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WHY HL LHC?
Precision measurements 

Very rare processes, e.g. exotic higgs decays

Expect significant gains, for example, in:2

that v-particles are produced via a Z ′ decay; some of the
v-hadrons produced in v-hadronization can then decay
back to standard model particles, via an intermediate
state Z ′ or Higgs boson. This is illustrated schemati-
cally in Fig. 1. V-hadron production in Higgs boson de-
cays was considered in [7]. Here, we will consider a dif-
ferent scenario, in which the v-hadrons are produced in
LSsP decays. In particular, as illustrated schematically
in Fig. 2, production of SM superpartners leads, through
cascade decays, to the appearance in the final state of
two LSsP’s. If the LSvP is lighter than the LSsP, then
the LSsP will typically decay to an LSvP plus one or
more v-hadrons, some of which in turn decay visibly. For
simplicity we assume in this paper both that R-parity is
conserved and that the LSvP itself is stable; if either is
violated, the phenomenology may be richer still.
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FIG. 1: Schematic view of production and decay of v-hadrons.
While LEP was unable to penetrate the barrier separating the
sectors, LHC may easily produce v-particles. These form v-
hadrons, some of which decay to standard model particles.

Let us now consider how phenomenology of LSsP de-
cays in hidden-valley models may differ in some ways
from LSsP decays in other models. First, since the LSvP
is a v-hadron, its decay to the LSvP may be accompanied
by one or more long-lived R-parity-even v-hadrons, pos-
sibly with a substantial multiplicity. Some or all of these
v-hadrons may in turn decay to visible (but often rather
soft) particles. This decay pattern may make the decay
products of the LSsP challenging to identify. An example
of how this could occur in SM chargino-neutralino pro-
duction is shown in Fig. 3. The two LSsP’s (χ0

1) decay
to a v-quark Q and a v-squark Q̃∗; after hadronization,
a number of R-parity-even v-hadrons and two R-parity-
odd LSvP’s (R̃) emerge. Some of the R-parity-even v-
hadrons then decay to visible particles, leading to a busy
and complex event. Second, many different v-hadronic
final states may appear in LSsP decays, just as a large
number of QCD hadronic states appear in τ and B de-
cays. Acquisition of a large sample of events may there-
fore require a combination of search strategies. Finally,

since the LSsP and/or some of the v-hadrons it produces
may be long-lived and decay with highly displaced ver-
tices, discovery and study of these events may require
specialized, non-standard experimental techniques.
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FIG. 2: Schematic view of production and decay of SM su-
perpartners. Each superpartner decays to hard jets/leptons
and an LSsP; the LSsP then decays to an LSvP plus other
v-hadrons, some of which decay to softer jet/lepton pairs.

~

b

b

b

b

b

b

~
~

~

q

q

W*

Z*

W*

q q
u

u

b
b

χ

χ

χo

oχ

o

+
Q*

Q

Q

Q*

R

R

2

1

1

qq

FIG. 3: The production and subsequent decay of a chargino
and neutralino, showing the two LSsPs decaying to various
v-hadrons, some of which decay visibly. Invisible R-parity-
even (-odd) v-hadrons, are shown as solid (dashed) lines; in
particular, an LSvP, labelled R̃, is produced in each of the
LSsP decays.

The reverse situation — where the LSvP is heavier
than the LSsP — is typically less dramatic, but still wor-
thy of note. It leaves the bulk of SM SUSY signals un-
changed, but can in some cases produce spectacular and
challenging signals of its own. It will be discussed briefly
below.

Meanwhile, analogous statements apply, with only a
few adjustments, in other models with a conserved Z2

“Hidden valleys”,
Strassler & Zurek, 2006 Higgs precision measurements:

Higgs invisible width [17%, 28%] 
⇨ [6%, 17%]

h → bb [11%, 14%] ⇨ [5%, 7%]

h → WW [6%, 11%] ⇨ [4%, 7%]

Improvement of more than 
factor of 2, which can be 

crucial 



TESTING NATURALNESS AT THE LHC

Basic idea behind testing naturalness:
The sensitivity to the high scale at the SM is mostly due to tops

expect heavy colored top partners 
pair production has high cross sections 

This strategy is based on assumption, that we are looking for new heavy 
particles. The gain by increasing luminosity is expected to be modest. 
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SUSY — bosonic 
partners

pNGB Higgs — 
fermionic partners



NEUTRAL NATURALNESS
Basic idea: the top partners are charged under a non-SM SU(3) group. 

