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Flavor in Supersymmetry



Interlude:  Flavor in the Standard Model

Flavor originates in the Yukawa couplings:

Y
u
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†
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The Y’s are arbitrary complex 3x3 matrices in flavor space.

Inserting the vevs for the Higgs:
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These masses are not yet diagonal, until...



Perform global rotations on the fields, shifts

which diagonalizes the fermion mass matrices:

leaving the only residual in the weak interactions:

VCKM

u†γµd→ u†U†Dγµd

Y u → UT Y uŪ

Y d → DT Y dD̄

(d s b)
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Flavor in Supersymmetry

In the MSSM, there is a plethora of soft breaking parameters that 
also “know” about flavor:
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squark,slepton (mass)2 matrices

scalar trilinear couplings 



After rotating superfields to remove Yu Yd Ye, these mass 
parameters remain, in general,

Not diagonal in 
flavor space!
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“LL” mixing

“RR” mixing

“LR” mixing

General 6x6 squark mass matrix:



Squarks and Sleptons

To treat these in complete generality, we would have to take into account arbitrary
mixing. So the mass eigenstates would be obtained by diagonalizing:

• a 6 × 6 (mass)2 matrix for up-type squarks (ũL, c̃L, t̃L, ũR, c̃R, t̃R),

• a 6 × 6 (mass)2 matrix for down-type squarks (d̃L, s̃L, b̃L, d̃R, s̃R, b̃R),

• a 6 × 6 (mass)2 matrix for charged sleptons (ẽL, µ̃L, τ̃L, ẽR, µ̃R, τ̃R),

• a 3 × 3 (mass)2 matrix for sneutrinos (ν̃e, ν̃µ, ν̃τ )

Fortunately, in viable models, most of these mixing angles are very small.

The first- and second-family squarks and sleptons have negligible Yukawa
couplings, so they end up in 7 very nearly degenerate, unmixed pairs (ẽR, µ̃R),
(ν̃e, ν̃µ), (ẽL, µ̃L), (ũR, c̃R), (d̃R, s̃R), (ũL, c̃L), (d̃L, s̃L).
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This potential large mixing among the squark and slepton gauge eigenstates
has dramatic consequences for flavor physics.



This is a phenomenological disaster:
For example, K0-K0 mixing

Has contributions from superpartner loops

_

u,c,t u,c,t



The contribution

is proportional to

Putting in the numbers...

δ12 ≡
m̃2

12

m̃2
q

< 0.06 → 10−3

�
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(range depending on “LL”, “RR”, or “LR” mixings)
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Putting in the numbers...

(range depending on “LL”, “RR”, or “LR” mixings)

B0-B0 mixing

SUSY flavor problem extends beyond (12) mixing...

δ13 ≡
m̃2
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SUSY Flavor “Problem”
Sflavor highly constrained by:
- K-K, B-B, D-D mixing
- LFV (μ->eγ; τ->μγ)
- ε’/ε 
- εK  [Im(ΔmK)] 
- b->sγ
- flavor at large tan β  (e.g., B -> μμ)

As well as serious related problems with:
- contributions to EDMs of e,n,Hg...
- proton decay through dim-5 (QQQL, ...)

- - -



Sflavor...



The MSSM + flavor-arbitrary soft breaking is 
completely ruled out by existing FCNC constraints 

unless sparticles are extremely heavy...  

(Far beyond what the LHC can find.)



Flavor-blind Paradigm (“mSUGRA”)

m̃2
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Decades of Model Building...

Gauge Mediation (1980s-1990s)

Gaugino Mediation (1999)

Anomaly Mediation (1998)

... and many others ...



Have attempted to justify the “lore”:

e.g., mSUGRA, SPS points, ... assume flavor universality.



Much of the supersymmetric flavor problem 
can be attributed to interactions that violate 

the supersymmetric “R symmetry”.

GK, Poppitz, Weiner [2007]



N=1 Supersymmetry contains
 U(1)R symmetry

In terms of the superspace coordinates:

θ → eiαθ

θ̄ → e−iαθ̄



A general superfield (quark, lepton, Higgs)

Φ = φ +
√

2θψ + θ2F

with charge “R” under U(1)R transforms as

eiRαΦ = (eiRαφ)

+
√

2θ(ei(R−1)αψ)
+ θ2(ei(R−2)αF )

R symmetry transforms a scalar and fermion
differently.  It smells like R-parity (but it’s not).



R charges of MSSM

Required:
2  superpotential  
1   Wα super field strength (and gaugino)

For Yukawas:
1   Q,u,d,L,e
0   Hu,Hd

L =
�

d2θ W [Φ] + h.c. +
�

d2θd2θ̄K[Φ,Φ†]



R symmetry and SUSY Breaking

The simplest model of (global) supersymmetry breaking, 
the O’Raifeartaigh model, preserves U(1)R,

W = µ2X + cijXΦiΦj + mijΦiΦj

For suitable choices of cij and mij, <FX> nonzero, 
spontaneously breaking SUSY.

Since R[X]=2, then R[FX]=0, 
 <FX> preserves R symmetry.



Metastable SUSY Breaking
Intriligator, Seiberg, Shih (2006-7) realized that 
a wide class of supersymmetric theories have 
metastable SUSY breaking vacua.

The low energy descriptions appear as variations 
of O’Raifeartaigh models.

Generically the metastable local SUSY breaking 
minimum has an accidential continous R-symmetry.

Dine, Feng, Silverstein (2006) showed explicit examples 
where the R symmetry breaks, but to a larger discrete 
subgroup Z2N.



What violates R symmetry of MSSM?

Majorana gaugino masses

μ/Bμ-term (one or the other; take μ-term)

A-terms



The phenomenological issue is generating gaugino 
masses.  Usually this is done:

�
d2θ

X

MPl
WαWα → FX

MPl
λλ + h.c.

resulting in a Majorana mass for the gauginos.

But this violates the R symmetry since R[λλ]=2.

Unbroken R symmetry historically considered a problem.



