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ABSTRACT

We consider under what conditions any narrow neutral resonance, partic-
ularly the recently reported state £(2.2), could be a Higgs particle, either a
fundamental boson or a composite Technicolor state. A number of tests are
summarized including what is expected in T decay, b-quark decay, Z0 decays,
branching ratios and properties of £(2.2) decay, and production at hadron ma-

chines. Implications for the standard model, Technicolor, and Supersymmetry

" are discussed.
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1. Introduction

As is well known, the Higgs sector of the Standard Model! is not understood.
Fundamental or composite Higgs particles could exist at any mass; some new
physics must exist, but there need not be any light particles. (For recent reviews,
see Ref. 2.)

If physical Higgs particles exist, some of their properties are uniquely deter-
mined, and others have several alternatives. They must have spin zero, but they
can be scalar or pseudoscalar. In the simplest model, with a single Higgs doublet,
the Higgs must be a scalar and the Higgs-fermion coupling must be proportional
to the fermion mass since this coupling is the source of the mass term. Then the

decay of a Higgs to f f has a rate

Gpm?me (1 4m3)3/2
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giving I’ < 10eVformy ~1GeVandm 7 ~ 100 MeV. That is, for Higgs masses

NH> f])= (1)
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in the GeV range, the Higgs width will be far narrower than the resolution of
normal particle physics experiments.

Consequently, any newly discovered resonance whose width is narrower than
the experimental resolution should be considered as a possible candidate for a
Higgs, and should be studied in that context. Higgs physics is too important to
not take any possible instance seriously, even if it may not be a likely one. In this
paper we carry out that analysis for the recently reported? state £(2.2), whose
width is presently consistent with experimental resolution. Clearly every effort
should be made to detect a small width — with present experimental limitations
perhaps a width as small as 10 MeV could be detected. In addition, it is obvious

that the spin measurement is also very crucial.



The reported® data are the observation by the Mark HI collaboration of a
process ¥ — v+ £(2.2), £(2.2) - K*K~, KgKg, with m¢ = 2.22 £ 0.02 GeV,
I'¢ = 30 + 10 + 20 MeV, and

BR(Y — v+ )BR(§ > KYK™)=(80+20+16) X 107°. (2)

The above branching ratio already implies the £(2.2) cannot be the Higgs boson
of the Standard Model for a single Higgs doublet. If there is only one Higgs
doublet, the decay rate for ¢ — ~HO is computable?, giving

Iy —HY) _ Grmj (1 _ "‘1211) , (3)

Ty > ptp~) 42710 mi

This gives BR(¢) — vHY) ~ (3.1 + 0.5) X 10™° where the error arises from the
error in BR(Y — ptp~). Assuming the decay of an H 0 is dominantly to s3,
one expects the decay products to consist of KTK ™, KOKO, K*K* (for the
latter mode, we expect a factor of 3 enhancement for spin counting for each of
the two charge combinations and a factor of about 2/3 for phase space), so it is
conservative to take BR(H® — K*K~) < 1/6. Then for myg =2.2 GeV, we
find BR(y — YH®)BR(H® — K*K~) < (0.5 4 0.1) X 10~%. Comparing with
Eq. (2), one finds at least an order of magnitude discrepancy, though only at the
level of a few standard deviations.

An additional argument against a single HO interpretation is that £(2.2) is
considerably lighter than the minimum mass allowed by Linde-Weinberg bound®.
This bound is obtained by requiring that the spontaneously broken vacuum be
lower in energy as compared with the symmetric vacaum when one-loop radiative

effects are taken into account. If we define
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summing over the tree-level masses of all species of vector bosons V', Higgs bosons

H and fermions f (and v = 2'1/4G';1/2

~ 250 GeV), the Linde-Weinberg bound
states that in the one-Higgs doublet model my > 20C1/2, Assuming the vector

boson masses dominate Eq. (4), then my >7 GeV.[1]

Neither of the above arguments applies to approaches where two or more
Higgs doublets are present. Then the Linde-Weinberg bound applies to only one
of the scalar Higgs bosons, so only one of the several neutral states need be
heavier than 7 GeV. In addition, the expected branching ratios for V. — ~H 0
can be enhanced® by the squares of ratios of vacuum expectation values (vev)

which will be present because there is more than one Higgs to get a vev.

