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300 pb!1 at 5TeV, 5 fb!1 at 7TeV, 20 fb!1 at 8TeV and 140 fb!1 at 13TeV. Reduced
integrated luminosities have been collected by the LHCb4 and ALICE5 experiments
due to dedicated luminosity leveling for their interaction regions.

This paper provides a compact summary of physics results with LHC data in the
¯eld of electroweak (EW) and strong (QCD) processes with some re°ections on
future measurements. The extent of the results that have been produced can be
visualized in Fig. 1 showing results in terms of cross-sections measured by the
ATLAS Collaboration.6 Similar summary plots are available also from the CMS
Collaboration.7

The structure of this paper is as follows. Section 2 reviews results from fully ha-
dronic ¯nal states with high-energy jets, and Sec. 3 is devoted to measurements of jets
produced in association with a vector boson. Results from inclusive Drell{Yan (DY)
processes are discussed in Sec. 4, while Sec. 5 is dedicated to multiboson productions.
Measurements of vector boson fusion (VBF) and scattering (VBS) processes are ex-
amined in Sec. 6, and ¯nally, interpretations of results in beyond the Standard Model
(BSM) frameworks are reported and assessed in Sec. 7. All results are in reasonable
agreement with Standard Model (SM) predictions, and therefore, BSM interpretations
are provided with limits on parameters of new physics scenarios.

Fig. 1. Summary of ATLAS Standard Model total and ¯ducial cross-section measurements in proton
collisions from 5TeV to 13TeV.6 Shown results include electroweak measurement, QCD processes, top
quark and Higgs boson productions. Similar summary plots for CMS results are also available.7
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Impressive performance of the Standard Model

Why keep on?

The SM looks complete!
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Open questions

NASA, ESA, AND THE HUBBLE HERITAGE TEAM (STSCI/AURA)

Unexplained phenomena: 

• Dark Matter 
• Matter-antimatter asymmetry 
• Dark Energy

Unsatisfactory structure of the SM: 

• Hierarchy problems (Higgs, flavour) 
• Naturalness 
• Quantum Gravity etc

What are the alternative ways to probe New Physics?

The SM works!

Fermions
Hierarchies

Neutrino
masses

Baryon
asymmetry

Light Higgs

CP violation

Dark matter

· · ·

Hugo Serôdio Selective topics in BSM Physics March 27, 2018 18 / 68
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New Era of gravitational-wave astrophysics
Credit: LIGO

LIGO spectrometer

Event GW150914

The first ever detection
of gravitational waves
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Why do Gravitational Waves matter?

6

Quick answer: GWs, in the form of a stochastic 
cosmological background, allow to probe physics not at the 
reach of collider experiments .
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Gravitational wave detectors and sources

C. Moore, R. Cole, C. Berry,  
http://gwplotter.com

Wide coverage of amplitudes/frequencies in a number of GW facilities!



7

9

First order phase transition (FOPT) 

Credit: Marco Finetti
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Phase transitions in the early Universe
10.1. Order of Phase Transition 221

Fig. 10.3 Shapes of the effective potential Veff (φ) at various temperatures: upper darker curves
correspond to higher temperatures. Left and right panels describe systems with 1st and 2nd order
phase transition, respectively. Black circles show the expectation value 〈φ〉T .

change of 〈φ〉T . The right part of Fig. 10.3 corresponds to the 2nd order phase
transition: the expectation value 〈φ〉T is a smooth function of temperature.

The famous example of the 1st order phase transition is boiling of liquid.
Examples of the 2nd order phase transition are transitions in ferromagnets, order-
disorder transitions in alloys of metals, transitions into superconducting and super-
fluid states.

