
Daniel Feldman

Supersymmetry:   LHC,  Dark Matter, 
and the Scale of New Physics

SUSY 2011, Fermilab



 SUGRA, LHC, DM and SIGNATURES

    EWSB in SUGRA and STRINGS

    ORIGIN OF DARK FORCES, 
       HIDDEN SECTOR DM and SUSY 

Today’s 30 minutes...

  PAMELA/FERMI/XENON  SUSY and the LHC



W = Ŵ (hm) + µ(hm)H1H2 +
∑

generations

[Yu(hm)QLH2u
c
L

+ Yd(hm)QLH1d
c
L + Ye(hm)LLH1e

c
L] , (20)

where Cα = QL, ucL, d
c
L, LL, e

c
L,H1,H2, and we have taken for simplicity di-

agonal Yukawa couplings (Yαβγ = Yu, Yd, Ye, in a self-explanatory notation).
Now the form of the effective soft Lagrangian obtained from (7) and (10) is
given by

Lsoft =
1

2
(Maλ̂

aλ̂a + h.c.)−m2αĈ
∗αĈα

−

(
1

6
Aαβγ ŶαβγĈ

αĈβĈγ +Bµ̂Ĥ1Ĥ2 + h.c.

)
, (21)

with

m2α =
(
m23/2 + V0

)
− F

m
Fn∂m∂n log K̃α , (22)

Aαβγ = Fm
[
K̂m + ∂m logYαβγ − ∂m log(K̃αK̃βK̃γ)

]
, (23)

B = µ̂−1(K̃H1K̃H2)
−1/2

{
Ŵ ∗

|Ŵ |
eK̂/2µ

(
Fm
[
K̂m + ∂m logµ

− ∂m log(K̃H1K̃H2)
]
−m3/2

)

+
(
2m23/2 + V0

)
Z −m3/2F

m
∂mZ

+ m3/2F
m
[
∂mZ − Z∂m log(K̃H1K̃H2)

]

− F
m
Fn
[
∂m∂nZ − ∂mZ∂n log(K̃H1K̃H2)

]}
, (24)

where Ĉα and λ̂a are the scalar and gaugino canonically normalized fields
respectively

Ĉα = K̃1/2α C
α , (25)

λ̂a = (Refa)
1/2λa , (26)

and the rescaled Yukawa couplings and µ parameter

Ŷαβγ = Yαβγ
Ŵ ∗

|Ŵ |
eK̂/2 (K̃αK̃βK̃γ)

−1/2 , (27)

µ̂ =

(
Ŵ ∗

|Ŵ |
eK̂/2µ+m3/2Z − F

m
∂mZ

)

(K̃H1K̃H2)
−1/2 , (28)

8
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∗αĈα

−

(
1

6
Aαβγ ŶαβγĈ
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|Ŵ |
eK̂/2 (K̃αK̃βK̃γ)

−1/2 , (27)

µ̂ =

(
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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.

a reasonable approximation, the entire mass spectrum in minimal supergravity models is determined
by only five unknown parameters: m2

0, m1/2, A0, tanβ, and Arg(µ), while in the simplest gauge-
mediated supersymmetry breaking models one can pick parameters Λ, Mmess, N5, 〈F 〉, tan β, and
Arg(µ). Both frameworks are highly predictive. Of course, it is easy to imagine that the essential
physics of supersymmetry breaking is not captured by either of these two scenarios in their minimal
forms. For example, the anomaly mediated contributions could play a role, perhaps in concert with
the gauge-mediation or Planck-scale mediation mechanisms.

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 [204]-[213],[194].

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
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the neutralino NLSP case, the decay !̃ → !G̃ can be either fast or very slow, depending on the scale of
supersymmetry breaking.

If
√
〈F 〉 is larger than roughly 103 TeV (or the gravitino is heavier than a keV or so), then the

NLSP is so long-lived that it will usually escape a typical collider detector. If Ñ1 is the NLSP, then,
it might as well be the LSP from the point of view of collider physics. However, the decay of Ñ1 into
the gravitino is still important for cosmology, since an unstable Ñ1 is clearly not a good dark matter
candidate while the gravitino LSP conceivably could be. On the other hand, if the NLSP is a long-
lived charged slepton, then one can see its tracks (or possibly decay kinks) inside a collider detector
[144]. The presence of a massive charged NLSP can be established by measuring an anomalously long
time-of-flight or high ionization rate for a track in the detector.

9 Experimental signals for supersymmetry

So far, the experimental study of supersymmetry has unfortunately been confined to setting limits.
As we have already remarked in section 5.4, there can be indirect signals for supersymmetry from
processes that are rare or forbidden in the Standard Model but have contributions from sparticle loops.
These include µ → eγ, b → sγ, neutral meson mixing, electric dipole moments for the neutron and the
electron, etc. There are also virtual sparticle effects on Standard Model predictions like Rb (the fraction
of hadronic Z decays with bb pairs) [220] and the anomalous magnetic moment of the muon [221], which
already exclude some otherwise viable models. Extensions of the MSSM (GUT and otherwise) can quite
easily predict proton decay and neutron-antineutron oscillations at low but observable rates, even if
R-parity is exactly conserved. However, it would be impossible to ascribe a positive result for any
of these processes to supersymmetry in an unambiguous way. There is no substitute for the direct
detection of sparticles and verification of their quantum numbers and interactions. In this section we
will give an incomplete and qualitative review of some of the possible signals for direct detection of
supersymmetry. The reader is encouraged to consult references below for reviews that cover the subject
more systematically.

9.1 Signals at hadron colliders

The effort to discovery supersymmetry should come to fruition at hadron colliders operating in the
present and near future. At this writing, the CDF and D∅ detectors at the Fermilab Tevatron pp collider
with

√
s = 1.96 TeV are looking for evidence of sparticles and Higgs bosons. Within the next few years,

the CERN Large Hadron Collider (LHC) will continue the search at
√

s = 14 TeV. If supersymmetry
is the solution to the hierarchy problem discussed in the Introduction, then the Tevatron may [222],
and the LHC almost certainly will [223]-[227], find direct evidence for it.

At hadron colliders, sparticles can be produced in pairs from parton collisions of electroweak
strength:

qq → C̃+
i C̃−

j , ÑiÑj , ud → C̃+
i Ñj, du → C̃−

i Ñj, (9.1)

qq → !̃+
i !̃−j , ν̃!ν̃

∗
! ud → !̃+

L ν̃! du → !̃−L ν̃∗
! , (9.2)

as shown in fig. 9.1, and reactions of QCD strength:

gg → g̃g̃, q̃iq̃
∗
j , (9.3)

gq → g̃q̃i, (9.4)

qq → g̃g̃, q̃iq̃
∗
j , (9.5)

qq → q̃iq̃j, (9.6)
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candidate while the gravitino LSP conceivably could be. On the other hand, if the NLSP is a long-
lived charged slepton, then one can see its tracks (or possibly decay kinks) inside a collider detector
[144]. The presence of a massive charged NLSP can be established by measuring an anomalously long
time-of-flight or high ionization rate for a track in the detector.

9 Experimental signals for supersymmetry

So far, the experimental study of supersymmetry has unfortunately been confined to setting limits.
As we have already remarked in section 5.4, there can be indirect signals for supersymmetry from
processes that are rare or forbidden in the Standard Model but have contributions from sparticle loops.
These include µ → eγ, b → sγ, neutral meson mixing, electric dipole moments for the neutron and the
electron, etc. There are also virtual sparticle effects on Standard Model predictions like Rb (the fraction
of hadronic Z decays with bb pairs) [220] and the anomalous magnetic moment of the muon [221], which
already exclude some otherwise viable models. Extensions of the MSSM (GUT and otherwise) can quite
easily predict proton decay and neutron-antineutron oscillations at low but observable rates, even if
R-parity is exactly conserved. However, it would be impossible to ascribe a positive result for any
of these processes to supersymmetry in an unambiguous way. There is no substitute for the direct
detection of sparticles and verification of their quantum numbers and interactions. In this section we
will give an incomplete and qualitative review of some of the possible signals for direct detection of
supersymmetry. The reader is encouraged to consult references below for reviews that cover the subject
more systematically.

9.1 Signals at hadron colliders

The effort to discovery supersymmetry should come to fruition at hadron colliders operating in the
present and near future. At this writing, the CDF and D∅ detectors at the Fermilab Tevatron pp collider
with

√
s = 1.96 TeV are looking for evidence of sparticles and Higgs bosons. Within the next few years,

the CERN Large Hadron Collider (LHC) will continue the search at
√

s = 14 TeV. If supersymmetry
is the solution to the hierarchy problem discussed in the Introduction, then the Tevatron may [222],
and the LHC almost certainly will [223]-[227], find direct evidence for it.

At hadron colliders, sparticles can be produced in pairs from parton collisions of electroweak
strength:

qq → C̃+
i C̃−
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+ . . .
Super Higgs:   Gravitino becomes massive :  SUSY

S.P. M.

Large Hadron Collider Break EW-SymmetryBreak Super-Symmetry

DM  within Earth   
Ñ1Ñ1 → SM SM′
Ñ1q → Ñ1q

DM  in the Galaxy  

 Naturally incorporate gravity via the gauging of global SUSY
 Mass generation for super-partners via super-Higgs breaking SUSY
 Unification of gauge couplings manifest 
 Dynamic triggering of spontaneous electroweak symm. breaking through RGE
 Dark matter candidate consistent with R-parity 
 Predictive - unification scale boundary cond. determine TeV scale phenomena
 Testable - colliders and flavor physics, dark matter scattering and annihilation + ...
 Basis for contact with string theory (determine W, K, f) - string phenomenology

DM  evolution in the Universe Ωh2

theory and the moduli parametrize the size and shape of the compactified vari-
ety. Assuming that the auxiliary fields of those multiplets are the seed of SUSY
breaking, interesting predictions for this simple class of models are obtained.
These are reviewed in section 3. The analysis does not assume any specific
SUSY-breaking mechanism. We leave section 4 for some final comments and
additional references to recent work.

2 Soft terms from supergravity

2.1 General computation of soft terms

The full N=1 supergravity Lagrangian 1 (up to two derivatives) is specified
in terms of two functions which depend on the chiral superfields φM of the
theory (denoted by the same symbol as their scalar components): the analytic
gauge kinetic function fa(φM ) and the real gauge-invariant Kähler function
G(φM ,φ∗M ). fa determines the kinetic terms for the fields in the vector mul-
tiplets and in particular the gauge coupling constant, Refa = 1/g2a. The
subindex a is associated with the different gauge groups of the theory since in
general G =

∏
a Ga. For example, in the case of the pure SUSY standard model

coupled to supergravity, a would correspond to SU(3)c, SU(2)L, U(1)Y . G is
a combination of two functions

G(φM ,φ
∗
M ) = K(φM ,φ

∗
M ) + log |W (φM )|

2 , (1)

where K is the Kähler potential, W is the complete analytic superpotential,
and we use from now on the standard supergravity mass units where MP ≡
MPlanck/

√
8π = 1. W is related with the Yukawa couplings (which eventually

determine the fermion masses) and also includes possibly non-perturbative
effects

W = Ŵ (hm) +
1

2
µαβ(hm)C

αCβ +
1

6
Yαβγ(hm)C

αCβCγ + ... , (2)

where we assume two different types of scalar fields φM = hm, Cα: Cα corre-
spond to the observable sector and in particular include the SUSY standard
model fields, while hm correspond to a hidden sector. The latter fields may
develop large (# MW ) vacuum expectation values (VEVs) and are responsi-
ble for SUSY breaking if some auxiliary components Fm (see below) develop
nonvanishing VEVs. The ellipsis indicates terms of higher order in Cα whose
coefficients are suppressed by negative powers of MP . The second derivative
of K determines the kinetic terms for the fields in the chiral supermultiplets
and is thus important for obtaining the proper normalization of the fields.

2

Expanding in powers of Cα and C∗α we have

K = K̂(hm, h
∗
m) + K̃αβ(hm, h

∗
m)C

∗αCβ

+

[
1

2
Zαβ(hm, h

∗
m)C

αCβ + h.c.

]
+ ... , (3)

where the ellipsis indicates terms of higher order in Cα and C∗α. Notice that
the coefficients K̃αβ , Yαβγ , µαβ , and Zαβ which appear in (2) and (3) may
depend on the hidden sector fields in general. The bilinear terms associated
with µαβ and Zαβ are often forbidden by gauge invariance in specific models,
but they may be relevant in order to solve the so-called µ problem in the
context of the minimal supersymmetric standard model (MSSM), as we will
discuss below. In this case the two Higgs doublets, which are necessary to break
the electroweak symmetry, have opposite hypercharges. Therefore those terms
are allowed and may generate both the µ parameter and the corresponding
soft bilinear term.
The (F part of the) tree-level supergravity scalar potential, which is crucial

to analyze the breaking of SUSY, is given by

V (φM ,φ∗M ) = e
G
(
GMKMN̄GN̄ − 3

)
=
(
F̄ N̄KN̄MF

M − 3eG
)
, (4)

where GM ≡ ∂MG ≡ ∂G/∂φM and the matrix KMN̄ is the inverse of the
Kähler metric KN̄M ≡ ∂N̄∂MK. We have also written V as a function of the
φM auxiliary fields, FM = eG/2KMP̄GP̄ . When, at the minimum of the scalar
potential, some of the hidden sector fields hm acquire VEVs in such a way
that at least one of their auxiliary fields (K̂mn is the inverse of the hidden field
metric K̂nm)

Fm = eG/2K̂mnGn (5)

is non-vanishing, then SUSY is spontaneously broken and soft SUSY-breaking
terms are generated in the observable sector. Let us remark that, for simplicity,
we are assuming vanishing D-term contributions to SUSY breaking. When
this is not the case, their effects on soft terms can be found e.g. in 4. The
goldstino, which is a combination of the fermionic partners of the above fields,
is swallowed by the gravitino via the superHiggs effect. The gravitino becomes
massive and its mass

m3/2 = e
G/2 (6)

sets the overall scale of the soft parameters.

3

stable or metastable dS vacuum

+VD



R− odd (Φ = (h,H,A))

Results From the EPS 2011 Meeting (see also talks ~ today)

R− even(q̃q̃, q̃g̃, g̃g̃ . . .)

- Some of these constraints may be clear from theoretical 
considerations with the gaugino sector sub-TeV to order TeV.
 
- Viable parameter is LARGE,  even in the minimal model of soft breaking
 (which is minimal SUGRA) and LARGER in extensions.      

LHC 2011  

Low MA ∼MH now highly constrained

Constraint on gluino g̃ is significantly weaker
Constraint on q̃3 is significantly weaker (in particular t̃)

than the constraint on q̃

EPS-HEP 2011 Simone.Gennai@cern.ch
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MSSM limit MUCH improved wrt 2010 data

First look at the SM limit : SigmaxBR < 10 x Standard Model

Doing 1.5x better than what we expected !

I.Vivarelli - EPS-HEP, Grenoble July 21st-27th 2011

Result interpretation (2) 

• Results interpreted in 

mSUGRA/CMSSM (A0 = 

0, tan! = 10, ">0)

• Limit in large m0 region 

p r o fi t s f r o m t h e 

introduction of signal 

regions with large jet 

multiplicities. 

• Equa l squa rk -g lu i no 

masses excluded below 

980 GeV
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Saturday, July 23, 2011

Search for supersymmetry in jets plus missing 

transverse momentum  final states with the 

ATLAS detector

I.Vivarelli - Albert Ludwigs Universität, Freiburg
On behalf of the ATLAS collaboration

International Europhysics Conference on High Energy Physics - Grenoble - July 21st-27th 2011
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Saturday, July 23, 2011

mSUGRA
Higgs search in TauTau 

final states @ CMS

Simone Gennai (CERN/INFN)
on behalf of the CMS Collaboration

1

big impact on dark matter searches

~
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vast parameter space
Akula, Peim, Chen, Liu, Nath, DF  1103.1197, PLB 



vast parameter space

http://www.ep.ph.bham.ac.uk/general/seminars/slides/ben-allanach.pdf
         see: Allanach, Khoo, Lester, Williams 

 Sven Heinemeyer’s talk

See talk with W. de Boer et al

http://www.ep.ph.bham.ac.uk/general/seminars/slides/ben-allanach.pdf
http://www.ep.ph.bham.ac.uk/general/seminars/slides/ben-allanach.pdf
http://www.ep.ph.bham.ac.uk/general/seminars/slides/ben-allanach.pdf
http://www.ep.ph.bham.ac.uk/general/seminars/slides/ben-allanach.pdf
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http://www.ep.ph.bham.ac.uk/general/seminars/slides/ben-allanach.pdf
http://www.ep.ph.bham.ac.uk/general/seminars/slides/ben-allanach.pdf


Within the vast parameter space of SUSY models
 there is generally a Large Landscape of Mass Hierarchies  

 Sparticle Mass Hierarchies, along with scale and mass splittings dictate
 what types of sparticles can decay into one another and can significantly 
alter signatures of new physics at the LHC. 

