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1 Introduction

Within the Standard Model (SM), the possibility of a light Higgs boson is already
excluded; the present bound being mys > 57 GeV (95% C.L.) [1]. However, an ex-
tended scalar sector with additional degrees of freedom could easily avoid the present
experimental limits, leaving the question of a light Higgs open to any speculation.
Given the poor understanding of the scalar sector, there is no compelling reason
(aside of simplicity) to assume the existence of only one Higgs doublet. Therefore,
it is important to explore the phenomenological implications of more complicated
Higgs structures.

Models with several scalar doublets are the preferred candidates for a non-minimal
scalar sector, since they satisfy p = MZ /MZcos? 0w = 1 at tree level. In fact, two
scalar doublets are already present in the minimal supersymmetric extension of the
SM [2]. Models of this kind were also discussed a long time ago in the context of
the strong CP problem [3] or to generate spontaneous CP violation [4].

In this paper we investigate the present experimental constraints on a very light
neutral scalar (my < 2m,) in a two-doublet version of the Standard Model. A
Higgs in the mass range 2m, < mye < 2m, has already been excluded in one
type of two-Higgs-doublet model (the Model II described in Section 2), analysing
the decay n — 7° A° [5]. Here we intend to follow up this study and obtain further
constraints in the region my < 2my,.

Two-Higgs-doublet models are discussed in Section 2, where the different pro-
duction mechanisms relevant for this study are presented. We use standard Chiral
Perturbation Theory (ChPT) techniques to derive the low-energy theorems which
fix the hadronic Higgs couplings. Section 3 contains the analysis of experimental

data and the constraints obtained. Finally we present our conclusions in Section 4.

2 Two-Higgs-doublet models

The general structure of two-Higgs-doublet models is well known (see ref. [6] for
a recent review), so we shall only give here the ingredients we need for the present
analysis.

Let us consider two complex SU(2),, doublet scalars ®, and @, with hypercharge
Y = 1. In order to avoid flavour-changing neutral currents {FCNCs), all fermions
of a given electric charge should couple to the same Higgs doublet [7]; this can be
done in two different ways, resulting in two types of models, namely,

Model I: where only ®9 couples to fermions, and



Model II: where ®9 couples only to down-type quarks and charged leptons, while
@9 couples only to up-type quarks and neutrinos.

(Other choices are possible, treating the quark and lepton couplings asymmetrically. )
A particular choice can be made “technically natural” by imposing a set of discrete
symmetries (¢, — —®,, &, — ®,, ¥, — ¥, and the appropriate transformation of
the right-handed fermion fields).

The spontaneous symmetry breaking of SU(2); x U(l)y to U(1)gar is triggered
by the vacuum expectation values

0 0
(‘I)l}-—-(‘_v/l_)a(q’z)=(v%); (1)
2 2

where v, v, can be chosen real and non-negative if the Higgs sector is assumed to
be CP-invariant. These vacuum expectation values are related to the W-boson mass
through the formula

2M
(v + )2 =u = = 526 Gev, (2)
g
leaving one free parameter which is usually taken as

tan8 = 22, (3)

)
In these models there are five physical scalar fields: K £, H® RO and A° (A° is
CP-odd while H° and A° are CP-even). We are only interested in the lightest neutral

scalar

RO = —sina(\/ﬁReQ? ~ vl) + cosa(\/ﬁRe@g — vz). (4)

The mixing angle « is a known function of the parameters of the scalar potential

(6].

The quark-Higgs interaction can be written down in the general form

0 -
Lhog = — 4 {kadMud + k, aM,u}, (5)

where M, and M are the diagonal mass matrices for up- and down-type quarks
respectively, and the couplings &, and %, depend on the model considered. In
particular, in the two-Higgs-doublet models introduced above, the couplings of the

h° neutral scalar are:

: — L _COsa
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The two models show a completely different pattern. In Model [, the Yukawa cou-
plings are identical to the Standard Model ones but for a global factor cosa/sin g,
1.e. gnoau/gnogy = M,/My. Model I, however, has different A° couplings to up- and
down-type quarks, even for M, = M,.

