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We examine the influence of gauge kinetic mixing on the couplings of a TeV Zaie both Eg and
SO(10) models. The strength of such mixing, which arises due to the existence of incomplete matter repre-
sentations at low scale, can be described by a single paramétke value of this parameter can significantly
influence the ability of both hadron and lepton colliders to detett masing conventional search techniques. In
addition, 6#0 also adds to the complexities involved in separafiRgZ’ models from those arising from
alternative scenarios. Employing a reasonable set of assumptions we have determined the allowed range for
this parameter within a wide class of models via an RGE analysis. In particular, given the requirements of
standard model gauge coupling unification, anomaly freedom, and perturbativity up to the GUT scale, we
demonstrate that the necessary condition for exact leptophobjsyie Eq models,5= — 1/3, is impossible to
achieve in this scenario. Furthermore we show that the allowed rang@iforather restricted for arbitrary
values of the mixing between the(1), andU(1), type couplings. Th&O(10) Z' modely is discussed as
a separate case since it requires special atter{ig#556-282(199)02801-3

PACS numbdps): 12.60.Cn, 12.10.Dm, 12.60.Jv

I. INTRODUCTION would require the observation of a bump in the dijet mass
spectrum, a difficult prospect due to large QCD backgrounds
Though the standard modéM) does an excellent job at [6] and finite jet energy resolution. In the absence of mixing
describing precision electroweak détd there are many rea- with the SMZ, theZ’ would also not be produced at future
sons to believe that new physics must exist at a scale not fagpton colliders except via loops.
above that which is currently being probed at colliders. The As is easily demonstrated, the condition of leptophobia
minimal supersymmetric extension of the SMSSM) pro-  goes not exist in convention80(10) or Eq models[7]
vides a setting for addressing a number of important queSghere the fermionic couplings are essentially determined by
tions left unanswered by the SM frz_imewor_k. AIFhou_gh €ON-group theory, the choice of embedding and, in Execase,
venient for many analyses due to its relative simplicity, noFy the value of a mixing anglé. Interestingly, in the flipped

one truly expects that the MSSM will represent the actual .
. . nonSO(10) unified SU(5)xXU(1)x [8] model, leptopho-
version of supersymmetrfSUSY) realized by nature at low Bia is possible if one assumes that leptons do not cArry

energies. Perhaps one of the simplest and well motivate uantum numberé.e. only the thred 0's carries a non-zero
extensions of the MSSM scenario is the enlargement of th €., only

SM gauge groupSU(3)cx SU(2), X U(1)y, by additional charg.e and one allqws theX charge assignm.ents to be
SU(2) or U(1) factors. From the grand unified theory generation depen’dentln.orderto cancel anomal!es. If we also
(GUT) or string point of view, the presence at low energies,d8mand that th&’ couplings be at least approximately fla-
~1 TeV, of an additional neutral gauge bosd, associ- Vo' dlagoqal in order to avoid problems f’;\ssomated Wlth. fla-
ated with aU(1)’ seems reasonably likelj2]. At a high ~ VOr changlmg neutral currents then therg is no Ieptophﬂ[_mc
energy scale, such &' could arise naturally from, for ex- C€aseIn this scheme as well. Of course it is always possible to
ample, the breaking of real or ersatz GUT sucls&%10) or  directly construct leptophobiz’ models with generation in-

Ee via patterns such a$O(10)—SU(5)xU(1), or Eg dependent coup_lings following a purely phenomenological
—S0(10)xU(1),, with some linear combination of the apprpacr[9] but it is not clear how such models are embed-
U(1)’s surviving unbroken down to the TeV scale. ded in a larger framework.

If such particles are indeed present they must either be In a recent series of papers, Babu, Kolda and March-
reasonably massive, have small mixings with the @M Russell[10] discussed the possibility of constructing a lep-
and/or have “unlucky” combinations of fermionic couplings tophobicZ’ model within E¢-type models through the dy-
in order to avoid direct searches at the Tevatf8hand namical effects associated gauge boson kinetic miiid)
potentia| conflict with precision electroweak ditg] One [11] which occurs naturally at some level in almost all real-
“un|ucky” set of Coup"ngs that has gotten much attention in istic GUT or string models. KM essentially arises due to the
the literature is the condition know as leptophof#, i.e., ~ €Xistence of incomplete GUT representations at the low en-
where theZ’ does not couple to SM leptons. In such a situ-€rgy scale. For example, such a situation is seen to occur
ation theZ' avoids traditional collider searches since it can-even in the MSSM where the usual two Higgs doublet su-
not be produced in Drell-Yan collisions and it does not per-Perfields are low energy survivors associated with part of a
turb any of the leptonic coupling data collected at the CERNpair of 5+5's at the high scale. While the Higgs doublet
e*e collider LEP through asymmetry measurements or thecomponents are light the remaining dangerous, color triplet
value of A g obtained by SLD. To discover suchZ4 at the  isosinglet pieces are forced phenomenologically to remain
Fermilab Tevatron or CERN Large Hadron Collid&HC) heavy by proton decay constraints. Even if KM is naturally
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absent at the high scale, the partitioning of any of the mulwhere the most general form @, is given by
tiplets will drive KM to be nonzero at the TeV scale via the

renormalization group equatiotBGES. If there are enough o 1 WA Weky— 1 BB
low energy survivors from split multiplets with the correct kin 4 mv 4 wv
guantum numbers, Balat al. showed that the effects of KM i
on theZ' couplings can be sufficiently large to obtain lepto- _ } Sy MNX = >,
. " vz, ———B, 2", 2
phobic conditions. 4 ® 2 &

