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12 years since the Higgs boson discovery: has LHC really entered the “precision era”?

‣ Important characterisation of the Higgs boson still remaining: first-generation Yukawa couplings, self-
coupling, quartic coupling, differential cross-section measurements…

‣ Limited sensitivity to new physics interactions through SM Higgs coupling measurements

‣ Improvement of analysis techniques and trigger strategies enabling experiments to probe rare event 
signatures with available data
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‣ LHC experiments focus on measuring 
the Higgs properties, including probes 
to BSM physics

‣ Direct search for exotic particles able to 
probe several TeV energy scales

‣ This talk: reviewing results from various 
Higgs boson exotic decay signatures 
using Run 2 data collected by CMS 
experiment

Nature 607, 60–68 (2022)

https://doi.org/10.1038/s41586-022-04892-x


Higgs to pseudoscalar decays
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‣ Simplest extension of Higgs sector: two Higgs doublets model (2HDM), however available parameter 
space of 2HDM at the LHC is already much constrained

‣ By adding an extra singlet, a wide range of possible exotic Higgs decays are possible: 2HDM+S

‣ The additional singlet has no direct Yukawa coupling, only couples to the two Higgs fields

Predicted decay 
branching ratios 
of pseudoscalar 

to SM particles in 
Type I 2HDM+S

arxiv:1312.4992

Full Run 2 results

1 10 20 40 602 4 6 8
10-4

10-3

10-2

10-1

100

ma [GeV]

B
R

(a
→
S
M
)

Type I

bb

cc

ττ
μμ
gg

γγ
uu + dd + ss

FIG. 6: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type I Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

compared to the NMSSM, the pseudoscalar-decays to up-type quarks and leptons can

be enhanced with respect to down-type quarks, so that branching ratios to bb̄, cc̄ and

⌧
+
⌧
� can be similar. This opens up the possibility of detecting this model in the 2b2⌧

or 2c2⌧ final state.

Note that the branching ratios are only independent of tan � for Type I, and all types reduce

to Type I for tan � = 1.

A sizable Br(h ! Za) would open up additional exciting search channels with leptons

that reconstruct the Z-boson. This is discussed in §10.

For 3m⇡ < ma < 1 GeV the decay rate calculations su↵er large theoretical uncertainties

but the dominant decay channels will likely be muons and hadrons. Below the pion, muon,

and electron thresholds, the pseudoscalar decays dominantly to muons, electrons, and pho-

tons, respectively, except for tan � < 1 in Type II, III and tan � > 1 in Type IV, where

the suppressed lepton couplings can also cause decays to photons to dominate below the

pion threshold. If the pseudoscalar couples to both quarks and leptons, then requiring its

mixing angle to be small enough to not conflict with constraints from e.g. meson decays and

the muon anomalous magnetic moment implies that any allowed decay to two muons (for

2mµ < ma < 3m⇡) is likely to have at least a displaced vertex (or be detector-stable), while

any allowed decay to two electrons (for 2me < ma < 2mµ) will be detector stable [124]. For
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Higgs decays to Axion-Like-Particles
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‣ Axions: pseudoscalar particles, originally proposed to answer strong CP problem in QCD

• Extension of the SM with an additional, spontaneously broken, global chiral symmetry

‣ ALPs are gauge singlets under SM, coupling to SM fermions

• Enhanced coupling to photons can contribute to anomalous muon magnetic moment

• Constraints on the ALP mass and coupling to photons derived from various experiments 

‣ Search channels: h→aa and h→Za

• Effective couplings:  and 

‣ For strongly boosted ALPs, a→γγ will appear as a single 

photon jet and contribute to h→Zγ measurement
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Figure 16: Constraints on the ALP mass and coupling to photons derived from various experiments
(colored areas without boundaries, adapted from [24]) along with the parameter regions that can be
probed using the Higgs decays h ! Za ! `+`���. The left panel shows the reach of LHC Run-2 with
300 fb�1 of integrated luminosity (shaded in light green). We require at least 100 signal events. The
contours correspond to |Ce↵

Zh|/⇤ = 0.72 TeV�1 (solid), 0.1 TeV�1 (dashed) and 0.015 TeV�1 (dotted).
The red band shows the preferred parameter space where the (g � 2)µ anomaly can be explained at
95% CL. The right panel shows the regions excluded by existing searches for h ! Z� (shaded in
dark green), where we assume |Ce↵

Zh|/⇤ = 0.72 TeV�1.

for which the e↵ective branching ratio has been defined in the first line of (50). In this case
we require that

Nsignal = LLHC ⇥ �13TeV(gg ! h) ⇥ Br(h ! Za ! `
+
`
� + ��)

���
e↵

> 100 . (63)

