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L. Introduction

Higgs particles are an inescapable ingredient of present gauge theories

of the weak and electromagnetic 1nteract10ns¥ As such, their detection

and study is of great importance and interest, both theoretical and
experimental. Higgs particles are notoriously e]usivez, and it is
certainly not obvious that any will have been found before LEP comes

into operation. LEF will in any case provide unique opportunities to
produce and detect Higgs particles and measure their coupiings to quarks,
Jeptons and intermediate vector bosons. These measurements would provide
crucial tests of gauge theoretical ideas. In this report we review the
different ways in which Higgs particles may be produced by LEP3, and
discuss the principal experimental problems and backgrounds encountered

in their detection. We make some judgements about the relative interest
and utility of these different processes, which are in many cases strongly
dependent on the (as yet unknown) masses of the Higgs particles.

Secticn 2 deals with neutral Higgs hosons, prinicipally the single
particle H%encountered in the minimal versicn of the Weinberg-Salam
mode]l. First we review its couplings and decay modes2 and phenomenological
and theoretical restricticns on its mass. Then we discuss different
processes for Ke production with LEP, principally heavy Q3 onium - o 4 ¥ 4,

70 > WY 4 ¥ 5 or 2%+ K% + £+£_ 6 and e'e” > 7% 4+ i 7. In each case we present
event rates and background calculations.

Section 2 deals with charged Higgs bosons in a similar way. Their pro-

perties are less well-defined, and the corresponding phenomenological
discussion less clear-cut. Among the reactions we consider are heavy

quark or lepton decays tont + 1ight quarkg, heavy gquarkonium decays

to HY + 1+ X, a'e” » K  + H and efe” > W5+ yF 7,

Section 4 summarizes our tentative conclusions about the prospects
for different modes of Higgs production and detection with LEP.

2. Neutral Higgs Particles

2,1. Motivations and Properties

The present interest in gauge theories of the weak and electromagnetic
interactions stems largely frem their ability to make precise predictions
which have a knack of agreeing with experiment. This precision is a
consequence of the calculability of higher order effects which results

from the renormalizability of gauge theories 10 1he o1d four- fermion model
of the weak interacticns had many infinities in higher orders which

forbade its serious consideration as a fundamental theary. A Tot of these
infinities were alleviated by the introduction of intermediate vector bosons,
and the situation was further improved by making them into a gauge theory
with its characteristic 3- and 4-boson couplings. There were still residual
infinities which were finally removed by introducing Kiggs fields and
generating vector boson masses by spontaneous symmetry breaking 1. Indeed,

it has been shown that this is essentially the only way of cbtaining a calculable
theory of the weak interactions which is renormalizable in perturbation theory 11.
A1l weak interaction theories have at least one physical Higgs particle, and
we see that its detection is a crucial test of the entire gauge philosophy.
Although many people 12 would like to replace fundamental Higgs fields by

some form of dynamical symmetry breaking, no fully realistic model yet exists.
It might well be that such a scheme would contain bound states with properties
analogous to those of conventional Higgs particles: no theories exist to prove
or disprove such a possibility.

Let us discuss the single neutral Higgs besen present in the minimal Wein-
1,2:7  1his model starts with a single complex Higgs multi-

piet, which transforms as a doublet under weak SU(2}:
+

5= (do) (2.1)

which plays with itself via a Higgs potential as in fig. la

berg-Salam model

wor = =flel? nalel’ (2.2)

The minimum of this potential is situated at

w12 = W = e (2.3)
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and normal perturbation theory is an expansion in

LA o (2.4)

where b Minimizes the potential {2.2) and can be taken in the form

0
®nip - ( 5?—-} (2.5)

0f the four real fields represented by (2.1) and its complex conjugate
ot, 87 = o7 and x = (8% - &O)iffﬁ? disappear from the theory as
physical particles, becoming longitudinal polarization components of the
massive vector bosons. There is just one physical Higgs particle which can
be written ? as

o 99, 7°

H™ = — - v (2.6)
Z

The coupling of H® to other particles are simply given by their masses.
Consider the Higgs-fermion coupling

2,0
g, Ffd hermitian Z2,,0 _ Fo00 z
__f%?_"__ *{ Consugate ) 7 9pfF(H +v) = g Fa® v Fr (2.7)
Equation (2.7) immediately entails that
m
f
ey T — (2.8)
v

proportional to the fermion (quark or lepton) mass. Correspandingly, the
o .
H™ W W coupling

2 p .
g o029 Ay 02 0 2
> wpwu\¢] > wuwu(H + 2vHT + T

2 ., ) (2.9)
I MY [ + -
= i W“Nu + gWHH wpwn + oy wuwu
from which it follows that
ZmS
G T (2.10)
2
and o iy (2.11)
g
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Remembering also that in the Weinberg-Salam model L
GF g2 2 1
‘;_. = .__2 A —— (212)
s
Z Smw ¥ 2(JF

we see that the couplings of the Weinberg-Salam Higgs boson are completely

determined

for _ L1784 B m
fermions: I T 20 Mk gy o103
1proton
(2.13}
for 54 & 2. 5 -3 mi
. . 9., =2 vBem® A 6 x 1077 { -2
vector bosons: vH Flv o mproton

By contrast, the mass of the Higgs boson is almost completely undetermined,
The potential (2.2) implies that

I T BN (2.14)
There is an experimental constraint an v (2.12)}, but the individual valyes
of . and ) are relatively unconstrained. In order for perturbation theory
to be applicable, A should not be too large, and the relation (2.14} there-

fore suggests an upper bound on Ry s which is found 13 to he

My < 1 Tey (2.15)

How about a lower 1imit on m ? Various phenomenological nuclear physics

constraints entail 7

My 2 15 Mev (2.16)

In fact the formula {2.14)} is not applicable when MH(or Wy Or A} is arbi-
tarily small, because radiative corrections to the Higgs potential 1 be-
come important. For very small MZ as in fig. lb {and there are aesthetic

preferences for u2 =0 15’16)
5 30L2 2 2+ secaew Me g
my o =y { — =0 (==3"1 {2.17)
H™Y g sin’a My
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.2
my z 7.35 GeV for sin", = 0.20 (2.19)
Conceivably 18, the theory could be sitting at a local minimum of v{o) which
V(¢) was not an absolute minimum, as in fig. lc. The universe would then be un-
((1) stabie, but the decay from local to absolute minimum would be sufficiently
V/\ﬂ slow {lifetime greater than the lifetime of the universe «:1010 years) if 19

my ;260 Mev {2.20)

Clearly, finding a Higgs with a mass between (2.19) and (2.20) would have
cosmic implications: finding one below (2.20) would be distinctly worrying !
A baseless theoretical guess of the relative probability of finding the Higgs
in any given logarithmic mass range is indicated in fig. 2.

