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SUSY in Pythia 8

Read in new masses and couplings
- Can read in files SUSY Les Houches v2 (SLHA2) format 
- Completely flavour general couplings [Bozzi et. al. 2007]

2 Supersymmetry in Pythia 8

Supersymmetry (see [10] for a pedagogical introduction) is considered one of the best moti-
vated extensions of the SM due to its ability to address many outstanding theoretical and
experimental issues. In particular, the Minimal Supersymmetric extension of the Standard
Model (MSSM) is currently a popular candidate for a BSM theory. The MSSM extends the
SM by the addition of one pair of SUSY generators which implies the presence of one super-
partner to each SM state. The MSSM particle spectrum therefore has squarks (q̃i), sleptons
(�̃i) and gauginos (B̃, W̃ i and g̃) as the supersymmetric counterparts of quarks, leptons and
gauge bosons respectively. The requirement of self-consistency of the theory via anomaly
cancellation also demands two Higgs doublet fields Hu and Hd. After electroweak symmetry
breaking (EWSB), we are left with five Higgs degrees of freedom viz. the CP-even h0 and
H0, the CP-odd A0 and two charged Higgs bosons H±. The superpartners of the Higgses —
the fermionic “Higgsinos” — mix with the gauginos to form neutralinos and charginos. In
particular, the neutral Higgsinos (H̃1 and H̃2) mix with the neutral U(1) and SU(2) gauginos
(B̃ and W̃

3) to form the mass eigenstates called the neutralinos (χ̃0
i ; i = 1 − 4.) Similarly,

the charged Higgsinos mix with the charged SU(2) gauginos to form charginos (χ̃±
i ; i = 1, 2.)

The next-to-minimal supersymmetric extension of the SM (nMSSM) extends this scenario
by adding one extra singlet Higgs field. This adds another member to the neutralinos. The
current implementation of Pythia 8 includes the nMSSM extension and allows processes
with CP, flavour or R-parity violation.

Pythia 8 uses the standard PDG codes for numbering the superpartners [11] and the
particle spectrum is read in via an SLHA file [12, 13]. We use the super-CKM basis (in the
conventions of the SLHA2 [13]) for describing the squark sector which allows non-minimal
flavour violation. The mass-eigenstates of the squarks are then related to the left- and right-
handed squarks via a 6 × 6 complex mixing matrix. Our implementation can therefore be
used to study both CP violation and flavour violation in the squark sector.
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ũ2

ũ3
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ũ5

ũ6
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The neutralino mixing matrix N is a 4 × 4 (5 × 5 in the case of nMSSM) mixing ma-
trix describing the transformation of the gauge eigenstate fermions (−iB̃,−iW̃3, H1, H2) into
the mass eigenstates (χ̃0

1, χ̃
0
2, χ̃

0
3, χ̃

0
4). The two chargino mixing matrices U and V describe

the diagonalization of the chargino mass matrix from the gauge eigenstates (−iW
+
, H

+) to
(χ̃+

1 , χ̃
+
2 ). Supplementary conventions for vertices and most of the cross-section formulae are

taken from [14], as detailed below.

2.1 Couplings

Pythia 8 reads particle masses and mixing matrices via the SUSY Les Houches Accord
(SLHA2) framework [13]. (Read-in of SLHA1 spectra [12] is also supported, but mixing the
two standards is strongly discouraged, as the internal translation from SLHA1 to SLHA2
has only been designed with the original SLHA1 in mind.) The raw data read in by the

2
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SUSY in Pythia 8

Allows processes with
 - CP violation
 - Flavour violation
 - R-parity violation

Calculates all decay widths for 2-body decays of squarks, sleptons, 
gluino, neutralinos and charginos.
 
Cross sections
- Pair production of all strongly charged superparticles 
- Pair production of Neutralinos and Charginos
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Production processes

Chargino and neutralino production qqbar2chi0chi0,
qqbar2chi+-chi0,
qqbar2chi+chi-.

Gaugino squark production qg2chi0squark,
qg2chi+-squark.

Gluino production gg2gluinogluino,
qqbar2gluinogluino.

Squark-gluino production qg2squarkgluino

Squark-pair production gg2squarkantisquark,
qqbar2squarkantisquark

qq2squarksquark

RPV resonant squark production qq2antisquark

Table 1: List of SUSY production processes. In all cases, charge conjugate processes are
turned on by default.

SUSY processes can be turned on using SUSY:all = on. Individual subprocesses can then be
selected based on the final state by setting SUSY:idA = PDGcode and SUSY:idB = PDGcode.
If only idA is provided, all processes with that particle in the final state are turned on.
Alternatively, one or more specific classes of subprocess can be turned on, using the string
SUSY:processname = on, again with SUSY:idA and SUSY:idB providing a further level of
subprocess selection. The available subprocess classes are listed in Table 1.

The squark-antisquark and squark-squark production processes include contributions from
EW diagrams and their interferences. To estimate the size of these contributions, and/or for
purposes of comparison to other codes that do not include them, the cross sections can be
restricted to include only the strong-interaction contributions, using the following flags:

• qqbar2squarkantisquark:onlyQCD = true.

• qq2squarksquark:onlyQCD = true.

