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Higgs boson discovered in 2012
Not much known about the “new boson” by that time
Situation drastically changed during the subsequent years

Precision measurement of its properties
Mass, width, spin, parity, couplings

New analysis techniques such as the matrix-element method and neural networks allow to pursue difficult
channels or observables
Global combination of different coupling measurements allows to derive a consistent and uniform picture of
the Higgs boson

So far, everything looks like a SM Higgs boson
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Summary on Higgs Boson Properties



So far: reconstructed distributions of kinematic observables compared to expected distributions
(from MC simulation and/or data)

All physics effects forward-folded with detector effects, e. g. resolution
Problem: distributions cannot be compared between experiments or with theory calculations

A solution: measurements presented as differential cross sections = cross sections as a function of one
or more kinematic observable

Detector effects corrected by unfolding procedure
Typical result: fiducial differential cross section at level of stable particles
Differential distributions contain more information on physics processes than inclusive cross sections: more
detailed comparison with theory

Main channels: H → γγ and H → ZZ∗ → 4l
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Differential Cross Section
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Differential Cross Section



Determine true distribution f (x⃗) from reconstructed distribution g(y⃗)
Relation: Fredholm integral equation

g(y⃗) =

∫
R(y⃗ |⃗x) f (⃗x) dx⃗ + b(y⃗) =

∫
α(y⃗ |⃗x)ϵ(⃗x) f (⃗x) dx⃗ + b(y⃗)

y⃗ : observed (reconstruction level) kinematics, x⃗ : “true” kinematics
R(y⃗ |⃗x) transfer function = acceptance α(y⃗ |⃗x) × efficiency ϵ(⃗x)
b(y⃗): background distribution

4/42 21. 7. 2023 Nils Faltermann: Teilchenphysik II - W, Z, Higgs am Collider KIT -ETP

Unfolding Techniques



Determine true distribution f (x⃗) from reconstructed distribution g(y⃗)
Relation: Fredholm integral equation

g(y⃗) =

∫
R(y⃗ |⃗x) f (⃗x) dx⃗ + b(y⃗) =

∫
α(y⃗ |⃗x)ϵ(⃗x) f (⃗x) dx⃗ + b(y⃗)

y⃗ : observed (reconstruction level) kinematics, x⃗ : “true” kinematics
R(y⃗ |⃗x) transfer function = acceptance α(y⃗ |⃗x) × efficiency ϵ(⃗x)
b(y⃗): background distribution

Solving for f (x⃗): ill-posed mathematical problem, typical solution
First step: discretisation (=histogram) + response/migration matrix R

gi =
m∑

j=1

Rij fj + bi
i : bin observed distribution g
j : bin “true” distribution f

R ≈ diagonal: bin-by-bin correction factors ci : gi = ci fi + bi

Matrix inversion: numerically unstable due to statistical fluctuations
→ additional assumption: smooth distributions (“regularisation”)
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Bin-by-bin Unfolding: H → ZZ → 4ℓ 
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H → ZZ → 4ℓ:  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matrix almost diagonal)  
→ bin-by-bin unfolding

6/42 21. 7. 2023 Nils Faltermann: Teilchenphysik II - W, Z, Higgs am Collider KIT -ETP