The SM, by contrast, can flip external fermion 
chirality only through a fermion mass insertion.

Majorana masses and μ-term allow chirality flip on 
gaugino/Higgsino lines:

What do Majorana masses do?



Integrating out the weak interactions of the SM, 
by contrast, leads to dim-6 operators (Fermi interaction!)

If the Majorana mass or μ-term is heavy, integrating
it out leads to dim-5 operators suppressed by 1/Mg or 1/μ:



A-terms allow flavor-violating left-right mixing:



Building R-Symmetric SUSY



Early attempt: Hall-Randall (1990)
Proposed a weak-scale model with R symmetry.

They had:
- gluino Dirac mass (chiral adjoint added)
- no μ-term
- m(Wino) = mW (paired with charged Higgsino)
- m(Zino) = mZ (paired with neutral Higgsino)
- m(photino) = one-loop suppressed; top-stop loop
pairing photino with other neutral Higgsino.

Discovered the suppression of EDMs.

Alas, this model as proposed is ruled out by LEP II.



Our Idea:

Replace the MSSM with an R symmetric 
supersymmetric weak-scale model.

[Could be continous U(1)R or discrete subgroup Z2N (N>=2)]



Step (1):  Dirac gaugino masses

�
d2θ

W �
α

MPl
WαΦ → D

MPl
λψ + h.c.

Require additional fields:

Coupled to a SUSY breaking spurion W’α = Dθα

Φg̃ (8,1, 0)
ΦW̃ (1,3, 0) R[Φi] = 0
ΦB̃ (1,1, 0)

mD



Step (2):  R symmetric μ-terms
Require additional fields:

Coupled to the Higgs in an R-symmetric way:

Ru (1,2,−1/2) R[Ru] = 2
Rd (1,2,+1/2) R[Rd] = 2

L =
�

d
2θ µuHuRu + µdHdRd

Since just Hu,Hd couple to matter, their (mass)2 are 
naturally driven negative, leading to R-symmetric EWSB.



LR terms
vanish.

LR terms
vanish.

Step (3):  Toss out A-terms (R violating!)



Consequences

LFV LR mixing 
diagrams killed.

SUSY EDMs
with μ or Mg

insertions killed.

Absence of LR scalar mass mixing dramatically weakens
many bounds and kills whole classes of problems: 



Heavy Gauginos
Dirac gaugino masses can be naturally heavier
than squark masses by about a factor of 5-10.

This is because the operator
�

d2θ
W �

α

MPl
WαΦ → D

MPl
λψ + h.c.

leads to a one-loop finite (not log enhanced) 
contribution to scalar (mass)2  “supersoft”



Supersoft
�

d4θ
W �

αW �α(W �
βW �β)†

M6
Q†Q

Writing mD = D/M, this yields scalar masses

m4
D

M2
Q̃†Q̃

This is 1/M2, i.e., no counterterm needed, and 
hence D-term induces finite contribution to scalars.

Fox, Nelson, Weiner



Given that the gluino can be made naturally heavier
that the squarks, an additional suppression to 
flavor-violating observables can be realized with
R-symmetry:

Integrating out heavy (Dirac) gauginos leads to 
dimension-6, not dimension-5 operators.  

A modest (few to 4π) hierarchy thus leads to a 
suppression of 1/(few)2 to 1/(4π)2 compared with 
the MSSM.

Heavy Dirac => No Dim-5



K0-K0 mixing: MSSM
_

δ12 ≡
m̃2

12

m̃2
q

< 0.06 → 10−3

�
m̃q = 500GeV
Mg̃ = 500GeV

In the limit of large squark masses

which implies that δ=1 is allowed only if 
mq > 8 TeV (LL only) to 500 TeV (LLRR; LR)

∆mK ∝ α2
sδ

2
12

1
m2

q̃



K0-K0 mixing: R symmetric
_

δLL=1

δLL=δRR=1

0.3
0.030.1

0.1

0.3

LR mixing: no bounds.

LL only LL=RR

Blechmann-Ng recently found QCD corrections worsen 
these bounds by factor of 3. 



MSSM:  severe bounds:

μ->eγ

R-symmetric:  no LR mixing.

|δ12| <

�
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FIG. 6: Contours of δ where BRµ→eγ = 1.2× 10−11 for a) δLL = δ, δRR = 0, b) δRR = δ, δLL = 0. Contours are δ = 0.1, 0.3, 1
for dot-dashed, solid, dashed respectively, for mB̃ = mW̃ /2.

3. ε′/ε

In the MSSM, the CP violating observable ε′/ε also
constrains the presence of CP violation in new physics.
The strongest constraints are on left-right insertions,
with a limit of |Im(δLR)| < 2 × 10−5 for mg̃ = mq̃ =
500 GeV [44]. Left-left insertions, by contrast, have the
relatively weak constraint of |Im(δLL)| < 4.8 × 10−1 for
the same parameters. (It should be noted that this is
particularly weak due to a cancellation of box and pen-
guin contributions, and for mg̃ = 275 GeV, 1000 GeV
the limits are |Im(δLL)| < 1.0, 2.6 × 10−1, respectively.)

However, it has been shown that for non-degenerate
squarks (in particular, for right handed up squarks split
from the down squarks), there can be a sizeable ∆I = 3/2
contribution [45]. These contributions are dependent on
the particulars of the spectrum and certain assumptions
about the phase. Following [45] and taking a spectrum
m2

d̃L
= m̃2,m2

d̃R
= m̃2(1 − δ), and m2

ũR
= m̃2(1 + δ), one

finds a contribution (with x = (mg̃/mq̃)2, as usual):

∆

(

ε′

ε

)

= −0.75

(

500 GeV

m̃

)2 δ

x2
Im(δLL) . (22)

Requiring this to be smaller than the observed value of
(1.65 ± 0.26) × 10−3 [37] yields very mild constraints.
Taking for illustration Im(δLL) = δ, we find:

δ <
∼ 1.2 ×

(

m̃

500 GeV

)

( x

25

)

. (23)

In summary, contributions to ∆F = 1 FCNCs are not
a strong constraint on SUSY effects, at present, although
a global analysis of flavor constraints is clearly warranted
[46]. Nonetheless, there is a charged Higgs in the theory,
which can still yield interesting contributions, such as to
b → sγ. Lepton flavor violation, while not at present a
strong constraint, may yield an interesting signal as tests
improve.

