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Abstract

The reactions ete™ — hZ" and ete™ — hA have been used to search for the neutral
Higgs bosons h and A of the MSSM in the case where the CP-odd A is lighter than
2m,,, taking into account the large h — AA decay branching ratio. No signal was found
in the data sample collected until the end of 1991 by the ALEPH experiment at LEP.
For tan @ > 1, m4 < 2m, is excluded at 95% CL for any ms.
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1. Introduction.

)

The mass matrix of the CP-even neutral Higgs bosons of the MSSM (the minimal

supersymmetric extension of the standard model) is affected by radiative corrections!’]

which are substantial enough, given the large value of the top-quark mass, to upset the
(2]

familiar mass relations 2 obtained at the tree level. In particular, the relation m4 > ms
between the masses of the CP-odd A and of h, the Lighter of the CP-even Higgs bosons,
no longer holds in most of the region of the MSSM parameter space relevant in 7 decays,
and the new decay mode h — AA has to be taken into account when m < m/2. This
configuration has been investigated in detail by the ALEPH Collaboration [3.4]
explained in Ref. 4, when m4 < 2m,. '

except, as

The analysis reported here completes the search for the neutral Higgs bosons h and
A of the MSSM in Z decays via the processes Z — hZ* and Z — hA, in the specific
case ma < 2m,. In Section 2, the decay characteristics of such a very light A boson are
indicated. In Sections 3 and 4, the results of previously published analyses are applied to
the two Z decay processes under investigation, and constraints are obtained which exclude
a long-lived A boson. In Section 5, new analyses are presented, specifically aimed at the
complementary configuration in which the A boson is short-lived.

As suggested by the large ratio of the top to the bottom-quark masses and as required

in the MSSM, at least in its version involving the smallest set of parameters,[sl tang > 1
is systematically assumed in the following (tan 3 is the ratio of the vacuum expectation
values developed by the two Higgs doublets). To simplify the presentation, the discussion in
Sections 3 to 5 is detailed using a typical set of parametersin the calculation of the radiative
corrections, namely a top-quark mass m¢ of 140 GeV/c? and a mass m; of 1 TeV/c? for
its supersymmetric partners, assumed to be mass degenerate. The analysis is however
extended in Section 6, and the results obtained for the above typical set of parameters are
shown to be generally vald.

In the following, all limits or excluded domains are given at the 95% confidence level.
2. Decay characteristics of a very light A.

For my4 < 2m,, the only A decay modes are A — eTe™, which takes place at the tree
level, and A — ~+, which proceeds through loops. In contrast to the h — v decay, these
loops involve only quarks, charged leptons and charginos, the supersymmetric partners of
the W and of the charged Higgs bosons. The formulae for the various amplitudes can be
found in Appendix C of Ref. 2 and have been used to calculate the A lifetime and its
decay branching ratios.

For convenience, the A lifetime is expressed in the following as a mean decay length
per GeV/c and is denoted A 4. Multiplying A4 by the A laboratory momentum gives the
A mean decay length, which is the quantity directly relevant for its observability within
a given detector. As an example, Fig. 1 shows A4 and B,,, the A decay branching ratio

1



into v, as a function of m 4 for tanB = 1, 2 and 10. Since the chargino masses and field
contents are a prior: unknown, all the parameters of the MSSM have been varied, imposing

only that the lighter chargino mass exceed its present lower limit 4 of a5 GeV/c?. The
dashed and dotted curves in Fig. 1 correspond to the maximally destructive and maximally
constructive chargino contributions thus obtained, while the full curves correspond to
negligible chargino contributions.

It can be seen that, depending on m 4 and on tan 3, both )4 and B, can vary widely.
Therefore, these will be simply considered as free parameters in the following while the
precise value of m 4 between 0 and 2m,, is irrelevant in practice.

3. Results inferred from previous studies, applied to the reaction ete— — hZ*.

For ma ~ 0 and once the amount of radiative correction in the CP-even sector is
fixed, only one free parameter remains in addition to A4 and B,y. In particular, there is a
one-to-one correspondence between my, and tan 3, as shown in Fig. 2a, or between my, and
a, the mixing angle in the CP-even sector. The maximum h mass is obtained for tan 8 = 1
and its value, for the typical set of m; and m; chosen, is 48 GeV/c?.

