
Rare decays of the Higgs boson in the two leptons and photon final state, including the H→Z/ɣ*+ɣ and the H→J/ψɣ processes, are of importance in various Higgs boson decays. Results on searches for  
the H→llɣ using data from proton-proton collisions with an integrated luminosity of 35.9 fb−1 at √s = 13 TeV collected with the CMS detector at the LHC are presented.
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Rare decays of the Higgs boson in the llɣ final 

state in pp collisions at √s=13 TeV 
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Department of Physics and Center of high energy of high field physics, National Central University, Taiwan

■ Searches for rare decays of the Higgs boson in the llγ final state in 
pp collisions with an integrated luminosity of 35.9 fb−1 at √s=13 TeV 
are presented 

■ The paper CMS-HIG-17-007 for the H→Z/ɣ*+ɣ search was published 
in JHEP 11 (2018) 152, while the paper CMS-SMP-17-012 for the H/
Z→J/ψɣ search was accepted by EPJC 

■ First search of Z→J/ψɣ decay in CMS, leading to other rare decays 
of the Higgs and Z boson into quarkonia states (for example, the 
searches of H/Z→Υ(nS)ɣ, H/Z→Υ+Υ, H/Z→J/ψ+J/ψ, H→Z+J/ψ 
decays are currently underway) 

■ More data are required to approach the SM sensitivity. Meanwhile, 
advanced analysis techniques are being developed (see P2-
MH-014). With current sensitivities and foreseeable improvements, 
～4σ of significance for the H→Z/ɣ*+ɣ decay is promising at HL-LHC
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RESULTS & SUMMARY

H→Z/ɣ*+ɣ

■ Loop-induced diagrams, new physics present in 
the loop will modify the decay rates 

■Additional constraint on the Higgs coupling 
measurement (by resolving the loop) 

■ Some extensions of SM suggest more complex 
Higgs sectors where CP violation may be 
induced. Measuring the forward-backward 
asymmetry of the decay precisely provides us a 
test for the CP property of the Higgs boson 

■BRSM(H→Zɣ)≃1.5×10-3, 
BRSM(H→ɣ*ɣ→µµɣ)≃3.8×10-5 

We note that turning off the direct-production amplitude
for the J=c would lead to a branching ratio of 3:25! 10"6

and 132 events. This is a statistically significant deviation
of about 30% from the SM event yield. Hence, measure-
ment of the H !cc coupling is a reasonable goal for future
experimental searches.

Deviations of !Q from unity parametrize deviations of
the H !QQ coupling from its SM value. We show in Fig. 1
the relative deviations in the H ! J=c" and H ! "ð1SÞ"
branching ratios as functions of !Q. The shifts in the
experimentally promising J=c mode can reach 100% for
values of !c that are a few times the SM value. In the case
of "ð1SÞ production, the deviations are extraordinarily
large: within the SM there is a strong cancellation between
the direct and indirect production mechanisms that is lifted
if the H !bb coupling is changed. Changes in this coupling
of a few times the SM value can, therefore, likely be probed
in this channel at the LHC. Because the interference of the
"ð1SÞ SM production amplitudes is almost completely
destructive, most values of !b ! 1 result in an increase
in the predicted branching ratio relative to its SM value.

Now let us investigate whether the J=c" decay mode is
visible over the continuum H ! #þ#"" decay mode.
We estimate the continuum background by integrating
the continuum production rate [26] over the range
m#þ#" 2 ½mJc " 0:05 GeV; m Jc þ 0:05 GeV'. The inte-
gration range is consistent with the experimental resolu-
tion, which is discussed in the next section. We find that

BR contðH ! #þ#""Þ ¼ 2:3! 10"7; (19)

which is comparable in size to BRSMðH !J=c"Þ!
BRðJ=c !#þ#"Þ. Our conclusion is that the J=c"
mode should be visible over the continuum background.

III. EXPERIMENTAL PERSPECTIVES

The ATLAS and CMS collaborations can search for the
V" decay channels by using the single-lepton, dilepton or

lepton-plus-photon triggers. The Higgs-to-V" decay is
characterized by a high-pT photon recoiling against a
lepton-antilepton pair from the V decay. The vector quark-
onium state will be highly boosted, causing the two leptons
to be close to each other in angle, with their momenta
transverse to the boost axis anticorrelated. On the basis of
these event characteristics and the current performance of
the ATLAS and CMS detectors and event reconstruction,
the following conclusions can be drawn.
(1) The resolution of the invariant mass of the lepton

and antilepton is almost independent of their kine-
matics. The average lepton momentum is expected
to be around 30 GeV. Therefore, the resolution of
the muon transverse momenta (#þ#" invariant
mass) can be as good as 1.3% (1.8%) [27].

(2) The resolution of the photon energy is around 1%
[28].

(3) The resulting resolution of the three-body (Higgs)
invariant mass is around 2.1%. However, if the
leptons and the photon are both at high pseudora-
pidity, then the resolution will be only about 4%.

