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Disclaimer

2

This is not supposed to be a summary talk.
It is just a personal view of what will happen.

Many of the subjects I’ll discuss have been covered
in much better detail during this conference.  

Look, in particular, to the many vision talks presented 
in this conference.



The Standard Model 

Is an extremely successful Theory that describes 
interactions between the known elementary particles. 

3 generations
of fermions (mattter) 

Gauge and Higgs 
Fields

3
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Well known, Open Question in HEP
(not addressed satisfactoraly by the SM)



The Mass Mystery

5



A Higgs with a mass of about 125 GeV allows to study many decay channels

LHC Higgs Production Channels 
and Decay Branching Ratios

H

6

Gluon Fusion is the Main
Production Channel



H couplings with more general assumptions

10

Measurement assuming effective 
couplings for ggH, Hɣɣ, and HZɣ  

Assuming also H decays to 
invisible(≔missing pT) & undetectable 
(≔non-closure of other BR’s to unity) 

Stat. unc ≅ syst unc except for 
kμ and and kZɣ

Both invisible and undetectable 
BR’s compatible with zero

Generic coupling

How: Similar to previous setup with this time 
allowing for non-SM particles in loop processes, 
with effective coupling strengths. 

Two scenarios: with and without invisible and 
undetected non-SM Higgs decays. 

Highlights:

● SM compatibility (p-value): 61% (Binv = Bu = 0)
● Upper limits on Binv of 0.13 (0.08) and Bu of 

0.12 (0.21) at 95% CL 
○ To include Binv  and Bu one has to add some extra 

constraint (κV≤1 )

14Nature 607, 52–59 (2022)Paolo Francavilla - Higgs Hunting 2022

ATLAS and CMS Fit to Higgs Couplings
Departure from SM predictions of the order of

few tens of percent allowed at this point.

i =
ghii
gSMhin



H couplings to fermions and vector bosons

9

● Coupling modifiers k to quantify couplings 
deviations from SM predictions 

H couplings vs particle mass

○ Compatibility with SM within 10%

○ ~5✕ improvement wrt discovery

Likelihood scan of (kf, kV)

k μ =
 k

τ =
 k

b =
 k

t =
  

kZ = kW =  

○ Agreement with SM for 
masses within 0.1 - 200 GeV

Coupling to each particle
How: 

● All modifiers assumed to be positive
● Only SM particles in loop processes
● No invisible or undetected non-SM Higgs 

decays 
● Two setups: with and without κc to cope with 

low sensitivity 

Highlights:

SM compatibility (p-value): 
56% (κc=κt ) and 65% (κc free-floating)

Coupling precision: 

● Fermions (t, b, τ ): 7% -12% 
● Vector bosons (W, Z): 5%
● Upper limit on κc of 5.7 (7.6) x SM at 95% CL 

11Nature 607, 52–59 (2022)Paolo Francavilla - Higgs Hunting 2022

Correlation between masses and couplings consistent
with the Standard Model expectations

<latexit sha1_base64="PxsSYaRLQDPM1RnxDl13eTN+xgQ="></latexit>

ghff̄ =
mf

v
, ghV V =

m2
V

v

We are starting to get information on the second generation couplings !! 
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Possible flavor violation in Higgs decays

No hint from CMS, though :
<latexit sha1_base64="55h8F5H8J7jhObSK1p0Wu6TfHB0="></latexit>

BR(H ! ⌧µ, e) < 0.15%

There may be, of course, surprises
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        Di-Higgs Production dependence on the Higgs 
self coupling
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.

Grant Agreement numbers PITN-GA-2010-264564 (LHCPhe-
noNet) and PITN-GA-2012-315877 (MCNet). The work of
FM and OM is supported by the IISN “MadGraph” con-
vention 4.4511.10, by the IISN “Fundamental interactions”
convention 4.4517.08, and in part by the Belgian Federal
Science Policy Office through the Interuniversity Attrac-
tion Pole P7/37. OM is "Chercheur scientifique logistique
postdoctoral F.R.S.-FNRS".
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Frederix et al’14

Box Diagram is dominant, and hence interference in the gluon fusion channel 
tends to be enhanced for larger values of the coupling.  At sufficiently large  
values of the coupling, or negative values, the production cross section is enhanced. 

Top Coupling Fixed
to the SM value.



Summary

In the 10 years since the Higgs discovery, many measurements 
have been performed by the ATLAS collaboration, with 
confirmation that the properties of the Higgs Boson show good 
agreement with the SM. 

● All main production and decay modes have been 
observed 

● Hints of rare Higgs decays have been seen 
● Total and differential cross sections have been presented 

and used to extract information on the Higgs couplings.
● Kinematic dependence of production cross sections has 

been studied across a wide range of phase space 
=> Already used in the determination of Higgs self 
coupling.

Stay tuned for even better results from LHC Run 3!

17Paolo Francavilla - Higgs Hunting 2022
ATLAS-CONF-2022-050

HH + H Combination Results: Summary of � constraints

Combination assumption Obs. 95% CL Exp. 95% CL Obs. value+1�
�1�

HH combination �0.6 < � < 6.6 �2.1 < � < 7.8 � = 3.1+1.9
�2.0

Single-H combination �4.0 < � < 10.3 �5.2 < � < 11.5 � = 2.5+4.6
�3.9

HH+H combination �0.4 < � < 6.3 �1.9 < � < 7.6 � = 3.0+1.8
�1.9

HH+H combination (2019) �2.3 < � < 10.3 �5.1 < � < 11.2 � = 4.6+3.2
�3.8

HH+H combination, t floating �0.4 < � < 6.3 �1.9 < � < 7.6 � = 3.0+1.8
�1.9

HH+H combination, t, V , b, ⌧ floating �1.4 < � < 6.1 �2.2 < � < 7.7 � = 2.3+2.1
�2.0

HH+H combination (2019), t, V , b, ` floating �3.7 < � < 11.5 �6.2 < � < 11.6 � = 5.5+3.5
�5.2

I The single Higgs processes allow the constrain of � with fewer model-dependent
assumptions (by allowing other coupling modifiers to be free parameters)

I Improvement of around 50% over the 2019 combination [PRB 800 (2020) 135103].

