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LEE-WICK STANDARD MODEL
(LWSM)

B.Grinstein, D.O’Connel, M.B.Wise (2007)

Based on ideas by Lee and Wick (1969,1970)



A TOY MODEL
(A) HD formalism:

argue that it does not give rise to a quadratic divergence in the Higgs mass, and so solves

the hierarchy puzzle. A power counting argument and some explicit one loop calculations

are given to demonstrate this. For explicit calculations, and to make the physics clearer,

it is useful to remove the higher derivative terms in the Lagrangian density by introducing

auxiliary LW-fields that, when integrated out, reproduce the higher derivative terms in the

action.

The LW-standard model2 has a new parameter for each standard model field, which cor-

responds physically to the tree-level mass of its LW-partner resonance. Explicit calculations

can be performed in this theory at any order in perturbation theory, and the experimental

consequences for physics at the LHC, and elsewhere, can be studied. The nonperturbative

formulation of Lee-Wick theories has been studied in [7, 8]. Lee-Wick theories are unusual;

however, even if one does not take the particular model we present as the correct theory of

nature at the TeV scale our work does suggest that a further examination of higher deriva-

tive theories is warranted. Some previous work on field theories with non-local actions that

contain terms with an infinite number of derivatives can be found in Ref. [9].

II. A TOY MODEL

To illustrate the physics of Lee-Wick theory [1, 2, 8] in a simple setting, we consider in

this section a theory of one self-interacting scalar field, φ̂, with a higher derivative term.

The Lagrangian density is

Lhd =
1

2
∂µφ̂∂µφ̂ −

1

2M2
(∂2φ̂)2 −

1

2
m2φ̂2 −

1

3!
gφ̂3, (1)

so the propagator of φ̂ in momentum space is given by

D̂(p) =
i

p2 − p4/M2 − m2
. (2)

For M " m, this propagator has poles at p2 # m2 and also at p2 # M2. Thus, the

propagator describes more than one degree of freedom.

We can make these new degrees of freedom manifest in the Lagrangian density in a simple

way. First, let us introduce an auxiliary scalar field φ̃, so that we can write the theory as

L =
1

2
∂µφ̂∂µφ̂ −

1

2
m2φ̂2 − φ̃∂2φ̂ +

1

2
M2φ̃2 −

1

3!
gφ̂3. (3)

2 LW extension of the standard model would be more precise.

3

Propagator: D̂(p) = i(p2 � p4/M2 �m2)�1

2 poles: p2 = m2,M2

(B) AF formalism: �̂ = �� �̃

Since L is quadratic in φ̃, the equations of motion of φ̃ are exact at the quantum level.

Removing φ̃ from L with their equations of motion reproduces Lhd in Eq. (1).

Next, we define φ = φ̂ + φ̃. In terms of this variable, the Lagrangian in Eq. (3) becomes,

after integrating by parts,

L =
1

2
∂µφ∂µφ −

1

2
∂µφ̃∂µφ̃ +

1

2
M2φ̃2 −

1

2
m2(φ − φ̃)2 −

1

3!
g(φ − φ̃)3. (4)

In this form, it is clear that there are two kinds of scalar field: a normal scalar field φ and a

new field φ̃, which we will refer to as an LW-field. The sign of the quadratic Lagrangian of

the LW-field is opposite to the usual sign so one may worry about stability of the theory, even

at the classical level. We will return to this point. If we neglect the mass m for simplicity,

the propagator of φ̃ is given by

D̃(p) =
−i

p2 − M2
. (5)

The LW-field is associated with a non-positive definite norm on the Hilbert space, as indi-

cated by the unusual sign of its propagator. Consequently, if this state were to be stable,

unitarity of the S matrix would be violated. However, as emphasized by Lee and Wick, uni-

tarity is preserved provided that φ̃ decays. This occurs in the theory described by Eq. (4)

because φ̃ is heavy and can decay to two φ-particles.

In the presence of the mass m, there is mixing between the scalar field φ and the LW-

scalar φ̃. We can diagonalize this mixing without spoiling the diagonal form of the derivative

terms by performing a symplectic rotation on the fields:




φ

φ̃



 =





cosh θ sinh θ

sinh θ cosh θ









φ′

φ̃′



 . (6)

This transformation diagonalizes the Lagrangian if

tanh 2θ =
−2m2/M2

1 − 2m2/M2
. (7)

A solution for the angle θ exists provided M > 2m. The Lagrangian (4) describing the

system becomes

L =
1

2
∂µφ′∂µφ′ −

1

2
m′2φ′2 −

1

2
∂µφ̃′∂µφ̃′ +

1

2
M ′2φ̃′2 −

1

3!
(cosh θ − sinh θ)3g(φ′ − φ̃′)3, (8)

where m′ and M ′ are the masses of the diagonalized fields. Notice the form of the interaction;

we can define g′ = (cosh θ − sinh θ)3g and then drop the primes to obtain a convenient

4

Wrong sign kinetic and mass term M.
The two formulations are equivalent. Use EoM.

B. Grinstein, D. O’Connel, M.B. Wise (2007)
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The Lee-Wick Standard Model (LWSM)

B.Grinstein, D.O’Connell, M.B.Wise, Phys.Rev.D77:025012 (2008);
T.D. Lee, G.C. Wick, Phys.Rev.D2:1033-1048,(1970).

! For each SM particle, one LW partner with same couplings.

! LWSM solves the hierarchy problem:

φ

φ φ
+

φ̃

φ φ

D(p) =
i

p2 − m2
; D̃(p) =

−i

p2 − M2

Σ(0) = ig

∫

d4p

(2π)4

i

p2 − m2
−ig

∫

d4p

(2π)4

i

p2 − M2

= ig

∫

d4p

(2π)4

i(m2 − M2)

(p2 − m2)(p2 − M2)

quadratic divergences cancel −→ log divergence !

C. Schat - ICHEP2008

Quadratic divergence is cancelled 
leading to a logarithmic 
divergence. 
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Imagine, for the moment, doing classical physics with the higher derivative Lagrange density in Eq. (1) by treating
the interaction term proportional to g using perturbation theory. Because of the higher derivative kinetic term
specifying the usual initial conditions is not enough to get a unique solution. In addition a future boundary condition,
that removes the classically unstable solutions, is imposed.

Before discussing the quantum mechanical interpretation of this theory that Lee and Wick gave it is useful to
provide another formulation where an auxillary field is introduced and the higher derivative term is absent. The field
theory with two real scalars φ̂ and φ̃ with Lagrange density

L =
1

2
∂µφ̂∂

µφ̂−
1

2
m2φ̂2 − φ̃∂2φ̂+

1

2
M2φ̃2 −

1

3
gφ̂3, (3)

is equivalent to the field theory with the Lagrange density in Eq. (1). To see this note that the LW scalar field φ̃
occurs in quadratic and linear terms in Eq. (3). Hence the functional integral over φ̃ can be done exactly and this
reproduces Eq. (1). Equivalently the field φ̃ can be removed from Eq. (3) using its equations of motion and this also
reproduces Eq. (1).

The interpretation of the fields φ̂ and φ̃ in Eq. (3) is obscured by the fact that the kinetic terms are not diagonal.
To diagonalize them we define, φ̂ = φ − φ̃. In terms of the ordinary scalar φ and LW scalar φ̃ the Lagrange density
in Eq. (3) becomes,

L =
1

2
∂µφ∂

µφ−
1

2
∂µφ̃∂

µφ̃+
1

2
M2φ̃2 −

1

2
m2(φ− φ̃)2 −

1

3
g(φ− φ̃)3. (4)

The LW resonance that is destroyed by the field φ̃ is unstable since it can decay into two φ particles. Its decay width
is calculated by doing the standard bubble sum for the φ̃ propagator. The self energy Σ is the same as for an ordinary
particle. The only difference is that each LW scalar propagator comes with an additional minus sign, compared with
a normal scalar propagator. Hence,

Dφ̃(p) =
−i

p2 − M2
+

−i

p2 − M2

(

−iΣ(p2)
) −i

p2 − M2
+ . . .

=
−i

p2 − M2 + Σ(p2)
. (5)

Treating the LW scalar propagator in the narrow width approximation we see that the LW field is associated with a
resonance, but its width term enters with the wrong sign, i.e.,

Dφ̃(p) =
−i

p2 − M2 − iMΓ
, (6)

with

Γ =
g2

32πM

√

1 −
4m2

M2
. (7)

Consider an experiment where two beams of stable particles collide in the center of mass and create an ordinary
narrow resonance approximately at rest. The resonance has a probability Γdt of decaying in the positive time interval
dt into the stable particles that created it (we assume this is the only allowed decay channel) . The decay products
are observed by detectors that can measure their momentum and energy. From those measurements we can determine
the time that the resonance decayed by following the paths of the detected decay products back to the point they
were produced. For a Lee-Wick resonance the flip in the sign of the width term means that the resonance appears to
decay earlier than it was produced, i.e., it has a probability Γdt of decaying in the negative time interval −dt. Hence
the theory is usually called acausal. I used the phrase “appears to decay earlier than it was produced” because the
future boundary condition forces the state vector for the colliding beams to contain a very small component of the
decay products in the far past and this component grows with time [6]. The apparent acausal behavior is a result of
the non-locality in time.

It seems that this unusual acausal behavior should lead to paradoxes. Can’t you use the decay products to turn
off the experiment before the collision occurred? You will get a headache if you think too hard about this issue. If
the S-matrix is unitary there will not be any paradoxes in scattering experiments. You prepare initial stable particle
states (in the distant past) out come final stable particle states (in the far future). The probabilities for the possible
final states add up to one and, furthermore, since the S-matrix is a one-to-one map there are no paradoxes. Hence, we
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A LW resonance has a probability         of decaying in the interval          .  �dt �dt

Is this a problem?  Shall we debate this issue further or proceed?



LWSM: SUMMARY
•For each SM field add a higher derivative (HD) term.

•Auxiliary fields (AF) can be introduced to cast the theory in terms of 

interactions with mass dimension no greater than 4.

•The AFs are interpreted as LW partner states and have the wrong-sign 

propagator (aka Pauli-Villars regulators).

•The LWSM solves the hierarchy problem: the extra minus sign in the loop 

diagrams come from the LW field propagators. No need for opposite spin 

statistics!

•Unitarity is preserved, provided that the LW fields do no appear as 

asymptotic states in the S-matrix.

•Causality is preserved at the the macroscopic level (where we live). 

