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Weak-singlet fermions: Models and constraints
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We employ data from precision electroweak tests and collider searches to derive constraints on the possi-
bility that weak-singlet fermions mix with the ordinary standard model fermions. Our findings are presented
within the context of a theory with weak-singlet partners for all ordinary fermions and theories in which only
third-generation fermions mix with weak singlets. In addition, we indicate how our results can be applied more
widely in theories containing exotic fermions.

PACS numbgs): 12.60—i, 12.15.Ff, 13.85.Rm, 14.88j

[. INTRODUCTION ous limits of this type[1-3] have found that the mixing
fraction sirfd,,, can be at most a few percent for any given

The origins of electroweak and flavor symmetry breakingfermion species. As a complementary test we also look for
remain unknown. The standard model of particle physics deevidence that new heavy fermions with a large weak-singlet
scribes both symmetry breakings in terms of the Higgs boeomponent are being pair-produced in high-energy collider
son. Electroweak symmetry breaking occurs when the Higgexperiments. This can provide a direct lower bound on the
boson spontaneously acquires a non-zero vacuum expectarass of the new fermions. Most recent limits on production
tion value; flavor symmetry breaking is implicit in the non- of new fermions focus on sequential fermioi$1 doublets
universal couplings of the Higgs boson to the fermions.and RH singlets mirror fermions(RH doublets and LH sin-
However, the gauge hierarchy and triviality problems implyglets, and vector fermioné_H and RH doublets[4]. These
that the standard model is only an effective field theory, validimits need not apply directly to weak singlet fermions, as
below some finite momentum cutoff. The true dynamics re-their production cross sections and decay paths can differ
sponsible for the origin of mass must therefore involve physsignificantly from those of the other types of fermions.
ics beyond the standard model. This raises the question of We take as our benchmark a modél in which each
whether the two symmetry breakings might be driven byordinary fermion flavor mixes with a separate weak-singlet
different mechanisms. Many theories of non-standard physfermion; this allows us to consider the diverse phenomeno-
ics invoke separate origins for electroweak and flavor symiogical consequences of the singlet partners for quarks and
metry breaking, and place flavor physics at higher energiekeptons of each generation. The low-energy spectrum is com-
in order to satisfy constraints from precision electroweakpletely specified, so that it is possible to calculate branching
tests and flavor-changing neutral currents. ratios and precision effects. Electroweak symmetry breaking

In this paper, we explore the possibility that flavor sym-is caused by a scala®, with flavor-symmetric couplings to
metry breaking and fermion masses may be connected witthe fermions. Flavor symmetry breaking arises from physics
the presence of weak-singlet fermions mixing with the ordi-at higher scales that manifests itself at low energies in the
nary standard model fermions. Specifically, we consideform of soft symmetry-breaking mass terms linking ordinary
theories in which some of the observed fermions’ masseand weak-singlet fermions. The fermions’ chiral symmetries
arise through a seesaw mechanism that results in the presnforce a Glashow-lliopoulos-Maiaft5IM) mechanism and
ence of two mass eigenstates for each affected flavor: ansure that the flavor structure is preserved under renormal-
lighter mass eigensate whose left-handed component is prezation. Because of recent interest in using weak singlets to
dominantly weak-doublet, and a heavier one that is mostlyexplain the mass of the top quai&], we also analyze vari-
weak-singlet. Such seesaw mass structures involving eithemts of our benchmark model in which only the third-
third-generation fermiong6,7] or all fermions [8] have generation fermions have weak-singlet partners. Further-
played a prominent role in recent work on dynamical sym-more, we indicate how our results can be applied to other
metry breaking. theories with weak-singlet fermions.

This work uses published experimental data to elicit con- Since our benchmark model includes a scalar boson, it
straints on the masses and mixing strengths of the exotishould be considered as the low-energy effective theory of a
fermions. We both interpret our findings within the contextmore complete dynamical model; specifically, at some finite
of several specific models and indicate where our results cagnergy scale, the scaldr, like the Higgs boson of the stan-
be applied more widely. Our initial approach is to studydard model, would reveal itself to be composite. That more
Z-pole and low-energy data for signs that the known fermi-complete model would be akin to dynamical top seesaw
ons include a non-standard, weak-singlet component. Previnodels[6—8], which include composite scalars, formed by

new strong interactions among quarks, and also have top and

bottom quarks’ masses created or enhanced by mixing with
*Email address: markopop@buphy.bu.edu weak-singlet states. Those particular top seesaw models gen-
"Email address: simmons@bu.edu erally have multiple composite scalars when more than one
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fermion has a weak-singlet partner; these tend to be heavier
than the single scalar in our models. Moreover, in the o=
“flavor-universal” versions [8] generation-symmetry-

breakrng masses for the weak singlet fermions are the SOUrCe <o VEV breaks the electroweak symmetry. This scalar
of the differences between the masses of, say, the up and t

quarks; the flavor structure of our models is different. De-(])ﬁ'[‘)jls Yukavya couplrngs t_hat link Ieftl-handed ordinary to right-
anded primed fermionic gauge eigenstates

spite these differences, most of our phenomenological results
are relevant to the top seesaw models.

In the next section, we review the structure of our bench-
mark model, focusing on the masses, mixings, and couplin

q)-r—

0 2.4

Ayt UL+ Npih DD+ N L DIE. (2.5

r?'?he coupling matricea ¢ are taken to be proportional to the

of the fermions. Section IIl discusses our fit to precisio identi . Th £ 1h ar i d b
electroweak dat9] and the resulting general limits on the 'dentity matrix. The mass of the scalar Is assumed to be
small enough that the scalar’s contributions will prevent uni-

mixing angles between ordinary and weak-singlet fermions;""" A . S
We then use the constraints on mixing angles to find |owe£or|ty violation in scattering of longitudinal weak vector
bounds on the masses of the new heavy fermion eigenstates: :

Section V discusses the new fermions’ decay modes and ex- Finally, there are mass terms connecting left-handed
tracts lower bounds on the fermion masses from data frorf"imed and right-handed ordinary fermions

the CERNe" e~ collider LEP 11[10,11] and Fermilab Teva- — — —

tron [12,13. Oblique corrections are discussed in Sec. VI U myUg+D mpDg+I mlg (2.6)

and our conclusions are summarized in the final section. ) o )
which break the fermions’ flavor symmetries. We shall re-

quire the flavor-symmetry violation to be small: any mass
should be no greater than the corresponding nvass This

At experimentally accessible energies, the models wellows our model to incorporate the wide range of observed
consider have the gauge group of the standard modefermion masses without jeopardizing universaliy.
SU(3)cXSU(2)wx U(1)y. The gauge eigenstate fermions  As discussed in Refl5], this flavor structure is stable
include three generations of ordinary quarks and leptongjnder renormalization. On the one hand, the flavor-
which are left-handed weak doublets and right-handed weagymmetry-breaking mass term@.6) are dimension-three
singlets and cannot renormalize the flavor-symmetric dimension-four
Yukawa terms(2.5). On the other, because all dimension-

Il. THE MODEL

U four terms[including the Yukawa coupling$2.5)] respect
f=\p] » YrDr  U=(uct), D=(dsb), the full set of global chiral symmetries,
L
Vl SU(‘?’)lﬂl/_,U&,D&XSU(3)ULXSU(3)DLXSU(3)UR
'-L:< | )L' IR I=(e,p,7). (2.9) X SU(3)p, X SUB), 12X SU(3) X SU(3),

In our general, benchmark model to each “ordinary” 2.7

charged fe_rmion there corresponds a “primed” Weak—singletthey do not mix the mass tern8.3 and (2.6) which break
fermion with the same electric charge those symmetries differently. Furthermore, the global sym-
, , , metries of this model lead to a viable pattern of inter-

