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Leptophobic U(1)’s and the R,-R, anomalies
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In this paper, we investigate the possibility of explaining bothRgeexcess and thB. deficit reported by
the CERN LEP experiments throughZ’ mixing effects. We have constructed a set of models consistent with
a restrictive set of principles: unification of the standard md8&l) gauge couplings, vector-like additional
matter, and couplings which are both generation independent and leptophobic. These models are anomaly-free,
perturbative up to the GUT scale, and contain realistic mass spectra. Out of this class of models, we find three
explicit realizations which fit the LEP data to a far better extent than the unmodified SM or MSSM and satisfy
all other phenomenological constraints which we have investigated. One realizatianmtba@el coming from
Eg, is particularly attractive, arising naturally from geometrical compactifications of heterotic string theory.
This conclusion depends crucially on the inclusion of @)lkinetic mixing term, whose value is correctly
predicted by renormalization group running in thg Eodel given one discrete choice of spectra.
[S0556-282(96)03817-9

PACS numbses): 12.60.Cn, 12.10.Dm, 13.38.Dg, 14.70.Pw

I. INTRODUCTION AND PRINCIPLES [Tha=(1744.8-3.0) MeV at LEP versud',—=(1743.5:3.1)
MeV in the SM], while the sunRR,+ R, is in slight disagree-
During the past six years the four experiments at LEPment with the SM prediction. That is,R,+R.
have provided an abundance of data supporting the standarel0.3762-0.0070 as measured at LERith the error corre-
model (SM) of particle physics and its SB).XSU(2)_ lations properly includedversus a theoretical expectation of
XU(1)y gauge group structure. Until recently there has bee®.3866+-0.0005, 1.5 apart.
no significant deviation pointing to new sources of physics A clue to solving this conundrum may lie in a simple
beyond the SM. However, within the last two years there hasbservation. Definind\I'; as the difference between the ex-
been growing evidence that a discrepancy exists between theerimental and the theoretical determinationsIf one
predicted and measured widths for theandc-quark decays notes that

of the Z boson. In particular, the CERN"e™ collider LEP
has reported measurements| bf 3ATp+2AT =(—23.2-24.3 MeV, 2

so that at the & level a consistent interpretation of the data

Ry| _ T'(Z—bb/cc) 0.221920.0017, (1) is given by assuming a flavor-dependent but generation-

Re] T(Z—hadrong |0.1543-0.0074. independenshift in the hadroni couplings. That is,
These values differ from the SM predictions, Tuc=TM+AT,,
R,=0.2152:0.0005 and R,=0.1714+0.0001 [2] [for e
m;=(176x13) GeV [3] and «;=0.125+0.010, by 3.9 and Fd,s,bzf(?'\é'ﬁ AT,. (3)

—2.30, respectively.
If one is willing to accept th&. discrepancy as statistical, Such a pattern of shifts has also been suggesté@-fl.
then there are many new sources of physics which can serve A second hurdle in explaining the, and R, puzzles is
to resolve theR, measurement by only changing the cou-that unlike the partial hadronic widths of th& the well-
plings of the third-generation fermions. Such a method isneasured partial leptonic widths are in good agreement with
naturally provided by low-energy supersymmetiUSY) the SM predictions: I'.=83.93+0.14 MeV and
with light charginos and top squarkd] or by additional T,,=499.9+2.5 MeV, which are within 0.4 and —0.40,
fermions mixing with, or additional interactions of, theand  respectively, of theory. Any source of new physics must pre-
t quarks[5]. However, if one interprets th&, deficit as  serve the successful predictions of the SM for the leptonic
another signal of new physics, then the scenarios for newvidths.
physics are more limitefb]. In this paper we propose to explain tRg-R. problem by
A potential hurdle which one must face with respect tointroducing an additional (1)’ gauge symmetry. If this new
simultaneously explaining the, excess and thB, deficitis  U(1)’ is broken near the electroweak scale, there can be sig-
that the LEP measurement for the total hadronic width of thenificant mixing between the usu@ and the newZ’. The
Z is in good agreement with the SM prediction physicalZ boson as produced at LEP will then have its cou-
plings to fermions altered by an amount proportional to the
Z-Z' mixing angle times th&' coupling to those same fer-
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tional U(1)’. Both of these works make a phenomenologicalcoupling prediction of the string unification scale

fit to the data, introducing some number of new parameterdyl L loor_5x10' GeV, such as those discussed[i0], al-
such as arbitrary (1)’ charge ratiosZ-Z' mixing angle, and  though it will be clear that the consequences for our discus-
Z' mass. These analyses do indicate that this class of sc&ion of such a modification are slighitNote that one inter-
narios has the potential to solve tRg-R, discrepancy and esting possibility that could maintain unification ax 20

are therefore interesting. However, they share some fund43€V is the strongly coupled string scenario recently pro-
mental problems associated with the lack of an underlyingPosed by Witteri11]) _ .
consistent framework. For example, the extrél)J is not If one takes the unification of gauge couplings to imply
anomaly free(this is true both for thdU(1)']® and, most the e_X|stence 'of a simple ’GUT gauge group, then_t'he natural
seriously, the mixed SM-(1)’ anomaliey Further, since the ¢andidates with extra @’s and three chiral families are
authors of[8,9] also seek to explain the Collider Detector at SQ10 _and B. However_, the S'”g'? additional (tlJ) w|th|n
Fermilab (CDF) dijet excess, they are forced to take a highso(lo) IS not Ieptoph?b|c. In Eall linear combinations of
value of thez’ mass. For suctz’ masses, the (1)’ cou- the two additional W1)'s orthoggnal to hyperchqrge cc_)uple
plings have to be so large that the1l) gauge coupling to leptons. Nonetheless, we WI" show that by .|ncllud|ng an
becomes nonperturbative at most a decade abové'thess e_ffec_t usually overlooked in the I!tergtL[ﬂd(l) mixing in the
scale; implicit in this is that th&' width in these models kinetic terms thr_ough r,enormallzatlon group f_I({WZ,l?il]
equals or even exceeds tAé mass. there exists a unique(@)’ in the E; group which is compat-

Here we will take a different approach. We set forth afewible Wit.h the Qata. The Esubgroup in q.uestion. is usually
basic principles which we believe any attractizé model known in the literature as the model and interestingly is the

should obey. Within this framework we will find that there ;niqtae TOdel WEigh rel,;sults frpmﬁﬂllli'lson-lin(: ;)t;fea\lj\i/ng
exist only limited classes of (1)’ models which are phe- rectly 1o a rank-5 subgroup in a string con ¢4n]. We
will discuss this case in some detail in Sec. IV.

nomenologically viable and theoretically consistent. Each™ " _
class has a well-defined prediction for th€¢1)) charges of Finally, altho.ugh W€ assume the MSSM for the purposes
of gauge-coupling unification, we do not use MSSM loop

the SM fermions, reducing much of the arbitrariness in the tributi 10 the bb vertex i der t i "
couplings. We will not attempt to explain the CDF dijet contributions to vertex in order to explain any par
anomaly of the R, anomaly. In particular we do not assume light

The principles that we demand are the following. charginos or top squarks which are the necessary ingredients

(i) The low-energy spectrum must be consistent with thefor such a scenarip4].
unification of the standard model gauge couplings that oc-
curs in the minimal supersymmetric standard model Il. z-Z" MIXING
(MSSM). This will lead us to consider models which are  \ya begin with a brief general discussion@fZ’ mixing
extensions of the MSSM, with any non-MSSM matter added, the context of an S(2), XU(1)yxU(1)" model. A more
in particular combinations which can be thought of as filling yetailed discussion can be found, for example, in RS,

complete multiplets of S(3). We allow the possibility of 1) The neutral current Lagrangian of tBeandZ’ is given
unification within a string framework and do not require the by

presence of a field theoretic grand unified the@UT).