However, there can be violations of causality at the microscopic level. 
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we conclude. In appendices A and B we present further details of amplitudes for Higgs

pair and top pair production, respectively. In appendix C a method that reduces the

hyperbolic diagonalization to standard techniques is presented. In appendices C.1 and C.2

we present tree-level mass sum rules. Further, we clarify the issue of spurious phases versus
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µT

a + g
2

W a
µT

a + g
1

Bµ Y for SM gauge

fields and analogously for the LW gauge boson for Ãµ. The Higgs potential is V (H) =
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and for completeness we have indicated the CP quantum numbers as well. For obtaining

Feynman rules in terms of the physical masses the following relations are useful [26]:
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m
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and
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)1/2

,

sH�˜H = cosh�h � sinh�h =
1 + r2h0

(1 � r4h0
)1/2

. (2.8)

2.2 Yukawa Interactions

In order to discuss the Yukawa terms, it is helpful to first discuss the fermions. We shall

closely follow ref. [26]. However, we choose a slightly di↵erent basis for the fermions and re-

fer the reader to appendix C where a method is outlined how the hyperbolic diagonalization

can be performed using standard tools.

The kinetic term of the AF Lagrangian is given by:
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where all capitalized components are part of an SU(2) doublet; e.g. QL = (TL, BL)>. It

is noteworthy that a chiral fermion necessitates two chiral fermions which in turn form a

massive Dirac fermion. This becomes explicit in the basis chosen above
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which di↵ers from the one in [26]. Note though that all physical masses remain unchanged

under change of basis. The mass matrix is diagonalized by symplectic rotations SL and

SR:
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fer the reader to appendix C where a method is outlined how the hyperbolic diagonalization

can be performed using standard tools.
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which di↵ers from the one in [26]. Note though that all physical masses remain unchanged

under change of basis. The mass matrix is diagonalized by symplectic rotations SL and

SR:
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3

S†
L(R)

⌘
3

 L(R)

, Mt,phys⌘3 = S†
RMt⌘3SL , (2.12)

which leave the kinetic terms invariant by virtue of

SL⌘3S
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3

and SR⌘3S
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R = ⌘

3

. (2.13)
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where the g matrix has non-diagonal entries which allow for transitions between LW-

generations and is given in the initial and physical basis by:

gt =

0

B

@

mt 0 �mt

�mt 0 mt

0 0 0

1

C

A

, gt,phys = S†
RgtSL . (2.15)

3 Higgs boson pair production

We shall parametrize the gg ! h
0

h
0

matrix element as follows:

M(gg ! h
0

h
0

) =
1

32⇡2

�ab
g2

v2

⇣

A
0

P
0

+ A
2

P
2

⌘

µ⌫
e(p

1

)µa e(p2)
⌫
b , (3.1)

with analogous conventions for gg ! p̃
0

h
0

. The pre-factor arises as follows: 1/2�ab due to

the colour trace, 1/4 from perturbative expansion, the fraction g2/v2 from the couplings of

the vertices and 1/(4⇡2) is factored out in order to give simple results for the amplitudes.

The parity-even projectors on gluon spin 0 and 2, P
0

and P
2

, as well as their parity-odd

counterparts, P̃
0

and P̃
2

, are defined in appendix A. The parton cross section for 2 ! 2

scattering process for two massless incoming particles is given by 1/(16⇡ŝ2)|M|2 [36] and

averaging over initial state polarizations 1/4 and colour 1/(N2

c � 1)2 = 1/64 one arrives

at4:
d�̂(gg ! h

0

h
0

)

dt̂
=

1

219
1

⇡5

g4s
v4

(|A
0

|2 + |A
2

|2) (3.2)

This result is for identical particles. In the case the particles in the final state are not

identical one has to multiply by a factor of two5. The spin 0 amplitudes, parity-even

and odd, receive contributions from the triangle and box diagrams, c.f. figure 1(left) and

(right) respectively, whereas the spin 2 amplitudes only receive contributions from the box

diagrams:

A
0

= A4
0

+ A⇤
0

, A
2

= A⇤
2

. (3.3)

For what follows it is important to notice that the gluon-quark vertex is diagonal

in LW-generation space whereas the Higgs-quark vertex is not (2.14). The amplitude

corresponding to the triangle graph can be obtained from the SM with simple corrections

for vertices as described in appendix A.1, since, there are no contributions from o↵-diagonal

(in LW-generation space) Higgs-quark vertices. The modification of the box graphs are

twofold. First, the external Higgs particles are modified by the mixing factor s2
H�˜H

as

for the triangle. Second, one has to take into account that at the Higgs-quark vertex the

LW-generations mix (2.14) as discussed above. We find that these modifications are most

4This agrees with [37] with the following identifications: |A0|2 = |gauge1|2 and |A2|2 = |gauge2|2 at the

di↵erence that here A0,2 are meant to include the LW contributions as well.
5We have thus implicitly assumed that the variable t is understood to be integrated over its entire

domain despite the Bose symmetry in the identical particle case.
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Higgs-quark vertices 
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The LWSM

LW-gauge bosons are massive and mix:

L2g = −
1

2
Tr
(

BµνB
µν

− B̃µνB̃
µν + WµνW

µν
− W̃ µνW̃

µν
)

−
1

2
(M1

2B̃µB̃µ + M2
2W̃ a

µW̃ µ
a) +

g2
2v

2

8
(W 1,2

µ + W̃ 1,2
µ )2

+
v2

8
(g1Bµ + g1B̃µ + g2W

3
µ + g2W̃

3
µ)

2

LW-fermions are vector-like and mix:

L2ψ =
∑

ψ=qL,uR,dR

ψ̄i "∂ψ −
∑

ψ̃=q,u,d

¯̃ψ(i "∂ − Mψ)ψ̃

−mu(ūR − ¯̃uR)(qu
L − q̃u

L) − md(d̄R −
¯̃dR)(qd

L − q̃d
L) + h.c.

M1, M2, Mq, Mu, Md are the only free parameters of the model.

C. Schat - ICHEP2008

LW gauge bosons are massive and mix:

The LWSM

Interactions:

Lint = −
∑

ψ=qL,uR,dR

[g1ψ̄("B + "B̃)ψ + g2ψ̄("W + "W̃ )ψ]

+
∑

ψ=q,u,d

[

g1
¯̃ψ("B + "B̃)ψ̃ + g2

¯̃ψ("W + "W̃ )ψ̃
]

.

ψ

ψ′

u, ũ

u, ũ

q, q̃
q, q̃

q, q̃

q, q̃

u, ũ

u, ũ

Oblique contributions from fermions.

C. Schat - ICHEP2008

Gauge interactions:



LWSM

performed by LEP and Tevatron. This analytic discussion is complemented by the quanti-

tative numeric analysis performed in next sections by the implementation of HiggsBounds

2.1.0 .

As a first step it is interesting to plot (Fig. 1a) the relative couplings gh0V V , gh̃0V V and

gh0ff̄ (which is equal to gh0gg = �gh̃0gg
= �gh̃0ff̄

) as a function of their only variable,

r. Both g2h0gg
and g2h0V V are greater than one, and this has direct implications in collider

physics bounds: at LO, the SM-like Higgs production cross sections in all relevant channels

at LEP, Tevatron and LHC (gluon fusion, vector boson fusion, Higgs-strahlung, associated

production with gauge bosons and/or heavy quarks, bottom fusion) are always larger that

the SM ones. In particular, this implies that the LEP 114.4 GeV bound on the SM Higgs

would also apply to h0, as argued in Ref. [25].

(a) (b)

FIG. 1. (a) From top to bottom, relative couplings of the neutral SM-like Higgs to fermions gh0ff̄

(which is equal to gh0gg = �gh̃0gg
= �gh̃0ff̄

), to gauge bosons gh0V V , and of the LW CP-even Higgs

to gauge bosons gh̃0V V , as a function of the ratio of the physical masses, r. Notice the increase

in the couplings for r ! 1, while for r ! 0, h0 behaves as the SM Higgs. We also note that

gh0ff̄
> gh0V V and g2

h̃0V V
< g2h0V V hold. (b) g2

ggP̃
as a function of mP̃ in GeV. Notice that the

�(gg ! P̃ ) cross section is always greater than the corresponding value for a SM (CP-even) Higgs

of the same mass, and that this relative coupling peaks at the value 2mt.

The e↵ective couplings in Fig. 1a are monotonic functions of the variable r. Moreover,

10

2. The Yukawa couplings

The Yukawa couplings for the neutral Higgs are easily derived by performing the replace-

ment of Eq. (8) in the usual SM Lagrangian and then rotating the fields through Eq. (4).

One gets

gh0ff̄ = �gh̃0ff̄
= cosh ✓ � sinh ✓ =

1 + r2p
1� r4

, gP̃ f f̄ = �1 . (17)

In the charged Yukawa interactions the most relevant coupling occurs in the third gener-

ation where the new channel t ! h̃+b opens for the top quark decay in case of a light Higgs.

Neglecting the bottom mass, the width for this decay is

�(t ! h̃+b) =
GF

8
p
2⇡

m3
t (1�

m2
h̃±

m2
t

)2 . (18)

3. The loop-mediated e↵ective couplings

The aim of this subsection is to compute the relevant information concerning the loop-

mediated e↵ective couplings of Lee-Wick Higgs bosons to two gluons, two photons, and a

photon and a Z. E↵ective couplings of h0 to gluons and photons were already presented in

[14].

• E↵ective coupling of Higgs and two gluons

The gluonic case is straightforward, because it involves a single diagram: the triangle

fermion loop. Since we are decoupling the LW top quark and the other fermions may

be ignored due to their suppressed Yukawa coupling, the only fermion we keep in the

loop is the top. Therefore, the only modification with respect to the SM case is simply

the change in the top Yukawa coupling, which can be read from Eq. (17). Hence,

gh0gg = gh0ff̄ = �gh̃0gg
= �gh̃0ff̄

.

