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The Higgs sector remains one of the most elusive (and perhaps unsatisfactory) features of
the standard model. Certainly one of the most important questions we may hope to shed light
on at LEP I is that of the nature of the electroweak symmetry breaking mechanism. Many
excellent, and in some cases encyclopedic, reviews of Higgs physics have been recently published
(see for example the works of Cahn;m Dawson, Gunion, Haber and Kane;[zl Chanowitz;[sl and
references therein); it is our purpose in this work to give a concise summary of Higgs physics
and search prospects during the first phase of LEP. In Part I we concentrate on the Higgs sector
as predicted in the Minimal Standard Model (one Higgs doublet only), and in Part II on various

extensions of this minimal scenario.

PART I: Standard Model Higgs

1. Introduction and General Structure

We begin by recalling briefly the standard model Higgs mechanism, i.e., the introduction of
masses via spontaneous symmetry breaking, preserving renormalizability, in a gauge invariant

theory originally requiring massless chiral fermions and gauge bosons. The Lagrangian is

L= (D) (D*6) = 3P Fu —V(9),  V(8) = 486+ A($'0)’
(1.1)

- - Y - =
Dy =0, - igW, T - ig' 3B, ~igT- £, =(D,,D,]

where D, is the covariant derivative, in terms of the gauge fields W,, associated with the gener-
ators T; of SU(2) and B,, associated with the generator ¥ of the U(1).

Here the scalar field ¢ is the complex doublet under weak SU(2)

= (‘Z;) with VEV < ¢ >= (w?/i) (1.2)

(where VEV stands for vacuum expectation value). Picking this arbitrary alignment of the de-
generate vacuum spontaneously breaks the symmetry, giving mass to three of the gauge bosons.
The Higgs is the leftover degree of freedom, the surviving physical scalar H (¢3— < ¢3 >, where
¢3 is the real part of the neutral scalar). We can read off the mass terms from
2
v !
(Du<¢>M(D*<p>)= 5 (92 (Wi, + W3,) + (W5 — 9'BL)*] . (1.3)
The combinations (W, + in)/\/f are the W*, with mass M = g?v?/4. The combination
(gW3 — g'B)//g* + ¢'% is the Z, with mass MZ = (g? + g'*)v?/4, and the orthogonal (¢'W; +
gB)/ /9% + ¢'% is the v, remaining massless. Thus the VEV is determined

v=2Mw/g = 2"1G;? = 246 GeV 1.4
F

but the Higgs mass — given by v2Av? — is undetermined.



The Higgs-vector boson couplings are given by the full covariant derivative term:

(v+ HP(WIW™ + Z,2%/2cos*6) . (1.5)

w9,

Thus we have the coupling gMw for the HWW vertex; gMz/ cosfw for the HZZ vertex;
g%/2 for HHWW and g2/2cos? 0w for the HH ZZ vertex. The weak interaction couplings of
fermions are obtained by expanding the term zZ(iD,p/“ - M)y.

The fermion masses come from terms such as

wd{(m JL)(i:)dR-FJR((ﬁ- 50)(%)} (1.6)

invariant under weak isospin. The parts coming from < ¢ > give the mass terms
—( ¢ddd.d + 7 ) (1 )
uUU o
‘/*2- g 9ou

where the g’s are (unfortunately) arbitrary (if the masses are not measured) couplings. Similarly,
with H instead of < ¢ >, we get the couplings of the Higgs —

H - -
ﬁ(gwdd + gpuutin) = H(mgdd + mytu)/v (1.8)

giving the Higgs-fermion couplings gm¢/2Mw. All the Feynman diagrams containing Higgses,
including those for the trilinear and quadrilinear self-couplings not discussed above, can be

found, for example, in ref. 2.

The rest of this Part is organized as follows: in Chapter 2 we discuss Higgs decay - in Sec.
2.1 the partial widths to 2-body partonic modes (with no radiative corrections); in Sec. 2.2 we
discuss QCD corrections to these decays. In Sec. 2.3 we discuss the hadronic decays of light
Higgses. Chapter 3 covers the current limits on Standard Model Higgses — experimental (Sec.
3.1) and theoretical (Sec. 3.2). In Chapter 4 we concentrate on the production and decay of
Higgses.

2. Higgs decay
2.1 PaRrTiAL WIDTHS (NO RADIATIVE CORRECTIONS)

We will not discuss decays such as H — W+W~,2°2% and H — W= ff' Z°ff which are
not relevant for Higgs masses small enough to be produced at LEP I; for a discussion of such

decays see for example refs. 1-5.

H — ff The partial width to any fermion channel is

- NcgzmﬁMg
D(H — ff) = ——5—0; (2.1)
32rMZ, Tt

where N, is the color factor, 1 for leptons and 3 for quarks and gy = (1 - 4m§/M§)1/2 is the

usual kinematic factor.
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H — 77 Another decay mode of the Higgs relevant at LEP I energies, for light Higgses,
is the decay into two y’s. This does not occur at tree level, but is induced via one-loop corrections
involving quarks, charged leptons and W bosons. For completeness we include the formula for

contributions from charged scalars in the loop. (Fig. 1.)

e X WT(S”) -
“He -
w, dnmmommnrnr Y
(f,.S™) ¥
(a) Triangle diagram for # — ¥ - with charged (b) Bubble diagram for H — v - with charged
particles of spin-0, 1/2 or 1 in the loop particles of spin-0 or spin-1 in the loop
Figure 1
The width is given by (7l
afg? ME 2 ?
I'NH — = rre i {Yeaadi|
H =77 = {ozams 01, 2 MR, or
(2.2)

d,s,b ue,t

. - . 1 4
Tsp(in GeV) = 1.0 x 1073 M3 (in GeV?) (5 Z Fiyp+ 3 Z Fia+ FI(W)) ,

where 7 is an index referring to the sum over all relevant particles, of spin-0, spin-1/2, and spin-1;

N,; is again a color factor; e; is the electric charge in units of e; and
Fo = T(l - T‘f(T)),
Fyjp= =271+ (1 - 7)f(r)], (2.3)

FL =243 +37(2-T7)f(r),

where 7 = 4m?/M}, (assuming that coupling of a particle to the Higgs is proportional to its
mass, which is not always true for scalars in extended models). The complex function f(r) is

given by

flr) = [sin-l (\/g”z > 1 flr) = -% [m (;’—*_f) - i1rr, r<l (24)

where

e =(1lxvV1-7). (2.5)

In Fig. 2 we show F, /5, which will also come into I'( # — gg). We note the large 7 (i.e. loop
particle much heavier than the Higgs) limits of the F;
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Figure 2. The loop factor Fys appearing in the decays H — vy and H — g9 .

1 4
B—-3 BRp--3 R-T, (2.6)

illustrating the dominant W contribution, the smallness of the scalar contribution, and the
opposite sign of the fermion and W terms. Once the loop particle is heavier than the Higgs,

varying the loop particle mass has essentiaily no effect. As T goes to zero, of course, these

functions vanish.

For a light Higgs (lighter than the strange quark and the muon) the contribution from
the heavy fermions {i.e. everything except e, u, and d) in the large 7 limit is —7.11, almost
exactly cancelling the contribution from the W. Thus the 24 decay is highly suppressed, and its
magnitude is strongly dependent on the masses chosen for the light quarks. A large enhancement
is therefore possible in a model with four generations; a extra generation, composed of particles of
arbitrary masses large compared to the Higgs mass, gives a contribution of %Z. In Fig. 3 we show
the partial widths for a Higgs decaying to two photons, illustrating the variation possible due
to different choices for the light quark masses, and the enhancement due to a fourth generation,
from a branching ratio for H — 77 of = 10~? for the three generation case to as much as
35% in the four generation case for My = 200 MeV. Note that the cancellation, and hence
the enhancement, only occurs for light Higgses (Mg S 2m,); for heavier Higgses the predicted

partial width in a four generation model can even lie below that for a three generation model.

H — gg The Higgs decay to two gluons can be described by egs. (2.2)-(2.6) by keeping
only quark loops and replacing azefC:‘:i by 2a%:

ZMH

T(H —g9) = 121r3 ME,

Z F1/21

Except in small windows, it is the heavy quarks that make the main contributions to I'(H — gg)

(2.7)

(since there is no W term to cancel the fermion contributions); thus a reasonable approximation

1s:
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2
T(in GeV) = 1.5 x 10" ° M3 (in GeV®)n? (5"‘?5-) (2.8)

where nj is the number of quark flavors heavier than the Higgs. This expression can only be

trusted for Higgs sufficiently heavy that a, is small, above around 1 GeV.

In Fig. 4 we display the approximate partial decay widths of the Higgs - to photons, gluons,

leptons and quarks. For the quarks we take current masses on the assumption that the pole of

L i T 1 ||l|r] 1 H ] II;TI/VI 14
107° - < -
i 'y
107 | N =
S . Y
é’ - e'e‘,,”:’l‘ _
= o0 _
L .l.. ..'
. .-fy." : l .
10778} -
0 ooyl ol Lo
10-2 1071 100
MH (GEV)

Figure 3. The partial decay widths of H to vv, and for comparison, to ete” and utu~ (both
dashed). The solid line is for a three generation model, with m, =5 MeV, my = 10 MeV and
m, = 150 MeV; the dotdashed line is also for a three generation model, with m, = 10 MeV,
mg = 10 MeV and m, = 200 MeV; and the dotted line is for a four generation model, with
My =5 MeV, my = 10 MeV aud m, = 150 MeV.
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Figure 4. The approximate partial decay widths of H to all 2-body partonic decay modes.
We use m, = 5 MeV, mqy = 10 MeV, m, = 150 MeV, m, = 1.5 GeV, my = 5 GeV, and
m, = 60 GeV. The dashed curves show decays to charged leptons, the solid curves the decay
into hadrons as computed from the contributions to each quark separately. The dotdashed
curves illustrate the two gluon and two photon decays; for gluons we use the constant value

a, = 0.15, with the understanding that the partial width given should be scaled by (%1_1'{1) "



the free quark propagator is most appropriate for the Higgs coupling. We choose m, = 5 MeV,
mg = 10 MeV, m, = 150 MeV, m. = 1.5 GeV, my = 5 GeV and m, = 60 GeV (see footnote 7
of ref. 8 for a further discussion of the possible variation in I(H — 77) due to different choices
for quark masses). Of course the u and d modes do not open up until Mg > 2m, and so on. In
illustrating the partial width to gluons we avoid the questions of what A7z to use in calculating
a,, and of what scale to evaluate a, at for a given My, by picking the constant value a, = 0.15;
the result can then trivially be scaled by the square of one’s favorite value of a,. In Fig. 5 we
show the lifetime and total width of the Higgs versus its mass, based on these partial widths.
All hadronic widths given here are not very meaningful up to 1 — 2 GeV; see Sec 2.3. We also
leave the discussion of the subtleties pertaining to branching ratios to pions and so on to Section

2.3. In the next section we discuss the effects of radiative corrections to the decay widths.

T 1 Ill”l] T 10 ll]”] VT l[x”l] UV TTTI7T
100 - 110-1
_ 1072 - 1010
E L . —
~ 10-6 | | %
[ L -1077 ]
Y L - —
1077 | 110~
R -10°%
v vt T
102 107" 10° 10! 102

MH (GEV)

Figure 5. The lifetime and width of the Higgs versus its mass taking into account the decays
displayed in Fig. 4. The “jumps” come from the imperfect treatment of the threshold — cutting
off g§ decays at the quarkonium mass. See Sec. 2.

2.2 QCD corRECTIONS TO HIGGS BOSON DECAYS

The heavier Higgs bosons observable at LEP I, in the range very roughly speaking of 5 to
50 GeV, always have large or even dominant branching ratios for decays into heavy ¢ pairs. A
quantitative prediction of the various branching ratios thus necessitates the inclusion of QCD
corrections. We shall get a bit ahead of ourselves and discuss the decays of both the single Higgs
H in the standard model, and a scalar H and pseudoscalar A° in an extended Higgs sector
as well (see Chapters 6 and 7). For QCD corrections to the processes H — yv, H — gg and
Z — H~ we refer to Ref. 9.

For a scalar Higgs boson H, the 1-loop corrections have been computed[m] almost ten years
ago, but a complete 1-loop calculation for the case of a pseudoscalar A® has only recently been

[

performed. 1 The 1-loop corrections can be written in the general form

4a,
I3(X — ¢g) = To(X — g7) [1 + —;‘;Ax(mq,Mx)} : (2:9)
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where X stands for H or A® and Ty is the usual tree-level decay width. The functions A X can

be written as

-1 1 2 _ 134 1+ﬁq 3 2
Bu = G AWB) + 70+ 340 - 198 In L+ (=14 78))
| (2.10)
— l 2 4 1+ﬁq :_3_ _n2
By = BQA(ﬁq) 164, —(19+28; + 36;) In =5, * 57— 5g),
with
N l—ﬂq) , (ﬂ,,-l)_ 2 1+4,
A(ﬁq)—(1+ﬁq)[4L12(1+ﬁq +20 (1 ) -3l ln T
(2.11)
+ B, 4
_2lnB,In 1-/3J - 3gln oz ~ 40 n o
Here B, = (1 —4m2/M% )!/2, and Lis(z) = — JJ 4t In(1 —¢t) is the Spence function. The separate

contributions from self-energy chagra.ms, real gluon emission, and virtual gluon emission can be
found in Refs. 10 and 11.

It is interesting to consider the behavior of the QCD-corrections in the limiting situations

Bq — 0 or B; — 1. In the first case, corresponding to the region just above the ¢g threshold,
one finds

2 2
. T T 2 .
a]:llgoAH 2ﬂq 1+ ﬁq+o(ﬂqln16q)v
(2.12)
lm Ag = 2~ 3+ g, + OB B,)
By—0 A — 2ﬂq 2 q q q/

Note the occurrence of 31: singularities with a positive sign. Very close to threshold, one would
clearly have to add all terms of the form (a,/8,)" in order to obtain a reliable result, even
though the total one-loop result (2.9) is still finite as 8, — 0; Schwinger 121 has shown for the
case of QED that this summation is equivalent to the use of an 1/7 potential to describe the
interactions between the quark and the antiquark. In the case of QCD, these give rise™ toa
multitude of ¢¢ bound states and resonances; if Mx = 2m,, these bound states will mix™¥ with
the Higgs boson, leading to a completely new phenomenology. We refer the reader to Ref. 11
for more details. Note, however, that the QCD-corrections remain positive out to My =~ 4.3m,
and M 4o = 3.Tm,, far outside the region where mixing effects are important. Indeed, eq. {2.9)

should be trustworthy once the Higgs mass is 1 or 1.5 GeV above the physical open-flavor
threshold.

