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Supersymmetric contributions to the decay of an extraZ boson

Tony Gherghetta,* Thomas A. Kaeding,† and Gordon L. Kane‡

Department of Physics, University of Michigan, Ann Arbor, Michigan 48109-1120
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We analyze in detail the supersymmetric contributions to the decay of an extraZ boson in effective rank 5
models, including the important effect of D terms on sfermion masses. The inclusion of supersymmetric decay
channels will reduce theZ8 branching ratio to standard model particles, resulting in lowerZ8 mass limits than
those often quoted. In particular, the supersymmetric parameter space motivated by the recent Fermilabeegg
event and other suggestive evidence results in a branching fractionB(Z8→e1e2).2 –4 %. The expected
cross sections and branching ratios could give a few events in the present data and we speculate on the
connection to the threee1e2 events observed at Fermilab with large dielectron invariant mass.
@S0556-2821~98!00907-2#

PACS number~s!: 12.60.Jv, 12.60.Cn, 14.80.Ly
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Low energy supersymmetry provides the most succes
solution to the naturalness problems which plague the s
dard model~SM!. This has led to an extensive study of th
experimental consequences of low energy supersymmet
the literature and the next generation of colliders will explo
a substantial fraction of the supersymmetric parameter sp
If superstring theory is assumed to be the underlying fun
mental theory at the Planck scale, then not only is it resp
sible for low energy supersymmetry, but the possibility e
ists that the SM gauge group may be larger at the TeV sc

The simplest possible extension of the SM gauge gr
suggested by a gauge group of larger rank involves the
troduction of one extra U~1! factor. This produces an extr
neutral gauge boson,Z8, in the particle spectrum. The low
energy phenomenology ofZ8 bosons has been extensive
discussed in the literature~see@1# and references therein!.
Recently, particularly strong motivation for having theZ8
mass below a TeV has been emphasized by Cveticˇ and Lan-
gacker @2#. However, most analyses ofZ8 physics do not
discuss supersymmetric contributions in detail. In this wo
we will examine the supersymmetric decay channels of
Z8 boson, including decays to neutralinos, charginos and
persymmetric Higgs bosons which are normally neglect
Our analysis will also include D-term corrections to the s
lar masses which can have appreciable effects and are
not normally included.

In the breakdown of extended gauge groups such as6
there can be at most 2 additional gauge bosons in the
energy spectrum. However, for simplicity we will consid
an effective rank 5 low energy theory with only one ad
tional gauge boson associated with an extra U~1! and param-
etrized by Z8(u)5Zccosu2Zxsinu, where u is a mixing
angle and~i! Zc occurs when E6→SO(10)3U(1)c , ~ii ! Zx

occurs when SO~10!→SU(5)3U(1)x . The orthogonal com-
bination toZ8(u) is assumed to have a mass at the interm
diate or Planck scale. When E6 breaks directly to a rank 5
group @SM 3U(1)h# as in superstring inspired models v
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Wilson line breaking, the extraZ boson is denoted
Zh[A5/8 Zc2A3/8 Zx . We will also consider the mode
with u5h2p/2 which will be referred to asZI . This model
occurs when E6 breaks down to SU~6!3SU(2)I and is or-
thogonal to theh model.

The matter superfields will be assumed to reside in
fundamental27 of E6, which consists of the left hande
fields 275(Q,uc,ec,L,dc,nc,H,Dc,Hc,D,Sc)L . The U~1!
charge assignments can be found in@1# and the genera
U(1)8 charge of a field F will be denoted Q8(F)
[Qc(F)cosu2Qx(F)sinu.

In general, breaking the U~1! 8 gauge symmetry with
Higgs field vacuum expectation values~VEVs! contributes to
sfermion masses via U~1! 8 D terms in the scalar potentia
@3#. Depending on the number of Higgs fields which are us
to spontaneously break the gauge symmetry, the contribu
to the scalar mass squared term has the form

Dm̃ a
25g82Qa8(

i
Qi8^f i&

2, ~1!

where the sum is over all Higgs fields which obtain VEVs.
the pure rank 5 orh model the U~1! 8 symmetry is broken
using only one SM U~1! 8 singlet. However, in the effective
rank 5 models which are parametrized by the angleu, there
are also orthogonal D terms which come from breaking
extra U~1! 9 at an intermediate or Planck scale. Since the
orthogonal D terms can raise the sparticle mass spectru
energy scales much greater than a TeV, we will assume
their contribution is negligible. This can be achieved by u
ing a mirrorlike pair of U(1)9 charged SM singlets with
charges of opposite sign to ensure D9 flatness. This amounts
to assuming degeneracy of the mirrorlike Higgs soft mas
at some high energy scale. Thus in the effective rank 5 m
els the D-term contribution to the scalar masses@assuming
again that U~1! 8 is broken by one SM singlet# becomes