Ulr: Dir: Iir: (2.2 generational mixing among the fermions. Including e

. . o éerms(2.3) breaks the flavor symmetries to a form
We will also discuss the phenomenology of more specialize

models in which only third-generation fermions have SU(3), ur b XSU3)y XSU3)p
“primed” weak-singlet partners. vt R R
The gauge symmetry allows bare mass terms for the XSU(3)L 1+ XSU(3), (2.8
L R

weak-singlet fermions

— — -, nearly identical to that of the standard model with massless
MyU(Ug+MpDDrt+Ml(lg (23 fermions. Once the flavor-symmetry-breaking masses of Eq.
. (2.6) are added, the quarks’ flavor symmetries are completely
and we take each of these mass matrilgsto be propor-  proken, leading to the presence of a Cabibbo-Kobayashi-
tional to the identity matrix. , Maskawa-(CKM)-type quark mixing matrix and an associ-
The model includes a scalar doublet field ated GIM mechanism that suppresses flavor-changing neutral
currents. The lepton sector retains thél)’s corresponding
to conservation of three separate lepton numbers.
Yn principle, one could include weak singlet partners for the neu- The ordinary and primed fermions mix to form mass
trinos as well. The neutrino phenomenology is largely separate frongigenstates; for each type of charged fermiés= U, D, I)
the issues treated here and will not be considered in this paper. the mass matrix in the gauge basis is of the form
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f

f/
Lo : . , to the W boson is proportional to cas(sin ¢s); the right-
This is diagonalized by performing separate rotations on th%anded states are %ur%ly Weak-singQIZt( angfzjo not cgouple to

left-handed and right-handed fermion fields. The phenom; :
enological issues we shall examine will depend almost ex'gheWboson. Thus the couplings of left-handed leptons to the

clusively on the mixing among the left-handed fermions.W boson look like(since we neglect neutrino mixing
Hence, our discussion related to fermion mixing and its ef- ie

fects will focus on the left-handed fermion fields. For brev-
ity, we omit “left” subscripts on the left-handed mixing

angles and fields; we include “right” subscripts in the few \yhen weak-singlet partners exist for all three generations of

instances where the right-handed mixings play a role. quarks, the left-handed quarks’ coupling to thebosons is
To evaluate the degree of mixing among the left-handegys the form

weak-doublet and weak-singlet fields, we diagonalize the

The interactions of the mass eigenstates with the weak gauge
(2.9  bosons differ from those in the standard model because the
R primed fermions lack weak chardélhe coupling off“(f")

0 U)\f
m; Mg

(FfL

L — H — .
sine\,\,(I YuV1 COS +17y, vy sing) W, (2.16

mass-squared matriM"M). The rotation angle among left- IR — D
handed fermions is given By sinBW(U U7 Vup| g | W (2.17)
2
SirPg=1— B The 6X 6 non-unitary matrixVp is related to the underly-
2A%2+2B2—2A+A2+ B2 ing 3X 3 unitary matrixAyp that mixes quarks of different
generations
BZZU)\fo (21@
v _( CUAUDCD _CUAUDSD> (2 18)
A=M{+mi—v?\{ Pl -SyACh  SuALLSH .
and the mass-squared eigenvalues are through diagonal matrices of mixing factors
.1 Cy=diagcosg,,c0Sd.,C0Se;),
AFZE(MfZ'}_mfZ'FUZ)\?) ] g ¢u d)C (vbt)

Cp=diag(cos¢y,C0Spg,C0SPy,),

X (11— (402N2mH/(MZ+mZ+0v205)2).
(2.11)

Due to the matrix’'s seesaw structure, one mass eigenstate Sp=diagsin¢q,sings,sindy).
(fY) has a relatively small mass, while the mass of the othefrpe unitary mixing matrix,p , like the CKM matrix in the
eigenstate {(") is far larger. The lighter eigenstate, which gtandard model, is characterized by three real angles and one
has a left-handed component dominated by the Ord'”arl‘:P-violating phase. But it is the elements ¢, which are
weak-doublet state, directly accessible to experiment. Whig,p is non-unitary,
; / any two columngor rows are still orthogonal.

f=cosgif —singt’, (212 %’he couplingS(of Ieft—r?anded mass-e%enstate fermions to
corresponds to one of the fermions already observed by esthe Z boson is of the form
periment. Its mass is approximately given gr v A ;<M;

Sy=diagsin ¢, ,sin¢.;,sing,),

ie —
andm;<M;y) - (fL%H
f f , siné?\,\,cose\,\,(]c 70
vA¢m
(mj)?~ 2( f fz) 5 (2.13 cogpiTs—Qsirthy  coSep;sinegT,
Mf+(v)\f) +mf X . . .
COS¢hs SiNhs T4 Sirf ¢ T3— Q sirf 6y
The heavier eigenstate, whose left-handed component is fL
largely weak-singlet, % H ZH (2.19
fH=sin¢f + cosef’ (2.14
whereT; andQ are the weak and electromagnetic charges of
has a mass of order the ordinary fermion. The right-handed states, being weak
Heo 5 5 5 Lo singlets, couple to th& exactly as standard model right-
(M) “~Mf+(vNp)“+mi—(mg)“. (219 nanded fermions would.

2To study the rotation angle among right-handed fermions, one 3For a general discussion of fermion mixing and gauge couplings
diagonalizes (MM T) and obtains analogous results. in the presence of exotic fermions, Jd4.
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TABLE I. Data used in fits to constrain mixing angles: experimentally measured electroweak observables
and their values within the standard model.

Quantity Experiment SM Reference
r, 2.4939+0.0024 2.4958 [9]

oh 41.491+0.058 41.473 [9]

A(P,) 0.1431+0.0045 0.1467 [9]

As(P,) 0.1479-0.0051 0.1467 [9]

AR 0.1550-0.0034 0.1467 [4] (Ref. 59

Ry 0.21656-0.00074 0.21590 [9]

R¢ 0.1735-0.0044 0.1722 [9]

ARy 0.099G+0.0021 0.1028 [9]

Afg 0.0709-0.0044 0.0734 [9]

Ap 0.867=0.035 0.935 [9]

A 0.647=0.040 0.668 [9]

Qw(Cs) —72.41*+.25+.80 —73.12+.06 [4] (Refs. 48, 49
Qw(TI) —114.8-1.2+3.4 —-116.7=.1 [4] (Refs. 48, 49
Re 20.783t0.052 20.748 [9]

R, 20.789:0.034 20.748 [9]

R, 20.764t0.045 20.748 [9]

Afg 0.0153:0.0025 0.01613 [9]

Alg 0.0164+0.0013 0.01613 [9]

Afg 0.0183:0.0017 0.01613 [9]

Alg 0.118+0.018 0.103%.0009 [4]

Mw 80.39+0.06 80.38 [17]
ge(ve—ve) —0.041+0.015 —0.0395+.0005 [4]

Jea(ve—ve) —0.507+0.014 —0.5064*+.0002 [4]

gZ(vN—vX) 0.3009:0.0028 0.3046:.0003 [4]

g&(vN—vX) 0.0328-0.0030 0.0300 [4]

R, (1.230+.004)x 10~ 4 (1.2352-.0005)x10°*  [4,18

Re- (1.347+.0082)x 1¢° 1.343x 10° [4,19

R,: (1.312+.0087)x 1¢° 1.304x 10° [4,19

The scalar bosof® couples to the mass-eigenstate fermi-up-type fermion eigenstates to be lafg® that the Wilson
ons according to the Lagrangian term coefficientsc,(m;) that enter the calculation df (b—svy)
are all in the high-mass asymptotic regiin@he shift in
I'(b—sy) is therefore at most a few percent, which is well
within the 10—30 % uncertainty of the standard model theo-
retical predictiong14] and experimental observatiofis5].

—COS¢; SiNy right  COSPt COSPs right

f 1 —sin s SiN by rigne SN bt COSr.rigne

fL

X\ ¢

d+H.c. (2.20
right

Ill. GENERAL LIMITS ON MIXING ANGLES

Precision electroweak measurements constrain the degree

wheredy rignt is the mixing angle for right-handed fermions. to which the observed fermions can contain an admixture of

A few notes about neutral-current physics are in orderyeak-singlet exotic fermions. The mixing alters the cou-
Flavor-conserving neutral-current decays of_the heavy stat§flings of the light fermions to th&V and Z from their stan-
into light ones are possiblée.g., ,u”—>,uLvaM). This af-  dard model values, as discussed above, and the shift in cou-
fects the branching ratios in heavy fermion decays and wilplings alters the predicted values of many observables. Using
be important in discussing searches for the heavy states thhe general approach of RdfL6], we have calculated how
Sec. V. Flavor-changing neutral curreffCNC) processes inclusion of mixing affects the electroweak observables
are absent at the tree level and highly-suppressed at highksted in Table I. The resulting expressions for these leading
order in the benchmark model, due to the GIM mechanisnitree-leve) alterations are given in the Appendix as functions
mentioned earlier. For example, we have evaluated the fra®f the mixing angles. We then performed a global fit to the
tional shift in the predicted value df(b—svy) by adapting electroweak precision data to constrain the mixing angles
the results if3]. As we shall see in Secs. Il and 1V, elec- between singlet and ordinary fermions. The experimental
troweak data already constrain the mixings between ordinaryalues of the observables used in the fit and their predicted
and singlet fermions to be small and the masses of the heawgalues in the standard model are listed in Table I.
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To begin, we considered the benchmark scen@radled  specific details. They apply broadly to theories in which the
case A, hereaftein which all electrically charged fermions low-energy spectrum is that of the standard model plus
have weak-singlet partne§]. All of the electroweak ob- weak-singlet fermions.
servables given in Table | receive corrections from fermion
mixings in this case. We performed a global fit for the values
of the 8 mixing angles of the fermions light enough to be
produced at the pole: the 3 leptons, 3 down-type quarks  The constraints on the mixing between the ordinary and
and 2 up-type quarks. At 95%®0%) confidence level, we exotic fermions imply specific lower bounds on the masses
obtain the following upper bounds on the mixing angles: of the heavy fermion mass eigenstat2d5. We will extract

mass limits from mixing angle limits first in the general case

IV. FROM MIXING ANGLES TO MASS LIMITS

Sinf¢=<0.0024 (0.0020,  sir’¢,=<0.0030 (0.0026, [5] in which all charged fermions have singlet partners, and
then in scenarios where only the third generation fermions
sir?¢,=0.0030 (0.0025 do.