C. Flavor at large tanβ with a modified Higgs
sector

In the MSSM, couplings of down-type quarks to Hu can
be radiatively generated at large tanβ, giving the largest
contribution to FCNCs [36], including mixing effects, but
also in decays B → τν or Bs → µ+µ−. The diagrams
generating these couplings are shown in Fig. 7. As we
will now explain, these potentially large contributions are
absent in an R-symmetric model, with different diagrams
eliminated by the absence of A-terms, the µ-term, and
Majorana gauginos.

To understand the origin of these contributions, recall
that the ability to rotate Hd and (DR, ER) with opposite
phases corresponds to a U(1)PQ Peccei-Quinn (PQ) sym-
metry in the MSSM. If this were exact, the PQ symmetry
would forbid the coupling of the up-type Higgs hu to the
down-type quarks. Alas, U(1)PQ is broken in the MSSM
by the superpotential µ-term µHuHd (as well as the Bµ

term), leading to an important effective dimension-three
scalar operator. In the component Lagrangian, this op-
erator couples h∗

u to the down-type squarks:

µ∗q̃LYdh
∗
ud̃R . (24)

This interaction violates both the (extended) R-
symmetry and PQ-symmetry, and since it is proportional
to the down-type Yukawa coupling, it grows with tanβ.

The importance of Eq. (24) at large tanβ for flavor-
violation is easiest to understand by taking the limit of
large gaugino (and possibly Higgsino) masses. Integrat-
ing out a large gluino Majorana mass mg̃ generates tree-
level dimension-five operators of the form (10):

4πα3

mg̃
qLdR q̃∗Ld̃∗R , (25)

where we use 2-component notation for fermions here and
in the rest of this section. These terms violate the R-
symmetry but are PQ symmetric (recall that the quark
fields have R-charge zero, while the squarks have unit R-
charge, in accordance to our convention from Sec. III).

8

mW̃

2
= δLL=δRR=1

0.1
0.3



Large tan β
MSSM: Through gaugino mass and μ-term, get:

integrating out a heavy gluino leads to an interaction
of up-type Higgs to down-type quarks.  These lead to
tan β enhanced contributions to B -> μμ, etc.

qL m∗
1/2

q̃L q̃R

qL dRµ∗

q̃LũR

qL dRm∗
1/2 µ∗

q̃L

µ∗Yd Y ∗
u A∗

h∗
u

h∗
u

h∗
u

dR

FIG. 7: The one-loop diagrams contributing to FCNCs at large tan β in the MSSM. All of these diagrams are absent in the
R-symmetric model.

Combining Eq. (25) with the R and PQ-violating inter-
action (24), and closing the squark lines into a loop, we
obtain a coupling of the form

α3

4π

µ∗

mg̃
qLYdh

∗
udR . (26)

multiplied by a calculable function of |mg̃|
m0

. Note that
µ and mg̃ “carry” opposite R-charge. The coupling of
the up-type Higgs to the down-type quarks, (26), is of
the form expected in a general two-Higgs doublet model.
This leads to large Higgs-mediated FCNCs at large tan β,
despite the loop suppression factor.

In the MSSM, there are two other classes of diagrams,
shown in Fig. 7, that contribute to couplings like (26).
Both diagrams involve a heavy Higgsino in the loop. The
first class, due to a Higgsino-squark loop, leads to an hu

coupling to down quarks with a coefficient proportional
to µ∗A∗

|m0|2
YuY †

u Yd (assuming proportional A-terms), in-

stead of the α3µ∗

mg̃
factor in (26). The second, involv-

ing a Higgsino/Wino/Bino-squark loop, is proportional

to
µ∗m∗

B̃,W̃

|m0|2
Yd.

In the MRSSM, the PQ symmetry acts not only to
rotate (DR,ER) but also Rd with a phase opposite that
of Hd, as required by invariance of the R-symmetric µd

term (2). Moreover, the PQ-symmetry is explicitly bro-
ken only by a dimension-two operator, the Bµ term (suf-
ficient to avoid an unwanted massless Goldstone boson).
This implies the PQ- and R- violating couplings (24),
the dimension-five R-violating gaugino contribution (25),
and thus the dangerous couplings (26) are all absent in
the R-symmetric model. Moreover, the diagrams involv-
ing a Higgsino/Wino/Bino-squark loop also vanish since
they involve either A-terms, the R-violating µ-term, or
Majorana masses. Consequently, these otherwise danger-
ous contributions to FCNCs at large tanβ are absent in
the MRSSM.

V. CP VIOLATION BEYOND THE FLAVOR
SECTOR

We can count the complex phases of the MRSSM anal-
ogously to the counting in the MSSM. Given completely
arbitrary couplings in the superpotential and Kähler po-
tential, one performs global phase rotations on the su-
perfields to remove unphysical phases [47, 48].

In the flavor-neutral sector of the MRSSM there are
a number of complex parameters: two Higgsino mass
terms µu and µd; three Dirac gaugino masses mi; three
holomorphic scalar masses of the adjoints M2

i ; the Bµ

term; and four Yukawa couplings λB̃
u,d, λW̃

u,d, totaling
13 complex parameters. There are seven superfields
Hu,d, Ru,d, ΦB̃,W̃ ,g̃, whose phases can be used to re-
move six of the phases from the complex parameters
(one irremovable phase corresponds to the unbroken R-
symmetry). Note that we chose a basis where the gaug-
ino coupling is real, i.e. we do not allow a rephasing
of the gaugino fields. This implies that the squark and
quark fields are rephased as a superfield. Given this ba-
sis, it is easy to see that there are seven complex pa-
rameters invariant under rephasings of these seven super-
fields: miM∗

i , i = B̃, W̃ , g̃, and µumj(λj
u)∗, µdmj(λ

j
d)∗,

j = B̃, W̃ . A priori there is one more phase in the flavor-
conserving sector compared to the MSSM [66]. Now if
the Yukawa couplings Eq. (7) were absent (some form
of sequestering, for example), there would be only three
additional complex parameters miM∗

i . This would be re-
duced to just one complex parameter if gaugino-adjoint
mass unification occurred.

