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Twin Higgs mechanism  
-

Higgs as pseudo-Goldstone boson of a global symmetry

Its mass is protected against radiative corrections 

• Little Higgs mechanism: collective symmetry breaking
  

• Twin Higgs mechanism: discrete symmetry

Mirror symmetry
Type IA TH: Chacko, Goh, Harnik, hep-ph/0506256
Type IB TH: Chacko, Nomura, Papucci, Perez, hep-ph/0510273
phenomenology: R. Barbieri, T. Gregoire and L. Hall, hep-ph/0509242

Left-right symmetry
Type II TH: Chacko, Goh, Harnik, hep-ph/0512088
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Left-right Twin Higgs model  
-

• Global U(4) , with subgroup SU(2)L × SU(2)R × U(1)B-L gauged
  

• Left-right symmetry: gL=gR (yL=yR)
A linear realization
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Twin Higgs mechanism  
-

Quadratic divergence forbidden by left-right symmetry

gL=gR=g 

U(4) invariant, does not contribute to the mass of GB 

Log contribution:

mH ∼ g2f / (4 π), natural for f ∼ TeV
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Left-right Twin Higgs model 
-

Fermion sector:

EW precision constraints on SU(2)R gauge boson mass ⇒ f > 2 TeV

Top quark mass:

Introduce another Higgs field that only couples to gauge sector

which has a larger VEV 

Top quark mass eigenstates:  SM top and tH
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Left-right Twin Higgs model  
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New particles  
-

• Heavy gauge bosons: WH, ZH  m2
WH,ZH ∼ g2(f1

2+f2
2)

• Heavy top:  tH  m2
TH ∼ M2+y2f1

2

• Other SU(2)R Higgses:φ±  m2
φ± ∼ g4/(16π2)f2

2 log(Λ/gf2)

 φ0   m2
φ0 ∼ B (f2/f1)

  

   B: small, (50-100 GeV)2   

• Other SU(2)L Higgs H1
±   m2

H1±, H20  ∼ µ
  
   H20  µ: soft symmetry breaking, O(f1)
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Model parameters  
-

• Model parameters: f1, (f2, y), Λ, M, √B, µ

• Determine particle masses and interactions

Λ= 4πf1  or 2πf1 
M=150 GeV
√B=50 GeV
 µ = f1/2

500 700 900 1100 1300 1500
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

f  (GeV)

f,
 m

Z
H

, 
m

W
H

, 
m

T
  
  
(G

e
V

)

f̂

^

m
ZH

m
WH

m
T

500 700 900 1100 1300 1500
0

200

400

600

800

1000

f  (GeV)

m
a
s
s
 o

f 
H

ig
g
s
e
s
  
 (

G
e
V

)

m
h

1,2

^

m
!
±

m
h

m
!

0

FIG. 2: The left plot shows the value of f̂ and masses of ZH , WH and T . The right plot shows

the masses of ĥ±
1 (ĥ0

2), φ±, h and φ0. The other parameters are chosen as Λ = 4πf , M = 150
GeV, µr = 50 GeV and µ̂ = f/2.

more severe for larger f . In our analysis below, we pick f to be in the range of 500 GeV
− 1.5 TeV. The corresponding fine tuning is in the range of 27% to 4%. The cut off scale
Λ is typically chosen to be 4πf . Sometime Λ = 2πf is also considered. The mass mixing
between the vector top single, M , controls the amount of SU(2)L singlet qL in the SM-like
light top t. It is therefore constrained by the Zb̄b coupling and oblique parameters. On
the other hand, nothing forbids M to be set to zero, which corresponds to zero mixing
between the light top quark and heavy top quark. The collider phenomenology for M = 0
or very small value of M (<∼ 1 GeV) differs dramatically from larger value of M , which
will be discussed separately in Sec. VII. The value for µr is non-zero, otherwise the neutral
Higgs φ0 is massless. The value of µr cannot be too large either, since otherwise the fine
tuning of the SM Higgs mass becomes severe. In our analysis, we pick µr to be small, as
the current experimental bound on the mass of φ0 is fairly weak. The parameter µ̂ sets
the masses for the Higgses ĥ±

1 , ĥ0
2. Such a mass term breaks the left-right symmetry softly,

and could be of the order of f . Although it is not particularly relevant for collider studies,
it controls the mass of the dark matter candidate ĥ0

2 and plays an important role in the
dark matter relic density analysis [18].

Fig. 2 shows the masses of the new particles as a function of f , for a typical set of
parameter choices of Λ = 4πf , M = 150 GeV, µr = 50 GeV and µ̂ = f/2. The top curve
in the left plot of Fig. 2 shows the value of f̂ as a function of f , which is determined from
the minimization of the CW potential of the SM Higgs. The heavy top mass, which is
determined by f , is between 500 GeV and 1.5 TeV. The heavy gauge boson masses are
above 1 TeV, heavier than the heavy top. This is because the heavy gauge boson masses
are controlled by a much larger vev f̂ . This mass hierarchy is different from the spectrum
of the littlest Higgs model [16], where the heavy top is heavier than the heavy WH [17].
The masses of WH and ZH in the LRTH model are related: mWH

= mZH

√
cos 2θw/ cos θw.

16
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Experimental Constraints
-

• mWH

- mνR < me, overproduction of 4He: mWH > 4 TeV
- mνR < mp, supernova cooling: mWH > 23 TeV

does not apply in LRTH, mνR ~ f22/Λ

- KL-KS mixing: mWH > 1.6 TeV → f1 > 670 GeV 
relaxed if CKML ≠ CKMR

- direct search limit: mWH > 800 GeV

• mZH

- Z - ZH mixing: f1 > 500 - 600 GeV

- precision measurements: mZH > 500 - 800 GeV

- direct search limit: mZH > 630 GeV (CDF)
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Heavy top tH production  
-

• single heavy top production

• heavy top pair production 
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Heavy top tH decay 
-

q

q̄′
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b tH

FIG. 3: Feynman diagrams for single heavy top production.
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FIG. 4: Left plot shows the single and pair production for heavy top quark at the LHC. The

“x”’s correspond to the value of f being 500, 600, ..., 1500 GeV. The right plot shows the branching
ratios of the heavy top decay for M = 150 GeV.

to more than 80% of the total cross section. The contribution from W boson exchange is
negligible, since WT̄b coupling is suppressed by (M/f)(v/f), which vanishes in the limit
of M = 0. This is different from the little Higgs model, where the t-channel W exchange
dominates the single heavy top production cross section.

