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Higgsino mass 

MSSM at a glance



Focus on models which provide a dynamical origin of µ term:

                       SHuHd   where singlet <S> » µ » TeV

Danger from weak scale axion due to global U(1) symmetry 

 Need to avoid axion somehow  

  In NMSSM we add S3 to break U(1) to Z3 – but this results 

in cosmological domain walls (μS2 
,
 μ2S reintroduces µ problem)

  In E6SSM we gauge the U(1) symmetry to eat the axion 

resulting in a massive Z’ gauge boson - anomalies are cancelled 
by three complete 27’s of E6 at the TeV scale with U(1) 2 E6

More general SUSY models



E6SSM

NMSSM
MSSM

SFK,Moretti,Nevzorov

2-loop Higgs mass bounds

tan β

Higgs mass bounds
Larger tree-
level Higgs 
mass =         
less tuning

MSSM has a 
hard time with 
a 125 GeV 
Higgs - need 
heavy stops 
and large stop 
mixing

λ can be larger in E6SSM than NMSSM



MSSM

1 Introduction

The ATLAS and CMS Collaborations have recently presented the first indication for a Higgs

boson with a mass in the region ∼ 124 − 126 GeV [1, 2]. The γγ and four lepton channels

observed by ATLAS and CMS are consistent with a SM-like Higgs boson in this mass region

with a combined-channel local statistical significance in the region of 3.6σ and 2.6σ, respectively.

If the ATLAS and CMS signals are also combined the statistical significance increases, but is still

less than the 5σ required to claim a discovery. Interestingly, the ATLAS signal in γγ by itself

has a local significance of 2.8σ whereas a SM-like Higgs boson would only have a significance of

half this value, leading to speculation that the observed Higgs boson is arising from beyond SM

physics.

In general, these results have generated much excitement in the community, and already

there are a number of papers discussing the implications of such a Higgs boson [3–7]. A well

known observation is that while the LHC can in principle exclude a Standard Model (SM) Higgs

boson, it can only discover a SM-like Higgs boson, which could for example correspond to a

SUSY Higgs boson near the decoupling region [8].

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 130-135 GeV, depending on top squark parameters (see e.g. [9] and references

therein). It is well known that a 125 GeV SM-like Higgs boson is consistent with the MSSM in

the decoupling limit [9]. In the limit of decoupling the light Higgs mass is given by

m
2
h ≈ M

2
Z cos

2
2β + ∆m

2
h (1.1)

where ∆m
2
h is dominated by loops of heavy top quarks and top squarks and tan β is the ratio

of electroweak vacuum expectation values (VEVs). At large tan β, we require ∆mh ≈ 85 GeV

which means that a very substantial loop contribution, nearly as large as the tree-level mass, is

required to raise the Higgs mass to 125 GeV. The Higgs mass correction depends logarithmically

on the stop masses, which means, of course, that the necessary stop mass depends exponentially

on the Higgs mass. The rather complicated parameter dependence has been studied in [4] where

it was shown that, with “maximal stop mixing”, the lightest stop mass must be m t̃1
>∼ 500 GeV

(with the second stop mass considerably larger) in the MSSM in order to achieve a 125 GeV

Higgs. However one of the motivations for SUSY is to solve the hierarchy or fine-tuning problem

of the SM [10]. It is well known that such large stop masses typically require a tuning at least

of order 1% in the MSSM, depending on the parameter choice, the definition of fine-tuning and

so on [11].

In the light of such fine-tuning considerations, it has been known for some time, even after

the LEP limit on the Higgs mass of 114 GeV, that the fine-tuning of the MSSM could be

ameliorated in the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [12]. With

a 125 GeV Higgs, this conclusion is greatly strengthened and the NMSSM appears to be a

much more natural alternative. In the NMSSM, the spectrum of the MSSM is extended by one

singlet superfield [13,14] (for a review see [15]). In the NMSSM the supersymmetric Higgs mass

parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to the Higgs doublets,

λSHuHd, that is perturbative to unified scales, thereby constraining λ � 0.7 (everywhere in

this paper λ refers to the weak scale value of the coupling). The maximum mass of the lightest

Higgs boson is then

m
2
h ≈ M

2
Z cos

2
2β + λ2

v
2
sin

2
2β + ∆m

2
h (1.2)

where here we use v = 174 GeV. For λv > MZ , the tree-level contributions to mh are maximized

for tan β = 1 rather than by large values of tan β as in the MSSM. However, even for λ taking
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NMSSM

sections and branching ratios which ultimately will enable it to be distinguished from the SM

Higgs in future LHC searches. Section 6 summarises and concludes the paper. Appendix A

contains the two-loop RGEs from which the perturbativity bounds on λ were obtained.

2 The MSSM

The scale invariant superpotential of the MSSM is given, in terms of (hatted) superfields, by

W = µ �Hu
�Hd + ht

�Q3
�Hu

�tc
R
− hb

�Q3
�Hd

�bc

R
− hτ

�L3
�Hd�τ c

R
(2.3)

in which only the third generation fermions have been included (with possible neutrino Yukawa

couplings have been set to zero), and �Q3,
�L3 stand for superfields associated with the (t, b) and

(τ, ντ ) SU(2) doublets.

The soft SUSY breaking terms consist of the scalar mass terms for the Higgs and sfermion

scalar fields which, in terms of the fields corresponding to the complex scalar components of the

superfields, are given by

−Lmass = m
2
Hu
|Hu|2 + m

2
Hd
|Hd|2

+ m
2
Q̃3
|Q̃2

3|+ m
2
t̃R
|t̃2R|+ m

2
b̃R
|b̃2

R|+ m
2
L̃3
|L̃2

3|+ m
2
τ̃R
|τ̃2

R| , (2.4)

and the trilinear interactions between the sfermion and Higgs fields,

−Ltril = BµHuHd + htAtQ̃Hut̃
c

R − hbAbQ̃Hdb̃
c

R − hτAτ L̃Hdτ̃
c

R + h.c. . (2.5)

The tree-level MSSM Higgs potential is given by

V0 = m
2
1|Hd|2 +m

2
2|Hu|2−m

2
3(HdHu +h.c.)+

g
2
2

8

�
H

+
d

σaHd + H
+
u

σaHu

�2
+

g
�2

8

�
|Hd|2 − |Hu|2

�2

(2.6)

where g
�
=

�
3/5g1, g2 and g1 are the low energy (GUT normalised) SU(2)W and U(1)Y gauge

couplings, m
2
1 = m

2
Hd

+ µ
2
, m

2
2 = m

2
Hu

+ µ
2

and m
2
3 = −Bµ.

In the MSSM, at the 1-loop level, stops contribute to the Higgs mass and three more param-

eters become important, the stop soft masses, m
Q̃3

and m
t̃R

, and the stop mixing parameter

Xt = At − µ cot β. (2.7)

The dominant one-loop contribution to the Higgs mass depends on the geometric mean of the

stop masses, m
2
t̃

= m
Q̃3

m
t̃R

, and is given by,

∆m
2
h
≈ 3

(4π)2

m
4
t

v2

�

ln
m

2
t̃

m2
t

+
X

2
t

m2
t̃

�

1− X
2
t

12m2
t̃

��

. (2.8)

The Higgs mass is sensitive to the degree of stop mixing through the second term in the brackets,

and is maximized for |Xt| = X
max
t

=
√

6 m
t̃
, which was referred to as “maximal mixing” above.

The fine-tuning in the MSSM can be simply understood by examining the leading one–loop

correction to the Higgs potential,

∆V =
3

32π2

�

m
4
t̃1

�

ln

m
2
t̃1

Q2
− 3

2

�

+ m
4
t̃2

�

ln

m
2
t̃2

Q2
− 3

2

�

− 2m
4
t

�
ln

m
2
t

Q2
− 3

2

��

, (2.9)
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Figure 1: The contribution of one–loop corrections to Eq. (2.11) as a function of the mass of the heaviest stop
mt̃2

for Q = mt = 165GeV and mt̃1
= 300GeV. Here ∆II = 2 · ∆/M2

Z . Solid, dashed–dotted and dashed lines
correspond to the mixing angle in the stop sector θt = 0, π/8 and π/4 respectively.

where the two stop masses are,

m2
t̃1,2

=
1

2

(
m2

Q̃3
+m2

t̃R
+ 2m2

t +
1

2
M2

Z cos 2β

∓

√(
m2

Q̃3

−m2
t̃R

+
4

3
M2

W cos 2β −
5

6
M2

Z cos 2β

)2

+ 4m2
t X

2
t



 . (2.10)

The fine-tuning originates from the fact that ∆V # v4, where v = 174 GeV is the combined
Higgs VEV. By considering the minimization conditions for the Higgs potential, one finds

µ2 +
1

2
M2

Z +∆ =
(m2

Hd
−m2

Hu
tan2 β)

tan2 β − 1
, (2.11)

where

∆ =
1

tan2 β − 1

{
3m2

t

16π2v2 cos2 β

[

f(mt̃2) + f(mt̃1)− 2f(mt)

]

−
3M2

Z

64π2v2 cos2 β

[

f(mt̃2) + f(mt̃1)

]

−
3

32π2v2 cos2 β

(
4

3
M2

W −
5

6
M2

Z

)[

f(mt̃2)− f(mt̃1)

]

cos 2θt

+

(
3(m2

t̃2
−m2

t̃1
)

64π2v2 cos2 β
sin2 2θt +

3mt µ sin 2θt
8π2v2 sin 2β

)[

f(mt̃2)− f(mt̃1)

]}

. (2.12)
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tuning 

LEP excluded
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LEP favours NMSSM over MSSM (10 years ago)                     
LHC with Higgs @ 125 GeV strengthens conclusion
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much worse 
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NMSSM Higgs Benchmarks Near 125 GeVTable 6: NMSSM with the lightest Higgs boson being SM-like near 125 GeV.

Point NMP1 NMP2 NMP3

tan β 3 2 2

µeff [GeV] 200 200 200

λ 0.64 0.6 0.57

κ 0.25 0.18 0.2

Aλ [GeV] 560 405 395

Aκ [GeV] -10 -10 -80

MQ3L [GeV] 650 700 530

MtR [GeV] 650 700 530

M1 [GeV] 106 91 115

M2 [GeV] 200 200 200

M3 [GeV] 600 600 600

SM-like Higgs boson

MH1
[GeV] 124.5 126.5 124.6

Rγγ(H1) 1.06 1.24 1.47

RWW (H1) 0.85 0.93 1.02

RZZ(H1) 0.76 0.85 0.90

Rbb̄(H1) 1.12 1.09 1.04

RΓtot(H1) 1.02 0.93 0.76

Rσgg (H1) 0.97 0.96 0.77

Rσtot(H1) 0.84 0.91 0.82

Remaining Higgs spectrum

MH2
[GeV] 155 132 129

MH3
[GeV] 637 465 456

MA1
[GeV] 128 116 168

MA2
[GeV] 634 463 454

MH± [GeV] 626 454 447

Sparticle masses and stop mixing

mg̃ [GeV] 700 701 696

m
χ̃±
1

[GeV] 137 131 131

m
χ̃±
2

[GeV] 281 284 284

mχ̃0
1
[GeV] 78 68 84

mχ̃0
2
[GeV] 134 127 140

mχ̃0
3
[GeV] 201 169 178

mχ̃0
4
[GeV] -231 -232 -227

mχ̃0
5
[GeV] 292 290 290

mb̃1
[GeV] 667 715 538

mb̃2
[GeV] 1014 1015 1011

mt̃1
[GeV] 548 587 358

mt̃2
[GeV] 782 838 686

Xt/mt̃ 1.74 1.86 2.26

Relic density

Ωh2 0.9819 0.1170 0.1100

discussed in [102] for the lighter Higgs H1 and in [6] for H2 as well as in [4].
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Table 7: NMSSM with the second lightest Higgs boson being SM-like near 125 GeV.