2.1 Low-energy effective Lagrangian

The hadronic couplings of a light Higgs particle are fixed by low-energy theorems
(5, 6, 8, 9, 10}, which relate the P — P’A® transition with a zero-momentum Higgs
to the corresponding P — P’ coupling. The couplings to the octet of lightest
pseudoscalar mesons (7, K, n) can be easily worked out, using ChPT techniques.

The lowest-dimensional effective chiral Lagrangian describing the interactions of

the pseudoscalar octet is uniquely given [11] by

¢ = £ {(p,uput) + 2B (MU' + UMY}, (7)

where U = exp (—3%@) is a SU(3) matrix incorporating the octet of pseudoscalar

mesons,

x° iR +
L. 4 T Kt
X = \/§ - \/6 ‘JTO 8 i)
®(z) = ¢ = T -5+ % K : (8)
K- Ko _2m
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f = fr = 93.3 MeV is the pion decay constant at lowest order, and () de-
note the trace of the corresponding matrix. The second term in (7) is an ex-
plicit breaking of chiral symmetry due to the presence of the quark mass matrix
M = diag(my, m4,m,) in the underlying quark Lagrangian. The parameter By

relates the squares of the pseudoscalar meson masses to the quark masses,

2 2 2

B. = mo 4 _ M+ _ Mo
0 = = = .
m, + my m, + m, my + m,

(9)

The electromagnetic interaction is incorporated through the covariant derivative

DU = a.uU — ile] Ay [Q': U], (10)

where e is the electron charge and @ is a diagonal 3 x 3 matrix that takes into
account the electromagnetic light-quark charges, @@ = ] diag (2, -1, —1).
It was shown in ref. [5] that, at lowest order in the momentum expansion, the

effective chiral Lagrangian induced by the Yukawa interaction in (5) is given by



2 hO
Lo = LB Le(D,UDAUY + 3¢By (MU + UM)
+Bo((ka A + ku B) (MU' + UM))},
where A = diag(0,1,1) and B = diag(1,0,0). The parameter £ = 227 (ks + 2k,)
collects the information on the heavy quark fields (c, b, t), which remains in the low-

energy limit through the Higgs coupling to gluons medijated by one loop of heavy
quarks.

(11)

We are also interested in the n' couplings; thus we shall introduce the n’-field in
our low-energy description by assuming nonet symmetry, which is exact in the large
N; limit (N, denotes the number of colours), and adding a term that explicitly takes
into account the U(1), anomaly [12).

In the absence of the U (1)4 anomaly, the singlet m field becomes the ninth
Goldstone boson, which is incorporated in the ®(z) field as

o(z) = %‘_g + %cﬁ. (12)

The Lagrangians (7) and (11) describe then the interactions of the whole nonet
multiplet.

At first non-trivial order in 1/N., the effect of the U(1)4 anomaly is taken into

account by adding the term [12]

f* a
4 4N,
In the presence of (13) the 7, field becomes massive even in the chiral limit. After

Ly, = (logU — log UT)2. (13)

diagonalizing the ; — 5 mass matrix, the physical n and %’ fields can be expressed
in terms of the U(3) fields 5, and ng as follows

7' = cosbpm + sinfpng, (14)
7 = —sinfpn + cosbprg,
where tanfp = —1/2/2. The parameter q is related to the physical meson masses
by a = m2, + m? — 2m% ~ 0.73 GeV2.
The interaction term in (13) induces an additional Higgs coupling to the singlet
m field, which is easily obtained by applying the usual low-energy theorems for soft
Higgs particles [5]. One gets
2 hO

a
Lhe_vqy, = l;— % 2N, (log U — log U1)?. (15)

Therefore, the interaction between the nine lightest pseudoscalar mesons and the
Higgs particle A% is described by the Lagrangian given in (11), with the addition of
the Lagrangian in (15).



2.2 Light-Higgs decays

A Higgs in the mass range considered in this paper (my < 2m,) has only two
open decay channels: h® — ete~ and A® — ~4v. The decay width into the ete~
channel can be easily obtained from the general leptonic Yukawa interaction

0. -
Ehon = —h? kllM;l (16)
One gets the result,
2 2\ 3/2
T(h® — ete”) = k? ";*3;" (1 - 4:£0) . (17)

In the two-doublet models we are considering here, one has k; = kg.

