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We propose two minimal extensions of the standard model, both of which can accommodate the recent
puzzling observations about the excesRjrand the deficit irR. . The discrepancy in the low energy and high
energy determinations @i 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[S0556-282(196)02823-9

PACS numbsdis): 13.38.Dg, 12.15.Ff, 12.60i

I. INTRODUCTION point to a smallerag than that in the standard model, as
favored by low energy measurements. However, these at-

. .
. Recently it was rgporte{il,Z] by the CERNe"e C—O_l' tempts all fail to account for the lard®. deficit. In addition,
lider LEP Collaborations that the measured rat@etbb is e first two scenarios might be in potential conflict with top

greater than the prediction of the standard model, while thaﬁuark decay9].

of Z—_>cc_is s_malle_r. This is quite significant given the im- _ More recently, two papergl0,11] point to a new direc-
pressive confirmation of the standard model by other precigion i the extensions of the standard model which may pro-
sion electroweak tests at th&’ resonance. Given jge a simple solution to the above discrepancies. Both pa-
Rpy=T'(Z—bb)/T'nag andR.=I'(Z—ccC)/T'5q, the discrep- pers suggest to resolve the discrepancies by introducing new

ancies can be summarized as vectorial fermions that mix withp and/orc quarks. The mix-
ing will reduce or enhance the couplings of the quark& to
Measurement SM Pull  boson depending on the gauge quantum numbers of the new
fermions. We shall call this class of solutions “vectorial fer-
Ro 0.221970.0017 0.2156 3.7 mionic solutions” to the puzzles. In Ref11], only a vecto-
R. 0.1543+0.0074 0.1724 -2.5.

rial pair of singlet is introduced to reduce the partial width of
cc. This could solve theR, puzzle while leaving theR,
Here SM stands for the standard-model fit with=178  puzzle only slightly ameliorated. On the other hand, in Ref.
GeV andmy =300 GeV, and “pull” is the difference be- [10], a vectorial pair of singlet plus a vectorial pair of triplet
tween measurement and fit in units of the measurement errogre added to resolve both puzzles at the same time at tree
At the same time, thexrs problem becomes more acute |evel. As a price of solving both problems, Ma’s model also
with improved precision data fro@ decays. The strong cou- reduces the prediction for the total hadronic widith,q and
pling constantxg extracted from high energy measurementsthus renders a surplus in the observed leptonic branching
atM; seems to be larger than that from low energy measureratio R=T",,¢/I",, which cannot be accommodated by as-
ments, such as deep inelastic scattering and lattice Ca|culguming a smaller. In this paper we propose and analyze
tions[1,3,4. The ag(M7) calculated from the total hadronic two minimal extensions of the standard model, which are,
width in Z decays is 0.1250.005[5,4]. On the other hand, nevertheless, sufficient to resolve tRg andR, puzzles and
low energy measurements all cluster aroundM;)~0.11.  |ower simultaneously the value af, extracted fromZ de-
It seems there is a substantial gap between the two. Althougkay. In the first minimal extension, only a vectorial triplet of
more data in the future might eliminate these discrepanciesermions are needed; while in the second one, one needs a
it is possible that this R,-R.” plus «g crisis is indicating  vectorial singlet plus a vectorial doublet of fermions. Unfor-
the same new physics beyond the standard model. tunately, the first model predicts an that is below the low
Several extensior[$—8] of the standard model have been energy value if the curren®,,R, data are used to fit the
proposed to address these puzzles. In these models, one-lo@gxing. The second model, however, can giveaanconsis-
corrections to theZzbb vertex from the nonstandard sector tent with the low energy measurements.
will enhance theb quark partial width. With the hadronic We shall start by analyzing the fermion mixing in the
total width also enhanced, the QCD corrections needed to fijeneral context and then demonstrate that our resulting mod-
the observed total width is reduced. Thus the observed datls are indeed the simplest ones of the class.
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Il. VECTORIAL FERMION MODELS

In general, the coupling & meson with fermions can be
written as

ZMgl Ly, b+ OhfrY.R), (1)

CcoSty
where
9l r=TiLr— QrsiPy. )

The coupling only depends on the weak isosptrand elec-

tric chargeQ of the fermion. Thus mixing with heavy fermi-
ons of different weak isospifi® could change the coupling
of quarks withZ meson and th& decay partial width. Take
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simultaneously. These are the simplest models to accomplish
that, with the smallest number of new particles, three species
of vectorial fermions in both cases. We consider only adding
vectorial fermions since anomalies are canceled automati-
cally and these fermions could be heavy naturally.