Generically these theories predict no new colored states.

Twin Higgs Folded SUSY

Top contribution is canceled by a 
new scalar particle. Equality of 

couplings is guaranteed by 5D SUSY

Extension of idea of the Higgs as pNGB. 
A discrete symmetry in the matter 

sector protects an accidental continuous 
symmetry in the Higgs sector.

No abundant colored 
production in both scenarios

Chacko, Harnik, Goh; 2005 Burdman, Chacko, Harnik, Goh; 2005



UNIVERSAL PREDICTION OF 
NEUTRAL NATURALNESS
All neutral naturalness scenario predict (small) deviations of the 

Higgs couplings from the SM values.

The twin higgs, as all other higgs-pNGB scenario predicts 
misalignment. All the SM-like higgs couplings are universally 
suppressed. The suppression rate can be directly related to 
the degree of fine-tuning in the model.
Invisible higgs rate is always non-zero in the twin higgs. The 
higgs is allowed to decay into the “twin sector”. The rate is 
model-dependent.



UNIVERSAL PREDICTIONS OF 
NEUTRAL NATURALNESS
All neutral naturalness scenario predict (small) deviations of the 

Higgs couplings from the SM values.

Top partners in folded SUSY have EW charge. We expect 
deviation of hɣɣ rate from the SM value. In most of the 
parameter space we expect suppression compared to the SM 
rate.
Folded SUSY (like a regular SUSY) implies 2HDM. Expect 
deviation of the higgs couplings, mostly to the down-type 
fermions. Slightly model dependent, decoupling or alignment 
are possible w/o too much fine tuning. 



LIKELY PREDICTIONS OF 
NEUTRAL NATURALNESS

Both twin higgs and folded SUSY predict a new confining force at the 
twin sector.  The confining scale is in most of the cases between 1 GeV 
to 10 GeV. One can produce the hadrons of the new strong force from 

Higgs decays (in folded SUSY — also from decays of other particles) 

If there are no new light states in 
the hidden sector, the hadrons of 
the hidden glue will decay back to 

the SM. The decay rate  
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Displaced vertices from exotic higgs decays



HOW DOES THIS WORK IN THE 
TWIN HIGGS?

The basic mechanism of the twin higgs: 
The full higgs potential has an accidental SU(4) symmetry*. 

*This is a minimal choice, the symmetry can be bigger, e.g. SO(8).

production are left for Appendices A and B. Section VI synthesizes the earlier considerations

and discusses LHC phenomenological implications. Possible experimental strategies for long-

lived particle searches are briefly considered in Section VIA and in more detail in Appendix

C. Precision Higgs measurements are considered in Section VID, and precision electroweak

constraints are discussed in Appendix D. Our conclusions appear in Section VII. In Appendix

E, the phenomenological e↵ect of gauging twin hypercharge, as a non-minimal extension of

the model, is considered.

II. THE MINIMAL OR “FRATERNAL” TWIN HIGGS

In this section we construct the minimal Twin Higgs model, starting by reviewing the

basic symmetries and Higgs structure and then justifying each addition to the twin sector

based on the need to maintain naturalness and internal consistency. Because the minimal

model does not duplicate all SM states in the twin sector (in contrast to the original mirror

Twin Higgs model and its descendants [1–3], in which the twin sector and its couplings are

an exact copy of the SM), we will refer to this construction as the “Fraternal Twin Higgs”.

The model is summarized in subsection IIC.