In the opposite case f;, — 1 one finds

m 9
Ay = 3ln—2% + = 2.13
x PR (2.13)
for X = H or A%. Notice the occurrence of a large negative logarithm, which would eventually

even make the total decay width (2.9) negative. This is clearly unphysical. As already noticed
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in Ref. 10, the solution is to sum these large logarithms to all orders, using renormalization-
group techniques. We present here a formalism that can be used for all values of 8, (outside the
resonance region, as discussed above). To this end, we sum the leading logs as in Ref. 10, but
take care to keep the finite parts

I'(X — ¢3) =To(X — qq) lln(M'(/A) + —(Ax - 3111&)“ , (2.14)

fm(zmq/A)Js—sfa‘w [1 4a,
37 Mx

where A is the QCD scale parameter and Ny is the relevant number of flavors. The first term
in square brackets is the renormalization group factor computed in Ref. 10; the second term in
square brackets are the finite (for 8, — 1) QCD corrections.

We also include the Higgs to gluons decay in our calculation. It can make a nonnegligible
contribution to the total width even though it only proceeds via quark-antiquark (and, for the

supersymmetric scalar, also by squark-antisquark) loops. Expressions for the relevant decay

widths can be found in the previous section and Ref. 15.

We are now in a position to present detailed predictions for the various branching ratios of

scalar and pseudoscalar Higgs bosons (Figs. 6-9). We have chosen the following values for the

BR(h°}%%

BRh®} %

T { [
100 e e e e e
bb
10 Tt
T T T T
1 e 'gg
0.1 ! ! !
L0 60 80
Mhn (GeV)
Figure 6. Branching ratios for a scalar Higgs in the standard model.
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Figure 7. Branching ratios for a scalar Higgs in the minimal supersymmetric standard model
(MSSM) with tanf8 = 5.
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Figure 8. Branching ratios for a pseudoscalar Higgs in the MSSM with tan S8 = 1.
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Figure 8. Branching ratios for a pseudoscalar Higgs in the MSSM with tan 8 = 5.

relevant parameters: m, = 1.37 GeV, m, = 4.5 GeV, m; = 50 GeV, ms = 100 GeV, A = 0.2
GeV. The charm and bottom quark masses may seem rather low. However, the relevant mass
here is the pole of the free quark propagator determined by perturbative methods, not the mass
parameter of potential models, nor the mass of the lightest ¢ or b flavored meson; the above
values have been obtained in ref. 16 from QCD sum rules. On the other hand, the squark mass
is so high that contributions to A — gg are insignificant. Finally, in order to avoid ugly kinks
in our curves we use a phenomenological “running” Ny:

Ny=3+4(1-4ml/Q*) 0(Q* - 4ml) + (1 - 4m}/Q?) 6(Q* - 4m}), (2.15)

where Q? is the scale at which a, is evaluated, and § is the step function.

We cover the whole range of mass values (above the charm-threshold) relevant at LEP.
B124] Gien 83 bound
states as described above. We included results for tan8 = 1, i.e., Standard Model-strength
for all Yukawa couplings, and tanf = 5 (tanf is defined in Sec. 6.1), but neglected the the-
oretically disfavored ") region tanf < 1; indeed, the top-quark Yukawa coupling will become
non-perturbative if tan 8 S 7 &ov, 1€, tan 3 $1/3.

except the region between 9 and 12 GeV, where the Higgs bosons mix



We see that one can always expect a healthy 7 pair branching ratio below the beauty-
threshold; for tan# > 1 the decay into r pairs quickly becomes dominant (see Figs. 7a and 9a).
Even for larger Higgs masses (below 2m;) the branching ratio for H, A° — 7+7~ remains above
6%; this demonstrates the relevance of the QCD corrections, since without them this branching
ratio would be below 5%. It might also be surprising that the gluonic branching ratio can be as
large as 10% even without the inclusion of mixing effects (which are, however, responsible for
the large BR(A® — gg) at M40 = 9 GeV, tanB = 5). This shows that one can expect a sizeable
fraction of Higgs events without any evidence for heavy quarks or leptons. Note, however, that
the gluonic width is suppressed for heavier Higgs bosons if tan > 1, since this suppresses the
Higgs-tt coupling (except in the region Mg < 70 GeV in Fig. 7b, where one needs M4 > Mz,
which drives the couplings of H towards their Standard Model values). Notice finally how a
P-wave threshold, QCD corrections and a fairly substantial H — gg width conspire to keep
BR(H — bb) below 85% for the case of Standard Model couplings.

Before we leave the discussion of Higgs decays, two caveats are in order. First, as mentioned
above, we have neglected Higgs—(bb) mixing which for some combinations of parameters can
result " in gluonic branching ratios of order 90%; this possibility to “hide” a Higgs boson should
perhaps be kept in mind. Secondly, even though we have discussed a supersymmetric model,
we have not included any supersymmetric decay modes of either Higgs boson. This is probably
justified for charged sparticles whose lower bounds on the masses already approach 30 GeV,

(18]

but branching ratios into neutralinos or (for tan8 # 1) sneutrinos may be nonnegligible

(although never dominant).

2.3 HADRONIC DECAYS OF LIGHT HIGGSES

Below charm (or 7% 77) threshold, the decays of the Higgs—predominantly to light hadrons
made of u, d and s quarks—are not so readily understood (a first study of this process was done
in Ref. 7). This is essentially because the masses of the light hadrons are not dominated by the
“bare” or “current” quark masses that determine the Higgs coupling to fermions as discussed in
Section 1. (We also recall the uncertainty in the partial width for H° — 77 depending on the
choice of quark masses involved in the loop.) Hence one cannot naively use these tiny masses
(my =~ 5 MeV, myg = 10 MeV) to estimate for example the partial width I'(H — =) from eq.
(2.1). In the range 2m, S My S 1 GeV, which we will consider first, it would result certainly in
an underestimation of this decay channel compared to the u*u~ channel which is of the utmost
importancé for Higgs detection in this mass range (I'(H — =«7)/I(H — pp) = 3""3.,4/’”5 =~
3 x 1072 in this approach).

It was pointed out by Voloshin " (following earlier investigations by other authors (20.21] )

that the Higgs coupling to gluons via a triangle of heavy quarks (Fig. 10)
q 2a2nene §

_He_ q

.o..u.ung

Figure 10. Triangle diagram contributing to Hgg interaction.
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might be the dominant mechanism for the decay H — =, the difficulty being to convert
the interaction Hgg into the interaction Hxw. Adding the interaction with gluons (i.e., the

contribution of n, heavy quarks) and the direct interaction with the n; light quarks constituting
the light hadrons, one has to calculate

(7¥ 77| Line |H®) (2.16)

where

2a,

. o a va 70 -
Lint = 2MW Zm,dz,d),H - SoomGL G H (2.17)

=1

(the ¢’s being quark fields and the G's gluon field strengths). Crucial use is made of the so-called
(22)

conformal anomaly

QCD

allowing one to calculate the trace of the energy-momentum tensor in

ny
ba, G"’ GH*e 4+ Z mipi; (2.18)

=1

6, = —

where b = 11 - -nz is the first coefficient of the QCD beta function. Then, using standard

techniques of chiral perturbation theory, one get:s[7 19.21]

(n*x~| 6% |H®) = Mjo + 2m2 (2.19)
Since PCAC gives
(x¥x| Z mii; |0) = m2 (2.20)
t=u,d,s

one gets for the decay amplitude (xe] (with ny = np, = 3)

11
A(HO — 7r+7r—) = —-g—Agl; (szgo + -2—mfr> (221)
which leads to the ratio
R =I‘(H°—»1r+7r"+7r°1r°)__1_ 1+11 m? )291 (2.22)
W= TUNE — )2 2 M2, ) B .

where (3; is the standard kinematic factor. Thus the Higgs branching ratio into p*u~ is sup-
pressed in the range 2m, S Mpgo S 1 GeV (Rx, ~ 4 at Mgo ~ 1 GeV). We present this
branching ratio in Fig. 11. Another calculation (23] suggests that this branching ratio is severely
suppressed in the range 0.95 to 1.1 GeV.

It has been pointed out 241 ¢that the above formula is only reliable as an order of magnitude

estimate since the knowledge of the full QCD beta function is in principle necessary to calculate
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Figure 11. Branching ratio (%) for H® — u*u~ according to eq. (2.22) (solid), with leading
order QCD corrections—eq. (2.23)—({dots), and with resonance enhancement—eq. (2.24)—
{(dotdashed).

the trace anomaly (eq. (2.18)). Note however that the leading order QCD correction to the

amplitude (eq. (2.21)) has been obtained recentlylzs] giving:
35 11 a, 37
A — ¥z )= =2 |(1 ﬁ—)Mz -2 ) w2, .
S L 9Mw[(+7r36 ot o\ T 1eg) ™ (2.23)

Obviously the correction is small for 0.1 S a, S 0.3, resulting in at most a 5% decrease of the
p* u~ branching ratio (see Fig 11).

An alternative approach has been considered by Grinstein et al; [z€] using a chiral lagrangian
they get a formula more general than eq. (2.21) but the sensitivity to two unknown strong

27 addition, taking into account the
effects of final state v interaction as stressed by Raby and West (28] might lead to a dramatic

interaction parameters makes the prediction uncertain.

increase of the ratio Ry,. This approach obliges us to deal with the complicated sector of 7=
resonances — each resonance of mass Mz and width I'g which is taken into account causes Ry,

to be multiplied by an enhancement factor of

(M3 + meTp)*
(ME - M%,)% + M2,02T%, /4

(2.24)

We show in Fig. 11 the consequent suppression of the u*u~ branching ratio by a factor of 5
(Mpgo = 300 MeV) to 10 (Mpge = 700 MeV) or more according to the phenomenological analysis
performed in ref. 29.
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The situation above K K threshold and below the 7 or charm threshold is perhaps even more

(19]

uncertain. Some authors™ ™ propose to use eq. (2.22) by simply substituting the masses of the

. mesons and multiplying by a factor of 4/3 for K K and 1/3 for 57 to take into account the number
f1.2]

of states. However, others point out that the accuracy of the low energy relations used to

derive eq. (2.22) become suspect above 1 GeV. Then one may come back to a perturbative
spectator approach — for instance a direct coupling to an s3 pair with m, ~ 150 MeV would
give the decay into K K larger than into gg (which contributes to a variety of final states) if
one follows the results displayed in Fig. 4. A recent analysis (s} has been performed taking
into account the effect of a possible gluonium candidate G(1.6)[31] (named fo(1590) by the
(32]
)

Particle Data Group which might enhance the 77 and 7'y modes around 1.6 GeV leading to

a pp branching ratio of ~ 2% in this region. In conclusion, a large uncertainty remains on this

subject and the resulting pp branching ratio is between 20% and 2% (possibly even smaller) in

this range, according to various calculations.[1'2'26'30]

(33]

Higgs-nucleon coupling Similar techniques allow one to estimate™ ' the Higgs-nucleon effective

coupling, which is essential to set limits on a very light Higgs from nuclear physics experiments
(see Sec. 3.1). The result may be written as

g My -

where 7 parametrizes the difference from the naive result obtained if the nucleon is treated as
fundamental like a quark. Analogous analyses to the ones we have summarized above give 7
between 0.2 and 0.5 to be probable, depending on the assumptions made on n;, ns. Note that
if only the direct couplings of the Higgs boson to the u and d quarks in the nucleon were taken

into account one would get a Higgs-nucleon coupling two orders of magnitude smaller.

3. Current limits
3.1 SUMMARY OF EXPERIMENTAL LIMITS AND LOOPHOLES

Direct experimental constraints on the Higgs boson are currently few and far between, and
suffer from considerable theoretical uncertainties, notably in the couplings to light hadrons as
discussed in Sec. 2.3. In this section we briefly summarize some of the existing experimental
results (see Refs. 1, 2, and 34, for example, for details). This is by no means a complete survey;
rather we concentrate on the most recent or stringent results, e.g. those from SINDRUM,BS]
rSC,*® Na31,"® cuss,P” and cLEO.P

Muonic x rays provide one of three limits extending down to arbitrarily small Higgs masses.
A light Higgs boson could mediate an additional muon-nucleon interaction (too short-range
to have effect if My = 10 MeV). Beltrami et al®® have measured the 3ds/; — 2p3;; X ray
transition in 2 Mg and 28Si muonic atoms, finding agreement with theoretical expectations to
within 3 parts per million. In Fig. 12 we show the resultant bound on the coupling combination
|9HENNgH /€| versus the Higgs mass. On the righthand axis we give 7, which parametrizes
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Figure 12. Limits on light Higgs bosons from muonic x-ray transitions (from Ref. 39). The
solid line is the lo limit given in Ref. 39 and the dashed line is the 2¢ limit.

the uncertainty in the calculation of gy, as discussed in Sec. 2.3. For the conservative value
n = 0.2, we find My R 3 MeV (95% c.L.); for n = 0.3 the 1o limit gives Mgz R 8§ MeV. Note,
however, that while no present theoretical calculation gives n 5 0.1 (which would destroy this
bound), given the uncertainties in such calculations, such a possibility cannot really be ruled
out.

Another limit on extremely light Higgses is found by comparing electron-deuteron scatter-
ing experiments (relatively large 4-momentum transfer — 0.01 < ¢ < 0.1 GeV?, ¢t being the
usual Mandeistam variable) with thermal electron-neutron scattering experiments (very small
t). Adler et al”®® have noted that the presence of a scalar field will modify the electron-neutron
Coulomb interaction, but can be ignored for the electron-deuteron scattering (the additional

term in the potential is of the form ggc.grnn/(t — M%)). This gives the limit

> Vigregunn/e] _ Igrumgnnn/e?]

My {in MeV) 5x10% T 719x10-9 - 0PV (3:1)

This limit, while weaker than the previous one for expected 7 values, is notable in that it excludes

a massless Higgs under any assumptions.

