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is less or equal to one would indicate that that particular Higgs boson mass is excluded at the 95% C.L.
The combinations of results of each single experiment, yield the following ratios of 95% C.L. observed (expected)

limits to the SM cross section: 1.6 (1.6) for CDF and 2.0 (1.9) for DØ at mH = 165 GeV/c2, and 1.8 (1.9) for CDF
and 1.7 (2.3) for DØ at mH = 170 GeV/c2.

The ratios of the 95% C.L. expected and observed limit to the SM cross section are shown in Figure 2 for the
combined CDF and DØ analyses. The observed and median expected ratios are listed for the tested Higgs boson masses
in Tables IX and X, with observed (expected) values of 1.2 (1.2) at mH = 165 GeV/c2, 1.0 (1.4) at mH = 170 GeV/c2,
and 1.3 (1.7) at mH = 175 GeV/c2. We exclude at the 95% C.L. the production of a standard model Higgs boson
with mass of 170 GeV/c2. This result is obtained with both Bayesian and CLS calculations.
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FIG. 2: Observed and expected (median, for the background-only hypothesis) 95% C.L. upper limits on the ratios to the SM
cross section, as functions of the Higgs boson mass for the combined CDF and DØ analyses. The limits are expressed as a
multiple of the SM prediction for test masses (every 5 GeV/c2) for which both experiments have performed dedicated searches
in different channels. The points are joined by straight lines for better readability. The bands indicate the 68% and 95%
probability regions where the limits can fluctuate, in the absence of signal. The limits displayed in this figure are obtained with
the Bayesian calculation.

We also show in Figure 3 the 1-CLS distribution as a function of the Higgs boson mass, which is directly interpreted
as the level of exclusion of our search. For instance, both our observed and expected results exclude a Higgs boson
with mH = 165 GeV/c2 at ≈ 92% C.L.

The SM Higgs ruled out at 170 GeV!



• First choice for non-SM Higgs searches

The MSSM Scalar Sector

Physics of 4 fields2 parameters    

a generic theory has 7 more parameters.

• Expectation: 

Looking for the MSSM Higgs Boson 
is just like  

looking for the SM Higgs Boson.



• Very Light SM-like Higgs mass 
at tree-level 

with %-ish tuning

MSSM (CP-even) Higgs properties



Figure 4: Inverted scalar hierarchy region in the MSSM, where the heavier CP-even state H0 is
SM-like (hatched region), together with the LEP-II allowed regions for h0/H0 (blue/yellow)—
with and without quantum corrections from top-stop loops. There is no viable region with an
inverted scalar hierarchy without quantum corrections (leftmost plot). Including a correction
of size ∆ = 0.5 (see text) to the H0

u–H0
u component of the CP-even neutral mass matrix leads to

a viable inverted scalar hierarchy (green region, middle figure). Setting ∆ = 0.7 (right figure)
produces both a viable inverted scalar hierarchy region (green) and a viable standard hierarchy
region (red), where h0 is SM-like. These bounds include quantum corrections only through
their effects on the CP-even mixing angle α, and assume B(h0, H0 → bb̄) ∼ 0.85. The purple
arrow indicates the LEP bound on mA0 .

has SM-like couplings to massive vector Z bosons. It is much more natural for sEWSB vacua to

satisfy the 114 GeV bound on the SM-like Higgs state, since sEWSB vacua naturally have an

inverted scalar sector: the heavy CP-even state is SM-Higgs-like, and is subject to the LEP-II

bounds, while the light CP-even state is not SM-like, couples more weakly to Z bosons, and is

more difficult to observe.

Regions where the light CP-even state is not SM-like exist in the MSSM, but are relatively

rare and tuned [12]. The inverted hierarchy spectrum is distinct from the usual decoupling

limit of the MSSM, where an entire SU(2) doublet of fields (H+, H0, A0) becomes much heavier

than the weak-scale while the lighter CP-even state h0 is increasingly SM-like. In Figure 4, we

qualitatively show in the mA0–tan β plane the inverted hierarchy region (hatched) where H0 is

more SM-like than h0 (i.e. g2
H0ZZ/g2

hSMZZ = c2
β−α > 1/2). We use a smooth interpolation of

LEP-II bounds on the CP-even states only [14] to describe regions of parameter space where

h0/H0 are allowed (blue/yellow regions). We assume that all superpartners are sufficiently

heavy that no Higgs decay channels other than the SM ones are open. We take B(h0, H0 →
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Beyond The MSSM Scalar Sector

• Can use strong-coupling to increase  
Haber-Sher, Espinosa-Quiros, Randall,
P.B. et al., “The Fat Higgs”,  …
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Beyond The MSSM Scalar Sector

• Can use strong-coupling to increase  
Haber-Sher, Espinosa-Quiros, Randall,
P.B. et al., “The Fat Higgs”,  …

•  Generalized Analyses 
Brignole et al., Dine, Seiberg, Thomas 

NMSSM, Dermisek-Gunion, Chang-Fox-Weiner

• Can evade LEP bounds via singlet production  

qualitative shift in Higgs physics!



Outline

1. Supersymmetric-EWSB (sEWSB) 

2. An Effective Field Theory approach to sEWSB

Defined; Qualitative structure; LEP-motivated; UV 
complete example; 

MSSM degrees of freedom only; simple, surprisingly 
under control; very rich vacuum structure; moving away 
from the SUSY-breaking limit

3. Higgs searches in sEWSB
The heavier higgs,     , is naturally SM-like; 

NLSP Chargino



The MSSM

No SUSY-breaking ---> No EWSB
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Supersymmetric EWSB (sEWSB)
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Supersymmetric EWSB (sEWSB)

SUSY-breaking --> 0, EWSB still occurs

--With sEWSB, massive vector superfields ‘eat’ an 
entire chiral superfield. 

--In the SM, massive vector fields ‘eat’ a real scalar

general features



Supersymmetric EWSB (sEWSB)

SUSY-breaking --> 0, EWSB still occurs

--In the SM, a real ‘radial’ mode remains which contains 
the SM-like Higgs. 

--With sEWSB, a ‘super-radial’ mode remains (an entire 
chiral superfield) which contains the SM-like Higgs, a CP-
odd Higgs, and a neutralino

general features



Supersymmetric EWSB (sEWSB)

SUSY-breaking --> 0, EWSB still occurs

--In the SM, the Higgs mass is determined by the 
curvature of the potential. 

--With sEWSB, the superfield Higgs mass is determined 
by the superpotential. 

The Kahler potential: 

does not contain a mass term for  

general features



Supersymmetric EWSB (sEWSB)

Summary:

No real decoupling limit (strong coupling limit)

2.2 Supersymmetric Higgs Spectrum

The spectrum and interactions of the Higgs sector in the sEWSB vacuum are particularly

simple due to the constraints imposed by the unbroken supersymmetry: the massive W and Z

gauge bosons are components of two separate massive vector superfields, a charged field with

mass mW and a neutral field with mass mZ . Each massive vector superfield is made up of a

massless vector superfield and an eaten chiral superfield. The complex massive vector superfield

corresponding to the W± gauge bosons eats the superfields H+
u and H−

d . The massive vector

superfield that contains the Z boson eats the linear combination that does not acquire a VEV,

H ≡ (H0
u−H0

d)/
√

2. The orthogonal combination (or “super-radial” mode), h ≡ (H0
u+H0

d)/
√

2,

remains as an additional degree of freedom and corresponds to the physical Higgs superfield

(the fact that 〈h〉 = v signals that these degrees of freedom are responsible for the unitarization

of WW scattering).

The scalar components of the superfields, in unitary gauge, are

Hu =
(

H+
u

H0
u

)
=

( 1√
2
H+

v√
2

+ 1
2 (H + h + iA0)

)

, Hd =
(

H0
d

H−
d

)
=

( v√
2

+ 1
2 (−H + h + iA0)

1√
2
H−

)

. (8)

Here, h is exactly the SM-like Higgs and we have decomposed the scalar sector into mass

eigenstates. The scalar fields H and H± have masses mZ and mW , respectively, and the fields

h and A0 —in the zeroth order approximation discussed in the previous subsection— have

mass 2|µ|.2 Also, the fermions of each eaten superfield form Dirac partners with the vector

superfield gauginos, and have masses equal to their vector partners. The Higgs superpartner is

a Majorana fermion. The field content and supermultiplet structure is as follows:

Mass Scalars Fermions Vectors
0 — 1 majorana Aµ

mW H± 2 Dirac W±
µ

mZ H 1 Dirac Zµ

2|µ| h, A0 1 majorana —

It is remarkable that in the sEWSB vacuum, the mass of the SM-like Higgs (which com-

pletely unitarizes WW scattering) is fixed by the µ-term. In particular, the mass of the SM-like

Higgs is independent of the SM gauge couplings, contrary to what happens in the MSSM with

only renormalizable operators. It should also be noted that this mass can be shifted by order

2One can see that the superfield h has mass 2|µ| by using a supersymmetric gauge transformation to com-
pletely remove the eaten superfields H,H+

u , H−
d from the theory. The superpotential then contains the mass

term W ⊃ µh2.
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Example of a Twisted Custodial Symmetry 

Supersymmetric EWSB (sEWSB)

Preserves an SU(2) Custodial, but

Custodial triplet

or

Gerard & Herquet



Supersymmetric EWSB (sEWSB)

Two theoretical motivations for study, but don’t 
forget:



Should expect the SM-like Higgs mass to be related 
to        as it is in the Standard Model (unitarity).       