The notion of different phases and respective phase transition is particularly
well-defined in the cases where the phases differ by symmetry and/or there is a
parameter (called the order parameter) equal to zero in one phase and different
from zero in the other. The above examples of the 2nd order phase transitions
belong to this category (the order parameter in ferromagnet is spontaneous mag-
netization, in superconductor it is the density of the Cooper pair condensate, etc.).
Another example is the chiral phase transition of QCD with massless quarks, the
order parameter here is quark condensate. If the system is such that there is no
order parameter, then phase transitions are also possible, but their existence or
absence may depend on internal or external parameters. A well-known example is
the water-vapor transition, which is of the 1st order at low pressure, and is not a
phase transition at all at high pressure. In the latter case, the substance properties
(e.g., density) change with temperature continuously, albeit rather quickly, so the
system exhibits a phenomenon called smooth crossover, rather than phase tran-
sition proper. The same situation occurs in the electroweak sector of the Standard
Model of particle physics: if gauge and Yukawa couplings are fixed, then at small

220 Phase Transitions in the Early Universe

(a) (b)

Fig. 10.1 The effective Higgs potential at zero (a) and high (b) temperatures.

As the Universe cools down, the transition from 〈φ〉T = 0 to 〈φ〉T #= 0 occurs at a
certain temperature Tc, the temperature of the phase transition. Depending on the
parameters of the theory, the transition can be quite long or nearly instantaneous,
occur at once throughout the entire system, or proceed in its individual parts.

Two types of phase transitions are most common; these are phase transitions
of the 1st and 2nd order. From the standpoint of the general formalism, 1st order
phase transition is accompanied by a jump in heat capacity; in field theory this
corresponds to a jump in the expectation value 〈φ〉T as a function of temper-
ature, see Fig. 10.2(a). On the contrary, 2nd order phase transition is characterized
by continuous behavior of the heat capacity and the expectation value 〈φ〉T , see
Fig. 10.2(b). This difference is illustrated in Fig. 10.3 where the families of effective
potentials Veff (φ, T ) as functions of φ at various temperatures T are shown. The left
panel of Fig. 10.3 shows the 1st order phase transition, culminating in an abrupt

(a) (b)

Fig. 10.2 The expectation value 〈φ〉T as a function of temperature for the systems with 1st order
(a) and 2nd order (b) phase transition.
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Superposition of unresolved astrophysical sources

Cosmological events

(i) Inflation
(ii) Cosmic strings
(iii) Strong cosmological phase transitions (PTs) !

by expanding and colliding vacuum bubbles of new phase

GW background as a gravitational probe for New Physics

Focus on the EW phase transition (EWPT) relevant for EW baryogenesis

Study a simple model with multiple-step strongly 1st-order EWPTs

Study the impact of multiple-step strong PTs on GW spectra
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GW power spectrum

GW power spectrum

GW energy density per logarithmic frequency (Caprini’09,’16; Grojean’07;
Hindmarsh’14; Jinno’17; Leitao’16 etc)
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d⇢GW

d log f ' h2⌦col + h2⌦sw + h2⌦MHD

Typically, h2⌦col dominates for strong PTs due to supercooling (Tn ⌧ Tc)

The peak amplitude
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(iii) Efficiency of conversion of latent heat into GW, ✏ ⇡ 1 (strong PTs)
(iv) Inverse duration of the transition, � = H Tn (Ŝ3/T) 0T |T=Tn .

The larger the PT time-scale, the smaller the frequency of the GW signal
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in the 2HDSM extension of the SM under consideration. The corresponding GW signals for
each of the contributions in Eq. (4.2), are found schematically as

signal ⇠ amplitude ⇥ spectral shape (f/fpeak) , (4.6)

where f is the GW frequency, and fpeak is the peak-frequency containing the redshift associ-
ated to the expansion of the Universe. In particular, the peak frequency expression that we
use reads

fpeak = 26⇥ 10
�6

✓
1

HR

◆✓
Tn

100

◆⇣ g⇤
100 GeV

⌘1
6
Hz (4.7)

where
HR =

H

�
(8⇡)

