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Natural fermion mass hierarchy and new signals for the Higgs boson
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~Received 29 July 1999; revised manuscript received 13 December 1999; published 5 July 2000!

We suggest a novel approach towards resolving the fermion mass hierarchy problem within the framework
of the standard model. It is shown that the observed masses and mixings can be explained with order one
couplings using successive higher dimensional operators involving the SM Higgs doublet field. This scenario
predicts a flavor-dependent enhancement in the Higgs boson coupling to the fermions. It also predicts a flavor

changingt̄ ch0 interaction with a strength comparable to that ofb̄bh0, opening up new discovery channels for
the Higgs boson at the upgraded Fermilab Tevatron and the CERN LHC. Additional tests of the framework

include observableD0-D̄0 mixing and a host of new phenomena associated with flavor physics at the TeV
scale.

PACS number~s!: 12.15.Ff, 14.80.Bn
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One of the major unresolved puzzles in the stand
model ~SM! is the observed hierarchy in the masses a
mixings of quarks and leptons. In this paper we propos
new approach towards resolving this puzzle. We show
an extremely good fit to all the masses and mixings can
obtained by using higher dimensional operators involving
relevant fermion fields and successive powers of the
Higgs doublet field. These non-renormalizable operators
have inverse mass dimensions, but the dimensionless
plings which multiply them can all be of order 1. Thus th
small Yukawa couplings of the SM will emerge naturally
our approach.

Our proposal differs from most other approaches@1#
which address the fermion mass hierarchy puzzle in one
cial way: Since vacuum expectation values~VEVs! of SM
singlet scalar fields are not used, the scale of flavor phy
cannot be much above the weak scale. In fact, from our
to the fermion masses and mixings, we find that this scal
in the range 1–2 TeV. While such a scale is high enough
be consistent with all the experimental constraints, it
within reach of planned accelerators in the near future
direct detection.

In our approach, although the spectrum of the theory
low 1 TeV is that of the minimal SM, there are a variety
new signals associated with the Higgs boson that are dis
from the SM. The couplings of the Higgs boson to lig
fermions are enhanced by a flavor-dependent numerical
tor relative to that of the SM. The enhancedb̄bh0 andm̄mh0

couplings would have a significant impact on Higgs bos
detection at hadron colliders and at a muon collider@2#.

A further consequence of using successive higher dim
sional operators is that there are flavor changing neutral
rent processes mediated by the SM Higgs boson. While
the low energy constraints are well satisfied, the model p
dicts D0-D̄0 mixing to be close to the present experimen
limit.

The proposed scenario predicts an interesting new dis
ery channel for the Higgs boson at the upgraded Ferm
Tevatron and the CERN Large Hadron Collider~LHC!. It
uses the flavor changing Higgs vertext̄ ch0 which has a
strength comparable to that of the flavor conservingb̄bh0
0556-2821/2000/62~3!/033002~5!/$15.00 62 0330
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vertex. If the mass ofh0 is below 150 GeV, then in thet̄ t
production at colliders, the decay of the top quark can lea
Higgs boson signals. Formh0'2002350 GeV, the produc-
tion processgg→h0 followed by h0→ t̄ c1 c̄t can lead to a
new signal at LHC.

We assume that some flavor symmetries prevent the d
Yukawa coupling of the SM Higgs doublet~H! to the light
fermions. These flavor symmetries are spontaneously bro
at a scaleM'122 TeV. The effective theory belowM is
the SM with one Higgs doublet but with non-renormalizab
terms in the Higgs Yukawa couplings. For the quark sec
the effective Yukawa Lagrangin is taken to be~with H̃[
2 i t2H* )

L Yuk5h33
u Q3u3

cH̃1S H†H

M2 D ~h33
d Q3d3

cH1h22
u Q2u2

cH̃

1h23
u Q2u3

cH̃1h32
u Q3u2

cH̃ !1S H†H

M2 D 2

~h22
d Q2d2

cH

1h23
d Q2d3

cH1h32
d Q3d2

cH1h12
u Q1u2

cH̃1h21
u Q2u1

cH̃

1h13
u Q1u3

cH̃1h31
u Q3u1

cH̃ !1S H†H

M2 D 3

~h11
u Q1u1

cH̃

1h11
d Q1d1

cH1h12
d Q1d2

cH1h21
d Q2d1

cH1h13
d Q1d3

cH

1h31
d Q3d1

cH !1H.c. ~1!

