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Cold Dark Matter and SUSY

Cold Dark Matter: distribution of
additional mass in the universe,
. electrically neutral (“dark”)
. not black holes or massive neutrinos

Many SUSY models have candidate
particle for Cold Dark Matter
(their lightest stable particle, LSP)

SUSY models are constrained
from various sides:
. Measurements

SM observables, rare decays
. Searches

no superpartner observed yet
. Discovery of Higgs-like boson
. Cosmological

Strongly restrict viable
models/parameter space
Interest in final states with tau
leptons
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SUSY with tau final states
Third-generation final states
favoured by many models
. Left-right mixing in SUSY

M
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leads to lighter sfermion
masses in 3rd generation

. RGE in MSSM, mSUGRA

. τ̃ is NLSP in relevant
GMSB parameter range

. Cosmological constraints

2 4 6 8 10 12 14 16 18
Log10(Q/1 GeV)

0

500

1000

1500

M
as

s 
 [G

eV
]

m0

m1/2

(µ2+m0
2)1/2

squarks

sleptons

M1

M2

M3

Hd

Hu

Figure 8.4: RG evolution of scalar and gaugino mass parameters in the MSSM with MSUGRA
boundary conditions imposed at Q0 = 2 × 1016 GeV. The parameter µ2 + m2

Hu
runs negative,

provoking electroweak symmetry breaking.

GMSB models, the free parameters include at least the scale Λ, the typical messenger mass
scale Mmess, the integer number N5 of copies of the minimal messengers, the goldstino decay
constant 〈F 〉, and the Higgs mass parameters µ and b. After RG evolving the soft terms down
to the electroweak scale, one can demand that the scalar potential gives correct electroweak
symmetry breaking. This allows us to trade |µ| and b for one parameter tan β, as in eqs. (8.1.9)-
(8.1.8). So, to a reasonable approximation, the entire mass spectrum in MSUGRA models is
determined by only five unknown parameters: m2

0, m1/2, A0, tan β, 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 8.4 shows the RG running of scalar and gaugino masses in a typical model based on
the MSUGRA boundary conditions imposed at Q0 = 2× 1016 GeV. [The parameter values used
for this illustration were m0 = 200 GeV, m1/2 = −A0 = 600 GeV, tan β = 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
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Gravity-mediated models (CMSSM/mSUGRA)
phenomenology

SUSY-breaking model assumes
hidden sector which couples to
SM only through gravity
assume universality of gaugino
& sfermion masses at high scale
leads small set of free par.

A0: SSB universal trilinear coupling
M0: universal scalar mass
M1/2: universal gaugino mass
tanβ: ratio of VEVs
signµ: mass parameter for Higgsino

superfield mixing

R-parity is conserved

experimental constraints leave
small allowed parameter region

13

Observable ∆χ2 ∆χ2 ∆χ2 ∆χ2

CMSSM (high) CMSSM (low) NUHM1 (high) NUHM1 (low)

Global 33.0 32.8 31.8 31.3

BR
EXP/SM
b→sγ 1.15 1.19 0.94 0.18

BR
EXP/SM
B→τν 1.10 1.03 1.04 1.08

aEXP
µ − aSM

µ 9.69 8.48 10.47 7.82

MW [GeV] 0.10 1.50 0.24 1.54

R� 0.95 1.09 1.09 1.12

Afb(b) 8.16 6.64 5.68 6.43

A�(SLD) 2.49 3.51 4.36 3.68

σ0
had 2.58 2.50 2.55 2.50

ATLAS 5/fb jets + /ET 0.09 1.73 0.02 1.18

BR(Bs → µ+µ−) 2.52 1.22 1.59 1.70

XENON100 0.13 0.12 0.14 0.13

Table 2
Summary of the contributions of the most important observables to the global χ2 function at the best-fit
high- and low-mass points in the CMSSM and NUHM1 (those with ∆χ2 > 1) , and of the main updated
observables ATLAS 5/fb jets + /ET , BR(Bs → µ+µ−) and XENON100.

