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Why Fraternal Twin Higgs?

Neutral naturalness is about seeing 
nothing at the LHC 

Is this true?

Neutral naturalness can be about seeing 
something (pretty unusual) at the LHC



Twin Higgs: What Do We Find In 
the Hidden Sector?

The original paper (Chack0, Goh, Harnik; 2005) doubled the 
full 

SM in the twin sector 
Original twin Higgs 

A different approach: keep only the particles which a 
necessary for naturalness. Do to demand approximate 

symmetry to be more precise than the naturalness 
requires

Fraternal twin Higgs

Bottom-up approach:



What Do We Need to Preserve Naturalness?
Three species of twin tops with a coupling to the twin Higgs. The 
Z2 should be respected to precision of 1% in this sector.
Twin W to cancel the W-loop                    gauged twin SU(2) 
embedded into the global SU(4).  The Z2 should hold to the level of 
10%.
Claim: although there is no one-loop divergence involving a gluon, 
the global SU(3) that the twin tops are charged under must be gauged. 

Why? 
Technically — 2-loop correction to the Higgs mass

cuto↵ sensitivity in the pseudo-Goldstone Higgs,
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in analogy with Eq. (5). Demanding this not significantly exceed the observed Higgs mass-

squared implies
��� ĝ2(⇤)�g2(⇤)

g2(⇤)

��� . 0.1. Note that with this gauging of twin SU(2) all Goldstone

bosons of SU(4) breaking, except for the SM-like Higgs itself, are now longitudinal weak

bosons of the visible and twin sectors.

In contrast, the contribution to m

2
h

from U(1)
Y

loops in the SM is comparable to m

2
h

for a cuto↵ ⇤ ⇠ 5 TeV, and thus already consistent with naturalness. Thus naturalness

does not require twin hypercharge, although it was included in the original Twin Higgs [1].

This is analogous to the statement that in natural supersymmetry there is no need for the

Bino to be light; its presence in the low-energy spectrum is non-minimal from the bottom-

up point of view. Given that our principle in this paper is to seek the most economical

version of the twin Higgs that is consistent with the naturalness of the little hierarchy, we

do not include twin hypercharge in the minimal twin Higgs model, assuming instead that

it was never gauged or that it was broken at or around the scale ⇤. However, for the sake

of completeness, we will briefly discuss the significant phenomenological consequences of a

light twin hypercharge boson in Appendix E.

Next we turn to the twin analogue of QCD. Of course the Higgs does not couple to SU(3)

at tree level, but rather at one loop via its coupling to the top quark. This nonetheless leads

to sizable two-loop corrections to the Higgs mass from physics around the cuto↵. As we will

discuss in detail in Section IVA, the contribution to the Higgs mass-squared from two-loop
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2
3 corrections in the SM is at least ⇠ (350 GeV)2 for a cuto↵ ⇤ ⇠ 5 TeV, putting QCD

on similar footing as the weak gauge group. Gauging the twin SU(3) global symmetry with

coupling ĝ3 gives quadratic cuto↵ sensitivity in the pseudo-Goldstone Higgs

�m

2
h

⇡ 3y2
t

⇤2

4⇡4
(g23 � ĝ
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This is a key observation that will drive the phenomenology of a viable Twin Higgs model:

naturalness and minimality favor a confining gauge symmetry in the hidden sector, “twin

glue”. This twin glue has a coupling close to the QCD coupling — we will see how close in

Section IVA — and therefore it confines at a scale ⇤̂3 which is logarithmically close to the

SM QCD confinement scale.

13

Need the visible and twin color couplings to agree
within 30%.

New UV-free force in the twin sector.



