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The LHC is coming...

What will we see?



• The MSSM is still the most well-motivated possibility.

The MSSM

Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (ũL d̃L) (uL dL) ( 3, 2 , 1
6)

(×3 families) u ũ∗
R u†

R ( 3, 1, −2
3)

d d̃∗R d†R ( 3, 1, 1
3)

sleptons, leptons L (ν̃ ẽL) (ν eL) ( 1, 2 , −1
2)

(×3 families) e ẽ∗R e†R ( 1, 1, 1)

Higgs, higgsinos Hu (H+
u H0

u) (H̃+
u H̃0

u) ( 1, 2 , +1
2)

Hd (H0
d H−

d ) (H̃0
d H̃−

d ) ( 1, 2 , −1
2)

Table 1.1: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The spin-0 fields
are complex scalars, and the spin-1/2 fields are left-handed two-component Weyl fermions.

completely different reason: because of the structure of supersymmetric theories, only a Y = 1/2 Higgs
chiral supermultiplet can have the Yukawa couplings necessary to give masses to charge +2/3 up-type
quarks (up, charm, top), and only a Y = −1/2 Higgs can have the Yukawa couplings necessary to give
masses to charge −1/3 down-type quarks (down, strange, bottom) and to the charged leptons. We
will call the SU(2)L-doublet complex scalar fields with Y = 1/2 and Y = −1/2 by the names Hu and
Hd, respectively.† The weak isospin components of Hu with T3 = (1/2, −1/2) have electric charges
1, 0 respectively, and are denoted (H+

u , H0
u). Similarly, the SU(2)L-doublet complex scalar Hd has

T3 = (1/2, −1/2) components (H0
d , H−

d ). The neutral scalar that corresponds to the physical Standard
Model Higgs boson is in a linear combination of H0

u and H0
d ; we will discuss this further in section 7.1.

The generic nomenclature for a spin-1/2 superpartner is to append “-ino” to the name of the Standard
Model particle, so the fermionic partners of the Higgs scalars are called higgsinos. They are denoted
by H̃u, H̃d for the SU(2)L-doublet left-handed Weyl spinor fields, with weak isospin components H̃+

u ,
H̃0

u and H̃0
d , H̃−

d .
We have now found all of the chiral supermultiplets of a minimal phenomenologically viable exten-

sion of the Standard Model. They are summarized in Table 1.1, classified according to their transfor-
mation properties under the Standard Model gauge group SU(3)C ×SU(2)L ×U(1)Y , which combines
uL, dL and ν, eL degrees of freedom into SU(2)L doublets. Here we follow a standard convention, that
all chiral supermultiplets are defined in terms of left-handed Weyl spinors, so that the conjugates of
the right-handed quarks and leptons (and their superpartners) appear in Table 1.1. This protocol for
defining chiral supermultiplets turns out to be very useful for constructing supersymmetric Lagrangi-
ans, as we will see in section 3. It is also useful to have a symbol for each of the chiral supermultiplets
as a whole; these are indicated in the second column of Table 1.1. Thus, for example, Q stands for
the SU(2)L-doublet chiral supermultiplet containing ũL, uL (with weak isospin component T3 = 1/2),

and d̃L, dL (with T3 = −1/2), while u stands for the SU(2)L-singlet supermultiplet containing ũ∗
R, u†

R.
There are three families for each of the quark and lepton supermultiplets, Table 1.1 lists the first-family
representatives. A family index i = 1, 2, 3 can be affixed to the chiral supermultiplet names (Qi, ui, . . .)
when needed, for example (e1, e2, e3) = (e, µ, τ). The bar on u, d, e fields is part of the name, and does
not denote any kind of conjugation.

The Higgs chiral supermultiplet Hd (containing H0
d , H−

d , H̃0
d , H̃−

d ) has exactly the same Standard
Model gauge quantum numbers as the left-handed sleptons and leptons Li, for example (ν̃, ẽL, ν,
eL). Naively, one might therefore suppose that we could have been more economical in our assignment

†Other notations in the literature have H1, H2 or H,H instead of Hu, Hd. The notation used here has the virtue of
making it easy to remember which Higgs VEVs gives masses to which type of quarks.
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Names spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon g̃ g ( 8, 1 , 0)

winos, W bosons W̃± W̃ 0 W± W 0 ( 1, 3 , 0)

bino, B boson B̃0 B0 ( 1, 1 , 0)

Table 1.2: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

by taking a neutrino and a Higgs scalar to be superpartners, instead of putting them in separate
supermultiplets. This would amount to the proposal that the Higgs boson and a sneutrino should be the
same particle. This attempt played a key role in some of the first attempts to connect supersymmetry to
phenomenology [5], but it is now known to not work. Even ignoring the anomaly cancellation problem
mentioned above, many insoluble phenomenological problems would result, including lepton-number
non-conservation and a mass for at least one of the neutrinos in gross violation of experimental bounds.
Therefore, all of the superpartners of Standard Model particles are really new particles, and cannot be
identified with some other Standard Model state.