Point NMP4 NMP5 NMP6

tan β 3 3 2

µeff [GeV] 200 200 140

λ 0.67 0.66 0.55

κ 0.1 0.12 0.31

Aλ [GeV] 650 650 210

Aκ [GeV] -10 -10 -210

MQ3L [GeV] 600 600 800

MtR [GeV] 600 600 600

M1 [GeV] 200 200 145

M2 [GeV] 400 400 300

M3 [GeV] 600 600 800

SM-like Higgs boson

MH2
[GeV] 123.8 126.5 124.5

Rγγ(H2) 1.09 1.19 1.431

RWW (H2) 0.91 0.98 1.00

RZZ(H2) 0.80 0.89 0.89

Rbb̄(H2) 1.08 1.06 1.04

RΓtot(H2) 0.96 0.90 0.78

Rσgg (H2) 1.00 0.96 0.91

Rσtot(H2) 0.92 0.95 0.93

Remaining Higgs spectrum

MH1
[GeV] 90 96 90

MH3
[GeV] 654 656 325

MA1
[GeV] 86 93 249

MA2
[GeV] 655 656 317

MH± [GeV] 643 645 312

Sparticle masses and stop mixing

mg̃ [GeV] 699 699 875

m
χ̃±
1

[GeV] 182 182 114

m
χ̃±
2

[GeV] 438 438 342

mχ̃0
1
[GeV] 69 78 80

mχ̃0
2
[GeV] 173 175 163

mχ̃0
3
[GeV] 233 238 -169

mχ̃0
4
[GeV] -241 -239 197

mχ̃0
5
[GeV] 438 438 343

mb̃1
[GeV] 619 617 822

mb̃2
[GeV] 1013 1013 827

mt̃1
[GeV] 517 483 549

mt̃2
[GeV] 724 741 892

Xt/mt̃ 1.56 1.89 -1.83

Relic density

Ωh2 0.0999 0.1352 0.1258
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[GeV] 517 483 549

mt̃2
[GeV] 724 741 892

Xt/mt̃ 1.56 1.89 -1.83

Relic density

Ωh2 0.0999 0.1352 0.1258

21

Key features:
- Stops below 1 
TeV in all cases 

- Two photon 
Higgs BR 
enhanced

- WW and ZZ  
Higgs BR  
suppressed

King, Muhlleitner, Nevzorov

H1 H2



King, Moretti, Nevzorov

M1

M2

M3

Mstring

TeV    U(1)N broken, Z’ and exotics get mass, µ term generated  

MW SU(2)L£ U(1)Y broken

RH neutrinos 
neutral under:

SU(3)×SU(2)×U(1)Y£U(1)N

remaining matter content of 3 families of 
27’s of E6 survives down to the TeV scale 

Exceptional SUSY SM (E6SSM)

Energy



Matter Content of 27’s of E6 Matter Content

D. Miller 3SUSY 2011

All the SM matter fields are contained in one 27-plet of E6 per generation.

27
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Singlet-Higgs-Higgs 
couplings includes 
effective µ term 

Singlet-D-D couplings 
includes effective D 
mass terms

Yukawa couplings 
but extra Higgs 
give FCNCs

DQQ, DQL allows D 
decay but also proton 
decay. Need to:                           
– either forbid one of 
DQQ or DQL                              
- or allow both with  
Yukawas » 10-12

E6SSM Couplings



LHC phenomenology of E6SSM
SUSY - typical spectrum has heavier 
squarks and lighter gluinos, with gluinos 
having longer decay chains than MSSM, 
due to extra neutralinos and charginos, 
giving less missing energy and more soft 
leptons and jets

Higgs - Richer Higgs spectrum than 
MSSM or NMSSM (incl. inert Higgs)

Exotics - Z’, D-leptoquarks/diquarks 



Neutralinos in E6SSM
3 Higgs families = 1 MSSM family Hu Hd + 2 inert families Hu1 Hd1 Hu2 Hd2  

3 families of Singlets = 1 NMSSM singlet S  + 2 inert singlets S1 S2  

The full neutralino mass matrix

appear in the neutralino or chargino mass matrices. Additionally, they only appear in

Feynman rules that involve the inert Higgs scalars and we assume that these are given soft

SUSY breaking masses that are heavy enough such that these particles do not contribute

to any processes relevant for the current study.

As a final note, one could perhaps argue that these couplings should be arranged

to help ensure that only the third generation singlet scalar radiatively acquires a VEV.

However, as the contributions to the running of the singlet scalar square masses could

be coming mostly from the heavy exotic quarks, there is little reason to impose any

constraints from such considerations on the λijk couplings.

4 The Neutralino and Chargino Mass Matrices

In the MSSM there are four neutralino interaction states, the neutral wino, the bino and

the two Higgsinos. In the USSM, two extra states are added, the singlino and the bino′.

In the conventional USSM basis

χ̃0
int = ( B̃ W̃ 3 H̃0

d H̃0
u S̃ B̃′ )T (7)

and neglecting bino-bino′ mixing (as justified in Ref. [9]) the USSM neutralino mass matrix

is then

Mn
USSM =

























M1 0 −mZsW cβ mZsW sβ 0 0

0 M2 mZcW cβ −mZcW sβ 0 0

−mZsW cβ mZcW cβ 0 −µ −µssβ g′1vcβQN
d

mZsW sβ −mZcW sβ −µ 0 −µscβ g′1vsβQN
u

0 0 −µssβ −µscβ 0 g′1sQ
N
s

0 0 g′1vcβQN
d g′1vsβQN

u g′1sQ
N
s M ′

1

























, (8)

where M1, M2 and M ′
1 are the soft gaugino masses, µs = λv/

√
2, 〈Hd〉 = v cos β/

√
2 and

〈Hu〉 = v sin β/
√

2. In the E6SSM this is extended. We take the full basis of neutralino

interaction states to be

χ̃0
int = ( B̃ W̃ 3 H̃0

d H̃0
u S̃ B̃′ H̃0

d2 H̃0
u2 S̃2 H̃0

d1 H̃0
u1 S̃1 )T. (9)

The first four states are the MSSM interaction states, the S̃ and B̃′ are the extra states

added in the USSM and the final six states are the extra inert doublet Higgsinos and

Higgs singlinos that come with the full E6SSM model. Under the assumption that only

the third generation Higgs doublets and singlet acquire VEVs the full Majorana mass

matrix is then

Mn
E6SSM =









Mn
USSM B2 B1

BT
2 A22 A21

BT
1 AT

21 A11









, (10)

where the sub-matrices involving the inert interaction states are given by

Aαβ = −
1√
2









0 λαβs fuβαv sin β

λβαs 0 fdβαv cos β

fuαβv sin β fdαβv cos β 0









, (11)

and the ZH
2 breaking sub-matrices by

Bα = −
1√
2

























0 0 0

0 0 0

0 xdαs zαv sin β

xuαs 0 zαv cos β

xuαv sin β xdαv cos β 0

0 0 0

























. (12)

Similarly we take our basis of chargino interaction states to be

χ̃±
int =

(

χ̃+
int

χ̃−
int

)

,

where

χ̃+
int =













W̃+

H̃+
u

H̃+
u2

H̃+
u1













and χ̃−
int =













W̃−

H̃−
d

H̃−
d2

H̃−
d1













. (13)

The corresponding mass matrix is then

M c
E6SSM =

(

CT

C

)

,

where

C =













M2

√
2mW sin β 0 0

√
2mW cos β µ 1√

2
xd2s

1√
2
xd1s

0 1√
2
xu2s

1√
2
λ22s

1√
2
λ21s

0 1√
2
xu1s

1√
2
λ12s

1√
2
λ11s













. (14)

It is clear that a generic feature of the E6SSM is that the LSP is usually (naturally)

composed mainly of inert singlino and ends up being typically very light. One can see this

12x12 
matrix!!

Hall, King



Inert LSP is naturally light » v2 /s

Inert LSP is inert Higgsino/singlino

Hall, SFK

The Inert Neutralino Sector 

Inert LSP would be natural dark matter candidate 

Higgs and gluinos can decay into inert LSP 
(invisible Higgs decays, longer gluino chains)

Hall, King



Invisible Higgs Decays

where i, j = 1, 2, ...6 and m = 1, 2, 3. In Eq. (31) ψ0
i = (−iγ5)θiχ0

i is the set of Inert

neutralino eigenstates with positive eigenvalues, while θi equals 0 (1) if the eigenvalue

corresponding to χ0
i is positive (negative). As before, the Inert neutralinos are labeled

according to increasing absolute value of mass, with ψ0
1 being the lightest Inert neutralino

and ψ0
6 the heaviest.

The expressions for the couplings of the Higgs scalars to the Inert neutralinos (31)

become much more simple in the case of the hierarchical structure of the Higgs spectrum.

In this case Uij is almost an identity matrix. As a consequence, the couplings of the SM-like

Higgs boson to the lightest and second lightest Inert neutralino states are approximately

given by

Xh1

γσ = −
1√
2

(

Fγσ cos β + F̃γσ sin β

)

, (32)

where γ, σ = 1, 2, labeling the two light, mostly Inert singlino states. In the limit when

off-diagonal Yukawa couplings that determine the interactions of the inert Higgs fields

with Hu, Hd and S vanish, as defined in subsection (3.1), and Inert neutralino mass

matrix has a hierarchical structure (i.e. λαs # fαv, f̃αv), one can use the expressions

(18) for Na
1,2 in order to derive the approximate analytical formulae for Xh1

γσ. Substituting

Eqs. (18) into (32) one obtains

Xh1

γσ $
|mχ0

σ
|

v
δγσ , (33)

These simple analytical expressions for the couplings of the SM–like Higgs boson to the

lightest and second lightest Inert neutralinos are not as surprising as they may first ap-

pear. When the Higgs spectrum is hierarchical, the VEV of the lightest CP–even state

is responsible for all light fermion masses in the E6SSM. As a result we expect that their

couplings to SM–like Higgs can be written as usual as being proportional to the mass

divided by the VEV. We see that this is exactly what is found in the limit of |mχ0
σ
| being

small.

5. Novel Higgs decays and Dark Matter

5.1 Higgs decay widths

The interaction Lagrangian (31) gives rise to decays of the lightest Higgs boson into Inert

neutralino pairs with partial widths given by

Γ(h1 → χ0
αχ

0
β) =

∆αβ

8πmh1

(

Xh1

αβ +Xh1

βα

)2[

m2
h1

− (|mχ0
α
|+ (−1)θα+θβ |mχ0

β
|)2

]

×

√

(

1−
|mχ0

α
|2

m2
h1

−
|mχ0

β
|2

m2
h1

)2

− 4
|mχ0

α
|2|mχ0

β
|2

m4
h1

,

(34)
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where ∆αβ =
1

2
(1) for α = β (α != β).

The partial widths associated with the exotic decays of the SM-like Higgs boson (34)

have to be compared with the Higgs decay rates into the SM particles. When the SM-like

Higgs state is relatively light (mh1
! 140GeV) it decays predominantly into b-quark and

τ–lepton pairs. The partial decay width of the lightest CP–even Higgs boson into fermion

pairs is given by (for recent review see [42])

Γ(h1 → f f̄) = Nc
g22
32π

(

mf

MW

)2

g2h1ffmh1

(

1−
4m2

f

m2
h1

)3/2

. (35)

Eq. (35) can be used for the calculation of the lightest Higgs decay rate into τ–lepton pairs.

In this case the coupling of the lightest CP–even Higgs state to the τ–lepton normalized

to the corresponding SM coupling, i.e. gh1ττ , is given by

gh1ττ =
1

cos β

(

U †
hh1

cos β − U †
Hh1

sin β

)

. (36)

For a final state that involves b–quarks one has to include the QCD corrections. In

particular, the fermion mass in Eq. (35) should be associated with the running b–quark

mass mb(µ). The bulk of the QCD corrections are absorbed by using the running b–quark

mass defined at the appropriate renormalisation scale, i.e. at the scale of the lightest

Higgs boson mass (µ = mh1
) in the considered case. In addition to the corrections which

are associated with the running b–quark mass there are other QCD corrections to the

Higgs coupling to the b–quark that should be taken into account [43]. As a consequence,

the partial decay width of the lightest CP–even Higgs boson into b–quark pairs can be

calculated using Eq. (35) if one sets Nc = 3 and replaces

mf → mb(mh1
) ,

g2h1ff →
1

cos2 β

(

U †
hh1

cos β − U †
Hh1

sin β

)2[

1 +∆bb +∆H

]

,

∆bb $ 5.67
ᾱs

π
+ (35.94− 1.36Nf)

ᾱ2
s

π2
,

∆H $
ᾱ2
s

π2

(

1.57−
2

3
log

m2
h1

m2
t

+
1

9
log2

m2
b

m2
h1

)

,

(37)

where ᾱs = αs(m2
h1
). Here we neglect radiative corrections that originate from loop

diagrams that contain SUSY and exotic particles 7.

From Eqs. (33)–(35) one can see that in the E6SSM the branching ratios of the SM–like

Higgs state into the lightest and second lightest Inert neutralinos depend rather strongly

on the masses of these exotic particles. When the lightest Inert neutralino states are

7Radiative corrections that are induced by SUSY particles can be very important particularly in the

case of the bottom quark at high values of tanβ (for a review, see [44]).
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due to large coupling of inert neutralinos to Higgs 
∼Mχ/v with 	 Mχ~MZ/2 can get “invisible” Higgs

gives large SI DD cross-sections -- challenged by 
XENON 100

Hall, King, Pakvasa Nevzorov, Sher 

h1 To get a 125 GeV SM-like  
visible Higgs need one of :

(i) Mχ>62 GeV
(ii) Mχ< 1 GeV



Dark Matter Constraints

XENON 100 
safe region

XENON 100 
safe region

E6SSM

MSSM

Belyaev, Hall, King, Svantesson (preliminary)

Also shown are gluino decay chain lengths 

8

parameter min max
tan β 2 60

[TeV] [TeV]
At = Ab = Aτ = Aµ -3 3

MA 0.1 2
µ -2 2

TABLE I: The MSSM scanning region. A common squark
and slepton mass scale was fixed to MS = 2 TeV. The
gaugino masses were fixed to M1 = 150 GeV, M2 = 285
GeV and M3 = 619 GeV, providing a gluino mass close
to 800 GeV.

parameter min max
tan β 1.4 2

|λ| 0.3 0.7
λ22 0.0001 0.01
λ21 0.01 0.1
λ12 0.01 0.1
λ11 0.0001 0.01
fd
22 0.0001 0.01

fd
21 0.1 1

fd
12 0.1 1

fd
11 0.0001 0.01

fu
22 0.0001 0.01

fu
21 0.1 1

fu
12 0.1 1

fu
11 0.0001 0.01
xd

2 10−4 10−2

xd
1 10−4 10−2

xu
2 10−4 10−2

xu
1 10−4 10−2

z1 10−3 10−1

z2 10−3 10−1

[TeV] [TeV]
At = Ab = Aτ -3 3

MA 1 3
s 2 5

TABLE II: The E6SSM scanning region. A common
squark and slepton mass scale was fixed to MS = 2 TeV.
The gaugino masses were fixed to M1 = 150 GeV, M ′

1 =
150 GeV,M2 = 300 GeV and Mg̃ = 800 GeV.
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(a)MSSM: points from the region defined in Table I. Two
benchmark points are encircled: MSSM-A (cyan) and MSSM-B

(magenta).
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(b)E6SSM: points from the region defined in Table II but with
3700 < s < 8000 GeV and 0.4 < |λ| < 0.7.