(ii) All non-MSSM matter must fall into vectorlike repre- 1 — (9,
sentations under the SM gauge groups. Such a requirement is ENC=§ E i 7"(C— (vi+ay°)Z,
consistent with the absence of experimental evidence for new ! w
fermions with masses below the top quark mass. Further,
note that additionathiral matter is disfavored by the elec- +9'(vi +af 75)2,2) Wi, (4)
troweak precision measurements, since, in contrast to vector-
like matter, it can give very large contributions to t8eT,
andU parameters.

(ili) The U1)’ charges of the SM leptons must ke a vi=Tg—2Q;s3, a=-Ts (5)
good approximationzero. This requirement déptophobia
is motivated by the phenomenology. This alone will elimi- are the SM vector and axial vector couplings of theand
nate the W1) factors associated with most traditional GUT ' ,a’ are the(unknown) vector and axial vector couplings of
groups, since GUT's tend to place leptons and quarks intghez’. Hereg’ is the coupling constant of the new(1)’ and
common multiplets. sa=sir? 4.

(iv) Consistent with Eq(3), we require that the ()’ After electroweak and (1)’ breaking, theZ andZ’ gauge
couplings be generation independent. This requirement iBosons mix to form the mass eigenstaZgs, where we will

useful if tree-level hadronic flavor-changing neutral currentidentify the Z, with the gauge boson produced at LEP:
processes mediated by théll) gauge boson are to be natu-

where

rally suppressed. This also has the advantage of simplicity Z,=C0S&Z+sin éZ',
and economy.
To be precise, the principle of unification that we will Z,=—sin £Z+coséZ’ . (6)

impose requires that the meeting of the SM couplings at

2x10'® GeV is not a coincidence. For simplicity we will not Since such mixing must necessarily be small in order to ex-
explicitly consider in this article the various string models plain the general agreement between LEP results and the
where the scale of unification is increased to tmeak- SM, we will throughout this paper use the approximation
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Z,=Z+¢&Z'. We will also assume that the mass of theis Gemd
large enough so that its effects at LEP, either via direct pro- F(Zl—>ﬁ )= Fz, AN (Ffz+§fz). (16
duction or loop effects, can be ignored. Therefore all new T ¢

physics effects must appear through the mixing aiglehe _ _ o
relevant Lagrangian probed at LEP will then be A further relation may be obtained by examining the spe-
cific form of the terms that come into E(L2). If we assume

(o] P — that the fieldsg, which receive vacuum expectation values
Lz,= 2Cw EI ivHvitay)Zyi, (7)) (VEV’s) occur only in doublets or singlets of $2J, , then
29 g5
where, for small, mizc_z 2 (Tai ¢i>2:F v%,
_ —_ w ! W
vi=vi+ v,
S 2 _ 12 ' 2
a=a+ ), ® Mz =29"%2 (Qi )"
and we have defined the auxiliary quantity 29,9’
_ Am?= c > (Tsibi Q) bi). 17)
£=(g9’'cw/92)¢. €) W

whereQ/ is the U1)’ charge of¢; andv 3 is the sum of the
VEV'’s of the SU2),_ doublets. Then we may writkpy as a

simple function ofé:

Because th&; is no longer purely the electroweak the
p parameter

p—1=4v2G¢[11;4(0)—350)] (10 —
g9, \[Am?\— 4¢ )
receives a tree-level correctiofHereIl;; (0) are the S(R), Apy=— g'ow/\ M2 §=— b2 4 (T3i#i)(Qi i)
vacuum polarization amplitudes at zero momentum transfer. (18)

If we define the corrections tp by
. What is noteworthy about this relationship is that it is con-
p=1+ApsutAp, (11)  nects the two quantitie§\p,, and &), which are experimen-
] ] ] tally constrained at LERUp to Apey4, Which we can bound
SM (such as the top quarkthen the mixing with the&Z’ g’ and thez’ mass. Note thaAm? and ¢ in Eq. (18) have
contributes taA p. Since we will later be interested in taking opposite signs, so thatp,, is always positive.
into account the effects of further shifts grdue to the rest of

the MSSM spectrum, we decompogep=Apy+Apeyirar

whereApy, is the part due to mixing with th&’. The value . _ _ .
of Ap is the quantity that our fits to the LEP data will di-  The discussion so far has echoed the conventional wis-

recﬂy constrain. Writing th&-Z' mass matrix as dom on the SUbjeCt -z’ leIng However, it was realized
many years agp12] that in a theory with two (1) factors,
there can appear in the Lagrangian a term consistent with all
, (12 gauge symmetries which mixes the tw@lls. In the basis
in which the interaction terms have the canonical form, the

) ) . o pure gauge part of the Lagrangian for an arbitrary
then fOfMZ,>mZ,Am2, one finds that the shift Ip due to U(l)ax U(l)b theory can be written

mixing, Apy , IS given by

A. U(1),xU(1), mixing and renormalization group equations

ms  Am?
2

M?Z ., =
22=| am2 M2,

, , siny __,
%2 Mi, L=- 4 FlaF @uv™ 4 Fib)Foyun— o FlaF b)ur
Apy=&| — | =& —= |, (13
mzl Mz 2 I 1 2 ® 1 2 M
TAMTA @) Al T 5 MaA@)uAla) T 5 MoAb)uAlb) -
where
(19
Am? _ _ _
f=——5. (14 If both U(1)'s arise from the breaking of some simple group
Mz, G—U(1),xU(),, then siny=0 at the tree level. However,
. . "y if the matter of the effective low-energy supersymmetric
There is also a corresponding shiftsg;: theory is such that
2 2
SwCw o
Sv=Sle-0~ Z—z Ao (15) > (QLQh)#0, (20)
w Sw i=chiral fields

In terms of the above parameters, one can then calculate thieen nonzergy will be generated at one loop. This is natu-
Z, partial width to fermions: rally the case when split multiplets of the original non-
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Abelian gauge symmetry, such as the Higgs doublets in a For the case at hand, we will choose the couplings of the
grand unified theory, are present in the effective theoryusual Z, to be canonical, shifting the charge of tIZéL.
Since we are interested in a large separation of schlggr  Since it is theB,, component oZ , which mixes through the
and M, we will need to resum the large logarithms that kinetic terms, the couplings of ti&' to matter fields can be
appear[13,17 using the renormalization group equationsexpressed in terms of an effective (I charge
(RGE’9 for the evolution of the gauge couplings including Q.4=Q’+Y &, whereY is the hypercharge. We can translate
the off-diagonal terms. from Eq. (23) using g,=0,/cyy and g,=g’ so that
Once a nonzerg (or Am® has been induced, one needsg,,= — g, tan & tan y and §=g,,/g, . The vector and axial
to transform to the mass eigenstate basis. To do so, one mugéctor couplings that come into E(B) are given by
perform a(nonunitary transformation on the original gauge
fields A, andA, to arrive at the mass eigenstat@s,: v = Qe #9) — Qe ¥°),