One can systematically examine models with two or more Higgs doublets
without asking about their origin 578 However, there is additional theoretical
motivation for studying such models. First, at least two Higgs doublets are
required in Supersymmetric theories. Second, the low energy spectrum of Tech-
nicolor has many features in common with that of a two-doublet model. One
can view Supersymmetry and Technicolor as two complimentary approaches to
incorporating their physics into the structure of gauge theories. The former has
fundamental scalars which are related to fermions by the supersymmetry; the
latter assumes new fundamental fermions rather than new bosons, and obtains

bosons as composites.

[Even in the one-Higgs doublet model, there is a way to evade the Linde-
Weinberg bound. Linde in fact argued (Ref. 5) that if we lived in a metastable
vacuum with lifetime greater than the age of the universe, the Higgs boson mass
could be as small as 0.26 GeV. However, it is hard to imagine a scenario for the
early universe which would result in us being in such a vacuum today. Note
that if there exists a very heary fermion so that C = 0 (see Eq. (4)), then the
Linde-Weinberg bound becomes irrelevant.



Therefore, let us examine how the £(2.2) could fit into an approach with (at
least) two Higgs doublets. In fact, we can conclude that if the £(2.2) is to be
interpreted as a Higgs boson, one needs an enhancement of the ratio of vacuum
expectation values which enters into the coupling to charmed quarks by a factor
slightly above 3. This would lead to a prediction for BR(¥ — YH?) of about a
factor of 10 larger than that given in Eq. (3), consistent with the £(2.2) rate.
This has several implications for b and T decays which we will explore below.
In arbitrary two-Higgs models or in Supersymmetric theories, such a ratio of
vev's can be quite natural. In Technicolor theories of the simplest sort there
is only one scale, but in more complicated versions the couplings to ordinary
fermions results from a mass matrix diagonalization which can introduce factors
that enhance or suppress couplings by the needed amounts. Thus on the basis
of the presently available information, £(2.2) is a viable candidate for a Higgs
particle in any approach beyond the Standard Model with a single doublet.

Most of our analysis, apart from specifics due to the observation of £(2.2)
decay into KgK g, applies very generally to any present or future candidate for

a Higgs particle in the mass range below about 10 GeV.

2. Decays of £(2.2)

If £(2.2) is a Higgs particle one can perform several tests, in addition to the

spin and width measurements mentioned above.

(a) Since the couplings should be proportional to masses, one expects

I'(¢— I‘+I‘_) ~ 1 ml2‘ (5)
Tror 3 mi’

The 1/3 is a color factor. Since the current quark mass m, ranges from about 150

MeV to about 300 MeV, one expects a branching ratio from about 4% to 16%.



Observation of a p*u~ signal would make the Higgs interpretation a rather likely
one. However, in complicated models (which contain many more parameters) it
is technically possible to construct couplings which are not strictly proportional
to masses, so the absence of a u* ™ signal does not rigorously exclude the Higgs

interpretation.

(b) If the couplings are proportional to masses, a number of modes should
be very small, such as ete™, 44, ui, dd. The last two show up as 7 or pp
modes, which should then not appear. A ¢¢ mode should appear with a ratio of
10-20% to K* K* (determined by the probability of getting an s3 or a dd out
of the vacuum and by the phase space suppression.) Also, an 1 mode should be

observable.

(¢) Information on spin and parity can be obtained by comparing KgKg
(which is observed® and requires JFC = 0t+ 2t+ . ) K+*K~ (which could
requiI—‘e spin > 2 if the decay distribution is not flat), K* K (which would require
odd parity), and K* K* (whose branching ratio should be somewhat greater than
K K due to spin counting). One can determine the parity of the K* K™ state by
comparing? the K* and K* polarizations, which tend to be perpendicular for the
pseudoscalar case and paralle] for the scalar case. This leads to a correlation for
the azimuthal angle between the two K* — Kr decay planes which can be easily
measured. It is entirely possible (see discussion below) that the Higgs particle is
not a definite parity state, so it is very important to look in K* K and K*K*
for signs of a parity mixture — such a signal would guarantee for a spin zero
particle that one is not seeing a strong decay, and would make £(2.2) a very

strong candidate for a Higgs particle.



3. Production of £(2.2)

There are several other ways a Higgs candidate with mass below 10 GeV

could be detected immediately or in the relatively near future.