In each term of Eq.~1! there is a uniqueSU(2) group con-
traction. Only the top quark has a renormalizable Yuka
coupling; other couplings are suppressed by successive p
ers of (H†H/M2). This provides the small expansion param
eter needed to explain the light fermion masses. We w
show that a good fit to all the fermion masses and mix
angles can be obtained with the dimensionless coupli
(hi j

u,d) in Eq. ~1! taking values of order one.
In most other attempts to explain the mass hierarchy,

glet scalar fields (Si) are employed and the expansion p
rameter is^Si&/M . In such cases, botĥSi& and M can be
large, for, e.g., near the Planck scale. The low energy the
will be identical to the SM with no modification to the Higg
©2000 The American Physical Society02-1
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boson interactions. In contrast, in our approach, the exp
sion parameter iŝH†H&/M2, which implies thatM cannot
be much above the weak scale. It also results in new in
actions of the SM Higgs boson, which can be directly test

We will comment on possible ways of deriving the effe
tive Lagrangian of Eq.~1! from renormalizable theories to
wards the end of the paper. We remark here that the co
cients hi j

u,d/M2 could be thought of as background field
which carry flavor quantum numbers. The dimensions of
various operators in Eq.~1! ~assumed to have a symmetr
form! are allowed to be as low as possible, consistent w
the observed masses and mixings and our demand tha
coefficients be order 1. The effective Lagrangian induc
the charged lepton masses is taken to have a form identic
that for the down-type quarks@replace the couplingshi j

d by
hi j

l in Eq. ~1! for the leptons#.
Writing H5(h0/A21v, 0)T in unitary gauge withv

.174 GeV, and defining a small parametere[v/M , Eq. ~1!
leads to the following mass matrices for the up–type and
down–type quarks:

Mu5S h11
u e6 h12

u e4 h13
u e4

h21
u e4 h22

u e2 h23
u e2

h31
u e4 h32

u e2 h33
u
D v,

Md5S h11
d e6 h12

d e6 h13
d e6

h21
d e6 h22

d e4 h23
d e4

h31
d e6 h32

d e4 h33
d e2

D v. ~2!

The charged lepton mass matrix is obtained fromMd by
replacinghi j

d →hi j
l .

The masses of the quarks and leptons can be read off
Eq. ~2! in the approximatione!1:

$mt ,mc ,mu%.$uh33
u u, uh22

u ue2, uh11
u 2h12

u h21
u /h22

u ue6%v,

$mb ,ms ,md%.$uh33
d ue2, uh22

d ue4, uh11
d ue6%v,

$mt ,mm ,me%.$uh33
l ue2, uh22

l ue4, uh11
l ue6%v. ~3!

