


Reasons for the negative mass of the Higgs 

Higgs is affected by the top quark Yukawa coupling, but so are the stops. So, why 
does the Higgs  mass becomes negative and not the stop ones ?

There are three main reasons. First, the stops receive a positive contributions 
coming from their quark-gluino interactions, which is proportional to the gluino 
mass.  This is model dependent, since the gluino mass might be very small.

The second, most important reason, is that the Higgs couples to three Dirac 
fermions (three colors) and their superpartners, while the right-handed stop of 
a given color couples to only two (due to the doublet structure). Finally the 
left-handed stop of a given color couples to only one Dirac field. This 3:2:1 
relation makes the negative contribution to the Higgs more important than the 
one of the stops.

Finally, there is the          factor that acts like an external magnetic field in a   
spin system and induces the presence of non-vanishing Higgs v.e.v.’s even if    
the masses would be positive.

m2
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Gluino Contributions to the Stop Masses

δm2
t̃ ∝ α3 M2

g̃



Comments
• The previously presented spectrum depends strongly on the condition of 

equality of sfermion and gaugino masses at the GUT scale.

• Setting, for instance, different masses for particles of different
quantum numbers at the GUT scale could lead to a very different
spectrum.

• In general, very little is known about the supersymmetry breaking
parameters and one should NOT make conclusions about the Tevatron
and/or LHC reach for SUSY based on strong assumptions about them.

• In particular, although it is clear that the LHC has a larger reach, the
Tevatron one is not at all negligible, and one should be open to the
possibility of a SUSY discovery before the start of the LHC !  
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Unification of Couplings
• The value of gauge couplings evolve with scale according to the

corresponding RG equations:

1
αi(Q)

=
bi

2π
ln

(
Q

MZ

)
+

1
αi(MZ)

(8)

• Unification of gauge couplings would occur if there is a given scale at
which couplings converge.

1
α3(MZ)

=
b3 − b2

b1 − b2

1
α1(MZ)

+
b3 − b1

b2 − b1

1
α2(MZ)

(9)

• This leads to a relation between α3(MZ) and

sin2 θW (MZ) = αSM
1 /

(
αSM

1 + αSM
2

)
.
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Rules to compute the beta-functions

• The one-loop beta-functions for the U(1) and SU(N) gauge
couplings are given by (Q = T3 + Y ),

5
3
b1 = −2

3

∑

f

y2
f −

1
3

∑

s

y2
s

bN =
11 N

3
− nf

3
− nS

6
− 2N

3
nA (10)

• In the above, yf,s are the hypercharges of the charged chiral fermion
and scalar fields, nf,s are the number of fermions and scalars in the
fundamental representation of SU(N), nA are fermions in the adjoint
representation and the factor 5/3 is just a normalization factor, so
that over one generation

Tr
[
T 3T 3

]
=

3
5
Tr

[
y2

f

]
(11)
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• The coupling g1 is not asymptotically free, but becomes strong at
scales far above MPl, where the effective theory description breaks
down anyway.

• A full generation contributes to the same amount to all β-functions.
It does not affect the unification conditions. (βSM

gen = −4/3;
βSUSY

gen = −2.)

• Only incomplete SU(5) representations affect one-loop unification.

bSM
1 = −41/10, bSM

2 = 19/6, bSM
3 = 7.

bSUSY
1 = −33/5, bSUSY

2 = −1, bSUSY
3 = 3. (12)

MG = MZ exp
[(

1
α1(MZ)

− 1
α2(MZ)

)
2π

b2 − b1

]

1
α3(MZ)

=
b3 − b1

b2 − b1

1
α2(MZ)

+
b3 − b2

b1 − b2

1
α1(MZ)

(13)
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Results
b1 = −6− 3NH/5, b2 = −NH , b3 = 3
1/α1(MZ) " 60 1/α2(MZ) " 30
In the above, NH is the number of pair of Higgs doublets. With these

results we can compute the strong gauge coupling at MZ

1
α3(MZ)

=
15− 7NH

25 + 3NH
30 (1)

The result depends strongly on the number of Higgs doublets. For NH

equal to zero, we get α3(MZ) = 1/18 " 0.05. For NH = 1, instead, we get
α3(MZ) " 0.120 !! Excellent prediction !
For NH = 2 we get, again, a very bad result α3(MZ) " 1.
Finally,
MG = MZ exp(30× 2π × (5/28)) " 1016GeV
Grand Unification scale is very close to the Planck scale, suggesting a
Unified description of particle interactions.

2

for NH = 1,



SM:
Couplings tend to converge at
high energies, but unification
is quantitatively ruled out.

MSSM:

Unification at αGUT ! 0.04
and MGUT ! 1016 GeV.
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Experimentally, α3(MZ) ! 0.118± 0.004
in the MSSM: α3(MZ) = 0.127− 4(sin2 θW − 0.2315)± 0.008

Bardeen, Carena, Pokorski & C.W.

