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LHC discovery potential of a leptophilic Higgs boson
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In this work, we examine a two-Higgs-doublet extension of the standard model in which one Higgs
doublet is responsible for giving mass to both up- and down-type quarks, while a separate doublet is
responsible for giving mass to leptons. We examine both the theoretical and experimental constraints on
the model and show that large regions of parameter space are allowed by these constraints in which the
effective couplings between the lightest neutral Higgs scalar and the standard-model leptons are
substantially enhanced. We investigate the collider phenomenology of such a ‘“‘leptophilic” two-Higgs-
doublet model and show that in cases where the low-energy spectrum contains only one light, CP-even
scalar, a variety of collider processes essentially irrelevant for the discovery of a standard model Higgs
boson (specifically those in which the Higgs boson decays directly into a charged-lepton pair) can
contribute significantly to the discovery potential of a light-to-intermediate-mass (m;, < 140 GeV) Higgs

boson at the LHC.
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L. INTRODUCTION

One of the primary goals of the Large Hadron Collider
(LHC), a proton-proton collider with a center of mass
energy /s = 14 TeV, will be to investigate the sector
responsible for the breaking of the electroweak symmetry.
In the standard model (SM), a single Higgs doublet is
responsible for the spontaneous breakdown of the
SU(2), X U(1)y gauge group to U(1l)gy. The coupling
constants of the sole physical Higgs scalar to the rest of
the SM particles are completely determined by their
masses, and consequently there is little guesswork involved
in determining the most promising channels [1,2] in which
one might hope to discover such a scalar. For a relatively
light (114 GeV = m;, = 125 GeV) SM Higgs boson,
those channels are gg — h — y7y and t7h(h — bb), while
for an intermediate-mass (125 GeV = m; =< 140 GeV)
Higgs, the single most promising channel is the weak-
boson fusion (WBF) [3] process gq' — qq’'h(h — 77)
[4]. For a heavier Higgs, with m; = 140 GeV, the most
relevant channels are h — WW* and h — ZZ*, with the
Higgs produced via either gluon fusion or WBF [1,2].

In models where the Higgs sector differs significantly
from that of the standard model, however, the situation can
change dramatically. This is true even in cases where the
low-energy effective theory describing a given model at the
weak scale contains only a single, light, CP-even Higgs
scalar. Indeed, at low energies, many models with extended
Higgs sectors have effective descriptions that are -
standard-model-like” in the sense that they contain a single
light Higgs boson, but one whose couplings to the standard
model fermions and gauge bosons differ—potentially sig-
nificantly—from those of a SM Higgs. Such discrepancies,
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in turn, can translate into vast differences in LHC phe-
nomenology: some (or, in severe cases, even all) of the
standard detection channels for a SM Higgs may disappear
as a result of such modifications, while others, related to
processes buried beneath background in the SM, may
become crucial for discovery.

One set of channels which are not terribly significant for
the discovery of a SM Higgs, but could become so in
models with modified Higgs sectors, consists of those
involving direct decays of the Higgs boson to a pair of
high-p7 leptons. In the SM, a light Higgs boson (with mass
my;, < 130 GeV) decays predominantly into bb, and the
ratio BR(h — ¢€)/BR(h — bb) (where { = e, u, 7) is
roughly proportional to m?/m3, due to the fact that in the
SM, the same Higgs doublet is responsible for giving mass
to both quarks and leptons. Consequently, attention has
been focused predominately on processes in which the
Higgs boson decays to a tau pair (with a branching ratio
of about 10%), and, in particular, on the weak-boson fusion
process qq' — qq'h(h — 77). This is the only process
particularly relevant for SM Higgs discovery in which
the Higgs decays directly to leptons, though it is now
regarded as one of the most promising discovery channels
for a SM Higgs in the intermediate mass region [3,5,6].
Searching for the Higgs in the gg — h — 77 and tth(h —
77) channels is more difficult, due to a combination of
factors, including enhanced SM backgrounds and sup-
pressed signal cross sections.

By contrast, processes in which a SM Higgs boson
decays into first- or second-generation leptons are gener-
ally assumed to be irrelevant for discovery. This is because
under the assumption of Yukawa-coupling universality
among the lepton generations (an assumption we will be
making throughout the present work), the small size of m,,
compared to m, results in BR(h — uu) being roughly 2
orders of magnitude smaller than BR(h — 77), with
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BR(h — ee) nearly 3 orders of magnitude smaller still.
Consequently, the rates for processes involving 7 — puu
and h — ee are extremely suppressed relative to those
involving tau pairs, both in the SM and in most simple
extensions of the Higgs sector. On the other hand, there are
strong motivations for considering processes of this sort at
the LHC. Experimentally, a signal involving a pair of
high-p; muons or electrons will be easy to identify, as
the muon- and electron-identification efficiencies at each
of the LHC detectors are each greater than 90% [5,6].
Furthermore, once a Higgs boson is discovered in these
channels, its mass could be readily reconstructed with high
precision. Such channels could also be of use in determin-
ing the Higgs Yukawa couplings to leptons.

Two-Higgs-doublet models (2HDM), which stand as
perhaps the simplest, most tractable example of a non-
minimal electroweak-symmetry-breaking sector, provide
a useful context in which to study the role of leptonic
Higgs-decay processes. These models arise in a number
of beyond-the-standard-model contexts from supersymme-
try to little Higgs scenarios [7] and have a rich phenome-
nology, many of whose consequences for LHC physics are
still being uncovered. In general, 2HDM can be catego-
rized according to how the Higgs doublets couple to the
SM quarks and leptons. In what has become known as a
type I 2HDM, one doublet is responsible for the masses of
both quarks and leptons, while the other decouples from
the fermions entirely. In a type II 2HDM, one Higgs
doublet couples to the up-type quark sector, while the other
Higgs doublet couples to both the down-type quark sector
and the charged leptons—as is the case, for example, in the
minimal supersymmetric standard model (MSSM). In both
of these standard scenarios, the leptonic branching ratios
for a light Higgs do not differ much from their SM values
throughout most of parameter space,1 since the same dou-
blet gives masses to both the bottom quark and the charged
leptons.

One interesting alternative possibility, which will be the
primary focus of the present work, is a 2HDM scenario in
which one Higgs doublet couples exclusively to (both up-
and down-type) quarks, while the other couples exclusively
to leptons—a scenario which we will henceforth dub the
leptophilic two-Higgs-doublet model (L2HDM).”> This
model has been discussed previously in the literature in
relation to its effect on Higgs branching fractions and
decay widths [9,11-13], flavor physics [14], and potential
implications for neutrino phenomenology [15] and dark
matter studies [10]. Some analyses of the LHC phenome-
nology of the model were presented in Ref. [10], which

'There are, however, regions of parameter space in the MSSM
within which the effective hbb coupling is suppressed due to
radiative corrections [8], and consequently BR(h — €€) be-
comes large.

°In the literature, this scenario has also been referred to as the
lepton-specific 2HDM [9], leptonic 2HDM [10].

