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1. Introduction

Direct searches for rare decays of the Higgs boson allow for important test of the robustness
of the SM predictions. This report presents the most recent results from the CMS Collaboration [1]
on searches for rare decays of the Higgs boson, based on 35.9 fb−1 of 13 TeV data.

2. Searches for invisible decays of the Higgs boson

In the SM, the Higgs boson decays to invisible particles only through H→ ZZ→ 4ν with a
branching fraction (B) of about 0.1%. Deviations from the SM expectation would represent a clear
indication of BSM physics in the Higgs sector. To increase the sensitivity to invisible decays of the
Higgs boson (Hinv), all the dominant Higgs production modes are explored: gluon fusion (ggH) [2],
VH where a boosted W or Z boson decays either leptonically [3] or hadronically [2], and vector
boson fusion (VBF) [4]. The common feature of all these searches is the requirement that the invis-
ible particles should recoil with high transverse momentum (pT) against a visible system, resulting
in an event with a large pT imbalance (pmiss

T ). In the VBF channel the recoiling system is charac-
terized by two jets that exhibit a large pseudorapidity gap (∆ηjj) and form a large invariant mass
(mjj). While earlier searches probing the VBF Hinv final state were based on counting experiments,
the presented analysis exploits the distinctive kinematic features of the VBF topology by extracting
the signal from a fit to the shape of the mjj distribution. This strategy has been optimized to pro-
vide an improved sensitivity, resulting in the most sensitive VBF Hinv search reported to date. The
main expected backgrounds originate from Z(νν)+jets and W(`ν)+jets processes. The Z(νν)+jets
background is estimated from data using Z/γ∗(``)+jets events, while the W(`ν)+jets background
is constrained using single-lepton control regions (CRs). The pmiss

T in all the CRs is calculated by
excluding the identified leptons. It corresponds to the pT of the hadronic recoil system, which re-
sembles the pmiss

T expected for the V+jets backgrounds in the signal region (SR). Data are found to
be in agreement with the estimated backgrounds. Figure 1 (left) shows the observed and expected
mjj distributions in the SR, where the background prediction is obtained by fitting the data under
the background-only hypothesis. The observed (expected) 95% CL upper limit on B(H→ inv) is
measured to be 28 (21)%. The result from the VBF analysis is combined with those from the ggH
and the VH channels. The combination yields to an observed (expected) 95% CL upper limit of
B(H→ inv)< 24 (18)% [4], as shown Fig. 1 (right).

3. Search for the Higgs boson decaying into two muons

The search for Higgs boson decays to muons is of particular importance because it represents
the golden channel able to probe Higgs boson couplings to fermions of the second generation.
The main challenge is represented by the small expected signal over background ratio. In fact, for
mH = 125 GeV, the predicted B into muons is 2.17× 10−4, which corresponds to few hundred
signal events expected in 35.9 fb−1 of 13 TeV data. In this final state, the signal would appear as
a tiny peak, whose width is driven by the O(GeV) muon pT resolution, over a smoothly falling
mass spectrum (mµµ ) from SM backgrounds, primarily Z/γ∗, diboson and leptonic tt decays. In
the presented H→ µµ search [5], to enhance the sensitivity to the Higgs boson signal, events
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Figure 1: On the left, the observed mjj distribution in the SR of the VBF search compared to the post-
fit backgrounds from SM processes [4]. On the right, observed and expected 95% CL upper limits on
B(H→ inv) for both individual channels targeting VBF [4], Z(``)H [3], V(qq)H [2] and ggH [2] production
mode, as well as their combination assuming an SM Higgs boson with mH = 125 GeV.

are classified into categories defined by looking at event properties largely uncorrelated with mµµ

(hadronic activity, b-tagged jets, kinematic of the dimuon system). These variables are used as
input to a boosted decision tree (BDT). Figure 2 (left) shows the BDT output distributions for data
and simulated events. Event categories are defined exploiting the BDT score along with the η of
the most forward muon, which is used to gauge the mµµ resolution. The number of categories
and their boundaries are optimized via an iterative procedure using S/

√
B as figure of merit. In

each category, the shape and the normalization of the mµµ distribution for the total background are
obtained from a parametric fit to the data using a set of empirical functions, chosen to maximize the
expected sensitivity without introducing a bias in the measured signal yield. Figure 2 (right) shows
the result of the S+B fits to the data combining all the event categories, weighted by their expected
signal-to-background ratio. No significant excess has been observed above the background-only
prediction. Upper limits at 95% CL are set on the signal strength modifier, µ = (σB)obs/(σB)SM.
Finally, this search is combined with an earlier result obtained using Run1 data. The combined
observed (expected) 95% CL upper limit on µ is found to be 2.92 (2.16) times the SM value.