The purpose of the present paper is to make a broad sur- ~ _
vey of models associated with ndw(1) factors arising from with W2, B andZ' representing the usu&U(2), , U(1)y
E¢ andSO(10) and to ascertain quantitatively the impact ofand U(1)’ fields, with the index ‘@’ labelling the weak
KM on the corresponding’ couplings. Clearly if leptopho- isospin. Note that the term proportional to girwhich di-
bia is indeed possible 2" may be missed by present and rectly couples th& andZ’ fields is not forbidden by either
future collider searches. We will show, subject to a reasont(1), or U(1)’ gauge invariance and corresponds to gauge

able set of assumptions, that the values of the parametefgnetic mixing. In this basis the interaction terms for fermi-
necessary focompletdeptophobia, i.e., identically zero vec- ons can be written as

tor and axial vector leptonic couplings, cannot be achieved in

these models. We also shovv_ that_although KM hgs d_ramatlc Lint=— IM“[QLTaWZJr@YY BM+§Q/Q'Z,'L]¢- (3)
consequences for th&' couplings in these scenarios it will

still remain possible to discover th&' at both hadron and The parts of the Lagrangian describing symmetry breaking
lepton colliders via their leptonic couplings. In addition we and the interactions of the SUSY partners are contained in
will show that it will still be possible to distinguish &’ termsLgg+ Lsysyand will not directly concern us here. We

originating fromEg (including KM) from, e.g., aZ’ origi-  can remove the off-diagonal coupling of tBeandZ’ in the
nating from the left-right symmetric modgl2] once theZ'  kinetic energy by making the field transformations:
couplings are measured with reasonable accuracy at future
hadron and lepton colliders. For tEé arising inSO(10) we EM= B,—tan xZ.,
will show that ambiguities in identification remain unless the
Z' is directly produced at a lepton collider. _ zZ'

This paper is organized as follows: in Sec. Il we set up Z,= cogx' (4)

our notation and review the essentials of kinetic mixing and
Z' couplings in generaks models which incorporate KM.  Tjs diagonalizes the kinetic terms i), and, making the
The possibilities associated with alternative fermion embEdCorresponding transformation in the couplings:

ding schemes are discussed. We explicitly show how the

search reaches for suctza would be altered by an arbitrary gv=0y.,

amount of KM at both the Tevatron and LHC. We also show

the KM impact on the couplings themselves and the possible Go

confusion that can arise when trying to determine the model 9 = cosy’

from which theZ’ originated if KM effects were allowed to

be arbitrarily large. The basic formulae needed in our later gvo=—Ty tany, (5)

analysis are also supplied here at the one-loop level. In Sec.
[l we discuss our model building assumptions and numeri-allows the interaction term in the Lagrangian to be written in
cally analyze the resulting 6B models and 134 Q(10) a more familiar form. The couplings are assumed to be
models to which these assumptions naturally lead. We dem*GUT” normalized in this basis since we will assume that
onstrate that exact leptophobia does not occur in any of thessomplete representations exist at the high scale. Using the
models even though the overall effects of KM can be nu-SM notation and normalization conventions i.eY
merically substantial. The resulting allowed range of cou-— \/3/5Yg,, andgy— \/5/3g’ such thaQe,=Ts + Y5y, We
plings are determined in all cases. The influence of kinetigbtain the more traditional appearing result

mixing on theZ’ search reaches of the Tevatron and LHC

within these models is also examined in detail as are a num- —
ber of issues relating t&’ identification. A summary and Line=—¢v"
discussion as well as our conclusions can be found in Sec.
V.

gLTaWZJr 9'YsuB,

3
QV + \/; 5YSM) ZL’
II. NOTATION, BACKGROUND, AND REVIEW

OF KINETIC MIXING wheres=gyq /gq' and we immediately recognize the usual
Consider the Lagrangian for the electroweak part of the>™ Weak isospin and hyper-charge coupling terms. Note that

SM with the addition of a new(1) field which is decom- 970 ret?“"esgw'lf 0]; Ohf course, for our purposes we m“.S;
pOSEd in the fO”OWing manner: remember that all of the couplings In this term run wit

energy and are thus to be evaluated at the EW or TeV scale
L= Lyint Lint+ Lsgt Lsusys (1)  to make contact with experiment. Furthermore, recalling that

9 ¥, (6)
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TABLE I. Quantum numbers of the particles contained in2fie TABLE II. Values of the parameterg8 and 6 for which exact
representation oEg; standard particle embeddings are assumedeptophobia is obtained for the various embedding schemes dis-
and all fields are taken to be left-handed. cussed in the text.

Particle SUBB). 26Q, 2yV10Q, 2V15Q, Y Embedding targ )

Q=(u,d)’ 3 1 -1 2 1/6  Standard J3/5 -1/3

L=(v.e)" 1 1 3 -1 —-1/2  Flipped J15 —\/10/3

ut 3 1 -1 2 -2/3 Ma J3/5 -1/3

de 3 1 3 -1 1/3  Both 5127 —\5/12

et 1 1 -1 2 1

v© 1 1 -5 5 0

H=(N,E)T 1 -2 -2 -1 -1/2 embedding scheme of Md4], the fields (,d% %) are in-
He=(NC,E®T 1 -2 2 -4 1/2  terchanged withKl,h¢,S%), which also leads to leptonic cou-

h 3 -2 2 -4 —-1/3 pling changes, this time for the left-handed couplings. Of
h¢ 3 -2 -2 -1 1/3 course we can also imagine both interchanges being made
€ 1 4 0 5 o Simultaneously leading to a fourth set of possible leptonic

couplings. In each of these cases a unique point in&he

— & parameter space leads to leptophobia; these are summa-
o' is GUT normalized, th&’ piece of this interaction can rized in Table Il. Note that both the standard and the alter-
also be rewritten to conform to more conventiof@|13] native embedding due to Ma lead to the same required values
notation, i.e., of the parameters in order to achieve leptophobia. This is not
too surprising as mode} couplings are invariant under the

9. [5xy — particle interchange associated with Ma’'s model. In all cases
LEZ Y=\ =\ 7 7"
"

we see that the required magnitudesdb achieve leptopho-
bia is reasonably large. We also note from this table that the

3 SO(10)-inspiredy model can never be even approximately
x| Q'+ \[E 5Ysm) vz, (7)  leptophobic independently of how the particles are embed-
ded.