PHYSICAL REVIEW D 79, 095014 (2009)

focused on the nondecoupling region of the parameter
space where additional physical Higgs scalars are light.

In this work, we discuss the leptonic decays of the
lightest CP-even Higgs scalar in the L2HDM at the
LHC. In particular, we examine the discovery potential in
a decoupling regime in which only one light scalar, which
resembles the SM Higgs, appears in the low-energy effec-
tive description of the model. We begin in Sec. II by
presenting the model and reviewing how the coupling
structure of the lightest neutral Higgs particle is modified
from that of a SM Higgs. In Sec. III, we discuss the
applicable experimental constraints from flavor physics,
direct searches, etc. and show that they still permit sub-
stantial deviations in the couplings between the Higgs
boson and the other SM fields away from their standard-
model values. In Sec. IV, we discuss the implications of
such modifications on the Higgs branching ratios and
production rates. In Sec. V, we discuss potential Higgs
discovery channels in which the Higgs boson decays di-
rectly into a pair of charged leptons, and in Sec. VI, we
calculate the discovery potential for a light, leptophilic
Higgs using the combined results from all of these leptonic
channels. In Sec. VII we conclude.

II. THE LEPTOPHILIC 2HDM

The L2HDM, as defined here, is a modification of the
SM in which the Higgs sector consists of two SU(2); X
U(1)y scalar doublets, both of which receive nonzero
vacuum expectation values. The first of these doublets,
which we call ¢, couples only to (both up- and down-
type) quarks, while the other, which we call ¢, couples
only to leptons. In other words, the Yukawa interaction
Lagrangian is specified to be

—(Vwijaidgu; — (va)ijdib,d;
- (ye)ijgid)éej + H.c, (1)

-E Yukawa —

where (y,);;, (v4);;» and (y,);; are 3 X 3 Yukawa matrixes,
q; and {; respectively denote the left-handed quark and
lepton fields, u; and d, respectively denote the right-handed
up- and down-type quark fields, and e; denotes the right-
handed lepton fields. This coupling structure can be
achieved by imposing a Z, symmetry under which ¢,
and e; are odd, while all the other fields in the model are
even. We will assume that this symmetry is broken only
softly, by a term of the form (ngqb;q’)f + H.c.) in the
scalar potential.

In the L2ZHDM, that scalar potential takes the usual form
common to all two-Higgs doublet models. Assuming that
there is no CP-violation in the Higgs sector, this potential
can be parametrized as follows [16]:
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It is assumed that the parameters of the theory are assigned
such that both ¢, and ¢, acquire nonzero VEVs (which
we, respectively, denote v, and vy), and that vé + v% =
v? = (174 GeV)?. We define tanS as

tanB = v, /vy, 3)

so that large tan 3 corresponds to small v, and therefore to
large intrinsic lepton Yukawa couplings. In the broken
phase of the theory, the spectrum of the model includes
the three massless Goldstone modes which become the
longitudinal modes of the W= and Z bosons, as well as
five massive scalar degrees of freedom: two CP-even fields
h and H, a pseudoscalar A, and a pair of charged fields H~.
The relationship between the physical CP-even Higgs
scalars h, H and the real, neutral degrees of freedom in
¢, and ¢ is paramettrized by the mixing angle a:

(0)- . )

cosa J\ Re[¢p) — v, ]

In what follows, we will focus primarily on the physics of
h, the lightest of these two scalars.

Since the potential given in Eq. (2) includes eight model
parameters—A; (i = 1,...,5), m3, m3, and mél—which
are subject to the constraint v} + v} = (174 GeV)?, seven
of these eight parameters may be considered free. In what
follows, it will be useful to work in a different, more
physically meaningful basis for these parameters:

(my, my, my, my+, tanB, sina, As), (5)

where m,, my, my, and my= are the masses of the corre-
sponding physical Higgs scalars.

In order to study the collider phenomenology of the
L2HDM, it will be necessary to characterize how the
effective couplings between s and the SM fields differ
from their SM values. Eq. (1) indicates that the effective
couplings between the fermions and 4 are given in terms of
these mixing angles® by

m, cosa  _ my cosa . -
L,:p=———h ——— ——hd;d
hit J2v sinf HLIR Vv sing LR
m, sina | _
——he;ep + Hec.. 6
\/EU COSB LER ( )

Following [17], we can define a set of parameters 7; which
represent the ratios of these effective couplings to their SM

*Note that these expressions depend on the conventions (3)
and (4) used in defining « and B, and hence frequently differ
from source to source within the literature.
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values. At tree level,
_ sina
cosf’

Similarly, one can also define n-parameters for the trilinear
couplings of /& with the electroweak gauge bosons, with the
result that

cosa
sinB’

Ny = Na = Ne = (7

Nw = Nz = ny = sin(B — a). (8)

Since a certain set of effective couplings whose leading
contributions occur at one loop—namely sgg and hyy—
are also relevant to the collider phenomenology of Higgs
bosons, it is worth deriving n-factors for them as well. The
effective operators that give rise to hgg and hyvy are [18]

h a3

(ganl/z(rq))ﬁv G, G, ©)

(nwFl(Tw) + 3ZQ12]anl/2(Tq) + ZTI€F1/2(T€))
q 7
h «
X— —F,  F*?, 10
Jow 8 (10)

where 7; = 4m?/mj, Q,, is the electric charge of quark ¢,
and

Fip(r) = =271 + (1 — 7)f(7)] (1)

Fi(r)=2+37+372 - 7)f(7) (12)
and

Fr) = {arcsinz(l/\/?) r=1 (13)

—1llog(ny/m-) —inP <1

with n. = (1 = +/1 — 7). When F,(7;) and F;,(7;) are
complex (which occurs when my, > 2m;), it corresponds to
internal lines going on shell. This allows us to define a
scaling factor for each of these effective vertices:

zan1/2(Tq)
q

= = 14
e ZF1/2(Tq) M (19
q

nwF(1w) + 3X.05m,F15(7,) + %WFl/z(Te)
q ,

Fi(ry) + 3X.00F 5(1,) + %F1/2(7€)
q

Ny =

(15)

Since F}/(7s) has an overall m?- prefactor (from the 7¢),
the contribution from top quarks running in the loops will
still dominate over the contribution from leptons unless
e/ Mg~ 10%; thus the lepton loops generally can be ne-
glected. It is worth noting that since the effective Higgs-
gluon-gluon coupling receives contributions solely from
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quark loops, n, = n, to leading order in a,, whereas 7,
depends on 7,, 1¢, and 7y in a nontrivial way.

