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Sensitivity to NMSSM Signatures with Low 
Missing Transverse Energy at the LHC



Motivation
• Large Missing Transverse Energy (MET) searches have ruled out many 

areas of parameter space. 

• How about scenario for Lightest Supersymmetric Particle (LSP) production 
with low MET. 

• Consider if LSP were a Singlino in the NMSSM:
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Motivation
• Initial squark/gluino production — decays to NLSP (X02) plus hadronic jets 

• Decay: NLSP (X02) —> LSP (X01) + Higgs (H125) 

• If Lightest SUSY particle very light and mass gap small, we get small MET! 

• Singlino LSP allows this decay route to be enforced — in MSSM we could skip the 
NLSP part of the cascade entirely, giving larger MET 

• Final states depend on Higgs decay — we are interested in H —>bb
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1. Scenarios featuring Standard Model-like Higgs Boson

The uppermost edge of parameter scans shown in Figures (***** JOE’S LIMIT PLOTS

*****) represent scenarios in which the scalar Higgs Boson has a mass of 125 GeV, akin

to that of the Standard Model.

In fact, in these NMSSM decay cascades we may replace the light scalar Higgs

Boson h with the Standard Model-like H without dramatically changing the kinematical

characteristics of the model. Thus if the NLSP, �̃0
2, were to decay with 100% branching

fraction into a Standard Model-like Higgs Boson H and a light LSP, �̃0
1, the E

miss
T would

remain highly suppressed, in the case where the mass gap � and ratio R tend towards

zero and unity, respectively.

In this section we examine a number of parameter scans in order to explore the

experimental sensitivity to di↵erent mass hierarchies and decay topologies within these

low-Emiss
T NMSSM scenarios.

1.1. NMSSM parameter scans with fixed Higgs Boson mass

1.1.1. Benchmark points with low E
miss
T We present eight benchmark points taken

from [?] which demonstrate this light-LSP low-Emiss
T signature, shown in table 1 and

denoted BP1–BP8. In all cases the LSP has mass 3 GeV and the NLSP has mass

130 GeV, equivalent to � = 2 GeV and R ⇡ 0.96.

Point Mq̃ [GeV/c2] Mg̃ [GeV/c2] Mt̃,b̃ [GeV/c2]

BP1 1000 1010 decoupled

BP2 1400 1410 decoupled

BP3 1100 900 decoupled

BP4 1500 1300 decoupled

BP5 1400 1410 Mt̃ = 750

BP6 1100 1110 Mb̃ = 750

BP7 1500 1300 Mt̃ = 750

BP8 1400 1200 Mb̃ = 750

Table 1: Original BPs in [?].

As may be seen in table 1, the first two benchmark points (BP1–BP2) di↵er from

the next two (BP3–BP4) in that in the former, the gluino is 10 GeV heavier than the

squark, however in the latter it is 200 GeV lighter.

The final four benchmark points (BP5–BP8) each includes one third generation

squark in the decay cascade, either a stop or sbottom squark, with a mass of 750 GeV,

light enough that gluinos may decay with 100% branching fraction into a stop/top or

sbottom/bottom squark-quark state.

The Feynman diagrams in figure 1 show examples of the processes by which we may

produce a final state with two LSPs and two Higgs bosons. In each of these diagrams

1

Original benchmark points
• Eight benchmark points which characterise this 

low-MET light-LSP scenario [1] 

• LSP mass 3GeV in all cases 

• BP1-2: Gluino heavier than squark 

• BP3-4: Gluino lighter than squark 

• BP5: BP1/2 but with stop in decay 

• BP6:      “          “       sbottom in decay 

• BP7: BP3/4 but with stop in decay 

• BP8:      “          “       sbottom in decay
[1] U. Ellwanger and A.M. Teixeira, “Excessive Higgs pair production with little MET from squarks and gluinos in the NMSSM” JHEP 1504, 172 (2015)
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Mass scans
• Eight benchmark points become six scans since BP1/2 the same except for MSUSY, and 

same for BP3/4 

• Vary Msquark and Mgluino (& Mstop, Msbottom) together, keeping mass gap(s) fixed 

