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• At 95% CL, up to 34% allowed 
branching ratio to as-yet-
unseen decays 

• Direct searches for Higgs 
decays to exotics are a clear 
window onto new physics 

• Utilizes one important 
constraint: the Higgs exists! 

• Complementarity to 
Standard Model (SM) Higgs 
measurements 

• Many well motivated theories 
of new physics predict 
complex Higgs sectors

Room for new physics
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• Hierarchy problem 

• Dark matter 

• Baryon/anti-baryon 
asymmetry

Motivation for new physics
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Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in ⟨H⟩ =

√
−m2

H/2λ. Since we

know experimentally that ⟨H⟩ is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2

UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The
largest correction comes when f is the top quark with λf ≈ 1. The problem is that if ΛUV is of order
MP, say, then this quantum correction to m2

H is some 30 orders of magnitude larger than the required
value of m2

H ∼ −(100 GeV)2. This is only directly a problem for corrections to the Higgs scalar boson
squared mass, because quantum corrections to fermion and gauge boson masses do not have the direct
quadratic sensitivity to ΛUV found in eq. (1.2). However, the quarks and leptons and the electroweak
gauge bosons Z0, W± of the Standard Model all obtain masses from ⟨H⟩, so that the entire mass
spectrum of the Standard Model is directly or indirectly sensitive to the cutoff ΛUV.

One could imagine that the solution is to simply pick a ΛUV that is not too large. But then one
still must concoct some new physics at the scale ΛUV that not only alters the propagators in the loop,
but actually cuts off the loop integral. This is not easy to do in a theory whose Lagrangian does not
contain more than two derivatives, and higher-derivative theories generally suffer from a failure of either
unitarity or causality [2]. In string theories, loop integrals are nevertheless cut off at high Euclidean
momentum p by factors e−p2/Λ2

UV . However, then ΛUV is a string scale that is usually† thought to be
not very far below MP. Furthermore, there are contributions similar to eq. (1.2) from the virtual effects
of any arbitrarily heavy particles that might exist, and these involve the masses of the heavy particles,
not just the cutoff.

For example, suppose there exists a heavy complex scalar particle S with mass mS that couples to
the Higgs with a Lagrangian term −λS |H|2|S|2. Then the Feynman diagram in Figure 1.1b gives a
correction

∆m2
H =

λS

16π2

[
Λ2

UV − 2m2
S ln(ΛUV/mS) + . . .

]
. (1.3)

†Some recent attacks on the hierarchy problem, not reviewed here, are based on the proposition that the ultimate
cutoff scale is actually close to the electroweak scale, rather than the apparent Planck scale.
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mH2 ∝the relationships between dimensionless couplings that hold in an unbroken supersymmetric theory
must be maintained. Otherwise, there would be quadratically divergent radiative corrections to the
Higgs scalar masses of the form

∆m2
H =

1

8π2
(λS − |λf |2)Λ2

UV + . . . . (1.11)

We are therefore led to consider “soft” supersymmetry breaking. This means that the effective La-
grangian of the MSSM can be written in the form

L = LSUSY + Lsoft, (1.12)

where LSUSY contains all of the gauge and Yukawa interactions and preserves supersymmetry invari-
ance, and Lsoft violates supersymmetry but contains only mass terms and coupling parameters with
positive mass dimension. Without further justification, soft supersymmetry breaking might seem like
a rather arbitrary requirement. Fortunately, we will see in section 6 that theoretical models for super-
symmetry breaking do indeed yield effective Lagrangians with just such terms for Lsoft. If the largest
mass scale associated with the soft terms is denoted msoft, then the additional non-supersymmetric
corrections to the Higgs scalar squared mass must vanish in the msoft → 0 limit, so by dimensional
analysis they cannot be proportional to Λ2

UV. More generally, these models maintain the cancellation
of quadratically divergent terms in the radiative corrections of all scalar masses, to all orders in per-
turbation theory. The corrections also cannot go like ∆m2

H ∼ msoftΛUV, because in general the loop
momentum integrals always diverge either quadratically or logarithmically, not linearly, as ΛUV → ∞.
So they must be of the form

∆m2
H = m2

soft

[
λ

16π2
ln(ΛUV/msoft) + . . .

]
. (1.13)

Here λ is schematic for various dimensionless couplings, and the ellipses stand both for terms that
are independent of ΛUV and for higher loop corrections (which depend on ΛUV through powers of
logarithms).

