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Overview

• Beyond the 2HDM - the NMSSM

• Search for a1 → μ+μ-   (HIG-12-004: 10.1103/PhysRevLett.109.121801)

• Search for h → 2a1→ 4μ   (HIG-13-010)

• Search for cascade decays with h → bb   (HIG-14-030) 
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Beyond the 2HDM - the NMSSM

• Well motivated singlet extension to the MSSM

‣ Solves the μ problem - dynamically generated by ⟨S⟩

‣ Relaxes fine-tuning on Higgs mass - additional tree-level contribution

‣ Opens up less constrained parameter space

• Light (pseudo)scalar Higgs boson sets NMSSM apart from MSSM

‣ Offers much richer spectrum - h1,2,3, a1,2, h±

• Will cover searches at CMS motivated by the NMSSM

‣ Leaving out other searches with heavy Higgs, 2HDM Higgs, h±, ...
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Motivation

• NMSSM: Focus on light a1

• Search performed on 1.3 fb-1 of √s = 7 TeV data, trigger on 2 OS 

muons, with mμμ ∈ [5.5, 14] GeV 

‣ exclude 8.8 - 11.5 GeV to avoid bottomonium resonances

5

g

g

a
µ

µ
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σ ~ 104pb - 107pb

BR (a → μμ) ~ O(10-3), 
but dimuon invariant 

mass is powerful 
discriminant

For σ and BR, see backup
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Strategy
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• Isolation requirement on μ to reject fakes & non-prompt μ from 

hadron decays

• Fit to mμμ distribution using templates functions for signal & bkg

• Background: Non-resonant QCD

‣ 1st order polynomial for shape

• Background: Υ(1S/2S/3S)

‣ Double crystal ball (CB) for each resonance

‣ Fit Υ(1S) to data, Υ(2S/3S) relative to Υ(1S)

• Signal

‣ Mass points 30 MeV apart, Gaussian PDF for each

‣ Width from detector resolution (Γ(a→μμ) ~ MeV)
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Results
• No excess observed - set upper limit on σ×BR 

• Can interpret as limit on cosθA for various tan β  - see backup
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Motivation
• 4μ final state from scalar decays via pseudoscalar pair:

‣ NMSSM - h pair produces very light a1,  ma1 = 0.25 - 3.55 GeV

9

Can be discovered 
h(125), or scalar with 

similar mass 
(scanned 86 - 150 GeV)

BR(a1 → μ+μ-) 
sizeable in this 
ma1 region as
coupling ~ mℓ 
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Search strategy

• Performed on 20.65 fb-1 of √s = 8 TeV data, dimuon trigger

• Require ≥ 4 μ, 1+ must have |η| < 0.9 

‣ Avoids trigger simulation issues in forward region

• Form OS pairs based on common vertex or small ∆R

• Dimuon pairs must be isolated

‣ Suppress dimuons from jets

• Require 2 dimuon pairs, invariant masses compatible within detector 

resolution

• Signal efficiency: 11 - 35%, dependent on ma1
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Backgrounds
•        background (1.8 ± 0.6 evts) - double semileptonic decays, 

resonances (ω, ɸ, J/Ψ)

‣ 2D template in plane of dimuon invariant masses

‣ Constructed as product of 1D distributions rich in       events

• J/Ψ pair production (2 ± 2 evts) - from Pythia8, scaled to data
11
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Results

• 1 event in signal diagonal region, expect 3.8 ± 2.1 background evts

• Set limit on σ × BR in NMSSM
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Dark SUSY
• 4μ final state from other scalar decays:

‣ Dark SUSY - motivated by e+ excess.
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Discovered h(125), or 
another scalar with 

similar mass 
(86 - 150 GeV)

Dark photon 
couples to SM via 

photon mixing,

BR ≾ 45%

Neutralino n1 couples to ‘dark’ 
neutralino nD & photon 𝛾D, 

mD ~ O(1) GeV
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Results

• In context of Dark SUSY:

‣ Assumes mn1 = 10 GeV, mnD = 1 GeV, m𝛾D = 0.4 GeV
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Channel

• h2 = h(125), h1 is light (30 - 100 GeV) with large singlet component

‣ h1V V  coupling reduced, h1 evades standard detection

‣ Instead produced by cascade decays
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Search strategy

• Performed on 19.7 fb-1 of √s = 8 TeV data

• Utilise HT trigger, threshold 650 GeV
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Signal modelling
• Use Madgraph+Pythia

• Complications from non-h1 SUSY 

processes:

‣ Z → bb

‣ h2/a1 → bb

‣ Non-resonant

• 2 approaches to look for excess:

‣ Simple h1 bump hunt (model-
independent) - only valid if signal 
does not contaminate bkg 
control regions

‣ Include other NMSSM-specific 
contributions
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Background estimation

•      background (82.5 ± 16.5 events) - semi- & di-leptonic decays

‣ From MC: shape from Madgraph + Pythia, normalised to NLO

‣ Validated in sideband region - low ET
miss and 1 isolated e/μ (no QCD)

• QCD background (56.4 ± 24.8 events) - ET
miss from mismeasured jets

‣ ET
miss aligned with jet, use ∆ɸ(j, ET

miss) > 0.5 to suppress in SR

‣ Data-driven estimate using ∆ɸ(j2, ET
miss) < 0.5 selection

• Other BG (7.1 ± 1.1 events): Z → νν, W → ℓν from MC

19
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Results

• Perform background-only fit to mbb distribution in data with 

background templates

‣ Good agreement with SM backgrounds

20

Ev
en

ts
/(1

0 
G

eV
)

0

5

10

15

20

25

30

 (8 TeV)-119.7 fb

CMS
Preliminary

Observed
 + jetstt

QCD multijet prediction
 + jetsν l→W 
 + jetsνν → 0Z

syst. + stat. uncertainty
 (m = 65 GeV, NMSSM P4)1h

, NMSSM P4)
1

SUSY (non-h

 (GeV)bbm
50 100 150 200 250 300

Pr
ed

(D
at

a-
Pr

ed
)

-1
-0.5

0
0.5

1

Good sensitivity 
to P4 scenario

mailto:robin.aggleton@cern.ch
mailto:robin.aggleton@cern.ch


Robin Aggleton | robin.aggleton@cern.ch WG3: Exotic Higgs Decays @ Fermilab, May 2015

Results
• h1 → bb resonance fit & full modified P4 scenario

‣ No significant excess, set upper limits on σ(pp → h1) × BR(h1 → bb)
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Results
• Decoupled squark scenario - only gluino-gluino production

‣ Use all NMSSM contributions in signal shape

‣ Convert to exclusion limit in M3 (gluino mass) - mh1 plane
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Summary

• Variety of low-mass scenarios explored with Run 1 data

• More searches in progress

‣ 𝜏𝜏𝜏𝜏 (ma1 = 4 - 9 GeV), μμ𝜏𝜏 (ma1 < 40 GeV), μμbb (ma1 = 25 - 65 GeV) 

• NMSSM offers an attractive alternative to standard MSSM searches

• Looking forward to Run 2

‣ Increased √s → increased σ(pp → h/a)

‣ Increased luminosity → increased potential for rarer channels
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σ(gg → a) at 7 TeV
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a1 properties
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Results
• Can interpret as limit on cosθA for various tan β 

‣ cosθA = mixing angle for a1 between MSSM doublet pseudoscalar & 
additional NMSSM singlet pseudoscalar

27

Better than BaBar limit for ma > 7.5 GeV (tanβ=50), ma >  6.5 GeV (tanβ=2)
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Double crystal-ball

28

A Additional Figures

A.1 Signal Modeling
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Figure 5: Invariant mass distribution m�� of the fully simulated gluon fusion sample with a mass mX =

520 GeV and a natural width of 4 MeV, fitted with a double-sided Crystal Ball function. The bottom part
of the plot shows the normalised residuals.
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BR(a → XX)
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FIG. 7: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type II Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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BR(a → XX)
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Dark SUSY

• http://arxiv.org/abs/0810.0713

• http://arxiv.org/abs/0901.0283

• http://arxiv.org/abs/1002.2952
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Gdark ⊃ U(1)y (MS)SM

Ψdark matter

ε

Figure 1: A schematic illustration of the minimal setup we consider in this paper. The dark sector
and the SM are connected through kinetic mixing term suppressed by ε ! 10−3. The dark matter
multiplet may or may not couple directly to the SM. Supersymmetric extensions of this scenario are
also discussed.

results from INTEGRAL and DAMA, we find the possibility of a non-abelian dark sector to

be intriguing in its own right, with direct implications for the collider phenomenology. Thus

throughout this paper we consider a dark sector with a non-abelian gauge symmetry that is

completely broken by some dark Higgs sector3.

In Section 2, we construct a catalog of explicit minimal models. Since Gdark needs to

include a U(1) factor for kinetic mixing with SM hypercharge, we take Gdark = SU(2)×U(1).

