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Outline

• Dilepton edges in SUSY

- Chosen benchmark points

- Different decay modes of the neutralinos

• Standard model backgrounds

- Event selection

• Fit of the mass edge

- Fit method

- Calibration of the estimator

• Expected results for 1 fb-1

- Including statistical and systematical uncertainty
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Supersymmetry 

• SUSY solves many problems of the SM

• Unification of the 3 forces

• Dark matter candidate

• Symmetry between fermions and bosons 

• Each standard model particle gets its 
superpartner

• Spin differs by 1/2

• Up to now: no sparticles found

• Symmetry is broken 

• Mass eigenstates are measured

• R-Parity (Matter-Parity)

• PR = +1 SM particle

• PR = -1 SUSY particle

3

PR = (−1)3·(B−L)+2s Disadvantage: 105 new parameters (MSSM)

2.3. Supersymmetry 7

2.3 Supersymmetry
Supersymmetry [4, 5] is the symmetry between fermions and bosons. A supersym-
metric transformation Q turns a bosonic state into a fermionic state (Q |boson〉 =
|fermion〉) and vice versa. Each SM particle is transformed into its superpartner,
which differs in spin by 1/2. None of these superpartners has been observed until
now.
The particles included in the Minimal Supersymmetric Standard Model (MSSM) are
listed in Tab. 2.3. The MSSM contains a minimal number of new particles. Super-
symmetric particles are commonly called sparticles (supersymmetric particles). The
partners of the fermions (sfermions) get a prefix s- (scalar particle, e.g. squarks,
sleptons . . . ), while the superpartners of the bosons (gauginos) get a suffix -ino (e.g.
gluino, wino . . . ).

Table 2.3: Relations between SM particles and MSSM partners.

SM particle spin MSSM partner spin

quark q 1
2 squark q̃ 0

lepton l 1
2 slepton l̃ 0

gluon g 1 gluino g̃ 1
2

W bosons W±, W 0 1 winos W̃±, W̃ 0 1
2

B boson B0 1 bino B̃0 1
2

Higgs boson H 0 higgsinos H̃ 1
2

graviton G 2 gravitino G̃ 3
2

The MSSM particles shown in Tab. 2.3 represent the gauge eigenstates in the the-
ory. The experimentally observed mass eigenstates are formed by mixing of these
eigenstates.
Actually there exist four neutral gauginos, called neutralinos (χ̃0

1, χ̃0
2, χ̃0

3, χ̃0
4), which

are mixed states of the neutral gauge particles (wino, bino, neutral higgsinos).
The four charged gaugino mass eigenstates are called charginos (χ̃±1 , χ̃±2 ) and are ob-
tained by mixing of the charged gauginos (charged winos, charged higgsinos). These
particles are ordered by their mass, indicated by the index of the particle, where the
mass increases with index. The mass eigenstates in the MSSM are listed in Tab. 2.4.

In supersymmetric models a new multiplicative quantum number is introduced,
which allows to distinguish SM and supersymmetric particles. It is called R-parity
(or matter parity) and is defined as follows:

PR = (−1)3(B−L)+2s,

where B is the baryon number, L the lepton number and s the spin of the particle.
This quantum number yields +1 for a SM particle and −1 for the supersymmetric

8 2. Supersymmetric Extension of the Standard Model

Table 2.4: Particle content of the MSSM excluding SM particles.

Particle spin PR gauge eigenstates mass eigenstates

Higgs bosons 0 +1 H0
1 , H0

2 , H+
1 , H−

2 h0, A0, H0, H±

squarks 0 −1 q̃ q̃

sleptons 0 −1 l̃ l̃

neutralinos 1
2 −1 B̃0, W̃ 0, H̃0

1 , H̃0
2 χ̃0

1, χ̃0
2, χ̃0

3, χ̃0
4

charginos 1
2 −1 W̃±, H̃−

1 , H̃+
2 χ̃±1 , χ̃±2

gluino 1
2 −1 g̃ g̃

gravitino 3
2 −1 G̃ G̃

partners. Its conservation would have three important implications on the phe-
nomenology of the theory:

• Sparticles can only be produced in pairs, if the initial state is formed of ordinary
matter.

• The lightest supersymmetric particle (LSP) is stable; since it has R = −1 it
cannot decay into SM particles.

• Sparticles finally decay into SM particles and the LSP.

