PHYSICAL REVIEW D VOLUME 54, NUMBER 7 1 OCTOBER 1996

R, and new physics: A comprehensive analysis

P. Bamert C. P. Burgess,J. M. Cline! D. London}? and E. Nardi
IPhysics Department, McGill University, 3600 University Street, Maitr®ueec, Canada H3A 2T8
2Laboratoire de Physique Nua@e, Universifede Montrel, C. P. 6128, succ. centre-ville, Monile Quebec, Canada H3C 3J7
3Department of Particle Physics, Weizmann Institute of Science, Rehovot 76100, Israel
(Received 1 March 1996

We survey the implications for new physics of the discrepancy between the measureiRgat tfie CERN
e*e” collider LEP and its standard model prediction. Two broad classes of models are considéréitbse
in which newZbb couplings arise at the tree level, througtor b-quark mixing with new particles, angi)
those in which new scalars and fermions alter Ziib vertex at one loop. We keep our analysis as general as
possible in order to systematically determine what kinds of features can produce correctynsf tive right
sign and magnitude. We are able to identify several successful mechanisms, which include most of those which
have recently been proposed in the literature, as well as some earlier praeogalsupersymmetric modgls
By seeing how such models appear as special cases of our general treatment we are able to shed light on the
reason for, and the robustness of, their ability to expRin[S0556-282(96)05617-3

PACS numbg(s): 13.38.Dg, 13.65ti, 14.40.Nd

I. INTRODUCTION On the other hand, it is difficult to treat the measured
value of R, as a statistical fluctuation. Indeed, largely be-
The standard modé¢B5M) of electroweak interactions has cause ofR,, the data at face value noexcludethe SM at
been tested and confirmed with unprecedented precision oveie 98.8% confidence level. If we suppose that this disagree-
the past few years using measurements '@~ scattering at ment is not an experimental artifact, then the burning ques-
the Z resonance at the CER&' e~ collider LEP[1] and the  tion is the following: What does it mean?
SLAC linear collider(SLC) [2]. A particularly striking ex- Our main intention in this paper is to survey a broad class
ample of the impressive SM synthesis of the data came witlbf models to determine what kinds of new physics can bring
the discovery, at the collider detector at fermil@DF) and  theory back into agreement with experiment. Sifggs the
DO collaborationg 3], of the top quark with a mass which is main culprit we focus on explaining both its sign and mag-
in excellent agreement with the value implied by the meanitude. This is nontrivial, but not impossible to do, given that
surements at LEP. the discrepancy is roughly the same size as, though in the
The biggest, and only statistically important, fly to be opposite direction to, the large-dependent SM radiative
found so far in the proverbial SM ointment is the experimen-correction. The result is therefore just within the reach of
tal surplus of bottom quarks produceddrdecays, relative to  one-loop perturbation theory.
the SM prediction. With the analysis of the 1994 data as OQur purpose is to survey the theoretical possibilities
described at last summer’s conferen¢gg?], this discrep-  within a reasonably broad framework, and we therefore keep
ancy has become almost a deviation between experiment our analysis quite general, rather than focusing on individual
and SM theory. The numbers are models. This approach has the virtue of exhibiting features
that are generic to sundry explanations of frxe bb width,
. and many of the proposals of the literature emerge as special
Ry=T"p/T'ha=0.2219:0.0017, while Rb(SM)_O'le(% cases of){he aItePnatri)ves which we consider. ° P
In the end we find a number of possible explanations of
the effect, each of which would have its own potential sig-
The SM prediction assumes a top quark massnpE180  nature in future experiments. These divide roughly into two
GeV and the strong coupling constanf(M ;) =0.123, as is categories: those which introduce new physics iRfpat

obtained by optimizing the fit to the data. tree level, and those which do so starting at the one-loop
There are other measurements which differ from their SMevel.
predictions at the=2o level: R, (2.50), A%;(7) (2.00), and The possibilities are explored in detail in the remainder of

the inconsistency2.40) betweenA; as measured at LEP the article, which has the following organization. The next
with that obtained fromA®; as determined at SLE2]. In  section discusses why, is the only statistically significant
fact, since theR, and R, measurements are correlated, anddiscrepancy between theory and experiment, and summarizes
because they were announced together, some authors referthe kinds of interactions to which the data points. This is
this as the ‘R,— R, crisis.” One of the points we wish to followed by several sections, each of which examines a dif-
make in this paper is that there is M crisis. If the R,  ferent class of models. Section IIl studies the tree-level pos-
discrepancy can be resolved by the addition of new physicsibilities, consisting of models in which thboson or théd

one then obtains an acceptable fit to the data. In other wordguark mixes with a hitherto undiscovered particle. We find
R., as well asA2s(n and AR, can reasonably be viewed several viable models, some of which imply comparatively
simply as statistical fluctuations. large modifications to the right-handdotquark neutral-
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current couplings. Sections 1V and V then consider loop con-

tributions toR,,. Section IV concerns modifications to the 0-08

t-quark sector of the SM. Although we find that we can

reduce the discrepancy R, to ~2¢, we do not regard this 0.06

as sufficient to claim success for models of this type. Section

V then considers the general form for loop-level modifica- 0.04

tions of theZbb vertex which arise from models with new 7
scalars and fermions. The general results are then applied to 0.02

a number of illustrative examples. We are able to see why b
simple models, like multi-Higgs-doublet and Zee-type mod- Sg 0
els fail to reproduce the data, as well as to examine the R u
robustness of the difficulties of a supersymmetric explana-

. . . . -0.02
tion of Ry, . Finally, our general expressions guide us to some
examples whichdo make experimentally successful predic-
tions. Section VI discusses some future experimental tests of ~ ~°-%¢
various explanations of the, problem. Our conclusions are
summarized in Sec. VII. -0.06
-0.015 -0.01 -0.005 0 0.005 0.01 0.015
Il. THE DATA SPEAKS Sgb
L

Taken at face value, the current LEP/SLC data excludes
the SM at the 98.8% confidence level. It is natural to ask FIG. 1. A fit of the Zbb couplingsg?  to Z-pole data from
what new physics would be required to reconcile theory anghe 1995 Summer Conferences. The four solid lines respectively
experiment in the event that this disagreement survives furdenote the &, 20, 30, and 4 error ellipsoids. The SM prediction
ther experimental scrutiny. Before digging through one’slies at the origin(0,0). This fit yields ag(M ;) =0.101+0.007.
theoretical repertoire for candidate models, it behooves the
theorist first to ask which features are preferred in a SUCCeSSS this expressiongf,_ and ng denote the SM couplings,

ful explanation of the data. . - f_1f_fa2
An efficient way to do so is to specialize to the case Wherewpfh are normalized so thatg;=l3-Q's, and

_Afe2 f f ;
all new particles are heavy enough to influent@ole ob- 9r= .Q Sw wherel 3 andQ_ are the third component Of.

. . . . L weak isospin and the electric charge of the corresponding
servables primarily through their lowest-dimension mterac‘fermion f —sin 6. denotes the sine of the weak mixin
tions in an effective Lagrangian. Then the various effective ! Sw w 9

. - . o angle, an =(1Fv)/2.
couplings may be fit to the data, allowing a quantitative sta- ?:itting ct}r);'égé e(ffggt,?\)/e couplings to the data leads to the

tistical comparison of which ones give the best fit. Although . :
following conclusions.

not all of the scenarios which we shall describe involve only (1) What must be explainedlthough the measured val-

heavy particles, many of them do and the conclusions "WSes for several observables depart from SM predictions at the

draw using an effective Lagrangian often have a much Wideﬁa level and more, at the present level of experimental ac-

applicability than one might at first assume. Applications Ofcurac it is onl théR measurement which reallv must be

this type of analysis to earlier dafd,5] have been recently h Y I yl . t(’j Aft | o y

updated to include last summer's d@fd, and the purpose of theoretically explained. After all, somesZluctuations are
not surprising in any sample of twenty or more independent

th|§”s]ect|0n 'S to summarize the resul_ts that were found._ measurementgIndeed, it would be disturbing, statistically
ere are two main types of effective interactions which ki if all d with th ithi
play an important role in the analysis #fresonance phys- ige)aTlhr:g ,olbsaervr:\t?gzuigegﬁgttjeggcﬁgnti\gtivéIye?nr):htecz) f\i/gt ollp
ics, and we pause first to enumerate briefly what these ar%e'f_ [6]. for which the minimal modification which is re-

(For more details see Rdg#]). The first kind of interaction red to accommodate the. measurement. namelv the ad-
consists of the lowest-dimension deviations to the elecI" hféo measurer ' y the

. . -dition of only new effectiveZbb couplings, already raises
troweak boson self-energies, and can be parameterized usitid.™ - onfidence level of the fit to acceptable levels
the well-known Peskin-Takeuchi parameteB&and T [7]. 2 INpe=15.5/11 as compared to 27.2/13 for a SNL. e

The second class of interactions consists of nonstandaéﬁerefore regard the evidence for other discrepancies with the
dimension-four effective neutral-current fermion couplings 9 p

which may be defined as follovis: SM, such as the value &%, as be!ng |ncor_1clu5|ve at present
and focus instead on models which predict large enough val-

ues forRy,.
e — —_— :
LNC=—— 7 fy*[(gf +8g") vy + (gL+ 8gh) yrIf. (2) The significance of R Since the 1995 summer con-
o syew # - Lot R RITR ferences have highlighted the nonstandard measured values

(2 forthez branching ratio intdoth candb quarks, it is worth
making the above point more quantitatively for the particular
case of the discrepancy Ry . This was addressed in R¢6]

IThe third parameteld also appears but does not play a role in the By introducing effective couplings of thé to bothb andc
Z-pole observables. quarks, and testing how much better the resulting predictions
Here we introduce a slight notation change relative to Rgfin fit the observations. Although the goodness of fitZtgole
that our couplingssg{ g correspond ta5g{ g of Ref. [4]. observablesloesimprove somewhatwith x2,/Np=9.8/9,



54 Ry, AND NEW PHYSICS: A COMPREHENSIVE ANALYSIS 4277

TABLE I. Required neutral-currerth-quark couplings: The last two columns display the size of the
effective correction to the left- and right-handed @Mb couplings which best fit the data. The “individual
fit” is obtained using only one effective chiral coupling in addition to the SM paramete@nd ag(M ).
The “fit to both” includes both couplings. Also shown for comparison are the SM predictions for these
couplings, both the tree-level contributidiSM tree” ), and the dominanin,-dependent one-loop vertex
correction, evaluated &2=0.23 (“SM top loop”).

Coupling g (SM tree 89 (SM top loop &g (individual fit) &9 (fit to both)
gE —0.4230 0.0065 —0.0067-0.0021 —0.0029+0.0037
gl 0.0770 0 0.034:0.010 0.022:0.018

it does so at the expense of driving the preferred value for the (4a) LH couplingsTable | shows that the required change
strong coupling constant up ta(M7)=0.1800.035, in in the LH Zbb couplings must be negative and comparable
disagreement at the level ob2wvith low-energy determina- in magnitude to then,-dependent loop corrections within the
tions, which lie in the range 0.1320.003[8]. This change in SM. The sign must be negative since the prediction for the
the fit value fora (M,) is given by the experimental con- Z—bb width must be increased relative to the SM result in
straint that the totaZ width not change with the addition of order to agree with experiment. This requir&g;f to have

the newZcc couplings® Once the low-energy determina- the same sign as the tree-level value ddt, which is nega-
tions of ag(M,) are also includedy?,/Npr not only drops tive. As we shall see, this sign limits the kinds of models
back to the levels taken in the fit only to effectiddb cou-  which can produce the desired effect. Comparison with the
plings, but the best-fit prediction fdR, again moves into a SM loop contribution shows that the magnitude required for
roughly 2r discrepancy with experiment. 5g',f is reasonable for a one-loop calculation. Since the size

It is nevertheless theoretically possible to introduce newof the m,-dependent part of the SM loop is enhanced by a
physics to account foR. in a way which does not drive up factor of m?/M 2, the required new-physics effect must be
the value of the strong coupling constant. As argued orarger than a generic electroweak loop correction.
model-independent grounds in R¢E], and more recently (4b) RH couplingsSince the SM tree-level RH coupling
within the context of specific mode[9,10], an alteration of is opposite in sign to its LH counterpart and is some five
the c-quark neutral-current couplings can be compensatetimes smaller, the new-physics contribution required by the
for in the totalZ width by also altering the neutral-current data,dg 2, is positive and comparable in size to the tree-level
couplings of light quarks, such as teeWe put these types coupling. This makes it likely that any new-physics explana-
of models aside in the present paper, considering them to kéon of the data which relies on changimg, must arise at
insufficiently motivated by the experimental data. tree level, rather than through loops.

(3) LH vs RH couplingsThe data do not yet permit a (5) Absence of oblique correction&.final proviso is that
determination of whether it is preferable to modify the left- any contribution tog? or g should not be accompanied by
handed(LH) or right-handedRH) Zbb coupling. The mini- large contributions to other physical quantities. For example,
mum values fory” found in Ref.[6] for a fit involving LH,  Ref. [6] finds that the best-fit values for the oblique param-
RH, or both couplings are, respectively?;/Npr (LH)  etersSandT are
=17.0/12, x4/Npe (RH)=16.1/12, or x%i/Npe (both

=15.5/11. S=-0.25+0.19,
(4) The size required to explain,RThe analysis of Ref.
[6] also indicates the size of the change in the neutral-current T=-0.12+0.21 3)

b-quark couplings that is required if these are to properly

describe the data. The best fit values which are required are . ; : b
displayed in Fig. 1, and are listed in Table I. Table | also&mh arelative correlation of 0.9&ven wherbg are free

. ; . o float in the fit. Sincel often gets contributions similar in
includes for comparison the corresponding tree-level S

, ize tosgP th n n ite restrictive.
couplings, as well as the largest SM one-loop vertex correc- € todg these bounds can be quite restrictive

. ) . o Notice that we need not worry about the possibility of
tions (those which depend quadratically or logarithmically having large cancellations betwesén the new—[laohysics g)ntri—

2 _ .
on thet-quark masSm,), evaluated as;,=0.23. For making butions to the oblique parameters afgl? in R,,. It is true

comparisons we take, =180 GeV. . . ;
As we now describe, the implications of the numbers ap-that such a partial cancellation actually happend ipin the

s SM, where the loop contributions proportional o? in T
2;22336'r;]gv?/%i;s?gg%gdcgﬂ;nﬁgzandedr(m vs RH) of and 5gE exactly cancel in the limit theﬁfﬁi, and so end up

being suppressed by a factsf,—3. We nevertheless need

not consider such a cancellation Ry since the oblique pa-

rametergespeciallyT) almost completely cancel betweEp
3Introducing effectiveb-quark couplings has precisely the oppo- andT',,4. Quantitatively, we hav§4]

site effect, since the SM prediction fb¥, is low and that forl’; is

high relative to observations, lowering the strong coupling constant Ip,= FEM(1_4_5759E+ 0.828691,%— 0.00453+0.01107),

to ag(M)=0.103£0.007.

