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Constraints on Top Couplings in Models with Exotic Quarks
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The extension of the standard model with exotic quark singlets and doublets introduces large flavor
changing neutral couplings between ordinary fermions. We derive inequalities which translate the
precise determination of the diagori@élcouplings, in particular, at LEP, into stringent bounds on the
off-diagonal ones. The resulting limits can be saturated in minimal extensions with one vector doublet
or singlet. In this case, 23 and 6 single top events, respectively, are predicted at LEP2 for an integrated
luminosity of 500 pb™' per experiment. [S0031-9007(99)08551-8]

PACS numbers: 12.60.—i, 12.15.Ff, 12.15.Mm, 14.65.Ha

The agreement of the standard model (SM) with preseniectorlike fermions decouple, and their indirect effects
data places strong constraints on new physics [1,2]. Howbecome small under the natural assumptions of multiplet
ever, these are much less stringent for the top quark. Irdegeneracy and mass scaling. At any rate, the induced
deed, the only model-independent limits on anomalous tomixing between ordinary quarks cannot be arbitrarily
couplings are the direct ones from the Fermilab Tevatronlarge because there are stringent direct limits on the FCN
B(t — gZ) = 0.33,B(t — qy) = 0.032at 95% C.L. [3]. couplings of the five light flavors [9]. Moreover, we will
These limits will be improved, up to a factor 620 even-  derive simple inequalities in this class of SM extensions
tually, after the Tevatron run beginning in the next millen-relating the off-diagonak couplings to the diagonal ones.
nium. One can also consider generic indirect limits [4], They translate the precise determination of #he quark
but they are usually too restrictive because possible ineouplings into stronger constraints @ng couplings than
terference effects with contributions of other heavy statesgpresent or future direct Tevatron bounds. We will prove
natural in many models (see Ref. [5]), are not taken intdhat the limits deduced in this way can be saturated in
account. On the other hand, effective vertices are oftethe simplest SM extensions with one vectorlike quark
suppressed by coupling constant and mass scale factorsdoublet or singlet, leading to a sizable production of single
well-defined theories. Present Tevatron limits are weakop events at LEP2. For the top quark these inequalities
enough to allow for the production of630 clean single provide a simple and novel method to estimate to a good
toptg + tq events at the CERM" e~ collider LEP2 as- approximation the allowed size of tl#q coupling, with
suming a total luminosity 0500 pb~! per experiment at the advantage that there is no need to perform global fits
200 GeV [6]. However, the expected rate of such events ito particular models.
negligible in the SM and many of its extensions. Models The class of models proposed extends the SM quark
with extra scalars (or gauge bosons) can have large flasontent to include vectorlike doublets [left- and right-
vor changing neutral (FCN) top couplings with ordinary handed doublets under $2),], vectorlike singlets (left-
fermions, but their observation at LEP2 would require aand right-handed singlets), and mirror quarks, which
new boson with a mass close to threshold, to be exchangedte left-handed singlets and right- handed doublets The
|n the s channel, and with a relatively large coupling to doublets can have electric chargejs ) (3, 3) or
e"e”. These models, e.g., two Higgs doublet models [7],(— 1, 3) although only exotic quarks with standard
need also extra symmetries, at first sight unnatural, to allowharges appear in the simplest grand unified and string
a large and harmless boson coupling to electrons. Themodels, as, for instance, i£s with extra 27 + 27
there seems to be a gap between present direct limits amdpresentations. For simplicity we will first restrict our-
expected single top production at e~ colliders in the selves to doublets with standard charges and gener-
context of simple SM extensions. In this Letter we pointalize the results later. Let us consider any of these
out that these events can be produced at LEP2 in modeéxtensions, withN standard quark familiesy vector-
with exotic quarks [5,8], although their rate is further con-like doubletsn, up andn, down vectorlike singlets, and
strained by a set of inequalities obeyed by these models.N’ mirror quark families. The total number of up-type

Vectorlike or mirror quarks appear in many grandquarksN,, = N + N’ + n + n, and down-type quarks
unified and string theories, such as those basedzgn N; = N + N’ + n + ny does not need to be equal in
Mixing with these heavy fermions is the best way togeneral (by “up” and “down” we WI|| mean charggsand
enhance the top signal without producing new partlcles—3, and not Weak |sosp|n; and — 2) In any of these
if the new quarks have masses above threshold. Heauyodels, the gauge neutral current Lagrangian in the weak
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eigenstate basis can be written in matrix notation as [Xyl* = (1 = Xp0) (1 = Xpg) ()]
_(d d) |, - d
L7 = _wa (M(L))’“ME) + uge))’ﬂm('e) |qu’|2 = XyqXgq' - ()