Finally, a limit on massless — and very light — Higgses comes from combining CUSB
limits %!
at 68.4% c.l.} with Crystal ball limits*? on J/% decays to a photon plus a massless scalar
(BR(J/Y — 7 + scalar) < 0.96 x 1075 at 68.4% c.l.). Using 1st order radiative corrections
from Ref. 43, with a,(m;) = 0.174 for T and a,(m.) = 0.25 for J/4¢, the experimental prod-

on T decays to a photon plus a massiess scalar (BR(Y — v + scalar) < 0.59 x 10~4

uct branching ratio is approximately four times smaller than the theoretical prediction for an
infinitely long lived I’ﬁggs[“3 (these radiative corrections are very large, however, and one must
worry about what higher order corrections may bring). A very light Higgs is also constrained,
since it has a high probability of living long enough to escape the detectors; the limit deduced is
Mg < 61 MeV (90%). 44 Bach measurement alone could also be used to give 2 limit; the Crystal
Ball limit is somewhat stronger but even more subject to radiative correction uncertainties due

to the larger a,.

This limit can be very simply applied outside the standard model; in fact in the simplest
extension (“Model II” in part II), this limit can be applied identically to the pseudoscalar Higgs
because the two branching ratios change by equal and opposite factors. The scalar Higgs com-
bined branching ratio unfortunately must be multiplied by the factor cos® asin® a/ cos® 8 sin? 8

where a and § are mixing angles defined in part II.
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In the mass range 2m, S Mpgo S 20 MeV both low energy neutron-nucleon scattering and

certain 0% — 0% nuclear transitions would see the effect of a light Higgs. The neutron-nucleon

scattering excludes the region la3]

1 MeV S Myo S 13,/7 MeV. (3.2)

The 0% — 0% transitions, for n = 0.3,‘46] exclude the region

2.8 MeV S Myo S 11.5 MeV. (3.3)

The decay 7% — e*v, with a Higgs emitted by the virtual W, gives limits on very Light
Higgses without problems with Higgs-nucleon couplings. One has (see, e.g., Ref. 34)

T(r+ — ety h0) V2Gpmi f(z)

I(rt - pty,) 487 m2(1 — m2/m2)?

= 6.5 x 107°f(z) (3.4)

where f(z) = (1 - 82 +22)(1 - 2?) - 122 log z with z = M2, /m2. The SINDRUM ™ collabo-
ration at PSI measures (7 * — e*v.ete™)/T(7T — pty,) = (3.2£0.5) x 10~°. Taking into ac-
count My dependent acceptance and efficiency, they place an upper limit on BR(7™ — eTv H)
shown in Fig. 13. Comparison with the theoretical prediction, also shown, excludes the Tegion

10 MeV S Myo S 110 MeV. (3.5)

This limit is easily applied outside the standard model by adjusting for the modified WW H
coupling. In Fig. 13 we also show the analogous limit that can be deduced®® from the BNL
neutrino experiment RSC, which only excludes 10 MeV S Mpo S 40 MeV, but sets lower limits
on BR(r* — e*v.H) in some of this range, of possible interest outside the standard model.
Charged lepton decays (e.g., T — ev?H ) are similarly free from theoretical uncertainty, but the
branching ratios are too small for current experimental sensitivities.

Proceeding upwards in Mg, the next limit comes from a recent NA31® analysis. They

search for the sequence of decays K — #%H? followed by H® — e e~. They see 3 candidates,

10°°

10™°- !

107104

BR (m”—e"vH)

1071

1071

20 40 60 80 100 120
My (MeV)

Figure 13. SINDRUM ™ and RSCP® limits on BR(x* — e+v. H) vs My, and the theoretical
prediction for this quantity.
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Figure 14. 90% confidence limits on BR(K) — 7°H®)BR(H? — ee) from NA31 as a function
of My and rg. Also shown {dot-dashed line) are the range of values for the lifetime as a function
of mass for the Standard Model Higgs (from Ref. 8).

consistent with an expected background of 3.3. Their results, shown in Fig. 14, are given as
contours of BR(K® — 7°H®)BR(H® — e*e™) in the My — vy (Higgs lifetime) plane. (Slightly
] by E731 at Fermilab; but “these limits depend on a posterior:

analysis of experiments that were not designed to observe non-zero H? lifetimes.” (8 ) The line

weaker bounds are fou.ndm

in this plane corresponding to the Standard Model is also shown; other models correspond to

different lines. The theoretical situation is summarized by, among others, Ref. 2. They conclude
BR(K? — 7°H°) R 2.4 x 10™*Bpo (3.6)

where g0 is the standard kinematical factor (however, they have assumed three generations
and a heavy top quark, i.e., m; > 80 GeV). (In fact, lower limits on m,|V,4| from BB mixing
measurements mean that these branching ratios may be expected to be 1-2 orders of magnitude
larger.) Thus, for example, by following along the standard model line in Fig. 14, we see that
the 90% confidence upper limit on BR(K? — x%H°®)BR(H® — e*e™) is better than 2x10~° for
a Higgs of mass 100 MeV. This is to be compared with a theoretical estimate of order 10~° from
eq.(3.6) (note that 3 is of order 1 in the whole range of NA31 sensitivity, as is BR(H? — e*e™)).
However, there is still the possibility of a “fine-tuned” cancellation (see, e.g., the discussion in
Ref. 34) which can make this branching ratio arbitrarily small. Thus the region 110 MeV to
2m,, is very unlikely, but not strictly excluded. The extension of these limits outside of the
standard model is fairly complicated as both the My — 7y curve and the predicted branching

ratio must be recalculated, and do not change in a simple way.

Experimental limits on X — p*u~ are roughly two orders of magnitude weaker than those
for K — ete~ and make a Higgs between 2m, and 2m, “unlikely.” More convincing limits in
this region come from B physics. A consensus has been reached now on the decay width for the

inclusive decay B — H%X, and we have
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2 4 2 \?
BR(B — H°X)=10.36 (“’Ge\ > ( e ) (1 - MH")

my M w mg

Ve, Vi |*

Vcb

(3.7)

as given in Ref. 2, using the experimental branching ratio for B — evX of 0.123. Unitarity
of the CKM matrix (in a three-generation model) gives the CKM factor to be = 1. Then the
TASSO limit*®

BR(B — pTu~ X) < 0.02(95% c.l.) for 2m, < My S 5 GeV (3.8)

excludes the region 2m, < My S 2m, for m, R 40 GeV,

Note however that both TASSO and JADE (next paragraph) limits are really for B — uuX,
not for B — HX — ppX. They use final state particle distributions for three body final states,

rather than for two step decays, with a two body intermediate state. This has been criticized

many times.

Much stronger bounds on BR(B — p*u~X) are available for larger Higgs masses, e.g.,
from JADE"" and CLEO"® .

BR(B — p*p~X) < 0.007(95% c.l.) for 0.3 < My S 5 GeV(JADE)

(3.9)
BR(B - p*p~X)S107%~107%(90% c.l.) for 1.0 S My S 3.5 GeV(CLEO)

These limits make a Higgs in the region 0.3 to 3.5 GeV rather unlikely; however the uncertainty

in BR(H — p*pu~) discussed in Sec. 2.3 precludes a solid limit. The exclusive channel B — K H
[2,38]

excludes the same region if we make the assumption
BR(B — KH)

—_— 2. )
BRE = Ex) 0 (3.10)

TK =
— a rather conservative estimate, but nonetheless not completely guaranteed. 2 These bounds,
already highly dependent on theoretical estimates, become even more complicated outside the
standard model.

The highest mass region is covered by measurements of the decay T — H+v by the CUSB

[37) [s0]

collaboration. To lowest order one has

[T~ Hy) _ Grmy (1 - A—Jizf-) . (3.11)

(Y — ptu~) ~ V2ra M3

Unfortunately first order QCD corrections reduce this by about 50%.[43} Reanalysis in the M S

scheme [51]

finds the suppression to be somewhat smaller. However, one must worry about
what higher order corrections might bring; moreover, further suppressions (or enhancements)
may come from relativistic corrections to quarkonium decay. 52 1 Fig. 15 we show the CUSB
limit on BR(T — v + X)) versus Mg, along with the theoretical predictions without radiative
corrections, with those of Ref. 43, and with those of Ref. 51. We do not show possible effects of
higher order radiative corrections (so far uncalculated) or relativistic corrections. Without these,

a Higgs of up to 5 to 6 GeV is excluded. Limits are easily deduced for nonstandard models by
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Figure 15. 90% confidence limits on BR(T — v + X) from CUSB (solid line) compared to
the lowest order calculation (dashed line}; the calculation with radiative corrections of Ref. 43

(dotted line); and radiative corrections of Ref. 51 (dotdashed line). From Ref. 37 (combined
data sample, 800,000 T and 600,000 T events).

scaling the BR(T — 4 + X)) as the square of the Hbb coupling (see Part II, for example eq. 7.6).
ARGUS also excludes the Higgs from T radiative decays for 290 < My < 570 MeV (through

searches for H to =7 ).[SBJ

We conclude that, in the standard model a massless Higgs, and a Higgs with mass between 10
and 110 MeV, are excluded. A Higgs below 5-6 GeV is very unlikely — but a theoretical loophole
exists to every experimental bound. In many of the cases described above, the most conservative
theoretical estimate available preserves the bound; however one cannot with complete confidence
state that the real answer could not be even “worse” than that estimate. Thus a LEP search
in this region, which should be less plagued by theoretical uncertainty, is imperative to finally
lay to rest these nagging doubts. Moreover, outside the standard model, where exclusions will
probably have to be negotiated on a model by model basis, further limits on branching ratios

and couplings are essential.

3.2 THEORETICAL LIMITS

Upper and lower limits on Higgs masses can be derived by considering the constraints of
vacuum stability and triviality. We do not pretend to go into all the subtleties of these arguments,
but will instead try to give the basic flavor of the ideas involved, and of the kinds of bounds that
can be extracted. For a detailed review of such physics the reader is referred to the forthcoming
review by Sher.®¥ These bounds, like their experimental counterparts, do not in general apply

outside the minimal standard model, as we shall discuss in part II.
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We first note that useful limits on Mg, unlike on m,, cannot be placed by considering the
contributions of the Higgs to radiative corrections, along with precision measurements of the
electroweak p parameter and sin? 6. This is because of the “screening” theorem Bl _ gt one

. 2 . .
loop the corrections go as 1 log (%—5) while at two or more loops there are corrections of

2
order (ﬁ%) (g{i) Thus, for large Higgs masses, the theory is strongly coupled, but these
w

effects are screened by an extra factor of g2. A global fit to existing data gives sin® fy to an
error of 0.0048, or 0.0064 if one simultaneously fits p, while the uncertainty in sin’? 8y due to
Higgs effects with My unknown (10 GeV to 1 TeV) is 0.002.%¢!

We now turn to limits deriving from considerations of vacuum stability and triviality. We
recall from Chapter 1 that the Higgs mass is given by vV2Av? or thus A = g? M3 /8M32,. It might
seem therefore that arbitrarily low Higgs boson masses should be achievable. This is not so, as

[57,58] [59]

was shown by Linde and by Weinberg.

The limits from both vacuum stability and triviality can be discussed using the renormal-
ization group equations at one loop. To be complete it is necessary to simultaneously consider
the evolution of the SU(3). x SU(2)w x U(1) coupling constants g,, ¢ and g’ (whose evolu-
tion is independent of fermion Yukawa couplings and A); of fermion Yukawa couplings — only

g: = myV/2/v is relevant, the other fermions being too light — (this evolution depends on g,, ¢

and ¢’, but is independent of A) and of A, whose evolution is given by (60.2]
d 1 9 3 3
—A= 1202 4+ 6Ag2 — 3¢} — Z2g% = SAg"* + —[24* 4 g™ 3.12
7 161(2[ T 629 — 39, - SAg" - oAy +16[g+(g+9)1 (3.12)

where t = log(Q%/Q3), Q being the energy scale and Qo some reference scale. For the vacuum
stability bound, yielding a lower bound on My for m; < 80 GeV, we may neglect the self-
dependence in the evolution of A (since for Mg S 7 GeV, A S 0.001¢?) and write

d - 1 4 3 4 2 12\2 —
dt/\ = 1673 [—3% + 16[251 + (9% + ™))} = B> (3.13)

We refer the reader to, for example, refs. 60 or 2 for the renormalization group equations for
the couplings g,, g, ¢’ and g,. Approximating 3, by a constant and integrating up to scales Q
of order of the field ¢ itself gives (defining ¢? = ¢!¢),

2
A(#) = A(Qo) + Balog % (3.14)
0
This can then be used to specify the one-loop effective potentia.l{m)
2 4 ¢
V= X@)6 4= -+ Q0+ rstlog (55 ). (3.15)
0
The VEV can then be determined by the extremal condition
‘Z_‘; -0 (3.16)
¢=v/V2

yielding
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—p? + A%+ v (log(v?/2Q2) +1/2) = 0 (3.17)
as well as a solution at v = 0. The value of the potential at the extremum is then
A(Qo)vt ﬁ,\v4 v?
' log ——
V(v/v2) = S T (852 +1 (3.18)

The mass of the Higgs particle is given by the coefficient of the H? term when we expand about
the VEV: ¢ = v/v/2 + H or

e (s (ag) )] 2 [ () o

(3.19)
using eq. (3.17) to eliminate y4? and eq. (3.18) to eliminate A(Qp). The requirement that the
symumetry breaking vacuum be preferred, i.e., V(v/v/2) < V(0) = 0, then yields the Linde-
Weinberg bound

. 18V
My = 2862

My > Bt = = 2My + M5 — 4m{) (3.20)

3
167202
with no adjustment possible via negative values of A(Qo). We will refer to this value as M.

This bound is valid up to m(critical) = (2m¥, + m%)/4 = 80 GeV; we will discuss bounds for
greater values of m, shortly. The m, dependence of M is illustrated in Fig. 16.

10 T j

MLW (GEV)

! ! I
0 20 40 60 80 100

my (GeV)

Figure 16. The lower limit on Mg, Mrw, as a function of m,.

