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We propose two minimal extensions of the standard model, both of which can accommodate the recent
puzzling observations about the excess inRb and the deficit inRc . The discrepancy in the low energy and high
energy determinations ofas can be resolved in the second model. Each model requires three additional heavy
vectorial fermions. The current phenomenological constraints and the new potential phenomena are also dis-
cussed.@S0556-2821~96!02823-8#
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I. INTRODUCTION

Recently it was reported@1,2# by the CERNe1e2 col-
lider LEP Collaborations that the measured rate ofZ→bb̄ is
greater than the prediction of the standard model, while t
of Z→cc̄ is smaller. This is quite significant given the im
pressive confirmation of the standard model by other pre
sion electroweak tests at theZ0 resonance. Given
Rb[G(Z→bb̄)/Ghad andRc[G(Z→cc̄)/Ghad, the discrep-
ancies can be summarized as

Measurement SM Pull

Rb 0.221960.0017 0.2156 3.7
Rc 0.154360.0074 0.1724 22.5.

Here SM stands for the standard-model fit withmt5178
GeV andmH5300 GeV, and ‘‘pull’’ is the difference be-
tween measurement and fit in units of the measurement e

At the same time, theas problem becomes more acut
with improved precision data fromZ decays. The strong cou
pling constantas extracted from high energy measuremen
atMZ seems to be larger than that from low energy measu
ments, such as deep inelastic scattering and lattice calc
tions @1,3,4#. Theas(MZ) calculated from the total hadronic
width in Z decays is 0.12560.005@5,4#. On the other hand,
low energy measurements all cluster aroundas(MZ);0.11.
It seems there is a substantial gap between the two. Altho
more data in the future might eliminate these discrepanc
it is possible that this ‘‘Rb-Rc’’ plus as crisis is indicating
the same new physics beyond the standard model.

Several extensions@6–8# of the standard model have bee
proposed to address these puzzles. In these models, one
corrections to theZbb̄ vertex from the nonstandard secto
will enhance theb quark partial width. With the hadronic
total width also enhanced, the QCD corrections needed to
the observed total width is reduced. Thus the observed d
54/54~11!/7051~6!/$10.00
at
-
ci-

ror.

ts
re-
ula-

gh
es,

n
loop
r

fit
ata

point to a smalleras than that in the standard model, as
favored by low energy measurements. However, these at
tempts all fail to account for the largeRc deficit. In addition,
the first two scenarios might be in potential conflict with top
quark decay@9#.

More recently, two papers@10,11# point to a new direc-
tion in the extensions of the standard model which may pro-
vide a simple solution to the above discrepancies. Both pa-
pers suggest to resolve the discrepancies by introducing new
vectorial fermions that mix withb and/orc quarks. The mix-
ing will reduce or enhance the couplings of the quarks toZ
boson depending on the gauge quantum numbers of the new
fermions. We shall call this class of solutions ‘‘vectorial fer-
mionic solutions’’ to the puzzles. In Ref.@11#, only a vecto-
rial pair of singlet is introduced to reduce the partial width of
cc̄. This could solve theRc puzzle while leaving theRb
puzzle only slightly ameliorated. On the other hand, in Ref.
@10#, a vectorial pair of singlet plus a vectorial pair of triplet
are added to resolve both puzzles at the same time at tre
level. As a price of solving both problems, Ma’s model also
reduces the prediction for the total hadronic widthGhad and
thus renders a surplus in the observed leptonic branching
ratio Rl[Ghad/G l , which cannot be accommodated by as-
suming a smalleras . In this paper we propose and analyze
two minimal extensions of the standard model, which are,
nevertheless, sufficient to resolve theRb andRc puzzles and
lower simultaneously the value ofas extracted fromZ de-
cay. In the first minimal extension, only a vectorial triplet of
fermions are needed; while in the second one, one needs
vectorial singlet plus a vectorial doublet of fermions. Unfor-
tunately, the first model predicts anas that is below the low
energy value if the currentRb ,Rc data are used to fit the
mixing. The second model, however, can give anas consis-
tent with the low energy measurements.