1
3 max (vb, cs) (4.8)

with R the mean bubble separation and cs = 1/
p
3 the speed of sound in the plasma. The

quantity HR is typically determined at the percolation temperature Tp, however, and provided
that a large supercooling does not occur as in our numerical analysis, Tp ⇡ Tn and both
Eqs. (4.7) and (4.8) can be calculated at Tn. Let us also introduce the fraction of the kinetic
energy in the fluid to the total bubble energy as

K =
↵

1 + ↵
(4.9)

where fits to the efficiency factor  were taken from [102] and can be consulted in Appendix A
for an easy reference. Another important quantity is the shock formation time-scale which
quantifies the time that the source of GW lasted. Using [99, 100] this can be written as

H⌧sh =
2p
3

HR

K1/2
. (4.10)

If the source lasted less than the Hubble time, that is H⌧sh < 1, then the peak energy density
today reads

h2⌦peak
GW = 1.159⇥ 10

�7

✓
100

g⇤

◆✓
HR
p
cs

◆2

K
3
2 , (4.11)

while for the case of a source lasting approximately the Hubble time the amplitude of GW
gets enhanced taking the form

h2⌦peak
GW = 1.159⇥ 10

�7

✓
100

g⇤

◆✓
HR

cs

◆2

K2 , (4.12)

with the numerical factor on the r.h.s of both Eqs. (4.11) and (4.12) can be taken from [100].
Finally, the GW spectrum for various frequencies f can be taken by multiplying the peak
amplitude by the spectral function and reads

h2⌦GW = h2⌦peak
GW

✓
4

7

◆�7
2
✓

f

fpeak

◆3 
1 +

3

4

✓
f

fpeak

◆��7
2
. (4.13)

Note that Eqs. (4.11) to (4.13) are valid for deflagrations with bubble wall velocities below
the Chapman-Jouguet speed vb < vJ = cs or for detonations with wall velocities above the
Chapman-Jouguet speed vb > vJ with vJ given in Eq. (A.4). In what follows we will study
supersonic detonations with vb > vJ.
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Primordial GWs power spectrum:

α, β/H, T* ⟶ calculated from a certain BSM theory, used 
as inputs to obtain the GW power spectrum

Peak amplitude Spectral function
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GW ∝ T2
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peak fpeak ∝ (β/H)T*

We use the formalism in [JCAP 2003, 024 (2020), JCAP 1906, 024 (2019)]
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LISA Cosmology Working Group, C. Caprini et al, 2403.03723
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Sources of SGWB

Latest SGWB templates taken from LISA CosWG 
[C. Caprini, et al., 2403.03723]

1. Bubble collisions: Can become efficient 
with supercooling for extreme  

2. Sound waves: Dominant in most cases 
due to friction  

3. Magnetohydrodynamics turbulence: 
highly uncertain and subdominant at the 
peak (at least for now…)

α ⋙ 1
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1. Bubble collisions: Can become efficient 
with supercooling for extreme  

2. Sound waves: Dominant in most cases 
due to friction  

3. Magnetohydrodynamics turbulence: 
highly uncertain and subdominant at the 
peak (at least for now…)

α ⋙ 1

Highly sensitive to details of FOPTs
and to underlined particle physics model
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Evidence of the stochastic GW background

A conservative explanation:  
supermassive BH binaries

Can such an observation become
a window into “New Physics”?

NANOGrav data vs expected correlation for SGWB

The correlation between two pulsars depends on 
the separation of the pulsars in the sky, measured in degrees.