We note that since B, is given by eq. (3.13), and v is given by v?> = 4M§,/g?, there is only
one independent parameter in the probiem, which can be chosen, for example, to be the scale
Qo. If we define Qp to be the scale at which A(Qq) = 0 — a convenience, not a constraint —
we can parametrize the system very simply in terms of A’ = A(v/v/2) = B3 log %:

2 gl 3 v v, .
Mg=2v lz\ +§ﬂ,\] V(E) =—-Z[/\ + Bal

(3.21)
2

1 2
pl= o’ [/\' + %ﬂx} V= -v? [,\’ + Eﬁx] ¢* + N¢* + Bag? log %—



80

ﬁ —15

-=--.125

Figure 17. The Higgs potential V versus ¢2, for different values of the parameter A,

In Fig. 17 we show V versus ¢? for a variety of values of \'. With X = —1.583,, which would
give My = 0, we have as we might expect a potential which is flat at the symmetry breaking
vacuum. The next curve is an intermediate example, and the third, with A\’ = —3), shows the
limiting case yielding the Linde-Weinberg bound, with both vacua at equal levels. The fourth
is another intermediate example, and the final curve shows the potential for \' = —.58,, where
the ¢ = 0 vacuum is no longer a local minimum. The potential now resembles the original Higgs
potential without radiative corrections. This leads to a favored vaiue for the Higgs mass, first
demonstrated by Coleman and Weinberg,[m] Mcw = V2Mrw, the mass of the Higgs if the

symmetry breaking is generated by radiative corrections.

This is not, however, quite the end of the story; there are two further points to be considered.
The first is that the bound Mg > Mrw might be loosened by allowing the vacuum at ¢ = v/+/2
to be higher than that at ¢ = 0.%2%%] There is then a finite probability (if the initial state
chosen by nature is the ¢ = v/+/2 vacuum) for quantum tunneling from this vacuum to the
one of lower energy; or, in other words, quantum fluctuations may spontaneously generate a
“bubble” where ¢ < v/ v/2, which may then expand to fill the universe as ¢ decays to zero.
If the lifetime of the metastable state is much longer than the age of the Universe, i.e., if the
probability of forming such a bubble over the lifetime of the Universe is much less than one,
such a metastable state yields an allowable scenario. This probability was first calculated by

(3] ho estimated that for Mg % Mrw/+/2 the number of such bubbles occurring in
(58,64]

Frampton
the lifetime of the universe is extremely small. The calculation was redone by Linde who

found that this bound is actually even an order of magnitude lower.

However, in the same papers he pointed out that it had been shown®®  that unless the
Universe is extremely charge asymmetric (to the tune of 8 orders of magnitude larger leptonic
than baryonic charge) then high-temperature effects restore the symmetry in the standard model

at time ¢ — 0. Such a large charge asymmetry would be eztremely pathological; all existing



models predict the leptonic and baryonic charges to be of the sanie order of magnitude. Thus it
1s now the metastability of the ¢ = 0 vacuum (against, in this case, thermodynamic fluctuations)
that must be considered, in the range Mrw < My < Mcw, and spontaneous symmetry breaking
will only occur if the lifetime of the metastable ¢ = 0 vacuum is much less than that of the

universe. Linde®®%4 found this is the case only if u? = d?V/d¢? . at vanishing temperatures

is negative or extremely small (u? S 0.1 GeV?); we see from eq. (3.21) that this occurs for
XM S B,/2, or in other words that the true bound on M H 1s very close to Mow. Further
refinements (see for example Ref. 54 for a2 summary) may adjust this bound by at most a few

percent.

For m, > 80 GeV, or 85 < 0, the potential we have specified in eq. (3.15) will, for sufficiently
large ¢, become unbounded from below, making the minimum at V(¢/v?2) rather superfluous
(though it may be possible, if unlikely, that such a vacuum could be metastably long-lived

64

enough .. ). Let us return to the full evolution equation for ), eq. (3.12), and consider now

the opposite approximation to what we have so far used; namely neglect all couplings other than

A; we then obtain a solution of the form

_ A(v)
1- Mv)2rlog &

v2

Q) (3.22)

where we have evolved from some large scale Q¢ down to v. The term triviality[ss] refers to

the fact that A{v) is driven to zero (— trivial non-interacting theory) if Qlim A(@Q) is not to
— o0

blow up (as required for stability). However, we cannot expect to use 1-loop equations when
A(Q) becomes too large, and may hope that higher-order or non-perturbative corrections will
save the situation (e.g., by yielding a fixed point where 85 vanishes, preventing growth of A(Q)
beyond this point). We may then put an upper bound on Mg by requiring that the theory
remain perturbative (e.g. A(Ag) = 1) up to some scale Ag. For example, if we choose this scale
to be the Planck scale (considering pure ¢* theory so that M} = 2v%)) we find Mz < 140 GeV,
a result rather insensitive to both exactly what low energy scale we evaluate X at to calculate
Mp and exactly where we cut off the perturbative domain (whether we use AMMpr)=1or ©
for example). Similar results with a mild m, dependence are found if we take into account the
gauge and fermion couplings; since the bounds are at any rate well above the range of LEP I we
do not go into further details but refer the reader to, for example, refs. 2, 54, 60 and references

therein.

We now return to the lower limit on Mg for m; > 80 GeV. Neglecting the Q? dependence
of g¢, g and ¢’ in eq. (3.12), we see that in this range of m, the right-hand side has one negative
and one positive root: A_ < 0 < A4. For any initial value A(v) between 0 and A4+, the right-hand
side is negative and A(Q) becomes negative at some finite value of Q. Requiring then as stability
condition that A{v) > A, results in the lower bound

ME > \/12m;1 - 6My, - 3M5 + z-mf - gmf, (3.23)
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Figure 18. The vacuum stability bounds at the two loop level with one loop boundary con-
ditions for different cutoff scales A. The solid line is for A = 105 GeV, and the dashed lines
represent lower cutoffs. Systematic uncertainties are smaller than 1 GeV. The bound for smaller
top quark masses (~ Mcw ) is also shown as a dashed line. From Ref. 68.

a more accurate version of the bound discussed in Ref. 67. In Fig. 18 we display the bound
as calculated by Lindner, Sher and Zaglauer (e8] using the full renormalization group equations
valid to 2-loops, for different choices of cutoff scale.

We note that there may be a sort of competition between the pp colliders and LEP I in
whether a lower bound on Mg via non-observation of the top quark can be placed with pp
colliders before LEP I can place such a bound directly; this of course only holds for standard
mode] Higgses.

An experimental violation of these theoretical bounds would clearly be very exciting. We
conclude that the observation of a light Higgs is evidence for either 1) non-standard model
physics; 2) a very large charge asymmetry in the Universe or 3) my very close to 80 GeV. The

second case is very unlikely, and in any case would not explain an ultra-light Higg§ (less than
several hundred MeV).

4. Production and Detection
4.1 INTRODUCTION

We turn now to Standard Model Higgs production at LEP 1. Three main processes have

been considered:

Toponium decay: tt — Hy The Wilczek processlso] involving toponium looked very promising

in the past and has been discussed at length (see Refs. 4 and 5). Unfortunately. it appears now
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that tf cannot be light enough for this process to be useful at LEP I, except in the presence of
a light charged Higgs, a possibility we discuss in Chapter 9.

Z° — H% This process should have a clean signature thanks to the outgoing monochromatic
photon. However, it only occurs through higher order loop diagrams where fermions and W*

contribute (see Fig. 19). This process is analogous to H° — v+ discussed in Section 2.1.

Heo Heo
7o 1777 7
f Z W

f Y w X

Figure 19. Triangle diagrams for Z° — H%4.

The relative decay rate is given by[egl
NZ—Hy)_ _ o ( _ M};o)s 4f + Awl? 1)
T(Z — pu) 872 sin? Oy M2 1+ (1 - 4sin?8,)2 '

where Ay and Aw are the contributions of the fermion loops and the W loop respectively.
Complete analytic results (involving the complex function defined in eq. (2.4)) can be found in
Refs. 71. The fermion loops receive contributions from massive fermions only and Ay approaches

a constant limit as the fermion mass goes to infinity:

_ 2N.Q (T - 2Q; sin? 8iy)
I Af = E .
mr'I'n°° d 7 3 cosfw (4.2)

for a fermion of charge Qs and weak isospin Tg (N = color factor again). The limiting values
are 0.03, and 0.29 and 0.26 for a charged lepton and up and down type quarks respectively. An
approximate formula for Aw is

Aw = — (4.55 + 0.31( ME/ M) (4.3)

— i.e., a much larger contribution. Note the destructive interference between the two terms,
implying that extra generations will decrease the rate. Keeping only the W contribution, a good

approximate expression for eq. (4.1) is (using a = 1/128):

M\ MEN\?
~ -5 H -
X 6.94 x 10 ( ——§> (1+0.o:—%> : (4.4)

[(Z — Hy)
NZ — pup)

The result of the exact calculation is displayed in Fig. 20. It shows that even with 107 Z's one
ends up with at most 20 events (even for a very light Higgs), this production process becoming
comparable to the Bjorken process (see below) for masses Mg < 60 GeV in a region where
the signal is too small to be visible at LEP. (Note however that the conventional background[sl
from ete~ — ffv should be manageable.) One may conclude that if the Higgs particle happens
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Figure 20. Branching ratios for 7 — Hutu~ and Z — Hy (for m, = 60 GeV; the m,
dependence is almost negligible), relative to that for Z — u*u~. For Z — Hu~u~ we give
the breakdown for three two-fermion decays of the H - Z — Hu*pu~ — bbutu- {dashed),
Z — Hptu~ — céu*u~ (dotdashed), and Z — Hu*u~ — rFutpu- (dotted). On the
righthand axis we translate branching ratio to number of events, given 10° Z%s. We use
a=1/128, sin’ 6w = 0.23, Mz = 92 GeV, ['z = 2.55 GeV, and BR(Z° — u*p) = 3.3%.

to be found in this mass region (My S 60 GeV) via another process, this mode is potentially
interesting as a check of the Standard Model since all three gauge bosons vertices enter into the
calculation of Aw. Also, as this decay occurs via a loop it is a probe of physics at a higher mass
scale and one must keep in mind that the rate may be enhanced (or suppressed) by non-standard

— e.g., supersymmetric — contributions (see section 7.4).
Z° - Hff

This process, encompassing the Bjorken process (72} HOl*I~, is especially interesting thanks
to the large ZZ H coupling and to the favorable detection possibilities, and we will focus on it in
the next two sections. It proceeds through Z° — H®Z°", where Z° is an offshell Z°, followed by
Z° — ff. Detection and Higgs mass reconstruction is then achieved by studying the outgoing

fermions and/or the decay product of the Higgs. In the following section we discuss the general

features of this process, and in section 4.3 features specific to various mass ranges.

4.2 Z° - HOff, GENERAL FEATURES

Rates: The differential decay rate, normalized to the Z% — ff decay rate, is given by

- z] r: 2 /2
1 dr(2° = Hff) o (1-2+5+5) (2 - 4r)!

(Z — ff) dz " 4x sin? Oy cos? By (z=r2)? +(Tz/Mz)?

(4.5)

where £ = 2Ex/Mz and r = Mg /Mz, the kinematical limits being 2r < z < 1 —r2. The energy
of the Higgs boson, Eg, is related to the invariant mass of the fermion pair M,¢ (ie., the mass
of the virtual Z"):



Ep = (M§ + M} - M%) [2M7. (4.6)

To get the total event rate in each channel, eq. (4.5) has to be integrated, e.g. numerically
(the exact — and lengthy — expressions can be found in Ref. 73, and approximate expressions
in Ref. 2). Obviously, the Bjorken process Z® — HOu%u~ is expected to be the cleanest; the
production rate for this process, relative to Z® — p*u~, is shown in Fig. 20. (In general, when
we write u, we mean, practically speaking, e or p. Also, all rates are given for an ideal 100%

acceptance.)

When My is close to zero, this relative rate can be as large as 1072, In table 1 we give the
expected number of Z° — HOuTpu~ events given 108 Z%'s (without radiative corrections, but
using a = a(Mz) = 1/128) assuming BR(Z° — p*p~) = 3.3%.

Mg (GeV) [10]15(20125{30| 35|40 | 45 | 50 | 55 | 60

no. of events | 75{45/29(18}12{7.5(/4.5{2.5|1.5(/0.8|0.4

Table 1.  Event rate for the process Z® — H%u*u~ given 10° Z%s, using o = 1/128,
sin® 6y = 0.23, Mz = 92 GeV, Pz = 2.55 GeV, and BR(Z® — putp~) = 3.3%.

Considering that looking also for Z* — e*e™ doubles the statistics these numbers would
imply that roughly speaking a Higgs whose mass is as large as ~ 40 GeV (~ 60 GeV) might be
seen at LEP given a sample of 10® (107) Z%s. In this process initial state radiative corrections

]

are known to be important.m'4 A simulation has been performed, implementing the O(a)
initial state corrections giving low energy photons emitted for the most part close to the beam
direction. Its effect is to lower the energy of the incoming electron and/or positron and thus
to reduce substantially (~ 30%) the Higgs production cross-section. Event rates according to

this simulation are shown in Fig. 21. Of course, initial state radiation has the same suppression

: |

Rate for 10°2° e'e” — He*e™ |

Rt st sas sl s A

Number of events

L Il i |

O -y

40 50
Higgs mass (GeV)
Figure 21. Event rate with (solid) and without (dashed) radiative corrections versus Higgs

mass, using @ = 1/137, sinfw = 0.23, Mz = 92 GeV, I'z = 2.5 GeV, and BR(Z° —
ptu~) = 3% (for 10° “tree-level” Z’s). '
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effect on the number of Z’s actually produced; when we quote 10 (107) Z's we are referring to

“tree-level” Z's, used as a convenient meterstick of luminosity.

Detection: The Higgs boson should be detectable without even observing the specific decay
products of the Higgs. itself; My can be reconstructed by measuring the four-momenta of the
outgoing fermions from the Z=. Let us first consider the case where f = lepton (e or ). If 6,4,-
is the opening angle between the two leptons, and E;+ and E;- their respective energies, My

(for s = M%) is given by:
Mg = [M5 +2E E-(1 = cos §j4,- ) + 2m? — 2Mz(E;+ + E;- )2 (4.7)

In addition, the invariant mass distribution of the leptons M+, is strongly peaked at very large
values of the invariant mass("¥ because the virtual Z~ boson is as close as possible to its mass

shell. We plot in Fig. 22 the invariant mass spectrum.

