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If low-energy supersymmetry is realized in nature, and if the appropriate supersymmetric
partner of the Higgs boson, B, has a mass mj, < my, then there is a decay chain Z — %h, followed
by Z —» hh, which can be a significant part of all Z decays, perhaps 0.1%-1%. Depending on what
is the lightest supersymmetric partner, the signature will be Z — h + missing momentum, perhaps
accompanied by one or two isolated hard y’s. Decays involving both the Higgs scalar h and the
pseudoscalar A are discussed, as well as ways to distinguish between them.

1. Introduction

Many particle physicists believe it is a real possibility that nature will become
supersymmetric on the weak scale, with super partners having masses in the 100
GeV range. The motivations for this view and its phenomenological consequences
have been widely studied [1,2]. In this note we point out that if nature indeed
behaves this way, then there is a new possibility to produce and detect a Higgs
boson. The relevant masses and rates are model dependent, but in a variety of
models they can give a Higgs boson signal considerably exceeding that of the
standard model.

In a supersymmetric theory the number of particles is doubled. In addition, weak
interaction eigenstates and mass eigenstates do not coincide. Consequently, there is
a considerable amount of new notation that has to be introduced to describe the
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situation without oversimplification. Our notation will be as mnemonic as possible,
but it is necessary to define a number of quantities in order to state the result
precisely.

2. Higgs bosons in the minimal supersymmetric model

Two complex Higgs doublets are necessary in a supersymmetric theory [3-6]: H;
coupled to down-quarks and leptons, and H, coupled to up-quarks. After the Higgs
mechanism gives mass to the W+ and Z° gauge bosons, five physical scalars
remain — two charged Higgs bosons H*, and three neutral Higgs bosons which we
call h, H, A. The first two are scalars, h the lighter and H the heavier, and the third
is a pseudoscalar. There are two vacuum expectation values, v, and v,, and we will
only need their ratio, in the form of an angle 8,

tan 8= v,/v,. (1)

The diagonalization of the Higgs weak eigenstates into mass eigenstates involves
another angle, «, which can be written
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Choosing a phase convention where v, and v, are real and positive, so 0 < 8 < 3,
we can choose — J7 < a < 0. Another way to relate these angles to the masses is [7]

Mmsomt)
=) (mi e mi=m) |

cos(B — a) = sign(v, — 02)( (

Although the masses are model dependent, normally my; > m,, m, <my, with m
typically being 10 GeV to within a factor of two. The masses which appear in eq. (3)
are tree-level masses, not including radiative corrections (which can be a large
contribution to m,). In the minimal supersymmetric model, the mass of A is given
by m2 = m2 + m% — m% and may be either heavier or lighter than the Z.

There is also mixing of the neutralino states [8]. The weak interaction eigenstates
are W,, B, A, i,. The mass matrix is complicated and normally must be diagonal-
ized numerically. However, for a certain choice of parameters, the diagonalization
may be carried out analytically to good approximation, resulting in the following
approximate mass eigenstates [9,10]:

§=W,sinfy, + Bcos by, (4a)

h=H;sin 8 + H,cos B, (4b)
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and

Z=1v,[ —(W,cos 8y, — Bsinfy, )sinp + (H,cos 8 — Hsin B)cos @],  (4c)

Z = (W,cos 8y, — Bsinfy, )cos ¢ + (F cos 8 — H,sin 8)sing. (4d)
These states are mass eigenstates in the limit where m, my < m,. In addition
) 2\1/2
mi,2=(ml+%m7) +3mg, (5)

tan2@ =2my/m;. (6)

The notation has been chosen here to remind the reader of the various sizes of
masses: h is light, m, <m, and m3 > m,. However, the notation can be mislead-
ing, since neither Z nor Z is precisely the supersymmetric partner of the Z.
Furthermore, h is in fact the supersymmetric partner of the pseudoscalar Higgs
boson, A. The phenomenological consequences of a supersymmetric theory depend
on what is the lightest supersymmetric particle (LSP). It can be either ¥, h, or #. For
our purposes all that is affected is the signature for the Higgs; we will discuss the
alternatives in context below.

