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Natural fermion mass hierarchy and new signals for the Higgs boson
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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
changingt_ch0 interaction with a strength comparable to thabofh?, opening up new discovery channels for
the Higgs boson at the upgraded Fermilab Tevatron and the CERN LHC. Additional tests of the framework
include observabl®°-D° mixing and a host of new phenomena associated with flavor physics at the TeV

scale.

PACS numbes): 12.15.Ff, 14.80.Bn

One of the major unresolved puzzles in the standardiertex. If the mass oh® is below 150 GeV, then in thet
model (SM) is the observed hierarchy in the masses angroduction at colliders, the decay of the top quark can lead to
mixings of quarks and leptons. In this paper we propose &iggs boson signals. Fanno~200—350 GeV, the produc-
new approach towards resolving this puzzle. We show thafyp, processyg— h® followed by h®—tc+ct can lead to a
an extremely good fit to all the masses and mixings can b@eyy signal at LHC.
obtained by using higher dimensional operators involving the - \ye assume that some flavor symmetries prevent the direct
relevant fermion fields and successive powers of the SMyykawa coupling of the SM Higgs doublétl) to the light
Higgs doublet field. These non-renormalizable operators Wilkermions. These flavor symmetries are spontaneously broken
have inverse mass dimensions, but the dimensionless coy; 5 scaleM~1—2 TeV. The effective theory below! is
plings which multiply them can all be of order 1. Thus the the SM with one Higgs doublet but with non-renormalizable
small Yukawa couplings of the SM will emerge naturally in terms in the Higgs Yukawa couplings. For the quark sector

our approach.

Our proposal differs from most other approachdg
which address the fermion mass hierarchy puzzle in one cru-
cial way: Since vacuum expectation valug4EVs) of SM

singlet scalar fields are not used, the scale of flavor physicss YW =h3,QzuSH +

cannot be much above the weak scale. In fact, from our fits
to the fermion masses and mixings, we find that this scale is
in the range 1-2 TeV. While such a scale is high enough to
be consistent with all the experimental constraints, it is
within reach of planned accelerators in the near future for
direct detection.

In our approach, although the spectrum of the theory be-
low 1 TeV is that of the minimal SM, there are a variety of
new signals associated with the Higgs boson that are distinct
from the SM. The couplings of the Higgs boson to light
fermions are enhanced by a flavor-dependent numerical fac-

tor relative to that of the SM. The enhandeilh® and x xh®
couplings would have a significant impact on Higgs boso
detection at hadron colliders and at a muon collidgr

A further consequence of using successive higher dimen-
sional operators is that there are flavor changing neutral cur=
rent processes mediated by the SM Higgs boson. While a
the low energy constraints are well satisfied, the model pre-

the effective Yukawa Lagrangin is taken to beith H=
iTzH*)

HTH d [ u [
~Z (h33Q3d3H +h3;,QouzH

+

- ~[HTH\?
+h3:QusH +h3,Q3usH) + W) (h9,Q,dSH

+h9,Q,0d5H +h§,Qd5H + h{,Q usH + h3,Q,uH
TH

3
+h35QuusH + h3,QzuiH) + W) (h{,Q;uiH

+h{,Q1d5H +h$,Q1d5H + h3,Q,d$H + h{,Q,d$H
+h$,QsdSH) +H.c. )

n each term of Eq(1) there is a uniqu&U(2) group con-
traction. Only the top quark has a renormalizable Yukawa
coupling; other couplings are suppressed by successive pow-
frs of H'H/M?). This provides the small expansion param-
eter needed to explain the light fermion masses. We will
show that a good fit to all the fermion masses and mixing

dicts D°-D° mixing to be close to the present experimentalangles can be obtained with the dimensionless couplings
limit. \ghi“j'd) in Eq. (1) taking values of order one.

The proposed scenario predicts an interesting new disco
ery channel for the Higgs boson at the upgraded Fermila
Tevatron and the CERN Large Hadron Collid&HC). It

In most other attempts to explain the mass hierarchy, sin-
l(?]Iet scalar fields §) are employed and the expansion pa-
rameter is(S;)/M. In such cases, bottS;) and M can be

uses the flavor changing Higgs verteh® which has a |arge, for, e.g., near the Planck scale. The low energy theory

strength comparable to that of the flavor conservirih®
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will be identical to the SM with no modification to the Higgs
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boson interactions. In contrast, in our approach, the exparM=1.1 TeV. With e=1/6.5, we determine the dimension-
sion parameter i$H H)/M?2, which implies thatM cannot  less coeff|C|ent$1” 4! from the fermion masses as
be much above the weak scale. It also results in new inter-
actions of the SM Higgs boson, which can be directly tested.

