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Shifting Ry, with Agg
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Precision measurements at theesonance agree well with the standard model. However, there is still a hint
of a discrepancy, not so much Ry, by itself (which has received a great deal of attention in the past several
years, but in the forward-backward asymmerA)EB together withR,,. The two are of course correlated. We
explore the possibility that these and other effects are due to the mixing afidbg with one or more heavy
quarks.[S0556-282(98)05821-4

PACS numbdrs): 13.38.Dg, 12.15.Ff

Ever since theZ boson was produced as a resonance awhere the subscriptk,R on b refer to the left and right
thee™e™ collider LEP at CERN, precision measurements ofchiral projections (I ys)/2, respectively. HenceRbocgf
electroweak parameters as well@sof quantum chromody-  +g2, whereasA25« (g2 —g2)/(gZ+g3). From the data, it

namics(QCD) became available. Certain deviations from thejs clear that a largeg? is desirable because that would de-
predictions of the standard model have been observed in thgeaseAS and increaseR,. Previous attempt$5] to in-

past, notably the excess in creaseR, mostly considered increasing?. Two specific
_ exceptiong6,7] proposed to increas(ﬁe and we will discuss
Ro— I'(Z—bb) (y  them i detail below.
b~ T'(Z—hadrong’ In the standard model,

This had prompted a flood of theoretical speculations regard- 1 1 2

ing the possible existence of new phys[dJ. At present, (gE)SM:(_ 5t3 sir? 9w) =0.17878,
however, the experimental dafd] have settled down to a
value of R, consistent with an excess of only &.&nd it is
certainly not an indication of new physics by itself. On the
other hand, the forward-backward asymmet; is now
measured to be-2.00 away. (This quantity used to be less
accurately measured and it was always less tharOo from
the standard-model predictignf one takes seriously the two
measurements together, a possible discrepancy still remains.
In this paper we will explore how the mixing df, andbg

1 2
(gé)SM:(g sir? ew) =0.00596. (5

In Fig. 1 we plotR,, versusA2S as a function of3(g?) with
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with one or more heavy quarks would explain the present ,,.q L ——-g )
data. gn
In the standard model, usimg,=175.6-5.5 GeV and as- 0.2180 | ] .
sumingmy, =300 GeV, the overall best fit givd8] sir® 6, | Il
=0.23152, for whichR,=0.21576 andA2'§=O.10308. The 0.2170 | i ]
experimental measurements §2e4] | :
R, 02160 | | .
R,=0.2170+0.0009 (+1.38), (2 !
0.2150 : b
I
A‘F"g=0.0984t 0.0024 (- 1.95), (3 0.2140 [ g .
!
where the number of’s is the “pull” which is defined as 0.2130 ]
the difference between measurement and fit in units of the . . ‘ . . . . . ‘
measurement error. 02120 095 009 0.097 0098 0099 0100 0101 0102 0103 0.104 0405
Consider the couplings of the quark to theZ boson: A,
7 FIG. 1. Plot ofR, vs A28 . The solid lines are the experimental

(gLEI_YMbL+gRER'y#bR)v (4)  ranges. The dashe@iotted line is obtained by varyin@? (g7)

nt holding g (g?) fixed in the standard model.

 cos by

0556-2821/98/58)/0973014)/$15.00 58 097301-1 © 1998 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW D 58 097301

g2(g3) fixed at its standard-model value. The experimentaland left-handed singlets. We call this mod@l) with
range is also displayed. Fgf fixed at @)y, the best fitis  (Qs,Qe)r~(3,2,1/6), Qs ~(3,1,2/3), and Qg ~(3,1,
—1/3). Theb— Qg mass matrix is then
g4=0.00736 (6)
for which R,=0.2174 andA25=0.1015 are obtained. If we Mp Q= (13
let bothgf andg,?e be free parameters, then we get the central

values ofR, andA2g with which allows bothbg-Qgr andb, -Qg, mixings, so that Eq.
2 2 (7) may be satisfied. However, it is a somewhat unnatural
9. =0.17586, gr=0.00994. () solution becausen, andmg come from the vacuum expec-
tation value of the Higgs doublet, whereagg andmg,, are
invariant mass terms. It is thus difficult to understand why
the latter two masses are not much greater. Using

my me)
Mop Mg/’

We now discuss how the above two cases, i.e., Es.
and (7), may be obtained. In Ref6], a vector doublet of
guarks with the conventional charges, i.e., 2/3 antd3, is
added. We call this modéA) with (Q,Q5), r~(3,2,1/6) 1 1 2
under SU(3)c X SU(2)  XU(1)y. Since Q;,Q,). trans- gf:[( — =+ = Sir? Oy
forms in the same way as the known quark doublets, we 2 3
define it precisely as the one that forms an invariant mass 1 1 1 2
with (Q1,Q,)r. Hence, the mass matrix linkindo( ,Q,,) Z[— 573 Sin? Gy + > sir? 064 ; (14
with (bg,Q2g) is given by