The calculation of T(A® — vv) is slightly more involved, since this transition is
generated at the one-loop level. We have distinguished five kinds of contributions to
the decay amplitude: W* loops (T ), H* loops (Tyq), (7, e, #)-lepton loops (T%),
the contribution from the {c, b, t)-heavy-quark loops (Ty), and the contribution
coming from the (u, d, s)-light-quark loops (T,); at the energy we are working, the
last contribution is better described in terms of the pseudoscalar meson degrees of
freedom (7%, K*). All these contributions are given in the Appendix. The final
expression for the h® — 4+ decay width is then given by

012 m3
LW =) = Sia?

Since the experimental detection efficiency of such a light Higgs depends strongly

|TW + TH + TL + TQ + Tvlz. (18)

on 1ts lifetime, 740, 1t 1s interesting to illustrate how 74e varies with the parameters
of the model. Figures la (Model I) and 1b (Model II) present cryo as a function of
a and S for different values of the Higgs mass. As in the Standard Model the Higgs
lifetime increases as the mass decreases and it is infinite for my = 0. Figures 2a
and 2b show the Br(h® — e*e™) dependence on « and 3 for various muo points. As
can be observed, h° — ete” is in general the dominant decay mode, especially at

low masses.

2.3 Higgs production at the Z° pole

In the models under consideration there are two main Z° decays into a neutral
Higgs. The first corresponds to the most abundant mechanism in the Standard

Model, Z® — Z°*A°, but with a smaller production rate, given by the expression [6):

I‘(ZO — ZO-hO)

T(25 = Zh3) =sin?(8 — a). (19)




When the scaling factor sin®(8~ a) tends to zero the coupling Z°A®A® increases and
the complementary process Z0 — A9 A9 becomes important, if it is kinematically
allowed. The corresponding decay width is given by [6]

’ b
m%.’ mk,

2 2
r'z® - R0 A%) = % cos?*(f — a) T, 13/2 (1 il T—’ﬂ) , (20)
where '), denotes the SM Z°® —, vele decay width and Az,y,2) = 2 4+ y? 4 22

2ry — 2yz — 272z,

2.4 Higgs production through 7’ — nA°

From the Lagrangian given in (11) together with the U(1) s-interaction term in
(15), it is straightforward to extract the piece that describes the h%pn’ coupling. We
get

0
Lopne = %m}' {({ — k4) sin 8p cos 0p [cos? Opmi, + sin’ Opm? — %(mff + %—mi)]

+ 3@ m2 (k, — k,) [sin? 6p — cos? p + 715 sin #p cos 9}3]}

= [Cd kd + Cu ku] ho’?’?'a
(21)
with Cy = 8.20 x 107 GeV and C, = —1.46 x 10-4 GeV. From this we obtain
the following branching ratio,

m, m

2 2
Br(n' — 7A%) = 6.7 % 107* (k; — 0.18k,)? AV/? (1, x, g"), (22)
n

3

2.5 Higgs production through 5 — 7%°

In the SM, 5 decays always occur through isospin-violating effects. Moreover, the
n ~— n°h° transition gets an additional suppression factor, because the diagonaliza-
tion of the kinetic and mass terms of the effectjve chiral Lagrangian also diagonalizes
the lowest-order PP'h° couplings. It was shown in ref. [5] that these suppression
factors no longer hold for general Yukawa interactions with kg # k,. At lowest order
in momenta, the n — 7°k° amplitude is given by [5]

A(n — 7°h°%) = (cosfp — v/2sin 6p)

2\/§u (ks — k), (23)

which leads to the following branching ratio:

LI 2
m"’l mﬂ

2 2
Br(n — z%°%) = 3.3 x 10~ (kg — k,)2 X1/2 (1 '3 mho) . (24)
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In Model I, k4 = k, and one therefore needs to go to the next order in the
momentum expansion to get a non-zero amplitude. The resulting branching ratio is
easily obtained [5], by rescaling the SM result [9] with the Yukawa factor k4 (= k).