The vector bosons of the Standard Model clearly must reside in gauge supermultiplets. Their
fermionic superpartners are generically referred to as gauginos. The SU(3)C color gauge interactions
of QCD are mediated by the gluon, whose spin-1/2 color-octet supersymmetric partner is the gluino. As
usual, a tilde is used to denote the supersymmetric partner of a Standard Model state, so the symbols
for the gluon and gluino are g and g̃ respectively. The electroweak gauge symmetry SU(2)L ×U(1)Y is
associated with spin-1 gauge bosons W+,W 0,W− and B0, with spin-1/2 superpartners W̃+, W̃ 0, W̃−

and B̃0, called winos and bino. After electroweak symmetry breaking, the W 0, B0 gauge eigenstates
mix to give mass eigenstates Z0 and γ. The corresponding gaugino mixtures of W̃ 0 and B̃0 are called
zino (Z̃0) and photino (γ̃); if supersymmetry were unbroken, they would be mass eigenstates with
masses mZ and 0. Table 1.2 summarizes the gauge supermultiplets of a minimal supersymmetric
extension of the Standard Model.

The chiral and gauge supermultiplets in Tables 1.1 and 1.2 make up the particle content of the
Minimal Supersymmetric Standard Model (MSSM). The most obvious and interesting feature of this
theory is that none of the superpartners of the Standard Model particles has been discovered as of
this writing. If supersymmetry were unbroken, then there would have to be selectrons ẽL and ẽR with
masses exactly equal to me = 0.511... MeV. A similar statement applies to each of the other sleptons
and squarks, and there would also have to be a massless gluino and photino. These particles would have
been extraordinarily easy to detect long ago. Clearly, therefore, supersymmetry is a broken symmetry
in the vacuum state chosen by Nature.

An important clue as to the nature of supersymmetry breaking can be obtained by returning
to the motivation provided by the hierarchy problem. Supersymmetry forced us to introduce two
complex scalar fields for each Standard Model Dirac fermion, which is just what is needed to enable a
cancellation of the quadratically divergent (Λ2

UV) pieces of eqs. (1.2) and (1.3). This sort of cancellation
also requires that the associated dimensionless couplings should be related (for example λS = |λf |2).
The necessary relationships between couplings indeed occur in unbroken supersymmetry, as we will
see in section 3. In fact, unbroken supersymmetry guarantees that the quadratic divergences in scalar
squared masses must vanish to all orders in perturbation theory.‡ Now, if broken supersymmetry is still
to provide a solution to the hierarchy problem even in the presence of supersymmetry breaking, then

‡A simple way to understand this is to recall that unbroken supersymmetry requires the degeneracy of scalar and
fermion masses. Radiative corrections to fermion masses are known to diverge at most logarithmically in any renormal-
izable field theory, so the same must be true for scalar masses in unbroken supersymmetry.
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MSSM, cont’d

• But even if we are fortunate enough to discover the MSSM at the 
LHC, the main theoretical challenge will still be ahead of us: 
explaining the origin of the 100+ soft SUSY breaking parameters.

• Any explanation will have to address various problems, including:

– SUSY flavor problem

– SUSY CP problem

– “little hierarchy” problem

• The lightest sparticle with PR = −1, called the “lightest supersymmetric particle” or LSP, must
be absolutely stable. If the LSP is electrically neutral, it interacts only weakly with ordinary
matter, and so can make an attractive candidate [64] for the non-baryonic dark matter that
seems to be required by cosmology.

• Each sparticle other than the LSP must eventually decay into a state that contains an odd number
of LSPs (usually just one).

• In collider experiments, sparticles can only be produced in even numbers (usually two-at-a-time).

We define the MSSM to conserve R-parity or equivalently matter parity. While this decision seems
to be well-motivated phenomenologically by proton decay constraints and the hope that the LSP will
provide a good dark matter candidate, it might appear somewhat artificial from a theoretical point of
view. After all, the MSSM would not suffer any internal inconsistency if we did not impose matter
parity conservation. Furthermore, it is fair to ask why matter parity should be exactly conserved,
given that the discrete symmetries in the Standard Model (ordinary parity P , charge conjugation C,
time reversal T , etc.) are all known to be inexact symmetries. Fortunately, it is sensible to formulate
matter parity as a discrete symmetry that is exactly conserved. In general, exactly conserved, or
“gauged” discrete symmetries [65] can exist provided that they satisfy certain anomaly cancellation
conditions [66] (much like continuous gauged symmetries). One particularly attractive way this could
occur is if B−L is a continuous gauge symmetry that is spontaneously broken at some very high energy
scale. A continuous U(1)B−L forbids the renormalizable terms that violate B and L [67, 68], but this
gauge symmetry must be spontaneously broken, since there is no corresponding massless vector boson.
However, if gauged U(1)B−L is only broken by scalar VEVs (or other order parameters) that carry
even integer values of 3(B−L), then PM will automatically survive as an exactly conserved discrete
remnant subgroup [68]. A variety of extensions of the MSSM in which exact R-parity conservation is
guaranteed in just this way have been proposed (see for example [68, 69]).

It may also be possible to have gauged discrete symmetries that do not owe their exact conservation
to an underlying continuous gauged symmetry, but rather to some other structure such as can occur
in string theory. It is also possible that R-parity is broken, or is replaced by some alternative discrete
symmetry. We will briefly consider these as variations on the MSSM in section 10.1.

