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Motivations

• SUSY provides ways to address the hierarchy problem 
and other deficiencies of the Standard Model

• Multiple Higgs bosons predicted

• MSSM: H±, H, h, A

• NMSSM: H±, h1, h2, h3, a1, a2

• Is the observed 125-GeV Higgs actually one of 
several? 

• Focus of this talk: recent Run I searches at CMS for 
neutral Higgs bosons
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MSSM Φ→μμ
• HIG-13-024

• Φ = h, H, or A

• Higgs coupling to down-type quarks and 
charged leptons enhanced at large tanβ

• Bump hunt in dimuon invariant mass 
spectrum (115-300 GeV range) for 
dominant production channels ggH and 
bbH

• 0 b-jet and ≥1-bjet categories
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Model-independent limits

Model-dependent limits
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MSSM Φ→ττ

• HIG-14-029

• Φ = h, H, or A

• eτh, μτh, eμ, μμ, τhτh 
channels

• Search in dominant 
production channels bbH 
and ggH for excess in ditau 
invariant mass spectrum 
(90-1000 GeV range)

• Results can be interpreted 
in the context of various 
MSSM benchmarks: mh

max, 
mh

mod+ (shown), mh
mod-, 

light stop, light stau

4
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1 Introduction1

Experimental data from a large number of high energy experiments have proven an over-2

whelming success of the Standard Model (SM) of fundamental interactions [1–3]. Until recently,3

an important prediction of the SM, the presence of a neutral scalar, the Higgs boson, lacked4

experimental confirmation. The Brout-Englert-Higgs mechanism [4–9] is responsible for spon-5

taneously breaking the electroweak symmetry in the SM. By interaction with the Higgs field,6

the W and Z bosons as well as fermions and in fact also the Higgs boson itself acquires mass.7

The discovery of a new boson of mass 125 GeV by the CMS and ATLAS collaborations [10, 11]8

concluded a period of almost 40 years of searches for the SM Higgs boson.9

The measured properties of the discovered boson are in agreement with the expectation for the10

SM Higgs boson in terms of spin, CP quantum numbers, total width and branching fractions11

for the decay into photons, W and Z bosons, tau leptons and b-quarks [12–15]. Within the12

present experimental precision, the discovered boson may as well be one of multiple Higgs13

bosons, predicted by models with an extended Higgs sector, however.14

Supersymmetry (SUSY) [16, 17], a fundamental symmetry between fermions and bosons, fea-15

tures a particular appealing Higgs sector in this context, as self-energy corrections to the Higgs16

boson mass, which in the SM are quadratically divergent at high energy, cancel. For further17

attractive features of SUSY models see Refs. [18–20].18

In the minimal supersymmetric extension of the Standard Model (MSSM) [21, 22] two Higgs19

doublets give rise to five physical Higgs boson states, two charged Higgs bosons H± plus three20

neutrals: the light and heavy CP-even (scalar) Higgs bosons h and H and the CP-odd (scalar)21

Higgs boson A. At tree level, the Higgs boson sector of the MSSM is determined by two free22

parameters, conventionally chosen to be the mass of the pseudo-scalar boson, mA, and the ratio23

of vacuum expectation values of the two Higgs doublets, tan b.24
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Figure 1: Leading-order diagrams of the gluon fusion (left) and b-quark associated Higgs boson
production, in the four-flavor (center) and the five-flavor (right) scheme.

Neutral MSSM Higgs bosons may be produced by two different production mechanisms at the25

LHC. The gluon fusion process (ggf) is the dominant production mode for small and moderate26

values of tan b, while the production in association with b quarks (bbf) dominates at large27

values of tan b, due to the enhanced Yukawa coupling of the Higgs boson to bottom quarks.28

We denote by f any of the three neutral MSSM Higgs bosons: h, H or A. Fig. 1 shows the29

leading order diagrams for neutral MSSM Higgs boson production via gluon fusion and b-30

quark associated production, the latter in the four-flavour and five-flavour scheme.31

The branching fraction for the decay of neutral MSSM Higgs bosons into tau pairs, f ! tt,32

increases in the region of large tan b. It also varies as function of mA. In the mA-tan b region33

probed by this analysis the branching fraction ranges from 5 to 10%.34

The results of a search for additional neutral Higgs bosons, beyond the discovered SM-like35

Model-independent limits

Model-dependent limits
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Light A→ττ