10 GeV
t

{

(c)

»
vivi 9l

1TeV

Fig. 1 - The shape of the Higgs potential for different values of
w22 (a) w8 > 0y (b) WP = 0 with the effect of radiative

260 MeV

Probability ( Logarithmic scale)

. 2 ;
corrections indicated by the dashed line; (¢} n~ < 0 with T 15 MeV l
the Tocal minimum at |¢| = v/v/Z not an absolute minimum l
o / 2 3 “ 10° 0°
carrespending to 1 10 10 10 10
e = 10,6705 Gev for sin’e, - 0.20 + 0.01 (2.18) Higgs mass (MeV)—»
if the fermion mass contributions in {2.17) are negligible L . -
. . bility of finding a Higgs boson with
(amH < 6 MeVY for m oz 15 MeV). In fact the absolute minimum of the radiatively Fig. 2 A guess at the pro?a ! Iti - le
i ; arithmic sca
corrected Higgs potential could still be controlled by the radiative cor- a given mass on a 103
rections and situated at %min # 0 even if uz is slightly negative. The re-
quirement that the absolute minimum be at ¢ in # 0 gives an upper bound P
on (-uz) which in turn gives a lower bound lﬁ‘:



The precise predictions (2.13) of the Higgs couplings enable its decay modes
to be reliably estimated 7 as a function of its mass, as shown in fig. 3,
which should be supplemented by the following remarks. For m, in the neigh-
bourhood of 10 GeV as suggested ty (2.18), the decay modes are somewhat more
complicated ie as indicated in fig. 4. The decays HO 5 %<7 and cC dominate
for 4 GeV < LT 12 GeV, while H° » bb dominates for My > 12 GeV, and

H® + tt for m, above the tt threshold. The decays KO o W™ and 2°2° dominate
for my > 200 GeV, unless there is some very heavy fermion with me x mw,Z‘
These considerations at least tell us what signatures to look for, even if
we do not know what mass range the Higgs boson may occupy.

Good signatures seem to be
4 GeV < my < 12 Gev: H » ¥17, decays to w*uT are much suppressed with
a branching ratio 0{107%).

12 GeV < m, < 200 GeV: Decays into the heaviest QQ (or heavy LYL7) pair
kinematicalTy acceptable. This is a unique signature which suggests that
Ho decays may contain many prompt leptons and/or strange particles and have

relatively high spherocity {low thrust),.

We now turn to our discussions of H° production mechanisms.
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Decay modes and production rates of a Higys
boson with mass around 10 Gev, taken from
Ref. 16

2.2 Onium -» HO +oy

The decay of a heavy Q0 (177) state inte H® + v should be observably large 4
The Higgs can couple directly to the heavy constituent quark and rival de-

cay modes are suppressed by the Zweig rule (see fig. 5). The decay rate is 16

BV s HO 4 ) 6, i 2
W OF My H

- 1-— {2.21)
U SV I

(c)

Fig. 5 = Onium decays into {a) 42 + v, (b)) the dominant Zweig-suppressed

hadronic decay into 3 gluons, and {c) v + 2 gluons
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For my sufficiently lighter than my that the Q0 binding energy can be
neglected: |2mQ - mv\ < Imy - mv|. The ratio (2.21) is already 8% for
My 30 GeV, and becomes O(1) for any onium in the LEP energy range. The
rate for ete” RO vy depends very sensitivaly on My and on uncer-
tainties in rival decay modes of the onfum. If we take as an example

my v 100 GeV, corresponding to 0(100) enium events/day 20, then

bV > K € ) 7 (Vs ¢ + eteT) ~ 0.9 giving a Higgs production rate of
(1 to 10)/day.

The principal background to V + H + vy 15 expected to come from the process

Vo v + 2 gluons (fig. 5¢) for which the decay rate is
2. 9) ocg

- P = {2.22)
fV+v ee) Sn o

r{V + v + 2 glucns) N B(w

e a, —_—

which is 1 for ¢ % 0.17, a reasonable median value far foreseeable onia.

The v spectrum in V¥ > v + 2 gluons is approximately linear, so we take it

to be
1 dr{Vv = H + v} :
Y 24y (2.23)
TV ry>»ee) dXy

Taking the photon energy resolution to be

AE AX 0.1
B e — {2.24)
E X VI
Y Y Y
we find that the background under a Higgs signal is approximately
3/2 n
1 dr c.z8 XY m ) (2.26)
—_ — AKX = X, = (1-— .
T+ - dx_ v K my

- 10 -

Comparing the expression {2.25) and (2.21} we see that the signal to back-
ground ratic will be =1 already for an onium at the topend of the PEP-PETRA
range m, = 30 GeY, and that the situation is much better for any onia in the
LEP range. Furthermore, one can use decay signatures to enhance the H + ¥
signal, such as Tooking for KO > <7 or HO + ¢c, bb which are probably negli-
gible decay modes of the digluon system in V » + + 2 gluons. In particular,

H > w+1- would be a distinctive signature, with a branching ratio > 25% far
my, < 12 GeV, and = 2% for 12 GeV < my < th. We therefore feel that if there
is an onium system in the LEP energy range it will be easy to use it

to scan for aAY with My < My By the same token an anium in the PEP-PETRA

energy range would also enable a search of the low-mass range of My

The only complication might arise if the H® had a mass closc to that of
some other onium system, e.¢. a 10 GeV Higgs would 1ie in the middle of
the bottomonium 16 spectrum. In this case one would need to devise tests
tu ensure one was observing ¥V > H + v , and not V » yv + some P-wave botto-
monium state. This could be done by pinpointing the H st decay mode,
which would be negligible for P-wave onia.