1
cog fg + 3 Sir? 6y sirf g,

m, O and Eq.(9) with 8, replaced bybgg to fit Eq. (7), we find
Mpo.= ) 8 . .
bQ, (me M) ® Sir? fg. =0.0189, siA gr=0.3537. (15)
which shows thatbg-Qzr mixing is dominant, and that |y model (A) and model(C), large mixing ofbg with a
b -Q mixing is suppressed by, /mq and is thus negli- heavy quark is required, as shown in Eqs0) and (15),
gible [1]. We now have respectively. This has important implications on the elec-
1 11 5 troweak oblique parameteiST,U or €;,€5,€3. In model
03=|5 sir? 6y co2 O, +| — =+ = sir 9w) Sir? 92} (A), assuming tha®; does not mix witht, ¢, oru, we have
3 2 3 the following physical doublets:
1 1 2
=3 sir? 6y — > sir? 6, ) (Ql Q1 16
Qz/ " Q2 cos 6,—b sin 6, .

In order to increas@ from its standard-model value, it is

clear that sif 6, must be greater than (4/3)3id,. Hence, a which would contribute td or €, . In the above, the_ masses
rather large mixing withQ, is required in this model. Nu- ©f Q1 andQ, are related byn,; =m, cos6,, assuming that

merically, to obtain Eq(6), we need my<my,my. Letx=sir’ 6,, then we find

sir? 6,=0.3260. (10) 3a m3

A= Tom Si? g Mz, 1

In Ref.[7], a vector doublet of quarks with the unconven-
tional charges-1/3 and—4/3 is added. We call this model

(B) with (Qs,Qq)( x~ (3,2~ 5/6). Theb-Qq mass matrix is where
of the same form as E@8) because there cannot bé&gQ3r In(1—x)
term for lack of a Higgs triplet. In this case, F(X)=—2(1-x)(2—x)| 1+ ) —2x+ 3x°.

g3= ~+ = sir? 0\,\,) Sir? 03}
2 3 Note thatF(0)=0 andF(1)=1 as expected. Alsor(x)
2 >0 for 0<x<1. Takingx=0.3260 as in Eq(10), we get
(11 F1(x)=0.141. Let us choosm;=200 GeV so that the de-
cayQ;— b+ W would not be a significant contribution to the
top signal at the Tevatron. In that case,;=244 GeV and
Ae;=2.6x10 2 which would take this model far awd]
sir? 6;=0.0173. (12  fromthe data. Since our purpose is to find out if mixing with
heavy quarks would improve the overall agreement with
For comparison against the above two vectorial modelsgata, this numerical result tells us that mo@&] as it stands
we consider also the addition of one mirror family of heavyis not the answer.
fermions. The heavy quarks here are right-handed doublets In model(C), the physical doublets are

1
> Sir? Ay cos O3+

1 1
3 sir? Gy + 5 Sir? 6,

Now we need only a small mixing to obtain E®), namely
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Qs ( t
Qg COSOgr—b sin fgr/ . | b cOS s — Qg Sin b |’
(19

but sincefg, is small, it can be neglected, amnd is unre-
lated tomg. We now find

3a 1

A= 16 si? 6y M2,

. 2mZmé cog fgg M2
X m5+m6 COél 06R_—m2_m2_an .
5~ !lle 6

(20

Hence we can fine-tunmZ/m3 to makeA e; small. For ex-
ample, if we letms;=200 GeV, then the above expression is
minimized with mg=273 GeV for which Ae;=0.52

X 10" 3. This much smaller shift is acceptable. On the other
hand, unlike model§A) and(B) where the heavy quarks are
doublets in both left and right chiralities, mod€&l) hasQs;
and Qg as singlets, hence, the shift B or e; becomes
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heme—% L amrs T4 ety
1= 87 S 6y M2, 7M1+ Cir

1 1
2 4 2.4 2 2
+ §m2(1+02R)+ > SirtAmM37 In m]

+A,m3 In m3+Am? In m?|, (24)

wherec,g=co0s6;g, S1r=Sin Or, etc., and

_ 22 2 4
A1= —CIRS;R—S1L T SiR

2
m
2 2 2 2 1
+(4C{r—CirC5r—CY{|) —5—

(4cir—CIRCoR—C1) mi_mg
2

1
+ (C%RSER) H?m?’ (25)

2
m
_ 2 2 2 2 2 2 2
A, =Sor+ (—4cy Cort CIRCoRTCTL) e
1 2

nonnegligible. Letx=sir? gz and assumeM,<ms,mg,
then we find

o

A63:2477 SII’12 0W
X | 3—8x+5x%—1In mé—x(2—3x)|n m
m; m;

=1.8x1073 (21

for x=0.3537,m5;=200 GeV, andng=273 GeV. This shift
would already take this model far awg8] from the data, not
to mention that there is also the leptonic contribution of

0.44x 10 3. Hence modelC) is also not the answer.
Let us go back to modd) and try to reducé\ €, of Eq.
(17) by allowing Q; to mix with t. In that case, we have

