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• This is not  a “summary” talk

• I will try to draw a path from the current results to where the field 
may find itself in 10-20 years

• I am an experimentalist

• The future to me is a plan of experiments, some of which may come 
to fruition decades from now. It’s hubris to assume that my theory 
colleagues wouldn’t discover a new direction for inquiry, or that  a 
major discovery wouldn’t upend our understanding of the universe

• Nonetheless, there are a lot of “known unknowns” and pursuing them 
can be expensive and often require careful international planning

• I.e European Startegy, US P5, etc
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Accelerators
• Natural accelerators

• Nuclei – i.e. gold foil experiment

• Cosmic rays – i.e. discovery of positron, 
pion, neutrino oscillations

• Human-made

• Cockroft-Walton (linear) 

• Lawrence (cyclotron)

• McMillan-Veksler (synchrotron)

• Van der Meer ( 𝑝̅ cooling: colliders )
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Ernest Walton inside the detector

LHC 



Particle Physics and the Universe
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About 25 years ago: WMAP. The rise of precision cosmology. Same physics can be probed from 
measuring the smallest and the largest objects in the Universe

o Astro evidence for Dark Matter connects to Strong CP problem, SUSY, Hidden Sectors
o Matter abundance (baryogenesis) connects to the Higgs field and electroweak phase transition
o CMB has imprints of inflation, neutrino masses, number of light particle species, etc
o Astro observations quantify properties of DM and DE (DES, Rubin/LSST, …)

The quantum fluctuations are imprinted on the large scale structures



Two “Standard Paradigms”
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The Standard Model ΛCDM
• Describes cosmological history of 

the Universe
• Some tensions (i.e. H0)

• Relies on ad-hoc Dark Matter and 
non-zero Cosmological Constant

• Describes quarks, leptons, and three forces 
that hold known matter together
• Some tensions (i.e. g-2) but overall fantastic 

agreement with experiment
• Ad-hoc flavor structure
• Relies on ad-hoc Higgs potential
• i.e. no BCS theory of the Higgs
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Experimental Problem: Particle Physics is Expensive 
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And Most of All: 
Global International Cooperation



In this age of economic and geopolitical 
challenges I surprise myself by remaining 

optimistic about our field
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A Way to Think About Particle Physics (used by US P5):
3 science themes, 6 science drivers

Clearly there are many interconnections between the drivers 
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A Way to Think About Particle Physics (used by US P5):
3 science themes, 6 science drivers

Clearly there are many interconnections between the drivers 

There are many measurements that are planned 
or coming soon that I am eager to see and the 

activities in the field that inspire me.
The topics I cover here may reflect this
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neutrinos



● What are the masses of neutrinos?

● What is the mass ordering of neutrinos? If inverted, 
what causes two heavier neutrinos having similar 
masses?

● Neutrino mixing matrix values do not look like the 
ones in the quark sectorwith a small parameter λ

22

15

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.



The SBN program has explored numerous anomalous results. Additionally, they have proved crucial in 
maturing liquid argon technology and analysis.
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Testing the paradigm: 3 neutrinos?

14

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

Mini-Boone (following LSND)



Neutrino Masses
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● Future CMB 
measurements: 
𝝈 𝚺𝐦𝝂 ~𝟏𝟓𝒎𝒆𝑽

● Endpoint measurement 
sensitivity:                      
200 meV (KATRIN),     
40 meV (Project 8)

CUORE
KamLand-Zen
SNO+ Phase I

SNO+ Phase II

THEIA Proposal



T2K
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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
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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.

We are grateful to Stephen Parke (FNAL) for useful
discussions. This document was prepared by the NOvA
collaboration using the resources of the Fermi National
Accelerator Laboratory (Fermilab), a U.S. Department
of Energy, O�ce of Science, HEP User Facility. Fermi-
lab is managed by Fermi Research Alliance, LLC (FRA),
acting under Contract No. DE-AC02-07CH11359. This
work was supported by the U.S. Department of Energy;
the U.S. National Science Foundation; the Department
of Science and Technology, India; the European Research
Council; the MSMT CR, GA UK, Czech Republic; the
RAS, RFBR, RMES, RSF, and BASIS Foundation, Rus-
sia; CNPq and FAPEG, Brazil; STFC, and the Royal
Society, United Kingdom; and the state and University
of Minnesota. This work used resources of the National
Energy Research Scientific Computing Center (NERSC),
a U.S. Department of Energy O�ce of Science User Facil-
ity operated under Contract No. DE-AC02-05CH11231.
We are grateful for the contributions of the sta↵s of the
University of Minnesota at the Ash River Laboratory and
of Fermilab.
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Is CP violated in the neutrino sector ?

Best test : ⌫µ ! ⌫e oscillations.
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Hint of CP violation? 