We shall start by analyzing the fermion mixing in the
general context and then demonstrate that our resulting mod
els are indeed the simplest ones of the class.
7051 © 1996 The American Physical Society
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II. VECTORIAL FERMION MODELS

In general, the coupling ofZ meson with fermions can b
written as

g

cosuW
Zm~gL

f f̄ Lgm f L1gR
f f̄ Rgm f R!, ~1!

where

gL,R
f 5TfL,R

3 2Qfsin
2uW . ~2!

The coupling only depends on the weak isospinT3 and elec-
tric chargeQ of the fermion. Thus mixing with heavy ferm
ons of different weak isospinT3 could change the couplin
of quarks withZ meson and theZ decay partial width. Take
the partial width intobb̄ as an example. Assume that there
a heavy fermionx of charge2 1

3 and it mixes with quarkb as
well as d and s. Denote the mixing matrix among lef
handed~right-handed! particles asUL (UR), which trans-
forms mass eigenstates into gauge eigenstates. We
specify the weak gauge eigenstates by fields with prim
while those without primes as the mass eigenstates:

S d8

s8

b8

x8

D
L,R

5S Udd Uds Udb Udx

Usd Uss Usb Usx

Ubd Ubs Ubb Ubx

Uxd Uxs Uxb Uxx

D
L,R

S dsb
x

D
L,R

. ~3!

The coupling between mass eigenstatebL andZ
0 would be-

come

gL
b5@TdL

3 uUdb
L u21TsL

3 uUsb
L u21TbL

3 uUbb
L u21TxL

3 uUxb
L u2

2Qsin2uW#, ~4!

while gR
b equals a similar expression with the subscriptL

replaced byR. Because the mixing matrixU is unitary and
quarksd, b, ands share the same weak isospinT3, gb can
be written as

gL,R
b 5TbL,R

3 1~TxL,R
3 2TbL,R

3 !uUxb
L,Ru22Qsin2uW. ~5!

The Z partial decay width intobb̄ is proportional to
ugL

bu21ugR
b u2.

@TbL
3 1~TxL

3 2TbL
3 !uUxb

L u22Qsin2uW#21@TbR
3 1~TxR

3

2TbR
3 !uUxb

R u22Qsin2uW#2. ~6!

It is different from that in the standard model. Whether
new fermion will enhance or reduce the partial width d
pends on its weak isospinT3.

Now it is easy to see that we can reduceGc c̄ by adding a
left-handed singlet ofT350 that mixes withcL @10,11#. To
increaseGb b̄ , a T

3521 left-handed fermion can be intro
duced to enhanceugL

bu2. A less obvious way is to mixbR ,
which is of T350, with a heavy right-handed doublet
T35 1

2.
Next we shall show two minimal extensions of the sta

dard model in which vectorial fermions with the above pro
erties are introduced to resolve both theRb andRc puzzles
-
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simultaneously. These are the simplest models to accomplis
that, with the smallest number of new particles, three specie
of vectorial fermions in both cases. We consider only adding
vectorial fermions since anomalies are canceled automat
cally and these fermions could be heavy naturally.

In the first model, only one vectorial triplet is needed. The
T350 component will reduceGc c̄ and theT3521 compo-
nent will enhanceGb b̄ . The tripletY can be written as

YL,R5S y1
5/3

y2
2/3

y3
21/3

D
L,R

,

with a gauge invariant mass termMYȲLYR . The mixing is
induced by Yukawa couplings between the tripletYR and
left-handed quark doublets:

j3@ ȳ1RtL8f11 ȳ2R~ tL8f01bL8f1!/A21 ȳ3RbL8f0#,

j2@ ȳ1RcL8f11 ȳ2R~cL8f01sL8f1!/A21 ȳ3RsL8f0#,

j1@ ȳ1RuL8f11 ȳ2R~uL8f01dL8f1!/A21 ȳ3RdL8f0#. ~7!

