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Abstract
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In the decoupling limit of a non-minimal Higgs sector, the lightest CP-even Higgs boson (h) is indistinguishable
from the Standard Model (SM) Higgs boson. In the two-Higgs-doublet sector of the MSSM, the approach to the
decoupling limit (for ma > mz) persists, even in the presence of potentially large (tan S-enhanced) radiative
corrections to the hbb coupling. Radiative corrections can also generate an accidental cancellation between tree-
level and one-loop terms, resulting in a SM-like Higgs boson for moderate m 4 outside the decoupling regime.

1. Introduction

Suppose a Higgs boson is discovered at the
LHC, and its properties are observed to coincide
(within experimental error) to those of the Stan-
dard Model (SM) Higgs boson. Moreover, sup-
pose that evidence for supersymmetry is found,
which suggests that in the minimal version of
the model (MSSM), the observed Higgs boson is
the lightest state of a two-Higgs-doublet model
(2HDM). Finally, imagine that no evidence for
the heavier Higgs states at the LHC is found.
With precision measurements at a future high en-
ergy ete” Linear Collider (LC), can one deter-
mine the mass scale of the heavier Higgs states?

At the LHC, more than one Higgs scalar of
the MSSM will often be observed if tan3 > 1
(due to enhanced Higgs couplings to down-type
fermions). But, there is also a substantial region
of moderate tan § in which only the lightest CP-
even Higgs scalar (h) is observed [ [l]. If the prop-
erties of h approximate those of the SM Higgs
boson (hgy;), a program of precision Higgs mea-
surements at the LC will play a critical role in
elucidating the physics of Higgs bosons.

2. Decoupling Limit of the 2HDM [ [

Given a non-minimal Higgs sector, the decou-
pling limit corresponds to the parameter regime
in which all but one CP-even neutral Higgs scalar
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are significantly heavier than the Z. The prop-
erties of the lightest CP-even Higgs boson are
nearly indistinguishable from those of the Stan-
dard Model (SM) Higgs boson. The decoupling
limit is very general and exists in many multi-
Higgs models. The MSSM Higgs sector provides
a well-motivated example for the decoupling limit
and is the main focus of this work.

First, consider the general 2HDM. The most
general scalar potential is given by:

V=m?, &0, + m2, &l 0y — [m2,®1 0y + h.c)]
FIN(@101)? + Do (B]B2)? + N3 (B]B1) (Do)
FA(B]B2)(@501) + 4 [45(@]@2)2 + hc|
+{[ps(@]@1) + Ar(@fes)| @f@s +he} . (1)

For simplicity, we assume that there is no explicit
(or spontaneous) CP violation. Since the ground
state must preserve U(1l)gym, the scalar vac-
uum expectation values are (®?) = v;/v/2, with
tan 8 = va /vy and v? = 0¥ + 03 = (246 GeV)2.
Diagonalizing the CP-even Higgs squared-mass
matrix yields two CP-even scalar eigenstates:

h=—(V2Re ®? — v1)s4 + (V2Re ®J — v2)cy
H = (V2Re ®) — v1)cq + (V2Re B — v3)s4, (2)

where ¢, = cosa, s, = sina. The other Higgs
scalars of the model include a CP-odd state, A,
and a charged scalar pair, H*. The decoupling
limit is defined as the limit of m4 > myz, as-
suming A; < O(1). One can show that this



limit corresponds to taking 8 — a — 7/2; i.e.,
cos(f — a) — 0. In the approach to the decou-
pling limit, one finds [ |:

~

A ~
my ~ v? + A4 — 3Xcpoal (3)
Cl—a
mi ~ v?(\— Xcﬁ,a) ; (4)
my ~ m%+ (/\—)\A—FXCg,Q)vQ, (5)
mis = mi+ 1(As — Ao (6)

where ¢g_q = cos(f — a) and

A= )\1043 + )\25% + %()\3 + M+ )\5)5%3

+2825()\60% + )\75%) ) (7)
X = Lo Mk — dash — (s + A+ As)eas]
—A6C3C38 — A753533 , (8)

Aa = 025()\16% — )\28%) + ()\3 + )\4)8%3
—)\503[3 + 2X6C3838 — 2A758¢C33 - (9)
In particular, eqs. (f)—(f) yield

o2 w2
5 5~ 5 - (10)
m4 — Aav my —my

cos(ff — a) ~

It follow that: (i) mp ~ O(mz), (il) myg ~ ma ~
my+, up to corrections of O(m%/ma), and (iii)
cos(8 — a) ~ O(m2 /m3,).