The green shaded regions in the left panel of Figure 16 show the parameter space which
can be probed in Run-2 for di↵erent values of the relevant Wilson ALP–Higgs coupling.
The three lines limiting these regions correspond to |C

e↵

Zh|/⇤ = 0.72TeV�1 (solid contour),
0.1TeV�1 (dashed contour) and 0.015TeV�1 (dotted contour), taking into account the model-
independent upper bound from h ! BSM derived in (56). Note that the dotted line roughly
corresponds to a TeV-scale coupling suppressed by a loop factor. With 300 fb�1 of luminosity
it is possible to extend the search to slightly smaller couplings, but reaching sensitivity to
couplings smaller than |C

e↵

Zh|/⇤ < 0.01TeV�1 would require a larger luminosity. To draw the
contours in the figure we have assumed that Br(a ! ��) = 1; however, it is important to
realize that their shape is essentially independent of the value of the a ! �� branching ratio as
long as this quantity is larger than a certain critical value, which is set by the required number
of signal events (and as long as the ALP mass is not too close to the kinematic limit). These
limiting values are Br(a ! ��) > 3 · 10�4 (solid), 0.011 (dashed) and 0.46 (solid). Impor-
tantly, it is thus possible to probe the ALP–photon coupling even if the ALP predominantly
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Figure 10: Feynman diagrams contributing to the decay h ! Za.

arising at this order is due to fermion loop graphs. Because both the Higgs boson and the ALP
couple to fermions proportional to the fermion mass, the only relevant e↵ects comes from the
top quark. The W -boson loop diagram shown in the second graph vanishes, since there are
not enough 4-vectors available to saturate the indices of the Levi–Civita tensor in the aWW

vertex. A tree-level contribution to the h ! Za decay amplitude (third graph) arises first
at dimension-7 order, from the third operator shown in (6). Evaluating all contributions, we
obtain [47]
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m
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where �(x, y) = (1 � x � y)2 � 4xy, and we have defined

C
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Here yt and T
t
3
= 1

2
are the top-quark Yukawa coupling and weak isospin, and C

(5)

Zh = 0. The
top-quark contribution involves the parameter integral
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Z
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, (53)

where d[xyz] ⌘ dx dy dz �(1 � x � y � z). Numerically, we obtain

C
e↵

Zh ⇡ C
(5)

Zh � 0.016 ctt + 0.030C(7)

Zh


1TeV

⇤

�2

. (54)

The left plot in Figure 11 shows our predictions for the h ! Za decay rate normalized to the
SM rate �(h ! Z�)SM = 6.32 · 10�6GeV [92]. We set C

(5)

Zh = 0 and display the rate ratio

in the plane of the Wilson coe�cients ctt and C
(7)

Zh . Since only the relative sign of the two

coe�cients matters, we take C
(7)

Zh to be positive without loss of generality. We find that, in
a large portion of parameter space, the exotic h ! Za mode can naturally have a similar
decay rate as the h ! Z� mode in the SM, especially if the top-quark contribution interferes
constructively with the dimension-7 contribution proportional to C

(7)

Zh .
The argument for the absence of a tree-level dimension-5 contribution to the h ! Za decay

amplitude holds in all new-physics models, in which the operators in the e↵ective Lagrangian
arise from integrating out heavy particles whose mass remains large in the limit of unbroken
electroweak symmetry [47]. However, this argument does not apply for the class of models fea-
turing new heavy particles which receive all or most of their mass from electroweak symmetry
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H→aa→4γ (boosted)
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PRL 131 (2023) 101801

Search for very low mass pseudoscalars (0.1 < ma < 1.2 GeV) in the diphoton decay mode

‣ Boosted diphoton decay is reconstructed as a single photon-like object “Γ” using end-to-end deep 
learning PRD 108 (2023) 052002

Fit 2D distribution of invariant masses mΓ1 and mΓ2

‣ Signal region: 110 < mΓΓ < 140 GeV around Higgs resonance

‣ Sideband regions: 100 < mΓΓ < 110 GeV and 140 < mΓΓ < 180 GeV used to estimate non-resonant 
background

Search is also sensitive to long-lived decays: For ma = 0.1 (0.4) GeV, upper limits are 1.6 (0.9) times 
larger for cτ = 1 mm and 30 (3) times larger for cτ = 10 mm

DAE HEP, 2024

public plots

http://dx.doi.org/10.1103/PhysRevLett.131.101801
https://doi.org/10.1103/PhysRevD.108.052002
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-016/index.html


H→aa→4γ (resolved)
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Search for SM-like H→aa→4γ where the four photons are well isolated:

‣ Probes the mass range 15 < ma < 62 GeV

‣ Train a event classifier using variables uncorrelated to mγγγγ and look for a 125 GeV resonance in the 
mγγγγ spectrum of the signal-like events
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Observed upper limits on cross section range between 0.80-0.26 fb, compared to Higgs production 
cross section of 52 pb
Both H→aa→4γ analyses are statistically limited and no significant deviation from SM 
background is observed