In the first model, only one vectorial triplet is needed. The
T3=0 component will reduc& ;c-and theT®*=—1 compo-
nent will enhancd’,,~. The tripletY can be written as

5/3
Y1

2/3
Y2 )

~1/3
Y3 L,R

YL,R:

with a gauge invariant mass terMYY_LYR. The mixing is

the partial width intdbb as an example. Assume that there isinduced by Yukawa couplings between the trip¥gt and

a heavy fermiorx of charge— $ and it mixes with quark as
well as d and s. Denote the mixing matrix among left-
handed(right-handed particles asU, (Ug), which trans-

left-handed quark doublets:

V1Rt & " +Yar(t[ 6%+ D 6 H)IN2+Y3rb] ¢°],

forms mass eigenstates into gauge eigenstates. We shall

specify the weak gauge eigenstates by fields with primes,

while those without primes as the mass eigenstates:

d’ Ugd Uds Uap Uk d

s’ _ Usqg Ugs Ugp Ugy S @
b’ Upd Ubs Upp Upx b

X' g VUxa Uxs Uxp Un) | o\ X] o

The coupling between mass eigenstateand Z° would be-
come
b
90 =[ T3 Uagel®+ T3 Ugpl+ To [Uppl >+ T Ul

—Qsirfoy], (4)

while g& equals a similar expression with the subsciipt
replaced byR. Because the mixing matri is unitary and
quarksd, b, ands share the same weak isosfif, g° can
be written as

gE,R:TgL,R—’_(TiL,R_TgL,RHU)IZt’)R 2—Qsirt byy.

5

The Z partial decay width intobb is proportional to
|gbl*+|gRl%.

[T+ (To —ToD|Uspl>— QsirP o ]2+ [ Tor+ (Teg

— ToR U2 — Qsirtoy]2. (6)

ELYIRCL O +Yar(CL @0+ )2 +Yars] ¢°1,

ElY1RUL T +Yor(U[ #O+d[ ¢ )2+ Yard[ #°]. (7)

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

y3 mixes with the down quarkd, s, andb. We will use
the biunitary transformation to diagonalize thex3 mass
matrix betweend, s, and b. The mass matrix between
D{=(d{,s.b{,y3) and Dg=(dg,Sr.br.y3r) then be-
comes

mg 0 0 &\ [dg
Y e 2N R Ms 0 & Sl,?
(d/ ,s,b/,y3) 0 0 m, & br
0O 0 0 My Yar
=D{MyDg. ?
Mg can be written as
Mg J
d ( 0 MY) L °

with Md as a 33 matrix, which is diagonal here arddis a
3X1 column. It isnaturalto assume that the gauge invariant

It is different from that in the standard model. Whether theMy is much larger than all the other elements of the matrix.
new fermion will enhance or reduce the partial width de-The diagonalization then takes a simple form. The mixing

pends on its weak isospif.

Now it is easy to see that we can redd¢e-by adding a
left-handed singlet oT>=0 that mixes withc, [10,11]. To
increasel',,, a T3=—1 left-handed fermion can be intro-
duced to enhanchg?|2. A less obvious way is to mibg,

matrix U, (Ug) is the matrix that diagonalizes
MgM{ (MIMy) into Dy. MM has only one large element
at the lower right corner with all the other elements sup-
pressed by f/My)2. Thus the mixing of yzg with
dr, Sgr, bg, Uffi (i=d,s,b), is also suppressed by

which is of T3=0, with a heavy right-handed doublet of (év/My)? and negligible. This is a result of the fact that we

3_1
T°=3.

cannot construct mixing Yukawa couplings among the triplet

Next we shall show two minimal extensions of the stan-ys, , the singletgg, and the doublet Higgs boson. The mix-
dard model in which vectorial fermions with the above prop-ing betweeny; andb , s , andd, is more important.