A. The Central Mechanism

At its heart, the Twin Higgs mechanism involves realizing the SM-like Higgs as a pseudo-

Goldstone boson of an approximate global symmetry, namely SU(4). An SU(4)-fundamental

complex scalar H with potential,

V = �(|H|2 � f

2
/2)2 , (1)

acquires a vacuum expectation value hHi = f/

p
2, breaking SU(4) ! SU(3) and giving rise

to seven Goldstone bosons, of which one is ultimately identified as the SM-like Higgs scalar.

The SU(4) is explicitly broken by the gauge and Yukawa couplings of the Standard Model.

Without additional recourse, this explicit breaking would lead to quadratic sensitivity to

higher scales at one loop.

In the context of conventional global symmetry protection, this explicit breaking and UV

sensitivity can be ameliorated by extending Standard Model gauge bosons and fermions into

9

full SU(4) doublet

Gauge SU(2)2 and identify the higgs with 
the Goldstone boson

In order to get correct vacuum alignment, SU(4) breaking terms should be added. 

yt yt

−ŷt
f

ŷtf

h h h h

t

t̂ In order to ensure cancellation of 
divergencies, we do not need full 

SU(4) in the quark sector. It is 
enough to have Z2 .Z2



FRATERNAL TWIN HIGGS
Craig, AK, Strassler, Sundrum; 2015

The original twin higgs idea is based on exact mirror symmetry between the 
visible and the hidden matter sectors. 

The mirror symmetry can be approximate, and we can ask which particles 
should we keep to get a natural model 

Mirror top with Yukawa = SM top Yukawa to the level of 1%.
Mirror W and Z with mirror SU(2) coupling = SM SU(2) to the level 
of ~ 10%.
Mirror bottoms and taus for anomaly cancellation (but their Yukawas 
are almost free parameters)
Mirror SU(3) with coupling = SM to the level of ~ 25%. 
Light generations are not needed.
Hypercharge should not necessarily be gauged          no light photon.  



TWIN HIGGS — UNIVERSAL SIGNATURES

As in any twin higgs model the couplings to the gauge bosons 
and fermions are suppressed by (v/f)2 due to misalignment. 

However, FT ~ (v/f)2 . 
The higgs couplings fit directly constraints naturalness in any twin higgs model. 
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FIG. 8: Current bounds on v/f and the Higgs branching ratio into the twin sector from a combined

fit to Higgs coupling measurements. Solid, dashed, and dotted black lines denote the 1-, 2-, and 3-�

bounds (defined as ��2 = 2.30, 6.18, 11.83) due to ATLAS and CMS Higgs coupling measurements.

The grey lines correspond to the perturbative calculation of the Higgs branching ratio into the twin

sector as a function of v/f for ŷ
b

/y
b

= 0, 1, 2; as discussed in the text, the actual branching ratio

may di↵er significantly from the perturbative result for a given value of ŷ
b

.

evaluate the impact of current Higgs coupling measurements on v/f , we have performed a

combined fit of the most recent ATLAS and CMS Higgs measurements [65–73] using the

profile likelihood method [74]. The resulting bounds on v/f are shown in Fig. 8 as a function

of v/f and the Higgs branching ratio into the twin sector.9 We also show contours corre-

sponding to the perturbative calculation of Br(h ! twin sector) as a function of v/f for

ŷ

b

/y

b

= 0, 1, 2. As discussed in Appendix B, the complications of bottomonium production

suggest that the actual branching ratio is potentially much smaller than the perturbative

value for su�ciently large ŷ

b

/y

b

, while the irreducible rate for glueball production applies

9 This fit does not include implicit precision electroweak bounds from infrared contributions to S and T .

However, as we will discuss more in Appendix D, in contrast to composite Higgs models where the infrared

contribution is cut o↵ by m⇢ ⇠ few TeV and provides the strongest constraint on coupling deviations [58],

here the infrared contribution is cut o↵ by the mass of the heavy Higgs. For mĥ . TeV these corrections

to S and T are comfortably compatible with current precision electroweak bounds and do not strongly

influence the coupling fit.

41

Free parameter in 
fraternal twin higgs, 
because we do not 
know what is twin 
bottom Yukawa

At this point the constraints 
are mild, and v/f ~ 0.4 are 

still allowed, corresponding 
to almost no fine tuning. 

