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SUSY facts
• SUSY is a framework for an infinite number of models with an 

extended space-time symmetry

• SUSY can provide solutions to EWSB, the hierarchy problem, 
unification and cosmology: 

• SUSY must be broken:                                                                               
Recall that if supersymmetry were an exact symmetry, then superpartners would

have to be exactly degenerate with each other. For example,

mẽL
= mẽR

= me = 0.511 GeV

mũL
= mũR

= mu

mg̃ = mgluon = 0 + QCD-scale effects

etc.

But new particles with these properties have been ruled out long ago, so:

Supersymmetry must be broken in the vacuum state chosen by Nature.

Supersymmetry is thought to be spontaneously broken and therefore hidden, the

same way that the electroweak symmetry is hidden from very low-energy

experiments.

23

MeV

IF SUSY were an exact symmetry, the SM particles and their 
superpartners would have the exactly same masses.

No SUSY particles have been seen yet
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           How is SUSY broken?   Soft SUSY breaking 

=> give different masses to SM particles & their SUSY-partners, 
but preserving the coupling structure of the theory 

-- secure solution to the hierarchy problem relying on equality of couplings and 
not on equality of the masses of the particles and their SUSY-partners   --

The scale of SUSY breaking must be of order 1 TeV, if SUSY is
associated with the scale of electroweak symmetry breaking
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The MSSM soft SUSY-breaking terms arise indirectly or radiatively, not from

tree-level renormalizable couplings directly to the SUSY-breaking sector.

(Hidden sector)
(Visible sector)

Supersymmetry

breaking origin
     MSSMFlavor-blind

interactions

Spontaneous SUSY breaking occurs in a “hidden sector” of particles with no

(or tiny) direct couplings to the “visible sector” chiral supermultiplets of the MSSM.

However, the two sectors do share some mediating interactions that transmit

SUSY-breaking effects indirectly. As a bonus, if the mediating interactions are

flavor-blind, then the soft SUSY-breaking terms of the MSSM will be also.

There are two obvious guesses for the flavor-blind interactions: gravitational and

the ordinary gauge interactions.

101

Understanding the origins of Spontaneous SUSY breaking:
Soft SUSY breaking terms arise indirectly,

not through treel level, renormalizable couplings to the SUSY breaking sector

 One can think of Messengers mediating some interactions that transmit

SUSY breaking effects indirectly from the hidden sector to the MSSM

Spontaneous SUSY breaking occurs in a Hidden sector of particles, 
with none or tiny direct couplings to the MSSM particles, 

when some components of the hidden sector acquire a vev <F> = 0. 
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• Gravity mediation: SUSY breaking mediated by Planck-scale-
suppressed couplings

• Gauge mediation: SUSY breaking mediated by loops containing heavy 
“messenger” fields

• Bulk mediation: We live on a “brane” in a larger (“bulk”) extra 
dimensional space; SUSY is broken on a different brane

mSUGRA, anomaly mediation, stringy models,...

GMSB:  minimal, general, metastable...

gaugino mediation, radion mediation,...

• There are many possible SUSY breaking mechanisms, and many 
possible ways to mediate SUSY breaking to SM particles

< SUSY can be also classified according to the particle content and/or how 
many independent SUSY breaking parameters appear in the SM sector >           

MSSM, CMSSM, pMSSM, NMSSM, nMSSM...
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Problems with SUSY Models

• Why is the Z mass so light?

string theory they are well motivated. The first must remain an assumption
until supersymmetry breaking is understood.

For the Higgs potential to actually have a minimum that breaks the
EW symmetry two conditions must be satisfied. The one relevant to us here is
the only equation that quantitatively relates some soft breaking masses at the
electroweak scale to a measured number (at tree level):

M2
Z

2
= −µ2(ew) +

m2
HD

(ew) − m2
HU

(ew) tan2 β

tan2 β − 1
(1)

where mHD
and mHU

are the soft masses for the Higgs doublets coupling to
down-type and up-type quarks, respectively, and µ is the effective µ parameter
that arises after supersymmetry breaking (we do not give it a separate name).
This tree level relation can, in turn, be written in the following way [1]

M2
Z =

∑

i

Cim
2
i (uv) +

∑

ij

Cijmi(uv)mj(uv) (2)

Here mi represents a generic parameter of the softly broken supersymmetric
Lagrangian at an initial high scale Λuv with mass dimension one, such as gaugino
masses, scalar masses, trilinear A-terms and the µ parameter.

The coefficients Ci and Cij depend on the scale Λuv and quantities such
as the top mass and tan β in a calculable way through solving the renormal-
ization group equations (RGEs) for the soft supersymmetry breaking terms.
For example, taking the running mass for the top quark at the Z-mass scale
to be mtop(MZ) = 170 GeV, the starting scale to be the grand-unified scale
Λuv = Λgut = 1.9 × 1016 GeV, and tanβ = 5 we have for the leading terms
in (2)

M2
Z = −1.8µ2(uv) + 5.9M2

3 (uv) − 0.4M2
2 (uv) − 1.2m2

HU
(uv)

+0.9m2
Q3

(uv) + 0.7m2
U3

(uv) − 0.6At(uv)M3(uv)

−0.1At(uv)M2(uv) + 0.2A2
t (uv) + 0.4M2(uv)M3(uv) + . . . (3)

where the ellipses in (3) indicate terms that are less important quantitatively
and for our purposes. In particular M3 and M2 are the SU(3) and SU(2)
soft gaugino masses, respectively, and At is the soft trilinear scalar coupling
involving the top squark. C3 and Cµ, being the largest coefficients, are those
which we will discuss in some detail below. We think equation (2), in a given
concrete manifestation such as (3), provides significant insight into high-scale
physics whose implications have not yet been fully explored.

Because this equation is the only one connecting supersymmetry break-
ing to measured data it was long ago realized that it was very important [2]-[10].
There is also a connection of supersymmetry to data through the apparent gauge
coupling unification. That depends on essentially the same physics as equa-
tion (2), requiring the first two of the three assumptions, but is more qualitative
and less able to tell us precise values for the soft parameters. It would be im-
portant if (2) could tell us quantitative information about M3 and µ. If M3 or

2

• The “mu problem”:                                                                           
Why is the mass scale of the supersymmetric mu parameter 
related to the effective scale of SUSY breaking and of EWSB?

5

with i = 1, 2, 3 denoting the three families. So the MSSM superpotential, in the approximation
that only third-family Yukawa couplings are included, is:

W = µHuHd + ytHuq3u3 − ybHdq3d3 − yτHd!3e3. (2.3)

It is well-known that gauge coupling unification is maintained if the new fields taken together

transform as complete SU(5) multiplets. However, this is not a necessary condition. There are
three types of models that can successfully maintain perturbative gauge coupling unification with
the masses of new extra chiral supermultiplets at the TeV scale.