The single heavy top quark production cross section is shown by the solid curve in the
left plot of Fig. 4. For a heavy top mass of 500−1500 GeV, the cross section is in the range
of 7 × 103 fb − 10 fb. It is comparable to the single heavy top production cross section
in the littlest Higgs model [17], which is about 20 fb for a 1500 GeV heavy top. We also
show the cross section of heavy top pair production (dashed line in the left plot of Fig. 4).
The dominant contribution comes from gluon exchange: qq̄, gg → T T̄ . Although the QCD
coupling is larger, this channel suffers from the phase space suppression due to the large
heavy top mass. The cross section is about a factor of five smaller when compared to the
single heavy top production mode.

19



S. Su 12

Heavy top tH decay 
-

q

q̄′
W, WH

tH

b̄

q/q̄′ q′/q̄

W, WH

b tH

FIG. 3: Feynman diagrams for single heavy top production.

500 700 900 1100 1300 1500
10

0

10
1

10
2

10
3

10
4

m
T
   (GeV)

c
ro

s
s
 s

e
c
ti
o

n
  

 (
fb

)

pp! TjX

pp! TTX

600 800 1000 1200 1400 1600 1800

10
0

10
1

10
2

m
T
   (GeV)

T
 d

e
c
a

y
  

B
r 

(%
) 

  

b"
±

th

bW

tZ,t"
0

FIG. 4: Left plot shows the single and pair production for heavy top quark at the LHC. The

“x”’s correspond to the value of f being 500, 600, ..., 1500 GeV. The right plot shows the branching
ratios of the heavy top decay for M = 150 GeV.

to more than 80% of the total cross section. The contribution from W boson exchange is
negligible, since WT̄b coupling is suppressed by (M/f)(v/f), which vanishes in the limit
of M = 0. This is different from the little Higgs model, where the t-channel W exchange
dominates the single heavy top production cross section.

The single heavy top quark production cross section is shown by the solid curve in the
left plot of Fig. 4. For a heavy top mass of 500−1500 GeV, the cross section is in the range
of 7 × 103 fb − 10 fb. It is comparable to the single heavy top production cross section
in the littlest Higgs model [17], which is about 20 fb for a 1500 GeV heavy top. We also
show the cross section of heavy top pair production (dashed line in the left plot of Fig. 4).
The dominant contribution comes from gluon exchange: qq̄, gg → T T̄ . Although the QCD
coupling is larger, this channel suffers from the phase space suppression due to the large
heavy top mass. The cross section is about a factor of five smaller when compared to the
single heavy top production mode.

19

j

W
tH

φ±

b

b

t

b

l

ν

3 b + 1 j + 1 lepton + missing ET



S. Su 12

Heavy top tH decay 
-

q

q̄′
W, WH

tH

b̄

q/q̄′ q′/q̄

W, WH

b tH

FIG. 3: Feynman diagrams for single heavy top production.

500 700 900 1100 1300 1500
10

0

10
1

10
2

10
3

10
4

m
T
   (GeV)

c
ro

s
s
 s

e
c
ti
o

n
  

 (
fb

)

pp! TjX

pp! TTX

600 800 1000 1200 1400 1600 1800

10
0

10
1

10
2

m
T
   (GeV)

T
 d

e
c
a

y
  

B
r 

(%
) 

  

b"
±

th

bW

tZ,t"
0

FIG. 4: Left plot shows the single and pair production for heavy top quark at the LHC. The

“x”’s correspond to the value of f being 500, 600, ..., 1500 GeV. The right plot shows the branching
ratios of the heavy top decay for M = 150 GeV.

to more than 80% of the total cross section. The contribution from W boson exchange is
negligible, since WT̄b coupling is suppressed by (M/f)(v/f), which vanishes in the limit
of M = 0. This is different from the little Higgs model, where the t-channel W exchange
dominates the single heavy top production cross section.

The single heavy top quark production cross section is shown by the solid curve in the
left plot of Fig. 4. For a heavy top mass of 500−1500 GeV, the cross section is in the range
of 7 × 103 fb − 10 fb. It is comparable to the single heavy top production cross section
in the littlest Higgs model [17], which is about 20 fb for a 1500 GeV heavy top. We also
show the cross section of heavy top pair production (dashed line in the left plot of Fig. 4).
The dominant contribution comes from gluon exchange: qq̄, gg → T T̄ . Although the QCD
coupling is larger, this channel suffers from the phase space suppression due to the large
heavy top mass. The cross section is about a factor of five smaller when compared to the
single heavy top production mode.

19

j

W
tH

φ±

b

b

t

b

l

ν

3 b + 1 j + 1 lepton + missing ET

j

tH

W

b

l

ν

1 b + 1 j + 1 lepton + missing ET



S. Su 13

tH → b ϕ± 
-

• Dominant background tt (one W → lν, one W→ qq), Wjj,Wbb
• Cuts

- lepton (e or µ) with pT > 30 GeV, |η|<2.5 
- at least three jets with pT > 50 GeV
- one jet with pT > 550 GeV
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Heavy gauge boson production  
-

• Drell-Yan process
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ZH decay  
-

• ZH
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FIG. 6: Decay branching ratios of the heavy gauge bosons WH and ZH for M = 150 GeV. Here
we have assumed that mνR

> mWH
and the leptonic decay modes for WH are absent.

for WH is into two jets, with a branching ratio of about 30%. Such mode suffers from
the overwhelming QCD di-jets background for large pT jets [34]. Current limits on dijets
events from resonance decay [35] is relatively weak.

WH could also decay into a heavy top plus a b-jet, with a branching ratio of about
20%−30%. Depending on the subsequent decays of the heavy top, we expect to see signals
of

• 4 b + lepton (e or µ) + missing ET , with a branching ratio suppression factor of
Br(T → φ+b) × Br(W → l+ν) > 14%. The dominant SM backgrounds are tt̄ and
W + jjjj.

• 2 b + lepton (e or µ) + missing ET , with a branching ratio suppression factor of
Br(T → W+b) × Br(W → l+ν) < 2%. The dominant SM backgrounds are tj, tt̄,
Wbb and Wjj.