If R-parity is conserved it prevents proton decay, which can occur in the MSSM
without R-parity conservation but has not been observed yet (the proton lifetime is
larger than 1032 years).
In the following R-parity conservation is assumed, which implies the typical SUSY
decay chains (Sec. 2.4.3).
The extension of the Standard Model gauge couplings to the MSSM couplings is
quite complicated, but in R-parity conserving models the interaction vertices be-
tween particles and sparticles can easily be obtained by replacing two particles by
their superpartners.
If supersymmetry was an exact symmetry, all masses of the SM particles and their su-
perpartners would be the very same. Since up to now no supersymmetric partner has
been observed [6], the symmetry must be broken. Several different supersymmetry-
breaking mechanisms have been proposed. One common important characteristic
all models include: they leave the good properties of the theory, like unification and
a way out of the hierarchy problem, untouched.
It is quite clear that all superpartners have to have higher masses than their SM
partners, because otherwise it would have been very easy to detect them a long time
ago. On the other hand, if the masses were many orders of magnitude larger, one
would end up in the hierarchy problem again (Sec. 2.2.1).
In the following section the MSSM Higgs sector and the gaugino mixing is explained.
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, 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 [186]-[195],[177].

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

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

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

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

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

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary

79

H1

H2

Figure 2.4: RG evolution of scalar and gaugino mass parameters in a mSUGRA
model with boundary conditions at Q ≈ 1016 GeV [4].

m2
q = m2

ū = m2
d̄ = m2

L = m2
ē = m2

01,

m2
H1

= m2
H2

= m2
0,

au = A0yu, ad = A0yd, ae = A0ye,

where the ai are related to the Yukawa matrices yi (3×3 matrices) which describe
the masses and the mixing of the sparticles.
With these assumptions, which are purely theoretically motivated, there are only
five free parameters in the supergravity model:

m0 : Common scalar mass parameter at the GUT scale.

m1/2 : Common gaugino mass parameter at the GUT scale.

A0 : Trilinear coupling at the GUT scale.

tan β : Ratio of the Higgs VEVs at the electroweak scale.

sign µ : Sign of the higgsino mass parameter at the GUT scale.

All masses at the electroweak scale are obtained via the evolution of the RG equa-
tions. This is important since experimentally the masses are measured at a scale
much lower than 1016 GeV (the evolution of the RG equations is shown in Fig. 2.4).
The impact of these assumptions on the phenomenology is small, so that the gen-
eral phenomenological consequences, like decay chains, remain valid in more general

mSUGRA 

• Unification of masses and couplings at the GUT scale

• Symmetry-breaking via gravity

• R-Parity conservation

• Supersymmetric particles are produced in pairs

• LSP is stable

• Sparticles decay into the LSP

• Only 5 free parameters:

• M0:       common scalar mass

• M1/2:     common gaugino mass

• tan(β):  ratio of the Higgs vacuum expectation values

• A0:        trilinear coupling

• sgn(μ):  sign of the higgsino mass parameter

4

PR = (−1)3·(B−L)+2s

Masses are calculated via 
running of the renormalization

group equations

2.3. Supersymmetry 11

In this notation the soft supersymmetry breaking terms read as follows:

LSoft = −1

2

(
M3g̃g̃ + M2W̃W̃ + M1B̃B̃ + h.c.

)

−Q̃†m2
QQ̃− L̃†m2

LL̃− ˜̄um2
ū
˜̄u† − ˜̄dm2

d̄
˜̄d† − ˜̄em2

ē
˜̄e†

−m2
H1

H∗
1H1 −m2

H2
H∗

2H2 − (bH1H2 + h.c.)

−
(

˜̄uauQ̃H2 − ˜̄dadQ̃H1 − ˜̄eaeL̃H1 + h.c.
)

. (2.4)

In Eq. (2.4) M3, M2 and M1 are the gluino, wino and bino mass terms. The second
line represents the squark and slepton mass terms and each of the m2

i is a 3×3 ma-
trix in family space with dimension [mass]2. The third line is the supersymmetry-
breaking contribution to the Higgs-potential, which consists of three mass terms
(Sec. 2.3.1). The last line contains the scalar couplings of the Higgs bosons and each
of the ai is a matrix in family space as well. In this representation all the gauge and
family indices are omitted.
These soft supersymmetry breaking terms introduce 105 new parameters (in addi-
tion to the SM parameters) to the theory. This number of parameters can be reduced
by certain assumptions based on the spontaneous supersymmetry breaking mecha-
nism. In the next section the symmetry-breaking via gravity will be motivated and
described.