First, there is a model to be called the “LND model” in this paper, consisting of chiral super-
multiplets L,L,N,N,D,D, with a superpotential

W = MLLL + MNNN + MDDD + kNHuLN − hNHdLN. (2.4)

Here L,L play the role of Φ,Φ and N,N the role of φ,φ in eqs. (1.1)-(1.6). In most of the following,
I will consider only the case that the multiplicity of each of these fields is 1, although 1, 2, or 3 copies

of each would be consistent with perturbative gauge coupling unification. These fields consist of a
5+5 of SU(5), plus a pair† of singlet fields. The non-MSSM mass eigenstate fermions consist of a
charged lepton τ ′, a pair of neutral fermions ν ′

1,2, and a charge −1/3 quark b′. Their superpartners

are complex scalars τ̃ ′
1,2, ν̃ ′

1,2,3,4, and b̃′1,2. The primes are used to distinguish these states from
those of the usual MSSM that have the same charges.

Second, one has a model consisting of a 10+10 of SU(5), to be called the “QUE model” below,

consisting of fields Q,Q,U,U,E,E with a superpotential

W = MQQQ + MUUU + MEEE + kUHuQU − hUHdQU. (2.5)

The non-MSSM particles in this case consist of charge +2/3 quarks t′1,2, a charge −1/3 quark b′,

and a charged lepton τ ′, and their scalar partners t̃′1,2,3,4, b̃′1,2 and τ̃ ′
1,2.

Third, one has a “QDEE model” consisting of fields Q,Q,D,D,Ei, Ei (i = 1, 2) with a super-

potential

W = MQQQ + MUDD + MEi
EiEi + kDHuQD − hDHdQD. (2.6)

Although this particle content does not happen to contain complete multiplets of SU(5), it still

gives perturbative gauge coupling unification. The non-MSSM particles in this model consist of
charge −1/3 quarks b′1,2, a charge +2/3 quark t′, and two charged leptons τ ′

1,2, and their scalar

partners b̃′1,2,3,4, t̃′1,2 and τ̃ ′
1,2,3,4.

The field and particle content of these three models is summarized in Table I.
In reference [24], it is suggested that a model with extra chiral supermultiplets in 5+5+10+10

of SU(5), or equivalently (if a pair of singlets is added) 16 + 16 of SO(10), will also result in

† Here I choose the minimal model of this type that includes Yukawa couplings of the kind mentioned in the
Introduction while not violating lepton number. It is also possible to identify the fields N and N , since they are
gauge singlets, or to eliminate them (and their Yukawa couplings) entirely.
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• The “flavor problem”:                                                                                       

Why doesnʼt SUSY breaking introduce new large sources of flavor 
(and CP) violation?

         

MSSM:105 new parameters not present in the SM

If the mediating interactions are flavor blind 

( gravity/ordinary gauge interactions),  

the MSSM soft SUSY breaking terms will also be flavor independent 

(favored experimentally)
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• Why is the Higgs so heavy?

• For minimal SUSY models, the SM-like Higgs should have       
been discovered at LEP                                                                                                
-- little room left --

after 2 -loop corrections:     

€ 

mh ≤135GeV

Brignole, M.C., Degrassi, Diaz, Ellis, Haber, Hempfling, 
Heinemeyer, Hollik, Espinosa, Martin, Quiros, Ridolfi, 
Slavich, Wagner, Weiglein, Zhang, Zwirner, … 

At~2.4 MS

At=0

• Much recent activity on SUSY models with extra stuff and/or                    
with non-minimal Higgs sectors

The SM-like SUSY Higgs boson becomes heavier,                                               
or is hidden from LEP
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Top-down approach: 
Many possible SUSY breaking scenarios

          limited number of parameters with boundary conditions 
at an specific SUSY breaking scale are fit to low scale data via RG evolution

Dissecting SUSY at the LHC

⇒

Bottom-up approach: 
Low energy SUSY particle masses converted to Lagrangian parameters
and RG evolved to the SUSY breaking scale to analyze their structure

Shortcomes: 
RG dependence, SUSY breaking scale dependence, MSSM parameters 
interconnected, experimental uncertainties in gauge/Yukawa couplings
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Determining the Structure (and Scale) of SUSY-Breaking
& Testing Flavor

A powerful approach based on RG invariants:

Assumptions: 
- EFT at the EW scale is the MSSM
- no new physics below the scale of SUSY breaking

Procedure: 
- Study RG evolution of Soft Masses and Gauge Couplings
- Define RG invariant combinations at one-loop
- Use SUSY particle mass measurements at LHC to obtain low energy    
   measurements of RG invariants 
   ==> Probe different high scale SUSY Breaking mechanisms
   Determine parameter space and (sometimes) SUSY breaking scale
- Discuss two-loop effects and experimental uncertainties

M.C. Draper, Shah, Wagner ’10
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Constructing RG Invariants
 use	
  1-­‐loop	
  RG	
  evolution	
  of	
  soft	
  masses	
  and	
  gauge	
  couplings
 soft	
  sfermion	
  masses	
  flavor	
  diagonal.
 1st	
  and	
  2nd	
  generation	
  masses	
  degenerate	
  at	
  the	
  messenger	
  scale.	
  
 Neglect	
  1st	
  and	
  2nd	
  generation	
  yukawa	
  and	
  trilinear	
  couplings.

RG inv. DG  associated to global symmetries of the Yukawa potential, 
with vanishing mixed anomalies with the SM gauge groups

soft masses of the first generation [70],

Dχ1 ≡ 4DY1 − 5D(B−L)1

= −6m2
Q̃1

− 3m2
ũ1

+ 9m2
d̃1
+ 6m2

L̃1
−m2

ẽ1
. (1.6)

Here χ1 is used to indicate that this charge assignment is related by an overall re-scaling to the

U(1)χ symmetry generated by the spontaneous breaking of E6.

The E6 breaking generates an additional U(1), E6 → SU(5) × U(1)χ × U(1)ψ, but the

U(1)ψ symmetry is anomalous when restricted to the MSSM and involves the Higgs sector,

which prevents a family non-universal invariant combination. Fortunately, by taking the linear

combination (the “inert U(1)�” [73, 74]),

√
10

2
U(1)χ +

√
6

2
U(1)ψ , (1.7)

and setting the charge of the first generation left-handed sleptons to zero, we obtain an anomaly-

free symmetry, U(1)Z , and the corresponding RGI [68]:

DZ ≡ 3m2
d̃3
+ 2m2

L̃3
− 2m2

Hd
− 3m2

d̃1
. (1.8)

This new symmetry is evidently independent from those already discussed, as it depends only

on m2
Hd

and not on the combination m2
Hu

−m2
Hd
.

