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The Higgs Portal to BSM
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L � |H|2OBSMHiggs the most natural portal to new physics:

Narrow Higgs → 
exotic decays a 
sensitive probe

Extensive study at 
LHC [e.g. Curtin et 
al. ‘13] and future 
colliders [e.g. Liu, 
Wang, Zhang ’16]. 
Optimal at a Higgs 

factory.

But almost all 
attention on cτ = 0 [Liu, Wang, Zhang ’16; CEPC CDR]
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⌥ resonances, and in the continuum regions o↵ the resonances. Operating between 1999 and 2010, the
two experiments collected data samples totaling about 1600 fb�1. The largest sample used for LLP
searches was 711 fb�1.

In many LLP search analyses performed to date, the SM backgrounds have been extremely small,
sometimes much less than one event. In such cases, the search sensitivity grows roughly linearly with the
integrated luminosity of the data sample. This is in contrast to background-dominated BSM searches,
where sensitivity is proportional to the square root of the integrated luminosity. Therefore, LLP searches
are especially attractive for high-luminosity colliders. In particular, this includes the future runs of the
LHC [22], but also those of Belle II [23] and proposed high-energy e+e� facilities such as FCC-ee [24].

As the focus of this review is BSM LLP searches at particle colliders, we aim to cover the broad range
of theoretical models, their experimental signatures at such facilities, and published searches pursuing
them. Thus, other than an occasional mention when relevant, we do not discuss experiments at non-
collider facilities or results from astrophysical observations1. Furthermore, following the definition of
LLP signatures stated above, we do not include signatures without detectable features of the LLP or
its decay.

Basic distance-scale definitions used throughout the review are indicated in Fig. 1. A particle decay
is considered prompt if the distance between the particle’s production and decay points is smaller than
or comparable to the spatial resolution of the detector. By contrast, a distance significantly larger than
the spatial resolution characterizes a displaced decay. Depending on the relevant detector subsystem,
the typical resolution scale is between tens of micrometers to tens of millimeters. The second distance
scale of relevance is the typical size of the detector or relevant subsystem, ranging from about 10 cm to
10 m. A particle is detector stable if its decay typically occurs at larger distances.

In Sec. 2 we review the theoretical motivation and a variety of BSM scenarios that give rise to
LLPs. The experimental methods used for identifying LLPs, which frequently give rise to non-standard

1For a review of implications of collider-accessible LLPs on cosmology and astroparticle physics, see Ref. [2]

Figure 1: The SM contains a large number of metastable particles. A selection of the SM particle
spectrum is shown as a function of mass and proper lifetime. Shaded regions roughly represent the
detector-prompt and detector-stable regions of lifetime space, for a particle moving at close to the
speed of light.
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[Lee, Ohm, Soffer, Yu 1810.12602, from a plot by B. Shuve]



Long-Lived Particles
LLPs are generic 

in SM & BSM
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Long-Lived Signatures
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so where do we start?

24 April 2017Heather Russell, McGill University

displaced leptons, 
lepton-jets, or 
lepton pairs

displaced 
multitrack vertices

multitrack vertices in the 
muon spectrometer

quasi-stable 
charged particles

trackless, 
low-EMF jets

emerging jets

non-pointing 
(converted) photons

disappearing or 
kinked tracks

Growing effort at LHC, where detectors are fixed; almost no study yet 
for future colliders*, where detectors are malleable. Now is the time!

*Fantastic exception: CLIC [Kucharczyk & Wojton ’18]  5



Higgs Decay to  LLPs
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Many models motivating Higgs decays to LLPs, starting with 
NMSSM [Chang, Fox, Weiner ’05] and Hidden Valleys 

[Strassler, Zurek ’06; Han, Si, Strassler, Zurek ’07]

Simplest model: Higgs portal to a singlet scalar w/ approximate ℤ2
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hSM = h cos ✓ + � sin ✓

s = �h sin ✓ + � cos ✓

hSM decays to s from ℤ2 preserving 
couplings, potentially large:

s decays to SM from ℤ2 violating 
couplings, naturally tiny:

Mixing only from 
ℤ2  violation: where θ ∝ Av/mh2



UV Motivation: Twin Higgs

Standard 
Model

Standard 
Model

Radiative corrections to Higgs masses 
are SU(4) symmetric thanks to Z2:

h + . . . f � h2

2f
+ . . .