The couplings of the Higgs bosons to vector
bosons, fermions and scalars typically depend on
« and (. By examining the tree-level couplings
of the lightest CP-even scalar h, one notes that
in the limit of cg_o = 0, the couplings of h re-
duce to the corresponding SM Higgs couplings.
That is, in the approach to the decoupling limit,
the properties of h are nearly indistinguishable
from those of the SM Higgs boson, whereas all
the other Higgs states are significantly heavier.
Thus, the effective low energy theory below the
mass scale of O(m4) is the Standard Model with
one Higgs doublet.

The Higgs sector of the minimal supersymmet-
ric extension of the Standard Model (MSSM) is a
two-Higgs doublet model, with interactions con-
strained by supersymmetry | . It particular,

2

M? = mzcgﬁ, Mo? = —2m3,

:\\1)2 = m2Z825025 ) )\Av2 = mQZC45 y (11)

and A5 = A\¢ = A7 = 0. Moreover, the following
tree-level result can be derived:

mu(m7 —mj)

2 —
cos” (B —a) = w2 (m3, —m3)

(12)

As expected, cg_o — 0 in the decoupling limit
where mj, ~ O(mz) and my > myz. Moreover,
when m4 > mz, eqs. (f)-(f) yield

2.2 2 2 .2 2 2
myp, = MyzCag, My ~ My +mzysag,
4 32
m7, sin“ 40
2 2 2 L mz
Mmye =my +miy, Cg_a~ ——7—. (13)
4m7

3. A SM-like Higgs boson without decou-
pling [ B

It is possible for the theory to exhibit a SM-like
Higgs boson without decoupling. For example,
assume that tan3 > 1. Two cases arise in the
2HDM where [cg_o| < 1: (1) m?% > \jv?tan 3,
with A; < O(1), and (ii) [N < 1 with my ar-
bitrary. (If tan 8 < 1, replace tan with cotf
above.) In the MSSM, the hbb coupling normal-
ized to its SM value is given by:

=sin(f —a) —tanf cos(f — ). (14)

In case (i), we have |[tanfBcg_o| < 1 even if
tan 3 > 1 [see eq. ([L])], which implies that the
hbb coupling is SM-like (corresponding to the de-
coupling limit). Case (ii) does not correspond
to decoupling if m% < O(v?). If tanf3 > 1, it
is possible to have |[tanBcg_qo| ~ O(1) even if
lcs—a| < 1, in which case the hbb coupling de-
viates from its SM value. Nevertheless, for the
Higgs couplings to tt, vector bosons and scalars,
h is SM-like.

In the MSSM at tree-level, |cg_q| < 1 is pos-
sible only in the decoupling regime [see eq. (12)],
corresponding to case (i) above. However, one-
loop effects mediated by supersymmetric parti-
cles can generate significant modifications to the
tree-level MSSM Higgs sector. For example, the
tree-level upper bound, m;, < mgz, can be sig-
nificantly raised | Q] Allowing for maximal mix-
ing in the top squark sector and supersymmet-
ric mass parameters of order Mg ~ 1 TeV, one
finds a radiatively-corrected Higgs mass bound of



mp < 135 GeV [ [ll. We shall demonstrate in
section 4 that for moderate values of m4, radia-
tive corrections to A can result in |A\| < 1 in cer-
tain regions of the MSSM parameter space. This
would correspond to case (ii) above, and the h of
the MSSM could indeed exhibit SM-like proper-
ties outside the domain of the decoupling limit.

