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Getting to know
the 125 GeV scalar
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Menu of  the talk – 125 GeV Higgs rare decays

Rare loop-induced or Yukawa-suppressed radia8ve decays
Ø H➝Z𝛾,     H➝𝛾𝛾*           (Z,𝛾*➝𝑙𝑙)
Ø H➝J/𝜓𝛾, 𝜓𝛾 or 𝛶𝛾 (J/𝜓, 𝜓, 𝛶➝𝜇𝜇)
Ø H➝𝜔𝛾, 𝛫*𝛾

Is the Higgs sector responsible for LFV?
Ø H➝𝑒𝜏, H➝𝜇𝜏
Ø H➝𝑒𝜇, 

Can we observe Higgs decays to 1st and 2nd genera8on?
Ø H➝𝑒𝑒
Ø H➝𝜇𝜇

The searches mainly sta8s8cally limited (𝜎×BR~O(Q) or less)
Dominant systema8c unc. come from limited MC stats.
Þ analysis strategy & results ✓
Þ systema8c uncertain8es ✘
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H➝Z𝛾 (Z➝𝑙𝑙)

H➝𝛾𝛾*   (𝛾*➝𝑙𝑙)

H➝J/𝜓𝛾, 𝜓(2S)𝛾 or 𝛶𝛾 (Q➝𝜇𝜇)

H➝𝜔𝛾, 𝛫*𝛾 (exclusive!)

Search for rare loop-induced 
or Yukawa-suppressed decays
(with a prompt photon)
• Extra contribu-ons to the fermionic/bosonic loops?
• Modified fermion couplings? 

indirect direct
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Phys. Lett. B 809 (2020) 135754

v Six mutually exclusive SR 
categories Simultaneous 
profile ML fit of the S+B 
model in the six regions.

v KinemaKc fit of 𝑚!!
v FSR correcKon in 𝜇𝜇 channel

v Observed (expected) bkg. 
only fit p-value 1.3% (12.3%)

v Observed (expected) 
significance 2.2𝜎 (1.2𝜎)

H➝Z𝛾 (Z➝𝑙𝑙,  𝑙=𝑒,𝜇)

Fitted signal strength:  2.0 ± 0.9(stat.) "#.%&#.'(syst.)=2.0 "#.(&).#(tot.)
95% CL upper limit on signal strength 3.6 × SM  (0.55% on B(H➝Z𝛾))

https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub
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H➝ 𝛾*(𝑙𝑙)lm𝛾 m𝑙𝑙<30 GeV Phys. Lett. B 819 (2021) 136412

FiYed signal strength:  1.5 ± 0.5(stat.) "#.)&#.*(syst.)=1.5 ± 0.5 (tot.)

Þ observed (expected) significance: 3.2𝜎 (2.1𝜎) 
Þ 𝜎×B(H➝ 𝑙𝑙𝛾) = 8.7 ± 2.7(stat.) "#.+&#.,(syst.) [

v Three categories of 𝑙𝑙 pairs:
1. 𝜇𝜇 𝑝! > 3 GeV
2. resolved 𝑒𝑒 𝑝! > 4.5 GeV
3. merged  𝑒𝑒 𝑝!(𝑒𝑒) > 20 GeV

v Merged electrons distinguished from jets or single electrons using MVA methods 
v 9 mutually orthogonal SR categories defined based on VBF/non-VBF, high/low 𝑝!"

https://www.sciencedirect.com/science/article/pii/S037026932100352X?via=ihub
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arXiv:2208.03122H➝J/𝜓𝛾, 𝜓(2S)𝛾, 𝛶(1S,2S,3S)𝛾
H➝𝜔𝛾,   𝛫*𝛾 (flavour changing)
v Highly destrucOve interference of the 

indirect and direct diagrams!
v B(H➝J/𝜓𝛾) ~10-6, B(H➝𝛶𝛾) ~10-9-10-8

v B(H➝ 𝜔𝛾) ~10-6,  B(H➝ 𝐾*𝛾) <<10-11

v J/𝜓, 𝜓(2S), 𝛶➝ 𝜇+𝜇−

v 𝜔➝ 𝜋+𝜋−𝜋0 , 𝐾*➝ 𝐾+𝜋− (exclusive!)

v Inclusive background (all except for DY+ 
FSR 𝛾) from ‘generaOon region’ (SR with 
relaxed isolaOon) in data. Correlated 
sampling, normalisaOon from the fit. 
(arXiv: 2112.00650 [hep-ex])

v The search is performed for both H and Z 
decays to Q𝛾 (except 𝐾*)

v Data remain consistent with the 
background only hypothesis.

v 95% CL limits on B(H➝Q𝛾) are set
v 95% CL limits on B(Z➝Q𝛾)~O(10-6)

arXiv:2301.09938
(JHEP 07 (2018) 127)

https://arxiv.org/abs/2208.03122
https://arxiv.org/pdf/2112.00650.pdf
https://arxiv.org/abs/2301.09938
https://link.springer.com/article/10.1007/JHEP07(2018)127
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H➝𝑒𝜇