Bin-by-Bin Unfolding (H → ZZ → 4l)
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Matrix Unfolding: H → WW 
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Figure 1. Distributions of the mℓℓ variable in each of the six pHT bins. Background normalizations
correspond to the values obtained from the fit. Signal normalization is fixed to the SM expectation.
The distributions are shown in an mT window of [60,110]GeV in order to emphasize the Higgs
boson (H) signal. The signal contribution is shown both stacked on top of the background and
superimposed on it. Ratios of the expected and observed event yields in individual bins are shown
in the panels below the plots. The uncertainty band shown in the ratio plot corresponds to the
envelope of systematic uncertainties after performing the fit to the data.
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Figure 2. Distributions of the mT variable in each of the six pHT bins. Background normalizations
correspond to the values obtained from the fit. Signal normalization is fixed to the SM expectation.
The distributions are shown in an mℓℓ window of [12,75]GeV in order to emphasize the Higgs
boson (H) signal. The signal contribution is shown both stacked on top of the background and
superimposed on it. Ratios of the expected and observed event yields in individual bins are shown
in the panels below the plots. The uncertainty band shown in the ratio plot corresponds to the
envelope of systematic uncertainties after performing the fit to the data.
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Figure 3. Differential Higgs boson production cross section as a function of the reconstructed pHT,
before applying the unfolding procedure. Data values after the background subtraction are shown
together with the statistical and the systematic uncertainties, determined propagating the sources
of uncertainty through the fit procedure. The line and dashed area represent the SM theoretical
estimates in which the acceptance of the dominant ggH contribution is modelled by powheg V1.
The sub-dominant component of the signal is denoted as XH=VBF+VH, and is shown with the
cross filled area separately.

8 Unfolding and treatment of systematic uncertainties

To facilitate comparisons with theoretical predictions or other experimental results, the

signal extracted performing the fit has to be corrected for detector resolution and efficiency

effects and for the efficiency of the selection defined in the analysis. An unfolding procedure

is used relying on the RooUnfold package [84], which provides the tools to run various

unfolding algorithms.

For every variable of interest, simulated samples are used to compare the distribution

of that variable before and after the simulated events are processed through CMS detector

simulation and events reconstruction. The detector response matrix M is built according

to the following equation:

RMC
i =

n∑

j=1

MijT
MC
j , (8.1)

where TMC and RMC are two n-dimensional vectors representing the distribution before

and after event processing through CMS simulation and reconstruction, respectively. The

dimension n of the two vectors corresponds to the number of bins in the distributions,

equal to six in this analysis. The response matrix M includes all the effects related to

the detector and analysis selection that affect the RMC distribution. To avoid the large
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Figure 4. Response matrix normalized by row (left) and by column (right) including all signal
processes. The matrices are normalized either by row (left) or by column (right) in order to show
the purity or stability respectively in diagonal bins.

variance and strong negative correlation between the neighbouring bins [38], the unfolding

procedure in this analysis relies on the singular value decomposition [85] method based on

the Tikhonov regularization function. The regularization parameter is chosen to obtain

results that are robust against numerical instabilities and statistical fluctuations, following

the prescription described in ref. [85]. It has been verified using a large number of simulated

pseudo-experiments that the coverage of the unfolded uncertainties obtained with this

procedure is as expected.

The response matrix is built as a two-dimensional histogram, with the generator-level

pHT on the y axis and the same variable after the reconstruction on the x axis, using the same

binning for both distributions. The resulting detector response matrix, including all signal

sources and normalized by row, is shown in figure 4(left). The diagonal bins correspond to

the purity P , defined as the ratio of the number of events generated and reconstructed in a

given bin, to the number of events generated in that bin. The same matrix, normalized by

column, is shown in figure 4(right). In this case the diagonal bins correspond to the stability

S, defined as the ratio of the number of events generated and reconstructed in a given bin,

and the number of events reconstructed in that bin. The P and S parameters provide an

estimate of the pHT resolution and migration effects. The main source of bin migrations

effects in the response matrix is the limited resolution in the measurement of Emiss
T .

Several closure tests are performed in order to validate the unfolding procedure. To

estimate the uncertainty in the unfolding procedure due to the particular model adopted for

building the response matrix, two independent gluon fusion samples are used, corresponding

to two different generators: powheg V1 and JHUGen generators, both interfaced to

Pythia 6.4. The JHUGen generator sample is used to build the response matrix while the

powheg V1 sample is used for the measured and the MC distributions at generator level.