These inequalities translate the determination of the di-
agonalZqq and Zq'q’ couplings,X,, and X, into a
(1) bound on the off-diagonal couplingqq’, qu/.l In other
words, Egs. (4) and (5) relate the isospi with the
with (", d;") and (uf¢’, di¢") doublets under S@), of  FCN cou(g)lin(g%qq’. (Ezlen if we do nopt rl?r?ngqfq, we
dimensionV + n andN’ + n, respectively. The charged still can learn about thet,, coupling from our knowl-
and Higgs currents are also modified, but we ignoresdge ofx,,. This is particularly useful in the case of
them for the moment. The mixing of weak eigenstateshe top quark, since the bounds derived can be saturated
with the same chirality and different isospin originatesin the simplest extensions with exotic fermions. Also we
FCN couplings in the mass eigenstate basis, where thgan set limits on the coupling of a light quagkto a new

Ul — By 25

Lagrangian in Eq. (1) reads unknown quarkg’. From Egs. (4) and (5) follows that if
X4 = 0,1, the FCN couplings involving vanish (in this
L; = - (L X"EyPu; + apX“Rytug casey is a weak eigenstate), independently of the particu-
2ew lar SM extension considered. ConverselyXijf, # 0, 1,
— d X yrd, — dpXRyrdg — 253 JEm)Z, . there must exist nonzero FCN couplings fgras can be

2) shown from Eq. (3) observing that? = X, Xt = X.

In order to apply Egs. (4) and (5) it is necessary to
Hereu = (u,c,t,T,...) andd = (d,s,b,B,...) are N,  review present experimental results on the diagdnal
and N; dimensional vectors, respectively. The diagonalcouplings to quarks; . TheZ couplings to the lightest
Zqq couplings of up- and down-type mass eigenstatesjuarksu,d are measured in atomic parity violation and
qg = u,d are cz(R) = iX(fq(R) - 2Qqs%v, with the plus in the SLAC polarized-electron experiment [1]. The
(minus) sign for up- (down-) type quarks (we will always determination of¥, c%, andc¢ is accurate, whereas the
drop u, d superscripts if not needed). W, is a error inc# is very large (see Table ). The precision data

pure up or down quark singIeX(%R) = 0, whereas for taken at LEP and SLC provide accurate determinations
a pure double&2® = 1. In both cases FCN couplings Of the Zcc and Zbb couplings atM; (see Table II).
between g,z and other quarks vanish fog.z) is a  The ratioR. is mainly a measure ofc;|* + |ck|* and
weak interaction eigenstate and has a definite isospin. Ithe forward-backward (FB) asymmetdig of (lcf|*> —
generalg; (z) has singlet and doublet components éind  |ckl?)/(Ici|* + [ck|?). From these data the moduli of
Xqu(R) < 1, implying nonzero FCN couplings fog; ). cir can be extracted but not their sign. This opens
These arguments are made quantitative writing the unitar@n interesting possibility that, although already settled
transformations between the mass and weak interactiogxperimentally, makes the measurementpf off the Z
eigenstatesqg = Uy, q2 = URgp, with U and pole at LEP2 very important. Of the two sign choices

U IR N, X N, unitary matrices andER — (q(Ldghq(LS)R for c,_%, the_ negative value_ corresponds to the usual
. . . ’tg) T isospin assignment for the right-handed charm quark as
w(?)ak mteract.lon eigenstates (doublesz and singlets an almost pure singlet, whereas the positive sign can be
qrr)- Then, it follows from Egs. (1) and (2) that achieved with a large mixing~<60%) with a new right-
X(L;LB _ (u;‘;)*u;;f, X'R — (’U;‘f)*’ll}‘g, handed_dogbIeTRQ. This ambiguity has been settled by
e dLnr L R IR m 1 dR (3) a combination of the low energy measurementsApf
Xor = Uk Uz, Xgr = (Uje )" Uiz, at PEP (29 GeV) and PETRA (35 and 44 GeV) [10].

