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Naturalness of  Weak Scale
• The hierarchy problem has been a main driving 

force in searching for new physics beyond SM.

γW,Z, higgstop

Figure 1: The most signiÞcant quadratically divergent contributions to the
Higgs mass in the Standard Model.
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The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% Þne tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
! 2 TeV Λgauge

<
! 5 TeV ΛHiggs

<
! 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (" 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be Þne tuned, and so we should expect
to see new physics at the LHC.

More speciÞcally, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this impliesthat there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be n atural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard ModelSU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHCÕs 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.
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• The solutions based on symmetry principles 
require new states (top partners) below TeV 
scale to cancel the quadratically divergent 
contribution from the top quark to mH2 .



Naturalness of  Weak Scale
• In common frameworks, e.g., supersymmetry 

(SUSY), composite Higgs (including little Higgs), 
the top partners carry color charge just as the 
SM top quark.

How does new physics look like ?
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�‡Two established mechanisms to protect the weak scale

�‡A new scalar or fermion partners with the top quark, and cancels                               

the quadratic sensitivity

�‡�7�K�L�V���µ�W�R�S��partner�¶��is charged under the strong interactions
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How does new physics look like ?
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• Two established mechanisms to protect the weak scale

• A new scalar or fermion partners with the top quark, and cancels                               

the quadratic sensitivity

• This  ‘top  partner’  is charged under the strong interactions
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SUSY Global symmetry 
(Higgs as PNGB)
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E.g., SU(3)/SU(2):Superpartners have the same 
gauge quantum numbers as 
the SM particles, but have 
the spins differed by 1/2.
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Missing top partner problem

Global Symmetry Supersymmetry

Problem 1: nothing yet (~10% tuning).!
Problem 2: not much new to do.

LHC searches driven by top partners 
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Naturalness of  Weak Scale
• Top partners are extensively searched at LHC, 

but nothing was found below 700-800 GeV, 
which makes the hierarchy problem more 
prominent.



Neutral Naturalness
• As a result, there is a surge of interests in models 

where the top contribution to the Higgs mass is 
cut off by states that do not carry color.Neutral naturalness

Partner quantum #s Global SUSY

QCD x EWK CHM, Little Higgs MSSM

Neutral x EWK Quirky Little Higgs Folded SUSY

Neutral x Neutral Twin Higgs ????

dim-6 mixing dim-8 mixing

*Table borrowed from David CurtinTable borrowed from David Curtin/Nathaniel Craig

Chacko, Goh, Harnik 

Burdman, Chacko, Goh, Harnik Cai, HC, Terning



Twin Higgs

• Imagine that there is a “mirror” or “twin” sector 
related to SM by an (approximate) Z2 symmetry.

• The SM Higgs doublet and twin Higgs doublet 
have an approximate SU(4) invariant potential.

• SU(4) is spontaneously broken down to SU(3) by 
the H  VEV, producing 7 Goldstone modes.

Chacko, Goh, Harnik, hep-ph/0506256 

The Twin Higgs
Consider a scalar H transforming as a 

fundamental under a global SU(4):

V (H) = �m2|H|2 + �|H|4

SU(4)! SU(3) yields seven goldstone bosons.

|⇥H⇤|2 =
m2

2�
� f2

Potential leads to spontaneous symmetry breaking,

UV: λ≫1 NLSM;  λ≲1 LSM12

The Twin Higgs
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Then 6 goldstones are eaten, leaving one behind.

But these become SU(4) symmetric if g A=g B from a Z2 

Now gauge SU(2)A x SU(2)B !  SU(4), w/ H =
!

HA

HB

"

Us Twins

Explicitly breaks the SU(4); expect radiative corrections.

Quadratic potential has accidental SU(4) symmetry.
13

! SU(2)A

! SU(2)B

|!H "|2 =
m2

2!
#

f 2

2



Twin Higgs
• The SU(4) invariance of the quadratic term is 

guaranteed by the Z2 symmetry. No quadratic 
divergence for the masses of Goldstone bosons.

The Twin Higgs

Then 6 goldstones are eaten, leaving one behind.

But these become SU(4) symmetric if gA=gB from a Z2 

Now gauge SU(2)A x SU(2)B ⊂ SU(4), w/ H =
✓

HA

HB

◆

Us Twins

Explicitly breaks the SU(4); expect radiative corrections.

V(H ) � 9
64! 2 g2! 2 !

|HA |2 + |HB |2
"

Quadratic potential has accidental SU(4) symmetry.
13

• To obtain a realistic model, a soft Z2 breaking 
term is needed to make the twin Higgs VEV larger 
than the SM VEV,  f !  v!

follows,
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The U(1)Y and U(1)D are linear combinations of U(1)X (with X = " 1/ 4 for H ) and the
diagonal U(1) subgroup of SU(4) with the generator TSU(4)

d proportional to diag( 12 , " 12).
Their normalizations are chosen such that the SM Higgs Þeld has hyperchargeY = " 1/ 2 and
no D charge, and vice versa for the twin sector Higgs.4 The two SU(2) gauge couplings need
to be approximately equal by the Z2 symmetry to preserve theU(4) symmetry of the Higgs
mass term. On the other hand, theU(1) couplings do not need to be related as long as they
are small enough not to a! ect the naturalness.

Six of the seven Goldstone bosons are eaten by theW, Z bosons of the SM sector and
twin sector. Going to the unitary gauge ! 4 = h, ! i = 0 for i $= 4, we Þnd

H %

#

$
$
$
%

f!
2

cosh
f

0
f!
2

sin h
f

0

&

'
'
'
(

. (2.7)

To have a viable model we require&h' ( f . This can be achieved by adding a softZ2 breaking
mass term

µ2H †
A HA , (2.8)

which suppresses theHA VEV relative to the HB VEV. Expanding the H kinetic term
(DµH )†D µH we obtain the masses ofWA,B ,

m2
W

A
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g2f 2

4
sin2

)
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f

*
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g2v2

4
, m2

W
B
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g2f 2

4
cos2

)
vA

f

*
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g2f 2

4

)
1 "

v2

f 2

*
, (2.9)

where vA ) & h' and v = f sin (vA /f ) * 246 GeV. The masses ofZA,B are obtained by
replacing g % g/ cos"w where "w is the Weinberg angle.

In the fermion sector, the top Yukawa interaction and the corresponding term in the twin
sector are given by

" yt H
†
A øuA

3RqA
3L " öyt H

†
B øuB

3RqB
3L , (2.10)

where qB
3L , uB

3R are the twin top partners which are completely neutral under the SM gauge
interactions. The approximate Z2 which exchangesA + B requires öyt , yt so that the

4The choice of Y = �1/2 for the Higgs is more convenient later for writing down the top Yukawa coupling.
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Twin Higgs
• 6 of 7 Goldstones are eaten by the W, Z bosons 

of the SM and twin sectors, leaving one as the 
observed light Higgs boson.

Neutral top partners

5

• Is it necessary to have strongly interacting top partners?

• No, first counter-example in 2005: the ‘Twin Higgs’. 

The cancellation of the radiative corrections is enforced by a                             

discrete symmetry

Cancellation goes through as in global symmetry case, all we need

is 3 copies of the (fermionic) top partner 𝑡̂
it must be charged under some SU(3) symmetry, not the QCD one.  

x

+

Cancelation of top quadratic divergence to Higgs mass



Twin Higgs
• The Z2 does not imply SU(4) invariance of the 

quartic term. 

• |HA|4+|HB|4 will be generated by radiative 
corrections, but only has logarithmic sensitivity to 
the cutoff.  Such a term is needed to give the 
physical Higgs boson a mass.

�V =

3y4
t

8⇡2 log⇤ (|HA|4 + |HB |4)

• A UV completion of Twin Higgs should 
regularize the log divergence, making the Higgs 
boson mass finite and calculable.



