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• LHC signatures



mg̃i ∝ αi
4π

F
M

m2
f̃i
∝

(
αi
4π

F
M

)2

d

d(logµ)
m2

f̃i
∝ −αi

4π
m2

g̃i

In most SUSY breaking scenarios, 
the squarks are as heavy or heavier than the gluinos and the

 sleptons as heavy or heavier than the charginos/neutralinos.

In gauge mediation, 

In any high-scale mediation the same thing 
happens due to the RG running 



 Kaplan, Kribs, Schmaltz, PRD62 (2000) 035010;  Chacko, Luty, Nelson, Ponton, JHEP0001 (2000) 003

Gaugino mediation

At a ‘high’ scale f, matter fields 
and Higgs have no soft masses

MSSM 
matter

SUSY 
breaking

Gauge fields 
in the bulk

Scalar masses are 
generated radiatively: • Threshold contributions at 

the high scale f

• Running from f to EW scale

• Threshold contributions at 
the EW scale 
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, tanβ = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1

LSP, nearly degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable effects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tanβ with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary
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RG evolution of soft masses in the MSSM



where the second equality is valid only at the GUT scale because the squark and slepton

masses in the trace are GUT symmetric and therefore drop out of the equation. The D-term

mass shift for each scalar at the weak scale is simply

δm2

i = −
6

5
yi S

∫
0

tweak

g2

1 dt " −.078 yi S . (3.2)

We first specialize to the case with no D-term for hypercharge, i.e. m2
Hu

= m2
Hd

at

MGUT . Figure 1 illustrates the evolution of soft masses for the first two generations and

the gauginos from MBC > MGUT to the weak scale. At MBC the soft masses vanish and

evolve according to SU(5) RGEs down to MGUT . For the purpose of this plot we assumed

SU(5) unification therefore the 5̄ and 10 evolve at different rates. The gaugino masses are

unified between MBC and MGUT . Below MGUT the RGEs respect only the symmetries of

the Standard Model. The evolution depends on the gauge charges of the fields. Gaugino

masses and scalar masses are proportional to the squares of the gauge couplings. As a result,

colored fields are always heaviest and have masses about four times larger than fields with

only hypercharge.
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FIG. 1. Evolution of the soft masses of the first two generations (solid) and the gauginos

(dashed) as a function of renormalization scale µ. The input parameters are M1/2 = 250 GeV,

MBC = 2 · 1017 GeV, and vanishing hypercharge D-term S = 0. The scalar fields are, from the

lightest to heaviest at the weak scale, the right-handed selectron, the left-handed sleptons, the

right-handed down and up squarks, and the left-handed squarks. The gaugino masses start at a

nonzero value at MBC . At the weak scale the gluino is heaviest and the Bino lightest.

The effects of the running above the GUT scale are depicted in Figure 2. Scalar masses

receive additive GUT-symmetric contributions from the running above MGUT . This effect

is most important for scalars which do not receive large masses from running below the

GUT scale. The mass shifts are proportional to the Casimirs of the corresponding unified

representations, thus they are larger in SO(10) compared to SU(5).
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In gaugino mediation the 
high scale was chosen at, or 

above, the GUT scale to 
avoid charged LSP (stau)

Consequently, threshold 
corrections were 

neglected as the log 
running dominates



• Threshold contributions at the 
high scale f  (model dependent)

• Running from f to EW scale 
(model independent) 

• Threshold contributions at the 
EW scale (model independent) 

When the gravitino is light the charged LSP disappears.
Log(f/EW) can be small as long as scalar masses are positive.
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Our model

- product gauge group [SU(3)xSU(2)xU(1)]xSU(5) 
- SUSY breaking communicates only to the SU(5) sector
- MSSM matter transforms under SU(3)xSU(2)xU(1)
- at a few TEV gauge group broken to SU(3)xSU(2)xU(1)

Φ

Φ̄
3,2,1 SU(5)

MSSM
matter

SUSY

“Deconstructed gaugino mediation,” Cheng, Kaplan, Schmaltz, Skiba, PLB 515 (2001) 395
Csaki, Erlich, Grojean, Kribs, PRD 65 (2002) 015003 



Φ

Φ̄
3,2,1 SU(5)

MSSM
matter

SUSY

SU(5) gauginos obtain mass from direct coupling to SUSY 
breaking, for example gauge mediation with the messengers 

charged under SU(5) only

After the product gauge groups is broken to the SM,
, the MSSM gauginos acquire soft masses. 〈Φ〉 = 〈Φ̄〉 = f



Φ

Φ̄
3,2,1 SU(5)

MSSM
matter

SUSY

SUSY-breaking terms for 
 - the gauginos and 
 - the link fields

MSSM matter fields 
obtain soft masses 

at one loop
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In practice, this calculation 
is a lot more complicated 
than what meets the eye

There are three adjoint fermions that run in the loop:
two gauginos from the two gauge group and one fermion from 
the link field that has a Dirac mass with one of the gauginos.



Breaking of SU(2)xU(1)?