The quark mixing angles are found to beuVusu.uh12
d /h22

d

2h12
u /h22

u ue2, uVcbu.uh23
d /h33

d 2h23
u /h33

u ue2, uVubu.uh13
d /h33

d

2h12
u h23

d /h22
u h33

d 2h13
u /h33

u ue4.
To see how the fit works, we choose an illustrative se

input values for the quark masses@3#: mu(1 GeV)
55.1 MeV, mc(mc)51.27 GeV, mt

phys5175 GeV,
md(1 GeV)58.9 MeV, ms~1 GeV!5175 MeV, mb(mb)
54.25 GeV. We extrapolate all masses to a comm
scale, conveniently chosen asmt(mt).166 GeV using
three loop QCD and one loop QED beta functions. W
as(MZ)50.118, the values of the running masses
m5mt(mt) are found to be$mt ,mc ,mu%.$166, 0.60, 2.2
31023% GeV, $mb ,ms ,md%.$2.78, 7.531022, 3.8
31023% GeV, $mt ,mm ,me%.$1.75, 0.104, 5.0131024%
GeV. An optimal choice of the expansion parameter ise
51/6.5. (e.1/721/6 gives reasonable fits.! This corre-
sponds to a relatively low scale of flavor symmetry breaki
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M.1.1 TeV. With e51/6.5, we determine the dimension
less coefficientshi j

u,d,l from the fermion masses as

$uh33
u u,uh22

u u,uh11
u 2h12

u h21
u /h22

u u%.$0.96,0.14,0.95%,

$uh33
d u,uh22

d u,uh11
d u%.$0.68,0.77,1.65%,

$uh33
l u,uh22

l u,uh11
l u%.$0.42,1.06,0.21%.

~4!

We see that, remarkably, all couplings are of order un
The largest deviation from 1 is the charm Yukawa coupli
uh22

u u.0.14. This small fluctuation actually goes in the rig
direction to explain the magnitude of the Cabibbo ang
From the expression foruVusu, with uh22

u u.0.14, andh12
u,d of

order 1, the correct value ofuVusu.0.2 follows naturally.
Similarly, uVubu;7e4.0.004, where the factor of 7 is due t
1/h22

u enhancement in the second term ofuVubu. Here uVcbu
.0.04 can be fit for, e.g., by choosinguh23

u u.1.4 ~if that
term dominates! or with uh23

d u.0.84 ~if it dominates!. We
thus see that the overall fit of the scheme is quite good
turn to analyze its experimental consequences.

The Yukawa coupling matrices of the SM Higgs boson
the quarks that follow from Eq.~1! are

Yu5S 7h11
u e6 5h12

u e4 5h13
u e4

5h21
u e4 3h22

u e2 3h23
u e2

5h31
u e4 3h32

u e2 h33
u

D ,

Yd5S 7h11
d e6 7h12

d e6 7h13
d e6

7h21
d e6 5h22

d e4 5h23
d e4

7h31
d e6 5h32

d e4 3h33
d e2

D , ~5!

with the charged lepton Yukawa coupling matrixYl obtained
from Yd by replacinghi j

d →hi j
l .

There are two striking features in Eq.~5!. One is that the
diagonal couplings are enhanced relative to the respec
SM Higgs boson Yukawa couplings by a numerical fact
These enhancement factors are (1,3,7) for (t,c,u) and
(3,5,7) for (b,s,d) as well as (t,m,e). In two Higgs doublet
models or in supersymmetric models, while the couplings
h0 might be enhanced, they are not flavor dependent; no
they take these specific values. Second, the Yukawa coup
matrix and the corresponding mass matrix do not diagona
simultaneously. This will lead to Higgs mediated flav
changing neutral current processes, even though there is
a single electroweak Higgs boson in the theory@4#.

The flavor changing neutral current~FCNC! couplings of
the SM Higgs bosonh0 to fermions can be obtained from
Eqs. ~5! and ~2!. In the quark sector in terms of the ma
eigenstates they are given by
2-2
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L FCNC.
h0

A2
~2h12

d e6dsc12h21
d e6sdc14h13

d e6dbc

14h31
d e6bdc12h23

d e4sbc12h32
d e4bsc!

1
h0

A2
~2h12

u e4ucc12h21
u e4cuc14h13

d e4utc

14h31
u e4tuc12h23

u e2ctc12h32
u e2tcc!1H.c.

~6!

For FCNC Higgs couplings in the charged lepton secto
replacehi j

d →hi j
l in Eq. ~6!.

There is a tree–level contribution mediated by the Hig
boson for theK02K̄0 mass difference. We estimate it in th
vacuum saturation approximation for the hadronic matrix
ement@5#. The new contribution,DmK

Higgs, is given by

DmK
Higgs.