where (i,k) and (j,/) sum over the left- and right- The data are consistent with the negative sign within
handed doublets, respectivelg, 8 = u,c,t,T,... and 040, whereas the deviation &2¢ for the positive sign.
0,7 =d,s,b,B,.... Fromthese equations we obtain all Recent measurements at LEP2 [11] have large statistical
the information orZ couplings. To simplify the notation, Uncertainties but already show a preference for a negative
let ¢, ¢’ be two mass eigenstates with the same eIectriqh

N ] . ABLE I.
charge and chirality an&X the corresponding coupling
matrix XL, xR xdL or x9R  Equation (3) implies
that the matrix element&,, are bounded|X,,| =1,  Experimental value Xp = Eepm + 2Q45%)
and that the diagonal elements are posit¥g, = 0. In u — 0,965 + 0.032

. . . . = 0.656 * 0.032 xt
particular, if ¢ is a weak eigenstatex,, = +2Ts,, with ut

Diagonal couplings measured in atomic parity vio-
lation experiments. We usg§, = 0.232 =+ 0.001.

. . . = —0.358 %= 0.026 XR = —0.049 = 0.026
the plus (minus) sign for up- (down-) type quarks. Usmgi{j — _0.880 = 0.022 X“L“ 1035 = 0.022
the Schwarz inequality it is straightforward to show that ; " .5 POy
cg = —0.054 25096 Xaa = 0.209_¢154

forg # q'
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TABLE Il. R., R, and asymmetries. and Ill is not appropriate. Instead, we define 9
, : C.L. upper limit onX,, as the value: such that the prob-
Quantity Data SMIit  apility of finding X,, = x within the physical region is
R, 0.1735 = 0.0044 0.1723  0.9. With this definition and a Monte Carlo generator for
A¥s 0.0709 = 0.0044 0.0736  the Gaussian distributions at,, R., A%a, Avs (corre-
Robb 021656 * 0.00074 0.2158 |ated) andx LR, x5;° (assuming no correlation) we obtain
AL 0.0990 =+ 0.0021 0.1030

the bounds in Table IV, where we also quote present di-
rect limits [3,9]. Alternatively, we can shift the unphysi-
ck (0.30) rather than for a positive onel.6o). This  cal values in Tables | and IIl to the physical region and
raises the question of whether there is any other experfind the90% C.L. upper limit as defined above, obtaining
mental reason to exclude the Iarﬁ%-c mixing. Alarge the bounds given in parentheses.

T component in the: quark is disfavored by the pa- A few comments are in order. (i) The more restrictive
rameter as long as none of thes, b quarks has a large bounds on left-handed currents are estimated using Eq. (4),
right-handed doubleB% component [12]. Mixing with whereas for right-handed currents Eqg. (5) gives a stronger
the d, b quarks would lead to unacceptably large right-constraint. (ii) These bounds are not all independent and
handed charged current couplings, but mixing with thethus cannot be simultaneously saturated, &fj.and X%

s quark is allowed. (FCN currents between light quarkscannot have both their largest value. (iii) The couplings of
can be made to vanish if only one of them mixes withthe top quark have not yet been measured, and we assume
the doublet [8].) Only the off-peak asymmetry for the the factors(1 — X%) and X% in Egs. (4) and (5) to be
strange quark is sensitive to the sign «jf, but present both equal to unity. The factord — XL) and XX are
dataAps = 0.131 + 0.035 + 0.013 [13] do not exclude also set equal to one because the measuremertipf
either sign. In summary, the only strong indication thatalone does not provide any useful constraint. (iv) The
cr, sg are indeed isosinglets and do not have a large dotinequalities also allow one to set new nontrivial limits on
blet component is provided by the low energy measurethe FCN couplings of the ordinary and new heavy quarks
ment of Apg. However, this results from the average of 7, B. These limits can be read from Table IV making the
inconclusive measurements, so a precise determination eéplacement — 7, s — B. Finally, it is worth noticing

the off-peak asymmetry at LEP2 will be welcome. Thethat the constraints on top couplings obtained from the
analysis for theb quark is similar: the off-peak asymme- inequalities are more restrictive than those from top decays
try and thep parameter fix the sign ambiguity and tB§  at Tevatron.

