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Twin Higgs vs. Little Higgs 
-

 

Left-right symmetry (left-right twin Higgs models)
Model: Chacko, Goh, Harnik, hep-ph/0512088

Phenomenology: Goh and Su, hep-ph/0611015

Little Higgs Twin Higgs

Higgs is a pseudo-Goldstone boson of spontaneous breaking global symmetry

collective symmetry breaking discrete symmetry
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New particles  
-

• Heavy gauge bosons: WH, ZH   

• Heavy top:  tH   

• Other SU(2)R Higgses:φ±   

  φ0   
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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 [19].

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 [17], where the heavy top is heavier than the heavy WH [18].
The masses of WH and ZH in the LRTH model are related: mWH

= mZH

√
cos 2θw/ cos θw.
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• Model parameters: f, M, (Λ, µR)
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Heavy top tH decay  
-

• single heavy top production dominate

q

q̄′
W, WH

tH

b̄

q/q̄′ q′/q̄

W, WH

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.
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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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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
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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
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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
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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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ZH decay  
-

• ZH

1000 2000 3000 4000 5000
10

!2

10
!1

10
0

10
1

10
2

m
WH

   (GeV)

W
H

 d
e

c
a

y
 B

r 
 (

%
) 

!0!±

h!±

Tb

tb

cb

cd,us

ud,cs

2000 3000 4000 5000 6000
10

!1

10
0

10
1

m
ZH

   (GeV)

Z
H

 d
e

c
a

y
 B

r 
(%

) 
  

!+!!

h!0

h1h1,h2h2
^ ^ ^ ^

TT

tT

Zh,W+W!

tt

dd,ss,bb

uu,cc

l
+
l
!

"
l
"

l

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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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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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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WH→tHb channel (1 TeV)
-

 7
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Reconstruct masses
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ET
miss > 25 GeV/c  

assume pz
ν // pz

l to reconstruct W
εl = 90% (trigger + lepton ID)

 W+b1 → t 25 < pT (b1) < 200 GeV/c

 t+b2 → φ± 25 < pT (b2) < 100 GeV/c

 φ± +b3 → Τ pT (b3) > 100 GeV/c

 Τ +b4 → WH pT (b4) > 150 GeV/c
 | η | < 2.5 for all leptons and jets
Additional cuts
m(t)     < 250 GeV/c2
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 Τ +b4 → WH pT (b4) > 150 GeV/c
 | η | < 2.5 for all leptons and jets
Additional cuts
m(t)     < 250 GeV/c2

m(φ±)  < 250 GeV/c2

m(Τ)    < 700 GeV/c2

pT (Τ)   > 150 GeV/c (jacobean peak)

T

φ±

t

Marcel group: pythia + ATLASFAST
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b-tag
-

 9

WH (1 TeV/c2) → Τb signal/bkg for L=30 fb-1

  

No b-tag

Nsig = 3253
Ntt   = 9427
Nwj  = 319
N/√B = 33

Nsig = 651
Ntt   = 377
Nwj  ~ 0
N/√B = 33

b-tag
ε4b = 20 %

R4b = 25

WH mass (GeV/c2) WH mass (GeV/c2)

Ev
en

ts
 ( 

L 
= 

30
 fb

-1
 )

Ev
en

ts
 ( 

L 
= 

30
 fb

-1
 )
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WH→tHb channel (up to 4 TeV)

-

Shufang group: madgraph (+pythia)

• Dominant background tt (one W → lν, one W→ qq), Wjjjj,Wbbjj,Wcjjj
• Cuts

- lepton (e or µ) with pT > 30 GeV, |η|<2.5 
- at least three jets with pT > 50 GeV
- one jet with pT > 350 GeV
- reconstructed mt mass: mt ± 10 GeV
- reconstructed mϕ±: 150 < mϕ±  < 550 GeV 
- reconstructed mtH: 500 GeV <  mtH < 2000 TeV
- b-tag two lowest pT jets

f ( mtH) σbefore 
(fb)

σafter 
(fb)

s/√B 
(L=30 fb-1)

600 GeV 642 2.4 28
1000 GeV 32 2.4 28
1500 GeV 2.9 0.13 1.5 (could be 

improved)

background σafter (fb)
tt 0.045
Wjjjj ~0
Wbbjj 0.10

Wcjj 0.07

Wbbbb small

QCD ...
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Working in progress and future work
-

• Other Channels:
➡ ZH→l+l-   (dilepton)
➡ ZH→tt (tt resonance)
➡ ZH→tHtH (6b+2W)
➡ WH→ ϕ0ϕ± (Marcel’s group already studies this)
➡ WH→ l νR

➡ tH→ tZ → 2b+3l+ν
• small M case, ϕ±→ τντ, cs instead of tb, possibility for discovery?

• Define and study a set of benchmark points:  f, M, (µR)

exp: High pT b-tagging madgraph model file