“More precisely [11], we use 8gP=(a,/16m)[r +2.88 ],
wherer:fntz/mev.y[ ] 9L (ew/1oml ] Tha=iM(1-1.015gP +0.1835g%— 0.0051&+0.01147),
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so R,= Rﬁ""(l—3.56§gf+0.645§g%+ 0.00066 yvhere the neutral-qurrent couplings are taken to be diagonal
in the flavorB® basis?
—0.00047). (4) This expression becomes reasonably simple in the com-

mon situation for which only two particles are involved in

. : ioa_ (B i_ (b
We now turn to a discussion of the circumstances undetrhe mixing. In this case we may writ8®= (), b'=(y),

z
which the above conditions may be achieved in a broad clas®"d Z"=(z/), and takel4 , Ug, and M to be two-by-two
of models. rotation matrices parametrized by the mixing andles 6,

and 4, . In this case Eq(5) reduces to

Ill. TREE-LEVEL EFFECTS: MIXING 0° r=1(g5)L e gt (95 RS2 RlC2+ (G5 )L RCE R

At tree level theZzbb couplings can be modified if there is
mixing amongst the charge3 quarks, or the neutral, colour-
less vector bosons. Being a tree-level effect it is relatively heres, denotes sir, , etc. IncreasingR, requires increas-
easy and straightforward to analyze and compare different! th L binati Ly 2+‘ bYZ T b r? thi K
scenarios. Also, since mixing effects can be large, mixin ng the combina lond )"+ (gr) . 10 See Now This works
can provide comparatively large corrections to &b cou- e now specialize to more specific alternatives.
pling, such as is needed to modHy, through changes 192
Not surprisingly, a number of recent mod¢®,10,12—1% A. Z mixing
use mixing to try to resolve thg, (andR;) discrepancy. Our First consider the case where two gauge bosons mix. Then
aim here is to survey the possibilities in a reasonably generatq. (6) reduces to
way. We therefore postpone for the moment a more detailed
phenomenological analysis of the various options. gE‘Rz(gE)L'RcZ+(gg,)L,Rsz, (7)

In general we imagine that all particles having the same
spin, color, and electric charge can be related to one anothevhere @%),  is the SM coupling in the absence Bfmix-
through mass matricésome of whose entries might be con- jng  and Q;)L r is the b-quark coupling to the new field
strained to be zero in particular models due to gauge sym,: (which might itself be generated throughquark mix-
metries or restrictions on the Higgs-field represe_nta)ions in%). It is clear that so long as the' bb coupling is nonzero,
We denote the color-triplet, charg@=—s5, quarks in the —yop s jg always possible to choose the an@jeto ensure

giavgr:stg?;.i,sb bé’i B?h;ﬁagzﬁl JRStaf:rrizFr)&]d;g on;?ss that the total effective coupling is greater than the SM one,
9 yb. 9 d ’ (9 ?)L]R. This is because the magnitude of any function of

tained from theB* by performing independent unitary rota- — ; o
tions,(u[,R)“' amongst the left- and right-handed fields. Thetgﬁ 0fo=rrg/'1;(0]%)r W'?]fi?czrﬂl?lsz |=s|Ar/nCa>|<|>m||;(|ad by the angle
b quark that has been observed in experiments is the lightest ' max c
of the mass eigenstatds=b?, and all others are necessarily
much heavier than this state.

Similar considerations also apply for colorless
electrically-neutral spin-one particles. In this case we imal

J"(gg:)L,RSE,R]SZv (6)

St The model-building challenge is to ensure that the same
type of modifications do not appear in an unacceptable way
in the effectiveZ couplings to other fermions, or in too large
'an M, shift due to the mixing. This can be ensured using
. . W . g231ppropriate choices for the transformation properties of the
ine the weak eigenstates,,, to be related to the mass eigen- fields under the new gauge symmetry, and sufficiently small

m H wm
states,Z,,, by an orthogonal matrix M"". We take the 7 7/ iing angles. Models along these lines have been
physicalZ, whose properties are measured in such exqu's't?ecently discussed in RefE9, 16]

detail at LEP and SLC, to be the lightest of the mass eigen-
statesZ,=Z,. .

Assuming that all of thé' andZ™ (except for the lightest
ones, the familiato and Z particles are too heavy to be The second natural choice to consider is pbrguark
directly produced aZ-resonance energies, we find that the mixing, with no new neutral gauge bosons. We consider only
flavor-diagonal effective neutral-current couplings relevanthe simple case of}22 mixings, since with only one ne®’
for R, are quark mixing with the SM bottom quark, E¢) simplifies

considerably. As we will discuss below, we believe this to be
sufficient to elucidate most of the features of the possible
b _ 11 _ aB 7 ol%q Bl § wl b-mixing solutions to ther,, problem.
9rR=(On=1)ik L%w (GWERAL R ULRM Let us first establish some notation. We denote the weak
SU(2) representations of the S| g and of theB|  as

B. b-quark mixing

= E\;V (gx)L,RWf,lR ZM, )

SEquation(5) describes the most relevant effects for Byeprob-
lem, namely the mixing oZ andb with new states. However, in
SWe imagine having already diagonalized the SM mass matricegeneral other indirect effects are also present, such as, for example,
so that in the absence of this non-standard mixing one oBthe a shift inM, due to the mixing with th&’. For a detailed analysis
reduces to the usual quark, with a diagonal mass matrix with the of the simultaneous effects of mixing withzd and new fermions,
d ands quarks. see Ref[15].
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R_r and R| g, respectively, whereR=(l,l3). The SM Let us first discuss assumptién. From Table | and Eq.
B-quark assignments arR, =(3,—3), and Rg=(0,0). By  (8) one sees that the mixing angles must be at least as large
definition, aB’ quark must have electric chargg=—1/3, as 10% to explaifr, , implying that the off-diagonal entries
but may in principle have arbitrary weak isospR{ x  in the mass matrix Eq10) which give rise to the mixing are
=(I{ r:l3LR)- of orders; gRM,=10 GeV. If these entries are generated by
In terms of the eigenvaluek, and |} of the weak- Higgs fields in higher than doublet representations, such

isospin generatol; acting onB| and By, the combination ?rge_vactl;]um expectatltog \tl\ilvé‘ﬂ'Etr\]/ s) Wou:jd badly un-t f
of couplings which control§, becomes ermine the agreement between theory and experiment for

the M,/M, mass ratid.

CE ng 2 ng 2 According to assumptiofi), the permitted Higgs repre-
T (97)2+(gR)%= —7+§+SE|éL +\ 3 +s§I§R> . sentations ardRy=(3,+%) and (0,0). It is then possible to

) specify which representatiom®  allow theB’ to mix with
the B quark of the SM.
(1) Since theB’ should be relatively heavy, we require
that M,,#0. Then the restrictiorfi) on the possible Higgs
representations implies that

In order to increasﬂia using this expressior§, and 6z must
be such as to makg more negativeg% more positive, or
both. Two ways to ensure this are to choose

1 Iy — -
la<—3 or x>0 9) 1L =1gl=0, (11

There are also two other alternatives, involving large mixingand

angles or largeB’ representations: |5, >0, with s3(15 + 1

3)>1-2s2/3=0.85, and 15,<0, with s3|l35|>252/3 15— 150 =0, 5. (12)
=0.15. Note that, in the presence of LH mixing, the
Cabibbo-Kobayoshi-Maskawa element,(q=u,c,t) get
rescaled a¥,,—¢ Vgp, thus leading to a decrease in rates ;
for processes in which the quark couples to &V. Therefore entries, My, or M;, must be nonzero. These terms arise
charged-current data can in principle put constraints on largEeSPectively from the gauge-invariant produd®, @R,

LH mixing. For example, future measurements of the various® Rr andRy@Rr@R[ so thatR/ ) must transform as the
t-quark decays at the Tevatron will allow the extraction ofconjugate of the tensor prodult;® Rg) !

Vi, in a model-independent way, thus providing a lower
limit on c_. At present, however, when the assumption of
three-generation unitarity is relaxg@ds is implicit in our
casep the current measurement @&(t—Wh)/B(t—Waq)
implies only the very weak limitV,,|>0.022(at 95% C.L)  or
[17]. Hence to date there are still no strong constraints on
large LH mixing solutions. Regarding the RH mixings, as 1

discussed below there is no corresponding way to derive Rr= RH®RL:(010)1(51_§ (1,-1),(1,0. (19
constraints orcg, and so largesy solutions are always pos-
sible.

(2) To haveb-b’ mixing, at least one of the off-diagonal

1 1
R|’_=RH®RR:(O,0),(§,i§>, (13

q lassifv th gels in which th Thus the only possible representations for Bieare those
We proceed now to classify the models in which the SMyit, 17 —0, 11 andl; =0, 1, 1, ¢, subject to the restrictions

bottom quark mixes with other ne@=—1/3 fermions. Al- (11)—(14)

though there are end!ess possibilities for the k|nd of exotic As for assumptionii), it is of course possible that several
quark one could consider, the number of possibilities can bg ecies oB’ quarks mi;< with the, giving rise to arNx N
drast.|cally reduced, and_a complete clas_smcatlon be_com ass matrix, but it seems reaso,nable to study the allowed
possible, after the following two assumptions are made: types of mixing one at a time. After doing so it is easy to

There are no new Higgs-boson representations beyond do xtend the analysis to the combined effects of simultaneous

blets and singletd(ji) the usuaB quark mixes with a single o ; ; / i
B’, producing the mass eigenstateandb’. This constrains :gl'nﬁgrgrr\?illlfjhar:;ljtrlﬁgiign quarks. Thus(ii) appears to be a

the mass matrix to be>22:

(10 "The contribution of these relatively large nonstandard VEV’s
cannot be effectively compensated by new loop effects. On the

) . . . . other hand, beyond Higgs doublets, the next case of a Higgs mul-
We will examine all of the alternatives consistent with (sjet preserving the tree-level ratio is thatlaf, =3, Y,;=2. We do

these assumptions, both of which we believe to be well monet consider such possibilities, which would also require the mixed
tivated, and indeed not very restrictive. The resulting models’ to belong to similarly high-dimensional representations. We also
include the “standard” exotic fermion scenarigk8] (vector  neglect alternative scenarios invoking, for example, more Higgs
singlets, vector doublets, mirror fermignas well as a num- triplets and cancellations between different VEV's, since these suf-
ber of others. fer from severe fine-tuning problems.

= o (M Mg\ (B
(B B)L(M21 M2/ B/
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TABLE II. Models and charge assignments. All the possible modelB{& mixing allowed by the assumptions tHathere are no new
Higgs representations beyond singlets and doublets(iBnzhly mixing with a singleB’ is considered. The presence of LH or RH mixings
which can affect thé neutral current couplings is indicated under “Mixing.” Subleading mixings, quadratically suppressed, are given in
parentheses. Equivalent models, for the purposd®,ofare indicated by a prim€) in the “Model” column, while models satisfying Eq.

(9) and which can account for the deviationsRp with small mixing angles, are labeled by an astefisk Large RH mixing solutions are
labeled by a double asterigk+ ), while models 7, 7, and 7 allow for a solution with large LH mixing.

I 15 IR I3r Model Mixing
0 0 0 0 1 Vector singlet L
1/2 —1/2 Jex ) Mirror family L,R
+1/2 3 (L),R
1/2 -1/2 0 0 4 Fourth family
1/2 —1/2 gxx) Vector doublet(l) R
1 -1 6+ R
0 4
+1/2 0 0 7 L
1/2 +1/2 g Vector doublet(Il) (L),R
1 0 7 L
+1 9*) (L),R
1 -1 1 -1 10%) Vector triplet(l) L,(R)
1/2 -1/2 11 L,(R)
0 1 0 1 Vector triplet(Il) L
1/2 —1/2 2 L,(R)
32 -3/2 1 -1 12%) L,(R)
—~1/2 1 -1 6 (R)
0 4
+1/2 1 0 7 L

There is one sense in whidfi) might appear to restrict subleading with respect E{?R. However, if we instead sup-
the class of phenomena we look at in a qualitative way: itpose that all the nonzero elements are equal to some large
is possible to obtain mixing between tBeand aB’ in one of  massu, then there are two nonzero eigenvalogs~u and
the higher representations we have excluded by “bootstrapn,~2u while the B-B, mixing angless{*~ \1/3 andsy
ping,” that is, by intermediate mixing with B} in one of the ~ ~ \/3/8 are unsuppressed relativegp’.2 Although it may

allowed representations. The idea is that, if the BWvhixes ~ be unnatural to have near equality of the mass entries gener-
with such aB;, but in turn the latter mixes with 8} of ated by singlet and doublet Higgs VEV's, as is needed in this

larger isospin, this would effectively induceBaB) mixing, case and in most of the other examples we found, it is still

which is not considered here. However, since mass entrie%%snséb:ﬁgggtliicé?e interesting solutions could be constructed

directly couplingB to B are forbidden by assumptiof), Apart from some special cases analogous to the one out-
the resultingd-B; mixing will in general be proportional to  jined above, we can therefore conclude that neither does as-
the B-B; mixing, implying that these additional effects are sumption(ii) seriously limit the generality of our results.
subleading, i.e., of higher order in the mixing angles. This We can now enumerate all the possibilities allowed by
means that if the dominar®-B; mixing effects are insuffi- assumptiongi) and ii).

cient to account for the measured valueRyf, adding more With the permitted values dff;, andl| listed above, and
B’ quarks with larger isospin will not qualitatively change the requirement that at least one of the two conditi¢k®
this situation. and(14) is satisfied, there are 19 possibilities, listed in Table

