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1. Introduction

Nowadays, there are serious reasons to believe that new particlesamtiions should exist
at the TeV scale. We expect that LHC might be able to shed light on the gHysyond the Stan-
dard Model (SM), origin of dark matter and the mechanism of electronie¥k) (symmetry break-
ing in the near future. At the moment the supersymmetric (SUSY) models areshenotivated
extensions of the SM. SUSY models are defined by the field content, seunftgauge interac-
tions and superpotential. In order to give both up- and down-type fesraamass and to ensure
anomaly cancellation the Higgs sector of the minimal supersymmetric standard (WgigM)
includes two Higgs doublet$if andH,) with the opposite hypercharge. Also in SUSY models R-
parity is normally imposeqR = (—1)3B-1)+25) |t forbids the baryon and lepton number violating
operators that lead to rapid proton decay. R-parity ensures that theslighigersymmetric particle
(LSP) is absolutely stable and can play the role of dark matter. The mosiajemeormalizable
superpotential of the MSSM can be presented in the following form

Wussm= &j (YspQUUSHS + y2,QLdSH! + oL ieSH! + uHIH)), (1.2)

wherei, j = 1,2,3 are theSU(2) anda,b = 1,2,3 are the generation indices. In Ef. [1.1) colour
indices are suppressed.

Since SUSY particles are considerably heavier than observed quadlgptons supersym-
metry must be broken. Thus the Lagrangian of SUSY models can be written as

Zz ZXSUSY‘ngoft- (1-2)

where %51t contains soft SUSY breaking terms that break supersymmetry but do doten
guadratic divergences that get cancelled automatically within the modeld baske exact global
supersymmetry. In the MSSM the set of the soft SUSY breaking terms irelude

—Zsoft = i n}2‘¢| ’2 -+ (% Ya Ma;a;\a + Za,b[AngngaﬁgHz

- i} (1.3)
+ ASYanQadsH1 + ALpyepla8iHa] + BuHiH2 +hc.),

where¢; are scalar components of chiral superfields Wﬁ'u,eare gaugino fields. To avoid fine—
tuning SUSY breaking mass parameters are expected to be in the TeV range.

2. EW symmetry breaking in the M SSM

Including soft SUSY breaking terms and radiative corrections, the Hiffgstive potential in
the MSSM can be written as

2
V = M2JHy 24 B Ha 2 — mB(HiHa 4 he) + % (Hy OaHy + Hy 0aH,)?

g°

+5 (M = He) 2V (2.1)
whereg = 1/3/501, g2 andg; are the low energy (GUT normalise8J(2)y, andU(1)y gauge
couplings,n€ = M + u2, mg = mg_+ p? andmg = —Bp. In Eq. (Z)AV represents the contri-

bution of loop corrections to the Higgs effective potential.
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At the physical minimum of the scalar potentipl {2.1) the Higgs fields developura expec-
tation values (VEVSs)

1 (v 1 /(0
<H1>=\/§<0>, <H2>:\/§<V2>. (2.2)

breaking theSU(2)w x U (1)y gauge symmetry ttJ (1)em associated with electromagnetism and

generating the masses of all bosons and fermions. The valie-qf/v2 +v3 ~ 246 GeV is fixed
by the Fermi scale. At the same time the ratio of the Higgs VEVs remains arbitdanyce it is
convenient to introduce tgh= v, /v.

The vacuum configuration (2.2) is not the most general one. Becdtise 8U(2) invariance
of the Higgs potential(2.1) one can always makél,” >= 0 by virtue of a suitable gauge rota-
tion. Then the requirement H; >= 0, which is a necessary condition to preseMd )em in the
physical vacuum, is equivalent to requiring the squared mass of thécphgharged scalar to be
positive. It imposes additional constraints on the parameter space.

At tree—levelAV = 0 and the Higgs potential is described by the sum of the first five terms in
Eqg. (2.1). Notice that the Higgs self-interaction couplings in Eq} (2.1) »ee find determined by
the gauge couplings in contrast with the SM. At the tree—level the MSSM Hhiggtial contains
only three independent parameters?, m3, m3. The stable vacuum of the scalar potentfal](2.1)
exists only if

mi +mg > 2|mg?. (2.3)

This can be easily understood if one notice that in the lirhit v3 the quartic terms in the Higgs
potential vanish. In the considered case the scalar potefntipl (2.1) repusitive definite only if
the condition [23) is satisfied. Otherwise physical vacuum becomes les@ib the other hand
Higgs doublets acquire non-zero VEVs only when

Mg < |mg|*. (2.4)

Indeed, ifm?m3 > |mg|* then all Higgs fields have positive massesvpr= v, = 0 and the break-
down of EW symmetry does not take place. The conditipng (2.3) and (2etfalsw from the

equations for the extrema of the Higgs boson potential. At tree—level the mitiomizzonditions
in the directions[(2]2) in field space read:

oV 0’

ovi (m%+ g8 <V%_v%)) iz =0,

0 ~2

0\\//2: (n1§+98(v%—v§)>vZ—ﬂ”§V1=0, (2.5)

whereg = , /g% + g2 Solution of the minimization condition§ (R.5) can be written in the following
form