2.3.3 Supergravity

An extension to the MSSM is the model of minimal supergravity (mSUGRA) [7],
which allows to reduce the number of new parameters significantly.

Hidden Sector

Non-supersymmetric ground 
state

Visible Sector

MSSM

Gravity

Figure 2.3: Schematic view of the supersymmetry breaking structure in the
mSUGRA model.

In this model a new hidden sector, which does not carry any SM quantum numbers
and has therefore no direct relation to the MSSM sector, is introduced. In this sector
the symmetry is broken explicitly and then the symmetry breaking is mediated by a
messenger, in this case gravity, to the visible sector. This idea is sketched in Fig. 2.3.
The remaining parameters in the theory are assumed to be unified at a high mass
scale (GUT scale ≈ 1016 GeV).
In the supergravity model the following relations for the mass terms and couplings
of Eq. (2.4) are assumed at the GUT scale:

M3 = M2 = M1 = m1/2,
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CMS Benchmark points

5
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• High production cross section

• σSUSY = 44 pb (Prospino NLO)

σg̃g̃ = 36.7 pb
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Edges in mSUGRA

6

χ̃2

χ̃1

l
+

l
−

Z
0∗

Generator level

• 3-body decay

• Only numerical 
calculations for the 
shape exist (for LM9)

• Endpoint = neutralino 
mass difference

LM1

• 2-body decay

• Shape of the edge is 
triangular

mll,max = 62.9 GeV mll,max = 78.1 GeV

LM9

mll,max =

√

(

m2

χ̃0
2

− m2

l̃

) (
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1

)
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Statistical subtraction

• Reduces SUSY and SM background 
in events where two leptons are 
produced uncorrelated

• Needs high statistics

• Similar reconstruction efficiency for 
electrons and muons
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SM backgrounds

• MET distribution very 
comparable to the SM

• Only soft cut to preserve a 
high signal efficiency

8
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Preselection

• 2 leptons (pT > 3 (5) GeV)

• 2 jets (80 and 30 GeV ET)

• MET of 50 GeV

• Top pair + Jets (Alpgen) 

• σ = 830 pb

• Z+Jets (Alpgen)

• σ = 6 nb

• W+Jets (Alpgen)

• σ = 57 nb

• QCD (Pythia)

• σ = 819 μb

σSUSY = 44 pb Full CMS detector simulation
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Cuts on four leading jets

9
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Selection for 1 fb-1

10

σ [pb] Dilepton 
skim

MET cut 4 jets 2 isolated 
leptons

LM9t175_sftsdkpyt 25,86 11392 10794 6131 330

LM9_sftsdkpyt 29,49 13189 12449 6927 447

LM1_sftsdkpyt 43,48 18755 18447 4708 379

t t̄+jets (NLO) 836 93718 74969 12074 306

Z+jets (0<pT<300) 5777 13210 9351 235 57

W+jets (0<pT<300) 58155 63419 48294 1085 1

QCD - 1,9 •107 8,7 •106 390895 2

Lepton isolation

• Reduction of the QCD background

• Energy in a cone around the lepton is 
required to be smaller than 30%

l

∆Rcone < 0.2

∆R =
√

∆η2 + ∆φ2

Econe − Elept

Elept
< 0.3
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Invariant mass distribution 
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• 100% trigger efficiency

• Endpoint is clearly visible

• High significance of the signal

• Negative entries due to 
statistical subtraction

Entries 0-80 GeV all cuts

SUSY 192

tt+jets -2,4

Z+jets 13,6

W+jets -1,0

QCD 1,6

SCL =

√

2
[

(s + b) ln
(

1 +
s

b

)

− s

]

1 fb-1

Aim: Determination of the endpoint

χ̃0
2 → χ̃0

1 + l+l−

SCL = 26
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Calibration of the estimator

• 5 MC datasets from CMS fast simulation

• Varied m1/2  to obtain five mass 
differences

• Allows a calibration of mcut

12
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Systematic error

• All systematic uncertainties are evaluated for mcut

• All cuts have been varied

• Only significant variations are considered

• A variation of the binning and the fit range

• Uncertainty on SM background is estimated by 20%

• PDF, Parton Shower, Underlying Event, Pile-up, Fragmentation etc.