The baryon number violating coupling λ′′
ijk if present, can induce resonant squark produc-

tion via the process djdk → ũ∗i which produces a resonant up-type antisquark or via uidj → d̃∗k
or uidk → d̃∗j which produce a down-type antisquark. The expression for an up-type squark
production process is

σũ∗

i
=

2π

3m2
i

∑

jk

∑

i′

|λ′′

i′jk(R
u)ii′ |2 (3)

The expression for down-type squarks is similar, taking into account the symmetry prop-
erty λ′′

ijk = −λ′′
ikj . We implement this production process as qq2antisquark and the charge

conjugate processes (q̄iq̄j → q̃k) are included by default.
The supersymmetric Higgs sector is identical in many ways to the Two-Higgs Doublet

Model. The Higgs production processes have already been implemented in Pythia 8 in
the SigmaHiggs class. The production of the Higgs bosons can be accessed by including
the switch HiggsBSM:all=on. For specific Higgs processes, please refer to the HTML user
reference included with the code [1].

4
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R-parity violating production
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qiqj → q̃∗k
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Gaugino squark production qg2chi0squark,
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qqbar2gluinogluino.

Squark-gluino production qg2squarkgluino

Squark-pair production gg2squarkantisquark,

qqbar2squarkantisquark

qq2squarksquark

RPV resonant squark production qq2antisquark

Table 1: List of SUSY production processes. In all cases, charge conjugate processes are

turned on by default.

SUSY processes can be turned on using SUSY:all = on. Individual subprocesses can then be

selected based on the final state by setting SUSY:idA = PDGcode and SUSY:idB = PDGcode.

If only idA is provided, all processes with that particle in the final state are turned on.

Alternatively, one or more specific classes of subprocess can be turned on, using the string

SUSY:processname = on, again with SUSY:idA and SUSY:idB providing a further level of

subprocess selection. The available subprocess classes are listed in Table 1.

The squark-antisquark and squark-squark production processes include contributions from

EW diagrams and their interferences. To estimate the size of these contributions, and/or for

purposes of comparison to other codes that do not include them, the cross sections can be

restricted to include only the strong-interaction contributions, using the following flags:

• qqbar2squarkantisquark:onlyQCD = true.

• qq2squarksquark:onlyQCD = true.

The baryon number violating coupling λ��
ijk if present, can induce resonant squark produc-

tion via the process djdk → ũ∗i which produces a resonant up-type antisquark or via uidj → d̃∗k
or uidk → d̃∗j which produce a down-type antisquark. The expression for an up-type squark

production process is
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The expression for down-type squarks is similar, taking into account the symmetry prop-

erty λ��
ijk = −λ��

ikj . We implement this production process as qq2antisquark and the charge

conjugate processes (q̄iq̄j → q̃k) are included by default.

The supersymmetric Higgs sector is identical in many ways to the Two-Higgs Doublet

Model. The Higgs production processes have already been implemented in Pythia 8 in

the SigmaHiggs class. The production of the Higgs bosons can be accessed by including

the switch HiggsBSM:all=on. For specific Higgs processes, please refer to the HTML user

reference included with the code [1].

4

Three types of RPV couplings: LLE, LQD, UDD
(λijk, λ

�
ijk and λ��

ijk)

via λ��
ijk
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Sparticle Decays

2.4 Sparticle Decays

SUSY Particle decays are handled by the class SUSYResonanceWidths. The user can choose

to read in decay tables via SLHA or use the decay widths calculated by Pythia. As a default,

Pythia does not calculate the decay width if a table is externally supplied. Note, however,

that while Pythia’s internal treatment can include sophistications such as matrix-element-

based phase-space weighting and running widths, channels read in from an SLHA decay table

will be decayed purely according to phase space, with no matrix-element weighting. The

internal treatment should therefore be preferable, in most cases, and an option for overriding

the automatic read-in of decay tables is provided, by setting the flag SLHA:useDecayTable =

false, see sec. 3.1.

The decay of a particular particle may be turned offmanually using the standard Pythia 8

structure PDGcode:mayDecay = false or by setting its width to zero in the SLHA decay

table. In the former case, the particle will still be distributed according to a Breit-Wigner

distribution with non-zero width, whereas it will always be assigned its pole mass in the latter.

Individual decay modes may be switched on/off using the standard Pythia 8 methods,

documented in the section on “The Particle Data Scheme” in the program’s HTML doc-

umentation [1]. Ways to switch modes on/off using SLHA decays tables are discussed in

sec. 3.1.

The internal treatment of 2-body decays is so far restricted to on-shell particles. A mecha-

nism for effectively generating 3-body decays via sequences of 1 → 2 decays involving off-shell
particles is foreseen as an update in the near future (and will be announced in the Pythia 8

update notes). An equivalent mechanism is already implemented in Pythia 8, e.g., for

h → ZZ decays for light Higgs bosons, but it has not yet been carried over to the SUSY case.

Currently the following R-parity conserving two-body decays are implemented:

• g̃ → q̃iqj

• χ̃0
i → q̃iqj , l̃ilj χ̃0

jZ, χ̃+
j W

−

• χ̃+
i → q̃iqj , l̃ilj χ̃+

j Z, χ̃0
jW

+

• q̃i → qjχ̃0
k, qjχ̃

+
k , q̃jZ, q̃jW

+

Besides these, we also include two-body R-parity violating decays of squarks via λ�
(q̃ →

lq
�
) and λ��

-type couplings (q̃ → q
�
q
��
). We also include the three-body decays of neutralinos

through λ��
-type couplings via an intermediate squark [16]. For certain final states in three

body decays, partial decay via sequential two-body decays may also be kinematically allowed.

In this case, we demand that only the off-shell components of the matrix element-squared are

allowed to contribute to the three-body decay width. Any interferences between the off-shell
and on-shell components are also turned off. The two-body sequential decays then proceed

as normal.