One gets, of course, a much smaller rate in this case [5]:

2 2
Br(n — 7°h%)aroas = 6 x 10~7 k2 )\1/2 ( = ’;’;) . (25)
n L

2.6 Higgs production through = — evh®

The W-exchange transition 7 — e, is described by the effective Lagrangian

Lw = —V2GF cosO¢ ev*(1 — v5)ve (L) + hec., {26)
where (L,)2; denotes the (2,1) element of the 3 x 3 matrix

2
corresponding to the hadronic left-handed current, é¢ is the Cabibbo mixing angle,

1 i f
IP=2(V AP = == UD*U = —2Z D!® + ..., 27
( ) "2 V2 (27)

and G the Fermi constant.

The direct # — ev.A° transition amplitude, generated by the A°-coupling to the

W field,

A° oL
£h°W+W-' = -;- sin(ﬂ - O:) Mw m (28)

(L denotes the underlying weak Lagrangian with the k°-field set to zero), can be
easily obtained from Lw [10]. Since Gp ~ My?, the resulting vertex is given by

2h°
Lrore, = - [sin(8 — a) — €] Gr fr cos8cD,yn~ ev*(1 — vs)ve + h.c.  (29)
This effective Lagrangian corresponds to the contribution coming from diagram (a)
in Fig. 3. In addition, one should include the contributions from the other two
diagrams [(b) and (c)] where the light Higgs couples to the electron or to the pion
fields. If the electron mass is neglected, diagrams (b) and (c} give a zero contribution;

the decay width is then given by the formula
V2G% f? cos® 9 .

21 802 s fmio/m?) [sin(8 — @) - €, (30)
where f(z) = (1 — #?) (1 — 8z + z?) — 12z% log z. This width leads to the following

branching ratio:

D(r% — R%*y,) =

Br(r* — K%*v,) = 6.5 x 10~ f(m}e/m?) [sin(B —a) — €. (31)



3 Experimental results

3.1 Around the Z° pole

LEP experiments have looked for a very light Higgs in the framework of the Min-
imal Supersymmetric extension of the Standard Model (MSSM) [13]. The scalar
sector of the MSSM is just a particular case of our Model II, with additional (su-
persymmetric) constraints on the parameters. Therefore, it is not difficult to work
out the LEP information in order to transform it into constraints on more general
two-Higgs-doublet models. The LEP limits are expressed as a function of the two
free parameters in the MSSM: tan B and mpe. Since experimentally the detection
efficiency depends on the Higgs mass and lifetime (7a0), it is possible to transform
the excluded areas in the (tan B,mp0) plane into non-allowed zones in the (740, myo)
space. The next step is to calculate the excluded areas in the (a, 8, myo) space, since
for given o and S values the lifetime is fixed. The results obtained at the 90% C.L.
are plotted in (o, 8) planes for different values of the Higgs mass in Figs. 4a (Model
1) and 4b (Model II). As can be observed the excluded areas are largest for myo = 0,
where the experimental detection efficiency is maximum and the sensitivity is only
limited by the production cross section.

3.2 %' decays

Beam-dump experiments have been used to look for Weakly Interacting Neu-
tral Particles (WINPs). The dump, placed behind the target, is used to absorb all
strongly or electromagnetically interacting particles, produced in the primary reac-
tion, and therefore only WINPs traverse it. A detector placed behind the dump is
intended to reveal the decays or collisions of such WINPs. In the present study we
reanalyse data from an experiment carried out at F ermilab [14], extending the work
reported in ref. [15], where the method used is explained in detail. A 400 GeV/c
proton beam was incident on an iron target, with a total number of interacting
projectiles N, = 2.8 x 10'3. The experiment did not find any evidence of WINPs
decaying into charged particles in a certajn region behind the dump and this lack
of signal was used to set limits on WINPs. Applying that result to our case, the
number of expected Higgs events is given by the expression