5.3 Soft supersymmetry breaking in the MSSM

To complete the description of the MSSM, we need to specify the soft supersymmetry breaking terms.
In section 4, we learned how to write down the most general set of such terms in any supersymmetric
theory. Applying this recipe to the MSSM, we have:

LMSSM
soft = −1

2

(
M3g̃g̃ + M2W̃W̃ + M1B̃B̃ + c.c.

)

−
(
ũau Q̃Hu − d̃ad Q̃Hd − ẽae L̃Hd + c.c.

)

−Q̃† m2
Q Q̃ − L̃† m2

L L̃ − ũm2
u ũ

† − d̃m2
d

d̃
†
− ẽm2

e ẽ
†

−m2
Hu

H∗
uHu − m2

Hd
H∗

dHd − (bHuHd + c.c.) . (5.12)

In eq. (5.12), M3, M2, and M1 are the gluino, wino, and bino mass terms. Here, and from now on,
we suppress the adjoint representation gauge indices on the wino and gluino fields, and the gauge
indices on all of the chiral supermultiplet fields. The second line in eq. (5.12) contains the (scalar)3

couplings [of the type aijk in eq. (4.1)]. Each of au, ad, ae is a complex 3 × 3 matrix in family space,
with dimensions of [mass]. They are in one-to-one correspondence with the Yukawa couplings of the
superpotential. The third line of eq. (5.12) consists of squark and slepton mass terms of the (m2)ji type
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Gauge Mediation
Alvarez-Gaume, Claudson, Dimopoulos, Dine, Fischler, Nappi, Ovrut, Raby, Srednicki, Wise; 

Dine, Nelson, Nir, Shirman

MSSMSUSY sector Messengers
SM gauge 
interactions

Gauge mediation is a successful theory of the soft masses. It has 
many attractive features, including:

• flavor blindness
• calculability
• predictivity
• distinctive phenomenology



“Ordinary” Gauge Mediation



The details of the hidden sector are generally irrelevant for determining 
the low-energy MSSM spectrum. 

Thus, it is useful to parametrize the SUSY-breaking sector in a model 
independent way, through a singlet spurion field X:

“Ordinary” Gauge Mediation

〈X〉 = M + θ2F



The details of the hidden sector are generally irrelevant for determining 
the low-energy MSSM spectrum. 

Thus, it is useful to parametrize the SUSY-breaking sector in a model 
independent way, through a singlet spurion field X:

By coupling X directly to messenger fields            transforming in 
vector-like representations of the SM gauge group, we obtain a simple 
family of gauge mediation models known as “ordinary” or “minimal” 
gauge mediation.

“Ordinary” Gauge Mediation

W =
N∑

i=1

λiXφiφ̃i

φi, φ̃i

〈X〉 = M + θ2F



The details of the hidden sector are generally irrelevant for determining 
the low-energy MSSM spectrum. 

Thus, it is useful to parametrize the SUSY-breaking sector in a model 
independent way, through a singlet spurion field X:

By coupling X directly to messenger fields            transforming in 
vector-like representations of the SM gauge group, we obtain a simple 
family of gauge mediation models known as “ordinary” or “minimal” 
gauge mediation.

“Ordinary” Gauge Mediation

Simplest choice consistent 
with unification:

W =
N∑

i=1

λiXφiφ̃i

φi ∈ 5 φ̃i ∈ 5̄ of SU(5)

φi, φ̃i

〈X〉 = M + θ2F



OGM Spectrum



where              only if f is charged under the gauge group r.

OGM Spectrum
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ΛG =
√

NΛS = NF/M ∼ 100 TeV
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where              only if f is charged under the gauge group r.

Only a few parameters determine the entire MSSM spectrum!

– Messenger scale:

– SUSY breaking scale:

– Messenger number:

In particular, spectrum is independent of the messenger couplings     .

So doublet/triplet splitting has no effect on the spectrum,

OGM Spectrum
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Some features of the OGM spectrum:
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Some features of the OGM spectrum:

• Gravitino LSP:   m(gravitino) ~ F/Mpl ~ eV
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Some features of the OGM spectrum:

• Gravitino LSP:   m(gravitino) ~ F/Mpl ~ eV

• m(colored) >> m(uncolored), or more precisely,
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Some features of the OGM spectrum:

• Gravitino LSP:   m(gravitino) ~ F/Mpl ~ eV

• m(colored) >> m(uncolored), or more precisely,

• m(gaugino)/m(sfermion) increases with N

• heavy higgsinos:             
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Some features of the OGM spectrum:

• Gravitino LSP:   m(gravitino) ~ F/Mpl ~ eV

• m(colored) >> m(uncolored), or more precisely,

• m(gaugino)/m(sfermion) increases with N

• heavy higgsinos:             

OGM Spectrum

(leading order in F/M)

Mr =
αr

4π
ΛG, m2

f̃
= 2

3∑

r=1

Cr
f̃

(αr

4π

)2
Λ2

S
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∼ α3 : α2 : α1

µ ∼ mt̃

⇒ Bino or right-handed slepton NLSP!