Onium decays are very suitable for looking for sufficiehtTy Tight

Higgs mesons,
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2.3 P+ y

a0 at the Z° resonance, enabling

LEP will have a very high event rate
event samples of O (106 to 107) 7° decays. It is therefore natural
to consider rare Z° decays as a source of Higgs boson production. The
process ete” > 1+ y 5 has a clean signature in the outgoing menochro-
matic photon, as in the previous V » H + y decay. Unfortunately, in
this case FASSNTLN v vanishes in lowest order and the proceés only
occurs through higher order diagrams where fermion and wt boson loops
contribute (see fig. 6). So although the coupling of the Higgs bosan
to the vector bosons is very large {2.13) being proportional to the vector
boson mass squared, the rate for this process remains very low.
The rate 5 (see fig. 7):

r(2° + H + v}

3

n 7.8 x 107 (1 - ) (2.26)

3 (1 +0.17

Naml =
NERJ o

r(z° > )

has been calculated from the ¥ boson loop alone, yieldinga branching ratio
B(Z0 +H ) v 10-6 for m, << m,. This calculation is a non-trivial check
on the gauge structure of the theory, and may be modified if the gauge group
is bigger than 5U$2) x U{1). If some quark and/or lepton flavours at least

as heavy as the W~ exist, the fermion loop contribution also becomes “dmportant

and the rate of 7% HO + v counts the number of heavy quark flavours. Un-
fdrtunate1y, for s1'n28w < 3/8 in the Weinberg-Salam model the interference
between fermion and W loops is destructive and the decay rate is decreased
uniess Na‘ the number of generations of heavy fermions, is large:

[
-\
[\
\
N
\
\
\
' B \
3 AN
+ \
110-3_ AN o o, + -
C \ Z"*H U U
? B \ 0o 4 _ -
N - \\ or H eve
O - N
= \
= i ™
= N
'— -
< \\
3 \
- \
T 104 \
L
'—
<[
o

L1 11

1

Illlll

1

Deca r(z° ©
¥y rates for (2" > 9 4 y)/T{ZO - u+

] 0 - _
T(Z = H o+ U or e+e )/T‘(ZO

v} and
+ -
*uw) for

s H ) L - g7 12 for sin’g, = 0.20 (2.27)
o ' o
/,H //H
f several
+ other
z° Diagrams
M Y
(a) (b}
Fig. & - Contribution to Z%H%+y decay from (a} a fermion Toop.

(b} a W* loop.

diffe
rent values of mH/mz taken from Ref. 5.
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To assess the background to a hunt for Z2° - 4% + Y we consider the two
reactions e'e” » LYy (where L is a heavy lepton) and e*e” » ly (where
Q is a heavy quark), since the dominant H° decays are l1ikely to be to
L or Q0. In the case of ete” > L*L7 we only need to consider pure QED
diagrams. In estimating the background we have neglected radiation from
the incoming ete” Tines, which would be sharply peaked aTong'the beam di-
rections and probably neglible at the 7° peak..We have further used

dr(z® » L"17y)  dar(z® > LNy} Phase space (2° ~ L)
N , (2.27)

r(2® w5 L) Phase space (20 » i)

and standard QED formulae for e’e” + L*L7y to estimate dr(z® + LYL7y). The
curves u, T and L (mL = 10 GeV) in Fig. B represent dI' multiplied by the
energy resolution for a photon, again assumed to be (2.24) AEY/EY % O.IIEY.
These curves clearly lie far above the signal for 22 - H o+ ¥, even before
taking account of the HE > L' branching ratio. However, the photons emitted
in e'e” > L™L™y will tend to be emitted parallel to the outgoing L* 1ines.

To attempt te reduce the background we have shown the effect of selecting
events where bath L® go into the same hemisphere opposite the v. The full
curves u, t and L now become the dashed lines. The H® + v signal is also re-
duced by such a cut, to the curves A (for H® + u*u™, *17) or B {for

HO - LfL” m = 10 GeV).

While the background is substantially reduced, and the signa} not badly re-
duced for mH/ﬁz < 1/2, the signal to background ratio is still very low. The
situation might be acceptable for a 10 GeV Higgs - r+1_, but such a Higgs
could be more easily seen elsewhere. Looking for a heavier Higgs by
510+ v looks very difficult. Similar remarks apply to trying to detect
7% > H% > Q@ + v against a background of radiative decays 7° + 00 + v.

We conclude that 7° + H® + Yy 15 not a good way to search for the Higgs baoson.
However, the reaction is of considerable importance as a probe of gauge
theory structure, and would be an insteresting reaction to study if the Higgs
boson had been identified in some other reaction.

Branching ratio / Branching ratio to p*p

—
o,
w
I

L:m, =10 GeV

08

Fig.8

The 2° + 24~ background to the search for
0

FAR L ¥. The Tabelling of the curves is

explained in the text
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2.4 1%+ 10+ T, WY+ ete”

The dominant contribution to these decays is expected to come from
0 0 0

" +H +1 virtual® with Zv1r‘tua'|
In principle one could also Took for Zv1rtua1
how separate th1s process from the bulk of hadronic ° decays. The total
rate for 2% » H® + 227 from this reaction is 6 given by

> utu” or ee” (as in Fig. 9).
+ qq, but it is not clear

1 dr(z® = ° + )
F(Z0 + u+u‘) dxy
1-X +x’2*+2rrlfi K - iy 1/2(228)
HYT2 "3 2 H v :
I m
o p Z
4ns1’n29w . (:0929N -~ mﬁ 2
Ho 7
!'Iiz

where XH = 2EH/m The rate given by (2.28) as a function of m is plotted

in Fig. 7. Recalling that B(Z > u+u_) = 3%, we see that at m, ~ Myrp ™ 50 GeV
the branching ratie B(z® + K% + ¢"¢7) ~ 10'6, corresponding20 to about

1 event per week, which maybe is the limit of experimental detectability.

