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We explore the possibility that, while the Higgs mechanism provides masses to the weak-gauge bosons

at the electroweak scale as in the standard model, fermion masses are generated by an unknown

mechanism at a higher energy scale. At low energies, the standard model can then be regarded as an

effective field theory, where fermion masses explicitly break the electroweak SUð2ÞL � Uð1ÞY gauge

symmetry. If � is the renormalization scale where the renormalized Yukawa couplings vanish, then at

energies lower than �, effective Yukawa couplings will be radiatively induced by nonzero fermion

masses. In this scenario, Higgs boson decays into photons and weak gauge-bosons pairs are in general

quite enhanced for a light Higgs. However, depending on �, a substantial decay rate into b �b can arise that

can be of the same order as, or larger than, the enhanced H ! �� rate. A new framework for Higgs

searches at hadron colliders is outlined, vector-boson fusion becoming the dominant production mecha-

nism at the CERN LHC, with an important role also played by the WH=ZH associated production. A

detailed analysis of the Higgs branching fractions and their implications in Higgs searches is provided,

versus the energy scale �.
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I. INTRODUCTION

Arguably, one of the most intriguing aspects of particle
physics is the origin of fermion masses. Despite the im-
pressive phenomenological success of the standard model
(SM) [1], a clear understanding of the fermion mass spec-
trum is still missing. The Higgs mechanism alone does not
provide any explanation for the observed huge hierarchy in
the fermion masses that, not including the neutrino sector,
ranges over 6 orders of magnitude. The Higgs Yukawa
couplings, responsible for fermion-mass generation in the
SM, are put in by hand, and tuned with the corresponding
fermion masses times the inverse of the vacuum expecta-
tion value of the Higgs field. It is a matter of fact that, out of
19 free parameters of the SM, 13 belong to the Yukawa
sector. This suggests that some new physics beyond the SM
might be responsible for fermion masses and/or the flavor
structure in the Yukawa couplings. Many extensions of the
SM have been proposed to solve this puzzle, but none of
them can be considered as conclusive.

A nonzero fermion mass explicitly breaks the chiral
symmetry, and therefore the electroweak (EW) gauge
symmetry SUð2ÞL � Uð1ÞY. However, while the EW gauge
symmetry breaking is needed for giving masses to the
weak-gauge bosons, its mechanism could be different
from the one responsible for the generation of fermion
masses. In the SM there is only one mass scale: the vacuum
expectation value v of the Higgs fields (v ’ 246 GeV),
which sets masses for both fermions and gauge bosons. On
the other hand, the fermion mass generation scale could in
principle be different from the EW symmetry-breaking
scale [2].

Once the Higgs boson is discovered at the CERN Large
Hadron Collider (LHC), the analysis of its decay modes
and production processes will help to unravel the mecha-
nisms for both EW symmetry breaking and fermion mass
generation (see, e.g., [3]). Direct Higgs boson searches at
CERN LEP have excluded Higgs masses up to 114.4 GeV
at 95% C.L. [4], while the Tevatron at Fermilab has
recently ruled out the mass range 163 GeV<mH <
166 GeV at 95% C.L. [5]. Moreover, indirect constraints
on the Higgs boson mass and couplings come from the
analysis of its virtual contributions to the EW processes.
These contributions are not extremely sensitive to the
Higgs boson mass, since, due to the decoupling theorem,
one-loop radiative corrections depend only logarithmically
on the Higgs mass. Nevertheless, electroweak precision
tests (EWPT) point to a Higgs mass quite close to the
LEP2 direct bound of 114.4 GeV. In particular, one gets
an upper limit mH � 157 GeV at 95% C.L., that can be
relaxed up to mH � 186 GeV, if combined with the direct
limit mH > 114:4 GeV [6].
On the contrary, present EWPT do not really constrain

Yukawa couplings. In fact, radiative corrections induced by
Yukawa couplings of light fermions are tiny in the SM.
Also, the SM Yukawa coupling contribution to the Zb �b
vertex is by far too small to be tested. The effects of the
top-quark Yukawa corrections could be potentially large.
On the other hand, in processes with external light quarks
or leptons, they enter only at two loops, which is beyond
the present experimental sensitivity.
Flavor-changing neutral current (FCNC) processes

generated at one loop in the SM are an excellent probe of
the fermion mass-matrix structure, but they are weakly
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affected by the Yukawa corrections, too. The latter enter at
the two-loop level, since no Higgs boson exchange is
needed at one loop to cancel the ultraviolet (UV) divergen-
cies.1 Even though fermion masses were put in by hand in
the SM Lagrangian, due to the Glashow-Iliopoulos-Maiani
mechanism [7], the FCNC processes turned out to be finite
at one loop with no need of Higgs boson exchange between
fermions.2

By the way, even gauge-couplings unification in grand
unified theories (GUT) is weakly affected by Yukawa
radiative corrections, since their contribution enters at the
two-loop level in the renormalization group (RG) equa-
tions of gauge-couplings [8].

In conclusion, the fact that present experimental data do
not significantly constrain Yukawa couplings still leaves
room to speculations on the Higgs couplings to fermions,
and eventually on the origin of fermion masses.

Following these considerations, we will explore the
possibility that there is indeed a light Higgs boson that is
mainly responsible for the EW symmetry breaking, but the
chiral symmetry breaking (ChSB) has a different origin. In
particular, the conjecture explored in the present paper is
the one where the (unavoidable) contribution of ChSB to
the gauge boson masses is negligible with respect to the
contribution provided by the Higgs boson. We will also
assume that all the new physics effects responsible for the
fermion mass generation can be reabsorbed in the non-
vanishing fermion masses plus the renormalization condi-
tions of the Yukawa couplings at a large energy scale �.

In order to implement the decoupling of the Higgs boson
to standard fermions, we define � as the renormalization
scale where the renormalized Yukawa couplings vanish.
In general, � might not necessarily coincide with the scale
of fermion mass generation. We will also conservatively
assume that potential new heavy degrees of freedom will
not significantly affect the running of gauge and (effective)
Higgs Yukawa couplings at high energies. Hence, from the
EW scale up to the � scale, the SM can be regarded as an
effective field theory, where the fermion mass terms ex-
plicitly break the SUð2ÞL gauge symmetry. Because of the
presence of fermion mass terms, the decoupling of the
Higgs boson from fermions is spoilt at energy scales differ-
ent from �. Because of the breaking of chiral symmetry,
Yukawa couplings are not protected against radiative cor-
rections, and effective Yukawa couplings will be radia-
tively induced at low energies.

In this article, we will evaluate the effective Yukawa
couplings at energies lower than �, by the techniques of
RG equations. This will allow us to resum the leading
logarithmic terms g2ni lognð�=mHÞ (where gi are the SM

gauge couplings), at any order in perturbation theory.
We will explicitly check that contributions from higher-

dimensional operators, that could spoil the validity of
perturbation theory in the Yukawa sector, are well under
control for any value of� up to the GUT scale (1016 GeV),
provided the Higgs mass is not much larger than the
EW scale v. A critical discussion on the validity of our
approach for large values of � will be provided in the
next sections. In our analysis we will set the upper value of
� at the GUT scale, which guarantees the perturbativity
of the Yukawa sector in all the � range for mH < v.
Nevertheless, the existing models that could provide a
specific UV completion to our effective theory are in
general characterized by a � scale much lower than
1016 GeV.
The present model differs substantially from the fermio-

phobic Higgs boson scenario, appearing in several exten-
sions of the SM [9]. Indeed, we will see that the Higgs
boson decay rate into b �b can be strongly enhanced at low
energy, depending on the size of �. In the fermiophobic
Higgs scenario, the Higgs couplings to fermions are set to
zero at the EW scale �EW �mH. This condition can
naturally arise within new physics models where the
scale � is not far from the EW scale. In our approach,
when � ! mH, all the leading-log terms lognð�=mHÞ, as
well as the renormalization effects on the Yukawa cou-
plings at the EW scale, vanish. One then smoothly recovers
the fermiophobic Higgs model.
Note that the suppression of the top Yukawa coupling in

the present approach somewhat relieves the SM hierarch-
ical problem in the one-loop radiative corrections to the
Higgs mass (see, e.g., [2]), where the dominant contribu-
tion to the quadratic cutoff dependence is now the one of
order OðM2

WÞ instead of Oðm2
t Þ.

A straightforward way to test our scenario for mH &
150 GeV is through the measurement of Higgs boson
decay and production rates at colliders. The vanishing of
the top-quark Yukawa coupling at tree level has a dramatic
impact on the Higgs boson production at hadron colliders.
The vector boson fusion (VBF) [10–12] will replace the
gluon fusion via the top-quark loop [13,14] as the main
production mechanism at the LHC. If the Higgs boson is
quite light, as suggested by EWPT, the dominant Higgs
decays channels will be into WW, ZZ (where one of the
weak gauge bosons, or both, can be off shell), and ��.
The rate for H ! b �b will turn out to be comparable to the
H ! �� rate at �� 10 TeV, while it increases at larger
�’s. Furthermore, the enhanced branching ratio BRðH !
��Þ makes the WH=ZH associated production with H !
�� a remarkably interesting channel that could be studied
for inclusive W=Z decays.

