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Triplet extended supersymmetric standard model
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We revisit an extension of the minimal supersymmetric standard model (MSSM) by adding a
hypercharge-neutral, SU(2)-triplet chiral superfield. Similar to the next-to-minimal supersymmetric
standard model , the triplet gives an additional contribution to the quartic coupling in the Higgs potential,
and the mass of the lightest CP-even Higgs boson can be greater than M, at tree level. In addition to
discussing the perturbativity, fine-tuning, and decoupling issues of this model, we compute the dominant
1-loop corrections to the mass of the lightest CP-even Higgs boson from the triplet sector. When the
Higgs-Higgs-Triplet coupling in the superpotential is comparable to the top Yukawa coupling, we find that
the Higgs mass can be as heavy as 140 GeV even without the traditional contributions from the top—s-top
sector, and at the same time consistent with the precision electroweak constraints. At the expense of
having Landau poles before the grand unified theory scale, this opens up a previously forbidden region in
the MSSM parameter space where both s-tops are light. In addition to having relatively small fine-tuning
(about one part in 30), this leads to a gluophilic Higgs boson whose production via gluon-gluon fusion at

the CERN LHC can be twice as large as the standard model prediction.
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I. INTRODUCTION

The electroweak sector of the standard model (SM)
predicts new physics at sub-TeV scales to unitarize WW
scattering. With a Higgs boson, the hierarchy problem
suggests additional new physics near the TeV scale to
stabilize the electroweak scale, and the minimal super-
symmetric standard model (MSSM) is one of the leading
candidates of such new physics. For reviews of the MSSM,
see, for example, Drees [1], Martin [2], Dine [3], and
Peskin [4].

In the MSSM, the mass of the lightest CP-even Higgs
boson is bounded at tree level by M, because the tree-level
quartic couplings are parameterized by gauge couplings,
and such a light Higgs boson is ruled out by the CERN LEP
searches of the SM Higgs boson [5-9] that impose

mM > 114.4 GeV. (1)

At one-loop level, however, there can be large radiative
corrections due to heavy scalar tops (Q5 and Uj, super-
partners of the top quark) and/or a large coupling of the
trilinear interaction Q3 H, U5 [10—-19]. While such radiative
corrections can be large enough to satisfy the LEP bounds,
they also contribute to the quadratic term of the Higgs
potential, leading to the “little hierarchy problem.” The
MSSM also suffers from a p problem in that its lone
dimensionful SUSY-invariant parameter, w, is phenom-
enologically required to be of order 100 GeV, while its
natural scale can in principle be much larger.

The next-to-minimal supersymmetric standard model
(NMSSM) solves the p problem and alleviates the little
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hierarchy problem [20] by extending the MSSM with a
singlet chiral superfield S. For reviews of the NMSSM, see
Balazs et al. [21] and references therein. The Higgs cou-
plings with § lead to additional contributions to the quartic
couplings in the Higgs potential, while the wx term is dy-
namically generated from the vacuum expectation value
(vev) of the scalar component of S. With these additional
contributions to the quartic couplings, the mass of the
lightest CP-even Higgs boson may be larger than M, at
tree level, and the NMSSM can satisfy the LEP bounds on
the Higgs mass with lighter s-tops compared to the MSSM
[22-28].

In this paper, we extend the MSSM with a hypercharge-
neutral, SU(2)-triplet chiral superfield T and name the
model triplet-extended supersymmetric standard model
(TESSM). Extensions of this type have been studied ex-
tensively by Espinosa and Quiros [29,30], Felix-Beltran
[31], Setzer and Spinner [32], and Diaz-Cruz et al. [33].
While this model does not solve the w problem, it is an
interesting alternative to the NMSSM, as an economical
extension of the MSSM, because it can also achieve a mass
of the lightest CP-even Higgs boson that is larger than M,
at tree level. Furthermore, compared to the MSSM and the
NMSSM, we expect there to be more radiative corrections
to the mass of the lightest CP-even Higgs boson due to the
additional states in the triplet. To the extent that these
triplet-induced radiative corrections are significant, we
may further alleviate the little hierarchy problem.

Unfortunately, in both the NMSSM and the TESSM,
the respective singlet-induced and triplet-induced radiative
corrections are typically small when we demand perturba-
tivity at the scale of grand unified theory (GUT) near
10'® GeV. This is because perturbativity at the GUT scale
imposes the bound A < 0.7 at the weak scale, where A
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is, respectively, the Higgs-singlet-Higgs and the Higgs-
triplet-Higgs coupling in the superpotential of the NMSSM
and TESSM. In both models, while the tree-level mass
of the lightest CP-even Higgs boson can be as large as
100 GeV, the O(A*) radiative corrections are not large
enough to lift the Higgs mass over the LEP bounds. On
the other hand, in the TESSM, when we have A ~ 0.9 (so
that A is comparable with the top Yukawa coupling) at the
weak scale, we find the tree-level mass of the lightest
CP-even Higgs boson to be close to the LEP bound and
the O(A*) radiative corrections alone can easily lift the
Higgs mass over the LEP bound even with small SUSY
breaking in the triplet sector. As the small SUSY breaking
in the triplet sector translate into small fine-tuning, we can
solve the little hierarchy problem at the expense of giving
up perturbativity at the GUT scale.

Without demanding perturbativity at the GUT scale, we
also expect the NMSSM to be a solution to the little
hierarchy problem, with the mass of the lightest CP-even
Higgs boson that satisfies the LEP bounds without signifi-
cant contribution from the top—s-top sector. However, as an
alternative to the NMSSM and a reasonably economical
extension of the MSSM, the TESSM and its phenomenol-
ogy are interesting in their own right. For example, as we
show in this paper, the MSSM limit of the TESSM is
achieved with My — oo, where M is the SUSY-invariant
mass of the triplet, keeping A fixed, whereas in the
NMSSM one requires A — 0 to achieve the MSSM limit.
As another example, even though the sub-TeV, electrically-
neutral component of the triplet acquires a vev, we can still
satisfy the precision electroweak constraints without the
extreme fine-tuning noted in the triplet-extended SM [34].
Moreover, there may be other considerations that motivate
extending the MSSM by a triplet instead of a singlet. For
example, in obtaining neutrino masses through the type-II
[35] and type-III seesaw mechanisms, the SM is commonly
extended with Higgs triplets. Though the Higgs triplets
may have nonzero hypercharge, hypercharge-neutral trip-
lets are often present when the models are supersymme-
trized and embedded in a unified gauge group [32,36,37].

We organize our paper as follows. In Sec. II, we lay
out the superpotential and the Lagrangian of the TESSM,
compare it to the NMSSM, and discuss constraints on its
parameter space from electroweak precision tests and the
requirement of perturbativity at the GUT scale. In Sec. III,
we numerically evaluate the mass of the lightest, CP-even
Higgs boson to one loop, and show that we can satisfy the
LEP2 bounds without the contributions from the top—s-top
sector when A is comparable with the top Yukawa cou-
pling. We also discuss the gluon-gluon fusion production
and diphoton decay of the lightest, CP-even Higgs boson
in Sec. III. Our discussions of the gluon-gluon fusion
production rely only on the existence of light s-tops and
the minimal color sector of the MSSM, and are therefore
applicable to any extensions of the MSSM that solves the
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little hierarchy problem without invoking additional col-
ored states. In Sec. IV, we estimate two sources of fine-
tuning in this model, and find that we can achieve a small
fine-tuning of about one part in 30 in the Higgs sector. Fi-
nally, we conclude with Sec. V that summarizes our results.

