
The Supersymmetric
Limit of Electroweak
Symmetry Breaking

Puneet Batra & Eduardo Ponton 
Columbia University

arXiv:0809.3453, PRD 79, 035001 (2009)



11

is less or equal to one would indicate that that part icular Higgs boson mass is excluded at the 95% C.L.
The combinat ions of results of each single experiment , yield the following rat ios of 95% C.L. observed (expected)

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

The rat ios of the 95% C.L. expected and observed limit to the SM cross sect ion are shown in Figure 2 for the
combined CDF and D¯ analyses. Theobserved and median expected rat iosarelisted for the tested Higgsboson 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 product ion of a standard model Higgs boson
with mass of 170 GeV/ c2. This result is obtained with both Bayesian and CL S calculat ions.
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FIG. 2: Observed and expected (median, for the background-only hypothesis) 95% C.L. upper limits on the rat ios to the SM
cross sect ion, as funct ions of the Higgs boson mass for the combined CDF and D¯ analyses. The limits are expressed as a
mult iple of the SM predict ion for test masses (every 5 GeV/ c2) for which both experiments have performed dedicated searches
in di! erent channels. The points are joined by st raight lines for bet ter readability. The bands indicate the 68% and 95%
probability regions where the limits can ßuctuate, in the absence of signal. The limits displayed in this Þgure are obtained with
the Bayesian calculat ion.

We also show in Figure 3 the 1-CL S dist ribut ion as a funct ion of the Higgs boson mass, which is direct ly 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
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Figure 4: Inverted scalarhierarchy region in the MSSM, wherethe heavier CP-even state H 0 is
SM-like (hatched region), together with the LEP-I I allowed regionsfor h0/H 0 (blue/y ellow)Ñ
with and without quantum correctionsfrom 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 (seetext) to the H 0

uÐH 0
u component of the CP-evenneutral massmatrix leadsto

a viable inverted scalarhierarchy (greenregion, middle Þgure). Setting ! = 0.7 (right Þgure)
producesboth a viable inverted scalarhierarchy region(green)and a viable standard hierarchy
region (red), where h0 is SM-like. These bounds include quantum corrections only through
their e" ects on the CP-even mixing angle ! , and assumeB(h0, H 0 ! bøb) " 0.85. The purple
arrow indicates the LEP bound on mA 0 .

hasSM-like couplings to massive vector Z bosons.It is much more natural for sEWSBvacua to

satisfy the 114 GeV bound on the SM-like Higgs state, sincesEWSB vacuanaturally have an

inverted scalarsector: the heavy CP-even state is SM-Higgs-like, and is subject to the LEP-I I

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

more di# cult to observe.

Regionswherethe 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, wherean entire SU(2) doublet of Þelds(H + , H 0, A0) becomesmuch heavier

than the weak-scalewhile the lighter CP-even state h0 is increasinglySM-like. In Figure 4, we

qualitativ ely show in the mA 0 Ðtan" plane the inverted hierarchy region (hatched) whereH 0 is

more SM-like than h0 (i.e. g2
H 0Z Z /g 2

hS M Z Z = c2
β! α > 1/ 2). We usea smooth interpolation of

LEP-I I bounds on the CP-even states only [14] to describe regionsof parameter spacewhere

h0/H 0 are allowed (blue/y ellow regions). We assumethat all superpartners are su# ciently

heavy that no Higgs decay channelsother than the SM onesare open. We take B(h0, H 0 !
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MSSM (CP-even) Higgs properties
¥ LEP 2b bounds 
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region (red), where h0 is SM-like. These bounds include quantum corrections only through
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arrow indicates the LEP bound on mA 0 .
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MSSM (CP-even) Higgs properties
¥ LEP 2b bounds 
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Decoupling limit ~      is SM-like  

MSSM (CP-even) Higgs properties
¥ LEP 2b bounds 
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Beyond The MSSM Scalar Sector

¥ Can use strong-coupling to increase  
Haber-Sher, Espinosa-Quiros, Randall,
P.B. et al., ÒThe Fat HiggsÓ,  É

¥  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)

SUSY-breaking --> 0, EWSB still occursSUSY-breaking --> 0, EWSB still occurs



Supersymmetric EWSB (sEWSB)

SUSY-breaking --> 0, EWSB still occurs

--With sEWSB, massive vector superfields ÔeatÕ an 
entire chiral superfield. 

--In the SM, massive vector fields ÔeatÕ a real scalar

general features



Supersymmetric EWSB (sEWSB)

SUSY-breaking --> 0, EWSB still occurs

--In the SM, a real ÔradialÕ mode remains which contains 
the SM-like Higgs. 

--With sEWSB, a Ôsuper-radialÕ 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 Supersym metr ic Hi ggs Spectr um

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

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

gaugebosonsare components of two separatemassive vector superÞelds,a chargedÞeld with

massmW and a neutral Þeld with massmZ . Each massive vector superÞeldis made up of a

masslessvector superÞeldand an eatenchiral superÞeld.The complexmassivevector superÞeld

corresponding to the W ± gaugebosonseats the superÞeldsH +
u and H !

d . The massive vector

superÞeldthat contains the Z bosoneatsthe linear combination that doesnot acquirea VEV,

H ! (H 0
u " H 0

d)/
#

2. The orthogonalcombination (or Òsuper-radialÓmode), h ! (H 0
u + H 0

d)/
#

2,

remains as an additional degree of freedomand corresponds to the physical Higgs superÞeld

(the fact that $h%= v signalsthat thesedegreesof freedomare responsiblefor the unitarization

of WW scattering).

The scalarcomponents of the superÞelds,in unitary gauge,are

Hu =
!

H +
u

H 0
u

"

=

# 1"
2
H +

v"
2

+ 1
2 (H + h + iA 0)

$

, Hd =
!

H 0
d

H !
d

"

=

# v"
2

+ 1
2 (" H + h + iA 0)

1"
2
H !

$

. (8)

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

eigenstates.The scalarÞeldsH and H ± have massesmZ and mW , respectively, and the Þelds

h and A0 Ñin the zeroth order approximation discussedin the previous subsectionÑ have

mass2|µ|.2 Also, the fermions of each eaten superÞeld form Dirac partners with the vector

superÞeldgauginos,and have massesequal to their vector partners. The Higgssuperpartner is

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

Mass Scalars Fermions Vectors
0 Ñ 1 majorana Aµ

mW H ± 2 Dirac W ±
µ

mZ H 1 Dirac Zµ

2|µ| h, A0 1 majorana Ñ

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

pletely unitarizesWW scattering) is Þxedby the µ-term. In particular, the massof the SM-like

Higgs is independent of the SM gaugecouplings,contrary to what happensin the MSSM with

only renormalizableoperators. It should also be noted that this masscan be shifted by order

2One can seethat the superÞeldh has mass2|µ| by using a supersymmetr ic gaugetransformation to com-
pletely remove the eaten superÞeldsH , H +

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

term W & µh2.