Aa)=(cog—tany siné)Z; — (siné+tany cost)Z,, a'=— Qe ¥) — Qer( ¥°). (25

21) Note that bothy and ¢° are left-handed chiral fields:
Qeit(4°)=— Qo).
In most of the models we will consider, we will work
directly with Q; in such models, whether or nQ+ can be
— 2 co¢(Am?—m2siny) expressed as son@’ + Y for nonzerod will not have an
(22 effect on the analysis. However, when considering #he
model coming from E, the difference betweeQ. andQ,
will have important consequences on the observable physics.
®We reserve further comment on the 1)) mixing in the E
model until Sec. IV.
Kinetic mixing of U(1)’s will also shift thep parameter.
In the previous subsection we had assumed that we could
write the electrowealZ in terms of the mass eigenstates as
- Z=cos¢&Z,—sinéZ,. However, in the presence of a nonzero
Lin=¥7"10aQaZ1,+ (96Q0 T GanQa) 22,14, (29) x (or &), this is changed tfsee Eq(21), replacing tary with

Apy=(SinéZ,+cosZ,)/ cosy,

where

tan %= ——
z ma—m4cos2y + 2Am?siny

This transformation results in a shift in the effective charg
to which one of the original (1)'s couples.[One U1) can
always be chosen to have unshifted charg&bis can be
seen by taking thé&=0 limit of the above transformation.
The resulting interaction Lagragian is then of the fdra]

where the redefineod gauge coupl(i)ngs are r%lated to the origiTSW tanx]
nal couplings g~ by g,=da gy=9gp/cosy, and Z=(cost + sinésytany) Z, — (siné— costsytany) Z
Jan= — g otany. The ratios=g,,/g, is a phenomenologically (cost+ singswtany) 2, ~ (sing Lswtan) 2z
useful parameter, representing the shift in thefermion Z'=(sinéZ,+costZ,)/ cosy,
coupling due to kinetic mixing.

The renormalization group equations for the coupling- A= y— cytany(sinéZ, + costZ,), (26)

constant flow of a Wd1),xXU(1), theory, including off-
diagonal mixing, are most usefully formulated in the basis ofwherey is the physical photon. Equatid@2) for £ becomes

Eq. (23). In this basis the equations for the couplings gy, o o
— 2 co¢(Am“+mzsysiny)

andg,, are tan2=
. . M3, —m2cos x+ masgsin’y — 2Am?s,,siny ’
& =— - o°B (27)
dt 1672 9aPaa:
while theZ, mass is given to lowest order 'm%/Mi, by
dgp 1 2 2
—r = 762 96(I5Bobt 9apBaat 29p9anBan), mz [ Am? )2
dt 16/77'2 b\YbPbb ab“aa bYabPab mél:mg 1_ 22 , +SWS||’]X . (28)
z’ z
dgab_ 1 2 3 2 .. . . .
dt -~ 16.2 (959abBobT 9apBaat 2050a0Baa The coefficient of thez, term in Eq.(26) is essentially a
& wave-function renormalization for thé; and contributes to
+29205Bab+ 20592,Bab). (24)  Apy by absorbing part of the explicit mass shift which came

from mass matrix mixing16]. The net effect is aegative
whereB;; =tr(Q;Q;) with the trace taken over all the chiral contribution to Apy which subtracts from the positive-
superfields in the effective theory, and there is no sum oveflfinite contribution coming from mass mixing. In terms of
(a,b) in Eq. (24). From these equations we immediately seed.

that even ifg,,=0 to begin with, a nonzero value of the 2
off-diagonal coupling is generated if the inner-product A ~& 2 2KkES 29
tr(Q;Q;) between the two charges is nonzero. The advantage Pm= mi '

of this basis for the RGE's is that the low-energy value of the

paramete® is given directly by the ratig,,/g, evaluated at wherek=g’cysw/9,. The important point to note is that, in
the low scale(This is not the case for the more symmetrical the presence of kinetic mixingypy, can be smaller than had
form of the RGE's given in Ref(13].) there been no such mixing; in fadtp,, can be negative.
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The kinetic mixing also shifts3, beyond what was al- spectrum of these models, which resemble the MSSM with a

ready included in Eq(15): singlet(the NMSSM. In the limit where the singlet VEV is

large compared to the doublet VEV’s, but keeping the mass
. ) sa M3, of the pseudoscalar fixed, we have numerically examined the
Sw=Swl¢=s=0—£Cly p e e ko|. (300 most negativeAp,,,, obtainable from the Higgs sector and
w Sw Mz found it to be —0.002. Of course, this could be partially

offset by some positive contribution from other sectors, such

as the top-squark—bottom-squark sector. In the model analy-

sis of Sec. Il A we will therefore consider two cases, one in

which Ap,,.==0 and another in which we taldp,,,,t0 have

the not unreasonable value0.001.

As far as the contributions from additional vectorlike mat-
ter are concerned, we will always consider the simple
isospin-symmetric casé.e., the masses of th&;==*1/2
states equalwhere there are no vectorlike contributions to
B. New contributions to oblique parameters Apeyira- IN this limit, S,,,, Need not be zero. For the various
models we will considerS,,,,receives potentially large con-
tributions from the multiplicity of lepton-Higgsino doublets
which arise. There are two natural cases. One, in which the
vectorlike contributions to the doublet masses dominate over
the chiral contributions, gives,,,;~0. Alternatively, be-
cause the weak scale and thél)) scale are quite close, the
(Both Ap and S are defined to be zero in the SM for some chiral masses can be of order the vectorlike masses; we have

reference top quark and Higgs boson masses which we tal tim_ated_, using the results of REZQ], the contribution to

to be 175 GeV and 125 GeV, respectiveJhe spectrum of ~exrall this case to ber0.14 per pair of such doublets.

the effective theory in all models that we will consider in-

cludes a Higgs sector with two doublets, vectorlike states in lll. LEPTOPHOBIC U (1) MODELS

complete “SU5) multiplets,” and the superpartners of all Any model which hopes to extend the SM in a minimal
particles, all of which can in principle contribute to the ob- t5shion must give masses to the SM fermions through the
lique parameters. The sizes of these contributions depend Q[ ;4 Higgs mechanism. Within a supersymmetric model,
the details of the mass spectrum. As we shall see, the scale gf,-, couplings appear in the superpoteWal etting W, be

the U(1)" breaking turns out to be relatively low in all mod- e minimal superpotential consistent with the SM, we write
els (typically M, ~200-250 GeV. Therefore the contribu-

tions of the additional matter cannot be ignored in general. Wo=h,QH,u’+hyQHyd®+ h LH 4e°. (32)

Let us therefore estimate the typical allowed ranges for

Apexira @Nd Sgyira (S=Sy~+ Sexra)» diven some reasonable The new W1)" must also preserve this superpotential. De-
choices for the spectrum, in particular that depending upomanding that the (1)’ couplings of the leptons be zero al-
MSSM superpartners, Higgs sector, and additional vectorlikéows us to write the charges of the remaining fields

matter.

2

For 6=0 this reduces to Eq15). Finally, there is a new
contributionS,, to the so-calleds parametersee, e.g., Ref.
[16]) due to kinetic mixing which can be negative,

aSy=—4cikEs, (3D

to leading order irm2/M2,.

As noted in the previous sections, in the absence (@ U
kinetic mixing (i.e., 5=0) Z-Z' mixing gives a positive con-
tribution to thep parameter, denoted h¥p,,, and no con-
tribution to the S parameter. Since our numerical fits are
sensitive to the totahp andS, it is important to see if there
are corrections from sources other than #he’ mixing.