Of course, the sixth combination must now run with DY . The RGE for DY is given by

16π2dDY

dt
=

66

5
g21DY , (1.9)

so this combination can be taken to be DY itself. DB−L also evolves only with DY , and as

mentioned previously, so do the restrictions of DY and DB−L to any given generation (plus

Higgs in the case of the third generation DY .) These quantities are then RGIs if DY vanishes,

although only those related to DY are linearly independent of the invariants introduced above.

However, one can construct a genuine independent invariant out of DY that is nonlinear in

running parameters. Recall that the gauge couplings obey homogeneous RGEs at one loop:

16π2dgr
dt

= g3
r
(Trn Ir(n)− 3Cr(G)) , (1.10)

where Ir(n) is the Dynkin index of the chiral multiplet n, and Cr(G) is the quadratic Casimir

invariant of the adjoint representation. The g1 group theory factor is equal to 33/5 in the

MSSM, and so we obtain the RGI,

IY α ≡ DY

g21
. (1.11)

7

soft masses of the first generation [70],

Dχ1 ≡ 4DY1 − 5D(B−L)1

= −6m2
Q̃1

− 3m2
ũ1
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global symmetry of the classical Yukawa potential. This affects only the third generation in our

approximation, so it implies three independent constraints on the twelve Qi. For the gaugino

terms to cancel, the symmetry must have vanishing mixed anomalies with the SM gauge groups.

This supplies three more independent constraints on the Qi.

Furthermore, we can construct a basis in which five of these six combinations will also satisfy

TrQiY = 0. This condition eliminates the DY term from the RGEs. These five combinations

are then genuine RG invariants, independent of the vanishing of DY .

Let us first consider baryon number, Q = B, and lepton number, Q = L. Classically, these

are symmetries of the action, but both are anomalous in the MSSM. Within our approximation,

both the baryon and the lepton number associated with each generation is separately conserved

at the classical level and their anomalies are flavor-independent. Hence the differences between

the first (or second) and third generation baryon and lepton number are anomaly-free. With

this in mind, one can define RGIs associated with the new global symmetries: B13 and L13 [68],

DB13 ≡ DB1 −DB3

= 2m2
Q̃1

−m2
ũ1

−m2
d̃1
− 2m2

Q̃3
+m2

ũ3
+m2

d̃3
,

DL13 ≡ DL1 −DL3

= 2m2
L̃1

−m2
ẽ1
− 2m2

L̃3
+m2

ẽ3
, (1.4)

where numbers in the subscripts indicate the generation.

We can also consider non-anomalous U(1) symmetries. The obvious choices are hypercharge

and (B−L). However, since TrY 2
and TrY (B−L) are non-vanishing, these combinations will

evolve with DY .

In the hypercharge combination, the DY dependence can be eliminated by using nearly the

same trick with family non-universality as we did with B and L. In this case, we must include

the Higgs doublets with the third generation, since their soft mass evolution is linked by the

Yukawa couplings. The proper RG invariant combination is given by

DY13H ≡ DY1 −
10

13
DY3H ,

= m2
Q̃1

− 2m2
ũ1

+m2
d̃1
−m2

L̃1
+m2

ẽ1

−10

13

�
m2

Q̃3
− 2m2

ũ3
+m2

d̃3
−m2

L̃3
+m2

ẽ3
+m2

Hu
−m2

Hd

�
. (1.5)

For (B−L), generation subtraction is redundant, since we can construct it out of DB13 and

DL13 . However, even restricting the trace to a single generation, DY and DB−L evolve only

with DY . Therefore we can construct a fourth RGI combination which depends only on the
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 Gauge Coupling/Gaugino Mass Invariants

Table 2: 1-Loop RG Invariants in the MSSM

Invariant Symmetry Dependence on Soft Masses
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Q̃1

−m2
Q̃3
)−m2

ũ1
+m2

ũ3
−m2

d̃1
+m2

d̃3

DL13 L1 − L3 2(m2
L̃1

−m2
L̃3
)−m2

ẽ1
+m2

ẽ3

Dχ1 χ1 3(3m2
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L̃1
)−m2

ũ1
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ẽ1

DY13H Y1 − 10
13Y3H
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ũ1

+m2
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−m2
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+m2

ẽ1
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13
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+m2

d̃3
−m2
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+m2

ẽ3
−m2
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+m2

Hd

�

DZ Z 3(m2
d̃3
−m2

d̃1
) + 2(m2

L̃3
−m2

Hd
)

IY α Y
�
m2
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−m2

Hd
+
�

gen
(m2

Q̃
− 2m2

ũ
+m2

d̃
−m2

L̃
+m2

ẽ
)
�
/g21

IBr
Mr/g2r

IM1 M2
1 − 33

8 (m
2
d̃1
−m2

ũ1
−m2

ẽ1
)

IM2 M2
2 + 1

24

�
9(m2

d̃1
−m2

ũ1
) + 16m2

L̃1
−m2

ẽ1

�

IM3 M2
3 − 3

16(5m
2
d̃1
+m2

ũ1
−m2

ẽ1
)

Ig2 1/g21 − 33/(5g22)

Ig3 1/g21 + 33/(15g23)
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soft masses of the first generation [70],

Dχ1 ≡ 4DY1 − 5D(B−L)1

= −6m2
Q̃1

− 3m2
ũ1

+ 9m2
d̃1
+ 6m2

L̃1
−m2

ẽ1
. (1.6)

Here χ1 is used to indicate that this charge assignment is related by an overall re-scaling to the

U(1)χ symmetry generated by the spontaneous breaking of E6.

The E6 breaking generates an additional U(1), E6 → SU(5) × U(1)χ × U(1)ψ, but the

U(1)ψ symmetry is anomalous when restricted to the MSSM and involves the Higgs sector,

which prevents a family non-universal invariant combination. Fortunately, by taking the linear

combination (the “inert U(1)�” [73, 74]),

√
10

2
U(1)χ +

√
6

2
U(1)ψ , (1.7)

and setting the charge of the first generation left-handed sleptons to zero, we obtain an anomaly-

free symmetry, U(1)Z , and the corresponding RGI [68]:

DZ ≡ 3m2
d̃3
+ 2m2

L̃3
− 2m2

Hd
− 3m2

d̃1
. (1.8)

This new symmetry is evidently independent from those already discussed, as it depends only

on m2
Hd

and not on the combination m2
Hu

−m2
Hd
.

Of course, the sixth combination must now run with DY . The RGE for DY is given by

16π2dDY

dt
=

66

5
g21DY , (1.9)

so this combination can be taken to be DY itself. DB−L also evolves only with DY , and as

mentioned previously, so do the restrictions of DY and DB−L to any given generation (plus

Higgs in the case of the third generation DY .) These quantities are then RGIs if DY vanishes,

although only those related to DY are linearly independent of the invariants introduced above.