ΛG =
√

NΛS = NF/M ∼ 100 TeV



Figure 2.2: An example of a decay mode.

visible sector via gauge interactions. In contrast to other models (that involve a large number of

parameters) there is also one effective mass scale Λ that determines all low-energy scalar and gaugino

mass parameters through loop-effects. In order for the resulting superpartner masses to be of order

1 TeV or less, one must have Λ ≈ 100 TeV.

A feature of the phenomenology of GMSB models is that involve only a handful of parameters

that define the model:

• The SUSY breaking scale in the messenger sector
√

F ;

• The number of messenger pairs N5;

• The SUSY messenger mass scale M ;

• The universal effective mass scale of SUSY particles Λ;

• The ratio of Higgs vacuum expectation values tanβ;

• The sign of the Higgs sector mixing parameter sign(µ).

This dissertation is a search for the R-parity conserved GMSB model with the dominant decay

mode being χ̃0
1 → γ G̃. Since R-parity is conserved in this model, pair-production of supersymmetric

particles would occur, and these supersymmetric particles, after decaying inside the detector, will

result in a final state with two photons γ and large missing transverse energy E/T .
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• The nature of the NLSP determines much of the collider 
phenomenology, since every sparticle decay chain passes through it

• In particular, promptly decaying bino NLSP have a very clean and 
distinctive collider signature: diphoton+MET:

More on the NLSP

                                 cross 
section at the LHC

SM background virtually 
non-existent

O(103 − 104) fb−1



Gauge mediation = OGM?
It is crucial to fully map out the phenomenology of gauge mediation, if we 

are to discover or rule it out at the LHC. 

Motivated by this, we studied the phenomenology of a large family of

simple extensions of OGM, obtained by deforming the OGM 

superpotential by messenger mass terms

In fact, this corresponds to the most general messenger superpotential 

allowed by gauge symmetry and renormalizability.

“(Extra)ordinary gauge mediation” 

W = λijXφiφ̃j + mijφiφ̃j



EOGM – why not?

W = λijXφiφ̃j + mijφiφ̃j
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Surprisingly, these models have not been much explored. Why not?

W = λijXφiφ̃j + mijφiφ̃j



EOGM – why not?

Surprisingly, these models have not been much explored. Why not?

– “They have explicit mass parameters. This seems unnatural.”

These mass parameters are analogous to the mu term of the MSSM. If we allow 
for the latter, then there is no reason not to allow for former.
Also, there are now many examples of strongly-coupled SUSY gauge theories 
where EOGM-type superpotentials are dynamically generated.

W = λijXφiφ̃j + mijφiφ̃j
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– “They have explicit mass parameters. This seems unnatural.”

These mass parameters are analogous to the mu term of the MSSM. If we allow 
for the latter, then there is no reason not to allow for former.
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– “They have dangerous contributions to sfermion masses from hypercharge D-
terms.”

These can be forbidden by global symmetries (e.g. generalized messenger 
parity). We will assume this is the case for the rest of today’s talk.

W = λijXφiφ̃j + mijφiφ̃j



EOGM – why not?

Surprisingly, these models have not been much explored. Why not?

– “They have explicit mass parameters. This seems unnatural.”

These mass parameters are analogous to the mu term of the MSSM. If we allow 
for the latter, then there is no reason not to allow for former.
Also, there are now many examples of strongly-coupled SUSY gauge theories 
where EOGM-type superpotentials are dynamically generated.

– “They have dangerous contributions to sfermion masses from hypercharge D-
terms.”

These can be forbidden by global symmetries (e.g. generalized messenger 
parity). We will assume this is the case for the rest of today’s talk.

– “They can’t possibly give rise to phenomenology that is qualitatively different than 
OGM.”

Actually...

W = λijXφiφ̃j + mijφiφ̃j



EOGM - why not?
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In today’s talk, we will see that many of the classic features 
of OGM can be modified in this more general (but just as 

“ordinary”!) class of models.

Thus, there is more to gauge mediation than just OGM!
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R-symmetry

• We will limit our study to models with a continuous            symmetry

W = λijXφiφ̃j + mijφiφ̃j

U(1)R



R-symmetry

• We will limit our study to models with a continuous            symmetry

Motivations: 

– Imposing an R-symmetry cuts down the parameter space, simplifies 
analysis, and has interesting consequences. 

– Need an R-symmetry for SUSY breaking (Nelson & Seiberg)
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U(1)R



R-symmetry

• We will limit our study to models with a continuous            symmetry

Motivations: 

– Imposing an R-symmetry cuts down the parameter space, simplifies 
analysis, and has interesting consequences. 

– Need an R-symmetry for SUSY breaking (Nelson & Seiberg)

Example:

W = λijXφiφ̃j + mijφiφ̃j

U(1)R

R(X) = 2, R(φi) = −2i, R(φ̃i) = 2i

W =Mij(X)φiφ̃j = λiXφiφ̃i + miφiφ̃i+1

M =
(

λX m
0 λX

)
, M =




λX m 0
0 λX m
0 0 λX



 , etc.