4. Search for rare Higgs boson decays into Z/γ and J/ψ γ

While the H→ Zγ search probes the same couplings involved in the H→ γγ channel, the
H→ J/ψ γ decay can be used, along with H→ µµ , to probe the Higgs boson couplings to the
second generation of fermions. In both cases, the main challenge is represented by the small
expected B from SM predictions: B(H→ Zγ) = 1.5×10−3 and B(H→ J/ψ γ) = 3×10−6. The
searches for H→ Zγ [6] and H→ J/ψ γ [7] look for rare Higgs decays in final states characterized
by one prompt photon and a pair of opposite charged leptons (` = µ,e). Leptonically decaying
Z boson or J/ψ candidates are required to select the events and to suppress large background
contaminations from SM processes. In the H→ Zγ analysis both muon and electron decays of the
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130

Bernsteins (Bdeg n):B(x) =
n

Â
i=0

ai

✓
n
i

◆
xi(1 � x)n�i

�
(1)

Sum of exponentials (Sum Exp):B(x) =
n

Â
i=1

bieai x (2)

Breit–Wigner:B(x) =
eaxsz

(x � µz)2 + ( sz
2 )2 (3)

Modified Breit–Wigner (mBW):B(x) =
ea2x+a3x2

(x � µz)a1 + ( sz
2 )a1

(4)

In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141

^

Figure 2: On the left, the BDT output distributions in data and MC simulation [5]. The vertical lines denote
the BDT categories used in the analysis. On the right, data and weighted sum of S+B fits to each category.
The lower panel shows the difference between the data and the background component of the total fit [5].

Z boson are explored, while in the H→ J/ψ γ search only J/ψ → µµ decays are considered. The
signal is extracted by fitting the m``γ spectrum, where it is expected to appear as a narrow peak
over a smoothly falling combinatorial background. In the former search, in order to increase the
sensitivity, events are first classified into categories targeting to the ggH and VBF modes. Moreover,
events in each production category are divided into sub-classes according to the pT resolution of
muons, electrons, and photons. In contrast, given the very small amount of H→ J/ψ γ decays
expected in 35.9 fb−1 of data, events are not classified according to either production modes or
mass resolution. No significant excess above the background prediction has been found. The
observed (expected) exclusion limit for the H→ Zγ → ``γ search is set to be 3.9 (2.0) times the
SM expectation, while that obtained for the H→ J/ψ γ branching fraction is 7.6 (5.2+2.4

−1.6)×10−4,
which corresponds to 260 (170) times the SM prediction.

References

[1] CMS Collaboration, The CMS Experiment at the CERN LHC, JINST 3 (2008) S08004.

[2] CMS Collaboration, Search for new physics in final states with an energetic jet or a hadronically
decaying W or Z boson and transverse momentum imbalance at

√
s = 13 TeV , Phys. Rev. D97 (2018)

092005 [1712.02345].

[3] CMS Collaboration, Search for new physics in events with a leptonically decaying Z boson and a large
transverse momentum imbalance in pp collisions at

√
s = 13 TeV , Eur. Phys. J. C78 (2018) 291

[1711.00431].

[4] CMS Collaboration, Search for invisible decays of the Higgs boson produced through vector boson
fusion at

√
s = 13 TeV , CMS Physics Analysis Summary, CMS-PAS-HIG-17-023, 2018.

[5] CMS Collaboration, Search for the standard model Higgs boson decaying into two muons in pp
collisions at

√
s = 13 TeV , CMS Physics Analysis Summary, CMS-PAS-HIG-17-019, 2017.

[6] CMS Collaboration, Search for the decay of a Higgs boson in the ``γ channel in proton-proton
collisions at

√
s = 13 TeV , Submitted to: JHEP (2018) [1806.05996].

[7] CMS Collaboration, Search for the rare decays of Z bosons and Higgs bosons to J/ψ plus photon at√
s = 13 TeV , CMS Physics Analysis Summary, CMS-PAS-SMP-17-012, 2018.

3

https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1103/PhysRevD.97.092005
https://doi.org/10.1103/PhysRevD.97.092005
https://arxiv.org/abs/1712.02345
https://doi.org/10.1140/epjc/s10052-018-5740-1
https://arxiv.org/abs/1711.00431
https://arxiv.org/abs/1806.05996