1This is not true in the case of the so-called flavor-changing
Higgs penguin diagrams, where a Higgs boson is exchanged
between a flavor-conserving current and a flavor-changing one
induced at one loop. However, this contribution to low-energy
FCNC processes is tiny, being suppressed by the Yukawa cou-
plings to the external light quarks.

2This is not true at the two-loop level, where Higgs boson
exchange is necessary to cancel the UV divergencies.
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Present direct experimental limits on mH crucially de-
pend on the SM Yukawa coupling assumption. Bounds on
mH in the purely fermiophobic Higgs scenario have been
obtained at LEP, where one findsmH > 109:7 GeV at 95%
C.L. [15], and the Tevatron, where the D0 experiment
provides a limit mH > 101 GeV at 95% C.L. [16] and
the CDF experiment gives a bound mH > 106 GeV at
95% C.L. [17]. In the framework we are going to discuss,
nontrivial variations in the Higgs decay pattern are ex-
pected with respect to the fermiophobic scenario that
would require a new analysis of experimental data in order
to get dedicated bounds on mH, depending on the scale �.

The paper is organized as follows. In Sec. II, we present
the theoretical framework, derive the RG equations for the
effective Yukawa couplings, and give some numerical
results for the latter. After a few comments on the theo-
retical consistency of the present approach, discussed in
Sec. III, we provide, in Sec. IV, the numerical results for
the Higgs branching ratios, as a function of the energy
scale �. In Sec. V, we study Higgs production rates corre-
sponding to different decay signatures at hadronic col-
liders. Our conclusions will be presented in Sec. VI. In
the Appendix, we supply relevant formulas for the Higgs
boson decays.

II. RG EQUATIONS FOR EFFECTIVE
YUKAWA COUPLINGS

In this section, we will derive the RG equations for the
effective Yukawa couplings arising from the conjecture
that the standard Higgs mechanism provides masses to
the weak gauge bosons at the EW scale, while fermion
masses are not generated by Yukawa couplings as in the
SM framework. Wewill assume that, from the EW scale up
to some larger energy scale, only SM degrees of freedom
are relevant, and fermion masses are put in by hand. Since
by switching off the SM tree-level couplings of the Higgs
boson to fermions, the SM becomes nonrenormalizable,
we should consider it as an effective field theory valid up to
some high-energy scale.3

Let us define the relevant EW Lagrangian in the unitary
gauge, with only physical degrees of freedom propagating

L ¼ LG;H þLF: (1)

LG;H is the bosonic sector of the SM EW Lagrangian in

the unitary gauge, containing the gauge fields G ¼
fA�;W

�
� ; Z�g, and A and H are the photon and Higgs

fields, respectively. LF regards the fermionic sector of
the Lagrangian

LF ¼ LKin þLCC þLNC � 1ffiffiffi
2

p X
f

Yfð �c fc fHÞ

�X
f

mf
�c fc f; (2)

where LKin is the kinetic term, LCC and LNC are the SM
Lagrangian for the charged- and neutral-currents interac-
tions of quarks and leptons, and Yf are the Yukawa cou-

plings, in the basis of fermion mass eigenstates. In Eq. (2),
we neglect the CKM mixing, since we are interested in
flavor-conserving Higgs transitions. Hence, all parameters
in Eq. (2) are real.
The Lagrangian in Eq. (2) is basically the SM one,

where tree-level relations between fermion masses and
Yukawa interactions have been relaxed. Yukawa couplings
will be introduced in any case, since, after breaking the
chiral symmetry explicitly through the fermion mass terms
in Eq. (2), they are no more protected against radiative
corrections. Even assuming vanishing Yukawa couplings
at tree level, divergent terms, proportional to fermion
masses, will arise radiatively at loop level. The latter can
only be canceled by counterterms proportional to the
Yukawa-Higgs-fermion interactions. Therefore, the opera-
tors ðYf

�c fc fHÞ, even if not present in the classical

Lagrangian, will reappear at the quantum level, due to
the nonvanishing Dirac mass terms.
Starting from the effective Lagrangian in Eqs. (1) and

(2), new contributions to the � functions of Yukawa cou-
plings are expected with respect to the SM results, due to
the fact that mf terms do not arise from spontaneous chiral

symmetry breaking. Since the theory is not renormalizable,
the off shell renormalization of the Yukawa operator
OYf

¼ �c fc fH implies in general higher-dimensional

counterterms, like for instance �ð@� �c fÞð@�c fÞH, intro-

ducing new coupling constants. However, since here we
are interested in on shell Higgs coupling to fermions (that
are relevant, e.g., in Higgs boson decays), the Yukawa
operator OYf

will be renormalized by evaluating one-loop

matrix elements with all external legs on shell. Then, as
can be checked by explicit calculation, all the divergencies
can be reabsorbed in Yukawa couplings and field renor-
malization constants. This is no more true when the Higgs
field is off shell, and the contribution from the mixing of off
shell higher-dimensional operators is to be taken into
account in the renormalization of Yukawa couplings.
Notice that this discussion does not apply to the SM; that
is a renormalizable theory.
The relevant � function will be worked out through the

usual steps. First, one has to derive the relation between the
bare (Y0

f) and the renormalized (Yf) Yukawa couplings

(where f refers to a generic fermion field). In general,
one has

Y 0
f ¼ ZYf

Z�1
c f
Z�1=2
H Yf: (3)

3Notice that one can always introduce in the Lagrangian
fermion mass terms without Yukawa couplings in a SUð2Þ �
Uð1ÞY gauge-invariant way by considering the nonlinear realiza-
tion of the EW gauge symmetry. Also in this case, the theory is
manifestly nonrenormalizable.
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As usual, the symbol ZYf
is the renormalization constant

canceling the divergencies associated to the one-particle
irreducible matrix elements of the Yukawa operator OYf

,

while the terms Zc f
and ZH are the wave-function renor-

malization constants of the f fermion and Higgs fields,
respectively. Neglecting the contributions to the � function
induced by the CKM mixing in the one-loop calculation,
the renormalization constants, as well as the bare and
renormalized Yukawa couplings, will be diagonal matrices
in the flavor space.

We perform the one-loop integrals in D-dimensions,
with D ¼ 4� �, and subtract the divergent part by using

the MS renormalization scheme. In dimensional regulari-
zation, the bare Yukawa coupling Y0

f can be expressed as a

Laurent series in �:

Y 0
f ¼ ��=2

�
Yf þ

X1
n¼1

anfðYf; giÞ
�n

�
; (4)

where � is the renormalization scale as defined in the MS
scheme, and gi, with i ¼ 1, 2, 3, indicate the SM gauge
coupling constants associated with the SUð3Þc � SUð2ÞL �
Uð1ÞY gauge group. In Eq. (4) we have omitted the depen-
dence on the renormalization scale� in the (renormalized)
Yukawa couplings and gauge couplings gi. Notice that
the coefficients anfðYf; giÞ in Eq. (4) depend on� through

the � dependence of both the renormalized Yukawa and
gauge couplings.

As usual, the Yukawa � function is defined as �Yf
¼

dYf=dt, with t ¼ log�, and is connected to the residue of

the simple pole 1=� in Eq. (4), that is, to a1fðYf; giÞ. Then,
according to the notation in Eq. (4), one obtains

�Yf
¼ 1

2

�
�1þX

f0
Yf0

@

@Yf0
þX3

i¼1

gi
@

@gi

�
a1fðYf;giÞ; (5)

where the sum on f0 runs over all the nonvanishing fermion
contributions.

The full set of the one-loop diagrams contributing (in the
unitary gauge for the W and Z propagators, and with the
CKMmatrix set to unity) to the term a1f in Eq. (4) is given

in Fig. 1 for the up-type quarks U ¼ fu; c; tg. (The case
of down-type quarks D ¼ fd; s; bg and charged leptons
E ¼ fe;�; �g can be obtained from Fig. 1 in a straightfor-
ward way.) Diagrams in Figs 1(a)–1(e) correspond to the
vertex corrections, while Figs. 1(f) and 1(g) and 1(h)–1(k)
are the self-energy corrections to the Higgs boson and the
up-type quark fields, respectively. The vertex correction
with two internal Higgs boson lines, and the Higgs self-
energy diagram with a Higgs boson loop have not been
included in Fig. 1. Indeed, this vertex correction and the
contribution to the Higgs wave-function renormalization
arising from the Higgs boson loop are finite, and so do not
contribute to the � function.

