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We’re entering the Inverse Femtobarn Era!
40/pb  let the LHC push pass the Tevatron,

1/fb will rewrite the what we know about BSM theories
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Supersymmetry as an example
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0, A0, Bµ, µ

Bµ, µ→ vEW = 246 GeV, tanβ

Applying the above results to the special case of the MSSM, we will use the approximation that
only the third-family Yukawa couplings are significant, as in eq. (5.2). Then the Higgs and third-family
superfield anomalous dimensions are diagonal matrices, and from eq. (5.26) they are, at 1-loop order:
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[The first and second family anomalous dimensions in the approximation of eq. (5.2) follow by setting
yt, yb, and yτ to 0 in the above.] Putting these into eqs. (5.23), (5.24) gives the running of the
superpotential parameters with renormalization scale:

βyt ≡
d

dt
yt =

yt

16π2

[
6y∗t yt + y∗byb −

16

3
g2
3 − 3g2

2 − 13

15
g2
1

]
, (5.44)

βyb ≡ d

dt
yb =

yb

16π2

[
6y∗byb + y∗t yt + y∗τyτ − 16

3
g2
3 − 3g2

2 − 7

15
g2
1

]
, (5.45)

βyτ ≡ d

dt
yτ =

yτ

16π2

[
4y∗τyτ + 3y∗byb − 3g2

2 − 9

5
g2
1

]
, (5.46)

βµ ≡ d

dt
µ =

µ

16π2

[
3y∗t yt + 3y∗byb + y∗τyτ − 3g2

2 − 3

5
g2
1

]
. (5.47)

The one-loop RG equations for the gauge couplings g1, g2, and g3 were already listed in eq. (5.21). The
presence of soft supersymmetry breaking does not affect eqs. (5.21) and (5.44)-(5.47). As a result of
the supersymmetric non-renormalization theorem, the β-functions for each supersymmetric parameter
are proportional to the parameter itself. One consequence of this is that once we have a theory that
can explain why µ is of order 102 or 103 GeV at tree-level, we do not have to worry about µ being made
very large by radiative corrections involving the masses of some very heavy unknown particles; all such
RG corrections to µ will be directly proportional to µ itself and to some combinations of dimensionless
couplings.

The one-loop RG equations for the three gaugino mass parameters in the MSSM are determined
by the same quantities bMSSM

a that appear in the gauge coupling RG eqs. (5.21):

βMa ≡ d
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2
aMa (ba = 33/5, 1, −3) (5.48)

for a = 1, 2, 3. It follows that the three ratios Ma/g2
a are each constant (RG scale independent) up to

small two-loop corrections. Since the gauge couplings are observed to unify at Q = MU = 2 × 1016

GeV, it is a popular assumption that the gaugino masses also unify§ near that scale, with a value called

§In GUT models, it is automatic that the gauge couplings and gaugino masses are unified at all scales Q ≥ MU , because
in the unified theory the gauginos all live in the same representation of the unified gauge group. In many superstring
models, this can also be a good approximation.
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etc. The first and second family squarks and sleptons with given gauge quantum numbers remain
very nearly degenerate, but the third-family squarks and sleptons feel the effects of the larger Yukawa
couplings and so their squared masses get renormalized differently. The one-loop RG equations for the
first and second family squark and slepton squared masses are
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for each scalar φi, where the
∑

a is over the three gauge groups U(1)Y , SU(2)L and SU(3)C , with
Casimir invariants Ca(i) as in eqs. (5.28)-(5.30), and Ma are the corresponding running gaugino mass
parameters. Also,
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An important feature of eq. (5.56) is that the terms on the right-hand sides proportional to gaugino
squared masses are negative, so‖ the scalar squared-mass parameters grow as they are RG-evolved from
the input scale down to the electroweak scale. Even if the scalars have zero or very small masses at
the input scale, they can obtain large positive squared masses at the electroweak scale, thanks to the
effects of the gaugino masses.

The RG equations for the squared-mass parameters of the Higgs scalars and third-family squarks
and sleptons get the same gauge contributions as in eq. (5.56), but they also have contributions due
to the large Yukawa (yt,b,τ ) and soft (at,b,τ ) couplings. At one-loop order, these only appear in three
combinations:
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Note that Xt, Xb, and Xτ are generally positive, so their effect is to decrease the Higgs masses as one
evolves the RG equations down from the input scale to the electroweak scale. If yt is the largest of
the Yukawa couplings, as suggested by the experimental fact that the top quark is heavy, then Xt will
typically be much larger than Xb and Xτ . This can cause the RG-evolved m2

Hu
to run negative near

the electroweak scale, helping to destabilize the point Hu = Hd = 0 and so provoking a Higgs VEV (for
a linear combination of Hu and Hd, as we will see in section 7.1), which is just what we want.† Thus
a large top Yukawa coupling favors the breakdown of the electroweak symmetry breaking because it
induces negative radiative corrections to the Higgs squared mass.

