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Neutrino masses in the Lee-Wick standard model
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Recently, an extension of the standard model based on ideas of Lee and Wick has been discussed. This
theory is free of quadratic divergences and hence has a Higgs mass that is stable against radiative
corrections. Here, we address the question of whether or not it is possible to couple very heavy particles,
with masses much greater than the weak scale, to the Lee-Wick standard model degrees of freedom and
still preserve the stability of the weak scale. We show that in the LW-standard model the familiar seesaw
mechanism for generating neutrino masses preserves the solution to the hierarchy puzzle provided by the
higher derivative terms. The very heavy right-handed neutrinos do not destabilize the Higgs mass. We give
an example of new heavy degrees of freedom that would destabilize the hierarchy, and discuss a general
mechanism for coupling other heavy degrees of freedom to the Higgs doublet while preserving the

hierarchy.
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In a recent paper [1], ideas proposed by Lee and Wick
[2,3] were used to extend the standard model so that it does
not contain quadratic divergences in the Higgs mass.
Higher derivative kinetic terms for each of the standard
model fields were added which improve the convergence of
Feynman diagrams and give rise to a theory in which there
are no quadratically divergent radiative corrections to the
Higgs mass. The higher derivative terms induce new poles
in the propagators of standard model fields which are
interpreted as massive resonances. These resonances have
wrong-sign kinetic terms which naively give rise to unac-
ceptable instabilities. Lee and Wick propose altering the
energy integrations in the definition of Feynman ampli-
tudes so that the exponential growth does not occur. It
appears that this can be done order by order in perturbation
theory' in a way which preserves unitarity. However, there
is acausal behavior due to this deformation of the contour
of integration. Physically this acausality is associated with
the future boundary condition needed to forbid the expo-
nentially growing modes. As long as the masses and widths
of the LW-resonances are large enough, this acausality
does not manifest itself on macroscopic scales and is not
in conflict with experiment. The proposal to use Lee-Wick
theory for the Higgs sector of the standard model was first
presented in [7].

The massive resonances associated with the higher de-
rivative terms in Lee-Wick theories have unusual proper-
ties. For example, they correspond to poles on the physical
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sheet in scattering amplitudes. At the LHC, we may well
discover new resonances, and it would be interesting to
determine whether they are of normal or Lee-Wick type.
This issue has recently been discussed in [8].

In the minimal standard model, the fermions get their
masses through Yukawa couplings to the Higgs doublet.
Gauge invariance forbids traditional mass terms. These
Yukawa couplings do not give mass to the left-handed
neutrinos. To describe neutrino masses, one can extend
the particle content to include right-handed neutrinos.
Right-handed neutrinos have no standard model gauge
quantum numbers and so Majorana mass terms for them
are allowed. If the right-handed neutrino Majorana masses
are very large, we can understand the smallness of the
observed neutrino masses, since the light neutrino masses
scale as m,, ~ v*/mg, where v is the vacuum expectation
value for the Higgs doublet and mp is the mass scale
associated with the right-handed neutrino Majorana
masses. This attractive picture for the generation of neu-
trino masses is known as the seesaw mechanism [9].

Since the generation structure and the quarks are not the
focus of this paper, let us simplify the notation by just
considering a single standard model generation of leptons
containing the left-handed doublet denoted by L and the
right-handed singlet e. Adding the right-handed neutrino
Vg, the lepton sector of the standard model has Lagrange
density,

£ = ElEL + éRiﬁeR + DRiﬂVR - (le_/%VR
+ g,exrLH' + gyprH €L + H.c.). (1)

It was pointed out in [10] that the Feynman diagram in
Fig. 1 gives a contribution to the mass term for the Higgs
doublet that is quadratically divergent. If one uses dimen-
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FIG. 1. One loop correction to the Higgs doublet mass. The
dashed line represents the Higgs scalar, the solid arrowed line is
the left-handed lepton, while the plain solid line is the right-
handed neutrino.

sional regularization, which throws away quadratic diver-
gences, there is still a finite correction

8
Smiy = = o5 mi log(mp/ ). @

Since gy and my are constrained by g%/mp =~ m,/v?, we
see that the correction to the Higgs mass is too large when
mg = 107 GeV [10]. This is a manifestation of the hier-
archy problem. In this paper we show that if one used the
LW-standard model this does not occur. Even though the
right-handed neutrinos are very heavy the higher derivative
kinetic terms for the standard model fields are powerful
enough to prevent the Higgs mass squared from getting a
radiative correction that is proportional to m%.

For simplicity, we gauge only SU(2)y so there is one set
of gauge bosons, Aﬁ. The LW-standard model can be
formulated either as a higher derivative theory, or as a
theory without higher derivatives but with auxiliary LW-
fields. For the purposes of the present discussion, it is
convenient to work with the higher derivative version of
the theory. To emphasize that this is the LW-extended
model, the fields with higher derivative kinetic terms are
denoted by the presence of a hat. In this simplified version
of the LW-standard model, the Lagrangian density is

1 . . 1 e aia
L=— 3 wk, F* + o tw(D*F,,)(D'F)")

—(D DAY (D,D"H)

+ (D, YD H) - 7

AAAAA

- V(H) + LZ¢L +MLL1¢¢¢L +eépifer

1 N
erigfder + vrifvg — (mpv4vg + g exLHT

M2
+ gyoprH" €l + H.c.). 3)

Note that we have not added any higher derivative terms
for the right-handed neutrino. Calculating the diagram in
Fig. 1 in the LW-standard model and using a momentum
cutoff A to regularize the ultraviolet divergence, we find
(neglecting the Lee-Wick mass parameter M in compari-
son with my and A) that
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This leads to acceptably small corrections to the Higgs
mass if gyM; < 10 TeV.? Thus, we have shown that, at
one loop order, the Higgs mass is not destabilized by the
presence of the right-handed neutrino. To go further, we
will establish a power counting argument which shows that
the divergence in the Higgs mass squared is at most loga-
rithmic to all orders of perturbation theory. This is suffi-
cient to show that there are no large finite corrections to the
Higgs mass since we take my of order the cutoff in our
power counting.