Determinant Identity
Because of the R-symmetry, the messenger mass matrix                         
satisfies an important identity:

This determinant identity, which follows directly from the R-symmetry,
has a number of important consequences.

M ≡ λX + m

detM = XnG(m, λ)

E.g. in the previous example                             (note: independent of m!)detM = λNXN



Classifying models using the 
determinant identity

det(m + λX) = XnG(m, λ)



Classifying models using the 
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•                           

det(m + λX) = XnG(m, λ)

n = 0 : det(m + λX) = detm (⇒ det λ = 0)
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Classifying models using the 
determinant identity

•                           

•    

•                                           

det(m + λX) = XnG(m, λ)

n = 0 : det(m + λX) = detm (⇒ det λ = 0)

n = N : det(m + λX) = XN det λ (⇒ det m = 0)

0 < n < N : det(m + λX) = XnG(m, λ) (detm, det λ != 0)



Classifying models using the 
determinant identity

•                           

•    

•                                           

These three categories of models have very different 
properties. Since OGM belongs to the second 
category, we will focus on this category in today’s talk. 

det(m + λX) = XnG(m, λ)

n = 0 : det(m + λX) = detm (⇒ det λ = 0)

n = N : det(m + λX) = XN det λ (⇒ det m = 0)

0 < n < N : det(m + λX) = XnG(m, λ) (detm, det λ != 0)



Phenomenology of 
(Extra)Ordinary Gauge Mediation



Soft masses



• Straightforward to compute soft masses, using technique of 
“analytic continuation in superspace” (Giudice & Rattazzi). 

Soft masses
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• Straightforward to compute soft masses, using technique of 
“analytic continuation in superspace” (Giudice & Rattazzi). 

• Same general structure as OGM, but now scales              are given 
by different expressions:

Soft masses

¤G, ¤S

Using determinant identity

Mr =
αr

4π
ΛG, m2

f̃
= 2

3∑

r=1

Cr
f̃

(αr

4π

)2
Λ2

S

detM ∝ XnΛG = F∂X log detM =
nF

X

Λ2
S =

1
2
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XX∗

N∑

i=1

(log |Mi|2)2



Soft masses, cont’d
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•       is always independent of the couplings! Consequence: gauginos 
always obey the GUT relations in these models.
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•       is always independent of the couplings! Consequence: gauginos 
always obey the GUT relations in these models.
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A direct consequence 
of R-symmetry!M1 : M2 : M3 = α1 : α2 : α3 ≈ 1 : 2 : 7



•       is always independent of the couplings! Consequence: gauginos 
always obey the GUT relations in these models.

•       in general depends on the messenger superpotential couplings.  
So, let us define the “effective messenger number”

Soft masses, cont’d

Neff (X, m,λ) =
Λ2

G

Λ2
S

=

[
1

2n2
|X|2∂2

XX∗

N∑

i=1

(
log |Mi|2

)2

]−1
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S =
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2
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(log |Mi|2)2
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A direct consequence 
of R-symmetry!M1 : M2 : M3 = α1 : α2 : α3 ≈ 1 : 2 : 7
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•       is always independent of the couplings! Consequence: gauginos 
always obey the GUT relations in these models.

•       in general depends on the messenger superpotential couplings.  
So, let us define the “effective messenger number”

Soft masses, cont’d

ΛG = NF/X, ΛS =
√

NF/X, Neff = N

Neff (X, m,λ) =
Λ2

G

Λ2
S

=

[
1

2n2
|X|2∂2

XX∗

N∑

i=1

(
log |Mi|2

)2

]−1

ΛG = F∂X log detM =
nF

X

Λ2
S =

1
2
|F |2∂2

XX∗

N∑

i=1

(log |Mi|2)2

¤G

A direct consequence 
of R-symmetry!M1 : M2 : M3 = α1 : α2 : α3 ≈ 1 : 2 : 7

ΛS

Remember, in OGM one has
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Doublet/Triplet Splitting

In OGM, the spectrum does not depend on the superpotential couplings, 
so doublet/triplet splitting has no effect.
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Doublet/Triplet Splitting

In OGM, the spectrum does not depend on the superpotential couplings, 
so doublet/triplet splitting has no effect.

However, in EOGM, the sfermion masses do depend on the 
superpotential couplings, so now doublet/triplet splitting can have a big 
effect. 
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Doublet/Triplet Splitting

In OGM, the spectrum does not depend on the superpotential couplings, 
so doublet/triplet splitting has no effect.

However, in EOGM, the sfermion masses do depend on the 
superpotential couplings, so now doublet/triplet splitting can have a big 
effect. 

This sensitivity to doublet/triplet splitting is the main source of differences 
between OGM and EOGM.

W = (λ3ijX + m3ij)qiq̃j + (λ2ijX + m2ij)"i"̃j

5→ (3, 1, −1
3
)⊕ (1, 2,

1
2
)



Doublet/Triplet Splitting (cont’d)

• Doublet/triplet splitting means there can be different numbers of 
effective doublet and triplet messengers:

• This can alter the spectrum in various ways. For instance, it can 
change the relations between slepton and squark masses -- one no 
longer necessarily has 

• A less obvious, but also important consequence is a “focussing” 
effect in the running of the Higgs soft masses...