However, one can construct a genuine independent invariant out of DY that is nonlinear in

running parameters. Recall that the gauge couplings obey homogeneous RGEs at one loop:

16π2dgr
dt

= g3
r
(Trn Ir(n)− 3Cr(G)) , (1.10)

where Ir(n) is the Dynkin index of the chiral multiplet n, and Cr(G) is the quadratic Casimir

invariant of the adjoint representation. The g1 group theory factor is equal to 33/5 in the

MSSM, and so we obtain the RGI,

IY α ≡ DY

g21
. (1.11)
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=Additionally, because of the form of Eq. (1.10), we obtain two additional RGIs

Ig2 ≡
1

g21
− 33

5g22
and Ig3 ≡

1

g21
+

33

15g23
, (1.12)

whose values may be computed from measurements at the scale MZ . In the MS scheme, for

instance, they are approximately −10.9 and 6.2, respectively.

We now construct RGIs with gaugino mass dependence. The three soft gaugino masses,

Mr, evolve with 1-loop RGEs given by

16π2∂tMr = g2rMr (2Trn Ir(n)− 6Cr(G)) . (1.13)

Again replacing g2r in Eq. (1.13) with ∂t log(gr) and the group theory factor, we recover the

well-known set of three RGIs,

IBr ≡ Mr/g
2
r . (1.14)

Finally, there are three RGIs that mix gaugino and sfermion soft mass parameters. Following

the method of Ref. [71], these can be obtained easily from the 1st generation masses because

of the absence of Yukawa couplings and the homogeneity of the Mr and DY RGEs,

IM1 ≡ M2
1 − 33

8

�
m2

d̃1
−m2

ũ1
−m2

ẽ1

�
,

IM2 ≡ M2
2 +

1

24

�
9(m2

d̃1
−m2

ũ1
) + 16m2

L̃1
−m2

ẽ1

�
,

IM3 ≡ M2
3 − 3

16

�
5m2

d̃1
+m2

ũ1
−m2

ẽ1

�
. (1.15)

The invariant IM1 involves the subtraction of potentially large squark masses squared with

a large coefficient. In models possessing a large mass hierarchy between strongly and weakly

interacting particles, the splitting between md̃1
and mũ1 is likely to be much smaller than either

mass, whereas the experimental uncertainty in IM1 grows approximately linearly with both md̃1

and mũ1 . Therefore, the measured value of this RGI is likely to be consistent with zero within

experimental errors. A similar effect may occur with IM2 , but in this case the squarks coefficient

is significantly smaller. One can form a combination of IM1 and IM2 that is independent of the

squark masses, and therefore suffers lesser uncertainties:

IM12 = IM1 + 11IM2

= M2
1 +

11

3

�
3M2

2 + 2m2
L̃1

+m2
ẽ1

�
. (1.16)

In most cases, IM12 may be determined much more precisely than IM1 or IM2 . Indeed, since all of

the terms are positive, the percentage error in its determination is governed by the percentage
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and mũ1 is likely to be much smaller than either

mass, whereas the experimental uncertainty in IM1 grows approximately linearly with both md̃1
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2) Check the Structure of the SUSY Breaking Mechanism

★  Other zeroes of the RG inv.  (      = 0 in GMG) 

★  Consistency relations among RG inv. (if too many RG inv. for the         
                                                                          # of high energy param.)

★  Determine high energy parameters & the SUSY breaking scale

Table 2: 1-Loop RG Invariants in the MSSM
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ẽ1

DY13H Y1 − 10
13Y3H

m2
Q̃1

− 2m2
ũ1
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ẽ1

−10
13

�
m2

Q̃3
− 2m2

ũ3
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ũ1
−m2

ẽ1
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ẽ1
)

Ig2 1/g21 − 33/(5g22)

Ig3 1/g21 + 33/(15g23)

8

1) Test if SUSY model is Flavor Blind 

= 0 ?

Table 2: 1-Loop RG Invariants in the MSSM

Invariant Symmetry Dependence on Soft Masses

DB13 B1 − B3 2(m2
Q̃1

−m2
Q̃3
)−m2

ũ1
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ũ1
)−m2

ẽ1
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Examples
General Gauge Mediation (GGM):  8 high energy parameters

as any theory in which all SUSY-breaking effects decouple from the MSSM in the limit of

vanishing MSSM gauge couplings.

Let us first review the formulae for the soft masses in GGM at the messenger scale given in

Ref. [70]. The soft sfermion masses can be parameterized by a set of three parameters, Ar:
4

m2
f̃
=

3�

r=1

g4
r
Cr(f)Ar , (2.19)

where the sum runs over the gauge groups of the MSSM, and the Ar can be expressed as loop

integrals over hidden sector current-current correlation functions,

Ar ≡ −
�

d4p

2π4

1

p2

�
− 1

p2
ηµν�j(r)

µ
(p)j(r)ν (−p)�+ 2pν

p2
σ̄νβ̇α�jα(p)j̄β̇(−p)�+ �J(p)J(−p)�

�
.

(2.20)

The gaugino masses are expressed in terms of three more parameters, MBr, given by

Mr = g2
r
MBr , (2.21)

where M is the scale of SUSY-breaking and

MBr = −1

2
�αβ�jα(0)jβ(0)� . (2.22)

In order to generate a Higgsino mass parameter, µ, and soft term, Bµ, of the correct order,

gauge mediation may need to be supplemented by additional SUSY-breaking contributions in

the Higgs sector. Therefore, we assume that in the case of the soft Higgs masses, the expression

given in Eq. (2.19) may be modified,

m2
Hu

= m2
L̃3

+ δu ,

m2
Hd

= m2
L̃3

+ δd . (2.23)

.

With these definitions for the soft masses, we can now calculate the high scale values of the

RGIs in GGM, and are listed in Table 3. By inspection, we see that they can be separated into

• Three that test consistency of GGM;

• Six that probe the high-scale mass parameters of pure GGM;

4We neglect a possible explicit hypercharge Fayet-Iliopoulos (FI) dependent term, g21Yf̃ξ, in Eq. (2.19). The

FI term may drive some of the m2
f̃
to negative values, and we assume it is fixed to zero by a Z2 symmetry in

the hidden sector. For further discussion of difficulties associated with FI terms, see [101, 102]. We comment
again on this term below Eq. (2.28).
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GGM is flavor-blind ==>  

Table 3: Values of the 1-loop RGIs in terms of high scale soft parameters.