• 2 b + tri-lepton(e or µ) + missing ET , with a branching ratio suppression factor
of Br(T → Zt) × Br(W → l+ν) × Br(Z → l+l−) < 6 × 10−4. The dominant SM
background is tbZ.

Since single T production mostly comes from on-shell WH decay, the discussion in Sec. VIA
for heavy top partners also applies to WH study here.

WH could also decay into φ0φ± with a branching ratio of about 3%. This is the dominant
production mode for φ0.

The WH → tb branching ratio is of the order of 4% or less. Search of tb final states from
a heavy WH decay has been studied in Ref. [36]. It has been shown that at the LHC, with
10− 100 fb−1 luminosity, a reach of mWH

of 3 − 4 TeV is possible at 95% C.L.
For 1 GeV < mνR

< mWH
, where the lower bound is imposed to avoid the strong

constraints on the WH mass from either supernova cooling [20] or the relic abundance of

23
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for WH is into two jets, with a branching ratio of about 30%. Such mode suffers from
the overwhelming QCD di-jets background for large pT jets [34]. Current limits on dijets
events from resonance decay [35] is relatively weak.

WH could also decay into a heavy top plus a b-jet, with a branching ratio of about
20%−30%. Depending on the subsequent decays of the heavy top, we expect to see signals
of

• 4 b + lepton (e or µ) + missing ET , with a branching ratio suppression factor of
Br(T → φ+b) × Br(W → l+ν) > 14%. The dominant SM backgrounds are tt̄ and
W + jjjj.

• 2 b + lepton (e or µ) + missing ET , with a branching ratio suppression factor of
Br(T → W+b) × Br(W → l+ν) < 2%. The dominant SM backgrounds are tj, tt̄,
Wbb and Wjj.

• 2 b + tri-lepton(e or µ) + missing ET , with a branching ratio suppression factor
of Br(T → Zt) × Br(W → l+ν) × Br(Z → l+l−) < 6 × 10−4. The dominant SM
background is tbZ.

Since single T production mostly comes from on-shell WH decay, the discussion in Sec. VIA
for heavy top partners also applies to WH study here.

WH could also decay into φ0φ± with a branching ratio of about 3%. This is the dominant
production mode for φ0.

The WH → tb branching ratio is of the order of 4% or less. Search of tb final states from
a heavy WH decay has been studied in Ref. [36]. It has been shown that at the LHC, with
10− 100 fb−1 luminosity, a reach of mWH

of 3 − 4 TeV is possible at 95% C.L.
For 1 GeV < mνR

< mWH
, where the lower bound is imposed to avoid the strong

constraints on the WH mass from either supernova cooling [20] or the relic abundance of
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for WH is into two jets, with a branching ratio of about 30%. Such mode suffers from
the overwhelming QCD di-jets background for large pT jets [34]. Current limits on dijets
events from resonance decay [35] is relatively weak.

WH could also decay into a heavy top plus a b-jet, with a branching ratio of about
20%−30%. Depending on the subsequent decays of the heavy top, we expect to see signals
of

• 4 b + lepton (e or µ) + missing ET , with a branching ratio suppression factor of
Br(T → φ+b) × Br(W → l+ν) > 14%. The dominant SM backgrounds are tt̄ and
W + jjjj.

• 2 b + lepton (e or µ) + missing ET , with a branching ratio suppression factor of
Br(T → W+b) × Br(W → l+ν) < 2%. The dominant SM backgrounds are tj, tt̄,
Wbb and Wjj.

• 2 b + tri-lepton(e or µ) + missing ET , with a branching ratio suppression factor
of Br(T → Zt) × Br(W → l+ν) × Br(Z → l+l−) < 6 × 10−4. The dominant SM
background is tbZ.

Since single T production mostly comes from on-shell WH decay, the discussion in Sec. VIA
for heavy top partners also applies to WH study here.

WH could also decay into φ0φ± with a branching ratio of about 3%. This is the dominant
production mode for φ0.

The WH → tb branching ratio is of the order of 4% or less. Search of tb final states from
a heavy WH decay has been studied in Ref. [36]. It has been shown that at the LHC, with
10− 100 fb−1 luminosity, a reach of mWH

of 3 − 4 TeV is possible at 95% C.L.
For 1 GeV < mνR

< mWH
, where the lower bound is imposed to avoid the strong

constraints on the WH mass from either supernova cooling [20] or the relic abundance of
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FIG. 6: Decay branching ratios of the heavy gauge bosons WH and ZH for M = 150 GeV. Here
we have assumed that mνR

> mWH
and the leptonic decay modes for WH are absent.

for WH is into two jets, with a branching ratio of about 30%. Such mode suffers from
the overwhelming QCD di-jets background for large pT jets [34]. Current limits on dijets
events from resonance decay [35] is relatively weak.

WH could also decay into a heavy top plus a b-jet, with a branching ratio of about
20%−30%. Depending on the subsequent decays of the heavy top, we expect to see signals
of

• 4 b + lepton (e or µ) + missing ET , with a branching ratio suppression factor of
Br(T → φ+b) × Br(W → l+ν) > 14%. The dominant SM backgrounds are tt̄ and
W + jjjj.

• 2 b + lepton (e or µ) + missing ET , with a branching ratio suppression factor of
Br(T → W+b) × Br(W → l+ν) < 2%. The dominant SM backgrounds are tj, tt̄,
Wbb and Wjj.

• 2 b + tri-lepton(e or µ) + missing ET , with a branching ratio suppression factor
of Br(T → Zt) × Br(W → l+ν) × Br(Z → l+l−) < 6 × 10−4. The dominant SM
background is tbZ.

Since single T production mostly comes from on-shell WH decay, the discussion in Sec. VIA
for heavy top partners also applies to WH study here.

WH could also decay into φ0φ± with a branching ratio of about 3%. This is the dominant
production mode for φ0.