FIG. 1: Scatter plot in the logarithmic σSI - Ωh2 plane for E6SSM and MSSM regions defined in tables II and I.

In the E6SSM the effective decay length is typically either 3 or 4. Initially an either charged or neutral wino is
produced and this subsequently decays to the bino. The bino then decays into either of the two light inert neutralinos



E6SSM 
Benchmarks

MSSM-inos

USSM-inos

E6SSM-inos

Belyaev, Hall, King, 
Svantesson (preliminary)
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MSSM-A MSSM-B E6SSM-A E6SSM-B E6SSM-C E6SSM-D E6SSM-E E6SSM-F
tan β 9.9 39.2 1.42 1.77 1.42 1.5 1.42 3

λ - - 0.598 -0.462 0.598 0.55 0.598 -0.4
s - - 5268 5418 5268 3700 5268 5500

[G
eV

]

µ -112.6 1578 (2228) (1770) (2228) (1439) (2228) (-1556)
At = Ab = Aτ -724.6 -566.1 -2684 476.2 -2684 -2200 -2684 4638

MA 1593 302.5 2791 2074 4000 2736 4010 4341
M1 150 150 150 150 150 150 150 150
M2 285 285 300 300 300 300 300 300
M1′ - - 151 151 151 151 151 151
mg̃ 800.3 800.2 800.0 800.0 800.0 800.0 800.0 800.0

mχ̃0
M1

94.1 149.9 149.1 151.2 149.1 148.6 149.1 150.6

[G
eV

]

mχ̃0
M2

128.8 302.8 296.8 303.7 296.8 296.8 296.8 301.7

mχ̃0
M3

163.0 1580 2233 1766 2233 1254 2233 1557

mχ̃0
M4

323.5 1581 2246 1771 2246 1468 2246 1558

m
χ̃±

M1

112.2 302.8 299.2 300.9 299.2 298.7 299.2 300.4

m
χ̃±

M2

323.5 1582 2229 1771 2229 1440 2229 1557

mχ̃0
U1

- - 1835 1909 1835 1420 1835 1937

[G
eV

]mχ̃0
U2

- - 2003 2062 2003 1459 2003 2087

mχ̃0
E1

- - 43.5 45.2 0.00011 62.7 0 0

[G
eV

]

mχ̃0
E2

- - 48.6 53.2 1.53 62.8 0 0

mχ̃0
E3

- - 131.3 141.6 120.1 119.9 119.9 164.1

mχ̃0
E4

- - 163.6 187.4 122.8 121.1 119.9 164.1

mχ̃0
E5

- - 197.0 227.8 185.8 183.1 185.8 388.9

mχ̃0
E6

- - 224.3 265.6 187.0 184.4 185.8 388.9

m
χ̃±

E1

- - 119.9 122.7 119.9 109.8 119.9 164.1

m
χ̃±

E2

- - 185.8 225.1 185.8 117.8 185.8 388.9

mh 120.4 119.0 133.8 116.3 125.8 125.4 126.1 124.7

[G
eV

]mt̃1
1979 1992 1916 2042 1917 1917 1917 1885

P (l = 1) 0.09847 0.188 < 10−5 < 10−5 < 10−12 < 10−9 < 10−8 0.1727
P (l = 2) 0.4705 0.812 0.01524 0.1723 < 10−5 < 10−4 0.0061 0.8273
P (l = 3) 0.387 0 0.2336 0.7986 0.1721 0.1746 0.1953 < 10−6

P (l = 4) 0.04387 0 0.7512 0.02915 0.8280 0.8196 0.7987 < 10−15

P (l = 5) < 10−4 0 < 10−7 0 0 0.0058 < 10−15 0

Ωh2 0.01513 0.00816 0.0006842 0.0006937 0.00114 < 10−2 0.101
σSI 2.35 × 10−8 0.38 × 10−8 9.35 × 10−8 16.35 × 10−8 15.34 × 10−8 < 10−12 3.75 × 10−11

[p
b
]

TABLE III: Benchmarks chosen from the parameter scans presented in Figure 1 and Tables II and I. The χ̃0(±)
Mi are MSSM-like

states, the χ̃0
Ui are USSM-like states, being mainly mixtures of ˜̃S and B̃′. The χ̃0(±)

Ei are states introduced by the inert sector
of E6SSM. The scale for squark and slepton masses are MS=2 TeV in all benchmarks.

• E6SSM-C:
Here the singlino-like LSP has been pushed down to the MeV scale, approaching the EZSSM limit where the
singlinos are completely massless and decoupled. The approximate decoupling leads to a quite long-lived bino
and the step in the decay after the bino appears as a displaced vertex at the order of cm from the previous step.
The MeV LSP results in an overabundance of dark matter, which could possibly be resolved by pushing down
the mass to the keV scale, in which the last steps of the gluino decay is likely to occur outside the detector and
we are left with something that looks like the MSSM.

• E6SSM-D:
In this scenario the LSP is still singlino but with its mass pushed up by increasing f-type yukawa couplings.
The yukawa coupling seems to be perturbative up to 1012 GeV. The LSP is annihilated efficiently through a
Higgs resonance by having a mass close to mh/2 ∼ 63 GeV. The Higgs does not decay to neutralinos but stay
SM-like.

• E6SSM-E: (EZSSM)
The inert singlinos are completely decoupled in this scenario and the LSP is inert higgsino-like. This does not

LSP

Higgs



Gluino decay chains

E6SSM

M
S

S
M

E6SSM has longer gluino chains 
with a lighter LSP at the end

Belyaev, Hall, King, 
Svantesson (preliminary)

Gluino decay chains
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* * *

1 Scans and gluino decay chain lengths in E6SSM MSSM

Scans made to find points satisfying LEP, XENON and WMAP. Longer decay chains are
favoured in the E6SSM. We define the decay chain length, as shown in Figure 1, by how many
decays there are after the (virtual) squark, in our case this is the number of charginos or
neutralinos involved in the chain.

g̃

Decay chain length: 1 2 3 4

Figure 1: The length of the gluino decay chain is defined by the number of decays after the
first (virtual) squark.
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FIG. 4: The probability of having a certain decay length as a distribution over scanned points.
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FIG. 5: The probability for a certain gluino decay chain length, averaged over all points in the parameter scan, satisfying dark
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III. GLUINO PRODUCTION AND DECAYS IN MSSM AND E6SSM

A. Production cross sections and signatures from MSSM and E6SSM

• We should present here the level of the expected signal for gluino prodction as a function of the
gluino mass as well as CS for particular benchmarks. Figure 8 added.

• The next step is to present decay cahins and Br for particular benchmarks (Benchmarks with
probabilities for certain decay chain lengths are shown in Table III.) including diagrams for
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FIG. 7: The most common decay chains from each benchmark.
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FIG. 8: The cross section for gluino pair production as a function of the gluino mass, mg̃, at LHC at 7 TeV. The CTEQ6L set
is used for PDFs.

2. mT2

In the ideal case, where one knows the parents of all the visible final state particles one would be able to see a
significant difference of the shape of the mT2 distribution for the MSSM and the E6SSM as shown in Figure 15.
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FIG. 16: Gluino decay diagrams for the MSSM benchmarks, showing the leading decays (contributing more than 80%) for the
involved sparticles. The vertical line spacing are proportional to the mass splitting among the particles. For MSSM-A, χ̃0

4 and
χ̃±

2 are closely degenerate but have been separated for clearness.
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FIG. 7: Lepton and Jet multiplicities, where all jets and leptons are assumed to be identified.

1. Alternative cuts

As seen in Figure 12(a) and 11(a), the longer decay chains of the E6SSM provide less missing momenta and more

visible momenta than the MSSM. Applying cuts on variables such as pmiss
T and pmiss

T /Meff are severe for models with
longer decay chains. The backgrounds can be reduced by just applying requirements on the number of visible objects
instead. In Figure 16(d) no cuts on missing transverse momenta is made, the reduction of backgrounds is simply due
to requireing large number of visible particles.
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FIG. 7: Lepton and Jet multiplicities, where all jets and leptons are assumed to be identified.

1. Alternative cuts

As seen in Figure 12(a) and 11(a), the longer decay chains of the E6SSM provide less missing momenta and more

visible momenta than the MSSM. Applying cuts on variables such as pmiss
T and pmiss

T /Meff are severe for models with
longer decay chains. The backgrounds can be reduced by just applying requirements on the number of visible objects
instead. In Figure 16(d) no cuts on missing transverse momenta is made, the reduction of backgrounds is simply due
to requireing large number of visible particles.
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FIG. 8: Lepton multiplicities, where all leptons are assumed to be identified.

CUT MSSM-A MSSM-B E6SSM-A E6SSM-B
No. limit Eff. Frac. Eff. Frac. Eff. Frac. Eff. Frac.

0 no cut 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1 /HT > 200 GeV 0.58 0.42 0.34 0.66 0.47 0.53 0.47 0.53
2 pjet1

T >50 GeV 0.00 0.42 0.00 0.66 0.00 0.53 0.00 0.53
3 pjet2

T >50 GeV 0.13 0.37 0.02 0.64 0.01 0.52 0.01 0.53
4 pjet3

T >50 GeV 0.43 0.21 0.13 0.56 0.06 0.49 0.06 0.50
5 ∆φ(/pT

, jet1) > 0.5 0.02 0.21 0.02 0.55 0.03 0.48 0.03 0.48
6 ∆φ(/pT

, jet2) > 0.5 0.05 0.19 0.08 0.50 0.12 0.42 0.12 0.42
7 ∆φ(/pT

, jet3) > 0.3 0.04 0.19 0.07 0.47 0.10 0.38 0.10 0.38
8 ∆R(jet, lep)min < 0.3 0.18 0.15 0.24 0.36 0.37 0.24 0.36 0.25
9 HT > 800 GeV 0.88 0.02 0.49 0.18 0.38 0.15 0.38 0.15

TABLE V: CMS style cuts: The efficiency (fraction of events removed my the cut) and fraction of events left after 0 to 9 cuts
applied.

E. Distingushing signals from MSSM and E6SSM

IV. CONCLUSIONS

Acknowledgments

RS grants ...

Lepton multiplicity assuming 
perfect lepton identification

Soft Lepton 
multiplicity 

is a clear 
signal of 
E6SSM 

de Santo, King
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(b)pmiss
T after 8 ATLAS cuts.
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FIG. 18: Plots of the missing transverse momentum before and after the ATLAS and CMS cuts defined in tables IV and V.
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(a)The missing transverse momentum, /pT
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(b)The missing transverse hadronic momentum, /HT .
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(c)The missing transverse momentum, /pT
.
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FIG. 11: The missing transverse momentum, /pT
, and the missing transverse hadronic momentum, /HT , before any selection

cuts.

Appendix A: Decay diagrams

multiplicity 
cut

Belyaev, King, Svantesson 
(preliminary)



Hierarchy problem addressed by SUSY... 

...but SUSY is a symmetry not a model

LHC can only test individual SUSY models

Focus on dynamical solutions to mu problem

NMSSM→E6SSM (string theory) gives spectacular signals

SUSY - typical spectrum has heavier squarks and lighter gluinos, 
with gluinos having longer decay chains than MSSM, due to extra 
neutralinos and charginos, giving less missing energy and more 
soft leptons and jets

Higgs -may have invisible decays or be SM-like depending on the 
(inert) LSP mass 

Exotics - Z’, D-leptoquarks/diquarks (maybe long lived)

Conclusion
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“4d Flatlander” 

F-Theory GUTs: a 12d string theory 
Heckman and Vafa 

We live close 
to E8 point 
on the extra  
dimensional 
“6d sphere”   

“6d spheres” with 
“2d fibres” 

!"#$"%%& #'&()*+*&,-./0&(12)3456)1.&



We live 
close to 
here 

The “6d sphere” 

“GUT surface” 

“curve” 

“matter curve !” 
“GUT surface S” 
“gravity bulk” 

“Yukawa point” 

!"#$"%%& #'&()*+*&,-./0&(12)3456)1.&



GUT breaking is achieved not with 
Higgs but with Hypercharge Flux 

Index theorem gives number of chiral 
doublets and triplets (think of Gauss’s law): 

Doublet-triplet Higgs splitting 
requires:  

2-d Matter 
curve ! 