SiMgy=<0.015 (0.013, sirf¢.=0.015 (0.011), A. Case A: All generations mix with singlets

Sirf ¢,<0.0025 (0.0019 Because the heavy fermion massa% depend orv\s,
M, andm;, we must determine the allowed values of all
sirf¢,=<0.013 (0.011), sirf¢.=<0.020 (0.017). three of these quantities in order to find lower bounds on the

(3.1 m'f*. For the three fermions of a given tyge.g.,e, u, 7),

. o ) ) _ the values of; andM¢ are common. The different values of
The 90% C.L. limits are included to allow comparison with me arise from differences among the; , and the form of

the shghtly Wegker limits resulting from the similar analysis Eq. (2.13 makes it clear that larger values mf; correspond
of earlier data in Ref[2]. L
The limit the mixi | lated t to larger values ofny .
€ limits on the miXing angies are correlaled 1o SOMe ., can we ensure that the third-generation fermion in

degree. For ¢>.<ample, most observaples that are sensitile tothe set gets a large enough mass? If w o the largest
or s quark mixing depend on sithy+sir’¢s. Indeed, repeat- possible valuem, =M, , there is a minimum value af\,

ing the global fit using the linear combinations (shp required to makem'f' large enough. A smaller value ofi,

+sirf¢)/2 yields a slightly stronger limit for the sum : . .
(sir?¢(dﬁisin2y¢s)/2$0093 anyd a sligghtly looser one for the would require a still larger value a@f\; to arrive at the same

difference — 0.007 K (sirP¢y—sirnf¢p)/2<.0195. This turns my . In other yvords, starting from Ed2.13, and recalling

out not to affect our use of the mixing angles to set mas@ M =My we find

limits in the next section of the paper: limits on tté and

s" masses arise from the more tightly constraiteguark

mixing factor sif¢, instead. e . . .
We, similarly, placed limits on the relevant mixing angIeSWheret f3 dir’\otes thfe“;kyr_d-?hene:atl;)n f?[;g',?ﬂ ?g the

for three scenarios in which only third-generation fermions>2Me tYPE as (e.g:, It -1 1S the electron, IS the

have weak-singlet partners. In case B where the top quarl%?u I(_aptOI). The specific limits for the three types of charged

bottom quark and tau lepton have partners, the 12 sens grmions are

tive observables ard’;, on, Rpce s ART Ay, and

Rer, .7+ The resulting 95%90%) confidence level limits on

the bottom and tau mixing angles are

vN=2mi, (4.)

uN=2.5 GeV, vAp=6.0 GeV, v\,=247 GeV.
4.2)

sif¢,=<0.0018 (0.0014, sirf¢,=<0.0013 (0.00084. Knowing this allows us to obtain a rough lower bound on
7 (3.2) the heavy fermion mass eigenstates. Since we reddire

=v\¢ and since the smallest possible valuamgfis zero, we
In case C, where only the top and bottom quarks havean immediately apply Ed4.1) to Eq.(2.195 and find
partners, the nine affected quantities afle,, oy,
Rocenrs Afg, andA,. The sole constraint is (mi"2=4(m2,)— (mh)2. 4.3

sirf ¢,=0.0013 (0.00084. (33 Forinstance, the mass of the heavy top eigenstate must be at

least
In case D, where only the tau leptons have partners, only the

six quantitiesI'z, oy, R;, Agg, andRe, ,, are sensitive, H L
and the limit on the tau mixing angle is m;'= V3m; ~300 GeV. .4
sinf¢,<0.0020 (0.0016. (3.4) We can improve on these lower bounds in the following

way. Becauser(\]f')2 is a monotonically increasing function
These upper bounds on the mixing angles depend only oef (v\)?, the minimumv\¢, found above, yields the lowest
which fermions have weak partners, and not on other modelpossible value ofnfH . Thus, if we know what value ofn;
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should be used self-consistently with the smallest, we  For the lighter fermions, we use E@.6) for them;. Since
can use Eq(2.15 to obtain a more stringent lower bound on m;<M; in these cases, we find
me . The appropriate values

m¢= M (3rd generation (4.5 mg ,mii=mby2+2/sirf =51 GeV (4.15
L[ Mitui _ Hon L _
me=m; vz)\z—(mL)z (1st or 2nd generation  (4.6) mi mi=mpy2+2/sirf ¢, =2.2 TeV (4.1
£ (Mg

follow from our previous discussion and from inverting Eq. mi mt=mt 2+ 1/2sif =61 GeV. (4.17)
(2.13, respectively. Becausm;<M; for the first and sec-

ond generation fermions, our previous lower boundnah
for those generations is not appreciably altered. For the third The mass limits for the heavy leptons and down-type

generation we obtain the more restrictive quarks are also represented graphically in Figs. 1 and 2. In
e Lo Fig. 1, which deals with the leptons, the axes are the flavor-
(m¢)“=5(me3) (4.7 universal quantitiesv, and v),. The shaded region indi-
cates the experimentally allowed region of the parameter
so that, for example, space. The lower edge of the allowed region is delimited by
m{*z\/gm{'~390 GeV. 4.9 the lower bound o\, of Eq. (4.2), as represented by the

horizontal dotted line. The left-hand edge of the allowed re-
gion is demarked by the upper bound on the electron mixing
factor, sirf¢,, as shown by the dashed curve with that label.
The form of this curve, sfps(M,,v\)=0.0024, was ob-
tained numerically by using E¢2.11) for ms to put the
unknownmy in terms ofM|, v\, and the observed mass of

We can do still better by invoking our precision bounds
on the mixing angles sig:. Recallingvh;<M; and m;
<M;y, allows us to approximate our expressi¢hl0 for
the mixing angle as

, vAiM; the electron (n§=.511 MeV) and inserting the result into
S'r“f’f“_z_z—ZMferf_vz)\f - (49 Eq.(2.10. The curves for the muon and tau mixing angles

were obtained similarly, but provide weaker limits on the

Further simplification of this relation depends on the generaparameter spaceas shown by the dashed curves labeled
tion to which fermionf belongs. For example, among the Sin'$,, and Slﬁ%&- The lowest allowed values of the heavy
charged leptonsn, andm, are far smaller thaM, , while fermion massesn, , andm.’ are those whose curves inter-

m . could conceivably be of the same orderMs. Thus the  sect the tip of the allowed region; these are shown by the

limits on the leptons’ mixing angles imply solid curves, obtained numerically by using HEG.11) to
replace the unknowm,,m_ by the knownm'g,,m'; in our
M Bma{ vhN| UN UM (4.10 expressions fom? andm!'. Figure 2 shows the analogous
! 2sing,’'sing, " singe|’ ' limits on the mixing angles and heavy-eigenstate masses for
the down-type quarks.
The strongest bound dv; comes from sim,; that forMp, We can also construct a plot of the allowed regiorvqf
from singy,; that for My, from sing,: vs v\y parameter space. The lower edge comes from the
lower bound orv A, and the left-hand edge, from the upper
= oM ey GeV, M = VP Tev, bound on sinj,. We can then use the known valuerof to
Sin e sing, calculate the size of the top quark mixing factor’gipat any
given point in the allowed region. Numerical evaluation re-
Mp= =222 60 Gev (4.1 Veals
D™ 2singy, ' '
Combining those stricter lower limits oM; with our sinf¢,=<0.013 (0.011) (4.18

bounds(4.1) on v\; and our expression for the heavy fer-
mion masg2.15 gives us a lower bound on thm#4 for each
fermion flavor. For the third generation fermions we use Eq
(4.5 for the value ofm; and obtain the 95% C.L. lower

at 95%(90%) C.L. This is a limit on top quark mixing im-
posed by self-consistency of the model.
In Sec. V, we will compare the mass limits just extracted

bounds from precision data with those derived from searches for
M=V TFAiF o= 73 GeV (412 (o Caliders. The lower bounds on the masses of the heavy
W TTERTEAIL T @13 e e et s e st
ek TFTTR 05 Gov. (410 ek o oy e ST
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FIG. 1. A graphical represen-
tation of the coupling and mass
limits for the e" and 7 states in
the M, vs v\, plane. The shaded
region indicates the experimen-
tally allowed region of the param-
eter space. The quantities on the
axes are flavor-blind; separate
curves for different lepton flavors
mH=127 are shown. Each dashed curve

' y shows the upper bound on $if
- for one lepton and excludes the re-
bz gion to its left. Each solid curve
, shows the lower bound om" for

" one leptor(the limits fore and u
2 are identical, as discussed in the
NN A NS AMNNS—— text and Eq.(4.15]. The horizon-
tal dotted line indicates the mini-
Z mum allowed value ob\; (4.2).