Alkaid Cheng Higgs Hunting 2022 September 13, 2022 10 / 19

HH searches at CMS 
Marcel Rieger

7   boostedHH → bbbb

● arXiv:2205.06667 

● Strategy 
■ Exploit boosted topology for kλ, k2V ≠ 1 

■ Select events with two large-cone jets 
▻  GeV 
▻  

■ Distinguish between large-cone                                                                                                             
and QCD jets using GNN (ParticleNet) 

● Results 
■ Upper limit on σHH/σSM of 9.9 (5.1) 

■ Constraints kλ ∈ [-9.9, +16.9],                                                                                                                                    
and k2V ∈ [+0.62, +1.41] 

■ First analysis to exclude k2V ≤ 0 

● More in Irene's talk after the break

pT > 300
|η | < 2.4

H → bb

07/07/2022 ICHEP 2022 7

  HH→bbbb arXiv:2202.09617

First evidence of non-zero values at 6.3 σ 

Resolved Boosted

arXiv:2205.06667

See next talk by Valeria D’Amante
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Figure 3. Performance of the algorithms for identifying hadronically decaying Higgs bosons (Left: H→bb; Right:
H→cc). A selection on the jet mass, 90 < mSD < 140 GeV, is applied in addition to the ML-based identification
algorithm when evaluating the signal and background efficiencies. For the signal (background), the generated
Higgs bosons (quarks and gluons) are required to satisfy 500 < pT < 1000 GeV and |η| < 2.4. For each of the two
DeepAK8-DDT algorithms, the marker indicates the performance of the nominal working point, DeepAK8-DDT
> 0, and its background efficiency (shown in the vertical axis) is different from the design value (5% or 2%) due to
the additional selection on the jet mass.
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Amazing Experimental Progress

HL-LHC may improve these bounds to the order of 50 %

May be connected with Electroweak Baryogenesis 
Models;  for a short review, C.W. , arxiv:2311.06949
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Symmetries and Neutrinos: 

Marcela Carena | HEP Overview8

v The SM is build based on symmetries: What if the gauge symmetries and the fermion 
content get unified? One could expect:

Neutrinos are also suggesting opportunities beyond their mass generation:
• Neutrinos, being weakly interacting neutral fermions, can mix with steriles with 

many possible origins, e.g., the dark matter 
• Possible exotic properties of neutrinos less constrained than other SM particles
• Can provide a window to new physics at very high energies

In fact, there are currently several very puzzling neutrinos 
anomalies, in particular the MiniBooNE low energy excess, 
following on LSND results -

• Gauge coupling unification modulo effects from heavier stuff
• Proton decay
• 3-Neutrino see-saw mass generation with possibility of leptogenesis
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Marcela Carena | BSM FCC-ee opportunities9

Neutrinos at many energy scales

• The origin of the tiny neutrino masses and of neutrino mixings is         
a great mystery

• The dominant paradigm for explaining neutrino masses requires   
the existence of new heavy electroweak singlet leptons

     But the energy scale of these heavy neutral leptons is not specified

• Neutrino CP violation could be the origin of the matter-antimatter 
asymmetry through leptogenesis

• Low-scale leptogenesis is a viable possibility

• Heavy neutral leptons more generally could be connected to     
other mysteries, e.g. can be portals to the dark sector

   03-25-2024
T2K and NoVa working towards the question of CP-violation.

Neutrino mass hierarchy and CP-violation will be one of the science goals of the future 
long baseline neutrino program of DUNE and HyperK, starting in the next decade.



Hints of sizable CP-violation

✓12 ⇠ 34o

✓23 ⇠ 45o

✓13 ⇠ 9o

C.W. rule

6

and far detector data. We perform several analyses using
both Bayesian and frequentist statistical paradigms. Ex-
clusive measurements of (anti)neutrino candidates in the
near detector, one of which is shown in Figure 4, strongly
constrain the neutrino production and interaction mod-
els, reducing the uncertainty on the predicted number of
events in the four single-lepton SK samples from 13-17%
to 4-9%, depending on the sample. The electron-like with
additional charged pion sample’s uncertainty is reduced
from 22% to 19%.
A neutrino’s oscillation probability depends on its en-
ergy, as shown in Eqs. 2 and 3. While the energy dis-
tribution of the T2K neutrino beam is well understood,
we cannot directly measure the energy of each incoming
neutrino. Instead the neutrino’s energy must be inferred
from the momentum and direction of the charged lepton
that results from the interaction. This inference relies on
the correct modeling of the nuclear physics of neutrino-
nucleus interactions. Modeling the strong nuclear force
in multi-body problems at these energies is not computa-
tionally tractable, so approximate theories are used [26–
29]. The potential biases introduced by approximations
in these theories constitute the largest sources of sys-
tematic uncertainties in this measurement. Furthermore,
as well as CCQE interactions, there are non-negligible
contributions from interactions where additional parti-
cles are present in the final state but were not detected
by T2K’s detectors. To check for bias from incorrect
modeling of neutrino-nucleus interactions, we performed
fits to simulated data sets generated assuming a range
of di↵erent models of neutrino interactions [27, 28]. We
compared the measurements of the oscillation parame-
ters obtained from these fits with the measurement from
a fit to simulated data generated assuming our default
model. We observed no significant biases in the obtained
�CP best-fit values or changes in the interval sizes from
any model tested. Any biases seen in the other oscilla-
tion parameters are incorporated as additional sources of
error in the analysis.
The observed number of events at SK can be seen in
Figure 1. The probability to observe an excess over pre-
diction in one of our five samples at least as large as
that seen in the electron-like charged pion sample is 6.9%
for the best-fit value of the oscillation parameters. We
find the data shows a preference for the normal mass
ordering with a posterior probability of 89%, giving a
Bayes factor of 8. We find sin2(✓23) = 0.53+0.03

�0.04 for
both mass orderings. Assuming the normal (inverted)
mass ordering we find �m2