JHEP 07 (2023) 148
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-003/index.html
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H→aa→2µ2b
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Clean signature with a precise mass resolution from mµµ and large BR from bb

‣ Search for a masses within 15 < ma < 60 GeV

‣ Bump hunt analysis using the dimuon invariant mass mµµ 

‣ Completely data-driven background estimation

Most stringent observed upper limit till date in this final state, slightly better than ATLAS results

No significant deviations from SM prediction, analysis is limited by statistics

EPJC 84 (2024) 493
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http://dx.doi.org/10.1140/epjc/s10052-024-12727-4
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-007/index.html
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8 P. Das

Relatively larger BR to bb and ττ, improved τ lepton reconstruction techniques

‣ Search for a masses within 12 < ma < 60 GeV

‣ Three final states explored: µτh, eτh, eµ

‣ SVfit algorithm to reconstruct mττ including neutrino energies

Type-independent upper limits on BR(H→aa→llbb) in the context of 2HDM+S are derived combining with 
2µ2b as a function of ma

2µ2b and 2τ2b combination: BR(H→aa) values excluded above 23% (Type II tanβ > 1), 7% (Type 
III tanβ = 2.0) and 15% (Type IV tanβ = 0.5)

EPJC 84 (2024) 493
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-007/index.html


0

100

200

300

400

500

600

700

800

900

Ev
en

ts
 / 

bi
n

 channelµSR, 4b: 
Data Syst + Stat. Other bkgs
Multijet  ll→Z ν l→W 

b + btt c + ctt  + lighttt
(x200)60GeVWH (x100)20GeVWH

 (13 TeV)-1138 fb

CMS

0.3− 0.2− 0.1− 0 0.1 0.2 0.3
BDT score (4b, 4j)

0.8
1

1.2

O
bs

./E
xp

.

H→aa→4b

P. Das9

Challenging fully hadronic final state, consider mass range 12 < ma < 60 GeV

‣ Feasible reconstruction in VH production mode, events selected using single or double-lepton trigger 

‣ Resolved analysis: at least 3 jets in the selected events, categorised based on number of jets and b-
jets 

‣ Signal-to-background discrimination using a BDT, score distribution compared to data

Assuming B(H→aa→4b) = 100%, ma values between 21-60 GeV are excluded at 95% CL

JHEP 06 (2024) 097
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-026/index.html


H→aa→4µ
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Excellent muon reconstruction, can target very low mass 0.21 < ma < 60 GeV

‣ Two dimuon pairs per event are chosen, where |m(µµ)1 - m(µµ)2| < W[(m(µµ)1 + m(µµ)2)/2], satisfying 
stringent reconstruction requirements that eliminate most of the background 

‣ Displaced signature considered for 2018 data using new displaced muon trigger

‣ Model independent observed upper limits on cross section range between 0.049-0.247 fb for the 
entire mass range

arxiv:2407.20425
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Results interpreted in NMSSM, ALP and Vector Portal models, 2018 result used to constrain long-lived 
signature from dark-SUSY model
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H→aa→4τ
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Analysis targets 4 < ma < 15 GeV where a→τµτ1-prong, also sensitive to H→aa→2µ2τ

CMS-PAS-SUS-24-002
  

Lorentz-boosted       states
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same-sign muons
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Preliminary

‣ Same sign muons with large angular separation are selected  

‣ Muons are non-isolated: accompanied by a charged track 

‣ 2D distribution of the two muon-track system is used to 
discriminate between signal and background

Most stringent upper limits to date for Type III 2HDM+S for all mass points for tanβ > 2
DAE HEP, 2024

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-24-002/index.html


H→Za, a→ γγ

P. Das12

Consider ALP mass range 1 < ma < 30 GeV

‣ Use mllγγ distribution within 95 - 180 GeV to extract signal

‣  Completely data-driven background

‣ A BDT classifier is used to separate signal from background, threshold optimised per mass point

PLB 852 (2024) 138582

No significant deviation from SM background is observed, analysis limited by statistical uncertainty: 
B(H→Za) below ~10-4 for 1 < ma < 30 GeV

Constrain effective coupling between H, Z and a within ~ 0.015 to 0.1 in this mass range, comparable to 
ATLAS results in the same mass range
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Summary
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Higgs portal to hidden BSM sector being explored by CMS analyses in different final states
➞ Many full Run-2 results, some analyses ongoing

‣ Improved sensitivity compared to previous searches using novel analysis techniques and machine 
learning

‣ Model independent searches can be interpreted in various theoretical models, including long-lived 
signatures

‣ Possibility to add h→Za search in a→ll/jj channels, even a→ττ

‣ For H→aa, no significant excess over SM prediction just yet, many other channels remain to be 
explored

• Asymmetric pseudoscalar masses
• Long-lived hadronic signatures
• Boosted reconstruction for low pseudoscalar 

mass points

Present results are dominated by statistical uncertainties: 
looking forward to Run-3!
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