// The lighter curves on the right
p /s§=0.8><10’3 . show hpw a stronger limit o1s?

would tighten the mass bounds.
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B. Cases B, C, and D: can no longer come from precision limits on the mixing
Third-generation fermions mix with singlets angles of 1st or 2nd generation fermidisince those fermi-

If only third-generation fermions have weak-singlet part-OnS no longer mix with weak singlgts
ners, there are a few differences in the analysis that yields T0 obtain the precision bounds on the masseb"bfind
lower bounds on heavy eigenstate masses. All follow from", we start by writing the lower limits oM, andMp, that
the fact that the lower bounds on th [as in Eq.(4.10]  come from the mixing angles:

/
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s FIG. 2. A graphical represen-
tation of the mass limits for the"
and b" states in theMp vs vAp
plane. The shaded region indicates
the experimentally allowed region
of the parameter space. The quan-
tities along the axes are flavor-
blind; separate curves for different
quark flavors are shown. Each
dashed curve shows the upper
bound on siAg, for one quark
and excludes the region to its left.
Each solid curve shows the lower
bound onmp for one quark[the
limits for d ands are identical, as
discussed in the text and Eq.
- (4.17]. The horizontal dotted line

- indicates the minimum allowed

-~ s2=0.6x107° value of vAp (4.1). The lighter
curves on the right show how a
stronger limit onsﬁ would tighten
the mass bounds.
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U)\| U)\D
==, D=5 .
2sing., 2 sing,

(4.19

The factor of 2 in the denominator arises because the mixings#
angles belong to a third-generation fermi¢so that m;
=M;). We therefore find

mi=m-y1+ 1/sirf ¢, (4.20
FIG. 3. Scalar ¢) and weak boson=Z or W) decay modes

mi=mt\1+ 1/sif ¢, (4.21)  of a heavy fermion {").

A. Decay rates of heavy fermions

In case B where all third-generation fermions mix with ] ] )
weak-singlet fermions, the mixing angle limit8.2) based A heavy fermion decays preferentially to a light fernflon

on the twelve sensitive observables yield 95% C.L. lowerP!us aZ, W, or & boson which subsequently decays to a
bounds fermion-antifermion paifsee Fig. 3.

At the tree-level, and neglecting final state light fermion
4.22 masses, we obtain the following partial rates for vector bo-

H
m;=42 Gev son decay modes of the heavy fermions:

mHi=119 GeV. (4.23

In case C, where only third-generation quarks have partners,

INCHES RAYEDIE NEHE VA L b
kI

Eq. (3.3 which was obtained by a fit to the nine affected (ci‘J(c}(’l)z "
observables, gives =2, T a3 M

. (mf“i)z ry
i 37328 ! My/ "My

mp=119 GeV (4.29  whereV represents & or W boson, whilel'y, andM,, are,
respectively, the vector boson’s decay rate and mass. Func-
while in case D, where only tau leptons have partners, Egtion F(x,y) is presented in Appendix B. The vertex factors
(3.4 based on six affected precision electroweak quantities)’ (cy)) are, as shown in Fig. 3, th&'f{V (fyf[V) cou-
implies plings which may be read from Eq&.16—(2.19.
Our results for the charged-current decay mode agree with
mt'>40 GeV. (4.25  those presented in integral form[ial]. Moreover, Eq(5.1)
yields the standard asymptotic behaviors in the limit of
Compared with the limits in case A, we see that the lowerteavy fermion masses far above or far below the electroweak
bound onm} is strengthened because the precision limitP0SOns’ massesee Appendix & Since some of our heavy
(3.2),(3.3) on sirf¢, is more stringent. In contrast, the lower fermlgnsfcl?n, msltead,.have maslses_ of orfder 80;.90 CfEeV, we
bound onm!' is weakened because the bound now dependgSe the full resultS.1) in our evaluation of branching frac-
: S . . - ._“flons and search potentials.
on a third-generation instead of a first-generation miXing"gimjjarly we find the partial rate for the scalar decay
angle: Eq.(4.20 is approximatelym'=m_/sin¢, whereas yode to be
Eq. (4.12 was roughlym”=2mt/sin ¢,.
Note that in theories where the top is the only up-type H el _ H ¢l Lelgl
quark to have a weak-singlet partner, such as cases B and C, T =1 CD)_%‘ T = o= 1ifif)
[
AT

(5.9

the only bound omn{* comes from Eq(4.8). While this is far

St I D D)2
weaker than the limit in case A, it still ensures that the heavy (CijC) H
top eigenstate is too massive to have been seen in existing T —77_3210 my,
collider experiments, even if singly produced. '

(5.2

V. LIMITS ON DIRECT PRODUCTION
OF SINGLET FERMIONS
4Even where a heavy fermion is kinematically allowed to decay to

While |nterp.ret.|ng the_ general_ mlxmg angle I,'m'ts N another heavy fermion, the rate is doubly-suppressed by small mix-
terms of mass limits requires specifying an underlying mode ng factors (singy) and, consequentially, negligible.

structure, it is also possible to set more general mass limitss, this section we confine our analysis to relatively light scalars,
by considering searches for direct production of the new feryjth mass below 130 GeV. For heavier scalars one should include
mions. The LEP experiments have published limits on neWne scalar decays #/ andZ pairs[20] and the resulting 5-fermion
sequential charged leptofis0,11]; the Tevatron experiments final states of heavy fermion decays. We expect this to yield only a
have done the same for new quafii?,13. In this section, small change in the results of our quark-sector analysis and essen-
we adapt the limits to apply to scenarios in which the newtially no alteration in our results for heavy lepton decays, due to the
fermions are weak singlets rather than sequential. large kinematic suppression whem,>mf'~M,,.
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FIG. 4. Branching ratios in the heavy lepton sect&(l" FIG. 5. Branching ratios in the heavy down-quark sector:

—1'X) where X is W, Z, or ®. We setvrn,=2m- and Mg,  B(D"—DX) whereXis W, Z, or ®. Subscripts d, s, and b denote
=100 GeV. the heavy quarks’ flavor. We setp=2 m; andM =100 GeV.

wherel'y and M4 are the decay rate and the mass of th
scalar bosond. FunctionG(x,y) and additional details are
given in Appendix B. The vertex factors;] (cy)) are, as
indicated in Fig. 3, thé{'f;® (f f®) couplings which may
be read off of Eq(2.20.

€Gev andv \,| set equal to m; . As the branching ratios have
little dependence on the small mixing factors gin(as we
argue in more detail in the following subsectipthey are
also insensitive to the value of\¢ .