Remarkable agreement between Theory and Experiment!!
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fermions                       fermions                       bosonsbosons
supersymmetrysupersymmetry

electron                        electron                        sselectronelectron
quark                              quark                              ssquarkquark
photphotinoino photonphoton
gravitgravitinoino gravitongraviton

Photino,  Zino and Neutral Higgsino:  Neutralinos

Charged Wino, charged Higgsino: Charginos

No new dimensionless couplings. Couplings of supersymmetric particles
equal to couplings of Standard Model ones.  
Two Higgs doublets necessary.  Ratio of vacuum expectation values
denoted by  tan β

2



Lagrangian in terms of Component Fields
• The supersymmetric Lagrangian has the usual kinetic terms for the

boson and fermion fields. It also contain generalized Yukawa
interactions and contain interactions between the gauginos, the scalar
and the fermion components of the chiral superfields.

LSUSY = (DµAi)
†DAi +

(
i

2
ψ̄iσ̄

µDµψi + h.c.
)

− 1
4

(
Ga

µν

)2 +
(

i

2
λ̄aσ̄µDµλa + h.c.

)

−
(

1
2

∂2P (A)
∂Ai∂Aj

ψiψj − i
√

2gA∗
i Taψiλ

a + h.c.

)

− V (Fi, F
∗
i , Da) (1)

• The last term is a potential term that depend only on the auxiliary
fields
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Minimal Supersymmetric Standard Model

SM particle SUSY partner GSM

(S = 1/2) (S = 0)
Q = (t, b)L (t̃, b̃)L (3,2,1/6)
L = (ν, l)L (ν̃, l̃)L (1,2,-1/2)
U =

(
tC

)
L

t̃∗R (3̄,1,-2/3)
D =

(
bC

)
L

b̃∗R (3̄,1,1/3)
E =

(
lC

)
L

l̃∗R (1,1,1)

(S = 1) (S = 1/2)
Bµ B̃ (1,1,0)
Wµ W̃ (1,3,0)
gµ g̃ (8,1,0)
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Supersymmetry Breaking Parameters

Standard Model quark, lepton and gauge boson masses are protected by
chiral and gauge symmetries.
Supersymmetric partners are not protected.
Explanation of absence of supersymmetric particles in ordinary
experience/ high-energy physics colliders: Supersymmetric particles can
acquire gauge invariant masses, as the one of the SM-Higgs.

Different kind of parameters:

Squark and slepton masses m2
q̃, m2

l̃
Gaugino (Majorana) masses Mi, i = 1-3
Trilinear scalar masses (f̃∗

Lf̃RHi) Af , -µ∗ (This last one comes
from the scalar potential derived from the superpotential |∂P/∂Ai|2.
They induce mixing between left and right sfermions.
Higgsino Mass µ and associated Higgs Mass Parameters
|µ|2 + m2

Hi
(The first term may be derived from the superpotential).
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Minimal Supergravity Model

• The simplest possibility is the case in which all scalar masses are
universl and flavor independent at a certain scale.

• In the minimal supergravity model, for example, one assumes that all
scalars acquire a common mass m2

0 at the Grand Unification scale

• In addition, since gauginos belong to the same adjoint representation,
one assumes that all gauginos acquire a common mass M1/2 at the
GUT scale

• These two parameters must be complemented with a value of the
parameter µ at MGUT .

• For the Higgs sector it is assumed that m2
i = |µ|2 + m2

Hi
, with

mHi = m0.

• Finally, all the trilinear parameters Aijk are assume to take a
common value A0.

20
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Renormalization Group Evolution
• One interesting thing is that the gaugino masses evolve in the same

way as the gauge couplings:
d(Mi/αi)/dt = 0, dMi = −biαiMi/4π, dαi/dt = −biα2

i /4π

• The scalar fields masses evolve in a more complicated way.
4πdm2

i /dt = −Ci
a4M2

aαa + |Yijk|2[(m2
i + m2

j + m2
k + A2

ijk)]/4π

• There is a positive contribution coming from the gaugino masses and
a negative contribution proportional to the Yukawa couplings.

• Colored particles are affected by positive, strongly coupled
corrections and tend to be the heaviest ones.

• Weakly interacting particles tend to be lighter, particular those
affected by large Yukawas.

• There scalar field H2 is both weakly interacting and couples with the
top quark Yukawa. Its mass naturally becomes negative.
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Low Energy Masses in Minimal Supergravity Model

All scalars acquire a common mass m2
0 at the Grand Unification scale

All gauginos acquire a common mass M1/2 at the GUT scale
Masses evolve differently under R.G.E. At low energies,

Squark Masses: m2
Q̃
! m2

0 + 6 M2
1/2

Left-Slepton Masses m2
L̃
! m2

0 + 0.5 M2
1/2

Right-Slepton Masses m2
Ẽ
! m2

0 + 0.15 M2
1/2

Wino Mass M2 = 0.8 M1/2.
Gluino Mass M3 = α3

α2
M2

Bino Mass M1 = α1
α2

M2

Lightest SUSY particle tends to be a Bino.
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Electroweak Symmetry Breaking

• The above relations apply to most squarks and leptons, but not to
the Higgs particles and the third generation squarks.

• The renormalization group equations of these mass parameters
include negative corrections proportional to the square of the large
top Yukawa coupling.

• In particlular, the H2 Higgs mass parameter m2
2, is driven to negative

values due to the influence of the top quark Yukawa coupling.