NOvA & T2K combination prefers inverse ordering
By themselves or in combinations with reactor experiments (Daya Bay, 
D-Chooz, Reno) prefers normal ordering: mild tension. Statistics or non 
standard matter interactions?
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Definitive experiments: DUNE & HyperK

Phase I

2019/09/26 17)41Google Maps

Page 2 of 3https://www.google.co.jp/maps/@36.1469075,138.5708515,389248m/data=!3m1!1e3?hl=en

4

Water purification 
and circulation 

Hyper-Kamiokande Detector

71 m

68 m

Double-sensitivity 
PMTs
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416 Page 4 of 31 Eur. Phys. J. C (2020) 80 :416

Fig. 1 The Theia detector. Top panel: Theia-25 sited in the planned
fourth DUNE cavern; lower left panel: an interior view of Theia-25
modeled using the Chroma optical simulation package [27]; lower mid-
dle panel: exterior view of Theia-100 in Chroma; lower right panel:

an interior view of Theia-100 in Chroma. In all cases, Theia has been
modelled with 86% coverage using standard 10-inch PMTs, and 4%
coverage with LAPPDs, uniformly distributed, for illustrative purposes

loaded scintillator would make a long-baseline analysis more
complex from an optical standpoint, or reduce fiducial mass.

A major advantage of Theia is that the target can be mod-
ified in a phased program to address the science priorities. In
addition, since a major cost of Theia is expected to be pho-
tosensors, investments in Theia-25 instrumentation can be
transferred directly over to Theia-100. Thus, Theia can be
realized in phases, with an initial phase consisting of lightly-

doped scintillator and very fast photosensors, followed by
a second phase with enhanced photon detection to enable a
very low energy solar neutrino program, followed by a third
phase that could include doping with a 0νββ isotope and
perhaps an internal containment vessel. Table 2 lists the pri-
mary physics targets and the general configuration required
to achieve those physics goals for each phase.

123

Science goals:
• measurement of the CP phase across a range of possible 

CP phase space

• Comprehensively test validity of 3-neutrino framework
with best-in-class precision.

• Search for signatures of unexpected neutrino 
interactions.

• Study direct appearance of tau neutrinos.

ProtoDUNE – demonstrator of current FD design

THEIA  FD proposal
DUNE re-affirmed and re-imagined:
• early implementation of ACE-MIRT with the enhanced 2.1-

MW beam
• A third far detector at SURF. 
• An upgraded near detector complex to aid in controlling 

systematics and search for BSM physics.
• R&D for the fourth far detector technology

Definitive experiments: DUNE & HyperK



Beyond DUNE and T2K?
DUNE and T2K are complementary – especially in the amounts of matter 
effects that help with the systematics

• If we need more precision after completing DUNE and T2K:

Switch to muon-based neutrino beams

* low energy muon storage rings (i.e. NuSTORM)

* Higher energy if needed (neutrino factory)

28

Note that there are other things that need muon beams   
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cosmic evolution



ff
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What Drives Cosmic Evolution?



31

DESI and Rubin

Rubin Observatory: Legacy Survey of Space
and Time (LSST)  and the LSST Dark Energy
Science Collaboration (DESC) DESI (a spectroscopic survey)

will provide constraints on cosmic acceleration, and reach 
back into the weakly matter-dominated era when the expansion was still decelerating. 
The program will stress-test the standard cosmological paradigm, where CMB surveys 
can benefit from combinations with space-based datasets.
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Cosmological non-constant?
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Figure 6. Left panel : 68% and 95% marginalized posterior constraints in the w0–wa plane for the
flat w0waCDM model, from DESI BAO alone (black dashed), DESI + CMB (pink), and DESI +
SN Ia, for the PantheonPlus [24], Union3 [25] and DESY5 [26] SNIa datasets in blue, orange and
green respectively. Each of these combinations favours w0 > �1, wa < 0, with several of them
exhibiting mild discrepancies with ⇤CDM at the & 2� level. However, the full constraining power is
not realised without combining all three probes. Right panel : the 68% and 95% marginalized posterior
constraints from DESI BAO combined with CMB and each of the PantheonPlus, Union3 and DESY5
SN Ia datasets. The significance of the tension with ⇤CDM (w0 = �1, wa = 0) estimated from the
��

2

MAP
values is 2.5�, 3.5� and 3.9� for these three cases respectively.

from DESI alone, while combining DESI BAO with BBN and ✓⇤ significantly tightens the
constraint on w to w = �1.002+0.091

�0.080
. Adding CMB data shifts the contours slightly along

the CMB degeneracy direction, giving

⌦m = 0.281 ± 0.013,

w = �1.122+0.062

�0.054
,

)

DESI BAO+CMB. (5.2)

Finally, the tightest constraints are obtained from the combination of these data with SN Ia.
For example for the PantheonPlus SN Ia dataset:

⌦m = 0.3095 ± 0.0069,

w = �0.997 ± 0.025,

)
DESI+CMB
+PantheonPlus.

(5.3)

Similar constraints are obtained when substituting PantheonPlus SN Ia for DESY5 or Union3
(though with slightly larger uncertainties in the latter case). These results are summarised
in Table 3. In summary, DESI data, both alone and in combination with other cosmological
probes, do not show any evidence for a constant equation of state parameter di↵erent from
�1 when a flat wCDM model is assumed.