In addition, we have the ordinary Yukawa couplings in the
standard model.

y3 mixes with the down quarksd, s, andb. We will use
the biunitary transformation to diagonalize the 333 mass
matrix betweend, s, and b. The mass matrix between
DL8[(dL8 ,sL8 ,bL8 ,y3L8 ) and DR8[(dR8 ,sR8 ,bR8 ,y3R8 ) then be-
comes

~ d̄L8 ,s̄L8 ,b̄L8 ,ȳ3L8 !S md 0 0 j1v

0 ms 0 j2v

0 0 mb j3v

0 0 0 MY

D S dR8

sR8

bR8

y3R8

D
[D̄L8MdDR8 . ~8!

Md can be written as

Md5S M̃d J

0 MY
D 5UL

dDdUR
d†, ~9!

with M̃d as a 333 matrix, which is diagonal here andJ is a
331 column. It isnatural to assume that the gauge invariant
MY is much larger than all the other elements of the matrix.
The diagonalization then takes a simple form. The mixing
matrix UL (UR) is the matrix that diagonalizes
MdMd

† (Md
†Md) intoDd . Md

†Md has only one large element
at the lower right corner with all the other elements sup-
pressed by (m/MY)

2. Thus the mixing of y3R with
dR , sR , bR , Uyi

R ( i5d,s,b), is also suppressed by
(jv/MY)

2 and negligible. This is a result of the fact that we
cannot construct mixing Yukawa couplings among the triplet
y3L , the singletqR, and the doublet Higgs boson. The mix-
ing betweeny3L and bL , sL , and dL is more important.
Write UL as
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UL5SK R

S TD . ~10!

K, R, andS are, respectively, a 333 matrix, a 133 col-
umn, and a 331 row, andT is a number. The various ele
ments can be solved in the largeMY approximation@12#. In
this approximation,T is equal to one.K equals the unitary
matrix that diagonalizesM̃dM̃d

† which is just unity matrix in
this case. The columnR and rowS also can be calculated

R5
1

MY
J, S52

1

MY
J†K52

1

MY
J†. ~11!

The mixing of diL with y3L , i.e., Ri ,Si is approximately
j iv/MY . As a result,Gb b̄ is proportional to

~2 1
22 1

2 uS3u21
1
3 sin

2uW!21~ 1
3 sin

2uW!2, ~12!

with

S352
j3v
MY

. ~13!

To fit the observedRb , we need

uS3u25S j3v
MY

D 250.012760.0034. ~14!

The charge23 quarks will mix with y2 with the mass ma-
trix

Mu5S M̃u

J

A2
0 MY

D . ~15!

Note thatJ is identical to the same column inMd . However
M̃u is no longer diagonal in this basis.M̃uM̃u

† is diagonalized
by a 333 matrixV0. Denote the unitary matrix that diago
nalizesMuMu

† asUL8 :

UL85SK8 R8

S8 T8
D . ~16!

In the heavyMY limit,

K8'V0
†, ~17!

and it can be approximately identified as the Kobaya
Maskawa matrix. Also,

S852
1

A2MY

J†V0
† . ~18!

The partial widthGc c̄ is proportional to

~ 1
22 1

2 uS28u
22 2

3 sin
2uW!21~2 2

3 sin
2u!2. ~19!

It is smaller than the corresponding value when there is
mixing. To fit the data, we need

uS28u
250.04560.019. ~20!
-

-

shi-

no

Note thatS8 is related toS through the mixing matrixV0.
There is no separate parameter for the charge2

3 quarks. The
mixing is totally fixed by three parametersj1,2,3 and the
heavy fermion massMY .

In the second model, we shall introduce a vectorial dou-
blet and a vectorial singlet. The singlet, call itx, has charge
2
3 and will reduceRc just like y2 in the first model. Choose
xR to be the only right-handed fermion with the gauge in-
variant mass termMxx̄LxR with xL . The mass mixing is
induced by Yukawa couplingsj i8q̄Lif̃xR for i51, 2, and 3.
The analysis is the same asy2 in the first model. To fit the
data ofRc , we need

uS28u
25S j28v

Mx
D 250.04560.019. ~21!