Although h — AA is the dominant h decay mode when it is kinematically allowed,
there remains some room for other possibilities. Indeed, the hAA coupling even vanishes at

tree level for tan § = 1, but this does not remain the case when the recently calculated e
radiative corrections to the hAA vertex are taken into account. The h — AA decay
branching ratio, B4, is shown in Fig. 2b as a function of my.

The standard model Higgs boson searches reported in Ref. 4 can be applied to the
reaction e*e” — hZ” when h does not decay into AA by simply multiplying the numbers
of events expected (given in Tables 5.2 and 5.3 of Ref. 4) by the production cross-section
reduction factor sin®(8 — ) and by (1 — Baa). This assumes that the search efficiencies
are the same for a standard model Higgs boson and for h, when h does not decay to AA.
It is indeed the case as the relative fractions of decays into hadrons and into T-pairs are
very similar (when tan 8 > 1), and because of the highly inclusive nature of the searches
performed.

The result is shown in Fig. 2c. It can be seen that the h mass range from 10 to
28 GeV/c? is excluded.

4. Results inferred from previous studies, applied to the reaction ete™ — hA.
4.1 Contribution to the Z width.

For a very light A, the contribution of hA pair production to the Z width reads:

1 2 mh2 3
I(Z — hA) = 5 €os (B—a).: (l - mzz)

2



Since any non-standard contribution to the Z width is restrictedm to less than
0.28 T',,;, irrespective of the final state topology, it follows that mj must exceed 20 GeV/c
This overlaps with the previous result, thus excluding any m; below 28 GeV/c?.

4.2 Direct searches.

When h does not decay into AA and when the A lifetime is sufficiently large for
it to escape the detector, the hA final state is very similar to the one resulting from
the production of a standard model Higgs boson H in the reaction ete™ — HZ™ with

Z* — vi. The analysis performed in the latter case 1) can therefore be used again in the
present configuration.

The procedure is the following. For a given h mass, the hA production cross-section
and (1 — Baa) are calculated. The search efficiency is again taken from Tables 5.2 and 5.3
of Ref. 4 (the energy spectra of Hin Z — HZ" and of h in Z — hA, with m4 ~ 0, are in
fact different, but it has been checked that this way of estimating the search efficiency is
indeed conservative). A predicted number of events is then obtained, which applies in the
case of a very long-lived, invisible A. Given the size of the ALEPH detector, this result is
finally translated into an upper limit on A4, the A momentum being fixed by mp.

The result is shown in Fig. 3 as a function of my. For any value of my, a very long-lived

A boson is excluded: the only mean decay lengths per GeV/c which remain allowed are
shorter than a few cm/(GeV/c).

5. Analysis of the reaction ete™ — hA with h — AA.
5.1 Introduction.

It is apparent from the curves shown in Fig. 1 that the AAA final state may show up
in three different ways: 1) for A lifetimes large enough for most of the A bosons produced
to escape the detector before decaying, as a purely invisible final state, i) for smaller A
lifetimes, as one or two visible low mass systems with missing energy , iii) for even smaller
A lifetimes, as three visible low mass systems. Each of these low mass systems may consist
either of an e*e™ pair, possibly with a vertex detached from the interaction point, or of
two photons, usually unresolved in the ALEPH electromagnetic calorimeter (ECAL) for
such energetic very light A bosons.

A specific analysis has been developed to search for the totally and partly visible
final states. It has been applied to the data sample collected in 1991 by the ALEPH
experiment at LEP corresponding to ~ 300 000 hadronic Z decays. In this sample, all

major components of the detector ™ were required to be simultaneously operational and

all major trigger logics enabled (for the present analysis, the most relevant trigger is the
“total energy trigger” which requires an ECAL energy of at least 6.5 GeV in the barrel or
of at least 3.8 GeV in either endcap).



5.2 Selection.

For the events containing reconstructed charged tracks, it is required that two of them
at least be “good tracks” or belong to a “good V°” (a V° is a long-lived neutral particle
decaying into two charged particles within the tracking volume). A good track must have
four coordinates or more in the TPC and must originate from a cylinder of radius 2.5 cm
and of length 14 cm, coaxial with the beam and centered at the nominal interaction point.
The direction of a good V° must approach the nominal interaction point within the same
tolerance as a good charged track, and both of the tracks forming a good V°® must have at
least four TPC coordinates. In addition, these events should not contain any good track
nor any track from a good V° with |cos 8| > 0.95. Here and in the following, 6 designates
a polar angle, measured with respect to the beam axis.