The third-family squark and slepton squared-mass parameters also get contributions that depend
on Xt, Xb and Xτ . Their RG equations are given by
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‖The contributions proportional to S are relatively small in most known realistic models.
†One should think of “m2

Hu
” as a parameter unto itself, and not as the square of some mythical real number mHu

. So
there is nothing strange about having m2

Hu
< 0. However, strictly speaking m2

Hu
< 0 is neither necessary nor sufficient

for electroweak symmetry breaking; see section 7.1.
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Gaugino Masses Scalar Masses

Gauge interactions make particles heavier

Yukawa interactions make particles lighter

Too many parameters so we make an ansatz



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

0

100

200

300

400

500

600

M
as

s 
 [G

eV
]

m0

m1/2

(µ2+m0
2)1/2

squarks

sleptons

M1

M2

M3

Hd

Hu

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, 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 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, 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 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

80

Typical mSUGRA Spectrum

Structure:

Principle Fine HyperFine
SU(3)c Charged SU(2)L Charged 3rd Generation

Heavier Heavier Lighter
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The Phenomenological MSSM
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, Bµ 3-1 for Higgs Sector

Berger, Gainer, Hewett, Rizzo

The part of parameter space that was allowed
circa 1981

19 Dimensional Parameter Space
Challenging to explore in detail: 219 ~ 0.5 Million
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∞-dimensional
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Can only do measurements of y near x=0 that we don’t know

A very complicated space to explore!
∞-dimensional

x( )
0

y = f(x)

In this world, the leading theory is f(x) = eα(x−x0)

Could design a measurement strategy to discover
f(x) �= 0, α, x0
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What happens if we’re wrong about

our theoretical assumption?

f(x) = sinh(x) f(x) vanishes at 0

f(x) = cos(x) Doesn’t grow asymptotically

f(x) = −eα(x−x0) f(x) is negative

Could enumerate all possibilities 

A better strategy

f(x) = a0 + a1x + a2x
2 + · · ·

Easy to identify special cases



Not a cure-all
Still infinite dimensional

But there is some notion of simplicity

f(x)= -x6 + x12  less likely than  f(x)=1



Not a cure-all
Still infinite dimensional

But there is some notion of simplicity

f(x)= -x6 + x12  less likely than  f(x)=1

Assumes the function is continuous/differentiable 

f(x) = log(1 + x)
Radius of convergence problems

f(x) = Θ(x)

There could be technicalities:

f(x) =
∞�

n=0

an cos(bnπx)
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Approximation

a0, a1, a2

Experimental
Signature

Ansatz

eαx

Theory

f(x)

y

f(x) = All theories beyond the Standard Model
ex= mSUGRA

y = A typical LHC observable, e.g. Missing Energy

What is the systematic approximation?
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Captures specific models 

Simplified Models

Easy to explore

Limits of specific theories

Not fully model independent, 
but greatly reduce model dependence

Removes superfluous model parameters

Only keep particles and couplings relevant for searches

Add in relevant modification to models (e.g. singlets)

Including ones that aren’t explicitly proposed

Masses, Cross Sections, Branching Ratios

A full Lagrangian description

(Effective Field Theories for Collider Physics)



Example Simplified Model
Direct Decays

g̃

χ̃

MASS

color octet majorana 
fermion (“Gluino”) 

neutral majorana 
fermion (“LSP”) 

Three-Body Decay

g̃
q̃

q q̄

χ0
1

q q̄

g̃ g̃g

f(x) = a0

(off-shell squark that is too heavy to be seen)



Directly Decaying Gluino 
Keep masses and total cross section free

mχ0mg̃ σ(pp→ g̃g̃X)

g̃
q

q̄
j

j

ET/χ0
g̃q̄

q
j

j

ET/ χ0 q̃∗ q̃∗

Typical signature is 4 jets plus missing energy
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Br = 100%

Sometimes 
this is the 

exact theory



Directly Decaying Gluino 
Study one decay mode g̃ → qq̄χ̃0
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Br = 100%

Sometimes 
this is the 

exact theory
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h

Br ∼ 10%

Other times
this is a

subdominant 
branching ratio



New Spectra to Consider

LSP could have mass of 370 GeV
4 jets of 8 GeV

15 GeV of Missing Energy

Nearly impossible to see!