Ny = Npyn, eBr(y — 7h°) Dyo Br(h® — ete™), (32)

where n,, is the number of n’ particles produced per collision. The factor € includes
the detector acceptance and Higgs reconstruction efficiency as calculated in ref.
[15], and Dy is the probability that the Higgs disintegrates inside the experimental



sensitive volume; it is given by

~ Ll L2 - Ll
Dy = exp ( CﬂhﬂThﬂ'Thﬂ) ll — exp (_cﬂhoTho’Yho )] ’ (33)

where Ly(s) is the distance from the target to the front (back) edge of the sensitive
volume along the Higgs trajectory. The second term in parenthesis reflects the finite
length of the vacuum volume. Since no WINP candidates were observed in the
experiment under consideration, limits on Br(n' — nh%) can be established and by
comparing them with the theoretical calculation (22) certain values of the model
parameters can be excluded. For a SM Higgs the number of expected Higgs events
(Nw) given in expression (32) is unique for a given mass. Conversely, in the case
of two-Higgs-doublet models, Nyo, and therefore the limits obtained, depends not
only on the mass but, in addition, on the o and 8 angles. Figs. 5a and 5b show
the regions excluded at the 90% C.L. in the (¢, 3) plane for different values of the
Higgs mass. As can be seen the areas excluded by this analysis are quite substantial
especially around mye = 50 MeV. No constraints can be derived for mye < 2m, since
such a light Higgs would not be seen in the experimental set-up considered here.
The excluded areas decrease as the mass increases, since the lifetime gets shorter
and therefore the number of Higgs particles reaching the sensitive volume in the

experiment also decreases.

3.3 17 analysis

Data from an experiment carried out at the Rutherford Laboratory [16] have
been used to extract limits on Higgs produced through n decay. The n’s were
produced through the reaction #~p — 5n using an incident pion beam with 718 MeV
energy, just 33 MeV above the n production threshold. The beam was incident on a
cylindrical hydrogen target 34 cm long and 4 cm wide [17]. The neutron produced in
the reaction was used to tag the n particle. The experiment studied several 7 decays
and in particular looked for the process  — x%ete~. In this search the electrons
were identified with some Cherenkov counters, and their trajectories, reconstructed
with a tracking system, were required to have a common origin inside the hydrogen
target. No significant signal was found and a limit T'(p — #%%e™) < 4.5 x 107° was
established at 90% C.L. In the present study we want to apply this limit to a Higgs
produced in the reaction 7 — x%h% k% — e*e~. Such a process would have been seen
in the experiment under consideration if the Higgs had decayed inside the hydrogen
target. Therefore it is necessary to calculate the probability P; that the Higgs would
have decayed inside the target for its different masses and lifetimes. This was done
with a Monte Carlo program where the n was generated randomly along the target.

In addition the maximum momentum allowed by kinematics was assigned to the n

9



in the direction perpendicular to the beam axis. This choice was made in order to
be conservative in our estimation. Once the 7 was generated Higgses with different
masses and lifetimes were produced, through the decay under consideration, and
their decayed point was simulated. The probability P; obtained in this way was
then used to rescale the limit on the branching ratio according to I’y = Lezp/ Py
The values obtained in this way were then compared with the theoretical expression
in egs. (24) and (25). The areas excluded at the 90% C.L. in the (a,3) plane can
be seen in Figs. 6a and 6b for Models I and II respectively.

3.4 Pion decay

Two experiments have been used to deduce limits on the SM Higgs based on
the decay 7 — evh® (18, 19, 20]. The most complete analysis has been performed
by the SINDRUM Collaboration, looking for the decay # — evh® with subsequent
decay h® — e*e™. Limits on such a process were given as a function of the Higgs
mass and lifetime in ref. [19]. In the present study we have considered those general
constraints and transformed them into light-Higgs limits in the context of two-Higgs-
doublet models. If the & and 8 angles are known, the lifetime is fixed and therefore
limits on the branching ratio Br(r — evh®) can be obtained, from the SINDRUM
results. Then, excluded regions in the (e, B, myo) space can be calculated, by
comparing with its theoretical value (31). The results obtained at the 90% C.L.
from this analysis are presented in Figs. 7a and 7b, in (a, B) planes for different
Higgs masses. The largest excluded region corresponds also to a Higgs mass around
30 MeV. The decay under study is not kinematically allowed for mjo > My — m,
and therefore no limits can be derived for that region.

