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Outline

• A theorist’s view
• Where we are today
• Where we may be heading to 
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Consensus theorist’s view of the road ahead: 2009
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Consensus theorist’s view of the road ahead: 2022
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• Why Electroweak Symmetry Breaking occurs? 
What is the history of the Electroweak Phase Transition ?

• The reason for the Hierarchy in Fermion Masses and their Flavor Structure
• The Nature of Dark Matter
• The origin of the Matter-Antimatter Asymmetry
• The generation of Neutrino Masses
• The cause of the Universe’s accelerated expansion - Dark Energy
• What are the quantum properties of Gravity?
• What caused Cosmic Inflation after the Big Bang?
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A lot of Particle Physics is Missing in the Standard Model

The SM is silent about all the above BUT,
LHC data could provide decisive clues to help us decipher many of these mysteries

20/05/2022 Marcela Carena | Theory Perspective



The Interplay of Theory and Experiments
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Experiments

Anomalies

Theory:
Grand Ideas/ 
Frameworks
to answer big 

questions

Discoveries

Theory:
Models to account 
for BSM features
and/or to explain 

anomalies 

Constraints
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• In the SM, the Higgs potential is fixed by hand to give EWSB
• the SM Higgs potential is unstable – catastrophic runaway at some point
• Scalar’s masses are associated with quadratic divergences 

The Higgs boson: its great features and open questions
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• With mH = 125 GeV, its mass is at a lucky spot to test Higgs boson 
couplings to many particles and look for surprises 
- EFT approach can provide a useful tool for exploration -

• Implies a new force in nature, that can give mass to all known 
matter particles, but calls for an explanation of the mass hierarchies 

• Hints at - but does not explain - Baryogenesis, Dark Matter/Sector 
portals and possibly Inflation.

v The Higgs mechanism requires the existence of a ‘light” new type of 
particle - a scalar - ATLAS and CMS discovered it!
Its existence gives a first portrait of the EWSB mechanism     
and makes the SM by itself self consistent up to very high energies

Trusting the SM up to the Planck scale
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Higgs Couplings Preamble
ATLAS-CONF-2021-053

Invisible branching fraction
Brinv <  11% ATLAS-CONF-2020-052@95% CL

The larger and excellent Run 2 data sample brought many more 
opportunities…
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Effective self coupling
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• Radiative breaking
• Compositeness
• Other more exotic/exoteric alternatives

What is behind the EWSB mechanism? 
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Radiative EWSB
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e.g. Supersymmetry, provides dynamical radiative EWSB mainly governed by the mass 
difference between top-quarks and it super-partners

Current LHC program has a long way ahead in the search for SUSY
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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(**) extrapolated from FCC-hh prospects
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Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
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analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-

5σ observation is 5–10%
Lower for each process

Top-squark projections: R-parity 
conserving SUSY, prompt searches
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The LHC experiments are probing the SUSY particle spectrum
• Colored SUSY particles, squarks & gluinos, have the highest 

σ’s at hadron colliders.
• Given the Higgs mass value, simplest SUSY models imply 

stops are expected to be in the TeV range

MSSMm
h ~ 125 GeV
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Compositeness

10

Bosonic states are always suggestive of compositeness, e.g., in condensed matter we 
encounter composite states that trigger phase transitions and symmetry breaking, 

vev is the order parameter of EWSB

Many BSM theories allow for composite Higgs Boson/s

Inspired by pions in QCD 
Higgs as a PNGB

Higgs emerges as bound state of a new strongly 
interacting composite sector, like QCD, but with 

a much higher confinement scale 

The inverse of the confinement scale is the 
most important parameter to understand if 
the Higgs boson is composite 
It can be probed at HL-LHC
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Composite-sector characterized by a coupling  g*≫ gSM and a confinement scale m* 

m* controls the masses of the new vector-like fermion and gauge boson resonances
and sets the scale of EFT operators that describe at low energy the indirect effects of 
Higgs compositeness

118 CHAPTER 8. BEYOND THE STANDARD MODEL

��
�-
��/
��/
��(
��)

���-��(�����	)

��
�
-
��
/�
�(
�
�
)

���-��(�
�� )

��
�
-
��
(�

�
)

��
�-
��(
��
)

��������

��
���

���

��-���

� �� �� �� ��

�

�

�

�

��

�* [�	
]

�*

��
�����	 ������ ��

���
���
�

��
��

���
���

���
��
�

��
��
��
�

��
-�
��

��-���

� �� �� �� ��

�

�

�

�

��

�* [�	
]

�*

��
�����	 ������ ��

Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

From probes of operators in the EFTCH 
and direct resonance searches HL-LHC 
will probe scales in the 5-10 TeV range

Compositeness

Many LHC opportunities for discovery of extra gauge bosons and vector like fermions
20/05/2022 Marcela Carena | Theory Perspective



• Can help explain the dynamics of the Higgs potential – hence EWSB -
• Can help stabilize the SM Higgs potential
• Can be portals for Dark Matter
• Can play a role in generating light fermion masses 

• Provide a strong first order EW phase transition
• Provide new sources of CP violation

Additional scalars beyond the Higgs boson, motivated by many puzzles

12

Electroweak 
Baryogenesis ?

