
Tamar Zakareishvili1

 on behalf of the ATLAS Collaboration

1Instituto de Física Corpuscular (IFIC, CSIC-UV)

Search for rare processes and lepton-flavor-
violating decays of Higgs boson at the 

ATLAS experiment

European Physical Society Conference on High Energy Physics 2025
6 - 11 July

Marseille, 2025

Supported by AEI grant PID2021-124912NB-I00



Introduction
• Since the Higgs discovery in 2012 at the LHC, a new era began for testing the Standard Model 

(SM) and its limits.

• Rare decays, such as H → μμ/ee and H → Zγ, offer sensitive tests of the Higgs couplings.

• Lepton-flavor-violating (LFV) Higgs decays are forbidden in the SM, but suggested by neutrino 
oscillations and predicted by several BSM models.

- Can these decays reveal signs of new physics?

- What do precision measurements tell us about Yukawa couplings and loop-level processes?
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What answers can Higgs decays to 1st and 2nd 
generation leptons provide?
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Can we confirm Standard Model (SM) couplings?
- Higgs decays to muons offer a direct probe of the muon 

Yukawa coupling
- BR(H → μ+μ-) ≈ 2.18 × 10⁻⁴ 
 → Most promising 2nd-generation decay channel at the 
LHC

- BR(H → e+e-) ≈ 5.0 × 10⁻⁹ (challenging at current 
luminosity)

- Couplings to 3rd-generation fermions are established; 
2nd-generation Yukawa couplings not yet conclusively 
measured

- Precise measurement of H → μ+μ- tests SM prediction.

Any indication of Beyond 
Standard Model (BSM)?
- Are measured rates consistent with 

SM expectations?
- Enhanced or suppressed BR(H → 
μμ) can arise from loop-level effects 
or new particles?

- Precision measurements can help 
constrain BSM parameter space
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H → μ+μ-: ATLAS Run 2 + Run 3
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Challenge: Rare signal and huge 
background — signal to background 
ratio ~ 0.2%

Status with Run 2 data for H → μ+μ-: 
- ATLAS: observed (expected) significance 

2.0σ (1.7σ)
- CMS: observed (expected) significance 

3.0σ (2.5σ)

Refined Strategy:
✓Improved muon reconstruction & mass resolution
✓Stronger signal–background separation
✓More robust background modelling: 5B fully simulated events 
✓Expanded phase space coverage (including VH-2ℓ and ttH 

fully hadronic categories)

Key Enhancements:
- Increased statistics in data
- High-statistics NLO Drell–Yan simulation
- New event categories & better categorization with ML
- Refitting  H → μ+μ- primary vertex:

‣More precise 𝑑0 reduces its correlation impact with 𝑚𝜇𝜇

‣1.8% improvement on mass resolution - NEW in Run3
- Including radiation from muons - improvement on mass 

resolution!

NEW!



H → μ+μ-: ATLAS Run 2 + Run 3
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A simultaneous signal+background fit on the mμ+μ- 
spectrum with analytic function among all categories:
• Signal: double-sided Crystal Ball function.
• Background: Core × empirical function:

- Smeared with detector resolution 
- Used full-simulated NLO samples 
- Improved core function with accurate dimuon resolution

Event Categorization Strategy
• Events are split into 23 exclusive categories optimized for 
different Higgs production modes: ggF, VBF, VH, ttH
• Categorization exploits topology and kinematics using ML 
tools:
 – BDTs (XGBoost)
 – NNs (Keras/TensorFlow) for ttH
 – TMVA for 4ℓ VH category
• Training uses final-state kinematics and object relationships
• Category boundaries optimized for maximum signal sensitivity

NEW!



H → μ+μ-: results
Run 3 Run 2 + Run 3

Observed (expected) significance 2.8σ (1.8σ)

Compatibility between Run2 and Run3: 68%

Sensitivity improvement mostly driven by
Increased statistics.

μ = 1.6 ± 0.6 = 1.6+0.6
−0.5 (stat) ± 0.2 (syst)

Observed (expected) significance 3.4σ (2.5σ)

Sensitivity improves by ~50% w.r.t Run 2 
results.
 
Evidence of H → μ+μ- decay!

μ = 1.4 ± 0.4 = 1.6 ± 0.4 (stat) ± 0.1 (syst)

2.8σ

2.0σ

3.4σ

Profile likelihood scan of signal strength
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NEW!

Observed

Observed

HIGP-2024-11

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-11/
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NEW!

