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HIGGS HUNTING
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ABSTRACT

The phenomenology of the Higgs boson in the standard SU(2) x u(l)
electroweak model is reviewed. We compare signatures and cross
sections for various Higgs production mechanisms: (i) toponium radi-
ative decay (5 -*• H°y); (ii) gluon gluon fusion (gg •*• H°),- (iii) Comp-
tcn-like process (gc -» H°c) and (iv) bremsstrahlungs at Z° resonance.
It is argued that new detection techniques for heavy particle identi-
fication could be helpful in triggering the rare Higgs signals from
the backgrounds.

I. BASICS OF THE HIGGS BOSON

In the picture of unified electroweak gauge theory1, the vacuum
acts as a medium carrying weak isospin and weak hypercharge. This is
achieved in the minimal SU(2) x U(l) standard model through the non-
vanishing vacuum expectation value of an elementary scalar doublet
* = (<|)+,$0) with <•> =• (0,v/i/2) . The vacuum expectation value v is
related to the weak coupling G_ by

v = (vTGp)"1 = 246 GeV . (1)

The gauge f i e l d W- and Z° become massive as they propagate in
t h i s non-tr iv ia l vacuum. They a l s o develop longitudinal modes, W£ and
z£, by absorbing 4>± and the imaginary part of <Jr through the Higgs
mechanism

(2)
•2

Only one physical Higgs field H° i s lef t over from the real part of

To establish such a scenerio, i t i s a high priority task to
search for the surviving trademark: the Higgs boson H°. The couplings
of H° to other particles are simply given by their masses. Consider
the Higgs-fermion coupliny:

*This work was supported in part by the U.S. Department of Energy
under Contract No. DE-AC02-76CH0Q016.



where the coefficient of the bilinear term is identified as the mass.
Correspondingly, the couplings of H° to gauge fields are:

(D*)+ (D*) •+ W+W~(v + H 0 ) 2 + •••

^ W V H 0 = "w W+W"(1 + - 2 H ° / v + H°H°/v2) , (4)
and also :

= \ M| Z2(l + 2H°/v + H°H°/v2) . (5)

We list various Feynman amplitudes below with a combinatorial
factor 2 already given to the ZZH° vertex:

vertex ; ffH° W+W~H° ZZH°

amplitude; m /v Zf&'v 2M2/v

We learn that the Higgs boson prefers to couple to the fermions and
gauge bosons with an intrinsic strength proportional to their masses.
The couplings2'3 involving photons (yy •*""*" H") or gluons (gg •*-*• H°)
are non-zero only in higher orders in a or as.

All couplings of the Higgs boson are known in the standard
SU(2) x u(l) electroweak model. By contrast, the mass mg of the Higgs
boson is an unknown parameter. The value of m^ can fall into a range1*
from 300 MeV to 1 TeV without endangering the theory or contradicting
present experimental limits. There is an interesting possibility that
mg is generated from radiative corrections through the Coleman-Wein-
berg mechanism5 which predicts that

m| = (3/8)a2v2[2csc'*9w + c o t
1 ^ - Odt^/mjj)1* + O(a)]. (6)

Thus, for the present value of the Weinberg angle sine = 0.2, Eq. (6)
gives

in = 10 GeV. (7)
H

For this value of mjj, the physics in the high energy e e and hadron
collider is exciting. We will stress this possibility.

II. HIGGS DECAYS

Figure 1 illustrates the updated branching fractions2 of the
Higgs boson into the following different channels:

tt, bb, cc, ss, gg, w and YY •

The magnitudes are arranged approximately in decending order
starting from the channel which i s kinematically available.
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The conventional methods to identifying a new state by tagging
the decay products uy, YY or ee fail in the search for the Higgs boson
because of their tiny branching fractrons. Instead, the preferential
modes for H° decay are TT, CC, bb or t t . These final products travel
a short distance before subsequently decaying and leave a pair of
narrow gaps, (or kinks) which, i f observable in the future well de-
signed detectors, could serve as an excellent identifier for the Higgs
particle.

I I I . PRODUCTION OF TS3Z HIGGS BOSON

(i) Toponium £ radiat ive decay (Wilzcek mechanism3)

The decay rate for X, •*• H°Y can be calculated i n the non-re la t iv -
i s t i c approximation,

. . .