Our models differ only in their dark Higgs sectors, which are constructed to break Gdark

completely and induce all the necessary couplings between the different states of the DM

multiplet.

In Section 3, we discuss the mass splittings between the dark matter states. In order to

obtain the small mass splittings needed for XDM and iDM, we consider DM that is a doublet

or a triplet under SU(2)dark. The splittings may be generated radiatively from dark gauge

boson loops. Another possibility is to generate them through higher-dimensional couplings

between the dark matter and a single dark Higgs.

In Section 4, we consider the addition of SUSY to the dark sector. We observe that the

minimal assumption of kinetic mixing between dark sector and SM hypercharge generates

an effective FI term in the dark sector that is naturally of the desired scale, O(GeV). This

term can break SUSY, or even more interestingly can generate a super-Higgs mechanism that

leaves a supersymmetric dark sector with a ∼ 1 GeV gap. Both of these scenarios typically

result in light fermions that may have an influence on collider physics. We emphasize that

this is a leading contribution which must be included in any SUSY scenario that includes

kinetic mixing. Furthermore, within this scheme the DM can easily be a SM singlet, and

so DM annihilations do not produce SM W± bosons that would dangerously decay to anti-

protons that have not been observed by PAMELA. We also investigate the gauge mediation

scenario originally proposed in Ref. [28] where DM is charged under the SM gauge group.

An additional complication we address arises because SUSY restricts the form of the scalar

3There are strong astrophysical constraints on a long range interaction from unbroken gauge symmetry

with an unsuppressed coupling [25, 26, 27].
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Table 1: Input and output parameters for the five benchmark NMSSM points.

Point P1 P2 P3 P4 P5
GUT/input parameters
sign(µeff) + + + – +
tanβ 10 10 10 2.6 6
m0 (GeV) 174 174 174 775 1500
M1/2 (GeV) 500 500 500 760 175
A0 -1500 -1500 -1500 -2300 -2468
Aλ -1500 -1500 -1500 -2300 -800
Aκ -33.9 -33.4 -628.56 -1170 60
NUHM: MHd

(GeV) - - - 880 -311
NUHM: MHu

(GeV) - - - 2195 1910

Parameters at the SUSY scale
λ (input parameter) 0.1 0.1 0.4 0.53 0.016
κ 0.11 0.11 0.31 0.12 -0.0029
Aλ (GeV) -982 -982 -629 -510 45.8
Aκ (GeV) -1.63 -1.14 -11.4 220 60.2
M2 (GeV) 392 392 393 603 140
µeff (GeV) 968 968 936 -193 303

CP even Higgs bosons
mh0

1
(GeV) 120.2 120.2 89.9 32.3 90.7

R1 1.00 1.00 0.998 0.034 -0.314
t1 1.00 1.00 0.999 0.082 -0.305
b1 1.018 1.018 0.975 -0.291 -0.644
BR(h0

1 → bb̄) 0.072 0.056 7 × 10−4 0.918 0.895
BR(h0

1 → τ+τ−) 0.008 0.006 7 × 10−5 0.073 0.088
BR(h0

1 → a0
1a

0
1) 0.897 0.921 0.999 0.0 0.0

mh0
2

(GeV) 998 998 964 123 118
R2 -0.0018 -0.0018 0.005 0.999 0.927
t2 -0.102 -0.102 -0.095 0.994 0.894
b2 10.00 10.00 9.99 1.038 2.111
BR(h0

2 → bb̄) 0.31 0.31 0.14 0.081 0.87
BR(h0

2 → tt̄) 0.11 0.11 0.046 0.0 0.0
BR(h0

2 → a0
1Z

0) 0.23 0.23 0.72 0.0 0.0

mh0
3

(GeV) 2142 2142 1434 547 174

CP odd Higgs bosons

ma0
1

(GeV) 40.5 9.1 9.1 185 99.6
t′1 0.0053 0.0053 0.0142 0.0513 -0.00438
b′1 0.529 0.528 1.425 0.347 -0.158
BR(a0

1 → bb̄) 0.91 0. 0. 0.62 0.91
BR(a0

1 → τ+τ−) 0.085 0.88 0.88 0.070 0.090

ma0
2

(GeV) 1003 1003 996 546 170

Charged Higgs boson

mh± (GeV) 1005 1005 987 541 188

13

Table 2: LSP properties and relic density for the five benchmark NMSSM points.

