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A brief history of the Higgs boson

There is a model, the Standard Model, that is 
based on symmetries.  

With the symmetries, all particles emerge without 
a mass. But most particles have mass. Brout, 
Englert and Higgs proposed a mechanism that 
gives mass to the particles via the interaction 
with a field we now call the “Higgs” field. 

Just after the Big Bang the Higgs field was zero 
but as the temperature fell below a critical value, 
it spontaneously grew and particles interacting 
with with got a mass. The larger the interaction 
the heavier the particle. No coupling to the 
photon.

On July 4 2012, the ATLAS and CMS experiments at CERN’s Large Hadron Collider 
observed a new particle in the mass region around 125 GeV, consistent with the 
Standard Model Higgs boson. Is it the Higgs boson predicted by the Standard Model?



A brief history of the Higgs boson

There is a potential - the Higgs potential
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The Higgs field 

Couples to fermion fields - mass of the fermions

Couples to boson fields - mass of the bosons

So, 8 years after 
the discovery, the 

125 GeV scalar looks 
very much like the 

SM Higgs

ghVV
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So what now?

Missing ingredients: 

Dark matter  - no good dark matter candidates in the SM  

Mater-antimatter asymmetry - more CP violation is needed 

Neutrino masses (later)

Unexplained experimental results: 

Muon magnetic moment 

B meson decays

There is also gravity and dark energy



So what now?

If you work on Higgs physics you generalise the potential
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magenta + black ⟹ (C)2HDM

magenta + black + blue + red ⟹ N2HDM

There is a 125 GeV Higgs 
C2HDM - more CP violation 
All new models - dark matter candidate 
All new models - improve stability of the SM at high 

energies 
All new models - new scalars, possible charged Higgs

magenta ⟹ SM



CERN’s news page

•H	→	AZ,	A	→	ZH	and	A	→	Zh125,	ATLAS	and	CMS	

•h125	→	AA	and		H	→	h125	h125	,	ATLAS	and	CMS			but	still	no	

Si → SjV H → AZ (A → HZ ), h2 → h1Z

Si → SjSk Hi → HjHj(AjAj)

Hi → h125Hk( j ≠ k)

h125 → γZ

Picture refers to the rare decay

But many more searches are going on

Si → VV



2HDM	(CP-conserving	and	no	tree-level	FCNC)

Assumptions:	aligment,	lightest	Higgs	125	GeV,	mH+	=	mA,	U(1)	symmetry	(fixes	m12
2).

Upper	bounds	at	95%	CL	on	the	
production	cross-section	times	
the	branching	ratio	Br(A	→	
ZH)×Br(H	→	bb)	in	pb	for	
gluon–gluon	fusion.	Left:	
expected;	right:	observed.

Observed	and	expected	95%	CL	
exclusion	regions	in	the	(mA,mH	
)	plane	for	various	tan	β	values	
for		Type	I	(left),	and	Type	II	

(right).

ATLAS 1804.01126v1

If nothing is found, models are constrained



N2HDM	(CP-conserving)

CMS PAS HIG-17-024

Expected	and	observed	95%	CL	limits	on		
σ(h)B(h	→	aa	→	2τ2b)	in	%.	Combined	eμ,	

eτ	and	μτ	channels.	The	inner	(green)	band	and	
the	outer	(yellow)	band	indicate	the	regions	
containing	68	and	95%,	respectively,	of	the	
distribution	of	limits	expected	under	the	

background-only	hypothesis.

ATLAS, (γγjj final state),1803.11145

BRs	for	the	4	
different	

versions	of	the	
model.

Exclusion	for	the	different	versions	for	2	
values	of	tanβ.

If nothing is found, models are constrained



CERN’s news page

Si → fi f̄j Hi /Ai → bb̄, tt̄, τ+τ−, μ+μ− h125 → τμ, eμ, eτ

The CP-nature of the Higgs is still not known (we just know it is not 
a pure CP-odd state).  

tth (production) and ττh (decay) starting (many theory papers).