NANOGrav Collaboration,  
Astrophys. J. Lett. 951 (2023) 1, L8; 2306.16213 
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A SGWB detection can represent the first direct measurement of the 
Universe prior to the BBN era, a breakthrough comparable to the 

discovery of the CMB

[2306.16219]

[2306.16213]

Probing New Physics at NANOGrav

12

A SGWB detection can represent the first direct measurement of the 
Universe prior to the BBN era, a breakthrough comparable to the 

discovery of the CMB

[2306.16219]

[2306.16213]

NANOGrav Collaboration,  
Astrophys. J. Lett. 951 (2023) 1, L11; 2306.16219

 
      - many models provide a better fit resulting in Bayes factors from 10 to 100 
      - strongly depend on modelling assumptions about the cosmic SMBHB population 
      - considered by many theorists as a constraint on scenarios of New Physics 
      - for specific models, however, making predictions requires a great care!
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 Call for caution in NANOGrav data interpretations

P. Athron et al, PRL 132 (2024) 22, 221001; 2306.17239

and no completion). The peak frequencies are about
4 × 104 and 15 nHz for BP1 and BP2, respectively. BP1
represents the lowest peak frequency that can be obtained
for realistic scenarios in this model because for more
supercooling the transition does not complete and perco-
lation becomes questionable. To compare the BP1 predic-
tions with the PTA signals, we must consider the theoretical
uncertainties. In our analysis we used daisy resummation
and full one-loop corrections to the effective potential.
While this approach suffers from substantial theoretical
uncertainties, leading to a factor Oð103Þ uncertainty in the
predicted GW amplitude [115], the BP1 predictions lie
more than 7 orders of magnitude below the NANOGrav
signal at nHz frequencies. Thus this model cannot explain
the nHz signal observed by PTA experiments despite
various optimistic statements from the literature. For

comparison we show the SGWB prediction if one were
to assume vacuum transitions (dotted gray curves). This
assumption is not realistic for this model and in any case
does not result in agreement with the observed spectrum.
If one ignores the percolation and completion require-

ments, BP2 shows that the peak frequency can be reduced
to match the nHz signal observed by PTA experiments,
though the amplitude is several orders of magnitude higher
than the PTA observations. Caution should be taken
interpreting the SGWB predictions for such strong super-
cooling because it is well beyond what has been probed in
simulations. These predictions are somewhat unphysical
because, despite a nominal percolation temperature, bub-
bles are not expected to percolate as the false vacuum
between them is inflating. Without percolation, GWs would
not be generated. Lastly, we note that points between BP1
and BP2 may exist in which the low-frequency tail of the
SGWB passes through the PTA observations. The tran-
sitions for such points, however, would not complete.
Conclusions.—Supercooled FOPTs are an intriguing

explanation of the nHz SGWB recently observed by
several PTAs, as they could connect a nHz signal to the
electroweak scale. Indeed, they were mentioned as a
possibility [1,11]. However we demonstrate two major
difficulties that can affect supercooled explanations. First,
percolation and completion of the transition are hindered by
vacuum domination. We demonstrate with an explicit
numerical calculation that this rules out the possibility of
explaining the PTA signal in the supercooling model of
Ref. [63] mentioned as a prototypical example in
Refs. [1,11].
Second, the Universe typically reheats to the scale of any

physics driving the transition, splitting the percolation and
reheating temperatures significantly. This makes it chal-
lenging to compute the signal from a supercooled transition
because factors often implicitly neglected must be carefully
included in fit formulae and the thermal parameters are well
beyond those in hydrodynamical simulations on which fit
formulas are based. The correct scaling, Eqs. (8) and (10),
shows that for supercooled phase transitions that do not
complete, the peak frequency could be reduced to nHz. In
contrast, completing the phase transition by increasing the
nucleation rate at late stages would not lead to a nHz
signal due to a higher bubble number density, ruling out
solutions similar to those proposed for the graceful exit
problem [116,117]. We anticipate that these issues are quite
generic and they should be carefully checked in super-
cooled explanations.