Point P1 P2 P3 P4 P5
Dark matter

LSP (χ0
1) mass (GeV) 208 208 208 101 70.4

N11 0.999 0.999 0.999 -0.039 0.977
N12 -0.008 -0.008 -0.009 0.043 -0.098
N13 0.048 0.048 0.050 -0.028 0.178
N14 -0.015 -0.015 -0.016 0.405 -0.068
N15 0 0 0.003 0.912 -0.003
ΩCDMh2 0.099 0.099 0.130 0.099 0.105

lightest scalar Higgs particle predominantly decays into bb̄ pairs, with BR(h0
1 → bb̄) = 92%,

and to a smaller extent into τ pairs with BR(h0
1 → τ+τ−) " 7%. The CP–even h0

2 boson
has a mass of Mh0

2
" 123 GeV and is SM–like, with normalized couplings to W/Z0 and t/b

states close to unity. However, since Mh0
2
> 2Mh0

1
, it mostly decays into two h0

1 bosons, with
BR(h0

2 → h0
1h

0
1) " 88%, and the dominant SM–like bb̄ decay mode occurs only at a rate

smaller than 10%. The lightest CP–odd particle is not very heavy, Ma0
1

= 185 GeV, and
decays mostly into fermion pairs BR(a0

1 → bb̄) ∼ 61% and BR(a0
1 → τ+τ−) ∼ 7%. The

other dominant decay is the interesting channel a0
1 → h0

1Z
0 which has a branching ratio of

the order of 30%. Finally, the heaviest CP even h0
3 and CP–odd a0

2 states and the charged
h± particles have masses in the 500 GeV range and will mostly decay, as tanβ is small, into
tt̄/tb final states for the neutral/charged states. All these features make the phenomenology
of point P4 rather different from that of points P1 to P3 discussed above.

To achieve a correct cosmological relic density, the common sfermion and gaugino mass
parameter m0 and M1/2 at the GUT scale are set close to 1 TeV. At the SUSY scale, one
thus finds a higgsino-singlino-like neutralino LSP, whose mass is mχ0

1
∼ 100 GeV. LSP

annihilation essentially occurs via two channels: χ0
1 χ0

1 → W+W− (60%) and χ0
1 χ0

1 → Z0h0
1

(20%), mediated by s–channel Z0 and Higgs boson exchange.

Finally, point P5 is characterized by having all Higgs particles relatively light with masses
in the range 90 to 190 GeV. Here, the small value for the coupling λ leads to a small value κ "
−0.003. The three CP–even Higgs bosons with masses of 91, 118 and 174 GeV, respectively,
share the couplings of the SM Higgs boson to SM gauge bosons with the dominant component
being taken by the h0

2 state. The reduced couplings of the state h0
3 for this point, not given

in the Table 1, are R3 = −0.205, t3 = −0.37 and b3 = 5.7. The pseudoscalar Higgs bosons
have masses Ma0

1
" 100 GeV and Ma0

2
" 170 GeV, while the charged Higgs particle is the

heaviest one with a mass Mh± " 188 GeV. Here, all the neutral Higgs-to–Higgs decays are
kinematically forbidden. This is also the case of neutral Higgs decays into lighter Higgs states
with opposite parity and gauge bosons. The only non–fermionic two–body Higgs decays are
thus h± → Wh0

1 and h0
3 → WW , but as the involved Higgs–gauge boson couplings are small,

the branching ratios are tiny.

14
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Signal modelling

• Signal modelled with Madgraph+Pythia

• Complications from non-h1 SUSY processes:

‣ Z → bb
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Signal modelling

• Signal modelled with Madgraph+Pythia

• Complications from non-h1 SUSY processes:

‣ Z → bb

‣ h2/a1 → bb
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Signal modelling

• Signal modelled with Madgraph+Pythia

• Complications from non-h1 SUSY processes:

‣ Z → bb

‣ h2/a1 → bb

‣ Non-resonant
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12 8 Results

Table 6: Expected event yields for the various signal (NMSSM P4 scenario, mh1 = 65 GeV) and
background contributions and the rate observed in data.

Contribution Rate
h1 ! bb 22.7±3.1
SUSY (non-h1) 92.4±13.6
tt 82.5±16.5
QCD 56.4±24.8
W ! `n 4.8±1.0
Z0 ! nn̄ 2.3±0.5
total expected background 146±42.8
data 148±12.2

includes the h1 signal and the SM background model. In the probed mass range from 30 GeV
to 100 GeV no significant excess is observed.

