
A Higgs Near 125 GeV 
Beyond the MSSM

Steve King 
Sussex, Mon 22nd Oct 2012

Part 1 Higgs in SM and NMSSM
Part 2 Higgs and Gluinos in E6SSM 



e
e

µ

µ



γ

γ



 [GeVV] [HHm
200 300 400 500200 300 400 500

00
Lo

ca
l p

-10-110

-8-810

-6-610

-4-410

-2-210

1
  

Observed  1 Expected Signal 

2 

3 

4 

5 

6 

ATLAS  = 7 - 8 TeVs2011 - 12         

20000 30000 40000 50000

ObservedO 1 1Expected Signal EEEOb d 1E t d Si lEE

22 

3 

4 

5 

6 

= 7777-7- 88 TTT VeTT==ss 20 11  1--121

110 150

11 15 120 125 130 135 140 145 150
-10

11
-1010

-8-810

-6-610

-4-410

-2-210

1

2 

3 

4 

5 

6 

140 145 150120 125 130 135

2 

3 

4 

5 

6 6

151111111111111110

www.elsevier.com/locate/physletb

First observations of a new particle 
in the search for the Standard 
Model Higgs boson at the LHC  LHC has discovered a new particle 

Two quotations from the experimental papers presented in this publication: 
 
 
"… The search for the Higgs boson, the only elementary particle in the Standard Model that has not yet been observed, is one 
of the highlights of the Large Hadron Collider physics program." 
 

  ATLAS Collaboration 
 
 
 
 
 

 
" … The decay to two photons indicates that the new particle is a boson with spin different from one. The results presented 
here are consistent, … with expectations for a standard model Higgs boson." 

 CMS Collaboration 
 



The discovery at CERN of a particle, most probably identifiable with the Scalar boson introduced by Brout and myself as 
part and parcel of a mechanism giving mass to gauge fields, is an impressive historic event. Writing these notes, I revive 
the intensity of these early collaborations with my companion in physics and lifelong friend Robert Brout who 
contributed so much to set the stage for this discovery but unfortunately passed away last year and missed its dramatic 
announcement. 
 
Our approach was done in the quantum field theory framework. Shortly after, the same scheme was proposed 
independently by Higgs using the classical field approach. The mechanism proposed in these two approaches not only 
allowed for gauge field masses but also permitted the spontaneous generation of elementary fermion masses in chiral 
theories [such as SU(2)left X U(1)] by absorbing the unobserved massless Nambu-Goldstone bosons in the massive 
gauge fields. This was realized in the Electroweak Theory proposed in 1967 by Weinberg. 
 
The importance of the discovery of the Scalar boson is that it provides a direct verification of the mechanism, which for 
the first time led to a renormalizable and hence consistent quantum theory of charged gauge vector bosons. This was 
proven in 1971 by ‘t Hooft and Veltman, and a qualitative understanding of the issues involved emerges in comparing 
the two aforementioned approaches. The renormalizability of the mechanism opened the way to the modern view of 
unified laws of nature. 
 
Not only does the discovery yield the missing link to the present Standard Model theory of elementary particles, but a 
detailed analysis of the decays, in particular of the decay of the Scalar to two photons which is sensitive to loops of 
intermediated charged particles, will possibly yield information about the spectrum beyond the Standard Model. 
 
 
Prof. François Englert 
 

 

It is somewhat surreal to find that work we did nearly fifty years ago is once again at the centre of attention.   
This is a triumph for the standard model of particle physics, but even more for the experimenters.   
The achievement of the two great experimental collaborations reported here is quite magnificent.  They have devoted 
decades to planning, designing, building and operating these huge pieces of precision engineering.  
It is great to know that the famous boson almost certainly exists, and we are eagerly waiting for detailed measurement 
of its properties. 
 

Prof. Tom Kibble                                                Prof. Carl R. Hagen                                        Prof. Gerald Guralnik 
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gg fusion dominates



Higgs Decays
• We must take into account the H decays
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Table 7
Characterisation of the excess in the H → Z Z (∗) → 4!, H → γ γ and H → WW (∗) → !ν!ν channels and the combination of all channels listed in Table 6. The mass value
mmax for which the local significance is maximum, the maximum observed local significance Zl and the expected local significance E(Zl) in the presence of a SM Higgs
boson signal at mmax are given. The best fit value of the signal strength parameter µ̂ at mH = 126 GeV is shown with the total uncertainty. The expected and observed mass
ranges excluded at 95% CL (99% CL, indicated by a *) are also given, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Search channel Dataset mmax [GeV] Zl [σ ] E(Zl) [σ ] µ̂(mH = 126 GeV) Expected exclusion [GeV] Observed exclusion [GeV]

H → Z Z (∗) → 4! 7 TeV 125.0 2.5 1.6 1.4± 1.1
8 TeV 125.5 2.6 2.1 1.1± 0.8
7 & 8 TeV 125.0 3.6 2.7 1.2± 0.6 124–164, 176–500 131–162, 170–460

H → γ γ 7 TeV 126.0 3.4 1.6 2.2± 0.7
8 TeV 127.0 3.2 1.9 1.5± 0.6
7 & 8 TeV 126.5 4.5 2.5 1.8± 0.5 110–140 112–123, 132–143

H → WW (∗) → !ν!ν 7 TeV 135.0 1.1 3.4 0.5± 0.6
8 TeV 120.0 3.3 1.0 1.9± 0.7
7 & 8 TeV 125.0 2.8 2.3 1.3± 0.5 124–233 137–261

Combined 7 TeV 126.5 3.6 3.2 1.2± 0.4
8 TeV 126.5 4.9 3.8 1.5± 0.4

7 & 8 TeV 126.5 6.0 4.9 1.4± 0.3
110–582 111–122, 131–559
113–532 (*) 113–114, 117–121, 132–527 (*)

uncertainties, evaluated as described in Ref. [138], reduces the lo-
cal significance to 5.9σ .

The global significance of a local 5.9σ excess anywhere in the
mass range 110–600 GeV is estimated to be approximately 5.1σ ,
increasing to 5.3σ in the range 110–150 GeV, which is approxi-
mately the mass range not excluded at the 99% CL by the LHC com-
bined SM Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measurements [12].

9.3. Characterising the excess

The mass of the observed new particle is estimated using the
profile likelihood ratio λ(mH ) for H → Z Z (∗) → 4! and H → γ γ ,
the two channels with the highest mass resolution. The signal
strength is allowed to vary independently in the two channels,
although the result is essentially unchanged when restricted to
the SM hypothesis µ = 1. The leading sources of systematic un-
certainty come from the electron and photon energy scales and
resolutions. The resulting estimate for the mass of the observed
particle is 126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as a function
of mH . The observed excess corresponds to µ̂ = 1.4±0.3 for mH =
126 GeV, which is consistent with the SM Higgs boson hypothesis
µ = 1. A summary of the individual and combined best-fit values
of the strength parameter for a SM Higgs boson mass hypothesis
of 126 GeV is shown in Fig. 10, while more information about the
three main channels is provided in Table 7.

In order to test which values of the strength and mass of a
signal hypothesis are simultaneously consistent with the data, the
profile likelihood ratio λ(µ,mH ) is used. In the presence of a
strong signal, it will produce closed contours around the best-fit
point (µ̂,m̂H ), while in the absence of a signal the contours will
be upper limits on µ for all values of mH .

Asymptotically, the test statistic −2 lnλ(µ,mH ) is distributed as
a χ2 distribution with two degrees of freedom. The resulting 68%
and 95% CL contours for the H → γ γ and H → WW (∗) → !ν!ν
channels are shown in Fig. 11, where the asymptotic approxima-
tions have been validated with ensembles of pseudo-experiments.
Similar contours for the H → Z Z (∗) → 4! channel are also shown
in Fig. 11, although they are only approximate confidence intervals
due to the smaller number of candidates in this channel. These
contours in the (µ,mH ) plane take into account uncertainties in
the energy scale and resolution.

The probability for a single Higgs boson-like particle to pro-
duce resonant mass peaks in the H → Z Z (∗) → 4! and H → γ γ

Fig. 10. Measurements of the signal strength parameter µ for mH = 126 GeV for the
individual channels and their combination.

Fig. 11. Confidence intervals in the (µ,mH ) plane for the H → Z Z (∗) → 4!, H →
γ γ , and H → WW (∗) → !ν!ν channels, including all systematic uncertainties.
The markers indicate the maximum likelihood estimates (µ̂,m̂H ) in the corre-
sponding channels (the maximum likelihood estimates for H → Z Z (∗) → 4! and
H → WW (∗) → !ν!ν coincide).

channels separated by more than the observed mass difference, al-
lowing the signal strengths to vary independently, is about 8%.

The contributions from the different production modes in the
H → γ γ channel have been studied in order to assess any ten-
sion between the data and the ratios of the production cross

42 CMS Collaboration / Physics Letters B 716 (2012) 30–61

Fig. 17. The 68% CL contours for the signal strength σ /σSM versus the boson mass
mX for the untagged γ γ , γ γ with VBF-like dijet, 4#, and their combination. The
symbol σ /σSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. In this combination, the relative signal
strengths for the three decay modes are constrained by the expectations for the SM
Higgs boson.

7.2. Mass of the observed boson

The mass mX of the observed boson is determined using the
γ γ and ZZ decay modes, with the former dominating the preci-
sion of the measurement. The calibration of the energy scale in the
γ γ decay mode is achieved with reference to the known Z boson
mass, as described in Section 5.1. There are two main sources of
systematic uncertainty: (i) imperfect simulation of the differences
between electrons and photons and (ii) the need to extrapolate
from mZ to mX ≈ 125 GeV. The systematic uncertainties are evalu-
ated by making comparisons between data and simulated samples
of Z → ee and H → γ γ (mH = 90 GeV). The two uncertainties,
which together amount to 0.5%, are assumed to be fully correlated
between all the γ γ event categories in the 7 and 8 TeV data. For
the ZZ → 4# decay mode the energy scale (for electrons) and mo-
mentum scale (for muons) are calibrated using the leptonic decays
of the Z boson, with an assigned uncertainty of 0.4%.

Fig. 17 shows the two-dimensional 68% CL regions for the signal
strength σ /σSM versus mX for the three channels (untagged γ γ ,
dijet-tagged γ γ , and ZZ → 4#). The combined 68% CL contour
shown in Fig. 17 assumes that the relative event yields among the
three channels are those expected from the standard model, while
the overall signal strength is a free parameter.

To extract the value of mX in a model-independent way, the
signal yields of the three channels are allowed to vary indepen-
dently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to
a particle with a unique mass mX. The combined best-fit mass is
mX = 125.3 ± 0.4(stat.) ± 0.5(syst.) GeV.

7.3. Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the
SM Higgs boson is provided by examination of the best-fit value
for the common signal strength σ /σSM, obtained in a combination
of all search channels. Fig. 18 shows a scan of the overall σ /σSM
obtained in the combination of all channels versus a hypothesised
Higgs boson mass mH. The band corresponds to the ±1σ uncer-
tainty (statistical and systematic). The excesses seen in the 7 TeV
and 8 TeV data, and in their combination, around 125 GeV are

Fig. 18. The observed best-fit signal strength σ /σSM as a function of the SM Higgs
boson mass in the range 110–145 GeV for the combined 7 and 8 TeV data sets. The
symbol σ /σSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The band corresponds to the ±1 standard
deviation uncertainty in σ /σSM.