The Higgs boson running widths are calculated in the associated classes ResonanceH for

CP even (h0, H0) and the CP odd (A0) Higgses, and ResonanceHchg for charged Higgses(H
±
).

By default, the Higgs decay tables are not overwritten even if they are read via SLHA because

Pythia8 performs a more accurate phase space calculation than the flat weighting that is

performed for decay widths read in via SLHA. The decays of Higgses into SUSY particles will

be included in a future update.

5

, χ̃
0
jHk, χ̃

+
j H

−

, χ̃
+
j Hk, χ̃

0
jH

+

, q̃jHk, q̃
�
jH

+

Sunday 6 November 2011



Matrix elements

We look at the ratio of exact matrix elements for
t̃R(p1) → d(p2)s(p3)(+g) via λ′′

312.

s̄

d̄

t̃1

p1

p2

p3

MBorn = 4|λ′′
312|2Nc!ŝ (8)
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Nishita Desai RPV sparticle production at the LHC

Decays via UDD

Squark decays: q̃i → q̄j q̄k

Neutralino Decays: χ̃0
i → uidjdk

Types of LSP decays

• µ-type coupling: Through higgsino-lepton mixing

• λ-type coupling: dilepton/trileptons

• λ′-type coupling: one lepton/neutrino +two jets

• λ′′-type coupling: three jets

Decays through λ′′
ijk:
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Nishita Desai RPV sparticle production at the LHC
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• µ-type coupling: Through higgsino-lepton mixing
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Showering in the presence of baryon-number 
violation
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Figure 3: Gluon emission from RPV vertices with �-tensor.

These are explained in more detail in [22], where also more illustrations (including both
standard and baryon-number violating ones) can be found.

4.1 Colour-Epsilon Topologies

For colour topologies involving the epsilon tensor in colour space (i.e., colour topologies with
non-zero baryon number) we first consider the example of t̃ → q̄q̄ in the RPV-SUSY model.

The lagrangian for the UDD-type interaction terms is

L = −λ��
ijk�

lmn
�
ũlRi(d̄

c)mj PRd
n
k + d̃mRj(ū

c)liPRd
n
k + d̃nRk(ū

c)liPRd
n
k + h.c.

�
(4)

To extract the behaviour of the radiation function, we look at the ratio of exact matrix
element for t̃R(p1) → d(p2)s(p3)+g(q) via λ��

312 to the matrix element for t̃R(p1) → d(p2)s(p3)
and retaining only the singular parts. The Born-level matrix element squared is given by:

M0 = 4|λ��
312|2 Nc! ŝ (5)

Three diagrams (shown in Fig 3) contribute to the process where one gluon is emitted
from this configuration. If the matrix element corresponding to this process i.e. t̃R(p1) →
d(p2)s(p3)g(q) is denoted by M1, then the ratio of the two squared matrix elements is then
given by:

|M1|2

|M0|2
= 4παsCF

�
1

(Nc − 1)

�
2s23
s2qs3q

+
2s12
s1qs2q

+
2s13
s1qs3q

�
+

s2q
ss3q

+
s3q
ss2q

�
+ finite terms , (6)

The antenna pattern represented by this formula can be characterized as follows: the
three terms in the inner parenthesis represent three soft-eikonal factors (one for each of the
three possible two-particle combinations), and agree with the expression in [16]. The factor
1/(Nc − 1) in front of the inner parenthesis implies that the normalization of each of these
eikonals is half as large as that of the eikonal term in an ordinary qq̄ antenna, see, e.g., [27–29].
(Note that, in the Herwig implementation based on [16], this pattern is generated using
ordinary full-strength radiation functions, by selecting randomly between each two-particle
combination, thereby reproducing the full pattern when summing over events.) The two last
terms inside the square brackets correspond to additional purely collinear singularities for each
of the quarks. The factor 1/(Nc − 1) is here absent; the collinear singularities have the same
strength as those of an ordinary qq̄ antenna. The terms labeled “finite” are process-dependent
and non-singular in all soft and collinear limits.
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Case of                      is similar, with three half-strength 
dipoles between the quarks 

χ̃0
i → uidjdk
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Other exotic colour structures: Sextets

2

1

3

501

502

−502

Needs two color indices

We use a negative anti-
colour index to denote the 
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Implementing completely new BSM models

Method 1: Use QNUMBERS and read in LHEF events

3 Interfacing Generic BSM Models

The simplest way of implementing a new model may often be to just inherit from SM or

BSM processes that have already been implemented in Pythia, modifying and generalizing

them as appropriate, as described in the section on “Semi-internal Processes” in the main

Pythia 8 documentation [1].

Alternatively, Pythia 8 can read in parton-level events generated by external matrix-

element event generators [17–21], using the Les Houches Event File (LHEF) format [8, 22].

If the events contain new particles, so-called QNUMBERS blocks [9,23,24], described in sec. 3.1

below, can be used to add information on the quantum numbers of new particles, and SLHA

decay tables [12] may also be provided. (For SUSY models, in addition, complete SLHA

spectra can be given, as discussed in sec. 2.)