The doublet will have the weak hypercharge2 5
3 ,

CL,R5S C1
21/3

C2
24/3D

L,R

,

with a gauge invariant mass termMCC̄LCR . The Yukawa
coupling betweenC and ordinary quarks are

h3C̄Lf̃bR1h2C̄Lf̃sR1h1C̄Lf̃dR . ~22!

The coefficientsh i for the doubletC need not be the same
as thosej i8 for the singletx. Therefore, more parameters are
involved in the second model. The mass matrix is

~ d̄L8 ,s̄L8 ,b̄L8 ,C̄1L8 !S md 0 0 0

0 ms 0 0

0 0 mb 0

h1v h2v h3v MC

D S dR8

sR8

bR8

C1R8

D
[D̄L8MdDR8 . ~23!

Contrary to the previous case, the mixing betweenCL with
dL , bL , andsL is suppressed by (m/MC)

2. The reason is
that we cannot construct mixing Yukawa couplings among
the three doubletsC1R8 , qL8 , and Higgs boson. Now the mix-
ing of CR with dR , bR , andsR is specified by a row matrix
SR , which is defined similarly by Eq.~10! for the unitary
matrixUR . The entries inSR are of the orderhv/MC . The
decay widthGb b̄ is proportional to

S 2
1

2
1
1

3
sin2uWD 21F12 S h3v

MC
D 21 1

3
sin2uWG2. ~24!

To fit the data, we need

SR3
2 5S h3v

MC
D 250.05960.016. ~25!

Generally, by assuming no nonstandard Higgs boson in
the theory, if the vectorial fermions are triplets or singlets,
the effects ongL will dominate because in such caseUR is
much smaller thanUL . The singlet with theb-quark charge
will only reducegL

b which is in the wrong direction, while
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the singlet with thec-quark charge will reducegL
c as data

require. In the case of a triplet, it can either increase or
duce bothgL

b or gL
c depending on the hypercharge.

On the other hand, if the new vectorial fermions are
doublet, the effects ongR will dominate while those ongL
are largely unchanged. To increasegR

b we need the new vec
torial ‘‘down-type’’ quark to haveT351 1

2. To reducegR
c we

also need the new vectorial ‘‘up-type’’ quark to hav
T351 1

2.
From these arguments, it is straightforward to show t

the two models we have are the ones with a minimal num
~three! of new vectorial fermions. If one allows four new
vectorial fermions, there are also two interesting models t
can be considered. One of them is adopted by Ma in R
@10# and the other model uses two vectorial doublets: o
doublet withY52 5

3 to increasegL
b and another doublet with

Y5 1
3 to reducegL

c . We shall not discuss these nonminim
models in details.

In our models, the strong coupling constant extrac
from Rl is different from the standard model. WhileGb b̄ is
enhanced andGc c̄ reduced,Gu ū , Gd d̄ , andGs s̄ change as
well. For simplicity we ignore the changes inGu ū and
Gd d̄ . Their mixing with the vectorial fermions is constraine
by the kaon flavor-changing neutral current~FCNC! limit as
discussed later. However the enhancement inGs s̄ could be
substantial. Overall, theGhadwithout QCD corrections could
be enhanced. Theas(MZ) extracted fromRl would be
smaller than the standard model value since a smalleras
gives smaller QCD enhancement corrections@14#. Note that
Rb and Rc are insensitive toas . In the first model, the
change inGs s̄ is related to the change inGc c̄ , both deter-
mined by the parameterj2. Unfortunately, this model canno
accommodate simultaneously the measuredRc , Rb , and
as . With j2 and j3 determined by theRb andRc data, the
as extracted fromRl would be reduced compared to th
standard model result, which is consistent with the tende
of low energy measurements, but it is numerically too sm
However, with the experiment data still changing, this mod
may be useful in the future. On the other hand, in the sec
model, the change inGs s̄ is determined by a separate param
eterh2. Thus the parameters can be chosen so that all
puzzles are resolved. To extract anas of 0.11, as favored by
low energy measurements,h2 should satisfy

