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Abstract

The NMSSM is motivated by the p-term problem of the MSSM. We investigate a scenario
in which the 125 GeV state recently discovered at the LHC is identified as the next lightest
CP-even Higgs boson (hs2) while the lightest CP-even Higgs boson (h1) has so far escaped
detection at LEPII and the LHC in decays hi — 2a1, where the a; is the lightest CP-
odd Higgs boson. We evaluate the precision obtainable at the ILC in measuring NMSSM
hi1 — 2a; in leptonic final states with simulated events generated by the Whizard event
generator with full simulation of the SiD detector.

1 Introduction

The discovery of a Higgs-like resonance at the CMS [1] and ATLAS [2] heralds the beginning of
a new era of Higgs physics. As is well known, the Higgs in the Standard Model (SM) suffers
divergent quantum corrections to its mass, caused by the big hierarchy between the electroweak
(EW) scale and the Planck scale. In most new physics scenarios addressing the gauge hierarchy
problem, the Higgs mass stabilization mechanism manifests itself through Higgs couplings absent
in the SM. Separately, the Higgs is one of the two SM fields that can have renormalizable
couplings to SM singlet operators [3]. The Higgs therefore might be the main window into
new physics and systematic studies on the Higgs properties should be pursued, e.g, coupling
extractions, CP measurements, exotic decay searches.

Exotic Higgs decays are of particular interest - any signal would be an unambiguous signature
for physics beyond the SM (BSM). Due to the small SM Higgs decay width (I' ~ 4 MeV for
my ~ 125 GeV), a small coupling between the Higgs boson and some light particles may yield
a large exotic Higgs decay branching fraction. The current experimental bounds on possible
beyond the SM (BSM) decay channels of the Higgs are still weak, ~ 60% at the 20 C.L. [4-8].
Because the LHC lacks sensitivity in measuring the Higgs-glue-glue coupling directly, it is very
difficult to constrain the upper bound for Br(h — exotic) below 10%, even with the full 300
fb=1 data of the LHC14 [9]. Therefore, exotic Higgs decays are a very effective tool to explore
possible and exciting new physics couplings to the Higgs boson.

On the experimental side, the LHC is expected to be upgraded to its designed beam energy
13—14TeV at the end of 2014, and to collect much more data. This provides a great opportunity
for searching for exotic Higgs decays. Motivated by this, systematic studies are being pursued
by theorists in various contexts CITE. However, though the LHC may play a significant role
in exploring exotic Higgs decays, its sensitivity is weak in some cases. The first one is that



the SM-like Higgs decays into soft or collimated 7T leptons or b quarks, with or without missing
particles. Another possibility is that the Higgs decays to purely missing particles. To have
sensitivity to such searches, it is typical that ~ O(100 — 1000)fb~* LHC14 data is required,
given Br(h — exotic) > 10%, e.g., see CITE. This is either because of the hadronic collider
environment at the LHC or due to the lack of kinematic features in the final states. If the
branching ratios of such exotic decays are below 10%, searching for them at the LHC14 may
become inconsequential to the exploration of the related new physics.

On the other hand, this case may be where a Higgs factory like the International Linear
Collider (ILC) is invaluable. One motivation for constructing such a machine is that it can
precisely measure the Higgs couplings, including the Higgs-glue-glue and Higgs self couplings.
As is well known, solving the hierarchy problem typically requires BSM physics to enter the
effective theory at TeV scale. If this is true, the Higgs couplings in the SM are expected to have
a deviation of O(1%) level [9]. Unless significant improvement can be achieved for suppressing
systematic uncertainties, it is very difficult for the LHC14 to reach such sensitivity. The ILC
however can do much better. It is expected to be able to measure a deviation of O(1%) level,
assuming reasonable integrated luminosity [9]. The ILC therefore provides a great opportunity
to probe TeV scale BSM physics, by measuring the Higgs couplings.