Supersymmetric EWSB (sEWSB)

Two theoretical motivations for study, but don’t 
forget:

Unlike the MSSM, the SM-like Higgs mass is NOT 
determined by gauge couplings (    ). 

Very straightforward resolution to the SUSY 
hierarchy problem in sEWSB vacua.



Concrete example: Fat Higgs

Solves the SUSY-hierarchy problem
Harnik, Kribs, Larson, Murayama
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FIG. 1: The renormalization of the couplings in our Fat Higgs
model. The model becomes strong and nearly conformal at
the scale Λ4, where αH nears 4π. The conformal invariance
is broken by the mass of the extra doublet, m′, which makes
the theory confine at ΛH ∼ m′. Below this scale the effective
theory description becomes one of meson composites with a
coupling λ that quickly renormalizes down to O(1). When
4πv0 " ΛH the mesons condense at weak coupling and the
theory is calculable.

This theory with Nc = 2 and Nf = 4 is in the super-
conformal window [5]. At some scale Λ4 the SU(2)H

gauge coupling becomes strong and remains strong all
the way down to m′, the supersymmetric vector-like mass
of the extra doublets. At the scale m′ the conformal
symmetry is broken and T 7,8 may be integrated out.
Below this scale the theory confines and is effectively the
three flavor model discussed in the previous section. We
therefore identify the strong coupling scale ΛH with m′.
The renormalization group evolution of the couplings is
schematically shown in Fig. 1.

In addition to determining the scale ΛH , the conformal
dynamics generate large anomalous dimensions which
have the effect of enhancing the couplings of the T
fields, and therefore also the couplings of the composite
Higgs fields. The structure of the superconformal algebra
determines the anomalous dimensions exactly in terms
of the anomaly-free R-charges. Running from the strong
scale Λ4 down to the scale of conformal breaking ΛH , the
wave function of the T ’s is suppressed as

Z ∼
(

ΛH

Λ4

)γ∗

(20)

where γ∗ = 1/2 is the anomalous dimension. Once
the fields are canonically normalized this leads to an
enhancement of their couplings. For example, the
effective mass m′ gets enhanced by a factor of

(
Λ4

ΛH

)1/2

. (21)

In the low energy theory, any operator that involves one
Higgs field, such as the top Yukawa, will be enhanced by

a similar factor. Because the superconformal dynamics is
likely to be upset by other strong couplings, the largest
enhancement factor we consider is 4π.

The next task is to determine how m of the right size
can be generated. First, it is assumed that the heav-
ier vector-like mass m′ is unrelated to supersymmetry
breaking and therefore arbitrary. The scale for m′ is
presumably set by other flavor symmetries, akin to the
right-handed neutrino mass which is protected by lepton
number. However, the symmetries may conspire to forbid
a vector-like mass m for the third flavor, analogous to the
left-handed neutrino mass in the neutrino mass matrix.
For example, consider a simple U(1) flavor symmetry
of charge +1 (−1) for the third (fourth) flavor. The
symmetry is broken by an order parameter of charge
+2. Then m′ is allowed in the superpotential while m is
not. Nevertheless, mixing between the third and fourth
flavors is allowed by the symmetries and originates from
the supersymmetry breaking due to the Giudice–Masiero
mechanism. Therefore, the form of the mass matrix for
these flavors becomes

(
0 mSUSY

mSUSY m′

)

. (22)

The light eigenvalue is given by m = m2
SUSY/m′. After

the conformal dynamics enhances both m and m′, we
naturally obtain mm′ ∼ (4πmSUSY)2 as desired.

V. FERMION MASSES

In order to incorporate fermion masses, we follow [9] by
adding four additional chiral multiplets that are singlets
under SU(2)H but have the same quantum numbers as
the Higgs doublets Hu and Hd in the MSSM,

ϕu, ϕ̄d(1,2, +
1

2
), ϕd, ϕ̄u(1,2,−

1

2
). (23)

They have the superpotential

Wf = Mf (ϕuϕ̄u + ϕ̄dϕd) + ϕ̄d(TT 4) + ϕ̄u(TT 3)

+hij
u Qiujϕu + hij

d Qidjϕd + hij
e Liejϕd. (24)

where Mf is the mass of ϕ and ϕ̄. The only flavor-
violating couplings are the Yukawa couplings hij

u , hij
d ,

hij
e . We assume Mf ∼ m′ ∼ ΛH , possibly due to the

same flavor symmetries that control the size of m′.
Between Λ4 and ΛH # m′ the superconformal dynam-

ics enhances the Yukawa couplings by (Λ4/ΛH)1/2 ∼ 4π,
as described in the previous section. After the ϕ’s are
integrated out, the effective dimension-5 superpotential
is

Wf =
4π

Mf

[
hij

u Qiuj(TT 3) + hij
d Qidj(TT 4)

+ hij
e Liej(TT 4)

]
. (25)
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Outline

1. Supersymmetric-EWSB (sEWSB) 

2. An Effective Field Theory approach to sEWSB

Defined; Qualitative structure; LEP-motivated; UV 
complete example; 

MSSM degrees of freedom only; simple, surprisingly 
under control; very rich vacuum structure; moving away 
from the SUSY-breaking limit

3. Higgs searches in sEWSB
The heavier higgs,     , is naturally SM-like; 

NLSP Chargino



An effective field theory of sEWSB

The simplest SUSY extension of the MSSM has sEWSB!

--          is the scale of unknown (SUSY) UV physics

--  one (but not the only) example is a SUSY singlet



An effective field theory of sEWSB

Figure 1: The phase structure of the superpotential in Eq. (1) keeping only the leading cor-
rection, along the tan β = 1 slice. Supersymmetry allows us to reliably calculate around the
EWSB minima, since the scale of new physics may be much larger than all other mass scales
in the effective theory.

fd =
1

2
ad

1 H†
d eV Hd +

1

2
aud

1 H†
u eV Hu +

(
bd
1 HuHd + h.c.

)
+O

(
1

µ2
S

)

. (6)

Their effects on the physical properties of the vacuum of Eq. (2) are also suppressed by µ/µS

and correspond to small corrections to the zeroth order solution described in the previous

paragraph.1 For instance, although the leading order D-terms imply that tan β = 〈Hu〉/〈Hd〉 =

±1, the higher-dimension Kähler corrections can lead to | tan β| #= 1 if au
1 #= ad

1, or bu
1 #= bd

1, etc.

[see Eqs. (38), (39) and (40) in Appendix A for the general expressions of the D-term potential].

However, to the extent that µ/µS is small, one finds that | tan β| remains close to one in the

SUSY limit. Nevertheless, the Kähler terms can have other phenomenologically relevant effects

that are pointed out in Subsection 2.3. There may also be terms containing SUSY covariant

derivatives that we do not show explicitly, since they lead to derivative interactions that do not

affect the vacuum or spectrum of the theory.

In summary, it is possible to study the properties of the sEWSB vacuum from Eq. (1)

without a complete specification of the physics that gives rise to the tower of higher-dimension

operators, so that an EFT analysis is appropriate. In particular, the theory that includes the

higher-dimension operators has at least two degenerate SUSY-preserving minima: the origin

1Kähler terms suppressed by 1/µ2n
S give corrections suppressed by at least (µ/µS)n.

5
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2.2 Supersymmetric Higgs Spectrum

The spectrum and interactions of the Higgs sector in the sEWSB vacuum are particularly

simple due to the constraints imposed by the unbroken supersymmetry: the massive W and Z

gauge bosons are components of two separate massive vector superfields, a charged field with

mass mW and a neutral field with mass mZ . Each massive vector superfield is made up of a

massless vector superfield and an eaten chiral superfield. The complex massive vector superfield

corresponding to the W± gauge bosons eats the superfields H+
u and H−

d . The massive vector

superfield that contains the Z boson eats the linear combination that does not acquire a VEV,

H ≡ (H0
u−H0

d)/
√

2. The orthogonal combination (or “super-radial” mode), h ≡ (H0
u+H0

d)/
√

2,

remains as an additional degree of freedom and corresponds to the physical Higgs superfield

(the fact that 〈h〉 = v signals that these degrees of freedom are responsible for the unitarization

of WW scattering).

The scalar components of the superfields, in unitary gauge, are

Hu =
(

H+
u

H0
u

)
=

( 1√
2
H+

v√
2

+ 1
2 (H + h + iA0)

)

, Hd =
(

H0
d

H−
d

)
=

( v√
2

+ 1
2 (−H + h + iA0)

1√
2
H−

)

. (8)

Here, h is exactly the SM-like Higgs and we have decomposed the scalar sector into mass

eigenstates. The scalar fields H and H± have masses mZ and mW , respectively, and the fields

h and A0 —in the zeroth order approximation discussed in the previous subsection— have

mass 2|µ|.2 Also, the fermions of each eaten superfield form Dirac partners with the vector

superfield gauginos, and have masses equal to their vector partners. The Higgs superpartner is

a Majorana fermion. The field content and supermultiplet structure is as follows:

Mass Scalars Fermions Vectors
0 — 1 majorana Aµ

mW H± 2 Dirac W±
µ

mZ H 1 Dirac Zµ

2|µ| h, A0 1 majorana —

It is remarkable that in the sEWSB vacuum, the mass of the SM-like Higgs (which com-

pletely unitarizes WW scattering) is fixed by the µ-term. In particular, the mass of the SM-like

Higgs is independent of the SM gauge couplings, contrary to what happens in the MSSM with

only renormalizable operators. It should also be noted that this mass can be shifted by order

2One can see that the superfield h has mass 2|µ| by using a supersymmetric gauge transformation to com-
pletely remove the eaten superfields H,H+

u , H−
d from the theory. The superpotential then contains the mass

term W ⊃ µh2.