S h2v
MC

D 25SR2
2 ;0.1460.08, ~26!

with the uncertainty coming fromRb andRc .
In contrast, Ma’s model@10# omits the mixing between

the heavy fermion and thes quark. ThusGhad is reduced
since the absolute deviation ofRc is larger than that ofRb .
Extracted from a smaller prediction forRl , the strong cou-
pling constant@15# becomes 0.18 in that model, even high
than the original high value of 0.125. This led Ma in h
paper @10# to assign the heavy fermion a relatively sma
massMx,72 GeV so as to open a new channel for theZ
boson decaying into this heavy fermion. In our seco
model, theas puzzle is resolved because of the enhancem
in Rs . Experimentally, it is challenging to measure thisRs
effect. If this can be done, it will be the most direct test
our model.
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III. CONSTRAINTS

In these vectorial fermion models, tree-level flavor-
changing neutral currents~FCNC! will, in general, arise
since quarks mix with fermions of different weak isospin.
Next we shall analyze the FCNC constraints, especially from
the kaon decays.

Because of the Glashow-Iliopoulos-Maiani~GIM! mecha-
nism, there will be no FCNC if the heavy vectorial fermions
have the same weak isospinT3 as the quarks they mix with.
In the first model, the only component in the neutral current
that will generate tree-level FCNC in the kaon decay is
2 1

2ȳ3L8 gmy3L8 . It will give rise to a FCNC vertex involving
mass eigenstatesd ands:

2 1
2 ~UL!41* ~UL!42d̄Lg

msL , ~27!

with

~UL!415S1;
j1v
MY

, ~UL!425S2;
j2v
MY

;S28 . ~28!

Here j2v/M is fixed byRc to be about 0.2 from Eq.~20!.
Thus the coefficient of the FCNC vertex,

2
g

2cosuW
d̄Lg

msL , ~29!

is of the order 0.23j1v/MY . The kaon decayKL→m1m2

restricts this coefficient to be,3.131025 @13#. Take
MY;200 GeV as an illustration. The bound forj1v is
j1v,32 MeV. Given thed quark mass of about 10 MeV, the
constraint is still quite natural. If the vectorial fermion is
heavier, the constraint will be even looser. In the second
model, there are more parameters involved. The kaon FCNC
constraints will now impose a limit onh1h2 from the right-
handed current. But nowh2 is no longer fixed byRc fitting,
which is related toj28 instead.

In our models, the couplings of quarks to the chargedW
gauge boson are written in the usual fashion,

LW5
g

A2
~ ūL ,c̄L , t̄ L!VKMS dL

sL

bL
D W11H.c., ~30!

where the Kobayashi-Maskawa matrixVKM is a 333 sub-
matrix of the 434 matrix:

V45~UL8 !†IUL with I5diag~1,1,1,a!. ~31!

The Clebsch-Gordan coefficienta is equal toA2 in the first
model and 0 in the second model. In general, neither the full
434 matrixV45(UL8)

†IUL nor its 333 submatrixVKM are
unitary. However, the unitarity ofUL8 ,UL , combined with
the current data of KM matrix elements, imposes limits on
the mixings with vectorial fermions. To analyze these limits,
one has to go beyond the leading order of 1/MY ~or 1/Mx) in
the diagonalization of mass matrices. We have worked out
VKM to order (1/MY)

2 by brute force diagonalization. To
simplify the presentation, we shall formulate the result in the
following way which is more intuitive. Since the Kobayashi-



s

-

he
-

l

e-

d

.