When reading events from LHE files, the BSM/SLHA information may either be en-

closed within the LHE file (preferred), or provided in a separate file. In the former case, the

BSM/SLHA information should be included in the <header> part of the LHE file [8], inside

an <slha> tag [9]. In the latter case, a separate BSM/SLHA file may be specified using the

Pythia 8 command SLHA:file = fileName. The mode SLHA:readFrom gives the user some

additional control over whether and from where BSM/SLHA information is read in. It should

normally be left at its default setting, but can optionally be used either to switch off SLHA

read-in entirely, or to force read-in from a specific file:

SLHA:readFrom = 0 # do not read BSM/SLHA information at all
= 1 # (default) read in from the <slha>...</slha> block of a LHEF,

# if such a file is read during initialization, and else from
# SLHA:file

= 2 # read in from SLHA:file

The framework described in sec. 3.2 represents a third option and combines features from

both of the two possibilities above. The end result is that parameters and matrix-element

code may be imported directly from external packages and used to generate semi-internal

processes in Pythia 8 (i.e., without an intermediate LHE file) in a fully automated and

generic way, as long as the final-state parton multiplicity does not exceed the limitations

of Pythia’s internal hard-process phase-space generator [1]. A working interface between

Pythia 8 and MadGraph 5 [20] has been constructed along these lines, for 2 → 2 processes,

and will be reported on separately. Here, we focus on the Pythia 8 side of the interface.

The interface basically consists of two parts: 1) information about particles and couplings

using a generalized SLHA format (sec. 3.1), and 2) accessing that information from within a

semi-internal Pythia 8 process (sec. 3.2).

3.1 Information about New Particles

Information about particle quantum numbers, masses, couplings, and decays, can be given

in an ASCII file, using a generalization of the SLHA [12] and BSM-LHEF [9] formats, whose

name is provided to Pythia by setting the word SLHA:file = fileName.
The file should contain a QNUMBERS block [9] for each state not already associated with an

ID code (a.k.a. PDG code, see [1, 11] for a list) in Pythia 8. For a hypothetical electrically

neutral colour-octet self-conjugate fermion (a.k.a. a gluino) that we wish to assign the code

7654321 and the name “balleron”, the structure of this block should be

BLOCK QNUMBERS 7654321 # balleron
1 0 # 3 times electric charge

6

2 2 # number of spin states (2S+1)
3 8 # colour rep (1: singlet, 3: triplet, 6: sextet, 8: octet)
4 0 # Particle/Antiparticle distinction (0=own anti)

For a non-selfconjugate particle, separate names can be given for the particle and its

antiparticle. For a heavy up-type quark,

BLOCK QNUMBERS 8765432 # yup yupbar
1 2 # 3 times electric charge
2 2 # number of spin states (2S+1)
3 3 # colour rep (1: singlet, 3: triplet, 6: sextet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Note that the name(s) given after the # mark in the block definition are optional and

entirely up to the user. If present, they will be used, e.g., when printing out event records

with Pythia’s event.list() method.

The SM quantum numbers given in the QNUMBERS blocks are required by Pythia 8 for

QED and QCD showering, and for colour-flow tracing. (Currently, Pythia does not make

use of the spin information.) As a rule, we advise to avoid clashes with existing ID codes,

to the extent possible in the implementation. A useful rule of thumb is to only assign codes

higher than 3 million to new states, though one should be careful not to choose numbers

larger than a 32-bit computer integer can contain, which puts a cap at ∼ 2 billion.

The file should also contain the SLHA block MASS, which must, as a minimum, contain

one entry for each new state, in the form

BLOCK MASS
# ID code pole mass in GeV

7654321 800.0 # m(balleron)
8765432 600.0 # m(yup)

In principle, the block can also contain entries for SM particles. Here, some caution and

common sense must be applied, however. Allowing SLHA spectra to change hadron and/or

light-quark masses in Pythia 8 is strongly discouraged, as these parameters are used by the
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SLHA:keepSM, which is on by default. To be more specific, this flag causes particle data
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ignored. Notably this includes Z0
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in PYTHIA lies below some threshold value, given by this parameter. The default value of

100.0 allows SLHA input to modify the top quark, but not, e.g., the Z0
and W±

bosons.

Finally, the file may include one or more SLHA decay tables [12]. New BSM particles with-

out decay tables will be treated as stable by Pythia 8. For coloured states, this may result in

errors at the hadronization stage, and/or in the possibly unintentional production of so-called
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Method 2: Use Pythia’s semi-internal process 
machinery

Use the SLHA file to pass any user-defined blocks.  This can 
be used to pass couplings etc. for a new model which can 

be accessed from within the process using

R-hadrons [25], with a reasonably generic model for the latter available in Pythia 8 [26]. On
the other hand, a redefinition of Pythia’s treatment of the decays of SM particles, like Z0 and
W± may be undesirable, since Pythia’s internal treatment is normally more sophisticated
(discussed briefly in sec. 2.4). Thus, again, caution and common sense is advised when pro-
cessing (B)SM particles through Pythia, with the protection parameters SLHA:keepSM and
SLHA:minMassSM described above also active for decay tables. An option for overriding the
automatic read-in of decay tables is also provided, by setting the flag SLHA:useDecayTable

= false.
The format for decay tables is [12]

# ID WIDTH in GeV

DECAY 7654321 2.034369169E+00 # balleron decays

# BR NDA ID1 ID2 ID3

9.900000000E-01 3 6 5 3 # BR( -> t b s )

1.000000000E-02 3 4 5 3 # BR( -> c b s )

Note that the branching ratios (BRs) must sum up to unity, hence zeroing individual
BRs is not a good way of switching modes off. Instead, Pythia 8 is equipped to interpret a
negative BR as a mode which is desired switched off for the present run, but which should be
treated as having the corresponding positive BR for purposes of normalization.