We will generally guide our thinking by using numerical values that arise
commonly in models. We will assume v, = v,, though v, = 1v, is certainly reason-
able. We take m, < m , my. The pseudoscalar Higgs mass m, is unconstrained,
depending on other aspects of the Higgs potential; it can be heavier or lighter than
the Z. We assume m; << my, though ¥ could be heavier than h. Given these choices,
one should keep in mind that one approximately has:

—a=p=g=1in, ()
cos(B — &) = mim3 /iy (my — m3) . ®)

From eq. (8), cos?(8 — a) < 1 unless m% =~ m2.

3. Supersymmetric decays of Z’s and Z’s

In this section we give the decays rates in terms of the quantities defined above.
Since all are tree-level decays, the results follow simply from the Feynman rules,
which are given in refs. [9, 10].

(a) Z decays. The largest Z decay is Z — »#, which will be the dominant decay
whenever it is kinematically allowed. The rate, conveniently normalized to I'(Z° —
r¥) = 150 MeV for one neutrino family, is:

rGE—vs)  3m, o
TZow) - 4mzsm p(1—m2/m?)". 9)
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Other possible two-body decays are:

I'(z - Ah) B 2cos?2p8(1 - mi/’”%)z
I(z-77) (1-m3/m3)’

, (10)

I'(zZ - hh) B 2cos?(B - a)(1 - mﬁ/m%)2
T(z-v5) (1= m2/m2)’

(11)
If it is kinematically allowed, the most important three-body decay is:

T.

2. 5.2
a gym;sIn‘g (
3q

3 - qap) = —2 2 T (T, — ¢ sinthy) +esin®fy,| . 12
I'(z - qqg) 4877200520wmg eysin w) egsin w] (12)

If we sum eq. (12) over u, d, c, s, b, we get

L, (Z—q3E) 23e,(m, 4 1
r(z-vé) = (l—mf/mé)z-

(13)

mg

Comparing these, it is clear that Z — hh or Z - Ah can easily dominate if cos?28 or
cos?(B — @) are not too small. Although these factors vanish in the limit given by
eq. (7) deviations from this limit will lead to non-negligible results.

Finally, if the gluino is too heavy, we should consider Z — qQ¥x, where ¥ is either
a chargino or neutralino lighter than the Z. However, unless the two-body decays are
forbidden or very suppressed, these decay rates (which are proportional to the weak
coupling constant squared, g>) can be neglected.

(b) Z decays. In models with two Higgs doublets, the Z° can decay into two
neutral Higgs bosons. Bose symmetry forbids these two neutral Higgs bosons to be
identical. Thus, in the minimal supersymmetric model, the only possible decay is
Z° - hA. (If the Higgs sector conserves CP, then the two neutral bosons emitted in
the Z-decay must have opposite CP quantum numbers.) The decay rate into Higgs
boson is then:

I'(Z - hA)

Tz o) ~ 1905 (B= Ny, mi, m3)/m, (14)

where A(a, b, ¢)=(a+ b~ c)*— 4ab. The supersymmetric analogue of eq. (14) is:

I(z - hh)

-F(_Z—)—Vﬁ = 00822B . (15)
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Thus, hh can contribute at most as much as one extra neutrino. Since 8 = 45° in
many models, this may be a rather small rate; but as an example, for tan =2,
cos?2B = 0.36 giving about 1 of a neutrino family.
We now turn to supersymmetnc decays of the Z involving the Z. The only decay
which is likely to be kinematically accessible is Z — zh. Neglecting m;, we find:
I(z - 7h) 2 m2
Tz (1+ 2mz)' (16)

2
Z

2

=2 cos’p sin?2 (1 -
z

If my<my, and ¢ = f =45°, then

r(z-z) 3m?
I(Z-vs) 2m%’

17)
The Z will then decay as discussed above. It is convenient to express the full decay

chain in the following form:

I'(Z-hhX) TI(Z-z2h)
T(Z—>vw) TI(Z- )

I'(z - Xh)
X — = = .
I'(Z—-v#)+TI'(Z-qgg)+ I'(Z—- hh) + I'(Z > Ah)