• Vary MNLSP and MLSP together, keeping mass gap fixed at (125 + 2) GeV

[1] U. Ellwanger and A.M. Teixeira, “Excessive Higgs pair production with little MET from squarks and gluinos in the NMSSM” JHEP 1504, 172 (2015)

Mq̃ [GeV/c2] Mg̃ [GeV/c2] M�̃
0
1

[GeV/c2] M�̃
0
2

[GeV/c2] M
t̃,b̃

[GeV/c2]

BP1/BP2 1200 ! 3000 Mq̃ + 10 3 ! {Mq̃ � 20} M�̃
0
1
+ 127 decoupled

BP3/BP4 1200 ! 3000 Mq̃ � 200 3 ! {Mg̃ � 20} M�̃
0
1
+ 127 decoupled

BP5 1200 ! 3000 Mq̃ + 10 3 ! {Mt̃ � 200} M�̃
0
1
+ 127 Mt̃ = Mq̃ � 250

BP6 1200 ! 3000 Mq̃ + 10 3 ! {M
b̃
� 20} M�̃

0
1
+ 127 M

b̃
= Mq̃ � 250

BP7 1200 ! 3000 Mq̃ � 200 3 ! {Mt̃ � 200} M�̃
0
1
+ 127 Mt̃ = Mg̃ � 250

BP8 1200 ! 3000 Mq̃ � 200 3 ! {M
b̃
� 20} M�̃

0
1
+ 127 M

b̃
= Mg̃ � 250

Table 2: Table showing various mass ranges in the scans.

as in table 2.

For the first two scans the NLSP mass is increased up to just below the lighter of the

squark and gluino masses whilst still allowing for on-shell decay. For the remaining four

scans, where the respective stop or sbottom squark is non-decoupled, its mass is set to

be 250 GeV/c2 lower than the lightest of the squark and gluino, such that the gluino may

still decay into the relevant third generation squark, along with an appropriate quark.

In these cases, the NLSP mass may still be increased, so long that the involved third

generation squark may still decay in an on-shell fashion into its respectively flavoured

quark and a NLSP.

4.2. Event selections

The considered experimental analysis [5] contains many measurement bins for various

observables in the data, background and signal channels, in particular for the number

of hadronic jets (Njets), the number of b-tagged hadronic jets (Nb-jets), HT and H
miss
T .

Focusing on a bb̄bb̄+E
miss
T final state, with plenty of jets from both cascades, we consider

the bin with the highest number of jets, i.e., the one for which Njets � 6. Anticipating

a high chance of bottom quarks being mis-identified, especially if the Higgs bosons are

boosted, we consider both the Nb-jets = 2, Nb-jets = 3 and Nb-jets � 4 bins. Additionally,

since we are primarily interested in topologies generating high HT, we focus on the

upper-most HT > 1200 GeV/c bin, with the exception of the case where we have four

or more b-tagged hadronic jets, where the only bin in [5] is HT > 400 GeV/c.

Furthermore, in this analysis, a cut on ‘biased Delta-phi’ (��
?) is applied to

reduce the QCD background. Additional cuts in [5] regarding vetoing events containing

isolated leptons and photons are also performed, as well as failing events which contain

forward/backward-oriented hadronic jets. The event selection is therefore detailed

as follows:

• At least 6 hadronic jets, where any jet must have pT� 40 GeV/c.

• Nb-jets = 2, Nb-jets = 3, Nb-jets � 4, i.e., separate bins.

• Nb-jets, HT and H
miss
T binning defined in table 3.

• HT � 1200 GeV/c for events where Nb-jets  3, or HT � 400 GeV/c where

Nb-jets � 4.
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Original benchmark points

BP1
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Original benchmark points
BP3
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Original benchmark points
BP5
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Original benchmark points
BP6
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Original benchmark points
BP7
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Original benchmark points
BP8
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Compare: MSSM-like simplified model
BP1-like without X02 decay (becomes new “LSP”)



Can have this low-MET scenario in NMSSM…

But not in MSSM!