Picture refers to Higgs production in 
association with a pair of top quarks

All channels from b quark to muon pairs. Also FCNC decays, forbidden at tree-
level in the SM



pp → ht̄t

CP numbers of the discovered Higgs (tth and 𝞽𝞽h) 

ℒSM
Hf̄f = −

yf

2
f̄ f h

In any case interference between amplitudes allow to measure the ratio of CP-odd 
to CP-even components, the top in the production and the taus in the decays

pp → h → τ+τ−

tan Φ =
b
a

Nothing is planned for the remaining fermions!

ℒCPV
Hf̄f = −

yf

2
f̄(af + ibf γ5)f h

CMS-PAS-HIG-20-006 ATLAS arxiv 2004.04545



100 200 300 1000 2000 10000
)-1Integrated luminosity (fb

0.6

0.8

1C
on

fid
en

ce
 L

ev
el

=0.9αcos =0.8αcos

=0.7αcos =0.6αcos

=0.5αcos =0.4αcos

=0.3αcos =0.0αcos

95%

dilepton
)t(t,ηΔusing 

 exclusionαcos

So, what is bound on the pseudoscalar 
component of the tth coupling at the end of 

the high luminosity LHC?
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Figure 2: Expected CL, assuming the SM, as a function of the integrated luminos-
ity. 2a (2b): exclusion of pure CP-odd scenario using the single-lepton (dilepton)
selected events, comparing di↵erent observables used to extract the CL; 2c: exclusion
of pure CP-odd scenario combining observables in each individual channel and com-
bining both channels (the observables were treated as uncorrelated); 2d: exclusion of
various cos↵ values between 0 and 1 with dilepton analysis, using �⌘(`+, `�) as the
discriminant observable.
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Figure 2: Expected CL, assuming the SM, as a function of the integrated luminos-
ity. 2a (2b): exclusion of pure CP-odd scenario using the single-lepton (dilepton)
selected events, comparing di↵erent observables used to extract the CL; 2c: exclusion
of pure CP-odd scenario combining observables in each individual channel and com-
bining both channels (the observables were treated as uncorrelated); 2d: exclusion of
various cos↵ values between 0 and 1 with dilepton analysis, using �⌘(`+, `�) as the
discriminant observable.
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1902.00298 

For cos𝝰=0.7 the limit on 𝝰2 is 46º for 
tanβ=1 while for cos𝝰=0.9 is 26º - close to 

what we have today from indirect 
measurements. 

The difference is that the bound is now 
directly imposed on the Yukawa coupling.

ℒHt̄t = κytt̄(cos α + i sin αγ5)th

cos α = 1  pure scalar



CP numbers of the discovered Higgs (WWh and ZZh) 

ℳ(hW+W−) ∼ aW+W−

1 m2
Wϵ*W+ϵ*W− + aW+W−

3 f *+
μν f̃ *− μν

Term in the SM at tree-level  
but also in models with CP-violation

Term coming from a CPV operator. 
Contribution from the Sm at 2-loop

aW+W−

3

aW+W−
1

∈ [−0.81, 0.31] Present experimental bound 
from atlas and cms

SM estimate

In this case we start with the most 
general WWh vertex



CP numbers of the discovered Higgs (WWh and ZZh) 

CCPV = 2
a W +W −

3

aW+W−
1

Just two examples. The left-right symmetric model

and the complex 2-higgs doublet model



h3 → h2Z CP(h3) = − CP(h2)

h3 → h1Z CP(h3) = − CP(h1)

h2 → h1Z CP(h2) = − CP(h1) Is there CP-violation here? Now let us 
take these three processes and build a 
nice Feynman diagram

iΓμαβ = − e
p2

1 − m2
Z

m2
Z

fZ
4 (gμα p2,β + gμβ p3,α) + . . .

With one Z off-shell ZZZ vertex has a CP-odd term

Combinations of three decaysh1 → ZZ( + )h2 → ZZ( + )h2 → h1Z

Present measurements by ATLAS and CMS - still two orders of magnitude away

−1.2 × 10−3 < fZ
4 < 1.0 × 10−3

−1.5 × 10−3 < fZ
4 < 1.5 × 10−3

CMS collaboration, EPJC78 (2018) 165.