20/05/2022 Marcela Carena | Theory Perspective



Electroweak Baryogenesis demands new Physics/ New Scalars
EW Baryogenesis fails in the Standard Model, but many BSM scenarios have been 
studied which allow for EWBG

Many BSM scenarios have been studied which allow for EWBG
• Singlet extensions, including models with many scalars and EW symmetry non restoration 

or delayed restoration
• New models of EWNR, with multiple singlets + an inert doublet
• Two Higgs doublet Models
• Models with Dark CP violation and gauged lepton or baryon number
• Supersymmetric models: MSSM ruled out by Higgs precision, but NMSSM is an appealing 

possibility

Different thermal histories, with 1 or 2 step phase transitions and strong first order EWPT - -
- Important to perform nucleation calculation – and may lead to Gravitational Wave signals

è Distinct rich phenomenology at colliders: Higgs precision, Higgs trilinear coupling, double 
Higgs production, direct new scalar searches, possible effects of CPV

13 20/05/2022Marcela Carena | Theory Perspective
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FIG. 3: Current bounds (left panel) on exotic Higgs decays h ! ss ! XXY Y and corresponding

projections (right panel) at the HL-LHC. The horizontal dotted line is the current and future

projection of upper limit for the exotic Higgs branching ratio from global fits to Higgs properties

(16% and 4% respectively).

projections are derived using the simple assumption that all uncertainties can be taken to scale as

1/
p

L. Searches in these individual final states exclude regions above the lines. We can see that

the µµµµ channel provides a strong limit on Br(h ! ss ! XXY Y ) to around 10�6-10�5 across

the scalar mass. The ���� channel also makes a stringent ⇠ 10�5 bound. The constraints from

bbµµ and µµ⌧⌧ channels are a bit weaker, around 10�4
� 10�3, but still stronger than the bb⌧⌧ ,

⌧⌧⌧⌧ and ��jj bounds which are around 10�2
�10�1. The current bbbb bounds are typically higher

than the allowed maximal exotic branching ratio (16%), but the HL-LHC projections can reach a

few percent. On the other hand, the µµµµ channel can touch 10�7 at the HL-LHC.

The bounds on Br(h ! ss) can be derived from those on Br(h ! ss ! XXY Y ) once the

s ! XX/Y Y branching ratios are given. Assuming the s decay branching ratios are dominated

by the h-s mixing (see Fig. 2), the bounds on Br(h ! ss) are given in Fig. 4. We can see that the

hierarchies of various channels are significantly a↵ected compared to those in Fig. 3. For ms . 10

GeV, the strongest bounds are still from the µµ-relevant channels, e.g. µµµµ for ms . 3.5 GeV

and µµ⌧⌧ for 3.5 GeV . ms . 10 GeV, respectively. For ms & 10 GeV, bb is the main decay

channel of s, making bb-relevant channels most sensitive. As a result, the most stringent bounds

for 10 GeV . ms < 62.5 GeV is bbµµ and bb⌧⌧ .

In Fig. 4 we show the projected reach of the ⇠ 240 GeV e
+
e
� colliders with an integrated

luminosity of 5 ab�1 for the ⌧⌧⌧⌧ [36] and bbbb [16] channels. The projections for qqqq/gggg and

Ø Lower bound on BR(H) inv  or related  associated production or VBF  with Higgs decay into a 
pair of “invisible” scalar singlets 

Ø Probing Z2 breaking SM-Singlet Extensions via Higgs Exotic Decays 

Higgs cousins probes at LHC Run 3 and HL-LHC 

14

BR[Hà exotics] =16%

Bounds on exotic Higgs decays: current vs HL-LHC 

arXiv:2203.08206 

BR[Hà exotics]= 4%
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FIG. 4: The current bounds on Higgs exotic decay h ! ss and the projections at the HL-LHC,

assuming the s decays to SM particles are mediated by the mixing, and the corresponding

branching ratios are taken from Ref. [17]. The upper and lower horizontal dotted lines are the

expected upper limit for Higgs exotic decay branching ratio at the HL-LHC (4% [39]) and

statistical limit of 106 Higgs at future lepton colliders, respectively. The brown and light blue

shadowed regions are the strong first-order EWPT regions from Refs. [6, 7], see text for details.

Projections of the reach of future lepton colliders are shown in dashed lines.

cccc channels can be found in Ref. [16], which we do not show here. A ILC-based simulation (250

GeV, 0.9 ab�1) for the bbbb channel is done by Ref. [37] and find similar projections. There are

room for further improvement, e.g., usings Machine Learning to deal with complex signals and

backgrounds for Higgs exotic decays [38].

