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Let’s set the scene...

The BEH mechanism – must have a massive scalar interacting with SU2 gauge bosons

The Yukawa interactions – an added bonus to generate fermion masses – the scalar 
interacts with SM massive fermions

Is it the whole story? – the above do not preclude existence of a non-minimal scalar 
sector  -    125 GeV Higgs properties   ⊕  direct searches for additional scalars
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Plan for today:

v I’ll summarise the 
fundamental proper3es  
confirming the BEH 
mechanism

v  I did talk about the Yukawa 
interac3ons. Today only some 
less well-known examples

v  Where do we stand in terms 
of direct searches for the 
extended phenomena? Today 
just a summary

A topic for a separate  
seminar, perhaps...
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Brout-Englert-Higgs-Hagen-Guralnik-Kibble field and…
the Higgs boson (1964)

T.Kibble G.Guralnik R.C.Hagen F.Englert R.Brout &        P.Higgs
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v pp collisions at the world-highest ever energy (currently 13.6 TeV)
v Intensity: ~60 interactions every 25 ns (40 MHz)
v E.g.: The Higgs Boson is produced ~once per second! 

The Large Hadron Collider

New physics:
“heavy” => COM energy
“rare”     => luminosty

umowa_petroinform-2-bruckman
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ATLAS Detector

ATLAS Collaboration 
    38 Countries 
  175 Institutions
3000 Scientific Authors total 
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H ® ZZ* ®4l candidate
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Ladies and gentlemen,
I think we’ve got it!

Discovery of a Higgs-like particle
decaying to gauge bosons

2012
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… what was observed

H ® gg H ® ZZ*®4l

mH=126.0±0.4 (stat)±0.4 (sys) GeV GS = 5.1σ

Phys. Lett. B 716 (2012) 1-29

https://www.sciencedirect.com/science/article/pii/S037026931200857X
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QM assures us that:
1. H → 2 bosons (gg) -> must be a boson

2. H → 2 photons implies it cannot be a vector boson (S=1). 
Options left: 0, 2.

3. Analysis of angular distributions in H → 4l and others 
excluded S=2 @99% CL, fully confirming the S=0 
hypothesis (scalar!)

4.  Couplings to SM particles are key features of the Higgs 
boson – they depend on the particle mass! 

How did we know what was 
actually observed?
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Eur. Phys. J. C75 (2015) 476
Testing for alternative JCP scenarios using decay
kinematics.
ZZ: full kinematics available
WW: mℓℓ, pT

ℓℓ, Dφℓℓ and mT
gg:  cos(QCS

*), pT
gg

Note: Landau-Yang theorem precludes J=1 
hypothesis in the presence of H->gg

JP of the 125 GeV Higgs
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Production and Decay of the SM Higgs Boson at the LHC 

Production (gg Fusion dominant)

¬ production @ LHC

Higgs decay branching ®

Higgs coupling proportional to mass ⇒ Higgs
generaly decays to heaviest particles possible
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Run 2 

x30

Discovery

Getting to know
the 125 GeV scalar
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Higgs mass measurement 

v The result is statistically dominated!
v Largest systematics come from muon 

momentum scale and electron 
energy scale

NN output to parameterise per-event resolution and composition

HIGG-2020-07

H ® gg

H ® ZZ*®4l

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/


Białasówka 22/03/2024 P. Brückman de Renstromp20

Higgs mass measurement 

Legacy Run2 Higgs mass (4l+𝛾𝛾 combined) currently @ 0.14GeV (approaching 10-3 
precision!). We know top mass to 2x10-3, W mass to 2x10-4

HIGG-2020-07

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/


Białasówka 22/03/2024 P. Brückman de Renstromp21

Higgs total width – the smart way

The measured total width of the Higgs boson is 4.5+3.3
−2.5 MeV   (ΓSM(125 GeV) = 4.1 MeV) 

95% CL observed (expected) limits on the Higgs width:   0.5(0.1) < Γ𝐻 < 10.5(10.9) MeV 

Explore the off-shell Higgs decays...

...into two on-shell Z bosons decaying leptonically  
(4l or 2l2𝜈)

Phys. Lett. B 846 (2023) 138223

⊕ ⊕  the interference term

https://authors.elsevier.com/sd/article/S0370269323005579
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Nature 607, pages 52-59 (2022)

Higgs couplings combination 
87% 7% 4% 2% 0.05%

22/3% 0.2% 58/3% 6/0.02%

𝐻 → 𝑍𝑍* → l+l−l+l−
𝐻 → 𝑊±𝑊∓ → l±𝜈ll∓𝜈l
𝐻 → 𝛾𝛾 
𝐻 → 𝑍𝛾    (limit, incl.) 
𝐻 → 𝑏𝑏 ̄   (all but ggF)
𝐻 → 𝜏+𝜏−
𝐻 → 𝜇+𝜇− 
𝐻 → 𝑐𝑐 ̄     (VBF, ZH)
𝐻 → invisible  (VBF, ZH)

Assuming m(H) = 125.09 GeV
PRL 114 (2015) 191803

Excellent agreement of couplings across three 
orders of magnitude of particle mass!

https://www.nature.com/articles/s41586-022-04893-w
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
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Run 2 (36 fb-1 & 80 fb-1 )2018
H->tt