ATLAS collaboration, PRD97 (2018) 032005.

The typical maximal value for f4 seems to be below 10-4.
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Figure 6. Scatter plots showing the absolute value of the CP violating form factor fZ

4 (q2) for two
values of

p
q2 for points in the parameter space of the type-1 C2HDM satisfying theoretical (unitar-

ity, bounded from below) and experimental (LHC Higgs, electric dipole moments, and electroweak
precision measurements) constraints.

mitigated in the C2HDM because of a combination of two facts. First, we know from the

h125 ! ZZ measurements that the corresponding coupling in the C2HDM lies very close to

the SM value (the so-called alignment limit). Second, the sum rule in eq. (3.24) guarantees

that any heavier scalar will have a very small coupling to ZZ. Nevertheless, once statistics

improve at LHC, a precise constraint on fZ

4
can best be achieved by a detailed simulation

of the C2HDM within the experimental analysis of the collaborations, which is beyond the

scope of this work. Our results for the maximum of |fZ

4
| are slightly below those reported in

Ref. [26]. This is mainly due to the e↵ect of including in our scan the bound on the electron

EDM [52]. The sign di↵erence that we have found does not a↵ect much the absolute value,

because the diagram where it occurs is typically the dominant one (in the gauge ⇠ = 1) [26].

For future reference, we also give the final form of the Z3 vertex before evaluating the

– 12 –

PLOT from JHEP 04 
(2018) 002 

CPV in the triple gauge bosons couplings



Strange scenarios of CP-violation

A Type II model where 
H2 is the SM-like Higgs.  

Find two particles of the same mass one decaying 
to tops as CP-even

and the other decaying to taus as CP-odd

Probing one Yukawa coupling is not enough!  

h2 = H; pp → Htt̄

h2 = A → τ+τ−

YC2HDM = aF + iγ5bF

bU ≈ 0; aD ≈ 0

With the new EDM result



CERN’s news page

Mono-X (X = Z, jet, 
Higgs…) events

If one or more (high-energy) 
particles are also produced in 
the process then we have a 

mono-X (multi-X – still called 
mono-X) event! The X (for 

instance a jet) has a very large 
pT. 
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Model should conserve darkness - we need a stable 
particle. The invisible width of the Higgs sets a 

bound on the so-called portal coupling.

Darkness (Z) conserved

S = DM

H

S = DM

g, H, Z qq̄ → H DM DM

Z(qq̄) = Z(q)Z(q̄) = 1 × 1 = 1

Z(qq̄) = Z(H )Z(DM )Z(DM ) = 1 × (−1) × (−1) = 1

All spins allowed

Conserved quantities – darkness



from Suzan Basegmez du Pree talk at ALPS2018

Combined with other experiments

Direct detection vs. LHC.



Profiling the Higgs potential - double Higgs final states

VSM = m2
11 |Φ1 |2 +

λ1

2
(Φ†

1Φ1)2

λ1 =
m2

h

v2
≈ 0.26 v = 246 GeV

The SM potential

We know the mass and the VEV

So is this the correct quartic coupling?

Negative interference in the SM

And BSM can be anywhere

Initial state Final state

Intermediate state



Many scalar extensions give 
rise to very large cross 

sections. The maximum value 
of the cross sections are 

different in different 
models

Profiling the Higgs potential - double Higgs final states

In some models the decays of a 
scalar to two scalars of 

different masses (one being the 
125 GeV one) also show very 

large cross sections

pp → H → h125h

pp → H → h125h125

pp → h125 → hh



Interference between signal and background

Searches at colliders are performed by taking the 
signal and the background as separate numbers. This 
is true as long as the interference between them is 
negligible.

pp → tb̄H+ + c.c.