The result of this test shows good agreement between the unfolded and the distribution

from MC simulation.
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Figure 5. Higgs boson production cross section as a function of pHT, after applying the unfolding
procedure. Data points are shown, together with statistical and systematic uncertainties. The
vertical bars on the data points correspond to the sum in quadrature of the statistical and systematic
uncertainties. The model dependence uncertainty is also shown. The pink (and back-slashed filling)
and green (and slashed filling) lines and areas represent the SM theoretical estimates in which the
acceptance of the dominant ggH contribution is modelled by HRes and powheg V2, respectively.
The subdominant component of the signal is denoted as XH=VBF+VH and it is shown with the
cross filled area separately. The bottom panel shows the ratio of data and powheg V2 theoretical
estimate to the HRes theoretical prediction.

To measure the inclusive cross section in the fiducial phase space, the differential mea-

sured spectrum is integrated over pHT. In order to compute the contributions of the bin

uncertainties of the differential spectrum to the inclusive uncertainty, error propagation

is performed taking into account the covariance matrix of the six signal strengths. For

the extrapolation of this result to the fiducial phase space, the unfolding procedure is not

needed, and the inclusive measurement has only to be corrected for the fiducial phase space

selection efficiency ϵfid. Dividing the measured number of events by the integrated lumi-

nosity and correcting for the overall selection efficiency, which is estimated in simulation

to be ϵfid = 36.2%, the inclusive fiducial σ B, σfid, is computed to be:

σfid = 39± 8 (stat)± 9 (syst) fb, (9.2)

in agreement within the uncertainties with the theoretical estimate of 48± 8 fb, computed

integrating the spectrum obtained with the powheg V2 program for the ggH process and

including the XH contribution.
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Matrix Unfolding (H → WW)



Probes modelling of dominant ggH production mode

Sensitivity to new heavy particles in the loop
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Example: Higgs-Boson pT

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/index.html
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Example: Higgs-Boson pT
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full Run 2

H → ZZ∗ → 4l

at high pT

improves sensitivity
Boosted H → bb

Fiducial cross-section measurements in each channel, extrapolated to full phase-space for combination

20–30 % precision with full Run 2 dataset (statistically limited)
Data consistent with SM (different predictions at NLO & NNLO)
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Example: Higgs-Boson pT

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/index.html
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Example: Higgs-Boson pT

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/


Constraints on other Higgs-boson couplings
Yukawa couplings to top, bottom, charm quarks
Effective coupling to gluons (with dim.-6 operator)
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Constraints on not-yet directly accessible couplings
e. g. sensitivity to κc competitive to direct searches
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Example: Higgs-Boson pT
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Example: Higgs-Boson pT

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/
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Consistent with SM predictions
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Example: Jet Kinematics

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/index.html
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Consistent with SM predictions
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Example: Jet Kinematics

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/
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Consistent with SM predictions
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Example: Jet Kinematics

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/index.html
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H → γγ channel, e. g. as function of pT (H) × N(jets)
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Consistent with SM predictions, still sizeable statistical uncertainties
Some differences between generators at high pT
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Example: Double-Differential Cross-Section

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-025/
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H → γγ channel, e. g. as function of pT (H) × N(jets)
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Consistent with SM predictions, still sizeable statistical uncertainties
Some differences between generators at high pT
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Example: Double-Differential Cross-Section

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-025/


Higgs boson self-coupling: access to shape of Higgs potential

LH ⊃ −λv2H2 + λvH3 − 1
4
λH4 =

1
2

mHH2 +
m2

H

2v
H3 − m2

H

8v2
H4

Tri-linear Higgs coupling at hadron colliders: di-Higgs production

Very small SM cross-section due to destructive interference with diagrams with Yukawa coupling:
σSM(HH) = 33.5 fb at 13 TeV (≈ 0.1%σSM(H))

In principle also quartic Higgs self-coupling (tri-Higgs production) but cross section even smaller: 0.1 fb
at 13 TeV (→ not feasible at LHC)
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Higgs Boson Self-Coupling at the LHC



Di-Higgs searches performed in several different final-states

Often final states with one H → bb decay to exploit high branching ratio

→ compensate low cross-section

Each channel
Upper limit on SM non-resonant production
Search for non-resonant hh BSM effects in mhh

Model-independent search for narrow resonance
in mhh spectrum

→ same analysis results interpreted in different
models
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Searches for Di-Higgs Production



Resonant Higgs boson pair-production studied within generic extension of SM Lagrangian

→ EFT approach (JHEP 1604 (2016) 126)

M. Dall’Osso at EPS 2017

Lh = 1
2∂µh∂µh − 1

2 m2
hh2 − κλλSMvh3

−mt
v

(
v + κth + c2

v hh
)
(̄tLtR + h.c.)