Neff,2 = Neff (X, m2, λ2), Neff,3 = Neff (X, m3, λ3)

mq̃ : m!̃ ∼ α3 : α2

m2
f̃

= 2
3∑

r=1

Cr
f̃

(αr

4π

)2 Λ2
G

Neff,r
⇒ mq̃ : m!̃ ∼

α3√
Neff,3

:
α2√

Neff,2



D/T Splitting and “Focussing”

• In OGM, the first term is always smaller than the second, leading to

• This implies that there must be at least 0.1-1% fine tuning in the mu 
parameter in order to achieve the observed EWSB: 

 

m2
Hu
∼ m2

Hu
(Mmess)−

3
4π2

y2
t m2

t̃ log
Mmess

mt̃

α2
2Λ

2
G/Neff,2 α2

3Λ
2
G/Neff,3

µ2 + m2
Hu
≈ −m2

Z

2

m2
Hu
∼ − 3

4π2
y2

t m2
t̃ log

Mmess

mt̃

! −(TeV)2

“Little hierarchy problem”



D/T Splitting and “Focussing”

• Agashe & Graesser pointed out that with different numbers of doublets 
and triplets, one can make the first and second terms comparable, 
leading to a smaller Higgs mass parameter and hence smaller mu.

• Thus with doublet/triplet splitting, one can get much smaller mu in 
EOGM than OGM!

 

m2
Hu
∼ m2

Hu
(Mmess)−

3
4π2

y2
t m2

t̃ log
Mmess

mt̃

µ ! 1 TeV normally → µ" 1 TeV with “focussing”

α2
2Λ

2
G/Neff,2 α2

3Λ
2
G/Neff,3



Higgsino NLSPs

• Small mu in turn implies that the lightest neutralino is Higgsino like:

• So the NLSP can be the Higgsino, not the bino or the stau!!

• Because of the bias from OGM, this is not a well-studied scenario. It 
could have interesting implications at the LHC, e.g.

• Could the LHC be a Higgs factory??

mÑ =





M1 0 −cβsW mZ sβsW mZ

0 M2 cβcW mZ −sβcW mZ

−cβsW mZ cβcW mZ 0 −µ
sβsW mZ −sβcW mZ −µ 0





ZZ, Zh, hh + MET instead of γγ + MET

Higgsinos

(Bino, wino)



Unification?

Doublet/triplet splitting can potentially spoil gauge coupling unification. 
However the R-symmetry improves the situation.

To see this, let us begin by ordering the eigenvalues of the doublet and 
triplet messenger mass matrices.

Running the gauge couplings up gives

αr(MGUT ) = αr(mZ) +
N∑

i=0

br − i

2π
log
Ma,i+1

Ma,i

= αGUT ;MSSM − 1
2π

(N log MGUT − log detMr)

Mr;0 ≡ mZ < Mr;1 < Mr;2 < · · · < Mr;N < Mr;N+1 ≡ mGUT , (r = 2, 3)



Unification?

Doublet/triplet splitting can potentially spoil gauge coupling unification. 
However the R-symmetry improves the situation.

To see this, let us begin by ordering the eigenvalues of the doublet and 
triplet messenger mass matrices.

Running the gauge couplings up gives

Only depends on the determinant!

αr(MGUT ) = αr(mZ) +
N∑

i=0

br − i

2π
log
Ma,i+1

Ma,i

= αGUT ;MSSM − 1
2π

(N log MGUT − log detMr)

Mr;0 ≡ mZ < Mr;1 < Mr;2 < · · · < Mr;N < Mr;N+1 ≡ mGUT , (r = 2, 3)



Unification (cont’d)

According to the determinant identity,

In general,               is independent of some of the couplings. Then

these couplings can be split arbitrarily without spoiling unification.

E.g.,                         independent of     . Then as long as

gauge coupling unification can be preserved. 

m

αr(MGUT ) = αGUT ;MSSM − 1
2π

(N log MGUT − log detMr)

detMr = XnG(mr, λr)

G(m, λ)

G(λ2) = G(λ3)G(m, λ) = detλ



An example

• Consider again the model

• At large X, the model is equivalent to N messenger OGM. At small 
X, there is only one light messenger. Thus Neff interpolates between 
1 and N.

W =Mij(X)φiφ̃j = λiXφiφ̃i + miφiφ̃i+1

M =
(

λX m
0 λX

)
, M =




λX m 0
0 λX m
0 0 λX



 , etc.



Example: Neff

0 1 2 3 4 5 6

x

1

2

3

4

5

N
e
f
f

N!5

N!4

N!3

N!2

Fig. 2: A plot of the effective messenger number Neff(x) vs. x = λX/m.

Now we would like to include doublet/triplet splitting and see how it affects the

phenomenology. Since unification depends only on λ2, λ3 (see section 3.2), we will set

λ2 = λ3 = 1 (4.4)

for simplicity. Note that when all the λ’s are the same, the actual value of λ is irrelevant

for the current discussion, since it always enters in the combinations λX and λF .