Background (even less 
diagrams)

Signal (just a few diagrams)

Signal and interference of 
the same order



EFT
SM contains quarks and leptons interacting via strong, weak, and electromagnetic 
forces and  
a) It is a relativistic QFT with a local Lagrangian.  
b) Lagrangian is invariant under a local local SU(3) × SU(2) × U(1) symmetry.  
c) The vacuum state of the theory breaks SU(2)×U(1) to U(1) (Higgs mechanism) and 
preserves a local SU(3) × U(1). 
d) The theory is renormalisable (interactions up to dimension 4)

Parameters for Higgs physics. Using all available constraints a global fit can be performed

We know that there is new physics. However, except for a few discrepancies, it seems 
that up to a few hundred GeV the fundamental degrees of freedom are those of the SM. 
With no evidence from colliders it is fair to assume that new particles should be heavy 

and in that scenario physics at the weak scale can be described by an EFT approach.

Are all coefficients compatible with the SM?



Increase precision in the SM (higher order calculations)

More data means that more kinematic regimes can be explored. Transverse momentum 
distributions can shed some light in the higgs interactions.  

“The observation of the Higgs boson in this kinematic regime is however extremely 
challenging. The inclusive search for the SM Higgs boson produced at large transverse 
momentum (p⊥), and decaying to a bottom quark-antiquark pair, has been performed 
using data collected in pp collisions at √ s = 13 TeV by the CMS and ATLAS experiments.”

“It is the objective of this document to study accurate theoretical predictions for the 
transverse momentum distribution with p⊥ > 400 GeV. We present new, state of the art 
predictions for the dominant gluon-fusion induced production of a Higgs boson and at 
least one hard partonic jet that recoils against it”

Precise predictions for boosted Higgs production, arXiv:2005.07762.



!24

JHEP1609 (2016) 143

Several renormalization schemes are compared. 
Corrections are under control for reasonably large 

widths.  
Small widths mean large relative corrections as 

expected. 
Large parameter space leads to a large spectrum 

of corrections.  

Increase precision in BSM (higher order calculations)

JHEP1602 (2016) 142 

Sometimes and for 
some schemes NLO-
EW Corrections shown 

to be only a few 
percent

What are EW radiative corrections in BSM 
good for?



Predicted precision for CLIC

Parameter Relative precision [76,77]

350 GeV +1.4 TeV +3.0 TeV
500 fb�1 +1.5 ab�1 +2.0 ab�1

HZZ 0.43% 0.31% 0.23%
HWW 1.5% 0.15% 0.11%
Hbb 1.7% 0.33% 0.21%
Hcc 3.1% 1.1% 0.75%
Htt � 4.0% 4.0%
H⌧⌧ 3.4% 1.3% <1.3%
Hµµ � 14% 5.5%
Hgg 3.6% 0.76% 0.54%
H�� � 5.6% < 5.6%

Table 4: Results of the model-dependent global Higgs fit on the expected precisions of the Hii (see text). Entries
marked “�” cannot be measured with su�cient precision at the given energy. We call the first (350 GeV) scenario
Sc1, the second (1.4 TeV) Sc2 and the third (3.0 TeV) Sc3.

which at tree-level is just the ratio of the Higgs coupling in the BSM model and the corresponding
SM Higgs coupling. We have called the three benchmarks scenarios Sc1 (350 GeV), Sc2 (1.4
TeV) and Sc3 (3.0 TeV). In this table we can see the foreseen precisions that are expected to
be attained for each Hii. With these predictions we can now ask what is the e↵ect on the
parameter space of each model presented in the previous section. This in turn will tell us how
much an extra component from either a singlet (or more singlets) or a doublet contributes to the
h125 scalar boson. Clearly, if no new scalar is discovered one can only set bounds on the amount
of mixing resulting from the addition of extra fields. In the case of a CP-violating model it is
possible to set a bound on the ratio of pseudoscalar to scalar Yukawa couplings, where there is
an important interplay with the results from EDM measurements. The results presented in this
section always assume that the measured central value is the SM expectation, meaning that all
Hii in Table 4 have a central value of 1. Small deviations from the central value will not have a
significant e↵ect on our results because the errors are very small. If significant deviations from
the SM predicted values are found the data has to be reinterpreted for each model.

Starting with the simplest extension, the CxSM, there are either one or two singlet compo-
nents that mix with the real neutral part of the Higgs doublet. In the broken phase, where there
are no dark matter candidates, the admixture is given by the sum of the squared mixing matrix
elements corresponding to the real and complex singlet parts, i.e.