NP = e 2" taPp-1

Requiring that? > 0 and| sin2B| < 1 one can reproduce conditiorfs {2.3) ahd](2.4).
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From Egs. [2]3)1(26) it is easy to see that the appropriate breakdbthe & W symmetry
can not be always achieved. In particular the breakdowSW2)y x U(1)y — U(1)em does
not take place whem% = m% This is exactly what happens in the constrained version of the
MSSM (cMSSM) which implies that?(Mx) = mg, A% (Mx) = A, Mg (Mx) = My/,. Thus in the
cMSSMmE(My) = mé(My). Nevertheless the correct pattern of the EW symmetry breaking can
be achieved within this SUSY model. Since the top—quark Yukawa coupling is iisadfects the
renormalisation group (RG) flow @fi2(Q) rather strongly resulting in small or even negative values
of m(Q) at low energies that triggers the breakdown of the EW symmetry. This is tealtzn
radiative mechanism of the EW symmetry breaking (EWSB).

The radiative EWSB demonstrates the importance of loop effects in the eoedigrocess.
In addition to the RG flow of all couplings one has to take into account loogectons to the
Higgs effective potential which are associated with the last #vfrin Eq. (2.1). In the simplest
SUSY extensions of the SM the dominant contributiomM® comes from the loops involving
the top—quark and its superpartners because of their large Yukavpdirgpty,. In the one—loop
approximation the contribution of the top—quark and its superpartnek¥ tic determined by the
masses of the corresponding bosonic and fermionic states, i.e.

=g rt (-3 et (o5t (o)) e

m,, = % (M8 + -+ 2P £ /(MG — B )2+ 4P X2

whereX; = A, — u/tan is a stop mixing paramete# is a trilinear scalar coupling associated
with the top quark Yukawa coupling amd is the running top quark mass

he (M)
V2
Initially the sector of EWSB involves eight degrees of freedom. Howeueretlof them are

massless Goldstone modes which are swallowed byheandZ gauge bosons. Th&* andZ
bosons gain masses via the interaction with the neutral components of theddiggsts so that

m (M) = vsing.

02
My = =V Mz =
w= 5V z

When CP in the MSSM Higgs sector is conserved the remaining five physgaées of
freedom form two charged, one CP—odd and two CP-even Higgs stdtesnasses of the charged
and CP-odd Higgs bosons are

M = M8+ M8+ Aa, MEs = MR+ M +Ax (2.8)

whereA, andAp are the loop corrections. The CP—even states are mixed and formi2an2ass
matrix. It is convenient to introduce a new field space bési$) rotated by the angl@ with
respect to the initial one:

ReH? = (hcosB — Hsin +vi)/V/2,
ReH? = (hsinf + H cosB +Vvy)/V/2. (2.9)
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In this new basis the mass matrix of the Higgs scalars takes the [fprm [1]

2 2 oV 10V
ve_ [ M) [ ov vovaB (2.10)
w2z w2z (19w 10V | '
21 22

vavip Vv2oB2

. 1 ., .
M2, = m% + M2 sir? 28 + Agy, MEZ:M§1:—§M§S|n4,8+A12, (2.11)

M2, = M2cos2B + A1,

whereAj; represent the contributions from loop corrections. In Efjs. [2.11) duatéons for the
extrema of the Higgs boson effective potential are used to elim'rn%a\andrr%.

From Egs. [(2]8) and (2]11) one can see that at tree—level the maskesupiings of the
Higgs bosons in the MSSM can be parametrised in termand tar only. The masses of the two
CP—even eigenstates obtained by diagonalizing the méiri{ (2[10}-(2. diyaneby

1
nﬁl,hz =5 (M§1+ M2, F \/(Mgz_ MZ,)2 +4Mf2> . (2.12)

The qualitative pattern of the Higgs spectrum depends very strongly amakem, of the pseu-
doscalar Higgs boson. With increasing, the masses of all the Higgs particles grow. At very
large values ofmp (mf\ > V?), the lightest Higgs boson mass approaches its theoretical upper limit

M. Thus the top-left entry of the CP—even mass mafrix {2.10)4(2.11) egeean upper
bound on the lightest Higgs boson mass—squared. In the leading twodpagxanation the mass
of the lightest Higgs boson in the MSSM does not exceed-1B85 GeV. This is one of the most
important predictions of the minimal SUSY model that can be tested at the LHC netrduture.

It is important to study the spectrum of the Higgs bosons together with theiliogs to the
gauge bosons because LEP set stringent limits on the masses and cooiftlivegkliggs states. In
the rotated field basiéh,H) the trilinear part of the Lagrangian, which determines the interactions
of the neutral Higgs states with tZe-boson, is simplified:

Lazn = %Mzzuzluh-i- gzu H(duA> — (dIJH)A . (2.13)

In this basis the SM-like CP—even componkriouples to a pair oZ bosons, while the other one
H interacts with the pseudoscalaandZ. The coupling oh to theZ pair is exactly the same as in
the SM. The couplings of the Higgs mass eigenstatetpair (gzzn, | = 1,2, 3) and to the Higgs
pseudoscalar and boson ¢zan) appear because of the mixing betwdesndH.