Higgs Potential and Higgs Mass
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is the a diagonal generator ofSU(6) which commutes with SU(3)B and SU(3)A . The fermion
Yukawa coupling L t and the mass termL m are given by

! L t = yt H   Q3L øu3R + h .c. = yt

!
H  

B H  
A

"
#

qB
3L ÷qA

3L

÷qB
3L qA

3L

$ #
uB

3R

uA
3R

$

+ h .c. (2.16)

where under SU(6) " SU(4) " U(1)X we have Q3L # (6, 4, 1/ 12), u3R # (6, 1, 1/ 3) and
H # (1, 4, ! 1/ 4), and

! L m = ÷M (÷q
A
3R ÷qA

3L + ÷q
B
3R ÷qB

3L ) + h .c. . (2.17)

Because of mass mixings, these gauge eigenstates are not mass eigenstates. To distinguish
them from the physical top quark which is a mass eigenstate, we use subscript Ò3Ó to denote
the gauge eigenstates. The fermion kinetic terms can be written in terms of the component
Þelds given in Table1. The states contained in ÷qA

3 and ÷qB
3 are charged under both sectors. In

particular, ÷qA
3 is a SU(2)B -doublet of fermions that carry SM color and are vector-like with

respect to the SM electroweak interactions. These Òexotic quarksÓ are the focus of our study.

The e! ective potential for the SM Higgs generated by Eqs. (2.16), (2.17) was calculated in
Ref. [1] and is Þnite.5 The vector-like mass ÷M plays the role of the cuto! to the logarithmically
divergent contribution to the Higgs quartic term from the SM top and the twin top. Therefore
it a ! ects the physical Higgs boson mass. Of course, there could exist a ÒbareÓZ2 symmetric
Higgs quartic term at the scale ÷M already,

!
%
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f 4
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+ cos
'

h
f

( 4
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In a UV-complete theory, it could arise from integrating out high energy physics above ÷M ,
e.g., higher resonances or KK modes, or from a brane term in extra dimensional models.6

The complete Higgs potential can thus be written asV = Vtop + Vgauge+ V!!Z2
+ V! , where

Vtop is the radiative Coleman-Weinberg (CW) contribution computed using Eqs. (2.16), (2.17),
Vgauge is the CW gauge contribution, whereasV!!Z2

is given by Eq. (2.8) and V! by Eq. (2.18).
With the extended top sector, Vtop is Þnite and its one-loop CW contribution has been calcu-
lated in Ref. [1]. Because it depends on the fourth power of the top Yukawa coupling which
has a strong scale dependence, the higher loop contributions are non-negligible and can signif-
icantly a! ect the Higgs mass prediction, analogous to the SUSY case. The leading logarithmic
corrections can be re-summed using renormalization group (RG) techniques. To include the
leading higher loop contribution, we follow the results of Ref. [22], which demonstrated that
in SUSY a good approximation to the RG-improved potential is obtained by replacing every

5Our normalization of the symmetry breaking scale f di! ers from that of Ref. [ 1] by
!

2, i.e., f us =
!

2f CGH .
6If the underlying strong dynamics respects only SU(4) global symmetry, the ! term could arise at the

order ! " g2
SM , where gSM is an SM coupling representing the explicit breaking of SU(4) [11, 20]. On the other

hand if the underlying strong dynamics respect an SO(8) global symmetry which also protects the custodial
SU(2) symmetry, the ! term will be suppressed by an additional loop factor g2

SM / (16" 2) [11, 21].

Ð 9 Ð

plus the radiative corrections to the Higgs potential 
in the low energy theory.

• Higgs boson mass is determined by the bare quartic 
term at the UV cutoff of the low energy theory,

HC, Sunghoon Jung, Ennio Salvioni, and Yuhsin Tsai, arXiv:1512.02647



Twin Higgs Phenomenology

• The twin sector particles do not carry SM 
gauge charges and hence are difficult to find.

• The only bridge (in the low energy theory) 
between the SM and twin sectors is through 
the mixing of the Higgses. The physical Higgs 
boson has a small component ~v/f in the twin 
sector direction. 

!
"

pNGB Higgs

SM Higgs

twin Higgs



Twin Higgs Phenomenology
• Higgs coupling to SM particles is universally 

reduced by (1-v2/f2)1/2. It can have a small 
invisible decay width to the twin sector.

• The current LHC data bound is f/v "  3. Future 
LHC runs won’t improve it by much.
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FIG. 8: Current bounds on v/f and the Higgs branching ratio into the twin sector from a combined

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

bounds (deÞned 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 ofv/f for öyb/y b = 0 , 1, 2; as discussed in the text, the actual branching ratio

may di" er signiÞcantly from the perturbative result for a given value of öyb.

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

combined Þt of the most recent ATLAS and CMS Higgs measurements [67Ð75] using the

proÞle likelihood method [76]. The resulting bounds onv/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 ofv/f for

öyb/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 öyb/y b, while the irreducible rate for glueball production applies

9 This Þt does not include implicit precision electroweak bounds from infrared contributions toS 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 [60],

here the infrared contribution is cut o" by the mass of the heavy Higgs. Formöh ! TeV these corrections

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

inßuence the coupling Þt.

41

Craig, Katz, Strassler, 
Sundrum, 1501.05310



• Existence of many light states in the twin sector 
may cause cosmological problems.

• To address the naturalness problem, Z2 
symmetry is only needed for particles that have 
large couplings to the Higgs (e.g., top, W/Z). One 
can take a minimal approach to include only 
necessary ingredients.

Fraternal Twin Higgs
Craig, Katz, Strassler, Sundrum, 1501.05310



Fraternal Twin Higgs

• Only 3rd generation fermions are needed (to 
cancel anomalies). Only top Yukawas need to 
respect Z2. The twin bottom, tau, neutrino 
masses are free parameters as long as they are 
much lighter than the twin top.

• SU(2) and SU(3) gauge couplings need to be 
approximately equal to SM gauge couplings.

• Twin U(1) is not needed (or twin photon can 
be heavy). 

In the twin sector:



Fraternal Twin Higgs

• Twin leptons, if stable and heavy enough, could be 
good thermal dark matter candidates.4

the strength of the transition slowly increases. However
the properties of the phase transition at ! QCD! != 0 are
not Þrmly established, especially once! QCD! is not small.
Thus to be conservative, in the cases with twin-CP vi-
olation we take ! QCD! " " , a limit that is su ! cient for
our purposes.

IV. TWIN TAU DARK MATTER

Having argued in Section III that the twin-QCD phase
transition leads to no signiÞcant dilution of relics by en-
tropy production we now proceed to calculate the freeze-
out density of the stable twin-sector states. We start with
the simplest case, that of the twin # lepton (since U(1)!

is not gauged, the situation for $! is identical to that of
#! assuming a suitable Yuakawa coupling giving a Dirac
mass). In most of parameter space the annihilation of
#!Õs dominantly proceeds via twin-SU(2) weak interac-
tions into the (assumed lighter) b!-quarks/quarkonia and
$!$! pairs. Annihilation via the Higgs, with couplings
that are given by y!

!"
2

v
f h#!#!, is subdominant apart from

a narrow resonance region aroundm! ! # mh / 2.
Figure 1 shows the contribution to the present energy

density of the Universe from#! species, normalized to the
observed DM density for di" erent values of f /v . This
calculation, along with the other relic density calcula-
tions throughout this paper, was performed using the
MicrOMEGAs software package [29]. Forf /v $ 3, the
least tuned case, the observed DM density is obtained
for m! ! $ 63 GeV. Larger values of the ratiof /v , which
imply worse tuning, result in larger DM masses.1

We emphasise that, for (symmetric) twin DM candi-
dates with O(0.1) Yukawa couplings, we can obtain the
correct relic density since the couplings and mass of the
W ! bosons are set by the TH mechanism to beg!

2 % g2
and M W ! % (f /v )M W ± . These are constrained by natu-
ralness to be close to SM weak interaction values, giving
rise to a natural Ôtwin-WIMP-miracleÕ.

Turning now to direct detection, scattering of #! with
SM nuclei occurs, at tree level, via Higgs exchange, and
this process sets the scattering cross section in direct de-
tection experiments. In Figure 2 we show the spin inde-
pendent scattering cross section per nucleon o" SM nu-
clei for #! DM as a function of m! ! and for values off /v
such that the correct DM abundance is obtained. For
f /v $ 3& 5 (tuning 20& 8%), the predicted direct detec-
tion signatures fall below current experimental bounds

1 For concreteness, we take mb! ⇡ 15 GeV, which saturates the
experimental bound coming from constraints on the Higgs width
for f /v ⇡ 3. This also corresponds to the Z2 symmetric value
(f /v )mb for f /v ⇡ 3. The twin bottom Yukawa in the FTH
is only constrained by tuning to be ⌧ yt ! . Also, as long as
mb! , ! !