4. Radiatively-corrected MSSM Higgs
couplings [ H]

In order to study the decoupling properties of
the MSSM Higgs sector, it is crucial to examine
the Higgs couplings, including the most signifi-
cant loop-corrections. The leading contributions
to the radiatively-corrected Higgs couplings arise
in two ways. First, the radiative corrections to
the CP-even Higgs squared-mass matrix results in
a shift of the CP-even Higgs mixing angle « from
its tree-level value. That is, the dominant Higgs
propagator corrections can to a good approxima-
tion be absorbed into an effective (“radiatively-
corrected”) mixing angle a [ [jJ. In this approxi-
mation, we can write:

M M3,
M25< , 2>:M3+5M2, (15)

My Ma,
where the tree-level contribution is denoted by
M2 and 6 M? is the contribution from the radia-
tive corrections. Then, cg_, is given by
(M2, — M3,)sin 23 — 2M?3, cos 23

2(m3; — m3)sin(3 — a)
Inserting the tree-level values for M3, one can
rewrite eq. ([L) as
m?% sin 43
C—a = D) o\ -
2(m3; —m3)sin(B — a)

C—a = .(16)

(6M3, — SM2,) sin 26 — 20 M2, cos 23

+ 2(m% — m?)sin(f8 — a)

(17)
Using tree-level Higgs couplings with « replaced
by its effective one-loop value provides a useful
first approximation to the radiatively-corrected
Higgs couplings.

Second, contributions from the one-loop ver-
tex corrections to tree-level Higgs-fermion cou-
plings can modify these couplings in a signifi-
cant way, especially in the limit of large tan 3.

When radiative corrections are included, all pos-
sible dimension-four Higgs-fermion couplings are
generated. In particular, the effects of higher di-
mension operators can be ignored if Mg > myz,
which we henceforth assume. These results can be
summarized by an effective Lagrangian that de-
scribes the coupling of the neutral Higgs bosons
to the third generation quarks:

— Leg = (hb + 5hb)l_)Rqu)(1)* =+ (ht + 5ht)thL(I)g
+ Aht{RtLq)(l) + Ahbl_)RbL(I)g* + h.c. ) (18)

resulting in a modification of the tree-level re-
lation between h: [hy] and my [my] as follows |

B a8

hyv ohy Ahy tan 8
=2 14 2 Swtanp
my \/icosﬁ< + I + I )
h
= %’ cos B(1+ Ay), (19)
hiv . dhy  Ahgcot 3
= 14 2 Bfucotp
my 2smﬂ( + I + I >
h
= "sin 81+ Ay). (20)

V2
The dominant contributions to A, are tan (-
enhanced, with A, ~ (Ahy/hy) tan 8; whereas for
tan 8 > 1, hy/hy, provides a small correction to
Ayp. [In the same limit, A; ~ dh;/hy, with the ad-
ditional contribution of (Ah:/h:) cot 8 providing
a small correction.]

From eq. (E) we can obtain the couplings of
the physical neutral Higgs bosons to third gener-
ation quarks. The resulting couplings of h to bb
and tt pairs are given by:

My COS (o 1 Ahy
p= 1— S (ot B+t
Intt = — sin 3 [ oA 7 (cot B + anoz)]
. mpsina 4 1
Inob = v cosf3 1+ 4y

X (%’ - Ab> (1 4 cot acot 6)] . (21)

We now turn to the decoupling limit. First
consider the implications for the radiatively-
corrected value of ¢g_o. Since SMZ; ~ O(m3),
and m%; — mj = m?% + O(m%), one finds [

m?% sin 4

oati=o) e[ ro (TE)] . @

A



in the limit of m 4 > mz, where

po gy ML Z MG, oM, (23)
N 2m?, cos 23 m%sin2(

Equivalently, the radiative corrections have mod-
ified the tree-level definition of A:

M? = em% sin 28 cos23. (24)

Eq. (@) exhibits the expected decoupling behav-
ior for ma > mz. However, egs. ([I7) and (R39)
exhibit another way in which cos(8 — a) = 0 can
be achieved—simply choose the MSSM parame-
ters (which govern the Higgs mass radiative cor-
rections) such that the right hand side of eq. ([L7)
vanishes. That is,

sin2(3 =
2m?,

. (25)