The strongly first-order EWPT parameter space for the spontaneous Z2 breaking model [7] and

general singlet scalar extension of the SM with mixing angle sin ✓ = 0.01 [6] are indicated by the

brown and light blue shaded regions in the Br(h ! ss)-ms plane in Fig. 4, respectively. Combining

with the current bounds at the LHC, we see that the exotic Higgs decay searches have already

probed a visible fraction of the EWPT parameter space, especially for the low mass region ms . 10

GeV. For the high mass region ms > 10 GeV, the direct constraints from the bb-relevant channels

are slightly weaker than the indirect bound (16% [40]) from the exotic Higgs decay. At the HL-LHC,

the Br(h ! ss) reach in both the low and high mass regions are significantly improved, while the

expected reach from direct searches at high masses is still comparable with the expected indirect

bounds (4% [39]). Future Higgs factories can greatly improve the coverage of EWPT parameter

space, as shown in the dashed lines in the right panel of Fig. 4. Combining the ⌧⌧⌧⌧ and bbbb

• can shed light on understanding the Higgs potential and the EW phase transition
• may relate to the flavor structure and new sources of light-fermions-Higgs couplings

20/05/2022 Marcela Carena | Theory Perspective



Higgs cousins probes at LHC Run 3 and HL-LHC 

15

• can shed light on understanding the Higgs potential and the EW phase transition
• may relate to the flavor structure and new sources of light-fermions-Higgs couplings

Ø Enhanced Di-Higgs production via a heavy resonance - including interference 
effects - or a non-resonant contribution is being probed already at the LHC.

28

σ × Br
γγ γγ ττexp. WW bb      bb bbWW bbbb bb4l

0.1 % 0.26 % 7% 25% 34% 1.5%*

ATLAS <747 (386) <4.1 (5.5) <4.7 (3.9) - <12.9 (21) -

CMS - <7.7 (5.2) <30 (25) <79 (89) <3.7 (7.3) 30 (37)

Summary  in terms of limits on HH production

Full data results in all channels are being finalised and combinations starting!
*without the Z leptonic branching of 3.3% ~4 events expected at HL-LHC high s/b ~ 5

−1.0 < κλ < 6.6

−1.2 < κλ < 7.2

ATLAS 
Combination of 

 and bbττ bbγγ

NEW  
Higgs 2021

NEW  
Higgs 2021

Observed constraint on trilinear 
coupling at 95% CL:

Expected range:

With the improvement of the full Run 2 
dataset analyses Back of the envelope 
calculation with  should get 
close to  sensitivity (ATLAS and 
CMS combined)!

0.5 ab−1

2σ

Major and exciting challenge for Run 3!

Towards a Measurement of the Higgs Self Coupling

• Combination of searches in 
bbττ, bbγγ and bbbb final 
states


• mX range: 251 GeV to 3 TeV


• Complementary sensitivity 
ranges of the three searches


• mX = 1.1 TeV


• 3.2 (2.1) local (global) 
significance

X→HH
Higgs boson pair production

14

bbγγ bbττ bbbb

DiHiggs overview: Marco Valente, Wed 10:30am

Ø Many BSM Higgs searches: Higgs singlets: hS,AS; doublets: H, A, H+- ; triplets: H, A, H+-, H++

Some 3σ excesses to keep an eye on and explore in many appealing theory scenarios

Different search strategies depending on how SM-like is the 125 GeV Higgs (Alignment)

Non-Resonant H(bb)H(bb)

Motivations
o Probe the Higgs trilinear coupling
o VBF HH also sensitive to %2! (HHVV)
o Probe also potential BSM terms

Analysis feature & main selection
o Two AK8 jets, utilize 

DNN “ParticleNet”
X->bb tagger

May 19, 2022 21
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HH → bbττ and HH → bbbb

23

• Combine large BR & good signatures
- BRSM(HH → bbττ) = 7.4%  ⇒  ~320 events in 138 fb-1  
- BRSM(HH → bbbb) = 33%  ⇒  ~1400 events in 138 fb-1

bbττ bbbb boosted

σggF+VBF  
/σSM

<3.3 (5.2) <9.9 (5.1)

σVBF/σSM <124 (154) <728 (409)

0.62 < κ2V < 1.41  
(0.66 < κ2V < 1.37) @ 95% CL

HH

1428th February 2020 Katharine Leney

All HH decay 
modes covered, 

either by 
targeted 

analyses, or by 
multilepton 

analysis (covering 
multi-!/τ/γ final 

states).