QCD ⌧ m! ! , the ! ! relic density is insensitive to the pre-
cise b! mass. Thus, di " erent (but still su # ciently light) values of
mb! would not a " ect our conclusions.

f !v ! 3

f !v ! 3.5

f !v ! 4

f !v ! 5
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m" ' "GeV#

# " '

# DM

Higgs

width

mb ' ! 15GeV

FIG. 1. Contribution to the energy density of the Universe
from ! ! species normalized to the observed DM energy density
as a function of m! ! for di ! erent values of f /v . Light (dark)
pink area indicates the 2-sigma bounds from invisible Higgs
width and modiÞed couplings to visible sector particles in the
casef /v = 3 (3 .5), whereas f /v = 4 , 5 remain unconstrained
in the region of parameter space shown. Note that, if " !

QCD

is large enough so that m0 ! 2mb! , then annihilations of low-
mass ! !s will have signiÞcant non-perturbative corrections.
However, this regime generically leads gives too high a ! !

density, so is not of primary concern here.

[30] but above the region of parameter space that will be
probed in the very near future by LUX [31]. Larger (more
tuned) values of f /v will be probed by next-generation
experiments such as LUX-ZEPLIN (LZ) [32].

V. MULTICOMPONENT, W ! , & # ! DARK
MATTER

In the case where the sum of#! and $! masses is larger
than the W ! mass, the latter is not able to decay. In
the regime wherem! ! # m" ! and m! ! , m" ! < m W ! , this
implies that all three states are stable and may signiÞ-
cantly contribute to the DM energy density, opening a
possibility for a 3-component DM scenario.

Figure 3 shows the contribution to the DM energy den-
sity of these three particle species (normalized to the ob-
served value) for di" erent values of the twin weak cou-
pling, that we allow to vary by 10% from its central
value g!

2 = g2 $ 0.64. For concreteness, we have taken
m! ! = m" ! $ 0.55 mW ! , with mW ! = g!

2f / 2. As one can
see, the observed DM energy density is only achieved for
relatively large values of the ratio f /v , where the Þne-
tuning is in the range 5% to 1%. This occurs since#!

and $! are forced to be heavier than considered in the
f /v % 3 case, so their annihilation cross sections set by
m2/f 4 are larger Ñ to compensate,f must be increased.

As can be read o" from Figure 3, the correct DM abun-
dance is obtained forf /v $ 9.7 for g!

2 = g2, which implies
a tuning of approximately 2%. In this case, #! and $!
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Figure 2 . Thermal relic abundance of the twin tau ö! in a fraternal twin Higgs scenario without
gauging twin hypercharge. The blue, green and purple line stand forv/f = 1 / 3, 1/ 4, 1/ 5 respectively.
The red line indicates the measured relic abundance! DM h2 = 0 .1187. Left: Relic abundance of ö!
assuming a relatively light twin bottom quark öb and low scale of twin conÞnement. Right: Relic
abundance ofö! assuming a heavy twin bottom quarköb and high scale of twin conÞnement. As we see
the dependence on the exact mass spectrum of the twin particles is relatively weak.

The case for dark matter stabilized by twin electromagnetic charge becomes even more
compelling if the twin hypercharge global symmetry is weakly gauged. In this scenario, twin
electromagnetism is an exact gauged symmetry and the lightest EM-charged particle must be
stable. As explained in [11] this gauging can radically change the collider signatures of the
model, but as we will see here it has only a minor e! ect on the dark matter relic abundance
and direct detection in a wide range of parameter space.

In the fraternal twin Higgs, the natural candidates for lightest fermion carrying (gauge
or global) twin electromagnetic charge are the twin tau and twin b-quark. The masses of these
fermions are in principle free parameters (so long as their yukawas are not large enough to pose
a threat to naturalness at one loop), and therefore either of them can be the lightest electrically
charged particle. However, due to the conÞnement of twin color, at low energy the b-quarks are
not present as free particles, but rather a complicated spectrum of electromagnetically neutral
twin quarkonia states. Therefore the likeliest DM candidate stabilized by twin electromagnetic
charge in the hidden sector is a twin tau, and we will focus on this case in what follows.4

If the twin hypercharge is not gauged, twin taus annihilate via twin weak gauge bosons
into twin neutrinos. The di ! erential cross section is

d" (ö! ö! ! ö#ö#)
dcos$

=
ög4

2

1024%

!
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s " 4m2
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1
s " m2
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2

(4.2)

where t = m2
ö! " s

2

'
1 " c"

(
1 " 4m2

ö!
s

)
, we approximate the resonant region with a Breit-

Wigner distribution in the s-channel, and we have neglected the mass of the twin neutrinos.
4Apart from (gauged or global) twin electromagnetism, the twin sector also possesses accidental twin

lepton and baryon number symmetries. These symmetries are good accidental symmetries at the level of the
light degrees of freedom, but more generally higher-dimensional operators connecting the Standard Model
and twin sector lead to a single set of conserved baryon and lepton number symmetries. If twin baryon and
lepton number are good symmetries, they may also serve to stabilize a dark matter candidate. This requires
production of matter-antimatter asymmetry in the hidden sector, leading naturally to asymmetric DM [ 29].
We will not study this possibility here.

Ð 10 Ð
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Fraternal Twin Higgs
• With no light twin quarks, the lightest twin 

hadrons are twin glueballs or bottomonia, 
depending on the twin QCD scale and the twin 
bottom quark mass.

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
2m

h

(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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Fraternal Twin Higgs
• Twin glueballs or bottomonia may be produced 

in Higgs decays for interesting regions of 
parameter regions.

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 . K inemat ic 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: mh > 2m0, mh < 2m
⌘̂

and mh < m0 + m

⌘̂

, so that h can decay to twin

glueballs but not to twin bottomonium.

¥ Region B: mh > m0 +m

⌘̂

and m

⌘̂

> 2m0; here h can produce twin bottomonium, but
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Scalar Twin Hadron Decays

FIG. 1: Example of a Twin Higgs collider event. The SM-like Higgs decays through a loop of

the twin tops into a pair of twin gluons, which subsequently hadronize to produce various twin

glueballs. While some glueballs are stable at the collider scale, G0+ decay to Standard Model

particles is su! ciently fast to give LHC-observable e" ects, including possible displaced vertices.

The hĝĝ coupling, indicated by a black dot, is generated by small mixing of the Higgs and the twin

Higgs.

the gluino. With large color charge and spin, the gluino is phenomenologically striking over

much of motivated parameter space, almost independent of its decay modes [12Ð14]. In Twin

Higgs models, the analogous two-loop role is played by twin gluons, which can again give rise

to striking signatures over a large part of parameter space, not because of large cross-sections

but because they, along with any light twin matter, are conÞned into bound states: twin

hadrons. Together with the Higgs portal connecting the SM and twin sectors, the presence

of metastable hadrons sets up classic ÒconÞning Hidden ValleyÓ phenomenology [15Ð21],

now in a plot directly linked to naturalness.

A prototypical new physics event is illustrated in Fig. 1. The scalar line represents the

recently discovered 125 GeV Higgs scalar. This particle is primarily the SM Higgs with

a small admixture of twin Higgs; it is readily produced by gluon fusion. But because of

its twin Higgs content, it has at least one exotic decay mode into twin gluons, induced

by twin top loops, with a branching fraction of order 0.1%. The twin gluons ultimately

hadronize into twin glueballs, which have mass in the⇠ 1 � 100 GeV range within the

minimal model. While most twin glueballs have very long lifetimes and escape the detector

as missing energy,the lightest0++ twin glueball has the right quantum numbers to mix with

6

• The 0++ states can decay back to SM through 
mixing with Higgs.  