What Do We Need for Naturalness?
Twin RH bottom to cancel SU(3) anomaly. Twin bottom 
Yukawa is allowed by symmetries but its values is a free 
parameter, as long as 
Twin LH tau should cancel SU(2) anomaly
We introduce RH tau (singlet fermion) in order to give mass to 
taus. It is not necessary. If RH tau not introduced, massless 
twin taus are similar to twin neutrinos.
One generation of twin neutrinos must be present. Twin tau 
and twin neutrino masses are almost free parameters 

Formulas

h ! �2�2, �2 ! a�1, a ! f ¯f/��/jj (1)

2(`+`�) + /ET , 2(jj) + /ET (2)

h ! �1�1, �1 ! jjj (3)

tan � � 1 (4)

tan � (5)

|mµµ �ma| < 1 GeV (6)
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ŷb . 5yb (15)

1

Not needed:
Twin light generations (Natural SUSY — no light flavor sfermions).
Twin U(1) (Natural SUSY — bino can easily be heavy). No twin photon.  

Much smaller field content than in the SM. No 
cosmological problem.



Minimal Or Non-Minimal?
This approach is in lots of 

senses similar to the “Natural 
SUSY”: 

✦ naively look minimal from IR 
✦ very non-minimal from UV 

4

UV completions of NN

A Twin Unified Theory ?

yt = y0t at 1% level

g2 = g02 at 10% level

g3 = g03 at 15% level

1501.05310: N. Craig, A. Katz, M. Strassler, R. Sundrum

⇤ ⇠ 5 TeVat

SU(6)⇥ SU(4)

h
SU(3)⇥ SU(2)

i
⇥

h
SU(3)⇥ SU(2)

i

Use the tools from GUT 
model building

SU(5)/Z2 ! SU(3)⇥ SU(2)⇥ U(1)

example:

Orbifolds are a clean way of reducing symmetriesUV completion of “Fraternal Twin”? See talk by 
Simon 

Knapen for 
more ideas 
and details.



Fraternal Color
Fraternal color should be gauged, because without it 

top Yukawas would run differently.* 
Threshold corrections

No fraternal color                                  FT < 10%

How precise should Z2 be? 15% if we demand that FT>30%. 

New confining force in the twin sector
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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
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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

Where is the confining scale? 

Depending on the goodness of 
Z2 the confinement scale can vary
from less than 1 GeV to more than

20 GeV. Typically — slightly 
heavier than QCD scale.

*see talk by Brian Batell for not gauged SU(3).



Higgs Portal and Hidden Valley Phenomenology

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
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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
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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

�
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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 produces a coupling:

The SM-like Higgs decays into the twin sector.
The BR is close to 0.1%. 

The couplings are suppressed relative to the SM by    

vA = vB (16)

v2A ⌧ f 2 ⌘ v2A + v2B (17)

⇠ (v/f)2 (18)
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2

How will these events look like? 
Some hidden sector 

hadrons
can produce 

interesting signatures 
at the LHC. 



Twin Sector Spectrum — Glueballs
Consider first limit 

Below the scale of the twin bottom mass we get a pure glue.
Spectrum of Glueballs:

For a tower of states with different spin, P and C
The lowest state is 0++ 

Heavy states decay fast enough into the light 
glueballs, if kinematically allowed 
The lightest states has a mass 
0++ decays to the SM via its mixing with the higgs 

Other states, which cannot decay to other glueballs 
have very long lifetime          MET at the LHC 
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Lattice calculations: Morningstar et. al., Lucini et al….

�t̃t̃⇤ ⇡ 0.15�tt̄ (32)

��tt̄/�tt̄ ⇡ 4.5% (33)

tR¯tL : tL¯tR = (1 + cos ✓)2 : (1� cos ✓)2 (34)

pdaughter = �M � �M2

2M
(35)

|p(lab)| = ��M (36)

fSM = 1.2± 0.05 (stat)± 0.13 (syst) (37)
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Glueball Lifetime
0++ mixes with the higgs and decays to the same final states, 

as the 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
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↵̂3
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and applying (18) generates the corresponding coupling to A

†
A, which after electroweak

symmetry breaking leads to
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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

�
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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

decay constant, known from lattice 

vA = vB (16)

v2A ⌧ f 2 ⌘ v2A + v2B (17)
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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 ⇥
⇣
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⌘7
✓
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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

Decay goes as 7th power of 
the glueball mass 

Signal: displaced vertices.
Displacement can be plausible 

as big as 1…10 meters.