Invariant Generic Flavor Blind Model GGM CMSSM with NUHM
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Ig3 ≈ 6.2 ≈ 6.2 ≈ 6.2
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ũ
0 5m2

0

DY13H

1
13

�
3(m2

d̃
+m2

ẽ
−m2

L̃
+m2

Q̃
− 2m2

ũ
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= = 0 In addition:
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= 0

• 3 RGI’s sufficient to rule out GGM or show consistency with data

• Non-zero RGI’s at the messenger scale determine all other param.

can determine the gauge couplings at the high scale. The following relations are satisfied at

the input scale:

DY13H =
10

13
(δd − δu) , (2.27)

IY α =
(δu − δd)

g21
. (2.28)

Therefore, if we can calculate the value of DY13H/IY α at the low scale, we can infer the value of

g21 at the input scale via

g21(M) =
13

10

DY13H

IY α
. (2.29)

Then the Igr RGIs given in Eq. (1.12) can be used with Eq. (2.29) to compute g2 and g3 at the

high scale5.

The invariants DZ and DY13H can be used to extract the individual input-scale values of δu

and δd:

δu = −1

2
DZ − 13

10
DY13H ,

δd = −1

2
DZ . (2.31)

Now we turn to the RGIs with explicit dependence on the gaugino mass parameters to

extract information about the Ar and MBr. From the Igr we immediately obtain

MBr = IBr
. (2.32)

For the sfermions, using the IMr
, we can obtain the Ar:

A1 =
10

33

�
IM1

g41
− I2B1

�
,

A2 = 2

�
IM2

g42
− I2B2

�
,

A3 =
2

3

�
−IM3

g43
+ I2B3

,

�
(2.33)

5
If there is an explicit hypercharge FI term at the input scale, the only effect on the RGIs is to change the

input scale value of IY α:

δu − δd
g21

→ δu − δd
g21

+ 11ξ. (2.30)

Eq. (2.33) for the Ar remains unchanged; however, this shift is sufficient to spoil the extraction of g1 at the

input scale from the inhomogeneities in the Higgs sector.
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ẽ
+ 6m2

L̃
− 6m2

Q̃
− 3m2

ũ
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ẽ
−m2

L̃
+m2

Q̃
− 2m2

ũ
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• Non-zero RGI’s at the messenger scale overconstrain the system
      -- multiple ways of testing consistency and extracting parameters--

can determine the gauge couplings at the high scale. The following relations are satisfied at
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Therefore, if we can calculate the value of DY13H/IY α at the low scale, we can infer the value of

g21 at the input scale via
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13

10

DY13H

IY α
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Then the Igr RGIs given in Eq. (1.12) can be used with Eq. (2.29) to compute g2 and g3 at the
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Now we turn to the RGIs with explicit dependence on the gaugino mass parameters to
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If there is an explicit hypercharge FI term at the input scale, the only effect on the RGIs is to change the

input scale value of IY α:

δu − δd
g21

→ δu − δd
g21

+ 11ξ. (2.30)

Eq. (2.33) for the Ar remains unchanged; however, this shift is sufficient to spoil the extraction of g1 at the

input scale from the inhomogeneities in the Higgs sector.
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ẽ
+ 6m2

L̃
− 6m2

Q̃
− 3m2

ũ
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ũ
)

+ 10(m2
Hd

−m2
Hu

)
� −10

13(δu − δd) −10
13(δu − δd)

DZ 2
�
m2

L̃
−m2

Hd

�
−2δd −2δd

IY α

�
3(m2

d̃
+m2

ẽ
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ẽ
+m2

ũ
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In the MSSM the gauge couplings unify at the grand unification scale, and therefore at any

arbitrary scale the following relationship is satisfied

Ig2 = −7

4
Ig3 . (2.38)

Together Eq. (2.38–2.37) indicate that gaugino mass unification is encoded in the simple con-

dition
5

12
IB1 − IB2 +

7

12
IB3 = 0 . (2.39)

The following additional consistency relationships should also be fulfilled in the CMSSM+NUHM:

IM2 = − 7

10
Dχ1 + IM1 ,

IM3 = −81

80
Dχ1 + IM1 ,

IY α = −13

�
2

5

DY13HIB1�
40IM1 − 33Dχ1

,

IB2 =
5

66

�
2IB1 − Ig2

�
4IM1 −

33

10
Dχ1

�
. (2.40)

If the data satisfies Eq. (2.39) and Eq. (2.40), one can proceed to the extraction of parame-

ters. Dχ1 immediately yields the value of the soft sfermion mass m0, and Eq. (2.31) can still be

used to obtain δd and δu. This leaves multiple choices for the extraction of m1/2 and one of the

gr(M). Turning to the 2-loop β-functions for the RGIs listed in Appendix A, we find that both

IM1 and IB1 are 2-loop invariant in the approximation that g1, the soft trilinear couplings, and

the lepton Yukawa couplings are set to zero. It may therefore be useful to extract m1/2 from

IM1 , and then apply IB1 to derive g1(M):

m2
0 =

Dχ1

5
,

m2
1/2 = IM1 −

33

40
Dχ1 ,

(2.41)g21 =

�
4IM1 − 33

10Dχ1

2IB1

.

However, the advantage of 2-loop invariance can be mitigated by the consideration of ex-

perimental errors, which as noted previously may be large for IM1 . In that event m1/2 should

be taken directly from either Eq. (2.36) or Eq. (2.37), for which the experimental errors are

expected to be small. Then g21 at the messenger scale is obtained via

g21 =
√
m1/2/IB1 . (2.42)
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the lepton Yukawa couplings are set to zero. It may therefore be useful to extract m1/2 from

IM1 , and then apply IB1 to derive g1(M):

m2
0 =

Dχ1

5
,

m2
1/2 = IM1 −

33

40
Dχ1 ,

(2.41)g21 =

�
4IM1 − 33

10Dχ1

2IB1

.

However, the advantage of 2-loop invariance can be mitigated by the consideration of ex-

perimental errors, which as noted previously may be large for IM1 . In that event m1/2 should

be taken directly from either Eq. (2.36) or Eq. (2.37), for which the experimental errors are

expected to be small. Then g21 at the messenger scale is obtained via

g21 =
√
m1/2/IB1 . (2.42)

17

In the MSSM the gauge couplings unify at the grand unification scale, and therefore at any

arbitrary scale the following relationship is satisfied

Ig2 = −7

4
Ig3 . (2.38)

Together Eq. (2.38–2.37) indicate that gaugino mass unification is encoded in the simple con-

dition
5

12
IB1 − IB2 +

7

12
IB3 = 0 . (2.39)

The following additional consistency relationships should also be fulfilled in the CMSSM+NUHM:

IM2 = − 7

10
Dχ1 + IM1 ,

IM3 = −81

80
Dχ1 + IM1 ,

IY α = −13

�
2

5

DY13HIB1�
40IM1 − 33Dχ1

,

IB2 =
5

66

�
2IB1 − Ig2

�
4IM1 −

33

10
Dχ1

�
. (2.40)

If the data satisfies Eq. (2.39) and Eq. (2.40), one can proceed to the extraction of parame-

ters. Dχ1 immediately yields the value of the soft sfermion mass m0, and Eq. (2.31) can still be

used to obtain δd and δu. This leaves multiple choices for the extraction of m1/2 and one of the

gr(M). Turning to the 2-loop β-functions for the RGIs listed in Appendix A, we find that both

IM1 and IB1 are 2-loop invariant in the approximation that g1, the soft trilinear couplings, and

the lepton Yukawa couplings are set to zero. It may therefore be useful to extract m1/2 from

IM1 , and then apply IB1 to derive g1(M):

m2
0 =

Dχ1

5
,

m2
1/2 = IM1 −

33

40
Dχ1 ,

(2.41)g21 =

�
4IM1 − 33

10Dχ1

2IB1

.