There is, however, a loophole to this argument. If thell. Although not all of them are anomaly free, the anomalies
mass matrix has some symmetry which gives rise to a speci&fn always be canceled by adding other exotic fermions
“texture,” then it is possible to have large mixing angles andWhich have no effect oR;,. Since only the values df; and
thus evade the suppression due to products of small mixinksr are important for thé neutral current couplings, for our
angles alluded to above. Indeed, we have constructed severlirpose models with the sarhg  assignments are equiva-
examples of X3 quasidegenerate matrices with three andent, regardless of| ; or differences in the mass matrix or
four texture zeros, for which thB-B;, mixing is not sup- mixing pattern. Altogether there are 12 inequivalent possi-
pressed and, due to the degeneracy, can be maximally largailities. Equivalent models are indicated by a priffhein the
For example, let us choosB; in a vector doublet with “Model” column in Table II.
|3 g="11/2 andB; in a vector triplet withl 3, ;=+1. Be-
cause of our assumption of no Higgs triplets, difganixing
with such aB; is forbidden, andVl;3=M3;=M,=0. It is 8A small perturbation of the order of a few GeV can be added to
easy to check that for a generic values of the nonvanishingome of the nonzero mass entries to lift the degeneracy and give a
mass matrix elements, the induceﬂfR mixings are indeed nonzero value fomy.
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Due to gauge invariance and to the restrictionon the
Higgs sector, in several cases one of the off-diagonal entries
M, or M,; in Eq. (10) vanishes, leading to a hierarchy be-
tween the LH and the RH mixing angles. If thé is much
heavier than thé, M;,=0 yields sy~ M,,/M,,, while the
LH mixing is suppressed by ,2. If on the other hand
M,,=0, then the suppression feg is quadratic, leaving,
as the dominant mixing angle. For these cases, the subdomi-  ©-
nant mixings are shown in parentheses in the “Mixing” col- _2
umn in Table Il. Notice that while models 2 and 6 allow for ~R
a large right-handed mixing angle solution of tHg, 0.
anomaly, the “equivalent” models’2and 6 do not, pre-
cisely because of such a suppression.
Six choices satisfy one of the two conditions in Ef), 0.2
and hence can solve thg, problem using small mixing
angles. They are labeled by an aste(iskin Table II. Three
of these model$10,11,12 satisfy the first condition for so-

[e))

'S

. . .. . 0
lutions using small LH mixings. Since for all these cases o 02 02 e o8 1
15:<0, a large RH mixing could alternatively yield a solu- 2
tion but becaussy, is always suppressed with respectstq Sy,

this latter possibility is theoretically disfavored. The other
three choicegmodels3,8,9 satisfy the second condition for FIG. 2. The experimentally allowed mixing angles for a mirror
solutions using small RH mixing. It is noteworthy that in all family. The thick line covers the entire area of valuesdprandsg
six models the relevant mixing needed to explRinis au-  which are needed to agree with the experimental valu&fao the
tomatically the dominant one, while the other, which would 2o level or better. The thin line represents the one-parameter family
exacerbate the problem, is quadratically suppressed arfd mixing angles which reproduce the SM prediction. Notice that
hence negligible in the largey, limit. There are two choices the small-mixing solution, which passes through=sg=0, is
(models5,6) for which I 3,<0 and there is only RH mixing, ruled out sincel{ =0 implies that any LH mixing willreduce ¢
and one(model2) for which I 3,<0 andsg is unsuppressed and thus increases the discrepancy with experiment.
with respect tas; . These three cases allow for solutions with
large RH mixings, and are labeled by a double astefisk. region [21,22, cannot distinguish between the two values
Finally, a solution with large LH mixing is possiblenodels s2=0 and 4,/3, which yield exactly the same rat¥s.
7, 7', and 7") in which I3 =+1/2, andl ;=0 implies no  Hence this kind of model can solve tiRg problem, though
RH mixing effects. perhaps not in the most aesthetically pleasing way. As is
In the light of Table Il we now discuss in more detail the shown in Fig. 2, the allowed range of mixing angles is lim-
most popular models, as well as some other more exotifted to a narrow strip in the?-s3 plane.
possibilities. Fourth family. A fourth family (model 4 cannot resolve
Vector singletVector fermions by definition have identi- R, via tree-level effects because the n8&& quark has the
cal left- and right-handed gauge quantum numbers. A vectosame isospin assignments as the B&uark, and so they do
singlet(model 1 is one for whichl| =1;=0. Inspection of not mix in the neutral curreft Two other possibilities
Eq. (8) shows that m|xmg with such a vector-singlet quark (models 4 and 4) yield the samd 3, assignments as the
always acts to reducléb fourth family model, and are similarly unsuccessful in ex-
Mirror family. A mirror family (model 2 is a fourth fam-  plaining R, since they do not modify thé quark neutral
ily but with the chiralities of the representations inter- current couplings.
changed. Becauslg,_ vanishes, LH mixing acts to reduce the  Vector doubletsThere are two possibilities which permit
magnitude oig,_, and so tends to make the prediction Ry ~a Q=—3 quark to transform as a weak isodoublet, and in
worse than in the SM. For sufficiently large RH mixing both cases mixing with the SN is allowed. They can be
angles, however, this tendency may be reversed. As was ditabeled by the different hypercharge value using the usual
cussed immediately below E¢9), sinceljg is negative a conventionQ=13+Y.
comparatively large mixing angle af3=1/3 is needed to With the straightforward choicé; =15z=—1/2 (model
sufficiently increaseR,. Such a large RH mixing angle is 5), we haveY| =Yg=1/6. This type of model is discussed in
phenomenolog|cally permitted by all off-resonance determi-Ref.[13], where the isopartner of tH#' is a toplike quarkr’
nations ong [19]. In fact, theb-quark production cross
section and asymmetry, as measured in# interference

10The current 90% C.L. upper boursg<0.010[20] holds in the
small mixing angle regios3<1/3.

%A Q=+2/3 vector singlet can however be used to redige These models have the further difficulty that, except in certain
[10,12,14, provided that steps are taken, as suggested in Sec. Borners of parameter spaf@3], they produce too large a contribu-
above, to avoid the resulting preference for an unacceptably largion to the oblique parameterS,and T, to be consistent with the
value forag(Mz). data.
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having charget+ 2. Since these are the same charge assignfects ofsy are further suppressed, while for mod& a LH
ments as for the standard UHquark, this leads to no mixing mixing somewhat smaller than in EqL7) is sufficient to

in the neutral current amongst the LH fields, and thereforexplain the data.

only the right-handed mixing anglsy is relevant forR,;. Our analysis of tree level effects shows that batimix-
Sincel 3 is negative a comparatively large mixing angle of ing andb mixing can resolve th&,, discrepancyb-quark
s2=1/3 is needed to sufficiently increasg,, in much the  mixing solutions satisfying the two assumptions ttiathere
same way as we found for the mirror-family scenario dis-are no new Higgs representations beyond singlets and dou-
cussed above. The required mixing angle that gives the esblets, andii) only mixing with a singleB’ is relevant, have

perimental valueR,=0.2219-0.0017, is been completely classified. The list of the exotic nBw
quarks with the right electroweak quantum numbers is given
s&=0.367"3935. (15  in Table Il. Solutions with smakg ands, mixing angles are

_ _ possible when th®g is the member with highestg in an

The other way to fit @=—1/3 quark into a vector dou- jsodoublet or isotriplet, or wheB| is the member with low-
blet corresponds tol =13z=+1/2 (model 8 and S0  ggt|/ in an isotriplet or isoquartet. In all these cases, new
Y'=—-5/6[10]. The partner of thd' in the doublet is then gy arks with exotic electric charges are also present. Some
an exotic quarkR, havingQ=—4/3. Herel 3 has the wrong  qther possible solutions correspond {g<0 and are due to
sign for satt|’sfy|ng Eq(9) and so mixingdecreaseshe mag-  mixing amongst the RW quarks involving rather large mix-
nitude ofg(. On the other hand,aq has the right sign 10 ng angles, while forl 3 =+ 1/2 we find another solution
increaseg g. Whether this type of model can work therefore yaquiring even larger LH mixing. It is intriguing that such
depends on which of the two competing effect&jwins. It |3rge mixing angles are consistent with all othequark
is easy to see that in this model the,, entry in theB-B'  phenomenology. We have not attempted to classify models
mass matrix Eq(10) vanishes, which as discussed abovej, \yhich mixing with new states with very large values of
results in a suppression sf quadratic in the large mass, but 14, can arise as a result of bootstrapping through some in-

only a linear suppression me.' Hences, beCO”.‘eS negh- termediateB’ mixing. Under special circumstances, they
gible in the largem, limit, leaving sg as the dominant mix- could allow for additional solutions

ing angle inR,. The mixing angle which reproduces the For some of the models considered, the contributions to

experimental value foR,, then is the oblique parameters could be problematic, yielding addi-
tional constraints. However, for the particular class of vec-
torlike models(which includes two of the small mixing angle

: solutions loop effects are sufficiently small to remain
However, in order to account for such a large value of the 3 P y

mixing angle in a natural way, tH& cannot be much heavier acceptablé! Th_|s IS be_cause, unI|I§e the top quark which
than ~100 GeV. belongs to a chiral multiplet, vectorlike healgy quarks tend

Similarly to theY’=—5/6 vector doublet case, models 3 to decouple in the limit that their masses get large. Introduc-

and 9 also provide a solution through RH mixings. In model:in%énzg??e(\:/;gusc’t%irt ft?]rer:gnrsenq]giens spr;c;?lugiorsjonhzigo hc;t\)/_e
3, the subdominant competing effect gf is further sup- 9 > ) ; 9

o . evaded detection. Exceptions to this statement are models
pressed by a smallég, , while in model 9 the effect ofy is

enhanced by~ +1, and hence a mixing angle a factor of invo_lving a large number of new fields, like entire new gen-
3R L o g ang erations, since these tend to accumulate large contributions

4 smaller that in Eq(16) is sufficient to _e>_<|_o!a|er. _ toSandT.

Vector triplets.There are three possibilities for placing a

vectorB’ quark in an isotriplet representationl 5, =15z=

—.1,0,+ 1. The last dqu not allow folb mixing, if onIy IV. ONE-LOOP EFFECTS: t-QUARK MIXING

Higgs doublets and singlets are present, and for our pur- - — _

poses,| 4 =14,=0 (model 1) is equivalent to the vector We now turn to the modifications to tm‘_ébb cpuplmgs

singlet case already discussed. Only the assignrignt which can arise at one loop. Recall th%t this option can only

=13r=—1 (model 10) allows for a resolution of theR, gxplamRb 'f. the LH b-quark _cou.plmg,g L, TECEIVES a nega-

proef)Fiem and it was proposed in RdfL2]. If B’ is the tive correction comparable in size to the Si-dependent

lowest-isospin member of the triplet there is an exotic quarlgontannons. As was argued in Sec. ll, itis the LH__coupllng

of chargeQ=+5/3 in the model. Again in the limit of large we are interested in because a loop-level changgiis too

b’ mass one combination of mixing anglés this casesy) is small to fix the discrepancy between the SM anq expgrlment.

negligible, due to the vanishing ol , in Eq. (10). As a The fact that theR,, problem could be explained if the

result,s, plays the main role iR, . Agreement with experi- m-dependent one-loop contributions of the SM were absent
ment requires naturally leads to the idea that perhaps tkguark couples

differently to theb-quark than is supposed in the SM. If the
SEZO'Olz-IL_F 0.0034. (17) t quark njixe_:; significantly with a new quark one might be
able to significantly reduce the relevant contributions below

Since the resulting change g{j is so small, such a slight their SM values. In this section we show that it is at best

mixing angle would have escaped detection in all other ex-
periments to date.

Similarly to this case, model$1l and 12 also provide a  '?vectorlike models have the additional advantage of being auto-
solution through LH mixings. In moddll the unwanted ef- matically anomaly free.

s&=0.059" 3933, (16)
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possible to reduce the discrepancy-+@c in models of this is exotic, assumptiofiii) then forces us to sé#l,,=0. In

type, and so they cannot claim to completely explainRje contrast, theM,; entries are unrelated—for example, the

data. choiceM 5,=0 is always possible even M ,,#0 for the T
Our survey oft-quark mixing is organized as follows. We andT’ quarks.

first describe the framework of models within which we sys-  In order to select those representatioR§,z, which can

tematically search, and we identify all of the possible exoticmix with the SMT quark, we require the following condi-

t-quark quantum numbers which can potentially work. Thistions to be satisfied.

study is carried out much in the spirit of the analysisbof (1) In order to ensure a large mass for thewe require

mixing presented in Sec. lll. We then describe the possible M,,#0. Analogously to Eqs(11) and(12), this implies

loop contributions to the neutral-currebtcouplings. Since

this calculation is very similar to computing the . 1
m,-dependent effects within the SM, we briefly review the 1L~ 1RI=0, 2 (19)
latter. Besides providing a useful check on our final expres-
sions, we find that the SM calculation also has several lesand
sons for the more genertdquark mixing models. L
|IéL_IéR|:O1§- (20

A. Enumerating the models

In this section we identify a broad class of models in (2) To ensure a nonvanishingt’ mixing we require at
which the SM top quark mixes with other exotic top-quark- least one of the two off-diagonal entried,;, or M,,, to be
like fermions. As in the previous section concernmguark  nonvanishing. This translates into the following conditions
mixing, we denote the electroweak eigenstates by capitalgn R/ andRy:

T% and the mass eigenstates by lower-case letterso

avoid confusion, quantities which specifically refer to the 1 1

sector will be labeled with the superscript By definition, a R = RH®RR:(0,0),(§, i§> : (21)

T’ quark must have electric char@=2/3, but may in prin-

ciple have arbitrary weak isospiR; r=(I| g.l3 g). FOl-  or

lowing closely the discussion in the previous section, we

make three assumptions which allow for a drastic simplifi- ,

cation in the analysis, without much loss of generality. Rr=R1®R.=(0,0),

(i) First, the usuall quark is only allowed to mix with a
single T’ quark at a time, producing the mass eigenstates  (3) WheneverRj contains aQ=—1/3 quark, and either
and_.t’. ) ) B/ or Bg have nonstandard isospin assignments, we require

(i) Second, for the Higgs-boson representations, we asy,,=0. This ensures that at tree level the neutral curkent
sume only one doublet and singlets. Additional doubletsoyplings are identical to those of the SM. Clearly, in the
would complicate the analysis of the radiative corrections in.gses in which the particul&®; representation implies a van-

a model—dgpendent way due to the extra diagrams involvingshing M,, element, imposing the conditioM ,=0 com-
charged Higgs bosons. _ . pletely removes alt-t’ mixing.