7



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 donÕt 
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 donÕt 
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 renormalizat ion of the couplings in our Fat Higgs
model. The model becomes st rong and nearly conformal at
the scale ! 4 , where ! H nears 4" . The conformal invariance
is broken by the mass of the ext ra doublet , m! , which makes
the theory conÞne at ! H ! m! . Below this scale the e" ect ive
theory descript ion becomes one of meson composites with a
coupling # that quickly renormalizes down to O(1). When
4" v0 " ! H 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 ! 4 the SU(2)H

gauge coupling becomes strong and remains strong all
the way down to m!, the supersymmetric vector-likemass
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 conÞnes and is e" ect ively the
three ßavor model discussed in the previous sect ion. We
therefore ident ify the strong coupling scale ! H with m!.
The renormalizat ion group evolut ion of the couplings is
schemat ically shown in Fig. 1.

In addit ion to determining the scale ! H , the conformal
dynamics generate large anomalous dimensions which
have the e" ect of enhancing the couplings of the T
Þelds, and therefore also the couplings of the composite
HiggsÞelds. The structure of the superconformal algebra
determines the anomalous dimensions exact ly in terms
of the anomaly-free R-charges. Running from the strong
scale ! 4 down to the scale of conformal breaking ! H , the
wave funct ion of the TÕs is suppressed as

Z !
!

! H

! 4

" ! !

(20)

where ! " = 1/ 2 is the anomalous dimension. Once
the Þelds are canonically normalized this leads to an
enhancement of their couplings. For example, the
e" ect ive mass m! gets enhanced by a factor of

!
! 4

! H

" 1/ 2

. (21)

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

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

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 arbit rary. The scale for m! is
presumably set by other ßavor symmetries, akin to the
right-handed neutrino mass which is protected by lepton
number. However, thesymmetriesmay conspireto forbid
a vector-likemass m for the third ßavor, analogous to the
left -handed neutrino mass in the neutrino mass matrix.
For example, consider a simple U(1) ßavor symmetry
of charge + 1 (" 1) for the third (fourth) ßavor. The
symmetry is broken by an order parameter of charge
+ 2. Then m! is allowed in the superpotent ial while m is
not . Nevertheless, mixing between the third and fourth
ßavors is allowed by the symmetries and originates from
the supersymmetry breaking due to the GiudiceÐMasiero
mechanism. Therefore, the form of the mass matrix for
these ßavors 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! ! (4" mSUSY )2 as desired.

V . FER M I ON M A SSES

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

#u , ø#d(1, 2, +
1
2

), #d, ø#u (1, 2, "
1
2

). (23)

They have the superpotent ial

Wf = M f (#u ø#u + ø#d#d) + ø#d(TT 4) + ø#u (TT 3)

+ hi j
u Qi uj #u + hi j

d Qi dj #d + hi j
e L i ej #d. (24)

where M f is the mass of # and ø#. The only ßavor-
violat ing couplings are the Yukawa couplings hi j

u , hi j
d ,

hi j
e . We assume M f ! m! ! ! H , possibly due to the

same ßavor symmetries that control the size of m!.
Between ! 4 and ! H # m! the superconformal dynam-

ics enhances the Yukawa couplings by (! 4/ ! H )1/ 2 ! 4" ,
as described in the previous sect ion. After the #Õs are
integrated out , the e" ect ive dimension-5 superpotent ial
is

Wf =
4"
M f

%
hi j

u Qi uj (TT 3) + hi j
d Qi dj (TT 4)

+ hi j
e L i ej (TT 4)

&
. (25)

5
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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 phasestructure of the superpotential in Eq. (1) keepingonly the leading cor-
rection, along the tan ! = 1 slice. Supersymmetry allows us to reliably calculate around the
EWSB minima, sincethe scaleof new physicsmay be much larger than all other massscales
in the e! ective theory.

f d =
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 e! ects on the physical properties of the vacuum of Eq. (2) are also suppressedby µ/µ S

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

paragraph.1 For instance,although the leadingorder D-terms imply that tan ! = !Hu"/ !Hd" =

± 1, the higher-dimension K¬ahler correctionscan lead to | tan ! | #= 1 if au
1 #= ad

1, or bu
1 #= bd

1, etc.

[seeEqs.(38), (39) and (40) in Appendix A for the generalexpressionsof the D-term potential].

However, to the extent that µ/µ S is small, one Þndsthat | tan ! | remainscloseto one in the

SUSYlimit. Nevertheless,the K¬ahler terms canhave other phenomenologicallyrelevant e! ects

that are pointed out in Subsection2.3. There may also be terms containing SUSY covariant

derivativesthat we do not show explicitly, sincethey lead to derivative interactions that do not

a! ect 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 completespeciÞcationof the physicsthat givesrise to the tower of higher-dimension

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

higher-dimensionoperators has at least two degenerateSUSY-preservingminima: the origin
1Kähler terms suppressed by 1/µ 2n

S give corrections suppressed by at least (µ/µ S)n .
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2.2 Supersym metr ic Hi ggs Spectr um

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

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

gaugebosonsare components of two separatemassive vector superÞelds,a chargedÞeld with

massmW and a neutral Þeld with massmZ . Each massive vector superÞeldis made up of a

masslessvector superÞeldand an eatenchiral superÞeld.The complexmassivevector superÞeld

corresponding to the W ± gaugebosonseats the superÞeldsH +
u and H !

d . The massive vector

superÞeldthat contains the Z bosoneatsthe linear combination that doesnot acquirea VEV,

H ! (H 0
u " H 0

d)/
#

2. The orthogonalcombination (or Òsuper-radialÓmode), h ! (H 0
u + H 0

d)/
#

2,

remains as an additional degree of freedomand corresponds to the physical Higgs superÞeld

(the fact that $h%= v signalsthat thesedegreesof freedomare responsiblefor the unitarization

of WW scattering).

The scalarcomponents of the superÞelds,in unitary gauge,are

Hu =
!

H +
u

H 0
u

"

=

# 1"
2
H +

v"
2

+ 1
2 (H + h + iA 0)

$

, Hd =
!

H 0
d

H !
d

"

=

# v"
2

+ 1
2 (" H + h + iA 0)

1"
2
H !

$

. (8)

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

eigenstates.The scalarÞeldsH and H ± have massesmZ and mW , respectively, and the Þelds

h and A0 Ñin the zeroth order approximation discussedin the previous subsectionÑ have

mass2|µ|.2 Also, the fermions of each eaten superÞeld form Dirac partners with the vector

superÞeldgauginos,and have massesequal to their vector partners. The Higgssuperpartner is

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

Mass Scalars Fermions Vectors
0 Ñ 1 majorana Aµ

mW H ± 2 Dirac W ±
µ

mZ H 1 Dirac Zµ

2|µ| h, A0 1 majorana Ñ

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

pletely unitarizesWW scattering) is Þxedby the µ-term. In particular, the massof the SM-like

Higgs is independent of the SM gaugecouplings,contrary to what happensin the MSSM with

only renormalizableoperators. It should also be noted that this masscan be shifted by order

2One can seethat the superÞeldh has mass2|µ| by using a supersymmetr ic gaugetransformation to com-
pletely remove the eaten superÞeldsH , H +

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

term W & µh2.

7

Mass of the super-radial mode
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Mass of the super-radial mode

Inverted scalar hierarchy



Validity of the Effective Field Theory

Already a surprising result: 
a Ônon-renormalizableÕ 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 I ntro duct ion

The Minimal Supersymmetric extensionof the Standard Model (MSSM) providesa framework

for understandingthe origin of electroweak symmetry breaking (EWSB). The Higgs Þeldswill

acquire vacuum expectation values(VEVÕs)only if their massparameterslive in a window that

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

requires supersymmetry (SUSY)-breakingand may occur radiativ ely [1].

