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Supersymmetric contributions to the decay of an extraZ boson
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We analyze in detail the supersymmetric contributions to the decay of anZktoaon in effective rank 5
models, including the important effect of D terms on sfermion masses. The inclusion of supersymmetric decay
channels will reduce th2’" branching ratio to standard model particles, resulting in lafemass limits than
those often quoted. In particular, the supersymmetric parameter space motivated by the recent Eegmilab
event and other suggestive evidence results in a branching fraB(idh—e* e )=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 three*e™ events observed at Fermilab with large dielectron invariant mass.
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PACS numbsdss): 12.60.Jv, 12.60.Cn, 14.80.Ly

Low energy supersymmetry provides the most successfulVilson line breaking, the extraZ boson is denoted
solution to the naturalness problems which plague the starznz\/%zdl— \/%zx_ We will also consider the model
dard model(SM). This has led to an extensive study of the with = 7— /2 which will be referred to a&, . This model
experimental consequences of low energy supersymmetry isccurs when g breaks down to S(6)x SU(2), and is or-
the literature and the next generation of colliders will explorethogonal to then model.

a substantial fraction of the supersymmetric parameter space. The matter superfields will be assumed to reside in the
If superstring theory is assumed to be the underlying fundafundamental27 of E4, which consists of the left handed
mental theory at the Planck scale, then not only is it responfelds 27=(Q,uc, e L,d% v H,DH"D,S), . The U1
sible for low energy supersymmetry, but the possibility ex-charge assignments can be found[l and the general
ists that the SM gauge group may be larger at the TeV scalej(1)’ charge of a field® will be denoted Q’(d)

The simplest possible extension of the SM gauge group= Q(P)coss—Q (P)sing.
suggested by a gauge group of larger rank involves the in- |n general, breaking the @)’ gauge symmetry with
troduction of one extra (1) factor. This produces an extra Higgs field vacuum expectation valusEVs) contributes to
neutral gauge bosorr’, in the particle spectrum. The low sfermion masses via (@)’ D terms in the scalar potential
energy phenomenology &’ bosons has been extensively [3]. Depending on the number of Higgs fields which are used
discussed in the literaturesee[1] and references thergin  to spontaneously break the gauge symmetry, the contribution

Recently, particularly strong motivation for having e to the scalar mass squared term has the form
mass below a TeV has been emphasized by CwstitLan-

gacker[2]. However, most analyses @’ physics do not ~5 o, ,
discuss supersymmetric contributions in detail. In this work Amz=g 2Qa§i: Qi (i) @
we will examine the supersymmetric decay channels of the
Z' boson, including decays to neutralinos, charginos and suvhere the sum is over all Higgs fields which obtain VEVs. In
persymmetric Higgs bosons which are normally neglectedthe pure rank 5 o model the Y1)’ symmetry is broken
Our analysis will also include D-term corrections to the sca-using only one SM (1)’ singlet. However, in the effective
lar masses which can have appreciable effects and are algank 5 models which are parametrized by the ar@jléhere
not normally included. are also orthogonal D terms which come from breaking the
In the breakdown of extended gauge groups such @s Eextra U1)” at an intermediate or Planck scale. Since these
there can be at most 2 additional gauge bosons in the lowrthogonal D terms can raise the sparticle mass spectrum to
energy spectrum. However, for simplicity we will consider energy scales much greater than a TeV, we will assume that
an effective rank 5 low energy theory with only one addi- their contribution is negligible. This can be achieved by us-
tional gauge boson associated with an exttd)@dnd param- ing a mirrorlike pair of U(1} charged SM singlets with
etrized by Z'(6)=2Z,cos9—Z,sing, where ¢ is a mixing  charges of opposite sign to ensuré flatness. This amounts
angle andi) Z,, occurs when E—SO(10)xU(1),, (i) Z,  to assuming degeneracy of the mirrorlike Higgs soft masses
occurs when SQ0)— SU(5)x U(1), . The orthogonal com- at some high energy scale. Thus in the effective rank 5 mod-
bination toZ’ () is assumed to have a mass at the intermeels the D-term contribution to the scalar masgassuming
diate or Planck scale. Whengbbreaks directly to a rank 5 again that W1)' is broken by one SM singlgbecomes
group[SM XU(1),] as in superstring inspired models via