The WH → tb branching ratio is of the order of 4% or less. Search of tb final states from
a heavy WH decay has been studied in Ref. [36]. It has been shown that at the LHC, with
10− 100 fb−1 luminosity, a reach of mWH

of 3 − 4 TeV is possible at 95% C.L.
For 1 GeV < mνR

< mWH
, where the lower bound is imposed to avoid the strong

constraints on the WH mass from either supernova cooling [20] or the relic abundance of
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WH decay  
-

• WH (mνR > mWH)

• WH (mνR < mWH), WH → l νR, Br ~ 9%
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WH decay  
-

• WH (mνR > mWH)
tH →bφ±: 4b + 1 lepton + missing ET

tH →bW : 2b + 1 lepton + missing ET

tH →tZ: 2b + 3 lepton + missing ET

• WH (mνR < mWH), WH → l νR, Br ~ 9%
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Higgses 
-

SM Higgs

• mH ~ 150-170 GeV, 

  depending on f1, Λ and M

• Higgs searches: 

- WBF → qqH → qqWW* → qqlνlν
- gg → H →  ZZ* → llll
- gg → H → WW* → lνlν

18 S.Asai et al.: Prospects for the Search for a Standard Model Higgs Boson in ATLAS using Vector Boson Fusion
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-

•φ0 → bb, cc, ττ, Γ suppressed by v2/f2, Br similar to SM

•γγ generated by tH loop, Γ suppressed by v2/f2, Br similar to SM

•No WW, ZZ coupling, Wφ0, Zφ0 associated production suppressed

•gg→ φ0 generated by tH loop, suppressed by v2/f2 
- gg→ φ0 → γγ production suppressed
- gg→ φ0 → bb QCD bg huge

•bbφ0 , tbφ0, ttφ0 cross section small

Difficult to discover Neutral Higgs φ0

φ0
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φ0

-

• Produced via the decay of heavy particles
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FIG. 9: The production of φ0 (left plot) and φ± (right plot) from the decay of heavy particles
at the LHC. The solid lines are for M = 150 GeV, while the dashed lines are for M = 0. In

the left plot, from top to bottom, the production modes are WH → φ0φ±, single T production
with T → tφ0, ZH → hφ0 and TT pair production with one heavy top decaying into φ0 while
the other top decaying into anything. In the right plot, from top to bottom (for small mφ±), the

production modes are single T production with T → bφ±, TT pair production with both heavy
tops decaying into bφ±, WH → φ0φ±, WH → hφ±, and ZH → φ+φ−. The other parameters are

chosen to be Λ = 4πf and µr = 50 GeV. The “x”’s in the left plot correspond to the value of f
being 500, 600, ..., 1500 GeV.

for signals of 4 b-jets + 1 lepton (e or µ) + missing ET . Two b-jets need to be chosen to
reconstruct the φ0 mass, while φ± can be reconstructed as described above. φ0 produced
from the heavy top decay: T → tφ0, might also be used to identify the neutral Higgs.

For the charged Higgses φ±, the dominant production mode is through heavy top decay,
since the branching ratio for T → φ±b is more than 70%. The cross section is in the
range of 6× 103 fb − 10 fb. Considering the single heavy top production pp → TjX, with
T → φ±b, the signal is 3 b-jets + 1 jet + 1 lepton (e or µ) + missing ET . The top quark
from φ± decay can be reconstructed through bW , while φ± can be reconstructed through
tb. The reconstructed invariant mass for tb could also tell us the mass of φ±.

φ0 and φ± can also be produced in association with the third generation quarks: bb̄φ0,±,
tt̄φ0,±, tbφ0,±. The cross sections are usually much smaller than the ones that are mentioned
above, and therefore are not discussed further.

3. ĥ±
1 and ĥ0

2

The complex charged and neutral Higgses ĥ±
1 and ĥ0

2 couple to the gauge bosons only.
Their masses are very degenerate, with a small mass splitting of about 100 − 700 MeV
introduced by the electro-magnetic interactions. The charged Higgses ĥ±

1 are slightly

28
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production modes are single T production with T → bφ±, TT pair production with both heavy
tops decaying into bφ±, WH → φ0φ±, WH → hφ±, and ZH → φ+φ−. The other parameters are

chosen to be Λ = 4πf and µr = 50 GeV. The “x”’s in the left plot correspond to the value of f
being 500, 600, ..., 1500 GeV.

for signals of 4 b-jets + 1 lepton (e or µ) + missing ET . Two b-jets need to be chosen to
reconstruct the φ0 mass, while φ± can be reconstructed as described above. φ0 produced
from the heavy top decay: T → tφ0, might also be used to identify the neutral Higgs.

For the charged Higgses φ±, the dominant production mode is through heavy top decay,
since the branching ratio for T → φ±b is more than 70%. The cross section is in the
range of 6× 103 fb − 10 fb. Considering the single heavy top production pp → TjX, with
T → φ±b, the signal is 3 b-jets + 1 jet + 1 lepton (e or µ) + missing ET . The top quark
from φ± decay can be reconstructed through bW , while φ± can be reconstructed through
tb. The reconstructed invariant mass for tb could also tell us the mass of φ±.

φ0 and φ± can also be produced in association with the third generation quarks: bb̄φ0,±,
tt̄φ0,±, tbφ0,±. The cross sections are usually much smaller than the ones that are mentioned
above, and therefore are not discussed further.

3. ĥ±
1 and ĥ0
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The complex charged and neutral Higgses ĥ±
1 and ĥ0

2 couple to the gauge bosons only.
Their masses are very degenerate, with a small mass splitting of about 100 − 700 MeV
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φ0

-

• Produced via the decay of heavy particles
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chosen to be Λ = 4πf and µr = 50 GeV. The “x”’s in the left plot correspond to the value of f
being 500, 600, ..., 1500 GeV.

for signals of 4 b-jets + 1 lepton (e or µ) + missing ET . Two b-jets need to be chosen to
reconstruct the φ0 mass, while φ± can be reconstructed as described above. φ0 produced
from the heavy top decay: T → tφ0, might also be used to identify the neutral Higgs.

For the charged Higgses φ±, the dominant production mode is through heavy top decay,
since the branching ratio for T → φ±b is more than 70%. The cross section is in the
range of 6× 103 fb − 10 fb. Considering the single heavy top production pp → TjX, with
T → φ±b, the signal is 3 b-jets + 1 jet + 1 lepton (e or µ) + missing ET . The top quark
from φ± decay can be reconstructed through bW , while φ± can be reconstructed through
tb. The reconstructed invariant mass for tb could also tell us the mass of φ±.