For the purely neutral events, the following conditions are required:

i) The event time, determined using the multiple sampling of the ECAL signals during
their rise time, must be within 100 ns from the beam crossing time.

it) The event must contain photons, identified in the ECAL using the characteristic
longitudinal and transverse developments of electromagnetic showers. The total energy
of these photons must exceed 10 GeV.

i#i) The energy weighted mean of the distances of closest approach to the nominal
interaction point of the lines of flight of these photons must not exceed 50 ¢cm in the
plane transverse to the beam axis and 80 cm along that axis. The photon lines of
flights are reconstructed thanks to the transverse and longitudinal granularity of the

ECAL,
iv) The total energy collected within | cos 8] > 0.95 must be smaller than 5 GeV.

v) Not more than one charged track should be reconstructed with at least six ITC but
no TPC coordinates. The inner tracking chamber (ITC) covers a solid angle larger
than the TPC and provides up to eight track coordinates.

The first three criteria are designed to reject cosmic ray events while the last two criteria
efficiently reject the events from Bhabha scattering at low angle with respect to the beam
axis.

For all the events remaining at this stage, the charged and neutral particles are clus-

tered into jets, using the JADE algorithm (el with a y.y: value of 10~* corresponding to a
maximum jet mass of 0.9 GeV/c?. Only one, two and three-jet events are kept, provided
that each jet contains either no track or exactly two oppositely charged tracks (good or
from a good V°). For two and three-jet events, it is required that all jet directions satisfy
| cos 8] < 0.95, while for single-jet events, the jet direction should fulfill | cos 8] < 0.75. In
all cases, not more than 1 GeV should be collected within 12° of the beam axis.

In three-jet events, the missing energy is required to be smaller than 10 GeV. In
addition, no jet-jet angle should exceed 165°. This last cut removes the bulk of the
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irreducible background from the reaction ete™ —+ yyy in which one of the three final

state photons tends to have a low energy, thus rendering almost collinear the pair formed
with the other two photons. This leads to 3 events in the data while 5.4 are expected from
the reaction ete™ — yv7.

For two-jet events also, the acollinearity angle should be smaller than 165°. In addi-
tion, the acoplanarity angle should not exceed 175°, and the component of the missing
momentum transverse to the beam axis should be larger than 5 GeV/c unless the event
total visible mass exceeds 25 GeV/c%. These cuts are designed to remove the three-photon
events in which one of the photons escapes undetected in the beam pipe, and to reduce
the background from low multiplicity hadronic events, in particular from v interactions,
to a level of less than one event expected . No two-jet events remain in the data.

In single-jet events, the component of the jet momentum transverse to the beam is
required to exceed 10 GeV/e¢, which removes the large background from those radiative
lepton pairs in which the leptons are emitted at low polar angle and remain undetected.
Two events survive in the data, in good agreement with the expectation from the reaction
ete™ — vry.

Altogether, this selection therefore leads to five candidate events.
5.3 Selection efficiency.

The selection efficiency depends on mp, on Aq and on B.,.

A full simulation of the signal process has been performed for two representative sets
of parameters: i) mp = 33 GeV/c*, A4 = 1 em/(GeV/c) and B, = 55%; i) ms =
44 GeV/e?, Aq =20 cm/(GeV/c) and B,y = 20%. The efficiencies obtained are 49% and
36%, respectively. A simplified simulation has been used to extrapolate those results to
other values of the parameters. The features included in this simplified simulation are:
the trigger conditions, the geometrical acceptance, the track reconstruction efficiency and
the selection cuts. The simplified simulation reproduces not only the overall efficiencies,
but also the charged track and jet multiplicities resulting from the analysis applied to the
fully simulated samples. As can be expected, the most sensitive parameter is A4 since the
efficiency vanishes when the typical decay length becomes much larger than the size of the
detector.

Examples of efficiencies as a function of A4 are shown in Fig. 4. For my > 28 GeV/c?
and A4 < 10 cm/(GeV/c), efficiencies in excess of ~ 30% are systematically obtained.
Because of the jet-jet angle cut, the efficiency for Ay = 0 decreases for smaller m, and
vanishes for m; < 13 GeV/c?.

5.4 Results.

For any value of the h mass, the hA production cross-section and the branching ratio
of h into AA are computed. The number of events in the AAA final state expected to be
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detected is then obtained as a function of A4, using the selection efficiency determined as
indicated above (for a given value of A4, the value of B.. which is used is the one which
leads to the lowest efficiency). Given the observation of 5 candidate events, a lower limit
on A4 results, always in excess of ~ 10 m. For m; < 13 GeV/c? however, this analysis
does not exclude A4 values smaller than ~ 1.5 cm. These results are shown in Fig. 3.