7
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mass mW and a neutral field with mass mZ . Each massive vector superfield is made up of a

massless vector superfield and an eaten chiral superfield. The complex massive vector superfield

corresponding to the W± gauge bosons eats the superfields H+
u and H−

d . The massive vector

superfield that contains the Z boson eats the linear combination that does not acquire a VEV,

H ≡ (H0
u−H0

d)/
√

2. The orthogonal combination (or “super-radial” mode), h ≡ (H0
u+H0

d)/
√

2,

remains as an additional degree of freedom and corresponds to the physical Higgs superfield

(the fact that 〈h〉 = v signals that these degrees of freedom are responsible for the unitarization

of WW scattering).

The scalar components of the superfields, in unitary gauge, are

Hu =
(

H+
u

H0
u

)
=

( 1√
2
H+

v√
2

+ 1
2 (H + h + iA0)

)

, Hd =
(

H0
d

H−
d

)
=

( v√
2

+ 1
2 (−H + h + iA0)

1√
2
H−

)

. (8)

Here, h is exactly the SM-like Higgs and we have decomposed the scalar sector into mass

eigenstates. The scalar fields H and H± have masses mZ and mW , respectively, and the fields

h and A0 —in the zeroth order approximation discussed in the previous subsection— have

mass 2|µ|.2 Also, the fermions of each eaten superfield form Dirac partners with the vector

superfield gauginos, and have masses equal to their vector partners. The Higgs superpartner is

a Majorana fermion. The field content and supermultiplet structure is as follows:

Mass Scalars Fermions Vectors
0 — 1 majorana Aµ

mW H± 2 Dirac W±
µ

mZ H 1 Dirac Zµ

2|µ| h, A0 1 majorana —

It is remarkable that in the sEWSB vacuum, the mass of the SM-like Higgs (which com-

pletely unitarizes WW scattering) is fixed by the µ-term. In particular, the mass of the SM-like

Higgs is independent of the SM gauge couplings, contrary to what happens in the MSSM with

only renormalizable operators. It should also be noted that this mass can be shifted by order

2One can see that the superfield h has mass 2|µ| by using a supersymmetric gauge transformation to com-
pletely remove the eaten superfields H,H+

u , H−
d from the theory. The superpotential then contains the mass

term W ⊃ µh2.
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Mass of the super-radial mode

Inverted scalar hierarchy



Validity of the Effective Field Theory

Already a surprising result: 
a ‘non-renormalizable’ VEV!

--Consider a the SM-Higgs potential

--Consider a dim-6 potential

If             , the VEV is not reliable.



Validity of the Effective Field Theory

Ironically, the LEP paradox exists precisely because
no large quartic (  ) can be written down with just
the MSSM d.o.f !!!



Ignored operators?

higher-order effects are suppressed by 

Ignored superpotential operators:

1 Introduction

The Minimal Supersymmetric extension of the Standard Model (MSSM) provides a framework

for understanding the origin of electroweak symmetry breaking (EWSB). The Higgs fields will

acquire vacuum expectation values (VEV’s) only if their mass parameters live in a window that

produces a non-trivial but stable global minimum in the Higgs potential. This window always

requires supersymmetry (SUSY)-breaking and may occur radiatively [1].

Of the two neutral CP-even states in the MSSM, typically the lightest CP-even state couples

to the massive W and Z vector bosons like the Standard Model Higgs (is “SM-like”). At

tree-level, this state has a mass lighter than mZ because the Higgs potential is stabilized by

Kähler terms proportional to the electroweak (EW) gauge couplings. As is well known, large

SUSY-breaking effects in the stop-top sector can allow this SM-like Higgs state to escape LEP-II

bounds, but only at the cost of tuning the parameters of the theory.

However, if EWSB occurs instead in the supersymmetric limit, it is the non-SM-like Higgs

CP-even state whose mass is tied to mZ , not the SM-like Higgs. The SM-like Higgs state is part

of a chiral supermultiplet whose mass is not related to the electroweak gauge couplings and is not

related to mZ at tree-level. We call any vacuum in which the electroweak symmetry remains

broken as SUSY-breaking is turned off a “supersymmetric electroweak symmetry breaking”

vacuum (sEWSB vacuum). Considering again the LEP-II bounds, the most interesting feature

of sEWSB vacua is that the CP-even scalar spectrum may be inverted compared to the usual

spectrum of the MSSM: the heavier CP-even state, not the lighter, is the SM-like Higgs field. In

the MSSM, it is possible to have viable inverted CP-even spectra but only with large radiative

corrections.

Further, sEWSB will occur with only the mild assumption of a new approximately super-

symmetric physics threshold just above the weak-scale that couples to the MSSM Higgs fields.

We can therefore understand sEWSB most simply by working in an effective theory that only

contains the MSSM degrees of freedom and additional non-renormalizable interactions. Fo-

cusing on the Higgs sector of the theory, the most general superpotential that can arise from

integrating out a supersymmetric threshold at the scale µS is

W = µHuHd +
ω1

2µS
(HuHd)

2 +
ω2

3µ3
S

(HuHd)
3 + · · · , (1)

where we have suppressed the SU(2)L indices and HuHd = H+
u H−

d − H0
uH0

d . The ellipses

represent terms suppressed by higher powers of the scale µS, and the ωi are dimensionless coef-

1
Note, the importance of an operator can only be 
assessed after expanding around the right minimum. 



Ignored operators?

Ignored Kahler terms:

higher-order effects are suppressed by 

Nevertheless, leading corrections to 

,



Away from the SUSY-limit

SUSY-breaking is required to lift slepton/squark 
masses 
 

        --sEWSB defined as SUSY is restored
 

-- Benefit of the EFT: only one new soft-
term in the Higgs sector

3.1 Scalar Potential

Our main assumption is that the heavy threshold, µS, is very nearly supersymmetric, so that

a spurion analysis is appropriate.5 To order 1/µS, we must include the effects of the non-

renormalizable operator

W ⊃ 1

2µS
X̃(HuHd)

2 , (14)

in addition to the usual soft terms in the MSSM Lagrangian, where X̃ = θ2msoft parameterizes

the effective soft SUSY breaking effects coming from the heavy sector. We write, for conve-

nience, msoft = ξω1µ, and assume that |ξω1| ∼< O(1). Thus, the relevant SUSY breaking terms

in the scalar potential read

VSB = m2
Hu
|Hu|2 + m2

Hd
|Hd|2 +

[

b HuHd − ξ

(
ω1µ

2µs

)

(HuHd)
2 + h.c.

]

,

and the potential to lowest order in the 1/µS expansion takes the form

V = VSB + VD + |H|2
∣∣∣∣∣µ +

ω1

µS
HuHd

∣∣∣∣∣

2

, (15)

where |H|2 was defined after Eq. (9). The D-term potential is as in the MSSM:

VD =
1

8
(g2 + g

′2)
(
|H0

u|2 − |H0
d |2 + |H+

u |− |H−
d |

)2
+

1

2
g2

∣∣∣H+
u H0†

d + H−†
d H0

u

∣∣∣
2

. (16)

We start by considering the minimization of the potential, Eq. (15). Using SU(2)L trans-

formations, we can take 〈Hu〉 = (0, vu), with vu real, without loss of generality. By redefining

the phase of H0
d we can then take, as in the previous section, µµS/ω1 real and positive. Note

that the phases of b and ξµ2 are then physical observables.6 For simplicity, we will assume in

the following analysis that these parameters are real.

We also concentrate in a region of parameter space where no spontaneous CP violation

occurs, which can be guaranteed provided either

b

|µ|2 > 0 or ξµ2 > 0 .

5However, SUSY breaking in the heavy physics sector can be of the same order as in the MSSM Higgs sector.
These soft masses, together with the µ-term, are assumed to be parametrically smaller than µS , which ensures
that the EFT analysis holds.

6In the MSSM without higher-dimension operators, it is customary to use the field reparameterization
freedom to choose b real and positive. We find it more convenient, when studying the new vacua, to choose
µµS/ω1 real and positive.

11
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Figure 3: Region of parameters in the (det, trace) plane of Eqs. (28), that lead to EWSB.
The light-shaded triangular region corresponds to the complete EWSB parameter space in the
MSSM (in the absence of higher-dimension operators). The (blue) dots correspond to theories
that break the EW symmetry, taking ω1 = 2, ξ = 0, and for fixed tan β = 1 (m2

Hu
= m2

Hd
). We

scanned over b and m2
Hu

with |b|, |m2
Hu

| < (µS/5)2. All points have been normalized so that
v = 174 GeV.

destabilized, the minimum initially at the origin can become non-trivial but remain near the

origin, while the originally sEWSB minimum is shifted only slightly. The question then arises

as to which of these two is the true global minimum. In the small SUSY breaking limit, this

question is readily answered by working out the shift in the potential energy to leading order

in the soft SUSY breaking terms:

V ≈ (m2
Hu

+ m2
Hd

+ 2b)
v2

2
, (small SUSY breaking) (31)

where v corresponds to the unperturbed SUSY VEV. For minima near the origin, this result

shows that its energy is not shifted at lowest order in SUSY breaking. Furthermore, we learn

that the sEWSB minimum with v ≈ (2µµS/ω1)1/2 is the global minimum provided m2
Hu

+

m2
Hd

+ 2b < 0, at least when these parameters are small compared to µ.