The mixing angles « and 8 are constrained by several
theoretical consistency conditions, as well as a number of
experimental constraints. We will put off discussion of the
latter until Sec. III and focus on the former. First of all, we
require that the Higgs sector not be strongly coupled, in the
sense that all A; may be considered perturbatively small
(i.e. A; <4 for all i=1,...,5) and that the S-matrix
satisfies all relevant tree-unitarity constraints. This implies
that the quartic couplings A; appearing in Eq. (2) must
satisfy [19]

1
B+ 4 = VOO — A2 + 4Q2A; + 44))?) < 87,

A3+ 20 = [As] <87

1
E()\l + /\2 * J()\l - /\2)2 + 4|/\5|2) < 877,

)\3i/\4<877

1
S0+ A 240 = A2 + 4IAsP) <8,
A £ |As] < 87
(16)

Perturbativity constraints also apply to the Yukawa cou-
plings y,, y4, and y, appearing in Eq. (1), which are
modified from their SM values according to Eq. (6).
However, we will be focusing primarily on regions of
parameter space with tan8 in the range 1 <tanfB = 20,
for which these constraints are satisfied. In addition to
these perturbativity constraints, we must also require that
the scalar potential given in Eq. (2) is finite at large field
values and contains no flat directions. These considerations
translate into the bounds [16]

)\3 > _2\//\1)\2,
/\3 + /\4 - |/\5| > _2\//\1)\2.

In this work, we will be primarily interested in examin-
ing situations in which the additional physical scalars H™,
H, and A are heavy enough to “decouple’” from the col-
lider phenomenology of the theory in the sense that the
only observable signals of beyond-the-standard-model
physics at the LHC at low luminosity involve the light
CP-even scalar h. For our present purposes, it will be
sufficient to define our ‘“decoupling regime” by the con-
dition that my=, my, my > M, where M is some high scale.
Of course this regime includes the strict decoupling limit in
which M — oo and the mixing angles satisfy the condition
a = B — /2. However, it also includes substantial re-
gions of parameter space within which the values of a
and S deviate significantly from this relationship.

The extent of parameter space allowed according to our
definition of the decoupling regime is illustrated in Fig. 1.

A, >0,
b2 (17)
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FIG. 1 (color online). The decoupling region of sina-tanfB
parameter space within which all perturbativity and vacuum-
stability constraints are simultaneously satisfied. The three con-
tours shown correspond to my=, my, myg > M for M = 500 GeV
(solid line), M = 700 GeV (dashed line), and M = 1000 GeV
(dotted line). The pure decoupling limit in which mpy=, my,
my — oo is indicated by the dash-dotted line. The dot marks
the point (sina = 0.55, tanf8 = 3), which will be used as a
benchmark point in the analysis presented in Sections IV and V.
Within the shaded region, at least one of scalars H, A or H™ is
light ( <500 GeV).

This figure shows the decoupling regions of sinae — tanf3
parameter space in which all of the aforementioned con-
straints are satisfied for a variety of different values of M.
Contours corresponding to M =500 GeV, M =
700 GeV, and M =1 TeV are displayed, along with a
dash-dotted line representing the pure decoupling limit,
where my+, my, my — o0 and o = B — 7/2. The con-
tours in Fig. 1 were obtained by fixing m;, to a particular
value (120 GeV) and surveying over the remaining pa-
rameters. A given combination of sina and tanf is con-
sidered to be “allowed” in this sense as long as there exists
some combination of model parameters for which mpg=,
mpy, my > M, and for which all of the constraints in Egs.
(16) and (17) are simultaneously satisfied. It is readily
apparent from the figure that sizable regions of parameter
space exist within which all constraints are satisfied, yet
the masses of all scalars other than & are large enough to
effectively decouple from the low-energy effective de-
scription of the model. It is also apparent that for M >
1 TeV, the decoupling region, as we have defined it, ap-
proaches the pure decoupling limit.

It is interesting to inquire to what extent the effective
Higgs couplings can be modified in the decoupling regime
without running afoul of the aforementioned constraints. In
the three panels shown in Fig. 2 we plot a number of
contours in sina — tanf parameter space corresponding
to different values of 7, (left), n, (center) and ny (right).
On each panel, we have also superimposed the M =
500 GeV contour from Fig. 1. It is evident from these plots
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FIG. 2 (color online).

-
1.1 \
0 0.5

-1 -0.5 0 0.5
sino sino

Contours for 0, (left), n, (center), and 1y (right) in sina — tanBspace in the LZHDM. Superimposed on each

of these panels is an outline of the region within which all perturbativity and vacuum-stability constraints are simultaneously satisfied
for my=, my, my > 500 GeV, as in Fig. 1. The dot marks the benchmark point ( sina = 0.55, tan8 = 3).

that while 7, n,, ny — 1 in the M — oo limit, large
regions of parameter space are still allowed in the decou-
pling regime within these n-factors can deviate substan-
tially from unity. The message, then, is that the effective
couplings of a light Higgs boson in the decoupling regime
do not have to approximate those which correspond to the
pure decoupling limit, in which they approach those of a
SM Higgs. On the contrary, a wide variety of possibilities
for the mixing angles & and S are still open in this regime,
and as we shall soon see, many of these possibilities have a
dramatic effect on in the collider phenomenology of the
scalar h.

III. EXPERIMENTAL CONSTRAINTS

In addition to the perturbativity and vacuum-stability
bounds discussed in the previous section, the L2ZHDM is
constrained by additional considerations related to flavor-
physics experiment, direct searches, etc. We now proceed
to investigate these constraints in an effort to show that
they can easily be satisfied in the decoupling regime—even
in the region of parameter space most interesting for col-
lider phenomenology, where tanf is large and sina devi-
ates substantially from zero.

Let us begin with those bounds related to direct searches
for beyond-the-standard-model scalars at LEP. The current
direct detection bounds (at 95% CL) for the masses of
charged and neutral CP-odd Higgs bosons, as reported
by the particle data group [20], are my= = 78.6 GeV and
my = 93.4 GeV. These clearly present no problem for the
model in the decoupling limit considered here.

Far more stringent constraints on models with more than
one Higgs doublet can be derived, however, from experi-
mental limits on flavor-violating processes that receive
contributions at the one-loop level from diagrams involv-
ing charged Higgs bosons. Let us first consider flavor
violation in the lepton sector, which is constrained by
analyses of 7— uy, u — ey, 7 — pee, and u — e con-
version in nuclei. In the absence of neutrino masses, the

matrix of effective H* 7,e; couplings is proportional to the
charged-lepton mass matrix; hence there is no additional
source of lepton-flavor violation (LFV). In the presence of
neutrino masses this is no longer true, and nonzero con-
tributions to LFV processes arise at one loop due to dia-
grams with charged Higgs bosons running in the loop.
However, it has been shown [21] that the resultant flavor-
violating amplitudes are several orders of magnitude below
current experimental bounds. Therefore, even in cases in
which the effective H" Pe~ coupling receives a substantial
tanB-enhancement factor, such sources of LFV will not
present any phenomenological difficulties.