1

2

f K
2 mKBKhQCD

mh0
2 e12H S 1

6

mK
2

~md1ms!
2 1

1

6D
3ReF S h12

d 1h21
d*

A2
D 2G2S 11

6

mK
2

~md1ms!
2 1

1

6D
3ReF S h21

d 2h12
d*

A2
D 2G J . ~7!

Using BK50.75, f K.160 MeV, e.1/6.5, ms5175 MeV,
hQCD.5, md58.9 MeV, and withh12

d 51,h21
d 50.5, we ob-

tain DmK
Higgs.6310217 GeV, for mh05100 GeV. This is a

factor of 50 below the experimental value. Withh12
d .h21

d*
51, DmK

Higgs.1310215 GeV, also consistent with exper
ment.

As for theCP violating parametereK , it receives a new
contribution from the Higgs boson exchange which can
significant and can even dominate over the the SM Cabib
Kobayashi-Maskawa~CKM! contribution. For example, in
the choice of parameters withuh12

d u51,uh21
d u50.5, but with

their phases being of order 1,eK arising from the Higgs
boson exchange can explain the observed value entirely.
possibility will be tested at theB factory. New contributions
to e8 are negligible. However, since the prediction foreK is
modified, the standard model fit to the CKM parame
Im(Vtd* Vts) will be modified by a factor of order 1~depend-
ing on the relative strength of the CKM and the Higgs bos
exchange contribution toeK). Since e8 is directly propor-
tional to Im(Vtd* Vts), its prediction will be altered by a facto
of order 1@6#.

Electric dipole moments~EDMs! of the neutron and the
electron in our scheme are much larger than the SM pre
tion. The dominant source of the neutron EDM (dn) is from
the two–loop Barr-Zee@7# diagram involving the SM Higgs
boson and theZ boson. In our scheme,h0 has a scalar as we
as a pseudoscalar coupling to theu quark. In the physical
basis of theu quark the pseudoscalar coupling has a stren
of order Im(h11

u )(9e6). From this, we estimate the neutro
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EDM to be in the range (10226210227)e cm for the phase of
order unity and Higgs mass of order 100 GeV. The EDM
the electron (de) will arise from an analogous diagram, bu
its magnitude is suppressed by an additional power ofe2. We
estimate de'(10227210228)e cm. Both de and dn are
within reach of future experiments.

All other constraints from low energy flavor changin

processes such asKL→m1m2, KL→me, K→pn̄n, m

→eg, m→3e, Bd2B̄d mixing, etc., are orders of magnitud
below the corresponding experimental values and lim

D0-D̄0 mixing, on the other hand, is predicted to be near
present experimental limit in our scenario. Note that t
FCNC ucch0 vertex is enhanced by a factor ofe22 com-
pared todsch0 vertex @see Eq.~6!#. The new contribution
DmD

Higgs is given by an expression analogous to Eq.~7!. Us-
ing f D.200 MeV, BD.0.75, mD

2 /(mc1mu)2.2, hQCD

54, andh12
u 51, h12

u 50.5, we estimateDmD
Higgs.7310214

GeV for a Higgs boson mass of 200 GeV, to be compa
with the present experimental limit ofDmD<1.6310213

GeV @8#. Allowing for reasonable order-1 uncertainties in th
hadronic matrix element and the FCNC couplings, and va

ing e in the range 1/621/7, we conclude thatD0-D̄0 mixing
should be not more than a factor of 10220 below the presen
limit, provided that the Higgs boson mass is below about 3
GeV. This prediction should be testable in the near futu
We should remark that the SM long distance contribution

D0-D̄0 mixing @9# is expected to be about three orders
magnitude below the current limit, so its discovery should
clear-cut signal for new short-distance physics, such as
one we propose.