Because the mass splittings between the known Standard Model particles and their superpartners
are just determined by the parameters msoft appearing in Lsoft, eq. (1.13) tells us that the superpartner
masses cannot be too huge. Otherwise, we would lose our successful cure for the hierarchy problem,
since the m2

soft corrections to the Higgs scalar squared mass parameter would be unnaturally large
compared to the square of the electroweak breaking scale of 174 GeV. The top and bottom squarks
and the winos and bino give especially large contributions to ∆m2

Hu
and ∆m2

Hd
, but the gluino mass

and all the other squark and slepton masses also feed in indirectly, through radiative corrections to the
top and bottom squark masses. Furthermore, in most viable models of supersymmetry breaking that
are not unduly contrived, the superpartner masses do not differ from each other by more than about
an order of magnitude. Using ΛUV ∼ MP and λ ∼ 1 in eq. (1.13), one finds that msoft, and therefore
the masses of at least the lightest few superpartners, should be at the most about 1 TeV or so, in
order for the MSSM scalar potential to provide a Higgs VEV resulting in mW ,mZ = 80.4, 91.2 GeV
without miraculous cancellations. This is the best reason for the optimism among many theorists that
supersymmetry will be discovered at the Fermilab Tevatron or the CERN Large Hadron Collider, and
can be studied at a future e+e− linear collider.

However, it should be noted that the hierarchy problem was not the historical motivation for the
development of supersymmetry in the early 1970’s. The supersymmetry algebra and supersymmetric
field theories were originally concocted independently in various disguises [8]-[11] bearing little resem-
blance to the MSSM. It is quite impressive that a theory developed for quite different reasons, including
purely aesthetic ones, can later be found to provide a solution for the hierarchy problem.
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Motivation for exotic Higgs decays

• Anything that adds a gauge singlet to the SM 

• Hidden valley 

• Higgs portal 

• Little Higgs 

• Next-to-minimal supersymmetric standard model 
(NMSSM) 

• All address the tensions in the SM in some way 

• All predict new light particles, potentially long-lived, that 
couple to the 125 GeV Higgs

4
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Exotic decays take many forms

• H→μτ (CMS Run 2, CMS Run 1); H→eτ, H→eμ (CMS Run 1); H→eτ, 

H→μτ (ATLAS Run 1) 

• H→Φγ (ATLAS Run 2); H→J/ψγ, H→Υ(nS)γ (ATLAS Run 1); H→J/ψγ 
(CMS Run 1) 

• H→ZZd, H→ZdZd (ATLAS Run 1) 

• Related: direct production of light pseudoscalar (CMS Run 1) (a→μμ + 

2b, a→ττ + 2b, SUSY cascade to a→bb) 

• Today’s focus 

• H→aa→4f, predicted by the NMSSM 

• H→invisible, predicted by Higgs portal models
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• General framework applicable to 
more detailed models of new 
physics with two Higgs doublets 

• Ex. minimal supersymmetric 
SM (MSSM) 

• Ex. NMSSM ~ 2HDM with extra 
gauge singlet 

• ≥2 scalar Higgs, ≥1 pseudoscalar 

Higgs, ≥2 charged Higgs

Two-Higgs-doublet models
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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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Two-Higgs-doublet models

• Searches can be interpreted in terms of the four 
types of models 

• Simple relations exist among the branching ratios 
to muons, taus, and bottoms

7

3

quarks, for example, for muons and b quarks, we can write [8, 46]:

G(a ! µ+µ�)
G(a ! bb)

=
m2

µ

q
1 � (2mµ/ma)2

3m2
b

q
1 � (2mb/ma)2 (1 + QCD corrections)

. (2)

The factor of three in the denominator reflects the number of b quark colors, and perturbative
quantum chromodynamic (QCD) corrections are typically ⇡20% [8]. In models of type-3 or
-4, however, the ratio of the partial decay widths depends on tan b. Three searches for decays
of the 125 GeV Higgs boson to pairs of lighter scalars or pseudoscalars are described in this
paper, where, for notational simplicity, the symbol a refers to both the light scalar and light
pseudoscalar:

• h ! aa ! 4t,
• h ! aa ! 2µ2b,
• h ! aa ! 2µ2t.

The first analysis focuses on light boson masses above twice the t mass, using dedicated tech-
niques to reconstruct the Lorentz-boosted t lepton pairs. The two other analyses focus on
masses large enough that the decay products are well separated from each other, and below
half of the Higgs boson mass. The results of these searches are interpreted in the 2HDM and
2HDM+S contexts, together with the two other analyses described in greater detail in the ref-
erences given below:

• h ! aa ! 4µ [47];
• h ! aa ! 4t, using a different boosted t lepton reconstruction technique than the

analysis with the same final state listed above [48].

These analyses are based on proton-proton collision data corresponding to an integrated lumi-
nosity of 19.7 fb�1, recorded by the CMS experiment at the LHC at a center-of-mass energy of
8 TeV. The D0 Collaboration at the Fermilab Tevatron published results for h ! aa ! 2µ2t and
h ! aa ! 4µ searches for pseudoscalar masses ma between 3.5 and 19 GeV [49], while ATLAS
reported a search for h ! aa ! 2µ2t decays with ma between 3.7 and 50 GeV, using special
techniques to reconstruct Lorentz-boosted t lepton pairs [50]. Additionally, CMS performed
searches for direct production of light pseudoscalars with mass between 5.5 and 14 GeV that
decay to pairs of muons [51], and with mass between 25 and 80 GeV that decay to pairs of t
leptons [52].