_ 912
AMZ==-(Qui+Qw3+QwiQ' (@), (2
*Email address: tgher@umich.edu
"Email address: kaeding@feynman.physics.Isa.umich.edu where the neutral scalar componentskhiH® and S° have
*Email address: gkane@umich.edu VEVs (¢?)=v;/\/2 wherei=1,2,3 respectively.
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While we can treat the VEV®; as phenomenological
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TABLE I. Branching fractions of all possiblg’ decay channels

parameters it is also interesting to examine the consequenc#sa supersymmetric framework for variods models.

for effective rank 5 models if we assume that a radiative

mechanism is responsible for breaking th@)JJ gauge sym-
metry. This is similar to the analysis done by Cvetiod

Langacker[2] where it was shown that it is possible to
achieve anMz, /M5 hierarchy for general string models,

without excessive fine-tuning provideld ,, <1 TeV (see

also[4]). We will consider the case of grand unification with “e e

effective rank 5 models parametrized BY( ). If the radia-

tive breaking of Y1)’ is due to one SM singlet and the v, v,

superpotential contains a terdi=\®,P,P,, then at low

energies we will assume that the scalar potential for the neys

tral Higgs bosons has the form
V=mg| $7|>—m3| ¢3|? — m3| 31>+ (A, pLb5 3+ H.c)
+N2(| 917 317+ | 62121 3] >+ [ B31% 6317)
+5 901 91269192+ 3 9" 2(Q1| 21+ Q3 31
+Qj3/ 43?2 (3

wherem; ,m,,m; are the soft supersymmetric Higgs boson =7},

masses and\, is a soft trilinear parameter. Given thaj
=p,tanB, the minimum of the potentigl3) occurs at

- 8 e, (QtQartB)
Ul_—g\z,\,(l—tanzﬂ)z m{+ mstarf 8 o m;
(4)

2m3  (Q)+QitartB)
gy @ ©

Z' decay channel Z Z, z,
* 0.0391 0.0280 0.0171
o 0.0391 0.0280 0.0171
* 0.0391 0.0280 0.0171
0.0782 0.0280 0.0890
v, v, 0.0782 0.0280 0.0890
0.0782 0.0280 0.0890
uu 0.0000 0.0839 0.0820
0.0000 0.0839 0.0820
Tt 0.0000 0.0553 0.0540
dd 0.1174 0.0839 0.0513
ss 0.1174 0.0839 0.0513
bb 0.1174 0.0839 0.0513
SUF, 0.0000 0.0000 0.0000
S, 0.1746 0.0000 0.0000
S 0.0000 0.0000 0.0000
0.0000 0.0000 0.1280
HH™ 0.0048 0.0021 0.0003
SPoH? 0.0110 0.0038 0.0010
WEHT 0.0018 0.0102 0.0039
SZH? 0.0075 0.0500 0.0206
wWrw- 0.0028 0.0062 0.0155
s 0.0182 0.0759 0.0329
DINAN 0.0753 0.2090 0.1077

havev<m3. If minima exist form?<0 in Eq.(3), then this

where we have neglected the corrections from the potentigian only occur when the charge combinati@f+ Qxtar? 3

terms involving\. The matrix elements of th&-Z' mass
mixing matrix become

(1+tarfB) (Q;+ QitartB)
M%zz(lT ?,8)2 - mf—i— m%tanz,B— %m%
(6)