In this work, we show that exotic Higgs decays provide another case, justifying the value of
a Higgs machine like the ILC. That is, even if the the decay branching ratio of the exotic Higgs
decays is of O(1%) level, the ILC still has great potential for discovering them directly. The ILC,
therefore, is a machine not only for precise measurements, but also for discoveries. Though exotic
Higgs decays can occur in many contexts, for the consideration of representativity, we will work
in the Next-to-minimal-Supersymmetric-SM (NMSSM). The R~ and PQ-symmetry limits in the
NMSSM provides supersymmetric benchmark for various exotic Higgs decays. As an illustration,
we consider a specific case in the R-symmetry limit of the NMSSM where hy,hy — aja; are
significant CITE. a; is the lightest CP-odd Higgs boson and serves as an R-axion. To design
the minimal strategies that ensure optimal coverage of the full space of models, we perform a
collider analysis, using the method of simplified models. Then we compare between the LHC
and the ILC performances. The studies in the following can be generalized to many of the other
possibilities, e.g., a; — bb. Though the technical details are different, the conclusion should be
qualitatively similar. That is, the ILC can serve as a discovery machine for exotic Higgs decays
which are challenging for the LHC14.

2 NMSSM Higgs Parameters

A review of the Higgs sector of the NMSSM can be found in [10]. Briefly, its superpotential and
softly SUSY breaking terms are given by

W — ASH,Hg4+ §s3,
1
Vit = mif, [ Hal? + miy [Ho [+ m3|S12 + (-AAH, HaS + S AnS  +he). (1)

Here Hy, H, and S denote the neutral Higgs fields in the Hgq, H, and S supernultiplets,
respectively. Once the singlet scalar S obtain a VEV (S) = vg, an effective u parameter
et = Avg can be generated. The NMSSM Higgs sector is determined by six free parameters
at tree level: A Kk, Ay, Ag,tan B and pesr. In addition to the Higgs spectrum of the MSSM,
the NMSSM contains one extra CP-even h and one extra CP-odd scalar a. With subscripts
denoting mass ordering, the NMSSM Higgs sector includes neutral CP-odd a1, as, neutral CP-
even hi, ho, h3 and charged HT, H™.

In contrast to the A of the MSSM, a very light NMSSM a; is both natural and phenomeno-
logically viable [11]. Tf m,, < 2mp, then hy — aja; may proceed and is identified with a



Parameter | Value Scalar | Mass [GeV] Decay BR [%)]
A 0.3 aiq 10.3 hl — 2&1 85.4
K 0.1 hl 91.6 hl — bB 11.9
Ay 11.6 ho 124.5 hi— 771" 1.2
ma 465 GeV a9 465.2 ay — 7T 73.2
tan 3 3.1 hs 469.2 ar — 29+ e | 22.3+3.1
Peff 165 GeV || H* 465.7 ay — ptu” 0.3

Table 1: NMSSM parameter choices with the Higgs scalar mass spectrum and dominant branch-
ing ratios.

scenarioin which mp, &~ 100 GeV minimizes fine tuning in electroweak symmetry breaking [12].
This scenario may explain the LEPII 20 excess near m,; ~ 98 GeV in the Zbb channel by
suppressing h; — bb [J. For mg, > 2mp, a1 — bb dominates. Limits on hy — aja; — bbbb from
LEPII rule out my, < 110 GeV for mg, > 2mp [13]. In this study we investigate the case with
2m, < mg, < 2mp and mp, ~ 98 GeV. The most constraining limits on this scenario are set
by the ALEPH collaboration [14]. While neither ATLAS nor CMS has reported searches for for
this scenario, the LHC sensitivity is studied in [15].

In this scenario his5, the 125 GeV boson recently observed at the LHC is identified with the
NMSSM hsy. While signal strengths in various decay channels reported from CMS and ATLAS
are consistent with the SM signal strengths, they are also consistent with a large branching
ratio to invisible (or undetected) final states. ATLAS reports BR(hi25 — invisible) < 65% is
excluded with a 95% confidence level for the observed, and 84% with 95% CL for the expected
[16]. Since neither CMS nor ATLAS report searches in the channel hi35 — ajaq, these decays
may proceed with high branching ratio yet still go undetected. Therefore ho — aia; is also of
interest.