2 The CMS detector, event simulation, and reconstruction
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing an axial magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections.
Extensive forward calorimetry complements the coverage provided by the barrel and endcap
detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return
yoke outside the solenoid. The first level of the CMS trigger system, composed of specialized
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 proces-
sor farm further decreases the event rate from around 100 kHz to less than 1 kHz, before data
storage. A detailed description of the CMS detector, together with a definition of the coordinate

2 1 Introduction

structure, as shown in Table 1. The ratios of the Yukawa couplings of the pseudoscalar boson
of the 2HDM relative to those of the Higgs boson of the SM are functions of tan b and of the
type of 2HDM, and are given in Table 2. Type-1 and type-2 models are the ones commonly
considered, and the latter are required in supersymmetric models. In these two cases, the lep-
tons have the same couplings as the down-type quarks. In type-3 2HDM, all quarks couple
to F2 and all leptons couple to F1, with the result that all leptonic or quark couplings of the
pseudoscalar a are proportional to tan b or cot b, so that for large tan b the leptonic decays of
a dominate. As implied previously, a complex SU(2)L singlet field S can be added to 2HDM;
such models are called 2HDM+S, and include the NMSSM as a special case. If S mixes only
weakly with the doublets, one of the CP-even scalars can again have SM-like properties. The
addition of the singlet S leads to two additional singlet states, a second CP-odd scalar and a
third CP-even scalar, which inherit a mixture of the fermion interactions of the Higgs doublets.
After mixing among the spin-0 states, the result is two CP-odd scalars, a1 and a2, and three CP-
even scalars, h1, h2, and h3. Of the latter, one can be identified with the observed SM-like state,
h. The branching fraction of the h boson to a pair of CP-even or CP-odd bosons can be sizeable,
leading to a wide variety of possible exotic h decays. In the 2HDM and its extensions, the ratio

Table 1: Doublets to which the different types of fermions couple in the four types of 2HDM
without FCNC at lowest order.

Type-1 Type-2 Type-3 (lepton-specific) Type-4 (flipped)
Up-type quarks F2 F2 F2 F2

Down-type quarks F2 F1 F2 F1

Charged leptons F2 F1 F1 F2

Table 2: Ratio of the Yukawa couplings of the pseudoscalar boson a of the 2HDM relative to
those of the Higgs boson of the SM, in the four types of 2HDM without FCNC at lowest order.

Type-1 Type-2 Type-3 (lepton-specific) Type-4 (flipped)
Up-type quarks cot b cot b cot b cot b

Down-type quarks � cot b tan b � cot b tan b

Charged leptons � cot b tan b tan b � cot b

of the decay widths of a pseudoscalar boson to different types of leptons depends only on the
masses of these leptons. In particular, for decays into muons and t leptons, and a pseudoscalar
boson of mass ma, we can write [8, 46]:

G(a ! µ+µ�)
G(a ! t+t�)

=
m2

µ

q
1 � (2mµ/ma)2

m2
t

q
1 � (2mt/ma)2

. (1)

This kind of relation can also be written for electrons and muons. In models where the pseu-
doscalar boson a decays only to leptons, its branching fraction to t leptons is greater than 99%
for pseudoscalar boson masses above 5 GeV. This is a good approximation for pseudoscalar
masses below twice the bottom quark mass, or for type-3 2HDM, assuming loop-induced de-
cays such as a ! gg are ignored. In type-1 and -2, and their extensions, a similar relation
exists between the partial decay widths of the pseudoscalar boson to leptons and to down-type
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• Rich phenomenology 

• Boosted or resolved fermions 
depending on pseudoscalar mass 

• Pairs of muons, taus, or bottoms 
in the final state 

• Utilize 2- and 4-body mass 
reconstruction to discriminate 
against background 

• Advantages over direct a production 

• H→aa provides a striking 
signature of new physics 

• a→bb and a→ττ reconstruction 
possible

H→aa at the LHC
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• Reconstruction of two well separated boosted a→τμτ1-prong decays 

• Leading muon pT > 17 GeV, sub-leading muon pT > 10 GeV 

• Same-sign muons to reject Drell-Yan 

• 1-prong track required to be prompt with pT > 2.5 GeV 

• Search for excess in the 2D di-tau visible mass distribution 

• bb background modeled as a convolution of 1D distributions in events 
with one non-isolated di-tau pair

H→aa→4τ
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H→aa→4τ
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• Reconstruction of one boosted a→τμτX decay + one 25 GeV isolated muon 

• Isolated 24 GeV muon trigger gives sensitivity to VH and ggH/VBF with well 
separated pseudoscalar decay products 

• pT(τμ) > 5 GeV, pT(τX) > 20 GeV 

• All tau decays reconstructed using CMS hadron + strips (HPS) algorithm after 
muon removal 

• Search for excess in the 1D di-tau visible mass distribution 

• Low- and high-mT bins to isolate WH from ggH 

• W and tt background modeled from muon + non-isolated di-tau sample

arXiv:1701.02032 arXiv:1701.02032 CMS-PAS-HIG-14-022
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• Resolved pseudoscalar decay products 

• Di-muon mass spectrum fit for a peaked signal to extract ma 

• Selection 

• Two opposite-charge muons with reconstructed pT > 24 
and 9 GeV (single- and di-muon triggers) 

• Two b jets with pT > 15 GeV, distinguished from light quark 
jets by the presence of secondary vertices 

• Compatible with zero MET

H→aa→2µ2b

11
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fit values of nuisance parameters, q̂µ, and of the background function, b̂µ. The denominator is
the global maximum for eL, achieved at µ = µ̂, q = q̂, and b = b̂. A confidence interval on µ is
obtained with the background function maximizing eL for any value of µ [83].