For P̃ the loop function for fermions is di↵erent with respect to the one for CP-even

Higgs bosons (see Appendix A) due to the CP-odd nature of P̃ . Therefore one has

g2
P̃ gg

=
�(gg ! P̃ )

�SM(gg ! H)
= |gP̃ tt̄ F

P̃
1/2(�

t
P̃
)

F1/2(�t
P̃
)

|2 , (19)

where �t
P̃
= (2mt/mP̃ )

2, the SM cross-section is evaluated at mH = mP̃ , and the loop

functions are defined in Appendix A.
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4

TABLE II: Summary of the dominant systematic uncertain-
ties on the expected signal and background yields at m!+!− =
1.5 TeV for the Z′ (G∗) analysis. NA means not applicable.
Source dielectrons dimuons

signal background signal background
Normalization 5% NA 5% NA
PDFs/αS NA 10% NA 10%
QCD K-factor NA 3% NA 3%
Weak K-factor NA 4.5% NA 4.5%
Trigger/Reconstruction negligible negligible 4.5% 4.5%
Total 5% 11% 7% 12%

The uncertainty on the Z/γ∗ cross section is 5%, which is
applied as a systematic uncertainty on the normalization.
Experimental systematic effects due to resolution and

inefficiencies at high mass were studied. In the electron
channel, the calorimeter energy resolution is dominated
at large ET by a constant term which is 1.2% in the
barrel and 1.8% in the endcaps, with negligible uncer-
tainty. The uncertainty on the resolution in the muon
channel is due to residual misalignments and intrinsic po-
sition uncertainties in the muon spectrometer that prop-
agate to a change in the observed width of the Z ′ (G∗)
line-shape. The simulation was adjusted to reproduce
the data at high muon momentum. The residual uncer-
tainty translates into an event yield uncertainty of less
than 1.5%. The combined uncertainty on the muon trig-
ger and reconstruction efficiency is estimated to be 4.5%
at 1.5 TeV. This uncertainty is dominated by a conser-
vative estimate of the impact of large energy loss from
muon bremsstrahlung in the calorimeter on the muon re-
construction performance in the muon spectrometer. In
the electron channel, a systematic uncertainty of 1.5% at
1.5 TeV is estimated for a possible identification ineffi-
ciency caused by the isolation requirement.
The dominant systematic uncertainties are summa-

rized in Table II. Uncertainties below 3% are neglected,
and no theory uncertainties are applied to the Z ′ or G∗

signal in the limit setting procedure described below.
The limit on the number of produced Z ′ (G∗) events

is converted into a limit on cross section times branch-
ing fraction σB by scaling with the observed number of
Z boson events and the theoretical value of σB(Z →
ll). The expected exclusion limits are determined using
simulated pseudo-experiments containing only Standard
Model processes, by evaluating the 95% C.L. upper limits
for each pseudo-experiment for each fixed value of mZ′

(mG∗). The median of the distribution of limits repre-
sents the expected limit. The ensemble of limits is used
to find the 68% and 95% envelopes of the expected lim-
its as a function of mZ′ (mG∗). Figure 2 (top) shows
the combined dielectron and dimuon 95% C.L. observed
and expected exclusion limits on σB(Z ′ → ll). It also
shows the theoretical cross section times branching frac-
tion for the Z ′

SSM and for E6-motivated Z ′ models with
the lowest and highest σB. Figure 2 (bottom) shows
the corresponding limits on the RS graviton. Mass lim-
its obtained for the Z ′

SSM and G∗ (with k/MPl=0.1) are

m [TeV]
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b]
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-110
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-1 L dt = 1.21 fb∫: µµ
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FIG. 2: Expected and observed 95% C.L. upper limits on σB
as a function of mass for Z′ (top) and G∗ (bottom) models.
Both results show the combination of the electron and muon
channels. The thickness of the Z′

SSM (top) and the G∗ for
k/MPl=0.1 (bottom) theory curves illustrate the theoretical
uncertainties.

displayed in Table III. The combined mass limits on the
E6-motivated models and the G∗ with various couplings
are given in Table IV.

TABLE III: Observed (Expected) 95% C.L. mass lower
limits in TeV on Z′

SSM resonance and G∗ graviton (with
k/MPl=0.1).

Model e+e− µ+µ− #+#−

Z′

SSM 1.70 (1.70) 1.61 (1.61) 1.83 (1.83)
G∗ 1.51 (1.50) 1.45 (1.44) 1.63 (1.63)

In conclusion, the ATLAS detector has been used to
search for narrow, heavy resonances in the dilepton in-
variant mass spectrum above the Z boson pole. Proton-
proton collision data with 1.08 (1.21) fb−1 in the e+e−

(µ+µ−) channel have been used. The observed invariant
mass spectra are consistent with the SM expectations.

ArXiv:1108.1582
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Figure 4: Limits at 95% CL for W ′ (left) and W ∗ (right) production in the decay channels W ′/W ∗
→ eν (top), W ′/W ∗

→ µν (center),
and the combination of these (bottom). The solid lines show the observed limits with all uncertainties. The expected limit is indicated with
dashed lines surrounded by 1σ and 2σ shaded bands. Dashed lines show the theory predictions (NNLO for W ′, LO for W ∗) between solid
lines indicating their uncertainties. The W ′ σB uncertainties are obtained by varying renormalization and factorization scales and by varying
PDFs. Only the latter are included for W ∗.
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Electroweak Precision Constraints

an average (assuming lepton universality) of several results
obtained at the SLC. The result for Ae obtained from
hadronic final states is quite large when compared to the
determinations ofA!;" and determination ofAe from the

measurement of Að"Þ
pol [37]. It furthermore has quite a small

error, the effect of which is to pull the average forAeðAf
LRÞ

away from the SM prediction, and consequently makes the
fit to the LWSM worse.

In light of this information, it is tempting to remove the
problematic data from the fit. For example, if the #2 fit is
performed without both the Tevatron W-mass determina-

tion and the AeðAf
LRÞ from SLC, then the bounds on the

LW masses are weakened. The new fit has a minimum
away from the SM, at approximately M1 ’ 3:3 TeV and
M2 ’ 8:3 TeV. The 90% and 99% C.L. exclusion contours
then look rather similar to the LEP2 constraints and we find
that M1 ¼ M2 ’ 2:1 GeV is not excluded at 99% C.L.

IV. CONCLUSIONS

We have analyzed the constraints on the LWSM coming
from electroweak precision data. We have derived effective
electroweak Lagrangians adequate for low energy and the
Z-pole (LEP1/SLC) measurements to all orders in the LW
masses at tree level. We have assessed the fit to the LEP2
data within the oblique approximation. The only nonzero
oblique parameters are Y ¼ $m2

W=M
2
1 and W ¼

$m2
W=M

2
2 [Eq. (57)]. All other oblique parameters, ðŜ; XÞ

and ðT̂; Û; VÞ, are found to be zero at the tree level. Our
work differs from previous [26] and later work [27] by
including effects of contact terms. We find that the latter
are of leading order and therefore indispensable as shown
in the addendum. We have uncovered the negative sign of
W and Y as a consequence of the ghost nature of the model;
cf. Sec. II C 2. In Sec. II C 1 we have rederived the parame-
ters in the low-energy and Z-pole Lagrangians in terms
of the oblique parameters in the leading mW=M

2
1;2

approximation.
By performing a #2 fit we have produced 90% and 99%

C.L. exclusion plots for M1 and M2 which are shown in
Fig. 1 (left). The low-energy constraints are considerably
weaker than the ones from LEP1/SLC and LEP2.
Degenerate LW masses M1 ¼ M2 ’ 3 TeV are excluded
at the 99% confidence level. Somewhat lower values
M2ðM1Þ ’ 2ð2:5Þ TeV are possible when one of the mass
scales assumes a very large value.
Studies of Z0 models [41] would suggest that the reso-

nancelike structures of the LW degrees of freedom could be
seen at the LHC for masses of up to %5 TeV, for an
integrated luminosity of 100 fb$1. On the other hand, the
relatively high bounds on the masses point towards the
little hierarchy problem, which expresses the dilemma that
electroweak data requires typically a light Higgs and sets
strong bounds on new degrees of freedom, which were
themselves introduced to cure the hierarchy problem. We
would like to point out the similarity between the LWSM
and models with gauge bosons propagating in a flat extra
dimension [30]. Just as in the LWSM, these models do not
violate the first two symmetry classes ðþ;$Þ and ð$;$Þ,
described in Sec. II C, and therefore the only possible
nonvanishing oblique parameters at tree level are W ¼
Y ¼ ðg2v$RÞ2=6 ¼ 2=3$2m2

W=M
2
KK (where R is the ra-

dius of the extra dimension andMKK is the mass of the first
Kaluza-Klein mode). The difference between the LWSM
and this situation is that W and Y are positive rather than
negative and this inverts the role of LEP2 and LEP1/SLC
data in terms of their constraining role, as can be inferred
from the ðW;YÞ plot in Ref. [30].

(a)

1000 2000 3000 4000 5000 6000
1000

2000

3000

4000

5000

6000

M1 GeV

M
2

G
eV

mH 115 GeVLEP1 SLC

90,99 C.L. 2 dof

(b)

1000 2000 3000 4000 5000 6000
1000

2000

3000

4000

5000

6000

M1 GeV

M
2

G
eV

mH 115 GeVLEP2

90,99 C.L. 2 dof

FIG. 2 (color online). The M1 vs M2 plane showing the results
of the 2 parameter #2 fits to the (a) Z-pole and (b) LEP2 data.
90% and 99% C.L. exclusion contours (2 dof) are shown in each
case.

ELECTROWEAK PRECISION DATA AND THE LEE-WICK . . . PHYSICAL REVIEW D 79, 035016 (2009)

035016-13

an average (assuming lepton universality) of several results
obtained at the SLC. The result for Ae obtained from
hadronic final states is quite large when compared to the
determinations ofA!;" and determination ofAe from the

measurement of Að"Þ
pol [37]. It furthermore has quite a small

error, the effect of which is to pull the average forAeðAf
LRÞ

away from the SM prediction, and consequently makes the
fit to the LWSM worse.

In light of this information, it is tempting to remove the
problematic data from the fit. For example, if the #2 fit is
performed without both the Tevatron W-mass determina-

tion and the AeðAf
LRÞ from SLC, then the bounds on the

LW masses are weakened. The new fit has a minimum
away from the SM, at approximately M1 ’ 3:3 TeV and
M2 ’ 8:3 TeV. The 90% and 99% C.L. exclusion contours
then look rather similar to the LEP2 constraints and we find
that M1 ¼ M2 ’ 2:1 GeV is not excluded at 99% C.L.

IV. CONCLUSIONS

We have analyzed the constraints on the LWSM coming
from electroweak precision data. We have derived effective
electroweak Lagrangians adequate for low energy and the
Z-pole (LEP1/SLC) measurements to all orders in the LW
masses at tree level. We have assessed the fit to the LEP2
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2 [Eq. (57)]. All other oblique parameters, ðŜ; XÞ
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addition, a factor of ( cosh!! sinh!) that appears in the
Higgs couplings to fermions [cf. Eq. (3.18)] does so uni-
versally, and even enhances the branching fraction to these
modes compared to the far subleading three-body decay
channels. Thus, referring to Ref. [30], we expect the LEP
lower bound

mh0 > 114 GeV (4.4)

to be approximately valid, and at the very least, to be
slightly below the actual bound that could have been
obtained if LEP did a dedicated Lee-Wick analysis.