A. Constraints from EDMs

The usual one-loop contributions to EDMs in the
MSSM from left-right insertions are completely absent
since there is no Majorana gaugino mass nor any left-
right squark mass mixing (no A-terms or µ-term). The
one loop contributions to EDMs with Dirac gauginos in
models without an extended R-symmetry were consid-
ered in [49] and it is easily seen that they all vanish in

9

R-symmetric:  Such large tan β effects are absent 
(need R-violating μ-term and Majorana mass).



Phenomenology
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Colored Sparticle Production in 
R-Symmetric Supersymmetric Models 
Substantially Suppressed at LHC

Bottom Line:



neutralinos, such as same-sign lepton final states, may
not yield strong bounds if the model is approximately R-
symmetric, and so again we are left to model-dependent
investigations to make quantitative statements.

IV. RECASTING LHC LIMITS

To recast LHC limits on colored superparticle produc-
tion into the SSSM, we follow the analyses searching for
supersymmetry through nj + /ET signals performed by
ATLAS [61] and CMS [62–64]. Of the existing supersym-
metry searches, jets plus missing energy is the simplest,
and involves the fewest assumptions about the spectrum.

To simulate the supersymmetric signal, we use
PYTHIA6.4 [65]; the first and second generation squarks
are set to have equal mass, the gravitino is chosen to be
the LSP, and all other superpartners are decoupled (set
to 5 TeV). We use CTEQ6L1 parton distribution func-
tions, generating a sufficient number of events such that
statistical fluctuations have negligible effect on our re-
sults. To incorporate detector effects into our signal sim-
ulations, all events are passed through the Delphes [66]
program using ATLAS or CMS detector options and
adopting the corresponding experiment’s jet definitions:
anti-kT , R = 0.4 for the ATLAS search [61], and anti-
kT , R = 0.5 for the CMS searches [62–64]. We repeat the
same steps for the three simplified models of the MSSM
(c.f. Fig. 1) allowing all combinations of q̃q̃, q̃∗q̃∗, q̃q̃∗ as
well as gluino pair production and associated squark plus
gluino production. Note that our “heavy MSSM” simpli-
fied model is an existing CMS simplified model, “T2”
[67].

Colored superpartner production cross sections receive
sizable next-to-leading order (NLO) corrections. To in-
corporate these corrections, we feed the spectra into
PROSPINO [68], restricting the processes appropriately
for each simplified model (i.e., just pp → q̃q̃∗ for the
SSSM). The cross sections are shown in Fig. 3 for each of
the simplified models as a function of squark mass. De-
pending on the scale choice and the squark mass, we find
the K-factor ranges from 1.7-2.1. This takes into account
the increased rate at NLO, through not the kinematic
distribution of events.

The analyses we are interested in [61–64], are broken
up into several channels. For some analyses the channels
are orthogonal, while in other analyses one event can
fall into multiple channels. To set limits we begin by
counting the number of supersymmetry events in each
analysis channel for several squark masses. The number
of supersymmetric events passing cuts is translated into
a mass-dependent acceptance for each channel. We then
form the 95% CL limit, using the likelihood ratio test

400 600 800 1000 120010�4
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FIG. 3. Cross sections at the 7 TeV LHC for colored super-
partner production. The four lines correspond to the four
simplified models shown in Fig. 1, where the first and second
generation squarks are degenerate with mass Mq̃. The solid
line shows the cross section for the SSSM where the cross
section is dominated by q̃q̃∗ final states, while the dashed
lines show cross sections for the three simplified models of the
MSSM. All cross sections are calculated to next-to-leading or-
der using PROSPINOv2.1 [68], CTEQ6L1 parton distribution
functions, and default scale choices. For event generation, we
use PYTHIA6.4 [65] and rescale the cross section to match
those shown here.

statistic [69]:

0.05 =

�∞
0 db�

�Ni,obs

0
(µi,b+µi,s)

Ni,obse−(µi,b+µi,s)

(Ni,obs)!
G(µb, b�)

�∞
0 db�

�Ni,obs

0
µ
Ni,obs
b e−µb

(Ni,obs)!
G(µb, b�)

.

(6)

Here µi,b ≡ Ni,exp is the number of expected SM back-
ground events and µi,s ≡ Ni,SUSY is the number of signal
events. To estimate the effects of systematic errors, the
number of SM events is modulated by a Gaussian weight-
ing factor [70]. Specifically, we shift µb → µb(1 + fb),
where fb is drawn from a Gaussian distribution centered
at zero and with standard deviation σf = σi,SM/Ni,exp,
where σi,SM is the quoted systematic uncertainty (taken
directly from [61–64]). Whenever the systematic error is
asymmetric, we use the larger (in absolute value) num-
ber. To combine channels (when appropriate), we simply
replace the right-hand side of Eq. (6) with the product
over all channels.
The number of supersymmetry events in a particular

channel is the product of the cross section, luminosity,
acceptance and efficiency,

Ni,SUSY = L ·K(Mq̃)σ(Mq̃) ·A(Mq̃) · �, (7)

where K(Mq̃) is the mass-dependent K-factor to account
for the larger rate at NLO. Within our simplified setup,
the only parameter the cross section and acceptance de-
pend upon is the mass of the squark – thus Eq. (6) is
simply a limit on the squark mass.
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Examples of Simplified Models Bounded @ LHC
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-

ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and

second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of

MSUGRA/CMSSM for tan β = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the

dashed-blue lines the median expected limits, and the dotted blue lines the ±1σ variation on the expected

limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse

momentum and no electrons or muons, based on the full dataset (4.7 fb
−1

) recorded by the ATLAS

experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the

data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-

tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan β = 10,

A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-

low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of

m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks

and gluinos are excluded below 1400 GeV in both scenarios.
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Dirac versus Majorana Gluino Simplified Models
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FIG. 1. The spectra for the simplified models considered in this paper. The left-most pane illustrates our primary interest – the
supersoft supersymmetric simplified model (SSSM). It contains a gluino with a large Dirac mass M3 = 5 TeV, first and second
generation squarks that are roughly 5 → 10 times lighter than gluino, and an LSP that is generally assumed to be much lighter
than the squarks. The three right-most panes illustrate the three simplified models of the MSSM to which we compare. We
write the gluino Dirac mass as M3 to be distinguished from a Majorana mass written as M̃3. Two of the comparison simplified
models of the MSSM (“equal MSSM” and “intermediate MSSM”) are designed to provide comparisons between typical MSSM
spectra and the SSSM. The third comparison model, “heavy MSSM”, directly compares the results for a Dirac gluino versus a
Majorana gluino of the same mass. Generally the LSP mass is taken to be kinematically negligible, however we also comment
on the relaxation of the bounds on the SSSM when the LSP is heavier.

II. SIMPLIFIED MODELS AND THE SSSM

We are interested in calculating the bounds on su-
persymmetric models with Dirac gaugino masses. Our
approach is to first construct a supersoft supersymmet-
ric simplified model (SSSM) on which we can apply the
nj + /ET limits from LHC. This is completely analogous
to the construction of simplified models of the MSSM
[22, 23], which are now widely used in presenting the re-
sults from LHC searches for supersymmetry. The SSSM,
illustrated in the far left pane of Fig. 1, has a gluino with
a large, purely Dirac mass, degenerate first and second
generation squarks (of both handedness), and the light-
est supersymmetric particle (LSP) at the bottom of the
spectrum. In defining the SSSM, we have explicitly cho-
sen the Dirac gluino mass to have a fixed large value,
M3 = 5 TeV. The large gluino mass implies gluino pair
production is kinematically forbidden while associated
gluino/squark production is highly suppressed, leaving
squark production as the only potentially viable colored
sparticle production at the LHC. Squarks decay through
q̃ → q + LSP, where the quark flavor and chirality de-
pends on the initial squark.

To perform an apples-for-apples comparison of the con-
straints on supersoft supersymmetry versus the MSSM,
we calculate the bounds not only on the SSSM, but also
three other simplified models of the MSSM. In all of
the simplified models, the first and second generation
squarks are degenerate and the LSP is massless. The
spectra of the three comparison simplified models of the
MSSM are shown in the three right-most panes of Fig. 1.
The purpose of the comparison models is to both vali-
date our analysis against the actual bounds from exper-
imental analyses (where available), as well as to directly
show the weakness of the bounds on the SSSM in direct

contrast to the MSSM. The “equal MSSM” and “inter-
mediate MSSM” simplified models are chosen to provide
a comparison with typical MSSM spectra. The “heavy
MSSM” simplified model is highly unnatural within the
usual MSSM as we have already discussed. Nevertheless,
it illustrates the differences in squark mass bounds that
remain between a heavy Majorana gluino versus a heavy
Dirac gluino even when they have the same mass.

Our analyses generally assume the LSP has a kine-
matically negligible mass. In the Discussion we also con-
sider the weakening of the bounds as the LSP mass is
increased. The LSP could be light gravitino, or could
instead be some other light neutral superpartner, so long
as the squark decay proceeds directly to the LSP in the
one step process q̃ → q+LSP. We also assume all decays
into the LSP are prompt. The assumption of short decay
chains from heavy squarks to a massless LSP implies the
bounds we obtain are the most optimistic possible using
the jets plus missing energy searches with no leptons in
the final state.

Mapping the bounds from the SSSM onto theories
with Dirac gaugino masses is straightforward in princi-
ple, though model-dependent in practice. In particular,
we do not include electroweak gauginos or Higgsinos in
our spectrum. The supersoft supersymmetric model has
heavy Dirac gaugino masses, with an ordinary MSSM
µ-term for the Higgs sector [21]. Several other models
incorporate Dirac gauginos [24–38]. In several cases, the
gaugino sector approximately preserves a U(1)R symme-
try, while the Higgs sector does not. In [30] a fully R-
symmetric supersymmetric model was constructed that
incorporated not only Dirac gaugino masses but also R-
symmetric Higgsino masses. In this model, additional R-
symmetric contributions to the soft masses were allowed,
and notably, could be nearly arbitrary in flavor-space.
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Dirac
gluino

Majorana
gluino



B Excluded regions in supersymmetry parameter space showing the chan-
nel with the best expected exclusion at each point

gluino mass [GeV]
600 800 1000 1200 1400 1600 1800 2000

sq
u

a
rk

 m
a

ss
 [

G
e

V
]

600

800

1000

1200

1400

1600

1800

2000
) = 0 GeV

1

0χ∼Squark-gluino-neutralino model,  m(

Dt

A’

A’

Et

Cm

Am

Cm

Am

Am

Cm

Am

A’

Bt

At

Dt

At

Cl

Cl

At

At

AtCm

Am

Am

At At

Bt

A’

Et

Cl

At

Am

Dt

Am

Bt

Cm

Am

Et

A’

Cm Bt

Cl

Am

Cl

At

Cm

Bt

Am

A’

Dt

Cl

Cl

Dt

Am

Am

Cm

A’