Following the traditional notations, one can define the normali®etbuplings asgyvn =
Ryvh x SM coupling(V = Z, W%); gzan = gRZAh. The absolute values of all theRecouplings
vary from zero to unity. The relative couplingz, andRzan are given in terms of the angles
andp:

Ryvh = —Rzan, =sin(B —a), Rvvh, = Rzan = cogB —a), (2.14)
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Figure 1: Left: The dependence of the one—loop lightest Higgs boson malg éor tanf3 = 2. Right: The
one—loop mass of the lightest CP—even Higgs state vévigusr tan = 3. The solid and dashed—-dotted
lines correspond t% = 2Mg andX; = Mgrespectively. The horizontal line represents the curr& Limit.

where the angle is defined as follows:

hy = —(vV2ReH? —vy) sina + (vV2ReH? — v,) cosar,

2.15
h, = (V2ReH? —v;) cosa + (vV2ReH? — v;) sina . (2.15)

From Egs.[(2.]4) it becomes clear that in the MSSM the couplings of the lighiggs boson to the
Z pair can be substantially smaller than in the SM. Therefore the experimewel bmund on the
lightest Higgs mass in the MSSM is weaker than in the SM. On the other hand,mﬂh@ V2 the
lightest CP—even Higgs state is predominantly the SM-like superposition oétheahcomponents
of Higgs doubletsh so thatRzz, ~ 1. In this case the lightest Higgs scalar has to satisfy LEP
constraint on the mass of the SM-like Higgs boson, i.e. it should be heaaied i#4 GeV.

Recent studies indicate that in the MSSM the scenarios with the light Higgs qesealar
(ma ~ 100GeV) are almost ruled out by LEP. Sinog tend to be large the SM—like Higgs boson
must be relatively heavy. At the same time the lightest Higgs boson mass in thisl &3 not
exceedViz ~ 91 GeV at the tree—level. As a consequence in order to satisfy LEP amtstlarge
contribution of loop corrections to the mass of the lightest CP—even Higgsstatguired. When
SUSY breaking scal®ls is considerably larger thakl; andmg, ~ mfj ~ M3 the contribution of
the one—loop corrections mﬁ1 in the leading approximation can be written as

. M [Xf< 1Xt2> <M§>}
Ay =~ 1= | +in( =) |- (2.16)
1 2mv? | M2 12M3 ny
1

The large values czﬁ(ll) ~ M% can be obtained only s > m and the ratigX;/Mg| is also large.

The contribution of the one—loop correctiofis (2.16) attains its maximal valuge- 6M3. This

is the so—called maximal mixing scenario. In Figs. 1a and 1b the depend&ttue ane—loop
lightest Higgs boson mass on the SUSY breaking Seigléor tanf3 = 2 and tar8 = 3 is examined.

Two different case®; = Mg andX; = 2Mg are considered. From Figs. 1a and 1b one can see that
in order to satisfy LEP constraintds should be larger than 400600 GeV. Leading two—loop
corrections reduce the SM—like Higgs mass even further. As a resudirlsedues of the SUSY
breaking scale are required to overcome LEP limit.
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Large values of the soft scalar masses of the superpartners of the!adp(q%, mg > M2)
tend to induce large mass parame‘rérat low energies due to the RG flow. This leads to the fine
tuning because® andmZ determine the EW scale (see Eds.](2.6)). Generically the fine tuning
which is required to overcome LEP constraints in the MSSM is of the orde¥flittle hierarchy
problem). This fine tuning should be compared with the fine tuning in otheridewnthich are
used in particle physics. In particular, it is well known that QCD is a highlg-finned theory.
Indeed, QCD Lagrangian should contai+term”

g ~
Lo = Oeti o~ FHV3F3
6 eff8n_

1> Bett = 6 +arg detMy, (2.17)

whereFH s the gluon field strength arfé, = 1,1,p0F P2 is its dual. This term is not forbidden
by the gauge invariance. On the other hand the pararfateust be extremely small, i.€6q¢| <
109 (strong CP problem). Otherwise it results in too large value of the neutrarrieleipole
moment. Eqs.[(2.17) demonstrate that so small valupimplies enormous fine tuning which is
much higher than in the MSSM.

The little hierarchy problem can be solved within SUSY models that allow to detively
large mass of the SM-like Higgs bosany( > 100— 110GeV) at the tree-level. Alternatively, one
can try to avoid stringent LEP constraints by allowing exotic decays of theelgliiggs particle.
If usual branching ratios of the lightest Higgs state are dramatically redien the lower LEP
bound on the SM-like Higgs mass may become inapplicable. In this case thetlidigtgs boson
can be still relatively light so that large contribution of loop corrections is nequired. Both
possibilities mentioned above imply the presence of new particles and intemcfidrese new
particles and interactions can be also used to solve the so-galtedblem. This problem arises
when MSSM gets incorporated into supergravity and/or GUT models. Withsetheodels the
parametey is expected to be either zero or of the order of Planck/GUT scale. At the e in
order to provide the correct pattern of the EW@Bs required to be of the order of the EW scale.