Fig. 19. Values of σ /σSM for the combination (solid vertical line) and for individual
decay modes (points). The vertical band shows the overall σ /σSM value 0.87±0.23.
The symbol σ /σSM denotes the production cross section times the relevant branch-
ing fractions, relative to the SM expectation. The horizontal bars indicate the ±1
standard deviation uncertainties in the σ /σSM values for individual modes; they
include both statistical and systematic uncertainties.

consistent with unity within the ±1σ uncertainties. The observed
σ /σSM value for an excess at 125.5 GeV in a combination of all
data is 0.87±0.23. The different decay channels and data sets have
been examined for self-consistency. Fig. 19 shows the measured
values of σ /σSM results obtained for the different decay modes.
These results are consistent, within uncertainties, with the expec-
tations for the SM Higgs boson.

8. Conclusions

Results are presented from searches for the standard model
Higgs boson in proton–proton collisions at

√
s = 7 and 8 TeV in

the CMS experiment at the LHC, using data samples correspond-
ing to integrated luminosities of up to 5.1 fb−1 at 7 TeV and
5.3 fb−1 at 8 TeV. The search is performed in five decay modes:
γ γ , ZZ, W+W− , τ+τ− , and bb. An excess of events is observed
above the expected background, with a local significance of 5.0σ ,
at a mass near 125 GeV, signalling the production of a new par-

Two photon rate too high in both experiments
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Table 7
Characterisation of the excess in the H → Z Z (∗) → 4!, H → γ γ and H → WW (∗) → !ν!ν channels and the combination of all channels listed in Table 6. The mass value
mmax for which the local significance is maximum, the maximum observed local significance Zl and the expected local significance E(Zl) in the presence of a SM Higgs
boson signal at mmax are given. The best fit value of the signal strength parameter µ̂ at mH = 126 GeV is shown with the total uncertainty. The expected and observed mass
ranges excluded at 95% CL (99% CL, indicated by a *) are also given, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Search channel Dataset mmax [GeV] Zl [σ ] E(Zl) [σ ] µ̂(mH = 126 GeV) Expected exclusion [GeV] Observed exclusion [GeV]

H → Z Z (∗) → 4! 7 TeV 125.0 2.5 1.6 1.4± 1.1
8 TeV 125.5 2.6 2.1 1.1± 0.8
7 & 8 TeV 125.0 3.6 2.7 1.2± 0.6 124–164, 176–500 131–162, 170–460

H → γ γ 7 TeV 126.0 3.4 1.6 2.2± 0.7
8 TeV 127.0 3.2 1.9 1.5± 0.6
7 & 8 TeV 126.5 4.5 2.5 1.8± 0.5 110–140 112–123, 132–143

H → WW (∗) → !ν!ν 7 TeV 135.0 1.1 3.4 0.5± 0.6
8 TeV 120.0 3.3 1.0 1.9± 0.7
7 & 8 TeV 125.0 2.8 2.3 1.3± 0.5 124–233 137–261

Combined 7 TeV 126.5 3.6 3.2 1.2± 0.4
8 TeV 126.5 4.9 3.8 1.5± 0.4

7 & 8 TeV 126.5 6.0 4.9 1.4± 0.3
110–582 111–122, 131–559
113–532 (*) 113–114, 117–121, 132–527 (*)

uncertainties, evaluated as described in Ref. [138], reduces the lo-
cal significance to 5.9σ .

The global significance of a local 5.9σ excess anywhere in the
mass range 110–600 GeV is estimated to be approximately 5.1σ ,
increasing to 5.3σ in the range 110–150 GeV, which is approxi-
mately the mass range not excluded at the 99% CL by the LHC com-
bined SM Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measurements [12].

9.3. Characterising the excess

The mass of the observed new particle is estimated using the
profile likelihood ratio λ(mH ) for H → Z Z (∗) → 4! and H → γ γ ,
the two channels with the highest mass resolution. The signal
strength is allowed to vary independently in the two channels,
although the result is essentially unchanged when restricted to
the SM hypothesis µ = 1. The leading sources of systematic un-
certainty come from the electron and photon energy scales and
resolutions. The resulting estimate for the mass of the observed
particle is 126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as a function
of mH . The observed excess corresponds to µ̂ = 1.4±0.3 for mH =
126 GeV, which is consistent with the SM Higgs boson hypothesis
µ = 1. A summary of the individual and combined best-fit values
of the strength parameter for a SM Higgs boson mass hypothesis
of 126 GeV is shown in Fig. 10, while more information about the
three main channels is provided in Table 7.

In order to test which values of the strength and mass of a
signal hypothesis are simultaneously consistent with the data, the
profile likelihood ratio λ(µ,mH ) is used. In the presence of a
strong signal, it will produce closed contours around the best-fit
point (µ̂,m̂H ), while in the absence of a signal the contours will
be upper limits on µ for all values of mH .

Asymptotically, the test statistic −2 lnλ(µ,mH ) is distributed as
a χ2 distribution with two degrees of freedom. The resulting 68%
and 95% CL contours for the H → γ γ and H → WW (∗) → !ν!ν
channels are shown in Fig. 11, where the asymptotic approxima-
tions have been validated with ensembles of pseudo-experiments.
Similar contours for the H → Z Z (∗) → 4! channel are also shown
in Fig. 11, although they are only approximate confidence intervals
due to the smaller number of candidates in this channel. These
contours in the (µ,mH ) plane take into account uncertainties in
the energy scale and resolution.

The probability for a single Higgs boson-like particle to pro-
duce resonant mass peaks in the H → Z Z (∗) → 4! and H → γ γ

Fig. 10. Measurements of the signal strength parameter µ for mH = 126 GeV for the
individual channels and their combination.

Fig. 11. Confidence intervals in the (µ,mH ) plane for the H → Z Z (∗) → 4!, H →
γ γ , and H → WW (∗) → !ν!ν channels, including all systematic uncertainties.
The markers indicate the maximum likelihood estimates (µ̂,m̂H ) in the corre-
sponding channels (the maximum likelihood estimates for H → Z Z (∗) → 4! and
H → WW (∗) → !ν!ν coincide).

channels separated by more than the observed mass difference, al-
lowing the signal strengths to vary independently, is about 8%.

The contributions from the different production modes in the
H → γ γ channel have been studied in order to assess any ten-
sion between the data and the ratios of the production cross
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Fig. 17. The 68% CL contours for the signal strength σ /σSM versus the boson mass
mX for the untagged γ γ , γ γ with VBF-like dijet, 4#, and their combination. The
symbol σ /σSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. In this combination, the relative signal
strengths for the three decay modes are constrained by the expectations for the SM
Higgs boson.

7.2. Mass of the observed boson

The mass mX of the observed boson is determined using the
γ γ and ZZ decay modes, with the former dominating the preci-
sion of the measurement. The calibration of the energy scale in the
γ γ decay mode is achieved with reference to the known Z boson
mass, as described in Section 5.1. There are two main sources of
systematic uncertainty: (i) imperfect simulation of the differences
between electrons and photons and (ii) the need to extrapolate
from mZ to mX ≈ 125 GeV. The systematic uncertainties are evalu-
ated by making comparisons between data and simulated samples
of Z → ee and H → γ γ (mH = 90 GeV). The two uncertainties,
which together amount to 0.5%, are assumed to be fully correlated
between all the γ γ event categories in the 7 and 8 TeV data. For
the ZZ → 4# decay mode the energy scale (for electrons) and mo-
mentum scale (for muons) are calibrated using the leptonic decays
of the Z boson, with an assigned uncertainty of 0.4%.

Fig. 17 shows the two-dimensional 68% CL regions for the signal
strength σ /σSM versus mX for the three channels (untagged γ γ ,
dijet-tagged γ γ , and ZZ → 4#). The combined 68% CL contour
shown in Fig. 17 assumes that the relative event yields among the
three channels are those expected from the standard model, while
the overall signal strength is a free parameter.

To extract the value of mX in a model-independent way, the
signal yields of the three channels are allowed to vary indepen-
dently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to
a particle with a unique mass mX. The combined best-fit mass is
mX = 125.3 ± 0.4(stat.) ± 0.5(syst.) GeV.

7.3. Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the
SM Higgs boson is provided by examination of the best-fit value
for the common signal strength σ /σSM, obtained in a combination
of all search channels. Fig. 18 shows a scan of the overall σ /σSM
obtained in the combination of all channels versus a hypothesised
Higgs boson mass mH. The band corresponds to the ±1σ uncer-
tainty (statistical and systematic). The excesses seen in the 7 TeV
and 8 TeV data, and in their combination, around 125 GeV are

Fig. 18. The observed best-fit signal strength σ /σSM as a function of the SM Higgs
boson mass in the range 110–145 GeV for the combined 7 and 8 TeV data sets. The
symbol σ /σSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The band corresponds to the ±1 standard
deviation uncertainty in σ /σSM.

Fig. 19. Values of σ /σSM for the combination (solid vertical line) and for individual
decay modes (points). The vertical band shows the overall σ /σSM value 0.87±0.23.
The symbol σ /σSM denotes the production cross section times the relevant branch-
ing fractions, relative to the SM expectation. The horizontal bars indicate the ±1
standard deviation uncertainties in the σ /σSM values for individual modes; they
include both statistical and systematic uncertainties.

consistent with unity within the ±1σ uncertainties. The observed
σ /σSM value for an excess at 125.5 GeV in a combination of all
data is 0.87±0.23. The different decay channels and data sets have
been examined for self-consistency. Fig. 19 shows the measured
values of σ /σSM results obtained for the different decay modes.
These results are consistent, within uncertainties, with the expec-
tations for the SM Higgs boson.

8. Conclusions

Results are presented from searches for the standard model
Higgs boson in proton–proton collisions at

√
s = 7 and 8 TeV in

the CMS experiment at the LHC, using data samples correspond-
ing to integrated luminosities of up to 5.1 fb−1 at 7 TeV and
5.3 fb−1 at 8 TeV. The search is performed in five decay modes:
γ γ , ZZ, W+W− , τ+τ− , and bb. An excess of events is observed
above the expected background, with a local significance of 5.0σ ,
at a mass near 125 GeV, signalling the production of a new par-

CMS Collaboration / Physics Letters B 716 (2012) 30–61 43

ticle. The expected local significance for a standard model Higgs
boson of that mass is 5.8σ . The global p-value in the search range
of 115–130 (110–145) GeV corresponds to 4.6σ (4.5σ ). The excess
is most significant in the two decay modes with the best mass
resolution, γ γ and ZZ, and a fit to these signals gives a mass of
125.3 ± 0.4(stat.) ± 0.5(syst.) GeV. The decay to two photons in-
dicates that the new particle is a boson with spin different from
one. The results presented here are consistent, within uncertain-
ties, with expectations for the standard model Higgs boson. The
collection of further data will enable a more rigorous test of this
conclusion and an investigation of whether the properties of the
new particle imply physics beyond the standard model.
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Fig. 12. Likelihood contours for the H → γ γ channel in the (µggF+tt̄H ,µVBF+V H )

plane including the branching ratio factor B/BSM. The quantity µggF+tt̄H (µVBF+V H )
is a common scale factor for the ggF and tt̄H (VBF and V H) production cross sec-
tions. The best fit to the data (+) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (×).

sections predicted in the Standard Model. A new signal strength
parameter µi is introduced for each production mode, defined by
µi = σi/σi,SM. In order to determine the values of (µi,µ j) that
are simultaneously consistent with the data, the profile likelihood
ratio λ(µi,µ j) is used with the measured mass treated as a nui-
sance parameter.