What are the collection of the possible ways the masses can stack up ? 
   
    Scanning over the Landscape of mass configurations, 
    what does this imply for the  LHC ?  Dark Matter ?  

Mass Hierarchical Patterns                         
“Sparticle Landscape”                                  

D. Feldman, Z. Liu, P. Nath                                         sugra, nusugra, and strings  (PRL 2007), (PLB 2008, JHEP 2008)                                                            
J. Hewett, J. Gainer, T. Rizzo,  et al                              pmssm  (JHEP 2009)           
D. Nanopoulos, J. Maxin, V. Mayes                              sugra and strings  (PRD 2009)  
K. Matchev, P. Konar, M. Park, G. Sarangi                      mssm     (PRL 2010)                    
L. Everett,  B. Nelson, I. Kim, B. Altunkaynak, Y. Rao        sugra, mirage      (arXiv:1011.1439)     
P. Langacker                                                           PRL viewpoint 
G. Peim, N. Chen, et al                                                           nusugra (PRD 2011)
     
                                                                                                              For a review see:    arXiv:0908.3727



Sparticle Mass Hierarchies
Feldman, Liu, Nath: Phys. Rev. Letters 99: 251802, (2007)
Phys.Lett.B662:190-198, (2008), JHEP 0804, 054 (2008)

mSP Mass Pattern µ

mSP1 eχ0 < eχ±
1 < eχ0

2 < eχ0
3 µ±

mSP2 eχ0 < eχ±
1 < eχ0

2 < A/H µ±
mSP3 eχ0 < eχ±

1 < eχ0
2 < eτ1 µ±

mSP4 eχ0 < eχ±
1 < eχ0

2 < g̃ µ±
mSP5 eχ0 < eτ1 < elR < eντ µ±
mSP6 eχ0 < eτ1 < eχ±

1 < eχ0
2 µ±

mSP7 eχ0 < eτ1 < elR < eχ±
1 µ±

mSP8 eχ0 < eτ1 < A ∼ H µ±
mSP9 eχ0 < eτ1 < elR < A/H µ±
mSP10 eχ0 < eτ1 < et1 < elR µ+
mSP11 eχ0 < et1 < eχ±

1 < eχ0
2 µ±

mSP12 eχ0 < et1 < eτ1 < eχ±
1 µ±

mSP13 eχ0 < et1 < eτ1 < elR µ±
mSP14 eχ0 < A ∼ H < H± µ+
mSP15 eχ0 < A ∼ H < eχ±

1 µ+
mSP16 eχ0 < A ∼ H < eτ1 µ+
mSP17 eχ0 < eτ1 < eχ0

2 < eχ±
1 µ−

mSP18 eχ0 < eτ1 < elR < et1 µ−
mSP19 eχ0 < eτ1 < et1 < eχ±

1 µ−
mSP20 eχ0 < et1 < eχ0

2 < eχ±
1 µ−

mSP21 eχ0 < et1 < eτ1 < eχ0
2 µ−

mSP22 eχ0 < eχ0
2 < eχ±

1 < g̃ µ−

Table: The Sparticle Landscape of
Mass Hierarchies in mSUGRA.

NUSP Mass Pattern Model

NUSP1 eχ0 < eχ±
1 < eχ0

2 < et1 NU3,NUG

NUSP2 eχ0 < eχ±
1 < A ∼ H NU3

NUSP3 eχ0 < eχ±
1 < eτ1 < eχ0

2 NUG

NUSP4 eχ0 < eχ±
1 < eτ1 < elR NUG

NUSP5 eχ0 < eτ1 < eντ < eτ2 NU3

NUSP6 eχ0 < eτ1 < eντ < eχ±
1 NU3

NUSP7 eχ0 < eτ1 < et1 < A/H NUG

NUSP8 eχ0 < eτ1 < elR < eνµ NUG

NUSP9 eχ0 < eτ1 < eχ±
1 < elR NUG

NUSP10 eχ0 < et1 < g̃ < eχ±
1 NUG

NUSP11 eχ0 < et1 < A ∼ H NUG

NUSP12 eχ0 < A ∼ H < g̃ NUG

NUSP13 eχ0 < g̃ < eχ±
1 < eχ0

2 NUG

NUSP14 eχ0 < g̃ < et1 < eχ±
1 NUG

NUSP15 eχ0 < g̃ < A ∼ H NUG

DBSP1 eχ0 < eτ1 < eντ < A/H DB

DBSP2 eχ0 < eτ1 < eντ < elR DB
DBSP3 eχ0 < eτ1 < eντ < eνµ DB
DBSP4 eχ0 < et1 < eτ1 < eντ DB
DBSP5 eχ0 < eντ < eτ1 < eνµ DB

DBSP6 eχ0 < eντ < eτ1 < eχ±
1 DB

Table: New patterns in NUSUGRA ; no
new patterns seen in NUH.

NUG - non-universal gauginos
NUH - non-universal Higgses
NU3  - non-universal 3rd gen squarks

Can we map out the entire landscape?   Intensive ...
Larger sugra par. space searches should reveal even more.

However, one really needs to understand 
the mapping of the mass hierarchies into LHC and Dark Matter Signatures 



Higgs Patterns
Chargino Patterns

Stau patterns
Stop Patterns

Effective Mass Distribution

D. Feldman, Z. Liu and P. Nath, JHEP 0804, 054 (2008)
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Figure: Effective mass (
∑

Jet P Jet
T + Pmiss

T ) distributions for different mSPs;
Trigger and Post Trigger Level Cuts are crucial: Stops and Chargino Patterns are
narrow, Stau and Higgs are broad; need specialized cuts per mass hierarchy.

Direct Detection of Dark Matter as a Prism on the
Landscape

D. Feldman, Z. Liu and P. Nath, Phys. Lett. B 662, 190 (2008)
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χ̃0q → χ̃0q scattering dominated by t-channel CP-even Higgs exchange, or

s-channel squark exchange to a lesser extent here

LHC Significance for Channel Ci with 35 pb−1 and 1 fb−1 @
√
s = 7 TeV

Jets N c
SUSY/

√

N c
SM Leptons + Jets N c

SUSY/
√

N c
SM

Label CUT C1 CUT C2 CUT C3 CUT C4 CUT C5 CUT C6 CUT C7 CUT C8

1 (2) [12] (1) [6] (2) [9] (2) [11] (2) [11] (0) [1] (1) [3] (0) [2]

2 (4) [21] (3) [14] (4) [21] (4) [24] (4) [23] (0) [2] (1) [6] (0) [1]

3 (3) [13] (1) [10] (2) [13] (3) [15] (3) [15] (0) [2] (1) [5] (0) [2]

4 (2) [15] (2) [10] (2) [13] (3) [16] (3) [15] (1) [2] (1) [5] (0) [2]

TABLE IV: N c
SUSY/

√

N c
SM for the models of Table III for both (35 pb−1) and [1 fb−1] of integrated

luminosity at the LHC with
√
s = 7 TeV. The (0) in the table means a significance of less than 1.

We expect the entire set of our models discussed in Table I to surpass the 5σ significance threshold

in jet-based channels early at LHC-7 with about an inverse femtobarn of data.

If no value is specified for an object then no cut has been made for that object. In the

specification of the cut C8, the subscripts a and b indicate that the two opposite sign leptons

may be of different flavors; a Z-veto is imposed on the invariant mass of the two leptons

only in the case when they are of the same flavor, so as to avoid contamination from the Z

boson peak produced through Standard Model production modes.

We define the effective mass meff and H(4)
T by

meff =
4

∑

i=1

pT (ji) + /ET , H(4)
T =

4
∑

i=1

pT (xi) , (20)

where xi is a visible object (jet or lepton) and the summation, in both cases, is done over

the first four hardest objects. The variable H(4)
T is closely related to other definitions of HT

(see [50] for different definitions of HT ). We define a model to be discoverable in a given

channel (or for a given cut), Ci, if N c
SUSY ≥ max

{

5
√

N c
SM, 10

}

, where N c
SUSY is the number

of SUSY events and N c
SM is the number of background events. Further, we loosely refer to

a 5σ excess as one which satisfies N c
SUSY ≥ 5

√

N c
SM, and a lower bound of ten events is

imposed in rare cases where the SM background is insignificant for a specific channel.

In Table IV, we give an analysis of a broad range of event rates for the low mass gaugino

models in the Higgs-pole region at
√
s = 7 TeV with both 35 pb−1 and 1 fb−1 of luminosity

under the cuts Ci as defined in Eq. (19). None of the models reach the discovery limit for

14

Direct Detection of Dark Matter as a Prism on the
Landscape

D. Feldman, Z. Liu and P. Nath, Phys. Lett. B 662, 190 (2008)
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χ̃0q → χ̃0q scattering dominated by t-channel CP-even Higgs exchange, or

s-channel squark exchange to a lesser extent here

some examples

Xenon is now here

arXiv: 0711.4591

Can Separate at the
LHC and in 
Dark Matter 

Direct  Detection

enhancements at large tb
low Higgs mass, & largish 
Higgsino component for a 
mostly bino LSP.

(note:   14 TeV analysis)



 Baer, Balazs, Belyaev,O’Farrill
         hep-ph/0305191

Chattopadhyay, Corsetti, Nath
 hep-ph/0303201

hep-ph/9710473 Chan, Chattopadhyay, Nath

hep-ph/9908309 Feng,  Matchev, Moroi

Higgs Patterns
msp(14-16)

Chargino Patterns
msp(1-4)

Stau patterns
msp(5-10)

Stop Patterns
msp(11-13)

arXiv:0808.1595
Cohen, Phalen, Pierce
  arXiv:1001.3408

DF, Liu, NathChargino WALL on HB/FP
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along with quarks and gluons (Z/W + jets), and ZZ,
WZ, WW pair production which give multi-lepton back-
grounds. We have cross checked our SM backgrounds and
several other elements of our analysis with simulations
done by CMS [23, 24] and the results of these checks are
in good agreement. We have also found good agreement
with the SUSY signal analyses of [23, 24] and the total
background analysis of [15] under similar cuts. In PGS4
jets are defined through a cluster-based algorithm which
has a heavy flavor tagging efficiency based on the param-
eterizations of the CDF Run 2 tight/loose SECVTX tag-
ger [25] and is a displaced (secondary) vertex b-tagging
algorithm which allows detection of b quarks. The b-
tagging efficiency enters as a product of two polynomials
each a separate function of |η(jet)| and PT (jet). The
efficiency is maximized in the region |η(jet)| < 1 with
maximal efficiency εb = (0.4, 0.5) for tight and loose
tags respectively, and falls off sharply for |η(jet)| > 1
with virtually zero efficiency out near |η(jet)| = 2 and
PT (jet) ∼ 160 GeV. The analysis of tau decays is done
using Tauola[26](For further details regarding PGS4 see
[27]).

There are several recent works which discuss dark
matter[28, 29, 30, 31, 32, 33, 34, 35, 36] and collider
physics [37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47]. The
analysis presented here is very focused in that it con-
nects LHC signatures directly to the possible origin of
dark matter, and here we consider two dominant mech-
anisms, i.e., stau coannihilation and annihilation on the
HB. We do not go into the details of the relic density
analysis which are standard. Rather we go directly to
a discussion of how the experimental data, in particular
the LHC data, can allow one to decode the mechanism
for the generation of dark matter.

Decoding the mechanism for the generation of dark
matter with LHC data: It is well known that in the stau
coannihilation region, the neutralino is typically Bino
like while in the HB region there is a significant Hig-
gsino component. In the analysis of [14] it was shown
that the Stau-Co region is constituted of a collection
of mass hierarchical patterns, where mSP5 is the domi-
nant pattern (defined by the mass hierarchy: χ̃0

1 < τ̃1 <

l̃R < ν̃τ ). Similarly the analysis of [14] shows that the
HB region is dominated by the chargino patterns, where
the chargino χ̃±

1 is the NLSP, and were classified in [14]
as mSP1-mSP4 (where mSP1 is the dominant pattern
defined by the mass hierarchy: χ̃0

1 < χ̃±
1 < χ̃0

2 < χ̃0
3).

The largest cross sections in the direct detection experi-
ments arise from a Chargino Wall (CW) [31] constituted
uniquely of mSP1. Along the Wall the thermal annihila-
tion cross sections in the early universe would have arisen
mostly from χ̃0

1χ̃
0
1 annihilations into WW, ZZ, tt̄, bb̄ for

the Higgsino like LSP. Additionally there are a signif-
icant number of cases where the annihilation is domi-

nated by the processes χ̃0
1χ̃

0
1 → bb̄ [∼ (85 − 90)%] and

χ̃0
1χ̃

0
1 → τ+τ− [∼ (5 − 10)%], and these cases typically

occur for larger neutralino masses which are more Bino
like, but can also occur for low values of the neutralino
masses as well on the CW.

The Chargino Wall referred to above enters impor-
tantly in the analysis of LHC signatures. It refers to the
region of HB where the NLSP is the lightest chargino,
the LSP is mostly higgsino like, and the spin indepen-
dent cross section is essentially constant O(10−8) pb as
function of the neutralino mass for neutralino mass in the
range ∼(80-650) GeV. To explain this feature we begin
by exhibiting the LSP χ̃0

1 state in terms of the gaugino-
Higgsino states so that χ̃0

1 ≡ χ = n1B̃ +n2W̃ 3 + n3H̃0
1 +

n4H̃0
2 . The LSP gaugino-Higgsino content enters impor-

tantly in the thermal annihilation cross sections that de-
termine the proper relic density of decoupled neutralinos
from the epoch of freeze out. It also enters prominently
in the strength of the scalar neutralino-proton cross sec-
tion which we now discuss. Thus on the Wall the heavier
of the CP Higgs mass has a lower limit near 300 GeV and
more typically it extends into the range of a TeV to sev-
eral TeV. On the CW one typically has m2

H % m2
h, and

sinα ≈ α where α is the Higgs mixing parameter which
enters in the diagonalization of the CP even Higgs mass2

matrix. Further, the sfermion poles can be neglected as
they make a small contribution in this region. Under
the above limits one finds that the product α × tanβ is
essentially a constant, i.e., α × tanβ ( −1. Under this
circumstance the spin independent cross section in the
absence of CP phases is given by [48, 49, 50]

σSI
χp(WALL) ∼

m2
pµ

2
χpg

2
2

324πm4
hM2

W

(gY n1 − g2n2)
2

×(n4 + αn3)
2(9fp + 2fpG)2. (1)

Here µχp is the reduced mass, and fp and fpG are matrix
elements defined by fp =

∑
i=u,d,s fp

i , fpG = (1 − fp)

where mpf
(p)
i = 〈p|mqi

q̄iqi|p〉. The typical ranges for
ni on the wall are: n1 ∈ (.85, .99), n2 , n1, and n3 ∈
(.1, .6) ∼ −O(n4). Using numerical values of fp, fpG[48,
49, 50] one gets σSI

χp(WALL) ∼ 2 × 10−8[pb]. In our
analysis presented later (see Fig.(5)), however, we have
implemented the full cross section calculation without
any of the above approximations. This analysis leads
to σSI

χp (WALL) lying in the range ∼ (1.5− 5)× 10−8 pb
while the most recent limits give σSI

χp ∼ 5×10−8 pb[51] for
mχ ≈ 60 GeV. Thus this region of the parameter space
is within reach of the current and the next generation of
dark matter experiments. As noted already, the CW is
also a very interesting region for LHC signatures. In the
following we discuss several signatures [listed as (i)-(v)]
which allow one to discriminate between the Stau-Co and

2

along with quarks and gluons (Z/W + jets), and ZZ,
WZ, WW pair production which give multi-lepton back-
grounds. We have cross checked our SM backgrounds and
several other elements of our analysis with simulations
done by CMS [23, 24] and the results of these checks are
in good agreement. We have also found good agreement
with the SUSY signal analyses of [23, 24] and the total
background analysis of [15] under similar cuts. In PGS4
jets are defined through a cluster-based algorithm which
has a heavy flavor tagging efficiency based on the param-
eterizations of the CDF Run 2 tight/loose SECVTX tag-
ger [25] and is a displaced (secondary) vertex b-tagging
algorithm which allows detection of b quarks. The b-
tagging efficiency enters as a product of two polynomials
each a separate function of |η(jet)| and PT (jet). The
efficiency is maximized in the region |η(jet)| < 1 with
maximal efficiency εb = (0.4, 0.5) for tight and loose
tags respectively, and falls off sharply for |η(jet)| > 1
with virtually zero efficiency out near |η(jet)| = 2 and
PT (jet) ∼ 160 GeV. The analysis of tau decays is done
using Tauola[26](For further details regarding PGS4 see
[27]).