(ii) Finally, certainT’-quark representations also contain = \v& now may enumerate all the possibilities. From Egs.
newB’ quarks. We denote tHg' andBf as “exotic” when- (19—(22), it is apparent that as in thB’ case the only al-
ever they have nonstandard weak isospin assignments, thaiifyeq representations must haMe=0,3,1 andl| =03,1,2.
I30# — 30r 133#0. As we have already discussed, for exotic  ~onsider firstl/ =1 or 2. In this case, from Eq(21),

B’ quarksb-b’ mixing will modify the b neutral-current , =0. Thus we neeM ,#0 if there is to be anyt-t’
ng. The four possibilities foRy are shown in Eq(22).

couplings at tree level, overwhelming the Ioop—suppresse%é(i
Of these,Rz=(0,0) is not allowed since Eq19) is not

t-t’" mixing effects inR,. We therefore carry out our analy-
sis under the requirement that abyb’ mixing affecting the e o . )
b neutral-curren? couplings be abﬁznt g g satisfied. In additionR;= (3,3) and(1,0) both contain exotic
. ’ B_ 1 _ H H
Our purpose is now to examine all of the alternatives qgarks(I3R—, 2 or —1) and soM 1215 forced to vanish,
which can arise subject to these three assumptions. Accordeading to nd-t’ mixing. This leavez=(1,1) as a possi-
ing to (i), the T-T' mass matrices we consider arg2, and  bility, since theBy, is not exotic (3zr=0). If we chooseR|

1 1
§,+ E) (1,0,(1,+1). (22

can be written in the general form such thatl ;2= — 1, then bothB| and Bj, are SM-like, and
b-b’ mixing is not prohibited since it does not affect the
T T (Mn M12>( T) (19 neutral current couplings. Thus the combinatiRf= (3,3),
LiMy, Myl T/ - i
21 22 R Rg=(1,1) is allowed.

Next considel| =0 or 3. Here, regardless of the value of
Due to our restrictior(ii) on the Higgs sector, certain ele- 13, , M,; can be nonzero. Thus amf, representation which
ments of this mass matrix are nonzero only for particularsatisfies Eqs(19) and(20) is permitted. It is straight-forward
values of theT’ weak isospin. Moreover, whenevéf be-  to show that there are 11 possibilities.
longs to a multiplet which also contains @=—1/3 B, The list of the allowed values df;, andl 3z which under
quark, theM £, andM , entries of theB-B’ andT-T' mass  our assumptions lead tt’ mixing is shown in Table III.
matrices are the same. In those cases in whictBthguark  There are twelve possible combinations, including fourth-
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TABLE l1l. Models and charge assignments. Values of the weak isospir] @ind T which, under the only restrictions of singlet and
doublet Higgs representations, lead to nonzet6 neutral current mixing. The “Model” column labels the more familiar possibilities for
the T’ quarks: vector singlets, mirror fermions, fourth family, and vector doublets. The other models are more exotic.

I I3 Ik I35 Model Group
3/2 +1/2 1 +1 A,
1/2 +1/2 1 +1 A,
0 B,
1/2 +1/2 Vector doubletl) B,
0 0 Fourth family C,
1/2 -1/2 1 0 Bs
-1 B,
1/2 -1/2 Vector doubletlll) Bs
0 0 C,
0 0 1/2 +1/2 Mirror fermions Bg
-1/2 B,
0 0 Vector singlet (o

generation fermions, vector singlets, vector doublets, andixing effects. In the other three cases belonging to g®up
mirror fermions. Not all of these possibilities are anomaly T, corresponds to the lowest component of nontrivial mul-
free, but as already noted one could always cancel anomaligplets: R.,=(1,—1) (model B, and Ri=(1/2,—1/2)

b¥f addl_n% other exotic fermions which give no additional (modelsBs, B,). For these values dfys, My,=0 is auto-
effects InRy . matically ensured, due to our restriction to Higgs singlets or

It is useful to group the twelve possibilities into three yqoplets. Furthermore, these representations do not contain a

different classes, according to the particular constraints, og, / : -
the form of theT.T' mass r%atrix in Eq(lS) %R quark, gnd noB, quark appears in the corresponding
' R/ . There is therefore nb-b’ mixing.

The first two entries in Table Ill, which we have assigned . ,
to groupA, correspond to the special case in which Bye; We shoulld also remark/ that in modBl; no BL_ 9“3”‘
and B/ » have the same third component of weak isospin2PP€ars IR, . However, a8, is needed as the helicity part-
hence leaving théd neutral current unaffected by mixing. Ner Of theBg present inRg=(1,0). Because of our restric-
Because botlB, andBj, appear in the same multiplets with t1on on the alloyved Higgs representatioBg, must belong to
T andTh, two elements of th&-quark andT-quark mass ~RL=(1,0) orR((1/2,1/2), which in turn contain a new;

matrices are equal: #T(. While the first choice corresponds to a type jf
mixing which we have already excluded from our analysis,
M= M?Z, Moo= Mg‘z. (23)  the second choice is allowed and corresponds to mBgel

_ . o S Following assumptiori), even in this case we neglect pos-
As we will see, this condition is important since it implies a gjp|e T! mixings of typeB;, when analyzing,.
relation between the mixings and thg,m, mass eigenval-  Finally, the remaining three models constitute gralip
ues. Although outside the subjelct of this paper, it is ”Otewortorresponding tRL=(0,0). In In this groupT% is an isos-
thy that for these models the simultaneous presence of boﬁlﬂglet as is the SM s, implying that only LHt-t’ mixing is
b-b” and t-t RH mixing generates new effects in the oo a5t FoiC, andC;, R| does not contain B/ , while for
charged currents: right-handédfh charged currents get C, the B[ is not exotic. Hence in all the three cases the
induced, proportional to the product of teand B quark neutral-current couplings are unchanged relative to the SM,

mixings sgsr. Compared to the modifications in the neutral ) p
currents and in the LH charged currents, these effects are g,{nd we need not worry about tree-leeimixing effects.

higher order in the mixing anglg48,19 and, most impor-
tantly, they can only change the RiHcoupling. But as noted
above,g? is far too small to account for the measurieg
value using loop effects of this kind. Therefore the mixing-  Before examining the effect aft’ mixing on the radia-
induced RH currents allowed in models andA, are inef-  tive correction toZbb, we first review the SM co[nputation.
fective for fixing theR,, discrepancy, and will not be consid- We follow the notation and calculation of BernabePich,

B. t-quark loops within the standard model

ered in the remainder of this paper. and Santamaa[11] (BPS. The corrections are due to the 10
For the models in group, the condition diagrams of Fig. 3. All diagrams are calculated irHooft—
Feynman gauge, and we neglect thguark mass as well as
M1o=0 (24)  the differencgV,,|>—1.

Due to the neglect of thie-quark mass, and due to the LH
holds. In the four cases correspondingRg=(1,0) (models  character of the charged-current couplings, ttgiark con-
B;, By) and Ry=(1/2,1/2) (modelsB,, Bg), an exoticBg  tribution to theZbb vertex correction preserves helicity. Fol-
quark is present in the sanig multiplet. HenceM , has to  lowing_ BPS we write the helicity-preserving part of the
be set to zero in order to forbid the unwanted tree-ldvel Z—bb scattering amplitude as
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b,
e

In this last equation VPg,r) denotes then,-dependent con-
tributions which entef’, through the loop corrections to the
gauge-boson vacuum polarizations.

The functionFSM(s,r) is straightforward to compute. Al-
though the resulting expressions are somewhat obscure, the
special case=0 reveals some interesting features which are
also present in our new-physics calculations, and so we show
the s=0 limit explicitly here. Fors=0, an evaluation of the
graphs of Fig. 3 gives the expressions

1 (gl [r(r-2) r
1(a>:_ t_
F ‘ T—1)?2 Inr+ 1 +0dg T=1)? Inr
r
- (29
3c2 [ r2 r
() Pt -
4s;, | (r—1)° Inr r—1}’ (30

{

1 3 r2 r
Fl(c)+1(d>:1—2{1—2 ”ﬁzlnr - ] (31)

—_— )
oe \ ¢ Sw
t Y 1
Fl(e)+1<f>:%{(r_r1)2 In r—m}, (32)
FIG. 3. The Feynman diagrams through which the top quark
contributes to th&bb vertex within the standard model. coa_ L % A r(r—2) - 2r—1
o 4s2 | 2 (r—1)2 r—1
= — I
T: (%cw>b(p1,xl>r b(p2.\2)e (AN), (25 L . .
9 (r—1)° N )
with
1 r?
KT M ® M M W
re#=rg+6ér#, or 57 v l(s,r), (26) (34)
— 2
wheredl'™ represents the loop-induced correction to Ztdo F2(c)+2(d):i 1— 3 rlA+ r Inr 1
vertex.l(s,r) is a dimensionless and Lorentz-invariant form 24 Eﬁ (r—1)° r—1|’
factor which depends priori, on the three independent ra- (35
tios:r=m¢/M g, s=M /M §, andg®/M §,. For applications
at theZ resonance only two of these are independent due t#ith
the mass-shell conditiog?=M 2. Moreover, for an on-shell X s
Z, nonresonant box-diagram contributionsefoe ™ —bb are _ n 7+|n('\/|\2/v/417,u2)— 2 (36)

unimportant, andl(s,r) can be treated as an effectively n—4
gauge-invariant quantity.
The contributions due to thequark may be isolated from wheren is the spacetime dimension arising in dimensional
other radiative corrections by keeping only thelependent regularization, and
part ofI(s,r). BPS therefore define the difference

o=y 3% G5 (37
F(s,r)=I(s,r)—1(s,0). (27 L2 37w FRT 3w
Given this function, then, dependence of the width—bb  The picture becomes much simpler after summing the dia-
is obtained using grams to obtain the total SM contribution:
b 2(d) r2 r
9L FSMs=0yr)= Fi= [—— —
FEM(r)zrgM(I’:O) 1+— W)FSM(SJ) ( ) i=§(a) gfw r—1 r-1
r(3r +2) | 38
VPGS, 28 Tz T (38)
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There are two points of interest in this sum. First, it is ultra-  (3) Since the large-limit corresponds to particle masses
violet finite since all of the divergencesl/(n—4) have can- (in this casem,) that are large compared M, andM , this
celled. This is required on general grounds since there can his the limit where the effective-Lagrangian analysis de-
no r-dependent divergences If¥(s,r), and so these must scribed in Sec. Il directly applies. Then the functiéran be
cancel inFSM(s,r). A similar cancellation also occurs when interpreted as the effectii&bb coupling generated when the
new physics is included, provided that it respects theheavy particle is integrated out. Quantitativelig® is re-
SU, (2)XUy(1) gauge symmetry and that the complete set oflated toF by
new contributions is carefully included.

The second interesting feature of E8) lies in its de-
pendence on the weak mixing angsg,. Each of the contri-
butions listed in Egs. (29-(35 has the form
F'=(x'+y's2)/s2; however, all of the terms involving' (4) The vacuum polarization contributions 1§, of Eq.
have cancelled in the sum, E@8). This very general result (28) have a similar interpretation in the heavy-particle limit.
also applies to all of the new-physics models we consider irn this case the removal of the heavy particles can generate
subsequent sections. As will be proved in Sec. V, the caneblique parameters, which also contribute Ifg. In the
cellation is guaranteed by electromagnetic gauge invariancéeavy-particle limit Eq(28) therefore reduces to the first of
because the terms subleadingsif) are proportional to the Egs.(4).
electromagnetic luark vertex ag®=0, which must vanish.
This gives a powerful check on all of our calculations. C. 697 in the t-quark mixing models

Rather than using complete expressions Fgs,r), we
find it more instructive to quote our results in the limit1,
where powers of /ands/r may be neglected. We do the
same for the ratio of masses of other new particle®/tg
when these arise in later sections. Besides permitting co
pact formulas, this approximation also gives numerically ac
curate expressions for most of the models’ parameter rang
as is already true for the SM, even thougln this case is
only ~4. In the larger limit FSM(s,r) becomes

o90 =

ﬁ) F. (40)

We may now compute how mixing in the top-quark sector

can affect the loop contributions to the procg&ss bb. As in

the SM analysis, we seh,=0. In addition, following the
np_iscussion in the previous subsection, we neglectstle-
pendence in all our expressions. We also ignore all vacuum-

olarization effects, knowing that they essentially cancel in

p. Finally, in the CKM matrix, we sefV,4|=|V,s|=0,
wherei =t,t’. Thus the charged-current couplings of interest
to us are described by ax2 mixing matrix, just as in the
neutral-current sector. In the absence-of mixing this con-

M 1 s 5 dition implies|Vy,|=1.
F (r)ﬁﬁ r+|3-—g(@=2s)|Inr|+---, For t-t’ mixing, independent of the weak isospin of the
(39) T', we write
T, t o s
where the ellipsis denotes terms which are finiter asx. T R_UL’R t) & U= -s. ¢ )’

Several points are noteworthy in this expression.