Since there are four Higgs boson production modes at the LHC,
two-dimensional contours require either some µi to be fixed, or
multiple µi to be related in some way. Here, µggF and µtt̄H have
been grouped together as they scale with the tt̄H coupling in the
SM, and are denoted by the common parameter µggF+tt̄H . Simi-
larly, µVBF and µV H have been grouped together as they scale
with the WWH/Z ZH coupling in the SM, and are denoted by
the common parameter µVBF+V H . Since the distribution of signal
events among the 10 categories of the H → γ γ search is sensitive
to these factors, constraints in the plane of µggF+tt̄H × B/BSM and
µVBF+V H × B/BSM, where B is the branching ratio for H → γ γ ,
can be obtained (Fig. 12). Theoretical uncertainties are included
so that the consistency with the SM expectation can be quantified.
The data are compatible with the SM expectation at the 1.5σ level.

10. Conclusion

Searches for the Standard Model Higgs boson have been per-
formed in the H → Z Z (∗) → 4$, H → γ γ and H → WW (∗) →
eνµν channels with the ATLAS experiment at the LHC using 5.8–
5.9 fb−1 of pp collision data recorded during April to June 2012
at a centre-of-mass energy of 8 TeV. These results are combined
with earlier results [17], which are based on an integrated lumi-
nosity of 4.6–4.8 fb−1 recorded in 2011 at a centre-of-mass energy
of 7 TeV, except for the H → Z Z (∗) → 4$ and H → γ γ channels,
which have been updated with the improved analyses presented
here.

The Standard Model Higgs boson is excluded at 95% CL in
the mass range 111–559 GeV, except for the narrow region 122–
131 GeV. In this region, an excess of events with significance
5.9σ , corresponding to p0 = 1.7 × 10−9, is observed. The excess
is driven by the two channels with the highest mass resolution,
H → Z Z (∗) → 4$ and H → γ γ , and the equally sensitive but low-
resolution H → WW (∗) → $ν$ν channel. Taking into account the
entire mass range of the search, 110–600 GeV, the global signifi-
cance of the excess is 5.1σ , which corresponds to p0 = 1.7×10−7.

These results provide conclusive evidence for the discovery of a
new particle with mass 126.0± 0.4 (stat)± 0.4 (sys) GeV. The sig-
nal strength parameter µ has the value 1.4±0.3 at the fitted mass,

which is consistent with the SM Higgs boson hypothesis µ = 1.
The decays to pairs of vector bosons whose net electric charge is
zero identify the new particle as a neutral boson. The observa-
tion in the diphoton channel disfavours the spin-1 hypothesis [140,
141]. Although these results are compatible with the hypothesis
that the new particle is the Standard Model Higgs boson, more
data are needed to assess its nature in detail.
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12],

δLeff =

∫

d4θ|S|2 +
∫

d2θ

(

κSHuHd +
1

2
σS2

)

+ h.c.

−m2
s |s|2 + other soft terms (3)

which contains a new contribution to the Higgs quartic couplings, ∼ κ2. The soft scalar

mass-squared term m2
s can be O(TeV2) without destabilizing EWSB. It can also ensure that

the singlet does not acquire a vacuum expectation. In principle, in effective SUSY with a

10 TeV cutoff, we must commit to which type of physics, δLeff , accounts for an acceptable

physical Higgs mass. But for early LHC superpartner searches, the details of δLeff need

not be relevant, as the new particles can lie above 1 TeV. In such cases, the new physics

is just a “black box” which gives viable physical Higgs masses. Indeed, in writing effective

SUSY theories with a lower ∼ 1 TeV cutoff, we will see that we can formally imagine having

integrated out the new physics responsible for new Higgs quartic couplings.

C. Naturalness in effective SUSY

Here, we assemble the electroweak naturalness constraints on effective SUSY, thereby

giving a rough idea of the motivated regions of its parameter space. For this purpose,

we will compute various independent corrections to the hu mass-squared, and simply ask

them to be ! (200 GeV)2 for naturalness. We will compute these corrections before EWSB.

Contributions sensitive to EWSB are typically ∼ O((100 GeV)2), and therefore typically do

not compromise naturalness. Given the intrinsically crude nature of naturalness arguments,

we see no merit in a more refined analysis.

We begin with a classical “tuning” issue. The µ term gives a supersymmetric |µ|2 con-

tribution to the Higgs mass-squareds. While the soft terms also contribute to Higgs mass-

squareds, naturalness forbids any fine cancellations, so therefore by the criterion stated

above,

|µ| ! 200 GeV. (4)

This same parameter then also plays the role of the Higgsino mass parameter, ensuring

relatively light charginos and neutralinos in the superpartner spectrum. (Of course, after

EWSB, these physical states may also contain admixtures of electroweak gauginos.)
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to avoid tree-level tuning since 

m2
H

= µ2 +m2
0
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8 The mass spectrum of the MSSM

8.1 Electroweak symmetry breaking and the Higgs bosons

In the MSSM, the description of electroweak symmetry breaking is slightly complicated by the fact
that there are two complex Higgs doublets Hu = (H+

u , H0
u) and Hd = (H0

d , H
−
d ) rather than just one

in the ordinary Standard Model. The classical scalar potential for the Higgs scalar fields in the MSSM
is given by

V = (|µ|2 +m2
Hu

)(|H0
u|2 + |H+

u |2) + (|µ|2 +m2
Hd

)(|H0
d |2 + |H−

d |2)
+ [b (H+

u H−
d −H0

uH
0
d) + c.c.]

+
1

8
(g2 + g′2)(|H0

u|2 + |H+
u |2 − |H0

d |2 − |H−
d |2)2 + 1

2
g2|H+

u H0∗
d +H0

uH
−∗
d |2. (8.1.1)

The terms proportional to |µ|2 come from F -terms [see eq. (6.1.5)]. The terms proportional to g2 and g′2

are the D-term contributions, obtained from the general formula eq. (3.4.12) after some rearranging.
Finally, the terms proportional to m2

Hu
, m2

Hd
and b are just a rewriting of the last three terms of

eq. (6.3.1). The full scalar potential of the theory also includes many terms involving the squark and
slepton fields that we can ignore here, since they do not get VEVs because they have large positive
squared masses.

We now have to demand that the minimum of this potential should break electroweak symmetry
down to electromagnetism SU(2)L × U(1)Y → U(1)EM, in accord with experiment. We can use the
freedom to make gauge transformations to simplify this analysis. First, the freedom to make SU(2)L
gauge transformations allows us to rotate away a possible VEV for one of the weak isospin components
of one of the scalar fields, so without loss of generality we can take H+

u = 0 at the minimum of the
potential. Then one can check that a minimum of the potential satisfying ∂V/∂H+

u = 0 must also
have H−

d = 0. This is good, because it means that at the minimum of the potential electromagnetism
is necessarily unbroken, since the charged components of the Higgs scalars cannot get VEVs. After
setting H+

u = H−
d = 0, we are left to consider the scalar potential

V = (|µ|2 +m2
Hu

)|H0
u|2 + (|µ|2 +m2

Hd
)|H0

d |2 − (bH0
uH

0
d + c.c.)

+
1

8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2. (8.1.2)

The only term in this potential that depends on the phases of the fields is the b-term. Therefore, a
redefinition of the phase of Hu or Hd can absorb any phase in b, so we can take b to be real and positive.
Then it is clear that a minimum of the potential V requires that H0

uH
0
d is also real and positive, so 〈H0

u〉
and 〈H0

d 〉 must have opposite phases. We can therefore use a U(1)Y gauge transformation to make them
both be real and positive without loss of generality, since Hu and Hd have opposite weak hypercharges
(±1/2). It follows that CP cannot be spontaneously broken by the Higgs scalar potential, since the
VEVs and b can be simultaneously chosen real, as a convention. This means that the Higgs scalar mass
eigenstates can be assigned well-defined eigenvalues of CP, at least at tree-level. (CP-violating phases
in other couplings can induce loop-suppressed CP violation in the Higgs sector, but do not change the
fact that b, 〈H0

u〉, and 〈Hd〉 can always be chosen real and positive.)
In order for the MSSM scalar potential to be viable, we must first make sure that the potential is

bounded from below for arbitrarily large values of the scalar fields, so that V will really have a minimum.
(Recall from the discussion in sections 3.2 and 3.4 that scalar potentials in purely supersymmetric
theories are automatically non-negative and so clearly bounded from below. But, now that we have
introduced supersymmetry breaking, we must be careful.) The scalar quartic interactions in V will
stabilize the potential for almost all arbitrarily large values of H0

u and H0
d . However, for the special

directions in field space |H0
u| = |H0

d |, the quartic contributions to V [the second line in eq. (8.1.2)] are
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RGEs from which the perturbativity bounds on λ were obtained.

2 The MSSM

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

W = µĤuĤd + htQ̂3Ĥut̂
c
R − hbQ̂3Ĥdb̂

c
R − hτ L̂3Ĥdτ̂

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 Q̂3, L̂3 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 = m2
Hu

|Hu|2 +m2
Hd

|Hd|2

+ m2
Q̃3

|Q̃2
3|+m2

t̃R
|t̃2R|+m2

b̃R
|b̃2R|+m2

L̃3
|L̃2

3|+m2
τ̃R |τ̃

2
R| , (2.4)

and the trilinear interactions between the sfermion and Higgs fields,

− Ltril = BµHuHd + htAtQ̃3Hut̃
c
R − hbAbQ̃3Hdb̃

c
R − hτAτ L̃3Hdτ̃

c
R + h.c. . (2.5)

The tree-level MSSM Higgs potential is given by

V0 = m2
1|Hd|2+m2

2|Hu|2−m2
3(HdHu+h.c.)+

g22
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, m2
1 = m2

Hd
+ µ2, m2

2 = m2
Hu

+ µ2 and m2
3 = −Bµ.