There are several recent works which discuss dark
matter[28, 29, 30, 31, 32, 33, 34, 35, 36] and collider
physics [37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47]. The
analysis presented here is very focused in that it con-
nects LHC signatures directly to the possible origin of
dark matter, and here we consider two dominant mech-
anisms, i.e., stau coannihilation and annihilation on the
HB. We do not go into the details of the relic density
analysis which are standard. Rather we go directly to
a discussion of how the experimental data, in particular
the LHC data, can allow one to decode the mechanism
for the generation of dark matter.

Decoding the mechanism for the generation of dark
matter with LHC data: It is well known that in the stau
coannihilation region, the neutralino is typically Bino
like while in the HB region there is a significant Hig-
gsino component. In the analysis of [14] it was shown
that the Stau-Co region is constituted of a collection
of mass hierarchical patterns, where mSP5 is the domi-
nant pattern (defined by the mass hierarchy: χ̃0

1 < τ̃1 <

l̃R < ν̃τ ). Similarly the analysis of [14] shows that the
HB region is dominated by the chargino patterns, where
the chargino χ̃±

1 is the NLSP, and were classified in [14]
as mSP1-mSP4 (where mSP1 is the dominant pattern
defined by the mass hierarchy: χ̃0

1 < χ̃±
1 < χ̃0

2 < χ̃0
3).

The largest cross sections in the direct detection experi-
ments arise from a Chargino Wall (CW) [31] constituted
uniquely of mSP1. Along the Wall the thermal annihila-
tion cross sections in the early universe would have arisen
mostly from χ̃0

1χ̃
0
1 annihilations into WW, ZZ, tt̄, bb̄ for

the Higgsino like LSP. Additionally there are a signif-
icant number of cases where the annihilation is domi-

nated by the processes χ̃0
1χ̃

0
1 → bb̄ [∼ (85 − 90)%] and

χ̃0
1χ̃

0
1 → τ+τ− [∼ (5 − 10)%], and these cases typically

occur for larger neutralino masses which are more Bino
like, but can also occur for low values of the neutralino
masses as well on the CW.

The Chargino Wall referred to above enters impor-
tantly in the analysis of LHC signatures. It refers to the
region of HB where the NLSP is the lightest chargino,
the LSP is mostly higgsino like, and the spin indepen-
dent cross section is essentially constant O(10−8) pb as
function of the neutralino mass for neutralino mass in the
range ∼(80-650) GeV. To explain this feature we begin
by exhibiting the LSP χ̃0

1 state in terms of the gaugino-
Higgsino states so that χ̃0

1 ≡ χ = n1B̃ +n2W̃ 3 + n3H̃0
1 +

n4H̃0
2 . The LSP gaugino-Higgsino content enters impor-

tantly in the thermal annihilation cross sections that de-
termine the proper relic density of decoupled neutralinos
from the epoch of freeze out. It also enters prominently
in the strength of the scalar neutralino-proton cross sec-
tion which we now discuss. Thus on the Wall the heavier
of the CP Higgs mass has a lower limit near 300 GeV and
more typically it extends into the range of a TeV to sev-
eral TeV. On the CW one typically has m2

H % m2
h, and

sinα ≈ α where α is the Higgs mixing parameter which
enters in the diagonalization of the CP even Higgs mass2

matrix. Further, the sfermion poles can be neglected as
they make a small contribution in this region. Under
the above limits one finds that the product α × tanβ is
essentially a constant, i.e., α × tanβ ( −1. Under this
circumstance the spin independent cross section in the
absence of CP phases is given by [48, 49, 50]

σSI
χp(WALL) ∼

m2
pµ

2
χpg

2
2

324πm4
hM2

W

(gY n1 − g2n2)
2

×(n4 + αn3)
2(9fp + 2fpG)2. (1)

Here µχp is the reduced mass, and fp and fpG are matrix
elements defined by fp =

∑
i=u,d,s fp

i , fpG = (1 − fp)

where mpf
(p)
i = 〈p|mqi

q̄iqi|p〉. The typical ranges for
ni on the wall are: n1 ∈ (.85, .99), n2 , n1, and n3 ∈
(.1, .6) ∼ −O(n4). Using numerical values of fp, fpG[48,
49, 50] one gets σSI

χp(WALL) ∼ 2 × 10−8[pb]. In our
analysis presented later (see Fig.(5)), however, we have
implemented the full cross section calculation without
any of the above approximations. This analysis leads
to σSI

χp (WALL) lying in the range ∼ (1.5− 5)× 10−8 pb
while the most recent limits give σSI

χp ∼ 5×10−8 pb[51] for
mχ ≈ 60 GeV. Thus this region of the parameter space
is within reach of the current and the next generation of
dark matter experiments. As noted already, the CW is
also a very interesting region for LHC signatures. In the
following we discuss several signatures [listed as (i)-(v)]
which allow one to discriminate between the Stau-Co and

∼ 10−8 pb = 10−44 cm2
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All models shown have consistent bsmumu, bsg, g-2, Relic Density (double sided), and prev. mass limits

 HB/FP region (filled with Chargino Patterns) - part constrained.
 Higgs Patterns in the Bulk - some are removed. 
 Note,  h-pole extends well beyond 3 TeV  .... on the edge ...  in or out ...?
 No Stop Patterns constrained by XENON (~total bino),  some by LHC  (Stop NLSPs =   ) in the right plot.

 Allowed model space is HUGE (and with a denser search more models arise).
 No constraint at this time by any experiment above red curve in right plot.

... uncertainties become important
 (Ellis, Olive, Savage, Giedt et al)
...note also sensitivity above i.e. regions overlap 

Reality Check : One is looking for one model (represented by ~  pixel in these planes). 
ALSO:  non-universal soft breaking even more models allowed,  see  arXiv:1103.5061 
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New Constraints on Dark Matter from the 
NEW CONSTRAINTS: XENON and the LHC 

http://inspirebeta.net/author/Akula%2C%20Sujeet?recid=893994&ln=en
http://inspirebeta.net/author/Akula%2C%20Sujeet?recid=893994&ln=en
http://inspirebeta.net/author/Feldman%2C%20Daniel?recid=893994&ln=en
http://inspirebeta.net/author/Feldman%2C%20Daniel?recid=893994&ln=en
http://inspirebeta.net/author/Liu%2C%20Zuowei?recid=893994&ln=en
http://inspirebeta.net/author/Liu%2C%20Zuowei?recid=893994&ln=en
http://inspirebeta.net/author/Nath%2C%20Pran?recid=893994&ln=en
http://inspirebeta.net/author/Nath%2C%20Pran?recid=893994&ln=en
http://inspirebeta.net/author/Peim%2C%20Gregory?recid=893994&ln=en
http://inspirebeta.net/author/Peim%2C%20Gregory?recid=893994&ln=en


Akula, DF, Nath, Peim,  arXiv:1107.3535,  arXiv:1103.5061 

..suggests upper limits on scalar masses, if it holds up, and if 
SUSY is the source, then SUSY can appear at the LHC. 

(Recent: Dutta/Santoso, Kelso/Hooper, Carena et al, Akeroyd, Mahmoudi, 

Martinez Santos. )  Early SUSY analysis: (1999-2002) Choudhury, Gaur, 

Bobeth et al, Buras et al, Arnowitt, Dutta et al, Ibrahim, Nath ...

 LHC is ripping into the testable space of     
    Dark Matter experiments.

 Xenon constraints are very significant
for lower LSP mass as
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FIG. 1: The observed number of events (open histogram with points) is compared to the total expected background (light
grey) and its uncertainty (hatched) in bins of dimuon invariant mass. The top and middle rows show the results in the B0

s

mass signal region for the CC and CF channels, respectively. The bottom row shows the results in the B0 mass signal region
for the CC and CF channels combined. The results for the first 5 νN bins are combined (and scaled by 0.2) while the results
for the last three bins are each shown separately. Also shown is the expected contribution from B0

s → µ+µ− events (dark gray)
using the fitted branching fraction, which is 5.6 times the expected SM value.

account for 85% of the signal acceptance, we find a p-
value of 0.66%. For the B0

s → µ+µ− analysis we also
produce an ensemble of simulated experiments that in-
cludes a B0

s → µ+µ− contribution at the expected SM
branching fraction [2] and yields a p-value of 1.9%. The
corresponding p-value for the two highest νN bins alone
is 4.3%.

We use a modified frequentist approach [20, 21] that
includes the effects of systematic uncertainties to cal-
culate expected and observed limits. We calculate ex-
pected limits of B(B0 → µ+µ−) < 4.6 × 10−9 and
B(B0

s → µ+µ−) < 1.5 × 10−8 at the 95% confidence
level (C.L.), a factor 3.3 improvement relative to our
previous analysis [4]. We calculate observed limits of
B(B0 → µ+µ−) < 6.0(5.0)×10−9 and B(B0

s → µ+µ−) <
4.0(3.5)× 10−8 at 95% (90%) C.L. If we assume the ob-
served excess in the B0

s region is due to signal, we de-
termine B(B0

s → µ+µ−)=(1.8+1.1
−0.9)×10−8 using the data

−2 lnQ distribution and taking the central value from the
minimum and the associated uncertainty as the interval
corresponding to a change of one unit. By examining the
interval corresponding to a change of 2.71 units we set
bounds of 4.6× 10−9 < B(B0

s → µ+µ−) < 3.9× 10−8 at
the 90% C.L. As a cross check we use a Bayesian tech-

nique to make a point estimate and to derive bounds
at 90% C.L. and obtain results very similar to those re-
ported here.

In summary, we have performed a search for B0 →
µ+µ− and B0

s → µ+µ− decays using 7 fb−1 of integrated
luminosity collected by the CDF II detector at the Fer-
milab Tevatron. The data in the B0 search region are
consistent with background expectations and the world’s
most stringent upper limit on B(B0 → µ+µ−) is estab-
lished. The data in the B0

s search region are in excess of
the background predictions. A fit to the data determines
B(B0

s → µ+µ−)= (1.8+1.1
−0.9) × 10−8 including all uncer-

tainties. Although of moderate statistical significance,
this is the first indication of a B0

s → µ+µ− signal.
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O. González,29 I. Gorelov,35 A.T. Goshaw,14 K. Goulianos,48 S. Grinstein,4 C. Grosso-Pilcher,11 R.C. Group55,15

J. Guimaraes da Costa,20 Z. Gunay-Unalan,33 C. Haber,26 S.R. Hahn,15 E. Halkiadakis,50 A. Hamaguchi,39

J.Y. Han,47 F. Happacher,17 K. Hara,53 D. Hare,50 M. Hare,54 R.F. Harr,57 K. Hatakeyama,5 C. Hays,40 M. Heck,24

J. Heinrich,43 M. Herndon,58 S. Hewamanage,5 D. Hidas,50 A. Hocker,15 W. Hopkinsf ,15 D. Horn,24 S. Hou,1

R.E. Hughes,37 M. Hurwitz,11 U. Husemann,59 N. Hussain,31 M. Hussein,33 J. Huston,33 G. Introzzi,44 M. Ioriff ,49

A. Ivanovo,7 E. James,15 D. Jang,10 B. Jayatilaka,14 E.J. Jeon,25 M.K. Jha,6 S. Jindariani,15 W. Johnson,7

M. Jones,46 K.K. Joo,25 S.Y. Jun,10 T.R. Junk,15 T. Kamon,51 P.E. Karchin,57 A. Kasmi,5 Y. Katon,39

W. Ketchum,11 J. Keung,43 V. Khotilovich,51 B. Kilminster,15 D.H. Kim,25 H.S. Kim,25 H.W. Kim,25 J.E. Kim,25

M.J. Kim,17 S.B. Kim,25 S.H. Kim,53 Y.K. Kim,11 N. Kimura,56 M. Kirby,15 S. Klimenko,16 K. Kondo∗,56

D.J. Kong,25 J. Konigsberg,16 A.V. Kotwal,14 M. Kreps,24 J. Kroll,43 D. Krop,11 N. Krumnackl,5 M. Kruse,14

V. Krutelyovc,51 T. Kuhr,24 M. Kurata,53 S. Kwang,11 A.T. Laasanen,46 S. Lami,44 S. Lammel,15 M. Lancaster,28

R.L. Lander,7 K. Lannonv,37 A. Lath,50 G. Latinocc,44 T. LeCompte,2 E. Lee,51 H.S. Lee,11 J.S. Lee,25 S.W. Leex,51

S. Leocc,44 S. Leone,44 J.D. Lewis,15 A. Limosanir,14 C.-J. Lin,26 J. Linacre,40 M. Lindgren,15 E. Lipeles,43

A. Lister,18 D.O. Litvintsev,15 C. Liu,45 Q. Liu,46 T. Liu,15 S. Lockwitz,59 A. Loginov,59 D. Lucchesibb,41

J. Lueck,24 P. Lujan,26 P. Lukens,15 G. Lungu,48 J. Lys,26 R. Lysak,12 R. Madrak,15 K. Maeshima,15

K. Makhoul,30 S. Malik,48 G. Mancaa,27 A. Manousakis-Katsikakis,3 F. Margaroli,46 C. Marino,24 M. Mart́ınez,4
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must be consistent with flavor changing neutral currents (FCNC). Two sectors where non-

universalities can be introduced consistent with FCNC are the gaugino mass sector and the

Higgs mass sector. In this work we will first carry out an analysis within the framework of

mSUGRA and later discuss these non-universal cases.