II. TRIPLET-EXTENDED SUPERSYMMETRIC
STANDARD MODEL

A. The model
We extend the MSSM with a hypercharge-neutral,
SU(2) triplet T = 1 o*T* with the superpotential
WTESSM = /.LHdHu + MT Tr(TT) + 2)\HdTHu
+ ar Tr(T) + WYukawa’ (2)
where H, ; are the Higgs doublets of the MSSM, a7 is a

Lagrange multiplier determined from the potential, and
Wy ukawa 18 the MSSM superpotential sans the p term

WYukawa = thHuUC + beHdDC + yTLHdEC. (3)

Note that, since T is a chiral superfield, its scalar compo-
nent necessarily contains a complex SU(2) triplet, whereas
in non-SUSY extensions of the SM [34,38-42], we can
extend the SM with a real SU(2) triplet. In components, we

have the fields
_( H]
Ha (H;)’

Hy

= ()
r_ L 1 2rt
2\V2r- -1° )

and the superpotential (sans the SM Yukawa couplings)
M
Wressm O m(H Hy — HYH)) + TT(TOTO +277T7)
+ AMHOTHY + H; T°H,")
+2ANH; T*HS — HOTH}). (5)

The factor of 2 in front of A in Eq. (2) gives us a coefficient
of unity for the term

Wrgssm 2 AHYTUHY), (6)

as with the case of the NMSSM when 79 is replaced by a
singlet S, and facilitates direct comparisons between
TESSM and NMSSM.

We can achieve gauge coupling unification at Mgyt by
including additional chiral superfields with quantum num-
bers

D ~ (lr 2’)]/2’ D_ ~ (lr 2)71/2’ G -~ (8’ 1)0’ (7)

where the first and second entries inside the parenthesis
denote, respectively, the representations under the color
SU(3), and weak SU(2),, gauge groups, and the subscripts
denote the charge under hypercharge U(1)y gauge group.
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This added content can have both SUSY-invariant and
SUSY-breaking masses sufficiently large (say, 2 TeV) so
that they decouple from the electroweak scale physics,
while still allowing for gauge coupling unification. The
added matter content [triplet plus those in Eq. (7)] does
not constitute a complete multiplet of SU(5), but can form
a complete multiplet of trinification group SU(3)* X Z;
[43-45].

In addition to the MSSM soft SUSY-breaking parame-
ters, we also have soft terms involving T

— AL =2m3T(TTT) + B(Te(TT) + H.c.)
+ 2MA,(H,TH, + H.c.). 8)

B. Comparison to the NMSSM
1. Perturbativity

For simplicity, we assume that all couplings and masses
in the superpotential are real. The tree-level potential in-
volving the U(1).,-neutral Higgs doublets and triplet
is then

Viessm = Vu + Vi + Vg, )
where
Vig = (a2 + 3 HOP + (42 + miy )| HOP
— B (HOHS + ) + a3 + gDUHIP — IHOPY
+ A2 HYP|HYJ%, (10)

B
Vp = (M2 + m3)|T°]> + TT(TOTO + c.c), (11)

Viix = A2ITCP(HO? + |HSI?) + AM(HIT™ HY) + c.c.)
+ A N(HOITHY + c.c.)
— Au(HY'TOH) + HYT°HY + c.c.). (12)

Compared with the Higgs potential in the MSSM, we
have an enhancement in the quartic coupling of the form

VD AZIHulledlz’ (13)

and this in principle allows for a tree-level mass eigenvalue
larger than M, after electroweak symmetry breaking
(EWSB). This is similar to the case in the NMSSM, where
such quartic couplings are also generated from a super-
potential of the form

Wamssm = ASH H,, + §S3. (14)

As with the NMSSM, where the requirement of perturba-
tivity at the GUT scale limits A < 0.7 at the TeV scale, the
TESSM also has a bound A < 0.7 at the TeV scale while
still preserving perturbativity at the GUT scale. Though
the bounds are similar, the details of obtaining such bounds
are different and may be important for further model build-
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ing where perturbativity at the GUT scale is imposed. We
elaborate briefly on some key differences between the two
models from the relevant renormalization group equations
(RGEs) given by

A
——(BA7+3y7 =93 —g), (15

TESSM _
P 1672

A
BYMSM = 2 (402 + 212 + 3yF = 3g3 — g}, (16)

BIMSSM = __(6)2 + 6x2), (17)
167
and note the following points:

(i) In the NMSSM, there are two possible Landau
poles in A and k. The RGE of « is such that «
always increases when evolving to higher energies,
and « feeds into the evolution of A. In the TESSM,
there is no such contribution because Tr(73) = 0,
but there are now additional contributions to the A*
coefficient in 8, in the TESSM.

(i) In the TESSM, B, has a larger coefficient for
the negative contribution of the form Ag3 because
T is charged under SU(2). As the coupling g,
is non-asymptotically-free in the TESSM (also in
the NMSSM), this gives a stronger suppression at
higher energies and could potentially delay the
appearance of the A Landau pole.

(iii)) The coupling g, also flows to larger values in the
TESSM than in the NMSSM because of the added
matter content. This again gives a suppression at
higher energies and may delay the A Landau pole.
(This can be achieved in the NMSSM with added
matter content, for example, in the NMSSM with
gauge-mediated SUSY breaking.)

Thorough studies on the upper bounds of A in TESSM
and its extensions would require examining fixed points
from the RGEs, and we leave these investigations for the
future. For our work, it suffices to note that perturbativity at
the GUT scale imposes A < 0.7 at the weak scale, so that A
is of similar strength to the weak gauge coupling. As such,
while the tree-level mass of the lightest CP-even Higgs
boson can be 100 GeV (as we later show), we expect the
O()\*) radiative corrections to the mass of the lightest
CP-even Higgs boson to be insufficient to lift the Higgs
mass above the LEP bounds. However, motivated by solv-
ing the hierarchy problem, we take the viewpoint that
the Landau pole we encounter at a higher scale (around
10'° GeV) is rescued by some other new physics and
analyze the Higgs spectra and the phenomenology for
larger values of A. We take values of A comparable to the
top Yukawa coupling, so that the TeV-scale physics is still
perturbative. As A is now near unity at the TeV scale in the
TESSM and we expect there to be more @(A*) radiative
corrections to the mass of the lightest CP-even Higgs

055016-3



STEFANO DI CHIARA AND KEN HSIEH

boson compared to the NMSSM, it is worthwhile to inves-
tigate these radiative corrections in detail.

In extensions of the NMSSM, such as fat Higgs models
[46—49], A can achieve much larger values and give rise to
a very large mass for the lightest CP-even Higgs boson.
The model-building techniques of fat Higgs models can
also be applied to the TESSM, but in this work we focus on
the TESSM as a simple extension of the MSSM and an
alternative to the NMSSM without imposing the constraint
of perturbativity at the GUT scale.

2. The MSSM limit

In the NMSSM, the u term and the masses of the singlet
(ino) are related by

w ~ ANMSSM(gy

and the MSSM limit is Mg — oo while keeping w fixed.
Keeping « perturbative in the MSSM limit then gives A —
0. As A is the only coupling between the singlet and the
MSSM sector, the MSSM limit of A — 0 with fixed u
decouples the singlet.

In the TESSM, the MSSM limit is achieved with M; —
00, holding the values of all other masses and couplings at
the weak scale fixed, and, in particular, we do not need A —
0 to achieve the MSSM limit. The decoupling of the addi-
tional contribution to the Higgs quartic coupling in
Eq. (13) is accomplished by the effective operator obtained
by integrating out the heavy triplet fields when My > M.
Setting By = 0 for simplicity, the equation of motion for
70, among other terms, has contributions of the form

A * s
T T

— w(HYH) + HYHY)) + - - -, (19)

MS —_ KNMSSM<5>y (] 8)

70 =

and this induces a contribution in the effective Lagrangian
M3 + A} +2u?

_A£eff:_/\2 T . A 2,“ |H2|2|H8|2+"',

Mz + m7

(20)

that cancels the A? contribution to the quartic in the Higgs
potential when M2 > A3, m%, u?. In terms of Feynman
diagrams, this effective operator arises from the diagrams
such as the one shown in Fig. 1 with the amplitude (in the
limit of large M7 > A%, m%, u?)