Gluon fusion   
σ = 31.05 fb 

Self-coupling, λ 
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σ = 1.726 fb 

VVHH coupling, c2V St
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da
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 M
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M

Also X→SH (S = scalar, m≠125 GeV)

Close links with 
LHC-HH group 

re theory 
developments, 
and benchmark 

BSM models

-1.8 < κλ < 8.8  
(-3 < κλ < 9.9)  

@ 95% CL

   CMS-B2G-22-003 (submitted to PRL)

   CMS-PAS-HIG-20-010

⇒Currently best observed (expected) κλ limits from      bbττ+bbγγ combination: -1.0 < κλ < 6.6 (-1.2 < κλ < 7.2) 

⇒      bbγγ observed (expected) κλ limits: -3.3 < κλ < 8.5 (-2.5 < κλ < 8.2) [JHEP 03 (2021) 257]
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Lepton flavor opportunities
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Could there be new particles that couple differently to electrons/muons/taus
• new gauge bosons, new scalars, leptoquarks, vector-like fermions with extended 

scalar sectors or squarks in special types of supersymmetry 

In the quark sector no compelling evidence for flavor effects beyond CKM. What about 
the lepton sector?

Have we already seen such effects?
• Evidence of lepton universality violation in bà s ll

and b à cτν transitions
RK anomaly: 3.1 sigma; RD* anomaly@ 3.4 sigma
Run 3 data will be crucial to clarify these anomalies

11

The muon g-2 collaboration confirms the Brookhaven result. 
Deviation of 4.2 standard deviations from SM Expectations.

A very important result, that will be further tested in the coming years.

I. INTRODUCTION

The Standard Model (SM) of particle physics has built its reputation on decades of

measurements at experiments around the world that testify to its validity. With the discovery

of the Higgs boson almost a decade ago [1, 2] all SM particles have been observed and the

mechanism that gives mass to the SM particles, with the possible exception of the neutrinos,

has been established. Nonetheless, we know that physics beyond the SM (BSM) is required

to explain the nature of dark matter (DM) and the source of the observed matter-antimatter

asymmetry. Furthermore, an understanding of some features of the SM such as the hierarchy

of the fermion masses or the stability of the electroweak vacuum, is lacking.

The direct discovery of new particles pointing towards new forces or new symmetries

in nature will be the most striking and conclusive evidence of BSM physics. However, it

may well be the case that BSM particles lie beyond our present experimental reach in mass

and/or interaction strength, and that clues for new physics may first come from results for

precision observables that depart from their SM expectations. With that in mind, since

the discovery of the Higgs boson, we are straining our resources and capabilities to measure

the properties of the Higgs boson to higher and higher accuracy, and flavor and electroweak

physics experiments at the LHC and elsewhere are pursuing a complementary broad program

of precision measurements. Breakthroughs in our understanding of what lies beyond the SM

could occur at any time.

Recently, new results of measurements involving muons have been reported. The LHCb

experiment has reported new values of the decay rate of B-mesons to a kaon and a pair

of muons compared to the decay into a kaon and electrons [3], providing evidence at the

3 �-level of the violation of lepton universality. This so-called RK anomaly joins the ranks

of previously reported anomalies involving heavy-flavor quarks such as the bottom quark

forward-backward asymmetry at LEP [4, 5], and measurements of meson decays at the LHC

and B-factories such as RK⇤ [6–8] and RD(⇤) [9–14]. The Fermilab Muon (g-2) experiment

has just reported a new measurement of the anomalous magnetic moment of the muon,

aµ ⌘ (gµ � 2) /2. The SM prediction of aµ is known with the remarkable relative precision

of 4 ⇥ 10�7, a
SM

µ
= 116 591 810(43) ⇥ 10�11 [15–35]. From the new Fermilab Muon (g-

2) experiment, the measured value is a
exp, FNAL

µ
= 116 592 040(54) ⇥ 10�11 [36], which

combined with the previous E821 result a
exp, E821

µ
= 116 592 089(63) ⇥ 10�11 [37], yields a

2

value a
exp

µ
= 116 592 061(41) ⇥ 10�11.

An important point when considering the tension between experimental results and the

SM predictions are the current limitations on theoretical tools in computing the hadronic

vacuum polarization (HVP) contribution to a
SM

µ
, which is governed by the strong interaction

and is particularly challenging to calculate from first principles. The most accurate result

of the HVP contribution is based on a data-driven result, extracting its value from precise

and reliable low-energy (e+e
�

! hadrons) cross section measurements via dispersion theory.

Assuming no contribution from new physics to the low energy processes and conservatively

accounting for experimental errors, this yields a value a
HVP

µ
= 685.4(4.0)⇥10�10 [15, 20–26],

implying an uncertainty of 0.6 % in this contribution.1 The SM prediction for the anomalous

magnetic moment of the muon and the measured value then di↵er by 4.2 �,

�aµ ⌘ (aexp

µ
� a

SM

µ
) = (251 ± 59) ⇥ 10�11

. (1)

It is imperative to ask what these anomalies may imply for new physics. The most

relevant questions that come to mind are: Can the aµ and R
K(⇤) anomalies be explained

by the same BSM physics? Can they give guidance about the nature of DM? Are they

related to cosmological discrepancies? How constrained are the possible solutions by other

experimental searches? What are future experimental prospects for the possible solutions?