• For typical parameters, the decay lengths are 
macroscopic, giving rise to displaced vertices in 
Higgs decays.

glueball emission the remnant string can annihilate into two twin glueballs. The details of
the computation are provided in App. A, where we Þnd that for our benchmark (⇤, m

ZB ) =

(5, 360) GeV the de-excitation of theöbøöb string produces a total of n ö
G

! (8, 2) twin glueballs
in the relevant range mö

b

! (17,m
ZB /2). We then turn to a description of the properties of

the twin glueballs, which is needed to identify their possible displaced signatures. We Þrst
assume that the twin leptons are heavy, and comment on how having light leptons would
a↵ect the exotic quark signals at the end.

Based on lattice computations in pure-glue QCD [48, 49], the three lightest glueballs are
known to be, in order of increasing mass,öG0++ , öG2++ and öG0! + , all composed of two gluons.
Their masses are related bym0! + = 1 .5m0++ and m2++ = 1 .4m0++ , where m0++ " 6.8⇤
is the mass of the 0++ glueball. The decay constants of the glueballs, denoted byf

i

(i =
0++ , 2++ , 0! + ), can be expressed in terms of their masses as

4! ö"
s

f
i

= C
i

m3
i

, (4.14)

with C
i

= (3 .1, 0.038, 0.51). The gluonic operators corresponding to the decay constants are
given in Eq. (1) of Ref. [49].

The öG0++ decays into SM particles through its mixing with the Higgs, which is mediated
by the twin top loop [ 2]. In the limit m

h

# 2mö
t

, the e↵ective coupling is

L e! = $
ö"
s

12!
v

f

h

f
öGa

µ!
öGµ! a. (4.15)

This leads to a width for the decay öG0++ % Y Y (Y denotes a SM particle)

�( öG0++ % Y Y ) =
!

ö"
s

6!
vf0++

f2(m2
h

$ m2
0++ )

" 2 !
1 $

v2

f2

"
�(h(m0++ ) % Y Y )SM (4.16)

where �(h(m0++ ) % Y Y )SM is the partial width of a SM Higgs with its mass taken to be
m0++ . The factor (1 $ v2/f2) is due to the fact that the h couplings to SM particles are
suppressed by

#
1 $ v2/f2 compared to their SM values. From Eq. (4.16), by assuming that

öG0++ decays only into SM particles, its lifetime is determined from the lifetime of a light SM
Higgs. In the mass range of interest to us, 2m" ! m

G

! m
W

, the following simple scaling
approximately holds [2]

c#ö
G0++

" 1 cm
!

5 GeV
⇤

" 7 !
f

1 TeV

" 4

. (4.17)

A more accurate value can be obtained by computing the SM Higgs width with HDECAY
[50]. For our benchmark valuesf = 1 TeV, ⇤ = 5 GeV this gives a lifetime of 3 mm.

The öG0! + is long-lived if the twin leptons are heavy. This however does not pose a
problem for cosmology, because the pseudoscalar can annihilate e�ciently into the öG0++ . For
the öG2++ , the gauge and Lorentz invariance permit the coupling

öh
µ!

!
Fµ#F !

# $
1
4
gµ! F #$ F#$

"
, (4.18)
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4.1 Twin Bottomonium Signals

If the twin quark mass is comparable to or smaller than the conÞnement scale! , the bound
state formed right after the Z

B

decay will soon break into shorter twin color strings from the
pair production of öbøöb pairs in the string. To study the collider phenomenology we need to
know how many twin bottomonia are produced at the end and their typical energy. In App. A
we use a simpliÞed string model to estimate the number of twin bottomonia produced, taking
into account the fact that when a string breaks the energy is deposited in both the binding
energy and the kinetic energy of the shorter strings. It is found that they are comparable
and the number of produced mesons is close to half the number obtained by simply dividing
the total energy by the twin bottomonium mass. Previous studies of hadronization in the
context of Hidden Valley models [32] were performed in Refs. [33, 34] with similar results.

To identify the candidate displaced signals, we need to understand the properties of the
twin bottomonia. In most of the following discussion we will assume that twin leptons are
heavy, and play no role in the twin bottomonium decays. We will comment at the end on
how light twin leptons would a" ect the exotic quark signals.

Based on the SMcøc and bøb meson spectra, the lightest twin bottomonia are expected to
be, in order of increasing mass, ö!

b

(0! +), ö# (1!! ) and ö"
b0

(0++).9 While the ö"
b0

decays into
SM particles through the Higgs portal, in the absence of other mediation channels the ö!

b

and
ö# are meta-stable on cosmological time scales. Thus a universe where twin bottomonia are
the lightest twin particles typically possesses a too large mass density. Requiring the decay
of the lightest states to be su$ ciently fast gives an interesting interplay between cosmological
constraints and collider searches. Here we report the main results of our analysis, while
several technical details are collected in App.B.

The proper decay length of the ö"
b0

through the Higgs mixing is

c#!̂ b0 ! 8.3 cm
!

m
b

m
ˆ

b

"
5

!
f

1 TeV

"
4

!
5 GeV

!

"
2

#
9
5

! "
s

3m
ˆ

b

"
2

#
4
5

$! 1

(m
ˆ

b

$ ! ), (4.6)

c#!̂ b0 ! 3.8 cm
!

m
b

m
ˆ

b

"
2

!
f

1 TeV

"
4

!
5 GeV

!

"
5

! "
s

3!

" ! 2

(m
ˆ

b

% ! ), (4.7)

valid in the range 2m
b

<
"

s % m
h

, where
"

s is the mass of the (excited) twin bottomonium
(we neglected the small decay width into#+#! ). Based on the SM quarkonium spectra, we
estimate that the lightest twin bottomonium has a mass & 2(m

ˆ

b

+ ! ). The value of
"

s is
therefore expected to range between 2(m

ˆ

b

+ ! ) and 4(m
ˆ

b

+ ! ), above which the string can
split again into two light twin bottomonia. We will use

"
s = 3( m

ˆ

b

+ ! ) in Eqs. (4.6, 4.7)
as the representative value for our estimate. The variation of the lifetime from scanning

"
s

within the allowed range is approximately a factor 2 up or down, which can be taken as

9This is true in the limit möb ! ! . In the opposite regime möb " ! , according to lattice studies of 1-ßavor
QCD [35] the 0! + is lighter than the 0 ++ . However, no results for the mass of the 1!! meson are currently
available (we thank G. M¬unster for clariÞcations about this point). For deÞniteness, in the following we assume
m ö! b < m ö! < m ö" b0 for all möb.
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LHC Searches for Displaced Higgs Decays
• It’s not easy to trigger without a hard object for a 

relatively light twin hadron. The 7-8 TeV LHC data 
give no meaningful constraint. Future LHC runs 
could probe some interesting parameter regions.



• Expected Run 2 reaches: 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 ⇡

v

is metastable,
the other is stable and escapes the detector, contributing to
MET.

⇡v decay scales as �R ⇡ 2m⇡v/pT , where pT is the trans-
verse momentum of the ⇡v particle. The displaced dijet
strategy is sensitive for m⇡v & 20 GeV at which point
the 2 displaced jets from the ⇡v 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 e! ciency for displaced
tracks combined with the requirement of two high track
multiplicity vertices in the same event. An improved dis-
placed tracking e! ciency, perhaps from future detector
upgrades, would drastically improve the e! ciency 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 atp
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 ⇡v is stable
and escapes the detector invisibly resulting in events with
only one metastable ⇡v 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 m⇡v = 25 and 40 GeV
signals and Search IV for the m⇡v = 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-
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FIG. 6. Projected 95% CL excluded region in the m! v �M
T

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 m⇡v . 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 ⇡v 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

p
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
m⇡v and the the top partner mass, MT , for the Frater-
nal Twin Higgs and Folded Supersymmetry models with
mirror glueballs (corresponding to the ⇡v particles). The
optimistic value of mirror sector hadronization parame-
ter  = 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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Vector Twin Hadron Decays

-     (1--) could decay back to SM through kinematic 
mixing between the U(1)’s,

an uncertainty in our prediction. Notice that, di! erently from Ref. [2], where the b̂̂̄b bound

state was treated as a non-relativistic quarkonium system, our discussion focuses on the case

where the internal energy of the twin meson is comparable to the twin quark mass. Due

to the geometrical suppression that follows from having a longer string, our !̂ b0 lifetime is

longer than the estimate in Ref. [2] for the same value of möb. The decay is prompt when the

temperature of the universe is ! möb (! 10! 8 sec) and releases the !̂ b0 density into the SM

sector.