erties are introduced to resolve both tRg and R, puzzles

Write U as
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K R Note thatS' is related toS through the mixing matrin/,.
U -= s T/ (100  There is no separate parameter for the chgrgearks. The
mixing is totally fixed by three parametegs ,; and the
K, R, andS are, respectively, a:83 matrix, a x3 col- ~ neavy fermion mas#ly . _ _
umn, and a X1 row, andT is a number. The various ele- In the second model, we shall introduce a vectorial dou-

ments can be solved in the lary®, approximation12]. In E)Iet and.a vectorial §inglgt. Thg single;, calkithas charge
this approximation]T is equal to oneK equals the unitary 3 and will reduceR; just like y, in the first model. Choose
matrix that diagonalizeM qM; which is just unity matrix in xg to be the only right-handed fermion with the gauge in-

this case. The columR and rowS also can be calculated yarlant mass term XXLXR.W'th_XL,; The mass mixing 1S
induced by Yukawa coupling& q,;¢xg fori=1, 2, and 3.

1 1, 1, The analysis is the same gs in the first model. To fit the
R= M_Y‘]’ S=- M_YJ K=- M_YJ (1) gata ofR., we need
' 2
The mixing of d;, with yg , i.e., R;,S; is approximately 5 v _
&vIMy . As a resultl'y, is proportional to ISI°= M, =0.045-0.019. (1)
— 3 3|S5|%+ 3SiP Oy) >+ (3SiMP Oy, 12 The doublet will have the weak hypercharges,
with p s
Eav \PL,R: q,£4/3 J
Sy=— 22 (13) LR
My -
] with a gauge invariant mass teriiy ¥, ¥ z. The Yukawa
To fit the observe®,,, we need coupling between? and ordinary quarks are
2 — — —
|S52= ij_v) —0.0127+0.0034. (14) 73V pbr+ 7, W psg+ 71V $dg. (22)
Y

The coefficientsy; for the doublet¥ need not be the same

The charge; quarks will mix withy, with the mass ma- 4 thoset] for the singletx. Therefore, more parameters are

trix involved in the second model. The mass matrix is
I 0 0 0\/d
M, — My R
M= V2 |. w3 0o m o o] s
0 MY (dll_’sll_’b(_'\PiL) 0 0 m 0 br
R
Note thatJ is identical to the same column M. However nv mv m3v My Vg
Mu is no longer diagonal in this basis{l MJr is diagonalized — ,
by a 3xX3 matrix V,. Denote the unltary matrix that diago- =D MyDg. (23

nalizesM M/ asU/ : . . .
au - Contrary to the previous case, the mixing betwden with

K' R’ d., b, ands, is suppressed bynf/My)2. The reason is
U[—( g T’)' (16)  that we cannot construct mixing Yukawa couplings among
the three doubletd’ 1z, g/, and Higgs boson. Now the mix-
In the heavyM limit, ing of ¥ with dg, bg, andsy is specified by a row matrix
Sr, which is defined similarly by Eq(10) for the unitary
K'~V{, (177  matrix Ug. The entries irSg are of the ordemuv/My, . The

decay widthl",},"is proportional to
and it can be approximately identified as the Kobayashi-

Maskawa matrix. Also, 1+ 1 26 2+ 1( msv 2+ 1 26 2 24
. 5 gsIMow| H 3y, TEsi w29
' iLVal
S'= \/EMYJ Vo- (18 To fit the data, we need
2

I . . v
The partial widthl" .c-is proportional to Sz _ ai —0.059+0.016. (25)

v

(5= 31|17 Esirf 6u)?+ (— 3sir6)2. (19

Generally, by assuming no nonstandard Higgs boson in
It is smaller than the corresponding value when there is néhe theory, if the vectorial fermions are triplets or singlets,
mixing. To fit the data, we need the effects org, will dominate because in such cadg is
much smaller thaty, . The singlet with théb-quark charge
|S;|7=0.045+0.019. (200 will only reducegP which is in the wrong direction, while
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the singlet with thec-quark charge will reducg; as data lll. CONSTRAINTS

require. In the case of a triplet, it can either increase or re- In these vectorial fermion models. tree-level flavor-
b Cc H l

duce bothg._ or g depending on the hypercharge. changing neutral currentsFCNC) will, in general, arise

On the other hand, if the new vectorial fermions are agince quarks mix with fermions of different weak isospin.

doublet, the effects ogg will dominate while those 0. Next we shall analyze the FCNC constraints, especially from
are largely unchanged. To increagewe need the new vec- the kaon decays.

torial “down-type” quark to hgveT3= + 3. To reducegg, we Because of the Glashow-Iliopoulos-Maid@IM) mecha-
a|350 nleed the new vectorial “up-type” quark to have nism, there will be no FCNC if the heavy vectorial fermions
T°=+3. have the same weak isospi as the quarks they mix with.