However, the advantage of 2-loop invariance can be mitigated by the consideration of ex-

perimental errors, which as noted previously may be large for IM1 . In that event m1/2 should

be taken directly from either Eq. (2.36) or Eq. (2.37), for which the experimental errors are

expected to be small. Then g21 at the messenger scale is obtained via

g21 =
√
m1/2/IB1 . (2.42)

17

plus 5 consistency relations: 

provide strong constraints that make it highly unlikely for a
generic flavor blind or GGM spectrum to mimic CMSSM + NUHM 
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Discriminating power of null RGI’s in GGM 

Figure 7: Percent deviation in left-handed squark masses necessary to generate values of DB13 (blue
points) or Dχ1 (red points) more than 1σ away from zero, assuming 1% experimental
uncertainties in the soft masses.

Figure 8: Percent deviation in right-handed up-type squark masses necessary to generate values
of DB13 (blue points) or Dχ1 (red points) more than 1σ away from zero, assuming 1%
experimental uncertainties in the soft masses.

Figure 9: Percent deviation in right-handed down-type squark masses necessary to generate values
of DB13 (blue points) or Dχ1 (red points) more than 1σ away from zero, assuming 1%
experimental uncertainties in the soft masses.

29

Percent deviation in the soft SUSY breaking parameters that would 
lead to      departure from zero

as due to the different values of the parameters which are scanned over.

In the right-hand column we subtract off the �∆�s from the ∆s at every point in the scan

and plot the ratio of ∆−�∆� to the experimental uncertainties against the approximate 2-loop

β-functions. The spread in the y-axis is due to the residual 2-loop effects not accounted for by

the �∆�s.
From the numerical simulation we see that in most cases, even with an optimistic exper-

imental error of 1% in the soft masses, the experimental error tends to be larger than the

residual 2-loop effects on the RGIs once the shift is performed to remove the bulk of the 2-loop

corrections. In those cases it is justified to treat the 1-loop RGIs as true invariants in the de-

termination of the parameters of the GGM models. For IM2 , the 2-loop corrections can become

of the same order as the 1% experimental errors. One could then in principle combine the

uncertainty in IM2 due to the 2-loop effects in quadrature with the experimental errors. Notice

that the determination of the messenger scale by any independent method can serve to further

reduce most of the uncertainty associated with the 2-loop evolution of the soft parameters.

In Fig. 6 we repeat the plots of Fig. 2 using the shifted RGIs to compute the GGM input

parameters. This further demonstrates the advantage of the simple shifts and the subsequent

dominance of experimental errors over residual 2-loop corrections.

Finally, we consider more carefully the experimental uncertainties and 2-loop contributions

for DB13 , DL13 and Dχ1 , as shown in Fig. 3. The first two are expected to vanish for all flavor-

blind models and all three vanish in GGM. As we see in the right-hand column, they experience

2-loop corrections that are always less than the experimental errors with the assumed 1% soft

mass uncertainties. Therefore it is possible to experimentally establish consistency with zero

within the errors. Furthermore, note that the determination is quite accurate. For instance,

even a 10% shift in mQ̃1
of order 1 TeV entering into the Dχ1 RGI is enough to shift it by

more than 1 TeV2, which is typically much more than 2σ outside the range experimentally

consistent with zero. Similar conclusions holds for DB13 and DL13 . In Figs. 7-11 we plot for a

few of the soft masses the percent deviation in them that would cause the invariants to take

values more than 1σ away from zero. Dχ1 and DB13 are quite sensitive to the squark masses;

they are less sensitive to the generically smaller lepton masses, but for those DL13 is an excellent

discriminator.

4 Conclusions

Low energy supersymmetry provides a predictive framework of physics at the weak scale in

which the new particle content is dictated by symmetry. However, the precise spectrum of the

new particles depends on the SUSY-breaking parameters, which proceed from the unknown

mechanism leading to the breakdown of supersymmetry at high energies. The determination

of the soft SUSY-breaking parameters at the messenger scale will greatly contribute to the

31

Figure 10: Percent deviation in left-handed slepton masses necessary to generate values of DL13 more
than 1σ away from zero, assuming 1% experimental uncertainties in the soft masses.

Figure 11: Percent deviation in right-handed slepton masses necessary to generate values of DL13

more than 1σ away from zero, assuming 1% experimental uncertainties in the soft masses.

scale.

To analyze the invariants with larger 2-loop contributions, it is useful to consider a further

limit of the β-functions defined in Appendix A in which we turn off the slepton masses, the bino

mass, and the Higgs masses, set the masses of all squarks equal to md̃1
, and as set yu =

�
3/4.

This reduces the 2-loop β-functions to simple functions of the parameters tan β, M2, M3, and

md̃1
. The 2-loop corrections can then be estimated from a limited number of measurements as

the values of these functions multiplied by log(M/TeV).

To demonstrate the utility of these estimates, we analyze numerically the shifts in the RGIs

induced by the full 2-loop RGEs. In the left-hand column of Figs. 3-5, we plot the 2-loop cor-

rections ∆(RGI) against the approximate 2-loop β-functions. The best-fit line passing through

the origin then gives an estimate for the average value, �∆�, of the 2-loop corrections. The

slope of the line corresponds approximately to log(M0/TeV), where M0 is some intermediate

messenger scale. The deviation from this approximation is due to actual 2-loop running as well

30

M.C. Draper, Shah, Wagner.
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Experimental prospects for GGM parameter measurements
via RGI reconstruction 