Now let us turn to consider the situation in the quark
sector, where, by contrast, flavor-violation rates can be
sizeable. This is because the effective H™ it;d; couplings
in two-Higgs-doublet models include flavor-violating
terms proportional to the off-diagonal elements of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix V;;:

cotf3
Loygp = —

——Vyalm, Py — mg Pgld;H"

_ tanf

mgil_/iPReiHJr + H.C., (18)

As a result, such models are constrained by experimental
bounds on BR(b — s7vy), AMyg, AM,, AMj, rare kaon
decays, etc., which translate into bounds on the model
parameters relevant to the charged-scalar sector: mp=
and tanfB. Since the flavor mixing in the charged Higgs
couplings to the quark sector is proportional to cotp, it is
the region where both tanB and my+ are small which is
most tightly constrained by these bounds. The most strin-
gent constraints are those associated with b — sy and with
mixing in the B — B® and K, — K systems. In the
L2HDM, the same Higgs doublet couples to both up- and
down-type quarks, just as it does in type [ 2HDM [18,22];
hence the bounds on my= and tan8 due to flavor mixing in
the quark sector will be essentially identical to those
applicable in type I models. We now turn to review the
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bounds from each of these processes, updating the results
obtained in [13,14].

The first bounds we consider are those associated with
the observed branching ratio for the flavor-violating decay
b — svy. The combined result from the CLEO and Belle
experiments [20] is

BR (b — sy) = (3.3 +0.4) X 1074, (19)

This is consistent with the expected standard model result
BRSM(b — sy) = 3.32 X 10™*. In models with a nonmi-
nimal Higgs sector, additional contributions to the ampli-
tude for b — sy arise at the loop level from diagrams
involving virtual charged Higgs bosons, as discussed
above. These diagrams are compiled in Fig. 3 (SM con-
tributions to this amplitude come from diagrams of the
same sort, but with W= in place of H*.) The rate for the
process can be calculated in the usual manner. After in-
corporating the effect of QCD corrections (which can be
quite large [23]), one finds that [13,24]

aGrm3
1287

I(b—sy) = le7(my)1%, (20)

where c;(m,,) is the coefficient of the effective operator
@7EFMV§L0"U'VbR (21)

in the conventions of Ref. [25], evaluated at the scale m,,.
This coefficient takes the form

_ (e (My)\16/23
crlmy) = <a3(mb))

x [ty - 3] ()™ 1]

(| B

where the weak-scale amplitude function c¢;(My,) in the
L2HDM is given by

FIG. 3. The leading-order diagrams that yield a contribution to
the b — sy amplitude due to the presence of massive, charged-
Higgs bosons in loops. The standard-model contribution to this
process involves similar diagrams with H~ replaced by W™.

PHYSICAL REVIEW D 79, 095014 (2009)

5x10™* : :
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FIG. 4. Constraints on the charged-Higgs mass and tan from
BR(b — s7y) measurements. The shaded horizontal band corre-
sponds to the experimentally-allowed 10 region from CLEO and
Belle [20]. The curves plotted here correspond to mpy= =
100 GeV (solid line), my= = 500 GeV (dashed line), my+ =
1 TeV (dotted line), and my= = 5 TeV (dash-dotted line).

er(My) = 3 ViV[Gw(x) — co? Gy (7))

i=u,c,t

+ cot?BGP(y)] (23)

In these formulas, a3 = g3/47 and a = €*/4m, x; =
m2 /M3, y; =m} /m?., Gp is the Fermi constant, V;;
are elements in the CKM matrix, and ¢ = 232/81. The
functions Gy, (x), GS)(x), and Gg) (x), which represent the
loop integral contributions to the b — sy amplitude, are
given in [13].

The constraints on mgy+ and tanfB from b — sy are
displayed in Fig. 4. Each curve therein represents the value
of BR(h — s7) for a given choice of my= as a function of
tanB. Note that for the case under consideration here, in
which my= > 500 GeV, the experimental constraints are
satisfied as long as tan3 = 2.

Constraints on my= and tan can also be obtained from
limits on the observed mixing in the mesonic B® — B® and
K; — Kg systems. The diagrammatic contributions to
B° — B mixing are shown in Fig. 5, and these contribu-
tions translate into shift in the mass-splitting AM between
B° and B°. In the L2HDM, this splitting, including SM
contributions, is given by [13]

G+M3,
P mpf3Bp Z [(Vip Vi) InoeplAww(x,)
i=u,c,t

+ cot* BAyy (x,, xpy, xp) + cot? BAy (x,, x5, x3)],
(24)

AMB:

where the x; are defined as below Eq. (23), fp is the
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FIG. 5. Box diagrams that contribute to AM in the B® — B°
system via charged-Higgs exchange. Diagrams in which one or
both of the H~ propagators is replaced by a W™ propagator also
contribute. The box diagrams for transitions in the K; — K
system, etc. are analogous.

B-meson decay constant, By is the “bag factor’” (which
encompasses all deviations from the vacuum saturation
approximation). Expressions for the factor 7qcp, which
accounts for QCD effects, along with the functions
Aww(x), App(x, xy, x,), and Ayy(x, xy, x,) can be
found in [13].

As for fp and Bp, there is a good deal of uncertainty as
to their precise numerical values. Since they appear in Eq.
(24) in the combination f BB};/ 2, it is easier simply to deal
with the uncertainty in this single quantity. Estimates of
f BBllg/ ? have been made using a variety of lattice QCD sum
rules in conjunction with experimental evidence on heavy
meson decays from SLAC, and the uncertainties in their
values depend on the summation methods employed and
the assumptions made. Following [13,26], we take the
range of uncertainty to be

100 MeV < fpBY? < 180 MeV. (25)

Instead of dealing with AM directly, it is easier to deal
with the combination x; = AMy/I'g, since the time-
integrated mixing probability in the B® — B® system de-
pends on this combination of variables. The accepted
experimental value for x,;, as reported by the Heavy
Flavor Averaging Group, is x,; = 0.776 = 0.008 [20].
Using the observed lifetime of the B° meson (75 =
1.530 X 1072 sec) and the expression in Eq. (24), one
may obtains a theoretical value for x;, which can be
compared to this experimental result.

In Fig. 6, we show how the B° — B® mixing bound
constrains my= and tanf3. As there is a large uncertainty
in f BBllg/ 2 [Eq. (25)], and in fact one far larger than that
associated with the measured value of x,, the theoretical
prediction for a given choice of my= translates into a broad
band in tanf3 — x, space, rather than a thin line. In Fig. 6,
the upper and lower bounds of each such band are demar-
cated by a pair of thick, dark lines of the same type (solid,
dotted and dot-dashed). The thin, shaded, horizontal stripe
represents the experimentally-allowed window. If any part
of this stripe falls within the band corresponding to a given
value of my= for a given tanf3, that parameter combination
is permitted by the AMp constraint. We see from the plot
that this constraint only becomes relevant for very small
values of tanf3 ~ 1, and thus is not particularly stringent.
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FIG. 6. Bounds on my+ and tan8 from mixing in the B — B°
system, plotted as a function of tanB. The thin shaded region
represents the experimentally-allowed 1o range for x; =
AMp/I's [20]. Each pair of thick curves represents the upper
and lower limits on the theoretical value of x; (due to uncer-
tainties in hadronic matrix elements, etc.) for three different
choices of my=: 50 GeV (solid lines), 150 GeV (dotted lines),
and 500 GeV (dot-dashed lines). A certain combination of tan3
and my+ is permitted as long as any part of the experimentally-
allowed range falls between the lines corresponding to the upper
and lower theoretical limits.