⌃CxSM

i = (Ri2)
2 + (Ri3)

2
, (4.43)

with the matrix R defined in Eq. (2.3). If a dark matter candidate is present one of the Rij , j =
2, 3, is zero. In any case the Higgs couplings to SM particles are all rescaled by a common factor.
Therefore, we just need to consider the most accurate Higgs coupling measurement to get the
best constraints on the Higgs admixture. The maximum allowed singlet admixture is given by
the lower bound on the global signal strength µ which at present is

⌃CxSM

max LHC ⇡ 1� µmin ⇡ 11% . (4.44)

In CLIC Sc1 the most accurate measurement is for the scaled coupling HZZ , which would give

⌃CxSM

max CLIC@350GeV
⇡ 0.85% , (4.45)

11

If the 125 GeV Higgs reveals its very SM nature at 
future colliders, in many extensions of the SM 
unitarity forces the other Higgs couplings to be very 
small

Unitarity ⇒ κ2
h125ZZ + ∑

i

κ2
hiZZ = 1

So, if no new physics is discovered and the couplings of the remainig Higgs boson will 
be known at the % level.

Now radiative corrections play a role.

Abramowicz eal, 1307.5288. 
CLICdp, Sicking, NPPP, 273-275, 801 (2016)

BSM at CLIC (higher order calculations)



The right to party!
The good thing about being a theorist is that 
you can have fun building all kinds of models

one fermion doublet and two scalar SU(2)L singlets - one neutral and one with 2/3 electric 
charge (and colour). The complex neutral singlet has a DM candidate. At the same time one 
can build new diagrams that help to solve the flavour discrepancies

All data taken 
into account. 
Regions that 

can be probed 
at the LHC and 

also in DM 
experiments.



!27

Conclusions

• The future of Higgs Physics is the LHC

• The future of Higgs Physics is what we 
can get from other experiments like 
ACME for the EDM constraints

• The future of Higgs Physics is in experiments that look directly or 
indirectly  for DM (like Xenon1T) or even maybe gravitational waves

Mogens Dam, Niels Bohr Institute, Copenhagen

• There is also a far future for Higgs Physics for which we have charts 
and timelines but we know very little about it

• The future of Higgs Physics is in neutrino experiments



The Higgs and the people trying to 
understand it in Portugal (those who 

have answered)



● Vector resonances are plausible explanations for 
the flavour anomalies

● Fermionic partners decay sizably to the exotic 
states (e.g. to the dark matter) 2005.09655 
○ Connection with the ATLAS/PT group (e.g. 

VLQ searches)  1808.02343

● Light scalars can be produced in rare hadron decays at 
the LHCb 1907.13151

● New annihilation channels for dark matter 1912.11061
● Pseudoscalars are promising candidates for 

baryogenesis 1812.01901
● Rare decays of the top quark produce such CP-odd 

states 2005.09594
● Axion-like particle interactions are triggered by effective 

operators which run/mix following their RGEs.

Exploring the composite connection BSM pheno @LIP-Minho 
N. Castro, G. Guedes, M. Ramos, 

M. Romão, A. Peixoto, T. Vale
Collaborations with Univ. Granada

We perform dedicated analyses 
to explore these signatures 

using astrophysical and collider 
probes → present and future



Spin/CP properties of Higgs interaction vertices

!1

• 2012 Higgs discovery 
• 2015: H➝WW➝!"!" observation 
• 2018: ttH observation 
• 2018: H➝bb observation, WH/ZH production observation 
• 2020: boosted H➝bb 

ATLAS-PT Higgs group: R. Barrué, A. Carvalho, L. Coelho, P. Conde, M. Fiolhais, A. Onofre, R. Pedro, R. 
Gonçalo, E. Gouveia, …  in collaboration with D. Azevedo, R. Santos, V. Dao, Manchester U., …

Phys. Rev. D 100, 075034 (2019),  

Phys. Rev. D 96, 013004 (2017),  
Phys. Rev. D 98, 033004 (2018)