We will comment on possible ways of deriving the effec- {Ih3d,[h24,[h1;—hihz/ho )} ={0.96,0.14,0.95
tive Lagrangian of Eq(1) from renormalizable theories to-
wards the end of the paper. We remark here that the coeffi-
cients hi“j'd/M2 could be thought of as background fields
which carry flavor guantum numbers. The dimensions of the
various operators in Eql) (assumed to have a symmetric
form) are allowed to be as low as possible, consistent with
the observed masses and mixings and our demand that the
coefficients be order 1. The effective Lagrangian inducing
the charged lepton masses is taken to have a form identical {§/e see that, remarkably, all couplings are of order unity.
that for the down-type quarkseplace the couplingbf} by  The largest deviation from 1 is the charm Yukawa coupling
hij in Eq. (1) for the leptong |h5)=0.14. This small fluctuation actually goes in the right

Writing H=(h°/ﬁ+v, 0)" in unitary gauge withv direction to explain the magnitude of the Cabibbo angle.
=174 GeV, and defining a small parameterv/M, Eq.(1)  From the expression fd,, with |h4,|=0.14, andh'y’ of
leads to the following mass matrices for the up—type and therder 1, the correct value di,J=0.2 follows naturally.
down-type quarks: Similarly, |V,,| ~7€*=0.004, where the factor of 7 is due to
1/h3, enhancement in the second term|of,,|. Here |V y|
=0.04 can be fit for, e.g., by choosifjs4=1.4 (if that

hd),|hd,[}~{0.68,0.77,1.65

{|h54,Inby,|h}y[}={0.42,1.06,0.21 “

u _6 u 4
hi€ hlze hiz€

M,=| h5e* h5e? hize® | v, term dominatesor with |h3,]=0.84 (if it dominates. We
hued HUue2 R thus see that the overall fit of the scheme is quite good and
31€ 32€ 33

turn to analyze its experimental consequences.
The Yukawa coupling matrices of the SM Higgs boson to

hd h¢ hd
1€” M’ Nige” the quarks that follow from Eq1) are

Ma=| h5ie® h5e* hise’ | . (2
d 2
hgye® hipe® hise 7h{;€® 5hie* 5hize?
The charged lepton mass matrix is obtained frivhy by Y, =| 5h5.€* 3hje? 3hjse? |
replacinghf; —hyj; . BhUt 3pu?  pu
The masses of the quarks and leptons can be read off from st 82 33
Eq. (2) in the approximatiore<<1:
7h¢ 7h¢ 7h¢
(meme,ma={[ng, e, [ndi—hingy/netto, b I T
Yo=| 7h9:e® 5hSe* 5hise? |, (5)

{mbvmsvmd}:ﬂhgsl €, |hgz| e, |h(il| 56}0- 7h31€ 5h326 3h336

{m.,m, ,me}={|he? |hyle?, |hyle%o. ©)

. d d with the charged lepton Yukawa coupling mat¥ixobtained
The quark mixing angles are found to b€, J=|h{,/h5,

from Y4 by replacinghidj—>h!j .

_ipd pd 2 Ind R i . :
h22/h52| €, |Vcb|—|h23/4h33 hoy/hsd €, [Vupl=|high3s There are two striking features in E@). One is that the
15 hohgs—hiyhiye diagonal couplings are enhanced relative to the respective
To see how the fit works, we choose an illustrative set ofsm Higgs boson Yukawa couplings by a numerical factor.
input values for the quark masselS8]: my(1 GeV)  These enhancement factors are (1,3,7) forc,() and

=5.1 MeV, my(m)=127 GeV, mP™=175 GeV, (3,57) for (b,s,d) as well as ¢, x,€). In two Higgs doublet
my(1 GeV)=8.9 MeV, my(1 Ge\0=175 MeV, m,(mp)  models or in supersymmetric models, while the couplings of
=4.25 GeV. We extrapolate all masses to a commorh® might be enhanced, they are not flavor dependent; nor do
scale, conveniently chosen as(m)=166 GeV using they take these specific values. Second, the Yukawa coupling
three loop QCD and one loop QED beta functions. Withmatrix and the corresponding mass matrix do not diagonalize
ag(M7)=0.118, the values of the running masses atsimultaneously. This will lead to Higgs mediated flavor
pn=my(my) are found to begm;,m,,m,}={166, 0.60, 2.2 changing neutral current processes, even though there is only
X 1073} GeV, {my,mg,mg}={2.78, 7.5¢1072, 3.8 a single electroweak Higgs boson in the thepty