3. Higgs sector of the NM SSM

In the simplest extension of the MSSM, the Next—to—Minimal Supersymmetric &mbdel
(NMSSM), the superpotential is invariant with respect to the discreteftranationsg, — €2/3q,
of the Z3 group (for recent review se¢|[2]). The tem{H1H) does not meet this requirement.
Therefore it is replaced in the superpotential by

WH :)\S(Hle)—l—%KSB, (3.1)

whereS s an additional superfield which is a singlet with respecgty(2),y andU(1)y gauge

transformations. A spontaneous breakdown of the EW symmetry leads tonrgence of the

VEV of extra singlet field< S>=s/+/2 and an effective: parameter is generated & As/v/2).
The potential energy of the Higgs field interaction can be written as a sum

V =VE +Vp +Veort +AV, (3.2)

Ve = A2[SP(|Hy|? + [H2[) + A2|(HiHo) [> + Ak [S(HiHp) + h.c.] + k2|S*, (3.3)
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2 12
2
Vo = %2 (H OaHy + Hy Oabo)® + % (JHu2 = [Ho?)?, (3.4)
K
Vot = M| Hy |2 + mB|Ha|2 + 2|9 + [/\A,\S(Hng) 4 §AK§+ h.c.] . (3.5)

At the tree level the Higgs potentidl (B.2) is described by the sum of thelfitesé termsVe and
\p are theF andD terms. Their structure is fixed by the superpotenfial] (3.1) and the EW gauge
interactions in the common manner. The soft SUSY breaking terms are colladigd:. The set
of soft SUSY breaking parameters involves soft massgsns, mé and trilinear couplingg\, A, .
The last term in Eq.[(3.2)AV, corresponds to the contribution of loop corrections. In the leading
one—loop approximatioAV in the NMSSM is given by Eqs[(2.8) in whigh has to be replaced
by As/+/2. Further we assume that k and all soft SUSY breaking parameters are real so that CP
is conserved.

At the physical vacuum of the Higgs potential

1 \1 1 0 S
<Hi>=— , <Hy>=— , <S>=—. 3.6
: ﬁ(o) : ﬁ(w) V2 (56

The equations for the extrema of the full Higgs boson effective potentthlerirections[(3]6) in
the field space are given by

2
N _ <m§+ %(v{+v§) —/\KV1V2> s My, K2 yog OBV 0, (&7

Js V2 V2 Js
ov A? o AA, oAV
avl—<m§+2(v§+sz) Li- )u- (e w2 <0 @9
02 A A d
<m%+ (VB+2)+ 2 (VS V§)>Vz—< 2Rey \2 ) 1+0A\2/0 (3.9)

As in the MSSM upon the breakdown of the EW symmetry three goldstone m&dear(d G°)
emerge, and are absorbed by We andZ bosons. In the field space basis rotated by an afigle
with respect to the initial direction, i.e.

H; =G cosB+H"sing, Hy =H"cosB —G"sin,
ImH? = (PsinB +G%cosB)/v/2, ReH = (hcosB —Hsinf +v1)/v/2,
ImH? = (PcosB — G°sinB)/v/2, ReH = (hsinB +H cosB +V2)/v2,
ImS=Ps/V/2, ReS= (s+N)/v?2,
these unphysical degrees of freedom decouple and the mass terms iggldébison potential can
be written as follows

(3.10)

H
P 1
Vimass= MHiH+H + 2 (P Fé) (PS>+2(HhS)M2 h|. (3.11)
S

From the conditions for the extremp (3.7)={3.9) one can exprdsa®, m3 via other funda-
mental parameters, t@ands. Substituting the obtained relations for the soft masses in th@ 2
CP-odd mass matrib?lizj we get:

)\2

K . - .
(x—ﬁsm2[5)+A11, M2, = Tx+—v23|n23 3/\AKu+A22,

4

e
Miy =M = sint 2
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K
sin28 23

NiZ, = Ni2, = v/2A vy ( ) A, (3.12)

1 . A ~ I :
wherex = 2 (AA +2;u> sin2B, u = —z andA;j are contributions of the loop corrections to

the mass matrix elements. The mass mafrix {3.12) can be easily diagonalizedrigspanding
eigenvalues are given by

1/ ~ ~ ~ ~ ~
Mo = 5 (Mfﬁ N3, |/ (N2, — NiZ,)2 +4Mi‘z> : (3.13)

Because the charged components of the Higgs doublets are not mixed witbuinal Higgs
states the charged Higgs fields™ are already physical mass eigenstates with

A%2

HereA. includes loop corrections to the charged Higgs mass.
In the rotated basid ,h, N the mass matrix of the CP—even Higgs sector takes the fgrrfi [1],[3]:

102V 1 9% 19

M$; MZ, My V207 v OvOB v ISP
19V 9N o
M2=| M2, M2 M2, | =] = , 3.15
21 Viz2 Wiz vdvzﬁﬁ 03,2 0\?5 ( )
M3, M3, M2, 10V oV

vdsdB dvds  93%s

2 A2
M2, = g + (g -5 VPSIn? 2B + Mgy,

4
A .
M3, = MZcog 2B + 7v25m22[3 + 02,
K2 K AN KA,
M2, = 4ﬁu2+—AKu+?x—?vzsm2{3+A33, (3.16)
A 0 .
Mfz = Mglz 4—%>v23|n4,8+A12,

M3 = M3 = —V2Avuxctg2B + A,
M2, = M2, = V2Av(1—X) +Dgs,

whereAj; can be calculated by differentiatimy .