We have numerically evaluated the couplings of the light The branching fractipng_for decays of the heavy QOwn—
fermions to the scaldrZ, andW as functions of theM; and type quarks display a significant flavor-depende(se® Fig.

thew\;. In the region of the model parameter space that is)- 110Se for thed" and s™ are essentially identical and
allowed by precision electroweak measurements, we findesemble the branching fractions f(_)rthe heavy leptons. How-
that these couplings are within 1% of their standard modefVer, charged-current decaystof with a mass less than 255
values. Therefore, in this section of the paper, we approxiGeV (the threshold for decay to an on-shell top and ae
mate thedff andVff couplings for the light fermions by doubly Cabbibo-suppressed, so that Hiebranching ratios
the standard model values. This allows us to express ou#o not resemble those of the other down-type quarks. Gen-
results for branching fractions and searches in the sitigle  erally speaking, ®" of relatively low mass decays almost
vs v\¢ planes for the up, down, and charged-lepton sectorsexclusively by the proceds’—Zbt. Formﬂ larger than 255
In this approximation, the recent LEP lower bound on theGeV, the decap"™— t-W dominates and thB-mode branch-
mass of the Higgs bosof22], M;;=95.3GeV, applies di- ing fraction is only about half as large. i} is aboveM,
rectly to the mass of the scalar in our model: +m} but below 255 GeV, the scalar decay mode becomes
- significant(in agreement with Ref.23]). If the scalar mass
My=95.3 GeV. 63 lies above 255 GeV, the scalar decay mode is much less
The branching ratios for the decays of the heavy leptonémportant. In the asymptotic regime, whenej is much
are effectively flavor-universal, i.e., the same ®t, u",  greater tham, or any boson’s mass, the branching ratios for
and 7. The charged-current decay mode dominates; decaydecays tow, Z, and® approach 49%, 25%, and 26%, re-
by Z emission are roughly half as frequent and decay$by spectively.
emission contribute negligibly fomequ,. In the limit
where the heavy lepton massreE are much larger than any
boson mass, the branching ratios for decay¥t@, and® B. Heavy leptons at LEP II
approach 60.5%, 30.5%, and 9%, respectively. The branch- The LEP Il experiments have searched for evidence of
ing fractions for heavy lepton decays are shown in Fig. 4 asew sequential leptons, working under the assumptions that
a function of heavy lepton mass;', with M, fixed at 100  the new neutral leptoN is heavier than its charged partrier
and thatL decays only via charged-current mixing with a
standard model leptofi.e., B(L— »W*)=100%)]. Recent
5To evaluate the mixing among right-handed fermions which apJimits from the OPAL experiment af's=172 GeV[10] and
pears in the fermion-scalar couplings, we derive a relation analoffom the DELPHI experiment af’s=183 GeV[11] each set
gous to Eq(2.10 and apply Eq(2.13) so that sif¢; gy is written @ lower bound of order 80 GeV on the mass of a sequential
in terms of known light fermion masses, tig and thev\; . charged lepton.
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4 ; ; ; ; ; ; ; ; ; On the other hand, the likelihood that our heavy leptons
decay to final states visible to OPAL is less than it would be
for heavy sequential leptons. In events where both of the
produced!™ decay via charged currents, about 90% of the
subsequentstandargl decays of theW bosons lead to the
final states OPAL sought—just as would be true for sequen-
tial leptons. But the heavy leptons in our model are not lim-
ited to charged-current decays. In events where one or both
of the produced" decay through neutral currents, the result
need not be a final state visible to OPAL. If there is e
and oneZ in the intermediate state, about 36% of the events
_ should yield final states with sufficient jets, isolated leptons
and missing energy to pass the OPAL cuts. At the other
. extreme, if both" decay by® emission, there will be vir-
tually no final states with sufficient missing energy, sidece

75 80 8 90 95E 100 decays mostly tcbb. The other decay patterns lie in be-
mefed tween; for intermediat& Z(®Z, dW) we expect 28%19%,

FIG. 6. Production cross section for a heavy lepton that is30%0 of the events to be visible to OPAL. The total fraction

mostly weak-singlet as a function of lepton mass and mixing®f Pair-produced heavy leptons that yield appropriate final
angles. Each family of curves represents one valug/®fsolid  States is the sum of these various possibilities:

=172 GeV, dashed189 GeV, dotteet192 Ge\j. The separate _ 2 2
curves within each family show the effect of changing the value of Baecay™ 0.896By)"+0.284Bz)"+2(0.36 By, B;

50 55 60 65 70

the small mixing anglegtop curve: sif¢=0.1 for all leptons; +0.19B- B+ +0.308. -B 5
middle curve: sifg=0 for all leptons; bottom curve: sitb, ' z o ' @ Bw) ©3
=0, sirf¢,, ,=0.1). whereB,y, B, andBg, are the heavy lepton branching frac-

) o ) tions for theW, Z, and scalar decay modes respectively, as
To illustrate how the LEP limits may be applied to our caicylated in Sec. V Aand shown in Fig. %
weak-singlet fermions, we review OPAL’'s analysis. The |, models(cases B and Pwhere there is only one species

OPAL experiment searched for pair-produced charged S€sf heavy lepton ¢), setting a mass limit is straightforward.
guential leptons undergoing charged-current decay: We note that

ee —L"L — I V|W+W_. (5.4 Oproduction’ Bdecay= Nepents/ € £ (5.9

Their cuts selected final states in which at least one of thevhere, as in OPAL’s analysis, the integrated luminosity is
W* bosons decayed hadronically. Events with no isolated=10.3pb !, the signal detection efficientyis e~20%,
lepton were required to have at least 4 jets and substantiaind the number ofunseeisignal events i®Ng,enie~3. Thus
missing transverse momentum; those with one or more iscan upper bound on the number of signal events implies an
lated leptons were required to have at least 3 jets, less tharpper bound orr o quction Baecay- INserting the branching
100 GeV of visible energy, and substantial missing transfraction for|"I" pairs to visible final state®qecay, as in Eq.
verse momentum. The efficiencies for selecting signal event&.5) yields an upper bound on the production cross section.
were estimated at 20—25% by Monte Carlo simulation. WithSince we have already calculated the cross section
1 candidate event in the data set and the expectation of @;pmducﬂon( Js=172 GeV) as a function of heavy lepton
standard model background events, OPAL excluded, at 95%ass, we can convert the bound ®oduction INtO @ @ 95%
C.L., sequential leptons of mass less than 80.2 GeV, as thege|  |ower bound om" :
would have contributed least 3 signal events to the data. 7

The heavy leptons in the models we are studying have mH>79.8 GeV. (5.7
different weak quantum numbers than those OPAL sought.
This alters both the production rate and the decay paths dfhis is a great improvement over the bounds of order 40
the leptons. The production rate of th¢ should be larger GeV, Egs.(4.22 and(4.25), we obtained earlier from preci-
than that for the sequential leptons. The pure QED contribu-
tion is the same, as the heavy leptons have standard electric—
charges; the weak-electromagnetic interference term is en-

hanced Slnce_ the coupling tq the is roughly 5'66W>O considered pair-production of sequential leptons that decay via
rather than sifthy,—0.5<0 as in the standard model. BY cparged currents. About one-tenth of the time, both W's decay lep-
adapting the results of Ref24] to include the couplings (onjcally; thesell »vuv final states would be rejected by OPAL's
appropriate to our model, we have evaluated the productiopys, In considering cases where one or both of our heavy leptons
cross section for heavy leptons at LEP II. Our results arecay via neutral currents, we have not included the analogous
shown in Fig. 6 as a function of heavy lepton mass for sevi| v events. Thus a higher fraction of the events we did include
eral values ofy/s and lepton mixing angle. should pass OPAL'’s cuts.

Our use of OPAL’s 20% signal efficiency is conservative. OPAL
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M, [GeV]

FIG. 7. Lower bounds on heavy lepton mass in models with one  FIG. 8. Lower bounds on heavy lepton mass in models with
flavor of heavy leptor(cases B and D The heavy dashed curve three flavors of heavy leptofcase A. The heavy dashed curve
encloses the region of the plot allowed by the combination of elecencloses the region of the plot allowed by the combination of elec-
troweak and direct search data. The limits on@ﬁ'](dashed lings  troweak and direct search data. The limits orfgéindashed lines
andv\,=mt\2 (dot-dashed lingare as in Fig. 1. Solid lines are and v\;=m-\2 (dot-dash ling are as in Fig. 1. Solid lines are
contours of constant heavy lepton mas’%; dotted curves are con- contours of constant heavy lepton mass—thoseﬁbﬁ are verti-
tours of constant numbers of OPAL signal events. The lower bounaal, those fom!' are curved. Dotted lines are contours of constant
on the lepton mass comes from the overlap of the limifirg 3 number of OPAL signal events; the cusp shows where the pair-
dotted line with them'::79.8 GeV solid line. In calculating branch- production threshold for! is crossed. The mass limit fa", u"
ing fractions, the scalar mass was set to 100 GeV. comes from the overlap of thblg,ens=3 dotted line with the

m(';#:84.9 GeV solid line; at these valueswf, andM,, the is
sion electroweak data in cases B and D where the tau is thebove OPAL'’s pair-production threshold. In calculating branching
only lepton to have a weak-singlet partner. fractions, the scalar mass was set to 100 GeV.