32 = (2.45 ± 0.07) ⇥ 10�3

(�m2
13 = (2.43±0.07)⇥10�3) eV2/c4. For �CP our best-

fit value and 68% (1�) uncertainties assuming the nor-
mal (inverted) mass ordering are �1.89+0.70

�0.58(�1.38+0.48
�0.54),

with statistical uncertainty dominating. Our data show
a preference for values of �CP which are near maximal
CP violation (see Figure 3), while both CP conserv-
ing points, �CP = 0 and �CP = ⇡, are ruled out at

CPδ
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FIG. 3. The upper panel shows 2D confidence intervals at
the 68.27% confidence level for �CP vs sin2 ✓13 in the normal
ordering. The intervals labelled T2K only indicate the mea-
surement obtained without using the external constraint on
sin2 ✓13, while the T2K + Reactor intervals do use the exter-
nal constraint. The star shows the best-fit point of the T2K +
Reactors fit in the preferred normal mass ordering. The mid-
dle panel shows 2D confidence intervals at the 68.27% and
99.73% confidence level for �CP vs sin2 ✓23 from the T2K +
Reactors fit in the normal ordering, with the colour scale rep-
resenting the value of the likelihood for each parameter value.
The lower panel shows 1D confidence intervals on �CP from
the T2K + Reactors fit in both the normal (NO) and inverted
(IO) orderings. The vertical line in the shaded box shows the
best-fit value of �CP , the shaded box itself shows the 68.27%
confidence interval, and the error bar shows the 99.73% con-
fidence interval. It is notable that there are no values in the
inverted ordering inside the 68.27% interval.

the 95% confidence level, consistent with the previous
T2K measurement [8]. Here, we also produce 99.73%
(3�) confidence and credible intervals on �CP . In the
normal ordering the interval contains [�3.41,�0.03] (ex-
cluding 46% of the range of parameter space), while in
the inverted ordering the interval contains [-2.54,-0.32]
(excluding 65% of the parameter space). The 99.73%
credible interval marginalized across both mass order-
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FIG. 2. The 90% confidence level region for �m2
32 and

sin2 ✓23, with best-fit point shown as a black marker [61], over-
laid on contours from other experiments [19, 20, 62, 63].

with a significance of 1.9� (p = 0.057, CLs = 0.091 [67])
and the upper ✓23 octant with a significance of 1.6� (p =
0.11), profiling over all other parameter choices.
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Is CP violated in the neutrino sector ?

Best test : ⌫µ ! ⌫e oscillations.
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C. Applying the Matter E↵ect Approximation

Now that the e↵ective parameters have been found, one may go about accounting for

matter e↵ects by simply substituting the e↵ective parameters into the probability equations.

This requires expressions for Pµe in terms of the mixing angles and masses, not the PMNS

matrix entries. The e↵ective parameters can then be plugged in, and this final equation

represents an extremely good approximation compared to direct numerical calculations. The

only di↵erence between the cases of oscillations in vacuum or in matter is the replacement

of the mixing parameters by the e↵ective mixing parameters.

IV. SM 3-NEUTRINO CASE

A. Pµe Formula

In the Standard Model case, we have the probability formula from above given by the

expression, Eq. (9). Simplifying some of the matrix elements for the SM case, and keeping

only the dominant first terms in Uµ2 and Uµ3 in Eq. (22), we get
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where as emphasized before, we have set �12 = 0 and hence

�3 = arg(U⇤
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⇤
e2) = ��13, (39)

since the only complex part comes from Ue3 in this approximation.

The full probability equation becomes

12

✓
e↵
12 =

1

2
arctan

✓
sin(2✓12)

cos(2✓12)� A/m
2
2

◆
, (36)

✓
e↵
13 =

1

2
arctan

✓
sin(2✓13)

cos(2✓13)� A/m
2
3

◆
. (37)

C. Applying the Matter E↵ect Approximation

Now that the e↵ective parameters have been found, one may go about accounting for

matter e↵ects by simply substituting the e↵ective parameters into the probability equations.

This requires expressions for Pµe in terms of the mixing angles and masses, not the PMNS

matrix entries. The e↵ective parameters can then be plugged in, and this final equation

represents an extremely good approximation compared to direct numerical calculations. The

only di↵erence between the cases of oscillations in vacuum or in matter is the replacement

of the mixing parameters by the e↵ective mixing parameters.

IV. SM 3-NEUTRINO CASE

A. Pµe Formula

In the Standard Model case, we have the probability formula from above given by the

expression, Eq. (9). Simplifying some of the matrix elements for the SM case, and keeping

only the dominant first terms in Uµ2 and Uµ3 in Eq. (22), we get

Pµe = 4c213s
2
13s

2
23 sin

2 �31 + 4c213c
2
23s

2
12c

2
12 sin

2 �21

+ 8c213c12c23s12s13s23 sin�31 sin�21 cos(�32 + �13). (38)

where as emphasized before, we have set �12 = 0 and hence

�3 = arg(U⇤
µ3Ue3Uµ2U

⇤
e2) = ��13, (39)

since the only complex part comes from Ue3 in this approximation.

The full probability equation becomes

12

�ij =
(m2

i �m2
j )L

4E



Future long baseline facilities : DUNE and HyperK

15



16

Lepton flavor opportunities

Marcela Carena | HEP Overview9

What about LFV in the charged lepton sector?
Could be new particles that couple differently to electrons/muons/taus
• new gauge bosons, new scalars, leptoquarks - new type of particles appearing in 

extended symmetries of nature- or squarks in special types of supersymmetry 

In the quark sector no compelling evidence for flavor effects beyond CKM

Have we already seen such effects?
• The muon g-2 anomaly :

4.2 standard deviation from SM expectation
Lattice theory calculations under scrutiny

• LHCb RK anomaly: 3 Sigma evidence of lepton 
universality violation in b-quark decays

Mu2e Fermilab experiment will provide a huge jump in sensitivity to some possible effects
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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Observe that the g-2 errors are mainly statistical ones.
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Comparison of BMW lattice computation
with data driven method to fix hadronic contributions

Z. Fodor ‘ 21

In the following, I will take the 4.2 sigma discrepancy seriously.
This question will be clarified within the next few years.