Figure 6: Experimental errors in the calculated values of the high scale GGM parameters using the
RGI reconstruction method. Parameters with small uncertainties are omitted for brevity.
These plots differ from those of Fig. 2 in that the bulk of the 2-loop corrections have been
accounted for via simple shifts in the RGIs, as detailed in Section 3.3.
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Figure 6: Experimental errors in the calculated values of the high scale GGM parameters using the
RGI reconstruction method. Parameters with small uncertainties are omitted for brevity.
These plots differ from those of Fig. 2 in that the bulk of the 2-loop corrections have been
accounted for via simple shifts in the RGIs, as detailed in Section 3.3.
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Figure 6: Experimental errors in the calculated values of the high scale GGM parameters using the
RGI reconstruction method. Parameters with small uncertainties are omitted for brevity.
These plots differ from those of Fig. 2 in that the bulk of the 2-loop corrections have been
accounted for via simple shifts in the RGIs, as detailed in Section 3.3.
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M.C. Draper, Shah, Wagner.
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Extensions of the MSSM Higgs Sector 

• MSSM with Explicit CP violation  

•  Additional SM singlets 

•  Additional gauged U(1)’s

•  Models with enhanced weak gauge symmetries

•  Effective field theory with higher dimensional operators: 
   A more model-independent approach 

•  LEP bounds on SM-like Higgs are in tension with upper       
    bound on mh in the MSSM 

                  Tevatron data is further increasing that tension
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More general MSSM Higgs extensions: EFT approach

• can include SUSY breaking via a spurion X= mS

Low energy superpotential: at leading order in 1/M

  see also Dine, Seiberg, Thomas;
  Antoniadis, Dudas, Ghilencea, Tziveloglou 

  M.C, Kong, Ponton, Zurita 

• The non-minimal part of the Higgs sector is parametrically heavier than the weak 
    scale (understood as v = 174 GeV)

• SUSY breaking is of order v, hence heavy masses nearly supersymmetric

: overall ``heavy” scale SUSY breaking mass splittings

In practice: formalism applies for e.g.

Only two new parameters: and

θ 2 α1
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• At NLO, Kähler potential only:

Custodially violating  (treel level) :

Custodially preserving (tree level) :

 Plus SUSY breaking terms obtained by multiplication by spurion, with new coefficients

  

• EFT coefficients can be essentially arbitrary, if UV theory complicated enough
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At O(1/M), only                    modified 

Why to go beyond LO in the EFT approach

Quartic interactions of 2HDM can be written as

At O(1/M2) all          receive contributions λi 's

But at tree-level in MSSM: (small)

NLO effects can be relevant without indicating breakdown of EFT

(however, higher order effects should be small)
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Higgs Spectra in EFT extensions of the MSSM

The lightest tree level Higgs mass can be  well above the LEP bound!!.
Expansion parameters:                                 (mS is the spurion F term)

Second order terms can have 
a relevant impact.

µ M  and mS M

 Large deviations from the MSSM
mass values, 

specially for low tanb
 

[Smaller effects for large tanb, 
main contributions 

proportional to 1/M2.]
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•  
                                              In the following: 

 Full study with LEP and Tevatron bounds using

     Higgsbounds
    +  charged Higgs at LEP

    +  latest Tevatron  SM h/H WW and A/H to tau pair results 

Also Tevatron projections based on 

SM-like and MSSM Higgs bosons’ present reach 

         All the above for our specific multi-parameter SUSY scenarios

Bechtle, Brein, Heinemeyer, Weiglein, Williams

Scanning over model parameters

Scan: and
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Lightest Higgs Mass after LEP and the Tevatron

low tan beta large tan beta: h SM-like

h/H AA

H WW h bb

A/Hdi-taus

h bb

Most magenta and red regions at Tevatron reach in the hWW channel

GREEN  LEP excluded 

MAGENTA  Tevatron excluded 

RED  Tevatron with 10 fb-1 and eff. = 1.5

BLUE  Beyond Tevatron  

M.C,Ponton, Zurita
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Heavy CP Even and Charged Higgs Masses

•
•

Heavy CP-even Higgs Charged Higgs
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Figure 3: H (upper row) and H
± (lower row) masses as a function of mA, for tan β = 2 (left

panels) and tan β = 20 (right panels). We show the points excluded by LEP (green), excluded
by current Tevatron data (magenta) and the region that will be proved by the Tevatron in the
near future (red). The blue points are allowed by all the current experimental constraints. The
dashed line is the MSSM result for the given SUSY spectrum.
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! LEP excluded
! Tevatron !2010" excluded
" Tevatron !10 fb$1, eff % 1.5" excluded#Allowed
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Figure 3: H (upper row) and H
± (lower row) masses as a function of mA, for tan β = 2 (left

panels) and tan β = 20 (right panels). We show the points excluded by LEP (green), excluded
by current Tevatron data (magenta) and the region that will be proved by the Tevatron in the
near future (red). The blue points are allowed by all the current experimental constraints. The
dashed line is the MSSM result for the given SUSY spectrum.
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• CP-even Higgs boson: deviations from MSSM and SM fermions and 
gauge bosons couplings lead to important variations in production 
processes and BR’s

• CP-odd and charged Higgs boson couplings differ from the MSSM 
due to corrections to their kinetic terms only at order 1/M2

       much less significant

• The main effects involving A and H+- are those related to new decay 
modes due to variations in the mass spectrum

• New decay channels such as H  AA/AZ, h AA and  H+ W+A open 
with BR’s of order one (low tanb, A/h inversion)

• Regular MSSM channels with decays into h are closed at low tanb and 
open at large tan beta: 

€ 

A→ hZ;   H ± →W ±h;    H→ hh
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BMSSM Higgs at the Tevatron and LHC
• At Tevatron reach: 
 SM-like searches:      1) h bb           2)  h WW          3) H WW
 Disjoint reach since in no region of parameter space are they
 simultaneously effective
 Non-SM-like searches:  A, H and h to tau pairs,   
     
•  At the LHC: 
SM-like reach in di-photons, tau pairs and di-bosons
Non-SM-like Higgs boson in di-tau pairs or top-bottom and tau-neutrinos
Multi-Higgs chain decays

Benchmark Scenarios
Many benchmarks are similar to MSSM ones, or with larger mass splitting
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Benchmark point 1 (LHC signal) 
No Tevatron reach.  Two ZZ  4 lepton peaks at the LHC

tanb = 2

•  All Masses in similar mass range.  Lightest Higgs ~ 200 GeV

•  BR(h/H WW/ZZ) ~ SM value but hWW rather suppressed

•  Any decay H/A/H+  h X is closed due to heavy h

Two Higgs signals in the ZZ channel at LHC, both in the 200 GeV range 
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Benchmark point 2 (LHC signal) 
Multi Higgs signal: chain decays 

tanb = 2

•  h  AA and H AA, with subsequent decays into di-taus + b pairs

•  Also gg  H  WW but with large luminosity (about 100 fb-1)

•  H+  A W+ possible 
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Benchmark point 3 (LHC signal) 
SM-like light higgs with enhanced di-photon signal

tanb = 20

• strong suppression of hbb channel (escaped LEP bound)

•Similar scenario with heavier A/H will allow A/H  hh decays
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Outlook