However, we expect more 
precise measurements at 
the LHC13 and especially 

the HL LHC. 



OTHER SIGNATURES OF 
FRATERNAL TWIN HIGGS 

While the value of the h� �̂ mixing can vary depending on the (unknown) value of the

twin bottom Yukawa, the h�G0+ coupling is necessarily generated by the basic ingredients

of the minimal Twin Higgs. In a manner entirely analogous to the Standard Model hgg

coupling, loops of twin tops generate an e↵ective coupling between the twin Higgs doublet

B and twin gluons; after SU(4) breaking and SM electroweak symmetry breaking, this leads

to a coupling between twin glue and the SM-like Higgs. The e↵ective coupling between the

twin Higgs doublet B and twin glue takes the usual form

L6 =
↵̂3

12⇡
Ĝ

a

µ⌫

Ĝ

µ⌫

a

log

✓
B

†
B

f

2

◆
, (37)

and applying (18) generates the corresponding coupling to A

†
A, which after electroweak

symmetry breaking leads to

L � � ↵̂3

6⇡

v

f

h

f

Ĝ

a

µ⌫

Ĝ

µ⌫

a

. (38)

Here the couplings are largely fixed by naturalness considerations.

C. Glueball Decay

Once produced, twin glueballs can decay into kinematically available final states. As-

suming there are no light quarks in the twin sector, the only potentially available decays

are into light Standard Model fermions via the (o↵-shell) SM-like Higgs h or into the twin

lepton sector via the heavier Higgs ĥ or twin Ẑ. The decay G0+ ! h

⇤ ! Y Y , where Y are

light SM fields, provides a visible signal. This process was studied in [23] in the context of

a similar Hidden Valley model [21], with a similar Higgs portal for decays of the glueballs,

and with a production portal induced by “quirks” [15, 22]. The width for G0+ ! Y Y is

�
G0+!Y Y

=

✓
↵̂3vf0

6⇡f 2(m2
h

�m

2
0)

◆2

�SM

h!Y Y

(m2
0) . (39)

Here �SM

h!Y Y

(m2
0) is the width of a SM-like Higgs of mass m

h

= m0 and f0 is the G0+ decay

constant; from the lattice we have 4⇡↵̂3f0 = 3.06m3
0 [43]. This is the dominant decay mode

of twin glueballs in the minimal model; decays into twin sector leptons are subleading, due

to suppression factors of (m
h

/m

ĥ

)4(f/v)2 for decays via ĥ and by an extra (v/f)2 mixing

factor if via h.

Provided that the G0+ decays primarily into SM final states, we can determine its lifetime

⌧0 in terms of m0 and f . This exercise is particularly straightforward for glueballs much

29

Mixing between the visible and the 
twin higgs introduces a coupling: 

Model independent higgs decay rate to the hidden sector for v/f = 1/3 is of order 
0.1%.  This rate does not depend on the higgs coupling to the twin bottoms and taus!

The twin sector does not 
have light states. We can 
expect that some of the 

hidden hadrons will decay to 
the SM via displaced 

vertices. 



FRATERNAL COLOR

If twin bottom Yukawa is not very small, the spectrum at the of 
the lightest states in the hidden sector is that of pure glue:   
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FIG. 3: The confinement scale ⇤̂3 of the twin SU(3) coupling given fractional variations in ĝ3

and ŷ
b

at the cuto↵ ⇤ for the minimal Twin Higgs (dependence on ŷ
t

is negligible). Here we take

⇤ = 10m̂
t

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 ⇤̂3 and of glueball masses given below

still applies approximately.

The twin and SM SU(3) couplings are similar at the cuto↵ ⇤, 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 ⇤̂3 of twin QCD as a function of the variation �g3 between SM and twin QCD

couplings at the cuto↵ as well as the value of ŷ
b

relative to y

b

. Note that for g3 ⇡ ĝ3, ⇤̂3 is

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

b

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 ⇤̂3 via

⇤̂MS
3

µ
= exp

✓
� 1

2b0ĝ23(µ)

◆�
b0ĝ

2
3(µ)

��b1/2b
2
0

✓
1 +

b1
b0
ĝ23(µ)

◆b1/2b
2
0

, (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

The running to the Landau 
pole is faster with one 

generation: the confinement 
scale is slightly higher than in 

the SM. 

