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Abstract

nos in a superstring inspired SU(2) x U(1) x U'(1) gauge theories. If kinematically
allowed, the branching ratio can be as large as about sixteen percent. Subsequent
decays of these neutralino pairs give rise to multilepton events (four charged leptons

with high pr) which will be an interesting signal for supersymmetry.
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The standard SU(2) x U(1) gauge theory of the weak and electromagnetic in-
teractions [1-3] is in excellent agreement with the observed properties of the W and
the Z bosons, and with all the existing neutral current experiments. However, the
possibility that the symmetry group is larger, such as having an extra U(1) at the
100 GeV or higher energy scale, is not excluded by the available data. The possibil-
ity of the existence of such an extra U(1) is indicated by the recent developments in
the superstring theories. The mass scale, at which this extra U(1) is broken, is not
given by the theory. We shall assume that this extra U(1) remains unbroken all the
way down to the weak scale, and thus there is an extra gauge boson, Z;, with mass
of the order of the weak scale. Recently, a number of groups(4-13] have worked out
the phenomenological consequences of such an extra gauge boson on the neutral
current experiments, the W and Z masses, and its searches in collider experiments.
The typical bound on the Z; mass is that it can be as low as around 150 GeV. The
decays of Z, to the usual quarks and leptons have been widely discussed. In recent
works, it was shown that the decays Z; — 2, H[14-18,24], Z; — W*W ~[19-24] have
substantial branching ratios (typically a few percent}, and thus are very important
processes for observing the Higgs boson, and the W boson pairs respectively. In
this work, we consider another important decay mode, Z; — Z,-Ej, Z: being a weak
neutralino. This decay mode is a supersymmetric counterpart of the Z;, — Z\ H
mode, and thus expected to be a substantial branching fraction. The subsequent
decays of these neutralino pairs will give rise to four charged leptons with large pr in
the final state {along with the missing photinos). This will be an interesting signal
for supersymmetry. In the following, we shall diagonalize the 6x6 neutralino mass
matrix, and calculate the coupling constants for the interactions of the gauge boson
Z3 with the weak neutralinos. We then calculate the decay widths, and discuss the

four charged leptons signal from the subsequent decays of these neutralinos.

We start with the gauge group SU(2) x U(1) x U'(1). The gauge fields (cou-
plings) are A,;(g), B.(¢'/2) and C,(g") respectively. For the Higgs scalars, we take
two doublets, H, H and one singlet, N with the hyperchanges 1, -1, 0 respectively
with respect to the usual U(1), and Y, Y, Y respectively with respect to the extra

U'(1). We assume the vacuum expectation values of the Higgs flelds to be

<H>m%(3),<ﬂ>=—\}—i(i),<N>=~%X (1)
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In general, the neutral gauginos (;13,3,6') will mix with the neutral Higgsunos
(I}D, IA-;T 0, N ), and the weak neutralino mass matrix will be 6x6. Though our consid-
erations are valid for any extra U(1), for the calculation of the coupling constants
and the branching ratios, we shall use the extra U(1) that arises in the superstring
Eg theories. In Eg models, of current interest because of superstrings, there are two
extra gauge bosons, called Z, and Z,. Z, arise when Fg breaks down to an S0(10)
x U(1) and Z, arises when S0(10) breaks down to SU(5) x U(1). The lowest lying
“extra Z” is in general, an arbitrary mixture of Zy and Z,.

Z{a) = Zycosa+ Zysina (2)

where « is a mixing angle which specifies a model. The coupling constant, g" of
this extra U(1) group, corresponding to any Z(a) is

5 5 e
R D I
g—‘/; \/;cosﬂw (3)

The extra Z boscn, Z, that appears in the superstring Eg corresponds to o = 37.8°.