H➝𝑒𝜏 (𝜏𝑙, 𝜏had)

H➝𝜇𝜏 (𝜏𝑙, 𝜏had)

Search for Lepton Flavour Violation
in the Higgs sector

• Neutrinos oscillate: lepton flavour is not an exact 
symmetry

• Is the Higgs sector responsible?
• Naturally occurs in >1 HDM, composite Higgs, Randall-

Sundrum warped ED, etc.
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arXiv:2302.05225H➝𝑒𝜏, H➝𝜇𝜏 (𝜏𝑙, 𝜏had)
v For each decay two channels considered: 

𝑙𝜏𝑙, 𝑙𝜏had
v For 𝑙𝜏𝑙 different flavours only
v VBF and non-VBF categories
v Lepton pT in the approx. H rest frame 

used to resolve the ambiguity  (5-7%)
v dominant backgrounds: 𝑍➝𝜏𝜏, top
v MC-template (all channels) & Symmetry

(𝑙𝜏𝑙) background estimation methods

Symmetry-based method (𝑙𝜏𝑙)
𝑒𝜏𝜇⥊ 𝜇𝜏𝑒 (+FMC, FFF)
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https://arxiv.org/abs/2302.05225
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arXiv:2302.05225H➝𝑒𝜏, H➝𝜇𝜏 (𝜏𝑙, 𝜏had)
1 PoI: Combined fit to 𝑙𝜏𝑙& 𝑙𝜏had  non-VBF & VBF, using 
MC-template method for all but 𝑙𝜏𝑙VBF. Branching ratio 
for the opposite light lepton set to 0. 
2 PoI: Combined fit in all regions using MC-template 
method in 8 SR’s + 8 CR’s (𝑍➝𝜏𝜏 and top-quark)
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2 PoI observed (expected) 95% CL upper limits on :
B(H➝𝑒𝜏): 0.20% (0.12%), B(H➝𝜇𝜏): 0.18% (0.09%)
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Phys. Lett. B 801 (2020) 135148H➝𝑒𝜇
v OS lepton pairs 𝑝- > 27 15 GeV
v Veto on identified b-jets (suppress 

top background)
v 𝐸-./00/ 𝐻- < 1.75 GeV ⁄% &

v Categorisation:
• VBF and non-VBF
• Central ( 𝜂' < 1) and Non-central
• Low, Medium and High 𝑝!''

v Simultaneous binned ML fits to the 
observed 𝑚!! distributions in the 
range 110 < 𝑚!! < 160 GeV

H➝𝑒𝜇
v Main bkg.: DY Z/γ∗➝𝜏𝜏, top, di-

boson, misidentified leptons

H➝𝑒𝜇

Observed (expected) 95% CL upper limits on B(H➝𝑒𝜇):   6.2×10−5 (5.9×10−5)

https://www.sciencedirect.com/science/article/pii/S0370269319308706?via=ihub
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Phys. Lett. B 801 (2020) 135148H➝𝑒𝑒
v OS lepton pairs 𝑝- > 27 15 GeV
v Veto on identified b-jets (suppress 

top background)
v 𝐸-./00/ 𝐻- < 3.5 GeV ⁄% &

v Categorisation:
• VBF and non-VBF
• Central ( 𝜂' < 1) and Non-central
• Low, Medium and High 𝑝!''

v Simultaneous binned ML fits to the 
observed 𝑚!! distributions in the 
range 110 < 𝑚!! < 160 GeV

H➝𝑒𝑒
v Main bkg.: DY Z/γ∗➝𝑒𝑒

H➝𝑒𝑒

Observed (expected) 95% CL upper limits on B(H➝𝑒𝑒):  3.6×10−4  (3.5×10−4)

https://www.sciencedirect.com/science/article/pii/S0370269319308706?via=ihub
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H➝𝑒𝑒

H➝𝜇𝜇

Can we observe Higgs decays to 1st and 2nd

generation leptons?

• B(H➝𝑒𝑒)SM~5×10-9

• B(H➝𝜇𝜇)SM~2×10-4

• Can we confirm SM couplings?
• Any indication of BSM-induced enhancement?
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Obs. (exp.) significance: S=2.0𝜎 (1.7𝜎)

Phys. Lett. B 812 (2021) 135980H➝𝜇𝜇
v OS muon pairs 𝑝- > 27 15 GeV
v Veto on identified b-jets (except ttH)

v 20 mutually exclusive categories:
• S/B from 
dedicated BDT’s
• VBF
• ggF
• VH
• ttH

v Simultaneous binned ML fits to the 
observed 𝑚𝜇𝜇 distributions in the 
range 110 < 𝑚𝜇𝜇 < 160 GeV

v Main bkg.: DY Z/γ∗➝𝜇𝜇

https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
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SUMMARY
v Rich program of ATLAS searches for rare and forbidden 