We seek NMSSM Higgs model parameters A, k, Ay, Ag,tan 8 and peyy which yield mg, =~
10 GeV, myp, = 98 GeV and my, ~ 125 GeV. Radiative corrections in the Higgs sector require
a full specification in other sectors. Motivated by natural SUSY [17], we also seek gaugino
masses and soft SUSY breaking terms which yield light neutralinos and supersymmetric top
quarks which can still avoid current LHC limits. We use NMSSMTools 3.2.4 [18-20] to calculate
the mass spectrum, widths and branching ratios. See Table 1 for the chosen parameters and
resulting masses and branching ratios. The value of Ay is determined by the parameter ma =
S?ﬂ“’;ﬁ(\/ﬁAA + kvs) where vy = V2 < S >.

This model contains all of the interesting phenomenology described in Section 1, namely
hi1 — aja; and a3 — 777~ dominant with mg, ~ 10 GeV, myp, ~ 98 GeV and my, ~ 125 GeV.
NMSSMTools reports that the model predicts values for b — sy, B, — ptu~, B — 7v and
the anomalous magnetic moment Aa, within experimental constraints. Moreover the lightest
chargino mass m,+ is just at the PDG limit and the dark matter relic density is near the lower

allowed limit.

The supersymmetric top phenomenology in this model evades current LHC limits by includ-
ing i) a very light £; which must decay via {; — bx] where m,+ lies just above the W mass
and the Xf shares nearly identical branching ratios with the W (stealth stop scenario) and ii) a
heavier £, which decays in more than 8 distinct channels with branching ratio above 1%, none
of which is higher than BR(fa — bx]) ~ 31%. Two channels, with BR(ty — Wby) ~ 12% and
BR(ty — Zt1) ~ 20% have no public results from either ATLAS or CMS.



Figure 4.2. The SiD detector, showing (left) an isometric view on the platform, and (right) a quadrant section.
Colour coding: tracking (red), ECAL (green), HCAL (violet) and the flux return (blue).

Figure 1: The SiD detector.

3 SiD Detector and Simulation

See Figure 1 for isometric and quadrant sections of the SiD detector. The SiD includes sub-
detectors for charged particle tracking and vertex recomnstruction near the interaction point,
electromagnetic and hadronic calorimetery for charged and neutral particle calorimetry. The
association of tracks in the tracker with clusters in the calorimetry is employed in a particle
flow algorithm to improve the reconstruction of jets. Two calorimeters are placed in the forward
region for luminosity measurement. Full details can be found in Volume 4 of the ILC Technical
Design Report [21].

SiD comprises a compact vertex detector instrumented with silicon pixels for vertex re-
construction, a main tracker instrumented with silicon strips for measuring charged particle
momentum, an electromagnetic calorimeter with silicon strips in the active layers and Tungsten
in the passive layers for measuring electgromagnetic energy deposits, a hadronic calorimeter with
glass resistive plate chambers in the active layers and steel in the passive layers for measuring
hadronic energy deposits, and a muon system instrumented with scintillators in the iron flux
return of a 5T solenoidal magnet.

The vertex detector extends radially in the region 1.4 < r < 6.0cm and employs five layers
around the beamline and five disks on both sides of the interaction point. The barrel and disks
are instrumented with 20 x 20um? pixels designed to timestamp each hit in order to reduce
background between bunch crossings. The main tracker contains the vertex detector in the
region 21.7 < r < 122.1cm and consists of five cylinders and four disks on both sides of the
interaction point, all instrumented with 10 x 10 cm? silicon sensors to achive a momentum
resolution of 6(1/pr) =5 x 107°GeV~! and coverage down to a polar angle of 10°.