(1) Thes-dependent term appearing in E§9) is numeri-
cally very small, changing the coefficient of infrom 3 to UR=(
2.88. This type ok dependence is of even less interest when

we consider new physics, since our goal is then to examinghere ¢, =cos#, , etc. The matriced/, » are analogous to

whether the new physics can explain the discrepancy b&nep-b' mixing matrices defined in Ed5) in our tree-level
tween theory and experiment Ry,. That is, we want to see analysis ofb mixing.

if the radiative corrections can have the right sign and mag- | the presence of-t' mixing, the diagonal neutral-

nitude to changd’, by the correct amount. For these pur- ¢, rrent couplings are modified:

poses, so long as the inclusion gf-dependent terms only

changes the numerical analysis by facts25% (as opposed i a o tSML~i

to changing its overall sigrthey may be neglected. OLr= > O rUR*=0IRHT k. (42)
(2) The above-mentioned cancellation of the terms pro- a=T.T’

portional tos2, whens=0 no longer occurs once thede- wherei =t,t’, andg"SM are the SM couplings defined in Eq.

pendence is included. This is as expected since the electr?gn The ;1e\,/v termL"B‘ explicitly read

magnetic Ward identity only enforces the cancellation at™ " YL r eXplctly

q2=0, corresponding t8=0 in the present case. Notice that 1

the leading term, proportional to, is s independent, and @'[:(IéL—E) sf, §F§=I§Rs§, (43

because of the cancellation it is completely attributable to

graph(2a of Fig. 3. All of the other graphs cancel in the

leading term. Due to its intrinsic relation with the cancella- "g"t':<|/ _ E) c2 ’g’t'zl/ c2 (44)

tion of thes2-dependent terms, the fact that only one graph - sLo2)7b SRUSRER

is responsible for the leading contribution &g P still holds

once new physics is included. This will prove useful for In addition, whenever th&  has nonstandard isospin as-

identifying which features of a given model control the over-signments, 13, #1/2 or 133#0, flavor-changing neutral-

all sign of the new contribution tég?. current(F.C.N.C) couplings are also induced:

CR —SRr
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- ) S VA 3a
9 r= > o RULRUR=0R, (45
a=T,T’
t e v t
wherei,j=t,t’, andi#j. Here,
b w b w

~tt' _
g =

5~ | éL) SLCL, Op =!3rSrCR- (46)

Equation(41) determines the effective andt’ neutral-
current couplingdEgs. (42)—(46)]. However, the charged-
current couplings depend on the matbi;ebf[uf. Hence we
need to consider alsb mixing, since, as discussed in Sec.
IV A, in those cases in which th&' quark is not exotic

(132=—1/2, 1,2=0), we have no reason to requité’=| FIG. 4. The additional Feynman diagrams which are required
(i.e., nob-b" mixing). We then define the>22 charged cur- for models in which thet quark mixes with an exaotic, heawy
rent mixing matrix quark.
i B
V=UL, Ve=cicB+ssE, Vip=s.cB—c.sP, where M gg=diag[m;,m], and we have usedM gy
47 =8,m, (recall that we taken,=0). Multiplying now on the

left by (Ll'ﬁ*)la and summing ovea we obtain
which trivially satisfies the orthogonality conditions
W'=V"V=|. In the absence ofb-b’ mixing, clearly [VIM giadAk]12= MVipSr+ My VirpCr=0. (50)
Vip—CL, Vb—s . We also note that, by assumption, i o o
wheneverV#l, we necessarily havé; =+1/2 (so that For .th.e models in group, the Va”'Sh'T‘g oM 12.|mplles. no
I§E=—1/2) in order to guarantee that tH&{ is not exotic. b mixing. ThenV=U, , and Eq.(49) still holds in the limit

L ~¢ ~y  VYiw—CL, Vyb—s_ . Forthe models in groug no particular
From Egs.(43), (44), and (46), this implies thatg, =g,  relation between masses and mixing angles can be derived.

='g“L“/=O, that is, the mixing effects on the LHand t’ For example, it is clear that in the fourth family mode],
neutral-current couplings vanish. _ Eqg. (50) does not hold. However, for all these modélg
The Feynman rules of relevance for computing Rieb =0. Hence, noting that all thgg couplings in Eqs(43),

vertex loop corrections in the presence of a mixing in the(44), and (46) are proportional tol3,, and definingr’
top-quark sector can now be easily written down: =m’,/M%, squaring Eq(50) yields a relation which holds
for all models in Table IlI:

—ig
Wtb: - V ’ a G ! it !
i ‘/2 tib‘)//LYL thzjgér = Vt%bgé r=-— thVt!bgét VI . (51)

This relation is used extensively in the calculation which
follows.

How do we generalize the SM radiative correction to in-
cludet-t’ mixing? First note that for each of the diagrams in

ig _ Fig. 3, there is also a diagram in which all thejuarks are

Ztt i — v, [ (9" My + g5™Myr) + T iy +TnvR) ], replaced byt’ quarks. Second, there are two new diagrams
Cw (Fig. 4) due to the FCNC coupling of th& to thet andt’. So
to generalize the SM result to the case of mixing, three
things have to be done:(i) multiply Egs.(29—(35) by V3,
for thet contribution and/fb fort’ (with r—r"'), (ii) replace
g1 r by the modified couplings in Eq42), adding Eqs(43)
where¢ are the unphysical charged scalars, grdt,t'. The  and(44) respectively fort andt’, and, i) include diagrams
vertices listed in Eq(48) reduce to the SM Feynman rules in 3(ag) and 3b) (Fig. 4) corresponding to the FCNC couplings
the limit of no mixing. [Egs.(45) and (46)].

As pointed out at the end of Sec. IV A, in some groups of A glance at the Feynman rules in E@8) shows that in

models equalities can be found between some elements gfe first step(i), a correction proportional th%M, and in-

the T-T" and B-B’ mass matrices. These have importantgependent of th@,  couplings, is generated. This correc-
consequences. In particular, once expressed in terms of thgn is common to all models in Table Ill—it appears even in
physical masses and mixing angles, the equalities ofZ3).  tne case in which theNC couplings are not affectedourth
(which hold in the models of group) can be written family). In contrast, stepsii) and (iii) generate corrections
which differ for different models. It is useful to recast them
[UM giad Rl a2 = [ UM Gad B Ta2 = (U2) a2My CR into two types, one proportional to the LH neutral current
couplings(ocvibvjb@'L), and the other proportional to the RH
(a=1,2, (49 neutral current couplingsxvibvjbﬁR). The LH and RH cor-

ig
VZMyy,

d’m: Vtibmi YL

— ig - -
Zit": = v [0 n+Tr ¥R, (48)
W
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Putting all the contributions together, for the general case

the corresponding neutral-current couplings are not affectede find

by the mixing.

In the presence of mixing, the correction due to the dia-

grams of Fig. 3 involving internal quarks becomes

2(d)
2 F=VEIFMN) +F (@ .01, (52)
i
whereFSM(r) is given by Eq.(38) and
1 4 2r—5
F(gLR,r) SW g,_ 2—r—lnr gRr A+ 1
—-2r+4 | 53
+(r_—1)2 nr (53
The third step(iii) gives rise to a new contribution
F3@+ F30O =V Vo F(GR.rr). (54
Evaluating diagrams(&) and 3b) (Fig. 4 we find
1 1_., 1 r'2
FS(a):_%thVt’b[ Egl_tt r’—r [r/_l Inr’
r2 | ~tt’ i 1 r, | 1
r TR T e g I
' I
—r—gIhrip (59

1 o rr’ r'
F3<b>=ggvvtbvt/b[2gtt , {

r
In r’—mlnr

3(b)

F= > F'=

i Gla 2 V’[ b[FSM(r )+F(gL R’ )]

+VpVioF (@R, (57)

wheret;=t,t" andr;=r,r’. We note that due to E¢51) all
the d|vergent terms proporuonal A cancel in the sum.
Now, thecorrection 8g P = (a/2m) X, to the SM result can
be explicitly extracted from Eq57) by means of the relation
Vt%: 1- Vib'

Moreover, as anticipated it is possible to divide the vari-
ous contributions tX,,, into three different pieces: a uni-
versal correction, a correction due to LH mixing only, and a
correction due to the RH mixing. Hence we write

Xcorr_ F— FSM ng:\r/_}' XIEoHrr+ XcRoi-rlr’ (58)
where
XUv= P2 [FSM(r")—FSM(r)], (59

X =VEF@ ) +VEF@Y 1)+ VeVioF @Y rr),
(60)

XRH=VEF (L 1)+ V@Y 1)+ Vi o F (@GS ).
(61)

Using the explicit expressions far' g, §' r, andg,'s as
given in Egs.(43), (44), and(46) above, together with rela-
tion (51) for the RH piece, these read

“rir-d Xemr=ViofSrrr ), (62
" r'?
~Qg Vrr’ Atl+ o [r,_l Inr’ Xeor= (1= 215 ) VipVurps e F57(r 1), (63)
r2 Xeor= (21 3) Vigsaf 3 (r,r), (64)
T ) ®8 it
1 (r'(r'—6) r'(3r'+2) r(r—=6) r(3r+2)
corr, I — r_ —
) ﬁ[ -1 o —nz "1 -z M (65
c Vb 2r' ) sV ( 2r ) 2r'%(r—1) 2r3(r’' —1)
corr, ' — _ I+ ! + —r+ + r___ - -
) 8s3v[vatb( R R o R A G N R e Ve R
(66)
I 1 2r — s —2r+4I 1[2r'=5 r 2r’+4| 14 1 r T
=52 3|71 e oz N S|y Inr =g Inr

+

1 12 r2
+ - -
1 r’—r(r’—llnr r_1Inr)

|

(67)



54 Ry, AND NEW PHYSICS: A COMPREHENSIVE ANALYSIS 4289

TABLE IV. Dependence of thé-t" mixing results onrm,/:  This table indicates the dependence on the
mass of thet’ quark of the corrections th due tot-t’ mixing, with thet mass fixed at 180 GeV.

my
(GeV) Xeorr

75 —3.307,— 1.21(1-215) V) Vig+ 1.39(2 3) Vids?
100 - 2.70Vt?b—0-71(1_2| éL)Vtgthﬁ—i_o'Sg(z 5R) Vinse
125 —1.97V2,—-0.34(1- 215 )V VE+0.22(25) Vise
150 —1.14V2, —0.10(1- 214 ) V2, V2 +0.05(2 ) V22
175 ~0.2002,~0.003(1- 214 ) V2 V2+0.001(24) ViZs?
200 0.84V2,—0.04(1- 214 ) V2, V2 +0.02(2 ) Vis2
995 1.97V2,—0.23(1- 215 ) V2, V2 +0.07(2 5 Vids2
250 3.20)7,~ 0.55(1- 215 ) V7, Vig+0.15(2 3 Vigsg
275 4.5212[%,)— 1.01(1-21 éL)Vt%thg—i_ 0.24(235) VipSr
300 5.932, — 1.61(1- 215 ) V2 Vi +0.34(2 5r) ViZs?

Note that a value o¥/, different from unity can be easily FSM=4.01. (73

accounted for by using the wunitary condition

Vil +Virpl2=|Vip|?=1— | Vo *+ | V(4| in Egs. (62)—(67). o . : :
As we have already pointed out, because of our requireThe question is whether it is possible to cancel this correc-

ment of noB-B’ mixing when theB’ is exotic, only when tion, thus eliminating th&,, problem, by choosing particular

|4, = +1/2 can we have,#V,, s, #V,/b. However, in this values ofm;» and the mixing angles. For various values of

LH X - ; my+, the value ofX..,, [Eq. (58)] is shown in Table IV.
caseX ¢, Vanishes. Hence, without loss of generality, we can We see that even fom,>m,, it is possible to choose

set the LH neutLrSlI current mixing equal to the charged cur; 1, 157, and the LH and RH mixing angles such that the

rent mixing in X g, obtainin A . .
9 corr 9 correction is negative. So the discrepancyRp between

XIEoHrr:(1_2|C/3L)Vtkz)vt%bf(2:orr(r'r,)* (68) ;[:gory and experiment can indeed be reducedtatiamix-
1 - Referring to the models listed in Table IV, the optimal
5" (r,r") = 82 —(r+r")+ - In ik (69  choice for the weak isospin of thE' is 13, = —1/2 andl 35

=—1, regardless of the value af;.. Furthermore, maximal

From Eqgs.(62), (64), and(68) we see that there are only two RH miXing, Sg .1’. IS a_lso preferred. _However, even with
these choices, it is evidently impossible to completely re-

mdepe_ndent mixing pgrameters releyant for the Complet?nove theR,, problem. From the above table, the best we can
analysis of our problem: the LH matrix elemaént and the

. 2 . .
RH mixing sg. Furthermore, note that a$—r, all the cor- 0 IS 10 takemy =75 GeV and)/t,b=sff0.6, in which case
rections in Eqs(65), (67), and (69) vanish, independent of the total correction iX;o,=—3.68. This leaves a ldbdis-
the mixing angles. This comes about because of a GIM-lik&repancy inR,, which would put it in the category of the
mechanism for all the pieces which do not depend gn other marginal dlsagre_eme/nts between experiment and the
The | ;3-dependent contribution from the RH fermions cou- SM- However, such a light” quark has other phenomeno-
pling to theZ vanishes in the limit’—r as a consequence logical problems. In particular, CD_F has put a !owe.r limit of
of Eq. (50). 91 GeV on charge 2/3 quarks which d(_ecay prlmanlw\l@
In the limitr,r’s1, for the functions ®"(r,r’) we obtain [24]. Unless one adds other new physics to evade this con-
' ' : ' straint, the lightest’ allowed is aboutm,»~100 GeV. In this
, case, maximal LH mixing Vt3b=sf~1) gives the largest
)] (700 effect: Xgon=—2.7. The predicted value d®, is then still
some 2 below the measured number.
oy , Another possibility is that the charge 2/3 quark observed
{—(r+r’)+,— In( )} (71 by CDF is in fact thet’, while the realt quark is much
r-r lighter, saym,~100 GeV. Assuming smattt’ mixing, and
that thet’ is the lightest member of the new multiplet, ttie
re’ r' will then decay toWb, as observed by CDF, but the SM
In radiative correction will be reduced. This situation is essen-
tially identical to that discussed above, in which the tH
mixing is maximal, andn,y~100 GeV: the SM value of
' (72) Ry, will still differ from the experimental measurement by
about Zr. The only way for such a scenario to work is if
Let us now consider the numerical values of these correcm,<M,,. However, new physics is then once again required
tions in more detail. Using, =180 GeV,M,,=80 GeV, and to evade the constraint from RéR4].
s2=0.23, Eq.(38) gives a SM radiative correction of For all the possibilities of this section our conclusion is

1 r
fCOTF , ! r_ +3|
1 (rr)ﬂ—z-8 (r r nl <

1
fgorr(r,rr)_>_

8ss,

—r+

1
fgorr(r,f')ﬁgev 5

!

3r

———1n
r'—r

r
— |+ =1+
2 r’
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therefore the same: it is not possible to completely explain
R, throught-t’ mixing. The best we can do is reduce the
discrepancy between theory and experiment to abeyt 2 =~ .-
which might turn out to be sufficient, depending on future \
measurements.