Depending on the precision of the 
mirror symmetry the confinement 

scale is between 1 GeV and 20 GeV.



TWIN GLUEBALLS

Tower of states with different spin, P and C.

The lowest state is 0++

Heavy states decay very fast into the light ones if allowed

The lightest state is 

0++ can decay to the SM via its mixing with the higgs 

other states which do not decay to lighter glueballs have very long 
lifetimes         MET at the LHC 

Lattice calculations by Lucini et. al., Morningstar et. al. 
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v2A ⌧ f 2 ⌘ v2A + v2B (17)
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THE LIGHTEST GLUEBALL
Juknevich; 2009
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FIG. 6: Decay length c⌧0 of the G0+ state in log10(meters) as a function of m0 and f .

lighter than the massive Standard Model gauge bosons, for which the factor �SM

h!Y Y

(m2
0)

scales linearly with glueball mass because decays into longitudinally-coupled modes are

doubly o↵-shell. Then in this regime we have simply

� ⇡ 1.1⇥ 10�17 GeV ⇥
⇣

m0

10 GeV

⌘7
✓
750 GeV

f

◆4

, (40)

valid for 2m
b

< m0 ⌧ m

W

. This corresponds to a decay length c⌧0 of approximately

c⌧0 ⇡ 18 m ⇥
✓
10 GeV

m0

◆7 ✓
f

750 GeV

◆4

. (41)

Here m0 ⇠ 10� 50 GeV is a reasonably central range of values for the glueball mass, given

(a) the relative factor of ⇠ 7 relating ⇤̂3 to m0 and (b) the higher confinement scale of

twin QCD given a reduced number of twin sector fermions. This is a tantalizing result from

an experimental perspective; it implies that the twin sector glueballs give rise to displaced

decays on the length scale of the LHC detectors. Even for average decay lengths greater than

the scale of the detectors, the large number of h bosons produced at the LHC means that

an appreciable number of distinctive displaced decays can still occur within the detector.

These decays involve a mix of final states with relative rates corresponding to the decay of

an SM-like Higgs of mass m
h

= m0 — primarily bottom quarks, if kinematically accessible,

as well as tau pairs and gluons.

30

While the value of the h� �̂ mixing can vary depending on the (unknown) value of the

twin bottom Yukawa, the h�G0+ coupling is necessarily generated by the basic ingredients

of the minimal Twin Higgs. In a manner entirely analogous to the Standard Model hgg

coupling, loops of twin tops generate an e↵ective coupling between the twin Higgs doublet

B and twin gluons; after SU(4) breaking and SM electroweak symmetry breaking, this leads

to a coupling between twin glue and the SM-like Higgs. The e↵ective coupling between the

twin Higgs doublet B and twin glue takes the usual form

L6 =
↵̂3

12⇡
Ĝ

a

µ⌫

Ĝ

µ⌫

a

log

✓
B

†
B

f

2

◆
, (37)

and applying (18) generates the corresponding coupling to A

†
A, which after electroweak

symmetry breaking leads to

L � � ↵̂3

6⇡

v

f

h

f

Ĝ

a

µ⌫

Ĝ

µ⌫

a

. (38)

Here the couplings are largely fixed by naturalness considerations.