The superpartner contributions &peyy, and Seyq in the Q'(Q)=x, Q'(Hy=-x-y,
MSSM have been studied in Refgl8] and[19], respec-
tively. In Ref.[19] it has been shown that such contributions Q'(u%)=y, Q'(Hqy=0,
to Seyira @re generally very small; therefore, we will ignore
MSSM superpartner contributions 8,,in everything that Q'(d°)=—x. (33
follows. Likewise it is shown in Ref.18] that the corrections ] ]
t0 Apers from the MSSM sparticle spectrum are smi@hd We next require that the resulting gauge theory have no

positive with the exception of the top-squark—bottom- gnor_nalies. In the case of the SM particle content alone, this
squark correction which can be sizable depending on th¥nplies Cs=C,=C,=C,=0, where
nature of the supersymmetric spectrum. 2 . _

Although the Higgs boson contribution fxp,,,in a gen- [SUR)ITXU(D)": 3x+3y=Cs, (34
eral two-doublet model can be large and negataslarge as
—0.01), in supersymmetric models there are restrictions on
the Higgs sector parameters, resulting in an absolute lower 5 , ,
bound of Ape,,z=—0.0015 from the MSSM Higgs sector. [U(D)y]"XU(1)": —x+ 2y=Cy, (36)
However, in the class of models which we will consider in
Sec. lll, this number becomes0.002 since the Higgs sector
in these models is not identical to that of the MSSM. This is lyjith the extended matter content that we will introduce later in
because thetH Hy term of the MSSM will be replaced by the paper, it is also possible to consider more complicated nonmini-
AH H4S, where S is a SM-singlet field carrying (1)’  mal choices for these Yukawa couplings, where the Higgs bosons
charge. There is also a new contribution to the Higgs potenthat couple toe® and d® are distinct. We will not analyze these
tial from the U1)’ D term. We have analyzed the Higgs possibilities in detail here.

[SU(2)]1?XU(1)": 8x—y=C,, (35
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[U(1)'IPXU(D)y:  (x+y)(7x=5y)=Co. (37 10=(3,2)[ — 1/6,a3]+(3,1)[ 2/3,a,]+ (1, 1)[ — 1,as5].
41
At this time we do not concern ourselves with fl1)'J° or (@1
U(1)'[gravity]* anomalies since these can be saturated withn the general case the phenomenologically important ratio
any number of SM gauge singlets. The only solution whichy/x is undetermined by the anomaly conditions. However, if
cancels all anomalies in Eq84)—(37) is the trivial solution we make the very natural simplifying assumption that the
x=y=0. U(1)' charges in Eq(41) are purely axial vectofaz=as,
Going beyond the MSSM, we wish to add matter in suchetc), then the[U(1)']*XU(1), anomaly equatioti37) is un-
a way that the unification of gauge couplings that occurs irmodified and there are only two solutions for the charge
the MSSM is not upset. To do so we must arrange that theatio:
additional matter changes the MSSM one-lgBgunction
coefficients in such a way thatb,=Ab;=3/5Ab;. This X
constraint can be most easily understood as requiring the y=—xory=-+¢. (42)
addition of complete S(B) multiplets to the spectrum
[though U1)’ need not commute with this fictitious $8J].  The associated charges of the extra states are
Our principles outlined in Sec. | constrain us further in{a, a,,a;}={—3x/2,3,—3x/2} and {—11x/10,— 7x/5,x/
how we add S(b) multiplets to the model. Implicit in the 10}, respectively. In the following we will refer to these
requirement of unification is that the gauge couplings remaifmodels as “B—1)” and “B (7/5)”. In the “B (—1)" model
perturbative up to the unification scale. This implies that wethe charges are identical to baryon number, with the Higgs
can only adda limited number of5's, 10's, and their con-  doubletH,, carrying zero charge. At this stage it is important
jugate representations. By requiring that all new matter be&o recognize that both these models have the potential prob-
vectorlike under the SM gauge groups, we restrict ourselvefem that the extra states do not include2). ,/, representa-
further to adding the multiplets in pairs. In combination, tions which can be used to give a naturally small off-
these two principles limit us to addiri@) up to four(5+5)  diagonal mixing termAm? in the M3 ,, mass matrix Eq.
pairs, (B) one (10+10) pair, or (C) one pair each of5+5)  (12). In the B(—1) model, there is no tree-lev&Z’ mixing.
and (10+10). _ _ - Even at the one-loop level, no such mixing arises in the
Consider model A with a single pair @6+5). Because gjmplest version of this model where tha@0g10) states
we require neither that the (1)’ commute with the ersatz |eceive masses from SM singlets only. In th&/B) model,
SU(5) nor that the charge assignments be vectorial with regn the other hand, there is tree-le@{Z’ mixing, which,
spect to the (1), we write general ()’ charges for the powever, tends to be too large. As we will see, this model
new states as requires additiona{negativé contributions to thep param-
eter to relax the constraint, E(L3).
5=(3 D[~ 13a1]+(1,2)[1/2.a], Model C has, in the general case, ten ne(@)Ucharges
corresponding to the ten new states in E§8) and(41), and

5=(3,D[13.a1]+(1,2)[~1/2a;], (38)  again even with the constraints imposed by anomaly cancel-
) ) . lation the ratioy/x is not determined. However, there are two
where each state - Is listed by S particularly attractive and natural subclasses of these models.
(SUR).,SUR))[U(Q)y,U(1)'] representation on charge. | the first subclass the ()’ charges of the extra states are
The anomaly coefficients are changed to chosen to be purely axial vector. This leads to the charge

ratiosy/x=—1 or 7/5 as in Eq(42) [models “Q(—1)" and
“C(7/9)", respectivelyl. Note that since all C-type models
contain an extra pair of Higgs doublets, they are naturally
C,—C;+ 3(a;+a;)+ 3(a,+a,), Cz—Csz+a;+a. able to accommodate a suitably smi&lZ’ mixing. The sec-
(39  ond attractive subclass of model C is defined by setting the
U(1)" charges of the antigeneratiot5+10) to zero

Co—Co—aj+a’+a:—a;, C,—C,+a,+ay,

Solving for the conditionC;=C,=C;=C,=0 yields (a,=a,=az=a,=as=0). In this case the ratig/x is con-
tinuously adjustable as is the chargs, of the additional

y=2x, (40) (3,2, State. Among this continuous family, the choice

with the additional relations a;=—2(a,+ 9x)/3, y=X (43

a,=—a,—6x, anda,=(2a,— 9x)/3. Note that all charges
are rationally related, and, further, that for a purely axialis especially simple and attractiyenodel “C(1)” ].
vector choice of W1)' charges(a;=a, etc), the only solu- In all cases we still need to impose tfig/(1)']® and
tion is the trivial onex=y=a;=0. The result, Eq(40), does  U(1)'[gravity]” anomaly cancellation conditions. It is impor-
not depend on the number (B+5) pairs. Thus for this en- tant to consider an efficient way of achieving this because we
tire class of models, we know the couplings of all the quarkswill soon see that there is a strong constraint arising from the
to theZ’ through Eq.(33), up to one overall normalization. requirement of perturbativity of the (W)’ coupling all the

The same exercise can be undertaken for model B. Noway up to the GUT scale, and the(1)’ 3 function gets a
we add the states in tha.Q+ 10) with charge assignments significant contribution from these SM-singlet statesllec-

o tively 3's). One must also add sufficient vectorlike states
10=(3,2)[1/6,a5]+ (3, 1)[ —2/3,a,]+(1,1)[1,a5], charged under (1)’ to give all the additional mattéinclud-
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TABLE I. Minimal g function coefficientgin the normalizatiorx=1) for the models defined in the text,
together with additional SM-singlet matter to canpe(1)’]® and gravitational anomalies, and give mass to
all non-MSSM states. The version of model A considered has a singhe 5