54 7055SOLUTIONS TO THERb , Rc , AND as PUZZLES BY . . .
Maskawa~KM ! matrix data is most accurate for the first tw
generations of quarks, we omitb and t in this discussion
~though they can be included without affecting the followin
conclusions!. It is further assumed thatcL mixes withuL by
the angleu0C of the matrixV0 which diagonalizesM̃uM̃u

†

@see the notation in Eqs.~15!–~17!# before mixing with the
vectorial fermion. To zeroth order in 1/MY , u0C is the same
as the Cabibbo angleuC . The mixing of the first generation
quarks with vectorial fermions is small as discussed ab
and will be ignored. The mixing between the combinati
cLcosu0C1uLsinu0C and the vectorial fermion is denoted a
u8 and the mixing ofsL with its corresponding vectoria
fermion u. Note thatu and u8 are related toS2 and S28 ,
respectively, in the leading order by Eq.~11! and Eq.~18!:

u5S2 , u85S28/cosu0c . ~32!

Both angles are of order 1/MY . It can be shown that the KM
elementsVud ,Vus can be written as

Vud5cosu0C , Vus5sinu0C~cosucosu81asinusinu8!.
~33!

Thus we have, to order (1/MY)
2,

Vud
2 1Vus

2 '11sin2uC~2u22u8212auu8!. ~34!

This result is true for any value ofa. Note that ifa were
equal to one, thenV4 would become unitary and therefor
Vud
2 1Vus

2 would have to be less than or equal to 1, as sa
fied by the above equation. However fora larger than one,
Vud
2 1Vus

2 in general can be larger than one. The current
per and lower bounds at 90% C.L. forVud

2 1Vus
2 21 are@16#

20.0050,Vud
2 1Vus

2 21,0.002. ~35!

In our first model,u5A2u8. Therefore,

Vud
2 1Vus

2 '11u82sin2uC . ~36!

The above bound requiresu82,0.04, which is marginally
enough for the deficit ofRc in the first model. Furthermore
one can expect that when thet quark is included, the con-
straint will be loosened because the factor 1 on the rig
handed side of Eq.~36! would be reduced. In the secon
model, the mixing angleu of sL with the left–handed vecto-
rial fermion C1L is suppressed by 1/MC compared to the
mixing of sR . Thus, the angleu is practically zero. Since the
coefficienta is also zero in this case, we get

Vud
2 1Vus

2 21'2u82sin2uC . ~37!
o

g

ove
on
s
l

e
tis-
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d

We have

u82sin2uc,0.005, or S28
2,0.1. ~38!

The value ofS28
2 determined byRc from Eq. ~21! is clearly

allowed by the unitarity bound in the second model.
The forward and backward asymmetriesAFB

b andAFB
c also

will be affected by the mixing. The prediction in the first
model agrees well with the experimental measurements, a
shown by Ma @10#. In the second model, the asymmetry
AFB
b is different from the first one. Using a standard-model fit

result forAFB
b equal to 0.1041@3#, we calculate the prediction

for AFB
b in the second model to be 0.098160.002, which

agrees with the observed value 0.099760.0031@3#. The un-
certainty in the prediction comes from the uncertainty in
SR3
2 .
The oblique radiative corrections are not significantly af-

fected by the mixing. The vector nature of these new par
ticles allows them to decouple at the heavy mass limit. As
long as their masses are above the electroweak scale and t
mixings are small, the changes will be smaller than the ex
perimental uncertainties.

One may wonder how these new vectorial fermions can
be accommodated in a grand unified theory. The vectoria
triplet Y can be found is (3,1,15) of SU(2)L
3SU(2)R3SU(4) which in turn can be found in 210 mul-
tiplet of SO(10). The vectorial doubletC is a bit harder to
accommodate. It can be found in (2,1,20)1(2,1,20)
SU(2)L3SU(2)R3SU(4) which in turns can be found in
1441144of SO(10) or 650 of E6.

Note added in proof:The updated world average value of
Rb50.217860.0011 wasrecently reported@17# at the
1996 DPF Meeting. This experimental value is 1.8s above
the standard-model prediction. The reduced discrepancy d
creases the mixing angles in Eqs.~14! and ~25! to uS3u2
50.004760.0023 or uSR3u250.02360.011, respec-
tively. The new value ofRc is now within 1s of the standard
model prediction. ThusS28 or SR2 are consistent with zero. It
is interesting to note that the first model with the vectorial
fermion triplet can now also accommodate the measure
Rb andas as the constraint ofRc disappears.
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