An interesting feature of this decay is that the (£+£_) invariant mass
spectrum is peaked towards high invariant massesZI. This is shown in Fig, 10,
where we see that the peak in the « = (mi4l—/mz) spectrum occurs at

k= 0.95 (m WLR (2.29)
'.’(e‘l')

) p-{e”)

virtual Z°

Z°
A

\\

Fig. 9 - Dominant Diagram for Z° - H® + 1y or efe”
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The resolution in my is likely to be better if one cbserves
7% + H° + (e*e”) rather than HC + (L"47). In general one has

AX 1 AE1+ ./_\El— AE
7)( - — ( _— + ) % ——
2 El+ El- . E1
since ER+ E EE— For e* we expect
AE 0.1
Ee Te
whereas for ut we expect
AE AE
— - 0,15 = 8
Eu Ee

The error on LY is directly related to Ax

by K (AK)
AmH w
T
. 0 0 + -
from which we eventually get for 2 -~ H™ + (e'e ):
"
amy = 014w, Y2 (095 £ - 1)¥?
"y

The numerical values of this formula are tabulated below:

{all masses in GeV)

m 10 20 30 40 50

H

Am 10 4 2 at ~l

H

We see that the mass resolution is interestingly small for m

(2.30)

(2.31)

(2.32)

(2.33)

(2.234)

> 20 GeY., Other

production mechanisms are likely to give better resolution for my < 20 GeV

(e.g. the V » He + y of section 2.2, the reaction e'e” » 2% + H® of section 2.5).

The backgrounds to this reaction seem likely to be negligible, at least for

m, > 30 GeV,

- 15 -

Electromagnetic production of hadrons + (g+£') pairs will be

peaked towards low invariant masses, rather than the high masses
(fig. 10) associated with Z2° > H + *27 . Also, many of the
electromagnetic ¢"¢” pairs will be emitted in the outgoing qq Jet
directions, whereas the ;" from 7% 5> H? + ¢%27 will be coming out
at large angles relative to the decay products of the Higgs. By
comparison with the yAd +H0-+Y process discussed previously in
section (2.3), fig. 7 shows that the signal is larger for my<50 GeV
whereas the electromagnetic background s suppressed by an extra
power of (%), as well as the kinematic effects mentioned above. More
serious than the eiectromagnetic background might be that from

weak decays :

ZO -0+ 5 - U+H- e X

However, these reactions will in general have substantial missing
energy and momentum because of the missing neutrinos. It should
therefore be relatively easy to remove these events by a calerimetric
cut on the total energy

E+ + Ez- = m (2.35}

+
Ehadrons 2 FA

We have not studied this problem in detail because it would seem to
take us oo far into the design of a LEP detector. Nevertheiess, it
seems to us that the rate and signature for 22 -1+ et e s
sufficiently good for a Higgs te be found if 20 GeV < my < 50 feV.

For a lower mass Higgs the reaction is less attractive because of
prob1ems‘with the mass resclution, if this is indeed determined by the
e" measurement errors. Note however that in the case of a low-mess
Higgs the e'e” invariant mass {2.2%} is relatively large, 50 that

the backgrounds are likely to be small, and the signal is of

course larcer for lighter .
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. Table: Rates for e'e” » 2% + KO
2.5 e'e” 2% 4 H° ' 0 4+
¢} 4] o] 0 H -
M Get) /5 (GeY) (2% + HY g W0+ 2% (B +voe)
Opt per day per day
In this reaction the basic mechanism is the bremsstrahlung process
efe” » 2% 1+ 2%+ & indicated in Fig. 11 7, 10 104 4.70 350 10.5
30 132 1.56 67 2
45 154 1.04 32 1
60 175 0.78 19 0.6
virtual
e~ Z°
N H°
N We therefore find a useful event rate (1)/day which varies by about an crder
Fig. 11 - Dominant Diagram for efe” 5 1% + H° of magnitude over the mass range consigered. The ratios 0(20 + HG)/Upt for

other values of s and m, are plotted 2 in Fig. 12

For Higgs which are relatively 1ight compared with the 2°,

a(Z° + HO) 4ma’ 87 nb
————  (where Gpt = = is the point-lTike QED cross-section)
g 3s s 10
pt v r 1 111
reaches a peak at Vs =m, + V2 m, : | <. Vs =100 .
2 N ]
0 o m m v Hy o 1 I T
o 2H). 3 (L) ((1+5) (2.36) sl h H IR\
Pt 38 GeV ZVZmH a -G -—b‘ 1 200 1 4
where for sinzew = 0,20, Ty = 90 GeV and v/a = -0.2 so that 01 Aot oo b1yl
1 10 100
(° + 1) 47 My (Gev)
- (2.27)
“pt "H(GeV) !
at peak 22. In order to have a good signature of the mass m defined by . . . P 0 o .
_ Fig. 12 - Cross-section ratios ofe'e - "+ H )/cpt for different values
2 pa 2 of V5 and m,, taken from Ref. 22
m, = (/s -E;)7 -p3 (2.38) H

only the cleanest decays of theZo, namely yad +-e+e— and perhaps
: z° *'u+u-, will be considered. With the branching ratic B(Z0 > £+£‘) ~ 3%
folded in, we find the event rates per day listed below, for Higgs masses

between 10 and 60 GeV assuming a luminosity of 10%emZsec ™t

TSN s T M T b3 e
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We see that this reaction gives access to Higgs bosons with masses up to
100 GeV if LEP attains an energy of 100 GeV/beam. This reaction may there-
fore be the best window on m, up to 100 GeV.

The measurement of the two Z° decay leptons determines the ° mass:

m, = T 2EVE (T - <058, %, ) (2.39)

To estimate the energy of the lepton, Fig. 13 shows the variation of

e = Ey/my + my as a function of K = Eilé;ﬁﬁ‘ for three values of o, the

lepton angle in the laboratory relative to the Z° direction. In the following
table, the variation of the lepton energy is given for the four Higgs masses

and /5 values considered earlier.