The analysis of data yields no significant excess of events over the SM background prediction.
Figure 2 shows the mµµ distribution in data together with the best fit output for a signal-plus-
background model at ma = 35 GeV. The relative difference between the expected limit of the
best-fit background model and that of the unconditional fit is about 40%.
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Figure 2: The best fit to the data for a signal-plus-background model with ma = 35 GeV, in-
cluding profiling of the uncertainties, in the search for h ! aa ! 2µ2b events.

5 Search for h ! aa ! 2µ2t decays
Five final states are studied in the h ! aa ! 2µ2t channel, depending on whether the t leptons
decay to electrons (te), to muons (tµ), or to hadrons (th): µ+µ�t+

e t�
e , µ+µ�t±

e t⌥
µ , µ+µ�t±

e th
⌥,

µ+µ�t±
µ th

⌥, or µ+µ�th
+th

�. The µ+µ�t+
µ t�

µ final state is not considered due to the difficulty
of correctly identifying the reconstructed muons as either direct pseudoscalar or t decay prod-
ucts, which results in low sensitivity. Given the 2% dimuon mass resolution for the muons
originating promptly from an a boson, an unbinned likelihood fit is performed to extract the
results, using mµµ as the observable. Pseudoscalar boson masses between 15 and 62.5 GeV
are probed; the lower bound corresponds to the minimum mass that ensures a good signal
efficiency with selection criteria that do not rely on boosted lepton pairs, and an expected back-
ground large enough to be modeled through techniques described below.

Events are selected in the trigger system by requiring two muons with pT greater than 17 and
8 GeV, respectively. To reconstruct the dimuon pair from the a ! µ+µ� decay, two iso-
lated muons of opposite charge, pT > 5 GeV, and |h| < 2.4 are selected. In the µ+µ�t+

e t�
e ,

µ+µ�t±
e th

⌥ and µ+µ�th
±th

⌥ final states, where these are the only muons, their pT thresholds
are raised to 18 and 9 GeV to match the trigger requirements. If there are more than two muons
in the final state, the highest-pT muon is required to pass a pT threshold of 18 GeV, and is con-
sidered as arising from the prompt decay of the light boson. It is then paired with the next
highest-pT muon of opposite charge. The other muons are considered to arise from leptonic
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H→aa→2µ2τ

12

13

distributions to any a boson in the studied mass range, the parameters of the fit functions are
parameterized as a function of ma by fitting with a third-degree polynomial the parameters
of the Voigt or Breit–Wigner profiles obtained from the individual fits. A similar technique is
used to interpolate the signal normalization to intermediate mass points; the parameterization
leads to yield uncertainties for the signal between 5 and 8% depending on the final state. A
closure test that consists of removing a signal sample corresponding to a given mass point from
the parameterization of the Voigt and Lorentz fit parameters as a function of the mass, then
comparing the parameterization interpolation to the direct fit to this sample, has demonstrated
the validity of this technique. The ZZ irreducible background and reducible backgrounds are
parameterized with Bernstein polynomials with five and three degrees of freedom respectively.
The degrees of the polynomials are chosen to be the lowest that allow for a good agreement
between the fit functions and the predicted backgrounds, according to f-tests. Uncertainties in
the fit parameters of the Bernstein polynomials for reducible processes are taken into account
in the statistical interpretation of results. They dominate over uncertainties associated with
the choice of the fitting functions, which are neglected. Uncertainties in the ZZ background
distribution are neglected given the low expected yield for this process relative to the reducible
background contribution.

The parameterized dimuon mass distributions and the observed events after the complete se-
lections are shown in Fig. 3 for the combination of the five final states. The signal sample, for
ma = 35 GeV, is scaled with the Higgs boson cross section, s(h), expected in the SM for all
production modes, assuming B(h ! aa) = 10% and considering decays of the pseudoscalar
a boson to leptons only (B(a ! t+t�) + B(a ! µ+µ�) + B(a ! e+e�) = 1) using Eq. (1).
Combining all final states, 19 events are observed while 20.7 ± 2.2 are expected in the absence
of signal. The expected signal yield, assuming the normalization described above, ranges from
3.1 to 8.2 events over the probed mass range, as detailed in Table 5.