;

V. ONE-LOOP EFFECTS: OTHER MODELS

Another way to changeg? at the one-loop level is to (a) (b)
introduce exotic new particles that couple to both zhend
the b quark. One-loop graphs involving such particles can
then modify theZbb vertex as measured at LEP and SLC. VAVAY .
Recall once more the conclusion from Sec. Il: agreement !
with experiment requires the LH-quark coupling,g/, to i
get a negative correction comparable in size to thg SM Y N *
m,-dependent contributions since loop-level changesg to
are too small to be detectable. T VAVAY

In this section we first exhibit the general one-loop cor-
rection due to exotic new scalar and spin-half particles, with (e) (d)
the goal of identifying the features responsible for the overall
sign and magnitude of the result. We then use this general FIG. 5. The one-loop vertex correction and self-energy contri-
result to investigate a number of more specific cases. butions to theZbb vertex due to fermion-scalar loops.

The answer is qualitatively different depending on
whether or not the new scalars and fermions can mix, angacuum polarization graphs represent the contribution of the
thus have off-diagonal couplings to t@eboson. We there- oblique parametersS and T, while the self-energy and
fore treat these two alternatives separately. The simplest casertex-correction graphs describe loop-induced shifts to the
is when allZ couplings are diagonal, so that the one-loopb-quark neutral current coupling§gEyR.
results depend only upon two masses, those of the fermion Furthermore, although we must ensure that the oblique
and the scalar in the loop. Then the correction to Zb ~ parameters do not become larger than the bound of &g.
vertex is given by a very simple analytic formula, which Eq. (4) shows that they largely cancel in the rafg. We
enables us to easily explain why a number of models in thisherefore restrict our attention in this section to the diagrams
category give the “wrong” sign, reducind’, rather than of Fig. 5 by themselves. The sum of the contributions of Fig.
increasing it. 5 is also finite as a result of the Ward identity which was

More generally however, the new particles in the loopsalluded to in Sec. Ill. This Ward identity relates the vertex-
have couplings to th& which are diagonal only in the flavor part graphs of Figs.(® and §b) to the self-energy graphs of
basis but not the mass eigenstate basis, so the expressidfigs. 5c) and 8d). Since this cancellation is an important
become significantly more complicated. This occurs in sucheck of our results, let us explain how it comes about.
persymmetric extensions of the standard model, for example. We first consider an unbroken(l) gauge boson with a
After proposing several sample models which can resolveéree-level coupling of, to theb quark. This gives rise to the
the R, problem, we use our results to identify which featuresfamiliar Ward identity from quantum electrodynamics: for
of supersymmetric models are instrumental in so doing.  external fermions with four-momengaandp’,

N

’ _ —1 < YN
A. Diagonal couplings to theZ: General results (p—p )Mru_geff(SF (P)=Sg(p")), (74)

We now present formulas for the correction to thbb
vertex due to a loop involving generic scalar and spin-halfvhere I'* is the one-particle-irreducible vertex part and
particles. In this section we make the simplifying assumptionSr(P) is the fermion propagator. If we denote the vertex-part
that all of theZ-boson couplings are flavor diagonal. This contributions[Figs. 5a) and 3b)] to the effective vertex at
condition is relaxed in later sections where the completel\yz€r0 momentum transfer byg,, and the self-energy-
general expression is derived. The resulting formulas make ifiduced wave function renormalization of thejuark byZ,,
possible to see at a glance whether a given model gives the
right sign for alleviating the discrepancy between experiment
and the SM prediction foR,,. _

The one-loop diagrams contributing to the de@aybb N
can be grouped according to whether the loop attaches to the
b quark(i.e., the vertex correction and self-energy graphs of \/\/\J
Fig. 5 or whether the loop appears as part of the gauge
boson vacuum polarizatiofrig. 6). For the types of models
we consider these two classes of graphs are separately gauge
invariant and finite, and so they can be understood sepa- .
rately. This is particularly clear in the limit that the particles  FIG. 6. The one-loop contributions to tEbb vertex due to the
within the loop are heavy compared kb, , since then the gauge-boson vacuum polarizations.
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then at one loop the Ward identity74) reduces to
I(1+Zp)(P—P") =(9p+ 59p) (P~ p"), Or

69p—9pZp=0. (75

This last equation is the more general context for the cancel-
lation which we found in Sec. llI; it states that the self-
energy graphfFigs. 5c) and 8d)] must precisely cancel the  °*
vertex parfFigs. 5a) and §b)] in the limit of zero momen-
tum transfer. Another way of understanding E@5) is to
imagine computing the effectivie-photon vertex due to in-
tegrating out a heavy particle. Equati¢fb) is the condition

0.2

that the two effective operatolsb andbAb have the right . 3 i s 35
relative normalization to be grouped into the gauge-covariant
derivative: bDb. FIG. 7. From top to bottom, the functionsi(m{/M?3),

But for the externaZ boson, the Ward identity only ap- Fr(r)=Fs(r), andF, (r) which appear in the loop contribution to
plies to those parts of the diagrams which are insensitive t¢he left-handedbb vertex, Secs. VA and V C.
the fact that the (1) symmetry is now broken. These include _
the 1{n—4) poles from dimensional regularization, and alsowhere F(r) and F(r) are functions of the mass ratio
the contributions to thé neutral-current coupling propor- r=m?M f,,,
tional to sfv, since the latter arise only through mixing from
the couplings of the photon. ;

We now return to the diagrams of Fig. 5. The first step is Fr)=——=[r-1-Inr], (79)
to establish the Feynman rules for the various vertices which (r=1)
appear. Since we care only about the LH neutral-current cou-

plings, it suffices to consider couplings of the new particles r

tob, : )= — Tr—1—
L F(r) =1 [r=1-rInr]. (80
Lscala™ yf¢¢f y b+H.c. (76)
A, denotes the divergent combination
and we write theZ coupling tof and ¢ as A,=2/(n—4)+y+In(M <2//47TM2)+%, andn, is a color factor

that depends on the S(3) quantum numbers of the fields
e — ) < andf. For examplen.=1 if ¢~1 or f~1 (color singlets;
Lyne= (ﬁ) Z4[fy, (gl v+ ORYR f+igsh'd, ¢]. n.=2 if f~3 andgsﬁror 6: n(f:%i if f~3 and ¢~8. ’
(77 The cancellation of divergences we expected on general
grounds is now evident in the present example, because elec-
The couplings,gz{g{,gﬁ,gs}, are normalized so that troweak gauge invariance of the scalar interactié@) im-
g=15—Qs?2 for all fields, f frandg™ plies that the neutral-current couplings are related by
In the examples which follow, the fielfl can represent
either an ordinary spindee.g.,t) or aconjugatespinor(e.g.,
t%. This difference must be kept in mind when inferring the
corresponding charge assignments for the neutral-current _
couplings of thef. For example, the left-handed top quark This forces the term proportional t6 to vanish in Eq(78).

hasls =+1, sogf=21—2s2 andl;x=0, sogh=—2s2.If  As advertised the remaining term is both ultraviolet finite

the internal fermion were a topntiquark, however, we and independent o§2, which cancels in the combination

would instead havg k= —%+2s2 andg! =+ 2s2. Thelat- g{—gk.
ter couplings follow from the former using the transforma- We are left with the compact expression

tion of the neutral current under charge

gs+0r—gR=0. (81)

conjugation: y,y <~ Y,Yr- 1
We quote the results for evaluating the graphs of Fig. 5 in 59'32_2 2 nc|yf¢|2(g{_gg)j:(mf2/|v|§))_ (82
the limit whereM; (and of coursam,) are negligible com- 167° 75

pared tom; andM ,, since they are quite simple and illumi-

nating in this approximation. It will be shown that the addi- |yterestingly, it depends only on the axial-vector coupling of
tlonal corrections due to the nonzero mass o_fZP@son are  the internal fermion to the gauge bosé and not on the
typically less than 10% of this leading contribution. vector coupling. The function of the masségr) is positive
We find that and monotonically increasing, wittF(r)~r asr—0 and
F(»)=1, as can be seen in Fig. 7.
It is straightforward to generalize E¢B2) to include the
effect of the nonzer@ boson mass. Expanding to first order

‘ b _ in M 2, one obtains an additional correction to the effective
+(—grt 0 +9s)(As—F(r)], (78 vertex,

1
890=35,7 2 Ndyral12(0l-gRIAT)
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X |Yf¢|2nc M% 1 C. Generalization to nondiagonalZ couplings
529L:f2¢ 96772 (ﬁff fo dx We now turn to the more complicated case where mixing
introduces off-diagonal couplings among the new patrticles.
x3(gE—gL{)+2(1—x)3ng Because of mixing the couplings of the fermions to the
X(M2/m2—1)+ 1 will be matrices in the mass basis. Similar to EG&) and
¢ (45) we write
L (%%l ] 3
(X(MG/mf=1)+1)% ] (9LR)" =2 [ULR" U RIS g = 6" Q). (89

To see that this is typically an unimportant correction, con- af o ]
sider the limit in which the scalar and fermion masses ard/herei( r are the mixing matrices. An analogous expres-

equal,r =1. Then the total correctio82)+(83) is sion give_s _the off-d_iagoanal scalircoup_ling in terms qf _the
scalar mixing matrixZ/2%. Of course if all of the mixing
b b yeal?ne (. . MZ particles share the same value 1gt then unitarity of the
og + 5sz=fZ:; 3072 gL—gR+W (9 +9. mixing matrices guarantees that the couplings retain this
f

form in any basis.

This modification of the neutral-current couplings has two
. (84) important effects on the calculation 85P°. One is that the
off-diagonalZ couplings introduce the additional graphs of
the type shown in Figs.(8 and 8b), where the fermions or
scalars on either side of th& vertex have different masses.
The other is that the mixing matrices spoil the relationship,
Eqg. (81), whereby the term proportional t6 canceled in Eq.
(78). But this is only because of the mass dependencg of

B. Why many models do not work and A,. Therefore the cancellation still occurs if all of the

What is important for applications is the relative sign be-particles that mix with each other are degenerate, as one
tween the tree and one-loop contributions of E8Q). In  would expect. Moreover, the ultraviolet divergences still
order to increasé?, so as to agree with the experimental cancel since they are mass independent.
observation, one needs for them both to have the same sign, Evaluation of the graphs gives the following result at
and sodgPx (gl —gL)<0 in Eqg. (82. Thus an internal g°=M3=0:
fermion with the quantum numbers of the quark has
gl —gL=-1 and would increas®,, . Conversely, a fermion
like the t-quark hasy! —gL=+1% and so causes a decrease.
Moreover, because the combinatiog, (gg) is invariant
under charge conjugation, the same statements hold true fthereG,4/327 represents the contribution involving only
the antiparticles: & running in the loop would increass,  the diagonalZ couplings, and so is identical to the previ-
whereas a would decrease it. ously derived Eq(78). It is convenient to write it as

It thus becomes quite easy to understand which models
with diagonal couplings to th& boson can improve the pre- o 2 o\ ff _ ff D
diction for R, . Multi-Higgs-doublet models have a hard time Gaiag E(b Nelyral{2(9. =90 " AN+ [~ (g0 + 0!
explaining anR,, excess because typically it is the top quark -
that makes the dominant contribution to the loop diagram, +(99)??1(A 4= F(r))}. 87
since it has the largest Yukawa coupling,,~1, and the ] ) ] )
largest mass, to which the functidhis very sensitive. How- Here and in the follozwmg expressions we use the notation
ever, for very large tag (the ratio of the two Higgs VEV’s ~ F=m#/M % andr’=m;,/M3. As beforeA ; denotes the UV-
the Yukawa coupling of theé quark to the charged Higgs divergent quantityd ;=2/(n—4)+y+ In(M 3/4mu?)+3.
boson can be made small and that of thejuark can be The remaining terms in Eq(86) come from the new
made large, as in Reff25). Figure 7 shows that, in fact, one graphs of Figs. &) and §b), where the scalars or fermions
must go to extreme values of these parameters, because dn either side of th& vertex have different masses, due to
addition to needing to invert the natural hierarchy betwgen mixing:
andy,, one must overcome the big suppression for small
fermion masses coming from the functidn

Precisely the same argument applies to a broad class of
Zee-type models, where the SM is supplemented by scalar
multiplets whose weak isospin and hypercharge permit a —Fr(r,r')N], (88
Yukawa coupling to théo quark and one of the other SM
fermions. So long as the scalars do not mix and there are no _ * ' ,
new fermions to circulate in the loop, all such models have G</’¢’_f Z'(/), ncyf¢yf¢'(95)¢¢ [Ay=Fs(xx)],
the same difficulty in explaining thR,, discrepancy. Below ' (89)
we will give some examples of models which, in contrast,
are able to explainR,, . whereF (r,r'), Fg(r,r'), and Fg(x,x") are given by

+gh)

Although theM 2 correction can be significant | =gk,
the total correction would then be too small to explainfe
discrepancy, and would thus be irrelevant.

1
890 =357 [ Gaiag+ Gt/ + Gy, (86)

Gir= 2 Noyray L2090 FLrr ) —(gr) (A4
RSN
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! !