F'y
0+
a=0
£ 051 azl
af + -
wiw~
E
"o
T
) a=mn
14
T 1 1 | 1 ’
10 1 1.2 13 14 15
Vs
-mz-lva

Fig. 13 - Values of £, for different values of K and «. See the text.
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Table - Kinematics for e'e” » Z° + HO + efe”™ + H°
m,,(GeV) /5{6eV) K ET1n{GeV) E7°X(GeV) | am,(GeV)
10 104 1.04 40 50 25
30 132 1.10 45 65 8
45 154 1.14 50 75 5
60 175 1.17 52 87 4
As in the case of Z° ~ H® + 2t considered earlier, the error on m is domi-
nated by the errcr on the lepton energies:
Am 1 AE + Fal P AE
S SV gt SR R S — (2.40)
Rz 2 ER+ EQ' ER
and since mﬁ = mg +5 - EEZ /5 we have ZmHamH = 2m, Am, + 2 /EAEZ (2.41)

If V5 = My, and observing that aEZ ~Aiy because of the natural width Ty of

the Zo, we find that
(2.42)

The table above lists the AmH obtained using the A ete” signature which
are also plotted in Fig. 14, The resolution obtained for % + ' s con-

siderably worse.

| ]
2

2 /)
cC A 1
D {\ : :
5 AN
£ 7 Y
B 1 /N Py
[ / \ i f i
< / R A
———— N/ \ !
1 T L} S--Il == T ¥ 4’

10 20 30 40 50 60
m,, (GeV) —»

- . . . N i .
Fig. 14 - Resolution in My obtained using the e~ energy resoltution {2.31)
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As an example of a background to the reaction e'e” + 7° + H° we consider the

reaction

efe” > tT X » e'e” v bb X (2.43)
The effective cross section for this process can be written as:

o(ete” » tf) 2 2
— . Biteex)] n 20R-[B(t+ex)] = 0.2R
ot _

at vs = 104 Gev.
The cross section for producing two leptons according to 2.43 is therefare of the
same order as the cross section for ete” » 2% + H* > (e'e”) + X. However there
are important kinematical differences batween the two processes: the electrons
from t decay will lead to a mixed hadron-lepton jet whereas the electrons from
the 2° decay will in general be well separated from the hadron jets. Also
electrons from t decay are soft compared to the electrons ariginating in the
decay of a ° nearly at rest. The effective mass spectra of these electrons
will therefore peak well below the 7% mass as indicated in Fig. 15.

4

+ -
4 /H-u-e e
31 'f:é-
2} /L.e Heptn"
11/8 i ___:/
B 20 30 40 50 60 70 60 90 100 10
M-

Fig. 15 - Lepton pair spectrum from ete” > 2% + #%, 2> ¢t , and from
- + - - + - -
ee +ttX,t>re XK t+re X
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Note that the background resulting from radiative corrections to the 2° peak
(e+e- - e+e'y > 2° vy can be excluded by a simple cut on multiplicity

for 2° + ee”. The decay Z° » QO can be removed by the cut on the lepton
spectrum as discussed abeve in addition to a cut at the total energy observed

in the final state.

We have seen that the reaction e'e” + 7% + H® is relatively background-free.

We also saw that the measurement of ™, through a missing mass technique can

be achieved for my > 20 GeV by measuring electron energies, but not by
measuring muon energies if we use AEU/E11 = 0.15 (2.32). For m, < 20 GeV the
missing mass method fails, so for light Higgs we would consider two alternative

methods of search:

(1} Look for a typical signature of a light Higgs such as H » «% or
H° - DOX. Experimentally, a clear signature would come from purely
leptonic events such as

+_
+ - ee LS L .
ee . (u+u-) + e " (+ inyisible neutrinos)

The rate for 4 lepton events would be 0(1}/day for my 10 GeV,

{2) The mass of the particle produced in the reaction

efe” o+ 2% 4 X > (eTeT} 4 X

can be measured with a high accuracy (<< 1 GeV) by measuring the
excitation curve close to threshold.

We conclude that the reaction efe” > 2% + % is a good way to look
for H® in the mass range of 10 to 100 GeV.
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2.6 Other Reactions ' - m, = 10 GeV

Several other processes have been proposed as means to find or study Higgs —
bosons. Most of these reactions seem less promising than the ones we have
discussed previously, but some of them have interesting features.

e+e- N H0 + Qa 23

Z)

The idea is to use a heavy quark O pair to bremsstrahl a Higgs boson, with
an enhanced probability because of the larger coupling (2.13). Complete cal-
culations exist only for /5 << My where the cross secticn seems too small
to be useful. The crass section is presumably largest on the Z° resonance
peak, but seems unlikely to be competitive with the process 2% W+ gty
considered in section (2.4). The process might be interesting if there are

107

(+]

e—» HVV)(cm
|

very heavy fermions with masses > M-

~ N, =100 -

E+E- > H o+ w 24

This reaction has been proposed as a method to count the number of neutrinos.
If the existence and mass of a Higgs have been established in some other way,
the production of heavy hadrons at large Pr with nothing else in the final NV =10
state but large missing energy and momentum should be a syfficiently clean sig- -36 ‘

nature to identify the process. A representative set of cross section curves - 10
for different numbers of neutrinos Nv are shown in Fig. 16

o (et

efe” » 1+ 1O+ 20 25 -

This reaction has been proposed as a test of the H°H?Z%Z% and HOHOHC couplings
predicted by gauge theories. The cross section is not totally negligible,
attaining almost 2 x 10_38 cm2 at a centre-of-mass energy of 130 GeV if

m, = 10 GeV (see Fig. 17). If the Higgs mass is sufficiently light, and some |
sort of distinctive decay signature can be found, it might be possible to

detect this process, but is Tooks very marginal.