• Electroweak symmetry breaking is induced by the large top mass !

• Also the superpartners of the top quark tend to be lighter than the
other squarks. This effect is more pronounced if M1/2 is small.

23



SUSY Spectrum from Universal Boundary Conditions at MGUT

Coloured, strongly interacting particles tend to be heavier than
weakly interacting particles. 

Lightest Supersymmetric Particle is lightest Neutralino. 

Squarks and sleptons of first two generations are degenerate.
Small splitting in the slepton sector. Third generation squarks are 
Typically lighter.
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Higgs Mass Parameter Corrections in SUSY

One loop corrections to the Higgs mass parameter cancel if the 
couplings of scalars and fermions are equal to each other
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If supersymmetry is exact, there is always an additional, logarithmically
divergent diagram, induced by the presence of Higgs-scalar trilinear 
couplings, that ensure the cancellation of the logarithmic term.
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If SUSY exists, many of its most important motivations demand some

SUSY particles at the TeV range or below

! Solve hierarchy/naturalness problem by having ∆m2 ! O(v2)

SUSY breaking scale must be at or below 1 TeV
if SUSY is associated with EWSB scale !

! EWSB is radiatively generated

In the evolution of masses from high energy scales

−→ a negative Higgs mass parameter is induced

via radiative corrections

=⇒ important top quark effects!
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Reasons for the negative mass of the Higgs 

Higgs is affected by the top quark Yukawa coupling, but so are the stops. So, why 
does the Higgs  mass becomes negative and not the stop ones ?

There are three main reasons. First, the stops receive a positive contributions 
coming from their quark-gluino interactions, which is proportional to the gluino 
mass.  This is model dependent, since the gluino mass might be very small.

The second, most important reason, is that the Higgs couples to three Dirac 
fermions (three colors) and their superpartners, while the right-handed stop of 
a given color couples to only two (due to the doublet structure). Finally the 
left-handed stop of a given color couples to only one Dirac field. This 3:2:1 
relation makes the negative contribution to the Higgs more important than the 
one of the stops.

Finally, there is the          factor that acts like an external magnetic field in a   
spin system and induces the presence of non-vanishing Higgs v.e.v.’s even if    
the masses would be positive.

m2
12



t̃ t̃

t

g̃

Gluino Contributions to the Stop Masses

δm2
t̃ ∝ α3 M2
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Unification of Couplings
• The value of gauge couplings evolve with scale according to the

corresponding RG equations:

1
αi(Q)

=
bi

2π
ln

(
Q

MZ

)
+

1
αi(MZ)

(8)

• Unification of gauge couplings would occur if there is a given scale at
which couplings converge.

1
α3(MZ)

=
b3 − b2

b1 − b2

1
α1(MZ)

+
b3 − b1

b2 − b1

1
α2(MZ)

(9)

• This leads to a relation between α3(MZ) and

sin2 θW (MZ) = αSM
1 /

(
αSM

1 + αSM
2

)
.
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Rules to compute the beta-functions

• The one-loop beta-functions for the U(1) and SU(N) gauge
couplings are given by (Q = T3 + Y ),

5
3
b1 = −2

3

∑

f

y2
f −

1
3

∑

s

y2
s

bN =
11 N

3
− nf

3
− nS

6
− 2N

3
nA (10)

• In the above, yf,s are the hypercharges of the charged chiral fermion
and scalar fields, nf,s are the number of fermions and scalars in the
fundamental representation of SU(N), nA are fermions in the adjoint
representation and the factor 5/3 is just a normalization factor, so
that over one generation

Tr
[
T 3T 3

]
=

3
5
Tr

[
y2

f

]
(11)
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• The coupling g1 is not asymptotically free, but becomes strong at
scales far above MPl, where the effective theory description breaks
down anyway.

• A full generation contributes to the same amount to all β-functions.
It does not affect the unification conditions. (βSM

gen = −4/3;
βSUSY

gen = −2.)

• Only incomplete SU(5) representations affect one-loop unification.

bSM
1 = −41/10, bSM

2 = 19/6, bSM
3 = 7.

bSUSY
1 = −33/5, bSUSY

2 = −1, bSUSY
3 = 3. (12)

MG = MZ exp
[(

1
α1(MZ)

− 1
α2(MZ)

)
2π

b2 − b1

]

1
α3(MZ)

=
b3 − b1

b2 − b1

1
α2(MZ)

+
b3 − b2

b1 − b2

1
α1(MZ)

(13)
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Results
b1 = −6− 3NH/5, b2 = −NH , b3 = 3
1/α1(MZ) " 60 1/α2(MZ) " 30
In the above, NH is the number of pair of Higgs doublets. With these

results we can compute the strong gauge coupling at MZ

1
α3(MZ)

=
15− 7NH

25 + 3NH
30 (1)

The result depends strongly on the number of Higgs doublets. For NH

equal to zero, we get α3(MZ) = 1/18 " 0.05. For NH = 1, instead, we get
α3(MZ) " 0.120 !! Excellent prediction !
For NH = 2 we get, again, a very bad result α3(MZ) " 1.
Finally,
MG = MZ exp(30× 2π × (5/28)) " 1016GeV
Grand Unification scale is very close to the Planck scale, suggesting a
Unified description of particle interactions.