Of the two neutral CP-evenstates in the MSSM, typically the lightest CP-evenstatecouples

to the massive W and Z vector bosonslike the Standard Model Higgs (is ÒSM-likeÓ). At

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

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

SUSY-breakinge! ectsin the stop-top sectorcanallow this SM-likeHiggsstate to escapeLEP-I I

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

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

CP-evenstate whosemassis t ied to mZ , not the SM-like Higgs. The SM-like Higgsstate is part

of a chiral supermult iplet whosemassis not relatedto theelectroweak gaugecouplingsand is not

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

broken as SUSY-breaking is turned o! a Òsupersymmetric electroweak symmetry breakingÓ

vacuum(sEWSB vacuum). Consideringagain the LEP-I I bounds, the most interesting feature

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

spectrum of theMSSM:theheavier CP-evenstate, not the lighter, is the SM-like HiggsÞeld. In

the MSSM, it is possible to have viable inverted CP-even spectra but only wit h large radiativ e

corrections.

Further, sEWSB wil l occur wit h only the mild assumption of a new approximately super-

symmetric physicsthreshold just above the weak-scalethat couplesto the MSSM HiggsÞelds.

We can therefore understand sEWSB most simply by working in an e! ective 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 superpotent ial that can arise from

integrating out a supersymmetric threshold at the scaleµS is

W = µH uHd +
! 1

2µS
(HuHd)2 +

! 2

3µ3
S

(HuHd)3 + ááá , (1)

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

d ! H 0
uH 0

d. The ellipses

represent terms suppressedby higher powersof the scale µS, and the ! i are dimensionlesscoef-

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 Pot enti al

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

a spurion analysis is appropriate.5 To order 1/µ S, we must include the e! ects of the non-

renormalizableoperator

W !
1

2µS

÷X (HuHd)2 , (14)

in addition to the usual soft terms in the MSSMLagrangian, where ÷X = ! 2msoft parameterizes

the e! ective soft SUSY breaking e! ects coming from the heavy sector. We writ e, for conve-

nience,msoft = "#1µ, and assumethat |"#1| "< O(1). Thus, the relevant SUSYbreaking terms

in the scalar potential read

VSB = m2
H u

|Hu|2 + m2
H d

|Hd|2 +

!

bHuHd # "

"
#1µ
2µs

#

(HuHd)2 + h.c.

$

,

and the potenti al to lowest order in the 1/µ S expansion takesthe form

V = VSB + VD + |H |2
%
%
%
%
%
µ +

#1

µS
HuHd

%
%
%
%
%

2

, (15)

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

VD =
1
8

(g2 + g
! 2)

&
|H 0

u |2 # |H 0
d |2 + |H +

u | # |H !
d |

' 2
+

1
2

g2
%
%
%H +

u H 0 
d + H !  

d H 0
u

%
%
%
2

. (16)

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

formations, we can take $Hu%= (0, vu), with vu real, without lossof generalit y. By redeÞning

the phaseof H 0
d we can then take, as in the previous section, µµS/ #1 real and positive. Note

that the phasesof b and "µ2 are then physical observables.6 For simplicit y, we will assumein

the following analysis that theseparameters are real.

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

occurs,which can be guaranteed provided either

b
|µ|2

> 0 or "µ2 > 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 / ! 1 real and positive.
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Figure 3: Region of parameters in the (det , trace) plane of Eqs. (28), that lead to EWSB.
The light-shadedtriangular region correspondsto the completeEWSB parameterspacein the
MSSM (in the absenceof higher-dimensionoperators). The (blue) dots correspond to theories
that break the EW symmetry, taking ! 1 = 2, " = 0, and for Þxedtan # = 1 (m2

H u
= m2

H d
). We

scannedover b and m2
H u

with |b|, |m2
H u

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

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

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

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

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

in the soft SUSY breaking terms:

V ≈ (m2
H u

+ m2
H d

+ 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 energyis not shifted at lowest order in SUSY breaking. Furthermore, we learn

that the sEWSB minimum with v ≈ (2µµS/ ! 1)1/ 2 is the global minimum provided m2
H u

+

m2
H d

+ 2b< 0, at least when theseparametersare small comparedto µ.

In the generalcase,when SUSY breaking is not necessarilysmall comparedto µ (but still

assumingit is small comparedto µS sothat the EFT givesa reasonablygood descriptionof 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

�{�-�3�3�-��

�{�S�%�7�3�"��

Figure 2: An illustration showing the equipotential lines in the vuÐvd plane for a casewith
two nontrivial minima. The nature of theseminima can be determined by exploring how the
physicsdependson the UV scaleµS: the MSSM-like VEV remainsnear the origin asµS ! " ,
while the ÒsEWSBÓVEV scaleslike

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

is taken with all other microscopicparametersÞxed.

new minima can be described as those that are Òbrought in from inÞnityÓwhen the higher-

dimensionoperatorsare turned on. It is important to notice that, aswasarguedby an operator

analysis in Subsection2.1, the EFT givesa good control of the physics of such non-standard

vacua provided

v2

µ2
S

$
2!
" 1

µ
µS

% 1 .

This approximation becomesevenbetter in the limit describedaboveand leadsto the interesting

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

physicsactually becomeunimportant. With a slight abuseof notation wewill continuereferring

to vacuathat obey the scalingv $
#

µS in the largeµS limit assEWSBvacua,evenwhenSUSY

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

of the higher-dimensionoperators, while being describablewithin the EFT framework.
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Decoupling of sEWSB vacua as new physics becomes massive
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Figure 4: Inverted scalarhierarchy region in the MSSM, wherethe heavier CP-even state H 0 is
SM-like (hatched region), together with the LEP-I I allowed regionsfor h0/H 0 (blue/y ellow)Ñ
with and without quantum correctionsfrom 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 (seetext) to the H 0

uÐH 0
u component of the CP-evenneutral massmatrix leadsto

a viable inverted scalarhierarchy (greenregion, middle Þgure). Setting ! = 0.7 (right Þgure)
producesboth a viable inverted scalarhierarchy region(green)and a viable standard hierarchy
region (red), where h0 is SM-like. These bounds include quantum corrections only through
their e" ects on the CP-even mixing angle ! , and assumeB(h0, H 0 ! bøb) " 0.85. The purple
arrow indicates the LEP bound on mA 0 .

hasSM-like couplings to massive vector Z bosons.It is much more natural for sEWSBvacua to

satisfy the 114 GeV bound on the SM-like Higgs state, sincesEWSB vacuanaturally have an

inverted scalarsector: the heavy CP-even state is SM-Higgs-like, and is subject to the LEP-I I

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

more di# cult to observe.