+ 1
4

αs
3πv

(
cgh − c2g

2v hh
)

GµνGµν

5 free parameters: κλ = λhhh/λ
SM
hhh, κt = λt/λ

SM
t , c2, cg , c2g
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BSM Non-Resonant Di-Higgs Production?

https://inspirehep.net/record/1381952/
https://indico.cern.ch/event/466934/contributions/2588820/


12 benchmarks for κλ, κt, c2, cg , c2g
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−→
Non-resonant SM production not yet accessible, upper limit of ≈ 20 × SM expectation
No evidence of additional BSM contribution, but vast parameter space that is difficult to cover

16/42 21. 7. 2023 Nils Faltermann: Teilchenphysik II - W, Z, Higgs am Collider KIT -ETP

Di-Higgs Production: Early Run 2 Results

https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/SummaryResultsHIG


Review paper by the CMS Collaboration ten years after the discovery of the Higgs Boson

A portrait of the Higgs boson by the CMS experiment ten years after the discovery [Nature 607 (2022) 60-68]

State-of-the-art results for couplings and Di-Higgs searches

Similar paper from the ATLAS Collaboration
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Where are we now?

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html


0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Parameter value

tH
µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggH
µ

 (13 TeV)-1138 fb

Observed 1 SD (stat)±

 syst)⊕1 SD (stat ± 1 SD (syst)±

 syst)⊕2 SDs (stat ±

CMS

2.42−
2.66+6.05 1.99−

2.06+ 1.38−
1.69+ 

0.19−
0.20+0.94 0.15±

0.12−
0.13+ 

0.25−
0.22+1.29 0.20±

0.14−
0.09+ 

0.25−
0.26+1.44 0.21±

0.15−
0.16+ 

0.12± 0.80 0.10−
0.09+ 0.07−

0.08+ 

0.07−
0.08+0.97 0.04±

0.06−
0.07+ 

Stat Syst

0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value

γZµ

µµµ

bbµ

ττµ

WWµ

ZZµ

γγµ

 (13 TeV)-1138 fb

Observed 1 SD (stat)±

 syst)⊕1 SD (stat ± 1 SD (syst)±

 syst)⊕2 SDs (stat ±

CMS

0.96−
1.07+2.59 0.93−

0.97+ 0.25−
0.45+ 

0.42−
0.45+1.21 0.38−

0.42+ 0.16−
0.17+ 

0.21−
0.22+1.05 0.15±

0.15−
0.16+ 

0.10± 0.85 0.06± 0.08±

0.09± 0.97 0.05± 0.08±

0.11−
0.12+0.97 0.07−

0.08+ 0.08−
0.09+ 

0.09± 1.13 0.06±
0.06−
0.07+ 

Stat Syst

18/42 21. 7. 2023 Nils Faltermann: Teilchenphysik II - W, Z, Higgs am Collider KIT -ETP

Signal Strengths: Production and Decay
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Couplings to Fermions and Bosons
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Individual Couplings
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Di-Higgs Production
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Self-Coupling and Quartic Coupling



Couplings of the Higgs boson H(125) have been
determined with an accuracy of around 10% or
better

Non-SM couplings at this order possible!