In Sec. II we provide a brief overview of the many models which have been previously

proposed in the literature to explain the (gµ�2) anomaly and consider their impact on other

possible anomalies and on unresolved questions of the SM. Then, in Sec. III, we discuss a

supersymmetric solution in the most simplistic supersymmetric model at hand, the Minimal

Supersymmetric Standard Model (MSSM). We focus on a region of the parameter space of

the MSSM where the (gµ � 2) anomaly can be realized simultaneously with a viable DM

candidate. We show that in the region of moderate |µ| and moderate-to-large values of

tan �, a Bino-like DM candidate can be realized in the proximity of blind spots (that require

µM1 < 0) for spin independent direct detection experiments [43]. In this way, our MSSM

scenario explores a di↵erent region of parameter space than the one considered in the study

1 The HVP contribution has recently been computed in lattice QCD, yielding a higher value of aHVP

µ =

708.7(5.3) ⇥ 10�10 [38]. Given the high complexity of this calculation, independent lattice calculations

with commiserate precision are needed before confronting this result with the well tested data-driven one.

We stress that if a larger value of the HVP contribution were confirmed, which would (partially) explain

the (gµ � 2) anomaly, new physics contributions will be needed to bring theory and measurements of

(e+e� ! hadrons) in agreement [39–42]. 3
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µ =

708.7(5.3) ⇥ 10�10 [38]. Given the high complexity of this calculation, independent lattice calculations

with commiserate precision are needed before confronting this result with the well tested data-driven one.

We stress that if a larger value of the HVP contribution were confirmed, which would (partially) explain

the (gµ � 2) anomaly, new physics contributions will be needed to bring theory and measurements of

(e+e� ! hadrons) in agreement [39–42]. 3

Observe that the g-2 errors are mainly statistical ones.
0.5 1 1.5

KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.
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LFU in b → sℓℓ

2110.09501  (in memory of S. Stone)

Most  recent measurements with full Run 2  
on   and B0 → K0

Sℓ+ℓ− B0 → K*+(K0
Sπ+)ℓ+ℓ−

      below SMRK = ℬ(B+ → K+μ+μ−)
ℬ(B+ → K+e+e−) 3.1σ

Run 3 data will be crucial to clarify the 

picture on  anomalies  b → sℓℓ
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Update with full Run 2  ongoing
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More modes, including , 
and more  bins will be also added

D+
(s) → π+ϕ(ℓ+ℓ−)

q2

arXiv: 2110.09501 

• The muon g-2 anomaly :
4.2 standard deviation from SM expectation
Lattice theory calculations under scrutiny
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𝑅 𝐷∗ ൌ 𝐵ሺ𝐵଴ → 𝐷∗ା𝜏ି ҧ𝜈ఛሻ/𝐵ሺ ത𝐵଴ → 𝐷∗ା𝜇ି ҧ𝜈ఓሻ

භ𝜏 reconstructed in one prong 𝜏ି → 𝜇ି𝜈ఓ ҧ𝜈ఛ

භB momentum estimated using the visible Pz

භDifficult backgrounds from partially reconstructed 
semileptonic decays 𝐵 → 𝐷∗∗ା𝜇ି𝜈 modeled using a 
control sample 𝐵 → 𝐷∗ା𝜇ି𝜋ା𝜋ି

භCorrections for double charm from simulation 
corrected with control sample 𝐷∗ା𝜇ି𝐾േ

භPrompt and secondary muons from ML fit to m2
miss , 

𝐸ఓ, q2 distributions with 3D templates representing 
signal, normalization and background sources

Combined with hadronic tau reco and other
measurements: 3.4 𝜎 from theo.

Physical Review Letters 115, 111803 (2015) (3fb-1)

18/5/2022 G. Simi - LHCP 2022 14
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• Couples gravitationally
• It is the most abundant form of matter
• It can be part of an extended hidden, dark sector
• It can be made of particles or compact objects

- ultralight DM is best described as wavelike disturbances (e.g axions) -
• Its mass can be anything from as light as 10−22 eV to as heavy as primordial black holes of 

tens of solar masses

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why

13

From 
MACHOs 
searches

Too small 
mass
⇒ won’t “fit” 
in a galaxy!