It is known that the Br(B0
s → µ+µ−) limits have strong implications for a variety of

SUSY phenomena. Thus the implication of the previous limits on Br(B0
s → µ+µ−) re-

garding the constraints on the CP odd Higgs [13], on the neutralino mass [14] and on the

spin-independent neutralino-proton cross section [15] have been investigated. However, all

the previous analyses used only the upper limit constraint on Br(B0
s → µ+µ−). Here we

investigate the implications arising from the two sided limit on Br(B0
s → µ+µ−). Specifically

in the analysis of this work we will use the 90% C.L. limit

4.6× 10−9 < Br(B0
s → µ+µ−) < 3.9× 10−8. (3)

The effective Hamiltonian governing the decay B0
s → µ+µ− is given by [4, 8]

Heff = − GF e2

4
√
2π2

VtbV
∗
ts (CSOS + CPOP + C ′

SO
′
S + C ′

PO
′
P + C10O10)Q . (4)

Here O′s are the effective dimension six operators defined by

OS = mb(s̄PRb)(µ̄µ), OP = mb(s̄PRb)(µ̄γ5µ),

O′
S = ms(s̄PLb)(µ̄µ), O′

P = ms(s̄PLb)(µ̄γ5µ),

O10 = (s̄γµPLb)(µ̄γµγ5µ), (5)

where C ′s are the Wilson co-efficients and Q is the renormalization group scale. The branch-

ing ratio Br(B0
s → µ+µ−) is given by (see e.g., [8])

Br(B0
s → µ+µ−) =

G2
Fα

2M5
Bs
τBs

16π3
|VtbV

∗
ts|2

×
(
1−

4m2
µ

M2
Bs

)1/2 {(
1−

4m2
µ

M2
Bs

)
|fS|2 + |fP + 2mµfA|2

}
. (6)

Here fi (i=S,P) and fA are given by

fi = − i

2
fBs

(
Cimb − C ′

ims

ms +mb

)
, fA = − ifBs

2M2
Bs

C10 (7)

where and fBs is the decay constant of the B0
s meson. In addition to the above there

are SUSY QCD effects which have a tanβ dependence [16]. The Wilson co-efficients are
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spin-independent neutralino-proton cross section [15] have been investigated. However, all

the previous analyses used only the upper limit constraint on Br(B0
s → µ+µ−). Here we

investigate the implications arising from the two sided limit on Br(B0
s → µ+µ−). Specifically

in the analysis of this work we will use the 90% C.L. limit

4.6× 10−9 < Br(B0
s → µ+µ−) < 3.9× 10−8. (3)

The effective Hamiltonian governing the decay B0
s → µ+µ− is given by [4, 8]

Heff = − GF e2

4
√
2π2

VtbV
∗
ts (CSOS + CPOP + C ′

SO
′
S + C ′

PO
′
P + C10O10)Q . (4)

Here O′s are the effective dimension six operators defined by

OS = mb(s̄PRb)(µ̄µ), OP = mb(s̄PRb)(µ̄γ5µ),

O′
S = ms(s̄PLb)(µ̄µ), O′

P = ms(s̄PLb)(µ̄γ5µ),

O10 = (s̄γµPLb)(µ̄γµγ5µ), (5)

where C ′s are the Wilson co-efficients and Q is the renormalization group scale. The branch-

ing ratio Br(B0
s → µ+µ−) is given by (see e.g., [8])

Br(B0
s → µ+µ−) =

G2
Fα

2M5
Bs
τBs

16π3
|VtbV

∗
ts|2

×
(
1−

4m2
µ

M2
Bs

)1/2 {(
1−

4m2
µ

M2
Bs

)
|fS|2 + |fP + 2mµfA|2

}
. (6)

Here fi (i=S,P) and fA are given by

fi = − i

2
fBs

(
Cimb − C ′

ims

ms +mb

)
, fA = − ifBs

2M2
Bs

C10 (7)

where and fBs is the decay constant of the B0
s meson. In addition to the above there

are SUSY QCD effects which have a tanβ dependence [16]. The Wilson co-efficients are
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I. INTRODUCTION

Recently the CDF collaboration has reported an excess in the rare decay B0
s → µ+µ− [1]

using 7 fb−1 of integrated luminosity. Thus CDF Collaboration gives a determination

Br(B0
s → µ+µ−) = (1.8+1.1

−0.9)× 10−8 (1)

while the standard model gives Br(B0
s → µ+µ−) to be (3.2±0.2)×10−9 [2]. Supersymmetry

proves to be a prime candidate for explaining this excess. The SUSY contribution arises

dominantly from the Higgs exchange (see Fig.(1)) and this diagram enhances B0
s → µ+µ−

for large tanβ which is proportional to tan6 β [3–7]. B0
s → µ+µ− is also very sensitive to CP

violations in the soft sector [8, 9], where it is seen that the effect of CP phases can modify

the branching ratio by an order of magnitude or more.

FIG. 1: Example of a diagram giving rise to supersymmetric contributions to the process B0
s →

µ+µ− producing a scattering amplitude proportional to tan3 β.

In this work we analyze the implications of these results in the framework of supergravity,

which in the minimal case, mSUGRA [10, 11], consists of the parameter space

m0, m1/2, A0, tan β, sgnµ, (2)

where m0 is the universal scalar mass, m1/2 is the universal gaugino mass, A0 is the universal

trilinear coupling, tanβ the ratio of the two Higgs VEVs of MSSM, and µ is the Higgs mixing

parameter. The RG analysis of sparticle spectrum of the model was discussed in [12].

Since the physics at the Planck scale is still largely unknown, inclusion of non-universalities

in the soft parameters at the unification scale may be desirable. Such non-universalities

2
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" determine upper limits
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s → µ+µ−) < 1.9 × 10−8 (95%C.L.)
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→ looking forward to
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Systematics and cross checks

• Background, studied from 4%
inverted isolation sample: loosened selection

• Signal
! acceptance: difference between production processes 4%

! analysis efficiency: comparison of data and MC 7.9%

! mass scale (resolution) from J/ψ and Υ (1S) 3%

• Normalization
! analysis efficiency: comparison of data and MC 4%

! kaon tracking efficiency 3.9%

! yield fitting 5%

• Muon identification and trigger
! estimated through difference of MC and data-driven methods

! muon identification efficiency ratio 5%

! trigger efficiency ratio 3%

• Cross checks performed
sample yield vs time, B(B0

s → J/ψφ), inverted isolation yield

Urs Langenegger Search for B0
s(d) → µ+µ− with the CMS experiment (2011/07/22) 15

3

Table 1: The event selection efficiencies for signal events εtot, the SM-predicted number of signal
events Nexp

signal, the expected number of combinatorial background events Nexp
comb and peaking

background events Nexp
peak, and the number of observed events Nobs in the barrel and endcap

channels for B0
s → µ+µ− and B0 → µ+µ−.

Barrel Endcap
B0 → µ+µ− B0

s → µ+µ− B0 → µ+µ− B0
s → µ+µ−

εtot (3.6 ± 0.4)× 10−3 (3.6 ± 0.4)× 10−3 (2.1 ± 0.2)× 10−3 (2.1 ± 0.2)× 10−3

Nexp
signal 0.065 ± 0.011 0.80 ± 0.16 0.025 ± 0.004 0.36 ± 0.07

Nexp
comb 0.40 ± 0.23 0.60 ± 0.35 0.53 ± 0.27 0.80 ± 0.40

Nexp
peak 0.25 ± 0.06 0.07 ± 0.02 0.16 ± 0.04 0.04 ± 0.01

Nobs 0 2 1 1

events depends on the pseudorapidity of the B candidate and ranges from 36 MeV for η ≈ 0, to
85 MeV for |η| > 1.8, as determined from simulated signal.

The reconstruction of B± → J/ψK± → µ+µ−K± (B0 → J/ψφ → µ+µ−K+K−) candidates re-
quires two oppositely-charged muons with an invariant mass in the range 3.0–3.2 GeV, which
are combined with one (two) track(s), assumed to be (a) kaon(s), fulfilling pT > 0.5 GeV and
|η| < 2.4. To ensure a well-measured trigger efficiency, the selected candidates must have
dimuon pT > 7 GeV and the two muons must bend away from each other in the magnetic field
(to avoid spurious detector-induced pair correlations). The d′ca between all pairs among the
three (four) tracks is required to be less than 1 mm. For B0 → J/ψφ candidates the two assumed
kaon tracks must have an invariant mass in the range 0.995–1.045 GeV and ∆R(K+, K−) < 0.25.
The tracks from all decay products are used in the B-vertex fit and only B candidates with an
invariant mass in the range 4.8–6.0 GeV are considered. The efficiencies of individual selection
criteria agree to better than 4% (6%) between data and MC simulation for the normalization
(control) sample. Figure 2 compares several distributions for B0 → J/ψφ candidates between
MC simulation and sideband-subtracted data.

The total efficiency for B± → J/ψK± → µ+µ−K+, including the detector acceptance, is εB+

tot =
(7.7± 0.8)× 10−4 and (2.7± 0.3)× 10−4, respectively for the barrel and endcap channels, where
statistical and systematic uncertainties are combined. The acceptance has a systematic uncer-
tainty of 4%, estimated by comparing the values obtained with different bb production mecha-
nisms (gluon splitting, flavor excitation, and flavor creation). The uncertainty on the event se-
lection efficiency for the B± → J/ψK± normalization sample is 4%, evaluated from differences
between measured and simulated B± → J/ψK± events. The uncertainty on the signal efficiency
(7.9%) is evaluated using the B0 → J/ψφ control sample. The invariant mass distributions are
fitted with a Gaussian function for the signal and an exponential (barrel) or a first-degree poly-
nomial (endcap) plus an error function for the background, as shown in Fig. 3. Applying the
same selection requirements as for the signal sample, the observed number of B± → J/ψK±

candidates in the barrel (endcap) channel is NB+

obs = 13 045 ± 652 (4450 ± 222). The uncertainty
includes a systematic term caused by fit and background parametrization effects, estimated to
be 5% from MC studies.

To quantify a possible dependence on the pileup, the efficiencies of the isolation and the flight
length significance requirements are calculated as functions of the number of reconstructed
primary vertices. No dependence is observed for events with up to 12 primary vertices for the
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LHCb limits on Bs,d->!!

LHCb preliminary results (EPS 2011, 300/pb)

world's best upper limits (but not for long: CMS may overtake us soon)

long road ahead: for 5" discovery of (SM) Bs->!! need several years of data

Bs
Bd

[ SM: 3 x 10-9]
[ SM: 1 x 10-10]

Note: Light CP even Higgs-pole Region 
densely populated with models (in and out of CDF region)
 - important right now for LHC searches 

Hints of B0
s → µ+µ− ?

  from : arXiv:1107.2304v1 [hep-ex]

(1/2)m1/2 ∼ LSP mass



Interesting comparison 

Grey = allowed and also Green = allowed
 Large parameter space is untouched, but LSP mass in mSUGRA has a considerable 

constraint. HOWEVER, With NU soft-breaking constraints weaken substantially 
arXiv:1103.5061.               IN FACT, NON-UNIVERSAL GAUGINO MASSES ARISE IN MANY MODELS OF SOFT-BREAKING.

 arXiv:1107.3535,  arXiv:1103.5061 
Observe larger m0  in these plots,  and that mu <  ~ 500 GeV in mSUGRA is by XENON at 90% C.L.
Higgsino content larger - this is  only PART of the hyperbolic branch.  

-1XENON and  LHC constrain similar spaces when including the 1 fb  result.

Akula, Peim, Nath, DF
              1107.3534
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FIG. 2: (color online) Effective mass variable meff for the SUSY signal plus background with cut

C1 at
√
s = 7 TeV. The SM background alone is shown shaded for comparison. For benchmark 1

(top panel), with a gluino mass of 476 GeV, we see a peak atmeff = (725±25) GeV corresponding

to a mass ratio of mpeak
eff /mg̃ = 1.52± 0.055. For benchmark 2 (bottom panel), with a gluino mass

of 407 GeV, a peak is observed at meff = (675 ± 25) GeV which corresponds to a mass ratio of

mpeak
eff /mg̃ = 1.66± 0.065.
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Higgs-Pole and Dark Matter on the Hyperbolic Branch
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LHC Significance for Channel Ci with 35 pb−1 and 1 fb−1 @
√
s = 7 TeV

Jets N c
SUSY/

√

N c
SM Leptons + Jets N c

SUSY/
√

N c
SM

Label CUT C1 CUT C2 CUT C3 CUT C4 CUT C5 CUT C6 CUT C7 CUT C8

1 (2) [12] (1) [6] (2) [9] (2) [11] (2) [11] (0) [1] (1) [3] (0) [2]

2 (4) [21] (3) [14] (4) [21] (4) [24] (4) [23] (0) [2] (1) [6] (0) [1]

3 (3) [13] (1) [10] (2) [13] (3) [15] (3) [15] (0) [2] (1) [5] (0) [2]

4 (2) [15] (2) [10] (2) [13] (3) [16] (3) [15] (1) [2] (1) [5] (0) [2]

TABLE IV: N c
SUSY/

√

N c
SM for the models of Table III for both (35 pb−1) and [1 fb−1] of integrated

luminosity at the LHC with
√
s = 7 TeV. The (0) in the table means a significance of less than 1.

We expect the entire set of our models discussed in Table I to surpass the 5σ significance threshold

in jet-based channels early at LHC-7 with about an inverse femtobarn of data.

If no value is specified for an object then no cut has been made for that object. In the

specification of the cut C8, the subscripts a and b indicate that the two opposite sign leptons

may be of different flavors; a Z-veto is imposed on the invariant mass of the two leptons

only in the case when they are of the same flavor, so as to avoid contamination from the Z

boson peak produced through Standard Model production modes.

We define the effective mass meff and H(4)
T by

meff =
4

∑

i=1

pT (ji) + /ET , H(4)
T =

4
∑

i=1

pT (xi) , (20)

where xi is a visible object (jet or lepton) and the summation, in both cases, is done over

the first four hardest objects. The variable H(4)
T is closely related to other definitions of HT

(see [50] for different definitions of HT ). We define a model to be discoverable in a given

channel (or for a given cut), Ci, if N c
SUSY ≥ max

{

5
√

N c
SM, 10

}

, where N c
SUSY is the number

of SUSY events and N c
SM is the number of background events. Further, we loosely refer to

a 5σ excess as one which satisfies N c
SUSY ≥ 5

√

N c
SM, and a lower bound of ten events is

imposed in rare cases where the SM background is insignificant for a specific channel.

In Table IV, we give an analysis of a broad range of event rates for the low mass gaugino

models in the Higgs-pole region at
√
s = 7 TeV with both 35 pb−1 and 1 fb−1 of luminosity

under the cuts Ci as defined in Eq. (19). None of the models reach the discovery limit for

14

Key Spectra of Sample Models

Label m0 m1/2 A0 tan β mg̃ mh mχ̃0
1
mχ̃±

1
mq̃ mt̃1 mA ! mH

1 2990 148 2503 26 476 119 60 117 2959 1668 2608

2 1238 132 -2007 7 407 116 55 109 1250 421 1467

3 2463 133 -2003 50 447 118 58 117 2443 1353 423

4 2839 131 -2401 50 451 119 58 118 2812 1562 355

TABLE III: Four benchmarks to illustrate collider and dark matter signals of the low mass gaugino

models in the Higgs-pole region. All models give a suitable relic density consistent with WMAP.

Masses and dimensionful input parameters are given in units of GeV. The first and second gen-

eration squarks are denoted by q̃. The top pole mass is set to 173.1 GeV and the sign of µ is

positive. Number in the table are rounded to the nearest integer. All values are computed with

MicrOMEGAS 2.4 and SuSpect.

following sets of cuts [24, 25]

CUTC1 : n(!) = 0, pT (j1) ≥ 150 GeV, pT (j2, j3, j4) ≥ 40 GeV

CUTC2 : n(!) = 0, n(b-jets) ≥ 1

CUTC3 : n(j) ≥ 4, pT (j1) ≥ 100 GeV, pT (j2, j3, j4) ≥ 40 GeV, /ET ≥ 0.2meff

CUTC4 : n(j) ≥ 4, pT (j1) ≥ 100 GeV, meff ≥ 500 GeV

CUTC5 : n(j) + n(!) ≥ 4, pT (j1) ≥ 100 GeV, H(4)
T + /ET ≥ 500 GeV

CUTC6 : n(!) = 3, n(j) ≥ 2, pT (j2) ≥ 40 GeV

CUTC7 : n(!) = 1, pT (j1, j2, j3, j4) ≥ 40 GeV, /ET ≥ 0.2meff

CUTC8 : Z− veto, n(!+a ) = 1, n(!−b ) = 1, pT (!2) ≥ 20 GeV . (19)

All eight channels involve a cut on transverse sphericity of ST ≥ 0.2 and a missing transverse

energy cut of /ET ≥ 100 GeV, except for CUTC1 for which we impose /ET ≥ 150 GeV.

Leptons of the first two generations (e, µ) are denoted collectively by ! and the number

of leptons and the number of jets in an event are denoted by n(!) and n(j) respectively.

Similarly, pT (!i) and pT (ji) refer to the transverse momentum of the ith hardest lepton

or jet, respectively. The notation pT (j1, j2, j3, j4) means that the first through the fourth

hardest jets in an event each have to individually pass the cut, and does not imply a sum.
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with the minimal supersymmetric field content the light CP-even Higgs mass has an upper

bound of roughly mh
<∼ 130 GeV [11]. The Higgs mass is bounded from below by direct

searches at LEP [12] and, more recently, at the Tevatron [13]. We will use a conservative

lower bound of mh ≥ 110 GeV to allow for the theoretical uncertainty in computing the loop

corrections to the Higgs mass. We note that a stricter imposition of mh > 114 GeV would

narrow the space of models but has little impact on our generic conclusions. Specifically,

the low mass gaugino models we study in the Higgs-pole region will correspond to light

neutralino dark matter in the range

52 GeV ≤ mχ̃0
1
≤ 67 GeV (9)

that yields the correct relic density and obeys all other experimental constraints subject to

the boundary conditions of Eq. (3).