This condition is equivalent to ¢ = 0, which im-
plies A = 0 [eq. (R4)] and thus corresponds to case
(ii) in section 3. That is, although X #£ 0 at tree-
level, the one-loop radiative corrections to \ can
approximately cancel its tree-level value, result-
ing in |A] < 1. (Note that the one-loop correc-
tions arise from the exchange of supersymmetric
particles, whose contributions can be enhanced
for certain MSSM parameter choices. One can
show that the two-loop corrections are subdomi-
nant, so that the approximation scheme is under
control.) In particular, eq. (@) is independent of
the value of m4. Typically, eq. (RH) yields a so-
lution at large tan 8. That is, by approximating
tan 28 ~ —sin 23 ~ —2/ tan (3, one can determine
the value of 3 at which A ~ 0 [8):

tan 8 ~ A,

(26)

Hence, there exists a value of tan 3 (which de-

pends on the choice of MSSM parameters) where

cos(8 — a) ~ 0 independently of the value of m 4.

If m 4 is not much larger than mz, then h is a SM-

like Higgs boson outside the decoupling regime.
Finally, note that for m4 > mz,

2 2 4
cota = —tan g [1 + mézcm} + 0O (m_42> .(27)
ma my

Applying this result to eq. (@), it follows that
in the decoupling limit, gheg = ghgyreq = Maq/v-
Away from the decoupling limit, the Higgs cou-
plings to down-type fermions can deviate signif-
icantly from their tree-level values due to en-
hanced radiative corrections at large tan 3 [where
Ap ~ O(1)]. In particular, because A, x tan 3,
the leading one-loop radiative correction to g5 is
of O(m?% tan 3/m?), which decouples only when
m? > m?% tan 3 (this behavior was called delayed
decoupling in [ [LO]).

5. Implications for precision Higgs mea-
surements at the LC

As noted in section 1, a program of precision
Higgs measurements at the LC may be critical in
determining whether the properties of the lightest
CP-even Higgs boson differ from those of hgy,. In
particular, recent simulations of Higgs branching
ratio measurements | @] suggest that the Higgs
couplings to vector bosons and the third gener-
ation fermions can be determined with an ac-
curacy in the range of 1-3% at the LC. In the
exact decoupling limit (of infinitely large m4),
h = hg\;. However, for finite values of m4, the
fractional deviations of the couplings of h relative
to those of hgy; scale as m%/m?%. Thus, if preci-
sion measurements reveal a significant deviation
from SM expectations, one could in principle de-
rive a constraint (e.g., upper and lower bounds)
on the heavy Higgs masses of the model.

In the MSSM, this constraint is sensitive to the
supersymmetric parameters that control the ra-
diative corrections to the Higgs couplings. This
is illustrated in fig. , where the constraints on
my are derived for two different sets of MSSM
parameter choices [ H] Here, a simulation of a
global fit of measured hbb, h77 and hgg couplings
is made (based on the anticipated experimental
accuracies given in [[[]) and x? contours are plot-
ted indicating the constraints in the ma-tan
plane, assuming that a deviation from SM Higgs
boson couplings is seen. In the maximal mix-
ing scenario shown in fig. m(a), the constraints on
m are significant and rather insensitive to the
value of tan 3. However in some cases, as shown
in fig. fl(b), a region of tan 8 may yield almost
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Figure 1. Contours of x? for Higgs boson decay
observables for (a) the maximal mixing scenario;
and (b) a choice of MSSM parameters for which
the loop-corrected hbb coupling is suppressed at
large tan 8 and low my (relative to the corre-
sponding tree-level coupling). The contours cor-
respond to 68, 90, 95, 98 and 99% confidence lev-
els (right to left) for the observables g3,,, g7. .,
and gj, . See [{] for additional details.

no constraint on m4. This corresponds to the
value of tan 3 given by eq. (@), and is a result of
X~0 generated by radiative corrections [¢c ~ 0
in eq. (R4)]. Thus, one cannot extract a fully
model-independent upper bound on the value of
ma beyond the kinematical limit that would be
obtained if direct A production were not observed
at the LC.
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