Relevant formulae can be found in Refs. 74, 75 and 5 (see also 29), including formulae for

the differential cross-sections, useful for building event-generators.
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Figure 22. Shape of the m,+ - distribution in Z° — H? + u*pu-.
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An interesting point is that in the electromagnetic production of hadrons plus an I*{~ pair,
which contributes part of the background, the {1~ pair will be peaked towards low invariant
masses because it comes from a photon,m] so even if this production is copious, a simple
cut in AMj-;- will be sufficient to eliminate most of this background. More severe might be the
background from the weak semileptonic decay of heavy flavors: Z° = QQ — utu~ or ete” +X.
In fact the “dominant” expected background from Z — ¢{ studied extensively in the recent past
(Refs. 4, 76) 1s now irrelevant (however one must keep in mind the possible background from
b'b’ decay). Note that it was shown that this sort of background did not present real difficulties
in extracting & clear signal with simple selection criteria (no missing energy in the event, etc.)
leading to a 65% efficiency even in the presence of a t quark with mass below Mz/2. For
light Higgs bosons (below about 10 GeV) the recoiling leptons will have large momenta and
the resolution with which the I7/” invariant mass and energies are measured will be degraded
because AE) increases with the lepton energy. Note that the exact behavior of AE, and AE,, is
dependent on the experimental setup, and the claim made some years ago that “e better than
p" (Ref. 6) is no longer necessarily true. As a consequence, a study of the recoiling Higgs decay
products has certainly to be performed in detail. However, as we have seen, the production rate,

which is fairly large in this case {see Fig. 21) will greatly help.

If one keeps to techniques in which one triggers only on the Z~ channe!l one may be able to
improve the Higgs search by examining choices other than I*!~ for the Z* final states. This has
the advantage of increasing the event rate, but the background may also become much larger.
It is obviously the case if one considers hadronic final states Z° — H%gg since (if one includes
all 5 flavors) the branching ratio is around 20 times that for Z° — p+u~: the main problem
will come from an overwhelming QCD multijet background. For purely hadronic final states,
the only channel likely to be useful would be Z° — H°bb followed by H® — bb (for Mgo > 10
GeV), the resulting bbbb final state to be identified using a vertex detector.

An other interesting channel may be Z° — HO% because of the increased statistics —
BR(Z° — H%®)/BR(Z® — H°up) ~ 6 summing over all kinds of neutrinos. The signal would
be substantial missing energy together with hadronic jets from the Higgs decay, a very distinct
signature. However, without identification of the charged lepton pair, reconstruction of these
events must rely on the Higgs decay products themselves (which depend on the value of the
Higgs mass); moreover, all ordinary events where energy is for some reason lost constitute a
severe background. This background may come from energetic long lived neutrals (K, n, @),
semileptonic decays of heavy quarks giving high energy neutrinos, two-photon processes, and
(mainly) energy losses due to the holes and limited efficiency of the detectors (note that the
contributions of four fermion events to this background is very small since the branching ratio
is at most ~ 10"7.[70] Quite different assumptions (understandably so, being based on quite

. . . . . [4,77,78
different detectors) have been made on this last point by the various studies [4,77.78]

performed
up to now, leading to somewhat different conclusions. Nevertheless, all the studies for a Higgs
in the mass range 10 GeV £ Mg < 30 GeV agree more or less on the statement that the
11~ channel is superior for My < 20 GeV or so due to the better mass resolution which

becomes crucial as the production rate goes down. However, when My is not too far above the
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bb threshold the signature of the events will be two Jets and missing energy with a particular

geometry (acolinearity, non-coplanarity) for the two-jet system which provides a powerful way

tc isolate these events.

Conclusions of the studies performed for Z° — H%o:

MARKIIU™ . after Monte Carlo simulation of detector, cuts, severe selection criteria, they
are not very optimistic: background above or comparable to the signal (e.g.. for 10 Z’s, the
background is 210 events, the signal is 60 events, for My = 15 GeV). They stress the necessity

of a very good understanding of this background.

rellow book 86* :  More optimistic with less restrictive cuts and more hermetic detector —

predicts clean signal above background for Mz = 20 or 30 GeV.

Duchovni, Gross and Mikenbergm] :

ground for 5 GeV S My S 15 GeV. A comparison between ete~ — 29 — Z*H with the

subsequent decays Z* — v and H — jet jet and the same process with Z° — ete~ (two

Claim (after cuts, etc.) that there is no serious back-

channels which are claimed to have comparable efficiency) implies that the v7 channel is domi-
nant up to My ~ 20 GeV.

An optimistic conclusion seems to be that with the neutrino process, 2x 10 to 10% Z° events
might be sufficient to either limit or observe the Higgs in the mass range 5 GeVS My S 15
g g8 g
GeV. In the region below the charm threshold, a first analysis 771 gives a comparable signial and
g g g
background. This region is under study by other groups.

4.3 PECULIARITIES OF MASS REGIONS

Very light Higgs: My S 200 MeV  As we have seen in Section 3.1, in spite of valiant efforts, it
remains difficult to state with complete confidence that such a Higgs is ruled out. It will be

highly valuable to search for the #? at LEP as far down in mass as possible because these limits
should be free of the theoretical ambiguities discussed in Section 3.1 (as long as questions like
Higgs decays into light hadrons can be avoided). We recall the general features of light Higgs
search: high rates but difficulties in reconstructing Mg from the Z* decay products, demanding
a study of the Higgs decay system.

This mass region, below the muon threshold, is certainly the simplest one. since the decay
into an e*e” pair (greatly dominating those into 4-) is the only relevant process (ignoring the
possibilities of decays into light exotic particles). In this case, the Bjorken process is Z° —
H® +I*I= — e*e~I*l™, a simple 4-lepton process where the leptons coming from the Z~ are
nearly back-to-back and carry almost all the energy, and the electron pair coming from the
decay of the long-lived Higgs materializes at a large distance from the primary vertex. This
event topology is very different from the one for an electromagnetically produced ete~1+1-
event, which has a comparable branching ratio (~ 2 x 10‘4).[701 Note that the emission of a
real 7 from a lepton line in a simple Z° — I*]~ interaction, followed by its conversion into an

ete™ pair after an interaction with the material of the detector, does result in an event with



the same topology as the one we are interested in. Therefore it may be a potentially dangerous

background whose quantitative estimate is detector dependent.

The mean values of the decay lengths are shown in Table 2 for My from 50 to 200 MeV

together with the mean values of the opening angles of the two electrons. These decay lengths

My (MeV) | 50 {100 | 150|200

<> (cm) |175{ 55 | 22 | 13
3.0|5.0]6.7

< 6> (deg.) | 1.

-3

Table 2. Mean values for decay lengths and electron opening angles.

imply that the Higgs decay will be seen in the central detectors. In this mass range the average
energy of the Higgs (< Ey >~ 8 GeV) is of course very large compared to its mass; thus
the electrons acquire their momentum from the Higgs momentum, and will have a substantial
energy (< E. >~ 3.5 GeV). In addition they will also have a small opening angle (see table)
preserving the original direction of motion of the Higgs. Note also that for a very light Higgs the
]

e . {75.29 . .
HO angular distribution is essentially flat!™ so one expects no particularly important losses

in the forward direction where most of the experiments are blind.

If, in spite of the low decay rate, one is interested in the 2 photon decays, the kinematics
are quite similar but one loses the information from the central tracking detector about the
secondary vertex. Finally the reaction Z° — H%q — ete™ jet jet suffers from the already

mentioned advantages and disadvantages but may be worthwhile to look for.

Light Higgses above the two-pion threshold Higgs detection possibilities in this mass range

have been explored in Ref. 29, in particular in the channel Z% — qgH — qgutp~. As in the
previous mass region, one takes advantage of the flat distribution, the still large momentum of
the Higgs compared with its mass, and the small opening angle of the muons, which will have
an invariant mass distribution sharply peaked at the Higgs mass. It is claimed that reasonable
cuts may exclude all backgrounds, keeping an acceptance efficiency of ~ 20% for signal events,
leading to 20 to 40 Higgs events for 10% Z's. To get these numbers a branching ratio of 5% has
been assumed for H — pp. As we have seen in Section 2.3 the uncertainties concerning Higgs
decay in this mass range will result in real trouble in setting definite limits on the Higgs mass,
since the =7 branching ratio could be further enhanced, causing the above signal to disappear!
Certainly more studies are needed, both theoretical, and experimental concerning detection with
minimal cuts. The present estimates indicate that it should be fairly easy to improve on the
limits that can be placed from B physics (where the main uncertainty is again the H - uytu~
branching ratio) below My =~ 1 GeV (from JADE data, see egs. (3.7) and (8.9)); above 1 GeV
an improvement on the limit from B physics (CLEO, eq. (3.9)) will be more challenging to
achieve.
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Above 5-10 GeV

This is the cleanest region, where the study of Z~ decays alone should allow one to set
conclusions on the Higgs search. In view of the problems discussed above with the H — ptpu~

branching ratio, it is important to push this region to as small Mg 's as possible.

Of course, the isolation of candidate events would provide an oppertunity to study the actual
decays of the Higgs: mostly H — bb if Mg < 10 GeV resulting in a hadronic system having a
rather low momentum (since the lepton pair from the Z~ tends to have a large invariant mass)
thus resembling the final state of a bb event at /s = Mpy.

One may wonder what will be the effect of radiative emission from the final state Z~ leptons
on the shape of the reconstructed Higgs mass. Note that, in some cases, the photon energy
could be high enough and the photon emitted at relatively large angle from the beam direction
in such a way that it could modify the event topology. This could lead to a raconsideration of

the event selection criteria and therefore of the reconstruction strategy.

This study was performed in the case of a perfect detector, introducing no energy nor angular
dispersion in the measurement. In order to estimate the effect of the final state radiation, we
used a routine created by R. Kleiss!™ for gluon emission, and modified with his help for the
photon radiation case. The energy spectrum of the photons emitted by the final state leptons has
a shape similar to the one obtained in the case of initial state radiation, but with a tail extending
to higher energy. The mean energy value has a slight dependence on the Hizgs mass. These
photons are nearly collinear with the outgoing leptons and will be detected for the most part,
unlike the photons radiated in the initial state, which are emitted close to the beam direction

and therefore escape detection.

The effect of these final state radiated photons is to lower the effective energy of the outgoing
leptons and to slightly change their opening angle so that the reconstructed Higgs mass {eq.
(4.7)) is shifted towards higher mass values as shown in Fig. 23 for My = 20 GeV. This effect

800
700
’ 600 y |
sa0 |-
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200

0 19 22 21 22 23 24 25

Figure 23. Reconstructed Higgs mass (GeV), according to eq. (4.7), for My = 20 GeV, with
6§My = 60 MeV binning, for 1000 events generated.
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will be smeared when the angular and energy resolution of the real detector is taken into account,
and the relative importance of the radiative distortion in the mass resolution will decrease. The
impact of this effect on the reconstruction could be slightly worse for the muon than for the
electron pair final states since in the electron case the energy of the photons emitted at small

angles will be registered along with the electron energy by the elect'romagnetic detector.

In any case, these final state radiation effects will only affect slightly the overall Higgs mass

reconstruction.

In conclusion, concerning the maximum attainable limit of LEP I, it seems that there are
no qualitative problems in this region and that it is only a question of rates, which drop with
Mp. Reasonable limits after taking into account initial state radiative corrections and detector

efficiencies are around MJ°* = 35 GeV for 10° “tree-level” Z’s, 55 for 107 “tree-level” Z’s.

PART II: Beyond the Minimal Standard Model Higgs

5. Introduction

Since we have no experimental information concerning the Higgs sector, it is clearly a good
idea to explore some implications of a more complicated symmetry breaking structure, which
could be present either as a minimal extension of the standard model, or as one aspect of a
more complicated extension such as supersymmetry. We will not attempt here to enter into a
discussion of the motivations of such models; a list of appropriate references can be found for

example in ref. 4.

Among the various extensions the most natural one is that of models with 2 or more Higgs
doublets (for a discussion of more complicated Higgs sectors see for example ref. 2 and references
therein). These models have the virtue of satisfying automatically the important constraint
Ptree = M3, /M2%cos?§ = 1, and for 2 doublets the absence of flavor-changing neutral currents
at tree level can be easily and naturally arranged. Such a structure (2 doublets) is also required
in the important case of the minimal supersymmetric extension of the standard model (MSSM),
which we shall discuss in Chapter 7. We will focus on the simplest examples, models with
only two Higgs doublets. In Sec. 6.1 we introduce the general structure of two-Higgs doublet
models; in Sec. 6.2 we discuss the bounds that may be derived from BB mixing physics. In
Chapter 7 we concentrate on the MSSM, outlining its general structure in Sec. 7.1, discussing the
phenomenology of the complementary processes Z° — h°I*1~ and Z° — h°A° in Sec. 7.2, the
signals from the decay Z — h°A°® and subsequent Higgs decays in Sec. 7.3, and other channels
in Sec 7.4. In Chapter 8 we discuss briefly some of the physics of a “minimal” extension of the
MSSM. Finally, we discuss charged Higgses in Chapter 9. For a discussion of more complicated
Higgs sectors, such as those present in left-right symmetric models, composite, hypercolor and

[80]

technicolor scenarios, we refer to the literature on the subject.
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6. Two-Higgs doublet models

6.1 GENERAL STRUCTURE

Introducing two complex ¥ =1 SU7(2); doublets,

a(§) (%)

the Higgs potential becomes

V(d1,92) = M1 — v2)? + Az(dh by — v3)?

43 (661 ~ 1) + (#hez - )]

L

+2¢ [(6161)(8402) — (9162)(801)] (6.2)

.

r 2
+ A5 Re(d){ @2) — v1v2 coOs E]

26 [1m(4]2) - vivs sing]

where the ); are real parameters and £ a phase that can be rotated away by a redefinition of
fields if Ay = Ag, as is the case for example in the MSSM. We will set £ = 0 henceforth, which
incidentally yields a CP invariant Higgs sector. The quantities v; and v, are the VEV’s of ¢,
and ¢, respectively (along the real parts of the neutral scalars). Of the eight degrees of freedom
present in eq. (6.2), three are “eaten” to give the W* and Z° mass, leaving five physical Higgs

bosons: two charged states H¥,

): =—¢’1i sinﬁ+¢§: cos B (6.3)
where 3 is given by tanf = v;/v;, and three neutral states — the scalars

H =2 [(Req{)(lJ — v1) cos a + (Redj — vz) sina]
(6.4)
R = V2 [~(Reg) — v1)sina + (Reg3 — v2) cos ]

where H? is the heavier scalar, by convention; the mixing angle a specifies the rotation necessary

to diagonalize the neutral scalar Higgs mass matrix; and
A® = 2 [-Im¢! sin B + Im¢} cos B] (6.5)

a CP-odd scalar commonly referred to as a pseudoscalar (see ref. 2 for a discussion, and the

expressions for a and the Higgs masses in terms of the A; and v;).