In the MSSM, at the 1-loop level, stops contribute to the Higgs boson mass and three
more parameters become important, the stop soft masses, mQ̃3

and mt̃R
, and the stop mixing

parameter
Xt = At − µ cot β. (2.7)

The dominant one-loop contribution to the Higgs boson mass depends on the geometric mean
of the stop masses, m2

t̃
= mQ̃3

mt̃R
, and is given by,

∆m2
h ≈

3

(4π)2
m4

t

v2

[

ln
m2

t̃

m2
t
+

X2
t

m2
t̃

(

1−
X2

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| = Xmax

t =
√
6mt̃, 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

[

m4
t̃1

(

ln
m2

t̃1

Q2
−

3

2

)

+m4
t̃2

(

ln
m2

t̃2

Q2
−

3

2

)

− 2m4
t

(
ln

m2
t

Q2
−

3

2

)]

, (2.9)
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8 The mass spectrum of the MSSM

8.1 Electroweak symmetry breaking and the Higgs bosons

In the MSSM, the description of electroweak symmetry breaking is slightly complicated by the fact
that there are two complex Higgs doublets Hu = (H+

u , H0
u) and Hd = (H0

d , H
−
d ) rather than just one

in the ordinary Standard Model. The classical scalar potential for the Higgs scalar fields in the MSSM
is given by

V = (|µ|2 +m2
Hu

)(|H0
u|2 + |H+

u |2) + (|µ|2 +m2
Hd

)(|H0
d |2 + |H−

d |2)
+ [b (H+

u H−
d −H0

uH
0
d) + c.c.]

+
1

8
(g2 + g′2)(|H0

u|2 + |H+
u |2 − |H0

d |2 − |H−
d |2)2 + 1

2
g2|H+

u H0∗
d +H0

uH
−∗
d |2. (8.1.1)

The terms proportional to |µ|2 come from F -terms [see eq. (6.1.5)]. The terms proportional to g2 and g′2

are the D-term contributions, obtained from the general formula eq. (3.4.12) after some rearranging.
Finally, the terms proportional to m2

Hu
, m2

Hd
and b are just a rewriting of the last three terms of

eq. (6.3.1). The full scalar potential of the theory also includes many terms involving the squark and
slepton fields that we can ignore here, since they do not get VEVs because they have large positive
squared masses.

We now have to demand that the minimum of this potential should break electroweak symmetry
down to electromagnetism SU(2)L × U(1)Y → U(1)EM, in accord with experiment. We can use the
freedom to make gauge transformations to simplify this analysis. First, the freedom to make SU(2)L
gauge transformations allows us to rotate away a possible VEV for one of the weak isospin components
of one of the scalar fields, so without loss of generality we can take H+

u = 0 at the minimum of the
potential. Then one can check that a minimum of the potential satisfying ∂V/∂H+

u = 0 must also
have H−

d = 0. This is good, because it means that at the minimum of the potential electromagnetism
is necessarily unbroken, since the charged components of the Higgs scalars cannot get VEVs. After
setting H+

u = H−
d = 0, we are left to consider the scalar potential

V = (|µ|2 +m2
Hu

)|H0
u|2 + (|µ|2 +m2

Hd
)|H0

d |2 − (bH0
uH

0
d + c.c.)

+
1

8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2. (8.1.2)

The only term in this potential that depends on the phases of the fields is the b-term. Therefore, a
redefinition of the phase of Hu or Hd can absorb any phase in b, so we can take b to be real and positive.
Then it is clear that a minimum of the potential V requires that H0

uH
0
d is also real and positive, so 〈H0

u〉
and 〈H0

d 〉 must have opposite phases. We can therefore use a U(1)Y gauge transformation to make them
both be real and positive without loss of generality, since Hu and Hd have opposite weak hypercharges
(±1/2). It follows that CP cannot be spontaneously broken by the Higgs scalar potential, since the
VEVs and b can be simultaneously chosen real, as a convention. This means that the Higgs scalar mass
eigenstates can be assigned well-defined eigenvalues of CP, at least at tree-level. (CP-violating phases
in other couplings can induce loop-suppressed CP violation in the Higgs sector, but do not change the
fact that b, 〈H0

u〉, and 〈Hd〉 can always be chosen real and positive.)
In order for the MSSM scalar potential to be viable, we must first make sure that the potential is

bounded from below for arbitrarily large values of the scalar fields, so that V will really have a minimum.
(Recall from the discussion in sections 3.2 and 3.4 that scalar potentials in purely supersymmetric
theories are automatically non-negative and so clearly bounded from below. But, now that we have
introduced supersymmetry breaking, we must be careful.) The scalar quartic interactions in V will
stabilize the potential for almost all arbitrarily large values of H0

u and H0
d . However, for the special

directions in field space |H0
u| = |H0

d |, the quartic contributions to V [the second line in eq. (8.1.2)] are
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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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Gluino corrections to stop

Next, we compute the hypercharge D-term loop contribution to Higgs mass-squared, in

figure 3:

huhu
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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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hu hut hu hu

t̃

FIG. 1. Higgs mass corrections

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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Names Spin PR Gauge Eigenstates Mass Eigenstates

Higgs bosons 0 +1 H0
u H0

d H+
u H−

d h0 H0 A0 H±

ũL ũR d̃L d̃R (same)

squarks 0 −1 s̃L s̃R c̃L c̃R (same)

t̃L t̃R b̃L b̃R t̃1 t̃2 b̃1 b̃2

ẽL ẽR ν̃e (same)

sleptons 0 −1 µ̃L µ̃R ν̃µ (same)

τ̃L τ̃R ν̃τ τ̃1 τ̃2 ν̃τ

neutralinos 1/2 −1 B̃0 W̃ 0 H̃0
u H̃0

d Ñ1 Ñ2 Ñ3 Ñ4

charginos 1/2 −1 W̃± H̃+
u H̃−

d C̃±
1 C̃±

2

gluino 1/2 −1 g̃ (same)

goldstino
(gravitino)

1/2
(3/2) −1 G̃ (same)

Table 8.1: The undiscovered particles in the Minimal Supersymmetric Standard Model (with sfermion
mixing for the first two families assumed to be negligible).

that the scalar potential gives correct electroweak symmetry breaking. This allows us to trade |µ|
and b for one parameter tan β, as in eqs. (8.1.9)-(8.1.8). So, to a reasonable approximation, the entire
mass spectrum in MSUGRA models is determined by only five unknown parameters: m2

0, m1/2, A0,
tan β, and Arg(µ), while in the simplest gauge-mediated supersymmetry breaking models one can pick
parameters Λ, Mmess, N5, 〈F 〉, tan β, and Arg(µ). Both frameworks are highly predictive. Of course,
it is easy to imagine that the essential physics of supersymmetry breaking is not captured by either of
these two scenarios in their minimal forms. For example, the anomaly mediated contributions could
play a role, perhaps in concert with the gauge-mediation or Planck-scale mediation mechanisms.

Figure 8.4 shows the RG running of scalar and gaugino masses in a typical model based on the
MSUGRA boundary conditions imposed at Q0 = 2 × 1016 GeV. [The parameter values used for this
illustration were m0 = 200 GeV, m1/2 = −A0 = 600 GeV, tan β = 10, and sign(µ)= +.] The running
gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed lines labeled Hu and Hd

are the running values of the quantities (µ2 +m2
Hu

)1/2 and (µ2 +m2
Hd

)1/2, which appear in the Higgs
potential. The other lines are the running squark and slepton masses, with dashed lines for the square
roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3 (from top to bottom), and solid

lines for the first and second family sfermions. Note that µ2+m2
Hu

runs negative because of the effects
of the large top Yukawa coupling as discussed above, providing for electroweak symmetry breaking. At
the electroweak scale, the values of the Lagrangian soft parameters can be used to extract the physical
masses, cross-sections, and decay widths of the particles, and other observables such as dark matter
abundances and rare process rates. There are a variety of publicly available programs that do these
tasks, including radiative corrections; see for example [214]-[223],[201].

Figure 8.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
four different types of models assumptions. The first, in Figure 8.5(a), is the output from an MSUGRA
model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used for fig. 8.4).

This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1 LSP, nearly
degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest superpartner.
The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau. (The second-
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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]. An excess of events is observed by the
ATLAS experiment for a Higgs boson mass hypothesis close to 126 GeV with a maximum local
statistical significance of 3.6σ above the expected SM background and by the CMS experiment
at 124 GeV with 2.6σ maximum local significance. If the ATLAS and CMS signals are combined
the statistical significance increases, but is still less than the 5σ required to claim a discovery.
Interestingly, the ATLAS signal in the γγ decay channel 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].

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. [8] and references
therein). A 125 GeV SM-like Higgs boson is consistent with the MSSM in the decoupling
limit. In the limit of decoupling the light Higgs mass is given by

m2
h ≈ M2

Z cos2 2β +∆m2
h , (1.1)

where ∆m2
h is dominated by loops of heavy top quarks and top squarks and tan β is the ratio

of the vacuum expectation values (VEVs) of the two Higgs doublets introduced in the MSSM
Higgs sector. 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 needed to raise the Higgs boson mass
to 125 GeV. 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 mt̃1

>∼ 500 GeV (with
the second stop mass considerably larger) in the MSSM in order to achieve a 125 GeV Higgs
boson. However one of the motivations for SUSY is to solve the hierarchy or fine-tuning problem
of the SM [9]. 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 and the definition of fine-tuning [10].

In the light of such fine-tuning considerations, it has been known for some time, even after
the LEP limit on the Higgs boson mass of 114 GeV, that the fine-tuning of the MSSM could
be ameliorated in the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [11]. With
a 125 GeV Higgs boson, 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 [12–14] (for reviews see [15, 16]). 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 up to unified scales. In the pure NMSSM values
of λ ∼ 0.7 do not spoil the validity of perturbation theory up to the GUT scale only providing
tan β ! 4, however the presence of additional extra matter [17] allows smaller values of tan β to
be achieved. The maximum mass of the lightest Higgs boson is

m2
h ≈ M2

Z cos2 2β + λ2v2 sin2 2β +∆m2
h (1.2)

where here we use v = 174 GeV. For λv > MZ , the tree-level contributions to mh are maximized
for moderate values of tan β rather than by large values of tan β as in the MSSM. For example,
taking λ = 0.7 and tan β = 2, these tree-level contributions raise the Higgs boson mass to about
112 GeV, and ∆mh ! 55GeV is required. This is to be compared to the MSSM requirement

1

RGEs from which the perturbativity bounds on λ were obtained.

2 The MSSM

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

W = µĤuĤd + htQ̂3Ĥut̂
c
R − hbQ̂3Ĥdb̂

c
R − hτ L̂3Ĥdτ̂

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 Q̂3, L̂3 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
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and the trilinear interactions between the sfermion and Higgs fields,
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R − hbAbQ̃3Hdb̃
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The tree-level MSSM Higgs potential is given by
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where g′ =

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

couplings, m2
1 = m2

Hd
+ µ2, m2

2 = m2
Hu

+ µ2 and m2
3 = −Bµ.