The branching fraction T(Z •*• H°Y)/r(C •*• all) is estimated to be about
1% for m? = 40 GeV and mj| = 10 GeV. In the e+e" collider, with /s
at the toponium resonance, the monochromatic energy of the emitted
photon provides a unique signature for Higgs hunting if the toponium
is present. In the hadron collider, the photon has a high transverse
momentum, but is no longer monochromatic. The event rate is esti-
mated to be

o(pp + H°Y) = 0.5 pb (9)

for fs - 540 GeV, m^ = 40 GeV and mjj = 10 GeV. Comparable backgrounds
from ordinary prompt photon production easily cover up the signal
unless the Higgs boson_can be identified through the decay gaps (or
kinks) from H° •+• bb, cc or TT. Even then, it is still a difficult
task as probably only 10 events would be recorded with an integrated
luminosity of 20 x 10 3 6 cm"2.

(ii) Gluon gluon fusion6

The vertex gg •+• H° is induced through the heavy quark loop in the
Feynman diagrams in the lowest order in ag. The suppression of a| in
the cross section is compensated for by the rich gluon content in the
incident hadrons. In contrast, the cross section due to quark anti-
quark fusion is much less because of the small current quark masses.
In our calculations, we use a scaling gluon distribution of form

xG(x) = 3(1 - x ) 5 (10)

for the proton. The gluon gluon fusion gives a sizable cross section
among all other Higgs production mechanisms. For n̂ j = 10 GeV, gluon
gluon fusion cross sections are listed below:

/s"(GeV) 540 800 2000 (11)

a(p {p^ H°X) (pb) 40 70 100 .

The only way to identify this process is through the detection of the
heavy leptons or heavy quarks from the Higgs decays. Unfortunately,
even if such a detection technique is achieved, the Higgs signal in
the cc mode is completely masked by a large background from the sub-
process qq •*• cc and gg -*• cc and the H •* TT signal is below the
qq -+ y* •*• TT background. Figure 2 illustrates the pp or pp fusion
cross section for Higgs boson production [via gg ••*• H° •* cc or TT with
B(H -*• cc) = B(H -*• TT) =0.5 , and backgrounds due to qq •+ y* •*• TT and
gg -*• cc, qq •+• cc for an invariant mass resolution of 1 GeV.
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( i i i ) Coinpton-like process7

This is an ignored process that may be used in the search for
Higgs bosons in hadronic collisions: Conpton scattering gc •*• He
of gluons in one nuclon from charmed quarks in the other nucleon.
This suggestion is prompted by recent interpretations8"10 of dif-
fractive A* production11 in terms of charm quarks in the nucleon. With
a charm distribution that accounts for A* data, we estimate a pp + HX
cross section of order 10~36 cm2. One longitudinal scaling distribution
of the Higgs bosons produced by the Compton process is characteris-
tically diffractive, in contrast to the central production of the Higgs
boson in gluon gluon fusion. Although this mechanism has a rather low
yield, the signature is dramatic and identification of a Higgs boson
should be possible with just a few events. The signal is a fast c
(or c) spectator quark, fast cc or TT decay products of the Higgs
boson, and a relatively slow interacting c (or c) quark. The back-
ground from the electromagnetic pair production process is well below
the signal. The charm or T particles can be identified with detectors
that can resolve decay gaps or by detection of charm jets.

The cross section for the Compton scattering subprocess gc -+- He
is given by

da .
— (gc
dt

He)
12*^"(s-m2)2

c

2{u + m| - ra2) (s + m2 - ra2)

(s-m2) (u-m2)

2mc(2m
2-t)(m2-t)2

(s-m2)2 (u-m2)2

cL(s*m2)2 (u-m2):
(12)



where s, t, u are the Mandelstam variables of the subprocess. The
background to the gc -*• He process i s due to gc •+ Y*C with the virtual
photon converting to a TT or cc pair. Denoting_the invariant mass of
this pair by y, the cross section for the gc •*• TXC electromagnetic
subprocess i s given by

da

dydt

+

80 a 2

s
81y(s -m 2 ) 2

c

2(y 2 + 2m2)

/ 2m'\ / 4m* \ t s-nr u-m'1

V 2 / \ 9 / 1 9 * 9 »

^ y z / \ M ' \ mz-u mz-s
> c c

L c\S-m2 u-«2 /
(13)

In our calculations, we use a charm distributuion of the form

xc(x) = 0.03x(l - x.) , (14)

based on the description of the diffractive 1\+ data given in Ref. 9.
We also examine an alternate choice for c(x) based on a symmetric SU(4)
sea at Q2 = mg for the light-quark sea distribution of Ref. 12. In our
calculations we take ̂  = 10 GeV.