Irr r r We can get some insight into Eq88)—(92) by looking at
Fu(r,r')= el e Inr— P Inr’

, (90 special values of the parameters. Let us assume there is a
dominant Yukawa couplingy between the left-handet
guark and a single species of scalar and fermigiand ¢, in

, (91 the weak basis,

1 r2 12
J—‘R(r,r’)=r_r, [r—l In r—r,_1 Inr’

1 x'2 Lscaa= Y P1f1y b+H.c. (94)
FX,X")=————~ (1+INX)+ —————
(x=1)(x'—1) (X'=1) (X" =x) In the mass basis the couplings will therefore be
1+In 2 a 92 UR)*
X1 1+In 7 + m, (92 yf¢—yZ/{S (Z/{R) . (95

andx,x’ are the mass ratios= M 2¢/m% andx’ = M2,/mf2. Now gauge invariance only relates tfig1) elements of the

These expressions have several salient features which Wigutral-current coupling matrices in the weak basis:
now discuss. First, Eq487), (88), and (89 are obviously

much more complicated than E@2). In particular, it is no (gs) 90— (gR)'=0. (96)

longer straightforward to simply read off the sign of the re-

sult. There are three limiting cases in which the results become
Second, the sum of the UV divergences in E§S), (88), easier to interpret.

and(89), (1) If all the scalars are degenerate with each other, and

likewise for the fermions, then the nonmixing result of Eq.
) ' ) , (82) holds, except one must make the replacement
Ga* 2 Vigyh [~ (gR)'" 5% +gP o't 5% P P

' o’

g ol — Or— (URSHAL QLU Sithk—gR) ™, (97)

+(g9)?? 6", (93
. . . . . whereS,, is the diagonal matrix of the signs of the fermion
is basis independergince a unitary transformation of the masseim g g
fields cancels between the Yukawa and neutral-current cou- 2 If.there are only two scalars and if they are much
plings. Thus it can be evaluat'ed in the_ electroweak baSiﬁeavier than all of the fermions, only the tel@y,, is sig-
where the neutral-current couplings are diagonal and Propolsisicant. Let ¢, and &, denote the weak-eigenstate scalars,

tional to —gr+g( +ds, which vanishes due to conservation and ¢ and ¢’ the mass eigenstates; then
of weak isospin and hypercharge at the scalar-fermion ver-

tex. We are therefore free to choose the renormalization scale

2
2 in In(M§/x?) to take any convenient value. Tie,, de- = Y n°2 (121922 (MYME ) (99)
pendence ofA, makesG,, look unsymmetric under the 167
interchange of¢ and ¢’, but this is only an artifact of the
way it is expressed. For example when there are only two r+1
scalars,G , is indeed symmetric under the interchange of Fs(r)= 20—1) Inr—1, (99

their masses.
Third, all the contributiongxceptthose ofG,, are sup-

ressed by powers ah:/M ;4 in the limit that the scalars are : ) o X
Pnuch heazigr than the: ferqrsnions. Thus to get a large enougﬂngle' The funcUoﬂFS(r) IS p‘gs_'“"e except ai=1 where It
correction tog® requires that(i) not all of the scalars be IS z€ro, an(l SO tqpe sign @lg_ is completely cc.)n'trolled by
much heavier than the fermions which circulate in the loophe factor (3*—15%). We see that to increasg, it is neces-
or (ii) the scalars mix significantly and have the right chargessary thatl f1< I ;bz_
so thatG,, is nonnegligible and negative. We use option  (3) When there are only two fermions, with weak eigen-
(i) in what follows to construct another mechanism for in-statesf,, f, and mass eigenstatés f’ both much heavier

wherecg andsg are the cosine and sine of the scalar mixing

creasingR,, . than any of the scalars, then
Finally, even if the two fermions are degenerate, one does
not generally recover the previous express{@B) that ap- y2n,
plied in the absence of mixing. This is because Dirac mass 5gE=16 5 {91+ 92%st R — o
matrices are diagonalized by a similarity transformation, &
M—U MUy, not a unitary transformation. The left- and +(g§2—g§1)c§s§FR(m?/mf2,)
right-handed mixing angles can differ even when the
diagonalized mass matrix is proportional to the identity. —2(g?—giYc s crsrFL(MZ/MZ,)}; (100

Thus, in contrast to Eqg. (93, the expression

Eff,w,yf(,,y?,(ﬁ,[(gL)”'—(gR)”'] is not invariant under wheres g andc g are the sine and cosine of the difference
transformations of the fields, becaugg, is rotated byl/fz ~ or sum of the LH and RH mixing angles, — s,6, depend-
(recall thaty; 4 is the Yukawa coupling only for the RHs),  ing on the relative sigrs;, of the two fermion mass eigen-
whereasy, is rotated byi/, . values, and
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TABLE V. Field content and charge assignments: Elec- , _\N_Oi ple. +a.PoF Hie +0.NoF Hie: +H.c
troweak quantum numbers for the new fields which are added to the ~ ¥ YNRQLA & +gpPrFLH &+ NrF L H'e 6162)
SM to produce the observed value Ry .

where €;; is the 2<2 antisymmetric tensor is the usual

Field Spi SU(3 SU (2 Uy(1 . . .
° pin ha L2 vD SM Higgs doublet, an®, = LLL) is the SM doublet of third
1
¢ 0 1 2 a-s generation LH quarks. WheH gets its VEV,(H)=v, we
Fu 2 3 2 q+3 find two fermion mass eigenstatgs,and n, whose masses
1 .
Pr 2 3 1 g+l arem,=gv andm,=g,v and whose electric charges are
N 3 3 1 q Qp,=0+1 andQ,=q. There are also two new scalar mass
eigenstatesp+, whose electric charges a@,=qg+3 and
Q_=q-%.
Fa(r)=Fg(r)= Inr—1 In the mass eigenstate basis, the Yukawa interactions with
R s 2(r—1) the new scalars are
r Ly=yngb e, —yngt ¢_+H.C., (103
and F,_(r)=£lnr—1. (101 Y ’

from which we see that the couples to thd quark as in Eq.

The functionF, has some of the same propertieFas-Fr,  (76).
including invariance under—1/r, being positive semidefi- The weak isospin assignments of theare| 5, =—3 and
nite and vanishing at=1. Plots of these functions are shown | 3x=0, so thatg —gr=—3. Therefore, from Eq(82), one
in Fig. 7. Note that the first line of Eq100) is the same as Obtainssg ?<0. The central value d®,, can be reproduced if
Eq. (97). 5gP=—0.0067, which is easily obtained by takigg-1 and

To get some idea of the error we have made by neglecting>1, so that7(r)=1. The Yukawa coupling could be made
the mass of th& boson one can compute the lowest ordersmaller by putting the new scalars in a higher color repre-
correction as in Sec. V C. The answer is more complicategentation like the adjoint.
than for the case of diagondl couplings, except when the We have not explored the detailed phenomenology of this
fermions are degenerate with each other and likewise for thenodel, but it is clearly not ruled out since we are free to
bosons. In that case the answer is given again by(8). make the new fermions and scalars as heavy as we wish. And
except that gtk— (gt and o —(UrSWA 9 U Sl Since we can always taka,=m,, there is no contribution
—gg)™% precisely as in Eq97). Thus we would still expect O the oblique parametdr. The contribution taR,, does not
it to be a small correction even when there is mixing of thevanish even as the masses become infinite, but this is con-
particles in the loop. sistent with decoupling in the same way as a heagyark,

These simplifying assumptions can be used to gain &ince the new fermions get their masses through electroweak
semianalytic understanding of why certain regions of paramSymmetry breaking. The price we have to pay for such large
eter space are favored in complicated models, which is oftefasses is correspondingly large coupling constants.
missing in analyses that treat the results for the loop integrals Next we build a model that uses our results for nondiago-
as a black box. The observations we make here may be usBal couplings to the. It is a simple modification of the SM
ful when searching for modifications to a model that wouldthat goes in the right direction for fixing tH, discrepancy
help to explainR, . The next two sections exemplify this by but not quite far enough in magnitude. Variations on the
creating some new models that take advantage of our insame theme can completely expl&ip at the cost of making
sights, and by elucidating previous findings in an alreadythe model somewhat more baroque.

existing model, supersymmetry. Our starting point is a two-Higgs-doublet extension of the
SM. We take the two Higgs fields,
D. Examples of models that work HO H*
In addition to ruling out certain classes of models, our Hdz(Hf and Hu=< H%)’
d u

general considerations also suggest whaequired in order
to explainR, . Obviously new fermions and scalars are re—t i » in th | der the SM N
quired, whose Yukawa couplings allow them to circulate in- 0 transiorm In the usual way under the gauge symmetry.

: : P t was explained earlier why this model does not by itself
side the loop. We give two examples, one with diagonal and . X
one with nondiagonal couplings of the new particles toZhe prpduce the deswe.d effect,. but HQB? suggests how to fix
boson. this problem by introducing a third scalar doubles,

++
For our first example we introduce several exotic quarks=(§+ ), which mixes with the other Higgs fields. The
F, P, andN, and a new Higgs doublep, whose quantum charge assignments of these fields, listed in Table VI, ensure
numbers are listed in Table V. The unorthodox electricthat the two fieldsH [ and 5" can mix even though they
charge assignments do not ensure cancellation of eledvave different eigenvalues fog.
troweak anomalies, but this can be fixed by adding additional In this model the new scalar field cannot have any
fermions, like mirrors of those given, which do not contrib- Yukawa couplings to ordinary quarks since these are forbid-
ute toRy. den by hypercharge conservation. The only Yukawa cou-
The hypercharges in Table V allow the following Yukawa plings involving the LHb quark are those which also gener-
interactions: ate the mass of thequark:
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TABLE VI. Field content and charge assignments: Elec- chargeY=+§. Then the singly-charged state” hasIA+=
troweak quantum numbers for all of the scalars, including the SM z 3

3 i ¢ _ b _ ich i i i
Higgs doublet, of the three-doublet model. 2 makingly —13=—2, which is twice as big as for the
doublet. More new scalars must be added to generate mixing
Field Spin Sy(3) SU (2) Uy(1) amongst the singly-charged scalar states.

A second variation would be let the two new Higgs dou-

Hyq 0 1 2 -3 blets be color octets since this gives more than a fivefold
Hy 0 1 2 +3 enhancement ofgP due to the color facton,=%. It is still
A 0 1 2 +3 possible to write down quartic scalar interactions which gen-
erate the desired scalar mixings. Either of these models has
o much more room to relax the previously tight requirements
Lyw=YV2ty bH} +H.c., (104  for optimal scalar masses and mixings.

wherey,=m/v,, is the conventionally-normalized Yukawa
coupling. We imaginev,, to be of the same order as the

single-Higgs SM value, and so we expagtto be compa- Let us now apply the above results to gain some insight
rable to its SM size. into what would be necessary to explétg in supersymmet-

The scalar potential for such a model very naturally in-Tic €xtensions of the standard model. There are two kinds of

corporated | -A* mixing. Gauge invariance permits quartic contributions involving the top-quark Yukawa coupling,
scalar interactions of the form(H A)(HH) + H.c., which which one expects to give the dominant effect. These are the
u u .C.,

; A A+ TR * couplings of the left-handetl quark to the second Higgs
ie;sr:';\t_evztr;id:sclred off-diagonal terma:(A "Hy "vy va doublet and the top quark, or to the corresponding Higgsinos
d u A

" and top squarks,
; ; ; ; 1
Since the weak isospin assignments alré =—3

E. The supersymmetric case

+ T -~ T —
and 15v=+1, the color factor isn,=1, and the relevant yibLhoptrt+yibLtRN, - (106

Yukawa coupling isy=y,v2, we see that Eq98) predicts

: R4 . X Of these, the second one gives a loop contribution like
the following contribution due to singly-charged Higgs

that of the two-Higgs doublet models discussed above: it has

loops: the wrong sign for explainindR,. Since the mass of the
V2 charged Higgs boson is a free parameter in supersymmetric
5QE: _ 16;72 ZCéséFS(r), (105 models, we can imagine making it large enough compared to

m, so that, according to E¢82), it has only a small effect on
. . ) ) R,. We therefore concentrate on the Higgsino-squark part.
with r being the ratio of the scalar mass eigenstates, The charged Higgsino mixes with thw-ino, and the right-
=M§>/M(2,5r- Taking optimistic values for the paramet€rs handed top squark mixes with its chiral counterpart, so in the
(6s=ml4, 2c%si=3, y,=1, and M4/M,=10), we find notation of Eq(94), we havef,=h, f,=W~, ¢ =1g, and
5gP=-0.0043, which is two-thirds of what is ¢,=t, . The corresponding charge matrices for the couplings

required: g ) exp= —0.0067-0.0021. to theW; are

In addition to the contribution of the singly-charged scalar
loops, one should consider those of the other nonstandard 2 g 0 _
scalar fields we introduced. Since all of the scalars that mix 9s= 0 3+2s%)

have the same eigenvalue foy, their contribution is given

by Eq. (82), which is small if the scalars are much heavier

than the light fermions. Then only thequark contribution is gL=0r=

important. In this limit there are appreciable contributions

only from the three charged scalar fields, one of which is . I

eaten by the physic&V/ boson and so is incorporated into the _Because_ there are wo pos_5|ble color comblnatlons_ for the

SM t-quark calculation, and the other two of which we have'memal I|r_1es of the loops diagram, the color factor in Egs.

just computed. (8733_%89) IS nclz.z' he full o fain b di

So, for an admittedly special region of parameter space, efore exploring the full expression faig we can dis-

this simple model considerably ameliorates &gdiscrep- cover what.pa}r'ameter ranges are the most promising by look-

ancy, reducing it to ad effect. It is easy to adapt it so as to ing at _the limiting cases described by EQQ?)_—(lO_O). The

further increasesg® and also enlarge the allowed region of most Important Iessqns from these approximations follow

the model’s parameter space. The simplest way is by increag—og] the crr:e;]rge (natrrllce(a(r)j). \r/]Ve d_o not'; want thehsquarks

ing the size of the color factam, or the isospin difference to be much heavier than the charginos because t e(_gB)q.

1’ _1%  For instance the new scalax d b Cint would apply and give the wrong sign for the correction due

3 — 3. Forinstance the new scaldx, could be putinto a 4 the sign of the isospin difference between the squarks. The

4 of SU, (2) rather than a doublet, and be given weak hyper-giher two cases, where the squarks are not much heavier than
the charginos, manifest a strong suppression of the result
unless the chargino mixing angles are such that

3Note that the charged-scalar mixing in this model is suppresse8in(6, —sn,6r) is large, wheres, is the sign of the determi-

if one of the scalar masses gets very large compared to the wedkant of the chargino mass matrix. If on the other hand

scale. sin(f, —s,0r) =0, there is exact cancellation betwegn

+i-s2 0 )

0 +1—s§v (107
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FIG. 8. The dependence gfﬁ on the various
supersymmetric parameters. Sing@ depends
only on mass ratios in our approximation, the
units of mass are arbitrary, with the masses of all
the charginos and squarks which are not being
(c) varied set to unity.

tan{theta_R)

andgg in these equations because of the fact thatgg for  and it depends on the ratio of the two Higgs VEV’s,
the charginos. In summary, our analytic formulas indicatetan 8=v,/v, by
that the favored regions of parameter space for incredg®ing

are where
my

Zm ’ (109)

tan 6 tan 6, = —s,,= —sgnmsm;), (108 Yio

and at least one of the squarks is not much heavier than the
charginos. wherev = (v 2+v 2)Y2=174 GeV. Therefore it is important

In supersymmetric models the Yukawa coupling that conto find tang in terms of the chargino masses and mixing
trols the largest contribution tB,, is that of the top quark, angles. The chargino mass matrix is given by

M guy mg 0 CLCRmf+SLSRmfr SRCL.M; — CRS| Mg/

guq l\/l2 0 mg CrS.Ms — SRrCLMy/ SLSRmf“FCLCRmf/ !

whereu is the coefficient oH{H, in the superpotential and This means that the average value of the two chargino
M, is the soft-supersymmetry-breaking mass term for thenmasses can be no greater thg, so that the ratigm;/m;- |

W-ino. It follows that cannot differ much from unity unless one of the charginos is
much lighter than th&V boson. Using the LEP 1.5 limit of
tan B= My tan fp— My tan o, (11 65 GeV for the lightest chargiri@6] this would then require
m; tan 6, —my, tan fg that tanB<<1.5.