Simulation 
• Compute diagrams and matrix elements using MADGraph at Leading 

Order, cross-sections at Next-to-Leading Order using Prospino. 

• Decay/shower particles using Pythia 8. 

• Simulate the detector measurements using Delphes (for phenomenology 
work), later within CMSSW, CMS’ detector response simulation framework. 

• Read output ROOT files into dataframes (pandas/dask) 

• Compare the number of events in our signal process with the Standard 
Model background prediction and observed yields, after applying some 
selections/cuts.
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Current sensitivity to this type of 
model 

p
r
o
o
f
s
 
J
H
E
P
_
1
2
6
P
_
0
8
1
8

Published for SISSA by Springer

Received: August 14, 2018

Accepted: September 12, 2018

Published: ???, 2018

Exploring sensitivity to NMSSM signatures with low

missing transverse energy at the LHC

A. Titterton,a,b,c U. Ellwanger,d H.U. Flaecher,a S. Morettib,c and

C.H. Shepherd-Themistocleousc

aH.H. Wills Physics Laboratory, University of Bristol,
Bristol, BS8 1TL, United Kingdom

bSchool of Physics and Astronomy, University of Southampton,
Highfield, Southampton, SO17 1BJ, United Kingdom

cParticle Physics Department, Rutherford Appleton Laboratory,
Chilton, Didcot, Oxon, OX11 0QX, United Kingdom
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• Pheno paper recently in JHEP 
shows current analyses not so 
sensitive to this low-MET model. 

• ArXiv:1807.10672

https://arxiv.org/abs/1807.10672


Simulation 
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• Recast a CMS general purpose 
jets+MET analysis to check sensitivity 
of existing efforts to this model. 

• Example mass scan shows lack of 
sensitivity for very light neutralino LSP. 

• LSP mass < 200GeV or so has sharp 
drop in sensitivity



Signal Properties: Total HT
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Examples with BP1 vs QCD and tt background processes



Signal Properties: Missing-HT
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Examples with BP1 vs QCD and tt background processes



Signal Properties: min Δɸ*
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Examples with BP1 vs QCD and tt background processes

• Variable designed to reduce QCD 
background by identifying events with 
spurious MET from e.g. jet mis-measurement 

• Take the difference in ɸ between a jet and the 
Missing-HT without that jet 

• Define “min Δɸ*” as the minimum value over 
all jets in the event —> Should be the jet most 
likely to correspond to any mismeasurement 

• Therefore if min Δɸ* is still large (> 0.5) then 
this suggests real MET

Jet A

Jet B

Jet C

MHT without Jet Cɸ



Signal Properties: Δɸ*
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Examples with BP1 vs QCD and tt background processes



Simulation 
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BP1 BP3



Simulation 
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BP5 BP6



Simulation 
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BP7 BP8

(a) BP1-type Mass Scan (b) BP3-type Mass Scan

(c) BP5-type Mass Scan (d) BP6-type mass scan

(e) BP7-type mass scan (f) BP8-type mass scan

Figure 16: Observed and expected limits for the BP1-BP8-type mass scans. The X-

and Y -axes represent the squark and LSP masses, respectively, whilst the colour scale

represents the upper limit on the strength parameter µ.
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Where to go from here 
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• Lower bound on gluino mass very 
low in many cases 

• Wish to access (shaded) light-LSP 
region, where existing jets+MET 
searches lack sensitivity 

• In this region MET very low, Higgs 
highly boosted

Scan BP1 BP3 BP5 BP6 BP7 BP8

Mq̃, min [GeV/c2] 1000 1200 1250 1000 1250 1200

Mg̃, min [GeV/c2] 1010 1000 1260 1010 1050 1000

Table 6: Approximate lower bounds on the squark mass and corresponding gluino mass

at 95% CL for a 3 GeV/c2 LSP.