Dm̃ a
25

g82

2
~Q18v1

21Q28v2
21Q38v3

2!Q8~a!, ~2!

where the neutral scalar components ofH,Hc and Sc have
VEVs ^f i

0&5v i /A2 wherei 51,2,3 respectively.
3178 © 1998 The American Physical Society
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While we can treat the VEVsv i as phenomenologica
parameters it is also interesting to examine the conseque
for effective rank 5 models if we assume that a radiat
mechanism is responsible for breaking the U~1! 8 gauge sym-
metry. This is similar to the analysis done by Cveticˇ and
Langacker@2# where it was shown that it is possible
achieve anMZ8 /MZ hierarchy for general string models
without excessive fine-tuning providedMZ8&1 TeV ~see
also@4#!. We will consider the case of grand unification wi
effective rank 5 models parametrized byZ8(u). If the radia-
tive breaking of U~1! 8 is due to one SM singlet and th
superpotential contains a termW5lF1F2F3, then at low
energies we will assume that the scalar potential for the n
tral Higgs bosons has the form

V5m1
2uf1

0u22m2
2uf2

0u22m3
2uf3

0u21~lAlf1
0f2

0f3
01H.c.!

1l2~ uf1
0u2uf2

0u21uf1
0u2uf3

0u21uf2
0u2uf3

0u2!

1 1
8 gW

2 ~ uf1
0u22uf2

0u2!21 1
2 g82~Q18uf1

0u21Q28uf2
0u2

1Q38uf3
0u2!2 ~3!

wherem1 ,m2 ,m3 are the soft supersymmetric Higgs bos
masses andAl is a soft trilinear parameter. Given thatv2
5v1tanb, the minimum of the potential~3! occurs at

v1
2.

8

gW
2 ~12tan2b!2F2m1

21m2
2tan2b2

~Q181Q28tan2b!

Q38
m3

2G
~4!

v3
2.

2m3
2

g82Q38
2

2
~Q181Q28tan2b!

Q38
v1

2 , ~5!

where we have neglected the corrections from the poten
terms involvingl. The matrix elements of theZ-Z8 mass
mixing matrix become

MZ
2.2

~11tan2b!

~12tan2b!2F2m1
21m2

2tan2b2
~Q181Q28tan2b!

Q38
m3

2G
~6!

M2.24
g8

gW

~Q182Q28tan2b!

~12tan2b!2 F2m1
21m2

2tan2b

2
~Q181Q28tan2b!

Q38
m3

2G ~7!

MZ8
2 .2m3

218
g82

gW
2

1

~12tan2b!2FQ18
2S 12

Q38

Q18
D

1Q28
2S 12

Q38

Q28
D tan2bGF2m1

21m2
2tan2b

2
~Q181Q28tan2b!

Q38
m3

2G . ~8!

If tanb50 and m1
2,0, then the above expressions agr

with those in@2#. In order to achieve a reasonable hierarc
betweenMZ andMZ8 for negligibleZ-Z8 mixing f we must
es
e

u-

ial

e
y

havev1
2!m3

2. If minima exist form1
2,0 in Eq.~3!, then this

can only occur when the charge combinationQ181Q28tan2b
has the same relative sign asQ38 . If tanb*1, this will hap-
pen when2p/2<u&2p/3. For example, an exact numer
cal determination of the minimum atu521.161 for the pa-
rameters tanb51.5,m15m25100 GeV,m35500 GeV,Al

51 TeV andl50.02 yields an acceptableZ-Z8 hierarchy
with MZ8.700 GeV andf520.0057. At values ofu
*2p/3 an extreme fine-tuning of the soft breaking para
eters is needed for a radiative mechanism to work. Howe
if m1

2.0 in the potential~3!, then we do not necessarily nee
the charge combinationQ181Q28tan2b to have the same rela
tive sign asQ38 . In this case no fine-tuning of the soft pa
rameters is needed asv1

2 can be made small by cancellatio
of the positive terms against2m1

2 for all values ofu. Par-
ticular scenarios for achieving these various symme
breaking potentials at low energies requires a comp
renormalization group analysis.

The decay modes of theZ8 include decays to fermions
sfermions and Higgs bosons. The expressions for th
modes appear in@1#, but need to be generalized for arbitra
Z8(u) and nontrivial phase space factors. Because of sp
limitations here, the complete expressions appear in@5#.