(a) Most important is that in general the neutral flavor-changing decay b —
s+ HO is expected to have a large branching ratio. It has been calculated rather
generally in models with two Higgs doublets by Hall and Wise.10 The answer
depends on several things.lzl One is the ratio of vev’s discussed above, which we
denote by n; which is measured in the decay ¢ — ~HO. (We assume that this
ratio is the same for the t-quark coupling to HO as for the charm coupling to
HO, i.e. flavor independence.) If the £(2.2) is identified as the H?, then we can
take this ratio as known (i.e. 2 & 10). The answer also depends on m; and on
the mass of the charged Higgé which is always present when two or more Higgs
doublets exist. For a large range of parameters and 2 & 10, the branching ratio
for b — sHY is on the order of 50% (!), so one would expect a very large rate
for b — 3 strange particles, and a branching ratio of order 5% for b — sutpu~.
These numbers hold for typical m; 2 20 GeV, except that for a narrow region
where mp+ >~ 5my > myy a cancellation occurs and the rate can be considerably
suppressed. Thus, observation of §(2.2) in b decay would be strong evidence in
favor of a Higgs interpretation, while non-observation is evidence either against

the Higgs interpretation or possibly implies mp+/m; o~ 5. Recent datal! from

[2IIn the caleulations of Hall and Wise, the H? was taken to be the pseudoscalar.
However, the coupling of fermions to the scalar and pseudoscalar Higgs are not
very different (although extra parameters are involved, see Refs. 6, 7). Hence,
we have assumed that the rate for b — s+ scalar Higgs is similar to the results
of Ref. 10.



CLEO quotes an upper limit of BR(B — Xu*u™) < 0.3% (at 90% CL) which
makes the Higgs interpretation rather problematical.[?’]

b)If v — ~HO, so will Y(T',T") —» 4H®, with a branching ratio larger
by the increased value determined by Eq. (3) (with m,, replaced by m~y). This

gives, not counting the effect of the enhancement due to vev’s,
BR(YT — 7H%) ~ (2.1 £0.3) X 107% (6)

with similar results for T/, T//. Interestingly, the effect of the vev enhancement
for charm (a factor of 10 in BR if the £(2.2) is a Higgs boson) can lead to either
enhancement or suppression in T decay. In one class of models® one vev gives
mass to all quarks (the other Higgs doublet is decoupled from the quark sector).
Then, all f fH 0 couplings are enhanced by the same factor and one expects an

enhanced rate

BR(Y — ~£(2.2)) ~2 X 1073 Type I

Presumably either by § - K¥K~, KgKg, or u*p~ this should be observable.
However, in a second class of models’ one vev gives mass to up-type quarks (u)
and the other to down-type quarks (d). Then if the u@ HO coupling is propor-
tional to an enhancement factor of 5, the d d HO coupling is proportional to ™1

and one expects

BR(T — ~£(2.2)) >~ 2 X 107° Type II

Bl1¢ is interesting to note that in models with one Higgs doublet, the transition
b — s+ HO is in general substantially suppressed (see Ref. 12). One reason is
that the strength of the Higgs-fermion coupling is fixed (i.e. n = 1). However,
in both the one and two doublet models, this rate is proportional to m?. So, if
a light Higgs particle is found, the {-quark mass will be severely constrained.



which may difficult to observe.

Because of this situation, searching for £(2.2) in Y(T’,T'’) decay may not
be able to confirm or deny the Higgs interpretation. It will, however, clearly
distinguish between Type I and II models if the Higgs interpretation holds up. It
should be added that in models where the ratio of vev’s is different from unity
in order to give up-type and down-type quarks mass with similar couplings, one
expects the Higgs coupling to the heavier up-type quarks to be reduced (since
9rrF ~ m[v) which is just the opposite of the situation here. If the Higgs
interpretation for the £(2.2) were to hold up, it would be difficult to understand

how Type II models could be relevant.]

(c) There are two Z0-decays where a very light HO could show up in the next

- couple of years. First there is the well-known decay3 Z0 — ZOHO where one

looks at the missing mass opposite the outgoing (virtual) Z%. One can add up
all the observable modes of the virtual Z0 (ete™, u*pu~, possibly jet pairs) to
get a iarger rate.1 This may also be possible at a hadron collider by taking Z%’s
produced with no recoil gluon jet. For very light HD the rate is expected to be
nearly 10~2 of the total Z 0 cross section.1® Of course, the best check will occur

at SLC and LEP by observing ete~ — Z0H0 16

Second, if there are two or more neutral Higgs, as must occur with two or
more doublets, then the decay Z0 — H ?Hg is allowed and has a large branching
ratio.ll If HY is heavy its p*p~ branching ratio might be small, so ¢z or bb
(or even t?) could dominate. Then one would expect events with (say) a ptpu~

from H? opposite a heavy quark jet pair from Hg. The precise branching ratio®

mAssuming CP invariant couplings, Z0 — H?Hg implies that one of the neutral
Higgs in the final state is a scalar (07%) and the other is a pseudoscalar (0~ 7).



depends on the Higgs potential and the mixing parameters which determine the
mass eigenstates, but in the best case one can have I'(Z® — H)HY)/T(2° >

ptp~) 2 3 before phase space suppression.