To get an idea of the potential impact of leptophobia, and
with as usual x,=sir? 6,=€’/gf, c,=cosf, and N\  5%0 in general, we show in Fig. 1 the search reaches for an
=0q'/gy. Note that in this notatiod-\ = —tany. Assum-  E, 7', assuming the canonical particle embedding and as-
ing for our purposes that the' arises from the symmetry suming that theZ’ decays only to SM particles, at both the
breaking chain E¢—SQ(10)xU(1),—~SU(5)xXU(1),  Tevatron Run Il and the LHC; we take the valNe=1 and
XU(1),—~SMXU(1l)g, one obtains Q'=Q,cosf usethe CTEQ4M parton densitigk5]. [For other values of
—Q,sin @, where ¢ is the familiar Eg mixing angle and X near unity the mass reaches scale approximately s
the Q, ,.,, the last being the appropriate combination for =180 logf) GeV andAM =660 log.) GeV at TeV Il and
model 7 which corresponds t@=tan ! \/3/5=37.76°, are LHC, respectively] In both cases the reach is rougithand
given in Table | assuming the conventional particle embed-s independen{=850 GeV and=4200 GeV for TeV Il and
dings.[In the SO(10) case to be discussed later we simplythe LHC, respectively except near the leptophobic region
set #= — 7r/2 which corresponds to the model] where it falls off quite dramatically forming a hole in the

As we will see below, the a priori unknown parametérs mass reach. It is clear that the conventiohalsearches will
and\ are directly calculable for any value éffrom an RGE fail in this region and that the dijet method would need to be
analysis within the framework of a given model with fixed employed to find th&'.
matter content assuming high scale coupling unification. Al-  Arbitrarily large values of5 can also lead to possible con-
lowing both of these parameters to vary freely clearly leadgusion whenZ' couplings are extracted at, e.qg., future lepton
to significant modifications of the potentid’ couplings. colliders. It is well known that when KM is absent sufficient
However, as was noted by Baletial, if we do indeed treat data onZ’ couplings can be extracted at such machines, even
them as free parameters one finds that for conventional pabelow theZ’ production threshold, so that t@’s model of
ticle embeddings withS= —1/3 andg=tan* \/3/5, i.e., the origin can be identifie16,13. When §+0, the allowed
couplings of modely, both the vector and axial vector lep- ranges of the various vector and axial vector fermionic cou-
tonic couplings of theZ’ vanish for all values ofA and  plings inEg models is greatly extended in comparison to the
leptophobia is obtained. A quick analysis shows that thismore conventional case creating overlaps with the corre-
choice of parameters ignique In alternative embeddings sponding coupling values anticipated in other models. This
leptophobia is also possible but its location in the modelresult is shown explicitly in Fig. 2 for both leptonic ard
parameter space is modified. In the case of the flippedjuark couplings, these being the ones most easily measured.
SU(5)-type model8], the roles played by the pairsi{,e®) Here theEg case with and without KM is compared to the
and (d° % are interchanged, so that the lepton’s right-predictions of the left-right mode[12], Ma's alternative
handed couplings are modified. Similarly, in the alternativemodel[14], the un-unified mod€l17] as well as to the ref-

015020-3



THOMAS G. RIZZO PHYSICAL REVIEW D 59 015020

DR
W
QR
& R
DR R
X

R
R
N

R

R
AR

ORI
R
RN
R

2558

R
R

S5
5555

N
N
N
W
\\\’"‘(/H

=

55555

=
5252
S
5525555
00555558
S
5

5
55555
22
2535
325555,
5252

55
(P

g2

s

5

Vo rras
S8
55
s
oo e s,
s
S

FIG. 1. Search reaches for thg Z' at (top) the Tevatron(2 fb~?) and(bottom LHC (100 fb™1) in GeV as functions o# (left axis) and
4 (right axig assuming no exotic decay modes. The leptophobic hole is evident in both cases. The&igrs dfeen reversed in these plots
for ease of viewing and =1 has been assumed.

erence case of 2’ with SM couplings. In the KM case it has dg\z(Q, 1 ;o .
been assumed for simplicity that=1 and& is confined to dt 8.2 [95/9vqBaro +9yoByy
the range —1/2<6<1/2. One sees immediately that the

presence of KM leads to potential misidentification of #e +292g2 Byv+29200/Gyo Byor
even when precise measurements of the couplings are avail- vIvQ YIQIIYQTEYQ
able. Though not shown, similar effects would be observed +29Q’9${QfBYQ’]1 (8)

in u-quark type couplings. Clearly, if the range éfis in-

creased and/ox were allowed to vary from unity by as small

a value as say 25%, the size of g coupling region would ~ WhereB;; =Tr(Q;Q;), with the trace extending over the full
dramatically increase and th# mis-identification potential 1ow energy matter spectrum. In particulaByy= By
would rise dramatically. Note that th®O(10) inspired y =3/5Tr(Y?) is the conventional GUT normalized beta func-
model in the absence of KM corresponds to the point oftion for the U(1)y coupling. At the high(GUT or string
contact of the solid and dashed curves, i.e., the non&M scale where complete multiplets are present one finds that
and left-right model(LRM) cases, in both the coupling Bvqg=0, identically, so thatgyy, and hence, §
planes. In this case tH&’ in the non-KM y model has the =9vq /9q'=0. Below the high scale we imagine that at
same couplings as does th&' in the LRM with «? least some incomplete matter multiplets survive to low ener-
=(gr/9.)%=5/F Xy /(1 —Xy)], with gL r being the gauge gies renderings#0 via renormalization group equation
coupling associated with th8U(2), r group factor. From (RGE) evolution. The quantum numbers of these survivors
this analysis it is clear that apart from the specific problemdVill tell us the specific value ob. It is important to stress
of leptophobia it is very important to determine what thethatByq receives no contributions from complete multiplets

allowed ranges of boths and \ are in realisticEg and  Of from SM singlets. _ -
SO(10) models. Since gauge invariance tells us that there is no mixing

In order to constrain the low scale values of batands ~ between th&sU(3)c, SU(2), and either of theJ (1) gauge
for a given model we must first perform an RGE analysis.fields, the one-loop RGEs for both tigg ; couplings take
The coupled RGEs fogy, go: and gy at one-loop are their conventional forms and can be trivially analytically in-
given in our notation by10] tegrated. WritingL =log(My /M), these two equations can

be combined as usual from which we obtain

dgy (g9’

dt 8x2 YV _Zw(agl—chfl)
B Bs—BL ,
dgé, gé’ [ 2 2
7 — a.2[99Bqqo t9yqByy _ -
dt 87T Q QQ YQ -1 ﬁSXWa 1_ﬁ|_a51 (9)
an = ’
+29Q’gYQ’BYQ’]' BS_BL
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FIG. 2. Vector and axial vector couplings for leptdnght) andb-quarks(left) in variousZ’ models: theEg model with no KM(solid),
the left-right model(dashed, and the un-unified modétash-do), as well as the case of a heavy SV and the alternative model of Ma
(labeled by the two diamondsThe points are the predicted valuesBg with KM assuming—1/2<§<1/2 and\=1. ForA#1 the
predicted coupling region scales appropriately.