P. A., C. L. and L.W. are supported by the National
Natural Science Foundation of China (NNSFC) under
Grant No. 12335005. P. A. is also supported by NNSFC
under Grants No. 12150610460 and by the supporting fund
for foreign experts Grant No. wgxz2022021L. A. F. was
supported by RDF-22-02-079. L. M. was supported by an
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Fluid — sound waves + turbulence
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Fluid — sound waves + turbulence

FIG. 3. The SGWB from BP1 (top panel; strongest super-
cooling for which the FOPT completed) and the unphysical
SGWB from BP2 (bottom panel; strongest supercooling for
which the FOPT has a percolation temperature though it does not
complete and percolation is questionable). We show the 50% and
95% bands for the PTA observations (box plots). The BP1 and
BP2 predictions fail to match the PTA observations, even when
allowing for a factor Oð103Þ uncertainty (shaded red band). For
our BPs, the total SGWB (solid red) comes only from sound
waves (dashed blue) and turbulence (dashed green). For com-
parison, we show the SGWB from a vacuum transition where
bubble collisions would be the only source of GWs (dotted gray).
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strongest supercooling for which 
the FOPT is completed

strongest supercooling for which 
the FOPT is NOT completed

and percolation may not occur

a FOPT cannot complete  
for the required transition 

temperature of around 100 MeV

period of vacuum domination hinders bubble percolation and transition  
completion preventing a consistent interpretation of NANOGrav signal  
through supercooled transitions
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Effect of the thermodynamic parameters on the SGWB

ΩGW

f

Gravitational interferometer 
sensitivity curve

TRH

α ≈ ΔV
ρRSGWB

β/HWith strong supercooling
α ≫ 1
β

H(Tp) ≈
T1/3

p

ΔV

ΩGW ≈ ( β
H(Tp) )

−2

≈ ΔV
T2/3p

Stochastic GWs from supercooling

Credit: Antonio Morais
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From thermodynamic to SGWB geometric parameters 
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TRH ≈ Tp (1 + α)1/4 (
Γh2

H(Tp) )
1/2

Early matter domination if SUPRESSION of SGWBΓh2
< H(Tp) ⟹

Take  if radiation domination i.e. 
Γh2

H(Tp) = 1 Γh2
> H(Tp)

Tc > TRH ≫ Tn > Tp
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Supercooling in conformal U(1)’ models

13

Case study:  Classical scale invariant U(1)’ models that explain neutrino oscillation data

x → x′ = ρx
Φ → Φ′ = ρaΦ
a = − 1 for bosons

a = − 3/2 for fermions

Classical scale symmetry (CSS)

Neutrino masses and mixing via type-I seesaw

M(0)
h1

= 0 M(0)
h2

≠ 0

Higgs as a Pseudo-Goldstone of CSS denoted as scalon in 1976 
by Gildener and Weinberg
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[Gildener, Weinberg,  
      PRD13 (1976) 3333]
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Credit: João Gonçalves Mh1
≠ 0 Mh2

≠ 0

1. Dynamical symmetry breaking  

2. Only 1 free parameter in the scalar sector   

3. Only 1+2 free parameters in the gauge sector   and the charges  

4. Only 3 free parameter in neutrino sector   taken as diagonal  

5. Rich SGWB predictions due to strongly supercooled FOPTs  is large

Mh2

gL xσ , xH

[yσ]ii

⟹ h2ΩGW

[S. R. Coleman, E. J. Weinberg, Physical.Rev. D7 (1973) 1888]

Advantages:
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generic charge assignments scale invariant scalar potential

Tree level CP-even  
scalar masses

Goldstone
”scalon”

Neutrino masses/mixing via Type-I seesaw mechanism

Higgs boson 
as pseudo-Goldstone ”scalon”

Coleman, Weinberg,  
     PRD7 (1973) 1888

High-temperature EFT potential

negative cubic term is generated!