The RG equations for the effective Yukawa couplings at
one loop are then given by

dYU

dt
¼ 1

16�2

�
3�2

HðYU � YSM
U Þ � 3YSM

U YSM
D ðYD � YSM

D Þ

þ 3

2
YUðYUYU � YSM

D YSM
D Þ

� YU

�
17

20
g21 þ

9

4
g22 þ 8g23 � TrðYÞ

��
; (6)

dYD

dt
¼ 1

16�2

�
3�2

HðYD � YSM
D Þ � 3YSM

D YSM
U ðYU � YSM

U Þ

þ 3

2
YDðYDYD � YSM

U YSM
U Þ

� YD

�
1

4
g21 þ

9

4
g22 þ 8g23 � TrðYÞ

��
; (7)

dYE

dt
¼ 1

16�2

�
3�2

HðYE � YSM
E Þ þ 3

2
YEYEYE

� YE

�
9

4
ðg21 þ g22Þ � TrðYÞ

��
; (8)

where Tr stands for the trace, and the matrix Y is
defined as

Y � NcYUYU þ NcYDYD þ YEYE: (9)

In the above equations, we used the notation YU;D;E for

the Yukawa couplings, that stands for diagonal 3� 3
real matrices in flavor space (where U, D, E stand for
up-quarks, down-quarks, and charged leptons, respec-
tively). Then, products of YU;D;E are understood in the

matrix space. The remaining symbols in Eqs. (6)–(8) are
defined as

�H�g2mH

2MW

; YSM
f � g2ffiffiffi

2
p

MW

diag½mf�; g21�
5

3

e2

cos2�W
;

(10)

where YSM
f is a diagonal matrix in flavor space, mf is the

diagonal matrix of the fermion pole-masses, with f ¼ U,
D, E, and Nc ¼ 3 the number of colors. The RG equations
for the gauge couplings are the same as in the SM [8]:

dgi
dt

¼ �bi
g3i

16�2
; (11)

with

b1 ¼ � 4

3
ng � 1

10
;

b2 ¼ 22

3
� 4

3
ng � 1

6
;

b3 ¼ 11� 4

3
ng;

and ng ¼ 3 is the number of fermion generations. The

parameters YSM
f in Eq. (10) are the explicit chiral-symme-

try-breaking parameters, that depend on the running scale
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t ¼ log� through the weak-gauge coupling g2ðtÞ. They
coincide with the tree-level SM Yukawa couplings.
Vertex and self-energies diagram contributions entering
in Eqs. (6)–(8) have been cross-checked with the SM
results for the unitary gauge in [18].

We stress that YSM
f in Eqs. (6)–(8) is kept independent

from the Yukawa couplings. For YSM
f ! Yf, the Higgs

mechanism for the fermion mass generation, and the cor-
responding SM RG equations [8], are recovered.

Another interesting limit is when all the Yukawa cou-
plings are set to zero at some scale. Then, the diagrams
with two W and two Z exchange in the loop (cf. Fig. 1(a)]
give the leading contribution to the � function, since they
are both divergent in the unitary gauge. Indeed, in the limit
Yf ! 0, the � functions are nonvanishing, and the leading
contribution is proportional to corresponding fermion mass
times the Higgs mass squared:

�YU
ðYf ! 0Þ ¼ � 3YSM

U

16�2
ð�2

H � ðYSM
D Þ2Þ; (12)

�YD
ðYf ! 0Þ ¼ � 3YSM

D

16�2
ð�2

H � ðYSM
D Þ2Þ; (13)

�YE
ðYf ! 0Þ ¼ � 3YSM

E

16�2
�2
H: (14)

The structure of the right-hand side of Eqs. (12)–(14) is
crucial to radiatively induce effective Yukawa couplings
at low energy. Indeed, due to the explicit breaking of
chiral symmetry by fermion masses, the right-hand side
of Eqs. (6)–(8) does not vanish in the Yf ! 0 limit. Hence,
Yukawa couplings receive radiative logarithmic contribu-
tions at low energy, even if they are vanishing at some high-
energy scale.
The appearance of terms proportional to �2

H �m2
H=M

2
W

in the right-hand side of Eqs. (6)–(8) can be interpreted as a
manifestation of the nonrenormalizability of the theory.
These terms come from the divergent part of the vertex
diagrams with two W or two Z running in the loop
[cf. Fig. 1(a)], and from the W and Z loop contribution to
the Higgs self-energy diagram [cf. Fig. 1(g)]. Their con-
tribution vanishes when YSM

f ! Yf in Eqs. (6)–(8). When

considering the renormalization of the Yukawa operator
with an off shell Higgs field, an analogous divergent
term proportional to the Higgs-momentum square q2

will appear from the same diagrams. This term can be
reabsorbed in the renormalization of the dimension-6
operator �ð@� �c fÞð@�c fÞH, that explicitly breaks the re-

normalizability of the theory. In general, due to the non-
renormalizability of the effective theory, at higher orders
in perturbation theory we expect new contributions to the
beta-function proportional to higher powers of q2=M2,

H

W (Z) W (Z)

D (U)

UU U U

W (Z)

D (U) D (U)

U U

U U

HH H H

U U

U U

g H

U U

U U

W, Z
U, D, E

U UD (U)

W (Z)

U UU U U U UUU

Hg

HH HH

FIG. 1 (color online). One-loop Feynman diagrams contributing, in the unitary gauge, to the � function of the Yukawa couplings of
up-type quarks U ¼ fu; c; tg. Labels � and g correspond to the photon and gluon propagators, respectively. Diagrams in Figs. 1(a)–1(e)
refer to the vertex corrections, while 1(f) and 1(g) and 1(h)–1(k) refer to the Higgs boson H and up-type quarks’ self-energy
corrections, respectively. The labels D ¼ fd; s; bg and E ¼ fe;�; �g stand for the down-type quarks and charged leptons, respectively.
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where M is an effective scale (inversely proportional
to the fermion masses), that is about 3 TeV for the top-
quark case, and much higher for the lighter fermions
[cf. Eqs (6)–(8), when m2

H � q2]. Therefore, if we assume
that the characteristic energy of the process (that, in Higgs
decays, is q2 ¼ m2

H) is well below this scale, higher-order

effects coming from the truncation of the perturbative
series can be safely neglected. Clearly, this statement is
automatically fulfilled for the light Higgs boson scenario,
where mH � 150 GeV.

In order to connect the Yukawa couplings YfðmHÞ at
the low-energy scale mH with their values Yfð�Þ at some

high-energy scale �, we will numerically integrate the RG
equations in Eqs. (6)–(8) from � ¼ � down to � ¼ mH.
The actual solution will depend on the choice of boundary
conditions for the Yukawa couplings Yfð�Þ, while for the
gauge couplings we assume as input their experimental
central values at the scale MZ.

We define � as the renormalization scale where all the
Yukawa couplings vanish.4 This choice is motivated by
the present guess that the Higgs mechanism is decoupled
from the chiral-symmetry-breaking mechanism at some
high-energy scale. In principle, the condition of vanishing

Yukawa couplings at the scale � could seem an oversim-
plification, when considered in the framework of a realistic
NP model that could explain the fermion-mass generation
above the scale �. Indeed, since Yukawa couplings should
vanish in the limit mf ! 0, one expects, on dimensional

grounds, a suppression Yfð�Þ �Oðmf=�Þ, in case the

fermion mass parameters are the only chiral-symmetry-
breaking parameters of the theory.5 Then it is straightfor-
ward to check that, if� is a few orders of magnitude above
the EW scale, the solution of the RG equations with
Yfð�Þ �Oðmf=�Þ is well approximated by vanishing

boundary conditions for the Yukawa couplings.
Because of the term proportional to �2

H �m2
H=M

2
W in

Eq. (12), for large mH, the renormalized top Yukawa
coupling YtðmHÞ, evaluated at the scale � ¼ mH, could
become very large due to RG equation effects, and could
spoil the perturbative approach in the Yukawa sector. The
requirement that the top Yukawa coupling does not exceed
unity at the EW scale can be translated into an upper bound
on the Higgs boson mass as a function of �. In particular,
if we retain only the leading contribution in the � function
of the top Yukawa coupling, the RG equation in Eq. (6)
becomes

dYt

dt
’ 3

16�2
�2
HðYt � YSM

t Þ: (15)

Equation (15) can be easily solved in the approximation
of assuming g2ðtÞ as a constant. Setting the g2ðtÞ value at
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FIG. 2 (color online). Absolute values of the effective Yukawa couplings for top quarks (left) and bottom quarks (right),
jYfðmHÞ=YSM

f j, evaluated at the mH scale, and normalized to their respective tree-level SM values, versus mH, and for different

�’s. We assume YSM
t ¼ 0:997 and YSM

b ¼ 0:0284, corresponding, respectively, to the pole masses mt ¼ 171:3 GeV and mb ¼
4:88 GeV, and g2 ¼ g2ðMZÞ in Eq. (10).