L ⇥ �ytHAQA
3 ūA

3 � ytHBQB
3 ūB

3

Higgs is a PNGB of ~SU(4), but partner 
states neutral under SM.

Z2

[Chacko, Goh, Harnik ‘05]
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Fraternal twins

What really matters for naturalness: 
SU(3)xSU(2) & third generation 

⇒ Dark QCD

[NC, Katz, Strassler, Sundrum ’15]
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Exotic Higgs Decays

h
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SM
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• Twin sector must have twin QCD, confines around 
QCD scale 

• Higgs boson couples to                                                      
bound states of twin QCD 

• Various possibilities. Glueballs most interesting; 
have same quantum # as Higgs 
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Produce in rare Higgs decays (BR~10-3-10-4)

Long-lived, decay length is macroscopic; 
length scale ~ collider detectors

[NC, Katz, Strassler, Sundrum ’15]
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Current Status
• Decent coverage of 

Higgs decays to 
displaced leptons 

• Essentially no 
coverage of Higgs 
decays to displaced 
hadrons below 1m 

• Ultimately 3x107 
Higgses @ LHC w/ 
300/fb, but 
backgrounds, 
triggers are major 
limitations.  

10Figure 21: LLP-lifetime-dependent limits on the branching fraction for the decay H ! XX of the Higgs
boson into two LLPs. The LLP mass and probed decay mode, assumed to have a branching fraction
of 100%, are indicated by X(mX/GeV) ! Y Y . All limits are obtained from LHC searches [261, 219,
246, 243, 229]. When available, dashed lines denote the expected limits, while solid lines represent the
observed limits. The region where the H ! XX branching ratio is larger than 1 is also shown. The
contours labeled “X(60) ! bb” show the sensitivity from a search for prompt decays.

This low-lifetime region is particularly challenging to search in, as evidenced by the weak exclusion in
the left side of Fig. 20. Charginos with lifetimes below 20 ps with masses above about 100 GeV remain
unexcluded.

5.4 Scalar Portal LLP Production

Production of LLPs via a portal mechanism has been studied in several sensitive searches. These are
summarized in Fig. 21, which shows the limits on the branching ratio for di-LLP production in 125 GeV
Higgs decays as a function of LLP lifetime for multiple LLP masses and decay modes.

Di↵erent decay modes of the LLP lead to significantly di↵erent signatures, with limits having been
extracted for LLP decays to light-flavor jets, b-quark jets, and light leptons. In the roughly 1 ps regime,
a reinterpretation of a prompt search for Higgs decays to four b-quarks excludes exclude branching
ratios of order 10% [261]. For leptonic decays of the LLP, displaced track techniques have been used to
set limits on branching ratios below 0.1% for a lifetimes between about 1 ps and 1 ns [219, 246]. Larger
lifetimes have been probed by dedicated searches in the ATLAS calorimeters and MS, with unique
sensitivity to hadronic branching fractions at the 1% level [243, 229]. For LLP lifetimes below order
1 ns with hadronic decays, branching ratios below 30% remain unprobed.