Figure 3: Background and signal (ma = 35 GeV) models, scaled to their expected yields, for the
combination of all final states in the search for h ! aa ! 2µ2t decays. The two components
of the background model, ZZ and reducible processes, are drawn. The signal sample is scaled
with s(h) as predicted in the SM, assuming B(h ! aa) = 10%, and considering decays of the
pseudoscalar a boson to leptons only (B(a ! t+t�) + B(a ! µ+µ�) + B(a ! e+e�) = 1)
using Eq. (1). The results are shown after a simultaneous maximum likelihood fit in all five
channels that takes into account the systematic uncertainties described in Section 6.

• Resolved pseudoscalar decay products 

• Unbinned maximum likelihood fit to di-muon mass 
spectrum 

• Final states μμτeτe, μμτeτμ, μμτeτhad, μμτμτhad, and 

μμτhadτhad 

• Two opposite charge muons with pT > 18 and 9 GeV 

• Veto b jets and additional leptons 

• |mμμ - mττ|/mμμ < 0.8 

• |mμμττ - mH(125)| < 25 GeV, but |mμμee - mH(125)| > 30 

GeV in μμτeτe final state 

• Backgrounds 

• Reducible Z + jets determined from fake rates 
and parametrized with Bernstein polynomial fit 

• Irreducible eeμμ from NLO MC and 
parametrized with Bernstein polynomial fit
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Run 1 8 TeV 19.7 fb-1 resolved
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• 17/8 GeV di-muon trigger 

• Fit to 2D di-muon invariant mass 
spectrum 

• Boosted isolated di-muon 
reconstruction 

• bb background (mostly double 
semileptonic decays and resonances) 
estimated from 3-muon events 

• 2D background from 2 × 1-D 
convolution 

• Fit to analytic function 

• 2 shapes needed depending on 
which muons fire the trigger

H→aa→4µ

13
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2HDM+S interpretation

14
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2HDM+S interpretation
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2HDM+S interpretation
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H→invisible at the LHC
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Additional ZH modes

Targeted production modes

• VBF and ZH modes provide good S/B 
discrimination 

• Additional sensitivity from large cross 
section ggH mode when accompanied 
by a jet 

• Characteristic signature of large MET 
recoiling against jets or leptons

Analysis Final state Int. L ( fb�1) Expected signal composition (%)
7 TeV 8 TeV 13 TeV 7 or 8 TeV 13 TeV

qqH-tagged VBF jets — 19.2 [16] 2.3 7.8 (ggH), 92.2 (qqH) 9.1 (ggH), 90.9 (qqH)

VH-tagged

Z(`+`�) 4.9 [16] 19.7 [16] 2.3 100 (ZH)
Z(bb̄) — 18.9 [16] — 100 (ZH)

V(jj) — 19.7 [60] 2.3
25.1 (ggH), 5.1 (qqH), 38.7 (ggH), 7.1 (qqH),
23.0 (ZH), 46.8 (WH) 21.3 (ZH), 32.9 (WH)

ggH-tagged Monojet — 19.7 [60] 2.3
70.4 (ggH), 20.4 (qqH), 69.3 (ggH), 21.9 (qqH),

3.5 (ZH), 5.7 (WH) 4.2 (ZH), 4.6 (WH)

Run 1 7 TeV 5.1 fb-1 
Run 1 8 TeV 19.7 fb-1 
Run 2 13 TeV 2.3 fb-1

JHEP 02 (2017) 135
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• Forward jet + MET trigger 

• Tighter offline 
requirements + lepton veto 

• Main Z→νν, W→lν (lost 
lepton), and QCD 
backgrounds estimated 
from data 

• Simultaneous fit of 

Z→μμ, W→lν, and low 

min ∆Φ(MET, j) control 
regions to extract W + Z 
and QCD scale factors to 
signal region 

• Ratio of W→lν to Z→νν 
taken from LO 
simulation

VBF H→invisible
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• Di-muon (17 and 8 GeV) and di-electron (17 and 12 
GeV) triggers 

• mT(di-lepton system, MET) exploited to reduce Z + 
jets background 

• ∆Φ(l,l) < π/2 to reduce SM Z production 

• Veto on >1 jet with pT > 30 GeV 

• ZZ and WZ backgrounds from MC, Z + jets from γ + 
jets in data, non-resonant backgrounds from 
opposite-flavor pairs

Z(→ll)H→invisible
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• MET and HT triggers 

• Lepton, photon, and b veto 

• Fat jet reconstruction of V→jj 

• Z→νν and W→lν estimated from di-lepton, 

single lepton, and γ + jet data control 
regions, similar to the VBF analysis 

• Other backgrounds from simulation

V(→jj)H→invisible and monojet
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SM interpretation
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Conclusions

• Robust program of searches for nonstandard 
Higgs decays at CMS 

• Complementarity between coupling 
measurements and searches 

• Detector and reconstruction improvements 
during Run 2 and the HL-LHC will improve reach 

• Many paths to elucidating the nature of the Higgs

22
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Direct pseudoscalar production
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• BaBar: Υ(2S,3S)→γa, 

a→μμ or a→τe/μτe/μ
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FIG. 1: Distribution of the log-likelihood variable S with both
statistical and systematic uncertainties included for (a) Υ (2S)
fit, (b) Υ (3S) fit, and (c) combination of Υ (2S) and Υ (3S)
data. There are no points outside of displayed region of S .
The solid curve is the standard normal distribution.

mA0 . The limits vary from 0.26×10−6 to 8.3×10−6 (B2S)
and from 0.27 × 10−6 to 5.5 × 10−6 (B3S).