(18)

where X =h or A. Which terms occur in the denominator of the second factor is
model dependent. If Z — »7 is kinematically allowed, it dominates and the other two
terms can be neglected. Then we get (neglecting my,):

I'(Z - hhX)

b i A 2 cin?
T(Z = 77) = 4Fcos“p sin“2f

2 . m3 . m% 2 ) m? -2 19
+ - -
2m? m? m? > (192)

where

19b
cos?28, X=A. (19b)

If Z—»7 is forbidden, then Z—hh or Ah has to be compared to Z— qgg,
assuming the gluino is light enough so that the latter decay occurs. Given the
current mass limits on gluinos (M; = 60 GeV) obtained from the analysis of UAL
missing energy events [11), we beheve it is reasonable to assume that Z — hh, or Ah
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dominate*, in which case:

Ly (20
2mi |’ )

z

r(z-thx) rz-# 2\2
( ) = ( ) =COSZ(pSiIl22ﬁ(1—— mz)
m

T(Z—>v9) 2I(Z-v?)

z V4

where the branching ratios are about equal to X = h, A. Note that eq. (20) is larger
than eq. (19a) by a factor of F, defined in eq. (19b). Using eq. (8), this implies that
BR(Z — hhh) is enhanced in this case by typically an order of magnitude, with no
falloff at small m, (as long as the condition mentioned in the footnote on this page
is satisfied).

The result from eq. (19) is shown in figs. 1 to 4 for a range of masses for h and A,
using the two models described in the appendix (which are variations of the model
given in ref. [9]). Note that the decay Z° — hhh dominates the usual h decay of Z°
for my, > 0.1 my, i.e. for essentially the entire region of interest at SLC /LEP, and is
about two orders of magnitude larger in rate for much of the range. The falloff of
the curves in figs. 1 and 3 at small m,, is due to the factor of m? in eq. (3), and the
falloff at large m, is due to the fact that sin28—0 as m,—>m,. If 27 is
kinematically forbidden, the result is perhaps an order of magnitude larger and does
not fall off at small m,, as shown by eq. (20). Similar remarks can be made for the
decay Z°— hbA. In this case, due to the absence of a tree-level ZZA vertex, this
may be the only way to produce the A at SLC/LEP at a detectable rate!

4. Signatures and comments

The signature(s) for finding the Higgs depend on what is the LSP, so we describe
them one at a time. First we consider the decays of h and A. To establish that h is a
Higgs boson, it is crucial to measure the decay to pairs of different fermion flavors
to verify that h couples proportionally to mass. Presumably the 7 mode will be the
second flavor seen, since separating ¢ and bb will be difficult. The branching ratios
depend on color, on mass, and on the Higgs sector:

gisin’a  m? 4m2\*?
Fh->1m)=——5—|1-—| my, (21)
32wcosPB myy, my,
3gicos’a m? 4m2\*?
I'th—-ct)= -———= - , 22
(h~cc) 327 sin’f m?, : e (22)

* This conclusion is valid only if cos?(8 — a) or cos?28 are not too small. Otherwise, as mentioned
earlier, the decay Z — qgX can become important, thereby making egs. (18) and (20) invalid. In this
discussion, we implicitly assume that the latter decay can be neglected.
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(A > c2) = 3&%% ;”; (1 - 4"; )l/zmA, (25)
I'(A-bb)= %ﬁ%b - ﬂ;’)l/zmA. (26)

If —a=p =}, then these ratios will be the usual standard model ones, but that
need not be the case. The mode cC can be suppressed or enhanced relative to 77 and
bb (e.g. for v, > v,, then cos?B < 1 implying suppressed ¢C production and en-
hanced 7 and bb production).

Note that there is a clean kinematical way to distinguish between a pseudoscalar
or scalar if a single Higgs is found, since

I'(h - 7)/I(h > bb) me (L= dmi/mi | 27
— - =
)/ 3mi\1—4ami/mi ’ (27)
while
- m? [ 1—4m2/m2\"?
I'(A - 77)/T(A > bb) = — i
(A - 7)/I'(A - bb) 3m§(1—4m§/mg (28)

These ratios differ by a factor of 1.65 for m, or my, = 14 GeV, a typical value from
models. Thus comparison of the leptonic and hadronic “down” modes will unam-
biguously tell us the parity of the Higgs*, with important implications for interpre-
tations. In practice, both h and A could occur in a superysmmetric world, so care
should be taken to allow for a double peaking. Then from the various branching
ratios and masses one can untangle all of the quantum numbers.