There are a variety of new signals associated with
production and decay of the Higgs boson in our scena
While the tree-level Higgs couplings to the gauge bosons
identical to that of the SM, the Yukawa interactions a
modified from that of the SM. The consequences are sign
cant for the strategy to discover the Higgs boson at collid
@10#. We list below the processes where the differences fr
the SM are most striking.

~1! The Higgs boson couplings to light fermions are e
hanced by a flavor-dependent numerical factor. At the N
Linear Collider ~NLC! and perhaps the LHC, the Yukaw
couplings to (b,t,t) will be measured@11#. The scenario can
thereby be directly tested. The enhanced coupling tom im-
plies that the Higgs boson production cross section will
crease by a factor of 25 at a muon collider@2#, relative to that
of SM.

~2! The partial width for Higgs boson decay intob̄b will
increase by a factor of 9 relative to the SM value. In the S
the b̄b and theW* W* branching ratios become comparab
for a Higgs mass of about 135 GeV@12#. Because of the
difference in itsb-quark coupling, this crossover occurs
our scheme formh0.155 GeV. The Higgs boson mass rea
via pp̄→Wh0X at Tevatron will increase by about 10220
GeV relative to the SM. This difference should be incorp
rated into the strategy for discovering the Higgs boson at
upgraded Tevatron@13,12#.
2-3
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~3! The h0gg coupling, which arises primarily from the

W6 loop, is nearly unaffected in our scheme. Since theb̄bh0

vertex is enhanced by a factor of 9, the branching ratio
h0→gg will decrease by a factor of approximately 9, fo
mh0<155 GeV. This will make the search for an intermed
ate mass Higgs boson via this process more difficult at
LHC.

~4! The flavor-changingt̄ ch0 vertex gives an exciting
new discovery channel for the Higgs boson at the upgra
Tevatron. In our scenario this vertex has a strength of or
2e2, which is similar in magnitude to that of the flavor co

servingb̄bh0 coupling. If mh0 is less thanmt , the decayst

→ch0 and t̄→ c̄h0 can provide a new channel for Higg

boson discovery. Once produced,h0 will decay intob̄b with
a significant branching ratio. Formh05100 GeV, and with
uh23

u /h33
u u.uh32

u /h33
u u.1, the branching ratio isBr(t→ch0)

.1.131023. With an integrated luminosity of 20 fb21,

about 1.43105 t t̄ pairs are expected at Tevatron running
As52 TeV. This would lead to about 300 Higgs events fro

t and t̄ decays viat→ch0 and t̄→ c̄h0. The invariant mass o

the bb̄ jets will provide the Higgs signal. The QCD back

ground can be brought under control by tagging thet ~or t̄ )
by its decay intoW1b. This process could be useful t
discover a Higgs boson of mass as large as about 150 Ge
the Tevatron~at which point the kinematic suppression b
comes significant!. This reach can be as large as 170 GeV
LHC.

For mh0 betweenmt and 2mt , there is another way to
look for the Higgs boson at hadron colliders. The cross s
tion for h0 production viagg fusion is about 15 pb formh0

5200 GeV at the LHC running atAs514 TeV. The Higgs
boson will decay dominantly intoW pairs, but the branching
fraction into t̄ c1 c̄t is not negligible: Forh23

u .h32
u .1,

Br(h0→ t̄ c1 c̄t).131023. With 100 fb21 of data, this
will result in 1500 t̄ c1 c̄t events. The signal will be thus ab
jet, a charm and aW. It might be possible to reconstruct th
invariant mass of the Higgs boson by studying the lepto
decay of theW from the top quark.~Although there is a
neutrino involved, its four-momentum can be reconstruc
by measuring the charged lepton momentum, up to a two
ambiguity.! The background from SM single top quark pr
duction can be substantially reduced by the invariant m
requirement. Two jet1W production~where a jet is misi-
dentified as ab) and b̄bW where oneb is missed are othe
dominant backgrounds. The presence of a top quark in
signal but not in these background events can be utilize
provide further cuts.