X103 GeV, {m,,m, mg}={1.75 0.104, 5.0x10 % The flavor changing neutral curre(@CNC) couplings of
GeV. An optimal ch0|ce of the expansion parametereis the SM Higgs bosom® to fermions can be obtained from
=1/6.5. (e=1/7-1/6 gives reasonable fijsThis corre- Eqgs.(5) and(2). In the quark sector in terms of the mass
sponds to a relatively low scale of flavor symmetry breaking:eigenstates they are given by
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ho EDM to be in the range (10°°— 10 ?")e cm for the phase of
LFeNC~ 7(2h§266d $°+ 2h3, €8s+ 4h{4e®d b° order unity and Higgs mass of order 100 GeV. The EDM of
2 the electron g.) will arise from an analogous diagram, but
+4hg166bd°+ 2h‘2‘3€4s be -+ 2hgze4bs°) its magnitude is suppressed by an additional power ofVe

estimate do~ (10 2'— 10 ?®)ecm. Both d, and d, are
0

v o4 . U o4 e d 4 . within reach of future experiments.
+ﬁ(2h125 uc™+2hyecu+ 4hyze’ut All other constraints from low energy flavor changing

processes such ak, —u*u~, K .—ue, K—mvy, u
—ey, u—3e, By— By mixing, etc., are orders of magnitude
(6) below the corresponding experimental values and limits.

. linas in the charaed | D°-D° mixing, on the other hand, is predicted to be near the
For FCNC Higgs couplings in the charged lepton Secmrspresent experimental limit in our scenario. Note that the

d (I
replaceh;; —hj; in Eq. (6). FCNC uc®h® vertex is enhanced by a factor ef 2 com-

There is a tree:IeveI contribution mediated by the Higgspared tods°h® vertex [see Eq.(6)]. The new contribution
boson for thek®—K°® mass difference. We estimate it in the AmH9%5is given by an expression analogous to Eg. Us-

vacuum saturation approximation fairg;?e hadronic matrix el-ing f=200 MeV, Bp=0.75, m%/(mCJr my)2=2, oco

ement[5]. The new contributionAm%°, is given by —4, andh%,=1, h%,=0.5, we estimate\mgiggsz7><10‘14
[(1 m2 1) GeV for a Higgs boson mass of 200 GeV, to be compared
K

+4h5,e*tu+ 2hh,e?ct+ 2hY,e2tc®) + H.c.

2
iggs,__ 1 m 12

.

with the present experimental limit chkmp=<1.6x10 13
GeV[8]. Allowing for reasonable order-1 uncertainties in the
hadronic matrix element and the FCNC couplings, and vary-

11 mg 1 L 0 =0 i
_ K - ing € in the range 1/6 1/7, we conclude thaD®-D* mixing

Am} S S
K mﬁo 6 (md+ms)2 6

d dx \ 2
hip+h31

J2 6 (mg+mg)? G should be not more than a factor of-1@0 below the present
g e\ 2 limit, provided that the Higgs boson mass is below about 300
xRe{ h21— h12) ] 7) GeV. This prediction should be testable in the near future.
V2 ' We should remark that the SM long distance contribution to

D%-D° mixing [9] is expected to be about three orders of
Using Bx=0.75, fx=160 MeV, e=1/6.5, ms=175 MeV,  magnitude below the current limit, so its discovery should be
7ocp=5, My=8.9 MeV, and Withh‘fzz 1,hgl=0.5, we ob-  clear-cut signal for new short-distance physics, such as the
tain Ami9%=6x 10" GeV, for my,=100 GeV. Thisis a one we propose.