Signal strength:   𝛍=1.09 +0.35-0.30
Significance:         S=4.4(4.1 exp.)𝜎
⨁ Run 1:
Significance:         S=6.4(5.4 exp.)𝜎
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Signal strength:   𝛍=1.32 +0.28-0.26
Significance:         S=5.8(4.9 exp.)𝜎
⨁ Run 1:
Significance:         S=6.3(5.1 exp.)𝜎

ttH

Higgs decays to WW*, ZZ*, 
𝛾𝛾, 𝜏𝜏, bb considered
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Run 2 (139 fb-1)   VH, H->bb2020

Signal strength:   𝛍=1.02 ±0.12 ±0.14
Significance:         S=6.7(6.7 exp.)𝜎
Significance (ZH): S=5.3(5.1 exp.)𝜎

Resolved VH->bb arXiv:2007.02873  (2020)
Boosted VH->bb arXiv:2008.02508 (2020) 
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Boosted analysis: measurement at high pT  - increased 
sensitivity to BSM physics 
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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 contributions 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 Kinematic fit of 𝑚!!
v FSR correction 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

Fitted 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.) fb

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 destructive 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 ‘generation region’ (SR with 
relaxed isolation) in data. Correlated 
sampling, normalisation 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)
1 PoI: Combined fit to 𝑙𝜏𝑙 & 𝑙𝜏had  non-VBF & VBF, using 
MC-template method for all but 𝑙𝜏𝑙 VBF. 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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https://arxiv.org/abs/2302.05225
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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 
genera5on leptons?

• B(H➝𝑒𝑒)SM~5×10-9

• B(H➝𝜇𝜇)SM~2×10-4

• Can we confirm SM couplings?
• Any indicaRon 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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v Maybe the Higgs is the only known par@cle that „talks” to the dark mager 
par@cles (Higgs is a mixture of SM and DM scalar).

v Probability of Higgs decaying into a pair of WIMP’s can be converted into 
probability for WIMP-nucleon scagering.

Higgs produced via the VBF or in 
association with a top pair. 
Missing Energy is the key 
signature.

Higgs – portal to the DM sector?

Phys. Lett. B 842 (2023) 137963

mH/2

https://www.sciencedirect.com/science/article/pii/S0370269323002976?via=ihub
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Understanding the Higgs potential... 

ggF:  90% of SM x-section (interfere destructively)

Non-resonant HH search𝒃𝒃 �̄�𝜸, 𝒃𝒃 �̄�+𝝉−, and  𝒃𝒃 �̄�𝒃  ̄

VBF:  will help in the future
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https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
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OO=2·Re(M*SM ·MCP−odd)/|MSM|2

Does Higgs sector contribute to CP violation? 

VBF  𝐻 → 𝛾𝛾 

In lack of CP-odd 
contribution the 
distribution of OO 
is symmetric

Obtained:
the most stringent constraint on the dimension-six CP-odd 
contribution to the H-V interaction EFT Lagrangian.

Phys. Rev. Lett. 131 (2023) 061802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
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Does Higgs sector contribute to CP violation? 

𝐻 → 𝜏𝜏 

CP-odd interactions with 
fermions can occur at tree level.
𝜙CP denotes angle between 𝜏 
decay products sensitive to 𝜏-𝜏 
spin correlation.
𝜙𝜏  denotes the mixing angle 
between CP-even and CP-odd 
amplitude (𝜙𝜏SM=0) 

Obtained:      𝜙𝜏 = 9◦ ± 16◦

The pure 𝐶𝑃-odd hypothesis is disfavoured at a level of 3.4𝜎

Eur. Phys. J. C 83 (2023) 563

https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
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Extended scalar sector – 2HDM

FCNC ⇒
(no fermions 
get mass from 
both dublets)

lepton-specific flippedMSSM-like

ar
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h125 couplings fermiophobic

0.95

0.30  !

https://arxiv.org/abs/2402.05742
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Most commonly considered, motivated e.g. by MSSM:

h125, H0, A0, H+, H-   
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Extended scalar sector – 2HDM

http://cds.cern.ch/record/2827098/files/ATL-PHYS-PUB-2022-043.pdf
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Extended scalar sector – 2HDM
Let me sneak in a little publicity  ;) 

Krakow  group contributions
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http://cds.cern.ch/record/2827098/files/ATL-PHYS-PUB-2022-043.pdf
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Direct searches – any hints yet?

Just a few examples. There are more. All (global) significances remain under 3𝜎.
Yet, nothing to get overexcited about ;) 

H+→cb H→𝜏𝜏

H→𝜏𝜏H+→WZ →3l𝜈H++→W+W+ →2l2𝜈

H→𝛾𝛾



Białasówka 22/03/2024 P. Brückman de Renstromp43

H
ug

e 
le

ap
 e

xp
ec

te
d 

fro
m

 F
C

C
-e

e 
!

Projections for HL-LHC & FCC-ee

Taken from the FCC feasibility study mid-term report (2023)
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SUMMARY

v Rich program of 125 GeV Higgs property 
measurements.

v Complemented by direct searches for additional 
scalars.

v We leave no stone unturned in exploration of the Higgs 
sector. It might bear answers to some most 
fundamental questions.

v Stay tuned for what HL-LHC reveals...
v FCC-ee has a potential to pinpoint Higgs properties 

with an unprecedented precision. 

 THANK YOU  