We plot the excluded regions in the mh0-m~h0
plane in

Fig. 14. The shaded quarter circle represents the indirect
constraint obtained from our charged-Higgs bound
Eq. (4.1), the horizontal line represents the LEP bound
Eq. (4.4), and the diagonal line indicates where Eq. (4.2)
holds.

V. CONCLUSIONS

We have studied the possibility that the Higgs sector of
the Lee-Wick standard model is lighter than the remaining
Lee-Wick particle content, a possibility that is consistent
with Higgs sector naturalness and precision electroweak
constraints. The effective theory is a two-Higgs doublet
model in which one doublet has wrong-sign kinetic and
mass terms. By considering Bd ! !Bd and Bs ! !Bs mixing
and the decay b ! Xs", we obtained the bounds m~h >
303, 354 and 463 GeV, respectively, where m~h is the mass

of the Lee-Wick charged Higgs ~h" and also the mass of the
Lee-Wick pseudoscalar ~P. We then studied the decay Z !
b !b and found that the Lee-Wick Higgs corrections to the
standard model prediction provided better agreement with

the experimental data and that no additional bound could
be obtained. Finally, we argued the LEP search for the
Higgs boson implies the bound mh0 > 114 GeV on the
ordinary Higgs scalar in the Lee-Wick standard model.
Study of the allowed regions of the mh0-m~h0

plane led us

to an absolute lower bound on the Lee-Wick neutral scalar
mass m~h0

> 327 GeV. Interestingly, all our bounds indi-

cate that the Lee-Wick Higgs sector could be within the
kinematic reach of the LHC.
Clearly, a vast literature exists on two-Higgs doublet

model constraints and collider signals—other processes
surely exist to which the present analysis could be ex-
tended. The work reported here is intended as a first step
in exploring a two-Higgs doublet model of an unconven-
tional sort, and a reminder that Lee-Wick physics can
conceivably lurk well below 1 TeV.
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APPENDIX: NUMERICAL INPUTS

Unless referenced otherwise below, the numerical inputs
used in our analysis are taken from the Particle Data Group
[27]:

Quarks, gauge bosons and B-meson masses

mt ¼ 171:2" 2:1 GeV mW ¼ 80:398" 0:025 GeV
!mbð !mbÞ ¼ 4:2þ0:17

!0:07 GeV mZ ¼ 91:1876" 0:0021 GeV
!mcð !mcÞ ¼ 1:27þ0:07

!0:11 GeV mBd
¼ 5279:53" 0:33 MeV

ms ¼ 104þ26
!34 MeV mBs ¼ 5366:3" 0:6 MeV

Wolfenstein parameters

# ¼ 0:2257þ0:0009
!0:0010 A ¼ 0:814þ0:021

!0:022

!$ ¼ 0:135þ0:031
!0:016 !% ¼ 0:349þ0:015

!0:017

(The relationship between the Wolfenstein parameters and
the Vij that preserves unitarity to all orders in # can be
found in Ref. [27].)

Other parameters

GF ¼ 1:166 37' 10!5 GeV!2 &!1
em ¼ 137:035 999 679

&sðmZÞ ¼ 0:1176" 0:0020 s2W ¼ 0:231 19" 0:000 14

fB
ffiffiffiffiffiffiffiffi
B̂Bd

q
¼ 216" 15 GeV [26] BðB ! Xce !'eÞ

¼ ð10:74" 0:16Þ%[29]

fB
ffiffiffiffiffiffiffiffi
B̂Bs

q
¼ 266" 18 GeV [26] ðm2

B !m2
B( Þ=4 ¼ 0:12 GeV2

Note that the top quark mass is the pole mass, while the
remaining quark masses are running masses in the MS
scheme.

FIG. 14 (color online). Bounds on the mh0 -m~h0
plane. The

shaded region is excluded.
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m2
h0

+m2
h̃0

= m2
p̃0

= m2
h̃± > (463 GeV)2



Electroweak Precision Constraintscentral value, Ŝ ’ 0. Furthermore from the global fit to the
experimental data in Ref. [15], we conclude that T̂ is only
mildly correlated to Y andW, the parameters that are most
sensitive to the LW gauge-boson masses in the LW SM.

This confirms that the bounds on the LW fermions should
be essentially independent of the LW gauge masses and

should come almost entirely from T̂.
In Fig. 5 we show the experimental mean value for T̂

(thick red line), the !2! allowed region, the all-order (in
v2=M2

q) LW prediction (solid blue curve), the leading-

order LW prediction from Eq. (30) (dashed blue curve),
and the leading-log approximation (dotted blue curve), as
functions ofMq, in the degenerate case. This figure reveals

the boundMq ¼ Mt * 1:6 TeV on the LW fermion masses

in the degenerate case. Note that although Eq. (30) appears

to predict a positive T̂ for small Mq (dashed blue curve),

the complete numerical evaluation (solid blue curve)

shows that T̂ is always negative, as Fig. 5 shows explicitly;
belowMq ¼ 1 TeV the perturbative diagonalization of the

mass matrix is no longer valid, rendering the leading-order
LW prediction unreliable in that mass regime.
If we relax the requirement of degenerate LW fermion

masses, we obtain the 95% C.L. bounds on Mq and Mt

shown in Fig. 6 (left). For a light Higgs the striped region in
Fig. 6 (left) is excluded, while for a heavy Higgs the whole
(yellow) region is excluded. Note from Figs. 4 and 6 (left)
that the mildest constraints on the LW masses are obtained
in the fully degenerate case, M ¼ M0 and Mq ¼ Mt.
Returning to the case of degenerate LW fermion masses,

we show in Fig. 6 (right) the values of Ŝ and T̂ as a function
of Mq ¼ Mt for 0:5 TeV<Mq < 10 TeV; the dots repre-
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FIG. 5 (color online). T̂ as a function of Mq in the degenerate
case, Mq ¼ Mt. The experimental mean value for T̂ is shown by
the thick red line, along with the !2! allowed region. Also
shown are the all-order (in v2=M2

q) LW prediction (solid blue
curve), the leading-order LW prediction, Eq. (30) (dashed blue
curve), and the leading-log curve, Eq. (15) (dotted blue curve),
as functions ofMq, in the degenerate case. Note that the leading-
order prediction is not valid below Mq # 1 TeV. (See text for
details.)
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FIG. 6 (color online). Left: 95% C.L. exclusion plots for the LW fermion masses Mq and Mt. These bounds come almost entirely
from the experimental constraints on T̂. For a light Higgs the striped region to the left of the curve is excluded, while a heavy Higgs is
completely excluded. Right: 95% C.L. ellipses in the ðŜ; T̂Þ plane, and the LW prediction for degenerate masses, Mq ¼ Mt. The
parametric plot is for 0:5 TeV<Mq < 10 TeV and the dots are equally spaced in mass. The lower bound on Mq is approximately
1.5 TeV for a light Higgs.
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A heavy light Higgs boson is disfavored.



LWSM HIGGS CONSTRAINTSCurrent collider bounds

Excluded by LEP

Excluded by Tevatron

“LEP reach”

Currently allowed
None analysis apply

Perturbativity bound

HiggsBounds 2.1.1: P. Bechtle, O. Brein, S. Heinemeyer, 
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LIGHT HIGGS BOSON AT THE LHC
LW @ LHC Run I

L = 1, 5, 10 fb�1 : end of 2011, end of 2012, optimistic

h0 ! WW : mh0 � 130/125/120 GeV

Other Higgs bosons and channels are out of LHC Run I reach.
17Tuesday, May 10, 2011
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Figure 1. LHC reach (a) and statistical significances (b) for the SM Higgs boson H with 15 fb�1,
combining both experiments. The color coding is as follows: WW (blue), ZZ (orange), �� (red),
⌧⌧ (black) , V H,H ! bb̄ (green) and qqH,H ! ⌧+⌧� (purple).

found to be more conservative than the combination performed by the ATLAS collaboration

by 10-20 %. While the quantity R
mod

is a number that does not change, R
exp

scales with

the luminosity as L�1/2. Thus, defining R
exp

(L
0

) = R
0

and Q
0

= R
mod

/R
0

, one has that

Q(L
1

) =
R

mod

R
0

rL
1

L
0

= Q
0

rL
1

L
0

. (3.7)

In order to derive these equations, one is neglecting all systematic e↵ects and also assumes

that in each particular channel B � S � 1 holds, where B (S) are the number of back-

ground (signal) events for a particular channel. With these simplifications the expected

statistical significance � turns out to be � ⇡ 2 Q.

As an illustration, we present in Fig. 1 the expected reach at the LHC and the statistical

significance for the SM Higgs as a function of the Higgs mass in the channels described

in Table 3, assuming a total integrated luminosity of 15 fb�1, which corresponds to the

total integrated luminosity that can be collected by the end of 2012 if the instantaneous

luminosity is kept at the current rate.

As one can see, the WW channel is setting the most stringent exclusion in the 120�200

GeV range. For larger masses, the H ! ZZ channel takes the leading role. For masses

below 120 GeV one enters into the problematic range, where the WW channel becomes

ine↵ective, and the diphoton requires O(10 fb�1) integrated luminosity in order to probe

the SM Higgs. Moreover, as mentioned in Section 2.2, the suppression factor for one of

the Higgs bosons is at most 1/2, unless there is a significant non-standard branching ratio.

This means that in the case of maximal mixing without significant extra-SM decay modes,

at least one Higgs boson can be tested at the 2 (5) � level if its mass lies in the 125-550

(140-190) GeV range.

– 9 –

E. Weihs and J. Zurita (2011)

The minimal LWSM can be ruled out by 
searching for the light Higgs boson at the LHC.   
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Figure 6: The consistency of the observed results with the background-only hypothesis is shown in the

full mass range of this analysis (a) and in the low mass range (b). The dashed curve show the median

expected significance in the hypothesis of a Standard Model Higgs boson production signal. The four

horizontal dashed lines indicate the p-values corresponding to significances of 2σ , 3σ , 4σ and 5σ .
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Figure 7: The best-fit signal strength µ = σ/σSM as a function of the Higgs boson mass hypothesis is

shown in the full mass range of this analysis (a) and in the low mass range (b). The µ value indicates by

what factor the SM Higgs boson cross-section would have to be scaled to best match the observed data.