In the general case, when SUSY breaking is not necessarily small compared to µ (but still

assuming it is small compared to µS so that the EFT gives a reasonably good description of the

physics), we can approach the problem as follows: both Eqs. (17) and (18) are only quadratic

17

Much larger region of EWSB

signs matter, 



Away from the SUSY-limit

Some tension between making          large, but 
keeping the EFT under control.    
 

 

SUSY-breaking eases this tension 

• lifts the masses of                      above LEP bounds

• introduces MSSM-like vacua

• ensures that sEWSB vacua are global minima



Rich Vacuum Structure

Figure 2: An illustration showing the equipotential lines in the vu–vd plane for a case with
two nontrivial minima. The nature of these minima can be determined by exploring how the
physics depends on the UV scale µS: the MSSM-like VEV remains near the origin as µS →∞,
while the “sEWSB” VEV scales like

√
µS (as indicated by the arrow) for large µS. The limit

is taken with all other microscopic parameters fixed.

new minima can be described as those that are “brought in from infinity” when the higher-

dimension operators are turned on. It is important to notice that, as was argued by an operator

analysis in Subsection 2.1, the EFT gives a good control of the physics of such non-standard

vacua provided

v2

µ2
S

∼ 2ρ

ω1

µ

µS
% 1 .

This approximation becomes even better in the limit described above and leads to the interesting

situation in which, although the physics at µS is crucial in triggering EWSB, the details of that

physics actually become unimportant. With a slight abuse of notation we will continue referring

to vacua that obey the scaling v ∼ √µS in the large µS limit as sEWSB vacua, even when SUSY

breaking is not negligible. The important property is that they exist only due to the presence

of the higher-dimension operators, while being describable within the EFT framework.

13

Decoupling of sEWSB vacua as new physics becomes massive



Outline

1. Supersymmetric-EWSB (sEWSB) 

2. An Effective Field Theory approach to sEWSB

Defined; Qualitative structure; LEP-motivated; UV 
complete example; 

MSSM degrees of freedom only; simple, surprisingly 
under control; very rich vacuum structure; moving away 
from the SUSY-breaking limit

3. Higgs searches in sEWSB
The heavier higgs,     , is naturally SM-like; 

NLSP Chargino



• Inverted Hierarchy:         is SM-like (                   )

Figure 4: Inverted scalar hierarchy region in the MSSM, where the heavier CP-even state H0 is
SM-like (hatched region), together with the LEP-II allowed regions for h0/H0 (blue/yellow)—
with and without quantum corrections from top-stop loops. There is no viable region with an
inverted scalar hierarchy without quantum corrections (leftmost plot). Including a correction
of size ∆ = 0.5 (see text) to the H0

u–H0
u component of the CP-even neutral mass matrix leads to

a viable inverted scalar hierarchy (green region, middle figure). Setting ∆ = 0.7 (right figure)
produces both a viable inverted scalar hierarchy region (green) and a viable standard hierarchy
region (red), where h0 is SM-like. These bounds include quantum corrections only through
their effects on the CP-even mixing angle α, and assume B(h0, H0 → bb̄) ∼ 0.85. The purple
arrow indicates the LEP bound on mA0 .

has SM-like couplings to massive vector Z bosons. It is much more natural for sEWSB vacua to

satisfy the 114 GeV bound on the SM-like Higgs state, since sEWSB vacua naturally have an

inverted scalar sector: the heavy CP-even state is SM-Higgs-like, and is subject to the LEP-II

bounds, while the light CP-even state is not SM-like, couples more weakly to Z bosons, and is

more difficult to observe.

Regions where the light CP-even state is not SM-like exist in the MSSM, but are relatively

rare and tuned [12]. The inverted hierarchy spectrum is distinct from the usual decoupling

limit of the MSSM, where an entire SU(2) doublet of fields (H+, H0, A0) becomes much heavier

than the weak-scale while the lighter CP-even state h0 is increasingly SM-like. In Figure 4, we

qualitatively show in the mA0–tan β plane the inverted hierarchy region (hatched) where H0 is

more SM-like than h0 (i.e. g2
H0ZZ/g2

hSMZZ = c2
β−α > 1/2). We use a smooth interpolation of

LEP-II bounds on the CP-even states only [14] to describe regions of parameter space where

h0/H0 are allowed (blue/yellow regions). We assume that all superpartners are sufficiently

heavy that no Higgs decay channels other than the SM ones are open. We take B(h0, H0 →

19

Inverted Hierarchy in the MSSM



Inverted Hierarchy in sEWSB vacua

Figure 5: Examples illustrating the inverted hierarchy region in the presence of non-
renormalizable operators, as well as the regions allowed by LEP. The color code is the same as
in Fig. 4. The leading order tree-level expressions of Section 3 are used, and no loop corrections
are included. The charged Higgs direct bounds are satisfied in the LEP allowed regions. The
purple arrow indicates the LEP bound on mA0 . Direct limits on the lightest chargino/neutralino
are not shown. The two plots correspond to different choices of the parameters of the model
other than tan β and mA0 .

eterized by tan β and mA0 alone, even at tree-level. As an illustration, we show in Fig. 5 two

examples of the mA0–tan β plane that exhibit the inverted CP-even scalar hierarchy region

(hatched), fixing the values of |µ|, the sum m2
Hu

+ m2
Hd

, and the SUSY breaking parameter ξ

[the difference m2
Hu
−m2

Hd
is fixed by Eq. (18)].

We see that, unlike in the MSSM, there exists a large, LEP allowed, inverted hierarchy

region at low tan β. For reference, we also show the regions allowed by the LEP Higgs searches

in the CP-even sector, using the same color code as in Fig. 4. We perform a tree-level analysis

at leading order in the 1/µS expansion, ignoring loop corrections that depend on additional

SUSY breaking parameters (associated with the third generation). All the points we con-

sider are within the domain of validity of the EFT. We do not include in the plots the direct

chargino/neutralino exclusion limits, that are expected to impose further constraints (see Sec-

tion 4.3); we have checked that they do not change the qualitative picture shown in the plots.
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Inverted hierarchy in roughly ‘half’ of parameter space



Example Inverted Spectra

charginos and neutralinos in terms of the underlying Higgsino and gaugino states, these bounds

may be relaxed [16].

We also require that the charged Higgses have mass greater than the direct LEP-II search

bound of 80 GeV [16]. There are more stringent constraints from the Tevatron on charged

Higgs masses for low tan β when mH+ < mt−mb. For tan β ∼ 1, mH+ ∼> 110 GeV [16]. These

searches ignore the possibility that the charged Higgs can decay to a chargino/neutralino, which

may alter the limits. Additionally there are strong indirect constraints, mH+ > 295 GeV from

the measured rate of b → sγ [17], although additional NNLO corrections appear to weaken

this bound [18]. These indirect analyses assume no other sources of new physics beyond the

charged Higgs itself. However, given that the chargino tends to be light in this theory and is

known to interfere with the charged Higgs contribution to b → sγ [19], and the spectrum of

squarks (which may also interfere with the charged Higgs contribution) is undetermined, we

restrict ourselves to considering only the direct charged Higgs bound.

The following sample points have inverted scalar hierarchies, a wide range of mH0 , and

different Z-Z-H0 couplings:

Point 1

µ ω µ/µs b/µ2 m2
u/µ

2 m2
Hd

/µ2 ξ M1/µ M2/µ
-60 1 0.11 -2.2 -1.7 -0.60 0.20 1.5 1.7

ρ tan β mh0 mH0 g2
H0ZZ/g2

hSMZZ mA0 mH+ mχ+ mχ0

0.47 -1.3 120 150 0.98 100 120 110 90

This is a spectrum where H0 is SM-like, but its mass is well-above the LEP-II limit, and

well-above the mass of h0.

Point 2

µ ω µ/µs b/µ2 m2
u/µ

2 m2
Hd

/µ2 ξ M1/µ M2/µ
-150 2 0.14 -1.1 -0.99 -0.51 0.20 0.36 0.57

ρ tan β mh0 mH0 g2
H0ZZ/g2

hSMZZ mA0 mH+ mχ+ mχ0

.20 -1.3 190 210 0.77 185 190 105 60

Point 2 is similar to point 1, but all the scalar masses (including mH+) are closer to 200 GeV.

H0 is not entirely SM-like.

Point 3

µ ω µ/µs b/µ2 m2
u/µ

2 m2
Hd

/µ2 ξ M1/µ M2/µ
-70 3.5 0.19 1.95 -0.45 -0.47 0.70 -1.0 .86
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Point 3 has a very heavy spectrum, due to the large value of ω, and –unlike Points 1 and 2– it

has tan β > 0. Note also that mh0 and mH+ are nearly degenerate, and very split from mH0

and mA0 .