Since, for any ms > 13 GeV/c?, the lower limit on A4 obtained here conflicts with
the upper limit obtained in Section 4.2, all of the h mass range from 13 GeV/c¢? up to the
maximum theoretically allowed value of 48 GeV/c? is excluded.

Combining this with the results obtained in Sections 3 and 4.1 which exclude m; <
28 GeV/c?, it can be seen that no h mass values remain allowed and, therefore, that a very
light CP-odd A boson is excluded, irrespective of its lifetime, of its decay branching ratio
into 47, and of my, or tan 5.

6. What if the radiative correction is varied ?

Up to now, all the analysis has been conducted for typical values of m; and m;, namely
m¢ = 140 GeV/c? and m; = 1 TeV/c?. In fact, these quantities contribute only through

the specific combination
392 m$ m?
g0 = —= log | —
° 7 8r2 m3, & m?

which can be chosen as the single parameter controlling the amount of radiative correction
in the CP-even Higgs sector. This however necessitates the additional assumption that
the mass splitting among the two supersymmetric partners of the top quark is small,
compared to their average mass. This simplifying assumption will be maintained in the
following discussion.

As stated earlier, for mq ~ 0 and tanf > 1, there is a maximum value for m;,
reached when tan 3 = 1 and denoted my;m. This value is uniquely related to ¢¢ as shown
in Fig. 5. For the typical values of m; and m; above, ¢y = (62 Ge\/'/cz)2 and mym =
48 GeV/c?. When &g becomes increasingly large, muy,, quickly approaches its asymptotic
value of 64 GeV/c? (it has been checked that scalar top mass splitting does not modify
this value). -

For the typical set of m,; and m; chosen, four methods have been used to exclude all
of the theoretically allowed h mass range. They are briefly recalled here:

i) Too lai'ge a contribution of Z — hA to the Z width excludes the lowest h mass range,
up to my = 20 GeV/c?. (Section 4.1)

it) The searches for the standard model Higgs boson, applied to ete™ — hZ* with h not
decaying into AA, exclude the h mass range from m, = 10 GeV/c? to m3 == 28 GeV/c2.
(Section 3)

17) The techniques developed to search for the standard model Higgs boson in the Hvir
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final state can be used to search for the hA final state when h does not decay into AA
and when A escapes undetected. An upper limit on the A lifetime, as a function of
my, is thus set for any ma < mim. (Section 4.2)

iv) Direct searches are performed for the hA final state when h does decay into an A
pair. A lower limit on the A lifetime, as a function of m4, is thus set for 13 GeV/c? <
mp < Miim. The h mass range in which the A lifetime lower limit is larger than the
upper limit obtained in iii) extends from 13 GeV/c? to my4 = myin. This mass range
is therefore excluded. (Section 5)

When ¢, is varied, the limiting values my, mz, m3 and m4 evolve and define excluded
domains in the (g9, ms) plane as indicated in Fig. 5. The steps shown by m; are due
to the rapid variations of B4 at the DD and BB thresholds. It can be seen that any
mu < Miim is excluded by at least one of the above methods, whatever the value taken by
€0, except for a small mpy region between m; and the DD threshold, when (6 GeV/c?)? <
Eg < (10 GeV/cz)z.

In this particular region, method i) fails because B4 is close to unity and, at the
same time, the cross-section for eTe~ — hZ" is strongly reduced with respect to the
corresponding one in the minimal standard model. The process e*e™ — hA, on the other
hand, has a much larger cross-section, and method i) still provides an upper limit on A4
of 8 cm/(GeV/c). To obtain a lower limit on A4, the reaction ete™ — hvi with h — AA
can be used: unless it is invisible, the final state consists of one or two energetic low mass
systems and the analysis of Section 5 is therefore applicable. It leads to a lower limit on
A4 of a few meters/(GeV/c), thus excluding this small region too.

7. Conclusion.

Using a large variety of methods, it has been possible to exclude, for tanf8 > 1, a
CP-odd A Higgs boson of the MSSM with a mass below the two-muon threshold. The
result obtained is valid irrespective of the size of the radiative corrections in the CP-even

sector.
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Figure Captions.