• Uncertainty in lepton energy scale of 2% is considered

• Uncertainty in jet energy scale of 10% is considered

13

mfinal − mvar
√

∣

∣

∣
σ

2

final − σ2
var

∣

∣

∣

> 1

mcut,syst Δ m- [GeV] Δ m+ [GeV]

Var. of all cuts -1,4 +0,7

SM background - -

Lepton energy scale - -

Jet energy scale - -

Misalignment -1,5 +1,5

• Misalignment Tracker and Muon system

• CMS 10 pb-1 scenario 

• Alignment of the detector after 10 pb-1 of 
data

• Conservative estimation of the misalignment
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Expected results for1fb-1

14

• Cuts optimised for this 
point

• Statistical error of 1,5%

• Systematical error of 3%

• Significant 
contribution due to 
misalignment of the 
detector

• Theoretical mass 
difference is reproduced 
within the error

∆mtheo = 62.91 GeV

LM9t175_sftsdkpyt

∆mχ̃0
2
−χ̃0

1
=

(

63.1 ± 0.9stat.
+1.6
−2.0 syst.

)

GeV
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Different benchmark points (1fb-1)

• Not optimised for LM1

• Larger error

• “wrong” theoretical model

• Theoretical value is 
reproduced within the error

15
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• Larger SUSY Z-Peak

• Different mass difference due 
to change in top mass

• Mass difference is reproduced 
within the error

SCL = 21 SCL = 21

LM1_sftsdkpyt LM9_sftsdkpyt
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Conclusion

• SUSY signal is visible at LM9 and LM1 with an integrated luminosity of 1 fb-1

• including misalignment (10 pb-1 scenario) (for LM9)

• 100% trigger efficiency on the final event selection (LM9)

• High significance of the signal

• Statistical error of 1,5% (LM9)

• Systematical error of 3% (LM9)

• If SUSY is realised in such a scenario: a measurement with a precision of 5% 
seems possible with 1 fb-1

Outlook

• Determine lepton reconstruction efficiency from data

• Develop methods of background estimation from data

• e.g. fit eμ background and look for excess in ee and μμ distribution

16
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BACKUP

17
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Trigger efficiency at LM9 
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Double relaxed e

µSingle isolated 

µSingle relaxed 

µDouble relaxed 

 isolatedµe + 

 relaxedµe + 

Leptonic triggers  97,9%

- Single isolated e (15 GeV)

- Single relaxed e (17 GeV)

- Double isolated e (10 GeV)

- Double relaxed e (12 GeV)

- Single isolated μ (11 GeV)

- Single relaxed μ (16 GeV)

- Double relaxed μ (3,3 GeV)

- e + μ isolated (8,7 GeV)

- e + μ relaxed (10,10 GeV)
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L1 condition fulfilled

Hadronic triggers  100%

- Quad-Jet (60 GeV)

- HT + MET (350,65 GeV)

• Full trigger efficiency using two small sets of triggers

• No correction needs to be taken into account
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Lepton selection and isolation

Lepton isolation

• Reduction of the QCD background

• Energy in a cone around the lepton is 
required to be smaller than 30%
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Background estimation from data

• If Var1 and Var2 are uncorrelated

• and have separation power

• Background can be extrapolated 
from D to C

20

Var1 (Inv. mass)

Va
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Signal region

• Dilepton analysis

• Var1: Invariant mass

• Uncorrelated

• Transverse jet energy

• MET (not enough separation 
power at LM9)

• Possible for tt+jets, Z+jets, W+jets

• QCD background isolation of leptons 
could be used

• Probably not uncorrelated?

NC = ND ·

NB

NA
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Z+jets

21
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Corr = -0,027
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• Sum of ET of four 
hardest jets is used

• Background is 
separated from 
signal in both 
variables 

• Problem: do not 
know where the 
signal appears

• Could decay as well 
mostly via real Z 
boson

TestWork in progress
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• Both signal and 
background used in 
the control dataset

• Almost no signal 
contamination in 
the control dataset

• Estimation of the 
background in bins 
of 5 GeV in the 
signal region 

NC = ND ·

NB

NA

TestNo statistical subtraction

CR
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• Both signal and 
background used in 
the control dataset

• Estimation of the 
background in bins 
of 5 GeV in the 
signal region 

• Almost no signal 
contamination in 
the control dataset

NC = ND ·

NB

NA

Test
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ttbar 

24
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• ttbar background is 
not well separated 
from signal 

• For ttbar events the 
invariant mass is not 
fully uncorrelated 
with the ET sum of 
the jets

• Different variable?

• ttbar is very 
similar to the 
background

TestWork in progress