Values of tan β near one are not usually considered in the MSSM, due to the LEP constraints

on the CP-even Higgs states. We see here that this region is expected to be viable in a large class

of supersymmetric extensions. For | tan β| ∼ 1 the top Yukawa coupling is yt ∼ 1/ sin β ∼
√

2,

a sizable enhancement compared to either the SM or the cases normally considered in the

MSSM. Since the couplings of the CP-even Higgses to top pairs are ghtt̄/gSM
htt̄ ≈ cos α/ sin β and

gHtt̄/gSM
Htt̄ ≈ sin α/ sin β (assuming quantum corrections are not particularly large), it is possible

that the gluon-fusion Higgs production cross section is enhanced compared to the SM.11 Also,

since a heavy SM-like CP-even scalar H0 can have a sizable branching fraction into W ’s when

its mass is around the WW threshold, the Tevatron may be starting to probe the present

scenario [20].

4.3 Chargino NLSP

In phenomenologically viable sEWSB vacua, it is important that the lightest neutralino and

lightest chargino have masses that are significantly different from the SUSY-limit. In the

SUSY limit, the lightest neutralino is the photino, which is massless, and the lightest chargino

is degenerate with the W boson. Adding the soft mass M1 raises the photino mass without

much difficulty. In the SUSY-limit, the charged Higgsinos have no mass term, as can be seen

from the explicit expression for the chargino mass matrix in Eq. (26). Large µ(1−ρs2β) will help

lift the lightest chargino above the LEP-II bound. This tends to favor regions with negative

s2β < 0, and/or ρ %= 1.

It may be the case that the effects of SUSY breaking lift the lightest neutralino above the

lightest chargino. In a scenario with a low-scale of SUSY-breaking, when the gravitino is the

LSP, a chargino NLSP may lead to a charged track that eventually decays into an on-shell W

boson and missing-energy [2]. In the example below, the chargino–neutralino mass difference is

only on the order of 5–10 GeV which is approximately the size of additional µ/µS contributions

11Such a large value of the top Yukawa coupling can lead to the loss of perturbativity at high energies.
However, this would happen above the new physics threshold at µS , and it is a UV-dependent issue that we do
not address here (see further comments in Section 5).
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from the explicit expression for the chargino mass matrix in Eq. (26). Large µ(1−ρs2β) will help

lift the lightest chargino above the LEP-II bound. This tends to favor regions with negative

s2β < 0, and/or ρ %= 1.

It may be the case that the effects of SUSY breaking lift the lightest neutralino above the

lightest chargino. In a scenario with a low-scale of SUSY-breaking, when the gravitino is the

LSP, a chargino NLSP may lead to a charged track that eventually decays into an on-shell W

boson and missing-energy [2]. In the example below, the chargino–neutralino mass difference is

only on the order of 5–10 GeV which is approximately the size of additional µ/µS contributions

11Such a large value of the top Yukawa coupling can lead to the loss of perturbativity at high energies.
However, this would happen above the new physics threshold at µS , and it is a UV-dependent issue that we do
not address here (see further comments in Section 5).
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f Ñi h0, H0, A0

Ñ1
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b, τ, ...
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Figure 8.1: Feynman diagrams for neutralino and chargino decays with Ñ1 in the final state. The
intermediate scalar or vector boson in each case can be either on-shell (so that actually there is a
sequence of two-body decays) or off-shell, depending on the sparticle mass spectrum.

through the same (but now off-shell) gauge bosons, Higgs scalars, sleptons, and squarks that appeared
in the two-body decays eqs. (8.1) and (8.2). Here f is generic notation for a lepton or quark, with f
and f ′ distinct members of the same SU(2)L multiplet (and of course one of the f or f ′ in each of these
decays must actually be an antifermion). The chargino and neutralino decay widths into the various
final states can be found in refs. [196]-[198].

The Feynman diagrams for the neutralino and chargino decays with Ñ1 in the final state that seem
most likely to be important are shown in figure 8.1. In many situations, the decays

C̃±
1 → !±νÑ1, Ñ2 → !+!−Ñ1 (8.4)

can be particularly important for phenomenology, because the leptons in the final state often will result
in clean signals. These decays are more likely if the intermediate sleptons are relatively light, even if
they cannot be on-shell. Unfortunately, the enhanced mixing of staus, common in models, can often
result in larger branching fractions for both Ñ2 and C̃1 into final states with taus, rather than electrons
or muons. This is one reason why tau identification may be a crucial limiting factor in attempts to
discover and study supersymmetry.

In other situations, decays without isolated leptons in the final state are more useful, so that one
will not need to contend with background events with missing energy coming from leptonic W boson
decays in Standard Model processes. Then the decays of interest are the ones with quark partons in
the final state, leading to

C̃1 → jjÑ1, Ñ2 → jjÑ1, (8.5)

where j means a jet. If the second of these decays goes through an on-shell (or nearly so) h0, then
these will usually be b-jets.

8.2 Slepton decays

Sleptons can have two-body decays into a lepton and a chargino or neutralino, because of their gaugino
admixture, as may be seen directly from the couplings in Figures 5.3b,c. Therefore, the two-body
decays

!̃ → !Ñi, !̃ → νC̃i, ν̃ → νÑi, ν̃ → !C̃i (8.6)

can be of weak interaction strength. In particular, the direct decays

!̃ → !Ñ1 and ν̃ → νÑ1 (8.7)
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Abstract. The reconstruction of the Higgs potential in the Standard Model or supersymmetric theories
demands the measurement of the trilinear Higgs couplings. These couplings affect the multiple production
of Higgs bosons at high energy colliders. We present a systematic overview of the cross sections for the
production of pairs of (light) neutral Higgs bosons at the LHC. The analysis is carried out for the Standard
Model and its minimal supersymmetric extension.

1 Introduction

1. Self-interactions of the Higgs field in the scalar sector
induce the breaking of the electroweak symmetry SU(2)L×
U(1)Y down to the electromagnetic symmetry U(1)EM of
the Standard Model (SM). Gauge bosons and fermions
acquire masses by interactions with the non-zero Higgs
field v = 1/(

√
2GF )1/2 in the ground state of the scalar

potential. It is therefore an important experimental task
to reconstruct the elements of the Higgs potential which
gives rise to the spontaneous breaking of the electroweak
symmetry. The shape of the potential is determined by the
mass MH of the physical Higgs boson field, and its trilinear
and quadrilinear couplings. The trilinear coupling [1],

λHHH = 3M2
H/M2

Z (1)

in units of λ0 = M2
Z/v, can be measured directly in the

production of Higgs-boson pairs at high energy colliders.
In proton collisions at the LHC, Higgs pairs can be pro-
duced through double Higgs-strahlung off W and Z bosons
[2], WW and ZZ fusion [3], and gluon-gluon fusion [4]; in
generic notation:

double Higgs-strahlung:
qq̄ → W ∗/Z∗ → W/Z + HH

WW/ZZ double-Higgs fusion:
qq → qq + WW/ZZ → HH

gluon fusion: gg → HH

Characteristic diagrams of the three processes are shown
in Fig. 1. With values typically near 10 fb, high integrated
luminosities are needed to generate a sufficiently large en-
semble of signal events and to cope with the large number
of background events.

Fig. 1. Processes contributing to Higgs-pair production in the
Standard Model at the LHC: double Higgs-strahlung, WW/ZZ
fusion, and gg fusion (generic diagrams)

2. The Minimal Supersymmetric extension of the Stan-
dard Model (MSSM) incorporates a quintet of Higgs bo-
sons: h, H, A, H±; the particles h, H are neutral and
CP-even while A is neutral and CP-odd. The mass of the
light CP-even Higgs boson h is limited to less than about
130 GeV. The masses of the other Higgs bosons are typ-
ically of the order of the electroweak symmetry breaking
scale v, yet they may extend up to values of order 1 TeV.
The MSSM Higgs system is described inherently by two
parameters which are generally chosen as the mass MA

of the pseudoscalar Higgs boson and the mixing param-
eter tanβ, ratio of the vacuum expectation values of the

Godbole et al., 
Davoudiasl, Han, Logan
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signal Hjj QCD Zjj andWjj EW Zjj andWjj

Psurv 0.87 0.28 0.82

TABLE I. Survival probabilities for the signal and background for a veto of central jets with

pT > 20 GeV. From Ref. [18].

QCD Zjj QCDWjj EW Zjj EWWjj total

σ 1254 1284 151 101 2790

Psurv σ 351 360 124 83 918

Psurv σ(φjj < 1) 71.8 70.2 14.8 9.9 167

TABLE II. Total cross sections (in fb) for the backgrounds after applying the cuts (1-3) (first two

lines) and (4). In the last two lines we also include the central jet veto survival probabilities of Table I.

MH (GeV) 110 120 130 150 200 300 400

σ 282. 274. 266. 251. 214. 154. 110.

Psurv σ 245. 238. 232. 218. 186. 134. 95.7

Psurv σ(φjj < 1) 99.4 96.7 94.3 89.2 77.0 56.3 40.7

TABLE III. Same as Table II for the signal at several invisible Higgs masses, assuming

Br(H → invisible) = 1. Cross sections are given in fb.

MH (GeV) 110 120 130 150 200 300 400

10 fb−1 12.6% 13.0% 13.3% 14.1% 16.3% 22.3% 30.8%

100 fb−1 4.8% 4.9% 5.1% 5.3% 6.2% 8.5% 11.7%

TABLE IV. Invisible branching ratio that can be probed at 95% CL as a function of MH for an

integrated luminosity of 10 fb−1 and 100 fb−1. A SM production cross section is assumed.