with @ being the common unification coupling. Further, many split multiplets as possible at low energies in order to
integration of the hypercharge RGE yields the usual result enhance the value of. Knowing &(1) then allows us to
) rewrite the RGE forgé, as
0720 =2 | 142U B y(ty—1) (10 222
Y 4 2 Y U ' de, _ (gQr) 2
at = 8.2 Baat28(1)Bygt 8(1)Byy], (13

where ty~log My and the unification boundary condition

has been imposed. which also can be integrated analytically. Defining the com-

Sinced=gyq /do’ , and the solution fog2(t) is known,  binationz=ayByyL/27 we find
we can combine the last two of the RGEs above to obtain

_2 aU BQ/QIL
’ M =

dé 1 dngr ngr der gQ ( Z) 4 8’772

R - ,

dt go dt dor dt R B\z{@ . y

Oy
82 [Byg +6Byvl. (1D from which the coupling strength paramelecan be imme-
diately calculated. We are now set to examine the values of
This can now be directly integrated with the result and that can arise in a given model.

-1 Ill. MODELS AND RESULTS

Byvo
s=-5> . (12

ayByy(ty—t
1_[1+ uByv(ty—1t)
2

In order to proceed we must consider how the low energy
particle content of our models is to be chosen. These will
where we have imposed the boundary condition ) follow from the following set of basic model building as-
vanishes at the GUT scalM, since we assume that com- sumptions.
plete multiplets exist there. The weak scale paramétel- The SM gauge couplings, together with that of the new
evant for theZ’ couplings is obtained when we sét U(1)’, are assumed to perturbatively unify at a high scale as
~log My so thatt,—t=log(My/My)=L in the expression inthe MSSM. This has two immediate consequenéesve
above. Note tha® grows as the value oByq increases. can add only sets of particles that would form complete mul-
From this expression it is obvious that we need to have asiplets underSU(5), atleast as far as their SM quantum
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numbers are concernefi) The number and types of new case corresponds to the field content of the “minimal”
fields is restricted since perturbative unification is lost if toomodel presented by Babet al. when 7-type couplings are
many multipletq 18] are added. assumed10]. For each of these cases the corresponding con-

All anomalies including those associated with the newtributions toBy o andBgq. o/ can immediately written down.
U(1)" must cancel amongst the low energy matter fields in(The contribution of the thre@7s to Bq/ o is 9, indepen-
the model. dently of 6.) For example, definingi=cos6é/(2y/6) andb

Additional matter multiplets beyond those contained in=sjn .9/(2@) one easily obtains the results for tHg/HS$
the MSSM must be vector-like with respect @t least the  fields for each of the casé$)—(4) is given by

SM. This not only helps with the anomaly problem but al-
lows these new light fields not to make too large of a con- 3
tribution to the oblique parametef49] forcing a conflict Byq(1)= _4\/; (a+b),
with precision electroweak data. When combined with the
above requirements this tells us that at low energies we may 3
add at most fous+5's or one5+5 plus onel0+10, in BYQ,(2)=4\/; (a—bh),
addition to SU(5) singlets, to the MSSM spectrum. All
higher dimensional representations are excluded. Note that
the addition of SM orfSU(5) singlets will leaves invariant Byo(3)=2 \/§ (—a+3b)
since neitheByy or By will be changed. HoweveBq o/ Ye 5 :
is altered in this case leading to a shift in the value\of

The new matter fields are assumed to be low energy sur- 3

Byq(4)=6 \/; (a+b),

vivors from either27+ 27s or from 78s of Eg since these (15
are automatically anomaly free even under the fgllgauge
group and may arise from strings. nd. correspondinal

Given this set of conditions we can consider a number of"®" P gy
specific cases beginning witg itself. ABQ,Q,(1)=16(a2+b2+2ab),

A. Eq ABgqio/(2)=16(a’+b?-2ab),

Here we know that the low energy theory contains three 2 2
27s as well as a pair of “Higgs” doublets, which we label ABqi(3)=4(a”+9b"~6ab),
asHq, Hj to avoid confusion with the members of t&&, _ 212
as in the MSSM. Complet@7s are necessary so that the ABqrq/(4)=36(a"+b"+2ab). (16)

U(1), anomalies cancel for arbitrary values @f[The case o ) )

9=—90° corresponding to th&’ from SO(10) will be dis- The contribution of the color triplet pieces of the safe
cussed separately in the next subsecliothese “Higgs +5's is identical forBy o, and of opposites sign fdBy o .
fields” are then the minimal split multiplet content at low  As discussed above there are thus only two possible sub-
energies(“Higgs fields” is here in quotes as we really mean cases to consider. Eithé H,/H{ is the only pair of light

a pair of superfields with Higgs-like quantum numbers whichsuperfields beyond the thré&¥'s or (ii) the field content of
may or may not obtain vacuum expectation values. In prinan additional5+5 is also present. In cage) we know im-
ciple some combination of the field$, /HS and those in the mediately that8;=0, 8, =4 andBy,=48/5. The values of
27 will play the role of the Higgs doublets in the MSSMis  both By, and By can also be directly calculated as
was pointed out early on, the theory without these extraabove but depend visibly upon the choidd)—(4), into
“Higgs fields” and only theH/H® components of th@7s  which we embed thel, /H fields as well as the value o
responsible for spontaneous symmetry breaking, will noiyith only 4 choices for theH;/HS quantum numbers, the
unify [20]. These “Higgs fields” must arise from either a cajcylation is straightforward and we arrive at the results
27+27 or 78 to avoid anomalies. Since the thr@&s al-  shown in Fig. 3.(For numerical purposes we have taken
ready contain three pairs &+5 in addition to singlets in  ag(M;)=0.119[21], a.L(M;)=127.935[22] and sif} 6,
comparison to the MSSM, we are free at most to only add a=0.23149[1]; our results depend only weakly on these par-
single (ersatz 5+5 to the low energy spectrum. Since the ticular choices. From the figure several observations are im-
H,, HE fields also originate from &+5 it is necessary to mediate. First, bott# and\ are constrained to rather narrow