(4) The production vertex is well defined by the leptons
and, owing to the high energy of the photon, the
contamination from pile-up events (those with mul-
tiple interactions per bunch crossing) is expected to
be small.

As is shown in Fig. 2, studies that are based on the MCFM

[29] event generator predict that the detector geometrical
acceptance for Higgs-to-##" events is better than 70%.
After a basic event selection has been performed, 45–60%
of the signal events will remain. Since there is no missing
energy in the signal events and the expected mass resolu-
tion is a few GeV, a clear resonance over the background in
the ##" invariant mass distribution is expected. To first
approximation, the sensitivity of the measurement is given

by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSþ BÞ

p
=S, where S and B are the signal and back-

ground events, respectively. The numerator corresponds to
the statistical uncertainty of the observed sample. Figure 3
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FIG. 1 (color online). The relative deviations in the branching ratios for H ! J=c" (left panel) and H ! "ð1SÞ" (right panel) as
functions of the scaling parameters !Q, which are defined in Eq. (1).
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H→J/ψ ɣ

κc

H→J/ψɣ

■Deviation of the Hcc ̅coupling from SM leads to 
changes in the BR(H→J/ψɣ);  
BRSM(H→J/ψɣ)≃3.0×10-6 
■ Extensions of the SM modify the Hcc ̅coupling  
■A similar search on Z→J/ψɣ is jointly 

performed; 
BRSM(Z→J/ψɣ)≃9.0×10-8
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charm quarks hardronize to form J/ψ direct amplitude of H→J/ψɣ

quark/W loop to Z/ɣ*  H→ Z/ɣ*+ɣ

quark/W loop to ɣ*, then ɣ*converts into J/ψ indirect amplitude of H→J/ψɣ
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★ Noto scale

INTRODUCTION

ANALYSIS STRATEGY

‣Two well-identified leptons originated from PV. 
Leptons must be isolated in H→Zɣ to reject 
decays of hadrons within jets 
‣The low masses of J/ψ and ɣ*result in 

collimated leptons, leading to challenges in 
trigger and reconstruction 
➤ Dedicated HLT requires a muon and a photon 
➤ Only the decay into muons is considered 
➤ Isolation only applied on µlead 

‣Energetic & isolated photon  
‣Kinematic cuts to reject pp→Z/ɣ*+ɣFSR, 

pp→ɣ*+jets, and pp→ɣ+jets backgrounds

Event selection Event classification 

■H→Zɣ→llɣ: expected signal yield, of O(50), is at the 
same order as H→4l, but with much larger irreducible 
backgrounds 

■H→ɣ*ɣ→µµɣ: smaller signal yield, of O(20), and 
also smaller background than H→Zɣ owing to the 
special event signature 

■H/Z→J/ψɣ→µµɣ: much smaller signal expectation, of 
O(<10-1 for H & ～1 for Z), than above two channels, 
and with large J/ψ+ɣ/jets backgrounds

 H→Zɣ  H→ɣ*ɣ H/Z→J/ψɣ

Lepton tag VH & ttH production

Di-jet tag Di-jet tag VBF production

Boosted tag A boosted Higgs boson  
recoiling against a jet

4 Untagged  
categories

3 Untagged 
 categories

3 Untagged 
 categories

Based on photon ηSC & R9 variable

Improvement 
in sensitivity

18% 11% 2%
■ The order of the categorization is optimized such that a 

better purity of the specific production in its associated 
category is obtained
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mµµ distribution photon ET distribution

⇒

mllγ is used as signal/background 
discriminating variable in the hypothesis test. 
The profile likelihood ratio is used as test statistic

mµµ! [GeV]

background-only
signal-plus-background
signal-only

test statistic

background-only
signal-plus-background

generate pseudo-data, and 
calculate the test statistics

■ Resonant background (H/Z→J/ψɣ): background processes that produce the same final state 
as the signal and exhibit a resonant peak at the Higgs (Z) boson mass 
- Need to be modeled independently 
- Estimated from simulated events 

■ Non-resonant background: background processes that do not exhibit a resonant peak at the 
Higgs (Z) boson mass 
- Proper simulation samples are only available for H→Zɣ  
- Estimated from data using the fits with analytic functions (unbinned evaluation of the likelihood) 

to the mllγ distributions in data (Same approach for the signal shapes)
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Simulated events of non-resonant 
backgrounds are not overlaid

★ Signal is exaggerated for 
visualization

★ Signal and resonant backgrounds 
are exaggerated for visualization

mllɣ distributions & Non-resonant background models

mµµ!

Data events
Fit

Use the resulting fit as the 
true model to generate 
pseudo-data (µtrue=0)

mµµ!

Pseudo-data
True model
Fit model
True model

Find a function that gives a 
mean value for the µFit 

consistent with µtrue. 

Fit the pseudo-data (with fit 
model) and extract the signal 

strength (µFit)

µFit -µTrue
σFit

Pull distribution
Gaussian fit
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