Model A B(—1) B(7/5) C(—-1) C(7/5) C(1)

Brmin 1363 280 174 129 154 191

ing states both in thelO+ 10 and 55’31 and the3's) coefficientb [for which we have a lower bound given the
masses. The derivation of the minimal €&t the sense of Minimal spectrum of )" charged particles necessary for
reducing their contribution to thg function) of states and anomaly cancellation, efc.

charges that satisfies these conditions is a difficult problem in
general. As our interest is only in the value of the minimal
U(1)" B function coefficientb (including the contributions
from the SM-nonsinglet statesve just quote the results for
bmin for the various models in Table | and where we haveFor the most restrictive case af=2x10'° GeV, this gives
employed an ansatz for the spectrum of anomaly-canceling
states’ [Our ansatz is to choose a set dfllJ-charged states,

2., which cancel the extra anomalies and simultaneously con-
tribute minimally to the W1)’ B function. We then include a
minimal set W1)’ vectorlike states which give mass to the
3's.] A. Experimental constraints

Strictly speaking our “unification principle” does not ab- . )
. L , Having defined each class of models, we know that each
solutely require the perturbativity of ()" up to the GUT will, by definition, be leptophobic. However, it remains to be

scale—it is only the S.M gauge coupll'ngs that' we requw'e.toseen if they can describe the physics as observed at LEP any
successfully unify while still perturbative. For instance, it is

possible that our extra @)’ gauge symmetry is enhanced better than the SM. Note that as far as the agreement with the

into a non-Abelian gauge symmetry well before the GUT!_EP data is concerned, the only important feature of a model

scale, in which case the following @ossibly much too is the value of the ratigy/x. [In all models except they

severe a restriction. Nevertheless, it is interesting to see th@Odel of Sec. IV we will choose to normalize the(1y

bounds on the mass of th& that follow from such a re- gauge coupling” such that the quark doublet charge 1]
quirement To study this question, we have performeg?dit of each

. . L model to the LEP data, broadly following the procedure of
The restriction is derived as follows: Using EqS) and P
(13) for the fitted quantitieg andApy, , we find that, for the _Refs.[?, 15]. We take nine independent LEP observakl)bles as
x=1 normalization choice, inputs: I'z, R, =I'adl's, Ohag: Ry, Ro. Mw/Mz, Ags,
¢, andAZg. Theoretically, the shift in each observalge
can be expressed as a function/gs, &, x, andy:

2
MZ!

Mz

AiM
(£)2 b In(AIMy)

(46)

Mz

3 (gzbmin. (47)

2
Mzr) <4 APM

’2 2 2
a’(MZ)Eg—:4.43><10*2@ M—Z) . (49
47T APM MZ AO_ R (1) (2) —_—
F_AOAFH'(BO x+By'y) €. (48
However, requiring that the Landau pole does not occur until
a scaleA gives(at one loop the restriction However, it is only in the simple case of no kinetic mixing
that expressions foA, and Bg) follow directly from those
, 2 1 given in Refs[8, 15]. This is because they take Ed5) as
@' (Mz)< b IN(A/M3)’ (45 the relation betwees?, andAp,, ; that is, the expressions of

Refs.[8, 15 assume tha=0. For 6+0, Eq. (30) holds

whereb is the 8-function coefficient. Putting these two equa- instead. We then reexpress
tions together leads to a restriction on theto Z mass ratio

in terms of the “measured” quantities and Ap,,, and the Aohp=AGAp+APAS],  Ash=sl—sile- 5:0,(49)

whereAY) includes only theexplicit dependence of the ob-
2We doubt that it is possible for some of the SM singlets to beservable® on AE not the implicit dependence through
very light, which would have reduced significantly t@efunction As\z,v. The CoeﬁicientsAg) are easily generalized from the

coefficientsb,,,. Constraints on this possibility come predomi- . . . . 0
nantly from supernova cooling and to a lesser extent big-bang nu(-jISCLISSIon of Ref[15]; numerical values for thé,' and

cleosynthesi$BBN). If these SM singlets are massless, they will be BY, are given in Table II. Note thaks{ is not a new pa-
produced copiously inside supernovas through tAéinteractions.  rameter to be fit, since it is simply a function apy, £ and
Once produced, they will free stream out of the supernova, leading through Eqs(29) and(30). Clearly for =0 the procedure
to rapid cooling. Consistency with SN 1987A observation requireshere reduces to that of Refs, 15].

that theZ’ mass must be greater than about 1 TeV or that the singlet Unlike Ref. [8], we have opted against using the data
states must be heavier than about 30 MeV. from the SLAC Linear CollidefSLC). As is well known, the
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TABLE Il. CoefficientsA, andB and observable® used in

the fit to the electroweak data, as defined in E¢8) and (49). 0.004 - _
o AD AR BY B |
I’y 0.98 —-1.02 —0.55 0.50 r T
R, -0.04 -0.83 -0.78 0.71 0.002 - —
Ohad 0.006 0.12 032 -0.29 1
Ry 0.007 0.16 —-2.8 -0.71 1
R. —0.004 0.33 54 1.4 i3 H 1
My/M 0.38 -1.0 0 0 o -
AR, 0 -56 -2.1 0
Ay 0 -59 2.4 -5.4 1
Alg 0 -115 0 0 |
-0.002 - .
SLC data are approximatelyvZrom the corresponding data b
at LEP. This could be a systematic effect at LEP or Sh€ N R B D I .
both), or a sign of new physics. Here we will take this dis- —0.02 -0.015  -0.01 _ -0.005 0 0.005
crepancy not to be a sign of new physics. Therefore, as the ¢

effects we are studyinfR, andR.) are in the LEP data, we

choose, in this paper, to exclude the SLC data from our fits
In our fits for the models of this section, we have taken

Sextra—0 and allowed forA gy, to be either zero or-0.001

consistent with our discussion in Sec.

FIG. 1. 99% C.L. contours for the four basic classes of models
labeled by theilQ/u® charge ratio in the §,Ap) plane. The cross
represents the SM.

IllB. The negative  rigures 2 and 3 also show contours of constdnt cal-

value of Ape,,in particular leads to a relaxation of the mass ., |ated assuming the perturbativity constraints of E)

limits on theZ’.

In Table 11l we have shown thg? for each of the possible
charge ratioy/x=2, —1, 7/5, and+1 in addition to the SM;
the SM is defined by setting=0 in_the fit. For each model,
we have given the values d&fp and¢ at the minimumy?, as
well as the value ofy in the range 0.118a,<0.125 which

produces the best fit to the data. For two of the models listed, 55 mass limits only slightly stronger than those of the

the best fit value ol p is negative; however, the fit depends

only weakly onAp so that positive values dfp are allowed

at relatively lowy? as shown in Fig. 1.

For the two most attractive models(@@5) and Q1), we
have included plots in Figs. 2 and 3 of igdcontours in the

(é€,Apy) plane. The solid ellipses represent contours of - 8
=14.1 and 18.5, values which correspond to goodness of

fits of 95% and 99%, respectively, for 7 degrees of freedom

(DF), assumingApeo=0. In both cases, the contours im-

pinge significantly into the physicahp,,>0 region. The
dashed ellipses represent the case for whlipfy,,,=—0.001

as discussed earlier in the text; for this case, the allowed &
values ofAp,, are larger.

