. This search strategy is weaker than others as

a result of the weakened tracking efficiency for displaced

tracks combined with the requirement of two high track

multiplicity vertices in the same event. An improved dis-

placed tracking efficiency, perhaps from future detector

upgrades, would drastically improve the efficiency of this

search.

The overall sensitivity for a given lifetime for the five

proposed searches is shown in Fig. 4f together with pro-

jected ATLAS search results, obtained by rescaling the 8

TeV limits by the increase in production cross section at√
s = 13 TeV. Here, it is clear that new tracker searches

may have more sensitivity than existing search strategies

for signals with lifetimes below 1 m.

Finally, we consider a signal where one πv is stable

and escapes the detector invisibly resulting in events with

only one metastable πv particle. The projected sensitiv-

ity for Search III and Search IV are presented for this

signal in Fig. 5. In order to obtain the best sensitiv-

ity, Search III was applied to the mπv = 25 and 40 GeV

signals and Search IV for the mπv = 10 GeV signal.

SUMMARY

In this study, we have presented existing Run I bounds

on displaced Higgs decays and have projected sensitivities

for new Run II tracker searches in order to achieve sen-

FIG. 6. Projected 95% CL excluded region in the mπv −MT

parameter space from the combined Run II search sensitivities

show in Fig. 4f for the Twin Higgs and Folded Supersymme-

try scenarios. See [16] for relevant relationships between the

masses, glueball lifetimes, and Higgs branching ratios.

sitivity to signal lifetimes below 100 mm, which are only

weakly constrained by existing searches. Light signals

with mπv � 10 GeV will be an experimental challenge to

detect above detector backgrounds but can be probed by

utilizing new DV search techniques, such as reconstruct-

ing the Higgs boson and πv particles in a displaced jet

search (Search II) or by searching for a displaced jet as-

sociated with jet substructure (Search IV). The overall

sensitivity of these searches, representing the best pos-

sible bound for a given mass and lifetime, is shown in

Fig. 4f. Also shown are the projected ATLAS searches

from Run I, rescaled to
√
s = 13 TeV.

We find that Run II searches for DVs with 20 fb
−1

can

probe BRs below 0.1%, the rates expected by naturalness

in the Fraternal Twin Higgs model. In Fig. 6, the ex-

cluded parameter space from Fig. 4f has been translated

into a model-dependent excluded region as a function of

mπv and the the top partner mass, MT , for the Frater-

nal Twin Higgs and Folded Supersymmetry models with

mirror glueballs (corresponding to the πv particles). The

optimistic value of mirror sector hadronization parame-

ter κ = 1, as defined in [16], was used. We find that the

Run II LHC can probe twin tops as heavy as 575 GeV

for the Fraternal Twin Higgs and stops as heavy as 400

GeV in Folded SUSY.
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Projected Sensitivities Run II 20 1/fb

•Exclusion regions for top-partner mass vs. mirror 
glueball mass in Fraternal Twin Higgs (mirror top) 
and Folded SUSY (stop) models expected in Run II
(thanks to David Curtin)
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Summary
•Twin Higgs can avoid LHC bounds and have low tuning 

•Models models often result in displaced Higgs decays

•Considered shorter lifetime tracker searches for displaced 
Higgs decays. 

•Main issue is difficult to trigger on since everything soft

•First weak bounds from Run I for shorter lifetimes based on 
CMS displaced dijet search

•Run II at 20 1/fb can have sensitivities down to ~ 10-3 
branching ratios. Main triggers VBF-like, searches similar to 
existing ATLAS and CMS searches with small additional 
modifications.