In absence of a signal, the results are translated into upper limits on the cross section times
the branching fraction, s(pp ! h1 + X) ⇥ B(h1 ! bb). For calculations of exclusion limits
we adopt the modified frequentist criterion CLs [59, 60] using the RooStats package [61]. The
chosen test statistic used to determine how signal- and background-like the data are, is based
on the profile likelihood ratio. Systematic uncertainties are incorporated in the analysis via
nuisance parameters and treated as pseudo-observables, following the frequentist paradigm.
These uncertainties are listed in Section 7. The results of this pure Higgs peak search are shown
in Fig. 7 and are compared with the expectations for h1 ! bb from the NMSSM P4 scenario
(blue dashed line).

The theory prediction decreases with increasing h1 mass due to the decreasing phase space
for neutralino decays into h1. The kink between mh1 = 60 GeV and mh1 = 65 GeV is due
to the transition from the phase space where the decay h2 ! h1h1 is possible to the regime
where this is kinematically not allowed. The behaviour of the expected limits results from
the joint effect of signal efficiency (see last column in Table 2 and Fig. 11 in Appendix A) and
background distribution. From Fig. 6 one can see that the h1 peak is shifted towards the core
part of the expected SM mbb spectrum, making it less prominent with respect to the background
expectations and therefore compensating the efficiency gain shown in Fig. 11.

The comparison of the blue dashed curve and the red solid curve shows the high sensitivity
of the analysis for light Higgs resonances as they can occur in the NMSSM P4 scenario. The
observed limit lies within the 1s band, i.e. the data are in very good agreement with the SM
expectation.

8.1.2 Interpretation in the context of NMSSM scenarios

In addition, the results are interpreted within the NMSSM P4 scenario. The full bb spectrum of
the NMSSM is used as signal model.

Figure 8 shows the expected and observed upper limit for the NMSSM cross section times
branching fraction into bb together with the prediction of the modified P4 scenario with M3 =
Meq = 1 TeV as a function of mh1 . The analysis is found to exclude this scenario over the full
h1 mass range. In comparison to Fig. 7, these limits show a smaller variation with the h1 mass
because the remaining part of the bb mass spectrum also contributes. The small step between
mh1 = 60� 65 GeV is attributed to the opening of the decay mode h2 ! h1h1 for mh1 < 65 GeV.
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→ Uncertainties are stats-dominated

10 7 Systematic uncertainties

7 Systematic uncertainties
The following systematic uncertainties on the expected signal and background estimates affect
the cross section measurement or its interpretation within the NMSSM.

The estimated systematic uncertainties on the background include the uncertainties of the QCD
background method as described in detail in section 5.2, and the normalization uncertainties on
other backgrounds are either taken from measurements [51] or NLO calculations. In addition,
the statistical uncertainties of the simulated samples have been taken into account together
with uncertainties on the offline b-tagging, luminosity measurements and energy scale uncer-
tainties of the various physics objects. These include uncertainties on the jet energy scale (JES)
and resolution (JER) which are propagated into an uncertainty on Emiss

T . The uncertainties on
remaining physics objects which influence the Emiss

T calculation are also taken into account.

Uncertainties on the yields and shape of the signal contributions also include the uncertainty on
the luminosity estimate, the jet energy and Emiss

T related uncertainties, as well as the statistical
uncertainty of the signal MC samples, the uncertainties due to PDFs and aS.

Table 5: Systematic uncertainties and their relative impact on the expected limit. The impact
numbers have been averaged across the Higgs mass points.

Systematics source Event category Type Impact
Normalization of tt Background rate 1.7 %
Normalization of QCD Background rate 2 %
Shape correction QCD Background shape + rate 3 %
QCD shape parameterization Background shape + rate 1 %
MC statistics tt Background shape + rate 1.3 %
MC statistics W ! `n Background shape + rate 0.3 %
Luminosity Signal + Background rate 0.5 %
Trigger Signal + Background shape + rate 0.1 %
Pile-up Signal + Background shape + rate 0.1 %
PDF uncertainty Signal shape + rate 0.2 %
Offline b-tag (bc) Signal + Background shape + rate 1.0 %
Offline b-tag (udsg) Signal + Background shape + rate 0.05 %
JES Signal + Background shape + rate 1.3 %
JER Signal + Background shape + rate 0.1 %
t energy scale Signal + Background shape + rate 0.6 %

The shape altering systematics were accounted for in the fits and upper limit determination via
nuisance parameters. The systematic uncertainties with non-negligible impact on the expected
upper limit are listed in Table 5.
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Decoupled squark limits
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