Cm

=7 TeVs, -1 L dt = 4.71 fb∫

Combined

 PreliminaryATLAS

 observed 95% C.L. limitsCL

 median expected limitsCL

σ1 ±Expected limit 

ATLAS EPS 2011

 [GeV]0m
500 1000 1500 2000 2500 3000 3500 4000

 [
G

e
V

]
1

/2
m

200

300

400

500

600

700

Dt

Cl

At

Dt

El

Cm

Bt

Cl

Dt

El

Et Em

Am

Et Em

Ct

Em Em

Dt

El

At

DtEt

Cm

Dt

El

Dt

Bt

At

Em

Em

DtDt

Bt

Em

Bt

DtAt

Bt

At

Cm

Dt

Cl

At

Dt

Bt

Cl

At

Cl

Em

BtBt

Em

El

Bt

Dt

Et

Bt

Cl

Dt

Bt

EmBt

El

Em

Dt

Cl

El

Dt

Em

Cl

Em

El

Et

Bt

Dt

At

Em

 (600)g~

 (800)g~

 (1000)g~

 (1200)g~

 (600)

q~

 (1000)

q ~

 (1
4
0
0
)

q ~

 (1
8
0
0
)

q ~

>0µ= 0, 
0

 = 10, AβMSUGRA/CMSSM: tan

=7 TeVs, -1 L dt = 4.71 fb∫
Combined

 PreliminaryATLAS

Combined

 observed 95% C.L. limitsCL

 median expected limitsCL

ATLAS EPS 2011

 LSPτ∼

LEP Chargino

No EWSB

Figure 38: 95% CLs exclusion limits obtained by using the signal region with the best expected sensi-
tivity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane
of MSUGRA/CMSSM for tan β = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits,
the dashed-blue lines the median expected limits, and the dotted blue lines the ±1σ variation on the ex-
pected limits. The labels A-E refer to the channel with the best expected exclusion at each point, while
the suffixes l, m and t refer to the loose, medium and tight selections for each signal region. ATLAS EPS
2011 limits are from [17] and LEP results from [59].
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Requirement
Channel

A A’ B C D E

Emiss

T
[GeV] > 160

pT( j1) [GeV] > 130

pT( j2) [GeV] > 60

pT( j3) [GeV] > – – 60 60 60 60

pT( j4) [GeV] > – – – 60 60 60

pT( j5) [GeV] > – – – – 40 40

pT( j6) [GeV] > – – – – – 40

∆φ(jet, Emiss

T
)min > 0.4 (i = {1, 2, (3)}) 0.4 (i = {1, 2, 3}), 0.2 (pT > 40 GeV jets)

Emiss

T
/meff(N j) > 0.3 (2j) 0.4 (2j) 0.25 (3j) 0.25 (4j) 0.2 (5j) 0.15 (6j)

meff(incl.) [GeV] > 1900/1400/– –/1200/– 1900/–/– 1500/1200/900 1500/–/– 1400/1200/900

Table 1: Cuts used to define each of the channels in the analysis. The Emiss

T
/meff cut in any N jet channel

uses a value of meff constructed from only the leading N jets (indicated in parentheses). However, the

final meff(incl.) selection, which is used to define the signal regions, includes all jets with pT > 40 GeV.

The three meff(incl.) selections listed in the final row denote the ‘tight’, ‘medium’ and ‘loose’ selections

respectively. Not all channels include all three SRs.

In Table 1, ∆φ(jet, Emiss

T
)min is the smallest of the azimuthal separations between �P miss

T
and the re-

constructed jets. For channels A, A’ and B, the selection requires ∆φ(jet, Emiss

T
)min > 0.4 using up to

three leading jets. For the other channels an additional requirement ∆φ(jet, Emiss

T
)min > 0.2 is placed on

all jets with pT > 40 GeV. Requirements on ∆φ(jet, Emiss

T
)min and Emiss

T
/meff are designed to reduce the

background from multi-jet processes.

Standard Model background processes contribute to the event counts in the signal regions. The

dominant sources are: W+jets, Z+jets, top quark pair, single top quark, and multi-jet production, with

a smaller contribution from diboson production. The majority of the W+jets background is composed

of W → τν events, or W → eν, µν events in which no electron or muon candidate is reconstructed.

The largest part of the Z+jets background comes from the irreducible component in which Z → νν̄
decays generate large Emiss

T
. Top quark pair production followed by semileptonic decays, in particular

tt̄ → bb̄τνqq with the τ-lepton decaying hadronically, as well as single top quark events, can also generate

large Emiss

T
and pass the jet and lepton requirements at a non-negligible rate. The multi-jet background in

the signal regions is caused by misreconstruction of jet energies in the calorimeters leading to apparent

missing transverse momentum, as well as by neutrino production in semileptonic decays of heavy quarks.

Extensive validation of the MC simulation against data has been performed for each of these background

sources and for a wide variety of control regions (CRs).

Each of the six channels is used to construct between one and three signal regions with ‘tight’,

‘medium’ and/or ‘loose’ meff(incl.) selections. In order to estimate the backgrounds in a consistent and

robust fashion, five control regions are defined for each of the eleven signal regions, giving 55 CRs in

total. The orthogonal CR event selections are designed to provide uncorrelated data samples enriched in

particular background sources. Each ensemble of one SR and five CRs constitutes a different ‘stream’ of

the analysis. The CR selections are optimised to maintain adequate statistical weight, while minimising

as far as possible the systematic uncertainties arising from extrapolation to the SR.

The control regions are chosen to be as close kinematically as possible to the corresponding SR in

order to minimise theoretical uncertainties arising from extrapolation between them. The CRs are listed
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B Excluded regions in supersymmetry parameter space showing the chan-
nel with the best expected exclusion at each point
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Figure 38: 95% CLs exclusion limits obtained by using the signal region with the best expected sensi-
tivity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane
of MSUGRA/CMSSM for tan β = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits,
the dashed-blue lines the median expected limits, and the dotted blue lines the ±1σ variation on the ex-
pected limits. The labels A-E refer to the channel with the best expected exclusion at each point, while
the suffixes l, m and t refer to the loose, medium and tight selections for each signal region. ATLAS EPS
2011 limits are from [17] and LEP results from [59].
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ATLAS jets + missing search strategy