             Measuring sufficient number of super-particle masses 

   we may test essential features of the SUSY breaking structure

                          and the scale of SUSY breaking 

               If SUSY is richer at a much lower energy scale

                many mysteries may be hiding in the details

                                       of the EWSB sector 

  

       Some type of SUSY may be discovered soon at the LHC

        it will probably be more complex than we anticipate it

                                  Let’s try to be ready
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Extras
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CP-even Higgs Bosons: low tanb
Tevatron searches in the h/H WW channel, 
(h/H bb remains borderline)

h WW
H WW

HZZ4l
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Lightest Higgs Boson: low tanb
• Important variations in the BR of h into bottom pairs

        BR in tau-tau channel 
follows closely the bb behavior 

reduced BR (h-> WW)

strong suppression of h into bb
In mass region mh ~ 120-150

• In small regions of parameter space, enhancement of order 2 in 
   BR (h  di-photons)
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A-h inversion of hierarchy at low tanb 

The MSSM channels A/H  hh  and H+  hW+

 replaced by h/H  AA  and H+  AW+ in BMSSM 
with parameter sets of BR’s of order one 
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Suppression of the hbb couplings: 
both for large and (unlike the MSSM) low tanb

Cancellation between tree level  and h.o. operators contributions 
yields enhancement in gluon fusion: lack of b-loops + light SUSY

For large tanb: enhanced hbb coupling as in the MSSM, when h  is non-SM like
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Enhancement of h WW/ZZ and h di-photon channels
(also due to hbb coupling suppression)

Interesting reach in h WW  and in di-photon signals at the Tevatron
 and of course at the LHC 

Monday, July 19, 2010



Benchmark point 2a (Tevatron signal) 
Heavy Higgs SM-like but Tevatron reach in  h  WW

tanb = 2

Benchmark point 1a (Tevatron signal)  
Heavy Higgs SM-like, but Tevatron reach in  h ! WW 

tanb = 2 

•! All Higgs CP-even Higgs masses well above the MSSM limit and mh > mA 

•! hWW coupling very suppressed but still sizable BR(h! WW) 

•! H! WW too heavy for the Tevatron, but good at LHC in H!ZZ! 4-leptons 

Not such a heavy SM-like Higgs in the MSSM, specially with light SUSY 
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Benchmark point 2b (LHC signal) 
 Heavy h and H, non-SM like h in WW/ZZ channel at LHC

tanb = 2

• light Higgs heavier than A and H+

• H very SM –like, first to be seen at LHC

• hWW/hZZ  very  suppressed, still h at LHC reach
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Table 3: Values of the 1-loop RGIs in terms of high scale soft parameters.

Invariant Generic Flavor Blind Model GGM CMSSM with NUHM

DB13 0 0 0

DL13 0 0 0

Dχ1 9m2
d̃
−m2

ẽ
+ 6m2

L̃
− 6m2

Q̃
− 3m2

ũ
0 5m2

0

DY13H

1
13

�
3(m2

d̃
+m2

ẽ
−m2

L̃
+m2

Q̃
− 2m2

ũ
)

+ 10(m2
Hd

−m2
Hu

)
� −10

13(δu − δd) −10
13(δu − δd)

DZ 2
�
m2

L̃
−m2

Hd

�
−2δd −2δd

IY α

�
3(m2

d̃
+m2

ẽ
−m2

L̃
+m2

Q̃
− 2m2

ũ
)

− m2
Hd

+m2
Hu

�
/g21

(δu − δd) /g21 (δu − δd) /g21

IBr
Mr/g2r MBr m1/2/g2r

IM1 M2
1 +

33
8

�
m2

ẽ
+m2

ũ
−m2

d̃

�
g41

�
(MB1)

2
+

33
10A1

�
m2

1/2 +
33
8 m

2
0

IM2 M2
2 +

1
24

�
9m2

d̃
−m2

ẽ
+ 16m2

L̃
− 9m2

ũ

�
g42

�
(MB2)

2
+

1
2A2

�
m2

1/2 +
5
8m

2
0

IM3 M2
3 − 3

16

�
5m2

d̃
−m2

ẽ
+m2

ũ

�
g43

�
(MB3)

2 − 3
2A3

�
m2

1/2 −
15
16m

2
0

Ig2 ≈ −10.9 ≈ −10.9 ≈ −10.9

Ig3 ≈ 6.2 ≈ 6.2 ≈ 6.2
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Figure 6: Experimental errors in the calculated values of the high scale GGM parameters using the
RGI reconstruction method. Parameters with small uncertainties are omitted for brevity.
These plots differ from those of Fig. 2 in that the bulk of the 2-loop corrections have been
accounted for via simple shifts in the RGIs, as detailed in Section 3.3.
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Example 1: singlets

Examples
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Example 1: singlets

Examples
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Example 1: singlets

Examples
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Example 1: singlets

Integrating out the singlet:

Examples
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Example 2: triplets with

Integrating out the triplets:

Induce custodially violating ops.
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Example 2: triplets with

Integrating out the triplets:

Induce custodially violating ops.

Induce custodially violating ops.

For triplets with
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Precision Electroweak Constraints
1. Tree-level effects due to new physics:

2. Effects from MSSM Higgs sector:

• Heavier SM-like Higgs

• Mass splittings among non-standard Higgses
Loop-level contr. to S and T

3. Custodially violating mass splittings in SUSY sector

Here: require that   

Consistent with for

Medina, Shah, Wagner

Monday, July 19, 2010



Higgs Spectra in EFT extensions of the MSSM

The lightest tree level Higgs mass is well above MZ.

Expansion parameters: 

Second order terms can have 
a relevant impact.

µ M  and mS M

Scanning over model parameters

M.C., Kong, Ponton, Zurita

Scan: and

MSSM-like vacua

sEWSB
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Higgs Spectra in EFT extensions of the MSSM

The lightest tree level Higgs mass is well above MZ.

Expansion parameters: 

Second order terms can have 
a relevant impact.

µ M  and mS M

 
Smaller effects for large tanb 

main contributions 
proportional to 1/M2.

M.C., Kong, Ponton, Zurita

Scanning over model parameters

Scan: and

MSSM-like vacua
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Heavy CP Even and Charged Higgs Masses

LEP bounds not imposedLEP bounds not imposed

•
•

Heavy CP-even Higgs
Charged Higgs

sEWSB

sEWSB

MSSM-like MSSM-like
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CP-even Higgs 

Couplings

 to gauge bosons 

and fermions

Variations of couplings 
with respect to SM and 

MSSM can lead to 
important variations in 

the production
 processes and BR’s

  relevant for 
Higgs searches
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 Gluon Fusion 
Production

A generic 
enhancement

of the production
for the Higgs 

that is SM-like
(the one with 

largest coupling 
to WW/ZZ)
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