- Higgs doublets get positive mass from the one         
  loop diagrams, just like the matter fields do 
- In high scale models, up-type Higgs gets a negative 
  mass from the top-Yukawa contribution  to the 
  RG equations
- Radiative breaking happens in our model as well:

Why would 2 loops dominate over one loop?
- large Yukawa, color factors, SU(3) coupling
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Addition contribution to the Higgs mass

There are two gauge groups, each with its own D terms.
In the absence of SUSY breaking the D-term for the diagonal 
(unbroken) group is governed by its coupling constant.  

This is not the case with when SUSY is broken:

where



On the other hand, if m3/2 ! keV, for mass

inputs: f 5000

mB 5000

mΦ̃ 5000

tanβ 8

gA3/gB 0.8

heavy gauge bosons: M3 15400

M2 12970

M1 12500

gluino: m3 1904

neutralinos: mχ0
1

232

mχ0
2

253

mχ0
3

383

mχ0
4

706

charginos: mχ±
1

243

mχ±
2

706

Higgs: mh0 116

mH0 324

mA 324

mH± 334

µ 249
√

Bµ 114

sleptons: mẽR
102

mẽL
218

mν̃L
203

squarks: mũL
934

mũR
914

md̃L
938

md̃R
913

Table 1: An example spectrum of low-scale
gaugino mediation. All masses are in GeV. Note
that the right-handed slepton masses are very
near the LEP bounds. Heavier spectra can be
obtained by scaling up all input masses.

which the gravitino would be a cold dark mat-

ter candidate, some mechanism of large en-

tropy production (e.g. inflation or out-of-eq-

uilibrium decay of a heavy particle) is needed

to dilute the gravitino abundance down to an

acceptable level and to avoid overclosure of

the universe. With such a mechanism at work,

any pre-existing gravitino abundance gets de-

pleted. However, a population of gravitinos is

regenerated in the primordial plasma in two

ways: by thermal scattering, whose effective-

ness increases with the temperature, and by

NLSP decays. Therefore, the energy density

constraint on the total abundance of graviti-

nos puts an upper bound on the temperature

TR at which the dilution mechanism ends and

the ordinary radiation-dominated epoch be-

gins [15]. In the case where inflation is the

main entropy-releasing process in the early

universe, TR corresponds to the reheating tem-

perature.

The BBN constraint mostly concerns the

lifetime of the NLSP, τNLSP. Recent analyses

[16] have shown that successful BBN requires

τNLSP " 5 × 103 s. For the typical masses in

our model, mNLSP ∼ 100 GeV and m3 ∼ 1

TeV, the combination of the overclosure and

BBN constraints translates into upper bounds

on the gravitino mass, m3/2 " 1 GeV, and on

the reheating temperature, TR " 107 GeV.

Scenarios where a substantial amount of en-

tropy is produced after inflation by the out-

of-equilibrium decay of a heavy particle, like

e.g. the one in Ref. [17] where the lightest mes-

sengers decay at late times, would allow even

higher reheating temperatures.

5. Future directions

We see several avenues for interesting further work on model building and the phenomenology

– 13 –

Free parameters:

gB

mB

mΦ

µ, Bµ

- vev of the link fields
- SU(5) gauge coupling
- soft mass for the SU(5) gaugino
- soft mass of the link field
- traded for Higgs vev and 

f

tanβ



Constraints: precision electroweak, cosmology

Precision electroweak observables are affected by heavy 
gauge bosons and an SU(2) triplet from the link fields. 
All of these are much too heavy to be seriously constrained. 

τNLSP ! 5× 103

One needs to avoid overclosing of the universe by the LSP,
and spoiling the successful predictions of the BBN by NLSP 
decays. 
BBN:                           that translates to
Relic density:                     , but larger values possible if 
gravitino abundance is diluted by late entropy production.

m3/2 ! 1 GeV
m3/2 ! 1 keV



LSP    -  the gravitino  (keV- 1 GeV)

NLSP -  right-handed sleptons (~100 GeV, collider stable)
             the RH stau is the lightest, but the decays of the
             smuon, or selectron to stau probably not visible

Right- and left-handed sleptons lighter than 

Squarks lighter than the gluinos

Most important features of the spectrum 

χ0
1,2,3,4 χ±1,2



ũL −→ uL W̃ 0 −→ uL l±L l̃∓L −→ uL l±L l∓L l±R l̃∓R

55% 20% 66%

20%28% 55%

ũL −→ dL W̃+ l+L ν l±R l̃∓R−→ dLν̃−→ dL l+L

Examples of squark decays



l̃L −→ h l̃R

Higgs production in slepton decays

Left-handed sleptons decay mostly through the off-shell Bino 
with 3-body final state. However, often the 2 body decay

is kinematically allowed. This proceeds through the left-right 
mixing, so it is most important for the staus, but even for the 
smuons it can be significant. 
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Squark production and lepton and Higgs “multiplicity”

Stable charged particles (NLSP) in every event!



Open questions

• Solution to the          problem?

• A dynamical mechanism for generating the link 
field vevs perhaps tied to SUSY breaking

• Gauge coupling unification?

• More detailed phenomenology. Comparison with 
other models such as gauge mediation with a 
large number of messengers, scenarios with Dirac 
gaugino masses.

µ/Bµ



Conclusion

• There are still well-motivated yet 
unexplored regions of the MSSM 
parameter space with distinct and 
interesting signatures.



the end 