Can they be reconciled ? arXiv:2002.12347N. Coyle, C.W. ‘23
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Updated result in 2023

17

arXiv:2104.03281 arXiv:2308.06320

Central Value did not change, experimental error decrease by a factor 1.6.   
Taken at face value, discrepancy increased to 5.1 sigma.
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Dark Matter Mystery



Existence of Dark Matter Supported by 
overwhelming indirect evidence

 What is the Dark Matter ?

20
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What do we know about Dark Matter ?
• Couples gravitationally
• It is the most abundant form of matter
• It can be part of a larger invisible/dark sector with new dark forces
• It must be made of something different that all the particles we know, it can be made 

of particles or compact objects, or better described as wavelike disturbances
• Its mass can be anything from as light as 10−22 eV to as heavy as primordial black 

holes of tens of solar masses

- very little -

From 
MACHOs 
searches

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

Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV

15

DM Prognosis?

7

Folding in assumptions about early  
Universe cosmology can provide 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

Hidden Sector

Marcela Carena | HEP Overview11
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Theories abound.  Some of them embedded in 
theories proposed to solve other problems !

T.  Tait



Current Bounds from Direct Dark Matter Detection

1 pb = 10�36 cm2, 1 zb = 10�45 cm2

Current Limits

Spin Independent Interactions Spin Dependent Interactions
23
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Entering a new era in exploring the Dark Sector:

Portal

Portals can be the Higgs itself or Feeble Interacting Particles (FIPs):
Dark photon, Dark Higgs, Heavy Neutral Leptons, Axion-like particles, Millicharged particles

Accelerator based searches for MeV-GeV dark matter with lepton or proton beams 

From 
MACHOs 
searches
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FIG. 3: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A
0
�
J
�

SM
! gV A

0
µ

�
ē�

�
e + ⌫̄e�

�
⌫e � µ̄�

�
µ + ⌫̄µ�

�
⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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The beam is the signal, don’t observe DM

Mediator Decays to DM :  Missing Energy/Momentum
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The beam is the signal, don’t observe DM

Mediator Decays to DM :  Missing Energy/Momentum

Rate / g2SM

Ebeam

Eout ⌧ Ebeam

Nearby

�

 5

Fixed target: Missing Energy/Momentum

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

2

To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
✏Y
2
F 0
µ⌫B

µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-
dan, change this sentence once we know which one
gives us the best sensitivity. –yk) (With the recoil
cuts we have to impose to avoid neutrinos, I be-
lieve the answer is electron recoils, but I need to
do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
can be found in Appendices A and B.

1
The A0

can acquire mass either through a Stückelberg field or a

dark Higgs.
2
Throughout this paper, we focus on the region of parameter

space where the A0
primarily decays into dark matter rather

than visible-sector particles, namely gD > ✏e.
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FIG. 10: a) Scalar DM pair production from electron-beam
collisions. An on-shell A0 is radiated and decays o↵ diagonally
to 'h,� pairs. b) Inelastic up scattering of the lighter '� into
the heavier state via A0 exchange. For order-one (or larger)
mass splittings, the metastable state promptly de-excites in-
side the detector via 'h ! '�e

+e�. The signal of interest is
involves a recoiling target with energy ER and two charged
tracks to yield a instinctive, zero background signature.

FIG. 1: Schematic diagram of DM production in proton-
Carbon collisions, which copiously produce neutral pions
whose exotic decays yield A0 through kinetic mixing.

II. DARK MATTER PRODUCTION IN THE
DAE�ALUS TARGET

As mentioned in Sec. I, A0 vectors are produced by re-
placing a photon with an A0 in any kinematically allowed
process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,
check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.
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To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
✏Y
2
F 0
µ⌫B

µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-
dan, change this sentence once we know which one
gives us the best sensitivity. –yk) (With the recoil
cuts we have to impose to avoid neutrinos, I be-
lieve the answer is electron recoils, but I need to
do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
can be found in Appendices A and B.

1
The A0

can acquire mass either through a Stückelberg field or a

dark Higgs.
2
Throughout this paper, we focus on the region of parameter

space where the A0
primarily decays into dark matter rather

than visible-sector particles, namely gD > ✏e.
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tracks to yield a instinctive, zero background signature.

FIG. 1: Schematic diagram of DM production in proton-
Carbon collisions, which copiously produce neutral pions
whose exotic decays yield A0 through kinetic mixing.

II. DARK MATTER PRODUCTION IN THE
DAE�ALUS TARGET

As mentioned in Sec. I, A0 vectors are produced by re-
placing a photon with an A0 in any kinematically allowed
process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,
check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
three-body matrix element ⇡0 ! � ��̄ through an A0,
averaged over photon spins, is
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and if � is a Dirac fermion, this expression is
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where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
s = (k1+k2)2. If the A0 can go on-shell, the narrow width
approximation can be used to obtain a simple expression
for the branching ratio,

Br(⇡0 ! ���̄) = 2✏2
✓

1 � m2
A0

m2
⇡0

◆3

Br(⇡0 ! ��), (6)

valid for both scalar and fermionic DM.
We simulated dark matter production by obtaining a

list of ⇡0 events from a GEANT4 simulation (Matt, ref-
erence? –yk) modeling the DAE�ALUS target geome-
try, and generating Monte Carlo events by decaying the

LLP decay

12

��

��

(m� < m�)