37 1 | |
40 50 60 70

Cross section for ete” = H® + wv, for different E (GeV)
values of th i .
ues o e beam energy E, and different Flg.16

10

values of Nv, all with my = 10 Ge¥. Taken from Ref. 24,
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+ - o 26
ee - H + vy off resonance

VS (GeV) —
Fig. 17

Cross section for eTe” -+ HPHPZ® as a function
of the centre-of-mass energy v/s = 2E, for

my = i0GeV. Taken from Ref. 25. The dashed

line corresponds to setting the HoH92°7° and

Ho4PW0 couplings to zero

The rate for this reaction close to an onium resonance has been found to

be very small, and it does not seem to be a competitive way of Tooking for
o

the H”.

ete " 5 H® + f + F off resonance a7

In the previous sections we have considered ete” 2%+ 1+ ZSirtual +1*1°
(section 2.4) and e'e” » ZSirtua] 1 4 (2% > efeT), i.e. processes where

at least one on-shell Z° resonance is involved. The latter process gives

access to H® with m, up to /gmax - 100 GeV. Where Jghax is the maximum centre-
of-mass energy accessible with LEP. In the present project this could be

240 GeV 28, so that the range my < 140 GeV could be explored this way. One could
in principle look at higher my by taking lepton pairs in the final state with
invariant masses < m;. Important contributions to the cross-section might then
be made by diagrams Tike that in Fig. 18, as well as by diagrams with two

virtual z°.

. . 0] - . . . . - .
Fig. 18 - Diagram for H production in association with a YV  PAIF.
If one accepts the chservability of a cross section as low as 10-38 cmz,

then, as shown 27 in Fig. 19 Jghax would allow access to m, up to about
160 GeV. The dominant reaction then has He + {w) final states, which
could be identified by the large missing energy/momentum of the neutrinos.
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Indirect effects of Heavy H°

KJ-BG
F Vs = 240 GeV
ol o (H'ff)
10 3 — — — o{HqQ)
- ~. \ —————— — o (HvV)
- \.\ ————————— o (H¢'e)
i -\\ ——e — o (H'W)
10738 |
E T
3 ~
C \\
B \
- \
-9 [ 1
107 E \‘ . ~.
E \ \\ \\\ \\\‘
B YN \
5 \‘ o\
10‘60 ] 1 ] 1 \ | L |
120 140 160 180 200
my (GeV)
Fig. 19

Total cross-section for e'e™ - HOFF at /5 =
240 GeV, for large Higgs masses. Taken from
Ref. 27.

If My is heavier than ~ 160 GeV, we see no way of producing it directly at
LEP, and are reduced to looking for indirect manifestations of its effects

in higher orders of perturbation theory. It has been suggested 2 that the
process e'e” - W™ might be sensitive to m, > 300 GeV, but no detailed cal-
culations of Higgs effects on this process have yet been completed. More theo-
retical work on this process is necessary befgore we can conclude whether LEP
can explore the full range 7.3 GeV < my < 1 TeV allowed by present theoretical

constraints.
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3. tharged Higgs Particles

3.1 Motivations and Properties

Charged Higgs particles are not present in the minimal Weinberg-Salam

theory which just has one Higgs doublet, as discussed in sectien 2. However,

this is definitely the exception: Gauge theories based on groups bigger than
SU{2) x U{1} contain charged Higgs particles, and so do non-minimal Weinberg-
Salam models with more than one Higgs multiplet. The couplings of these Higgs
particles are not se precisely fixed Z as in the minimal medel. However, the
belief that all fermions acquire their masses from their couplings to Higgs

fields suggests that, other things being equal. Hff couplings will be qualitatively

analogous to (2.8). Thus couplings to heavier fermions are expected to be larger,
though this could easilty be modified by mixing factors analogous, and perhaps
similar in origin, to the generalized Cabibbo weak mixing angles. As a working
hypothesis, we therefore expect that 1ight charged Higgs particles (mH *

< 10 to 20 GeV) will have preferred decay modes

W ety 0 WY oS {3.1)

presumably with similar rates. The decay H" + ¢5 may lead to final states
of the form

HY > 00 or H 5 FY (1 or 0t or ¢) (3.2)

which could allow the mass of the charged Higgs to be reconstructed from the
hadrons in the final state.

However the branching ratios for these exclusive modes will decline as mH
increases. For heavier H' the preferred decay modes may well be H' > tb. As
in the case of neutral Higgs particles, we feel that this preference for de-
cay into the heaviest particles available may well provide useful signatures.
We recall that the mass of a neutral Higgs was very difficult to estimate
theoretically. The same is even more true of charged Higgs particles. We have
a vague prejudice that their masses may be of order 10 to 107 GeV, but no
good rationale for this belief.

+
We now turn to the discussion of H production mechanisms.
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3.2 ete” » W'
Charged Higgs particles are pointlike scalar particles and can be pair-
produced by the diagrams in Fig. 20. The cross-section for this process
can be written as

c(e+e- H+H_) 2s vy, 52 xz (V2 + az)vﬁ
— =1- Z pd 2.t Fd 2z, Z (3.3)
9 (sfmy-1) + PZ/{S-mz) (s/mg-1) + ry/my
where 9y is the QED cross section;
2.3 3
+ - +,,- M
g, (e'e” » ¥~ H'HT) = E%EE—_-_ = 219 (£ ymb (3.4)
with
i 5 2
X = -~ = 4,47 x 1077 GeV {3.5)
8vZ Ta
and B = PH/EH
We take sinze = 0.20, which conflicts neither with theoretical ideas nor
recent data, cerresponding to
my = 93.5 Gev, a = -1, v =-0.2 and vy = -0.2 (3.6)
Assuming three generations of fundamental fermions we find
PZ N 3.0 GeY.

The cross-section given by (3.3) is plotted in Fig. 21 as the solid Tine. The
dotted line gives the cross-section expected from the photon annihilation dia-
gram alone. We note that the photon exchange diagram dominates everywhere
except close the 7° pole. The rates for m = 10 GeV and 50 GeY calculated using
the Tuminosity quoted for LEP 70 are listed in the Table below.