Our new lower bound om!! further constrains the al- . " h . | h .
lowed region of theVl, vs v\, parameter space, as illustrated !nsensmve to the precise value chosen. As noted in Sec. VA,
! ' ’ in the allowed region of the\; vs M, plane, LEP’s lower

in Fig. 7. Contours on which the heavy tau mass takes on thBound on the Higgs boson’s mass appliesdoso that
valuesm’'=70, 79.8, and 92 GeV are shown as a referenc%in(mr)gmm(Mq})' In this case,B(I"—®I') is negli-

and to indicate how a tighter mass bound would affect thegible.

size of the allowed region. . Our limits are also insensitive to the precise values of the
In case A, where, ., and7 all have singlet partners, the smal| lepton mixing angles sigy. The production rate has
contributions from all three heavy leptons to the signal haveittle dependence on sy because the'1"Z coupling(2.19
to be taken into account. While tre' and u" have nearly is dominated by the “Q sirf¢” term. What little depen-
identical masses and decays, tHé has S||ght|y different dence there is on S.kh decreases asnz-l approaches\/gy
properties. By adding the contributions from all three flavorsand the mass limits tend to be set quite close to the produc-
of heavy lepton, drawing the contour corresponding totion threshold. Moreover, the branching fractions for the vec-
Neyents=3 on theM, vs v\ parameter space, and compar- tor boson decays of thé' have only a weak dependence on
ing this with contours of constamn,H for each species, we sing,. Both the charged- and neutral-current decay rates are
obtain the 95% C.L. lower bounds on all three heavy leptorproportional to sifi¢ (and the rate for decay via Higgs emis-

masses, as shown in Fig. 8 sion is negligible, so that the mixing angle dependence in
the branching ratio comes only through factors of 2gps
mg"ﬂ> 84.9 GeV (5.8 which are nearly equal to 1. As a result, our lower bounds on
the heavy fermion masses will stand even if improved elec-
mt'>93.9 GeV. (5.9 troweak measurements tighten constraints on the mixing
angles.
Note that the bound om"' comes simply from internal con- Because the mass limit tracks the pair-production thresh-

sistency of the modethe values o\, and M, are flavor-  old, stronger mass limits can be set by data taken at higher
universa), since it lies above OPAL’s pair-production center-of-mass energies. Figure 6 Showigoguction @S @
threshold. These bounds are a significant improvement ovéunction of the heavy lepton mass for several values/sf
those we obtained from precision data, i.e., Bgsl5 and  and sif¢,. As data from higher energies provides a new,
(4.12. more stringent upper bound @b oguction Baecay: ONE can

While calculating the lower limits on then! required us  read an improved lower bound on the heavy lepton mass
to assume a value fdvl, (to evaluateBgec,y, the resultis  from Fig. 6.
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More generally, one can infer a lower mass limit on ation. Thus, DO(CDF) measured the top production cross
heavy mostly-weak-singlet lepton from other models usingsection to be 5.51.8 pb(8.Z‘3‘j3pb).
the same data by inserting the appropriate factd Qf ., in In using this data to provide limits on the production of
Eq. (5.6). For models in which the mixing angles betweenheavy quarks in our models, we consider dilepton events
ordinary and singlet leptons are small and in whi" arising from top quark decays to be part of the background.
—®I"%) is small, our results apply directly. This would be Hence, from DO(CDF), we have 5(9) dilepton events as
true, for example, of some of the heavy leptons in the flavorcompared with a background of 5:%.8 (6.8-0.8) events.
universal top seesaw modg®). At 95% confidence level, this implies an upper limit of 5.8
Since the lower bound the LEP Il data sets on the mass a.6) on the number of additional events that could have been
the heavy leptons is close to the kinematic threshold for paipresent due to production and decays of new heavy quarks.
production, it seems prudent to investigate whether single How manyq™ would be produced and seen? Titéhave
production the same QCD production cross section as a standard model
L quark of the same mass. ThE can decay by the same route
ere —I" (5.10  as the top quark5.11). About 10% of the charged-current
decays of pair-producegf! would yield final states to which
the Fermilab dilepton searches were sensitive. The neutral
current decays of thg"™ reduce the charged-current branch-
ing fractionB(q™— g-W), but will not, themselves, contrib-
ute significantlyl to the dilepton sample since dileptons from
Z decays are specifically rejected and thecouplings toe
and u are extremely small. Then we estimate the fraction of
heavy quark pair events that would contribute to the dilepton
sample as

would give a stronger bound. Single production proceed
only throughZ exchangdthe yfHf' coupling is zera More-
over, Eq.(2.19 shows that th&I"I' coupling is suppressed
by a factor of sing; given the existing upper bounds on the
mixing angleq3.1)—(3.4), the suppression is by a factor of at
least 10. As a result, only a fraction of a single-production
event is predicted to have occurrédt alone have been de-
tected in the 10 pb'! of data each LEP detector has
collected—too little for setting a limit.
Bdecay: By (BW)2 (5.12
C. Heavy quarks at the Tevatron

New quarks decaying via mixing to an ordinary quarkwhere B, is the fraction ofW pairs in which both bosons
plus a heavy boson would contribute to the dilepton event§ecay leptonically andy,=B(q"—q"W) is calculated in
used by the Tevatron experiments to measure the top quarfkec- VA and shown in Fig. 5. _
production cross sectiofi2,13. We will use the results of ~ The number of dilepton events expected in a heavy-quark
the existing top quark analysis and see what additional phygaroduction experiment with luminositg and detection effi-
ics is excluded. If evidence of new heavy fermions emerge§iency for dilepton events is
in a future experiment, it will be necessary to do a combined Y Ny
analysis that includes both the top quark and the new fermi- N9 =% - L- € Bgecay- (5.13
ons and that examines multiple decay channels.

Here, we use the dilepton events observed at run | to sedimilarly in top searches the total number of events is
limits on direct production of new largely-weak-singlet
quarks (our ™). These new quarks are color triplets and N'=o' L € B.. By (5.149
would be produced with the same cross section as sequential
quarks of identical mass. However, their weak-singlet comwhere B, is the fraction of top quark pairs decaying via
ponent would allow the new states to decay via neutral curcharged currents.
rents as well as charged currents. This affects the branching In comparing the number of events expected for produced
fraction of the produced quarks into the final states to whicHop quarks with those fog* pairs, the values of and £ are
the experimental search is sensitive. the same; furthermor®,. of Eq. (5.14) is essentially 100%.

The DOand Collider Detector at FermilaltDF) experi-  Therefore we may write
ments searched for top quark events in the reaction .
q
pp—QQ—gqWdWN—qqlyl’ v, (5.11 qu(BW)ZzatI\II\I—t. (5.15

by selecting the final states with dileptons, missing energy,

and at least two jets. Di-electron and di-muon events inJsing the values which the CDF and/D&xperiments have
which the dilepton invariant mass was close to thenass ~ determined for the three quantities on the right-hand &tle
were rejected in order to reduce Drell-Yan background. Theérevious discussionwe find

top quark was assumed to have essentially 100% branching

ratio to an ordinary quarkq) plus aW, as in the standard

model. The DO(CDF) experiment observed &) dilepton ®A Higgs-like scalar with a mass of order 130—150 GeV could
events, as compared with ¥4.4(2.4-0.5) events ex- have a relatively large branching fraction to tWé bosons[20] .
pected from standard model backgrounds and 4.Irhis might allow some neutral-current decayiffto contribute to
+0.7 (4.4-0.6) events expected from top quark produc-the dilepton sample and change our mass bounds slightly.
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Note that since the" decays almost exclusively via neutral-
currents due to Cabibbo suppression of the charged-current
mode, the lower bound omj' is, once again, an indirect
limit implied by internal consistency of the model. In the
scenarios where only third-generation fermions have weak
partners(cases B and [ we can obtain no limit omng'.