The electromagnetic calorimeter occupies the region 126.5 < r < 140.9cm and includes 26
radiation lengths and one nuclear interaction length. In the active layers the 5 x 5mm? silicon
sensors register energy depsosits. The hadronic calorimeter includes 4.5 nuclear interaction
lengths and extends radially 141.7 < r < 249.3cm.

Details of the event generation, detector simulation and event reconstruction can be found
in [21]. After event generation, signal and background events are passed through a detector
simulation with SLIC, a program with full GEANT4 [22] functionality. Energy deposits expected
from generator particles are simulated in sensitive regions of the detector subsystems which are



Process Vs [GeV] | Polarization [-%/4+ %] | [dtL[tb™!]
NMSSM Signal 250 ~80/130 250
NMSSM Signal 250 +80/-30 250
SM Background 250 -80/+30 250
SM Background 250 +80/-30 250
NMSSM Signal 350 ~80/130 350
NMSSM Signal 350 +80/-30 350
SM Background 350 -80/+30 350
SM Background 350 +80/-30 350
Top Pair 350 -80/+30 350
Top Pair 350 +80/-30 350

Table 2: The simulated data samples created from pure polarization samples with their equiv-
alent luminosities. Each signal sample contains both h; and hy weighted by production cross
section.

then digitized. Particles are then reconstructed as particle flow objects using particle flow
algorithms.

The electron and positron beams at the ILC can be polarized in order to optimize measure-
ments. The chosen polarizations for signal and background simulation samples are either 80%
lefthanded e~ and 30% righthanded e, or 80% righthanded e~ and 30% lefthanded e*. See
Table 2 for the list of simulated data samples used in this analysis.

Simulation of the signal process ete™ — Zhia — ffalal was performed with the Whizard
event generator [23,24], which has a full implementation of the NMSSM [25]. Whizard interfaces
the NMSSM model described in Section 2 with the SLHA [26] file generated by NMSSMTools.!
Signal events are weighted by production cross section multiplied by the branching ratio for
Z — ff. For a pure polarization state e;ejg (e}}eJLr), the /s = 250 GeV cross section reported
by Whizard for Zhy — p*p~aja; is 17.03440.006 fb (13.10540.005 fb). For Zhy — up~aja;
it is 5.715+0.002 b (4.397+0.002 fb). After weighting the event yields correspond to integrated
luminosities of 250fb~! (350fb~!) for /s = 250 GeV (/s = 350 GeV).

Simulation of top pair and other SM backgrounds is also performed with Whizard. The
dominant background to hi 2 — aja; — 47_p, is the process ete =27 — /J,+/L771,prT3,pr,
so a high-statistics sample of this background is produced with Whizard.

4 Analysis of Simulated Data

The data analysis selection seeks to identify the dominant decays of the h; o in the recoil of Z —
putp~. Since the decay of 7 to one-prongs (e, 1, m) is dominant we identify hy o — aja; — 47
as four-track events in the recoil of the Z with net charge zero. The selection requirements are
as follows:

e require at least two muons with pr > 5 GeV (N5 > 2)

e require the muon pair closest to the Z mass within 3o of the nominal Z mass (|mz —
mﬂ+,,,—| < 30)

e require exactly four tracks with py > 1 GeV in the recoil (Nyk1 = 4)

e require zero net charge in the recoil tracks (Qas-x = 0)

IThanks to Tim Barklow for generating the Whizard events and Norman Graf for detector simulation and
event reconstruction
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Figure 2: At left, the recoil masses after full analysis selection. At right, the reconstructed
a; — ptu~. The plots assume /s = 250 GeV with 250fb~! integrated luminosity.

See Figure 2 (left) for the recoil mass distribution after full analysis selection.

After this selection we expect very little contamination from the hadronic decays a1 — gg, c¢
which form jets producing very high track multiplicity. On the other hand, this selection should
be sensitive to a1 — pTp~. If we further require:

e require exactly two oppositely charged muons in the recoil (N,5 = 2)

See Figure 2 (right) for the reconstructed a; — ptp~ after full analysis selection..

5 Conclusion

Author’s note: no conclusions are made in this draft.
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