TABLE IlIl. Results of fit to LEP data in the standard modat
as=0.125, the best fit for the LEP data algrend models with
charge ratiosy/x=2, —1, 7/5, +1. In all cases the? are for 7
degrees of freedortDF), andm; =175 GeV andmjge—=120 GeV
are assumed. The best fit value af in the range 0.110-0.125 is

quoted in each case.

Model Ap £ X ag(M5)
SM 5 x10°° 0 22.8 0.125
2 9.1x107* —4.6x107°3 10.9 0.125
-1 —5.6x10°* —4.1x1073 14.8 0.110
7/5 3.5x10°* —7.6x10°3 5.4 0.125
+1 —2.6x107% —8.9x1073 4.0 0.123

and using the values dif,,, tabulated in Table I. For the
C(7/5 model, the 95%(99%) C.L. bound onM: is 180
(350 GeV for Apey=0 and 250 (500 GeV for
Apeyrz=—0.001. Similarly, for the Cl) model the 95%
(99%) C.L. bound onM/ is 150 (300 GeV for Apgy:=0
and 220(450 GeV for Apgy:=—0.001. The B7/5 model

C(7/5) model: 170(320 Gev for Ape,=0. For the remain-

L 7 [ T T T
r 100 200 350
0.004 PR ]
0.003 ]
0.002 — 1
0.001 ]
0 o | PRI P I :
-0.015 -0.01 -0.005 0

3

FIG. 2. x? contours for the (7/5) model in the €,Apy) plane.
The solid ellipses represent the 95% and 99% C.L. bounds on the
fit. The dashed ellipses represent the corresponding bounds if
Apeyira=—0.001. The three solid lines are contourshb§: arising
from the theoretical constraint of perturbativity of thé1lJ cou-
pling up to the GUT scale, and are labeled in GeV.
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fw — . TABLE IV. U(1) charges of the stats of a 27 of.F

r 100 150 300

0.004 | ] ViY  2y8Q,  2yIoe,  2/IQ,
i R 1 Q 1/6 1 -1 -2
[ T ] uc —2/3 1 -1 -2
0.003 |- T e, . d° 1/3 1 3 1
I T ] L ~1/2 1 3 1
L ] e° 1 1 -1 -2
. A R Hy, 1/2 -2 2 4
e A . Hy ~1/2 -2 -2 1
i Lo D -1/3 -2 2 4
1 D® 1/3 -2 -2 1
0.001 |- A © 0 1 -5 -5
. S 0 4 0 -5

o Ll 1 N B i Y Taking all the phenomenology together, including the

~0.015 -0.01 ~0.005 0 possibility of naturally smalZ-Z' mixing, we view the C1),
C(7/5), and » models of the next section as promisizg

FIG. 3. ¥* contours for the C1) model in the EApM) plane. explanations of thé&®, andR; anomalies.

See caption of Fig. 2 for explanation.
IV. » MODEL

ing models in Table I, the correspondi@g mass limits are As we noted in Sec. |, £is a natural and, for our pur-
much strongefwith the exception of the model of Sec. Iv, POSes, minimal choice for a simple GUT group containing
which falls into the broad class of model A but has smallerXtra U1)’'s. In addition & appears as an underlying feature
value for thes-function coefficienth). in many geometric compactnjcauons of th>€EB heteronc.

One might expect thaZ’ models of the type considered strl.ng. In either case, 'the list of possible 'subgroups into
here would be strongly constrained by either UA2 or CDF-Which the E can break is small and well defined.

DO. However, the stronge@ mass bounds in the literature ~ SiNCe & is rank 6, its Cartan subalgebra contains two
depend on observation of the leptonic decays of e U(1) generators besides those of the SM gauge groups. At

which are highly suppressed in these leptophobic modelsScales just above the eIecFroweak scale, the_additional gauge
The dijet decays of th&', which dominate its width, are Symmetry could appear either as a commutind)Ufactor
hard to detect above background except for limited ranges dfS We have been assuming up to this pomtas a unifica-

Z' masses and couplings. In particular, CDF can only exlion of the SM groups into some non-Abelian groleg.,
clude Z'—jj for M, roughly between 400 and 460 GeV SU(4)CXSU(2)LXSU(2)R]. '_I’he latter choice cannot descrlbg
[21], and then only for SM strengtfor stronger couplings. the physics at LEP since it cannot be leptophobic. .Retlurmng
UA2 has a similar bound of,>260 GeV[22], but here to the former, we can _vvrlte the new(l)’ as a combination
again one requires SM strength couplings. Note that becau&d the two extra W1)'s in Es, usually denoted as (@), and

of the small couplings that result from our perturbativity con- U(D),:

straint, we tend to find that the production cross section for

the Z' at a hadron collider is suppressed by at least 40% Q'(@)=coxxQ,+sinaQ,. (50)
compared to the SM cross section. We therefore find that

UA2 does not provide a strong constraint on #lemass in  In Table IV the charge® , andQ,, are given for each of the

these models. states of the MSSM using the standard embedding into the
All of the theoretical mass bounds that we have derived?7.
depend strongly on the value of thgly gauge coupling, No linear combination of (), and U1), is completely

and thus on the size df,,,, and especially on the assump- leptophobic. The best one can do is to find models for which
tion of perturbativity of the (1)’ gauge coupling all the way the axial vector coupling of the charged leptons is zero.
up to the GUT scale. If the (1)’ interaction is enhanced to a Since the vectorial contributions for charged leptons appear
non-Abelian group at some intermediate scale, thenzthe proportional to +4s3,~0.07, theZ’ coupling to charged
mass bounds are much weaker; we are investigating this pokeptons could be highly suppressed with respect to the had-
sibility. By either decreasind,,, or decreasing\ (the scale ronic couplings. However, such models would necessarily
up to which we require perturbativityg’ (M) will increase.  have couplings to the neutrinos of order the hadronic cou-
As g’ increases th&' mass bound increases but thepro-  plings. If, afterZ-Z' mixing, the net effect were an increase
duction cross section at a hadron collider, relative 0 af  in I'y,, at LEP, the model could be quickly ruled out. On the
the same mass, also increases. At some mass, however, tider hand, ifl’;,, were to decrease, one could imagine that
kinematic suppression of th&' production wins and the ex- some new source of invisibl& decays(e.g., neutralings
perimental bound goes away. We will not consider the decould offset the difference. We consider such a scenario to
tails of these competing effects here. be fine-tuned and do not consider it here.
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08 : : . —_— of the three Abelian generators iny Bhich is leptophobi.

i Note that theQ, charges of the lepton doublét and the
lepton singleterLZ are proportional to their hypercharges.

Thus, U1), is uniquely picked out as capable of describing

the new physics at LEP. In Fig. 4 we have shown &kel/3

n model with a cross.