4Notice that in the SM this condition would have trivial
implications. Indeed, due to the Higgs mechanism, if the
Yukawa couplings (and hence fermion mass parameters) are
set to zero at some renormalization scale, they would be zero
also at any other scale, and fermion mass terms would not be
generated. Moreover, the fact that all the Yukawa are required to
vanish at the same scale follows from some sort of flavor
universality in the mechanism of fermion mass generation. 5Different scenarios could also be envisaged.
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the MZ scale, by requiring YtðMZÞ< 1, one then obtains
the following upper bound on the Higgs mass:

mH < 2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
log

�
1þ YSM

t

YSM
t

�
2

ffiffiffi
2

p

3GF logð �MZ
Þ

vuut : (16)

Equation (16) sets up the mH range, versus �, where
perturbation theory in the Yukawa sector can be still
reliable in the present scenario. The numerical values of
the upper bounds obtained from Eq. (16) are mmax

H ’ 687,

488, 346, 261 GeV, for � ¼ 10f4;6;10;16g, respectively.
These bounds are rather stronger than the ones derived
from the exact solution of top-Yukawa Eq. (6) evaluated
at the mH scale. In particular, the exact mH bounds for

YtðmHÞ< 1 are mmax
H ’ f611; 443; 366g GeV, for � ¼

10f6;10;16g GeV, respectively, while for � ¼ 104 GeV,

there is basically no upper limits (below 1 TeV) on the
Higgs mass. The latter bounds can also be worked out from
Fig. 2, where we plot, versus mH and for different �’s in
the range 104–16 GeV, the effective Yukawa couplings of
bottom and top quarks, evaluated at the� ¼ mH scale, and
normalized to their tree-level SM values.
Figure 2 also shows that, for mH � ð100–250Þ GeV, the

absolute value of the b quark effective Yukawa coupling
decreases when mH increases, and vanishes in the range
mH ’ ð250–275Þ GeV, the exact mH value depending on
�. The effective top-Yukawa coupling is always negative
for mH > 100 GeV, while the bottom-Yukawa coupling is
positive (negative) for values of the Higgs mass below
(above) the minimum of its absolute value.
In Table I, we present the values of the effective Yukawa

couplings for t, b, c quarks and �, � leptons, as obtained
by numerically solving Eqs. (6)–(8), versus mH, and for

TABLE I. Absolute values of the effective Yukawa couplings for t, b, c quarks and �, �
leptons, evaluated at the scale mH, for different values of the Higgs mass and the energy scale �.
The corresponding values of the SM Yukawa couplings YSM

f [as defined in Eq. (10), with g2 ¼
g2ðMZÞ] are given by YSM

t ¼ 0:997, YSM
b ¼ 0:0284, YSM

c ¼ 9:54� 10�3, YSM
� ¼ 0:0103,

YSM
� ¼ 6:15� 10�4.

mHðGeVÞ �ðGeVÞ jYtðmHÞj jYbðmHÞj jYcðmHÞj jY�ðmHÞj jY�ðmHÞj
100 104 1:2� 10�2 1:6� 10�3 1:2� 10�4 1:4� 10�4 8:5� 10�6

106 2:0� 10�2 2:8� 10�3 2:0� 10�4 2:7� 10�4 1:6� 10�5

1010 3:2� 10�2 4:3� 10�3 3:0� 10�4 4:7� 10�4 2:8� 10�5

1016 4:2� 10�2 5:6� 10�3 4:0� 10�4 7:0� 10�4 4:2� 10�5

110 104 1:4� 10�2 1:6� 10�3 1:4� 10�4 1:7� 10�4 1:0� 10�5

106 2:5� 10�2 2:7� 10�3 2:4� 10�4 3:2� 10�4 1:9� 10�5

1010 3:8� 10�2 4:1� 10�3 3:7� 10�4 5:7� 10�4 3:4� 10�5

1016 5:1� 10�2 5:4� 10�3 4:9� 10�4 8:5� 10�4 5:1� 10�5

120 104 1:7� 10�2 1:5� 10�3 1:6� 10�4 2:0� 10�4 1:2� 10�5

106 2:9� 10�2 2:5� 10�3 2:8� 10�4 3:8� 10�4 2:3� 10�5

1010 4:6� 10�2 4:0� 10�3 4:4� 10�4 6:8� 10�4 4:0� 10�5

1016 6:1� 10�2 5:3� 10�3 5:9� 10�4 1:0� 10�3 6:1� 10�5

130 104 1:9� 10�2 1:4� 10�3 1:9� 10�4 2:3� 10�4 1:4� 10�5

106 3:4� 10�2 2:4� 10�3 3:3� 10�4 4:4� 10�4 2:6� 10�5

1010 5:4� 10�2 3:8� 10�3 5:2� 10�4 8:0� 10�4 4:8� 10�5

1016 7:2� 10�2 5:1� 10�3 6:9� 10�4 1:2� 10�3 7:2� 10�5

140 104 2:2� 10�2 1:3� 10�3 2:1� 10�4 2:6� 10�4 1:6� 10�5

106 3:9� 10�2 2:3� 10�3 3:8� 10�4 5:1� 10�4 3:0� 10�5

1010 6:3� 10�2 3:6� 10�3 6:0� 10�4 9:3� 10�4 5:5� 10�5

1016 8:5� 10�2 4:9� 10�3 8:1� 10�4 1:4� 10�3 8:4� 10�5

150 104 2:5� 10�2 1:2� 10�3 2:4� 10�4 3:0� 10�4 1:8� 10�5

106 4:5� 10�2 2:1� 10�3 4:3� 10�4 5:9� 10�4 3:5� 10�5

1010 7:3� 10�2 3:4� 10�3 7:0� 10�4 1:1� 10�3 6:4� 10�5

1016 9:8� 10�2 4:6� 10�3 9:4� 10�4 1:6� 10�3 9:8� 10�5

160 104 2:8� 10�2 1:1� 10�3 2:7� 10�4 3:3� 10�4 2:0� 10�5

106 5:1� 10�2 1:9� 10�3 4:9� 10�4 6:7� 10�4 4:0� 10�5

1010 8:3� 10�2 3:2� 10�3 8:0� 10�4 1:2� 10�3 7:3� 10�5

1016 1:1� 10�1 4:4� 10�3 1:1� 10�3 1:9� 10�3 1:1� 10�4
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� ¼ 104;6;10;16 GeV. For reference, the corresponding
Yukawa-coupling SM values [defined as in Eq. (10), with
g2 ¼ g2ðMZÞ], are given by YSM

t ¼ 0:997, YSM
b ¼ 0:0284,

YSM
c ¼ 9:54� 10�3, YSM

� ¼ 0:0103, YSM
� ¼ 6:15� 10�4.

One can see that effective bottom Yukawa coupling is of
the order 10% of YSM

b , in the mH and � ranges considered.

Table I also shows that the top-quark Yukawa coupling is
at most Oð10�2Þ �Oð10�1Þ, for mH ’ ð100–160Þ GeV.
Then, in Higgs boson production at hadron colliders, the
gluon fusion turns out to be quite depleted with respect to
the VBF mechanism. For larger mH (cf. Fig. 2), the top
Yukawa coupling increases, and the cross section for gluon
fusion can still be competitive, and even larger than the
VBF cross section.

In the following sections, after a few comments on the
theoretical consistency of the present approach, we will
discuss the phenomenological implications of the present
results.

III. POSSIBLE OPEN ISSUES IN THE PRESENT
THEORETICAL MODEL

Before proceeding to a more phenomenological study,
we will comment on possible issues that could endanger
the consistency of the present theoretical approach to the
ChSB. In particular, we will address the issue of tree-level
unitarity, the presence of a possible fine-tuning in the
eventual UV completion of the theory, and the consistency
of the model with EWPT.

One could wonder whether, by pushing apart the scales
of the EW symmetry breaking and the fermion mass gen-
eration, problems with (perturbative) tree-level unitarity
would arise [19]. Indeed, when fermion masses are put in
by hand, the partial-wave unitarity in the tree-level
fermion-antifermion scatterings into massive gauge bosons
will be spoiled at some c.m. energy scale E0, which is

proportional to the inverse of the fermion masses mf, E0 ’
4�

ffiffi
2

pffiffiffiffiffiffiffi
3NC

p
GFmf

, where NC ¼ 1ð3Þ for leptons (quarks), and GF

is the Fermi constant [19]. Then the corresponding unitar-
ity bounds range from 3 TeV for the top-quark up to
1:7� 106 TeV for the electron. In a more recent analysis
[20], multiple massive gauge boson productions in
fermion-antifermion scatterings has been considered,
which provide even more stringent unitarity bounds for
light fermions.