At least one Higgs state in the CP—even sector is always light. Since the mingaavalue of
a Hermitian matrix does not exceed its smallest diagonal element the lightestgbR4iggs boson
squared mass¥, remains smaller thahlZ, ~ MZ even when the supersymmetry breaking scale is
much larger than the EW scaleThe upper bound on the lightest Higgs mass in the NMSSM differs
from the theoretical bound in the MSSM only for moderate values g8tdn the leading two—loop
approximation the lightest Higgs boson mass in the NMSSM does not excB&k13 As follows
from the explicit form of the mass matricds (3.12) ahd (3.16) at the tred-tixespectrum of the
Higgs bosons and their couplings depend on the six paramaétstsu, tanf, Ax andma (or x).

1The same theorem may lead to the upper bound on the mass of the lighteatine B].
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First let us consider the MSSM limit of the NMSSM. Because the strength ahtbeaction
of the extra SM singlet superfie®with H; andH; is determined by the size of the coupliagn
the superpotential (3.1) the MSSM expressions for the Higgs massesapiihgs are reproduced
whenA tends to be zero. On the other hand the equations (8.8)—(3.9) implyghatild grow with
decreasing\ asMz/A to ensure the correct breakdown of the EW symmetry. In the lmit O
all terms, which are proportional tov;, in the minimization conditiong (3.7) can be neglected and
the corresponding equation takes the form:

KA 22
S<m§—|—\/§S—|—K 52)_0 (3.17)

The Eq. [3.1]7) has always at least one solutigr- 0. In addition two non-trivial roots arise if

A2 > 8m2. They are given by
/p2

Ak /A~ B (3.18)
2v/2K
Whenn‘é > 0 the rootsy = 0 corresponds to the local minimum of the Higgs potenfial (3[2)-(3.5)
that does not lead to the acceptable solution ofgtheroblem. The second non-trivial vacuum,
that appears iAZ > 8m2, remains unstable fok2 < 9m2. Larger absolute values 8§ (A2 > 9m2)
stabilizes the second minimum which is attained at s;(s;) for negative (positiveAc. From
Eq. (3:IB) it becomes clear that the increasing ofn be achieved either by decreasingr by
raisingm% andAx. Since there is no natural reason wir@andAK should be very large while all
other soft SUSY breaking terms are left in the TeV range, the valu@sasfdk are obliged to go
to zero simultaneously so that their ratio remains unchanged.

Since in the MSSM limit of the NMSSM mixing between singlet states and neutral @omp
nents of the Higgs doublets is small the mass matrices|(3.12] an#l (3.15)-¢anl1i63 diagonalised
using the perturbation theory] [U[[J[}[SH[7]. At the tree—level the neassf two Higgs pseu-
doscalars are given by

o AP K . K
mi, ~ Mg = P28 (x—ﬁsm%) , ma, =~ —35 AL (3.19)

S22~

The masses of two CP—even Higgs bosons are the same as in the MSSM.(§2&8) while the
mass of the extra CP—even Higgs state, which is predominantly a SM singletdistd by u

K? K A2 22222 (1—x)?
~A P+ A = xsirt 2B —
Mhe ~ 45z H° A+ P~ MzZcog2p
The parameteA, occurs in the masses of extra scatagy, and pseudoscalan,, with opposite
sign and is therefore responsible for their splitting. To ensure that theiqalywacuum is a global

minimum of the Higgs potential (3.2)F(B.5) and the masses-squared of ak Kigtes are positive
in this vacuum the paramet&y must satisfy the following constraints

(3.20)

—3<;u)2§AK (;u) <0. (3.21)

The experimental constraints on the SUSY parameters obtained in the M$&hrealid in the
NMSSM with smallA andk. For example, non—observation of any neutral Higgs particle and
chargino at the LEP Il imply that tgh > 2.5 and|u| = 90— 100 GeV.

10
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Figure 2. One—loop masses of the CP—even Higgs bosons vengusr A = 0.6, k = 0.36, tan3 = 3,
u =150GeV,Ac = 135GeV,mg = nfj = M&, X = v/6Ms andMs = 700GeV. Solid, dashed and dashed—
dotted lines correspond to the masses of the CP—even, CRnddtharged Higgs bosons respectively.