Process
Signal Region

SRC loose SRE loose SRA medium SRA’ medium SRC medium SRE medium

tt̄+ Single Top 74 ± 13 (75) 66 ± 26 (64) 7 ± 5 (5.1) 11 ± 3.4 (10) 12 ± 4.5 (10) 17 ± 5.8 (13)

Z/γ+jets 70 ± 22 (61) 22 ± 6.4 (13) 31 ± 9.9 (34) 64 ± 20 (69) 17 ± 5.9 (16) 8 ± 2.9 (4.4)

W+jets 62 ± 9.3 (61) 23 ± 11 (23) 19 ± 4.5 (21) 26 ± 4.6 (30) 8.1 ± 2.9 (11) 5.9 ± 3 (4.7)

Multi-jets 0.39 ± 0.4 (0.16) 3.7 ± 1.9 (3.8) 0.14 ± 0.24 (0.13) 0 ± 0.13 (0.38) 0.024 ± 0.034 (0.013) 0.8 ± 0.53 (0.64)

Di-Bosons 7.9 ± 4 (7.9) 4.2 ± 2 (4.2) 7.3 ± 3.7 (7.5) 15 ± 7.4 (16) 1.7 ± 0.87 (1.7) 2.7 ± 1.3 (2.7)

Total 214 ± 24.9 ± 13 119 ± 32.6 ± 11.6 64.8 ± 10.2 ± 6.92 115 ± 19 ± 9.69 38.6 ± 6.68 ± 4.77 34 ± 4.47 ± 5.57

Data 210 148 59 85 36 25

local p-value (Gaus. σ) 0.55(-0.14) 0.21(0.8) 0.65(-0.4) 0.9(-1.3) 0.6(-0.26) 0.85(-1)

UL on NBSM 58(60
44

83
) 84(69

52

93
) 25(28

20

39
) 29(43

32

60
) 18(19

14

27
) 12(16

12

23
)

UL on σBSM /(fb) 12(13
9.3
18

) 18(15
11

20
) 5.3(6

4.3
8.2) 6.2(9.26.7

13
) 3.7(4.13

5.7) 2.5(3.52.5
5

)

Process
Signal Region

SRA tight SRB tight SRC tight SRD tight SRE tight

tt̄+ Single Top 0.22 ± 0.35 (0.046) 0.21 ± 0.33 (0.066) 1.8 ± 1.6 (0.96) 2 ± 1.7 (0.92) 3.9 ± 4 (2.6)

Z/γ+jets 2.9 ± 1.5 (3.1) 2.5 ± 1.4 (1.6) 2.1 ± 1.1 (4.4) 0.95 ± 0.58 (2.7) 3.2 ± 1.4 (1.8)

W+jets 2.1 ± 0.99 (1.9) 0.97 ± 0.6 (0.84) 1.2 ± 1.2 (2.7) 1.7 ± 1.5 (2.5) 2.3 ± 1.7 (1.5)

Multi-jets 0 ± 0.0024 (0.002) 0 ± 0.0034 (0.0032) 0 ± 0.0058 (0.0023) 0 ± 0.0072 (0.021) 0.22 ± 0.25 (0.24)

Di-Bosons 1.7 ± 0.95 (2) 1.7 ± 0.95 (1.9) 0.49 ± 0.26 (0.51) 2.2 ± 1.2 (2.2) 2.5 ± 1.3 (2.5)

Total 7 ± 0.999 ± 2.26 5.39 ± 0.951 ± 2.01 5.68 ± 1.79 ± 1.51 6.84 ± 1.7 ± 2.1 12.1 ± 4.59 ± 3.04

Data 1 1 14 9 13

local p-value (Gaus. σ) 0.98(-2.1) 0.95(-1.7) 0.018(2.1) 0.29(0.55) 0.45(0.13)

UL on NBSM 2.9(6.14.2
9

) 3.1(5.53.8
8.3) 16(11

7.6
15

) 10(8.96.4
13

) 12(12
8.5
17

)

UL on σBSM /(fb) 0.62(1.30.89

1.9 ) 0.65(1.20.8
1.8) 3.5(2.31.6

3.2) 2.2(1.91.4
2.7) 2.6(2.51.8

3.5)

Table 3: Observed numbers of events in data and fitted background components in each SR. For the total background estimates, the quoted errors

give the systematic and statistical (MC and CR combined) uncertainties respectively. For the individual background components, the total uncertainties

are given, with the values in parenthesis indicating the pre-fit predictions for the MC expectations. For W+jets, Z+jets and tt̄+jets, these predictions

are from ALPGEN, and scaled by additional factors of 0.75, 0.78 and 0.73 respectively, determined by normalisation to data in corresponding control

regions in channel A. In the case of the multi-jet background, the pre-fit values are from the data-driven method. The p-values give the probability of the

observation being consistent with the estimated background, and the “Gaus. σ” values the number of standard deviations in a Gaussian approximation,

evaluated for a single observation at a time. The last two lines show the upper limits on the excess number of events, and the excess cross-section, above

that expected from the Standard Model. The observed upper limit is followed in brackets by the expected limit, with the super- and sub-scripts showing

the variation in the expectation from ±1σ changes in the background.
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observation being consistent with the estimated background, and the “Gaus. σ” values the number of standard deviations in a Gaussian approximation,

evaluated for a single observation at a time. The last two lines show the upper limits on the excess number of events, and the excess cross-section, above

that expected from the Standard Model. The observed upper limit is followed in brackets by the expected limit, with the super- and sub-scripts showing

the variation in the expectation from ±1σ changes in the background.
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Table 3: Observed numbers of events in data and fitted background components in each SR. For the total background estimates, the quoted errors

give the systematic and statistical (MC and CR combined) uncertainties respectively. For the individual background components, the total uncertainties

are given, with the values in parenthesis indicating the pre-fit predictions for the MC expectations. For W+jets, Z+jets and tt̄+jets, these predictions

are from ALPGEN, and scaled by additional factors of 0.75, 0.78 and 0.73 respectively, determined by normalisation to data in corresponding control

regions in channel A. In the case of the multi-jet background, the pre-fit values are from the data-driven method. The p-values give the probability of the

observation being consistent with the estimated background, and the “Gaus. σ” values the number of standard deviations in a Gaussian approximation,

evaluated for a single observation at a time. The last two lines show the upper limits on the excess number of events, and the excess cross-section, above

that expected from the Standard Model. The observed upper limit is followed in brackets by the expected limit, with the super- and sub-scripts showing

the variation in the expectation from ±1σ changes in the background.
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neutralinos, such as same-sign lepton final states, may
not yield strong bounds if the model is approximately R-
symmetric, and so again we are left to model-dependent
investigations to make quantitative statements.