9’ (Q—QutarfB) ,
AMZ2 _4EV W[ — m1+ mztanZ,B

?
(Qﬁgzta B) 4 @)
3
g/2 1 ) Q3
M2, =2m3+ 8= e tar?ﬂ){ 2(1 Ql)
’ Q’ 2 2
+Q52 1—Q—2)tanz,8 [—mﬁmztanzﬁ
3
(Q1+(ézta B) me| ®
3

has the same relative sign @ . If tang=1, this will hap-

pen when— 7/2< §< — 7/3. For example, an exact humeri-
cal determination of the minimum &= —1.161 for the pa-
rameters ta@=1.5m;=m,=100 GeVm;=500 GeVA,

=1 TeV andA=0.02 yields an acceptabl&-Z’ hierarchy
with Mz, =700 GeV and¢=—0.0057. At values ofd

= — 7r/3 an extreme fine-tuning of the soft breaking param-
eters is needed for a radiative mechanism to work. However,
if m§>0 in the potentia(3), then we do not necessarily need
the charge combinatio; + Qtar?3 to have the same rela-
tive sign asQj. In this case no fine-tuning of the soft pa-
rameters is needed ag can be made small by cancellation
of the positive terms against mf for all values ofé. Par-
ticular scenarios for achieving these various symmetry
breaking potentials at low energies requires a complete
renormalization group analysis.

The decay modes of th2’ include decays to fermions,
sfermions and Higgs bosons. The expressions for these
modes appear ifl], but need to be generalized for arbitrary
Z'(6) and nontrivial phase space factors. Because of space
limitations here, the complete expressions appedfjn

In the gaugino sector there will be two extra neutralinos in
addition to the four found in the minimal supersymmetric

If tanB=0 and m§<0, then the above expressions agreestandard mode{(MSSM). The expression for th&' decay
with those in[2]. In order to achieve a reasonable hierarchywidth into neutralinos in this more general context can be

betweenM ; andM, for negligibleZ-Z’ mixing ¢ we must

found in [6]. However, since th&’ boson and the singlet
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Higgs S° supermultiplets are electromagnetically neutral,

they do not contribute any extra particles to the chargino -
spectrum. TheZ’' can of course couple to the charged ]
Higgsinos which leads to the chargino Lagrangian ¥
1 ’ : = = >
L= 59 ijE_:l iv“(vij+ai;vs)CiZ, 9)
0T £
whereC; are the chargino mass eigenstates and i;'
v11=Q1sif¢_—Qjsife. (10
a;;=Qjsif¢_+Qjsife., (11 Eﬁ
- ’ . NE’U
v12=01=Q;SiNg_cosp_— 5Q,sing  cosp . , (12
a1,=a;=Q;Sing_cosp_ + 5Q,sing , cosp (13 <
g
v22=Q1C0SP_—QycoSe. , (14 ¥
ay =QiC0S¢_+Qyc0S ¢, . ) ) ) .

In Egs.(10)—(15), ¢ are the angles of the unitary transfor-
mation matrices used to diagonalize the chargino mass mase
trix [7] and &6=nin,, where n1=sgn(m51t) and n,
=sgn(m52r). TheZ' decay rate into chargino pairs is calcu-

FIG. 1. The squark and slepton masses squared as a function of
Z' mixing parameterd. Mixing is only important for the top

squarks and the solid line in the up squark plot represEpgs

lated from the Lagrangia(®) to be m=500 GeV, A=500 GeV
;== Q7 2, 2 (m+mf) where we have assumed common scalar nrasand A
T2’ =CiC) =g, Mz (v”+a”)( ! 2M2, terms. In addition we also fix thB’ mass to beM, =700
z GeV, which sets the scale for all the kinematically allowed
(miZ_m]?)Z ., mm, decays.
| T3vij—ajj)—3 In Fig. 1 we show the squark and slepton masses includ-
2Mz, Mz ing the D-term contributions. The general effect of the D-
> > term contributions is to make the squarks and sleptons heavy
% \/ 1- (mi+m) 1— (mi—m) since the scale of the D terms is set layy, (or v3). How-
M; Mé, ' ever, in Fig. 1 there are special values of the mixing param-