Similar calculations to those outlined above for the B® —
B system can also be performed for mixing in the K; —
K¢ and D° — D° systems [13]. In addition, limits can also
be derived on the CP-violating parameters € and €.
However, due to large theoretical uncertainties in the had-
ronic matrix elements, the resulting bounds on new physics
from these considerations are not particularly stringent in
the L2ZHDM, especially when tan8 > 1 [14].

Experimental bounds on leptonic charged-meson de-
cays—Dg — u*v, Dy = v, K* — u v, B = 1
etc.—can also be used to constrain 2HDM [27]. In general,
the partial width for the leptonic decay of a given meson is
modified by a tanf-dependent factor r;;¢, which in many
scenarios (e.g. type I models) can be quite sizeable when
tanf is large [28]. In the L2ZHDM, however, the r),, are
independent of tanf due to the cancellation of the tanf
factors between the quark and the lepton couplings. As a
result the model is essentially unconstrained by these con-
siderations. Experimental limits on the rates for leptonic
decays such as 7 — wvv can also constrain models with
enhanced Higgs couplings to leptons [29]. However, such
constraints only become relevant when the charged-Higgs
mass is O(100 GeV) or lower, or when tanf is extremely
large, and thus have little bearing on the decoupling regime
studied here.

The above analysis shows that in the decoupling region
(as we have defined it), where my+ > 500 GeV, all con-
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straints from direct charged-Higgs searches, neutral meson
mixing, CP-violation, charged-meson decay, etc. can be
satisfied as long as tanf3 is greater than ~2. This is mainly
due to the fact that in the L2ZHDM, there is no new source
of flavor violation except the SM CKM matrix. The effec-
tive couplings between H* and the SM quarks are propor-
tional to cotB, which implies that the most stringent
constraints become weaker as tanf increases. Thus, we
conclude that experimental constraints from flavor viola-
tion, direct searches, etc. do not pose any significant issues
for the LZHDM as long as the charged Higgs scalars are
heavy. (Indeed, a relatively low value of tan8 = 3 and a
charged Higgs light enough to be discovered at the LHC
are by no means incompatible.) This is true even in the
region of parameter space most interesting for collider
physics, in which both sina and tanf are large, and the
effective couplings between the lightest CP-even Higgs
and the SM leptons differ drastically from their SM values.

IV. BRANCHING RATIOS AND CROSS SECTIONS

We now turn to examine the effect of these coupling
modifications on the production cross sections and decay
widths of a light Higgs boson. Since the overall amplitudes
for Higgs decays into any two-particle final state X scale as
[9x|? (i.e., the appropriate n-factor for that final state), the
associated branching ratios scale like

BR(h — X) Iant(h)
BRSM(h - X) Ftol(h)
—1
= Inl2( Sl PBRG = 1))

(26)

In order to provide a concrete example of the effect such
a modification can have on Higgs phenomenology, let us

= |77X|2

BR(h—X)

-7 I I I I I I I I
10
110 120 130 140 150 160 170 180 190 200

my, (GeV)
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focus on a particular benchmark point: sina = 0.55,
tanB = 3, which we have indicated by a dot in Fig. 1.
We pick this particular point as a benchmark because it
yields only a moderate deviation from the SM couplings
and is consistent with the bounds (16) and (17) when m -,
my, my > 500 GeV. The n-factors corresponding to this
particular point are

Ny = Mg = 0.88, ne = —1.74,
ny = 0.62, n, = 0.54.

27)

Figure 7 illustrates the effect of this coupling-constant
modification on the branching ratios of a light, CP-even
Higgs scalar. In the left-hand panel, we have plotted the
SM branching ratios for a number of Higgs decay pro-
cesses as a function of m,,. All branching ratios used in the
construction of the figure were calculated using HDECAY
[30]. In the right-hand panel, we have plotted branching
ratios for the same set of processes in the L2ZHDM at our
chosen benchmark point. It is evident that even this mod-
erate modification of the couplings has a dramatic effect on
the decay behavior of a light Higgs: for example, the rates
for BR(h— 7777) and BR(h — bb) are on the same
order. Since & — bb is the dominant decay channel for a
Higgs boson with a mass in the range 114 GeV = m,, <
140 GeV, this clearly represents a substantial effect on
Higgs phenomenology. It is also worth noting that BR(h —
ut ) and BR(h — yvy) are also on the same order for
this choice of parameters. This suggests that processes
involving direct decays of a light Higgs boson to a pair
of high-p; muons could play an important role in the
collider phenomenology of the light Higgs—a suggestion
we will explore further in Sec. V. The branching ratios for a
number of other decay channels relevant to the study of a

BR(h—X)

-7 I I I I I I I I
10
110 120 130 140 150 160 170 180 190 200

my, (GeV)

FIG. 7.  Plots of the Branching ratios for the a number of two-body decays of the Higgs boson, both in the SM (left panel) and in the
L2HDM (right panel) for the benchmark point (sina = 0.55, tan3 = 3). Note that BR(h — 7" 77) and BR(h — bb) are on the same

order, as are BR(h — u* u~) and BR(h — yy).
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light SM Higgs boson at the LHC, such as h — yvy, are
clearly suppressed here relative to their SM values.

The effect of the coupling modifications on the total
Higgs width is shown in Fig. 8. Here, we have plotted the
ratio of the total Higgs width I',(h) to its SM value for
three different points in the allowed region of sina — tanf3
parameter space as a function of my. The first of these
points is our chosen benchmark ( sina = 0.55, tan8 = 3),
for which I' (k) (indicated by the solid line) is slightly
lower than its SM value due to the suppression of I'(h —
bb) when m;, is small. When m,, increases and decays to
electroweak gauge bosons begin to dominate the Higgs
width, I' (1) drops even further, since 7y, <7, at this
point [see Eq. (27)]. The second of these points, (sina =
—0.1, tanB = 10), is located very near the “‘pure decou-
pling” line in Fig. 1; hence for this point I, (%) (indicated
by the dotted line) is essentially equal to I'>¥(h). At the
third point, (sina = 0.3, tan = 7), a substantial enhance-
ment in ['(h — 77) overcomes the suppression factor in
I'(h — bb), and consequently I (h) > TSM(h) for m;, <
140 GeV (as indicated by the dash-dotted line). For larger
values of m,,, gauge-boson decays once again dominate the
Higgs width, which becomes suppressed relative to its SM
value. Even in the most extreme cases permitted by the
model consistency constraints outlined in Sec. II, however,
[oc(h)/T3M(R) < 2. This implies that the narrow-width
approximation remains valid over the Higgs mass range
114 GeV = m;, =< 140 GeV, which will be the mass re-
gion of primary focus of the present work.