�v / g
4
�

A
0 �

�

�

e
+

e
�

� H

�

�

e
+

e
�

Beam dump

/ g2SM / g2SM
The energy deposited in detector is the signal

Rate / g4SM

Downstream Spectrometer+Particle ID

A0

Procedure to probe for Dark Photon, Scalar, Vector and Neutrino portals

e.g

 3

New Particle Decays to SM: LLP @ Beam Dumps 

2

To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
✏Y
2
F 0
µ⌫B

µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
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dan, change this sentence once we know which one
gives us the best sensitivity. –yk) (With the recoil
cuts we have to impose to avoid neutrinos, I be-
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process. At the 800 MeV proton kinetic energies of the
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a small portion coming from bremsstrahlung in the tar-
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negligible for our sensitivity estimates, so we will focus
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where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
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where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
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To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
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2
F 0
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µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-
dan, change this sentence once we know which one
gives us the best sensitivity. –yk) (With the recoil
cuts we have to impose to avoid neutrinos, I be-
lieve the answer is electron recoils, but I need to
do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
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can be found in Appendices A and B.
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process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,
check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
three-body matrix element ⇡0 ! � ��̄ through an A0,
averaged over photon spins, is

h|A⇡0!���̄|2i =
✏2↵2

D↵2

⇡f2
⇡ [(s�m2

A0)2 + m2
A0�2

A0 ]

h
(s� 4m2

�)
�
m2

⇡0 � s
�2 � 4s(p · k1 � p · k2)2

i
,(4)

and if � is a Dirac fermion, this expression is

h|A⇡0!� ��̄|2i =
4✏2↵2

D↵2

⇡f2
⇡ [(s�m2

A0)2 + m2
A0�2

A0 ]

h
(s + 2m2

�)
�
m2

⇡0 � s
�2 � 8s(p · k1)(p · k2)

i
,(5)

where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
s = (k1+k2)2. If the A0 can go on-shell, the narrow width
approximation can be used to obtain a simple expression
for the branching ratio,

Br(⇡0 ! ���̄) = 2✏2
✓

1 � m2
A0

m2
⇡0

◆3

Br(⇡0 ! ��), (6)

valid for both scalar and fermionic DM.
We simulated dark matter production by obtaining a

list of ⇡0 events from a GEANT4 simulation (Matt, ref-
erence? –yk) modeling the DAE�ALUS target geome-
try, and generating Monte Carlo events by decaying the

LLP decay
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��

��

(m� < m�)

�v / g
4
�

A
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�
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+

e
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� H
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�
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e
�

Beam dump

/ g2SM / g2SM
The energy deposited in detector is the signal

Rate / g4SM

Downstream Spectrometer+Particle ID

A0

Procedure to probe for Dark Photon, Scalar, Vector and Neutrino portals

e.g

 3

Beam dump 
The electron or muon beam is the signal 
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There may be surprises, like in collider searches

● The 2/3l soft and ≥3l analyses complement each other in the compressed region
○ Orthogonal lepton pT ranges but different selections (e.g. MET for 2/3l soft)

                            → Challenging to be fully optimal in the  crossover regime

                          The combination closes the gap between the analyses around Δm~40 GeV
                 We observe a mild excess (~2σ) at Δm~30-40 GeV - due to both 2/3l soft and ≥3l analyses

21

Production chargino and neutralinos: WZ compressed
Wino-like chargino and neutralino (Bino-like LSP, χ1̃

0) with small mass-splittings

SUSY	&	BSM	Searches	in	ATLAS	-	Analyses	&	Anomalies	|	Judita	Mamužić	|	SUSY	2023	-	Southampton,	UK	|	17th	July	2023

SUSY:	 	Wino/higgsino	2lOS/3l χ̃0
2, χ̃±

1

8

•Target:	
•Motivated	by	extending	sensitivity	to	the	wino/
higgsino	production	of	 	with	decays	into	
WZ(*)	and	Wh	

•Final	state:	
• 	+	jet	+	 	(compressed)																										
ATLAS	SUSY-2018-16,	PRD	(2020)	
• 	+	 	ATLAS	SUSY-2019-09,	EPJC	
(2021)	

•Background:	
•Fake	leptons	from	W+jets	

•Strategy:	
•Multi-bin	fit,	cut	and	count	

•Highest	significance:	
• :	~2 	for	wino	WZ	 	=	20	GeV	
• :	~2 	for	wino	Wh	DFOS	
• 	+	 :	<2 	for	higgsino	 	=	25	GeV	
•CMS:	~2 	for	higgsino	 	~	20	GeV		CMS	
SUS-18-004,	JHEP	(2022)

χ̃0
2, χ̃±

1

2lOS Emiss
T

3l Emiss
T

2l σ Δm
3l σ
2l 3l σ Δm

σ Δm

Wino

WinoHiggsino

Excesses in regions consistent
with co-annihilating Dark Matter



26

Figure 1: Illustration of a representative process giving rise to the mono-photon+/ET +jets final

state arising at the LHC via radiative decays of Wino-like �̃
0
2. decays mediated both

by W
±
and a;lso by slepton-lepton loops, those can work just as well for the search.

see, e.g., Refs. [62–68].2. With the analyses of the LHC Run2 data, the ATLAS and CMS

collaborations have also started providing interesting bounds on new color-neutral particles

such as Binos, Winos, and sleptons in the few-hundred GeV mass range. The progress

in searches using soft multi-lepton + missing transverse energy (/ET ) final states has been

particularly impressive [69–77]. Such searches are well motivated: In a DM-motivated sce-

nario where Binos and Winos are relatively light and |M1| < |M2|, Wino pair production

cross sections at the LHC are sizeable, especially in the pp ! �̃0
2�̃

±
1 channel where �̃0

2

and �̃±
1 are the Wino-like neutralino and chargino, respectively, and the branching ratio of

�̃0
2 ! �̃0

1 +
�
Z(⇤)

! `+`�
�
is typically quite large. However, there is an interesting inter-

play between the sign of (M1 ⇥ µ) and the decay modes of the Wino-like neutralinos: For

(M1 ⇥ µ) > 0, radiative decays (�̃0
2 ! �̃0

1 + �) mediated by loops involving charginos or

sleptons have relatively small branching ratios and
⇥
�̃0
2 ! �̃0

1 +
�
Z(⇤)

! ff̄
�⇤

decays domi-

nate, except in the very compressed regime where m�̃0
2
' m�̃0

1
. For (M1 ⇥ µ) < 0, on the

other hand, the di↵erent diagrams mediating (�̃0
2 ! �̃0

1 + �) decays interfere constructively,

enhancing the associated branching ratio and suppressing
⇥
�̃0
2 ! �̃0

1 +
�
Z(⇤)

! ff̄
�⇤

decays.