We have generated MSSM spectra for a N = 5 model with m2 = 2X and m3 = 1
3X .

This implies Neff,2 ≈ 1 and Neff,3 ≈ 4.5, as shown in fig. 2. To fix the remaining parameters

(X and F ), we set ΛG = Nf/X = 200 TeV and scanned over the mass of the lightest

messenger. This choice of ΛG leads to stop masses around m
t̃
≈ 1.5 TeV and a Higgs

mass around mh0 ≈ 115 GeV, which is consistent with the LEP bound, mh0 > 114.4 GeV.

Finally we have taken tanβ = 20 and µ > 0 as a representative choice of these parameters.

The spectra are shown plotted vs. the mass of the lightest messenger in figure 3. For

comparison, the spectra for an OGM model with N = 1 and N = 5 messengers (and all

the other parameters the same) are also shown in figure 3.

The spectra shown in fig. 3 nicely illustrate some of the general points made in sections

2.3 and 2.4 about the effects of doublet/triplet splitting. For example, in the first row of

fig. 3 we see that in the EOGM model the squark and slepton masses are squashed in

comparison to the N = 1 and N = 5 OGM models. In fact, since ΛG was chosen to be

the same in the three spectra, we see that the masses of colored (uncolored) sfermions
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Example: spectra(ΛG = 200 TeV, tanβ = 20)

Squark and 
slepton masses 
squashed
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Fig. 3: A plot of some of the MSSM soft parameters and sparticle masses at

the scale Q = mZ , as a function of the messenger scale M (which we take to
be the mass of the lightest messenger). The left (middle) column is OGM with

N = 1 (N = 5). The right column is a model of the form (4.1)(4.2) with N = 5,
m2/X = 2, and m3/X = 1/3. In all cases, ΛG =200 TeV.

This point is further illustrated in fig. 4, which contains contour plots of µ and the

Higgsino component of the lightest neutralino vs. m2 > X and m3 < X , for N = 3, 4,

5, 6. In these plots, we are holding fixed ΛG and the mass of the lightest messenger; the

parameters are chosen so that mh0 ≈ 115 GeV. For N ≥ 4, we see that a sizable region of

parameter space has µ < 200 GeV as well as an NLSP neutralino that is more than 80%

Higgsino.

Finally, let us see how gauge coupling unification works in this example, following the

general discussion in section 2.6. Keep in mind that throughout this subsection, we have

split the doublets and triplets in accordance with the determinant identity (2.3), so that
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Fig. 3: A plot of some of the MSSM soft parameters and sparticle masses at

the scale Q = mZ , as a function of the messenger scale M (which we take to
be the mass of the lightest messenger). The left (middle) column is OGM with

N = 1 (N = 5). The right column is a model of the form (4.1)(4.2) with N = 5,
m2/X = 2, and m3/X = 1/3. In all cases, ΛG =200 TeV.

This point is further illustrated in fig. 4, which contains contour plots of µ and the

Higgsino component of the lightest neutralino vs. m2 > X and m3 < X , for N = 3, 4,

5, 6. In these plots, we are holding fixed ΛG and the mass of the lightest messenger; the

parameters are chosen so that mh0 ≈ 115 GeV. For N ≥ 4, we see that a sizable region of

parameter space has µ < 200 GeV as well as an NLSP neutralino that is more than 80%

Higgsino.

Finally, let us see how gauge coupling unification works in this example, following the

general discussion in section 2.6. Keep in mind that throughout this subsection, we have

split the doublets and triplets in accordance with the determinant identity (2.3), so that
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Example: spectra(ΛG = 200 TeV, tanβ = 20)
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Fig. 3: A plot of some of the MSSM soft parameters and sparticle masses at

the scale Q = mZ , as a function of the messenger scale M (which we take to
be the mass of the lightest messenger). The left (middle) column is OGM with

N = 1 (N = 5). The right column is a model of the form (4.1)(4.2) with N = 5,
m2/X = 2, and m3/X = 1/3. In all cases, ΛG =200 TeV.

This point is further illustrated in fig. 4, which contains contour plots of µ and the

Higgsino component of the lightest neutralino vs. m2 > X and m3 < X , for N = 3, 4,

5, 6. In these plots, we are holding fixed ΛG and the mass of the lightest messenger; the

parameters are chosen so that mh0 ≈ 115 GeV. For N ≥ 4, we see that a sizable region of

parameter space has µ < 200 GeV as well as an NLSP neutralino that is more than 80%

Higgsino.

Finally, let us see how gauge coupling unification works in this example, following the

general discussion in section 2.6. Keep in mind that throughout this subsection, we have

split the doublets and triplets in accordance with the determinant identity (2.3), so that
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Example: spectra(ΛG = 200 TeV, tanβ = 20)

mu is much 
smaller than in 
OGM...
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Fig. 3: A plot of some of the MSSM soft parameters and sparticle masses at

the scale Q = mZ , as a function of the messenger scale M (which we take to
be the mass of the lightest messenger). The left (middle) column is OGM with

N = 1 (N = 5). The right column is a model of the form (4.1)(4.2) with N = 5,
m2/X = 2, and m3/X = 1/3. In all cases, ΛG =200 TeV.

