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6.3 How heavy can the lightest Higgs boson be?

Naively:

⇒ The “NMSSM” motivated

f = µH1H2⇒ f = λSH1H2

! V = | fS|2 = " 2|H1H2|2

⇒
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The “μ” problem: µe f f = λ < S >



parameters: λ and κ from the superpotential and Aλ, Aκ, mH d , mH u and mS from the soft

supersymmetry breaking terms. The field values at the minimum of the potential, vu , vd and vs,

are fixed by these parameters according to Eqns.(11–13). The structure of electroweak symmetry

breaking allows us to remove one (combination) of these VEVs in favour of the known electroweak

scale v ≡
√

v2
u + v2

d = 246 GeV (or equivalently, the Z boson mass, MZ ), defining the overall

mass scale. Finally, after introducing tan β ≡ vu/vd and writing Aλ in terms of the heavy Higgs

mass scale MA , we are therefore left with the six free parameters, λ, κ, vs, tan β, MA , and Aκ

(vs may be expressed in some places in terms of the effective µ parameter, vs =
√

2µ/λ). The

spectrum of the NMSSM is expected to show a strong dependence on these six free parameters,

which we shall now analyze in detail.

Including higher orders introduces extra parameters such as the top and stop (s)quark masses.

We choose to fix these extra parameters at reasonable values and not vary them.

λ and κ

Requiring a weak coupling of the fundamental fields, i.e. field-theoretic perturbativity, in

the entire range between the electroweak and GUT scales restricts the range of values for the

couplings λ and κ at the electroweak scale. The renormalization group equations for λ, κ and

the top Yukawa coupling ht form a closed set together with those of the gauge couplings. They

are given by [6, 11, 25]
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where b1 = 33/5, b2 = 1, g1 =
√

5/3 g!, g2 = g and t = log(Q2/M2
GUT ).

Large values of λ and/or κ at the GUT scale are greatly reduced when run down to the

electroweak scale. This behaviour is caused by the dependence on λ4 and κ4 on the right-hand

side of Eqns.(58–59) respectively, indicating that large values of these parameters will evolve

strongly, while small values evolve only slightly. This can be seen in Fig.(1), which shows the

dependence of λ and κ on renormalization scale. Values of λ and κ in the perturbative regime

at the GUT scale, i.e. λ, κ ! 2π, are uniformly reduced to small values at the electroweak scale,

which may be combined to give the approximate bound, c.f. Fig.(2/left),

λ2 + κ2 ! 0.5. (60)
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The relevant RGEs

f = λ SH1H2+
κ
3

S3In general:

⇒
1. (

λ
4π

)2(10TeV ) ! 0.1 ! (G−1/ 2
F )≤ 2⇒

2. (
λ
4π

)2(MGUT)≤ 0.1 λ(G−1/2
F ) ≤ 0.8⇒

if   κ = 0 tan! ≥ 1.5
and some extra matter in 
full    SU(5) multiplets



Take heavy gauginos and the S-scalar, consistently with naturalness
⇒ effective relevant parameters:

as opposed to, in the MSSM:

+ 3rd-generation parameters from rad corr

(Higgsino + S-fermion masses)

λ(G−1/2
F )≈ 2

f = µ(S)H1H2 + f (S)

Can neglect gauge couplings in the scalar potential

λ≡ ∂µ(s)/ ∂s

Mgand

B, Hall, Nomura, Rychkov



ElectroWeak Precision Tests in λSUSY
λ= 2

tanβ= 1 an exact custodial symmetry point (to be avoided)

S and T from Higgs’s

one loop effects but
∆ T ∝ λ4

compensated by ΔT !
λ !  ⇒ m    !h

smaller effects from higgsino loops



The Higgs boson spectrum 

upper bound (from naturalness)
lower bound

h

HA
H±



Particle spectrum (naturalness bounds)

no significant bound on s-fermions (other than stop) 
and on SU(2)xU(1) gauginos

with up to 20% tuning (mmax !
√

" / 5)

in λSUSY

Λmess = 100 TeV

λ= 2

always a light neutralino in the spectrum

mg̃

mt̃



LHC phenomenology - Higgs spectrum

The measurements of the 3 h,H,A-masses should allow a 
determination of all λSUSY parameters in the Higgs sector

- (v-constraint)

1. h, H, A copiously produced in gluon-gluon fusion (σ∼0.1-10 pb)

2. Both h and H likely visible into h, H ➝ZZ➝ 4e, 4"

3. A likely visible into A ➝ Zh ➝ 4e, 4" + jj

# +



R-symmetry

⇒ 2 global symmetries:
f = λ S H1H2

λ(G! 1/ 2
F ) " 0.8, κ = 0

allows κ != 0

strongly broken in L so f t

⇒ 2 global symmetries:⇒ 2 global symmetries:

forces κ = 0
may be approximately

conserved even in L so f t

Peccei-Quinn symmetry
(QS = 1,QH1 =−1)

V =

2 Review of t he M SSM H iggs Sect or

2.1 Tree level

The tree-level MSSM Higgs potential with fields Hu and Hd receives contributions from the

Higgs soft masses, the superpotential Higgs mass µ-term
∫

d2! µHuHd, and SU(2)L×U(1)Y

D -term quartic interactions

V = m̃2
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H †
uHu + m̃2
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H †

dHd −
(
m2

udHuHd + h.c.
)

+
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2 − 4(HuHd)
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8
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= |µ|2 + m2
Hu

m̃2
Hd

= |µ|2 + m2
Hd

(6)

and m2
Hu

and m2
Hd

are the Higgs soft masses. Without loss of generality we can take the

soft parameter m2
ud to be real. It follows that the tree-level MSSM Higgs potential is

CP conserving (even though the full MSSM Lagrangian violates CP). The massive Higgs

particles are eigenstates of this approximate CP. The light Higgs h and the heavier Higgs

H are CP even, and the Higgs A is CP odd. In addition there is a massive charged Higgs

H ±.