0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value

Undet.Β
Inv.Β

γκ

gκ

γZκ
µκ

τκ

bκ
Zκ

Wκ
tκ

 (13 TeV)-1138 fb

Observed 1 SD (stat)±

 syst)⊕1 SD (stat ± 1 SD (syst)±

 syst)⊕2 SDs (stat ±

CMS

0.06+0.00 0.05+ 0.03+ 

0.05± 0.07 0.02± 0.04±

0.06−
0.05+1.07 0.05−

0.04+ 0.03−
0.04+ 

0.07± 0.93 0.05±
0.05−
0.06+ 

0.36−
0.32+1.62 0.34−

0.29+ 0.11−
0.12+ 

0.21−
0.19+1.11 0.20−

0.18+ 0.07±

0.07± 0.91 0.04±
0.05−
0.06+ 

0.12−
0.10+0.90 0.09−

0.07+ 0.08−
0.07+ 

0.03−1.00 0.03− 0.01− 

0.06−1.00 0.04− 0.04− 

0.10± 1.01 0.07± 0.07±

Stat Syst

23/42 21. 7. 2023 Nils Faltermann: Teilchenphysik II - W, Z, Higgs am Collider KIT -ETP

How SM-Like is H(125)?



‘Bare’ Higgs boson mass receives quantum corrections
Corrections to mass scale quadratically with cut-off scale Λ

Λ: scale up to which SM is assumed to be valid
Quadratic corrections unique feature of scalar particles

quantum corrections

m2
H = m2

0 - λ2
f

8π2 Λ
2 + . . .

125 GeV bare mass

SM: Λ = ΛPlanck ≈ 1016 GeV → natural scale for mH

How can mH be 125 GeV?

→ m2
0 =

λ2
f

8π2 Λ
2 at extremely high precision (1016!): fine-tuning problem

Alternatively
New physics at a scale Λ ≪ ΛPlanck?
Additional terms that cancel corrections (e. g. in Supersymmetry)?
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Hierarchy Problem in the SM Higgs Sector
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Hierarchy Problem in the SM Higgs Sector



Standard Model self-consistent and
renormalisable, but

Metastable vacuum when extrapolated to the
Planck scale
Quadratically divergent quantum corrections to
Higgs-boson mass
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Higgs mechanism added somewhat ad-hoc to achieve EWSB

Yukawa couplings just defer problem of fermion masses
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Pecularities of the SM Higgs Sector

https://inspirehep.net/search?p=find+eprint+0906.0954


Non-SM-Higgs properties of the 125 GeV boson? Additional Higgs bosons?
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Out for the Unknown



In SM, no lepton-flavour violating (LFV) Higgs couplings

But can occur in models with more than one Higgs doublet

Indirect constraints:
B(H → eµ) < O(10−8)
B(H → µτ) < O(10%)
B(H → eτ) < O(10%)

e. g. from virtual loop contributions of LFV Higgs
couplings to
µ → eγ, τ → eγ, τ → µγ

H → eτ and H → µτ only weakly constrained
Perform direct measurements!
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Lepton-Flavour Violating Higgs Couplings
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Lepton-Flavour Violating Higgs Couplings: eτ and µτ

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-009/index.html
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Interpreted as limit on lepton-flavour violating Yukawa couplings
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Lepton-Flavour Violating Higgs Couplings: eτ and µτ

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-009/index.html


Although the eµ channel has already higher constraints, a similar search has been carried out

No signal found for decay of the SM Higgs boson into eµ...
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Lepton-Flavour Violating Higgs Couplings: eµ

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-002/index.html


However, the analysis covers not only SM Higgs boson decays, but also searches for a non-SM signal
from the decay of a generic BSM boson decay (mX ̸= 125 GeV)
Significant excess (3.8σ local, 2.8σ global) at around mX = 146 GeV observed
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More data will be necessary to decide whether this is a true BSM signal or not
→ analysis with Run 3 data (no signal seen by ATLAS in Run 2)
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Lepton-Flavour Violating Higgs Couplings: eµ

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-002/index.html
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More data will be necessary to decide whether this is a true BSM signal or not
→ analysis with Run 3 data (no signal seen by ATLAS in Run 2)
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Lepton-Flavour Violating Higgs Couplings: eµ