The BFs B(Υ (nS) → γA0) are related to the effective
coupling fΥ of the bound b-quark to the A0 through [8,
23]:

B(Υ (nS) → γA0)

B(Υ (nS) → l+l−)
=

f2
Υ

2πα

(

1 −
m2

A0

m2
Υ (nS)

)

(1)

where l ≡ e or µ and α is a fine structure constant.
The effective coupling fΥ includes the Yukawa coupling
of the b-quark and the mA0 -dependent QCD and rela-
tivistic corrections to BnS [23] and the leptonic width
of Υ (nS) [24]. To first order in αS , the corrections
range from 0 to 30% [23] but have comparable uncer-
tainties [25]. The ratio of corrections for Υ (2S) and
Υ (3S) is within 4% of unity [23] in the relevant range
of mA0 . We do not attempt to factorize these contribu-
tions, but instead compute the experimentally-accessible
quantity f2

ΥBµµ and average Υ (2S) and Υ (3S) results,
taking into account both correlated and uncorrelated un-
certainties. The combined upper limits are shown as a
function of mA0 in Fig. 2(c) (plots with expanded mass
scales in three ranges of mA0 are available in Fig. 4-6
in [18]) and span the range (0.44 − 44) × 10−6, at 90%
C.L. The combined likelihood variable ⟨S⟩ = (w2SS2S +
w3SS3S)/

√

w2
2S + w2

3S is shown in Fig. 1c, where wnS is
the statistical weight of the Υ (nS) dataset in the aver-
age. The largest fluctuation is ⟨S⟩ = 3.3. Our set of 1951
overlapping fit regions corresponds to ≈ 1500 indepen-
dent measurements [26]. We determine the probability
to observe a fluctuation of ⟨S⟩ = 3.3 or larger in such a
sample to be at least 45%.

We do not observe any significant signal at mA0 =
0.214 GeV (Fig. 7 in [18]) and set an upper limit on the
coupling f2

Υ (mA0 = 0.214 GeV) < 1.6× 10−6 at 90% C.L
(assuming Bµµ = 1), which is significantly smaller than
the value required to explain the HyperCP events as light
Higgs production [11].

A fit to the ηb region (Fig. 8 in [18]) includes back-
ground contributions from the ISR process e+e− →
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FIG. 2: 90% C.L. upper limits on (a) B(Υ (2S) → γA0) ×
Bµµ, (b) B(Υ (3S) → γA0) × Bµµ, and (c) effective coupling
f2

Υ × Bµµ as a function of mA0 . The shaded areas show the
regions around the J/ψ and ψ(2S) resonances excluded from
the search.

γISRΥ (1S), and from the cascade decays Υ (nS) →
γ2χbJ , χbJ → γ1Υ (1S) with Υ (1S) → µ+µ−. We mea-
sure the rate of the ISR events in the Υ (4S) dataset,
scale it to the Υ (2S) and Υ (3S) data, and fix this con-
tribution in the fit. The rate of the cascade decays,
the number of signal events, and the continuum back-
ground are free in the fits to the Υ (2S) and Υ (3S) data
sets. We measure B(Υ (2S) → γηb) × B(ηb → µ+µ−) =
(−0.4± 3.9± 1.4)× 10−6 and B(Υ (3S) → γηb)×B(ηb →
µ+µ−) = (−1.5 ± 2.9 ± 1.6) × 10−6, where the first
uncertainty is statistical and the second is systematic,
dominated by the uncertainty in Γ(ηb). Taking into
account the BABAR measurements of B(Υ (2S) → γηb)
and B(Υ (3S) → γηb) [14], we derive B(ηb → µ+µ−) =
(−0.25 ± 0.51 ± 0.33)% and B(ηb → µ+µ−) < 0.9% at
90% C.L. This limit is consistent with the mesonic inter-
pretation of the ηb state.

In summary, we find no evidence for the dimuon decays
of a light scalar particle in radiative decays of Υ (2S) and
Υ (3S) mesons. We set upper limits on the coupling f2

Υ ×
Bµµ for 0.212 ≤ mA0 ≤ 9.3 GeV. Assuming Bµµ ≈ 1
in the mass range 2mµ ≤ mA0 ≤ 1 GeV, our results
limit the coupling fΥ to be at most 12% of the Standard
Model coupling of the b quark to the Higgs boson. Our
limits rule out much of the parameter space allowed by
the light Higgs [9] and axion [6] models. We also set an
upper limit on the dimuon branching fraction of the ηb.