Figure 7. The (tanβ, m1/2) planes in the CMSSM (left panel) and the NUHM1 (right panel) including
the ATLAS 5/fb jets + /ET constraint [12], a combination of the ATLAS [21], CDF [22], CMS [23]
and LHCb [24] constraints on BR(Bs → µ+µ−) [25]. In both cases, we include a measurement of
Mh = 125 ± 1.0 ± 1.5 GeV and the new XENON100 constraint [27]. The results of the current fits are
indicated by solid lines and filled stars, and previous fits based on ∼ 1/fb of LHC data are indicated by
dashed lines and open stars. The blue lines denote 68% CL contours, and the red lines denote 95% CL
contours.

O. Buchmüller et al, arxiv:1207.7315

See also talk by J. Lindroos
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Gravity-mediated models and taus

In CMSSM/mSUGRA the τ̃ is often the lightest sfermion
at small M0 exists region where τ̃ and LSP are almost mass degenerate
⇒ large co-annihilation cross-section in this region: χ̃0

τ̃1 → τγ

This region is favoured by cosmological constraints:
agreement with observed relic density ΩCDMh

2 ∼ 0.12 from WMAP
(without co-annihiliation the predicted ΩCDMh

2 is too high)
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Gauge-mediated SUSY-Breaking

SSB is transmitted to the SM
world via messenger fields
No scalar mass parameter M0

free parameters
Λ: scale

Mmes: messenger mass scale
N5: nr of equivalent messengers

tanβ: ratio of VEVs
Cgrav: Gravitino mass ratio

sign(µ): sign of mass parameter for
Higgsino superfield mixing

NLSP is either χ̃0
1, τ̃1 or ẽR/µ̃R

LSP is the gravitino G̃
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Ñi C̃i

g̃
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ẽR ν̃e ẽL τ̃1 τ̃2 ν̃τ

b̃2

t̃1

b̃1

t̃2

(b)

h0

H0 A0

H±

Ñ1

Ñ2
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Ñ3

Ñ4
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Figure 8.5: Four sample mass spectra for the undiscovered particles in the MSSM, for (a)
MSUGRA with m2

0 ! m2
1/2, (b) MSUGRA with m2

0 " m2
1/2, (c) GMSB with N5 = 1, and

(d) GMSB with N5 = 3. Mass scales are not equal for the four cases, and are deliberately
omitted. These spectra are presented for entertainment purposes only! No warranty, expressed
or implied, guarantees that they look anything like the real world.
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S. Martin – illustration

typical Mmes =250GeV, N5 =3,
sign=+, Cgrav =1.

between 2 and 4 τ in final state
χ̃0
1 → τ̃+τ− → τ+τ−G̃ .
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Other models

Model-independent search:

ad-hoc model of strong gluino pair
production with decay chain to LSP

9

Table 2: The p-values corresponding to the observed numbers of events in the ELE-TAU (left
figure) and ELE (right figure) box signal regions (SRi). The p-values test the compatibility of
the observed number of events in data with the SM expectation. We quote the median and the
mode of the yield distribution for each SR, together with the observed yield. A 68% probability
interval is calculated using the probability associated with each yield outcome as the ordering
principle.
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Figure 4: Illustration of the simplified models considered to interpret the result: T5taunu (left)
and T3tauh (right).

• a cross section for the considered signal, which allows us to set a normalization.

The limit procedure is applied as a function of the signal cross section. Two likelihood functions
are defined: the signal plus background likelihood and the background-only likelihood. The

gluino and LSP masses are free
parameters

decay through χ̃0 or χ̃± with fixed
mass ( 1

2
mg̃)

used in CMS interpretation under
the name “T5taunu” and “T3tauh”

R-Parity violating models:

lightest SUSY particle can decay

additional symmetries needed to
prevent proton decay

However, existence of DM not
argument against RPV SUSY:

. very small R/ coupling to LSP

. gravitino DM

merits dedicated talk
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Experimental signatures

final states with
. τhad, tau with hadronic decay

(from SUSY decay chain)
. jets (from strong production)
. Emiss

T (from LSP)

typically ≥ 2 taus are produced,
Second τ could be soft if
∆M(τ̃1, χ̃

0
1) . 5GeV

low efficiency and high pT
threshold for identification:
signatures with 1 and 2 taus
jets + Emiss