What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 4 / 56
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SGWB predictions in conformal B-L theory

18

SGWB predictions: The  case  and  U(1)B−L xσ = 2 xH = 0

Veff ≈ λσ(t)Z2(t)ϕ4
σ

Gauge coupling controls the peak amplitude 

Strong supercooled FOPTs with  for 
 

Larger  for smaller  due to slower 
running 

α > 10
0.26 ≲ gL ≲ 0.42

h2Ωpeak
GW gL

16π2βλσ
= 3g4

Lx4
σ + ⋯

19

SGWB predictions: The  case  and  U(1)B−L xσ = 2 xH = 0

 dependency flattens out with strong 
supercooling 

Full range of strong supercooling ( ) at the 
reach of LISA, ET and LIGO-O5 run (2028) 

LVK data already puts constraints on heavy Higgs 

Lower bound on  from PBH constraints 

In circled points the volume of false vacuum near 
 is not decreasing but only at 

β/H

α ≳ 100

β/H ≳ 8

Tp T < Tp

h2Ωpeak
GW ∝ ( α

1 + α )
2

( β
H(Tp) )

−2

≈ ΔV
T2/3p

for α ≫ 1

[Y. Gouttenoire, T. Volanski, 2305.04942]
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SGWB predictions: The  case  and  U(1)B−L xσ = 2 xH = 0

Heavy Higgs controls the peak frequency 

Matter domination period suppresses the SGWB 
at high frequencies when Mh2

≫ MνR,3
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SGWB predictions: The  case  and  U(1)B−L xσ = 2 xH = 0

Similar behaviour with  mass since Z′ 

MZ′ 
∼ Mh2

∼ vσ

For fixed fixed similar  

- Low :  must start at lower values to 
maximize   

- High : a larger breaking scale contributing 
to larger  implies larger 

gL ⇒ h2Ωpeak
GW ⇒ βλσ

∼ 3g4
Lx4

σ + ⋯

fpeak λσΔV

fpeak
ΔV ∼ v4

σ λσ21
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SGWB predictions: role of neutrinos and charges

22

SGWB predictions if we remove neutrino sector  [yσ]ii
→ 0

No SGWB predictions at high frequencies — LIGO, ET 

Heavy Higgs decay to SM highly suppressed by portal 

coupling  for  

SGWB at LIGO/ET can be seen as a signature of the 
neutrino sector in this class of models

λσh ∼ v2

v2σ
Mh2

≳ 100 TeV
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SGWB predictions for generic  with charges U(1)′ (xH, xσ)

Thermodynamic parameters weakly dependent 
on  

Higher temperatures preferred near the B-L 
model  larger charges imply Landau poles at 
lower scales  

xH

⟸

(−1,2) (− 16
41 ,2) (0,2)
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SGWB predictions for generic  with charges U(1)′ (xH, xσ)

Different models for fixed  have little impact, overshadowed by current uncertainties 

 enters the scalar potential via  and -functions

gLxσ

xH VCW β

25

Indirectly testing  models with SGWBU(1)′ 

Require  for observable SGWBSNR > 10

LISA

LVK

LIGO-O5

ET

LVK excluded a region with  with  

LISA+ET+LIGO can cover the entire mass range  with 

1012 GeV < Mh2
∼ MZ′ 

< 1016 GeV gLxσ ∼ 0.6

Mh2
> 1TeV , MZ′ 

> 10 TeV 0.55 ≲ gLxσ ≲ 0.8
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LIGO/ET signal <=> neutrino mass generation

LIGO+Virgo+KAGRA (LVK) excluded:
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Conclusions

✦  Vacuum domination hinders bubble percolation in the frequency 
  domain of PTAs making it difficult to interpret NANOGrav data 
  due to supercooled phase transitions 

✦  SGWB detection at LISA+ET+LIGO probes supercooling at higher 
   temperatures (hence, larger frequencies) setting bounds on 
   parameters of conformal models with new gauge symmetries 

✦  Simultaneous explanation of neutrino masses in the U(1)’  
   conformal model is crucial for high-frequency SGWB searches 

✦  LISA+ET+LIGO can either rule out most of the parameter space 
   challenging the hypothesis of supercooling and scale invariance, 
   or lead to a ground-breaking discovery