2

for NH = 1,



SM:
Couplings tend to converge at
high energies, but unification
is quantitatively ruled out.

MSSM:

Unification at αGUT ! 0.04
and MGUT ! 1016 GeV.
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Experimentally, α3(MZ) ! 0.118± 0.004
in the MSSM: α3(MZ) = 0.127− 4(sin2 θW − 0.2315)± 0.008

Bardeen, Carena, Pokorski & C.W.

Remarkable agreement between Theory and Experiment!!
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R-Parity

• A solution to the proton decay problem is to introduce a discrete
symmetry, called R-Parity. In the language of component fields,

RP = (−1)3B+2S+L (7)

• All Standard Model particles have RP = 1.

• All supersymmetric partners have RP = −1.

• All interactions with odd number of supersymmetric particles, like
the Yukawa couplings induced by P [Φ]new are forbidden.

• Supersymmetric particles should be produced in pairs.

• The lightest supersymmetric particle is stable.

• Good dark matter candidate. Missing energy at colliders.

10



SUSY Collider Phenomenology





0
1!

~

0
1!

~

Supersymmetry at colliders

! Lightest supersymmetric particle = Excellent          
Cold dark matter candidate.

Gluino production and decay: Missing Energy Signature

Supersymmetric
Particles tend to 
be heavier if they
carry color charges.

Particles with large 
Yukawas tend to be 
lighter.

Charge-less particles
tend to be the 
lightest ones.
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Preservation of R-Parity:





Trilepton Signatures at the Tevatron

Trileptons are associated production of chaginos and neutralinos, with
subsequent decays into leptons.  The final signal is three lepons and plenty
of missing energy (neutralinos and neutrinos)

Main background: W and Z production. 
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Trileptons: Present and Future

• Now: !xBR<0.2-0.3 pb

– 3l-max scenario:

• Sleptons light

• Optimistic mSUGRA

– Large m0 scenario:

• Sleptons heavy

• Pessimistic mSUGRA

– Current data probe optimistic
scenario

• Future:
– Cross section limit 0.05-0.01 pb

– L=1 fb-1: probe chargino masses
up to 100-170 GeV/c2

– L=8 fb-1: probe chargino masses
up to 150-240 GeV/c2

Preferred by precision data
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The result of this analysis is combined with the results of µµ! and eµ! from reference [5] and a newly updated
ee! analysis [12] using the modified frequentist approach. The points under consideration for the combination as
well as the number of expected events and the signal efficiency after the like sign dimuon selection has been applied
are presented in Table V. Those points, without slepton mixing and with sleptons slightly heavier than χ̃±

1 and χ̃0
2,

correspond to the 3!-max scenario which lead to an enhanced leptonic branching fraction.

TABLE V: Values of m0 and m1/2 parameters for the points used in combination. The other parameters are set to the following

values: tan β = 3, A0 = 0 GeV/c2 and µ > 0. The masses of eχ0
2, eχ±

1 , e#R, the cross-section times branching fraction into three
leptons, the number of expected events and the signal efficiency once the like sign dimuon selection has been applied are also
indicated.

point m0 m1/2 meχ0
2

m
eχ±
1

me"R
σ × BR(3#) Nexpected efficiency

GeV/c2 GeV/c2 GeV/c2 GeV/c2 GeV/c2 pb %
SLHA.244.324 121 221 152 150 153 0.058 0.61±0.02 11.9±0.5
SLHA.131.232 98 192 127 125 129 0.14 2.24±0.09 12.6±0.5
SLHA.87.194 88 182 118 115 119 0.22 3.76±0.15 13.6±0.6

The fraction of signal events that is selected by more than one selection is assigned to the selection with the largest
signal-to-background ratio and removed from all others. The expected and observed limits are shown in Figure 8 as
a function of the χ̃±

1 mass. This result improves significantly the upper limit of about 0.2 pb set by reference [5]. The
cross-section limit set corresponds to a χ̃±

1 mass limit of 140 GeV/c2 in the 3!-max scenario.
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FIG. 8: Limits on σ × BR(3#) as a function of eχ±
1 mass, in comparison with the expectation for several mSUGRA scenarios.

PDF and renormalization/factorization scale uncertainties are shown as shaded bands. A limit of 140 GeV/c2 on the eχ±
1 mass

has been set considering a mSUGRA scenario with sleptons slightly heavier than eχ±
1 and no slepton mixing. This limit is

extracted from reference [12].

V. CONCLUSION

A search for the associated production of χ̃±
1 and χ̃0

2 in the like sign dimuon channel using a dataset corresponding
to an integrated luminosity of 0.9 fb−1 has been performed. The selection has been optimized in order to obtain the
best expected limit on the quantity σ(pp̄ → χ̃±

1 χ̃0
2) × BR(3!). The observation of one event in the data is consistent

with the 1.1±0.4 events expected from the background. A limit, which improves previous results has been set. For
mSUGRA scenarios with enhanced leptonic branching fractions, a χ̃±

1 mass limit beyond the reach of LEP searches
has been set.

No signal observed. Exclusion limits





Beyond the Tevatron

Searches at the Tevatron are limited by phase space. 