3.2 Accessing the Information from a Semi-Internal Process

Already the original SLHA1 [12] allowed for the possibility to create user-defined blocks, be-
yond those defined by the accord itself. The only requirement is obviously that the block
names already defined in the accord(s) should not be usurped. The SLHA interface in
Pythia 8 will store the contents of all blocks, both standard and user-defined ones, as internal
vectors of strings.

By default, Pythia’s internal BSM implementation only extracts numerical content from
those blocks it recognizes (i.e., the standard SLHA 1&2 blocks and QNUMBERS), and uses those
to initialize its couplings and particle data arrays. However, generic methods are also provided,
that can be used access to the contents of any block, whether standard or user-defined, from
inside any class inheriting from Pythia’s SigmaProcess class (i.e., in particular, from any
semi-internal process written by a user), through its SLHA pointer, slhaPtr, by using the
following methods:

bool slhaPtr->getEntry(string blockName, double& val);

bool slhaPtr->getEntry(string blockName, int indx, double& val);

bool slhaPtr->getEntry(string blockName, int indx, int jndx, double& val);

bool slhaPtr->getEntry(string blockName, int indx, int jndx, int kndx, double& val);

This particular example assumes that the user wants to read the entries (without in-
dex, indexed, matrix-indexed, or 3-tensor-indexed, respectively) in the user-defined block
blockName, and that the entry value, val, should be interpreted as a double. In fact, the
last argument is templated, and hence if anything other than a double is desired to be read,
the user has only to give the last argument a different type. Since the user presumably knows
what type of content his/her own user-defined blocks contain, this solution allows the content
to be accessed in the correct format, without Pythia needing to know what that format is
beforehand. If anything went wrong (i.e., the block does not exist, or it does not have an
entry with that index, or that entry cannot be read as a double), the method returns false;
true otherwise. This effectively allows to input completely arbitrary parameters using the
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SUSY in Pythia8 is ready to be tested in the field!

Work done with Peter Skands [arXiv:1109.5852]
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Part II: Interpretation of ATLAS SUSY limits for 
third-generation squarks
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Channel σ × acc (fb)

2 jets + MET 24

3 jets + MET 30

4 jets + MET (Meff =1 TeV) 32

1 btag + Meff > 500 (3JA) 288

1 btag + Meff > 700 (3JB) 61

2 btag + Meff > 500 (3JC) 78

2 btag + Meff > 700 (3JD) 17

TABLE I: The values of cross section times acceptance from ATLAS analysis used for applying exclusion

limits. The first set uses 1.0 fb
−1

of data whereas the second uses 0.833 fb
−1

of data.

and the spectrum is consistent. To start with, we assume for simplicity gaugino mass unificationat

high scale, which leads to the low-scale ratios M1 : M2 : M3 = 1 : 2 : 6 among the SUSY-

breaking U(1), SU(2) ans SU(3) gaugino masses. The squark masses of the first two generations

and all the slepton masses are set to 2 TeV which is beyond the reach of the 7 TeV LHC run. The

stop and sbottom sector can each be described by three parameters – the two mass eigenstates and

the mixing angle. We use these as the input parameters for the scan and use the diagonalisation

to determine the left and right handed mass parameters of the pMSSM. The stop sector requires

three parameters — the masses Mt̃1 and Mt̃2 and the stop mixing angle θt̃. Using the stop mass

diagonalisation condition



Mt̃1 0

0 Mt̃2



 = R



 M3L mtXt

mtXt M3t



R−1 ; R =



 cos θt̃ sin θt̃

− sin θt̃ cos θt̃



 (2)

where Xt = At−µ cot β, we can use the low-scale masses Mt̃1 , Mt̃2 and θt̃ as the input parameters

which uniquely determine At given µ and tan β. The left handed sbottom mass is expected to

be close to the left handed stop mass since they are derived from the same parameter (M3Q) in

the low-scale pMSSM model. The right handed sbottom mass can then be set depending on

the requirement of Mb̃1
, Mb̃2

and θb̃. Comment on SuSpect’s running up and down to break the

degeneracy of the squark masses

Assuming that the third generation squarks and the gluino are the only strongly charged super-

particles accessible at the LHC, we investigate in particular, the following cases:
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Why separate limits for third generation squarks?

– Motivation for TeV-scale SUSY: hierarchy problem
 i.e.     mass should be            GeV or less.t̃1 ∼ 500

– Strongest limits currently from jets+MET signals 
which are tailored to detect squarks of first two 
generations

– We are already on the brink of un-naturalness if 
we use  limits from jets+MET searches.

– The limits on third generation squarks are 
indirect.
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Breaking free (somewhat) from the cMSSM

m0,m1/2, A0, tanβ, sign(µ)

M1,M2,M3

mq,mu,md,mq3,mtR,mbR

At, Ab, Aτ

m�,mE ,m�3,mτR

µ, tanβ,mA
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Direct limits on third generation squarks

Consider the case where the first two generations of squarks 
and all sleptons are heavy enough that they cannot be probed 

at the 7 TeV run of the LHC.

Only third generation squarks are accessible.

mq,mu,md,m�,me,m�3,mτR ∼ 2 TeV
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We also retain the cMSSM gaugino mass pattern

(hence the “somewhat” breaking free)
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M1 : M2 : M3 � 1 : 2 : 6
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For fixed values of    and         , the independent 

parameters are          

µ tanβ

mq3,mtR, At

Equivalently, we can invert the equation to have 
Mt̃1 ,Mt̃2 , sin θt̃

as the parameters of the scan

Of course, one has to be careful while applying 
the same inversion to the sbottom sector 

because it shares the parameter mq3
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t̃1 ∼ t̃R(sin θt̃ = 0.99)

Step 1: Choose Mt̃1

Step 2: Set Mt̃2 = Mt̃1 + 500 GeV

Step 3: Calculate mq3,mtR, At

Case A:     lighter than other third generation 
squarks (closest to the cMSSM case)

t̃1

Step 4: Set mbR = mq3(sin θb̃ = 0.707)

We can now scan over a                    plane for 
fixed values of

Mt̃1 −M2

µ, tanβ,mA
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What does Case A probe?