The signatures will vary depending on what is the LSP. If h or # is the LSP, h will
either escape or decay to $» which escape, so the signature is Z — h + missing

*If v, > v, this comparison is cleanest since all hadronic modes will be into “down-type” quarks.
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momentum, with h decaying as above. If the photino is the LSP*, then h — ¥, with
¥ escaping. The h — y¥ decay is a flat two-body decay, so the full event can have
Z — h + missing momentum + (0, 1, or 2) photons. Since good models exist with
any of the above as LSP, all these signatures should be examined experimentally. If
the photino is not the LSP, there are strong constraints from the non-observation of
the process ete™ — §¥ (via & exchange) followed by ¥ — yh. Such events, which
would be observed as e*e™ — yy + missing energy, have not been seen [12]. If one
assumes that the photino decays radiatively, it follows that m; > 100 GeV. Alterna-
tively, if the # were the LSP, the photino would decay via ¥ — #» and the above
constraints would not be relevant. We have checked that all the cases considered in
this paper are not in conflict with the experimental results of ref. [12].
Another amusing possibility arises from noting that if m, > 2m;, then:

2...2
= gyms . 1/2
M=) = gt sina(act (1= dml/mi) % (@9)
while
I'(A-755)=0. (30)

Then one can have (see eq. (14)) a large branching ratio for Z — hA, followed by h
decaying as in eq. (29) and thus disappearing, and A decaying normally, giving a
similar signature to our main one from a different source. For our canonical values
of —a = B the rate for h - 55 is suppressed, but in general it may not be. All the
decays we have been discussing have a one-sided or monojet signature, perhaps with
hard isolated y’s.

Finally, we briefly mention another possible way in which supersymmetric
particle decays can result in a Higgs boson in the final state. The idea is to find
processes which produce the Z (either real or virtual) with high probability, which
then can decay via Z — hh. We have already presented one such case, e.g. Z° — 7h
— hhh. Here is another example. Consider a model where h is the LSP and the
scalar electron (£) is the second lightest supersymmetric particle. In particular, we
demand that m; <mgy, m;. The deca~y &* - e*h is highly suppressed due to the
suppression factor m_,/my, in the e€h coupling. The dominant decay mode of &*
could be the three body decay into e * + Z (virtual); the latter then decays into hh.
Not only does &* —e*hh provide a new mechanism for producing the Higgs
boson; it also suggests a possible loophole in previously obtained experimental
bounds for the scalar-electron mass [13]. Other examples can be constructed along
similar lines.

* This case does not apply to the approximation (4) in which necessarily mg > 2mp,. When the LSP is a
neutralino it will in general have a nonvanishing component along ¥, but we will not consider the
general situation further in this paper.
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5. Concluding remarks

We have pointed out a way in which Higgs bosons would appear experimentally
if there is low-energy supersymmetry in nature. The branching ratio for Z — Higgs
could be as much as two orders of magnitude larger than the standard model one,
and the signatures are distinctive. It should also be kept in mind that if h is the LSP,
then it can happen that ¥ — yh; so supersymmetry can give rise to isolated photons
plus missing momentum at e*e~ or at hadron colliders.

Appendix

In this appendix we will briefly describe a phenomenological low-energy super-
gravity model which can produce a sizeable decay rate for Z° — hhh and Z° - hhA.
The model is a generalization of the one presented in ref. [14] where a general
supergravity lagrangian is used, which implies that not only the SU(3), SU(2) and
U(1) gaugino Majorana masses, but also the gauge coupling constants are not
universal at the grand unification scale.