Here we will show explicitly with a dedicated study that this class of low mass gaugino

models should either be found or ruled out with early LHC data if the expected luminosity

of ∼ few fb−1 is reached at
√
s = 7 TeV. In addition, we will discuss current and upcoming

dark matter direct detection experiments which also have the possibility of detecting the

neutralino LSP in these models.

The reason the models in the Higgs-pole region can be tested soon is that several impor-

tant mass scales are low enough to be within the discoverable reach of LHC-7. It is known

that in minimal supergravity models the following scaling relation amongst the neutralino

LSP, the chargino, next to lightest neutralino, and the gluino masses are satisfied [2] 2

2mχ̃0
1
% mχ̃±

1
% mχ̃0

2
%

1

4
mg̃ . (10)

For a precise determination of the scaling relations above one must include loop corrections

to the gaugino masses [20, 21]. Eq. (10) typically holds for a very pure bino LSP; whereas

the scaling relations receive significant corrections when the LSP eigenstate has a non-

negligible Higgsino component. The constraint of Eq. (10), which we will generalize, is an

important guide regarding the types of signatures at the LHC for this class of models. In

what follows we will take the scaling assumption to mean that the mass relations of Eq. (10)

(or the generalization thereof, which is included in Eq. (13) in what follows) hold to a good

approximation.

2 This relation holds for the case when µ2 & M2
Z
,M2

1 ,M
2
2 all taken at the electroweak scale.
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where B̃ is the bino, W̃ is the wino and H̃1,2 are the Higgsinos. The neutralino can have

the right cross section and mass to provide a natural candidate for the observed density of

cold dark matter (CDM) in the universe. According to the analysis in [7], the latter has the

value

ΩCDMh
2 = 0.1120± 0.0056 . (6)

Here h is the Hubble constant, H0, in units of 100 km/s/Mpc, and under the assumption

that ΩCDM = Ωχ̃0
1
, one has Ωχ̃0

1
= ρχ̃0

1
/ρc where the neutralino density ρχ̃0

1
is in units of the

critical density ρc = 3H2
0/(8πG) ∼ 2×10−29 h2 g/cm3. The measurement of the relic density

together with a variety of results from collider experiments provide strong constraints on

models of new physics.

In this paper we study a particular region of the unified supersymmetric parameter space

which satisfies all the existing experimental and astrophysical bounds and is testable in the

very near future. We focus on the region where the neutralino has a mass in the range

∼ (50− 65) GeV. In this mass range, which is above the Z-pole, when 2mχ̃0
1
! mh, in those

models that are unconstrained by present experimental data, the relic density of neutralinos

is largely governed by the presence of the light CP even Higgs pole (h-pole) [8, 9] through

annihilations in the early universe, schematically:

χ̃0
1χ̃

0
1 → h → bb̄, τ τ̄ , cc̄ . . . (2mχ̃0

1
! mh) (7)

arising from the resonance; however, other channels can contribute in general. Additionally,

when 2mχ̃0
1
" mh the relic density can also be achieved via

χ̃0
1χ̃

0
1 → h,H,A → f f̄ (8)

through the s-channel where the heavier Higgses can play the dominant role [8]. Such

annihilations can lead to effects on the relic density when the mass of the pseudoscalar mA

is light, of order a few hundred GeV, which corresponds to the case of large tanβ. Our

analysis will find results consistent with a large range of tanβ ∼ (3, 60) with the possibility

of both a heavy and a light pseudoscalar. We will refer to the collective region of the

parameter space, with |mχ̃0
1
−mh/2|max ! O(5)GeV as the “Higgs-pole region”.

With universal boundary conditions at the unification scale, the mass range of the neu-

tralino is confined by mass limits on the other particles in the spectrum. In particular the

light chargino has a bound from LEP of mχ̃±
1
≥ 103.5GeV [10]. It is known that in models

3
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1 → h,H,A → f f̄ (8)

through the s-channel where the heavier Higgses can play the dominant role [8]. Such

annihilations can lead to effects on the relic density when the mass of the pseudoscalar mA

is light, of order a few hundred GeV, which corresponds to the case of large tanβ. Our

analysis will find results consistent with a large range of tanβ ∼ (3, 60) with the possibility

of both a heavy and a light pseudoscalar. We will refer to the collective region of the

parameter space, with |mχ̃0
1
−mh/2|max ! O(5)GeV as the “Higgs-pole region”.

With universal boundary conditions at the unification scale, the mass range of the neu-

tralino is confined by mass limits on the other particles in the spectrum. In particular the

light chargino has a bound from LEP of mχ̃±
1
≥ 103.5GeV [10]. It is known that in models

3

Key Spectra of Sample Models

Label m0 m1/2 A0 tan β mg̃ mh mχ̃0
1
mχ̃±

1
mq̃ mt̃1 mA ! mH

1 2990 148 2503 26 476 119 60 117 2959 1668 2608

2 1238 132 -2007 7 407 116 55 109 1250 421 1467

3 2463 133 -2003 50 447 118 58 117 2443 1353 423

4 2839 131 -2401 50 451 119 58 118 2812 1562 355

TABLE III: Four benchmarks to illustrate collider and dark matter signals of the low mass gaugino

models in the Higgs-pole region. All models give a suitable relic density consistent with WMAP.

Masses and dimensionful input parameters are given in units of GeV. The first and second gen-

eration squarks are denoted by q̃. The top pole mass is set to 173.1 GeV and the sign of µ is

positive. Number in the table are rounded to the nearest integer. All values are computed with

MicrOMEGAS 2.4 and SuSpect.

following sets of cuts [24, 25]

CUTC1 : n(!) = 0, pT (j1) ≥ 150 GeV, pT (j2, j3, j4) ≥ 40 GeV

CUTC2 : n(!) = 0, n(b-jets) ≥ 1

CUTC3 : n(j) ≥ 4, pT (j1) ≥ 100 GeV, pT (j2, j3, j4) ≥ 40 GeV, /ET ≥ 0.2meff

CUTC4 : n(j) ≥ 4, pT (j1) ≥ 100 GeV, meff ≥ 500 GeV

CUTC5 : n(j) + n(!) ≥ 4, pT (j1) ≥ 100 GeV, H(4)
T + /ET ≥ 500 GeV

CUTC6 : n(!) = 3, n(j) ≥ 2, pT (j2) ≥ 40 GeV

CUTC7 : n(!) = 1, pT (j1, j2, j3, j4) ≥ 40 GeV, /ET ≥ 0.2meff

CUTC8 : Z− veto, n(!+a ) = 1, n(!−b ) = 1, pT (!2) ≥ 20 GeV . (19)

All eight channels involve a cut on transverse sphericity of ST ≥ 0.2 and a missing transverse

energy cut of /ET ≥ 100 GeV, except for CUTC1 for which we impose /ET ≥ 150 GeV.

Leptons of the first two generations (e, µ) are denoted collectively by ! and the number

of leptons and the number of jets in an event are denoted by n(!) and n(j) respectively.

Similarly, pT (!i) and pT (ji) refer to the transverse momentum of the ith hardest lepton

or jet, respectively. The notation pT (j1, j2, j3, j4) means that the first through the fourth

hardest jets in an event each have to individually pass the cut, and does not imply a sum.

13

  Theory

Finally, one might ask if charginos with masses in the range 104GeV ≤ mχ̃±
1
≤ 131GeV

are already ruled out by direct searches at the Tevatron, given the recently quoted lower

bounds of mχ̃±
1

>∼ 150GeV derived from the absence of trilepton events with large missing

transverse energy [42–44]. Such a lower bound is due to the assumption of light slepton

masses. However, as discussed above, the low mass gaugino models in the Higgs-pole region

single-out scenarios in which the sleptons are generally very heavy, as in the “large m0”

models analyzed by DØ [43]. Using Prospino2 [45] to calculate the next-to-leading order

(NLO) production cross sections for the Tevatron at
√
s = 1.96TeV we find, before cuts and

efficiency factors,

1.33×10−2 pb ≤ σ(pp̄ → χ̃0
2χ̃

±

1 )NL0Br(χ̃
±

1 → l±νχ̃0
1)Br(χ̃

0
2 → l+l−χ̃0

1) ≤ 5.98×10−2 pb (18)

after simply summing over all three generations of leptonic decay products, which is the

maximal case, and this result is below the reported limits from the Tevatron [42–44].

III. SIGNATURES OF THE LOW MASS GAUGINO MODELS IN THE HIGGS-

POLE REGION AT THE LHC

To study the signatures of the low mass gaugino models at LHC-7 we simulate events

at
√
s = 7 TeV for a sample of 700 model points from the larger set discussed in the

previous section. The standard model (SM) backgrounds considered were those used

in [24, 25] which compare well to those given in [23]. The SM background was gener-

ated with MadGraph 4.4 [46] for parton level processes, Pythia 6.4 [47] for hadronization

and PGS-4 [48] for detector simulation. The total R parity-odd SUSY production cross

section (σtotal) for the low mass gaugino models are composed, to a first approximation,

of only three contributions: production of chargino and the second lightest neutralino (i.e.

σχ̃±
1 χ̃0

2
/σtotal; 47%±2.5%); gluino pair production (i.e. σg̃g̃/σtotal; 28%±3.3%); and chargino

pair production (i.e. σχ̃±
1
χ̃∓
1
/σtotal; 23% ± 1.3%). The three sparticles produced with the

largest production modes, namely g̃, χ̃±

1 , and χ̃0
2, then decay with the dominant branching

ratios shown in Table II. The ranges shown are for the subset of 700 models. The total

SUSY production cross section is relatively large for this class of models given the relatively

light gluino, charginos and neutralinos (σtotal = 9.65 pb±1.43 pb) over the set of 700 models.
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the case of 35 pb−1. Benchmark point 2 has the largest significance for two reasons: It has

the lightest gluino mass of the benchmarks and the 2nd generation squarks are just above

the TeV scale. Indeed, these models will produce discoverable signals with an increase of

about a factor of 5 in luminosity, which may be expected within the next 6 to 8 months of

data taking. However, any type of serious mass reconstruction will require about an inverse

femtobarn of data.

We find that the models analyzed produce a significant amount of jet events. These events

arise from gluino decays via off shell squarks into fermion pairs with a chargino or neutralino,

that is, g̃ → qiq̄′iχ̃
±

1 and g̃ → qiq̄iχ̃0
2 with secondary 3-body decays χ̃0

2 → /ET + 2 fermions

and χ̃±

1 → /ET + 2 fermions. Additionally, one has a significant cross section for the

direct production of charginos and neutralinos which can also give leptonic final states.

Our analysis finds that the distribution of the transverse momentum of the hardest lepton is

peaked near pT ("1) = 20GeV and falls off quickly near 60 GeV before imposing the cuts in

Eq. (19). The relatively soft leptonic decay products makes it more difficult to use leptonic

signatures as discovery channels with limited data, as exhibited in Table IV. However, the

lepton + jets signal can be strong (see channel C5) where a large significance is achieved.

Trileptonic signal C6 is only at the level of ∼ 2σ but would become visible with an increase

in luminosity by a factor of six. The above features are generic to all models in the in the

sample, given the rigid properties of the gaugino sector shown in Table I.

The strongest signal of new physics will be in the multijet channel. In Figure 2, we plot

the distribution in meff for two of our benchmark points using the cut C1 of Eq. (19). The

heavy solid line gives the supersymmetric signal events plus the SM background while the

shaded area is the SM background. The peaks in this distribution can be identified with a

typical accuracy of 25 GeV, which is half the bin size. A more statistically rigorous approach

gives similar results.

Several previous works [51] have shown that there is a relationship between the effective

mass peak and the minimum mass of the gluino and the first two generation squark masses.

Since in the low mass gaugino models that lie in the Higgs-pole region, the first and the

second generation squark masses are always heavier than the gluino mass, the peak of the

effective mass gives a relationship to the gluino mass. Analyzing the effective mass peak for
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FIG. 5: (color online) The spin independent cross section σSI
χ̃0
1p

versus neutralino mass. Points are

colored according to the value of m1/2 taken. Applying the XENON and CDMS limits we see that

m1/2 is preferred in the 120 GeV to 155 GeV region.

well as the indirect constraints imposed above. For example, one such model in Figure 5 has

mA = 190GeV, tanβ = 56, mχ̃0
1
= 60GeV, n11 = 0.994 and n13 = 0.102; for this particular

model, σSI
χ̃0
1p

∼ 5.5× 10−43 cm2 in excess of what is allowed by XENON 100 data. Thus the

XENON constraint is stronger than the Tevatron bound for this point. More generally, we

obtain a limit arising from the dark matter direct detection constraint:

mA
>∼ 300GeV XENON Constraint . (28)

Including uncertainties in the form factors that enter the computation of σSI
χ̃0
1p

one may

loosen or tighten this constraint a bit; however, the point here is that the constraints on mA

become rather strong from the XENON data. The value quoted above is particular to the

requirements within the confines of the scaling predictions in Eq. (10) and the mass range

Eq. (12). However, other models with radiative electroweak symmetry breaking are also

strongly constrained. We have performed a separate analysis to investigate minimal super-

gravity models which satisfy the WMAP constraints of Eq. (11) via stau-co-annihilation,
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   h-res : Most Sensitive region to SI bounds  ~ (50 - 65) GeV 
   squarks > few TeV ,   gluino < 550 GeV (Ma =m1/2)

   Dilepton edge (Baer/Tata/Paige/Chen ’95)
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FIG. 4: (color online) OSSF dilepton invariant mass for the SUSY signal plus SM background

using cut C5 at
√
s = 7 TeV. The SM background is shown separately for comparisons. For the

benchmark 1 (left panel) we see an edge at medge
!+!− = 60 ± 5 GeV and for the benchmark 2 (right

panel) we see an edge at medge
!+!− = 55± 5 GeV, which agree well with the mass differences between

the two lightest neutralinos in both cases, which are predicted to be 60 GeV and 55 GeV from

theory (see Table III).

The mass ratio plotted in the right panel in Figure 3 is noteworthy in that the quantity

∆m is measurable from the edge of the opposite-sign, same-flavor (OSSF) dilepton invariant

mass distribution, medge
!+!− (for a recent study see [52]). In Figure 4 we plot this distribution

for the same two benchmark models from Figure 2 after applying the cuts C5 from Eq. (19).

Upon reconstruction of the dilepton invariant mass for the two sample models, one observes

clean edges near 55 GeV and 60 GeV for the two cases. For the complete set of the 700

simulated models one finds

medge
!+!− ≤ mχ̃0

2
−mχ̃0

1
=

(

αχ̃0
2
− 1

)

mχ̃0
1
=











0.75mχ̃0
1

minimum

1.07mχ̃0
1

maximum
(24)

In addition, from Eq. (13) we expect the upper bound of the OSSF dilepton plot to be less

then 65 GeV which is the upper limit on ∆m found in the analysis which can be understood

by using the appropriate predictions for the αi for each model point.

In addition, because medge
!+!− ≤ ∆m, we can express the effective mass peak in terms of the

18

OSSF dilepton Invariant Mass (GeV)

20 40 60 80 100 120 140

-1
E

v
e

n
ts

/1
0

 G
e

v
/5

 f
b

5

10

15

20

25

30

35

40

OSSF dilepton Invariant Mass (GeV)

20 40 60 80 100 120 140

-1
E

v
e

n
ts

/1
0

 G
e

v
/5

 f
b

5

10

15

20

25

30

35

40

SM Background

 = 58 GeV0

1
!"

 - m0

2
!"

m

OSSF dilepton Invariant Mass (GeV)

20 40 60 80 100 120 140

-1
E

v
e

n
ts

/1
0

 G
e

v
/5

 f
b

10

15

20

25

30

35

40

OSSF dilepton Invariant Mass (GeV)

20 40 60 80 100 120 140

-1
E

v
e

n
ts

/1
0

 G
e

v
/5

 f
b

10

15

20

25

30

35

40

SM Background

 = 54 GeV0

1
!"