eter  where the D-term contributions cancel and the squark
(16) and slepton masses become light. These are the only points
— . , . . that could be consistent with squarks and sleptons that would
Atthe pp Tevatron collider th&” production mghanlsm have appeared already at FermilgtD]. Such sensitivities
is due to the Drell-Yan process. Direct limits p—Z’  are very encouraging from the point of view of extracting
—e'e” at the Tevatron can place a lower bound onZHe  information about new physics from limited data. Beyond
mass depending on the value of the branching rB{Z@’  these values the squared masses become negative and this
—e’e") [8]. In order to estimate the"e™ branching ratio  signals the onset of charge and color breaking minima. It
in a supersymmetric framework, all possible decay channelfhay be possible that radiative corrections can stabilize the
(such as decays to sparticleseed to be included. While vacuum but an analysis of these corrections is beyond the
there are many unknown parameters in the supersymmetriscope of this paper. When th# mixing parameterd ap-
standard model it is possible to constrain parameters by rgyroaches* 7/2 the squark and slepton masses become un-
quiring consistency with other indirect studies of supersym-acceptably large. This is because the D-term contribution to

metric parameter space. For example, in the recent SUPEfie scalar masses from, [Eq. (2)] is AﬁiocM;/Qé and

symmetric interpretation of theeeyy event, the , ~5 . :
supersymmetric parameteys,tan3,M, and M, are con- whenQ;—0 we haveAm;— . Thus, in effective rank 5

strained[9]. The parameter ranges of these variables will inmodels with a W1)" symmetry breaking potential of the
turn constrain the neutralino and chargino mass spectrum. form (3) one can excludg-like models(or regions nea®

In Table | we list the branching fraction of all possitleé ~ == 7/2) because the squark and slepton masses become
decay channels in varioug(6) models for the following 'arge and negative, leading to charge and color breaking
choice of supersymmetric parameters: minima (where we have neglected radiative correctjons

As far as determining a lowe£’ mass bound from col-
tanB=1.5, u=-50 GeV lider experiments, the main consequence of accurately in-

cluding all supersymmetric decay channels is that the
M;=80 GeV, M,=100 GeV, M’'=300 GeV branching fraction into leptons and quarks is reduced. This
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branching fraction occurs in models which apdike (or 6
=0). Specifically, decays to the lightest neutralino can be as
large as 10% and this would contribute greatly to #ie
invisible width. As 89— = #/2 the branching fraction to neu-
W =7A, 255 tralino and chargino pairs gets smaller while the neutrino
. v branching fraction becomes larger. Decays to Higgs bosons
e " m”_vx,,.,,,} become non-negligible foé<0. One should also note that
the branching fraction to leptons and quarks remains fairly
constant. In particular the branching fraction to light quarks
(u,c,d,s,b is at most 0.45. Thus for light quarksxB(Z’

—qQq)=0.25 pb where we have assumeg, =700 GeV.
This is too small to be observable in the inclusive jet cross
section. Note that the branching fraction to up quarks van-
ishes forZ,-type models. This is a consequence of the fact

- el e . ven w ~ that the up-quarlZ’ coupling becomes zero.

It is also amusing to note that both CIDE2] and DO[13]

FIG. 2. Thez’ decay branching fractions as a function of the report events with dielectron invariant mas$00 GeV and
mixing parameter for a representative set of supersymmetric pa-CcpDFE also has a second event with invariant mas350
rameters as defined in the text. The lower figure fnasl TeV. GeV. If one assumes that these high energy events are due to