SM Higgs decays
v Targeting loop-induced radiative decays, couplings to 

1st and 2nd generation fermions and potential LFV in the 
Higgs sector

v SM holds strong but some discrepancies are to be 
followed up (e.g. H➝𝑙𝜏)

v Stay tuned for what Run 3 data reveals…

THANK YOU  
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BACKUP
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Phys. Lett. B 809 (2020) 135754H➝Z𝛾 (Z➝𝑙𝑙)
v Single or di-lepton trigger
v OSSF lepton pair (>10 GeV) + photon (>10 GeV) 
v Kinematic fit of 𝑚%% after FSR correction
v Six mutually exclusive SR categories:

1. VBF-enriched (BDT classification)
2. High relative 𝑝! 𝑝!

(/𝑚)(> 0.4
3. High 𝑝!* 𝑒𝑒
4. Low 𝑝!* 𝑒𝑒
5. High 𝑝!* 𝜇𝜇
6. Low 𝑝!* 𝜇𝜇

v Signal shape parameterised by DSCB, 
background in each category by an analytic 
function (polynomial or power function)

v Z+jets reducible background estimated from 
data and re-constructed from simulated Z𝛾
multiplied by the fitted ratio function. 

v MC statistics second largest source of 
uncertainty (spurious signal)

https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub
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H➝(𝑙𝑙)lm𝛾 m𝑙𝑙<30 GeV
v Combination of single-lepton, dilepton, 

diphoton, and lepton+photon triggers 
v OSSF lepton pair + photon (>20 GeV) 
v Three categories of 𝑙𝑙 pairs:

1. 𝜇𝜇 𝑝! > 3 GeV
2. resolved 𝑒𝑒 𝑝! > 4.5 GeV
3. merged  𝑒𝑒 𝑝!(𝑒𝑒) > 20 GeV

v Merged electrons distinguished from 
jets or single electrons using 
multivariate methods 

v 9 mutually orthogonal SR categories 
defined based on VBF/non-VBF, 
high/low 𝑝!", 𝜇𝜇, 𝑒𝑒 resolved/merged 

v Dominant background comes from non-
resonant 𝑙𝑙𝛾 events

v MC statistics second largest source of 
uncertainty (spurious signal)

Phys. Lett. B 819 (2021) 136412

single 𝜇 fit

https://www.sciencedirect.com/science/article/pii/S037026932100352X?via=ihub
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arXiv:2208.03122

v 95% CL limits on B(H/Z➝Q𝛾) are set

arXiv:2301.09938
(JHEP 07 (2018) 127)

H➝J/𝜓𝛾, 𝜓(2S)𝛾, 𝛶(1S,2S,3S)𝛾
H➝𝜔𝛾,   𝛫*𝛾 (flavour changing)

https://arxiv.org/abs/2208.03122
https://arxiv.org/abs/2301.09938
https://link.springer.com/article/10.1007/JHEP07(2018)127
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arXiv:2302.05225H➝𝑒𝜏, H➝𝜇𝜏 (𝜏𝑙, 𝜏had)

https://arxiv.org/abs/2302.05225
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VBF category
Ø Two jets
Ø Veto: b-jets & additional leptons
Ø BDT (OVBF) based on 17 variables which 

include µµ and jj kinematics
Ø 4 categories with S/B ranging from 18% 

to 2.8%

ggF category
Ø Three jet cathegories (0-2),
Ø BDT (OggF

(0-2)) based on up to 17 
variables which include µµ and 
optionally jet kinematics

Ø 3x4 categories with S/B ranging from 
1.7% to 0.07%

Phys. Lett. B 812 (2021) 135980H➝𝜇𝜇

https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
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VH category
Ø Veto: b-jets 
Ø Additional isolated µ(e) pT>10(15)
Ø Two separate BDT’s targeting WH and 

ZH final states
Ø 2 WH and 1 ZH signal categories defined 

with S/B ranging from 3.7% to 0.8%

ttH category
Ø At least one b-jet (85% WP)
Ø Additional isolated µ(e) pT>15 GeV
Ø BDT taking 12 inputs, including 

multiplicity of b-jets
Ø ttH category optimizes expected 

significance, with S/B of 8%

Phys. Lett. B 812 (2021) 135980H➝𝜇𝜇

https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
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Corresponding CMS results

H➝Z𝛾 (Z➝𝑙𝑙) HIG-19-014 μ=2.0 ± 0.9(tot.) sign.=2.7𝜎

H➝ 𝛾*(𝑙𝑙)lm𝛾 HIG-17-007 95% CL limit: 3.9 (2.0) x SM (36 fb-1)

H➝𝑒𝜏 HIG-20-009 95% CL limit: B(H➝𝑒𝜏): 0.22% (0.16%)
H➝𝜇𝜏 HIG-20-009 95% CL limit: B(H➝𝜇𝜏): 0.15% (0.15%)

H➝𝑒𝜇 HIG-22-002 95% CL limit: B(H➝𝑒𝜇): 4.4×10−5 (4.7×10−5)

H➝𝑒𝑒 HIG-21-015 95% CL limit: B(H➝ 𝑒𝑒): 3.0×10−4 (3.0×10−4)

H➝𝜇𝜇 HIG-19-006 Obs. (exp.) significance: S=3.0𝜎 (2.5𝜎)
95% CL:  0.8 × 10−4 < B(H➝μμ) < 4.5 × 10−4

NEW