Regionswherethe 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, wherean entire SU(2) doublet of Þelds(H + , H 0, A0) becomesmuch heavier

than the weak-scalewhile the lighter CP-even state h0 is increasinglySM-like. In Figure 4, we

qualitativ ely show in the mA 0 Ðtan" plane the inverted hierarchy region (hatched) whereH 0 is

more SM-like than h0 (i.e. g2
H 0Z Z /g 2

hS M Z Z = c2
β! α > 1/ 2). We usea smooth interpolation of

LEP-I I bounds on the CP-even states only [14] to describe regionsof parameter spacewhere

h0/H 0 are allowed (blue/y ellow regions). We assumethat all superpartners are su# ciently

heavy that no Higgs decay channelsother than the SM onesare open. We take B(h0, H 0 !
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Inverted Hierarchy in sEWSB vacua
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Figure 5: Examples illustratin g the inverted hierarchy region in the presenceof non-
renormalizableoperators, aswell as the regionsallowed by LEP. The color code is the sameas
in Fig. 4. The leadingorder tree-level expressionsof Section3 areused,and no loop corrections
are included. The chargedHiggsdirect boundsare satisÞedin the LEP allowed regions. The
purple arrow indicatesthe LEP boundon mA 0 . Direct limits on the lightest chargino/neutralino
are not shown. The two plots correspond to di! erent choicesof the parametersof the model
other than tan β and mA 0 .

eterizedby tan β and mA 0 alone,even at tree-level. As an illustration, we show in Fig. 5 two

examplesof the mA 0 Ðtanβ plane that exhibit the inverted CP-even scalar hierarchy region

(hatched), Þxing the valuesof |µ|, the sum m2
H u

+ m2
H d

, and the SUSY breaking parameter ξ

[the di! erencem2
H u

! m2
H d

is Þxedby Eq. (18)].

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

regionat low tan β. For reference,we alsoshow the regionsallowed by the LEP Higgssearches

in the CP-even sector,using the samecolor 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 validit y of the EFT. We do not include in the plots the direct

chargino/neutralino exclusionlimits, that are expectedto imposefurther constraints (seeSec-

tion 4.3); we have checked that they do not changethe qualitativ e picture shown in the plots.
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Example Inverted Spectra

charginosand neutralinos in terms of the underlying Higgsinoand gauginostates,thesebounds

may be relaxed[16].

We also require that the charged Higgseshave massgreater than the direct LEP-I I search

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

Higgsmassesfor low tan ! whenmH + < mt −mb. For tan ! ∼ 1, mH + ∼> 110GeV [16]. These

searchesignorethe possibility that the chargedHiggscandecay to a chargino/neutralino, which

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

the measuredrate of b → s" [17], although additional NNLO corrections appear to weaken

this bound [18]. Theseindirect analysesassumeno other sourcesof new physics beyond the

chargedHiggs 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 → s" [19], and the spectrum of

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

restrict ourselvesto consideringonly the direct charged Higgs bound.

The following sample points have inverted scalar hierarchies, a wide range of mH 0, and

di! erent Z-Z-H0 couplings:

Point 1

µ # µ/µs b/µ2 m2
u/µ

2 m2
H d

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

% tan ! mh0 mH 0 g2
H 0Z Z /g2

hSMZ Z mA0 mH + m! + m! 0

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-I I limit, and

well-above the massof h0.

Point 2

µ # µ/µs b/µ2 m2
u/µ

2 m2
H d

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

% tan ! mh0 mH 0 g2
H 0Z Z /g2

hSMZ Z mA0 mH + m! + m! 0

.20 -1.3 190 210 0.77 185 190 105 60

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

H0 is not entirely SM-like.

Point 3

µ # µ/µs b/µ2 m2
u/µ

2 m2
H d

/µ2 $ M1/µ M2/µ
-70 3.5 0.19 1.95 -0.45 -0.47 0.70 -1.0 .86
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charginosand neutralinos in terms of the underlying Higgsinoand gauginostates,thesebounds
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ρ tan β mh0 mH 0 g2

H 0Z Z /g 2
hSM Z Z mA 0 mH + m! + m! 0
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Point 3 hasa very heavy spectrum, due to the large value of ω, and Ðunlike Points 1 and 2Ðit

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

and mA 0 .

Valuesof tan β nearonearenot usually consideredin the MSSM,dueto the LEP constraints

on the CP-evenHiggsstates. Weseeherethat this regionis expectedto beviable in a largeclass

of supersymmetric extensions.For | tan β| ! 1 the top Yukawa coupling is yt ! 1/ sinβ !
"

2,

a sizable enhancement compared to either the SM or the casesnormally consideredin the

MSSM. Sincethe couplingsof the CP-even Higgsesto top pairs are ght øt /g SM
ht øt # cosα/ sinβ and

gH tøt /g SM
H tøt # sinα/ sinβ (assumingquantum correctionsarenot particularly large), it is possible

that the gluon-fusionHiggs production crosssection is enhancedcomparedto the SM.11 Also,

sincea heavy SM-like CP-even scalarH 0 can have a sizablebranching fraction into WÕswhen

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 massesthat are signiÞcantly di! erent from the SUSY-limit. In the

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

is degeneratewith the W boson. Adding the soft massM1 raisesthe photino masswithout

much di" culty. In the SUSY-limit, the chargedHiggsinoshave no massterm, as can be seen

from theexplicit expressionfor the charginomassmatrix in Eq. (26). Largeµ(1$ ρs2" ) will help

lift the lightest chargino above the LEP-I I bound. This tends to favor regionswith negative

s2" < 0, and/or ρ %= 1.

It may be the casethat the e! ects of SUSY breaking lift the lightest neutralino above the

lightest chargino. In a scenariowith a low-scaleof SUSY-breaking, when the gravitino is the

LSP, a chargino NLSP may lead to a chargedtrack that eventually decays into an on-shellW

bosonand missing-energy[2]. In the example below, the charginoÐneutralinomassdi! erenceis

only on the order of 5Ð10GeV which is approximately the sizeof additional µ/µ S contributions

11Such a large value of the top Yukawa coupling can lead to the loss of perturbativit y at high energies.
However, this would happen above the new physics threshold at µS , and it is a UV-dependent issuethat we do
not addresshere (seefurther comments in Section 5).
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b, ! , ...
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÷N1 ÷Ci W

÷N1 f !

f ÷Ci H ±

÷N1
b, ! , ...

t , " ! , ...

Figure 8.1: Feynman diagrams for neutralino and chargino decays with ÷N1 in the Þnal 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 spart icle 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 notat ion for a lepton or quark, with f
and f ! dist inct members of the same SU (2)L mult iplet (and of course one of the f or f ! in each of these
decays must actually be an ant ifermion). The chargino and neutralino decay widths into the various
Þnal states can be found in refs. [196]-[198].

The Feynman diagrams for the neutralino and chargino decays with !N1 in the Þnal state that seem
most likely to be important are shown in Þgure 8.1. In many situat ions, the decays

!C±
1 ! !±" !N1, !N2 ! ! + ! " !N1 (8.4)

can be part icularly important for phenomenology, because the leptons in the Þnal state often will result
in clean signals. These decays are more likely if the intermediate sleptons are relat ively light , even if
they cannot be on-shell. Unfortunately, the enhanced mixing of staus, common in models, can often
result in larger branching fract ions for both !N2 and ÷C1 into Þnal states with taus, rather than electrons
or muons. This is one reason why tau ident iÞcat ion may be a crucial limit ing factor in at tempts to
discover and study supersymmetry.