The light-blue band shows the approximate ±1σ range.
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Figure 13: The observed local p-value p0 (top panel) and best-fit µ̂ = s/sSM (bottom panel) as
a function of the SM Higgs boson mass in the range 110–160 GeV/c2. The solid black line on
the plot of p-values is the combined result, while the coloured lines show results for individual
channels.
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A Higher Derivative LWSM

Substituting these transformations into Eq. (4.2) and using the sum rules Eqs. (2.32)–(2.34)

leads to a remarkable set of simplifications. Once the parameters ηi are expressed in terms

of masses m2, m3, the LW fermion Lagrangian reads

Lf,LW = φ
(1)
L iD̂/ φ(1)

L − φ
(2)

(iD̂/ − m2)φ
(2) + φ

(3)
(iD̂/ − m3)φ

(3) , (4.11)

where of course φ ≡ φL + φR. Note from the signs of the terms that φ(2) and φ(1),(3) are

negative- and positive-norm states, respectively. The HD, AF and LW Lagrangians for

a right-handed chiral fermion field φ̂R can be obtained from those presented here by the

exchange R ↔ L throughout. The results can then be applied immediately to any chiral

gauge theory (in particular, to the SM) without significant modification.

V. THE HIGGS SECTOR

The discussion of the theory of a real scalar field in Section II can be generalized in

a straightforward way to one of a complex scalar Ĥ that transforms in the fundamental

representation of a non-Abelian gauge group. Let us first consider the case in which the

squared scalar mass is positive, m2
H > 0. The HD Lagrangian may be written

LHD = D̂µĤ
†D̂µĤ − m2

HĤ†Ĥ −
1

M2
1

Ĥ†(D̂µD̂
µ)2Ĥ −

1

M4
2

Ĥ†(D̂µD̂µ)3Ĥ + Lint(Ĥ) , (5.1)

where m2
H , M2

1 and M2
2 are given by Eqs. (2.22)–(2.25) with the identification m2

φ = m2
H .

The auxiliary field Lagrangian analogous to Eq. (2.19) is

LAF =
1

η1

{

D̂µĤ
†D̂µĤ − m2

1Ĥ
†Ĥ −

[

χ†(D̂µD̂
µ + m2

1)Ĥ + h.c.
]

+ (m2
2 − m2

1)
1/2(m2

3 − m2
1)

1/2(χ†ψ + ψ†χ) + D̂µψ
†D̂µψ − (m2

2 + m2
3 − m2

1)ψ
†ψ
}

+Lint(Ĥ) , (5.2)

where ψ and the auxiliary field χ also transform in the fundamental representation. Again,

one recovers the HD form of the Lagrangian by applying the constraint equation obtained

from varying with respect to χ. The standard LW form of the theory is obtained via field

redefinitions identical to Eqs. (2.26)–(2.28), with the relabelling φ̂→ Ĥ and φ(i) → H(i):

L = −H(1)†(D̂µD̂
µ + m2

1)H
(1) + H(2)†(D̂µD̂

µ + m2
2)H

(2) (5.3)

−H(3)†(D̂µD̂
µ + m2

3)H
(3) + Lint(Ĥ) ,
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negative- and positive-norm states, respectively. The HD, AF and LW Lagrangians for

a right-handed chiral fermion field φ̂R can be obtained from those presented here by the

exchange R ↔ L throughout. The results can then be applied immediately to any chiral

gauge theory (in particular, to the SM) without significant modification.

V. THE HIGGS SECTOR

The discussion of the theory of a real scalar field in Section II can be generalized in

a straightforward way to one of a complex scalar Ĥ that transforms in the fundamental

representation of a non-Abelian gauge group. Let us first consider the case in which the

squared scalar mass is positive, m2
H > 0. The HD Lagrangian may be written

LHD = D̂µĤ
†D̂µĤ − m2

HĤ†Ĥ −
1

M2
1

Ĥ†(D̂µD̂
µ)2Ĥ −

1

M4
2

Ĥ†(D̂µD̂µ)3Ĥ + Lint(Ĥ) , (5.1)

where m2
H , M2

1 and M2
2 are given by Eqs. (2.22)–(2.25) with the identification m2

φ = m2
H .

The auxiliary field Lagrangian analogous to Eq. (2.19) is

LAF =
1

η1

{

D̂µĤ
†D̂µĤ − m2

1Ĥ
†Ĥ −

[

χ†(D̂µD̂
µ + m2

1)Ĥ + h.c.
]

+ (m2
2 − m2

1)
1/2(m2

3 − m2
1)

1/2(χ†ψ + ψ†χ) + D̂µψ
†D̂µψ − (m2

2 + m2
3 − m2

1)ψ
†ψ
}

+Lint(Ĥ) , (5.2)

where ψ and the auxiliary field χ also transform in the fundamental representation. Again,

one recovers the HD form of the Lagrangian by applying the constraint equation obtained

from varying with respect to χ. The standard LW form of the theory is obtained via field

redefinitions identical to Eqs. (2.26)–(2.28), with the relabelling φ̂→ Ĥ and φ(i) → H(i):

L = −H(1)†(D̂µD̂
µ + m2

1)H
(1) + H(2)†(D̂µD̂

µ + m2
2)H

(2) (5.3)

−H(3)†(D̂µD̂
µ + m2

3)H
(3) + Lint(Ĥ) ,

13

where

Lint(Ĥ) = L
(√

η1H
(1) −

√
−η2H

(2) +
√
η3H

(3)
)

. (5.4)

In the SM, spontaneous symmetry breaking is ensured by m2
H < 0. In this case it is more

convenient to absorb the m2
H term into Lint:

LHD = LHD(m2
H = 0) + L′

int(Ĥ) , (5.5)

− L′
int(Ĥ) ≡

λ

4

(

Ĥ†Ĥ −
v2

2

)2

, (5.6)

where v is the Higgs vacuum expectation value. The mass parameters m2 and m3 are now

determined by

M2
1 =

m2
2m

2
3

m2
2 + m2

3

and M2
2 = m2m3 . (5.7)

The m2
H = 0 part of the Lagrangian is handled via the steps described in Sec. II. Using

the m2
1 = 0 values of the ηi parameters (and noting that η1 = 1), one then finds that the

canonical LW form of the Higgs-sector Lagrangian is given by

L = D̂µH(1)†D̂µH(1) − D̂µH
(2)†D̂µH(2) + D̂µH

(3)†D̂µH(3) + m2
2H

(2)†H(2) (5.8)

−m2
3H

(3)†H(3) + L′
int

(

H(1) −
√
−η2H

(2) +
√
η3H

(3)
)

,

where the last term may be expanded

− L′
int =

λ

4

(

H(1)†H(1) −
v2

2

)2

+
λ

2

(

H(1)†H(1) −
v2

2

)

(5.9)

×
{[

H(1)†(
√
−η2H

(2) +
√
η3H

(3)) + h.c.
]

+ |
√
−η2H

(2) +
√
η3H

(3)|2
]

+
λ

4

{[

H(1)†(
√
−η2H

(2) +
√
η3H

(3)) + h.c.
]

+ |
√
−η2H

(2) +
√
η3H

(3)|2
}2

.

In analogy to the minimal theory [3], one may work in unitary gauge, in which

H(1) =





0

1√
2
(v + h1)



 , H(2) =





h+
2

1√
2
(h2 + iP2)



 , H(3) =





h+
3

1√
2
(h3 + iP3)



 , (5.10)

where the fields hi, Pi and h+
i represent the scalar, pseudoscalar and charged Higgs compo-

nents, respectively. Note that the mass terms in Eq. (5.9) are given by

Lmass =
1

2
m2

2 (2h−
2 h+

2 + h2
2 + P 2

2 ) −
1

2
m2

3 (2h−
3 h+

3 + h2
3 + P 2

3 ) (5.11)

−
1

2
m2(h1 −

√
−η2h2 +

√
η3h3)

2 ,

14

3 Higgs doublet model with 
one negative norm state and 

two positive norm states. We leave this for further study and focus on the minimal LWSM.



HIGGS BOSON PAIR PRODUCTION

(a)

g

g

h
0

h
0

h
0

, h̃
0

q
i

q
i

q
i

(b)

g

g

h
0

h
0

q
i

q
i

q
i

q
j

Figure 1. (a) Triangle graphs for q = (t, t̃, T̃ , b, b̃, B̃) and (b) one out of six box graphs for
q
i

, q
j

= (t, t̃, T̃ , b, b̃, B̃).

e�ciently presented as follows:

A⇤
0

(gg ! h
0

h
0

) = s2
H�˜H

3

X

i,j=1

�

f
11

(i, j) + f
55

(i, j)
�

Ã⇤
0

(gg ! h
0

p̃
0

) = �isH�˜H

3

X

i,j=1

�

f̃
15

(i, j) + f̃
51

(i, j)
�

, (3.4)

where

fXX(i, j) =
flavours

X

f

[⌘
3

S(X)f ]ij [⌘3 S(X)t]ji(a0)
⇤
XX(mi,mj)]

f̃XY (i, j) =
flavours

X

f

[⌘
3

S(X)f ]ij [⌘3 P (Y )f ]ji(ã0)
⇤
XY (mi,mj)] . (3.5)

In regard to the formulae (A.17) it is important to notice that the h
0

and p̃
0

are associated

with the the momenta p
3

and p
4

respectively as can be inferred from the formula in appendix

A.2. The couplings S(P )X,Y , which follow from eq. (2.14), are:

S(1)t =
1

2
(g†t + gt) , S(5)t =

1

2
(g†t � gt) ,

P (1)t =
1

2
(�g†t + gt) , P (5)t =

1

2
(�g†t � gt) , (3.6)

where the top flavour was chosen as a representative and the subscript phys has been omit-

ted on the Yukawa couplings for the sake of notational brevity. The ⌘
3

= diag(1,�1,�1)

matrices take care of the signs of the SM and LW propagators respectively and the cou-

plings gX,Y govern the LW-generation transitions. The spin 2 structures A⇤
2

and Ã⇤
2

are

completely analogous.

– 7 –

pp ! h0h0

where the g matrix has non-diagonal entries which allow for transitions between LW-

generations and is given in the initial and physical basis by:

gt =

0

B

@

mt 0 �mt

�mt 0 mt

0 0 0

1

C

A

, gt,phys = S†
RgtSL . (2.15)

3 Higgs boson pair production

We shall parametrize the gg ! h
0

h
0

matrix element as follows:

M(gg ! h
0

h
0

) =
1

32⇡2

�ab
g2

v2

⇣

A
0

P
0

+ A
2

P
2

⌘

µ⌫
e(p

1

)µa e(p2)
⌫
b , (3.1)

with analogous conventions for gg ! p̃
0

h
0

. The pre-factor arises as follows: 1/2�ab due to

the colour trace, 1/4 from perturbative expansion, the fraction g2/v2 from the couplings of

the vertices and 1/(4⇡2) is factored out in order to give simple results for the amplitudes.