Q4 cosfg—t sin O
Q2 cos Or—b sin b5/

(Ql cos Ay —t sin 01,_)
Q2 L

t cosfy +Qq siné
1L le 1L) 7 (22)
L
where the masses @J;, Q,, andt are related by
m;=M¢(cos 64, /cos H1g), My,=M/cos b5,
m,=M(sin 0, /sin 64R), (23

where M is defined as in Eq(8). After a straightforward

calculation, we find

m2

2 2 2 2 2 2
+ (487, C5p— STRrCor— ST ) —5—>,
(4s7 C5r—STRC2R ™ S1L) mg_mtz

(26)

m2
_ 4 22 2 22 t
Ai=Cir— S1rS:r~ C1L — (CIRSIR) m—m2
1~ m;
2
m
2 2 2 2 t
+(—482g+ SIRCIRTSE) .
( 1R T S1RCoRTS1L) e —

(27)
Note thatA;m?+ A,ms+Am?=0 as expected. We now let
m; =200 GeV and usingn,=175.6 GeV, we have

s7. ( 175.6) 257,
2 | a0 | 2 -
CiL Cir

200 8

For a given value ot3,, we then fixcs, and henceM
(=mycqr/cqy ) as well asm, (=M/c,g), assuming of
course thatcs,=0.6740 from Eq.(10). We vary c2; and
compute the right-hand side of E@4) numerically. We find
that it is in fact a monotonically increasing function of de-
creasingc?s . Hence, the value obtained earlier fbe, as-
suming noQ; mixing (i.e., c2z=c2, =1), which was al-
ready too far away from the experimental data, cannot be
reduced, and mod€R) is not saved by additional mixings.
Now that both model$¢A) and (C) are eliminated by the
precision electroweak measurements, we focus our remain-
ing discussion on modé€B). The additional heavy quark3;
and Q, have charges-1/3 and —4/3, respectively. The
physical doublets are

cosf;—b sin 6
(Q3) ’ Q3 3 3 ' (29)
Qa4/ Qy R
whereas
br cos 3+ Q3 Sin 65 (30
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is a singlet. Henc&), decays intodb+W™~ and would have model to describe all data, especially the precision measure-
been observed in the top-quark search at the Tevatron if itments to be obtained with the upcomiBgactories, at KEK
mass is below 200 GeV or so. In fact, the Tevatron top-quarkind at SLAC. For example, the exotic contributions to the
events cannot telb from b, hence, it is even conceivable decayB— Xgy in vector quark modelEncluding our model
that Q, was actually discovered instead tofHowever,Q;  (B)] have been analyzed recenfl§]. The dominant extra
would also have been produced, sinog&s=m,/cosé#;  contribution is from the violation of unitarity in the charged-
=1.01Im,, and it would decay into eithdr+Z orb+H. The  current mixing matrix. It gives rise to nontrivial constraints
nonobservation of théd+Z mode at CDF requires thb  on the off-diagonal mass matrix elememtsQ; ands-Qs.
+H mode to dominate. However, since LEP data alreadyNote that whereas the standard model predicts a branching
require the Higgs scalar mass to be greater than about 9gaction of b—sy, including the next-to-leading-order cor-
GeV, theb+H mode cannot dominate and this exotic pos-rection, which is still allowed by the experimental data, fu-
sibility is ruled out. We conclude th&; andQ, are hitherto  tyre reduction in the experimental error with the same central
undiscovered and must be heavier than about 200 G_eV. Notgue may be a potential signal for new vector quarks.
that this is beyond the reach of LEP for producib@; In conclusion, there may still be a hint of new physics in
+bQs. the current precision measurementsRyfand A2, . If it is

We have so far assumed ti@4 mixes only withb, but of ~ due to the mixing ofb with heavy quarks, the only viable
course it could also mix witls andd. In that case, the state model[7] is to add a heavy vector doublet of quarks with the
b in Egs. (29 and (30) should be considered as a linear unconventional charges 1/3 and—4/3. Two other models
combination ofo, s, andd, but dominated by. As aresult, are eliminated because they require large mixings, which in
there would be flavor-nondiagonal couplings of théo ds  turn generate large shifts iy and ez, and are thus in dis-
+sd, db+bd, andsb+bs, and in addition, the charged- 29"€€ment with present precision data.
current mixing matrix mediated by would lose its unitar- This work was supported in part by the U. S. Department
ity. These couplings are presumably very small, but theyof Energy under Grant No. DE-FG03-94ER40837 and by a
could affect the standard-model phenomenology regardingrant from the National Science Council of R.O.C. We thank
theK°—K?®, B°—B?, andB?— B systems. Furthermore, the G. P. Yeh and C.-H. V. Chang for discussions. DC thanks
indirect effect of flavor-nondiagonal neutral currents in thethe Physics Department, U.C. Riverside for hospitality dur-
right-handed sector could result in the failure of the standardhg a visit when this work was initiated.
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