Tevatron is a proton-antiproton collider with a center of 
mass energy of 2 TeV.  Partons c.m.e. is smaller, and strongly 
interacting (weakly interacting) sparticles with masses 
beyond  500 (250) GeV may not be discovered.

Tevatron has still a chance, and we all hope that something 
exciting will happen there in the near future.

Searches for new physics will continue in 2008 at the LHC, 
a proton proton collider with c.m.e. of about 14 TeV !

Strongly interacting (colored) particles, with masses up to   
3--4 TeV may be explored !
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Searches at the LHC
 New particle searches at the LHC are induced by the cascade decay of 
strongly interacting particles.

By studying the kinematic distributions of 
the decay products one can determine the 
masses of produced particles, including the
LSP.
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0
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Figure 3: The reach of CERN LHC in the m0 vs. m1/2 parameter plane of the mSUGRA model,
with tanβ = 30, A0 = 0 and µ > 0, assuming 100 fb−1 of integrated luminosity. The red (magenta)
regions are excluded by theoretical (experimental) constraints discussed in the text. We show the
reach in the 0", 1", OS, SS, 3", ≥ 4", γ and Z channels, as well as in the “inclusive” "ET channel.

collider constraints which are much more direct, constraints from low energy measurements

may be considerably more sensitive to details of the model, or to improvements in the the-

oretical calculation. Within a specific framework (e.g. mSUGRA), however, these indirect

constraints exclude certain regions of parameter space, and also suggest other regions where

future searches might be focussed.

Neutralino relic density:

Measurements of galactic rotation curves, binding of galactic clusters, and the large

scale structure of the universe all point to the need for significant amounts of cold dark

matter (CDM) in the universe. In addition, recent measurements of the power spectrum

of the cosmic microwave background from WMAP and other data sets[3] lead to

• ΩCDMh2 = 0.1126+0.008
−0.009 .

– 9 –

Baer, Balazs, Belyaev, Kropovnickas and Tata ‘03.

How well can the LHC do ?



One stop could be light 

What happens if all squarks and gluinos are heavy, except 
for a light stop ?

Charginos and neutralinos are still around, providing the 
proper dark matter annihilation cross section.

Both stops cannot be light in the MSSM. Otherwise, the  
physical Higgs mass would be too light.

Let’s then study the case of a single light stop.  This case is 
motivated by the question of electroweak baryogenesis.



Tevatron Stop Reach when two body decay channel 
is dominant

Main signature:

2 or more jets plus 
missing energy

Demina, Lykken, Matchev,Nomerotsky 
‘99



Stop-Neutralino Mass Difference:
Information from the Cosmos

 If the neutralino provides the observed dark matter relic
    density, then it must be stable and lighter than the light stop.

 Relic density is inversely proportional to the neutralino annihilation cross 
section.

   
     If only stops, charginos and neutralinos are light, there are three

     main annihilation channels:  

    1.  Coannihilation of neutralino with light stop or charginos: Small mass 
differences.

    2.  s-channel annihilation via Z or light CP-even Higgs boson

    3.  s-channel annihilation via heavy CP-even Higgs boson and 
         CP-odd Higgs boson

M. Carena, C. Balazs, C.W., PRD70:015007, 2004
M. Carena, C. Balazs, A. Menon, D. Morrissey, C.W., Phys. Rev. D71:075002, 2005.



Relic Density Constraints (                     )Relic Density Constraints (                     )

tan 7! =

Arg( ) /,M1 2 2µ !=

Arg( ) /,M1 2 2µ !=

!! Only Only CP-violating phase we consider  is the one relevant forCP-violating phase we consider  is the one relevant for

     the generation of the baryon asymmetry, namely :     the generation of the baryon asymmetry, namely :

!! Neutralino Neutralino co-annihilation with stops efficient for stop-co-annihilation with stops efficient for stop-neutralinoneutralino

          mass differences of order 15-20mass differences of order 15-20 GeV  GeV ..

       Light Stop and Relic Density Constraints

    



Tevatron stop searches and dark matter constraints

Carena, Balazs and C.W. ‘04

Searches for light stops 
difficult in stop-neutralino 
coannihilarion region.

LHC will have equal difficulties. 

But, LHC can search for stops from gluino 
decays into stops and tops. 
Stops may be discovered for gluino 
masses lower than 900 GeV, even if the 
stop-neutralino mass difference is as low 
as 10 GeV !
 

 

Green: Relic density consistent
with WMAP measurements.

Kraml, Raklev ‘06, 
Martin 08
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Collider Tests of Electroweak Baryogenesis and Dark Matter

! Higgs searches

 Higgs properties: SM-like couplings to W and Z (agent of EWSB) and mh < 120 GeV

!                                        channels at the LHC :

    a definitive test of this scenario with the first 10 fb-1 of well understood data

h !" +" #
 and  h !$$

! Stop searches:

Light Stop models with Neutralino LSP Dark Matter                signal

                                             dominant decay

E
T

� 

˜ t 
1
! c ˜ " 

1

0

For small Stop-Neutralino mass difference: co-annihilation region 

                            excellent agreement with WMAP data

Very challenging region for stop searches at hadron colliders

h! bb!                   channel at the Tevatron :

    may achieve a 3 sigma evidence with 6 fb-1 of data





•                                                       .