• HIG-14-033

• Light A excluded in MSSM but still permitted in 
some 2HDM scenarios

• mA range: 25-80 GeV

• bb ̅ associated production; eτh, μτh, eμ channels

• Binned likelihood fit to eτh, μτh, eμ invariant 
mass spectra

• Model-independent limits

• above: individual ττ decay mode channels

• right: decay mode channels combined, 
overlaid with theory prediction (exclusion of 
light A→ττ in Type II 2HDM with negative 
Yukawa coupling)
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Search for light bosons in 
4μ final state

• HIG-13-010

• Clean final 
state

• 2D likelihood 
template for 
m1μμ vs m2μμ

6

• Limits interpreted in context of two supersymmetric scenarios

• NMSSM benchmark

• h1→a1a1→4μ (ma: 0.25-3.55 GeV, mH: 90-150 GeV)

• Dark SUSY benchmark

• h→2n1→2γD2nD, each γD→2μ (γD mass 0.25-2.0 GeV, SM-
like Higgs)

• new, large area of (mγD, ε) parameter space constrained

• Weak model dependence allows interpretations in other 
contexts as well
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Searches for massive neutral 
(pseudo)scalars: H→hh and A→Zh

• HIG-13-025: (>3)-lepton final state or 
diphoton+(>1)-lepton final state

• H→hh and A→Zh signatures

• h decays to diboson, ditau, or diphoton final 
states

• Searches in multiple exclusive channels

• 1-2 leptons + 2γ (lepton = e, μ, or τh)

• 3+ leptons

• Further classification based on on/off-Z 
lepton pairs, presence of τh, b-tagging, 
MET 

• Expected backgrounds taken from MC and 
data control regions

• Limits set on σ·Br for H→hh and A→Zh 

7

h!WW ⇤ h! ZZ⇤ h! ⌧⌧ h! bb h! ��

h!WW ⇤ X X X X X
h! ZZ⇤

- X X X X
h! ⌧⌧ - - X X X
h! bb - - - X X

h! �� - - - - X

Table 1: This table shows the various decay modes of h. The combination of these decays considered for the analysis are marked

with “X” and those not considered for the analysis are marked with a “X”.

H→hh final states 

A→Zh final states 
h!WW ⇤ h! ZZ⇤ h! ⌧⌧ h! ��

Z ! ll X X X X
Z ! qq X X X X

Z ! ⌫⌫ X X X X

Table 1: This table show the various decay modes of h and Z boson. The combination of these decays considered for the analysis are

marked with “X” and those not considered for the analysis are marked with a “X”.
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Searches for massive neutral 
(pseudo)scalars: H→hh and A→Zh

• HIG-14-034: H→hh→bb̅ττ, 
A→Zh→llττ

• l	 = e,μ

• τμτh, τeτh, and τhτh modes

• Four-body mass used as 
distribution for signal 
extraction

• H→hh: four-body mass 
reconstructed from 
kinematic fit

• A→Zh: four-body mass 
reconstructed from Z 
candidate and ditau mass

• No excess found; results 
interpreted in the context 
of MSSM low tanβ and 
2HDM Type II scenarios
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Searches for massive neutral 
(pseudo)scalars: H(A)→ZA(H)

• H(A)→ZA(H)→llbb̅ and 
H(A)→ZA(H)→llττ (HIG-15-001)

• In alignment limit, large H/A mass 
splitting (>100 GeV) could provide 
explanation for baryogenesis

• mH/A and mA/H varied within [200, 
1000] GeV and [15, 900] GeV 
respectively; l	 = e,μ; cos(β-α) = 
0.01; tanβ = 1.5

• llbb ̅ final state: counting 
experiment in (Mbb ̅, Mllbb ̅) for more 
model-independence

• llττ final state: shape-based 
search in based on mττ shape, for 
more sensitivity to model

• counting experiment also 
performed as cross-check

• Two mild excesses in llbb ̅ search 
at (Mbb ̅, Mllbb ̅) = (93, 286) GeV and 
(575, 662) GeV become 1.5σ and 
1.9σ after accounting for LEE

• No excesses observed in	 llττ
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A→Zh→bb ̅
• HIG-14-011

• mA range 225-600 GeV

• tanβ varied between 0.1 
to 100, cos(β-α) between 
±1

• Selection of Z and h 
candidates; bump hunt in 
mllbb ̅ spectrum

• For signal-to-background 
discrimination, separate 
BDTs trained for mA 
regions 225-275, 
300-350, and 400-600 
GeV