In ref. [14] we showed that no supersymmetric Higgs mixing parameter p was
needed to radiatively break SU(2) x U(1) with a light top quark, m, <55 GeV,
provided that we do not artificially impose the condition of universality of gaugino
Majorana masses at M. Further, the minimal supersymmetric model predicts
sin’fy (my,) = 0.236 while the most recent measurements of my, by the UAl
Collaboration [15] give sin’fy (my)=(38.64/my,)?=0.216 in good agreement
with the world average sin?fy, = 0.215. It was observed in ref. [16] that the correct
value of sin?fy could indeed be obtained by relaxing the universality of gauge
coupling constants at M.

The present model is characterized by a non-trivial function f,4, such that
(fap) # 8,p, implying that the gauge coupling constants need to be rescaled and are
not equal at My. Furthermore, {df,5/3¢°) #0 leading to gaugino Majorana
masses given by ref. [17] (assuming canonical kinetic terms in the chiral sector)

b
Meap = %eG/ZG“*—aq)B ) (A1)

where G is the Kihler potential and ¢ are all scalar fields of the theory. Depending
on the particular choice of f,5, m,z( M) may be different for SU(3), SU(2) or U(1)
indices. Here we will assume that SU(5) is the grand unification group and use two
particular choices [16] of f,; depending on whether SU(5) is broken with the 24
Higgs =<,

£37=A4(¢")8,5+ B(9")d 5,57, (A2)
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or with the 75 Higgs (21
137 = 4(97) 8,5+ B(6") NN Zlet, (A3)

where 4 and B are invariant functions of scalar fields.
Using egs. (A.1)—(A.3), all GUT predictions can be written as functions of a real
parameter x. At one-loop one gets

My 2«

log=2~ = [a22(Q) - Ba5 ()],

“;I(Mx)"asl(Q)“'_[a {(Q) - Ba;(Q)],

sin’fy (Q) = Caem(Q)asl(Q)+—[1 Ba,,(Q)as'(Q)][Ch, - b,],

a(My) = ay(Mx)/x,
ax(My) = o My) /€, (A4)
where b, (i =1,2,3) are the renormalization group coefficients,
D(x)=b;B(x)—b,— 3b, (A5)
and B(x), C(x) depend on the mechanism chosen to break SU(5). One finds
B®(x) = 2(5x - 1),

B®(x)=4%(1+x), (A.6)
and

Co¥(x) = §(5x-2),

C9(x)=L(4—-x). (A7)

For the minimal model (b;=3, b,= —1, b, = —6.6) and using as boundary
conditions a.,(my)=1/12754 and a,(my)=0.12, we obtain from eqgs.
(A.4)~(A.7), and fixing sin8,(my ) = 0.215, the following predictions:

(i) For the 24-mechanism, eq. (A.2), x = 0.921 which corresponds to

My =155 %107 GeV,

a; (My)=2512, a7 (My)=21.82, of(My)=2314. (AS)
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(ii) For the 75-mechanism, eq. (A.3), x = 1.140 which corresponds to

a; (My) =2347,

My = 4.90 X 10" GeV,

a; \(My) =22.38,

a; {(My) = 26.76.

121

(A.9)

The ratio of gaugino Majorana masses at My can be given, from egs. (A.1)-(A.3)
as a function of a real variable A:

msy(My) _ m,(My) _ my(My)

>

1 A/C(x) p/x
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Fig. 1. Decay rate I'(Z° > hhh)/I'(Z° > p*p™) as a function of m,/m, for model I described in the
appendix (SU(5) broken with the 24 Higgs). The chosen supergravity parameters are: 4 =3, A =04,
£=1.8 and p = 2GeV. Typical values of slepton and squark masses are indicated on the lower horizontal
axis. The shadowed region to the right of the vertical line (H,; ) = 0 corresponds to values {sin28] > 1.
For comparison, the decay rate for the standard model process LI'(Z° — h»%) /T (Z° - p* 1), summed

over the three generations of neutrinos, is included.
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where
p®=1(2+3)), (A.11)

p™ =43\, (A.12)

We observe that the ratio given by eq. (A.10) is equal to one for x =A =1, which
provides the minimal gauge coupling. Hereafter we will consider x fixed by the
boundary conditions (eq. (A.8) or (A.9)) while A is a free parameter of the theory.