Dominant production processes: g̃g̃, t̃1t̃
∗
1

M2 > 150 GeV ⇒ Mg̃ > 450 GeV

⇒ g̃ → tt̄χ̃0
i

Mχ̃0
1
< Mt̃1 < Mχ̃0

1
+Mt ⇒ t̃1 → cχ̃0

1

Mt̃1 > Mχ̃0
1
+Mt ⇒ t̃1 → tχ̃0

1

Mt̃1 > Mχ̃+
1
+Mb ⇒ t̃1 → bχ̃+

1

Mt̃1 < Mχ̃0
1
⇒ Stop LSP!
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Simulation of Signal

– Use Pythia 6.4 for signal, Prospino for NLO normalisation

– Smear momenta of all objects

– Anti-kt algorithm for forming jets (FastJet)

– Apply cuts as mentioned in the paper 
  (jets+MET: [ATLAS-CONF-2011-086; arXiv:1109.6572]; 
  bjets+MET: ATLAS-CONF-2011-098)

Ask how well do we reproduce ATLAS’s exclusion 
curve?

– Generate spectrum using SUSPect
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Comparison to ATLAS contours
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Comparison to ATLAS contours
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Channel σ × acc (fb)

2 jets + MET 24

3 jets + MET 30

4 jets + MET (Meff =1 TeV) 32

1 btag + Meff > 500 (3JA) 288

1 btag + Meff > 700 (3JB) 61

2 btag + Meff > 500 (3JC) 78

2 btag + Meff > 700 (3JD) 17

TABLE I: The values of cross section times acceptance from ATLAS analysis used for applying exclusion

limits. The first set uses 1.0 fb
−1

of data whereas the second uses 0.833 fb
−1

of data.

and the spectrum is consistent. To start with, we assume for simplicity gaugino mass unificationat

high scale, which leads to the low-scale ratios M1 : M2 : M3 = 1 : 2 : 6 among the SUSY-

breaking U(1), SU(2) ans SU(3) gaugino masses. The squark masses of the first two generations

and all the slepton masses are set to 2 TeV which is beyond the reach of the 7 TeV LHC run. The

stop and sbottom sector can each be described by three parameters – the two mass eigenstates and

the mixing angle. We use these as the input parameters for the scan and use the diagonalisation

to determine the left and right handed mass parameters of the pMSSM. The stop sector requires

three parameters — the masses Mt̃1 and Mt̃2 and the stop mixing angle θt̃. Using the stop mass

diagonalisation condition



Mt̃1 0

0 Mt̃2



 = R



 M3L mtXt

mtXt M3t



R−1 ; R =



 cos θt̃ sin θt̃

− sin θt̃ cos θt̃



 (2)

where Xt = At−µ cot β, we can use the low-scale masses Mt̃1 , Mt̃2 and θt̃ as the input parameters

which uniquely determine At given µ and tan β. The left handed sbottom mass is expected to

be close to the left handed stop mass since they are derived from the same parameter (M3Q) in

the low-scale pMSSM model. The right handed sbottom mass can then be set depending on

the requirement of Mb̃1
, Mb̃2

and θb̃. Comment on SuSpect’s running up and down to break the

degeneracy of the squark masses

Assuming that the third generation squarks and the gluino are the only strongly charged super-

particles accessible at the LHC, we investigate in particular, the following cases:

7
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t̃1 ∼ t̃R(sin θt̃ = 0.99)

Step 1: Choose Mt̃1

Step 2: Set Mt̃2 = Mt̃1 + 500 GeV

Step 3: Calculate mq3,mtR, At

Case A:     lighter than other third generation 
squarks (closest to the cMSSM case)

t̃1

Step 4: Set mbR = mq3(sin θb̃ = 0.707)
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Case B: t̃1 ∼ t̃L;Mt̃1 ∼ Mb̃1

Step 1: Choose Mt̃1

Step 2: Set Mt̃2 = Mt̃1 + 500 GeV

Step 3: Calculate mq3,mtR, At

Step 4: Set mbR = mtR

sin θt̃ = sin θb̃ = 0.1

t̃1, b̃1; t̃2, b̃2Degenerate

This case is interesting because of the enhanced squark 
couplings to the wino-like neutralino.
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Case C: b̃1 ∼ b̃R;Mt̃1 = Mt̃2 = Mb̃2

This case is never realised in cMSSM-type high scale models but is closest to 
the model considered in the paper

Step 1: Choose 

Step 2: Set 

Step 3: Calculate

Step 4: Set 

Mb̃1

Mb̃2
= Mb̃1

+ 500 GeV

mq3,mbR, Ab

mtR = mq3; sin θt̃ = 0.707

g̃ → bb̄χ̃0
1

b̃1 → bχ̃0
1

Gluino decays via:
Sbottom decays via:
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Case D: All third generation squarks nearly 
degenerate

Step 1: Choose 

Step 2: Set 

Step 3: Calculate

Step 4: Set 

sin θt̃ = sin θb̃ = 0.707

Mt̃1

Mt̃1 = Mt̃2

mq3,mtR, At

mbR = mtR
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• Case A: sinθt̃ = 0.99 i.e. t̃1 � t̃R is the lightest squark. This is commonly the case in

cMSSM models. We also set Mb̃1
� Mt̃2 � Mb̃2

= Mt̃1 + 500 GeV.