From these arguments, it is straightforward to show thain the first model, the only component in the neutral current

the two models we have are the ones with a minimal numbethat will generate tree-level FCNC in the kaon decay is
(three of new vectorial fermions. If one allows four new — IyZ vy, . It will give rise to a FCNC vertex involving

vectorial fermions, there are also two interesting models thaty5ss eigenstates andss:
can be considered. One of them is adopted by Ma in Ref. o
[10] and 'Fhe other quel uses two vectorial doublets:_ one —LUD5(UD) s ¥#s, (27)
doublet withY=—2 to mcreasegE and another doublet with
Y =1 to reduceg{ . We shall not discuss these nonminimal with
models in details. ¢ ¢

In our models, the strong coupling constant extracted _o S o 52V o
from R, is different from the standard model. Whilg,; is (Uoa=S My’ (U= My - (29
enhanced an@l .;-reduced I’ ;; T'yq, andI'ggchange as o
well. For simplicity we ignore the changes iR, and Here&u/M is fixed by R; to be about 0.2 from Eq(20).
T'y5. Their mixing with the vectorial fermions is constrained Thus the coefficient of the FCNC vertex,
by the kaon flavor-changing neutral curréRCNC) limit as
discussed later. However the enhancemerit 4g could be — —d_Ly“SL, (29)
substantial. Overall, thE, .4 without QCD corrections could 2cody
be enhanced. Thexs(M;) extracted fromR, would be
smaller than the standard model value since a smaller
gives smaller QCD enhancement correctipihd]. Note that
R, and R, are insensitive toag. In the first model, the
change inl'g5is related to the change i ¢, both deter-
mined by the parametés. Unfortunately, this model cannot
accommodate simultaneously the measurd R,, and
as. With &, and &5 determined by thd&},, and R, data, the
ag extracted fromR, would be reduced compared to the ; 4 o
standard model result, which is consistent with the tendenc{l}v"’“_}defj current, Bu,t novy, IS No longer fixed byR fitting,
of low energy measurements, but it is numerically too small. hich is related te, msteaq.
However, with the experiment data still changing, this model In our models, th? cou_pllngs of quarks .to the chargéd
may be useful in the future. On the other hand, in the secon§2U9€ Poson are written in the usual fashion,

is of the order 0.X £&;u/My . The kaon decaK, —u* u™
restricts this coefficient to be<3.1x10 ° [13]. Take
My~200 GeV as an illustration. The bound f@rv is
£1v<32 MeV. Given thad 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 ory, 7, from the right-

model, the change ifis5is determined by a separate param- d
eter 5,. Thus the parameters can be chosen so that all the L
puzzles are resolved. To extract agof 0.11, as favored by ﬁwzi(u_l_ .CL.t)Viw St |W+H.c., (30
low energy measurements, should satisfy V2 b,
72V 2 2
My =Sg,~0.14+0.08, (260 \where the Kobayashi-Maskawa mathé is a 3x3 sub-
matrix of the 4<4 matrix:
with the uncertainty coming frorR, andR;.
In contrast, Ma’'s mode[10] omits the mixing between V,=(U))"7U, with Z=diag1,1,14a). (31
the heavy fermion and the quark. ThusI'},q4 is reduced
since the absolute deviation B, is larger than that oR,.  The Clebsch-Gordan coefficieatis equal toy2 in the first

Extracted from a smaller prediction f&;, the strong cou- model and 0 in the second model. In general, neither the full
pling constan{15] becomes 0.18 in that model, even higher4X 4 matrixV,=(U{)"ZU_ nor its 3x 3 submatrixVyy are
than the original high value of 0.125. This led Ma in his unitary. However, the unitarity otJ| ,U_, combined with
paper[10] to assign the heavy fermion a relatively small the current data of KM matrix elements, imposes limits on
massM, <72 GeV so as to open a new channel for the the mixings with vectorial fermions. To analyze these limits,
boson decaying into this heavy fermion. In our secondone has to go beyond the leading order dfl{/(or 1M,) in
model, thea puzzle is resolved because of the enhancemerthe diagonalization of mass matrices. We have worked out
in Ry. Experimentally, it is challenging to measure tRls Vi to order (1My)? by brute force diagonalization. To
effect. If this can be done, it will be the most direct test of simplify the presentation, we shall formulate the result in the
our model. following way which is more intuitive. Since the Kobayashi-
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Maskawa(KM ) matrix data is most accurate for the first two We have
generations of quarks, we oniit andt in this discussion
(though they can be included without affecting the following