examine theU(1),,, quantum numbers of these additional ranges and leptophobia is not obtainable. Second, the spe-

s ; o i ific predicted values of and\ depend quite sensitively on
flelds_smce thls is all thf’:lt d|st|ngU|§hes amongst thEm. Th(f[Qhe embedding choiced)—(4). Lastly, bothd and\ are also
27+27 contains tﬂee different choiceft) 5(_2’2E 5(2, strongly # dependent but the choice af couplings, i.e.,0
—2), (2) 5(2,2)+5(—2,-2) and(3) 5(—1,-3)+5(1,3), =37.76°, extremizes their values. Sinée-0 and\—1 as
where the numbers in the parentheses aréhe quantum e raise the survivor mass scale abdwe, the curves ac-
numbers as normalized in Table I. T8 on the other hand  tyally represent the extreme boundaries of the parameter
contains only one candidafé) 5(3,—3)+5(—3,3); this last range obtainable for these quantities for cé$eNote that
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FIG. 3. Predicted extreme values of the paramefdright) and\ (left) for four Eg case(i) possibilities discussed in the text. The dotted,
dashed, dash-dotted and solid curves correspond to the embedding chpicds respectively.

for 5 couplings andH,/H$ embedding(4) we recover the B, =5 andByy=>53/5 but allows for 4=64 possibléut not
value 6=—0.11 obtained10] by Babuet al. in their so-  necessarily independenty-dependent values fdBy o and
called “minimal” model. Borq’ - We can label our cases by the triplgj,k) where the
In case(ii) the situation is somewhat more complex sincefirst (second, thirilindex labels the embedding choice, i.e.,
the low energy spectrum now contains two “Higgs” dou- (1)—(4), for the fieldH,/H{(H,/H$,D,/D$). For example,
blets, H; ,/H] , as well as a pair of isosinglet, color triplet we may chooseéi,/H{ to be from(1), H,/H$ from (3) and
superfieldsD;, Df. This uniquely fixes the valug8s=1, D,/D{ from (4) and we would label this subcase (@s3,4.

T 1 1 1 1 1 1 1 T 1 1 1 T T L T 1 T T 1 1 1 ¥ ' J 1 T 1 1

04 - -

06hII|lIII|IIIIIII1 rlllllllllllllllll-

=50 0 50 =50 0 50
6 (deg) 8 (deg)

FIG. 4. Boundaries of the allowed ranges #fright) and\ (left) for the 64 case, typéi) Eq models discussed in the text as functions
of the mixing angleé.

015020-7



THOMAS G. RIZZO

L ——

PHYSICAL REVIEW D 59 015020

parameter spacéJust how close we are to leptophobia will

be discussed beloyThe minimunimaximum value of §

=—0.286 +0.25Q is achieved fory-type couplings with

the embeddind4,4,)[(1,1,4] which corresponds to the so-

called “maximal” model of Babuet al. [10]. The extrema

; for \, i.e.,, A=0.7911.080] are obtained for embeddings

- (4,4,9((1,1,9] for ntype couplings andéf=—52.24°

1 (model |), respectively. Interestingly, the range &fs suffi-

] ciently narrow so that none of the models listed in Table I

¢ o ] can achieve leptophobic conditions. Next, we note that a
o - further contribution to apparent leptophobia can occur in the

7 coupling region since it is there that one obtains the small-

est values of\, rescaling the couplings to smaller values.

(Recall, the Drell-Yan rate for th&’ scales a3.2.) It would

be nice to perform a two-loop RGE calculation to verify

these leading order results once these equations become

6 available.

FIG. 5. Calculated values of the parametérand\ for the 68 As models withz-type couplings are the only potential
=4+64 EG models from Caseﬁ) and (||) discussed in the text candidates for |ept0ph0bia, it is interesting to know the ex-
when 7-type couplings are assumed. The vertical dashed line corplicit 6—\ correlation in this case. We display in Fig. 5 all
responds to exact leptophobia. Almost all points are multiply occu-of the 20 distinct solutions fof and\ assuming this value of
pied. 6 for models of either casé) or (ii). To access just how

leptophobic these models can be we calculatedthsearch
All of the contributions can be directly obtained from the lastreach in each case for both the Tevatron run Il and LHC
two equations by choosing appropriate combinations. following the procedure used to obtain Fig. 1. At the Teva-

We have calculated bothiand\ for each of the 64 cases; tron, except for the most leptophobic case, the search reaches
Fig. 4 shows the “envelope” of the range of valuesddnd lie in the range 724—939270—-1150 GeV for an integrated
\ as functions ofé. In all cases the actual values must lie luminosity of 230) fb~* and generally conforms to the usual
within the “envelope.” Several observations are possibleexpectations. In the most leptophobic cage4,1), these val-
from these results. First, independently of the valu®,offe  ues drop to only 52&78) GeV, which is not great but far
obtain the bounds-0.286< §<0.250 and 0.796\=<1.080 from nonexistent. At the LHC with a luminosity of 100th
so that exact leptophobia is not achieved anywhere in théhe mass reaches for all but the most leptophobic case lie in

2

|

|

|

|

|

|

|

I I

10 |
< r |
F |

|

|

|

|

|

|

!