 - m0

2
!"

m

FIG. 4: (color online) OSSF dilepton invariant mass for the SUSY signal plus SM background

using cut C5 at
√
s = 7 TeV. The SM background is shown separately for comparisons. For the

benchmark 1 (left panel) we see an edge at medge
!+!− = 60 ± 5 GeV and for the benchmark 2 (right

panel) we see an edge at medge
!+!− = 55± 5 GeV, which agree well with the mass differences between

the two lightest neutralinos in both cases, which are predicted to be 60 GeV and 55 GeV from

theory (see Table III).

The mass ratio plotted in the right panel in Figure 3 is noteworthy in that the quantity

∆m is measurable from the edge of the opposite-sign, same-flavor (OSSF) dilepton invariant

mass distribution, medge
!+!− (for a recent study see [52]). In Figure 4 we plot this distribution

for the same two benchmark models from Figure 2 after applying the cuts C5 from Eq. (19).

Upon reconstruction of the dilepton invariant mass for the two sample models, one observes

clean edges near 55 GeV and 60 GeV for the two cases. For the complete set of the 700

simulated models one finds

medge
!+!− ≤ mχ̃0

2
−mχ̃0

1
=

(

αχ̃0
2
− 1

)

mχ̃0
1
=











0.75mχ̃0
1

minimum

1.07mχ̃0
1

maximum
(24)

In addition, from Eq. (13) we expect the upper bound of the OSSF dilepton plot to be less

then 65 GeV which is the upper limit on ∆m found in the analysis which can be understood

by using the appropriate predictions for the αi for each model point.

In addition, because medge
!+!− ≤ ∆m, we can express the effective mass peak in terms of the
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Key Spectra of Sample Models

Label m0 m1/2 A0 tan β mg̃ mh mχ̃0
1
mχ̃±

1
mq̃ mt̃1 mA ! mH

1 2990 148 2503 26 476 119 60 117 2959 1668 2608

2 1238 132 -2007 7 407 116 55 109 1250 421 1467

3 2463 133 -2003 50 447 118 58 117 2443 1353 423

4 2839 131 -2401 50 451 119 58 118 2812 1562 355

TABLE III: Four benchmarks to illustrate collider and dark matter signals of the low mass gaugino

models in the Higgs-pole region. All models give a suitable relic density consistent with WMAP.

Masses and dimensionful input parameters are given in units of GeV. The first and second gen-

eration squarks are denoted by q̃. The top pole mass is set to 173.1 GeV and the sign of µ is

positive. Number in the table are rounded to the nearest integer. All values are computed with

MicrOMEGAS 2.4 and SuSpect.

following sets of cuts [24, 25]

CUTC1 : n(!) = 0, pT (j1) ≥ 150 GeV, pT (j2, j3, j4) ≥ 40 GeV

CUTC2 : n(!) = 0, n(b-jets) ≥ 1

CUTC3 : n(j) ≥ 4, pT (j1) ≥ 100 GeV, pT (j2, j3, j4) ≥ 40 GeV, /ET ≥ 0.2meff

CUTC4 : n(j) ≥ 4, pT (j1) ≥ 100 GeV, meff ≥ 500 GeV

CUTC5 : n(j) + n(!) ≥ 4, pT (j1) ≥ 100 GeV, H(4)
T + /ET ≥ 500 GeV

CUTC6 : n(!) = 3, n(j) ≥ 2, pT (j2) ≥ 40 GeV

CUTC7 : n(!) = 1, pT (j1, j2, j3, j4) ≥ 40 GeV, /ET ≥ 0.2meff

CUTC8 : Z− veto, n(!+a ) = 1, n(!−b ) = 1, pT (!2) ≥ 20 GeV . (19)

All eight channels involve a cut on transverse sphericity of ST ≥ 0.2 and a missing transverse

energy cut of /ET ≥ 100 GeV, except for CUTC1 for which we impose /ET ≥ 150 GeV.

Leptons of the first two generations (e, µ) are denoted collectively by ! and the number

of leptons and the number of jets in an event are denoted by n(!) and n(j) respectively.

Similarly, pT (!i) and pT (ji) refer to the transverse momentum of the ith hardest lepton

or jet, respectively. The notation pT (j1, j2, j3, j4) means that the first through the fourth

hardest jets in an event each have to individually pass the cut, and does not imply a sum.

13

2 sample models which capture the 
~invariant features of all these models:

Higgs-Pole and Dark Matter on the Hyperbolic Branch

?

Specifically,  2L will be seen or excluded 1102.2548

http://arxiv.org/find/hep-ph/1/au:+Feldman_D/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Feldman_D/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Freese_K/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Freese_K/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nelson_B/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nelson_B/0/1/0/all/0/1


 No CoGeNT Solution in models with only MSSM spectra with radiative  breaking via RGE flow 
(this is SUGRA with non-universal soft breaking)  upper limit on cross section obtained. 

Very Low Mass Dark Matter and SI scattering

NMSSM probes :  J. Gunion, T.  Tait, D. Hooper,  A. Belikov,  P. Draper,  T. Liu, C. Wagner,  L.T.  Wang , H. Zhang et al 

MSSM attempts with Majorana LSP fail :  bsgamma, bsmumu,   Higgs LHC/Tevatron 

(after all constraints)[ ]



Theory can allow for many different possibilities. 
 Many different mass hierarchies arise.

Well motivated theories do lead to ~ sub-TeV gauginos with scalars 
that are rather ‘heavy’.

Recent Realization : GNLSP in SUGRA

 SUSY scalars several TeV, 10s of TeV, or more - Gaugino three body decays and radiative decays

 Gluino decays into 2 jets + Dark Matter

 Gluino decays into 1 jet + Dark Matter
                                                                                                              

 Gluinos decay into n jets
   + Dark Matter via Chargino & 
    heavier Neutralino cascades

g̃ → gχ̃0
1

g̃ → qq̄χ̃0
1

g̃ → qq̄χ̃0
k>1

   Gluino decays
 Haber/Kane ’82 
 Barbieri, Gamberini, Giudice, Ridolfi
 Baer, Tata, Woodside

g̃ → qdq̄uχ̃+
m=1,2 + h.c.



GNLSP out of the Sparticle Landscape

One of the interesting possibilities that arises within the landscape of
possible sparticle mass hierarchies is that the gluino (g̃) is the next to
the lightest supersymmetric particle (NLSP) where neutralino dark
matter produces the correct relic abundance of such matter consistent
with the WMAP observations.

NUSP Mass Pattern
NUSP13 χ̃0 < g̃ < χ̃±

1 ! χ̃0
2

NUSP14 χ̃0 < g̃ < t̃1 < χ̃±
1

NUSP15 χ̃0 < g̃ < A ∼ H

Table: Hierarchical sparticle mass patterns for the four lightest sparticles, where χ̃0 ≡ χ̃0
1 is the

LSP neutralino, and where the gluino is the NLSP that arises in the NUSUGRA models. Mass
patterns given in FLN arXiv:0711.4591, Phys.Lett.B662:190-198, (2008)

- Will refer to this subclass of NUSUGRA where Relic Density
constraints are satisfied as the GNLSP class of models.

Low mass gluinos in GNLSP models

Label Mh Mχ̃0
1

Mχ̃±
1

Mg̃ Mτ̃1 Mt̃1
MA Mb̃1

Z11 Z12 Z13 Z14 σSI
χ̃0
1p
(cm2)

LG3 112 340 429 386 1253 455 1421 995 0.997 -0.026 0.067 -0.029 6.3× 10−46

LG4 125 377 454 378 3529 1244 3888 2615 0.999 -0.006 0.021 -0.005 8.4× 10−48

LG5 117 365 660 385 1081 679 1167 1321 0.999 -0.003 0.039 -0.012 2.1× 10−46

TABLE IV: A display of the lighter sparticle masses within the mass hierarchies, and other attributes of

GNLSP models with low mass gluinos. The mass splitting between the gluino and neutralino is between

∼ (1− 50)GeV for these models. Further details are given in the text. All masses are in GeV.

GeV), the sparticle mass hierarchies are given by [52]

Models (LG3,LG4,LG5) : χ̃0
1 < g̃ < χ̃±

1 < χ̃0
2 < t̃1, Mg̃ = (386, 378, 385) GeV . (3)

Since the gluino coannihilation in the GNLSP model is a relatively new entry among the ways

dark matter originates in the early Universe, we summarize the main features of the relic density

calculation here first, before discussing the relevant features of this class of models that enter in the

LHC signature analysis. Thus, for a GNLSP the relic density depends strongly on coannihilation

effects which are controlled by the Boltzmann factor [58]

γi =
neq
i

neq
=

gi(1 +∆i)3/2e−∆ix

∑

j gj(1 +∆j)3/2e−∆jx
, (4)

where gi are the degrees of freedom of χi, x = m1/T , and ∆i = (mi −m1)/m1, with m1 defined

as the LSP mass. Thus, for the analysis of the relic density, the effective annihilation cross section

σeff can be written approximately as

σeff =
∑

i,j

γiγjσij $ σg̃g̃γ
2
g̃ + 2σg̃χ̃0

1
γg̃γχ̃0

1
+ σχ̃0

1χ̃
0
1
γ2χ̃0

1
$ σg̃g̃γ

2
g̃ , (5)

where we have used the fact that the gluino annihilation cross sections are usually much larger

than the LSP annihilation even with inclusion of the Boltzmann factor and

σ(g̃g̃ → qq̄) = Eq
πα2

sβ̄

16βs
(3− β2)(3− β̄2) , (6)

σ(g̃g̃ → gg) = Eg
3πα2

s

16β2s

{

log
1 + β

1− β

[

21− 6β2 − 3β4
]

− 33β + 17β3

}

, (7)

where the non-perturbative corrections to the annihilation cross section can arise via multiple gluon

exchange, giving rise to a Sommerfeld enhancement factor E . These effects may be approximated

by [60]

Ej =
Cjπαs

β

[

1− exp

{

−
Cjπαs

β

}]−1

, (8)
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singlet + nonsinglet F breaking in E6, SO(10), SU(5)
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(DF’s invasion of this slide)

GNLSP signal is challenging due 
to mass splittings as governed by 
neutralino dark matter density



LHC as Gluino Factory; FLN arXiv:0905.1148, PRD 09
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Overwhelming dominance of the g̃g̃ production process for the GNLSP. Actually, a large

number of events pass triggers .... Gluino ∼Detailed Balance Ωh2 ↔ LHC subprocess

Gluino-Neutralino Coannhilation (GNLSP) satisfies Relic Density Constraints.  
GNLSP is a motivated example of a simplified model.

Present constraint
LHC-7  1/fb  on GNLSP ~ 400-450 GeV
 (see 1011.1246)  PRD 2011

∆co = (mg̃ −mχ̃)/mχ̃

∈ (10− 20)%
GNLSP  via RGE
DF, Liu, Nath
0711.4591,0802.4085, 
0905.1148, 1011.1246
Alwall, Wacker, Nojiri, Maltoni et al
-Emphasized ISR (and FSR) and matching
-matching of jets from parton
showers and matrix elements.
see e.g.  0803.0019
-Work by the Bartol Group
    (see talk by T. Li)
- See also Martin 1105.4304

Signal is challenging due 
to mass splittings as 
governed by neutralino 
dark matter density



Paradigm Re-Shift

• Everything discussed so far has been in the framework of effective theories 
working in the limit that Planck Scale interactions can be ignored.  

• However, the supergravity Lagrangian does contain interactions of gravitinos, 
moduli, modulinos, .... 

• These fields couple to everything (due to gravitational interactions) and their 
interactions can have important  cosmological consequences.

• Including such interactions, our picture of Weak Scale SUSY can be altered.

• In fact ...



 SUGRA and STRINGS  scalar soft breaking masses/couplings generically of size :

   Weinberg G-problem is re-interpreted in terms of moduli masses

Mass parameters in gaugino mass matrix can be suppressed: 
 Examples of gaugino mass suppression  in SUGRA/STRINGS: 

   1.   (Arnowitt/Cham/Nath  ‘83)  SUGRA GUTS - Gaugino masses at 1 Loop
   1I.  (Randall Sundrum ’99)          AMSB -  Gaugino masses at 1 loop
   III.  (DeCarlos/Casas/Munoz ’93), (Gaillard/Bineutry/Wu/Nelson ‘98,’99)    
        (Conlon,Quevedo ’06),  (Acharya, Bobkov. Kane, Kumar, Shao ’07,  Achayra et al 2011)
        (common feature:  non-pertub super potential and multiple moduli)

Remark:   -Suppression can happen with multiple moduli.
               -Can also generate a smaller mu parameter than scalar mass at GUT scale -  For a review see Ibanez et al 97 .

Typical (but not general) in string models (Kaplunovsky, Louis ’93)

(m̂α, Âαβγ , B̂αβ) ∼ O(M3/2)
For the universal case (deduced by Arnowitt, Chamseddine, Nath, ’82, Hall, Lykken, Weinberg ’83)

M0, A0, B0 " M3/2

(scalar, trilinear, bilinear for Higgs(es))

Gaugino Masses are suppressed in many well motivated models
Common in string models with multiple sources of SUSY breaking
(several F terms) and with non-perturbative effects (i.e. hidden sector
gaugino condensation (Derendinger, Ibanez, Niles, 1985; Dine, Rohm, Seiberg, Witten, 1985))
Early orbifold models with WNP + Green-Schwarz (Casas et al ’92)

Kahler stabilized heterotic string models (Gaillard et al ’96, Nelson et al ’99)

G2 models, Fsi & F“meson”, while fgauge(si) depends only on
geometrical moduli & not condensate (Acharya et al ’07)

Very early example: (2π)−5M3/2 !! (Ibanez and Nilles 86’ )

A 30 year old issue : size & source of the mass of the scalars

30 years ago is was deduced that if the gravitino, M3/2, coupled to
SM fields, then M3/2 ! 10 TeV is need to avoid constraints on its
decay from cosmology; (destruction of light elements) (Weinberg 1982).

Local supersymmetry was broken, and the superpartner masses
emerged (Arnowitt, Chamseddine, & Nath). The mass generation was
found to be consistent with the gravitino bound.

It was then deduced that the Polonyi field could decay
(Coughlan, Fischler, Kolb, Raby, Ross and Ovrut & Steinhardt).

The constraint on M3/2 was transfered to this scalar singlet Mφ

involved in the breaking of local supersymmetry.

The results of the above are now realized in string models with
generically many moduli.

Moduli can decay by universal gravitational operators, and will decay
into everything (including each other);
and generically there will be a significant br. ratio into gauge sector

Lφ,gauge = −1
4
"(fa,b)V a

µνV
bµν − 1

8
#(fa,b)εµνρσV a

µνV
b
ρσ

− i

4
∂ifa,bF

iλa
V λb

V + h.c.

The moduli can decay and release entropy/particles during formation
of the early universe:

Γφ = α M3
φ/M2

P , TR ∼
√

ΓφMP Mφ ∼ M3/2

Moduli mass ! (10 -30) TeV, (BBN)
Moduli mass ! (30 -50) TeV, (WMAP)
Assumes energy density is completely converted into radiation
Both bounds above are model dependent
(coupling size, mass LSP, cross section etc)

Will argue here that Heavy moduli and gravitino can be natural.

Moduli can decay by universal gravitational operators, and will decay
into everything (including each other);
and generically there will be a significant br. ratio into gauge sector

Lφ,gauge = −1
4
"(fa,b)V a

µνV
bµν − 1

8
#(fa,b)εµνρσV a

µνV
b
ρσ

− i

4
∂ifa,bF

iλa
V λb

V + h.c.

The moduli can decay and release entropy/particles during formation
of the early universe:

Γφ = α M3
φ/M2

P , TR ∼
√

ΓφMP Mφ ∼ M3/2

Moduli mass ! (10 -30) TeV, (BBN)
Moduli mass ! (30 -50) TeV, (WMAP)
Assumes energy density is completely converted into radiation
Both bounds above are model dependent
(coupling size, mass LSP, cross section etc)

Will argue here that Heavy moduli and gravitino can be natural.