We have thus gone from the one free parameter of the standard model Higgs sector to six:
four Higgs masses, the VEV ratio tan 3, and the mixing angle a of the neutral scalar sector.
The W mass fixes v? + v = (246 GeV)?/2 = 1/(GFr2v/2). For phenomenological studies it is
clearly very important to reduce the number of parameters by picking a more specific model],
as will be done in Chapter T where we discuss the MSSM. Nonetheless, ‘there are some useful

things to be said about two-doublet models in general.

The couplings of the H® and A° to the vector bosons are suppressed compared to the

couplings of the minimal standard model Higgs; they satisfy the sum rule

2
kovy + ghovy = (98Vv) (6.6)

(here V stands for W or Z) or in terms of a and 3

gHVY vy _ . -
o7 = cos(8 — a) o7 = sin(B - a). (6.7)
gvv guvv

Note also that the couplings Z°Z° A% and W+W ~ A® are absent; the couplings of a Z to a pair
of identical Higgses are forbidden by Bose symmetry; and the couplings Z°A°h® and Z°A°H©
are allowed. The couplings of the Higgses to fermions are more model dependent, and will be
discussed for the specific case of the MSSM in Chapter 7.

In the two Higgs doublet models generally discussed, flavor changing neutral currents at
tree-level are avoided by having only one doublet couple to a given type of quarks (and leptons)
— either (in what we will refer to as Model I) by having only one Higgs doublet couple to all
quarks and leptons, and decoupling the second Higgs doublet from the fermions Bl o (Model
II), as required for the MSSM, by having one doublet couple only to the up-type quark and

leptons and the other only to the down-type fermions. &2

For the theoretical lower bounds on the mass of a light Higgs, it is often claimed that in any
multiple Higgs model one can in general only place a lower bound only on the sum Y, M 200
which allows the lightest scalar to have an arbitrarily small mass (independently of the ¢ quark
(54]

mass). However stronger statements can be made;

has

in particular in a two-doublet mode] one

11’.[}2170 COSz(a - ﬁ) + Mzo Sinz(a - ﬂ) 2 MCZ:‘VI (6.8)

where Mcw is defined analogously to Mcw in Section 3.2, but may be larger, since now
massive scalars may be included in the sum in eq. (3.20) (with contributions 1/3 that of the
vector bosons). Referring to eq. (6.7) we see that an A® with SM couplings to the vector
bosons (sin(f8 — a) = 1) must be heavier than the CW mass as defined in the standard model.
However, if the h® has couplings “slightly” smaller than standard model — and therefore may
be experimentally indistinguishable from a standard model Higgs boson — the H? couplings
are large enough to satisfy the bound with a massive H° alone. For example, consider a model
with three Higgses (H* and A°) of mass 150 GeV; then Mcw: ~ 20 GeV. If the observed
T(Z° — h%*1~) is 90% of the expected standard model value, then a H® of 70 GeV is sufficient

to satisfy the bound (6.8) with no constraints on A°.
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Figure 24. Georgi-Manohar-Moore bound on the VEV ratio in a two-Higgs-doublet model.
From Ref. 54.

Theoretical upper bounds are not strong enough to concern us here. One other theoretical

bound, that of Georgi, Manohar and Moore (82]

applies in the case v, << vg. Since the Yukawa
coupling of the ¢ quark is enhanced over the Standard Model by the ratio vg/vy, it is very large
and can destabilize the potential of the light scalar in the low-energy theory. The resultant

bound is of course stronger for heavier m,. In Fig. 24 we show this limit.

Experimental constraints need to be considered limit by limit and model by model. In Sec.
3.1 we mention for each lLimit considerations for extending it outside the standard model. The
current bound on the charged Higgs boson is obtained at PEP and PETRA from the failure
to observe the H* in ete™ — v7,Z° — H*H~, giving Mg+ R 17 GeV.* This Limit is
anticipated to be improved to Mg+ < 25 — 30 GeV at Tristan.

Another source of limits comes from various low-energy experiments. The best limits come
from the measurements of BB mixing, and we shall discuss this process as an illustrative case
in the next section. Rare decays such as b — sy, b — s{*{~, K — 7v¥ and B — X,v¥ may also

.. [88]
prove promising.

6.2 Livits rroM BB mixing

In a two-Higgs doublet model, additional box diagram contributions to BB mixing are
obtained by replacing one or both of the W lines by physical charged Higgses (Fig. 25). We will
use a combined value based on ARGUS™ and CLEO®” measurements of

P(BS — ItvX") AMp 5
= =0.2 .06; = ——"2d = 0,71 = 0.14. .
T4 P(Bg——*l'VX"') 0.20 + 0.06; or z4 T, 0.7 0.14 (6.9)

W w H

b ——— —>—d — NN —_—————

u.c,h:WV\J\u,c,t Y A ; J\

d —e b —— ‘———<————"——H——‘—-<—--

W

Figure 25. Box diagrams for BB mixing in a two-Higgs-doublet model. H is a physical,
charged Higgs boson.

94



95

To excellent approximation we may neglect the contributions of box diagrams with u or ¢

quarks and consider only t quark contributions. Then z4 is given by

9

G2 I
zq = G—‘KFZ-mETB.xBBafédMBJIvtd‘/tblz [Aww + Awn + Ann]

1.9 1 3 1 3 zZInz (6.10)
Aww = |t T, T2 ) 2= n)) @D
Awg = m?cot? B (32M% I, + 815) Agg = mlcot B 41, I ME,

where I, I; and I3 are integrals that can be found for example in Refs. 87 and 2. Here Bp is
the bag factor; fp is defined analogously to the pion or kaon decay constants, f, and fx; 7p
and Mp are the B meson lifetime and mass (we take Mp = 5.275 GeV); the V;; are Cabibbo-
Kobayashi-Maskawa matrix elements; and nocp is a well-calculated QCD correction factor that
we take to be equal to 0.85. We neglect the QCD corrections for the Higgs terms. Eqs. (6.10)
are valid both in Model II where v;(v;) is the VEV of the Higgs giving mass to the down (up)
type quarks and in Model I where v, is the VEV of the only Higgs field coupling to fermions.

The uncertainty in the calculation of 24 comes mainly from m,, and the combinations Bg fé
and 75|Vi4l? ( |Vis]? = 1, from the unitarity of the 3 x 3 CKM matrix). We choose

By fp, = 160 £ 40 MeV (6.11)

which is meant to imply that the whole range of “conceivable” possibilities is within about twice

the quoted error. For 75/V;4|? we take the approximate parametriza.tion[gz]
Vua' Vu: Vub 1- %)‘2 A A)\speid’
V= Vea Ves Voo | = -A 1- %Az AN? , (612)
\ Vi Vao Vi AN(1 - pe™®)  —AN? 1
giving [Vidl = A/1 + p? — 2pcos ¢ |Ve|, (6.13)

where ) = sing, = 0.221. V,; is reasonably well-determined by the semileptonic branching ratio
Bsr = B(b — eVX):[sa,sz}

78|Ve|? = (2.9 0.6) x 107, (6.14)
The limit B = T(b — X ev)/T(b — X.ev) < 0.04 implies a bound p < 0.6 (see e.g. Ref. 94).

With essentially no bounds on cos ¢ (although for small m, one should probably be more careful

and consider bounds from the measurement of the CP violation parameter ¢g ), particularly for
m,; > 50 GeV, this yields

78|Vigl? = (0.18 to 4.4) x 107'%s. (6.15)

We choose three illustrative cases (note that cases 1 and 3 are not truly maximal):

1. a case allowing a large charged Higgs contribution:
By:fgd =120 MeV, 75|Viql? = 0.5 x 10~ s, and z4 = 0.85 (dashed)
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2. a central case:
By’ fp, = 160 MeV, 75|Vigf? = 2.0 x 10715, and 24 = 0.71  (solid)

3. a case leaving little room for charged Higgs contributions:
BY?fp, = 200 MeV, 75|V,4|? = 3.5 x 107'%s, and z4 = 0.57. (dotted)

In Figs. 26 and 27 we show the value of tan§ as a function of My: that yields the exper-

imental BB mixing assumed in each of the three cases, for several values of m,. For case 1 we

10.0 T T LA I B B B T

tan 3

01 i L H Llllll 1

10 50 100

M- (GeV)

Figure 26. The value of tan 3 required to obtain the central experimental BB mixing result
for central standard model parameters (case 2 above), as a function of Mys, for various m,
values.
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Figure 27. The value of tan 8 required to obtain the extreme experimental BB mixing result
for extreme standard model parameters (cases 1 (dashed) and 3 (dots) above) as a function of
Mpgs, for various m, values.



show curves for m, = 60, 100 and 180 GeV, and for case 2 curves for m; = 60,80 and 110 GeV.
We have chosen our minimal value of m, to be 60 GeV, since recent pf collider results have
indicated that m, below 60 GeV is “quite unlikely.” (o] However, one possible caveat to this
bound is the presence of a light H* dominating the decays of the top quark (as will be discussed
in Chapter 9) and thus for Mg+ < 55 GeV we extend our 60 GeV curves by curves calculated
for m, = Mgz +5 GeV. For My« < 25 GeV we use m, = 30 GeV. For case 3 we show curves
for m, minimized in the above fashion, and for m; = 55 GeV, only for light enough Higgses.
Note that all of this fine tuning will be unnecessary when we consider the MSSM, where My
is required to be larger than My «.

Until the ¢ quark is found, no upper bounds on tan 3 can be placed, despite what Figs. 26
and 27 may seem to indicate, since—except for extreme cases like 1—we can always take m;
large enough so that the standard model contribution saturates the observed BB mixing (this

occurs for m, = 460,120 and 56 GeV for cases 1, 2, and 3 respectively). The lower bounds are

promising, especially as the limits on m, improve in the near future. (Actually, in Awg and

Agg (eq. (6.10)), we have neglected effects of the my contribution to the H*bt coupling (see
egs. 9.1 and 9.2). In Model I these contributions are proportional to cot 3 like those from m;,
and hence are always negligible. In Model II, however, the m;, contributions go as mj tan 3, thus
lowering slightly the curves for tan3 > 1 shown in Figs. 26 and 27, and definitively excluding
sufficiently large tanj.)

We look forward to improved constraints on mq, and the combinations Bp f} and 75|Vi4f?,

as being highly constraining for charged Higgs bosons.

7. Minimal Supersymmetric Extension of the Standard Model
7.1  GENERAL STRUCTURE

Supersymmetric theories currently provide the only known way to avoid the problems of fine-

tuning, naturalness (or rather unnaturalness. ..), and hiera.rchy[%]

and to describe a relatively
light fundamental Higgs boson free from quadratic divergences. The minimal supersymmetric
extension of the Standard Model is a particular case of two Higgs doublet models of opposite
hypercharge, the Y = -1 (¥ = 1) doublet coupling only to down-type (up-type) quarks and
leptons. This choice is required in order to give masses to both types of particles. In our notation

vy (v1) will be the VEV of the Higgs giving mass to the up (down) type quarks.

Supersymmetry imposes symmetry relations between the parameters of the Higgs potential
(6.2) and the Higgs sector is now more tightly constrained, depending on only two independent
parameters. As a consequence a number of relations exists between the masses, the ratio of the

VEV’s, tan 83, and the mixing angle a. Thus

. |
Mo po = 3 {A'fio + ML+ \/ (M2, + M2,)? - 4M3, M2, cos? 28 (7.1)

giving
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M+ MEo = M2, + M2, (7.2)
We have also
ME. = M2, + ML, (7.3)
and

(7.4)

M2, + M2
tan2a = tan23 (JLZ.‘L)

2 2
M2, - M,

fixing the value of a. This expression only determines a to within an ambiguity of #/2, which is
resolved by the additional definition cos 2a = —cos 26 (M2, - M %o )/ (M}, — M2) or by always
respecting the conventions 0 < # < x/2 and -7/2 < @ < 0. Other useful relations are easily
derived, and may be found for example in Refs. 2 and 15, along with all Higgs boson couplings

and Feynman rules.

From the above equations it is obvious that Myoe > Mze and Mg« > M-, implying that
these Higgs bosons are not of interest at LEP I. Conversely, we point out that the observation
of charged Higgs bosons at LEP would rule out the MSSM. We are therefore left with the light

scalar Higgs h°, whose mass is constrained by

M,fo < cos? 23 M%o (

~
(41}
N

i.e., restricted to be lighter than the Z°% and the “pseudoscalar” 4° whose mass is arbitrary if
tanfB = vy/v; is not fixed. We see that My, is also constrained to be less than M o ( in fact
M}, < cos? 28 M3,.)

The couplings of the MSSM Higgs bosons to up-type and down-type fermions. relative to
the SM Higgs couplings, are

cosa hod(—:l., hoﬁ — sin &

ROum: —
sin 3 cos 3

(7.6)
A%t cotp A%dd, A%l tan g

(these relations, in fact, are not restricted in validity to the MSSM, but hold in general for
Model II). Also of particular use to us in the following is the coupling Z%4%k?, with Feynman
rule factor

geos(8 — a)

AY") -
2 cos (p+2) (7.7)

where p and p’ are the Higgs momenta.

It is usually assumed that the VEV v, which gives mass to the top quark. is bigger than
vy, which gives mass to the bottom quark, giving tang > 1.7 In this case ;4 < I3 < 7/2 and
—7/2 < a < —7/4 in the ideal case for phenomenology where both A% and A° are lighter than
the Z° (—7/4 < a < 0if A® is heavier than Z°.) Nevertheless, one should not ignore the range
0 < tanf < 1 and in our figures we show results for the whole range. In general bounds are

symmetric about tan 8 = 1, that is, for tan 3 — cot 3.
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Figure 28. Contours of constant Mo in tan B — M 40 parameter space, and contours of constant
tan 3 in My — M ;0 parameter space.

We see from eq. (7.1) that if tan8 — 1 then My — 0 while M, can take on any value.
Large values of tan 3, on the other hand, imply that h? and A are approximately degenerate in
mass (for A° lighter than the Z9: otherwise h® and Z° are approximately degenerate in mass).
In Fig. 28 we show the interrelation of M4, My and tan 3.

Finally, we comment on how to recover the standard model with one Higgs doublet from the
MSSM. ! To recover the SM couplings it suffices to set tan 3 = 1. However, this forces My =0,
so one must set the Higgs masses by hand (Mo to a non-zero value and the rest to o0). More

rigorously, one takes the limit M40 — o0. This forces Mg+ and Mpgo to co as well, and

sin23 = —sin2a = /1 - M% /M%; cosa = sinf3 (7.8)

which may be demonstrated to yield the SM couplings from Eq. (7.6); note that My = 0,
tan3 = 1 is a special case of Eq. (7.8).