[

<0 O
<

<o
<
<

08

0.6IllllllllllllllIIIIIIII||1
-04 -02 0 02 04

ay

FIG. 6. Calculated values for the vector and axial vector couplings for lefgtmig) andb-quarks(left) arising from the 68 modelEg
models with kinetic mixing discussed in text in comparison to o#femodels as in Fig. 2. Comple#— §— \ constraints and correlations
are included.
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FIG. 7. Distinct values ofs and A for the models associated with the tv®0(10) subcasesi) (right) and (ii) (left) discussed in
the text.

the range 3305-4415 GeV, this then drops to only 2730 GeViyra 545 to this low energy content without a loss of per-

in the (4,4,1) case. Again this limit is poor relative to the ,rhative unification. Of course in none of these cases will
others but it is quite substantial. Thus although fhaﬂ"]) leptophobia be achieved but we will be able to constrain the
model is as close to leptophobia as possible, Zhs lep-  ange of allowed values for botd and . Given this

tonic couplings remain large enough for this particle to bepsengally/large split multiplet field content at low energies
observed in Drell-Yan collisions but with a somewhat re-; || be no surprise to find that these ranges are signifi-

duced reach. cantly larger than what was obtained above in the more con-

Since the allowed ranges for bothand\ are reasonably . . —
restricted for these 68 models we would expect that the poss—t@neOI case associated wily. For ng5+5's and ny,l0
sibility of confusing aEg Z' with that of a different model +10s, we already know from the MSSM tha, =1+n;
would be at least somewhat reduced. Figure 6 shows thg SNi0: Bs= =3+ Ns+3nyg and  Byy=py=33/5+ns
regions of coupling parameter space allowed by the" 3N With ns=1 andnloyzo. Similarly, we also know the
¢-dependens and\ constraints obtained above. The regionscontribution of the thred6's to Bg o =6. To be more spe-
are seen to be somewhat smaller than those shown in tHafic we need to examine the two individual cases indepen-
more pessimistic Fig. 2 wherewas set to unity andwas ~ 9ently. _ _ _ _ _
free to vary over the range 1/2< 5<1/2. There is certainly In case(i) we are again dealing only with particles that lie
a significantly smaller overlap between thg model predic-  in the 5+5 as we did forEg. The particle content can be
tions and those of otheZ’ models making in likely that thought of as 316's@H;/Hi®n[H;/Hf+D;/D{] with 0
these classes of models would be distinguishable given sufsn=<4. Looking back at théEg case we see that there are
ficiently precise data and combining the results obtained fopnly two possibley quantum number assignments for these
different flavor fermions. fields: (1) 5(2)+ 5(—2) and(2) 5(—3)+ 5(3). For fixedn, we
may have fi4,np) fields of type (1) and (n+1—ny, n
—np) of type (2) with O<ny=<n+1 and Gsnp=<n. Freely

B. SO(10 varying nyp within their allowed ranges there are

In some sense th8O(10) case is easier to deal with than 2(6,12,20,30 subcases fon=0(1,2,3,4), for a total of 70.
is Eg since here the parametér —90° is completely fixed. Here we find
On the otherhand, the number of split multiplets that we can
add at low energies is much larger thereby increasing the B 6 \F 1+ S _
number of subcases to be examined. The reason for this is vo(h)= 5 V5 3 (Np=Nw)
that, unlikeEg, the low energy content need only consist of
the three16's of SO(10), plus the “Higgs” fieldsH,/HS  and
for the anomaly cancelation constraint to be satisfied. This
means that, as in the MSSM, we may addup to four5

+5 ersatz pairs ofii) one 10+ 10 either with or without an +1.35n5—np). (18

. (17)

ABQ/Q/(|):04nH+OG']D+anS+ 1- nH)
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FIG. 8. Predicted values of the vector and axial vector couplings in the 684 70 SO(10) cases discussed in the text compared with
the predictions of other models as in Fig. 2. Note the expanded scale in the present plots.

From these considerations we can immediately calculate thease(i), the spread o and A values obtained for cadé)
values ofé and N which depend upom, ny andnp; these remains significantly larger than iBg but less so than case
are shown in the top part of Fig. 7. Here we see that the).
results fill in a large crescent shaped region which extends to Due to the wide spread in the values of t8€X(10) Z’
rather large values of bothand\ —1 in comparison to the couplings in the presence of KM, we may wonder if the
Ee case as we anticipated from the large split multiplet conhadron collider search reaches are drastically altered. At the
tent. _ Tevatron, we find that the search reaches lie in the range
In case(ii) we have a singld0+10 which may or may  824-9381040-1208 GeV for an integrated luminosity of
not be accompanied by an additio®at 5 so thatn;p=1 and  2(30) fo~* and qualitatively conform to the usual model
0<ns<1. The possibley quantum numbers of the+5 are ~ €Xpectations, e.g., 864 GeV for 2th in thelabsence of
given above and there are also two possibilities for the  KM. At the LHC with a luminosity of 100 fb”, the mass
+10, ie., 10(—1)+M or 10(4)+10(—4). The particle reaches lie in the range 4100-5315 GeV again bracketing the
content can be thought of symbolically as1®s®H,/HS non-EM egpectitm/n. i h ves? Th
©ng[H, /H°+D, /D] @[ Q/Q%,E/ES,U/US], with O=ns What about th&' couplings themselves? These are com-

. : pletely specified by the values éfand\ and are shown in
<1 and, as in casé), 0=<ny<ns+1 and O<np<n;s. If Fig. 8 for all of the 134 subcases. Notice that they span a

No(ny .ng) fields come fromlO(—l)+lOQ) then 1-no(1  |arge range but tend to cluster near, but not necessarily on
—ny,1-ng) come from10(4)+10(—4) since there is only  top of, those of the LRM. We recall from our earlier discus-

5
1+ 3 (Np+2ny—Ng—nNg—ny) |,

one possiblel0+ 10 allowed. Clearly Bsng e y<1 inde- sjon than in the absence of KM the modekouplings are
two sets of couplings, though they do seem to track one
and of 8. This means that for this value afthe couplings of the
3 i 3
ABQ!Q!(“ ):ABQ!Q!(I)+8_ Z [nE+ Snu+6nQ].
(200  thatthe value 0@, can be written as a linear combination of

pendently of one another thus leading to a total of 64 subexactly the same as those of the LRM with=(gr/g,)?
cases. We find for cadd) the values =5/3x,,/(1—x,)]. It is apparent from the figure that once
KM is turned on there is no obvious relationship between the
.. 6 /3
By (il)= 5 \[E another. A short analysis, however, shows that there does
(19 exist a value ofx in the LRM for which theratios of cou-
plings are the same as in tlyggnodel with KM for any value
LRM and y model with KM are identical apart from an over-
all normalization. This is easily proved by considering both
the general form of the LRM couplings and remembering
Tsr and Y, whereTsg is the third component or the right-
From which we can immediately calculate the valuessof handed weak isospin. Specifically we find that correspon-
and \; these are shown in the bottom part of Fig. 7. As indence in the couplings between the two models occurs when
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FIG. 9. Correlations in the values of observables used to ex@racoupling information at hadron colliders as discussed in the text. The
diamonds are the predictions of tI80(10)-inspiredy model with KM. The solid(dashed, dottedcurves correspond to theg model
without KM, the LRM and the Un-unified Model, respectively. The lettefsL',U,S' label the predictions for Ma’s model, the LRM with
k=1, the Un-unified Model and a heavy SKI, respectively.