Observed

Observed

HIGP-2024-11

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-11/


Link

Event candidate:

H → μ+μ-
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https://gitlab.cern.ch/atlas-physics-office/HIGP/ANA-HIGP-2024-11/ANA-HIGP-2024-11-PAPER/-/blob/master/figures/aux_mat/ATLAS_VP1_ATLDISPLAY-287_Hmumu_run484466_evt3913031636_2024-09-13T05-46-24_v2.pdf?ref_type=heads


What can the rare H → Zγ decay tell us?
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Within the Standard Model:
• Is the observed rate consistent with SM 

expectations?
• SM predicts BR(H → Zγ) = (1.54 ± 0.09) × 10-³

- Similar in size to H → γγ (2.27 ± 0.07) × 10-³
• Can we observe this rare loop-induced decay and 

complete the picture of Higgs decays to 
electroweak bosons (γγ, ZZ*, WW*)?

• How precise can we measure this decay to test 
the SM loop structure?

Beyond the Standard Model:
• Are there deviations from the SM prediction 

in BR(H → Zγ)?

• Could new particles (charged scalars, 
fermions, vector bosons) be running in the 
loop and modifying the decay rate?

• Does the ratio BR(H → Zγ) / BR(H → γγ) 
show anomalous behaviour?

• Could this point to composite Higgs 
scenarios or alternative symmetry-breaking 
mechanisms?



H → Zγ: ATLAS + CMS - Run 2
Status with Run 2 data for H → Zγ: Evidence - combining 
ATLAS and CMS results!

Combined ATLAS and CMS results:

Observed (expected) significance 3.4σ (1.6σ)

★ ATLAS - Observed (expected) significance 
2.2σ (1.2σ) 

★ CMS - Observed (expected) significance 2.6σ 
(1.1σ) 

μ = 2.2 ± 0.7 = 2.2 ± 0.6 (stat)+0.3
−0.2 (syst)
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3.4σ

Phys. Rev. Lett. 132 (2024) 021803

Event Selection & Categorization:

• Focus on 𝑍 → 𝑒+𝑒-/𝜇+𝜇- 
decays - good mass resolution 
& background rejection, but 
small BR (6.7%).

• ATLAS: 6 categories, 
including a VBF-enriched one 
using a BDT and others split by 
lepton type & Zγ kinematics.

• CMS: 8 categories, with BDTs targeting VBF, associated production, and 
signal–background separation.

• Experimental uncertainties from ATLAS and CMS are treated as 
uncorrelated; theory (QCD & BR) uncertainties as correlated.

Observed

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021803


H → Zγ: ATLAS - Run 2 + Run 3
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A simultaneous signal+background fit on the 𝑙𝑙𝛾 mass 
spectrum with analytic function among all categories:
• Signal: double-sided Crystal Ball function.
• Background: function and fit range chosen to minimize 
spurious signal.

~15% 
sensitivity 

improvement

Main changes w.r.t. previous ATLAS 
Run2 search:
- Object threshold selection 

optimization -  improve the signal 
efficiency

- Split into different regions for 
categorization - targeting all major 
production modes: ggF, VBF, VH, 
ttH.

- Categorization optimization: new 
lepton category, VBF re-
optimization, MVA optimization 
with low-relative 𝑝𝑇 and high 
relative 𝑝𝑇 separation (in total: 13 
categories).

- Including partial ATLAS Run3 
data (2022+2023+2024) of 
165𝑓𝑏−1

~30% 
sensitivity 

improvement

NEW!
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H → Zγ: ATLAS - Run 2 + Run 3

Compatibility: 33%Run 3 Run 2 + Run 3

Observed (expected) significance 1.4σ (1.5σ)

Sensitivity improves by ~30% w.r.t Run 2 
results - driven by: 
- enhanced event selection/categorization 
strategies; 
- larger data set/Signal cross-section

μ = 0.9+0.7
−0.6 = 0.9 ± 0.6 (stat)+0.2

−0.1 (syst)

Observed (expected) significance 2.5σ (1.9σ)

Sensitivity improves by ~60% w.r.t Run 2 
results.
 
The most stringent expected sensitivity to 
date!

μ = 1.3+0.6
−0.5 = 1.3 ± 0.5 (stat) ± 0.2 (syst)

🌟

1.4σ

2.2σ

2.5σ

Observed

Profile likelihood scan of signal strength
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NEW!
ATLAS-CONF-2025-007

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-007/


Link

Event candidate:

H → Z(→μ+μ-)γ
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γ

https://atlaspo.cern.ch/public/event_display/


Lepton Flavour Violation in the Higgs sector?
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Not in Standard Model but nature hints otherwise - neutrino oscillations!

What are the possible LFV Higgs 
decays?
• H → τμ
• H → τe
• H → eμ*

LFV Higgs decays can probe off-
diagonal Yukawa couplings.

Beyond Standard Models predict Higgs 
LFV decays:
• Supersymmetry (SUSY)
• Two-Higgs-doublet models (2HDM)
• Composite Higgs models
• Randall–Sundrum models 
• Other scenarios with extended Higgs 

sectors



Higgs LFV decay
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JHEP 07 (2023) 166

Background estimation:
- Fake background data-driven. 
- Other backgrounds —  data-driven 

symmetry method (eτ ↔ μτ).