The tree level potential depends on the known SU(2)L × U(1)Y gauge couplings g and

g′ and three unknown real mass squared parameters, m̃2
Hu

, m̃2
Hd

, and m2
ud. It is convenient

to parameterize the observables not in terms of these three real parameters, but in terms

of three other quantities. Two of them are

vu = |〈Hu〉| = v sin "

vd = |〈Hd〉| = v cos " (7)

and the third is the physical mass of the CP odd Higgs, mA. Since the expectation value v
is known, this leaves mA and tan " as the two unknown parameters describing the MSSM

Higgs sector. Also, instead of using the gauge couplings g and g′, we will write expressions

in terms of the gauge boson masses, m2
Z = 1

2(g
2 + g′2)v2, m2

W = 1
2g2v2.

Then, a straightforward computation leads to the masses

m2
h,H =

1

2

[
m2

Z + m2
A ∓

√
(m2

A − m2
Z)2 + 4m2
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4

+ λ2|S|2(|Hu|2 + |Hd|2) + λ2|HuHd|2

+ m2
u|Hu|2 + m2

d|Hd|2 + m2
S|S|2 + (λ A HuHd + h.c.)

(up to small breakings of the PQ symmetry)

parameter counting: m2
u, m2

d, m2
S, A (+! ≈ 0.8+ma)

⇒ v, tanβ, m2
S, A



The Higgs boson spectrum 

S3, S2, S1; A, a; H±10 = 4 + 4 + 2 = 7 + 3 real scalars:

S3

S2

x =
m2

S
λ2v2

m/ GeV

ma≥ 10GeV (to avoid $  %  γ + a)
mS1, mA, mH± ! 300Ö500GeV (limited by naturalness)

both with a non negligibleS3, S2 S-component, so that
S3, S2→ a a→ bøb bøb dominant and
e+ e− → Z S3 suppressed

with a small 
 top-loop correction
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Figure 3: Contours of the 95% CL upper bound, S95 (see text), for various topological cross-
sections motivated by the Higgsstrahlung cascade process e+e−→ (H2→ H1H1)Z, projected
onto the (mH 2

, mH 1
) plane. The scales for the shadings are given on the right-hand side of each

plot. In plot (a) the H1 boson is assumed to decay exclusively to bøb and in plot (b) exclusively
to ! +! −; in plot (c) it is assumed to decay with equal probabilities to bøb and to ! +! −.
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e+ e! " Z h
a a ! bb̄ bb̄



Naturalness 

1/Δ = % of cancellation allowed

300 400 500 600
A!GeV"

2
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∆A≡
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A synoptic table
Supersymmetric

The SM Higgs boson 

TC-like

Minimally extended

Higgsless “Composite”

5-dimensional
H as PGB
H = A5

2HDM 
SM + a vector fermion

MSSM, NMSSM
Susy broken in 5D

7. Summary



Questions about the Higgs boson

⇒ Can it be significantly heavier than expected?

⇒ Where is the supersymmetric Higgs?

⇒ Can one make without it?

⇒ Can it be a “composite” object?

⇒ Can it have escaped detection?

[ But the Higgs system is NOT the entire story]



1. Can it be significant heavier than expected?

Several minimal examples:

A heavier Higgs boson requires 
a small positive ΔT (0.1-0.2)
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2HDM (IDM) 
SM+1 lepton doublet

Motivation: may significantly 
! nat→ 1.5 TeVraise                         (above which...?)



2. Can one make without it?

A 5D case
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Interesting feature

Problems (not a surprise)

SU(2)L×SU(2)R×U(1)B−L

SU(2)V ! U(1)B" L

SU(2)L ! U(1)Y

(at least by NDA)

Unitarity restored by 
vector (KK) exchanges

Λ5→
3π
g4

Λ4

S ≈ 0.25
(2 TeV

m′
W

)2

E0(WLWL)≈ 1.2 TeV

Csaki, Grojean et al
U(1)em



3. Can it be a “composite” object?
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Interesting features Problems

& Top and gauge loops cutoff by 
states (KK towers) with same spin 

and gauge quantum numbers

Agashe, Contino, Pomarol

The Higgs boson from 
 extended symmetry

& Unitarity saturation delayed

SU(2)L ! U(1)Y

SO(5)×U(1)B−L

S(4) ! U(1)B" L

f.t. ≈ 10% f 2
500

E0(WLWL)≈ 2.4 TeV f500

S≈ 0.2
1

f 2
500

f500 = 1

H = A5
f



4. Can it have escaped detection?

⇒ Conceivable if h mixes with a singlet

⇒ Motivated in the supersymmetric case

⇒ Not fully excluded for mh ! 100 Ö 114 GeV
and e+ e! " Z h somewhat suppressed

by reduced Z Z h coupling
(by how much depends on h-decay mode)

e.g.:   h %2φ %4b
   h %2φ %4τ

Dermisek, Gunion
Chang, Fox, Weiner



5. Where is the supersymmetric Higgs boson?

MSSM:   with         at or above a TeV
and fine tuning reintroduced at ~% level

mt̃

Conceivable and motivated  in the NMSSM,
with h ➝ aa ➝ 4b (4τ)

  NMSSM with λ perturbative only up 10 TeV

 h just above 114 GeV

 h(≈100-115 GeV) 

 h(200-300 GeV)

and manifestly consistent with perturbative unification



To be decided by the LHC

Physics in its normal way of operation!