5.2 Flat w0waCDM model

Taking into account the physical dynamics of dark energy, the parametrization w(a) = w0 +
wa (1 � a) was derived and has been demonstrated to match the background evolution of
distances arising from exact dark energy equations of motion to an accuracy of ⇠ 0.1%

– 27 –

By itself DESI is ~consistent with ΛCDM
Depending on how you combine it with CMB and SN Ia one 
can get as much as 3.9𝜎 from 𝑤! = −1 and 𝑤" = 0



A complementary views of CMB from three locations
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CMB-S4 site @Atacama

CMB-S4 site @South Pole

Vision toward 2030s

CMB Space Missions             Masashi Hazumi (KEK/JAXA/U Tokyo/SOKENDAI)2023/2/23 9

・・・・

・・・・

LiteBIRDAtacama

South Pole

Sun-Earth L2

Exciting science
from three locations!

MoU for joint science studies of
CMB-S4 and LiteBIRD signed!

@ L2 Lagrange point

energy scale of inflation
abundance of light relic particles in
the early universe
sum of neutrino masses
darkmatter
dark energy



Galaxy survey and CMB 
outlook

34

● Rubin/LSST and DESI 
● DESI-II
● CMB-S4 
● R&D towards Spec-S5 
● R&D for LIM (LuSEE-Night)

Snowmass:         arxiv:2211.09978
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dark matter



● Dark matter constitutes the majority of the universe’s mass, but its interactions beyond gravity remain unknown.
● Cosmic Surveys: probe the distribution of dark matter on a varietyof length scales.
● Accelerator-based experiments: attempt to produce dark matter particles.
● Indirect detection experiments: look for cosmic messengersresulting from dark matter interactions
● Direct detection: focus on detecting dark matter’s interactions here on Earth.

36

• Enormous range of possibilities for what 
dark matter can be.
–Handful of particularly compelling candidates.

–WIMPs may help explain stabilization of 
particle masses.

–QCD axions would explain why strong 
force does not appear to show CP 
violation.

–Hidden-sector dark matter and axion-
like particles also well motivated.



New Opportunities this Decade: 
ASTAE*

The Dark Matter New Initiatives (DMNI) Program
was a huge success. The successful projects now 
need construction funding!

37
*Recommended new program: Advancing Science and Technology through Agile Experiments
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Dark Matter New Initiatives (DMNI) – Concept Studies 

ÆHEP continues support for the selected concept teams to carry out near-term technology R&D and develop 
design and execution plans that could lead to new, small projects that address the 2019 BRN study, searching 
for DM in in new areas of phase space and with new technologies. 
• The concepts are developing plans that can be reviewed and considered for advancing to a small project 

fabrication phase. 

Cosmic Frontier: 
• ADMX Extended (axions 2-4GHz), 9-17 Ɋe� 
• OSCURA (lo� noise ǲS�i��erǳ CCD detector) ͕�e�-1GeV 
• DM-Radio (axion search), <Ɋe� 
• TESSERACT (Multiple detectors, w/TES readout), >10 MeV 

Intensity Frontier (accelerator based) 
• CCM Beam Dump exp at FNAL, ~1-40 MeV, R. van der Water (LANL) 
• Light Dark Matter Experiment (LDMX) ~ 10-300 MeV, T. Nelson (SLAC) 

Status review of the DMNI concepts was held June 2022 and HEP briefings in summer 2023. 
ÎMost expect to have their design complete in 2024. 

DOE/HEP report to AAAC 9/18/23 55 
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One of the examples: LDMX LDMX

7

Linac to End Station A 
(LESA) at SLAC

LCLS-II 4/8 GeV drive beam accelerates 186 MHz bunches

•~5000 hours/year operation for photon science

•LCLS-II uses 929 kHz: >99% of bunches go to dump

•Sector 30 Transfer Line (S30XL) diverts ~60% of unused, low-
charge bunches to LESA with LDMX as a primary user.

S30XL AIP is currently under construction alongside LCLS-II.

LESA is expected to deliver beam to End Station A in FY25.

S30XL/LESA  
Beamline

Existing 
A-Line

S30XL Kicker

End Station A

LCLS

— existing LCLS 
— existing ESA 
— S30XL/LESA

SLAC Linac
7

End  Station A

ESA

BSY dump

Soft X-Ray FEL

Hard X-Ray FEL

Beam Kickers

LCLS-II SCRF Linac

S30XL/LESA

LDMX
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Fixed Target Dark Matter 
Search Approaches

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production
• High-energy, high-intensity e≠ beam impinging on a

dump
• ‰ particles pair-produced radiatively, trough AÕ emission

(both on-shell or o�-shell).

‰ detection
• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
3 / 25

e-, p+, …

Beam Dumps: Produce and re-scatter DM

• new sensitivity with ~1021 particles
• covers thermal targets with ~1028 particles
Requirements:
• most powerful and energetic beam available
• most massive detector available
• (key background: neutrinos)

<latexit sha1_base64="Yp1AOVEjm0AuXm0xbwMVMMoZgxI="></latexit>

e�

�̄

�

e�

<latexit sha1_base64="PuqH2FKJXZS5UIfMLkwlzkul86o="></latexit>� �

• new sensitivity for ~1012 electrons
• covers thermal targets for ~1016 electrons
Requirements: 
• high rate beam at ~1 /bunch (1 year = 3×1016 ns)
• fast, sensitive, detector systems  