17 5

Creating/Detecting DM in the laboratory is one of the greatest challenges 

What do we know about Dark Matter -very little -

20/05/2022Marcela Carena | Theory Perspective



What do we know about Dark Matter ?
• Assumptions about early Universe 

cosmology provides some guidance

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {

18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 

12

Thermal Equilibrium in early Universe 
narrows the viable mass range

• It can have weak SM charges and be part of an extended SM sector
è Weakly Interacting Massive Particles (WIMPs)

• It can belong to a Hidden Sector & interact indirectly with SM particles via a Mediator 
Mediators may be SM singlets that mix/interact with SM particles such as the Higgs boson, 
the photon or neutrinos or they may directly carry SM charges 

• It can have different type of properties with itself (e.g. collisionless, self interacting)

Explorable at accelerator-based DM searches: colliders and fixed target/beam dump exp. 
Phenomenology of low mass region [MeV-GeV] thermal DM is quite different from Standard 
WIMP: it demands light mediator/s that in themselves are a search target 

Hidden Sector

18 720/05/2022Marcela Carena | Theory Perspective
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Making WIMPs at the LHC ?
Direct detection experiments are starting to probe the Higgs portal, close to the neutrino floor
but, in extended Higgs sector models, it is possible to be in regions where WIMP-nucleon cross 
section becomes very suppressed  - blind spots -
Such regions may still yield the observed DM thermal relic abundance and be at LHC reach

Run 3/HL-LHC expected to have discovery potential 
a few to several hundred GeV beyond Run 2

20/05/2022Marcela Carena | Theory Perspective

Charginos/neutralinos w/ boosted W/Z/H
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o Searches started to become sensitive to low x-section higgsino production
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Caveats: 
Squarks in the TeV region may suppress 
DM production in a relevant manner (> 10%)
Assuming NLSP Br’s 100% into Z or H
should be done with care depending on
NLSP composition



Entering a new era in exploring the Dark Sector:

Portal

20

• Dark Sector dynamics not fixed by SM:
New forces, new symmetries and multiple new states, including mediators and DM candidates

• Portals can be the Higgs itself or Feeble Interacting Particles (FIPs):

Collider searches are looking to the full menu of potential Dark Sector particles

8.6. FEEBLY-INTERACTING PARTICLES 133

have not been detected because they interact too feebly with SM particles. These particles
would belong to an entirely new sector, the so-called hidden or dark sector. While masses and
interactions of particles in the dark sector are largely unknown, the mass range between the
MeV and tens of GeV appears particularly interesting, both theoretically and experimentally,
and is the subject of this section.

An important motivation for new physics in this mass range is DM (see Chapter 9), which
could be made of light particles, with either a thermal or non-thermal cosmological origin. Ther-
mal DM in the MeV–GeV range with SM interactions is overproduced in the early Universe
and therefore viable scenarios require additional SM neutral mediators to deplete the overabun-
dance [491–496]. These mediators, which must be singlets under the SM gauge symmetry, can
lead to couplings of feebly-interacting particles to the SM through portal operators.

8.6.1 The formalism of portals
Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-
invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely
the scheme used in the Physics Beyond Colliders study [361], four types of portal are consid-
ered:

Portal Coupling
Vector (Dark Photon, Aµ ) � e

2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y

Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;
and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three
cases are the only possible renormalisable portal interactions. While many new operators can
be written at the non-renormalisable level, a particularly important example is provided by the
axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.

8.6.2 Experimental sensitivities
The portal framework is used to define some benchmark cases, for which sensitivities of dif-
ferent experimental proposals are evaluated and compared with each other. Unless otherwise
stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-
ature has been using this standard.
Vector portal
New light vector particles mixed with the photon are not uncommon in BSM models containing
hidden sectors, possibly related to the DM problem. The parameters describing this class of
models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary
photon; aD = g2

D/4p is the coupling strength of the dark photon with DM; and mA0 and mc
are the dark photon and DM particle mass, respectively. The study of experimental sensitivities
at future colliders is performed in the plane of e versus mA0 , assuming aD to be negligible
with respect to e . It is important to note that only minimal Dark Photon models have been

(mediator)

Distinctive phenomenology connected to the existence of Long-Lived Particles/FIPs

Mediators can have masses larger or smaller than the DM candidate mass
Mediators can decay to light DM or to SM particles through portal couplings

20/05/2022 Marcela Carena | Theory Perspective



Invisible decays of the Higgs boson
26

CMS New VBF 
Br(inv.) < 0.17 (0.11)

NEW  
Higgs 2021

CMS-PAS-HIG-20-003

Overall major background is  (with jets) major challenge to 
control, but also interesting new measurements from it:

z → νν

Precision measurement of the invisible Z width from CMS-PAS-CMP-18-014

Nick Wardle

ATLAS-CONF-2020-052

Limits are now below 9% on invisible branching at 90% CL

Interpretation in terms of WIMP-Nucleon cross section limits: 
very nice complementarity with direct searches! 

- Control of backgrounds

- Precision on MET and Jet reconstruction and trigger are key!

HL-LHC projection

21 20/05/2022 Marcela Carena | Theory Perspective

Simplified Models with DM portals/DM-Mediators at the LHC
Simplified models are useful toy models to compare the reach of Colliders with that of 
Direct Detection and Indirect Detection experiments (many caveats!)