M7

iA=2—5——,
p* = Mj

2D
where p ~ M, is the scale of external momenta of the
Higgs bosons. In the limit M2 > p?, this gives the cancel-
ing contribution to the Higgs potential, and the resulting
theory is the MSSM.

When we do not explicitly integrate out the heavy triplet
sector, the full mass matrices (involving both Higgs dou-
blets and the triplet) provide a seesawlike mechanism in
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FIG. 1. An example of Feynman diagrams that give the con-
tributions which cancel A contributions in the Higgs potential
when the triplet field, T, decouples.

the limit of M — oo that seesaws away any A dependence
in the Higgs doublets sector. We will demonstrate this in
the next section when we compute the mass of the lightest
CP-even Higgs boson.

C. EWSB in TESSM

As we are assuming real couplings and masses for
simplicity, there is no mixing between the real and imagi-
nary components of the complex scalar fields HS, ,and T°
and it is convenient to separate them into real and imagi-
nary parts

1 1 1

H) = —=(a, +1b,) = —=(a}, +1b,) + —=v,, 22
HO = ! (ad+lbd)=i(a' +lbd)+ivd (23)
) V2 V2

1 1 1

T0 = \/—z(a, +1b,) = ﬁ(aﬁ +1b,) + \/—zv,,

where we have also shifted the real components (a;) to the

physical modes (a’) by the respective vacuum expectation

values (v;). Prior to EWSB, all the vevs vanish and the real

components of the Higgses have the mass matrix (in the
basis (a,, ay, a,))

(24)

my + pu? -B, 0
M2 = -B, my, + u? 0
0 0 M2 + m2 + By

(25)

The corresponding mass matrix for the imaginary compo-
nents can be obtained from Eq. (25) by changing the signs
of By and B, in the (1,2), (2,1), and (3,3) elements.

In the MSSM, the conditions for successful EWSB
breaking are that (i) the (top-left 2 X 2) mass matrix in
Eq. (25) has one negative eigenvalue, and (ii) the potential
is bounded from below along the D-flat direction HY =
Hg. In the TESSM model, the first condition gives us the
same condition as the MSSM

B}, > (my + w?)(mp + u?), (26)
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while the second condition is automatically satisfied by the
presence of the quartic coupling A?|HY|?|HY|*. However,
the minimization conditions now demand

\E

= (Ay + Mr)cgsg

v, = —(Av?) , 27

) M3+ m2 + By + 402

m + Wl = 15'B, + M2 — L2

Hu eff 2 VA 2 ,3
Av
\/—t (M7 + Atz (28)
2 2 _ €pan L))
de+,ueff—tBB#—7MZ AS'BU
Av
\/—t (M7 + A)tg, (29)
where we have defined
1
Meff = M — \/—E/\Uz, (30)
_ Uy 2=
tanB = o =2 + vd, 31)
d
v, = vsing, vy = vcosp, 32)
so that the gauge bosons receive masses of

M% = 1(82 + gl)v (33)
M}, = 1g3v* + g3v2, (34)

where g, and g, are, respectively, the gauge couplings of
the SU(2) and U(1)y groups. We have also abbreviated for
convenience the trigonometric functions

tg = tanf,

Cop = COS2p.

sg = sinf3, cg = cosf3,
SZB = siHZB,

(35

D. Oblique corrections

While the condition of successful EWSB in Eq. (26)
gives a constraint on the parameters, electroweak precision
tests offer a much more stringent constraint. The induced
vev v, contributes to the oblique parameter aT because it
contributes to the mass of the charged gauge bosons W=,
but not to that of the neutral gauge boson Z. We find the
oblique contribution to be

A2v? <2M (A, + My) sin2,8)2
M} + m} + By + 402
(36)

My _ 4 vi
W v? 2

alAT =

PHYSICAL REVIEW D 78, 055016 (2008)

The oblique correction due to the triplet vanishes in the
limit of My — o0 holding all other parameters fixed, as
expected. However, even if M7 is of the same order of u
and A,, AT can be small due to a partial cancellation
between w and sin2B(A, + My).

We impose the constraint that |AT| < 0.1, which in turn
translates to an upper bound on v,

lv,| <3.43 GeV,

and provides the main constraint on the parameters A and
My.InFig. 2, we plot the allowed regions on My — A plane
with By = m3 = A3 = (200 GeV)?, for various values of
tanB and . For small values of tanB and u, AT is only
viable with either small A or a cancellation in the numera-
tor of Eq. (36). In Fig. 3, we plot the allowed region in u —
tanB plane for A = 0.9, By = m3 = A3 = (200 GeV)?,
for various values of M;. As expected, for larger values
of My, there is a thicker band on the . — tanf plane that is
allowed.

We will quantify the degree of fine-tuning in the can-
cellation for allowed aAT in Sec. IV. For now, we may
estimate the fine-tuning along the ideas of Athron et al.
[50]. For example, with the parameters that require a fine-
tuning in My

tanf = 3, A =09, m =150 GeV, @n
m% = By = A3 = (200 GeV)?,
we have viable AT in the regions
250 GeV < My <375 GeV, or My >3.0TeV.
(38)

For M below 3.0 TeV, we would typically have unaccept-
ably large AT that violates precision electroweak con-
straints except in the a small region of M; between
250 GeV and 375 GeV because of cancellations in the
numerator of Eq. (36). If we sample M, at random in the
range between 0 and 3.0 TeV, the only region with viable
AT is only 125(= 375 — 250) GeV wide, and we can thus
estimate the fine-tuning as

3.0 TeV
375 GeV — 250 GeV

= 24, (39)

so a cancellation of 1 part in 24 is required to have small
aAT for the parameters in Eq. (37).

E. Neutralino and charginos

After EWSB, the neutralino (V) and chargino (€) mass
matrices are now extended with the triplet sector. The mass
matrix for the neutralinos in the basis (b, w°, HY, HY, T°) is
given by
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FIG. 2. Regions allowed by AT (in gray) on A — M; plane for various values of tan and u as indicated in each plot.
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FIG. 3. Regions allowed by AT (in gray) on tan8 — w plane for various values of M; as indicated in each plot.
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M, 0

0 M,
My = _%glvd %gzvd
%glvu _%gZUu

0 0

where M; and M, are, respectively, the SUSY-breaking
bino and wino masses, and w is as defined in Eq. (30).

For the charginos, in the Dbasis = =
wH HL T w, I:I;, T7), the chargino mass matrix
appears in the Lagrangian as

1 =+ O jvl]: +
£o-tw )T(Mé 0€)¢ L@

where

A
tg'v(My + A)),

2
(Ay + Myp)cpg + (Av, — \/z,u)sﬁ)

(M%)]] = C%Mi + S%M% -

1
2
(M2)y; = AU(

(M2),5 = Av(
1

V2

where v, should be considered as a function of the input
parameters via the minimization condition in Eq. (27) and
we define M, as in the case of the MSSM
B
m
. 44

sin2 3 “44)

As in the case of the NMSSM, the lightest mass-squared
eigenvalue is bounded by the lightest eigenvalue of top-left
2 X 2 block of the mass matrix,

M =2

2
% sinZ,B). (45)

2
m2 < M2 (cosz +
" g P g% 81

In Fig. 4, we plot this tree-level upper bound as a function
of tanB for A = 0.7, 0.8, and 0.9. For A = 0.9, it is possible
to obtain a tree-level Higgs mass larger than 100 GeV for
tanB =< 6, and even satisfy the LEP2 bounds at tree-level
for small tanB = 3.5.