C. Glueball Decay

Once produced, twin glueballs can decay into kinematically available final states. As-

suming there are no light quarks in the twin sector, the only potentially available decays

are into light Standard Model fermions via the (o↵-shell) SM-like Higgs h or into the twin

lepton sector via the heavier Higgs ĥ or twin Ẑ. The decay G0+ ! h

⇤ ! Y Y , where Y are

light SM fields, provides a visible signal. This process was studied in [23] in the context of

a similar Hidden Valley model [21], with a similar Higgs portal for decays of the glueballs,

and with a production portal induced by “quirks” [15, 22]. The width for G0+ ! Y Y is

�
G0+!Y Y

=

✓
↵̂3vf0

6⇡f 2(m2
h

�m

2
0)

◆2

�SM

h!Y Y

(m2
0) . (39)

Here �SM

h!Y Y

(m2
0) is the width of a SM-like Higgs of mass m

h

= m0 and f0 is the G0+ decay

constant; from the lattice we have 4⇡↵̂3f0 = 3.06m3
0 [43]. This is the dominant decay mode

of twin glueballs in the minimal model; decays into twin sector leptons are subleading, due

to suppression factors of (m
h

/m

ĥ

)4(f/v)2 for decays via ĥ and by an extra (v/f)2 mixing

factor if via h.

Provided that the G0+ decays primarily into SM final states, we can determine its lifetime

⌧0 in terms of m0 and f . This exercise is particularly straightforward for glueballs much
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Decay rate:

decay constant which is known from lattice

vA = vB (16)

v2A ⌧ f 2 ⌘ v2A + v2B (17)

⇠ (v/f)2 (18)

f & 3v (19)

mt̂ =
ŷtfp
2

⇠ 520 GeV (20)

�SM ⇡ 2+

3y4t
4⇡2

ln

✓
⇤

mt̂

◆
⇡ 1

8

(21)

⇠ 2v2

f 2
(22)

v

f
(23)

mb̂ ⌧ ˆ

⇤QCD (24)

m0++ ⇡ 6.8ˆ⇤QCD (25)

/ m3
0 (26)

2

The decay is proportional to the 7th 
power of glueball mass! 

Signal: displaced vertices. Displacement 
can vary from micrometers to tens or 

hundreds of meters.  



DARK QUARKONIUM STATES

FIG. 4: Sketch of the twin hadron spectrum in the regime where m0 < 2m
b̂

< 2m0. In addition to

the G0+, of mass m0, about a dozen other glueballs, with mass splittings of order m0, are stable

against twin strong decays. Numerous twin bottomonium states, including a tower of 0++ states

�̂, are stable against twin strong decays. The circled G0+ and G0
0+ glueballs, and potentially the �̂

quarkonia, can dominantly decay via annihilation through an s-channel o↵-shell Higgs to the SM.

Folded Supersymmetry [4], where twin glueballs also arise, we thus find a connection between

dark naturalness and twin hadrons. In our case, this connection manifests itself as new and

exciting opportunities for discovery at the LHC.

The model’s phenomenology changes significantly as we move around in the parameter

space, and in most regions it is rather complicated. But the most promising and dramatic

LHC signals arise even in the conceptually simplest region, namely where m
b̂

>

1
2mh

(i.e., in

Fig. 5 below, the part of region A above the dashed line). In this case the main phenomenon

is that described in Fig. 1, with twin gluons produced in h decays and hadronizing into

twin glueballs, including the G0+. The G0+ lifetime is discussed in Section VC, Eqs. (39) -

(41); the (perturbative) production rate for glueballs is discussed in Section VE, Eq. (45),

with nonperturbative subtleties described in Appendix B 1. The reader seeking to avoid

becoming lost in details at a first reading may wish to focus merely on this simple scenario,

in which case Section VD, the later portions of Section VE , and Appendices A and B2
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The twin bottom should be in the spectrum due to anomaly cancellation. Its 
mass is a free parameter, as long as it does not reintroduce the hierarchy 

problem (~70 GeV)

All these states can decay 
to the SM via their 

mixings with the higgs.

In quarkonium spectrum the 
chi’s are not the lightest states, 
SM decays compete with the 

dark sector cascades



FULL PARAMETER SPACE 

FIG. 5: The parameter space of the model in terms of the masses of the lightest glueball G0+

and the lightest quarkonium ⌘̂. In region A, only glueballs are produced; in region B, the relevant

quarkonia decay to glueballs; in region C, glueballs are either not produced or decay to quarkonia,

so only quarkonia appear in the final state; and in region D there are both metastable glueballs and

metastable quarkonia, with the potential for mixing. Solid lines indicate kinematic boundaries.

may be omitted.