lowers theZ’ mass bound from that normally quoted in the the decay of aZ" boson, then given our range &(Z’
literature. Thee*e~ branching fraction from Table I isinthe —e'e”), this would correspond to aZ’ mass
range 2—4 %, where typically in non-supersymmetric modelgnz:=600-700 GeV(Note that in more general supersym-
one obtains 3—6 %11]. If we use the direct limit from a metric models there may be other dilepton sources beyond
recent combined analysis of Collider Detector at Fermilakthose considered hejeOne would also expect these events
(CDF) and DO datd 0 XB(Z'—e*e~)<0.28 pl [8], then to be backward, i.e. c&#<0 whered* is the angle of the
for the branching fractions listed in Table | we obtdity,  outgoinge™ with respect to the quark in theq center of
=360,370,360 GeV foz,,Z, andZ,, respectively. mass fram¢11,14. A very large asymmetry is expected for
_The importance of various decay channels can be detey e models. It is tantalizing that the two events reported
mmeq from how’the.b.ranchmg fractions in Table | vary as aby CDF with invariant masses of 350 GeV and 504 GeV
func'uon_ of FheZ mixing paramete®. This dependence is have co#* values of—0.14 and—0.27 respectively12]. If
shown in Fig. 2 form=500 and 1000 GeV. We have ex- \ye require that the probability of observing two backward
cluded the regions corresponding to negative squark angd ents be at leastd,/then one would need z<—0.2. The
slepton masses which are ne&r = 7/2. As the soft mass measurement oArg will provide an interesting test foz’
parametem becomes larger the charge and color breakingnodels at future colliders.
regions shrink. Near the excluded regigmich correspond We would like to thank S. Ambrosanio, H. Frisch, G.
to Z, andz, for m=500 Ge\J theZ’ branching fractions to  Kribs, G. Mahlon, and S. Martin for useful conversations.
squark and sleptons are maximized because their masses fe6G. and G.K. were supported by the U.S. Department of
come light enough to be kinematically allowed. As-0 the  Energy at the University of Michigan. T.K. thanks the De-
D-term corrections make the squarks and sleptons kinematpartment of Physics at the University of Michigan for its
cally inaccessible. A significant neutralino and charginohospitality during the completion of this work.

Branching Fraction

-2 -n3 1 -n/6

3
A
£

=

Branching Fraction

[1] J. L. Hewett and T. G. Rizzo, Phys. Rei83 193 (1989. [8] F. Abe etal, Phys. Rev. D51, 949 (1995; M. Pillai,
[2] M. Cvetic and P. Langacker, Phys. Rev. 3, 3570(1996; hep-ex/9608013.
Mod. Phys. Lett. All, 1247(1996. [9] S. Ambrosanio, G. Kane, G. Kribs, S. Martin, and S. Mrenna,
[3] M. Drees, Phys. Lett. B81, 279(1986; Y. Kawamura and M. Phys. Rev. Lett.76, 3498 (1996; Phys. Rev. D55, 1372
Tanaka, Prog. Theor. Phy81, 949 (1994); H. C. Cheng and (1997.
L. J. Hall, Phys. Rev. [»1, 5289(1995; C. Kolda and S. P.  [10] See for exampl¢9]; G. L. Kane and S. Mrenna, Phys. Rev.
Martin, ibid. 53, 3871(1996; J. D. Lykken, hep-ph/9610218; Lett. 77, 3502(1996; M. Barnett and L. Halljbid. 77, 3506
E. Ma, hep-ph/9612470. (1996.
[4] D. Suematsu and Y. Yamagishi, Int. J. Mod. Physl@ 4521  [11] V. Bargeret al, Phys. Rev. 85, 2893(1987.
(1995. [12] F. Abeet al, Phys. Rev. Lett77, 2616(1996.
[5] T. Gherghetta, T. A. Kaeding, and G. Kane, hep-ph/9701343[13] DO Collaboration, C. E. Gerber, “Search for Heavy Neutral
[6] S. Nandi, Phys. Lett. B97, 144(1987). Gauge Bosons at DO,” FERMILAB-CONF-96-389-EF.

[7] H. Haber and G. Kane, Phys. Refl7, 75 (1985. [14] J. L. Rosner, Phys. Rev. b4, 1078(1996.