10
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1 Introduction

1. Self-interactions of the Higgs field in the scalar sector
induce the breaking of the electroweak symmetry SU(2)L×
U(1)Y down to the electromagnetic symmetry U(1)EM of
the Standard Model (SM). Gauge bosons and fermions
acquire masses by interactions with the non-zero Higgs
field v = 1/(

√
2GF )1/2 in the ground state of the scalar

potential. It is therefore an important experimental task
to reconstruct the elements of the Higgs potential which
gives rise to the spontaneous breaking of the electroweak
symmetry. The shape of the potential is determined by the
mass MH of the physical Higgs boson field, and its trilinear
and quadrilinear couplings. The trilinear coupling [1],

λHHH = 3M2
H/M2

Z (1)

in units of λ0 = M2
Z/v, can be measured directly in the

production of Higgs-boson pairs at high energy colliders.
In proton collisions at the LHC, Higgs pairs can be pro-
duced through double Higgs-strahlung off W and Z bosons
[2], WW and ZZ fusion [3], and gluon-gluon fusion [4]; in
generic notation:

double Higgs-strahlung:
qq̄ → W ∗/Z∗ → W/Z + HH

WW/ZZ double-Higgs fusion:
qq → qq + WW/ZZ → HH

gluon fusion: gg → HH

Characteristic diagrams of the three processes are shown
in Fig. 1. With values typically near 10 fb, high integrated
luminosities are needed to generate a sufficiently large en-
semble of signal events and to cope with the large number
of background events.

Fig. 1. Processes contributing to Higgs-pair production in the
Standard Model at the LHC: double Higgs-strahlung, WW/ZZ
fusion, and gg fusion (generic diagrams)

2. The Minimal Supersymmetric extension of the Stan-
dard Model (MSSM) incorporates a quintet of Higgs bo-
sons: h, H, A, H±; the particles h, H are neutral and
CP-even while A is neutral and CP-odd. The mass of the
light CP-even Higgs boson h is limited to less than about
130 GeV. The masses of the other Higgs bosons are typ-
ically of the order of the electroweak symmetry breaking
scale v, yet they may extend up to values of order 1 TeV.
The MSSM Higgs system is described inherently by two
parameters which are generally chosen as the mass MA

of the pseudoscalar Higgs boson and the mixing param-
eter tanβ, ratio of the vacuum expectation values of the

Our results for the background and signal cross sections are tabulated in Table I. The

corresponding signal to background ratio, S/B, and significance, S/
√

B, are tabulated in

Table II. The numbers given in parentheses represent the significance obtained including

our estimated Z+jets background discussed above. To be cautious, we only consider this

background for the cases with pT/ > 65 GeV and pT/ > 75 GeV, which were studied in Ref. [11],

and refrain from extrapolating to other pT/ cut values. We see from Table II that a > 5σ

discovery can be obtained for mh = 120 GeV with 10 fb−1 of integrated luminosity, even

with our conservative estimate for the Z+jets background for pT/ > 75 GeV.

S(Z + hinv)

pT/ cut B(ZZ) B(WW ) B(ZW ) B(Z + j)∗ mh = 120 140 160 GeV

65 GeV 48.0 fb 10.6 fb 10.2 fb 22 fb 14.8 fb 10.8 fb 7.9 fb

75 GeV 38.5 fb 4.3 fb 7.4 fb 9 fb 12.8 fb 9.4 fb 7.0 fb

85 GeV 30.9 fb 1.8 fb 5.5 fb 11.1 fb 8.3 fb 6.3 fb

100 GeV 22.1 fb 0.6 fb 3.6 fb 8.7 fb 6.8 fb 5.3 fb

TABLE I: Background and signal cross sections for associated Z(→ !+!−) + hinv production at

the LHC, combining the ee and µµ channels. ∗Estimated from Ref. [11] (see text for details).

mh = 120 GeV mh = 140 GeV mh = 160 GeV

pT/ cut S/B S/
√

B (10 fb−1) S/
√

B (30 fb−1) S/
√

B (30 fb−1) S/
√

B (30 fb−1)

65 GeV 0.22 (0.16) 5.6 (4.9) 9.8 (8.5) 7.1 (6.2) 5.2 (4.5)

75 GeV 0.25 (0.22) 5.7 (5.3) 9.9 (9.1) 7.3 (6.7) 5.4 (5.0)

85 GeV 0.29 5.7 9.8 7.4 5.6

100 GeV 0.33 5.4 9.3 7.3 5.7

TABLE II: Signal significance for associated Z(→ !+!−)+hinv production at the LHC, combining

the ee and µµ channels. The numbers in the parentheses include the estimated Z+jets background

discussed in the text.

Reference [11] finds a 14σ signal for hinv at the LHC with 100 fb−1 and pT/ > 65 GeV,

with the rest of their cuts as mentioned above. Rescaling this result for 10 fb−1 yields a 4.4σ

signal, somewhat more pessimistic than our result for the signal significance for pT/ > 65 GeV

8
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Chargino NLSP?
from higher-order operators in the 1/µS expansion that we have not considered. The precise

size of these corrections can only be determined in a given UV completion.

NLSP Chargino

µ ω µ/µs b/µ2 m2
u/µ

2 m2
Hd

/µ2 ξ M1/µ M2/µ
-70 1 0.11 -1.6 -1.7 .22 0.20 1.5 1.7

ρ tan β mh0 mH0 g2
H0ZZ/g2

hSMZZ mA0 mH+ mχ+ mχ0

0.34 -1.8 120 140 0.82 110 125 100 110

5 Ultraviolet Scenarios

So far we have restricted ourselves to an analysis of the low-energy physics from an EFT point

of view. This has the advantage of making more transparent (and also easier to analyze) the

effects of the heavy physics on the low-energy degrees of freedom (here the MSSM field content)

and allowed us to focus on the sEWSB vacua.

It is nevertheless worth pointing out that the tower of operators involving only the MSSM

Higgs superfields that we have considered [see e.g. Eq.(1)] already arises in one of the simplest

extensions of the MSSM: the addition of a SM singlet. To be more precise, consider the

renormalizable superpotential

W = µHuHd + λSHuHd +
1

2
µSS2 +

κ

3
S3 . (35)

If the singlet mass µS is sufficiently large, we can integrate out S using its supersymmetric

equation of motion (we could keep the SUSY covariant derivative terms)

S = − 1

µS

[
λHuHd + κS2

]
. (36)

Replacing back in the superpotential and using the above equation of motion iteratively, one

gets the effective superpotential

Weff = µHuHd −
λ2

2µS
(HuHd)

2 − λ3κ

3µ3
S

(HuHd)
3 + · · · . (37)

The full tower of higher-dimension operators is generated with, in the notation of Eq. (1),

ω1 = −λ2, ω2 = −λ3κ, etc. Note also that for κ = 0 only the lowest dimension operator, with

coefficient ω1, is generated.
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|M4|2 =
2g4|Vi1XÑju|

2

(t − m2
ũL

)2
(M2

C̃i
− t)(M2

Ñj
− t) (6.204)

Finally we compute the interference terms

6.18 µ̃+
R → µ+τ±τ̃∓

1 (done but not typed in)

In four-component notation this has some tricky minus signs because of the virtual neutralino.

(Compare with answer given in paper with Sandro and Graham.)

6.19 γ̃ → γG̃ (done)

The Goldstino G̃ is a Weyl fermion which couples to the photino γ̃ and photon field Aµ according

to the Lagrangian:

L = − 1
2
√

2〈F 〉
∂µG̃σνσρσµγ̃ [∂νAρ − ∂ρAν ] + c.c. (6.205)

Therefore γ̃ can decay to γ+G̃ through the diagrams:

γ̃

γ

G̃

γ̃

γ

G̃

with amplitudes:

M1 =
i

2
√

2〈F 〉
y(G̃) [kγ ·σε·σ − ε·σkγ ·σ] k

G̃
·σy†(γ̃) , (6.206)

M2 = − i

2
√

2〈F 〉
x†(G̃) [kγ ·σε·σ − ε·σkγ ·σ] k

G̃
·σx(γ̃) . (6.207)

Using the on-shell condition kγ ·ε = 0, we have −ε·σkγ ·σ = kγ ·σε·σ and −ε·σkγ ·σ = kγ ·σε·σ
from eqs. (A.1) and (A.2). So we can rewrite the total amplitude as

M = M1 + M2 = i
[
y(G̃)Ay†(γ̃) − x†(G̃)Bx(γ̃)

]
, (6.208)

where

A =
1√

2〈F 〉
kγ ·σε·σk

G̃
·σ; (6.209)

B =
1√

2〈F 〉
kγ ·σε·σk

G̃
·σ . (6.210)
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Inverted Phenomenology

Charged Higgs constraints
 -- direct constraints from Tevatron, when 

Gérald Grenier SUSY charged Higgs at the TeVatron.