50

[Lee, Ohm, Soffer, Yu 1810.12602]

Potential reach @ future colliders: BR ~ 5 x 10-6  across decades of proper lifetime



Future Search Strategies
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Figure 17: An example detector is shown (left) containing an ID, a calorimeter system, and a MS
represented in a z vs. ⇢ space. For pair-produced particles with kinematics described in the text, the
volume acceptance for LLPs is shown as a function of lifetime (right). The fraction of events containing
one LLP decay in each system is shown as solid lines. The fraction of events with both LLP decays
contained in a single system is shown in dashed lines.

that the e�ciency, defined as the probability to trigger on the event and identify the LLP if indeed
it decayed within the relevant detector subsystem, is 100%. With these simplifications, the sensitivity
for each detector subsystem can be estimated based on the subsystem acceptance, which we define as
the probability for the LLP decay to occur within that subsystem, given the LLP lifetime and boost
distribution. This narrow definition of acceptance is useful for estimating the sensitivity in a range
of search analysis methods, particularly those aimed at hadronic LLP decays. However, relating it to
sensitivity fails for other analysis techniques, such as those aimed at reconstructing LLP decays into
muons, which penetrate the calorimeter.

With this caveat in mind, we proceed to calculate the acceptances of typical LHC detector subsys-
tems. We define in Fig. 17 an example detector with three subsystems, defined by radial and longitudinal
barrel-region extents: an ID (0 < ⇢ < 1 m, |z| < 1 m), a calorimeter system (1.5 < ⇢ < 4 m, |z| < 4 m),
and a MS (4 < ⇢ < 10 m, |z| < 10 m). These volumes are roughly representative of the detectors at
the LHC.

For this detector, we determine the acceptance for pair-produced LLPs, with kinematics taken from
a simulated sample of gluino pairs produced with MadGraph5 aMC@NLO [158] for 13 TeV proton-
proton collisions, with a gluino mass of mg̃ = 2 TeV. For a given value of the gluino lifetime, the proper
decay time for each gluino is sampled from an exponential distribution, and the decay position in the
detector is calculated given the gluino velocity. Since our purpose is only to calculate the acceptance,
it is assumed that the gluino does not undergo significant interaction with the detector material. The
fractions of events that contain at least one LLP decay in each of the ID, calorimeter, or MS are shown
as solid lines in Fig. 17. Requiring two LLPs to decay in a particular detector subsystem results in
reduced acceptance, as shown by the dashed curves in Fig. 17. These curves do not represent the
associated reduction in reconstruction e�ciency.

The actual search sensitivities depend on the trigger and reconstruction e�ciencies, as well as on
background levels, while the exercise presented here simply evaluates the spatial acceptance. However,
since many searches in the ID have very low background even when requiring just a single LLP, Fig. 17
can be interpreted to demonstrate that the ID provides the best sensitivity for a wide range of lifetimes
in these scenarios. In the case of a very large MS, such as that of the ATLAS detector, the MS

31

Distribution of decay lengths at fixed proper lifetime 
favors using innermost detectors, all else being equal. 
Not always true at LHC, where backgrounds to decays in inner 

detector are significant and trigger thresholds increase, but likely 
achievable at Higgs factories.

[Lee, Ohm, Soffer, Yu 1810.12602]



Higgs Factory Prospects
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Irreducible backgrounds: 
ZZ → ℓℓbb, Zh → ℓℓbb 

Neglect for now: cosmics, 
beamstrahlung, detector 

effects, etc.

e+e� ! Zh ! `¯̀+XX
,! jj + jj

Consider the simplest/generic scenario: h → XX → (jj)(jj) 
[Alipour-fard, NC, Jiang, Koren ’18]



Analysis Strategy

• Z→ee or μμ. Lepton pT: 10 ≤ pT(ℓ) ≤ 90 GeV.  

• Dilepton invt mass: 70<Mee<110 GeV, 81<Mμμ<101 GeV. 

• Recoil mass requirement: 120<mrecoil<150 GeV.

Reproduce Higgs selection w/ recoil mass in leptonic Zh: 

Plus selection for displaced Higgs decay:

• Form clusters, use these to construct secondary vertex 

• Two analyses: “large mass” and “long lifetime”

13



Secondary vertices
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1. Form clusters using a depth-first algorithm running over all 
particles, clustering those w/ origins within 7μm of another particle.

1 1

1
1

1

1

1
1

1

1
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2

2. Define the cluster origin d⃗cluster as the averaged origin of all 
charged particles in the cluster.

Roughly emulating CMS secondary vertex-finding algorithm

3. Impose | d⃗cluster |> dmin, chosen depending on the analysis.



Caveat theorist
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Delphes forms calorimeter jets.