Let us now suppose that in the SM the scale of fermion
mass generation is pushed above the scale of unitarity
bounds. As recalled above, if we switch off the Higgs
coupling to fermions, the SM becomes nonrenormalizable
and perturbation theory ceases to be a good approximation
for real processes involving energies above the scale of
unitarity bounds. Unless we want to restore perturbative
unitarity at all energies (which would call for new degrees
of freedomwith masses of the order of the scale of unitarity

bounds), the interpretation of these bounds in terms of the
scale of fermion mass generation will be questionable.
In our approach, the theory keeps consistent even

at scales above unitarity bounds, although the validity of
perturbation theory will of course be subject to restrictions.
Wewill assume that unitarity will be recovered, not by new
fundamental massive particles, but, for instance, by new
nonperturbative phenomena arising in scattering processes
at energies above the scale of unitarity bounds. Regarding
processes at energies below the scale of unitarity bounds
(that we are concerned with in the present analysis), per-
turbation theory can still be trusted, provided the effects
of potential higher-dimensional operators, connected to
the nonrenormalizability of the theory, are under control,
and do not spoil the perturbative expansion (as discussed
in Sec. II).
Next, in our approach we implicitly assume that a UV

completion of the theory, that is free from fine-tuning
problems, can be realized. In general, ChSB implies
EWSB, while EWSB does not necessarily imply ChSB.
Therefore, in case the scale of fermion-mass generation is
taken arbitrarily large with respect to the W and Z mass
scale, concerns about a potential fine-tuning in the EWSB
and ChSB contributions to the weak gauge-boson masses
are legitimate. However, these expectations are natural
only in case the mechanism of fermion mass generation
is perturbative, or, analogously, the hidden sector respon-
sible for ChSB is weakly coupled. There are examples in
the literature, in the framework of nonperturbative ChSB
mechanisms, where the aforementioned fine-tuning prob-
lem (or hierarchy problem) does not arise [21–23]. In the
model in [21], a dynamical ChSB mechanism with large
anomalous dimensions for the top-quark condensate is
proposed, where the scale of ChSB can be as high as the
Planck scale, while no fine-tuning in theW and Zmasses at
the EW scale are expected to arise.
More exotic interactions involving, for instance,

Lorentz-violating four-fermion operators suppressed by a
scale above the GUT scale, have been conjectured in [22]
to dynamically trigger ChSB at low energy.
An approach similar to our scenario has also been

recently explored in the context of Technicolor models
[23,24]. In [23], a fundamental light Higgs is introduced
to induce EWSB, while fermion masses are generated
by extended-Technicolor interactions well above the
EWSB scale.
Finally, in our effective theory, quadratic divergencies in

the W and Z self-energies could in principle appear due to
radiative corrections. Although the latter will be in general
proportional to fermion masses, they could spoil the EWPT
even for moderate values of �, in case the fermion mass
involved is the top-quark mass. However, these corrections
are not expected to arise at one loop, since Yukawa inter-
actions are not entering the W and Z self-energies at this
order. Indeed, at one loop the oblique corrections (S, T, U
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variables [25]) are not affected when switching from the
SM to our model. At two loop, an estimate of oblique
corrections is less straightforward. By a closer inspection
of the superficial degree of divergency in the corresponding
two-loop diagrams, we expect that terms proportional to
the square of the cutoff � be absent, hence taming a
potential tension in the EWPT for large �. This expecta-
tion is supported by the well-known SM results on the two-
loop EW contributions to the 	-parameter. In this case,
possible terms proportional to g4m2

Hm
2
t do not appear in

the asymptotic limit mH � mt, and the leading terms are
only of order g4m2

t log
2ðmH=MWÞ (see for instance [26]).

On this basis, we could conclude that terms proportional to
m2

t�
2 should not arise at two-loop level, either. Indeed, the

Higgs mass appearing in the aforementioned leading terms
Oðg4m2

t log
2ðmH=MWÞÞ can be interpreted as the effective

scale of ChSB formH � MW . Clearly, a full understanding
of this issue in our effective theory needs careful inves-
tigations at two-loop level.

IV. HIGGS BOSON DECAY WIDTH
AND BRANCHING RATIOS

We present now numerical results for the Higgs branch-
ing ratios and width, for mH & GeV, as obtained on the
basis of the effective Yukawa couplings shown in Table I.
We concentrate on the Higgs mass range where the Higgs
branching ratios show sensitivity to the scale �. This
occurs for mH not too close to the threshold for decaying
into two real W bosons, where the radiative Yukawa con-
tributions to the Higgs total width become negligible. We
will see that, whenmH approaches 150 GeV, the phenome-
nological features of the effective Yukawa scenario cannot
be distinguished from the pure fermiophobic Higgs sce-
nario, where all the decays and production channels are
computed by assuming that the Higgs boson couples to
vector bosons as in the SM, while it has vanishing cou-
plings to all fermions. In all the following tables and
figures, the results corresponding to the pure fermiophobic
Higgs scenario will be labeled ‘‘FP’’.

As in the SM, the main Higgs decay channels can be
classified into two categories: i) the decays generated
at tree-level, H ! f �f [27–29], and H ! VV [30], with
V ¼ W, Z, and ii) the loop-induced ones,H ! �� [29,31],
H ! Z� [32], and H ! gg [13,33]. Since our analysis
will be concerned with mH values below the WW and ZZ
kinematical thresholds, the relevant tree-level Higgs
decays will be the ones mediated by either on shell or off
shell EW gauge bosons, namely H ! WW	 ! Wf �f0,
H ! ZZ	 ! Zf �f, and H ! W	W	 ! f �f0f00 �f000, H !
Z	Z	 ! f �ff0 �f0, where fermions f are summed over all
allowed species, and W	 and Z	 are understood to be off
shell.6

For Higgs decays into a fermion-pair H ! f �f, we will
use the tree-level SM widths [27,29], with the SM Yukawa

coupling replaced by the effective one evaluated at the mH

scale [cf. Eq. (A1) in the Appendix], thus resumming all

the leading logarithmic contributions g2ni ðlogð�=mHÞÞn in

the radiative corrections.
The one-loop Higgs decays will all be affected by the

suppression of the top Yukawa coupling. The amplitude

for the Higgs boson into two gluons (H ! gg) decreases
conspicuously (cf. Fig. 2), with dramatic consequences on

the Higgs production mechanisms at hadron colliders. The

leading loop-induced Higgs decays are then H ! �� and

H ! Z�, that receive contribution not only from the top-

quark, but also from W loops [29,31,32].
In the following, we will always take into account the

moderate effect of the radiatively generated top-quark

Yukawa coupling in all the one-loop decay channels

H ! ��, H ! Z�, and H ! gg, by rescaling the SM

top-quark loop amplitude by the ratio YtðmHÞ=YSM
t .

Because of the smallness of the effective top-quark
Yukawa coupling, neglecting two-loop effects in the
H ! gg decay amplitude will be safe in the present analy-
sis. The analytical form for all Higgs decay widths, used in
the following, are reported in the Appendix.
For the SM branching ratios (BR’s), we adopted the

widths of H ! b �b and H ! c �c at the (resummed) QCD

next to leading order [28], while for Higgs decays into

other fermions we kept only the Born approximation with

the pole fermion masses [27,29]. Regarding the SM widths

of one-loop-induced decays, we neglected higher-order

corrections, while for the H ! WW and H ! ZZ decays

we used the tree-level expression as in Eq. (A2), which

includes the 2-, 3-, and 4-bodies decays [34].
In Fig. 3, we show the results for Higgs BR’s into

different final states, for two representative values mH ¼
110 GeV and mH ¼ 130 GeV, versus the scale �, in the

range ð103–1016Þ GeV. The numerical values for the same

BR’s are also reported in Table II, for � ¼ 104;6;10;16 GeV.
From Fig. 3 (left), we can see that for mH ¼ 110 GeV the

BRðb �bÞ can still be conspicuous, and even dominant

over the other channels. Its value is about 9.1% for

� ¼ 104 GeV but can increase up to 40–50%, for

�> 1010 GeV. This is a clear effect of the resummation

of the leading-log terms, that in BRðb �bÞ are particularly

large. As a consequence, all the BR’s into two gauge

bosons are also quite sensitive to the scale �, due to the

� dependence of the Higgs total width.
The H ! WW channel has a dominant role, too. For

mH ¼ 110 GeV, BRðWWÞ varies from 78%, at � ¼
104 GeV, down to 38%, at � ¼ 1016 GeV. Regarding
the H ! �� channel, its BR is about 5.3% for � ¼
104 GeV, and falls down to 2.7%, at � ¼ 1016 GeV
(cf. Table II). Although smaller than BRðWWÞ and
BRð �bbÞ, the BRð��Þ is strongly enhanced with respect to

6From now on, we will label all these final states as WW and
ZZ, and omit the * symbol for off shell W and Z.
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the SM value [BRSMð��Þ ¼ 0:18%], when fermion decay
modes are radiatively generated.

BRðZZÞ and BRðZ�Þ are also quite sensitive to the
scale �. They are enhanced with respect to their SM
values, and depleted with respect to the fermiophobic
Higgs, for mH ¼ 110 GeV (cf. Table II). Note that
BRðc �cÞ and BRð� ��Þ become comparable to BRðZ�Þ
when �> 1010 GeV, for mH ¼ 110 GeV.