Additionally whilst the black observed limit contour is generally further to the left

than the red, expected limit contour, indicating a slight excess in some of the data

yields compared with the background estimation, the agreement between the two limits

is reasonably strong.

These weaker lower bounds on the squark masses for the lightest LSP mass of

3 GeV/c2 are summarised in table 6.

It may be noted that the lower bounds on the squark and gluino masses

are considerably weaker for these light-LSP, low-Emiss
T scenarios compared with the

simplified models considered in [5].

As the LSP mass is increased above around 100 GeV/c2 the converse becomes true,

with the limits being more harsh for these NMSSM scenarios than for the simplified

models. This is expected due to the larger H
miss
T in these heavier LSP regions.

However, as the LSP mass is increased closer towards the masses of the squarks and

gluinos, the sensitivity appears once again to decrease for heavier neutralinos. Unlike

the light LSP region, however, this lack of sensitivity for heavy LSP likely arises from

the high HT cut, since few events in this region pass this cut as shown in figure 6a.

Thus, in order to explore this area of mass space a wider HT range would be required

than is considered in this paper.

Similar experimental limits can be placed on the other types of scan. We recall

here that the BP3-type scan has the gluino mass 200 GeV/c2 lower than the squark

mass, rather than 10 GeV/c2 higher, and the BP5/BP6- and BP7/BP8-type scans are

the same as the BP1- and BP3-types, respectively, but with the appropriate stop or

sbottom squark masses 250 GeV/c2 lighter than the squark/gluino, rather than being

decoupled.

The observed and expected limits for these remaining mass scans exhibit a similar

behaviour, that is, the cross-section appears to dominate the sensitivity for points with

mid-range LSP mass, where the contours are closer to vertical. However, in all cases

the sensitivity for regions with lower LSP masses and featuring high HT and low H
miss
T ,

to the latter of which the analysis in [5] is not optimised, decreases dramatically.

6.1. MSSM-like scenarios with light LSP

The main feature of the light LSP and low E
miss
T scenarios under consideration relies

on the LSP being singlino. In this case it is possible for the decay cascades to end

exclusively in an NLSP decaying to an LSP and a Higgs boson, which is not the case in

23



Where to go from here: 

• Heavy squarks and light LSP means very boosted topologies, can be tricky! 

• Looking at two high-momentum Higgs —> bb, so rather than 4b final state 
might only be able to resolve 2 “fat” double-b jets 

• Boosted double-b tagger: Larger radius jets formed, substructure analysed 
(via Boosted Decision Tree) to see whether jet contains a boosted H—>bb 

• Standard model Higgs mass known, so can use jet mass measurement 

• Analysis ongoing with CMS HiggsExo group
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Where to go from here: 

• Many background processes considered: 
• tt + jets, QCD, W/Z + jets, Single-top, WW/WZ/ZZ, ttZ, ttW etc 
• tt + jets, QCD and W/Z+jets dominant 

• Control regions developed using double-b-tagged jet measurements in order 
to use data-driven background estimation methods 
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Signal: 2TeV Squarks, 3GeV LSP
B



QCD Background



Where to go from here: 

• Many background processes considered: 
• tt + jets, QCD, W/Z + jets, Single-top, WW/WZ/ZZ, ttZ, ttW etc 
• tt + jets, QCD and W/Z+jets dominant 

• Control regions developed using double-b-tagged jet measurements in order 
to use data-driven background estimation methods 

• Talks delivered to CMS HiggsExo group in late November 

• Pre-approval to follow, then eventually unblinding

 30



Merci et Bonnes Vacances! 
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Backup 
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Signal Properties: # of jets
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Examples with BP1 vs QCD and tt background processes



Signal Properties: # of b-tagged jets
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Examples with BP1 vs QCD and tt background processes



Signal Properties: Angular separation 
between b-jets from Higgs decay
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