(key backgrounds: )

e−

e− → e− + γ, γN → hadrons

<latexit sha1_base64="Yp1AOVEjm0AuXm0xbwMVMMoZgxI="></latexit>
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-

1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e ⌧ EB

Tagger

e� e�
��̄

Invisible

b)

Scenario B

Tagger
Ei

e = EB

e�

ECAL/HCAL

Target

Tracker

Ef
e ⌧ EB

e�
��̄

Invisible

A� Production in Target

A0

Z

e�

e�

�

�̄A0

FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

<1 X0

Missing Momentum: Detect DM production

Both approaches work, but only missing momentum feasibly covers all thermal targets

~pin
~pout

~pDM

~pin = ~pout + ~pDM
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Edep

Very clever design: able to 
reconstruct soft electron 
recoil – a game changer

Also found a beam line and 
a hall that can fit the 
experiment at SLAC



Ongoing Experiments
LHC: could produce  EW-scale DM 

sensitive to
ultra heavy DM

LZ

ADMX-G2

Darkside 20k
XENONnT
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● G3 WIMP experiment will be so sensitive 
to dark matter SM interactions that
neutrinos become an irreducible 
background -> the neutrino fog. 

● Can be hosted in the cavern made
available through the SURF expansion

42

Major Project this decade: A 3rd generation (G3) 
WIMP experiment 



IceCube-Gen2 & CTA 
IceCube-Gen2: ten-fold improvement in sensitivity
to astrophysical neutrinos over IceCube, most 
sensitive probe of heavy decaying dark matter.

Cherenkov Telescope Array  (CTA) provides
sensitivity to WIMP thermal targets beyond
the reach of G3.

43



Dark Matter at Future Colliders

4
4

• Dark matter searches in collider are complementary to other searches

• WIMP, Mediator searches, Beyond-WIMP, Higgs portal…

colliders can provide in-depth 
information on the WIMP’s 
interactions with SM particles and its 
associated particle spectra.

10 TeV pCM colliders needed 
to  reach the thermal target

Benchmark/example: simple WIMP case 
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the Higgs boson



Higgs is most puzzling and ad-hoc piece of SM
v What is the source of the Higgs potential?

v SM has the simplest function potential that produces EWSB
v First time in particle physics when Occam Razor worked?!
v Analogous to Ginsburg-Landau superconductivity and the BCS: there’s a new force 

between electrons carried by new particles (phonons)
v Higgs math is simple, but leads to mathematical problems down the line

v Higgs mass should be Planck scale without tremendous fine-tuning (hierarchy problem)
v SM Higgs introduces at least nine (or 12?) new forces that give masses to fermions, existence 

of only four of which have been experimentally confirmed so far. The number and strength of 
these forces remain unexplained

v SM Higgs potential does not allow for phase transition in the early Universe that can generate 
observed matter-antimatter imbalance in the Universe

v Need to modify the potential or introduce new spin 0 particles
v Fundamental spin 0 particles are easier to fit into a coherent theory if there is more than one. 

v Are there more spin 0 particles than just SM Higgs? 
v Or is the observed Higgs boson (partially) composite?

46



Higgs may be connected to other mysteries

● Dark Sectors
○ Direct and indirect searches for the Dark Matter so far yielded no discoveries
○ Higgs field is a fundamental feature of the vacuum we occupy together with the Dark 

Sector. The coupling between the Dark Sector and the Higgs, however small, is likely 
non-zero. Its existence can show up as rare / exotic Higgs boson decays (aka Higgs 
portal to DS) and could be our only connection to the Dark Sector.

● Hierarchy, GUTs, and Inflation
○ Models of Inflation require scalar fields - are our questions about the Higgs connected 

to them?
○ SM couplings extrapolated to high scale do not unify. Theories with extra particles at 

TeV scale (i.e. SUSY) modify the running of the couplings allowing grand unification, 
and require a modified Higgs sector
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Higgs boson measurements: 

• mass measured to better than 0.2%
• established to have zero spin
• lifetime measurements made using model-

dependent quantum interference effects
• multiple couplings measured to 5-10% precision
• major production modes observed

48

Higgs Story So Far



Anomalies in LHC Data?

49

10

Alexis Kalogeropoulos - BSM Higgs @ CMS - SUSY24 18

 Search for low mass  h → γγ

 Local (global) significance !" = 95 GeV: 2.9 (1.3) #

HIG-20-002

S. Heinemeyer’s 

Excess consistent over channels and years.
ATLAS has (much smaller) excess, not in contradiction to CMS
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Anomalies in LHC Data?
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Figure 2: The 95% CL upper bounds, S95 (see text), for various topological cross-sections
motivated by the Higgsstrahlung process e+e−→ H1Z, as a function of the Higgs boson mass
(the figure is reproduced from Ref. [3]). The full lines represent the observed limits. The
dark (green) and light (yellow) shaded bands around the median expectations (dashed lines)
correspond to the 68% and 95% probability bands. The horizontal lines correspond to the
Standard Model cross-sections. In part (a) the Higgs boson decay branching ratios are assumed
to be those predicted by the Standard Model; in part (b) the Higgs boson is assumed to decay
exclusively to bb̄ and in part (c) exclusively to τ+τ−.
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Andrew Lang
Scottish Man of Letters