At mH ¼ 100 GeV, the enhancement of all the fermi-
onic decays is even more dramatic (cf. Table II). On the
other hand, whenmH > 110 GeV, the BR hierarchy for the
different decay channels gets modified [see Fig. 3 (right)].
The fermionic decays get depleted, while both BRðWWÞ
and BRðZZÞ increase, and lose sensitivity to �, due to the
fast grow of the H ! WW and H ! ZZ decay widths
when approaching the real WW threshold. The rates for
one-loop decays (H ! ��, particularly) also get smaller.

At mH ’ 150 GeV, one can hardly distinguish the ef-
fective Yukawa’s scenario from the pure fermiophobic
Higgs one, if not at very large�. One can reach BRð �bbÞ *
0:3% for � * 106 GeV, and BRð �bbÞ * 1:4% for � *
1016 GeV. This can be checked in Fig. 4, where we
show the main Higgs BR’s versus the Higgs mass, for
� ¼ 104;6;10;16 GeV. While the tree-level Higgs BR’s in
EW gauge bosons become almost insensitive to the scale�
for Higgs masses larger than 130 GeV, the Higgs rates for
decays into b �b, c �c, and � ��, although depleted atmH � 150,
keep their sensitivity to � in all the mH range considered.7

In Table III, we show the results for the Higgs total
width �mH

H for different values of the Higgs mass and �.

For comparison, the corresponding FP and SM values
are shown in the last two rows of the same table. At
mH ¼ 110 GeV, a considerable depletion of the total
width is seen with respect to the SM one (�SM ¼
3:0 MeV). The corresponding �H ranges from �H ¼
0:17 MeV for � ¼ 104 GeV up to �H ¼ 0:35 MeV for
� ¼ 1016 GeV. This is mainly due to the �ðH ! b �bÞ
suppression by Yukawa effective couplings. For larger
mH, the total width substantially approaches the SM
value (and matches the FB value), since the tree-level
decays H ! WW, ZZ become dominant near the WW
threshold.
In Fig. 5, the Higgs BR’s, normalized to the correspond-

ing SM values, are shown. Although all the Higgs decays in
EW gauge bosons are enhanced with respect to the SM,
the most substantial effect is observed in the H ! ��
channel. For instance, BRð��Þ, at mH ¼ 110 GeV and

for � ¼ 104ð16Þ GeV, is enhanced up to 29 (14) times the
SM value, while for BRðWWÞ, BRðZZÞ, and BRðZ�Þ the
enhancement factor is about 19 (9.5). As for the � depen-
dence, at large � the decay widths into fermion pairs tend
to be wider, and the enhancement of the decays into EW
gauge bosons drops.
The larger enhancement for BRð��Þ with respect to the

BRðWWÞ and BRðZZÞ cases is due to the destructive
interference, in the SM, between the top-quark loop and
the W loop in H ! ��, that is suppressed in the present
scenario. The same holds for the smaller enhancement in
the H ! Z� BR, which is, however, less affected by the
top-quark loop.
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FIG. 3 (color online). Branching ratios for the Higgs boson decay into dominant channels, as a function of �, for mH ¼ 110 GeV
(left), and mH ¼ 130 GeV (right).

7BRð��Þ, that is of orderOð10�5Þ, is also very sensitive to the
scale �.
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V. PRODUCTION CROSS SECTIONS FOR
DIFFERENT HIGGS BOSON SIGNATURES

In this section, we will present Higgs production cross
sections at hadron colliders, corresponding to different
Higgs decay channels, in the effective Yukawa scenario.

Experimental strategies to constrain this scenario can be
elaborated on the basis of existing LEP and Tevatron
data. As already mentioned, the most stringent bounds
on mH in the pure fermiophobic Higgs scenario have
been obtained at LEP (mH > 109:7 GeV at 95% C.L.
[15]) by studying the process eþe� ! ZH, with H !
��, and at the Tevatron (mH > 106 GeV at 95% C.L.,
corresponding to 3:0 fb�1 of analyzed data [16,17]), via
both Higgsstrahlung p �p ! HV ! ��þ X, and VBF
p �p ! VV þ X ! H þ X ! ��þ X. Effective Yukawa

couplings deplete BRðH ! ��Þwith respect to the fermio-
phobic Higgs scenario, due to the nonvanishing �ðH !
�ffÞ contribution to the total width (cf. Table II). Then we
expect the analysis in [15–17], when applied to our model,
should end up into weaker bounds on the Higgs mass,
depending on the scale �. Note, however, that the fermi-
onic decays would play an extra role in excluding mH

ranges at LEP, with respect to a pure fermiophobic Higgs
scenario. In the following, we will present our results for
mH 
 100 GeV, that, we expect on the basis of the results
in Table II, should cover all the experimentally allowed
region.
The Tevatron has a considerable potential for

constraining models with enhanced BRðH ! ��Þ
[35]. Present searches are sensitive, in the range
115 GeV � mH � 130 GeV, to scenarios where the

TABLE II. Branching ratios (in percentage) for dominant Higgs boson decay channels, at
different values of the Higgs mass and �. The FP and SM rows present the fermiophobic Higgs
and SM scenario results, respectively.

mH � �� WW ZZ Z� b �b c �c � ��
(GeV) (GeV) BR(%) BR(%) BR(%) BR(%) BR(%) BR(%) BR(%)

100 104 12 52 5.1 0.26 30 0.15 0.076

106 8.0 33 3.3 0.17 55 0.28 0.17

1010 4.6 19 1.9 0.094 74 0.38 0.30

1016 3.0 12 1.2 0.062 82 0.43 0.44

FP 18 74 7.4 0.37 0 0 0

SM 0.15 1.1 0.11 0.005 82 3.8 8.3

110 104 5.3 78 7.0 0.72 9.1 0.071 0.036

106 4.6 66 5.9 0.61 22 0.18 0.11

1010 3.5 50 4.5 0.46 41 0.33 0.26

1016 2.7 38 3.4 0.36 54 0.45 0.45

FP 5.8 86 7.7 0.79 0 0 0

SM 0.18 4.6 0.41 0.037 78 3.6 7.9

120 104 2.2 85 9.4 0.75 2.6 0.032 0.016

106 2.1 81 8.9 0.72 7.5 0.092 0.056

1010 1.9 72 8.0 0.64 17 0.21 0.16

1016 1.7 64 7.1 0.57 26 0.32 0.33

FP 2.3 87 9.7 0.77 0 0 0

SM 0.21 13 1.5 0.11 69 3.2 7.0

130 104 1.0 86 11 0.63 0.84 0.016 0.008

106 1.0 85 11 0.62 2.6 0.048 0.029

1010 1.00 81 11 0.59 6.1 0.12 0.092

1016 0.96 77 10 0.57 10 0.20 0.20

FP 1.0 87 11 0.63 0 0 0

SM 0.21 29 3.8 0.19 54 2.5 5.4

140 104 0.53 87 12 0.48 0.29 0.008 0.004

106 0.53 86 12 0.48 0.90 0.026 0.016

1010 0.53 85 12 0.47 2.3 0.064 0.051

1016 0.52 83 11 0.46 4.1 0.11 0.12

FP 0.53 87 12 0.48 0 0 0

SM 0.19 48 6.6 0.24 36 1.6 3.6

TESTING EFFECTIVE YUKAWA COUPLINGS IN HIGGS . . . PHYSICAL REVIEW D 82, 113014 (2010)

113014-11



H ! �� rate is enhanced by at least a factor of about 20
with respect to its SM value [16]. With 2:7 fb�1 of inte-
grated luminosity, a 95% C.L. upper limit on BRðH ! ��Þ
between 14.1% and 33.9%, for 100 GeV � mH �
150 GeV, has been derived by D0, for models where the
Higgs does not couple to the top quark. This is not yet
sufficient to test the effective Yukawa coupling scenario,

that, for � * 104 GeV, predicts BRðH ! ��Þ & 12% in
this mH range (cf. Table II).
In Fig. 6, we present the total cross sections times

the Higgs branching ratios for different decay channels,
in p �p collisions at the Tevatron, with c.m. energyffiffiffi
S

p ¼ 1:96 TeV. In particular, we consider the Higgs
decay channels H ! ��, b �b, WW, ZZ. Solid (red)
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FIG. 4 (color online). Higgs branching ratios for different decay channels versus the Higgs mass, for four representative values
� ¼ 104;6;10;16 GeV.

TABLE III. Total width �mH
H of the Higgs boson for different mH (expressed in GeV) and �.

The last two rows show the fermiophobic Higgs (FP) and SM cases, respectively.