factor of 50 below the experimental value. Wit,~h3* There are a variety of new signals associated with the
=1, Amziggszlx 1071 GeV, also consistent with experi- production and decay of the Higgs boson in our scenario.
ment. While the tree-level Higgs couplings to the gauge bosons are

contribution from the Higgs boson exchange which can bdnodified from that of the SM. The consequences are signifi-
significant and can even dominate over the the SM Cabibbd=ant for the strategy to discover the Higgs boson at colliders
Kobayashi-MaskawdCKM) contribution. For example, in [10]. We list below the processes where the differences from
the choice of parameters with’,=1/hd,=0.5, but with ~ the SM are most striking. _ _

their phases being of order ¥, arising from the Higgs (1) The Higgs boson couplings to light fermions are en-
boson exchange can explain the observed value entirely. Thignced by a flavor-dependent numerical factor. At the Next
possibility will be tested at th factory. New contributions  -inéar Collider(NLC) and perhaps the LHC, the Yukawa

to €’ are negligible. However, since the prediction fgr is couplings to b, 7,t) will be measured11]. The scenario can
gig P ol thereby be directly tested. The enhanced coupling tin-

modified, the standard model fit to the CKM parameter" ; . : o
plies that the Higgs boson production cross section will in-

Im(V;,Vs) will be modified by a factor of order {depend- . i
ing( o;jtr:Se) relative strength O]Ythe CKM and the Higgs bosorcrease by a factor of 25 at a muon collid2t, relative to that

exchange contribution tey). Since e’ is directly propor- of SM.

tional to Im(V,V,s), its prediction will be altered by a factor _ (2) The partial width for Higgs boson decay int will
of order 1[6]. increase by a factor of 9 relative to the SM value. In the SM,

Electric dipole moment$EDMSs) of the neutron and the thebb and theW*W* branching ratios become comparable
electron in our scheme are much larger than the SM predidor a Higgs mass of about 135 GeM2]. Because of the
tion. The dominant source of the neutron EDM,) is from difference in itsb-quark coupling, this crossover occurs in
the two—loop Barr-Ze¢7] diagram involving the SM Higgs ~our scheme fom,o=155 GeV. The Higgs boson mass reach
boson and th& boson. In our schem&? has a scalar as well via pp—WH’X at Tevatron will increase by about 30
as a pseudoscalar coupling to thequark. In the physical GeV relative to the SM. This difference should be incorpo-
basis of theu quark the pseudoscalar coupling has a strengthated into the strategy for discovering the Higgs boson at the
of order Imhy,)(9€®). From this, we estimate the neutron upgraded Tevatrofi3,12.
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(3) The h%yy coupling, which arises primarily from the =m,/v3. For m,o~100 GeV, we estimate the cross section
W= loop, is nearly unaffected in our scheme. Sincelthe®  for this process at LHC to be in the fb range. The signature
vertex is enhanced by a factor of 9, the branching ratio foVill be quiet dramatic: & jets with 3 pairs adding to to the

h°— y will decrease by a factor of approximately 9, for Same invariant Higgs boson mass. o
mpo=<155 GeV. This will make the search for an intermedi- We conclude by sketching a concrete model which wil

) . ; e induce the desired effective Yukawa Lagrangian on &.
iﬁcmass Higgs boson via this process more difficult at th Ithough it is conceivable that Eq1) has a dynamical ori-

o ) N gin [14], our explicit construction employs only perturbative
(4) The flavor-changingtch® vertex gives an exciting physics at the TeV scale. Suppose there are vector-like fer-
new discovery channel for the Higgs boson at the upgradeghions at the TeV scale in doublet and singlet representations
Tevatron. In our scenario this vertex has a strength of ordesf SU(2), . Owing to suitable flavor symmetries the usual
2¢€2, which is similar in magnitude to that of the flavor con- Yukawa couplings of the SM fermions are forbidd@xcept
servingthO coupling. If myo is less tharm,, the decays for the top quark These vector fermions also transform un-
—.ch® and t—ch® can provide a new channel for Higgs der the flavor symmetry in such a way that certain mixed

. o wi L= Yukawa couplings of the SM fermions with the vector fer-
boson discovery. Once producetd, will decay intobb with  iong and the Higgs doublet are allowed. The bare masses of

a significant branching ratio. Fon,=100 GeV, and with  the vector fermions will also take a special form due to flavor
|hs4/hgd =|h3 /h3=1, the branching ratio igr(t—ch®) symmetries.