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-002/index.html


Very small branching ratio of ≈ 0.1% in SM (mostly H → ZZ∗ → 4ν)

But possible at larger rate in new-physics models, e. g. in Supersymmetry or extra-dimensions models
New invisible particle χ often Dark Matter candidate

Constraints from combined coupling measurements

“VH”

q

q

q

q

H
V

V

vector-boson fusion

g

g

H
t

t

t

g

monojet

Direct searches in events where H recoils against visible objects
Signature: large /ET recoling against a distinctive visible system
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Searches for “Higgs → Invisible”
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Searches for “Higgs → Invisible”
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Combined upper limit at 95 % C.L.:

B(H → inv) < 0.15 (observed)

Assuming SM production cross-sections of a
H(125) boson

How can we interpret this in terms of limits to
BSM physics?
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Searches for “Higgs → Invisible”

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-007/index.html


C
om

bi
ne

d

V
B

F
-t

ag

V
H

-t
ag

H
-t

ag
tt

gg
H

-t
ag

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(H
)

S
M

σ
 / 

ob
s

σ
 in

v)
 =

 
→

B
(H

 

(0.08)0.15 
(0.10)0.18 

(0.18)0.21 

(0.30)0.26 
(0.32)0.49 

Observed

Median expected

68% expected

95% expected

 (13 TeV)-1 (8 TeV), 140 fb-1 (7 TeV), 19.7 fb-1 4.9 fb

95% CL upper limitsCMS

C
M

S
-H

IG
-21-007,S

ubm
itted

to
E

ur.
P

hys.
J.C

33/42 21. 7. 2023 Nils Faltermann: Teilchenphysik II - W, Z, Higgs am Collider KIT -ETP

Searches for “Higgs → Invisible”

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-007/index.html
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Searches for “Higgs → Invisible”

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-007/index.html


1 10 210 310
 (GeV)DMm

51−10

50−10

49−10

48−10

47−10

46−10

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10)2
 (

cm
D

M
-n

uc
le

on
S

I
σ

90% CL limits

 inv) < 0.14→B(H 

Higgs portal models

Majorana fermion DM

Scalar DM

 UV-comp
Vector DM

 = 100 GeV2 m
 radiativeVector DM

 = 65 GeV2 m
 radiativeVector DM

Direct-detection
CRESST-III

DarkSide-50

PandaX-4T

LUX-ZEPLIN

 (13 TeV)-1 (8 TeV), 140 fb-1 (7 TeV), 19.7 fb-14.9 fb

CMS

C
M

S
-H

IG
-21-007,S

ubm
itted

to
E

ur.
P

hys.
J.C

mχ = 1
2 mH

34/42 21. 7. 2023 Nils Faltermann: Teilchenphysik II - W, Z, Higgs am Collider KIT -ETP

Searches for “Higgs → Invisible”

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-007/index.html


1 10 210 310
 (GeV)DMm

51−10

50−10

49−10

48−10

47−10

46−10

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10)2
 (

cm
D

M
-n

uc
le

on
S

I
σ

90% CL limits

 inv) < 0.14→B(H 

Higgs portal models

Majorana fermion DM

Scalar DM

 UV-comp
Vector DM

 = 100 GeV2 m
 radiativeVector DM

 = 65 GeV2 m
 radiativeVector DM

Direct-detection
CRESST-III

DarkSide-50

PandaX-4T

LUX-ZEPLIN

 (13 TeV)-1 (8 TeV), 140 fb-1 (7 TeV), 19.7 fb-14.9 fb

CMS

C
M

S
-H

IG
-21-007,S

ubm
itted

to
E

ur.
P

hys.
J.C

mχ = 1
2 mH

Interpretation in Higgs-portal Dark Matter
(DM) models

Hidden DM sector, only H couples to DM

→ Limits on DM-nucleon scattering cross
section

→ Complementary sensitivity to
direct-detection DM experiments

No sensitivity for higher masses due to
kinematic threshold
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In the SM two different kind of fundamental particles
Bosons with integer spin: mediate forces between particles and the Higgs boson
Fermions of half-integer spin: constituents of matter

Is there a connection between both? Maybe a broken symmetry at higher energies similar to the EWSB?