He uses statistics the way a drunken man uses 
lamp-posts:  for support rather than illumination



HL-LHC

52

• Natural width of the Higgs is small, so 
even tiny couplings to dark / hidden 
sectors are measurable
• First real stab at Higgs self-coupling 

measurement
• Lots of territory for new physics 

(more on that later)

shows the precision of the Run-2 measurements for comparison. The most sensitive
projected measurements are the VBF + V (! qq)H cross-section in events with at
least two jets and a di-jet invariant mass of at least 350 GeV (VBF topology), with
an uncertainty of 7%. Additionally, the ggF + gg ! Z(! qq)H cross-section in
events with Higgs boson transverse momentum between 200 and 300 GeV, is projected
to have an uncertainty of 10%, while for transverse momenta above 300 GeV, the
uncertainty is 11%. These two measurements are expected to be among the most
sensitive ones for Higgs boson production in that momentum range at the HL-LHC.

3.6 Higgs boson pair production

Prospects for the Higgs boson pair production at the HL-LHC are performed using
the bb̄bb̄, bb⌧⌧ and bb�� final states [31]. For the HH ! bb̄bb̄ analysis, a projection
is made using the latest results based on 126 fb�1 of data collected during Run 2 of
the LHC with the ATLAS detector. For the HH ! bb⌧⌧ and HH ! bb�� analyses,
projections are based on extrapolations of the Run-2 analysis conducted with 139 fb�1.
Figure 4 shows expected significance for the di-Higgs signal and the exclusion limit
on the Higgs boson self-coupling modifier � = �HHH/�

SM
HHH

, where �HHH is the
tri-linear Higgs boson self-coupling. The statistical combination of the bb̄bb̄, bb⌧⌧ and

Figure 4: Left: Projected significance for SM HH production combining the bb̄bb̄,
bb⌧⌧ and bb�� channels from 1000 fb�1 to 3000 fb�1 at

p
s = 14 TeV at the HL-LHC

assuming the four di↵erent uncertainty scenarios described in reference [31]. The
significance is evaluated using a signal plus background Asimov dataset generated
under the SM hypothesis. Right: Negative log-profile-likelihood as a function of �

evaluated on an Asimov dataset constructed under the SM hypothesis of � = 1,
for bb̄bb̄, bb⌧⌧ and bb�� projections [31], and their combination assuming no system-
atic uncertainties. The intersections of the dashed horizontal lines with the profile
likelihood curve define the 68% and 95% confidence intervals, respectively.

7

200 million Higgs bosons!



Priority: A Higgs Factory

FCC-ee at CERN ILC in Japan 

An electron-positron collider covering center-of-momentum energy range 90-350 GeV.
• Clean tagged sample of Higgs bosons (same size as unbiased Higgs sample at the LHC, but much better 

signal/background and clean environment to identify exotic decays)  
• Precision measurements of couplings (factors 2-10 improvement over LHC).
• EW sector consistency checks, testing through quantum loops that relate W & Z bosons, the top quark, and the Higgs.
• Improve knowledge of coupling to charm quark, potentially provide access to coupling to strange quark.

Decisions for FCC-ee, ILC, and CepC coming in the next couple of years!

53
CepC is roughly equivalent to FCC-ee



Priority: Definitively explore Higgs potential

54

Higgs potential is an ad-hoc part of the Standard Model
• Ginsburg-Landau as opposed to BCS
• Measuring it can reveal the underlying fundamental theory

Cosmological connection: electroweak baryogenesis
● SM Higgs potential does not result in strong type 1 EWK phase 

transition necessary for baryogenesis – but slight modifications of the 
potential could, and they would be detectable at high energy (10 TeV
pCM* or larger) collider

Additional scalars
● Can solve hierarchy and EWK baryogenesis. Even simple extensions of 

the Higgs sector are hard to discover. Studies suggest at least 10 TeV
pCM* for good coverage

Reichert et al., 1711.00019

Curtin et al., 1409.0005*Parton center-of-momentum



Priority: Definitively explore Higgs potential

55

Higgs potential is an ad-hoc part of the Standard Model
• Ginsburg-Landau as opposed to BCS
• Measuring it can reveal the underlying fundamental theory

Cosmological connection: electroweak baryogenesis
● SM Higgs potential does not result in strong type 1 EWK phase 

transition necessary for baryogenesis – but slight modifications of the 
potential could, and they would be detectable at high energy (10 TeV
pCM* or larger) collider

Additional scalars
● Can solve hierarchy and EWK baryogenesis. Even simple extensions of 

the Higgs sector are hard to discover. Studies suggest at least 10 TeV
pCM* for good coverage

Reichert et al., 1711.00019

Curtin et al., 1409.0005*Parton center-of-momentum



56

New paradigms:
direct and indirect searches



● High-energy colliders enable us to explore the unknown with the potential for discoveries 
beyond our current imagination, providing access to high mass scales and new physics
weakly coupled to the Standard Model.