(d) Regarding the CERN pp Collider, we have already mentioned above the
possibility of observing pp — Z°H® + X. Even more promising is the process
pp — WEHO + X which proceeds via W — W2 HO and occurs at a rate of
about 1% of the total W cross-section.!® The advantage of the latter is that the
W is produced at the pp Collider more copiously than the Z. It is interesting to
note that the £(2.2) is within a resonance width of the W or Z. This enhances
the production rate for a light Higgs because the virtual W or Z is very nearly

on-shell. Thus, it may be possible to find a light Higgs boson at the p p Collider.

(e) At the FNAL fixed target machine it will be possible to produce and detect
a light H?, and 2.2 GeV is a good place to look. Higgs bosons may be produced
by hard scattering of constituent quarks or gluons. In the case of ¢Gg — H 0
the cross sections are usually considered to be unobservable because of the small
g7 HO coupling proportional to a light (u or d) quark mass. This is likely to
remain true even if these couplings are enhanced by a ratio of vev’s. One does
better if the constituent process is s3 — HO. This process could be observable
in KN — puX where one of the strange quarks is a valence quark. In Ref. 6,
we showed that (for an experimental resolution of 10 MeV) the Higgs signal to
Drell-Yan background would be 0.3 52 where 5 is the enhancement factor for

the HOs3 coupling.[5] Hence, for 2 &~ 10 (as required if the £(2.2) is to be

[5iNote that in Type Il models, an enhanced HOc# coupling implies that the HOs3
coupling is suppressed so that this process would not be likely to uncover the
Higgs boson in these models.

10



interpreted as a Higgs boson), we find a possible signal-to-noise ratio of 3:1 for

finding a Higgs boson at 2 GeV.

One can also produce Higgs bosons by gluon-gluon fusion through an inter-
mediate quark loop as discussed in Ref. 17. The rate is proportional to Ng‘
(Nr = number of quark flavors). Again, the enhancement factor n? 2 10 helps
to increase the rate by a factor of 10 or 5 (for Type I and II models, respec-
tively). This leads to do/dy|y—o ~ 1 nb (at E;sp = 1 TeV) for a 2 GeV Higgs
boson. Folding in a 109 ¥ u~ branching ratio, the signal as compared with the
Drell-Yan background is marginal but perhaps not impossible to observe. Fur-
thermore, it might be possible to search for other exclusive modes of the Higgs,
for example in pp — KsKg+ X.

(f) Further study in 9 physics would of course be useful. One exotic possiblity
is to make use of LEAR, the high luminosity p p facility which operates in the 2
GeV region. There have been discussions of the possibility of operating LEAR
18 (

as a minicollider at the 1 mass.'® (The luminosity on the 1 with present tech-

2sec™1.) If the luminosity could

nology was estimated!® to be about 1029 cm™
be increased, such a machine would be very useful in studying rare ¢ decays.
For example, in Ref. 19, it is found that o(pp — ¢) =~ 5 ub which would im-
ply over ten £(2.2) — KK~ events produced per hour given a luminosity of

103! em—Zsec!.

4. Implications for Current Ideas

If any Higgs particles were found it would, of course, be of the greatest im-
portance for the development of particle physics. A very light Higgs with a mass

in the few GeV range would strongly constrain ideas since it does not arise natu-

11



rally in many approaches. As we discussed above, only approaches equivalent to
a model with more that a single Higgs doublet could give the required branching

ratio enhancement.

A priori, the Higgs masses are free parameters in almost all approaches. One
exception occurs in a model by Coleman and E. Weinberg?? who set the tree-level
Higgs mass to zero and generate spontaneous symmetry breaking by radiative
corrections. In the one-Higgs doublet model, the physical Higgs boson gains a
radiative mass equal to my = 2v(2C)1/ 2 (where C is given by Eq. (4)) which,
ignoring fermion masses, is about 10 GeV. In multi-Higgs models, among the
numerous physical Higgs bosons, there is one scalar Higgs which gains a mass
radiatively given by the same formula as above.?! It is amusing to note that if
a fermion ({-quark?) exists which is massive enough, then the value of C can be
reduced sufficiently so that my = 2.2 GeV! Thus, such a light Higgs boson mass

may not be incompatible with the Coleman-Weinberg mechanism.