In the MSSM, at the 1-loop level, stops contribute to the Higgs boson mass and three
more parameters become important, the stop soft masses, mQ̃3

and mt̃R
, and the stop mixing

parameter
Xt = At − µ cot β. (2.7)

The dominant one-loop contribution to the Higgs boson mass depends on the geometric mean
of the stop masses, m2
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, and is given by,
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The Higgs mass is sensitive to the degree of stop mixing through the second term in the brackets,
and is maximized for |Xt| = Xmax

t =
√
6mt̃, 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,
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W = µĤuĤd + htQ̂3Ĥut̂
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c
R − hbQ̂3Ĥdb̂
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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 Q̂3, L̂3 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 = m2
Hu

|Hu|2 +m2
Hd

|Hd|2

+ m2
Q̃3

|Q̃2
3|+m2

t̃R
|t̃2R|+m2

b̃R
|b̃2R|+m2

L̃3
|L̃2

3|+m2
τ̃R |τ̃

2
R| , (2.4)

and the trilinear interactions between the sfermion and Higgs fields,

− Ltril = BµHuHd + htAtQ̃3Hut̃
c
R − hbAbQ̃3Hdb̃

c
R − hτAτ L̃3Hdτ̃

c
R + h.c. . (2.5)

The tree-level MSSM Higgs potential is given by

V0 = m2
1|Hd|2+m2

2|Hu|2−m2
3(HdHu+h.c.)+

g22
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, m2
1 = m2

Hd
+ µ2, m2

2 = m2
Hu

+ µ2 and m2
3 = −Bµ.

In the MSSM, at the 1-loop level, stops contribute to the Higgs boson mass and three
more parameters become important, the stop soft masses, mQ̃3

and mt̃R
, and the stop mixing

parameter
Xt = At − µ cot β. (2.7)

The dominant one-loop contribution to the Higgs boson mass depends on the geometric mean
of the stop masses, m2

t̃
= mQ̃3

mt̃R
, and is given by,

∆m2
h ≈

3

(4π)2
m4

t

v2

[

ln
m2

t̃

m2
t
+

X2
t

m2
t̃

(

1−
X2

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| = Xmax

t =
√
6mt̃, 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

[

m4
t̃1

(

ln
m2

t̃1

Q2
−

3

2

)

+m4
t̃2

(

ln
m2

t̃2

Q2
−

3

2

)

− 2m4
t

(
ln

m2
t

Q2
−

3

2

)]

, (2.9)

4



Model gives dynamical origin of µ term via complex singlet S:

                       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 

Next-to-Minimal SUSY SM (NMSSM)

In Eq. (2.12) θt is the mixing angle in the stop sector given by

sin 2θt =
2mtXt

(m2
t̃2
−m2

t̃1
)
, (2.13)

whereas

f(m) = m2

(
ln

m2

Q2
− 1

)
.

Here we set the renormalisation scale Q = mt. From Eq. (2.11) one can see that in order to
avoid tuning,

∆ <∼
1

2
M2

Z . (2.14)

This shows that both stop masses must be light to avoid tuning. For example, defining ∆II =
2 · ∆/M2

Z the absence of any tuning requires ∆II <∼ 1. This in turn requires the heavier stop
mass to be below about 500 GeV as illustrated in Fig.1. This constraint on the heavier stop
mass has not been emphasised in the literature, where often the focus of attention is on the
lightest stop mass.

It has been noted that large or maximal stop mixing is associated with large fine-tuning.
This also follows from Fig.1 and Eq. (2.12). Indeed, Fig.1 demonstrates that the contribution of
one–loop corrections to Eq. (2.11) increases when the mixing angle in the stop sector becomes
larger. In fact when θt is close to π/4 the last term in Eq. (2.12) gives the dominant contribution
to ∆ enhancing the overall contribution of loop corrections in the minimization condition (2.11)
which determines the mass of the Z–boson.

Eq. (2.11) also indicates that in order to avoid tuning one has to ensure that the parameter
µ has a reasonably small value. To avoid tuning entirely one should expect µ to be less than
MZ . However, so small values of the parameter µ are ruled out by chargino searches at LEP.
Therefore in our analysis we allow the effective µeff parameter to be as large as 200GeV that
does not result in enormous fine-tuning.

3 The NMSSM

In this paper, we only consider the NMSSM with a scale invariant superpotential. Alternative
models known as the minimal non-minimal supersymmetric SM (MNSSM), new minimally-
extended supersymmetric SM or nearly-minimal supersymmetric SM (nMSSM) or with addi-
tional U(1)′ gauge symmetries have been considered elsewhere [38], as has the case of explicit
CP violation [39].

The NMSSM superpotential is given, in terms of (hatted) superfields, by

W = λŜĤuĤd +
κ

3
Ŝ3 + htQ̂3Ĥut̂

c
R − hbQ̂3Ĥdb̂

c
R − hτ L̂3Ĥdτ̂

c
R , (3.15)

in which only the third generation fermions have been included. The first two terms substitute
the µĤuĤd term in the MSSM superpotential, while the three last terms are the usual gener-
alization of the Yukawa interactions. 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 = m2
Hu

|Hu|2 +m2
Hd

|Hd|2 +m2
S |S|2

+ m2
Q̃3

|Q̃2
3|+m2

t̃R
|t̃2R|+m2

b̃R
|b̃2R|+m2

L̃3
|L̃2

3|+m2
τ̃R |τ̃

2
R| . (3.16)
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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]. An excess of events is observed by the
ATLAS experiment for a Higgs boson mass hypothesis close to 126 GeV with a maximum local
statistical significance of 3.6σ above the expected SM background and by the CMS experiment
at 124 GeV with 2.6σ maximum local significance. If the ATLAS and CMS signals are combined
the statistical significance increases, but is still less than the 5σ required to claim a discovery.
Interestingly, the ATLAS signal in the γγ decay channel 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].

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. [8] and references
therein). A 125 GeV SM-like Higgs boson is consistent with the MSSM in the decoupling
limit. In the limit of decoupling the light Higgs mass is given by

m2
h ≈ M2

Z cos2 2β +∆m2
h , (1.1)

where ∆m2
h is dominated by loops of heavy top quarks and top squarks and tan β is the ratio

of the vacuum expectation values (VEVs) of the two Higgs doublets introduced in the MSSM
Higgs sector. 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 needed to raise the Higgs boson mass
to 125 GeV. 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 mt̃1

>∼ 500 GeV (with
the second stop mass considerably larger) in the MSSM in order to achieve a 125 GeV Higgs
boson. However one of the motivations for SUSY is to solve the hierarchy or fine-tuning problem
of the SM [9]. 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 and the definition of fine-tuning [10].

In the light of such fine-tuning considerations, it has been known for some time, even after
the LEP limit on the Higgs boson mass of 114 GeV, that the fine-tuning of the MSSM could
be ameliorated in the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [11]. With
a 125 GeV Higgs boson, 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 [12–14] (for reviews see [15, 16]). 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 up to unified scales. In the pure NMSSM values
of λ ∼ 0.7 do not spoil the validity of perturbation theory up to the GUT scale only providing
tan β ! 4, however the presence of additional extra matter [17] allows smaller values of tan β to
be achieved. The maximum mass of the lightest Higgs boson is

m2
h ≈ M2

Z cos2 2β + λ2v2 sin2 2β +∆m2
h (1.2)

where here we use v = 174 GeV. For λv > MZ , the tree-level contributions to mh are maximized
for moderate values of tan β rather than by large values of tan β as in the MSSM. For example,
taking λ = 0.7 and tan β = 2, these tree-level contributions raise the Higgs boson mass to about
112 GeV, and ∆mh ! 55GeV is required. This is to be compared to the MSSM requirement
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4 NMSSM Higgs boson production and decay

In order to decide whether the SM-like Higgs boson reproduces the rates as measured by the

experiments we need to know the NMSSM Higgs boson production cross sections and branching

ratios. In the following we will discuss in detail the dominant production process through gluon

fusion and its modification with respect to the SM. We furthermore investigate the NMSSM

Higgs branching ratio into photons, as the LHC experiments see a slight excess here with respect

to the SM. With the at present available data, this has to be taken with due caution, however,

as it could still turn out to be a statistical fluctuation. If it persists, however, it is a hint towards

new physics, and shall be taken into account in our analysis. We start with some preliminary

remarks and set up our notation.

At the LHC, for small values of tan β, the production processes for a single neutral NMSSM

Higgs boson are given by

Gluon fusion: gg → Hi and gg → Aj i = 1, 2, 3, j = 1, 2

Gauge boson fusion: qq → qq + W
∗
W

∗
/Z

∗
Z
∗ → qqHi i = 1, 2, 3

Higgs-strahlung: qq̄ → Z
∗
/W

∗ → Hi + Z/W i = 1, 2, 3

Associated production with tt̄: gg/qq̄ → tt̄Hi and gg/qq̄ → tt̄Aj i = 1, 2, 3, j = 1, 2 ,

(4.10)

where gluon fusion is the most important process followed by gauge boson fusion. Higgs-

strahlung and associated production with a top quark pair
3

only play a minor role and are

more important for the determination of Higgs boson couplings.

The NMSSM production processes and decay channels deviate from the corresponding SM

Higgs processes due to modified Higgs couplings and additional SUSY particles which run in

the loop mediated processes. The couplings of the CP-even Higgs states Hi depend on their

decompositions into the weak eigenstates Hd, Hu and S,

H1 = S1,d Hd + S1,u Hu + S1,s S ,

H2 = S2,d Hd + S2,u Hu + S2,s S , (4.11)

H3 = S3,d Hd + S3,u Hu + S3,s S .

The coefficients Si,u, Si,d hence quantifiy the amount of up- and down-likeness, respectively, while

Si,s is a measure for the singlet-component of a Higgs mass eigenstate. Mixings between the

SU(2)-doublet and singlet sectors are always proportional to λ, and can be sizeable for λ >∼ 0.3,

leading to significant effects on the Higgs couplings and hence phenomenlogy [?].

The inclusive production cross-section σincl is composed of gluon fusion, vector boson fusion,

Higgs-strahlung and associated production with tt̄,

σincl(H) = σ(gg → H) + σ(Hqq) + σ(WH) + σ(ZH) + σ(tt̄H) ≈ σ(gg → H) , (4.12)

with H = Hi, H
SM

, respectively. It is dominated by the gluon fusion cross section. For later

convenience in the discussion of our results we normalize the relevant quantities of the NMSSM

Higgs bosons to the corresponding SM counterparts. Thus we define the ratio Rσincl of the

NMSSM inclusive cross section compared to the SM one,

Rσincl(Hi) ≡
σincl(Hi)

σincl(H
SM )

≈ Rσgg(Hi) , (4.13)

3For small tan β values associated production with a bottom quark pair is negligibly small.
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above. We impose the restriction Eq. (3.8) on the thus calculated γγ rate. Hence, in summary
the conditions we impose on our parameter points are

Conditions on the parameter scan

At least one neutral Higgs boson w/: 124 GeV <∼ MHi
<∼ 127 GeV

The reduced cross section for γγ must fulfill: Rγγ(Hi)
!
>∼ 0.8 with

124 GeV <∼ MHi = MHSM <∼ 127 GeV .

(4.20)

4.1 Higgs boson production through gluon fusion

The cross section for NMSSM Higgs production via gluon fusion is mediated by quark and
squark triangle loops, cf. Fig. 1. The latter become particularly important for squark masses
below about 400 GeV [25, 26]. At leading order (LO) the cross section for scalar Higgs bosons
Hi (i = 1, 2, 3) is given by [26,27]

σLO(pp→ Hi) = σHi
0 τHi

dLgg

dτHi

(4.21)

σHi
0 =

GF αs(µR)
288
√

2π

������

�

Q

g
Hi
Q A

Hi
Q (τQ) +

�

Q̃

g
Hi

Q̃
A

Hi

Q̃
(τQ̃)

������

2

, (4.22)

with the Fermi constant GF , τHi = M
2
Hi

/s, where s denotes the squared hadronic c.m. energy
and τi = 4M

2
X/M

2
Hi

(X = Q, Q̃). The strong coupling constant αs is to be taken at the
renormalisation scale µR chosen equal to the mass of Hi. The form factors A

Hi

Q/Q̃
are given by

A
Hi
Q (τ) =

3
2
τ [1 + (1− τ)f(τ)] (4.23)

A
Hi

Q̃
(τ) = −3

4
τ [1− τf(τ)] . (4.24)

For large values of the loop particle masses they become constant,

A
Hi
Q (τ) → 1 for M

2
Hi
� 4m

2
Q (4.25)

A
Hi

Q̃
(τ) → 1

4
for M

2
Hi
� 4m

2
Q̃

. (4.26)

For small values of tanβ the most important contributions come from the top and stop loops.
In order to investigate the effect of the stop loops and their interplay with the top quark loop,

Figure 1: Diagrams contributing gluon fusion production of Hi.