Since we have shown that the narrow-width approxima-
tion to be valid, we can proceed in a straightforward
manner from the decay width calculations above to deter-

2 T T T T
sinai=0.55, tanf=3 ——
sino=-0.1, tanB:lO ...........
sino=0.3, tanf=7 =====
1.5 |

r,/T,M

0 I I I I I I I

100 110 120 130 140 150 160 170 180
my, (GeV)

FIG. 8. Plot of the ratio of the total width of the Higgs boson in
the leptophilic 2HDM to that of a SM Higgs for a representative
sample of points in sina — tanBparameter space as a function of
the Higgs mass m,,.
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mine how the cross sections for full collider processes are
modified. In this approximation, one assumes that essen-
tially all the Higgs bosons produced in any such process are
produced on shell. This allows one to approximate the
cross section for any process of the form ¥ — h — X by

oY > h—X) = o(Y > h) X BR(h — X).  (28)

Furthermore, if the SM production cross section o-SM(Y —
h) for the process is known, one can use the fact that
o(Y — h) « I'(h — Y) to obtain the relation

oY oh—X) _ T(h—Y) BR(h — X)
oMY —-h—X) I'™MH—-Y) BRMuH—X)
_ BR(h—Y) BR(h — X)
BRM(h— Y) " BRM(h — X)
Lo (h)
TSVi(h)’ )

which allows us to calculate the cross sections for these
overall processes in the modified model.

For the benchmark point that we have chosen (sina =
0.55, tanB = 3), the cross sections for most of the conven-
tional Higgs search modes at the LHC are suppressed
relative to their SM values, due to the suppressed Higgs
couplings to quarks and to gauge bosons. Many of the
processes in which the Higgs decays directly to charged-
lepton pairs, on the other hand, are substantially enhanced.
We will discuss the implications these modifications can
have for Higgs searches in detail in Sec. VI.

V. LHC SIGNATURES OF A LEPTOPHILIC HIGGS
BOSON

One of the most interesting aspects of the L2ZHDM is that
in certain regions of parameter space, new channels for the
discovery of a light Higgs boson can open up. In particular,
when the effective coupling between % and the SM leptons
is substantially increased while its couplings to SM quarks
and/or electroweak gauge bosons are not dramatically sup-
pressed, a number of processes in which the Higgs boson
decays directly to a pair of high-p7 leptons can become far
more important for the discovery of a light Higgs than they
are in the SM. In our analyses, we focus on the discovery of
h in the light-to-intermediate-mass region 120 GeV <
my, < 140 GeV. For heavier Higgs bosons, h — WW*,
ZZ* dominates and leptonic Higgs decays play a less
important role. In the decoupling limit case studied here,
in which the additional Higgs scalars H*, H, and A are
heavy, such processes might well constitute the only evi-
dence for physics beyond the standard model accessible
within the first 30 fb~! of integrated luminosity at the
LHC, and are therefore of crucial importance. This situ-
ation is quite different from the one studied in Ref. [10], in
which some of these additional scalars are light and play a
significant role in collider phenomenology.

095014-9



SHUFANG SU AND BROOKS THOMAS

Since the largest leptonic contribution to the Higgs total
width comes from h — 77, processes involving Higgs
decays directly to tau leptons will play a significant role
in the collider phenomenology of the LZHDM. However,
the analysis of such processes is complicated by subtleties
associated with tau decay. Each 7 lepton can decay either
leptonically or hadronically, with respective branching

ratios [20], BRX? =~35.20% and BRI =~ 64.80%. We
will henceforth denote a hadronically-decaying tau as 7,
and a leptonically-decaying one as 7,. For processes in-
volving CP-even Higgs boson decays into a 77 pair, there
are two final states which permit successful identification
of both taus: ey + F; and 7,0 + Fr, where € = e, u.
Final states resulting from fully hadronic decays have a
large background from dijet processes with narrow jets
misidentified as taus. Final states involving two leptons
of like flavor (e*e™ + Ey and u* u~ + Fr) are also less
useful due to the overwhelming SM background from
Z/y* — €74~ processes.

A hadronically-decaying tau will decay into either a
“one-prong” (approximately 77% of the time) or ‘‘three-
prong”’ (approximately 23% of the time) final state. These
final states involve narrow, well-collimated jets including
one or three charged pions, respectively. The identification
of a jet as coming from a hadronically-decaying 7, as
opposed to some QCD process, is far from trivial. One of
the principal discrimination variables is jet radius Ry (see
[31] for more details regarding 7 identification). At the
Tevatron (Run 1), €, =~ 35%-40% for a p; > 20 GeV
cut. At the LHC, a 7 identification efficiency of around
50%-60% is expected [31].

Processes involving direct decays of 4 to muon pairs can
also be of interest for Higgs discovery in the LZHDM. The
disadvantage of such channels for Higgs searches, relative
to those involving direct decays to taus, is the suppressed
branching ratio. Since Yukawa-coupling universality dic-
tates that y,/y, « m,/m,, both in the SM and in the
L2HDM, BR(h — uu) < BR(h — 77). However, this is
compensated for to a great extent by the fact that the
dimuon signal is exceptionally clean. Indeed, the muon
identification efficiency at the LHC is more that 90% [5,6].
In addition, the measurement of muon momenta allows for
a precise reconstruction of the Higgs mass within
*2.5 GeV. This permits the implementation of an ex-
tremely efficient cut on M, the invariant mass of the
muon pair, and a substantial reduction in background levels
for all channels involving direct Higgs-boson decays to
muon pairs.

We now turn to address the prospects for detecting a
light SM-like CP-even Higgs boson at the LHC on a
channel-by-channel basis. In the present work, as dis-
cussed in Sec. II, we will assume generation universality
among the lepton Yukawa couplings. Therefore, we will
ignore the i1 — ee channel and focus only on 2 — 77 and
h — p . The channels of primary interest, then, are those
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in which the Higgs is produced by gluon fusion, weak-
boson fusion, or t7h associated production and decays to
either u* ™ or 7777 . Associated W* and Z production
processes generally have smaller rates, but may also po-
tentially be of interest, and as such we briefly discuss them
as well. Bottom-quark-fusion processes with a
leptonically-decaying Higgs boson [32], while potentially
interesting for type I 2HDM in which the hbb vertex
receives a large tanB-enhancement, are less useful in the
L2HDM, since the effective down-type quark couplings
are suppressed in that scenario rather than enhanced. In this
section, we briefly summarize the results of the existing
studies of the leptonic-Higgs-decay channels at the LHC,
with an eye toward their utility for the discovery of a
leptophilic Higgs.

A. qq — qqg'h(h — 77)

We begin with a discussion of the weak-boson-fusion
process qq' — qq'h(h — 77), which is the only channel
involving direct Higgs-boson decay to a pair of charged
leptons that contributes significantly to the Higgs discovery
potential in the SM. Indeed, it is a particularly promising
channel for SM Higgs discovery in the intermediate-mass
region (125 GeV = m,;, = 140 GeV) [4], and an even
more promising one in scenarios with enhanced Higgs
couplings to leptons [33]. Discriminating between signal
and SM background can be facilitated by requiring that
events have two leading tagging jets in the forward-
backward direction and imposing a minijet veto in the
central region of the detector. A great deal of attention
has been devoted to this channel, with an emphasis on 7,7,
and 7,7, final states. Combining all channels, a statistical
significance of more than 50 can be reached for Higgs
masses around 120-130 GeV with 30 fb~! of integrated
luminosity at ATLAS [1]. The detection prospects are
similar at CMS [2].