In other situat ions, decays without isolated leptons in the Þnal 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 Þnal state, leading to

!C1 ! jj !N1, !N2 ! jj !N1, (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 direct ly from the couplings in Figures 5.3b,c. Therefore, the two-body
decays

!! ! ! !Ni , !! ! " !Ci , !" ! " !Ni , !" ! ! !Ci (8.6)

can be of weak interact ion strength. In part icular, the direct decays

!! ! ! !N1 and !" ! " !N1 (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 a! ect 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 (ligh t) neutral Higgs bosonsat the LHC. The analysis is carried out for the Standard
Model and its minimal supersymmetric extension.

1 Intro duction

1. Self-interactions of the Higgs Þeld in the scalar sector
inducethe breaking of the electroweaksymmetry SU(2)L !
U (1)Y down to the electromagneticsymmetry U (1)E M of
the Standard Model (SM). Gauge bosons and fermions
acquire massesby interactions with the non-zero Higgs
Þeld 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 spontaneousbreaking of the electroweak
symmetry. The shapeof the potential is determinedby the
massMH of the physical HiggsbosonÞeld,and its trilinear
and quadrilinear couplings. The trilinear coupling [1],

! H H H = 3M2
H /M2

Z (1)

in units of ! 0 = M2
Z /v, can be measureddirectly in the

production of Higgs-boson pairs at high energy colliders.
In proton collisions at the LHC, Higgs pairs can be pro-
ducedthrough doubleHiggs-strahlungo! W and Z bosons
[2], WW and ZZ fusion [3], and gluon-gluon fusion [4]; in
genericnotation:

double Higgs-strahlung:
qøq # W ! /Z ! # W/Z + HH

WW/ZZ double-Higgsfusion:
qq # qq + WW/ZZ # HH

gluon fusion: gg # HH

Characteristic diagrams of the three processesare shown
in Fig. 1. With valuestypically near 10 fb, high integrated
luminosities are neededto generatea su" ciently large en-
semble of signal events and to cope with the large number
of background events.

Fig. 1. Processescontributing to Higgs-pair production in the
Standard Model at the LHC: double Higgs-strahlung, W W/ Z Z
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 massof the
light CP-even Higgs bosonh is limited to lessthan about
130 GeV. The massesof the other Higgs bosonsare typ-
ically of the order of the electroweak symmetry breaking
scalev, yet they may extend up to valuesof order 1 TeV.
The MSSM Higgs system is described inherently by two
parameters which are generally chosen as the mass MA
of the pseudoscalarHiggs boson and the mixing param-
eter tan " , ratio of the vacuum expectation values of the

Godbole et al., 
Davoudiasl, Han, Logan
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signal H j j QCD Z j j and W j j EW Z j j and W j j

Psur v 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 Z j j QCD W j j EW Z j j EW W j j total
! 1254 1284 151 101 2790

Psur v ! 351 360 124 83 918
Psur v ! (" j j < 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) (Þrst two
lines) and (4). In the last two lines wealso include the central jet veto survival probabilities of Table I.

M H (GeV) 110 120 130 150 200 300 400
! 282. 274. 266. 251. 214. 154. 110.

Psur v ! 245. 238. 232. 218. 186. 134. 95.7
Psur v ! (" j j < 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.

M H (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 M H for an
integrated luminosity of 10 fb! 1 and 100 fb! 1. A SM production cross section is assumed.
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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 massof the
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scalev, yet they may extend up to valuesof order 1 TeV.
The MSSM Higgs system is described inherently by two
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Our results for the background and signal cross sect ions are tabulated in Table I. The

corresponding signal to background rat io, S/ B , and signiÞcance, S/
!

B , are tabulated in

Table I I. The numbers given in parentheses represent the signiÞcance obtained including

our est imated Z+ jets background discussed above. To be caut ious, we only consider this

background for thecaseswith pT/ > 65 GeV and pT/ > 75 GeV, which werestudied in Ref. [11],

and refrain from extrapolat ing to other pT/ cut values. We see from Table I I that a > 5!

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

with our conservat ive est imate for the Z+ jets background for pT/ > 75 GeV.

S(Z + hi nv)

pT/ cut B(Z Z ) B(W W ) B(Z W ) 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 sect ions for associated Z (" ! + ! ! ) + hi nv product ion at

the LHC, combining the ee and µµ channels. " Est imated 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 I I: Signal signiÞcance for associated Z (" ! + ! ! ) + hi nv product ion at the LHC, combining

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

discussed in the text .

Reference [11] Þnds a 14! signal for hi nv at the LHC with 100 fb! 1 and pT/ > 65 GeV,

with the rest of their cuts as ment ioned above. Rescaling this result for 10 fb! 1 yields a 4.4!

signal, somewhat more pessimist ic than our result for the signal signiÞcance for pT/ > 65 GeV

8

LHC:
 



Chargino NLSP?
from higher-order operators in the 1/µ S expansionthat we have not considered. The precise

sizeof thesecorrectionscan only be determinedin a given UV completion.

NLSP Char gino

µ ! µ/µ s b/µ2 m2
u/µ 2 m2

Hd
/µ 2 " M1/µ M2/µ

-70 1 0.11 -1.6 -1.7 .22 0.20 1.5 1.7

# tan $ mh0 mH0 g2
H0ZZ /g 2

hSM ZZ mA0 mH+ m! + m! 0

0.34 -1.8 120 140 0.82 110 125 100 110

5 Ul tr avi olet Scenar ios

Sofar we have restricted ourselvesto an analysis of the low-energyphysicsfrom an EFT point

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

e! ectsof the heavy physicson the low-energy degreesof freedom(herethe MSSM Þeldcontent)

and allowed us to focuson the sEWSB vacua.

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

HiggssuperÞeldsthat we have considered[seee.g. Eq.(1)] already arisesin oneof the simplest

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

renormalizablesuperpotential

W = µHuHd + %SHuHd +
1
2

µSS2 +
&
3

S3 . (35)

If the singlet massµS is su" ciently large, we can integrate out S using its supersymmetric

equation of motion (we could keepthe SUSY covariant derivative terms)

S = !
1

µS

!
%HuHd + &S2

"
. (36)

Replacingback in the superpotential and using the above equation of motion iterativ ely, one

gets the e! ective superpotential

We! = µHuHd !
%2

2µS
(HuHd)2 !

%3&
3µ3

S

(HuHd)3 + · · · . (37)

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

! 1 = ! %2, ! 2 = ! %3&, etc. Note also that for & = 0 only the lowest dimensionoperator, with

coe" cient ! 1, is generated.

26

Chargino NLSP?

|M 4|2 =
2g4|Vi 1X ÷N j u|2

(t ! m2
÷uL

)2 (M 2
!Ci

! t)(M 2
!N j

! t) (6.204)

Finally we compute the interference terms

6.18 !µ+
R " µ+ ! ± !! !

1 (done but not t yped in)

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

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

6.19 !" " " !G (done)

TheGoldst ino !G isa Weyl fermion which couples to thephot ino !! and photon Þeld Aµ according

to the Lagrangian:

L = !
1

2
#

2$F %
" µ

!G#! #" #µ !! [" ! A" ! " " A! ] + c.c. (6.205)

Therefore !! can decay to ! + !G through thediagrams:

!!

!

!G

!!

!