Background estimation:
- Fake background data-driven. 
- Other backgrounds — MC 

templates. 
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Status with Run 2 data for Higgs LFV decay
Two independent searches: H→eτ and H→μτ
Two categories: VBF and Non-VBF

Two independent background methods: 
- MC-template (for leptonic and hadronic decays)
- Symmetry method (for leptonic decays)

Background estimation:
- Fake background data-driven. 
- Other backgrounds — MC 

templates. 

https://link.springer.com/article/10.1007/JHEP07(2023)166


Higgs LFV decay: ATLAS Run2 results
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JHEP 07 (2023) 166

1 POI: Independent fits in eτ and μτ channels 2 POI: Simultaneous fit of H→eτ  and H→μτ 

- Combination of the three analysis approach with a 1 POI fit 
setup:
‣ Observed limits are above expected ones for both signals. 
‣ 2.2σ excess seen for ℬ(H→eτ) and 1.9σ  for ℬ(H→μτ).  

- 1 POI setup also used to extract branching ratio difference 
with Symmetry analysis: 

ℬ(H →μτ) − ℬ(H →eτ) = (0.25 ± 0.10)%

Observed limits are above expected ones, in 
line with 1 POI fits. 
- 1.6σ excess seen for ℬ(H→eτ) and 2.4σ for 

ℬ(H→μτ). 
- A slight upward deviation.
- Global compatibility with SM within 2.1σ.

https://link.springer.com/article/10.1007/JHEP07(2023)166


Link

Event candidate: 

H → μτe
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MET

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-11/figaux_07a.png


Summary
❖ H → μμ: Evidence at 3.4σ!
❖ H → Zγ: Reaching most stringent expected sensitivity to date!
❖ H → τμ, τe: Small excesses in Run 2 — consistent with SM within 2.1σ.
Improved sensitivity achieved through:
- Enhanced event reconstruction & categorization
- Machine Learning techniques (BDTs, NNs)
- Larger datasets and Run 3 inclusion
Outlook: Great potential to observe rare Higgs boson decay modes to probe new 
physics with:
- Improved analysis techniques
- Increased integrated luminosity in Run 3 
- And not in very far future: High Luminosity LHC Stay tuned!
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Thank you!
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Backup
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21Slides link

 H → μ+μ-

https://indico.cern.ch/event/1521132/contributions/6553044/subcontributions/554164/attachments/3084459/5460432/Hmumu_HiggsApproval.pdf


22Slides link

 H → μ+μ-

https://indico.cern.ch/event/1521132/contributions/6553044/subcontributions/554164/attachments/3084459/5460432/Hmumu_HiggsApproval.pdf
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The number of observed events and the fitted 
number of signal (𝑆) and background (𝐵) events 
from the combined fit to 165 fb−1 of Run-3 dataSignal composition per category

 H → μ+μ-
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 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H
VBF Medium Category
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 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H
VBF Low Category
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 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H
VBF Very Low Category
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 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H
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 ATLAS
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 ATLAS
-1 = 13.6 TeV, 165 fbs
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 ATLAS
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 ATLAS
-1 = 13.6 TeV, 165 fbs
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Individual categories in the H → μ+μ- analyses
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27Slides link

 H → Zγ

https://indico.cern.ch/event/1557150/contributions/6557261/subcontributions/554661/attachments/3086239/5464208/H2Zy_HIGP_Approval_0613.pdf


28Slides link

 H → Zγ

https://indico.cern.ch/event/1557150/contributions/6557261/subcontributions/554661/attachments/3086239/5464208/H2Zy_HIGP_Approval_0613.pdf
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Individual categories in the H->Zγ analyses
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LFV Higgs searches
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LFV Higgs: Yukawa couplings

The short-dashed lines represent limits 
corresponding to different branching ratios (0.01%, 
0.2%, 1% and 10%), while the dotted line indicates 
the naturalness limit (denoted by n.l.).

Expected (red long-dashed line) and observed 
(solid blue line) 95% CL upper limits from the 
simultaneous fit (1/2 POI) of the two searches on 
the absolute value of the couplings Ytaul and Yltau  
together with the most stringent indirect limits from 
tau to gamma searches (dark purple region) for (a) l 
= e or (b) l = μ. 
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LFV Higgs: 2 POI

For the H → τμ  (H → τe) signal, a 2.4  (1.6 ) excess is observed. In the case of the H → τe  signal, this is driven
mainly by the non-VBF category of the leplep final state based on the MC-template method.
In the case of the H → τμ  signal, it is driven by the non-VBF category of the lephad final
state.