1. For ma < 2my, and as a function of m4: the branching ratio B, of A into vy and A4,
the A mean decay length per GeV/c, for tan 8= 1, 2 and 10. Note the different vertical
scales in the three A4 plots. The full curves are obtained neglecting any chargino contri-
bution to the A — 4+ decay amplitude while the dashed and dotted curves correspond to
maximally destructive and maximally constructive chargino contributions, respectively.

2. For m4 < 2m, and as a function of my:

a) tang;

b) the branching ratio By 4 of h into AA;

¢) the number of events from ete™ — hZ*, with h not decaying into AA, expected to be
found in the searches for the standard model Higgs boson reported in Ref. 4.

The typical set of parameters m; = 140 GeV/c? and m; = 1 TeV/c? is chosen, and
negligible scalar top mass splitting is assumed.

3. As a function of m:

(A) upper limit on Ag;

(B) lower limit on A4 (for mp > 13 GeV/c?) or excluded A4 range (for my < 13 GeV/c?).
The typical set of parameters m, = 140 GeV/c? and m; = 1 TeV/c? is chosen, and
negligible scalar top mass splitting is assumed.

4. For my = 44 GeV/c? and h — AA, efficiencies of the searches for the various final
states arising from the reaction ete™ — hA, as a function of A4: all final states combined
(full line); three jets (dashed); two jets (dotted); single jets (dash-dotted).

5. In the (¢, ms) plane, domains excluded by:

(A) the Z width, below m;;

(B) the searches in the reaction ete™ — hZ*, from mj to m;;

(C) the searches in the reaction ete™ — hA, from 13 GeV/c? to my.

The grey area, above mym, is excluded by the theory (with tan 3 > 1). Negligible scalar
top mass splitting is assumed. The vertical line corresponds to the typical values m; =
140 GeV/c? and m; = 1 TeV/c?. The top quark mass values given in the upper scale are
deduced from the corresponding e¢ values in the lower scale, assuming a constant m;/m,

ratio equal to (1 TeV/c?)/(140 GeV/c?).



0.8
o
0.2

0.8
O.:6
0.4
0.2

0 0.05 0.1:

o 0.05 0.1

-
-

P WA I I N ST N AU BTN

-!IIIIHIEIIIIIIIIIIII!IT_

tanB =2

Pl IN IR IR O I ST W |

0.15 0.2

RRRYLERRESLUNY RARRERARES

tan3 =10

'_nlnnlnnlnullul

015 0.2

10 J'IllillllllllLllll!;“

...llllllll..llllill'L

0.05 0.1 0.15 0.2

O

Aa (em/(GeV/e))

-0 0.05 0.1 0.15 0.2

0 0.05 0.1 0.15 0.2

|~Illl|'lllrlLlI-lllllk

-0 0.05 0.1 0.15 0.2

my (GeV/e?)

o Figﬁre 1



T T _FTTT

o
§ 10 3 (a)
1 J | 1 I ] L1 1 1 1 Lt 1 I i1 1 1 I 1 11 1 I 1 L J I [ | . L 1 ] 1
5 10 15 20 25 30 35 40 45
1
30.8 "é'
0.6 F
J 2 (b)
=204
q =
0.2 g—
O —l 1 | } ! 1 1 i l | S S I 1 1.1 I l 1+ 1 l 11 1.1 I | | I | S | 1 L1 P 1 I L1
5 10 15 20 25 30 35 40 45
8
3 i
g o0
=
b 95% CL excluded (<)

s L, 1T IT~~_ ==
Es : \
O [ IIlIlllIlLll|l|[lll|lll1|Ill[l‘l]lli]lll

5 10 15 20 25 30 35 40 45

mp (GeV/c?)

Figure 2




27

A

e

ooy o

((9/A2D)wd) Yy

05

) N
()
.nu»“muwvwv..u../// |

o

10

soa gl

2

mp{(GeV/c

3

Figure



Eff. (Z — hA — AAA)

0.6

0.5

o
s

o
w

o
)

0.1

1 -

" b= T -

1 et LB temte - - - -
= tey - - ) :
- 1 —"‘ :

.-"

T Ty

- gl -"'...-__
. ———-
| . [
F . -
e mm . A

I H N o TS i S T -
et g a by oo b raa b e I o by v v g bes g b 0077 il i i

5

10

id

20 35

A4 (cm/ (Gev/ ))

25 30.

Figure 4

40



CANNNN

N,

m, (GeV/c?)

200

150

0.

199

50

Gy L

.nU
<r
(,9/A°D) Y

00

1

2)2)

Figure 5

2
£g ((GeV/e

50



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18