�ðGeVÞ �100
H ðMeVÞ �110

H ðMeVÞ �120
H ðMeVÞ �130

H ðMeVÞ �140
H ðMeVÞ

104 5:3� 10�2 1:7� 10�1 5:8� 10�1 1.7 4.6

106 8:3� 10�2 2:0� 10�1 6:1� 10�1 1.7 4.7

1010 1:5� 10�1 2:7� 10�1 6:8� 10�1 1.8 4.7

1016 2:2� 10�1 3:5� 10�1 7:6� 10�1 1.9 4.8

FP 3:7� 10�2 1:6� 10�1 5:6� 10�1 1.7 4.6

SM 2.6 3.0 3.7 5.1 8.3
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lines correspond to the inclusive cross section for
VBFþWH þ ZH production (vector boson, labeled VB
in the figure) in the effective Yukawas model, for � ¼
104;6;10;16 GeV. The dashed (blue) lines and dot-dashed
(grey) lines correspond to the SM (mediated by either gg
fusion or VB), and fermiophobic Higgs (FP) scenario
(with vanishing Yukawa couplings), respectively. We did
not include, in the effective Yukawa model predictions,
the gluon fusion contribution, that is expected to be
suppressed by more that a factor 10�2 with respect to the
SM cross section (cf. Yt values in Table I). Cross sections
are computed at NLO, and presented by their central
values, neglecting different theoretical uncertainties, as
obtained from [36]. While the H ! b �b channel tends to
be considerably more difficult than in the SM, there is a
remarkable enhancement, not only in the H ! �� decay,
but also in the H ! WW, ZZ channels, for masses up to

mH � 125 GeV. For lower Higgs masses, the sensitivity to

the scale � is quite large.
Expectations for cross sections times branching ratios at

the LHC are presented in Figs. 7 and 8, for the c.m. energyffiffiffi
S

p ¼ 14 TeV. In particular, Fig. 7 refers to the one-loop
decays H ! �� (top), and H ! Z� (bottom), while
Fig. 8 refers to the tree-level decays H ! WW (top), and
H ! ZZ (bottom). In general, conventions in Figs. 7 and 8
are the same as for the Tevatron case in Fig. 6, but for the
LHCwe show only the production via VBF, and discuss the
associated HW andHZ production later on. Cross sections
are computed as for Fig. 6.8
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FIG. 5 (color online). Higgs branching ratios normalized to the SM values, for the dominant decay channels, versus mH, and for a
few representative values of �. Note that the Z� curves are the upper ones among the almost degenerate WW, ZZ, and Z� sets.

8The SM gluon fusion cross sections at the (resummed)
NNLLþ NNLO have been obtained by the online calculator
by M. Grazzini, for the parton distribution functions set
MSTW2008 NNLO [37].
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At the LHC the SM gluon fusion production plays a
more relevant role than at the Tevatron. It is then interest-
ing to have a look at the depleted gg contribution to the
total cross section arising in the effective Yukawa scenario.
In Table IV, we present the ratio RmH


 ¼ ~
gg=
VBF of total

cross sections for Higgs production via gluon fusion (~
gg)

and via VBF (
VBF) [36], in the effective Yukawa model,

at the LHC with
ffiffiffi
S

p ¼ 14 TeV. We present results for
� ¼ 104;6;10;16 GeV, and mH ¼ 100, 120, 140 GeV.

The gluon fusion cross section ~
gg has been com-

puted by rescaling the SM values at NNLLþ NNLO
[37] by the factor due to the top-quark Yukawa suppression
ðYtðmHÞ=YSM

t Þ2. One can see that the gluon fusion cross
section is at most a few percent of the VBF cross section, in
the range of mH and � considered. We will neglect here
this contribution.

As one can see from Figs. 7 and 8, at the LHC the

depletion in the total cross section with respect to the SM

gluon fusion mechanism is, for mH & 130 GeV, largely
compensated for by the enhancements in the BR’s. The

sensitivity to the scale � is considerable, in this mH range.

Notice that, while the H ! �� cross section falls by more

than 1 order of magnitude when mH moves from 100 GeV

to 150 GeV, for the H ! WW, ZZ, Z� channels the VBF

cross section drop at larger mH is more than compensated

for by the rise in the corresponding BR’s (cf. Fig. 4).
The combined analysis of the H ! ��, Z�, WW,

ZZ channels, at integrated luminosities of a few 10 fb�1,

could clearly distinguish an anomalous VBF signal corre-

sponding to effective Yukawa couplings, that should re-

place the dominant gluon fusion signature in the SM cross

sections.
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FIG. 6 (color online). Total cross sections times Higgs branching ratios for p �p collisions at the Tevatron, with c.m energy
ffiffiffi
S

p ¼
1:96 TeV, for the Higgs decays H ! ��, b �b, WW, ZZ, versus the Higgs mass. Continuous (red) lines correspond to the VB
predictions in the effective Yukawas model, for � ¼ 104;6;10;16 GeV, with VB standing for the inclusive cross section for VBFþ
WH þ ZH. The dashed (blue) lines and dot-dashed (grey) lines correspond to the SM (mediated by either gg fusion or VB processes)
and fermiophobic Higgs scenario (FP), respectively.
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The enhanced BRðH ! ��Þ also makes the WH=ZH
associated production with H ! �� at the LHC a remark-
ably promising channel, that could be studied for inclusive
W=Z decays. Total cross sections times Higgs branching
ratios are shown in the upper part of Fig. 9, for pp

collisions at c.m. energy
ffiffiffi
S

p ¼ 14 TeV, for the associated
WH (left) and ZH (right) Higgs production, withH ! ��.
WH=ZH production rates are according to [36]. The en-
hancement for the �� signature with respect to the SM
scenario and the easy topology of the WH=ZH events
could make the Higgs associated production a crucial
handle in the experimental establishment of the effective
Yukawa scenario at the LHC.

On the other hand, it could be harder at the LHC pin-
pointing the depleted fermionic Higgs decays like
H ! b �b and ��, the first also being challenging in the

easier SM scenario, the latter being very much suppressed
in the radiative Yukawa framework (cf. Fig. 5). However, in
view of the new techniques for b-jet tagging in Higgs
associated production that are being developed at the
LHC [38], we also plot in the lower part of Fig. 9 the
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FIG. 8 (color online). Total cross sections times Higgs branch-
ing ratios, for pp collisions at the LHC with c.m. energy

ffiffiffi
S

p ¼
14 TeV, for the Higgs decaying into tree-level modes H ! WW
(top) and H ! ZZ (bottom), versus the Higgs mass. Continuous
(red) lines correspond to the VBF predictions in the effective
Yukawas model, for � ¼ 104;6;10;16 GeV. The dashed (blue)
lines and dot-dashed (grey) lines correspond to the SM (medi-
ated by either gg fusion or VBF) and fermiophobic Higgs
scenario (FP), respectively.

101

102

103

 100  110  120  130  140  150

σ
× 

B
R

 [
fb

]

mH [GeV]

4
6

10
x=16

SM (VBF)

VBF
FP

Λ = 10x GeV

SM (gg)

LHC14

H → γγ

100

101

 100  110  120  130  140  150

σ
×  

B
R

 [
fb

]

mH [GeV]

x=4

6

10

16 SM (VBF)

VBF

FP

Λ = 10x GeV
SM (gg)

LHC14

H → Zγ

FIG. 7 (color online). Total cross sections times Higgs branch-
ing ratios, for pp collisions at the LHC with c.m. energy
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S

p ¼
14 TeV, for the Higgs decaying into the loop-induced modes
H ! �� (top) and H ! Z� (bottom), versus the Higgs mass.
Continuous (red) lines correspond to the VBF predictions in the
effective Yukawas model, for � ¼ 104;6;10;16 GeV. The dashed
(blue) lines and dot-dashed (grey) lines correspond to the SM
(mediated by either gg fusion or VBF) and fermiophobic Higgs
scenario (FP), respectively.

TABLE IV. Ratio RmH

 ¼ ~
gg=
VBF of total cross sections for

Higgs production via gluon fusion and via VBF in the effective
Yukawa model at the LHC, with

ffiffiffi
S

p ¼ 14 TeV, for representa-
tive values of � and mH, expressed in GeV.

�ðGeVÞ R100

 R120


 R140



104 2:1� 10�3 3:5� 10�3 5:5� 10�3

106 6:0� 10�3 1:1� 10�2 1:7� 10�2

1010 1:5� 10�2 2:6� 10�2 4:4� 10�2

1016 2:5� 10�2 4:7� 10�2 7:9� 10�2
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correspondingH ! b �b cross sections for theWH (left) and
ZH (right) associated production. Further advances in the
b-jets tagging technique seem to be required to gain some
sensitivity to the H ! b �b rates predicted in our model.