We can also see the MSSM limit in the mass matrix
when the triplet decouples with fixed A. In the limit M7 —
oo, keeping all other parameters fixed, we have

2
My, — - sing,

46
Ny (46)

1
(Ay + Myp)sg + (Av, — \/E;L)cﬂ) (M3)3y = M3 + mi + By + 2 A207,
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- %glvd %81% 0
%gzvd - %gzvu 0
0  Metf 715)\1}14 s (40)
 Meff 0 \/%)Wd
715)% 715/\vd My
M, \/75821151 82V
Me = @gZUu Mot +N2Av, =My, (42)
— 8, Av, Mr

III. LIGHTEST CP-EVEN HIGGS BOSON
IN THE TESSM

A. Tree-level mass

The lightest CP-even Higgs boson in TESSM is a linear
combination of the CP-even components of the Higgs
doublets H,, and the neutral component of the triplet
T°. After EWSB, the squared-mass matrix for the neutral
scalar has the entries

A
(M%)]Z = _S,Bcﬁ(Mi + M%) + CBSEAZUZ + —ZUI(MT + A/\),

%

A
(M32)yy = suM3 + cpM5 — —=15v, (M7 + A)),

NG

(43)
|
and the mass matrix has the form
M—oof M2 + AM?2 €
M2 LN ( MSSMGT M% ) (47)
Tree-level Higgs Mass
120 99
115 \\
110
AN
(0]
S 105 \
€ 100 \\\\
95 N \‘
5 7.5 10 125 15 17.5 20
tan(B)

FIG. 4 (color online). Tree-level upper bound on the mass of
the lightest CP-even Higgs boson as given by Eq. (45) as a
function of tanB for A = 0.7 (lowest line), 0.8 (middle line), and
0.9 (top line).
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where M3y, is the 2 X 2 MSSM mass matrix for the
CP-even Higgs bosons, and

2 2
Aam2 = v B Bl (48)
2\ ¢cpsp 5
A c
_A B
€ ﬁMTv( o ) (49)

Integrating out the third row and column of the mass matrix
in Eq. (47), the effective top-left 2 X 2 submatrix becomes

_ €’
My = Moy + AM? — e(M2) 1€ + @<M‘%)

A3U3
— Myson + (9( " ) (50)

and we recover the MSSM limit as My — oo. In Fig. 5, we
show this decoupling behavior by plotting the tree-level
mass of the lightest Higgs boson as a function of My for
various values of tanf3, and see that, for My = 10* GeV,
we recover the MSSM results.

1. Numerical results

In this subsection, we numerically evaluate the mass of
the lightest CP-even Higgs boson at tree level. With the
minimization conditions, we can take as input parameters

tanB, u, My, A, My, m2, By, (5D

and fix mj; , m3; , and v, by solving the minimization con-
ditions with the experimental inputs of M, = 91.19 GeV
and the gauge couplings g,(M;) = 0.65, g;(M,) =0.36
(this fixes v =~ 245 GeV). We discard sets of input parame-
ters that give large v, inconsistent with electroweak con-

120
10}
100 i
90
80
70
60
50

mh(GeV)

3 3.5 4 45 5 55 6
Log1o[Mr(GeV)]
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straints. For all our numerical studies, we analyze two the
cases of A =0.8 and A = 0.9, and scan the parameter
space in the range

3<tanB =30, 100 GeV =< pu,
M, =500 GeV, 300 GeV = M; = 1000 GeV,
—2000 GeV = A, = 2000 GeV,
—(1000 GeV)? = m3, By = (1000 GeV)2.  (52)

The range of tanf is chosen so that the bottom Yukawa
coupling is smaller than the top Yukawa coupling, and
we can neglect the bottom Yukawa coupling when we
study the production and decay properties of the lightest
CP-even Higgs boson.

Since solutions to the minimization conditions only
guarantee an extremum, we only keep solutions that give
a local minimum by checking that all scalar masses are
positive at the desired vev. We also discard any points that
give unacceptably large «AT or contain charged scalar
particles lighter than 100 GeV.

For the range of parameters listed in Eq. (52), we show
the mass of the lightest CP-even boson as a function of
tan in Fig. 6. In Fig. 6, we also plot the upper bound of the
tree-level Higgs mass given in Eq. (45). The plots show
that we can indeed achieve large (greater than M) tree-
level Higgs mass with large A, and we can even satisfy
LEP2 bounds at tree level for small values of tanf
(tanB = 3.5) when A = 0.9.

B. Mass at the one-loop level

Since the lightest CP-even Higgs boson is a linear
combination of a for i = u, d, + we will construct the
Coleman-Weinberg (CW) potential [51] only for the fields

120
110} /
100
920
80
70
60
50

my, (GeV)

3 3.5 4 4.5 5 5.5 6
Log1o[Mr(GeV)]

FIG. 5. Tree-level mass of the lightest CP-even Higgs boson as a function M7 for A = 0.8 (left panel) and A = 0.9 (right panel). The
other parameters are kept fixed as A, = m2 = By = 0, u = 200 GeV, and M,, = 300 GeV. The three curves have values of tan8 of
10 (solid line), 5 (dashed line), and 3 (dotted line). For each case, we see decoupling in large M, and the limiting value agrees with the

MSSM result.
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120 T T T T T

110

100 [+ 58

mREE(GeV)

90F..

80

tan(f)

FIG. 6. Tree-level mass of the lightest CP-even Higgs boson as a function tan8 scanned over the parameter space as listed in
Eq. (52). The plot on the left (right) has A = 0.8 (A = 0.9), and the top curve indicates the upper bound as computed from Eq. (45).

a;, and extract the corrections to m from the CW potential.
Furthermore, we will make the two following assumptions:

(i) We assume that both the s-top masses are close to
the top-quark mass, and the famous O(y?}) contri-
butions in the MSSM are small. In other words, we
only consider the corrections from the Higgs boson,
neutralino, and chargino sectors. These contribu-
tions are dominated by the coupling A and the
SUSY-breaking parameters in the triplet sector.
Our results will show that these contributions are
sufficient to satisfy the LEP2 bounds on the Higgs
mass, and we do not need large contributions from
the top—s-top sector as in the case of the MSSM.

(ii) In the neutralino and chargino mass matrices, we
ignore the mixing induced by gauge interactions.
This removes dependencies on the bino and wino
SUSY-breaking masses in our analysis as we do not
include the bino and wino states, and we expect
their contributions to be small when M, ~ M.
(If we include the bino and wino states, we would
also have to include the corresponding superpart-
ners in the W and Z gauge bosons.)

The Coleman-Weinberg potential is given by

5S Tr[ .’]\/l“(lnj,:l—2 - %)] (53)

r

V.
cw6

where M? are field-dependent mass matrices in which
the fields are not replaced with their vevs, u, is the renor-
malization scale, and the supertrace includes a factor of
(—1)*(2J + 1) so that fermions contribute oppositely to
bosons, and the spin degrees of freedoms are appropriately
summed over. Since here we are only interested in the CW
potential of the fields a; that always appear in the combi-
nation (a} + v;), the field-dependent matrices for the char-
ginos and neutralinos are simply those in Egs. (40) and (42)
with the vevs v; replaced by the corresponding fields «;.
For the scalars, the naive replace-vev-by-field method
fails and we need to distinguish between the contributions

from the minimization conditions and those from the re-
placement of the fields with their corresponding vevs. For
example, while the (11)-element of the mass matrix of the
CP-even neutral Higgs boson is

(M = cpM; + spM7 — g vi(Mr + Ay, (54)

/\t
\/zﬁ

Vg 1 /\ Vg
=BMU—+Z(g2+g1)v \/Zv,(MT+A/\)—, (55)

u u

it is incorrect to have the field dependence

a 1
(‘M%l)ll 7 Bu;d + Z(gz + gl)au

u

A a
\/zat(MT + AA)Zd;

u

(56)

because some of the vev dependence in Eq. (55) comes
from the minimization conditions Eq. (28). The correct
field-dependent (11)-element of the CP-even neutral Higgs
boson is

(M, = iy, + 2+ S8 gz — )

A2
+ 7@5 +a?) — 2 ua, (57)

where m%,“ is related to the vevs (but not the fields) through

the minimization condition in Eq. (28). In Appendix A, we
give the field-dependent mass matrices used in the calcu-
lation of the Coleman-Weinberg potential.