6

Figure 2: Diagrams contributing to the decay Hi → γγ.

result [26,29], are given by

Γ(Hi → γγ) =
GF α2

M
3
Hi

128
√

2π3

������
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2
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2
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)
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2

, (4.35)

with the colour factor Ncf = 1(3) for leptons (quarks) and ef denoting the electric charge of the
loop particle. The form factors are given by

A
Hi
f,χ̃±(τ) = 2τ [1 + (1− τ)f(τ)]

A
Hi

H±,f̃
(τ) = −τ [1− τf(τ)]

A
Hi
W

(τ) = − [2 + 3τ + 3τ(2− τ)f(τ)] ,

where the function f(τ) reads

f(τ) =






arcsin2 1√
τ

τ ≥ 1

−1
4

�
log

1 +
√

1− τ

1−
√

1− τ
− iπ

�2

τ < 1
(4.36)

and τ = 4M
2
X

/MHi with MX being the mass of the particle X in the loop. For large loop
particle masses MX the form factors approach constant values,

A
Hi
f,χ̃±(τ) → 4

3
for M

2
Hi
� 4M

2
f,χ̃±

A
Hi

H±, ef
(τ) → 1

3
for M

2
Hi
� 4M

2
H±, ef

A
Hi
W

(τ) → −7 for M
2
Hi
� 4M

2
W

.
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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

21

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

21

Key features:
- Stops below 1 TeV 

in all cases 
- Two photon Higgs 

rate enhanced

King, Muhlleitner, Nevzorov

H1 H2

arXiv:1201.2671

where we have used Rσgg(Hi) defined as the ratio of the NMSSM gluon fusion production cross

section to the gluon fusion production cross section for a SM Higgs boson H
SM

,

Rσgg(Hi) ≡
σ(gg → Hi)

σ(gg → HSM )
. (4.14)

In these and the following ratios the mass of the NMSSM Higgs boson Hi and the one of the SM

Higgs H
SM

are taken to be the same and they are subject to the constraint MHSM = MHi =

124− 127 GeV.

The ratio RΓtot for the total width compared to the SM Higgs total width is given by

RΓtot(Hi) ≡
Γtot(Hi)

Γtot(H
SM )

. (4.15)

While in the SM the largest decay width of a Higgs boson of about 125 GeV is the one into bb̄,

the most important search channels are given by the γγ, the massive gauge boson and the τ+τ−

final states. We define the ratios of the NMSSM Higgs decay partial widths relative to the SM

as (X = γ,W
±
, Z, b, τ±)

RΓXX (Hi) ≡
Γ(Hi → XX)

Γ(HSM → XX)
. (4.16)

The ratios of branching ratios are given by

R
BR

XX(Hi) ≡
BR(Hi → XX)

BR(HSM → XX)
=

RΓXX (Hi)

RΓtot(Hi)
. (4.17)

The experimentally observed rate in a given channel X is given by the reduced cross section

RXX which is obtained from multiplying the Higgs production ratio relative to the SM Rσincl(Hi)

times the Higgs branching ratio for the channel of interest relative to the SM, for example, for

the two photon final state:

Rγγ(Hi) ≡ Rσincl(Hi)R
BR

γγ (Hi). (4.18)

The corresponding reduced cross sections in the other decay channels V V , bb, τ̄ τ may be similarly

expressed, namely:

RV V (Hi) ≡ Rσincl(Hi)R
BR

V V (Hi), R
bb̄

(Hi) ≡ Rσincl(Hi)R
BR

bb
(Hi),

Rτ τ̄ ≡ Rσincl(Hi)R
BR

τ τ̄ (Hi). (4.19)

It is important to note, here, however, that there can be NMSSM spectra where two neutral

Higgs bosons lie close two each other. Due to the limited experimental resolution these cannot be

separated from each other and both contribute to the signal. The progam NMSSMTools takes this

into account by super imposing the signal from the nearby Higgs boson with a Gaussian weight-

ing. The width of the Gaussian smearing is adapted to the respective experimental resolution in

the different final states, where clearly the γγ and ZZ final states have the best resolution, while

the mass resolution in the ττ final state is much worse, and in the WW final state the mass

cannot be reconstructed. Hence, the ratios for the rates RXX (X = γ, Z, W
±
, b, τ), depending

on the scenario and related NMSSM spectrum under consideration, can be superpositions of

rates of different Higgs bosons, but all with constrained to the SM-like Higgs mass range defined
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Summary of Part 1
Particle discovered at LHC consistent with SM Higgs boson

But LHC Higgs decay signal strengths have large errors (two photon rate too high )

Higgs may be window into BSM physics

Higgs theory fine-tuning problem solved by SUSY

Natural SUSY requires stops = 500 GeV, gluino = 1 TeV (or less) 

These are not excluded by LHC searches (so far!)

Stops>500 GeV required for Higgs mass in MSSM

Stops = 500 GeV possible for Higgs mass in NMSSM

NMSSM can lead to large di-photon rate especially with h(125)=H2

Other decays such as WW, ZZ, bb, tau tau can also have different rates

We eagerly await the next LHC results!
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All the SM matter fields are contained in one 27-plet of E6 per generation.
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E6SSM

NMSSM
MSSM

SFK,Moretti,Nevzorov

2-loop Higgs mass bounds

tan β

Higgs mass bounds

1 Introduction

The LHC detectors has accumulated about 5.8 fb
−1 of data at 8 TeV with

no sign of supersymmetry (SUSY). The absence of SUSY at the LHC has

raised some concern over the naturalness of some SUSY models since it is

well-known that as the experimental limits on the masses of sparticles rise,

which is the case [1, 2], the separation between the SUSY scale and the Weak

scale becomes larger, thereby resulting in more tree-level fine tuning due to

the correlation between the Higgs mass parameters and both the stop masses

and the mass of the Z boson. This fact, together with the newly observed

Standard-Model-like H boson at mh = 125 − 126 GeV [3, 4] seems to place

the constrained versions of SUSY models in tension with naturalness for they

will require a rather large amount of fine tuning; O(> 500). The CMSSM,

for instance, was shown to possess fine tuning in the range of 500 − 1000 if

it is to contain a 125 GeV Higgs mass [5, 6]. 4

On the other hand, the non-minimal supersymmetric extension of the

Standard Model (SM) based on the E6 group, the E6SSM [7, 8] can accom-

modate a larger tree-level Higgs mass than that of both the MSSM and the

NMSSM due to the presence of additional terms,

m
2
h ≈ M

2
Z cos2 2β� �� �
MSSM

+
λ2

2
v
2 sin2 2β

� �� �
NMSSM

+
M

2
Z

4
(1 +

1

4
cos 2β)2

� �� �
E6SSM

+∆m
2
h, (1)

where, tan β is the ratio between the two Higgs doublets’ vacuum expectation

4
However, according to the references, this can be lowered if one increases mt and

decreases α3

1



Higgs, Squarks, Gluinos in CE6SSM 

Figure 3: Squark and gluino mass contours (left panel) and Higgs mass contours (right panel) in the

(m0,M1/2) plane of the cE6SSM with tanβ = 10, λ12 = 0.1, s = 10 TeV, corresponding to MZ� = 3.778

TeV. Scans are produced with a universal κ coupling varied over {0, 3} and λ3 over {−3, 0} so that

µeff ≤ 0.

In Fig. 4 we see that if we increase the singlet VEV further to s = 20 TeV then we are

no longer restricted by the lower limits on the Higgs mass, with only a few points having

a Higgs mass of 122 GeV, but now there is a substantial region ruled out by the upper

limit mh ≥ 127.5 set by CMS.

Figs. 5 and 6 demonstrate that even with very heavy s values, such that the Z �
is well

beyond reach of the LHC, not only is there still a small region of parameter space where

the gluino is observable, but additionally a Higgs mass measurement would yield useful

information about the parameter space well above what can actually be constrained from

direct searches. This illustrates the significance of the Higgs to providing constraints and

measurement of cE6SSM parameters.

Notice also that while in much of the parameter space new physics states are out of

reach, reducing the λ1,2 coupling such that the inert Higgsinos are observable would not

perturb the RG evolution much, so these plots remain a very good approximation. Thus

they reveal an interesting potential scenario where only the inert Higgsinos and the SM-

like Higgs are discovered, but an accurate Higgs mass measurement would give a great

deal of information on the parameter space.

Finally we comment on the tan β dependence of these results. The form of the squark

and gluino contours is not substantially modified by changing tan β so we do not reproduce
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they reveal an interesting potential scenario where only the inert Higgsinos and the SM-

like Higgs are discovered, but an accurate Higgs mass measurement would give a great

deal of information on the parameter space.

Finally we comment on the tan β dependence of these results. The form of the squark

and gluino contours is not substantially modified by changing tan β so we do not reproduce

these plots here. However the allowed region of parameter space is dramatically changed,

as are the Higgs masses. This is illustrated in Fig. 7 where we plot the allowed region of

the parameters space for s = 10 TeV and tan β = 3 (left) and tan β = 30 (right). Here
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FIG. 5. The tree-level cross section for gluino pair production as a function of the gluino mass, mg̃. The solid (or dashed)
lines represent, from bottom to top, the LHC at 7 TeV (black), 8 TeV (red), and 14 TeV (blue). The CTEQ6LL set is used
for PDFs. The QCD scale, Q, is set to the gluino mass, Q = mg̃, for the solid lines and to the centre of mass energy, Q =

√
ŝ,

for the dashed lines. The scale dependence of the cross section is an effect of the uncertainty of the leading order calculation.
Including NLO corrections is known to bring up the cross section by at least a factor 2 [30], so we are underestimating the
production rate for gluinos slightly with this leading order calculation.

Another important feature of the long decay chains of the E6SSM is the increase in lepton as well as jet multiplicity,
as shown in Fig. 7, again for the benchmarks MSSM and E6SSM-I. This feature allows us to rely on multi-lepton
requirements for background reduction rather than cuts on missing energy. There is a significant loss of statistics by
using this strategy, however it turns out to be the most favourable channel for discovery of gluinos with long decay
chains and indeed a channel in which the E6SSM is largely dominant compared to the MSSM.