φ0 and φ± can also be produced in association with the third generation quarks: bb̄φ0,±,
tt̄φ0,±, tbφ0,±. The cross sections are usually much smaller than the ones that are mentioned
above, and therefore are not discussed further.
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1 and ĥ0
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introduced by the electro-magnetic interactions. The charged Higgses ĥ±

1 are slightly
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FIG. 8: The decay branching ratios of φ± → tb and φ± → cs, as a function of M . The model
parameters are chosen to be f = 800 GeV, µr = 50 GeV, and Λ = 4πf .

Higgs with the same mass. The total number of event of gg → φ0 → γγ is then suppressed
by a factor of v2/(2f 2) comparing to the SM process gg → h → γγ. Studies for the SM
Higgs discovery in this channel [30, 46] showed that a 5σ discovery of a light (115 GeV) SM
Higgs requires an integrated luminosity of about 25 fb−1 at the LHC. Since the significance
level scales as (σ × Br)signal ×

√
L, a factor of 9 suppression of the φ0 signal cross section

(for a low value of f ∼ 500 GeV) is very hard to compensate with an increasing luminosity.
The charged Higgses φ± dominantly decay into tb or cs, with the decay width of

the former channel proportional to (M/f)2, and the decay width of the latter channel
proportional to the charm Yukawa coupling squared. Fig. 8 shows the branching ratios of
φ± → tb and φ± → cs as a function of M . It is clear that for larger value of M , φ± → tb
dominates. If the particles produced in associated with φ± do not involve leptons, the W
from top decay is required to decay leptonically, which can be used as a trigger, and also
to suppress the background. For very small value of M <∼ 1 GeV, Br(φ± → tb) drops to
less than 1% and φ± → cs dominates, which leads to completely different phenomenology.
We defer the discussion of such case together with M = 0 limit to Sec.VII.

The heavy particles in the LRTH models, WH , ZH , and T , can decay into the light
Higgses. Due to the large Drell-Yan cross sections for WH and ZH , and the large single T
production cross section at the LHC, the production of φ0 and φ± from the decay of heavy
particles could be sizable, as shown in Fig. 9. Notice that the fall of the cross section for
heavier Higgs mass is due to the reduction of WH , ZH and T production cross sections
with increasing f .

For the neutral Higgs φ0, the dominant production mode is through WH → φ0φ±, with
a cross section of about 103 fb − 1 fb. Combined with the decay of φ0 and φ±, we can look
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Neutral Higgs φ±

• no Wφ±, Zφ± associated production (no such coupling)

• bbφ± , tbφ±, ttφ± cross section small
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φ±

-

Charged Higgs φ± • Produced via the decay of heavy particles
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-

Charged Higgs φ±
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W
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ν

3 b + 1 j + 1 lepton + missing ET

• Produced via the decay of heavy particles
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H1
±, H2

0

-

Higgs that couple to gauge boson only: H1 
±, H2

0

• H1
±H2

0, H1
±H1

±, H2
0H2

0, associated production (small)

• H2
0 stable : missing energy

• H1
± → H2

0 + soft jets/leptons

  if decay fast enough: appears as missing energy
 

  if decay slow: track !

H2
0: good dark matter candidates

More later ...
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M=0 case
-

f1 v

Top Yukawa: 

tSM = (tL, TR), mt = yvtH = (TL, tR), mtH = yf1

Gauge coupling 

 W − t − b 
  W − tH − b
  WH − t − b
 WH − tH − b

 Z − t − t
 Z − tH − t

H

  Z − tH − t
 ZH − t − t
 ZH − tH − tH

  ZH − tH − t

Yukawa coupling 

 φ0 − tH − tH

  φ0 − t − t
  φ0 − tH − t

 φ± − tH − b
  φ± − t − b

 H − t − t
 H − tH − tH (small)
  H − tH − t
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φ± decay
-

φ± → cs for M < 1 GeV

discovery becomes difficult due to QCD background
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FIG. 8: The decay branching ratios of φ± → tb and φ± → cs, as a function of M . The model
parameters are chosen to be f = 800 GeV, µr = 50 GeV, and Λ = 4πf .

Higgs with the same mass. The total number of event of gg → φ0 → γγ is then suppressed
by a factor of v2/(2f 2) comparing to the SM process gg → h → γγ. Studies for the SM
Higgs discovery in this channel [30, 46] showed that a 5σ discovery of a light (115 GeV) SM
Higgs requires an integrated luminosity of about 25 fb−1 at the LHC. Since the significance
level scales as (σ × Br)signal ×

√
L, a factor of 9 suppression of the φ0 signal cross section

(for a low value of f ∼ 500 GeV) is very hard to compensate with an increasing luminosity.
The charged Higgses φ± dominantly decay into tb or cs, with the decay width of

the former channel proportional to (M/f)2, and the decay width of the latter channel
proportional to the charm Yukawa coupling squared. Fig. 8 shows the branching ratios of
φ± → tb and φ± → cs as a function of M . It is clear that for larger value of M , φ± → tb
dominates. If the particles produced in associated with φ± do not involve leptons, the W
from top decay is required to decay leptonically, which can be used as a trigger, and also
to suppress the background. For very small value of M <∼ 1 GeV, Br(φ± → tb) drops to
less than 1% and φ± → cs dominates, which leads to completely different phenomenology.
We defer the discussion of such case together with M = 0 limit to Sec.VII.

The heavy particles in the LRTH models, WH , ZH , and T , can decay into the light
Higgses. Due to the large Drell-Yan cross sections for WH and ZH , and the large single T
production cross section at the LHC, the production of φ0 and φ± from the decay of heavy
particles could be sizable, as shown in Fig. 9. Notice that the fall of the cross section for
heavier Higgs mass is due to the reduction of WH , ZH and T production cross sections
with increasing f .

For the neutral Higgs φ0, the dominant production mode is through WH → φ0φ±, with
a cross section of about 103 fb − 1 fb. Combined with the decay of φ0 and φ±, we can look

27
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FIG. 9: The production of φ0 (left plot) and φ± (right plot) from the decay of heavy particles
at the LHC. The solid lines are for M = 150 GeV, while the dashed lines are for M = 0. In

the left plot, from top to bottom, the production modes are WH → φ0φ±, single T production
with T → tφ0, ZH → hφ0 and TT pair production with one heavy top decaying into φ0 while
the other top decaying into anything. In the right plot, from top to bottom (for small mφ±), the

production modes are single T production with T → bφ±, TT pair production with both heavy
tops decaying into bφ±, WH → φ0φ±, WH → hφ±, and ZH → φ+φ−. The other parameters are

chosen to be Λ = 4πf and µr = 50 GeV. The “x”’s in the left plot correspond to the value of f
being 500, 600, ..., 1500 GeV.

for signals of 4 b-jets + 1 lepton (e or µ) + missing ET . Two b-jets need to be chosen to
reconstruct the φ0 mass, while φ± can be reconstructed as described above. φ0 produced
from the heavy top decay: T → tφ0, might also be used to identify the neutral Higgs.