Since the analytical results for the mass eigenvalues
of the field-dependent matrices are complicated, we will
compute the Higgs mass numerically. The one-loop mass
matrix can be extracted from the Coleman-Weinberg
potential by numerically evaluating the derivatives of
the mass eigenvalues with respect to the fields about the
vevs [24] (dropping the prefactor from the supertrace for
convenience)

055016-9



STEFANO DI CHIARA AND KEN HSIEH

_ i dVew(a)
vev <ai> aai

_ aZVCW(a)

(AM3); = (58)

aaiaaj vev

_ Z 1 Gm% am% 1nm_%
% 32#2 aa,- (")aj ,LL%

vev

2,2 2
T LI R (1nm—’;—1)
32 da;0a;\ puy

L o0y amyf mp
D 5 N o\
=327 "a;) da; \ u;

where the second term in Eq. (58) takes into account the
shift in the minimization conditions, and {m3} is the set of
mass eigenvalues that enter the Coleman-Weinberg poten-
tial. Our set of {m%} includes the eigenvalues of the mass
matrices of the CP-even, CP-odd, and charged Higgs
bosons, as well as the neutralinos and charginos mass
matrices. These field-dependent mass matrices are given
in Appendix A.

vev

(59)

vev

1. Numerical results

We numerically compute the mass of the lightest
CP-even Higgs boson to one loop using the Coleman-
Weinberg potential for the parameter space in Eq. (52). For
the same input parameters that give rise to the tree-level
results shown in Fig. 6, we show the corresponding Higgs
mass computed to one loop in Fig. 7, and the difference
between the loop-level and tree-level masses in Fig. 8. We
use the value of My as the renormalization scale w, that
enters the Coleman-Weinberg potential. From these plots,
we see that the triplet sector can give a large contribution to
the mass of the lightest CP-even Higgs boson, and we can
satisfy the LEP bounds without the s-top contributions for
all values of tanf in our scanned range.

In Table I, we give some sample points in our scan.
Points 1 and 2 are sample points that have small fine-tuning

140 T T T T T

130 A

(GeV)

120g-

110

TREE+LOOP

h

100 =3

90

30 ) A B I T

tan(3)

PHYSICAL REVIEW D 78, 055016 (2008)

[as will be defined later in Eq. (77)]. The TESSM can
achieve small fine-tuning because the Higgs mass can be
large at tree level and does not require large contributions
from radiative corrections. Points 3 and 4 are samples of
the points with the largest Higgs masses (and therefore
fine-tuning) in our scanned range of parameter space, as
evident in the values of SUSY-breaking parameters m%, A,
and By being near the boundary of the scanned range.
Points 5 and 6 are samples of points having a large tan3(=
20), where the tree-level Higgs mass is only slightly larger
than M, and there is a significant one-loop contribution,
and, correspondingly, large fine-tuning.

C. Collider signatures of the lightest CP-even
Higgs boson in TESSM

With large A in both the TESSM and the NMSSM, we do
not require heavy s-tops. In these cases, the gluon-gluon
fusion production of the lightest CP-even Higgs boson,
o(gg — h), and its diphoton partial decay width, I'(h —
v7), can be very different from the MSSM because these
processes involve s-top loops. In this section, we perform a
simplified analysis showing that in the TESSM there may
be a gluophilic Higgs boson whose gluon-gluon fusion
production cross section can be larger than that of the SM
by a factor of 1.8. As stated in the introduction, our dis-
cussions of the gluon-gluon fusion production rely only on
the existence of light s-tops and the minimal color sector of
the MSSM, and are therefore applicable to any extensions
of the MSSM that solves the little hierarchy problem
without invoking additional colored states. For the dipho-
ton partial decay width, there are several sources of sup-
pression, and we may have a partial decay width that is
about 0.8 times that in the SM.

Of course, at the LHC the relevant quantity is the
product of the gluon-gluon fusion production cross section
and the diphoton branching ratio

o(gg — h)Br(h — yy),

140 —— . . , ,
130k L e Lo . o

2 120

<

B P

g 110

s}

=

5 5

s 100

90

80

tan(p)

FIG. 7. Mass of the lightest CP-even Higgs boson, including one-loop contributions from the triplet sector, as a function tang3,
scanned over the parameter space as listed in Eq. (52). The plot on the left has A = 0.8, and the plot on the right has A = 0.9. The input
parameters of the individual points are the same as those that give rise to the points shown in the corresponding plot of Fig. 6.
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FIG. 8.

PHYSICAL REVIEW D 78, 055016 (2008)
sSOr——7—————7 7 7 7T

60f «. & . . . - ]

Difference between the mass of the lightest CP-even Higgs boson with and without the one-loop contribution from the triplet

sector for the points shown in the corresponding plots of Figs. 6 and 7. The plot on the left has A = 0.8, and the plot on the right has

A=009.

and a more complete analysis would have to take into
account the effects of light s-tops to all the decay channels
as well as the large, higher-loop corrections from QCD and
large couplings. We leave the complete analysis of the
Higgs production and decay for future work.

The well-known formula for the decay width of a real
scalar decaying into two photons can be found in Gunion
et al. [52]. This formula is also presented in the Ap-
pendix B.

only through a top-quark loop. In the MSSM, we have
additional contributions from the s-tops (see Fig. 9), as
well as all the other s-quarks through D-term interactions
of the form hg*§ with coupling of the order M,. To
simplify our analysis, we will ignore the D-term interac-
tions except those in the s-top sector, but we note that these
contributions can be important when there are light s-
quarks and must be taken into account in a full analysis.
In the MSSM with small s-top mixing, the s-top contri-

butions interfere constructively with the top-quark contri-
bution for the gluon-gluon fusion production cross section
[53,54]. However, with small s-top mixing, the s-tops need
to be heavy to satisfy the LEP bounds on the Higgs mass,

1. Gluophilic Higgs boson

In the SM, ignoring all the Yukawa couplings except for
the top Yukawa coupling, the process h — gg proceeds

TABLE I.  Sample Higgs spectra. All dimensionful parameters are in units of GeV, except for m2 and By, which are in units of
(GeV)>. The definitions of fine-tuning f7, «7, and K’ are given, respectively, in Eqs. (77), (79), and (80). The value of f7 indicates the
percent change in v? induced by a 1% change in m%, at a fundamental scale of SUSY breaking, and the value of k; indicates the
percent change in AT induced by a 1% change in M. The measure «} is only applicable to Points 1 and 2, and shows that there is a
cancellation of one part in 23 to give a viable value of AT. Points 1 and 2 show examples of input parameters that give a viable Higgs
mass with a small fine-tuning in the electroweak sector. Points 3 and 4 differ only in A and are samples that give large Higgs masses of
about 120 GeV (for A = 0.8) and about 135 GeV (for A = 0.9). Points 5 and 6 have large tanB8(= 20) and m;, ~ M at tree level, but

there are large radiative corrections to have viable Higgs masses at one loop.

Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
tanS 3.20 3.20 3.20 3.20 20.0 27.7
s 270 270 400 400 200 165
M, 430 430 280 280 300 410
A 0.8 0.9 0.8 0.9 0.8 0.9
My 370 400 400 400 350 330
m3 (500)? (280)? (1970)? (1970)2 (1600)? (1500)?
A, 600 460 1860 1860 1800 1300
Br (400)? (400)? (1730)2 (1730)2 (500)? (1400)?
mgree 108 113 105 111 88 90
my, oo 114 117 122 137 114 121
fr 33 19 399 505 315 271
Kt 33 11 0.8 0.8 0.5 0.3
Kl 47 6.4
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FIG. 9. The diagrams that contribute to the amplitude A (h — gg) in the TESSM.

and the s-top contributions decouple. (With large-stop mix-
ing, it is possible to have s-top contributions that interfere
destructively with the top-quark contribution, leading to a
gluophobic Higgs boson.)