Imagine having a 400 GeV Gluino

mSUGRA would predict LSP is 50 GeV
4 jets of 120 GeV

130 GeV of Missing Energy

Hard to miss



Compressed Spectra have different kinematics

q q̄

g̃ g̃g

j1

j2

j3

j4

g̃
g̃

B̃

B̃

j5

j1

j2

ET�
j3

Visible events use ISR/FSR
Low jet multiplicity signals
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Figure 5: Measured (red line) and expected (dashed blue line) 95% CL exclusion contour at
NLO in the CMSSM (m0, m1/2) plane for tan β = 3, A0 = 0 and sign(µ) > 0. The measured
LO exclusion contour is shown as well (dot-dashed green line). The area below the curves is
excluded by this measurement. Exclusion limits obtained from previous experiments are pre-
sented as filled areas in the plot. Grey lines correspond to constant squark and gluino masses.
The plot also shows the two benchmark points LM0 and LM1 for comparison.

with the estimate from control samples in data. Here, conservatively large systematic uncer-
tainties have been assigned to the background estimates. The measurements are in agreement
with the expected contributions from standard model processes. Limits on the CMSSM param-
eters have been derived, and have been shown to improve significantly those set by previous
experiments.

7 Acknowledgements
We thank L. Dixon and the members of the Blackhat collaboration for discussions concerning
vector-boson + jets production at the LHC. We wish to congratulate our colleagues in the
CERN accelerator departments for the excellent performance of the LHC machine. We thank
the technical and administrative staff at CERN and other CMS institutes, and acknowledge
support from: FMSR (Austria); FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ, and
FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST, and NSFC (China); COLCIENCIAS
(Colombia); MSES (Croatia); RPF (Cyprus); Academy of Sciences and NICPB (Estonia);
Academy of Finland, ME, and HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF, DFG,
and HGF (Germany); GSRT (Greece); OTKA and NKTH (Hungary); DAE and DST (India);
IPM (Iran); SFI (Ireland); INFN (Italy); NRF and WCU (Korea); LAS (Lithuania); CINVESTAV,
CONACYT, SEP, and UASLP-FAI (Mexico); PAEC (Pakistan); SCSR (Poland); FCT (Portugal);
JINR (Armenia, Belarus, Georgia, Ukraine, Uzbekistan); MST and MAE (Russia); MSTD
(Serbia); MICINN and CPAN (Spain); Swiss Funding Agencies (Switzerland); NSC (Taipei);
TUBITAK and TAEK (Turkey); STFC (United Kingdom); DOE and NSF (USA).

References
[1] Y. A. Golfand and E. P. Likhtman, “Extension of the Algebra of Poincare Group

Generators and Violation of p Invariance”, JETP Lett. 13 (1971) 323–326.

CMS

a 300 GeV Gluino & a 270 GeV LSP



10 4 Interpretation in the context of Simplified Model Spectra

 (p
b)

!
95

%
 C

.L
. l

im
it 

on
 

1

10

 (GeV)gluinom
400 500 600 700 800 900 1000

 (G
eV

)
LS

P
 m

100

200

300

400

500

600

700

800

900 NLO-QCD! = prod!
NLO-QCD! = 3 prod!

CMS Preliminary  = 7 TeVs-1 = 35 pbintL

T"

(a)

 (p
b)

!
95

%
 C

.L
. l

im
it 

on
 

1

10

 (GeV)gluinom
400 500 600 700 800 900 1000

 (G
eV

)
LS

P
 m

100

200

300

400

500

600

700

800

900 NLO-QCD! = prod!
NLO-QCD! = 3 prod!

CMS Preliminary  = 7 TeVs-1 = 35 pbintL

T"

(b)

Figure 8: Cross section for the gluino pair production topology excluded at the 95% CL. Over-

laid are the excluded regions of parameter space using the reference cross sections σprod. Left:

including theoretical uncertainties; Right: not including theoretical uncertainties.
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Figure 9: Cross section for the squark pair production topology excluded at the 95% CL. Over-

laid are the excluded regions of parameter space using the reference cross sections σprod. Left:

including theoretical uncertainties; Right: not including theoretical uncertainties. (The contour

with (σ × BR)95%CL = σprod is not visible in the figure.)
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Further interpretation of the search for supersymmetry
based on αT

The CMS Collaboration

Abstract

A first search for supersymmetry in events with jets and missing energy was carried
out in Phys. Lett. B 698 (2011) 196, using 35 pb−1 of integrated luminosity at

√
s

= 7 TeV. In this search, the variable αT was used as the main discriminator between
events with real and fake missing transverse energy and no excess of events over the
Standard Model expectation was found. In this note an extended interpretation of the
above result is presented. The dependence of the exclusion limit on the tan β param-
eter of the Constrained Minimal Supersymmetric extension of the Standard Model is
studied. Furthermore, upper limits on the cross section for different Simplified Model
Spectra are presented.