For the charged Higgses φ±, the dominant production mode is through heavy top decay,
since the branching ratio for T → φ±b is more than 70%. The cross section is in the
range of 6× 103 fb − 10 fb. Considering the single heavy top production pp → TjX, with
T → φ±b, the signal is 3 b-jets + 1 jet + 1 lepton (e or µ) + missing ET . The top quark
from φ± decay can be reconstructed through bW , while φ± can be reconstructed through
tb. The reconstructed invariant mass for tb could also tell us the mass of φ±.

φ0 and φ± can also be produced in association with the third generation quarks: bb̄φ0,±,
tt̄φ0,±, tbφ0,±. The cross sections are usually much smaller than the ones that are mentioned
above, and therefore are not discussed further.

3. ĥ±
1 and ĥ0

2

The complex charged and neutral Higgses ĥ±
1 and ĥ0

2 couple to the gauge bosons only.
Their masses are very degenerate, with a small mass splitting of about 100 − 700 MeV
introduced by the electro-magnetic interactions. The charged Higgses ĥ±

1 are slightly

28
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FIG. 9: The production of φ0 (left plot) and φ± (right plot) from the decay of heavy particles
at the LHC. The solid lines are for M = 150 GeV, while the dashed lines are for M = 0. In

the left plot, from top to bottom, the production modes are WH → φ0φ±, single T production
with T → tφ0, ZH → hφ0 and TT pair production with one heavy top decaying into φ0 while
the other top decaying into anything. In the right plot, from top to bottom (for small mφ±), the

production modes are single T production with T → bφ±, TT pair production with both heavy
tops decaying into bφ±, WH → φ0φ±, WH → hφ±, and ZH → φ+φ−. The other parameters are

chosen to be Λ = 4πf and µr = 50 GeV. The “x”’s in the left plot correspond to the value of f
being 500, 600, ..., 1500 GeV.

for signals of 4 b-jets + 1 lepton (e or µ) + missing ET . Two b-jets need to be chosen to
reconstruct the φ0 mass, while φ± can be reconstructed as described above. φ0 produced
from the heavy top decay: T → tφ0, might also be used to identify the neutral Higgs.

For the charged Higgses φ±, the dominant production mode is through heavy top decay,
since the branching ratio for T → φ±b is more than 70%. The cross section is in the
range of 6× 103 fb − 10 fb. Considering the single heavy top production pp → TjX, with
T → φ±b, the signal is 3 b-jets + 1 jet + 1 lepton (e or µ) + missing ET . The top quark
from φ± decay can be reconstructed through bW , while φ± can be reconstructed through
tb. The reconstructed invariant mass for tb could also tell us the mass of φ±.

φ0 and φ± can also be produced in association with the third generation quarks: bb̄φ0,±,
tt̄φ0,±, tbφ0,±. The cross sections are usually much smaller than the ones that are mentioned
above, and therefore are not discussed further.

3. ĥ±
1 and ĥ0

2

The complex charged and neutral Higgses ĥ±
1 and ĥ0

2 couple to the gauge bosons only.
Their masses are very degenerate, with a small mass splitting of about 100 − 700 MeV
introduced by the electro-magnetic interactions. The charged Higgses ĥ±

1 are slightly

28
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FIG. 9: The production of φ0 (left plot) and φ± (right plot) from the decay of heavy particles
at the LHC. The solid lines are for M = 150 GeV, while the dashed lines are for M = 0. In

the left plot, from top to bottom, the production modes are WH → φ0φ±, single T production
with T → tφ0, ZH → hφ0 and TT pair production with one heavy top decaying into φ0 while
the other top decaying into anything. In the right plot, from top to bottom (for small mφ±), the

production modes are single T production with T → bφ±, TT pair production with both heavy
tops decaying into bφ±, WH → φ0φ±, WH → hφ±, and ZH → φ+φ−. The other parameters are

chosen to be Λ = 4πf and µr = 50 GeV. The “x”’s in the left plot correspond to the value of f
being 500, 600, ..., 1500 GeV.

for signals of 4 b-jets + 1 lepton (e or µ) + missing ET . Two b-jets need to be chosen to
reconstruct the φ0 mass, while φ± can be reconstructed as described above. φ0 produced
from the heavy top decay: T → tφ0, might also be used to identify the neutral Higgs.

For the charged Higgses φ±, the dominant production mode is through heavy top decay,
since the branching ratio for T → φ±b is more than 70%. The cross section is in the
range of 6× 103 fb − 10 fb. Considering the single heavy top production pp → TjX, with
T → φ±b, the signal is 3 b-jets + 1 jet + 1 lepton (e or µ) + missing ET . The top quark
from φ± decay can be reconstructed through bW , while φ± can be reconstructed through
tb. The reconstructed invariant mass for tb could also tell us the mass of φ±.

φ0 and φ± can also be produced in association with the third generation quarks: bb̄φ0,±,
tt̄φ0,±, tbφ0,±. The cross sections are usually much smaller than the ones that are mentioned
above, and therefore are not discussed further.

3. ĥ±
1 and ĥ0

2

The complex charged and neutral Higgses ĥ±
1 and ĥ0

2 couple to the gauge bosons only.
Their masses are very degenerate, with a small mass splitting of about 100 − 700 MeV
introduced by the electro-magnetic interactions. The charged Higgses ĥ±

1 are slightly

28
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FIG. 9: The production of φ0 (left plot) and φ± (right plot) from the decay of heavy particles
at the LHC. The solid lines are for M = 150 GeV, while the dashed lines are for M = 0. In

the left plot, from top to bottom, the production modes are WH → φ0φ±, single T production
with T → tφ0, ZH → hφ0 and TT pair production with one heavy top decaying into φ0 while
the other top decaying into anything. In the right plot, from top to bottom (for small mφ±), the

production modes are single T production with T → bφ±, TT pair production with both heavy
tops decaying into bφ±, WH → φ0φ±, WH → hφ±, and ZH → φ+φ−. The other parameters are

chosen to be Λ = 4πf and µr = 50 GeV. The “x”’s in the left plot correspond to the value of f
being 500, 600, ..., 1500 GeV.

for signals of 4 b-jets + 1 lepton (e or µ) + missing ET . Two b-jets need to be chosen to
reconstruct the φ0 mass, while φ± can be reconstructed as described above. φ0 produced
from the heavy top decay: T → tφ0, might also be used to identify the neutral Higgs.