In the TESSM and NMSSM, we can have light s-tops at
the expense of perturbativity at the GUT scale, and a large
enhancement in the production rate. Assuming large tanf
so that v = v, and there is no s-top mixing, and approx-
imating the lightest CP-even Higgs boson # as being dom-
inantly composed of a/, (the CP-even component of H,,),
we have the interactions

Ve ;= 1
LD \/Ehtt-}- (y, + ¢

1 ==
+ (%2 - 58%)UhU3U3,

1 o
- 8)h030;

(60)

where 1 is the top quark, and Q5 (U) is the superpartner to
the left-(right-)handed component of the top quark. From
Egs. (B2), (BY), and (B10), the ratio of the amplitudes
A(gg — h) due to the s-top s-quarks and top quark is then

_Ai
Tog—h = E
_mE LG LR Fo mE =it Fy,
mZQ3+mt2 F, m%3+m, F, ’
(61)
where m?2 o, and mfj are SUSY-breaking soft masses of the

correspondlng s-tops, and we have used the relationships
= (v/2)"'y,v,. InFig. 10, we plot 7 gg—n @S a function of

a common soft s-top mass mg, = mfj m3ysy» assuming
my, = 114 GeV. Since the s-top mass eigenvalues in this
simplified analysis are given by

+ m,z,

2 2
nm;

= Mgusy (62)

and the current searches limit the s-tops masses to be
greater than 120 GeV [55], we can have mgygy ~ 0 (so
m; = m,) and r,,_,, can be as large as 0.48. This gives a
gluophilic Higgs boson whose production cross section via
gluon-gluon fusion may be enhanced relative to the SM
prediction by a factor of (1.48)? ~ 2.2.

Imposing perturbativity at the GUT scale, we can have
a milder gluophilic Higgs boson when one of the s-top
is light (the other is required to be heavy to have a Higgs

mass satisfying the LEP2 bounds). However, when only
one s-top is light, the enhancement in the gluon-gluon
fusion production cross section is only a factor of (1 +
0.5 X 0.48)? ~ 1.5 larger than that of the SM.

2. Diphoton decay of the Higgs boson

In the SM, the diphoton decay of the Higgs boson pro-
ceeds through W-boson loop in addition to top-quark loop,
and the contribution from the top quark destructively in-
terferes with the dominant W-boson contribution. In the
MSSM, we have additional contributions from the s-tops
and charginos (the corresponding superpartners of the top
quark and W-boson), and, as in the case of I'(h — gg),
contributions from all the electrically charged s-quarks and
s-leptons through D-term interactions.

In the TESSM, we have the additional contributions
from the states composed dominantly of the charged trip-
lets, and also new contributions from the MSSM matter
content induced by A (see Fig. 11). These contributions
may be important when A is as large as the top Yukawa
coupling, and so in this subsection we use A = 0.9 for our
numerical studies. In this work, we will simplify our
analysis by ignoring contributions from the D-term inter-
actions except those involving the s-tops, and, using the
same approximations as in the previous subsection of large
tanB and h = a),, we have the interactions and fermion
masses

100 200 300 400
Mmgysy (GeV)

500

FIG. 10. The amplitude A(gg — h) through s-top loops nor-
malized with respect to the amplitude through top-quark loop, as
a function of a common s-top soft mass m;, assuming no mixing
in the s-top sector.
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FIG. 11.
MSSM, and the bottom three diagrams involve the coupling A.

—L D 2X%vh(ITH > + |H %)
+ Ah + v)HP, T+ + TPLHA")
+ w(HAY) + M(TT), (63)

where H* and 7" are Dirac spinors formed from the
Higgsinos and the fermionic components of the charged
triplet states

. Hy - T*
av=(4) T+E<~, ) (64)
(de) Tt

and P; p are the projection operators

O S NS (O N

Although none of the charged states in Eq. (63) is a mass
eigenstate, we approximate the scalar states as mass eigen-
states with masses

m7. = Mj + mi, m%ﬁ =~ M3, (66)

so that the contributions of these states to the amplitude
A(h — 7yv) have the same form. In the fermionic sector,
the contribution to the amplitude A (h — y7y) comes ex-
clusively from the mixing between H* and 7. We can
diagonalize the fermionic mass matrix with two unitary
transformations

é‘l g me 0 G,
5w le) e

where U and V are, respectively, parameterized by ¢
and ¢/,

PHYSICAL REVIEW D 78, 055016 (2008)
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The diagrams that contribute to the amplitude A (h — yvy) in the TESSM. The top three diagrams are present in the

C —S C,/ —S ./
v=( ) v=( ) e
S¢ CGD S¢I Csa/
where ¢, = cosg and s, = sing, and c, and s, are

similarly defined. These mixing angles are given by

an? 2Apv
an2¢ = ,
R TR
2AvM (69)
tan2¢’ = r

M% — M2 — /\21}2'

In terms of the mass eigenstates and mixing angles, the
chargino interactions in Eq. (63) take the form

-LD /\h(_C¢/S¢5161 + C¢,S¢/52€2)

+ )lh(Cgo/Cgpé]PLCz - S¢S¢/52PLC] + HC)
(70)

In Figs. 12 and 13, we illustrate the contributions of light
s-tops and the additional charged states to the diphoton
partial decay width, normalized with respect to the domi-
nant W-boson contribution, assuming m;, = 114 GeV. In
Fig. 12, we show the contributions from the top quark
(constant line), s-tops (solid line), and the charged scalar
states (dotted line). For the s-tops (charged scalar states H;
and T7), the horizontal axis should be interpreted as a
common soft SUSY-breaking mass Mqygy (mass of these
charged scalar states). In Fig. 13, we show the sum of the
fermion contributions as a function of My for different
values of w, and see that even for small values of p and
My (p, My =< 200 GeV), these contributions tend to be
small. We can partially attribute the smallness to a cancel-
lation between the contributions from the two states C, and
C,, as evident in the relative sign difference between the

coefficients of the 2C, C, and hC,C, interactions. Though
these fermionic contributions are small, it is interesting to
note that, while the top-quark contribution interferes de-
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FIG. 12. The ratio of amplitudes A (h — yvy) through scalar
s-tops, H; , and T* loops, compared to the dominant W-boson
loop contribution, as a function, respectively, of a common soft
mass for the s-top (solid curve), and of the mass of the states H
and T (dashed line). We use A = 0.9. The constant, solid line
denotes the top-quark contribution.

structively with the W-boson contribution, the sum of these
fermionic contributions interferes constructively. In any
case, the additional A-induced contributions (both bosonic
and fermionic) to the partial decay width I'(h — yvy) are
small compared to the s-top contributions.

Combining all these contributions to A(h — 7yvy), the
diphoton partial width can be significantly reduced (mostly
from the s-top contributions). For example, with M%;qy =
m3 =0, p=150GeV, M, =200 GeV, and M; =
500 GeV, the amplitude A(h — y7y) is decreased by
(relative to the SM) a factor of

Ay + A, + A; + JZ\H; + A +(Ag, + Ag)
Ay + A,
1—0.23-0.11 - 0.05 — 0.008 + 0.001
N 1—023

~0.78,

0.015
0.0125
0.01

x| =2
%1% 0.0075
0.005
0.0025

0
150 200 250 300 350 400 450 500
Mt (GeV)

FIG. 13. The sum of amplitudes A (h — y7y) given by C, and
C, loops normalized to the dominant W-boson loop amplitude,
as a function of My for u = 150 GeV (solid line), 200 GeV
(dashed line), and 300 GeV (dot-dashed line). Note that these
fermionic contributions are small compared to the s-top contri-
butions shown in Fig. 12.
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and the diphoton decay partial width is decreased, relative
to the SM partial decay width, by a factor of (0.78)* = 0.6.
We therefore can have a photophobic Higgs boson in the
TESSM from the contribution of light s-tops.