5Xyy . the correlations amongst these observables and, in particular,
=3(1=x,) [1-\6a/3] 7Y, (2)  compares the LRM predictions with those of temodel
W with kinetic mixing. We see immediately that the two mod-
) _ els would be quite easily confused. Of course, in the LRM
and we see the conventional well-known result is recovered se an’ also exists with a mass somewhat less tharZthe
when 6— 0. Except for wherbis large and negative=—1,  finging theW’ may be the only way to distinguish these two

this equation has a solution in the physical region of thecases.(ln some cases, finding th&’ may also be difficult
LRM, i.e., k2>x,,/(1—x,). This result has very important [16].)

implications to issues involving arourl coupling determi-
nations at colliders.
As is well known, most techniques aimed at identifying a

K2

At lepton colliders operating below th&’ production
threshold, measurements made at a singlare insensitive
: to the overall normalization of th&’' couplings. Their ap-
newZ' at hadron coII|de_r$13,1Ej actual_ly employ pbs_,erv- parent values can be easily adjusted byzsigr]nple rescaﬁng of
ables which only determine various ratios of fermionic cOU-yq 7/ ags This weakness can be overcome at lepton col-
pltl)ngs. -LTe extra;:tmn ﬁo; coulpllr_ng r:nformatlon Trom b(_)ther liders, however, by combining measurements taken at sev-
observables, such as tie total width, are not only subject gal distinct values of/s [16,25. Thus, in principle, lepton

i ! e
to larger systematic errors but depend on assumptions abo&l/ lliders can be used to distinguish the LRM apanodel

goov(vltcr)])e-iis Ci?en ddenﬁ?c/i'elAsO\lljveli:a;/einJLtﬁ; Sergget:(?e rgp?(sMo ith KM cases. Of course, if such a machine can operate on
piredy I piing prese . theZ’ pole and the coupling normalization determined, there
can be easily mimicked by those of the LRM with a suitably_ . P . e
will be no ambiguities inZ" model identification.

chosen value of th& parameter. Thus thg'’s of these two
models could be easily confused.
As an example of this, let us consider the production of a

=700 GeVZ' at the Tevatron during run Ii. After a few 3 In this paper we have performed a detailed examination of
of luminosity are available several 100’s of events in theine magnitude and influence of gauge kinetic mixing on cou-
dilepton channel will have been collected. Give the Iimitedp”ngs of theZ’’s which originate from eitheEg or SO(10).
statistics, only a few of the variously proposed observableghese mixing effects were shown to be completely described
can be used to examine t#€ coupling. In addition to the py the values of the two parametessand X which can be
charged lepton forward-backward asymmetr;,, one ohtained via a renormalization group analysis. After intro-
might measure the relative cross sectiorbin final states, ducing several model building assumptions we numerically
Ry, as suggested Hy23], or the polarization of one of the analyzed the 6& and 134SO(10) models to which these
7s,P,,inZ'— 777, as suggested 44]. Figure 9 shows assumptions naturally led. The values of bétand\ were

IV. DISCUSSION AND SUMMARY
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calculated for both sets of models, in particular, as functiongkinetic mixing were shown to be more pronoundgiabugh
of the mixing angled in the Eg4 cases. leptophobia can never arise in these scenaridss is due to
For the Eq models, since the number of additional low the much larger range of split multiplets that may be intro-
energy maitter representations inducing kinetic mixing wasiuced in this case while still satisfying our model building
constrained to be rather limited due to our model buildingassumptions. In many cases kinetic mixing was shown to
assumptions, the allowed ranges of both parameters wagad to values of\ significantly greater than unity which
shown to be quite restricted. Furthermore, we demonstrateghsited in increased discovery reaches for tt&sat both
that exact leptophobia, which occurs whém —1/3 for the  the Tevatron and LHC. Qualitatively, the significantly ex-
conventionalEg particle embedding in modey, is impos-  panded range of alloweg couplings were found to track
sible to achieve in any of these models. This result washose of the LRM. In particular, we demonstrated that for all
shown to be independent of how the fermions and additionajlowed values of there exists a corresponding value of the
vector-like matter fields necessary to induce kinetic mixing RM parameterx for which the couplings in the two theo-
are embedded in GUT representations. In the case which Wafs are identical apart from an overall normalization. This
closest to being leptophobic, we determined that the leptonig;as shown to have a serious impact dhmodel discrimi-
couplings of theZ” were sufficiently large to render it visible nation at hadron colliders as well as at lepton colliders unless
in Drell-Yan collisions at both the Tevatron and the LHC. Of 4at4 taken at multiple/s values is available foe analysis.
course in comparison to models where kinetic mixing is ab-  The influence of gauge kinetic mixing leads to an enrich-

reduced by=40%. Furthermore, in the geneta case, we  gych particles will be found at future colliders.
showed that the couplings of th& remain sufficiently dis-

tinct from those of other models, such as the left-right model,

that they could be easily identified once sufficient statistics

becomes available at future colliders. We demonstrated that

this result would not hold if the magnitude of the kinetic  The author would like to thank J. L. Hewett, J. Wells, and

mixing contributions to theZ’ couplings were left unre- D. Pierce for discussions related to this work. This work was

stricted. supported by the Department of Energy, Contract DE-AC03-
For theSO(10)-inspiredy models, the potential effects of 76SF00515.

ACKNOWLEDGMENTS

[1] For a summary of electroweak data, see D. Reid, talk pre-[6] CDF Collaboration, F. Abest al, Phys. Rev. Lett77, 5336

sented at the 38 Recontres de Moriond: Electroweak Inter- (1996; 78, 43071E) (1997); see also, Phys. Rev. b5, 5263
actions and Unified Theorieke Arces, France, 1998. See also (1997; DO Collaboration, B. Abbotet al, Phys. Rev. Lett.
LEPEWWG report, CERN-PPE/97-154. 80, 666 (1998.