The vector bound state "̂ instead does not decay through the Higgs portal. It can decay,

on the other hand, through the U(1)D gauge boson if it exists and has a kinetic mixing with

the SM hypercharge gauge boson. Such a mixing term, " ("/ 2)Bµ⌫B̂ µ⌫ , will be induced at one

loop by the exotic quarks q̃A,B
3 , with a typical size " ! g"2Nc log(# UV / M̃ )/ (16#2) ! 10! 3.

This operator allows the "̂ to decay to SM fermions, via the mixing of the twin and SM

photons. The corresponding decay length is

c$ö! # 1.5 cm
✓

mb

möb

◆3 ⇣ m öA

100GeV

⌘4
✓
10! 3

"

◆2 ✓
5GeV

#

◆2
"✓ $

s
3möb

◆2

+
2

9

#! 1

(möb % # ), (4.8)

c$ö! # 1.3 cm
⇣ m öA

100GeV

⌘4
✓
10! 3

"

◆2 ✓
5GeV

#

◆5 ✓$
s

3#

◆! 2

(möb & # ), (4.9)

valid in the range 2mb <
$

s & m öA (twin photon mass). For an electroweak-scale twin

photon, the current bound on " mainly comes from electroweak precision measurements and

the dilepton resonance searches [36], which require " !< 10! 2. For a very small " and/or a

very large m öA , "̂ would decay outside the detector, leaving only missing energy signals at

colliders. However as we will see, the metastability of the pseudo-scalar %̂b and the constraints

from the big-bang nucleosynthesis (BBN) motivate that "̂ should decay inside the detector.

The argument for the need of a relatively short "̂ decay length goes as follows: Since

the pseudo-scalar %̂b cannot decay through a single gauge boson,10 it decays into four SM

fermions, via a one-loop triangle coupling to two o! -shell twin photons. This process has a

rate $ ! &4"4# 9/ (64#3m8
öA
), and the decay happens after the start of BBN (! 0.1 sec) when

" !< (m öA / 200GeV)2. This decay dumps a large amount of entropy into the SM sector and

can easily destroy the delicate BBN process. The number changing process 4%̂b ' 2%̂b, which

could reduce the matter density, freezes out too early to be e! ective if the mass of %̂b is above

100 keV [38]. Without introducing any other mediation processes, the only way to reduce the

%̂b density is to have them annihilate into a slightly heavier state, %̂b%̂b ' "̂ "̂ , followed by a

fast decay of "̂ to the SM. Since the scattering rate from the twin strong interaction is much

larger than Hubble at temperature ! möb, the scattering remains e! ective when T > %möb
between the two bound states. If the "̂ decay is prompt compared to Hubble, we can reduce

the %̂b density to an acceptable value. The comoving number of two mesons decreases with

10The inner product between the derivative coupling of the pseudo-scalar and the kinetic mixing operator
! (gµ ! p2 " pµ p! ) vanishes [37].
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möb ! ⇤

an uncertainty in our prediction. Notice that, di ↵erently from Ref. [2], where the öbøöb bound
state was treated as a non-relativistic quarkonium system, our discussion focuses on the case
where the internal energy of the twin meson is comparable to the twin quark mass. Due
to the geometrical suppression that follows from having a longer string, our ö! b0 lifetime is
longer than the estimate in Ref. [2] for the same value ofm

ˆb. The decay is prompt when the
temperature of the universe is⇠ m

ˆb (⇠ 10�8 sec) and releases the ö! b0 density into the SM
sector.

The vector bound state ö⌥ instead does not decay through the Higgs portal. It can decay,
on the other hand, through the U(1)D gauge boson if it exists and has a kinetic mixing with
the SM hypercharge gauge boson. Such a mixing term,�("/ 2)Bµ⌫ öB µ⌫ , will be induced at one
loop by the exotic quarks ÷qA,B

3

, with a typical size " ⇠ g0 2Nc log(⇤
UV

/ ÷M )/ (16#2) ⇠ 10�3.
This operator allows the ö⌥ to decay to SM fermions, via the mixing of the twin and SM
photons. The corresponding decay length is
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valid in the range 2mb <
p

s ⌧ m
ˆA (twin photon mass). For an electroweak-scale twin

photon, the current bound on " mainly comes from electroweak precision measurements and
the dilepton resonance searches [36], which require " ⇠< 10�2. For a very small " and/or a
very large m

ˆA , ö⌥ would decay outside the detector, leaving only missing energy signals at
colliders. However as we will see, the metastability of the pseudo-scalar ö%b and the constraints
from the big-bang nucleosynthesis (BBN) motivate that ö⌥ should decay inside the detector.

The argument for the need of a relatively short ö⌥ decay length goes as follows: Since
the pseudo-scalar ö%b cannot decay through a single gauge boson,10 it decays into four SM
fermions, via a one-loop triangle coupling to two o↵-shell twin photons. This process has a
rate � ⇠ &4"4⇤9/ (64#3m8

ˆA
), and the decay happens after the start of BBN (⇠ 0.1 sec) when

" ⇠< (m
ˆA / 200 GeV)2. This decay dumps a large amount of entropy into the SM sector and

can easily destroy the delicate BBN process. The number changing process 4ö%b ! 2ö%b, which
could reduce the matter density, freezes out too early to be e↵ective if the mass of ö%b is above
100 keV [38]. Without introducing any other mediation processes, the only way to reduce the
ö%b density is to have them annihilate into a slightly heavier state, ö%bö%b ! ö⌥ö⌥, followed by a
fast decay of ö⌥ to the SM. Since the scattering rate from the twin strong interaction is much
larger than Hubble at temperature ⇠ m

ˆb, the scattering remains e↵ective when T > �m
ˆb

between the two bound states. If the ö⌥ decay is prompt compared to Hubble, we can reduce
the ö%b density to an acceptable value. The comoving number of two mesons decreases with

10The inner product between the derivative coupling of the pseudo-scalar and the kinetic mixing operator

⇠ (gµ ⌫p2 � pµ p⌫) vanishes [37].
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⌥̂

⌥̂
If twin photon is heavy and/or the kinematic mixing 
is small,     could decay outside the detector, leaving 
only missing energy signals. However, cosmological 
constraints motivate that     should decay fast 
enough to occur inside the detector. 

⌥̂

(assuming that twin leptons are heavy).



Cosmological Constraints

! /H & 1 when T > " mb̂

Ŷ (T ) ' Ŷ0 exp[�! ö
⌥

/H(T )], where the initial number Ŷ0 is fixed by the SM-twin sector

decoupling, which gives Ŷ0 = n/s = 0.27/g! S(T ⇠> mö
b

) ' 0.03 [39, 40]. This is a large number

compared to Y ⇠ 10" 11 for a 10 GeV DM particle that gives the observed relic density. To

greatly reduce the ⌘̂
b

abundance, we need ! /H ⇠> 1 when the temperature is around the

confinement scale " of few GeV, which sets the decay lifetime

c⌧ö
⌥ ⇠< 10" 9 sec, or ⇠< 30 cm. (4.10)

Thus the cosmological constraints suggest that the decay of #̂ should happen inside the

collider detectors.