=1.1x10 3. With an integrated luminosity of 20 fid, Consider the generation of the effective Lagrangian which
about 1.4 10° tt pairs are expected at Tevatron running atinduces theb quark mass in Eq(1). Analogous discussions

Js=2 TeV. This would lead to about 300 Higgs events fromWill hold for the c quark and ther lepton as well. For con-
t andt decays vid— ch® andt— ch. The invariant mass of sistency there must be a minimum of 3 vector fermions that

— i ) ] . are integrated — otherwise an infinite contribution to the
the bb jets will provide the Higgs signal. The QCD back- renormalizable Yukawa couplin@sdSH will result. This

ground can be brought under control by taggingtlier t)  can be seen by closing ahandH" line in Eq.(1) to form a
by its decay intow+b. This process could be useful to loop. With three internal vector fermions, such a diagram
discover a Higgs boson of mass as large as about 150 GeV will be finite. An example consistent with flavor symmetries
the Tevatron(at which point the kinematic suppression be-is as follows:
comes significant This reach can be as large as 170 GeV at
LHC. _ _ _

For myo betweenm, and 2n,, there is another way to  Lb=a[Qa F1grH+bGy darH +CFg GarHT+H.c]
look for the Higgs boson at hadron colliders. The cross sec-
tion for h® production viagg fusion is about 15 pb fom;o
=200 GeV at the LHC running af's=14 TeV. The Higgs
boson will decay dominantly int®V pairs, but the branching

fraction into tc+ct is not negligible: Forhb,=hj,~1, +MgF3F3+MgG3Gs. (8)
Br(h®—tc+ct)=1x10"3. With 100 fo ! of data, this

will result in 1500tc+ ct events. The signal will be thusta Here F; are singlets unde8U(2), while G; are doublets.
jet, a charm and &. It might be possible to reconstruct the one possible choice of flavor symmetries which yields Eq.
invariant mass of the Higgs boson by studying the leptoniqg) s a U(1) with the charges given a[F, ]= — Q[Fg]
decay of thew from the top quark(Although there is a —(_210), Q[Qs ]=—Q[dsr]=2, Q[H]=0, Q[S]=1,
neutrino involved, its four-momentum can be reconstructedyhere S is a singlet field that induces the mass terms
by measuring the charged lepton momentum, up to atwofoI(émF ,mg,m,m’). After integrating theG; andF, fields, we

ambiguity) The background from SM single top quark pro- i arrive at thehgs term in Eq.(1), given as
duction can be substantially reduced by the invariant mass

requirement. Two jett W production(where a jet is misi-

dentified as &) andbbW where oneb is missed are other hgg abc mm'’
dominant backgrounds. The presence of a top quark in the WZ m m
signal but not in these background events can be utilized to

provide further cuts.

(5) Since the scale of flavor physics is identified to beHere we assumed a hierarchfn~mg~m~m’'<Mg
M~1-2 TeV, new phenomena associated with flavor phys—~ Mg for simplicity. If the Yukawa couplings,b,c are of
ics will show up at experiments performed with energiesorder 1, the mass parametdg~Mg~1—2 TeV from a fit
greater than +2 TeV. This will happen at the LHC. One to fermion masses.
concrete example is the unraveling of the effective vertices The renormalizable Lagrangian of E&) will also induce
in Eq. (1). For example, ats~M? the processpp  atthe one-loop level a ter@;dSH in the effective Lagrang-
—bb(3h° will proceed without much suppression in the ian. If we denote this induced Yukawa coupling tozbhg3,
coupling. The relevant dimensionful coupling @JMZ its value can be computed to be

+Me(F1F o+ FoF ) +m(FoF g+ F3Fy)

+Mg(G1G,+G,oGy) + +M'[G,G3+ G3G,]+H.c.

. 9
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Ahd o [m2 M2 m2 M2 contributions to the fermion masses are much smaller com-
—Bo_ 2 Fhnl =E| - —Slinl =5 - d with the tree level contributions from EQ). It is
T = 1672| M2 In| — 1 +M2 In| — 1 pared wi . | At
h3s F me straightforward to extend this model to include the lighter
fermions where we found a similar behavior.
This contribution should be compared wid#f=1/40 that We wish to thank Mike Berger, John Conway and Sally

results from Eq(1) for the b-quark mass. Note that, in ad- Dawson for discussions. This work is supported in part by
dition to the loop factor, there is a suppression factor ofthe Department of Energy Grant No. DE-FG03-98ER41076
(me/Mg)? in Eq. (10). For mg/Mg=1/4—1/2, these loop and by funds provided by the Oklahoma State University.
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