As we will see, in the region of parameter space motivated by DM and the (gµ � 2)

anomaly, we find quite generally values of BR(�̃0
2 ! �̃0

1 ! �) ⇠ 0.2� 0.4. On the one hand,

this means that the existing multi-lepton+ /ET searches are less sensitive in this region. On the

2
We note that this mass region is also preferred by the observed 125GeV mass of the SM-like Higgs boson.

Radiative corrections dominated by stops are required to lift the mass of an SM-like Higgs to such values in

the MSSM; reproducing mh ⇠ 125GeV requires stops with at least few-TeV masses.

6

Figure 6: Sample of m(�̃
0
2) � �m(�̃

0
1, �̃

0
2) parameter space, with radiative branching ratio as

a contour plot, and exclusions due to direct detection and collider constraints. For

M1 > 0, there is a region of large M2 where the mass splitting has a nonzero minimum

because of the o↵-diagonal entries of the mass matrix. In this particular case, most of

the M1 > 0 plane is excluded, while the M1 < 0 bounds are much weaker. This leaves

a region for M1 < 0 that is optimal for both (gµ � 2) and relic density which also has a

significant radiative decay branching ratio.

region, it could present an interesting new detection channel that could be used in future

searches.

6 LHC Outlook

The high likelihood of radiative decays of the second neutralino in the compressed region

begs the question, can radiative decay be used to expand SUSY bounds? Certainly in this

attractive region of parameter space, one would like to make use of a common and relatively

unique signal. Furthermore, the production of a low-energy photon means that previous

analyses involving production of a single photon are not suited for this particular signal.

CMS has several analyses which search for a single hard photon and missing transverse

energy ( /ET ) [96–98], as does ATLAS [99, 100]. Additionally, diphoton searches have also

been able to place bounds on SUSY parameter space [63,101–104]. Soft lepton searches are

also able to cover part of this parameter space, and these are the strongest bounds that we

present in our plots CITE. However, many of these studies bounds do not reach far beyond

M2 ⇠ 225 GeV at most, and do not consider radiative decay at all. For example, our

19

S. Baum, M. Carena, N. Shah, C. Wagner’21
D. Rocha, T. Ou, 2305.02354,  
S. Roy, C.W., 2401.08917

Large regions
of parameter space
that can be probed
at the LHC for
negative M1

Enhanced radiative
decays into photons
provide a novel signature

Same region of Parameters
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• CMB observations provide the most direct access to inflation, and also inform us about 
neutrino mass, Neff (light relics), dark energy and the Hubble constant

• Cosmic surveys study dark energy/modify gravity, dark matter (gravitational and non-
gravitational interactions), neutrinos and inflation through various probes of the geometry, 
expansion history and structure of the universe. They also tell us where to look for 
indirect dark matter signals

• Gravity Waves are a probe of phase transitions (e.g inflationary and electroweak) and 
dark matter, but they are not currently part of the HEP program

Cosmological probes 

Marcela Carena | HEP Overview15

a period of exponential expansion in the very early universe, is believed to have taken place some

10�34 seconds after the Big Bang singularity. Remarkably, inflation is thought to be responsible

both for the large-scale homogeneity of the universe and for the small fluctuations that were the

seeds for the formation of structures like our own galaxy.

The central focus of this lecture series will be to explain in full detail the physical mechanism

by which inflation transformed microscopic quantum fluctuations into macroscopic fluctuations in

the energy density of the universe. In this sense inflation provides the most dramatic example

for the theme of TASI 2009: the connection between the ‘physics of the large and the small’.

We will calculate explicitly the statistical properties and the scale dependence of the spectrum of

fluctuations produced by inflation. This result provides the input for all studies of cosmological

structure formation and is one of the great triumphs of modern theoretical cosmology.

1.2 Structure and Evolution of the Universe

There is undeniable evidence for the expansion of the universe: the light from distant galaxies is

systematically shifted towards the red end of the spectrum [4], the observed abundances of the light

elements (H, He, and Li) matches the predictions of Big Bang Nucleosynthesis (BBN) [5], and the

only convincing explanation for the CMB is a relic radiation from a hot early universe [6].

3 min Time [years] 380,000 13.7 billion10 -34 s
Redshift 026251,10010 4

Energy 
1 meV1 eV1 MeV10 15 GeV

Scale a(t) 

10 -

?

Cosmic Microwave Background
Lensing

Ia

QSO
Lyα

gravity waves
B-mode Polarization

21 cm

neutrinos

recombination
BBNreheating

In
fla

tio
n

reionization
galaxy formation dark energy

LSS
BAO

dark ages

density fluctuations

Figure 2: History of the universe. In this schematic we present key events in the history of the

universe and their associated time and energy scales. We also illustrate several cos-

mological probes that provide us with information about the structure and evolution

of the universe. Acronyms: BBN (Big Bang Nucleosynthesis), LSS (Large-Scale Struc-

ture), BAO (Baryon Acoustic Oscillations), QSO (Quasi-Stellar Objects = Quasars),

Ly↵ (Lyman-alpha), CMB (Cosmic Microwave Background), Ia (Type Ia supernovae),

21cm (hydrogen 21cm-transition).
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Snowmass2021 Cosmic Frontier: CMB Measurements White Paper
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Figure 4: Illustration of the “Stage” classification of CMB experiments. Bottom: The size
and sensitivity (i.e. survey weight) of a CMB experiment scales with the number of single-
moded detectors. “Stage 2” experiments have O(1000) detectors, “Stage 3” experiments
have O(10,000) detectors and “Stage 4” experiments have O(100,000) detectors. Top: The
increased sensitivity of the larger experiments results in greater science reach with “Stage
4” experiments crossing several scientific thresholds.

noise for an individual CMB detector is the shot noise of the absorbed photons which
come from the cryostat, the sky signal, and, for terrestrial observations, the atmosphere.
These photon fluctuations fundamentally limit additional improvements of individual
detector sensitivity—increasing the sensitivity for a CMB instrument requires increasing
the number of detectors. This connection between the size of the detector payload and
the overall instrument sensitivity provides a general framework for categorizing CMB
experiments. Over the past decade, the community has classified ground-based instru-
ments into “Stage 2” (O(1000) detectors), “Stage 3” (O(10,000) detectors) and “Stage 4”
(O(100,000) detectors) experiments. Figure 4 illustrates the connection between the size
of the experiment and its scientific reach.