● Some searches are guided by specific theoretical ideas, some by experimental data, and 
someattempt to be model-agnostic by performing a general exploration of the unknown.
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• Now and till ~2040: ATLAS, CMS, and LHCb Experiments at the LHC
• “Small” experiments: FASER, MilliQan, LDMX, …
• Major Initiative: Higgs Factory – unprecedented sensitivity to exotic particles in Higgs and Z boson decays
• Future opportunities: 10+ TeV pCM collider – comprehensive exploration of the EWK scale, searches for 

extra scalars, Higgs potential measurement, thermal WIMP coverage.
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Searches at the LHC and HL-LHC
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Searches at the LHC and HL-LHC
May seem depressing – especially since the direct extrapolation 
of existing analyses to HL-LHC gives only a   𝐿 improvement

But I am personally still very excited about LHC searches

v A lot of ideas are still not covered well – collaborations should encourage quick 
searches for strange signatures

v Room for “agile” experiments that can fill the gaps in CMS/ATLAS sensitivity
v The analyses do not have to scale with 𝐿! Huge statistics opens opportunities 

to new methods and new decay channels – for many, HL-LHC would bring 
order of magnitude increase in sensitivity

v For some final states more than that because the HL-LHC triggers are better



60

An example from Belle
Measurement of Michel parameters critically tests the SM, especially in tau 
lepton decays. Yet many are poorly measured because one needs to 
measure the polarization of the “collider-stable” muon from the decay
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x′ 1 x′ 2

⃗P τ
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τ− → μ−ν̄μντ

μ− → e−ν̄eνμ

ϕ(t)

Figure 1. (x1, x2, x3) and (x′
1, x′

2, x′
3) coordinates illustration for the SCTF case of the cascade

decay.

knowledge of the τ polarization before its decay. The latter can be abandoned for the mea-
surement of ξ′, which is not related to the mother lepton polarization. All the conditions
are fully met at the future Super Charm-Tau Factory (SCTF) with polarized beam and
partially met at Belle II experiment, where tagging with the second τ in the event helps
to constrain the directions of the signal τ momentum and polarization.

3.1 SCTF with polarized beam

The SCTF experiment with a polarized beam provides an ideal environment for the simplest
and the most accurate measurement of the Michel parameters, which describe daughter
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An example from Belle
Measurement of Michel parameters critically tests the SM, especially in tau 
lepton decays. Yet many are poorly measured because one needs to 
measure the polarization of the “collider-stable” muon from the decay
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With amazing amount of data in Belle 
one now has a sizable sample when 
muons decay early – and measurement 
of the electron from its decay correlates 
with muon polarization.

Phys. Rev. Lett. 131, 021801



● Even when particles are beyond the reach of accelerators, their quantum imprints might be seen.
● There is a long history of discoveries through quantum imprints, from radioactive beta decay

leading to the neutrino to the matter-antimatter asymmetry in kaons leading to the 3rd quark 
generation. 

● The physics of flavor is particularly sensitive to quantum imprints of particles that are notpresent 
in either the initial or final state of interactions. Progress necessitates clean theoretical
predictions and high precision experiments with excellent control of systematic uncertainties.
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• Now: g-2, Mu2e, Belle II, LHCb, (plus ATLAS and CMS!)
• Plus: Belle II and LHCb upgrades, 
• R&D for Mu2e II and advanced muon facility

• Major Initiative: Higgs Factory – also factory of b-quarks, top quarks, and Z bosons
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LCPT Spring, 8-10 May 2024A. El-Khadra

Lattice HVP: results

20

new results in 2022/2023 for intermediate  window,   from six different lattice groups. 
blind analyses: Fermilab/HPQCD/MILC + RBC/UKQCD 
lattice-only comparison of light-quark connected  
contribution to intermediate window:

aW
μ
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¬QCD OV/HISQ 22

Aubin et al . 22

Mainz/CLS 22

ETMC 22

RBC/UKQCD 23

Fermilab/HPQCD/MILC 23
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x 

4

theory, we use the resulting central value as the total un-
certainty on the perturbative contribution. This enlarges
the uncertainty of the perturbative contribution without
DVs by a factor of about 10, and should provide a very
conservative assessment. The resulting inclusive-region
contribution is then

[awin,lqc
µ ]pt.QCD+DVs = 11.06(16)⇥ 10�10. (14)

The fourth and final ingredient in the determination of
awin,lqc
µ is an evaluation of the EM and SIB contributions

to be subtracted from the data-based results obtained
above before comparison with isospin-symmetric lattice-
QCD results. The general strategy employed for this
subtraction is detailed in Refs. [39] and [40]. The main
observation is that, to first order in IB, SIB is present
only in the MI component of ⇢EM(s). EM IB, on the
other hand, occurs in all of the pure I = 1/0 and MI com-
ponents. The IB correction to awin,lqc

µ then contains two
parts. The first, which appears in the pure I = 1 com-
ponent, is of EM origin. No breakdown of this correction
into individual exclusive-mode contributions is required;
an inclusive determination is su�cient. The situation for
the MI contribution is di↵erent since we must estimate
the MI contamination on a channel-by-channel basis, re-
moving from the “nominally” I = 1 results above the
component that arises from ⇢MI

EM
(s). These contributions

are expected to be dominated by the 2⇡ mode through
⇢� ! mixing in the process e+e� ! ! ! ⇢ ! 2⇡.