For the charged Higgses φ±, the dominant production mode is through heavy top decay,
since the branching ratio for T → φ±b is more than 70%. The cross section is in the
range of 6× 103 fb − 10 fb. Considering the single heavy top production pp → TjX, with
T → φ±b, the signal is 3 b-jets + 1 jet + 1 lepton (e or µ) + missing ET . The top quark
from φ± decay can be reconstructed through bW , while φ± can be reconstructed through
tb. The reconstructed invariant mass for tb could also tell us the mass of φ±.

φ0 and φ± can also be produced in association with the third generation quarks: bb̄φ0,±,
tt̄φ0,±, tbφ0,±. The cross sections are usually much smaller than the ones that are mentioned
above, and therefore are not discussed further.

3. ĥ±
1 and ĥ0

2

The complex charged and neutral Higgses ĥ±
1 and ĥ0

2 couple to the gauge bosons only.
Their masses are very degenerate, with a small mass splitting of about 100 − 700 MeV
introduced by the electro-magnetic interactions. The charged Higgses ĥ±

1 are slightly

28
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FIG. 9: The production of φ0 (left plot) and φ± (right plot) from the decay of heavy particles
at the LHC. The solid lines are for M = 150 GeV, while the dashed lines are for M = 0. In

the left plot, from top to bottom, the production modes are WH → φ0φ±, single T production
with T → tφ0, ZH → hφ0 and TT pair production with one heavy top decaying into φ0 while
the other top decaying into anything. In the right plot, from top to bottom (for small mφ±), the

production modes are single T production with T → bφ±, TT pair production with both heavy
tops decaying into bφ±, WH → φ0φ±, WH → hφ±, and ZH → φ+φ−. The other parameters are

chosen to be Λ = 4πf and µr = 50 GeV. The “x”’s in the left plot correspond to the value of f
being 500, 600, ..., 1500 GeV.

for signals of 4 b-jets + 1 lepton (e or µ) + missing ET . Two b-jets need to be chosen to
reconstruct the φ0 mass, while φ± can be reconstructed as described above. φ0 produced
from the heavy top decay: T → tφ0, might also be used to identify the neutral Higgs.

For the charged Higgses φ±, the dominant production mode is through heavy top decay,
since the branching ratio for T → φ±b is more than 70%. The cross section is in the
range of 6× 103 fb − 10 fb. Considering the single heavy top production pp → TjX, with
T → φ±b, the signal is 3 b-jets + 1 jet + 1 lepton (e or µ) + missing ET . The top quark
from φ± decay can be reconstructed through bW , while φ± can be reconstructed through
tb. The reconstructed invariant mass for tb could also tell us the mass of φ±.

φ0 and φ± can also be produced in association with the third generation quarks: bb̄φ0,±,
tt̄φ0,±, tbφ0,±. The cross sections are usually much smaller than the ones that are mentioned
above, and therefore are not discussed further.

3. ĥ±
1 and ĥ0

2

The complex charged and neutral Higgses ĥ±
1 and ĥ0

2 couple to the gauge bosons only.
Their masses are very degenerate, with a small mass splitting of about 100 − 700 MeV
introduced by the electro-magnetic interactions. The charged Higgses ĥ±

1 are slightly
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FIG. 9: The production of φ0 (left plot) and φ± (right plot) from the decay of heavy particles
at the LHC. The solid lines are for M = 150 GeV, while the dashed lines are for M = 0. In

the left plot, from top to bottom, the production modes are WH → φ0φ±, single T production
with T → tφ0, ZH → hφ0 and TT pair production with one heavy top decaying into φ0 while
the other top decaying into anything. In the right plot, from top to bottom (for small mφ±), the

production modes are single T production with T → bφ±, TT pair production with both heavy
tops decaying into bφ±, WH → φ0φ±, WH → hφ±, and ZH → φ+φ−. The other parameters are

chosen to be Λ = 4πf and µr = 50 GeV. The “x”’s in the left plot correspond to the value of f
being 500, 600, ..., 1500 GeV.

for signals of 4 b-jets + 1 lepton (e or µ) + missing ET . Two b-jets need to be chosen to
reconstruct the φ0 mass, while φ± can be reconstructed as described above. φ0 produced
from the heavy top decay: T → tφ0, might also be used to identify the neutral Higgs.

For the charged Higgses φ±, the dominant production mode is through heavy top decay,
since the branching ratio for T → φ±b is more than 70%. The cross section is in the
range of 6× 103 fb − 10 fb. Considering the single heavy top production pp → TjX, with
T → φ±b, the signal is 3 b-jets + 1 jet + 1 lepton (e or µ) + missing ET . The top quark
from φ± decay can be reconstructed through bW , while φ± can be reconstructed through
tb. The reconstructed invariant mass for tb could also tell us the mass of φ±.

φ0 and φ± can also be produced in association with the third generation quarks: bb̄φ0,±,
tt̄φ0,±, tbφ0,±. The cross sections are usually much smaller than the ones that are mentioned
above, and therefore are not discussed further.

3. ĥ±
1 and ĥ0
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2 couple to the gauge bosons only.
Their masses are very degenerate, with a small mass splitting of about 100 − 700 MeV
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1 are slightly

28

absent 



S. Su 26

φ0 discovery
-

difficult

small signal

100 104 108 112 116 120 122
10

!3

10
!2

10
!1

10
0

10
1

10
2

10
3

10
4

m
!

0   (GeV)

c
ro

s
s
 s

e
c
ti
o
n
  
 (

fb
)

W
H
" !

0
!
±

Tj,T" t!
0

Z
H
" h!