• Case B: sinθt̃ = 0.01 i.e. t̃1 � tL, � b̃1 � b̃L. The lightest stop and sbottom are nearly

degenerate and mostly left handed. Mt̃2 � Mb̃2
= Mt̃1 + 500 GeV

• Case C: b̃1 � b̃R is the lightest squark. Mb̃2
� Mt̃1 � Mt̃2 = Mb̃1

+ 500 GeV with

sin θt̃ = 0.70 and sin θb̃ = 0.99.

• Case D: Mt̃1 � Mb̃1
� Mt̃2 � Mb̃2

. This is the case of maximal mixing in both stop and

sbottom sectors. The most stringent limits on the light third family scenario will arise for

this particular case, as it allows all four squarks to be produced with similar cross sections.

In each case, we are now able to perform a scan over the M −M2 plane, where M is the mass

of t̃1 in cases A, B and D and b̃1 in the case C. The Tevatron reach for searches in the t̃1 → cχ̃0
1 is a

little above 200 GeV. We therefore start our search at Mt̃1 = 200 GeV and scan upto 2 TeV. Also,

since we assume gaugino unification, we use the chargino mass limits from Tevatron (Mχ̃+
1
>164

GeV) to start our scan at M2 = 150 GeV and vary M2 upto a value of 600 GeV which would

correspond to gluino mass of 1.8 TeV and therefore cover the entire range of masses reachable at

the 7 TeV run of the LHC. We fix MA = 400 GeV and perform this scan for 12 combinations of 3

values of tan β and 4 values of µ, which are listed in Table II.

Parameter Scan range

Mt̃1 100 - 2000 GeV

M2 150 - 600 GeV

tanβ 5, 10, 40

µ -200, 200, 500, 1000 GeV

TABLE II: The parameters of the scan in Mt̃1-M2 space.

The hierarchy among M1, M2 and µ is determines the composition of the neutralino and

chargino sector and therefore has strong effects on the limits. In particular, for cases with low

values of µ, when M2 becomes large enough, the states χ̃0
1 and χ̃+

1 become higgsino dominated

and have masses close to the value of µ. In this case, the masses and compositions of χ̃0
1, χ̃

+
1 χ̃0

2

are not affected by changes in the value of M2, so long it is considerably larger than µ. For large

8

We scan over the following parameters
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FIG. 2: The dependence of the exclusion curves on different values of µ for tanβ =10. The least depen-

dence is for the case where the sbottom is the lighter squark. TODO: The shaded region at the top in the

fourth panel corresponds to stop LSP and is therefore ruled out.

µ, on the other hand, the allowed decays of the squark will depend strongly on M2 up to very

large values. Therefore, we expect that for low squark masses and low µ, the exclusion contour is

relatively insensititve to M2. This can clearly be seen in figure 2 and best illustrated in the fouth

panel corresponding to Case-D. Here, the production cross section is high because all four third

generation squarks are degenerate. Moreover, it can clearly be seen that µ = -200 and 200 both

lead to large exclusion in M2 for small masses. The effect is similar also in the panel correspond-

ing to Case-B. The thirs panel, corresponding to sbottom being the lightest shows minimal change

with changing µ. This is mostly because the decay b̃1 → bχ̃0
1 is always open irrespective of µ due

to the small mass of the b-quark. Thus, the sensitivity to µ is reduced.
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FIG. 2: The dependence of the exclusion curves on different values of µ for tanβ =10. The least depen-

dence is for the case where the sbottom is the lighter squark. TODO: The shaded region at the top in the

fourth panel corresponds to stop LSP and is therefore ruled out.

µ, on the other hand, the allowed decays of the squark will depend strongly on M2 up to very

large values. Therefore, we expect that for low squark masses and low µ, the exclusion contour is

relatively insensititve to M2. This can clearly be seen in figure 2 and best illustrated in the fouth

panel corresponding to Case-D. Here, the production cross section is high because all four third

generation squarks are degenerate. Moreover, it can clearly be seen that µ = -200 and 200 both

lead to large exclusion in M2 for small masses. The effect is similar also in the panel correspond-

ing to Case-B. The thirs panel, corresponding to sbottom being the lightest shows minimal change

with changing µ. This is mostly because the decay b̃1 → bχ̃0
1 is always open irrespective of µ due

to the small mass of the b-quark. Thus, the sensitivity to µ is reduced.
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dence is for the case where the sbottom is the lighter squark. TODO: The shaded region at the top in the

fourth panel corresponds to stop LSP and is therefore ruled out.