More Complicated Story — Quarkonium
Twin bottom quarks should be in the spectrum because of anomaly 

cancellations. Its mass is a free parameter as long as it does not cause a 
new naturalness problem.

vA = vB (16)

v2A ⌧ f 2 ⌘ v2A + v2B (17)
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/ m3
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Twin bottoms form high towers of 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

26

Both glueballs and 
quarkonia  

can decay to the SM 
states. 

Both can result in 
displaced  

vertices at the LHC. 



Full Parameter Space of  the Model 

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

27

Two glueball production 
is kinematically allowed

Two quarkonia production is kinematically allowed

Decay into one glueball
and one bottomonium is 

allowed

Quarkonia can decay to 
glueballs



Production of  Twin Hadrons
Irreducible rate:

Twin stops running in the loop.
Depends only on the scale f. 

Perturbatively BR — around 0.1%

Reducible rate:

tw
in

 bo
tto

m
s

BR is proportional to twin bottom Yukawa,
we do not know this value

For sufficiently high twin bottom Yukawa (twin bottom mass beyond 19 GeV) the 
model would already be excluded by excessive invisible Higgs rate. 

Can we always rely on perturbative rate in this case? 



Beyond the Perturbation Theory

higgs invisible rate would be too high

Why we cannot always rely on perturbation theory?

promptly 
decays  
to B-

mesons

No light quarks  
No decays into B’s 

The towers are 
higher than in the SM
The resonance structure of 2-

point 
function can modify the BRs
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If ŷb & 1.25yb, the model is perturbatively excluded

�/� (28)
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Beyond the Perturbation Theory
The maximal possible suppression compared to the 

perturbative rate is  

vA = vB (16)

v2A ⌧ f 2 ⌘ v2A + v2B (17)
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If ŷb & yb, the model is perturbatively excluded

�/� (28)

2

width of the state
splitting between the states

Suppression is roughly 

For larger m0, resonance e↵ects are potentially important. Based on large-N
c

counting

and experience from the ⇢ meson — �
⇢

⇠ m

⇢

/5 is of order 1/N
c

= 1/3 — we expect that

excited 0++ glueball resonances have �/m ⇠ 1/N2
c

= 1/9, perhaps with an additional minor

suppression factor. There is also likely a phase-space e↵ect increasing the width for higher

excitations, but we ignore this for our conservative estimate. Meanwhile the spacing between

0++ glueball resonances is likely to be smaller than m0 (as is the case for ⇢ mesons, among

others) but it is surely no larger; lattice evidence for the second 0++ glueball [45] supports

this. The maximum suppression between two resonances of width � and spacing �, relative

to a perturbative calculation, is of order �/� & (m0/N
2
c

)/m0 = 1/9. Thus we expect the

worst possible non-perturbative suppression factor is about 0.1, bringing the worst-case rate

for glueball production down no further than 10�4.

2. Nonperturbative e↵ects in twin bottom production

If the Higgs can decay to b̂ quarks and thus to [b̂¯̂b] states, the rate for twin hadron produc-

tion is often enhanced. As before, the [b̂¯̂b] production rate is given by the perturbative rate

for h ! b̂b̂ for su�ciently small m
b̂

and m0. As discussed in Section VE, the perturbative

branching fraction for h ! [b̂¯̂b] +X grows as ŷ2
b

, contradicting existing Higgs measurements

for ŷ
b

& 1.25y
b

.

But at high ŷ

b

, the perturbative rate often gives the wrong answer. The widths of the

excited �̂ states with mass ⇠ m

h

may be very small compared to their mass splittings, due

to kinematic constraints. For instance, the �̂ widths are tiny if m
h

< m

⌘̂

+ m0, 2m⌘̂

, and

may be quite narrow until m
h

�m

⌘̂

� m0. If m
h

lies between two resonances, then there

can be a strong non-perturbative suppression compared to the perturbative rate.