) ) In the case that none of our simplifying limits apply, we
The above considerations allow us to understand why valhave searched the parameter space of the three independent
ues of tang near unity are necessary for a supersymmetrigatios between the two scalar masses and the two fermion
solution to thd?b problem. From Eq(lll) and the maximi- masses, and the three mixing ang@s GL , 03 to find which
zation Condition(108) we see that tap is restricted to lie regions are favorable for increasirﬂg). Figures $a)_8(d)
between|m;/my/| and |m¢/my|. Equation (108 together  show the shift ing? as a function of pairs of these param-

with Eq. (110 also implies eters, using the Yukawa couplifd09 corresponding to a
i top quark mass of 174 GeV and the theoretical preference for
c2|m¢| +s2|my/| =v2ZMy sin B; : "
LT = W ' tanB>1 (we implement the latter by setting)’=0 for pa-

) ) rameters that would give tg8<1). As shown in Table I, one
cg|my| +sg|m¢| =v2My, cos 8. (112 needssgP=-0.0067 in order to explain the observed value
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of R,. The values of the masses are taken to behat, once the LEP Collaborations have completed their
M4=M 4, =mi=m =1 (in arbitrary unitg, except for those analyses of all the data collected during the five years of
that are explicitly varied in each figure. In Figawe look  running at thez pole, the ‘R, crisis” will become an even

at the situation in which tafi =tanéz=1, in contradiction more serious problem for the standard modé¥ course, it

to condition(108), and vary the scalar mixing angle and the js wise to keep in mind that there may be a simple explana-
mass of mOSle)tl)lR scalar in the limit of zero squark mixing. tion, namely that some systematic uncertainties in the analy-
The sign ofg; has the wrong value, as predicted by BB).  gjs of the experimental data are still not well understood or
Figure 8b) shows the same situation except that NOWhaye been underestimatedn Secs. Ill-V we have dis-
tan ¢ =—tanfz=1, in accordance with E108). Then the ;5564 a variety of models of new physics which could ac-
ELount for the experimental measurementRyf. The next
obvious step is to consider which other measurements may
be used to reveal the presence of this new physics.

substantial ranges @k andM ;. In Fig. 8(c) we keep all the
masses nearly degenerate and &et0 to show tEe depen-
dence on taW, and tandg. It is easy to see thaf has the . o L
correct sign and largest magnitu@ehich is also almost as The most direct method of f||_’1d|ng the new physics is
large as neededvhen condition(108) is satisfied. Finally in clgarly the discovery of new particles Wlth.t.he correct cou-
Fig. 8(d) we show the dependence on the masses of thRlings to th_eZ _and theb quark. However, failing that, there
mostly W-ino fermion and on 6 when 6s=0 and are some |nd|re_ct tests_. For example, many o_f th_e new-
tan 6, =—1, showing again the preference for mixing ang|esphy3|cs mechanisms which have been analyzed in .thIS paper
obeying Eq.(108), as well as some enhancement when thergVill affect the rate for some rarB decays in a predictable
is a hierarchy between the two chargino masses. way. The rates for the rare deca§s- X4 "I~ andB— X vv

One might therefore get the impression that it is easy td@re essentially controlled by thebs effective vertexI'f,
explain R, using supersymmetric contributions to tAéb  since additional contributionsuch as box diagrams addy
vertex. The problem is that to get a large enough contributiorinterferencg are largely subleadiny. In the SM, in the ap-
one is driven to a rather special region of parameter spacg@roximation made throughout this paper of neglecting the
which comes close to satisfying conditigh08). As men-  b-quark mass and momentum, a simple relation holds be-
tioned above, the consequent conditidi2 prevents one tween the dominarm, vertex effects irR, and in the effec-
from making the chargino masses arbitrarily heavy. Thistive Zbs vertexI'f
coupled with the suppression iR, when the squarks are
heavier than the charginos, means that all the relevant super- v VibVis M
symmetric particles must be relatively light, except the I'fs “ValZ or#=v, (113
charged Higgs boson which has to be heavy to suppress the tb

wrong-sign contribution fronH * —t loops. Thus in the ex- where sT*SM is defined as in Eq(26) with the SM form
ample of Fig. &), the preferred values afr=1, s.=*1,  factor as given in Eqs(27) and (38). The meaning of Eq.
sg=c_ =0 imply thatm;=v sin g and my;=v cosp, while (113 is that, within the SM, the&bs effective vertex mea-
u=M,=0, which are precisely the circumstances of the susyrable inz-mediatedB decays representsdirect measure-
persymmetric models considered in R¢f7] and[28]. Fig-  ment of them,-dependent vertex corrections contributing to
ure &d), on the other hand, has its maximum valueRgfat R, modulo a ratio of the relevant CKM matrix elements. In
Cr=Sgr=C_=—§ =1, implying tanp=1 and thus from EQ. particular, both corrections vanish in timg—0 limit. The
(112 that|my/| +|m¢ =2M,y. Because the lightest chargino question is now the following: how is this relation affected
mass is constrained by experimental lower limits, there i)y the new physics invoked in Secs. 1lI-V to expldry?

little parameter space for getting a large hierarchy between" Consider first the tree-levé-b’ mixing effects analyzed
the two chargino masses, as one would want in the presef sec. III. It is straightforward to relate the corrections of
example in order to get the full shiftof —0.0067 ingP. Our  the LH and RHZbb couplings to new tree-level mixing-

analysis allows one to pinpoint just where the favorable reinduced FCNC couplingg P%. In this case Eq(5) reads
gions are for solving th&,, problem. ’

We thus see that it is possible to understand many of the bs N bk s+ ol
conclusions in the literatu27—-31 on supersymmetry and 905R= 2 (O RUSE USSR M ™, (114
Ry using some rather simple analytic formulas. These in- o
clude the preference for small values of faas well as light

S HencegPS; involve the same gauge couplings and mixin
Higgsinos and squarks. ILR dgaug ping g

matrices that determine thdeviation from the SM of the
flavor-diagonab couplings.
It is also true that, for many models of new physics, the
If we exclude the possibility that the experimental valueloop corrections to th&bb vertex would change the effec-
of R, is simply a 3.7 statistical fluctuation, we can expect tive Zbs vertex in much the same way, therefore inducing
computable modifications to the SM electroweak penguin
diagrams. In these models, for each loop diagram involving

VI. FUTURE TESTS

Y¥An additional constraint is that the lightest Higgs boson mass
myo vanishes at tree level when t@s1, and a very large splitting
between the top squark masses is needed for the one-loop correct®Due to the absence ofZ-y interference and of large
tions tomyo to be large enough. This is why RdR9] finds less  renormalization-group-induced QCD corrections, the process
than the desired shift iRy, in the minimal supersymmetric standard B— X vv represents theoretically the cleanest proof of the effective
model. We thank J. Lopez for clarifying this point. Zbs vertex[32].
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the new state$,f’ and their coupling to th& quarkgs;p, of chinks have started to appear in its armour. There are
there will be a similar diagram contributing 10f5 that can  currently several disagreements between theory and experi-
be obtained by the simple replacement,— Js/s. FOr ex-  ment at the & level or greater. They a@,=I",/T},.4(3.70),
ample, the general analysis bfquark mixing effects pre- R_=I"I.4(2.50), the inconsistency betweeh, as mea-
sented in Sec. IV can be straightforwardly applied tosured at LEP with that determined at SIZ40), andA2s(7)
Z-mediatedB decays. Deviations from the SM predictions (2.00). Taken together, the data now exclude the SM at the
for the B— X "I~ and B— X,vv decay rates can be easily 98.8% confidence level.

evaluated by means of a few simple replacements like Of the above discrepancies, it is essentially drjywhich
[Viol?— Vi, Vis and [ Virp|2— V5, Vyrs in all our equations®  causes problems. R, by itself is assumed to be accounted
To a large extent, this is also true for supersymméySY)  for by new physics, then the fit to the data despite the other
models. Indeed, the analysis of the SUSY contributions tdliscrepancies is reasonablg?,/Nps=15.5/11—the other

the Zbs form factor[34] can teach much about SUSY effects measurements could thus be regarded simply as statistical
in R,. And once a particular region of parameter space suitfluctuations.

able to explain thék, problem is chosen, a definiteimeri- In this paper we have performed a systematic survey of
cal prediction for theB— X¢ "1~ andB— X.vv decay rates hew-physics models in order to determine which features
can be made. give corrections tdr,, of the right sign and magnitude. The

This brief discussion shows that, for a large class of newmodels considered can be separated into two broad class-
physics models, the new contributions Ry and to the ef- €s: those in which ne@bb couplings appear at tree level,
fectiveI'{; vertex are computable in terms of the same set oby Z or b-quark mixing with new particles, and those which
new-physics parameters. Therefore, for all these models, th@ive loop corrections to th&bb vertex. The latter type in-
assumption that some new physics is responsible for the dé&ludest-quark mixing and models with new scalars and fer-
viations ofR,, from the SM prediction will imply a quanti- mions. We did not consider technicolor models or new gauge
tative prediction of the corresponding deviations forbosons appearing in loops since these cases are much more
Z-mediatedB decays. model dependent.

However, this statement cannot be applied to all new- The new physics can modify either the left-handed or
physics possibilities. For example, if a ne& boson is re-  fight-handedZbb couplings gf or g . To increaseR,, to its
sponsible for the measured value Ry, then no signal can experimental valuesg? must be negative and have a mag-
be expected iB decays, since in this case the new physicshitude typical of a loop correction with large Yukawa cou-
respects the GIM mechanism. This would also be true ilings. Thusdg could either be a small tree-level effect, or
m,-dependent effects are responsible for the observed devig-large one-loop effect. On the other hand, the SM value of
tions in R, as could happen, for example, in the very larged & is opposite in sign to its LH counterpart and is about five
tan 8 region of multi-Higgs-doublet or SUSY models. More times smaller. Therefore one would need a large tree-level
generally, the loop contributions of the new state§ can  modification tog to explain forR,,.
be different, sincegss’s is not necessarily related twy;/y, Here are our results.
and in particular, whenever the new physics involve®ijn (1) Tree-level effectdt is straightforward to explaify, if
couples principally to the third generation, it is quite possiblethe Z or b mix with new particles. Withiz —Z' mixing there
that no sizeable effect will show up iB decays. Still, the are constraints from neutral-current measurements, but these
study ofB— X I~ andB— X vv could help to distinguish ~ do not exclude all models. Usirrb’ mixing is easier since
between models that do or do not significantly affect thesdéhe experimental value oR, can be accommodated by
decays. b, -b| or bg-bg mixing. If the mixing is in the LBb sector,

Unfortunately, at present only upper limits have been sethen solutions are possible so longlgs<—1/2. An addi-
on the branching ratios foB—X¢ "I~ [35-37 and tional possibility with13 >0 and very large LH mixing,
B— Xsvv [32]. Since these limits are a few times larger thanthough perhaps unappealing, is still viable. For Rhhixing,
the SM predictions, they cannot help to pin down the correcif |;.>0 then small mixing is permitted, while if;z<0,
solution to theR, problem. However, future measurementsjarge mixing is necessary. Interestingly, the required large
of these rare decays & factories could well confirm that p-mixing angles are still not ruled out phenomenologically.
new physics is affecting the rate btquark production iz A number of papers in the literature have appealet-to/

decays, as well as give some hints as to its identity. If Nnamixing to explainR,,. Our “master formula”(8) and Table
significant deviations from the SM expectations are detected) include all of these models, as well as many others.

this would also help to restrict the remaining possibilities. (2) Loops: tt’ mixing. In the presence of-t’ mixing,
the SM radiative correction can be reduced, depending on
VII. CONCLUSIONS the weak isospin quantum numbers of thas well as on the

) ] _LH and RH mixing angles. However, we found that it is not
Until recently, the SM has enjoyed enormous success ifssible to completely explaiR,, via this method. The best
explaining all electroweak phenomena. However, a numbefe can do is to decrease the discrepancy between theory and
experiment to about® Such a scenario predicts the exist-
ence of a light~100 Ge\j charge 2/3 quark, decaying pri-
18For example, the particular case of mixing of the top quark withmarily to Wb.
a new isosinglefl’, and the corresponding effects induced on the (3) Loops: Diagonal couplings to the.ZVe considered
Zbs vertex, was studied in Reff33] through an analysis very simi- models with exotic fermions and scalar coupling to both the
lar to that of Sec. IV. Z andb quark. We assumed that the couplings to Zhare
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diagonal, i.e., there are no flavor-changing neutral currentthan in the previous case; even its sign is not obvious.
(FCNC'’s). The correctiondg® can then be written in a However, there are several interesting limiting cases
simple form, Eq.(82). The key point is tha®g? is propor-  where it again becomes transparent. The contributior&,to
tional to | 5, —1 55, wherel ], ¢ is the third component of of supersymmetry fall into this category, which we discussed
weak isospin of the fermion fieldi_ ; in the loop. This ex- in some detail.

plains at a glance why many models, such as multi-Higgs- Note addedAfter completing this work we became aware
doublet models and Zee-type models, have difficulty ex-of Ref.[38], which discusses a different region of parameter
plaining R,. Since the dominant contributions in these space in SUSY models than the one we focused on. Because
models typically have top-type quarkk; =3, | 3,=0) cir-  of our criterion of explaining the entirg, discrepancy rather
culating in the loop, they give corrections of the wrong signthan only reducing its statistical significance, we exclude the
to R,. However, these considerations did permit us to con+egion in question.

struct viable models of this type which do expld®g. Two
such examples are given in Sec. V D, and many others can
be invented.

(4) Loops: Nondiagonal couplings to the We also ex- This research was financially supported by NSERC of
amined models with exotic fermions and scalars which weréCanada and FCAR of Qbec. E.N. wishes to acknowledge
allowed to have nondiagonal couplings to theSuch FC- the pleasant hospitality of the Physics Department at McGill
NC'’s can occur when patrticles of different weak isospin mix.University, during the final stage of this work. D.L. would
The correctionsg? is much more complicatefEq. (86)]  like to thank Ken Ragan for helpful conversations.
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