At present, given the absence of data-driven estimates
for some potentially important components of the pure
I = 1 EM IB contribution (see, e.g., the discussion in
the Appendix of Ref. [39]), we are forced to rely on the
lattice, and employ for this correction the result obtained
by BMW in Ref. [31],

�EMawin,lqc
µ = 0.035(59)⇥ 10�10 . (15)

This correction is very small, given the size of other un-
certainties, and we will neglect it in what follows.

The MI contamination to the 2⇡ exclusive mode was
obtained in Ref. [52] from 2⇡ electroproduction data fit-
ting a dispersive representation of the pion form factor
that includes ⇢ � ! mixing. The 2⇡ MI component is

found to be
⇥
awin

µ

⇤MI

⇡⇡
= 0.83(6) ⇥ 10�10, which is about

0.6% of the total 2⇡ contribution to awin

µ . Since the MI
components of other nominally I = 1 modes have no
analogous narrow-resonance enhancements, we consider
it very safe to assume that their MI total will not exceed
1% of the sum, 25.68⇥ 10�10, of their contributions. To
account for the total of the non-2⇡-mode MI contamina-
tions we thus add an uncertainty of 0.26 ⇥ 10�10 to the
2⇡ results of Ref. [52]. Using Eq. (7), this leads to a MI
correction of

�MIawin,lqc
µ = �0.92(7)2⇡(29)non�2⇡ ⇥ 10�10. (16)
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FIG. 1. Comparison of our final result (BBGKMP 23),
Eq. (17), with lattice results for awin,lqc

µ from [31] (BMW
20), [48] (LM 20), [49] (�QCD 23), [50] (ABGP 22), [33]
(Mainz/CLS 22), [34] (ETMC 22), [51] (FHM 23), and [35]
(RBC/UKQCD 23)

We are now in a position to obtain our final data-
driven estimate for awin,lqc

µ . Adding the contributions
from Eqs. (8), (13), (14), and applying the IB correction
of Eq. (16), we find, as our final result,

awin,lqc
µ = 198.8(1.1)⇥ 10�10. (17)

In Fig. 1, we compare our data-driven estimate with the
lattice-QCD results from 8 di↵erent collaborations. The
tension between the data-driven and lattice results is
striking. Assuming, for simplicity, all errors to be Gaus-
sian, we find tensions ranging from 3.3� to 6.1�. Our re-
sult indicates that the discrepancy between data-driven
and lattice-QCD results for awin

µ is almost entirely due to
the light-quark connected contribution, which, in turn,
is strongly dominated by the 2⇡ channel—accounting for
about 81% of the result of Eq. (17).
We note that our final result is based on the KNT19

data compilation. An equivalent analysis using other dis-
persive evaluations (e.g. DHMZ data [11, 13]) would be
desirable. We remark, however, that for the lqc contri-
bution to aHVP

µ , which can be obtained based on publicly
available results, KNT19- and DHMZ-based estimates
are in very good agreement [39].
In a forthcoming publication we will present re-

sults for several other window quantities, including
both the light-quark-connected and strange-quark-plus-
all-disconnected contributions, along with a much more
detailed discussion of the results presented here.
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sions on isospin breaking. DB and KM thank San Fran-
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dispersive evaluation of light-quark connected 
contribution  [G. Benton, et al, arXiv:2306.16808]

 tensions between LQCD and 
(pre-2023) data-driven evaluations
∼ (3.5 − 4)σ

(pre-2023)

	

425/9/24 LCTP Muon g-2 Experiment

More to come

Exceeded our systematics goal; expect to also surpass statistical 
goal.
Expect theory improvements on a similar timescale.
Look out for other analyses too: EDM, CPT/LV and Dark Matter
searches.

Current FNAL results: up to Run 3
LCPT Spring, 8-10 May 2024A. El-Khadra

Muon g-2 experiments

4

The Fermilab experiment released the measurement result from their run 2&3 data on 10 Aug 2023.  
[D. Aguillard et al, 2308.06230] 
Run 6 completed summer 2023. 

??? 
+ CMD-3 ? 

adapted from J. Mott @ Scientific Seminar, 10 Aug 2023

see next talk 
by Tim Chupp

10

Production target
(20 mm)

3 GeV proton beam
( 333 uA)

Surface muon beam 
(28 MeV/c, 4 MeV)

Muonium Production 
(300 K ~ 25 meV⇒2.3 keV/c)

Silicon
Tracker

Super Precision Storage Magnet
(3T, ~1ppm local precision)

Features:
• No strong focusing
• Super-low emittance muon beam
• Compact storage ring
• Full tracking detector
• Completely different from BNL/FNAL method

Resonant Laser Ionization of 
Muonium (~106 µ+/s)

Starting soon: E34 experiment at J-PARC
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Simultaneous measurement of g-2 and EDM
completely different method from FNAL/BNL

In the works: MUonE to independently check HVP

Muon g-2



Mu3e Preparation Status

14

Timeline 
•Integration run in 2021 
•Cosmic run in 2022 
•Phase I commissioning in 2024 
•Phase I physics run in late 2024 
•HiMB installation in 2027-2028

silicon pixel trackerdetector solenoid and  
detector integration

SciFi timing counter

scin. tile counter

High Voltage Monolithic Active Pixel Sensor (HV-MAPS)