Decreasing reduces the masses of extra scalar and pseudoscalar states sokhatiathey
can be the lightest particles in the Higgs boson spectrum. In theximitO the mass of the lightest
pseudoscalar state vanishes. In the considered limit the Lagrangian SMB&M is invariant
under transformations dBU(2) x [U(1)]? global symmetry. ExtraJ (1) global symmetry gets
spontaneously broken by the VEV of the singlet fi§|djiving rise to a massless Goldstone boson,
the Peccei—Quinn (PQ) axion. In the PQ-symmetric NMSSM astrophysisahadiions exclude
any choice of the parameters unless one allsvis be enormously largex(10° — 101 GeV).
These huge vacuum expectation values of the singlet field can be cahgigtethe EWSB only
if A ~10°°—10° [B-[B]. Therefore here we restrict our consideration to small but+zero
values ofk < A2 when the PQ-symmetry is only slightly broken.

As evident from Eq.[(3.20) at small valuesiothe mass—squared of the lightest Higgs scalar
tends to be negative ji1| is large and/or the auxiliary variablediffers too much from unity. Due
to the vacuum stability requirement, which implies the positivity of the mass—stjohedl Higgs
particles x has to be localized near unity, i.e.

B V2kMz

V2kMz
A2y '

1
A2y

<1+

(3.22)

This leads to the hierarchical structure of the Higgs spectrum. Indeethinmg LEP limits on

tanf andu one gets thaln,% > 9M2x. Because of this the heaviest CP—odd, CP—even and charged
Higgs bosons are almost degenerate with masses aroynd utan8 while the SM—like Higgs
state has a mass of the ordedf.

The main features of the NMSSM Higgs spectrum discussed above aigetetahen the
couplingsA andk increase. For the appreciable valuescadndA the slight breaking of the PQ-
symmetry can be caused by the RG flow of these couplings from the GUTMgai@My. In the
infrared region the solutions of the NMSSM RG equations are focusadmeatersection of the
Hill-type effective surface and invariant ling J10[-J12]. As a resultree EW scale/A tend to be
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less than unity even whex(Mx) > A (M) initially. In Fig. 2 the dependence of the masses and
couplings of the Higgs bosons om, is examined. As a representative example we fix the Yukawa
couplings so thak (Mx ) = k(Mx ) = 2h(Mx ) = 1.6, that corresponds to t@> 3, A (M;) = 0.6 and
k(M) = 0.36. In order to obtain a realistic spectrum, we include the leading one—laogrtons
from the top and stop loops. From Fig. 2 it becomes clear that the requiterhstability of the
physical vacuum limits the range of variationsrof from below and above maintaining the mass
hierarchy in the Higgs spectrum. Relying on this mass hierarchy the appriexsolutions for
the Higgs masses and couplings can be obtaifjed][6],[7]. The numeritdisrén Fig. 2 reveal
that the masses of the heaviest CP—even, CP—odd and charged Higgsastaapproximately
degenerate while the other three neutral states are considerably lighédniéFarchical structure of
the Higgs spectrum ensures that the heaviest CP—even and CP—oddblsggs are predominantly
composed oH andP. As before the lightest Higgs scalar and pseudoscalar are singlet dedhina
making their observation quite problematic. The second lightest CP—eves bliggn has a mass
around 130GeV, mimicking the lightest Higgs scalar in the MSSM. Observinditjub scalars
and one pseudoscalar Higgs particles but no charged Higgs bosatuia ¢olliders would yield

an opportunity to differentiate the NMSSM with a slightly broken PQ—-symmetmy filte MSSM
even if the heavy Higgs states are inaccessible.

The presence of light singlet scalar and pseudoscalar permits to wirekeEP lower bound
on the lightest Higgs boson mass. These states have reduced couplinglsosoi that could
allow them to escape the detection at LEP. On the other hand singlet sqalaicwith the SM-
like superpositiorh of the neutral components of Higgs doublets resulting in the reduction of the
couplings of the second lightest Higgs scalaZtdboson. This relaxes LEP constraints so that
the SM-like Higgs state does not need to be considerably heavier thanelO0Therefore large
contribution of loop corrections to the mass of the SM-like Higgs boson isetptired. Another
possibility to overcome the little hierarchy problem is to allow the SM—like Higgs statletay
predominantly into two light singlet pseudoscald¥s(for recent review se€ [13]). This can be
achieved because the coupling of the SM—like Higgs boson tbtheark is rather small. If this
coupling is substantially smaller than the coupling of the SM-like Higgs stake tieen the decay
modeh — A; +A; dominates. The singlet pseudoscalar can sequentially decay intolsstbier T
leading to four fermion decays of the SM—like Higgs boson. In this casgnatie corresponding
Higgs eigenstate might be relatively light that permits to avoid little hierarchylgnob