In the gaugino sector there will be two extra neutralinos
addition to the four found in the minimal supersymmet
standard model~MSSM!. The expression for theZ8 decay
width into neutralinos in this more general context can
found in @6#. However, since theZ8 boson and the single

TABLE I. Branching fractions of all possibleZ8 decay channels
in a supersymmetric framework for variousZ8 models.

Z8 decay channel ZI Zc Zh

e1e2 0.0391 0.0280 0.0171
m1m2 0.0391 0.0280 0.0171
t1t2 0.0391 0.0280 0.0171

n ē ne
0.0782 0.0280 0.0890

nm̄ nm
0.0782 0.0280 0.0890

nt̄ nt
0.0782 0.0280 0.0890

ū u 0.0000 0.0839 0.0820

c̄ c 0.0000 0.0839 0.0820

t̄ t 0.0000 0.0553 0.0540

d̄ d 0.1174 0.0839 0.0513

s̄ s 0.1174 0.0839 0.0513

b̄ b 0.1174 0.0839 0.0513

( ũ i* ũ j
0.0000 0.0000 0.0000

( d̃ i* d̃ j
0.1746 0.0000 0.0000

( ẽi* ẽ j
0.0000 0.0000 0.0000

( ñ i* ñ i
0.0000 0.0000 0.1280

H1H2 0.0048 0.0021 0.0003
(P0Hi

0 0.0110 0.0038 0.0010
W6H7 0.0018 0.0102 0.0039
(ZHi

0 0.0075 0.0500 0.0206
W1W2 0.0028 0.0062 0.0155

(C̃i C̃j
0.0182 0.0759 0.0329

(Ñi Ñj
0.0753 0.2090 0.1077
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Higgs Sc supermultiplets are electromagnetically neutr
they do not contribute any extra particles to the charg
spectrum. TheZ8 can of course couple to the charge
Higgsinos which leads to the chargino Lagrangian

L5
1

2
g8 (

i , j 51

2

C̃̄ig
m~v i j 1ai j g5!C̃jZm8 ~9!

whereC̃i are the chargino mass eigenstates and

v115Q18sin2f22Q28sin2f1 , ~10!

a115Q18sin2f21Q28sin2f1 , ~11!

v125v215Q18sinf2cosf22dQ28sinf1cosf1 , ~12!

a125a215Q18sinf2cosf21dQ28sinf1cosf1 , ~13!

v225Q18cos2f22Q28cos2f1 , ~14!

a22 5Q18cos2f21Q28cos2f1 . ~15!

In Eqs.~10!–~15!, f6 are the angles of the unitary transfo
mation matrices used to diagonalize the chargino mass
trix @7# and d5n1n2, where n15sgn(mC̃

1
6) and n2

5sgn(mC̃
2
6). TheZ8 decay rate into chargino pairs is calc

lated from the Lagrangian~9! to be

G~Z8→C̃i C̃j !5
g82

48p
MZ8F ~v i j

2 1ai j
2 !S 12

~mi
21mj

2!

2MZ8
2

2
~mi

22mj
2!2

2MZ8
4 D 13~v i j

2 2ai j
2 !

mimj

MZ8
2 G

3AS 12
~mi1mj !

2

MZ8
2 D S 12

~mi2mj !
2

MZ8
2 D .

~16!

At the p̄p Tevatron collider theZ8 production mechanism
is due to the Drell-Yan process. Direct limits onp̄p→Z8
→e1e2 at the Tevatron can place a lower bound on theZ8
mass depending on the value of the branching ratioB(Z8
→e1e2) @8#. In order to estimate thee1e2 branching ratio
in a supersymmetric framework, all possible decay chann
~such as decays to sparticles! need to be included. While
there are many unknown parameters in the supersymm
standard model it is possible to constrain parameters by
quiring consistency with other indirect studies of supersy
metric parameter space. For example, in the recent su
symmetric interpretation of the eegg event, the
supersymmetric parametersm,tanb,M1 and M2 are con-
strained@9#. The parameter ranges of these variables will
turn constrain the neutralino and chargino mass spectrum

In Table I we list the branching fraction of all possibleZ8
decay channels in variousZ(u) models for the following
choice of supersymmetric parameters:

tanb51.5, m5250 GeV

M1580 GeV, M25100 GeV, M 85300 GeV
,
o

a-

ls

ric
e-
-

er-

m̃5500 GeV, A5500 GeV

where we have assumed common scalar massm̃ and A
terms. In addition we also fix theZ8 mass to beMZ8.700
GeV, which sets the scale for all the kinematically allow
decays.