• 2D fit to BDT vs mllbb ̅ 
reveals no significant 
deviation from SM 
expectations

• Model independent and 
dependent limits were set

• Mild local excesses shown 
to be not significant after 
look-elsewhere effect is 
accounted for

10

(intermediate 
mA)

(intermediate 
mA)
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MSSM Φ→bb ̅
• HIG-14-017

• Search for Φ→bb ̅ (Φ = h, H, or A) in 
mass range mφ = [100, 900] GeV

• Dijet trigger with online b-tagging

• Offline selection applies pT cuts and 
tight b-tag to leading 3 jets

• M12: invariant mass of leading two jets

• X123: event b-tagging estimator 
calculated from secondary vertex mass 
sum info of the three leading jets

• 2D distribution in (M12, X123) fitted to 
bkg-only and sig+bkg templates with 
binned likelihood technique

• No excesses observed; limits 
calculated for σ·Br (bottom left plot)

• Interpretations: mh
max (bottom right), 

mh
mod+, mh

mod-, light stop, light stau

11
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NMSSM h1→bb ̅
• HIG-14-030

• Mass range mh1 = [30,100] 
GeV

• Cut on HT > 750 GeV

• Bump hunt in mbb ̅ spectrum; 
expected background 
modelled with combination 
of MC and data-driven 
methods

• Background-only template fit 
to mbb ̅ distribution shows 
good agreement between 
data and SM prediction

• Limits set on 
σ(pp→h1+X)·Br(h1→bb ̅) in 
NMSSM P4 scenario

• Bottom left: h1 signal only

• Bottom right: h1 and non-
h1 decays to bb ̅ 
considered as signal
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Figure 1: Feynman diagram of squark-gluino production with subsequent cascade decays via
neutralinos into h1.

a2 and H± are too heavy to be produced in SUSY cascades. In this scenario the squark and
gluino masses are at a common scale of 1 TeV and therefore the production of coloured spar-
ticles includes all four modes: eqeq, eqeg, egeg, and eqeq. Due to the higher parton density function
(PDF) values of the first generation quarks at large Bjorken-x compared to gluons, processes in-
volving squarks are dominating. As an alternative production scenario, the case of decoupled
squarks is also considered, where egeg production is the dominating process. The results of this
analysis are interpreted within both of these scenarios, and complement the search for 125 GeV
Higgs bosons within supersymmetric cascades reported in [36].

2 CMS detector
The central feature of the CMS apparatus is a superconducting solenoid with 13 m length and
6 m inner diameter, that provides an axial magnetic field of 3.8 T. The core of the solenoid
is instrumented with various particle detection systems: a silicon pixel and strip tracker, an
electromagnetic lead tungstate calorimeter (ECAL), and a brass/scintillator hadron calorimeter
(HCAL). The silicon pixel and strip tracker covers |h| < 2.5, where the pseudorapidity h is
defined by h = � ln tan(q/2) with q the polar angle of the trajectory of the particle with respect
to the counterclockwise beam direction. The ECAL and HCAL cover |h| < 3. The iron return
yoke outside the solenoid is instrumented with gas detectors used to identify muons. A quartz-
steel Cerenkov-radiation-based forward hadron calorimeter extends the coverage to |h|  5.
The detector is nearly hermetic, covering 0 < f < 2p in azimuth, allowing for energy balance
measurements in the plane transverse to the beam directions. The first level of the CMS trigger
system, composed of custom hardware processors, uses information from the calorimeters and
muon detectors to select the most interesting events in a fixed time interval of less than 4 µs. The
high level trigger (HLT) processor farm further decreases the event rate from around 100 kHz to
around 400 Hz, before data storage. A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the relevant kinematic variables, can be
found in Ref. [37].