If U(D)’ is indeed UW1),, there are a number of direct
consequences both for theory and phenomenology. First,
U(1), does not fit into any GUT group smaller than.E
© 04 7 Thus, if the unification of the gauge couplings at a scale near

- 1 10'® GeV is not an accident, it indicates either a true field-
] theoretic E GUT [and no SW5) or SQ10) unification] or
. string-type unification in which S@)XxXSU(2), XU(1)y

06 - -

oz L . xU(1), unifies directly at the scal ysgy=2x10'° GeV.
) Second, cancellation of the anomalies in E@)—(37) re-
,,T, ; 1}, quires the existence of three compl&iés of Eg. In addition

i ' 4 A to the usual states of the MSSM, one can expect three pairs
ol v 1 ! s . of D andD°® quarks which are S(2), singlets withY==1/
-m/2 /2 3, two additional pairs of S(2), doublets withY==x1/2,

“ and three right-handed neutrings plus SM singlet$at least

FIG. 4. ¥2 contours for general Emodels. The two contours ©ONne of which will receive a VEV to break @), and will be
represent confidence levels of 95% and 99%. Three canonjcal Eabsorbed by th&’].
models are labeled at the bottom. The two points highlighthe ~ We can now write the mass matrix of tZeZ’ system.
model with §=1/3 (x) and §=0.29 (A). Defining tang=(H)/(Hq) andg, to be E normalized, the
off-diagonal element in the mass matrix is given as in Eq.
(12):

However, as was discussed in Sec. Il A, in an arbitrary ,
U(_l}axu(l)b model, there is one more free parameter, a Am? 2929 2 (T3 ){(Q,+8Y) i)
mixing parameteg,, for the two groups. In the case of the Cw i
breaking of some unified gauge groupg,r, at some high 1
scale intoGg,1—SU(3).XSU(2), XU(1)yxU(1)’, the value -
of g, Will be zeroat the high scaleNonetheless, through its 2Cw
RGE’s, Eq.(24), g,, will be driven to nonzero values for
generic particle content. The effective coupling to #tleis ~ where the last equality holds for the case where the only
thenQ.s=Q’ () + 5Y where=g,,/g’. SU(2), doublets with nonzero VEV'’s arkl, andH,. For

From the low-energy point of views is a completely free  the completely leptophobig model(i.e., 6=1/3), £ andApy,
parameter which must be fit to the data just as wegla  are then simply
Ap. Therefore, we have repeated K& analysis of the pre- -
vious section; however, the charges of the SM fermions are — 95Cw \/§ sirB

3

now completely determined in terms efinstead ofx andy. gg

5
597]92035"12:37 (51)

2
Ile
2

Figure 4 is ay? plot in the plane ofa,8) showing the fits to “

the LEP data at 95% and 99% C.L. At each point in the 5 1

plane, thex? value is minimized with respect to the remain- Apy= \[5 sinzﬁg(l— W) (52)

ing two free parameterdp and & Along the bottom of the sin'B

plot are indicated the values of consistent with they, ¢, _

and » models(a=0, 7/2, and—tan™* /5/3= —0.91, respec- Unfortunately, such a relationship betwe&py, and¢ does

tively) commonly discussed in the literature. All previous NOt provide a very good fit for the data except near the un-

have tacitly takens=0. (52) and tanB>1 has)? of 22.0, not much better than the
What is remarkable about the fit is that it picks a verySMszzzgz-s- There is a second related problem: Since

particular model out, for a limited range éf To fall within ~ Am“~MZ and we expectin the absence of tunindor the

the 95% C.L. region(x’<14.1), a model must haver= Z' mass to be only somewhat heavier, we should expect

—0.89+0.06 and5=0.35+0.08. Recall that the SM has a large mixing angle< to result. This is generic problem of

x>=22.8 in the same parametrization. Only one model lies

within the region of allowedx: the so-calledy model. The

charges of the MSSM states undef1y), are given in Table  3agter submission of this paper, we were kindly informed by F.

V. o . del Aguila that the possibility of a leptophobig1) in Eq had been
That the best fit in théa,d) plane lies atQ'=Q, and  observed in Ref27]; however, it was not realized that the required

6=1/3 is not surprising. The effective char@g=Q,+Y/3  value of 5 was naturally generated through radiative effects in a

is completely leptophobic; in fact, it is the only combination model with realistic matter content.
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U(1)’ models where the (1)' is expected to be radiatively TABLE V. g-function coefficients for the minimal and maximal

broken close to the weak scdl24]. n models, GUT normalized.
The solution to both problems involves the introduction of
additional SU2), doublets, charged under(l)’, which re-  Model Byvy By By,
ceive VEV'’s near the weak scale. In our case these will play 3 12 6
H H min
several roles: arranging thg functions of the model to 9+§ 9+§ ~5
unify at the GUT scale, allowing for smajlby canceling the 8 3 16
H, contribution to Am? and likewise decouplingApy Thmax 9+ ¢ 9+ & -5

from &, and driving 5>0.

Consider, for example, extending the minimamodel to
include the pair of doublets which fit into t&8,16+ 16,5 The 7 model with only three27's of Eq does not satisfy
+5] of [E5,SO(10),SU(5)], with the doublet in thé getting ~ all of our initial principles because it does not have gauge
a VEV v, near the weak scale. Then, in the leptophopic coupling unification. As mentioned above, unification can be
model, Am%x (v 2 sirf8—v2). If a near cancellation can be arranged by introducing one pair of &) doublets with
arranged between the two termsAm? then small mixing hypercharges/5/3Qy= + 1/2. From a string point of view,
will result and simultaneouslj py<¢ as needed phenom- these may be viewed as coming fron2a+ 27 or a 78, the
enologically. SinceM 2<(v 2+v?%) and we need, andv,  rest of whose states received masses at the string _[S&!ig,le
of the same order, the Higgs VEW, andvg4, which give ~ This, along with anomaly cancellation considerations, re-
masses to the fermions, will be proportionally smaller. In theduires the doublets to have equal and oppoRife If these
casevy<v,~v,, the large top-bottom quark mass ratio is doublets also have nonzero effective charQgs- 5Y, their
natural and the top Yukawa coupling of the same size as on¥EV's may contribute to th&-Z’ mixing matrix as outlined
would expect in the MSSM with tag=1. This is actually ~above. A problem may potentially arise in trying to generate
still below the top Yukawa infrared pseudofixed point, which VEV's for these doublets radiatively; one possibility is to
now takes a larger valuenf*®=1.25) because of the slow allow couplings of the typéi H through singlets.
running of a, in this model. [This model has, beyond the spectrum of the MSSM,

Imposing on the superpotential of the minimamodel a  three each 0f3,1) and(3,1) and six of(1,2). This is exactly
discreteZ, symmetry (a simple extension of the usu®  the content of thre¢5+5)’s of SU(5). Note that in terms of
parity) one finds the charge ratig/x, the purely leptophobits=1/3) » model