Simplified DM model with a mediator V;  
gq (gDM) – mediator coupling to quarks (DM) 
mmed (mDM) – mass of mediator (DM) 

11Heavy Resonance Searches 

Searches for Dark Matter (DM) at the LHC

Overwhelming evidence for DM  

If new particle → DM  & SM particles in thermal equilibrium in the past

DM abundance determines annihilation cross section at freeze-out

DM is at electroweak scale? →  within LHC energy reach

LHC collides pp under well-controlled conditions

SM particles can radiate other SM particles “X” (via ISR)  

Undetected DM  → imbalance in transverse momentum

X

X

Adopt simplified DM model with a “mediator” V 

g
q
 (g

DM
) – mediator coupling to quarks (DM)

m
med

 (m
DM

) – mass of mediator (DM)

ATLAS & CMS:  g
q
=0.25 (S=1), g

q
=1 (S=0), g

DM 
=1  

Г=minimum width formula

EFT

Simplified 
DM models

12Heavy Resonance Searches 

Mono jet searches

Mono jet searches rely on MET

MET   > 200 GeV for typical searches

Challenging pileup and non-collision background

SM background:

Z(νν)+j – irreducible (real MET) →  MC with data on Z→ ll 

W(lν)+j, tt – reducible (loss of leptons from W) → MC

QCD multi-jet, non-collision BG  → data driven

Required high-precision SM measurements

Examples:

jet+γ – missing NNLO effects for Z(νν) (CMS)

W+jet control region also for Z(νν) (ATLAS)

ATLAS Phys. Rev. D 103 (2021) 112006

Typical precision 
for SM description

Monojet search for 
axial vector mediator 

Higgs portal: 
direct searches for invisible Higgs decays

LHC has great sensitivity for low DM masses 



Feebly Interacting Particles at Accelerator-based experiments

FIPs: Vector Portal (Dark Photon) 

May 16, 2019 PPG: BSM physics  35 

Beam dump expts: very low 
couplings at very low masses

LHCb: D*0 ⟶ D0  e+ e– 
& pp ⟶ Aʹ ⟶ µ+µ–  

FASER & 
MATHUSLA

HL-LHC: pp→Aʹ→µ+µ–  

FCC-hh 
Aʹ→µ+µ–  

CePC FCC-ee 

ILC 

LHeC 
FCCeh 

ee→Aʹγ→µ+µ–γ  

Dark Photon Portal: visible decays

C. Vallée, EPPSU Granada WS, May 2019 Beam Dumps experimental perspective 16

Worldwide prospects

Current limits

Dark Photon visible mode

• Most studied in the past
• Current limits still dominated by old projects
• Strong revived worldwide competition to 

NA62++, AWAKE++ and FASER for this channel
• Unique reach of SHiP at high mass/low coupling

CERN prospects

Schematic 
diagram

22

Run 3 and HL-LHC will cover new 
territory for a large mass range of
dark photons/larger couplings

Auxiliary detectors can give extra
reach at low mass/smaller couplings

Beam dump experiments have 
reach in the low mass, small 
coupling regime

20/05/2022Marcela Carena | Theory Perspective



Feebly Interacting Particles at Accelerator-based experiments

Dark Higgs Portal: SM decays Schematic 
diagram

C. Vallée, EPPSU Granada WS, May 2019 Beam Dumps experimental perspective 18

Millicharged Particles Dark Scalars
mA’ = 0

Strong competition of milliQan
to a long run of NA64++(ʅ).

A short term few-months run 
could still be of interest for (g-2)ʅ

Complementary reach of projects
in term of couplings.

Mass reach fixed by meson massesDark Higgs couplings/masses are also constrained from Higgs invisible width beyond the range shown here 

C. Vallée, EPPSU Granada WS, May 2019 Beam Dumps experimental perspective 18

Millicharged Particles Dark Scalars
mA’ = 0

Strong competition of milliQan
to a long run of NA64++(ʅ).

A short term few-months run 
could still be of interest for (g-2)ʅ

Complementary reach of projects
in term of couplings.

Mass reach fixed by meson masses
23

LHCb at Run 3 will cover new 
territory for a large mass range of
the dark Higgs.

Auxiliary detectors can give extra
reach at smaller couplings

Beam dump experiments have 
reach in the small coupling regime

20/05/2022Marcela Carena | Theory Perspective
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In addition to looking for the things that we know are hard to see and therefore 
require more data, we are doing new things that increase the discovery potential

Therefore, the discovery potential for Run 3 or HL-LHC is NOT a straightforward 
extrapolation of current sensitivities

• New channels not yet constrained by other searches
• Improved techniques yielding greater sensitivity/smaller error bars
• Use the existing detectors in more creative ways 

New LHC auxiliary detectors will open new opportunities for LLPs of many types 

20/05/2022 Marcela Carena | Theory Perspective

LHC prospects

Many new opportunities already underway, e.g.:
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New channels not yet constrained by other searches
e.g.: looking for an ultraheavy resonance, an 8 TeV diquark or coloron that can 
decay into a pair of ~ 2 TeV vector-like quarks, not at the reach of LHC yet. e.g.