µ, on the other hand, the allowed decays of the squark will depend strongly on M2 up to very

large values. Therefore, we expect that for low squark masses and low µ, the exclusion contour is

relatively insensititve to M2. This can clearly be seen in figure 2 and best illustrated in the fouth

panel corresponding to Case-D. Here, the production cross section is high because all four third

generation squarks are degenerate. Moreover, it can clearly be seen that µ = -200 and 200 both

lead to large exclusion in M2 for small masses. The effect is similar also in the panel correspond-

ing to Case-B. The thirs panel, corresponding to sbottom being the lightest shows minimal change

with changing µ. This is mostly because the decay b̃1 → bχ̃0
1 is always open irrespective of µ due

to the small mass of the b-quark. Thus, the sensitivity to µ is reduced.
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µ, on the other hand, the allowed decays of the squark will depend strongly on M2 up to very

large values. Therefore, we expect that for low squark masses and low µ, the exclusion contour is

relatively insensititve to M2. This can clearly be seen in figure 2 and best illustrated in the fouth

panel corresponding to Case-D. Here, the production cross section is high because all four third

generation squarks are degenerate. Moreover, it can clearly be seen that µ = -200 and 200 both

lead to large exclusion in M2 for small masses. The effect is similar also in the panel correspond-

ing to Case-B. The thirs panel, corresponding to sbottom being the lightest shows minimal change

with changing µ. This is mostly because the decay b̃1 → bχ̃0
1 is always open irrespective of µ due

to the small mass of the b-quark. Thus, the sensitivity to µ is reduced.
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Effect of tanβ
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FIG. 3: Exclusion curves for Case-A (stop lightest scenario). The x-axis refers to the mass of t̃1 squark.

Results: Case A

This is the case closest to mSUGRA-type models where t̃1 is the lightest squark. The primary

production processes in this case g̃g̃ and t̃1t̃∗1. Since our scan starts with M2 = 150 GeV, i.e. a

gluino mass of 450 GeV, the decay g̃ → tt̄χ̃0
1 is always open and forms the dominant decay mode.

In the low mass regions which are probed by the LHC data, the dominant decay mode of the

t̃1 depends on the mass hierarchy of t̃1, χ̃0
1 and χ̃+

1 . Since we are working in R-parity conserving

models, we disallow the region where the lighter stop is the lightest supersymmetric particle (LSP)

i.e. the region where Mt̃1 < Mχ̃0
1
. Following this, the hierarchy Mχ̃0

1
< Mt̃1 < Mχ̃+

1
results in the

case of stop NLSP (next-to-LSP). The dominant mode is t̃1 → tχ̃0
1 if Mt̃1 > Mt+Mχ̃0

1
. Otherwise,

we expect t̃1 to decay via three or four body decays or via the the mode t̃1 → cχ̃0
1. For this work,

we assume that this last mode dominates over the three or four body decays. Finally, in the case

where Mt̃1 > Mb + Mχ̃+
1

, the decay into bχ̃+
1 is also open. For larger stop masses, decays into

other neutralinos, second chargino or gluino may also open.

Results: Case B

In this case, the t̃1 and b̃1 form a degenerate pair of lightest squarks. They are both primarily left

handed and therefore have an enhanced coupling to wino-like states. Again, due to the requirement

of neutral dark matter candidate, we disallow any region with stop or sbottom LSP. The decays of

the lighter stop are similar to those in case A. The decay of the lighter sbottom into bχ̃0
1 is almost

always allowed and will form the dominant decay for most of the low mass region. In cases of

10
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FIG. 5: Exclusion curves for Case-C (sbottom lightest scenario). The x-axis refers to the mass of b̃1 squark.
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FIG. 6: Exclusion curves for Case-D (maximal mixing scenario). The x-axis refers to the common mass

of all the third generation squarks. The shaded region at the top corresponds to stop LSP and is therefore

ruled out.

IV. HIGH-SCALE NON-UNIVERSAL SCALAR SCENARIOS

Besides the low-scale study done in the previous section, it is also possible to perform a scan

over high-scale parameters. The advantage of a high-scale analysis is that the hierarchy of the par-

ticles is uniquely and consistently determined from the renormalisation group running of masses

to low scale from given high-scale parameters. We use the simplification afforded by this model

to include the effects of sleptonic sector in our analysis.

It is possible that the limits described in the previous section are diluted if slepton masses are

allowed to be light. This is because the gauginos would then decay predominantly to sleptons

resulting in leptonic final states which would be discarded since all the analyses considered here

12
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High-Scale Non-Universality

We now address the question of what happens if sleptons 
are also possibly light

We still want the first two generations of squarks to be heavy

Case HA:  All sleptons heavy
Case HB:  First two generations of sleptons heavy
Case HC:  All sleptons light

Two scales in the scalar sector: Mheavy,Mlight
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FIG. 7:

high scale masses for all the third generation sfermions to a common M (3)
0 whereas the rest are

again set to M (heavy)
0 = 2 TeV.

Result for Case B

The last scenario is where only the first two generations of squarks are heavy. Thus all the

sleptons are allowed to be light and one may expect an enhancement in the leptonic final states.

Result for Case C

Notes: 1. Chargino and neutralino cannot decay into sleptons for most of the region. Exclusion

curves only change for m0¡400. 2. For b-jet dominated final states, enhancement due to light

stop/sbottom retained 3. Should be clearer in non-bjet states but the exclusions are negligible in

that case.

V. EFFECT OF NON-UNIVERSALITY IN THE GAUGINO SECTOR

1. If decay into sleptons remains similar, the limits would be largely unchanged. 2. Low mass

difference between gluino and neutralinos

VI. CONCLUSIONS

1.

[1] G. Aad et al. (Atlas Collaboration) (2011), 1102.5290.
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Conclusions

If one considers the limit on gluino mass to be 600 
(700) GeV, that translates to a limit of 

Mt̃1 > 300− 350

Mt̃1,b̃1
> 340− 450

Mb̃1
> 750

Mt̃i,b̃i
> 450− 700

 (300) GeV (Case A)

(300 – 400)GeV (Case B)

(350 – 450) GeV (Case C)

(400 – 500) GeV (Case D)

Sunday 6 November 2011