On the other hand, the 125 GeV Higgs boson has a small branching fraction of decay into

twin bottom quarks, which through twin hadronization can produce #̂ ’s. The #̂ displaced

signals from Higgs production can be detected at colliders [41, 42]. CMS has searched for

generic long-lived particles (X) decaying to a lepton pair in the inner detector [43]. The X

particles are assumed to be produced in pairs by the decay of a scalar resonance, which can

also be the Higgs. The result is an upper bound on the production �(h) ⇥ BR(h ! XX)

times the branching ratio BR(X ! `+ `" ), as a function of the proper lifetime c⌧
X

. Because

#̂ decays through the kinetic mixing between the SM and twin photons, it has a sizable

branching ratio into SM leptons. We can adopt this search result by identifying X = #̂ . The

relevant process is

pp ! h ! #̂ #̂ , #̂ ! (µ+ µ" )DV , (4.11)

where DV indicates a displaced vertex. We focus on the dimuon final state because it provides

the strongest constraint. (See the top left panel of Fig. 5 in Ref. [43].) Based on the string

breaking model in App. A, the string breaking still dominates over the scattering process

(⌧scatt > 10 ⌧break) in the b̂¯̂b system produced from the Higgs decay for mö
b

< 8 GeV. In this

range the average twin meson mass 3(mö
b

+ " ) lies between 15 and 39 GeV.11 For a very small

mö
b

, the Higgs decay may produce more than two twin hadrons, but in order to match to

the search of Ref. [43] we make the conservative assumption that only two bottomonia are

produced in the twin hadronization. To obtain the final constraint we also need the fraction

of the bottomonia produced being the vector #̂ states, Rö
⌥

, which is a major uncertainty in

our result.

To estimate Rö
⌥

, we again resort to the string breaking model. The original b̂¯̂b pair

produced from the Higgs decay does not carry any angular momentum. However, when the

string is broken by the creation of the b̂¯̂b pair, that can happen at a point away from the

center of the string cross section and the newly produced twin quark could pick up an impact

factor ⇠ " " 1 with respect to the quark at the string end. The two twin bottom quarks

of the final twin meson typically have a relative kinetic energy ⇠ mö
b

+ " , so the orbital

angular momentum is expected to be O(1). States with higher orbital angular momenta also

have larger masses and their production is suppressed. If we assume that all states with

11Notice that, to remove the contribution of SM quarkonium resonances, CMS applied a m
``

> 15 GeV cut,

which is automatically satisfied for the range of twin meson masses we consider.
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Interplay of cosmology and colliders

�‡ Need to deplete �r�?�> abundance below observed DM density

lifetime of �s�?�? must be

Safe cosmology requires the decay to be inside the detector!

SM

SM

SM

SM

- The lightest twin bottomonium    (0-+) is long-lived, 
decaying after BBN, could cause cosmological 
problems. Only way to get rid of them is to have 
them annihilate to slightly heavier  , then to have   
decay quickly before freeze out.

⌥̂ ⌥̂

ö! b

HC, Sunghoon Jung, Ennio Salvioni, and Yuhsin Tsai, arXiv:1512.02647



Collider Constraints on Twin Υ
- It depends on the fraction      of the twin 

bottomonia being    .  ⌥̂

⌥̂

‣ Most twin bottomonia should have low l.
‣ There are 4(l+1)2 states with orbital angular 
momentum up to l.       has 3 states.
‣ Assuming that all states below l are produced 
equally:

R!̂

R ö! = 3 / 4, 3/ 16, 3/ 36
(l = 0) ( l ! 1) (l ! 2)



Twin Υ from Higgs Decay
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öY (T) ! öY0 exp[" ! ö! /H (T)], where the initial number öY0 is Þxed by the SM-twin sector
decoupling, which givesöY0 = n/s = 0 .27/g ⇤S(T #> möb) ! 0.03 [39, 40]. This is a large number
compared to Y # 10�11 for a 10 GeV DM particle that gives the observed relic density. To
greatly reduce the ö! b abundance, we need! /H #> 1 when the temperature is around the
conÞnement scale" of few GeV, which sets the decay lifetime

c" ö! #< 10�9 sec, or #< 30 cm. (4.10)

Thus the cosmological constraints suggest that the decay ofö# should happen inside the
collider detectors.

On the other hand, the 125 GeV Higgs boson has a small branching fraction of decay into
twin bottom quarks, which through twin hadronization can produce ö# Õs. Theö# displaced
signals from Higgs production can be detected at colliders [41, 42]. CMS has searched for
generic long-lived particles (X ) decaying to a lepton pair in the inner detector [43]. The X
particles are assumed to be produced in pairs by the decay of a scalar resonance, which can
also be the Higgs. The result is an upper bound on the production#(h) $ BR(h % XX )
times the branching ratio BR(X % $+ $�), as a function of the proper lifetime c"X . Because
ö# decays through the kinetic mixing between the SM and twin photons, it has a sizable
branching ratio into SM leptons. We can adopt this search result by identifying X = ö# . The
relevant process is

pp % h % ö# ö# , ö# % (µ+ µ�)DV , (4.11)

where DV indicates a displaced vertex. We focus on the dimuon Þnal state because it provides
the strongest constraint. (See the top left panel of Fig. 5 in Ref. [43].) Based on the string
breaking model in App. A, the string breaking still dominates over the scattering process
("scatt > 10"break) in the öbøöb system produced from the Higgs decay formöb < 8 GeV. In this
range the average twin meson mass 3(möb+ " ) lies between 15 and 39 GeV.11 For a very small
möb, the Higgs decay may produce more than two twin hadrons, but in order to match to
the search of Ref. [43] we make the conservative assumption that only two bottomonia are
produced in the twin hadronization. To obtain the Þnal constraint we also need the fraction
of the bottomonia produced being the vector ö# states, R ö! , which is a major uncertainty in
our result.

To estimate R ö! , we again resort to the string breaking model. The originalöbøöb pair
produced from the Higgs decay does not carry any angular momentum. However, when the
string is broken by the creation of the öbøöb pair, that can happen at a point away from the
center of the string cross section and the newly produced twin quark could pick up an impact
factor # " �1 with respect to the quark at the string end. The two twin bottom quarks
of the Þnal twin meson typically have a relative kinetic energy# möb + " , so the orbital
angular momentum is expected to beO(1). States with higher orbital angular momenta also
have larger masses and their production is suppressed. If we assume that all states with

11 Notice that, to remove the contribution of SM quarkonium resonances, CMS applied a m!! > 15 GeV cut,
which is automatically satisÞed for the range of twin meson masses we consider.
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Assuming fraction of 
twin bottomonia being 
ö! , R⌥̂ = 3 / 16
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UV Completion

• Twin Higgs models need to be UV completed at 
5-10 TeV (< 4! f), with new states regularizing 
the log divergence in the Higgs potential.

• In non-SUSY UV completions, the top sector 
needs to be extended to complete multiplets of 
SU(6)×SU(4) (#[SU(3)×SU(2)]2)  !  new 

fermions charged under both SM and twin 
gauge groups.

Beyond the low -energy theory

15

�‡ Low-energy theory is incomplete: quartic couplings from top loops are        

log-divergent

In the full theory, �� must be replaced by physical mass thresholds.

�‡ Proposal already in original Twin Higgs paper: extend the symmetry of

top Yukawa to  

�‡ New fermions charged under both sectors

They appear in all non-supersymmetric UV completions proposed so far.

�‡ is charged under SM color new portal to the twin sector

color weak

SM SU(2)

twin SU(2)

SM SU(3) twin SU(3)

Beyond the low -energy theory

15

�‡ Low-energy theory is incomplete: quartic couplings from top loops are        

log-divergent

In the full theory, �� must be replaced by physical mass thresholds.

�‡ Proposal already in original Twin Higgs paper: extend the symmetry of

top Yukawa to  

�‡ New fermions charged under both sectors

They appear in all non-supersymmetric UV completions proposed so far.

�‡ is charged under SM color new portal to the twin sector

color weak

SM SU(2)

twin SU(2)

SM SU(3) twin SU(3)

exotic quarks



Exotic Fermions

• The exotic quarks 
(carrying SM color) 
can be copiously 
produced at 
hadron colliders if 
their masses are 
within reach.

100TeV

13 TeV
8

TeV

NNLO

2 4 6 8 10
10-5
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0.1

10

1000

my @TeVD
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Q
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D
HppÆ

y
y
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bD

• In composite models, these new fermions are 
resonances of composite dynamics. In extra 
dimensional models, they are KK excitations.