Table 2. Standard Model (SM) expected and observed
number of events for the tt̄ analyses. The tt̄ cross section
is assumed to be 6.7 ± 0.9 pb.

analysis SM non tt̄ tt̄ data

dilepton 2.7 ± 0.7 10.9 ± 1.4 13
lepton+jets(1 tag) 21.8 ± 3.0 54.0 ± 4.3 49
lepton+jets(2 tags) 1.3 ± 0.3 10 ± 1 8
lepton+tau 1.3 ± 0.2 2.3 ± 0.3 2
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Fig. 3. Observed (red) and expected (black line) 95 %
confidence level exclusion region in the charged Higgs mass-
tan β plane for MSSM parameters displayed on the figure.
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3 Doubly charged Higgs

The supersymmetric version of Left-Right symmet-
ric models predicts the existence of two light dou-
bly charged Higgs[2]. One, H++

L , couples only to left-
handed fermions and the other, H++

R , only to right-
handed fermions. At the TeVatron, the main produc-
tion channel is the pair production of H++H−− through
a γ/Z0 s-channel exchange. The resulting cross section
depends essentially on the H++ mass and electroweak
quantum numbers[9]. For all the results presented in
this section, lower limits on the Higss mass are derived
from upper limits on the pp̄ → H++H−− + X cross sec-
tion using the cross section computed in [9] as a func-
tion of the Higgs mass.
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Fig. 5. Observed and expected 95 % confidence
level upper limit on the cross section of the process
pp̄ → H++H−− + X as a function of the H++ mass assum-
ing a 100% decay rate for H++ → µ+µ+.

3.1 H++ → µ+µ+

3.1.1 DØ analysis

The DØ collaboration reports a search for the process
pp̄ → H++H−− + X → µ+µ+µ−µ− + X using a data
sample of 1.1 fb−1 [10]. The analysis requests the events
to be selected by a di-muon trigger. Each muon used
in the event should be isolated in the tracker and
in the calorimeter and have a transverse momentum
of at least 15 GeV/c. Muon pairs compatible with
being due to the passage of a cosmic muon are re-
jected. The events should contain at least one pair
of like sign muons having a difference in azimuth less
than 2.5 radians and an invariant mass greater than
30 GeV/c2. The event should contain at least three
identified muons. The analysis leads to 3 events ob-
served for an expected background of 3.1±0.5. Assum-
ing a 100% branching ratio of doubly charged Higgs
into a muon pair, a 95% confidence level upper limit
on the pp̄ → H++H−− + X cross section is derived as
shown on figure 5. This translates into lower mass lim-
its of 126.5 GeV/c2 for the H++

R and 150 GeV/c2 for
the H++

L .

3.1.2 CDF analysis

The CDF collaboration reports a similar analysis as
the one described in section 3.1.1 but for a data sam-
ple of 242 pb−1[11]. In this analysis, events are se-
lected if they fire a single muon trigger. The event
should contain a pair of like sign isolated muons with
an invariant mass greater than 80 GeV/c2. Pairs com-
patible with being due to a cosmic muon are rejected.
In total, this analysis selects no event for an expec-
tation of 0.8 ± 0.5. Assuming a 100% decay rate for
H++ → µ+µ+, 95% confidence level lower limits on
mass are derived. Those limits, shown on figure 5 are
113 GeV/c2 for the H++

R and 136 GeV/c2 for the H++
L .
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1fermiondecaystoascalarandafermion

10

--unexplored top decay channel!



Conclusions
• Post-LEP, it is worth reconsidering what the most 
likely BSM Higgs sector looks like:

   SM-like

• Supersymmetric EWSB is a qualitatively new 
starting point---EFT approach is very powerful!
Easy to UV complete into a theory with  

• Light Higgs -> enhanced scalar decays, Light 
charginos, charged Higgs = new phenomenology! 

Rich Vacuum Structure---cosmological applications?
Uniquely Identifiable?
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Figure 5: Higgs signal (double-hatched) on top of the sum of the backgrounds at the LHC

in the 4b decay channel together with a leptonically decaying W . The invariant mass of

four (left) and two (right) b-jets are shown. Constraints of 60GeV < m(4b) < 160GeV and

10GeV < m(2b) < 70GeV are implemented in both plots. C2
4b = 0.50, mh = 120GeV and

ma = 30GeV are understood. From bottom to top, the background histograms indicate

the accumulative sum of 2b2cW, 2b2cW +2b2jW, 2b2cW +2b2jW +3b1jW , and 2b2cW +

2b2jW + 3b1jW + 4bW , respectively.

4b channel is thus more optimistic for observing the Higgs, even though the back-

ground still dominates the signal, and the irreducible 4bl /ET background becomes
non-negligible. We require tagging three of the b jets, which would essentially elim-
inates backgrounds from 4jl /ET , and reduces the 2b2jl /ET and 1b3jl /ET background

significantly. With three tagged b-jets, the signal rate is about 5.7 fb (or up to 10 fb
when maximizing C2). The irreducible background 4bl /ET is 25 fb. The 3bjl /ET

background is about 16 fb. The reducible background from 2b2jl /ET events is about
80 fb, and 2b2cl /ET is about 4 fb with a 10% mistag rate for c → b [38]. The 4jl /ET

background is no larger than 0.2 fb.

We again present the reconstructed mass distribution for the signal and back-
grounds in two plots in Fig. 5. The left and right plots show the invariant mass

distributions of the 4b and 2b system, where the signal peaks near mh = 120 GeV
and ma = 30 GeV, respectively, each with a width less than 10 GeV due to detector

energy resolution. Similar to the Tevatron case, we assign the two bb pairs by min-
imizing their mass difference m(b1, b2) ≈ m(b3, b4) and plot these two masses, each
with a half weight.

The dominant 2b2jlET background comes from tt̄ production. For tt̄ events, the
2b2j system contains all the decay products of a top-quark. Therefore, these events

– 14 –



CP conservation:

No Charge-Breaking

with

x = −v2s2β

[

b + 2ρ|µ|2 v2 + v2
CB

v2

]

, y = −v2s2
2β ρ ξµ2 , (54)

where ρ > 0 was defined in Eq. (19). Hence, the derivative w.r.t. δ vanishes either for sin δ = 0,

or when

cos δ = − x

2y
= − |µ|2

ξµ2s2β

[
v2 + v2

CB

v2
+

1

2ρ

b

|µ|2

]

. (55)

Since | cos δ| ≤ 1, this solution is not always physical. In particular, it does not exist provided

b/|µ|2 ≥ 0 and ξ ∼< O(1) (for ω1 ∼ O(1), we are already assuming this latter condition to

ensure that the heavy physics corresponds to an approximately supersymmetric threshold). On

the other hand, the solution may be allowed if there is some degree of cancellation between

the two terms in the parenthesis. In this case, one should still check whether the extremum

corresponds to a minimum of the potential or not. In particular, the second derivative with

respect to δ, evaluated on Eq. (55), is

∂2V

∂δ2
= 2y

[
1− cos2 δ

]
, (56)

which has the sign of y, hence the sign of −ξµ2. Therefore, if ξµ2 > 0 this solution cannot be a

minimum, and the minima must be described by real VEV’s. We always assume one of these

two simple, sufficient conditions, b/|µ|2 ≥ 0 or ξµ2 > 0, in the main text.

With these conditions for real VEV’s, we can address the issue of dangerous charge-breaking

minima, i.e. solutions with vCB %= 0. Setting δ = 0, and considering ∂V/∂vCB = 0 one can see

that any solution with vCB %= 0 must satisfy

v2
CB = − 1

(g2 + g′2)

{
4m2

Hd
+ v2

(
g2 + g′2c2β

)
+ 4|µ|2 (ρs2β − 1)2

}
. (57)

Except for m2
Hd

, all the terms in the braces are explicitly positive (recall g′ < g). Since v2
CB

must be positive, m2
Hd
≥ 0 (or not too negative) is a sufficient condition to ensure that charge-

breaking extrema do not exist. However, we note that even if (57) is positive, one must check

that it is compatible with the remaining extremization conditions, that any such solution is

indeed a minimum, and whether it is a global as opposed to a local minimum.
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FIG. 1. Missing transverse momentum spectra within the cuts (1) and (3). Results are shown

separately for the EW Zjj (blue dashed line) and Wjj (blue dotted line) backgrounds, as well as
the QCD processes Zjj (black dashed line), Wjj (black dotted line), and jjj (magenta histogram)
production. We exhibit the invisible Higgs contribution for MH = 120 (red solid line) and 300 GeV

(red dot-dashed line).

FIG. 2. Dijet invariant mass distributions when applying the cuts of Eqs. (1,2). The lines follow

the same convention as in Fig. 1.
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FIG. 3. Distributions of the azimuthal angle separation between the two tagging jets for the

various background processes and the Higgs signal at MH = 120 and 300 GeV. Results are shown

after applying the cuts (1-3) and including the effect of a central jet veto with the survival probabilities

of Table I. The lines follow the same convention as in Fig. 1.
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FIG. 1: Missing pT distribution for Z(→ e+e−) + hinv signal (solid lines, with mh = 120, 140 and

160 GeV top to bottom) and backgrounds from WW and ZZ (dotted lines) at the LHC, after

applying the cuts in Eqs. (3), (5) and (6).

with a third isolated electron with

pT > 10 GeV, |η| < 3.0. (7)

For simplicity, we apply the same veto to W decays to muons or taus. This veto reduces

the Z + W background to the level of 5–10 fb, so that it has little effect on the significance

of the signal.

We also include the background from Z+jets with fake pT/ . As shown in Ref. [11], events of

the type Z+jets can constitute a significant background due to jet energy mismeasurements

resulting in fake pT/ , or when one or more jets are emitted outside the fiducial region of

the detector and are therefore missed. The majority of those events can be eliminated

6
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Minimization Relations

The first condition ensures that all the solutions to the minimization equations are real, while

the second would ensure that any putative complex solution is not a minimum of the potential.

Although the above are only sufficient conditions to avoid spontaneous CP violation, they will

be enough for our purpose. The possibility of spontaneous CP violation in the presence of

the higher-dimension operators, although quite interesting, is beyond the scope of this work.