More generally, one can use the same data to infer an
upper limit on the pair-production cross-section for heavy
mostly-weak-singlet quarks from other models by inserting
the appropriate factor d,y in Eq. (5.16. After taking into
account the number of heavy quarks contributing, one can
use the cross section vs mass plotf2&] to determine lower
bounds for the heavy quark masses. For example, our cross-
section limits (5.16 apply directly to the heavy mostly-
singlet quarks in the dynamical top-seesaw models that are
kinematically unable to decay to scalars and decay primarily

14;2l 1;4 1:16 A 14;8 150 1é2A 1%4 . .
M [GeV] by charged currents. The corresponding mass limit depends
FIG. 9. A graphical representation of the Tevatron limits on On how many such quarks are in the model.
heavy D quark masses. The region allowed by precision elec-

troweak testgcf. Fig. 2) is bounded from above by the dashed line

(sirf¢,) and from below by the dot-dashed lineX;). Dotted lines VI. OBLIQUE CORRECTIONS
represent curves of constamt;,md-(BW)2 as in Eq.(5.19. Solid ) ) )
vertical (curved lines are curves of constantf ; (my); their over- The presence of new singlet fermions present in our mod-

lap with the dotted lines defines the lower bound on the heavyels will shift theSandT parameter$27] from their standard
fermion masses. We séll,=100 GeV in calculating branching model values. In this section, we evaluate these changes and

fractions. explore the limits they impose on the fermion masses and
couplings and the mass of the scaldr, This analysis of
aqH(BW)2s7.8 pb (DO) one—loqp oblique corrections turns (_)u_t to complement the
analysis of tree-level effects on precision data performed in
<12.0 pb (CDP). Sec. lll: the oblique corrections most strongly limit the top
(5.16

The dilepton sample at the Tevatron is sensitive only to the os
presence of the or s quarks in our models. The", c",
andt™ are, according to Eqg4.9), (4.13 and (4.16), too
heavy to be produced, while the' decay dominantly by
neutral instead of charged currents, due to Cabibbo suppres
sion. Hence, this search tests only the models of case A, ir
which the light ordinary fermions have weak-singlet part-
ners. B
Since the pair-production cross section @b is the same of
as that for a heavy ordinary quark, we use the cross-sectiol |
plots of Ref.[25] and our calculated branching fraction

02

uw 0.1
I}
4

q
A

Bgecay (5.12 to translate Eq(5.16 into lower bounds on -04 1
heavy fermion massdsee Fig. 9. For case A, in which both +
thed" ands™ quarks can contribute to the dilepton sample,
we find (with M =100 GeV) 034 o® w3 om w2 -9.3'15 YE—yT 0 005 o
mgi mHi=153 GeVv (DO) FIG. 10. Comparing data on oblique corrections to theoretical
s

predictions. Relative to the referencd29] point [m,
=173.9GeV, my=300 GeV, a (M,)=128.9, the cross
shows the best experimental fit ®andT; the solid ellipses are at
the corresponding 68%, 90% and 95% confidence levels for two
degrees of freedom. The labels on both the solid and dotted ellipses
indicateA x? relative to the experimental best-fit poif@ross. The

=161 GeV (CDF) (5.17  nheavy dotted curve shows how the predicted valus afidT in the

standard model varies as the scalar mmagds varied by steps of 10

which are significantly stronger than those obtained fl’OITGeV (see text lower masses are to the left. The value rof,
low-energy data in Sec. IV and also stronger than the pubeorresponding to the lowesy? (smallest dotted ellipse is
lished limits on a fourth-generation sequential qug2k]. ~80 GeV.

>143 GeV (CDF)

mi=171 GeV (DO)
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quark mixing angle which the earlier analysis could not di-300, 400, and 500 GeVsmaller masses to the IgftThe
rectly constrain. dotted ellipses in the figure are contours of constant minimal
In calculating the values @andT predicted by our mod- combinedy? whose intersections with the “best fit Higgs
els, we started from the results[@], which cite the experi-  curve” define the best fit value and 68.3%, 90%, and 95.4%
mental values o5 andT relative to the reference poifim;  C.L. limits on the Higgs boson mass. These values are re-
=173.9 GeV, my=300 GeV, o }(M;)=128.9. We in-  spectively 80 GeMin good agreement witf9]), 190 GeV,
cluded the appropriately weighted variationsnaf and o ~* 310 GeV, and 400 GeV.
and obtained the minimal combingd field on theS— S, We then added the effects of the extra fermionsSand
vs T—T,.s plane; we simultaneously obtained the corre-T. The contribution of the singlet fermions ®was calcu-
spondingm,(S,T) anda~(S,T) that minimizey? for each  lated numerically using the formalism described30]. The
pair of S and T parameters. The minimal combingdis  contribution toT was found analytically31,32 by summing
presented in Fig. 10; the solid ellipses represent joint 68.3%the vacuum-polarization diagrams containing the heavy and
90%, and 95.4% C.L. limits o8 and T with variations inm, light mass-eigenstate fermions present in the model of inter-
and o~ included. Next, within the standard model we al- est. For example, in models containing weak-singlet partners
lowed the Higgs boson mass to vdg8] from 40 GeV to 1  for only thet andb quarks, we find that the contribution of
TeV in steps of 10 GeV and obtained the “best fit Higgsthet", t-, b, andb" states to th@ parameter igin agree-
curve” shown in Fig. 10; the circled points are at 100, 200,ment with[7])

3G|: 2 2 2 2
aT—aTy=———=| m; ci+my cp+my sf+mfsy
8w \/E
2 2 2
Ct Cb St Sb 2
—2m; ¢f — 2t 72T et 1T In(me”)
me mg —mp  mg —m my —my
2 2 2 2
L4 5 C ch S S, L2
—2my Cp| t 2 2t T 7 2| In(mg
m, -mg  my, M, —m b —Mp
2 2 2 2
H4 2 Ct Cp St H2
—2m, T et T et oz e fIn(my)
me —mg Mg —my o my i My
2 2 2
4 Ct Cp St b 2
—2misp| t o ozt e e | nmp) 6.
mpy™—m; My =My, My —my b
|
whereTy is the Higgs contribution, and; (s;) is an abbre- To illustrate how oblique effects constrain non-standard

viation for cosg¢(sin¢y). To isolate the extra contribution fermions, we begin by including a weak-singlet partner only
caused by the presence of the weak-singlet partners fdr thefor the top quark; that is, we send $if—0 in Eq.(6.1). For
andb quarks, we must subtract off the amount whicdndb a given scalar mass,, , we add to the standard modgand
contribute in the standard mode2]: T, the additional contribution caused by mixing of an ordi-
nary and weak-singlet top quark. For tlieparameter, this

3G ommt: [ mt’ extra contribution is the difference between expressi6ri
F L2 2 t t L _ . 2
aT—aTy=———=|mg +m; ————In| —| |. and(6.2) with sir?¢,=0. By construction, fosf—0 the new
8772\/E th - mt mt contributions to theSandT parameters both go to ze(oe.,

(6.2 5S=6T=0). When mixing is presentsf+0), one hassS
<0 andéT>0, and the predicted values $&ndT lie above
Note that Eq.(6.1) correctly reduces td6.2) in the limit  the “best fit Higgs curve.”
where singlet and ordinary fermions do not mix We deem “allowed” the values ofm!' and sirf¢ for
(sir¢y ,sirf¢,—0). From the form of Eq(6.1), we see that which the final values o andT fall inside the dotted ellipse
experimental bounds on the magnitudeTofwill constrain  labeled A y?=5.25—the 90% C.L. ellipse for the standard
relatively heavy extra fermions to have small mixing anglesmodel alone. In other words, we require that the model in-
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1100
1000

900

FIG. 11. Lower bound on heavy top masx;é< as a function of FIG. 12. The effect of b-quark mixing of. Contours of con-
heavy top mixing sifi,. Based on the oblique corrections, for stantsT are shown in the up-sectdd, vs v\ parameter space.
mg =100 GeV, the mass and mixing must fall below the solid Three representative valuedT=0,0.1,0.3) are shown for several
curve; formg =350 GeV, they must fall in the band between the values of heavy b-quark mass and mixing. Solid curves correspond
dashed curves; fomg =520 GeV, they must lie within the dotted to mg'=5 TeV and siRg$,=0.00090 (equivalently, Mp
curve. The additional lower bound o' (6.3) is represented by the =5 TeV, v\p=150GeV). Dashed curves amf=5TeV and
heavy solid curve; the allowed region is to the right of this curve,sirf¢,=0.00040 Mp=5 TeV, vAp=100GeV). Dotted curves
leading to the constraint$.4) and (6.5). are form{'=0.55TeV and sifyp,=0.00027 Mp=0.5TeV, v\p

=10GeV). The nearly vertical dotted curves of constm{i't are
cluding new physics agree with experiment at least as well ashown for reference.
the standard model. This allows us to trace out a region of
allowed heavy top mass and mixing for different values of ~To apply oblique-correction constraints to our models, we
Mg, as illustrated in Fig. 11. Note that the presence of nonheed to include weak-singlet partners for quarks other than
zero mixing of ordinary and singlet top quarks enables &he top quark. Since these fermions contribute littl&{@7],

heavier scalar to be consistent with the data. we can illustrate the effects of including other singlet fermi-
As a complementary limit om}' and sirf¢, we note that 0ns by showing how they affect the parameter. First, we
the discussion in Sec. IV requires include the singlet partner for the quark, as in Eq(6.1).
We can interpret the result using Fig. 12, which shows the
mi=mb 1+ 1/sirf ¢, (6.3  value of T within the coupling-mass plane for the up-sector

quarks. For reference, dotted nearly-vertical curves of con-

H .
That is, for a given amount of mixing, the heavy top massStant heavy top mass; are shown. The main contents of
must lie above some minimum value. Combining these limitghe figure are the three sets of curves labeléd

yields the allowed region in the mixing vs mass space in Fig=[0-3,0.1,0, where 6T is the contribution due to mixing
11. For example, between ordinary and singlet fermions. Within each set, the

separate curves correspond to different values of the heavy b
For m,=100 GeV, mi=1450 GeV mass and mixing. The solid curve obtains fof' =5 TeV
and sirf¢,=0.00090; the dashed curve, for'=5 TeV and
sirf¢,<.015 (6.4) sirf¢,=0.00040; the dotted curve, fonE'=O.55TeV and
sirf¢,=0.00027. Looking at the region Whem{' is of order
For m,=350 GeV, m{'=1040 GeV a few TeV, we see that the influence of thrguark is small.
Including the effects of partners for the other fermions yields
6.5 a generalized version of E¢6.1) and similar results. Thus
' the lower bounds onmtH we found earlier by considering
only mixing for the top quark will not be much altered by
(i]ncluding mixing for the other quarks, as in our models A, B,
and C.

sirf ¢, <.031.