We may make an estimate of the maximal suppression factor as we did for glueballs for

large m
�̂

and small m0. Here the annihilation decay �̂ ! ĝĝ is perturbative and depends on

R

0(0), which we have estimated as described in Appendix A; this gives us � if radiative decays

of the �̂ are su�ciently suppressed by small twin bottomonium mass splittings. Similarly

we may obtain � for the higher �̂ states from (A2). We find a suppression factor of order

↵̂

2
3(En

/m

�̂

)3/2 , (B1)

where ↵̂3 arises from the annihilation rate and should be evaluated at the scale m

b̂

, and
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Enough to render the BR < 10% in the entire parameter 
space. But does not take into account important effects

Similar effects can reduce the decay rate to gg by no 
more  than factor of 10. The exotic BR cannot fall 

below 0.01%,  and can be significantly enhanced 



Decays of  Twin Bottomonium

phenomenologically relevant 
states can mix with the higgs 

and decay to the SM

Decay length:

where R(r) is the state’s radial wave function. Here R

0(0) appears because �̂ is a p-wave

state. As justified in Appendix A, we take the approximation of a linear confining potential

(with slope � ⇡ 4⇤̂2
3, following calculations of [42, 47]) as a starting point, ignoring the

Coulomb potential and important relativistic corrections. Our estimate is

�
�!Y Y

⇠ 2⇥ 10�3

✓
v

f

◆4
m

11/3
�

m

10/3
0

v

2
m

h

(m2
h

�m

2
�

)2
�
h!Y Y

(m
h

) (43)

for the lowest �̂ state.

Meanwhile the twin weak decay to ⌥̂ ˆ̀̀̂̄ proceeds via an o↵-shell Ẑ, through a dipole

transition (analogous to �

b

! ⌥� in the SM). Assuming twin neutrinos are massless we

roughly estimate

�
�̂!⌥̂⌫̂

¯̂
⌫

⇠ ↵̂

2
2

4⇡

(m
�̂

�m⌥̂)
7

(m
b̂

�)2m4
Ẑ

, (44)

where � is the typical velocity of the b̂ in this state. The extreme dependence of this width

on the �̂� ⌥̂ mass di↵erence makes any estimate of lifetime and branching fraction highly

uncertain.

Using these formulas as a guide, however, we can qualitatively summarize �̂ phenomenol-

ogy in regions C and D:

• If twin neutrinos and taus are not light, then one or more low-lying �̂ states may decay

promptly at high mass and displaced at low mass. An approximate formula for the

lifetime is given in Eq. (A3).

• If twin neutrinos and/or taus are light, then

– In region C, twin weak decays dominate, making all �̂ decays invisible.

– In region D, the lowest-lying �̂ state may decay visibly with a substantial branch-

ing fraction, especially for m
�̂

> m0.

– Also in D, the lowest-lying �̂ decays may be displaced for m

�̂

> m0 and m

�̂

<

30 GeV or so.

Recall also that in region D there can be mixing of 0++ glueballs and quarkonia. This e↵ect

is probably of greatest important for m0 > m

�̂

, where G0+ is nested within the �̂ tower. For

m0 ⇠ m

�̂

the quarkonia widths tend to be larger, so the mixed states tend to inherit their

properties, with lifetimes somewhat shorter than in Fig. 6 and the potential for significant

invisible decay fractions.
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linear potential approximation + string tension 
from lattice

Competing process: de-
excitation to ϒ via twin Z 

off shell         twin neutrinos 

sensitive to the mass splitting 
between qaurkonia  to the 7th 

power, hard to model

If glueballs are sufficiently light, 
visible decay to the SM are possible, 

lifetime is shorter than that of 
glueballs



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
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Proposed Searches for the LHC
Exclusive double displaced vertex search (heart of region A) 
with higgs invariant mass reconstruction

Single displaced vertex (usually hard due to unknown and 
hard-to-estimate backgrounds). Use associated production & 
VBF

Inclusive double displaced vertex (can come with missing 
energy and/or other particles)

Beyond LHC:
if glueballs are heavier than 40 GeV, the decays are prompt. The generic 

rate is too small for the LHC (0.1%), but h        4b with this rate is a 
reasonable target for future lepton colliders. If there is resonant 

enhancement, the BR can be as big as 10%, exotic Higgs decays are 
measurable at the LHC 



Signals Beyond the LHC?
There are many variations on how the twin sector can look like. 