9 PHENOMENOLOGY — Z0 — A%I*I~ anD Z® — h0A°

We will focus now on the situation which is the most fruitful for phenomenology at LEP,
namely when both A% and A? are lighter than the Z% and we will see below that the two decays
79 _, KOI*1- and Z° — A A° are complementary processes which deserve a careful study. Note
that the decay Z° — A%I*[~ is forbidden. This section is based in part on work of Giudice.®®

First, according to eq. (6.7) the decay Z9 — ROI*[~ is suppressed with respect to the
Standard Model decay of a Higgs of the same mass
T(2° — ROI*I7)
T(2° — Hipl ")

= sin?(8 - a) (7.9)
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Figure 29. The value of ['(Z° — h%I*17)/T(Z° — H?,,IT17) as a function of tan 3. for various
values of M) (taken from Ref. 98).

where

M} M? - M} + M2
sinf(8 - a) = ( - -—"-) ( 4 A Z ) . (7.10)
M:)\ M2 -2M} + M3

[(Z°—h%*IT)
T 29—HY, Iv1-)
a function of tan g, for various values of M. In Fig. 30 we show contours of this ratio versus

The effect of this suppression is displayed in Fig. 29, where we show the ratio

tan3 and M,, or in other words, the limits on the tan3 — M4 parameter space that can be

placed given limits on this ratio (see Fig. 39 for similar contours in the My — M 4 plane).

tan 3

Mpe/Mgzo

Figure 30. Limits on the tan3 — M4 parameter space, given limits on the branching ratio of
Z — hu*u~: BR(Z® — h%u* ™) < 3x 10° (solid), 1 x 107> (dashed), 3 x 10~% (dotdashed)
and 1 x 10~ (dotted).
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Figure 31. Branching ratio for Z — Hu%tu~ relative to that for Z — p*u~ in the
MSSM, for tanf3 = 5. We also give the breakdown for three two-fermion decays of the

H: Z — Hutp~ — bbu*tu~ (dashed), Z — Hutu~ — céutu~ (dotdashed), and Z —
Hutu~ — r7utu~ (dotted). On the righthand axis we translate branching ratio to number
of events, given 10° Z%'s (again, we use an ideal 100% acceptance, and u means, practically
speaking, u or e).

In Fig. 31 we show the equivalent of Fig. 20 (i.e., the branching ratios for Z — A%u*p~
and for this process followed by k° decaying to bb, ¢ or 7+7~) for the MSSM, having chosen
tanf = 5 as a representative example. Again on the right-hand axis we give the expected

number of events for 108 Z’s.

Between the number of events (which may be translated to an equivalent mass Mj that
would generate the same number of events in the standard model) and the observed kinematic

mass, we should in principle have a handle on tan 8 (in the MSSM). In Fig. 32 we show contours
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Figure 32. Contours in various tan 3 values in the plane of number of Z — I*1~ H events
versus the measured Higgs mass (a) or in equivalent mass Mj versus measured mass (b).
tan and 1/tanp are equivalent here. ! stands for x or e.
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g
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in various tan 3 values in the plane of number of Z — I*!~ H events versus the measured Higgs

mass (Fig. 32a) or in equivalent mass M} versus measured mass (Fig. 32b). In Fig. 33 we show
the equivalent contours for Z — [*I~H — [*1-bb, and in Fig. 34 the contours (in the M§ — Mg
plane only) for Z — I*I"H — I*{"céand Z — I*I"H — I*I"7% 7~ (note that for this last the

contours for tan 8 = 3, 2, and 1.2 get truncated for low My because the event rate gets higher

than in the standard model for any My as the 717~ channel gets enhanced relative to c¢ — see

eq. (7.6)).

To summarize, if tanf — 1, h® will behave like the Standard Model Higgs and it will
be difficult to distinguish it from HY,,; if on the contrary tanf is large (R 5) (favored in

supergravity models in the case of a heavy top quark) the rapid suppression of the decay Z° —
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Figure 35. The value of I'(Z° — A%4%)/T(Z° — v.7.) as a function of tan 3, for various
values of M7 (from Ref. 98).

RO1* [~ makes this process hopeless for the detection of a light SUSY Higgs at LEP I. Fortunately,
if tan 3 is large and h° light, A° becomes light too and the branching ratio for the complementary
process Z® — h%A% increases dramatically. The rate for this decay compared to the standard

model process Z°% — v, 7, is

[(2° — ”°4% 1 o M2 M2,
- - A1, _h’ AT T
(20 S or,) 2 P o) ( MI M2 ) (7-11)
where A is the usual kinematic factor
Mayb,c) = ((a—b - c)? = 4bc)*’” (7.12)

and the differential cross-section has a sin? § angular dependence.

This relative branching ratio is shown in Fig. 35, as a function of tan 3, for various values of
M. In Fig. 36 we show contours of this ratio versus tan3 and My, or in other words, the

limits on the tan3 — M4 parameter space that can be placed given limits on this ratio.

In Fig. 37 we illustrate the complementarity of these processes by displaying together two of
the bounds from Figs. 30 and 36. Comparing this figure with Fig. 28 we see that the combined
excluded region is sufficient to exclude Mo S 2Mzo and Mo S .3M gz, while each measurement

alone would not exclude any values of Mo or M 4.

For comparison, in Fig. 38, we show the BB mixing bounds of Figs. 26 and 27 redrawn in
the tan3 — M, plane.

The question of the decay modes of these Higgs bosons now becomes critical. For the mass

range of interest to us the only interesting tree level modes are heavy quark or lepton pairs.
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Each Higgs tends to decay into the heaviest possible particles, but the effects of the mixing of

the original Higgs doublets introduces new factors.

7.3  SignaLs FROM Z — h%A° pECAY

We now wish to discuss the signals that may emerge from the decay of the Z boson into a
pseudoscalar A° and scalar h®, which may be an extremely copious process. The solid lines in
Fig. 39 show lines of constant BR(Z — h°A®) in the Myo ~ M 4 plane (like Fig. 36 in a different
parameter space). Fixing Mo and M 4o still leaves the ambiguity tanf « cot 3; however the
Z%h% A% and Z°Z°A° couplings are fixed uniquely (see eq. (7.10)). We see that the branching
ratio can be quite large, unless either M;‘:o << M.i" (corresponding to tan 3 near 1; see Figs. 28
and 36), or kinematic constraints become severe. We also show in Fig. 39 lines of constant
BR(Z° — p*p~h®), the complementary process. While this branching ratio is small relative
to Z — hA, the characteristic energy and invariant mass distribution of the lepton pair gives a

clear Higgs signal without having to resort to special decay modes of the Higgs boson.

Unfortunately, the Z — h%A° decay does not immediately provide a striking signature
for Higgs production (unlike the Bjorken process), if both Higgs bosons decay hadronically
and the efficiency for identifying heavy quarks, especially b quarks, is low. In this case one
would basically see a fairly spherical event, with usually some amount of missing energy due to
semileptonic decays in the decay chain b — ¢ — s. Any pair production of hadronically decaying
heavy particles will look qualitatively similar. Also, if b quarks cannot be identified efficiently,
all QCD multijet events coniribute to the background. For a clear Higgs signal one therefore
probably has to require one of the two Higgs bosons to decay into a 777~ pair. In Fig. 40 we
show lines of constant branching ratio for Z — h°4% — 7+7=X in the Mo — M 40 plane, where
we now have to specify tanf > 1. Comparison with Fig. 39 shows that the loss in rate is not as
large as one might have feared; even if both h® and A° are well above 2m;, one loses only about
a factor of 7 (10, if QCD corrections had not been included). In contrast, if we require that X is

not just one photon (to suppress the radiative 7 pair background), then requiring the event to
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Figure 39. Lines of constant BR(Z — h?A?) (solid) and BR(Z — u*u~h°) (dashed) in the
M. — M 4. plane, using Mz = 93 GeV, 'z = 3 GeV and assuming Mj >>I';.
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contain a 7 pair reduces background by a factor (a/a,)? = 10~ even for perfect b identification,
and by a still larger factor without a good b trigger. Thus losing 85% of the events is not too
high a price to pay. A procedure for identification of these events — with appropriate cuts —
has already been discussed in Ref. 4 where Monte Carlo simulation is shown with optimistic
conclusions.

The process Z — h%A° — bbbb may be of particular interest since, if it is possible to identify
leptons inside jets, the process 2 leptons + 4 jets (the leptons coming from semi-leptonic decays
of 2 of the b's) may be competitive with Z — h®A® — 777~ 4 jets. The experimental outlook
is optimistic, but there may be difficulties in identification if Myo and M o are relatively large,
since the A® and h® will be nearly at rest and the decay products will be widely distributed.
Trouble may also occur if Mo S 2m, and/or if M40 S 2m;. In general low masses (i.e., below
Tt~ threshold) together with large tan 8 may lead to difficulties in detection.

Note the spikes at Mo ~ 2Mp, which are due to the opening of the h° — beauty decay
channel. In this figure we have neglected all mixing effects, which would substantially complicate
the situation around Mo 40 = 10 GeV.

It should be stressed that even though a b-quark identification does not seem to be necessary
to extract a clean Higgs signal if tan3 > 1, it would still be very useful: requiring. =.g., k° to
decay into 7777, one could then measure the various branching ratios of A® as predicted in
Figs. 8-9, and vice versa. Note that within the minimal model all rates and branching ratios are

fixed once Mjo and M 4o are known (e.g., kinematically); each measured cross-section is then an
additional check on the model.

In Figs. 41 and 42, we show the distribution of 7 pair opening angles in the process Z —

h0A% — 7+~ A° for several choices of the h° and A° masses.

Finally, despite strong theoretical arguments in favor of tan > 1, the opposite possibility
should not be totally forgotten. In this case the h®, A° — 7+7~ branching ratios are severely
suppressed. (Recall that couplings to both leptons and down-type quarks are suppressed for
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Figure 41. The distribution of r pair opening angles in the process Z — h%A% — 7+ 7~ 4° for
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Figure 42. The distribution of 7 pair opening angles in the process Z — h%4% — 7% 7~ 4° for
M4+ = 40 GeV and several choices of the A% mass.

‘tanﬂ < 1.) However, as long as tan 8 > 1/3, sufficiently heavy Higgs bosons will still dominantly

decay into bb; b quark identification might then be crucial to extract an unambiguous Higgs

signal. The ¢¢ decay widths with respect to those for bb, derived from eq. (7.6), are

T(A® — ¢?)

T(A® — bb)

(1 - 4m2/M})*?
(1—4mZ/M})3/2

2
m
— cot? acot? B
m
b

(7.13)
(1= 4m?/ME)/?

(1 —4m2 /M2

2
m

— cot? 8
my

The ratios for ¢¢ versus 77~ are trivially obtained by m; — m, and multiplying by a color

factor of 3. Note the different phase space dependences for h° and A° decays.
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Parts of the Mo — M 4o plane can already be probedlgg} at Tristan, but the higher energy
at LEP obviously allows us to extend this region. Furthermore, if a signal is seen either at
Tristan or at LEP, the vastly larger event rate at LEP will probably be necessary to study the
properties of the Higgs bosons in detail.

7.4 OTHER CHANNELS

The decays Z° — h%y, A%y These decays occur at the one-loop level, with charged particles

running inside the loop as already discussed in Section 4.1 for the standard model case Z° —
H2,r7. Modifications to this process come about in two ways — the couplings of the Higgses to
quarks, leptons and W's are modified and also new particles (SUSY partners) may run in the
loop. A study of these processes has been carried out in Ref. 100, and the conclusions are as

follows.

Z° - k% The contributions of quarks and leptons remain very small. SUSY only changes
their couplings to the Higgses by the factors displayed in eq. (7.6), which are not large except
in some extreme cases. Scalar partners of quarks and leptons contribute even less than ordinary
matter fermions. The contribution of charged Higgses heavier than the W is bounded in any
case, and small. The W contribution remains the dominant term, even if somewhat suppressed
by the factor sin(8 — a) (see sections 6.1 and 7.1).

Charginos, the fermionic partners of the W's, contribute at the same level as the W's;
thus interference between these two terms plays an important role. Unfortunately, the situation
with the chargino sector is complicated by the fact that physical states are mixtures of pure

Wino and Higgsino states (o]

and it is impossible to analyze what happens without introducing
extra parameters related to the supersymmetry breaking pattern. Contour plots for I'(Z° —
h%y)/T(Z° — H2ppv) with respect to these parameters are shown in ref. 100 for a light A°.
The conclusion is that this ratio can be enhanced by constructive interference or suppressed by
destructive interference, by a factor of 1 to 3, the influence of the values of m;o and tan 3 being
not very important. Conversely, the measurement of this decay rate at LEP would enable one

to constrain the supersymrmetry breaking parameters involved.

Z0 - Aol There is no longer any contribution by W%, H* or scalar partner loops, due to
CP invariance. Only charged fermionic states contribute. There are no drastic differences in the
matter fermionic loops (enhancement or suppression by factors of cot 8 or tan 3 according to eq.
(7.6)). The chargino exchange, which is dominant, yields a ratio I'(Z° — A%y)/T(Z° — HZ,,v)
between 0.25 and 2 (see ref. 100); comsequently this decay may be observed at LEP. Note

however that this process is less favorable kinematically since A is required to be heavier than
hO.

- -t -
The SUSY decay Z° — XOI)ZO, x° — %¥°R0  Here x°l and x° are neutralinos (mass eigenstate

combinations of fermionic partners of neutral gauge bosons and Higgs bosons). {° is the lightest
supersymmetric particle (LSP), which is thus stable and escapes detection, so we are concerned
with Z° — h° + missing energy events, whose Standard Model “background” is Z° — H%7.