Furthermore, we also note that for real solutions to the minimization equations there are no

charge-breaking vacua, provided only that m2
Hd

is not too negative. Further details are given

in Appendix B.

From here on we restrict ourselves to regions of parameter space where electromagnetism

is unbroken and CP is preserved, so that 〈H0
u〉 = vu and 〈H0

d〉 = vd are always real. Notice

that, unlike in the MSSM without higher-dimension operators, the sign of tan β = vu/vd is

physical. However, we still have a remaining U(1)Y gauge rotation that we use to choose vd

positive, though vu may be positive or negative. These non-trivial extrema of the potential are

described by v2 = v2
u + v2

d and −π/2 < β < π/2, and must satisfy

s2β =
2b− 4|µ|2ρ(ρs2β − 1)

m2
Hu

+ m2
Hd

+ 2|µ|2(ρs2β − 1)2 − 2ξµ2ρ
, (17)

m2
Z =

m2
Hu
−m2

Hd

c2β
−

[
m2

Hu
+ m2

Hd
+ 2|µ|2(ρs2β − 1)2

]
, (18)

v2 ≡ ρ
(

2µµS

ω1

)
. (19)

Here m2
Z should be considered a placeholder for v2 according to m2

Z = (g2 + g′2)v2/2. For given

ultraviolet parameters (m2
Hu

, m2
Hd

, b, µ, µs/ω1, ξ) there may be more than one solution to the

above equations where EWSB occurs, in addition to the origin where EWSB does not occur.

With our conventions, a valid solution must also have real and positive ρ.

The parameter ρ introduced in Eq. (19) characterizes how close these solutions are to the

sEWSB minimum of Section 2: for vanishing soft parameters, one recovers the SUSY expres-

sions of the previous section, with ρ → 1 and tan β → 1. On the other hand, the MSSM-limit

corresponds to ρ → 0, or more precisely to the scaling ρ → 1/µS as µS → ∞ [see Eq. (19)].

This also suggests a definite criterion to distinguish —for finite µS— MSSM-like minima from

minima that involve the higher-dimension operators in a crucial way. While the VEV in an

MSSM-like minimum tends to a constant as µS becomes large, the new vacua are characterized

by VEV’s that scale like
√

µS for large µS, provided all other microscopic parameters are kept

fixed (ρ remains of order one in this limit). This is illustrated in Fig. 2. In other words, the

12



Near SUSY limit
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Figure 3: Region of parameters in the (det, trace) plane of Eqs. (28), that lead to EWSB.
The light-shaded triangular region corresponds to the complete EWSB parameter space in the
MSSM (in the absence of higher-dimension operators). The (blue) dots correspond to theories
that break the EW symmetry, taking ω1 = 2, ξ = 0, and for fixed tan β = 1 (m2

Hu
= m2

Hd
). We

scanned over b and m2
Hu

with |b|, |m2
Hu

| < (µS/5)2. All points have been normalized so that
v = 174 GeV.

destabilized, the minimum initially at the origin can become non-trivial but remain near the

origin, while the originally sEWSB minimum is shifted only slightly. The question then arises

as to which of these two is the true global minimum. In the small SUSY breaking limit, this

question is readily answered by working out the shift in the potential energy to leading order

in the soft SUSY breaking terms:

V ≈ (m2
Hu

+ m2
Hd

+ 2b)
v2

2
, (small SUSY breaking) (31)

where v corresponds to the unperturbed SUSY VEV. For minima near the origin, this result

shows that its energy is not shifted at lowest order in SUSY breaking. Furthermore, we learn

that the sEWSB minimum with v ≈ (2µµS/ω1)1/2 is the global minimum provided m2
Hu

+

m2
Hd

+ 2b < 0, at least when these parameters are small compared to µ.

In the general case, when SUSY breaking is not necessarily small compared to µ (but still

assuming it is small compared to µS so that the EFT gives a reasonably good description of the

physics), we can approach the problem as follows: both Eqs. (17) and (18) are only quadratic

17



These limits depend on the gaugino soft mass parameters that do not enter in the scalar sec-

tor. The neutralinos can be sufficiently heavy for the bounds on the Higgs mass from invisible

decays to be satisfied in the regions marked as allowed in the plots. We also assume that the

Higgs decays into bb̄ are as important as in the MSSM (we do not consider in this paper effects

from physics beyond the MSSM that affects particles other than those in the Higgs sector).

The qualitative lesson is that there are interesting new regions of parameter space that can

be consistent with existing limits, even at tree-level. Furthermore, this tends to happen for

| tan β| = O(1).

4.2 sEWSB Vacua: The |tanβ| ∼ 1 Limit

To better understand the features discussed in the previous subsection, we take a | tan β| ∼ 1

limit, where the analytic expressions in the scalar sector from Section 3.2 are more easily

understood. In the formulas of this section we assume, for simplicity, that µ is real.10 Writing

tan β = ±1 + 2δβ, the extrema conditions of Eqs. (17) and (18) reduce to

ρε =
1
2ξ ± 2

3




1 + ε

√√√√1− 3

(1
2ξ ± 2)2

(

1 +
m2

Hu
+ m2

Hd

2µ2
∓ b

µ2

)


 ,

δβ = ±
m2

Hd
−m2

Hu

2
(
m2

Z + m2
Hu

+ m2
Hd

+ 2µ2(1∓ ρε)2
) ,

where the two branches discussed in Subsection 3.4 are labeled by ε = ±.

The neutral masses reduce to

m2
A0 = 4(±1 + ξ)ρµ2 ± 2b +O(δβ2),

m2
H0 =

1

2

[
m2

Z + m2
A0 + 8µ2ρ(ρ∓ 1− ξ/2) + |D|

]
+O(δβ2),

m2
h0 =

1

2

[
m2

Z + m2
A0 + 8µ2ρ(ρ∓ 1− ξ/2)− |D|

]
+O(δβ2),

D ≡ m2
Z + m2

A0 − 8µ2ρ(2ρ∓ 1).

The mixing angle that determines whether H0 (c2
β−α > 1/2) or h0 is SM-like (c2

β−α < 1/2)

simplifies considerably:

c2
β−α =

{
0 +O(δβ2) D > 0
1 +O(δβ2) D < 0

. (33)

10See Footnote 7 if the complex µ expression is needed.
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10See Footnote 7 if the complex µ expression is needed.
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1 +O(δβ2) D < 0
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10See Footnote 7 if the complex µ expression is needed.
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It is easy to understand the result for the mixing angle c2
β−α (which is the coefficient of the

Z-Z-H0 coupling) for tan β ∼ 1 by appealing to the SUSY limit of Section 2. In the SUSY

limit, the CP-even field with mass 2µ is always the SM-like Higgs state. When D < 0, it is

the heavy H0 field whose mass reduces to the SUSY limit value of 2|µ| so cos2
β−α → 1. When

D > 0, it is the light h0 field whose mass reduces to 2|µ| so cos2
β−α → 0.

Finally, the charged Higgs mass m2
H+ is always very close to the non-SM-like CP-even Higgs

mass

m2
H+ =

{
m2

H0 + (m2
W −m2

Z) + O(δβ2) D > 0
m2

h0 + (m2
W −m2

Z) + O(δβ2) D < 0
. (34)

In the | tan β| ∼ 1 limit with SUSY-breaking included, larger ρ always tends to push D < 0

so that H0 becomes the SM-like Higgs state and we have an inverted hierarchy. Up to corrections

of order δβ2, we see that the inverted hierarchy spectra is consistent with LEP-bounds with

only one condition: that the heavy CP-even state H0 has mH0 > 114 GeV, and no condition

on the mass of the non-SM like CP-even state h0. Further, when the inverted hierarchy holds,

m2
H0 = 4µ2ρ(3ρ ∓ 2 − ξ/2) which may easily be larger than 114 GeV for moderate ρ and µ.

Recall from the previous subsection that one of the reasons for the rarity of inverted hierarchies

in the MSSM is the difficulty of simultaneously satisfying LEP constraints on both CP-even

states.

The definition of sEWSB vacua given in Section 3.1 allows us to see that sEWSB vacua

typically have larger ρ, and hence inverted spectra. This is clear from the ε = + branch in

the expression for ρ, but it’s also true in the ε = − branch. Working in the EFT makes this

clear: we require that µ2
S % µ2, m2

Hu
, m2

Hd
, b for the validity of the EFT. Given these input

parameters, the only trustworthy vacua where EWSB occurs satisfy two generic relationships:

v2 ∼ µSµ or v2 ∼ µ2 (with any other soft-mass possibly replacing µ), depending on whether the

non-renormalizable terms proportional to µS help stabilize the VEV or not. The former case is

exactly an sEWSB vacuum by our criteria of Section 3.1, and will have ρ ∼ v2/(µµS) ∼ O(1),

while the latter is an MSSM-like vacua with ρ ∼ v2/(µµS) ∼ (µ/µS).

As a complement to the qualitative picture exhibited in Fig. 5, we give a couple of numerical

examples (with | tan β| ∼ 1) that illustrate the inverted hierarchy spectrum, together with

the charged Higgs and chargino/neutralino masses. It should be recalled that these numbers

are expected to be accurate to approximately O (v2/µ2
S). To be conservative, we require that

charginos are heavier than the kinematic reach at LEP-II, mχ+ > 104 GeV, and that neutralinos

are heavier than half of the Z-mass: mχ0 > 45 GeV. Depending on the composition of the
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