• Direct measurements of the Higgs couplings to b-quarks, top quarks, W bosons 
• Spin/CP properties of interaction vertices using angular observables 
• Probe SM predictions and search for new physics 
• Reconstruction techniques, background modelling, machine learning, 

statistical analysis, etc 

Phys. Rev. D 92, 012006 

Phys. Lett. B 786 (2018) 59

Phys. Lett. B 784 (2018) 



  

Higgs Physics at Aveiro
António Morais (Researcher Level 1), Felipe Freitas (Postdoc), João Gonçalves (PhD student), Vasileios 
Vatellis (Research fellow), João Pedro Rodrigues (Master student), Eduardo Santiago (Master student)

Research topics:

1) Higgs sector from first principles: Study how can the Higgs sector emerge as a remnant of Grand Unified 

Theories 

2) Multi-scalar and multi-fermion extensions of the SM (singlet, 2 and 3 Higgs doublet 

models, vector-like fermions): Build models with new scalars and vector-like fermions and study their 

collider signatures, the impact on flavour observables as well as cosmological implications such as dark matter and 

the production of primordial gravitational waves induced via electroweak-scale first order phase transitions.

3) Collider phenomenology: Study the statistical significance of new physics candidates such as scalars and 

vector-like fermions to be searched at the LHC run-III and HL-LHC.

4) Machine learning: Use state of the art deep-learning techniques mainly to address points 2) and 3). 

 

http://gravitation.web.ua.pt/



What we do: 

Higgs searches, Precision physics, Extensions of the SM, Vacuum stability, Dark 
matter, CP-violation, Interference

People: Pedro Ferreira, Rui Santos 

PhD students: Duarte Azevedo, Rodrigo Capucha (with António Onofre) 
Ricardo Barrué (IST/LIP with Patricia Conde Muino) 

MSc students: Pedro Gabriel, João Viana,  
Daniel Neacsu (IST with Patricia Conde Muino) Tomás Lopes (IST with João P. Silva)



The Higgs boson and beyond @LIP
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The Higgs boson was discovered in 2012 and it is still a largely unknown particle. A detailed study of its 
properties may provide hints to the EWSB mechanism and possibly to New Physics.
Our studies in this area cover:

- Higgs discovery & couplings: diphoton final state

- Charged Higgs: if present, it would be inequivocal 
presence of BSM physics

- Higgs Pairs: allows measurement of self-coupling 
parameters (kl) with Machine Learning tools

- Higgs+Dark Matter: limited by statistics, high MET evts

- Higgs rare decays: couplings to light generations

PLB 716(2012)30, JHEP 08(2016)045

JHEP 07(2012)143, JHEP 11(2015)018

JHEP 03(2020)025

PLB 778(2018)101, arXiv:1902.00134, CMS-TDR-020
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Jorge Romão & João P. Silva:   Probing Multi-Higgs signals

Motivation: Given one scalar, their number and properties 
must be determined experimentally

Students Must publish

...

Open Questions pursued by the group:

• Precision predictions/determinations for MultiHiggs@LHC

• Higgs and Flavour, including origin of masses/mixing, quarks and neutrinos

• Vacuum structure, including “panic vacua”

• Higgs and CP Violation in the Lab, LHC, SuperKEKB, edm...

• Higgs, CP Violation and Universe, baryogenesis, leptogenesis, higgsgenesis

• Higgs and Dark Matter



The End



BSM-EHS – What are they good for? 

LHC

RxSM 
CxSM NMSSM

2HDM
C2HDM

N2HDM

New scalar?

Information from 
precision measurements?

Discovered Higgs very 
SM-likeGM

Motivate searches

The future of particle physics: a quest for guiding principles 
(workshop in KIT 2 years ago)



Non-125 to γγ

Signal rates for the 
production of H↓ 
(upper) and H↑ 

(lower) 
for 13 TeV as a 
function of mH. 

Dashed line is the 
"SM".

h to tt threshold

Rates can be quite large in the N2HDM 
and C2HDM. Again more freedom in the 

couplings.

Muhlleitner, Sampaio, RS, Wittbrodt, JHEP 1708 (2017) 132



For many extensions coupling modifiers are similar
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