This point is further illustrated in fig. 4, which contains contour plots of µ and the

Higgsino component of the lightest neutralino vs. m2 > X and m3 < X , for N = 3, 4,

5, 6. In these plots, we are holding fixed ΛG and the mass of the lightest messenger; the

parameters are chosen so that mh0 ≈ 115 GeV. For N ≥ 4, we see that a sizable region of

parameter space has µ < 200 GeV as well as an NLSP neutralino that is more than 80%

Higgsino.

Finally, let us see how gauge coupling unification works in this example, following the

general discussion in section 2.6. Keep in mind that throughout this subsection, we have

split the doublets and triplets in accordance with the determinant identity (2.3), so that
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Example: spectra(ΛG = 200 TeV, tanβ = 20)

mu is much 
smaller than in 
OGM...

... so the Higgsino 
can be the NLSP
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Fig. 3: A plot of some of the MSSM soft parameters and sparticle masses at

the scale Q = mZ , as a function of the messenger scale M (which we take to
be the mass of the lightest messenger). The left (middle) column is OGM with

N = 1 (N = 5). The right column is a model of the form (4.1)(4.2) with N = 5,
m2/X = 2, and m3/X = 1/3. In all cases, ΛG =200 TeV.

This point is further illustrated in fig. 4, which contains contour plots of µ and the

Higgsino component of the lightest neutralino vs. m2 > X and m3 < X , for N = 3, 4,

5, 6. In these plots, we are holding fixed ΛG and the mass of the lightest messenger; the

parameters are chosen so that mh0 ≈ 115 GeV. For N ≥ 4, we see that a sizable region of

parameter space has µ < 200 GeV as well as an NLSP neutralino that is more than 80%

Higgsino.

Finally, let us see how gauge coupling unification works in this example, following the

general discussion in section 2.6. Keep in mind that throughout this subsection, we have

split the doublets and triplets in accordance with the determinant identity (2.3), so that
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Example: unification

R-symmetry guarantees that the heavy doublet 
messengers come in just right to fix up the running!
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Minimal Completions = O’R models

• So far we have treated the SUSY-breaking field X in these models 

as a spurion for the unspecified hidden sector. 

• Now let us go one step further and attempt to specify the hidden 

sector in this framework. 

• Many choices for the hidden sector are possible, but one is 

especially minimal. Because of the R-symmetry, these EOGM 

models are one step away from being generalized O’Raifeartaigh 

models.

δW = fX
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Pseudo-moduli space

• SUSY is broken along a pseudo-moduli space

X

V

Need minimum at                to break the R-symmetry 

W = λijXφiφ̃j + mijφiφ̃j + fX

−F ∗
X = φT λφ̃ + f, −F ∗

φ = (λX + m)φ̃, −F ∗
φ̃

= φT (λX + m

φ = φ̃ = 0, Xmin < |X| < Xmax, Vtree = |f |2

Veff

Vtree

〈X〉 #= 0
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• The simplest O’R models do not have an R-breaking vacuum.

• The existence of such a vacuum requires a field with              .  (DS)

• Interestingly, all R-symmetric deformations of OGM have this 
property:

Thus, any R-symmetric deformation of OGM leads to a viable model 
of SUSY and R-symmetry breaking!

These are possibly the simplest known models of “direct gauge 

mediation.”

R-charge Condition

det λ != 0 ⇒ R(φ̃i) = −R(φi)
If mij != 0⇒ R(φi) + R(φ̃j) = 2

So either R(φi), R(φ̃i), R(φj), or R(φ̃j) must be different from 0, 2.

R != 0, 2
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• Perturb N=2 OGM with the only renormalizable interactions 
allowed by an R-symmetry:
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W = λX(φ1φ̃1 + φ2φ̃2) + mφ1φ̃2 + fX
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Simplest example with spontaneous R

Straightforward to find 
messenger masses, 
compute Coleman-
Weinberg potential:
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• Perturb N=2 OGM with the only renormalizable interactions 
allowed by an R-symmetry:

Simplest example with spontaneous R

An R-symmetry breaking minimum is generated at one-loop!

Straightforward to find 
messenger masses, 
compute Coleman-
Weinberg potential:

W = λX(φ1φ̃1 + φ2φ̃2) + mφ1φ̃2 + fX

VCW = Tr M4
B log

M2
B

µ2
− TrM4

F log
M2

F

µ2



Conclusions, future directions

• We have argued that OGM is part of a much wider model space 
which is not forbidden by any symmetries.

• By exploring this model space, we have seen that many of the 
classic features of OGM can qualitatively change. 

– higgsino-like neutralino NLSP

– small mu

– squashed slepton/squark spectrum

• Thus, gauge mediation, even in its simplest form, allows for richer 
phenomenological possibilities than previously thought.



Conclusions, cont’d

• Some future directions/open questions are:

– Collider phenomenology of these models, esp. higgsino NLSP

 (work in progress)

– What happens if we give up R-symmetry altogether?

– Can these types of models be generated dynamically?

– Cosmological implications – R-axion, (nearly) stable messengers?

– What do known solutions to the mu problem look like in this framework?