C. Searches at
√
s = 7 TeV LHC

There has not been any indications of SUSY from the LHC during its run at
√
s = 7 TeV. We have investigated

different SUSY search channels at this energy to understand the status of our benchmarks and what limits can be put
on the E6SSM and which channels we expect to be the most favourable for discovery and distinguishing the models.
We compare our signals with published backgrounds used by CMS and ATLAS at this energy. We have scaled all the
channels to an integrated luminosity of 10 fb−1 for comparison, which is approximately the amount of 7 TeV data
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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
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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
matter and collider constraints.

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

χ̃0
M1 χ̃0

E1χ̃0
E2χ̃0

M2
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MSSM E6SSM-I E6SSM-II E6SSM-III E6SSM-IV E6SSM-V E6SSM-VI

tan β 10 1.5 1.42 1.77 3 1.42 1.42
λ - 0.497 0.598 -0.462 -0.4 0.598 0.598
s - 5180 5268 5418 5500 5268 5268

[G
eV

]
µ 1578 (1820) (2228) (1770) (-1556) (2228) (2228)

At = Ab = Aτ -2900 -3110 -3100 476.2 4638 -2684 -2684
MA 302.5 3666 4365 2074 4341 4010 4000
M1 150 150 150 150 150 150 150
M2 285 300 300 300 300 300 300
M1′ - 151 151 151 151 151 151
mg̃ 800.2 800.0 800.0 800.0 800.0 800.0 800.0

mχ̃0
M1

148.7 148.9 149.1 151.2 150.6 149.1 149.1

mχ̃0
M2

302.2 296.1 296.8 303.7 301.7 296.8 296.8

mχ̃0
M3

1582 1763 2233 1766 1557 2233 2233

mχ̃0
M4

1584 1823 2246 1771 1558 2246 2246

m
χ̃
±
M1

302.2 299.0 299.2 300.9 300.4 299.2 299.2

m
χ̃±
M2

1584 1822 2229 1771 1557 2229 2229

mχ̃0
U1

- 1878 1835 1909 1937 1835 1835

[G
eV

]mχ̃0
U2

- 1973 2003 2062 2087 2003 2003

mχ̃0
E1

- 62.7 43.5 45.2 0 0 0.00011

mχ̃0
E2

- 62.8 48.6 53.2 0 0 1.53

mχ̃0
E3

- 119.8 131.3 141.6 164.1 119.9 120.1

mχ̃0
E4

- 121.0 163.6 187.4 164.1 119.9 122.8

mχ̃0
E5

- 183.0 197.0 227.8 388.9 185.8 185.8

mχ̃0
E6

- 184.4 224.3 265.6 388.9 185.8 187.0

m
χ̃±
E1

- 109.8 119.9 122.7 164.1 119.9 119.9

m
χ̃±
E2

- 117.7 185.8 225.1 388.9 185.8 185.8

mh 124.4 125.4 133.8 116.3 124.7 126.1 125.8
P (l = 1) 0.188 < 10−9 < 10−5 < 10−5 0.1727 < 10−8 < 10−12

P (l = 2) 0.812 < 10−4 0.01524 0.1723 0.8273 0.01 < 10−5

P (l = 3) 0 0.1746 0.2336 0.7986 < 10−6 0.2 0.1721
P (l = 4) 0 0.8196 0.7512 0.02915 < 10−15 0.8 0.8280
P (l = 5) 0 0.0058 < 10−7 0 0 < 10−15 0

Ωh2 0.00628 0.00114 0.0006842 0.0006937 0.101 0.00154
σSI 0.401 × 10−9 15.34 × 10−8 9.35 × 10−8 16.35 × 10−8 3.75 × 10−11 3.98× 10−13 [pb]

TABLE III. Benchmarks motivated by the parameter scans presented in Fig. 1 and Tabs. I and II. From top to bottom the
classes of parameters are dimensionless input parameters; dimensionful input parameters; neutralino, chargino, and lightest
Higgs masses (in absolute values); probabilities for certain gluino decay chain lengths; and finally dark matter properties. The

χ̃
0(±)
Mi are MSSM-like states, the χ̃0

Ui are USSM-like states, being mainly mixtures of S̃ and B̃′. The χ̃
0(±)
Ei are states introduced

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

some results for the E6SSM-VI to demonstrate the effects of having an even less compact spectrum and also to show
how little our conclusions depend on the exact spectrum of the E6 model.

III. MODEL IMPLEMENTATION

To scan parameter spaces of models and generate Monte Carlo events etc. the models have to be transferred from
paper to computer. There are various ways of doing this. Many implementations of the MSSM have already been
created, but for the E6SSM there are no available sources. We have chosen to use the software package LanHEP [28]
to calculate the Feynman rules for the E6SSM. LanHEP finds the interactions and mass mixings between the particle
states in the model and writes an output which can be read by a Feynman diagram calculator or Monte Carlo event
generator. LanHEP can output in several formats. We have been using the format used by CalcHEP since that is the
software we are using for calculating Feynman diagrams and generating events.
In the LanHEP implementation of the model the particle content and Lagrangian is specified. We have used a slightly

stripped down version of the E6SSM, suitable for our purposes. What is not included from the three families of 27
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FIG. 6. Missing transverse momentum (a) and the effective mass (b) before cuts for the MSSM and E6SSM-I benchmark with
mg̃ = 800 GeV at

√
s = 7 TeV. The E6SSM predicts significantly less missing transverse momentum and slightly larger effective

mass compared to the MSSM. The longer gluino decay chains of the E6SSM, with a lighter LSP in the end, provide less missing
and more visible transverse momentum. The effective mass does not distinguish the features of these models since it is a sum
of visible and missing transverse momenta.

acquired by the two experiments. Benchmarks with an 800 GeV gluino mass are considered here.

1. 0 leptons (3, 4, and 9 jets)

The long gluino cascade decays with less missing momentum affect the main SUSY searches based on jets and
missing energy, e.g. [2] and [35], which provide the best statistics and strongest exclusions. In these searches the
E6SSM is disfavoured compared to the MSSM and the acquired exclusions do not hold for this model. The main
reason for the suppression of the E6SSM comes from hard cuts on missing energy and its ratio with the effective
mass. Our analysis shows that the distributions for these variables are significantly different for these models. The
effective mass distribution for our benchmarks with an 800 GeV gluino mass is plotted with backgrounds from ATLAS
and CMS in Figs. 8(a) and 8(b). The E6SSM is suppressed compared to the MSSM and, more importantly, both
benchmarks are well below the background, showing the difficulty of SUSY discovery at the 7 TeV LHC in the case
where the gluino mass is around 800 GeV and much less than the squark masses.
Even though the high statistics all-hadronic searches with around four jets do not show good prospects for the

E6SSM there are still interesting all-hadronic searches for this model. Because of the predicted large jet-multiplicities
in the E6SSM, multi-jet channels could provide good discovery prospects. For multi-jet channels, analysis beyond the
parton level is essential and requires special treatment. We consider one such multi-jet channel at

√
s = 8 TeV in

section IVD 1.

2. 1–2 leptons

Considering events with leptons provides easy triggering and efficient background suppression at the cost of worse
statistics. We compare the signal distributions for the benchmarks here with the background for the same signatures:
a single lepton search by ATLAS in Fig. 8(c) and a two same-sign lepton search by CMS in Fig. 8(e). The signal-
to-background ratio is better in these leptonic searches compared to the all-hadronic searches. In the effective mass
distribution of the 1 muon channel from ATLAS’s 1 lepton plus 4 jets search shown in Fig. 8(c) one can see that the

E6SSM gluino gives less pTmiss 
Belyaev, Hall, King, 

Svantesson (preliminary)
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FIG. 7. Lepton multiplicity (a) and jet multiplicity (b), requiring pT > 10 GeV, |η| < 2.5, and ∆R(lepton, jet) > 0.5 for leptons
and pT > 20 GeV and |η| < 4.5 for jets. The benchmarks considered are the MSSM and E6SSM-I as presented in Tab. III
with mg̃ = 800 GeV. The LHC setup is used with

√
s = 7 TeV and normalised to 10 fb−1 of integrated luminosity. Due to the

longer gluino decay chains of the E6SSM it predicts many more visible particles in collider experiments, both leptons and jets.
This suggests that searches for E6SSM gluinos should be more favourable in multi-lepton and multi-jet searches.

signal level is not extremely far below the background level in the high effective mass regime. The E6SSM signal is
still suppressed compared to the MSSM in this one lepton search, however, considering the pmiss

T distribution for the
two same-sign lepton search by CMS in Fig. 8(e), one sees how the E6SSM signal overtakes the MSSM benchmark’s
by requiring more leptons. This is due to the higher lepton multiplicity predicted by the E6SSM. Even though the
situation for E6SSM looks better compared to the MSSM in this channel, it looks worse compared to the background.
This is because the choice of using the missing momentum instead of the effective mass as the variable defining the
signal region is not favourable for the E6SSM since the model is very vulnerable to cuts on this variable. The situation
actually looks better if one uses the effective mass to define the signal region even for multi-lepton searches as we will
show below.

3. 3–4 leptons

Requiring additional leptons makes the statistics even worse, but it allows the signal to appear above the background.
Comparison of the benchmark signals with the background from a 3 lepton search by CMS is shown in Fig. 8(e) and
from a 4 lepton search by ATLAS in Fig. 8(f). The three lepton channel seems promising, showing a possible excess in
the high missing transverse momentum region. The background used by CMS is not evaluated for large enough missing
transverse momentum however. We have produced backgrounds for this channel using CalcHEP which agree well with
the ones used by CMS in the low pmiss

T region. They only difference is in the very low end of the pmiss
T distribution

where the CalcHEP generated backgrounds fall off. This is because we do not simulate any source of instrumental
missing energy in our analysis. [One should clarify why we can not produce BG for 0–2 leptons reliably with CalcHEP
or any parton level generator or even with the fast detector simulation program stressing that mistagging of jets as
letons is important for low lepton multiplicity BG]. The result for the pmiss

T distribution is shown in Fig. 9(a). One can
see that the E6SSM signal is now at the same level as the background and maybe a little higher for large pmiss

T . If one
instead considers the effective mass distribution for the three lepton channel, shown in Fig. 9(b), which has not been
presented by CMS, the situation looks much more promising, at least for the E6SSM. A cut on Meff at 950 GeV gives
S = 11.5 signal events for the 800 GeV gluino mass E6SSM-I benchmark and B = 0.4 background events, providing
an expected 5.7σ excess at 10 fb−1, using the definition of statistical significance S12 = 2(

√
S +B −

√
B) valid for

E6SSM gluino gives 
more jets and leptons 

Belyaev, Hall, King, 
Svantesson (preliminary)

LHC@7 TeV, gluino@800 GeV 
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FIG. 10. Comparison between mSUGRA, MSSM, and E6SSM benchmarks in the 6 jet channel, E-medium, used by ATLAS
[42]. The effective mass distribution for the gluino signal are plotted before (a) and after (b) cuts at

√
s = 7 TeV and 10 fb−1

of integrated luminosity. The events left after the last signal region cut on the effective mass, Meff > 1300 GeV, are given in
Tab. V. The benchmarks with solid lines all have a gluino mass of 1 TeV while the benchmarks with dashed lines have a gluino
mass of 800 GeV. After cuts (b) the E6SSM benchmark with an 800 GeV gluino mass has a distribution not very different from
the mSUGRA point with a 1 TeV gluino mass.

mg̃/TeV Events

mSUGRA (1850,380) 1 6.18

MSSM
1 5.59
0.8 18.16

E6SSM
1 1.05
0.8 5.58

TABLE V. The events left at 8 TeV and 10 fb−1 for benchmarks from three models after the E-medium set of cuts, including
the final cut on the effective mass, Meff > 1300 GeV. Here the E6SSM benchmark with a 800 GeV gluino mass is left with less
events than the mSUGRA benchmark with a 1 TeV gluino mass.