[2] See, J. D. Lykken, Phys. Rev. B4, 3693 (1996; in New [7] J. L. Hewett and T. G. Rizzo, Phys. Re&[83 193(1989. For
Directions for High Energy Physics: Snowmass 1966ited an excellent up to date review @ searches, see A. Lieke,

by D. G. Cassel, L. Trindle Gennari, and R. H. Siemann hep-ph/9805494.
(SLAC, 1997, p. 891; P. Langacker, hep-ph/9805486; P. Lan- [8] I. Antoniadis, J. Ellis, J. S. Hagelin, and D. V. Nanopolous,

gacker and J. Wang, Phys. Rev. 38, 115010(1998, and Phys. Lett. B194, 321(198%; J. L. Lopez and D. V. Nanopo-

references therein; M. Cvetic and P. Langacker, Phys. Rev. D lous, Phys. Rev. 35, 397 (1997.

54, 3570(1996); Int. J. Mod. Phys. Al1, 1247(1996. [9] K. Agashe, M. Graesser, I. Hinchliffe, and M. Suzuki, Phys.
[3] CDF Collaboration, F. Abeet al, Phys. Rev. Lett79, 2192 Lett. B 385 218(1996.

(1997; DO Collaboration, S. Abactet al, Phys. Lett. B385, [10] K. S. Babu, C. Kolda, and J. March-Russell, Phys. Re%4D

471(1996. 4635(1996; 57, 6788(1998.

[4] For a recent summary of electroweak constraintZbmasses [11] B. Holdom, Phys. Lett166B, 196 (1986, Phys. Lett. B259,
and mixings, see Gi-Chol Cho, K. Hagiwara, and Y. Umeda, 329 (199)); 339 114(1994); 351, 279(1995; F. del Aguila,
hep-ph/9805448; Y. Umeda, Gi-chol Cho, and K. Hagiwara, M. Cvetic, and P. Langacker, Phys. Rev.5R, 37 (1995; F.

Phys. Rev. D68, 115008(1998. del Aguila, G. Coughan, and M. Quiros, Nucl. Phy307,

[5] Most analyses discuss leptophobia within the context of the 633 (1988; F. del Aguila, M. Masip, and M. Perez-Victoria,
Rp,— R, problem: G. Altarelliet al, Phys. Lett. B375 292 ibid. B456, 531 (1995; K. Dienes, C. Kolda, and J. March-
(1996; P. Chiappettat al, Phys. Rev. D54, 789 (1996; J. Russell,ibid. B492, 104 (1997).

Feng, H. Murayama, and J. Wells, Phys. Rev. Lé&. 3259 [12] For a review of the LRM and original references, see R. N.
(1996; C. Carone and H. Murayama, Phys. Rev5D 484 Mohapatra, Unification and Supersymmetr§Springer, New
(1999; E. Ma, Phys. Lett. B433 74 (1998; V. Barger, K. York, 1986.

Cheung, and P. Langackehid. 381, 226 (1995; J. Rosner, [13] See, M. Cvetic and S. Godfrey, iRlectroweak Symmetry
ibid. 387, 113(1996; P. Frampton, M. Wise, and B. Wright, Breaking and Beyond the Standard Mqadadited by T. Bark-
Phys. Rev. D64, 5820(1996. low et al. (World Scientific, Singapore, 1995

015020-12



GAUGE KINETIC MIXING AND LEPTOPHOBICZ' IN.. .. PHYSICAL REVIEW D 59 015020

[14] E. Ma, Phys. Rev. 36, 274(1987; Mod. Phys. Lett. A3, 319 Phys. Rev. D46, 381 (1992; W. Marciano and J. Rosner,
(1988; K. S. Babuet al, Phys. Rev. D36, 878 (1987); V. Phys. Rev. Lett65, 2963(1990; G. Altarelli and R. Barbieri,
Barger and K. Whisnant, Int. J. Mod. Phys.3A879(1988; J. Phys. Lett. B253 161(1990; D. Kennedy and P. Langacker,
F. Gunionet al, ibid. 2, 118(1987; T. G. Rizzo, Phys. Lett. B Phys. Rev. Lett.65 2967 (1990; Phys. Rev. D44, 1591
206, 133(1988. (1991); I. Maksymyk, C. P. Burgess, and D. Londadhbid. 50,

[15] CTEQ Collaboration, H. L. Laét al, Phys. Rev. D65, 1280 529 (1994; C. P. Burgesset al, Phys. Lett. B326, 276
(1997. (1994,

[16] For an overview, see T. G. Rizzo Mew Directions for High [20] J. L. Hewett, T. G. Rizzo, and J. A. Robinson, Phys. Rev. D
Energy Physics: Snowmass 19%glited by D. G. Cassel, L. 33, 1476(1986; 34, 2176(1986; K. Dienes, Phys. Re[287,

Trindle Gennari, and R. H. SiemarSLAC, 1997, p. 864, 447 (1997).

[17] ;ncérefergnEce; t?erle(l.n. SeedallzsoHA.Sl._e|ke n RF?E: Rev. L tt[21] M. Davier, talk presented at the "83Recontres de Moriond:
- 2eorgl, £ =. JENkins, and £ 1. SImmons, Fhys. Rev. Letl Electroweak Interactions and Unified Theorielse Arces,

62, 2789(1989; Nucl. PhysB331, 541(1990; V. Barger and France 1998

T. G. Rizzo, Phys. Rev. @1, 946(1990; T. G. Rizzo, Int. J. ' )

Mod. Phys. A7, 91 (1992, [22] J. Erler, hep-ph/9803453.
[18] For a discussion, see C. Kolda and J. March-Russell, Phy4.23] P. K. Mohapatra, Mod. Phys. Lett. 8, 771(1993.

Rev. D55, 4252(1997); R. Hempfling, Phys. Lett. B51 206 [24] J. D. Anderson, M. H. Austern, and R. N. Cahn, Phys. Rev.

(1995, Lett. 69, 25 (1992; Phys. Rev. D46, 290(1992.

[19] M. Peskin and T. Takeuchi, Phys. Rev. L&§, 964 (1990:  [25] T. G. Rizzo, Phys. Rev. [B5, 5483(1997.

015020-13