We will study two supergravity models: (i) Model 1, with boundary conditions
given by egs. (A.8) and (A.11), corresponding to the breaking of SU(5) with the 24
Higgs, eq. (A.2). (ii)) Model II, with boundary conditions given by egs. (A.9) and
(A.12), which assumes that SU(5) is broken with the 75 Higgs, eq. (A.3). For both
models we will assume, as in ref. [14] that p < m, (i.e. p =0 at tree level, but p#0
generated by 1-loop radiative corrections in the superheavy sector), so that it cannot
trigger the radiative breaking of SU(2) X U(1) if A=1 and m, <55 GeV. The

10
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Fig. 2. Decay rate I'(Z° - hhA)/I'(Z° — p* ™) as a function of m,/m z for model 1. The supergravity
parameters are as in fig. 1.
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Fig. 3. Decay rate I'(Z°® - hhh)/I'(Z° — u* p") as a function of my/my for model Il in the appendix

(SU(5) broken with the 75 Higgs). The supergravity parameters are: 4 =3, A=04, £ =3 and p = 2GeV.

Typical values of slepton and squark masses as well as the standard model prediction for the process
SI(Z° - hvs)/I(Z° — p* p) are included.

parameter A is considered as a free parameter and its value will reflect the structure
of the hidden sector of the theory. This hierarchy, p << m, translates into m; <
m,, m; so that the decay rates Z — zh, eq. (16), Z — Ah, eq. (10), and Z — hh, eq.
(11), are not suppressed by phase space.

The electroweak breaking proceeds as in ref. [14] and we refer the reader there for
details. The scalar-neutrino* squared mass gets a negative contribution from the
D-terms, and becomes m?2 = |cos28|u?. This means that the scalar-neutrino (actu-
ally 7.) usually becomes the lightest supersymmetric partner and the decay Z — »7 is
the dominant decay, as assumed to obtain the decay given in eq. (19). The
PEP/PETRA bounds [13] for scalar-lepton masses imply m;> (65-70) GeV and

* Here we neglect the bottom mass so that we do not make any discrimination among the three
generations.
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m; > (75-80) GeV, which means that the decay Z — qqg is kinematically suppressed
or, most often, forbidden. These bounds on my and m; are consistent with the
bounds obtained in ref. [11] based on recent UA1 data.

There are two light Higgs particles in the model: (i) A scalar Higgs boson h that
gets most of its mass from radiative corrections & la Coleman—Weinberg [18]:
mi & azm3 ,2- (1) A pseudoscalar A (the supersymmetric partner of h) whose
squared mass is proportional to pm; ,,. These masses cannot be very large since the
condition (H,) # 0 translates into the bound [14] m3 , < 3m3.

In figs. 1 and 2 we show the predictions of model I for the decay rates
I(Z° - hhh)/I'(Z° = p*p~) and I'(Z° - hhA)/I(Z° - p*p™). (In using eq. (19)
to obtain these curves, we have used I'(Z° » p* ") = 0.5I'(Z° - »7).) The parame-
ters of supergravity that we have chosen are: A(My) =3, B(My)=A(My)—-1=2,
A=04, {= My(My)/m;,,=1.8 and p=2 GeV. The parameters 4 and B are the
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75100150 200 225 mg (GeV)
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Fig. 4. Decay rate I'(Z° - hhA) /T(Z° —» p* ™) as a function of m, /m for model II. The supergrav-
ity parameters are as in fig. 3.
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usual soft-breaking parameters of supergravity and £ is the usual gluino to gravitino
mass ratio. In fig. 1 we compare with the prediction of the standard model for
YI'(Z° - hv#)/I'(Z° - p*p~), which is the main background to our proposed
supersymmetric source of Higgs bosons. Here, we sum over three generations of
massless neutrinos: this ratio is therefore about six times I'(Z° - hp*u~)/I'(Z° —>
p*u~) which was first computed by Bjorken [19]. (Note that Z° — Ap# does not
occur at tree level due to the absence of a ZZA coupling.) In figs. 3 and 4 the
corresponding predictions of model II are shown with the choice of supergravity
parameters: A(Myx)=3, A=04, {=3, and p =2 GeV. In all cases the decay rates
vanish when sin 28 — 0 which corresponds to the limit (H,) — 0 (i.e. m, — 0).
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