Figure_3 shows the Higgs cross section versus /s from the Compton
process in pp or pp interactions. 2ie Higgs cross section is of order
1 picobarn for the diffractive charm distribution of Eq. (14). With
the SU(4) symmetric charm sea the cross section is more than an order
of magnitude higher at large V&.
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The Higgs decry branching fractions into TT, CC, and ss for
me = 1.5 GeV and m = 0.3 GeV are expected to be approximately 30%,
63% and 3%. The background due to gc •*• Y*c with y* "*" TT is also shown
in Fig. 3 for an experimental TT mass resolution of 1 GeV. The Higgs
signal is well above this TT background. The background in the cccc
channel would be due to the higher order QCD process gc •*• g*c with
g* •* cc. Also note that when the Higgs decay products are detected
through kinks (or gaps), the TT signal is cleaner, since no frag-
mentation is involved.

The differential distributions in pp scattering at vs = 43 GeV
with respect to the longitudinal scaling variable x L = 2pL/v7 are
shown in Fig. 4 for the Compton mechanism. The xj, distributions of
the Higgs boson and the spectator charm quark are both diffractive
in character. In this mechanism the Higgs boson is produced with
mean p T of about 2 GeV.
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At present energies (.^3 = 30 ^ 6 0 GeV) observation of a few of
these cccc or CCTT events from Higgs production should be poss ible i n
dedicated experiments with streamer chamber, rapid cyc l ing mini-bubble
chamber, or microvertex detectors . In a 1000 hours experiment, a
mini-bubble chamber taking 107 p a r t i c l e s per second could reach a sen-
s i t i v i t y l eve l of 10~2 pb assuming 100% detection e f f i c i e n c y .

(iv) BREMSSTRAHLUNGS AT Z RESONANCES (Z •* Hff)

The Higgs boson can e i ther be radiated from the Z boson l i n e 1 3 ,
(Z-bremsstrahlung), or from the heavy fermion line1 1*, (f-bremsstrah-
lung) , a t the Z resonance. The t o t a l r a t e 1 5 for Higgs production
followed by H •* cc or TT decay.



r(2 -» H; H •*• cc.TT)

H Z -• y+y")
3% (15)

This substantial rate results from the fact that the cross section is
dominated by Higgs from Z-bremsstrahlung, and is therefore inclusive
in the type of fermion f. In 53% of. these events the fermions from
the decay of the virtual Z are long-lived (s, b, c, t or T) . There-
fore15 about half of the Higgs production events contain four long-
lived particles, two having invariant mass m^. These events have no
significant competing background and have a spectacular signature.
A few of them are sufficient to establish the Higgs signal when some
heavy particle trigger is employed in the experiment. At the SLAC
linear collider it should be possible to trigger on c and T by observ-
ing their decay path. It is larger than the size of the interaction
region, which is of the order of several microns.

The total branching fraction Z •*• Hff relative :o Z •+• y y is
shown in Fig. 5 as a function of the Higgs mass for each fermion type
f, based on m = 2 0 GeV and sin29 = 0.23.

m H (GeV)
Fig. 5



The results are summarized in the table below for my = 10 GeV.
We include all contributions from the diagrams of Z-br ems strahlung
and f-bremsstrahlung. The latter and the interference contributions
are significant only for the t-quark.

fermion f
r(Z -» Hff)
H Z •* yp)

v

e or v

T

U

d or s

b

t

3 x (2 x 3.O"3)

2 x (1 x 1G~3)

10-3

3.4 x 10"3

2 x {4.4 x io~3)

3.4 x 10*3

4.7 x 10"3

3.9 x io~3

Total 3.3 x 10"2 (total)

We conclude with some comments. Jie small size of the beams of
e"V" colliders, especially the SLAC linear collider, makes triggering
on particles with lifetimes of order 10" 1 2 sec relatively easier.
Moreover, over 50% of the Higgs events contain four long-lived par-
ticles. This trigger deserves consideration in view of the fact that
the alternative15 of establishing a 10 GeV missing mass by triggering
on Z -•• y y is not an easy task. The rate is over an order of mag-
nitude smaller than the one proposed in this paper and the require-
ments on the accuracy of the rouon momenta lead to severe constraints
on the magnet. It should be finally pointed out that the process

Hvv provides a possible alternative method for neutrino counting.e+e~

IV. CONCLUSION

Developments of new techniques for heavy particle (TT, CC, bb or
tt) identification are urgently needed in the search for the Higgs
boson. We point out that Higgs bosons that are produced are usually
associated with additional heavy fennion pairs, both in hadron col-
lision and e+e~ collision. This final configuration of several heavy
long lived particles provides a spectacular signature for Higgs hunting.
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