HC, Sunghoon Jung, Ennio Salvioni, and Yuhsin Tsai, arXiv:1512.02647



Exotic Quark Decays

tZB

SM
bW

tZ
th

B WB

f ! 1 TeV

2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

mT @TeVD

B
R
HT"

XX
L

T ! t Z B

(dominant for 
large mass)

T ! t h

T ! bW

T ! t Z

B ! t WB (100%)

(due to mixing 
with top)

• The top component of the exotic quarks mixes 
with top quark:

group, but have identical SM quantum numbers. The exotic quark ÷uA
3 has zero twin electic

charge, therefore it can mix with the top at O(f ). The relevant terms contained in L t + L m

are

! yt H
 
A uA

3RqA
3L ! yt H

 
B uA

3R ÷qA
3L ! ÷M ÷q

A
3R ÷qA

3L +h .c. !" !
!

uA
3R ÷u

A
3R

"
#

yt f!
2
sh

yt f!
2
ch

0 ÷M

$ #
uA

3L

÷uA
3L

$

+h .c.

(3.1)
where we deÞnedsh = sin( h/f ) and ch = cos(h/f ). The mass matrix, which we denote by
M f , is diagonalized by the unitary transformations UR,L , U 

RM f UL = diag ( mt , mT ), with
#

uA
3R

÷uA
3R

$

=

#
! cR sR

sR cR

$ #
tR

TR

$

,

#
uA

3L

÷uA
3L

$

=

#
! cL sL

sL cL

$ #
tL

TL

$

, (3.2)

where the mass eigenstatest and T are the observed top quark and the heavy exotic quark
(mt < m T ). The masses are given approximately by

mt #
÷M

%
÷M 2 + y2

t f 2/ 2

yt v$
2

, mT #
%

÷M 2 + y2
t f 2/ 2 , (3.3)

where we only retained the leading order inv, and the mixing angles are given by

sL =
mt

÷M
sR , sR =

yt f /
$

2
%

÷M 2 + y2
t f 2/ 2

+ O(v2). (3.4)

For ÷M = 0 the mass matrix has a zero eigenvalue, therefore there is a minimum value of÷M
consistent with the observed value of the top mass

÷M % mt
f
v

%
1 +

&
1 ! v2/f 2 =

$
2mt

f
v

+ O(v2/f 2) . (3.5)

This is also a lower bound on the mass of÷dA
3 & B, which is simply given by ÷M . From Eq. (3.5)

one can derive a lower bound on the mass ofT ,

mT %
mt

v
f

'

2
!

1 +
&

1 ! v2/f 2
"

! v2/f 2 = 2
mt

v
f + O(v2/f 2). (3.6)

For f = 1 TeV the corresponding lower bounds are ÷M ! 0.99 TeV and mT ! 1.38 TeV.
Using the Goldstone equivalence theorem, we can compute the decays of the exotic quarks

from the top Yukawa coupling. Plugging into the Þrst two terms of Eq. (3.1) the expression
of H expanded up toO(1/f ), and subsequently performing the rotations on the fermions, we
arrive to the leading terms controlling the decays ofT

! yt

(

i
cR$

2
! 7 tR TL + sR

! i ! 5 + ! 6$
2

T R BL + sR
! i ! 1 + ! 2$

2
T R bL + isR

! 3$
2

T R tL

!
cR$

2

)
!

v
f

+ sL

*
h tR TL !

sR$
2

h T R tL

+

+ h .c. . (3.7)
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) mass eigenstates:
!

t
T

"
÷dA
3 ! B (also with electric charge 2/3)

• Main decay modes:



Traditional Searches

• t’ search reaches from 

• Stop search reaches:

T ! b W + t Z + t h

Based on Collider Reach method, Salam & Weiler, 
http://collider-reach.web.cern.ch/collider-reach/

tøt+ !ET

mT ! 1.41TeV (13TeV, 300fb! 1)

mT ! 4.13TeV (100TeV, 1ab! 1)

if twin sector is invisible

mB & 1.43TeV (13TeV, 300fb�1)

mB & 7.58TeV (100TeV, 1ab�1)



Twin Hadronizations
• The twin b’s from ZB decay form a long string.

möb ! ⇤ möb ! !

String breaking dominates, 
producing multiple twin 
bottomonia.

Twin glueball emission 
from twin b scattering 
dominates.

öG0++ (m0 ! 6.8! )

Ĝ2++(⇠ 1.4m0)

öG0�+ (! 1.5m0)

ö! b (0! + , s-wave)
⌥̂ (1��, s-wave)

ö! b0 (0++, p-wave)



Exotic Quark Searches

30

Back to the exotic quarks

�‡ Simple projection of the reach of LHC 13 TeV and 100 TeV collider

�‡ Focus on decays of �r�>�> twin hadrons via Higgs mixing,

(more robust than �s�?�? via kinetic mixing)

�‡ Prompt leptons + displaced vertex: search is background-free

mass M̃ < mT and BR(B ! tW
B

) > BR(T ! tZ
B

), we first focus on B production. To

estimate the future reach, we make use of the Snowmass study of Ref. [27]. From its Fig. 1-24

right and assuming a neutralino mass equal to m
W

B

(f = 1 TeV) ' 316 GeV, we extract the

bounds m
˜

t

> 1.17 TeV at 14 TeV with 300 fb�1 of data, and m
˜

t

> 6.04 TeV at a 100 TeV

collider with 3 ab�1 of data. Within the Collider Reach approximation, this corresponds to

m
˜

t

> 1.11 (1.49) TeV at 13 TeV with 300 (3000) fb�1, and m
˜

t

> 5.07 TeV at 100 TeV with 1

ab�1. Finally, by making use of the stop production cross sections at 13 and 100 TeV [28],

we are able to set the bounds on M̃ by solving the following equations for m,7

�
pp!˜

t

˜

t

⇤
, 13 TeV

(m
˜

t

= 1.11 TeV) =�
pp!BB, 13 TeV

(m),

�
pp!˜

t

˜

t

⇤
, 13 TeV

(m
˜

t

= 1.49 TeV) =�
pp!BB, 13 TeV

(m),

�
pp!˜

t

˜

t

⇤
, 100 TeV

(m
˜

t

= 5.07 TeV) =2�
pp!BB, 100 TeV

(m). (3.14)

In the 100 TeV case we included a factor 2 to approximately account for the contribution of

T , which for large masses is almost degenerate with B and has branching ratio into tZ
B

close

to unity. On the contrary, in the 13 TeV case the e↵ect of T was neglected, because in the

relevant mass range it is significantly heavier than B, and has suppressed branching ratio into

tZ
B

. In this way we arrive at

M̃ & 1.43 TeV (mT & 1.63 TeV) 13 TeV, 300 fb�1,

M̃ & 1.86 TeV (mT & 2.00 TeV) 13 TeV, 3000 fb�1, (stop searches)

M̃ & 7.58 TeV (mT & 7.62 TeV) 100 TeV, 1 ab�1, (3.15)

where the bounds on mT are obtained for f = 1 TeV. Compared to top partner searches,

stop searches will provide comparable constraints at 13 TeV and much stronger ones at a 100

TeV collider, due to the decrease of BR(T ! bW + tZ + th) at large masses.

4 Hidden Sector Phenomenology

As we saw in the previous section, the dominant decay of the exotic quark T is into a SM top

and a twin gauge boson Z
B

. About 60% of the Z
B

’s then promptly decay into a pair of b̂’s,

which soon build up a twin QCD string and form a bound state. The bound state eventually

undergoes twin hadronization and produces a number of twin hadrons, some of which can

decay back to the SM with long lifetimes, giving rise to displaced vertices. Thus the signal

we will be after is

pp ! (T ! tZ
B

)(T ! t̄Z
B

) ! tt̄ + twin hadrons , twin hadron ! displaced vertex.