conclusiong It is further assumed thaj mixes withydn; The value ofS}2 determined byR, from Eg. (21) is clearly

the angledoc of the matrixV, which diagonalizeM M, allowed by the unitarity bound in the second model.

[see the notation in Eq$15)—(17)] before mixing with the  The forward and backward asymmetrigd; andAZ; also
vectorial fermion. To zeroth order inMlly, fqc is the same || pe affected by the mixing. The prediction in the first
as the Cabibbo angléc . The mixing of the first generation mode| agrees well with the experimental measurements, as
quarks with vectorial fermions is small as discussed abovgnown by Ma[10]. In the second model, the asymmetry
and will be ignored. The mixing between the combinationab_s different from the first one. Using a standard-model fit
CL,COSBOCjLuLS'nHQC and the vectorial fermion is denoted as o g ¢ forA2; equal to 0.10413], we calculate the prediction

0’ and the mixing ofs_ with its corresponding vectorial for AEB in the second model to be 0.0980.002, which

fermion 6. Note thaté and ¢’ are related toS, and S, -
. X . ] agrees with the observed value 0.099¥.0031[3]. The un-
respectively, in the leading order by 1) and Eq.(18): certainty in the prediction comes from the uncertainty in

2
6=S;, 0'=S;/cod. @ Sk . . -
The oblique radiative corrections are not significantly af-

Both angles are of order ¥y . It can be shown that the KM fected by the mixing. The vector nature of these new par-

6'2sir?9.<0.005, or S,2<0.1. (39

elementsV,q,V,s can be written as ticles allows them to decouple at the heavy mass limit. As
. o long as their masses are above the electroweak scale and the
Vyg=C0Spc, Vys=Sinboc(coshcosy’ +asingsing’). mixings are small, the changes will be smaller than the ex-

(33  perimental uncertainties.
One may wonder how these new vectorial fermions can
be accommodated in a grand unified theory. The vectorial
V2 4+ V2 ~1+sirPhc(— 02— 0'2+2a06").  (34) triplet Y can be found is (3,1,15) of SU(2)
X SU(2)rx SU(4) which in turn can be found in 210 mul-
This result is true for any value af. Note that ifa were tiplet of SO(10). The vectorial double¥ is a bit harder to
equal to one, the, would become unitary and therefore accommodate. It can be found in (2,1,20)2,1,20)
V2,+ V2, would have to be less than or equal to 1, as satisSU(2). X SU(2)zX SU(4) which in turns can be found in
fied by the above equation. However fararger than one, 144+ 144 of SO(10) or 650 of E,.
V2,4 V2, in general can be larger than one. The current up- Note added in proofThe updated world average value of

per and lower bounds at 90% C.L. fof +V2,—1 are[16] R,=0.2178-0.0011 wasrecently reported17] at the
1996 DPF Meeting. This experimental value isd .&bove

Thus we have, to order ()2,

—0.0056< V2,4 V2.~ 1<0.002. (35  the standard-model prediction. The reduced discrepancy de-
_ creases the mixing angles in Eqd4) and (25 to |S;|?
In our first model,0=\26'. Therefore, =0.0047+0.0023 or |Sgy/?=0.023+0.011, respec-
V3d+vﬁs%1+ 0'2sir 0, (36 tively. The new value oR. is now within 1o of the standard

model prediction. Thu$, or Sg, are consistent with zero. It

is interesting to note that the first model with the vectorial
fermion triplet can now also accommodate the measured
Ry and a¢ as the constraint dR.. disappears.

The above bound require® 2<0.04, which is marginally
enough for the deficit oR; in the first model. Furthermore,
one can expect that when thequark is included, the con-
straint will be loosened because the factor 1 on the right-
handed side of Eq(36) would be reduced. In the second

model, the mixing angl® of s, with the left—handed vecto- We would like to thank Bing-Ling Young, C.N. Leung,
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