Much easier to interpret!
mg̃ = 400 GeV mχ0 = 50 GeV

mg̃ = 400 GeV mχ0 = 370 GeV σ × Br ≤ 30 pb
σ × Br ≤ 8 pb



Outline

The Discovery Era

Simplified Models

Using Simplified Models



mSUGRA designs are usually based on
averaging over a huge number of topologies

http://www.hephy.at/user/walten/msugra

Using Simplified Models to improve searches

http://www.hephy.at/user/walten/msugra
http://www.hephy.at/user/walten/msugra


Want to ensure discovery isn’t an accident
7 Decay Topologies:

2 Body Decay 
g̃ → χ0

1 + g

3 Body Direct Decay
g̃ → χ0

1 + qq̄

3 Body Decay to bottoms
g̃ → χ0

1 + bb̄

3 Body Decay to tops
g̃ → χ0

1 + tt̄
1 Step Cascade Decay

g̃ → χ±1 + qq̄
χ±1 → χ0

1 + W±

2 Step Cascade Decay
g̃ → χ±1 + qq̄

χ0
2 → χ0

1 + Z0

χ±1 → χ0
2 + W±

3 Body Decay to top bottom
g̃ → χ±1 + tb̄

χ±1 → χ0
1 + W±



Multiple Search Regions

(for all masses and decay topologies)

Number of search regions depends on desired “Efficacy”

E(M,S) =
σlim(M,S)
σbest

lim (M)
M = Model
S = Search Region

≥ 1

Need a set of search regions 
when combined has universal coverage

Keep E ≤ Ecrit for all theories



Hunting for Optimal Cuts
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Continued improvement at low masses
σg̃g̃ Br(g̃ → ET/ )2 � σg̃g̃ QCD

Only a small fraction of events are
visible in Jets + MET

χ̃
χ�

Br = 1%

Br = 99%

q̃
jj

jj

jj

Γ(χ̃→ χ� + jj) ∼ 1 km−1
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Appendix A: Reach Estimates
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FIG. 7: Contours of the 2σ-sensitivity for σ(pp → g̃g̃)× B for the six decay modes considered in
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−1
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√
s = 7TeV. The contour values are specified on the color

scale on the left. The red (dashed) lines are simple parametrizations of σprod ×B in terms of the g̃
NLO-QCD production corresponding to σprod × B/σNLO-QCD = 3.0, 1.0, 0.3, moving from right to
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Figure 8: Cross section for the gluino pair production topology excluded at the 95% CL. Over-

laid are the excluded regions of parameter space using the reference cross sections σprod. Left:

including theoretical uncertainties; Right: not including theoretical uncertainties.
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Figure 9: Cross section for the squark pair production topology excluded at the 95% CL. Over-

laid are the excluded regions of parameter space using the reference cross sections σprod. Left:

including theoretical uncertainties; Right: not including theoretical uncertainties. (The contour

with (σ × BR)95%CL = σprod is not visible in the figure.)
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Further interpretation of the search for supersymmetry
based on αT

The CMS Collaboration

Abstract

A first search for supersymmetry in events with jets and missing energy was carried
out in Phys. Lett. B 698 (2011) 196, using 35 pb−1 of integrated luminosity at

√
s

= 7 TeV. In this search, the variable αT was used as the main discriminator between
events with real and fake missing transverse energy and no excess of events over the
Standard Model expectation was found. In this note an extended interpretation of the
above result is presented. The dependence of the exclusion limit on the tan β param-
eter of the Constrained Minimal Supersymmetric extension of the Standard Model is
studied. Furthermore, upper limits on the cross section for different Simplified Model
Spectra are presented.

mSUGRA designed searches
E ∼ 5can be extremely non-optimal

Cost 125 GeV in reach

ATLAS Simplified Model based searches 
sometimes outperform on mSUGRA models!
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Multiple Search Regions for light flavors
Not necessarily complicated E ≤ 1.3



Designing Optimal Regions

• Choice of multiple search regions 
depends upon

• Not something a theorist should be 
designing too closely

• Scans are expensive for 
experiments,  providing 
benchmark theories saves effort

• backgrounds 
• detector efficiencies & acceptances
• how good is good enough
• etc

• We’ve done rough exploration of 
corners of parameter space looking 
for



Benchmark Models

• Chosen to maximize differences in 
how they appear in given searches

• Simple and easy to define 

• Consistent theories on their own

mχ± = mχ0 + x(mg̃ −mχ0)
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Results based on Simplified Models

Easier to interpret what is being missed

How well a simplified model fits 
is important piece of information 

After first anomaly appears:

Before first anomaly appears:

After many anomalies:
Will allow test models without unnecessary priors

Do searches miss compressed spectra?

Is the anomaly fit with only 2 particles?

How do we confirm that there are 4 neutralinos?



ATLAS & CMS are using for
for many upcoming analyses

http://LHCNewPhysics.org

Keeping a repository of 
Simplified Models

Now approaching a fully featured website with supplemental information:
Definitions of Models, Model files, 

LHE Files, Presentations,
Refereeing, Discussions

Many Simplified Models have not been studied

http://LHCNewPhysics.org
http://LHCNewPhysics.org