Callaghan, SFK, Leontaris, Ross 

Think of 
magnetic 
flux 
PHYS2001 

Typically predicts exotics 
!"#$"%%& #'&()*+*&,-./0&(12)3456)1.&



E6SSM from F-theory
E6 SO(10) SU(5) Weight vector NY MU(1) SM particle content Low energy spectrum

27t �
1

16 53 t1 + t5 1 4 4dc +5L 3dc +3L
27t �

1
16 10M t1 −1 4 4Q+5uc +3ec

3Q+3uc +3ec

27t �
1

16 θ15 t1 − t5 0 n15 3νc
-

27t �
1

10 51 −t1 − t3 −1 3 3D+2Hu 3D+2Hu

27t �
1

10 52 t1 + t4 1 3 3D+4Hd 3D+3Hd

27t �
1

1 θ14 t1 − t4 0 n14 θ14 -

27t �
3

16 55 t3 + t5 −1 −1 dc +2L -

27t �
3

16 102 t3 1 −1 Q+2ūc -

27t �
3

16 θ35 t3 − t5 0 n35 − -

27t �
3

10 5Hu −2t1 1 0 Hu Hu

27t �
3

10 54 t3 + t4 −1 0 Hd -

27t �
3

1 θ34 t3 − t4 0 n34 θ34 -

- 1 θ31 t3 − t1 0 n31 θ31 -

- 1 θ53 t5 − t3 0 n53 θ53 -

- 1 θ54 t5 − t4 0 n54 θ54 -

- 1 θ45 t4 − t5 0 n45 θ45 -

Table 1: Complete 27s of E6 and their SO(10) and SU(5) decompositions. The SU(5) matter states

decompose into SM states as 5 → dc,L and 10 → Q,uc,ec
with right-handed neutrinos 1 → νc

, while

SU(5) Higgs states decompose as 5 → D,Hu and 5 → D,Hd , where D,D are exotic colour triplets and

antitriplets. We identify RH neutrinos as νc = θ15. Arbitrary singlets are included for giving mass to

neutrinos and exotics and to ensure F- and D- flatness.
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 The origin and fate of the Universe – and why is it so big and flat? 

 The dark side of the Universe – why is 95% of mass-energy in a form that is 
presently unknown, including 23% dark matter and 72% dark energy? 

 The origin of matter – the problem of why there is a tiny excess of matter 
over antimatter in the Universe, at a level of one part in a billion.

 The origin of mass - the origin of the weak scale, its stability under radiative 
corrections, and the solution to the hierarchy problem. 

 The quest for unification - the question of whether the three known forces 
of the standard model (and gravity)  may be unified.

 The problem of flavour - the problem of the three generations with fermion 
(incl. neutrino) masses and mixing angles and CPV phases, giving small FCNCs and 
tiny strong CPV.

Standard Model Puzzles
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Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams

in figure 1, we find that the m2
hu

parameter receives the following correction:

δm2
hu

= −
3y2t
4π2

m2
t̃ ln

(

ΛUV

mt̃

)

(5)

Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in

figure 2.
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The Higgs mass correction is then given by

δm2
hu

=
3g2

8π2
(m2

W̃
+m2

h̃
) ln

ΛUV

mW̃

. (7)

We identify the Higgsino mass with µ. Because we are already taking µ ! 200 GeV, this

translates into a roughly natural wino mass range of

mW̃ ! TeV. (8)
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Two Higgs doublets get VEVs

Constrained MSSM
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Figure 4: Observed and expected 95% CL exclusion contours in the CMSSM (m0, m1/2) plane
(tan β = 10, A0 = 0, µ > 0) using NLO signal cross sections with the CLs method. The expected
limit is shown with its 68% CL range. The SUSY benchmark model LM6 is also shown.

represents a tight constraint on the parameter space of SUSY models like the CMSSM.
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TABLE IV: 95% CL upper limits on the visible cross-section (〈εσ〉95obs) and on the observed (S95
obs) and expected (S95

exp) number
of signal events for the various signal regions. The last two columns indicate the CLB value and discovery p-value (p(s = 0)).
All numbers are given for the individual electron and muon channels.

Electron channel 〈εσ〉95obs [fb] S95
obs S95

exp CLB p(s = 0)

3JL 50 52 63+23
−11 0.21 0.79

3JT 14 14.3 16.5+6.7
−3.0 0.30 0.71

4JL 33 34 38+15
−7 0.35 0.65

4JT 10 10.6 9.5+4.3
−1.6 0.61 0.42

Muon channel 〈εσ〉95obs [fb] S95
obs S95

exp CLB p(s = 0)

3JL 36 38 41+16
−7 0.39 0.60

3JT 10 9.9 11.4+4.5
−2.0 0.31 0.70

4JL 31 32 34+14
−7 0.42 0.58

4JT 9 8.9 8.0+3.0
−1.6 0.63 0.39
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FIG. 7: Observed and expected 95% CL exclusion limits, as
well as the ±1σ variation on the median expected limit, in the
combined electron and muon channels. The plots also show
the published limits from CDF [60], D0 [61], and the results
from the LEP experiments [62].

For the bilinear R-parity violating model, among the
four signal regions considered, the tight selection crite-
ria provide wider reach than the loose ones. The most
stringent exclusion limits are set by the 4JT signal re-
gion as shown in Figure 9. The model is not tested
for regions of parameter space where cτ of the LSP ex-
ceeds about 15 mm, which is approximately the case for
m1/2 < 240 GeV. Within the context of this model,
and for equal squark and gluino masses, masses below
760 GeV are excluded.

XI. SUMMARY AND CONCLUSION

In this paper, an update of the search for supersym-
metry is presented, in final states containing one isolated
electron or muon, jets, and missing transverse momen-
tum. Good agreement is seen between the observed num-
ber of events in the signal regions and the standard model
expectation, and limits are set on contributions of new
physics to the signal regions. These limits significantly
improve on the results from 2010 data and are applied
to a wider range of SUSY models. Model-independent
limits on the cross-section of new physics contributions
to the signal regions are set, varying between 9 fb and
50 fb depending on the channel and the signal region.
In the MSUGRA/CMSSM model and for equal squark
and gluino masses, gluino masses below 820 GeV are ex-
cluded. Limits are set on simplified models for gluino
production and decay and squark production and decay
via an intermediate chargino. For the gluino model and
for the decay ratio x > 1/2, LSP masses below 200 GeV
are excluded for gluino masses below 600 GeV. For the
first time at the LHC, limits are set on supersymmetric
models with bilinear R-parity violation.
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Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams
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Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in

figure 2.
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The Higgs mass correction is then given by

δm2
hu

=
3g2

8π2
(m2

W̃
+m2

h̃
) ln

ΛUV

mW̃

. (7)

We identify the Higgsino mass with µ. Because we are already taking µ ! 200 GeV, this

translates into a roughly natural wino mass range of

mW̃ ! TeV. (8)
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FIG. 6. Exclusion curves for our minimal model, Eq. (19), from three relevant searches as a function

of masses for squarks and neutralino. We assume roughly equal masses for all three squark species,

two stops and a sbottom. The green line represents exclusion by αT search, the blue line is an

exclusion by /HT search and the red one is exclusion by tt̄+ /ET search.

4. OS dileptons + jets + /ET [42]

5. lepton + jets with b-tag + /ET [43]

In order to estimate the bounds on our scenario, we simulated events and checked the

acceptances within the channels listed above.8 The events were generated and decayed with

MadGraph 5 [47] and further showered and hadronized with Pythia 6 [48]. The events

were reconstructed with FastJet-2.4.4 [49]. We calculated all the NLO cross-sections

with Prospino 2 [50] and reweighted all the events appropriately. We ran each spectrum

assuming that the mass difference between the stops and sbottom are negligible. Given the

mass difference, Eq. (30), this is not a bad approximation. (One can of course play with

8 Whenever both Atlas and CMS have performed closely overlapping searches, we have considered just the

CMS representative. The relevant Atlas searches are [44, 45]. We also did not explicitly simulate an

additional CMS jets + /ET search which takes advantage of the mt2 variable [46], since it is not expected

to have a good acceptance in our case.
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stop mass

suggest that one should also consider a decay mode b̃ → W (∗)t̃. However this would imply a

three-body decay, which is therefore highly suppressed. More important, stop decay modes

t̃ → W (∗)b̃ can become competetive to other stop decay modes, if it is forced to proceed

through an off-shell top. However this can happen only if the left-right mixing between the

stops is large, and we will neglect this possibility further.

Before considering the LHC, we should note several D0 searches which directly address

this scenario. The first relevant search looks for b-jets + /ET [32]. This search constrains

the sbottom mass to be higher than 247 GeV if the neutralino is massless. The constraints

become weaker if the neutralino is heaver, but unless there is an accidental degeneracy, the

lower bounds on the sbottom are still around 200 GeV. Another search of D0 looks for stops,

which are pair-produced and further decay into b l+ /ET (where this decay mode is assumed

to have 100 % branching fraction). The most updated search used events with opposite

flavor pairs [33]. This search also bounds the stop mass at 240 GeV if the neutralino is

massless and for massive neutralino (without any accidental degeneracy with the stop) the

bound is of order 200 GeV, depending on the neutralino mass.

CDF has a more elaborate search, where it looks for tt̄+ /ET . This search was performed

in monoleptonic [34] and hadronic [35] channels. The bounds one can put on production

cross sections from theses two measurements are comparable to each other, but too weak to

constrain effective SUSY with its small squark cross section.7

Now let us turn our attention to the LHC searches. As we will see, the bounds from the

LHC are not very stringent (partly due to an insufficient number of dedicated searches).

This is in part because, with the exception of an Atlas top-group search for tt̄+ /ET (which

we will discuss later), there are no dedicated searches for this scenario. However there are

several general searches, which can be sensitive to the stop/sbottom/neutralino subsystem

we are studying here. We explictly considered the following list of searches:

1. jets + /ET (including simple /HT search and an αT search) [37, 38]

2. jets + /ET with b-tag [39, 40]

3. lepton + jets + /ET [41]

7 Hereafter we do not consider a mass range of stop below 200 GeV, where the stop mostly decays off-shell.

This intriguing possibility is not yet excluded, and the reader is refered to [7, 36].
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lower bounds on the sbottom are still around 200 GeV. Another search of D0 looks for stops,

which are pair-produced and further decay into b l+ /ET (where this decay mode is assumed

to have 100 % branching fraction). The most updated search used events with opposite

flavor pairs [33]. This search also bounds the stop mass at 240 GeV if the neutralino is
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FIG. 6. Exclusion curves for our minimal model, Eq. (19), from three relevant searches as a function

of masses for squarks and neutralino. We assume roughly equal masses for all three squark species,

two stops and a sbottom. The green line represents exclusion by αT search, the blue line is an

exclusion by /HT search and the red one is exclusion by tt̄+ /ET search.

4. OS dileptons + jets + /ET [42]

5. lepton + jets with b-tag + /ET [43]

In order to estimate the bounds on our scenario, we simulated events and checked the

acceptances within the channels listed above.8 The events were generated and decayed with

MadGraph 5 [47] and further showered and hadronized with Pythia 6 [48]. The events

were reconstructed with FastJet-2.4.4 [49]. We calculated all the NLO cross-sections

with Prospino 2 [50] and reweighted all the events appropriately. We ran each spectrum

assuming that the mass difference between the stops and sbottom are negligible. Given the

mass difference, Eq. (30), this is not a bad approximation. (One can of course play with

8 Whenever both Atlas and CMS have performed closely overlapping searches, we have considered just the

CMS representative. The relevant Atlas searches are [44, 45]. We also did not explicitly simulate an

additional CMS jets + /ET search which takes advantage of the mt2 variable [46], since it is not expected

to have a good acceptance in our case.
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Next, we compute the hypercharge D-term loop contribution to Higgs mass-squared, in

figure 3:

huhu

φi

FIG. 3. Higgs mass correction

This gives rise to a higgs mass correction:

δm2
hu

=
∑

scalars i

g′2YiYhu

16π2

(

Λ2
UV −m2

i ln
Λ2

UV +m2
i

m2
i

)

. (9)

Including both the right-handed sbottom and the down-type higgs, as we do in this

section, ensures that the quadratic divergence cancels, but there is still a residual correction

to the higgs mass. Given that other scalars have already been argued to be relatively light,

we can use this correction to estimate the natural range for the mass of b̃R,

mb̃R
! 3TeV. (10)

Finally, q̃L, t̃R also being relatively light scalars, suffer from their own naturalness problem,

with mass corrections dominated by the diagrams in figure 4:

t̃ t̃

t

g̃

g

t̃t̃ t̃
t̃ t̃

g t̃

t̃t̃

FIG. 4. Stop mass correction

This gives rise to a stop mass correction:

δm2
t̃ =

2g2s
3π2

m2
g̃ ln

ΛUV

mg̃

. (11)

For squark masses ∼ few hundred GeV, naturalness requires

mg̃ ! 2mt̃. (12)
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Constrained E6SSM

alternative possibility is to assume that the exotic quarks Di and Di as well as lepton

superfields are all odd under ZB
2 whereas the others remain even. In this case (Model II)

the Di and Di are leptoquarks [9].