T triggers
(easier to trigger than τ)
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Tau+Jets+MissingET signals

Quantities sensitive to high
masses of SUSY process

Transverse scalar sum
HT =

∑
pτT +

∑
pjetT
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CMSSM limits from tau final states

For tanβ = 40,
A0 = 500GeV,
µ > 0

High sensitivity
in co-annihilation
region

mgluino < 1.15TeV
for M0 < 400GeV

CMS-PAS SUS-12-004

one tau at least two tau
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ATLAS GMSB Limits with taus

see talk by Ø. Dale
arxiv:1210.1314, 1208.4688 [hep-ex]

Limits on free model parameters

Λ < 50 . . . 60TeV excluded at
95% CL over almost entire
allowed tanβ region

results from τ and di-lepton
analyses: comparable limits,
complementary regions
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Tau results as part of ATLAS SUSY Searches

Mass scale [TeV]
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CMS GMSB Limits with taus
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CMS Razor

Razor variable:
Captures kinematics of the generic
process of pair production of two
heavy particles.

Event forced into dijet signature
MR characterizes the presence of
a heavy particle mass scale
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Figure 3: Projection of the 2D fit result on MR (left) and R2 (right) for the ELE-TAU (top) and
ELE (bottom) boxes. The description of all the components in the figure is in the caption of
Fig. 2.

6 7 The background model
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Figure 2: Projection of the 2D fit result on MR (left) and R2 (right) for the MU-TAU (top) and MU
(bottom) boxes. Data are represented by the black points with error bars. The blue histogram is
the total Standard Model prediction as obtained from a single pseudo-experiment based on the
2D fit. The red and yellow histograms represent a steep slope component denoted as V+jets 1st
component and a component that encapsulates the steeper slope first component in tt̄+jets and
the effective second component which is indistinguishable for the different SM background
processes. The fit is performed in the R2 − MR fit region and projected into the full region. The
green histogram is an example of signal distribution for the T3tauh simplified model with
gluino mass set to 800 GeV/c2 and LSP mass set to 200 GeV/c2.

CMS-PAS SUS-11-029
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CMS Razor II

Model-indep. interpretation
Interpretation in simplified
models
χ̃± and χ̃0decaying to τs
limit set on gluino mass

12 9 Summary
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Figure 5: Exclusion cross-section vs. model spectrum for the T5taunu (left) and T3tauh (right)
simplified models. The solid black (green) lines show the observed (expected) limits. The
color scale shows the model independent cross-section excluded in the SMSs. The solid grey
region indicates model points where the analysis was found to have dependence on initial
state radiation modelling in the simulation of signal events above a pre-defined tolerance; no
interpretation is presented for these model points.

is used to perform a 2D fit of the SM backgrounds, based on which we predict the background
yields and shapes in regions at high mass scale that could contain events from new physics.

We observed no significant excess over the background expectations and have presented the
results as a 95% CL for a tau-enriched simplified model.



W. Liebig SUSY Models ATLAS and CMS results Summary & Outlook

Summary

Motivations for finding SUSY in tau final states: from theory itself
but also from DM density
Another motivation: ability to distinguish a tau-enriched SUSY
signal from that of a general multi-lepton signal
ATLAS & CMS tau ID performs well
Several analyses and model-(in)dependent interpretations
Translated to gluino mass, data requires mg̃ > 1.15 . . . 1.25 TeV
ATLAS & CMS public results currently from 7TeV data.
Expect results from 22 fb−1 @ 8TeV data next year!
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SUSY searches at the LHC 2015-2022

Increase in mass scale reach from high collision energy ( 14 TeV)
and high lumi ( 3000 fb−1)
If SUSY is discovered: subsequent determination of model
parameters should allow prediction of relic density with precision
similar to WMAP with ∼30 fb−1

(for mSUGRA, Arnowitt et al, PRL 100 231802 (2008))
if SUSY is not discovered: increasing difference between SM mass
scale and remaining allowed regions for SUSY masses
⇒ little hierarchy problem.
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