Currently, the field of ground-based CMB is in “Stage 3” and transitioning to “Stage
4.” In this section, we review the present-day landscape of CMB-experiments and then
the facilities coming online in the next few years. Figure 5 presents a current timeline
for CMB experiments from 2020–2040 and shows, for ground-based instruments, the in-
creasing experiment and collaboration size and the corresponding consolidation of the
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The Hubble tension
Long-standing tension between the Hubble parameter H0 inferred from (1) local 
measurements using luminosity of type-1a supernovae, and (2) angular scale of 
the sound horizon (or the horizon at matter-radiation equality). 

Intensive efforts have failed to find a compelling systematics-based explanation. 

See Verde et al 2311.13305 for a review of the problem and nice classification of 
the various different measurements. 

All possible solutions must grapple with a plethora of existing post-
recombination cosmological data. Modifications to the pre-recombination history 
are less constrained but still tend to modify the other cosmological parameters in 
testable ways. 

For example, one widely-discussed solution is “early dark energy” (EDE), which 
posits a new component making up ~10% of the energy density shortly before 
recombination, which then decays away rapidly

7

Recent review of possible solutions by 
Khalife et al 2312.09814

Summary of measurements by 
Verde et al 2311.13305

The canonical EDE solution is associated with 
increases in , ns and As; weak-lensing data 
severely constrain this scenario [McDonough et 
al 2310.19899, Efstathiou et al 2311.00524]

Ωch2

Hubble Tension still unexplained
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Current LHC Schedule

I personally believe that, even ignoring delays, this schedule is uncertain after 2032

The Future of Particle Physics
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HEP landscape in 2032: LHC
HL-LHC will have been running for a few years with upgraded detectors

Many discoveries possible by this time from the mature LHC dataset:

• Higgs cousins of many types (like in SUSY) with many possible implications

• Dark matter, dark sector, feebly-interacting particles, long-lived particles

• New forces (gauge bosons)

• New kinds of fermions

• Higgs boson is composite

• Higgs flavor violation, Higgs CP violation

• Etc.

T

Marcela Carena | HEP Overview
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NOvA, SBN, JUNO, T2K, experiments all complete:

Marcela Carena | HEP Overview

• SBN results will make a definite statement about the MiniBooNE anomaly and its 
many possible BSM interpretations – a variety of discoveries possible

• Mass ordering may be known at 5 sigma from global fits including NOvA, T2K, JUNO.
• CP violation will still be uncertain

DUNE will have started (also HyperK?), with dozens of DUNE analyses looking for:
CP violation, mass hierarchy, light and boosted dark matter, dark neutrinos and neutrino 
magnetic moments, tau neutrino physics, heavy neutral leptons, supernova neutrinos, 
new physics in oscillation physics, sub-GeV atmospheric neutrinos for Earth tomography, 
etc. etc.

HEP landscape in 2032: Neutrinos
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HEP landscape in 2032: Muons
Muon g-2 unambiguous endgame: 
• The experimental value already is in solid grounds and will be even more precise
• The J-PARC muon g-2/EDM experiment will have an independent measurement
• The theory prediction will not be in doubt
• If the current large discrepancy holds:
– This is a Nobel Prize
– Will require new particles and/or forces
– Other experiments, e.g., LHC, beam dump (NA62) and missing momentum 

exp., Belle2, CMB-S4, etc, will have narrowed down many of the possibilities
Mu2e will be running and could have an emerging discovery of lepton flavor violation

Marcela Carena | HEP Overview
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HEP landscape in 2032: Dark Matter
• Current direct dark matter searches LZ, ADMX, SuperCDMS, XENON-nT, PandaX-4T, 

ALPS II, SENSEI will be done: could have discovered one or more kinds of DM particles

• One or more very large G3 Xenon/Argon experiments may have launched (e.g., 
DARWIN/DarkSide-20k ). 

• A full and varied slate of dark matter new initiatives for light DM will be in mature stages 
(including ADMX-EFR, OSCURA, MAGIS-100, Dark SRF++): any discovery? 

• New concepts for direct detection under development now (some leveraging synergies 
with the quantum initiative and accelerators) could be deployed before 2032.

• Some fixed target accelerator-based experiments running or complete: NA62 and NA64 
(CERN), LDMX (SLAC), HPS and BDX (JLAB): did we discover anything?

• A discovery in direct detection experiments, LHC, SBN, DUNE, other accelerator-based 
searches, indirect dark matter searches, cosmic probes of DM will have immediate 
implications for all other techniques. Applies both to DM and dark sector mediators/forces

Marcela Carena | HEP Overview



34

21

HEP landscape 2032: Cosmic

Marcela Carena | HEP Overview

• SPT-3G – Currently in operation. Data will be analyzed
• CMB-S4 - Currently in the design phase. Scheduled to start  in ~ 2030
• DES – Final cosmology results will be done; best measurements of dark energy
• DESI - Currently operating 5-year program; final results will be out, possible extended run
• Rubin/LSST – Several years of operation

By 2032 we could have learned about
• Primordial B-modes either observed or better constrained
• Dark energy is dynamical
• Something new about dark matter properties 
• Solidify the Hubble tension
• Measure or constrain neutrino masses
• Better measurement of  Neff (relevant for light relics)
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Indicative scenarios of future 
colliders [considered by ESG]