In Fig. 10, the total cross sections times the Higgs

branching ratios are presented for LHC collisions at
ffiffiffi
S

p ¼
7 TeV. Four cases, corresponding to the Higgs decays into
EW gauge bosonsH ! ��, Z�,WW, ZZ, are shown, as in

the previous
ffiffiffi
S

p ¼ 14 TeV case. Here, we also neglect the
top-loop gluon fusion production, that, on the other hand,
due to the enhanced SM ratio 
gg=
VBF at 7 TeV with

respect to the 14 TeV case, can lead to an almost sizable
contribution to the total cross section.9

Nevertheless, VBF total cross section for effective
Yukawa couplings is in this case quite moderate. In par-

ticular, it drops by more than 1 order of magnitude, for
ffiffiffi
S

p
falling from 14 TeV down to 7 TeV. Any study directed to
pinpoint an anomalous behavior of the Higgs Yukawa
couplings seems to be out of reach, for the limited amount
of integrated luminosity (i.e., a few fb’s) that is presently
foreseen for the 7 TeV run of the LHC.

VI. CONCLUSIONS

In this paper, we studied the phenomenological conse-
quences of a theoretical framework where a Higgs boson
gives masses to EW gauge bosons as in the SM, but it is
not responsible for the generation of fermion masses.
By setting the Higgs Yukawa couplings to zero at a scale
� (connected to the new mechanism for fermion mass
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FIG. 9 (color online). Total cross sections times Higgs branching ratios, for pp collisions at the LHC with c.m. energy
ffiffiffi
S

p ¼
14 TeV, via the WH (left) and ZH (right) associated Higgs production mechanism, for the Higgs decaying into �� (top) and b �b
(bottom) modes, versus the Higgs mass. Continuous (red) lines correspond to the predictions in the effective Yukawas model, for
� ¼ 104;6;10;16 GeV. The dashed (blue) lines and dot-dashed (grey) lines correspond to the SM and fermiophobic Higgs scenario (FP),
respectively.

9In Fig. 10, total cross sections corresponding to the SM gluon
fusion and VBF productions are at NNLLþ NNLO [37] and at
NNLO [12], respectively.
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generation), nonvanishing Yukawa couplings arise radia-
tively, as an effect of chiral symmetry breaking by explicit
fermion mass terms. We computed these effects by RG
equation techniques. A nontrivial pattern for Higgs BR’s in
different channels ensues in the range 100 GeV & mH &
150 GeV, with enhanced H ! ��, WW, ZZ, Z� decays,
and nonnegligible decay rates into heavy fermion pairs.
VBF replaces gluon fusion as the main Higgs boson pro-
duction channel at the LHC, with quite considerable sen-
sitivity to the � scale in different decay signatures, for
mH & ð130–140Þ GeV.

Present data from LEP [15] and the Tevatron [16,17] can
constrain this scenario today. A dedicated analysis is
needed, combining the effects of the simultaneous en-
hancement of the H ! �� decay and the nontrivial deple-
tion of the H ! b �b decay, in order to find mH bounds
versus � (that, we stress, is the only new free parameter of

the model). The final potential of the Tevatron will depend
on the integrated luminosity collected. However, on the
basis of present analysis carried out for the fermiophobic
Higgs scenario [16,17], it seems unlikely that the Tevatron
can probe the effective Yukawa scenario in the mass range
mH * 110 GeV, with an integrated luminosity of about
10 fb�1.

The potential of the LHC at
ffiffiffi
S

p ¼ 14 TeV in further
probing the effective Yukawa scenario looks excellent,
deserving an accurate and dedicated analysis. On the one
hand, the enhanced VBF production for different Higgs
signatures gives rise to total cross sections that are in
general larger than, or comparable with, the SM ones for
mH & 120 GeV, and will benefit, even for larger mH,
from the better signal-to-background ratio that VBF pro-
duction enjoys with respect to the gluon fusion mechanism.
On the other hand, the excellent theoretical accuracy in the
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FIG. 10 (color online). Total cross sections times Higgs branching ratios, for pp collisions at the LHC with c.m. energy
ffiffiffi
S

p ¼
7 TeV, for the Higgs decaying into EW gauge bosons H ! ��, Z�, WW, ZZ, versus the Higgs mass. Continuous (red) lines
correspond to the VBF predictions in the effective Yukawas model, for � ¼ 104;6;10;16 GeV. The dashed (blue) lines and dot-dashed
(grey) lines correspond to the SM (mediated by either gg fusion or VBF) and fermiophobic Higgs scenario (FP), respectively.
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prediction of VBF processes [12] could help to probe the
cross section sensitivity to the scale �, even beyond
mH � 130 GeV. Furthermore, a remarkably promising
role will be also played by the inclusive WH=ZH associ-
ated production, when H ! ��.

Much better performances in precision measurements
of the Higgs couplings are expected of course from a
possible eþe� collider program [39]. That could eventu-
ally also allow a quite accurate � determination for
mH > 130 GeV and to directly test the radiatively induced
Yukawa couplings.

ACKNOWLEDGMENTS

We would like to thank Gian Giudice for many enlight-
ening discussions. We also benefited from conversations
with Giuseppe Degrassi, Gino Isidori, Mauro Moretti,
Fulvio Piccinini, and Alessandro Strumia. We thank
Fabio Maltoni and Marco Zaro for providing us LHC

Higgs production cross sections at
ffiffiffi
S

p ¼ 7 TeV. B.M.
was partially supported by the RTN European
Programme Contract No. MRTN-CT-2006-035505
(HEPTOOLS, Tools and Precision Calculations for
Physics Discoveries at Colliders).

APPENDIX

We provide here the main formula used for the calcu-
lation of the partial widths in the present model. The
decays of the Higgs boson with mass mH < 150 GeV can
be classified as tree-level and loop-induced channels. The
corresponding decay widths are given by

(i) Tree-level [27,29,30,34]:

�ðH ! f �fÞ ¼ NcmHjYfðmHÞj2
16�

�
1� 4

m2
f

m2
H

�
3=2

(A1)

�ðH ! V	V	Þ

¼ 1

�2

Z m2
H

0

d�2
1MV�V

ð�2
1 �M2
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Z ðmH��1Þ2
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2MV�V
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V�
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V

�0; (A2)

where YfðmHÞ is the effective Yukawa coupling of

the fermion f evaluated at the scale mH, xi ¼
m2

i =m
2
H, and the squared matrix element �0 for the

decay H ! V	V	 is given by

�0 ¼ GFm
3
H

16
ffiffiffi
2

p
�
�V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð�2

1; �
2
2; m

2
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12�2
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2
2

m4
H

�
; (A3)

with �ðx; y; zÞ ¼ ð1� x=z� y=zÞ2 � 4xy=z2 and
�V ¼ 2ð1Þ for V ¼ WðZÞ. Equation (A2) includes
the 2-, 3-, and 4-bodies decays.

(ii) One-loop-induced [13,29,31–33]:

�ðH ! ��Þ

¼ GF
2m3

H

128
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2

p
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��������
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�ðH ! ggÞ ¼ GF
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36
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where yt ¼ m2
H=ð4m2

t Þ, yW ¼ m2
H=ð4M2

WÞ, �i ¼
1=yi, �t ¼ 4m2

t =M
2
Z, �W ¼ 4M2

W=M
2
Z, and

AWðxÞ ¼�2x2þ3xþ3ð2x�1ÞFðxÞ
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;
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x

��
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where cW ¼ cos�W and sW ¼ sin�W , with �W
the Weinberg angle. The functions I1;2ðx; yÞ are

given by

I1ðx; yÞ ¼ xy

2ðx� yÞ þ
x2y2

2ðx� yÞ2 ðFð �xÞ � Fð �yÞÞ

þ x2y

ðx� yÞ2 ðGð �xÞ �Gð �yÞÞ;

I2ðx; yÞ ¼ � xy

2ðx� yÞ ðFð �xÞ � Fð �yÞÞ; (A8)

TABLE V. Part 1: Values for the SM input parameters used for the numerical results. The
quark masses correspond to their pole masses.

GFðGeV�2Þ MWðGeVÞ MZðGeVÞ �WðGeVÞ �ZðGeVÞ mtðGeVÞ mbðGeVÞ
1:166 37� 10�5 80.398 91.1875 2.141 2.4952 171.3 4.88
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with FðxÞ ¼ ðarcsin ffiffiffi
x

p Þ2, GðxÞ ¼
ffiffiffiffiffiffiffi
1�x
x

q
arcsin

ffiffiffi
x

p
,

and �x ¼ 1=x, �y ¼ 1=y. In Eqs. (A4)–(A6), �f ¼ 1

and �t ¼ YtðmHÞ=YSM
t for the SM and effective

Yukawa model, respectively, with YtðmHÞ evaluated
at the scale mH. The electromagnetic coupling con-
stant , appearing in Eqs. (A4) and (A6), is taken

at the scale q2 ¼ 0, namely ð0Þ, since the final
state photons in the Higgs decays H ! �� and
H ! Z� are on shell. For the strong coupling S

appearing in Eq. (A5), we assume S ¼ SðMZÞ.
All the SM input parameters in the numerical analysis

are given in Tables V and VI [40].
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