In Fig. 1 we show the squark and slepton masses inc
ing the D-term contributions. The general effect of the
term contributions is to make the squarks and sleptons he
since the scale of the D terms is set byMZ8 ~or v3). How-
ever, in Fig. 1 there are special values of the mixing para
eteru where the D-term contributions cancel and the squ
and slepton masses become light. These are the only p
that could be consistent with squarks and sleptons that wo
have appeared already at Fermilab@10#. Such sensitivities
are very encouraging from the point of view of extractin
information about new physics from limited data. Beyo
these values the squared masses become negative an
signals the onset of charge and color breaking minima
may be possible that radiative corrections can stabilize
vacuum but an analysis of these corrections is beyond
scope of this paper. When theZ8 mixing parameteru ap-
proaches6p/2 the squark and slepton masses become
acceptably large. This is because the D-term contribution
the scalar masses fromv3 @Eq. ~2!# is Dm̃ a

2}MZ8
2 /Q38 and

whenQ38→0 we haveDm̃ a
2→6`. Thus, in effective rank 5

models with a U~1! 8 symmetry breaking potential of th
form ~3! one can excludex-like models~or regions nearu
.6p/2) because the squark and slepton masses bec
large and negative, leading to charge and color break
minima ~where we have neglected radiative corrections!.

As far as determining a lowerZ8 mass bound from col-
lider experiments, the main consequence of accurately
cluding all supersymmetric decay channels is that
branching fraction into leptons and quarks is reduced. T

FIG. 1. The squark and slepton masses squared as a functio
the Z8 mixing parameteru. Mixing is only important for the top

squarks and the solid line in the up squark plot representst̃ 1,2.
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lowers theZ8 mass bound from that normally quoted in th
literature. Thee1e2 branching fraction from Table I is in the
range 2–4 %, where typically in non-supersymmetric mod
one obtains 3–6 %@11#. If we use the direct limit from a
recent combined analysis of Collider Detector at Fermi
~CDF! and D0 data@s3B(Z8→e1e2)<0.28 pb# @8#, then
for the branching fractions listed in Table I we obtainMZ8
*360,370,360 GeV forZI ,Zc andZh respectively.

The importance of various decay channels can be de
mined from how the branching fractions in Table I vary as
function of theZ8 mixing parameteru. This dependence is
shown in Fig. 2 form̃5500 and 1000 GeV. We have ex
cluded the regions corresponding to negative squark
slepton masses which are nearu56p/2. As the soft mass
parameterm̃ becomes larger the charge and color break
regions shrink. Near the excluded regions~which correspond
to Zh andZI for m̃5500 GeV! theZ8 branching fractions to
squark and sleptons are maximized because their masse
come light enough to be kinematically allowed. Asu→0 the
D-term corrections make the squarks and sleptons kinem
cally inaccessible. A significant neutralino and chargi

FIG. 2. TheZ8 decay branching fractions as a function of t
mixing parameteru for a representative set of supersymmetric p
rameters as defined in the text. The lower figure hasm̃51 TeV.
;
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branching fraction occurs in models which arec-like ~or u
.0). Specifically, decays to the lightest neutralino can be
large as 10% and this would contribute greatly to theZ8
invisible width. Asu→6p/2 the branching fraction to neu
tralino and chargino pairs gets smaller while the neutr
branching fraction becomes larger. Decays to Higgs bos
become non-negligible foru&0. One should also note tha
the branching fraction to leptons and quarks remains fa
constant. In particular the branching fraction to light quar
~u,c,d,s,b! is at most 0.45. Thus for light quarkss3B(Z8

→ q̄q).0.25 pb where we have assumedmZ8.700 GeV.
This is too small to be observable in the inclusive jet cro
section. Note that the branching fraction to up quarks v
ishes forZI-type models. This is a consequence of the f
that the up-quarkZ8 coupling becomes zero.

It is also amusing to note that both CDF@12# and D0@13#
report events with dielectron invariant mass*500 GeV and
CDF also has a second event with invariant mass.350
GeV. If one assumes that these high energy events are d
the decay of aZ8 boson, then given our range ofB(Z8
→e1e2), this would correspond to a Z8 mass
mZ8.600–700 GeV.~Note that in more general supersym
metric models there may be other dilepton sources bey
those considered here.! One would also expect these even
to be backward, i.e. cosu*,0 whereu* is the angle of the

outgoinge2 with respect to the quark in theq q̄ center of
mass frame@11,14#. A very large asymmetry is expected fo
ZI-type models. It is tantalizing that the two events repor
by CDF with invariant masses of 350 GeV and 504 G
have cosu* values of20.14 and20.27 respectively@12#. If
we require that the probability of observing two backwa
events be at least 1/e, then one would needAFB&20.2. The
measurement ofAFB will provide an interesting test forZ8
models at future colliders.
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