(4.1)

Triggering on these events is straightforward, for example by requiring one hard lepton from

top decays, and the combination of the prompt tt̄ pair and displaced vertex (DV) makes

7The ratio of the fermion to scalar QCD pair production cross section varies between 6 and 8 for the particle

masses and collider energies considered here.
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mass M̃ < m T and BR(B ! tWB ) > BR(T ! tZ B ), we first focus on B production. To

estimate the future reach, we make use of the Snowmass study of Ref. [27]. From its Fig. 1-24

right and assuming a neutralino mass equal to mWB (f = 1 TeV) " 316 GeV, we extract the

bounds m÷t > 1.17 TeV at 14 TeV with 300 fb! 1 of data, and m÷t > 6.04 TeV at a 100 TeV

collider with 3 ab! 1 of data. Within the Collider Reach approximation, this corresponds to

m÷t > 1.11 (1.49) TeV at 13 TeV with 300 (3000) fb! 1, and m÷t > 5.07 TeV at 100 TeV with 1

ab! 1. Finally, by making use of the stop production cross sections at 13 and 100 TeV [28],

we are able to set the bounds on M̃ by solving the following equations for m,7

! pp" ÷t÷t ! , 13 TeV (m÷t = 1.11 TeV) = ! pp" BB, 13 TeV (m),

! pp" ÷t÷t ! , 13 TeV (m÷t = 1.49 TeV) = ! pp" BB, 13 TeV (m),

! pp" ÷t÷t ! , 100 TeV (m÷t = 5.07 TeV) =2 ! pp" BB, 100 TeV (m). (3.14)

In the 100 TeV case we included a factor 2 to approximately account for the contribution of

T , which for large masses is almost degenerate with B and has branching ratio into tZ B close

to unity. On the contrary, in the 13 TeV case the e! ect of T was neglected, because in the

relevant mass range it is significantly heavier than B, and has suppressed branching ratio into

tZ B . In this way we arrive at

M̃ & 1.43 TeV (mT & 1.63 TeV) 13 TeV, 300 fb! 1,

M̃ & 1.86 TeV (mT & 2.00 TeV) 13 TeV, 3000 fb! 1, (stop searches)

M̃ & 7.58 TeV (mT & 7.62 TeV) 100 TeV, 1 ab! 1, (3.15)

where the bounds on mT are obtained for f = 1 TeV. Compared to top partner searches,

stop searches will provide comparable constraints at 13 TeV and much stronger ones at a 100

TeV collider, due to the decrease of BR(T ! bW + tZ + th) at large masses.

4 Hidden Sector Phenomenology

As we saw in the previous section, the dominant decay of the exotic quark T is into a SM top

and a twin gauge boson ZB . About 60% of the ZB ’s then promptly decay into a pair of b̂’s,
which soon build up a twin QCD string and form a bound state. The bound state eventually

undergoes twin hadronization and produces a number of twin hadrons, some of which can

decay back to the SM with long lifetimes, giving rise to displaced vertices. Thus the signal

we will be after is

pp ! (T ! tZ B )(T ! t̄Z B ) ! t t̄ + twin hadrons , twin hadron ! displaced vertex.
(4.1)

Triggering on these events is straightforward, for example by requiring one hard lepton from

top decays, and the combination of the prompt t t̄ pair and displaced vertex (DV) makes

7The ratio of the fermion to scalar QCD pair production cross section varies between 6 and 8 for the particle
masses and collider energies considered here.
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Easy to trigger from hard objects from top decay. 
Combination of displaced vertex and hard objects 
from prompt top quarks makes it essentially 
background free.



• For the benchmark Λ=5 GeV,

String breaking dominates 
for

Twin glueball emission 
dominates for möb ! 8 GeV möb & 17GeV

Typically 10 − 4 twin 
bottomonia are produced 
for 

Typically 8 − 2 twin 
glueballs are produced for 

mb̂ 2 (0, 8)GeV mb̂ 2 (17, 180)GeV

Presumably dominated by 
the lightest 

Can produce various 
excited states, collider 
searches depend on their 
fractions.

öG0++

Exotic Quark Searches
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Twin glueballs dominateTwin bottomonia dominate
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One öG0++ from eachZB decay

All glueballs are öG0++

Based on a simplified model of hadronization

LHC



Exotic Quark Searches
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m2
öA

!
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(100 GeV)2

10! 3

One öG0++ from eachZB decay

All glueballs are öG0++

100 TeV collider



Twin Leptons
• If the twin leptons (τ and ν) are light (< 50 GeV) 

and stable, they may over-close the universe.     
! They need to decay back to SM. 

• They are singlets under unbroken gauge groups, 
behaving like sterile neutrinos. They may mix with 
SM neutrinos through higher-dim operators.

• For some range of parameters, they can also give 
rise to displaced decay.  The future collider 
reaches are similar to twin hadrons.

öG0++ , enhancing the (bøb)DV signal. This is in contrast to the twin bottomonium case, where
the lightest twin hadron ö! b prefers to decay into twin leptons if it is kinematically allowed
and therefore light twin leptons are expected to deplete the signals. The collider reach of
this optimistic scenario is shown by the upper blue curves in Fig.4. We can see that the
sensitivity to the exotic quark mass based on the displaced twin glueball decay is better than
the stop search channel. At the LHC it reachesmT ! 2 (2.5) TeV with 300 (3000) fb! 1,
whereas for the 100 TeV collider it goes up to! 12 TeV ! 4" f . Notice that if the twin
leptons from the twin glueball cascade decays further decay back to SM particles via higher
dimensional operators, a combination of twin glueball and twin lepton signals is also possible,
although it is more model dependent. The region 8< m öb < 17 GeV, shaded in grey in Fig.4,
corresponds to the regime where string breaking and scattering happen on comparable time
scales. In this region we expect a combination of the bottomonium and glueball signals, but
it is di ! cult to make quantitative predictions. The region shaded in red is instead already
excluded by the 8 TeV Higgs Þt, see Eq. (2.11).

4.3 Twin Lepton Signals

We now turn to the signals that arise from the twin leptons, if they can decay back to the SM
sector within the detector. The masses of the twin tau and twin neutrino are free parameters
in the Fraternal Twin Higgs scenario. The twin neutrino mass can be either Majorana, or
Dirac type if one also introduces the right-handed twin neutrino. Since both SU(2)B and
U(1)D gauge groups are broken in the twin sector, twin tau and twin neutrino are singlets
under the unbroken gauge groups at low energies. From the SM point of view, they can
behave like sterile neutrinos. One could introduce higher-dimensional operators that couple
them to the SM neutrino sectors, for instance,

Oö! SM =
1

M 1
(H †

B #B
3L )(H †

A #A
3L ), Oö" SM =

"$#
M 2

%B
3RH †

A #A
3L , (4.23)

where"$#is a spurion breaking theU(1)D symmetry with charge $ 1. These operators induce
mass mixings between the twin leptons and the SM neutrinos after substituting in the Higgs
VEVs. Therefore they allow the twin leptons to decay into three SM fermions (as long as the
phase space is open), either three leptons or one neutrino plus a pair of quarks.15

As already mentioned in the previous two subsections, if the twin leptons are light they
can be produced in twin hadron decays. However, making robust predictions for these signa-
tures is di! cult, because it requires a detailed modeling of the complex twin hadron decays.
On the other hand, the exotic quarks also produce twin leptons through purely weak decays:
the B always decays tot(WB % ö%ö&). In the following we concentrate on this process. Since
both ö%and ö& act like sterile neutrinos and they can have di" erent mixings with SM neutri-
nos and have di" erent decay lengths, we will simply consider one of them which can give us

15 With the U(1)D breaking spurion, one can also write down the operator ! ! "
M 3

! B
3R H  

B "B
3L which mixes the

twin tau and the twin neutrino. If one is more than three times heavier than the other, the heavier one can
also decay into three lighter ones.
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HC, Sunghoon Jung, Ennio Salvioni, and Yuhsin Tsai, arXiv:1512.02647



Expected 
reaches 
for twin 
lepton:

HC, Sunghoon 
Jung, Ennio 
Salvioni, and 
Yuhsin Tsai, 

arXiv:1512.02647



Ultra-Long-Lived Particles
• For particles decaying outside the detector but 

before the BBN bound (~0.1 sec), there is a 
proposal by J.P. Chou, D. Curtin, H.J. Lubatti 
(1606.06298) for a surface detector (MATHUSLA) 
at HL-LHC and a dedicated detector at a future 
100 TeV collider.



Conclusions
• The Twin Higgs model provides an elusive natural 

theory of EW symmetry breaking. However, it 
cannot be completely hidden.  

• There are novel experimental signatures associated 
with the twin sector to be explored, such as 
displaced vertices from hidden sector decays.

• Better understanding and more realistic 
simulations of hadronization of the hidden (twin) 
QCD sector (and detector responses to displaced 
decays) can improve the predictions of  the 
collider signals associated with the hidden sector.