!G

with amplitudes:

M 1 =
i

2
#

2$F %
y( !G) [k# á#$á# ! $á#k# á#] k !G á#y  (!! ) , (6.206)

M 2 = !
i

2
#

2$F %
x  ( !G) [k# á#$á# ! $á#k# á#] k !G á#x(!! ) . (6.207)

Using the on-shell condit ion k# á$ = 0, we have ! $á#k# á# = k# á#$á# and ! $á#k# á# = k# á#$á#

from eqs. (A.1) and (A.2). So we can rewrite the total amplitude as

M = M 1 + M 2 = i
"
y( !G)Ay  (!! ) ! x  ( !G)B x(!! )

#
, (6.208)

where

A =
1

#
2$F %

k# á#$á#k !G á#; (6.209)

B =
1

#
2$F %

k# á#$á#k !G á# . (6.210)
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Kribs, Martin, Roy

Every SUSY event has 

Chargino decay may
be prompt, displaced,
or outside the detector .
 



Inverted Phenomenology

Charged Higgs constraints
 

-- direct constraints from LEP,  

-- indirect constraints from  B factories

vanishes in the SUSY-limit
Ferrara & Remiddi, Barbieri & Giudice

-- direct constraints from Tevatron, when 



Inverted Phenomenology

Charged Higgs constraints
 -- direct constraints from Tevatron, when 

G«erald Grenier SUSY charged Higgs at the TeVatron.

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

analysis SM non tøt tøt 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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F ig. 3. Observed (red) and expected (black line) 95 %
conÞdence level exclusion region in thecharged Higgs mass-
tan ! plane for MSSM parameters displayed on the Þgure.
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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-
t ion channel is thepair product ion of H+ + H! ! through
a γ/ Z0 s-channel exchange. The result ing cross sect ion
depends essent ially on the H+ + mass and elect roweak
quantum numbers[9]. For all the results presented in
this sect ion, lower limits on the Higss mass are derived
from upper limitson thepøp → H+ + H! ! + X crosssec-
t ion using the cross sect ion computed in [9] as a func-
t ion of the Higgs mass.
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F ig. 5. Observed and expected 95 % conÞdence
level upper limit on the cross sect ion of the process
pøp ! H++H! ! + X as a funct ion of the H++ mass assum-
ing a 100% decay rate for H++ ! µ+µ+.

3.1 H+ + → µ+ µ+

3.1.1 D¯ analysis

The D¯ collaborat ion reports a search for the process
pøp → H+ + H! ! + X → µ+ µ+ µ! µ! + X using a data
sampleof 1.1 fb! 1 [10]. Theanalysisrequests theevents
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 compat ible 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 di! erence in azimuth less
than 2.5 radians and an invariant mass greater than
30 GeV/ c2. The event should contain at least three
ident iÞed muons. The analysis leads to 3 events ob-
served for an expected background of 3.1± 0.5. Assum-
ing a 100% branching rat io of doubly charged Higgs
into a muon pair, a 95% conÞdence level upper limit
on the pøp → H+ + H! ! + X cross sect ion is derived as
shown on Þgure 5. This t ranslates 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 collaborat ion reports a similar analysis as
the one described in sect ion 3.1.1 but for a data sam-
ple of 242 pb! 1[11]. In this analysis, events are se-
lected if they Þre 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-
pat ible with being due to a cosmic muon are rejected.
In total, this analysis selects no event for an expec-
tat ion of 0.8 ± 0.5. Assuming a 100% decay rate for
H+ + → µ+ µ+ , 95% conÞdence level lower limits on
mass are derived. Those limits, shown on Þgure 5 are
113 GeV/ c2 for the H+ +

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



Inverted Phenomenology

Charged Higgs constraints
 -- direct constraints from Tevatron, when 

Jets

fourgaugebosoninteraction

2fermionsemitascalar

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?



¥ supplements



60 80 100 120 140 160
m(4b) (GeV)

0

20

40

60

80

# 
E

ve
nt

s/
bi

n/
10

 fb-1

signal
4bW BG
3b1jW BG
2b2jW BG
2b2cW BG

10 20 30 40 50 60 70
m(2b) (GeV)

0

20

40

60

80

100

120

# 
E

ve
nt

/b
in

/1
0 

fb-1

signal
4bW BG
3b1jW BG
2b2jW BG
2b2cW BG

Figur e 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 bot tom to top, the background histograms indicate
the accumulat ive sum of 2b2cW, 2b2cW + 2b2j W, 2b2cW + 2b2j W + 3b1j W , and 2b2cW +
2b2j W + 3b1j W + 4bW , respect ively.

4b channel is thus more opt imist ic for observing the Higgs, even though the back-
ground st ill dominates the signal, and the irreducible 4bl /E T background becomes
non-negligible. We require tagging three of the b jets, which would essent ially elim-
inates backgrounds from 4j l /E T , and reduces the 2b2j l /E T and 1b3j l /E T background
signiÞcant ly. 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 /E T is 25 fb. The 3bj l /E T

background is about 16 fb. The reducible background from 2b2j l /E T events is about
80 fb, and 2b2cl /E T is about 4 fb with a 10% mistag rate for c ! b [38]. The 4j l /E T

background is no larger than 0.2 fb.
We again present the reconstructed mass distribut ion for the signal and back-

grounds in two plots in Fig. 5. The left and right plots show the invariant mass
distribut ions of the 4b and 2b system, where the signal peaks near mh = 120GeV
and ma = 30GeV, respect ively, each with a width less than 10GeV due to detector
energy resolut ion. Similar to the Tevatron case, we assign the two bb pairs by min-
imizing their mass di! erence m(b1, b2) " m(b3, b4) and plot these two masses, each
with a half weight .

The dominant 2b2j lET background comes from tøt product ion. For tøt events, the
2b2j system contains all the decay products of a top-quark. Therefore, these events

Ð14 Ð



CP conservation:

No Charge-Breaking

with

x = −v2s2!

!

b+ 2! |µ|2
v2 + v2

CB

v2

"

, y = −v2s2
2! ! "µ2 , (54)

where! > 0 wasdeÞnedin Eq. (19). Hence,the derivative w.r.t. # vanishes either for sin# = 0,

or when

cos# = − x
2y

= − |µ|2

"µ2s2!

!
v2 + v2

CB

v2
+

1
2!

b
|µ|2

"

. (55)

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

b/|µ|2 ≥ 0 and " ∼< O(1) (for $1 ∼ O(1), we are already assumingthis latter condition to

ensurethat the heavy physicscorrespondsto an approximately supersymmetricthreshold). On

the other hand, the solution may be allowed if there is somedegreeof 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 secondderivative with

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

%2V
%#2

= 2y
#
1− cos2 #

$
, (56)

which hasthe sign of y, hencethe sign of −"µ2. Therefore,if "µ2 > 0 this solution cannot be a

minimum, and the minima must be described by real VEVÕs.We always assumeone of these

two simple, su! cient conditions, b/|µ|2 ≥ 0 or "µ2 > 0, in the main text.

With theseconditionsfor real VEVÕs, wecanaddress the issueof dangerouscharge-breaking

minima, i.e. solutions with vCB %= 0. Setting # = 0, and considering%V/ %vCB = 0 onecan see

that any solution with vCB %= 0 must satisfy

v2
CB = − 1

(g2 + g′2)

%
4m2

H d
+ v2

&
g2 + g′2c2!