After the breakdown of the gauge symmetry, Hu, Hd and S form three CP–even, one

CP-odd and two charged states in the Higgs spectrum. The mass of one CP–even Higgs

particle is always very close to the Z ′ boson mass MZ′. The masses of another CP–even,

the CP–odd and the charged Higgs states are almost degenerate. Furthermore, like in

the MSSM and NMSSM, one of the CP–even Higgs bosons is always light irrespective of

the SUSY breaking scale. However, in contrast with the MSSM, the lightest Higgs boson

in the E6SSM can be heavier than 110 − 120 GeV even at tree level. In the two–loop

approximation the lightest Higgs boson mass does not exceed 150 − 155 GeV [9]. Thus

the SM–like Higgs boson in the E6SSM can be considerably heavier than in the MSSM and

NMSSM, since it contains a similar F-term contribution as the NMSSM but with a larger

maximum value for λ(mt) as it is not bounded as strongly by the validity of perturbation

theory up to the GUT scale [9]. However in the considered “early discovery” benchmark

points in this Letter, it will always be close to the current LEP2 limit.

3. The Constrained E6SSM

The simplified superpotential of the E6SSM involves seven extra couplings (µ′, κi and

λi) as compared with the MSSM with µ = 0. The soft breakdown of SUSY gives rise to

many new parameters. The number of fundamental parameters can be reduced drastically

though within the constrained version of the E6SSM (cE6SSM). Constrained SUSY models

imply that all soft scalar masses are set to be equal to m0 at some high energy scale MX ,

taken here to be equal to the GUT scale, all gaugino masses Mi(MX) are equal to M1/2 and

trilinear scalar couplings are such that Ai(MX) = A0. Thus the cE6SSM is characterised

by the following set of Yukawa couplings, which are allowed to be of the order of unity,

and universal soft SUSY breaking terms,

λi(MX), κi(MX), ht(MX), hb(MX), hτ (MX), m0, M1/2, A0, (3)

where ht(MX), hb(MX) and hτ (MX) are the usual t–quark, b–quark and τ–lepton Yukawa

couplings, and λi(MX), κi(MX) are the extra Yukawa couplings defined in Eq. (2). The

universal soft scalar and trilinear masses correspond to an assumed high energy soft SUSY

breaking potential of the universal form,

Vsoft = m2
027i27∗i + A0Yijk27i27j27k + h.c., (4)

where Yijk are generic Yukawa couplings from the trilinear terms in Eq. (2) and the

27i represent generic fields from Eq. (1), and in particular those which appear in Eq. (2).

5

Assume universal soft 
parameters at GUT scale

Allowed regions 
of parameter 

space with correct 
EWSB and 

mh>115 GeV  

Figure 1: Physical solutions with tanβ = 10, λ1,2 = 0.1, s = 3, 4, 5 TeV fixed and λ ≡ λ3 and κ ≡ κ1,2,3

varying, which pass experimental constraints from LEP and Tevatron data. On the left-hand side of each

allowed region the chargino mass is less than 100 GeV, while underneath the inert Higgses are less than

100 GeV or becoming tachyonic. The region ruled out immediately to the right of the allowed points is

due to mh < 114 GeV. The results show that m0 > M1/2 for each value of s. They also show that higher

M1/2 are correlated with higher s (and thus higher Z ′ masses).

MSSM, M3 ∼ 2.7M1/2, M2 ∼ 0.8M1/2, M1 ∼ 0.4M1/2. Thus, in the cE6SSM, since the

low energy gaugino masses Mi are driven by RG running to be small, the lightest SUSY

states will generally consist of a light gluino of mass ∼ M3, a light wino-like neutralino

and chargino pair of mass ∼ M2, and a light bino-like neutralino of mass ∼ M1, which are

typically all much lighter than the Higgsino masses of order µ = λs/
√

2, where λ cannot

be too small for correct EWSB. Since m0 > M1/2 the squarks and sleptons are also much

heavier than the light gauginos.

Thus, throughout all cE6SSM regions of parameter space there is the striking predic-

tion that the lightest sparticles always include the gluino g̃, the two lightest neutralinos

χ0
1, χ

0
2, and a light chargino χ±

1 . Therefore pair production of χ0
2χ

0
2, χ0

2χ
±
1 , χ±

1 χ∓
1 and g̃g̃

should always be possible at the LHC irrespective of the Z ′ mass. Due to the hierarchical

spectrum, the gluinos can be relatively narrow states with width Γg̃ ∝ M5
g̃ /m4

q̃, compa-

rable to that of W± and Z bosons. They will decay through g̃ → qq̃∗ → qq̄ + Emiss
T , so

gluino pair production will result in an appreciable enhancement of the cross section for

pp → qq̄qq̄ + Emiss
T + X, where X refers to any number of light quark/gluon jets.
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Invisible Higgs 
Decays

where i, j = 1, 2, ...6 and m = 1, 2, 3. In Eq. (31) ψ0
i = (−iγ5)θiχ0

i is the set of Inert

neutralino eigenstates with positive eigenvalues, while θi equals 0 (1) if the eigenvalue

corresponding to χ0
i is positive (negative). As before, the Inert neutralinos are labeled

according to increasing absolute value of mass, with ψ0
1 being the lightest Inert neutralino

and ψ0
6 the heaviest.

The expressions for the couplings of the Higgs scalars to the Inert neutralinos (31)

become much more simple in the case of the hierarchical structure of the Higgs spectrum.

In this case Uij is almost an identity matrix. As a consequence, the couplings of the SM-like

Higgs boson to the lightest and second lightest Inert neutralino states are approximately

given by

Xh1

γσ = −
1√
2

(

Fγσ cos β + F̃γσ sin β

)

, (32)

where γ, σ = 1, 2, labeling the two light, mostly Inert singlino states. In the limit when

off-diagonal Yukawa couplings that determine the interactions of the inert Higgs fields

with Hu, Hd and S vanish, as defined in subsection (3.1), and Inert neutralino mass

matrix has a hierarchical structure (i.e. λαs # fαv, f̃αv), one can use the expressions

(18) for Na
1,2 in order to derive the approximate analytical formulae for Xh1

γσ. Substituting

Eqs. (18) into (32) one obtains

Xh1

γσ $
|mχ0

σ
|

v
δγσ , (33)

These simple analytical expressions for the couplings of the SM–like Higgs boson to the

lightest and second lightest Inert neutralinos are not as surprising as they may first ap-

pear. When the Higgs spectrum is hierarchical, the VEV of the lightest CP–even state

is responsible for all light fermion masses in the E6SSM. As a result we expect that their

couplings to SM–like Higgs can be written as usual as being proportional to the mass

divided by the VEV. We see that this is exactly what is found in the limit of |mχ0
σ
| being

small.

5. Novel Higgs decays and Dark Matter

5.1 Higgs decay widths

The interaction Lagrangian (31) gives rise to decays of the lightest Higgs boson into Inert

neutralino pairs with partial widths given by

Γ(h1 → χ0
αχ

0
β) =

∆αβ

8πmh1

(

Xh1

αβ +Xh1

βα

)2[

m2
h1

− (|mχ0
α
|+ (−1)θα+θβ |mχ0

β
|)2

]

×

√

(

1−
|mχ0

α
|2

m2
h1

−
|mχ0

β
|2

m2
h1

)2

− 4
|mχ0

α
|2|mχ0

β
|2

m4
h1

,

(34)
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where ∆αβ =
1

2
(1) for α = β (α != β).

The partial widths associated with the exotic decays of the SM-like Higgs boson (34)

have to be compared with the Higgs decay rates into the SM particles. When the SM-like

Higgs state is relatively light (mh1
! 140GeV) it decays predominantly into b-quark and

τ–lepton pairs. The partial decay width of the lightest CP–even Higgs boson into fermion

pairs is given by (for recent review see [42])

Γ(h1 → f f̄) = Nc
g22
32π

(

mf

MW

)2

g2h1ffmh1

(

1−
4m2

f

m2
h1

)3/2

. (35)

Eq. (35) can be used for the calculation of the lightest Higgs decay rate into τ–lepton pairs.

In this case the coupling of the lightest CP–even Higgs state to the τ–lepton normalized

to the corresponding SM coupling, i.e. gh1ττ , is given by

gh1ττ =
1

cos β

(

U †
hh1

cos β − U †
Hh1

sin β

)

. (36)

For a final state that involves b–quarks one has to include the QCD corrections. In

particular, the fermion mass in Eq. (35) should be associated with the running b–quark

mass mb(µ). The bulk of the QCD corrections are absorbed by using the running b–quark

mass defined at the appropriate renormalisation scale, i.e. at the scale of the lightest

Higgs boson mass (µ = mh1
) in the considered case. In addition to the corrections which

are associated with the running b–quark mass there are other QCD corrections to the

Higgs coupling to the b–quark that should be taken into account [43]. As a consequence,

the partial decay width of the lightest CP–even Higgs boson into b–quark pairs can be

calculated using Eq. (35) if one sets Nc = 3 and replaces

mf → mb(mh1
) ,

g2h1ff →
1

cos2 β

(

U †
hh1

cos β − U †
Hh1

sin β

)2[

1 +∆bb +∆H

]

,

∆bb $ 5.67
ᾱs

π
+ (35.94− 1.36Nf)

ᾱ2
s

π2
,

∆H $
ᾱ2
s

π2

(

1.57−
2

3
log

m2
h1

m2
t

+
1

9
log2

m2
b

m2
h1

)

,

(37)

where ᾱs = αs(m2
h1
). Here we neglect radiative corrections that originate from loop

diagrams that contain SUSY and exotic particles 7.

From Eqs. (33)–(35) one can see that in the E6SSM the branching ratios of the SM–like

Higgs state into the lightest and second lightest Inert neutralinos depend rather strongly

on the masses of these exotic particles. When the lightest Inert neutralino states are

7Radiative corrections that are induced by SUSY particles can be very important particularly in the

case of the bottom quark at high values of tanβ (for a review, see [44]).
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Table I: Benchmark scenarios. The branching ratios and decay widths of the lightest Higgs boson, the masses of the
Higgs states, inert neutralinos and charginos as well as the couplings of χ̃0

1 and χ̃0
2 are calculated for s = 2400GeV,

mQ = mU = MS = 700 GeV, Xt =
√

6MS that correspond to mh2
" MZ′ " 890 GeV.

i ii iii iv v

λ 0.6 0.6 0.468 0.468 0.468

tan(β) 1.7 1.564 1.5 1.5 1.5

Aλ 1600 1600 600 600 600

mH± " mA " mh3
/GeV 1977 1990 1145 1145 1145

mh1
/GeV 133.1 134.8 115.9 115.9 115.9

λ22 0.094 0.0001 0.094 0.001 0.468

λ21 0 0.06 0 0.079 0.05

λ12 0 0.06 0 0.080 0.05

λ11 0.059 0.0001 0.059 0.001 0.08

f22 0.53 0.001 0.53 0.04 0.05

f21 0.05 0.476 0.053 0.68 0.9

f12 0.05 0.466 0.053 0.68 0.002

f11 0.53 0.001 0.53 0.04 0.002

f̃22 0.53 0.001 0.53 0.04 0.002

f̃21 0.05 0.4 0.053 0.49 0.002

f̃12 0.05 0.408 0.053 0.49 0.05

f̃11 0.53 0.001 0.53 0.04 0.65

mχ̃0
1
/GeV 33.62 -36.69 35.42 -45.08 -46.24

mχ̃0
2
/GeV 47.78 36.88 51.77 55.34 46.60

mχ̃0
3
/GeV 108.0 -103.11 105.3 -133.3 171.1

mχ̃0
4
/GeV -152.1 103.47 -152.7 136.9 -171.4

mχ̃0
5
/GeV 163.5 139.80 162.0 178.4 805.4

mχ̃0
6
/GeV -200.8 -140.35 -201.7 -192.2 -805.4

m
χ̃±
1

/GeV 100.1 101.65 100.1 133.0 125.0

m
χ̃±
2

/GeV 159.5 101.99 159.5 136.8 805.0

Ωχh2 0.109 0.107 0.107 0.0324 0.00005

RZ11 -0.144 -0.132 -0.115 -0.0217 -0.0224

RZ12 0.051 0.0043 -0.045 -0.0020 -0.213

RZ22 -0.331 -0.133 -0.288 -0.0524 -0.0226

σSI/10−44 cm2 1.7-7.1 2.0-8.2 3.5-14.2 6.0-24.4 6.1-25.0

Br(h → χ̃0
1χ̃

0
1) 57.8% 49.1% 76.3% 83.4% 49.3%

Br(h → χ̃0
1χ̃

0
2) 0.34% 3.5 × 10−11 0.26% 7.6 × 10−9 3.0 × 10−8

Br(h → χ̃0
2χ̃

0
2) 39.8% 49.2% 20.3% 12.3% 47.9%

Br(h → bb̄) 1.87% 1.59% 2.83% 3.95% 2.58%

Br(h → τ τ̄) 0.196% 0.166% 0.30% 0.41% 0.27%

Γtot/MeV 141.2 169.0 82.0 58.8 90.1

eigenstates are light, i.e. mχ±
1

! 100 − 200GeV. We demonstrate (see benchmark point (v) in Table 1) that
the scenarios with only one light inert chargino mass eigenstate may lead to the dark matter density consistent
with cosmological observations.