We are grateful for the excellent luminosity and ma-

6

For each scan point, the yield, Nsig, and its statisti-
cal uncertainty, σ(Nsig) are obtained from the fit. The
yield significance from the data, Nsig/σ(Nsig) is shown
in Fig. 2, and overlaid with a standard normal distri-
bution. The data points are consistent with the normal
distribution, and therefore no significant evidence for any
unknown narrow structure is observed in the scan.
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FIG. 2: Nsig/σ(Nsig) as obtained from the scanning proce-
dure. Only statistical uncertainties are included. The curve
shows the standard normal distribution with a normalization
factor of 307.

Product branching fractions are determined from the
signal yields at each scan point, correcting for a fit bias
described below. The results are shown in Fig. 3(a).
These results show no evidence for a narrow resonance
in the mass range under study. Bayesian upper limits
on the product of branching fractions, computed with a
uniform prior at 90% C.L., are shown in Fig. 3(b). The
solid line shows the limits obtained with the total uncer-
tainties (statistical and systematic added in quadrature)
while the dashed line shows the limits with statistical
uncertainties only.

We measure the branching fraction B(ηb → τ+τ−) =
(−0.1±4.2±2.3)% at mτ+τ− = 9.389 GeV/c2, using the
B(Υ (3S) → γηb) from Ref. [18]. Therefore, the 90% C.L.
upper limit on B(ηb → τ+τ−) is 8 (7)%, considering all
(statistical only) errors and accounting for the expected
10 MeV width of the ηb. We note that the limit and
branching fraction are insensitive to the ηb width within
the expected 5-20 MeV range [18].

We account for systematic uncertainties due to track-
ing (2%), lepton identification (1.2–2.6%, depending on
the ττ -decay mode), photon reconstruction efficiency
(4%), and the number of Υ (3S) (1%). In the scan pro-
cedure, the parameters of the background shape and of
the χbJ (2P ) states are fixed. To estimate the systematic
uncertainty related to these parameters, each parameter
is varied by its estimated statistical uncertainty deter-
mined in the first step of the fit. The scan procedure is
repeated for each parameter change. When calculating
the systematic uncertainties from this source, the cor-
relations between the various parameters are taken into
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FIG. 3: (a) Product branching fractions as a function of the
Higgs mass. For each point, both the statistical uncertainty
(from the central value to the horizontal bar) and the total
uncertainty (statistical and systematic added in quadrature)
are shown (from the central value to the end of the error
bar). In (b), the corresponding 90% C.L. upper limits on
the product of the branching fractions versus the Higgs mass
values are shown, with total uncertainty (solid line) and sta-
tistical uncertainty only (dashed line). The shaded vertical
region represents the excluded mass range corresponding to
the χbJ (2P ) → γΥ (1S) states.

account. The ratio between the total systematic uncer-
tainties due to the background shape and the statistical
uncertainties varies between 12% and 170%. The largest
systematic variations occur for larger values of mτ+τ− ,
and are due to the uncertainty in the qeµ parameter for
ττ → eµ. The fit bias and its uncertainty are determined
by applying the fit procedure to a large number of MC
experiments. Each MC sample contains a known number
of signal events, while background events are generated
according to the background shape. The event yield, re-
turned by the fit, is a linear function of the number of in-
put events. The event yield in the data is corrected using
this function. The difference between the corrected and
uncorrected event yield is (conservatively) considered as
the systematic uncertainty due to the fit bias, which is
typically small (few percent) but can be as large as 30%
of the statistical uncertainty at high mτ+τ− . The system-
atic uncertainty associated with the choice of the signal
shape function is determined by varying the values of the
parameters in the signal CB function; the width and the
power law are varied (multiplicatively) by 30% and 38%,
respectively; the transition point is varied (additively) by
36%. The associated systematic contribution is typically
small (few percent) but is as large as 50% of the sta-
tistical uncertainty at large mτ+τ− . Finally, we include
a systematic uncertainty of 0.6% to account for the sys-
tematic uncertainty due to the τ branching fractions [10].
The dominant systematic uncertainties are due to the
background-shape parameters, which are obtained from
fitting the same data sample. Thus, we conclude that the
main systematic uncertainties are primarily statistical in
nature.

In summary, we have performed a search for a light

a→τe/μτe/μ a→μμ

Υ(3S)

Υ(2S)

PRL 103 (2009) 081803

PRL 103 (2009) 181801

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.081803
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.181801
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Direct pseudoscalar production
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• CDF and CMS: gg→a, a→μμ 

• θA ≡ mixing angle between 
MSSM doublet 
pseudoscalar and NMSSM 
singlet pseudoscalar
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FIG. 2: Bayesian 90% upper credible limits (histogram) to
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σΥ(1S) BR(Υ(1S)→µµ) as a function of the dimuon invariant mass. The

dashed histogram represents limits that include the 6% systematic uncertainty. The solid line represents the limits expected
when fits return no ε events.
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FIG. 3: Bayesian 90% upper limits to Γεl (histogram). The dashed histogram represents limits that include the 6% systematic
uncertainty. The solid line represents the limits expected when fits return no ε events. The dashed and dotted lines represent
the leptonic widths of 1−− bound states of scalar quarks predicted in Refs. [2] and [26], respectively.