component in thé mass eigenstate must be small [14]. The limits obtained on top FCN couplings can be
The value ofc4 in Table | is compatible with the two sign saturated in the simplest extensions of the SM, namely,
assignments but again theparameter and the measuredthe addition of a vectorlike doublet or singlet. In the
value ofck force a smallB%-d mixing. Table Ill summa- model with an additional isodoublet the boukif§ = 0.16
rizes the values o&Z(R) andX(%R) obtained fromr,, R., can be saturated choosing the projection of the new

c . . .. i - 0 i
AR A% and their correlation matrix in Ref. [2] assum- fight-handed doublef™ on the mass eigenstatesc, 1, T

uR __ . . .
ing small mixing with the new quarks, as required by thel® be U{)Oa = (0,0.16,0.99,0). The projection of its
SM isospin assignments. partner B° on the mass eigenstates can be chosen as

In Tables | and Il we observe that the valuesXff,,
X4, X®  andX®, are unphysical. This is worst foy,,

TABLE IV. Experimental limits on FCN couplings and

Ly ect . . . bounds deduced from coupling inequalities in models with ex-
which is 20~ away from the physical regiof0, 1], a di- i quarks of standard charges. The bounds in parentheses are
rect consequence of ther discrepancy between the mea- obtained with an alternative method of estimating the probabil-

sured and the SM values dfs. [This discrepancy can ity, explained in the text.
be explained in models with doublets of chargesé, —;—‘) Coupling XL xR Source
[14], where the value okp, is physical as discussed be-

" : P uc 12 X 1073 1.2 x 1073 dmp
'?]W'] A more careful j‘.pp“Ta“O’? of ghe 'Teq“?"'“Tesbl's | 0.033 (0.035) 0.019 (0.028) inequalities
then necessary, since directly using the values in Tables ut 0.84 0.84 t— uZ
TABLE Ill. Diagonal couplings from Table II. For the ) 0'23 ;(3%28) 0.161552.21) ;nequ;lltles
i the radiative correcti®.0014 to s3. ¢ : ' b= ca
quark we also include v ! alll 0.14 (0.15) 0.16 (0.18) inequalities
Experimental value XHR = +(cf ) + 2Q,5i) ds 4.1 X 1073 41 X107 K" > 7tvw
. B 0.14 (0.19) 0.62 (0.61) inequalities
Cli = 0.690 = 0.013 XCC = (0.998 = 0.013 db 1.1 X ]0*3 1.1 X 10*3 SmB
cg = —0.321 £ 0.019 X% = —0.013 = 0.019 0.0081 (0.017) 0.062 (0.086) inequalities
cf = —0.840 = 0.005 X}, = 0.996 + 0.005 sb 1.9 X 1073 19X 1073 B — u*u X
ch =0.194 = 0.018 XK = —0.039 + 0.018 0.076 (0.11) 0.12 (0.17) inequalities
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U;’fg = (0,€,0,~/1 — €2). The p parameter prefers a because the maximung + g production rate with only
sizable B’-s mixing € but » — sy requires a negligible new heavy singlets is 4 times smaller. In any case,
value 0(107%). Then the experimental constraints onthe Next Linear Collider with its expected integrated
FCN currents are satisfied and the right-handed currentsminosity of 100 fo~! at /s = 500 GeV will allow one
between ordinary quarks remain small. The analysis foto disentangIeXtLq and X® [16]. On the other hand, the
XR < 0.14 can be performed similarly. These boundsabsence of top events at LEP2 will improve the limits
lead to 23 and 183 + 7q events, respectively, at LEP2. on X,Lq’R to a common value 00.033. This number

In the extension of the SM with one extra singlt is to be compared with the bound obtained after the
of charge%, there are no right-handed charged currentsiext Tevatron run if the decay— ¢Z is not observed,
and all FCN couplings vanish except those for left-hande@ventually |X,L4R| = 0.19. Thus, in the next two years
up-type quarks. This model and the analogous modealEP2 will either detectZzc couplings or set on them
with an extra charge—% singlet have been analyzed the most stringent bounds before the next generation of
extensively in the literature [5,15], and we will not repeatcolliders. In fact, the first quoted results at LEP2 [17]
their discussion here. However, it is worth noting thatimprove by a factor of 2 the present Tevatron limit.
in these models the relationship between charged and This work was partially supported by CICYT under
neutral currents further restricts the allowed size of theContract No. AEN96-1672 and by the Junta de Andauci
FCN couplings. Present limits on Cabbibo-Kobayashi-
Maskawa matrix elements [1] impli%, < 0.082, XL =
0.046, leading to 6 and 2g + 7q events at LEP2.
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