The parity-even projectors on gluon spin 0 and 2, P
0

and P
2

, as well as their parity-odd

counterparts, P̃
0

and P̃
2

, are defined in appendix A. The parton cross section for 2 ! 2

scattering process for two massless incoming particles is given by 1/(16⇡ŝ2)|M|2 [36] and

averaging over initial state polarizations 1/4 and colour 1/(N2

c � 1)2 = 1/64 one arrives

at4:
d�̂(gg ! h

0

h
0

)

dt̂
=

1

219
1

⇡5

g4s
v4

(|A
0

|2 + |A
2

|2) (3.2)

This result is for identical particles. In the case the particles in the final state are not

identical one has to multiply by a factor of two5. The spin 0 amplitudes, parity-even

and odd, receive contributions from the triangle and box diagrams, c.f. figure 1(left) and

(right) respectively, whereas the spin 2 amplitudes only receive contributions from the box

diagrams:

A
0

= A4
0

+ A⇤
0

, A
2

= A⇤
2

. (3.3)

For what follows it is important to notice that the gluon-quark vertex is diagonal

in LW-generation space whereas the Higgs-quark vertex is not (2.14). The amplitude

corresponding to the triangle graph can be obtained from the SM with simple corrections

for vertices as described in appendix A.1, since, there are no contributions from o↵-diagonal

(in LW-generation space) Higgs-quark vertices. The modification of the box graphs are

twofold. First, the external Higgs particles are modified by the mixing factor s2
H�˜H

as

for the triangle. Second, one has to take into account that at the Higgs-quark vertex the

LW-generations mix (2.14) as discussed above. We find that these modifications are most

4This agrees with [37] with the following identifications: |A0|2 = |gauge1|2 and |A2|2 = |gauge2|2 at the

di↵erence that here A0,2 are meant to include the LW contributions as well.
5We have thus implicitly assumed that the variable t is understood to be integrated over its entire

domain despite the Bose symmetry in the identical particle case.

– 6 –

For details see our Appendix!
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Figure 3. The cross section (in fb) with the LWSM (solid lines) and SM (dashed lines) for
gg ! h

0

h
0

via gluon fusion at the LHC for
p
S = 7/14 TeV respectively versus the mass of the h̃

0

,
m

˜

h0
, for three di↵erent values of m

h0 .
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Figure 4. Contour plot of the total cross section (if fb) for gg ! h
0

h
0

(
p
S = 7/14 TeV respectively)

versus the light Higgs boson mass, m
h

and heavy Higgs boson mass, m
˜

h

for M
Q

= 0.5 TeV and
M

1

= M
2

= 1 TeV. Note figure 3 corresponds to horizontal sections in this plot.

In figure 3 we show the total cross section in both the SM and LWSM for gg ! h
0

h
0

for
p
S = 7/14 TeV respectively as a function of m

˜h0
for three di↵erent values of mh0 .

More detailed information can be inferred from the contour plots in the (mh0 ,m˜h0
)-plane

shown in figure 4. As mentioned above one observes a sharp rise of the cross section when

the LW Higgs mass crosses the threshold 2mh0 , c.f. figure 3. For higher m
˜h0

the resonance

contribution decouples and finally approaches the SM value. An interesting e↵ect arises

when the top threshold is reached. For the observation to be made below recall that the

process is dominated by the triangle graph with an intermediate LW Higgs propagator of

the form (s�m2

˜h0
� im

˜h0
�
˜h0

)�1. The slight dip in the branching ratio, c.f. figure 15(right),

– 12 –
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Figure 16. The cross section of pp ! h
0

h
0

via gluon fusion at the LHC for
p

s = 7/14 TeV
respectively versus the mass of the h̃

0

, m
˜h0

, for mh0 = 120 GeV. We note that the fermion mass
scale MQ = Mu = Md has very little influence on the results as emphasized in section 5. Note that
for large m

˜h0
the SM model value is approached by virtue of decoupling of the LW Higgs.

C Diagonalization of mass matrices

Here we shall describe a method for performing the hyperbolic diagonalization

Mt,phys

⌘
3

= S†
RMt⌘3

SL (C.1)

using similarity transformations for which standard tools, e.g. Diag 1.3 [77], can be used,
based on the observation that:

(SR/L⌘
3

)�1 = S†
R/L⌘

3

(C.2)

The latter relation is easily verified from eq. (2.13)
Here we will describe a procedure of obtaining SL and SR numerically using routines

provided. From there it is straightforward to verify that: First, we recognize that

diag(m2

t,phys

, m2

˜t,phys

, m2

˜T ,phys

) = Mt,ph

⌘
3

M†
t,ph

⌘
3

= AR(⌘
3

Mt⌘3

M†
t)A

�1

R = AL(⌘
3

M†
t⌘3

Mt)A�1

L . (C.3)

with AR ⌘ S†
R⌘

3

and AL ⌘ ⌘
3

S†
L.

C.1 Mass sum rules

In this section we would like to point out some tree-level sum rules for matrices. When
the matrices are diagonalized by hyperbolic rotations the trace remains an invariant. To
be more precise suppose we had a matrix that is diagonalized as follows

M
phys

⌘ = S†M⌘ S , (C.4)

with
S†⌘S = ⌘ , M

phys

= diag(m2

a,phys

, m2

b,phys

, . . .) , (C.5)

– 29 –
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Figure 3. The cross section (in fb) with the LWSM (solid lines) and SM (dashed lines) for
gg ! h

0

h
0

via gluon fusion at the LHC for
p
S = 7/14 TeV respectively versus the mass of the h̃

0

,
m

˜

h0
, for three di↵erent values of m

h0 .
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Figure 4. Contour plot of the total cross section (if fb) for gg ! h
0

h
0

(
p
S = 7/14 TeV respectively)

versus the light Higgs boson mass, m
h

and heavy Higgs boson mass, m
˜

h

for M
Q

= 0.5 TeV and
M

1

= M
2

= 1 TeV. Note figure 3 corresponds to horizontal sections in this plot.

In figure 3 we show the total cross section in both the SM and LWSM for gg ! h
0

h
0

for
p
S = 7/14 TeV respectively as a function of m

˜h0
for three di↵erent values of mh0 .

More detailed information can be inferred from the contour plots in the (mh0 ,m˜h0
)-plane

shown in figure 4. As mentioned above one observes a sharp rise of the cross section when

the LW Higgs mass crosses the threshold 2mh0 , c.f. figure 3. For higher m
˜h0

the resonance

contribution decouples and finally approaches the SM value. An interesting e↵ect arises

when the top threshold is reached. For the observation to be made below recall that the

process is dominated by the triangle graph with an intermediate LW Higgs propagator of

the form (s�m2

˜h0
� im

˜h0
�
˜h0

)�1. The slight dip in the branching ratio, c.f. figure 15(right),
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Figure 8. Contour plot of the total cross section (in fb) for gg ! h
0

h
0

! bb̄�� (
p
S = 7/14 TeV

respectively) versus the light Higgs boson mass, m
h

and heavy Higgs boson mass, m
˜

h

for M
Q

= 0.5
TeV and M

1

= M
2

= 1 TeV.

in the range of ⇠ 120 � 130 GeV in the gg ! h
0

h
0

! ��bb̄ channel. This channel is of

particular relevance, since, searches for the SM Higgs boson at ATLAS exclude SM Higgs

boson masses at 95% C.L. in the range 155�190 GeV and 295�450 GeV [62] and at CMS

exclude SM Higgs boson masses at 90% C.L. in the range 145 � 480 GeV [63] 16. This

suggests the SM-like Higgs boson should reside in the low mass region, i.e, mh0 < 145 GeV.

Shown in figure 8 are scans at both
p
S = 7/14 TeV, respectively, of the cross section

�(h
0

h
0

! ��bb̄) over the plane of (mh0 ,m˜h0
). At

p
S = 14 TeV we choose three benchmark

points listed in Table 1. At 7 TeV, �(h
0

h
0

! ��bb̄) is less than or close to 1 fb throughout

the plane of (mh0 ,m˜h0
). This is before any sort of event selection which would reduce this

by a factor of 10. Bearing in mind that the 7 TeV LHC is expected to accumulate about

10 fb�1 of integrated luminosity before its upgrade to 14 TeV, we do not follow 7 TeV any

further.

At the LHC the signal process pp ! h̃
0

! h
0

h
0

! ��bb̄ will give rise to photons

and jets of relatively high transverse momentum pT ⇠ 90 GeV. In figure 9 we show

the transverse momentum of the hardest photon and hardest jet to illustrate our point.

Backgrounds consist of (i) di-photon plus multi-jets, (ii) single photon plus multi-jets, and

(iii) multi-jet production. Our choice of photon isolation completely eliminates (iii) multi-

jet production and (ii) single photon production from contention. Out of di-photon plus

multi-jets, the dominant contributions are from the associated production of two photons

and two heavy flavours, i.e., bottom and charm quarks. These are denoted as ��QQ where

Q = c, b, b̄, c̄. In addition, there are backgrounds from ��Qj and ��jj where j = u, d, s, g.

Photons and jets from these backgrounds tend to be softer than those from the our signal

process (see figure 9).

16These bounds apply to the SM. For the LWSM we would expect, from the viewpoint of the HD-

formalism, very similar or slightly stronger bounds.

– 16 –
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pp ! h0h0 ! bb̄��

•Cut 1:  Two isolated photons.
•Cut 2:  Two kt jets.
•Cut 3:  At least one b-tagged jet.
•Cut 4:
•Cut 5:  
•Cut 6:  

|M�� �mh0 |  2 GeV

|Mbj �mh0 |  20 GeV

|Mbj�� �mh̃0
|  �mh̃0

Cuts inspired by radion studies performed by ATLAS and CMS.
A more detailed description of cuts is in our paper.



HIGGS BOSON PAIR PRODUCTION
pp ! h0h0 ! bb̄��

h0h0 ! ggbb̄
ggbb (QCD+EW)

0 100 200 300 400 500
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

pg1
T [GeV]

A
rb
itr
ar
y

h0h0 ! ggbb̄
ggbb (QCD+EW)

0 100 200 300 400 500
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

pj1T [GeV]

A
rb
itr
ar
y

Figure 9. Shown (in arbitrary units) are the distributions for the signal process h
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8 GeV bins for 30 fb�1 of integrated luminosity at the

p
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Cut 5: The dijet invariant mass Mbj is required to be in the mass window, |Mbj � mh0 | 
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Cut 6: The invariant mass Mbj�� is required to be in the mass window, |Mbj���m
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Values of our choice of �m
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for each benchmark point are shown in Table 1.