 (Arnowitt/Cham/Nath ’82) 

Remark:    this assumes minimal field content

Early Realization In context of the Polonyi  field:   Coughlan, Fischler, Kolb, Raby, Ross, Ovrut, Steinhardt

 implications ...

(being revisited)



How we can sensibly break EW symmetry in sugra and strings
with such large scalars? Having some superpartners so heavy seems
to imply that explaining electroweak symmetry breaking and the small
Higgs vev leads to a severe little hierarchy problem.

M3/2 ! Mφ,mod ! mSoft Higgs ∼ (100 − 1000)MZ ?

Naively we need a highly tuned cancellation between
(m2

soft,Higgses, µ
2and tan2 β) consistent with M2

Z .

This has been a major problem for 30 years.

String motivated models within the sugra paradigm do suggest a new
approach to rather natural EWSB with (10-50) TeV scalars.
Feldman, Kane, Kuflik, Lu arXiv:1105.3765

 How can EWSB be broken  naturally with huge scalar masses ? 

  Suggests  the “moduli-Higgs Hierarchy problem*”  
                                                                                     *( DF at Upenn SVP meeting 2011)

How we can sensibly break EW symmetry in sugra and strings
with such large scalars? Having some superpartners so heavy seems
to imply that explaining electroweak symmetry breaking and the small
Higgs vev leads to a severe little hierarchy problem.

M3/2 ! Mφ,mod ! mSoft Higgs ∼ (100 − 1000)MZ ?

Naively we need a highly tuned cancellation between
(m2

soft,Higgses, µ
2and tan2 β) consistent with M2

Z .

This has been a major problem for 30 years.

String motivated models within the sugra paradigm do suggest a new
approach to rather natural EWSB with (10-50) TeV scalars.
Feldman, Kane, Kuflik, Lu arXiv:1105.3765

                     ... the solution is built into REWSB 

to appear in Phys. Lett. B
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Explaining the Little Hierarchy:
Heavy Moduli & Electroweak Symmetry Breaking
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String Vacuum Project
University of Pennsylvania
May 25th 2011

Explaining the Little Hierarchy:
Heavy Moduli & Electroweak Symmetry Breaking

Daniel Feldman, MCTP
University of Michigan

String Vacuum Project
University of Pennsylvania
May 25th 2011

(DF)



Soft Parameters, well known to trace out trajectories :

m2
Hu

(t) = M2
0 fM0(t) + A2

0fA0(t) + M2
3 (0)f3(t) + M3(0)A0fmix(t) + . . .

New Result : M0 ∼ (10 − 50) TeV can lead to rather natural EWSB
(Feldman, Kane, Kuflik, Lu) : M0 ∼ (10 − 50) TeV, fM0 is positive and fA0 is
positive (it is formally a magnitude |A0|

2 above) and (last 2 terms are small corrections) leading to:

m2
Hu

(t) # M2
0

[

1

2
(3δ(t) − 1)

]

− A2
0

[

1

2
(δ(t) − δ2(t))

]

+ smallcor

fM0(t) =
1

2
(3δ(t) − 1), fA0(t) =

1

2
(δ(t) − δ2(t)).

For heavy scalars when EWSB happens fM0 ∼ fA0 ∼ 1/10.

Intersection Point (IP) = near intersection, of the 2 terms in square
brackets, suppresses large size of M0 = M3/2 # A0, with
M0 ∼ (10 − 50) TeV, (Feldman, Kane, Kuflik, Lu).

δ(t) (top yukawa) receives corrections from QCD/stop-gluino loops
[Pierce, Bagger, Matchev, Zhang, ’97]

Feldman, Kane, Kuflik, Lu   arXiv:1105.3765 



Full 2-loop (RGEs) for the soft supersymmetry breaking masses and 
couplings, with radiative corrections to the gauge and Yukawa couplings  etc. 3
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FIG. 2: Two-loop renormalization group running of mHu
for

3 models for the cases M0 = (10, 30, 50) TeV. The tad-
pole corrections are shown, and appear as a vertical drop
at QEWSB =

√
mt̃1

mt̃2
as is appropriate. The numeri-

cal value of m̄Hu
, which is the tree + tadpole value, con-

tinue to take the same value at scales Q below the point
QEWSB as is theoretically expected. The values of µ are
µ = (500 GeV, 1.0 TeV, 1.8 TeV). This can be seen for
example for the M0 = 30 TeV in figure 3 using Eq. (8).

the soft breaking B0 ≈ 2M3/2. Relaxing this condition
a bit, we will find a reduced µ generally occurs close to
this prediction.
Now recall the two familiar EWSB conditions

µ2 = −M2
Z/2 +

m̄2
Hd

− m̄2
Hu

tan2 β

tan2 β − 1
(6)

Bµ =
1

2
sin 2β(m̄2

Hu
+ m̄2

Hd
+ 2µ2) , (7)

where m̄2
Hu

includes the tadpole corrections to m2
Hu

.
At the electroweak scale we can rewrite these with the
approximations m̄2

Hd
, B2 # m̄2

Hu
, and not too small

tanβ. Then sin 2β ≈ 2/ tanβ, and 2Bµ ≈ sin 2βm̄2
Hd

.
In the above, m̄Hd

is essentially M3/2 and B ≈ 1.7M3/2

as summarized in Appendix A. Combining these gives
tanβ ≈ m̄2

Hd
/Bµ. Using this in the first EWSB condition

gives a quadratic equation for µ2, with an approximate
solution (after some algebra),

µ2 −
M2

Z

2

m̄2
Hd

B2 − m̄2
Hd

≈
m̄2

Hd

B2 − m̄2
Hd

m̄2
Hu

, (8)

where the coefficient
m̄2

Hd

B2−m̄2

Hd

$ O(1/2). The cancella-

tion in Eqs. (2,3,5) coupled with equation, Eq. (8), can
be taken as our basic result. Eqs.(2,3,5,8) shows that
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FIG. 3: A large parameter space sweep using the full numer-
ical analysis discussed in the text for M0 = 30 TeV, with
µ ∈ [0.9, 2] TeV, with tanβ ∈ [3, 15] showing a robust region
where m̄Hu

, the loop corrected value at the EWSB scale, is re-
duced significantly relative toM0 = 30 TeV, with the greatest
suppression occurring for trilinear of about the same magni-
tude.

with inputs having all the soft-breaking parameters of
order 30 TeV one finds the conditions for EWSB are al-
ways satisfied for reasonable ranges of the parameters,
and the values of µ can be at (or below) the TeV scale
consistent with EWSB and the measured value of MZ .
Equation (8), with the important numerical values, is

realized naturally with heavy scalars M0 and large bilin-
ear B0 and trilinear A0 couplings of comparable size. We
add that Eq. (8) is a derived result and not assumed; we
interpret this as then a true prediction of string models
with the breaking of superysmmetry through gravitation-
ally coupled moduli. We note that the result µ2 ∼ m̄2

Hu

can be obtained in gauge mediation (where µ2 & Bµ) in
models for which Bµ & m̄2

Hd
is assumed [18] (see also

[17]).
In our numerical analysis we employ the 2-loop renor-

malization group equations (RGEs) for the soft super-
symmetry breaking masses and couplings [19] with ra-
diative corrections to the gauge and Yukawa couplings
as computed in [10]. Radiative electroweak symmetry
breaking is carried out with SOFTSUSY [20]. In the
Higgs sector, we include all the 2-loop corrections [21, 22].
Explicitly we find Eq. (8) is a consistent representation
of µ for

M3/2 = M0 = 30 TeV with µ ∈ [0.9, 2] TeV . (9)

For M3/2 = M0 = 10 TeV we find µ as low 300 GeV,
though about (500-600) GeV appears more ‘natural’ as

M0 = 30 TeV

m2
Hu
! (fM0 − fA0)M

2
3/2 ! 10−2M2

3/2

M3/2 = M0 ∼ |A0|

Large Suppression of mu 
Gauginos are sub-TeV

The full 2-loop (RGEs) for the soft supersymmetry breaking masses and
couplings, with radiative corrections to the gauge and Yukawa couplings
etc. (Feldman, Kane, Kuflik, Lu) arXiv:1105.3765
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Figure: M3/2 = M0 = 30 TeV and µ ∈ (0.9, 2) TeV with largest suppression
occurring for |A0|/M0 " 1.2

In our numerical analysis we employ the full 2-loop renormalization group equations (RGEs) for the soft supersymmetry

breaking masses and couplings, with radiative corrections to the gauge and Yukawa couplings etc., In the Higgs sector, we

include all the 2-loop corrections; Radiative electroweak symmetry breaking with loop corrections from Coleman-Weinberg

potential - all the bells and whistles.

From the full numerical analysis we find :

M3/2 = 10 TeV, |A0|/M3/2 ∼ 0.9, µmin ∼ 300 GeV

M3/2 = 30 TeV, |A0|/M3/2 ∼ 1.2, µmin ∼ 900 GeV

where the above corresponds to the case of universal scalars and
trlinear couplings and M0 = M3/2 at the unification scale. Note also,
B0 ∼ few × M3/2 as expected from the Soft-breaking Lagrangian.

Note also : this is not the focus point solution - which has A0 tiny.

We have found a new solution to EWSB for very heavy scalars that
has natural size µ (Feldman, Kane, Kuflik, Lu) arXiv:1105.3765

More Generally:

Intersection of RG Coefficients
“Intersection Points” 

Feldman, Kane, Kuflik, Lu   arXiv:1105.3765 



The IP will drive down the µ term :

µ2 = −M2
Z/2 +

m̄2
Hd

− m̄2
Hu

tan2 β

tan2 β − 1

Bµ =
1

2
sin 2β(m̄2

Hu
+ m̄2

Hd
+ 2µ2)

m̄2
Hi

= m2
Hi

− Ti/vi , M2
Z = M2

Z,bare + "ΠT
ZZ(M2

Z)

Because m2
Hd

barely runs, its value is really just M2
3/2 while

B = few × M3/2 in our model space. For tan β not too large, using
m̄2

Hd
$ m̄2

Hu
the solution for the reduced µ is

µ2 ≈ m̄2
Hu

1

(B2/m̄2
Hd

) − 1
∼ m̄2

Hu
/2 = O

(

1

102

)

M2
3/2

Reduction via RG running (Intersection Point) and from the tadpole
corrections tadpole + tree ’tracks’ the solution at the point where the loop corr. is minimized.

Analytic solution for tan β ∈ (4, 15) - larger values do arise.

Even lowers values of µ are obtained.



What does this mean for the LHC ? 

Let me now emphasize,

There is a built in cancellation in sugra and string motivated models,
or an Intersection Point (IP) of two terms in the running of the
square of the up type Higgs mass which suppresses µ.

µmin ∼ (0.3 − 1) TeV for M3/2 ∼ (10 − 30) TeV ∼ |A0|

”lets put the trlinear coupling to zero” then you essentially miss this
massive suppression

For the scalars of size (10-50) TeV the reduced value of µ is when
scalars and trilinears are of the same magnitude as the gravitino mass,
as is suggested by string motivated models of soft breaking.

The IP represents a new approach to the little hierarchy
problem for models which are cosmologically viable : µ is of
natural size about (0.3-3) TeV, for M0 = (10 − 50) TeV when
|A0|/M0 is close to unity. (Feldman, Kane, Kuflik, Lu)
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LHC as a Gluino Factory : Low Lums 7, 10, 14 TeV - EARLY LHC
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LHC as a Gluino Factory. Can collect data from gluino decays to
look for EW SUSY production. Kane, Lu Ran, Feldman, Nelson 1002.2430, PLB 2010

Recent related work : Gian Giudice, Tao Han, Kai Wang, Lian-Tao Wang, arXiv:1004.4902

Gluino as dominate mode also in : FLN arXiv:0905.1148, PRD 09

7 TeV

10 TeV

14 TeV



PAMELA - Galactic Positrons - What’s the connection?
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PAMELA  

”Observation of an anomalous positron abundance in the cosmic radiation”
By PAMELA Collaboration, e-Print: arXiv:0810.4995 [astro-ph] ( Nature)
and
e-Print: arXiv:0810.4994 [astro-ph], ( PRL).

Puzzle:   DM explanation  must be consistent with WMAP.
WMAP-PAMELA  “Inverse-Problem” (literally)

ΩCDMh2 ∝ [
∫

< σv >]−1



Annihilating Dark Matter in the Halo
Several particle physics models that can simultaneously explain BOTH
WMAP Ωh2

CDM ∼ 0.10 and PAMELA data
without huge adhoc boost factors put in by hand .

1 Breit-Wigner Enhancement (BWE) of dark matter annihilations in
the halo Feldman, Liu, Nath, arXiv:0810.5762, Ibe, Murayama, Yanagida, arXiv:0812.0072

2 Thermal wino like LSP with a weakly interacting co-annihilating
hidden sector HS Feldman,Liu, Nath, Nelson, arXiv:0907.5392

3 Thermal Higgsino LSP! Not constrained by Photons and can
produce PAMELA ! Chen,Feldman,Liu, Nath, Peim arXiv:1010.0939

4 Non-thermal wino LSP with the relic abundance explained via
moduli decay Randall and Moroi 99, Kane et. al (Kane, Lu, Watson 09)

Common Feature is mass sensitivity:
1 BWE sensitive to mass MZ′ ∼ 2mDirac

2 Thermal wino-like and Higgsino-like mLSP=eχ0 ∼ mξa

3 Non-thermal wino meχ0 ∼ meχ±
1

SUSY Models can lead to a light gluino at the LHC



Kane, Lu Ran, Feldman, Nelson 1002.2430, PLB 2010
LHC (PGS) ⇐⇒ PAMELA (Galprop)
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Models are dominantly wino-like with lighter gluinos
Dominant production pp → [(g̃g̃), (W̃ C̃1), (C̃±

1 , C̃∓
1 )].

g̃ Decays: g̃ → [( eN2tt̄), (fWbb̄),(fWqq̄), ( eC−
1 b̄t + h.c.), ( eC−

1 d̄u + h.c.)]

Secondary decays eN2 → eC1W ∗ → ( eC1lνl), ( eC1qq̄) and eC1 → fWW ∗ → (fWlνl), (fWqq̄)

Tertiary SM t → Wb and W → [(quq̄d), (lνl)].

Typically requires no more than 2-3 branchings
= predictive + large jet signatures from the light gluino.
Remark: p̄ is fine. See additional slides

 SUSY:  Large flux into positrons    
Turner, Wilczek, Kamionkowski, Griest, Randall, Moroi, Feng, Matchev, Kane, Wells, Wang,
Pierce, Watson, Grajek, Phalen, Hisano, Kawasaki, Khori, Nakayama, Lu, DF, Nath, Liu, Nelson
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FIG. 3. Three leading neutralino annihilation channels.

FIG. 4. Contours of constant σv in pb for (a) χχ → WW and (b) χχ → ZZ. We fix A0 = 0,

µ > 0, mt = 174 GeV, and tanβ = 10.

implies that the Wino content of the LSP is always negligible. A large WW cross section
is therefore possible only when the LSP has a significant Higgsino component. The same
conclusion holds for the ZZ process, where the Zχχ0

i interaction is possible only through
ZH̃0H̃0 couplings. In Fig. 4, we see that the annihilation cross sections for χχ → WW and
χχ → ZZ are indeed highly suppressed in regions with Bino-like LSPs, but are enhanced
by three to four orders of magnitude in regions with mixed gaugino-Higgsino dark matter.
As we will see, this region, favored by low energy constraints, will be the most promising
for all indirect signals.

Before closing this section, we note several features of Figs. 1 and 2 that will also apply to
many of the following figures. Unless otherwise noted, we present results for A0 = 0, µ > 0,
mt = 174 GeV, and representative values of tanβ as indicated. A0 governs the left-right
mixing of scalars, and does not enter the neutralino sector. It is therefore largely irrelevant,
especially in the regions of parameter space with observable signals — where, as we will see,
the scalars are heavy and decoupled.2 (Besides, the most important trilinear coupling, At,

2For A0 = 0, the 1999 LEP bound on the mass of the lightest CP-even Higgs boson mh >

107.7 GeV barely constrains the parameter space shown in our figures, while the 2000 limit mh >
113.3 GeV excludes the region with m0

<∼ 1 TeV and M1/2
<∼ 300 GeV. However, the Higgs search is

8



Kane,Lu Ran, Feldman, Nelson 1002.2430, PLB 2010

Data from: Fermi LAT Search for Photon Lines from 30 to 200 GeV and Dark Matter Implications.