The 90% credibility upper limit to R is given by the ratio of Nul to the number of observed Υ(1S) mesons,
corrected for the relative acceptance. These limits are shown in Fig. 2 as a function of the ε mass. Figure 3 shows
the 90% upper credible limits to Γεl . The latter limits are derived under the assumption 4 that σε BR(ε → µµ) =

4 As noted in Ref. [4], this equation tends to underestimate the production cross section of states lighter than the Υ(1S) meson. If this

were the case, the Γεl limits set by our study would be correspondingly smaller than those indicated in Fig. 3.
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H(125) decay to pseudoscalars
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H→aa→4τ
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Run 1 8 TeV 19.7 fb-1 τμτX
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H→aa→2µ2b

• Signal parametrization derived from MC 

• Voigt + Crystal Ball 

• Voigt = Gaussian ⊗ Lorentz (to model theoretical signal) 

• Crystal Ball = Gaussian ⊗ power-law tail (to model energy not reconstructed) 

• Background fit modeled with different analytical functions using the discrete profiling 
method 

• Polynomials and 1/Pn(x) functions up to the degree for which the p-value for 
compatibility of the function with the data drops below 5% 

• p-value calculation accounts for the number of degrees of freedom in the fit and 
the parameter uncertainty 

• Functional form is a discrete nuisance parameter and enters the likelihood 
calculation like all other continuous nuisance parameters 

• Likelihood minimization chooses the best-fit background model

29

Run 1 8 TeV 19.7 fb-1
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• 3.7 < ma < 50 GeV 

• 36 GeV single- and 18/8 GeV di-muon 
triggers 

• Di-muon pair with pT > 40 GeV 
formed from resolved muons 

• Boosted di-tau reconstruction 

• Third soft lepton (7 GeV τe or τμ) 
with 1, 2, or 3 1-GeV tracks within a 

∆R = 0.4 cone 

• Isolated di-tau well separated from 
di-muon 

• SM resonances, tt, and Drell-Yan 
backgrounds modeled by analytic 
functions and constrained by fits in 
control regions

H→aa→2µ2τ

30
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H→aa→2µ2τ
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Run 1 8 TeV 20.3 fb-1 boosted
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2HDM+S interpretation
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• W reconstruction with 20 < ma < 60 GeV 

• Trigger on isolated 25 GeV electron or 
muon 

• mT > 50 GeV 

• Events classified according to number of 
jets and b tags identified 

• BDT discriminator trained on 60 GeV 
pseudoscalar signal and tt background 

• tt backgrounds taken from simulation, 
with BDT(HT) discriminant distributions fit 
to data in the search(control) bins 

• Small QCD background from jets faking 
isolated leptons estimated from data 
using fake rates

H→aa→4b
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Run 2 13 TeV 3.2 fb-1
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H→aa→4b
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Run 2 13 TeV 3.2 fb-1

Region mbbb mbbbb �mbb
min HT pWT �Rbb

av �R`b
min mbbj mT2

Signal

(3j, 3b) X X X X X
(4j, 3b) X X X X X
(4j, 4b) X X X X X

Control X

Systematic uncertainty [%] WH, H ! 2a ! 4b tt̄ + light tt̄+ cc̄ tt̄+ bb̄

Luminosity 4 4 4 4
Lepton e�ciencies 1 1 1 1
Jet e�ciencies 6 4 4 4
Jet energy resolution 5 1 3 1
Jet energy scale 4 2 4 3
b-tagging e�ciency 17 5 5 9
c-tagging e�ciency 1 6 12 4
Light-jet-tagging e�ciency 2 29 5 3
Theoretical cross sections – 5 5 5
tt̄: modelling – 6 45 26
tt̄+HF: normalisation – – 35 18
tt̄+HF: modelling – – – 5
Signal modelling 7 – – –

Total 21 31 54 21

EPJC 76 (2016) 605

EPJC 76 (2016) 605

http://link.springer.com/article/10.1140/epjc/s10052-016-4418-9
http://link.springer.com/article/10.1140/epjc/s10052-016-4418-9
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H→aa→4b
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Run 2 13 TeV 3.2 fb-1
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H→aa→4b

36

Run 2 13 TeV 3.2 fb-1

Validation of background modeling
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2HDM+S interpretation
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H→invisible

38

Systematic uncertainty Impact
Common

Muon efficiency 24%
Electron efficiency 22%
Lepton veto efficiency 16%
b jet tag efficiency 3.2%
W(`n)+jets/Z(nn)+jets ratio, theory 16%
g+jets/Z(nn)+jets ratio, theory 5.8%
Jet energy scale and resolution 10%
Emiss

T scale 1.8%
Integrated luminosity 3.0%
Diboson background normalisation 2.7%
Top quark background normalisation <1%
Signal specific

ggH pT-spectrum 15%
Renorm. and fact. scales and PDF (ggH) 5.8%

Total systematic +57
�50%

Total statistical only +25
�22%

Total uncertainty +62
�55%

JHEP 02 (2017) 135

http://link.springer.com/article/10.1007%2FJHEP02%282017%29135
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SM interpretation
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