is equivalent to model A of Sec. Ill. However, the presence
W, =QuH,+ Qd°Hy+LeHy+SHHy+SDD+ Lv°H,,. of kinetic mixing (6#0) induces contributions to the oblique
(53 electroweak parameters not present in model A. Also unlike
the purely leptophobic models of that section the valu& of
UnderR parity, all the states of the7 are odd excepH,, in the  model is generically not 1/3, but is instead deter-
Hq, and S. This superpotential forbids dimension-4 proton mined through the RGE’s and thus through the low-energy
decay; dimension-5 operators are also known to be unobspectrum. Further, it8 function is substantially smaller than
servably small in thep model [25]. There appears in the that of model A with a singlé5+5), since for they model
superpotential a Yukawa mass term for the right-handed netyhe anomaly cancellation is generation by generation, provid-
trino fields,Lv°H,,. To be consistent with current neutrino ing a more economical set of chardes.
mass bounds, this coupling must be small or zero onthe  There are two variants of thg model for which the value
must have large Majorana mass terms through some singleigf s at the electroweak scale is of particular interesi) the
By flipping the R-parity assignment of the® one can forbid  “minimal” » model that possesses three generatior7sf
the term altogether, but at the price of introducing into theand one additional vectorlike pair of Higgs doublets that
superpotential the term°Dd°. Such a term would lead to arises from the78 of Eg; these doublets have charges
D-d® mixing were1° to receive a nonzero VEV. J5/3Qy=—1/2 and 2‘/1—5Qn:6 under the GUT-normalized
~ Onecan also expect radiative. symmetry breaking much ag(1),xU(1), symmetries(ii) the “maximal” 7 model with
in the MSSM. If theSDD* coupling is of order 1, the soft i addition to the states of the minimal model a further
mass term for theS field, ms, will be driven negative effective 5+5 of SU(5) is added(so that unification is pre-
through its RGE's, triggering (1), breaking throughS)#0  serveq, but which is composed of a second vectorlike pair of
at a scale just above the electroweak sadlae electroweak  the doublets in the8 together with the color triplet® +D
symmetry will similarly be broken bynj, running negative  coming from the27+27. The maximal model has the largest
due to the large top Yukawa couplingsince the single6  field content consistent with perturbative unification of the
has no electroweak interactions unlikg, it is conceivable gauge couplings at>210'® GeV. The values of the charge
that the mass squared of tBdields turns negative at a larger inner products;; for these two models are given in Table V.
momentum scale compared lty,. The nonzerd'S) will in The field content of both these models is consistent with
turn produce auH H4 and au’'DDC term. ForSH,Hy and  small Am? in the Z-Z’ mass matrix.
SDD" couplings of order 1, one expecis w'~My:. In Running the SM couplings up to the unification point and
particular, it is natural for th® andD° states to be heavier then numerically running the RGE's of E4) for gy, g,,,
than theZ. Finally, we note that there is no mechanismandg, down to the electroweak scale, we find predictions
within the 7 model for+° to receive a VEV radiatively which  tor sin the two models:
does not violate some other constrgisich as neutrino mass
bounds [25]. ThusD-d® mixing will not occur. Smin=0.11, Sa=0.29. (54)
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0.002
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-0.002

__FIG. 5. »? contours for they model with §=0.29 in the
(&,Apy) plane. See caption of Fig. 2 for explanation. Additional
positive contributions taAp reduce the best fit value of thg’
mass.

Both of these are calculated with(M;)=0.120. Larger
values ofa (M) lead to a slight increase in the values®df
compared to Eq(54). The threshold corrections #®coming
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can show that the production cross section for thisis
approximately 1/4 that of thg, too small to be excluded at
UA2.

What is remarkable about this analysis is that the
model, which has been extensively studied in the literature
and for which strong bounds on its mixing with tdeand its
mass have been published, has been resuscitated by the in-
clusion of the additional (1) kinetic mixing effect. This is
even more so, since the value &fis correctly predicted in
specific models in which only one discrete choice of matter
content has been made.

V. CONCLUSIONS

In this paper, we have investigated the possibility of ex-
plaining theR,, excess andR, deficit reported by the LEP
experiments througlZ-Z' mixing effects. We have con-
structed a set of models consistent with a restrictive set of
principles: unification of the SM gauge couplings, vectorlike
additional matter, and couplings which are both generation
independent and leptophobic. These models are anomaly
free, perturbative up to the GUT scale, and contain realistic
mass spectra. Out of this class of models, we find three ex-
plicit realizations[the 5, C(7/5), and G1) modeld which fit
the LEP data to a far better extent than the unmodified SM or
MSSM and satisfy all other phenomenological constraints
which we have investigated. Thgmodel is particularly at-
tractive, coming naturally from geometrical compactifica-

from mass splitting of the light states are typically of ordertions of heterotic string theory. This is especially so since the
0.01. It is quite remarkable that the totally leptophobic valuevalue of the mixing parametefis correctly predicted given

of 6=1/3 is very nearly predicted by the renormalization
group running of the “maximal” z-model. From the one-
loop RGE's, the value of the (1), gauge coupling at the
electroweak scale ig,=0.40.

Given these values af we can now investigate how well

only one discrete choice of matter content.

In general, these models predict extra matter below 1 TeV
andZ’ gauge bosons below about 500 GeV, thoughzhef
these models will be difficult to detect experimentally.

the »model variants can fit the LEP data. As discussed in

Sec. Il B we will consider both the case &,;,,=0 and
Sexira=0.14 per pair of Higgsino-leptonlike doublets. We will
take Apg,z==0. The minimal model is clearly disfavored by
the data, having & no better than the SM for both values of
Sextra- Likewise the maximal model witls,,,;=0 is disfa-

vored. The phenomenologically favored maximal model ha

five doublet pairs giving,;z=0.7 and a minimum?=13.9

at aZ’ mass of 215 GeV,; this is within the 95% C.L. bounds
shown in Fig. 4, where the model is indicated by a triangle

At the minimum,S=S,,+ S,,;,,=—0.1. Note that the good-
ness of the fit does not depend strongly on the exact value
Sextra IN the range 0.5-1.5; in particular, the result®gnly
varies within the range-0.1-0.1. .

Given g, and the bounds ompy, and § we are in a
position to calculate the bounds on tHé mass, using Eq.
(13). For the » model with 6=0.29, we find that in order to
fall within the 95% (99%) C.L. limits for our fit, then
M, <240(420 GeV, under the assumption of no additional
contributions toAp. (New positive contributions ta\p,
which are natural in these models, push the best finass
to lower values. These fits are shown in Fig. 5. UA2 has
performed aZ’ search in the dijet channels, excludingZa

with 100% branching fraction to hadrons and SM strength

interactions up to masses of 260 GE32]. However, given
the value ofg,=0.4 and the (1), charges of the quarks, one

NOTE ADDED

After this work was completed two further interesting
works concerning the experimental consequences of lepto-
phobic Ul)'s appeared28,29. These papers noted that
there can exist important low-energy constraints on lepto-

%hobic models arising from atomic parity violatidAPV)

and deep-inelastic neutrino scattering experiments. In par-
ticular, Ref. [28] argued that the aesthetically appealing
'models that we have constructed in this paper are strongly

(ﬂjsfavored by the APV data. While this is usually true in the

eavyZ' mass approximation that we have been employing
up to now, this conclusion does not hold in the very interest-
ing case of a lighz' (Mz,zmﬁ), as we will now outline.

The APV experiments result in constraints on the so-

called weak nuclear chard@,, of various elements such as
cesium and thallium with high atomic and neutron numbers
Z and N. The chargeQy is itself defined in terms of the
product of the axial electron coupling with the up- and
down-type quark vector coupling via
Qw=—2{C1,(2Z+N)+C;4(Z+2N)} where

— GF 2 A N A M
ENC__E Ay Cii(ey,yse)(Qiy g +--- .
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In the case where th®l,,~m;, both Z, andZ, exchange respectively. Thus the weaker constraints from the neutrino
contribute to the coefficienty;. In the approximation scattering data also disappear for light to moderzte
where the mixing is smalf<1, but no expansion is made in masses.

the mass ratioz(m%/Mé,), the expression for th€,;’s is We will address the full fit including these constraifés
_ well as the SLC and other dateore fully in a forthcoming
Cii=—{vitv{é&1-n)}, paper[31], where we will also discuss the models with vari-

— ant Higgs structure mentioned the footnote in Sec. lll.
where thev’s and ¢ are defined in Eqs4) and(9), respec- 99

tively. It is therefore clear that the constraint from the APV

data becomes vacuous las>1. Specifically, we find that the
APV data do not significantly increase the tojl for Z’

masses below about 150 GeV. ) ] )
One may similarly consider the effect of a leptophaBic We wish to thank K. Dienes, S. Martin, J. Wells, and F.
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