Phys.Rev.Lett.104:091302,2010.
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processes χχ → γγ, γZ . I argue this is the strongest constraint on SUSY models from astrophysics to date.

Kane,Lu Ran, Feldman, Nelson 1002.2430, PLB 2010

Data from: Fermi LAT Search for Photon Lines from 30 to 200 GeV and Dark Matter Implications.

Phys.Rev.Lett.104:091302,2010.
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Data from: Fermi LAT Search for Photon Lines from 30 to 200 GeV and Dark Matter Implications.

Phys.Rev.Lett.104:091302,2010.
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   Photons from LSP ann:  Bergstrom, Ullio, Bern, Gondolo, Perelstein    
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Figure 5: (Color online) Left: The models indicated by red [dark triangles] areG2 models (pure wino and decoupled scalars) and give a good a description of the

PAMELA positron data. The green [dark squares] are G2-like models with a wino eigen-component |N12 | > 0.9 (where the normalized LSP wino component is
N
W̃
≡ N12), with the lightest colored superpartner being the gluino < 700GeV but scalars can be of comparable size. Such models also describe PAMELA well.

Grey [lighter points] correspond to wino-like models with wino eigen-component |N12 | > 0.7 with variable scalar and gluino masses. The upper limits are the
FERMI data with either an NFW and isothermal profile assumed [70, 71, 72]. Regions which remain unconstrained by the FERMI data lie below the horizontal

base of the arrows for a given profile. Right: Illustrating the strength of 〈σv〉 from neutralino annihilations intoWW relative to γZ and the sensitivity of the cross

sections to the wino content. The mass of the LSP can be determined via Eγ = MLSP(1 − δM), with δM = M
2
Z
(4M2

LSP
)−1. Combining the analysis of both figures

shows that there is a significant region of parameter space inwino dominated models (with an accompanying light gluino) that are within reach of the FERMI data

and which produce cross sections in the halo that are consistent with the PAMELA data.

the Planck scale (moduli couplings at (much lower) interme-

diate scales have been considered in [48, 49]). For example,

α =
√
V7 gives Λ = Mpl/

√
V7 ∼ (2 − 4) × 1017GeV which

may be interpreted as an effective string scale. Under this as-

sumption of non-thermal (NT) production one hasΩW̃ ( ΩT|TR ,
where ΩTh

2 can be computed in the usual manner (see i.e.

[26]). For the s-wave dominated LSP interaction, we obtain

ΩW̃h
2 ( 0.32 1

α
√
cΦ
( 3∗10

−7GeV−2

<σv>
)(

mW̃

200GeV
)(

m3/2

100TeV
)−3/2, where we

have used mΦ ! 2m3/2, and where Ñ1 ≡ W̃. A saturation of

the error corridor from the WMAP constraint on Ωh2 is then

possible for a gravitino in the mass range (40 − 60) TeV. In
theG2 models specific calculations of the relic abundance from

moduli decay have been carried out [15] giving a relic density,

from a string based construction, a few times larger than the

experimental value unless the gravitino mass is order 100 TeV.

In greater generality, the nature of soft breaking and the cos-

mological history of the universe may very well be closely tied

together [18]. On the other hand, in a non-thermal framework

one can also approach the WMAP constraint so long as TR does

not spoil BBN constraints [17].

In a thermal paradigm the relic abundance of a wino-like LSP

can also be brought in accord with the WMAP data in the pres-

ence of residual Abelian gauge factors that survive down to the

SUSY scale and mix weakly with the MSSM neutralinos lead-

ing to a co-annihilation enhancement [11] in an otherwise de-

pleted relic abundance from the large annihilations of the LSP.

This is to be contrastedwith enhancements in the halo cross sec-

tion, i.e. through a Sommerfeld enhancement [50] or through a

Breit-Wigner enhancement [51] or a boost in the flux via dark

matter clumps [52, 53, 54]. Thus predictions on the relic den-

sity consistent with the production of positrons in the halo are

rather model dependant, but nevertheless can account for the

proper relic abundance of dark matter in such models.

4.2. Connection to the Positron Data

The data released by the PAMELA collaboration indicates

a large excess in positron flux in the halo. For the case of

models with MSSM field content, annihilations of the LSP into

W bosons are dominant possible sources of positrons and in-

deed the W+W− production provides the needed cross section

in the halo to account for the PAMELA anomaly for a pure

wino [10][11] without any boost factor in the positron flux

(〈σv〉 ∼ 2.5 × 10−24 cm3/s). The PAMELA data can also

be fit when the LSP has a non-negligible Higgsino compo-

nent [11] with small boost (clump) factors in the positron flux

∼ 2 − 4. Figure (4) illustrates fits to the data for various neu-
tralino masses with no boost factor in the positron flux. The

figure is meant to show that models with wino-like LSPs which

describe the PAMELA positron ratio should have masses in the

range near (170 - 200) GeV. Progress has been made towards

a complete fit to both the PAMELA positron, antiproton data,

and the FERMI e+ + e− flux data using GALPROP [10] and

more exhaustive analyses are currently under way. A lighter

LSP could also produce the PAMELA signal with a different set

6
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“String Photini”“Stino”, “Stueckelino”,

... Dark Sectors 

hep-ph/0610133,  arXiv:0907.5392
DF, Boris Kors, Pran Nath, Zuowei Liu, Brent Nelson, 

Higgsino  ALSO avoids Photon constraint

Relic Density can be ENHANCED relative to MSSM 
(“Boost” in the Relic Density )

Enhancement of Relic Density BCo - Feldman, Körs, Nath

hep-ph/0610133, PRD, also, Feldman, Liu, Nelson, Nath , arXiv:0907.5392

BCo =
Ωh2

MSSM⊗Hidden

Ωh2
MSSM

=

∑
a,b

∫ ∞
xf

〈σabv〉γaγb
dx
x2

∑
A,B

∫ ∞
xf

〈σABv〉ΓAΓB
dx
x2

,

γa =
ga(1 + ∆a)3/2e−∆ax

∑
b gb(1 + ∆b)3/2e−∆bx

, (MSSM)

ΓA =
gA(1 + ∆A)3/2e−∆Ax

∑
A gA(1 + ∆A)3/2e−∆Ax

(MSSM⊗ Hidden).

Here A runs over channels which coannihilate both in the MSSM sector and
in the hidden sector (i.e., A =1,..,nv + nh)
If Hidden Sector interactions are suppressed, then one gets an
enhancement in the relic density relative to the MSSM.
Degenerate Hidden Sector States act as Spectators!
In the Degenerate limit one has for n U(1)s

BCo $ (1 +
dh

dv
)2 BMAX

Co = (1 + 2n)2

Here ds =
∑

s gs, for s = (v, h) .

Enhancement of Relic Density BCo - Feldman, Körs, Nath

hep-ph/0610133, PRD, also, Feldman, Liu, Nelson, Nath , arXiv:0907.5392

BCo =
Ωh2

MSSM⊗Hidden

Ωh2
MSSM

=

∑
a,b

∫ ∞
xf

〈σabv〉γaγb
dx
x2

∑
A,B

∫ ∞
xf

〈σABv〉ΓAΓB
dx
x2

,

γa =
ga(1 + ∆a)3/2e−∆ax

∑
b gb(1 + ∆b)3/2e−∆bx

, (MSSM)

ΓA =
gA(1 + ∆A)3/2e−∆Ax

∑
A gA(1 + ∆A)3/2e−∆Ax

(MSSM⊗ Hidden).

Here A runs over channels which coannihilate both in the MSSM sector and
in the hidden sector (i.e., A =1,..,nv + nh)
If Hidden Sector interactions are suppressed, then one gets an
enhancement in the relic density relative to the MSSM.
Degenerate Hidden Sector States act as Spectators!
In the Degenerate limit one has for n U(1)s

BCo $ (1 +
dh

dv
)2 BMAX

Co = (1 + 2n)2

Here ds =
∑

s gs, for s = (v, h) .

LSP is mostly Higgsino or mixed Wino with
very weak components in the hidden sector
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Figure: New matter arises from Dark sector and interacts with visible sector
and interaction made possible through a connector sector.

Include standard gauge Lagrangian and chiral interactions for U(1)X,Y but
have chiral connector fields Dµφ± = (∂µ ± igXQXCµ ± igY YφBµ)φ±

FID terms LFI = ξ̃XDC + ξ̃Y DB

VFID = g2
X
2

(
QX |φ+|2 − QX |φ−|2 + ξX

)2
+ g2

Y
2

(
Yφ|φ+|2 − Yφ|φ−|2 + ξY

)2

Feldman, Körs and Nath, Phys. Rev. D 75, 023503 (2007) [arXiv:hep-ph/0610133], 2006

Feldman, Kors, Nath, (2006)

Dual to Stueckelberg Mass Generation in limit of large vev

Origin of the 
‘Dark Force’
and Hidden 
Sector Dark 
Matter with
Massive U(1)X
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Stueckelberg Extensions of the Standard Model
[Körs, Nath], [Feldman ,Liu, Nath], [Feldman, Körs, Nath ] , [K. Cheung and T.C. Yuan],

PLB 2004, JHEP 05, PRL 06, JHEP06, JHEP07, PRD 07, PRD 09

∆LStKM = −1
4
CµνC

µν − δ

2
BµνCµν

− 1
2
(M1Cµ + M2Bµ + ∂µσ)2 + gXJµ

XCµ + Lg.f.

Gauge Invariant under mixed U(1)X,Y transformations: Pseudo-scalar
σ is connector field transforming under shift symmetry : δσ = −ΛM
for each U(1) transformation.
No residual pseudo-scalar field, σ absorbed as longitudinal component
of V = M1C + M2B ; therefore distinct from a U(1) Higgs
Mechanism - here no extra scalar field is dynamical.

Ratio M2/M1 ≡ ε must be small (hence the name). EW constraints :
εmax ! g2/10 ≈ 0.06 for M1 ! TeV
(Feldman ,Liu, Nath, Phys.Rev.Lett.97:021801,2006 and subsequently a similar fit is
seen in the model discussed in Chang, Ng, Wu Phys.Rev.D74:095005,2006)

Dark Matter = χ ≡ D

  Hidden dark matter, kinetic & mass mixing +  MASSIVE  vector         
Stueckelberg Extensions

[Körs, Nath], [Feldman ,Liu, Nath], [Feldman, Körs, Nath ] , [K. Cheung and T.C. Yuan],

PLB 2004, JHEP 05, PRL 06, JHEP06, JHEP07, PRD 07, PRD 09

SM fields are neutral under U(1)X and Hidden sectors fields are
neutral under SM : QSM |Hidden〉 = QX |SM〉 = 0. ( latter avoids
possible upset of neutron neutrality)

Connect to SM, Combined Higgs/Stueckelberg Mechanism; After EWSB ,
Mass Diagonal Basis in the Hidden Sector:
gXQXJµ

XCµ → χ̄γµ[cAAµ + cZZµ + cZ′Z ′
µ]χ.

Remarkably for perturbative size gX ∼ gY < 1, coefficients cA, cZ are small
(ε, δ suppressed) , but cZ′ can be large.
Example: cZ′/cZ ≈ cZ′/cA ∼ 30 for ε = .06 ; i.e for
(QX , gX) = (1, gY ) → cA,Z ∼ 1/100, while cZ′ ∼ gY

which means the HS interacts very (extra) weakly with the SM sector,
though HS can couple with EW strength to the Z ′ !
Mass mixings ε = M2/M1 and Kinetic mixings δ distinctly different . In
the limit ε → 0 there is no milli-charged coupling to photon.
More generally, Dirac χ is stable and can be Dark Matter.

U(1)X ×GSM

×
Z ′

µ

Feldman, Kors, Nath, Liu (2006,2007), Cheung, Yuan (2007), Pospelov, Ritz, Voloshin (2007),  Arkani-Hamed  et al  (2008) + ...

               Dark Sectors, Dark Forces :  hep-ph/0610133 (FKN)  hep-ph/0702123 (FLN)

Stueck Mass

Conserved Vector Current gXQXJµ
XCµ

M2/M1 → 0 then Aµ coupling→ 0



Boost in the 〈σv〉 from the Hidden Sector Pole
Breit-Wigner Enhancement Mechanism:

Oct. 2008 Feldman, Liu, Nath, arXiv:0810.5762 Phys. Rev. D 79, 063509 (2009).
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〈σv〉Halo #= 〈σv〉freeze, and specifically in region of pole

Large boost generated in the halo relative to freezeout. One must
peform the integral over the pole in the relic density calculation.

ξZ′
L,R = CZ′

ψ CZ′
fL,R

[s − M2
Z′ + iΓZ′MZ′ ]−1, (Dirac DM narrow Z ′)

Breit-Wigner Enhancement - where WMAP constraints are satisfied (FLN hep-ph/0702123 PRD).

Hidden sector, kinetic and mass mixings and a new massive boson, hep-ph/0610133 PRD, hep-ph/0701107 JHEP ,

hep-ph/0702123 PRD (New Jargon : ”Dark Force, Dark Photon, Vector Portal, etc...” )



D Zero Probing Narrow Stueckelberg Resonances

D0 Collaboration (Abazov et al.). FERMILAB-PUB-10-300-E, Aug 2010, e-Print:

arXiv:1008.2023 [hep-ex]
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Figure: Tevatron Probing Stueckelberg Extensions.

See FLN,   PRL  hep-ph/0603039



Narrow Stueckelberg Resonances at the LHC

Model → Pythia + PGS , - DF
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White Paper BSM-LHC Hidden Sector Signatures
(DF, Z.Liu, L.T. Wang, K. Zurek)

LHC  7 TeV ,   arXiv:1108.1582

Narrow Resonances at the LHC
Stueckelberg Resonances - Lower Mass

MSSM×U(1)X

http://arxiv.org/abs/1001.2693

http://arxiv.org/abs/1001.2693
http://arxiv.org/abs/1001.2693


“Summary” - can read it online
 Huge parameter space of SUSY models exist even after all the recent experimental results.

    But,  significant dents in the parameter space are evident.
 Look at possible Sparticle Mass Hierarchies to help sort out signatures and models.
 Connection between Flavor physics, Dark Matter and Colliders - leads to Multi-Probes of New 

physics: (remarkable - very different experiments reaching comparable sensitivities).
 Dark matter direct detection + LHC constraints + bsmumu ...  HB/FP being tested... 
 Higgs pole region, unified gaugino masses, can infer dark matter mass,  (in or out ?)
 No CoGeNT with MSSM neutralino ... Higgs searches, bsgamma, bsmumu remove this possibility.  

    -Upper limit on SI cross section with lower limit on mass for neutralino dark matter.
 Gluino NLSP (GNLSP) well motivated simplified model - degeneracy gives relic density

    -need to add these models in new physics searches. 

 New Solution for Electroweak Symmetry breaking Breaking  - Intersection points 
     - drives down the mu term very heavy scalars, Large Trilinears and  Large Scalar mass 
      with ratio close to unity, with sub-TeV to TeV scale gluino
     = Solution to cosmic moduli problem with rather natural EWSB.

 Look for rich n-jet signatures of gluinos - LHC will test this. 
 PAMELA wino, mixed wino and higgsino   (higgsino weaker photon signal - wino can give signal)

 Extended Gauge Symmetries of the SM and MSSM - Stueckelberg Mechanism. 
 Origin of Hidden sector dark matter (aka Dark Force) - massive U(1)hidden mass & kinetic mixing.
 Narrow Stueckelberg Resonances at colliders - Dark Forces at colliders.
 Breit-Wigner Enhancement in galactic halo consistent with Relic Density and produces PAMELA.

           See recent talk :  http://hepg.sdu.edu.cn/THPPC/conference/z0-factory-2011/liuzuowei.pdf
 Extended MSSM - can lead to Enhancement in Relic Density - can also explain PAMELA. 

http://hepg.sdu.edu.cn/THPPC/conference/z0-factory-2011/liuzuowei.pdf
http://hepg.sdu.edu.cn/THPPC/conference/z0-factory-2011/liuzuowei.pdf
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