When tanβ ! 2 the mass of the lightest CP–even Higgs boson is very sensitive to the choice of the coupling
λ(Mt). In particular, to satisfy LEP constraints λ(Mt) must be larger than g′1 ! 0.47, where g

′

1 is the low
energy U(1)N gauge coupling. If λ " g′1 the vacuum stability requires all Higgs states except the lightest one
to be considerably heavier than the EW scale so that the qualitative pattern of the Higgs spectrum is rather

due to large coupling of inert 
neutralinos to Higgs ∼Mχ/v 
with 	 Mχ~MZ/2 

gives large SI DD cross-sections 
-- challenged by XENON 100

Hall, King, Pakvasa 
Nevzorov, Sher 

h1



Scanning 
regions

3

parameter min max
tan β 2 60

[TeV] [TeV]
At = Ab = Aτ = Aµ -3 3

MA 0.1 2
µ -2 2

TABLE I: The MSSM scanning region. A common squark
and slepton mass scale was fixed to MS = 2 TeV. The
gaugino masses were fixed to M1 = 150 GeV, M2 = 285
GeV and M3 = 619 GeV, providing a gluino mass close
to 800 GeV.

parameter min max
tan β 1.4 2

|λ| 0.3 0.7
λ22 0.0001 0.01
λ21 0.01 0.1
λ12 0.01 0.1
λ11 0.0001 0.01
fd
22 0.0001 0.01

fd
21 0.1 1

fd
12 0.1 1

fd
11 0.0001 0.01

fu
22 0.0001 0.01

fu
21 0.1 1

fu
12 0.1 1

fu
11 0.0001 0.01
xd

2 10−4 10−2

xd
1 10−4 10−2

xu
2 10−4 10−2

xu
1 10−4 10−2

z1 10−3 10−1

z2 10−3 10−1

[TeV] [TeV]
At = Ab = Aτ -3 3

MA 1 3
s 2 5

TABLE II: The E6SSM scanning region. A common
squark and slepton mass scale was fixed to MS = 2 TeV.
The gaugino masses were fixed to M1 = 150 GeV, M ′

1 =
150 GeV,M2 = 300 GeV and Mg̃ = 800 GeV.
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you mean here slepton co- annihilation (then one should present it explicitly) or bulk region?
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parameter min max
tan β 2 60

[TeV] [TeV]
At = Ab = Aτ = Aµ -3 3

MA 0.1 2
µ -2 2

TABLE I: The MSSM scanning region. A common squark
and slepton mass scale was fixed to MS = 2 TeV. The
gaugino masses were fixed to M1 = 150 GeV, M2 = 285
GeV and M3 = 619 GeV, providing a gluino mass close
to 800 GeV.

parameter min max
tan β 1.4 2

|λ| 0.3 0.7
λ22 0.0001 0.01
λ21 0.01 0.1
λ12 0.01 0.1
λ11 0.0001 0.01
fd
22 0.0001 0.01
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21 0.1 1
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12 0.1 1
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22 0.0001 0.01
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21 0.1 1
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12 0.1 1
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11 0.0001 0.01
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2 10−4 10−2
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1 10−4 10−2
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2 10−4 10−2

xu
1 10−4 10−2

z1 10−3 10−1

z2 10−3 10−1

[TeV] [TeV]
At = Ab = Aτ -3 3

MA 1 3
s 2 5

TABLE II: The E6SSM scanning region. A common
squark and slepton mass scale was fixed to MS = 2 TeV.
The gaugino masses were fixed to M1 = 150 GeV, M ′

1 =
150 GeV,M2 = 300 GeV and Mg̃ = 800 GeV.
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Gluino  production cross-section
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FIG. 6: The cross section for gluino pair production as a function of the gluino mass, mg̃, at LHC at 7 TeV. The CTEQ6L set
is used for PDFs.

1. Cuts

Three sets of cuts a shown here. One ATLAS style (Table IV), one CMS style (Table VI) and one modified ATLAS
(mixed) style (Table V). Following the ATLAS cuts stated in the Vivarelli talk at EPS-HEP (the ≥4 jet cuts) I get
the results presented in Table IV and Figure 10. The missing pT cuts, the first and the last in the list, as well as the
cut on the minimal angle between jets and missing are the ones that makes the biggest difference between the models
here. These cut away more events for the E6SSM point than the MSSM equivalent. Using the CMS cuts in Table VI
but still plotting Meff for comparison I get the results after each successive cut as shown in Figure 11.

CUT MSSM-A MSSM-B E6SSM-A E6SSM-B
No. limit Eff. Frac. Eff. Frac. Eff. Frac. Eff. Frac.

0 no cut 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1 pmiss

T >130 0.12 0.88 0.19 0.81 0.40 0.60 0.40 0.60
2 pjet1

T >130 0.42 0.51 0.04 0.77 0.03 0.58 0.03 0.59
3 pjet2

T >40 0.13 0.44 0.01 0.76 0.00 0.58 0.00 0.58
4 pjet3

T >40 0.36 0.28 0.11 0.68 0.04 0.56 0.04 0.56
5 pjet4

T >40 0.55 0.13 0.20 0.54 0.11 0.50 0.11 0.50
6 ∆φ(pmiss

T , jet)min > 0.4 0.28 0.09 0.37 0.34 0.59 0.20 0.58 0.21
7 pmiss

T /Meff >0.25 0.15 0.08 0.49 0.17 0.69 0.06 0.68 0.07

TABLE IV: ATLAS style cuts: The efficiency (fraction of events removed my the cut) and fraction of events left after 0 to 7
cuts applied.

MSSM in RED
E6SSM in BLACK

2. Effective mass

Plots of Meff = pmiss
T +

∑
jets |p

jet
T |.

pp → g̃g̃
√
s = 7 TeV

Belyaev, Hall, King, 
Svantesson (preliminary)
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Note that this is now a 
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Athron, SFK, Miller, Moretti, Nevzorov
Latest ATLAS limit is  

but exotic decays 
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Z! Decays

The U(1)N Z! has two differences compared to the sequential Z!:

The couplings are given by the U(1)N charges, so different to those of the SM Z-boson

The Z! may decay to exotic matter, altering the width and Branching Ratios

Example Decay:

[Here we have set the singlino
masses to 10 and 30 GeV]
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diquark cases before considering the direct search limits
in the next section. Some aspects of the production of
exotic SU(3)-charged states have been considered else-
where [55, 56, 57, 58, 59, 60, 61], at varying levels of
sophistication and approximation.

As our goal is to be as complete as possible, we
will consider the following ten 2 → 2 production pro-
cesses: q q̄ → D1/2D1/2, g g → D1/2D1/2, q q̄ → D0D0,

g g → D0D0 and q g → D0 + f (and c.c.), with five
each for the leptoquark and diquark cases. In addition,
the couplings of WDQ in (2.4) allow for the possibility
of resonant production of exotic diquark scalars through
quark or anti-quark annihilation. Where unavailable in
the literature (or where available expressions were in-
complete) we have computed the relevant parton-level
production cross-sections to leading order and checked
them against the results of CompHEP [62]. These expres-
sions have been collected in Appendix B. The numeri-
cal evaluation of these cross-sections – as well as all col-
lider analysis performed in this work – was carried out
with the PYTHIA 6.327 computer package [63]. While
the publicly-available version of PYTHIA does contain a
scalar leptoquark, it does not have its superpartner, nor
the diquark cases we wish to study. In addition, the
scalar leptoquark contained in PYTHIA does not interact
with the fields of the MSSM and can only decay into a
quark and a charged lepton. Therefore some substantial
modification to the off-the-shelf PYTHIA package was re-
quired. We wish to briefly describe these modifications
here in this section before proceeding. Further details of
the analysis tools will be given in Section V.

Adding the desired new particles and interactions re-
quired the modification of three existing subroutines and
the addition of three new routines. Six new particles (two
scalars and a fermion for the leptoquark and the diquark)
were added to empty positions in the relevant common
blocks, specifically the PYDAT2, PYDAT3 and PYDAT4 com-
mon blocks. Masses and mixings of the new states were
computed using the formulae of (2.8) via a new routine
which parallels that of PYTHRG for standard MSSM sca-
lars. A call to this new routine was inserted into the
pre-existing PYMSIN SUSY initialization subroutine. De-
cay rates for the exotics into Standard Model and MSSM
states are computed and the necessary decay tables popu-
lated with a new subroutine which is called from PYINIT.
We will discuss the specific decay products considered in
Section V below.

The eleven new production processes were inserted into
empty positions in the relevant common blocks, namely
PYINT2, PYINT4 and PYINT6. The parton-level cross-
sections were computed in a new subroutine called from
the PYSIGH master routine. The most significant modi-
fication of a pre-existing routine involved PYSCAT, which
sets up the hard scattering process and documents the
color flow through the interaction. For the leptoquark
interaction, standard PYTHIA color flow algorithms suf-
fice, but not so for the diquark interactions of (2.4).
These vertices involve three triplets or three anti-triplets
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FIG. 5: Production cross section for pairs of leptoquarks
at the LHC. Pair production of exotic fermions (g g, q q̄ → D Dc)
is given by the solid (red) contours, while that of scalars is given
by the dotted (black) contours. The region of coupling λ <∼ 0.2
suggested by the indirect constraints considered in Section III is
indicated by the light shading.

of SU(3) – an interaction not present in the Standard
Model. Such cases were not part of the original menu
of color flow options in PYTHIA, so new ones were de-
signed and inserted into the ICOL array for both diquark
pair production and resonant production of scalar di-
quarks. The essence of these modifications was to gener-
ate place-holding “junctions” to serve as sinks or sources
of color/anti-color. This modification is in the spirit of
those used to study R-parity or baryon-number violating
processes in the MSSM [64].

The above modifications allow us to simulate the
eleven hard-scattering processes at LHC energies. For
the sake of simplicity we will always take λ6 = λ7 and
λ9 = λ10 in performing simulation-based calculations.
We will refer to this common coupling as λ, understand-
ing that a different λ value is implied for the leptoquark
and the diquark. Resonant production of scalar diquarks
was studied in detail elsewhere [65, 66]; we postpone dis-
cussion of this case to Section V. The production cross-
sections for leptoquarks are given in Figures 5 and 6,
while those for the diquark case are given in Figures 7
and 8. Pair production cross-sections of exotic quarks
and squarks are given in Figures 5 and 7 as a function
of the mass of the exotic particle (denoted collectively as
MD) and the Yukawa coupling λ. Exotic scalar produc-
tion in association with a Standard Model fermion via the
process q g → D0 f is shown in Figures 6 and 8. In all
figures we have shaded the region of small Yukawa cou-
pling λ ≤ 0.2. In Section III we will see that this may be
taken as a very crude estimate of the allowed values of a
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FIG. 6: Production cross section for scalar leptoquarks
in association with fermions at the LHC. Contours give the
production cross section for the process q g → D0 f . The region of
coupling λ <∼ 0.2 suggested by the indirect constraints considered
in Section III is indicated by the light shading.
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FIG. 7: Production cross section for pairs of diquarks at
the LHC. Same as Figure 5 but for diquarks.

typical Yukawa coupling in this class of models. As these
bounds are sensitive to many model-dependent phenom-
ena we have chosen to display the cross-sections over a
wide range of Yukawa parameters.

Pair production of exotic fermions via the process
q q̄ → D1/2 D1/2 can proceed through t-channel exchange
of scalar quarks and/or scalar leptons. It is therefore nec-
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FIG. 8: Production cross section for scalar diquarks in
association with fermions at the LHC. Same as Figure 6 but
for diquarks.

essary to specify the masses of the superpartners of the
Standard Model fields in order to unambiguously com-
pute the production rate at the LHC. For the analysis
presented here we will choose the well-studied bench-
mark model SPS 1A from the “Snowmass Points and
Slopes” collection [67], in which the relevant masses are
md̃1

" mũ1
= 535 GeV and mẽ1

= 146 GeV. The full
set of superpartner masses for this benchmark point will
be discussed in Section V below.

The rate for production of exotic fermions is roughly
an order of magnitude larger than that for identical-mass
scalars, as one typically expects [3]. The five cases in Ta-
ble II were specifically chosen to give at least one exotic
state in the 300-400 GeV range, ensuring a reasonable
production rate at the LHC. In fact, the total production
rate of exotics in Cases A-C in Table II is roughly equiv-
alent to the total production rate of “standard” MSSM
superpartners for the SPS 1A benchmark model. This
implies that it should be possible to place meaningful lim-
its on exotic masses and couplings from direct searches
at existing colliders. We therefore turn our attention to
direct and indirect experimental constraints on these pa-
rameters.