IV. FINE-TUNINGS IN TESSM

A. Electroweak sector

Before discussing the fine-tuning in the electroweak
sector of the TESSM, we briefly review the little hierarchy
problem in the MSSM. In the MSSM with large tan3, the
Higgs doublet H, is responsible for most of the EWSB
since v = +/2(H,,), and it has the potential

VHM = (m12'-1u + M2)|Hu|2 + %(82 + gl)lHu|4 (71)
Minimizing the potential then gives

m2 + 2
2H) = 2 = —g T T (72)
8 t &1
so that

— _1
my = —4(g3 + gDvi — p’ (73)
Under radiative corrections, m?, receives large logarith-
mic corrections from the s-top sector, and we can use the
renormalization group equations to infer the value of m%,

at a fundamental scale A,

2 A
+ 3i(m% +ml o+ A%)(ln—)
8772 Q3 Us MZ
(74)
are the SUSY-breaking s-top masses,

m, (A) = m3, (M)

where m2 o, and m2

v,A, is the couphng of the trilinear interaction Q3H,, U3,
and A can be taken as the scale of SUSY breaking. The
large radiative correction leads to fine-tuning f; because
the electroweak scale v depends sensitively on the value of
m%{ at the fundamental scale of SUSY breaking A. We can

quantify this fine-tuning as [56]

Slnv? 3y7 m2 + mqu + A7 A
s = Sty (0) 4 ( e )(1M_)
(75)
As a reference of comparison, for m% = mi_] =A, =

1 TeV, and A = 10° TeV, we have f, = 80 so that the
Higgs sector needs to be fine-tuned to one part in 80. Thus,
even though the electroweak scale is no longer quadrati-
cally sensitive to the fundamental scale A with softly
broken SUSY, it is quadratic sensitive to the s-top masses
and trilinear coupling A,, which are required to be large to
have a Higgs mass that satisfies the LEP bounds, and this
leads to a fine-tuning in the Higgs sector of about one part
in 100. This is the little hierarchy problem in the MSSM.

We can also define other measures of fine-tuning when
given a more fundamental theory (for example, an organ-
izing principle of the soft SUSY-breaking parameters)
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[50,57,58]. However, in this work we are mainly interested
in the low-energy phenomenology of the TESSM without
appealing to a particular fundamental theory, and we will
simply define fine-tuning as in Eq. (75).

In the TESSM with A comparable to the top Yukawa
coupling, we do not need heavy s-top masses nor signifi-
cant mixing in the s-top sector for the Higgs mass to satisfy
the LEP bound, and as such there is little or no fine-tuning
from the s-top sector. On the other hand, m%{ NOW receives
radiative corrections from the triplet sector as well as the
s-top sector

2A~2M+—3yf22+2+A21A
mHu( )—mH“( 7) 82 ms, mf_/z 7) HM—Z
3A2 A

and we can follow the same steps and reasoning as before
to have an estimate of the fine-tuning due to the triplet

sector fr
3A% (m3 + A} A
~— [— 2 ) In—
fr 4772< W )( “Mz)’ 77

so that f; = 40, for example, would mean a tuning in

m%,“ (A) to one part in 40. The value of f; indicates the

. 2 : 2
percent Change In v“ per a one-percent Change n mH“ ata

fundamental scale of SUSY breaking, Generally, with
large A, for a given mass of the lightest CP-even Higgs
boson, the fine-tuning in m%{ is less in the TESSM than the
MSSM. In Fig. 14, we plot f for the data points shown in
Fig. 7, where we see a rough general trend of increasing
fine-tuning with increasing Higgs mass. On the other hand,
it is possible to have points with relatively small f7(fr <
20) that satisfy the LEP2 bound of m;, > 114.4 GeV, as
demonstrated in Point 1 of Table I. This is a great improve-
ment over the MSSM, and it is a consequence of the large

500 T T T T

400 -

300 ,".'-_ A
‘J: g

2008 3 ,4"‘ ;

100

90 100 110 120 130 140
my, (GeV)
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tree-level mass we can obtain in TESSM, so we do not have
to rely on large radiative corrections from m? and A,.

B. Triplet sector

The vev of T is induced by the vevs of the Higgs dou-
blets because the vevs of the Higgs doublets v, ; induce a
tadpole from the trilinear interactions of the form HTH in
the second line of Eq. (12). We noted earlier that some
cancellation between a priori unrelated parameters (u and
My sin2 3, for example) is required to keep v, (and thus
AT) small and this leads to fine-tuning in the triplet sector.
However, it is worth pointing out that v, here does not
receive a large radiative correction that requires a fine-
tuning as severe as the fine-tuning in the hierarchy problem
in the triplet-extended standard model potential analyzed
in Chivukula et al. [34]. It is easiest to see this in the limit
m% = By = A2 = 0 (SUSY limit in the triplet sector)
where the triplet vev v, in Eq. (27) takes a particularly
simple form

Q()wz)“ ~ Mrspcp

, (78)
2 M2+ 2

v, =
and the 1-loop corrections to v, then involve 1-loop cor-
rections to the parameters A, v, 4, and My. The parameters
A, w, and My come from the superpotential, and the non-
renormalization theorem dictates that the radiative cor-
rections to these parameters run only in a logarithmical
manner due to wave function renormalizations only.
Though the loop corrections to v, ; may require a fine-
tuning of one part in a few hundreds (this is the little
hierarchy problem in the MSSM), this is much more be-
nign than the fine-tuning in the triplet-extended SM studied
in Chivukula et al. [34].

On the other hand, there is a source of fine-tuning in v,
because we often require some degree of cancellation to
make AT small. We can define a quantitative measure of
fine-tuning in AT by

500
400

300 Fri ¥

100 ko

90 100 110 120 130 140
my, (GeV)

FIG. 14. Fine-tuning [as defined in Eq. (77)] as a function of the mass lightest CP-even Higgs boson. This is typically less than the
fine-tuning of the MSSM [as defined in Eq. (75)] and the NMSSM. The plot on the left has A = (.8, and the plot on the right has

A=0.9.
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4uMy + sin2B(m3 + By — 2A,My — M3 + A v?)

PHYSICAL REVIEW D 78, 055016 (2008)

o0 InAT 6 Inv, (
KT = =

5111MT_ SIHMT_

so that k7 is large when there is a large cancellation in the
combination

sin2B(A, + My) —2pu,

that makes AT unnaturally small.

The definition in Eq. (79), however, may not be satis-
factory because it does not take into account the range of
allowed AT. For example, for the parameters listed in
Eq. (37)

tan =3, A=09 u=150GeV,
m% = By = A2 = (200 GeV)?,
we have viable AT in the regions

250 GeV < My <375 GeV, or My >3.0TeV,

and it may be reasonable to expect that any value of My in
the small range between 250 GeV and 375 GeV is equally
fine-tuned. However, Eq. (79) would give different values
of kr for different values of M7, and may even diverge if
M7 is such that we have v, = 0. It is true that when v, = 0
we have unnatural, complete cancellation, but in our work
we only use v, in a binary way: to distinguish cases with
viable AT from those with unacceptably large AT. Once v,
is small enough to have viable AT, we do not care whether
v, =1 GeV or v, = 0.01 GeV, for example.