To construct a perturbative power counting argument
that shows to all orders in perturbation theory there is no
quadratic divergence in the Higgs doublet mass term, we
must fix a gauge in the higher derivative theory. We choose
to add a covariant gauge fixing term —(9 MA"‘")Z /2£ to the
Lagrange density and introduce Faddeev-Popov ghosts that
couple to the gauge bosons in the usual way. Then the
propagator for the gauge field is

-1 p PI/
D5(p) = 37<n -1 —E) =
Mmv Pz—p4/Mi 1224

L Puly
£5 ) 5)

We work in Landau gauge, £ = 0, where the gauge boson
propagator scales as p~* at high energy. The propagator for
the Higgs scales at large momenta as p~* while the LW-
standard model leptons, [ andé r» have that scale as p’3 at
large momenta. Finally, the right-handed neutrino propa-
gator and the Faddeev-Popov ghost propagator scales as

""and p~2, as usual. There are five kinds of vertices:
those where only gauge bosons interact, vertices where
gauge bosons interact with two scalars, and vertices where
two ghosts interact with one gauge boson. A vertex where n
vectors interact (with no scalars) scales as p®~", a vertex
with two scalars and n vectors scales as p*~”, while a
vertex with two fermions and n vectors scales as p>~". The
vertex between two ghosts and one gauge field scales as
one power of p, as usual, and the vertex from the Yukawa
interaction of the Higgs doublet with the fermions has no
factors of momentum.

Consider an arbitrary Feynman graph with E external
Higgs lines, L loops, I' internal vector lines, I internal
scalar lines, I, internal right-handed neutrino lines, I;
standard model lepton lines and /, internal ghost lines,
and with V/, vector self-interaction vertices, V, and V,
vertices with n vectors and two scalar Higgs particles or
left-handed leptons, respectively. We also suppose there
are V, ghost vertices and Vy Yukawa vertices with two

’If we include a higher derivative term for the right-handed
neutrino in Eq. (3), the correction to the Higgs mass is still
proportional to gyM;, leading to the same conclusion.
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fermions and a Higgs doublet. Then the superficial degree
of divergence, d, is

d=4L—M“ﬂH—@—3Q—2Q+§}%6—m
+IV,@E=n)+>V,B-n)+V, (6)

We can simplify this expression using some identities.
First, the number of loops is related to the total number
of propagators and vertices by

L=1+1’+1R+1L+1K—Z(V,g+vn+\7,,)
n

—Vy =V, +1, 7)

while the total number of lines entering or leaving the
vertices is related to the number of propagators and exter-
nal lines by

meﬁwn+mmﬁwn+mvg+3%+3w

=20 +I'+1Ixg+1, +1,) +E, 8)

where E is the number of external scalars. Finally, we have
the additional relations,

8 8’

2Zw+w=y+5 2V, =2I,
n

)

VY:21R’ ZV,,+VY=IR+IL.
n

With these identities in hand, we may express the super-
ficial degree of divergence as

d=6—-2L—-Vy—E (10)

Scalar mass renormalizations have E = 2. The only pos-
sible quadratic divergence in the scalar mass is at one loop
with Vy = 0. As was discussed in [1], gauge invariance
removes this potential quadratic divergence. Diagrams in-
volving the leptons have at least Vy, = 2 and so are at most
logarithmically divergent. Diagrams with other external
lines (which can be subdiagrams in the calculation of the
Higgs mass term) can be analyzed similarly and do not
change our conclusions.

We have shown that in at least one case it is possible to
couple LW-standard model fields to degrees of freedom
that are much heavier and still preserve the stability of the
Higgs mass. Furthermore, this case is well motivated by the
observed neutrino masses. However, this result is not true
in general. Suppose, for example, there was a very heavy

PHYSICAL REVIEW D 77, 085002 (2008)

complex (normal) scalar S. An interaction term of the type
L, = gHTAS'S would lead to a large contribution to the
Higgs boson mass. However, consider coupling the Higgs
to a gauge singlet scalar S which has a higher derivative
term in its Lagrange density:

A A AL A 1 4 A AL oA AL A
L =(3,90"8 - M?>STS — —8§19*S + gATASHS.
m
(1)
Then the § propagator is given by
2

—im

D= :
p4 — p2m2 + M2m2

(12)

If we take the mass parameter M to be large, as in the case
of the scalar S, and choose the mass parameter m to be of
order of the weak scale, then the radiative corrections to the
Higgs mass are still small despite the presence of the large
scale M. The scalar $ has unusual properties: for example,
from the location of the poles in its propagator, one can see
that it has a tree-level width which is large compared to its
mass. We have not studied the consistency of this approach
in detail.

In summary, we have shown in this paper that it is
possible to couple the Lee-Wick standard model to physics
at a much higher scale without destabilizing the Higgs
mass. One of the best motivated examples of high scale
physics is provided by experimental information on neu-
trino masses, and we find that the Lee-Wick standard
model can easily be extended to incorporate a heavy
right-handed neutrino without reintroducing fine-tuning
of the Higgs mass. In addition, we have briefly described
a scenario in which more general physics can be coupled to
the Lee-Wick standard model while maintaining a natu-
rally light Higgs.
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