2020 207020402030 2050 2060

Ja
p

an
 C

ER
N

ILC: 250 GeV 
2 ab-1

CepC: 90/160/240 GeV 
100/6/20 ab-1 

500 GeV
4 ab-1

FCC-ee:  90/160/250 GeV  
-150/10/5 ab-1 

C
h

in
a

SppC: 75-125 TeV, 10-20 ab-1 

Proton collider
Electron  collider
Muon  collider

2080

Construction/Transformation

2090

Original from ESG 
by UB
Updated  July 25, 
2022 by MN

UB

350-365 
GeV 1.7 
ab-1 

20km tunnel 

100km tunnel 

100km tunnel, installation 

50 km tunnel 

FCC hh: 100 TeV ≈ 30 ab-1  

1 TeV
≈ 4-5.4 ab-1

31km tunnel 40 km tunnel 

5 years

Preparation / R&D

29 km tunnel 

2038 start physics

2035 start physics

2048 start physics

  LHC              HL-LHC (14TeV, 3 ab-1) 
 (13.6TeV, 450 fb-1 )

installation 

Proposals emerging  from this Snowmass for a US based collider
   
  CCC

  Muon Collider

• Timelines technologically limited
• Uncertainties to be sorted out

• Find a contact lab(s) 
• Successful R&D and feasibility demonstration for CCC and Muon Collider
• Evaluate CCC progress in the international context, and consider proposing an 

ILC/CCC  [ie CCC used as an upgrade of ILC] or a CCC only option in the US.            
• International Cost Sharing

• Consider proposing hosting ILC in the US.

Possible scenarios of future colliders

2020 207020402030 2050 2060

Proton collider
Electron  collider
Muon  collider

2080 2090
UB

Preparation / R&D

 U
SA

CCC: 250 GeV 
2 ab-1

550 GeV
4 ab-18 km tunnel 

2 TeV
≈ 4 ab-15 years

muC:Stage1
3 TeV 

OR 4km+6km km ring 

Stage2
10 TeV; 
≈ 10 ab-1

13 years

RF upgrade

10km & 16.5 km tunnels

4km & reuse Tevatron ring
Note: Possibility of 
125 GeV or 1 TeV at Stage 1

2045 start physics

2040 start physics

Original from ESG by UB
Updated  July 25, 2022 by MN

Construction/Transformation

Very Optimistic

Feasibility ?

R&D essential

100th birthday

M. Narain's Snowmass Conference



A word on the Muon Collider
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It looks quite challenging…
But it is gathering momentum



A word on the Muon Collider

37

It looks quite challenging…
But it is gathering momentum

There is great enthusiasm from the young HEP community



A word on the Muon Collider
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It looks quite challenging…
But it is gathering momentum

There is great enthusiasm from the young HEP community

It will happen, hopefully soon !



Great Future Experiment Planning 

• Based on previous experience, we can hope for the realization of at 
least one of these collider projects

• CERN, for instance has an annual budget provided by the member 
countries for the sole purpose of doing basic research in particle 
physics ! 

• I don’t have to tell you have amazing this is. 

• Beyond colliders, many of  the projects I mentioned before may be 
revolutionary, leading to a new era in our understanding of Particle 
Physics and Cosmology

• Let me finish by emphasizing that the fields of particle physics and 
cosmology have advanced through great theoretical ideas and amazing 
experimental results.

• Let me state some of what happened during my thirty five year long 
career in this field :

39



Advances in the last thirty five years
• 1991 : LEP measures precisely the weak couplings, solidifying the SM description and 

confirming  the idea of unification of gauge couplings (with Supersymmetry)

• 1995 :  Tevatron discovers the top quark. Its mass consistent with the idea of 
unification of  (bottom and top) Yukawa couplings.

• 1998 : Super-Kamiokande confirms neutrino oscillations,  consistent with neutrino 
masses.

• 1998/1999 :  Accelerated expansion of the Universe observed.

• 2003/2009 :  Planck (2009) CMB measurements improves WMAP (2003) ones and 
lead to results that a high level of precision is consistent with the existence of DM, 
DE and with what is today the SM of cosmology. 

• 2012 :  Higgs Particle discovered at the LHC. Its properties are being explored by 
the CMS and ATLAS collaborations. 

• 2015 : Gravitational Waves detected.  GW detectors may one day not only measure 
mergers, but also waves from violent phase transitions in the early Universe.  

• 2021 : Confirmation of  muon g-2 anomaly  ??

• 2023 :  PTAs signals consistent with the ones of  supermassive blackhole mergers.

40



The Future of our Field is Uncertain, 
but it is certainly Bright

41

I wish all the young people in the audience as many 
advances in their career as the ones I witnessed.

History tells us that it will happen, but it will 
demand great ideas, hard work and of course

financial resources



Thanks to the Organizers for this
Great Conference !
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EXO:                   T1/2 > 1.1 x 1025 yr  (90% CL) 
Nature,  510, 229 (2014) 
 
 

KamLAND-Zen: T1/2 >  3.1 x 1025 yr  (90%CL) 
                                              very preliminary 
 
GERDA:                  T1/2 > 2.1 x 1025yr  (90% CL) 
PRL, 111, 122 (2013) 

136Xe  WIPP 

136Xe  Kamioka 

76Ge  LNGS 

H.V. Klapdor-Kleinkrothaus et al.  T1/2=1.19 x 1025 yr     Phys. Lett. B 586, 198 (2004) 

GERDA combined with HDM and IGEX: T1/2> 3.0 x 1025 yr 

C.E. Aalseth et al.,  
Phys. Rev. D 65, 092007 (2002) 

H.V. Klapdor-Kleingrothaus et al., 
Eur. Phys. J. A 12, 147 (2001) 

Half-Life Limits 

X
U2
eimi = mee

Neutrino Oscillations demonstrate that neutrinos have mass and mix.
Are neutrinos there own antiparticle (Majorana)

Best test : Neutrino-less double beta decay 
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Axions : Solve the strong CP Problem
They are also a good CDM candidate

Axions
produced in
solar core 

(conversion to 
X Rays) :
J. Collar QCD 

Axion

Hallo Axions : Resonant
Magnetic Cavity Searches 

Standard Solution :  Promote θ  to be a field,  a (axion),                   
whose v.e.v is zero

46