• Two b-tagged jets with                      (b-tag eff. 43%) 

•                   .  Invariant mass

Stops from Gluino Decays

allow to fully explore the region of stop masses consistent with electroweak baryogenesis
with only 100 fb−1 of integrated luminosity.

5 Stops in γ + E/ T and jet+E/ T at the Tevatron

In principle, the γ + E/ T and jet+E/ T channels could be used already at the Tevatron for
searching for stops with small stop-neutralino mass difference, a region of parameter space
which is difficult to access with traditional search strategies.

Using CompHEP 4.4 [22], we have computed the stop signal cross section for the Teva-
tron in these channels, and have compared them to the background evaluations by the
CDF [31] and D∅ [32] collaborations.

For the t̃1t̃∗1 + γ channel with a stop mass of mt̃1 = 100 GeV, the Tevatron cross section
for pT,γ > 90 GeV and |ηγ| < 1 is about 3.2 fb, which is of the same order as the systematic
error in the background analysis of CDF (δsys = 1.5 fb) and D0/ (δsys = 1.5 fb). For larger
values of mt̃1 the signal cross section is even smaller.

In the t̃1t̃∗1 + j channel with mt̃1 = 100 GeV and the minimal cut pT,j1 > 150 GeV the
Tevatron cross section is about 50 fb, which is smaller than the estimated systematic error
on the SM background of 56 fb [31].

Our conclusion is that the Tevatron will not be able to discover stops via the γ + E/ T or
jet+E/ T channels. However, searches in the γ + E/ T signature could exclude light stops with
mt̃1 ∼ 100 GeV at the 95% confidence level. A final statement about exclusion limits would
require a more detailed experimental analysis.

6 Stops in gluino decays

As has been proposed in Refs. [12, 13], if gluinos are light enough, stops can be discovered
in their decays. Due to the Majorana nature of gluinos, they may decay in two CP-related
channels,

g̃ → t̃1t̄, t̃∗1t. (4)

One can therefore make use of this property to look for same-sign top quark signatures (using
leptonic W decays) plus missing energy in gluino pair production processes. Same-sign top
quark channels have much smaller backgrounds than the opposite-sign top quark processes,
and allow an efficient search for light stops for relatively light gluinos.

For the sake of comparison to our results in the previous sections, in this section, we
re-evaluate the LHC stop discovery reach in this process, using the same cuts as in Ref. [12]:

• Two same-sign leptons with pT > 20 GeV.

• At least (a) two or (b) four jets with pT > 50 GeV. The two-jet selection (a) preserves
more of the signal for small ∆m, while the four-jet selection (b) gives a better signal-
to-background ratio for ∆m >∼ 10 GeV. For a given MSSM scenario, we always choose

the selection method (a) or (b) which gives a better signal significance.
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Figure 4: Projected LHC reach in the g̃g̃ → ttt̃∗1t̃
∗
1 (t̄t̄t̃1t̃1) channel. The errors bars indicate

Monte Carlo errors.

• At least 2 b-tagged jets with pT > 50 GeV. It has been assumed that the b-tagging
efficiency is 43% per bottom jet, while the mis-tagging rates are 10% for charm jets
and 2.5% for light-flavor jets.

• E/ T > 100 GeV.

• Two combinations of lepton and b-jet momenta have to give mbl < 160 GeV, in order
to reduce non-top background.

Using Pythia 6.4 [23] interfaced with PGS [26], we were able to reproduce the signal
numbers in Ref. [12] within Monte Carlo errors.

Scanning over a wide range of sparticle masses, we found that the expected discovery
reach of the LHC in this channel depends only mildly on stop and neutralino masses, but
strongly on the gluino mass. In Figure 4, we present the results of our analysis. These results
suggest that, as already stated in Ref. [12], for 30 fb−1, the stop reach in this channel extends
to about mg̃ = 900 GeV. Higher luminosities at the LHC allow to slightly extend the region
of gluino masses, but, after considering systematic errors, still gluino masses mg̃ < 1 TeV
would be required for an efficient search for stops in this channel. Here we have assumed a
systematic error of 10% on the remaning SM background after cuts, which is dominated by
tt̄. The major systematic uncertainty for this background stems from the measurement of
E/ T; a 5% error on E/ T induces an uncertainty of 10% on the tt̄ rate.

7 Stop identification at the LHC

In the previous sections we have analyzed the possible searches for stops in associated pro-
duction with hard photons or jets at the LHC. If an excess in these channels were observed, it
would be very important to be able to determine that indeed stops, and not other particles,
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Efficient stop search
channel up to gluino 
masses of about 1 TeV

Take advantage of Majorana character of gluino:
          Production of equal sign tops

Kraml, Raklev ‘06, 
Martin 08

Carena, Freitas, C.W.’08



Alternative Channels at the LHC
When the stops and neutralino mass difference is small, the jets will be 
soft. 