0

TT,one T " t!
0

150 200 250 300 350 400 450 500
10

!2

10
!1

10
0

10
1

10
2

10
3

10
4

m
!
±   (GeV)

c
ro

s
s
 s

e
c
ti
o
n
  
 (

fb
)

Tj, T" b !
±

TT, T" b !
±

W
H
" !

0
!
±

W
H
" h!

±

Z
H
" !

±
!
±

FIG. 9: The production of φ0 (left plot) and φ± (right plot) from the decay of heavy particles
at the LHC. The solid lines are for M = 150 GeV, while the dashed lines are for M = 0. In

the left plot, from top to bottom, the production modes are WH → φ0φ±, single T production
with T → tφ0, ZH → hφ0 and TT pair production with one heavy top decaying into φ0 while
the other top decaying into anything. In the right plot, from top to bottom (for small mφ±), the

production modes are single T production with T → bφ±, TT pair production with both heavy
tops decaying into bφ±, WH → φ0φ±, WH → hφ±, and ZH → φ+φ−. The other parameters are

chosen to be Λ = 4πf and µr = 50 GeV. The “x”’s in the left plot correspond to the value of f
being 500, 600, ..., 1500 GeV.

for signals of 4 b-jets + 1 lepton (e or µ) + missing ET . Two b-jets need to be chosen to
reconstruct the φ0 mass, while φ± can be reconstructed as described above. φ0 produced
from the heavy top decay: T → tφ0, might also be used to identify the neutral Higgs.

For the charged Higgses φ±, the dominant production mode is through heavy top decay,
since the branching ratio for T → φ±b is more than 70%. The cross section is in the
range of 6× 103 fb − 10 fb. Considering the single heavy top production pp → TjX, with
T → φ±b, the signal is 3 b-jets + 1 jet + 1 lepton (e or µ) + missing ET . The top quark
from φ± decay can be reconstructed through bW , while φ± can be reconstructed through
tb. The reconstructed invariant mass for tb could also tell us the mass of φ±.

φ0 and φ± can also be produced in association with the third generation quarks: bb̄φ0,±,
tt̄φ0,±, tbφ0,±. The cross sections are usually much smaller than the ones that are mentioned
above, and therefore are not discussed further.

3. ĥ±
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Heavy top tH discovery 
-

• single, pair production does not change much.

• decay: only tH → b φ±  (100%)
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FIG. 3: Feynman diagrams for single heavy top production.
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FIG. 4: Left plot shows the single and pair production for heavy top quark at the LHC. The

“x”’s correspond to the value of f being 500, 600, ..., 1500 GeV. The right plot shows the branching
ratios of the heavy top decay for M = 150 GeV.

to more than 80% of the total cross section. The contribution from W boson exchange is
negligible, since WT̄b coupling is suppressed by (M/f)(v/f), which vanishes in the limit
of M = 0. This is different from the little Higgs model, where the t-channel W exchange
dominates the single heavy top production cross section.

The single heavy top quark production cross section is shown by the solid curve in the
left plot of Fig. 4. For a heavy top mass of 500−1500 GeV, the cross section is in the range
of 7 × 103 fb − 10 fb. It is comparable to the single heavy top production cross section
in the littlest Higgs model [17], which is about 20 fb for a 1500 GeV heavy top. We also
show the cross section of heavy top pair production (dashed line in the left plot of Fig. 4).
The dominant contribution comes from gluon exchange: qq̄, gg → T T̄ . Although the QCD
coupling is larger, this channel suffers from the phase space suppression due to the large
heavy top mass. The cross section is about a factor of five smaller when compared to the
single heavy top production mode.
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• ZH, WH drell-yan cross section does not change

• ZH: ZH → ll does not change much 
          Br(ZH → t tH) =0 

• WH: difficult  
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Heavy gauge boson discovery 
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• ZH, WH drell-yan cross section does not change

• ZH: ZH → ll does not change much 
          Br(ZH → t tH) =0 

• WH: difficult  

either huge QCD bg

absent

For M=0

discovery of almost all the particle are difficult 

except for ZH
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Dark Matter
-

• |mS-mA|> a few GeV  to avoid constraints from DM direct detection
• coannihilation of S, A, and H1

±  
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Similar to the dark matter scenario in 
R. Barbieri, L. Hall, V. Rychkov, hep-ph/0603188
L. Honorez, E. Nezri, J. Oliver, M. Tytgat, hep-ph/0612275
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Dark Matter
-

H2
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Dark Matter
-

H2
0 =S+iA δ1=mA-mS
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Direct Detection
-

Current CDMS limit: 10-43 cm2

S A

Z
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Avoid such constraints if |mS-mA|> a few GeV

σSI(Z) =
G2

F m2
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2π
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Indirect Detection
-

Φγ = Nγ

(
σv

1 pb

) (
100 GeV
MDM

)2

J∆Ω× (2.75× 10−10) s−1cm−2

Φγ =
Nγσv

8πM2
DM

∫

line of sight
ρ2(l)dl

J =
1

8.5 kpc

(
1

0.3 GeV/cm3

)2 1
∆Ω

∫
dΩ

∫
ρ2dl

For ground based Atmospheric Cerenkov telescopes (ACTs), ΔΩ = 10-3 sr
J: 103 for NFW profile, 105 for Moore et. al. profile

Exps: 

•space-based telescope GLAST: Eth ~ 2 GeV, Φ ~ 10-10 sec-1 cm-2

•ACTs VERITAS and HESS: Eth ~ 50 GeV, Φ ~ (1-5) X 10-12 sec-1 cm-2
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Monochromatic Photon
-

γ
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Small coupling 
Can not be observed at future exp
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Fragmentation Photon
-

dNγ

dx
= 0.73x−1.5e−7.8x for WW/ZZ, x =

Eγ
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Final State Radiation Photon
-
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Conclusions
 Left-right twin Higgs model: Higgs as pseudo-goldstone boson

    quadratic divergence forbidden by left-right symmetry

 New particles
 Heavy gauge boson: WH, ZH, Heavy top quark tH, 

 New Higgses: φ0, φ±, H1
±, H2

0 (DM)

 M≠0: rich collider phenomenology

 M=0: difficult except for ZH

 H2
0 (S or A) could be a good DM candidate

 Future work
Identify twin Higgs mechanism

Comparison with other models, e.g., little higgs

-