?

CMS PAS-EXO-21-010
1810.09429

20/05/2022 Marcela Carena | Theory Perspective
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Improved techniques yielding greater sensitivity/smaller error bars

e.g.: Machine Learning for reconstruction of decays to merged photons

Consider Higgs decay to a pair of 
ALPs with mass < 1 GeV: 

<latexit sha1_base64="kMVyA7g2BjdTXGRXRaXkaFmrIvI=">AAACDnicbVC7TsMwFL0pr1JeAUYWi6oSU5WgIhhbsTAWibZITVQ5rtNatZPIdpCqqF/Awq+wMIAQKzMbf4ObZoCWK9n36Jx7ZZ8TJJwp7TjfVmltfWNzq7xd2dnd2z+wD4+6Kk4loR0S81jeB1hRziLa0Uxzep9IikXAaS+YXM/13gOVisXRnZ4m1Bd4FLGQEawNNbBrY+TpGLVaefNGWAi8eg/sqlN38kKrwC1AFYpqD+wvbxiTVNBIE46V6rtOov0MS80Ip7OKlyqaYDLBI9o3MMKCKj/L7cxQzTBDFMbSnEijnP29kWGh1FQEZlJgPVbL2pz8T+unOrzyMxYlqaYRWTwUphwZ5/Ns0JBJSjSfGoCJZOaviIyxxESbBCsmBHfZ8irontfdi7pz26g2G0UcZTiBUzgDFy6hCTfQhg4QeIRneIU368l6sd6tj8VoySp2juFPWZ8/DFObdw==</latexit>

h ! AA ! ����

• Dominant decay of each axion-like particle is to 
two photons

• But decaying particle is highly boosted, so each 
pair of photons reconstructs as a single photon

• Hard to distinguish this signal from regular 
Higgs diphoton decays

New: use machine learning trained on 
minimally processed data ML finds the                 peak in the sub-leading 

“photon” of a  diphoton data sample

<latexit sha1_base64="GiRWyGOt57yL8619kmneej+ilAA=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXJXMOLZ1V3DjsoJ9QGcsmTRtQ5OZIckIpXbhr7hxoYhbf8Odf2OmraCiBxIO59zLvfeECWdKI/Rh5ZaWV1bX8uuFjc2t7R17d6+p4lQS2iAxj2U7xIpyFtGGZprTdiIpFiGnrXB0kfmtWyoVi6NrPU5oIPAgYn1GsDZS1z7wE3aDoK9j6A+wEHj+d+0iKp1Xy65XhqiEUMVxnYy4Fe/Ug45RMhTBAvWu/e73YpIKGmnCsVIdByU6mGCpGeF0WvBTRRNMRnhAO4ZGWFAVTGb7T+GxUXqwH0vzIg1n6veOCRZKjUVoKgXWQ/Xby8S/vE6q+9VgwqIk1TQi80H9lENzbRYG7DFJieZjQzCRzOwKyRBLTLSJrGBC+LoU/k+absk5K6Err1jzFnHkwSE4AifAARVQA5egDhqAgDvwAJ7As3VvPVov1uu8NGctevbBD1hvn3/6lb8=</latexit>

⇡0 ! ��

CMS-EGM-20-001
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Use the existing detectors in more creative ways  
e.g. using the muon detectors to search for Long-lived particles
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CMS search for hadronic 
showers in muon system 
Phys. Rev. Lett. 127.261804

Search for H→SS; 
S→ qq, S long-lived

ATLAS search for displaced 
vertices in the muon system 
arXiv:2203.00587 
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Most stringent bounds on 
BR(HàSS) in a given mass 
and decay length region

Broadening possibilities for 
LLPs searches appearing 
in many BSM scenarios  

See also projections for HGCAL reach arXiv:2005.10836 
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LHC Discovery Program
Run 3 and HL-LHC with upgraded detectors, exploring the unknown and pushing the boundaries 
with many ideas for new search channels, novel techniques for scrutinizing the data and new 
opportunities for expanding the capabilities of the existing detectors plus possibly new auxiliary 
ones

Many discoveries possible 

• Higgs cousins of many types with many possible implications
• Dark matter, dark sector, feebly-interacting particles, long-lived particles
• LHCb lepton flavor anomaly could be confirmed (and related to Muon g-2?)
• New forces (gauge bosons)
• Leptoquarks
• New kinds of fermions
• Higgs boson is composite
• Higgs flavor violation, Higgs CP violation, etc…
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HEP landscape today
We should dream big about what we may achieve
Run 3 starts the next phase of exploration and discovery with the most powerful and 
technologically advanced machine humankind have ever built 
We are probing many of the deepest secrets of our universe
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Thank you !

20/05/2022 Marcela Carena | Theory Perspective30