One can look for the production of stops in association with jets or 
photons. Signature: Jets or photons plus missing energy

Photon plus missing energy searches have the advantage of being 
cleaner, but they suffer from low statistics and large systematics

Jet plus missing energy searches have larger backgrounds but have the 
advantage of having much larger production cross section compared to 
the photon case

Hard photons and jets recoiling against missing energy have been 
simulated at the LHC experiments in the search for large extra 
dimensions, and we will make use of the backgrounds computed for that 
purpose.

40

M. Carena, A. Freitas, C.W., arXiv:0808.2298



Jets plus missing Energy

41

mt̃1/GeV = 110 130 150 170 190 210 230
∆m/GeV = 10 1920 1716 1585 1360 1056 1015 845

20 1170 1085 948 877 717 676 570
30 762 746 676 679 548 551 433
40 559 516 514 507 442 444 348
50 437 449 422 428 364 343 279

Table 2: Number of signal events in the jet+E/ T channel for 100 fb−1 and for various
combinations of mt̃1 and ∆m = mt̃1 −mχ̃0

1
. The event numbers in the table have an intrinsic

statistical uncertainty of a few tens from the Monte Carlo error.

calibrated from jZ with Z → l+l− [28], and for similar reasons as in the photon case, the
SUSY background has been assumed to be small.

In order to proceed with this analysis, we have used the same cuts as in Ref. [28]:

1. Require one hard jet with pT > 100 GeV and |η| < 3.2 for the trigger.

2. Large missing energy E/ T > 1000 GeV.

3. Veto against electrons with pT > 5 GeV and muons with pT > 6 GeV in the visible
region (|η| < 2.5).

4. Require the second-hardest jet to go in the opposite hemisphere as the missing mo-
mentum (i.e. the first and second jet should go in roughly the same direction):
∆φ(pT,j2, #pγ) > 0.5. This cut reduces background from W → τν where the tau decay
products are emitted mostly in the opposite direction as the hard initial-state jet.

Application of these cuts leads to a SM Background of about 7 fb, corresponding to 700
events for 100 fb−1 [28].

The NLO corrections to t̃1t̃∗1 + j are not available in the literature. However, experience
from tt̄j [30] suggests that the K-factor should be close to one. Therefore, contrary to what
was done in the photon case, we shall not include a K-factor for the signal.

Using the above defined cuts, the expected number of signal events is listed in Tab. 2 for
various stop and neutralino mass values. Fig. 3 shows the projected 5σ discovery reach with
the statistical significance estimated by S/

√
B and including systematic errors. In order to

estimate the systematic errors, we have explored the following two strategies, (a) and (b):

(a) The first strategy determines the dominant SM backgrounds directly from data [28]. In
particular, the jZ background with Z → νν̄, which contributes about 75% of the SM
background after cuts, can be inferred from jZ with Z → l+l−, l = e, µ. The Z → l+l−

calibration channel is about seven times smaller than the Z → νν̄ background in the
signal region (pT,ll > 1 TeV), thus leading to the error estimate δsysB =

√
7B.

(b) Alternatively, similar to the previous section, individual systematic error sources can
be identified:
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Including systematics associated 
with jet and missing energy 
determination. Dominant missing 
energy background, coming from 
Z’s, calibrated with the electron 
channel.

Excellent reach until masses of the 
order of 220 GeV and larger.

Full region consistent with EWBG
will be probed by combining the 
LHC with the Tevatron searches.

M. Carena, A. Freitas, C.W.’08
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Figure 3: Projected LHC 5σ discovery reach in the jet+E/ T channel. For comparison the
current and future Tevatron 95% C. L. exclusion bounds for light stops are also shown.

• A 5% error on E/ T induces a 36% uncertainty on the background, as determined
by simulating jZ with Z → νν̄.

• The PDFs can be extracted from reference SM processes, e.g. jZ with Z → l+l−.
Thus the uncertainty is mainly limited by the statistical error for the standard
candle process. For the region of high transverse momenta (pT > 500 GeV), which
is relevant for the present analysis, this leads to relatively small error of 3%.

• Systematic uncertainties associated with the lepton veto are negligible, since this
cut plays a role mainly for the jW background with W → eν or W → µν, which
contributes only about 5% to the total SM background.

In summary, this strategy yields a total estimated systematic error of about 36%,
strongly dominated by the uncertainty of the missing E/ T measurement.

It is evident that the data-driven method (a) for determining the systematic error of the SM
backgrounds leads to better results. This is different from the photon case in section 3, in
which method (b) proves to be convenient. The improvement in the results associated with
method (a) in the jet case is due to the larger statistics, while on the other hand a much
larger background uncertainty is induced for method (b) by the error in the missing energy
determination.

The results presented in Fig. 3 make use of method (a). Searches in the jet plus E/ T

channel turn out to be more promising than in the photon plus E/ T channel. They allow
to test the co-annihilation region up to relatively large values of the stop mass, of about
200 GeV or larger. Moreover, when complemented with Tevatron search analyses, they

9



Alternative SUSY Breaking scenario: Gauge
Mediation

Supersymmetry Breaking is transmitted via gauge interactions

Particle Masses depend on the strength of their gauge interactions.

Spectrum of supersymmetric particles very similar to the case of the
Minimal Supergravity Model for large values of M1/2:

Sparticle Masses

Mi
Mj

= αi
αj

mq̃

ml̃
! α3

αi
(mf̃ !