B.gg—h— 77

The prospects for detecting a light, SM Higgs boson
produced by gluon fusion and decaying to 7+7~ at the
Tevatron were examined in Ref. [34]. In order to effec-
tively reconstruct the Higgs mass from the various final-
state particles produced during tau decay, it is necessary to
focus on events in which the transverse momentum of the
tau pair is nonzero; hence the authors elected to focus on
the process pp — hj — 71~ j. Taking into account both
the S/B and S/+/B ratios, 7,7, turns out to be the most
promising channel for signal identification, but that an
integrated luminosity of 14 fb~! would be needed at the
Tevatron in order to exclude a 120 GeV SM Higgs boson at
the 95% C.L. However, preliminary studies at ATLAS [35]
indicate that this will be a promising channel in which to
look for a Higgs boson with enhanced coupling to leptons
at the LHC.
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C.tth(h — 77)

This process was examined in a standard model context
in [36]. In order to be able to reconstruct the two top quarks
effectively, the authors restricted their analysis to cases in
which one of the W bosons produced during top decay
decays leptonically, while the other decays hadronically.
Only events with hadronic tau decays were considered, as
reconstructing both tops proves to be slightly easier in this
scenario. Thus the overall process of interest is pp —
tth — bbjjlt,7), + E1. Since the production cross section
drops quickly with increased Higgs mass, this channel is
only important when the Higgs is light. For m; around
120 GeV, a statistical significance of 40" can be obtained
with 100 fb~! of integrated luminosity. In [37], semilep-
tonic tau decays were considered—in particular, decays of
the form pp — tth — bbjjlt,7, + Fr, and it was found
that such a process could provide evidence for a 120 GeV
Higgs boson at the 2.7 level for an integrated luminosity
of 30 fb~ 1.

D. qq' — qq'h(h — pp)

The weak boson fusion process gq’ — gq'h(h — uu)
was analyzed in [38]. After the appropriate cuts on the
tagging jets are imposed, the leading SM background
comes from irreducible Zjj or y*jj processes, with the
Z/v* decaying to muon pairs. Because of the extremely
suppressed SM h — wppu branching ratio, an integrated
luminosity of @(300 fb~') or more is generally required
to claim a 30 discovery for a Higgs mass less than
140 GeV. In the L2ZHDM, however the detection prospects
can be substantially improved if ny ~ 1 and 5, > 1.

E.gg—h—pp

The prospects for the detection of a light Higgs boson of
110 GeV = m;, = 140 GeV produced by gluon fusion and
decaying directly into u* u~ were discussed in [39]. The
irreducible background for gg — h — pu is dominated
by the Drell-Yan processes gg — Z*/vy* — . The sharp
invariant-mass resolution of the muon pair allows for a
substantial reduction in this background via a stringent cut
on M,,,. Consequently, a significance level similar to that
in the WBF channel as discussed in [38] can be attained in
this channel as well.

F. tth(h — pp)

The prospects for discovering a standard model Higgs
boson in the 7th(h — uu) channel were recently studied in
[40]. This channel tends to be more important when the
Higgs mass is light (around 120 GeV) since the production
cross section drops quickly for a heavier Higgs. The pri-
mary irreducible backgrounds, which come from #7Z and
tty* production, with the Z/y* decaying into a muon pair,
can be reduced quite effectively by a cut on that muon
pair’s invariant mass. Additional, reducible backgrounds
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such as Zbbjjjj can be effectively eliminated by recon-
structing the masses of both top quarks, which is possible
in the case where the tops decay either fully hadronically or
semileptonically.

The statistical significances for the tth(h — uu) chan-
nel are of roughly the same order as those in the gg — h —
pmpand gg' — gq'h(h — pu) channels, and hence could
contribute significantly to the discovery potential for a light
Higgs scalar with enhanced couplings to leptons.

G.Wh/Zh(h — 7" 77 ) and Wh/Zh(h — p*u")

Higgs production via the processes pp — Wh and
pp — Zh could also potentially play a role in the discov-
ery of a leptophilic Higgs, though the prospects in these
channels are not as favorable as the other, aforementioned
ones. SM cross sections for these processes, taking into
account the leptonic decay of the Higgs boson, are given in
Table I for the case in which m; = 120 GeV. These were
determined from leading-order results obtained using
MADGRAPH [41] and modified by the appropriate
K-factors: Kg = 1.27 for signal [42], Kp; = 1.7 for back-
ground [43]. For processes in which the Higgs decays to
ut ™, the signal is clearly too small to be of any use.
However, for processes involving decays to 777, the
signal is only about a factor of ~25 smaller than the
background. By optimizing cuts to eliminate the SM back-
ground, this channel might potentially be of use—particu-
larly if BR(h2 — 77) is enhanced, as in the L2ZHDM. Little
analysis of these processes exists in the literature, and we
leave the detailed study of these channels for future work.

VI. LHC DISCOVERY POTENTIAL

Now that we have discussed the channels in which one
might look for a leptonically-decaying Higgs boson at the
LHC, let us investigate the prospects for the discovery of
such a Higgs boson in the L2ZHDM, using the combined
results from all channels discussed above (excepting the
Wh, Zh channels, which we have shown do not contribute
significantly to the discovery potential). In particular, we
focus on the region of sina — tanf3 parameter space in
which 7, is large and 1., ny ~ 1. In this case, the cross

sections for processes involving a A€ coupling are sub-
stantially increased, while those for processes involving
hVV, hgq, or hgg are only slightly reduced. As before, for

TABLE I. SM production cross sections at the LHC for Wh,
Zh associated production, with & decays into muon pair or tau
pair. The Higgs mass is taken to be 120 GeV. Also shown are the
SM background ZZ, WZ with one Z decays into muons or taus.
The numbers are obtained using MADGRAPH [41].

Signal (fb)BG (fb) Signal(fb) BG(fb)
Zh(h— pup) 0113 11565 Zh(h— 77) 3258 1156.5
Wh(h — pp) 0215 15343 Wh(h — 77) 61.85 15343
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FIG. 9 (color online).