Again the situation is model-dependent due to the various possible mixings which occur in the



neutralino sector.[gsl For example the decay[wl]

-1

Z° — x°x° depends strongly on the mixing
properties because the Z° boson only couples to the Higgsino component of the neutralinos.
Nevertheless a sizable branching ratio for this decay (if kinematically allowed) may be obtained
[

for an important range of the relevant parameters. %4 Moreover the subsequent decay fzo2] X.OI —
h°%? (or A°%®) is dominant because if x~°I is lighter than the Z°, and also than the sleptons and
squarks, there are no other two-body decay modes at tree level. Note however that this decay is
forbidden if the LSP is a pure photino (a case presently considered very unlikely although often
discussed in the literature). Keeping these uncertainties in mind, the whole cascade process has
been studied in ref. 103 (see also ref. 104) and it is claimed that a branching ratio as large as
0.1% to 1% could be obtained for myo up to 40 — 50 GeV and for a certain range of the SUSY
parameters. This would lead to a sizable enhancement of the rate for Z° — A%+ missing energy,
since these branching ratios are 102 — 10% times larger than those of Z — A%#& (whose SUSY
version is suppressed by a factor sin?(3 — a) according to eq. (7.9)). Hence, apart from the
discovery of the Higgs boson itself, this mode would distinguish SUSY from the standard model
in a dramatic way. This process may be quite important because one might observe effects
of slightly heavier Higgses even if they are a bit too heavy to detect in the processes we have

concentrated on previously.

8. Beyond the Minimal SUSY Model - Remarks

The Minimal Supersymmetric Standard Model (MSSM) is certainly the most popular and
well-explored supersymmetric theory of direct interest to experimentalists. This is due in large
part to its ‘minimality’, being the simplest SUSY extension of the SM. It also gives rather
definite predictions for the masses and couplings of the Higgs bosons, e.g., one neutral scalar
Higgs always lighter than the Z° and My+ > My . One should, however, keep in mind that
these and other features of the MSSM are not of general validity in supersymmetric models.
In fact, one can build a variety of more complicated, or less ‘minimal’, models in which many
predictions of the MSSM are relaxed or even completely violated. Typical supergravity and
superstring models provide us with much richer scenarios, by introducing new fields and/or

(105] which we call a

extending the gauge group. Here we give but one example of such a model,
Minimal Non-Minimal Supersymmetric Standard Model, going beyond the MSSM in a minimal
way by adding to the necessary two Higgs doublets a complex scalar field N which is a singlet
of the SM gauge group. (In this minimal extension we do not allow for any additional gauge

group at low energy.)

There are rather strong theoretical motivations for exploring the phenomenological structure
of such a model. First of all, in superstring based models one typically finds one or more singlet
Higgs fields (consider, e.g., the so-called ‘flipped SU(5)’ mode] 1% ). Secondly, as explained in
ref. 105, introducing a singlet provides a dynamical mechanism for generating the mass parameter
in the Higgs potential of the MSSM, whose origin is otherwise unknown. In addition, it gives
a mass parameter of the correct order of magnitude, yielding in this way a simple solution to
the Naturalness Problem: why is the electroweak scale (x My s+ ) so much smaller than some

unification scale My, in turn expected to be somewhere between 10'® GeV and the Planck scale.
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The most general trilinear superpotential for the Higgs sector with one singlet field is

k
W=/\NH1H2-—§N3. (81)
(The singlet cubic term is necessary since otherwise there w<.3u1d be an unacceptable axion present

in the model.) The Higgs potential reads

1 .
V= [ M H = kNP P25 B P+ [ H ) [V P o+ ") Ha [P - B P
(8.2)
kAy ..
+md | H P +ml | Hy |2 +my | N | =(AANNH H, + hc) - (—3—k.\3 +h.c.)
where the second line contains soft-SUSY breaking terms. The resulting physical Higgs spectrum
consists of a pair of charged Higgs H*, two neutral pseudoscalars Py and P,, and three neutral

scalars §;, §; and S3 (increasing index in the order of increasing mass).

One finds now six independent parameters (to be contrasted with two in the MSSM), and
accordingly more freedom. It is not our purpose here to make a full survey of all the possibilities

but rather to point out some of the departures from the MSSM.

First, the sum rules, egs. 7.2 - 3, are in general not obeyed. In the present model they are

m";l + m_zs2 + m";J = M'éo + m'f,1 + m%,2 + ‘ilc(lc:2 — Arz — dvyv,)
(8.3)

mi. = ML . + m},l + m%;z - NP+ 03 + AAgy—lf—z- + 3k(Avivg = Agz)]

where z =< N > is the singlet vacuum expectation value and Ay = Ay + kz.

Obviously, due to the minus sign in eq. (8.3b), it is now possible for the charged Higgs
to be lighter than the W, depending on the relative values of the parameters. One region of
the parameter space where H* is invariably lighter than the W is when z << v;,v;. On the
other hand, for £ >> v,, v, all the Higgs bosons can be heavier than the Z and some of them
can even be in the TeV region. Secondly, the Higgs couplings to vector bosons pairs can be
substantially different from the MSSM case, as well as the couplings to quarks and other matter
fields. In particular, for some choices of parameters the lightest scalar §; can share only very
small couplings to W*W ™ and Z°Z9, in contrast to the minimal supersyminetric case. Thirdly,
since the singlet N does not couple to the ordinary matter, it will be rather hard to produce

and detect those physical scalars which have a substantial NV component.

In order to give the flavor of a typical scenario that one can expect in this model, we give
the example of a representative choice of parameters resulting from solving the Renormalization
Group Equations with the plausible assumption that the (universal) gaugino mass is the only
source of SUSY breaking at the unification scale. The values for the six independent parameters
are

tanf =2.04 z/\/vP+0=064 A=0128 k=0.097
(8.4)
Ay =286 GeV A, =0.7 GeV.
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The corresponding masses of the Higgs bosons are given in Table 3.

Particle 51 52 53 Pl Pz Hi
Mass (GeV){15[38 (95|31 (39| 86

Table 3. Higgs boson masses for the choice of parameters given in (8.4).

In addition, the top mass is 83 GeV, and the squark and gluino masses are 177 GeV and
204 GeV, respectively. The lightest supersymmetric partner (LSP) can be either the sneutrino
or the lightest neutralino, both having mass of 23 GeV.

The results are clearly encouraging — many particles are predicted to have masses within
the LEP range — the two lightest scalars, as well as both pseudoscalars, are considerably lighter
than the Z. This opens up the possibility of not only single scalar production but also of a scalar-
pseudoscalar pair production from Z decays. More detailed study confirms this conjecture. [20s]

The presence of a light scalar in SUSY theories seems to be their general feature. *®” This
can be illustrated by several specific examples. In a superstring inspired model*®® based on
the Es unification group with the low-energy gauge group containing an additional U(1), the
lightest scalar can be in principle substantially heavier than the Z. However, by requiring that
various parameters remain in the perturbative regime one can restrict it to lie below about
108 GeV.["* In this model the charged Higgs can also be lighter than the W but never less
than about 54 GeV.!'%%*1

bosons almost degenerate in mass and one Higgs nearly degenerate in mass with the extra neutral

The Higgs mass spectrum is highly constrained with several Higgs

gauge boson.

In a supersymmetric left-right model %

resulting from the Eg¢ superstring model the lightest
neutral scalar can never be heavier than v2mw. A detailed survey of various supersymmetric

(as well as non-supersymmetric) extensions of the MSSM can be found in Ref. 2.

As we have seen, it is quite probable that the lightest scalar is light enough to be discovered
at LEP. One should not, however, forget that it is not impossible, although perhaps a bit
unnatural, in SUSY models, to have all the Higgs bosons even beyond the reach of LEP II. In
conclusion, in searching for the Higgs one should certainly not restrict oneself to the SM or its

simplest SUSY extension.

9. Charged Higgs

So far we have concentrated on neutral Higgses, particularly in the context of the Minimal
Supersymmetric Standard Model, where the charged Higgses are required to be heavier than the
W boson, and hence are unobservable at LEP 1. However, the search for a light charged Higgs,
which can be carried out at LEP I, is of undeniable importance, both on general grounds and
because the observation of such a particle would immediately rule out the MSSM. Moreover,
current bounds on the top quark mass, from hadron col]iders,[gsl can be invalidated by the

(112

existence of a light charged Higgs, as will be discussed below in detail.
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We will consider only Model I and Model II, as described in Section 2.1. The couplings of
the charged Higgs to fermions are then given by the lagrangian:

g +77 ' .
(9.1)
~ H*Ncot BMy(1 +9s5)L + h.c.]

for Model I, where v; (in tan 8 = vy /v;) is the VEV of the only Higgs field coupling to fermions,
and

=9 g7 »
Lygepz= AT [H U(cotﬁM'uV(l —9s)+ tan BV My(1 + 75;)D

(9.2)
+ H* N tan AMy(1 + vs)L + h.c.]

for Model II, where v, (v,) is the VEV of the Higgs field coupling only to up-type (down-type)
fermions. In these equations U and D are column matrices consisting of three generations of
quark fields; N and L are column matrices consisting of three generations of neutrinos and
charged leptons; V' is the CKM matrix, and My, My and M; are the diagonal mass matrices for
the up-type quarks, down-type quarks, and charged leptons respectively. Alsc essential to our
study of charged Higgs is the vertex Z°H+H~, given by

-1 20
IR TW b+ p)e (9.3)

2 cos 0w
where p and p’ are the Higgs momenta. At tree level, the vertices H*W =+ and Ht*W-2Z°
vanish. The H+W ™+ vertex is zero as a consequence of the conservation of the electromagnetic
current. The vanishing of the H*W~Z° vertex is more model dependent but turns out to be a

general feature of all models with only Higgs doublets and singlets.[113]

The existence of a charged Higgs boson light enough to be detected at LEP I is intimately
tied to the search for a top quark via its characteristic semi-leptonic decays at the pp colliders.
If Mg+ is less than m,; — my, the dominant decay mode of the top quark beccmes t — H* + b
(for my < Myw + myp). The decay width, for a general coupling of the form @(z - ysy)dH, is

T(t —» Hb) =

167rmt

_m_g. M;{i [(::2 + 2)(m2 + m? - M2 )+ 2(2: _ 2)m mel
smza M2 y t b H+ ¥ t bJ
¢ t (9 4)
giving for Models I and el respectively

I..ZGF\/§

o cot? /Bmf + cot? ,Bmf} (mf + mg — M;Ii) - cot:2,6(2m¢,mt)2 /\(mf, mg, M}zﬁ)/m?

- S

cot? m? + tan? ,Bmg} (m2 +mi - ML)+ (2mbmt)2] A(mi,m} ME.)/m?
L-
(9.5)



assuming V;; = 1. The width in Model I can become arbitrarily small as tan 3 increases, but in

Model I, which we will concentrate on for illustrative purposes, the quantity in the inner square

brackets cannot be smaller than 2m,m;. In this minimal situation, for m, - Mg — my = 0.3

GeV, we already have I' > .4 MeV (if instead tan8 = 1, T R 1 MeV), far larger than the weak

interaction width of

I = 9GLm}
19273

= .04 MeV (9.6)

for m; = 45 GeV. Moreover, the BB mixing measurements (see Figs. 26,27) tend to require

small values of tan 3 to accommodate a light top quark, and hence we expect even larger decay
widths for t — H* +b.

Thus the discovery of the top quark via its semi-leptonic decays would exclude Mys S
mg — 5 GeV. In fact, at the time of writing of Refs. 4, 5, the possibility of a charged Higgs light
enough to be detected at LEP I was considered rather dubious due to the “discovery” of the top
quark at around 40 GeV. Now instead the problem is the reverse — in order fort — H* + b to
be a useful production mode for H* we require a top quark light enough to be pair produced
at LEP I — almost certainly excluded now in the Standard Model. However, it is precisely this
decay which, by possibly swamping the expected semi-leptonic rate, provides the only serious
doubt to the pp collider limits; thus it is not only possible, but peculiarly appropriate, to search
for the charged Higgs in this mode. (We will see below that the usual signature of the top quark,
t — butv and t — betv are respectively a hundred and 107 times rarer through Higgs decay
than in the conventional picture—however it is possible that a significant part of this signature
might be restored by top decays to a T subsequently producing an e or x.) We recall that the
existence of a charged Higgs with small tan 3 can also allow one to reconcile a light top quark

with the current BB mixing measurements.

While the top quark remains undiscovered, the possibility remains that the H* is light
enough to be pair produced at LEP I while the ¢ quark is not. Limits on charged Higgses are
important to validate the top limits, although unfortunately the limits that can be placed at
LEP I cover only part of the range in Mg+ relevant to the anticipated top quark limits from pj

colliders in the near future.

We refer the reader to Refs. 6 and 4 for formulas and event rates for pair production of
charged Higgses off the Z peak (where the photon exchange diagram dominates) but we do not
think this will be useful at LEP I, particulariy in the initial year. Again, the differential cross

section goes as sin? §. The partial width for Z — H+H~ s
+ - GFM% 1 2 2 3

This gives a branching ratio of about 1 percent, times the kinematic suppression, or about 0.4%
for a 30 GeV Higgs, 0.1% for a 40 GeV Higgs. For comparison to the previous production mode,
we give the partial width to top quarks:

3 2 2q49_132
I"(Z—-»tf)zG'FMZﬂz (iﬂh(%—“m 9“’) 3 ﬂt) (9.8)

6v2r 3 2
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or about 10 percent before kinematic suppressions, 1.5% for a 35 GeV top quark, 0.1% for a 45
GeV top quark. Near m; = Mz/2 this zeroth order formula greatly underestimates the actual
decay width as toponium-Z interference effects and QCD corrections must be taken into account;

for details we refer to the section devoted to heavy flavor production in this workshop.[ns}

For the decay widths, we give formulas in the approximation of massless decay products,
since a top quark lighter than the Higgs is ruled out. We refer the reader to Ref.117 for the full
formulas for massive decay products. The partial widths in Model II are then

GrV/2
8x

T(H* - ylit) = My tan® 8 m? (9.9)

GrV2

T

In Model I all tan B's are replaced by cot 3’s.

D(HY = wiz12dj=123) =

My3|V;;|? [cot® 3 m? + tan? g m}]. (9.10)

For tanf = 1 in Model II, or independent of tan 8 in Model I, we expect the branching ratio
to c3 to be a little less than 2/3; that to 7™ v, to be a little less than 1/3; p~ v, around 103
e*v, around 2 x 1072, and the remaining (hadronic) modes to add up to around 5%. Note that
in Model II we might expect the leptonic branching ratios to be further suppressed by factors

of ~ tantj.

A characteristic signal is obtained when one of the produced Higgses decays to hadrons, and

2
the other to 7w, expected for ~ 4/9 of the charged Higgs pairs (~ % (m) in Model
IT). This results in an event in which exactly half of the energy is carried off by hadrons and in

which there is an energetic, well-separated .
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