 (GeV)
1hm

30 40 50 60 70 80 90 100

 B
R

 (p
b)

× 
σ

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16
 (8 TeV)-119.7 fbCMS Preliminary

NMSSM P4 (theory)
observed upper 95% CL limit

 bb→
1

expected upper 95% CL limit h
)σexpected upper 95% CL limit (1
)σexpected upper 95% CL limit (2

 (GeV)
1hm

30 40 50 60 70 80 90 100
 B

R
 (p

b)
× 

σ

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16
 (8 TeV)-119.7 fbCMS Preliminary

NMSSM P4 (theory)
observed upper 95% CL limit
expected upper 95% CL limit NMSSM

)σexpected upper 95% CL limit (1
)σexpected upper 95% CL limit (2



F. Ricci-Tam SUSY 2015 - Higgs Expt., Theory, Phenomenology

Heavy Higgs→γγ

13

• HIG-14-006

• Model-independent search for X→γγ (X = Higgs-
like particles, such as in 2HDM, or even spin-2 
boson) in mass range mX = [150,850] GeV

• mγγ spectrum binned in 4 categories based on 
diphoton η and R9 to optimize search 
sensitivity

• Fit bkg templates to mγγ spectrum to search for 
excesses

• Limits shown below:

• Left: Higgs-like X (scenario: ΓX ~10% of mX)

• Right: spin-2 resonance interpretation

R9: energy sum of 3x3 ECAL 
crystals centered on most 

energetic crystal in 
supercluster, divided by energy 

of supercluster



F. Ricci-Tam SUSY 2015 - Higgs Expt., Theory, Phenomenology

Light Higgs→γγ

14

• HIG-14-037

• Model-independent search for H→γγ in mass range 
mH = [80,110] GeV

• To optimize search sensitivity, mγγ spectrum binned 
in 4 categories based on score of BDT used for 
rejecting non-prompt photons

• Simultaneous likelihood fit of signal and bkg models 
in all categories to mγγ spectrum

• Limits set on σ·Br; no significant excesses observed

Introduction Analysis strategy Results Additional Higgs bosons ? Conclusion

Low-mass search
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H→semi-invisible

• HIG-14-025

• ggH/ZH → gravitinos, neutralinos 
with radiation of γ

• Signal models considered:

• low-scale SUSY breaking: mH = 
125 GeV, m(χ1

0): 1-120 GeV

• mH:125-400 GeV, m(χ1
0) = mH - 

30 GeV

• Photon mT distribution: data vs 
expectation and signal

• No excess observed

• Various model-dependent limits

• example: ggH and ZH channel 
limits on σ·Br vs mH

15

ggH
ZH
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A→Zγ
• HIG-14-031

• SU(4) chiral symmetry 
breaking: composite 
scalar h (SM-like 
properties) and heavier 
pseudoscalar A

• First search for this 
decay mode

• mA range: 200-500 
GeV

• unbinned max 
likelihood fit to mllγ 
spectrum (l	 = e,μ)

• Interpretations in 
different signal width 
models: broad (ΓA = SM 
ΓH) and narrow (ΓA 
restricted to 1% of mA)

16

Fit to eeγ and μμγ mass spectra

Limits for different ΓA models
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Conclusions

• CMS has searched for supersymmetric 
neutral Higgses in Run I data

• many different channels and 
strategies

• no excesses observed yet

• Others still under way

• coming soon: NMSSM analysis with 
boosted di-tau ID

• Looking forward to what Run II will 
bring...

17

Reconstructed 
di-tau

τμ

τhad
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mh
max and modified 

scenarios

• MSSM benchmark scenario mh
max: parameters 

chosen so that mh is maximized (~135 GeV; 
see arXiv:1302.7033 for detailed discussion)

• mh
mod+: starting from mh

max, modified so that 
mh is compatible with discovered 125-GeV 
resonance and stop mixing parameter agrees 
best with (g-2)μ measurement

• mh
mod-: similar to mh

mod+, except that stop 
mixing parameter is modified to agree best 
with measured rate of b→sγ
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A→Zh→bb ̅

•A→Zh→llbb̅ 
(HIG-14-011)

•Example limits 
in (tanβ, cos(β-
α)) plane for 
mA = 300 GeV
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Searches for massive 
neutral (pseudo)scalars

•H(A)→ZA(H)→l
lbb̅ and 
H(A)→ZA(H)→l
lττ 
(HIG-15-001)

• Counting 
experiment 
results shown 
above for llττ

• Below: other 
exclusion limits 
for llbb ̅ (left) 
and llττ(right)

21



F. Ricci-Tam SUSY 2015 - Higgs Expt., Theory, Phenomenology

Searches for massive 
neutral (pseudo)scalars

•HIG-14-034: 
H→hh→bb̅ττ, 
A→Zh→llττ

•tanβ vs cos(β-α) 
limits
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