Plots of the statistical significances in the leptonic channels discussed in Sec. V for 30 fb~! of integrated

luminosity at the LHC. The left-hand panel displays the results for the SM. The right-hand panel displays the results for ( sinaz = 0.55,
tan = 3), in the LZHDM. The standard model results are taken from [1,35,36,39,40]. Note that the gg — h — 77 “curve” displayed
in each plot consists of a single datum point at m; = 120 GeV. The dip in the SM curve corresponding to the 7th(h — wuu) channel is
due to the discrete nature of the Poisson-statistics method used in the analysis [40].

purposes of illustration, we will focus on the benchmark
point (sina = 0.55, tanB = 3), which exemplifies this
situation nicely. In Fig. 9, we show the effect of the
coupling-constant modifications on the discovery potential
of a light Higgs boson for this particular benchmark point.
In the right-hand panel, the statistical significance associ-
ated with each of the relevant leptonic channels discussed
in Sec. V is displayed as a function of Higgs mass for our
chosen benchmark point in the L2ZHDM. The SM results
for the same processes are shown in the left panel for
comparison. The results in each panel correspond to an
integrated luminosity of £ = 30 fb~!.

It is apparent from Fig. 9 that g¢' — gq'h(h — 7577 ) is
one of the most promising detection channels for the
chosen benchmark point in the L2ZHDM, as in the SM.
For this particular choice of parameters, nyn, = 1 and
[ (h) does not deviate drastically from I3 (h) (see
Fig. 8), and consequently the overall significance level in
this channel is essentially unchanged from its SM value.
However, in other regions of parameter space, drastic

> [~=—tth(h— bb)

amplifications can occur:,, for example, the choice
(sina = 0.3, tanf = 7) results in a amplification of the
statistical significance for the same process by a factor of
~4. Tt should also be noted that in the (sina = 0.55,
tanf3 = 3) case, the significance levels for both gg — h —
77 and tth(h — 77) also exceed 5o. The processes in
which the Higgs decays to muons are statistically less
significant, but also provide strong evidence at the 3¢ level
with = 100 fb~! of integrated luminosity. Indeed, the
evidence for such a Higgs boson would be dramatic and
unmistakable. Furthermore, once the Higgs is observed in
any of the muonic channels, the excellent invariant-mass
resolution of the muon pairs can be used to determine the
value of m,, with a very high degree of precision.

While the significances in those channels which involve
a leptonically-decaying Higgs can potentially be amplified
in L2ZHDM, those in other channels useful for the detection
of a SM Higgs may be substantially suppressed. This is
illustrated in Fig. 10, which shows the significance of
discovery in each individual channel which contributes

—e-gg—>h—-yy

—v—WBF(h—> WW)
——h— 77
—a—h—> WW

Statistical Significance

L=301b~"

SM

Statistical Significance

—=—tth(h— bb)
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FIG. 10 (color online).
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The left-hand panel in this plot displays the statistical significances in the nonleptonic channels that

contribute significantly to the discovery potential of a light Higgs boson in the SM for 30 fb™! of integrated luminosity at the LHC.
The right-hand panel shows the corresponding significances in the LZHDM with (sina = 0.55, tan8 = 3). The standard-model results

are taken from [5].
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meaningfully to the discovery potential of a SM Higgs
boson in the low to intermediate-mass region, both in the
SM (left-hand panel) and in the L2ZHDM at the benchmark
point (sina = 0.55, tan = 3) (right-hand panel). In the
latter case, there is no single, nonleptonic channel in which
evidence for the Higgs boson can be obtained at the 5o
level. To further illustrate the point, in Fig. 11, we display
the combined statistical significances for the leptonic chan-
nels discussed in Sec. V, as well as the combined signifi-
cances for all other relevant channels for Higgs discovery,
both in the SM and in the L2ZHDM at the benchmark point
(sina = 0.55, tanB = 3). Indeed, for this particular pa-
rameter choice, all relevant nonleptonic channels are sup-
pressed relative to their standard model to such an extent
that, for most of the 120 GeV = m,; < 140 GeV mass
window displayed in the plot, their combined significance
does not even provide 3o evidence for—much less a So
discovery of—a light Higgs boson. On the other hand,
statistical significance for leptonic Higgs decay channels
are enhanced, therefore becoming the dominant discovery
channels for the light CP-even Higgs in the L2HDM
model. This clearly illustrates the crucial role leptonic
channels can play in the LHC phenomenology of models
with extended (and particularly leptophilic) Higgs sectors.

We emphasize that these plots represent the results for a
single benchmark point, and one in which the n-factors are
not particularly extreme. There exist other points in the
parameter space of the model allowed by all constraints for
which the deviations of the effective couplings of & to the
other fields in the theory are even more severe. As an
example, consider the case in which sina = 0.65 and
tang = 2.2, for which n, =0.84, n,= —157, and

| —8—L2HDM (Comb. Leptonic)

—6—[2HDM (Comb. Other)

—=— SM (Comb. Leptonic)
o —0—SM (Comb. Other)
2
©
S
= 10
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FIG. 11 (color online). The combined statistical significances
for the leptonic channels discussed in Sec. V, as well as the
combined significances for all other relevant channels for light
CP-even Higgs discovery in the low to intermediate-mass re-
gion, both in the SM and in the LZHDM at the benchmark point
(sina = 0.55, tanB = 3). The dotted, horizontal line corre-
sponds to a statistical significance at the 5o level.
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Nw.z = 0.30. For this choice of parameters, most of the
standard Higgs discovery channels—those involving & —
WW* and h— ZZ*, as well as all weak-boson-fusion
processes not involving direct Higgs decays to leptons—
are strongly suppressed; furthermore, other contributing
channels such as gg — h— yy and tth(h — bb) are
also moderately suppressed. In such a case, the leptonic
channels discussed in Section V—especially ones such as
tth(h — 77), which do not involve a direct coupling be-
tween h and the electroweak gauge bosons—may well
constitute the only observable evidence of the Higgs boson,
and would thus be crucial for its discovery at the LHC.

VII. CONCLUSION

The phenomenology of a light Higgs boson in two-
Higgs-doublet models can differ drastically from that of
a SM Higgs. In this work, we have focused on one par-
ticularly interesting example: a leptophilic 2HDM, in
which different Higgs bosons are responsible for giving
masses to the quark and lepton sectors. We have examined
the effect of such a modification on the collider phenome-
nology of a light Higgs boson in a decoupling regime in
which the only light scalar is a standard-model-like Higgs
boson, and have shown that a number of collider processes
involving the direct decay of the Higgs to a pair of charged
leptons can play a crucial role in its discovery. In particular,
we have shown that there are regions of parameter space in
which the Higgs-boson couplings to leptons can be greatly
enhanced. This can have a potentially dramatic effect on
the Higgs discovery potential, as signals involving direct,
Ieptonic decays of the Higgs can be substantially amplified.
At the same time, signals in some (or in some cases, even
all) of the other conventional channels useful for the de-
tection of a standard model Higgs boson can suffer a
dramatic suppression. Even when coupling modifications
are not severe, leptonic decay processes will also play an
important rule in differentiating between the Higgs sector
of the standard model and that of other, more complicated
scenarios.
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Note added.—After the completion of the work reported
in this paper, a number of papers [9,10,44] appeared which
discuss the phenomenology of the LZHDM. Ref. [9] gives
a brief presentation on the effect of effective-coupling
modification in the decoupling regime. Their results agree
with ours. Refs. [10,44] focused on the situation in which
H, A and H* are light.
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