As in Sec. II, we can also estimate the fine-tuning in AT
due to My as shown in Athron et al. [50] when there is a
cancellation in the numerator of Eq. (36) that makes AT
small. With all parameters other than M, fixed, we first
compute M7 such that for My > M7, AT is always viable
(AT < 0.1), and define fine-tuning as

Mz
Range of My (with My < M) that gives viable AT"
(80)

This definition of fine-tuning is harder to implement be-
cause, given a set of parameters except M, we first have to
find out if regions of M; allowed by AT comes about
because of cancellations, before we can apply Eq. (80).
For example, it is possible that AT is always viable for any
value of M7 (as are the cases for Points 3 through 6 of
Table I), so that we can not apply Eq. (80) as there is no
fine-tuning in AT. Despite its limited applicability com-
pared to k7, k% may be a more reasonable measure of fine-
tuning when there is a cancellation that leads to a small
value for AT. For Point 1(2) in Table I, we have k; ~
33(11) and «} ~4.7(6.4), corresponding to a 33(11)%
change in AT per a 1% change in M, and also cancellation
of one part in 4.7(6.4). For the other four points in Table I
where /. in Eq. (80) is not well defined, the values of k7

/

K

Sin2B(AA2[+VI JTVIT) - 2M)<

: . (79)
M} + mj + By + 4-v° )

I
are small, indicating small fine-tuning for these sets of

parameters. Since a complete analysis of fine-tuning in
the triplet sector in the TESSM is outside the scope of
this work, we will conclude this section noting that in an
extreme case [Eq. (37)], x} ~ 24, so we suspect that the
typical fine-tuning in the triplet sector be less than one part
in 24.

V. CONCLUSIONS

In this work, we have revisited a very simple extension
to the MSSM by adding a hypercharge-neutral,
SU(2)-triplet chiral superfield. We considered this model
as a reasonably economical extension of the MSSM and an
alternative to the NMSSM, and extended the phenomeno-
logical studies in several directions. In addition to discus-
sing the decoupling behavior of the triplets and comparing
it to the decoupling behavior of the singlet of the NMSSM,
we have computed the mass of the lightest CP-even Higgs
boson to one loop in the large quartic coupling A. With A,
the Higgs-triplet-Higgs coupling in the superpotential,
being comparable with the top Yukawa coupling, we find
that the model is able to satisfy LEP2 bounds on the Higgs
mass without contributions from the s-top sector. At the
expense of perturbativity at the GUT scale, we have
checked that the model can give much smaller fine-tuning
in the electroweak sector than the MSSM. In the triplet
sector, there may be fine-tuning in having small oblique
corrections, but we estimate this fine-tuning to be no worse
than about one part in 30.

With large A, the TESSM opens up previously forbidden
regions of parameters in the MSSM. In particular, both
s-tops can be light in the TESSM. The light s-tops can
then lead to phenomenology that is very different from
the MSSM with important implications for the LHC, such
as a Higgs boson that is both gluophilic and photophobic.

Our simple analysis here can be extended in many
directions, and these further studies must be done if the
model is going to make precise predictions at the LHC.
With large A, there can be important higher-loop effects to
the mass of the lightest, CP-even Higgs boson. Further-
more, important higher-loop QCD effects must also be
included to properly study the gluon-gluon fusion produc-
tion and the diphoton decay of the Higgs boson. We leave
these open projects for the future and hope they may add to
the already rich possibilities of phenomenology that will be
seen at the LHC.
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APPENDIX A: FIELD-DEPENDENT
MASS MATRICES

In this appendix, we list the field-dependent matrices
that enter into the Coleman-Weinberg potential in Eq. (55).
We have five mass matrices, one for each set of particles:
the CP-even Higgs bosons (M,), the CP-odd Higgs bo-
sons (M}), the charged Higgs bosons (M,.), the neutrali-
nos (Mp), and the charginos (Mp). We first list the
elements of the Higgs bosons.

1
(M2)yy = nry, + w2 + 5 (g} + gDBa} — ad)

/\2
+ 5 (a7 + aj) = V2Apa, (A1)
1
(M2 = =B, — 7 (&1 + gDayay + Naay
A
+—=(A, + My)a, A2
\/E( A T) t ( )
A
(M2)15 = Na,a, — N2Apa, +—=(A, + Mp)a, (A3)
V2
/\2
(M2),, = m%l + p?+ —(G% + a3)
+ = (g1 + ¢)Ba% — a2) — V2Aua, (Ad)

(M2)y3 = Xaga, — 2Apay + \%(A/\ + Mr)a,, (AS)
/\2
(M2)33 = M2 + m% + By + 7(%2, + al), (A6)
(Mp)y = my + p + (g1 + g3)(ak — a?)
+ 7(a,2 +d2) — V2Apa, (A7)
n A
(M3, =B, — E(MT + A)a, (A8)
N A
(Mp)13 =—=Mp — A)ay, (A9)

NG

PHYSICAL REVIEW D 78, 055016 (2008)

1
(M} = mpy, + p* + g(afz —ay)(gt + &)

/\2
+ 7(a,2 +a?) — 2Aua, (A10)
A
(M32)y; = E(MT —A)a,, (A1D)
/\2
(M2)33 = M2 + m3 — By + — (a3 + a2), (A12)
T 2 d
2_ 2
(M?),, = m%] +ptt ()‘2 -8 3 gz)“%i
1 P
+§(81 + gz)a + \/—/\Mat 701, (A13)

(M2),, = B, + 2(/\2 > )ada + \/E(MT + A)a,

(A14)
1 g3
(M%)IS = Apa, + \/_§</\2 - f)auat — AMray, (A15)

2 1L/, 8
(Mc)lél = Apa, — \/_§<A - ?)aua
. gz)au

)\2
42 (gl + gd)a + V2 ua, + S ar

,— AMyag, (A16)

(M32), —mzzq + u?+ ()\2

(A17)

1 2
(.7\/12)2'; = _)l/.LCld + —</\2 >adat + AA)‘GM,

NG 2
(A18)

1
(M3)s = —Apay — \/—§<)‘2 gzz)adaz + AMra,,

(A19)
2
(Md)33 = M7 + m} + %(afl +2af — a}) + A’a;,
(A20)

5
(M%)M = Br — _atz,

5 (A21)

2
(M2)yy = M} + m3 + %(ag +2a} — a}) + Aa,

(A22)

2 satisfy the minimization conditions Eqs. (28)

where my
and (29).
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For the neutralino and charginos, since we do not take
into account mixing with the gauginos, we have reduced
matrices compared to those in Eqgs. (40) and (42), and here
we can simply replace the vevs by the corresponding
particle

— A 1
0 ) m+ B 715/\65“
My=|-n+%a 0 Hhag |, (A23)
715)«% 715/\ad My
A _
M= (“ :aﬁ‘” A’l\“f’ ) (A24)
u T

APPENDIX B: DIPHOTON DECAY WIDTH
OF A REAL SCALAR

In this appendix, we review the formula for the de-
cay width of a real scalar ¢° (with mass m,) decaying
into two photons I'(¢° — yvy) [52]. Generally, given the
interactions

A -
LD —As"s g0 =2 ¢ + AW W, 40 (BD)

where s () {W,} is a charged scalar (fermion)
{gauge boson} with mass m; (m,,) {my } and electric charge
Q; (Q,) {Qw}, the diphoton partial decay width is given by

I'(¢%— vy)
2
— _%em 2 My 2 Mg
=— N,A —F, + NAQ;—F
10247T3M¢| U pol/;ml/j Y K st mg s
2 My :
+ NyAwQyy— Fy | (B2)
w
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where N, are factors to account for additional degrees of
freedom (such as color) and

Fs = Ts[l - Tsf(Ts)]» (B3)
FW = 2 + 3TW + 3Tw(2 - Tw)f(Tw), (BS)
where
m2
T, =4—, fori=s 4 W, (B6)
My
. 1y2 .
Flr) = {(arlcsm;/;) N %f T>1, (B7)
—Z(lnn—t —im)? if 7 <1,
ne =11 -7 (B8)

In the case of colored particles, we can make the
replacement

NQ*a?, — 2a? (B9)

to compute the digluon decay width I'(¢° — gg), which

is related to the gluon-gluon fusion production cross sec-
tion by

T

2
o(gg — ¢°) = —5T(¢°— gg).

(B10)
8m¢
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