However even when the couplings of the lightest CP—even Higgs staténawstdhe same
as in the SM it is substantially easier to overcome LEP constraint on the mass 8M#hlike
Higgs boson in the NMSSM than in the MSSM. Indeed, in the NMSSM the theaketpper
bound onm{. , which is given byM3, in Eq. (3.1p), contains an extra ter#évzsinZZB which is
not present in the MSSM. Due to this term the maximum possible value of the rrsslightest
Higgs scalar in the NMSSM can be considerably larger as compared with @&Mvat moderate
values of tai8. In our analysis we require the validity of perturbation theory up to the ddgle
This sets stringent upper limit oh(M;) at low energies for each particular choice of farlsing
theoretical restrictions oA (M;) one can compute the the maximum possible valumﬁgffor
each given value of tgh. Fig. 3 shows the dependence of the upper bound on the lightest Higgs
boson mass as a function of {&nn the MSSM and NMSSM. From Fig. 3 one can see that at the
tree—level the lightest CP—even Higgs state in the NMSSM can be condideealvier than in the
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Figure 3: Left: Tree—level upper bound on the lightest Higgs boson massivtBSM and NMSSM as a

function of tanB. Right: The dependence of the two—loop upper bound on the lightegdhoson mass on

tanB for m(M) = 165GeV,mg = g = M3, X = v/6Ms andMs = 700GeV. The solid and dotted lines
represent the theoretical restrictionsmog in the MSSM and NMSSM respectively.

MSSM at moderate values of tBn As a consequence in the leading two—loop approximation it is
substantially easier to gat,, = 1144 GeV in the NMSSM than in the MSSM for tfh= 2 — 4.

4. Higgs spectrum in the Eg inspired SUSY modelswith extraU (1)’ factor

Another solution to the: problem arises within superstring inspired models based oighe
gauge group. At high energids; can be brokerSU(3)c x SU(2)w x U(1)y x U(1)’. An extra
U (1) that appears at low energies is a linear superpositidh(df, andU (1)y:

U(1) =U(1)ycosf+U(1)ysinb, (4.1)

where two anomaly—fred (1), andU (1), symmetries are defined by — SQ(10) x U (1)y,
SQ(10) — SU(5) xU(1)y. If 8 # 0 or rthe extral (1)’ gauge symmetry forbids an elementary
u term but allows interactiod S(H1Hy) in the superpotential. After EWSB the scalar component
of the SM singlet superfiel8 acquires a non—zero VEV breakikly1)’ and an effectivg: term of
the required size is automatically generated.

The Higgs sector of the considered models includes two Higgs doubletdlasveeSM—like
singlet fieldSthat carried) (1)’ charge. The Higgs effective potential can be written as

V =V+W ‘|‘Vsoft+AV,
Ve = A2[SP(IHgl? + [Hul?) +A?|(HaHu) %,

2 2 )2 2
Vo = % (HjoaHa+HioaHu) "+ 5 (IHal2 = Hul?) “2)

2~ ~ ~
+% (Q1|Hd|2+Q2|Hu]2+Qs!SZ)2 :
Vaort = IS+ Ha -+ M7+ | A SHuHa) +
whereg; is U (1)’ gauge coupling an®;, Q, andQs are effectivel (1)’ charges oH;, H, and

Srespectively. In Eq.[(4J2)r andVp are theF andD terms,Vso1; contains a set of soft SUSY
breaking terms whil&V represents the contribution of loop corrections.
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At the physical vacuum the Higgs fields acquire VEVs given by [Eq] ($63 breaking the
SU(2)w x U (1)y xU (1)’ symmetry tdJ (1)em As aresult two CP—odd and two charged Goldstone
modes in the Higgs sector are absorbed byzh#' andW* gauge bosons so that only six physical
degrees of freedom are left. They form one CP—odd, three CP-aaxitwo charged states. The
masses of the CP—odd and charged Higgs bosons can be written as

nma = @JFO(MZ) Ng. = M + O(M2) (4.3)
A sz ZB Z)» A zZ)> .
wherex = \/%ssinZB . The masses of two heaviest CP—even states are $é¢tandm, i.e.

Mg, = Ma+O(MZ). Mg, = MZ +0(M), (4.4)
whereMz: ~ g’légs. The lightest CP—even Higgs boson has a mass which is less than

2 2

S %vz Sin? 2B + M2 co$ 28 + gV ((51 cog B + Q,sir? [3) +A. (4.5)

In Eq. (4.5)A represents the contribution of loop corrections. Since the mass @f th@son in the

Es inspired models has to be heavier than 8®D0 GeV at least one CP—even Higgs state, which is
singlet dominated, is always heavy.niih < Mz then we get MSSM-type Higgs spectrum. When
ma > Mz the heaviest CP—even, CP—odd and charged states are almost degeritr masses
aroundma. In this case the lightest Higgs state is predominantly the SM-like superpdsitibtne
neutral components of Higgs doublets.