III. CURRENT EXPERIMENTAL BOUNDS

A. Direct Search Constraints

The exotic quarks D and Dc are charged under SU(3)
and (as we demonstrated in the previous section) can
thus be produced in large numbers through QCD pro-

Leptoquark Diquark

D-particles are coloured and may be pair produced at LHC                   

D-particles may be Leptoquarks D→LQ or  Diquarks D→QQ                          

Kang, Langacker, Nelson

√
s = 14 TeV

√
s = 14 TeV



D-fermion decays

Exotic D-fermion decays
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Decays of the exotic D-fermions are facilitated by the Z2
H violating operators (that we set to 

be small earlier), e.g.

Assuming Ds couple predominantly to the 3rd generation:

Diquarks decay to              so would give 
an enhancement to

If the Z2
H violating coupling is very small, D quarks may 

hadronize before they decay leading to spectacular signatures.
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D-fermion as R-hadron
Imposing B and L all couplings DFF forbidden

D-particle are quasi-stable R-hadrons, decay via

4

to (2.2) [51].5 If we require invariance under only the
Standard Model plus one additional U(1) factor then
some subset of these additional terms may be allowed.
If one additional U(1) factor arising from the original E6

is retained to low energies it is traditionally parameter-
ized as

Q′ = Qχ cos θE + Qψ sin θE , (2.5)

where the charges Qχ and Qψ are those given in Ta-
ble I. Any choice of θE in (2.5) allows all the terms
in (2.2)-(2.4), by construction. Higher-dimensional, non-
renormalizable operators are also possible in the super-
potential. Their presence or absence depends on which
linear combination in (2.5), if any, is assumed to be
present at low-energies. For the sake of concreteness,
when necessary we will choose U(1)′ charge assignments
for these fields according to the U(1)η combination with
θE = 2π − tan−1

√
5/3, or to the U(1)N combination

with θE = tan−1
√

15.

B. Charge Assignments

If both (2.3) and (2.4) are present simultaneously then
it is impossible to assign an unambiguous B and L quan-
tum number to D and Dc – thus B and L are broken.
In this case the exotic SU(3)-charged states will mediate
rapid proton decay. We will therefore insist on sepa-
rately conserved quantum numbers B and L and choose
superpotential terms to allow definite B(D) and L(D) as-
signments. This will always imply a trivially conserved
R-parity quantum number using the standard definition
Rp = (−1)3(B−L)+2s.

When only (2.3) is present then one can assign the
quantum numbers B(D) = 1/3 and L(D) = 1 so that
Rp(D) = −1 and Rp(D̃) = +1 and we can identify D
as a leptoquark. With only (2.4) we have B(D) = −2/3
and L(D) = 0 and the same Rp assignment; the state D
is then a diquark. Note that in these two cases the D
and Dc are like Hu and Hd: the scalar is the “standard”
particle and the fermion is the “partner”. So the R-parity
distinguishes 5̄’s associated with the 16 of SO(10) from
those coming from the 10’s of SO(10). In this case the
only renormalizable operators allowed are those of (2.2)
with (2.3) or (2.4). All dimension-five operators involving
the exotic D and Dc also vanish in this case.

If we instead insist on baryon and lepton number con-
servation with B(D) = 1/3 and L(D) = 0, then the
exotic Dc has the same baryon and lepton number as
the Standard Model dc field. Now Rp(D) = +1 and

5 Fundamental bilinears are not allowed by E6 gauge invariance
with only fundamental 27 representations. Furthermore, if we
imagine a string-theoretic origin for our exotic D and Dc states
then such terms are generally forbidden if these fields are to be
considered part of the massless spectrum of the string.

Rp(D̃) = −1 as with the quarks of the Standard Model.
In this case both (2.3) and (2.4) are forbidden, leaving
only the first two lines of (2.2). At the renormalizable
level, therefore, this is an accidentally conserved quantum
“D-number” for the exotic fields and they are stable. Op-
erators connecting the fields D and Dc to the Standard
Model may be allowed at the non-renormalizable level,
however, depending on the U(1)′ charge assignments.6 In
particular, for the case of the U(1)N combination, where
θE = tan−1

√
15 [46, 47, 52], the combination of B, L,

and U(1)N symmetry forbids the renormalizable opera-
tors beyond the first two lines of (2.2), but allows the
dimension-five operators

dim5 : DcQHdS, DcQQuc, DcQLνc, (2.6)

which preserve R-parity. These, along with the term pro-
portional to λ5 in (2.2) (which leads to a D, Dc mass),
allow for the decay of the exotics D and Dc, which are
therefore quasi-stable. An alternative model of quasi-
stable exotics, in which a U(1)′ gauge symmetry alone
forbids D decay at the renormalizable level, can be found
in Appendix A.

Finally, the case of mixing between the exotic D and
SM d-quark leads to decays such as D → uW , D → dZ,
and in some cases to D → dZ ′, or D → d+ Higgs, where
the W, Z, Z ′, or Higgs can be real or virtual. Such mix-
ing can be induced by the operator λ8Ddcνc in the pres-
ence of a sneutrino vev. Such examples are often consid-
ered in the case of extensions of the MSSM in which one
assigns L(νc) = 0, as is often put forward in rank-6 mod-
els. Mixing can also be induced by the operator λ7DcQL
if the scalar component of the neutrino in L acquires a
vev, or by other operators such as DcQHd that are not in-
cluded in (2.2) because they don’t occur in the singlet of
27

3 and therefore violate the extra U(1) symmetries. The
case of mixing between exotics and SM quarks (through
arbitrary mechanisms) and its phenomenology has been
well-covered in the literature [53, 54, 55, 56], especially
in the non-supersymmetric case. We will therefore focus
on cases where such a sneutrino vev or other mechanism
is absent for the rest of this work.

C. Mass Patterns

We list in (2.2) the operators λ4 and λ5 for complete-
ness, but they are not particularly relevant for our study.
The field S is a singlet under the Standard Model gauge
group, but generally carries charges under additional
U(1)’s which arise from the breaking of E6 to the Stan-
dard Model. A vev for this field would generate both an
effective µ parameter as well as a supersymmetric mass

6 The possibility of strongly interacting or charged exotics that are
absolutely stable, or which are stable on the time scale of the age
of the universe, was commented on in the Introduction.

Kang, Langacker, Nelson

16

Benchmark Point

A B C D E

Geom. Accept. 75.5% 79.9% 82.3% 86.8% 82.5%

Charged Frac. 25.2% 25.0% 25.1% 25.2% 25.4%

Temp. Accept. 82.7% 82.8% 81.9% 79.1% 76.9%

TOF 97.3% 96.5% 97.2% 97.3% 97.0%

Total Accept. 15.3% 16.0% 16.5% 16.9% 15.6%

Nsignal (×103) 120 119 119 11.2 26.6

Nstop (×103) 11.1 10.8 11.3 1.36 4.56

TABLE III: Signal Acceptance for Quasi-Stable R-
hadron Scenarios. Geometrical acceptance represents the
fraction of R-hadrons that are produced with |η| ≤ 2.4.
Temporal acceptance represents the fraction of charged non-
stopping R-hadrons that arrive within 18 ns of the primary
interaction for the event. The percentage that traverse a 3 me-
ter fiducial distance at least 3 ns slower than a β = 1 muon
would is given by TOF. The product of these fractions is the
total acceptance. The number of signal events (as well as
the number of stopping R-hadrons) is given for 10 fb−1 of
integrated luminosity.

roughly 25% emerge from the calorimeter into the muon
system as charged mesons. Of these, approximately 80%
have β ≥ 0.5 and thus arrive within 18 ns of the pri-
mary interaction in the event. Each of these R-hadrons
will therefore produce a charged track in the muon sys-
tem. The distribution in transverse momentum for these
objects upon arrival at the muon chambers is given in
Figure 13 for Scenario C. In this case all of the R-mesons
have sufficient pT to trigger given our 15 GeV minimum
pT requirement. This fact was true of all five benchmark
points. Thus adding additional trigger possibilities (such
as Emiss

T ) is unlikely to add significant numbers of sig-
nal events if the muon system is to be used for particle
identification. Finally, the fraction of R-mesons moving
sufficiently slowly to traverse a 3 meter fiducial distance
at least 3 ns longer than a β = 1 muon is given by the
“TOF” entry in Table III. This represents the vast ma-
jority of R-mesons that enter the muon system within
the 18 ns time window. We therefore estimate the total
acceptance to be approximately one-sixth of all produced
quasi-stable exotics.

The discovery reach will track the production cross-
section for the lightest exotic particle. In each of our
benchmark cases there is at least one exotic state with a
mass below 450 GeV, providing for copious production at
LHC energies. For the simulations described in Table III
we allow for production of both the exotic fermion and
the lighter exotic scalar. In case A both the fermion LEP
and its slightly heavier scalar will be quasi-stable, while
the other cases will involve SUSY cascade decays for the
heavier states. The higher production cross-section for
the fermion (as demonstrated in Section II D) reflects it-
self in the factor of ten between the number of signal
events that arise for cases A-C and those of cases D and E.
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FIG. 13: Transverse Momentum of Charged R-mesons.
The distribution of pT for charged R-Mesons with β ≥ 0.5 upon en-
tering the muon system. We assume a minimum of pT ≥ 15 GeV
to trigger on the charged track. All R-hadrons moving with the
minimum velocity have sufficient momentum to meet this thresh-
old.
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FIG. 14: Reach in Exotic Mass for Muon Signature. Dis-
covery reach at the ATLAS experiment for “punch-through” quasi-
stable exotics. The threshold for discovery is taken to be ten muon-
like events, assuming a negligible background rate.

Given the exceptionally large signal-to-background ratio
for events of this type, discovery will not prove a problem
if such light exotics exist. We also note that a fair number
of the produced exotics have insufficient kinetic energy to
punch-through to the muon system and will stop in the
calorimeter. The issue of detecting these events has been
addressed elsewhere [111]. As the lifetime of these ex-
otics is an undetermined parameter, we merely list the
number of such events in Table III.

As the masses of the exotics increase, the production
rate falls. We estimate the discovery reach in mD and
mD0

via the muon signature channel in Figure 14. We
use the standard practice of taking ten events to consti-
tute the discovery threshold in cases with an exception-
ally small number of expected background events. This
corresponds to a mass reach of mD <∼ 1700 GeV for the
fermion and mD0

<∼ 1450 GeV for the scalar exotic in 10

√
s = 14 TeV

Dp or Dn

Dp or Dn

punch through to 
muon chambers



Meff
Belyaev, Hall, King, 

Svantesson (preliminary)

2 Event analysis

2.1 Cuts

Three sets of cuts a shown here. One ATLAS style (Table 3), one CMS style (Table 5) and one
modified ATLAS (mixed) style (Table 4). Following the ATLAS cuts stated in the Vivarelli
talk at EPS-HEP (the ≥4 jet cuts) I get the results presented in Table 3 and Figure 5. The
missing pT cuts, the first and the last in the list, as well as the cut on the minimal angle
between jets and missing are the ones that makes the biggest difference between the models
here. These cut away more events for the E6SSM point than the MSSM equivalent. Using
the CMS cuts in Table 5 but still plotting Meff for comparison I get the results after each
successive cut as shown in Figure 6.

CUT MSSM E6SSM MSSM
E6SSM

No. limit 1-Eff. Events Frac. 1-Eff. Events Frac. 1-Eff. Events
0 no cut 999981 1 999981 1 1
1 pmiss

T >130 0.241 758753 0.76 0.388 611993 0.61 0.622 1.24
2 pjet1

T >130 0.052 719537 0.72 0.045 584239 0.58 1.140 1.23
3 pjet2

T >40 0.021 704474 0.7 0.008 579435 0.58 2.546 1.22
4 pjet3

T >40 0.172 583319 0.58 0.061 543842 0.54 2.800 1.07
5 pjet4

T >40 0.235 446474 0.45 0.139 468338 0.47 1.690 0.95
6 ∆φ(pmiss

T , jet)min > 0.4 0.377 278020 0.28 0.547 212104 0.21 0.690 1.31
7 pmiss

T /Meff >0.25 0.556 123479 0.12 0.633 77917 0.08 0.879 1.58

Table 3: ATLAS style cuts: The efficiency (fraction of events removed my the cut), absolute
number and fraction of events left after 0 to 7 cuts applied.

CUT MSSM E6SSM MSSM
E6SSM

No. limit 1-Eff. Events Frac. 1-Eff. Events Frac. 1-Eff. Events
0 no cut 999981 1 999981 1 1
1 pmiss

T >130 0.24 758753 0.76 0.39 611993 0.61 0.62 1.24
2 pjet1

T >130 0.05 719537 0.72 0.05 584239 0.58 1.14 1.23
3 pjet2

T >40 0.02 704474 0.70 0.01 579435 0.58 2.55 1.22
4 ∆φ(pmiss

T , jet)min > 0.4 0.31 485117 0.49 0.50 291258 0.29 0.63 1.67
5 pmiss

T /
�

jets |pjets
T | >0.25 0.22 378462 0.38 0.33 195834 0.20 0.67 1.93

Table 4: Modified ”ATLAS” cuts: The efficiency (fraction of events removed my the cut),
absolute number and fraction of events left after 0 to 5 cuts applied.

MSSM in RED
E6SSM in BLACK

2.2 Effective mass

Plots of Meff = pmiss
T +

�
jets |pjet

T |.