IV. RECASTING LHC LIMITS

To recast LHC limits on colored superparticle produc-
tion into the SSSM, we follow the analyses searching for
supersymmetry through nj + /ET signals performed by
ATLAS [61] and CMS [62–64]. Of the existing supersym-
metry searches, jets plus missing energy is the simplest,
and involves the fewest assumptions about the spectrum.

To simulate the supersymmetric signal, we use
PYTHIA6.4 [65]; the first and second generation squarks
are set to have equal mass, the gravitino is chosen to be
the LSP, and all other superpartners are decoupled (set
to 5 TeV). We use CTEQ6L1 parton distribution func-
tions, generating a sufficient number of events such that
statistical fluctuations have negligible effect on our re-
sults. To incorporate detector effects into our signal sim-
ulations, all events are passed through the Delphes [66]
program using ATLAS or CMS detector options and
adopting the corresponding experiment’s jet definitions:
anti-kT , R = 0.4 for the ATLAS search [61], and anti-
kT , R = 0.5 for the CMS searches [62–64]. We repeat the
same steps for the three simplified models of the MSSM
(c.f. Fig. 1) allowing all combinations of q̃q̃, q̃∗q̃∗, q̃q̃∗ as
well as gluino pair production and associated squark plus
gluino production. Note that our “heavy MSSM” simpli-
fied model is an existing CMS simplified model, “T2”
[67].

Colored superpartner production cross sections receive
sizable next-to-leading order (NLO) corrections. To in-
corporate these corrections, we feed the spectra into
PROSPINO [68], restricting the processes appropriately
for each simplified model (i.e., just pp → q̃q̃∗ for the
SSSM). The cross sections are shown in Fig. 3 for each of
the simplified models as a function of squark mass. De-
pending on the scale choice and the squark mass, we find
the K-factor ranges from 1.7-2.1. This takes into account
the increased rate at NLO, through not the kinematic
distribution of events.

The analyses we are interested in [61–64], are broken
up into several channels. For some analyses the channels
are orthogonal, while in other analyses one event can
fall into multiple channels. To set limits we begin by
counting the number of supersymmetry events in each
analysis channel for several squark masses. The number
of supersymmetric events passing cuts is translated into
a mass-dependent acceptance for each channel. We then
form the 95% CL limit, using the likelihood ratio test
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FIG. 3. Cross sections at the 7 TeV LHC for colored super-
partner production. The four lines correspond to the four
simplified models shown in Fig. 1, where the first and second
generation squarks are degenerate with mass Mq̃. The solid
line shows the cross section for the SSSM where the cross
section is dominated by q̃q̃∗ final states, while the dashed
lines show cross sections for the three simplified models of the
MSSM. All cross sections are calculated to next-to-leading or-
der using PROSPINOv2.1 [68], CTEQ6L1 parton distribution
functions, and default scale choices. For event generation, we
use PYTHIA6.4 [65] and rescale the cross section to match
those shown here.
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Here µi,b ≡ Ni,exp is the number of expected SM back-
ground events and µi,s ≡ Ni,SUSY is the number of signal
events. To estimate the effects of systematic errors, the
number of SM events is modulated by a Gaussian weight-
ing factor [70]. Specifically, we shift µb → µb(1 + fb),
where fb is drawn from a Gaussian distribution centered
at zero and with standard deviation σf = σi,SM/Ni,exp,
where σi,SM is the quoted systematic uncertainty (taken
directly from [61–64]). Whenever the systematic error is
asymmetric, we use the larger (in absolute value) num-
ber. To combine channels (when appropriate), we simply
replace the right-hand side of Eq. (6) with the product
over all channels.
The number of supersymmetry events in a particular

channel is the product of the cross section, luminosity,
acceptance and efficiency,

Ni,SUSY = L ·K(Mq̃)σ(Mq̃) ·A(Mq̃) · �, (7)

where K(Mq̃) is the mass-dependent K-factor to account
for the larger rate at NLO. Within our simplified setup,
the only parameter the cross section and acceptance de-
pend upon is the mass of the squark – thus Eq. (6) is
simply a limit on the squark mass.
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simplified models shown in Fig. 1, where the first and second
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MSSM. All cross sections are calculated to next-to-leading or-
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Here µi,b ≡ Ni,exp is the number of expected SM back-
ground events and µi,s ≡ Ni,SUSY is the number of signal
events. To estimate the effects of systematic errors, the
number of SM events is modulated by a Gaussian weight-
ing factor [70]. Specifically, we shift µb → µb(1 + fb),
where fb is drawn from a Gaussian distribution centered
at zero and with standard deviation σf = σi,SM/Ni,exp,
where σi,SM is the quoted systematic uncertainty (taken
directly from [61–64]). Whenever the systematic error is
asymmetric, we use the larger (in absolute value) num-
ber. To combine channels (when appropriate), we simply
replace the right-hand side of Eq. (6) with the product
over all channels.
The number of supersymmetry events in a particular

channel is the product of the cross section, luminosity,
acceptance and efficiency,

Ni,SUSY = L ·K(Mq̃)σ(Mq̃) ·A(Mq̃) · �, (7)

where K(Mq̃) is the mass-dependent K-factor to account
for the larger rate at NLO. Within our simplified setup,
the only parameter the cross section and acceptance de-
pend upon is the mass of the squark – thus Eq. (6) is
simply a limit on the squark mass.
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