Fig. 20 ~ Diagrams contributing to ete” > HH™
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Table - Events/day for ete” » HTH™ with LEP 70

Vs (GeV 707 851 90 1 93.%f 97 | 100 | 110y 120 140] 160) 180 200

mH=10GeV 8.4 11.319.4|61.8]15.1({10.3}8.9| 8.9] 9.0] 6.0| 3.3]| 1.9

mH=50GeV_ 0.7 1.6 3.2 2.9 2.0 1.2

These rates are not very large and represent only a few percent of the total
hadronic cross-section. Near threshold, however, they will give rise to events

with high sphericity and may thus be separated from the bulk of the hadronic
events. The H'H™ events will have a distinctive angular distribution ~ (1 - cosze).

The slow rise of the cross-section with energy (v 83), the absence of any

17" resonant states, and the absolute magnitude as well as the angular dis-
tribution might be used to separate ete” = H'H™ from the broduction of heavy

00 pairs. The decay HE o (hadrons} may be used to determine the mass independently
from the threshold determination.

The low rate makes it seem unlikely that pair-production can be used to find
charged Higgs bosons with masses much above 50 GeV. Also we will see in a
moment more promising approaches to the search for H with masses up to 0(10Q) GeV.

3.2 ete” - wint ?

Gauge theories predict that if there is a charged Higgs then it should have
a coupling HZ%" of the general form

Kz My [;2 W+ (hermitian'conjugatei} (3.7)

where one's general prejudice is that KZHH = 0(1). The process efe™ s 25 wH
can therefore proceed as shown in Fig. 22, which gives a ¢ross section
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Fig. 22 - Diagram contributing to efe” -~ WH

2
+ - s K%NH uznz(a2+v2) mﬁ
ofe’e > WH) = o g T
my sin BN fiy - s
2 pa Z 2.2 4172
2{m, + m;} (m; = m;)
N P L — (3.8)
3 5

The cross section (3.8) is plotted in Fig. 23 for m, = 10 GeV, 50 GeV and
m, = my = 83.6 GeV. Note the characteristic shape and large magnitude of
the cross-section near threshold for a low Higgs mass. The rates for
efe” - th+, assuming KZNH = 1 and the luminecsity given for LEP 70, are listed
in the Table below:

Table - Events/day for e'e” = W' H*

¥s (GeV) 100 110 120 140 160 180 200
mH=10 GeV | 15700 4378 2331 1093 448 172 73
mHﬁ50 GeV 504 331 146 65
m, =83.60eV 81 47

10°
0
[a )
I+
z 10’
+1
I
A
(e}
K
b
10
1

. + - + .
Cross section for ee - W H* as & function

of centre-of-mass energy v5.

\
\
\ —
\\ e+ e —» H™ wt
\
L\
v m = 10 GeV
H
[\
\
\
\
N\
N\
\
N\
AY
[ N\
\
N
| ’/'-"\‘\ ‘\‘\
m, =50 GeV N1\
~Q

m,= 83,6 GeV

T T -
100 140 180 Vs (GeV)

Fig. 23
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The best signature for this process is depicted in Fig. 24. We expect

that about 16% of the reactions will yield a high energy u or e, recoiling
against a T or hadronic final state, and with a large missing energy
carried off by a v. Close to threshold the e or i will be almost mono-

chromatic with E ~ rnW2 v 42 GeY,

F

Fig. 24 - Signature for e'e” > W H

This seems a distinctive signature. The rates are sufficient to explore the
charged Higgs sector up to 90 GeV witn LEP 70, and well beyond 100 GeV
with LEP -8,

We conclude that e'e” - Wt oHt is a better reaction than e'e” - H 1™ for

searching for charged Higgs particles.

3.3 Heavy quark decays to ot + q 8

The predominant mechanism for weak héavy quark decay is generally expected
to be that depicted in Fig. 25a, for which the total width is approximately
aiven by

m\

2 5

- - F Q

r(Q > 499 + qau) A (3N + N (3.9)
V192, 9p QD)

where Nq is the number of weak quark doublets, and Ng is the number of
D .
weak lepton doublets. If charged Higgs particles do exist then the semiweak

decay mode shown in Fig. 25 b is also pessible. The corresponding decay
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(a) (b)

Fig. 25 ~ Dominant contributions to heavy quark decay: (a) through inter-
mediate {virtual) W*, (b) inte H* + g

rate is given by 6 3
oK) = 0l (3.10}

where one is prejudiced to believe that Kﬁf% = 0(1) in the absence of
unfriendly mixing angles. The ratio between the cecay modes (3.9) and
{3.10} is

T(Q » H'q) o’ -
= — = i {3.11)
7(Q » qqq + giv) Ge my (3NqD + NQD)
Assuming 3 generations of fermions in (3.11) we find
r(Q -~ H'q) 4.8 x 107
= = : 7 (3.12)
T{Q > qgq + giv) m

The total decay width and the ratic of these decay modes are listed below
as a function of quark mass.
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Table - HWeak decays of heavy quarks
mo(GeV) | T(@Hq)(HeV) | T(Qraadraid)(MeV) | T(K'a) r(ged+asy)
15 0.4 2 x 107 2 x 10°
30 3 6 x 1073 5 x 107
60 24 0.2 120
80 98 1 60

When mQ > my the decay { ~ W+ q becomes kinematically accessible and will
be competitive with Q » o+ q.

If we assume that the H+ﬁ coupling is not strengly reduced by the equivalent
of Cabibbo angles, the decay Q - H+q is clearly dominant for mQ < My Indeed,
the decay ¢ » H + (s or d) would completely dominate the decay of charmed
mesons, and give them lifetimes << 10'13 seconds 1f‘mH+ were < 1 GeV. The ob-
servation of charmed particles with 1ifetimes 0(10-13 to 10"12) seconds can
therefore be used to exclude the existence of a charged Higgs particle with

m,+ < 1 GeV, assuming that the angle factor is not << 1.