5

6

MSSM-A MSSM-B E6SSM-A E6SSM-B
tan β 9.9 39.2 1.42 1.77

λ - - 0.65 -0.4767
s - - 3099 3187

[G
eV

]

µ -112.6 1578 (1425) (-1074)
At = Ab = Aτ -724.6 -566.1 -2684 476.2

MA 1593 302.5 2791 2074
M1 150 150 150 150
M2 285 285 300 300
M1′ - - 151 151
mg̃ 800.3 800.2 800.0 800.0

mχ̃0
M1

94.1 148.9 148.6 151.2

[G
eV

]

mχ̃0
M2

128.8 302.8 294.6 303.7

mχ̃0
M3

163.0 1580 1434 1066

mχ̃0
M4

323.5 1581 1452 1068

m
χ̃±

M1

112.2 302.8 298.6 300.9

m
χ̃±

M2

323.5 1582 1427 1076

mχ̃0
U1

- - 1040 1110

[G
eV

]mχ̃0
U2

- - 1215 1254

mχ̃0
E1

- - 43.5 45.2

[G
eV

]

mχ̃0
E2

- - 48.6 53.2

mχ̃0
E3

- - 131.3 141.6

mχ̃0
E4

- - 163.6 187.4

mχ̃0
E5

- - 197.0 227.8

mχ̃0
E6

- - 224.3 265.6

m
χ̃±

E1

- - 119.9 122.7

m
χ̃±

E2

- - 185.8 225.1

mh 120.4 119.0 133.8 116.3

P (l = 1) 0.09847 0.188 < 10−5 < 10−5

P (l = 2) 0.4705 0.812 0.01524 0.1723
P (l = 3) 0.387 0 0.2336 0.7986
P (l = 4) 0.04387 0 0.7512 0.02915
P (l = 5) < 10−4 0 < 10−7 0

Ωh2 0.01513 0.00816 0.0006842 0.0006937
σSI 2.35 × 10−8 0.3808 × 10−8 9.35 × 10−8 16.35 × 10−8

[p
b
]

TABLE III: Benchmarks chosen from the parameter scans presented in Figure 2 and Tables II and I. The χ̃0(±)
Mi are MSSM-like

states, the χ̃0
Ui are USSM-like states, being mainly mixtures of ˜̃S and B̃′. The χ̃0(±)

Ei are states introduced by the inert sector
of E6SSM. The scale for squark and slepton masses are MS=2 TeV in all benchmarks.

CUT MSSM-A MSSM-B E6SSM-A E6SSM-B
No. limit Eff. Frac. Eff. Frac. Eff. Frac. Eff. Frac.

0 no cut 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1 /pT

>130 0.12 0.88 0.19 0.81 0.40 0.60 0.40 0.60

2 pjet1
T >130 0.42 0.51 0.04 0.77 0.03 0.58 0.03 0.59

3 pjet2
T >40 0.13 0.44 0.01 0.76 0.00 0.58 0.00 0.58

4 pjet3
T >40 0.36 0.28 0.11 0.68 0.04 0.56 0.04 0.56

5 pjet4
T >40 0.55 0.13 0.20 0.54 0.11 0.50 0.11 0.50

6 ∆φ(/pT
, jet)min > 0.4 0.28 0.09 0.37 0.34 0.59 0.20 0.58 0.21

7 /pT
/Meff >0.25 0.15 0.08 0.49 0.17 0.69 0.06 0.68 0.07

TABLE IV: ATLAS style cuts: The efficiency (fraction of events removed my the cut) and fraction of events left after 0 to 7
cuts applied.
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(b)The hadronic transverse momentum, HT

0

1

2

3

4

5

6

0 500 1000 1500 2000 2500 3000
Meff (GeV)

Ev
en

ts
/6

0 
G

eV
 @

 5
 fb

-1

MSSM-A

Meff (GeV)

Ev
en

ts
/6

0 
G

eV
 @

 5
 fb

-1

MSSM-B

Meff (GeV)

Ev
en

ts
/6

0 
G

eV
 @

 5
 fb

-1

E6SSM-A

Meff (GeV)

Ev
en

ts
/6

0 
G

eV
 @

 5
 fb

-1

E6SSM-B

(c)The effective mass, Meff .
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FIG. 10: The effective mass and the hadronic transverse momentum before any selection cuts. The effective mass is Meff =
pmiss

T +
P

jets |p
jet
T |. The hadronic transverse momentum, HT is defined as by CMS to be the scalar sum of transverse momenta

of jets with transverse momenta larger than 50 GeV and pseudorapidity less than 2.5.
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CUT MSSM-A MSSM-B E6SSM-A E6SSM-B
No. limit Eff. Frac. Eff. Frac. Eff. Frac. Eff. Frac.

0 no cut 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1 /HT > 200 GeV 0.58 0.42 0.34 0.66 0.47 0.53 0.47 0.53
2 pjet1

T >50 GeV 0.00 0.42 0.00 0.66 0.00 0.53 0.00 0.53
3 pjet2

T >50 GeV 0.13 0.37 0.02 0.64 0.01 0.52 0.01 0.53
4 pjet3

T >50 GeV 0.43 0.21 0.13 0.56 0.06 0.49 0.06 0.50
5 ∆φ(/pT

, jet1) > 0.5 0.02 0.21 0.02 0.55 0.03 0.48 0.03 0.48
6 ∆φ(/pT

, jet2) > 0.5 0.05 0.19 0.08 0.50 0.12 0.42 0.12 0.42
7 ∆φ(/pT

, jet3) > 0.3 0.04 0.19 0.07 0.47 0.10 0.38 0.10 0.38
8 ∆R(jet, lep)min < 0.3 0.18 0.15 0.24 0.36 0.37 0.24 0.36 0.25
9 HT > 800 GeV 0.88 0.02 0.49 0.18 0.38 0.15 0.38 0.15

TABLE V: CMS style cuts: The efficiency (fraction of events removed my the cut) and fraction of events left after 0 to 9 cuts
applied.

CUT MSSM-A MSSM-B E6SSM-A E6SSM-B
No. limit Eff. Frac. Eff. Frac. Eff. Frac. Eff. Frac.

0 no cut 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1 /pT

>130 0.12 0.88 0.19 0.81 0.40 0.60 0.40 0.60

2 pjet1
T >130 0.42 0.51 0.04 0.77 0.03 0.58 0.03 0.59

3 pjet2
T >40 0.13 0.44 0.01 0.76 0.00 0.58 0.00 0.58

4 ∆φ(/pT
, jet)min > 0.4 0.20 0.35 0.33 0.51 0.55 0.26 0.55 0.27

5 /pT
/

P

jets |p
jets
T | >0.25 0.03 0.34 0.21 0.41 0.40 0.16 0.40 0.16

TABLE VI: Modified ATLAS style cuts: The efficiency (fraction of events removed my the cut) and fraction of events left after
0 to 5 cuts applied.
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(a)The effective mass after 7 ATLAS cuts
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(b)The effective mass after 8 CMS cuts
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(c)The effective mass after 5 “modified
ATLAS” cuts

FIG. 13: The effective mass distribution after all cuts applied in each set of cuts (except the last cut on HT in the CMS set).
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CUT MSSM-A MSSM-B E6SSM-A E6SSM-B
No. limit Eff. Frac. Eff. Frac. Eff. Frac. Eff. Frac.

0 no cut 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1 /HT > 200 GeV 0.58 0.42 0.34 0.66 0.47 0.53 0.47 0.53
2 pjet1

T >50 GeV 0.00 0.42 0.00 0.66 0.00 0.53 0.00 0.53
3 pjet2

T >50 GeV 0.13 0.37 0.02 0.64 0.01 0.52 0.01 0.53
4 pjet3

T >50 GeV 0.43 0.21 0.13 0.56 0.06 0.49 0.06 0.50
5 ∆φ(/pT

, jet1) > 0.5 0.02 0.21 0.02 0.55 0.03 0.48 0.03 0.48
6 ∆φ(/pT

, jet2) > 0.5 0.05 0.19 0.08 0.50 0.12 0.42 0.12 0.42
7 ∆φ(/pT

, jet3) > 0.3 0.04 0.19 0.07 0.47 0.10 0.38 0.10 0.38
8 ∆R(jet, lep)min < 0.3 0.18 0.15 0.24 0.36 0.37 0.24 0.36 0.25
9 HT > 800 GeV 0.88 0.02 0.49 0.18 0.38 0.15 0.38 0.15

TABLE V: CMS style cuts: The efficiency (fraction of events removed my the cut) and fraction of events left after 0 to 9 cuts
applied.

CUT MSSM-A MSSM-B E6SSM-A E6SSM-B
No. limit Eff. Frac. Eff. Frac. Eff. Frac. Eff. Frac.

0 no cut 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1 /pT

>130 0.12 0.88 0.19 0.81 0.40 0.60 0.40 0.60

2 pjet1
T >130 0.42 0.51 0.04 0.77 0.03 0.58 0.03 0.59

3 pjet2
T >40 0.13 0.44 0.01 0.76 0.00 0.58 0.00 0.58

4 ∆φ(/pT
, jet)min > 0.4 0.20 0.35 0.33 0.51 0.55 0.26 0.55 0.27

5 /pT
/

P

jets |p
jets
T | >0.25 0.03 0.34 0.21 0.41 0.40 0.16 0.40 0.16

TABLE VI: Modified ATLAS style cuts: The efficiency (fraction of events removed my the cut) and fraction of events left after
0 to 5 cuts applied.
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(c)The effective mass after 5 “modified
ATLAS” cuts

FIG. 13: The effective mass distribution after all cuts applied in each set of cuts (except the last cut on HT in the CMS set).

12

CUT MSSM-A MSSM-B E6SSM-A E6SSM-B
No. limit Eff. Frac. Eff. Frac. Eff. Frac. Eff. Frac.

0 no cut 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1 /HT > 200 GeV 0.58 0.42 0.34 0.66 0.47 0.53 0.47 0.53
2 pjet1

T >50 GeV 0.00 0.42 0.00 0.66 0.00 0.53 0.00 0.53
3 pjet2

T >50 GeV 0.13 0.37 0.02 0.64 0.01 0.52 0.01 0.53
4 pjet3

T >50 GeV 0.43 0.21 0.13 0.56 0.06 0.49 0.06 0.50
5 ∆φ(/pT

, jet1) > 0.5 0.02 0.21 0.02 0.55 0.03 0.48 0.03 0.48
6 ∆φ(/pT

, jet2) > 0.5 0.05 0.19 0.08 0.50 0.12 0.42 0.12 0.42
7 ∆φ(/pT

, jet3) > 0.3 0.04 0.19 0.07 0.47 0.10 0.38 0.10 0.38
8 ∆R(jet, lep)min < 0.3 0.18 0.15 0.24 0.36 0.37 0.24 0.36 0.25
9 HT > 800 GeV 0.88 0.02 0.49 0.18 0.38 0.15 0.38 0.15

TABLE V: CMS style cuts: The efficiency (fraction of events removed my the cut) and fraction of events left after 0 to 9 cuts
applied.

CUT MSSM-A MSSM-B E6SSM-A E6SSM-B
No. limit Eff. Frac. Eff. Frac. Eff. Frac. Eff. Frac.

0 no cut 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1 /pT

>130 0.12 0.88 0.19 0.81 0.40 0.60 0.40 0.60

2 pjet1
T >130 0.42 0.51 0.04 0.77 0.03 0.58 0.03 0.59

3 pjet2
T >40 0.13 0.44 0.01 0.76 0.00 0.58 0.00 0.58

4 ∆φ(/pT
, jet)min > 0.4 0.20 0.35 0.33 0.51 0.55 0.26 0.55 0.27

5 /pT
/

P

jets |p
jets
T | >0.25 0.03 0.34 0.21 0.41 0.40 0.16 0.40 0.16

TABLE VI: Modified ATLAS style cuts: The efficiency (fraction of events removed my the cut) and fraction of events left after
0 to 5 cuts applied.
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(a)The effective mass after 7 ATLAS cuts
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FIG. 13: The effective mass distribution after all cuts applied in each set of cuts (except the last cut on HT in the CMS set).

Meff does not really help 
to distinguish models

ATLAS style cuts

CMS style cuts



Two potential problems: rapid proton decay + FCNCs

• FCNC problem may be tamed by introducing a Z2
H under which third 

family Higgs and singlet are even all else odd  à only allows Yukawa 
couplings involving  third family Higgs and singlet Hu , Hd , S                                                                                        

• Z2
H also forbids all DFF and hence forbids D decay (and p decay)

à Z2
H cannot be an exact symmetry!                                                                       

How do we reconcile D decay with p decay?                              

In E6SSM can have extra discrete symmetries:

        Z2
L under which L are odd à forbids DQL, allows DQQ à exotic D are diquarks

        Z2
B with L & D odd à forbids DQQ, allows DQL à exotic D are leptoquarks

Or:-- small DFF couplings  » 10-12 will suppress p decay sufficiently                                                                          
 while couplings » 10-12 will allow D decay with lifetime <0.1 s 
(nucleosynth) N.B. ΓD / g2,  Γp / g4                          (Howl, SFK)