'
+ 4|µ|2 (! s2! − 1)2

(
. (57)

Except for m2
H d

, all the terms in the bracesare explicitly posit ive (recall g′ < g). Sincev2
CB

must be positive, m2
H d
≥ 0 (or not too negative) is a su! cient condition to ensurethat charge-

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

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

indeeda minimum, and whether it is a global as opposedto a local minimum.
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with

x = ! v2s2β

!

b+ 2ρ|µ|2
v2 + v2

CB

v2

"

, y = ! v2s2
2β ρ ξµ2 , (54)

whereρ > 0 wasdeÞnedin Eq. (19). Hence,the derivative w.r.t. δ vanishes either for sinδ = 0,

or when

cosδ = !
x
2y

= !
|µ|2

ξµ2s2β

!
v2 + v2

CB

v2
+

1
2ρ

b
|µ|2

"

. (55)

Since| cosδ| " 1, this solution is not always physical. In particular, it doesnot exist provided

b/|µ|2 # 0 and ξ $< O(1) (for ω1 $ O(1), we are already assumingthis latter condition to

ensurethat the heavy physicscorrespondsto an approximately supersymmetricthreshold). On

the other hand, the solution may be allowed if there is somedegreeof 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 secondderivative with

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

∂2V
∂δ2

= 2y
#
1 ! cos2 δ

$
, (56)

which hasthe sign of y, hencethe sign of ! ξµ2. Therefore,if ξµ2 > 0 this solution cannot be a

minimum, and the minima must be described by real VEVÕs.We always assumeone of these

two simple, su! cient conditions, b/|µ|2 # 0 or ξµ2 > 0, in the main text.

With theseconditionsfor real VEVÕs, wecanaddress the issueof dangerouscharge-breaking

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

that any solution with vCB %= 0 must satisfy

v2
CB = !

1
(g2 + g!2)

%
4m2

H d
+ v2

&
g2 + g!2c2β

'
+ 4|µ|2 (ρs2β ! 1)2

(
. (57)

Except for m2
H d

, all the terms in the bracesare explicitly posit ive (recall g! < g). Sincev2
CB

must be positive, m2
H d

# 0 (or not too negative) is a su! cient condition to ensurethat charge-

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

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

indeeda minimum, and whether it is a global as opposedto 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 Z j j (blue dashed line) and W j j (blue dotted line) backgrounds, as well as
the QCD processes Z j j (black dashed line), W j j (black dotted line), and j j j (magenta histogram)
production. We exhibit the invisible Higgs contribution for M H = 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 sameconvention 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 M H = 120 and 300 GeV. Results are shown
after applying the cuts (1-3) and including the effect of acentral 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 dist ribut ion for Z (! e+ e! ) + hi nv signal (solid lines, with mh = 120, 140 and

160 GeV top to bot tom) and backgrounds from W W and Z Z (dot ted lines) at the LHC, after

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

with a third isolated electron with

pT > 10 GeV, |! | < 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 5Ð10 fb, so that it has lit t le e! ect on the signiÞcance

of the signal.

Wealso include thebackground from Z + jetswith fakepT/ . Asshown in Ref. [11], events of

the type Z+ jets can const itute a signiÞcant background due to jet energy mismeasurements

result ing in fake pT/ , or when one or more jets are emit ted outside the Þducial region of

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

6
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Minimization Relations

The Þrst condition ensuresthat all the solutions to the minimization equations are real, while

the secondwould ensurethat any putativ e complexsolution is not a minimum of the potential .

Although the above are only su! cient conditions to avoid spontaneousCP violation, they will

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

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

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

charge-breaking vacua, provided only that m2
H d

is not too negative. Further details are given

in Appendix B.

From here on we restrict ourselves to regionsof parameter spacewhere electromagnetism

is unbroken and CP is preserved, so that !H 0
u" = vu and !H 0

d" = vd are always real. Notice

that, unlike in the MSSM without higher-dimensionoperators, the sign of tan ! = vu/v d is

physical. However, we still have a remaining U(1)Y gaugerotation that we use to choosevd

positive, though vu may be posit ive or negative. Thesenon-trivial extrema of the potential are

described by v2 = v2
u + v2

d and # " / 2 < ! < " / 2, and must satisfy

s2! =
2b# 4|µ|2#(#s2! # 1)

m2
H u

+ m2
H d

+ 2|µ|2(#s2! # 1)2 # 2$µ2#
, (17)

m2
Z =

m2
H u

# m2
H d

c2!
#

!
m2

H u
+ m2

H d
+ 2|µ|2(#s2! # 1)2

"
, (18)

v2 $ #
# 2µµS

%1

$

. (19)

Herem2
Z shouldbe considereda placeholderfor v2 accordingto m2

Z = (g2 + g!2)v2/ 2. For given

ultraviolet parameters(m2
H u

, m2
H d

, b,µ, µs/ %1, $) there may be more than one solution to the

above equationswhere EWSB occurs, in addition to the origin where EWSB doesnot occur.

With our conventions, a valid solution must alsohave real and positive #.

The parameter # introduced in Eq. (19) characterizeshow closethesesolutions are to the

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

sionsof the previoussection, with # % 1 and tan ! % 1. On the other hand, the MSSM-limit

corresponds to # % 0, or more precisely to the scaling # % 1/µ S as µS % & [seeEq. (19)].

This alsosuggestsa deÞnitecriterion to distinguish Ñfor Þnite µSÑ MSSM-like minima from

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

MSSM-like minimum tends to a constant asµS becomeslarge, the newvacuaare characterized

by VEVÕsthat scalelike
'

µS for large µS, provided all other microscopicparametersare kept

Þxed (# remainsof 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-shadedtriangular region correspondsto the completeEWSB parameterspacein the
MSSM (in the absenceof higher-dimensionoperators). The (blue) dots correspond to theories
that break the EW symmetry, taking ! 1 = 2, " = 0, and for Þxedtan # = 1 (m2

H u
= m2

H d
). We

scannedover b and m2
H u

with |b|, |m2
H u

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

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

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

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

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

in the soft SUSY breaking terms:

V ! (m2
H u

+ m2
H d

+ 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 energyis not shifted at lowest order in SUSY breaking. Furthermore, we learn

that the sEWSB minimum with v ! (2µµS/ ! 1)1/ 2 is the global minimum provided m2
H u

+

m2
H d

+ 2b< 0, at least when theseparametersare small comparedto µ.

In the generalcase,when SUSY breaking is not necessarilysmall comparedto µ (but still

assumingit is small comparedto µS sothat the EFT givesa reasonablygood descriptionof the

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

17



Theselimits depend on the gauginosoft massparametersthat do not enter in the scalar sec-

tor. The neutralinos can be su! ciently heavy for the boundson the Higgsmassfrom invisible

decays to be satisÞedin the regions marked as allowed in the plots. We also assumethat the

Higgsdecays into bøb are as important as in the MSSM (we do not considerin this paper e" ects

from physics beyond the MSSM that a" ects particles other than those in the Higgs sector).

The qualitativ e lessonis that there are interesting new regionsof parameter spacethat can

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

| tan ! | = O(1).