This benchmark is shown to give the best signal, slightly above that of the E6SSM-I. This is because the E6SSM-VI
benchmark also has a long gluino decay chain, but with an even less compact spectrum. The larger mass difference
between the MSSM-like lightest neutralino and the inert singlinos implies that higher pT leptons can be radiated from
that step in the decay chain. This causes an increase in the number of lepton surviving the lepton identification cuts.
The applied cuts are a three lepton requirement (µ or e) with pT > 10 GeV, |η| < 2.5, and ∆R(lepton, jet) > 0.5 and
a requirement that the leading lepton has pT > 20 GeV. We have also applied a Gaussian smearing of lepton and jet
energies to take into account the detector energy resolution typical for the ATLAS and CMS detectors. The dominant
backgrounds come from ZWj and tt̄V . Other important contributions come from ZW and tt̄. Our background
predictions at

√
s = 7 TeV agree well with backgrounds used in multi-lepton searches by CMS [38] and ATLAS [39].

A final cut, defining the signal region, is made on the effective mass. We let the signal region cut depend on the
gluino mass to enhance the expected significance and define it as Meff > 1.4mg̃. Using the definition of statistical
significance, S12 = 2(

√
S +B −

√
B), valid for small statistics [40, 41], we calculate the expected excess for different

gluino masses using our mass dependent signal region cut. The significance is plotted as a function of the gluino
mass in Fig. 12(a) where a K-factor of 3 has been applied to the signal. The expected number of events for the
E6SSM-I and E6SSM-VI benchmarks with gluino mass mg̃ = 900 GeV and the background before and after the final
cut on the effective mass (Meff > 1.4mg̃ = 1260 GeV) are presented in Tab. VI. The table also lists the expected

E6SSM gluino harder to see in 
6 jet channel 
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significances with and without a K-factor of 3 for the two benchmarks. The integrated luminosity needed for discovery
and exclusion of a particular gluino mass in the E6SSM in the 3 lepton channel is shown in Fig. 12, where again a
K-factor of 3 has been applied to the signal. The plot shows that a 2σ exclusion of gluino masses below 1 TeV is
possible with data acquired by ATLAS or CMS at the end of the year 2012. The MSSM benchmark is still well below
the background at this stage and is therefore not included in these plots.
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FIG. 11. Plots of Meff after requiring at least 3 leptons at LHC at
√
s =8 TeV. The integrated luminosity is taken to be 30 fb−1.

The different subfigures show the signal distributions for the MSSM, E6SSM-I, and E6SSM-VI benchmarks for different values
of the gluino mass. The E6SSM-VI benchmark is similar to E6SSM-I, but the lighter LSP mass, and thus larger mass gap
between it and the bino-like neutralino, causes the signal to be stronger since higher pT leptons are more likely to be produced.
The distributions for gluino masses of 700 GeV (a), 800 GeV (b), 900 GeV (c), and 1000 GeV (d) show that the signal to
background ratio is not affected much as the gluino mass increases, but the statistics become bad since the cross section gets
small.

E6SSM gluino easier to see in 
3 lepton channel at 8 TeV
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Nlep ≥ 3 Meff > 1.4mg̃ σK=1 σK=3

E6SSM-I 6.72 5.08 2.80 5.88
E6SSM-VI 8.95 7.60 3.71 7.57
BG 8.66× 103 1.25

TABLE VI. The expected number of events after the first and second cuts in the 3 lepton analysis for the E6SSM-I and
E6SSM-VI benchmarks with mg̃ = 900 GeV and SM background at 20 fb−1 and 8 TeV. Also the significance, based on signal
and background events after the second cut, with K-factors of 1 and 3 applied to the signal.
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FIG. 12. The gluino mass reach at
√
s =8 TeV for the three lepton channel. The gluino mass is varied for the benchmarks

E6SSM-I and E6SSM-VI to estimate the expected significance for different gluino masses. The significance is calculated with
the events remaining after a selection cut requiring Meff > 1.4mg̃ . A K-factor of 3 has also been applied to the signal. The
E6SSM-VI benchmark (shown in blue) is more accessible for exclusion or discovery than benchmark E6SSM-I since it has a
bigger mass gap between the bino-like and inert-singlino-like neutralinos, providing higher pT leptons.

E. 3 lepton searches at
√
s = 14 TeV LHC

At higher collider energy the cross section for gluino production increases considerably. This causes both our MSSM
and E6SSM benchmarks to be clearly visible above the background, as can be seen in Fig. 13. The figure shows the
effective mass distribution for the MSSM, E6SSM-I, and E6SSM-VI benchmarks for different gluino masses in different
subfigures, where a requirement of at least three lepton has been applied in the same way as in the 8 TeV analysis. For
all gluino masses the E6SSM-VI benchmark gives the largest signal, just as in the 8 TeV scenario discussed in section
IVD2. The 14 TeV collider at such a large integrated luminosity of 100 fb−1, which is used in Fig. 13, allows access
to statistics for potential high mass gluinos. This is very favourable since in the high effective mass region, where a
heavy gluino would push the distribution to, there is essentially no background. So in this region it is just a matter
of acquiring enough statistics. In Fig. 14 the gluino reach for the benchmarks at the 14 TeV collider is presented in
the same way as was done for the 8 TeV collider in Fig. 12, again with a K-factor of 3 applied to the signal. The
only difference is that the gluino mass dependent cut on the effective mass which defines the signal region is taken to
be Meff > mg̃ instead of Meff > 1.4mg̃. For the MSSM benchmark, which has become accessible at this energy, one
will be able to exclude gluino masses up to ∼1400 GeV through this channel for an integrated luminosity of 100 fb−1.
The expected significance for the MSSM is however about an order of magnitude below the E6SSM benchmarks as
shown in Fig. 14(a). An order of magnitude difference in significance implies two orders of magnitude difference for
the the integrated luminocity required for exclusion of a particular gluino mass, as can be seen in Fig. 14(b). For
the E6SSM-I and E6SSM-VI the 100 fb−1 of data at 14 TeV allows not only for exclusion, but potentially for a 5σ
discovery for the whole gluino mass range up to 1.5 TeV.
It should be stressed once more that the results for the MSSM benchmark are different from other studies since we

are not dealing with a GUT constrained model, but an electro-weak scale model and the spectrum is very general. Our
study focuses on the specific scenario in which the squarks are two to three times heavier than the gluino. Therefore,
typical results obtained in previous multi-lepton analyses for SUSY searches differ from our results. As an example,
the three lepton signals derived for the mSUGRA points in [43] are much larger than for the benchmarks considered
in this paper with the same gluino mass.
4. How our results on the 3-lepton signature are compared with the previous studies on MSSM!? ( e.g. Howie Baer
and Co) ]
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effective mass distribution for the MSSM, E6SSM-I, and E6SSM-VI benchmarks for different gluino masses in different
subfigures, where a requirement of at least three lepton has been applied in the same way as in the 8 TeV analysis. For
all gluino masses the E6SSM-VI benchmark gives the largest signal, just as in the 8 TeV scenario discussed in section
IVD2. The 14 TeV collider at such a large integrated luminosity of 100 fb−1, which is used in Fig. 13, allows access
to statistics for potential high mass gluinos. This is very favourable since in the high effective mass region, where a
heavy gluino would push the distribution to, there is essentially no background. So in this region it is just a matter
of acquiring enough statistics. In Fig. 14 the gluino reach for the benchmarks at the 14 TeV collider is presented in
the same way as was done for the 8 TeV collider in Fig. 12, again with a K-factor of 3 applied to the signal. The
only difference is that the gluino mass dependent cut on the effective mass which defines the signal region is taken to
be Meff > mg̃ instead of Meff > 1.4mg̃. For the MSSM benchmark, which has become accessible at this energy, one
will be able to exclude gluino masses up to ∼1400 GeV through this channel for an integrated luminosity of 100 fb−1.
The expected significance for the MSSM is however about an order of magnitude below the E6SSM benchmarks as
shown in Fig. 14(a). An order of magnitude difference in significance implies two orders of magnitude difference for
the the integrated luminocity required for exclusion of a particular gluino mass, as can be seen in Fig. 14(b). For
the E6SSM-I and E6SSM-VI the 100 fb−1 of data at 14 TeV allows not only for exclusion, but potentially for a 5σ
discovery for the whole gluino mass range up to 1.5 TeV.
It should be stressed once more that the results for the MSSM benchmark are different from other studies since we

are not dealing with a GUT constrained model, but an electro-weak scale model and the spectrum is very general. Our
study focuses on the specific scenario in which the squarks are two to three times heavier than the gluino. Therefore,
typical results obtained in previous multi-lepton analyses for SUSY searches differ from our results. As an example,
the three lepton signals derived for the mSUGRA points in [43] are much larger than for the benchmarks considered
in this paper with the same gluino mass.
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Summary of Part 2
E6SSM is richer theory with many LHC signals 

Matter spectrum with 3 families of 27 dimensional particle reps and a Z’ 

Higgs at 125 GeV possible in E6SSM

Typical spectrum is heavy squarks but lighter gluino

Gluino has longer decay chains with more jets and leptons and less 
missing transverse momentum

E6SSM Gluino is harder to see in 6 jet channel 

But easier to see in 3 lepton channel

We eagerly await the next LHC results!
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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.

2

Callaghan, King, Leontaris , Ross

F-theory model predicts incomplete multiplets 
with matter content of 3 copies of 27s of E6
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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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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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Exotic D-particles 

7

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

0 0.4 0.6 0.8 1.00.2

950

450

200

700

1200

1700

1450

1950

1 fb

0.1 fb

ScalarFermion

M   (GeV)D

!

" = 10 pb
" = 1 pb

1 pb

100 fb

1 fb

10 fb

100 fb

10 fb

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
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production cross section for the process q g → D0 f . The region of
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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.
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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
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(c)The effective mass, Meff .

0

1

2

3

4

5

6

0 500 1000 1500 2000 2500
HT (GeV)

Ev
en

ts
/5

0 
G

eV
 @

 5
 fb

-1
MSSM-A

HT (GeV)

Ev
en

ts
/5

0 
G

eV
 @

 5
 fb

-1
MSSM-B

HT (GeV)

Ev
en

ts
/5

0 
G

eV
 @

 5
 fb

-1

E6SSM-A

HT (GeV)

Ev
en

ts
/5

0 
G

eV
 @

 5
 fb

-1

E6SSM-B
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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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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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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)