Clusters particles from distinct secondary vertices. Leads to misleading results, 
especially when decay products collimate. Here: work directly with Pythia output.



“Large Mass” Analysis
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Cut/Selection ZZ Background hZ Background

Dilepton Invariant Mass 0.97 0.98

Recoil Mass 0.006 0.94

Displaced Cluster (� resolution) 0.004 0.94

Invariant Charged Mass (6 GeV) 0 0.00005

Invariant ‘Dijet’ Mass 0 0.00005

Pointer Track 0 0.00001

mX , c⌧ 7.5, 10�4 7.5, 10�2 7.5, 100 10, 10�4 10, 10�2 10, 100

M`` 0.97 0.97 0.97 0.97 0.98 0.97

M
recoil

0.93 0.93 0.93 0.93 0.94 0.93

|~d
cluster

| 0.93 0.93 0.41 0.93 0.94 0.50

M
charged

0.27 0.28 0.08 0.55 0.55 0.21

M
cluster

0.27 0.28 0.08 0.55 0.55 0.21

Pointer 0.25 0.28 0.08 0.50 0.55 0.21

mX , c⌧ 25, 10�4 25, 10�2 25, 100 50, 10�4 50, 10�2 50, 100

M`` 0.97 0.97 0.98 0.97 0.98 0.97

M
recoil

0.92 0.92 0.93 0.92 0.92 0.93

|~d
cluster

| 0.92 0.92 0.80 0.92 0.92 0.93

M
charged

0.76 0.77 0.57 0.82 0.85 0.81

M
cluster

0.76 0.77 0.57 0.76 0.80 0.76

Pointer 0.73 0.76 0.57 0.75 0.77 0.76

Table 1: Cut flow of ‘large mass’ analysis for the CEPC with entries of acceptance ⇥ e�-

ciency. The top set of rows gives the cut flow on 500k Z(bb̄)Z(`¯̀) events and 100k h(bb̄)Z(`¯̀)

background events, which are used to confirm our analysis is in the no-background regime.

The next sets of rows give cut flows on 5k signal events at representative parameter points,

where the di↵erent columns are labeled by mX/GeV, c⌧/m. The full row labels are given in

the top set of rows and the labels below are abbreviations for the same cuts or selections.

which roughly emulates that performed in the CMS search [37]. We perform this clustering

using all particles in the event because at later points in the analysis we need this truth-

level assignment of neutral particles to clusters, but we expect that this inclusion does not

significantly modify the performance of this algorithm. Beginning with a single particle as

the ‘seed’ particle for our algorithm, we look through all other particles in the event and

create a ‘cluster’ of particles consisting of the seed particle and any others whose origins are

within `
cluster

= 7 µm (the projected tracker resolution of CEPC [4]) of the seed particle.

We then add to that cluster any particles whose origins are within `
cluster

of any origins of

particles in the cluster, and do this step iteratively until no further particles are added to

the cluster. We then choose a new seed particle which has not yet been assigned to a cluster

– 5 –
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– 5 –

(smeared) invt mass of 
charged tracks ∈ cluster 

> 6 GeV

higgsstrahlung selection

displacement above 
resolution (& in tracker)

(smeared) invt mass* of 
cluster < mh/2 

veto charged tracks 
passing within 5mm of SV

Kill backgrounds from b-quark SVs using kinematic 
properties of signal for mX ≳ 2mb

Signal efficiency for Zh → ℓℓ + XX



“Long Lifetime” Analysis
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(smeared) invt mass of 
charged tracks ∈ cluster 

> 2 GeV

higgsstrahlung selection

displacement above 
3cm (& in tracker)