H
The decay Q + i q will show up in:

a) e'e” - Q'Q" ~ H'H + a3

These processes will give rise to rather isotropic events, guite often with

mixed hadrons and leptons. However, such final states are also expected from
the normal Q + qqq decays of heavy quarks, so that these will not be easily

identifiable sources of H® particles.

b} e*e” » Onium + H'H™ + g3 30

The decay rates in the table above indicate that the decay of heavy quarks

Q- oo+ light quarks may proceed faster than the decay of QG bound states,

which are expected to be 0(10 KeV to 1 MeV). If a heavy Q or § in an onium

bound state decays before the onium decays inte gluons as conventionrally expected,
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the signatures will be distinctive. First, the width of the rescnance will

be mych larger than that expected from 17~ > 3 gluons -+ hadrons. Secondly,

it will tead to an unexpectedly large fraction of final states with mixed
leptons and hadrons on resonance. Thirdly, it will give hadronic final states
with large acoplanarity (from ¥V + Q0 +~ H'g -+ H'H™ + qq + qag + §gq) whereas
conventicnal V¥ + 3 gluon decays are expected to yield a predominance of planar
events. Present measurements of T decays in ete” anninilation are not yet
syfficiently precise to exclude a contribution from HYH™ + X decays at the
rate expected, particularly in view of the possibility of ‘suppression by
Cabibbo-Tike angles. Listed in the table below are the rates of production
of 177 onia in ete” collisions, assuming the Tuminosity given for LEP 70:

Table - Onium event rates/day

m(Gev)| 40| 60 | so| 100 | 120] 140] 180

260 170 | 140 105 90 7.5 1.7

Although the G -~ H+ + q decays, if present, will greatly increase the width
of the onium resonance, it will still be considerably less than the expected
resolution of the beam energies, so that the event rates are not affected

thereby.

We conclude that onium decays are a good way to lTook for light charged par-
ticles with masses < % Mys My being the onium mass.
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4. Conclusions

Our major conclusion is that experiments at LEP should be able to detect
the existence of any Higgs boson - either neutral or charged - with a mass
up to ~ 100 GeV. The ranges accessible via different production reactions

are shown in Figs. 26 and 27.

ete—wHuf 1~

ete"» Z%H° - my, =Vs-m,

o -
Z—+ H+e'e ' =m, < 50GeV
o
V-I-H...Y l——-—umHs moz?
10 20 30 40 %0 100
my (GeV)
Fig. 26 - Useful production mechanisms for neutral Higgs particles

> my = Vs - m_+20 GeV
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- +., -
e+e "'"'.W-H." H-

+ o - - < 1
e*e~»H H ¢ > My = zV5
V->=Q+ bltq- — = m,s = J-rn -7

q H® =~ 2 "o ~
10 20 30 40 50 100
my: (GeV)
Fig. 27 - Useful production mechanisms for charged Higgs particles

Neutral Higgs:

The best production process seems to be efe” %4 HO, which shouild give

reasonable event rates for m, up to ngax - MZ' Even if & clear signature

from H° decay is not available, the decays ° + e’e or u+u- should pro-
vide a clear signature for this reaction. The mass of the Higgs could be
measured quite precisely from the threshold behaviour. Higgs with masses

up to 50 Ge¥ could also be producted at reascnable rates in ° decays via
the reaction 2% » H° + (e+e_) or (p+u-). Here the background problems (e.g.
from 2° > tT, t » o™X, t7 > £7X) are more severe than for the e'e” » z° + H°
reaction. Nevertheless, it seems possible to dig out an Ho signal, and this
might be the best way to Took for high mass Higgses if LEP 1is restricted

to < 75 GeV per beam in an initial phase. By comparison, the decay

y AR TL v seems to suffer from lower event rates than ARSI £+£_,

and a worse electromagnetic background problem. It is not clear to us how
the 2° » W% 4+ y process could be detected. Another competitive reaction for
H production would be onium V - HO 4 v if there exists an onium in the LEP

centre-of-mass energy range.
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This reaction would have low background and an acceptably high event rate,
but we cannot of course know whether it will be kinematically available.
If no neutral Higgs is found with My < /gmax - Mg, it may be possible to
increase the accessible range of My by lTooking for efe” > W0+ (non-resonant)
ff, which might be usable for my up to /gmax - Myt 20 GeV. However, such a
search would be rather a desperate business !
The accessibility of K° production at LEP by various different mechanisms
(see Fig. 26) and the possibility of observing its different decay modes
suggest that experiments at LEP should not only be able to verify the existence
of a neutral Higgs particle, but alsc determine at least the gross feature
of its coupling to other particles, and verify whether they are consistent with
the expected forms (2.13, 2.14).

Charged Higgs:
The best production process may be efe” > u + H*, which has a reasonable

event rate for any W with mass < 5 - My Furthermore this process has a

distinctive signature from the leptom?z decays of the W:. As for the

efe” » 7% + H® reaction, the threshold behaviour should give us an accurate
measure of mt. The cross-sections are very large close to threshold for a
light Hi, because of the nearby z° pole just below threshold. The reaction
ete™ + H'H™ i3 also in principle a good way to look for mHt < B0 Gey., The
reaction can be distinguished from a heavy Qf threshold by three features:
its threshold behaviour ~ 63, its angular distribution ~ (l-cosze), and the
absence of onium bound states just below threshold. Clearly, however, de-
tecting e’e” + H'H™ will be hard if there are very many other thresholds for

heavy leptons or quarks in the LEP energy range.

On the other hand, if a very heavy quark or lepton exists, its decays into
charged Higgs particles are probably substantial. The decay rate Q + HE o+ q
is much more rapid than Q +{virtual W'} + g, (virtual W) > g+ 4. Picking
out HE + q decays of heavy quarks { above threshold may be difficult, but

the process Q = H* + ggoes so fast that it even becomes a competitive or do-
minant decay mode of the onium itself: V » § + H: o+ g. This would give onium
final states with high acoplanarity feature not expected from conventional

¥V » 3 gluon decay.

We therefore feel that if a charged Higgs particle exists with mass up to
A 100 GeY, experiments at LEP should be able to find it, via the reactions
shown in Fig. 27.
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