α
4π

F
M )

Lightest SM–Sparticle tends to be a Bino or a Higgsino
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Gauge Mediated SUSY Breaking

Supersymmetry breaking is transmitted to the observable 
sector via (flavor blind) gauge interactions

Messenger sector in complete representations of SU(5) and 
vector-like.  

Minimal model:  One 

SUSY  Breaking
Sector

Messenger
Sector

Observable
Sector (quarks, 
leptons, Higgs)Gauge Int.

(5, 5̄) ≡ (3, 2) + (3̄, 2̄)

W = λ S 3 3̄ + γ S 2 2̄, < S >= S + FSθ2,

with S a singlet field parametrizing SUSY breaking and the messenger mass



Spectrum of Sparticles (more details later)

Gaugino masses fulfill the standard unification relations, 

Scalar masses at the messenger scale are also governed by their color 
structure. For instance,

This implies that, independently of the messenger scale, there are large 
negative corrections to the Higgs mass parameter, triggering EWSB

The requirement of a weak scale spectrum demands 

The scale of SUSY breaking has important consequences, for instance 
it determines the gravitino mass and interactions (and therefore the 
nature of the LSP). Lightest superpartner tends to be a Bino. 

Mi ∝ αi
4π

FS
S , Mi

Mj
= αi

αj

mq̃,H ∝ α3,2
4π

FS
S ,

Λ ≡ FS
S = O(105 GeV)



Gravitino

• When standard symmetries are broken spontaneously, a massless
boson appears for every broken generator.

• If the symmetry is local, this bosons are absorved into the
longitudinal components of the gauge bosons, which become massive.

• The same is true in supersymmetry. But now, a massless fermion
appears, called the Goldstino.

• In the case of local supersymmetry, this Goldstino is absorved into
the Gravitino, which acquires mass mG̃ = F/MPl, with F the order
parameter of SUSY breaking.

• The coupling of the Goldstino (gravitino) to matter is proportional to
1/
√

F = 1/
√

mG̃MPl, and couples particles with their superpartners.

• Masses of supersymmetric particles is of order F/M , where M is the
scale at which SUSY is transmitted.

34
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Decay Width of NLSP into Gravitino

• In low energy supersymmetry breaking models, the SUSY breaking
scale 10TeV ≤

√
F ≤ 103 TeV.

• The gravitino mass is very small in this case 10−1eV ≤ mG̃ ≤ 103 eV.

• Since the gravitino is the lightest supersymmetric particle, then the
lightest SM superpartner will decay into it.

• It is easy to extract the decay width on dimensional grounds

• Just assume that the lightest SM partner is a photino, for instance,
and it decays into an almost massless gravitino and a photon. Then,

Γ(γ̃ → γG̃) $
m5

γ̃

16πF 2
$

m5
γ̃

16πm2
G̃

M2
Pl

(2)

where we have used the fact that [F ] = 2.
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Gauge-Mediated, Low-energy SUSY Breaking Scenarios

• Special feature −→ LSP: light (gravitino) Goldstino:

mG̃ ∼
F

MP l
$ 10−6 − 10−9GeV

If R-parity conserved, heavy particles cascade to lighter ones and

NLSP −→ SM partner + G̃

• Signatures: The NLSP (Standard SUSY particle) decays

decay length L ∼ 10−2cm
( mG̃

10−9GeV

)2 ×
(

100GeV
MNLSP

)5

! NLSP can have prompt decays:

Signature of SUSY pair: 2 hard photons, (H’s, Z’s) + E/T from G̃

! macroscopic decay length but within the detector:

displaced photons; high ionizing track with a kink to a minimum ionizing track

(smoking gun of low energy SUSY)

! decay well outside the detector: E/T like SUGRA
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Gauge-Mediated Tevatron Reach

Bino-like NLSP: χ̃0
1→γG̃

Signal: γγXE/T

X = #’s and/or jets

1
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95% CL limit (2fb-1)
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CDF projected limits
from diphotons, GMSB model
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Mχ̃± ∼ 325 GeV (exclusion) &
∼ 260 GeV (discovery)

Higgsino-like NLSP: χ̃0
1 → (h, Z, γ)G̃

Signal: γ b E/T X

diboson signatures (Z → ##/jj; h→ bb̄)E/T
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Discovery reach (2fb-1)

95% CL limit (2fb-1)

95% CL limit (10fb-1)

95% CL limit (30fb-1)

CDF projected limits
from γb/Et, GMSB model
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Mχ̃±1
sensitivity ∼ 200 GeV for 2 fb−1
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Conclusions

• Supersymmetry is a symmetry that relates boson to fermion degrees
of freedom. It provides the basis for an extension of the SM
description of particle interactions.

• Fundamental property: No new couplings. Masses of supersymmetric
particles depend on supersymmetry breaking scheme.

• If R-Parity is imposed and the gravitino is heavier than the lightest
SM partner, then the lightest supersymmetric particle is a good dark
matter candidate.

• Electroweak symmetry breaking is induced radiatively in a natural
way, provided sparticle masses are of order 1 TeV. Unification of
couplings is achieved.

• Signature at colliders: Missing Energy, provided by the LSP.
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