A. Kinematic Regions

Before we begin, it is useful to parameterize the theory through m0 and m

⌘̂

(as well as f)

in place of ĝ3, ŷb. Here ⌘̂ is the lightest [b̂¯̂b] state, lying slightly below the lightest �̂ state. We

can then divide the parameter space of the model into four qualitatively di↵erent kinematic

regions, shown in Fig. 5:

• Region A: m
h

> 2m0, mh

< 2m
⌘̂

and m

h

< m0 + m

⌘̂

, so that h can decay to twin

glueballs but not to twin bottomonium.

• Region B: m
h

> m0 +m

⌘̂

and m

⌘̂

> 2m0; here h can produce twin bottomonium, but
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Two glueballs production is 
kinematically allowed 

Glueball + bottomonium is 
kinematically allowed

Qaurkonia can decay to glueballs

Di-quarkonia production is 
kinematically allowed



EXPECTED RATES

Irreducible, ~ 0.1%

Model dependent:

coupling — free parameter

Can we rely on perturbation theory?

promptly 
decays to B-

mesons 

No light quarks, no decays into B-
mesons. The towers extend much 

higher than in the SM

The resonance structure of 2-point 
function can significantly modify the 

naive perturbative rates



LHC SIGNALS

FIG. 7: A qualitative overview of the phenomenology, for f = 3v, in the various regions of param-

eter space; see Fig. 5. Details are explained in subsequent sections. Solid lines indicate kinematic

boundaries. Common final states are indicated in italics. At low glueball mass, decays of the G0+

are displaced; see Fig. 6. Here it is assumed that there are light twin leptons, so one �̂ state is

visible, and even displaced, only in small regions; otherwise �̂ decays visibly throughout regions C

and D, and is displaced at low mass.

A. New Higgs Decays With Displaced Vertices

The branching fraction Br(h ! twin hadrons) > 10�4 everywhere that it is not kinemat-

ically forbidden. Because the number of Higgs bosons produced at LHC in Run II will be

of order 107, and because displaced vertices are spectacular signals when identified, these

36

Dominated by h → 2 decays with BR ~0.1%

prompt decay — hopeless at the LHC

displacement: h→4b with 2 
displaced vertices of order mm
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PROPOSED LHC SEARCHES 

Exclusive double displaced vertex (heart of the region A) with full 
reconstruction of higgs invariant mass

Single displaced vertex — usually hard due to unknown and 
hard-to-estimate backgrounds. Use associated production and 
VBF. Especially relevant for large lifetime (~10 m). Small accpeted 
rates!

Inclusive double displaced vertex — relevant for regions 
dominated by h→many, may include MET. 



LHC AND BEYOND

If glueballs are heavy, around 40 GeV, the displacement is lost. This can 
happen in fraternal twin higgs (if we are unlucky). This is even more 

generic in folded SUSY, where we expect somewhat heavier glueballs.  

Dominated to h→2 glueballs.
Glueball decay without displacement with the same BR’s, as the higgs would 
decays, if its mass had been equal to the glueball mass
Irreducible BR — 0.1%. If we are lucky, we can have reducible enhancement 
up to factor 100.  

Decay modes to look at:

h→4b (~80%) h→2b2τ (>15%) h→2b2μ (around 0.5%)
HL LHC should have sensitivity ~ 10-4



SUMMARY
Signatures of “neutral naturalness” are either exotic events (displaced 
vertices, exotic higgs decays) or small deviations in higgs precision 
measurements — can be detected only with HL machines

All neutral naturalness models predict that higgs couplings deviate 
from the SM values at the level of ≲ 10%. In some models (twin higgs) 
higgs couplings fit directly constraints the naturalness of the theory.

Lots of scenarios predict decays of the higgs with displaced vertices, 
with the rate at least 0.1%. Very rare, but spectacular events.

Most of the signatures do not require high energy, but do require high 
luminosity. 