Iﬂ supersymmetric theories at least two Higgs doublets are required to give
mass to up and down type quarks,22 so a Higgs interpretation for £(2.2) could
be accommodated. However, the ratio of vev's cannot be easily made to go in
the direction to enhance the charm coupling—it naturally goes the other way
(due to a heavy top quark).?3 In addition, in many models, the mass scale for
H?Y is myy rather than O(1 GeV) (note, however, the model of Kounnas et al.23
where a light Higgs boson in the 3-6 GeV range is predicted!). Consequently,
while supersymmetric theories technically could deal with £(2.2), they could not
do so without considerable manipulation, and none of the present approaches to

models are of the necessary form.

The situation in Technicolor approaches is subtle. [These are approaches?4

12



where the new fundamental physics is in new fermions, and the spin zero states
arise as composites which appear to be elementary on any scale below at least a
TeV.] Light neutral states are predicted25 around 2.2 GeV. All the light states
are pseudoscalars (these are the pseudo-Goldstone bosons of Technicolor which
we shall call “pseudos”), while £(2.2) decays to KgKg which has positive par-
ity. However, parity is not conserved in the transition from technifermions to
ordinary fermions, so perhaps an initial pseudo can decay to a positive parity
final state. One of us has recently analyzed this situation.26 The answer is that
a self-conjugate initial pseudo, @ 75Q, formed by a technifermion @, cannot
decay into an 3 s scalar fina] state (either by general arguments or by Fierz-
transforming a general parity-violating interaction) if CP is conserved. Thus no
simple Technicolor model could accommodate £(2.2) in spite of the mass value.
A more complicated model where the initial pseudo was not self-conjugate, e.g.
S ~sD, could give a scalar final state and accommodate £(2.2). It immediately
requires26, by analogy with K g — K system, another state of opposite CP quite
near in mass, which could appear in K* K. Such a model would have as fur-
ther consequences the appearance of several other neutral states (pseudos) on
the same scale of a few GeV, and of more charged states (“charged Higgs”) in
the 8-20 GeV range (essentially there would exist an SU(3) octet of light states).
The size of these masses could be constrained if one argues the 2.2 GeV state
is a Technicolor state since then one has an upper limit on a value for mass
contributions to the pseudos besides those from Standard Model interactions. In
summary, while interpreting £(2.2) as a Technicolor state is not easy or natural,
it is not excluded. However, if the Technicolor interpretation were correct, a

number of other related neutral and charged states nearby in mass must exist.

13



It is worth emphasizing that if the £(2.2) turns out to be the Higgs boson, it
would be possible to confirm or rule out the Technicolor approach. Technicolor
models cannot coexist with light scalar Higgs bosons (in the Technicolor scenario,
these particles lie in the range 100-1000 GeV). As argued above, the light pseudo’s
of Technicolor could exhibit scalar-like couplings to fermions but such models
have observable consequences. One definitive way to rule out Technicolor would
be to observe the decay Z0 — H?Hg which would imply the existence of at least

one light scalar Higgs which cannot be a pseudo.

Occasionally, one finds models involving elementary Higgs bosons in which
one of the Higgs particles is a pseudo-Goldstone boson. The prime example of

this is the axion — which occurs in models employing the Peccei-Quinn symmetry

~ to solve the strong CP problem.27 Axions are expected to be much lighter than

the £(2.2) although occasionally one finds models predicting an axion in the GeV

range.?® In any case (assuming CP-violating effects are small), the axion coupling

to fermions must be pseudoscalar. Therefore, the £(2.2) cannot be an axion.
Finally, other approaches to Higgs physics such as compactification®?® natu-

rally give Higgs masses of order myy rather than light Higgs, so the appearance

of a light particle would be a puzzle.

5. Comments

If any state can be interpreted as a Higgs particle it must have a number of
properties and satisfy a number of conditions; we have summarized those that
we are aware of in this letter. As we have hinted, even if £(2.2) has a narrow
width, spin zero, and a significant ptu~ decay, it will be difficult to sustain a

Higgs interpretation in the context of currently known extensions of the Standard

14



Model. The £(2.2) cannot be a Higgs scalar in the Standard Model with a single
doublet because of the large branching ratio in 1 decay, and perhaps because of
its light mass. If the £(2.2) is a Higgs scalar in a multi-Higgs model, then it is
surprising that it has not appeared in b-quark decays. However, the fact that
it is not accommodated easily in any present approach to physics beyond the
Standard Model may say more about the approaches than about the £(2.2). But
because of the great significance of Higgs physics, every effort should be made to

test whether £(2.2) or any other future candidate could be a Higgs particle.
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