~5! Since the scale of flavor physics is identified to
M'122 TeV, new phenomena associated with flavor ph
ics will show up at experiments performed with energ
greater than 122 TeV. This will happen at the LHC. On
concrete example is the unraveling of the effective verti
in Eq. ~1!. For example, ats;M2, the processpp

→b̄b(3h0) will proceed without much suppression in th
coupling. The relevant dimensionful coupling ish33

d /M2
03300
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.mb /v3. For mh0;100 GeV, we estimate the cross secti
for this process at LHC to be in the fb range. The signat
will be quiet dramatic: 8b jets with 3 pairs adding to to the
same invariant Higgs boson mass.

We conclude by sketching a concrete model which w
induce the desired effective Yukawa Lagrangian on Eq.~1!.
Although it is conceivable that Eq.~1! has a dynamical ori-
gin @14#, our explicit construction employs only perturbativ
physics at the TeV scale. Suppose there are vector-like
mions at the TeV scale in doublet and singlet representat
of SU(2)L . Owing to suitable flavor symmetries the usu
Yukawa couplings of the SM fermions are forbidden~except
for the top quark!. These vector fermions also transform u
der the flavor symmetry in such a way that certain mix
Yukawa couplings of the SM fermions with the vector fe
mions and the Higgs doublet are allowed. The bare masse
the vector fermions will also take a special form due to flav
symmetries.

Consider the generation of the effective Lagrangian wh
induces theb quark mass in Eq.~1!. Analogous discussions
will hold for the c quark and thet lepton as well. For con-
sistency there must be a minimum of 3 vector fermions t
are integrated — otherwise an infinite contribution to t
renormalizable Yukawa couplingQ3d3

cH will result. This
can be seen by closing anH andH† line in Eq.~1! to form a
loop. With three internal vector fermions, such a diagra
will be finite. An example consistent with flavor symmetrie
is as follows:

Lb5a@Q̄3LF1RH1bḠ1Ld3RH1cF̄3LG3RH†1H.c.#

1mF~ F̄1F21F̄2F1!1m~ F̄2F31F̄3F2!

1mG~Ḡ1G21Ḡ2G1!11m8@Ḡ2G31Ḡ3G2#1H.c.

1MFF̄3F31MGḠ3G3 . ~8!

Here Fi are singlets underSU(2)L while Gi are doublets.
One possible choice of flavor symmetries which yields E
~8! is a U(1) with the charges given asQ@FL#52Q@FR#
5(22,1,0), Q@Q3L#52Q@d3R#52, Q@H#50, Q@S#51,
where S is a singlet field that induces the mass term
(mF ,mG ,m,m8). After integrating theGi andFi fields, we
will arrive at theh33

d term in Eq.~1!, given as

h33
d

M2
.

abc

2MFMG
S mm8

mFmG
D . ~9!

Here we assumed a hierarchymF;mG;m;m8!MF
;MG for simplicity. If the Yukawa couplingsa,b,c are of
order 1, the mass parametersMF;MG;122 TeV from a fit
to fermion masses.

The renormalizable Lagrangian of Eq.~8! will also induce
at the one-loop level a termQ3d3

cH in the effective Lagrang-
ian. If we denote this induced Yukawa coupling to beDh33

d ,
its value can be computed to be
2-4
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Dh33
d

h33
d

.
2

16p2H mF
2

M2 F lnS MF
2

mF
2 D 21G1

mG
2

M2F lnS MG
2

mG
2 D 21G J .

~10!

This contribution should be compared withe2.1/40 that
results from Eq.~1! for the b-quark mass. Note that, in ad
dition to the loop factor, there is a suppression factor
(mF /MF)2 in Eq. ~10!. For mF /MF.1/421/2, these loop
a,

an

od

03300
f

contributions to the fermion masses are much smaller c
pared with the tree level contributions from Eq.~1!. It is
straightforward to extend this model to include the ligh
fermions where we found a similar behavior.
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