Fast charge collection in small active region

Fully integrated digital readout

Thinned to 50 µm
only 1.15 ‰ of radiation length
incl. flexprint and support
structure

Active sensor size 2 cm ⇥ 2 cm
Pixel size 80 µm ⇥ 80 µm

P-substrate

N-well

Particle

E !eld

8/20 NuFact 2022 Searching for cLFV with Mu3e A. Perrevoort (ann-kathrin.perrevoort@kit.edu)

Pixel Detector

silicon pixel board (50 µm)

Search for LFV with Mu3e experiment
NUFACT 2021.09.07

Alexandr Kozlinskiy (JGU Mainz, Institut für Kernphysik)

on behalf of the Mu3e Collaboration
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An example from BelleCLFV experiments: one of the best high energy scale probes
New Physics Scales for CLFV

4

5.1. INTRODUCTION/THEORY OF FLAVOUR 67
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [257]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [258–261]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

EPPSU2019 Physics Briefing Book
light colour: present 
dark colour: future prospect

CLFV probes very high energy scale 
of new physics.

Future Prospect 

x10 in energy scale

SM forbidden rate ∝ c2

Λ4

x10000 in experimental sensitivity

Present CLFV physics scales

Λ = #(103 − 104) TeVEnergy scale

Outline
• Why Muon Charged Lepton Flavor Violation (CLFV) ? 
• MEG II @ PSI :  
• Mu3e @PSI :  
• COMET @ J-PARC :  Conversion 
• Summary

μ+ → e+γ
μ+ → e+e+e−

μ− → e−
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Mu2e @FNAL: 𝜇 → 𝑒 conversion



Case for 10 TeV pCM* collider

● Higgs potential measurement
● Higgs friends / new fundamental scalars
● Thermal WIMP
● Examining EWK scale from above – definitive test of naturalness

65
*Parton center-of-momentum



R&D towards a 10 TeV pCM* collider

● Next frontier of high-energy physics is at the 10-TeV 
scale per parton.

● Don’t currently have the technology to build such a 
machine in a cost-effective way.

● Recommend a dedicated R&D effort towards such a 
machine with the goal of having demonstrator facilities
by the end of this decade.   

Three possible concepts: 
• Proton collider (huge tunnel and high field magnets).
• Wakefield e+e- collider (efficiency and luminosity)
• Muon Collider (muon cooling, fast cycling magnets, 

and dozen other challenges)

66
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The Path to a 10 TeV pCM
Realization of a future collider will require resources at a global scale and will be built through a world-
wide collaborative effort where decisions will be taken collectively from the outset by the partners.
This differs from current and past international projects in particle physics, where individual
laboratories started projects that were later joined by other laboratories. The proposed program aligns
with the long-term ambition of hosting a major international collider facility in the US, leading
the global effort to understand the fundamental nature of the universe.
…
In particular, a muon collider presents an attractive option both for technological innovation and for
bringing energy frontier colliders back to the US. The footprint of a 10 TeV pCM muon collider is
almost exactly the size of the Fermilab campus. A muon collider would rely on a powerful multi-
megawatt proton driver delivering very intense and short beam pulses to a target, resulting in the
production of pions, which in turn decay into muons. This cloud of muons needs to be captured and
cooled before the bulk of the muons have decayed. Once cooled into a beam, fast acceleration is
required to further suppress decay losses.
…
Although we do not know if a muon collider is ultimately feasible, the road toward it leads from
current Fermilab strengths and capabilities to a series of proton beam improvements and neutrino
beam facilities, each producing world-class science while performing critical R&D towards a muon
collider. At the end of the path is an unparalleled global facility on US soil. This is our Muon Shot.
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FNAL: shoot for the muon
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35

[Bhat, Jindariani, et al 2203.08088]



Looking into 2034
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Looking into 2034
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Looking into 2034
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● Colliders
●HL-LHC is in full swing: exotic Higgs decays? Evidence of compositeness? 

Electroweakinos? LLPs?
●Higgs Factory is being constructed somewhere in the world
●Muon Collider demonstrator is under construction
●Breakthrough in high temperature superconductor magnet technology? WFA?

●Neutrinos
○Mass ordering is known! 
○Will we get lucky with 𝟎𝝂𝜷𝜷?
○Will we resolve MiniBooNE anomaly? Or discover new ones? Light Dark Matter?
○No CP discovery but will the tension between NOvA/DUNE and T2K/HyperK grow?



Looking into 2034
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● Dark Matter
● results from new DM initiatives (ADMX-ERF, LDMX, OSCURA, TESSERACT,… ) 
●G3 start datataking

● Muons
○g-2 puzzle unambiguously sorted! 
○CLFV @FNAL @PSI @J-PARC experiments running or completed

● CMB
○Dynamic Dark Energy?
○Hubble tension resolved or solidified? 
○Neutrino masses, Neff, …
○Primordial B-modes



Look into 2034
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The future is very uncertain



Look into 2034
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The future is very uncertain

I’m sure it will not be easy



Look into 2034
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The future is very uncertain

I’m sure it will not be easy

I’m sure it will be a lot of fun



Look into 2034
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And I hope we will also learn something fundamental about Nature