4.2 sEWSB Vacua: The |tan! | ! 1 Li mit

To better understand the featuresdiscussedin the previoussubsection,we take a | tan ! | ! 1

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

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

tan ! = ± 1 + 2" ! , the extrema conditions of Eqs. (17) and (18) reduceto

#! =
1
2$ ± 2

3

!
"

#
1 + %

$%
%
& 1 "

3
( 1

2$ ± 2)2

'

1 +
m2

H u
+ m2

H d

2µ2
#

b
µ2

( )
*

+
,

" ! = ±
m2

H d
" m2

H u

2
,
m2

Z + m2
H u

+ m2
H d

+ 2µ2(1 # #! )2
- ,

wherethe two branchesdiscussed in Subsection3.4 are labeledby %= ± .

The neutral masses reduceto

m2
A0 = 4(± 1 + $)#µ2 ± 2b + O(" ! 2),

m2
H 0 =

1
2
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Z + m2
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The mixing angle that determines whether H 0 (c2
" ! # > 1/ 2) or h0 is SM-like (c2

" ! # < 1/ 2)

simpliÞesconsiderably:

c2
" ! # =

0
0 + O(" ! 2) D > 0
1 + O(" ! 2) D < 0

. (33)

10SeeFootnote 7 if the complex µ expressionis needed.
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Theselimits depend on the gauginosoft massparametersthat do not enter in the scalar sec-

tor. The neutralinos can be su! ciently heavy for the boundson the Higgsmassfrom invisible

decays to be satisÞedin the regions marked as allowed in the plots. We also assumethat the

Higgsdecays into bøb are as important as in the MSSM (we do not considerin this paper e" ects

from physics beyond the MSSM that a" ects particles other than those in the Higgs sector).

The qualitativ e lessonis that there are interesting new regionsof parameter spacethat can

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

| tan ! | = O(1).

4.2 sEWSB Vacua: The |tan! | ! 1 Li mit

To better understand the featuresdiscussedin the previoussubsection,we take a | tan ! | ! 1

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

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

tan ! = ± 1 + 2" ! , the extrema conditions of Eqs. (17) and (18) reduceto
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2$ ± 2
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*
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+ 2µ2(1 # #! )2
- ,

wherethe two branchesdiscussed in Subsection3.4 are labeledby %= ± .

The neutral masses reduceto

m2
A0 = 4(± 1 + $)#µ2 ± 2b + O(" ! 2),

m2
H 0 =

1
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.
m2

Z + m2
A0 + 8µ2#(# # 1 " $/ 2) + |D|

/
+ O(" ! 2),

m2
h0 =

1
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.
m2

Z + m2
A0 + 8µ2#(# # 1 " $/ 2) " |D |

/
+ O(" ! 2),

D $ m2
Z + m2

A0 " 8µ2#(2# # 1).

The mixing angle that determines whether H 0 (c2
" ! # > 1/ 2) or h0 is SM-like (c2

" ! # < 1/ 2)

simpliÞesconsiderably:

c2
" ! # =

0
0 + O(" ! 2) D > 0
1 + O(" ! 2) D < 0

. (33)

10SeeFootnote 7 if the complex µ expressionis needed.
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Higgsdecays into bøb are as important as in the MSSM (we do not considerin this paper e" ects

from physics beyond the MSSM that a" ects particles other than those in the Higgs sector).

The qualitativ e lessonis that there are interesting new regionsof parameter spacethat can

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

| tan ! | = O(1).

4.2 sEWSB Vacua: The |tan! | ! 1 Li mit

To better understand the featuresdiscussedin the previoussubsection,we take a | tan ! | ! 1

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

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

tan ! = ± 1 + 2" ! , the extrema conditions of Eqs. (17) and (18) reduceto
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wherethe two branchesdiscussed in Subsection3.4 are labeledby %= ± .

The neutral masses reduceto

m2
A 0 = 4(± 1 + $)#µ2 ± 2b + O(" ! 2),

m2
H 0 =

1
2

[
m2

Z + m2
A 0 + 8µ2#(# # 1 " $/ 2) + |D|

]
+ O(" ! 2),

m2
h0 =

1
2

[
m2

Z + m2
A 0 + 8µ2#(# # 1 " $/ 2) " |D |

]
+ O(" ! 2),

D $ m2
Z + m2

A 0 " 8µ2#(2# # 1).

The mixing angle that determines whether H 0 (c2
" ! # > 1/ 2) or h0 is SM-like (c2

" ! # < 1/ 2)

simpliÞesconsiderably:

c2
" ! # =

{
0 + O(" ! 2) D > 0
1 + O(" ! 2) D < 0

. (33)

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
! ! " (which is the coe! cient of the

Z-Z -H 0 coupling) for tan ! ! 1 by appealing to the SUSY limit of Section 2. In the SUSY

limit, the CP-even Þeld with mass2µ is always the SM-like Higgs state. When D < 0, it is

the heavy H 0 Þeldwhosemassreducesto the SUSY limit value of 2|µ| so cos2
! ! " " 1. When

D > 0, it is the light h0 Þeldwhosemassreducesto 2|µ| so cos2! ! " " 0.

Finally, the chargedHiggsmassm2
H + is always very closeto the non-SM-like CP-even Higgs

mass

m2
H + =

!
m2

H 0 + (m2
W # m2

Z ) + O(" ! 2) D > 0
m2

h0 + (m2
W # m2

Z ) + O(" ! 2) D < 0
. (34)

In the | tan ! | ! 1 limit with SUSY-breakingincluded, larger # always tends to push D < 0

sothat H 0 becomesthe SM-likeHiggsstateandwehavean invertedhierarchy. Up to corrections

of order " ! 2, we seethat the inverted hierarchy spectra is consistent with LEP-bounds with

only one condition: that the heavy CP-even state H 0 has mH 0 > 114 GeV, and no condition

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

m2
H 0 = 4µ2#(3# $ 2 # $/ 2) which may easily be larger than 114 GeV for moderate # and µ.

Recall from the previoussubsectionthat oneof the reasonsfor the rarit y of inverted hierarchies

in the MSSM is the di! culty of simultaneously satisfying LEP constraints on both CP-even

states.

The deÞnition of sEWSB vacua given in Section 3.1 allows us to seethat sEWSB vacua

typically have larger #, and henceinverted spectra. This is clear from the %= + branch in

the expressionfor #, but itÕsalso true in the %= # branch. Working in the EFT makes this

clear: we require that µ2
S % µ2, m2

H u
, m2

H d
, b for the validit y of the EFT. Given these input

parameters,the only trustworthy vacuawhereEWSB occurssatisfy two genericrelationships:

v2 ! µSµ or v2 ! µ2 (with any other soft-masspossiblyreplacingµ), dependingon whether the

non-renormalizableterms proportional to µS help stabilize the VEV or not. The former caseis

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

while the latter is an MSSM-like vacuawit h # ! v2/ (µµS) ! (µ/µ S).

As a complement to the qualitativ e picture exhibited in Fig. 5, we givea coupleof numerical

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

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

are expected to be accurate to approximately O (v2/µ 2
S). To be conservative, we require that

charginosareheavier than the kinematic reach at LEP-I I, m#+ > 104GeV, and that neutralinos

are heavier than half of the Z-mass: m#0 > 45 GeV. Depending on the composition of the
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