For this case, the value of the hypercharges of the Higgs fields are

-4 _ -1 5
Y= Y= —, ¥y = —+= 4
V15~ 2/15 " 215 (4)
We also choose that the Higgs superfields belong to the same 27-plet of Eg to which
the heaviest quarks and lepton generation belongs. H,H belong to the 10-plets
of S0(10), with the conventional Higgs quantum numbers, while IV is the S0(10)
singlet. We also assume that Higgs fields belonging to the lighter generations have

no VEV’s and hence do not contribute to the neutralino mass matrix. Then, the
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6x6 neutralino mass matrix, in the basis (f?, A3, C, Ho, Ho, N ) is

JV _ IV
((m1 O 0 ad =¥ o )
0 m 0 v LA 0

S T B S

Lo o VEX % % o

In (8), the mass terms with the gauge coupling constants (g,¢',¢") arises from
the usual supersymmetric interaction terms between the gauginos (ﬁ,é,é’), the
Higgsinos (H ,f_{ ,N) and the Higgs bosons (H,H,N). The mass terms with
comes from the trilinear interaction 3HHN. m;,m; and m' are the tree level soft
gaugino masses. Our mass matrix (6) agrees with that of ref. 5 with the appropriate
replacement (V,V,X) — ;}E(V,T-/,X),gl — \/g?g',gg — g".

The mass matrix (5) has six dimensional parameters, my,m,,m',V,V, X, and
has to be diagonalized numerically. However, since the supersymmetry is softly
broken at the W—-scale, we expect m,,mz,m' to be of order ~ my, and hence
(my,ma2,m',V,V) < X. Weshallset m; =my =m' =V =V = 0in (5) and
diagonalize it exactly. This will be a reasonable approximation for the case of

Mz; > my, and will give us the dominant 222,-2_,- couplings. In this limit, the
mass eigenvalues are

Ma =0, )04 = 0, Ao = 1/ 120" X (6)

We point out that A, ; = 0 is a result of our approximation, and will be of order V'
without that,

. ~ ~ A~

In this approximation, the current eigenstates (B, A3, C, Hq, Ho, N) in terms of
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the mass eigenstates (7, Zii=1-— 5) are

( B \{ cosé sinf O 0 0 o \{ ~ \
;13 —ginf cosf 0 0 0 0 21
C 0 o 0 0 7 Z;
ﬂ ()
. .
H, 0 0 715 s 0 0 Z
Ho 0 0 & -% 0o o z,
\ NV JL 0o 0 0 0 F -G )\%)

where § is an arbitrary angle in this approximation.

Now, we are ready to calculate the interactions between the Majorana weak
neutralinos and the neutral gauge bosons. The relevant interaction terms in terms

of the current eigenstates are
~ u 1 g' " -
L = HA% |9 ‘-“5 A3p+EBM+QYC,‘ H

= 1 ! - o
+ HA*Ys [9 (5) Azy — %‘Bn + g"YC“] H
-+ Kr Tuts [g"YNC.u] ﬁf . ( 8)

Using ¢'B — gAs = /g% + g2 Z, and ignoring the small Z-C mixing (so that Z =
Z,,C = Z,, Z,,Z; being the mass eigenstates), we obtain

1 .

e T [5\/92 + g% 7, + g"YZzu] H
1 _ I
7”75 [_51 /gz + g'gzl# + g"YZZH,] H

+ NY*6(¢"YaZau ) N (9)

w2l

L =

e

+

The interactions between the mass eigenstates neutralinos (7, 2,-,1' =1-5) and

the gauge boson Z; are obtained by substituting H,H and N in terms of 5;, Z; from
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eq. (7). Writing these as
L=3 9723 Z: 152 21, (10)
)

we find that only non-zero couplings are

1 i
Ot = 95,25, = 39" (Y + 7). (11)

We point out that the vanishing of all the other couplings is the result of our
approximation (m; =my =m' =V = V = 0). Without it, those couplings will be
of O(r) or 0(r?) where r = V/X. We emphasize that the couplings given by (11) are
as big as the usual gauge couplings. They are not suppressed by the small ratio, r.

We are now in a position to calculate the branching ratios for the process Z; —
Z,Z; using egs. (10)—(11). The decay widths are

o/ A (1, mi /M2, m2/02) (12)

where
A(1,5,C) =1+ 8+ ¢* — 2b~ 2¢ ~ 2bc (13)

Using egs. {3), (4) and (11), in the limit of M; > m;(m; = ma being the masses of
Z4, Z3), we obtain from eq. (12),

250¢.m

r (Zg — 2222) =T (Zz — 2323) = m

M, ~ 0.6x107°M, ( 14)
The decay width of Z; for decays to 3 familes of the usual quarks and leptons
(allowing decays to only 15 ordinary fermions) is given by (for the case of the
superstring Fg, « = 37.8°)

S5a.m

(2 — Y f]) = g M, = 6.3x10°M, (15)

" 8cos?ly
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From egs. (14) and (15), we see that the total branching ratio to weak neutralino
decays can be as large as 16%.