→ Concept of Supersymmetry (SUSY): relate each
fermion/boson to a corresponding superpartner
called sboson/sfermion with ∆S = 1

2

Many additional free parameters (>100) in general,
focus on minimal extensions to the SM

ATLA
S

S
ilicon

IFIC
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Supersymmetry

https://ific.uv.es/sct/physics_susy


MSSM requires 2 Higgs doublets ϕu (ϕ2) and ϕd (ϕ1)

ϕu =

(
ϕ+

u

ϕ0
u

)
, Yϕu = +1 , vu : VEVu

ϕd =

(
ϕ0

d

ϕ−
d

)
, Yϕd = −1 , vd : VEVd

SUSY invariance requires different doublets for Yukawa-coupling terms of up- and down-type fermions
Using instead conjugate Higgs field as in SM breaks SUSY invariance

8 d.o.f. since 2 complex Higgs doublets: 3 d.o.f. for mW± , mZ → 5 physical Higgs bosons

2 CP-even neutral Higgs bosons h, H (mh < mH)

1 CP-odd neutral Higgs boson A

2 charged Higgs bosons H±
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Two vacuum expectation values vu and vd of the Higgs doublets

tanβ =
vu

vd
v2

u + v2
d = v2

SM = (246 GeV)2 =
4m2

Z

g2 + g′2

Additional parameter α: angle between ϕu and ϕd in SU(2) isospace

At LO, MSSM Higgs-sector entirely described by 2 parameters

Typical choice: tanβ and mA

Strict mass relation at LO

m2
H± = m2

W + m2
A

m2
h,H = 1

2

(
m2

A + m2
Z ∓

√
(m2

A − m2
Z )

2 + 4m2
Z m2

A sin
2(2β)

)

In particular mh ≤ mZ · | cos 2β| ≤ mZ

contradicts h(125) observation!
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MSSM Higgs Sector



MSSM Higgs sector depends on other SUSY parameters than tanβ and mA via higher-order contributions

Higgs boson masses receive higher-order corrections

→ mh ≲ 135 GeV predicted in MSSM!
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MSSM Higgs Sector



Coupling strength relative to respective SM coupling

gVV/gSM
VV guu/gSM

uu gdd/gSM
dd

A — γ5 cotβ γ5 tanβ
H cos(β − α) → 0 sinα/ sinβ → cotβ cosα/ cosβ → tanβ
h sin(β − α) → 1 cosα/ sinβ → 1 − sinα/ cosβ → 1

For mA ≫ mZ (‘decoupling limit’): α → β − π
2

h becomes SM-like: cannot distinguish SM from MSSM via coupling measurements of h(125)

→ Search for additional Higgs bosons!
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Neutral MSSM Higgs Bosons



(mA, tanβ) regions in different scenarios excluded by various direct searches

Assuming that h is the
SM Higgs boson,
low-mA regions can be
excluded by coupling
measurement
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the observation of Higgs
boson
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Cornering the MSSM Higgs Sector

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#NEW_Summary_of_MSSM_Higgs_Boson
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Cornering the MSSM Higgs Sector
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H(125) with well-understood properties (SM-like “within less than 10%”)
SM self-consistent, but incomplete + theoretical deficits

Gravity, Dark Matter + hierarchy problem, . . .
Why does EWSB occur?

There must be new physics beyond the SM: (how) does it affect the Higgs sector?
Non-SM properties of the H(125) boson?
Extended Higgs sector with additional Higgs bosons, e. g. in SUSY?

Vast number of searches covering many of the expected signatures
Generic “heavy SM Higgs” searches vs. model-inspired
Important inspiration for possible signatures: MSSM
Often interpretation of same results in different models
Goal is to search for generic signatures of BSM Higgs physics
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Summary on the (BSM) Higgs Sector