(smeared) invt mass* of 
cluster < mh/2 

Kill backgrounds from b-quark SVs for lighter, longer-lived LLPs

Cut/Selection ZZ Background hZ Background

Dilepton Invariant Mass 0.97 0.98

Recoil Mass 0.006 0.94

Displaced Cluster (� 3 cm) 0.004 0.62

Charged Invariant Mass (2 GeV) 0 0.002

‘Dijet’ Invariant Mass 0 0.002

Pointer Track 0 0.001

Isolation 0 0.00005

mX , c⌧ 2.5, 10�4 2.5, 10�2 2.5, 100 7.5, 10�4 7.5, 10�2 7.5, 100

M`` 0.97 0.97 0.98 0.97 0.97 0.97

M
recoil

0.93 0.93 0.93 0.93 0.93 0.93

|~d
cluster

| 0.21 0.89 0.15 0.41 0.89 0.41

M
charged

0 0.40 0.05 0 0.74 0.34

M
cluster

0 0.40 0.05 0 0.74 0.34

Pointer 0 0.40 0.05 0 0.74 0.34

Isolation 0 0.33 0.045 0 0.51 0.33

mX , c⌧ 15, 10�4 15, 10�2 15, 100 50, 10�4 50, 10�2 50, 100

M`` 0.97 0.98 0.97 0.97 0.98 0.97

M
recoil

0.93 0.93 0.93 0.92 0.92 0.93

|~d
cluster

| 0.59 0.87 0.65 0.64 0.69 0.92

M
charged

0.001 0.71 0.63 0 0.10 0.91

M
cluster

0.001 0.71 0.63 0 0.09 0.90

Pointer 0.001 0.65 0.60 0 0.08 0.84

Isolation 0.0002 0.42 0.58 0 0.05 0.77

Table 2: Cut flow of ‘long lifetime’ analysis for the CEPC with entries of acceptance ⇥ e�-

ciency. The top set of rows gives the cut flow on 500k Z(bb̄)Z(`¯̀) events and 100k h(bb̄)Z(`¯̀)

background events, which are used to confirm our analysis is in the no-background regime.

The next sets of rows give cut flows on 5k signal events at representative parameter points,

where the di↵erent columns are labeled by mX/GeV, c⌧/m. The full row labels are given in

the top set of rows and the labels below are abbreviations for the same cuts or selections.

and begin this clustering process again. We repeat this process until all particles in the event

have been assigned to clusters. We assign to each cluster a location ~d
cluster

which is the

average of the origins of all charged particles in the cluster. To ensure that our events contain

displaced vertices, we impose a minimum bound on the displacement from the interaction

point |~d
cluster

| > d
min

, and clusters satisfying this requirement constitute candidate secondary

vertices. For our ‘large mass’ analysis we set d
min

to be the impact parameter resolution

(' 5 µm for both CEPC and FCC-ee [4],[38]), and so retain sensitivity to very short X

– 6 –

veto charged tracks 
passing within 5mm of SV

veto charged tracks from 
PV approaching SV
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vs LHC
Theory estimates for LHC14 

[Curtin & Verhaaren ’15, 
Csaki, Kuflik, Lombardo, 

Slone ’15] and track trigger 
studies [Gershtein ’17] 
account only for trigger 
efficiency & geometric 

acceptance; assume no 
background, no pileup, and 

neglect systematics

Even then, the reach of future 
Higgs factories is competitive, and 

likely superior for lighter LLPs.  

LHC performance in displaced 
hadronic final states degrades 
considerably once LLP decay 

products collimate

[Curtin & Verhaaren ’15]
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Conclusions

Thank you!

• Displaced decays of the Higgs provide a highly motivated 
target for a precision Higgs program. 

• Proposed Higgs factories can improve reach in displaced 
Higgs decays relative to LHC, particularly for lighter LLPs. 

• Further optimization of even the simple LLP analysis presented 
here is possible/desirable (e.g. including hadronic Z decays). 

• This is only the tip of the iceberg; many different LLP 
signatures merit serious exploration. 

• Now is the time for LLP studies at future colliders — highly-
motivated, virtually untouched, with potentially significant 
impacts on detector design…