Table 2 displays the e�ciencies and cross sections for the backgrounds before and after

selection cuts have been applied. E�ciencies and cross sections for the signal process are

shown in Table 3. In figure 10 we show for 30 fb�1 of integrated luminosity in 8 GeV

bins the invariant mass of the bj�� system for the signal scenario (a) and the sum of all

backgrounds before cut 6 has been applied. For benchmark (a) we can expect to establish

a 5�-discovery with as little as 20 fb�1. For benchmarks (b) and (c) outlook is not so

optimistic. For scenario (b) we expect to reach 5� at 700 fb�1 and for scenario (c) we

would need 3000 fb�1 of integrated luminosity. The primary reason for the reduced cross
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pp ! h0h0 ! bb̄��
Benchmark mh0(GeV) m

˜h0
(GeV) �m

˜h0
(GeV)

(a) 120 300 40

(b) 130 445 45

(c) 130 550 50

Table 1. Shown in this table are the light Higgs boson mass parameters m
h

, the LW Higgs boson
mass parameters, m

˜

h

, and the mass window parameters �m
˜

h0
for benchmark points (a),(b), and

(c).

QCD+EW: ��jj ��bb ��cc ��bc ��bj ��cj

�
gen

(pb) 23.2 0.176 1.56 0.0840 0.519 6.26

cut 1 0.390 0.370 0.306 0.295 0.344 0.354

cut 2 0.363 0.358 0.386 0.435 0.406 0.366

cut 3 0.0526 0.795 0.116 0.516 0.460 0.0920

cut 4a 0.0212 0.0233 0.0247 0.0217 0.0240 0.0200

cut 5a 0.249 0.229 0.232 0.242 0.264 0.203

cut 6a 0.604 0.547 0.713 0.534 0.471 0.627

✏
tot

2.37 ⇥ 10�5 3.07 ⇥ 10�4 5.60 ⇥ 10�5 1.85 ⇥ 10�4 1.93 ⇥ 10�4 3.03 ⇥ 10�5

(a) �
e↵

(fb) 0.550 0.0527 0.0873 0.0156 0.100 0.190

cut 4b 0.0150 0.0202 0.0139 0.0167 0.0221 0.0191

cut 5b 0.221 0.213 0.174 0.242 0.234 0.276

cut 6b 0.136 0.0567 0.129 0.138 0.165 0.130

✏
tot

3.37 ⇥ 10�6 2.56 ⇥ 10�5 6.14 ⇥ 10�6 3.67 ⇥ 10�5 5.46 ⇥ 10�5 8.06 ⇥ 10�6

(b) �
e↵

(fb) 0.0782 0.00431 0.00959 0.00309 0.0283 0.0505

cut 4c 0.0150 0.0213 0.0199 0.0167 0.0221 0.0191

cut 5c 0.221 0.213 0.174 0.242 0.234 0.274

cut 6c 0.00723 0.0337 0.00289 0.0164 0.0303. 0.0.0122

✏
tot

1.79 ⇥ 10�7 1.52 ⇥ 10�5 1.38 ⇥ 10�8 4.36 ⇥ 10�6 1.00 ⇥ 10�5 7.58 ⇥ 10�7

(c) �
e↵

(fb) 0.00414 0.00261 2.15 ⇥ 10�5 0.000366 0.00521 0.00475

Table 2. Table of cross sections (in pb) for benchmarks (a),(b), and (c) before selection cuts (�
gen

)
and with selection cuts (�

e↵

) for the backgrounds QQ��, Qj��, and jj�� where Q = c, b, c̄, b̄ and
j = u, ū, d, d̄, s, s̄, g for

p
S = 14 TeV. E�ciencies (cuts 1–6) are relative where ✏

tot

is the cumulative
e�ciency. Cuts 1-3 are reproduced only once as they are the same for all three benchmarks.

sections for scenarios (b) and (c) is that the dominant decay mode for the heavy LW Higgs

h̃
0

is h̃
0

! t̄t with Br
˜h0

⇠ 95%.

To this end we would like to mention that for benchmark (a) there is a background

from Zh
0

production18. E�ciencies and cross sections are shown in table 4. It is worth

mentioning that our analysis can be adapted for this case be changing our mass recon-

struction hypothesis slightly. Instead of requiring the invariant mass Mbj to be in mass

18Note that benchmarks (b) and (c) this channel is dominated by top pairs.
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pp ! h
0

h
0

! ��bb̄ (a) (b) (c)

�
gen

(fb) 11.2 0.964 0.195

cut 1 0.594 0.675 0.693

cut 2 0.414 0.405 0.391

cut 3 0.734 0.760 0.748

cut 4 0.999 0.999 0.999

cut 5 0.601 0.567 0.586

cut 6 0.966 0.823 0.725

✏
tot

0.105 0.097 0.0861

�
e↵

(fb) 1.18 0.0935 0.0168

Table 3. Cross sections (in fb) before selection and after selection for benchmarks (a) m
h0 =

120 GeV, m
˜

h0
= 300 GeV, (b) m

h0 = 130 GeV, m
˜

h0
= 445 GeV, and (c) m

h0 = 130 GeV,
m

˜

h0
= 550 GeV. E�ciencies (cuts 1-6) are relative where ✏

tot

is the cumulative e�ciency.

pp ! h
0

Z ! ��bb̄ (a) mh0 = 120 GeV, m
˜h0

= 300 GeV

�
gen

(fb) 32.3

cut 1 0.745

cut 2 0.489

cut 3 0.772

cut 4 0.999

cut 5 0.184

cut 6 0.422

✏
tot

0.0218

�
e↵

(fb) 0.703

Table 4. Cross sections (in fb) for h
0

Z ! ��bb̄ before selection and after selection for benchmark
(a) m

h0 = 120 GeV, m
˜

h0
= 300 GeV. E�ciencies (cuts 1-6) are relative where ✏

tot

is the cumulative
e�ciency.

window around the h
0

, we would instead, stipulate that in be in a mass window around

the Z boson. Additionally, the invariant mass M��bj should reconstruct the p̃
0

.

7 Conclusions

In this paper we have investigated the possibility of a light LW Higgs sector. As mentioned

in the introduction SM-like Higgs sectors, such as the one of the LWSM, are not yet very

well constrained as the the Higgs enters one-loop correction only logarithmically for larger

masses and couples only very weakly to leptons obscuring the clean di-lepton detection

channel. In practice this means that although the LW gauge bosons and the LW fermions

are constrained to lay in the few-TeV range the Higgs sector could be very low. In view

of indirect (EWPO) and direct (collider) constraints we have assumed the SM-like Higgs
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Figure 11. Shown is the significance S/
p

B + S plotted against luminosity for benchmarks (a)
(left) and benchmarks (b) in blue and (c) in red (right). The upper and lower horizontal lines mark
observation significances of 3� and 5�. The vertical lines represent 10 events.

boson to be below then 150 GeV-value.

We have investigated such a possibility by looking at the cross sections gg ! h
0

h
0

and

gg ! p̃
0

h
0

c.f. figures 4,6 and the spectrum of gg ! t̄t figure 7. Whereas the gg ! h
0

h
0

channel is outside reach at the LHC in the SM, it is enhanced in the LWSM in the case

where the LW-like Higgs is twice as heavy as the SM-like Higgs (m
˜h0

> 2mh0) and can

decay at resonance through gg ! h̃
0

! h
0

h
0

shown in figure 1(a). The pseudoscalar

gg ! p̃
0

! p̃
0

h
0

subprocess is close but not at resonance and turns out to be large as

compared to SM Higgs channel but much smaller than the case discussed above as can

be inferred from figure 6 vs 4. In our signal analysis we have therefore focused on the

latter through gg ! h
0

h
0

! b̄b�� and from table 3 we see that the benchmark points (a)

to (c) (mh0 ,m˜h0
) = {(120, 300), (130, 445), (130, 550)} GeV reach 10 events for integrated

luminosities of {8.5, 107, 595} fb�1 and the 5�-discovery for {20, 700, 3000} fb�1 as can be

seen from figure 11. In regard to these numbers we would like to add that the LHC is

expected to collect 335 fb�1 at 14 TeV from 2012 to 2020 before the upgrade to the Super

LHC where 1500 fb�1 is the reference number for 2025.

The Higgs pair production cross section decreases rapidly for a h̃
0

with a mass above

the top pair production threshold of 2mt. In this region the intermediate states h̃
0

and

p̃
0

decay mostly into top pairs as this is the dominant decay mode, c.f. figure 15(right).

In light of this it seems natural to investigate top pair production within the LWSM. It

is found though that the dip-peak or in general the visibility of the resonance is diluted

when the width is large which happens when the intermediate states can decay into top

pairs c.f. figure 7. In the latter case the signal to background ratio can be significantly

improved by applying a pT -cut of 250GeV on the reconstructed top quarks. An example

is given in figure 7(bottom-right) for mh0 ,m˜h0
= (125, 800) GeV. Further suggestions on

how to improve the signal are given in section 6.

Moreover, in this work we have also clarified a few things in the LWSM itself such as the

tree-level sum rules in appendix C.1, how to reduce hyperbolic diagonalizations to standard
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4 Top pair production

In this section we discuss the interference between the QCD background and resonant

particles in top pair production in a qualitative manner.6 In the LWSM potential resonant

particles, that couple to the top triangle loop and decay into top pairs are the h
0

, h̃
0

, p̃
0

, Z

and Z̃ corresponding to the diagrams shown in figure 1(a) and figure 12(a,b,c), respectively,

with the Higgs final states replaced by top pairs. Here we shall neglect the Z and the Z̃

as the former is far o↵-shell at s > 2mt and the latter is severely constrained by di-lepton

searches to be heavier than 1 TeV and by electroweak precision measurement to be in the

multi-TeV range. The corresponding amplitudes, which consist of triangle graphs only, are

easily obtained from the one for Higgs-production and are given in appendix B.