Fraternal twin, beyond fraternal, exact mirror symmetry…

It must have a DM candidate 

Does Fraternal Twin Higgs has a built in DM 
candidate?
Thermal relic abundance?
Signatures at direct detections experiments?
Asymmetric DM?
From asymmetric DM to Darkogenesis/Xogenesis/
Cogenesis?

Much more on DM: talk by J. March-
Russel. On asymmetric DM in twin 
higgs — “hidden talk” by M. Farina



Twin Tau as a Thermal 
Relic

In the Fraternal Twin Higgs the Twin Tau is the lightest 
particle, which is charged under twin EM          can be 

stable.

Dominant annihilation 
—  twin neutrinos
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Ω
h
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Λ=0.5 GeV, v/f = 1/3

The strength of 
annihilation — 

WIMP-like.  
Guaranteed by 

naturalness 

Fraternal W
IMP miracle 



LUX and Beyond
The twin W and Z do not mix with the visible gauge boson: 

interaction with the visible sector via fermionic Higgs 
portal:

�t̃t̃⇤ ⇡ 0.15�tt̄ (32)

��tt̄/�tt̄ ⇡ 4.5% (33)

tR¯tL : tL¯tR = (1 + cos ✓)2 : (1� cos ✓)2 (34)

pdaughter = �M � �M2

2M
(35)

|p(lab)| = ��M (36)

fSM = 1.2± 0.05 (stat)± 0.13 (syst) (37)

L � �ŷ⌧
|H|2⌧̂+⌧̂�p

2f
(38)

3

free parameter, constrained by naturalness and 
invisible higgs decay  

constrained by naturalness
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SI direct detection

LUX
v/f = 1/3

v/f = 1/5

Big portion is 
already excluded, 

a lot will be 
probed soon



Twin Tau — GeneralizationExample 1:   The ZΓ orbifold Higgs

SU(2)

SU(3)

q1

h1

u1

[SU(3�)⇥ SU(2�)]/Z� ! [SU(3)⇥ SU(2)]� ⇥ U(1)��1 ⇥ S�

SU(2Γ) SU(3Γ)
Q

H U

SU(Γ) flavor

SU(2)

SU(3)

qΓ

hΓ

uΓ

SU(2)

SU(3)

q2

h2

u2

...

For abelian groups, all irreps are 
dimension one

dl = 1 8l

‘Twin’ Higgs mechanism goes through as before

g(1) = g(2) = · · · g(�)

22

From a talk by Simon Knapen 

Fraternal WIMP miracle easily generalizes to ZN   theories: 
coexistent DM in different sector, even lighter DM is favored
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Ω
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Λ1=Λ2=0.1 GeV, mτ >> mb, v/f = 1/3

Heavy twin tau: 100, 25 and 
15 GeV.

The lightest tau has the 
biggest abundance 



Gauging the Twin 
Hypercharge 
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Λ=0.5 GeV, mτ < mb, v/f = 1/4

Gauged twin EM — 
even lighter 

candidates are 
possible: 

Worry: a-priori kinetic mixing is a free parameter. In the effective theory cannot 
form at less than 4 loops.  

Kinetic mixing usually dominates the direct detection for very light DM  
O(1 GeV).



Conclusions and Outlook

Twin Higgs models, built on assumptions of IR minimality, are 
not necessarily “invisible”.

 Searches for displaced vertices (“hidden valley signatures”) are 
motivated naturalness

New motivation for exotic higgs decays at the LHC and future 
lepton colliders

Twin tau is a natural thermal relic candidate in fraternal twin 
higgs

Most of the parameter space is on the edge of current LUX 
bounds, next generation of direct detection results should probe 
almost the entire parameter space