4 Summary

We have studied the present experimental constraints on a possible light scalar
Higgs (mu0 < 2m,), in the context of two-Higgs-doublet models. The light Higgs
production channels Z° — Z%h°, o — ph® 5 — 7%k and ® — evh? have been
considered. We have applied standard ChPT techniques to derive the low-energy
theorems which fix the hadronic Higgs couplings. Using published results from Higgs
searches at LEP, fixed-target experiments and pion decay analyses, we have been
able to set strong limits on such a light scalar. These limits are shown in Figs. 4, 5,
6 and 7.

Figures 8a and 8b show the final areas excluded at the 90% C.L., taking into
account the four different approaches considered in this work. For a ZeTo-INass

Higgs only limits derived from LEP results can be used. For higher masses, where

10



the decay h® — ete is allowed, the most constraining limits come from the ' — gh°
analysis, especially at intermediate masses mjo = 50 MeV. The bounds provided
by the four processes turn out to be quite complementary, allowing us to exclude a
large area in the parameter-space of both models.
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Appendix: The A° — vy decay amplitude

In this section we give the different loop contributions to the A° — 45 decay
width in eq. (18). Following ref. [6], we introduce the kinematical functions:

Fo(z) = z[1 - zg(2)],
Fipp(z) = -2z [1 + (1 - z)g(2)], (A.1)
Fi(z) =2+ 321 +(2 - 2)g(z)],

corresponding to loops with intermediate particles of spin 0, 1/2, and 1, respectively.

Here

2
(1
[a,rcsm ( )] (z > 1),
g(z) = L L+ IT—xz: 12 (A.2)
-7 [log (Ll - m) — zvr] (z < 1),
and ¢ = 4m?/mf,, where m denotes the mass of the particle running along the loop.
When z becomes large, i.e. when the particle in the loop is much heavier than h°,
these loop functions approach the limits:
1 4
Fo(z) — -3 Fija(z) — ~3 Fi(z)—-17. (A.3)
The amplitude contribution coming from the W loops is [6]

Tw = sin(f — a) Fi(zw) = 7 sin(f — «), (A.4)

where we have used the fact that oy = 4M}, /m?, >> 1 for the range of light-Higgs
masses we are interested in.

For the charged-Higgs loop-amplitude contribution one gets the result [6]:

11



. 2
Ty = [sin(,@ —a) + =8 22";:;(;; b )J _AAY% Fo(zye). (A.5)

The mass of the charged scalar H* has a model-independent lower bound of about
40 GeV [21]; therefore, for a very light 2%, Fo(zps) ~ —1/3. This contribution s
then much smaller than Tw, except for very small regions of the parameter space
where sin(# — @) << 1. Variations of Mp+ in the range 40-1000 GeV have a
negligible effect on our results.
The lepton (e, g, 7)-loop contributions are given by (6]
4

To = & [Rn(e) + Fialen) + Fied)] = k[~

+ Fplea) + Fifa.)]
(A.6)

while for the contributions coming from the heavy-quark loops one gets the result:

4 1 32 4
TQ = Nc {§ ku [F1/2($¢)+F1/2(.'Bc)] + §kd Fl/g(.’rb)} = '—? ku - -g-kd (A?)

At the energy we are interested in, the contribution from the light-quark (u, d,
8) loops is better described in terms of mesonic degrees of freedom. In the ChPT
formalism introduced in Section 2, this contribution is given by charged kaon and

pion loops,

T, =T, + Tx. (A.8)

The calculation of these chiral loops is rather straightforward. The result we have
obtained can be written as:

To= [26(1+ &) + ku + k] L Fo(z2),

: | (A.9)
T = [26(1 + gh) + ka6 + ka(2 — 6)] } Fo(ag),

where ¢ = 227(k4 + 2k.), § = mi/m}, z. = 4m2/md, and zx = dm} fmi,.
For a very light scalar, i.e. zx > 2, >> 1, and making the approximation § ~ 0,
the total contribution from the light pseudoscalar-meson loops reduces to the simple
formula:

T, —0.14k, —0.27k,. (A.10)

12
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Figure 3: Feynman diagrams contributing to the decay 7~ — e 7 .hY
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