Recently the detailed analysis of the Higgs sector was performed within aytarti; in-
spired SUSY model with an extrd (1)y gauge symmetry that corresponds@o= arctan/15
[L4)-[LH). The extraU (1)y gauge symmetry is defined such that right-handed neutrinos do not
participate in the gauge interactions. Only in this Exceptional Supersymmetridé&thModel
(EsSSM) right—handed may be superheavy, shedding light on the origin eh#iss hierarchy in
the lepton sector and providing a mechanism for the generation of therbasyonmetry in the
Universe via leptogenesif J16]. To ensure anomaly cancellation thelpamictent of the ESSM
is extended to include three complete fundamental 27 representatiBgslnfaddition to the com-
plete 27 multiplets the low energy particle spectrum of thgSISM is supplemented b§U(2)w
doubletH’ and anti-doublet’ states from extra 2and27 to preserve gauge coupling unification.
The unification of gauge couplings in the considered model can be adHi@vany phenomeno-
logically acceptable value af3(Mz) consistent with the measured low energy central veluk [17].
The Higgs spectrum within thegSSM was studied i [14F[15][T18]H19]. It was argued that even
at the tree level the lightest Higgs boson mass in this model can be larger28&@e¥V. There-
fore nonobservation of the Higgs boson at LEP does not cause amjdrfmr the ESSM, even at
tree—level. In the leading two—loop approximation the mass of the lightest @rR+Bggs boson in
the considered model does not exceed 23635 GeV [I#]. The presence of light exotic particles
in the E5SSM spectrum lead to the nonstandard decays of the SM—-like Higgs bdson were
discussed in[[30].

14



Theoretical aspects of electroweak symmetry breaking i8Ysiodels Roman Nevzorov

References
[1] P. A. Kovalenko, R. B. Nevzorov, K. A. Ter-Martirosiaklasses of Higgs bosons in supersymmetric
theories Phys. Atom. Nucb1 (1998) 812.

[2] U. Ellwanger, C. Hugonie, A. M. Teixeird he Next-to-Minimal Supersymmetric Standard Mpdel
Phys. Rept496 (2010) 1 pr Xi v: 0910. 1785 [ hep-ph] ].

[3] R.B. Nevzorov, K. A. Ter-Martirosyan, M. A. Trusoldiggs bosons in the simplest SUSY maodels
Phys. Atom. Nucb5 (2002) 285 hep- ph/ 0105178].

[4] S. Hesselbach, D. J. Miller, G. Moortgat-Pick, R. NevagmM. Trusov,Theoretical upper bound on
the mass of the LSP in the MNSSRhys. Lett. B562 (2008) 199 &r Xi v: 0712. 2001

[ hep-ph] ].
[5] R. B. Nevzorov, M. A. TrusovParticle spectrum in the modified NMSSM in the strong Yukawa
coupling limit J. Exp. Theor. Phy€1 (2000) 1079 hep- ph/ 0106351];

[6] D.J. Miller, R. Nevzorov, P. M. Zerwag;he Higgs sector of the next-to-minimal supersymmetric
standard modelNucl. Phys. B581 (2004) 3 hep- ph/ 0304049].

[7] R. Nevzorov, D. J. MillerApproximate solutions for the Higgs masses and couplingjsam™NMSSM
[hep- ph/ 0411275].

[8] D. J. Miller, R. Nevzorov,The Peccei-Quinn axion in the next-to-minimal supersymaosandard
mode| [hep- ph/ 0309143].

[9] D.J. Miller, S. Moretti, R. Nevzoroviggs bosons in the NMSSM with exact and slightly broken
PQ-symmetryfhep- ph/ 0501139].

[10] R. B. Nevzorov, M. A. Trusovnfrared quasi-fixed solutions in the NMSSRhys. Atom. Nucb4
(2001) 1299 hep- ph/ 0110363].

[11] R. B. Nevzorov, M. A. TrusovkRenormalization of the soft SUSY breaking terms in the gtiukawa
coupling limit in the NMSSIMPhys. Atom. Nucb4 (2001) 1513 lep- ph/ 0112301].

[12] R. B. Nevzorov, M. A. Trusowuasi-fixed point scenario in the modified NMS$Wys. Atom. Nucl.
65 (2002) 335 hep- ph/ 0301179].

[13] S. Chang, R. Dermisek, J. F. Gunion and N. Weinemstandard Higgs Boson Decaysn. Rev.
Nucl. Part. Sci58 (2008) 75 ar Xi v: 0801. 4554 [ hep- ph]];

[14] S. F. King, S. Moretti, R. Nevzoroy,heory and phenomenology of an exceptional supersymmetric
standard modelPhys. Rev. Y3 (2006) 035009kep- ph/ 0510419].

[15] S. F. King, S. Moretti, R. Nevzorogxceptional supersymmetric standard moélys. Lett. B534
(2006) 278 hep- ph/ 05112586].

[16] S. F. King, R. Luo, D. J.. Miller and R. Nevzordveptogenesis in the Exceptional Supersymmetric
Standard Model: flavour dependent lepton asymmetfid& P 0812 (2008) 042
[ar Xi v: 0806. 0330 [ hep-ph]].

[17] S. F. King, S. Moretti, R. NevzoroGauge Coupling Unification in the Exceptional Supersymimetr
Standard ModelPhys. Lett. B550 (2007) 57 hep- ph/ 0701064].

[18] S.F.King, S. Moretti, R. Nevzorogpectrum of Higgs particles in the ESSMep- ph/ 0601269].
[19] S.F. King, S. Moretti, R. NevzoroE6SSMAIP Conf. Proc881 (2007) 138 hep- ph/ 0610002].

[20] J.P. Hall, S. F. King, R. Nevzorov, S. Pakvasa, M. SNewel Higgs Decays and Dark Matter in the
EgSSM [ar Xi v: 1012. 5114 [ hep- ph] ].

15