The interference e↵ect of an intermediate resonance gg ! R ! t̄t, where R stands for

a generic resonance, takes the following form [34]:

d�̂

ds
(gg ! t̄t)|

interference

= �|c(s)|Re



l4
s � m2

R + imR�R

�

= �|c̃(s)|
�

(s � m2

R)Re[l4] + mR�RIm[l4]
�

, (4.1)

where l4 = l4(s/4m2

t ) is the appropriate triangle loop function, c(s) is a well-known

function of s [34], c̃(s) di↵ers from c(s) by a constant and s the invariant mass of the two

gluons entering the loop. If there is no loop function then the term above will lead to a

peak-dip structure passing from constructive to destructive interference at s = m2

R. The

loop-function does not change this pattern in the case where the resonance is a scalar or

a pseudoscalar [34] as the real and imaginary part of the loop function are positive. The

pattern persists for a spin-1 particles as well as can be inferred from the plots in reference

[44]. Thus the question what happens in the LW case. Due to the negative sign of the

propagator and the width,

d�̂

ds
(gg ! t̄t)|

LW�interference

= �|c(s)|Re



�l4(s/4m2

t )

(s � m2

R) � imR�R

�

= �|c̃(s)|
�

�(s � m2

R)Re[l4] + mR�RIm[l4]
�

, (4.2)

the (s � m2

R)Re[l4] term flips sign7. Assuming that neither the width nor the imaginary

part of the loop function l4 are anomalously large, this leads to a dip-peak structure. In

fact the passage from destructive to constructive interference, which we shall call MR, does

not coincide with the exact location of the resonance:

M2

R = m2

R +
Im[l4]

Re[l4]
mR�R (4.3)

Examples of the e↵ect are shown in figure 2. The dip-peak structure is a unique feature

6We note that in ref. [35] the authors explored these types of interferences in the context of minimal

supersymmetric standard model and Little Higgs models.
7It is crucial that the intermediate resonance couples to the tops from the loops and the final state tops

as otherwise a minus could be absorbed in either one of the couplings.
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Figure 2. The cross section �(gg ! t̄t) as taken from [34] qft with energy dependent width. The
solid line is the LO QCD contribution. The dashed(dotted) lines correspond to a resonance mass
m

R

= 400(600) ,GeV. The left(right) figure corresponds to the usual (LW) resonance-type.

of LW field theories, produced via gluon fusion through the top triangle, in the case of

a well isolated resonance. We would like to add to that in the case where the masses of

two resonances are close to each other their mixing has to be taken into account by the

so-called K-matrix formalism e.g. [45]. It is important to realize that a dip-peak structure

is present in the ⇡-⇡-scattering spectrum for the f
0

(980) meson due to the extremely broad

f
0

(600) (�-meson) [46]. Thus strongly coupled extensions of the SM, such as technicolor,

might have similar signals as the LWSM.

4.1 A comment on the top forward backward asymmetry

Currently, the top forward-backward asymmetry (tAFB), A¯tt
FB

= 0.475(114) for Mtt >

450 GeV at [47] at 5.3 fb�1, deviates from SM prediction A¯tt
FB

= 0.088(13) [47] at about the

3�-level at the TeVatron8. The SM prediction originates from a charge asymmetry which,

due to the fact that the TeVatron is a pp̄-collider, translates into a forward-backward

asymmetry. Thus the question is whether the LWSM has the potential to explain this

discrepancy. A nice summary of perturbative approaches to the tAFB is given in reference

[49]. The LWSM qualifies at the same level as a Z 0-model with SM-like couplings, where

the role of the Z 0 is taken by Z̃.9 We roughly obtain A¯tt
FB

' 0.01, for a m
˜Z = 1TeV, at best

which is in the right direction but too small to join into the current excitement.10 Note,

as only the absolute value of the propagator enters, the wrong-signs of the propagator and

the width do not matter. We have not evaluated the interference of the Z̃ and the SM Z,

but expect it to be of similar size.

5 Numerical results

We compute cross sections for pp ! h
0

h
0

/p̃
0

h
0

and the di↵erential cross section pp ! t̄t

via gluon fusion at the LHC for
p
S = 7/14 TeV, respectively11. We denote the pp center of

8The very recent D0-results at 5.4 fb�1 is much closer to the SM value [48].
9The LWSM does not qualify as an axi-gluon, nor are there large flavour changing couplings between

the first and third generation in its minimal version.
10Note mZ̃ = 1TeV is even a bit low in regard to electroweak precision data [24].
11The cross section for vector boson fusion qq ! h0h0jj is about 2% of gg ! h0h0 and thus negligible.
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Figure 7. Histograms of the top pair invariant mass, M
¯

tt

, for gg ! t̄t for
p
S = 14TeV. (top

left)(top right) and (bottom left) for 5/15/30 GeV-bins, respectively. A dip-peak structure is to
observed by the interference of the QCD-background with LW Higgs states. In these figures we
have chosen the following mass values m

˜

h0
= 450 GeV and m

p̃0 = 467 GeV which implies with
eq. (5.1) m

h0 = 125 GeV. (bottom right) We plot M
tt

for m
˜

h0
= 800 GeV in 15 GeV bins where we

assume M
Q

= M
u

= M
d

= 500 GeV where the signal to background ratio is significantly improved
by p

T

-cut of 250GeV to each top.

of the top-reconstruction is estimated to be about 5% [55, 56]. The e↵ects of the Higgs

resonances for
p
S = 7 TeV seem too small to be observed and we have relegated the corre-

sponding plot to appendix A.5 figure 14(right). In that case the gluon density is too small

and q̄q ! g ! t̄t becomes more important. The latter being in a color octet representa-

tion, does not interfere with the LW contributions which is in a color singlet representation

which leads to a reduction of the e↵ect.

6 The gg ! h
0

h
0

! bb̄�� channel at the LHC

In this section we will assess the observability for double Higgs boson production in the

LWSM 15 being the more promising than the p̃
0

h
0

-channel, for light Higgs boson masses

15The h0h0 ! ��bb̄ channel has been studied in the past in the context of the Randal–Sundrum model

by both ATLAS [57] and CMS [58, 59], in the SM and MSSM [32, 60], and, most recently, in the context

of a hidden sector Higgs boson [61].
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CONCLUSIONS

• LW Gauge bosons and LW fermions are constrained to be in the few TeV range by EWPO and di-
lepton searches while the LW Higgs could be below a TeV.

• We have computed the total cross section for double Higgs boson pair production.  

• Additionally, we have investigated a search at the a 14 TeV LHC using the di-photon plus di-jet 
channel.  For LW Higgs boson masses of 300 GeV a 5 sigma discovery can be made with 20 1/fb 
of integrated luminosity.       

• We have investigated top pair production in the LWSM.  For LW Higgs boson masses above the 
top pair production threshold, the branching fraction of the LW Higgs boson decaying top pairs 
dominates.  Hence, the top pair channel dominates over the double Higgs boson channel.



Higgs boson decays

p
r
o
o
f
s
 
J
H
E
P
_
0
0
2
P
_
0
9
1
1

0.01

0.1

1

10

100

200 300 400 500 600 700 800 900 1000

�
h̃

0
(G

eV
)

mh̃0
(GeV)

mh0
= 120 GeV

MQ = 500 GeV
MQ = 700 GeV

MQ = 1000 GeV

QCD
gg! h̃0 ! t̄t
gg! p̃0 ! t̄t
gg! h̃0, p̃0 ! t̄t

300 400 500 600 700 800 900 1000
0

0.1

0.2

0.3

0.4

0.5

0.6

LO, MSTW2008 LO(90% C.L.),
p
S = 7 TeV, µ f = µr = mt

Mtt[GeV]

d
s
/
d
M
tt
[p
b
/
G
eV
]
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B Results for gg ! h0/h̃0/p̃0 ! t̄t

The amplitudes for the processes can directly be obtained from the ones from the double
Higgs pair production in the previous section by suitable replacements. From the amplitude
gg ! h

0

! h
0

h
0

in eq. (A.5), using eq. (2.14) and the definition of � in the Higgs potential
chosen in section 2.1 one obtains:

A4
0

(gg!h
0

(h̃
0

)! t̄t) = s2

H�˜H
(gt

phys

)
11

✓

1
s�m2
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+imh0�h0

� 1
s�m2

˜h0
�im

˜h0
�

˜h0

◆

s F̃
1/2

[t̄t]

Furthermore, from the gg ! p̃
0

! p̃
0

h
0

amplitude in eq. (A.8) one obtains:

A4,p̃0
0

(gg ! p̃
0

! t̄t) =
✓ �2i(gt

phys

)
11

s�m2

p̃0
� imp̃0�p̃0

s P̃
1/2

◆

[t̄�
5

t] (B.1)

Note, in both cases, we have not evaluated the spinors t, t̄.
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Note, in both cases, we have not evaluated the spinors t, t̄.
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Figure 4: The relative change in the cross-section times decay rate for the full process gg →
h0 → γγ in the LWSM, expressed as |κgg|2|κγγ |2−1, plotted as a function of mh0,phys. Lee-Wick

mass scales are such that MQ = Mu = mh̃,phys = mh̃+,phys = mW̃ ,phys ≡ M̃

smaller than the changes in the cross section times decay rate because of the simultaneous
enhancement of the total Higgs width in the LWSM. This enhancement almost cancels

the effects of the larger cross section times decay rate for lighter Higgs masses and is
responsible for the overall small reduction in the total rate for Higgs masses up to about

135 GeV.
The Higgs width in the SM Γ(h0 → all) is well approximated by

Γ(h0 → all) = Γ(h0 → (f̄ f, ZZ,W+W−)) , (65)

where f̄ f can be b̄b, τ̄ τ or c̄c . . . and potentially off-shell gauge bosons are also included.

The total Higgs boson width in the LWSM can be obtained by scaling the individual SM
decay rates (for the tree level processes). Using Eqs. (52) and (61), the vector boson

modes are scaled by a factor s2H s2
(A+Ã)

and the f̄ f modes are scaled by a factor s2
H−H̃

.
A technique for measuring the Higgs boson couplings g g h0 and γ γ h0 at the LHC was

discussed in Ref. [20]. With 2×300 fb−1 of integrated luminosity, it was estimated that

a new contribution to the g g h0 coupling could be measured if the corresponding partial
width was larger than ±(30 − 45)% of the SM expected value, for Higgs boson masses

in the range 110 <
∼ mh0,phys

<
∼ 190 GeV. The prospects for measuring a new contribution

to the γ γ h0 coupling are slightly better. If a new contribution to the partial width
for h0 → γγ is larger than ±(15 − 20)% of the SM expected value, then it should be

measurable for Higgs masses in the range 120 <
∼ mh0,phys

<
∼ 140 GeV.

Notice from Fig. 3 that the expected changes in the h0 → gg and h0 → γγ partial

widths in the LWSM fall just short of the expected reach of the LHC with 2×300 fb−1 of
integrated luminosity. It could be hoped that more luminosity would uncover these small

deviations, however, the apparent absence of a deviation from the SM in these channels,
combined with the presence of one or more heavy LW resonances (such as a W̃ [12]) could

20

Higgs to two photons