We mention that in order that the decays Z; — 2222, Z3Zs to be kinematically
allowed, we must have

X < %Mz (16)

The mass M, of the Z; boson in our approximation is

Mg o=~ -;—Q"YNX ( 17)

Using eqs. (3), (4), (16) and (17), the necessary condition on the trilinear coupling

parameter, 8 becomes
5 e

24 cos Ow

We consider (18) to be a rather weak condition on the parameter 3.

B < ~ 0.24e (18)

We now consider briefly the multilepton signal arising from the decays
Z,— 7.7 - (6657) + (867) ( 19)

where £ = ¢ or u. In electron—positron collider (such as LEP), we can sit at the Z;

resonance. The total cross—section at the Z; resonance is

4T Oty (0F + B2)
M,T,

gz, =0 (e"'e" — Z; — a.ll) = (20)

where T'; is the total width of Z;, and eas(efz) are the vector {axial vector) couplings
of the electron to Z;. For the case of the superstring F,

-1 -1
_ = —1 21
2~ 4cos Ow B 12 cos fw (21)
Using {21) and the value of T'; from (14) and (15), we obtain,
oz, =~ 10*pb for M, = 200 GeV ( 22)

The branching ratio, By for Z, — £+4~7 is ~ 0.11%2 =~ 0.22, counting both ¢ and u.
As shown before, the branching ratio, B; for Z; — :'3121 + Z,Z, is =~ 0.16. Thus,

the branching ratio,

B(Z:~ 2.2+ 17 — 67 + €4;7) = BBy ~ 1.7x107° (23)
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From (22) and (23), we obtain the four charged lepton signal (for M; = 200 GeV}),
o-B ~ Tipb ( 24)

For a luminosity of L = 1032ecm~?sec™!, (22) and (24) will give rise to about 1082,
and ~ 770 four charged leptons events per day. For M; = 1 TeV, 0z, ~ 460pb and
o+ B =~ 3.5pb.

In hadronic colliders, such as TEVATRON (PP, VS =2 TeV), we obtain, for
M, = 200 GeV, 0z,+x = 200ph,o - B = 1.5pb ~ 10 events/year.

In the SSC (PP,+/S = 40 TeV), with an annual luminosity, [ Ldt = 10%pb~1,
for M; = 200 GeV,

oz,+x = 10%pb, o - B ~ TTpb =~ 8x10° events/yr. ( 25)
For M; = 1 TeV,

02,+x = 50pb, o-B ~ 0.4 pb = 4x10° events/yr. ( 26)
while for M; = 2 TeV,

0z,0x = 2pb, 0+ B =~ 1.6x107%pb =~ 160 events/yr. (27)

There will be background to the four charged lepton signals given by (24)-(27),
coming from the top quark. In e*e~ collider, this will come from the decay Z; — tf,
and the subsequent semileptonic decays of ¢ and %.

tf~+(e;“+u1+£;+rzg+c)+(£;+r/3+£j;+u4+a) ( 28)

In hadronic colliders, there will be additional background coming from the direct
production of ¢f. Because of one more decay chain being involved, we expect the
final state charged leptons here to carry much less pr on the average. So, with

suitable pr cuts, it may be possible to eliminate most of the background events.

We note, in passing, that M; = 200 GeV corresponds to, using eq. (17), X =~
1500 GeV giving r = V/X =~ 0.12, whereas M; = 1 TeV corresponds to X ~ 8
TeV giving r ~ 0.02. So our diagonalization of the mass matrix (7) setting r = 0 is

reasonably justified for these values of M;.
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We conclude by stating our main results. We have calculated the branching ratio
for the decays of the extra neutral gauge boson, Z; into pairs of weak neutralinos.
The branching ratio can be as large as about 16%. The subsequent decays of these
neutralinos give rise to four charged leptons with high pr. The signal is significant
both at LEP and SSC and will be an interesting signature for supersymmetry.
Calculations of the branching ratios for Z; and Z; decays to the photinos and the
lighter neutralino (21) (which involves the diagonalization of the mass matrix to
order r = V/X), and also a detailed study of the four charged lepton signal and the
background in lepton and hadron colliders will be reported elsewhere{25)
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