As illustrated in Fig. 11, if the scalar's masklg, rises
above 520 GeV, the regions of top mass and mixing allowe
by oblique corrections by Eq6.3) cease to intersect; this

provides an upper bound on the scalar mass.
VII. CONCLUSIONS

Precision electroweak data constrain the mixing between
%For a discussion of related issues for the standard model Higgthe ordinary standard model fermions and new weak-singlet
boson seg¢33]. states to be small; our global fit to current data provides
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upper bounds on those mixing angles. Even when the mixing
angles are small, it is possible for most of the exotic mass
eigenstates which are largely weak-singlets to be light
enough to be accessible to collider searches for new fermi-
ons. We have analyzed in detail a class of models in which
flavor-symmetry breaking is conveyed to the ordinary fermi-
ons by soft symmetry-breaking mass terms connecting them
to new weak-singlet fermions; such models have a natural
GIM mechanism and a flavor structure that is stable under
renormalization. By calculating the branching rates for the
decays of the heavy mass-eigenstétesich are significantly
influenced by their being primarily weak-singlet in nafure
we have been able to adapt results from searches for new
sequential fermions to further constrain our models. We find
that direct searches at LEP Il now imply that the heavy lep-
tons I" must have masses in excess of 80-90 GeV; those
limits are not sensitive to the precise values of the small
mixing angles. Current Tevatron data indicates that heavy
quark statesi™ ands™ could be as light as about 140—-150
GeV, while the mostly-weak-singlét™ must weigh at least
160-170 GeV. In addition, the new fermions’ contributions
to the oblique corrections allow the scathrto have a rela-
tively large masgup to about 500 GeVwhile remaining
consistent with the data. Oblique corrections also constrain
the mixing and mass of the the heavy top state which is
mostly weak-singlet; in particularr,ntH must be at least 1
TeV. Finally, we have indicated how our phenomenological
results may be generalized to related models, including the
dynamical top-seesaw theories.
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APPENDIX A: MIXING EFFECTS ON ELECTROWEAK
OBSERVABLES

This appendix contains the expressions for the leading-
order(in mixing angle$ changes to electroweak observables
in the presence of fermion mixing. The expressions were
derived using Eq92.16)—(2.19 and the general approach of
Ref.[16].

AT ;/T3M=0.603 sirP ¢+ sirPp,,) —0.072siR b,
—0.3535SirP b+ Sirf s+ Sir by,
—0.287sir ¢+ Sirf¢,) (A1)
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—1.409si ¢+ 0.736si b,
+0.072sikp,— 0.1515 Sir? ¢+ Sirf b
+sirf¢p) —0.124sirf ¢+ sirfde) (A2)

AAL(P,)=AAL(P,)=AA r= —0.5180siR¢,

+1.2870siR¢,, (A3)
—0.0298 i ¢ +SiMf )
+0.505 sir? g+ sirf ps) — 1.78sirf
+0.414Sir? ¢+ sirt ) (A4)
AR, /REM=0.0605sir? o+ sirP ¢, ) + 0.505 sirP g
+sirf g+ sirf ¢p) + 0.411siR ¢,
—1.999si ¢, (A5)
—0.3300siA ¢+ 0.8500siR b,
—0.0161siR¢y, (AB)

—0.1785sif¢+0.6665siAd,,
—0.0875siRd, (A7)

AA,=0.1052Sir? ¢+ sirP ) —0.1472sif by,

(A8)
0.5719sir? e+ siP p,,) — 0.7997siR b

(A9)
AQu(Cs)=72.7663sifp,— 0.7239siR¢,
+211.0024sifAd4— 187.9988siAd,,
(A10)
AQw(T1)=111.396siRg—4.920sik ¢,
+327sirf pg— 285sirt ¢, (A11)
AR /REM=2.275siR ¢po+0.130siR ¢,
—0.505 Sir’ ¢y + Sirf h+ Sirf by,
—0.41XSir? ¢+ sirt ) (A12)
AR, /R5V=0.130si ¢+ 2.275sik ¢,
—0.505 Sir? ¢y + Sirf ¢+ Sir )
—0.41XSir? ¢+ sirt ) (A13)
AR, /REM=0.130QsiP ¢+ sirf ) +2.145si ¢ ,
—0.505 Sir’ ¢y + Sirf ¢+ Sirf )
—0.414sirt ¢+ sirf ¢.) (A14)

—0.1230sifi¢e+0.3070siA¢,,
(A15)
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AAEg=0.092Qsir? o+ sirf e, ) (A16)
AA7g=0.0920siA¢pe+0.3070siAd,,
—0.2150siR¢ (A17)
AA}g= —0.3300siA ¢+ 0.8500siR ¢,
—0.0161siRg (A18)
AMy/MyM=0.106Fsir? o+ sirt e ,) (A19)
Age(ve— ve)=0.1720siR¢,— 0.3650siA¢,, (A20)
Agea(ve— ve)=0.5000siR¢,—0.5060sif¢,
(A21)
AgE(vN— »X)=0.1220siR .+ 0.7260siR e,
—0.4280siR¢y— 0.3445siRg,
(A22)
AgA(vN—vX)=—0.0425siA¢e+0.0179siAd,,
(A23)
AR, IR3M= —sirpe+sirfe,,
I'(7—eve)
where R,=———— (A24)
I(m—puv,)
AR, /RSM=sirf¢,—sirt¢,,
I'(r—evev,)
where Ry,=——"— (A25)
I'(pu—ever,)
AR, IRON=sirP ¢ —sirPe,,
- _
where R,.= Pz pyurs) T_)Mi”VT). (A26)
I'(p—ever,)

APPENDIX B: DETAILS OF HEAVY FERMION DECAYS

This appendix contains details relevant to the heavy fer-

mion decays discussed in Sec. VA.

At the tree-level and neglecting final-state light fermion

masses, the kinematic factor&Py) and Gx,y) referred to in
the text have the following form:

1
FOay)=2{2x(2=x) +[3(x~1) +Y?]A(X,Y)

+[(x=1)%(x+2)+3y*(x—2)]B(x,y)}
(B1)

PHYSICAL REVIEW B2 035002

1
G(xy)= 2 1X(4x=3) +[x(4=X)~ 3+y21A(%,Y)

+2[(x—1)%+y*(2x=3)]B(x,y)} (B2
whereA andB are given by
B X(X—2)
A(x,y)—ln 1—m (B3)
B(x )—} tan ! L —tan ! E” (B4)
YTy y y /I

To check our general expressions for the decay rates, we
evaluated their behavior in the limiting cases where the de-
caying heavy fermion is either much more massive or much
less massive than the vector or scalar boson involved in its
decay. Equationg5.1) and (B1) for vector-boson decays
yield asymptotic behavior

Hy M 3
F(fH fLV)mfl> V(Ci\]()z rT]fH| M\Z/ ’ 1 ZM\Z/
T f: - + —
P 32 M2 inZ mfk:
(BS)
L(fl—fv—frfefn)
mt<m H5 H2
iy (cicy)? My, 3 Mg
O . _
37°2° Mf/ 5 M\Z/
2 mﬂA 2 meiG (B6)
- —t—
5 Mi‘/ 7 M\G/

whereV may be eitheZ or W. Equationg5.2) and (B2) for
scalar-boson decays yield

H
mp'>Mg

H3 2
(DM [ Mo
r(fi—f-p) | 1-—5| (87
(=1 327 M2 inZ
L(fl'=frd—frfefh)
H
mfi<M¢(C:_j|C::l)2 mei5 4 meiZ
3mo2t M4 5M2
4 6
3my 1My -
- — —— ...
5 Mé 35 Mg,
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